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ABSTRACT -

This report presents the results of four experiments simulating 100,50, and 14.3%
bottom main feedwater line break accidents performed at high pressure and tempera-
ture in the Semiscale Mod 2C facility. The primary and secondary thermal-hydraulic

,

responses are characterized (including local secondary convective heat transfer) and
the influence of the break size on the responses is discussed. A definite deficiency is
identified in existing forced convection boiling heat transfer correlations and the con-
servatism of FSAR heat transfer degradation assumptions is shown to be question-
able. The effectiveness of the recovery operations in maintaining control of the system
is addressed, and the system response (including local secondary comrctive heat
transfer) to voided secondary refill operations are discussed. Feedwater line break

i
issues are discussed and conclusions are drawn based on the results of the analysis.

,

Finally, recommendations are made for further utilization of the data and consider-
ations for future code calculations.

.

i<

t

4

;

#
.

|a

|

i

I :
,

!
.

t
,

|

.

{

i
.

:

1

FIN No. A6038-Semiscale Program

1

'
li ,

I

. . _ _ . _ . -- - , _ - ,., .- _ _, . _ . - _ _ _ _ _ _ _



- . - . - - - - - -.

i

!

,

EXECUTIVE SUMMARY

Although ruptures of steam generator main feed- assumptions and simplifications; the steam generator
water lines are not expceted to occur often in pressur- downcomer liquid lesel differential pressure measure-
ized water reactor (PWR) plants, the potentia | for ment response effects on safety trip systems; the effects
rupture of the primary pressure boundary due to oser- of break size; and the effectheness of Emergency
pressurization necessitates their exanunation. Limited Operating Procedure (EOP)-specified recosery proce-
aisting data on present day PWR steam generators dures (including sessel upper head soid collapse and
resulted in a large number of assumptions and simplifi- mided secondary refill operations).
cations being utilized for Final Safety Analysis Report Extrapolation of Semiscale blod-2C measured
(FSAR) calculations for a number of Combustion peak pressures to those predicted for a C E '

Engineering (C-E) System 80-type plants. The FSAR System 20 plant points out the need for further
calculations predicted peak primary system pressures analysis. The measured peak primary system pres-
in excess of !!0% of the system design pressure, neces- sures for the Semiscale blod-2C bottom main feed-
sitating quantification of their degree of consenutism. water line break experiments are not a direct
Concerns exist with respect to the potential for primary indicator of the peak pressures expected for a C-E ;

oserpressurization, the validity and effects of coabin- System 80 plant. Therefore, a simple lumped.
ing the assumptions and simplifications, and also with parameter analysis was performed which
the effectheness of recovery procedures and the steam accounted fm the fact that the affected steam gen-
generator downcomer liquid lesel differential pressure erator represents u.'y one-fourth of the total avail-
measurement response effects on safety trip systems. able heat sink in Semiscale but one half of the total
To adaress these concerns, four feedwater line break available heat sink in a C-E System 80 plant. The
esperiments were performed in the Semiscale Afod-2C analysis produced estimated peak primary pres-
facility. The hiod-2C system is a small scale, nmnu- sures near 110% of the design pressure limit for the
clear, electrically heated, high pressure, high tempera- C E System 80 plant. This points out the need to
ture experimental system which simulates all of the perform best-estimate calculations with a thermal-
major components of a full-scale PWR. It contains a hydraulic computer code that has been assessed
vessel and two primary coolant loops. The affected against and verified for the results of these experi.
and unaffected loops simulate one loop and three ments.
loops of a four-loop PWR, respecthely. Both loops Final verification of the relative degree of con-
contain aethe steam generators and pumps, with the servatism inherent in FSAR assumptions and sim-
single-loop steam generator highly instrumented for plifications will require best estimate calculations
this test series. Experiments S-FS4, S-FS4B, S-157, performed with a verified computer code. How-
and S-FS-Il sirnulated 100,100,14.3 and 50% bottom

ever, the results of the analysis of the Semiscale
main feedwater line break secondary IDCAs, respec-

hiod 2C bottom main feedwater line break datathely. Experiment S-FS4B (a repeat of the initial
can be used as a basis for addressing the conserva-

phase of experiment S-FS4) ns performed to obtain
local heat transfer data not chtained durirg expenment

tism of a number of FSAR assumptions and simpli-
4 fications. Msumptions which maximize the

S FS4. Initial and boundary conditions were scaled
primary pressur!.ation but do not emulate the

from, and compounding failures and assumptions sim-
ulated, those conditions utilied for C E Sptem 80 actual respon e exhibited by the experimental data

are considered to be conservative. The SemiscaleFSAR c11culations. Data from the experiments should
results indicate that*'be useful for quantifying the safety margin inherent in

,

licensing assumptions, simplifications and calcula-
The C-E System 80 FSAR Appendix 15B*

tions, and in providing a data base for integral system assumption of 100% heat transfer until the
responses for assessment of computer codes and recov-

liquid inventory reaches 0% followed by a i
m pmcedmffecthmess,

step change reduction to 0% heat transfer
The results of the analysis of the Semiscale hfod 2C

is not conservative since it emulates thebottom main feedwater line break data were used as a ,

actual heat transfer degradation exhibited
basis for addressmg the pnncipal bottom main feed-
water line break issues and concerns, items addressed by the experimental data

include: the potential for primary oserpressurization; The C-E FSAR assumptions regarding*

the relatne degree of conservatism mherent in FSAR break flow severely distort the effeet of the
4

break size on the system response, provide

til
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no real benefit to the analysis, and would minimal and the basic thermal hydraulic responses
preclude accurate best-estimate calcula- were relatisely insensitive to the break size.
tions The automatic actions performed by the plant
The assumed main steam line check valve protective systems during the blowdown phase of '|*

failure used for the C-E FSAR calculations the experiments left the Semiscale hiod-2C system
is not conservative since the increased in a quasi stable state, but at conditions that did
steam flow from the unaffected loop steam not ensure suffident control of the system. The sta-
generator prior to SCRAh! increases the bilization opeiations performed (affected loop
unaffected loop primary energy removal, steam generator auxiliary feedwater termination,

,,

reducing the effect of the loss of the Sitermination.normalcharging/ letdown pressur-
affected loop heat sink izer internal heater, and unaffected loop steam t,en/
The C-E FSAR assumption regarding loss erator steam and feed operations) were very*

,

of offsite power at SCRAM is conservative effective in stabilizing the system at conditions
since it reduces the primary cooling follow- from which a controlled natural circulation
l'ig SCRAM and provides limiting condi- coaldown and depressurization could be initiated.
tions for system recovery operations The guidance provided by the EOPs was both ,

Configurational and fluid hydraulic appropriate and effective in stabilizing and regain.*

response dependencies of the downcomer ing control of the s> stem for all of the experiments.
liquid level measurements make them sus- No ves el upper head voiding occurred as the upper
pect for conservative assumption candi- head fluid remained highly subcooled. The limiting ,,

dates, but it is conceivable that they would criteria in regaining control of the system for all
produce earlier system SCRAM initiation three experiments was the recovery of the unaf-
and thus be nonconservative, f<.cted loop steam generator secondary liquid level,

with the smallest break size case requiring the great-
The secondary and primary thermal hydraulic est amount of time to recover the lost inventory.

responses are relatively insensitive to the break size. The natural circulation cooldown and depressur-
The main differences obsened are in the timing of ization operations performed foMowing system sta-
events and the quantitative responses. Very slight bilization for experiment S4S4 (i.e., picssurizer
break size sensitivities were observed in the affected auxiliary spray, pressurizer internal heater, ncamal
loop steam generator heat transfer degradation charging / letdown, and unaffected loop steam gen-
with loss of liquid inventory and the peak primary eraio: steam and feed with stairstep secondary
pressures. The normalized heat transfer versus nor- pressur6 ceduction operations), were very effective ,
malized liquid inventory for the affected loop in cooling down and depressurizing the primary
steam generator shows that the normalized heat fluid system in a control!cd manner. The unaffected
transfer remains at 100% until the normalized lig- loop steam generator steam and feed operationi
uid inventory reaches almost 0% for all three break with 0.71 MPa stairstep secondary pressure reduc-
size cases. The heat transfer then rapidly decreases : ions were successfulin cooling the primary fkid at
100%. A very slight break size dependency is exhib- about 25.6 K/h while maintaining satisfactory see-
ited in that the degradation in heat transfcr was ini- ondary inventory. Attempts to cooldown at faster

,

tiated at a slightly greater mass inventory and rates would be limited, however, by the capability ;

proceeded at a slightly slower rate for the smallest of the auxilinry feedwater flow to maintain second- |
'

break size case. This is due to a more gradual deple- ary imentorv. The combined operations of pressur-
tion of the tube bundle liquid imentory for the izer auxiliary spray and internal heaters
smallest break size case. The measured primary demonstrated excellent control of primary pressure

pressures eshibit a very slight sensitivity to break and subcooled margin. No vessel upper head void- ,

|size with peak values of 16.37,16.41, and ing occurred during the normal natural circulation
16.42 MPa for the 100,50, and 14.3% break size cooldown and depressurization phase (ninimurr '
cases, respectively. This is due to greater allowable primary fluid subcooled margin of
unaffected to-affected loop intersecondary flow 27.8 K), nor during the rapid natural circulation 4
past the failed check valve for the largest break size cocidawn and depressurization phase (minimum
producing increased unaffected loop steam genera- alloubic primary fluid subcooled margin of
tor primary energy removal and reducing the net 11.1 K). liowever, continuous teduction in the ves-

primary energy addition. While these very slight set upper head fluid subcooled margin was noted
break size dependencies did exist, their effect was for the rapid phase of the cooldown indicating that

iv
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' / continued operation in this mode would have those that occur during a loss of feedwater tran-

resulted in eventual vessel upper head voiding. sient or any other situation where a steam genera-
The fill and drain and pump restart methods of tor's mass inventory is substantially reduced and

vessel upper head void collapse both proved to be then slowly recovered with auxiliary feedwater
effective in cooling the upper head fluid and col- flow. Thus, the data would be useful for analyzing
lapsing the upper head void. However, an impor- problems encountered in simulating slow second-
tant observation was made with respect to ary refill conditions witt' a ttermal hydraulic com-
deterrnining final upper head void collapse. For puter code.

,both methods, the pressurizer liquM level started to Final determination of the potential for primary
increase before the upper head void was completely overpressurization and quantification of the degree
collapsed. This points out the importi.nce of moni- of conservatism inherent in the C-E System 80

; toring the rate of the pressurizer liquid level FSAR assumptions and simplifications will require
,e' increase to ensure that it matches that expected for the performance of best-estimate calculations with
'

the normal charging flow rate as a means of deter- a thermal-hydraulic computer code whi6 has been
mining final upper head sold collapse. The major serified against this experimental data. While veri-
differences noted for the two methods of upper fication of computer codes is beyond the scope of<

head void collapse were in the rate of the soid col- this report, one definite code deficiency has been,

lapse and the amount of cooling provided for the identified as a result of this analysis. The measured
upper head fluid and me*al. The fill and drain secondary convective heat transfer coefficients and
method (normal charging / letdown and pressurizer vapor void fractions indicate a trend of increasing
internal heater operations) resulted in a more rapid heat transfer coefficient with increasing vapor veld
collapse of the vessel upper head void. However, fraction. The CSd n mbined boiling / vaporization
the pump restart method (primary coolant pump convective heat trpwfer correlation currently used
restart) resulted in more cooling of the vessel upper in thermal-hydr 6ulic codes predicts exactly the
head fluid and metal. Therefore, it is conceivable opposite trend for the secondary convective heat
that the cooldown and depressurization could con- transfer coefficient variation with the vapor void
tinue at a more rapH rate using the pump restart fraction. It also significantly unde * predicts the
method of upper head void collapse. magnitude of the secondary convective heat trans-

The voided secondary refill operations per- fer coefficient. Improveuants in the secondary
tormed verified the effectiveness of the operations convective heat transfer cakulation methodology ,

er maintaining stable conditions while recovering will be required for thermal-hydraulic computer
the inventory in a voided steam generator. Refilling codes to accurately calculate the actual primary to-
th voided secondary provides a significant scurce secondary transier.t beat transfer. This will require

Iof girimary energy removal, ensures an adequate either modificmions to an existing, or development
cooling source for the prim?ry, and produces no of a new, boiling / vaporization convective heat,

major challenges to maintaining stable system con- transfer correlation based on the Semiscale
ditions. The secondary convective heat transfer re. Type 111 steam generator heat transfer data. The
establishment in the affected loop steam genetator data obtained during these experiments are of suffi-
exhibits the same trends in the secondary convec- cient detail and quality to allow verification of
tive heat transfer coefficient with respect to the thermal hydraulic computer codes for bottom
vapor-soid fraction, as was observed in the full- main feedwater line break, system recovery, and
power, steady-state, and transient data. The slower voided secondary refill calculations. The analysis
refill rate data exhibited the same phenomena but of the experimen. rzsults has provD.d invaluables
the secondary convective heat transfer coefficients insight into the phenomena and driving mecha-
utre smallet in magnitude. The voided secondary nisms evidenced in the experiments and is applica-
refill d 'a was obtained at conditions typical of ble to full-scaJe PWR plants.
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RESULTS OF SEMISCALE MOD-2C
FEEDWATER AND STEAM LINE BREAK

(S-FS) EXPERIMENT SERIES:
BOTTOM MAIN FEEDWATER LINE
BREAK ACCIDENT EXPERIMENTS

1

|

INTRODUCTION
!
;

Ihe Semiscale aperimental program conducted by feedwater line break calculations. Following the initial
ECdG Idaho, Inc., is part of the owrall research and phase, plant stabilization operations were performed
doelopment program sponsored by the U.S. Nuclear for tests S-FS-6, S-FS-7, and S-FS 11. Plant stabiliza-
Regulatory Commission (USNRC) through the tion was followed by: plant cooldown and depressuri-
Department of Energy (DOE) to ouluate the behasior zation operations (with wssel upper head void collapse
of pressurized water reactor (PWR) systems during method imestigations) for test S-FS-6; and affected
hypothesized accident sequences. The program's pri- loop steam generator break isolation and secondary
mary objecthe is to obtain representathe integral- and refill operations for tests S-FS-7, and S-FS.! 1. The dis-
separate-effects thermal-hydraulic response data to cussions of the responses of the primary and secondary
provide an experimental basis for analytical model fluid systems includes descriptions of the thctmal-
doelopment and assessment. The subject Semiscale hydraulic response and the mechanisms that drive the
hiod 2C experiments,I S-FS-6,2,3, S-FS-6B,a,2,3 response. The topics pertinent to the bottom feedwater
S-FS 7,2,4 and S-FS-II,5,6 were authorized and per- line break transients and related safety concerns dis-
formed under this program. The experiments simu- cussed include: transient identification; degradation of
lated bottom feedwater line break secondary loss of the affected loop steam generator primary-to-
coolant accidents and were identical except for the secondary heat transfer with loss of mass imentory;
break size (100r b for tests S-FS-6 and S-FS-6B, primary oserpressurization; the effects of break size;e

14.3r for test S-FS-7, and 50r for test S-FS-II), and effectiveness of plant automatic actions; effecthenesse e

the system recowry operations simulated. of plant stabilization operations; effectheness of plant
This report discusses results of the simulated bottom cooldown and depressurization operations; effecthe-

feedwater line break transients conducted in the Semi- ness of two methods of wssel upper head soid col-
scale blod-2C test facility and presents information lapse; and the effects of, degree of con <crsatism
pertinent to related safety issues. The Semiscale htod. inherent in, and applicability of, FSAR assumptions.
2C test facility is a small-scale nonnuclear model of a

One additional topse discussed is the system response
PWR power plant. The solume and thermal power of to seided secondary refill operations, which could
the test loop are 1/1705 those of the reference four-

occur in a loss of feedwater transient.
loop Westinghouse PWR (Trojan). The Semiscale The intent of this report is to preside insight into a
htod-2C facility is full height and contains the acthe

number of areas. First, the general appearance of the
components (core, pumps, steam generators, etc.) nec-

Semiscale htod-2C bottom feedwater line break tran-
essary to simulate all of the PWR components perti- sient is presented and the main elements of the tran-
nent to transient response simulation and osluation,

sient identified. This discussion will be helpful in
The scenario in Semiscale for the initial phase of the

gaining insight about the probable appearance of bot-
tests was based on the scenario used for the tom feedwater line break transients in PWR plants,Combustion Engineering (C-E) System 80 Final

although the magnitude and timing of the response
Safety Analpis Report (IMR) Appendix 15B bottom

for specific plants must be considered separately.
Next, a detailed description and analysis of a particu.
lar transient and the driving mechanisms and

a. Tot SF54B me a rescat of the initial phee of test SF5 6 thermal hydraulic response of that transient is pro-
rerforrned to ouain hear transfer dua na obuined dunng SF54. vided. This should improve the ability to track and
b. Percentage of the bottorn feed steam generatw feedwater assess thermal-hydraulic code calculations based on
dainbution bot total outlet flow area. the Semiscale hiod-2C bottom feedwater line break

I
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transient data. The effects of the break size on the degree of conservatism inherent in, and applicability
system responw are presented next, with the driving of, sescral bottom feedwater line break FSAR I

,

'

mechanisms affecting the response identified. This assumptions; the extent of the primary system pres-
should proside in3ight into the effects of break size on surization; and the effectiveness of the EOP-specified
transient sewrity. Then, the system response to plant recovery and cooldow n procedures for recosering and

stabilization operations, plant cooldown and depres- cooling dow n the plant.
suritation operations, and vessel upper head void col. The overall organization of this report is as follow s.
lapie operations are discussed and the driving Following this Intnx/uction, the Historical Back- ]
mechanisms affecting the response identified. This smund for these tests is discussed. This is followed by i

should proside insight into the effectiveness of the a brief system description and discussion of experi- )
'

operations specified in Emergency Operating Proce- mental procedure. Next, the general areas outlined
dures (EOPs) in stabilizing and recosering the plant above are presented in the order in which they
following a bottom feedwater line break. The system appeared above. This is followed by a discussion of
response to voided secondary refill operations is dis- the conclusions drawn based on the results of the bot-
cussed next, with the driving mechanisms affecting tom feedwater line break tests. Recommendations for
the response identified. 'this should proside insight additional uses of the data are provided, followed by a

,

ir.to the phenomena associated with refilling voided reference list. The appendixes contain the following

secondaries for scenarios such as loss of feedwater information: a detailed system description and test ,

transients. Finally, pertinent bottom feedwater line conduct information; comparisons of S-FS4 and ,

'

break issues are discussed in light of the results of S-FS-6B data to ascertain repeatability of results;
4

"
these tests. Major emphasis is placed on the test characterization of the affected loop steam generator
results relative to FSAR assumptions, current licens- steady state, full. power secondary thermal-
ing concerns, and emergency operating procedures, hydraulics; and figures prosiding additional informa-

,

This should provide insight into: the relative effects, tive data from the tests.

;
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HISTORICAL BACKGROUND

Although ruptures of steam generator main feed- quantincation of the degree of consenatism requires
water lines are not apected to xcur often in pressur- performing best-estimate feedwater line break calcula-
ized water reactor (PWR) plants, the potential tions utilizing a computer code that has been assessed
consequences of these cents necessitates their cami- for these types of cents. While significant information
nation. Thennal cycling has produced cracks on main on integral system response was prosided by three feed-
feedwater lines in a number of PWR plants.7 The water line break operiments 5,16 performed by thel

cause of a feedwater line leakage esent in the Niaine Semiscale Program in 1982 in the 51od-2A facility, lack
Yankee PWR has been attributed to pipe rupture at of sufGeient steam genemtor sceendary side measure-
such cracks following a water hammer esent.8 This ments made code assessment impractical. Hence, a
type of failure is postulated to result in a complete pipe need for operimental data required to allow assess-
rupture. A recent accident at the Surry Unit No. 2 ment of computer codes for feedwater line break esents
plant imched the rupture of a main feedwater line at was identified by the U.S. Nuclear Regulatory
the feedwater pump suction.9 Although these cents Commission (Reference 14). The need for operimen-
hase not been sorte, they indicate a potential for the tal data on primary-to-secondary heat transfer
occurrence of more sesere, feedwater line rupture response to secondary liquid mass imentory reductions
ornts. Depending on the break size and location and has also been identined and included in the Wes-
the response of the main feedwater system, the effects tinghouse h!odel Boiler (h18-2)l7 and Japanese
of a break in the main feedwater line can vary from a Atomic Energy Research Institute (JAERI) Rig of
rapid heatup to a rapid cooldown of the Nuclear Steam Safety Assessment (ROSA-IV)12rge Scale Test Facility
Supply System (NSSS). Breaks downstream of feed. (LS(T) operimental safety research programs.a
water line check vahrs have the potential to establish With this background information in mind, the
reverse Dow from the nearest steam generator back to feedwater line break experiments performed during the
the break, depending on the main feedwater system Semiscale 5fod-2C Fredwater and Steam Line Break I

operation and/or capacity. Reverse flow from the (FS) Experiment Series were chosen to proside data
affected steam generator can cause a rapid depletion of within a representathe range of typical PWR condi-
liquid imentory, reducing the heat tramfer capability tions, break sizes, and operating scenarios with appro-
and causing a rapid primary coolant system heatup priate consenatisms incorporated. The feedwater line
and pressurization. This rapid pressurization consti- break test parameters were scaled from a C-E
tutes a potential for overpressurization of PWR pri- System 80 plant. The boundary and initial conditions
mary coolant systems. The associated threat to the were consistent with those in Reference 10. Data from )integrity of the PWR pressure boundary necessitates the operiments will be useful in quantifying the safety
examining feedwater line break esents. margin inherent in licensing assumptions, simpliGea-

Due to the limited data base on present day pWR tions, and calculations, and in presiding a data base of
steam generators and associated sy stems, a large num- integral system reponse for assessing computer codes, j
ber of assumptiom and simplineations are employed The Semiscale N!od- C integral system bottom main 1

when performing calculations to predict system feedwater line break operiment heat transfer data will |

responses to main feedwater line break transients. Fore- also be complemented by N1B-2 program single com-
[most is an assumption regarding the degradation of ponent steam generator loss of feedwater experiment

primary to-secondary heat tramfer with reduction of heat transfer data and ROSA-IV program integral sys-
sceondary imentory that was considered to be highly tem natural circulation operiment heat transfer data.
consenathe. Such auumptions and simplineations The combined data from these programs will coser a
may predude accurate prediaion of adual system wide range of scale [l/48 volume scale for ROSA IV
reponse, or combine to distort ostrail behasior. Ired- (LSTF); 1/159 solume seale for h!B-2; 1/1705 solume
water line break calculations performed for the Com- scale for Semiscale Stod-2C), and should allow assess-
bustion Engineering (C E) System 80,10 St. Lucie ment of the affects of scale on the heat transfer phe-
No. 2,II Waterford,32 and Palo Verdel3 Final Safdy nomena obsened.
Analysis Reports (TSARS) have predicted peak pri- In terms of reactor operation and plant behasior,
mary system pressures in excess of the Standard Roiew major concerns regarding feedwater line break
Plan Section 15.2.8 pressure limit of 110% of the sys- nents include: recovery procedures and the effects
tem design pressure.34 Although the FSAR calcula-
tions were behe ed to be highly conservatise,

, g , y p7o,,,, y,, tin, y , u,,, ,, g,,,,,,,, 3 , , , ,, 3,
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thereupon due to compounding system failures; recovery procedures may lead to primary fluid sys-
and the steam generator downcomer liquid level tem voiding and eventual core uncovery, Break
differential pressure measurement response to flow location and size may also alter system behavior
out of the break and the effect, thereupon, to and transient severity, improperly indicated steam
related safety trip systems." incorrect choice of generator downcomer liquid levels could result in

delayed reactor and turbine trip, delayed main
steam isolation valve closures, delayed safety injec.
tion signals, and delayed initiation of auxiliary
feedwater injection. The feedwater line break

a. A Memo of Consermion, J. S. Maninell to Jack Gunman
(USNRC Licensing),leedhnt/Strambrw Break Issues, June 17, experiments performed addressed the concerns and
1983. effects of the aforementioned variables.
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SYSTEM DESCRIPTION AND EXPERIMENTAL PROCEDURE

| System Description lower downcomer and the riser provided Guid
| hydraulics data for the tests.

The facility condguration required for the Feed-
water and Steam Line Break (FS) Test Series is the Exper.imental Procedure
Semiscale Mod-2C system. A more detailed descrip-
tion of the facility as configured and instrumented for The four feedwater line break tests performed
the bottom feedwater line break tests is contained in during the FS Test Series simulated transients ini.
Appendix A of this report. A greatly detailed descrip- tiated by a break in a steam generator bottom
tion of the facility as configured and instrumented for main feedwater line downstream of the check
the bottom feedwater line break experiments is con- valve. The initial conditions and sequences of
tained in the Semiscale Mod 2C Feedwater and Steam events were specified to simulate the initial condi.
Line Break (FS) Test Series Configuration Docu- tions and assumptions used for the Combustion
ment.I8 Brie 0y, the system is scaled from a reference Engineering (C-E) System 80 Final Safety Analy-
four loop pressurized water reactor (PWR) system sis Report (FSAR) Appendix 15B calculations
based on the core power ratio, 2(MWth)/ (Reference 10). A more detailed discussion of the
3411(MWth).19 Component elevations, dynamic initial conditions and sequences of events for the
pressure heads, and liquid distributions were main. bottom feedwater line break tests is contained in
tained as similar as practical. The two-loop test con. Appendix A of this report. A greatly detailed dis-
figuration consisted of the vessel with a 25-rod cussion of the experimental procedure for the
electrically heated core and external downcomer, feedwater line break tests is contained in Refer-

tube-and-shell steam generators, and associated loop ences 2 through 6 and 18. Briefly, with the excep-

piping with circulation pumps. The affected loop (in tion of primary pressure, the initial conditions for

which the bottom feedwater line break occurs) is the tests represented the full-power conditions

scaled to represent one loop of a four-loop PWR and used for the C E System 80 FSAR calculations.

the unaffected loop represents three loops of a four- The initial primary pressure represented the nor-

loop PWR. The Mod-2C system consists of the mal full-power operating pressure of the C-E Sys-

Mod 2B system with seseral modifications, foremost reference plant. Many oMe assumptjonstem
ma e r sem calcul uonsis a new Tjpe M affected loop steam generator. The
were used for these tests. The assumptions simu.

Type 111 steam generator design incorporates a down-
lated were: loss of all main feedwater at break ini-

comer that is outside the tube bundle and riser see' tiation; failure of the check valve in the main
tions. In this manner, component mass im entory and steam line of the affected steam generator; reactor
duid property (including density / void fraction)infor- trip due to high pressurizer pressure; loss of offsite
mation was obtained. The design also includes a power at reactor trip; safety injection (SI) and '

steam dome with separator equipment which pro- main steam isolation valve (MSIV) closure signals
vides steam exit qualities of at least 90% during full- generated based on low affected steam generator
power, steady-state operations. Component now secondary pressure; no credit taken for the charg-
areas, volumes, lengths, and pressure drops have been ing system; and only one train of high pressure
sized to simulate a Westinghouse Model 51 steam injection (HPI) available. Compensation for envi.
generator. Temperature measurements from the pri- ronmental heat loss was prosided through heat
mary Guid, U-tube outside wall, and secoadary Guid addition with trace heaters on the exterior of the
were normalized to provide heat transfer data for the pressure boundary and through augmentation of
tests. Measurement spool pieces in the upper and the core power.

