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ABSTRACT

An experimental task plan for the CCFL/Refill system effects tests (30° Sector)

of the BWR Refill-Reflood program is presented. The CCFL/Refill system effects
tests will provide separate effect and BWR system response data from a large-

scale sector test facility (30° SSTF) for use in LOCA best-estimate model assess-
ment. Contained in the document is a definition of: the experimental task
objectives, required modification to the existing 30° SSTF, test parameters and
ranges, individual test categories, measurement plan approach, and data utilization.
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SUMMARY

In partial contribution to the overall objectives of the Refill/Reflcod program,
the Counter-Current Flow-Limiting (CCFL)/Refill System Effects tests performed

in the 30¢ Steam Sector Test Facility (SSTF) will provide a data base for assess-
ment of best-estimate (BE) models and identification and evaluation of controlling
phenomena during the refill/reflood phase of a hypothesized boiling water reactor
(BWR) loss of coolant accident (LOCA).

To provide this data bas® “he existing SSTF, located in Lynn, Massachusetts,

will be upgraded to mee. ‘e -equirements of transient LOCA simulation testing,
and tests will be perfor.ed to isolate key separate phenomena and to investigate
BWR system refill/reflood during system blowdown from 150 psia to ambient pressure
conditions.

Addressed in this Experimental Task Plan are the approach and strategy guiding
the experimental task, subdivided into the following major categories:

role and objectives,

task approach and strategy,
facility evaluation approach,
facility redesign and construction approach,
facility qualification approach,
mode |l assessment test approach,
measurement plan approach,

data utilization,

success criteria,

documentat ion, and

schedule,
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Section 1
INTRODUCTION

In partial contribution to the overal! objectives of the Refill/Reflocd program,
the Counter-Current Flow-Limiting (CCLFL)/Refill System Effects tests performed in
the 30° Steam Sector Test Facility (SSTF) will provide a data base for assessment
of best-estimate (BE) models and identification and evaluation of controlling
phenomena during the refill/reflood phase of a hypothesized boiling water reactior
(BWR) loss of coolant accident (LOCA).

To provide this data base the existing SSTF, located in Lynn, Massachusetts, will
be upgraded to meet the requirements of transient LOCA simulation testing, and
tests will be performed to isolate key separate phenomena and to investigate BWR
system refill/reflood during system blowdown from 150 psia to ambient pressure
condi*ions, Contained in Appendix A is a summary description of the upgraded
SSTF. A more detailed description will be provided in the Facility Description
Document,

Addressed in this Experimental Task Plan are the approach and strategy guiding
the experimental task, subdivided into the following major categories:

. role and objectives,

L] task approach and strategy,

. facility evaluation approach,

. facility redesign and construction approach,
. facility qualification approach,

" model . ssessment test apprcuch,

. measurement plan approach,

B data utilization,

. success criteria,

. documentation, and

L] schedule,

1-1/1-2



e N e TR o | e Bl S ML 20 A ek e I B T T . TR ————— nmn———T e p— o el Tl Dl de it Bedlingdine B e e

Section 2
ROLE IN REFILL/REFLOOD PROGRAM AND TASK OBJECTIVES

As part of the Refill/Reflood program, the 30° SSTF CCFL/Refill System Effects
tests will contribute in part to the overall objectives of the R/R program as
specified in the program workscope document* and listed below:

a. to develop a better understanding of the phenomena controlling the
refill and »eflood phases of BWR LOCAs;

b. to provide a basis for and support to the development and qualifi-
cgéion of best-estimate BWR system thermal hydraulic codes for
LOCAs; and

c. to provide a basis for assessing assumptions used in establishing
BWR LOCA safety margins.

The primary role of the SSTF CCFL/Refill tests will be in providing a data base
for assessment of BWR best-estimate separate effect and system models. Inherent
in this task is the generation of data addressing the phenomena controlling the
refill phase of BWR LOCAs and hydraulic phenomena leading to the initiation of
reflood. This data base can also be utilized to address the assumptions and
models currently used in the evaluation of BWR LOCA conditions.

The primary role for the SSTF CCFL/Refill task will be accomplished through the
coordinated effort of three major tasks of the R/R program (i.e., Model Qualifica-
tion Task, Model Development Task, and CCFL/Refill System Effects tests [30°
Sector]). The Model Qualification Task will provide tne link oetween 30° SSTF
CCFL/Refill tests and the Model Development Task by specifying facility and

measurement requirements, specific qualification tests, required ranges of test
conditions needed for qualification of t'e brst-estimate BWR models, and providing
pretest predictions and assessment criteria using the models devzloped in the Model
Developmnent Task.

:;;E—Refill-keflood Program Workscope, February 12, 1979.
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The objectives for the CCFL/Refill task are subdivided into three cateyories.

The overall objectives given in Table 2-1 set overall guidelines applicable to
all elements of the task., Tables 3-1 and 3-2 define facility hardware objectives
and test strategy objectives derived from the overall task objectives.

The objectives are classified according to must (M) and want (W) designations.
Those objectives classified as "must" are viewed as significant and must be met
by the task, Those classified as "want" may be compromised if necessary.

Table 2-1
OVERALL TASK OBJECTIVES

Objectives Classit cation

a, Provide a data base for assessment )f best-estimate M
models.

B Identify and evaluate phenomena controlling the M
refilling phase of BWR LOCA.

¢. Evaluate emergency core cooling (ECC) mixing 8
pkenomena,

2-2
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Section 3
TASK APPROACH AND STRATEuY

Incorporated in the SSTF CCFL/Refill task are several elements and subtasks.
Listed below are the major task elements.

a. Evaluation of the existing facility adequacy with regard to BWR
simulation and model qualification needs.

b. Facility redesign and modification as necessary to provide the
capability to perform separate effect tests ana transient blow-
down refill tests (from 150 psia to ambient pressure) simulating
relevant BWR phenomena,

c. Facility shakedown and qualification,

d. Test operation to provide a model assessment data base throuah
separate effect and system tests,

e. Data evaluation with regard to overall system response and
prediction.

Task Elements a through e (as well as associated subtasks) will be compleied
through the contribution of several groups within the General Electric Company.
The Thermal Development component of Safety and Thermal Hydraulic Technology
(S&THT) will provide coordination and direction of activities within GE, with
overall program direction under the review and guidance of the program manage-
ment group (PMG).

Figure 3-1 depicts the integration of pcrallel tasks and elements contributing
to the CCFL/Refill task, illustrating overall task coordination.

Three tasks from the Refill/Reflood program (Mode! Development, Model Qualifica-
tion, and CCFL/Refill Tests) are the major contributors to the program which

will culminate in the qualification assessment of RWR best-estimate LOCA models.
Therefore, the experimental task planning is linked to the model development and
qualification tasks. Critical inputs to the experimental task planning include:

a, identification of facility and measurement requirements needed for
model assessment,

3-1
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b. identification of test parameters and specific test conditions
needed for model assessment experiments, and

¢. model qualification acceptance criteria approach.

Inputs critical to the operation of the test program include:
a, facility design evaluation assessment,
b. pretest predictions and assessment criteria, and

c. qualification judgment with regard to test results and
phenomena identified.

Table 3-1
FACILITY HARDWARE OBJECTIVES

Task Objectives Classification
&y Simulate initial conditions over representative BWR M
range
b. Assure representative BWR response through refill M

phase of BWR LOCA by simulation of controlling BWR
geometry and components

c. Use existing 30° sector facility as the base M
facility for the 30° SSTF CCFL/Refill Tests

d. Simulate BWR (ECC) injection hardware M

e. Simulate ECC transient flow response during LOCA M
simulation

f. Simulate the major thermodynamic conditions driving M

ECC mixing phenomena

g. Provide test instrumentation sufficient to supply a M
data base for qualification of BE models, and
identification of controlling BWR refill phenomena

h. Provide facility hardware features necessary to M
perform separate effect qualification tests

i. Provide capability to simulate the time of CCFL H
breakdown through representative test initiation and
sequencing of ECC systems and core steam injection

j. Maximize the use of existing equipment W

3-2
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Minimize hands-on control [integral system response)
Simulate global real-time response (including
initiation time of core reflood) by represontative
scaling of BWR component volumes, flow paths, initial
conditions, and the sequencing of controlled inputs
(ECCS and core steam injection)

Operate from initial pressure of 150 psia to atmos-
pheric pressure

Minimize deviations from full-length/volume scaling
basis

Represent BWR hydrauli~ response during reflood
phase of BWR LOCA

Minimize existing nardware modification (e.qg..
bundle removal)

Table 3-2
TESTING STRATEGY OBJECTIVES

Task Objectives

Provide calibration/shakedown tests of as-built
hardware

Perform transient system effects tests to provide a
data base for gualification of BE models

Perform transient system effect tests to identify and
evaluate phenomena controlling the refill phase of a
BWR LOCA

Perform tests to evaluate ECC mixing phenomena

Provide separate-effects test for assessment of BE
submodels

Perform tests to assess tieback to t»ansient two-100p
test apparatus (TLTA) experiments

Provide separate effects tests for tieback to 16°
sector test

Provide tieback to adiabatic single heated-bundle
tests (SHBT) (evaluate scaling basis)

3-3
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3.1 FACILITY EVALUATION APPROACH

An evaluation will be made of the adequacy of the existing 30° SSTF with regard
to model qualification needs and simulation characteristics essential in

capturing tihe controlling phenomena during the refill phase of a BWR LOCA. In
performing this task element, consideration will be given both to the feasibility

of proposed modifications, as well as the technical payoff/penalty with regard to
the BWR simulation fidelity. The primary vehicle by which facility modifications
will be identified will be in facility modification/design requirement transmittals.

3.2 FACILITY REDESIGN AND CONSTRUCTION APPROACH

Included in the facility redesign are the following subtasks:
a. facility hardware design,
b. test instrumentation design,
€ process contro! and instrumentation design, and

d. data acquisition system (DAS)/data reduction (DR) system design.

Subtasks a. through d. will upgrade the existing SSTF to allow transient
blowdown/refill test operation. Major facility hardware design tasks include:

a. Blowdown/Containment System Design; to allow BWR prototypical
blowdown response and management of effluents,

b. Guide tube and lower-plenum steam injection; for separate effect
testing, setting of initial conditions, and tailoring of
flashing rates in those regions.

€. Guide tube and ananulus water drain lines; for setting initial
conditions.

d. Excess volume isolation system; to correct the SSTF test vessel
volume to the scaled value for prototypicai blowdown response.

e. Expanded ECCS flow capacity; to provide capability to perform
tests with five scaled ECC systems low-pressure core spray
(LPCS), high-pressure core spray (HPCS), and three low pressure
coolant injectors (LPCIs).

i LPCI modification to provide BWR/4 injection location.

g. Miscellaneous mechanical features to allow separate-effect tests
in the SSTF,

The design basis for design tasks a through g will be drawn from the facility
design requirements transmittals.

3-5
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The test instrumentation design task will enhance and modify the existing SSTF
measurement capability to coincide with the transient refill aspects of the CCFL/
Refill test program. In particular the following new measurement capabilities
will be added:

a. void fraction and fluid level measurement in the major test-

section regions (i.e., upper plenum, core, bypass, annulus, guide
tubes, Tower plenum);

b. temperature profile measurements in the upper plenum, bypass,
lower plenum, and selected fuel bundles;

c. temperature measurements at controlling CCFL locations (selected
upper tieplates and side-entry orifices);

d. blowdown mass flow measurement;

e, mass flow measurements associated with new system inputs (i.e.,
guide tube and lower-plenum steam injection), and

f. internals differential pressure chain relating pressure of major
components.

A signifizant effort in process instrumentation and control design wil! be
necessary to provide the oper>tional control required in performing the transient
CCFL/refill tests. Primary control functions include:

a. transient programmed control of ECCS injection rate, with

capability to simulate operator override of the ECCS injection
function;

b, transient programmed control of core steam-injection;
T pressure control of excess vessel volume;

d. transient control of guide tube and lower-plenum steam
injection;
e. injected steam superheat control, and
o overall test operation sequencing device to control the transition

from initial steady-state conditions to LOCA simulation during
transient tests.

The SSTF data acquisition/data reduction system will be upgraded to accommodate
the measurement and data processing requirements of the CCFL/refill system effects
tests. To accommodate the required CCFL/refill instrumentation, the data acquisi-
tion system (DAS) input channel capacity will be increased to approximately

400 channels., A corresponding data acquisition software effort will be required
to access the additional data channels.

