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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 trausfer 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 convective heat
transfer) to voided secondary refill operations are discussed. Feedwater line break
issues are discussed and conclusions are drawn based on the results of the analysis.
Finally, reccommendations are made for further utilization of the data and consider-
ations for future code calculations.
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EXECUTIVE SUMMARY

Although ruptures of steam generator main feed-
water lines are not expected to occur often in pressur-
ized water reactor (PWR) plants, the potentiai for
rupture of the primary pressure boundary due to over-
existing data on present day PWR steam generators
resulted in a large number of assumptions and simplifi-
cations being utilized for Final Safety Analysis Report
(FSAR) calculations for a number of Combustion
Engineering (C-E) System 80-type plants. The FSAR
calculations predicted peak primary system pressures
in excess of 110% of the system design pressure, neces-
sitating quantification of their degree of conservatism.
Concerns exist with respect to the potential for primary
overpressurization, the validity and effects of coiabin-
ing the assumptions and simplifications, and also with
the effectiveness of recovery procedures and the steam
generator downcomer liquid level differential pressure
measurement response effects on safety trip systems,
To adaress these concerns, four feedwater line break
experiments were performed in the Semiscale Mod-2C
facility. The Mod-2C system is a small scale, nonnu-
clear, electrically heated, high pressure, high tempera-
ture experimental system which simulates all of the
major components of a full-scale PWR. It contains a
vessel and two primary coolant loops. The affected
and unaffected loops simulate one loop and three
loops of a four-loop PWR, respectively. Both loops
contain active steam getierators and pumps, with the
single-loop steam generator highly instrumented for
this test series. Experiments S-FS-6, S-FS-6B, S-FS-7,
and S-FS-11 simulated 100, 100, 14.3 and 0% bottom
main feedwater line break secondary LOCAs, respec-
tively. Experiment S-FS6B (a repeat of the initial
phase of experiment S-FS-6) w=s performed to obtain
local heat transfer data not obtained durirg experiment
S-FS-6. Initial and boundary conditions were scaled
from, and compounding failures and assumptions sim-
ulated, those conditions utiizad for C-E System 80
FSAR cilculations. Data from the experiments should
be useful for quantifying the safety margin inherent in
licensing assumptions, simplifications and calkuia-
tions, and in providing a data base for integral system
responses for assessment of computer codes and recov-
“ry procedure effectiveness.

The results of the analysis of the Semiscale Mod-2C
bottom main feedwater line break data were used as a
basis for addressing the principal bottom main feed-
water line break issues and concerns. Items addressed
include: e potential for primary overpressurization;
the relative degree of conservatism inherent in FSAR

i

assumptions and simplifications; the steam generator
downcomer liquid leve! differential pressure measure-
ment response effects on safety trip systems; the effects
of break size; and the effectiveness of Emergency
Operating Procedure (EOP)-specified recovery proce-
dures (including vessel upper head void collapse and
voided secondary refill operations).

Extrapolation of Semiscale Mod-2C measured
peak pressures to those predicted for a C-E
System &0 plant points out the need for further
analysis. The measured peak primary system pres-
sures for the Semiscale Mod-2C bottom main feed-
water line break experiments are not a direct
indicator of the peak pressures expected for a C-E
System 80 plant. Therefore, a simple lumped-
parameter analysis was performed which
accountcd “ar the faci that the affected steam gen-
erator renresents vi.' one-fourth of the total avail-
able heat sink in Semiscaic but one-half of the total
available heat sink in a C-£ System 80 plant. The
analysis produced estimated peak primary pres-
sures near 110% of the design pressure limit for the
C-E System 80 plant. This points out the need to
perform best-estimate calculations with a thermal-
hydraulic computer code that has been assessed
against and verified for the results or these experi-
ments.

Final verification of the -elative degree of con-
servatism inherent in FSAR assumptions and sim-
plifications will require best-estimate calculations
performed with a verified computer code. How-
ever, the results of the analysis of the Semiscale
Mod-2C bottom main feedwater line break data
can be used as a basis for addressing the conserva-
tism of a number of FSAR assumptions and simpli-
fications. Assumptions which maximize the
primary pressurication but do not emulate the
actual response exhibited by the experimental data
are considered to be conservative. The Semiscale
results indicate that:

¢ The C-E System 80 FSAR Appendix 15B
assumption of 100% heat transfer until the
liquid inventory reaches 0% followed by a
step change reduction to 0% heat transfer
is not conservative since it emulates the
actual heat transfer degradation exhibited
by the experimental data

®* The C-E FSAR assumptions regarding
break flow severely distort the effect of the
break size on the system response, provide



no real benefit to the analysis, and would
preclude accurate best-estimate calcula-
tions

¢ The assumed main steam line check valve
failure used for the C-E FSAR calculations
is not conservative since the increased
steam flow from the unaffected loop steam
generator prior to SCRAM increases the
unaffected loop primary energy removal,
reducing the effect of the loss of the
affected loop heat sink

® The C-E FSAR assumption regarding loss
of offsite power at SCRAM is conservative
since it reduces the primary cooling follow-
ing SCRAM and provides limiting condi-
tions for system recovery operations

¢ (Configurational and fluid hydraulic
response dependencies of the downcomer
liquid level measurements make them sus-
pect for conservative assumption candi-
dates, but it is conceivable that they would
produce earlier system SCRAM initiation
and thus be nonconservative.

The secondary and primary thermal-hydraulic
responses are relatively insensitive to the break size.
The main differences observed are in the timing of
events and the quantitative responses. Very slight
break size sensitivities were observed in the affected
loop steam generator heat transfer degradation
with loss of liquid inventory and the peak primary
pressures. The normalized heat trensfer versus nor-
malized liquid inventory for the affected locop
steam generator shows that the normalized heat
transfer remains at 100%% until the normalized lig-
uid inventory reaches almost 0% for all three break
size cases. The heat transfer then rapidly decreases
10 0%, A very slight break size dependency is exhib-
ited in that the degradation in heat transfcr was ini-
tiated at a slightly greater mass inventory and
proceeded at a slightly slower rate for the smallest
break size case, Thus is due to a more gradual deple-
tion of the tube bundle liquid inventory for the
smallest break size case. The measured primary
pressures exhibit a very slight sensitivity to break
size with peak values of 16.37, 16.41, and
16.42 MPa for the 100, 50, and 14,3% break size
cases, respectively, This is due to greater
unaffected-to-affected loop intersecondary flow
past the failed check valve for the largest break size
producing increased unaffected loop steam genera-
tor primary energy removal and reducing the net
orimary energy addition. While these very slight
break size dependencies did exist, their effect was

minimal and the basic thermal-hydraulic responses
were relatively insensitive to the break size.

The automatic actions performed by ihe plant
protective systems during the blowdown phase of
the experiments left the Semiscale Mod-2C system
in a quasi-stable srate, but at conditions that did
not ensure suffi~ient control of the system. The sta-
bilization operations performed (affected loop
steam generator auxiliary feedwater termination,
Sl termination, normal charging/ietdown, pressur-
izer internal heater, and unaffected loap stearn gen-
erator steam and feed operations) were very
effective in stabilizing the system at conditions
from which a controlled natural circulation
cooldown and depressurization could be initiated.
The guidance provided hy the EOPs was both
appropriate and effective in stabilizing and regain-
ing control of the sy stem for ail of the experiments.
No ves~el upper head voiding occurred as the upper
head fluid remained highly subcooled. The limiting
criteria in regaining control of the system for all
three experiments was the recovery of the unaf-
focted loop steam generator secondary liquid level,
with the smallest break size case requiring the great-
est amount of time to recover the lost inventory,

The natural circulation cooldown und depressur-
ization operations performed foilowing syster sta-
bilization for experiment S-FS .4 {i.e., pressurizer
auxiliary spray, pressurizer internal heater, ncrmal
charging/letdown, and unaffected loop steam gen-
erato: steam and feed with stairstep secondary
pressur’: eduction operations), were very effective
in cooling down and depressurizing the primary
fluid system in a controlled manner. The unaffected
loop steam generator steam anu feed operations
with 0.71 MPa stairstep secondary pressure reduc-
;1ons were successiul in cooling the primary fluid av
about 25.6 K/h while maintaining satisfactory sec-
ondary inventory. Attempts to cooldown at faster
rates would be limited, however, by the capability
of the auxilizry feedwater flow to maintain second-
ary inventorv. The combined operations of pressur-
izer auxiliary spray and internal heaters
demonstrated excellent control of primary pressure
and subcooled margin. No vessel upper head void-
ing occurred during the normal natural circulation
cooldown and depressurization phase (minimum
allowable primary fluid subcooled margin of
27.8 K), nor during the rapid natural circulation
cocldown and depressurization phase (minimum
allo.able primary fluid subcooled margin of
11.1 K). However, continuous reduction in the ves-
sel upper head fluid subcooled margin was noted
for the rapid phase of the cooldown indicating that



continued operation in this mode would have
resulted in eventual vessel upper head voiding.

The fill and drain and pump restart methods of
vessel upper head void collapse both proved to be
effective in cooling the upper head fluid and col-
lapsing the upper head void. However, an impor-
tant ooservation was made with respect to
determining final upper head void collapse. For
hoth methods, the pressurizer liquid level started to
increase before the upper head void was completely
collapsed. This points out the importznce of moni-
toring the rate of the pressurizer liquid level
increase to ensure that it matches that expected for
the normal charging flow rate as a means of deter-
mining final upper head void collapse. The major
differences noted for the two methods of upger
head void collapse were in the rate ot the void col-
lepse and the amount of cooling provided for the
upper head fluid and metal. The fill and drain
method (normal charging/letdown and pressurizer
internal heater operations) resulted in a more rapid
collapse of the vessel upper head void. However,
the pump restart method (primary coolant pump
restart) resulted in more cooling of the vessel upper
head fluid and metal. Therefore, it is conceivable
that the cooldown and depressurization could con-
tinue at a more rapid rate asing the pump restart
method of upper head void collapse.

The voided secondary refill operations per-
tormed verified the effectiveness of the operations
\or maintaining stable conditions while recovering
the inventory in a voided steam generator. Refilling
(k. voided secondary provides a significant scurce
of primary energy removal, ensures an adequate
couling source for the primary, and produces no
major challenges to maintaining stable system con-
ditions. The secondary convective heat transfer re-
establishment in the affected loop steam generator
exhibits the same trends in the secondary convec-
tive heat transfer coefficient with respect to the
vapor-void fraction, as was observed in the full-
power, steady-state, and transient data. The slower
refill rate data exhibited the same phenomena but
the secondary convective heat transfer coefficients
were smaller in magnitude, The voided secondary
refill dota was obtained at conditions typical of

those that occur during a loss of feedwater tran-
sient or any other situation where a steam genera-
tor's mass inventory is substantially reduced and
then slowly recovered with auxiliary feedwater
flow. Thus, the data would be useful for analyzing
probiems encountered in simulating slow second-
ary refill conditions wite a trermal-hydraulic com-
puter code.

Final determination of the potential for primary
overpressurization and quantification of the degree
of conservatism inherent in the C-F System 80
FSAR assumptions and simplifications will require
the performance of best-estimate calculations with
a thermaz|-hyJdraulic computer code which has been
verified against this experimental data. While veri-
fication of computer codes is beyond the scope of
this report, one definite code deficiency has been
identified as a result of this analysis. The measured
secondary convective heat transfer coefficients and
vapor void fractions indicate a trend of increasing
heat transfer coefficient with increasing vapor veid
fraction. The C%on ¢. rubined boiling/vaporization
convective heat tram fer correlation currently used
in thermal-hydroufic codes predicts exactly the
opposite trend for the secondary cenvective heat
transfer coeificient variation with the vapor void
fraction. It also significantly unde-predicts the
magnitude of the secondary convective heat trans-
fer coefficient. Improver/ 'nts in the secondary
convective heat transfer calculation methodology
will be required for thermal-hydraulic computer
codes to accurately calculate the actual primary-to-
secondary rransiert neat transfer. This will require
ecither modifications to an existing, o development
of a new, boiling/vaporization convective heat
transfer correlation based on the Semiscale
Type 111 steam generator heat transfer data. The
data obtained during these experiments are of suffi-
cient detail and quality to allow verification of
thermal-hydraulic computer codes for bottom
main feedwater line break, system recovery, and
voided secondary refili calculations. The analysis
of the experiraen rasvlts has provil.d invaluable
insight into the phenomena and driving mecha-
nisms evidences! in the experiment: and is applica-
ble to full-scale PWR plants,
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Affected loop steam generator secondary convective heat transfer coefficients at the
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Affected loop steam generator secondary convective heat transfer coefficients at the
137 em elevation during the blowdown phase of 100% FWLB experiments
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Affected loop steam generator secondary convective heat transfer coefficients at the
213 ¢m elevation during the blowdown phase of 100% FWLB experiments
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Affected loop steam generator secondary convective heat transfer coefficients at the
404 ¢m elevation during the blowdown phase of 100% FWLB experiments
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Affected loop steam genwrator secondary convective heat transfer coefficients at the
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Affected loop steam generator secondary convective heat transfer coefficients at the
709 ¢m elevation during the blowdown phase of 100% FWLB experiments
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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

INTRODUCTION

The Semiscale experimental program conducted by
EG&G Idaho, Inc., is part of the overall research and
development program sponsored by the U.S. Nuclear
Regulatory Commission (USNRC) through the
Department of Energy (DOE) to evaluate the behavior
of pressurized water reactor (PWR) systems during
hypothesized accident sequences. The program’s pri-
mary objective is to obtain representative integral- and
separate-effects thermal-hydraulic response data to
provide an experimental basis for analytical model
development and assessment. The subject Semiscale
Mod-2C experiments,! S-¥$6,2.3, S.FS.6B,2.2.3
$-FS.7,24 and $-FS-11,56 were authorized and per-
formed under this program. The experiments simu-
lated bottom feedwater line break secondary loss of
coolant accidents and were identical except for the
break size (100%P for wests S-FS6 and S-FS6B,
14.3% for test S-FS-7, and 0% for test S-FS-11), and
the system recovery operations simulated.

This report discusses results of the simulated bottom
feedwater line break transients conducted in the Semi-
scale Mod-2C test facility and presents information
pertinent to related safety issues. The Semiscale Mod-
2C test facility is a small-scale nonnuclear model of a
PWR power plant. The volume and thermal power of
the test loop are 1/1708 those of the reference four-
loop Westinghouse PWR (Trojan). The Semiscale
Maod-2C faality is full height and contains the active
components (Core, pumps, Stleam gencrators, etc.) nec-
essary to simulate all of the PWR components perti-
nent to transient response simulation and evaluation.
The scenario in Semiscale for the initial phase of the
tests was based on the scenario used for the
Combustion Engineering (C-E) System 80 Final
Safety Analysis Report (FSAR) Appendix 15B botiom

A Test SFSEB was a repeat of the initia) phase of et S-FS-6
performed to obtamn heat transfer data nox obrained during >-FS-6
b, Percemtage of the bottom feed sieam generate, feedwater
distribution bon total outiet Now area

feedwater line break calculations. Following the initial
for tests S-FS-6, S-FS-7, and S-FS-11. Plant stabiliza-
tion was followed by: plant cooldown and depressuri-
zation operations (with vessel upper head void collapse
method investigations) for test S-FS-6; and affected
loop steam generator break isolation and secondary
refill operations for tests S-FS-7, and S-FS-11. The dis-
cussions of the responses of the primary and secondary
fluid systems includes descriptions of the thermal-
response. The topics pertinent 1o the bottom feedwater
line break transients and related safety concerns dis-
cussed include: transient identification; degradation of
the affected loop steam generator primary-to-
secondary heat transfer with loss of mass inventory;
primary overpressurization; the effects of break size;
effectiveness of plant automatic actions; effectiveness
of plant stabilization operations; effectiveness of plant
cooldown and depressurization operations; effective-
ness of two methods of vessel upper head void col-
lapse; and the effects of, degree of conservatism
inherent in, and applicability of, FSAR assumptions.
One additional topic discussed is the system response
to voided secondary refill operations, which could
occur in a loss of feedwater transient.

The intent of this report is to provide insight into a
number of areas. First, the general appearance of the
Semiscale Mod-2C bottom feedwater line break tran-
sient is presented and the main elements of the tran-
sient identified. This discussion wili be helpful in
gaining insight about the probable appearance of bot-
tom feedwater line break tansients in PWR plants,
although the magnitude and timing of the response
for specific plants must be considered separately.
Next, a detailed description and analysis of a particu-
lar transient and the driving mechanisms and
thermal-hydraulic response of that transient is pro-
vided. This should improve the ability to track and
assess thermal-hydraulic code calculztions based on
the Semiscale Mod-2C bottom feedwater line break



R —

transient data. The effects of the break size on the
systen: response are presented next, with the driving
mechanisms affecting the response identified. This
should provide insight into the effects of break size on
transient severity. Then, the system response to plant
stabilization operations, plant cooldown and depres-
surization operations, and vessel upper head void col-
lapse operations are discussed and the driving
mechanisms affecting the response identified. This
should provide insight into the effectiveness of the
operations specified in Emergency Operating Proce-
dures (EOPs) in stabilizing and recovering the plant
following a bottom feedwater line break. The system
response to voided secondary refill operations is dis-
cussed next, with the driving mechanisms affecting
the response identified. This should provide insight
udo the phenomena associated with refilling voided
secondaries for scenarios such as loss of feedwater
transients. Finally, pertinent bottom feedwater line
break issues are discussed in light of the results of
these tests, Major emphasis is placed on the test
results relative to FSAR assumptions, current licens-
ing concerns, and emergency operating procedures.
This should provide insight into: the relative effects,

e e e e
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degree of conservatism inherent in, and applicability
of, several bottom feedwater line break FSAR
assumptions; the extent of the primary system pres-
surization; and the effectiveness of the EOP-specified
recovery and cooldown procedures for recovering and
cooling down the plant.

The overall organization of this report is as follows.
Following this Introduction, the Historical Back-
ground for these tests is discussed. This is followad by
a brief system description and discussion of experi-
mental procedure. Next, the general areas outlined
above are presented in the order in which they
appeared above. This is followed by a discussion of
the conclusions drawn based on the results of the bot-
tom feedwater line break tests, Recommendations for
additional uses of the data are provided, followed by a
reference list. The appendixes contain the following
information: a detailed system description and test
conduct information; comparisons of S-FS6 and
S-FS-6B data to ascertain repeatability of results;
characterization of the affected loop steam generator
steady-state, full-power secondary thermal-
hydraulics; and figures providing additional informa-
tive data from the tests.



HISTORICAL BACKGROUND




thereupon due to compounding system failures;
and the steam generator downcomer liquid level
differential pressure measurement response to flow
out of the break and the effect, thereupon, to
related safety trip systems.® Incorrect choice of

a. A Memo of Conversation, 1. 8. Martinell 10 Jack Guttman
(USNRC Licensing), Feedline Steamiine Break Issues, June 17,
1981

recovery procedures may lead to primary fluid sys-
tem voiding and eventual core uncovery. Break
location and size may also alter system behavior
and transient severity, Improperly indicated steam
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
experiments performed addressed the concerns and
effects of the aforementioned variables.



SYSTEM DESCRIPTION AND EXPERIMENTAL PROCEDURE

System Description

The facility configuration required for the Feed-
water and Steam Line Break (FS) Test Series is the
Semiscale Mod-2C system. A more detailed descrip-
tion of the facility as configured and instrumented for
the bottom feedwater line break tests is contained in
Appendix A of this report. A greatly detailed descrip-
tion of the facility as configured and instrumented for
the bottom feedwater line break experiments is con-
tained in the Semiscale Mod-2C Feedwater and Steam
Line Break (FS) Test Series Configuration Docu-
ment. '8 Briefly, the system is scaled from a reference
four-oop pressurized water reactor (PWR) system
based on the core power ratio, 2(MWth)/
3411(MWth).!¥ Component elevations, dynamic
pressure heads, and liquid distributions were main-
tained as similar as practical. The two-loop test con-
figuration consisted of the vessel with a 25-rod
electrically heated core and external downcomer,
tube-and-shell steam generators, and associated loop
piping with circulation pumps. The affected loop (in
which the bottom feedwater line break occurs) is
scaled to represent one loop of a four-loop PWR and
the unaffected loop represents three loups of a four-
loop PWR. The Mod-2C system consists of the
Maod-2B system with several modifications, foremost
is a new Tipe J11 affected loop steam generator. The
Type 111 steam generator design incorporates a down-
comer that is outside the tube bundle and riser sec-
tions. In this manner, component mass inventory and
fluid property (including density /void fraction) infor-
mation was obtained. The design also includes a
stecam dome with separator equipment which pro-
vides steam exit qualities of at least %0% during full-
power, steady-state operations. Component flow
areas, volumes, lengths, and pressure drops have been
sized 1o simulate a Westinghouse Model 81 steam
generator, Temperature measurements from the pri-
mary fluid, U-tube outside wall, and secondary fluid
were normalized to provide heat transfer data for the
tests, Measurement spool pieces in the upper and

lower downcomer and the riser provided fluid
hydraulics data for the tests.

Experimental Procedure

The four feedwater line break tests performed
during the FS Test Series simulated transients ini-
tiated by a break in a steam generator bottom
main feedwater line downstream of the check
valve. The initial conditions and sequences of
events were specified to simulate the initial condi-
tions and assumptions used for the Combustion
Engineering (C-E) System 80 Final Safety Analy-
sis Report (FSAR) Appendix 15B calculations
(Reference 10). A more detailed discussion of the
initial conditions and sequences of events for the
bottom feedwater line break tests is contained in
Appendix A of this report. A greatly detailed dis-
cussion of the experimental procedure for the
feedwater line break tests is contained in Refer-
ences 2 through 6 and 18. Briefly, with the excep-
tion of primary pressure, the initial conditions for
the tests represented the full-power conditions
used for the C-E System 80 FSAR calculations.
Thie initial primary pressure represented the nor-
mal full-power operating pressure of the C-E Sys-
tem 80 reference plant. Many of the assumptions
made for the C-E System 80 FSAR calculations
were used for these tests. The assumptions simu-
lated were: loss of all main feedwater at break ini-
tiation; failure of the check valve in the main
steam line of the affected steam generator; reactor
trip due to high pressurizer pressure; loss of offsite
power at reactor trip; safety injection (SI) and
main steam isolation valve (MSIV) closure signals
generated based on low affected steam generator
secondary pressure; no credit taken for the charg-
ing system; and only one train of high pressure
injection (HPI) available. Compensation for envi-
ronmental heat loss was provided through heat
addition with trace heaters on the exterior of the
pressure boundary and through augmentation of
the core power.