!
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EXPERIMENTAL RESULTS

| This section presents an interpretise description S-FS 7, and S-FS-II included in this discussion

| ofimportant thermal hydraulic phenomena associ- are the primary and secondary pressure, tempera-
| ated with Semiscale Mod 2C Bottom Main Feed- ture, and Guid inventory responses to plant stabili-

| water Line Break Experiments S FS 6, S FS-6B, zation operations, as taken from EOPs. The system

| S FS 7, and S FS-II. The discussion is aimed response to plant cooldown and depressurization
toward aiding: code development and assessment operations for test S FS-6 is then discussed.
efforts; Emergency Operating Procedure (EOP) Included in this discussion are the primary and sec-
effectiveness analysis efforts; soided secondary ondary pressure, temperature, and fluid inventory j

'

refill response analysis efforts; and Final Safety responses to plant cooldown and depressurization

| Analysis Report (FSAR) assumption analysis operations, as taken from EOPs. Next, the system
| efforts. Therefore, the section concentrates on the response to vessel upper head void recovery opera-

| phenomena that either is of particular challenge to tions is discussed for test S-FS-6. Included in this
code application or is pertinent to EOP effective- discussion are the primary pressure, temperature, !

ness, voided secondary refill response, and/or and Guid inventory responses for two methods of
FSAR assumption analysis efforts. Most of this vessel upper head void collapse (thefill and drain

section refers to S-FS-6/S FS-6B data (the 100% and the pump restart methods). The system
break case tests). The pressure and hydraulic response to refilling of the voided affected loop
responses presented are from S-FS-6 data, w hile the steam generator secondary for tests S FS-7 and
local heat transfer and thermal responses presented S FS 11 is then discussed. Included in this discus-
are from S FS-6B data. A comparison of results sion is the primary and secondary pressure, temper-
from tests S-FS-6 and S FS-6B is presented in ature, and Guid inventory responses and affected
Appendix B. The excellent agreement show n in the loop steam generator secondary heat transfer rates
data comparisons of Appendix B provides verifica- (local and global) for tl e two tests (two different
tion of both the repeatability of results and the refill rates). Finally, based on the results of these
validity ofintermingling the data from the two tests tests, pertinent bottom feedwater line break issues
for the experimental results discussions. Following are discussed. Major emphasis is placed on the test
an oserview of the gross system response during the results relative to FSAR assumptions, current

| blowdown phase of a bottom feedwater line break licensing concerns, and EOP-specified recovery -

secondary loss of coolant accident (LDCA), the operations,
secondary response during the blowdown phase is
discussed along with the mechanisms driving the Overview of a Steam Generator
response. Included in the discussion on secondary
response during the blowdown phase is the pressure Bottom Main Feedwater Line
response for both secondaries, hydraulic response Break
for both secondaries (with the emphasis on the

! affected loop steam generator), and thermal Preliminary to the detailed discussion of S FS-6,

| response for both secondaries (with the emphasis S-FS-68, S-FS-7, and S FS-Il results, this section

j on the affected loop steam generator and its local presents a qualitative overview of the gross system
| heat transfer response). Next, the primary response response to a bottom main feedwater line break sec.

associated with the secondary response is discussed ondary LOCA, with special emphasis on major
along with the mechanisms driving the response, events that affected the primary energy balance, !

Included in the discussion on primary response and thus transient severity. System response during

during the blowdown phase is the pressure a bottom main feedwater line break downstream of
response, hydraulic response, and thermal the check valve is characterized by a secondary

response. The influence of break size on the blow- depressurization with totalloss of the affected loop
down phase of a bottom feedwater line break see- steam generator secondary fluid mass inventory
ondary LOCA is then discussed, included in this and substantialloss of the unaffected loop steam
discussion are the secondary and primary thermal- generator secondary fluid mass imentory (due to
hydraulic response comparisons and the driving the failed main steam line check valve), as show n in

mechanisms. Next, the ef fectiveness of plant stabi- Figure 1. The affected loop steam generator sec- .

lization operations is discussed for tests S-FS-6, ondary fluid mass inventory is controlled by the ]

6
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Tigure 1. Affected and unaffected loop steam generator secondary pressures and normalized secondary fluid mass
incentories during the blowdown phase of a 100r FWLB experiment.e

fluid mass balance formed by: loss of main feed- decreases, the now between the secondaries via the
water; flow out the break; flow out the main steam main steam header increases. The increased loss of
line before turbine stop valve closure; flow from the inventory from the unaffected loop steam genera,
anaffected loop steam generator seeondary past the tor initiates a slow depressurization of the unaf.
failed main steam line check valve before main fected loop steam generator secondary. These
steam isolation vahe (NISIV) closure; and auxiliary depressurizations continue until the high pressur-
feedwater flow. The unaffected loop steam genera. izer pressure reactor and turbine trip (SCRAht) set
tor secondary fluid mass imentory is controlled by point is reached (at about 23 s in Figure 1). Due to
the Guid mass balance formed by: loss of main the SCRAh! signal, the turbine stop salves close
feedwater; flow out the main steam line before tur. causing a period of repressurization for both see-
bine stop vahe closure; flow to the affected loop ondaries as the energy addition to the secondaries
steam generator secondary past the failed main from the primary exceeds the energy removal via
steam line check valve before htSIV closure; and the break. This continues until the break energy
auxiliary feedwater flow. As show n in Figure 1, the removal exceeds the energy addition to the second-
loss of mass from the secondaries initially produces aries from the primary. The secondaries then enter
only a minor step change in pressure. The pressures a period of gradual depressurization under the
then hold steady as sapor generation in the second- influence of the break energy removal. The second.
aries continues. As the affected loop steam genera. aries remain coupled until the affected loop steam
for liquid imentory is depleted (normalized fluid generator secondary pressure reaches the low pres-
mass of 12r is all vapor in Figure 1), the sapor sure set point (at about 101 s in Figure 1) initiatinge

generation in the affected loop steam gerierator is the safety injection (SI) and h1SIV closure signals.
stopped. The continued loss of irwentory sia the The depressurization of the unaffected loop steam
break and the main steam line produces a reduction generator is halted w hen the h1SIV fully closes iso-
in secondary pressure. As the flow out of the lating the unaffected loop steam generator and
affected loop steam generator main steam line causing a slight repressurization of the secondary.

7
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| The affected loop steam generator continues to Secondary Response to a Steam
} depressurize until the generator is essentially empty Generator Bottom Main
i (at about 150 s in Figure 1). The remainder of the Feedwater Line Breag
: blow down phase of the transient is characterized by

! the affected loop steam generator auxiliary feed-

| water entering the upper downcomer and exiting Understanding the secondary fluid system
via the break while the unaffected loop steata gen- thermal hydraulic response during a bottom maini

erator auxiliary feedwater recovers the secondary feedwater line break secondary LOCA is impor-4

] inventory and provides cooling, w hich aides in sta- tant, because the p utization of the primary
1 bilizing the unaffected loop steam generator sec- fluid system is controli;d by the secondary
'

ondary pressure and the primary system fluid response. Basically, the primary pressure response
; temperature. is controlled by an overall energy balance involving
j The primary fluid system response is a rapid core power, primary to-secondary heat transfer,
j pressurization in response to the loss of primary to- and heat loss. There are several characteristic
; secondary heat transfer during the bottom main indection points in the secondary nuid system
j feedwater line break secondary LOCA. As shown thermal hydraulic response to a bottom main feed.

,

'

in Figure 2, the primary fluid rapidly heats up as water line break secondary LOCA. The causes of
the affected loop steam generator primary to- these inflection points are discussed in this section.
secondary heat transfer reduces (beginnir.g at The general sequence of events affecting the sec- j

.
about 10 s in Figure 2). This causes the primary ondary response are outlined first. This is followed '

1 nuid to expand and rapidly pressurizes the primary. by discussions of the pressure response, hydraulic
1 The pressurization of the primary continues until response and thermal response for both second-

about 4 s after the high pressurizer pressure aries with major emphasis on the affected loop
SCRAh! set point is reached (until about 27 s in steam generator. Because all of the bottom main

-

Figure 2) with the peak pressure occurring in the feedwater line break experiments had similar basic,

loop cold legs. The primary system response after secondary thermal hydraulic responses, this dis-
this point is goserned primarily by automatic cussion refers to S FS-6/S-FS-6B data only. Break

-

actions (core power decay, turbine stop valve clo- size effects will be discussed later. |
1 sures, htSIV closures, and auxiliary feedwater |

flow) and the loop Dow reductions resulting from j;

j pump coastdowns following loss of offsite power. General Secondary Response. The occurrence
| Following SCRAhi, the rapid reduction in core of a break in a steam generator bottom main feed-

i power combined with the slower closure time for water line dow nstream of the check valve produces
the turbine stop valves produced a rapid depressuri- severe effects on the steam generator secondary.
zation of the primary duld system. The period of The bottom feedwater line break initiated the tran-
rapid depressurization is followed by a period of sient at 0 s. Secondary fluid originally at 6.26 htPa,

! slower depressurization due to core power decay nowed from the affected loop steam generator
; and intersecondary flow. Finally, loop flow reduc- through the break flow nozzle and into the catch
' tion (following loss of offsite powet),51SIV clo- tank. Compounded by the loss of all main feed-
j sure, and auuliary feedwater injection produce an water at transient initiation, the unaffected loop
i unaffected loop steam generaict energy removal steam generator also experienced a reduction in

rate that is close to the core decay heat level, rewh irwentory under the influence of the continued
; ing in a very slow depressurization of the primary steam nov. before closure of the normal main
: fluid system. The primary fluid system pressure steam flow control valves (turbine stop valve simu.

remains above the high pressure injection system lators) at SCRAht (reactor and turbine trip). Fur- !:

j (HPIS) shutoff head so that HPIS injection does ther compounded by the failure of the affected loop
'

| not occur. steam generator steam line check vahe, the unaf-
I At the end of the blowdown phase of the tran- fected and affected loop steam generators remain

sient, the primary and secondary systems are suffi- coupled, with transfer of invemory from the unaf-
. ciently stable to allow transient identification and fected loop to the atfee:ed loop steam generator

plant stabilitation and recosery operations to and out the break, until htSIV clomre. Following
.

j begin. 51SIV closure, the secondaries decouple whh the

I

!

! 8
I;

i !

i
. . .

- -.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

16.4 25, , , , , , , , , , , , ,

16.2 20- -

16.0 15
- -

15.8 10- , -

-

2 - ;|; ; -1 - " %'aaaaao o
-

y ~ - . > - c' ' ' ' '
5 C15.2 - -

o C
(

E - 10 3$ 15.0 :'
-

X Pressurizer pressure (* 0.07 MPa) .e.,

o 14 8 - '' O Loop cold leg pressure (* 0.07 MPa) - 15 3
C- 4 ALSG energy removal E

14.6 20 50 (% of initial core power)(* 15%)- -

20 Net primary energy addition
- -25~

(% of initial core power)(* 15%1
14.2 30- -

14.0 35- m v v m _
-

v v v v m m m m _

2' ' ' ' ' ' ' ' ' ' " '' " "m
.

13 8 -40~ --

0 10 20 30 40 50 60 70 80 90 '100 110 120 130 140 15 0
Time (s) '"*-2

Figure 2. Normalized affected loop steam generator energy removal, normalized net primary fluid system energy
addition and pressurizer and loop cold les pressures during the blowdown phase of a 100% FWLB
experiment,

affected loop steam generator emptying and decou- continued until the normal steam flow control
pling from the primary and the unaffected loop valves (turbine stop valve simulators) closed at
steam generator slowly refilling with auxiliary feed- SCRAh! (at about 23 s). The secondaries then
water and slowly repressurizing. experienced a period of repress:rization as the

energy addition to the secondaries from the pri-
mary exceeded the energy removed via the break.

Secondary Pressure Response. The secondary This continued until about 35 s when the break
pressure responses are characterized by a number energy removal exceeded the energy addition to the
of inflection points associated with changes in the secondaries from the primary. The secondaries
mass and energy balances. As shown m Figure 3,

then entered a period of gradual depressurization
the loss of mass from the secondanes mitially pr*

under the influence of the break energy removal.
duced only a minor step change in pressure at about

The affected loop steam Fenerator seconciary
2 s. The pressures were then held steady as vapor 'reached the low pressure set point of 4.47 hlPa atgeneration m the secondaries, due to the primary-

about 101 s. This initiated the SI and htSIV closureto-secondary heat transfer, contmued. After the
loss of hquid imentory at about 13 s, the vapor signals. The depressurization of the unaffected

generation in the affected loop steam generator was I op steam generator was halted when the hlSIV

stopped with the secondary fluid inventory consist- fully ci sed at about 104 s. Following I,tSiv clo-

ing solely of vapor. The continued loss of inventory sure, the unaffected loop steam generator experi-

via the break and the main steam line produced a enced a slight repressurization due to energy
reduction in secondary pressure. As the flow out of addition from the primary fluid system in the
the affected loop main steam line decreased, the absence of secondary feeding and steaming. The

flow between the secondaries sia the crossoser line affected loop steam generator continued to depres.

increased. This increased the loss of inventory from surize until ;he generator was essentially empty at
the unaffected loop steam generator and initiated a about 150 s. The affected loop steam generator
slow depressurization of the unaffected loop see, became essentially decoupled from the primary
ondary. The depressurization of the secondaries fluid system for the remainder of the transient. The

9
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Figure 3. Affected and unaffected loop steam generator secondary pressures during the blowdown phase of 100re
FWLB experiments S FS-6/6B ( 10 to 150 s).

unaffected loop steam generator secondary pres- comer, and extraction of steam in the steam dome.
sure continued to experience a very gradual increase The intercomponent flow consists of two-phase
due to the primary energy addition exceeding the now in the tube bundle region with separated
auxiliary feedwater energy removal. At the ead of steam exiting the steam dome and liquid being
the blowdown phase of the transient, the secondary recirculated down the downeomer. Subcooled
pressures were fairly stable. liquid is added in the lower downcomer to replace

the mass of steam removed in the steam dome. The
downcomer downflow, tube bundle upflow, and

Secondary Hydraulic Response. Understand- steam and feedwater nows result in a mass balance
ing and calculating the affected loop steam genera- for all of the secondary components.
tor secondary fluid system hydraulic response to a " P '' #"* 8 '"""I ' '"O "'Y
bottom feedwater line break requires consideration fluid hydraube characteristics are substantially
of the intercomponent as well as the break now altered during a bottom main feedwater line break
responses. The transient hydraulic response may be
better understood after considering the hydraulic '" "d"'Y .LOCA. The simulated bottorn main j

feedwater hne rupture initiated the loss of inven-
conditions that exist in the secondcy fluid system

tory and the resulting changes in the fluid hydraulic
at steady state, full power conditions. The steady, conditions at time 0. As shown in Figure 4, the
state secondary fluid hydraulic characteristics can

break flow peaked at about I s as subcooled liquidbe gleaned from the included figures for times
critical now was established. The subcooled liquidbefore transient initiation (time = 0 s), or from
break flow exceeded the measurement capacity ofthe discussion in Appendix C. Briefly, the second.

ary fluid hydraulics at steady-state, full-power con. the drag screen assembly for a short period of time.

ditions consist of a two-phase natural circulation Howeser, a best-estimate break flow was obtained,

flow condition. The flow is drisen by the liquid which provides good indication of the subcooled

head difference between the downcomer and the liquid and single-phase vapor break now for the
tube bundle, boiling in the tube-bundle region, transient. The break flow transited the full rar.ge of

Iaddition of subcooled liquid in the lower down- possible fluid flow states (i.e., subcooled liquid,

l

10

1

.i



I

5
,i

i i i i , , , , , , , , , ,

i

| j Measured (* O.33 kg/s)
t ---- B e s t e s tim a t e ( 0.05 kg/s)

| 4 - | -

|
!.1

7 !
|

E3 - '
-

di

| 3 +
ca

{2 --

e
.

$ 1 - -

::i

NNM MWWW%

' ' ' ' ' ' i ' ' ' ' ' ' ' '-1

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time (s) m iros.4

Figure 4. Measured and best-estimate break mass flow rates during the blowdown phase of 100% FWLB experiments
S FS-6/6B ( 10 to 150 s).

saturated liquid, two phase fluid, and single-phase in nonuniform rates ofinventory reductien for the
vapor) as the secondary fluid mass inventory was downcomer and tube-bundle regions, as shown in
dephted (Figure 5). The break Dow was of suffi- Figures 9 and 10. The initial reduction in total sec-
cient magnitude to cause the flow in the affected ondary msss inventory involved a more rapid rate
loop steam generator upper downcomer to of reduction in the tube bundle mass inventory than
increase, while the flow in the lower downcomer in the downcomer mass inventory. The reduction in
between the break and the tube bundle section the tube bundle flow rate and inven:ory, combined
reversed (Figure 6). However, because of the con- with the continued energy addition from the pri-
tinued boiling in the tube-bundle region and the mary, drose the initially stratified two-phase tube
continued normal steam flow, the Dow at the top of bundle fluid to a uniform two-phase condition with
the affected loop steam generator riser did not a void fraction of about 0.9 (Figure 11) at about
reverse, but merely decreased in magnitude 5 s. The entire tube-bundle region secondary fluid
(Figure 7). These Dow conditions existed until imentory then transitioned to an all-vapor condi-
about 10 s into the transient when the secondary tion (void fraction of 1.0) as the tube bundle liquid
liquid inventory was nearly depleted. Thus, a Dow inventory was finally depleted. This had a severe
split existed in the tube-bundle regica until the sec- effect on the primary to-secondary heat transfer, as
ondary liquid imentory was nearly depleted. After will be discussed presently, because the transient
the secondary liquid imentory was depleted, a new heat transfer is almost totally dependent upon the
mass balance was achies ed in the secondary. Steam tubc bundle secondary Guid hydraulics. Thus,
entered the steam dome from the crossover line accurate modeling of the entire secondary fluid sys-
(Figure 8). The flow then split, with approximately tem Dow areas, volumes, and hydraulic resistances
half of the steam flowing down the downcomer to and accurate calculation of the intercomponent as
the break, and the other half flowing dow n the tube well as the break mass flow rates is necessary to
bundle to the break. ensure accurate prediction of the heat transfer

It is important to note that the transient induced response during a bottom feedwater line break
intercomponent mass now rateimbalances resulted transient.

I1
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1
i The secondary fluid hydraulic response of the Secondary Thermal Resporme. Understanding

unaffected loop steam generator was effected by and calculating the affected loop steam generator sec.'

the mass balance for the secondary. The mass bal- ondary fluid system therraal response to a bottom
ance was cffeced by the feedwater and steam flows feedwater line break requires consideration of the tube-

and the intersecondary flow. The loss of a!! feed- bundle region sesondary Guld thermal-hydraulic
! water at break initiation caused the initial mass response, The tmnsient thermaf respome mry be better

imbalance for the unaffected loop steam generator understcod after considering the thermal conditions ;

that uist n he ramdary Guid sptem at stedy-state,8secondary fluid syvem. Continued steaming at
full.;ower conditions without feedwater addition full-power ethditions, The steady-sta'.c occondary 0uid [(
initiated the loss of secondary inventory, as shown thermal diaracteristics can be gleaned fromdhe (, j,

I in Figure 12. The situation was aggravated further ind..ded figures for times before transient initiauon f d
'

'

wben the intersecondary flow (Figure 8) increased (time a 0 s), or from the discussion in Appendit C. ;

as the affected loop steam generator secondary Brie 0y the secondary fluid thermal characteristics at ;,

{ fluid imentory was depleted. Following SCRAM, steady vate, full-power conditions consist of: feed- [
; the closure of the normal steam flow control vahrs water entmng the lower dcecomer and producing ;

(turbine stop valve simulators) reduced the rate of sligff subcoo.ed liquid at the entrance to the tube r

imentory loss with the inventory at about 78re of buw.;t corattined forced comtetion nucleate boiling

; the initial mass. Howeser, the Intersecondary flow and forced comtetion nporitation heat transfer in the
i coatinued to reduce the secondary imentory to a tube-bundle region; two-phase Duid mixturc etiring the C
j minimum value of about 43ro of theinitialmass at tube bundle; and vapor generated in the tube-burdle ; .

r''

MSIV closure. Recovery of the secondary imentory r.gion enting the steam generator as high quality i

| was then initiated by autillary feedwater injection, steam. The energy addition from the primary fluid sys. |
| as indicated by the liquid les el response (Figure 13), tem, r ad of the feedwater subcooling, bei"mg in !

I
i At the end of the blowdown phase of the test, the the tube bundle, and high quality steam now out of the',

secor.dsry resuh in an energy balance for the secondary; secondary imentory had recovered to about $1re s ;

i of the initial mass. tiuidVtem. |
d !
! !
; a ,

i
1
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Consideration of the steady-state local heat Chen24 also predict the correct tiend of decreasing
transfer parameters provides invaluable insight into convective heat transfer coefficients with decreas-
understanding the transient primary-to-secondary ing wall-to-fluid temperature difference. However,
heat transfer response. Brieny, the local heat trans- the Chca correlation predicts the wrong trend for
ter parameters were obtained from: the normal- ' t'n heat uansfer coefficiqt variation with void
ized primary fluid, U-tube outside wall and fraction (decreasing heat transfer coefficients with
secondary fluid temperature measurements, (the increasing void fraction), flere too, the predicted
normalized temperature triplet measurements); the values for the Dengler and Addoms,3ennett and
primary fluid pressure measurements; the U tube Chen correlations rse, for the most part, signifi-
volumetric flow rate measurements; and iterating cant'y smaller than the measured. A slightly modi-
using the Colburn correlation to determine the U- fied version of the Chen correlation is used in
tube inside wall primary fluid convective heat current thermal-hydraulic computer codes.25,26
transfer coefficient and the U-tube 4ih wall Reasonable calculations of the steady-state
metal temperature. The :neasureme:as and correla- primary-to-secondary heat transfer can be
tion were utilized in the solution of the energy obtained using this correlation brause the steady-

i equation to determine the local heat flux and the stat t heat transfer is controlled by the conduction
| local secondary fluid convective heat transfer coef- through the U-tube wall. As long as the calculated
) ficient. The procedure is discussed in greater detail secondary convective hea transfer coefficient is of

in Appendix C. The U tube outside wall heat Gux large enough magnitude to remove the energy con-
distribution (Figure 14) shows a large variation in ducted through the wall, the steady-state heat
the local heat flux versus lergth along the tube for transfer will (e satisfactorily calculated. However,
both tubes. The majority of the primary energy during a transient involving the loss of secondary

~

removal (approximately 75 %) occurs in the ur(1r w inventory, the primary-to-secondary heat transfer
side of the tubes, as evidenced by the integmted is eventually limited by the convection heat transfer
local heat flux versus length along the tube to the secondary fluid. Because existing correla-
(Figure 15). This is due primarily to the larger pri- tions do not predict the proper void fraction depen-
mary fluid to-secondary fluid temperature differ- dency for the convective heat transfer coefficient,
ence on the upflow side. The mcasured seconaary the calculated transient heat transfer response will
fluid convective heat transfer coefficient distibu- not be accurate.
tion also shows a large variation with elevnion While the affected loop steam generator second-
above the top of the tube sheet and upflow ta ary fluid thermal characteristics are altered signifi-
downflow side locations (Figures 16 ana 17) .Thus, creatly during a bottom main feedwater line break
the measured secondary convective heat transfer secondary LOCA, the total primary-to-secondary
coefficient increases with increasing vapor-void heat transfer is not altered substantially until the
fraction (Figures 16,17 and C-5) and decreases tube bundle liquid inventory is depleted. As shown
with decreasing wall-to-fluid temperature differ- in Figure 18, the affected loop steam generator
ence (Figures 16,17 and C-8 through C-II). This total primary-to-secondary heat transfer remained
measured trend in the secondary convective heat at the initial condition value until the second;ry
transfer coefficiem provides a major clue to the liquid inventory was depleted at about 13 s. The
measured transient response. primary-to-secondary heat transfer then decreased>

Existing correlations for forced ccavectica boil- rapidly. Plotting the normalized heat transfer ver-
ing heat transfer will not provide accurate c n.,da- sus normalized total and tube-bundle region liquid
tions of transient heat transfer response. As shown inventory versus the normalized t ube-bundle region
in Appendix C, forced convection correlations, liquid inventory for the affected loop steam genera-
such as Jens Lottes20and Thom21 predict the mr- tor (Figure 19) shows that the normalized heat
rect trend of decreasing coniective heat tnnsfer tiansfer remained at 100% until the normalized
coefficients with decreasing wall-to fluid tempera- total and tube bundle region liquid masses reached
ture difference, but do not include a void fraction a.m5st 0%. The heat transfer thet decreased rap-
dependency. Also, the predicted values are, for ths > idly to 0%. This close relationship between the heat
most part, significantly smaller than the measured transfer and the liquid inventory is due to the strong
values. Ferced convection vapocization heat trans- rependency of the secondary convective heat trans-
fer correlations such as Dengler and Addoms22 fEr coefficient upon the vapor-void fraction. As
and Bennett,23 and combined nucleate boiling / , showr in Figures 20 through 27, the local second-
vaporization heat transfei < correlations, such as ary convective heat transfer coefficients increase in

\
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Figure 14. Affected loop steam generator average full-power, steady state U-tube outside wall heat flux versus length
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Figure 20. Afrected loop steam generator secondary comective heat transfer coefficients at the 61 cm eloation
during the blowdown phase of 100% FWLB experiments S-FS4/6B (.10 to 50 s).
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Figure 22. Affected loop steam generator secondary convective heat transfer coefficients at the 137 cm eloation
during the blowdown phase of 100% FWLB experiments S-FS-6/6B (-10 to 50 s).
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Figure 23. Affected loop steam generator secondary convective heat transfer coefficients at the 213 cm cloation
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Figure 24. Affected loop steam generator secondary convective heat transfer coefficients at the dos em elevation
during the blowdown phase of 100% FWLB experiments S-FS-6/6B ( 10 to 50 s).
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Figure 26. Affected loop steam generator secondary comective heat transfer coefficients at the 709 cm elevation
a

during the blowdown phase of 100% FWLB experiments S FS-6/6B ( 10 to 50 s).
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a manner directly proportional to the local vapor- than the amount associated with the loss of the
void fractions (Figure 11). This continues until a affected loop steam generator heat sink (nominally
liquid-deficient condition exists (the local vapor- 500 kW). Thus, the failure of the affected steam
void fractions rexh a value of 1.0), causing the generator main steam line check valve resulted in
locat heat transfer coefficient to rapidly decrease to increased unaffected loop steam generator
zero. Thus, the total primary-to-secondary heat primary-to-secondary and limited the net primary
transfer remains high until the tube-bundle region energy addition to only about one-half of that
is devoid ofliquid. The heat transfer then degrades associated with loss of the affected loop steam gen-
rapidly to zero due to the liquid-deficient condi- erator heat sink. This reduced the rate of the pri-
tions. This indicates that the assumption made for mary fluid expansion and lessened the amount of
the C-E System 80 FSAR Appendix 15B calcula- primary fluid system pressurization, as will be dis-
tions regarding the reduction of heat transfer with cussed next.
liquid inventory (i.e.,100% heat transfer until the

| liquid inventory is depleted followed by a step primary Response to a Steam
change reduction in the heat transfer to 0%)is not Generator Bottom Main

'

| conservative, but closely emulates the measured
secondary convective heat transfer response to the Feedwater Line Break
loss of liquid inventory.

The secondary fluid thermal response of the Understanding the primary fluid system
unaffected loop steam generator was affected by thermal-hydraulic response during a bottom main
the energy balance for the secondary. The energy feedwater line break secondary LOCA is impor-
balance was affected by the feedwater and steam tant, because the degree of pressurization of the
flows, intersecondary flow, primary loop flow primary fluid system depends upon the thermal-
reductions, and auxiliary feedwater injection. The hydraulic response to the loss of the heat sink. The
loss of energy removal capacity associated with the primary pressure response is determined by the pri-
loss of all feedwater at break initiation was initially mary energy balance and the pressurizer surge line
offset by the increased normal steam flow hydraulic resistance. There are several characteris-
(Figure 28). This allowed the total primary-to- tic inflection points in the primary Huid system
secondary heat transfer (Figure 18) to remain at the thermal-hydraulic response to a bottom feedwater
initial condition value. The continued normal line break secondary LOCA. The causes of these
steam flow before SCRAhi, combined with the inflection points are discussed in this section. The
increased intersecondary flow, increased the unaf- general sequence of events affecting the primary
fected loop steam generator total primary-to- response are outlined first. This is followed by dis-
secondary heat transfer before SCRAh!. Following cussions of the pressure response, hydraulic
SCRAhi, the loss of offsite power induced the pri. response, and thermal response for the primary
mary coolant pump trips and associated loop flow fluid system. Because all of the bottom main feed-
reductions. The decreased unaffected loop flow water line break experiments had similar basic pri-
caused a decrease in the unaffected loop steam gen- mary thermal hydraulic responses, this discussion
erator total primary-to-secondary heat transfer as refers to S-FS-6/S-FS-6B data only. As with the
the loop transitioned to the natural circulation secondary response discussion, break size effects
mode of heat transfer. The natural circulation heat will be discussed later.
transfer was enhanced by the removal of energy
from the secondary via the intersecondary flow General Primary Response. The occurrence of
before htSIV closure. Following h!SIV closure and a break in a steam generator bottom main feed-
Si signal generation, the secondary energy removal water line downstream of the check valve produces
was provided by the injection of auxiliary feed- severe effects on the primary fluid system. The
water into the unaffected loop steam generator bottom main feedwater line break initiated the
secondary starting at about IN s. The auxiliary transient at 0 s. The primary fluid system exhibits a
feedwater provided secondary energy removal for rapid pressurization in response to the net loss of
the remainder of the test. primary to secondary heat transfer during the see.