3-6



The nature of the transient ;henomenz stuuied in the CCFL/refill tests will require
data processing in addition to the existing data reduction capability. Inherent
in this data reduction software upgrade will be conversion to RTE IV software to
facilitate added data processing capability and improve DAS utilization efficiency.

The data reduction software modifications will be guided by the following
three objectives:

a. expand data reduction capability to perform instrument/data
accuracy checks to streamline data verification,

b. expand data reducv.cn capability to address the key phenomena
inherent in transient blowdown/refill tests, and

c. provide special calculations and data format consistent with
model gualification needs.

Specifics with regard to the above objectives will be developed as part of the
DAS/DR design subtask ard documented in the Facility Description Document,

3.2.1 Design Assessment

Three reviews will be conducted during the facility design period addressing
facility modification conceptual design, measurement system preliminary design,
and facility final design. The review meetings will occur within the periods
specified in the schedule of Section 5. The purpose of the meetings is to assure
design congruence with the program objectives and to obtain PMG concurrence.

3.2.2 Facility Procurement and Construction

Early procurement and construction of long-lead-time items will be initiated as
necessary prior to final approvals to expedite the schedule.

A1l new test equipment will be functionally verified prior to testing to ensure
proper operaticn and corrections/completions rectified as necessary. During the
construction phase, equipment verifications/inspections will be performed.

3.3 FACILITY QUALIFICATION APPROACH

The purpose of the facility qualification is to ensure that the experimental
facility is capable of achieving and measuring those BWR representative conditions

3-7



deemed appropriate for separate-effect and transient LOCA simulation tests.
Qualification of the modified SSTF will be accomplished by consolidation of the
four elements listed below:

GE/PMG review and approval of the SSTF modification design;

equipment intpections and verifications performed during facility
construction;

facility calibration, shakedown, and tieback tests; and
facility evaluation with regard to design compromises and the

sensitivity of dependent phenomena, including comparisons with
predicted BWR response.

After completion of facility construction and functional checkout of the equipment,
the initial phase (Phase 1) of the C"*L/Refill test series will begin.

Phase 1 (facility qualification) tests will address facility operational character-
istics and capabilities relative to design requirements and will perform facility/
equipment calibrations. The outcome of the Phase I tests will be an assessment

af the facilities operational capabilities with respect to the facility objectives.

As a result of the Phase | tests, minor modifications to the facility will be
performed as necessary to correct facility shortcomings.

The following categories of shakedown/calibration tests will be performed in the
Phase 1 series:

instrument verification and calibrations,
nechanical equipwent performance checks,
control ~ystems performance tests,

support-system performance tests (i.e., excess volume system,
blowdown/suppression system),

test section calibrations,
initial conditions control tests,
overall system performance tests, and

phenomena simulation qualification tests,

3-8



Details with regard to the sequencing and content of the shakedown/calibraticn
tests will be defined in the subsequent shakedown test plan prepared as an
addendum to the experimental task plan for review and approval by the PMG prior to
phenomena simulation qualification tests,

The overall results of the qualification tests together with an assessment of
facility adequacy will be documented in a report to the PMG.

3.4 TEST APPROACH

After successful completion of facility qualification (Phase 1) experiments, model
assessment tests will be conducted, The model assessment tests will follow a
building block appraach in which the breadth of model application will be increased
in each of three subsequent test phases. Pretest predictions using the best-
estimate models will be provided for selected tests prior to each test phase, thus
providing a vasis for model assessment according to the assessment criteria
developed in the model qualification task. If, in the course of the model
asscisment tests, model deficiencies are identified, further development of the
best-estimate models will be conduct=4 as necessary to improve the BE model
capabilities.

3.4,1 Test Categories

Phase Il tests will provide a data base by which BE submodels will be assessed

through separate-effect (SE) tests conducted over & representative range of BWR
conditions. The Phase Il test series will include the following categories of

separate-effect tests:

SE 1. Multiple bundle CCFL at upper tieplate (UTP) and side-entry
orifices (including bottom of bypass leakage paths)

SE 2. Combined bundle and bypass CCFL

SE 3. Upper-plenum mixing/CCFL breakdown

SE 4, Bypass/channel wall k- . transfer

SE 5. LPCI-induced bypass mixing and steam conZensation
SE 6. Jet pump/core steam flow split

SE 7. Simple blowdown tests

3-9
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Redirection cf the test content and strategy may be required during the testing
period as the results of previous *tests are evaluated, Under such conditions the
test categories and system variations identified in this document will be
reassessed in light of the current test results and additions/substitutions/
deletions made to the test content as deemed appropriate, Such test ¢-  ent
changes will be proposed by GE to the PMG for approval prior to implementation.
Resultant schedule delays because of negotiation/approvals period or additional
test requirements will be reflected in a revised task schedule.

3.4.2 Test Parameters

The following parameters will be varied in the CCFL/Refill test series:
a, Test Vessel Pressure

The influence of vessel pressure on ECCS mixing and CCFL breakdown
will be addressed by variation of test vessel pressure within the
range of ambient pressure to 150 psia* in separate-effect tests,
The data collected in this manner will provide steady-state
information at discrete pressure points over the pressure range of
the transient LOCA simulation tests, thus aiding interpretation of
the transient results and providing a data base for model
assessment,

b. Breax Size

To address the effect of break area on test vessel depressuriza-
tion and overall system blowdown/refill response, the break size
will be varied in BWR/6 and BWR/4 transient tests over the range
of full BWR/6 design basis accident (DBA) to 0.45 BWR/6 DBA
(corresponding to 0.93 and 0,42 BWR/4 DBA, respectively), The
range 50 chosen covers a representative large-break spectrum,

¢. Core Steam Injection Rate and Transieat Input

The influence of the steady-state magnitude of injected core
steam on CCFL, CCFL breakdown, and upper-plenum mixing will be
addressed in separate-effect tests by variation in core-steam
flow over the approximate range of O to 70,000 1bm/hr. This
steam-flow range corresponds to the maximum range in core steam
at 150 psia based on core decay heat, shored heat, and flashing,
Performing steady-state tests with core-steam injection rates
within this specified range will provide data for BE submodel
assessment and aid in interpretation of tv nsient LOCA simulation
tests.,

*150 psi is the design limit of the existing SSTF pressure vessel,
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Radial Core-Steam Profile

Sensitivity studies will be performed to assess the impact of
variation in radial core-steam profile on upper-plenum draining
and resultant system refill response. Two radial steam profiles
may be utilized in separate-effect, upper-plenum mixing tests, if
deemed ap?ropriate by the outcome of the sensitivity studies. The
two profiles to be tested are not yet finalized; however, the
basis for selection is to bound the estimated steam profile over
the expected range of conditions for the transient LOCA simulation.

If separate-effect upper-plenum mixing tests show high sensitivity
to core-steam profile variations, both profiles may also be util-
ized in the transient LOCA-simulation tests,

Guide Tube and Lower-Plenum Steam Flow Rate

To ascess the dependence of total core liquid drainage on guide
tube and lower plenum steam injection, the injection rates will be
varied within the range of expected transient conditions in
separate effect CCFL and upper plenum mixing tests, The data thus
obtained will aid interpretation of transient test results and
contribute to the data base available for BE submodel assessment.
The range in steam-injection rates estimated by existing
analytical tocls are given below:

Guide Tube Steam Injection- = = = = =« = « = « « 0 to 30,000 1bm/k

Bypass Steam Injection- = = = =« = = = - <« - - =0 to 21,000 1bm/hr
(injected through guide tube)

Lower-P: :num Steam Injection- = = = = = =« == 0 to 48,000 1bm/hr
ECCS Flow Rate, Temperature, and Combinations

Separate-Effect Tests

ECCS flow, temperature, and system combinations will be varied as
parameters in separate-effect CCFL, upper-plenum mixing, and
bypas. rixing/heat transfer tests conducted under steady pressure
conditions, This will assess the impact of ECCS flow rate,
temperature, and combination 0¢ systems in operation on localized
thermodynamic cunditions and resulté«t 1iquid drainage paths.

The range in ECCS parameters is given below:

ECCS temperature - ambient to ~175°F

ECCS flow + scaled design flow at 150 psia to scaled
runout flow

ECC5 Combinations - various systems in operation
composed of:

LPCS
HPCS
LPCI (one to three pumps in operation)



Transient System Tests

During transient LOCA simulation tests, the ECCS liquid temperature
will be varied within the expected range of suppression pool
temperatures during the refill phase of the simulated LOCA
transient. The data thus obtained will assess the sensitivity of
the transient system response to the injected ECCS temperature and
address the impact of constant ECCS temperature (throughout each
transient LOCA simulation test) on the overall system response.

The range of ECCS temperature will be from 95 to 145°F,

During transient LOCA simulation tests the ECCS combinations cor-
responding to the following LOCA failure modes will be tested:

1. HPCS failure, in which three LPCIs and the LPCS remain
operational,

2. LPCS failure, in which two LPCIs and the HPCS remain
operational.

3. LPCI diesel generator failure in which one LPCI, the HPCS,
and the LPCS remain operational.

4, A1l ECCS operational (i.e., three LPCIs, HPCS, and LPCS).

ECCS Combinations 1 through 4 will be tested in Phase III tests
as a representative sample covering the spectrum of BWR/6 ECCS
combinations,

ECCS Combination 1 will be tested in Phase IV tests because only
the LPCS and LPCI systems of the BWR/4 reactor will be simulated
in the SSTF,

Because the SSTF maximum vessel pressure (150 psig) is outside the
design range of the BWR/4 HPCI system (1135 to 165 psia), the
BWR/4 HPCI will not be simulated in the SSTF, Scoping studies of
the contribution of the HPCI system (from potential system runout
at pressures between 150 and 100 psia) to the total integrated

ECC injection over the test transient show the HPCI contribution
to be quite small (less than 3% of the initial ECCS injection).

Means will be provided to override any of the ECC systems during a
test to simulate reactor operator intervention.

The automatic depressurization system (ADS) will not be simulated
because of the insignificant effect on vessel depressurization
over the SSTF break-size spectrum,

ECCS Configuration

Te assess the impact of ECC confiqurations (other than BWR/6
prototypical) on the transient refill performance, tests will be
conducted with an LPCS lower header, nozzles, and jet-pump LPCI
(both typical of BWR/4 desian).



h. Initial Fluid Inventory

To assess the effect of lower-plenum tiuv'd level on the steam flow
split between the core and jet pump, the fluid level will be
varied as a parameter in separate-effect, lower-plenum steam-flow
split tests., The range in fluid levels tested will be from the
bottom of the lower plenum (to allow assessment of single-phase
steam-flow split, representing conditions in which the bottom of
the jet pump is not submerged) to approximately six inches below
the top of the lower plenum (upper limit of fluid-level control
system), in which the bottom of the jet pump is submerged and
influencing the steam-flow split.

The influence of initial upper-plenum fluid level on upper-plenum
mixing and CCFL breakdown will be addressed through variation of
the initial fluid level in separate-effect upper-plenum mixing/
CCFL breakdown tests. The data thus generated will expand the
model assessment data base and aid in the interpretation of
transient test results, The initial fluid levels tested will
include the limiting conditions of the upper plenum filled with

2P mixture and the upper plenum initially filled with single-phase
steam, Additionally, iwo i termediate initial two-phase levels
will be tested to further address initial level effecr's.

In the transient LOCA simulation tests, the initial liquid mass
in the major scaled regions — core, bypass, upper plenum, guide
tubes, annulus, and lower plenum — will be adjusted to prescribed
values determined from best-estimate analytical predictions of
the BWR mass distribution at 150 psia in the LOCA transient. The
initial mass inventories for one LOCA condition will be varied to
assess the sensitivity of the transient refill response to varia-
tion in the initial component inventories. It is expected that a
typical range of :30 percent will be sufficient to cover the range
of uncertainties in the methods, Sensitivity studies will be
utilized to provide a basis for the variation,

3.4.3 Test Matrix

A detailed test matrix for the CCFL/Refill system effects has not yet been
finalized. The values of individual test pa:ameters and the detailed strategy
by which the matrix will be orjanized is currently under development. Sensi-
tivity studies will be utilized to provide a basis for final parameter selection
and range.