EXPERIMENTAL RESULTS

This section presents an interpretive description
of important thermal-hydraulic phenomena associ-
ated with Semiscale Mod-2C Bottom Main Feed-
water Line Break Experiments S-FS-6, S-FS-6B,
S-FS-7, and S-FS-11. The discussion is aimed
toward aiding: code development and assessment
efforts; Emergency Operating Procedure (EOP)
effectiveness analysis efforts; voided secondary
refill response analysis efforts; and Final Safety
Analysis Report (FSAR) assumption analysis
efforts, Therefore, the section concentrates on the
phenomena that either is of particular challenge to
code application or is pertinent to EOP effective-
ness, voided secondary refill response, and/or
FSAR assumption analysis efforts, Most of this
section refers to S-FS-6/S-FS-6B daia (the 100%
break case tests). The pressure and hydraulic
responses presented are from S-FS-6 data, while the
local heat transfer and thermal responses presented
are from S-FS-6B data. A comparison of results
from tests S-FS-6 and S-FS-6B is presented in
Appendix B. The excellent agreement shown in the
data comparisons of Appendix B provides verifica-
tion of both the repeatability of results and the
validity of intermingling the data from the two tests
for the experimental results discussions, Following
an overview of the gross system response during the
blowdown phase of a bottom feedwater line break
secondary loss of coolant accident (LOCA), the
secondary response during the blowdown phase is
discussed along with the mechanisms driving the
response. Included in the discussion on secondary
response during the blowdown phase is the pressure
response for both secondaries, hydraulic response
for both secondaries (with the emphasis on the
affected loop steam generator), and thermal
response for both secondaries (with the emphasis
on the affected loop steam generator and its local
heat transfer response). Next, the primary response
associated with the secondary response is discussed
along with the mechanisms driving the response.
Included in the discussion on primary response
during the blowdown phase is the pressure
response, hydraulic response, and thermal
response. The influence of break size on the blow-
down phase of a bottom feedwater line break sec-
ondary LOCA is then discussed. Included in this
discussion are the secondary and primary thermal-
hydraulic response comparisons and the driving
mechanisms. Next, the effectiveness of plant stabi-
lization operations is discussed for tests S-FS-6,

S-FS-7, and S-FS-11. Included in this discussion
are the primary and secondary pressure, tempera-
ture, and fluid inventory responses to plant stabili-
zation operations, as taken from EOPs. The system
response to plant cooldown and depressurization
operations for test S-FS-6 is then discussed.
Included in this discussion are the primary and sec-
ondary pressure, temperature, and fluid inventory
responses to plant cooldown and depressurization
operations, as taken from EOPs. Next, the system
response to vessel upper head void recovery opera-
tions is discussed for test S-FS-6. Included in this
discussion are the primary pressure, temperature,
and fluid inventory responses for two methods of
vessel upper head void collapse (the fill and drain
and the pump restart methods). The system
response to refilling of the voided affected loop
steam gencrator secondary for tests S-FS-7 and
S-FS-11 is then discussed. Included in this discus-
sion is the primary and secondary pressure, temper-
ature, and fuid inventory responses and affected
loop steam generator secondary heat transfer rates
(local and global) for tire two tests (two different
refill rates). Finally, based on the results of these
tests, pertinent bottom feedwater line break issues
are discussed. Major emphasis is placed on the test
results relative to FSAR assumptions, current
licensing concerns, and EOP-specified recovery
operations.

Overview of a Steam Generator
Bottom Main Feedwater Line
Break

Preliminary to the detailed discussion of S-FS-6,
S-FS-6B, S-FS-7, and S-FS-11 results, this section
presents a qualitative overview of the gross system
response to a bottom main feedwater line break sec-
ondary LOCA, with special emphasis on major
events that affected the primary energy balance,
and thus transient severity. System response during
a bottom main feedwater line break downstream of
the check valve is characterized by a secondary
depressurization with total loss of the affected loop
steam generator secondary fluid mass inventory
and substantial loss of the unaffected loop steam
generator secondary fluid mass inventory (due to
the failed main steam line check valve), as shown in
Figure 1. The affected loop steam generator sec-
ondary fluid mass inventory is controlled by the
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Figuie 1. Affected and unaffected loop steam generator secondary pressures and normalized secondary fluid mass
inventories during the blowdown phase of a 100% FWLB experiment.

fluid mass balance formed by: loss of main feed-
water; flow out the break; flow out the main steam
line before turbine stop valve closure; flow from the
«naffected loop steam genarator secondary past the
failed main steam line check valve before main
steam isolation valve (MSIV) closure; and auxiliary
feedwater flow. The unaffected loop steam genera-
tor secondary fluid mass inventory is controlled by
the fluid mass balance formed by: loss of main
feedwater; flow out the main steam line before tur-
bine stop valve closure; flow to the affected loop
steam generator secondary past the failed main
steam line check valve before MSIV closure; and
auxiliary feedwater flow, As shown in Figure 1, the
loss of mass from the secondaries initially produces
only a minor step change in pressure, The pressures
then hold steady as vapor generation in the second-
aries continues. As the affected loop steam genera-
tor liquid inventory is depleted (normalized fluid
mass of 12% is all vapor in Figure 1), the vapor
generation in the affected loop steam generator is
stopped. The continued loss of inventory via the
break and the main steam line produces a reduction
in secondary pressure. As the flow out of the
affected loop steam generaior main steam line

decreases, the flow between the secondaries via the
main steam header increases. The increased loss of
inventory from the unaffected loop steam genera-
tor initiates a slow depressurization of the unaf-
fected loop steam generator secondary. These
depressurizations continue until the high pressur-
izer pressure reactor and turbine trip (SCRAM) set
point is reached (at about 23 s in Figure 1). Due to
the SCRAM signal, the turbine stop valves close
causing a period of repressurization for both sec-
ondaries as the energy addition to the secondaries
from the primary exceeds the energy removal via
the break. This continues until the break energy
removal exceeds the energy addition to the second-
aries from the primary. The secondaries then enter
a period of gradual depressurization under the
influence of the break energy removal. The second-
aries remain coupled until the affected loop steam
generator secondary pressure reaches the low pres-
sure set point (at about 101 s in Figure 1) initiating
the safety injection (S1) and MSIV closure signals.
The depressurization of the unaffected loop steam
generator is halted when the MSIV fully closes iso-
lating the unaffected loop steam generator and
causing a slight repressurization of the secondary.



The affected loop steam generator continues to
depressurize until the generator is essentially empty
(at about 150 s in Figure 1). The remainder of the
blowdown phase of the transient is characterized by
the affected loop steam generator auxiliary feed-
water entering the upper downcomer and exiting
via the break while the unaffected loop steain gen-
erator auxiliary feedwater recovers the secondary
inventory and provides cooling, which aides in sta-
bilizing the unaffected loop steam generator sec-
ondary pressure and the primary system fluid
temperature.

The primary fluid system response is a rapid
pressurization in response to the loss of primary-to-
secondary heat transfer during the bottom main
feedwater line break secondary LOCA. As shown
in Figure 2, the primary fluid rapidly heats up as
the affected loop steam generator primary-to-
secondary hea! transfer reduces (beginning at
about 10 s in Figure 2). This causes the primary
fluid to expand and rapidly pressurizes the primary.
The pressurization of the primary coatinues until
about 4 s after the high pressurizer pressure
SCRAM set point is reached (until about 27 s in
Figure 2) with the peak pressure occurring in the
loop cold legs. The primary system response after
this point is governed primarily by automatic
actions (core power decay, turbine stop valve cio-
sures, MSIV closures, and auxiliary feedwater
flow) and the loop flow reductions resulting from
pump coastdowns following loss of offsite power.
Following SCRAM, the rapid reduction in core
power combined with the slower closure time for
the turbine stop valves produced a rapid depressuri-
zation of the primary fluid system. The period of
rapid depressurization is followed by a period of
slower depressurization due to core power decay
and intersecondary flow. Finally, loop flow reduc-
tion (following loss of offsite powe.), MSIV clo-
sute, and auxiiiary feedwater injection produce an
unaffected loop steam generaws: energy removal
rate that is close to the core decay heat level, result
ing in a very slow depressurization of the primary
fluid system. The primary fluid system pressure
remains above the high pressure injection system
(HPIS) shutoff head so that HPIS injection does
not oceur

At the end of the blowdown phase of the tran-
sient, the primary and secondary systems are suffi-
ciently stable to allow transient identification and
plant stabilization and recovery operations to
begin.

Secondary Response to a Steam
Generator Bottom Main
Feedwater Line Break

Understanding the secondary fluid system
thermal-hydraulic response during a bottom main
feedwater line break secondary LOCA is impor-
tant, because the ~': rization of the primary
fluid system is controu.d by the secondary
response. Basically, the primary pressure response
is controlled by an overall energy balance involving
core power, primary-to-secondary heat transfer,
and heat loss. There are several characteristic
inflection points in the secondary fluid system
thermal-hydraulic response to a bottom main feed-
water line break secondary LOCA. The causes of
these inflection points are discussed in this section.
The general sequence of events affecting the sec-
ondary response are outlined first. This is followed
by discussions of the pressure response, hydraulic
response and thermal response for both second-
aries with major emphasis on the affected loop
steam generator. Because all of the bottom main
feedwater line break experiments had similar basic
secondary thermal-hydraulic responses, this dis-
cussion refers to S-FS-6/S-FS-6B data only. Break
size effects will be discussed later.

General Secondary Response. The occurrence
of a break in a steam generator bottom main feed-
water line downstream of the check valve produces
severe effects on the steam generator secondary.
The bottom feedwater line break initiated the tran-
sient at O s. Secondary fluid originally at 6.26 MPa
flowed from the affected loop steam generator
through the break flow nozzle and into the catch
tank. Compounded by the loss of all main feed-
water at transient initiation, the unaffected loop
steam generator also experienced a reduction in
inventory under the influence of the continued
steam Now hefore closure of the normal main
steam flow control valves (iurbine stop valve simu-
lators) at SCRAM (reactor and turbine trip). Fu:-
ther compounded by the failure of the affected loop
steam generator steam line check valve, the unaf-
fected and affected loop steam gencrators remain
conpled, with transfer of inventory from the unaf-
fected loop to the atfecizd loop steam generator
and out the break, until MSIV ciosure. Following
MSIV closure, the secondaries decouple with the
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Figure 3. Affected and unaffected loop steam generator secondary pressures during the blowdown phase of 100%

FWLB experiments S-FS-6/6B (<10 to 150 ),

unalfected loop steam generator secondary pres-
sure continued to experience a very gradual increase
due to the primary energy addition exceeding the
auxiliary feedwater energy removal. At the ead of
the blowdown phase of the transient, the secondary
pressures were fairly stable.

Secondary Hydraulic Response Understand-
ing and calculating the affected loop steam genera-
tor secondary fluid system hydraulic response to a
bottom feedwater line break requires consideration
of the intercomponent as well as the break flow
responses. The transient hydraulic response may be
better understond after considering the hydraulic
conditions that exist in the secondary fluid system
at steady-state, full-power conditions. The steady-
state secondary fluid hydraulic characteristics can
be gleaned from the included figures for times
before transient initiation (time = 0 s), or from
the discussion in Appendix C. Briefly, the second-
ary Muid hydraulics at steady-state, full-power con-
ditions consist of a two-phase natural circulation
flow condition. The flow is driven by the liquid
head difference between the downcomer and the
tube bundle, boiling in the tube-bundle region,
addition of subcooled liquid in the lower down-

10

comer, and extraction of steam in the steam dome.
The intercomponent flow consists of two-phase
flow in the tube-bundle region with separated
steam exiting the steam dome and liquid being
recirculated down the downcomer. Subcooled
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
steam and feedwater flows result in a mass balance
for all of the secondary components.

The affected loop steam generator secondary
fluid hydraulic characteristics are substantially
altered during a bottom main feedwater line break
secondary LOCA. The simulated bottora main
feedwater line rupture initiated the loss of inven-
tory and the resulting changes in the fluid hydraulic
conditions at time 0. As shown in Figure 4, the
break flow peaked at about | s as subcooled liquid
critical flow was established. The subcooled liquid
break flow exceeded the measurement capacity of
the drag screen assembly for a short period of time.
However, a best-estimate break flow was obtained,
which provides good indication of the subcooled
liquid and single-phase vapor break (low for the
transient. The break flow transited the full range of
possible fluid flow states (i.e., subcooled liquid,
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Figure 4. Measured and best-estimate break mass flow rates during the blowdown phase of 100% FWLB experiments

S-F$-6/6B (10 10 150 5).

saturated liquid, two-phase fluid, and single-phase
vapor) as the secondary fluid mass inventory was
depl=ted (Figure §). The break flow was of suffi-
cient magnitude to cause the flow in the affected
loop steam generator upper downcomer 0
increase, while the flow in the lower downcomer
between the break and the tube-bundle section
reversed (Figure 6). However, because of the con-
tinued boiling in the tube-bundle region and the
continued normal steam flow, the flow at the top of
the affected loop steam generator riser did not
reverse, but merely decreased in magnitude
(Figure 7). These flow conditions existed until
about 10 s into the transient when the secondary
liquid inventory was nearly depleted. Thus, a flow
split existed in the tube-bundle regicn until the sec-
ondary liquid inventory was nearly depleted. After
the secondary liquid inventory was depleted, a new
mass balance was achieved in the secondary. Steam
entered the steam dome from the crossover line
(Figure 8). The flow then split, with approximately
half of the steam flowing down the downcomer to
the break, and the other half flowing down the tube
bundle to the break.

It is important to note that the transient induced
intercomponent mass flow rate imbalances resulted

in nonuniform rates of inventory reduction for the
downcomer and tube-bundle regions, as shown in
Figures 9 and 10. The initial reduction in total sec-
ondary mass inventory involved a more rapid rate
of reduction in the tube bundle mass inventory than
in the downcomer mass inventory. The reduction in
the tube bundle flow rate and inven.ory, combined
with the continued energy addition from the pri-
mary, drove the initially stratified two-phase tube
bundle fluid to a uniform two-phase condition with
a void fraction of about 0.9 (Figure 11) at about
$ 5. The entire tube-bundle region secondary fluid
inventory then transitioned to an all-vapor condi-
tion (void fraction of 1.0) as the tube bundle liquid
inventory was finally depleted. This had a severe
effect on the primary-to-secondary heat transfer, as
will be discussed presently, because the transient
heat transfer is almost totally dependent upon the
tub¢ bundle secondary fluid hydraulics. Thus,
accurate modeling of the entire secondary fluid sys-
tem flow areas, volumes, and hydraulic resistances
and accurate calculation of the intercomponent as
well as the break mass flow rates is necessary to
ensure accurate prediction of the heat transfer
response during a bottom feedwaier line break
transient,
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The secondary fluid hydraulic respouse of the
unaffected loop steam generator was effected by
the mass balance for the secondary. The mass bal-
ance was effecied by the feedwater and steam flows
and the interzecondary flow. The loss of all feed-
water at break initiation caused the initial mass
imbalance for the unaffected loop steam generator
secondary fluid system. Continued steaming at
full-;ower conditions without feedwater addition
init'ated the loss of secondary inventory, as shown
in Figure 12. The situation was aggravated further
when the intersecondary flow (Figure B) increased
as the affected loop steam generator secondary
fluid inventory was depleted. Following SCRAMNY,
the closure of the normal steam flow control valves
(turbine stop valve simulators) reduced the rate of
inventory loss with the inventory at about 78% of
the initial mass. However, the intersecondary flow
coatinued to reduce the secondary inventory to a
minimum value of about 45% of the initial mass at
MSIV closure. Recovery of the secondary inventory
was then initiated by auxiliary feedwater injection,
as indicated by the liquid level response (Figure 13).
At the end of the blowdown phase of the test, the
secondary inventory had recovered to about §1%
of the initial mass.

1§

Secondary Thermal Response Understanding
and calculating the affected loop stean generalor sec-
ondary fluid system therraal response 10 a bottom
tvedwater line break requires consideration of the tube-
bundle region secondary Muid thermal-hydrauhc
response. The transient theral response mav o better
understood fter considering the thermal conditions
that waist ' W necondary fluid system at stesdy-state,
full-power conditions. The steady-state secondary fluid
therraal uaracteristics can be gleancd from he
inc.. ded figures for times before transient initia.on
(time - 0 5), or from the discussion in Appendix C.
Briefly the secondary fluid thermal characteristics at
steady-state, tull-power conditions consist of: feed-
water entering the lower downcomer and producing
:ﬁ‘-"y subcoowex] liguid at the entrance to the tube

w..; vombined forced convection nucleate boiling
and forced convection vaporization heat transfer in the
tube-bundle region; two-phase fluid muxture exiting the
tube bundle; and vapor generated in the tube-bundle
r.gon exiting the sieam gencrator as high quality
steam. The energy addition from the primary fluid sys.
tem, 1 . uwve of the feedwater subcooling, hoiling in
the tube bundle and high quality steam flow out of the
secor, dary result in an erergy balance for the secondary
Muad sy stem.
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Consideration of the steady-state local heat
transfer parameiers provides invaluable insight into
understanding the transient primary-to-secondary
heat transfer response. Briefly, the local heat trans-
fer parameters were obtained from: the normal-
ized primary fluid, U-tube outside wall and
secondary fluid temperature measurements, (the
normalized temperature triplet measuremenis); the
primary fluid pressure measurements; the U-tube
volumetric flow rate measurements; and itcrating
using the Colburn corre!ation to determine the U-
tebe inside wall primary fluid convective heat
transfer coefficient and the U-tube ‘- .12 wall
metal temperature. The ineasuremets and correla-
tion were utilized in the solution of the energy
vquation to determine the local heat flux and the
local secondary fluid convective heat transfer coef-
ficient. The procedure is discussed in grecater detail
in Appendix C. The U-tube outside wall hea: Tux
distribution (Figure 14) shows a large variation in
the local heat flux versus lergth along the tube for
both tubes. The majority of the primary eunergy
removal (approximately 75%) occurs in the upficw
side of the tubes, as evidenced by the integrted
local heat flux versus length along the tube
(Figure 15). This is due primarily to the iarger pri-
mary fluid-to-secondary fluid temperature differ-
ence on the upflow side. The mcasured seconaary
fluid convective heat transfer coefficient distribu-
tion also shows a large variation with eleve ion
above the top of the tube sheet and upflow 1>
downflow side locations (Figures 16 ana 17) Thus,
the measured secondary convective heat transfer
coefficient increases with increasing vapor-void
fraction (Figures 16, 17 and C-5) and decreases
with decreasing wall-to-fluid temperature differ-
ence (Figures 16, 17 and C-8 through C-11). This
measured trend in the secondary convective heat
transfer coefficie. provides a major clue to the
measured transient response.

Existing correlations for forced coavectio bail-
ing heat transfer will not provide accurate ¢ v mla-
tions of transient heat transfer response. As shown
in Appendix C, forced convection correlations,
such as Jens-Lottes20 and Thom?! predict the cor-
rect trend of decreasing con ‘ective heat transfer
coefficients with decreasing wall-to-fluid tempera-
ture difference, but do not include a void fraction
dependency. Also, the predicted values are, for the
most part, significantly smaller than the measuied
values. Fcreed convection vaporization heat trans-
fer correlations such as Dengler and Addoms22
and Bennett,23 and combined nucleate boiling/
vaporization heat transfe; correlations, such as

Chen?4 also predict the correct tiend of decreasing
convective heat transfer coefficients with decreas-
ing wall-to-fluid temperature difference. However,
the Chen correlation predicts the wrong trend for
‘Yo heai wansfer coefficicsnt variation with void
fraction (decreasing heat transfer coefficients with
increasing void fraction). Here too, the predicted
values for the Dengler and Addoms, Bennett and
Chen correlations 7:¢, for the most part, signifi-
cant.y smaller th=n the measured. A slightly modi-
fied versicn of the Chen correlation is used in
current thermal-hydraulic computer codes,? 5,26
Reasonabi~ calculations of the steady-state
primary-to-secondary heat transfer can bhe
obtained usiag this correlation tause the steady-
stat* aeat transfer is controlled by the conduction
through the U-tube wall. As long as the calculated
secondary convective hea transfer coefficient is nf
large enough magnitude to remove the energy con-
ducted through the wall, the steady-state heat
transfer will F & satisfactorily calculated. However,
during a transient involving the loss of secondary
inventory, the primary-to-secondary heat transfer
is eventually limited by the convection heat transfer
to the secondary fluid. Berause existing correla-
tions do not predict the proper void fraction depen-
dency for the convective heat transfer coefficient,
the calculated transient heat transfer response will
not be accurate.

While the affected loop steam generator second-
ary fluid thermal characteristics are altered signifi-
caatly during a bottom main feedwater line break
secondary LOCA, the total primary-to-secondary
heat transfer is not altered substantially until the
tube bundle liquid inventory is depleted. As shown
in Figure 18, the affected loop stzam generator
total primary-to-secondary heat transfer remained
at the initial condition value until the second ry
liquid inventory was depleted at about 13 s, The
primary-to-secondary heat transfer then decreased
rapidly. Plotting the normalized heat transfer ver-
sus normalized total and tube-bundle region liquid
inventory versus the normalized tube-bundle region
liquid inventory for the affected loop steam genera-
tor (Figure 19) shows that the normalized ieat
tansfer remained at 100% until the normalized
totai and tube-bundle region liquid masses reached
amust 0%, The heat transfer they decreased rap-
idly to 0%. This close relationship between the heat
transfer and the liquid inventory is dis¢ to the strong
('ependency of the secondary convective heat trans-
ter coefficient upon the vapor-void fraction. As
showr in Figures 20 through 27, the local second-
ary convective heat transfer coefficients increase in
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versus length along the tube (inlet to outlet plenum) for the long and short tubes.
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Figure 20. Affected loop steam generator secondary convective heat transfer coefficients at the 61 c¢m elevation
during the blowdown phase of 100% FWLB experiments S-FS-6/6B (-10 to 50 s).
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Figure 21. Affected loop steam generator secondary convective heat transfer coefficients at the 99 cm elevation
during the blowdown phase of 100% FWLB experiments S-FS-6/6B (-10 to 50 s).
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Figure 22. Affected loop steam generator secondary convective heat transfer coefficients at the 137 cm elevation
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 ¢m elevation
during the blowdown pha:e of 100% FWLB experiments S-FS-6/6B (-10 1o 50 s).
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Figure 24. Affected loop steam generator secondary convective heat transfer coefficients at the 404 cm elevation
during the blowdown phase of 100% FWLB experiments S-FS-6/6B (-10 to 50 s).
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Figure 25. Affected loop steam generator secondary convective heat transfer coefficients at the $56 cm elevation
during the blowdown phase of 100%s FWLB experiments S-FS-6/6B (-10 to $0 s).
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Figure 26. Affected loop steam generator secondary convective heat transfer coefficients at the 709 cm elevation
during the blowdown phase of 100% FWLB experimerts S-FS-6/6B (-10 to 50 s).
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Figure 27. Affected loop steam generator secondary convective heat transfer coefficient at the 886 cm elevation
during the blowdown phase of 100% FWLB experiments S-FS-6/6B (-10 to 50 s).

24



a manner directly proportional to the local vapor-
void fractions (Figure 11). This continues until a
liquid-deficient condition exists (the local vapor-
void fractions reach a value of 1.0), causing the
local heat transfer coefficient to rapidly decrease to
zero. Thus, the total primary-to-secondary heat
transfer remains high until the tube-bundle region
is devoid of liquid. The heat transfer then degrades
rapidly to zero due to the liquid-deficient condi-
tions. This indicates that the assumption made for
the C-E System 80 FSAR Appendix 15B calcula-
tions regarding the reduction of heat transfer with
liquid inventory (i.e., 100% heat transfer until the
liquid inventory is depleted followed by a step
change reduction in the heat transfer to 0%) is not
conservative, but closely emulates the measured
secondary convective heat transfer response to the
loss of liquid inventory.

