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ABSTRACT

The BD/ECC Program is an experimentally based program jointly sponsored by the
Nuclear Regulatory Commission, the Electric Power Research Institute, and the

General Electric Company. The BD/ECC 1A Test Phase of this program involves investi-
gating the integral systems effects of emergency core coolant injection during a
hypothetical LOCA. Tests were conducted in a BWR system simulator, the Two-lLoop

Test Apparatus (TLTA), which features a full-size electrically heated bundle. Fluid
delivery systems were included to simulate emergency coolant injections.

Tests conducted under this program include large break (design basis accident),
small break, and core uncovery under slow loss-of-coolant (boil-off) transient.
Three separate topical reports are issued, one for each type of test. This topical
covers the large break results.
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SUMMARY )

The BWR system simulator, Two-Loop Test Apparatus (TLTA)}, has been used to
experimentally investigate the system thermal hydraulic and bund]e_heat transfer
responses over a wide range of simulated BWR LOCA conditions. The facility was
originally built in 1974 under the BWR Blowdown Heat Transfer Program in which early
system blowdown responses were extensively evaluated. During the ensuing years, the
facility was modified under the BWR Blowdown/Emergency Core Cooling (BD/ECC) Pro-

- gram. The modifications were made to accomhodate changes in BWR fuel and system
designs and for investigations extending into the emergency core cooling (ECC) injec-
. tion period of a BWR LOCA {with an 8x8 bundle). An earlier phase of this BD/ECC
Program, 8x8 BDHT, has been reported previously.

The objectives of the test phase herein reported were to obtain a physical under-
standing of the BWR system thermal hydraulic and bundle heat transfer responses
during a LOCA simulation, and to provide a‘data base for evaluating the modals and
“assumptions used. in BWR analyses. To meet these objectives, 14 tests were conducted
under this test phase: 11 tests simulated a large break (DBA) LOCA; two tests
simulated a small break LOCA; and one test series simulated low-flow, core uncovery
heat transfer. The latter two test series were reported separately. The signifi-
cant findings from the large break test series are:

0 The phenomenon of counter-current flow limitation at the bundle inlet was
found to play an important part in removing energy from the bundle.

/ Early in the transient, the bundle inventory was prevented from draining
completely by the counter-current flow limiting condition at the bundle
inlet. Because of this inventory retention, the stored energy in the
rods was almost completely removed before the bundle dried out. A few rods
entering into film boiling were quickly rewetted by inventory redistri-
bution following lower plenum bulk flashing. Later in the transient, the
CCFL. condition at the bundle inlet contributed to early bundle reflood.

L The subcooled ECC injection was sufficient to condense all the steam
generated in the core region and led to CCFL breakdown at the top of the
core. Consequently, the bundle was reflooded rapidly, the system
refilled, and the upper plenum emptied.

) The bundle heated to a maximum temperature that was quite low: less than
700°F (310°C) for an average power bundle and less than 1000°F (538°C)
for a peak power bundle. receiving nominal rates of ECC injection. These



Tow temperatures are attributable to: (a) dry-out delay caused by
bundle inlet CCFL; (b) rod rewets and enhanced cooling caused by core
spray, and (c) early bundle reflood, which was promoted by the CCFL
condition at the bundle inlet.

Vi
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Section 1

INTRODUCTION

1.1 BACKGROUND

The BWR Blowdown/Emergency Core Cooling (BD/ECC) Program is an experimentally based
program to investigate the integral system response under hypothetical loss-of-
coolant accident conditions. This program is part of a continuing effort for
improving and advancing safety technology. It is sponsored by the Nuclear Regula-
tory Commission (NRC), the Electric Power Research Institute {(EPRI), and the
General Electric Company (GE). i

The BD/ECC program can be considered an extension of the BWR BloWdown Heat Transfer
(BDHT) Program (1) which was completed in late 1975. The BD/ECC program is divided
into several test phases (Table 1-1) which are designed to investigate different
portions or variations of the BWR LOCA responses. A building block approach to
evaluate the effects of various ECC systems, opérating independently and in combi-
nation, was adopted.

The first test phase of the BD/ECC Program, 8x8 BDHT, has been complieted and
reported (2). The BD/ECC 1A Test Phase is the subject of this current report. A
comprehensive summary of tests conducted and results obtained from the two pro-
grams is shown in Table 1-2.

The tests were conducted in the BWR system simulator, the Two-Loop Test Apparatus
(TLTA), located in San Jose, California (GE). Main features of this system simu-
lator include a full-size, electrically heated bundle and coolant injection systems
to supply the emergency core cooling fluid. The TLTA was modified to meet the
overall objectives of each testing phase with the overall objective of maintaining
a real-time, thermal-hydraulic response. Each'modification is assignéd a different
designation, as evident from Table 1-2.
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Table 1-1

BD/ECCvORIGINAL PROGRAM TEST PHASES AND OBJECTIVES

Test Phase Test"Conditions and Objectives

1. 8x8 BDHT . - 8x8 test bund]e, no ECCS operation, stepw1se
scaling basis from BWR/4 to BWR/6. Investi-
gate BDHT system performance of scaled BWR/4

and BWR/6.
2. BD/ECC-TA ' - Investigate effectiveness of high-pressure
core spray (HPCS) and low-pressure core spray
- (LPCS). e T
3. BD/ECC-1B* ’ - Investigate reflooding phenomenon in ‘the

TLTA system.

4. BD/ECC-2* - Parametric variations at high c]add1ng
temperature, if required.

5. Non-jet pump plant BD/ECC* - Investigate the ECC interaction with the sys-
, tem during blowdown in a representative non-
jet pump test system configuration.

*NOTE: These test phases have been eliminated. The program has been ‘restruc-
tured, and the the test facility is being upgraded.

1.2 PROGRAM OBJECTIVES

The principal objective of the BD/ECC Program is to obtain and evaluate basic

BD/ECC data from test system configurations which have performance characteristics
similar to a BWR during a hypothetical LOCA. Other objectives include the deter-
mination of the degree of proficiency to which the current LOCA models describe the
observed phenomena and, where necessary, the development of improved physical inter-
pretation of the governing phenomena. Specific objectives of the program are
included in Appendix A, where an excerpt from the Contract Project Agreement is
presented. :

The objective of the BD/ECC 1A Test Phase was to obtain integral system thermal-
hydraulic responses and to evaluate the effect of ECC injection.  The period of the
LOCA transient of primary interesf'ranges from break initiation throbgh core spray
systems operation. whf1e the original test plan emphasized the large break,
hypothetical design basis accident, two tests were included to investigate the more
probable small pipe break transient. The execution of the planned small break (3)
tests was advanced in response to interest generated by the accident at TMI-2. 1In

1-2
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Table 1-2
CHRONOLOGICAL SUMMARY OF RESULTS FROM BDHT AND BD/ECC PROGRAMS
TLTA
Program Phase Configuration Objective Status Simulation Bases Results
7 x 7 BDHT TLTA-1 Baseline BWR Data Compteted 1975 - BWR/4 e Bundle heatup governed by uncovery
- BDHT only o PCT margin identified (~.1000°F)
- 7 x 7 full-size bundle - (540°C)
- Full bundle power (4.55 MW) o Improved phenomena understanding
8 x 8 BDHT TLTA-2 Bundle Variation Completed 1976 - BWR/4 ¢ PCT for 8 x 8 bundle - PCT for 7 x 7
- BDHT only o No new phenomena
- 8 x 8 full-size bundle
- Full bundle power (6.5 MW)
TLTA-3 BWR/4 and 6 Tie Back Completed 1977 - BHWR/6 e BWR/6 depressurization slower com-
: - BDHT only pared with BWR/4 as expected
- 8 x 8 full-size bundle
- Full bundle power
(5.05 & 6.5 MW)
TLTA-4 Baseline Data with Completed 1978 - BWR/6 o System depressurization slower with
No ECC - BDHT only ) improved jet pump simulation
- 8 x 8 full-size bundle (extended tail pipe).
- Full bundle power e CCFL at bundle inlet holds up inven-
(5.05 & 6.5 MW) tory in bundle, delays uncovery, and
- Upper tie plate mockup enhances heat transfer
BD/ECC-TA TLTA-5 Early (<100 sec.) Completed 1979 - BWR/6 ’ ® Syster depressurization slower with
ECC Interaction - ECCS injection, multiple {0 dnjection
failure o 208 effective’ in reducing PCT
- 8 x 8 full-size bundle o (IFL 2t pundle inlet delays heat-uo
- Full bundle power .
(2.6 to 6.5 MW)
- ECCS parameter variations
TLTA-5A BD/ECC Interaction Completed 1980 - BWR/6 ¢ ECCS effective in cooling bundle
with Improved Simu- : - ECCS injection, multiple e Max. PCT « 1000°F (540°C)
lation {Reflood & failure ¢ Bundle refloods early (before LP
Power): - 8 x 8 full-size bundle refills completely) because of
- Full bundle power CCFL at bundle inlet
(5.05 & 6.5 MW)
- ECCS parameters variation
TLTA-5B Small Break Scoping Completed 1980 - BWR/6 o ECCS effective in maintaining

Test

High-pressure ECC injection
on high drywell pressure

8 x 8 full-size bundle

Full bundle power after

7 sec.

level above core region. )
e No new phenomena
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Table 1-2 {Continued)
CHRONOLOGICAL SUMMARY OF RESULTS FROM BDHT AND BD/ECC PROGRAMS

TLTA
Program Phase Configuration Objective Status Simulation Bases Results
TLTA-5C Small Break Test Completed 1980 - BWR/6 multiple failure ® Bundle inventory maintained
Baseline Data - HPCS deactivated for by ECC fluid and CCFL at SEOQ
degraded test s No bundle heat-up
- ADS activated and delayed e System refilled
120 sec.
- LPCS plus-2/3 LPCI
- 8 x 8 full-size bundle
TLTA-5A Bundle Uncovery, Completed 1980 - BWR/6 ¢ Heat transfer rates well predicted
Boil-0ff Separate - 8 x 8 full-size bundle by standard correlations (e.g.,
Effects - Decay heat bundle power Dittus-Boelter)
- Steady system pressure e Void distribution agrees well with
~ variation drift-flux model
' - Steady decay heat variation
4 K



addition, this test phase was expandeéd to include core uncovery (boil-off) tests (4)

under slow loss of inventory transients.

1.3 REPORT OBJECTIVE AND SCOPE
This report is written with these objectives in mind:
a. provide a comprehensive summary of the program,
b. describe the scena}io of system response in large break tests, and

c. provide an interpretation and evaluation of the obsérved phenomena.

This report is separated into two volumes. Volume [ contains the summary, discus-
sion, analyses, and conclusions. The BWR system simulator used for the tests is
briefly described. Test results are synthesized and presented in phenomenological
descriptions of scenarios. Effects of test parameters and effectiveness of ECC
injection are discussed. Further evaluation and analysis of data are included.
Utilization of results is put into perspective. Additional details and comprehen-
sive sets of data are provided in the Appendices. Volume II contains the data

reports.

Other reports from this program are listed in Appendix B.
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Section 2

FACILITY DESCRIPTION .

The BWR system simulator, Two-Loop Test Apparatus (TLTA), is described in detail in
the facility description report (5). Recapitulated below are key features and
significant compromises of TLTA. Also included are additions to and modifications
of the TLTA and an updated description of measurements and uncertainties.

2.1 TEST FACILITY DESCRIPTION

The BWR system simulator, TLTA, is shown in Figure 2-1. Configufations 5 and 5A.
(TLTAS 5 and 5A) were used for the BD/ECC 1A large break tests. Described below
are common features of Configurations 5 and 5A. Modifications made to TLTA 5 to
make it TLTA 5A are described in Subsection 2.2.

2.1.1 General Description

Salient features of TLTAS 5 and 5A are:
a. integral system;

b. full-size bundle,

C. full power,
d. typical BWR operating pressure and temperature, and
e. emergency core cooling systems.

The full-size e]ectrica]]y'heated bundle (which is capable of duplicating the
power output of a BWR fuel bundle from full initial power to the decay heat power)
is enclosed in a pressure vessel. Also contained inside the gesse] are such BWR
counterparts as guide tube, jet pumps, and steam separator, as shown in Figure 2-1.
Connected to the vessel outside are two recirculating loops, a feedwater system,
and a steam line with préssure regulation capability.

The configurations of the TLTA simulate the reference BWR system in all the méjor

regions. Figure 2-2 depicts the TLTA representation of the BWR regions. These
regions include the lower plenum, guide tube, core region (viz., the bundle and
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bypass region), upper plenum, sfeam separator, steam dome, annular downcomer,
recirculation loops, and ECC injection systems. The regional fluid volumes and
their relative distributions within the reference BWR system are simulated.

A]l'signfficant internal f]ow paths between adjacent regions are preserved. These
paths are identified in Figure 2-2; the flow areas are aiven in Table 2—1.. Key
elements along the flow paths are provided to ensure that the anticipated phenom-
enon is preserved.. In an effort to preserve the CCFL characteristics at the bundle
inlet and exit, for instance, a typical side entry orifice and a simulated upper tie
plate are used in TLTA. -The leakage paths, as will be discussed later, were
modified during the program to improve the simulation.

The external flow paths are also simulated to giVe close simulation to a BWR
system. These include the steam line flow, recirculation flow, feedwater flow,
break flow, and ECC flow. . The steam line contains a pressure regulator which
duplicates the function of a reactor pressure control system and the main steam
jsolation valve. The intact loop recirculation pump has coastdown characteristics
similar to the BWR counterpart. The broken loop recirculation lines are connected
to the two blowdown lines. Flow limiters are installed in the blowdown lines to
simulate and vary the break size. The ECC injection systems have flow character-
istics (6) similar to those of a BWR system. The feedwater system is not repre-

sentative, however.

2.1.2 Scaling Considerations and Compromises

The fundamental scaling consﬁderation in TLTA.is to achieve the real-time response
objective. Both Configurations 5 and 5A of TLTA were-scaled to a reference BWR/6 -
218 having 624 fuel bundles. Each bundle consists of 64 rods in an 8x8 array.

The ratio of TLTA to BWR bundles is 1/624. This same ratio is the basis for
scaling the regional volumes, masses, energies, and flow rates.’ /

. The TLTA was designed with the constraint of accommodating a full-size test bundle
and to achieve the fundamental objective of real-time fesponse. A number of com-
promises have been made in order to satisfy these scaling considerations and
geometric Timitations. The compromises on the regional volumes, as can be seen
from Table 2-2, are the larger steam space and the recirculation’'loops. The larger
steam space was found (5) to have a negligible effect on the system response. The
large recirculation Toop volume can be expected to retard the system depressuriza-
tion because the larger fluid mass will flash into vapor and interact with the

rest of the system.
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Table 2-1
FLOW AREAS AND CORRELATIONS FOR TLTA LARGE BREAK TESTS

Flow Location Flow Area Correlation*
(in) W(1bm/sec), AP(psi), p(1bm/ft3)
Bundle inlet orifice 4.638 W=2.48 [P x p]'/2
Bypass‘leakage ' 0.2732 W=0.119 [aP x p]l/zforward flow
W=0.113 [AP x p]]/zreverse flow

Guidetube leakage 0.0908 W= 0.0379 [oP x 0]V/2
Bypass.out1et ‘ 0.160
Bundle outlet (UTP) 11.3
Bundle ' 15.15
Bypass ' 15.83
Steam line orifice 3.237
Suction line break nozzle 0.4336
Drive line break orifice 0.0804 _
HPCS orifice 0.1307 W = 0.0645 [sP x p]'/?
LPCS orifice 0.1706 W= 0.069 [aP x 0]'/?
LPCL orifice 0.1225 W= 0.0515 [aP x p]'/2

*Note: Determined from single-phase water calibration data.
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Table 2-2

RELATIVE VOLUME DISTRIBUTIONS

\ Volumes (ft3)
“Ideal™ :
Region TLTAG TLTA 5 and 5A
Lower Plenum 2.97 _ 3.09
Core . : : , _ 1.38 : 1.38
Upper Plenum o ' 2.34 2.78
Separation Region A | 8.21 11.76
Downcomer | 2.88 2.88
Recirculation Loop No. 2 ' 0.48 2.09
Recirculation Loop No. 1 0.48 2.79 (0.53)P
Bypass : 1.05 _ 1.0i
Steam Dome 5.09° 5.29
Guide Tube Volume | 2.03 1.90
Fluid Volumes Governiﬁgﬁ
Key Events Timing
Volume of saturated liquid in the | 3.26 3.26
separation region :
Volume from jet pump support p]ate to 1.37 ‘ . 1.37
jet pump throat .
Volume of inventory in annulus ' 6.15 6.15
Volume of.subcoo1ed liquid 1nﬂénnu1us 2.89 2.89

%1deal TLTA Volumes = BWR/6 Volumes : 624.

TLTA-5A recirculation Toop volume after isolation valves c]bsed.
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Additional compromises included flow area to fluid volume ratio and the boundary
surface aree to volume ratio, the flow area being larger in the downcomer region
and the Tower plenum. This larger flow area renders the fluid velocity slower.
However, in both the BWR and TLTA the fluid velocities are typically very low. The
higher surface to volume ratio can lead to higher heat addition from the vessel

~stored energy to the fluid.

-In order to assure realistic recirculation flow coastdown pérformance for the early
portion of the blowdown transient, the jet pumps were linearly scaled to height and
diameter (5). The resultant TLTA jet pumps are much shorter than the BWR counter-
parts. However, the mass flux through these jet pumps was scaled to‘produce the
typical mass flux as in the BWR. Other fluid regions in the TLTA, typically in the
downcomer region, were correspondingly made shorter to produce a real-time response.
The size of the TLTA jet pumps and vessel relative to the reference BWR can be seen
in_Figure 2-3. The short jet pumps result in a lower hydrostatic ‘head. This lower
head can have a significant effect during the reflooding phase of the transient.
The height of the jet pumps can affect the height to which the bundle region can be
reflooded becauée the bundle is in a hydraulic path parallel with the jet pumps.
The elevation distortion can also affect the level response even though the timings
of the controlling events in the early transient are preserved in TLTA.

Finally, any radia] or parallel channel effects which might exist in the multi-
bundle BWR would be much less prominent in the single bundle TLTA. Effects such as
core spray injection on CCFL breakdown and parallel channel hydraulics on bundle
reflooc are expected to be important after ECC injection. They are not well repre-
sented in TLTA. |

2.2 TEST APPARATUS MODIFICATIONS

The TLTA has been modified to meet the primary objective of each test phase with
the overall objective of maintaining a real-time, thermal-hydraulic system
response. Each modification of TLTA is assigned a number to identify with that
configuration. The evolution of the configurations is summarized in Table 2-3.

The key features of TLTA 5 are the ECC injection systems and the simulated upper
tie plate. The significant modifications made to TLTA to transform Configuration 5
to 5A were: improved leakage path simulations and improved bundle power supply con-
troller. Other modifications include recirculation line isolation and removal of

" the separator liquid reservoir. These modifications have been reported previously
(7) and are recapitulated below. A schematic of the TLTA Configuration 5A is shown
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TLTA
Configuration
Number

Table 2-3

TLTA TEST CONFIGURATIONS

Scaling Basis

Design Considerations

BWR/4, 560 bundles, 7x7
BDHT base line

TLTA design used in the 7x7 BDHT
program.

" BWR/4, 560 bundles, 8x8

BDHT base line !

Replace 7x7 bundles with 8x8
bundles in TLTA.

Modify bundle electrode plate and
inciude new electrode connector
design. '

BWR/6, 624 bundles, 8x8
BDHT (same scaling basis
as TLTA-1 for BWR/4)

Modify lower plenum volume to
match BWR/6.

Adjust initial mixture level in
annulus to match hydraulic timing
of BWR/6.

‘Lower feedwater sparger to provide

the proper amount of subcooled
liquid in downcomer.

Steam line pressure control char-
acteristics of BWR/6.

Initial power for 8x8 bundle in
BWR/6.

Break geometry modified to provide
scaled BWR/6 break flow for entire
transient (including the subcooled
discharge regime).

Scaled single side entry orifice
for core inlet flow.

BWR/6, 624 bundles, 8x8 1.

BDHT, base line design
for BD/ECC

2-8

Modify flow geometry at core exit
and at bypass exit to account for
counter-current flow limiting
(CCFL) phenomena along these flow
paths.



/ Table 2-3
TLTA TEST CONFIGURATIONS (Continued)
TLTA

Configuration o
Number . Scaling Basis Design Considerations

#%

4 - 2. Lower the jet pump suction inlet
(cont) : and extend the jet pump diffuser/
: ~ tailpipe into the lower—_plenum to
preserve the timing of the coast-
down period and to achieve a more
representative lower plenum
geometry. ’

3. Provide for more representative
. .stored heat effects by adding
insulation to lower plenum.

5 1 BWR/6, 624 bundles, BD/ 1. "implementéd;ECCS injection systems,
ECC 1A, early ECC inter- ‘
action scoping series

5A BWR/6, 624 bundles, , 1. Add bundle to bypass leakage paths
BD/ECC 1A, ECC interaction to improve simulation of the flow
with improved simulation - paths at the inlet region of a
BWR/6.

2. Include an isolation valve in both
the suction and drive lines of the
intact recirculation loop to
improve simulation of post lower
plenum flashing response.

3. Remove the separator liquid
reservoir to improve transient
simulation.

4, Improve power control by using a
new controller for the bundle
power supply.
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in Figure 2-4. During the course of TLTA 5A tests there were also other minor
additions: improved break flow instrumentation and improved pressure control
simulation. These are discussed later.

2.2.1 Leakage Paths

The inlet region of a BWR fuel bundle and that of TLTA 5A are shown in Figure 2-5.
Various flow paths of a fuel bundle and the TLTA representations are shown.

Two core-bypass flow paths are included in TLTA 5A. One path allows a proportion

of the bundle inlet flow that passes through the side entry orifice to be diverted

to the bypass region.  Another path permits fluid to flow from the Tower plenum
through the guide tube and into the bypass region. The orifices (Table 2-1) in each
path have been sized to give the correct flow rates under normal operating conditions.

2.2.2 Recirculation Line Vo]ume

3

" The volume of the intact recirculation line was 2.79 ft° in TLTA 5. In comparison,

the volumetrically scaled value is 0.48 ft3. The excessive volume of fluid flashes
into steam and interacts with the pressure vessel as the blowdown transient pro-

gresses. The added steam generation tends to retard the system depressurizations.

In order to improve the simulation of the post lower plenum flashing response,

two isolation valves were used in TLTA 5: one each in the suction and drive Tines

of the intact recirculation loop. These valvesi were closed after the recircula-
~tion pumps coasted down (at 20 sec). This isolated the major purtion of the excess
volume, with the remaining volume of ~0.53 ft3 being close to the desired scale

volume.
The blowdown loop has only one valve that closes at the beginning of the transient.
This valve does not isolate the mass in the loop but only stops the flow through the

recirculating pump.

2.2.3 Separator Liquid Reservoir

The separator liquid reservoir in TLTA-5 (Figure 2-6) contained ~0.52 ft3 of satu-

rated Tiquid which, upon flashing, could affect the system response. It was initially .
installed to assure that the separator would perform the desired function. Subsequent
testing after this reservoir was removed showed that the desired function could still
be realized. It was removed in TLTA 5A to improve the blowdown response simulation.
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2.2.4 Bundle Power Supply Controller

A new controller was used in TLTA 5A for the bundle power supply. It improved the
power control for more accurate simulation for the entire test (1300 sec). The
controller used in the previous tests could control power for only 50 seconds, after
which the power was held constant.

The power decay of the bundle was calculated on the best est1mate value for fission
decay heat. The power 1nput also takes into consideration the stored energy

effects (8).

2.2.5 Instrumentation

The instrumentation scheme was modified for improved in TLTA 5A measurements as

follows:
)

a. Flow Measurements. The data obtained from six turbine meters and
two drag discs installed in a series of scoping tests was disap-
pointing. Only two turbine meters and one drag disc provided any
qualitative data. Post-test evaluation of these instruments identi-
fied several problems mostly associated with instrument failures
caused by the high temperature environments. Therefore, the free-
field turbine meters used at the bundle inlet, the jet pump discharge
tail pipes, and the steam separator were replaced with pitot tubes
(annubars) in TLTA 5A.

b. Heat Addition Characteristics. Heat addition from various parts of .
the test vessel to the fluid can contribute to steam generation and
affect the depressurization rate. In order to better characterize .
the heat addition, thermocouples were installed on the walls of the
downcomer, lower plenum, and bundle channel. The insulation
installed on the walls during the previous test series appears to
have performed satisfactorily after post-test examination. This
insulation was also used in the TLTA 5A.