Presented in Table 3-3 is a preliminary test matrix identifying the key rarameters
and approximate number of tests currently under consideration, It is anticipated
that a detailed matrix patterned after the parameter variations and number of
tests identified in Table 3-3 would require approximately an eight-month period
for test operation after completion of facility shakedown and qualification.
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Table 3-3
PRELIMINARY TEST MATRIX

/
Approximate No.
"est Phase/Category” Test Parameters’ of Tests

11/SE1 A,C 15

11/SE2 A,C,E 11

11/SE3 A,C,E,F 14

11/SE4 AC.F 7

11/SES hES 6

I1/SE6 E,H 9

11/SE7 B,H 7

I11/SR1 H 3

111/SR2 B 3

I11/SR3 F 4

J I11/SR4 F 4

I 111/SRS C 3

IV/EA1 ACE,F 14

IV,'EA2 AE F,H 8

i IV/EAS B,F 6

35ee Subsection 3.4,1 for description of test categories.
bsee Subsection 3.4,2 ror description of test parameters.

Detailed test matrices will be prepared as addenda to the expurimental task plan
for the review and approval of the PMG prior to the inaividual test phases.

3.5 MEASUREMENT PLAN APPROACH

The overall objective for the test measurements made in the CCFL/Rofill System
Effects test is to provide a measurement network in the SSTF adequate to identify
and evaluate the phenomena controlling the system behavior during the

S e
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1.
r §#
3.

7.
8.
9.
1C.
11.
12.
13,

14,

Internal Pressure and Differential Pressure Strings, including:

vessel pressure;
differential pressure across three standoipes;
upper=plenum pressure;

upper-plenum axial pressure d:fferential at three radial
locations;

bypass axial pressure differential at four radial locations;

bypass radial pressure distribution string at one axial
location;

annulus differential pressure;

differential pressure across one jet pump;

core support plate differential pressure;

lower-plenum pressure

lower=plenum axial differential pressure at three locations;
axial differential pressure across selected guide tubes;

differential pressure between selected guide tubes and the
Tower plenum; and

differential pressure across the excess volume diaphraom,

e. System Temperature, includin :

1.

temperature of all liquid and vapor inputs and discharges;
temperature above six and below all 58 upper tieplates;
axial temperature string in six bundles;

jet pump fluid temperature;

fluid temperature above and below selected side-entry
orifices;

upper-plenum temperature profile;
lower-plenum temperature profile;
bypass temperature profile; and

miscellaneous surface temperatures within the test vessel.
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Flow splits between the bypass, core, and jet pump of the SSTF will be simulated
and assessed per the following discussion:

The flow splits from the lower plerum to the core region in a BWR are <hown in
Figure 3-2. Of the total flow from the lower plenum during a BUR LOCA, only about
half qoes up the core reqion, with the remaining half out of the jet pump. Most
of the flow to the core region enters through the SEOs mounted in the fuel-support
casting at the bundle inlet (i.e., Flow Path 1). This flow path accounts for
approximately 98 percent of the core flow. The remaining 2 percent or less is
leakage flow from around the fuel support casting and fuel support plate (i.e.,
Flow Paths 5 to 7)., Downstream of the bundle-inlet orifice are three leakage flow
paths — lower tieplate holes (Flow Path 2), finger springs (Flow Path 3), and
leakage around the lower tieplate and fuel support casting (Flow Path 4). These
leakage paths will allow approximately 10 percent of the flow through the SEOs,
i.e., Path 1, to leak into the bypass region; the remaining 9C percent enters the
fuel-core region,

Prototypical BWR hardware is used in the SSTF wherever practical so that the
important leakage paths will be identical., Actual fuel-support castings, lower
tieplates, and fuel channels ¢re used so that Flow Paths 1, 2, 3, 4, and 6 are
accurately reproduced. Flow Path 5 is mocked up in SSTF core-support plate
with small holes. The extremely small leakage flow at 7 is not mocked up. The
total leakage through these paths (5 through 7), however, represents less than
1 percent of the leakage flow.

Flow split in the SSTF will be derived from measurements of the jet-pump flow, local
liquid mass accumulation, and from pressure measurements across the SEOs in the
instrumented fuel bundles. Leakage from the bundles to the bypass region, which
accounts for about 10 percent of the SEO flow, will be estimated from the pressure-
drop instrumentation along the instrumented fuel bundles and within the core bypass.
The less than 2 percent leakage flow corresponding to Flow Paths 5 and 6 will be
derived from pressure-drop measurements across the core-support plate,

It should be noted that, as shown by previous BWR LOCA tests in the TLTA, the
flow rates emanating from the lower plenum are generally very low and are counter-
current, State-of-the-art measurement schemes have not proven useful for direct
measurement of flow rate. On the other hand, inventory measurements in the
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various regions, such as lower plenum, bypass, quide tube, etc., have proved highly
successful in providing data for code and for phenomena assessment, The SSTF
measurement plan is expected to provide similar quality data to meet the program
objectives.

The details of the SSTF measurement system are under development. A detailed
measurement 1ist based on the measurement categories cited in this document will

be provided in the facility description document.

3,5.2 Instrument Utilization

Table 3-4 identifies the primary elements and sensing devices planned to provide
the measurement functions identified in the previous section., The instruments
chosen rely on proven measurement techniques found successful by GE in similar
applications.

3.5.3 Measurement Verification Approach

Verification of experimental measurements will be accomplished through the
combination of pretest instrument verification and calibrations, coupled with
on=11ne instrument checks, comparisons, and adjustments throughout the testing
periods.

During the shakedown/calibration portion of the Phase | test period, the facility
instrument will be verified with regard to correct installation and patching,
functional operation, and consistency. The accuracy of the measurements will be
further verified through direct calibration of pressure transducers, thermocouple
reference junctions, and weir-tube flow elements, as well as energy and mass
balance tests conducted under simplified conditions to demonstrate the overall
measurement accuracy of the system,

Measurement verification will be an integral part of the subsequent test series.
Prior to each testing interval, the test instruments will be checked in plare
under ambient and hot conditions with respect to consistency and established
reference standards, and adjusted as necessary, As a part of the baseline data
reduction package, the test measirements will be further verified through mass
and energy balance checks and test-section pressure-string balances for each test,
At the end of each test interval, the instruments will again be checked under
simplified conditions with respect to consistency and established reference
standard to detaect instrument shifts or failures during the test.
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Table 3-4
INSTRUMENT UTILIZATION
Primary Element

Measurement Category* Sensing Device

al - a5 Orifice Plate, P, &P, TC
Annubar
b AP, TC. P
cl Weir Tube AP
ce Oririce T, P, 4P
c3 Annubar Ty P, &P
dl,c2,d3 P
d2,f4,d5,d6,d7,d8,d9,d11,d12,d13,d14 ap
TC

e

P « Pressure Transducer
4P - Differential Pressure Transducer

CP - Conductivity Probe
TC - Thermocouple

*See Subsection 3.5 1.

As necessary, additional tests will be conducted at the end of major test series
to repeat test cases in which failure of critical instruments was deiected by the
measurement verification plan, Such repeat tests, when jeopardizing cost or
schedule, will be contingent on PMG decision following determination of schedule
and cost impact.

3.6 DATA UTILIZATION

“he primary usage of the data obtained in the SSTF CCFL/Refill tests will be in
the qualification of test-estimate models. In fulfilling that objective the
controlling phenomena and detailed results observed in the tests will be compared
to predictions made with the avatlable best-estimate models. The methodology of
the comparison between the prediction and the test data will be defined by the
model qualification acceptance criteria de/eloped under the model qualification
task of the refill/reflood program,

3-21

il pesnilidatn



[P T T M | M W P e R - B S N TSRS INSR=.,

Controlling phenomena identified in the test series which are not simulated in
the best-estimate models wil' be used to direct further model development efforts
as necessary,

3.7 SUCCESS CRITERIA

The success criteria for the experimental program are subd .vided into two cateaories
of assessment, addressing: (a) test control capability, and (b) phenomena simula-
tion capability.

3.7.1 Test Control Capability

Various independent parameters will be controlled during separate-effect and system
tests to simulate BWR boundary conditions derived from empirical studies,
analvtical predictions, or BWR system-design requirements. The ac’ racy with
whic’, .hese parameters are controlled could sigr.ficantly s fect tnc resulting
test shenomena. To avoid misleading or errcnecus test results the control accur-
ac, of selected key input parameters will be tested in the Phase | shakedown/
caliu~vtion tests and assessed according to the criteria given below:
a. Initial Mass .n Test-Section Regions
The adjustment range and control stahility in setting the initial
mass in the following test-section regions will be compared to
limits specified in the scaling evaluation section of the Facility
Description Document:
1. upper plenum,
2. Dbypass,
3. fuel bundles,
4, annulus,
5. guide tubes, and
6. lower plenum.
Both the range and stability will be determined under 150 psia
pretest conditions usin, the test instrumentation. The accep-
tance limits specified in the racility Description Document will
define the required range in controlled mass for each region 1
through 6, and the maximum mass fluctuation when controlling to a
specific mass value,
The initial mass control capability wi'l be judged successful if

the measured range and stability fall within the acceptance
limits.,
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ECCS Mass Flow Transients

The mass flow-control accuracy for each ECCS System [LPCS, HPCS,
LPCI (one through three systems)] wi'l be compared to allowable
deviation 1imits superimposed on the ECCS flow characteristics
specified in the SSTF loop requirements. The mass flow response
limits will be specified in the format of maximum and minimum
allowable mass flow for each ECC system as a function of vessel
pressure, thus creating an acceptance envelope for the control
response of each ECC system,

The acceptance envelope for the control systems will be specified
in the Facility Description Document.

The ECCS flow-control systems will be judged successful if the
measured ECCS mass-flow transients (using test instrumentation)
fall within the acceptance envelope under test vessel depres-
surization representative of that expected in transient blowdown
tests.

ECCS Temperature Control

The range and stability of the ECCS spray temperature will be
tested and compared to limits specified in the scaling evaluation
section of the Facility Description Document. The acceptance
limits will define the range in ECCS temp:rature required and the
maximum allowable temperature variation when controlling to a
specific temperature, The ECCS temperature control system will be
judged successful if the spray temperatures at the ECCS injection
location (immediately upstream of LPCS &.. HPCS headers and LPCI
injection line) equals or exceeds the required range and meets the
fluctuation limits,

Core-Steam Transient

The control accuracy of the transient steam flow injected into the
adiabatic fuel bundles of the SSTF will be compared to acceptance
limits specified in the scaling evaluation section of the Facility
Jescription Document. The acceptance limits will define an
envelope of acceptable steam flows over the range of the irdepen-
dent variable of the steam-injection input function.

The core-steam control system will be judged successful if the
measured steam injection transient falls within the acceptance
envelope under vessel depressurization conditions representative
of that expected in transient tlowdown tests.

Injected Steam Superheat Control

The capability of the steam desuperheat svstem will be compared
to acceptance limits specified in the scaling evalui tion section
of tne Facility Description Document, The acceptancc limits will
define the maximum allowable superheat as a function of test-
vessel pressure over the range of ambient to 150 psi» for each
steam=iniection system.
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Succeys of the steam-injection system will be gauged on the ability
to myintain the steam superheat (measured at the upper tieplatns of
the fuel bundles) within the acceptance 1imits under vessel
depressurization conditions representative of that expected in
transient blowdown tests.

3.7.2 Phenomena Simulation

During the hypothesized LOCA several phenomena induced by the interaction and
separate effects of ECCS injection and reactor cteam generation are expected to
play roles of varying importance to BWR refill, Of those phenomena the following
three are selected for assessment of facility simulation adequacy:

a. upper tieplate CCFL,
b. global side-entry crifice CCFL, and

€. bypass hydraulic drainage.

Phenomena a. through c. have been investigated by GE in single-channel and/or
small-scale test facilities, Extrapolation of these test results to the SSTF,
however, involves some uncertainty because of potential local phenomena which
cannot be readily measured in the SSTF, Assessment of the phenomena simulatian
can be made, however, by comparing separate-effect test results to global pre-
dictions of the relevant phenomena using current methods and appropriate accep=
tance bands. By this method controlling phenomena can be verified without
detailed local information,

The acceptance limits for the three phenomena will be specified in the Shakedown
Test Mlan,

The purpose of the phenomena simulation tests is to demonstrate that the
characteristic response of the selected phenomena exists in the SSTF under con-
trolled test conditions, thus assuring representative BWR response in the sub-
sequent transient LOCA simulation tests., The acceptance limite to be developed
for the simulation assessment will consider both the prediction uncertainty and
the degree of accuracy needed to discern the characteristic response of the
phenomena in the SSTF, It is anticipated that broad acceptance bands will be
necessary to compensate for local uncertainties, yet be adequate to address the
characteristic response.

