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ABSTRACT

This report presents the results of two experiments conducted in the
Semiscale blod 2C facility which simulated main steam line break accidents at high
pressure and temperature. Tests S-FS 1 and S-FS-2 simulated double-ended offset
shears of the main steam line downstreani and upstream, respectisely, of the flow
restrictor. Initial and boundary conditions were scaled from, and compounding fail-
ures and assumptions simulated, those conditions utilized for Final Safety Analysis
Report (FSAR) calculations.

Primary and secondary thermal hydraulic responses are characterized (including
local secondary convectise heat transfer), and the influence of the break size or loca.
tion on the responses is discussed. The limiting of primary-to-secondary heat transfer
by conduction heat transfer is shown to produce a trend of increased primary cooling
with decreased break size, pointing out the need for further analysis for smaller break
sizes. The degree of conservatism inherent in FSA R separator performance and break
size and location assumptions is show n to be questionable, and the FSAR assumption
of a loss of offsite power is shown to be nonconservatise. The effectiveness of the
recovery operations in regaining and maintaining control of the system is addressed;
and main steam line break issues, including the minimum primary fluid temperatures
estimated for a full scale PWR plant, are discussed based on the results of the experi-
ments. Finally, based on the results of the analysis, conclusions are draw n and recom-
mendations are made for further utilization of the data. Future thermal-hydraulic
computer code calculations are also considered.

|
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EXECUTIVE SUMMARY

Although steam generator main steam line rup- (e) the effectiseness of recovery procedures speci-
tures are not expected to occur often in pressurized fied in Emergency Operating Procedures (EOPs),
water reactor (PWR) plants, the potential for rup- Final serification of the relative degree of con-
ture of the sessel pressure boundary due to the servatism inherent in FSAR assumptions and sim-
occurrence of pressudied thermal shock necessi- plifications will require best-estimate calculations
rates their examination. A limited amount of exist- performed with a serified computer code. How-
ing data on present-day PWR steam generators has ever, the results of the analysis of the Semiscale
resulted in the utilization of a large number of Nlod 2C N1SLB data can be used as a basis for
assumptions and simplifications in predictive cal- addressing the conservatism of a number of FSAR
culations. Concerns exist with regard to the poten- assumptions and simplifications. Assumptions
tial for primary system osercooling; the salidity which maximize primary cooling but do not emu-
and effects of combining the assumptions and sim- late the actual response exhibited by the experimen-
plifications; the effectiseness of recosery proce- tal data are considered to be conservatise. The
dures; and the effects of steam generator Semiscale results indicate that:
downcomer liquid lesel differential pressure mea-

FSAR assumptions of perfect separator*
surement response on safety trip systems.

To address these concerns, two main steam line performance are only mildly conservatise,

break (NISLB) experiments were performed in the because the rate of the primary energy

j Semiscale Afod-2C facility. The Ntod-2C system is a- r:moval is controlled by the conduction

small scale, nonnuclear, electrically heated, high. heat transfer across the U-tube wall, not by

pressure, high-temperature experimental system the break flow energy removal rate. The

which simulates all of the major components of a assumption does, however, maximize the

full scale PWR, it contains a sessel and two pri. duration of the secondary blowdown,

mary coolant loops. The affected and unaffected thereby maximizing the total primary
loops simulate one loop and three loops of a four- energy removal for a given break size.

FSAR assumptions that larger break sizes*loop PWR, respectively. Both loops contain actise
steam generators and pumps, with the single-loop produce greater primary system cooling

steam generator highly instrumented for this test are not conservative. The rate of the pri-

series. Tests tFS-1 and S-FS 2 simulated double- mary energy removal is controlled by the

ended offset sheals of the main steam line down. conduction heat transfer across the U-tube

stream :nd upstream, respectisely, of the flow wall. Larger break sizes deplete the see-

restrictor. Initial and boundary conditions were ondary in entory much more rapidly, ter-
scaled from, and compounding fai!ures and minating the primary energy removal
assumptions simulated, those conditions utilized much faster without substantially increas-

i for Final Safety Analysis Report (FSAR) calcula- ing the primary energy removal rate. The
tions. Data from the experiments should be useful most consersatise break size assumption

for quantifying the safety margin inherent in licens- would be a break size which produces a

ing assumptions, simplifications, and calculations, break flow energy removal rate w hich is as

and in prosiding a data base of integral system close as possible to the conduction limited

response for assessment of computer codes and primary energy removal rate,
Assuming main steam line check vahe fail.recosery procedure effectiveness. *

The results of the analysis of the Semiscale ure for FSAR calculations is conservatise,

Niod 2C NISLB data were used as a basis for since the loss of inventory from the unaf-
,

addressing the principal N1SLB issues and con- fected loop steam generators prior to main

i
cerns, which include: (a) the relatise degree of steam isolation vahe (N1SIV) closure pro-
consersatism inherent in FSAR assumptions and sides additional primary energy remosal,
simplifications; (b) the steam generator down- which significantly increases the amount
comer liquid lesel differential pressure measure- of the total primary cooling.

The FSAR assumption regarding loss ofment response effects on safety trip systems; *

(c) the effects of break size and location; (d) the offsite power at Si signal generation is not
potential for primary system osercooling; and conservatise, because the resulting loop

iii
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(% reductions decrease the primary con- abose, the 450-K pressurized thermal shock (PTS)
vective heat transfer, reducing the net pri- minimum temperature limit. This result, coupled
mary cooling in all of the loops. with the obtened trend oflower minimum temper.
Conuguratiottal and fluid hydraulic amres for smaller break sizes, points out the need*

remonse dependencies of the downeomer to perform best-estimate calculations for a range of
liquid icwl measurements make them sus break sizes, utilizing a thermal hydraulic computer
pect as consenatise assumption candi- code that has been awessed against and serified for
dates, but it is conceis able that they would the results of these experiments.
produce earlier Si signal generation and The automatie actions performed by the plant
thus be nonconsenative. protectise systems during the blowdown phase of

the experiments left the system in a quasi-stable
Secondary and primary thermal-hydraulic condition, but at conditions that did not ensure

responses are somewhat sensitive to break size and sufficient control of the system. The guidance pro-
location. The main differences obsened are in the sided by EOPs was both appropriate and effectise
timing of ernts and the quantitatise responses, in stabilizing and regaining control of the system
How ever, notable break size or location sensitis ities for both experiments. The stabilitation operations
were observed in the affected and unaffected loop performed (S! termination, normal charging /
steam generator primary energy removal and the letdown, pressurizer internal heater, and unaf-
primary pressure, temperature, and hydraulic fected loop steam generator steam and feed
responses. The affected and unaffected loop steam operations) were sery effectise in stabilizing the
generator primary energy removal was much system at co iditions from which a controlled natu- j
greater for the break downstream of the flow ral circulation cooldown and depressurization
restrictor than for the break upstream of the Dow could be initiated. The limiting criterion in regain-
restrictor. The smaller affected loop steam genera- ing control of the system for both experiments was
for now area for the break downstream of the now the recosery of the pressurizer liquid level, with the
restrictor substantially increased the duration of break downstream of the flow restrictor case
the primary energy remosal without a substantial requiring the greatest amount of time to recover the

|decrease in the primary energy removal rate. Thus, lesel control. No upper head soiding occurred dur-
the smaller break size produced greater primary ing the stabilization phase of either experiment.
cooling, which produced notable affects on pri- The natural circulation cooldow n and depressur-
mary responses. The greater primary cooling for !iation operations performed following system sta-
the break downstream of the now restrictor pro- bilization for Test S FS-1 were very effective in
duced greater primary fluid shrinkage (with the cooling down and depressurizing the primary fluid
pressurizer emptying), w hich produced lower mini- system in a controlled manner. (These included
mum primary pressure. The greater primary cool- normal charging / letdown, pressurizer internal

;
; ing also produced a lower minimum downcomer heater, pressurizer auxiliary spray, and unaffected
I Guid temperature. These notable break size or loca- loop steam generator steam and feed with stairstep

tion dependencies point out the need for assessing secondary pressure reduction operations.) The
smaller break sites for worst-case primary cooling unaffected loop steam generator steam and feed
considerations, operations with 0.71 hlPa stairstep secondary pres-

Extrapolation of Semiscale Stod-2C measured sure reductions were successful in cooling the pri-
minimum downeomer Guid temperatures to those mary fluid at about 26 K/h. Howeser, the auxiliary
predicted for a full-scale PWR points out the need feedwater now had to be increased to the scaled
for further analysis. The measured minimum maximum now for t wo diesel-driven auxiliary feed-
downeomer Guid temperatures for the Semiscale water pumps in ordes to maintain satisfactory con.
hlod 2C htSLil experimem are not a direct ir, dica. trol of the secondary fluid insentory at this
tot of the minimum temperature, expected for a cooldown rate. The combined operations of pres-
fuli-scale PWR. Therefore, a simple total primary surizer auxiliary spray and internal heaters demon-
energy removal sersus primary fluid energy strated excellent control of primary pressure and
removal analysis was performed which accounted subcooled margin. An inadvertent vessel uppe;
for atypical Semiscale hio 12C metal mass and head void formation was due not to inappropriatt
steam generator U tube wall thickness effects. The recosery operations, but to the sessel upper head
analysis produced estimated minimum dow neomer external heater energy addition exceeding the upper
Duid temperatures substantially cher to, but still head heat loss.

iv
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Scale effec;s (atypical metal mass to fluid- fer will be of greater importance in determining j

volume ratio and heat loss / heat loss mitigation) the primary to secondary heat transfer. Thus,
'

had minimal effects on the system response. The for calculations with smaller break sizes, -

largest effect was an inadsettent vessel upper improvements in the secondary convecthe heat
head void formation during the cooldown and transfer calculation methodology will be
dapressurization due to excesshe upper head requiredif thermal hydrauliccomputercodesare i

'

heat loss mitigation. Ilowever, in general, the to calculate the primary to secondary transient

metal mass and heat loss effects offset each other heat transfer with reasonable accuracy. This will

such that the overall system response should be a require either modifications to existing correla-
reasonable indicator of the general response tions or development of a new, boiling convective

expected for a full-scale PWR plant. In any case, hea.- transfer correlation based on the Semiscale
the metal masses and heat loss / heat loss mitiga Type 111 steam generator heat transfer data. 1

tion for the Semiscale Alod 2C system are well Also, future MSL B calculations for FSARs

,
characterized and can be modeled by best- should delay the loss of offsite power until the

I estimate computer codes so that the data are well e frected steam generator secondary has emptied,

suited for code salidation. Finally, the capabilities and accuracy of codes
During the course of the analysis of the used for best-estimate main steam line break eal- ,

Semiscale Mod 2C MSLB data, a number of culations should be established using these

areas have been identified that warrant consider- experimental data or similar integral system
I ation for future analyses. The indicated trend in experimental data before they can be used with

primary cooling with break size warrants further confidence or to satisfy the proposed revision to

analysis with smaller break sizes. For smaller the emergency core cooling system (ECCS) rule
break sires, the secondary convective heat trans. (10 CFR Part 50).
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RESULTS OF SEMISCALE MOD-2C
FEEDWATER AND STEAM LINE BREAK (S-FS)

EXPERIMENT SERIES: MAIN STEAM LINE BREAK
ACCIDENT EXPERIMENTS

INTRODUCTION

The Semiscale experimental program conducted operations for Test S-FS-1. The discussions of the

by EG&G Idaho, Inc. is part of the overall research responses of the primary and secondary fluid sys-

and development program sponsored by the U.S. tems include descriptions of the thermal-hydraulic

| Nuclear Regula:ory Commission (NRC) through response ard the mechanisms that drive the
I the Department of Energy (DOE) to evaluate the response. The topics pertinent to the NISLB tran-

behavior of pressurized water reactor (PWR) sys- sients and related safety concerns discussed
tems during hypothesized accident sequences. Its include:

primary objective is to obtain representative
Transient identification,integral- and separate-effects thermal-hydraulic *

The affected loop steam generator separa-response data to provide an experimental basis for *

analytical modcl development and assessment. The for performance,
subject Semiscale hf od 2C experiments,I Primary overcooling,*

S FS-1,3 and S-FS-2,4,5 were authorized and per- The effects of break size or location,2 *

The efrectiveness of plant automaticformed under this program. The experiments simu- *

lated main steam line break (htSLB) secondcry actions,
The effectiveness of plant stabilizationioss-of-coolant accidents (LOCAs) and were identi- *

cal except for break size and location and system operations,
The effectiveness of plant cooldown andrecovery operations. Test S-FS-1 simulated a *

double-ended offset shear of the main steam line depressurization operations, and
The effects of, degree of conservatismdownstream of the flow restrictor, whereas Test *

S-FS-2 simulated an identical break upstream of inherent in, and applicability of FSAR
the flow restrictor. assumptions.

This report discusses results of the simulated
blSLB transients conducted in the Semiscale The ntent of this report is to provide insight into
Stod-2C test facility and presents information peru a narr.ber of areas. First, the general appearance of

nent to related safety issues. The Semiscale htod-2C the Semiscale blod-2C hiSLB transient is pre-
test facility is a small-scale, nonnuclear model of a sented, and the main elements of the transient are

PWR power plant. The volume and thermal power identified. This discussion will be helpful in gaining

of the test loop are 1/1705 those of the reference insight about the probable appearance of 51SLB
four loop Westingh?use PWR (Trojan). The Semi- transients in pWR plants, although the magnitude
scale N!od 2C facility is full height and contams ti,e and timing of the response for specific plants must
active components (core, pumps, steam generators, be considered separately. Next, a detailed descrip-
etc.) tacessary to simulate all of the PWR compo- tion and analysis of a particular transient and the
nems pertinent to transient response simulation driving mechanisms and thermal-hydraulic
and evaluation. The scenario in Semiscale for the response of that transient are provided. This should
initial phase of the tests was based on the scenario improve the ability to track and asress thermal-
used for the Final Safety Analysis Report (FSAR) hydraulic code calculations based on the Semisca'e
5fSLB calculations (Appendix 15) for the Zion N1od-2C NISLB transient data. The effects of the
Unit Ne i Nuclear Plant (a four-loop PWR break size and location on the system response are

designed by Westinghouse). Following the initial pres:nted next, and the driving mechanisms affect-
phase, plant stabilization operations wcre per- ing the response are identified. This should provide

farmed for both tests. Plant stabilization was fol- insight into the effects of break size or location on
iowed by plant cooldown and depressurization transient severity. Next, the system response to

|
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plant stabilization, cooldown, and depressuriza- cooling; and, the effectiveness of the EOPs for
tion operations are discussed; and the driving recovering and cooling down the plant.
mechanisms affecting the response are identified. The overall organization of this report is as fol-
This should provide insight into the effectiveness of low s Following this introduction, the historical
the operations specified in Emergency Operating background for these tests is discussed. This is fol-
Procedures (EOPs) in stabilizing and recovering the lowed by a brief system description and discussion
plant following a h1SLB. Pertinent htSLB issues of experimental procedure. Next, the general areas
are discussed next in light of the results of these outlined above are presented, followed by a discus-
tests. Slajor emphasis is placed on the test results sion of the conclusions drawn based on the results
relative to FSAR assumptions, current licensing of the h1SLB tests. Finally, recommendations for
concerns, and EOPs. This should proside insight additional uses of the data are provided, followed
into the relative effects, degree of conservatism by a list of references and appendices containing a
inherent in, and applicacility of several htSLB detailed system description, test conduct informa-
FSAR assumptions; the extt'll of primary system tion, and additional test data.
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HISTORICAL BACKGROUND

Although ruptures of steam generator main steam With this background information in mind, the
lines are not expected to occur often in PWR plants, steam line break experiments performed during the

the potential consequences of these events necessitates Semiscale blod-2C feedwater and steam line break

their examination. Failures of steam turbine exhaust (FS) experiment series were chosen to provide data
lines, caused by steam crosion, have occurred in a within a representative range of typical PWR condi-
number of PWR plants.6Although these cents have tions, break sizes and locations, and operating sce-
not been severe, they indicate the potential for the narios with appropriate conservatisms incorporated.
occurrence of more severe steam line rupture events. The h1SLB test parameters were scaled from a
Steam line break transients lead to excessive Westinghouse four-loop plant. The boundary and ini-
cooldowns of the primary coolant systems and een- tial conditions were consistent with those in
tually to possible repressurization once the heat sink is Reference 11. Data from the experiments will be use-
lost. Although concerns regarding possible recritical- fulin quantifying the safety margin inherent in licens-
ity power excursions have been identified, the empha- ing assumptions, simplifications, and calculations,
sis m the nuclear mdustry is on concerns related t and in providing a data base of integral system
pressurized thermal shock phenomena.7 The associ- response for assessment of computer codo. The heat
ated threat to the mtegrity of the PWR pressure transfer data from the Semiscale htod 2C integral sys-
boundary necessitates examination of steam hne tem h1SLB experiments will also be complemented by
break ments. heat transfer data from the h1B-2 program s.mgle-

Due to the limited data base on present-day PWR comp nent steam generator 51SLB experiment and
steam generators and associated systems, a large the ROSA-IV program integral-system htSLB experi-
number of assumptions and simplifications are ent. The combined data from these programs will
employed when performing calculations to predict c ver a wide range of scale [l/48 volume scale for
system responses to htSLB transients. Foremost is an ROSA-IV (LSTF); 1/159 volume scale for h1B-2; and
assumption regarding the separator performance.

1/1705 volume scale fer Semiscale hiod-2C] andSuch assumptions and simplifications may preclude
should allow assessment of the effects of scale on theaccurate prediction of actual system response or com.

bine to distort overall behavior. Verification of the
heat transfer phenomena obser vd.

response predicted by thermal-hydraulic computer in terms of reactor operation and plant behavior,

codes requires performing best-estimate 515LB calcu. major concerns regarding steam line break oents '

lations utilizing a computer code that has been include: the effects of compounding system failures

assessed for these types of cents. While significant on recovery procedures; and the efrect of steam gener-

information on integral system response was provided ator downcomer liquid level differential pressure mea-

by Iwo htSLB experiments ,9 performed in 1982 in surement response to flow out of the break on related8

the Semiscale hiod-2A facility, lack of sufficient safety trip systems.a The incorrect choice of recovery

steam generator secondary side measurements made procedures may lead to primary flui3 system voiding

code assessment impractical. Hence, a need for exper- and es entual core uncovering. Break focation and size

imental data required to allow assessment of com- may also alter system behavier and transicm gr@y.

puter codes for steam line break events was identified improperly indicated steam generator downcomer
by tie NRC a The need for experimental data on liquid levels could result in delayed reactor and tur-
primary-to-secondary heat transfer response and sep- bine trips, delayed main steam isolation valve (htSIV)
arator performance during htSLB accidents has been closures, delayed safety injection (SI) signals, and
identified and included in the Westinghouse hfodel delayed initiation of auxiliary feedwater injection.
Boiler (51B-2)l0 and Japanese Atomic Energy The steam line break experiments perfemed
Research Institute (JAERI) Rig of Safety Assessment addressed the concerns and effects of the aforemen-

b experimeatal tioned variables.(ROSA-IV) Large-Scale Test Facility
safety research programs.

a. R. J. Mattson to O. E. Bassett, "Additional Semiscale and
RELAPS Needs for DSI." January 11.1982.

b. Minutes of the Sixth JAERl/ ROSA IV Program Technical tNRC Licensing) "feedline/Stearnline Break issues," lune 17,
Resies Meeting. April 23 24,1987. Attachment J 15. 1981.
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SYSTEM DESCRIPTION AND EXPERIMENTAL PROCEDURE

System Description test series simulated transients initiated by a
double-ended offset shear of a steam generator

The facility configuration required for the FS test main steam line both downstream (S-FS-1) and
series is th'e Semiscale blod-2C system. A more upstream (S FS-2) of the flow restrictor. The im-

detailed description of the facility as configured j ale nditIons and sequences of events were spec-
ified to s,mulate the imtial conditions andiand instrumented for the h1SLB tests is contained

in Appendix A of this report and in Reference 12. assumpti ns used for the FSAR calculations
Briefly, the system is scaled from a reference four- (Appendix 15) for the Zion Unit i Nuclear ant,

(a e nghouse & sign fur 4 Aloop PWR system based on the core power ratio, m m detaN hunk o%gop PWR).,

inidal anMons2(htWth)/3411(h1Wth).13 Component c!cvations,
dyntmic pressure heads, and liquid distributions syquences f events f r the b1SLB tests isan

were maintained as similar as practical. c ntamed m Appendix A of this report.
The two-loop test configuration consisted of the A greatly detailed discussion of the experimen-

vessel, with a 25-rod, electrically heated core, and t | pr cedure for the steam line break tests is con-
external downcomer, tube-and-shsil steam genera- jajned in References 2,3,4,5 and 12. Briefly, the
tors, and associated loop piping with circulation imtial conditions for the tests represented the
pumps. The affected loop (in which the AISLB "hot standby" conditions (thought to produce

,

occurs) is scaled to represent one loop of a four- jhe mon se pdmary mgling) used for the
," I caWauons, h1any of theloop PWR, and the unaffected loop represents

.

three loops of a four-loop PWR The hiod-2C sys- assumptions made for the Zion Unit I plant
tem consists of the hiod-2B system with several FSAR calculations were also used for these tests,

modifications, the foremost of which is a new including:

Type 111 steam generator in the affected loop. The
Failure of the check valve ni the maine Type ill steam generator design incorporates a *

downcomer that is outside the tube bundle and steam line of the affected steam genera-
riser sections. In this manner, component mass tor,

inventory and fluid property (including density / Safety injection (SI), h1SIV closure, and*

void fraction)information was obtained, main feedwater isolation signals gener-
The design also includes a steam dome with sepa. ated based on low affected steam genera-

rator equipment which provides steam exit qualities t r secondary pressure,
* Loss of ffsite power, causing primaryof at least 90% during full power, steady-state

operations. Component flow areas, volumes, coolant pump trips and delaying Si and
lengths, and pressuie drops have been sized to sim- auxiliary feedwates availability, was
ulate a Westinghouse N1odel 51 steam generator, ssumed to occur at SIS,
Temperature measurements from the primary fluid, Degraded HPIS and charging flows were*

U-tube outside wall, and secondary fluid were nor- assumed such that only one train of Si
malized to provide heat transfer data for the tests. was available,

Auxiliary feedwater was assumed to behicasurement spool pieces in the upper and lower *

downcomer and the riser provided fluid hydraulics supplied only to the unaffected steam
data for the tests. generators.