/
C. Fluid Temperature Measurements. Additional thermocouples have been
installed to the upper plenum and the bypass region to provide addi-

tional measurements of fluid temperature and temperature distribution
in these regions.

d. Bundle Temperatures. Thermocouples were added to three heater rods
- at elevations just above the grid spacers. Previous test data
showed that a liquid continuum persisted in the bundle for 40 sec-
onds during the blowdown with a transition to a vapor continuum
thereafter. These thermocouples provide additional information on
the distribution of the fluid within the bundle.

e. Differential Pressures. Several differential pressure measurements
were added to aid in data interpretation (see also Figure 2-8 discussed
later). They are: DP23 and DP25 along the bundle; DP69 across the
limiting flow orifice in the drive/blowdown line; DP42 across the new
core-bypass flow path; and DP36 in the annular downcomer region.




2.3 MEASUREMENT SYSTEM

The measurement system used in the BD/ECC 1A program was derived from the
methodology evolved from the BDHT Program. The basic philosophy of this methodology
is one of obtaining sufficient measurements in order to characterize the system
response and perform a mass and energy balance throughout the system. The quanti-
ties measured in TLTA include: system pressure, nodal (controlled volume) differen-
- tial pressure, flow differential pressﬁre, fluid conductivity, fluid température,
cladding temperature, vessel temperature, vaTve positions, pump speed, power supply,

volume flow, and momentum flux.

The measurement system and its application have been described in detail in the

Facility Description Report (5). A summary is provided be]ow.

2.3.1 Measurement 0Objectives

The measurement system of BD/ECC 1A was developed in keeping with the following

objectives:

a. assure that the initial conditions specified for each test were
established; _ N

b. measure the bundle temperature distribution and the power input;
c. measure fluid conditions in Jarious regions; and
d. measure the global system pressure response.and obtain sufficient

data to perform, as practicable, mass and energy balance on the total
system and on key components, e.g., lower plenum.

2.3.2 Measurement Approach

The approach adopted to achieve these measurement objectives was to divide the
TLTA into a number of measurement "nodes." In general, these "nodes" are defined
by the geometry of the internal vessel hardware and were chosen to correspond to

regions within the vessel where changes in cross-sectional area are small. This
approach is also used usually for computer code nod1ng in pred1ct1ng system blow-

down response for LOCA ana]ys1s

2.3.3 Measurement Methods

In general, the measurement techniques were the same as those used in the previous
BDHT Program (1). Where necessary, alternate meaéurement techniques were used to-

supplement these basic measurements.



Schematic drawings of the instrumentation for TLTA Configurations 5 and 5A are
shown in Figures 2-7 and 2-8, respectively. The thermocouples and differential
pressure transducers are installed in the test bundle as shown in Figure 2-9.

2.374 Instrumentation

The instruments used to collect various data in the BD/ECC 1A tests include four
pressure transducers, 70 differential pressure transducers, 30 loop thermocouples,
80 cladding thermocouples, 10 conductivity probes, and various other devices such
as turbine meters, drag disés, potentiometer (valve position), tachometer, amp-
meter, voltmeter, and wattmeter. The output signals from these measuring devices
were recorded on a Hewlett-Packard data acquisition system and reduced for further
processes on a Hongywe]] H-6070 system. The ‘details of the function, installation,
and application of these instruments are documented elsewhere (5).

2.3.5 Accuracy of Data

Two types of data are presented in this report: direct measurements and derived
quantities. The direct measurements are self-evident to interpret. Their accuracy
depends primarily upon the instrument and its application in the test system, the
associated electronics,-and overall measurement and recording .system response.
Examples of direct measurements are: pressure, differentia],pressure, temperature,
Tiquid levels in downcomer and. lower and upper pleﬁa, bundle power, and output
sidna]s from the drag discs and turbine meters. '

Derived quantities are generally a result of combining one or more direct measure-
ments. These quantities usually require assumptions on interpretation associated

with the phenomena for which the measurement is intended. The derived quantities

must be interpreted with an understand1ng of the system response and the governing
phenomena. Derived quantities include density, void fraction, mass inventory, and
flow rates (volumetric and mass flow). ‘

The overall measurement accuracy of the directly measured quantities, e.g., pres-
sure and differential pressure, is dependent upon the combined effects of the static
and dynamic uncertainties. The daccuracy of the derived quantities is,'of course,
also dependent on the overall accuracy of the direct measurements. in addition,
because the derived quantities require additional assumptions, they are time- and
space-dependent. Their interpretation must be based on understand1ng of the system
response and the governing phenomena.

2-17/2-18
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2.3.5.1 Accuracy of Direct Measurements. A comprehensive analysis of measurement
uncertainties has been previously performed (g).' An updated analysis for the
BB/ECC 1A program is included in Appendix C.

Results from these analyses showed that the uncertainties in the measurements are
acceptably small. Also, redundant information is available for cross reference.
Examples of redundant information are: larger differential pressure measurement to
supplement a string of smaller ones, and conductivity probe measurements in con-
junction with differential pressures for estimating the mixture Tevel.

The uncertainties for the primary measurements are summarized in Table 2-4. The

bases for the values in the table are in Appendix C-1.

The sensitivity of the differential pressure measurement was evaluated in one of
the tests. Two transducers, one with a range of 10 psid and the other 1 psid,

were connected to the same taps. The resulting measurements, shown in Figure 2-10,
indicate that the larger range transducer provides comparable sensitivity except

at very low, near-zero pressure drops.

é.3.5.2 Accuracy of Derived Quantities. The accuracies of two key derived

quantities that will be discussed below are core flow (*15) and break flow (from
- +15% to +25%)

An example of estimating the uncertainty for derived quantities is included in Appendix
C-2. The system mass determination and the associated uhcértainty eétimation are
shown. The system mass response is determined from nodal differential pressure
measurements. The uncertainty on the mass is estimated from assessing the validity
of the assumption that the pressure difference is due primarily to the hydrostatic head.

Shown in Appendix C-3 is the breakflow determined from the system mass balance.
The breakflow is the net balance of inflow from ECCS and mass balance in the

vessel.

The uncertainties associated with derived quantities are in general estimated as -
for the system mass and system mass outflow (breakflow). Uncertainty bands
included for all-the derived gquantities are spmewhqtlsubjectively estjmated as

per the examples given.
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Table 2-4

ESTIMATED DATA UNCERTAINTY OF PRIMARY MEASUREMENTS

Electrical Power to Bundle

Steady-State: #0.5% of reading, *7KW

Transient: +0.1 sec time constant

Pressures
Steady-State: + 6 psi

Transient:’ Time constant 0.02 second

Differential Pressures

Steady-State:
Core Inlet (DP-40) : ‘ +0.05 psid
Bypass Orifice (DP-41, 42): ' +0.08 psid

Jet Pump Diffuser:

#] (DP-43): 7 | +0.11 psid
£2  (DP-46): . +0.08 psid
Lower Plenum: (DP-1,2,3,4): +0.03 psid
Bundle: (DP-21,31): | £0.03 psid

ECCS Flow Orifice

HPCS  (DP-65) : ' +0.17 psid

LPCS (DP-66) +0.08 psid
LPCI (DP-63) ' _ +0.20 psid

Transient: Studies indicate time constants of 0.1 second or less.

Loop Temperatures: +4°F

Bundle Temperatures: =0.8% of reading

2-25
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A more detailed estimate of the core inlet flow is detailed in Appendix C-4. Three
methods of determining the core flow are: (a) based on direct DP measurements across
the inlet orifice, (b) based on direct measurements with an annubar at core inlet,
and (c) .based on measurements other than at the core inlet. In all cases the basic
measurement, DP, is used in combination with a fluid density in a cofﬁe]atidn to
determine thé flow rate. The accuracy of the flow then depends on the measurement,
the correlation, and the fluid density determined from other measurements.

The bundle inlet flow for the first 20 seconds (shortly after lower plenum flashing)

are plotted for two typical tests in Figures 2-11 and 2-12. These figures show
bthe values to be nearly identical. The accuracy of the bundle inlet flow at this
time span is estimated to be better than #15%.

A more detailed estimate of the breakflow and the associated uncertainty is dis-
cussed in Subsection 3.4.3. Four methods were used in determining the flow through
the break: (a) system mass balance (as discussed above), (b) combined drag disc

and turbine meter measurements, {c) suction line flow limiting nozzle measurements,
and (d) the mass increase in the blowdown (suppression} tank. The uncertainties
estimated for the methods are: 15% for mass balance, *25% for drag disc/turbine-
meter, and £30% for suction nozzle. The suppression pool method shows potentia1
for further development.

2.4 TEST OPERATION

The following is a synopsis of the test operation that is defined in the Facility
Description Report (5).

A number of separate._effects tests were conducted to calibrate flow paths and
determine the performance of the "as-built" equipment. These tests included

a. flow calibration of orifices for core bypass and bundle inlet (see
Table 2-1),

b. confirmatory calibration of jet pumps,

C. determination of pump and system characteristics of’ s1mu1ated ECC
systems (6), and _

d. CCFL characteristic tests of certain components (10).

2-27



82-2

NORMALIZED CORE INLET FLOW (WMW,)

08 R

TEST 6425/RUN 1, AVERAGE POWER

W

— IITL

\ Qqug;ri

ol 144

QO CORE INLET ORIFICE
A\ ANNUBAR
O FLOWBALANCE

W, = 41 1'5 lbm/sec

0.2 B | ] 1 1 1 _ | ]
0 2 [} 8 10 12 14 16 18
TIME {sec) '

Figure ¢-

}

M.

Core Inlet |low tor Average Power, Average tCC Test (6425)




62-¢

NORMALIZED CORE INLET FLOW, W/W,

1.0

0.8

TEST 6424/RUN 1, PEAK POWER

O CORE INLET ORIFICE

/A ANNUBAR -15

0 FLOW BALANCE _\\l

Wo = 29 ¢ 5 Ibm/sec

10

O . O
a
AN A A ] A
8B, "7 wJ O
O o © O
@]
] 1 ] ] 1 | 1 | |
2 4 6 8 10 12 14 16 18
TIME (sec)

Figure 2-12. Core Inlet Flow for Peak Power, Average ECC Test (6424)




The matrix tests were conducted in three stages to obtain the desired initial

conditions.
Stage 1 - establishes the lower plenum temperature.

Stage 2 - establishes subcooling in the Tower plenum with steam flow and
feedwater flow. :

Stage 3 - establishes test initial conditions.

The test procedure used for the tesf makes certain that a complete instrumentation A
check is made prior to initiating each test. With the system at operating pres-
sure, all instruments are checked for proper reading with zero flow and with rated
flow. Pressure and flow balances throughout the system are checked.

The stages might be repeated a number of times before actual blowdown. This allows
the initial conditions to be verified against specified Timits. It might also be
necessary to fine-tune some of the control settings such as core flow or feedwater
flow. After confirmation that the conditions set in Stage 3 bring about the -
desired initial conditions, the test is started. '
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Section 3

EXPERIMENTAL RESULTS

3.1 TEST PLAN AND SUMMARY

Tests conducted under the BD/ECC 1A Program are summarized in Table 3-1. A brief
description of the test objectives is shown in Table 3-2.

Table 3-1 shows that 14 tests were conducted as compared with the original (11)
matrix of 26 tests. Of the 14 tests, the first five were conducted in TLTA 5 in
1978 to scope the outcome of the original matrix. The next four tests were from
the series of six tests selected for the improved facility, TLTA S5A. The second
small break test (6432) and the boil-off test were inserted in response to a surge
of interest for data pertaining to the Three Mile Island kind of accident. The
last three tests were conducted with improved instrumentation for measuring break

flows.

Results and the reference test data report from the scoping series are included in
Appendix I. The small break tests (3) (6431 and 6432) and the boil-off test (4)
are the subjects of separate topical reports.

The large break tests conducted in the improved system configuration (TLTA 5A) are
reported herein. The average power, average ECC test with improved break-flow

- measurements (6425 Run 2) is the reference test and is discussed in detail. High-
lights of the system response from other tests are also presented.

3.2 SCENARIO OF SYSTEM RESPONSE

3.2.1 Description of the Reference Test (6425 Run 2)

The initial conditions for the reference test are shown in Table 3-3. These
conditions are typical of those in a BWR/6. Other controlled conditions, the
transient response of which has been designed to simulate that of a BWR, are shown

3-1



SUMMARY OF TESTS CONDUCTED UNDER THE BD/ECC 1A PROGRAM

Table 3-1-

Bundle .
Test Power Spray ECC Break TLTA Test .
ID (MW) Rate Temp Size Configuration Date

6401 Run 2.63 high nominal DBA 5 Jun 78.
6405 Run 5.05 average nominal DBA 5 Jul 78
6406 Run 5.05 average nominal DBA 5 Aug 78
6406 Run 5.05 - - DBA 5 Sep 78
6414 Run 6.49 Tow high DBA 5 Sep 78
6421 Run 5.05 - - DBA 5A Sep 79
6422 Run 5;05 average nominal DBA 57 Oct 79
6423 Run 6.49 Tow high DBA 5A Nov 79
6431 Run 2@ _ a.‘erage nominal small 58 Dec 79
6432 Run 28 average nominal small 5C Mar 80
6441 (Boil-off test) 5A Jun 80
6424 Run 6.49 average nominal DBA 5A Jul 80
6425 Run 5.05 average nominal " DBA 5A Jul 80
6426 Run 5.05 - - DBA 5A° Sep 80

4Bundle power for small break tests was held at 2MW for 7 seconds, then decayed

in accordance with the 5.05 MW initial power decaying curve.

b

pressure controller.

3-2
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Table 3-2

BRIEF DESCRIPTION OF GOALS FOR EACH OF THE TESTS
CONDUCTED UNDER THE BD/ECC 1A PROGRAM

Description:

Test TLTA Goal

6401 Run 4 5 Peripheral bundle (2.63 MW) Establish system response for
with high spray rates at the more favorable conditions
nominal temperature. expected at the periphery of

the core.

6405 Run 3 5 Average central bundle with Establish sensitivity of sys-
below average spray rates at tem response to-variation of
nominal temperature. spray rate.

6406 Run 1 5 Average central bundle with Establish system response for
average spray rates at . representative conditions
nominal temperature. (reference case).

6406 Run 3 5 Average central bundle with Establish system response for
no ECC. a benchmark test to evaluate

effects of ECC injection.

6414 RUn 3 5 Peak Power bundle with low Establish system response for
spray rates at high the worst case to bound the
temperature. problem.

6421 Run 2 5A Average central bundle with Reestablish system response
no ECC. for the benchmark test to :

evaluate effects of ECC under
improved system simulation.

6422 Run 3 5A Average central bundle with Reestablish system response

: average spray rates at for representative conditions
nominal temperature. (reference case).

6423 Run 3 5A Peak power bundle with low . Reestablish system résponse

’ spray rates at high tempera- for the bounding case in the
ture. improved system simulation.

6431 Run 1 5B Small break, average central Establish suitability of
bundle power. A1l ECCS avail-  TLTA for small break test.
able. . ' ’

6432 Run 1 5C Small break, average central Obtain system response of
‘bundle power. HPCS assumed small break under degraded
inoperative. =~ o conditions.

6441 . BA Boil-off test at steady . . Separate effects test to

bundle powers and system
pressures.

3-3

obtain data on bundle heat
transfer without forced
coolant circulation.



Table 3-2

BRIEF DESCRIPTION OF GOALS FOR EACH OF THE TESTS
CONDUCTED UNDER THE BD/ECC TA PROGRAM (Continued)

Test TLTA Description Goal
6424 Run 1 5A Peak power bundlie with average Establish system response for
spray rates at nominal tempera- realistic condition; also
ture. enable evaluation of ECC
effects.
6425 Run 2 - 5A Average central bundle with Reestablish reference test
: average spray rates at with improved break flow
nominal temperature. measurements {comparable to

Test 6422 Run 3).

6426 Run 1 5A Average central bundle with Reestablish system response
no ECC. for the benchmark test with
improved break flow measure-
ments (comparable to Test
6421 Run 2).

~in Figure 3-1: bundle power decay, steam line flow, ECC flows, and drive pump

coastdown.

Sequence of significant events for the LOCA simulation test is shown in Table 3-4.
This table, along with Figures 3-3 through 3-8, will facilitate the phenomeno-
logical description of the system response. Additional details of system response
then follow. A_comp]ete set of data for the reference test is included in
Appendix J. |

3.2.1.1 Phenomeno]ogica] Description of System Response for Reference BWR/6
Simulation (Test 6425 Run 2). The early blowdown, i.e., flow coastdown through

Tow plenum flashing (LPF), has been studied extensively in brevious TLTA tests
(1,2). The early responses for this present serjes of tests are identical to those

reported previously. These early responses are‘governed by the break flow and the
resulting decrease of the mixture level in the downcomer region, as illustrated in
Figure 3-2. The mixture level reaches the jet pump suction inlet at 6.7 sec and
the recirculation line suction at 9.4 sec (Figure 3-2a). The bundle inlet flow

*Under the single failure criterion, only one of the three LPCI systems is assumed
operational for simulation.

3-4
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Table 3-3

INITIAL CONDITIONS OF THE BD/ECC 1A REFERENCE TEST (6425 Run 2)

vInitial Conditions .

Bundle power

Steam dome preésure
Lower plenum pressure
Lower plenum enthalpy.
Initial water 1eve1b
Feedwater enthalpy
Bundle inlet to outlet DP
Steam flow |
Feedwater flow

Drive Pump 1 flow
Drive Pump 2 f]ow

Jet Pump 1 flow

Jet Pump 2 flow

Bundie in]ét flow

A11 uncertainty bands are judged from

_TLTA

5.05% + 0.03 MW
1044

I+

5 psia
1071 + 5 psia

528 + 5 Btu/1bm

73 + 6 in. El
41 + 2 Btu/1bm
17 + 2 psi

6 £ 1 1bm/sec
1.4

~

9.1

I+

0.3 1bm/sec

{Rd

1 1bm/sec

8.4 + 1 1bm/sec

+

22 + 2 1bm/sec
20

4

2 1bm/sec

1+

39 5 1bm/sec

or absolute uncertainties of the measurements.:

dNOTE: 5.05 MW is central average bundle power; core average power is 4.60

MW for BWR/6.

bNOTE: Relative to jet pump support plate.

3-5

(7198 kPa)
(7384 kPa)
(1228 Kj/Kg)
(1.85m)
(95 Kj/Kg)
(117 Pa)
(2.7 Kg/s)
(0.5 Kg/s)
(4.1 Kg/s)
(3.8 Kg/s)
(10 Kg/s)
(9 Kg/s)

(18 Kg/s)

the maximum of data fluctuation and/



Table 3-4

SEQUENCE OF EVENTS FOR 6425 RUN 2 (AVG. POWER, AVG. ECC)

Events

Blowdown valves open

Bundle power decay initiated

Blowdown loop jet pump flow reverses
Feedwater flow stops

Bypass flow reverses

Jet pump suction uncovers

Steamline valve completely closed

Recir. suction line begins to uncover
Lower plenum bulk flashing

Guide tube flashing

Core inlet uncovers (SEQ center line)
Loop 1 isolated

HPCS injection begins

Lower plenum mixfure Tevel reaches jet pump exit plane
LPCS, LPCI activated |

LPCS flow begins

LPCI flow begins : /
Bypags/guide tube region begins to refill
CCFL breaks down at bypass outliet

Bundle begins to refill |

‘Bypass region refilled

Bundle reflood with two-phase mixture
CCFL breaks down at upper tie plate
Bundle quenched . 5

End of test

3-6

Time

1

1.

20
20
27
35
37
64
75
85
95
114
125
130
125

150

400

(sec.)
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drops in response to the loss of jet pump flow in the broken loop; it then decreases
(Figure 3-2c) as the drive pump coasts down (Figure 3-1d). The flow becomes nearly

zero when the jef pump suction is uncovered at 6.7 sec. The flow surge associated.

with lower plenum flashing occurs shortly after recirculation Tine suction uncovery,
at 11 sec.

The system pressure as measured at the steam dome is shown in Figure 3-3. The
system depressurization rate 1ncreasés after the recirculation 11ne.suction uncovery
(Figure 3-2b) because of the increased volumetric discharge that accompanies this
transition ffom predominantly liquid to vapor blowdown. The system pressure
quickly drops to the saturation pressure of the lower plenum fluid which is
initially subcooled. Bulk flashing of this fluid, referred to as lower plenum
flashing (LPF), occurs at ~11 seconds. The volume expansion accompanying LPF
redistributes mass inventories into various regions of the system (additional
details are discussed later with Figures 3-4 ‘and 3-5). As the system pressﬁre
blows down farther, the subcooled fluid injection begins first through the high-
pressure system and later through the Tow-pressure ECC systems. Low-pressure core
spray (LPCS) flow into the upper plenum begins at 64 seconds and augments the
‘injection from the high-pressure core spray which begins at 27 seconds. Low- °
pressure coolant injecfion (LPCI) into the bypass region begins at 75 seconds.

The response of the system fluid inventory is shown in the mixture level plots in
Figure 3-4. These plots were deduced from DP measurement strings. They show that
the bundle refloods completely at 130 seconds, and the upper plenum is empty.

The scenario of the system response -is described and explained with the aid of a
series of pictorial depictions of the system fluid ;onditions in Figure 3-5. Sys-
‘tem conditions at selected instances are characterized. The initial 'system condi-
tion, Figure 3-5a, shows the existence of two free fluid surfaces (mixture levels):
one inside the core region at the top of the separator and one outside the core
region above the jét pumps.

Following LPF, which redistributes inventory in the various regions, phase separa-
tion occurs, and two-phase mixture levels are maintained by counter current flow
limiting (CCFL) conditions at the regional boundaries where the flow paths connect-
ing the regions are geometrically restrictive. Under CCFL conditions, the liquid
in the upper region is restricted from draining into the lower region because of .

the upflowing vapor generated (primarily from flashing) in the lower region.
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Figure 3-5b depicts the fluid conditions“at the instant shortly after LPF and when
the HPCS flow is about to begin (27 seconds). The bundle inVentory is held up by
the CCFL conditions at the inlet éide entry orifice (SEO). Similarly, CCFL condi-
tion at the. upper tie plate together with that at the bypass outlet holds up the
upper plenum inventory which was transported there as a result of LPF. Because of
CCFL atvthe bundle inlet, a two-phase liquid continuum is maintained in the bundle
to keep the rods well cooled.

The mixture level in the bundle drops at 35 seconds when the mixture level in the
lower plenum reaches the jet pump exit plane (Figure 3-4). Before 35 seconds, the
inventory in the lower plenum is lost because of continued flashing and discharge
through the jet pump. Both of these contribute to the drop in mixture level in the
lower plenum. When the level reaches the jet pump exit plane, an alternative path
for LP vapor to escape becomes available. A portion of lower plenum vapor then
discharges through the jet pump, thus decreasing the vapor through the bundle SEO.
The diminished vapor upflow can no Tonger hold up (because of CCFL) the 1iquid
continuum in the bundle. The liquid continuum is dep]éted, and the mixture level
falls below the bottom of the heat lenath {BHL) at ~40 seconds (Figure 3-4).

The system conditions at 40 seconds are shown in Figure 3-5c. The bundle is filled .
with a vapor continuum and some -entrained droplets, and bulk dryout of heater rods
has begun (see also discussion in conjunction with Figure 3-8 later).

CCFL conditions at the UTP maintain an upper plenum mixture, with ECCS injection
replenishing the Tiquid that drains into the bundle. The Tower plenum inventory

is also maintained, with liquid draining through the bundle replacing the loss of
inventory discharging through the jet pump. The bypass region is still filled with
" a two-phase mixture. This mixture continues to flow into the buhd]e through the
leakage path near the bottom of the core region. CCFL at the bottom of the bypass
prevents the bypass fluid from comp]ete]y_draining into the guide tube region below
while CCFL at the outlet prevents upper p]enum'1iquid from draining into the bypass.