3-24



I S— R p—— W WSS = —— - . e I - - R T S e —

3.7.2.1 Upper Tieplate CUFL., The total CCFL drainage from the 58 fuel bundles
of the SSTF core will be compared to the predicted CCFL drainage at four separate
total core-steam flow rates., During this test the SSTF bypass will be isolated so
that ECCS liquid can drain only through the fuel bundles.

The phenomena simulation will be judged successful if the test results fall within
the acceptance band of allowable drainage versus inie_ted steam flow, or if
deviations can be shown to be due to multidimensiona® effects.

3.7.2.2 Global Side-Entry Orifice CCFL. The total SEO CCFL drainage f om the

58 fuel bundles of the SSTF core array will be compared to predicted CCFL drainage
at four separate lower-plenum steam-flow rates. To perform these tests the two jet
pumps of the >TF will be blocked to prevent steam or water flow through those
paths,

The phenomena simulation will be judged successful if the test results fall
within the acceptance band of allowable drainage versus injected steam flow, or if
deviations can be shown to be due to multidimensional effects.,

3.7.2,3 B,pass Hydraulic Drainage. The hydraulic drainage characteristics of
the SSTF bypass will be compared to the predicted performance under ambient
temperature and pressure conditions by measuring the total bypass drainage at
five steady-state bypass water levels coverina the entire range of the SSTF
bypass.

Phenomena simulation success will be achieved if the measured drainage falls
within the acceptance band of drainage versus bypass fluid level, or if deviations
can be shown to be due to multidimensional effects,

3.7.3 Acceptance Limits for Phenomena Comparisons

The acceptance limits for the phenomena comparisons of the previous section will
be developed as part of the model qualification task.
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Section 4
DOCUMENTATION

The following documents will be submitted to the PMG during the experimental
pregram according to the schedule provided in Section 5:

d.

Ce

facility description document, defining the configuration of the
modified SSTF including instrumentation, DAS, scaling rationale,
and compromises;

shakedown test plan, defining the shakedown test matrix for the
Phase I shakedown/calibration tests, published as an addendum to
the experimental task plan;

CCFL/Refill test plans defining the test matrices for the Phase II
Separate-Effect Tests, Phase Il BWR/6 System Tests, and Phase IV
BWR/4 ECCS configuration tests, published as addenda to the
experimental task plan;

data reports following each of the major test periods; and

topical report.

4-1/4-2
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Appendix A
FACILITY SUMMARY DESCRIPTION

A-1, SUMMARY FACILITY DESCRIPTION

The 30° Steam Sector Test Facility (SSTF) is located at GE's gas turbine/jet engine
installation in Lynn, Massachusetts. Facility construction was initiated in 1977,
with core-spray distribution tests initiated in 1979. As part of the CCFL/Refill
System Effects task, the existing SSTF will be upgraded to perform transient LOCA
simulation tests. The existing SSTF confiquration is depicted in Figures A-1

and A-2. Following is a summary description of the upgraded SSTF categorized in
terms of the 20° sector internals, pressure vessel, facility services, and vapor
injection simulation.

As a result of design evaluation and review, deviations from the summary descrip=
tion presented herein may occur as required. The facility description document
will define the final form of the upgraded facility configuration,

A-1,1 30° SECTOR INTERNALS

The 30° sector internals provide accurate representation of the reference BWR/
6-218 (624 bundle) reactor through the use of prototypical hardware and geometry.
The upper plenum is a full-scale mockup of a 30° sector of the reference upper
plenum with accurate simulation of geometric shape and shroud head curvature and
height, Standpipes simulating the steam separators extend up from the shroud
head. The upper and lower core-spray spargers are full-scale mockups of 30°
sectors of the reference BWR’S-218 HPCS and LPCS spargers with regard to size,
curvature, location, and ~o0zz es. An LPCS lower header representative of BWR/4,5
design can also be installed in the upper plenum to simulate earlier core-spray
designs. The core region simulation includes both mock fuel bundles and bypass
region, The core rzgion is full-scale ir cross section but is approximately

five feet shorter than the BWR reference because of overall facility height
limitations, Fifty-eight (58) mock fuel bundles are included in the 30° sector —
42 complete oundles, and 16 partial bundles with removable cover plates and baffles
to simulate the 30° boundary within the partial bundle. The bundles utilize
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production version hardware for channel, channel fasteners and spacer, upper
tieplate, lower tieplate, and finger springs., Simulated fuel rods are included
in both the upper and lower tieplate regions. Upper fuel-rod simulation includes
production version expansion springs, end pins, locking tab washers, hexagon nuts,
and one fuel-rod spacer. A steam injection tube is provided in each bundle below
the upper rods to deliver the channel steam from the steam distribution manifold
located outside the 30° shroud wall., A weir-tube measuring device is provided

in selected bundles above the lower rods to measure the ligquid flow. The bypass
region flow area is simulated and includes dummy control rods mcunted on produc-
tion version fuel-support castings, Leakage and flow path simulation between
bundle, bypass, upper plenum, lower plenum, and guide tube are assured by using
production-version hardware in conjunction with accurate representations of the
top fuel guide and core plate., Twelve (12) volume-scaled guide-tube regions

are provided (one for each of the 12 centrally located side-entry fuel supports).
The lower-plenum volume represents the scaled volume of the reference lower-plenum
region outside the guide tubes,

Two jet pumps scaled on the basis of BWR equivalent single-phase flow resistance
connect the lower plenum to the annulus., The jet-pump lengths are scaled to
compensate for the foreshortened core. The annulus region is scaled on &
volumetric basis with regard to the reference BWR/6-218.

LPCI injection lines pass through the annulus to inject ECC flow into the core
shroud for BWR/6 LPCI injection simulation., By modification to the internals
LPCI piping, ECC 1iquid can also be injected into the top of the jet pumps to
simulate BWR/4 LPCI injection,

A blowdown pipe connected to the cuter wall of the annulus simulates the BWR
recirculation line outlet and (under transient LOCA simulation tests) directs the
blowdown mixture past a flow-restricting nozzle (simulating the reactor break
area) to the blowdown suppression tank,

A volumetrically scaled steam dome region completes the BWR simulation., The
steam dome is formed by partitioning the volume between the test section internals
and the excess volume* of the pressure vesctel,

*Vessel-free volume in excess of the BWR-scaled value.

A-4
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A=1,2 PRESSURE VESSEL

The SSTF pressure vessel (14-ft. inside diameter and 27-ft, inside height) serves
as a pressure envelope for the 30° sector internals, The vessel is designed with
numerous nozzles and penetrations to permit attaching the various process 1ines
which service the internals and to provide routing for the various instrumentation
Tines and cables. The vessel is surrounded by service platforms and walkways

and is serviced by a \raveling overhead crane,

A-1.3 FACILITY SERVICES

The SSTF is located in the central region of an existing turbine hall, to which the
necessary process equipment and loop hardware have been installed to provide the
required services to the facility. A steam supply of 130,000 bm/hr at 150 psia
and 388°F is available.

Water is supplied to the facility from a 10,000-gallon condensate tank and
retained in an 18,000-gallon supply tank which is part of the ECCS water supply
and recirculation loop., The temperature of the water in the tank can be con-
trolled by recirculating through a 500-gpm heat-exchanger loop. Water from the
lower plenum of the test section can be pumped back to the supply tank via a
single-pass heat-exchanger unit, recirculated to the top of the upper plenum, or
circulated through the LICI systems to accommodate both separate-effect and
transient-test operation needs. The ECCS supply system provides flow representative
of the reference BWR/6-218 reactor, The system consists of three 600-gpm pumps
connected in parallel and one 2400-gpm booster pump to provide up to 2400 gpm at
150 psia to the 10-in, main ECCS header. This main header in turn supplies a
6-in, HPCS line with up to 533 gpm and an 8-in, LPCI Tine with up to 1333 gpm.

A secondary water drainage system provides drainage capability for the gquide tube
and annulus regions of the test section for control of initial mass inventory
during transient tests,

A vessel blowdown system consisting of a blowdown line (with removable flow
restricting nozzle), quick-opening valve, flash tank, and suppression/containment
tank manages the blowdown effluents during transient LOCA simulation vests.

Onsite data acquisition/data reduction is provided by a Hewlett Packard processor

with 400-channel input signal capacity (see Subsections 3.2 and 3.5 for further
discussion of the data acquisition/measurement system).
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A-1.4 VAPOR INJECTION SIMULATION

R batic steam injection is provided in the core, quide tubes, and lower plenum
of the test section to simulate/augment 1iquid flashing and bundle steam generation
during separate-effect and t- isient LOCA simulation tests, and to set initial void
and mass distribution conditions representative of that predicted for the

reference reactor at the initiation of the tests, Control of the injected steam
flow will be by automatic systems capable of providing steady-state injection

rates or orogrammed injection transients,
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Appendix B
UPPER-PLENUM SEGMENT TEST

B-1. ABSTRACT

An expioratory investigation of the effects of subcooled ECC injection on tne CCFL
phenomena in a segment representation of the BWR upper plenum was conducted in the
Upper Plenum Test Series. Test results indicated that breakdown of the CCFL
phenomena could be achieved over a range of test conditions. It was found that
previous single-bundle observations of CCFL breakdown when net subcooling is
achieved represent a conservative bounding limit for the breakdown observed in
these three-dimensional studies. The mixing phenomena and CCFL breakdown were
found to be influenced by variation in the following parameters:

a. core radial steam profile,
b. core spray flow rate,
Ce core spray header elevation, and

d. initial upper-plenun two-phase level.

B-2, INTRODUCTION

Current BWR-LOCA licensing models account for the effects of counter-current
flow-1imiting (CCFL) phenomena at the top of the fuel bundles with the simplified
assumption that only saturated liquid enters the fuel bundles throughout the LOCA
transient. However, it has been demonstrated in single-bundle experiments that
when the emergency coolant injection into the upper plenum is sufficient to pro-
duce net subcooling, then subcooled 1iquid enters the top of the fuel bundle.

The condensation in the bundle then results in a reduction of steam flow through
the CCFL restriction, and, through positive feedback, elimination or “breakdown"
of CCFL controlling the liquid drainage results. This produces a rapid transfer
of tre liquid from the upper plenum to the lower plenum. These CCFL breakdown
phenomena would significantly reduce the predicted time to reflood and cool the
core. Therefore, the present program was initiated to further study these
phenomena in a configuration more representative of a three-dimensional BWR
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upper plenum. To address the effect of subcooled core-spray injection in breaking
down the CCFL condition, a 16° sector facility was built as a separate-effect test
of the mixing phenomena. In particular the following topics were discussed:
a. evaluate the saturated CCFL characteristics of the 16° facility,
b. evaluate the CCFL breakdown characteristics for a typical BWR upper
plenum with subcooled injection through peripheral header/nozzles,
and
¢. evaluate the effect of vertical position of the injection nozzles

(i.e., upper vs. lower header) on the CCFL breakdown character-
istics of the test apparatus.

Contained in this appendix is a description of the 16° experimental facility and
a compilation of the important results of experiments addressing BWR upper-
plenum mixing.

B-3. TEST FACILITY DESCRIPTION

The test apparatus is a low-pressure, 16.5-degree radial segment (of reduced
radius) representation of the BWR/6 upper plenum, referred to as the 16° Upper
Plenum Facility. Figure B-1 displays the major components of the test apparatus
in an exploded pictorial format. The test facility is comprised of the following
elements:

a. Steam/water, adiabatic, atmospheric pressure test loop
b. Segment test section

1. 16.5-degree segment

2. test section radius ap, 5 feet

x A full upper-plenum height with curved dome and simulated
standpipas

4., actual tieplates and shortened fuel bundles
5. 13 zones for steam introduction and water collectir”

G Minicomputer data acquisition system

The steam supply for the test facility is a 6000-1b/hr, 150-psi boiler.