The secondary fluid thermal response of the
unaffected loop steam generator was affected by
the energy balance for the secondary. The energy
balance was affected by the feedwater and steam
flows, intersecondary flow, primary loop flow
reductions, and auxiliary feedwater injection. The
loss of energy removal capacity associated with the
loss of all feedwater at break initiation was initially
offset by the increased normal steam flow
(Figure 28). This allowed the total primary-to-
secondary heat transfer (Figure 18) to remain at the
initial condition value. The continued normal
steam flow before SCRAM, combined with the
increased intersecondary flow, increased the unaf-
fected loop steam generator total primary-to-
secondary heat transfer before SCRAM. Following
SCRAM, the loss of offsite power induced the pri-
mary coolant pump trips and associated loop flow
reductions. The decreased unaffected loop flow
caused a decrease in the unaffected loop steam gen-
erator total primary-to-secondary heat transfer as
the loop transitioned to the natural circulation
mode of heat transfer. The natural circulation heat
transfer was enhanced by the removal of energy
from the secondary via the intersecondary flow
before MSIV closure. Following MSIV closure and
SI signal generation, the secondary energy removal
was provided by the injection of auxiliary feed-
water into the unaffected loop steam generator
secondary starting at about 104 s, The auxiliary
feedwater provided secondary energy removal for
the remainder of the test.

The increased unaffected loop steam generator
total primary-to-secondary heat transfer produced
by the intersecondary flow caused the overall pri-
mary energy removal deficit (Figure 29) to be less
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than the amount associated with the loss of the
affected loop steam generator heat sink (nominally
500 kW), Thus, the failure of the affected steam
generator main steam line check valve resulted in
increased unaffected loop steam generator
primary-to-secondary and limited the net primary
energy addition to only about one-half of that
associated with loss of the affected loop steam gen-
erator heat sink. This reduced the rate of the pri-
mary fluid expansion and lessened the amount of
primary fluid system pressurization, as will be dis-
cussed next.

Primary Response to a Steam
Generator Borttom Main
Feedwater Line Break

Understanding the primary fluid system
thermal-hydraulic response during a bottom main
feedwater line break secondary LOCA is impor-
tant, because the degree of pressurization of the
primary fluid system depends upon the thermal-
hydraulic response to the loss of the heat sink. The
primary pressure response is determined by the pri-
mary energy balance and the pressurizer surge line
hydraulic resistance. There are several characteris-
tic inflection points in the primary fluid system
thermal-hydraulic response to a bottom feedwater
line break secondary LOCA. The causes of these
inflection points are discussed in this section. The
general sequence of events affecting the primary
response are outlined first. This is followed by dis-
cussions of the pressure response, hydraulic
response, and thermal response for the primary
fluid system. Because all of the bottom main feed-
water line break experiments had similar basic pri-
mary thermal-hydraulic responses, this discussion
refers to S-FS-6/S-FS-6B data only. As with the
secondary response discussion, break size effects
will be discussed later.

General Primary Response. The occurrence of
a break in a steam generator bottom main feed-
water line downstream of the check valve produces
severe effects on the primary fluid system. The
bottom main feedwater line break initiated the
transient at 0 s. The primary fluid system exhibits a
rapid pressurization in response to the net loss of
primary-to-secondary heat transfer during the sec-
ondary LOCA. The primary fluid rapidly heats up
as the affected loop steam generator primary-to-
secondary heat transfer reduces. This causes the
primary fluid to expand and rapidly pressurizes the
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primary. The pressurization of the primary con-
tinues until about 4 s after the high pressurizer
pressure SCRAM set point is reached with the peak
pressure occurring in the loop cold legs. Follo'ving
SCRAM, the rapid reduction in core power com-
bined with the slower closure time for the normal
steam flow control valves (turbine stop valve simu-
lators) produced a rapid cooldown and depressuri-
zation of the primary fluid system. The period of
rapid cooling is followed by a period of slower cool-
ing and depressurization due to core power decay
and intersecondary flow. Loop flow reductions
(following loss of offsite power) degrade the unaf-
fected loop steam generator energy removal result-
ing in a short period of primary fluid heating and
pressurization until natural circulation flow was
established in the unaffected loop. Gradual cooling
and depressurization of the primary fluid was then
provided by the continued intersecondary flow.
Following the low affected loop steam generator
secondary pressure SI signal, MSIV closure and
auxiliary feedwater injection resulted in an unaf-
fected loop steam generator energy removal rate
that was close to the core decay heat level. This
resulted in a very slow cooldown and depressuriza-
tion of the primary fluid system. The primary tluid
system pressure remained above the HPIS shutoff
head so that HPIS injection did not occur. Also, no
voiding of the primary fluid system was observed
during the blowdown phase of the transient,

Primary Pressure Response. The primary pres

sure response is characterized by a number of inflection
points associated with changes in the energy balance.
As shown in Figure 30, the bottom main feedwater line
break secondary LOCA initially produced no effect on
the primary fluid system pressure, The primary energy
balance was maintained until the affected loop steam
generator primary-to-secondary heat transfer started to
degrade at about 13 s. The resulting loss of a portion
of the primary fluid system heat sink created an energy
imbalance, which resulted in rapid pressurization of
the primary fluid system. The pressurization of the pri-
mary fluid system continued until about 3 to 4 s after
SCRAM (until about 1 s after the core power decay
was initiated). The peak pressurizer pressure was
16.2 MPa, which was equal to the specified pressurizer
code safety relief valve (SRV) simulator opening set
point. However, the SRV did not open because the
actual set point was slightly higher but within the speci-
fied tolerance of the specified set point, The peak pri-
mary pressure of 16.37 MPa occurred at about 27 s in
the loop cold legs (Figure 30), This represents a differ-
ence of about 0.51 MPa between the high pressurizer
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pressure trip set point (15.86 MPa) and the peak sys-
tem pressure. This pressure difference would have been
even greater had the unaffected loop steam generator
primary-to-secondary heat transfer not increased due
to the substantial intersecondary Tow, as discussed in

‘the secondary response section. The increased unaf-

fected loop steam generator primary energy removal
reduced the net primary energy balance deficit associ-
ated with losing the affected loop steam generator pri-
mary energy removal. The net result was that the
primary energy addition was only about one-half of
that associated with the loss of the affected loop steam
generator heat sink. This reduced the rate of primary
fluid heating and expansion and lessened the amount
of primary pressurization. The core power decay, mod-
erated slightly by the normal steam flow control valve
(turbine stop valve simulators) closures, initiated a
rapid cooldown and depressurization of the primary
fluid system at .bout 4 s after SCRAM. This rapid
depressurization continued until loop flow reductions
occurred in response to the loss of offsite power at
SCRAM. The loop flow reductions initiated a reduc-
tion in the unaffected loop steam generator primary-
to-secondary heat transfer, which reduced the rate of
primary cooling during the initial core power decay.
This continued until the pump coastdowns were com-
pleted at about 66 s. The unaffected loop steam gener-
ator primary energy removal rate was then reduced as
natural circulation flow was being established. This
produced a period of slight heating of the primary
fluid system, which continued until the natural circula-
tion flow was finally established at about 80 s. During
this period, the primary pressure increased slightly in
response to the slight heating. Following the establish-
ment of natural circulation flow, the primary energy
removal via the unaffected loop steam generator recov-
ered to the level of the core power, aided by the contin-
ued intersecondary flow. This resulted in a period of
gradual primary fluid cooling and depressurization,
which was moderated following MSIV closure at about
109 s (due to the low affected loop steam generator
secondary pressure) by terminating the intersecondary
flow. The primary fluid system then entered a stage of
very gradual cooling and depressunzation under the
influence of the unaffected loop steam generator auxil-
iary feedwater injection energy removal, and the slight
system leakage.

Primary Hydraulic Response. The hydraulic
response of the primary fluid system during a bottom
feedwater line break secondary LOCA is characterizerd
by a rapid expansion of liquid into the pressurizer. As
the affected loop heat sink rapidly degrades, the pri-
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).

as shown in Figure 31, The rate of the expansion was
determined by the initial primary pressure and temper-
ature, the initial pressurizer vapor volume, the energy
balance, and the pressurizer surge line hydraulic resist-
ance. The initial primary pressure and temperature
determine the initial energy content of the primary
fluid system. The amount of the primary liquid expan-
sion (increase in the liquid specific volume) was deter-
mined by the integrated energy addition to the primary
fluid anc the initial energy content of the primary lig-
uid. The rate of the primary liquid expansion was
determined primarily by the rate of the energy addition
(the impetus for the expansion), and the resistance to
flow through the pressurizer surge line and work
required to compress the vapor volume in the pressur-
izer (the resistances to the expansion). It was also deter-
mined to some extent by the initial energy content of
the primary fluid system, as will be discussed in the
next section. The basic mechanism involves the pri-
mary liquid energy content increasing due to the net
energy addition. The increased energy content pro-
duces an increased liquid specific volume and liquid
pressure, which causes a pressure gradient between the
primary loop hot leg and the pressurizer. The primary
liquid then flows into the pressurizer, at a rate deter-
mined by the pressure difference, liquid specific vol-
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ume, and surge line hydraulic resistance. As the liquid
flows into the pressurizer, the increasing liquid volume
compresses the vapor volume, decreasing the vapor
specific volume, and pressurizing the pressurizer. Dur-
ing the rapid expansion of liquid into the pressurizer,
the predominant factors determining the pressure dif-
ferential hetween the primary loop and the pressurizer
are the rate of energy addition to the primary system
liquid and the surge line hydraulic resistance. For a
given surge line hydraulic resistance, the greater the rate
of primary energy addition, the greater the pressure
difference developed due to the greater volumetric rate
of liquid expansion through the surge line into the pres-
surizer. Similarly, for a given rate of energy addition,
the greater the surge line hydraulic resistance, the
greater the pressure difference required to accommo-
date the volumetric rate of liquid expansion through
the surge line into the pressurizer. The expansion con-
tinues until about 3 to 4 s aiter SCRAM, when the core
power decay produces a net energy removal from the
primary fluid system. The liquid then contracts as the
primary system cools and the liquid specific volume
decreases. For the remainder of the blnwdown phase of
the transient, the primary liquid flows out of the pres-
surizer and into the loop hot leg under the influence of
the continued cooling provided by the unaffected loop
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Figure 31, Pressurizer overall collapsed liquid level during the blowdown phase of 100% FW LB experiments

S-FS-6/6B (-10 10 150 5).

steam generator and slight primary fluid system leak-
age.

Primary Thermal Response, The thermal
response of the primary fluid system during a bot-
tom main feedwater line break secondary LOCA is
characterized as a rapid heatup of primary fluid.
As shown in Figure 32, before the degradation in
the affected loop steam generator primary-to-
secondary heat transfer (before about 13 s in Fig-
ure 32), the primary energy balance is maintained
by the continued normal steam flow, intersecon-
dary flow, and break flow for the secondaries. As
the affected loop heat sink rapidly degrades, the
primary energy balance is lost and energy is added
to the primary fluid causing the fluid to rapidly
heat up. This continues until about 3 to 4 5 after
SCRAM, when the core power decays to a level
below the unaffected loop steam generator primary
energy removal rate.

During the period of primary heatup, the primary
fluid average temperature (Figure 13) increased at an
average rate of about 0.46 K/s. This represents an
average primary energy addition raie of about
150 kW, which is in good agreement with the mea-
sured primary energy balance shown in Figure 33,

The primary fluid average temperature increased by
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-
ary thermal response section, the intersecondary flow
from the unaffected loop steam generator increased
its primary energy removal substantially and reduced
the net primary energy addition rate to a value less
than that associated with the loss of the affected loop
heat sink. If this had not occurred, the average pri-
mary energy addition rate would have been about
500 kW. Assuming that the net energy addition
required to reach the SCRAM pressure set point
would be the same and that the time betwezn
SCRAM and the core power decay reaching the unaf-
fected loop secondary energy removal rate would be
about the same, this would have produced a total pri-
mary energy addition during the heatup of about
3250 kJ, which would have produced a peak pressure
of 16.42 MPa.

The loop hot and cold leg fluid temperature
responses (Figure 33) show a characteristic
response that indicates the affected loop cold leg
fluid temperature exceeds the hot leg fluid tempera-
ture following the loss of the affected loop heat
sink. While this would indicate reverse heat transfer
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in the affected loop steam generator, in actuality, it
is a result of the loss of the affected loop heat sink
and the increased loop transit time (Figure 34) due
to the reduced loop flows following loss of offsite
power. The cold leg fluid temperature measurement
station is simply measuring the temperature of the
fluid that had been at the hot leg fluid temperature
measurement station earlier in the transient. The
loop flow reduction substantially increased the
time required for the fluid to flow from the hot leg
to cold leg temperature measurement stations (the
loop transit time). This combined with the rapid
loss of the affected loop steam generator heat sink
and the decreasing vessel outlet temperatures to
produce the observed temperature responses.

The primary fluid system thermal response mod-
erated following the loop flow reductions as the
system transitioned to a natural circulation mode
of heat transfer. As the natural circulation flow was
being established, the primary fluid was gradually
heating as evidenced by the average fluid tempera-
ture increase. Once the natural circulation flow was
established, as evidenced by the unaffected loop
hot leg to cold leg temperature difference reaching a
maximum, the system entered a phase of gradual
cooling until MSIV closure. Following MSIV clo-
sure, the energy removal provided by the steam
flow from the unaffected loop steam generator to
the affected loop steam generator was lost leaving
the unaffected loop steam generator auxiliary feed-
water as the only source of energy removal. This
caused the primary fluid thermal response to mod-
erate even further, exhibiting a very gradua! cooling
through the end of the blowdown phase.

Influence of Bottom Main
Feedwater Line Break Size on
System Response

Concerns exist with respect to the effects of the
break size on the primary and secondary system
responses 1o a bottom main feedwater line break
secondary LOCA. Parametric variation studies
performed for the C-E System 80 FSAR
Appendix 15B bottom main feedwater line break
calculations showed a defir te sensitivity of the cal-
culated primary pressurization to the break size, In
this section, the effects of the break size on the
transient severity are addressed by comparing first
the secondary and then the primary fluid system
thermal-hydraulic responses for break sizes equiva-
lent to 100% (tests S-FS-6/S-FS-6B), 50% (test
S-FS-11), and 14.3% (test S-FS-7) of the bottom
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feedwater distribution box total outlet flow area.
The discussion is organized into two subsections
with one subsection covering the secondary fluid
system response and the other subsection covering
the primary fluid system response.

Effects of Break Size on
Secondary Response

As discussed earlier, the pressurization of the pri-
mary fluid system is controlled by the secondary
response to the bottom main feedwater line break sec-
ondary LOCA. Therefore, it is important to under-
stand the effects of the feedwater line break size on the
secondary thermal-hydraulic response in order to
understand the relative severity of the resulting primary
pressurization. All of the bottom main feedwater line
break experiments had similar basic thermal-hydraulic
responses. However, several differences in the responses
are worthy of note. Comparisons of the general sec-
ondary system responses to the general sequences of
events are discussed first. This is followed by compari-
sons of the secondary pressure responses, hydraulic
responses, and thermal responses for both secondaries
with major emphasis on the affected loop steam gener-
ator.

General Secondary Response Comparisons.
The general secondary responses for the bottom
main feedwater line break experiments were quali-
tatively the same. The major differences observed
are in the timing of events and the quantitative
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-
fected loop steam generator also experiences a
reduction in inventory due to the loss of all main
feedwater at break initiation and the continued
steam flow before ¢closure of the normal steam flow
control valves (turbine stop valve simulators) at
SCRAM. The unaffected and affected loop steam
generators remain coupled during all three experi-
ments, with transfer of inventory from the unaf-
fected loop to the affected loop steam generator
and out the break, until MSIV closure. Following
MSIV closure, the secondaries decouple with the
affected loop steam generator emptying and decou-
pling from the primary, and the unaffected steam
generator slowly refilling with auxiliary feedwater
and slowly repressurizing.

Secondary Pressure Response Comparisons,
The secondary pressure responses exhibited the
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Uigure 35, Comparisons of affected and unaffected loop steam generator secondary pressures during the blowdown
phases of 100, 50, and 14.3% FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7.

affected loop steam generator depressurization is
directly proportional to the break flow energy
removal, and hence the break size. The larger break
sizes result in earlier MS1V closure. This causes the
unaffected loop steam generator isolation to occur
earlier in the transient with the core decay heat at a
higher leve! and greater unaffected loop steam gen-
erator secondary mass inventory. This causes the
unaffected loop steam generator secondary pres-
sure to stabilize at a higher level because of greater
vapor generation and less steam volume. For all
three cases, following MSIV closure, the affected
loop steam generator decouples from the primary,
while the unaffected loop steam generator gradu-
ally pressurizes. At the end of the blowdown phase
of the transients, the secondary pressures were
fairly stable.

Secondary Hydraulic Response Comparisons.
The secondary hydraulic responses exhibited the
same basic trends for all three break sizes. The
affected loop steam generator secondary fluid
hydraulic characteristics were substantially altered
from the steady-state, full-power conditions
(Appendix C)during all three break size cases. The
simulated bottom main feedwater line rupture initi-
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ated the loss of inventory and the resulting changes
in the fluid hydraulic conditinns at time zero
(t = 0 s)for all three cases. As shown in Figure 36,
the break flow peaked at about 1 s in all three cases
as subcooled liquid critical flow was established.
The break flow drag _creen measurement device
indicated & substantial period of negative break
flow for the 14.3% break test (S-FS-7). However,
reverse break flow is physically impossible because
the secondary pressure is substantially greater than
the pressure downstream of the break. It is believed
that the drag screen experienced the force of a
shock wave created by the opening of the blow-
down valve. The force of the shock wave lifted the
drag screen, indicating negative flow, with a magni-
tude sufficient to produce an electronic signal that
saturated the drag measurement electronic compo-
nents. A finite amount of time was required fc . the
electronic components to recover from being satu-
rated and indicate the '~ : measured force elec-
tronic signal. This produced the measured
response. The best-estimate break flow provides a
better indication of the true flow rate during this
period and for periods of 100% vapor break flow
conditions. The relative magnitudes of the initial
peaks in the subcooled liquid break flows are in
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Figure 36. Comparisons of measured and best estimate break mass flow rates during the blowdown phases of 100,
$0, and 14.3% FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7.

good agreement with the relative break sizes (i.e.,
the peak flow for the 100% break case is about
twice as large as the peak flow for the 0% break
case and about seven times larger than the peak
flow for the 14.3% break case). This is because the
initial subcooled break flow conditions produced
the same initial mass flux at the break nozzle for all
three cases.

The break flows transited the full range of possi-
ble fluid flow states (i.e., subcooled liguid, satu-
rated liquid, two-phase fluid, and single-phase
vapor) as the secondary fluid mass inventory was
depleted in all three break size cases (Figure 37).
The break flow was of sufficient magnitude in all
three cases to cause the flow in the affected loop
steam generator upper downcomer to increase (Fig-
ure 38). Also, because of the continued boiling in
the tube-bundle region and the continued normal
steam flow, the flow at the top of the affected loop
steamn generator tube bundle riser did not reverse,
but merely decreased in magnitude for all three
break size cases (Figure 39). The effect of the break
size was more strongly reflected by the flow in the
lower downcomer between the break and the tube-
bundle section (Figure 40). The 100% break case
exhibited immediate, continued flow reversal,
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while the S0% break case exhibited immediate flow
reversal initially, followed by a period of normal
flow and eventual flow reversal as the liquid inven-
tory was cepleted. The 14.3% break case did not
exhibit the initial flow reversal exhibited in the
other cases, but did exhibit the eventual flow rever-
sal as the liquid inventory was depleted. These flow
conditions existed for all three break size cases until
the secondary liquid inventory was depleted.

The effect of the break size on the secondary
hydraulic response ¢can be charact:ri7ed in a man-
ner similar to the characterizations made for pri-
mary LOCA vessel hydraulic response break size
effects.27 The large break hydraulic response is
characterized by a flow split in the tube-bundle
region caused by the break flow momentum driven
flow reversal between the 'ower downcomer feed-
water inlet location and the tube-bundle region.
The flow split persists as the tube bundle liquid
inventory is rapidly depleted. In contrast, the small
break hydraulic rcsponse is characterized by a
reduction in the flow between the lower downcomer
feedwater inlet location and the tube-bundle region
(as a portion of the recirculated downcomer flow is
lost to the break), while the flow out of the tube-
bundle region i3 maintained by the boiling in the
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Figure 37. Comparisons of break fluid densities during the blowdown phases of 100, 50, and 14.3% FWLB
experiments S-FS-6/6B, S-FS-11, and S-FS-7.
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Figure 38. Comparisons of affected loop steam generator upper downcomer mass flow rates during the blewdown
phases of 100, 50, and 14.3% FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7.
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tube bundle. This nroduces a more gradual deple-
tion of the tube bundle liquid inventory than occurs
during the large break case. Intermediate break
sizes produce periods of rapid inventory depletion
due to brief tube bundle flow split followed by peri-
ods of more gradual draining due to reduced tube
bundle inlet flows.

After the secondary liquid inventory was depleted, a
new mass balance was achieved in the secondary for all
three break size cases. Steam entered the steam dome
from the crossover line (Figure 41). The flow then split
with approximately one-half of the steam flowing
down the downcomer (Figure 38) to the break and the
other half flowing down the tube bundle to the break.
While tube bundle flow reversal was necessary to sat-
isfy the steam dome mass balance, the reversed tube
bundle flow was below the measurement range of the
drag screen measurement assembly and, therefore, was
not reflected in the riser mass flow rate measurement
for tests S-FS-6B, S-FS-7, or S-FS-11. However, the
tube bundle flow reversal was evident in the negative
frictional pressure drop across the riser orifice
(Figure 42). An overall mass balance was maintained
for the affected loop steam generator as the steam flow
entering the secondary from the crossover line was
matched by the steam flow exiting the secondary via
the break. Following the depletion of the secondary
inventory, the break flow controlled the intersecondary
flow for all three break size cases. The break flow
caused the affected loop secondary to depressurize rel-
ative to the unaffected loop secondary until the devel-
oped intersecondary pressure difference was of
sufficient magnitude to overcome the crossover line
hydraulic resistance and produce an intersecondary
flow that matched the break flow. In addition, the rate
of the secondary depressurizations was controlled by
the break flow, energy addition to the unaffected loop
steam generator, and total steam volume associated
with both secondaries and their main steam line pip-
ing. This shows the need to accurately simulate the
single-phase steam break flow, unatfected loop steam
generator energy addition, main steam line piping
hydraulic resistance, and main steam line piping vol-
ume in order to accurately calculate the secondary
response during this phase of the tests.

It is important to note that nonuniform rates of
inventory reduction for the downcomer and the
tube-bundle regions occurred for all three break
size cases (Figures 43 and 44). This was due to the
transient induced intercomponent mass flow rate
imbalances. In all three break size cases, the initial
reduction in total secondary mass inventory
involved a more rapid rate of reduction in the tube
bundle mass inventory than in the downcomer
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mass inventory. While the general trend of the
inventory reductions was similar, differences
occurred in the response of the two-phase fluid in
the tube-bundle region for the different break size
cases (Figures 11, and D.1 and D.2 in
Appendix D). The largest break size produced a
uniform two-phase conditicn in the tube-bundle
region before the depletion of the liquid inventory.
The smallest break size did not exhibit this uniform
two-phase condition. However, in all three break
size cases, the tube-bundle region exhibited a rapid
transition to a uniform liquid-deficient condition
(all vapor condition as evidenced by the vapor-void
fraction reaching a value of 1.0). This rapid transi-
tion to a liquid-deficient condition produced severe
effects on the primary-to-secondary heat transfer,
as will be discussed presently, because the transient
heat transfer is almost totally dependant upon the
tube bundle secondary fluid hydraulics.