The CCFL condition at the UTP changes as the vapor flow decréases at the bundle .
outlet. This decrease results from a.decrease of vapor flow from .the Tower plenum
‘and a reduction in the vapor generation, caused by bundle dryouf, within- the
bundle. Consequently, more Tiguid from the'upper plenum drains into the bundle
~which contributes to rewetting some of the previously dried-out rods. Figure 3-5
is a pictorial representation of the-system‘at that instant (64 sec). The mass
inventory and mixture Tevel in-the bypass region:have decreased substantially. By

contrast, cdnditions in the Tower plenum, upper plenum, and.éuide@tube remain -
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relatively steady. The mixture level in the lower p1enUm remains at the jet-pump
exit plane (Figure 3-49. '

When LPCT begins to inject at 75 seconds, the system condﬁtions are as illustrated

in Figure 3-5e. By this time the bypass region has become voided. The leakage

flow reverses to the forward direction, and the jet pump fluid becomes more dense.

The guide tube and the plena inventories, however, remain unchanged from 65 seconds
even though the LPCS flow rate has been increasing. This indicates that an increas-
ing amount of fnjected ECC fluid drains into and then discharges from the lower
plenum through the jet pump and therefore causes the jet pump fluid density to increase.

The vapor flow through the jet pump decreases in response to the increase in pres-
sure drop because of fluid densitylincrease. The Tower plenum vapor finds a less
resistive path through the voided bypass. Therefore, the bypass flow reverts to

an upward direction as some of the Tower plenum vapor flows into the bundle and
passes through the leakage path to the bypass. This causes the vapor flow at the
bundle outlet to decrease. The decrease contributes to a more favorable CCFL
condition for liquid to drain into the bundle throuah the UTP. PRewettinag of dried-
out rods becomes more evident (Figure 3-8).' The LPCS injection, however, has not
yet reached sufficient capacity to condense é]] the vapor to bréak down CCFL at the
UTP. '

At 90 seconds, the LPCI flowrate has reached sufficient capacity to condense the
vapor in the bypass region.  CCFL breaks down at the top of the bypass. The system
conditions are depicted in Figure 3-5f. The following events ensue: the upper
plenum inventory drains into the bypass, and the upper plenum:level drops. The
bypass region then refills from the combined upper plenum drainage and the
increasing flow of LPCI fluid. The bypass level rises rapidly.

The guide tube fills as the subcooled LPCI fluid penétrates to the bottom of the
bypass region, condenses:the vapor from the guide tube, and eventually breaks down
CCFL at this regional boundary (Figure 3-4). The bypass level drops momentarily,
then resumes refilling. The leakage flow into the bundle from that point consists
mainly of liquid. The flow from the bypass enters the bottom of-the bundle where
some of thg liquid accumulates, while the remainder drains throuah the SEQ into the:

lower plenum. ~ : N

The influx of liquid in the lower plenum causes the level to rise slightly and . -
blocks the path of the vapor dischargina through: the jet pump. The situation is a
reversal of what took place at ~35-seconds when the lower plenum level fell to the
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jet pump exit plane. As more liquid is forced through the jet pump, more vapor is
forced up the bundle through the inlet orifice. CCFL at the SEO holds up the inven-
tory and allows more 1iquid from the bypass leakage flow to accumulate. The bundle
refloods as the level rises.

The extent of the bundle reflood is‘dictated by the pressure drop across the jet
pump path.* This can be explained by consideration of the pressure drop components
across the parallel paths as follows: the Tiquid influx into the lower plenum
increases the Tiquid fraction of the fluid discharging through thé jet pump. The
hydrostatic component of the pkessure drop increases. The vapor flow adjusts
actording]y to the prevalent condition of the system. The vapor upflow through the
SEO increases. This renders the CCFL condition at the SEO Tess favorable for 1iquid
to drain. The Tiquid downflow at the SEO decreases, and inventory accumulates in
the bundle. The increases hydrostatic head in the bundle compensates for the drain-
age of fluid and, hence, the decreased head in the upper plenum. The combined
hydrostatic head and the flow pressure drop in the bundle adjust to balance the

pressure drop across the jet pump.

The bundle reflood is accelerated at 125 seconds when CCFL breaks down at the UTP
because of condensation (Figure 3-4). Evidence of subcooling that is indicative of
condensation can be seen in Figure 3-6 which shows température measurements above
the UTP. The system conditions at this instant are shown in Fiqure 3-5g. The
bundle has reflooded more than halfway up. The upper plenum inventory of two-
phase mixture has drained almost completely into the bypass. The HPCS and LPCS
injections, which have been increasing in rate and condensing local voids, become
more accessible to the UTP. The subcooled HPCS and LPCS fluid is augmented by the
subcooled LPCI fluid when overfilling of the bypass diverts the latter to the upper
plenum. As a result, the combined capacity of the three ECC injections produces
sufficient subcoo]ing to condense the vapor flow out of the bundle. CCFL breaks

| down at the upper tie plate and allows the fluid to flow directly from the upper
plenum into the bundle. The bundle becomes completely reflooded at ~130 seconds.

The éystem conditions at 150 seconds are shown in Figure 3-5h. A substantial amount
of inventory is held up in the bundle by CCFL at the bottom SEO._,The upper plenum

. is essentially empty. The guide tube and bypass are filled with high—density fluid
close to the saturated liquid density. The combined ECC injection capacity during |

this period is passing through the bundle (core region) and into the lower plenum.
From there it flows out the jet pump into the annular downcomer and out the break.

*NOTE: For the short TLTA jet pump, both the hydrostatic head component and the flow
loss component of the pressure drop are lower than that in an actual BWR.
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Figure 3-6. Fluid Tempefature Measurements above the Bundle Outlet UTP

Eventually there is sufficient flow to actually begin refilling the downcomer above
the break. Yet the lower plenum remains at essentially the same level reached at:
35 seconds, i.e., near the jet pump exit.

The fluid temperature at the SEO is shown in Figure 3-7, which indicates that no
subcooling reaches the SEO. Consequently, CCFL persists at the SEQ because the
fluid there does not have sufficient condensation potential to break down CCFL..

The bundle thermal response is represented by Figure 3-8, which shows cladding

temperature measurements at the peak power plane. The effect of CCFL at the SEO in
delaying bundle drainage (until ~35 sec) can be observed. Some of the rods at the
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peak power location (and a few other locations nearby) dryout earlier, but they all
rewet as the fluid in the bundle redistributes following LPF. The rewetting occurs
prior to widespread heat-up, as can be seen from Figure 3-8. 'The bundle is quenched
foT]owing.reflood Even dur1ng the per1od when CCFL at the UTP 1imits the amount of
ECC fluid enter1ng the bundle, rewett1ng of dried-out rods keeps the cladding tem-
perature relatively Tow. As a result, the max imum cIadd1ng temperature during the
test Qas.less than ZOO°F (370°C). ' ' .

3. 2 1. 2 Add1t1ona] Deta1ls of §ystem Response for Test 6425 Run 2. The mixture
1eve1 responses presented prev10us]y (F1gure 3- 4) are farther extended in Fig-

ures 3-9 and 3- ]0 ‘The mixture levels along the bund]e path and the bypass path
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for the complete transient are shown in these figures. In addftion the level

response in the annulus is included in Figure 3-11.

Referring to Figure 3-11, the f1u1d 1eve] in the downcomer reg1on at the end of the
transieht’is seen to résé above midcore height. . The 1eve1 covers the recirculation
line suction inlet at ~200 seconds and the drive line outlet (jet pump suction) at
n250 seconds. Consequently, the break flows from both lines are Tow quality two-
phase rather than h1gh1y d1spersed vapor f]ow after those times. The system pres—
sure neverthe1ess cont1nues to decrease because of condensat1on by the ECC fluid.

Th1s condensat1on effect is ev1dent from the pressure drop measurements across the
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steam separator: DP20 and the flow pressure drop .measurement (annubar) shown in
Figure 3-12, which indicate a net steam flow into the upper plenum. '

Mass histories in different regions are shown in Figure 3-13. These mass plots
provide supp]émentary information to the level plots. For reference, the mass of
each region if it were full of saturated liquid is also indicated.

s
The break flows are presented in Figure 3-14. The break flow through the suction
line is seen to increase at 120 seconds (Figure 3-14b). This increase is due to
the increased amount of 1iquid which becomes available upstream of the break in the
downcomer region, as illustrated in Figure 3-11. Also, as pointed out in Appendix H,
the break flow determined from the drag disc and turbine meter méasurements beyond
100 seconds becomes erroneously high. - V
The break flow through the drivé line does not show any discernible change when the
downcomer level submerges the drive f]ow.nozzle. This suggests that the flow to the
nozzle and out the break could have been a two-phase fluid throughout this time.

The individual and total ECC injection rates are included in Figure 3-15. The low-
pressure ECC systems were activated at 37 seconds, but the system pressure was
higher than the shutoff head of the pumps until 64 seconds for LPCS and 75 seconds
for LPCI. '

Cladding temperatures along the Tength of the bundle are shown in Figufe 3-16.

The peak cladding temperature -for the entire bundle is shown in Figure 3-17. The
maximun cladding temperature of ~700°F is indicated. This maximum temperature
occurs at 75 seconds, about the same time as LPCI flow begins. The bundle becomes
weﬁ] cooled at ~130 seconds, and, because of the continual supply of subcooled ECC
fluid, the cladding surfaces are actually cooled to below the saturated temperature

and become subcooled after the bundle refloods (Figure 3-16).

3.2.2 Highlights of Other Tests

3.2.2.1 Peak Power, Average Spray Rate (6424 Run 1). System response of this test
is similar to that of the reference test: the bundle refloods completely at 150
seconds following the bypass region refill from LPCI flow and CCFL breakdown. The
maximum cladding temperature of ~1060°F (571°C) results from the boiling transition
during the pump coastdown period. The maximum cladding temperature caused by sub-
sequent dryout is 1jmited to V810°F (432°C).
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The initial conditions for this test are as shown in Table 3-5. The sequence of
events is depicted in Table 3-6. An overview of the system response is conveyed in
plots of the system pressure (Figure 3-18), two phase mixture levels in different
regions (Figure 3-19), and regional mass responses (Figure 3-20). Bundle reflooding
caﬁ be seen to occur at V150 seconds in Figure 3-19. ‘ '

The injection rates of the ECC systems are shown in Figure 3-21. The low-pressure
ECC systems begin to flow at 63 seconds {LPCS) and 71 seconds (LPCI).

The break flows are shown in Figure 3-22. The break flow through the suction line
beginé to increase from 100 seconds, theréby reflecting the increase of liquid
fraction of the fluid in the downcomer region. However, the break flow through the
drive 1ine shows no discernible change, suggesting a continuing flow of:two-phase
fluid.

Thermal response of the bundle is represented by the plot of peak cTadding
temperature in Figure 3-23, and temperature responses at selected elevations in

" Figure 3-24. The maximum cladding temperature of 1060°F (571°C) is seen to occur
at 10 seconds because of the boiling transition which occurs during the very early
flow coastdown period. This is not expected to be representative of the BWR because
the fluid inertia in the TLTA jet pumps is atypically low, which leads td the

very rapid coastdown and the boiling transitﬁon exhibited in Figure 3-23. The
ensuing temperature is rapidly reduced to ~650°F, caused primarily by lower plenum
f]aéhing at 14 seconds. The maximum cladding temperature resulting from subseaquent
heat-up is “810°F (432°C). The bundle becomes well cooled when it refloods
completely at ~150 seconds.

A complete set of data for this test is included in Appendix K. Further
discussions on the results of this test can be found in Subsection 3.3.1 1in relation
to bundle power effects on system response. '

3.2.2.2 Average Power, No ECC Test (6426 Run 1). This test was intended to provide
benchmark data for evaluating the effects of ECC. Without ECC injection, the system

inventory depletes continuously as expected. Bundle heat-up continues fo]]oWing
Tevel collapse when the jet pump exit dncovers at 33 seconds to open an alternate
path for the lower plenum vapor. The maximum cladding temperature reached “1400°F
(760°C) when the test was terminated at 294 seconds.
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Table 3-5
PEAK POWER, AVERAGE ECC (6424 RUN 1) INITIAL CONDITIONS

Initial Conditions

Bundle power 6.49 = 0.03 MW
Steam dome pressure 1056 + 5 psia
Lower plenum pressure 1081 + 5 psia
Lower plenum enthalpy 554 +'5 Btu/1bm.
Initial water Tevel 124 + 6 in. El
Feedwater enthalpy 45 + 2 Btu/lbm
Bundle inlet to outlet DP 30 + 2 psi
Steam flow 8 + 1 1bm/sec
Feedwater flow 1.1 + 0.3 1bm/sec
Drive Pump 1 flow - 7 £ 1 1bm/sec
Drive Pump 2 flow 8 + 1 1bm/sec -
Jet Pump 1 flow 14 + 2 Tbm/sec
Jet Pump 2 flow 18 + 2 1bm/sec
Bundle inlet flow 29 + 5 1bm/sec
15°F

ECC fluid temperature 120 =

A1l uncertainty bands are judged from the maximum of
data fluctuation and/or absolute uncertainties of the
measurements.
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Table 3-6

SEQUENCE QF EVENTS FOR 6424 RUN 1

(Peak Power, Avg. ECC)

Events

Blowdown valves open

Bundle power decay initiated
Feedwater flow stops

Bypass flow revefses

Steamline valve completely closed
Lower plenum bulk flashing

Loop 1 isolated

HPCS injection begins

Lower plenum mixture level reaches
jet pump exit piane

LPCS, LPCI activated
LPCS flow begins
LPCI flow begins
Bundle quenched _

End of test
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The initial conditions for this test are presented in Table 3-7 and the sequence of
events\is depicted in Table 3-8. Figures 3-25 through 3-27 provide an overview of
the system response with plots of system pressure (Figure 3-25), two-phase mixture
levels (Figure 3-26), and regional mass Jinventories (Figﬁre 3-27).

The break flow measurements are shown in Figure 3-28. Except for these measurements,
this test (6426 Run 1) was intended to be a repeat of Test 6421 Run 2. After the
test was completed, however, it Wés found that the isolation valve (V8) in the
blowdown loop, which should have been closed at the beginning of blowdown, failed

to close in this test (because of a faulty controller). It was not clear whether

the valve did close later. The effect on global response, however, seemed dimin-
ished after that time. More detailed discussions on the valve failure are included
in Subsection 3.3.2 and Appendix D.

The bundle thermal responses of this test (6426/1) differ from those of a comparable
test (6421/2) in two aspects. The heat-up time of Test 6426/1 (valve failure), as
seen in Figure 3-29, occurs earlier than that of Test 6421/2, as well as other tests.
The heat-up rate of Test 6426/1 is also higher, as can be seen from comparing Fig-
ures 3-29 and 3-30. The heat-up rate difference is attributable to the difference
in bundle power history discussed in Appendix L-3.

The reason for the heat-up time difference, on the other hand, is not as clear. The
power difference that causes the difference in heat-up rate is not clearly attribut-
able as a cause for the earlier heat-up time because the heat-up time for the peak
power test (6424/1) is Tlater (Figure 3-24). This leaves the valve failure as the
most likely cause. It could be argued that although the global effect of system
response caused by valve failure diminishes after 25 seconds, there are on the
bundle mass inventory some local effects which persist until ~40 seconds. Such
effects can be seen from the comparative plot of bundle mass inventory in Fig-

ure 3-51, which shows that the -inventory is slightly less for the test with valve
failure at about 20 seconds. Consequently, some of the rods experiencing early
boiling transition were not rewetted by redistribution of inventory following lower

plenum flashing.

On the other hand, the bundle thermal reSponse from this test has a rather 1arge
uncertainty because of an erratic multiplexer. A large number of thermocouple

' measurements were clearly erroneous {e.g., initial cladding temperature was .less
than saturation temperature). The remaining ones appear reasonable, but there is no
Way of verifying them. Therefore, data from this test (6426/1) Appendix L-1) which
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Tab]e 3-7

BD/ECC 1A TEST 6426 RUN 1 INITIAL CONDITIONS
{Avg. Power, No ECC)

Initial Conditions

Bundle power 5.05 + 0.03 MW
Steam dome pressure 1044 + 5 psia
Lower plenum pressure 1068 + 5 psia
Lower plenum enthalpy 526 + 5 Btu/ibm
Initial water level 123 £ 6 in. El
Feedwater enthalpy | 66 + 2 Btu/Tbm
Bundle inlet to outlet DP 15 + 2 psi
Steam flow 6 = 1 1bm/sec
- Feedwater flow , 1.3 0.3 1bm/séc
Drive Pump 1 flow 8.2 £ 1 1bm/sec
Orive Pump 2 flow 8.4 + 1 1bm/sec’
Jet Pump 1 flow - 16 + 2 1bm/sec
Jet Pump 2 flow 20 = 2 Tbm/sec
Bundle inlet flow 33 + 5 Tbm/sec

A1l uncertainty bands are judged from the maximum of
data fluctuation and/or absolute uncertainties of the
measurements. :
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Table 3-8

SEQUENCE OF EVENTS FOR 6426 RUN 1
(Avg. Power, No ECC)

Events Time (sec.)

Blowdown valves open 0.0
Bundle power decay initiated 0.5
Blowdown loop jet pump flow reverses 0.1
Feedwater flow stops 0.5
Bypass flow reverses ' 1.5
Jet pump suction uncovers 6.5
Steamline valve completely closed 7.9
Recirc. suction line begins to uncover | 9.2
Lower b]enum bulk flashing o 13.3
Guide tube flashing o A 13.8
Core inlet uncovers (SEQ center line) 20

Lower plenum mixture Tevel reaches
jet pump exit plane 33

End of test 294
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include improved break flow measurements are supplemented by those from the
comparable test (6421/2) (Appendix L-2).

3.2.2.3 Average Power, Average ECC (6422 Run 3). This test was initially intended

to be thé reference test. 'However, owing to improved break flow measurements and
the addition of a more representative bressure controller to simulate the early
system pressure response, Test 6425 Run 2 has replaced this test as the reference
test. The system responses of the two tests are comparable. Detailed discussion on

system responses and a complete set of data for this test are included in Appendix M.

3.2.2.4 Peak Power, Low Rate, High Temperature ECC Test (6423 Run 3). Results
from this test show that even for this upper bound case of combining a number of
unfavorable conditions, the ECC injections were effective in cooling the bundle.

The maximum cladding temperature reached, because of boiling transition in the
pump coastdown period, is 1020°F (549°C). The maximum cladding temperature
because of subsequent dryout is 970°F (521°C).

The Tow spray rate combined with high ECC water temperature results in system
hydraulic responses that are different from those of tests with average ECC rates
at nominal temperature. As discussed below, the system pressure levels off at

"85 psia (586 kpa) instead of cont1nu1ng to decrease, and the bundle refloods only
the lower third.

The initial conditions for_this test are as depicted in Table 3-9. The sequence
of events is presented in Table 3-10.

The system pressure response is shown in Figure 3-31. The system pressure reaches a
minimum value of ~75 psia (517 kpa) at @150 sétoﬁds. repressurizes slightly, and
levels off at 85 psia (586 kpa). This repreSSUFization, as discussed later in Sub-
section 3.4. 2, is the result of the volumetric influx of ECC exceeding the volumet-
ric efflux of the break flow. Because the system pressure ceased to decrease after
n150 seconds,.steam generation. caused by flashing stops - Consequently, the steam
updraft from the ‘lower plenum and guide tubes decreases, and the potential fdr
inventory hold-up within the bundle ‘and bypass regions caused by CCFL diminishes.

The mixture level response is shown in Figure 3-32. The bypass region refi]]svfirst
by LPCI in combination with the upper plenum inventory at ~130 seconds (Figure 3-32b}.
The bundle begins to reflood (Figure 3-32a) as the bypass fluid flows through the

leakage path and enters the lower portion of the bundle. The upper plenum empties
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Table 3-9

. TEST 6423 RUN 3 INITIAL CONDITIONS
(Peak Power, Low Rate/High Temperature ECC)

Initial Conditions

Bundle power 6.46

+0.03 MW
Steam dome pressure 1037 + 5 psia
Lower plenum pressure 1065 + 5 psia
Lower plenum enthalpy | 518 + 5 Btu/1bm
Initial water level 123 + 6 in. El
Feedwater enthalpy 41 + 2 Btu/1bm
Bundle inlet to outlet DP : 16 + 2 psi
Steam flow 7 # 1 1bm/sec
Feedwater flow 1.0 £ 0.3 1bm/sec
Drive Pump 1 flow 8.1 + 1 Tbm/sec’
Drive Pump 2 flow . »8.3 + 1 1bm/sec
Jet Pump 1 flow ' 17 + 2 1bm/sec
Jet Pump 2 flow 19 + 2 1bm/sec
Bundle inlet flow 33 = 5 1bm/sec
ECC fluid temperature 200‘t 15°F

S AT uncertainty bands are judged from the maximum of data
fluctuation and/or absolute uncertainties of the
measurements.
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Table 3-10

SEQUENCE OF EVENTS FOR 6423 RUN 3
(Peak Power, Low Rate/High Temperature ECC)

Event V : Time (sec.)

Blowdown valveslopen 0.0
Bundle power decay initiated | 0.5
Feedwater flow stops 0.5
Bypass flow reverses 1.5
Steamline va]yevcompletely closed - 11.5
Lower plenum bulk flashing 15
Loop 1 isolated 20
HPCS injection begins 27
Lower plenum mixture level reaches

jet pump exit plane 39
LPCS, LPCI activated . 37
LPCS flow beginw | 65
LPCI flow begins 72
End of test 400
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as the bypass refills and the bundle refloods. The guide tube region refills from
the bypass fluid as with the reference test, but, because the inflow of ECC is lower
for this test, the level in the bypass drops momentarily. Once the guide tube is
filled the bypass refills again. The net inflow, however, is insufficient to fill
the bypass completely.

The bundle refloods only the lower third because of the lower ECC injection and
because the CCFL condition at the bundle inlet is less favorable for liquid holdup
(due to reduced vapof upflow). As a result there is less pressure difference
between the lower plenum and the steam dome as compared to‘the reference test where
the bundle was comp]ete]j reflooded. This lower pressure difference allows the
lower plenum level to rise above the jet pump exit. '

Mass inventory transients at various regions are shown in Figure 3-33, and ECC flow
rates are in Figure 3-34. The bundle thermal response is repkesented by the plot of
peak cladding temperature in Figure 3-35. A complete set of data for this test is
provided in Appendix N.

3.2.2.5 Scoping Series. The Scoping Series of five tests was conducted in TLTA 5.
As mentioned in Subsection 2.2, TLTA 5 differs from the later configuration TLTA 5A
in two .important respects: (a) In TLTA 5 there was no direct leakage path between

the bundle and the bypass, and (b) in TLTA 5 the bundle power decay was held con-
stant after 50 seconds because of Timitations in the power controller. The effect
of this latter limitation was that an atypically high amount of decay power was
applied to the bundle during the latter portion of the tests which results in
higher cladding temperatures.

A summary of results from the Scoping Series is included in Appendix I.

Significant findings from this series include:

a. CCFL at bundle inlet side-entry orifice holds up inventory in the
bundle and delays bulk heat-up until the lower plenum level reaches
the jet pump exit at ~35 seconds, the same as with the later tests
in TLTA 5. :

b. ECC injection is beneficial in cooling the bundle. Even without CCFL

' breakdown at the bundle outlet, drainage into the bundle rewets the
dried-out rods and contributes to bundleé cooling. Also, under aver-
age conditions (as exemplified by Test 6406 Run 1), a period of sus-
tained dryout is followed by a period during which numerous rewettings
occur. Consequently, the heat-up within the bundle is mitigated.
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c. The bundle refloods to the equivalent height of the jet pump. (This
is significantly different from the TLTA 5A reference test, which
refloods completely, because of the difference in leakage path
simulation.)

d. System depressurization-for the tests with ECC is affected slightly
after 65 seconds. The cause for the difference is the higher fluid
density upstream of the break. The same effect was observed in TLTA 5A.

Highlights from this test series are shown in Figures 3-36 through 3-40. Shown in
Figure 3-36 are the system pressure responses for tests with and without ECC. The
difference in the system pressure is seen to be discernible at 65 seconds. The
Tevel responses are shown in Figure 3-37. The mass inventories are included in
Figure 3-38. The temperature responses are shown in Figure 3-39.