Compensation for environmental heat loss wasExperimental Procedure provided through heat addition with trace
heaters on the exterior of the pressure boundary

The two h1SLB tests performed during the FS and through augmentation of the core power.

4
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EXPERIMENTAL RESULTS

This section presents an interpretive descripdon Overview of a Steam Generator
ofimportant thermal-hydraulie phenomena associ- Main Steam Line Break
ated with bemiscale Mod-2C MSI.B Tests S FS-1
and S-FS-2. The discussion is aimed toward aiding
code deselopment and assessment efforts, EOP Preliminary to the detailed discussion of
effectiveness analysis efforts, and FSAR assump- Tests S-FS-1 and S-FS-2 results, this section
tion analy sis efforts. Therefore, discussion concen- presents a qualitative overview of the gross system
trates on the phenomena which are either of a response to a MSLB secondary LOCA, with snecial
particular challer.ge to code application or are pe'- emphasis on major events that affect the primary
tinent to EOP effectiveness and FSAR assumption energy balance and, thus, transient severity. System

analysis efforts, or both, response during a double-ended of fset shear MSLB

Most of this section refers to data from is characterized as a secondary depressurization
Test S-FS-1, which simulated a double-ended off- with totalloss of the affected loop steam generator

set shear dow nstream of the flow restrictor. Follow- secondary Guid massinventory and substantialloss

ing an osersiew of the gross system response during of the unaffected loop steam generator secondary

the blowdown phase of a MSLB secondary LOCA, fluid mass imentory (due to the failed main steam
I

the secordary system response during the blow- line check valve), as shown in Figure 1. The
dow n phase is discussed along with the mechanisms affected loop steem generator secondary fluid mass

driving the response. included in the discussion on imentory is controlled by the fluid mass balance

secondary response during the blowdow n phase are formed by the now out of the break and the main

the pressure, hydraulic, and thermal responses for feedwater now. The unaffected loop steam genera-

both secondaries (with emphasis on the affected tor secondary 0uid mass inventory is controlled by

loop steam generator and its local heat transfer the fluid mass balance formed by flow past the
failed main steam line check valve, main feedwater

response). Next, the primary system response asso-
ciated with the secondary response is discussed, flow, and auxiliary feedwater flow. As shown in

along with the mechanisms driving the response. Figure 1, the loss of mass from the secondaries
causes a rapid depressurization of the atfected loopincluded in the discussion on primary response

during the blowdown phase are pressure, hydraulic, steam generator, while the unaffected loop steam
generator experiences a somewhat slower depres.and thermal responses,
surization early ;n the transient due to less subceol.

The influence of break size and location on the
Howdown phase of a MSL3 secondary LOCA is ing of the secondary downcomer fluid. Once the

subcooling is removed from the secondary down-
then discussed. Included in this discussion are the comer fluid, the depressurization rates decrease
secondary and primary thermal hydraulic response

slightly and are nearly identical. These depressuri-
comparisons and the driving mechanisms. Next, zations continue until the low affected loop steain
the effectiseness of plant stabilization operations is generator secondary pressure trip setpoint is
discussed for Tests S FS 1 and S FS-2. Included in reached (at about 21 s in Figure 1). initiating the Si
this discussion are the primary and secondary pres- and MSlV closure signals. The depressurization of
sure, temperature, and Guid inventory responses to the unaffected loop steam generato-is halted when
plant stabilization operations as taken from EOPs. the MSIV fully closes, isolating the unaffected loop
The system response to plant cooldow n and depres- ne m genu t r and causing a slight repressuriza-
surization operations for Test S-FS-1 is then dis- tion of the secondary. The affected loop steam gen-
cussed. Included in this discussion are the primary er tor continues to depressurize ur,til the generator
and secondary pressure, temperature, and fluid sn ah empty (at about 1W s m Rgm 4
inventory responses to plant cooldown . ad depres- The remainder of the blowdown phase of the tran-
surization operations, as taken from EOPs. f .inally, sient is characterized by the unaffected loap steam
based on the results of these tests, pertinent MSLB generator auxiliary feedwater recovering the sec-
issues are discussed. Major emphasis is placed on ondary inventory and pro iding coo'ing w hich aids

,

the test results relative to FSAR assumptions, cur- in stabilizing the unaffected loop steam generator
rent licensing concerns, and EOP-specified recov- secondary prassure and the primary system fluid
cry operations. temperature.

i
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Figure 1. Affected and unaffected loop steam generator semndary pressures and normalized secondary fluid mass
inventories during the blowdown phase of a double-ended offset shear downstream of the flow restrictor
MSLB transient.

The primary fluid system response is a rapid during the initial phase of the transient. The
cooldown in response to the increased primary-to- remainder of the blowdown phase of the transient
secondary heat transfer during the MSLB second. is characterized by the SI flow slowly increasing the
ary LOCA. As shown in Figure 2, the primary Guid pressurizer liquid inventory, and the primary fluid
rapidly cools down as the primary-to-secondary system pressure and temperature slowly increasing
heat tran>fer increases in the affected and unaf. as the primary heats slightly. No upper head void- |

fected loop steam generators. This causes the pri. ing occurs, and the primary fluid system remains
mary fluid to shrink and rapidly depressurize, with subcooled.

the depressurization rate increasing due to the emp. At the end of the blowdown phase of the tran-
tying of the pressurizer (at about 17 s in Figure 2). sient, the primary and secondary systems are suffi-

The primary cooldow n continues until the primary ciently stable to allow transient identification and

coolant pumps coast to a stop at about 52 s after pl nt stabilization and recovery operations to
the loss of offsite power (i.e., about 52 s after the begin.

SI signal is generated), with the minimum fluid
temperature occurring in the loop cold legs. The Secondary System Response to a
primary system response after this point is gov- Steam Generator Main Steam
erned primarily by the Si and auxiliary feedwater Line Break
flows. The SI flow enters the primary fluid system
and initiates refil..ng of the pressurizer (at about

Understanding the secondary fluid system
86 s in Figure 2). This results in a very gradual thermal-hydraulic response during a MSLB second-
increase in the pressurizer liquid level, which con-

ary LOCA is important, because the cooling of the
tinues until operator adions are taken to terminate

primary fluid system is controlled by the secondary
Si flow. The cold (300 K) SI flow also provides response. Basically, the primary thermal response is
minor primary fluid energy removal which aids the controlled by an overall energy balance involving
unaffected loop steam generator auxiliary feed- core power, primary-to-secondary heat transfer, and
water in stabilizing the average fluid temperature heat loss. There are several characteristic inflection

,

6
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Figure 2. Normalized primary fluid system energy removal, pressurizer pressure, and average cold leg fluid
temperature during the blowdown phase of a double ended offset shear downstream of the flow restrictor

*

htSLB transient.
,

points in the secondary fluid system thermal- stantially increased for both secondaries due to the

hydraulic response to a htSLB secondary IDCA. break How energy removal. The loss of mass pro-
The causes of these inflection points are discussed in duced significant depressurization of both second-

this section. The general sequence of events affecting aries until the low affected loop steam generator

the secondary response are outlined first. This is fol- secondary pressure signal was generated, initiating

lowed by discussions of the pressure response, h1SIV closure. Following htSIV closure, the
hydraulic response, and thermal response for both depressurization of the unaffected loop steam gen- |

secondaries, with major emphasis on the affected erator. secondary was halted. The affected loop

loop steam generator. Since both of the htSLB steam generator continued to depressurize until it

experiments had similar basic secondary thermal- emptied, decoupling from the primary system. The

hydraulic responses, this discussion refers to unaffected loop steam generator slowly refilled f

Test S-FS 1 data only. Break size and location with auxiliary feedwater and slowly repressurized. ,

effects will be discussed later.

Secondary Pressure Response. The second-
G3neral Secondary Response. The occurrence ary pressure responses are characterized by a num-

i.
of a double-ended offset shear of a steam generator ber of inflection po'nts associated with changes in,.

main steam line downstream of the flow restrictor the mass and energy balances. As shown in

produced severe effects on the steam generator sec. Figure 3, the loss of mass from the secondaries

ondaries. The steam line break initiated the tran- caused a rapid depressurization of the affected and

sient at 0 s. Compounded by failure of the affected unaffected loop steam generators. The marked

loop steam generator steam line check valve, the decreases in depressurization rates (at 5.8 hfPa in

unaffected, as well as affected, loop steam genera- the unaffected loop steam generator and 4.7 hfPa

tor experienced 'oss of inventory. Secondary fluid, in the c.ffected loop steam generator) were due to

originally at 6.76 h1Pa. flowed from the steam gen- initially subcooled downcomer fluid reaching satu-

erators through the break flow nozzles and into the ration conditions. The secondary depressurizations

catch tanks. The primary energy removal was sub- following these points were very similar due to the
<
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Figure 3. Afrected and unaffected loop steam generator secondary pressures during the blowdown phase of MSLB
Test S FS 1 (.10 to 150 s).

4

i

simulated break configuration. For a double-ended blowdown phase of the transient, the secondary
offset shear downstream of a flow restrictor with pressures were fairly stable.
concurrent check valve failure, the How from each
secondary is limited only by its own flow restrictor*
Therefore, the break-flow-to-secondary-volurne Secondary Hydraulic Response. The hydraulic

ratto is the same for each secondary, resultmg in response of the affected loop steam generator sec.

similar depressurization rates. The low affected ondary fluid system to a double-ended offset shear i
loop steam generator ' secondary p%sure trip set- of the main steam line downstream of the flow
point of 4.14 hi^ ru was reached at about 21 s. This restrictor is characterized by a rapid voiding of thet

initiated-the Si and htSIV closure signals. The entire secondary. Because the affected loop steam '

. generator was not steaming at initial conditions
depressurization of the unaffected loop steam gen- and injection of auxiliary feedwater into the
erator was halted when the htSIV fully closed at
about 27 s. -Following htSIV closure, the unaf- affected loop steam generator was disallowed (sim-

ulating the response of an automatic faulted sec-
fected loop steam generator experienced a slight

ondary detection system), the secondary massrepressurization due to energy addition from the
. balance was affected only by the break flow. The

primary fluid system in the absence of secondary
simulated htSLB initiated the loss of secondary_

feeding and steaming. The affected loop steam gen- inventory, which severely affected secondary
. erator continued to depressurize until the generator hydraulic characteristics. As shown in Figure 4, the

-

was essentially empty at about 110 s; it became break flow peaked at about I s as the critical flow
essentially decoupled from the primary fluid sys-

was established. The break effluent from the steam
tem for the remainder of the transient. The unaf- generator consisted of two-phase fluid early in the
fected loop steam generator secondary pressure transient, followed by single-phase steam for the
continued to experience a very gradual increase due remainder of the blowdown, as shown in Figure 5.
to the primary energy addition exceeding the auxil- The transition of the break flow from a two-phase,

lary feedwater energy removal. At the end of the mixture to single-phase steam produced slight

8
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Figure 4. Affected loop steam generator measured and best estimate break mass flow rates during the blowdown
phase of hlSLB Test S-FS-1 ( 10 to 150 s).
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variations in the steam generator secondary depres- altering of the secondary convective heat transfer
surization rate (Figure 3). During the initial part of would, however, become more important for cases
the blowdown, the break flow was of sufficient of smaller-sized breaks where the secondary
magnitude to cause the Dow in the affected loop depressurization and temperature reduction rates
steam generator upper downcomer to reserse and are not of sufficient magnitude to cause conduc-
the flow at the top of the riser to increase (Figures 6 tion limiting across the U tube wall. Thus, accurate
and 7). The riser flow was not of sufficiem magni- modeling of the entire secondary fluid system flow
tude to prevent the lower downeomer Dow from areas, volumes, and hydraulic resistances and accu.
reversing (Figure 8), causing a period of split flow rate calculation of the intercomponent as well as
in the tube bundle. The high mass flow rates in the the break mass flow rates become more important
affected loop steam generator and the rapid depres- for ensuring accurate prediction of the heat transfer
surization caused flow reversal in the separator response during a h!SLB transient as the htSLB

l
drain lines, as indicated by the negative differential size is reduced,
pressures in Figure 9, and degraded the perform- The secondary fluid hydraulic response of the
ance of the steam separator. This allowed the two. unaffected loop steam generator was affected by
phase mixture to exit the steam dome until the the mass balance for the secondary. The mass bal-
flows were reduced to within the range of the steam ance was affected by the loss of inventory past the
separator capabilities. The minimum void fraction failed main steam line check valve and the feed-
measured at the break was about 0.97, which repre- water flow. The simulated 51SLB concurrent with
sents a homogeneous flow quality of about 0.58 main steam line check valve failure initiated the loss
(Figure 10). Thus, separator efficiency was of secondary inventory, severely affecting second-
decreased significantly by the high mass flow rates ary hydraulic characteristics. As shown in j
and the drain line flow reversals. As the affected Figure 14, the break flow peaked at about I s as
loop steam generator secondary depressurized, the critical flow was established. The break effluent
break flow decreased, ending the upper and lower from the steam generator consisted of two-phase
downcomer flow reversals and decreasing the com- fluid early in the transient, followed by single-

,

ponent mass flow rates.The component flows con- phase steam for the remainder of the blowdown, as
!tinued to decrease until the secondary fluid shown in Figure 15. The transition of the break '

inventory was depleted at about 110 s. The affected flow from a two-phase mixture to single-phase
loop steam generator secondary component flows steam produced slight variations in the steam gen-
remained stagnant for the remainder of the tran- erator secondary depressurization rate (Figure 3).
sient, since the secondary fluid inventory remained During the initial part of the blowdown, the break
depleted with no auxiliary feedwater injection flow was of sufficient magnitude to produce flow
occurring, through the steam separator, which exceeded the

The NISLB transient condition resulted in non- separating capabilities of the separator. This
uniform rates of inventory reduction for the allowed the two-phase mixture to exit the steam
affected loop steam generator downcomer and tube dome until the flows were reduced to within the
bundle regions, as shown in Figures 11 and 12. The range of the steam separator capabilitits. As the
initial reduction in the total secondary mass inven- unaffected loop steam generator secondary depres-
tory involved a more rapid rate of reduction in the surized, the break flow decreased, decreasing the
tube bundle mass inventory than in the downcomer flow through the separator. The minimum void
mass inventory. The rapid depressurization of the fraction measured at the break was about 0.95,
affected loop steam generator secondary caused the which represents a homogeneous flow quality of
secondary fluid to flash and, aided by the loss of about 0.41 (Figure 16). Thus, the separator effi.
inventory, resulted in early voiding of the tube bun- ciency was decreased significantly by the high
die section (Figure 13). The entire tube bundle mass-flow rates. Following the low affected loop '

region secondary fluid inventory changed to an all- steam generator secondary pressure trip, the unaf-
vapor condition (void fraction of 1.0) as the tube fected loop steam generator feedwater flow was ter-
bundle liquid inventory was finally depleted. This minated, the 51SIV was closed, and auxiliary
altered the secondary convective heat transfer sig- feedwater flow was initiated. hiain feedwater flow
nificantly but did not severely affect the primary. had httle effect on the secondary mass balance, since
to secondary heat transfer, since the transient heat both the flow ("hot standby" represents about 1.5%
transfer was almost totally controlled by the con- of full power conditions) and the time required for"

duction heat transfer across the tube wall. The termination (about 22 s) were minimal. The htSIV
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Figure 12. Affected loop steam generator total, downcomer, and tube bundle secondary fluid mass inventories dur' ag
the blowdown phase of MSLB Test S-FS-1 (0 to 150 s).
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Figure 16. Unaffected loop steam generator break efnuent best-estimate vapor void fraction and homogeneous now
quality during the blowdown phase of NtSLB Test S-FS 1 (-10 to 30 s).

closure halted the loss of secondary inventory with generator primary energy removal increased sub-
the inventory at its minimum value of about 60% stantially, it was at least an order of magnitude
of the initial mass. Recovery of the secondary below the energy removal capacity associated with
inventory was then initiated by auxiliary feedwater the break flow (Figure 18). These observed trends
injection, as indicated by the liquid level response in the primary-to-secondary heat transfer provide
(Figure 17). At the end of the blowdown phase of insight into the mechanisms controlling the
the test, the secondary inventory had recovered to amount of primary cooling which occurs during a
about 64% of the initial mass. MSLB secondary LOCA.

The mechanisms which control the amount of
p n1ary c Hng proWed by & aUectd loopSecondary Thermal Response. The thermal

response of the affected loop steam generator sec- "#am generator dudng a M transient are th
. ,

iondary fluid system to a double-ended offset shear prim ry c nvective heat transfer, the conduct,on

of the main steam line downstream of the flow heat transfer across the U-tube wall, and the sec-

restrictor is characterized by a rapid increase in the ndary convective heat transfer. The affected loop
primary-to-secondary heat transfer, As shown in steam generator primary-to-secondary heat trans-

Figure 18, the affected loop steam generator fer during Test S-FS-1 was obviously limited by
primary-to-secondary heat transfer increased rap- s me mechanism, since the primary energy
idly untilloop flow reductions began due to theloss removal was at least an order of magnitude below
of offsite power. The primary-to-secondary heat the energy removal capacity associated with the
transfer then decreased somewhat as the U tube break flow. During the initial part of the blow-
primary side convective heat transfer coefficients down, both the primary and secondary convective
decreased (Figure 19), but remained high due to the heat transfer coefficients remained constant after
decreasing secondary fluid saturation temperature undergoing a step change increase at transient initi.
(Figure 20) and the increased secondary convective ation. The priman y-to-secondary fluid temperature
heat transfer coefficients (Figure 21 and Figures differences were constantly increasing, however, as
B-1 through 117). While the affected loop steam the secondary fluid temperatures constantly
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Figure 17. Unaffected loop steam generator overall downcomer and tube bundle collapsed liquid levels and auxiliary
feedwater mass flow rate during the blowdown phase of N15LB Test S-FS-1 (0 to 600 s).
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Figure 18. Affected loop steam generator primary and break flow energy removal during the blowdown phase of
htSLB Test S FS 1 ( 10 to 150 s).
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Figure 19. Affected loop steam generator primary comective heat transfer coefficients at the 61-cm elevation during
the blowdown phase of MSLB Test S FS-1 (-10 to 150 s).
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Figure 20. Affected loop steam generator secondary fluid saturation temperature during the blowdcu n phase of
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Figure 21. Affected loop steam generator secondary convective heat transfer coefficients at the 61-cm elevation
during the blowdown phase of MSLB Test S FS-1 ( 10 to 150 s).

decreased. The primary-to-secondary heat transfer considered to be conservative asser1ptions. Based

during this part of the blowdown was therefore lim- on the preceding discussion, invaluable insight can

ited by the conduction heat transfer across the be gained into the relative degree of conservatism

U-tube wall. During the period of primary coolant inherent in MSLB simulation assumptions. The

pump coastdowns, the primary convective heat assumed loss of offsite power at SI causes loop flow

transfer coefficients were constantly decreasing. redus. ion, w hich decreases primary convective heat