The increased unaffected loop steam generator ondary LOCA. The primary fluid rapidly heats up
total primary-to-secondary heat transfer produced as the affected loop steam generator primary to-
by the intersecondary flow caused the overall pri- secondary heat transfer reduces. This causes the
mary energy removal deficit (Figure 29) to be less primary fluid to expand and rapidly pressurizes the
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Figure 28. Unaffected loop steam generator steam mass flow rate oaring the blowdown phase of 100re FWLB
experiments S-FS-6/6B ( 10 to 150 s).
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primary. The pressurization of the primary con- pressure trip set point (15.86 h1Pa) and the peak sys-
tinues until about 4 s after the high pressurizer tem pressure. nis pressure difference would ha e been
pressure SCRAh! set point is reached with the peak even greater had the unaffected loop steam generator
pressure occurring in the loop cold legs. Follo ving primary-to-secondary heat transfer not increased due
SCRAh!, the rapid reduction in core power com- to the substantial intersecondary Dow, as discussed in

bined with the slower closure time for the normal the secondary response section. De increased unaf-
steam flow control valves (turbine stop valve simu- fected loop steam generator primary energy removal
lators) produced a rapid cooldown and depressuri- reduced the net primary energy balance deficit associ-
zation of the primary fluid system. The period of ated with losing the affected loop steam generator pri-
rapid cooling is followed by a period of slower cool- mary energy remoni. De net result was that the
ing and depressurization due to core power decay primary energy addition was only about one-half of
and intersecondary flow. Loop flow reductions that associated with the loss of the affected loop steam
(fouowing loss of offsite power) degrade the unaf- generator heat sink. This reduced the rate of primary
fected loop steam generator energy removal result- fluid heating and expansion and lessened the amount

,

ing in a short period of primary fluid heating and of primary pressurization. The core power decay, mod-

I pressurization until natural circulation flow was erated slightly by the normal steam flow control vahe

| estaolished in the unaffected loop. Gradual cooling (turbine stop mhe simulators) closures, initiated a
i and depressurization of the primary fluid was then rapid cooldown and depressurization of the primary

provided by the continued intersecondary flow. fluid system at bout 4 s after SCRAh!. This rapid
Following the low affected loop steam generator depressurization continued untilloop flow reductions
secondary pressure SI signal, h1SIV closure and occurred in response to the loss of offsite power at
auxiliary feedwater injection resulted in an unaf- SCRAh!. The loop flow reductions initiated a reduc-
fected loop steam generator energy removal rate tion in the unaffected loop steam generator primary-
that was close to the core decay heat level. This to-secondary heat transfer, which reduced the rate of
resulted in a very slow cooldown and depressuriza- primary cooling during the initial core power decay,
tion of the primary Guid system. The primary fluid This continued until the pump coastdowns were com-
system pressure remained above the HPIS shutoff pleted at about 66 s. The unaffected loop steam gener-
head so that HPIS injection did not occur. Also, no ator primary energy removal rate was then reduced as
voiding of the primary fluid system was observed natural circulation Gow was being established. His
during the blowdown phase of the transient. produced a period of slight heating of the primary

Guid system, w hich continued until the natural circula-
Primary Pressure Response. The primary pres- tion flow was finally established at about 80 s. During
sure response is characterized by a number of innection this period, the primary pressure increased slightly in
points associated with changes in the energy balance. response to the slight heating. Following the establish-
As shown in Figure 30, the bottom main feedwater line ment of natural circulation flow, the primary energy
break secondary LOCA initiauy produced no effect on remom! via the unaffected loop steam generator recov-
the primary fluid system pressare. The primary energy ered to the lesel of the core power, aided by the contin-
balance was maintained until the affected loop steam ued intersecondary flow. This resulted in a period of
generator primary-to-secondary heat transfer started to gradual primary fluid cooling and depressurization,
degrade at about 13 s. The resulting loss of a portion w hich was moderated following htSIV closure at about
of the primary fluid system heat sink created an energy 109 s (due to the low affected loop steam generator
imbalance, which resulted in rapid pressurization of secondary pressure) by terminating the intersecondary
the primary fluid system. The pressurization of the pri- flow. The primary fluid system then entered a stage of
mary fluid sptem continued until about 3 to 4 s after stry gradual cooling and depressurization under the
SCRAh1 (until about I s after the core power decay influence of the unaffected loop steam generator auxil-
was initiated). The peak pressurizer pressure was iary feedwater injection energy remom!, and the slight
16.2 51Pa, w hich was equal to the specified pressurizer system leakage.
code safety relief vahe (SRV) simulator opening set
point. Howeser, the SRV did not open because the Primary Hydraulic Response. The hydraulic
actual set point was slightly higher but within the speci- response of the primary fluid system during a bottom
Ged tolerance of the specified set point. The peak pri- feedwater line break secondary LOCA is characterized
mary pressure of 16.37 51Pa occurred at about 27 s in by a rapid expansion of liquid into the pressurizer. As
the loop cold legs (Figure 30). This represents a differ- the affected loop heat sink rapidly degrades, the pri-
ence of about 0.51 hiPa between the high pressurizer mary liquid heats up and expands into the pressurizer,
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Figure 30. Pressurizer and affected and unaffected loop cold leg pressures during the blowdown phase of 100%
FWLB experiments S.FS-6/6B ( 10 to 150 s).

I
j as shown in Figure 31. He rate of the expansion was ume, and surge line hydraulic resistance. As the liquid

determined by the initial primary pressure and temper- flows into the pressurizer, the increasmg liquid solume'

ature, the initial pressurizer vapor volume, the energy compresses the sapor solume, decreasing the supor

balance, and the pressurizer surge line hydraulic resist- specific solume, and pressurizing the pressurizer. Dur-

! ance. He initial primary pressure and temperature ing the rapid expansion of liquid into the pressurizer,

determine the initial energy content of the primary the predommant factors determintng the pressure dif-

fluid system He amount of the primary liquid espan- ferential between the primary loop and the pressurizer

sion (increase in the liquid specific volume) was deter- are the rate of energy addition to the primary system

mined by the integrated energy addition to the primary liquid and the surge line hydraulic resistance. Rt a
I

fluid and the initial energy content of the primary lig- given surge line hydraulic resistance, the greater the rate

uid. The rate of the primary liquid expansion was of primary energy addition, the greater the pressure

determined primarily by the rate of the energy addition difference deseloped due to the greater solumetric rate

(the impetus for the expansion), and the resistance to of liquid expansion through the surge line into the pres-

flow through the pressurizer surge line and work surizer. Similarly, for a gisen rate of energy addition,

required to compress the sapor solume in the pressur- the greater the surge line hydraulic resistance, the

izer (the resistances to the expansion). It was also deter- greater the pressme difference required to accommo-

mined to some extent by the initial energy content of date the solumetric rate of liquid expansion thmugh

j the primary fluid system, as will be discussed in the the surge line into the pressurizer. ne expansion con-

next section. The basic mechanism imches the pri- tinues until about 3 to 4 s aner SCRAM, w hen the core

mary liquid energy content increasing due to the net power decay produces a net energy removal from the

energy addition. The increased energy content pro- primary fluid system. He liquid then contracts as the

duces an increased liquid specific volume and liquid primary system cools and the liquid specific volume

: pressure, which causes a pressure gradient between the decreases. For the remainder of the blowdown phase of

! primary loop hot leg and the pressurizer. The primar) the transient, the primary liquid flows out of the pres-

liquid then flows into the pressurizer, at a rate deter- surizer and into the loop hot leg under the influence of

mined by the pressure difference, liquid specific vol- the continued cooling prosided by the unaffected loop

|
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Figuit 31. Pressurizer overall collapsed liquid lesel during the blowdown pt.ase of 100% FWLB experiments
S-FS-6/6B ( 10 to 150 s).

steam generator and slight primary Guid system leak- The primary Guid average temperature increased by
age. about 4.5 K due to the energy imbalance. This repre-

sents a total primary energy addition during the
heatup of about 2800 kJ. As discussed in the second-

Primary Thermal Response. The thermal ary thermal response section, the intersecondary flow
response of the primary fluid system during a bot- from the unaffected loop steam generator increased
tom main feedwater line break secondary LOCA is its primary energy removal substantially and reduced
characterized as a rapid heatup of primary fluid. the net primary energy addition rate to a value less
As shown m Figure 32, before the degradation in than that associated with the loss of the affected loop

,

the affected loop steam generator primary to- heat sink. If this had not occurred, the average pri-
secondary heat transfer (before about 13 s m Fig-

m ry energy addition rate would hase been about
ure 32), the primary energy balance is maintained
by the continued normal steam now, intersecon- 500 f. Assummg that the net energy addition

required to reach the SCRAM pressure set pointdary Dow, and break flow for the secondaries. As
w uld be the same and that the time betweenthe affected loop heat sink rapidly degrades, the

primary energy balance is lost and energy is added SCRAM and the core power decay reaching the unaf-

to the primary fluid causing the Guld to rapidly fected loop secondary energy removal rate would be

heat up. This continues until about 3 to 4 s after about the same, this would have produced a total pri-

SCRAM, when the core power decays to a level mary energy addition during the heatup of about

below the unaffected loop steam generator primary 3250 kJ, which would have produced a peak pressure

energy removal rate. of 16.42 Mpa.

During the period of primary heatup, the primary The loop hot and cold leg Guid temperature
Guid average temperature (Figure 33) increased at an responses (Figute 33) show a characteristic
average rate of about 0.46 K/s. This represents an response that indicates the affected loop cold leg
average primary energy addition rate of about Guid temperature exceeds the hot leg Guid tempera-
350 kW, which is in good agreement with the mea- ture following the loss of the affected loop heat
sured primary energy balance shown in Figure 33. sink. While this would indicate reverse heat transfer
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Figure 32. Core power and primary fluid system energy balance during the blowdown phase of 100% FWLB
experiments S-FS-6/6B ( 10 to 150 s).
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in the affected loop steam generator, in actuality, it feedwater distribution box total outlet flow area. ,

is a result of the loss of the affected loop heat sink The discussion is organized into two subsections
and the increased loop transit time (Figure 34) due with one subsection cov: ring the secondary fluid

to the reduced loop flows following loss of offsite system response and the other subsection covering

power. The cold leg fluid temperature measurement the primary fluid system response.
station is simply measuring the temperature of the
fluid that had been at the hot leg fluid temperature Effects of Break Size on
measurement station earlier in the transient. The Secondary Response
loop flow reduction substantially increased the
time required for the fluid to flow from the hot leg

As discussed earlier, the pressurization of the pri-
to cold leg temperature measurement stations (the
loop transit time). This combined with the rapid mary fluid system is controlled by the secondary

loss of the affected loop steam generator heat sink response to the bottom main feedwater line break sec-
ondary LOCA. Therefore, it is important to under-and the decreasing vessel outlet temperatures to
stand the effects of the feedwater line break size on theproduce the observed temperature responses.

The primary fluid system thermal response mod. secondary thermal-hydraulic response in order to

erated following the loop flow reductions as the understand the relative sewrity of the resulting primary

system transitioned to a natural circulation mode pressurization. All of the bottom main feedwater line

of heat transfer. As the natural circulation How was break experiments had similar basic thermal-hydraulic

being established, the primary fluid was gradually responsesMowm, sewral differences in the responses

heating as esidenced by the average fluid tempera, are worthy of note. Compansons of the general sec-

ture increase. Once the natural circulation flow was
ondary system responses to the general sequences of

established, as esidenced by the unaffected loop ewnts are discussed first. This is followed by compari.

hot leg to cold leg temperature difference reaching a sons of the secondary pressure responses, hydraulic

maximum, the system entered a phase of gradual responses, and thermal responses for both secondaries

cooling until 51SIV closure. Following htSIV clo. with major emphasis on the affected loop steam gener-

ator.sure, the energy removal provided by the steam
flow from the unaffected loop steam generator to
the affected loop steam generator was lost leaving General Secondary Response Comparisons.
the unaffected loop steam generator auxiliary feed- The general secondary responses for the bottom
water as the only source of energy removal. This main feedwater line break experiments were quali-

caused the primary fluid thermal response to mod- tatively the same. The major differences observed

crate even further, exhibiting a very gradual cooling are in the timing of events and the quantitative
through the end of the blowdown phase, responses. For all three break sizes, the occurrence

of the break produced severe effects on the steam'

generator secondary. In all three cases, the unaf-
i influence of Bottom Main

'"'*d ' ".'''"*8'""''*I' '' P''i'""' *

Feedwater Line Break Size on reduction m imentory due to the loss of all main
System Response feedwater at break initiation and the continued

steam flow before closure of the normal steam flow
Concerns exist with respect to the effects of the control valves (turbine stop valve simulators) at ;

;

break size on the primary and secondary system SCRAh!. The unaffected and affected loop steam

|
responses to a bottom main feedwater line break generators remain coupled during all three experi-

secondary LOCA. Parametric variation studies ments, with transfer of imentory from the unaf- |
4

|performed for the C-E System 80 FSAR fected loop to the affected loop steam generator

Appendix 15B bottom main feedwater line break and out the break, until hiSIV closure. Following {
'

calculations showed a definite sensitivity of the cal. htSIV closure, the secondaries decouple with the i

culated primary pressurization to the break size, in affected loop steam generator emptying and decou-
;

this section, the effects of the break size on the pling from the primary, and the unaffected steam
transient severity are addressed by comparing first generator slowly refilling with auxiliary feedwater

;

,
the secondary and then the primary fluid system and slowly repressurizing.

| thermal hydraulic responses for break sizes equiva-

| lent to 100re (tests S-FS-6/S-FS-6B), 50re (test Secondary Pressure Response Comparisons.
S-FS II), and 14.3% (test S-FS 7) of the bottom The secondary pressure responses exhibited the
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Figure 34. Affected loop hot leg to cold leg fluid temperature measurement station lovp transit time during the
blowdown phase of 100% FWLB experiments S FS-6/6B (-10 to 150 s),

same basic trends for all three break sizes. In all energy removal capacities. Larger break sizes pro-
three cases, the secondary pressure responses are duce greater break flow, and hence greater second-
characterized by a number of innection points ary energy removal rates.
associated with changes in the mass and energy bal- The relative break size is also reflected in the
ances. As show n in Figure 35, theloss of mass from developing pressure difference between the second-
the secondaries initially produced only minor aries during the period of repressurization, relative
changes in the secondary pressures, with the small- pressure differential maintained during the ensuing
est break size test showing the largest variation depressurization to the N1SIV closure set point
from the steady-state values (a slight pressuriza- pressure, and rate of the secondary depressuriza-
tion). In all three cases, the transient condition tions before htSIV closure. The secondary pressure
does not become apparent in the secondary pres- difference is governed by the main steam line piping
sure responses until after the affected loop steam hydraulic resistance and the intersecondary mass
generator secondary liquid imentory is depleted, flow rate. Following the depletion of the affected
stoppir.g the vapor generation in the steam genera- loop steam generator liquid inventory, the break
tor. The transient condition is then reflected in the mass flow rate controls the intersecondary mass
affected loop steam generator secondary depressur- How rate. Thus, the larger break sizes produce
ization before the closure of the normal steam flow greater break Dow rates and greater intersecondary
control valves (turbine stop valve simulators) at Dow rates. This produces greater secondary pres.
SCRAh!, with the largest break case exhibiting the sure differences because the main steam line piping
greatest amount of depressurization. Following hydraulic resistance rernains essentially constant.
SCRAh!, the net energy addition to the secondaries The secondary pressure responses following
caused both secondaries to repressurize for all three 51SIV closure also exhibit the same basic trends,
break sizes, with the smallest break case exhibiting with the break size redected in the rate of the
the greatest amount of repressurization. These affected loop steam generator depressurization and
repressurization/depressurization break size sensi- the pressure at which the unaffected loop steam
tivities are a result of the break now secondary generator secondary stabilizes. The rate of the
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rigure 35. Comparisons of affected and unaffected loop steam generator secondary pressures during the blowdown
phases of 100,50, and 14.3r FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7e

i
affected loop steam generator depressurization is ated the loss ofinventory and the resulting changes !

directly proportional to the break Dow energy in the fluid hydraulic conditions at time zero i
.

removal, and hence the break size. The larger break (t = 0 s)for allthreecases. As shownin Figure 36, |
sizes result in earlier MSIV closure. This causes the the break Dow peaked at about I s in all three cases I

unaffected loop steam generator isolation to occur as subcooled liquid critical flow was established. |
earlier in the transient with the core decay heat at a The break flow drag :.creen measurement device
higher lesel and greater unaffected loop steam gen- indicated a substantial period of- negative break,

erator secondary mass inventory. This causes the flow for the 14.3% break test (S-FS-7). However, !
unaffected loop steam generator secondary pres- reverse break Dow is physically impossible because !

! sure to stabilize at a higher lesel because of greater the secondary pressure is substantially greater than
vapor generation and less steam volume. For all the pressure downstream of the break, it is believed ;
three cases, following MSIV closure, the affected4

that the drag screen experienced the force of a i
loop steam generator decouples from the primary, shock wave created by the opening of the blow-

,

; while the unaffected loop steam generator gradu-
down valve. The force of the shock wave lifted the i

3
ally pressurizes. At the end of the blowdown phase

drag screen, indicating negative Dow, with a magni- !
; of the transients, the secondary pressures were

fairly stable- tude sufficient to produce an electronic signal that i
saturated the drag measurement electronic compo.

;

nents. A finite amount of time was required fed the !4

Secondary Hydrau!ic Response Comparisons, electronic components to recover from being satu-

The secondary hydraulic responses exhibited the rated and indicate the 'ra measured force elec- |
same basic trends for all three break sizes. The tronic signal. This produced the measured '

.

affected loop steam generator secondary fluid response. The best-estimate break flow provides a
hydraulic characteristics were substantially altered better indication of the true flow rate during this i

! from the steady state, full power conditions period and for periods of 100% vapor break Dow
| (Appendix C) during all three break size cases. The conditions. The relative magnitudes of the initial I

,

i simulated bottom main feedwater line rupture initi- peaks in the subcooled liquid break flows are in

i
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Figure 36. Comparisons of measured and best estimate break mass flow rates during the blowdown phases of 100, I

50, and 14.3% FWLB experiments S-FS-6/6B, S FS-II, and S FS-7.
,

I

good agreement with the relative break sizes (i.e., while the 50% break case exhibited immediate flow
the peak flow for the 100% break case is about reversal initially, followed by a period of normal
twice as large as the peak flow for the 50% break flow and eventual flow reversal as the liquid inven- ,

,

case and about seven times larger than the peak tory was depleted. The 14.3% break case did not

flow for the 14.3% break case). This is because the exhibit the initial flow reversal exhibited in the
initial subcooled break flow conditions produced other cases, but did exhibit the eventual flow rever-

the same initial mass flux at the break nozzle for all sal as the liquid inventory was depleted. These flow >

three cases. conditions existed for all three break size cases until
The break Dows transited the full range of possi- the secondary liquid inventory was depleted,

ble fluid flow states (i.e., subcooled liquid, satu- The effect of the break size on the secondary '

rated liquid, two-phase fluid, and single-phase hydraulic response can be characterbed in a man.
vapor) as the secondary fluid mass inventory was ner similar to the characterizations made for pri- :

depleted in all three break size cases (Figure 37). mary LOCA vessel hydraulic response break size
The break flow was of sufficient magnitude in all effects.27 The large break hydraulic response is
three cases to cause the flow in the affected loop characterized by a flow split in the tube-bundle
steam generator upper downcomer to increase (Fig- region caused by the break flow momentum driven
ure 38). Also, because of the continued boiling in flow reversal between the 'ower downcomer feed-
the tube-bundle region and the continued normal water inlet location and the tube bundle region.

4

1 steam flow, the flow at the top of the affected loop The flow split per*ists as the tube bundle liquid |

steam generator tube bundle riser did not reverse, inventory is rapidly depleted. In contrast, the small I
'

but merely decreased in magnitude for all three break hydraulic response is characterized by a
break size cases (Figure 39). The effect of the break reduction in the flow between the lower dow neomer
size was more strongly reflected by the flow in the feedwater inlet location and the tube bundle region

lower downcomer between the break and the tube- (as a portion of the recirculated downcomer flow is
bundle section (Figure 40). The 100% break case lost to the break), while the flow out of the tube-
exhibited immediate, continued flow reversal, bundle region h maintained by the boiling in the

,

34
,

_. _. .- - - _ _ - - - _ . . - - - . . - . _ ,



110 0 i i i .i i i i i i i i

1000 -

g X S-FS-6/6B -

O S-FS-11
900 ? A S-FS-7 -

800 -

k Uncertainty * 44.7 kg/m 2 -

700 - *
-

g 600 - $ | -

500 -

\ f--*
3 400 -

d
| O 300 - f-

e

| 200 - -

[ hw WI'

' ' ' ' ' ' ' ' ' ' '-10 0
-10 -5 0 5 10 15 20 25 30 35 40 45 50 |

Time (s) we.oro..sr i

Figure 37. Comparisons of break fluid densities during the blowdown phases of 100,50, and 14.3re FWLB
experiments S-FS4/6B, S-FS.II, and S-FS-7.
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tube bundle. This produces a more gradual deple- mass inventory. While the general trend of the
tion of the tube bundleliquid inventory than occurs inventory reductions was similar, differences
during the large break case. Intermediate break occurred in the response of the two-phase Guid in
sizes produce periods of rapid inventory depletion the tube-bundle region for the different break size
due to brief tube bundle flow split followed by peri- cases (Figures 11, and D.1 and D.2 in
ods of more gradual draining due to reduced tube Appendix D). The largest break size produced a
bundle inlet flows. uniform two-phase condition in the tube-bundle

After the secondary liquid imentory was depleted, a region before the depletion of the liquid inventory.
new mass balance was achiesed in the secondary for all The smallest break size did not exhibit this uniform
three break size cases. Steam entered the steam dome two-phase condition. However, in all three break
from the crossover line (Figure 41). The now then split size cases, the tube-bundle region exhibited a rapid
with approximately one-half of the steam ficwing transition to a uniform liquid-deficient condition
down the downcomer (Figure 38) to the break and the (all vapor condition as evidenced by the vapor-void
other half flowing down the tube bundle to the break. fraction reaching a value of 1.0). This rapid transi-
While tube bundle now resersal was necessary to sat- tion to a liquid-deficient condition produced severe
isfy the steam dome mass balance, the resersed tube effects on the primary-to-secondary heat transfer,
bundle now was below the measurement range of the as will be discussed presently, because the transient
drag screen measurement assembly and, therefore, was heat transfer is almost totally dependant upon the
not renected in the riser mass now rate measurement tube bundle secondary fluid hydraulics.
for tests S-FS-6B, S-FS-7, or S-FS-II. Howeser, the The secondary fluid hydraulic response of the
tube bundle now resersal wts esident in the negative unaffected loop steam generator was similar for all
frictional pressure drop across the riser orifice three break size cases, with the major dif ferences
(Figure 42). An oserall mass balance was maintained occurring in the magnitudes of the parameters and
for the affected loop steam generator as the steam now the timing of events. The major difference observed
entering the secondary from the crossover line was was in the rate of secondary inventory reductions
matched by the steam now exiting the secondary via following the depletion of the affected loop second-
the break. IbIlowing the depletion of the secondary ary inventory (Figure 45). This was due to the dif-
imentory, the break now controlled the intersecondary ferent intersecondary nows and timing of events
flow for all three break size cases. He break dow for the tests. The longer time required for SCRAh!
caused the affected loop secondary to depressurize rei- for the smaller break sizes produced greater reduc-
ative to the unaffected loop secondary until the devel- tions in the secondary irwentory before SCRAhi.
oped intersecondary pressure difference was of While the intersecondary flow rate was smaller for
sufficient magnitude to osercome the crossoser line the smaller break size cases, the htSIV closure
hydraulic resistance and produce an intersecondary occurred much later resulting in substantially
now that matched the break Dow. In addition, the rate grea'er loss of secondary inventory before htSIV
of the secondary depressurizations was controlled by closure. (At h1SIV closure the unaffected loop sec-
the break flow, energy addition to the unaffected loop ondary inventory was reduced to about 45, 35, and
steam generator, and total steam volume associated 15% of the initial imentory for the 100,50, and
with both secondaries and their main steam line pip- 14.3% break cases, respectively.) It is important to
ing. His shows the need to accurately simulate the note the substantial loss of inventory for the small-
single-phase steam break Dow, unatfected loop steam est break size case. Because the unaffected loop
generator energy addition, main steam line piping steam generator is the only remaining source for
hydraulic resistance, and main steam line piping sol- primary energy removal, some concern for the
ume in order to accurately calculate the secondary effect of this subsantial loss of inventory on the
response during this phase of the tests. energy removal capability of the secondary is war-

It is important to note that nonuniform rates of ranted. However, the length of time required for the
inventory reduction for the downcomer and the inventory reduction to occur was substantial, and it
tube-bundle regions occurred for all three break is quite likely that the operators would identify the
size cases (Figures 43 and 44). This was due to the transier't and isolate the secondary before the auto-
transient induced intercomponent mass flow rate matic htSIV closure.
imbalances. In all three break size cases, the initial
reduction in total secondary mass inventory Secondary Thermal Response Comparisons.
involved a more rapid rate of reduction in the tube The measured secondary thermal responses for the
bundle mass inventory than in the downcomer three different break size cases are very similar when
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Figure 41. Comparisons ofintersecondary mass Dow rates through the crossover line during the blowdown phases of i
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Figure 42. Comparisons of riser orifice frictional pressure drops during the blowdown phases of 100,50, and 14.3%
FWLB experiments S-FS-6/6B, S-FS ll, and S-FS-7.

38

|
- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ - _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _



_

1300 i i i i i i i i i i

1200 -

X S-SF 6/6B downcomer -

110 0 ' 0 S-SF 6/6B tube bundle
_

A S FS-11 downcomer
1000 j O S-FS-11 tube bundle -

900 -
0 S-FS-7 downcomer
y s.ps.7 tube bundle '"

E 800 - 1 -

0 | Uncertainty 20 cm

{ 700 Tuw m -

h, e., . , -

500 -

$ 400 -
-

300 -
-

200 -
-

10 0 -

1- _ .