Figure 3-40 presents a comparison of peak power elevation cladding temperatures for
the tests in the scoping series. Bundle heat-up is seen to be delayed until

35 seconds because of CCFL at the SEQ. Also evident is the benefit of ECC injec-
tions in mitigating the bundle heat-up.

A comprehensive set of data for the Reference Test of the Scoping Series (6406 Run 1)
is included in Appendix I-3. Data for a comparable test without ECC can be found
in Reference 2.
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Figure 3-37.
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without ECC of Scoping Series
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3.3 SYSTEM SIMULATION EFFECTS

The effects of test parameters on the system response are discussed in this sub-
section. The purpose of this discussion is to examine the significance of these
parameters and thereby attain some insights into the typicality of the TLTA data.
The effects are assessed phenomenologically by comparing test results. The test
parameters assessed for their effects include: bundle power, ECC injection, and

system geometry.

3.3.1 Effect of Buqdle Power

The bundle power variation has negligible effect on the system respbnse of tests

with average ECCS spray rates. The bundle refloods at about the same time (v130 sec-
onds) for those tests simulating either the average power or the peak power bundle.
The maximum cladding temperature is, as expected, slightly higher for the peak

power test.

The system pressure response for the peak power test with average ECC (6424 Run 1)
“is compared in Figure 3-41 with that for the average power test with average ECC
(reference test, 6425 Run 2)}. The system pressures are approximately the same after
LPF and are identical after the bypass region refills (190 seconds). The difference
early in the transient (<20 sec) is due to the response of the pressure control
system, not to power. The pressure control system was changed after Test 6424.

A summary compérison of system responses for the two tests is presented in Fig-

ure 3-42. The inventory responses at different regions show the similarity in
response for the two tests. Some differences in detail are noted for the responses
at the time of lower plenum flashing (LPF). The differences are neqgligible, however,
in the post-LPF period. The bundle reflood as reflected by the system inventory
differs only in detail between the two tests.,

A comparison of pressure drops across the bundle provides additional evidence in
i]]ustrating.the heg]igib]e effect of bundle power variation. Figure 3-43 shows that
the bundle pressure drops are nearly identical except for a brief period of from 90
to 130 seconds. The difference during this period is the result of earlier reflood
of the lower part of the bundle having the peak power. This earlier reflood for the
peak power test can also be seen from Figure 3-44. The earlier refiood of the bun-
dle for the peak power test is probably caused by the slightly higher rate of HPCS
injection (Figure 3-45). However, as will be discussed in Subsection 3.3.4, some
differences in detailed response are seen in repeating the same test.
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The peak c}adding temperatures are compared in Figure 3-46. These temperatures
approach the saturation temperature at 130 seconds as the bundle refloods in both
tests. The temperature responses before that time are different in detail as
expected. The maximum temperature resulting from bulk heat-up after uncovery is
"810°F (432°C) for the beak power test and “700°F (371°C) for the average power test.
These temperatures occur just prior to the beginning of low-pressure core injection
(v75 seconds). The ensuing temperature response shows substantial reduction of
cladding temperature in the average power bundle caused by an increase in liqguid
downflow to the bundle. This response is expected, as the volumetric vapor genera-
tion is less for the average power bundle and therefore allows more liquid to drain
from the upper plenum.

3.3.2 ECC Injection Effects

To determine effects of ECC injection on system response is one of the principal
objectives for the BD/ECC 1A Test Program. The effects of ECC injection on the
overall system resbonse are determined by comparing results from the average power
tests with and without ECC. The effectiveness of ECC injection on mitigating the
consequence of abpostulated LOCA is assessed by comparing results from tests with
peak bundle power. Results so determined are summarized below.

e ECC injection effects are highly favorable. The cladding temperature
is kept below 700°F (371°C) for the central average bundle receiving
an average amount of core spray. The bundle is quenched after
150 seconds, following complete reflood.

® ECC injection slightly reduces the rate of system depressurization
after 65 seconds because of collection of ECC liquid in the vicinity
of the break. This effect in system pressure is relatively insig-
nificant, however, in light of the Tow maximum cladding temperature’
(700°F, or 371°C) and the reflooding of the bundle.

] ECC injection is effective in mitigating the maximum cladding
temperature in a LOCA. The cladding heat-up is kept below 1000°F
(538°C) even for the upper bound test in which only a minimal amount
of core spray fluid at high temperature is assumed available for the
peak power bundle.

3.3.2.1 Effects of ECC Injection (Comparison of Average Power Tests). The effects
of ECC injection on system responses are evaluated by comparing responses from
average power, average ECC test (6425/2), with those from average power, no ECC
test (6426/1).

The beneficial effects of ECC injection can be seen in Figure 3-47., The maximum
cladding temperature for the test with average core spray (Test 6425 Run 2) is
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below 700°F (371°C). The peak cladding temperature for this test approaches the
saturation temperature at ~130 seconds. On the other hand, the peak cladding
temperature for the test without ECC continues to increase, as expected, until test
termination. '

The system response for the test with ECC has been described in Subsection 3.2.1 and
that for the test without ECC in Subsection 3.2.2.2. The most significant effects
of injection are in maintaining low cladding temperature and in contributing to
reflooding the bundle. The comparison of méss inventory responses in Figure 3-48
illustrates these effects. Refilling of the bypass and other regions occurred in
the test with ECC. As expected; the system inventory for the test without ECC
depletes continuously.

The effect of ECC injection on the system pressure response is shown in Figure 3-49.
The system pressure for the test with ECC injection decreases more slowly from

65 seconds. This difference in pressure responsé was first observed in the scoping
series tests (Figure 3-36). The inference from available measurements of that
series was that the difference resulted from a reduced volumetric break flow

through the drive line and suction line breaks, as the fluid upstream of the break
had a higher liquid fraction (12).

The same difference in system pressure response for tests with and without ECC is
observed for the later test series-in TLTA 5A, as shown in Figure 3-49, T7lie pre-
vious inference is reaffirmed by results of improved break flow measurements as
discussed in Subsection 3.4.3 and Appendix D.

The two curves in Figure 3-49 remain nearly identical up to 65 seconds, before the
ECC effect begins to appear. HPCS is initiated at about 27 seconds into the
transient, Its immediate effect is evident in increasing the upper plenum mass

and in contributing to the lower cladding temperatures as shown in Figure 3-47. The
difference between the upper plenum masses in Tests 6425 Run 2 and 6426 Run 1 are
shown in Figure 3-48., The figure indicates that nearly the entire HPCS flow is
initially maintained in the upper p]eﬁumvby CCFL at the upper tieplate and the bypass
outlet. Hence, during this period there is no significant gioba] difference in the
system responses of tests with and without ECC. (Additional details are provided

in the expanded plots of Figures 3-50 through 3-55.)

3-77



TYPICAL :
UNCERTAINTY

150
= ] 50
2 00 |-
: B
2 N
& ‘25
a %0 B :
[/ 4
w
g AN
° o0 b | 0
0 100 200
150
£
= -—4 50 .
3 100 — 4
g .
3 \
2 s — 25
5
[ ]
0 0
0 100 200
__ 150
€
2
a -
g 100 '
b3
2 <
“ 2%
a 50 p— o, -
g T —
4
9
0 ] 0
0 100 200
TIME {sec)

Figure 3-48.

Comparison of Regional Masses for Tests

= == TEST 6426 RUN 1
o TEST 6425 RUN 2

8 g

DOWNCOMER MASS (Ibm)
g

150
3
2
7} 50
<100 p—
3
Z )
o) X
2

N 50 2

/]
<
o
S

0 0

0 100

150
5 %
3100 — ]
<
= N
w
g S S—— — 25
- 50 [~ =
w
=
o

"0 ] 0

0~ 100 200

TIME (sec)

Average ECC) and 6426/1 (Average Power, No ECC)

3-78

Cona

6425/2 (Average Power,



6l-¢€

SYSTEM PRESSURE (psial

1200 p—

1000

OISCERNIBLE DIFFERENCE IN SYSTEM PRESSURE (65 sac)

AVERAGE POWER AVERAGE ECC (6425 /2)

200 |—
AVERAGE POWER, —
NO ECC i6426/1)
% i i 1 — —— ———
0 50 100 150 200 ' 250 300
TIME (sec)

Figure 3-49.

Comparison of System

Pressures for Average Power Tests with and without ECC

(MPs)



08-¢

Figure 3-50.

&0
L-—— -—
100 |__
£
= _J 40
a €
< AVERAGE POWER, [
§ AVERAGE ECC {6425/2) 2
3 , 3
> .
w
-
[- 9
[+
)
2
Q
)
L AVERAGE POWER, - e
50 NO ECC 6426/1) - ‘N\p\v\
N\e] 2
TYPICAL
UNCERTAINTY
0 L | 0
-10 15 40 65 S0
TIME (sec)

Comparison of Lower Plenum Mass Inventories for Average Power Tests with and without ECC



18-¢

BUNDLE MASS (lbm)

150

_160
100.]__
4 40
TYPICAL
UNCERTAINTY
50 [
s aEp arp G GE
A2
AVERAGE POWER,
/_AVERAGE ECC (6425/2)
AVERAGE POWER,_/
NO ECC (6426/1)
0 ] 0
-10 15 40 65 90

TIME {sec)

Figure 3-51. Comparison of Bundle Mass Inventories for Average

Power Tests with and without ECC

kilogram



28-¢
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The ECC effect on the system pressure becomes apparent as soon as partial drainage
of the ECC fluid from the upper plenum begins tb influence the lower plenum mass.
This drainage also affects the density of the fluid discharging through the jet pump.
This in turn increases the discharge fluid density (shown in Figure 3-56) and results
in higher mass but lower volumetric blowdown f1ow.. The higher volumetric flows for

the case with no ECC are clearly evident from 60 seconds (see turbine meter measure-
ments in Figures 3-57 and 3-58).*

The reduced volumetric flow discharge from the vessel resulting from the higher
pressure drog when some of the ECC fluid is carried out the break decreases the sys-
tem depressurization rate beyond 65 seconds. The partial vapor condensation within
the system (Figure 3-12) by the subcooled ECC 1iquid does not totally offset the
effect of reduced volumetric discharge. As a result, system pressure in the test'
with ECC remains slightly higher for the balance of the transient.

3.3.2.2 Effectiveness of ECC Injection {Comparison of Peak Power Tests). The

effectiveness of the ECC injection can be appraised by comparing the responses

from the peak power tests: one with average ECC {Test 6424 Run 1), the other with
low ECC at high temperature (Test 6423 Run 3). The system pressures are compaked in
Figure 3-59. It is seen that system depressurization is slower for the average

ECC test at 80 seconds because of higher density fluid at the break. However, the
condensation effect of the subcooled ECC in Test 6424 Run 1 renders the system pres-
sure lower later in the transient. The difference in ECC injection rates are shown
in Figure 3—60, and the bundle level responses are shown in Figure 3-61. The upper
plenum Tevel, as expected, is higher for the test with average ECC. The bundle level
responses indicate that the test with low ECC could reflood only partially, and the
Tower plenum level responses suggest that the ECC filuid fills the lower plenum in
the Tow ECC test instead of.ref1ood1ng the bundle from 150 éecondé onward. This is
the result of the system depressurization be{ng terminated by the higher volumetric
flowrate of the ECC fluid compared to that of the break fiow, while the depressuri-
zation caused by condensation is insufficient (because of the combined effect of

low rate and high temperatufe) to compensate for the net volumetric influx. Con-
sequently, Tower plenum flashing diminishes, and the CCFL condition at the bundle
inlet can no longer hold the inventory within the bundle.

*The discrepancies in these figureéAbetween the two tests early in the transient
were due to an equipment problem which, as explained in Appendix D, has only
negligible effect after ~25 seconds. -
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The.peak cladding temperatures for. the two peak power tests are Compared in Fig-
ure 3-62. Whereas the bundle in the test with average ECC comp1ete1y refloods and
becomes well cooled at 150 seconds, the bundle in the test with Tow ECC at high
temperature only partially refloods. 1In Spite of the fact that the bundle does not
completely reflood for the lgw ECC flow test, the maximum cladding temperature for
this test is below ~1000°F (538°C). |

3.3.3 Geometric Effects

The most significant geometric difference between Configurationé 5A and 5 of TLTA
is the leakage path in TLTA 5A. In TLTA 5 the simulation of the BWR leakage path
between the bypass and bundles was not present. " Instead this leakage path was
lumped into the leakage simulation between the guide tube and lower plenum. 1In
TLTA 5A the addition of the leakage flow path results in improved simulation,
making it more typical of a BWR (as mentioned in Subsection 2.2.1). The effects of
this geometric difference are significant: the bundle refloods from the bypass
through the leakage path first; then’CCFL breaks down at the upper tieplate and
refloods the bundle completely.

The effects of this more representative flow path on the system response can be
gleaned from the mixture Tevel response as shown in Figure 3-63. The mixture levels
along the bundle path are compared for two average power tests having average ECC
injections (Tests 6425 Run 2 and 6406 Run 1). The mixture level for the Test 6425
Run 2 rises as the bundle refloods when the bypass fluid flows {nto.the bundle and
is prevented from completely draining into the lower plenum by the CCFL condition-at
" the bundle inlet SEO. The bundle level for Test 6406 Run 1 rises to the height of
the jet pump and no further. The reason for this response is that the bypass fluid
in Test 6406 Run 1 drains directly into the lower plenum. The only fluid avail-
able for the bundle reflood is that allowed by the CCFL condition at the upper tie-
plate. Consequently, the available. fluid was insufficient to completely refiood

the bundle. On the other hand, with the leakage path simulated in TLTA 5A, the
fluid from the bypass flows directly into. the bundle and contributes to reflooding
the bundle. ' ' '

Detailed discussions of the system response for the Reference'Test, 6425 Run 2,

have been presented in Subsection 3.2.1 and those for Test 6406 Run 1 in
Appendix 1.
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Other geometric differences between TLTA 5 and 5A are the removal of the steam
separator liquid reservoir and the isolation of the excess fluid volume in Recircu-
lation Loop 1 after 20 seconds in TLTA 5A. The effect of these geometric changes is
a slightly faster system pressure decrease for TLTA 5A tests, caused mainly by the"’
isolation of the excess fluid volume in Loop 1. Fiqure 3-64 shows this effect with
the comparison of system pressure responses for Tests 6421 Run 2 and 6406 Run 3.
Test conditions for the two tests were comparable: average power with no ECC. The
test conducted in TLTA SA { Test 6421 Run 2) is seen to depressurize faster at

20 seconds. The effect of excess mass on system depressurization will be analyzed
in Subsectioﬁ 3.4.2 below. While the system response was somewhat different, these
simple geometry differences should provide an excellent challenge forvcomparative

analyses in assessing best estimate models.

3.3.4 Miscellaneous Effects

In addition to the major systems and parametric effects discussed above, there are
other deviations that could affect the system response. Included in this category
of miscellaneous effects are break size, vessel heat addition, and test

repeatability.

3.3.4.1 Small Break. Detailed déscription of the responses from the small break
tests are presented in a separate topical report. Two small break* tests were con-
ducted, as indicated in Table 3-2. The first test (6431/1) was conducted under the
assumption of complete availability of all ECC systems. The second test (6432/1)
was conducted under degraded ECC conditions in which the high pressure core spray.
system was assumed to be inoperative. The results show that, when compared to

the global response from the large break LOCA, there were no new phenomena observed
in the BWR small break tests. The major effect of the smaller break size was that

the timing of key events was extended.

The'response of the first small break test was rather uneventful. The high pres-~
sure ECC injection alone was capable of supplying more fluid than was Tlost through
the break. The system was refilled and the core region never uncovered. Conse-

quently there was no bundle heat-up.

*NOTE: The break was a 0.125" diameter orifice in TLTA, represénting a 0.05 ft?
BWR break. ' :
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In the second small break test, the downcomer inventory and water level continued

to decrease as HPCS was assumed to be unavailable. This level drops to the equiva-
Tent of Level 1 in a BWR and then, after a delay of 120 seconds, leads to ADS
opening. As the vapor discharges through the ADS, the system pressure decreases
rapidly (Figure 3-65). This response is similar to the response of a DBA large
break (Subsection 3.2.1.1) in which rapid system depressurization follows the recir-
culation suction uncovery allowing vapor to discharge through the break. In both
cases, bulk flashing and subsequent redistribution of the system fluid occur. CCFL
condition is observed at the bundle inlet in both large and small break tests.

The system pressure responses for the degraded ECC small break (6432/1) and the
large break reference test (6425/2) are compared in Figure 3-65a for detail. The
early system depressurization is almost the same for the two tests. Later the sys-
tem depressurization becomes slower for the small break test because the system
inventory at the outset of the rapid depressurization was larger for that test.
Another contributing factor for the slower depressurization was that the ADS dis-
charge area of the small break (0.36 sq. in.) was smaller than the suction line dis-
charge area for the 1arge break (0.43 sq. in.). The combined effects of higher
system inventory and smaller discharge area lead to the slightly slower

depressurization.

The mixture level responses along the bundle path are compared in Fiqure 3-66. The
important phenomenon of the CCFL condition at the bundle inlet is seen in both the
Targe and small break tests. Whereas this CCFL condition delayed heat-up and con-
tributed to bundle reflood in the large break test, it prevented the bundle inven-
tory from emptying intoc the lower plenum in the small break test. As a result, the
Tevel remained above the core region and maintained the bundle well cooled. A
cladding temperature comparison shown in Figure 3-67 indicates no heat-up for the
small break test. Toward the later period of the small break test, the effects of
the subcooled ECCS injection refilling the system and bundle are seen (Figure 3-67)

as the measured cladding temperature drops below the system saturation temperature.

3.3.4.2 Vessel Heat Addition. The addition of heat from the vessel to the lower
plenum fluid had been anticipated (5); that was why an insulating liner was

installed. However, the effectiveness of the insulation has been difficult to »
ascertain. Ig\generaj, however, one would expéct the heat transfer to increase with
time in a transient because of the increase of temperature difference between the

vessel wall and the saturated fluid. The mass depletion rate of the lower plenum as

compared with that of the guice tube from Test 6426 Run 1, which was run at average
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power with no ECCS, offers a means of estimating the magnitude of heat addition.
The heat addition is estimated to be 60 Btu/sec (63 kW), as discussed below.

Evidence of heat addition can be inferred from Figure 3-68, which shows a faster
mass depietion rate for the Tower plenum inventory than for the guide tube. Because
both these regions are exposed to the same system pressure, the flashing rate is the
same for both regions, and therefore the depletion rate caused by flashing should be
about the same. The faster depletion rate of Jower plenum fluid can be attributed
to vapor generation caused by heat addition, as the lower plenum fluid is in direct
contact with a thick vessel wall that has a substantial amount of stored energy.

The gujde tube fluid, on the other hand, is contained in thin wall tubes which have
a smaller amount of stored energy. Additionally, the outside of the guide tube is
surrounded by the Tower plenum fluid so that any stored energy in the guide tube
would be shared by the fluid in the two regions. Figure 3-68 shows that, from

120 seconds and beyond, the effect of heat addition in the Tower plenum becomes more
evident as the rate of inventory depletion in the two regions becomes discernible.

The magnitude of heat addition after 120 seconds can be evaluated as shown below.
The inventory depletion caused by flashing for these two regions can be approximated
by the following equations derived from an energy balance in the lower plenum and

guide tube (see Appendix E for details).

1 - dh - S
(TS R S [ R <—> Pl - (3-1)
fg Lp hfg i LP | LP \dp LP
(, )m - L o ()] an (3-2)
fg'6T = iy 6T \dp) P | =~ Ter _ '

The heat addition to the lower plenum, as determined from these equations together
with test data, is shown in Figure 3-69. It is seen that this heat addition after
120 seconds is 60 Btu/sec (63 kw). This represents approximately 30 percent of

the heat generated in the bundle during this period. However, its effect on the
overall systemvpressure response is smaﬁT,' The main reason for this small effect'is
that the system enérgy loss through the break is ~1500 Btu/sec. This energy loss
thus overwhelms the effect of bundle power (200 Btu/sec) and Tower plenum heat
addition (60 Btu/sec). That is why the bundle power variations between peak

(6.5 MW) and average central power (5.05 MW) show only a negligible effect on the
overall system pressure response (Subsection 3.3.1). Locally, in the lower plenum,
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however, this added heat can affect the net steam updraft to the bundle and hence
the CCFL conditions at the bundle inlet. Responses of all tests are affected to
approximately the same extent.

3.3.4.3 Test Repeatability. Repeatability of tests can be evaluated by comparing
results of the two average power, average ECC tests (6422/3 and 6425/2). Test 6422
Run 3 was intended to be the reference test of the test series but was replaced by

Test 6425 Run 2 because the latter had an improved pressure controller simulation
and improved break flow measurements. Test 6425 Run 2 was a repeat of Test 6422
Run 3, although the objective was not for evaluatina test repeatability. Comparison
of results shows that the global responses are similar and the controlling phenomena

are the same; differences are in detail only.

The initial conditions and timing of events for the two tests are compared in
Tables 3-11 and 3-12. Minor differences in initial conditions are noted. The
system pressures are presented in Figure 3-70. The difference in the early
response is due mainly to the operation of the pressure controller; smaller differ-
ences are due to variations in the initial conditions. The pressure responses

are nevertheless nearly identical after ~30 seconds. The level responses and the
regional masses are presented in Figures 3-71 and 3-72, respectively.. The bundle
refloods in both cases (Figure 3-71), but in Test 6422 Run 3 the bundle refloods
with a denser fluid in a longer time period. The differences noted between these
two tests gives an indication or measure of the repeatability that can be achieved
in the operation or conduct of these integral system tests.

3.3.4.4 Single Bundle/Bundle Exit. The bundle exit beyond the upper tieplate is
rather restrictive in the TLTA because of the extension of the rods to the upper

electrode. This, in addition to the absence of multichannels at the bundle exit
plane, renders a rather poor simulation of core spray injection distribution. How-
ever, the effect of the restrictive geometry appears insignificant in light of the
test results discussed in Subsection 3.2.1. It was pointed out that CCFL broke
down after the LPCI had refilled the bypass region and the subcooled fluid over-
flowed onto the top of the bundle. This subcooled fluid augmented the local sub-
coo]ing and contributed directly, or in combination with the core spray fluid, to
break down CCFL at the bundle exit. The'éffect of 51ng1e channel versus multi-
channel is being evaluated in other programs (13).
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Tabl

e 3-11

COMPARISON OF INITIAL CONDITIONS FOR AVERAGE POWER, AVERAGE ECC TESTS

Initial Conditions

Bundle power

Steam dome pressure
Lower plenum pressure
Lower plenum enthalpy
Initial water level*
Feedwater enthalpy
Bundle inlet to outlet DP
Steam flow

Feedwater flow

Drive Pump 1 flow
Drive Pump 2 flow

Jet Pump 1 flow~

Jet Pump 2 flow
Bundle inlet flow

ECC fluid temperature

6422 Run 3

5.05
1035
1062
524

74 +

+

41 =

1+

17

+

20 #

+

21 +

+

35 ¢

120

1+

0.03 MW
+ b psia

+ 5 psia

+ 5 Btu/1bm
6

2 Btu/T1bm
2 psi

1 Tbm/sec

i+

0.3 Tbm/sec

I+

1 1bm/sec

I+

1 1bm/sec
2 1bm/sec
2 tbm/sec
5 Tbm/sec

+ 156°F

)

425 Run 2

5.05
1044
1071

t+

0.03 MW
+ 5 psia

+ 5 psia

528 £ 5 Btu/1b

73 %

+

41 +

17 +

22

I+

20

i+

39 =+

+

+

1+

6 in.

2 Btu/Tbm

2 psia |
1bm/sec
0.3 1bh/sec
1 1bm/sec
1 1bm/sec

2 1bm/sec

2 Tbm/sec

5 1bm/sec

120 = 15°F

A1l uncertainty bands are judged from the maximum of data fluctuation and/or
absolute uncertainties of the measurements.