The secondary fluid hydraulic response of the
unaffected loop steam generator was similar for all
three break size cases, with the major ditferences
occurring in the magnitudes of the parameters and
the timing of events. The major difference observed
was in the rate of secondary inventory reductions
following the depletion of the affected loop second-
ary inventory (Figure 45). This was due to the dif-
ferent intersecondary flows and timing of events
for the tests. The longer time required for SCRAM
for the smaller break sizes produced greater reduc-
tions in the secondary inventory before SCRAM.
While the intersecondary flow rate was smaller for
the smaller break size cases, the MSIV closure
occurred much later resulting in substantially
greater loss of secondary inventory before MSIV
closure. (At MSIV closure the unaffected loop sec-
ondary inventory was reduced to about 48, 35, and
15% of the initial inventory for the 100, 50, and
14.3% break cases, respectively.) It is important to
note the substantial loss of inventory for the small-
est break size case. Because the unaffected loop
steam generator is the only remaining source for
primary energy removal, some concern for the
effect of this subs.antial loss of inventory on the
energy removal capability of the secondary is war-
ranted. However, the length of time required for the
inventory reduction to occur was suvstantial, and it
is quite likely that the operators would identify the
transiert and isolate the secondary before the auto-
matic MSIV closure.

Secondary Thermal Response Comparisons.
The measured secondary thermal responses for the
three different break size cases are very similar when
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Figure 41. Comparisons of intersecondary mass flow rates through the crossover line during the blowdown phases of
100, 50, and 14.3% FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7.
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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-11, and S-FS-7.
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Figure 43, Comparisons of affected loop steam generator frictional corrected overall downcomer and tube bundle
interfacial liquid levels during the blowdown phases of 100, 50, and 14,3% FWLB experiments
S-FS-6/6B, S-FS-11, 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-6/6B, S-FS-11,
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Figure 45. Comparisons of unaffected loop steam generator overall downcomer and tube bundle collapsed liquid
levels during the blowdown phases of 100, S0, and 14.3% FWLB experiments S-FS-6/6B, S-FS-11, and

S-FS-7.

normalize ! to the mass inventory The affected loop
steam generator secondary thermal response is rela-
tively insensitive to the break size. The iinor differ-
ences noted were due to the different rates of secondary
inventory reduction. The unaffected loop steam gener-
ator secondary thermal response exhibited some sensi-
tivity to break size associated with the energy remc-al
provided by the intersecondary flowv. Here again,
clearer understanding of the transient therm! response
for these tests m y be achieved by considering the
steady-state, ‘uli-power thermal conditions. The
steady-state secondary fluid thermal charactenstics
may be gleaned from the included figures for times
before transient initiation, from the discussion in
Appendix C, or from the discussion in the Secondary
Thermal Response subsection of the Secoidary
Response 10 a Steam Generator Bottom Main Feed-
water Line Break section. The major result of the
steady-state analyses was the characterization of the
secondary convective heat transfer coefficient. The
measured heat transfer coefficient increases with
increasing vapor-void fraction and decreases with
decizasing wall-to-fluid temperature difference. This
measured trend in the secondary convective heat trans-
fer coefficient was observed for all three break size

cases, and provides a major clue to the measured tran-
sient response.

While the affected loop steam generator secondary
fluid thermal characteristics for all three break size
cases were altered significantly, the total primary-to-
secondary heat transfer was not altered substantially
until the tube bundle liquid inventory was depleted.
The affected loop steam qenera‘or total primary-to-
secondary heat transfer ‘emained at the imial condi-
tion value until the secondary inventory was depleted.
The primary-to-secundiary heat trensfer then decreased
rapidly. Plotting the normalized heat transfer versus
normalized total liquid inventory and versus the nor-
malized tube-bundle region liquid inventory for the
affected loop steam generatcr for all three break size
cases (Figure 46) shows that the normalized heat trans-
fer reunuined at 100% until the normalized total and
tube-bundie region liquid masses reached almost 0%.
The heat transfer then decreased rapidly to 0%. A very
slight break size dependency was exhibited in tha the
degradation in heat transfer was initiated at a stightly
greater mass inventory and proceeded at a slightly
slower rate for the smallest break size case

The close relationship between the heat transfer and
the liquid inventory 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 se~ondary
liquid inventory and versus normalized tube-bundle region lir,uid inventory during the blowdown pnases
of 100, 50, and 14.3% FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7.

due to the strong Jependency of the secondary convec-
tive heat transfer coefficient upon the vapor-void frac-
tion. As shown in Figures 20 tlirough 27 (and D-3
through D-18 in Appendix D), the local secondary
convective heat transfer coefficients increase in a man-
ner directly proportional to the local vapor-void frac-
tions (Figures 11, and D.1 and D.2 of Appendix D).
This continues for all three break size cases until a local
liquid-deficient condition exists (the local vapor-void
fractions reach a value of 1.0), causing the local heat
transfer coefficient to rapidly decrease to zero. Thus,
the primary-to-secondary heat transfer remains high
until the tube-bundle region is devoid of liquid. The
heat transfer then degrades rapidly to zero due to the
liguid-deficient conditions. For the smallest break size
case, the tube-bundle region liquid inventory was
depleted more gradually. This decreased the rate of
progression of local liquid deficiencies in the tube-
bundle region and caused a reduction in local heat
transfer in pait ¢ 7 the tube >undle, while a portica of
the tube bundle still contained some liquid. The net
result was that the normalized heat transfer began to
decrease at a slightly greater normalized n.ass and
decreased at a slightly slower rate for the smallest break
size case. Although the observed responses show a
slight diffetence, the basic phenomena were the same
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for all three break size cases. The results indicate that
the assumption made for the C-E System 50 FSAR
Appendix 15B calculations regarding the reduction of
ocat transfer with liquid inventory (i.e., 100% heat
transfer until the liquid inventory is depicted fcllowed
by a step change reductir = in the heat transfer to 0%) is
not conservative, but closely emuiates ‘he measured
secondary convective heat transfer respons: *  the loss
of Jiquid inventory.

The unaffected loop steam generator secondan
thermal response exhibited some sensitivity to break
size. The thermal response was affected by the energy
balance for the secondary. The energy balance was
affected by the feedwater and steam flc v, intersecon-
dary flow, primary loop flow reduction, and auxiliary
feedwater injection. The loss of energy removal capac-
ity associated with the loss of all feedwater at break
initiation was initially offset by the increased normal
steam flow for all three break size cases. This allowed
the primary-to-secondary heat transfer (Figure 47) to
remain at the initial condition value. For the smaller
break size cases (50 and 14.3% break cases), the con-
tinued normal steam flow before SCRAM, combined
with the increased intersecondary flow, maintained the
unaffected loop steam generator primary-to-secondary
heat transfer at the initial condition value 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 valves (turbine stop valve
simulators) were closed following SCRAM. However
for the largest break size case (100% break case), the
intersecondary flow increased sufficiently to increase
the unaffected loop stearn generator primary-to-
secondary heat transfer before SCRAM.

The thesmal response of the unaffected loop steam
generator secondary uid following SCRAM was simi-
lar for al! tfuee break size cases. Following SCRAM,
the loss of offsite power induced the primary coolant
pump trips and associated loop flow reductions. The
decreased unaffected loop flow caused a decrease in the
unaffected loop steam generator primary-to-secondary
heat transfer as the loop transitioned to the natural
circulation mode of heat transfer. The natural circula-
tion heat transfer was enhanced by the intersecondary
flow before MSIV closure. Following MSIV closure
and Sl signal generation, the secondary energy removal
was provided by injecting auxiliary feedwater into the
unaffected loop steam generator secondary. The auxil-
iary feedwater provided secondary energy removal for
the remainder of the test.

The increased unaffected loon steam generator
primary-to-secondary heat transfer for the largest
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break size case caused the overall primary energy
removal deficit before SCRAM (Figure 48) to be
smaller than for the other two break size cases. The
measured deficit for the other two break size cases was
approximately equal to the amount associated with the
loss of the affected loop steam gencrator heat sink
(nominally $00 kW). Thus, the failure of the affected
steam generator main steam line check valve resalted in
increased unaffected loop steam generator primary-to-
secondary heat transfer for the largest break size case
and constant heat transfer for the other two break size
cases. For the largest break size case, the net primary
energy addition was limited to only about one-half of
that associated with the loss of the affected loop steam
generator heat sink. For the other two break size cases,
the net primary energy addition was limited to the
amount associated with the loss of the affected loop
steaii generator heat sink. The rate of primary fluid
expansion was, therefore, significantly reduced for the
largest break size case and somewhat reduced for the
other two break size cases. Thus, the primary fluid
system pressurization was reduced due to the interse-
condzry flow for all three break size cases, as will be
discussed next.
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Figure 48. Comparisons of primary fluid system energy addition duri.;g the blowdown phases of 100, 50 and 14.3%
FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7.

Effects of Break Size on Primary
Response

The degree of pressurization of the primary fluid
system depends upon the thermal-hydraulic response
to the loss of the heat sink. Therefore, it is important to
understand the effects of the feedwater line break size
on the primary thermal-hvdraulic response in order to
understand the relative severity of the resulting primary
pressurization. All of the bottom main feedwater line
break experiments had similar basic thermal-hydraulic
responses. However, several differences in the responses
are worthy of note, Comparisons of the general pri-
mary system responses to the general sequences of
events are discussed first. This is followed by compan-
sons of the primary pressure responses, hydraulic
responses, and thermal responses.

General Primary Response Comparisons. The
general primary responses for the bottom main feed-
water line break experiments were similar. The minor
differences observed were in the timing of events and
the quantitative responses. For ali three break sizes, the
occurrence of the break produced severe effects on the
primary fluid system. In ail three cases, the primary
fluid system exhibited a rapid pressurization in
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response o the loss of primary-to-secondary heit
transfer during the secondary LOCA. The pressuriza-
tion of the j rimary continued until about 4 s after the
high pressurier pressure SCRAM set point was
reached [Or all three break size cases, with the peak
pressur. occurring in the loop cold legs. Following
SCRAM, the rapid reduction in the core power com-
bined wii: che slower closure time for the normal
steam flow control valves (turbine stop valve simula-
tors) pray’ wd a rapid cooldown and depressurization
of the prunory fluid system for all three cases. Simi-
larly, the period of rapid cooling was followed by a
period of slower cooling and depressurization due to
core power decay and intersecondary flows for all three
cases, Loop flow reductions (following loss of offsite
power) degraded the unaffected loop steam gene-ator
energy removal resulting in a short period of primary
fluid heating and pressurization until natural circula-
tion flow was established in the unaffected loop. Grad-
ual cooling and depressurization of the primary fluid
was then provided in all three cases by the continued
intersecondary flow, with the rate of the cooling and
depressurization varying in a manner directly propor-
tional to the inters>__.ndary flow rate. For all three
cases, following *.ie low affected loop steam generator
secondary pr.ssure Sl signal, MSIV closure, and



auxiliary feedwater injection resulted in an unaftected
loop steam generator energy removal ate that was
close to the core decay heat level. This resulted in a very
slow cooldown and depressurization of the primary
tluid system:. The primary fluid system pressure
remarnied abeve the HPIS shutoff heat so that HPIS
injection did not occur in any of the experiments. Also,
no voiding of the primary fluid system was observed
during the blowdown phase of any of the traasients.

Primary Pressure Respor << .omparisons.
The primary pressure responses exhibited the same
basic trends for all three break sizes. In all three cases,
the primary pressure respunses are characterized by a
number of inflection points associa ied with changes in
the energy balance. As shown in Fiju:re 49, the bottom
main feedwater line break secondary LOCA initizlly
produced no effect on the primary fluid system pres-
sures. The primacv energy balances were maintained
until the affected loop steam generator primary-w-
secondary heat transfer started to degrade. The result-
ing loss of a portion of 1he p.amary fluid system heat
sink created aa energy imbalance, which resulted in
rapud pressurization of the primary fluid system for all
threc break size cases. The pressurization of the pn-
mary fluid system continued until about 3 to 4 s after

SCRAM (until about 1 s after the core power decay
was initiated). The double spike in the pressurizer pres-
sure for the S0 and 14.3% break cases was due to the
¢ycling of the pressurizer simulated SRV. The peak
pressurizer pressure was 16.2 MPa for the 100% break
test, which was equal to the specified pressurizer SRY
simulator opening set point. However, the SRV did not
open because the actual set point was slightly higher
but within the specified tolerance ¢ the specified set
point.

The peak primary pressure for all three break size
cases occurred at about 4 s after SCRAM in the loop
cold legs (Figure 49). The measured pressures exhibit a
very slight sensitivity to break size with peak values of
16.37, 16.41, and 16.42 MPa for the 100, 50, and
14.3% break size cases, respectively. These pressures
represent differences of about 0.51, 0.65, and
0.66 MPa between the high pressurizer pressure trip set
point (15.86 MPa) and the peak system pressure.
These pressure differences would have been even
greater if the unaffected loop steam generator primary-
to-secondary heat transfer had not been enhanced due
to the substantial intersecondary flow, as discussed in
the secondary response section. Particularly for the
100% break case where the intersecondary flow
increased the unaffected loop steam generator primary
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energy removal, reducing the net primary ¢nergy bal-
ance duicit associated with losing the affected loop
steam generator primary energy removal. As pointed
out in ‘he Primary Pressure Response subsection, had
the nat energy deficit equaled the amount associated
with (e affected loop steam generator heat sink, an
integrated energy addition analysis predicts a peak pri-
mary pressure of 16.42 MPa for the loop cold leg. This
is very close 10 the measured peak pressure for the
other two break size cases. Without the intersecondary
flow res :iting from the failed check valve, it is conceiv-
able ttat the unaffected loop secondary primary
energy removal could decrease somewhat before
SCRAM producing an even larger primary energy def-
icit. Thus, the failed check valve assumption may not
be a conservative assumption.

The pressure responses for the remaincer of the tran-
sients were qualitative y similar w th onl some minor
differences in the timing of events and magnitude of
the pressure. The trends were, however, identical. The
core power decay, mode wted slightly by the normal
steam flow control valve (turbine stop valve simulators)
closures, initiated a rapid cooldown and depressuriza-
uen of the primary NMuid system at about 4 ¢ ufier
SCRAM for all three break size cases. This rapid
depressurization continued until loop flow reductions
occurred in response to the loss of offsite power at
SCRAM. The loop flow reductions initiated a reduc-
tion in the unaffected loop steam generz’or primary-
to-secondary heat transfer, waich reduced the rate of
primary cooling during the initial core power decay.
T his continued until the pump coastdowns were com-
pleted at about 4] < after SCRAM. The unaffected
loop steam generator primary energy removal rate was
ther. reduced as natural circulation flow was Ldng
established. This produced a penod o slie'it heating of
the primary fluid system, which corhucd until the
natural circulation flow was finally est9l lished about
15 s later. During this period, the primary pressure
increased slightly in response to the slight heating. Fol-
lowing the estabbshmerit of natural < tculation flow,
the primary cnergy removal via the unaffected loop
steam generator recovered to the level of uhe core
power, aided by the continued intersecondary flow,
This resulted in a r tiod of gradual primary fluid cool-
ing and depressurization, with rates varying in a man-
ner directiy proportional to the intersecondary flow
rates. The rates of cooling and depressurization were
moderated following MSIV closure by terminating (he
intersecondary flow. For all three break size cases, the
primary fluid system then entered a stage of very grad-
ual cooling and depressurization under the influence of
the unaffected loop steam genertor auxiliary feed-
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water injectio. energy removal, and the slight system
leakage.

Primary Hydraulic P/sponse Comparisons.
The primary hydraulic response exhibited the same
basic trends for all three break sizes. Th tydraulic
response of the primary fluid systen dweng all three
Jitses is characterized by a rapid expansion of liquid
into the pressurizer A, the affected loop heat sink rap-
idly degrades, the priv.zory hiquid heats up and expands
into the pressurizer, as <»ow. {n Figure 50. For all three
cases, the rate of the expansion was determined by the
surizer vapor volume, energy balance, «id pressurizer
surge line hydraulic resistance. The initial primary pres-
sure and temperature determine the initial energy con-
tent of the primary fluid system. 1A¢ 2.0ouit of the
primary liguid expansion (increase in the liquid specific
volume A dete-mined by the integrated encrgy ddi-
tion toth prir«x v liquid and the initial energy content
of the primary huid. The rate of thy primary liquid
expansion was determined primarily by the rate of (he
energy addition (the impetus for the expansion), and
the resistance to flow through the pressurizer surge line
and work required to compress the vapor volume in the
pressurizer (the resistances to the expansion). It was
also determined to « gue extent by the initial energy
content of the pritnary fluid system, as will be dis-
cussed in the next section. As discussed in the Primary
Hydra”; Response sab-action, during the rapid
expansion o1 liquid into the pressurizer, the predomi-
nant factors determining ™he pressure differential
between the primary loop ai:d b pressurizer are the
rate of ener gy addition to the primary system fluid and
the surge line hydraulic resistance. The greater rate of
primary en /gy addition for the 50 and 14.3% break
size case  Jaused a greater pressure difference 10 be
develepe sacross the surge line due to the greater volu-
metric raic of Jiuid expansios through the surge line
into thy v s unzer. For all three break size cases, the
primary Lyuid expansion continued until abow 3to 4 s
“seet SCRAM, when the core power decay produced a
Let energy removal from the primary fluid system. The
\wid then contracted 44 the primary system cooled
arl the hquid specific volume decreased. For the
cemainder of the blowdown phase of all three tran-
sients, the primary liquid flowed out of the pressurizer
and into the loop hot leg under the influence of the
continued cooling provided by the unaffected loop
steam generator and slight primary fluid system leak-
age.

Primary Thermal Rasponse Comparisons. The

measured primary thermal responses for the three



8§25 T T L 3 T T

T T Sp—— T T
500 X S-FS-8/68B =
O §-FS-11
475 A S5-FS-7 —~
450 Uncertainty £ 20 cm "
—g 425 -
~ 400
®
& 35 |
g 350 |
-~ 325
300
278 P+
250
228 | | 1 \ i L L 1 \ 1
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (8) WRRE708-30

Figure 50. Comparisons of pressurizer overall collapsed liquid levels during the blowdown phases of 100, 50, and
14.3% FWLB experiments S-FS-6/6B, S-FS-11, and S-FS-7,

different break size cases are very similar. The dif-
farences noted were in the timing of events and ther-
mal response to the different unaffected loop steam
generator energy removal characteristics for the
largest break size case. The thermal response ot the
primary fluid system during ali three bottom main
feedwater line break secondary LOCAs¢ was charac-
terized by a rapid heatup of primary liquid. As
shown in Figure 51, before the degradation in the
affected loop steam generator primary-to-
secondary hea. transfer, the primary energy bal-
gnce is maintained by the continued normal steam
fiuw, intersecondary flow, and break flow for the
secondaries. As the affected loop heat sink rapidly
Aegrades, the primary energy balance is lost and
energy is added to the primary liquid causing the
i.quid to rapidly heat up. This continues until
about 3 to 4 s after SCRAM, when the core power
decays to a level below the unaffected loop steam
generator primary enertgy removal rate.

The primary pressure response was controlled
primarily by the primary energy balance for all
three break size cases because the pressurizer 'o pri-
mary hot leg pressure diffeience did not increase
significantly during the insurge. During the period
of primary heatup, the primary fluid average tem-

perature (Figure 52) increased by about 4.5 K for
all three break size cases. This represents a the total
primary energy addition during the heatup of
about 2800 kJ for the 100% break case, and about
3150 kJ for the 50 and 14.3% break cases. The
smaller tolal energy addition for the 100% break
case is a result of the increased unaffected loop
steam generator primary-to-secondary heat trans-
fer that was caused by the increased intersecondary
flow.

For the C-E System 80 plant, the affected loop
steam generator cor.xprises one-half of the total availa-
ble heat sink versus one-fourth for the Semiscale
Mod-2C Type L1 affected loop steam generator. The
rate of primary energy adagion would, therefore, be
approximately twice as great for the C-E System 80
plant, which would produce » substantially greater
pressurizer insurge rate and a substantially greater pres-
sure drop through the surge line. Thus, the pressure
drop through the surge line would have a much greater
effect on the primary pressure response than observed
in the Semiscale Mod-2C data.

The loop hot and cold leg fluid temperature
responses (Figures 33, 53, and 54) show the same
characteristic responses for all three break size
cases. In all three cases, the affected loop cold leg
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generator liquid level. To reach the specified stable
conditions, it was necessary to maintain t..2 above
conditions in the specified tolerances while the
unaffected loop steam generator liquid level was
recovered by auxiliary feedwater flow (Figure 45).
Normal charging (Figure 60) was cycled 12 times,
starting at 1081 s, to maintain the pressurizer liquid
level within the specified conditions. The primary
subcooled margin remained above 27.8 K for the
remainder of the stabilization phase so that no fur-
ther pressurizer internal heater operations were
required. The unaffected loop steam generator sec-
ondary pressure increased very gradually as the
subcooled auxiliary feedwater was heated by the
primary system. However, because the pressure
remained below 6.98 MPa, it was not necessary to
¢ycle the atmospheric dump valve (ADV). The aux-
iliary feedwater continued to refill the unaffected
loop steam generator and recovered the liquid level
to 910 cm at about 3809 s. Because all of the other
system stabilization criteria were also satisfied, the
system was considered to be stabilized at 3800 s.
The automatic actions performed by the safety
systems during the blowdown phase of the test left
the Semiscale Mod-2C system in a quasi-stable
state, but at conditions thai did not ensure suffi-
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cient control of the system, The stabilization opera-
tions performed were very effective in stabilizing
the Semiscale Mod-2C system at conditions that
ensured sufficient control of the system. The guid-
ance provided by the EOPs was both aprropriate
and effective in stabilizing 574 1epai g control of
the system. No upper heud voiding occurred as the
upper head fluid remained highly subcooled (Fig-
ure $6); the limiting criteria in regaining control of
the system was the recovery of the unaffected loop
steam generator secondary liquid level.

The effectiveness of the stabilization cperations
in stabilizing the plant may be better understood by
considering the system response to the various
operations performed. The next subsections dis-
cuss the system response to the normal charging,
letdown operations and the pressurizer internal
heater operations.

System Response to Normal Charging/
Letdown Operation During Stabilization. Nor-
mal charging/letdown were used during the
stabilization phase to establish and maintain the
pressurizer collapsed liquid wevel within the speci-
fied tolerance. Letdown was not used. Normal
charging Mow was approximately 0.0134 kg/s for
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Figure 60. Affected and uualiected loop normal charging mass flow rates during the stabilization phase of 100%

FWLB experiment S-FS-6 (600 to 3800 s).

the entire rarge of stabilization pressures. This flow
rate adequately controlled the pressurizer level. The
injection of cold water and the low loop flow pro-
duced the oscillations cbserved in the affected loop
cold leg temperature (Figure 59); the only notice-
able effect. However, one result of the system leak-
age and normal charging makeup was a net loss of
energy from the system, which was most noticeable
in the pressurizer pressure response (Figure 57), As
the system leakage caused the pressurizer to iose
inventory, the resulting expansion of the steam vol-
ume caused a slight reduction in pressure. As the
normal cherging flow recovered the pressurizer
inventory, the repressurization of the pressurizer
due to compression of the steam volume was not as
large as the preceding reduction. This was caused
by subcooled liquid entering the pressurizer from
the unaffected loop hot leg and surge line and
removing sufficient energy to condense some of the
steam: from the steam space. Because the steam vol-
ume was preserved (because the liquid level was pre-
served), the reduction in steam mass caused the
reduction in pressurizer pressure. The situation was
aggravated by the additional cooling of the insurge
fluid due to the surge line heat loss (Figure 61). The

$3

net effect was a graduai reduction in the pressurizer
pressure.