0 - t-- = g- e__ e gj
' ' ' ' ' ' ' ' ' ' '-10 0

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

Time (s) wueros-as

Figure 43. Comparisons of affected loop steam generator frictional corrected overall downcomer and tube bundle
interfacialliquid levels during the blowdown phases of 100,50, and 14.3% FWLB experiments
S-FS-6/6B, S-FS-II, and S FS-7.
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Figure 44. Comparisons of affected loop steam generator secondary fluid total, downcomer and tube bundle mass
inventories during the blowdown phases of 100,50, and 14.3 % FWLB experiments S FS-6/68, S-FS-II,
and S-FS-7.
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Figure 45. Comparisons of unaffected loop steam generator overall downcomer and tube bundle collapsed liquid
Icvels during the blowdown phases of 100,50, and 14.3r, y WLB experiments S-FS-6/6B, S-FS-11, and

S-FS-7.

normahzei to the mass imentory. He affected loop cases, and presides a major clue to the measured tran-

steam generator secondary thermal response is rela- sient response,

tively insensitise to the break size. The ninor differ- While the aNected loop steam generator secondary ;

ences noted were due to the different rates of secondary fluid thermal characteristics for all three break size !
'

imentory reduction. ne unaffected loop steam gener- cases were altered significantly, the total primary-to-

ator secondary thermal response exhibited some sensi- secondary heat transfer was not ahered substantially

thity to break size associated with the enerFy remeval until the tube bundle liquid imentory was depleted,

presided by the intersecondary floav. Here again, The affected loop steam 1;enera'er total primary-to-

clearer understanding of the transient thermM response secondary heat transfer xmained at the inhial condi-
! for these tens tray be achiesed by considering the tion value until the secondary imentory was depleted,

steady-state, fuh-power thermal conditions. He The primary-to-secundary heat transfer then decreased

steady-state secondary fluid thermal characteristics rapidly. Plotting the normalized heat transfer sersus

may be gleaned from the included figures for times normahzed total liquid imentory and sersus the nor-
before transient initiation, from the discussion in malized tube-bundle region liquid imentory for the

Appendix C, or from the discussion in the Smondary affected loop steam generate for all three break size

Thermal Response subsection of the Secor.dary cases (Figure 46) shou that the normalized heat trans-

Response to a Steam Genemfor Bottom Afain Red- fer ron;ined at 100% until the normalized total and

wuter Line Bnuk section. The major result of the tube-bundle region liquid masses reached almost Or .o

steady-state analyses was the characterization of the The heat transfer then decreased rapidly to 0% A sery

secondary comecthe heat transfer coefficient. He slight break size dependency was exhibited in that the

measured heat transfer coefficient increases with degradatbn in heat transfer was initiated at a slightly

increasing vapor-mid fraction and decreases with greater mass imentory and proceeded at a slightly-

decreasing wall-to-fluid temperature difference. This slower rate for the smallest break size case.

measured trend in the secondary comective heat trans- The close relationship between the heat transfer and

fer coefficient was obsened for all three break size the liquid imentory for all three break size cases was
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Figure 46. Comparisons of affected loop steam generator normalized heat transfer versus normalize? total semndary
liquid imtntory and versus normalized tube-hundle region ligt.id imentory during the blowdown phases
of 100,50, and 14.3'~e FWLB experiments S-FS-6/6B, S-FS-II, and S-FS-7.

due to the strong dependency of the secondary comec- for all three break size cases. The results indicate that
tise heat transfer coefficient upon the supor-soid fme- the assumption made for the C-E System 60 FSAR
tion. As shown in Figures 20 through 27 (and D-3 Appendix 15B calculations regardmg the reduction of
through D-18 in Appendix D), the local secondary heat transfer wkh liquid imentory (i.e.,100% heat

,

comectise heat transfer coefficients increase in a man- transfer until the liquid imentory is depleted fcAlowed
ner directly proportional to the local supor-soid frac- by a step change reductim in the heat transfer to 0%) is
tions (Figures 11, and D.1 and D.2 of Appendix D). not conservative, but closely emulates the measured
This continues for all three break size cases until a local secondary comectise heat transfer resporm ta the loss
liquid-deficient condition exists (the local vaporacid ofliquid imentory.
fractions reach a salue of 1.0), causing the local heat The unaffected loop steam generator secondar;

i transfer coefficient to rapidly decrease to zero. Thus, thermal response exhibited some sensitisity to break -

the primary-to-secondary heat transfer remains high size. The thermal response was affected by the energy
until the tube-bundle region is descid of liquid. The balance for the secondary. The energy balance was
heat transfer then degrades rapidly to zero due to the affected by the feedwater and steam ikm, intersecon-
liquid-deficient conditions. For the smallest break size dary flow, primary loop flow reduction, and auxiliary
case, the tube-bundle region liquid imentory was feedwater injection. The loss of energy remosal capac-

'

depleted more gradually. This decreased the rate of ity associated with the loss of all feedwater at break
progression of local liquid deficiencies in the tube- initiation was initially offset by the increased normal
bundle region and caased a reduction in local heat steam flow for all three break size cases. This allowed
transfer in past cf the tube bundle, while a portin of the primary-to-secondary heat transfer (Figure 47) to
the tube bundle still contained some liquid. The net remain at the initial condition salue. For the smaller
result was that the normalized heat transfer began to barak size cases (50 and 14.3% break cases), the con.
decrease at a slightly greater normalized n'. ass and tinued normal steam flow before SCRAM, combined
decreased at a slightly slower rate for the smallest break with the increased intersecondary flow, maintained the

,

size case. Although the observed responses show a unaffected loop steam generator primary-to-secondary
slight diffetence, the basic phenomend were the same heat transfer at the initial condition salue until the
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Figure 47. Comparisons of unaffected loop steam generator primary to-secondary heat transfer during the blowdown
phases of 100,50, and 14.3% FWLB experiments S FS-6/6B, S-FS-11, and S-FS-7.

,

normal steam flow control vahts (turbine stop sahr break size case caused the ostrall primary energy
simulators) were closed following SCRAh!. Howeser, removal deficit before SCRAM (Figure 48) to be ;

for the largest break size case (100% break case), the smaller than for the other two break size cases. The
intersecondary flow incrcased sufficiently to increase measured deficit for the other two break size cases was

the unaffected loop steam generator primary-to- approximately equal to the amount associated with the

secondary heat transfer before SCRAh!. loss of the affected loop steam generator heat sink
The theimal response of the unaffected loop steam (nonunally 500 kW). Thus, the failure of the affected

generator secondary fluid following SCRAh! was simi- steam generator main steam line check vahe resulted in

lar for all thice break size cases. Following SCRAh!, increased unaffmted loop steam generator primary-to-

the loss of offsite power induced the pnmary coolant secondary heat transfer for the largest break size case
,
'

pump trips and associated loop flow reductions. The and constant heat transfer for the other two break size
decreased unaffected loop flow caused a decrease in the cases. For the largest break size case, the net pnmary

unaffected loop steam generator primary-to-secondary energy addition was limited to only about one-half of
heat transfer as the loop transitioned to the natural that associated with the loss of the affected loop steam

circulation mode of heat transfer. De natural circula- generator heat sink. For the other two break size cases,

tion heat transfer was enhanced by the intersecondary the net primary energy addition was limited to the
flow before htSIV closure. Following htSIV closure amount associated with the loss of the affected loop

and Si signal generation, the secondary energy removal steam generator heat sink. He rate of primary fluid

was presided by injecting auxihary feedwater into the expansion was, therefore, significantly reduced for the

unaffected loop steam generator secondary. The auxil- largest break size case and somewhat reduced for the

lary feedwater prmided secondary energy remosal for other two break size cases. Thus, the primary fluid

the remainder of the test. system pressurization was reduced due to the interse-

The increased unaffected loop steam generator condtry flow for all three Mak size cases, as will be

primary-to-secondary heat transfer for the largest discuwd next.
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Figure 48. Comparisons of primary Huid system energy addition durby the blowdown phases of 100,50 and 14.3% '
FWLB experiments S-FS-6/68, S-FS !!, and S-FS-7. s

Effects of Break Size on Primary respmse to the loss of primary-to-secondary heat

Response transfer during the secondary LOCA. The pressuriza-
tion of the y tirury continued until about 4 s after the
g BeMu prenure SCW set point wasThe degree of pressurization of the primary Guid

system depends upon the thermal-hydraulic response reached for rd! three break size cases, with the peak

to the loss of the heat sink. Therefore, it is important to pressun occurring in the loop cold legs. Following

understand the effects of the feedwater line break size SCRAh!, the rapid reduction in the core power com-

on the primary thennal-hydraulic response in order to bmed wth the slower closure time for the normal

understand the relative se erity of the resulting pnmary steam Dow control sahes (turbine stop sahe simula-

pressurization. All of the bottom main feedwater line tors) pra/ n-d a rapid cooldown and depressurization .

!
break expenments had similar basic thermal-hydraulic of the pthnvry Guid system for all three cases. Simi- 'i

responses. Howoer, soeral differences in the responses larly, the period of rapid cooling was followed by a

are worthy of note. Comparisons of the general pri. period of slower cooling and depressurization due to

mary system responses to the general sequences of core power decay and intersecondar y Dows for all three
,

cents are discussed first. This is followed by compan. cases. Loop flow reductions (following loss of offsite -
~

sons of the primary pressure responses, hydraulic power) degraded the unaffected loop steam gene ator;
responses, and thermal responses. energy remosal resulting in a short period of prinury

fluid heating and pressurization until natural circula-

General Primary Response Comparisons. The tion now was established in the unaffected loop. Grad.

dgeneral primary responses for the bottom main feed. ual cooling and depressurization of the primary Guid
'f

water line break experiments were similar. The minor was then provided in all three cases by the continued /l
differences obsersed were in the timing of cents and intersecondary now, with the rate of the cooling and
the quantitative responses. For all three break sizes, the depressurization varying in a manner directly propor- ~j,

: occurrence of the break produced severe effects on the tional to the inters %ndary now rate. For all three
i i

primary Guid system. In all three cases, the primary cases, following +' e low affected loop steam generator \ |a
Guid system exhibited a rapid pressurization in secondary possure SI signal, h!SIV closure, and

? |
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auxiliary feedwater injection resulted in an unaffected SCRAM (until about I s after the core power decay
loop steam generator energy remosal ate that was was initiated). De double spike in the pressurizer pres-

'
close to the core decay heat toel. This resulted in a sery sure for the 50 and 14.30s break cases was due to the

y slow cooldown and depressurization of the primary cycling of the pressurizer simulated SRV. The peak;

( 't?uld system. The primary fluid system pressure pressurizer pressure was 16.2 MPa for the 100re break
remained abcve the HPIS shutoff heat so that HPIS test, which was equal to the specified pressurizer SR1'
injection did not occur in any of the experiments. Also. simulator opening set point. Howeer, the SRV did not
no voiding of the primary fluid system was obsened open because the actual set point was slightly higherg

'! during the bkndown phase of any c''the traasients. but within the specified tolerance cJ the specified set
,

h,, point.
ne peak primary pressure for all three break size(' Primary Pressure Respor.w :,,omparisons. cases occurred at about 4 s after SCRAM in the loop

The primary pressure responses exhibited the same cold legs (Figure 49). De measured pressures exhibit a
i basic trends for all three break sizes. In all three cases,

stry slight sensitivity to break s.ize with peak values of
.

the primary pressure respenses are characterized by a 16.37,16.41, and 16.42 MPa for the 100, 50, and'

number ot' inflection points associa ted with changes in
14.3re break size cases, respectively. These pressures

the energy balance. As shown in Figre 49, the bottom
main feedwater line break secondary IDCA initially represent differences of about 0.51, 0.65, and 4

0.66 MPa between the high pressurizer pressure tnp set
produced no effect on the primary fluid system pres.
sures. The primatv energy balances were maintained point (15.86 MPa) and the peak system pressure.

*
until the affe.ted loop steam generator primary-to. The e pressure differences would hase been een

secondary heat transfer started to degrade. De resuh. greater if the unaffected loop steam generator primary-
'

ing loss of a portion of the p.imary fluid system heat to-secondary heat transfer had not been enhanced dueI

sink created sa energy imbalance, which resulted in to the substantial intersecondary flow, as discussed in

rapid pressurization of the primary fluid system for all the secondary response section. Particularly for the

three break size cases. The pressurization of the pri- 100re break case where the intersecondary fbw !

mary fluid system continued until about 3 to 4 s after increased the unaffected loop steam generator primary /
l

l
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Figure 49. Cornparisons of pressurizer and loop cold leg pressures during the blowdown phases of 100,50, and
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energy removal, teducing the net primary energy bal- water injectio.t energy remosal, and the slight system
ance dulcit associated with losing the affected loop leakage,

steam generator primary energy removal. As pointed
out in the Primary Pmsswr Response subsection, had Primary Hydraulic P'isponse Comparisons,
the nh energy deficit equaled the amount associated 'The priman hydraulic response chibited the same
with be affected loop steam generator heat sink, an basic trends for all three break sizes. At hydraulic
integrated energy addition analysis predicts a peak pri- response of the primary Duki systerr dyn,d all thn:e
mary pressure of 16.42 h1Pa for the loop cold leg. nis @es is characterimt by a rapid apansion of liquid ,

is stry close to the measured peak pressure for the into the pressurizet. A, the affected loop heat sink rap-
other two break size cases. Without the intersecondary idly degrades, the piipry bquid heats up and opands
now res"lting from the failed check vahr, it is conceiv- into the pressurizer, a#/oMn Figure 50. For all three
able tiat the unaffected loop secondary primary cases, the rate of the apansion was determined by the
energy removal could decrease somewhat before initial primary pressure and temperature, initial pres-
SCRAh! producing an esen larger primary energy def- surizer supor volume, energy balance, arxi pressurizer

I icit. Rus, the failed check suhe assumption may not surge line hydraulic resistance. De initial pru' nary pres-
'

be a conservathe assumption. sure and temperature determine the initial energy con-
ne pressure responses for the remainde r of the tran. tent of the primary Guid system.1 Ac r.n6unt of the

sients were qualitathty similar wirh only some minor priman ijquid opansion (increase in the liquid >pecific
differences in the timing of esents and magnitude of solume A,a detegnined by the integrated en(rgy eddi-
the pressure. He trends were, however, identical. De tion to th a prity liquid and the initial energy content
core power decay, modcated slightly by the normal of the primary b' quid. The rate of tlntimary liquid
steam now control vahe (turbine stop suhe simulators) apansion was determined primarily by the rate of the

closures, initiated a rapid cooldown and depressuriza. energy addition (the impetus for the apansion), and
tien of the prinwy Guid system at about 4 t after the resistance to now through the pressuriier surge line

SCRAM for all three break size cases. His rapid and work required to compress the vapor solume in the

depressurization continued untilloop now reductions pressuriier (the resistances to the apansion). It was

occurred in response to the loss of offsite power at also determined to 5 pd extent by the initial energy
SCRAh!. The loop Dow reductions initiated a reduc. e ntent of the primary Guid system, as will be dis-
tion in the unaffected loop steam generror primary- cussed in the not section. As discussed in the Primary

to-secondary heat transfer, which reduced the rate of //ydnmi- Response sul~petion, during the rapid
primary cooling daring the initial core power decay. expansion oiliquid into the pressuriier, the predomi-
1 his continued until the pump coastdowns were ccm- nant factors determining th,e pressure differential
pleted at about 41 s after SCRAM. The unaffected between the primary loop ar;d the pressurizer are the

loop steam generator primary energy removal rate was rate of enegy addition to the primary system Guid and

ther. reduced as natural circulation now was bdrg the surge line hydraulic resistance. The greater rate of

established, his produced a period o5sli6t heating of pnmary enf gy addition for the 50 and 14.3r breako

the primary Guid system, which corinued until the size casepused a greater pressure difference to be
natural circulation Dow was Onally esquished about descicpi vactoss the surge line due to the greater solu-

15 s later. During this period, the prinOry pressure metric rat ( of liquid espansion through the surge line

increased slightly in response to the slight heating. Fol- mto thgurizer. For all three break size cases, the

lowing the estabFshment of natural dculation now, pnmary L4uid' expansion continued until abom 3 to 4 s
.

the primary enerd remosal sia the unaffected loop Mc1 SCRAh!, when the core power decay produced a

steam generator recovered to the lesel of .ne core m mergy remosal from the primary Guid system. The

power, aided by the continued intersecondary now. huid then contracted u the primary system cooled

This resulted in a triod of gradual primary Guid cool- aQ ,the liquid specific volume decreased. For the
ing and depressurization, with rates varying in a man- <rmamder of the blowdown phase of all three tran-

ner directiy proponional to the intersecondary Dow sients, the primary liquid 00wed out of the pressurizer

rates. De rates of cooling and depressurization were and into the loop hot leg under the innuence of the

moderated following htSIV closure by terminating the e niinued cochng prosided by the unaffected loop

intersecondary Cow. For all three break size cases, the steam gmerator and slight primary Guid system leak-
*E''primary Guid system then entered a stage of stry grad-

ual cooling and depressurization under t he innuence of

the unaffected loop steam generr. tor auxiliary feed- Primary Thermal Response Comparisons. The
measured pnmary thermal responses for the three
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Figure 30. Comparisons of pressurizer owrall collapsed liquid levels during the blowdown phases of 100,50, and

| 14.3t's FWLB experiments S-FS-6/6B, S-FS-II, and S FS-7.

different break size cases are very similar. The dif- perature (Figure $2) increased by about 4.5 K for

| ferences noted were in the timing of events and ther- all three break s!:e cases. This represents a the total
mal response to the different unaffected loop steam primary energy addition during the heatup of
generator energy removal characteristics for the about 2800 kj for the 100r break case, and aboute

largest break size case. The thermal response et the 3150 kJ for the 50 and 14.3re break cases. The
primary Guid system during all three bottom main smaller total energy addition for the 100re break
feedwater line break secondary LOCAs was charac- case is a result of the increased unaffected loop
terized by a rapid heatup of primary liquid. As steam generator primary to-secondary heat trans-
shown in Figure 51, before the degradation in the fer that was caused by the increased intersecondary
affected loop steam generator primary to- now,

secondary herd transfer, the primary energy bal- For the C-E Sptem 80 plant, the affected loop
ence is maintained by the continued normal steam steam generator coraprises one-half of the total availa-

Ocw, intersecondary now, and break flow for the ble heat sink wrsus one-fourth for the Semiscale
! secondaries. As the affected loop heat sink rapidly Mod-2C 1)pe 111 affected loop steam genemtor. The
'

degrades, the primary energy balance is lost and rate of primary energy adoition would, th<refore, be

; energy is added to the primcry liquid causing the approximately twice as great for the C-E System 80

| F. quid to rapidly heat up. This continues until plant, which would produce a substantially greater
about 3 to 4 s after SCR.AM, when the core power pressurizer insurge rate and a substantially greater pres-'

I decays to a level below the unaffected loop steam sure drop through the surge line. Thus, the pressure

I generator primary energy removal rate. drop through the surge line would have a much greater

The primary pressure response was controlled effect on the primary pressure response than obsened

| primarily by the primary energy balance for all in the Semiscale Mod 2C data.
! three break size cases 'oecause the pressurizer to pri- The loop hot and cold leg Guid temperature

mary hot leg pressure difference did not increase responses (Figures 33, 53, and $4) show the same
| significantly during the insurge. During the period characteristic responses for all three break size

| of primary heatup, the prirnary Guid average tem- cases. In all three cases, the affected loop cold leg

|
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fluid tt operature exceeds the hot leg Ocid tempera- Examination of the Semiscale Niod 2C system
ture folbwing the loss of the affected loop heat response to the plant stabilization operations pro-
sink. As & cussed in the Primary Thermal vides invaluable insight into both the effectiveness
Response subse< on, this observed response is a of the EOP specified operations in stabilizing the
result of thelost f the affected loop heat sink and plant, and the characteristic response to the stabili-
the increased loo, transit time due to the reduced zation operations. The characteristic response to
loop flows followiag loss of offsite power. the stabilization operations was very similar for all

For all three brrak size cases. the primary Guid three tests. Therefore, the detailed discussion of the
system thermal response moderated following the characteristic system response to the stabilization
'oop Dow reductions as the system transitioned to a operations will be limited to the test S FS-6 results,
natural circulation mode of heat transfer. As the The overall system response for test S-FS-6 will be
natural circulation now was being established, the discussed first. This will be followed by discussions
primary Guid was gradually heating as e idenced of the system response to normal charging / letdown
by the average fluid temperature increase. Once the operations and pressurizer internal heater opera.

- natural circulation flow was established, as evi- tions. A brief comparison to the results for tests
denced by the unaffected loop hot leg to cold leg S-FS-7 and S FS-Il will be made at the end of this
temperature difference reachinc a maximum, the section.
system entered a phase of grac 'al cooling until
htSIV closure. Following htSIV clocure, the energy Overall System Response to Stabilization Oper-
removal provided by the steam now tcom the unaf- ations. The stabilization operations were speci-
fected loop steam generator to the aFected loop fled to be initiated at the end of ,he blowdown
steam generator was lost leaving the t.naffected phase of the test when operator identification of
loop steam generator auxiliary feedwater as the the transient and operator intervention would be
only source of energy removal. This caused t ae pri- expected to occur. For Test S FS-6, the stabilization
mary Guid thermal response to moderate een fur- operations were initiated at 600 s because htSIV
ther, exhibiting a very gradual cooling th ough the closure had already occurred. At 600 s, the affected
end of the blowdown phase for all three beak size loop steam generator auxiliary feedwater now (Fig-
cases. urc $$) was terminated. Because the primary (unaf-

fected loop hot leg) subcooled margin was below
27.8 K (Figure 56), the Sl(HPIS) Dow could not be

System Response to Plant terminated at 600 s. The pressurizer internal
Stabilization Operations heaters (Figure 56) were turned on at 720 s to

recover the primary subcooled margin. At 900 s,
the subcooled margin reached 27.8 K while the

The system stabilization phase of tests S-FS-6, pressurizer collapsed liquid level (Figure 57) was at I
S-FS-7, and S FS-Il was performed, for the most part, 250 cm. Beause this satisfled the Si termination I
in accordance with the guidarice provided in the Water- criteria, the SI (HFIS) How was terminated. At that
ford Unit No. 3 (a C-E V xm 80 plant) EOPs12,28 time, the pressurizer presuc (Figure 57) was
for recovery from a secondary transient. The system 14.5 Mr>a, unaffected loop steam generator liquid
stabilization for the t:sts imohrd affected loop steam level (Figure 58) was at $10 cm; unaffected loop
generator auxiliary feedwater termination, S1 (HPIS) steam generator secondary pressure (Figure 58)
termination, pressurizer interna 3 eater operation, nor- was 6.42 h1Pa, and the average primary Duld tem-
mal charging / letdown operation, end an unaffected perature (Figure 59) was $72 K. Because,the pri-
loop steam generator steam ar,J feed creration. Stable mary pressure remained above the HPIS shutoff
in this sense meant maintaining: (a) the t ressurizer lig- head (12.324 h1Pa), no HPIS injection occurred.
uid loria at 245 t 10 cm; (b) the unoff. -ted loop Once the pressurizer internal heaters had recovered
steam generator liquid loela between 910 ad 1000 the subcooled margin to within the specified toler.
cm; (c) the unaffected loop steam generator secos.>ry ances (see Reference 2 for the specified tolerances),
pressure s6.98 h1Pa; and (d) the unaffected loop ho. they were turned off (at about 1054 s). At this
leg subcooled margin 2:27.8 K. point, the pressurizer liquid loel was below the

specified range for letdown operations; therefore,
letdown was not used.

The limiting criteria in achieving stable condi-
a. conced hquid leset referenced to the zero reference. tions was the recovery of the unaffected loop steam
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generator liquid lesel. To reach the specified stable cient control of the system.The stabilization opera-
conditions,it was necessary to maintain tia abose tions performed were very effective in stabilizing
conditions in the specified tolerances whik the the Semiscale Mod 2C system at conditions that

unaffected loop steam generator liquid level was ensured sufficient control of the system. The guid-

recovered by auxiliary fcedwater flow (Figure 55), ance provided by the EOPs was both appropriate

Normal charging (Figure 60) was cycled 12 times, and effective in stabilizing r.d itga;W.g control of

starting at 1081 s, to maintain the pressurizer liquid the system. No upper head voiding occurred as the

lesel within the specified conditions. The primary upper head fluid remained highly subcooled (Fig-

subcooled margin remained above 27.8 K for the ure $6); the limiting criteria in regaining control of

remainder of the stabilization phase so that no fur, the system was the recosery of the unaffected loop
steam generator secondary liquid :esel.ther pressurizer internal heater operations were

The effectiseness of the stabilization cperations
required. The unaffected loop steam generator sec-

in stabilizing the plant may be better understood by
ondary pressure increased sery gradually as the c nstdering the system response to the various
subcooled auvillary feedwater was heated by the per tions performed. The ricxt subsections dts-
primary system. However, because the pressure cuss the system response to the normal charg,ing/
remained below 6.98 MPa,it was not necessary to letdown operations and the pressurizer internal
cycle the at mospheric dump valve ( ADV). The aux-

# #' P#'" ' "''
iliary feedwater continued to refill the unaffected
loop steam generator and recosered the liquid level
to 910 cm at about 3800 s. Because all of the other System Response to Normal ChargingI
system stabilization criteria were also satisfied, the Letdown Operation During Stabilization. Nor-
system was considered to be stabilized at 3800 s. mal charging / letdown were used during the

The automatic actions performed by the safety stabilization phase to establish and maintain the
systems during the blowdown phase of the test left pressurizer collapsed liquid ',esel within the speci-
the Semiscale Mod-2C system in a quasi stable fied tolerance. Letdown was not used. Normal
state, but at conditions that did not ensure suffi- charging flow was approximately 0.0134 kg/s for
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I
'the entire range of stabilization pressures. This flow net efrect was a gradual reduction in the pressurizer

rate adequately controlled the pressurizer level. The pressure.
injection of cold water and the low loop flow pro-

,

; duced the oscillations cbserved in the affected loop g g, ,gp ,g gg
cold leg temperature (Figure 59); the only notice-
able effect. However, one result of the system leak- Hester Operation During Stabiliastion. Pres- :

surizer internal heaters were used to maintain the
'

age and normal chargmg makeup was a net loss of
primy system subcooled margin by maintainingenergy from the system, w hich was most noticeable

in the pressurizer pressure response (Figure $7). As primary piessure controlin the pressurizer. Because *

the pressurizer fluid was at saturation when the
|the system leakage caused the pressurizer to lose.

1 imentory, the resulting expansion of the steam vol. Internal heaters were operated, the energy addition
I provided by the heaters generated steam which:ume caused a slight reduction in pressure. As the

case e presmtbr vapor speck dum rnormal charging flow recovered the pressurizer
ause ey a ceup yt steam was .I inventory, the repressurization of the pressurizer

due to compression of the steam volume was not as e nstant); and raised the saturation temperature of

0 large as the preceding reduction. This was caused the pressurizer liquid. The net result was an
I by subcooled liquid entering the pressurizer from increase in the pressurizer saturation pressure. The

; the unaffected loop hot leg and surge line and prespzer internal heater operations were very
removing sufficient energy to condense some of the effective in c ntrolling the primary pressure during

,

I steam from the steam space. Because the steam vol- the stabilization phase of the transient.

1 ume was preserved (because the liquid level was pre- -

served), the reduction in steam mass caused the Comparisons of StablBastion Phase T g+n -

! reduction in pressurizer pressure. The situation was The system stabilization phase of tests S-FS-6, S-FS-7, f
-

aggravated by the additional cooling of the insurge and S-FS-1 I imohtd the same reemery operations and |
fluid due to the surge line heat loss (Figure 61). The stabilization criteria. The basic response of the system |
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fluid temperatures during the stabilization phase of 100% FWLB experiment S-FS-6 (600 to 3800 s).

to the stabilization operations was the same for all The limiting criteria in achieving stable condi-
three tests with differences primarily in the timing tions for all three tests was the recovery of the unaf-
of events. Figures containing the pertinent parame- fected loop stcam generator liquid Icvel. The
ters (the same parameters as those presented for test smaller break sizes caused later htSr.' closure tim-
S-FS-6), for tests S-FS-7 and S-FS-11 may be found ing, allowing greater unaffected loop steam genera-
in Appendix D (Figures D-19 through D-32). tor inventory loss during the blowdown. Therefore,

The stabilization operations were specified to be the time required to recover the unaffected loop
initiated at the end of the blowdown phase of the steam generator secondary inventory was greater
test when operator identification of the transient for the smaller break size cases. This was the major
and operau intervention would be expected to difference observed in the stabilization phase of the
occur. For the 100% and 50% break size cases (tests tests. The longer unaffected loop secondary refill
S FS-6 and S-FS-II), the stabilization operations time required that more normal charging opera-
were initiated at 600 s because blSIV closure had tions be performed for tests S-FS-7 and S-FS-Il
already occurred. For the 14.3% break size case than for test S-FS-6. It also required that one addi-
(test S-FS-7), the initiation of stabilization opera- tional pressurizer internal heater operation be per-
tions was delayed until 923 s due to the later htSIV formed for test S-FS-7, However, for all three tests,
closure timing. For all three tests, the first opera- the unaffected loop secondary pressure remained
tion performed was terminating the affected loop below 6.98 htPa, so it was not necessary to utilize
steam generator auxiliary feedwater flow. Simi- the ADV to limit the secondary pressure. The stabi-
larly, for all three tests, pressurizer internal heater lization criteria were satisfied and the system stabi-
operations were required to increase the primary lization phase was considered to be completed
subcooled margin and allow SI termination. The when the unaffected loop steam generator liquid
primary pressure remained above the HPIS shutoff level reached 910 cm (3800 s for test S FS-6,4055 s
head (12 324 htPa) for all three tests, so that no for test S-FS-II, and $943 s for test S-FS-7).
H PIS injection occurred. Lerdown operations were The system response to the normal charging /
not required for any of the tests, letdown operations and the pressurizer internal

$4

5



. _ _ _ _ _ _ _ _ _ _ _

heater operations were the same for the three tests fied minimum pressure for that time into the
with the only differences occurring in the timing of cooldown. This deviation from the EOP guidance
events. For all three tests, the automatic actions was taken in light of limited test time (the
performed by the safety systems left the system in a EOP-guided cooldown would require 100,000 s to
quasi stable condition and the EOP-specified finish) and the desire to investigate vessel upper
recovery operations were very effective in stabiliz- head void formation and collapse. The oserall sys-
ing the Semiscale Mod-2C system. tem response to the cooldow n and d pressurization

operations will be discussed first. This will be fol.

System Response to Plant Io"ed by discussions or the errects or unafrected
loop steam generator steam and feed operationsCooldown and Depressun.zat. ion
and combined pressurizer auxiliary spray and inter-Operations (S FS-6) nal heater operations on the system response.