*Water level reference to jet pump support plate.
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Table 3-12 , |
COMPARISON OF TIMING OF EVENTS FOR AVERAGE POWER, AVERAGE ECC TESTS

Time (sec)
Events ' (6422/3) (6425/2)

Blowdown valves open 0.0 , 0.0
Bundle power decay initiated ‘ , 0.4 0.5
Blowdown loop jet pump flow reverses 0.5 0.5
Feedwater flow stops - : 0.5 0.5
Bypass flow reverses 3.8 1.7
Jet pump suction uncovers 8.0 - 6.7
Steamline valve completely c]bsed 14.0 _ 9.0
'Recirc. suction 1ine begins to uncover 11.0 ' 9.5
Lower plenum bulk flashing 12.5 11.0
Guide tube flashing 13.7 11.2
Core inlet uncovers (SEQ center line) | 20 20
Loop 1 isolated 20 | 20
HPCS injection begins 27 27
Lower plenum mixture.level reaches jet 34 35
pump exit plane

LPCS LPCI activated- 37 - 37
LPCS flow begins - ; 63 64
LPCI flow begins 71 ‘ 75
Bypass/guide tube region begins to refill 78 85
CCFL breaks down at bypdss outlet 9 95
Bundle begins to refill | | 95 114
Bypass region refilled o - 100 v 125
Bundle reflood with two-phase mixture 150 130
CCFL breaks down at upper tieplate 140 _ ' 125
Bundle quenched ’ 150 150

End of test 328 400
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3.4 ANALYSIS AND EVALUATION

The phenomenological interpretation of results, discussed in the preceding sections,
is supplemented by analyses and evaluations presented below. The CCFL phenomenon

is evaluated by applying correlations and considerations of condensation. The
system depressurization and the effects of parameters are discussed. The break
flows, which are important quantities for determining system responses, are eval-
uated. The bundle heat transfer response is characterized by determining the heat
transfer coefficients. Additional characterization of the bundle heat transfer is
provided by eva]uat%ng the local conditions within the bundle. Finally, heat
transfer coefficients determined from test data are compared with those from BWR

evaluation models.

»3.4.1 CCFL Characteristics

Counter current flow Timiting (CCFL) conditions at geometrically restrictive
Tocations, such as bundle inlet and outlet and bypass region outlet, were observed
in TLTA tests to have a significant effect on the system response. As discussed
in Subsection 3.2.1, CCFL at bundle inlet holds up inventory early in the transient
and delays dryout. Later in the transient, CCFL breaks down at the bypass outlet
because of LPCI condensation, and the bypass region is refilled with dense fluid.
As some of this fluid drains into the lower plenum to hinder the vapor discharge
through the jet pump, the CCFL condition again exists at the bundle iniet and con-
tributes to bundle reflood. The CCFL conditions at the bundie inlet SEO, bundle
outiet UTP, and the bypass outlet are discussed below. Details of analysis are
included in Appendix F.

In the following, a c]arifigation of the term CCFL is first provided. This is
followed by results and discussions of: {a) the limiting vapor flow determined for
the three locations, (b) a comparison of the 1imiting vapor flow with vapor genera-
tion from flashing, and (c) the operating CCFL conditions at the bundle inlet and
outlet.

3.4.1.1 Definitions of CCFL Conditions. Counter current flow limiting (CCFL)
condition refers to the flow condition at which the volumetric flux of vapor

updraft limits the volumetric flux of Tiquid downflow. The relationship between
the steam upflow and water downflow at the two critical locations across the core
region, the bundle inlet (10) SEO and bundle outlet UTP (14), are shown in

Figure 3-73. It is seen from this figure that the SEO is considerably more

restrictive in limiting water downflow than the UTP.
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Under counter current flow limiting conditicns, the liquid downfliow is governed by
the steam upflow (Point 1 or 1' in Figure 3-73). If the steam flow increases, the
1iquid flow decreases correspondingly until complete shutoff of 1iquid downflow is
reached (Point 2 or 2' in Figure 3-73). Further increase in the steam flow leads
to continuing shutoff of liquid downflow (Point 3 or 3' in the figure). If the
1iquid that is about to drain past the restriction is subcooled, it will condense
some of the steam as it drains. In addition, if the operating CCFL condition is

a point such as 1 or 1' along the CCFL characteristic relationship, the operating
condition will quickly shift toward the left (Point 4 or 4') until the liquid
downflow is no longer limited by the steam upflow. This condition is referred to
. as CCFL breakdown. The liquid can then drain freely and is governed only by the
hydraulic resistance at the restriction. This free drain condition also exists

when thére is no net steam updraft.

3.4.1.2 Limiting Vapor Flows. -The limiting vapor flows (which stdpv1iqu1d
downflow) for three key locations in the TLTA (bundle inlet orifice, outlet upper

_tieplate, and bypass outlet) are determined for the reference test (6425/2).
Figure 3-74 shows the limiting vapor flows (a CCFL condition analogous to Poﬁnts 2!
and 2 in Figure 3;73) at the bundle inlet and outlet and the bypass outlet. The
Timiting vapor flow at the bundle inlet SEO is a factor of 5 smaller than the
flow at the UTP. This result suggests that conditions could easily exist whereby
the vapor flow from the lower plenum is large énough to 1imit the liquid draining
at the SEO, but the combined flow (LP vapor flow plus bundle vaporization) at the
UTP is insufficient to stop liquid from draining into the bundle from the upper
plenum, Conditions such as these were seen in the reference test during the early
blowdown period. As a result, the bulk dryout within the bundle was delayed until
35 seconds.

3.4.1.3 Comparison of Vapor Generation with Limiting Vapor Flow. Vapor generation

in different regions of the system can be determined from consideration of the first
law of thermodynamics, as shown in Appendix E. Using the relationship in conjunction
with measurements froh‘thé reference test, the vapor generated from system depres-
surization (flashing) was estimated for the lower plenum and the guide tube/Qypass
region. The vapor generation caused by vessel wall heat addition is neqglected
because heat addition dhring the early part of_the transient is small.

The vapor generated in the lower plenum because of f]ashing is compared, in

Figure 3-75, with the 1imiting vapor flow at the bundle inlet SEO. The total vapor
generated in the Tower plenum is seen to be insufficient to completely limit the
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‘ Figure 3-74. Limiting Vapor flows at CCFL Locations

Tiquid downflow through the SEQ after <50 seconds. Because a portion of the lower
plenum vapor has begun to discharge through the jet pump path after 35 seconds
v(when the two-phase level in the lower plenum drops to the jet pump exit plane) the
vapor flow through the SEO becomes less than the vapor generated in the Tower
plenum from that time on. It is likely that liquid begins draining at 35 seconds as
the vapor flow through the SEO becomes less than the limiting vapor flow. This
result supports the phenomenological inference (Subsection 3.2.7) that the 1iquid
draining from the bundle for the later blowdown period maintains Tower plenum
jnventory so that the mixture level remains at the jet pump exit plane.

.The vapor generated in the guide tube/bypass region is compared in Figure 3-76 with
the 1imiting vapor flow at the bypass outlet. The vapor generation was determined
from flashing and was adjusted for the condensation effect of the subcooled LPCI.
The fiqure shows that the total vapor generated in the guide tube/bypass region is
substantially above the limiting vapor flow. This figure also shows that because

of subcooled LPCI COndeﬁsation; the net vapor géhérated in the bybass region

rapidly approaches zero at ~85 seconds. This result is consistent with the observa-
tion‘(Subsection 3.2.1) that the CCFL breakdown occurred at the bypa§s outlet at

85 seconds.
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Figure 3-75. Comparison of Lower Plenum Vaporization with‘Limiting
Vapor Flow at SEO for Test 6425 Run 2

3.4.1.4 CCFL Operating Conditions. The operating conditions (e.g., location of
Point 1 in Figure 3-73) for the three CCFL Tocations are evaluated below for the
reference test (6425/2). The CCFL operating conditions are defined by the vapor
upflow and the liquid downflow. The liquid downflows are determined from test

measurements by considering mass conservation in adjacent regions (details are
shown in Appendix F). The'vapor upflow that corresponds to the 1iquid downflow was
estimated from the various CCFL correlations which are shown in Appendix F. The
vapor flows are also compared with the 1imiting vapor flow discussed in

Subsection 3.4.1.2.

3.4.1.4.1 Cohdﬁtions’at bundle 1nTet. 'The'estﬁmated liquid drainage at the
bundle inlet SEO is shown in Figuré 3-77a, and the corrésponding vapor flow
is compared with fhe limiting vapor flow in Figure 3-77b. These ffguhes show
that before the Towek plenum mixthke 1eve1'fa11§ below the jet pump exit plane
at 35 seconds, little ]1qﬁid drains‘thrdugh the SEO’becadse the vapor -flow is

~
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Figure 3-76. Compam’soh of Guide Tube/Bypass Vapor Generation with Limiting
Vapor Flow at Bypass Outlet for Test 6425 Run 2

above the limiting flowrate (i.e., operating point equivalent to Point 3 in

Figure 3-73). After the Tower plenum level falls to the vicinity of the jet pump
exit plane, significant Tiquid downflow occurs because a large proportion of lower
plenum vapor discharges through the jet pump flow path. The vapor upflow

remains below the limiting flow rate as liquid contﬁnues to drain through the

SE0. This 1iqu1d'drainage increases at 130 seconds following the complete

bundle reflood as CCFL at the bundle outlet breaks down.

3.4.1.4.2 Conditions at bundle outlet UTP. The 1iquid downflow at the bundle
outlet UTP.and the corresponding vapor flow are shown in Fig‘ure 3-78a and
3-78b. ;The vapor flow is also compared with the limiting vapor flow and the

vapor génefation caused by bundle powér (i.e., decay heat). The 131'qm'd down-
flow confirms the observed ]iquid'dra_inagve_ into the bundle and substantiates
the inference that many rods rewet prior to )comp_]et'eA réﬁooding of the bundle
(Subsection 3.2.1). o
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3.4.1.4.3 Summary remarks on CCFL énd_condensation. Evaluation of the CCFL

conditions confirms the phenomenological observations stated in Subsection3.Z.1.
In addition, the CCFL condition at the SEQ is more restrictive than that at the
UTP. In both these locations, the limiting condition of no 1iquid downflow

does not persist after 35 seconds. The condensation effect of the LPCI is

seen to cause CCFL breakdown at the bypass outlet.

The results show that the condensing tapabi]ity of only one LPCI system was
sufficient to condense all the vapor generated in the guide tube/bypass region
and cause CCFL breakdown at the bypass outiet. Following CCFL breakdown at
the outlet, the bypass region was refilled with fluid from the upper plenum in
combination with that from LPCI. As the fluid draining from the bypass region
is less than one LPCI, the subcooled LPCI fluid spills into the upper plenum
and augments the condensation capability of the core spray £CC. Consequently,
CCFL breaks down at the top of the bundle. The results of bundle UTP CCFL
breakdown were observed for both the average and peak power tests with average
ECCS injection. The CCFL condition at the bundle inlet is rather restrictive
so that the liquid drainage through the SEQ is reduced by the steam gen-
erated from continuing Tower plenum flashing. The CCFL condition at this
Tccation contributes to a rapid reflooding of the bundle as it holds up the
inventory in the bundle. .

In addition, the combined condensing capacity of the threé ECC systems (one
HPCS, one LPCS, and one LPCI) is sufficient to condense all the updrafting
vapor from the core region (bypass and bundie) into the upper plenum. Evi-
dence of this can be found in measurements which show: (a) subcooled tempera-
ture of the.bypass region (see plot of 125, T26. App. J), (b) subcooled fluid
temperature in the upper plenum (Figure 3-6), (c) subcooled temperature
measurements of rod cladding (Figure 3-8), and (d) reverse steam flow through
the separator indicating that steam was drawn into the upper plenum from the
steam dome (Figure 3-12).

3.4.2 System Depressurization

The system pressure is evaluated below in light of some of the effects of thermal-

hydraulic quantities discussed previously (Subsections 3.2.2.4, 3.3.2.1, and 3.3.3).

The evaluation uses the depressurization equation which is derived from considera-

tion of mass and enefgy conservations as detailed in Appendix G. Effects evaluated

are: (a) mass/energy influx, (b) system mass inventory, and (c) discharge fluid

quality.
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The system depressurization.equation is given by:

Cdp (vg Wy + Ve We) = v W +ve W (he - he)/hfg *Q veg/heg
dt :
_ v dh dv dv
_t fg £ dhg _, 1443 fm 4
[hfg <mf & Mga U) M a9 @

<vo1umetric f]ow) . (%o]umetric f]ow> + < volume of > +< heat )
- out the break from ECC fluid condensed/ '\ addition
- f {fluid mass, .system pressure) v

where:

v_ = vapor specific volume [ft3/1b]
ve = Tiquid specific volume [ft3/1b]

me = mass of liquid [1bm]

my = mass of vapor [1bm]

wg = vapor flow outbreak [1b/sec]

We = Tiquid flow outbreak [1b/sec]

Vo = ECC specific volume [ft3/1b]

we = ECC flow rate [1b/sec]

hf = enthalpy of saturated 1iquid [Btu/1b]
h, = ECC enthalpy [Btu/1b]

v = v -y [ft3/1b]

fg g f

hfg = TJatent heat of vaporization [Btu/1b]
q = heat addition [Btu/sec]

hg = enthalpy of saturated vapor [Btu/1b]

P = pressure [1bf/in2]

V = system volume [ft3]
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J =" Conversion factor [Btu/ft-1b]

144 = Conversion factor [inz/ftz]

The equation shows that if the volumetric flow rate Qf the influx of ECC (vewe) is
larger than the discharge through the break (vgwg + vfwf) plus the f]uid‘volume<
decrease caused by condensation, then the system pressure will increase instead of
decrease. Such a system pressure increase was observed in Test 6423 Run 3 (peak
power, low rate/high temperature ECC) {Subsection 3.2.2.4).

The effect of system mass on depressurization was discussed in Subsection 3.3.3.
It was pointed out that the system pressure decreased faster in TLTA 5A after the
excess mass in the intact loop was isolated. This effect can be approximated, as
shown in Appendix G, by the following ratio,

¢

(dP/dVrira5n , M) 1iTa s

(dp/dt)y 1 5 Me) Tira 52

which shows that dP/dt ~ 1/Mf. Because the Tiquid mass in TLTA 5A was less after
the intact loop was isolated, the depressurization rate was higher.

The <'epressurization equation was used for a sensitivity study. Differential
coefficients, as shown in Appendix G, were used to assess the effect of break area,
heat addition to coolant, ECC enthalpy, ECC flow rate, and fluid quality at the
break. Results, summarized in Table 3-13, indicate that the two predominant vari-
ables affecting system depressurizatiohAare the fluid quality within the system -
and local quality at the break. These results support the inference discussed in
Subsection 3.3.2.1 that the ECC fluid retards the system depressurization somewhat
as it decreases the steam quality of the fluid inside the vessel as well as at the
break.

3.4.3 TLTA Break Flow Evaluation

The break flows are evaluated in this sectioh for the average power tests with and
without ECC. The break flows:are determined from four methods that are based on
different measurements. Details of break flow determination are shown in

Appendix H. Presented below are:. summary of the methods, summary. of the results,

and an evaluation of the uncertainties.
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Table 3-13

v

SENSITIVITY OF SYSTEM DEPRESSURIZATION* TO VARIATION OF SYSTEM PARAMETERS

Heat : Depressurization
System Break ‘Addition Rate
Fluid Quality Flow Quality (Btu/sec) (psi/sec)
0.082 1.0 0.25 - =23
0.082 1.0 | 125 -21
0.063 1.0 0.25 =20
0.063 1.0 125 -19
0.063 . , 0.8 | 0.25 -18
0.063 0.8 125 -17

*NOTE: Based on measured system conditions from Test 6406 Run 1 at 65 seconds.

The methods utilized were: (a) system inventory based on nodal DPs, (b) volumetric
and momentum flows based on-turbine meters and drag discs, {c) mass discharge based
on DP measurement of suction line nozzle, and (d) suppression tank mass increase
based on DP measurements. Measurements, other than the nodal DPs, that are used

for break flow determination are shown in Figure 3-79.

The vessel inventory method is considered the reference method, as it is based on
proven techniques. Applying this method, the total break flows for the average power
tests with and without ECC are presented in Figure 3-80. The uncertainties
associated with the determined values are included in the figure. In general,

these uncertainties are smaller during the period of the transient when the flow

pressure drops are negligible. , -

The break flows determined from the combined turbine meter/drag disc measurements
are presented in Figure 3-8la for the suction line and Figure 3-81b for the drive
line. In addition to the mass flows, these measurements provide information on the
denéity of the discharging fluid, as is discussed in Appendix H. This information
is useful for explaining the break flow difference for the tests with and without
ECC. The mass flow for the test with ECC is higher,. as seen in Figure 3-81. How-
ever, the volumetric flow for the test with ECC is lower (see Appendix H) because
the density of the test with ECC is higher (see Figure 3-56). While the measurements
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used in this method are informative, ﬁhe mass flow rate determined from this
method is seen to be higher than those shown in Figure 3-80 after 120 seconds.
This is consistent with expectations because the accuracy of this method is
influenced by the assumption of homogeneous flow for that period (Appendix H).

The blowdown nozzle method offers an additional means of determining the break

flow through the suction line. The flows determined for the two tests are shown

in Figure 3-82. The results are consistent with those found by other methods.

The accuracy of this method also depends on the assumptions that are necessary

for the calculation. One major assumption is that the flow through the nozzle
~is homogeneous equilibrium flow.

The suppression pool collection method was used to check its feasibility. . Results
are shown in Table H-2 of Appendix H. It is concluded that this method appears
promising but could be improved by optimizing the instrumentation.

~In summary, the system inventory method provides a reliable means of determining
the system blowdown flow. The disadvantage of this method is that it entails con-
siderable effort, and its accuracy is somewhat impaired when rapid mass f]ow'
occurs in the system. The combined turbine meter and drag disc measurements are
informative and provide an excellent supplement to the system inventory method.
These measurements were improved for the last three tests in TLTA 5A (Tests 6424,
6425, and 6426) by a careful selection of components. The results showed that
these measurements can be improved to pkovide qualitative transient response of
local break flow conditions. The blowdown nozzle method appears to be an exce]-
Tent supplement to the turbinemeter drag disc combination for the suction line.
The advantage of this method is that the measurements are at the flow-limiting
nozzle. The sp601 piece for the turbinemeter and drag disc, on the other hand,
is Tocated in a large diameter* pipe downstream of the break. Consequently, the
break flow through the suction line flashes and expands upstream of the spool
piece and could affect the accuracy of the measureﬁént.

*The inside diameter of the pipe is 2.88 inches (73.2mm). This is in contrast to
the flow nozzle diameter of 0.743 inch (18.6mm). R
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3.4.4 Heat Transfer Coefficient

Heat transfer coefficients at three bundle locations have been determined for
three tests in TLTA 5A. The heat transfer coefficients (HTC) were determined

from the inverse heat conduction solution applied to the heater rods with
HCODE (15). Thermocouﬁ]e measurements and power supplied to the bundle were input
to the program. Heat transfer coefficients were evaluated for the following

three tests: average power, no ECC (Test 6421); average power, average ECC

(Test 6422); and peak power, lTow ECC (Test 6423). Three bundle locations were
evaluated, as shown in Figure 3-83. These are peak power locations, and the
thermocouples chosen were among the ones showing the highest temperature responses.

The measured cladding temperatures and the heat transfer coefficients at the

three locations for the test with average power and no ECC (Test 6421) are shown

in Figure 3-84. At the early part of the transient, the bundle is well cooled,

and the heat transfer coefficients range from 5600 to 8600 Btu/hr ft2 °F, which

are typical of nucleate boiling. As the bundle inventory decreases following the ‘
jet pump exit uncovery at 35 seconds, the heat transfer coefficient drops

sharply after the rods dry out and the bundle heats up. The heat transfer coef-
ficient drops to the range of 20 to 50 Btu/hr ft2 °F, then declines .gradually for
the remainder of the test. The bundle is cooled by steam updraft after ~60 seconds,
so the heat transfer coefficient decreases as the flashing rate in the lower plenum

decreases.

The femperatures and heat transfer coefficients for the test with average power,
average ECC (Test 6422), are shown in Figure 3-85. The bundle is well cooled
with heat transfer coefficients in the range of 8000 to 10,600 Btu/hr ft2 °F
until ~20 séconds when local dryout occurs. This local dryout, as pointed out

in Subsection 3.2, rewets because of fluid redistribution within the bundle.

The bundle heat-up begins at ~35 seconds when the vapor flow at the bundle inlet
decreases and the bundle loses inventory. The minimum heat transfer coefficient
reached is ~20 Btu/hr ft2 °F. The heat transfer coefficients return to the order
of 1000 Btu/hr ft2 of following ECC fluid injection when the bundle begins to re-
flood and the rods rewet. The bundle becomes well cooled aftervreflooding com-
pletely at ~130 seconds (not shown in figure).

The measured temperatures and calculated heat transfer coefficients for the limit-

ing test, peak power and low ECC at high temperature (Test 6423), are shown in
Figure 3-86. The_initial heat transfer coefficients are in the order of
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10,000 Btu/hr ft2 °

outs and rewet, are seen with the corresponding drops of the heat transfer

F. Early boiling transition and rewet, as well as local dry-

coefficients. The effectiveness of the ECC injection in mitigating the bundle
heat-up is evident from the plots of temperature and heat transfer coefficient.
Sharp drops of temperature which are accompanied by sharp rises in heat transfer
coefficient occur because of ECC fluid draining from the upper plenum into the
bundle. The minimum heat transfer coefficient found in Figure 3-86b is 9 Btu/
hr ft2
no ECC at a comparable time.

°F. This value is higher than that found in the average power test with

3.4.5 Comparison of ‘Heat Transfer Coefficients

The heat transfer coefficients for each of the three locations and each of the three
tests are compared in Figure 3-87. The heat transfer coefficient at 100 inches ele-
vation (Figure 3-87c) are lower for the test with average ECC from ~30 to 65 sec-
onds because the bundle inventory is lower. As indicated in Subsection 3.3.1, the
upper plenum inventory is higher for the test with ECC; therefore, the bundle level
is lower so that the total head across the bundle/U.P. path is balanced by that
across the jet pump path.

Results compared at other locations show the expected trend of generally better

heat transfer with ECC injections. The effectiveness of ECC in mitigating bundle
thermal response can be seen from Figures 3-87b and ¢ in which the heat transfer
coefficient of the 1imiting cases js higher than for the test having no ECC.

The preceding evaluations bring into focus the important observation that heat
transfer during the early blowdown phase is sufficient to remove the stored energy
of the bundle.* Even for peak power bundle, the early boiling transitions were
quickly rewetted as the fluid redistributed inside the system and within the bundle.
Other than the localized boiling transition in the peak power bundle, the majority
of the rods in the bundle was kept well coo]ed following lower plenum flashing until
jet pump exit exposure at ~35 seconds.. These results of well cooled bundles are
observed in the tests with and without ECC, as well as those in the scoping series
and the 8 x 8 BDHT tests (2). Hence the observation that the bundle heat transfer
was sufficient to remove the'storedlenérGy'iS”consjstent'with the results presented
in Subsection 3.3.1, which show that the system response was insensitive to bundle

power.

*NOTE: The direct heaters used in TLTA are capable of accurately simulating
both the stored energy and decay heat in the BWR fuel rod counterpart (8).
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i Run 3 (Peak Power, Low Rate/High Temperature ECC)
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3.4.6 Local Flow Conditions

Local flow conditions for the peak power, low-flow/high-temperature ECC test
(6423/3) were evaluated using MAYUO4 (16). MAYUO4 is a computer code for one-
dimensional, single-channel analysis. It calculates hydraulic conditions along
the length of the bundle and provides heat transfer information at various ele-
vations for each rod group. In this study, the rods were grouped together by
common. peaking factors, and an average local peaking factor was found for each -

rod group.

Inputs into MAYUO4 consisted of geometric information describing the core region,
power characteristics, material properties, core inlet flow, core inlet ehtha]py
or void fraction, system pressure, and bundle power. The core inlet mass flux
is shown in Figure 3-88. The core inlet flow which determines the inlet mass
flux consists of the SEO flow from the Tower plenum and the fiow from the bypass
leakage. The bypass flow was determined from DP measurements. The SEO flow
was found by using the method described in Appendix C-4 for the first 8 seconds.
During the window period (from jet pump suction uncovery to lower plenum flash-
ing), the SEQO flow is assumed negligible; the net core inlet flow is due solely
to the bypass leakage flow. During lower plenum flashing, the SEO flow was
found from DP40 measurements. The SEO flow is again assumed negligible in the
post-iower plenum flashing peridd.