B-2
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B-5.3 SATURATED CCFL RESULTS

Figure B-8 displays the measured upper-plenum drainage (square symbols) at steam
flows ranging from 4000 to 6000 1bm/hr. For each of the five steam flow rates,
the core-spray injection rate (trianguiar symbols) into the test section was
adjusted to match the liquid volume discharged from the upper plenum, s0 that a
steady two-phase leve! was observed in the upper plenum. Performing the experi-
ments in this manner provided a redundant measurement of liqui~ discharge from the
test apparatus. A: displayed in Figure B-8, the spray injection and drainage
measurements appear to diverge at higher steam flow. To sowe extent this is to be
expected because a portion of the injected spray becomes entrained at the higher
stear flows and is blown out of the upper plenum through the standpipes. However,
there is also some uncertainty as to the accuracy of the drainage measurements at
high steam flows because of small and occasional spurts of steam into the weir-
tube elements which measured the drainage flow. The triangular symbois therefore
define a conservative upper bound on the drainage measurement uncertainty. Tabula-
tiyns of the "CFL drainage from each of the simulated bundles of the test apparatus
are contained in Section B-9.

Figure B-9 displays the CCFL data from each of the individual fuel bundles of

the test apparatus. Bundle Location 1 is at the core periphery and encompasses
two complete fuel-bundle simulations and two "steam-box" simulations of fractional
bhundles. Bundle Location 2 is located one row radially inward from the periphery
and encompasses two complete fuel-bundle simulations. Regions 3 thrcugh 6 are
comprised of pairs of partial fuei-bundle simulations located radially inward.
Region 7, located at the apex of the test apparatus, is composed of two extremely
small partial bundle simulations and one “steam-box" simulation of fractional
bundles. Figure B-10 displays the bundle locations in plane view, A best-fit
line through the scatter of the data (with slope equal to 1) produces a correla-
tion constant of 0.621 ft* in the Modified Wallis form of the CCFL correlation.
At vapor flux parameter values between 0.25 ft * and 0,375 ft.", the liquid flux
tends to diverge from the 0.621 line. This trend, which is observed in the
peripheral bundles (Region 1), appears to be due to momentum effects from the
peripheral core-spray nozzles.

The data from Core Region 7 are not recorded in Figure B-9 because the bundle
flow area and .onsequent CCFL drainege are so small that they are outside the
range of the drainage instrumentction.
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B-5.4 SUBCOOLED CCFL BREAKDOWN RESULTS
B-5.4.1 Regular Core Spray with Low Peripheral Flux Profile

The regular core-spray (RCS) configuration simulates the BWR core-spray design
and thus provides core-spray distribution capability representative of the BWR.
This configuration provides tieback information to preliminary 16° upper-plenum
experiments using an alternate core-spray configuration similar to the RCS
configuration.

B-5.4.1.1 Lower Header. As seen in preliminary experiments with an alternate
core-spray configuration (see Section B-7), radial mixing of the subcooled core-
spray water increases with core-spray flow rate. The effect of this phenomenon
is an increase in the spray-water/upper-plenum mixing efficiency such that a
smaller proportion of subcooled core-spray water is available to preferentially
cool the core periphery and promote subcooled breakdown in the low-power periph-
eral bundles. Consequently, higher core-spray flow rates require lower values of
the condensing factor "C" (i.e., lower ratio of core-steam energy to spray-
condensing energy). See nomenclature section. This trend is most pronounced at
the CCFL breakdown limit (cross-hatched region of Figure B-11).

With the RCS configuration on the lower header, CCFL breakdown was achieved for
test conditions without net upper-plenum subcooling at "C" values up to

1.41 and spray temperatures up to 130°F. Figure B-12 displays the overall results
of the lower header RCS experiments in terms of spray temperature and breakdown
time.

The effect of zore-spray flow rate on CCFL breakdown time is readily apparent

from Figure B-12. AL low spray temperatures (approximately 100°F and less)
breakdown time is roughly independent of spray flow rate (for the two flows
tested). However, as the spray temperature is increased, breakdown is accomplished
more quickly (for a given temperature) at the higher spray flow. This effect seems
primarily due to the increase in spray-cooling capacity resulting from an increase
in spray flow for given spray temperature and steam flow. Consequently, the
increased available cooling more quickly cools the upper plenum mixture,

It is unclear which of the last two data points (125°F, 129°F) of the 100-gpm
case represents the true trend of the data at temperatures above 120°F. The
reason for the discontinuity in the data trend is not clear, but it indicates
instability of the breakdown phenomena at temperatures close to the CCFL
breakdown/no-breakdown 1imit.

8-22
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values (i.e., more subcooling) were required for CCFL breakdown than were needed
during lower header operation. CCFL breakdown could be accomplished from the
upper header for "C" values up to 1.16 and spray temperatures up to 112°F,

The deterioration in breakdown effictiveness relative to lower header results
seems largely due to the increased distance between the point of core-spray
injection and the CCFL restriction (the fuel-bundle tieplate). The increased
distar _ made the propagation of cold-spray water to the peripheral (and to a
lesser extent the central) bundle tieplates more difficult. Consequently, less
subcooling reached these regions than was achieved with lower header operation,

Figure B-15 displays the overall results of the CCFL breakdown experiments using
the RCS configuration on the upper header. The trend of shorter breakdown time
with increasing spray flow rate and decreasing temperature (i.e., lower "C" values)
is again observed with this core-spray configuration., Again, for some conditions,
intermittent CCFL breakdown did occur, although continuous breakdown capable of
draining the upper plenum was not maintained. Figure B-16 displays intermittent
CCFL breakdown as indicated by subcocled tieplate temperature excursions.

B-5.4.2 Core Radial Steam Profile

Additional tests were performed with a flatter radial distribution of bundle
steam flux (refer to Section B-1). This change increased the steaming rate of
the peripheral bundles by approximately 30 percent and the second row of bundles
by approximately 10 percent. The steam flux split among the remaining bundles
was little changed, although the magnitudes of the individual fluxes were
reduced to compensate for the increased peripheral flow (i.e., total steam flow
remained constant),

The effect of this change on the upper-plenum phenomena was significant.
Figure B-17 demonstrates the reduction in breakdown effectiveness caused by
the increased peripheral steam flux.

In lower header tests, the breakdown *transition zone ("C" value range between
successive breakdown and no-breakdown conditions) shifts from a mean value of
approximately 1.4 to 1.0 when the steam profile is changed to increase the
peripheral steam flux. The increased peripheral steam flow requires greater
preferential cooling in the periphery to force breakdown of the CCFL phenome < .

B-28



4

HN SOY + dunjedadwa] Aeadg “SA 3WL] umopyesadg °GI-g s4nbly

(45) IHNLVHIIWIL AVHIS
ot ol oLl 001 06 o8 O

] | B 1 | & 1 I

—

ANIOd Y1V SIHL ONOA 38
SIHNIVHIAWIL LV NMOONY IME ON

-y —{ oot
INIOd VIiVO SiHL ONOA 38
SIHNILVYHINIL L v NMOONY IHE ON

(28%) IWIL NMOOXYIHE

— 051
—4 00Z
— 087
v 8¢
. o0 1 1 ooe
WAS W
1451 0009 - hwz.
MM SoM
— OSE
ZO8¢ 1534




el L)
08z N = 4 % i
:
{
ﬁ¢¢ o B NN -
- *




Ddd Wweals

[PLpeH

NO'LYAITI B30V I Avees 3000

£3 pasne) 3u07 uoLlLs

’

va

-

AMI

OPAPRAG 4O 3514S

INOZ NOILLISNY S L

TWH I b 34 WOIO 3N %

HIAVIH sdedn HIOVIN $IMO
p—
- C
\ B
39084 X114 314084 XN 14 =
T Irdd 3 MO0 I 7 \ 4/... -t
/Vwr, _

NMOO Y 48

\

0w xma RGNS

T It e M0 1\ ,_./,4
INOZ NOLLISNYE L “_%/./%/ ,_,/ﬁ
oo wwaee MO\
ANSRANNN

INOZ NOILLISNYNL

NMOO 9y Iue B

LA T
FNS0Be XN 4 r,./.,.n WA\ Y
L ELTICE L o f,., A% /, \ ‘.‘
YA \
INOZ NOLLISNY L r,,,/./ \\ /_
NMOO ¥y I8 /V A\
AR TRNRY

NMOONYIWR On T O
NMOOsvIet B @

311 30ue WY 1LS
AN 4 I eInd e WO I0IN
31 40%e NYILS
XN 74 Tveineli e MO
NOLLY Y Ot 800D SO
OB 455

111 35Vre WINT Ve died

L

L» os,,

- a

T -t

s

i



T

Consequently, greater overal) subcooling (lower "C" values) is required to
achieve breakdown. A similar trend is noticed in upper header tests in which the
mean value of the breakdown transition zone shifts from approximately 1.17 to 1.0
when the peripheral steam flux is increased. As with the lower header tests, the
mean "C" value of 1.0 indicates that CCFL breakdown will occur when the spray
subcooling is adequate to subcool the upper plenum on a single-node energy
balance basis.

Altering the steam profile to increase peripheral steam flow increases the mag-
ritude and range of upper-penum subcooling. Figure B-18» displays the approximate
temperature zones exissing in the upper plenum just as the first tieplate was sub-
cooled, Relative to tests with less peripheral steam flux, the magnitude of sub-
cooling in the two subcooied zones is increased while the range of the saturated
zone is decreased. Figure B-18b displays the approximate upper-plenum temperature
zones, at the time of first tieplate subcooling, for a low-peripheral flux case at
comparahle conditions, Comparison of Figures B-18a and B-18b reveals the increased
upper-plenum subcooling required €or breakdown with the medium peripherel flux
steam profile.

Two items appear to contribute to the increase in upper-plenum subcocling, First,
the increase in peripheral stea flow makes CCFL breakdown in the peripheral
bundles more difficult by requiring greater peripheral subcooling. This increase
in required subcooling results ‘n longer .. eakdown times for a given spray
temperature. Because peripheral breakdown takes longer to occur, more cold-spray
water is free to accumulate in the periphery and migrate to other upper-plenum
regions instead of draining through broken-down peripheral bundies. Ccnsequently,
the increased difficulty in achieving breakdoun in the peripheral bundles allowed
more subcooled spray to enter and remain in the upper plenum. Second, the cooler
spray temperatures required for breakdown (compared to the low peripheral flux
cases) increased the subcsoled input to the upper plenum.

Visual observation of the upper-plenum mixture confirmed the increased upper-
plenum subcoolirg., During tests of the R(CS configuration with the low peripheral
flux profile, a reyion of solid liquid water (subcooled region) was observed

above the peripheral fuel bundles (Window 4 of Figure B-19) while the remainder of
the upper plenum remained largely voided. However, when the radial stear profile
was changed to increase the peripheral flux, Windows 1, 2, and 4 revealed low-
vold regions (indicating subcooled temperatures). Window 3 and a portion of
Window 4 remained largely voided, suggesting a condensation zone separating the
saturated mixture from t.e subcooled liguid above.

B-32
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PERIPHERY APEX

Figure B-19. Visually Observed Subcooled Regions
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As a consequence of the increased upper-plenum subcooling, a greater differential
fluid head was established across the upper plenum than observed in cases with
lower peripheral steam flow. Figure B-20 displays the differential pressure
(in-Hy0) across the upper plenum as a function of time, where time zero was the
time at which cold-spray injection began. CCFL breakdown was not achieved in the
test displayed in Figure B-20; therefore, the upper-plenum differential never
decreased, As time increased, the differential pressure increased to a mean value
of approximately 40 inches of water, which was maintained throughout the remainder
of the experiment. In a corresponding no-breakdown case with the low peripheral
flux steam profile, the mean upper-plenum differential pressure increased only
slightly to a value of approximately 25 inches of water.

As observed in RCS tests with the low peripheral flux steam profile, intermittent
CCFL breakdown could occur in one or both of the peripheral burdles without
draining the upper plenum. In those cases, although the availabie subcooling was
not adequate to sustain subcooled breakdown, local accumulation of subcooled

water in the periphery would periodically reach a level adequate to achieve inter-
vals of subcooled breakdown.