System Response to Pressurizer Internal
Heater Operation During Stabilization. Pres-
surizer internal heaters were used to maintain the
primary system subcooled margin by maintaining
primary pressure control in the pressurizer. Because
the pressurizer fluid was at saturation when the
internal heaters were operated, the energy addition
provided by the heaters generated steam which:
decreased the pressurizer vapor specific volume
(because the volume occupied by the steam was
constant); and raised the saturation temperature of
the pressurizer liquid. The net result was an
increase in the pressurizer saturation pressure. The
pressurizer internal heater operations were very
effective in controiling the primary pressure during
the stabilization phase of the transient.

Comparisons of Stabilization Phase Responses.
The system stabilization phase of tests S-FS-6, S-FS-7,
and S-FS-11 involved the same recovery operations and
stabilization criteria. The basic response of the system



;l'¥—- Lyt -




System Response to Plant
Cooldown and Depressurization
Operations (S-FS-6)

Overall Response to System Cooldow

Depressurization Operations




8 T T

. 3 1 1 1 LB
{ Uncertainty £ 0 07 MPa
14 = -
\
12 f .
§ " Neny Pressurizer
2 ‘o - \.".-‘\,..--.,5 -
@ bt P
g 8 pee h-..\‘....-‘\$...'..hvh -
é T Ny %
- wse T e
4
2 L 1 1 1 1 1 4
3800 48650 8500 6360 7200 8050 8900 87580 10600

Time (s)

WRRETOS-62

Figure 62 Pressurizer and unaffected loop steam generator secondary pressures during the plant cooldown and
depressurization phase of 100% FWLB experiment S-FS-6 (3800 to 10,600 ).
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Figure 66. Unaffected loop steam generator downcomer and tube bund)~ overall collapsed liquid levels, and auxiliary
feed vater and atmospheric dump valve mass flow rates during the plant cooldown and depressurization
phase of 100% FWLB experiment S-FS-6 (3800 10 10,600 s).

The primary depressurization resulted in a reduc-
tion in the primary system subcooled margin
(Figure 63). The pressurizer auxiliary spray was
cycled 16 times during this portion of the test to
reduce the primary pressure and maintain a maxi-
mum primary subcooled margin of 13.9 K above
the cooling unaffected loop hot leg temperature
(Figure 65). The lack of flow through the vessel
upper head limited the cooling of the upper head
fluid (Figure 67) so that, due to the continuous
depressurization, the upper head subcooled margin
(Figure 68) decreased continuously during this por-
tion of the test. The pressurizer internal heaters
(Figure 63) were cycled on and off five times during
this portion of the test to increase the primary pres-
sure and maintain a minimum primary subcooled
margin of 11.1 K above the cooling unaffected
loop hot leg temperature. Both operations were
effective in maintaining a controlled primary
depressurization. Normal charging was cycled 20
times and letdown was cycled 9 times to maintain
the pressurizer liquid level within the specified con-
ditions of 245 = 10 cm (Figure 64).

The vessel upper head subcooled margin
(Figure 68) reached 2 K at about 10,000 s. How-
ever, no upper head voiding was indicated during
the 600-s observation period (between 10,000 and

10,600 s). This portion of the cooldown and
depressurization was then considered to be com-
plete and vessel upper head void recovery investiga-
tions were then initiated.

Effects of Unaffected Loop Steam Generator
Steam and Feed Operation on the System
Cooldown and Depressurization to Vessel
Upper iHead Fluid Saturation. The unaffected
loop steam generator steam and feed operation
consisted of steaming through the ADV and feed-
ing with auxiliary feedwater. The intention of the
stairstep secondar; depressurization was to reduce
the secondary saturation temperature resulting in a
controlled primary system cooldown. The
0.71 MPa stairstep decrements shown in Figure 62
produced an average primary fluid temperature
decrease of approximately 25.6 K/h between 1800
and 9200 s. The cooldown rate decreased slightly
between 9200 and 10,600 s as the choked ADV
mass flow rate and steam enthalpy decreased due to
the decreased secondary pressure. This combina-
tion greatly reduced the energy removal capacity of
the secondary ADV (Figure 69), and reduced the
rate of primary cool down.

The unaffected loop steam generator steam and
feed operations were successful in cooling down the
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Figure 69. Unaffected loop steam generator atmospheric dump valve energy removal and core power during the plant
cooldown and depressurization phase of 100% FWLB experiment S-FS-6 {3800 to 10,600 ).

primary fluid system while maintaining satisfac-
tory secondary inventory. Attempts to cool down at
faster rates would be limited, however, by the capa-
bility of the auxiliary feedwater flow to maintain
the secondary inventory.

Effects of Combined Pressurizer Auxiliary
Spray and Internal Heater Operation on the Sys-
tem Cooldown and Depressurization to Vessel
Upper Head Fluid Saturation. During this por-
tion of the test, the pressurizer auxiliary spray was
cycled 20 times to maintain a maximum primary
subcooled margin of 13.9 K. The intent was to
reduce the primary system pressure at the maxi-
mum rate permitted by the primary system
cooldown. The depressurization rate produced by
using auxiliary spray was 0.0166 MPa s, during the
initial total pressure drop of approximately
3.70 MPa (Figure 62). The average depressuriza-
tion rate produced by using auxiliary spray was
0.0122 MPa’s, during subsequent average total
pressure drops of approximately 0.55 MPa. The
subcooled margin was reduced to approximately
9.5 K during each spray cycle (Figure 63).

The pressurizer internal heaters were cycled five
times to maintain 4 minimum primary subcooled

margin of 11.1 K. This was intended to maintain
control of the primary system, as guided by the
EOPs. The pressurization rate using pressurizer
internal heaters at 6,99 kW was approximately
0.0048 MPa’s during an average total pressure
increase of 0.15 MPa (Figure 61).

The combined operations of pressurizer auxil
iary spray and internal heaters demonstrated excel-
lent control of primary pressure and subcooled
margin during the primary cooldown and depres-
surization to vessel upper head fluid saturation.

System Response to Vessel
Upper Head Void Recovery
Operations (S-FS-6)

This portion of Test S-FS-6 was performed in
accordance with the guidance provided in the St. Lucie
Unit No. 2 EOPs for a rapid natural circulation
cooldown and depressurization with upper head void
formation. The EOP guidelines were followed to the
extent possible. After forcing upper head void forma-
tions, two methods of upper head voud collapse meth-
drain method, involved using normal charging, aded
by pressurizer internal heaters, to fill the vessel upper
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resulting in mixing of the cooler cold leg fluid with the
upper head fluid and collapse of the upper head void.
The overall system response 10 the upper head void
collapse operations will be discussed first. This will be
followed by discussions of the effects of the fill and
drain method of void collapse and the pump restart
method of void collapse on the system response.

Overall Response to Vessel Upper Head Void
Collapse Operations. At 10,600 s after transient
initiation, the vessel upper head fluid had been
within approximately 2 K of saturation for 600 s.
However, no upper head voiding had occurred. At
10,736 s, the depressurization of the primary sys-
tem was initiated by starting the pressurizer auxil-
iary spray (Figure 70). The reduction in primary
pressure (Figure 71) produced a corresponding
redvction in the primary hot leg and vessel upper
head subcooled margins (Figure 70). The forma-
tion of the first upper head void was indicated by

the pressurizer and upper head liquid level
responses (Figure 72) at approximately 10,795 s.
The vessel upper head liquid level reached 356 cm
and the upper head external heaters were turned off
at approximately 10,854 5. The pressurizer liquid
level reached 365 ¢m and the pressurizer auxiliary
spray, letdown (Figure 73), and the cooldown were
stopped at approximately 10,865 5. Normal charg-
ing flow (Figure 73) and pressurizer internal heater
(Figure 70) operations were initiated at approxi-
mately 10,886 s. However, the pressurizer liquid
level rapidly increased beyond the 380 cm and
398 ¢m pressurizer internal heater initiation and
normal charging termination set points. Normal
charging flow was then terminated at approxi-
mately 10,904 s, As the pressurizer internal heaters
started to mitigate the voiding, the pressurizer and
vessel upper head liquid levels reached their maxi-
mum and minimum values of approximately
418 ¢cm and 262 ¢m, respectively. The upper head
void reduction was initiated at about 10,950 s,
recovering the vessel upper head level and reducing
the pressurizer level. The normal charging flow was
re-initiated at about 11,045 s, when the pressurizer
level decreased to 395 ¢cm. This caused the slight
increase in the rate of upper head void collapse
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Figure 70, Unaffected loop hot leg and vessel upper head fluid subcooled margins, pressurizer puxiliary spray mass
flow rate, and pressurizer internal heater power during the vessel upper head void collapse methods
investigation phase of 100% FWLB experiment S-FS-6 (10,600 10 13,900 ).
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collapse methods investigation phase of 100% FWLB experiment S-FS-6 (10,600 to 13,900 ).
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Figure 72 Pressurizer and vessel upper herd collapsed hiquid levels during the vessel upper head voud collapse
methods investigation phase of 100% FWLB experiment S-FS-6 (10,600 to 13,900 s).
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figure 73, Total normal charging and letdown mass flow rates during the vessel upper head void collapse methods
investigation phase of 100% FWLB experiment S-FS-6 (10,600 to 13,900 ).

shown in Figure 72. The on/off cycling of the ves-
sel upper head external heaters was re-initialed at
about 11,104 s, when the vessel upper head level
increased to 356 cm. The void reduction continued
with final collapse of the void indicated at approxi-
mately 11,325 s, when the upper head level reached
421 cm and the pressurizer level started to increase.
Normal charging flow and pressurizer internal
heater operations were then terminated and let-
down operations were initiated to return the pres-
surizer level to 245 + 10 cm. Letdown flow was
terminated at 11,715 s with the pressurizer liquid
level at 245 cm.

At 11,715 s after transient initiation, the first
vessel upper head void had been collapsed and all
other parameters were within the specified range of
conditions. At 11,730 s, the depressurization of the
primary system was re-initiated by starting the pres-
surizer auxiliary spray. The resulting reduction in
primary pressure and primary hot leg and vessel
upper head subcooled margins can be seen in Fig-
ures 70 and 71. The formation of the second upper
head void was indicated by the pressurizer and
upper head liquid level responses (Figure 72) at
approximately 11,896 s. The vessel upper head lig-
uid level reached 356 cm and the upper head “xter-

63

nal heaters were turned off at approximately
11,930 s. The pressurizer liquid level reached
3685 cm a~? the pressurizer auxiliary spray, let-
down, ard cooldown were stopped at approxi-
mately 11,960 s. The affected and unaffected loop
primary coolant .. «mps were then restarted with the
affected loop pump starting at wpproximately
11,965 s; the unaffected looy pump starting at
approximately 12,057 s. The pumps were adjusted
to bring the loop flows (Figure 74) 1o $.5 L/s and
1.8 L/s for the unaffected and affected loop,
respectively. As the forced flow increased the flow
through the vessel upper head, the vouding was
halted. The pressurizer and vessel upper nead
liquid levels reached their maximum and minimum
values of approximately 410 ¢m and 292 ¢m,
respectively. The upper head void reduction was ini-
tiated at about 12,060 s, recovering the vessel upper
head level and reducing the pressurizer level. The
on/off ¢ycling of the vessel upper head external
heaters was re-initiated at about 12,265 s, when the
vessel upper head level increased to 3% cm. The
normal charging flow was re-initiated at about
12,882 5, when the pressurizer level decreased to
245 cm. This caused the slight increase in the rate
of upper head void collapse, shown in Figure 72.
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Figure 74, Affected and unaffected loop cold leg volumetric Mow rates during the vessel upper head void collapse
methods investigation phase of 100% FWLB experiment S-FS-6 (10,600 10 13,900 5).

The void reduction continued with final collapse,
of the void indicated at approximately 13,176 s,
when the upper head level reached 421 cm and the
rate of pressurizer level rise started to increase.
Norma! charging flow was then terminated and let-
down operations were initiated at 11,193 s, to
return the piessurizer level to 245 + 10 cm. The
pressurizer level reached 255 om at approximately
13,300 s. At this point, all parameters were within
the specified tolerances. Letdown was terminated
at 13,349 s with the pressurizer level at 245 cm, all
other parameters meeting specification, and the
forced flow cooldown continuing.

At 13,900 s, the pressurizer level was at 238 ¢m
and had been between 235 and 255 cm; unaffected
ioop steam generator liquid level (Figure 75) was at
770 ¢cm and was increasing; subcooled margin was
at 32.0 K; and the average primary fluid tempera-
ture was at 503 K, and had been decreasing for
more than 600 s. This satisfied the test termination
criteria. The test was then terminated at 13,900 s.

Etfects of the Fill and Drain Method of Vessel
Upper Head \oid Collapse on the System
Response. The fill and drain method of vessel
upper head void collapse, as outlined in the

St. Lucie Unit No. 2 EOPs, consists of filling the
system with normal charging and utilizing pressur-
1zer internal heaters to return the steam bubble to
the pressurizer.

After initial indication of voiding at approxi-
mately 10,795 s, the vessel upper head level
decreased at an average rate of approximately
2 ¢m/s between 10,825 and 10,885 s, while the
pressurizer level increased at an average rate of
approximately 1.8 cm/s over the same time period
(Figure 76). The rate of void formation decreased
rapidly following auxiliary spray termination and
pressurizer internal heater and normal charging
flow initiation (Figure 77). The maximum voiding
occurred at approximately 10,935 s, as the internal
heaters pressurized the pressurizer (Figure 78) and
started to force fluid out of the pressurizer and into
the upper head. The sub ooled cold leg fluid
entered the upper head through the vessel down-
comer to upper head bypass line and cooled the
liquid in the upper head (Figure 79), which in turn
started to condense the steam in the upper head.
The upper head level increased initially at an aver-
age rate of appioximately 0.9 cm/s over the range
of 280 to 336 ¢cm. Over this same time span, the
pressurizer fevel also decreased at an average rate of
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approximately 0.9 cm/s. This similarity in the rate
of level change is due to the pressurizer area being
only slightly larger than the vessel upper head area,
difference in the pressurizer and upper head fluid
densities, and the slight system leakage.

When the upper head liquid level reached
approximately 335 cm, the average rate of level
increase reduced to approximately 0.5 ¢m s, This is
due in part to the fluid reaching the level of the top
of the guide tube (335.8 ¢m) in the upper head
resulting in an increase in the upper head area.
However, the major reason for this reduction in the
rate of level increase is the continual reduction in
the upper head fluid density as the upper head fluid
cools, and the increase in the upper head pressure
due to compression of the steam bubble. The re-
initiation of normal charging at 11,045 s aided in
cooling the upper head fluid, as shown in
Figure 79. Subcooled liquid reached the 402 ¢m
elevation in the upper head at approximately
11,210 5. This is evident in the fluid thermocouple
response (Figure 79), and the upper head sub-
cooled margin (.9 K) obtained from the thermo-
couple data (Figure 78). Final collapse of the upper
head void occurred at approximately 11,325 s. This
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is evident in both the pressurizer and upper head
liquid level responses. However, special note should
be made of the fact that the pressurizer level started
to increase before the upper head void was fully
collapsed. Care should be taken to ensure that the
rate of pressurizer level increase agrees with that
expected due to the normal charging flow.

The fill and drain method is an effective method
of vessel upper head void collapse. The total time
required for void collapse following void identifica-
tion was approximately 530 s. The normal charging
flow increased the rate of the cooling of the upper
head. However, based on these resulis, and past
experience in Semiscale, 30 normal charging alone
may not be sufficient to collapse the upper head
void. Charging flow may enter and fill the pressur-
izer rather than the vessel upper head. Using pres-
surizer internal heaters proved to be very beneficial
in collapsing the upper head void, as they pressur-
ized the pressurizer and forced more cold fluid into
the upper head. Hence, the combined use of nor-
mal charging and pressurizer internal heater opera-
tions appears to be effective in both cooling the
vessel upper head and collapsing the upper head
void.



of the Pump Restart Method of Vessel
Head Void Collapse on the System
Response. The pump restart method of vessel upper
head void collapse, as outlined in the St. Lucie Unit
No. 2 EOPs, consists of restarting one pump in each
loop (a C-E System 80 plant has a two loop, two pump
per loop, configuration). This increases the flow
through the loops to about one-half of the full flow
value. The flow of fluid bypassing the core to the vessel
upper head is also increased, resulting in cooling of the
upper head fluid.

After initial indication of voiding at approximately
11,896 5, the vessel upper head level decreased at an
average rate of approximately 1.7 ¢m/s between
11,910 and 11,977 5, while the pressurizer level
increased at an average rate of approximately 1.5 ecm/s
over the same time period (Figure 80). The voiding
halted abruptly at approximately 11,995 s as the loop
and vessel downcomer to upper head bypass line flows
increased (Figure 81). The subcooled cold leg fluid
entered the upper head through the vessel downcomer
to upper head bypass line and cooled the liquid in the
upper head (Figure 82), which in turn started to con-
dense the steam in the upper head. The upper head
kevel increased indtially 4l an average rate of approxi-
mately 1.2 cm/s over the range of 300 to 340 cm. Over
this same time span, the pressurizer kevel decreased at
an average rate of approximately 0.7 cm/'s,

During the period of loup flow increase (12,000
to 12,100 s), the effects on the primary response
were quite pronounced. The increased flow
through the core reduced the temperature increase
of th =rimary fluid while the increased flow
througn .he unaffected loop steam generator
reduced the temperature decrease of the primary
fluid. This resulted in a substantial decrease in the
unaffected loop hot leg fluid temperature (22 K),
affected loop hot leg fluid temperature (16 K),
affected loop cold leg fluid temperature (10 K), and
a slight increase in the unaffected loop cold leg
fluid temperature (4 K) (Figure 83). The net effect
was a reduction in the average fluid temperature of
approximately 10 K, and an iucrease in the primary
subcooled margin (Figure 84) of about 22 K.

When the upper head liquid level reached approw-
mately 30 ¢m, the average rate of level increase
reduced 1o approximately 0.05 em/'s. This is due in
part to the Muid reaching the level of the top of the
guide tube (335.8 cm) in the upper head, resulting in
an increase in the upper head area. However, the major
reason for this reduction in the rate of level increase is
the reduction in the upper head fluid density as highly
subcooled (30 K) liquid entered the upper head
through the bypass line (Figure 82). During this per-
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iod, the vessel upper head pressure remained essentially
constant (Figure 84). This indicates that the energy
removal from the steam through condensation and
heat loss matched the work performed on the steam as
the steam was compressed. In other words, the mass
rate of steam condensation and the rate of steam vol-
ume reduction were matched such that the specific vol-
ume of the steam remained essentially constant.

At approximately 12,882 s, the pressurizer quid
level reached 245 ¢m and normal charging flow was re-
initiated. The charging flow provided added cooling to
the primary system, including the upper head. The
charging flow also increased the rate of level increase in
the upper head to an average of approximately
0.12 em/s, while it started to increcse the level in the
pressurizer at an average rate of approximately
0.09 em/s. This indicates that approximately one-half
of the charging flow minus leakage was entering the
upper head with the other one-half entering the pres-
surizer. Subcooled liquid reached the 402 cm elevation
in the upper head at approximately 13,070 s. This is
evident in the fluid thermocouple response (Figure 82),
Final collapse of the upper head void was indicated at
approximately 13,176 s, when the upper head liquid
level reached 421 cm and the pressurizer liquid level
started to increase more rapidly. Here again, special
note should be made of the fact that the pressurizer
level started to increase before the upper head void was
collapsed. Care should be taken to ensure that the rate
of pressurizer level increase agrees with that expected
due to the normal charging flow.

The pump resiart method is an effective method
of vessel upper head void collapse. The total time
required for void collapse following void identifica-
tion was approximately 1280 s. The forced flow
through the vessel upper head provided significant
cooling of the upper head and recoupled the upper
head fuid and aetal with the rest of the primary
system. Before the initiarion of normal charging
flow, the rate of void collapse appeared to be con-
trolled by the rate of condensation in the uppe:
head. The normal charging flow increased the rate
of void collapse but did not significantly affect the
degree of upper head fluid and metal cooling.

Comparisons of the Fill and Drain and Pump
Restart Methods of Vessel Upper Head Void Col
lapse. Both the fill and drain and the pump restart
method proved to be effective in cooling the vessel
upper head Mund and collapsing the vessel upper head
void. Two major differences were noted. The fill and
Jrain method collapsed the vessel upper head void
more rapidly that the pump restart method (530 s ver-
sus 1280 s). However, the pump restart method cooled
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System Response to Voided
Secondary Refill Operations



the refill operation in maintaining stable conditions
and the nature of the primary-to-secondary heat trans-
fer mechanism. The charactenstic response (o the
voided secondary refill operations was very similar for
both tests. Therefore, the detailed discussion of the
charactenistic system response (0 the voided secondary
refill cperations will be limited to test S-FS-11 results,
The overall system response for test S-FS-11 will be
discussed first, followed by discussions of the second-
ary responses to the voided secondary refill operations
for test S-FS-11. The response of the primary system (o
the voided secondary refill operations for test S-FS-1}
wiil be discussed next. Firally a comparison of the
results for tests S-FS-11 and S-FS-7 is made to provide
insight into the *ffe:ts of different refill rates on the
voided secor dary refill system response.

Orrall System Response to Voided Secondary
Rafill Operations. The overall response of the
svstem is characterized as maintaining stabie sys-
tem conditions while re-establishing the affected
loop stedin generator sccondary inventory and
primary-to-secondary heat transfer. The predomi-
nant factors governing the system response were the
rate of the affected loop 5. eam generator secondary
inventory recovery and the affected loop steam gen-
erator primary-to-secondary neat transfer,

The voided secondary refill phase o! test S-FS-11
was initiated at 4100 s by closing the affected loop
steam generator botter, main feedwater line “reak
valve (isolating the break) and re-initiating the
affected loop stei m generator auxiliary feedwater
flow at the scaled “ypical flow rate (0.016 kg/s).
The characteriatic response of the primary and sec-
ondary systems is graphically depicted in
Figures 85 through ©1. The auxiliary feedwater
started re¢ werirg the affected loop steam genera-
tor secondary hquid level, after refilling the break
asscmbly and main feedwater line piping, at about
4300 5. As 1he secondary inventory started to
increase, liquid supplied to the tube-bundle region
was heated, generating steam and re-initiating the
primary-te-secondary heat transfer. The cnergy
addition from the primary and the compression of
the secondary steam volume caused ¥ pressuriza-
tion of the affected loop steam generz.or second-
ary. The re-initiation of the affected loop steam
generator primary energy removal caused a reduc-
tion i the unaffected loop steam generator
primary energy removal rate, thercby causing a
reduction in the unaffected loop steain generator
<econdary pressure. The unaffecied loop steam
oonerator auxiliary feedwater flow was terminated
when the secondary liguid level reached 1000 om

The ligrid level remained above 910 ¢m for the
remai uer of the transient, precluding the reed to
re-init ate the auxiliary feedwater flow. The unaf-
fected loop steam generator secondary pressure
remained below 6.98 MPa, precluding the need to
cycle the ADV. The natural circulation flow devel-
oped in the affected loop was below the measure-
ment range of the U-tube outlet turbo-probes,
Therefore, the primary coolant pumps were
restarted at their minimum speed to provide a in¢a-
surable primary fluid flow rate. Problems encouti-
tered .n restarting the unaffected loop pump
precluded operating the pump. However, the flow
provided by the affected loop pump was sufficient
to provide a measurable primary fluid flow rate
The primary fluid system exhibited a gradual
depressurization under the influence of the second-
ary energy removal and the slight system leakage,
The primary system average fluid temperature
exhibited a marsad decrease when the affected loop
steam generalor secondary inventory started to
increase and its primary-to-secondary heat transfer
wus re-initiated. The average fluid temperature
then leveled off as the energy addition due to core
power was offset by the energy removal via the sec-
ondaries, Pressurizer invertory wis maintained by
normal charging flow and the primary subcooled
margin remained above 27.8 K.