The inlet enthalpy for the first 13 seconds was determined from the lower plenum
pressure and temperature measurements. During lTower plenum f]ashing, the void
fraction of Node 3 in the Tower plenum is input. After lower plenum flashing,
the void fraction of the bottom bypass node s input for determining the inlet

enthalpy.

The system pressure was found by taking the average of the lower plenum pressure
minus the core inlet pressure drop and the upper plenum pressure. The bundle

power was input directly from data.

The local void fraction and mass flux based on MAYUO4 for the first 30 seconds
of the test are shown in Figures 3-89 and-3-90 for three elevations. It is seen
that the mass”f1ﬁxes at the three e1e§éti0ns decrease in the early part of the
window period. When the two-phase Tevel drops below the 100-in. elevation, the
Tocal mass flux reaches a slightly negative value for downward liquid flow
(counter cUrrent'f]qw) but then quiékly,r§9éfts_to cocurrent upward flow with

a highly-voided mixture. Thé local mass fluxes at the other two elevations
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(71 and 79 inches) continue to show liquid down flow until lower plenum flashing.
The mass flux at each elevation remains in cocurrent upflow after lower plenum
flashing because the bundle is fed by fluid from the bypass region and by con-
tinued flashing within the bundle. :

The void fraction at each elevation is shown in Figure 3-90. The void fraction
derived in MAYUO4 is based on the work of G.E. Dix‘(lzj. The-distribution coeffi-
cient and drift velocity as;umed are: CO =1, ng =1 ft/sec. The void fraction at
the 100-in elevation reaches unity as the mixture level drops below this elevation

at 12 seconds. ,

The inside cladding temperatures and the heat transfer coefficients for these
three elevations are shown in Figures 3-91 and 3-92 in the same time scale for
easy comparison with the hydraulic conditions. The longer time plots for these
values have been presented in the preceding section.

3.4.7 Comparison of Heat Transfer Coefficients (Prediction vs. Data)

Current BWR/LOCA Elevation Models (EM) had been used to predict TLTA results of the
BDHT program, and the comparison between the calculated values and data was re-

ported (18). The EM was found to contain a number of heat transfer modeling assump-
tions that could be improved upon in light of test data. Among the significant ones
that could be improved upon are: instantaneous transition from nucleate boiling to
film boiling, forced boiling transition during the window period, and the omission
of rewet and steam coo]ihg heat transfer. ‘As a result of these assumptions {which
could be improved for more realistic modeling), the predicted cladding temperatures
are éubstantiaT]y (over 1000°F [538°C]) higher than measured temperatures. The dif-
" ference in temperatures is attributable to the lower heat transfer coefficients
determined by the EM.

The heat transfer coefficients at 100 inches (2538 mm) for the three tests are
compared with those determined with the EM for the average power, average ECC test.
These HTCs were derived from measured boundary conditions across the bundle,
including system pressure, inlet flow and enthalpy, and bundle two-phase mixture
Tevel. Timing of the events that trigger the application-of a prescribed correla-
tion or value in the EM are determined from the test results. The correspondence
of events and values are as follows:

o Initial ngc]eate boiling; HTC from Jens-Lottes corrp]ation.

e Boiling Transition; HTC from Dougall-Roshenow film boiling correlation.
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. Window period (JP suction uncovery + 1.0 second); HTC from El1lion pool
boiling correlation. '

° Lower plenum flashing; Dougall-Roshenow film boiling correlation.

® Post-lower plenum flashing dryout; HTC = 0

0 Low-pressure ECCS reaches rated flow (system pressgre n127 psia); heat
transfer coefficient between 1.5 and 3.5 Btu/hr-ft¢ depending on rod
position.

(] Bundle reflood (in EM/licensing calculation timing determined, assum-
' ing lower plenum refills first); HTC = 25 Btu/Hr-ftZ °F.

The timing of the above events as determined from the data of Test 6422 Run 3 are:

Nucleate boiling assumed until jet pump suction uncovery (8.0 sec).
Lower plenum flashing at 13.7 sec.

Bundle dryout at 100 inches EL at 34 sec.

System pressure of 127 psia at 112 sec.

Bundle reflood (without completely refilling lower plenum) at 138 sec.

Figure 3-93 shows a comparison between HTCs determined from the methodology used

in the EM and those from data.* The comparison shows that the HTCs that are deter-
mined from data remain substantially higher than those from the EM, even for the
test without the benefit of ECC. '

*NOTE: The HTCs from data are shown up to only 100 seconds because, in tests
with ECC injection, the HTC reached the minimum value and increased rapidly
after 100 seconds. '
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Section 4

UTILIZATION OF RESULTS

The results bbtained from thelBD/EEC 1A Program have been described and evaluated.
These results contribute to the understanding of the important phenomena occur-
ring in a BWR system during a design basis loss-of-coolant accident. This under-
standing contributes to defining the large safety margin in current design

models and to guiding the development of the best-estimate models. Ultimately
these results will be used to assess the best-estimate BWR-TRAC model. The

work will be conducted as part of the BWR Refill/Reflood Program (19). Because the
results were obtained from an integral system whose thermal hydraulic performance
was designed to represent a BWR, these data comparisons with the best-estimate
models will enhance confidence for their application to a BWR system.
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Section 5

SUMMARY AND CONCLUSIONS

Test results from the BD/ECC 1A program enable the effects of subcooled ECC fluid
injection on integral system response to be defined. Significant results are sum-
. marized below. Also included below are conclusions drawn from evaluation and
interpretation of results from this program.

a. The bundle inventory (1iquid mass) is prevented from completely drain-
ing early in the transient by counter-current flow limiting condition
at the inlet. This CCFL condition prevails until the lower plenum
mixture Tevel drops to the jet pump exit at ~35 seconds. Before that
time, steam generated from lower plenum flashing maintains the CCFL
condition at the bundle inlet and holds up the inventory.

b.  Because of inventory retention of up to 35 seconds, the rods are main-
tained well cooled during this period, and the bundle dissipates
almost all the stored energy. A few rods in the peak power bundle
that enter into film boiling are quickly rewetted by the redistribution
of inventory within the system following lower plenum flashing.

C. The subcooled ECC injections (based on the nominal system performance
and the Timiting single failure criterion availability assumption)
have sufficient capacity to condense all the steam generated within
the core region (bundle, bypass, guide tube, and Jower plenum) and to
break down CCFL at the top of the bundle.

d. - The bypass region'ref111s rapidly as the subcooled ECC fluid condenses
the steam upflow, breaks down CCFL at the bypass outlet, and thereby
allows parts of the upper plenum inventory to drain into the region.

e. The bundle refloods following bypass region refill. The bundle
initially refloods from below as fluid from the bypass is available
to begin reflooding the bundle through the leakage holes. Later,
CCFL breaks down at the upper tie plate to quicken the process and
leads to rapid quenching of the bundle. ’

f. CCFL at the bundle inlet contributes to rapid bundle reflood prior
to complete refilling of Tower plenum.

g. The upper plenum remains empt§ after CCFL breakdown, with :he bulk
of the ECC injection passing through the bundle-and bypass regions.

h. The ECCS is effective in mitigating the cladding heatup even before
the bundle refloods, as the steam volumetric flow at the bundle outlet
is not high enough {(in relation to CCFL characteristics) to prevent
ECC water from draining into'the bundle.
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The heatup response of the bundle is rather mild. The maximum cladding
temperature for the central average power bundle receiving an average
amount of core spray is less than 700°F (310°C). The maximum for a
comparable peak power bundle is less than 1000°F (538°C). The low
temperatures are attributable to: (1) dry-out delay caused by CCFL
conditions at bundle inlet early in the transient; (2) rewetting of
dried-out rods and enhanced cooling caused by core spray, and (3) com-
plete quenching of bundle because of early reflood.

The bundle power variation shows negligible effect on the system
response for tests with average ECC spray rates. The bundles reflood
at about the same time (7130 seconds). The maximum cladding tempera-
ture, however, is slightly higher for the peak power test, as expected.

The improved simulation of the bypass leakage path in the TLTA 5A con-
figuration has significant effects on the system response. The leakage
path allows the bypass inventory to reflood the bundle from below as
the CCFL condition at the bundle inlet restricts the drainage of fluid
into the lower plenum. '

The injection of ECC fluid contributes to decreasing the depressuriza-
tion within the system because of drainage of ECC fluid through the
core region, into the lower plenum, and out through the break. The
combination of injected fluid and Tower volumetric discharge {caused
by higher fluid density) retards the depressurization rate.

The effectiveness of the ECC injection in mitigating the thermal
transient is demonstrated by the maximum cladding temperature for the
test with peak power but minimum core spray flow injected at high
“temperature. This temperature is less than 1000°F (538°C), for a
transient of 400 seconds. Without ECC injection, the average power
test reaches a temperature of ~A1400°F (760°C) when the power was
terminated at 294 seconds.

Results from the small break tests indicate that the system response
and governing phenomena are similar to those observed from the large
break tests, except that the timing of key events are stretched out
in time.

Test results from this program provide a physical understanding of the
LOCA phenomena in the BWR system simulator. This understanding, along
with the data, is useful in assessing advanced best-estimate codes

for BWR systems.
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Appendix A
WORK SCOPE FOR BD/ECC PROGRAM - CONTRACT NO. NRC-04-76-215

A-1. OVERALL PURPOSE

The purposes of the EPRI/NRC/GE Integral Blowdown/Emergency Core Coo]ing; BD/ECC,
test program are to:

a. obtain and evaluate basic BD/ECC data from test system configurations
which have calculated performance characteristics similar to a BWR
with 8x8 fuel bundles during a hypothetical LOCA; and

b. determine the degree to which models for BWR system and fuel bundles
describe the observed phenomena, and, as necessary, develop improved
models which are generally useful in improved LOCA analysis methods.

A-2. SPECIFIC OBJECTIVES
The specific objectives of the integral BD/ECC interaction test program are:

a. Scaling Analysis: evaluate and document the scaling basis of the .
TLTA in the configurations selected for BD/ECC interaction tests as
compared to reference BWR designs.

b. 7x7 Counter-Current-Flow-Limited (CCFL) Flooding Characteristics:
conduct CCFL flooding characteristic tests of the present TLTA bundle
geometry to establish the need, or lack thereof, to modify the
present test apparatus design for the initial BD/ECC interaction
experiments.

C. 8x8 Blowdown Heat Transfer Tests: conduct 8x8 BDHT tests for com-
-parison with 7x7 BDHT data and to serve as a BDHT baseline for BD/
ECC interaction experiments.

d. BD/ECC Interaction Tests: evaluate system response and heat trans-
fer; evaluate effectiveness of ECC during the biowdown period and
the period extending well beyond the initial flow coastdown and
lower plenum "flashing" periods of the calculated BWR-LOCA in one or
more system configurations.

e. Alternate Power Shape BD/ECC: determine the effects of axial power
shape on the system response and bundle heat transfer behavior
during the calculated BWR LOCA.

f. Non-Jet Pump Plant BD/ECC: investigate the ECC interaction with the

system during blowdown in a representative non-jet pump test system
configuration.
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A-3.

A-3.1

Reporting of Data: report all data (including pertinent error bands)

SCOPE

in conventional parametric-form suitable for correlation by others.
Model Development: develop, verify, and document an improved bundle
thermal-hydraulic model that can be incorporated into analyses of
BWR LOCAs.
Application of Data: specify how General Electric intends to use the
data to qualify the degree of conservativeness of BWR LOCA evalua- '
tion models. -

Task AA - Program Planning and Administration

General Electric will prepare a preliminary BD/ECC Program plan that
elaborates on the means for meeting the program objectives. The pro-
gram plan will include, but not be Timited to: (a) BWR configura-
tions and LOCA conditions to be tested; (b) test parameters and their
ranges; (c) updated conceptual designs and testing strategies; (d) an
outline of model development and verification activities; and (e) the
method of relating previous 7x7 rod bundle data to the 8x8 rod bundle
data. Sufficient discussion of the above items will be included to
substantiate the basis for the preliminary program plan. The program
plan will also include an updated schedule, a proposed data verifica-
tion and reporting plan, and the planned utilization of data by
General Electric to assess current BWR LOCA evaluation methods.

The preliminary program plan will be provided for EPRI and NRC
review, comment, and approval on an agreed-upon time schedule. If
comments are not supplied to General Electric by NRC or EPRI within
the agreed schedule, General Electric may proceed as proposed.

Following mutual agreement on the results from Task AA-1 and on the
appropriate phase of Tasks BB and CC-1, General Electric will pre-
pare a detailed test plan for each major testing phase. Each
detailed test plan will include the test objectives, test phase
description, test matrices, parameter ranges and reasons for selec-
tion, test execution plan, planned utilization of the data, and the
planned schedule for completing that phase.

The preliminary test plans will be provided for EPRI and NRC review,
comment, and approval on an agreed-upon time schedule. If comments
are not supplied to General Electric by EPRI or NRC within the agreed
schedule, General Electric may proceed as proposed.

A-3.2 Task BB - Heater Evaluation

1.

Perform appropriate analysis relating electrical heater performance
to predicted nuclear fuel rod temperature performance during an ECC

“transient. This analysis will describe the method of programming

initial and decaying electrical power to produce representative BWR
LOCA thermal response and will describe how differences in thermal
properties are accounted for in the electrical simulations.
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2. Evaluate the need for tests to demonstrate the validity of the above
analyses. The heater evaluation, including documentation of the
above item, will be provided by EPRI and NRC review, comment, and
approval on an agreed-upon time schedule. If comments are not
supplied to General Electric by EPRI or NRC within the agreed
schedule, General Electric may proceed as proposed.

A-3.3 Task CC - Test Facility Design and Fabrication

1. Scaling and design analyses to define each system configuration will
be performed and documented. Particular attention will be given to
attaining a real-time simulation of calculated BWR system and fuel
bundle thermal-hydraulic LOCA response.

Design trade-off and scaling compromise studies will be performed to
establish the final scaling basis to be used for design and operation
of each configuration. Appropriate analytical methods inciuding, but
not necessarily limited to, those used for BWR performance analyses
will be applied to obtain best-estimate performance predictions of
the BWR reference plants and the test system configurations. These
pretest predictions will include time-to-boiling transition (BT),
Tower plenum flashing effects, post-BT heat transfer, and response

to ECCS operation. Differences in anticipated dynamic response of
the test apparatus as compared to a BWR will be identified by
appropriate analysis. Measurement requirements to obtain program
objectives, including type, number, location, and accuracy of
instruments will be specified, and an instrumentation plan to meet
these requirements will be developed. A preliminary facility
description including documentation of the above items, presenting
the technical basis for the preliminary design, will be provided for
EPRI and NRC review; comment, and approval on an agreed-upon time
schedule. If comments are not supplied to General Electric by EPRI
or NRC within the agreed schedule, General Electric may proceed as
proposed.

2. Upon resolution of comments, if any, the contractor will provide a
revised facility description as necessary.

The final design and procurement of necessary material for each
configuration will be completed, and the system will be prepared
for calibration testing.

A;3.4 Task DD - Test Section Design and Fabrication

Upon completion of Task BB and an evaluation of the BDHT test section counter-
current-flow-limiting (CCFL) characteristics, General Electric will complete the
design, procurement, and assembly of the 8x8 rod test sections for BD/ECC testing.
The test section designs will be documented in the apbkobriate'faci]ity déécription
reports. ' o
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A-3.5 Task EE - System Startup Tests

Upon assembly of each configuration, conduct performance and flow calibration tests.
Perform hydrostatic, hydrodynamic, and transient startup tests for each configuration
to establish system operational characteristics including adequacy of heater and
instrumentation reSpOnse. Conduct steady-state and/or transient separate effects
tests necessary to provide the basis for interpretation of BD/ECC experimental
results.

A-3.6 Task FF - BD/ECC Interaction Tests

For each configuration, perform tests as detailed in Tasks AA-2 and CC-2.

A-3.7 Task GG - Data Evaluation and Model Development

1. Analyze and document the as-built system performance characteristics
" based on system startup tests. Evaluate the test apparatus design
for meeting program objectives on. the basis of system startup per-
formance tests. Determine what, if any, minor modification and/or
adjustments should be made on the test facility, and update the
predictions of system response as ‘appropriate.

2. Upon completion of a specified test series, reduce, evaluate, and
report the experimental data. Provide the experimental basis for
confirming or modifying the assumptions and models used in LOCA
evaluations such as the onset of boiling transition (BT), the
subsequent heat transfer rates, effects of lTower plenum flashing on
core thermal response, and the effects of ECC on core and system
response. Document the data obtained, the storage format, and how
they can be accessed by others. ‘

3. As appropriate, develop and document improved analytical models,
which can be incorporated into best-estimate analyses of BWR LOCAs.
This will inciude, but not be Timited to, the development of a self-
standing transient thermal-hydraulic model for the prediction of
local thermodynamic parameters in rod bundles during LOCAs. These
“local parameters are necessary for the phenomenological understand-
ing and correlation of local heat transfer coefficients. Values for
Tocal heat transfer coefficients are desired which may be expressed
as a function of local conditions such as temperature differences,
flow rates, pressure, and quality.

4, Indicate how the data obtained can be used to assess current BWR

LOCA evaluation models, including a quantitive determination of
safety margins.
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BD/ECC PROGRAM REPORTS

LIST OF REPORTS PREPARED AS PART OF BWR BD/ECC PROGRAM DOCUMENTATION

Report No./Type

GEAP-21207
Informal

GEAP-21304-1
Quarterly

GEAP-21255
Topical Report

GEAP-21304-2
Quarterly

GEAP-21333
Topical Report

GEAP-21304-3
Quarterly

GEAP-21656
Topical Report

GEAP-21304-4
Quarterly

GEAP-21304-5
Quarterly

GEAP-23517
Topical Report

Title/Author(s)

Principal Contents

BWR 8x8 Fuel Rod Simulation
Using Electrical Heaters
J. P. Dougherty, R. J. Muzzy,

March 1976.

BWR Blowdown/Emergency

Core Cooling

_First Quarterly Progress Report
January 1-March 31, 1976.

Preliminary BWR Blowdown/
Emergency Core Cooling

Program Plan

R. J. Muzzy, June 1976.

BWR Blowdown/Emergency

Core Cooling

Second Quarterly Progress Report
April 1-dune 20, 1976.

64-Rod Bundle
BDHT- Test Plan
J. P. Walker,
September 1976.

BWR Blowdown/Emergency

Core Cooling

Third Quarterly Progress Report
July 1-September 30, 1976.

Blowdown Flow in the

BWR BDHT Test
Apparatus

A. F. Morrison, October 1976.

BWR Blowdown/Emergency

Core Cooling

Fourth.Quarterly Progresé Report
October 1-December 31, 1976

BWR Blowdown/Emergency

Core Cooling

Fifth Quarterly Progress Report
January 1-March 31, 1977

MAYUO4-A Method to Evaluate
Transient Thermal-Hydraulic
Conditions in Rod Bundles
W. C. Punches, March 1977

B-3

Analysis of electrical .
heaters to simulate
nuclear fuel rods.

Design consideration
leading to various test
configurations. Test

~ parameters and ranges.

Test strategy.

Test matrix and test
strategy for 8x8 test
plan. :

Long nozzle critical
flow versus short
venturi type nozzle.



LIST OF REPORTS PREPARED AS PART OF BWR BD/ECC PROGRAM DOCUMENTATION

Report No./Type

GEAP-21638 -

NEDG-NUREG-23732

GEAP-23592

GEAP-NUREG-21304-8

GEAP-NUREG-21304-9

GEAP-NUREG-21638A

GEAP-21304-10
Quarterly

GEAP-21304-11
Quarterly

(Continued)

Title/Author(s) Principal Contents
64-Rod Bundle Test matrix and strafegy
Core Spray : for BD/ECCIA test plan.
Interaction {BD/ECCIA) v ‘

Test Plan

A. F. Morrison, June 1977.

TLTA Components CCFL Tests
D. D. Jones, December 1977.

BWR Blowdown/Emergency
Core Cooling Program
Preliminary Facility
Description Report for
the BD/ECC-TA Test Phase
W. J. Letzring, ed1tor,
December 1977.

BD/ECC 8th Quarterly
Progress Report
October 1-December 31, 1977.

BD/ECC 9th Quarterly
Progress Report
January 1-March 30, 1978.

"~ BWR Blowdown/Emergency

Core Cooling Program

64-Rod Bundle Core Spray
Interaction (BD/ECCIA) Test Plan
J. C. Wood and A. F. Morrison,
February 1978.

BWR Blowdown/Emergency

Core Cooling

10th Quarterly Progress Report
Apri] 1—June'30 1978

BWR B]owdown/Emergency

Core Cooling -

11th Quarter]y Progress
Report - .
July 1-September 30, 1978.

B-4

Results of CCFL testing
of TLTA-1 and -3 core
inlets and TLTA jet
pump. Results of single
phase 1iquid pressure
drops across TLTA-3 core
inlet and single phase
reverse flow steam pres-
sure drops across TLTA
jet pumps.

Detailed description
of TLTA configuration
for BD/ECC-1A.

Test matrix and test
strategy for BD/ECC]A
phase.



LIST OF REPQORTS PREPARED AS PART OF BWR BD/ECC PROGRAM DOCUMENTATION

Report No./Type

(Continued)

Title/Author(s)

Principal Contents

GEAP-NUREG-23977
GEAP-NUREG-21304-12
GEAP-NUREG-21304-13

GEAP-21207
Informal

GEAP-21304-1
Quarterly

GEAP-21255
Topical Report

GEAP-21304-2
Quarterly

GEAP-21333
Topical Report

GEAP-21304-3
Quarterly

GEAP-21304-4
Quarterly

64-Rod Bundie Blowdown
Heat Transfer (8x8) Final
Report

September, 1978.

BWR Blowdown/Emergency

Core Cooling

12th Quarterly Progress Report
October 1-December 31, 1978.

BWR Blowdown/Emergency

Core Cooling

13th Quarterly Progress Report
January }-March 31, 1979.

BWR 8x8 Fuel Rod Simulation
Using Electrical Heaters,

J. P. Dougherty, R. J Muzzy,
March 1976

BWR Blowdown/Emergency

Core Cooling

First Quarterly Progress Report
January 1-March 31, 1976.

Preliminary BWR Blowdown/
Emergency Core Cooling
Program Plan

R. J. Muzzy, June 1976.

BWR Blowdown/Emergency
Core Cooling

Second Quarterly Progress Report

April 1-June 30, 1976.

64-Rod Bundle
BDHT Test Plan
J. P. Walker,
September 1976.

BQR Blowdown/Emergency

Core Cooling

Third Quarterly Progress Report

July 1-September 30, 1976.

BWR Blowdown/Emergency
Core Cooling

Fourth Quarterly Progress Report

October 1-December 31, 1976.

B-5

Topical report covering
blowdown heat transfer
without ECC injection.

Analysis of electrical
heaters to simulate
nuclear fuel rods

Design consideration
leading to various test
configurations. Test
parameters and ranges.
Test strategy.

Test matrix and test
strategy for 8x8 plan.



LIST OF REPORTS PREPARED AS PART OF BWR BD/ECC PROGRAM DOCUMENTATION

Report No./Type

GEAP-21304-5
Quarterly

GEAP-2351T

Topical Report

GEAP-21304-6
Quarterly

!

GEAP-21304-7
Quarterly

GEAP-NUREG-21304-14
GEAP-NUREG-21304-15
GEAP-NUREG-21304-16
GEAP-NUREG-21304-17
GEAP-NUREG-21304-18

GEAP-NUREG-21304-19

(Continued)

_Title/Author(s) Principal Contents

BWR Blowdown/Emergency

Core Cooling

Fifth Quarterly Progress Report
January 1-March 31, 1977.

MAYUO4 - A Method to Evaluate Describes the technical
Transient Thermal Hydraulic basis for a one-
Conditions in Rod Bundles, dimensional, single

W. C. Punches, channel, thermal hydrau-
NRC-2, March 1976. 1ic computer code.

BWR Blowdown/Emergency

Core Cooling

Sixth Quarterly Progress Report
April 1-June 30, 1977.

BWR Blowdown/Emergency

Core Cooling .

Seventh Quarterly Progress
Report
July 1-September 30, 1977.

BWR Blowdown/Emergency

Core Cooling

14th Quarterly Progress Report
April 1-Jdune 30, 1979.

BWR Blowdown/Emergency

Core Cooling

15th Quarterly Progress Report
July 1-September 30, 1979.