Figures B-21 and B-22 display the overall results of lower and upper header
operation of the RCS configuration,

B-6. CONCLUSIONS

Test results have shown that mixed-net upper-plenum subcooling is a bounding
condition for upper tieplate CCFL breakdown in a typical BWR upper plenum. In
general, breakdown of the CCFL phenomena could be achieved without net upper-
plenum subcooling through favorable enthalpy distributions induced by the three-
dimensional characteristics of the upper plenum. Both the ECC injection location
(above the core periphery) and the radial core steam profile (lower steaming
rates in the peripheral fuel channels) contributed to preferential subcooling
above the core periphery and local peripheral CCFL breakdown.

On a more fundamental basis, the upper-plenum mixi=g/CCFL breakdown phenomena
were found to be influenced by variation in the fullowing parameters:

a, core radial steam profile,

b. core spray flow rate,

B-36



peay pingj

(%) INL

|eLluaia i}

1%

9 MO LTI N

ZO8L WNNId B3

\"' w
O7H 'V Y1130



HT SJ8 -~ dunjeaddue | Aeadg “SA Jdii | uMmopyesdg “[Z2-9 34nD
(d,) IWNULVE IANIL AVEES
L1 oS ol ot oL 0 i 08 v &
. o
i 1 1 | I I | 1 a
|
.,
o |
—4 08
0 1
A
4
o S
]
—4 051
LNICe ¥L¥O SIML OO A 38 |
SIHNLYHINIL Ly NMOO XY IE ON .
— 08T
o | !
O | oo _
L ! |
NAS e !
! — oo

FN 404 XN 4

R SO
TOR: 1S3

IVHINSEIS NOHOIN |

e -

(28] INIL NMOOXY IWE



oL

HN SJ¥ - suanjeuddwa| Aeadg "SA awl | umopjyeaug -22-g9 aanbld

(4,) IHNLVHIIWIL AVHES
o5 vl o8y oz oL o0 06 e

1 1 | 1 Ll I | T

-—-—00
ANVOG VAiVA SiKL GNOA 36
SIHNLYEIINIL LV NMOONY T8 ON

[®) 001
WAS e

4064 XN 4
TV H I I WO IN

Bl SOu

ZOBL 1S3l

(e8] Il NMOO XY Ine



¢. core spray header elevation, and

d. initial upper-plenum two-phase volume (as observed in preliminary
sector tests - see Section B-7).

B-7. PRELIMINARY SECTOR TESTS

Upper-plenum mixing tests were conducted with a preliminary configuration of the
16° test facility to obtain initial mixing information, Consistent with the
exploratory nature of the tests, the BWR simulation characteristics of the test
section were less precise than required in the final facility configuration.
Figure B-23 depicts the major differences between the preliminary facility con-
figuration and the final test configuration, specifically:

a. simulation of upper-plenum dome shape and multiple standpipe flow

paths in the final configuration (the preliminary configuration
utilized a flat dome and one standoipe);

b. accurate simulation of the upper-plenum shroud shape adjacent to
the core-spray spargers in the final configuration (see
Figure B-23); and

c. simulation of the top of the core with prototypical tieplates and
foreshortened fuel bundles in the final configuration (th: pre-
Timinary configuration used an orifice simulation of the upper
tieplates).

The core-spray configuration utilized in the preliminary mixing tests differed
from the regular core-spray configuration used in the final tests in ‘he nozzle
types and nozzle aimings (see Table B-3). The peripheral nozzle types used in

the preliminary test {Spraco 3101) provided somewhat more dispersed spray patterns
than the open pipe elbows used in the regular core-spray configuration.

A core-radial steam profile similar to medium peripheral flux profile was used
in the preliminary tests,

The preliminary mixing tests addressed the effects of: (a) the initial two-phase
mass in the test section, and (b) the core-spray flow rate on the mixing
phenomena.

The two major corclusions reached in the preliminary mixing tests were that:

(aj the initial volume of saturated two-phase mixture in the upper plenum
affected the ease at which CCFL breakdown could be achieved (i.e., as the initial
saturated volume was increased, greater spray subcooling was required to break

B-40
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Table B-3

CORE SPRAY DATA (PRELIMINARY CONFIGURATION)

Core Spray z
Configuration ____Location 1 Location 2 Locaticn 2
RCS LH Spraco 3101/-47 3/4 in. 0.E./-147 Spraco 3101/-47°
_Estimated Flow Splits
(100 gpm total spray flow)
Core Spray Location 1 Location 2 Location 3
Configuration _fgpr) —{gpm) _fgpm

RCS LH 30 40 30

=
Jo Ay

down CCFL), and (b) the core-spray svstem flow rate affected the steam-water mixing

J

efficiency in the upper plenum (i.e., higher spray flow rates increased the steam-

water mixing efficiency).

Figure B-24 displays these trends in terms o2f the condensing factor "C' and the
initial iwo-phase mixture level in the upper plenum for spray flow rates of 83,
30, and 100 gpm, sSolio symbols represent cases in which CCFL breakdown was
achteved, while open symbols represent cases in which CCFL breakdown was not
achieved,

As can be seen from the figure, for . 1iven spray flow rate greater subcooling is
required to induce CCFL breakdown as te initial mixture level is increased. For
a given initial two-phase level, a greater fraction of spray subcooling is

required for CCFL breakdown as the spray flow rate is increased.
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The effect of the core spray configuration on the mixing phenomena (although noc
specifically addressed in the preliminary tests) can be inferred by comparison to
results of the final test series using the medium peripheral flux core stean profile.
Such a comparison shows no significant change in the mixing phenomena or CCFL
breakdown performance because of minor variations in the core spray and plenum
configurations utilized in the preliminary tests. Conseguently, it can be con-
cluded that minor changes to the core-spray configuration will not significantiy
affect the upper plenum mixing phenomena.

B-8. NOMENCLATURF
B-8.1, TONDENSING FACTOR “C" i

Condensing Factor = "stean "t |
spray Cp ATsub |
where |
eub * Teat, ° Tspray |
and
Terms defined as follows: !
ﬁsteam = Average mess flow rate of steam into the test section |
hfg = Latent heat of vaporization at test conditions |
ﬁspray = Average mass flow rate of spray water into tie test sec*ion
Cp = Specific heat of water in consistent units
Tsat = Satw ation temperature of water at test conditions
Tspray = Average temperature cf the spray water

B-8.2 BREAKDOWN TIME

The time in seconds at which both peripheral bundles become and remzin subcooled
relative to the time that the spray water temperature at the test-section inlet
begins to decrease from saturated to subcooled conditions.

§-44



Visually observed (and confirmed by test data) drainaze of the test apparatus
by subcooled core-spray injection,

B-9. INDIVIDUAL BUNOLE CCFL DATA

Table B-4
UPPER TIEPLATE FLOW AREAS

_Bundle Location ”W[F ggml

1L, 1R 0.07999 |
1L (SB), 1R (SB) 0.00262 '
2L, 20 0.07999

3L, 3R 0.06747 =

aL, 4R 0.05404

51,5k 0.03906

61,60 0.02756

7 0.013%6

7 {58) 0.004]

B-45
|
l
|




Bundle
Location

1R
I
IR(SE)*
IL(SB)*
2R
2
3
3L
4R
a
5R
51

6R
él.

?
7(SB)*

A . SSp—

Table B-5
SATURATED CCFL DATA

el e R T S I —

[Steam Flow/Liquid Flow] (1bm/hr.)

Sk e i B L e e e

Total Core Steam Flow (lbm/hr.)

4000 4500 5000 550 6000_
239.5/14339  269.5/10517  299.4'9571  329.4/8320  359.3/6973
239.5/14564  269.5/12299  299.4/9082  329.4/8427 359.3/6766

7.9/454.1 8.9/333.1 9.8/303.1  10.8/263.5  11.8/220.9
7.9/461.0 8.9/389.6 9.8/287.7  10.8/266.9  11.8/214.3
390.1/5053  438.9/3598  487.7/3756  536.5/3229  585.2/2732
390.1/6915  438.3/4C72  487.7/2281  536.5/1592 685.2/938
426.2/1703  479.5/1125  532.8/555 586.1/297 £39.3/165
426.2/1664  479.5/1387  532.8/756 586.1/353 639.7 164
354.9/1107  399.3/997 443.7/530 488.1/228 §32.4/41
354.9/1686 . 399.3/1520  443.7/1104  488.1/544 532.4/84
277.7/604 312.4/416 387.1/217 381.8/37 416.5/39
277,7/531 312.4/312 347,1/673 331.8/467 416.5/51
191.1/379 214.9/316 238.8/227 262.7/134 286.6/83
191.1/366 £14.9/246 238.8/680 262.7/67 286.5/35
98.2/161.2  110.5/0 122,8/21.1  135.1/54.6  147.3/137.4
29.1/21.8 32.7/0 36.3/2.9 39.9/7.4 43.6/18.6

*"Steam Box" representation of partial bundle,
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B-10. AVERAGED TEST CONDITIONS

The parameters tabulated on the following pages are values averaged over the time
intervals between first indication of spray temperature decrease at the test-
section inlet and the end of the test run. Two time intervals are listed for the
breakdown time; both are relative to the time at which the spray temperature at
the test-section inlet begins to decrease. The first interval corresponds to
increased peripheral drainage as indicated by the Weir tube flow-measuring elements
and covers the range of time in which drainage increase is first observed in one
bundle to the time at which both peripheral bundles register continucus increased
flow. The second interval covers the time range in which the first tieplate sub-
cooling is observed to the time at which both peripheral bundles become and remain
subcooled, as indicated by thermocouples below the tieplates.
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Table B-6
AVERAGED CONDITIONS 0.55 STEAM PROFILE

Sutcocled CCFL:  RES LM

Lowest Breakdown Time
v A - 1 Periphers] o _ Ereakdown (Drainage x-muf
spray drain steam spray Temperaturs 4 1P, Level (Visual Tieplate Subcooled o
[1es/he) {1bs/hr) {Tes/hr) i ~AE Value Increase ? Conf irmation) . fsec) _Lomments
81421 15778 6072 79.1 195, 200 1.0459 No Yes 16-20/11-13 '
48955 43006 5987 78.% 155, 208 0.8676 No Yes 17-21/11-12
4200% 37631 5892 93.3 186, 193 1.1208 No Yes 19-27/18-23
i 31347 379a) 54930 103.7 186, 196 1.23 No Yes 16-20/11-20
' 48079 17812 <936 104.7 180, 198 1.085 vo ves 22-25/20-21
= - 5 H - . ’ - - Test Aborted
49358 36714 5644 111.8 195, 198 1.119 No Yes 22-52/25-%0
= 41454 32356 S805 120.1 195, 202 1.411 No Yes 24-168/30-172
é 48278 37905 5835 121.0 135, 200 1.229 no Yes 28-37728-51
47102 EEILE 546] 11.3 207 1.635 No No 24-3/120-5
49433 39738 5917 130.4 196, 204 1.381 No Yes 22-58/29-112
4587 36212 6051 126.6 206 1.5765 No Xo 24-7/51-2
19749 12766 6086 125.7 105, 200 1.3411 No Yes 19-42/19-31i8
41678 15653 &057 135.7 206 1.7298 No No 20-2/123-2
50309 40028 6027 136.0 2052 14372 No No 17-2/38-2
41282 35472 5989 140.3 2081 1.8587 No No 7/141-7
50471 38051 6013 140.5 206, 207 1.5272 Yes No 28-2/32.2
48499 39592 6034 91.2 184, 199 0.8772 No Yes 18-17/8-11
41832 7817 6002 114.1 182, 200 1.381 No Yes 19-126/25-153
41352 34721 6002 152.0 2151 21778 Yes No ?
| 49735 39765 5982 1£3.4 2061 1.7693 Yes No u?
I

1 .
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Subcooled CCFL:

"spray "drain

(1bs/he)  (1bs/hr)  (1bs/he).