Secondary System Response to Voided Sec
ondary Refill Operations. The principal objec-
tive of the voided secondary refidl phase of these
experiments was 1o obtain stéam generator
primary-to-secondary heat transfer data under
retill conditions. The secondary pressure and
invenlory respot.ases for both secondaries were out-
lined in the overall system response subsection, The
mechaniuns driving their responses consist simply
of energy and mass balances for the secondaries
and requicé no further elaboration. Therefore, this
discussion will be limited| primarily to the measured
affected 'sop steam generator primary-to-
secor lary heat transfer data and the phenomena
relatea to that data.

The response of the secondary convective heat
transfer coefficient (Figures 92 through 99) to the
voided sccondary refill is characterized as a step
change increase as suturated steam contacts the U-
tube wall outside surface fol'owed by a gradual
reduction @s the local vapor-void fraction
(Figure 100) decreases As shown in Figure 101, re-
initation of the local secondary convective heat
transfer at each elevation does not occur until the
tube bundle mixture level (the level determined
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Figure 85, Affected loop steam generator downcomer and tube bundle  .rall collapsed liquid levels and auxiliary
feedwater mass flow rate during the voided secondary refill phase of $0% FWLB experiment S-FS.!1
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Volumetric flow rate (L/s)

Figure 88. Affected and unaffected loop pump speeds, affected and unaffected loop cold leg volumetric flow rates,
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Fizure 87. Pressurizer pressure, and affected and unaffected loop steam generator secondary pressures during the

voided secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 8000 s).

and affected loop steam generator long and short tube outlet volumetric flow rates during the voided

secondary refill phase of S0% FWLB experiment S-FS-11 (4000 to 8000 s).
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Figure 89. Affected and unaffected loop hot and cold leg, and average primary fluid temperatures during the voiced
secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 8000 s).
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Figure 90. Pressurizer collapsed liquid level and total normal charging mass flow rate during the voided secondary
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Figure 91. Unaffected loop hot leg fluid subcooled margin and pressurizer internal heater power during the voided
secondary refill phase of $0% FWLE «xperiment S-FS-11 (4000 to 8000 s).
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Figure 92. Affected loop steam generator secondary convective heat transfer coefficients at the 61 ¢cm elevation
during the voided secondzry refill phase of 0% FWLB experiment S-FS-11 (4000 to 8000 ).
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Figure 93. Affected loop steam generator secondary convective heat transfer coefficients at the 99 cm elevation
during the voided secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 800 s).
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Figure 94. Affected loop steam generator secondary convective heat transfer coefficients at the 137 ¢m elevation
during the voided secondary refill phase of $0% FWLB experiment S-FS.11 (4000 1o 8000 s).
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Figure 95. Affected loop steam generator secondary convective heat transfer coefficients at the 213 ¢m elevation
during the voided secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 8000 ).
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Figure 96. Affected loop steam generator secondary convective heat transfer coefficients at the 404 ¢cm elevation
during the voided secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 8000 s).
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Figure 97. Affected loop steam generator secondary convective heat transfer coefficients at the 556 ¢m elevation
during the voided secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 8000 s).
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Figure 98. Affected loop steam generator secondary convective heat transfer coefficients at the 709 cm elevation
during the voided secondary refill phase of 0% FWLB experiment S-FS-11 (4000 to 8000 $).
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Figure 99. Affected loop steam generator secondary convective heat transfer coefficient at the 886 ~m elevation
during the voided secondary refill phase of 50% FWLB experiment S-FS-11 (4000 to 8000 s).
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Figure 100. Affected loop steam generator tube bundle vapor-void fractions during the voided secondary refill phase
of 50% FWLB experiment S-FS-11 (4000 to 8000 s).
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experiment S-FS-11 (4800 to 6800 s).

based on the timing of the initiation of the lo¢s |
vapor-void fraction reduction from 1.0 for each
elevation) reaches that elevation. Thus, because of
the relatively low heat flux and the relatively low
initial wall temperatures, there is no precursory
cooling such as occurs in a PWR core during
reflood. The voided secondary refill heat-transfer
response is more characteristic of a rewet type of
mechanism where the re-initiation of convective
heat transfer is dependent upon the existence of
some liquid.

The affected loop steam generator secondary
response to the voided secc adary refi!l operations
can be envisioned as a grad sally increasing pool of
two-phase mixture in the t ibe-bundle region. The
progression of the level fo - the re-initiation of the
local convective heat trans! er is identical to the pro-
gression of the two-phase mixture level. The two-
phase mixture level p:ecedes the measured
interfacial liquid level, with the magnitude of the
level difference dependent upon the amount of
voiding present in the two-phase mixture., The
greater the amount of voiding, the greater the dif-
ference in the mixture and interfacial liquid levels.
This is the reason for the gradual divergence of the
mixture and interfacial levels shown in Figure 101,

8]

While the affected loop steam generator second-
ary response can be envisioned as a gradually
increasing pool of two-phase mixture, the nature of
the response of the measured secondary convective
heat transfer coefficients does not agree with that
predicted by existing boiling heat transfer correla-
tions (References 20 through 24). The measured
secondary convective heat transfer coefficients
decrease with decreasing void fraction, while exist-
ing correlations either have no void fraction depen-
dency or produce the opposite trend with regarc to
void fr' “tion. This difference in the secondary con-
vective heat transfer coefficient predicted and mea-
sured trends is the same as that discussed earlier for
full-power conditions,

The Semiscale Type 111 affected loop steam gen-
erator heat transfer data points out a definite defi-
ciency in current boiling heat transfer correlations
for predicting secondary convective heat transfer
coefficients. It is very probable that the correlation
deficiencies are due to the fact that the correlations
were developed from data for flow inside of a
heated tube, not for flow around heated tubes in a
tube bunclle. Vapor present inside of a heated tube
can blanket the tube inside wall, limiting the area
for liquid contact with the wall and reducing the



local convective heat transfer coefficient, as pre-
dicted by the existing correlations. However, vapor
present around the outside of a tube bundle can
produce a turbulent mixing and pumping action,
which can increase both the liquid and the vapor
cooling efficiency, thereby increasing the local con-
vective heat transfer coefficient (as observed in the
Semiscale data).

Primary System Response to Voided Second-
ary Refill Operations. The primary system
response to the voided secondary refill operations is
characterized as a very gradual cooldown and
depressurization. The major change in the primary
response during this phase was in response to re-
initiation of the affected loop steam generator
primary-to-secondary heat transfer and the pri-
mary coolant pump restart.

The re-initiation of the affected loop steam gen-
erator primary energy removal initially cooled the
primary substantially as the affected loop steam
generator primary energy removal combined with
the unaffected loop steam generator primary
energy removal to cool the primary fluid. Follow-
ing termination of the unaffected loop steam gener-
ator auxiliary feedwatei injection, the affected loop
steam generator primary energy removal increased
to the level of the unaugmented core power
(Figure 102). The primary system then entered a
phase of nearly constant average fluid temperature
with very gradual cooling and depressurization,

Restarting the affected loop primary coolant
pump caused the hot leg temperatures to decrease,
while the cold leg temperatures increased
(Figure 89). This was due to the increased flow rate
through the loops and the core reducing the magni-
tude of the resultant fluid temperature rise for the
same amount of heat transfer. The reduced unaf-
fected loop hot leg temperature produced an
increased primary subcooled margin (Figure 91),
which aided in maintaining stable operating condi-
tions. The voided secondary refill operations were
very effective in maintaining stable conditions in
the system.

Comparisons of Voided Secondary Refill
Responses. With the exception of the affected loop
steam generator auxiliary feedwater mass flow rate, the
specified operations for the voided secondary refill
phase of tests 5-FS-7 and S-FS-11 were the same. The
basic response of the system to the voided secondary
refill operations was the same for both tests with the
differences primarily in the timing of events and ti.e
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magnitudes of the affected loop steam generator heat
transfer parameters. Figures containing the pertinent
parameters for the overall system response (the same
parameters as those presented in the overall system
response subsection for test S-FS-11), for test S-FS-7
may be found in Appendix D (Figures D-33 through
D-39).

The voided secondary refill operations were speci-
fied to be initiated at the end of the stabilization phase
for both tests. The refill operations were initiated by
closing the affected loop steam generator bottom main
feedwater line break valve (isolating the break) and re-
initiating the affected loop steam generator auxiliary
feedwater flow. This occurred at 6204 s for test S-FS-7
and 4100 s for test S-FS-11, with the auxiliary feed-
water flow at a scaled degraded flow rate (0.004 kg/s)
for test S-FS-7 and the scaled typical flow rate
(0.016 kg/s) for test S-FS-11. For both tests, the initia-
tion of the increase in the secondary level was delayed
until the break assembly and feedwater line piping weie
refilled. The primary-to-secondary heat transfer was
then re-initiated as the liquid supplied to the tube-
bundle region was heated by the primary fluid. For
both tests, the basic response to the re-initiation of the
affected loop steam generator primary energy removal
was the same. The primary coolant pumps had to be
restarted and the unaffected loop steam generator aux-
iliary feedwater flow was terminated for both tests. The
main differences in the overall respon.e were: the unaf-
fected loop steam generator ADV had to be cycled
ongce during test S-FS-7; both primary coolant pumps
were operated for test S-FS-7; and the affected loop
steam generator primary energy removal and more sta-
bilization operat’ons were required due to the greater
length or tiue involved in refilling the affected loop
steam generator. Also, test S-FS-7 was terminated at
20,000 s due to data acquisition time limitaticns with
the affected loop steam generator secondary level
below 1036 cm. While more operations were required
for test S-FS-7, the basic responses were the same for
both tests.

The secondary convective heat transfer coefficients
for test S-FS-7 (Figures 103 through 109) showed the
same characteristic response to the voided secondary
refill as those for test S-FS-11. They exhibited a step
change increase as saturated steam contacted the U-
tube wall outside surface, followed by a gradual
reduction as the local vapor-void fraction
(Figure 110) decreused. The magnitudes of the sec-
ondary convective heat transfer coefficients were,
however, much lower than for test S-FS-11. Similar to
test S-FS-11, re-initiation of the local secondary con-
vective heat transfer at cach elevation did a2 occur
until the tube bundle mixture '¢vel reached ihat
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Figare 103. Affected loop steam generator secondary convective heat transfer coefficients at the 61 ¢cm elevation
during the voided secondary refill phase of 14.3% FW LB experiment S-FS-7 (10,000 to 20,000 s),
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Figure 104, Affected loop steam generator secondary convective heat transfer coefficients at the 99 cm elevation
during the voided secondary refill phase of 14.3% FW1B experiment S-FS-7 (10,000 to 20,000 s).
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Figure 105, Affected loop steam generator secondary convective heat transfer coefficients at the 137 cm elevation
during the voided secondary refill phase of 14.3% FWLB experiment S-FS-7 (10,000 to 20,000 s).
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Figure 106. Affected loop steam generator secondary convective heat transfer coefficients at the 213 ¢m elevation
during the voided secondary refill phase of 14.3% FWLB experiment S-FS-7 (10,000 to 20,000 s).
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Figure 107. Affected loop steam generator secondary convective heat transfer coefficients at the 404 cm elevation
during the voided secondary refill phase of 14 3% FWLB experiment S-FS-7 (10,000 to 20,000 ).
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Figure 108. Affected loop steam generator secondary convective heat transfer coefficients at the 556 cm elevation
during the voided secondary refill phase of 14.3% FWLB experiment S-FS-7 (10,000 to 20,000 s).
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Figure 109. Affected loop steam gene ator secondary convective heat transfer coefficients at the 709 cm zlevation
during the voided secondary refill phase of 14.3% FWLB experiment S-FS-7 (10,000 to 20,000 s).
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Figure 110. Affected loop steam generator tube bundle vapor-void fractions during the voided secondary refill phase
of 14.3% FWLB experiment S-FS-7 (10,000 to 20,000 s).

elevation. The voided secondary refill heat transfer
response was more characteristic of a rewet type of
mechanism for both test.

For both tests, the affected loop steam generator
secondary response to the voided secondary refill
operations can be envisioned as a gradually increas-
ing pool of two-phase mixture in the tube-bundle
region. The progression of the level for the re-
initiation of the local convective heat transfer is
identical to the progression of the two-phase mix-
ture level. The two-phase mixture level nrecedes the
measured interfacial liquid level, with the magni-
tude of the level difference dependent upon the
amount of voiding present in the two-phase mix-
ture. The greater the amount of voiding, the greater
the difference in the mixture and interfacial liquid
levels, as shown in Figure 111.

The measured local secondary convective heat
transfer coefficients for both tests exhibited the
same trend of decreasing local heat transfer coeffi-
cient with decreasing local vapor-void fraction.
This trend is directly the opposite of that predicted
by existing correlations “nd further supports the
conclusion that the existing correlations are not
sufficient for predicting tube bundle exterior con-
vective boiling heat transfer coefficients.
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For both tests, the primary system response to
the voided secondary refill operations is character-
ized as a very gradual cooldown and depressuriza-
tion. The major change in the primary response
during this phase of the tests was in the response to
re-initiation of the affected loop steam generator
primary-to-secondary heat transfer and the pri-
mary coolant pump restart,

The re-initiation of the affected loop steam genera-
tor primary energy removal in both tests initially
cooled the primary substantially as the affected loop
steam generator primary energy removal combined
with the unaffected loop steam generator primary
energy removal to cool the primary fluid. Following
termination of the unaffected loop steam generator
auxiliary feedwater injection, the affected loop steam
generator primary energy removal increased to the level
of the unaugmented core power (Figures 102 and 112).
The primary system then entered a phase of nearly
constant average fluid temperature with very gradual

Restarting the affected loop primary coolant
pump caused the hot leg temperatures to decrease,
while the cold leg temperatures increased for both
tests. The reduced unaffected loop hot leg tempera-
ture produced an increased primary subcooled
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margin, which aided in maintaining stable operat-
ing conditions. The voided secondary refill opera-
tions were very effective in maintaining stable
conditions in the system for both tests.

Relevance to Bottom Main
Feedwater Line Break Issues

One of the objectives behind performing these
bottom main feedwater line break experiments was
to provide data to assist the USNRC in addressing
the various concerns regarding these kinds of
events. The major concerns being: the peak pri-
mary system pressure; the relative effects, conserv-
atisms or applicability of several FSAR calculation
assumptions; and the effectiveness of EOP-
specified recovery procedures for recovering and
cooling down the plant. This section contains a dis-
cussion of these major concerns, taking into
account the results of these experiments. The impli-
cations of the experimental results relative to FSAR
assumption concerns ar2 discussed first. This is fol-
lowed by a discussion of the implications of the
experimental results relative to the peak primary
system pressure predicted for a full-scale PWR
plant. Finally, the implications that the experimen-
tal results provide regarding the effectiveness of the
EOP-specified recovery procedures for recovering
and cooling down the plant are discussed.

Final Safety Analysis Report Assumption Con-
servatisms. As discused in the Historical Back-
ground section, dire to the limited data base on
steam generator bottoir main feedwater line
breaks, a large number of assumptions and simpli-
fications are made when performing transien: cal-
culations for FSARs. Because the calculations
performed for the C-E System 80 FSAR oredicted
a peak primary system pressure in excess of 110%
of the system design pressure, questions were raised
regarding the degree of conservatism inherent in
the calculations. While the vendor considered the
calculations to be highly conservative, such a large
number of assumptions and <implifications were
utilized that the degree of conservatism inherent in
the calculations was unknown. The intent of this
subsection is to provide some insight into the
effects of the major assumptions and simplifica-
tions utilized for the FSAR calculations on the
transient severity, based on the results of these bot-
tom main feedwater line break experiments. In this
manner, the degree of conservatisin inherent in the
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FSAR calculations may be partially addressed.
However, the final determination of the degree of
conservatism inherent in the FSAR calculations
will require comparisons of the FSAR-calculated
parameters to best-estimate parameters calculated
using a code that has been assessed and verified
against these experimental results. The assump-
tions and simplifications addressed in this report
are limited to: the assumed degradation in heat
transfer with the reduction in liquid inventory;
assumed break flow state; assumed main steam line
check valve failure; assumed loss of offsite power at
SCRAM; and response of the secondary liquid
level differential pressure measurements and their
utilization for reactor trip signals. For these discus-
sions, assumptions which maximize the primary
pressurization but do not emulate the actual
response exhibited by the experimental data are
considered to be conservative.

The assumption made for the C-E System 80
FSAR Appendix 15B bottom main feedwater line
break calculations regarding the reduction of heat
transfer with liquid inventory (i.e., 100% heat
transfer until the liquid inventory is depleted fol-
lovw.ed by a step change reduction in the heat trans-
fer to 0%) is not conservative for the Semiscale
Type 111 steam generator. The assumed heat trans-
fer degradation actually closely emulates the mea-
sured secondary convective heat transfer response
to he loss of liquid inventory. The measured sec-
ondary convective heat transfer coefficients actu-
ally increase with increasing void fraction until the
void fraction reaches 1.0. Then, they rapidly
decrease to zero. Thus, the primary-to-secondary
heat transfer remains high until the tube-burdie
region is devoid of liquid. The heat transfer param-
eters in the Type 111 steam generator were measured
for heat fluxes, mass fluxes, secondary fluid condi-
tions, pressures, and temperature profilss typical of
a full-scale inverted U-tube steam generatar
(including the C-E >ystem 80 steam generator).
Therefore, the measured heat transfer phenomena
are representative of the phenomena that occur in
the full-scale steam generator.

The strong dependency of the secondary convective
heat transfer on the tube bundle liquid inventory
emphasizes the need to accurately predict the second-
ary fluid hydraulic response to the bottom main feed-
water line break. Preservation of the secondary fluid
hydraulic response in the Semiscale Type 111 steam gen-
erator was provided by designing the steam generator
components to: preserve the full-power operating con-
dition char~cteristics (circulation ratio, fluid velocities,
fluid densities, fluid temperatures, fluid pressures);



and, produce the same relative frictional pressure drop
(percentage of the total flow circuit frictional pressure
drop) that occurs in the corresponding component in
the full-scale steam generator. The measured full-
power operating conditions for the Type 111 steam gen-
erator (see Appendix C) are representative of those for
a C-E System 80 steam generator. It is believed that the
component relative pressure drops are representative of
those for the C-E System 80 steam generator. However,
a lack of information from C-E has precluded deter-
mining the accuracy of the simulation. One notable
difference between the Semiscale Type 11l and the C-E
System 80 steam generators is in the lower tube-bundle
section. The C-E System 80 steam generator has a
plate installed that separates the cold side tube-bundle
region from the hot side tube-bundle region for
approximately the bottom one-third of the tube bundle
height. This is not simulated in the Semiscale Type 111
steam generator. The effects of this difference are not
known at this time but are believed to be minimal. Ulti-
mately, accurate modeling of the C-E Systeza 80 steam
generator secondary fluid system components, accu-
rate calculation of the break flow, and accurate calcu-
lation of the secondary convective heat transfer
coefficient transient response (based on the Type 111
steam generator data) will provide quantification of the
effects of any differences. While questions exist with
regard to the accuracy of the simulation of the second-
ary fluid hydraulic response, the transient secondary
fluid hydraulic response for the Type 111 steam genera-
tor was sufficiently representative to preserve the sec
ondary convective heat transfer phenomena and
provide data to allow determination of the best estimate
heat transfer response to a bottom main feedwater line
break accident. The measured heat transfer parameters
are applicable to the full-scale steam generator.

The assumptions made for the C-E System 80
FSAR Appendix 15B bottom main feedwater line
break calculations regarding the break flow state
(i.e., that saturated liquid was discharged until no
liquid remained at which time saturated steam was
discharged), and the break flow modeling (i.e.,
frictionless critical flow was calculated using the
Henry-Fauske correlation“) severely distorted the
effects of the break size on the transient response.
The combined effect of chese assumptions pro-
duced calculated break flows and timings of events
for the 14.3% break case calculation, which more
closely emulate the 100% break size experimental
results. This is because the measured break flow did
not consist of only saturated liquid and saturated
steam flow, but exhibited a transition through the
full range of conditions (i.e., subcooled liquid, to
saturated liquid, to two-phase fluid, to saturated

steam), and the magnitude of the measured break
flow was significantly smaller than that predicted
by the frictionless critical flow Henry-Fauske corre-
lation (a combination known to significantly over-
predict the magnitude of critical flows). The break
flow assumptions preclude accurate simulation of
the secondary component fluid hydraulic responses
because they control the draining of the secondary.
They also distorted the results of the break size sen-
sitivity analysis performed for the FSAR because
the secondary responses calculated for the 14.3%
break size case are actually more representative of
that expected for a 100% break. Thus, the FSAR
assumptions regarding break flow severely dis-
torted the effect of the break size on the system
response. Such assumptions provide no real benefit
to the FSAR analysis and would preclude accurate
best-estimate calculations.

The failed affected steam generator main steam
line check valve assumption utilized for the C-E
System 80 FSAR Appendix 15B bottom main feed-
water line break calculations was not a conservative
assumption based on the results of the Semiscale
Mod-2C experiments. The intersecondary com-
munication that occurs, due to the failure, pro-
duces increased steam flow from the unaffected
steam generator, which increases or maintains its
primary energy removal, thereby reducing the
effect of losing the affected loop steam generator
heat sink. While the substantial loss of secondary
fluid inventory from the unaffected steam genera-
tor is of concern, the time required for this to occur
is prohibitive (a fact that is not evident in the C-E
FSAR calculations due to the accelerated timing of
events caused by the break flow modeling), and
operator identification and intervention is expected
to occur before the inventory loss would be suffi-
cient to significantly effect the energy removal
capability of the steam generator. The assumed
main steam line check valve failure is, therefore,
not considered to be conservative based on the
results of the Semiscale Mod-2C experimental
results.

The C-E System 80 FSAR Appendix 15B bottom
main feedwater line break calculation assumption
regarding the loss of offsite power at SCRAM is con-
servative based on the results of the Semiscale Mod-2C
experiments. The loss of off<ite power caused loop
flow reductions, which reduced the cooling of the pri-
mary fluid system by the unaffected loop steam genera-
tor following SCRAM. This left the primary fluid
system at a higher energy state following SCRAM,
which in turn provided more restrictive conditions
from which plant recovery had to be initiated.