The primary-to-secondary heat transfer during this transfer Because primary cooling is decreased by

part of the blowdown was therefore limited by the reducing primary convective heat transfer, loss of

conduction heat transfer and the primary convec- offsite power should not be considered to be a con-

tive heat transfer. Eventually, the primary to- servative assumption. While perfect separator per-

secondary heat transfer was limited by the primary formance assumptions provide the maximum
convectise heat transfer when the primary coolant energy removal capacity associated with the break

pumps coasted to a stop. The secondary convective flow, the primary-to-secondary heat transfer is lim-

heat trar,sfer coefficients rapidly degraded to zero ited by the conduction heat transfer across be
when the liquid inventory was depleted (i.e., the U-tube wall such that the primary energy removal is

local secondary convective heat transfer coeffi- much less than the energy removal capacity associ-

cients rapidly degraded to zero when the local ated with the break flow. Therefore, the break fluid

vapor void fractions reached a value of 1.0). There- energy removal which results from an assumed sep-

fore, the primary-to-secondary heat transfcr would arator performance has minimal direct effect upon

have eventually been limited by the secondary con- the primary energy removal.
vective heat transfer, had the primary coolant A greater effect of assuming perfeet separation is

pumps not been tripped off. that it decreases the rate of the secondary mass loss,

The purpose of assumptions applied to MSLB depressurization, and secondary fluid saturation
transient simulations and calculations is to produce temperature reduction. This increases the duration

the maximum amount of primary cooling, of the conduction heat transfer across the U-tube

Assumptions which maximize primary cooling are wall, the secondary convective heat transfer, and,
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the primary-to-secondary heat transfer. The same fluid before the liquid cou!d dash to vapor. The ses -
effect would be achicted by decreasing the break size ondary vapor generation was not sufficient to
so that the break now energy removal rate is as close replace the vapor lost out of the break, causing the
as pessible to the conduction limited primary-to- initial depressurization rate to be more rapid. The
secondary kat transfer rate. in this manner, the initial secondary depressurization rate was therefore
effe:t of the secondary break now energy removal more rapid due to initial subcooling of the down-
ca primary cooling would be maximized. Thus, the comer Guid.
piimary cocEng caused by the atiected steam gener- The affected loop steam generator decoupled
ator during a htSLB transient would be maximized from the primary Guid system folicwing the loss of
by: imentory. With no auxiliary feedwater :r.j ction, the

secondary Guid system remained devoid of Guid,
Either not simulating the loss of offsite and had no further effect on the pri; nary fluid*

power or delaying the sim' dated Icas of system.
offsite power until after the secondary con- The thermal response of the unaffected loop
sective heat transfer has degraded to zero steam generator secondary Guid system to a double-
(after the affected loop steam generator sec- ended offset shear of the main steam line down-
ondary is empty), stream of the now restrictor with concurrent check
Assuming perfect separation (although the salve failure is also characterized by a rapid increase

a

effect of this assumption is minimal), and in the primary to-secondary heat transfer. As shown
Deesasing the break size such that the in Figure 23, the ut.affected loop steam generator*

break Dow energy removal rate is as close as primary-to-secondary heat transfer increased rap-
pos.f;le to the conduction-limited primay- idly ' .t l h1SIV closure terminated the loss ofinven-i

to-secondary hea' transfer rate. tory via the break. Concurrent with h1SIV closure, '

the loon now reductions began due to the loss of
Because the primary-to-secondary heat transfer offsit: ( *er. The primary-to-secondary heat trans-

during a htSLB transient is conduction-limited, the fer then decreased significantly as the U-tube pri-
* team generator U t ube thermal conductivity (w hich mary and secondary side convective heat transfer
is dependent upon the type of material and the mate- decreased. Here again, although the unaffected loop
rial temperature) and wall thickness play a key ro! :n steam generator primary energy removal increased
determining the amount of primary cooling. The substantially, it was at least an oraer of magnitude
Type 111 affectG. loop steam generator U-tube mate- bekts the energy removal capacity associated with
r al and material temperatures are typical of the tne break now (Figue 23). These observed trends in
Westinghouse 51odel 51 steam generator. However, Ihe primary to-secondary heat transfer are similar to
the T)pe ill steam generator U-tube walls are 0.165- those observed for the affected loop steam genera-
cm thick, whereas the Wetinghouse hiodel 51 tor, .ndi at ng that the mechanisms controlling thei

steam generator U tube walls are 0.124-cm thick. smount of primary cooling w hich occurs are similar
The 0.165-cm tube wall thickness in the Type til for h9th steam generators.
steam generator allow s approximately 20% less con- Although the mechanisms which control the
duction heat transfer across the U-tube wsil than amount of primary cooling provided by both the
would occur for a 0.124-cm thick wall with the same affected and unaifected loop steam generators are
primary-io-secondary temperature difference. The the same, the interaction of the mechanisms is dif-
primary cooling produced by the affected loop ferent. Like the affected loop steam generator, th.
steam generator during the simulated htSLB tran- unaffected loop steam generator primary-to-
sient ,vas therefore approximately 20% less than secondary ! cat transfer during Test S-FS-t was obvi-
wouk. have occurred with the 0.17. bem thick U-tube ously limited by some mechanism, since the primary
walls in a Westinghouse 51odel 51 steam generator. energy removal was at least an order of magnitude

The initis' ' e assarimion rate of the :ficcted below the energy removal capacity associated with
loop stsan .rator se, N ry (5gure 3) was the break Dow. The primary-to-secondary heat.

affect ** * a aitial suF " the secondary transfer during the initial part F the blowdow n was
fluid. W bon s a rator was not limited by conduction heat transfer across the
.tean , - F ng in stratifica- U-tube wall, as with the affected loop steam ge nera-
tion e .er (Figure 22). tor. Howeser, primary-to-secondary heat transfer*

The... % i . set of flashing, was next limited by secondary convective heat trans-
since the c.v ,emoved from the fer due to the isolation of the secondary at 51SIV
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Figure 22. Affected loop steam generator downcomer fluid and saturation ;emperatures during the blowdown phase
of 51SLB Test S FS 1 ( 5 to 15 s).
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closure. During the pump coastdown part of the thermal-hydraulic response during a h1SLB sec-
blowdown, primary-to secondary heat transfer was ondary LOCA is important, because the degree of

'

limited by both the secondary and primary convec- cooling of the primary fluid system depends upon
tive heat transfer. These observations also provide the thermal hydraulic response to the increased,

useful guidance for making htSLB transient simula- heat sink. The primary thermal-hydraulic response '

tion assumptions which will produce the maximum is determined by the primary energy and mass bal-
amount of primary cooling, ances. There are ceveral characteristic inflection

The earlier discussion of htSLB calculation points in the primary fluid system thermal-
assumptions and their effect on primary cooling also hydraulic response to a htSLB secondary LOCA.
applies for the unaffected loop Heam generator. The causes of these inflection points are discussed
llowever, the effect of the main steam line check in this section. The general sequence of events
valve failure was not discussed. The unaffected loop affecting Ihe primary response is outlined first.
steam generator provided significant cooling of the This is followed by discussions of the pressure,
prim try coolant system, which added to the cooling hydraulic, and thermal responses for the primary
provided by the affected loop steam generator. This fluid system. Since both of the h1SLB experiments
substantially increased the cooling of the primary had similar basic primary thermal-hydraulic
coolant system. Therefore, the failed main steam responses, this discussion refers to Test S FS-1 data
line check valve assumption raimizes the primary only. As with the secondary response discussion,
cooling and should be considered a comervative break size and location effects will be discussed
assumption. later.

The initial depressurization rate of the unaffected
loop steam generator secondary (Figure 3) was also General Primary Response. The occurrence of
affected by the initial subcooling of the se.condary a double-end:d offset shear of a steam generator
fluid. The unffected loop steam generater second- main steam line downstream of the now restrictor
ary fluid exhibited some slight stratification and produces severe effects on the primary fluid system.
subcooling in the downcomer (Figure 24) at initial The MSLB initiated the transient at 0 s. The pri-
conditions. The initial subcooling had the same mary fluid system response is a rapid cooldow n due

'

effect on unaffected loop steam generator secondary to increased primary-to secondary heat transfer
depressurization as it did on steam generator sec- during the secondary LOCA. Ihe primary fluid
ondary depressurization in the affected loop. Here rapidly cools down as the affected and (due to the
again, the initial secondary &passurization rate failed main steam ime check valve) unaffected loop
was more rapid due to initial subcooling of tiie steam generator primary-to-secondary heat trans-

i downcomer fluid, fer increases. This causes the primary fluid to
Follow ing the SI signal, Ihe unaffected loop steam shrink and rapidly depressurize, with the depres-

generator main feedwater flow was terminated, the surization rate increasing when the pressurizer
htSIV was closed, and auxiliary feedwater injection 3mpties. The cooldown and depressurization of the,

was initiated. Termination of the unaffected loop primary system moderates slightly following isola-
; steam generator mtin feedwater had virtually no tion of the unaffected loop steam generator due to

effect on the secondary respome. The energy htSIV closure at St. However, the cooldown and
removal via the break flow completely overshad- depressurization continues until the primary cool-,

owed the loss of energy removal associated with the a.. pumps coast to a stop about 52 s later (due to
main feedwater termination. The 51SIV closure ter- loss o offsite power at SI), with the minimum fluidr-

minated the energy removai via the break, causing temperature occurring in the loop cold legs. The
the secondary to gradually heat and repressurize, primary system response for the remainder of the
The energy removal provided by the auxiliary feed- blowdown phase of the transient is characterized by
water aided in minimizing secondary heating and Si f'ow slowly increasing the pressurizer liquid
pressurize: ion. inventory and providing slight primary cooling,

which aids the unaffected loop steata generator
Primary System Response to a auxiliary feedwater in moderating primary pressure

-

Steam donerator Main Steam ''d''*P""***'h'P'I" '# ""id'Y"** "*"
Line Break sure and temperature increase slowly as the primary*

heats slightly and the pressurizer slowly refills. No
voiding of the primary fluid system was observed

| Understanding the primary fluid system during the blowdown phase of the transient.
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Figure 24. Unaffected loop steam generator downcomer Guid and saturation temperatures during the blowdown
phase of htSLB Test S ISI ( 10 to 10 s)

Primary Pressure Response. The primary pres- surizer. The rate of pressurization moderated

sure response is characterized by a number of slightly as the looes changed to the natural circula-

inflection points associated with changes in the tion mode of heat trensfer. For the remainder of the

energy balance and fluid distribution. As shown in blowdown phase of the transient, the primary ec>

Figure 25, the 51SLB secondary LOCA created an tinued to pressurize slowly, as it slowly heated and

energy imbalance, which resulted in immediate, the pressurizer slowly filled.
.

rapid depressurization (about 0.05 h1Pa/s) of the
primary fluid system. The rate of depressurization Primary Hydraulic Response. The hydraub,e
increased at about 17 s as the vapor generation in resp nse of the primary Huid system during a
the pressurizer was halted due to the emptying of 51SLB secondary IDCA is characterized as a rapid
the pressurizer. The depressurization of the primary

,

s n age ui ut of the pressurizer. As the pri-
Quid system continued (at about 0.23 hipa/s) until mary energy removal via the affected and unaf-

* ,

the affected loop steam generator secondary pres- fected loop steam generators increases, the primary
sure Si low setpoint was reached. The resulting Huid cools down and shrinks ou of the pressurizer,
h1SIV closure decreased the unaffected loop steam as shown in Figure 26. The rate of the shrinkaf' is
generator primary-to-secondary heat transfer determined by initial primary pressiire and temper-
slightly, which caused a slight decrease in the rate o f ature, initial pressurizer vapor volume, the caergy
primary depressurization starting at about 24 s. balance, and the pressurizer surge line hydraulic
The rate of depressurization continued to decrease resistance. The initial primary pressure and temper-
as the loop flows decreased due to the prin ary ature determine the initial energy content of the
coolant pump coastdowns following loss of of sie primary Guid system. The amount of the primary
power at St. The minimum primary cold leg pre" Quid shrinkage (decrease in the Guid specific vol-
sure of 10.41 h1Pa occurred at about 73 s, when ume) is determined by the rtcgrated energy
the primary coolant pumps coasted to a stop. The terr. oval from the primary fluid and the initial
primary then pressurized slowly due to primary energy content or the primary Guid. The rate of
energy ad{ tion and compression of the pressurizer primary fluid shritikage is determined primarily by

vapor . pace as the S1 flow slowly tefilled the pres- the rate of energy removal and the vapor generation'

!
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in the pressurizer due to the depressurization (the idly increase, the primary energy balance is tost and

impetus for the shrinkage) and the resistance to energy is removed from the primary Guid, causing
now through the pressuriier surre line (the resist- the fluid to rapidly cool. This continues until about
ance to the expansion). It is alic determined to 48 s after Si and htSIV closure, when the primary

some extent by the initial energy content of the pri- coolant pumps are tripped off and allowed to coast

mary fluid system. The basic mechanism invohes to a stop (simulating loss of offsite power at SI),
the primary Guid energy content decreasing due to reducing the affected and unaffected loop steam
the energy removal. The decreased energy content generator primary energy removal rates to a level
produces a decreased Guid specific volume and below the level of the core power. The minimum

Guid pressure, which causes a pressure gradient downcomer fluid temperature (average cold leg
between the pressurizer and the primary loop hot fluid temperature) reached was about $36 K at
leg. The primary fluid then nows out of the pres- about 69 s. This is well above the pressurized ther-
surizer at a rate determined by the pressure differ- mal shock (PTS) minimum temperature hmit of
ence, the Guid specific volume, and the surge line 450 K.
hydraulic resistance. As the fluid flows out of the Prima:y cooling was limited somewhat due to
pressurizer, the decreasing Guid solume expands the thicker U-tube walls in the Type 111 steam gen-

the vapor volume, increasing the vapor-specific erator, but the effect on the measured minimum
volume and depressurizing the pressurizer. This is average cold leg fluid temperature was minimal.
moderated somewhat by the flashing of liquid to During the period of primary cooldown, the pri-
vapor as the pressurizer depressurizes. During the mary fluid average temperature (Figure 28)

|

| rapid shrinkage of fluid out of the pressurizer, the decreased from 560 to 542 K, while the primary

| predominant factors determining the pressure dif- Guid pressure decreased from 15.50 to 10.39 51Pa.

ferential between the primary loop and the pressur- This represents a total primary energy removal dur-
izer are the rate of energy removal from the primary ing the cooldown of about 10,570 kJ. As discussed
system fluid and the surge line hydraulic resistance. in the secondary thermal response section, the
For a given surge line resistance, the greater the rate thicker U-tube walls in the Type 111 steam generator

of primary energy removal, the greater the pressure (0.165 cm versus 0.124 cm) reduced the conduc-
difference developed due to the greater volumetric tion heat transfer through the wall by about 20%,
rate of Guid shrinkage through the surge line from which reduced the net primary energy removal
the pressurizer. For a gisen primary ene*gy removal somew hat. If 0.124-cm thick U tube walls 1.ad been
rate, the greater the surge line hydraulic resistance, used for the Type ill steam generator, the net pri-

the greater the pressure difference requirea to mary energy removal would have been about
accommodate the volumetric rate of fluid shrink- 11,490 kJ. This would hase decreased the primary

age through the surge line out of the pressurizer. Guid average tempeuture to about 540 K, assum-

The shrinkage of fluid out of the pressurizer con- ing the same primary pressure decrease. Corre-
tinued until the pressurizer empt ed at about 17 s. spondingly, the minimum aserage cold leg Guidi

The primary fluid shrinkage continued until the temperature would base been about $34 K, still
primary coolant pumps coasted to a stop about well above the PTS limit. Thus, while the thicker

52 s after loss of offsite power. The Guid then U-tube walls in the Type lit steam generator lim-
expands as the primary system heats and the fluid ited the primary cooling somewhat (about 9%),
specific volume mereases. The primary f1'dd mass the effect on the measured minimum downcomer
inventory increases as the SI flow enters the pri- Guid temperature was minimal.

mary and refills the pressuriier. For the remainder The primary fluid system thermai response mod-
of the blowdown phase of the transient, the pri- erated following htSIV closure and loop flow
mary Guid now s into the pressurizer from the loop reductions,:rs the unaffected loop steam generator

hot leg under the innuence of the continued heat- primary energy removal via the break was termi-
ing prosided by the core power ud the mass addi- nated, and the system changed to a natural circula-

tion provided by the Si flow. tion mode of heat transfer. As ne' ural circuhtion
flow was being established, the primary Guid was

Primary Thermal Response. The thermal gradually heating, as evidenced by the aserage Guid

response of the primary fluid system during a temperature increase. Once the natural circulation
51SLil secondary LOCA is characterized as a rapid now was established, as c';denced by the unaf-
cooldown of primary fluid. As shown in Figure 27, feeted loop hot-leg-to-cold-leg temperature differ-
as the affected and unaffected loop heat sinks rap- ence reaching a maximum, the rate of system
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Figure 27 Primary fluid system energy removal and average cold leg fluid temperature during the blowdown phase of
NISLR Test S-FS-1 ( 10 to 150 s).
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heating moderated. The system continued to heat The major differences observed are in the timing of

due to the core power (1.5% of full power) exceed- events and the quantitative responses. For both

ing the unaffected loop steam generator auxiliary break sizes and locations, the occurrence of the

feedwater energy removal capacity. This caused the break produced severe effects on the steam genera-

primary fluid thermal response to exhibit very f or secondary. In both cases, the unaffected loop

gradual heating through the end of the blowdown acam generator also experienced a loss of inven-

phase, tory and increased primary energy removal, due to
flow past the failed main steam line check valve to
the break before MSIV closure. Following MSIV

Influence of Main Steam Line
BdhwhhaWe 'I '"''''.he unaffected loop steam generator slowly

refilled with auxiliary feedwater and repressurized.
Response The afrected loop steam generator emptied and

decoupled from the primary.
Concerns exist with respect to the effects of the

break size or location on the primary and second- Secondary Pressure Response Compar/-
ary system responses to a MSLB secondary LOCA. sons. The secondary pressure responses exhibited
MSLB calculations performed for the Zion Unit the same basic trends for both break sizes and loca-
One Nuclear Plant FSAR, Appendix 15, showed a tions, with the major differences occurring in the
definite sensitivity of calculated primary cooling to magnitudes of the parameters and the timing of
the break size or location, in this section, the events. In both cases, tne secondary pressure

- effects of break size or location on transient sever * responses are characterized by a number of inuce-

f ity are addres;ed by comparing first the secondary tion points associated with changes in the mass and
and then the primary fluid system thermal- energy balances. As shown in Figure 29, the loss of

hydraulic responses for double-ended offset shears mass from the secondaries caused a rapid depres-

of the main steam line downstream (Test S FS-1) surization of the affected and unaffected loop'

and upstream (Test S-FS-2) of the flow restrictor, steam generators. Both cases exhibited the marked

with concurrent main steam line check vahe fail- decreases in depressurizraion rates as the initially
ure. The discussion is organized into two subsec- subcookJ downcomu fluid ieached saturation
tions, with one subsection covering secondary fluid conditions. For the break upstream of the now
system response and th- other covering primary restrictor (Test S FS-2), the now from the affected

fluid system response, loop steam generator represented flow limited only
by the steam generator exit piping now area;

Effects of Break Sizo or Location on Secondary whereas, the now from the unaffected loop steam

Response. As discussed earlier, the cooling of generator represented flow limited by the affected

the primary Guid system is controlled by the sec- loop steam line flew restrictor. As discussed earlier,

ondary response to the MSLB secondary LOCA. for the break downstream of the flow restrictor
Therefore, it is important to understand the effects (Test S FS-1), the flow from the affected loop
of the MSLB size or location on the secondary steam generator represented flow limited by the
thermal hydraulic response in order to understand affected steam line flow restrictor. At the same

,

t' a relative severity of the resulting nrimary cool- time, the flow from the unaffected loop steam gen-

ing. Both of the MSLB experiments had similar crator represented flow from three steam genera-
basic thermal hydnulic responses. However, sev- tors (with the flow from each limited by its

; eral differences in the responses are worthy of note. respective flow restrictor).