Spray Distribution

3743% 34003
49909 37344
37273 34599
50053 38292
37406 34700
50251 38354
37406 33509
49641 38940
38040 37600

Spray Distribution

37713 32550
50402 37071
37375 31111
50014 37056
36558 38999
37039 38382
49257 41359
45785 40933
37064 28737
49431 37101

RCS UH

HS team

- e = = e -

- e e e = -

Table B-7
AVERAGED CONDITIONS 0.55 STEAM PROFILE

Lowest

Perisheral

spray Temperature

(°F) {°f}
-------- N/A
Bg8.9 204, 214
89.7 172, 176
100.7 206. 215
101.2 190, 191
111.9 212, 214
J1L.7 192, 132
120.4 214, 215
119.3 205, 208
24.0 130, 178
""""" N/A
131.4 215, 217
130.8 207, 210
140.9 216, 216
140.7 208, 214
- 186, 137
110.9 182, 179
121.5 191, 193
130.9 196, 198
139.8 207, 214
148.7 215, 216
148.3 811, 215

Breakdown Time
Breakdown (Drainage Increase/
. o L.P. Level (Visual) Tieplate Subcooled)
Value Increase ? Confirmation; (sec)
N/A N/A N/A
1.2215 Constant ? 25-2/39-7
0.9250 No Yes 16-22/13-18
1.3508 Yes No 25-2/103?
1.021 No Yes 19-22/15-29
1.5042 Yes No 26-2/?
1.122 No Yes 22-30/22-66
1.6382 Yes No i
1.2127 Yes No U
1.161 Yes Yes 18/72-1C3
N/A N/A N/A
1.8030 Yes No 77
1.3441 Yes No 130-2107?
2.052% Yes No 2?
1.5412 Yes No 2
- No Yes 66-2/57-67
1.3005 No Yes 22-84/72-82
1.4260 No Yes 24-7/184-225
1.1760 No Yes 17-25/14-54
1.2978 Constant ? 17-27271-?
2.3361 Yes No 2
1.7282 Yes No : ok




Table E-8

AVERAGED CONDITIONS 0.67 STEAM PROFILE

Subcooled CCFL: RCS LH

Lowest Breakdown Time
@ i A 1 Peripheral Breakdown (Drainage Increase/
spray drain steam spray Temperature y i U.P. Level (visual) Tieplate Subcooled)
(1bs/hr)  (ibs/hr)  (Wbs/hr) (F) (°F)  Value  Increase ? Confirmation) (sec)
50277 40458 6016 103.3 202, 202 1.6323 Yes No 29-2/?
45457 37815 5973 114.6 201, 202 1.1450 Yes No LI
49217 36980 5978 87.5 144, 154 0.9288 No Yes 23-28/24-41
50203 41072 5977 90.9 154, 176 0.9328 No Yes 28-47/44-55
49456 38107 5922 95.3 179, 190 0.9643 Na Yes 28-53/87-101
o 50322 37310 5938 29.5 188, 192 0.9847 No Yes 40-123/177-194
& 50212 43419 5059 < 123.3 195, 198 1.0637  No Yes 179-230/252-260
41: 26 33024 5968 107 .4 199, 211 1.2798 Yes No 27
41436 35675 5477 113.6 205, 213 1.2472 Yes No 2/
41753 33706 5927 113.0 202, 209 1.3164 Yes No ?/?
50269 41024 5502 112.5 193, 201 1.0184 Constant ? 28-2/2-2
43260 40613 5491 119.3 210, 204 1.0964 Yes No 39-2/2-2
(slightly)
41437 38602 5100 122.0 212, 213 1.2789 Yes No 1
41243 31478 5516 122.8 206, 216 1.3863 Yes No k44 4
50293 46204 4982 129.0 205, 210 1.1129 Yes No 36-2/7-2
42060 29309 4689 131.5 212, 214 1.3696 Yes Nn 2]?
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AVERAGED CONDITICNS 0.67 STEAM PROFILE

Table

B-9

Subcooled CCFL: RCS UM
Lowest Breakdown Time
i @ A . Peripheral Breakdown (Drainage Increase/
spray drain steam spray Temperature g " U.P. Level (Visual Tieplate Subcooled)
(1bs/hr)  (Ibs/hr)  (1bs/hr) (°F) (°F) _Value  Increase ?  Confirmation) (sec)
50092 36087 5998 106.3 203, 203 1.04%8 Yes No U
49943 36047 6027 116.5 202, 204 1.:5%1 Yes No N
45809 35535 6032 85.4 164, 163 0.9175 No Yes 30-52/24-48
50007 36217 6037 90.4 167, 166 0.9367 No Yes 38-40/33-35
30305 36821 5977 94.3 171, 172 0.9448 No Yes 43-49/47-85
37835 38275 4396 90.5 74, 164 1.0298 No Yes 162-199/155-169
49884 41495 5025 119.2 01, 212 1.0053 Increased ? 41-2/?
slightly
37103 32282 5533 77.6 204, 205 1.044]1 Yes No 2/?
38059 28634 6018 81.9 203, 24 1.1309 Yes No 27
37854 33178 5542 89.1 216, 213 1.1060 Yes No 2/?
37415 37386 4963 100.1 211, 213 1.1110 Yes No 2/?
49593 38184 5544 117.2 203, 205 1.0838 ‘es No ik
50816 33412 5516 212.0 203, 205 1.0865 Yes No ??
4986€ 43120 4997 130.0 207, 213 1.1322 Yes No 2/?
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APPENDIX C
LIQUID INVENTORY MEASUREMENT TECHNIQUES

C-1. INTROLUCTION

During 1977 and 1978, Creare, Inc., was contracted to investigate, develop, test,
and evaluate general techniques to measure liquid inventory in two-phase reginns.
These techniques are of particular interest in designing measurement systems for
test facilities, such as the Lynn Steam Sector Test Facility (SSTF), which are
designed to study core-spray distribution, counter-current flow limiting (CCFL) in
parallel coolant channels, and upper-plenum fluid mixing. Creare constructed a
facility, described in Section C-2, to provide for tes” 'ng different liquid meas-
urement systems for application in upper-plenum, bypas.. lower-plenum, and channel -
box regions.

The program assessed various 1iquid inventory measurement systems including
differential pressure transducers, coupled conductivity probes, and a buoyant
float device specially developed at Cresre. The instrument principles, operating
features, and installed locations are described in Section C-3. Details of the
design considerations and electronic components required for the buoyant float and
coupled conductivity probe devices are presented in Sections C-5 and C-6, respec-
tively. Single and four-channel tests (Section (-4) were performed to proof-test
these instruments. Transient depressurizations from initiai pressure up to

120 psia were run, with saturated water in the lower plenum and bypass region.
The parameters of initial plenum water level, bypass region inventory, vessel
pressure injection flow rate, and channel-box steam were studied.

C-2. TEST FACILITY
C-2.1 VESSEL

The basic 150-psia test vessel consisted of three four-foot-long, flanged spool
pieces constructed from 18 in. standard-wall steel pipe. The assembly is shown in
Figure C-1. The lower plenum and upper plenum spool pieces had only the instrument
penetrations (discussed in Section €-3). The middle spool piece had four obser-
vation ports of clear Lexan to permit visualization into the channel-box region.

(R
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The Lexan viewing ports were replaced by metal flanges for tests at pressures
greater than atmospheric. Other penetrations in the middle spool piece included
four lower-plenum and four channel-box steam inlets for external steam supply.

Two other penetrations were provided, one for the ccre-spray supply line leading
to the nozzle, which directed ECC flow downward onto the channel boxes, and another
for filling and draining the bypass reqion,

Liquid was drained through the bottom flange of the vessel, Steam was exhausted
througn a 2-in. 1D pipe in the top flange of the vessel. A feedback control
valve was used on the steam exhaust to control initial pressures in the transient
tests. Steam-bleed lines were provided for heating of the lower plenum and bypass
region 17quid to saturation in the transient tests.

C=2.2 CHANNEL BOXES

The %-ft.-long channel box consisted of the upper tieplate (recessed 3.19 inches
from the top of the channel box), an 8x8 array of 64 simulated fuel rods 1 foot in
length (with spacer) attached to the upper tieplate, a 30-in. open length in which
the channel-box steam injector was located, 64 simulated fuel rods 1 foo* in length
(with spacer) attached to the lower tieplate casting, and the lower tieplate cast-
ing. The channel-box assembly was mounted on the lower core support plate and
casting.

Tne channel-box steam injector penetrated one side of the channel box horizontally
to the <enter of the channel. The steam distributor pipe was 2-in. Schedule 40
(cappad) with 68 holes 0.209 inch in diameter arrayed in four vertical rows over a
length of 16 inches (referred to as the original Creare injector).

when a single channel was tested, the other channels were elininated as flow paths
by blocking off the flow dictributor orifices. When all four channels were tested,
the distributor orifices remained unblocked. The 1-ft. lengths of simulated fuel
rods were not included in the other three channel boxes., Instead, the fuel-rod
mounting holes in the tieplates were blocked with screws, leaving the correct open
area unblocked.

C-2.3 STEAM SUPPLY

Steam was supplied from a 150-psia boiler. The maximum stesm flow from this boiler
in the tests was 7200 1bm/hr, given the pressure-drop characteristics of the test
facility.

C-3



C-2.4 COOLANT SUPPLY

ECC was drawn from a 2000-gallon water tank. The coolant could be preheated
between 85°F aud 212°F. Flow rates up to 20 gpm were ‘ested.

C-3. INSTRUMENTATION

Instrumentation for this facility consisted of orifice plates with flange taps and

a manometer for measuring steam flows, a rotameter for the £CC flow, thermocouples,
an absolute pressure transducer, several differential pressure transducers, a ccupled
conductivity probe, and the specially developed buoyant float device. The locations
of the instruments are sketched in Figure C-2. The maximum and minimum measured
ranges for the instruments used to measure liquid inventory are shown in Table c-1.
The types of instruments used and their calibration procedures are discussed below.

C-3.1 DIFFERENTIAL PRESSURES (AP1-AP4)

Differential pressure measurements were made for upper and lower plenum filling,
channel box, and lower tieplate Ap, althouah not all measurements shown were made

in every test, The instruments used in differential pressure measurements were
Celesco P6603M] transducers with a rang2 of 5 to 10 psid. The operating temperature
of the instruments is between 32 and 500°F; zero shift compensation anc span compen-
sation are 0.25 percent of full-scale output/100°F.

The Celesco AP transducers were mounted on the vessel as shown in Figure C-2. The
line lengths for each leg of the transducer were made equal by coiling the lower

leg of each instrument. In order to prevent a zero shift from gradual collection

of condensate in the vertical leg of each transducer during a test, the vertical
legs were filled with water between tests. The horizontal leg of each transducer
was drained between tests. During the transient test program Creare also experi-
mented with filling both legs of the transducer with cold water to minimize flashing
in the lines. It was neccssary to electronically filter the differential pressure
transducer outputs durinc steady tests with cold £ECC and during transient tests in
order to eliminate large oscillations which obscur 'd the traces. These oscillations
were probably due to condensation in the vessel. The schedule of changes made tn
the transducers is shown in Table C-2.

€=3.2 BUOYANT FLOAT

A buoyant float device was developed and constructed at Creare, ‘Detail; of the
float are shown in Figure (-3. The mounting location is shown in Figure C-2. The

C-4



LIQUID LEVEL INSTRUMENT RANGES

Table C-1

Instrument Location
AP Lower Plenum
Coupled Upper Plenum
Conductivity
Probe
Buoyant Upper Plenum
Float
pa Upper Plenum
(Single
Channel)

AP4 Upper Plenum

(Four (Alternate Location
Channels) in Figure C-6)

v ower-plenum measurements relative te “ottom o*
measurements relative to top of channel box.