The objective of the cooldown and depressurization
phase was to reduce the awrage fluid temperature and Overall Response to System Cooldown and
system pressure such that, in the course of the Depressurization Operations. The system stabi-
cooldown and depressurization, the wssel upper head lization criteria w ere met and cooldow n and depres-
subcooled margin reduced to s2 K. After the upper surization operations commenced 3F00 s after
head subcooled margin reached s 2 K, the system was transient initiation. At 3815 s, the contro!!ed unaf-
monitored for upper head void formation. Because fected loop steam generater secondary depressuri-
upper head soid formation did not occur within 600 s, zation was initiated by opening the ADV. Figure 62
the system was depressurized to force a void formation, shows the secondary pressure and illustrates the
The first upper head soid was then collapsed itsing the stairstep secondary depressurization at the speci-
fi#anddmin method of upper head void colh.pse. A fled rate of 0.71 MPa per decrement. The second-
second soid was 6 hen forced and was collapsed using ary pressure was maintained at the lower pressure
thepumpirwan method. Ibtlowing collapse of the sec- for at least 600 s after each stairstep. At 3827 s, the
ond soid, the system was shown to be in a controlled controlled primary depressurization (Figure 62)
fomstfow cooldown and depressurization, and the was initiated by turning on the pressurizer auxiliary
test was termmated. During the cooldown and depres- spray (Figure 63). The decreasing pressurizer pres-
surization, in the absence of an upper head soid, the sure produced a corresponding primary subcooled
cooldown continued w hile maintaining: the pressurizer margin reduction (Figure 63) to 11.1 K. Normal
liquid level at 245 2 10 cm; subcooled margin charging (Figure 64) was cycled on and off
between 11.1 and 13.9 K; and the unaffected loop throughout this period to make up for the loss of
steam generator collapsed liquid lew! 2700 cm. This pressurizer inventory due to small system leakage
was accomplished using combined operations of pres- and primary shrinkage. Letdown (Figure 64) was
surizer internal heaters, normal charging / letdown, also cycled on and off throughout this period to
pressurizer auxiliary spray, and an unaffected loop make up for the increase in pressurizer inventory
steam generator steam and feed operation. This section due to pressurizer auxiliary spray mass addition,
discusses the thermal-hydraulic response of the sptem Pressurizer internal heaters (Figure 63) were cycled
during the cooldow n and depressurization to the point on and off to maintain the minimum primary sub-
in time where the vessel upper head Duid subcooled cooled margin at 11.1 K.
margin had reached s 2 K for 600 s (3800 to 10,600 s). The unaffected loop steam generator secondary
The system response to msel upper head void collapse depressurization resulted in a primary system
operations will be discussed following this section. cooldown (Figure 65). The primary cooled down

This portion of the cooldown and depressuriza. initially at a rate of approximately 25.6 K/h.
tion was performed, for the most part, in accord. Throughout the e:..ly cooldown period, the unaf-
ance with the guidance provided in the St. Lucie fected loop steam generator liquid level continued
Unit No. 2 (a C-E System 80 plant) EOPs (Refer- to decrease as ADV flow exceeded auxiliary feed-
ences 11, 29) for a natural circulation cooldown, water flow (Figure 66). The rate of level decrease
With exception of the rate of depressurization, the slowed as the ADV flow reduced, due to t h: second-
EOP guidelines were followed to the extent possi- ary pressure reduction, to the range of the auxiliary {ble. The primary depressurization was within the feedwater flow. The auxiliary feedwater flow ade-
EOP guidelines up until about 4900 s, when the quately controlled the secondary lesel since it did
primary system pressure dropped below the speci- not decrease to 700 cm. )

|
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Figure 66. Unaffected loop steam generator dow neomer and tube bundla overall collapsed liquid lesels, and auxiliary,

feed water and atmospheric dump vaht mass flow rates during the plant cooldown and depressurization

; phase of 100'** FWLB experiment S FS-6 (3800 to 10,600 s).

The primary depressurization resulted in a teduc- 10,600 s). This portion of the cooldown and ;

i tion in the primary system subcooled margin depressurization was then considered to be com- i
'

2 (Figure 63). The pressurizer auxiliary spray was plete and vessel upper head void recovery investiga-

) cycled 16 times during this portion of the test to tions were then initiated.
| reduce the primary pressure and maintain a maxi-
i mum primary subcooled margin of 13.9 K above

the cooling unaffected loop hot leg temperature Effects of Unaffected Loop Steam Generator

(Figure 65). The lack of flow through the vessel Steam and Feed Operation on the System
Cooldown and Depressurization to Vesselupper head limited the cooling of the upper head
Upper Head Fluid Saturation. The unaffected' fluid (Figure 67) so that, due to the continuous ,

I p steam generator steam and feed operation
depressurization, the upper head subcooled margin # "5bted of steaming through the ADV and feed-

. (Figure 68) decreased continuously during this por- , ,

l tion of the test. The pressurizer internal heaters 8. with auxiliary feedwater. The intention of the
.

stairstep secondary depressurization was to reduce ;

! (Figure 63) were cycled on and off five times during see n ary sawa n temperawe resubg in a
,

this portion of the test to increase the primary pres- controlled primary system cooldown. The
,

:

) sure and maintain a minimum primary subcooled 0.71 MPa stairstep decrements shown in Figure 62 :

margin of 11.1 K above the cooling unaffected produced an average primary fluid temperature
'

loop hot leg temperature. Both operations were decrease of approximately 25.6 K/h between 3800
j effective in maintaining a controlled printary and 9200 s. The cooldown rate decreased slightly

| depressurization. Normal charging was cycled 20 between 9200 and 10,600 s as the choked ADV
j times and letdown was cycled 9 times to maintain mass flow rate and steam enthalpy decreased due to !

'the pressurizer liquid level within the specified con- the decreased secondary pressure. This combina-
'

j ditions of 245 t 10 cm(Figure 64), tion greatly reduced the energy removal capacity of
j The vessel upper head subcooled margin the secondary .ADY (Figure 69), and reduced the i

! (Figure 68) reached 2 K at about 10,000 s. llow- rate of primary cool down.
ever, no upper head voiding was indicated during The unaffected loop steam generator steam and ;

;

; the 600-s observation period (between 10,000 and feed operations were successful in cooling dow n the ;

I i

1
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vessel upper head saturation temperatures during the plant cooldown and depressurization phase of 100r,
FWLB esperiment S f S-6 (3800 to 10,600 s).
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Figure 69. Unaffected loop steam generator atmospheric dump valve energy removal and core power during the plant
cooldow n and depressurization phase of 100% ITLB experiment S.TS-6 (3800 to 10,600 s).

primary Ruld system while maintaining satisfac- margin of 11.1 K. This was intended to maintain
tory secondary imentory. Attempts to cool dow n at control of the primary system, as guided by thei

| faster rates would be limited, howeser, by the capa- EOPs. The pressurization rate using pressurizer
| bility of the auxiliary feedwater now to maintain internal heaters at 6.99 kW was approximately :

'

( the secondary inventory. 0.0048 hiPa/s during an average total pressure

|
increase of 0.15 51Pa (Figure 63).

| The combined operations of pressurizer auxil-
| Effects of Combined Pressurizer Auxiliary iary spray and internal heaters demonstrated excel-

Spray and Internal Heater Operation on the Sys- lent control of primary pressure and subcooled
.

tem Cooldown and Depressurization to Vessel margin during the primary cooldown and depres.|
Upper Head Fluid Saturation. During this por- surization to vessel upper head Huid saturation.
tion of the test, the pressurizer auxiliary spray was
cycled 20 times to maintain a maximum primary System Response to Vessel ,

subcooled margin of 13.9 K. The intent was to !

nduce the primary system pressure at the maxi. Upper Head Vold Recoveryi

l

mum rate permitted by the primary system Operations (S FS-6)
cooldown. The depressurization rate produced by ~,

using auxiliary spray was 0.0166 htPa/s, during the This portion of Test S-FS-6 was performed in
initial total pressure drop of approximately accordance with the guidance provided in the St. Lucie

3.70 SIPa (Figure 62). The average depressuriza- Unit No. 2 EOPs for a rapid natural circulation
tion rate produced by using auxiliary spray was cooldown and depressurization with upper head soid
0.0122 htPa/s, during subsequent aserage total formation. The EOP guidelines were followed to the ,

'

pressure drops of approximately 0.55 51Pa. The extent pouible. After forcing upper head void forma-
subcooled margin was reduced to approximately tions, two methods of upper head seid collapse meth-

9.5 K during each spray cycle (Figure 63). ods were imestigated. The first trethod, the fin and
The pressuriier internal heaters were cycled five dntm method, imched using normal charging, aided

times to maintain a minimum primary subcooled by pressurizer internal heaters, to fdl the sessel upper

'
|
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head with cooler Guid and collapse the upper head the pressurizer and upper head liquid level
void. He second method, the pump mstart method, responses (Figure 72) at approximately 10,795 s.
imohed restaning the primary coolant pumps in each The vessel upper head liquid level reached 356 cm
loop at one-half their initial condition Dow. This and the upper head external heaters were turned off
method, aided by normal charging to maintain system at approximately 10,854 s. The pressurizer liquid
imenton, forces more now through the upper head level reached 365 cm and the pressurizer auxiliary
resuhing in mixing of the cooler cold leg Guid with the spray, letdow n (Figure 73), and the cooldown were
upper head Guid and collapse of the upper head soid. stopped at approximately 10,865 s. Normal chars-
The oserall sptem response to the upper head sold ing Cow (Figure 73) and pressurizer internal heater
collapse operations will be discussed first. This will be (Figure 70) operations were initiated at approxi.
followed by discussions of the effects of the fd/ amt mately 10.886 s. However, the pressurizer liquid
dmin method of soid collapse and the pump nstart level rapidly increased beyond the 380 cm and

| method of soid collapse on the system response. 395 cm pressurizer internal heater initiation and
I normal charging termination set points. Normal

charging flow was then terminated at approxi.Overall Response to Vessel Upper Head Vold
mately 10,904 s. As the pressurizer internal heatersCollapse Operations. At 10,600 s after transient
started to mitigate the voiding, the pressurizer andinitiation, the sessel upper head fluid had been

within approximately 2 K of saturation for 600 s. vessel upper head hquid levels reached their maxl.

Howeser, no upper heaj soiding had occurred. At mum and minimum values of approximately

10,736 s, the depressurization of the primary sys- 418 cm and 262 cm, respectively. The upper head

tem was initiated by starting the pressurizer auxil, void reduction was initiated at about 10,950 s,

lary spray (Figure 70). The reduction in primary recovering the vessel upper head lesel and reducing

pressure (Figure 71) produced a corresponding the pressurizer level. The normal charging now was

redection in the primary hot leg and sessel upper re initiated at about 11,045 s, when the pressurizer
head subcooled margins (Figure 70). The forma. level decreased to 395 cm. This caused the slight
tion of the first upper head soid was indicated by increase in the rate of upper head void collapse
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Figure 73. Total normal charging and letdow n mass now rates during the sessel upper head void collapse methods
investigation phase of 100% FWLB nperiment STS-6 (10,600 to 13,900 s).

shown in Figure 72. The on/off cycling of the ves- nal heaters were turned off at approximately
set upper head external heaters was re-initiated at 11,930 s. The pressurizer liquid level reached
about 11,104 s, when the vessel upper head lesel 365 cm aM the pressurizer auxiliary spray, let-
increased to 356 cm. The soid reduction continued down, ard cooldown were stopped at approxi-
with final collapse of the void indicated at approxi- mately 11,960 s. The affected and unaffected loop
mately 11,325 s, w hen the upper head le el reached primary coolant Wmps were then restarted with the
421 cm and the pressurizer inel started to increase, affected loop pump starting at approximately
Normal charging flow and pressurizer internal 11,%5 s; the unaffected loop pump starting at
heater operations were then terminated and let. approximately 12,057 s. The pumps were adjusted
down operations were initiated to return the pres- to bring the loop flows (Figure 74) to 5.5 L/s and
surizer lesel to 245 10 cm. Letdown now was 1.8 L/s for the unaffected and affected loop,
terminated at 11,715 s with the pressurizer liquid respectively. As the forced now increased the Dow
lesel at 245 cm. through the vessel upper head, the voiding was

At 11,715 s after transient initiation, the first halted. The pressurizer and sessel upper dead
vessel upper head void had been collapsed and all liquid inels reached their maximum and minimum
other parameters were within the specified range of values of approximately 410 cm and 292 cm,
conditions. At 11,730 s, the depressurization ofIhe respectis ely. The upper head void reduction was ini-
primary system was re initiated by starting the pres- tiated at about 12,060 s, recovering the vessel upper
surizer auxiliary spray. The resulting reduction in head level and reducing the pressurizer incl. The
primary pressure and primary hot leg and vessel on/off cycling of the vessel upper head external
upper head subcooled margins can be seen in Fig- heaters was re-initiated at about 12,265 s, w hen the
ures 70 and 71. The formation of the second upper vessel upper head level increased to 356 cm. The
head soid was indicated by the pressurizer and normal charging now was re-initiated at about
upper head liquid level responses (Figure 72) at 12,882 s, when the pressurizer level decreased to
approximately 11,896 s. The vessel upper head lig- 245 cm. This caused the slight increase in the rate
uid inel reached 356 cm and the upper head 'xter- of upper head void collapse, shown in rigure 72.
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Figure 74. Affected and unaffected loop cold leg volumetric flow rates during the vessel upper head void collapse j
methods investigation phase of 100r FWLB experiment S FS-6 (10.600 to 13,900 s). I: e

I
|

The void reduction continued with final collapse, St. Lucie Unit No. 2 EOPs, consists of filling the !

j of the void indicated at approximately 13,176 s, system with normal charging and utilizing pressur. !

when the upper head level reached 421 cm and the izer internal heaters to return the steam bubble to
3

; rate of pressurizer level rise started to increase. the pressurizer.

J Normal charging flow was then terminated and let. After initial indication of voiding at approxi. :
dow n operations were initiated at 11.193 s, to mately 10,795 s, the vessel upper head level '*

'

return the pressurizer level to 245 2 10 cm. The decreased at an average rate of approximately {
pressurizer level reached 255 cm at approximately 2 cm/s between 10,825 and 10,885 s, while the ;

: 13,300 s. At this point, all parameters were within pressurizer level increased at an average rate of |
| the specified tolerances. Letdown was terminated approximately 1.8 cm/s over the same time period

'

at 13,349 s with the pressurizer level at 245 cm, all (Figure 76). The rate of void formation decreased;
other parameters meeting specification, and the rapidly following auxiliary spray termination and
forced flow cooldown continuing. pressurizer internal heater and normal charging :,

! At 13,900 s, the pressurizer level was at 238 cm flow initiation (Figure 77). The maximum voiding !

4 and had been between 235 and 255 cm; unaffected occurred at approximately 10,935 s, as the internal !
ioop steam generator liquid lesel(Figure 75) was at heaters pressurized the pressurizer (Figure 78) and !

J
770 cm and was increasing; subcooled margm was started to force fluid out of the pressurizer and into f
at 32.0 Kt and the average primary fluid tempera- the upper head. The sub x>oled cold leg fluid i

]
ture was at 503 K, and had been decreasing for

entered the upper head through the vessel down- I,

more than 600 s.This satisfied the test termmation CO*cr to upper head bypass line and cooled the
! criteria. The test was then terminated at 13,900 s. r

hqu,d in the upper head (Figure 79), which in turn ;i

! started to condense the steam in the upper head, i

- Effects of the Fill and Drain Method of Vessel The upper head levelincreased initially at an aser. !

) Upper Head Vold Collapse on the System age rate of apptoximately 0.9 cm/s over the range j

] Response. Thefill and drain method of vessel of 280 to 336 cm. Over this same time span, the ;

; upper head soid collapse, as outlined in the pressurizer level also decreased at an as erage rate of (
i i':
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approximately 0.9 cm/s. This similarity in the rate is evident in both the pressurizer and upper head '

of level change is due to the pressuriier area being liquid level responses.110wes er, special note should
only slightly larger than the vessel upper head area, be made of the fact that the pressurizer level started
difference in the pressurizer and upper head Guid to increase before the upper head void was fullyi

densities, and the slight system leakage, collapsed. Care should be taken to ensure that the
When the upper head liquid level reached rate of pressurizer lesel increase agrees with that

approximately 335 cm, the average rate of level expected due to the normal charging Dow.
increase reduced to approximately 0.5 cm/s. This is Thefilland drain method is an effective method
duein part to the Guid reaching the level of the top of vessel upper head void collapse. The total time
of the guide tube (335.8 cm) in the upper head required for void collapse following void identifica-
resulting in an increase in the upper head area. tion was approximately 530 s. The normal charging
floweser, the major reason for this reduction in the flow increased the rate of the cooling of the upper
rate of level increase is the continual reduction in head liowever, based on these resuks, and past
the upper head Guld density as the upper head Guid experience in Semiscale,30 normal charging alone
cools, and the increase in the upper head pressure may not be sufficient to collapse the upper head
due to compression of the steam bubble. The re- void. Charging now may enter and fill the pressur-
initiation of normal charging at 11,045 s aided in izer rather than the vessel upper head. Using pres.
cooling the upper head fluid, as shown in surizer internal heaters proved to be very beneficial
Figure 79. Subcooled liquid reached the 402 cm in collapsing the upper head void, as they pressur-
elevation in the upper head at approximately Ized the pressurizer and forced more cold Guid into,

11,210 s. This is evident in the Guid thermocouple the upper head.11ence, the combined use of rior-
response (Figurc 79), and the upper head sub. mal charging and pressurizer internal heater opera-
cooled margin (s9 K) obtained from the thermo- tions appears to be effective in both cooling the
couple data (Figure 78). Final collapse of the upper sessel upper head and collapsing the upper head
head void occurred at approximately 11.325 s. This void.

|
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Effects of the Pump Restart Method of Voeool lod, the wssel upper head pressure remained essentially
Upper Head Vold Collapse on the System constant (Figure 84). This indicates that the energy
N ;-:-3w. Thepump restart method of wssel upper remosal from the steam through condensation and'

head soid collapse, as outlined in the St. Lucie Unit heat loss matched the work performed on the steam as
No. 2 EOPs, consists of restarting one pump in each the steam was compressed. In other words, the mass
loop (a C E Sptem 80 plant has a two loop, two pump rate of steam condensation and the rate of steam sol-

i per loop, configuration). This increases the flow ume reduction were matched such that the specific so1
through the loops to about one-half of the full flow ume of the steam remained essentially constant.

| value. The now of fluid bypassms the core to the wssel At approximately 12,882 s, the pressurizer liquid

; upper head is also increased, resulting in cooling of the lori reached 245 cm and normal charging flow was re-
upper head fluid. initiated. The charging now presided added cooling to

'

After initial indication of soiding at approximately the primary system, including the upper head. De
11,896 s, the wssel upper head lotl decreased at an charging now also increased the rate of loci increase in

| average rate of approxi'nately 1.7 cm/s between the upper head to an average of approximately
11,910 and 11,977 s, while the pressurizer level 0.12 cm/s, while it started to increce the lori in the

,

increased at an awrage rate of approximately 1.5 cm/s pressurizer at an average rate of approximately
i over the same time period (Figure 80). He seiding 0.09 cm/s. His indicates that approximately one-half

halted abruptly at appmximately 11,995 s as the loop of the charging flow minus leakage was entering the

I and wssel downcomer to upper head bypass line flows upper head with the other one-half entering the pres.
'

increagd (Figure 81). He subcooled cold leg fluid surizer. Subcooled liquid reached the 402 cm eloution
I entered the upper head through the wssel downcomer in the upper head at approximately 13,070 s. This is

to upper head bypass line and cooled the liquid in the evident in the fluid thermocouple response (Figure 82).
'

upper head (Figure 82), uhich in turn started to con- Final collapse of the upper head soid was indicated at
dense the steam in the upper head, ne upper head approximately 13,176 s, when the upper head liquid
toel increxicd initially at an awrage rate of approxi- lori reached 421 cm and the pressurizer liquid lor!
mately 1.2 cm/s over the range of 300 to 340 cm. Over started to increase more rapidly. Here again, specia!

|,

this same time span, the pressurizer lori decreased at note should be made of the fact that the pressurizer i

j an awrage rate of approximately 0.7 cm/s. lori started to increase before the upper head void was !

'

During the period of loop flow increase (12,000 collapsed. Care should be taken to ensure that the rate

,
to 12,100 s), the effects on the primary response of pressurizer lori increase agrees with that expected

j were quite pronounced. The increased flow due to the normal charging now. .

j through the core reduced the temperature increase The pump restart method is an effective method !

] of th rimary fluid while the increased flow of vessel upper head sold collapse. The total time '

: througn .he unaffected loop steam generator required for void collapse following void identifica-
1 reduced the temperature decrease of the primary tion was approximately 1280 s. The forced flow
! fluid. This resulted in a substantial decrease in the through the vessel upper head provided significant '

unaffected loop hot leg Guid temperature (22 K), cooling of the upper head and recoupled the upper
affected loop hot leg fluid temperature (16 K), head Guid and taetal with the rest of the primary

).
affected loop cold leg fluid temperature (10 K), and system. Before the initiation of normal charging
a slight increase in the unaffected loop celd leg flow, the rate of void collapse appeared to be con-

1 Ouid temperature (4 K)(Figure 83). The net effect trolled by the rate of condensation in the upper
'

] was a reduction in the average fluid temperature of head. The normal charging flow increased the rate
approximately 10 K, and an increase in the primary of void collapse but did not significantly affect the ;

subcooled margin (Figure 84) of about 22 K. degree of upper head fluid and metal cooling. *

When the upper head liquid loel reached approxi-
mately 340 cm, the average rate of loel increase Comparisons of the Fill and Drain and Pump

j reduced to approximately 0.05 cm/s. His is due in Restart Methods of Vessel Upper Head Void Col-
i part to the fluid reaching the toel of the top of the lapse. Both the fdl and dmin and the pump restart ,

i guide tube (335.8 cm) in the upper head, resuhing in method proved to be effecthe in cooling the wssel :

i an increase in the upper head area. Howner, the major upper head Guid and collapsing ihe wssel upper head

reason for this reduction in the rate of loet increase is void. Two major differences were noted. De fill and
the reduction in the upper head fluid density as highly dmin method collapsed the wssel upper head void |
subcooled (30 K) liquid entered the upper head more rapidly that the pump nstart method (530 s wr-

|

through the bypass line (Figure 82). During this per- sus 1280 s). Howner, the pump restart method cooled [

1 :
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'

the sessel upper head fluid and metal much more than during secondary refill conditions such as could LI
thefdanddmin method (a madmum of 40 K for the occur during a loss of feedwater transient. The data ,I
pump nstart method sersus a madmum of 8 K for the also provides invaluable insight into the primary. ffdand dmin method). to-secondary heat transfer mechanisms that existed i

The results for both methods of sessel upper in the unaffected loop steam generator as it refilled '

head void collapse indicate the need to carefully following htSIV closure during these experiments,
3

monitor the rate of pressurizer liquid loel increase The voided secondary refill phase of the expenments
in determining final collapse of the upper head was commenced after the completion of the plant sta.

3

void. For both methods, the pressurizer liquid level bilization phase. The refill operations consisted of:
started to increase before the upper head void was

break isolation; affected loop steam generator andl.
collapsed. Thus, determining final collapse of the

lary feedwater re-initiation (at 0.0LM g/s for S-FS.7 and
upper head sold cannot be based solely on an

0.016 kg/s for S-FS-il); mamtaimng the stable condi. )increasing pressurizer liquid lesel. The rate of the
pressurizer level increase should be monitored t tions nchiesed during the plant stabilization phase,

ensure that it agrees with that expected due to the (pressurizer liquid lesel between 235 and 255 cm, sub. I

normal charging flow, cooled margin 227.8 K, unaffag!!oop steam gener. j
ator downcomer liquid loel betwrrn 910 and 10X) cm,
and unaffected loop steam generator secondary pres- 1System Response to Voided sure s638 blN; and restarting the primary coolant

'

Secondary Refill Operations pumps at their rmmmum speed, irnecessary, to pnnide I
a measurable pnmary fluid flow rate. The refill was |

The volded secondary tefill operations per, specified to be terminated upon achining an affected
formed for tests S FS.7 and S-FS.!! are not normal loop steam generator secondary 1.;guid lesti of
recovery operations for a bottom feedwater line 1036 cm.
break transient. Howoer, the data obtained during Examination of the Semiscale Mod-2C system
this phase of the experiments provides needed response tc the voided secondary refdl operations pro.
Information on primary.to secondary heat transfer sides imuluable insight into both the effectheness of

\
t
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the refill operation in maintaining stable conditions The liaMd I el remained above 910 cm for the
and the rature of the primary-to-secondary heat tram- remaiNer of Ihe transient, precluding the need to

; fer mechanism. De characteristic response to the re initate the ausiliary feedwater now. The unaf-
voided secondary refdl operations was very simi'ar for fected loop steam generator secondary pressure
both tests. Therrfore, the detailed discussion of the remained below 6.98 MPa, precluding the need to
characteristic sptem response to the wided secondary cycle the ADV. The natural circulation now doel.
refill cperatiorr, will be limited to test S-1511 results, oped in the affected loop was below the measure-
The overall sntem response for test S-ISil will be ment range of the U tube outlet turtio-probes.
discussed first, followed by discussions of the second. Therefore, the primary coolant pumps wcre
ary responses to the soided secondary refill operations restarted at their minimum speed to proside a inea-
for test S-f511. The response of the primary system to surable primary Duld now rate. Problems encoua-
the soided secondary refdl operations for test S 151) tered in restarting the unaffected loor pump
will be discussed next. fir dly a comparison of the precluded operating the pump. However, the now
results for tests S-Isil and S-FS-7 is made to provide provided by the affected loop pump was sufficient
insight into the effe:ts of different refill rates on the ' to provide a measurable primary Guid now rate-
mided seeordary refdl sptem response. The primary fluid system exhibited a gradual

depressurization under the induence of the second-
Osnrall System Response to Volded Secondary ary energy removal and the slight system leakage.
Refill Operations. The overall response of the The primary system average fluid temperature
system is characterized as maintaining stable sys- exhibited a marud decrease w hen the affected loop
tem conditions while re-establishing the affected steam generator secondary inventory started to
loop stedrn generator secondary inventory and increase and its primary to-secondary heat transfer
primary to-secondary heat transfer. The predomi- was re-initiated. The aserage Guid temperature
nant factors gos erning the system response were the then leveled off as the energy addition due to core
rate of the affected loop team generator secondary power was offset by the energy removal via the see-
imentory recosery and the affected loop steam gen- ondaries. Pressuriter imer; tory was maintained by
crator primary to-secondary heat transfer. normal charging now an.1 the primary subcooled ;

The voided secondary refillphase of test S FS-1I margin remained above 27.8 K.
was initiated at 4100 s by closing the af fected loop
steam generator botter., main feedwater line %reuk Secondary System Response to Voided Sec-
vahe (isolating the break) and re initiating the oridary Refill Operations. The principal objec-
affected loop steem generator auxiliary feedwater tive of the soided secondary rehil phase of these
now at the scaled '>pical now rate (0.016 k g/s). experiments was to obtain steam generator
The characteristic response of the primary and see- primary-to-secondary heat transfer data under
ondary systems is graphically depicted in refill conditions. The secondary pressure and
Figures 85 through 91. The ausiliary feedwater inventory respormes for both secondaries were out-
started reemerirg the affected loop steam genera- lined in the oserall system response subsection. The
tot secondary liquid le el, after refilling the break mechanisms drising their responses consist simply
ass (mbly and main feedwater line piping, at about of energ) and mass balances for the secondaries
43003. As the secondary inventory started to and requne no farther elaboration. Therefore, this
increase, liquid supplied to the tube bundle region discussion will be limited primarily to the measured
was heated, generating steam and re initiating the affected hop steam generator primary to-
primary-to secondary heat transfer. The i.nergy secor.iary heat transfer data and the phenomena
addition from the primary and the compression of relateu to that data.
the secondary steam volume caused a pressuriza- The response of the secondary comective heat ,

tion of the affected loop steam genettor secor.d- transfet coefficient (Figures 92 through 99) to the |
ary. The re-initiation of the affecMd loop steam voided secondary refill is characterized as a step j
generator primary energy removal caused a reduc- change increase as saturated steam contacts the U- '

tion hi the unaffected loop steam generator tube wall outside surface fdhwed by a gradual
primary energy remosal rate, thereby causing a reduction as the local vapor soid fraction
reduction in the unaffected loop steam generator (Figure 100) decrease. Aubownin Figure 101,re-
econdary pressure. The unaffected loop steam initiation of the loul secondary comectise heat

generator ausiliary feedwater flow was terminated transfer at each eles.ition does not occur until the
'

when the secondary liquid loci reached 1000 cm. tube bundle misture level (the le el determined