BWR Blowdown/Emergency

Core Cooling

16th Quarterly Progress Report
October 1-December 31, 1979.

BWR Blowdown/Emergency

Core Cooling

17th Quarterly Progress Report
January 1-March 31, 1980.

BWR Blowdown/Emergency
Core Cooling

18th Quarteriy Progress Report

April 1-June 30, 1980.

BWR Blowdown/Emergency

Core Cooling !

19th Quarterly Progress Report
July 1-September 30, 1980.

B-6



LIST OF REPORTS PREPARED AS P

Report No./Type

(Continued)

Title/Author(s)

ART OF BWR BD/ECC PROGRAM DOCUMENTATION

Prificipal Contents

GEAP-NUREG-21304-20

GEAP-24962
NUREG/CR-2229
EPRI-NP-1783
DIST. CODE NRC-2
FIN NO. B3014

GEAP-24963
NUREG/CR-2230
EPRI-NP-1782"
DIST. CODE NRC-2
FIN. NO. B3014

GEAP-24964
NUREG/CR-2231
EPRI-NP-1781
DIST. CODE NRC-2
FIN. NO. B3014

BWR Blowdown/Emergency

Core Cooling

20th Quarterly Progress Report
October 1-December 31, 1980.

BWR Large Break Simulation Tests

- BWR Blowdown/Emergency
Core Cooling Program

BWR Small Break Simulation Tests
with and without Degraded
ECC Systems
- BWR Blowdown/Emergency
Core Cooling Program

BWR Low Flow Bundle Uncovery

Test and Analysis

- BWR Blowdown/Emergency
Core Cooling Program

B-7/8-8

Results of large break
(DBA) tests conducted in

TLTA.

Results of two small
break tests conducted in
TLTA.

Results and analyses of
the Tow flow bundle
uncovery tests conducted
in TLTA.



Appendix C
DATA UNCERTAINTY ANALYSIS

(W. S. Hwang, D. A. WiThelmson)

C-1. UNCERTAINTIES IN PRIMARY MEASUREMENTS

Table C-1 summarizes the data uncertainties in the bundle power, pressure,
differential pressure, and 1bop and bundle temperature measurements. The uncer-
tainty of each measurement is discussed individually as follows:

C-1.1 Electrical Power to the Bundle

For the steady-state response, systematic errors are judged to be negligible com-
pared to random errors because:

a. actual calibration data are used in the data reduction, and

b. zeroes are recorded just prior to the test and automatically
subtracted from readings.

The data ‘uncertainty from random errors was estimated by comparing the theoretical
uncertainty to the difference between actual power measurements made by two
independent, redundant power measurement systems. The theoretical uncertainty was
determined based on the published accuracies of the transducers énd data acquisition
system. Because the difference between the two redundant systems is larger than

the theoretical uncertainty, that difference itself is taken as the uncertainty.
Extensive analysis of this difference indicates an uncertainty in electrical

power of + 0.5% of reading or + 7 kW.

The transient response is governed by the output filter in the watt transducer,
which was specially modified for faster response. The present filter has three
stages, each with a 0.035-second time constant. Transient checks have confirmed
the expected responsé. The delay is about 0.1 se;ond on ramp changes in power.

C-1ﬂ2 Differential Pressures

For. the steady-state response, the systematic errors are judged to be negligible
compared to the random errors because:
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Table C-1
ESTIMATED DATA UNCERTAINTY

Primary Measurements

Electrical Power to Bundle
Steady State: + 0.5% of Reading, + 7 kW
Transient: 0.1 sec. time constant

Pressures
Steady-State: + 6 psi-
Transient: Time constant <0.02 second

Differential Pressures
Steady State:

Core Inlet (DP-40): + 0.05 psid
Bypass Orifice (DP-41, 42): + 0.08 psid
Jet Pump Diffuser:

#1 (DP-43): , + 0.11 psid

#2 (DP-46): +.0.08 psid
Lower Plenum: (DP-1, 2, 3, 4): + 0.03 psid
Bundle: (DP-21, 31): + 0.03 psid
ECCS Flow Orifice:

HPCS (DP-65) + 0.17 psid

LPCS (DP-66) + 0.08 psid

LPCI (DP-63) + 0.20 psid

Transient: Studies indicate time constants of 0.1 second or less

Loop Temperatures j_4OF

Bundle Temperatures: + 0.18% of reading.
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a. actual calibration data are used in the data reduction, including
quadratic best fits to nonlinearities;

b. zeroes of the entire measurements systems are recorded just prior to
the transient and automatically subtracted from readings; and

c. zeroes are recorded immediately after the transient to determine zero
shift with system pressure, and corrections are interpolated for
.intermediate pressures during the transient.

Random errors were estimated from two approaches: -

a. published and calculated accuracies of transducers, electronics, data
acquisition system, effect of cold leg temperature, etc.; and

b. repeated in-plafe measurements of known differential pressures (net
cold leg heads) with the vessel full and with the vessel empty.

Because the actua1vmeasurement checks showed larger differences, théy are used as the
basis of estimated uncertainty. This additional uncertainty, in excess of
theoretical values, is thought to be due to.small gas bubbles remaining in the
vertical sectioﬁs of the pressure-sensing tubing, even after all reasonable measures
have been taken to ensure proper fill in the nominally horizontal sections and

-thorough purging and bleeding of the lines. It may represent gas coming out of

solution in the water. Both theory and experience suggest that actual uncertainties
during the test are substantially smaller than the listed uncertainty because the
higher test pressures tend to collapse these bubbles. Instead of individually
analyzing the scatter in all 70 of the differential préssure measurements, the
approach used was to experimentally determine what generic tolerance had to be
allowed to bring 90 percent of the errors during cold leg test checks within
tolerance with a reasonable amount of purging, Eleeding, and other fine-tuning.

The appropriate generic tolerance proved to be about i_0.6% of transducer full

scale rating or + 0.02 psi. This format is somewhat unusual, having no "percent

of reading” term but seems best suited to this application because most of the
actual sources of uncertainties tend to be independent of feading. Transducer full-
scale rating was used instead of maximum net cold leg because it better reflected
the effects, at oppdsité extremes, of large flow effects and of the limited number ’
of transducers available in the very low ranges..  This generié uncertainty is trans-
1atéd as shown in Table C-T into specific uncertainties for key differential
pressures. '

Transient uncertainty is much more difficult to characterize. The published values
of transducer frequency response and damping are often irrelevant because the over-

all response is ‘largely determined by the masses, compliances, and restrictions of
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the fluids within the connecting tubing. Even these can Be theoretically estimated,
" but they are so subject to unpredictable secondary effects, such as small gas
‘bubbles in the tubing and the interaction between transducers connected to the same
Tines, that they would have to be confirmed by repeated and costly in-place checks
on the actual systems. The limited studies which' have been done in this érea
indicate that the transient response of most of the differential pressure systems
can be characterized by a single time constant of the order of 0.1 second or less,
providing that no extreme sizes or lengths of tubing are used and that reasonable
care has been taken to purge gases from the system. A discussion of transducer/
tubing system response tests is included in GEAP-23592 (C-1).

C-1.3 Pressure

The foregoing discussion of systematic and random uncertainties in differential
pressure measurements applies to the pressure measurements as well. Comparisons
between several pressure measurements at known levels, typical operating pressure -
levels, and zero flow were used as the independent check. The same *0.6% of ;ange
tolerance proved to be appropriate, indicating an uncertainty of #6-psi. Additional
uncertainty caused by transients is negligible because time constants are less than
0.02 second. '

C-1.4 Loop Temperatures

Comparisons among temperature readings at many locations in the loop and throughout
the bundle taken under steady-state; adiabiatic conditions show differences which
are consistent with the standard, published uncertainty of approximately j_4OF.

C-1.5 Bundle Temperatures

Agreement with published uncertainties at loop temperatures (see above) suppofts
the assumption that uncertainties at higher temperatures will also be consistent

with published values, approximately + 0.8% of reading.

C-2. ESTIMATE OF TLTA SYSTEM MASS -

A great number of nodal differentia] pressures were measured in various regions
throughout the system in the TLTA test. The measured nodal differential pressure
consists of static head, dynamic pressure change, -and pressure loss across the
measuring node: '

meeas. B Dpstatic head * Ddenamic change +lDP1oss

c-4
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Shortly after the break ‘initiation, the recirculation pump.coastdowns rapidly, and’
the internal flow throughout the TLTA system becomes small. The contributions
from the flow effects (the dynamic pressure change and pressure loss) to the
measured differential pressure are-small or negligible. The nodal average fluid
'density can be derived from the measured differential pressure with the following
equation:

)

DP

meas. ~ Pstatic head - PIN ) : : (C-2)

where
p = nodal average fluid density
g = gravity constant .
h = nodal height

Furthermore, fluid mass in the measuring node can be obtained:
M= pV : : _ (C-3)

where

<<
I

_nodal volume.

Strings of differential pressure measurements héve_been'made throughout the TLTA
system. The total system mass can be derived by integrating all nodal fluid masses:
obtained with these nodal differential'pressd}es throughout the system. A typical

result derived with this method is shown in Figure C-1.

Fluid mass derived with the above method is valid only when the flow effects on the
derived nodal average density are nég1igfb1é. During the rapid blowdown and
recirculation pump coastdown of the-initial transient, the lower plenum flashing
surge, and the breakdown of counter current flow ifmiting'(CCFL), re]afive]y'higher
flow changes will result in .certain regions. - In such -case nodal fluid mass derived
with the measured differential pressure.which includes the flow effect has a
relatively large uncertainty and is carefully. evaluated :and corrected. The
uncertainty bands indicate the possible flow effect on the derived mass cbtained

with the differential pressure measurements during the transient.
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C-3. ESTIMATE OF TLTA BREAK FLOW

After the system total mass transient is obtained, the break flow can be estimated
by applying the conservation of mass flow to the system:

dM

syst - m. . M
- dt In Out
= (Mey + Meee) - (Mg + Mgy
where
MIn. = Mass flow into the system which is contributed by feedwater and/or ECCS
flow
M0ut = Mass flow out of the system which includes break flow and/or discharge

flow through steamline

Figure C-2 shows the estimated break flow from the system mass given in Figure C-1.
The uncertainty bands represent the combined effects of the uncertainties in mass as
discussed in the previous subsection and the uncertainty in obtaining the derivative
in this quantity. ‘

C-4. CORE INLET FLOW MENSUREMENTS IN TLTA -

The core inlet flow in the TLTA can be derived from three methods‘using different
measurements during the coastdown and lower plenum flashing period. Comparisons

of these measurements are made in this study. Following lower plenum flashing, the
core inlet flow rates are very low and counter-current flow l1imiting conditions are
established at the inlet oriffce because of continued flashing and vapor'updraft

from the lower plenum. Because of the CCFL condition at the core inlet, a reliable

- measurement of the co;e inlet flow with these methods cannot be obtained. The
present study discusses only the‘measﬁrements shortly after the lower plenum flashing.

Figure C-3 shows locations of the measurements made in the TLTA. Three methods to
derive the core inlet flow* are:

*For TLTA5 this is the flow to the heated bundie. For TLTA5 part of this flow is

lost through the leakage holes between the bundle and bypass region. Therefore,
the net flow to the heated bundle will be slightly less.
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a. a direct measurement with the differential pressure acraoss the core
inlet orifice, DP40;

b. an indirect measurement, derived from the flow balance in the lower
plenum.
AM
- \ LP,
We = Mgy * Wapz = Wor = ¢

where
wdp], wJP2 and‘wGT are measured with the differential pressures,
DP43, DP46 and DP68 respectively.
AMLP Lo
it is the mass change in the lower plenum which can be derived from

differential pressures; DP1 - DP4; and =

c. a direct measurement with an annubar installed at the core inlet,

DP67.

During the early transient, fluid in the lower plenum and jet pumps is primarily
subcooled, and the fluid density fs,derived from the measurements of the fluid
temperature and pressure there. Al1l three methods measure the flow rate with the
differential pressures. The flow coefficient used in the first two'methods was
obtained by an in-place flow calibration. The calibration factor used in the third
method was provided by the vendor. This calibration factor was obtained with a
fully developed ideal pipe flow. condition (Figure C-4a). The geometry of the TLTA
core inlet is relatively complicated, and the flow coefficient cannot be evaluated
without conducting an in-place calibration. For application in the TLTA the
vendor's calibration factor was used, as in-place calibration was not performed.

Typical flow data reduced with these methods are shown in Figures C-5 and C-6.

While the measurements with the core inlet orifice and the lower plenum flow balance
agree well, particularly prior to the lower plenum flashing, the annubar consis-
tently indicates a higher core inlet flow. Figures C-7 and C-8 show the same data
but normalized with their cown initial values at t=0 second. The normalized results
essentially eliminate the effect of different flow coefficients, which were obtained

from different calibrations:
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The good agreement between the normalized curves indicates that the differences
seen in Figqures C-5 and C-6 are mainly attributed to the flow coefficients far the
annubar. This result also implies that a reliable core inlet flow measurement can
be obtained, provided that an accurate flow coefficient is used.

During and beyond the Tower plenum flashing, all measurements are affected by the
high1y voided and complicated two-phase flow and CCFL conditioné at thé core inlet. .
In addition, the third method, flow balance, is also affected by the relatively
large uncertainties in the jet pump two-phase flow measurements and net mass change
in the lower plenum during this period. (A vapor space begins to form in the upper
portion of the lower pTenum'caused by the continued fiashing and vapor generation.)
Data shown in Figures C-5 and C-6, after lower plenum flashing (+12 seconds), are
obtained using the same flow coefficient without any correction for the two-phase
flow effects. Therefore, the measurements with the three methods show a relatively
large uncertainty during this period.

As mentioned previously, the flow coefficients used in the core inlet orifice and
flow balance method were obtained by an in-place flow calibration, while the annubar
method used the coefficient from the manufacturer. Therefore, the magnitude of the
flow-rate measurement with the first two methods is judged to be more reliable than
that with the annubar method in this study. Detailed discussions and evaluations
on the core inlet orifice and flow balance methods are given‘in GEAP-13317-11 (C-2).
The uncertainty of these methods was estimated to be Tess than +15%. | »

Although the annubar measurement in this study consistent1y indicates a higher flow
caused by the calibration factor as mentioned abdve, a new flow factor can be
determined by conducting an in-place calibration or by using the core inlet orifice
measurement (DPAO) at time zero as a refgrence. It is believed that the annubar
method is useful in future TLTA applications because it provides the following

advantages:
a. improved signal response because of its small inertia (this measure-
ment will be more sensitive to flow reversal and low flow conditions
than other methods); and

b. provides a direct, in-line measurement of the true flow AP.
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“Appendix D
EFFECTS OF VALVE FAILURE IN TEST 6426 RUN 1
(AVG. POWER, NO ECC)
(J. J. Ashjaee, L. S. Lee)

Leaving open the isolation valve (because of controller failure) in the blowdown
loop has noticeable effects on the break flows during the early portion of the
transient. The effects on the global system response are small, however, after
25 secoends.

The blowdown loop (Loop 2) with break flow measurements is shown in Figure D-1.
The isolation valve, V-8, which was on automatic control to close at break
initiation, is located downstream of the drive pump. This valve failed to close
because of a faulty controller in Test 6426 Run 1. It appears to have closed
either actually or effectively after 25 seconds, as is evident from the differ-
ential pressure measurepent (DP58 in Figure D-2) across the orifice flowmeter
upstream of V-8. Flow reversal at the outset of break flow.is seen from the

plot of DP58 in Figure D-2.. During the early stage of the blowdown, additional
flow discharge from the drive line finds a path, through the open V-8, to the
suction blowdown line (Figure D-1). Becauée the restrictive part of the break
flow path is at the vésse1 for the suction line and downstream of the measurement
spool piece for the drive line, the'open valve leads to higher break flow through
the drive Tine. However, there is a Timit to the increase because of a rather
restrictive inlet to the drive blowdown line. The drive blowdown line inlet
opening diameter is 0.453 inch compared to the flow limiting orifice diameter

of 0.32 inch.

The added break flow from the dr{ve line to the suction 1line at the downstream
of the restrictive nozzle increases the back pressure in the suction line dis-
charge as shown in Figure D-3 and, therefore, reduces the direct discharge
through the suction line. The lower suction-line volumetric flow rate of

Test 6426 is seen in Figure D-4 in comparison with Test 6425. The volumetric
flow rate for the two tests should be the same except that V-8 failed to close
in 6426.
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The estimated vb]umetric flow rate through V-8, based on DP58 measurements and
fluid density at the suction inlet, is shown in Figure D-5. The excess flow
through the drive line in Test 6426 can be .seen in Figure D-6.

The dashed Tine in Figure D-6 represents the sum of the drive line volumetric
flow rate in Test 6425/2 and the estimated volumetric flow rate through V-8 in
Test 6426/1 that is shown in Figure p—5. It 15 seen that, with the adjustment,
the volumetric flow rates of the two tests are very close. That the drive line
break flow is affected only slightly by the valve failure in Test 6426/1 is
reaffirmed by the comparison of pressure drop measurements across the flow-
limiting orifice, DP69, as shown in Figure D-7.

The effect of Valve V-8 failure can be seen to diminish after 25 seconds from
Figures D-2 through D-7. The volumetric flows through the suction break 1ine

in Figure D-4 are nearly identical for the tests with/without ECC from 25 to

50 seconds (before the effects of ECC set in). Similarly, the flows through

the drive break line in Figure D-6 show good agreement from 25 seconds on. The
differential pressure measurements across the flow-limiting orifice in the

break line (DP69, Figure D-7) provide further evidence that the system responses'
for the two tests are neér]y the same after 25 seconds. The differences observed
later (65 seconds) are, therefore, attributable to the ECC injection effects.

The global system responses were examined in Figures 3-50 through 3-55 in Sub-
section 3.3.2.1. The effect of valve faf1ure on the global system responses
was small after 25 seconds. However, there is some local effect on the bundle
response that extends into 40 seconds. The DPs across the bundle are compared
in Figure D-8. The test with valve failure (6426) shows an earlier lower
plenum flashing and a Tower DP betweeﬁ 17 and 40 seconds. This lower DP, which
could be due to lower mass inventoryi occurs at the time of bundle fluid redis-
tribution fo11owing'LPF. This could be the reason that the rods, dried out

at ~20 seconds, did not rewet in this test but rewet in all other tests.

D-6
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Appendix E

- VAPOR GENERATION DUE TO FLASHING
(S. A. Allison)

An expression for the vapor generation rate caused by flashing is determined in
Appendix G for _an open system using the First Law of Thermodynamics. This equation
can-be simplified by assuming that the net effect of the flow across the control
volume is negligible. Such an assumption is justifiable in cases where the mass in
the control volume remains rather constant (as in the case of the lower plenum)

and where the mass in the control volume decreases slowly with negligible mass in-
flux (as in the case of the bypass region with CCFL at the outiet). In those cases,
“the control volume is virtually a closed system. ‘

From Equation G-12 (Appendix G) the vapor generation rate of the no-flow mass in a

control volume is given by:

. dh
-1 ¢ dp _, dhg dP . dP
Weg g [Q‘Mfdp t "My d *th]‘ (E-1)
where
W. = vapor generation rate due to flashing (1bm/sec)

Mf = saturated liquid mass (1bm)
M = saturated vapor mass (1bm)

V = system volume (ft3)

Q = rate of heat addition to system (Btu/sec)
The system volume is defined from the system mass balance as:
\

- - £-2
y vaf+Mgvg. | ‘(_)

E-1



Substituting Equation E-2 into E-1 and rearranging gives:

: dh o ( dn
= 1 VIR LA i i -y P9 _ -
"t~ Fpy [Q Me 3t <dP Vf) My Gt (dP Vg)] : (E-3)

If it is known that dhc/dP >> v. and that the term Mg dpP/dt (dhg/dP - Vg) is
negligible, Equation E-3 is reduced to:

. dh
. P T f .
Weg = R |_Q “Medt @ ] ' ‘ (E-4)

By further assuming that the heat transfer to the system is negligible, the vapor
generation rate is reduced to its simplest form: ‘

dh
- e —f B
Weg = Peg ( MeqE ap /- : (E-5)

E'Z . . ’
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Appendix F

COUNTER-CURRENT FLOW LIMITATION ANALYSIS
(S. A. Allison, L. S. Lee)

Additional details and discussion on the counter-current flow limitation (CCFL)
analysis are presented below to supb]ement the discussion in Subsection 3.4.1.
Included in'the presentation below are CCFL correlations used for analysis, limiting
vapor flows, condensing potentials, and the determination of flow rates from mass
balances. ‘

F-1. CCFL CORRELATIONS

A general form of the modified Wallis (F-1) correlation for CCFL is given by:

1/2 1/2 _
Kg T4 m K= b (F-1)
where
s 1/2 ) 1/4 _
K (Jg Pq )/lag. o (o og-)] (F-2)
Ke = (g og /2)/Tog, o (o - 07" (F-3)
i = W/pA is the volumetric flux’ (F-4)

m and b are coefficients determined from experiments. The values of these constants
for the three locations are:

(1) Bundle inlet side entry orifice,

m=0.5 b=1.53.

determined from data of Jones (F-2)



(2) Bundle outlet upper tieplate

m=1.0 b=2.08

determined from data of Jones (F-2) and Naitoh (F-3)

(3) Bypass outlet

m=1.0 b=1.5

assumed from the range of values (F-4) for bundle outlet.
A schematic plot of Equation F-1 is shown in Figure F-1. As was pointed out in
Subsection 3.4.1.1, the term CCFL has a broad meaning that refers to any point
along the line P-Q. The narrow meaning of the term CCFL refers specifically to
Point P.

F-2. LIMITING VAPOR FLOW

The CCFL condition of limiting vapor flow occurs at Point P of Figure F-1. This
1imiting vapor flow cordition which prevents the liquid downflow at the three
locations is evaluated below with the system conditions.

Because the 1iquid downflow is zero as a result of limiting vapor flow, the
dimensionless liquid volumetric flux, Kf, is set to zero in the CCFL correlation,
Equation F-1. A solution for the dimensionless vapor volumetric flux, Kg, is then
found using the following equation:

where
b is given in Section F-1 for the three locations.

The corresponding vapor flow is calculated using Equations F-2 and F-4 and assuming
that saturated conditions exist. The system pressure needed to find the saturated
conditions is taken directly from the steam dome pressure curve in Appendix J.
Knowing the system pressure history, the limiting vapor flow throughout the
transient at each of the three CCFL Tocations is easily evaluated.

F-2
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Figure F-1. Schematic Plot of CCFL Correlation Showing
Special Cases of Limiting Vapor Flow {P) and CCFL
Breakdown (Q). Empirical Coefficients Used in Analysis
Are Also Shown
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F-3. CONDENSING POTENTIAL

The condensing potential of the subcob]ed ECC fluid is an indication of the poten-
tial for CCFL breakdown at the bypass outlet and upper tieplate.  This potential
is defined as the amount of vapor which can be condensed if all the ECC fluid is
used for condensation purposes, Ng , divided by the subcooled ECC Tiquid flow,

. c
wECC' Thus:

W
: g
Condensing Potential = o <— (F-6)
Wece - |

The First Law of Thermodynamics for the condensation process gives:

W h

9. "fg " Weee (he - h

f sub) , (F-7)

h = specific enthalpy of the subcooled ECC fluid.

sub

Réarranging Equation F-7 and combining it with Equation F-6, the following
expression for the condensing potential is produced:

f sub : (F-8)

A

F-4. DETERMINATION OF FLOW RATES AT CCFL LOCATIONS USING MASS BALANCES

Regional mass balances in the TLTA are used to estimate the 1iquid flows through
the SEO, after JP exit uncovery, and the UTP. Vapor flow through each of these
two restrictions is then determined using a modified CCFL correlation with the

appropriate coefficients.
Vapor flows through the SEQ, prior to JP exit uhcovery, ahd the bypass outlet are
estimated from vapor mass balances. Liquid flows are then determined from the

CCFL correlation, when the vapor flows are less than the limiting vapor flows.

F-4.1 Bundle Inlet SEQO Flow Rates.