Comparisons of the general secondary system The larger affected loop steam geiterator steam

responses to the general sequences of events are dis- line break now area for Test S-FS-2 caused the sec-
cussed first. This is followed by coniparisons of the ondary to depressurize faster, as shown in
secondary pressure respenses, hydraulic responses, Figure 29. Similarly, the smaller unaffected leop
and thermal responses for both secondaries, wi.h steam generator steam line break flow area for
major emphasis on the affected loop steam Test S-FS-2 caused the slower secondary depressur-

.

iration shown in the ligure. The faster affected
| generator.

loop steam genera'or secondary depressurization
General Secondary Response Compar/- during Test S-FS-2 resulted in a much earlier SI sig-

,

sons. The general secondary responses for the nal, The low affected loop steam generator second-

MSLR experiments were qualitatively the same. ary pressure trip setpoint of 4.14 MPa was reached
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Figure 29. Cornparisens of affected and unaffetted loop steam generator secondary pressures during the blowdow n
phases of MSLB Tests S FS-1 and S-FS-2.

at about 7.6 s during Test S-FS 2 and about 21 s hydraulie response of the affected loop steam gen-
during Test S-FS-1. In both cases, the SI signal ini- erator secondary fluid system to a doub! -ended
tlated Si and MSIV closure signals. The depressuri- offset shear of the main steam line either upstream
zation of the unaffected loop steam generator was or downstream of the flow restrictor is character-
halted in both cases when the MSIV fully closed at ized by a rapid voiding of the entire secondary,
about 4 s after St. In both cases, the unaffected Because the affected loop steam generator was not
loop steam generator experienced a slight repre- steaming at initial conditions and injection of aux-
ssurization following MSIV closure due to energy iliary feedwater into the affected loop steam gener-addition from the primary Duld system in the

ator was disallowed (simulating the respo'ise of an
absence of secondary feeding and steaming. The

automatic faulted secondary detection system), the
affected loop steam generator continued to depres-
surize in both cases until the generator was essen- secondary mass balance was affected only by the

tially empty at about 50 s (during Test S FS-2) and break How. The simulated MSLB initiated the loss

about 110 s(during Test S-FS-1). In both cases, the of secondary hwentory, producing severe effects on

affected loop steam generator became essentially the secondary hydraulic characteristics in both

decoupled from the primary fluid system for the cases. The break flow peaked at about I s in both

remainder of the transient. The unaffected loop cases as criticil Dow was established (Figures 4

steam generator secondary pressure continued t and 30). The break effluent from the steam genera-

experience a very gradual increase due to the pri- tor consisted of two-phase fluid early in both tran-.

mary energy addition exceeding the auxiliary feed' sients, followed by single-phase steam for the
water energy removalin both cases. At the end of remainder of the blowdown (Figures 5 and 31).
the blowdown phase of both transients, the second- The larger break mass now rate for Test S-FS-2
ary pressures were fairly stable, resulted m. greater measured h. quid content of the

.

break effluent. The transitions of the break nows
from two-phase mixture to single-phase steam pro-

Secondary Hydrau//c Response Cornpar/- daced slight variations in the steam generator sec-
sons. The secondary hydraulic responses exhib- ondary depressurization rates (Figure 29) for bo.ii
ited the same basic trends for both cases. The cases. During the initial part of both blowdowns,
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Figure 30. Affected loop steam generator measured and best-estimate break mass flow rates during the blowdown
phase of MSI.B Lt S-FS-2 ( 10 to 80 s).

10 0 , i i i i i a i

90 - Best estimate (* 10 kg/m') -

80 -
Measured (* 44.7 kg/m')

~

Saturated steam (* 0.4 kg/m')
-

-

70

60 J -

y 50 ' |,
-

'a 40 j
-

i

1a P 1J

5 30 ,j | .

-

q'
} {,h

i

-

| I !E 20 - N

|))(
I |1

c - ) 1i i, ,

fj 1 Q [19 a

'

.' i8 10 ,. , , ;
-

,

,

y; yi ! -0 1 p q 3
,-

: :
'

.iO - i
-

20 - }
-

30 -
-

' ' ' ' ' ' ' '
40

10 0 10 20 30 40 50 60 70 90

Time (s)
. . . . , , .

Figure 31. Affected loop steam generator measured and best-estimate break fluid and saturated steam densities
during the blowdown phase of MSI.B Test S-FS-2 (-10 to 0,0 s).

29



the break Hows were of sufficient magnitude to This altered the secondary com'ective heat transfer
cause the now in the affected loop steam generator significantly in both cases but did not seserely
upper dow neccer to reverse and the flow at the top affect the primary-to secondary heat transfer, since
of the riser to increase (Figures 32 and 33). One the transient heat transfer in both cases was almost
difference was noted in the lower dow ncomer now totally controlled by the conduction heat transfer
response. The greater riser flow for the break across the tube wall. The altering of the secondary
upstream of the Dow restrictor (Test S FS-2) pre- convective heat transfer would, however, become
vented the lower dow neomer now from reversing as more important for smaller-break size cases where
it did for' test S FS 1 (Figure 34). In both tests, the the secondary depressurization and temperature
high mass now rates in the affected loop steam gen- reduction rates are not of sufficient magnitude to
erator and the rapid depressurizations caused flow cause conduction limiting across the U-tube wall,
reversals in the separator drain lines, as indicated Thus, accurate modeling of the entire secondary
by the negative differei.tial pressures in Figure 35. Guid system How areas, volumes, and hydraulic
This degraded the performance of the steam sepa- resistances and accurate calculation of the inter-
rator, which allowed two-phase mistures to exit the component, as well as the break mes now rates,
steam dome in both cases until the dows were becomes more important for ensuring accuraw pe-
reduced to within the ra..ge of the steam separator diction of the heat transfer response during a
capabilities. The minimum void fractions mea- atSLB transient as the A1SLB size is reduced.
sured at the break were about 0.93 (for Test S FS-2) The secondary Guid hydraulic response of the
and 0.97 (for Test S-FS 1), representing homogene- unaffected loop steam generator was similar for
ous Dow qualities of about 0.34 and 0.58, respec- both break sizes and locations, with the major dif-
tively (Figure 36). Thus, separator efficiency was ferences occurring in the magnitudes of the param-
decreased significantly by the high mass now rates eters and the timing of events. The simulated
and the drain line now reversals in both cases, with N1SLB concurrent with main steam line check valve
the lowest efficiency obssrved for the largest break failure initiated the loss of secondary inventory,
size (Test S FS-2). In both cases, as the affected severely affecting secondary hydraulic characteris-
loop steam gener . tor secondary depressurized, the tics in both cases. As show n in Figure 40, the break
break now decreased, ending the upper down- flows peaked at about I s as critical Dow was estab-
comer flow reversal and decreasing the component lished. A significant difference was observed in the
mass Mow rates. The component dows continued response of the unaffected loop steam generator
to decrease in both cases until the secondary fluid steam separator to the different break flows. For the fimentory was depleted (at about 50 s fr. Test S-FS 2 break dow nstream o the now restrictor (Test S-FS-1),r

and about 110 s in Test S-FS-1). The affected loop the break effluent from the steam generator con-
steam generator secondary component flows sisted of two-phase Huid early in the transient, fol-
remained stagnant for the remainder of both tran- lowed by single phase steam for the remainder of
slents, since the secondary fluid inventories the blowdow n, as shown b Figure 15. However, for
remained depleted with no auxiliary feedwater the break upstream of the flow restrictor (Test
injection occurring. S FS 2), the break effluent remained essentially

The h1SLB transient condition resulted in non- single phase steam during the blowdow n, as shown
uniform rates of inventory reduction for the in Figure 41. Since the break flow remained single-
affected loop steam generator dow ncomer and tube phase vapor during Test S FS-2, secondary depres-
bundle regions for both cases (Figures 11, 37, 12 surization did not exhibit the slight variations
and 38). In both cases, the initial reduction in the observed for Test S-FS 1 (Figure 29). The smaller
total secondary mass imentory imohed a more break How area for the break upstream of the flow
rapid rate of reduction in the tube bundle mass restrictor (Test S-FS-2) limited the break flow to
inventory than in the downcomer mass imentory. that within the range of the unaffected loop steam
The rapid depressurization of the affected loop generator-steam separator capabilities. This
steam generator secondary caused the secondary allowed the break effluent to remain single-phase
fluid to flash and, aided by the loss of inventory, vapor during Test S-FS-2, whereas a two phase
resulted in early voiding of the tube bundle section misture exited the steam lome during Test S FS-1.
(Figures 13 and 39). In both cases, the entire tube The minimum void fiactions measured at the break
bundle region secondary fluid inventory changed to were about 1.0 for Test S FS-2 and about 0.95 for
an all vapor condition (soid fraction of 1.0) as the Test S FS-1, which reprssent homogeneous now
tube bundle liquid imentory was finally depleted. qualities of about 1.0 and 0.41, respectisely
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Figure 32. Comparisons of affected loop steam generator upper downcomer mass flow rates during the blowdown
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7 , , , , , , , ,

S-FS 1 h 0.28 kg/s)
S.FS 2 h 0.84 kg/s) .

6 -
.

I

3 5 -
-

a
d
S 4 -

-

!
t ,

-'j 3 -

N
= i -

5. 2 -

4

'g -

1 -

%< ,~c =.m; v-sy_ v.= g . g,-_ .: . ,r, - -

, ,

10 0 10 20 30 40 50 60 70 80

Time (s)
weetn e.33

Figure 33. Comparisons of affected loop steam generatar riser mass now rates during the blowdown phases of MSLB
Tests S-FS 1 and S-FS 2.

,

31



'

L75 , , , , i , , ,

{/
1.50 S.FS.1 (* 0.13 k;/s) -

-

-- S.FS.2 (A 0 21 kg/s)
125 -

-

1.00 -
-

2
h 0.75 -

s -

g 0.50 -
-

e
i"

0
$

.25 7- -
-

--J
c: 0.00 -

.,v_ _ - . _- u%%w,.__ -

$ .0.25 '%-

0.50 -

0
0.75 -

-

.t00 -
-

, , , , , , , ,1,,

10 0 10 20 30 40 50 60 70 80
Time (s)

v.e.n e.u
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Figure 40. Comparisons of unaffected loop steam generator break mass flow rates during the blowdown phases of
MSLB Tests S-FS 1 and S-FS-2.
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(Figure 42). Thus, separator efficiency was same controlling mechanisms (i.e., primary con-
decreased signific :ly by the high mass How ra' s vective heat transfer, conduction heat transfer
during Test S FS 1, but was not affected by across the U-tube wall, and secondary convectivee
lower mass flow rates during Test S FS-2. Fo'; heat transfer), with only minor differences in the-

ing the low affected loop steam generator se ad- lateraction of the mechanisms. Tt.e affected loop
ary pressure trip, unaffected loop steam generator steam generator primary-to-secondary heat trans-
feedwater Dow was terminated, the MSIV was fer during both tests was obviously limited by some
closed, and auxiliary feedwater now was initiated mechanism, since the primary energy removal was
in both eases. htain feedwater flow had little effect at least an order of magnitude below the energy
on the secondary mass balance in either case, since removal capacity associated with the break Dow.
the now was minimal ("hot standby," representing During the initial part of the blowdown, both pri-
about 1.5% of full power conditions) and the time mary and secondary convective heat transfer coef-
required for termination was minimal (about 8 s ficients remained constant after undergoing a
durir g Test S FS 2 and about 22 s during Test step-change increase at transient initiation. The
S FS-1). The MSIV closure halted the loss of see- primary to secondary Duid temperature differ-
ondary inventory, with the inventory at its mini- ences were constantly increasing, however, as the
mum value of about 97% and 60% of the initial secondary Duid temperatures constantly decreased.
mass for Tests S-FS 2 and S FS-1, respectively, in The primary-to-secondary heat transfer during this
both cases, recovery of the secondary inventory was part of the blowdown was therefore limited by the
then initiated by auxiliary feedwater injection, as conduction heat transfer across the U-tube wall.
Indicated by the liquid level responses (Figure 43). During the period of primary coolant pump coast-
At the end of the blowdown phaw af Tests S FS-2 downs, primary convective heat transfer coeffi-
and S FS-1, the secondary inventories had recov- cients were constantly decreasing. The
cred to about 102% and 64%, respectively, of the primary-to-secondary heat transfer during this part
initial mass, c f the blowdown was therefore limited by the con-

duction heat transfer and the primary convective
Secondary Thermal Response Compar/- heat transfer. Eventually, the primary-to secondary

sons. The measured secondary thermal responses heat transfer was limited by Ihe primary convective
for both break sites and locations are very similar. heat transfer when the primary coolant pumps
The thermal response of the affected loop steam coasted to a stop. The secondary convective heat
generator secondary fluid system to a double- transfer coefficients rrpidly degraded to iero w hen
ended offset shear of the main steam line either the liq uid inventory was depleted (i.e., the locai sec-
upstream or downstream of the flow restrictor is ondary convective heat transfer coefficients rapidly
characterized by a rapid inerease in the primary to- degraded to zero when the local vapor soid frac-
secondary heat transfer. As show n in Figure 44, for tions reached a salue of 1.0). This produced some
bcth cases, the affected loop steam generator secondary convectior, heat transfer limiting in the
primary to-secondary heat transfer increased rap- upper elevations of the secondary for Test S FS-2,
idly until the loop Dow reductions began due to the but no real secondary convective heat transfer lim-
loss of offsite power. The primary to-secondary iting during Test S FS-1. However, in both cases,
heat transfer then decreased somewhat as the the primary-to-secondary heat transfer would have
U tube primary side convective heat transfer coeffi- eventually been limited by the secondary convective

'

cients decreased (Figures 19 and 45), but remained heat transfer had the primary coolant pumps not
high due to the decreasing secondary fluid satura- been tripped off,
tion temperature (Figure 46) and the increased sec- As discussed previously, the purpose of assump-
ondary convective heat trantfer coefficients tions applied to MSLil transient simulations and
(Figu,es 21, 47, and 11-1 through 1114). In both calculations is to produce the maximum amount of
cases, w hile the affected loop steam generator pri- primary cooling. Assumptiora w hich maximite the
mary energy removal increased substantially, it w as primary cooling are considered to be conservatise
at least an order of magnitude below the energy assumptions. Ilased on the preceding discussions,
removal capacity associated with the break now invaluable insight can be gained into the relatise
(Figure 44), degree of consenatism inherer* in MSL11 simula-

The observed trends in the primary-to-secondary tion assumptions. The assumed loss of offsite
heat transf:r were sery similar for the two different power at Si causes loop now reduction, which
break site and location cases. Iloth cases exhibit the decreases primary com ectis e beat transfer. Ilecause
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Figure 42 Comparisons of unaffected loop steam generator break effluent vapor void fractions and homogeneous
flow qualities during the blowdown phases of h1SLB Tests S FS-1 and S FS-2.
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i

38
|



560 --
_

-

i i , , , , i i i

540 -
-

520 -
-

_

26
o 500 --

C3
y480 --

a
460 ~-

o X S FS 1
O *, F3 2co 440 -

-

z
o
3 420 - - -

j Uncertainty * 0.68 K
400 - -)
380 --

' ' ' ' ' ' ' ' ' ' '
360

.0 5 0 5 10 15 20 25 30 35 40 45 50

j Time (s)
....ri.-4.

Figure 46. Comparisons of affected loop steam generator secondary fluid saturation temperatures during the
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the primary cooling is decreased by reducing pri- Westinghouse hiodel 51 steam generator U-tube
mary convective heat transfer, loss of offsite power walls are 0.124-cm thick. The 0.165-cm tube wall
should not be considered to be a conservative thickness in the Type 111 steam generator allows
assumption, approximately 20% less conduction heat transfer

Assuming perfect separation prosides the maxi- across th: U-tube wall than would occur for a
mum energy removal capacity associated with 0.124-cm thick wall with the same primary-to-
break Dow, Howe >er, primary-to-secondary heat secondary temperature difference. The primary
transfer is limited by conduction heat transfer coofing produsesi by the affected !oop steam gener-
across the U-tube wall such that the primary energy ator during both simulated 51SL13 transients was
removal is much less than the energy removal therefore approximately 20% less than would have
capacity associated with the break Dow. Therefore, occurred with the 0.124-cm thick U-tube walls in a
the break Duid energy removal which results from Westinghouse Stodel $1 steam generator,
an assumed separator performance has minimal in both cases, the initial depressurization rate of
direct effect upon the primary energy remeval. A the affected loop steam generator secondary (Fig-
greater effect of assuming perfeet separation is that ure 29) was affected by theinitial subcooling of the
it decreases the rate of the secondary mass loss, secondary fluid. The affected loop steam generator
depressurization, and secondary Guid saturation was not steaming at initial conditions in either test,
temperature reduction. This increases the duration resulting in stratification and subcooling in the
of conduction heat transfer across the U tube wall, dowr. comer (Figures 22 and 48). The initial sub-
secondary comective heat transfer, and primary- cooling delayed the onset of Dashing in both cases,
to-secondary heat transfer. The same effect would causing a rapid initial depressurization rate.
be achieved by decreasing the break size so that the The affected loop steam generator decoupled j
break flow energy removal rate is as close as possi- from the primary fluid system following the loss of
ble to the conduction-limited primary to- inventory in both cases. With no auxiliary feed-
secondary heat transfer rate, in this manner, the water injection, the secondary fluid system -

effect of the secondary break flow energy removal remained devoid of Guid and had no further effect
on the primary cooling would be maximited. This on the primary Guid system.
is esidenced by the fact that the total primary The thermal response of the unaffected loop

,

enerr3y removal via the affected loop steam genera- steam generator secondary fluid system to a
tor was much greater for the break downstream of double-ended offset shear of the main steam line
the now restrictor (Test S FS-1) than for the break (either upstream or downstream of the now restric-
upstream of the flow restrictor (Test S-FS-2). Thus, tor with concurrent check valse failure) is also
the primary cooling caused by the affected steam characterized by a rapid increase in the primary-to-
generator during an $1SLB transient would be secondary Feat transfer. As shown in Figures 23
maximized by: either not simulating the loss of and 49, the unaffected loop steam generator
offsite power or delaying the simulated loss of primary-to-secondary hea' transfer increased rap-
offsite power until after secondary comective heat idly in both cases until htSIV closure terminated
transfer has degraded to zero (after the affected the loss ofimentory via the break. Concurent w ith
loop steam generator secondary is empty), assum- htSIV closure, the loop flow reductions began due
ing perfect separation (although the effect of this to the loss of offsite power. The primary-to-
assumption is minimal); and, decreasing the break secondary heat transfer then decreased signifi-
site such that the t>reak flow energy remosat rate is cantly in both cases as the U-tube primary and
as close as possible to the conduction limited secondary side comectise heat transfer decreased.
primary-to-secondary heat transfer rate. Here again, although the unaffected loop steam

The primary-to-secondary heat transfer during generator primary energy removal increased sub-
both of the h1SLB transients was conduction- stantially in both cases, it was at least an order of
limited. Therefore, as discussed previously, the magnitude below the energy remosal capacity asso-
steam generator U tube thermal conductivity ciated with the break now (Figures 23 and 49).
played a Ley role in determining the amount of pri- These obsersed trends in the primary-to-secondary
mary cooling. The Type 111 affected loop steam heat tran fer are similar to those obsersed for the
generator U-tube material and material tempera- affected loop steam generator and indicate that the
tures are typical of the Westinghouse himlei 51 mechanisms controlling the amount of primary
steam generator; however, the Type lit steam gen- cooling are similar for both steam generators in
crator U tube walls are 0.165-cm thick, whereas the each experiment.
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Figure 48. Affected loop steam generator downcomer fluid temperatures and saturation temperature during the
blowdown phase of MSLB Test S I-S 2 ( 10 to 10 s).
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The unaffected loop steam generator primary-to- water injection was initiated in both experiments,
secondary heat transfer during both tests was obvi- Termination of the unaffected loop steam genera-
ously limited by some mechanism, since the tot main feedwater had virtually no effect on the
primary energy remosal was at least an order of secondary response in either case. The energy
magnitude below the energy remosal capacity asso- removal via the break now completely overshad-
ciated with the break Dow During both tests, the owed the loss of energy remosal associated with the
primary to-secondary heat transfer during the ini- main feedwater termination. The 51SIV closure ter-
tial part of the blowdown was limited by the con- minated the energy remosal via the break, causing
duction heat transfer across the U tube wall, as the secondary to gradually heat and repressurize in
with the affected loop steam generator. Iloweser, both cases. The energy removal prosided by the
the primary to-secondary heat transfer was next auxiliary feedwater aided in minimizing secondary
limited by the secondary consectise heat transfer, heating and pressurization during both experi-
due to the isolation of the secondary at h1SIV clo- ments.
sure. The primary-to-secondary heat transfer was
then limited during the pump coastdown part of
the blowdowns by the secondary and priroary con- Effects of Break Size or Location on Primary
vective heat transfer. System Response. The degree of cooling of the

in both 51SLB transients, the unaffected loop prim ry fluid system depends upon the thermal-

steam generator prosided significant cooling of the h>draulic response to the increased heat smk.
Therefore ,t is important to understand the effectsiprimary coolant system, w hich added to the cool-

ing prosided by the affected loop steam generator. of the AISLB size and location on the primary
erm au respe n a to uMustandThis substantially increased the cooling of the pri-

mary coolant system in both cases. Therefore, the the relatise severity of the resulting primary
# " " ' # * #" "failed main steam line check vahe assumption .

maximized primary cooling in both cases and similar basic thermal hydraulic responses. Ilow- I

should be considered to be a conservative assump- eser, seseral differences m the responses are worthy
I "##' *I "' II E '" "" ' *"7 '#tion, flowever, when considering what break size

will produce the best match between the tem temone tde geneal sequenen oNnts am
d,scussed first. This is followed by comparisons ofi

,

conduction limited primary energy remosal and
I E ""UE**** "" ' " " "**Ithe break now energy removal, one should aho

consider unaffected loop steam generator break '#**'''

ficw, since conduction limiting also occurs in this
steam generator. This is esidenced by the fact that GeneralPrimary Response Comparisons. In
the total primary energy remos al s ia the unaf fected general, primary responses for the htSLB experi-
loop steam generator was much greater for the ments exhibited similar phenomena, with differ-
break downstream of the flow restrictor (Test enees obsersed mainly in the timing of esents and
S FS-1) than for the break upstream of the now the quantitatis e responses. llow es er, one difference
restrictor (Test S FS-2), was noted in the qualitatise response following