1 ,

i
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feedwater mass flow rate during the voided secondary refill phase of 50% FWLB experiment S-FS 11
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Figure 89. Affected and unaffected loop hot and cold leg, and average primary fluid temperatures during the voided
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Figure 94. Affected loop steam generator secondary comtetive heat transfer coefficients at the 137 cm elevation
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Figure 95, Affected loop steam generator secondary convective heat transfer coefficients at the 213 cm eloation |
during the voided secondary refill phase of 50% FWLB experiment S-FS Il (4000 to 8000 s), |
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Figure 97. Affected loop steam generator secondary convective heat transfer coefficients at the $56 cm elevation -
during the voided secondary refill phase of 50Ve FWLB experiment S-FS-Il (4000 to 8000 s).
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Figure 98. Affected loop steam generator secondary convective heat transfer coefficients at the 709 cm elevation
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Figure 99. Affected loop steam generator secondary convective heat transfer coefficient at the 886 cm elevation
during the voided secondary refill phase of 500. FWLB experiment S FS-11 (4000 to 8000 s).
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Figure 101. Affected loop steam generator tube bundle n ixture level, secondary convective heat transfer
re-establishment level, and interfacialliquid 1: vel during the voided secondary refiD phase of 50% FWLB
experiment S-FS-II (4800 to 6800 s).

based on the timing of the initiation of the loctJ While the affected loop steam generator second-
vapor-void fraction reduction from 1.0 for each ary response can be envisioned as a gradually
elevation) reaches that elevation. Thus, because of increasing poolof two-phase mixture, the nature of
the relatively low heat flux and the relatively low the response of the measured secondary convective
initial wall temperatures, there is no precursory heat transfer coefficients does not agree with that
cooling such as occurs in a PWR core during predicted by existing boiling heat transfer correla-
reflood. The voided secondary refill heat-transfer tions (References 20 through 24). The measured
response is more characteristic of a rewet type of secondary convective heat transfer coefficients
mechanism where the re-initiation of convective decrease with decreasing void fraction, while exist-
heat transfer is dependent upon the existence of ing correlations either have no void fraction depen-
some liquid. dency or produce the opposite trend with regard to

The affected loop steam generator secondary void fr Mion. This difference in the secondary con-
response to the voided seccadary refill operations vective heat transfer coefficient predicted and mea-
can be envisioned as a grad 2 ally increasing poolof sured trends is the same as that discussed earlier for
two-phase mixture in the t abe-bundle region. The full power conditions,
progression of the level fo the re-initiation of the The Semiscale Type 111 affected loop steam gen-
local convective heat transt er is identical to the pro- erator heat transfer data points out a definite defi-
gression of the two-phase mixture level. The two- ciency in current boiling heat transfer correlations
phase mixture level piecedes the measured for predicting secondary convective heat transfer
interfacialliquid level, with the magnitude of the coefficients. It is very probable that the correlation
level difference dependent upon the amount of deficiencies are due to the fact that the correlations
voiding present in the two-phase mixture. The were developed from data for flow inside of a
greater the amount of voiding, the greater the dif- heated tube, not for flow around heated tubes in a
Terence in the mixture and interfacialliquid levels, tube bundle. Vapor present inside of a heated tube

i This is the reason for the gradual divergence of the can blanket the tube inside wall, limiting the area
| mixture and interfaciallevels shown in Figure 101. for liquid contact with the wall and reducing the
1
1

1

81



local convective heat transfer coefficient, as pre- magnitudes of the affected loop steam generator heat
dicted by the existing correlations. However, vapor transfer parameters. Figures containing the pertinent
present around the outside of a tube bundle can parameters for the oserall system response (the same
produce a turbulent mixing and pumping action, parameters as those presented in the owrall system
which can increase both the liquid and the vapor response subsection for test S-FS-II), for test S-FS-7
cooling efficiency, thereby increasing the local con- may be found in Appendix D (Figures D-33 through
vective heat transfer coefficient (as observed in the D-39).
Semiscale data). The voided secondary refill operations were speci-

fled to be initiated at the end of the stabilization phase
r te paadons were Wdad hPrimary System Response to Volded Second-

closing the affected loop steam generator bottom mainary Refill Operations. The primary system
feedwater line break valw (isolating the break) and re-

response to the voided secondary refill operations is
initiating the affected loop steam generator auxiliarycharactenzed as a very gradual cooldown and

, feedwater dow. This occurred at 62N s for test S-FS-7depressunzation. The major change m, the primary
and 4100 s for test S-FS-II, with the auxiliary feed-

response during this phase was m response to re-
How at a scaled degraded now rate (0.0N kg/s)tmtiation of the affected loop steam generator

, , for test S-FS-7 and the scaled typical flow rate
pnmary-to-secondary heat transfer and the pri-

(0.016 kg/s) for test S-FS-II. For both tests, the initia-
mary coolant pump restart.

tion of the increase in the secondary le el was delayedThe re-initiation of the affected loop steam gen-
until the break assembly and feedwater line piping wereerator primary energy removal initially cooled the
2d h gimary-to-secondary heat transfer was

primary substantially as the affected loop steam
then re-initiated as the liquid supplied to the tube-generator primary energy removal combmed with
bundle region was heated by the primary Guid. Forthe unaffected loop steam generator primary g gg g ggg g

energy removal to cool the primary fluid Follow-
affected loop steam generator primary energy removal '

mg termmat_on of the unaffected loop steam gener-i
was the same. The primary coolant pumps had to be

ator auxiliary feedwater mjection, the affected loop
restarted and the unaffected loop steam genemtor aux.steam generator primary energy removal mereased
iliary feedwater flow was terminated for both tests. Theto the lesel of the unaugmented core power
main differences in the overall respon,e were: the unaf-(Figure 102). The primary system then entered a
fected loop steam generator ADV had to be cycled

phase of nearly constant average fluid temperature
once during test S-FS-7; both primary coolant pumpswith very gradual cooling and depressun,zation,
were operated for test S-FS-7; and the affected loopRestarting the affected loop primary coolant
steam generator primary energy removal and more sta- ;

pump caused the hot leg temperatures to decrease,
, bilization operatSns were required due to the greater |while the cold leg temperatures increased

(Figure 89). This was due to the increased now rate ength of he imohed in refilling the affected loop i

steam generator. Also, test S-FS-7 was terminated at I
through the loops and the core reducing the magni-

20,000 s due to data acquisition time limitations withtude of the resultant fluid temperature rise for the
the affected loop steam generator secondary lewl '

same amount of heat transfer. The reduced unaf-
below 1036 cm. While more operations were requiredfected loop hot leg temperature produced an
for test S-FS-7, the basic responses were the same forincreased primary subcooled margin (Figure 91),
both tests'which aided in maintaining stable operating condi-

e ar n m e eat Wer ch.enutions. The voided secondary refill operations were
r 8m W though 1@ sW tMvery effective in maintaining stable conditions in

same characteristic response to the voided secondary
,

the system.
refill as those for test S-FS-ll. They exhibited a step
change increase as saturated steam contacted the U-

Comparisons of Volded Secondary Refill tube will outside surface, followed by a gradual |

Responses. With the exception of the affected loop reduction as the local vapor-void fraction |
steam generator auxiliary feedwater mass now rate, the (Figure 110) decreased. The magnitudes of the sec-
specified operations for the voided secondary refill ondary comective heat transfer coefficients were,

i

phase of tests S FS-7 and S-FS-Il were the same. The however, much lower than for test S-FS-II. Similar to j
basic response of the system to the voided secondary test S-FS-11, re-initiation of the local secondary con-
refill operations was the same for both tests with the vective heat transfer at each elevation did nct occur
differences primarily in the timing of events and the until the tube bundle mixture bel reached that
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Figure 102. Affected loop steam generator primary-to-secondary heat transfer and core power during the voided
secondary refi!! phase of 50''o FWLB experiment S-FS-Il (4000 to 8000 s).
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Figure 103. Affected loop steam generator secondary convective heat transfer coefficients at the 61 cm elevation
during the voided secondary refill phase of 14.30 FWLB experiment S-FS 7 (10,000 to 20,000 s).

83



35000 i i i i

2O Long Cold (* 21.600 W/m -K)

2 30000 - h
-

"E
%

3: 25000 - -

-

,5 20000 - -

r
$ 0
0 15000 -

-

Y.>

i

E 10000 -

| /
-

=

I 5000 -
Y-

OC Z Z O ' ' '

10000 12000 14000 16000 18000 20000

Time (s) , , , , , . . , , ,
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Figure 105. Affected loop steam generator secondary convective heat transfer coefficients at the 137 cm elevation
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Figure 106. Affected loop steam generator secondary convective heat transfer coefficients at the 213 cm elesation
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during the voided secondary refill phase of 14.3r FWLB experiment S-FS-7 (10,000 to 20,000 s).e
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Figure 110. Affected loop steam generator tube bundle vapor-void fractions during the voided secondary refill phase
of I4.3% FWLB experiment S-FS-7 (10,000 to 20,000 s).

elevation. The voided secondary refill heat transfer For both tests, the primary system response to
response was more characteristic of a rewet type of the voided secondary refill operations is character-
mechanism for both test. ized as a very gradual cooldown and depressuriza-

For both tests, the affected loop steam generator tion. The major change in the primary response
secondary response to the voided secondary refill during this phase of the tests was in the response to
operations can be envisioned as a gradually increas- re-initiation of the affected loop steam generator
ing pool of two-phase mixture in the tube-bundle primary-to-secondary heat transfer and the pri-

.
region. The progression of the level for the re- mary coolant pump restart.

j initiation of the local convective heat transfer is The re-initiation of the affected loop steam genera- ,
'

identical to the progression of the two-phase mix- tor primary energy remosal in both tests initially
ture level. The two-phase mixture level precedes the cooled the primary substantially as the affected loop
measured interfacial liquid level, with the magni- steam generator primary energy remosal combined
tude of the level difference dependent upon the with the unaffected loop steam generator primary
amount of voiding present in the two-phase mix- energy remosal to cool the primary fluid. Following
ture. The greater the amount of voiding, the greater termination of the unaffected loop steam generator
the difference in the mixture and interfacial liquid auxihary feedwater injection, the affected loop steam
levels, as shown in Figure 111. generator primary energy remosal increased to the lesel

The measured local secondary convective heat of the unaugmented core power (Figures 102 and 112).
transfer coefficients for both tests exhibited the The primary system then entered a phase of nearly
same trend of decreasing local heat transfer coeffi- constant average fluid temperature with stry gradual
cient with decreasing local vapor void fraction, cooling and depressurization.
This trend is directly the opposite of that predicted Restarting the affected loop primary coolant '

by existing correlations t.nd further supports the pump caused the hot leg temperatures to decrease,
conclusion that the existing correlations are not while the cold leg temperatures increased for both
sufficient for predicting tube bundle exterior con. tests. The reduced unaffected loop hot leg tempera-
vective boiling heat transfer coefficients. ture produced an increased primary subcooled

i
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Figure 111. Affected loop steam generator tube bundle mixture level, secondary convective heat transfer
re-establishment level, and interfacial liquid lesel during the voided secondary refill phase of 14.3re
FWLB experiment S-FS-7 (12,000 to 19,500 s).
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margin, which aided in maintaining stable operat- FSAR calculations may be partially addressed.
Ing conditions. The voided secondary refill opera- However, the final determination of the degree of
tions were very effectise in maintaining stable conservatism inherent in the FSAR calculations
conditions in the system for both tests. will require comparisons of the FSAR-calculated

parameters to best-estimate parameters calculated
using a code that has been assessed and verified

Relevance to Bottom Ma,n against these experimental results. The assump-i

Feedwater Line Break issues tions and simplifications addressed in this report
are limited to: the assumed degradation in heat

, transfer with the reduction in liquid inventory;:
One of the objectives behind performing these assumed break flow state; assumed main steam line

bottom main feedwater line break experiments was dd valve failure; assumed loss of offsite power at
to provide data to assist the USNRC in addressing SCRAM; and response of the secondary liquid
the various concerns regarding these kinds of

, level differential pressure measurements and theiri

events. The major concerns being: the peak pri-
utilization for reactor trip signals. For these discus-

mary system pressure; the relative effects, conserv- sions, assumptions which maximize the primary
atisms or applicability of several FSAR calculation'

pressurization but do not emulate the actualassumptions; and the effectiveness of EOP- response exhibited by the experimental data are
specified recovery procedures for recovering and

considered to be conservative.
cooling down the plant. This section contams a dis- The assumption made for the C-E System 80
cussion of these major concerns, tak,ng m, tf FSAR Appendix 1$B bottom main feedwater line

i

account the results of these experiments. The imph-
,

break calculations regarding the reduction of heat
cations of the experimental results relative to FSAR

transfer with liquid inventory (i.e.,100% heat
assumption concerns at: discussed first. This is fol-

transft.r until the liquid inventory is depleted fol-lowed by a discussion of the implications of the
lowed by a step change reduction in the heat trans-

experimental results relative to the peak primary
fer to 0%) is not conservative for the Semiscalesystem pressure predicted for a full-scale P% R
% neam genuator. W assumd hat trans-

plant. Finally, the implications that the experimen-
fer degradation actually closely emulates the mea.tal results provide regarding the efrectiveness of the

EOP-specified recovery procedures for recovering sured snodary egnyth hat transfu response
to 9e loss of h, quid mventory. The measured sec-and cooling down the plant are discussed,
ondary convective heat transfer coefficients actu-
ally increase with increasing void fraction until the

Final Safety Analysis Report Assumption Con- void fraction reaches 1.0. Then, they rapidly
servatisms. As discusxd in the Historical Back- decrease to zero. Thus, the primary-to-secondary
ground section, due to the limited data base on heat transfer remains high until the tube burdie
steam generator bottom main feedwater line region is devoid of liquid. The heat transfer param-
breaks, a large number of assumptions and simpli- eters in the Type !!! steam generator were measured
fications are made when performing transien: cal- for heat fluxes, mass duxes, secondary fluid condi-

'culations for FSARs. Because the calculations tions, pressures, and temperature profiles typical of
performed for the C E System 80 FSAR predicted a full scale inverted U-tube steam generatnr
a peak primary system pressure in excess of 110% (including the C E system 80 steam generator).
of the system design pressure, questions were raised Therefore, the measured heat transfer phenomena

j regarding the degree of conservatism inherent in are representative of the phenomena that occur in
the calculations. While the vendor considered the the full-scale steam generator.
calculations to be highly conservative, such a large The strong dependency of the secondary comectise
number of assumptions and simplifications were heat transfer on the tube bundle liquid imentory
utilized that the degree of conservatism inherent in emphasizes the need to accurately predict the second-
the calculations was unknown. The intent of this ary Guid hydraulic response to the bottom main feed-
subsection is to provide some insight into the water line break. Preservation of the secondary Guid
effects of the major assumptions and simplifica- hydraulie response in the Semiscale 'lype 111 steam gen-
tions utilized for the FSAR calculations on the crator was prosided by designing the steam generator
transient seserity, based on the results of these bot- components to: preserve the full-power operating con-
tom main feedwater line break experiments. In this dition charrteristics (circulation ratio, Guid selocities,
manner, the degree of conservatism inherent in the Guid densities, fluid temperatures, fluid pressures);

,
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and, produce the same relative frictional pressure drop steam), and the magnitude of the measured break
(percentage of the total flow circuit frictional pressure flow was significantly smaller than that predicted
drop) that occurs in the corresponding component in by the frictionless critical flow Henry-Fauske corre-
the full-scale steam generator. De measured full- lation (a combination known to significantly over-
power operating conditions for the Type ill steam gen- predict the magnitude of critical flows). The break
erator (see Appendix C) are representative of those for flow assumptions preclude accurate simulation of
a C-E System 80 steam generator, it is believed that the the secondary component fluid hydraulic responses
component relatiw pressure drops are representatiw of because they control the draining of the secondary.
those for the C-E System 80 steam generator. Howewr, They also distorted the results of the break size sen-
a lack of information from C-E has precluded deter- sitivity analysis performed for the FSAR because
mining the accuracy of the simulation. One notable the secondary responses calculated for the 14.3%
difference between the Semiscale Type Ill and the C-E break size case are actually more representative of
System 80 steam generators is in the lower tube-bundle that expected for a 100% break. Thus, the FSAR
section. De C-E System 80 steam generator has a assumptions regarding break flow severely dis-
plate installed that separates the cold side tube-bundle torted the effect of the break size on the system
region from the hot side tube-bundle region for response. Such assumptions provide no real benefit
approximately the bottom one-third of the tube bundle to the FSAR analysis and would preclude accurate
height. This is not simulated in the Senuscale Type III best-estimate calculations.
steam generator. The effects of this difference are not The failed affected steam generator main steam
known at this time but are believed to be nurumal. Ulti- line check valve assumption utilized for the C-E
mately, accurate modeling of the C-E Syste.n 80 steam System 80 FSAR Appendix 15B bottom main feed-
generator secondary fluid system components, accu- water line break calculations was not a conservative
rate calculation of the break flow, and accurate calcu- assumption based on the results of the Semisc.ile
lation of the secondary comective heat transfer Mod 2C experiments. The intersecondary com-

,

coefficient transient response (based on the Type til munication that occurs, due to the failure, pro- '

steam generator data) will preside quantification of the duces increased steam flow from the unaffected
effects of any differences. While questions exist with steam generator, which increases or maintains its
regard to the accuracy of the simulation of the second- primary energy removal, thereby reducing the
ary fluid hydraulic response, the transient secondary effect of losing the affected loop steam generator

: fluid hydraulic response for the Type 111 steam genera- heat sink. While the substantialloss of secondary
tor was suffkiently representative to preserw the sec. fluid inventory from the unaffected steam genera-1

ondary convective heat transfer phenomena and tor is of concern, the time required for this to occur
preside data to allow determination of the best estimate is prohibitive (a fact that is not evident in the C E
heat transfer response to a bottom main feedwater line FSAR calculations due to the accelerated timing of
break accident. The measured heat transfer parameters events caused by the break flow modeling), and,

are applicable to the full-scale steam generator. operator identification and intervention is expected
The assumptions made for the C-E System 80 to occur before the inventory loss would be suffi.

FSAR Appendix 15B bottom main feedwater line cient to significantly effect the energy removal
break calculations regarding the break flow state capability of the steam generator. The assumed
(i.e., that saturated liquid was discharged until no main steam line check valve failure is, therefore,
liquid remained at which time saturated steam was not considered to be conservative based on the
discharged), and the break flow modeling (i.e., results of the Semiscale hiod-2C experimental
frictionless critical flow was calculated using the results. I

,

Henry-Fauske correlation 31) severely distorted the ne C-E System 80 FSAR Appendix 15B bottom
effects of the break size on the transient response, main feedwater line break calculation assumption
The combined effect of these assumptions pro- regarding the loss of offsite power at SCRAh! is con-
duced calculated break flows and timings of events servative based on the results of the Semiscale hiod-2C
for the 14.3% break case calculation, which more experiments. The loss of offete power caused loop
closely emulate the 100% break size experimental flow reductions, which reduced the cooling of the pri-

results. This is because the measured break flow did mary fluid system by the unaffected loop steam genera-

not consist of only saturated liquid and saturated tor following SCRAM. This left the primary fluid
steam flow, but exhibited a transition through the system at a higher energy state following SCRAM,
full range of conditions (i.e., subcooled liquid, to which in turn provided more restrictiw conditions ,

saturated liquid, to two-phase fluid, to saturated from which plant recovery had to be initiated. ;
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Additionally, the continued loss of offsite power pro- one-half of the plants heat sink combined with the
vided limiting conditions and capabilities for recoser- relatively large pressurizer surge line hydraulic
ing the plant. From this point of view, the loss of resistance. While direct extrapolation of the Semi-
offsite power assumption can be considered to be con- scale Mod-2C results to those expected for a
servative. C-E System 80 plant is not adequate to fully

The expected responses of the secondary liquid answer this concern, the Semiscale results can be
level differential pressure measurements during a utilized to provide some indication of the actual
bottom main feedwater line break accident vary pressures that might be expected,
depending on the downcomer fluid hydraulic A simple lumped-parameter analysis was per-
response and the differential pressure measurement formed that modeled the primary Huid system,
tap connection orientation. With the positive side excluding the pressurizer, as one volume with the
of the differential pressure transducer connected to pressurizer surge line hydraulic resistance restrict-
the higher elevation tap, the frictior;al pressure ing the flow into a second volume that modeled the
drop due to downflow through the downcomer pro- pressurizer. By modeling: the primary Guid system
duces indicated liquid levels that are lower than the as one volume initially at the energy state associ-,

! actual level. Thus, during the transient as the ated with the initial condition average Duid proper-

| downcomer liquid inventory is depleted, if the ties; the pressurizer as another volume initially at
downcomer Gow remains at its steady-state value or the specified initial conditions; and using the nor-
increases, then the indicated liquid level then will malized primary energy balance from the experi-
decrease at a rate consistent with or greater than the ments (adjusted to account for the fact that the
liquid inventory depletion rate. This kind of Semiscale Type 111 steam generator represents only
response would produce either best-estimate, or one-half of the relative heat sink of a C-E steam
nonconservative, results with regard to generating generator), with the C E initial condition power to
reactor trip signals. If, however, the differential perform an integrated primary energy addition and
pressure transducer is connected in the opposite mass transfer analysis, peak primary pressures were
manner (i.e., the negative side connected to the estimated for the C E System 80 plant for the three
higher elevation tap), the frictional pressure drop d'.Terert break size cases.
due to downflow through the downcomer then pro- The estimated peak primary pressures (Table 1)
duces an indicated liquid level that is higher than represent pressures near, but not quite et,110r, or
the actual liquid level. For this case, as the down- the design pressure limit. Additional consideration
comer liquid inventory is depleted daring the tran- must be given to the scaling distortions in Semiscale
sient, if the downcomer How remains at its steady associated with metal mass effects,19,32 and the
state value or increases, the indicated liquid level possible differences in the secondary Duid hydrau-
then will decrease at a rate consistent with or less lic responses associated with possible steam genera-
than the liquid inventory depletion rate. This kind tor design differences. However, the relative
of response would produce either best-estimate, or proximity to the 110r design pressure limit showso

conservatise, results with regard to generating reac- the need to perform best-estimate calculations with
tor trip signals. For this discussion, conservative a thermal. hydraulic computer code, which has
means relative to the expected best estimate been assessed against and verified for the resuhs of
responses. However, from the standpoint of the these experiments.
overall transient severity, the most conservative
assumption with regard to reactor trip generating Emergency Operating Procedures. The major
signals continues to be the high pressurizer pressure concern with regard to system recosery from a bottom
trip SCRAM set point. The configurational and main feedwater line break accident is the effectiveness
Duid hydraulic dependencies of the downcomer lig- of the recovery operations specified in the plant Emer-
uid level measurements makes them suspect for gency Operating Procedures in recovering and main-
conservative assumption candidates but it is con- taining control of the plant. Due to inherent scaling
ceivable that they would produce earlier system distortions (such as atypical metal mass to volume
SCR AM initiation and thus be nonconservative. ratios, heat loss / heat loss mitigation, and timing dis-

tortions) (References 19, 32), and facility limitations,
Maximum Primary Pressure. The major con- the results of these experiments are not a precise repli-
cern with regard to a bottom main feedwater line cation of full-scale PWR response. Howeer, the exper-
break accident in a C-E System 80 plant is the max- iments provided thermal hydraulic behavior
imum primary pressure resulting from the loss of sufficiently representative of full-scale PWR behasior
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Tible 1. Peak primary pressures predicted for C E system 80 plant based on extrapolation
of Semiscale MOD 2C data

Bottom Main Feedwater Peak Predicted C-E
Line Break Size System 80 Pressure Peak Predicted Pressure

,
(%) (MN) (percent of design pressure)

100 18.07 105

50 18.23 106

14.3 18.26 106

to preserse important phenomena and allow quantifi- For a normal natural circu%n cooldown and
cation of the effectiveness of the EOP-specified opera- depressurization, the EOPs pecify an operating
tions in recosering the system from a bottom main boundary for the primary f1=d s, stem pressure as a

feedwater line break accident.
function of time into the transient, which is based

The automatic actions performed by the plant safety on the vessel upper head heat loss. This is designed |

systems (i.e., SCRAM, Si initiation, and MSIV clo. to avoid the system pressure reaching the saturation j

sure) were effectise in mitigating the consequences of pressure associated with the upper head metal tem- I

the bottom main feedwater line break accident. The perature by matching the depressurization rate to

automatic actions left the Semiscale Mod-2C system in the upper head metal cooling rate; the intent being
'

to avoid the formation of a vessel upper head void.
a quasi-stable condition, which aided in the stabiliza.

During the initial phase of the cooldown andtion and reccAery of the system,
The stabilization operations performed following depressurization, the systeni pressure was main-

tained above the specified minimum for that point
operator identification of the transient (i.e., Si termi.

in time in a normal cooldown. No upper head void-
nation, pressunzer internal heater cperations, normal

ing was observed to occur during this phase of the
charging / letdown operations, and unaffected loop

e oldown.
steam generator steam and feed operations) were effec-'

The second phase of the natural circulation
tise in stabilizing the system at conditions that would

c Idown and depressurization involved depressur-
permit a natural circulation cooldown and depressuri- izmg the primary fluid system at a rate that pro-
zation to begin. While it was not necessary to steam the vided a minimum unaffected loop hot leg fluid
unaffected loop steam generator to rchior stable oper- subcnoted margin of i1.1 K, as specified in the
sting conditions, based on the success of steaming EOPs for a rapid natural circulation cooldown and
opections in later phases of the tests, such an opera- depressurization. This phase of the cooldown pro-
tion would not be expected to create any difficulties for ceeded with contmued control of the recovery, but
the operators. The limiting factor in achioing stable with the vessel upper head fluid subcooled margin
conditions was the recosery of the unaffected loop e nstantly decreasing. The subcooled margin even-
steam generator secondary liquid imentory to a Icel tually reached s2 K with no upper head voiding
that would ensure adequate cooling capability and loel indicated after 600 s at that point. At this point,in
control during the natural curulauon cooldown. the interest of time, a deviation from the rapid nat-

The primary fluid system natural circulat.ion ural circulation cooldown and depressurization
Iecoldown and depressurization operauons performed EOP-specifRd operations was taken. The system

following sptem stabilization in test S-FS-6 (i.e., pres- was purposely depressurized to force the formation
Isurizer auxiliary spray operauons, pressurizer mternal of a void in the vessel upper head. However, had ;he '

heater operations, normal charging / letdown opera- rapid natural circulation cooldown and depressuri-
tions, and unaffected loop steam generator steam and ration EOP-specified operations been continued,it '

feed operations with stairstep reductions in the second- is very likdy that eventual upper head voiding
ary pressure) were very effective in cooling down and would have occurred,

'

depressurizing the primary fluid system in a controlled Subsequent operations were performed to force
manner. vessel upper head void formations and collapse the.