Additionally, the continued loss of offsite power pro-
vided limiting conditions and capabilities for recover-
ing the plant. From this point of view, the loss of
offsite power assumption can be considered to be con-
servative,

The expected responses of the secondary liquid
level differential pressure measurements during a
bottom main feedwater line break accident vary
depending on the downcomer fluid hydraulic
response and the differential pressure measurement
tap connection orientation. With the positive side
of the differential pressure transducer connected to
the higher elevation tap, the frictional pressure
drop due to downflow through the downcomer pro-
duces indicated liquid levels that are lower than the
actual level. Thus, during the transient as the
downcomer liquid inventory is depleted, if the
downcomer flow remains at its steady-state value or
increases, then the indicated liquid level then will
decrease at a rate consistent with or greater than the
liquid inventory depletion rate. This kind of
response would produce either best-estimate, or
nonconservative, results with regard to generating
reactor trip signals. If, however, the differential
pressure transducer is connected in the opposite
manner (i.e., the negative side connected to the
higher elevation tap), the frictional pressure drop
due to downflow through the downcomer then pro-
duces an indicated liquid level that is higher than
the actual liquid level. For this case, as the down-
comer liquid inventory is depleted d.ring the tran-
sient, if the downcomer flow remains at its steady
state-value or increases, the indicated liquid level
then will decrease at a rate consistent with or less
than the liquid inventory depietion rate. This kind
of response would produce either besi-estimate, or
conservative, results with regard to generating reac-
tor trip signals. For this discussion, conservative
means relative to the expected best-estimate
responses, However, from the standpoint of the
overall transient severity, the most conservative
assumption with regard to reactor trip generating
signals continues to be the high pressurizer pressure
trip SCRAM set point. The configurational and
fluid hydraulic dependencies of the downcomer lig-
uid level measurements makes them suspect for
conservative assumption candidates but it is con-
ceivable that they would produce earlier system
SCRAM initiation and thus be nonconservative.

Maximum Primary Pressure. The major con-
cern with regard to a bottom main feedwater line
break accident ina C-E System 80 plant is the max-
imum primary pressure resulting from the loss of
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one-half of the plants heat sink combined with the
relatively large pressurizer surge line hydraulic
resistance. While direct extrapolation of the Semi-
scale Mod-2C resnlts to those expected for a
C-E System 80 plant is not adequate to fully
answer this concern, the Semiscale results can be
utilized to provide some indication of the actual
pressures that might be expected.

A simple lumped-parameter analysis was per-
formed that modeled the primary fluid system,
excluding the pressurizer, as one volume with the
pressurizer surge line hydraulic resistance restrict-
ing the flow into a second volume that modeled the
pressurizer. By modeling: the primary fluid system
as one volume initially at the energy state associ-
ated with the initial condition average fluid proper-
ties; the pressurizer as another volume initially at
the specified initial conditions; and using the nor-
malized primary energy balance from the experi-
ments (adjusted to account for the fact that the
Semiscale Type 111 steam generator represents only
one-half of the relative heat sink of a C-E steam
generator), with the C-E initial condition power to
perform an integrated primary energy addition and
mass transfer analysis, peak primary pressures were
estimated for the C-E System 80 plant for the three
d “ferert break size cases.

The estimated peak primary pressures (Table 1)
represent pressures near, but not quite 2t, 110% of
the design pressure limit. Additional consideration
must be given to the scaling distortions in Semiscale
associated with metal mass effects,!9-32 and the
possible differences in the secondary fluid hydrau-
lic responses associated with possible stvam genera-
tor design differences. However, the relative
proximity to the 110% design pressure limit shows
the need to perform best-estimate calculations with
a thermal-hydraulic computer code, which has
been assessed against and verified for the resulis of
these experiments.

Emergency Operating Procedures. The ~.ajor
concern with regard to system recovery from a bottom
main feedwater line break accident is the effectiveness
of the recovery operations specified in the plant Emer-
gency Operating Procedures in recovering and main-
taining control of the plant. Due to inherent scaling
distortions (such as atypical metal mass to volume
ratios, heat loss/heat loss mitigation, and timing dis-
tortions) (References 19, 32), and facility limitations,
the results of these experiments are not a precise repli-
cation of full-scale PWR response. However, the exper-
iments provided thermal-hydraulic behavior
sufficiently representative of full-scale PWR behavior



Table 1. Peak
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of Semiscale MOD-2C data
Bottom Main Feedwater Peak Predicted C-E
Line Break Size System 80 Pressure Peak Predicted Pressure
(%) (M7a) (percent of design pressure)
100 18.07 108
50 18.23 106
14.3 18.26 106

to preserve important phenomena and allow quantifi-
cation of the effectiveness of the EOP-specified opera-
tions in recovering the system from a bottom main
feedwater line break accident.

The automatic actions performed by the plant safety
systems (i.e., SCRAM, SI initiation, and MSIV clo-
sure) were effective in mitigating the consequences of
the bottom main feedwater line break accident. The
automatic actions left the Semiscale Mod-2C system in
a quasi-stable condition, which aided in the stabiliza-
tion and recovery of the system.

The stabilization operations performed following
operator identification of the transient (i.e., SI termi-
nation, pressurizer internal heater ¢perations, normal
charging/letdown operations, and unaffected loop
steam generator steam and feed operations) were effec-
tive in stabilizing the system at conditions that would
permit a natural circulation cooldown and depressuni-
zation to begin, While it was not necessary to steam the
unaffected loop steam generator to achieve stable oper-
ating conditions, based on the success of steaming
operations in later phases of the tests, such an opera-
tion would not be expected to create any difficulties for
the operators. The limiting factor in achieving stable
conditions was the recovery of the unaffected loop
steam generator secondary liquid inventory 10 a level
that would ensure adequate cooling capability and level
control during the natural circulation cooldown.

“he primary fluid system natural circulation
cooldown and depressurization operations performed
following system stabilization in test S-FS-6 (i.e., pres-
surizer auxiliary spray operations, pressurizer internal
heater operations, normal charging/letdown opera-
tions, and unaffected loop steam generator steam and
feed operations with stairstep reductions in the second-
ary pressure) were very effective in cooling down and
depressurizing the primary fluid system in a controlled
manner.
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For a normal natural circu's**5n cooldown and
depressurization, the EOPs -prify an operating
boundary for the primary f1....% <,stem pressure as a
function of time into the transient, which is based
on the vessel upper head heat loss. This is designed
to avoid the system pressure reaching the saturation
pressure associated with the upper head metal tem-
perature by matching the depressurization rate to
the upper head metal cooling rate; the intent being
to avoid the formation of a vessel unper head void.
During the initial phase of the cooldown and
depressurization, the systen. pressure was main-
tained above the specified minimum for that point
in time in a normal cooldown. No upper head void-
ing was observed to occur during this phase of the
cooldown,

The second phase of the natural cirvulation
cooldown and depressurization involved depressur-
izing the primary fluid system at a rate that pro-
vided a minimum unaffected loop hot leg fluid
subcnoled margin of 11.1 K, as specified in the
EOPs for a rapid natural circulation cooldown and
depressurization. This phase of the cooldown pro-
ceeded with continued control of the recovery, but
with the vessel upper head fluid subyooled margin
constantly decreasing. The subcooled margin even-
tually reached =2 K with no upper head voiding
indicated after 600 s at that point. At this point, in
the interest of time, a deviation from the rapid nat-
ural circulation cooldown and depressurization
EOP-specif.2d operations was taken. The system
was purposely depressurized to force the formation
of a void in the vessel upper head. However, had "~
rapid natural circulation cooldown and depressuri-
zation EOP-specified operations been continued, it
is very likaly that eventual upper head voiding
would have occurred.

Subsequent operations were performed to force
vessel upper head void formations and collapse the



voids using two different methods of upper head
void collapse. The first upper head void was col-
lapsed using the fili and drain method of vessel
upper head void collapse, as outlined in the EOPs.
The second upper head void was coliapsed using
the pump restart method of vessel upper head void
collapse, also as outlined in the EOPs. Both meth-
ods proved effective in collapsing the vessel upper
head void; however, an important observation was
made with regard to determining final upper head
void collapse. For both methods, the pressurizer
liquid level started to increase before the upper
head void was completely collapsed. This shows the
importance of monitoring the rate of the pressur-
izer liquid level increase to ensure that it matches
that expected for the normal charging flow rate as a
means of determining final upper head void col-
lapse. The major differences noted for the two
methods of upper head void collapse were in the
rate of the void collapse and the amoun! of cooling
provided for the upper head fluid and metal The
Jill and drain method resulted in a more rapid col-
lapse of the vessel upper head void. However, the
pump restart method resulted in more cooling of
the vessel upper head fluid and metal. Thus, a
recurrence of the vessel upper head voiding would
happen more readi'y following the fill and drain
void collapse than following the pum.p restart void
collapse. It is, therefore, conceivable that the
cooldown and depressurizaiion could ¢ontinue at a
more rapid rate using the pump restart method of
upper head void collapse.

The voided secondary refill operations performed
following the stabilization phases of tests S-FS-7 and
S-FS-11 verified the eftectiveness of the operations for
maintaining stable conditions while recovering the
inventory in a voided steam generator. Refilling the
voided secondary provides a significant source of pri-
mary energy removal, ensures an adequate cooling
source for the primary, and prod<es 1'0 major chal-
lenges to maintaining stable system conditions.

The EOP-specified operations were very effective
in maintaining control of the Semiscale 'od-2C
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system during these experiments. Scale effects
(atypical metal mass to fluid volume ratio, and heat
loss/heat loss mitigation) had little effect on the
SYSt2m response.

The atypically large metal mass to fluid volume
ratio had little effect because the system stabilized
at temperatures very close to the initial condition
temperatures, and during the course of the tran-
sient, the change in system temperatures was very
gradual. If anything, the atypically large metal
mass provided an additional energy source that
slowed the system cooldown and depressurization,
providing conservative system recovery responses.

The heat loss/heat loss mitigation had little
effect because most of the primary fiuid system
remained subcooled for the largest portion of the
transients (the vesse' upper head and the pressur-
izer were the only components that saturated),
making the external heaters very effective in miti-
gating the heat loss. The largest heat loss effect was
observed in the pressurizer surge line where the
pressurizer insurge fluid was cooled due to the heat
i2ss. This greater subcooling of the pressurizer
surge line liquid provided greater cooling of the
pressurizer fluid foliowing each normal charging
driven insurge. The net result was a slight increase
in the rate of the primary depressurization during
the recovery operations. This would tend to make
the system resporse slightly nonconservative rela-
tive to a full-scale PWR plant,

The metal mass and heat loss scale effects on the
svsiem response were minimal. In addition, the
effects offset each other such that the overall sys-
tem response should be a reasonable indicator of
the general response expected for a full-scale PWR
plant. In any case, the atypically large metal mass
to fluid volume ratio and the system heat loss/heat
loss mitigation have been well characterized and
can be modeled. Hence, the data is useful for the
thermal-hydreulic code verification required before
utilizing the code to predict full-scale PWR plant
response.



CONCLUSIONS

The following conclusions have been drawn
based on analyses of the experimental data from
the Semiscale Mod-2C Feedwater and Steam Line
Break Experiment (S-FS) series feedwater line
break experiments:

A simplistic, lumped-parameter extrapola-
tion of Semiscale Mod-2C experimental
results to those expected for a C-E
System 80 plant indicates substantial pres-
surization of the C-E System for all three
break sizes. While the predicted pressures
do not exceed 110% of the system design
pressure, their relative proximity to the
110% pressure limit provides substantial
evidence in support of the need to perform
best-estimate calculations with a code veri-
fied against this exp:rimental data.

The C-E FSAR assumption of 100% heat
transfer until the liquid inventory is
depleted followed by a step change reduc-
tion in the heat transfer to 0% is not con-
servative, The assumption actually
etnulates the convective heat transfer that
occurs in the tube-bundle region. The local
secondary convective heat transfer coeffi-
cients increase with increasing local voia
fraction until liquid deficiencies occur, at
»hich point the local heat transfer coeffi-
cients degrade instantaneously to zero.
Accurate besr-estimate calculations of the
primary-to-secondary heat transfer tran-
sient response for these kinds of accidents
will require improvements in the boiling
heat transfer correlations used in current
thermal-hydraulic computer codes. The
measured local secondary convective heat
transfer coefficients show a trend in the
dependzncy on the local vapor-void frac-
tion, which is exactly the opposite of the
trend predicted by the Chen boiling heat
transfer correlation used in current
thermal-hydraulic computer codes.

The bottom main feedwater line break
experimental results were essentially insen-
sitive to the break size. The affected loop
steam generator secondary fluid hydraulic
response showed a slight sensitivity to
break size, which had a limited effect on
the heat transfer degradation versus total
secondary mass characteristics. However,

the peak primary pressures that occurred
were essentially the same for all three
break sizcs. The mass loss from the unaf-
fected loop steam generator secondary,
past the failed main steam line check valve
te the atfected loop steamn generator sec-
ondary, increases as the break size
decreases, as expected.

Excellent comparison between the results
for the two 100% break experiments
(S-FS-6 and S-FS-6B) prove the validity
and repeatability cf the results,

The automatic actions (SCRAM, Sl initia-
tion, and MSIV closure) performed by the
safety systems were effective in mitigating
the consequences of the bottom main feed-
water line break accident in the Semiscale
experiments. The actions left the system in
a quasi-stable conditicn, which minimized
the amount of operator intervention
required to stabilize the plant.

The EOP-specified stabilization operations
(affected loop steam generator auxiliary feed-
water injection and S| termination, pressur-
izer internal heater operation, normal
charging/letdown operation, and unaffected
loop steam generator steam and feed opera-
tion) were effective in stabilizing the Semiscale
Mod-2C system at conditions that permit ini-
tiation of a natural circulation cooldown and
&7 ssunizavion,

‘he eOP-gpecified normal natural circula-
uon ¢vidoean and depressurization oper-
ations (pressurizer auxil'ary spray
operation, pressurizer internal heater
operation, normal charging/letdown
operation, and unaffected loop steam gen-
erator steam and feed operation with stair-
step secondary pressure reductions) were
effective in maintaiuing a controlled
cooldown and depressurization of the
Semiscale Mod-2C system. No vessel
upper head voiding occurred while the sys-
tem pressure was maintained within the
pressure versus time envelope specified in
the EOPs.

The EOP-specified rapid natural circulation
cooldown and depressurization operations
(the same operations as for the normal
cooldown, but without the pressure versus
time envelope restriction) were effective in
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maintaining a rapid controlled cooldown and
depressurization of the Semiscale Mod-2C
system. Due to time restraints, vessel upper
head voiding was forced to occur in Semiscale
before it had occurred during the natural
course of the rapid cooldown. However, the
trend of constantly decreasing vessel upper
head fluid subcooled margin indicates that
upper head voiding would have occurred
eventually.

The fill and drain {(normal charging and
pressurizer internal heater operations) and
pump restart (primary coolant pump
restart operations) methods of vessel
upper head void collapse were both effec-
tive in collapsing the upper head void. The
results for both methods show that the rate
of the pressurizer liquid level increase
should be used as an indication of final
vessel upper head void collapse; not just
the fact that the level is increasing. The fill
and drain method collapsed the upper
head void faster. However, the pump
restart method provided more cooling of
the upper head fluid and me.al, leaving the
system in a condition that would permit
greater primary depressurization before
upper head voiding would reoccur,

. Refilling the affected loop steam generator

secondary with auxiliary feedwater proved to
be a very effective method of providing
increased primary energy removal while
maintaining stable system conditions. The
measured response exhibits significant heat
transfer with minimal mass. The effect of the
different auxiliary feedwater injection rates
on the overall response was minimal and lim-
ited primarily to extending the time required
to refill the secondary.

. The measured local secondary convective

heat transfer coefficients for both voided
secondary refills exhibited the same basic
trends with regard to the local vapor-void
fraction as was observed during the heat
transfer degradation phase of the experi-
ments. The local heat transfer coefficients
exhibited a step change increase from zero
to a maximum when the secondary mixture
level (the two-phase level determined from
the densitometers) reached the elevation of
the local measurements, providing liquid
for cooling. The heat transfer coefficients
then decreased as the local vapor-void
fraction decreased. Here again, the mea-
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sured irend is exactly the opposite of that
predicted by existing boiling heat transfer
corielations. The lower auxiliary feed-
waier injection rate at the lower core power
levels produced smaller secondary convec-
tive heat transfer coefficient magnitudes.
The voided secondary refill data is repre-
sentative of the phenomena occurring in
an either partially of fully voided second-
ary undergoing refill with auxiliary feed-
water. The data is, therefore, useful for a
number of possible transient conditions
wherein a secondary is voided and refilled
with auxiliary feedwater, such as a loss of
feedwater transient or the unaffected loop
steam generator refill following MSIV clo-
sure during these experiments.

The assumed heat transfer degradation for
the C-E FSAR calculations is not conserv-
ative. Therefore, best-estimate calculations
should be performed with the measured
heat transfer phenomena appropriately
incorporated into the code. The strong
dependency of the secondary convective
heat transfer on the tube bundle ncuid
inventory also emphasizes the need tu
accurately predict the secondary fluid
hydraulic response to the bottom main
feedwater line break.

The break flow assumptions (i.e., saturated
liquid discharge until no liquid remains, and
frictionless critical flow as calculated using
the Henry-Fauske correlation) severely dis-
torted the effects of the break size on the tran-
sient response. They preclude accurate
simulation of the secondary component fluid
hydraulic responses because they control the
draining of the secondary. They also distorted
the results of the break size sensitivity analysis
performed for the FSAR because the second-
ary responses calculated for the 14,.3% break
size case are actually more representative of
that expected for a 100% break. These
assumptions provide no real benefit to the
FSAR analysis and would preclude accurate

. The failed affected steam generator main

steam line check valve assumption utilized
for the C-E FSAR calculations is not con-
servative. Further analysis without the
steam line check valve failure assumption
is warranted. The nonconservatism associ-
ated with the increased steam flow from
the unaffected loop steam generator more
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than offsets the conservatism associated
with the loss of unaffected loop steam gen-
erator secondary mass. The increased
steam flow increases or maintains the
unaffected loop steam generator primary
energy removal, thereby reducing the
effect of the loss of the affected loop heat
sink on the primary energy addition and
pressurization. While substantial loss of
the unaffected loop steam generator sec-
ondary fluid inventory is of concern, the
time required for this to occur is prohibi-
tive and operator intervention is expected
to occur before the inventory loss would be
sufficient to significantly effect the energy
removal capability of the steam generator.
The assumed loss of offsite power at
SCRAM utilized for the C-E FSAR calcu-
lations is conserv-tive. The resulting loop
flow reductions reduce the cnoling of the
primary fluid system by the uvnaffected
loop steam generator following SCRAM,
This leaves the system in a higher energy
state and provides more restrictive condi-
tions at plant recovery initiation. Also, the
continued loss of offsite power provides
limiting conditions and capabilities for
recovering the plant.

19.

Downcomer liquid level response dependen-
cies or. the measurement configuration and
the secondary fluid hydraulic response makes
them suspect for conservative assumption
trip-generating candidates. It is conceivable
that they would produce earlier system
SCRAM initiation and thus be nonconserva-
tive for FSAR calculations. However, with
appropriate consideration of the differential
pressure measurement configuration and
accurate modeling and calculation of the sec-
ondary fluid hydraulic responses, they could
prove 1o be the actual trip signal generamors
for best-estimate calculations.

The data obtained during these bottom
main feedwater line break experiments sat-
isfy the stated objectives for the experi-
ments. The data are of sufficient detail and
quality to allow verification of thermal-
hydraulic computer codes for bottem
main feedwater line break accident, system
stabilization, system cooldown and
depressurization, vessel upper head void
collapse, and voiled secondary refill cal-
culations. The analyses of the experiment
results has provided invaluable insight into
the phenomena and driving mechanisms
evidenced in the experiments and applica-
bie to full-scale PWR plants.
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Component flow area, volumes, lengths, and pres-
sure drops were sized to simulate a Westinghouse
Model $1 steam generator. Table A-1 contains both the
scaled and reference values for the more important per-
formance parameters and components of the Type 111
affected loop generator. The tube bundle contains two
7/8-in. OD Inconel inverted U-tubes with a tube thick-
ness of 0.065 in. to allow for more reliaole temperature
measurements than were possible with an 0.049 in.
tube wall. Design calculations indicate little difference
in either heat transfer or flooding characteristics for the
0.065 in. wall tube as opposed to the 0.049 in. tube
wall used in a Westinghouse Model 51 steam generator.
The ibes are configured with a square pitch similar to
a Mo | 51 steam generator and simulate a long and a
short tu ¢ in the prototype. Tube heights were selected
to maintz n symmetry with the unaffected loop steam
generator. A portion of the tube bundle secondary flow
area and volume is taken up by two instruments tubes,
However, filler tubes were not necessary to obtain the
correct secondary side liquid volume and velocity. Tube
bundle support baffle piates were sized to produce
approimately the correct frictional pressure drop.

The downcomer flow area and volume were sized
to obtain approximately the correct liquid volume
and velocity while producing approximately the
correct frictional pressure drop. Either top or bot-
tom feedwater injection, and break simulation, ¢can
be accommodated with the new downcomer
design.

The steam dome/separator, shown in Figure A4,
was designed to simulate the behavior of the corres-
ponding component in a Westinghouse Model 81
steam generator. Similar to the Westinghouse
Model 81 steam generator component, separation of
the liquid from the steam occurs in three stages. The
two-phase mixture exiting the riser section is deflected
into the steam dome wall where some of the bquid is
separated from the mixture, flows down the wall, and
is transferred to the downcomer through a connecting
une. The remaining mixture continues up through the
dome to the secondary separator with some gravity-
separated liquid falling back down to the bottom of the
dome and mixing with the liquid separated by the
deflector at the first stage (primary separator). The sec
ondary separator, or third stage of separation, accepts
the remaining two-phase mixture and imparts a cen-
tripetal motion upon it. The resulting separated biquid
then flows down through the connecting lines to the
downcomer. This final stage of separation produces
steam dome exit qualities of approximately 90%% for
full-power conditions.

Failure ol the che=k valve in the main steam line of
the affected loop steam genercior during a feerdwater

A7

line break event results in flow from the unaffected to
the affected loop steam generator before MSIV clo-
sure. To simulate this communication, a line was con-
nected to the unaffected and affected loop steam
generator main steam lines upstream of the nonnal
steam flow control valves. This connecting crossover
line provided scaled flow resistances, flow rates, and
flow restriction as well as flow measurement. Simula-
tinn of the MSIV closure was realized by closing a valve
in this line.

The bottom feedwater line break assembly for the
affected loop steam generatcr consisted of a break flow
nozzle and instrumentation to measure single-phase
and two-phase break mass flows as well as fluid den-
sity, pressure, and temperature. The break nozzle was
interchangeable to allow simulation of a wide range of
break sizes. Information on the nozzie geometry for
each test is contained in the EOS Appendixes (A-2,
A-3] and Reference A-1. The break assembly was phys-
ically located in a tee from the affected loop steam
generator lower downcomer horizontal section. To pro-
vide a history of mass exiting from the system, the
break flow was routed to a tank where it was collected
in a liquir' pool and measured. For steady-state opera-
tions, the bottom feedwater line was located upstream
of the by 1k assembly. Transient initiation was realized
via rapid (nominally 1 s) closure of the isclation valve
in the bottorn main feedwater line at the same time that
the valve in the line to the collecting tank was rapidly
(nominally i s) opened.