The initial depressurization rate of the unaf- pump eoastdow n. For both eases, t he occurrence of
fected loop steam generator secondary (Figure 29) the break produced sesere effects in the primary
was also affected by the initial subcooling of the fluid system. The primary Guid system experienced
secondary 0uid. in both cases, the unaffected loop a rapid cooldown in re ponse to the increased
steam generator secondary fluid exhibited some primary-to-secondary heat transfer during the see-
slight stratification and subcooling in the down- ondary LOCA, causing the primary Guid to shrink
comer (Figure 50) at initial conditions. The initial and rapidly depressurire in both cases. The signifi-
subcooling had the same effect on the unaffected cantly different primary cooling which occurred
loop steam generator secondary depressurizations during the two experiments produced a significant
as it did on the affected loop steam generator sec- difference in the primary pressure and pressuriier
ondary depressurizations, liere again, the initial liquid lesel response. For the break downstream of
secondary depressurization rates were more rapid the flow restrictor (Test S FS-1), the primary
due to initial subcooling of the downcomer fluid, depressurization rate increased substantially due to

Following the Si signal, the unaffected loop the pressuri.er emptying, and the primary pressure
steam generator main feedwater now was termi- was substantially decreased. For the break
nated, the N1SIV w as elosed, and the auxiliary feed- upstream of the flow restrictor (Test S FS 2),
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Figure 50. Unaffected loop steam generator downeomer fluid temperatures and saturation temperature during the
blowdow n phase of MSLB Test S-rS-2 (-10 to 10 s).

i
'

primary cooling was not sufficient to cause the generator energy removal. No voiding of the pri-

pressurlier to empty. Consequently, primary mary fluid system was observed during the blow-

depressurization was not as severe. In both cases, down phase of either transient.

the cooldown and depressurization of the primary
system moderated slightly following isolation of Pr/ mary Pressure Response Compar/ sons. ;
the unaffected loop steam generator due to MSIV

The primary pressure responses exhibited similarclosure at St. flowever, the cooldown and depres-
basic trends for the initial phase of both tests. In

surization continued until the primary coolant
b th cases, the primary pressure responses are

pumps coast to a stop about 52 s later (due to lo<,s characterized by a number of inflection points
of offsite power at SI), with the minimum fluid associated with changes m the energy balance. As
temperature occurring in the loop cold legs, shown in Figure $1, the MStil secondary LOCA

i The primary system response for the remainder produced a major effect on primary fluid system
of the blow dow n phase of both transients is charac- pressures. The primary energy balances were lost as
terited by the Si now slowly increasing the pressur- the affected and unaffected loop steam generator -

irer liquid mventory and providing slight primary primary-to-secondary heat transfer rapidly
cooling, which aides the unaffected loop st:am increased. The resulting increase in the primary
generator ausiliary feedwater in moderating the fluid system heat sink created an energy imbalancej
primary pressure and temperature. The major dif- which resulted in rapid depressurization of the pri-
ference in the primary response occurred during mary Guid system for both break size and location ,

this phase of the transient. Primary fluid system cases. The depressurization of the primary fluid
pressure and temperature increased slowly durin8 system continued until about $2 s after SI (i.e.,
Test S-FS-1, as the primary heated slightly and the about $2 s after the loss of r ffsite power) w hen the

pressurlier slowly refilled. However during Test primary coolant pump impellers coasted to a stop.
S-FS.2, primary fluid system pressure and tempera- The major difference between the two tests,
ture decreased slowly, as the primary cooled w hich occurred during the initial phase of the tran-

slightly and the pressurizer slowly refilled. The tea- sients, w as the substantial increase in Ihe depressur- (
i son for this difference is the unaffected loop steam iration rate during Test S.FS-1 which did not occur ,

,

43 '

!
.

.-v - r e



__ - _ _ . _ _ - _ . _ _ _ _ . - _ _ _ _ _ _ _ . _ _ . _ _ _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ - - _ - - _ - _ _ _ __

14.0 , ., , , , , , ,

16.6 -

-

16.0 -
-

-

14.5 -
-

14.0 -
-

13.5 -
-

| 4.0
-

-g,pg,g
3, 12.5 8'FI'2-

-

5
12.0 -

-

11 5 -
-

no Uncertainty * 0.07 MPs *

10.5 -
--

' ' ' ' ' ' ' '10 0
10 0 10 20 30 40 60 60 70 80

Time (s)

wesene se ;

1

Figure 51. Comparisons of pressuri.rer pressures dt. ring the blowdown phases of MSt.B Tests S FS 1 and S-FS 2.

r

during Test S FS-2. This was due to the pressurizer ture following pump coastdown than occurred for
;

emptying during Test S FS-1 but not during Test Test S.FS-1. Thus, during Test S FS 2, a substan.
S FS-2. As discussed preslously, pressurizer liquid tially greater primary to-secondary temperature t
flashes and generates steam during rapid gradient existed following pump coastdown, and a (depressurization. The addition of steam mass to substantially greater primary heat sink was pro-

[t he pressuriier steam volume tends to moderate the vided by the greater unaffected loop steam genera + |

rate of the steam specific volume increr.se w hich, in tor secondary mass. The primary energy removal
turn, moderates the rate of the pressurizer depres- sia the unaffected loop steam generator secondary
surization. When the pressurlier emptics, the liq. during Test S-FS 2 was sufficient to exceed the

|
uid inventory is depleted and Dashing is halted. The energy addition in the core and resulted in a gradual
steam solume remains essentially constant, while cooldown and depressurization of the primary ;

the sicam mass decreases. Thus, the moderating Duid system, flowever, during Test S FS-1, the !

efrect of she s apor generation is lost; and :he rate of primary to-secondary temperature difference and
;

increase for the steam specific solume incresses, the unaffected loop steam generator secondary
j

which increases the rate of pressurizer depressuri, mass imentory were not sufficient to produce a pri-

ration. This causes the difference observed in the mary energy removal in excess of the sore energy
,

initial primary pressure responses for the two tests. addition, and the primary fluid system gradually
[

The pressure responses for the remainder of the heated and pressurized.
7

transients were different due to the different pri-
mary Culd system energy balances for the two Primary Hydraulic Response Compar/ sons. Iexperiments. As was discussed earlier, the unaf- The primary hydraulic responses exhibited the i
fected loop steam generator secondary mass fol- same basic trends for both tests, but the quantita- (lowing MSIV closure was substantially greater for tise results were significantly different. In both

;

the break upstream of the now restrictor (Test cases, the hydraulic response of the primary fluid !
S-1:S-2), prowiding a substantially greater primary system is characterited as a rapid shrinkage of Guid !energy sink. Also,during Test S FS 2 the primary out of the pressurizer (Figure $2). The rate of the ;
system fluid remained at a much greater tempera- shrinkage was determined by the initial primary |

:
!

!
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pressure ar;d temperature, the initial pressurizer however, the quantitative results were significantly

vapor volume, the energy balance, and the pressur- different. As shown in Figure 53, primary cooling
izer surge line hydraulic resistance. All of these was significantly greater during Test S-FS-1 than
parameters were the same for both cases; however, during Test S FS-2. In both cases, the rapid prl-
the primary energy balance was significantly differ- mary cooling continued until about 48 s after 51
ent for the two experiments. During Test S FS-1, and MSIV closure, when the primary coolant
primary cooling was sufficient to shrink the pri- pumps were tripped off and allowed to coast to a
mary fluid completely out of the pressurizer. How- stop. The minimum downcomer fluid temperature
ever, during Test S-FS 2, primary cooling was not (aserage cold leg fluid temperature) was signifi-
sufficient to shrink the primary fluid completely cantly lower for Test S-FS-1 than for Test S FS-2
out of tne pressurizer, causing the major difference (536 K versus 555 K), due to the substantially
observed in the pressurizer liquid lesel response in greater primary energy removal. Thus, for both
both cases, the primary fluid shrinkage continued cases, the minimum downcomer fluid temperature
until the primary coolant pumps coasted to a stop was well above the PTS limit of 450 K.
about 52 s after loss of offsite power. During Similar to Test S-FS-1, primary cooling was tim.
Test S-FS 1, the primary fluid then expanded due ited somewhat during Test S-FS-2, due to the
to primary energy addition, thus aiding the SI dow thicker U-tube walls in the T)pe ill steam genera-
in refilling the pressurizer. During Test S-FS 2, the tor. However, the effect on the measured minimum
refilhng of the pressunier was due entirely to the ; ; ;g
mass added by Si flow, since the primary fluid sys- f r Test S-FS-2. During the initial primary..

tem was cooling sligntly and shrinking. For both e Idown for Test S-FS-2, the primary fluid aver-
tests, the abose trends continued through the

age temperature (Figure 54) decreased from 560 toremainder of tae blowdown phase.
556 K, while the primary fluid pressure decret. sed
from 15.38 to 14.88 MPa. This represents a total

Primary Thermal Response Comparisons. primary fluid energy remosal during the cooldow n t

The pr'. mary thermal responses exhibited similar of about 3925 kJ for Test S-FS-2, as compared to'
^

basic trends for the initial phase of both cases; 10570 kJ for Test S-FS-1. Had 0.124-cm thick

{
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U-tube walls been used for the Type ill steam gen- mal charging and letdown operation, and an
crator, the net primery energy remosal for unaffected loop steam generator steam and feed
Test S-FS-2 would ha- been about 20% greater, opeution. The criteria for system stabhity were:
resultirm in a primary Guid energy removal of (a) maintaining pressurizer liquid lescla at
about 4430 kJ, as compared to 11490 kJ for Test 185 10 cm, with a variance of s 20 cm in 600 s;

S-FS-1. This would hase decreased the primary (b) maintaining pressurizer pressure within a vari-

fluid aserage temperature to about $52 K for Test ance of so.276 htPa in 600 s; (c) maintaining
S-FS 2, as compared to about 540 K for Test aserage primary fluid temperature at s 558 K, with

S-FS-1. Correspondingly, the minimum aserage a sariance of s7 K in 600 s; (d) maintaining the

cold leg temperature would hase been about 554 K unaffected loop steam generator liquid lesel (see

for Test S FS 2, as compared to 534 K for Test footnote a) between 910 and 1010 cm; and,
S FS-1. Both are still well abose the PTS tempera- (c) maintaining the unaffected loop hot leg sub-
ture limit. Thus, while the thicker U-tube walls in cooled margin at 2 27.8 K.

the Type til steam generator limited the primary Examination of the Semiscale h!od-2C system

cooling somewrat (about 14% for Test S-FS-2 and response to the plant stabilization operations pro-
9% for Test S-FS 1), the effect on the measured sides invaluable insight into both the effectiveness

minimum downcomer fluid temperature was mini- of the EOP-specified operations in stabilizing the

mal. plant and t!.e characteristic system response to the

The primary Guid system thermal response mod- stabilization operations. The characteristic
erated following 51SIV closure and loop flow response to the stabilization operations was sery
reductions in both cases. However, a major differ- similar for both tes s; therefore, the detailed discus-

ence was noted in the primary thermal response fol- sion of the characteristic system response to the sta-

lowing primary coolant pump coastdown. During bilization operations will be limited to Test S FS-1

Test S.FS-1, the primary Guid system exhibited a results. Oserallsystem response for Test S FS-1 will

gradual heating trend following pump coastdown; be discussed first, followed by discussions of the

while during Test S FS-2, the primary fluid system system response to normal charging /letdow n oper-

exhibited a gradual cooling trend following pump atioris, pressurizer internal heater operations, and
coastdow n. This was due to greater primary energy unaffected loop steam generator steam and feed
remosal sia the unaffected loop steam generator operations. A brief comparison of the results for
for Test S-FS-2. The greater primary energy Test S FS-2 will be made at the end of this section.
remosal was due to a larger primary-to-secondary
temperature difference and a greater unaffected Overall System Response to Stabilization Oper-
loop steam generato* secondary mass for Test ations.- Stabilization operations were specified to

S-I S-2 (Figure 55), the combined effe;t of which be initiated at the end of the blowdow n phase of the

was a greater primary energy remosal. The differ- test when operator identification of the transient
ent trends were maintained throughout the remain- and operator intervention would be expected to
der of the blowdown phases of the transients. occur. For Test S FS-1, stabiniation operations

were initiated at 600 s, since N1SIV closure had
already occurred. At 600 s, the system w as in a con-

System Response to Plant dition requiring no operator actions. Si continued
Stabilization Operations to operate until 3900 s, when pressurizer pressure

(1 igure 56) reached 13.88 N1Pa and Si flow was ter.
minated. At that time, the pressuriter liquid lesel

The sptem stabilization phase of Tests S-FS-1 (Figure 57) was appr sirnately 600 cm, the unaf-
and S-FS 2 was performed, for the most part, in feeted loop steam generator liquid lesel(11gure 58)
accordance with the cuidance prosided in EOPs for w as bout 980 cm, the subcooled margin
recoscry from a secondars transient for Zion Unit (Figure 56) was 35 K, and the aserage primary
No.1 (a Westinehouse four-loop plant).ll,a The fluid temperature (Figure 59) was 553 K.
sv, tem stabilization for the tests imohed Si termi- Ihe limiting criterion in achiesing stable cond,-~ i

nation, pressuriier internal heater operation, nor- tions was the reduction of the pressuriier hquid
lesel. To reach the specified stable conditions, it

_

hon Una Number i Nudcar Plant. "I mergency Opciannyt
CollapscJ Iquid lesci n ref erenad to the icio referenseProscJares ' Commonweak h I hon Company J.
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Figure 55. Comparisons of primary-to-secondary temperature differences and unaffected loop steam generator
secondary masses during the blow down phases of MSLI3 Tests S-FS-1 and S-FS 2
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Figure 59. Afrected and unalfeued loop hot and cold leg and aserage primary fluid system temperctures during the
stabilization phase of MSLB Test S-FS.) (600 to 9,900 s).

1

was necessary to maintain the acose conditions in cooled margin. During this period, the average pri-
the specified tolerances u hile the pressurizer liquid mary fluid temperature increased due to the
level was reduced by letdow n now (Figure 57). Dur- continuous 1.5% core power. The unaffected loop
ing the course of the pressurizer level reduction, the steam generator atmospheric dump valve (ADV)
expanding vapor volume lowered pr; mary pressure, was opened, reducing the secondary pressure and
reducing the primary Guid subcooled margin to the saturation temperature. Afler a delay of approxi-
lower limit of 27.8 K. Letdown was then halted, mately 70 s, due to loop transit times, the effects of
and the pressuriier internal heaters were energized the ADV operation were esident in the average pri-
at 6.99 LW (Figure 56) to recoser the primary sub- mary fluid temperature response. The ADV
cooled margia. The effect of the pressurizer inter- remained open until the average primary fluid tem-
nal heater operation was not esident in the perature returned to the specified band. Since the
pressuriier pressure response until about 1500 s ADV flow was substantially greater than the ausil.
after energizing the heaters. This was due to the lary feedwater flow (Figure 61), the unaffected
high degree of subcooling present in the pressurizer loop steam generator secondary liquid leset
liquid prior to energizing the internal heaters. Prior decreased during the period of ADV operation.
to the letdown operation, the pressuriier had been Substantial frictional now effects are esident in the
filling slowly with subcooled liquid for approsi- secondary lesel response during the period of ADV
mately 3900 s and experiencing heat loss. This operation; howeser, the liquid level remained well
caused the pressuriier Guid to become sery strati- abose that required for initiating a natural circula.
fied with saturated steam and liquid at the top of tion cooldow n.
the pressuriier and subcooled liquid at lower elesa- The final portions of the stabilization phase con-
tions (Figure 60). sisted of alternating cycles of letdown and pressur-

Thus, operation of the pressuriier internal iter heater operation. Letdown operation reduced
heater for 1500 s was required to remose the sub- the pressurizer liquid level and lowered the primary
cooling from the liquid in the pressurizer and initi. subcooled margin to the lower limit. Letdown was
ate the steam mass addition to the steam solume then terminated, and the pressuriier internal heaters
necessary to increase the primary pressure and sub. were energized to recoser the primary subcooled
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margin to the specified range. This cycle was eific volume, thereby decreasing the saturation
repeated five times until the required plant stabili- pressure. The reduction in primary pressure caused
zation conditions wea met. The system parameters a reduction of the primary loop hot leg subcooled
were within the specified system stabilization toler- margin. It was therefore necessary to halt the pres-
ances for at least 600 s, and the system was consid- suriier lesel reduction and operate the pressuriier
cred to be stabilized at 9900 s. internal heaterr ses eral times during the pressuriier

The automatic actions performed by the plant liquid lesel reduction before the level was reduced
protective systems during the blowdown phase of to the specified value. Thus, care must be taken in
the test left the Semiscale Alod-2C system in a reducing the pressurizer lesel to asold saturating
quasi stable state but at conditions which did not the primary system and inadvertently soiding the
ensure sufficient control of the system. The stabili- sessel upper head.
zation operations performed were sery effectise in Normal charging now (Figure 57) was approxi.
stabilizing the Semiscale Ntod 2C svstem at condi- mately 0.009 kg/s at the stabilization pressure of
tions w hich did ensure sufficient control of the sys- 11.0 AlPa. The now was adequate to make up for
tem. The guidance prosided by the EOPs was both primary Guid shrinkage and leakage, thereby main-
appropriate and effective in stabilizing and regain. taining control of the pressuriier liquid imentory,
ing control of the system. No upper head voiding The primary fluid cooling (due to the addition of
occurred, as the upper head fluid remained sub- cold charging water) did not have a significant
cooled (Figure 56); the limiting criterion in regain- effect on the loop temperatures.
ing control of the system was the reduction of the
pressuriier liquid lesel following Si termination. System Response to Pressurizer Internal
While the pressuriier liquid level was near the top Heater Operation During Stabilization. Crcs-
of the pressurizer when the Si termination pressure surizer internal heaters were used to maintain the
(13.88 hlPa) was reached, the pressuriier did not primary system subcooled margin by maintaining
completely fill before Si termination. Thus, the primary pressure control in the prasurizer. Ini-
system did not become liquid solid and did not tially, the pressurizer internal heater operation had
experienee the associated rapid preuutization prior no effect on the primary Guid system pressure,
to Si termination. When the pressuriier internal heaters were first

The effectiseness of the stabilization operations energized at 4100 s, significant stratification
,

in stabilizing the plant may be better understood by existed in the pressurizer, as shown in Figure 60. |considering the system response to the various The lower portion of the pressuriier contained lig- loperations performed. The next subsections dis- uid at about 536 K, while the upper portion con- '

cuss system response to the normal charging / tained saturated steam at about 600 K. As a result,
letdown operations, pressurizer intern.tl heater a long period of pressuriier internal heater opera-
operations, and unaffected loop steam generator tion (1500 s) at 6.99 kW was required to remose the
secondary steam and feed operations, subcooling from the liquid in the lower portions of

the pressuriier. Once the subcooling was remosed
System Response to Normal Chargingl from the pressuriier liquid, steam mass addition to
Letdown Operation During Stabilization. Nor- the steam space was initiated by sapor generation.
mal charging / letdown was used during the From that point on, the pressuriier internal heaters
stabilization phase to establish and maintain the were scry effectise in co itrolling primary pressure.
pressurizer collapsed liquid lesel within the speci. An aserage of 225 s was required to raise the sub-
fied tolerance, i.etdow n was initially used to reduce cooled margin from 27.8 K to 33.3 K. Each subse-
the pressuriier lesel from a nearly full condition quent cycle of pressurizer interna! heater operation
(585 cm) to 185 10 cm. Letdown flow was required increasingly more time to raise the sub-
approximately 0.013 kg/s and effectisely reduced cooled margin from 27.8 to 33.3 K. This was due
the pressuriier lesel. The primary energy removal to the pressuriier liquid lesel being lov.er for each
due to the remosal of Guid via the letdow n line was heater operation. The lowcr liquid lesel produced
minimal and had no measurable effect on the aser- greater steam space. Therefore, more steam man
age primary Guid temperature. The most signifi- had to be added to the steam solume at each e>cle
cant effect of the letdown operation on s) sum in order to recover the saturated steam specifie sol-
response was primary pressure reduction. Removal ume sufficiently to raise the sat uration prewure and
of liquid from the prenurizer increased the steam temperature to that necessary for the 33.3 K pri-
solume, which increased the saturated steam spe- mary subcooled margin condition. Oserall, the
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pressurizer internal heaters were sery effectise in primary pressure remained above 13,88 MPa, so
maintaining control of the primary Guid system that Si termination was allowed at 600 s. During
pressure and subcooled margin. Test S FS-l. Si termination was delayed until

3900 s, due to the primary pressure being below
13.88 AIPa. Earlier termination of SI now during

System Response to Unaffected Loop Steam h SfM M N lig d inel below
Generator Steam and Feed Operation During the specified upper value for stable operations, pre-
Stabilization. The unaffected loop steam generator cluding the need for letdow n How. Thus, the cycles
steam and feed operation was used to maintain the of letdow n operation, followed by pressurifer inter-
primary system average fluid temperature within nal heater operation, which were necessary during
Ihe specified tolerances. The unaffected loop steam g 3,73,y ,,e enary during Test S FS 2.
generator auxiliary feedwater operated throughout bM follo Si id hme
the stabilization phase at a now rate of 0.012 kg/s. essary to irliate an unaffected loop steam genera-
The auxihary feedwater flow provided cooling for tor steam and feed operation to reduce the aserage
the primary fluid system and prosided mass t primary fluid tempera:ure to withiri the specified
replace ma s lost from the secondary during AD\ g g g
operations. The unaffected loop steam generator generator ADV was cycled once (from
ADV w as cycled three times during the stabilization 735 to 1135 s) during Test S FS-2, whereas during
phase to maintam the aserage primary Guid tem- Tm S-FS l it was necessary to cycle the ADV three

| perature between 556 and 560 K. During each times (from 4,790 to 5,230 s; 6,825 to 7,190 s;
AD\ opqation, the secondary h, quid Inel was and,8,880 to 9,190 s). In both tests, the effects ofl

reduced (Figure 58) due to the AD\ now greatly the ADY operations were esident in the unaf fected
exceeding the auxiliary feedwater now (iigure 61). Weam generatonecondan genure and W.