:
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voids using two different methods of upper head system during these experiments. Scale effects
void collapse. The first upper head void was col- (atypical metal mass to fluid volume ratio, and heat
lapsed using the A// and drain method of vessel loss / heat loss mitigation) had little effect on the
upper head void collapse, as outlined in the EOPs. system response.
The second upper head void was collapsed using The atypically large metal mass to Guid volume
the pump restart method of vessel upper head void ratio had little effect because the system stabilized
collapse, also as outlined in the EOPs. Both meth- at temperatures very close to the initial condition
ods proved effective in collapsing the vessel upper temperatures, and during the course of the tran-
head void; however, an important observation was sient, the change in system temperatures was very
made with regard to determining final upper head gradual. If anything, the atypically large metal

,

void collapse. For both methods, the pressurizer mass provided an additional energy source that
liquid level started to increase before the upper slowed the system cooldown and depressurization,
head void was completely collapsed. This shows the providing conservative system recovery responses,
importance of monitoring the rate of the pressur- The heat loss / heat loss mitigation had little
izer liquid level increase to ensure that it matches effect because most of the primary fluid system
that expected for the normal charging now rate as a remained subcooled for the largest portion of the
means of determining final upper head void col- transients (the vesse' upper head and the pressur-
lapse. The major differences noted for the tw izer were the only components that saturated),
methods of upper head void collapse were in the making the external heaters very effective in miti-
rate of the void collapse and the amount of cooling

gating the heat loss. The largest heat loss effect was
provided for the upper head Guid and metal. The

observed in the pressurizer surge line where the
All and drain method resulted in a more rapid col-
lapse of the vessel upper head void. liowever, the pressurizer insurge Guid was cooled due to the heat,

:ss. This greater subcooling of the pressurizerpump restart method resulted m, more cooling of
the sessel upper head fluid and metal. Thus, a surge line liquid provided greater cooling of the

recurrence of the vessel upper head voiding would ressurizer fluid following each normal charging

happen more readh following the All and dram driven insurge. The net result was a slight increase
. .

void collapse than following the pun,p restart void in the rate of the primary depressurizat. ion during

collapse. It is, therefore, conceivable that the the recovery operations. This would tend to make

cooldow n and depressuriz .: ion could continue at a the system response slightly nonconservative rela-

more rapid rate using the pump restart method of tive to a fullacale PWR plant.
upper head void collapse. The metal mass and heat loss scale effects on the

The voided secondary refill operations performed sistem resp nse were minimal. In addition, the
following the stabilization phases of tests S-FS-7 and effects offset each other such that the oserall sys-
S-FS-Il strified the eflectiseness of the operations for tem response should be a reasonable indicator of

maintaining stable conditions while recovering the the general response expected for a full scale PWR

imentory in a soided steam generator Refilling the plant. In any case, the atypically large metal mass
soided secondary provides a significant source of pri. to Guid solume ratio and the system heat loss / heat

mary energy removal, ensures an p<iequate cooling loss mitigation have been well characterized and
source for the primary, and prodwes ro major chal. can be modeled. IIence, the data is useful for the
lenges to maintaining stable system conditions. thermal-hydrculic code verification required before

The EOP.specified operations were very effective utilizing the code to predict full scale PWR plant
in maintaining control of the Semiscale .',fod-2C response.
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CONCLUSIONS

The following conclusions have been drawn the peak primary pressures that occurred
based on analyses of the experimental data from were essentially the same for all three
the Semiscale hiod-2C Feedwater and Steam Line break sizes. The mass loss from the unaf-
Break Experiment (S-FS) series feedwater line fected loop steam generator secondary,
break experiments: past the failed mMn steam line check valve

to the affected loop steam generator sec-
1. A simplistic, lumped-parameter extrapola- ondary, increases as the break size

tion of Semiscale Afod 2C experimental decreases, as expected.
results to those expected for a C-E 5. Excellent comparison between the results
System 80 plant indicates substantial pres- for the two 100% break experiments
surization of the C-E System for all three (S-FS-6 and S-FS-6B) prove the validity
break sizes. While the predicted pressures and repeatability of the results.
do not exceed 110% of the system design 6. The automatic actions (SCRAh!, Sl initia-
pressure, their relative proximity to the tion, and 51SIV closure) performed by the
110% pressure limit provides substantial safety systems were effective in mitigating
evidencein support of the need to perform the consequences of tbe bottom main feed-
best-estimate calculations with a code veri- water line break accident in the Semiscale
fled against this experimental data. experiments. The actions left the system in

2. The C-E FSAR assumption of 100% heat a quasi-stable condition, w hich minimized
transfer until the liquid inventory is the amount of operator intervention
depleted followed by a step change reduc- required to stabilize the plant.
tion in the heat transfer to 0% is not con. 7. The EOP-specified stabilization operations |
servative. The assumption actually (affected loop steam generator auxiliary feed-

ernulates the convective heat transfer that water injection and Si termination, pressur-
occurs in the tube-bundle region. The local izer internal heater operation, normal
secondary convective heat transfer coeffi. charging / letdown operation, and unaffected

cients increase with increasing local voic loop steam generator steam and feed opera-

fraction until liquid deficiencies occur, at tion) were effective in stabilizing the Semiscale

a hich point the local heat transfer coeffi. 51od 2C system at conditions that permit ini-

cients degrade instantaneously to zero. tiation of a natural circulation cooldown and

3. Accurate best-estimate calculations of the d pmu-izadon.
primary-to secondary heat transfer tran. 8. 'he EOP-specified normal natural circula-

sient response for these kinds of accidents su eSJo n and depressurization oper-
will require improsements in the boiling ations (pressurizer auxiliary spray
heat transfer correlations used in current operation, pressurizer internal heater
thermal-hydraulic computer codes. The operation, normal charging / letdown
measured local secondary convective heat operation, and unaffected loop steam gen-

transfer coefficients show a trend in the crator steam and feed operation with stair-

depend:ncy on the local vapor-void frac. step secondary pressure reductions) were

tion, which is exactly the opposite of the effective in maintaitzing a controlled
trend predicted by the Chen boiling heat cooldown and depressurization of the

transfer correlation used in current Semiscale hiod.2C system. No vessel

thermal-hydraulic computer codes, upper head voiding occurred while the sys-

4. The bottom main feedwater line break tem pressure was maintained within the

experimental results were essentially insen, pressure versus time envelope specified in
the EOPs.sitive to the break size. The affected loop

9. The EOP-specified rapid natural circulationsteam generator secondary fluid hydraulic
c Idown and depressurization operationsresponse showed a slight sensitisity to
(the same operations as for the normalbreak size, which had a limited effect on
e kl wn, but without the pressure sersusthe heat transfer degradation versus total
time emrlope restriction) were effectise in

secondary mass characteristics. However,
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maintaining a rapid controlled cooldown and sured trend is exactly the opposite of that
depressurization of the Semiscale Mod-2C predicted by existing boiling heat transfer
system. Due to time restraints, vessel upper conelations. The lower auxiliary feed-
head soiding was forced to occur in Senuscale water injection rate at the lower core power
before it had occurred during the natural levels produced smaller secondary convec-
course of the rapid cooldown. Howeser, the tive heat transfer coefficient magnitudes,
trend of constantly decreasing sessel upper 13. The voided secondary refill data is repre-
head fluid subcooled margin indicates that sentative of the phenomena occurring in
upper head voiding would hase occurred an either partially of fully voided second-
centually. ary undergoing refill with auxiliary feed-

10. The fill and drain (normal charging and water. The data is, therefore, useful for a
pressurizer internal heater operations) and number of possible transient conditions
pump restart (primary coolant pump wherein a secondary is voided and refilled
restart operations) methods of vessel with auxiliary feedwater, such as a loss of
upper head void co!! apse were both effec- feedwater transient or the unaffected loop
tive in collapsing the upper head void. The steam generator refill following MSIV clo-
results for both methods show that the rate sure during these experiments.

I of the pressurizer liquid lesel increase 14. The assumed heat transfer degradation for

| should be used as an indication of final the C E FSAR calculations is not conserv-
vessel upper head void collapse; not just ative. Therefore, best-estimate calculations
the fact that the level is increasing. Thefill should be performed with the measured
and drain method collapsed the upper heat transfer phenomena appropriately
head void faster. However, the pump incorporated into the code. The strong
restart method provided more cooling of dependency of the secondary convective
the upper head fluid and metal, leaving the heat transfer on the tube bundle liquid
system in a condition that would permit inventory also emphasizes the need to
greater primary depressurization before accurately predict the secondary fluid
upper head voiding would reoccur. hydraulic response to the bottom main

11. Refilling the affected loop steam generator feedwater line break,
secondary with auxiliary feedwater prosed to 15. The break flow assumptions (i.e., saturated
be a very effective method of providing liquid discharge until no liquid remains, and
increased primary energy removal while frictionless critical flow as cal:ulated using
maintaining stable system conditions. The the Henry Fauske correlation) severely dis-
measured response exhibits significant heat torted the effects of the break size on the tran-
transfer with minimal mass. The effect of the sient response. They preclude accurate
different auxihary feedwater injection rates simulation of the secondary component fluid
on the oserall response was minimal and lim- hydraulic responses because they control the
ited primarily to extending the time required draining of the secondary. They also distorted
to refill the secondary. the results of the break size sensitivity analysis

12. The measured local secondary convective performed for the FSAR because the second-
heat transfer coefficients for both voided ary responses calculated for the 14.3% break
secondary refills exhibited the same basic size case are actually more representative of
trends with regard to the local vapor-void that expected for a 100% break. These
fraction as was observed during the heat assumptions provide no real benefit to the
transfer degradation phase of the experi- FSAR analysis and would preclude accurate
ments. The local heat transfer coefficients best-estimate calculations.
exhibited a step change increase from zero 16. The failed affected steam generator main
to a maximum when the secondary mirture steam line check valve assumption utilized
level (the two-phase level determined from for the C-E FSAR calculations is not con- |
the densitometers) reached the elevation of servative. Further analysis without the
the local measurements, providing liquid steam line check valve failure assumption j
for cooling. The heat transfer coefficients is warranted. The nonconservatism associ- I

then decreased as the local vapor void ated with the increased steam flow from
fractioa decreased. Here again, the mea- the unaffected loop steam generator more
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than offsets the conservatism associated 18. Downcomer liquid level response dependen-
with the loss of unaffected loop steam gen- cies on the measurement configuration and
erator secondary mass. The increased the secondary fluid hydraulic response makes

steam flow increases or maintains the them suspect for conservatise assumption
unaffected loop steam generator primary trip-generating candidates, it is conceivable

energy removal, thereby reducing the that they would produce earlier system ;
'

effect of theloss of the affected loop heat SCRAh! initiation and thus be nonconserva-

sink on the primary energy addition and tise for FSAR calculations. However, with

pressurization. While substantial loss of appropriate consideration of the differential

the unaffected loop steam generator sec. pressure measurement configuration and

ondary fluid inventory is of concern, the accurate modeling and calculation of the sec-

time required for this to occur is prohibi- ndary fluid hydraulic responses, they could

tive and operator intervention is expected prose to be the actual trip signal generators
I' I*## dC"I^li "5'to occur before the inventory loss would be

19. The data obtained during these bottom.

sufficient to significantly effect the energy
main feedwater line break experiments sat-

removal capability of the steam generator,
is stad oWecmes for Me eyes

17. The assumed loss of offsite power at
* #" ' ' " " " I' '" *" ## ""

SCRAh! utilized for the C-E FSAR calcu-
. . . . quality to allow serification of thermal-

lations is conserv tive. The resulting loop hydraulic computer codes for bottom
flow reductions reduce the cooling of the main feedwater line break accident, system
primary fluid system by the imaffected stabilization, system cooldown and
loop steam generator following SCRAh!. depressurization, vessel upper head void
This leaves the system in a higher energy collapse, and voi2ed secondary refill cal-
state and provides more restrictive condi- culations. The analyses of the experiment
tions at plant recovery initiation. Also, the results has provided invaluable insight into <

continued loss of offsite power provides the phenomena and driving mechanisms
limiting conditions and capabilities for evidenced in the experiments and applica-
recovering the plant- ble to full-scale PWR plants.

.
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RECOMMENDATIONS

During the course of analyzing the results of applied to the break flow calculations preclude
these experiments, a number of deficiencies were accurate calculation of the secondary component
identified in the current methods of computer code Guid hydraulic responses (necessary to accurately
simulations for these transients. These dericiencies simulate the heat transfer degradation), and
need to be corrected before an accurate estimate of severely distort the effects of break size on the sys-
the actual full-scale plant response (an accurate tem response. This negates the results of the break
best-estimate calculation) can be obtained, size sensitivity study performed for the C-E

Foremost in the deficiencies is the existing corre- System 80 FSAR.
lations for predicting secondary convective heat Future bottom main feedwater line break calcu-
transfer coefficients. The Semiscale Ty pe ill steam lations for FSARs should not assume the heat
generator measured Ic, cal secondary convective transfer degradation with liquid inventory assump-
heat transfer coefficient dependency on the local tion used for the C-E System 80 FSAR to be con-
vapor-void fraction exhibits a trend that is exactly servative. Additionally, the failed mairi steam line
the opposite of that predicted by the existing boil- check valve assumption should not be used because
ing heat transfer correlations. This is believed to be it actually yields nonconservatise results in this
due to the fact that existing correlations were devel- application. Finally, the break now assumptions
oped based on data for flow inside a single heated and simplifications should be replaced with a best-
tube, not for now around internally heated tube estimate method because they provide no real bene-
bundles. Inside of an externally heated tube, fit to the FSAR analysis and actually distort the
increasing vapor void fractions can result in the simulation for either FSAR or best-estimate calcu-
vapor blanketing the tube inside wall, limiting the lations,
area for liquid to-wall contact, and reducing the Best-estimate bottom main feedwater line break
liquid cooling effect, thereby reducing the convec- calculations should only be performed after the
tise heat transfer coefficient, as predicted by the thermal-hydraulic computer code used for the cal-
existing correlations. Outside of an internally culations has been serified against this experimen-
heated tube bundle, increasing vapor-soid frac- tal data. In addition, care should be taken in
tions can result in turbulent mixing and pumping of modeling the secondary fluid hydraulic system, the
the liquid to the outside tube wall, resulting in break flow should be calculated using a best-
enhanced liquid and vapor cooling effects and estimate method, the failed main steam line check
increased secondary convectise heat transfer coeffi- valve assumption should not be used, and consider-
cients, as measured in the Type ill steam generator. ation may be gisen to utilizing the secondary liquid

improsements in the secondary consectise heat level obtained from the downcomer differer.tial
transfer calculation methodology will be required pressure as a possible trip-generati,g signai, if the
for thermal hydraulic coraputer codes to accuraidy measurement configuration and secondary Guid
calculate the actual primary-to-secondary transient component hydraulic response can be accurately
heat transfer because the secondary consectise heat simulated,
transfer controls the onset of hea' transfer degrada- Finally, recent problems encountered in calculat-
tion and heat transfer re-initiation. This will ing the unaffected loop steam gererator heat trans-
require either modifying existing, or developing fer following N1SIV closure during TRAC-PFI
new, boiling convective heat transfer correlations simulations of these experiments,33 and in calcu-
based on the Semiscale Type til steam generator lating the isolated secondary refilt responses during
heat transfer data. TRAC-PFI simulations of Semiscale Nied-2C

A second deficiency exists in the FSAR calcula- Small Break LOCA without HPIS Test S-NH-334
tion assumptions and calculation simplifications. may be resolved by assessing the code against the
The Semiscale Niod-2C bottom main feedwater line voided secondary refill data obtained during these
break experiment results show that the assumed experiments. The phenomena occurring in the
affected loop steam generator heat transfer degra- affected loop steam generator during the voided
dation with loss of inventory and the assumed secondary refill phase of these experiments are sim-
affected steam generator main steam line check ilar to the phenor ,ia occurring in the unafrected
valve failure are not consersative assumptions. In loop steam generator following 51SIV closure.
addition, the simplifications and assumptions They are also similar to the phenomena occurring
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in the secondaries following secondary isolation should provide invaluable insight into the probable
during Test S-Nil-3. Assessing the TRAC-PFI cause of the problems encountered h the recent
code against the soided secondary refill data simulations,
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APPENDIX A

DETAILED SYSTEM DESCRIPTION
AND EXPERIMENTAL PROCEDURE

SYSTEM DESCRIPTION

The Semiscale test facility consists of; Guid sys- In Semiscale, the annular downcomer of the PWR
tems (pipes, pumps, vessel, heat exchangers, etc.), wssel is replaced with an external pipe to permit exten-
control systems (power to core, pumps, valves, and sive instrumenting of both the core and downcomer
instrument air and control signals), and an experi- regions. These are shown in Figure A 2. hiost of the
mental measurement system (transducers, amplifi- Guid system components are full height, including the
ers, digital data system) necessary to integral steam core that consists of a 5 x 5 array of electrically heated
line and feedwater line break experiments. These 3.66-m long rods that simulate the fuel rods in a
are described in detailin Reference A-1. The fluid 15 s 15-type PWR core. The number of turns per inch
systems and the expeilmental measurement system of the electrical heated coil is varied along the rod
will be summarily described here. length to gise the staircase approximation of a cosine

axial heat Rux shape. Total core power is nominally
Fluid System Configuration 2 htw.

The upper head, upper plenum, and core now
The Semiscale hiod-2C fluid system configured bypass arrangement in the Semiscale reactor essel sim-

for the FS series feedwater line break tests is shown ulates a Westinghouse imerted top hat, upper-head
in Figure A-1. The hiod-2C system consists of the internals package design.
51od 2B system with several modifications. A new The steam generators incorporate 7/8-in. OD
7)pe /// affected loop steam generator, new main inconelinverted U-tubes; six in the unaffected loop
steam line and feedwr.ter line break assemblies, generator, and two in the affected loop unit. The
break efnuent catch tanks, and refined steam gen- tube lengths cover the range found in a PWR gener-
erator control systcms have been incorporated into ator. Two tubes in each generator are supplied with

4

the system for this test series. A letdown line has small diameter inconel sheathed thermocouples
been added to provide better control of primary brazed to the tubes, w hich provide primary and sec-
system inventory. The primary fluid system is a ondary coolant temperatures and tube wall temper.
2500 psi,650*F 1-1/2 to 3 in. Schedule 160 stain- ature at various elevations in the up0ow and
less steel system. It consists of an unaffected loop downDow legs. Note that the major portion of the
and an affected loop, the former representing three unaffected loop steam generator secondary flow I

,

of the four loops in a pressurized wat;r reactor area / volume is taken up by tiller pieces in order to I
(PWR). Thus, now rates and equipment sizes are in '

obtain the approximately correct secondary side
the ratio of 3:1 for the two loops. The pressurizer is liquid volume and velocity.
connected by a surge line to the unaffected loop hot

Assessment of computer code capabilities to pre-
leg. Scaled emergency core coolant from an accu-

dict secondary side transient response requires
mulator and high or low pressure injection system

accurate measurement of important parameters,
pumps are routed to the loop cold legs. The second-

such as local primary-to-secondary heat transfer lary Guid system consists of an unaffected loop and Guid condition data and component mass Isteam generator and an affected loop steam genera-
inventories. The Type 111 affected loop steam gen- |tor, the former representing three of the four steam

generators in a PW R. Feedwater was supplied t erator design incorporates a downcomer that is

the lower downcomer of the two steam generators external to the tube bundle and riser sections (Fig-

from a heated tank and the steam was routed ure A 3). In this manner, component mass inven-

through control valves to the atmosphere, i.e., an tory and Guid property, includ.ing dens.ity/ void
.

open loop secondary coolant system was used, fr etion, information were obtamed. The deugn
,

Auxiliary feedwater was roud to the upper dow n- als entails a steam dom :vith separator equipment

comer of both steam generators at approximately that provides steam exit qualities of apptcaimately

the top U-tube bend elevation. 90% during full power steady-state operations.

A-3
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Component flow area, solumes, lengths, and pres- line break esent results in flow from the unaffected to
sure drops were sized to simulate a Westinghouse the affected loop steam generator before htSIV clo-
hiodel 51 steam generator. Table A-1 contains both the sure. To simulate this communication, a line was con-
scaled and reference salues for the more important per- nected to the unaffected and affected loop steam
formance parameters and components of the T)pe III generator main steam lines upstream of the nonnat
affected loop generator. The tube bundle contains two steam flow control vahes. This connecting crossover
7/8-in. OD Inconelimerted U-tubes with a tube thick- line provided scaled flow resistances, How rates, and
ness of 0.065 in, to allow for more relisole temperature now restriction as well as flow measurement. Simula-
measurements than were possible with an 0.N9 in. thn of the htSIV closure was realized by closing a vahe
tube wnll. Design calculations indicate little difference in this line.
in either heat transfer or floodmg characteristics for the The bottom feedwater line break assembly for ihe
0.065 in. wall tube as opposed to the 0.N9 in. tube affected loop steam generatcr consisted of a break flow
wall used in a Westinghouse hiodel 5 i steam generator. nozzle and instrumentation to measure single-phase
The ibes are configured with a squan pitch similar to and two-phase break mass flows as well as fluid den-
a hios 'l 51 steam generator and simulate a long and a sity, pressure, and temperature. The break nozzle was
short ti. e in the prototype. Tube heights were selected interchangeable to allow simulation of a wide range of
to mainta'n symmetry with the unaffected loop steam break sizes. Information on the nozzle geometry for
generator. A portion of the tube bundle secondary Cow each test is contained in the EOS Appendixes [A-2,
area and volume is taken up by two instruments tubes. A-3] and Reference A-1. The break assembly was phys.

| Howner, filler tubes were not necessary to obtain the ically located in a tee from the affected loop steam
I correct secondary side liquid volume and selocity. Tube generator lower downcomer horizontal section. To pro-

bundle support baffle plates were sized to produce side a history of mass exiting from the system, the
appmnimately the correct frictional pressure drop. break flow was routed to a tank w here it was collected

The downcomer now area and volume were sized in a liquir' pool and measured. Ibr steady-state opera-
to obtain approximately the correct liquid volume tions, the bottom feedwater line was located upstream
and velocity while producing approximately the of the brs 4k assembly. Transient initiation was realized
correct frictional pressure drop. Either top or bot- sia rapid (nominally I s) closure of the isolation sabe
tom feedwater injection, and break simulation, can in the bottom main feedwater line at the same time that
be accommodated with the new downeomer the vahe in the line to the collecting tank was rapidly
design. (nominally 1 s) opened.

The steam dome / separator, shown in Figure A-1, Letdown simulation in the Semiscale system con-
was designed to simulate the behavior of the corres- sisted of a valved line connected to the unaffected
ponding component in a Westinghouse blodel 51 loop cold les. A flow control valve in the Semiscale
steam generator. Similar to the Westinghouse letdown simulation line prosided a letdown flow
hiodel 51 steam generator component, separation of rate of 0.(1081 kg/s for fluid conditions typical of
the liquid from the steam occurs in three stages. The the cold ' g fluid at initial conditions.
two-phase mixture exiting the riser section is dedected Rai lo<s makeup in be Semiscale system was
into the steam dome wall where some of the liquid is accomplished by using external heaters distributed
separated from the mixture, flow s down the wall, and fairly uniformly throughout the Semiscale system.
is transferred to the downcomer through a connecting These heaters are controlled by six separate power sup-
ilne. The remaining mixture continues up through the plies including: vessel, hot legs, cold legs, unaffected
dome to the secondary separator with some gravity- loop pump suction, affected loop pump suction, anc'
separated liquid falling back down to the bottom of the pressurizer. The total power prosided by these heaters is
dome and mixing with the liquid separated by the about 41 kW (excluding the pressurizer). An addi-
deDector at the first stage (pnmary separator). Tre sm- tional 22 kW of heat loss makeup was provided by
ondary separator, or third stage of separation, accepts augmenti g core power throughout the core power
the remaining two-phase mixture and imparts a cen- decay portion of the transient. Control of the heaters
tripetal motion upon it. The resulting separated liquid was as follon: If the maximum allowable temperature
then Dows down through the connecting lines to the (755 K) was reached on the inside surface of the pipe
downcomer. This final stage of separation produces insulation, external power to that component was
steam dome exit qualities of approximately 90**e for reduced by half. If the temperature trip limit continued
full-power conditions. to be exceeded, power to that component was termi-

Failure of the che-k vahe in the main steam line of nated. For the sessel upper head esternal heater bank,
the affected loop steam genereor during a feedwater the control procedure followed was for the operator to

A-7
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Table A-1. Comparison of Westinghouse Model 51 steam generator design valces, scaled design values, and Semiscale Type ill
,

affected loop steam generator design values

Total

Flow Secondary

Flow Area in Total Volume Total Relative Pressure

Area in Constant Secondary Helow Top Secondary Drop (Percentage of Total

Volume of Riser Volume Flow Circuit Pressure Drop)
Constar.. Area

llelow (24 Inches Below
Area Region a Top of Above Top Top of Tube Primarya lilevation' Elevation

Steam Region of of Tube Elevation

Generatcr Downcomer Ilundle of U-tubes of Riser Domncomer U-tubes U-tube) Downcomer Downcomer thMie Separator

_m) (m ) (m ) (%) (%) (%)3 3 3
(Description _ (m ) (m ) (m) (m) (m)2 2

westinghouse 0.658 5.100 10.59 11.21 13.91 65.5 73.7 112.2 24 26 50

Model 51
steam
generator
salues

Westinghouse 0.000386 0.(M)2990 10.59 11.21 13.91 0.0384 OA32 0.0658 24 26 50

? Model 51'

o* steam

generator
volume

bnWi
values

Semiscale 0.000965 0.003039 9.93 10.54 11.31 0.6439 0.0502 0.0"'12 20 23 57C

Type ill
affected loop
steam
generator
values

a. Relatne to top of tube st.ces.

b. Volume scaling factor is 1705.5.

c. Obtamed by odfacing top of riwr.

. _ _ _ _ . - . .
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turn off the bank at the start of the countdown documented in the final instrumentation log sheet
(t 120 s). Den at 35 s into the transient, the opemtor (Reference A-1). Measurements were chosen to
started an automatic timer, which cycled the bank on provide information on Guid conditions at key
for 30 s and off for 155 s. His produced approxi- points throughout the primary, secondary, and sup-
mately the scaled integrated energy loss due to upper port systems. A number of measurements were
head heat loss, in addition, w hen the upper head liquid included to provide redundancy so that instrument
level decreased to <356 cm, the operator tumed off failures were accommodated without compromis-
the bank until the level recosered to 2356 cm, at ing the test objectives. Included in the sesondary
which time the automatic on/off cycling was re- measurements category were special measurements
initiated, involving instrumentation development.

Pressurizer internal heater simulation in the New measurement system capabilities were pro-

Semiscale system for these tests consisted of using vided for the FS series to allow for niore accurate
the system pressurizer warm up heaters. These assessment of secondary transient phenomena,
heaters were controlled manually, supplying The changes included measurement of global,
6.99 kW to three of the six warm-up heater rods, local, and component data for the new Type 111
The internal heaters were operated in an on/off affected loop steam generator and break Dow mea-

i mode to msintain primary system subcooling. surements expected to allow break efnuent charac-
terization.

The measurements on the Type ill affected loop
|

| Measurement System steam generator for the FS series provided thermal-

| Configuration hydraulic data about the steam generator during
i steady-state and transient conditions. The measured
| data can be grouped into three categories: global, local,

The measurement system consists of primary and component data. He global data were used to
and secondary system measurement hardware and determine the ostrail mass and energy balances for the

| the software utilized for measurement manipula- affected loop steam generator. Because performing

| tion and recording. The general hardware configu- these mass and energy balance calculations requires
| ration is diseussed in the follow in g text. knowledge of the input, output, and storage terms for

| Description of the nicasurements made for each the steam generator, the break now measurement, (dis-

feedwater line break test in the series are gisen in cuued later), can be considered as part of the global
the Appendix for that test.A-2,A 3 data measurement category. He local data are utilized

Experiment instrumentation transducers include to determine kcal heat transfer coef0cients and Guid
thermocouples; resistance temperature detectors; conditions and as such include the local Guid and
absolute and differential pressure cells; full.now material states (primary Guid, U-tube outside wall, sec-

turbine rotors, each with one or two extemal mag- ondary Guid temperature triplets and densities) as well

| netic or R.F. blade sensors to measure bi- a: loca' mass now rates (secondary mass now rates and

directional now; full.now drag screens, each with U-tube primary .nass flow rates). Data on the mau
one denection sensor; multiple beam densitometer and energy transfer rates between, and the mass distri-
detectors witle radioactive sources; and orifice bution and Guid states within, components of the new

plates or nozzles with differential pressure cells (for Type Ill affected loop steam generator, component
unidirectional now of single-phase Guids). data, were used to analyze the interaction of the com-

The approximately 350 instruments along with ponents during secondary transients. Determination of
further detailed information regarding the particu. break 00sv conditions was presided by tw-phase mau

lar configuration for each test of the series were now measurements upstream of the break nozzle.
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EXPERIMENTAL PROCEDURE

As a general procedure before initiation of the tran- which triggered automatic responsesa by various
sient, the primary sptem was filled with demineralized systems. The reactor and turbine trip (SCRAhi)
water and vented to ensure a liquid-full system. Instru- signal was generated by a high pressurizer pressure
mentation was calibrated and zerced as necessary. The of 15.86 h1Pa and triggered: closure of the normal
primary system was heated to initial conditions using steam flow control valves (turbine stops valve simu-
core power and pumped flow, md pressurized using lators) with a 4 s valve closure time simulated; and
the pressurizer internal heaters to draw a steam bubble, core power decay with a 3.2 s delay to simulate
The steam generators, aAer being heat soaked, dissi. transducer response and rod drip times. less of
pated the core power to atmosphere by steaming. The offsite power was assumed to occur at SCRAh!