Letdown simulation in the Semiscale system con-
sisted of a valved line connected to the unaffected
loop cold Iv;. A flow control valve in the Semiscale
letdown simulation line provided a letdown flow
rate of 0.0 1081 kg/s for fluid conditions typical of
the cold ' g fluid at initial conditions.

'Tea loss makeup in the Semiscale systern was
awomplished by using external heaters distributed
fairly uniformly throughout the Semiscale system.
These heaters are controlled by six separate power sup-
plies including: vessel, hot legs, cold legs, unaffected
loop pump suction, affected loop pump suction, and'
pressurizer. The total power provided by these heaters is
about 41 kW (excluding the pressurizer). An addi-
tional 22 kW of heat loss makeup was provided by
augmenting core power throughout the core power
decay portion of the transient. Control of the heaters
was as follows: If the maximum allowable temperatire
(755 K) was reached on the inside surface of the pipe
insulation, external power (0 thal component was
reduced by half. If the temperature trip limat continued
to be exceeded, power to that component was termi-
nated. For the vessel upper head external heater bank,
the control provedure followed was for the operator to
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turn off the bank at the start of the countdown
(t-120 s). Then at 35 s into the transient, the operator
started an automatic umer, which cycled the bank on
for 3C s and off for 155 s. This produced approxi-
mately the scaled integrated energy loss due to upper
head heat loss. In addition, when the upper head liquid
level decreased to < 356 cm, the operator turned off
the bank until the level recovered to 2356 cm, at
which time the automatic on/off ¢ycling was re-
Pressurizer internal heater simulation in the
Semiscale system for these tests consisted of using
the system pressurizer warm-up heaters. These
heaters were controlled manually, supplying
6.99 kW to three of the six warm-up heater rods,
The internal heaters were operated in an on/off
mode to maintain primary system subcooling.

Measurement System

Configuration

The measurement system consists of primary
and secondary system measurement hardware and
the software utilized for measurement manipula-
tion and recording. The general hardware configu-
ration is discussed in the following text.
Description of the micasurements made for each
feedwater line break test in the series are given in
the Appendix for that test. A-2,A-3

Experiment instrumentation transducers include
thermocouples; resistance temperature detectors,
absolute and differential pressure cells; full-flow
turbine rotors, each with one or two extei nal mag-
netic or R.F. blade sensors to measure bi-
directional flow; full-flow drag screens, each with
one deflection sensor; inultiple beam densitometer
detectors witl. radioactive sources; and orifice
plates or nozzles with differential pressure cells (for
unidirectional flow of single-phase fluids).

The approximately 150 instruments along with
further detailed information regarding the particu-
lar configuration for each test of the series were

A-10

documented in the final instrumentation log sheet
(Reference A-1). Measurements were chosen to
provide information on fluid conditions at key
points throughout the primary, secondary, and sup-
port systems. A number of measurements were
included to provide redundancy so that instrument
failures were accommodated without compromis-
ing the test objectives. Included in the secondary
measurements category were special measurements
involving instrumentation development.

New measurement system capabilities were pro-
vided for the FS series to allow for more accurate
assessment of secondary transient phenomuena.
The changes included measurement of globai,
local, and component data for the new Type 111
affected loop steam generator and break flow mea-
surements expected to allow break effluent charac-
terization.

The measurements on the Type 111 affected loop
steam generator for the FS series provided thermal-
hydraulic data about the steam generator durnng
steady-state and transient conditions. The measured
data can be grouped into three categones: global, local,
and component data. The global data were used to
determine the overall mass and energy balances for the
affected loop steam: generator. Because performing
these mass and energy balance calculations requires
knowledge of the input, output, and storage terms for
the steam generator, the break flow measurement, (dis-
cussed later), can be considered as part of the global
data measurement category. The local data are utilized
1o determine local heat transfer coefficients and uid
conditions and as such include the local fluid and
material states (primary fluid, U-tube outside wall, sec-
ondary fluid temperature triplets and densities) as well
a loca' mass flow rates (secondary mass flow rates and
L-tube primary mass flow rates). Data on the mass
and energy transfer rates between, and the mass distni-
bution and fluid states within, components of the new
Type 111 affected loop steam generator, component
data, were used to analyze the interaction of the com-
ponents during secondary transients. Determination of
break flow conditions was provided by .wo-phase mass
flow measurements upstream of the break nozzie.
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Table A-2. Initial conditions for the ‘eedwater line break experiments in the S-FS test

series
Parameters S-FS-6 S-FS-6B S-FS-11 S-FS.7

Pressurizer pressure 14.94 MPa 15.01 MPa 15.03 MPa 14.98 MPa
Core powerd 218 MW 217 MW 218 MW 218 MW
Core AT 63K 69K 36.7 K 369K
Pressurizer liquid level, [collapsed 482 ¢cm 477 em 484 cm 488 cm
liquid level relative to zero reference
elevation (bottom of pressurizer))
Cold leg fluid loo; -to-loop 44K 19K 45K 42K
temperature difference (absolute)
Cold leg fluid temperature (nominal) 569 K 569 K 568 K 569 K
Primary flow rates (nominal)

Unaffected loop cold leg 9.6 L/s 9.5L/s 94 1/s 93L/ss

Affected loop cold leg 32L/s 32L/s 33L/s 321/
Initial bypass flow (% of total loop flow) 2 35% 2.40% 2.36 2.32%
Steam generator secondary pressures

Unaffected loop 6.29 MPa 6.28 MPa 6.27 MPa 6.23 MPa

Affected loop 6.26 MPa 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 288 kg
Affected loop steam generator 4.54 460 4.5 434
circulation ratio
Steam generator feedwater flow rates
(nominal)

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 \ 48] K 480 K
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Table A-2. (continued)

Paran " SGA S-FSA68 S0 S-FS
A
: {
! 1O K L3 | S I (N ' KE LY ke
A ffected ‘ bas 014 kg 's NOOY kg s O.00014 kg )4 kg

Table A-3. Timing of events for the blowdown phase of the S-FS series feedwater line
break experiments




to provide data on voided secondary refills at two loop steam generator secondary with auxil’. ry
different refill rates. The recovery procedures for feedwater while maintaining the stable conditions
Tests S-FS-7 and S-FS-11 consisted of: (a) stabiliz- attained carlier in the test. The specific require-
ing the plant as was done for Test S-FS-6, and ments for these recovery procedures were outlined
(b) isolating the break and refilling 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-
perature triplet normalization data taken before
100% bottom main feedwater line break
experiment S-FS-6 showed thet the data was not ade-
quate for obtaining norma.zed heat transfer data.
Because of the importance: of the local heat transfer
data 10 understanding ar.d utilizing of the bottom
main feedwater line break sperimental results, it was
deemed necessary 10 repes . the blowdown phase of
the 100% break experiment to obtain the local neat

ansfer data. Experiment S-FS-6B was, therefore,

B-§

performed as a repeat of the first 600 s of
experiment S-FS-6 in order to obtain the local heat
transfer data not obtained during experiment S-FS-6,
The initial conditions and sequence of events for
experiment S-FS-6B were the same as those for experi-
ment S-FS-6 (see Tables A-2 and A-3).

Comparisons of the results for ths two experi-
ments are presented in this appendix as a means of
assessing the appropriateness of intermingling the
iata from the two experiments and verifying the
repy -tability of results.



COMPARISON OF RESULTS

The excellent comparison of the results of experi-
ments S-FS-6 and S-FS-6B is readily evident in the
excellent agreement of the data in the included figures.
The secondary thermal-hydraulic responses
(Figures B-1 through B-14) and the primary thermal-
hydraulic responses (Figures B-15 through B-18) are
almost identical for the two experiments. The minor
differences observed in the data are due to the slight
difference in the initial conditions and the delayed initi-
ation (abouvt 200 s late) of the unaffected loop steam
generator auxiliary feedwater injection during experi-
ment S-FS-6B. The secondary and primary responses
exhibit identical phenomena throughout the entire
blowdown. The effect of the slight differences is most
apparent at the end of the blowdown phase and is min-
imal (within the measurement uncertainty in most
cases). The observed difference in the riser mass flow
rate is due to a problem with tne drag screen measure-
ment device for experiment S-FS-6B. The flow reversal
exhibited in the measured riser mass flow rate for
experiment S-FS-6 is the actual response for both tests
(as evidenced by the negative frictional pressure dron

across the orifice in the riser for both experiments).
The observed differences in the unatfected loop steam
energy removal response are due to the slight difference
in the initial mass and the delayed auxiliary feedwater
initiation for experiment S-FS-6B. The observed differ-
ence in the initial pressurizer and loop cold leg pressure
responses is due to the simulated pressurizer code
safety [safety relief valve (SRV)) cychng during experi-
ment S-FS-6B, but not during experiment S-FS-6. This
is due to the fact that the actual SRV opening set point
pressure was slightly higher than, but within the speci-
fied tolerance of, the desired set point for experiment
S-FS<6; and slightly lower than, but within the speci-
fied tolerance of, the desired set point for experiment
S-FS-6B. The other minor differences in the primary
system response are due primarily to the slight differ-
ence in the unaffected loop steam generator secondary
response. The experimental results show excellent com-
parison, verifying both the validity of intermingling the
data from the two experiments and the repeatability of
results.
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INTRODUCTION

Understanding and calculating the affected loop
steam generator secondary fluid system thermal-
hydraulic response ‘o a bottom main feedwater line
break requires consideration of the tube-bundle
region secondary fluid thermal-hydraulic response.

The transient thermal-hydraulic response may be
understood more clearly after considering the
thermal-hydraulic conditions that exist in the sec-
ondary fluid system at steady-state, full-power con-
ditions.



STEADY-STATE SECONDARY THERMALHYDRAULIC
CHARACTERISTICS

The basic steady-state, full-power secondary
fluid thermal-hydraulics consist of complex two-
phase natural circulation flow and forced convec-
tion heat transfer mechanisms. The secondary fluid
two-phase natural circulation is driven by liquid
head difference between the downcomer and the
tube bundle, the boiling in the tube-bundle region,
addition of subcooled liquid in the lower down-
comer, and extraction of steam in the steam dome,
The intercomponent flow consists of two-phase
flow in the tube-bundle region, with separated
steam exiting the steam dome and liquid being
recirculated down the downcomer. Subcooled lig-
uid is added in the lower downcomer to replace the
mass of steam removed in the steam dome. The
downcomer downflow (about 0.82 kg/s), tube
bundle upflow (about 1.09 kg/s), and steam and
feedwater flows (about 0.27 kg/s each), result in a
mass balance for all of the secondary components.
The secondary fluid thermal characteristics consist
of: feedwater entering the lower downcomer and
producing shightly subcooled liquid at the entrance
to the tube bundle; forced convection nucieate boil-
ing heat transfer in the tube-bundle region; two-
phase mixture exiting che tube bundle; and, vapor
generated in the tube-bundle region exiting the
steam generator as high quality steam. The energy
addition from the primary fluid system, removai of
feedwater subcooling (Figure C-1), boiling in the
tube bundle, and high quality steam flow out of the
secondary result in an energy balance for the sec-
ondary fluid system.

The local heat flux and secondary heat transfer
coefficients were determined from the measured
tube volumetric flow rate, primary fluid pressure
and temperature, tube outside wall temperature,
and secondary fluid temperature, For the case of
steady-state heat transfer, a simple energy balance
for the tube inner and outer surfaces results in two
equations and three unknowns. A correlation such
as Dittus-Boelter or Colburn can be used in con-
junction with the measured tube fluid properties
and flow rate to obtain the primary fluid convective
heat transfer coefficient. The two equations can
then be solved for the two remaining unknowns.
However, to allow for accurate calculations of tran-
sient heat transfer a calculation techmique that
includes energy storage terms was necessary. The
technique used®-! involves a one-dimensional

C-6

fini'e difference numerica! schen.e applicable to a
slab, cylinder or sphere,

The tube wall is modeled as a series of finite dif-
ference nodes with a finite volume surrounding
each node. The integral conservation of heat equa-
tion is applied to a general shaped one-dimensional
solid. Separate energy balances are performed for
the portion of the volume element to the left and
right of 2n interior node with: no volum etric heat
generation, the heat flux vector approximated by
Fourier’s law of heat conduction, and a backward
difference approximation used for time. The
energy balances are then combined to get the con-
servation of energy equation for the volume ele-
ment. The resulting conservation equation for the
interior volume element is then rearranged result-
ing in an equation wich the current values of three
nodal temperatures T, T and T, _ , unknown and
the associated current value of the thermal conduc
tivities and volumetric heat capacities between * ¢
nodes unknown. Modeling the wall with N no fes,
N-2 equations can be wri.ten for the interior .odes
with, neglecting for now the temperature depen-
dency of the thermal conductivities and volumetric
heat capacities, N-1 unknowns (the temperature at
node N is measured). For the left hand boundary at
node 1, an energy balance for the volume element
to the right of the node is again performed with the
conduction at the left boundary equated to the pri-
mary convective heat transfer. This produces a total
of N-1 equations and N unknowns. For the right
hand boundary at node N, an energy balance for
the volume element to the left of the node is per-
formed with the conduction at the right boundary
equated to the secondary convective heat transfer.
This yields N equations and N + | unknowns. Now,
using the Dittus-Boelter and Colburn correlations
to determine the primary convective heat transfer
coefficient will result in N equations with N
unknowns (T,, T,, ..., T ,, h,), where T,
through T is the current value of the temperature
at nodes | through N-1, and h_ is the secondary
convective heat transfer coefficient.

The solution technique involves using iteration on
the primary convective heat transfer coefficient and the
current thermal conductivities and volumetric heat
capacities, with Gaussian elimination solution of the
set of N equations. A simple steady-state energy bal-
ance technique is used to determine the value of the
unknowns for the first few steady-state data points,
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The thermal conductivity and volumetric heat capacity
current values are initially set to the value from the
previous time step. The primary convective heat trans-
fer coefficient is initially calculated using the Dittus-
Boelter correlation. The unknown temperatures and
h, are solved for using Gaussian elimination and the
inside wall and primary fluid temperatures are aver-
aged to determine a film temperature. The film tem-
perature is then used with the Colburn correlation to
determine a new primary convective heat transfer coef-
ficient, and a new inside wall temperature. The itera-
tion on h , continues until the calculated inside wall
teraperature is changing by less than 0.02 K (an order
of magnitude less than the differential temperature
measurement uncertainty). The program then calcu-
lated temperatures ‘0 determine new current thermal
nodal temperatures are then calculated with iteration
on h,. A new outside wall heat flux is then calculated
and compared to the old value. The procedure is
repeated until the calculated outside wall heat flux is
changing by less than one-tenth of one percent. The
calcula.ed temperatures, h.,, h.,, the inside and outside
wall heat fluxes and the current thermal conductivity

C.?

calculation for the next time step is initiated.

During steady-state, full-power operating condi-
tions, there is a dependency of local heat flux, sec-
ondary convective heat transfer coefficient, void
fraction, and flow quality on the location in the
tube bundle. The Semiscale Type 111 affected loop
steam generator accurately simulates the operating
conditions of inverted U-tube steam generators.
Therefore, the measured distributions are an
invaluable indicator of the accuracy of current ana-
Iytical methods of predicting local heat transfer
and fluid property conditions in an inverted U-tube
steam generator tube bundle at steady-state, full-
power operating conditions. The steady-state, full-
power local heat flux distributions are discussed
first. This is followed by a discussion of the steady-
state, full-power secondary convective heat transfer
coefficient distribution, along with the void frac-
tion, flow quality, and slip-ratio distributions.

The tube outside wall local heat flux was deter-
mined for each measurement location in the tube
bundle. The average steady-state, full-power local
heat flux was then obtained for each location by
averaging the data over the steady-state, full-power



operating time span. This procedure was per-
formed for all three sets of data (Experiments
S-FS-6B, S-FS-11, and S-FS-7). The average heat
fluxes were then plotted versus their location along
the tube (from inlet to outlet plenum) for both the
long and the short tube. As shown in Figure C-2,
the three sets of data are in excellent agreement.
Significant variation in the local heat flux with
location along the tube is apparent for both tubes.
Compartsons of the long and short tube heat flux
averaged distributions shows similar trends for
both tubes. The lower heat flux values observed for
the long tube are caused by less flow through the
long tube because of its greater hydraulic flow
resistance.

Some measure of the accuracy of the calculated heat
fluxes can be obtained by integrating the heat flux per
unit length of tube over the length of the tube
(Figure C-3). The sum of the long and short tube inte-
grated heat flux per unit length should equal the steam
generator steady-state full-power operating load. The
integrated heat flux per unit length for the long and
short tube was found to be 31 + 18 kW, The average
steam generator steady-state, full-power operating load
was £33 + 25 kW. Thus, the integrated local heat Nux
per unit length is in excellent agreement with the full-
power operating load.

The average steady-state, full-power local sec-
ondary heat transfer coefficients were obtained for
each measurement location, for each experiment,
in the same manner as the local heat Nuxes, The
average secondary heat transfer coefficients for
both tubes were then plotted versus their elevation
above the top of the tube sheet (Figures C-4 and
C-5). For the most part, the three sets of data are in
excellent agreement. Significant variation in the
local secondary heat transfer coefficient with both
elevation and U-tube outside wall-to-secondary
fluid temperature difference (Figures C-6 through
C-9) is apparent for both tubes. Comparisons of
the long and short tube hot and cold side secondary
heat transfer coefficient averaged distributions
show, with the exception of the long tube hot side
§56 ¢m elevation data point, similar trends for both
tubes. The reduction in the secondary heat transfer
coefficient at the long tube hot side 886 ¢cm eleva-
tion is due to the increased flow area (reduced mass
flux) at this elevation. While the reduced heat
transfer coefficient at the long tube hot side 856 ¢cm
elevation to be an anomoly, the repeatability of the
data supports its validity. Insight into the probable
cause of the local heat transfer coefficient redug-
tion may be gained from a consideration of the
local fluid hydraulic characteristics,

C-8

Some insight into the phenomena driving the
measured distributions can be obtained by observ-
ing the measured cross-sectional average void dis-
tribution. The average steady-state, full-power
cross-sectional average vapor-void fractions were
obtained for each density measurement location,
for each experiment, in the same manner as the
local heat fluxes. The average void fractions versus
their elevation above the top of the tube sheet were
plotted. As shown in Figure C-10, the three sets of
data are in excellent agreement. As expected, sig-
nificant variation in the vapor-void fraction with
elevation is apparent. The inflection point observed
at the 564 c¢m elevation is believed to be caused by a
flow regime transition occurring near the 564 ¢m
elevation.

Further insight into the phenomena driving the
measured distributions can be obtained by obsery-
ing the estimated and homogeneous flow quality
distributions. The estimated flow guality was
obtained at elevations corresponding to the void
measurement elevations by integrating the heat flux
per unit length of tube over the length of tube con-
tained between the elevations, and determining the
amount of steamn generation that would result from
the total amount of energy added to that portion of
the tube bundle. The homogeneous flow quality
was obtained from the measured void fraction. The
estimated and homogeneous flow qualities wese
then plotted versus their elevation above the top of
the tube sheet. Comparisons of the flow qualities
(Figure C-11) show reasonable agreement between
the estimated and the homogeneous flow gualities
up to the 5§86 cm measurement elevation. Above
the 556 cm elevation, the homogeneous flow qual-
ity deviates significantly from the estimated flow
quality. The observed differences in the flow quali-
ties indicates that the liquid and vapor velocities
differ throughout the majority of the tube bundle
with slip ratios as shown in Figure C-12. The onset
of boiling is calculated to occur at approximately
the 150 cm elevation. Below this elevation the slip
ratio is, by definition, 1.0. At higher elevations the
slip ratio shows a fairly constant trend up to the
§56 c¢m elevation. The reduction in the slip ratio at
this elevation is believed to be caused by flow per-
turbation or pc bly a transition to a new flow
regime. Above the $56 cm elevation the slip ratio
increases with increasing elevation up to the eleva-
tion of the top of the long tube. Above the top tube,
the flow conditions remain essentially constant.
The maximum slip ratio (approximately 1.6)
occurs at about the elevation of the top of the long
tube. This information should prove to be
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invaluable for analyzing analytical calculations of
this data.

The fluid hydraulic characteristics provide a
valuable clue to the possible cause of the reduced
local secondary convective heat transfer coefficient
for the long tube hot side at the $56 ¢m elevation.
The cross-sectional average void fraction, esti-
mated, and homogeneous flow quality, and shp
ratio distributions indicates that a flow perturba-
tion or possibly a flow regime transition occurs
near the $56 cm elevation. This may result in multi-
dimensional effects wherein the local flow at the
long tube hot side measurement station is signifi-
cantly decreased while the local flow at the short
tube hot side measurement station is not. Such a
condition would result in a reduced local secondary
convective heat transfer coefficient for the long
tube hot side measurement station, but not for the
short tube hot side measurement station.

The nature of the secondary convective heat
transfer coefficient profile indicates the exi'tence
of forced convection nucleate boiling as well as
forced convection vaporization heat transfer as dis-
cussed in References C-2and C-3. A brief compar-
ison was made of the measured secondary heat
transfer coefficient; at several elevations for the

long tube hot side to those predicted (for the mea-
sured conditions listed in Table C-1) by the
ThomC 4 forced convection nucleate boiling heat
transfer correlation, the Bennett< -2 forced conve-
tion vaporization heat transfer correlation and th-
ChenC-3 combined nucleate boiling/vaporization
forced convection heat transfer correlation cur-
rently used in thermal-hydraulic computer codes.
This comparison (Table C-2) points out that the
Thom and Chen correlations predict the wrong
trends ;o the heat transfer coefficient distribution.
The Semiscale Type 111 steam generator measured
local secondary convective heat transfer coefficient
dependency on the local vapor-void fraction
exhibits a trend that is exactly the opposite of that
predicted by the Thom and Chen boiling heat trans-
fer correlations. This is believed to be due to the
fact that these correlations were developed based
on data for flow inside a single heated tuby, not for
flow around interrally heated tube bundles Inside
of an externally licated tube, increasing vapor-void
fractions can result in the vapor blgnketing the tube
inside wall, limiting the area for liquid to wall con-
tact, and reducing the liquid cooling effect, thereby
reducing the convective heat transfer coefficient, as
predicted by the existing correlations. Outside of an
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Affected loop ..~ eencrator average fvll-power, steady-state tube-bundle region secondary fluid
estimated (based on 1.¢ estimated flow quality and the measured vapor-void fraction) slip ratio versus
elevation above the top of the tube sheet averaged for FWLB experiments S-FS-6B, S-FS-11, and
S-FS-7,
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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

Measured and correlation predicted secondary heat transfer coefficients for
the long tube hot side at several elevations
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Figure D-¢ Affected loop sieam generator secondary convective heat transfer coefficients at the 137 cm elevation
during the blowdown phase of 14 3% FWL B experiment $-FS-7 (-10 1o %0 s).
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Figure D-30. Affected and unaffected loop hot and cold leg and average primary fluid temperatures during the
stabilization phase of 50% FWLB experiment S-FS-11 (600 to 4100 s).
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Figure D-31. Aifected and unaffected loop normal charging mass flow rates during the stabilization phase of 50%
FWLB experiment S-FS.11 (600 to 4100 ).
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