.

The unaffected loop steam generator ADV opera-
. . le el responses and (after a delay of about 70 s due

tion was s ery effective m reducing the primary Guid Io the loop transit time) the average primary fluid
aserage temperature (Figure 59). The loss of steam temperature response. The primary cooling pro-
from the secondary sia the ADV reduced the see
ondary saturation pressure and temperature (F.. - sided by the ADV operations was also eudent in

ig- the pressurizer liquid level response for both tests.
ure 58), thereby increasing the primary I During Test S FS-1, the primary Guid shrinkage
secondary temperature difference. This increased gg gg g
the unaffected loop natural circulation flow liquid imentory. During Test S FS 2, despite nor-
(Figure 62) and heat transfer, greatly enhancing the mal charging operation, the pressuriier fluid im en-
primar> to-secondary heat transfer. wy decreased due to primary Guid shrinkage. The

grab.tal decrease in pressuriier le el continued dur-
Comparison of Stabilization Phase Responses. ing Test S FS 2 until the unaffected loop steam

The system stabilization phase of Tests S-FS 1 generator ADV was closed, leasing the pressuriicr
and S FS-2 imolved the same recovery operations lesel at about 145 cm. The pressurizer loel then
and stabilization criteria. The basic response of the began to inercase due to the normal charging now.
system to the stabilization operations was the same The limiting criterion in achining stable condi-
for both tests, with ditferences primarily due to the tions for both tests was the recosery ofIhe pressur-
difference in the system conditions following the iier liquid le el. lioweser during Test S-FS-1, the
blowdown phase of the tests. Figures containing limiting criterion was the mduction of the pressur-
the pertinent parameters (the same parameters as irer loel; whereas during Test S FS-2, it was the
these presented for Test S-FS-1) for Test S-FS-2 increase of the pressuriier lesel. During Test
may be found in Appendix 11 (Figures 11-15 S.FS-2, the primary hot leg Guid sabcooled margin
through 11-21). remained abose 27.8 K, so that operation of the

The initiation of stabilization operations was to pressurizer internal heaters was not necessary. Dur-
.

begin at the end of the blowdown phase of the test ing Test S FS 1, the pressuriier internal heaters
when operator identification of the transient and were c>cled seseral times during the pressuriier lig-
op<rator intersention would be expected to occur. uid inel reduction operations. The stabilization
For both tests, the stabilization phase was initiated criteria were satisfied and the system stabilization
at 600 s. The first operation performed in both phase was considered to be completed 600 s after
tests was Si termination; however, the timing of this the pressurizer liquid inel uas reeosered to the
operation was quite different, in Test S-I S-2, the specified range for both tests (9,900 s for
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Figure 62. Unaffected loop hot leg volumetric flow rate during the stabilization phase of MSLil Test S-FS-1 (600 to
9,900 s).

Test S IS 1 and 2,150 s for Test S FS-2). Test downcomer collapsed liquid level z600 cm. This
S-FS-2 was then terminated at 2,220 5, was accomplished using combined operations of

The system response to the normal charging and pressurizer internal heaters, normal charging /
1

unaffected loop steam generator steam and feed letdown, pressurizer auxiliary spray, and unaf- )
operations was similar for both tests, with the main rected loop steam generator steam and feed
differences occurring in the timing of esents. No operation,
upper head voiding occurred during the stabiliza- The cooldown and depressurization were also
tion phase of either experiment, and the primary performed in accordance with the guidance pro-
and secondary systems remained under operator vided in EOPs for a natural circulation cooldown
control. For both tests, the automatic actions per- for Zion Unit No.1 (a Westinghouse four-loop
formed by the plant protectise systems left the sys- PWR plant).ll a Minor deviations from the EOP
tem in a quasi-stable condition The EOP-specified guidelines consisted of: adjustments to the unaf-
recosery operations were very effective in stabili2- fected loop steam generator auxiliary feedwater
ing the Semiscale Mod 2C system, and no unex- flow; an inadsertent sessel upper heaa void forma-
plainable or unsatisfactory conditions were lion; and, a pressuriier auxiliary spray operation
encountered during either experiment, performed at the end of the cooldown. The adjust-

ments to the auxiliary feedwater mass flow rate
System Response to Plant were undertaken in light of the limited test time.

The vessel upper head soid formation was due toCooldown and Depressun.zat. ion
heat loss makeup via external heaters in excess orOperations (Test S FS 1) the actual heat loss for the sessel upper head. The
pressurizer auxiliary spray operation was under.

| The objecti'.e of the cooldow n and depressuriza. taken to provide data to assess the effectiseness of
tion phase was to reduce the average primary fluid pressurizer auxiliary spray in controlling primaryi

I temperature to 500 K while maintaining the pres-
surizerliquid levelat 1851 10 cm,Ihe primary hot
leg fluid subcooled margin between 27.8 and

a. non eni Numtwr Nudcar Plant. *1 mergency Operating
33.3 K, and the unaffected loop steam generator Prxedures." Commonwealth Ednon Company

I
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i

i pressure. The overall response to the cooldown and The rapid pressure inercases show n in Figure 66 are

! depressuritation operations will be discussed first, the result of pressuriier internal heater operation to
,

"

| followed by discussions of the effects of unaffected maintain the primary hot leg subcoolcd margin
i loop steam generator steam and feed operations within the specified band. Throughout the early

and combined pressurizer auxiliary spray and inter- cooldown period, the unaffected loop steam gener-
nal heater operations on Ihe system response. ator secondary liquid lesel continued to decrease as

| ADV ilow exceeded auxiliary feedwater flow (Fig-

! ure 67). At 12,000 s, the unaffected loop steam

}
Overall System Response to Plant Cooldown generator secondary liquid les el decreased to below

: and Depressurization Operations. Syst,m sta- 600 cm, the lowest allowable level for ADV opera-
! bilization criteria were met and cooldown opera- tion. The primary cooldown had to oe temporarily

,

i tions were begun 9,900 s after transient initiation. halted by closing the unaff-cted loop steam genera-
Normal charging was cy cled on and off throughout tor ADV while auxiliary feedaater slowly reestab-i

this penod to make up for the slight primary !eak-
lished the liquid les el. To ensure complet. ton of the

..

age and niaintain the pressurizer collapsed liquid
test before data acquisition time was expended, it

lesel at 1851 10 cm (Figure 63). At 10,600 s, the
w s deemed necessary to increase the auxiliary '

controlled unaffected loop steam generator second.
feedwater flow. The auxiliary feedwater flow was

ary depressurization was initiated by opening the therefore increased to 0.0173 kg/s, the scaled 32
ADY. Figure 64 shows the secondary pressure and
illustrates the stairstep secondary depressurization raaximum flow from a single auxiliary feedwater

at the specified rate of 0.71 MPa per decrement. pump. This flow was adequate to n.aintain the

The secondary pressure was maintained at the unaffected locp steam generator secondary pren

lower pressure for at least 600 s after each stairstep, sure at the current value, but was not adequate to

The unaffected loop steam generator secondary maintain the secondary liquid level during a sub-
'

1 depressurization resulted in a primary system sequent depressurization. The auxiliary feedwater

cooldown and gradual depressurization, as shown flow was therefore increased again to the Semi-

in Figures 65 and 66. The primary system cooled scale maximum capacity of 0.030 kg/s, which was
down initially at a rate of approximately 26 K/h, close to the scaled maximJm flow for the two
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phase of htSLB Test S.f3-1 (10,000 to 22.000 s).
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!E diesel drisen auxiliary feedwater pumps of a full internal heaters demonstrated effective control of

scale PWR.2,3 The increased auxiliary feedwater the primary system pressure and subcooled margin.
- flow was sufficient to reestablish the unaffected -

,

(loop steam generator secondary liquid lesel at
s00 cm, and the unaffected loop steam generator Effects of Unaffected Loop Steam Generator i

secondary pressure was stabilized at the pressure Steam and Feed Operation on Plant Cooldown ;

achieved before the primary cooldown was sus- and Depressurization. The unaffected loop
pended (approximately 3.6 51Pa). The primary steam generator steam and feed operation consisted

;

system cooldown was then resumed at 15,400 s. f steaming through the ADV and feedmg with '

The unaffected loop steam generator secondary auxiliary feedwater. The , tention of the stairstepm

pressure stairstep reductions (Figure 64) contin- see ndary pressure reduction was to reduce the see-
!

,

ued at 0.71 h1Pa per decrement until the second- ndary saturation temperature in a controlled man-
;

ary pressure reached 3.07 51Pa. The decrement ner, thereby producing a controlled primary system
3

e idown. The 0.71 h1Pa stairstep pressure decre-was then changed to 0.34 h!Pa for each subse- ,

quent secondary stairstep pressure reduction. The ments show n m F,igure 64 produced an average pri- ,

auxiliary feedwater flow at the maximum flow rate mary Guid temperature reduction of about 26 K/h,
. was adequate to maintain the unaffected loop between 10,000 and 12,500 s. The cooldown was

;

steam generator secondary mass insentory, pro- suspended between 12,500 and 14,500 s while the
i

viding adequate secondary level control. auxili ry feedwater Dow was increased to the maxi-

Concurrent with the resumption of primary sys- mum available. The 0.34 hlPa stairstep secondary
!

tem cooldown at 15,400 s, a steam bubble was pro- pressure reductions produced a 17.5 K/h primary |
duced in the sessel upper head (vessel upper head flu d system cooldow n rate. As the secondary pres- ,

void), as shown in Figure 68. This was a result of sure decreased, the ADV mass now and steam

the primary pressure reduction reducing the upper enthalpy also decreased. The decreasing ADV Dow
.

|
head fluid saturation temperature, w hile the upper all wed the auxiliary feedwater now to exceed the *

head fluid and metal temperatures were not ADV flow at about 18,000 s. The combmed AD\
i

decreasing. The vessel upper head external heater mass 0 w and steam enthalpy reduction greatly I

power exceeded the environmental heat loss for the reduced the energy remosal capacity of the second-
)

upper head. This, combined with the reduced now ary A sum As a nsuh, much longeri

through the vessel upper head, caused the upper intenah oM operawn wen nqu, ed w rehn
I head fluid temperature to be maintained at 577 K the secondary pressure by the des, red stairstepi

decremental value.(Figure 69). As the primary pressure decreased, the
saturation temperature decreased to the sessel
upper head Guid temperature, the upper head Guld Effects of Combined Pressurizer Auxiliary
saturated, and a soid formed in the upper head. To Spray and Internal Heater Operation on Plant
correct for this atypical sessel upper head soid for- Cooldown and Depressurization. Late in the
mation, the power to the vessel upper head external system cooldown and depressurization phase
heater bank was terminated at 15,540 s. The sessel (20,000 to 22,000 s), the pressurizer auxiliary spray
upper head void began to collapse, and the upper was cycled three times to assess its effectiveness in

. head levelim. mediately began to recoser. The unaf- reducing primary pressure. The aserage depressuri-
! fected loop steam generator secondary stairstep zation rate produced by using auxiliary spray was

pressure reduction continued throughout the per- 0.01 h1Pa/s during an aserage total pressure
| iod, cooling and depressurizing the primary and decrease of approximately 0.65 htPa (Figure 70).
| secondary systems. The subcooled margin was reduced to about 26 K
| The pressuriter auxiliary spray was cycled when during each spray cycle (Figure 72). The pressur-
| the aserage primary fluid temperature reached irer internal heaters were then used to increase the

505 K to assess its effect on primary system pres- primary hot leg fluid subcooled margin to at least
| sure. The auxiliary spray was cycled three times 33.3 K. The pressurization rate produced by the

between 20,000 and 22,000 s. Each cycle produced preuuriier internal heaters at 6.99 kW was about
| a substantial reduction in the primary pressure, as 0.003 htPa/s during an aserage total pressure
j shown in Figure 70. Pressurizer internal heaters increase of 0.58 h1Pa. The combined pressuriier

were ahernately used to maintain the primary hot auxiliary spray and pressurizer internal heater
leg Guid subcooled margin (Figure 70). The com- operation demonstrated excellent control of the,

bined operation of pressuriier auxiliary spray and primary Guid system pressure and the primary hot

!
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Figure 65. Vessel upper head collapsed liquid lesel and fluid sutvooled margin during the plant cooldown and
depressurization phase of MSL.B Test S f S-1 (10,000 to 22J100 s).
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!

leg fluid subcooled margin during the system FSAR Assumption Conservatisms. As dis-
; cooldow n and depressurization phase. cussed in the section on historical background, due ;

to.the limited data base on steam generator ;

| htSLBs, a large number of assumptions and sim- |

Relevance to Main Steam Line plineations are made when performing transient:
,

Break issues calculations for FSARs. Because the calculations !

performed for FSARs predict primary system tem- |
'peratures close to those required for PTS occur-

One of the objectives for perform.ing these rences, questions were raised regarding the degree
htSLB experiments was to proside data to assist Ihe of conservatism inherent in the calculations. While |
NRC m addressing the vanous concerns regarding the sendors and utilities consider the calculations
these kinds of esents. The major concerns are: the t be highly conservative, such a large number of .,

minimum primary system temperaturet the relative assumpti ns and simplifications were unlized that ieffects, conservatisms, or applicability of several
the degree of conservatism inherent in the caleula-

FSAR calculation assumptionst and, the effective- ,

tionsisunkn wn.Theintent of thissubsection,sto :i
ness of EOP specified procedures for recosering

provide some insight into the effects of the majorand cooling dow n the plant. This section contains a
discussion of these major concerns in light of the assumptions and simplifications utilized for the [

results of these experiments. The implications of FSAR calculations on the transient severity, based {
the experimental results relative to FSAR assump- on the results of these htSLB experiments in this ;

tion concerns are discussed first. This is followed manner, the degree of conservatism inherent in the i

by a discussion of the implications of the experi. FSAR calculations may be partially addressed. ;

mental results relatise to the minimum primary sys- However, the final determination of the degree of (

tem temperature predicted for a full-scale PWR conservatism inherent in the FSAR calculations
plant. Finally, the implications that the experimen- will require comparisons of the FE *.R-calculated ,

tal results proside regarding the effectiseness of the parameters to best estime.te parameters calculated |

EOP-specified procedures for recosering and cool- using a code which has been assessed and seri- ;

ing dow n the plant are discussed. fied against these experimental results. The i

i
.
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;

;
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assumptions and simplifications addressed in this allows the magnitude of the primary energy
report are limited to: the assumed separator per- removal to approach that for the break flow energy
formance; the assumed break size and location; the removal and maximites the effect of the secondary
assumed main steam line check sahe failure; the LOCA on primary fluid cooling. Hence, FSAR
assumed loss of offsite power at scram; and the assumptions of greater primary cooling for larger
terrmse of the secondary liquid level differential break sizes are not conservative. The Semisca'e
prenure measurements and their utilization for experimentai results indicate that the most conserv-
reactor trip signals. ative break site assumption would be a break size

The assumption made for FSAR Appendix 15 which produced a break flow energy remosal
51SLil calculations regarding separator perform- capacity as close as possible to the conduction-
ance (i.e., perfeet separation during the entire tran- limited primary-to-secondary heat transfer.

j sient)is only mildly conservatise for the Semiscale The failed affected steam generator main steam
j Type ill steam generator. Because primary to- line check valve assumption utilized for FSAR ;
i- secondary heat transfer is conduction limited dur- Appendix 15 htSLil calculations is a conservative
I ing the blowdown, it is at least an order of assumption based on the results of the Semiscale

magnitude less than the break flow energy removal Alod 2C experiments. The additional primary
capacity. Therefore, the greater secondary energy energy removal provided by the loss of imentory
removal associated with 100% steam exiting the from the unaffected loop steam generators prior to
secondary has no major effect on the primary htSIV closure significantly increases the amount of
energy removal. The greatest effects of the assumed total primary cooling. Semiscale results indicate
perfeet separation are that it minimizes the rates of that for calculations utilizing this assumption, con-
secondary depressurization anc mass depletion for sideration should be gisen to utiliiing a break size
a given break size. 51inimizing the rate of Second- which produces break flow energy removals that
ary depressurization minimizes the rate of second- match the conduction limited, primary to- |

ary saturation temperature reduction, thereby secondary heat transfer for all of the secondaries.
minimizing the conduction limiting for a gisen in any case, the Semiscale Alod 2C experimental
break size. 51inimizing the rate of secondary mass results indicate that the assumed failure of the main
depletion maximizes the timing of primary energy steam line check valse is a consersatise assumption
removal, thereby maximeing the total primary based on the increased primary cooling which
energy removal for a gisen break size. The assumed results. )separator performance is therefore considered to be The FSAR Appendix 15 htSLII calculation
only mildly consersative, based on Semiscale assumption regarding the loss of offsite power at Si
hiod 2C experimental results, signal generation is not conservatise based on the

51SLB calculations performed for FSARs typi- results of the Semiscale 51od-2C experiments. The
cally assume the break to consist of a double-ended loss of offsite power caused loop flow reductions,
offset shear of the main steam line either upstream whieh reduced the cooling of the primary fluid sys-
or downstream of the flow restrictor. These break tem by the affected and unaffected loop steam gen-
size and location combinations were chosen erators following SI signal generation. This limited
because they produce the largest possible llow of the amount of primny fluid temperature reduction
effluent from the secondary, and it was thought and left the primary fluid system at a higher energy
that the associated greater break flow energy state following Si and N1SIV closure, w hich in turn
remosal would result in the maximum possible pri- prosided less restrictise conditions from which
mary cooling. Howeser, as show n in the Semiscale plant recovery had to be initiated. Iloweser, the
experimental results, primary-to-secondary heat continued loss of offsite power presided limiting
transfer is conduction limited during the secondary conditions and capabilities for reemering the
blowdown. Also, the Semiscale results show that plant, llence, the loss of offsite power assumption
primary cooling prosided by the affected loop is not a comersatise assumption for the blowdown
steam generator is greater for the smaller break- phase of the transient, but is a conservatise
size case. Thus, there is no direct correlation assumption for the r.coscry phase of the transient.
between break flow energy remmal and primary Therefore, consideration should be gisen to delay-
energy remosal. The greatest primary cooling will ing the assumed loss of offsite power until the
occur for cases where the break flow energy blow dow n phase of the transient is completed (i.e.,
remosal is closely matched by the conduction- the affected loop steam generator is empty). In any
limited primary-to-secondary heat tran fer. This case, the assumed loss of cffsite power at Si signal
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generation is not a conservatise assumption based The extrapolation of results from a scaled experi-
on its effect on the amount of the primary cooling, mental facility requires comideration of the effects

The expected responses of the secondary liquid of sealing distortions on the measured results.
lesel differential pressure measurements during a Extrapolation of the Semiscale htod 2C NIStil
NISLil accident s ary depending on the dow neomer experiment primary fluid thermal response results

fluid hydraulic response and the differential pres- to a full scale PWR plant requires consideration of

sure measurement-tap connection orientation, the effects of excessive metal mass on the system