After LP flashing and before JP exit uncovery, most of the vapor generated by LP
f]ashing flows through the SEO. Assuming vapor flow through the JPs 1is negligible,

4
F-4
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the expression for SEO vapor flow, wg ,’is derived using the vapor mass

balance: SEO
"asgp ~ "fapp 6T (F-9)
' where
wfgLP = vapor generation from LP flashing
WGT = guide tube flow (éssumed to be satukated vapor).
From tﬁe First Law of Thermodynamics, wfg is approximated as:
) .
‘wfg = 1/heg [Q - M, g;f- &7 (F-10)
where
6 = heat transfer from the nearby‘wé1ls'and'jnterna1s‘(m0)
Mf = total saturated 1fquid mass
wgSEO is calculated using Equations F-9 and F—]b and numbers derived from the test
Adata in Appendix J. Because wgSEO is much greater than the corresponding 1imiting
vapor flow before JP exif uncovery, the SEO 1fquid flow, waEO, during this period
is 0.

After the JP exit plane is uncovered, a portion of vapor geherated within the LP
flows through the JPs. A mass conservation equation for the control volume shown

in Figure F-2 is derived:

=M.t W - W - W - (F-11)

“ W cv * Ypr ~ Wor ~ Maw

SE0  9SEO

F-5
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 where

MCV = change in liquid mass within_the-contro1fvo]ume

W,- = break flow rate

BF

wAN = mass flow rate from the steam separator and steam dome to the annulus

{(~0 1bm/sec)

In order to calculate the SEO flow rates, Equation F-11 must be solved simultane-
ously with a CCFL correlation which is a function of flow rates instead of dimen-
sionless volumetric fluxes. This CCFL correlation is produced by combining
Equations F-1, F-2, F-3, and F-4:

. 1/2 y 1/2 | :
9 _ _f = pal/2 3 e - -
( 72 +m ( ]/2> bA'" " [gg. o (pg og)] (F-12)
p ] Qf :
g .
W and W are found by solving Equations F-11 and F-12 simultaneously and
fsko IsE0 . |

substituting values Qerived'from the test data in Appendix J.

/

F-4.2 UTP Flow Rates

After HPCS injection begins and before CCFL breakdown at the bypass outlet occurs,

an upper plenum mass balance is used to find W and wf
, : SyTp uTP

fiow rates at the UTP. During this period, the liguid flow at the bypass outlet is
negligible because of CCFL. ,Figufe'F—B‘shows the upper plenum as.a control volume

» the vapor and liquid

from which the following eantion is. derived:

DR ﬁﬁ Cw (F-13)

utp - 9yrp SV P
where

WCS = core spray flow rate

=
\

wp flow from upper Q1gngm to sgparqtor.(mo 1bm/sec)

F-7
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wf and W are found by solving Equations F;12 and F-13 simultaneously and

uTP Sytp
substituting values derived from the test data in Appendix J.

F-4.3 Bypass Outlet F]ow'Rates

The vapor flow at the bypass outlet, wg , is found from a vapor mass balance for
BYO

the bypass/quide tubes. Assuming the bypass leakage vapor flow is negligible, the
following equation is derived:

Yaaye T Mfagy T Moy T et T Miecr Puec (F-14)
where
wngY = vapor generation from flashing in the bypass tubes (defined by
Equation F—]O)
wngT = vapor-generation from f]aghing in the guide tubes (defined by
Equation F-10)
NLPCI = LP@I”f1ow rate
PLPCI = céndehsing pot;ntial of the LPCI fluid (defined by Equation F-8)
wgBYO is calculated using values fdund'from the test data in Appendix J. Before

LPCI injection begins, the bypass’quor flow is much greater than the corresponding

1imiting vapor flow; therefore the bypass 1iquid flow, wf , is essentially zero.
' . BYO

Aftef LPCI injection begins, tHeJcondensing potential of the LPCI fluid is

sufficiently large to cause a %apid CCFL breakdown. wf is calculated during
' Lo . BYO

this breakdown period by S”bSt{tdténngg into the modified CCFL correlation,
Equation F-12. ' : ’BYO

F-9
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Appendix G
THE SYSTEM DEPRESSURIZATION EQUATION

G-1. DERIVATION OF THE VESSEL DEPRESSURIZATION RATE

The system depressurization equation is derived from the First Law of Thermodynamics.
Consider the system as depicted below: '

G—l.l Mass Balance

From a mass balance on the control volume*:

V = mpv, + mqu = CONSTANT ' (G-1)

. *Nomenclature for the equations is included at the back of this Appendix.

6-1-



G-1.2 Mass Rate

From continuity we can write: ' y
dm
9 = - -
D DR TR D TR (6-3)
. J i
Jj i
where
w = mass flow rate

W net flashing rate

fg

(The subscript j corresponds to inflow while i refers to the outflow from the con-
trol volume evaluated at the thermodynamic conditions within the control volume.)

Also,

a

m

f _ . .

D DI B S A e | (6-4)
i P '

-G-1.3 Energy Rate

From the First Law of Thermodynamics:

(net inflow of energy) - (net outflow) = {net change)
(75, 8 ) (2, T )
o] J 1 i
= g;-(m h +'m-h“ - VP) ' - : - - (6-5)
dat Vff gg

The right hand side of Equation G-5 is expanded using the chain rule (note that

vV =0): )

dh dh dm dm
d . e w9y dpP -9 _f -
gt (Mghe + mghy = VP) = \my 75~ + me 3 V} it Fhgae the (6-6)

G-2



G-1.3 Flashing Rate
Substituting Equations 'G-3 and G-4 into G-6:

4 (mh, + mh, - VP) = mdh R S
gt (mehp + mohg gar tMeap at

0 [Z LTI DI wfg} | (6-7)
Substituting

h = h_-h (G-8)

fg- g f
into Equation G-7 and putting the results back into G-5:

dh dh
_f 9 _yl|dP
["‘f ar "I gp VJ at * Mg Meg T he D Me TR Met hg2l "y,
- j i :

he +5 w.h. =% ‘Wehe -<~ w_h (6-9)
'fj 2:3 gj gj Z f'i fi L 9; 9«; .

- h W, = QY W
g§: g. f
i ! K J i i

Solving for wfq, we obtain:

_ 1 R -
ra T R 9T Mefe TR MolMgo T Yy
Q . i . j 73 3 it
i j i
dh dh
_f _9- dpP
5> “‘91"91 [“‘f F " T “’] at " "X Mt
]
Cho ‘ W 6-10
T T -0
1 J 1



Now because the flow issuing from the control volume hasithe samevthermodynamic
properties as the fluid in that volume, then:

and Equation G-10 can be rearranged to yield:

ot o
W = +¥ + - -

R CT  D D e D D T D D
; |

dh dh ' |
f dP .
- {mf ap—+ mgd—Pg'- V:] - ¥ . (G’ll)

dh,  dh
f g L
- [mf L V} aE o (6-12)

G-1.4 Vessel Depressurization Rate

To arrive at an expression for the depressurization rate we start by obtaining the
derivative of Equation G-1 for V = O:

dv dw dv dm
_9g 9 f £ - , -
Mgdt *Vedat "Mrap *Veat - O - (6-13)

App]ying the chain rule we obtain:

dm' . dm. [ dv v T ‘ - |
i i g dp| _
Vg Tt VeaE [mf & *Mgg dt} =0 (6-14)

»



Using the expressions for dmg/dt and dmf/dt from Equations‘G-3 and G-4 we hgve:

in out
vg 2{ ng -}; wgi + wfg + vaE:' wfj —2: ’ wfi - wfg
J 1 J 1
dv dv \
f —'g| dP _ .
*["‘f&?‘*mg_dp] ¢ =0 | - (6-15)

Substituting the exbression for w%g into Equation G-15:

dv dv
‘ _f _gjdp
Yo L Moy TE Moyl TOVERZ M TX M| TMedr TG ot
-J 1 J i
Yfg |; |
+ - -
+ hf q Z wg~hg. +Z ‘ wf.hf_ hgz wg- hfZ We
g, j J 7J j J J 3 J i J
dh dh ‘ '
f g dP | _ : )
- [mf -dF-— + mg dp - V} ‘d—t’ = 0. . (G 16)
Combining Tike terms and solving for dP/dtﬁ
dt - f3(p7 - ‘ . . _
‘where
= _ : z ) 17 o : 6-18
£1(P) VeI We T3 e | T Vg We. Y Wy ( )
. J . . jo j \ ,
J 1 J 1 :
R0 = R 19T Yoty TEL M T N T Mo My ey (619
j i 3 Ll
dv dv v.. [ dh dh 1 \
= f -9 _fg _f -9 . }
B =M@ @ R ﬂ"f @ g Y | (6-20)



G-1.5 System Depressurization Equation for TLTA

After 20 seconds into the blowdown transient in TLTA, the flows into and out of the
pressure vessel are from the ECCS and out the break. The ECC flows are of subcooled
water, and so a simple subscript "e" is used. The break flow is from the vessel so
that the saturated water and steam out the break are the same as those in the '
Vesse], and no subscript is used. Equation G-17 then takes the following form:

dp VMg * Velg - Vg + (Ve /o) [q Wy <hf'he)]

T dt T Vg ; dh dh d (6-21)
' V' dv
__fg _f _9 . _f -9
, [ hfg <ﬁf dP .+ My dp L Mt dp * Mg dp
If heat addition is neglected, Equation G-21 becomes:
4P ngg + vfwf - Vewe + Vfg we (hf'he)/hfg (6-22)
dt
) dh dh_ . dv dav
IS L _q_v) Rl
hfg f dp g dp frdp g dp

G-2. EFFECT OF SYSTEM MASS ON DEPRESSURIZATION

The 1iquid mass in TLTA-5A is lower than the mass in TLTA-5 after 20 seconds because
of the isolation of the excess 1iquid volume in Recirculation Loop 1 in TLTA-5A.
Because the system masé is an important parameter in the depressurization equation, a
difference in masses between TLTA-5 and TLTA-5A leads to a difference in depressuri-
zations, if all other factors are equal.

A ratio of depressurizations from TLTA-5 and TLTA-5A at one particular pressure is
found by knowing that the ECC flows and enthalpies, break flows and qualities, and
heat transfer rates to the surroundings are similar in both TLTA configurations

for the same transient. Using Equation G-17 to define depressurization, the ratio

is derived:
(dP/dt) yisasn - 3P qqp s
= 4 (6-21)
(dP/dt) 1i1p s (F3(PY] 717a A
where
[ Prra s = [P (P)rira sa o o (6-22)

G~6
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[ (P a5 = [Fo(Plyra 59 | (6-23)

Substituting Equation G-20 for f3(P) and rearranging, Equation G-21 becomes:

!

(dP/dt);) 14 5p o (dvf Vg dhf> Lo <dv Vg d, )
(dP/dt)r11a 5 frita 5 VAP heg P 97 7a 5 \dP - hgg dP
v d v d
f v Veg dnr
I N I o
TLTA § Py frira sa \& e P
d Ve d v
- <_vs__fa_ha> Ly ‘tq (6-26)
G rp sp NG T dP TLTA SA Fre

Using Equation G-1 for VTLTA 5 and VTLTA 5A Equation G-24 is further rgduced to:

WP mTasa L |, o v (Gl
(dP/dt)q  1a 5 frita 5 |9P hgg NP el

d v dh v
+m azﬂ._ fg <_59__ v% fayi.
Irira s [P Meg NP heg
" e Vg (d_hf__ ''rq
frirasa 9P hgg \dP heo
d v d V.V
+ vg _ fg (_hg _q'fg
" F "R \@P T h (6-25)
JTLTA 5A fg fq
Assuming m << me and m << me , the pressure ratio
TLTA 5 TLTA 5 ITLTA 5A TLTA 5A
simplifies to:
m
(dP/dt)y 7p 5n  friTas (6-26)
(dP/dt) g 74 5 me '
FrLTA 50
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G-3. SENSITIVITY STUDY OF THE DEPRESSURIZATION EQUATION

The following partial derivatives of the depressurization Equation G-22 were evalu-
ated with the aid of a simple time-share program for conducting the study:

b b b
alhg)” By Woy)* B, Thg

where
AB = break area (ftz)
ﬁ = heat transfer to coolant (BTU/sec)
hl = ECCS enthalpy (BTU/1b)
wg = ECCS flow rate (1b/sec)

XB = break quality
’ 2

The input quantities which could be varied to study their effects are:

V ~_ system volume (ft3)
P ~ system pressure (psia)
AB ~  break area (ft2)
a tota]lsystem quality
XB ~ quality of the break flow
W~ ECCS flow rate (1b/sec)
h, ~ ECCS enthalpy (BTU/1b)

q ~ heat transfer to coolant (BTU/sec)

Results of the study havelbeen summarized in Table 3-13 (Subsection 3.4.3).

G-4. NOMENCLATURE

h enthalpy

m mass in vessel

M initial mass in vessel
P absolute pressure

t time

-G-8
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v specific volume

v total vessel {control) volume
W mass flow rate
wfg -flashing rate
Subscripts
e ECC
f saturated 1iquid property
g saturated vapor property
i exit
J inlet

6-9/6-10



Appendix H

TLTA BLOWDOWN FLOW MEASUREMENTS AND UNCERTAINTIES
(D. W. Danielson, H. Ngo, L. S. Lee)

The blowdown mass flow rate for two TLTA tests was assessed by making use of four
independent methods of fiow rate measurement. Blowdown flow was calculated from
(1) inventory loss from the pressure vessel, (2) suction line flow-limiting nozzle
measurements, (3) combined drag disc and turbine meter measurements, and (4) the
mass increase in the suppression tank. Each of these methods is discussed in more
detail below with measurement results presented and evaluated. Break flow measure-
.ment devices are depicted in Figure H-1. '

Tests evaluated were the reference test (6425/2 average power, average ECC) and the
average power, no ECC test (6426/1). To summarize the blowdown flow measurement
results, a comparison of flow rates from both tests using the most accurate method,
the vessel inventory method, is shown in Figure H-2. - In addition, comparisons of
flow rates determined using the other methods are included in Table H-1 for

Test 6425 and in Table H-2 for Test 6426. '

H-1. FLOW RATE MEASUREMENT METHODS

H-1.1 Vessel Inventory Method

Nodal differential pressure transducers are installed in many places in the pres-
sure vessel for use in measuring nodal mass inventory. The method for deriving
nodal mass from the nodal differential pressure is explained in detail in Appen-
dix C-2. A summation of the nodal masses yields the tota] mass inventory in the
vessel. As discussed in Appendix C-3, the blowdown flow rate is determined from
the rate of change of vessel inventory after adjustment for other flows in or out
of the vessel. ' ‘

If flow rates are high (such as at test initiation), the dynamic effects of spatial
and temporal acceleration can affect the accuracy of the density determined from DP
measurements. For these high-flow periods, a more accurate estimate of vessel
inventory is obtained from the change in the system liquid level, where the fluid
state is determine& using pressure and temperature measurements.

H-1



Table H-1

BLOWDOWN FLOW ESTIMATE COMPARISON TEST 6425 RUN 2 (AVG.POWER,'AVG ECC)

Suppression Tank

Method

235 /WA
MO14 abeuasay

31.0

17.9

4.4

.7

1

W81 |ejol
pauLquo)

310

668

976

1148

W81 ssey
burdiyg ssa7

-50

-150

-150

-150

W81 9seadduf
ssep yuey

360

818

1126

1298

Blowdown Nozzle

Method*
(Drive Flow from TM/DD)

29S /W87 MmO 4
pauiquo) abeusAy

22.0

9.2

2.3

1.85

1e10]
Pau 1 quo)

220

404

568

753

W81 WL/G0
Wo4j paWNssy

MOL4 auL] 8AL4q

49

82

121

162

. WET
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BLOWDOWN FLOW ESTIMATES COMPARISON FOR TEST 6426 RUN 1 (AVG POWER, NO ECC)
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‘Figure H-1. Blowdown Loop Break Flow Measurements in TLTA.5A
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Figure H-2. Total Break Flow Determined from Inventory Method for Average
Power Tests with (6425/1) and without (6426/1) ECC

H-1.2 Drag Dfsc/Turbine Meter Method

Separate measurements in spool pieces in the suction line and the drive Tine yield
momentum flux and volumetric flow rate data. The mass flow rate and density through
each line are calculated using the following expressions:

2
(pv7) drag disc (A)2
zQ)1:urb1'ne meter

) |
(pv") drag disc (A)
(©°

turbine meter
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where

p = blowdown flow density —1bm/ft3

W = mass flow rate - 1by/sec
bv = momentum flux from drag disc - Tbp/ft sec2
A = flow area - ftz
Q = volumetric flow rate from turbine meter - ft3/sec

H-1.3 Blowdown Nozzle Method

The suction 1ine»b1owdown‘f1ow rate is estimated from pressure drop measurements at

the flow-limiting nozzle. The basic equation used is the energy equation, by »
assuming adiabatic, isentropic flow and quasisteady-state conditions. Referring \/_
to Figure H-3, inlet fluid enthalpy and entropy at Point 1 are defined by the pres-
sure and density and by assuming homogeneous, equilibrium conditions. The fluid
is assumed to be saturated throughout the blowdown except initially when subcooling
exists. For subcooled fluid, it is required to have a measurement of temperature
along with the pressure to find the inlet enthalpy and entropy. The flow velocity
at Point 1 is assumed to be negligible. '
ANNU‘LUS
N P2V
‘ ®  SUCTION LINE
. /77T sLowDOWN
~ | . NOZZLE ]
v [ N
p v
o o &/

&/

Figure H-3. TLTA Blowdown Flow Measurements
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The pressure at Point 2 is found by subtracting the nozzle pressure drop from the
pressure at Point 1. The outlet quality is determined by assuming isentkopic flow
from Point 1 to Point 2. Assuming saturated, homogeneous equilibrium conditions at
the nozzle exit, the outlet enthalpy is determined by using the calculated outlet
pressure and quality. Knowing the outlet enthalpy and using the energy equation for
this system, an equation for the two-phase, homogeneous velocity in the nozzle at
Point 2 is derived:

V, = [2g (h -0 12 (H-3)
where

V, = _velocity in the nozzle (ft/sec)
_ 2

g. = 32.174 1b /ft/lbc-sec
h, = specific enthalpy in the annulus (ft-1be/1b )

h, = specific enthalpy in the nozzle (ft—lbf/1bm)

The standard.nozzlevflow equation was used for all the liquid flow at pretest
conditions. The mass flow rate is then determined:

W = p, AV, : (H-4)

where

density at the nozzle exit (1bm/ft3)
%)

Pz

A

, nozzle exit area (ft

-

One limitation of this method is that it is difficult tb determine the actual blow-
down line inlet density at Point 1. It is seen from Figure H-3 that the blowdown
pipe inlet location is within Node 6. An average nodal density for Node 6 is deter-
mined, using the procedure detailed in Appendix C-2, from DP6, a differential pres-
sure transducer measurement. When the two-phase level in the annulus is above

" Node 6, the inlet density is assumed to be the same as the average.nodal density.
However, when the two-phase level is within Node 6, the inlet density is found

from the estimated two-phase 1evF1, the average nodal density, and the sa;urated
1liquid and steam densities.



To calculate the two-phase level within Node 6, the fluid in the node is assumed to
have a 20 percent void fraction. This assumption is an approximation based upon
typical observed void fractions. For example, data from the reference test in
Figure H-4 show that the void fraction holds at about 20 percent in Node 6 between
200 and 300 seconds, while the next higher node, Node 7, is filling. '

Figure H-5, showing the blowdown Tine inlet density for the reference test, was
generated using the above density approximation methods. '

H-1.4 Suppression Tank Method

In the TLTA system, all the blowdown flow is condensed in the suppression tank so
that a measurement of the rate of increase of fluid mass in the tank is also a
measurement of the blowdown flow rate. Compensation must be made for the fluid mass
entering from the steam line during the first few seconds, the initial fluid mass
in the blowdown piping, and the flashing fluid from the recirculation loop. These
flows all add to the blowdown flow and result in an added Tevel increase in the
suppression tank. A special pressu¢e averaging probe was used to sense tank fluid
mass using a differential pressure transducer to minimize measurement errors of
level during transient conditions. In Test 6426, it was necessary to keep
supplying cooling water to minimize the temperature rise in the suppression

tank. For this test it was impractical to use this method for estimating blow-

down flow.
H-2. BLOWDOWN (BREAK) FLOW DETERMINATION

The flow rates were determined for Tests 6425 and 6426 using all four methods. A
plot of both runs based on the vessel inventory method is shown in Figure H-1. The
flow rates are similar, as expected, except for the time period when Test 6425
showed some added flow from the ECC sources.

The drag disc/turbine meter method data for Test 6425 are plotted in Figures H-6
through H-11, with Test 6426 plotted in Figures H-12 through H-17. The individual
drag disc and turbine meter outputs for both the drive line and the suction line
are included, as well as the resultant mass flow rates. When comparing the results
from tests, it is seen that the volumetric flow rate is higher, but the mass flow
rate is lower for Test 6426, which is due to the absence of the lower enthalpy ECC
fluid at the break exit.
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Calculated data for the blowdown Nozzle flow (suction line only) are included as

‘Figures H-18 and H-19 for Tests 6425 and 6426, respectively. As expected, the two

flow rates are similar except for the latter portion of the runs.

The results for all methods have been summarized in Table H-1 for Test 6425 and
Table H-2 for Test 6426. The total mass flow and average flow rate are presented
for each of four time intervals. The time intervals were chosen to represent
different portions of the blowdown as identified in Table H—3._

The blowdown nozzle flow calculation represents only the suction line blowdown and
may be compared directly to the drag dfsc/turbine'meter suction Tine flow. In
Tables H-1 and H-2 the blowdown nozzle method requires addition of the drive Tine
flow, taken from the drag disc/turbine meter data, to obtain a total blowdown flow

- for comparison to other methods.

‘The suppression tank results are not presented for Test 6426 because the tank

cooling water supply was kept in operation during the test.

H-3. GENERAL COMPARISON OF METHODS AND UNCERTAINTY

As evidenced in Tables H-1 and H-2, the vessel inventory, drag disc/thrbine meter,
and blowdown nozzle methods all give reasonably consistent results for each test.
The‘suppression tank method is included to show that the method does have some
potential but needs optimization if accurate results are to be obtained. The
blowdown flow for both tests is nearly the same except for the last time interval

'(100—200 sec) when some ECC-injected water was available for discharge through the
‘blowdown line in Test 6425. '

Table H-3
FLOW INTERVALS

-Time Flow Type .
0-10 seconds ' s1ightly subcoocled Tliquid
10-30 seconds steam plus saturated 1iquid
from lTower plenum flashing
30-100 seconds primarily steam
100-200 seconds steam plus liquid from ECC

injection (if applicable)

H-23
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The vessel inventory method is considered the reference or more accurate method of
giving average rates over the entire *ransient because it is based upon proven tech-
niques for measurement of density from vessel nodal differential pressure. . The best
estimate of overall uncertainty in integrated mass is *15% after corrections such
-as are made for dynamic flow effects on the density measurements at the initial
conditions jﬁst prior to the start of the blowdown. This method is most accurate
during the latter part of the transient when dynamic flow effects inside the vessel

are minimal.

The drag disc/turbine meter method agrees with the vessel inventory method within

about +25% except after 100 seconds when the drag disc/turbine meter flow is 50 to
70 percent higher. For that time period, the suctioh line DD/TM appears to yield

results which are too high. '

The accuracy of fhe drag disc/turbine meter method is limited by the fact that
homogeneous flow is assumed. A separate density measurement is needed to obtain
data for estimating individual liquid and vapor phase velocities for use in a more
detailed treatment such as the Rouhani model.* Such an enhancement would be
expected to yield more accurate results. Even with its present Timitations, the
drag disc/turbine meter method contfnues to provide the best transient mass flow
indication and enables comparison of volumetric flow rate vs. mass flow rate.

The blowdown nozzle method results are actually more consistent with the reference
.method results than expected. The method is handicapped by a non-ideal arrangement
of instruments to measure blowdown pipe inlet fluid density because pressure taps
are not available on the vessel at the optimum locations. The results in terms of
integrated flow for the given time intervals are within *30% of the same suction
line blowdown flow as calculated by the drag disc/turbine meter method except for
the 100-200-second interval for Test 6425. For that time period, the blowdown flow
agrees more closely with the reference vessel inventory method.

*4. Estrada, Jr. and J. D. Sheppard, Some Aspects of Interpreting Two-Phase Flow

Measurements in Instrumented Piping Spool Pieces, U.S. Nuclear Regulatory Commission,

June 1977 (NUREG-0280/NRC-2).
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