Serruscale initial conditions (Thble A-2) were typical of, producing primary coolant pump coastdowns
or scaled from, the Combustion Engineering (C-E) (with a 2 s delay to simulate transformer decay
System 80 FSAR Appr. dix 15&M feedwater line time) and delaying the availability of safety injec-

break calculation initial condition * with the exception tion and auxiliary feedwater flows by 25 s (the time

of the primary pressure, which was specified to emu- required to start the diesel generators that power

late the typical C-E System 80 plant normal pressure the pumps). The htSIV closure action (with a 4 s
v wc sure tune sunulated) and the auxiharyto SCRAh! pressure set point operating margin.
feedwater and HPIS initiation (SIS) actions wereDuring the period of primary system heating, a pro-

cedure was performed to acquire data to allow for nor- triggered by a low affected loop steam generator
steam dome pressure of 4.47 A1Pa. The completionmalization of the Type ill affected loop steam
of these automa'ic actions and operator identifica-

generator temperature triplets. The procedure imched
tion of the event (assumed to require a minimum of

bringing the primary to-secondary heat transfer
600 s) represented the end of the blowdown phase

through zero (i.e., gradually reversing the direction of of the test. The timing of events for the blowdown
energy transfer) for three different absolute tempera- phase of the tests are contained in Table A-3.
tures. By determining the difference between the triplet Various recovery operations were performed for
temperatures at the point of no heat transfer (i.e., Tests S-FS-6, S-FS-7, and S-FS-11 based on the
where the temperature difference should be zero) the guidance provided by Emergency Operating
correction required to match the triplets to the aserage Procedures.A 5,A-6 The recovery procedures for
temperature were determined. By performing the pro- Test S-FS-6 were specified to simulate the expected
cedure for three different absolute temperatures, three operator actions in response to a feedwater line
different correction wrsus temperature points were break and to provide data on Iwo methods of upper

i

obtained for each tempe sture measurement. The three head soid collapse. The recovery procedures for I

correction sersus temperature points were then curse fit Test S FS-6 consisted of:(a) stabilizing the ph.nt at
to obtain a linear correction versus temperature func- specified pressures, temperatures, and lesels, using 3

tion for each temperature measurement. The linear normal charging / letdown operation, pressurizer
correction functions were then applied to the tempera- heater operation, and an unaffected loop steam
ture measurements to obtain the normahzeti tempera- generator steam and feed operation; and (b) per-
ture triplet data. Normalization substantially reduces forming a natural circulation coo!dow n and depres-
the uncertamty of the measured temperature difference surization (including operations to im estigate afill
between the three triplet thermocouples. and drain method and a pump restart method of

The transient was initiated at time zero (t = 0 s) upper head soid collapse) using pressurizer auxil-
by opening the valve in the break assembly in the iac + pray operation, pressurizer heater operation,
affected loop steam generator. The simulated bot- normal charging / letdown operation, an unaffected

tom main feedwat:r line bze .k,in conjunction with loop steam generator steam and feed operation,

the simulated affected loop steam generator main and a primary coolant pump restart operation.

steam line check vahe failure, produced pressure The recovery procedures for Tests S FS-7 ard

reductions and in"entory losses in both steam gen- S-FS-11 were specified to simulate the early opera-

erator secondaries and rapid pressurization of the for actions in response to a feedwater line break and

primary system. The primary and secondary pres-
sure responses caused signals to be generated, a. The ataomatk esents were spedfied to mat.ulate thcwe uwd for

the C-E Sntem 80 ISAR caulations.

A-11
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| Table A 2. Inittel conditions for the 'eedwater line break experiments in the S FS test
series

-

Parameters S-FS-6 S FS-6B S-FS Il S FS 7

| Pressurizer pressure 14.94 hiPa 15.01 h1Pa 15.03 h1Pa 14.98 MPa

! Core powera 2.18 htW 2.17htW 2.18 htW 2.18htW
|
| Core AT 36.3 K 36.9 K 36.7 K 36.9 K :

Pressurizer liquid level, { collapsed 482 cm 477 cm 484 cm 488 cm
| liquid level relative to zero reference
I elevation (bottom of pressurizer))

Cold leg fluid loo;-to-loop 4.4 K 3.9 K 4.5 K 4.2 K
temperature difference (absolute)

,

|
| Cold leg fluid temperature (nominal) 569 K 569 K $68 K $69 K
!

Primary flow rates (nominal)

Unaffected loop cold leg 9.6 L/s 9.5 L/s 9.4 L/s 9.3 L/s

Affected loop cold leg 3.2 L/s 3.2 L/s 3.3 L/s 3.2 L/s

Initial bypass flow (re of totalloop flow) 2 350e 2.40We 2.36fe 2.320e ,

Steam generator secondary pressures
,

Unaffected loop 6.29 51Pa 6.28 MPa 6.27 h1Pa 6.23 htPa

Affected loop 6.26 htPa 6.26 MPa 6.23 MPa 6.21 MPa

| Steam generator secondary side masses

Unaffected loop 108 kg 120 kg 103 kg 117 kg

Affected loop 26.0 kg 25.0 kg 26.0 kg 28.8 kg
|

| Affected loop steam generator 4.54 4.60 4.50 4.34
I circulation ratio
i

Steam generator feedwater flow rates

| (nominal)
l

Unaffected loop 0.88 kg/s 0.90 kg/s 0.86 kg/s 0.89 kg/s

Affected loop 0.25 kg/s 0.26 kg/s 0.24 kg/s 0.27 kg/s

Steam generator feedwater temperatures
(nominal)

Unaffected 485 K 488 K 485 K 484 K

Affected 483 K 485 K 481 K 480 K

A 12
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Table A 2. (continued)

Parameters S FS-6 S FS-6B S i? i S FS 7 i

Pretest measured leakage

Primary 0.0016 kg/s 0.0023 kg/s 0.0019 kg/s 0.0019 kg/s

Affected loop secondary 0.00014 kg/s 0.00009 kg/s 0.00014 kg/s - 0.00014 kg/s

a. Core power augmentation of 22 LW was applied only during the core power decay following SCRAM.

Table A 3. Timing of events for the blowdown phase of the S FS series feedwater line
break experiments

Test Test Test Test
Specified Time S FS-6 S FS-6B S-FS-7 S FS-Il

Estnt (s) (s) (s) (s) (s)

Transient initiation 0.0 0.0 0.0 0.0 0.0

Affected loop MFLB blowdow n vahe fully open I 1 1 1 i
i

Main feedwater isolation valves closed '

Unaffected loop i i l 1 1

Affected loop 1 i l l I

Pressurizer pressure = 15.86 MPa T=T 23.5 22.0 46.3 23ggry

Unaffected and affected loop pump begin T=Twary + 2 23.5 24.2 48 25
coastdown

Core power decay initiated T = Tym, + 3.2 26.0 24.6 49 26.5

Unaffected and affected loop steam T=Tggry + 4 26.5 24.4 49 26.5
generator main steam flow control
valves fully closed

Vessel upper head external heater bank 35.0 40 38 38 38
starts on/off cycling

{
l

Power to both pumps tripped T = Tgaxy + 38.0 61.8 60.2 8$ 61 j
Afrected loop steam generator steam T = Tss 101 99 919 209
dome pressure = 4.47 MPa

i

Auxiliary feedwa n flow initiated: tat and 102 AL: 99.6 920 211sis
HPIS flow available T a Tggry + 25 UU E

Crossoser line vahr (MSIV) closed T=T,+4 105 103 923 214si

Operator identification of transient T a 600 and 600 600 923 600
(blowdown oser) T a Tsis + 4

|
|

|

A 13
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to provide data on voided secondary refills at two loop steam generator secondary with auxlitty
different refill rates. The recovery procedures for feedwater while maintaining the stable conditions
Tests S FS-7 and S-FS Il consisted of:(a) stabiliz- attained earlier in the test The specific require.,

I ing the plant as was done for Test S FS4, and ments for these recovery procedures were outlined
(b) isolating the break and refillit;g the affected in References A-2, A-3, A 7 through A-9.
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APPENDIX B
,

REPEATABILITY OF RESULTS (S FS 6/S FS 6B COMPARISONS)
!

INTRODUCTION

Analysis of the affected loop steam generator tem- performed as a repeat of the first 600 s of
perature triplet normalization data taken before operiment S-FS4 in order to obtain the local heat
100re bottom main feedwater line break transfer data not obtained during experiment S-FS4.
experiment S-FS4 showed th;.t the data was not ade- The initial conditions and sequence of events for
quate for obtaining norma". zed heat transfer data, experiment S-FS4B were the same as those for experi-
Because of the importaner, of the local heat transfer ment S-FS4 (see Tables A-2 and A 3).

-

,

data to understanding ar.d utilizing of the bottom Comparisons of the results for the two experi-
main feedwater line break sperimental results, it was ments are presented in this appendix as a means of
deemed necessary to repet. the blowdown chase of assessing the appropriateness of intermingling the
the 100r break experiment to obtam the local nem Sta from the two experiments and verifying thee

hansfer data. Experiment S-FS4B was, therefore, repetability of results.

,

,

! ,

1

,

|

j
s

>

|
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COMPARISON OF RESULTS

The excellent comparison of the results of esperi- across the orince in the riser for both experiments).
ments S-154 and S-FS4B is readily esident in the The obsened differences in the unatTected loop steam

ocellent agreement of the data in the included figures, generator secondary pressure, liquid lesrl, and primary
The secondary thermal hydraulic responses energy remom! response are due to the slight difference
(Figures B 1 through B-14) and the primary thermal- in the initial mass and the delayed ausiliary feedwater
hydraulie responses (Figures B-15 through B-18) are initiation for experiment S-FS4B. The obsened differ-
almost identical for the two experiments. The minor enee in the initial pressurizer and loop cold leg pressure

differences obsened in the data are due to the slight responses is due to the simulated pressurizer code
difference in the initial conditions and the delayed initi- safety (sr.fety relief mhe (SRV)] cycling during operi-
ation (about 200 s late) of the unaffected loop steam ment S-FS4B, but not during operiment S-134. This
generator auxiliary feedwater injection during operi- is due to the fact that the actual SRV opening set point

ment S-FS4B. The secondary and primary responses pressure was slightly higher than, but within the speci-
chibit identical phenomena throughout the entire ned tolerance of, the desired set point for operiment
blowdown. The effect of the slight differences is most S-FS4; and slightly lower than, but within the speci-
apparent at the end of the blowdow n phase and is min- Ded tolerance of, the desired set point for e periment
imal (within the measurement uncertainty in most S-FS4B. The other minor differences in the primary

cases). The observed difference la the riser mass Dcm system response are due primarily to the slight differ-
rate is due to a problem with tne drag screen measure- ence in the unaffected loop steam generator secondary

ment desice for operiment S-FS4B. The Dow reversal response. The esperimental results show acellent com-

ahibited in the measured riser mass Dow rate for parison, verifying both the ulidity of intermingling the
operiment S-FS4 is the actual response for both tests data from the two experiments and the repeatability of
(as esidenced by the negative frictional pressure drop results.
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CONCLUSIONS

The excellent comparison of the results of experi. The very minor differences obsened are due to
ments S FS4 and S FS-(B verifies both the valid- slight differences in the initial conditions and
ity of intermingling the data from the two delayed unaffected loop steam generator auxiliary '
experiments and the repeatability of the results, feedwater initiation during experiment S FS48,

B 16
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APPENDIX C

STEADYSTATE RESULTS

INTRODUCTION

Understanding and calculating the affected loop The transient thermal hydraulic response may be
steam generator secondary fluid system thermal- understood more clearly after considering the
hydraulic response to a bottom main feedwater line thermal-hydraulic conditions that exist in the sec-
break requires consideration of the tube-bundle ondary fluid system at steady-state, full-power con-
region secondary fluid thermal hydraulic response, ditions.

.

C-5



. ..

I

STEADYSTATE SECONDARY THERMAL HYDRAULIC4

CHARACTERISTICS i
1
i

The basic steady state, full power secondary finhe difference numerical schen.e applicable to a
Guld thermal-hydraulics consist of complex two- slab, cylinder or sphere,4

j phase natural circulation now and forced convec. The tube wallis modeled as a series of finite dif-
tion heat transfer mechanisms. The secondary nuid ference nodes with a finite volume surrounding'

two-phase natural circulation is driven by liquid each node. The integral conservation of heat equa-
head difference between the downcomer and the tion is applied to a general shaped one-dimcnsional
tube bundle, the boiling in the tube bundle region, solid. Separate energy balances are performed for
addition of subcooled liquid in the lower down- the portion of the volume element to the left and |
comer, and extraction of steam in the steam dome, right of an interior node with: no volurretric heat
The intercomponent now consists of two-phase generation, the heat Dux vector approximated by:

j flow in the tube bundle region, with separated Fourier's law of heat conduction, and a backward i
i steam exiting the steam dome and liquid being difference approximation used for time. The [

recirculated down the downcomer. Subcooled lig- energy balances are then combined to get the con-
' ,

uid is added in the lower downcomer to replace the servation of energy equation for the volume ele- '

mass of steam removed in the steam dome. The ment. The resulting conservation equation for the
downcomer downflow (about 0.82 kg/s), tube interi r v lume element is then rearranged result.

1 bundle upflow (about 1.09 kg/s), and steam and ing in an equation with the current values of three

feedwater Dows (about 0.27 kg/s each), result in a n dal temperatures T , T , and T unknown andi
y i m

mass balance for all of the secondary components, the associated current value of the thermal condue

The secondary Guid thermal characteristics consist tivities and volumetric heat capacities between 'De

of: feedwater entering the lower downcomer and n des unknown Modeling the wall with N no Jes,
i

producing slightly subcooled liquid at the entrance N 2 equations can be wri; ten for the interior aodes

| to the tube bundle; forced convection nucleate boil- w th, neglectmg for now the temperaturr. depen-
,

ing heat transfer in the tube bundle region; two- dency of the thermal conductivities and volumetric
|

1 phase mixture exiting the tube bundle; and, vapor eat capacMes, M unknowns W tempuatum at
|,

' * * * * * * ' ' "" "" "'Y "I 'generated in the tube-bundle region exiting the
n e an enngy Mance h de dume elemem; steam generator as high quality steam. The energy

{ to the right of the node is again performed with the,

addition from the primary fluid system, removal of
feedwater subcooling (Figure C 1), boilmg m the conduction at the left boundary equated to the pri-

mary convective heat transfer. This produces a total
tube bundle, and high quality steam now out of the

of N 1 equations and N unknowns. For the right
] secondary result in an energy balance for the sec-

hand boundary at node N, an energy balance for
ondary duld system.

the volume element to the left of the node is per.
The local heat Dux and secondary heat transfer formed with the conduction at the right boundary

coefficients were determined from the measured equated to the secondary convective heat transfer.
] tube volumetric now rate, primary Guid pressure This yields N equations and N + 1 unknowns. Now,
j and temperature, tube outside wall temperature, using the Dittus Boelter and Colburn correlations

and secondary Guid temperature. For the case of to determine the primary convective heat transfer
!

| steady state heat transfer, a simple energy balance coefficient will result in N equations with N
i for the tube inner and outer surfaces results in two unknowns (T , T , . . . . T g, h ), where Ti 2 a iequations and three unknowns. A correlation such through T is the current value of the temperatureu

as Dittus Boelter or Colburn can be used in con- at nodes I through N 1, and h is the secondary
| Junction with the measured tube Guid properties convective heat transfer coefficient.

a

J and now rate to obtain the primary Guid convective The solution technique invohes using iteration on
I heat transfer coefficient. The two equations can the primary comecthe heat transfer coef0cient and the
i then be solved for the two remaining unknowns, current thermal conducthities and mlumetric heat
i However, to allow for accurate calculations of tran- capacities, with Gaussian chmination solution of the
j sient heat transfer a calculation technique that set of N equations. A simple steady-state energy bal-
a includes energy storage terms was necessary. The ance technique is used to determine the ulue of the

! technique used -1 imolves a one-dimensional unknowns for the first few steady-state data points.C

l C-6
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Figure C 1. Affected loop steam generator average full power, steady state secondary fluid subcooled margin versus
elevation above the top of the tube sheet for FWLB experiments S-FS-68, S FS !!, and S-FS-7.

The thermal conducthity and volumetric heat capacity and volumetric heat capacity salues are smed and the
current values are initiaUy set to the value from the calculation for the next time step is initiated.
proious time step. The pnmary comretive heat trans- During steady-state, full-power operating condi-
fer coefficient is initially calculated using the Dittus- tions, there is a dependency of local heat Hux, sec-
Boelter correlation. The unknown temperatures and ondary convective heat transfer coefficient, void
h,, are sohed for using Gaussian elimination and the fraction, and now quality on the location in the
inside wall and primary Guid temperatures are mer- tube bundle. The Semiscale Type 111 affected loop
aged to determine a film temperature. The film tem- steam generator accurately simulates the operating
perature is then used with the Colburn correlation to conditions of imerted U tube steam generators,
determine a new primary comecthe heat transfer coef- Therefore, the measured distributions are an
ficient, and a new inside wall temperature. The itera- invaluable indicator of the accuracy of current ana-
tion on h continues until the calculated inside wall l>tical methods of predicting local heat transferg
teraperatmt is changing by less than 0.02 K (an order and Guid property conditions in an inverted U tube
of magnitude less than the differential temperature steam generator tube bundle at steady-state, full-
measurement uncertainty). The program then caleu- power operating conditions. The steady state, full-
lates the outside wall heat aux and uses the new caleu- power local heat flux distributions are discussed
lated temperatures to determine new current thermal first. This is followed by a discussion of the steady-
conducthities and solumetric heat capacities. New state, full power secondary convective heat transfer
nodal temperatures are then calculated with iteration coefficient distribution, along with the void frac-
on h . A new outside wall heat flux is then calculated tion, now quality, and slip-ratio distributions.g
and compared to the old salue. The procedure is The tube outside wall local heat Oux was deter-
repeated until the calculated outside wall heat aux 4 mined for each measurement location in the tube
changing by less than one-tenth of one percent. The bundle. The average steady-state, full-power local
calcula:ed temperatures, h , h , the inside and outside heat flux was then obtained for each location byg ir
wall heat fluxes and the current thermal conducthity averaging the data oser the steady-state, full-power
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operating time span. This procedure was per. Some insight into the phenomena driving the
formed for all three sets of data (Experiments measured distributions can be obtained by observ-
S FS-6B, S FS II, and S-FS-7). The average heat ing the measured cross-sectional average void dis.
Auxes were then plotted versus their location along tribution. The aserage steady state, full power
the tube (from inlet to outlet plenum) for both the cross sectional average vapor-void fractions were
long and the short tube. As shown in Figure C 2, obtained for each density measurement location,
the three sets of data are in excellent agreement. for each experiment, in the same manner as the
Significant variation in the local heat Oux with local heat Ouxes. The average void fractions sersus
location along the tube is apparent for both tubes. their elevation above the top of the tube sheet were
Comparisons of the long and short tube heat Oux plotted. As shown in Figure C 10, the three sets of
averaged distributions shows similar trends for data are in excellent agreement. As expected, sig-
both tubes. The lower heat Dux values observed for nificant variation in the vapor void fraction with
the long tube are caused by less flow through the elevation is apparent. The in nection point observed
long tube because of its greater hydraulic flow at the 564 cm elevation is beliesed to be caused by a
resistance. How regime transition occurring near the 564 cm

Some measure of the accuracy of the calculated heat elevation. .

Ouxes can be obtained by integrating the heat Oux per Further insight into the phenomena driving the
unit length of tube over the length of the tube measured distributions can be obtained by observ.
(Figure C 3). The sum of the long and short tube inte- ing the estimated and homogeneous flow quality
grated heat flux per unit length should equal the steam distributions. The estimated now quality was
generator steady-state. full-power operating load. The obtained at elevations corresponding to the soid
integrated heat Aux per unit length for the long and measurement elevations by integrating the heat Oux
short tube was found to be 531 1 15 kW. The average per unit length of tube over the length of tube con-
steam generator steady-state, full power operating load tained between the elevations, and determining the
was $33 25 kW. Thus, the integrated local heat Dux amount of steam generation that would result from
per unit length is in excellent agreement with the full- the total amount of energy added to that portion of
power operating load. the tube bundle. The homogeneous now quality

The average steady-state, full-power local see- was obtained from the measured void fraction. The
ondary heat transfer coefficients were obtained for estimated and homogeneous now qualities wece
each measurement location, for each experiment, then plotted sersus their elevation above the top of
in the same manner as the local heat Ouxes. The the tube sheet. Comparisons of the now qualities -

aserage secondary heat transfer coefficients for (Figure C ll) show reasonable agreement between !
both tubes were then plotted versus their elevation the estimated and the homogeneous now qualities
above the top of the tube sheet (Figures C-4 and up to the 556 cm measurement elesation. Above
C 3). For the most part, the three sets of data are in the 556 cm elevation, the homogeneous now qual-
excellent agreement. Significant variation in the ity desiates significantly from the estimated flow
local secondary heat transfer coefficient with both quality. The observed differences in the now quali-
elevvion and U-tube outside wall to secondary ties indicates that the liquid and vapor velocities
Guid temperature difference (Figures C-6 through differ throughout the majority of the tube bundle
C-9) is apparent for both tubes. Comparisons of with slip ratios as shown in Figure C 12. The onset
the long and short tube hot and cold side secondary of boiling is calculated to occur at approximately
heat transfer coefficient averaged distributions the 150 cm elevation. Below this elevation the slip

| show, with the exception of the long tube hot side ratio is, by definition,1.0. At higher elevations the
556 cm elevation data point, similar trends for both slip ratio shows a fairly constant trend up to the
tubes. The reduction in the secondary heat transfer 556 cm elevation. The reduction in the slip ratio at
coefficient at the long tube hot side 886 cm eleva- this elevation is believed to be caused by now per-
tion is duc to the insteased now area (reduced mass turbation or pc . 31y a transition to a new Dow
Gux) at this elevation. While the reduced heat regime. Above the 556 cm elevation the slip ratio
transfer coefficient at the long tube hot side 556 cm increases with increasing elevation up to the eleva-
elevation to be an anomoly, the repeatability of the tion of the top of thelong tube. Abose the top tube,
data supports its validity. Insight into the probable the flow conditions remain essentially constant.
cause of the local heat transfer coefficient reduc- The maximum slip ratio (approximately 1.6)
tion may be gained from a consideration of the occurs at about the elesation of the top of thelong

,

; local Guid hydraulic characteristics, tube. This information should prove to be

i
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wall-to-secondary fluid temperature differences versus elevation above the top of the tube sheet for
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Figure C 10. Affected loop steam generator aserage full power, steady-state tube bundle region secondary
cross-sectional aserage vapor void fractions sersus eination abcwe the top of the tube sheet for FWLB
esperiments S FS-6B, S FS-II, and S-FS 7.

imaluable for analyzing analytical calculations of long tube hot side to those predicted (for the mea-
this data, sured conditions listed in Tabic C 1) by the

CThe Duld hydraulic characteristics proside a Thom -4 forced comection nucleate boiling heat
valuable clue to the possible cause of the reduced transfer correlation, the BennettC2 forced convec-
local secondary comective heat transfer coefficient tion vaporization heat transfer correlation and the

Chen 3 combined nucleate boiling / vaporizationfor the long tube hot side at the 556 cm elevation. C
The cross sectional average void fraction, esti- forced convection heat transfer correlation cur.
mated, and homogeneous now quality, and slip rently used in thermal hydraulic computer codes.
ratio distributions indicates that a now perturba- This comparison (Table C 2) points out that the
tion or possibly a Dow regime transition occurs Thom and Chen correlations predict the wrong
near the $56 cm elevation. This may result in multi- trends m the heat transfer coefficient distribution.
dimensional effects wherein the local now at the The Semiscale Type ill steam generator measured
long tube hot side measurement station is signifi- local secondary comective heat transfer coefficient
cantly decreased while the local now at the short dependency on the local vapor-void fraction
tube hot side measurement station is not. Such a exhibits a trend that is exactly the opposite of that
condition would result in a reduced local secondary predicted by the Thom and Chen boiling heat trans-
comective heat transfer coefficient for the long fer correlations. This is betined to be due to the
tube hot side measurement station, but not for the fact that these correlations were developed based
short tube hot side measurement station, on data for now inside a single heated tube, not for

The nature of the secondary comective heat now around interrally heated tube bundles inside
transfer coefficient profile indicates the ethence of an esternally heated tube, increasing v apor void
of forced comection nucleate boiling as well as fractions can result in the vapor NonActing the tube
forced com ection vaporitation heat transfer as dis- inside wall, limiting the area for liquid to wall con.
cussed in References C 2 and C-3. A brief compar- tact, and reducing the liquid cooling effect, thereby
ison was made of the measured secondary heat reducing the comectise heat transfer coefficient, as
transfer coefficient; at sescral elevations for the predicted by the esisting correlations. Outside of an
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Table C 1. Measured conditions used for deterrnining correlation predicted secondary
heat transfer coefficients for the long tube hot side at several elevations

Heated Saturation Outside Wa!!
Elesation Diameter Mass Flux Two T Twa Tnga Vapor Void Flow Pressure Heat Flus

I (cm) (m) (kg/m:-5) (K) u _ g) Fraction Quality _ (MPa) (W/m2)

61 .043933 356.02 17.60 8.75 0.00 .0000 6.302 315,737
137 .043983 356.02 9.85 6.07 0.02 .0000 6.2% 317,795
213 .043983 356.02 7.52 6.66 0.28 .0224 6.291 299,188
404 .043983 356.02 5.29 5.29 0.63 .0921 6.280 274,440
556 .043983 356.02 6.06 6.06 0.78 .I535 6.273 237,530
709 .043983 356.02 3.72 3.72 0.80 .2091 6.267 227,966
886 .111532 280.78 3.71 3.71 0.82 .2676 6.260 203,315

Table C 2. Measured and correlation predicted secondary heat transfer coefficients for
the long tube hot side at several elevations

Elevation Measureda Thoma Benneta Chena
2 2 2(cm) (W/m .K) (W/m K) (W/m2K) (W/m.g)

b61 17,974 40,872 O ,c :o,779c

b137 32,875 28,316 Oc 15,76SC

213 40,103 31,045 3,693 16,321

404 $1.915 24,619 9,293 12,787<

556 39,260 28,157 12,738 14,427

709 62,346 17,258 15.443 13,703

886 54,887 17,184 12,218 10,801

a. Secondary heat transfer coeffwients,

b. Zero ulues due to zero now quahties at these elevations.

c. Flow qualay is tselow the stated range of appbcabibty for this correlation.
J

internally heated tube bundle, increasing vapor- correlation predicts the correct trend in heat trans.
void fractions can result in turbulent mixing and fer coefficient with vapor void fraction. However,
pumping of the liquid to the outside tube wall, the predicted values are significamly smaller than
resulting in enhanced liquid and vapor cooling those measured. This is believed to be due to the
effects and increased secondary convective heat fact that the Bennett correlation was developed
transfer coefficients, as measured in the Type til based on data for flow inside an annulus, not for
steam generator. The Bennett boiling heat transfer flow around internally heated tube bundles.

1
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Figure D-l. Afreeted loop steam generator tube-bundle secondary fluid sapor void fractions during the blowdown
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Figure D-6. Affected loop steam generator secondary convective heat transfer coefficients at the 213-cm elevation
during the blowdown phase of 14.30. FWLB experiment S-FS-7 (-10 to 50 s).
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during the blowdown phase of 50fe FWLB experiment S-FS 11 (-10 to 50 s).
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FWLB experiment S-FS-7 (500 to 6000 s).
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Figure D 25. Unaffected loop hot leg, pressurizer surge line inlet and outlet, pressurizer, and pressurizer saturation
fluid temperatures during the stabilization phase of 14.3re FWLB experiment S FS-7(500 to 6000 s).
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Figure D 26. Unaffected loop steam generator auxiliary feedwater mass flow rate and downcomer and riser overall
collapsed liquid levels during the stabilization phase of 50% FWLB experiment S-FS-11 (600 to 4100 s).
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Figure D-27. Primary hot leg and vessel upper head fluid subcooled margins and pressurizer internal heater power
during the stabilization phase of 50% FWI.B experiment S FS !! (600 to 4100 s).
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Figure D-28. Pressurizer pressure and overall collapsed liquid level during the stabilization phase of 50% FWLB
experiment S FS-II (600 to 4100 s).
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Figure D-29. Unaffected loop steam generator secondary pressure during the stabilization phase of 50% FWLB
experiment S-FS ll (600 to 4100 s).
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Figure D-31. Affected and unaffected loop normal charging mass flow rates during the stabilization phase of 50%
FWLB experiment S-FS II (600 to 4100 s).
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Figure D-32. Unaffected loop hot leg, pressurizer surge line inlet, pressurizer, and pressurizer saturation fluid
temperatures during the stabilization phase of 50% FWLB experiment S-FS-II (600 to 4100 s).
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Figure D-35. Affected loop steam generator downcomer and tube bundle overall outlet, collapsed liquid levels and
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of 14.3% FWLB experiment S FS-7 (6000 to 20,000 s).
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Figure D-36. Affected and unaffected loop pump speeds, affected and unaffected loop cold leg volumetric
flow rates, and affected loop steam generator long and short tube outlet volumetric flow rates
during the voided secondary refill phase of 14.3% FWLB experiment S-FS-7 (6000 to 20,000 s).
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