With the positive side of the differential pressure thermal response. First, the amount of metal
;

transducer connected to the higher elevation tap, energy remosal which occurred during the Semi-
the frictional pressure drop (due to upnow through scale hiod 2C experiments was estimated and com-

the downeomer) produces indicated liquid levels pared to the total (primary Guid plus metal) erargy'

which are higher than the actual lesel. Thus, as the removed by the secondaries. Then, by estimating -

downeomer liquid imento:y is depleted during the the relative metal mass effects for Semiscale sersus

transient (if the downcomer now reserses as it did a full scale PWR plant, the effects of the excessise

during the Semiscale experiments), the indicated metal mass can be accounted for and the expected
' liquid level will decrease at a slower rate than the thermal response (without the excessive metal,

liquid imentory. This kind of response would pro- mass) can be extrapolated. This method, outlined
duce conservatise results with regard to generating in the following discussions, was used to extrapo-
SI signals. If, however, the differential pressure late the Semiscale Ntod-2C StSLil experimental
transducer is connected in the opposite manner results and proside some indication of the mini-
(i.e., the negatise side connected to the higher ele- mum primary fluid temperature w hich might occur

vation tap), then the frictional pressure drop (due in a full scale pWR plant,

to upflow through the downeomer) produces an The energy removed from the primary fluid dur-

indicated liquid level w hich is lower t han the actual ing the Semiscale Stod-2C htSLB experiments was

liquid level. For this case, as the downcomer liquid less than the total energy transferred to the second-

imentory is depleted during the tramient (if the aries. The difference between the tuo was primarily'

dow ncomer flow reverses as it did during the Semi- due to the systeat ivetal transferring energy to the ;

scale experiments), the ii.dicated liquid level will primary Guid. With the correct sealed metal mass
decrease at a faster rate than the liquid imentory. there would hase been less energy addition to the 5

,

This kind of respome would produce nonconserva- fluid from the metal; and the energy removed from ;

tise results with regard to generating SI signals. For the primary fluid uould hase been closer to the
this discussion, conservative means relatise to the total energy tramferred to the secondaries. The ,

expected "best-estimate" responses, lloweser, first step in determining the effect of the larger- I

from the standpoint of the oserall tran ient seser- than-scaled metal mass was to estimate the energy

ity, the most conservative assumption with regard remosed from the metal during the blowdown

to S1 generating signals continues to be the low phase of each experiment. This was estimated as
affected loop steam generator secondary pressurr the difference between the total energy transferred

Si signal generation setpoint. The configurational to the secondaries and the energy remosed from the

and Guid hydraulic dependencies of the down- primary fluid. The total energ) transferred to the
comer liquid levels makes them suspect for consers- secondaries was obtained by integrating the
atise assumption candidates, affected and unaffected loop steam generator

prima v-to secondary heat tramfer. The energy
Minimum Primary Temperature. The major remmed from the primary Guid was estimated

!
concern with regard to a StSLil accident is the min- based on the primary fluid mass and the change of

imum sessel downcomer Guid temperature result- entbalpy of the primary Guid during the blow-
ing from excessise primary cooling. Excessise down,

cooling can lead to the occurrence of PTS phenom- Energy addition from the metal to the primary
ena, leading to rupture of the reactor sessel. Direct Guid will also occur in a full-scale PWR plant dur-

extrapolation of the Semiscale N1od 2C results rela- ing a NtSLil accident. llence, reasonable indica-
tise to those expecteu for a full scale PWR plant is tion of the actual temperature respon e which
not adequate to fully answer this concern. flow- might occur in a full scale plant requires consider-
eser, the Semiscale results can be utilized to proside ation of the metal mass effects.The neu step was to

some indication of the actual temperatures which estimate the effect of the oserscaled metal mass in

might be expected. the Semiscale Ntod 2C usiem relatise to the
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full scale PWR plant. The larger-than scaled metal T he estimated minimum a crage cold leg (dow n-
mass in Semiscale produces surface-area to metal- comer) Guld temperatures (Table 1) represent tem-
mass and surface-area to primary Ouidoolume peratures much closer to, but still abose, the PTS
ratios greater than those for a fullacale plant. As minimum temperature limit (450 K). It h recog-
discussed in Reference 14, these ratios were used to nized that this analpis included a number of sim-
determine an aserage metal mass distortion factor plifications. Howeser, the relatise proximity to the
(2.98) for the Semiscale N1od 2C facility (the actual PTS temperaturelimit for Test SfS 1 and the indi-
full height, full pressure, water facility discussed in cated f rend in minimum temperature with break
Reference 14). This distortion factor is an estimate size points out the need to perform best-estimate
of the relatise effect of the overscated metal mass calculations with a thermal-hydraulic computer

,

on the primary system response. Thus, the energy code that has been assessed against and serified for
addition to the primary Guid from the metal was the results of these experiments.
about three times greater than would hase occurred
relatise to a full scale PWR plant. About two. Effectiveness of EOPs. The major concern with
thirds of the energy remosed from the metal during regard to system recovery from a htSLil accident is
the Semiscale 51od 2C experiments would hase the effectiseness of the operations specified in the ;
actually been remosed from the primary Guid if the plant EOPs in recoscring and maintaining control
facility were perfectly scaled. of the plant. Due to inherent scaling distortions

One additional consideration for ihis anal) sis (such as atypical metal mass-toaolume ratios, heat
was the effect of the thicker-than-scaled U tube loss / heat loss mitigation, and timing distor.
walls in the Type til affected loop steam generator, tions)l3+ 34 and facility limitations, the results of
As discussed in the subsection on secondary ther- these experirnents are not a precise replication of
mal response, the thicker t ube walls reduce the con- full-scale PWR response. Howe er, the experi-
duction through the walls by about 20r . S nee the ments prosided thermal-hydraulie behasior suffi-e

primary-to-secondary heat transfer during these ciently representatise of full scale PWR behasior
NISLil experiments was conduction limited, the to preserse important phenomena and allow quan-
affected loop steam generator primary energy tification of the effectiseness of the EOP-specified
remosal was about 20re leu than it should hase operations in recoscring the system from a $1SLB
been. Thus, the total primary energy removal must accident.
be increased by about 20re of the affected loop The automatic actions performed by the plant
steam generator primary energy remos al to account safety 53 stems (i.e., Si initiation and NISIV closure)
for the cffeet of the thicker U tubes, were effectise in mitigating the consequences of the

The undistorted primary Guid energy remosal 51SLil accident. The automatic actions left the
was estimated by first increasing the affected loop Semiscale N!od 2C sptem in a quasi 4 table condi-
steam generator portion of the total primary Guid tion, which aided in the stabilitation and recoscry
energy removal by 20r . Next, the estimated metal of the system.e

energy removal was increased to preserse the ratio The stabilization operations performed follow-
of metal energy removal to total energy removal. ing operator identification of the transient (i.e., St
This accounted for the distortion due to the thicker tennination, pressuriier internal heater operations.
U-tube walls in the Type ill affected loop steam normal charging / letdown operations, and unaf-
generator. Next, the metal energy remosal was fected loop steam generator steam and feed opera-
decreased by two-thirds to account for the metal tions) were effectise in stabilizing the sptem at

|
mass distortion. T he reduced metal energy remosal conditions which would permit a natural circula-
was then subtracted from the total energy remosal tion cooldown and depressurization to begin, The
to obtain an estimate of the undistorted primary limiting eriterion in achies ing stable conditions was
Guid energy remosal. The undittorted primary the recoscry of the pressuriier liquid imentory to a
fluid energy remosal was then used in conjunction loel which would ensure adequate inel control

- with the primary Guid mass and the initial primary during the natural circulation cooldow n.
| Guid enthalpy to determine the undistorted mini. The primary Guid sptem natural circulation

mum primary fluid enthalp3. Anuming the same cooldown and depressuriration operations per-
primary Guid preuure as occurred in the te t, the formed following sptem stabilization in Test
pres ute and undistorted fluid enthalpy were then S 1 S 1 (i.e., preuuriier auxiliary spray operations,
used to estimate the undistorted minimum primary preuuriier internal heater operations, normal
Guid temperature, charging letdow n operations, and unaffected loop
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Table 1. Minimum primary fluid temperatures predicted for a full scale PWR plant based
on extrapolation of Semiscale Mod 2C data

Niinimum Predicted
Primary Margin Abose

Fluid PTS Limit
Ntain Steam Line Break Temperature 450

Size and location (K) (K)

Double-ended offset shear upstream of the $44 94

How restrictor

Double-ended offset shear downstream of the 522 72

flow restrictor

steam generator steam and feed operations with The heat loss / heat loss mitigation had little
stairstep rcductions in the secondary pressure) were effect because the primary fluid system remained

sery cifectise in cooling down and depressurizing subcoaled during the transients, making the exter-

the primary fluid system in a controlled manner, nal heaters very effectise in mitigating the heat loss.i

An inadsertent solc' formation in the sessel upper (The sessel upper head for a portion of Test S-FS 1

head was due to the external heater energy addition and Ihe preuurizer were the only components

in the upper head exceeding the upper head heat which saturated.) The largest heat loss / heat loss

loss (not to inappropriate recoscry operations), it mitigation effect was obsersed in the senel upper

w as necewary to increase the unaf fected loop steam head during Test S 1 S-l. Under natural circulation
conditions, fluid now through the upper head is

generator ausiliary feedw ater now rate to the masi,
minimal. The energy added to the upper head Guidmum scaled flow for two diesel-driven auxiliary
by the external heaters remains in the upper head

feedwater pumps. lloweser, the masimum now was and is not transferred to the rest of the system,sufficient to maintain control of the secondary
Itec use the esternal heater energy addition was

im entory. gre ter than the upper head heat low, the upper
All in all, the EOP specified operations were head fluid was gradually heated and reached satu-

show n to be ser> effectis e in mamtaining control of
the Semiscale Mod 2C system during these experi- [ " " ."' " E # I * ') II'""' ## " * ' " " "

'"E
solume ratio and heat loss / heat low m;to-fluid.
ments. Seale effects (at)pical metal mass T - MAmMm &

aigation) system response were minimal. In addition, the
had little effect on the system response, effects offset each other such that the oserall sys-

The atypically lasge metal-mass-to-Guid-solume tem response should be a reasonable indicator of
ratio had little effect because the system stabilized the general response expected for a full-scale PWR
at temperatures very close to the imtial condition plant, in any case, the atypically large metal-man-
temperatures. During the course of the transient, to fluid solume ratio and the s> stem heat lou / heat
the change in system temperatures was sery grad- loss mitigation hase been well characterized and
ual. If anything, the atypically brpe metal mass can be modeled. llence, the data are usefil for the
prosided an additional energy source w hich slowed thermal hydraulie code scritication required prior
the system cooldow n and depressurization, pros id- to utilizing the code to predict fullacale PWR plan,
ing ccnsersatise system recosery responses. response.
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CONCLUSIONS

The following conclusions hase been drawn, U-tube walls during the secondary htSt H
based on analyses of the experimental data from LOCA.
the Semiscale Ntod 2C feedwater and steam line
break esperiment (S-FS) series. 4. The automatic actions (NISIV closure, Si

initiation and auxiliary feedwater injec-
1. A simplistic extrapolation of Semiscale tion) performed by the plant protectise

Ntod-2C esperimental results to those safety systems were effectise in mitigating
e.spected for a full-scale PWR plant indi- the consequences of the NtSLB accident in
cates significant cooling of the primary the Semiscale esperiments. The actions
Guid, particularly for the break down. left the system in a quasi stable condition
stream of the flow restrictor. While the which minimited the amount of operator
predicted temperatures do not reach the inters ention required to stabilize the plant.

PTS limit of 450 K, their relatise proxim- 5. The EOP-specified stabilitation opera-
ity to the PTS limit and the indicated trend tions (S! termination, pressurizer internal
in minimum temperature with break size heater operation, normal charging /
provides substantial evidence in support of letdown operation, and unaffected loop
the need to perform best-estimate calcula- steam generator steam and feed operation)
tions with a code serified against these were effective in stabilizing the Semiscale
experimental data. Ntod 2C system at conditions which per-

mit initiation of natural circulation
2. FSAR assumptions of perfect separator cooldown and depresst ritation. Si termi-

performance are only mildly conserva. nation based upon a preuuriier prenure
tise. The measured response of the Semi. of 13.88 NtPa presented no real threat of

scale Type ill affected loop steam significant pressuritation of the primary
generator indicates a sery brief period of Guld sptem. Termination of the Si Dow

separator flooding and separator per- ecurre j before the pressuriier w ent liquid

formance degradation, followed by essen- s lid. Also, the Si now was small enough

tially perfect separator performance. Due that esen with the pressuriier liquid solid,

to conduction limiting of the primary to- the tate of primary pressuniation would

secondary heat transfer, t he measured pri- n t N sumdent to came ggm0 cant prep
,

'" ##I " 'I '#'"""*" "'mary cooling is substantially smaller than
the cooling pntential associated with the 6. The EOP-specified natural circulation
break flow energy remosal. The greatest cooldow n and depressuritation operations
contribution of the assumption to the (pressuriter ausiliary spray operation,
consersalism of the calculated response, pressurizer internal heater operation, nor-
therefore, lies not in maximiting the mal charging and letdown operation, and
break flow energy removal but in masi- unaffected loop steam generator steam
miring the length of the blowdown and and feed operation with stairstep second-
minimizing the rate of secondary depres- ary preuure reductions) were effectise in
suritation, maintaining a controlled cooldown and

depreuurization of the Semiscale N1od 2C
3. The break size and location are sigmficant sptem. Inadsertent seuel upper head

in determining the sescrity of the event. A soiding occurred due to escessive upper
double-ended offset shear downstream of head heat lou makeup, not inappropriate
th now restrictor produces much greater recos ery operations.

cooling of the primary than one upstream 7. The auumed separa'or performance for
of the Dow restrictor. This trend in primary FSAR calculations is only mildly consen -
cooling sersus break size is due to the con- atise. Coupled with a breal siie which
duction limiting which oeeurs across the prosides appropriate break Dow energy
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removal, however, this assumption may loop How reductions reduce the cooling of
prose beneficial to both FSAR and the primary fluid system, limiting the
best-estimate calculations. amount of the primary Guid temperature

decrease. .llowever, loss of offsite power

8. The break size and location assumptions provides limiting conditions and capabili-
utillied for FSAR calculations resulted in ties for recosering the plant. Therefore,
the largest break sizes being utilized to consideration should be ghen to delaying j

maximize the break now energy remosal. the assumd loss of offsite power until the r

These assumptions are not conservathe. blowdown phase of the transient is com.
The greatest primary cooling will occur for pleted,
cases w here the break flow energy removal
is closely matched to the conduction. 12. Downcomer liquid loc! response depen-
limited primary-to-secondary heat trans- dencies on the measurement configuration

fer. Future FSAR and best estimate and the secondary Guid hydraulic response

calculations should not utilize this makes them suspect for conservative
assumption, but should investigate smaller assumption trip generating candidates.
break sizes which produce break flow Howner, with appropriate consideration
energy removal rates as close as possible to of the differential pressure measurement
the conduction limited primary to. configuration and accurate modeling and
secondary heat transfer. calculation of the secondary duld hydrau-

lic responses, they could prove to be the i

9. Further analysis for smaller break sizes is actual trip signal generators for best-
warranted in light of the indicated trend in estimate calculations. ,

overcooling versus break sire.
13. The data obtained during these MSLB

10. The failed affected steam generator main experiments satisfy the stated objecthes
steam line check vahe assumption utilized for the experiments. The data are of suffi-

for FSAR calculations is conservative. The cient detail and quality to allow verifica-
additional primary energy remosal pro- tion of thermal hydraulic computer codes
sided by the loss of inventory from the for MSt.13 accident, system stabilitation,
uriaffected loop steam generator signifi- and system cooldown and depressuriza-
cantly increases the amount of the total tion calculations. The analyses of the
primary cooling. experimental results have prosided invalu- I

able insight into the phenomena and driv-
II. The assumed ioss of offsife power at Si sig- ing mechanisms esidenced in the -t

nal generation, utilized for FSAR calcula- experiments and applicable to full scale
tions, is not consenathe. The resulting PWR plants.

<
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RECOMMENDATIONS

During the coune of analyzing the results of Improsements in secondary comeetise heat
these esperiments, a number of deficiencies were transfer calculation methodology will be required
identified in the current methods of computer code in order for ihermal hydraulie computer codes to
simulations for secondary tramients. These defi- accurately calculate the actual primary to-
viencies need to be corrected before an accurate secondary transient heat transfer for smaller
estimate of the actual fullocale plant response tan N!St.lls, since secondary comeetise heat tramfer
accurate best estimate calculation) can be will play a major role in determining primary to-
obtained. secondary heat transfer. This will require either

l'oremost in the deficiencies is the auumed pri- modifications to esisting, or deselopment of new,
mary cooling due to break flow energy remosal. boiling comeetise heat transfer correlatiom based
The primary tooecondary heat transfer during on the Semiscale Type 111 steam generator heat
thesc esperiments was conduction-limited, negat- transfer data, as discussed in the S 1:S series feed-
ing the effect of the large break flow energ)

water line break test results report.15
remosal rate. The primary energy remosal during

g:inally, a deficiency esists in the i SAR calcula-
the secondary blowdown a a rate-controlled proe'
ess. Therefore, substantial con ideration must be tion assumption regarding loss of offsite power.

gisen to smaller break stres which produce break The Semiseale N1od 2r bottom main feedwater line
g ; g gg gflow energy remosal rates as close as possible to the

conduction hmited primary-to-secondary heat loss of offs te power at Si signal generation seserr.'.y

transfer. T uture best estimate calculations with limits the amount of primary fluid temperature
smaller break sizes should proside imaluable reduction. I'uture calculations should consider
insight into the maximum amount of primary eool- delaying the loss of offsite power until after the
ing w hich could actually occur during a NISLil see- blow dow n phase of the transient is completed (i.e.,
ondary LOCA. the affected loop steam generator is empty).

Another deficiency identified was in the esisting The capabilities and accuracy of codes used for
correlations for predicting secondary comeethe best estimate NISLil calculatiom should be estab-
heat tramfer coefficients. As discussed in the S I S lished using these esperimental data or similar inte-

|
series feedwater line break test results report.15 the gral sptem esperimental data before they can be
Semiscale Type ill steam generator measured local used with confidence or to satisfy the proposed
secondary comeetise heat transfer coelficient resision to the ECCS rule (10 CI R Part 50) l'or
dependence on the local sapor soid fraction future best-estimate calculatiom, smaller break
exhibits a trend w hieh is exactly the opposite of that sizes should be comidered, the loss of offsite row er
predicted by the esisting boiling heat transfer corre- should be delayed until after the affected loop
lation . This deficiency is sure to exist fer 51SLil steam generator has emptied, anJ comideration
calculation as well as feedwater line break calcula- may be gisen to utilizing the seconJary liquid lesel
tions, since the same correlation are utilized. obtained from the dow neomer differential pressure
Accurate predietion of the secondar) comeetise as a powible trip generating signal if the measure-
heat transfer coefficients will be important as the ment configuration and secondary fluid compo-
steam line break size is reduced, allesiating t he con- nent h)draulic response can be accurately
duction limiting obsersed for the larger steam line simulated.
break sizes.

|
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APPENDIX A

DETAILED SYSTEM DESCRIPTION AND
EXPERIMENTAL PROCEDURE

in Semhcale, the annular downeomer of theSystem Description PWR sessel is replaced with an external pipe to per-
mit estemhe instrumenting of both the core and

The Semiscale test facility conshts of: Guid s>s. downeomer regions, as shown in Figure A 2. Most
tems (pipes, pumps, sessel, heat exchangers, etc.); f the fluid sptem components are full height,
control sntems (power to core, pumps, vahes, and induding the core that consists of a 5 x 5 array of
imtrument air and control signah); and an experi- electrically heated, 3.66-m-long rods that simulate
mental measurement system (transducers, amplifi,

the fuel rods in a 15 x 15 PWR core. The number ofers, digital data sptem) requi ed for integral steam
turns per inch of the electris; ally heated coilis saried

and feedw ater line break experiment s. These sptems
along the rod length to gise the staircase approxima-

are described m detail in Reference A 1. The flu:d tion of a cosire axial heat nux shape. Total core
ssstems and the experimental measurement sptem

power is nominally 2 MW.
will be summarily described here.

The upper head, upper plenum, and core flow
bpau arrangemei t in the Semiscale reactor sewel

Fluid System Configuration. The Semiscale simulates 1 Westinghouse inserted top hat, upper-
Mod 2C fluid system configured for the FS series head internah package design.
steam Ime break tests is shown in figure A l. The The steam generators incorporate 2.22 cm
Mod-2C sptem comists of the Mod 211 spiem with (7/8-in.) OD ineonel imerted U tubes, six in the
seseral modifications. A new Type til affected loop unaffected loop generator and two in the affected
steam generator, new main steam line and feedwa,cr

loop un The tube lengths coser the range found in
hne break assemblies, break e(Guent catch tanks,

a PWR generator. Two tubes in each generator are
and refined steam generator contro! systems were

supplied with small diameter, inconel sheathed
incorporated into the sptem for this test series. A thermocouples brazed to the tubes, which prosideletdown line was added to proside better control of

primary and secondar) coolant temperatures and
primary sptem imentory. tube wall temperatures at sarious elesatiom in theThe primary fluid system is a 17.24 MPa
(25fGpsi), 616-K (650'l ), 3.8 to 7.6-cm (1.5- to upflow and downDow legt it should be noted that

the major portion of the unaffected loop steam gen-
3 in.) Schedule 160 stainless steel sptem. It comists
of an unaffected loop and an affected loop, the crator secondary Cow area and solume is taken up

former representing three of the four loops in a by filler pieces in order to obtain the approximately

PWR. Thus, now rates and equipment sizes are in correct secondary side liquid solume and sekseity.

the ratio of 3:1 for the two loops The pressurizer is Anesment of computer code capabilities to pre-

connected by a surge line to the unaffected loop hot diet secondary side transient te ponse requirn aceu-
rate measurement of important parameters, such as

leg. Scaled emer;ency core coolant from an accumu.
lator and high- or low-pressure injection sptem local primary-to-secondary heat transfer and Guid

condition data and component man imentories.
pumps is routed to the toep cold legt

The secondary Guid sptem conets of an unaf- The T>pe 111 affected loop steam generator design

fected loop steam generator and an af fected loop incorporates a downeomer that is external to the

steam generator, the formcr representing three of the tube bundle and riser sectiom (Iigure A 3). In thk

fout stean generators in a PW R. feedwater wauup- manner, component man imentory and 0uid prop-

plied from a heated tank to the upper dow neomer of erty (indudmg density and soid fraction) informa-

the affected loop steam generator and the lower tion was obtained. The design ako entaik a steam

downeomer of the unaffected I op steam generator, dome with separator equipment that prosides steam

and the steam w.,s routed through control sahes to exit qualities of approximately 90% during full-

the atmosphere; i.e., an onen loop secondar) cool- power, stead)6 tate operatiom.

ant sptem was used. Auxiliary feedwa:er was routed Component now areas, solumet lengths, and

to the upper dow neomer of both steam generators at prnsure drops were sized to simulate a Westinghouse

approximately the top U tube bend slesation. Model 51 steam generator. Table A-I contaim tuth

A3
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Taole A1. Comparison of Westinghouse Model 51 steam generator design values, scaled
design values, and Semiscale Type ill affected loop steam generator design
values

Westinghouse Semiscale

N1odel 51 Type til
Steam Generator Affected

loop

Volume-Scaleda Steam

Design Design Generator

Parameter Values Values Values

2Flow area, m ,in constant area region of:

Downcomer 0.658 0.000386 0.000965

Tube bundle 5.100 0.002990 0.003039

Elevation, m, of:b

U-tubes 10.59 10.59 9.93

R!ser 11.21 11.21 10.54

Downcomer 13.91 13.91 11.31

3Total secondary volume, m , below top of:

U-tubes 65.5 0.0384 0.0439

Riser (24 in, above top of U-tube) 73.7 0.0432 0.0502

Dow ncomer i12.2 0.0658 0.0712

Relatise pressure drop (percentage of total
flow circuit pressure drop) of:

Downcomer 24 24 20

Tube bundle 26 26 24

Primary separator 50 50 56C

a. Volume scaling factor is 1705J.

b. Relatise to the top of i.,e tube sheet.

c. Obtained by orificing the top of the riser.

the scaled and reference values for the more N!odel 51 steam ge'ierator. The tubes are confi-

important performance parameters and compo- gured with a "square" pitch similar to a N1odel 51

nents of the Type ill affected loop generator. The steam generator and simul,te a long and a short

tube bundle contains two 2.22-cm (7/8 in.) OD tube in the prototype. Tube heights were selected

Inconelinver.ed U-tubes with a tube thickness of to maintain symmetry with the unaffected loop

0.165 cm (0.065 in.) to allow for more reliable steam generator. A portion of the tube bundle sec-

temperature measurements than were possible ondary flow area and volume is taken up by two
with 0.124-cm (0.049-in.) wall tube. Design calcu- instru"lent tubes. However, filler tubes were not

lations indicate little difference in either heat necessary to obtain the correct secondary side lig-

transfer or flCng characteristics for the 0.165- uid volume and velocity. Tube bundle support baf-

cm (0.065-iq.; wall tube as opposed to the 0.124- fle plates were sized to prcJuce approximately the

cm (0.049-in.) wall tube used in a Westinghouse correct frictional pressure drop.

A7
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The downcomer now area and volume were sized now s were routed to tanks w here they were collected
to obtain approximately the correct liquid volume in liquid pools and measured. Special feedwater and
and velocity, w hile producing approximately the cor- steam lines with smaller cont rol valves, smaller mea-
rect frictional pressure drop. Either top or bottom surement orifices, and heat tracing to compensate

, feedwater injection and break simulation can be for em-ironmental heat losses were installed on both
| accommodated with the new downcomer design. steam generators for steady-state "hot standby"
! The steam dome and separator, shown in operations. The main steam lines were connected

Figure A-4, werc designed to simulate the behavior
into the break assemblics between the break nozzles

of the corresponding components in a Westinghouse and the break vahes and were routed to atmosphere.
Model $1 steam generator. Separation of the liquid Transient initiation was realized via rapid (nominally
from the steam occurs in three stages. The t wo phase 1 s) closure of the valves in the lines to atmosphere at
mixture exiting the riser section is denected into the the same time that the valves in the lines to the col-
steam dome wall, where some of the iiquid is sepa- leeting tanks were rapidly (nominally I s) opened.
rated from the mixture, Hows dow n the wall, and is Letdow n simulation in the Semiscale system con-
transferred to the downcomer through a connecting sisted of a valved line connected to the unaffected
line, The remaining mixture continues up through loop cold leg. A flow control valve in the Semiscale
the dome to the secondary separator, with some letdown simulation line provided a letdow n now rate
gravity-separated liquid falling back down to the of 0.01081 kg/s for fluid co..ditions typical of the
bottom of the dome and mixing with the liquid sepa- cold leg Guid at initial conditions.
ratex! by the denector at the first stage ("primary" Heat loss makeup was accomplished by using
separator). The "secondary" separator, or third external heaters distributed fairly uniformly
stage of separation, accepts the remaining two-phase throughout the Semiscale system. These heaters are
mixture and imparts a centripetal motion upon it. controlled by six separate power supplies, including:
The resulting separated liquid then nows down vessel, hot legs, cold legs, unaffected loop pump suc-
through the connecting lines to the dow neomer. This tion, affected loop pump suction, and pressurizer.
final stage of separation produces steam dome exit The total power provided by these heaters is about
qualities of approximately 90ro for full-power con- 44 kW (excluding the pressurizer). An additional
ditions. 15 kW of heat loss makeup was provided by aug-

Failure of the check valve in the main steam line of menting core power throughout the transient. Con-
the affected loop steam generator during a steam trol of the heaters was as follows: if the maximum
line break event results in How from the unaffected, allowable temperature (755 K) was reached on the
as well as the affected loop steam generator, prior to inside surface of the pipe insulation, external power
MSIV closure (see Figure A-5). To simulate this dual to that component was reduced by half. If the tem-
break flow path, the unaffected, as well as the perature trip limit continued to be exceeded, power
affected, loop sicam generator was allowed to blow to that component was terminated. To maximize the
down through a break assembly until the low amount of the depressurization during the blow-
affected loop steam generator secondary pressure down phase of the transients, the pressurizer exter.
MSIV closure signal was generated. The unaffected nal heaters were not used during the steam line break
loop steam generator break valve was then closed to experiments.
simulate the closure of the MSIV. Pressurizer internal heater simulation in the

The MSI B assemblies for the affected and unaf- Semiscale system for these tests consisted of use of
fected loop steam generators consisted of quick- the system pressurizer warm-up heaters. These
opening valves, break-flow nozzles, and heaters were controlled manually, supplying
instrumentation to measure single-phase and two- 6.99 kW to three of the six warm-up heater rods.
phase break mass dows, as well as Guid densities, The internal heaters were operated in an on/off
pressures, and temperatures. The break nozzles were mode to maintain primary system subcooling.
interchangeable to allow simulation of steam line
breaks upstream or downstream of the Dow restric-
tor. Information on the nozzle geom;tries for each Measurement System Configuration. The
testiscontainedintheEOS Appendices ^4 Adand measurement system consists of primary and sec-
Re'erence A-1. The break assemblics were physically ondary system measurement hardware and the soft-
located in tees from the affected and unaffected loop ware utilized for measurement manipulation and
steam generator main steam lines. To provide a his- recording. The general hardware configuration is
tory of ma3s exiting from the systems, the break discussed in the following text. Description of the

A-8
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measurements made for each steam line break test
Data on the mass and energy transfer rates

in the series are given in the Appendix for that between, and the mass distribution and fluid states

test. A-2, A-3 within, components of the new Type ill affected

Experiment instrumentation transducers loop steam generator, component data, were used

included thermocouples, resistance temperature to analyze the interaction of the components dur-

detectors, abso!nte and diffectial pressure cells, ing secondary transients. Determination of break

full Dow turbine rotors (each with one or two exter-
How conditions was provided by two-phase mass-

nal magnetic or R.F. blade sensors to measure bi- How measurements upstream of the break nozzle.

directional now), full-Gow drag screens (each with
one denection sensor), multiple-beam densitomo Exper.imental Procedure
ter detectors with radioactive sources, and (for uni.
directional Gow of single-phase Guids) orifice
plates or nozzles with differential pressure cells. As a general procedure before initiation of the

The approximately 350 instruments, along with transient, the primary sysum was filled with
further detailed information regarding the particu- demineralized water and vented to ensure a liquid.

lar configuration for each test of the series, were full system. Instrumentation was calibrated and

documented in the final instrumentation log zeroed as necessary. The primary system was

sheet. A-I Measurements were chosen to provide heated to initial conditions using core power and

information on fluid conditions at key points pumped flow and was pressurized using the pres- '

throughout the primary, secondary, and support s urizer internal heater s to draw a steam bubble. The

systems. A number of measurements were included steam generator 1, after being heat. socked, dissi-

to proside redundancy so that instrument failures pnted the core power to atmosphere by steaming.

were accommodated without compromising the The Semiscale initial conditions (Table A-2) were
-

test objectises. Included in the secondary measure- typical of, or scaled from, the Zion Unit i Nuclear s

ments category were special measurements involv. Plant FSAR, Appendix 15,A-4 steam line breat

ing instrumentation development. calculation initial conditions.
New measurement system capabilities were pro. During the period of primary system heating, a

vided for the FS series to allow for more accurate procedure was perfoimed to acquire data to allow

assessment of secondary transient phenomena. for normalization of the Type Ill affected loop

The changes included measurement of global, steam generator temperature triplets. The proce-

local, and component data for the new Type ill dure imol ed bringing the primary-to-secondar3

affected loop steam generator and break flow mea- heat transfer through zero (i.e., gradaally reversing

surements, expected to allow break efnuent charac- the direction of energy transfer) for three different
absolute temperatures. By detern.ining the differ-terization.

The measurements on the Type til affected loop ence between the triplet temperatures at the point

steam generator for the FS series provided thermal- of no heat transfer (i.e., w here the temperature dif-

hydraulic data about the steam generator during ference should be zero), the correctiot requ;ted to

steady-state and transient conditions. The mea- match the triplets to the average temperature was

sured data can bt grouped into three categories; determined. By performing the procedu:: for three

global, local, and component data. The global data different absolute temperatures, three different

were used to determine the oserall mass and energy correction 6ersus temperature points were
balances for the affected loop steam get :rator, obtained for each temperature measurement. The,

Since performing these mass and energy balance three correction-versus temperature poiats were

calculations requires knowledge of the input, out- then cune-fit to obtain a linear correctionaersus-

put, and storage terms for the steam generator, temperature function for each temperature mea-
break flow measurement, discussed later, can be surement. The linear correction functions were
considered as part of the global data measurement then applied to the temperature measurements to

category. The local data are utilized to determine obtain the normalized temperature triplet da a.

local heat transfer coefficients and Guid condi- TI:e transient was initiated at time zero (t Os)

tions, and, as such, include the local Guid and by opening the s ahes in the unaffected and u fected

material states (primary fluid, U 'ube outside wall, loop steam generator break assemblies at the same

secondary Guid temperature triplets and densities) time that the valves in the lines to atmosphere were

as well as local mass-now rates (secondary mass- closed. The simulated MSLB, in conjunction with

now rates and U-tube primary mass-Row rates). the simulated affected loop steam generator main

A- 11
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' Table A 2. Initial conditions for the MSLB experiments in the S FS test series

Test Test
Parameters S-FS-1~ S-FS-2

Pressurizer pressure, MPa 15.44 15.38

Core power, kW 30.00 30.00

Core power augmentation, k%a 14.9 14.8

Core AT, K 0.7 0.4

Pressurizer liquid level [ collapsed liquid level relative to 167 181
zero reference elevation (bottom of pressurizer)], em

Cold leg f!uid loop-to-loop 2.4 1.0
temperature difference (absolute), K

Cold leg fluid temperature (nominal), K 560 561

Primary flow rates (nominal), L/s

Unaffected loop cold leg 9.9 9.1
Affected loop cold leg 3.1 3.3

Initial bypass flow (% of totalloop flow) 2.50 2.50

Steam generator secondary pressures, MPa

Unaffected loup 6.79 6.78
| Affected loop 6.76 6.86
|

| Steam generator secondary side masses, kg
|

Unaffected loop 140 144
Affected loop 46.2 42.0

Steam generator feedwater flow rates (nominal), kg/s

Unaffected loop 0.0195 0.0106
Affected loop 0.0 0.0

Steam generator feedwater temperatures (nominal), K

Unaffected 370 375
Affected - -

Pretest measured leakag e, kg/s

Primary 0.0028 0.0028
Affected loop secondary 0.00028 0.00028

a. Core power augmentation is used to compensate for emironmental heat loss.

A 12
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steam line check valve failure, produced pressure The completion of these automatic actions and
reductions and inventory losses in both steam gen- operator identification of the event (assumed to
erator secondaries and rapid cooling of the primary require a minimum of 600 s) represented the end of

system. The affected loop steam generator second- the blowdown phase of the test. The timing of

ary pressure response caused signals to be gener- esents for the blowdown phase of the tests are con-

ated, which triggered automatic responsesa by tained in Table A-3.

various systems. The safety injection (SI) signal Various recosery operations were performed for

was generated by a low affected loop steam genera. Tests S-FS-1 and S-FS-2, based on the guidance

for secondary pressure of 4.14 N1Pa and triggered: provided by Emergency Operating Procedures.a
The recovery procedures for Test S-FS-1, specified

Closure of the main feedwater flow control to simulate expected operator actions in response to*

valves, with a 1-s vahe closure time simu- a steam line break, consisted of: (a) stabilizing the

lated; plant at specified pressures, temperatures, and !ev-
Loss of offsite power, producing primary els, using normal charging / letdown operation,*

coolant pump coastdow ns (with a 2-s delay pressurizer heate: operation, and unaffected loop
to simulate tran3former decay time) and steam generator steam and feed operations; and
delaying the availability of safety injection (b) performing a natural circulation cooldown and
and auxiliary feedwater flows by 25 s (the depressurization using pressurizer auxiliary spray
time required to start the diesel generators operation, pressurizer heater operation, normal
that power the pumps); charging / letdown operation, and unaffected loop
Closure of the unaffected loop steam gen- steam generator steam and feed operations. The*

erator N1SLB blowdown vahe (NISIV clo- recovery procedures foi Test S-FS-2 consisted of
sure action with a 4 s vahe closure time stabilizing the plant as was done for Test S-FS-1.
simulated); and The specific requirements for these recovery proce-
Initiation of De auxilbry feedwater and S1 dures were outlined in References A-2, A-3, A 5,*

s;gnals. and A-6.

a. The automatie eser's were 3riccified to simu' ate those used
a Zion Umt Number | Nuclear Plant. "Emergency Operating

for the Zion Unit i Nuclear Plarit i SAR calculations. Procedures." Commonwealth Edaon Company.

A-13
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Table A-3. Timing of events for the blowdown phase of the S FS Series MSLB
experiments

Test Test
Specified Time S-FS-1 S-FS-2

Event (s) (s) (s)

Transient initiation 0.0 0.0 0.0

Affected and unaffected loop F r.B i 1 1
blowdown valves fully open

Normal steam valves fully closed

Unaffected loop - 2 2
Affected loop - 0 0

Affected loop steam generator steam T=T 21.0 7.6sgs
dome pressure = 4.14 MPa

Main feedwater valves fully closed

Unaffected loop T=T e1 22.0 8.0sis
Affected loop T=Tsis + 1 0 0

Affected and unaffected loop pumps T=Tsis + 2 24 10
begin coastdown

. Unaffected loop MSLB blowdown valve T=Tsis + 4 21 11.3
fully closed

HPIS/ charging flows initiated; T=Tsis + 25 47 33
unaffected loop steam generator
auxiliary feedwater flow initiated

Power to both pumps tripped T=Tsis + 43 69 51

Operatoridentification of transient T e600 and 600 600
(blowdown over) T 2:Tsis + 4

A-14 *
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APPENDIX B

ADDITIONAL INFORMATIVE DATA

Additional data obtained in Serniscale Mod-2C Tests S-FS 1 and S-FS-2 are presented in Figures B-1
through B-21.
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Figure B-1. Affected loop steam generator secondary convectise heat transfer coefficients at the 99-cm elevation
during the blowdown phase of h1SLB Test S-FS-1 (-10 to 150 s).
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Figure B-4. Affected loop steam generator secondary comective heat transfer coefficients at the 404-cm elevation
during the blowdown phase of MSLB Test S-FS-1 ( 10 to 150 s).
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during the blowdoan phase of NISLB Test S-FS.1 (-10 to 150 s).
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Figure B-8. Affected loop steam generator secondary convectise heat transfer coefficients at the 99-cm elesation
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Figure B-10. Affected loop steam generator secondary convective heat transfer coefficients at the 213-cm elevation
during the blowdown phase of MSLB Test S-FS-2 (-10 to 30 s).
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during the blowdow n phase of MSI B Test S FS 2 ( 10 to 30 s).
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Figure B-12. Affected loop steam generator secondary convectise heat transfer coefficients at the 556-cm elevation
L

during the blowdown phase of MSLB Test S-FS-2 (-10 to 30 s).
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Figure B-13. Affected loop steam generator secondary convectise heat transfer coefficients at the 709-em elevation
during the blowdown phase of MSLB Test S FS-2 ( 10 to 30 s).
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Figure B-14. Affected loop steam generator secondary convectise heat transfer coefficient at the 886-cm elesation
during the blowdown phase of MSLB Test S-FS-2 ( 10 to 30 s).
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Figure B-15. Pressurizer pressure, primary hot leg and vessel upper head fluid subcooled margins, and pressuriier
internal heater power during the stabilization phase of MSLB Test S FS-2 (600 to 2,220 s).
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Figure B 16. Pressuriier collapsed liquid lesel, and total normal charging and letdown mass flow rates during the
stabilization phase of htSLB Test 5-FS-2 (600 to 2,220 s).
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Figure B-17. Unaffected loop steam generator secondary pressure, saturation temperature and dow neomer and riser
oserail collapsed liquid levels during the stabilization phase of N1CLB Test S.FS-2 (600 to 2.220 s).
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Figure B 18. Affected and unaffected loop hot and cold leg and average primary fluid system temperatures during
the stabilization phase of MSLB Test S-FS 2 (600 to 2,220 s).
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Figure B 19. Pressurizer upper and lower elesation and saturation temperatures during the stabilization phase of
MSLB Test S.FS-2 (6N to 2,220 s).
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Figure B-20. Unaffected loop steam generator auxiliary feedwater and atmospheric dump valw (ADV) mass flow
-

rates during the stabilization phase of 51SLB Test S-FS-2 (600 to 2,220 s).
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Figure B.21. Unaffected loop cold leg volumetric flow rate during the stabilization phase of htSLB Test S.FS-2 (600
to 2,220 s).
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This report presents the results of two experiments conduc d in the Semiscale Mod- C facility which simulated main
steam line break accidents at high pressure and tempero/e. Tests %FS-1 and S-FS-2 simulate.1 double-ended offset
shears of the main steam line downstream and upstre . respectiWly, of the flow restrictor. Initial and boundary
conditions were scaled from, and compounding failur and assumptio% simulated, those conditions utilized for Final

'

Safety Analysis Report (FSAR) calculations.

Primary and secondary thermal-hydraulic res nses are characterized, ak the influence of the break size or location
on the responses is discussed. The limiting o f mary-to-secondary heat transgr by conduction heat transfer is show n to
produce a trend of increased primary cooli with decreased break size, pointing out the need for further analysis for
smaller break sizes. The degree of conse tism inherent in FSAR separator pigformance and break size and location
assumptions is shown to be questionab!m and the FSAR assumption of a loss of o)(site power is shown to be nonconser-
vatise. The effectiseness of the recove operations in regaining and maintaining c"octrol of the system is addressed; and
main steam line break issues are di ssed. Finally. conclusions are drawn and rec" mendations are made for further

\
utilization of the data. $
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