_Teste

Transducer

APl

AP2

AP3

P4

B1-8100

Calibrated,
Coolant in
Vertical Leg

Calibrated,
Coolant in
Vertical Leg

Calibrated,
Coolant in
Vertical Leg

Calibrated,
Coolant in
Vertical Leq

Removed

Table (-2

~ B111-8169

TRANSDUCER HISTCRY

Minimum* Max imum*
Indication (in) Indication (in)
6.25 42.25
- 8,75 25.25
-33 27
- 6.75 29.25
-34 29.25
vassel. Upper-plenum
T4-1
_J1-T13 . J8-9
Recalibrated foolant in

Recalibrated,
Filtered to
0.2 Hz

Reca’ibrated

Recalibrated,
Filtered to
3 Hz

Horizontal Leg

Moved to AP4

Recalibrated

Recalibrated,
Filtered to
0.33 Hz,
Coolant in
Horizontal Leg

Recalibrated,
Lower Leg Move.

tn Alternate

Position
(Figure C-2)
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operating principle of this device is that the float--in this case a 5-ft.-lorg
tube 0.5 inch in diameter--will experience a buoyant force proporticnal to the
weight of the water it displaces when it is submerged. This buoyant force is
independent of the two-phase height of a steam/water mixture. In the Creare
device, the axial buoyant force on the float displaces the float, and its motion is
transmitted to a bell crank. The bell crank pivots and converts the translation
of the float to a rotary motion which in turn stressec a cantilevered beam. The
beam assembly “as sealed strain gauges mounted on bot: sides to minimize thermal
effucts. Thus, the buoyant force on the float “s transduced into an electrical
output from the strain gauges. Detailed desigr considerations for this device and
the circuit diagrams for the strain gauge output amplifiers are included in
Section C-5,

The buoyant float device was first checked ocut in a bubbly air/water mixture in 2
facility consisting of a 60-in. tall glass vessel 6 inches in diameter and an air
sparger at the bottom end of this vessel. Figure C-4 illustrates the output of the
buoyant float in a bubbly air/water mixture. Air was bubbled into the bottom of the
vessel at a rate which brought the two-phase height to 36 inches (or void fraction
of 50 percent). The effect of filtering the output under the same two-phase con-
ditions is shown. The strain gauge amplifier electronics had a design frequency
response of 16 Hz, Oscillations of +25 percent of the indicated level are observed
(Fiqure (-4a), although the average output is close to the true collapsed level.
Filtered to 1.6 Hz, the oscillations become smaller (Figure C-4b), and filtered to
0.5 Hz the amount of oscillation is less than +10 percent of the collapsed level
(Figure C-4c). The 0.5 Hz filter was subsequently used in the testing.

The sensitivity of the buoyant float to changes in temperature was also investi-
gated. The strain gauge transducing element was subjected to a sudden AT cf 80°F
by immersion in alternating water baths of 60°F and 140°F water. The results are
shown in Figure C-5. The change in temperature from 60 to 140°F caused a momentary
zero shift of a maximum of 0.lv out of a full-scale output of 1.9v, or about 5 per-
cent.* The shift occurred for a period of about 2 seconds, after which time the
output returned to the original zero. Reversing the procedure and going trom the
140 to 60°F bath reversed the direction of the zero shift, but it was again the
same magnitude and duration.

“1f the output is unfiltered (design response of 16 Hz), an initial spike of
greater magnitude is seen for about 0.2 second before the zeru shif*t falls to a
level 1ike that observed in Figure C-5.
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Figure C-5. Thermal Sensitivity of Buoyant Float Instrument

The buoyant float was calibrated by filling and draining the test vessel. Figure
(-6a shows that the response of the buoyant float to steady filling (dashed line)
was very close to the calculated slope based on the filling rate but was not per-
fectly linear. During these calibration procedures it was discovered that the
huoyant float did not aiways return o its original zero ir quiescent filling and
draining of the vessel., This is illustrated in Figure C-6b.

The amount of this zero shift was typically *20 percent of the full-scale output,
although sometimes less. Tapping lightly on the probe or the test vessel caused
the probe to return to its original zero. If the probe mounting was vibrated dur-
ing filling and draining calibrations, the response was as shown by the solid line
‘n Figure C-6t . the output return.d to its original zero without any trouole upon
draining. The conclusion was t>.t the btuoyant float was subject to stick-slip
(friction) in its linkages, although a specific linkage was not identifiable without
dismantling the device. It was decided to proceed with testing and rely on the
steam/water interactions in the upper plenum to supply the agitation to overcome
the stick-slip problem. This testing is discussed in Section C-4. The unit was
then removed to further assess the stick-slip problem.
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The first step in tracking down the sticking problem was to reassemble the instrument
on a laboratory bench, using a hanging we qht to simulate the float. This permitted
visualization of the mechanism in operation. Diagnostic testing showed that the
interface between the beam and the bell crank was the major source of friction and
sticking. Several attempts were made to reduce friction at this point of contact

(by applying 011 and polishing the jaws of the bell crank); however, these efforts
were not entirely satisfactory.

After these attempts, it was decided to adopt zn alternate design, the intent of
which was to reduce the potential for friction as much as possible. The device was
redesigned to mount the float perpendicular to the beam, thus eliminating the pivots
and the jaw of the Lell crank as points of friction. The new design adopted is
illustrated in Figure C-7. The mounting of the float at right angles to the beam

is evident. Circular collars on the float position the float relative to the beam
and limit the travel of the float to the range of operation. A Teflon bushing has
been used to help minimize friction between the float and the float quide, and the
fit in this region is relatively loose.

The modified instrument was tested in single and two-phase air/water mixtures in a
transparent calibration vessel where the two-phase mixture conditions could be
controlled. This calibration vessel is sketched in Figure C-8. It had a water
inlet, a8 drain, and provisions for bubbling air into the water near the lower end
of the vessel. The vessel was 6 inches in diameter and 66 inches tall.

£-3.2.1 Single-Phase Pesponse

Typical response of the instrument in a simple filling and draining of this vessel
with water alone is shown in Figure C-G. At a constant water inflow rate, the
resporse was very linear with time (Figure C-9a). Contrast this with _he compara-
tively shaky response of the earlier design during filling (Figure C-6a). In
addition, the modified probe returned to its zero position without mechanical help
during the draining, which the earlier design did not (Figure C-6b). Comparison
with the proven conductivity probe measurement technique in Figure C-9b shows that
the buoyant float responds at the right time, follows the conductivity probe well
when filling and draining, and returns to zero properly.

(-3.2.2 Two-Phase Response

The steady two-phase response of the modified instrument was tested by filling the
glass vessel to a given initial water level and then bubbling controlled amounts of
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air through the water to achieve desired tuo-phaie mixture heights. Sample records
from this type of test are shown in Figure C-10. The collapsed (initial) water
level was 24 inches for this case.

As the amount of air bubblad through, the liquid was increased so that the void
fraction increased from 0 to 50 percent; the mean collapsed level recorded by the
probe decreased to about 75 percent of the true collapsed level. Oscillations
about this mean level also increased with void fraction. For example, they were
¢] inch at a=0.20 and ¢4 inches at a=0.50. Note that the peak values measured by
the buoyant float were within two inches of the collapsed level at all void frac-
tions. The results from tests with collapsed levels of 12, 24, and 36 inches arz
summarized in Figure C-11. The same trends with increasing void fraction as dis-
cussed above are seen.

To demonstrate that the buoyart float worked under transient conditions similar to
those expected in the upper plenum in core-spray tests, additional tests were per-
formed in the following manner (see Figure (-12): starting from a given initial
water level, a constant flow of air was bubbled into the vessel to generate a two-
phase mixture; then water was injected at a constant rate until the mixture height
reached some new level. The air was then turned off and the final collapsed level
observed directly. The traces in Figure C-12 show that the mean reading from the
prebe dropped slightly as air was turned on, increased as expec.ed during water
injection, and rose slightly when the air was turned off. The collapsed level
measured by the float after the air was turned off agreed with the level measured
with a ruler. The apparent sudden rise in level indicated by the probe when the
air was turned off or slight drop when the air was turned on is due to the same
cause as the mean leve! measuring low at larger void fractions (Figure C-11) as
discussed above. The slight drop in mean indicated level when the gas flow was
turned on was very similar to the initial drop seen in transient steam/water tests
reported in Subsection C-4.2. Except for slightly low mean values, the instrument
is otherwise seen to respond to transients without sticking or additional
complications.

€-3.3 COUPLED CONDUCTIVITY PROBE

The «supled conductivity probe device and shroud were also designed and built at
Creare. The conductivity probes consist of silvered-copper wire inserted in
threaded Teflon screws and beaded with silver solder (see Figure C-13). These
probes are arranged vertically on a stalk at 1-in. spacing. When an individual
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probe is submerged, the electrical resistance between it and the ground (usually
the test vessel) is decreased. The change in resistance is sensed by the electron-
ics, and a fixed voltage is output for each submerged probe. The output of al.
triggered probes is summed to give an indication of the water leve! with time.

Preliminary work indicated that an unshrouded conductivity probe device tended to
indicate the two-phase mixture height in a bubbly air/water mixture but did not
measure the collapsed level.

A shroud of the design shown in Figure C-13 was added to this probe to permit
measurement of coilapsed liquid level in steady-~tate tests. The work in a bubbly
air/water mixture showed that shrouding the probe with a tute having fine-mesh
screened holes at the hottom (to hinder gas bubbles from entering the si.roud tube)
allowed the probe to measure the collapsed level of a steam/water mixture surround-
ing the tube.

The counled conductivity probes have shown no thermal or other zero shift effects
with temperature. The device was also calibrated by filling and draining the
vessel, and the . ,tput was very repeatable. Further information on coupied con-
ductivity probe systems is contained in Section C-6.

C-3.4 SAMPLE OUTPUT

Sample instrument traces from a simple filling of the vessel at 20 gpm afe shown

in Figure C-14 (the bypass region was initially full). The figure shows that the
lower-plenum, channel-box, and upper-plenum differential transducers register fill-
ing in the succession and at the timing as they should (Figure C-14a). The

buoyant float output shows filling above the top of the channel box beginning at
the same time as indicated by the upper plenum Ap trace (Figure C-14b). Likewise,
the coupled conductivity probe also indicates filling of the upper plenum beginning
at the same time. The triggering of individual conductivity probes gives the step-
wise appearance in the latter trace. The performance of these instruments during
actual tests is described in Section C-4. Particular attention is paid to the
effect of flashing on these measurements in the transient testc because all three
devices perform very well under steady conditions,

C-4. INSTRUMENTATION PROOF TESTS

The program also proof-tested liquid inventory measurement - .trumentation. Spe-
cifically, a shrouded conductivity probe system, a buoyant float device, and a
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differential pressure transducer were studied under steady and transient test
conditions. Then the instruments were installed in the upper plenum of the flood-
ing test vessel, located as shown in Figure C-2. The steadv-state tests in this
vessel consisted of controlling the level of a two-phase bu.bly steam/water mixture
in the upper plenum and comparing the outputs froz. tne .nstruments. The transient
tests consisted of depressurizing the test vessel (from pressures up to 120 psia)
with known levels of saturated liquid in the lower plenum and bypass region.

These tests thus include the effect of flashing on the instrumentation response.
The parameters of initial plenum water level, liquid injection flow rate, and
channel-box steam were also scoped with four channels.

C-4.1 STEADY STATE

The initial type of steady-state test of the instrumentation involved setting a
channel-box steam upflow large enough to completely limit 8 gpm of 85°F water and
controlling the two-phase mixture in the upper plenum at various levels. The two-
phase level was visually observed using the upper-plenum sight gauge (see Figure
C-1), and the level was controlled using the bypass region drain.

The results are shown in Figure 7-15. From an initial sight gauge level of

16 inches, the two-phase level was successfully dropped to 10 inches and 4 inches
ahove the top of the channel box. Figures C-15a, b, and ¢ compare the response of
the shrouded conductivity probe, the differential pressure transducer, and the
buoyant fioat, respectively. The indicated levels for all *F-ae instruments

agree well with each other, although the indicated values arc an inch or so higher
than the sight gauge levels. It may be seen that the instruments respond well to
changes in the upper-plenum level.

Experiments with an unshrouded conductivity probe were run in the calibration
vessel sketched in Figure C-8. An initial collapsed level ranging from 6 to 24
inches was established and then air or steam bubbled into the vessel to generate
mixtures of various heights. Figure C-16 shows sample traces for various mixture
heights with a collapsed water level of 12 inches. The probe output is compared
with visual estimates of the two-phase level for various levels. The visual meas-
urements of the level typically spanned a couple inches as the level moved up and
down somewhat, with motion of the level greater at larger void fraction. The probe
output also oscillated, indicating a mean two-phase level generally in agreement
with visual estimate, although slightly higher (probably because of splashing).

c-23
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Figure C-17 summarizes measurements for 6-, 12-, 18-, and 24-in. collapsed levels
with various void fractions (twu-phase mixture heights). Within experimental
repeatability, response of the unshrouded probe in air/water and steam/water
mixtures was the same, and mean leve! indications agreed well with visual
nbservations,

In another test, the upper-plenum water level was initially at the top of the
channel box, and the upper plenum was ailowed to fill, with the 18-gpm injection
flow completely limited by steam upflow. The instrument responses in this test

are shown in Figure C-18, where the conductivity probe trace is linear in filling.

The buoyant float reading actually decreases in the first few seconds, recovers,
and then increases neariy linearly at the correct slope. The initial decrease is
probably due to the injected spray wetting the float. This effect is also seen
in the transient tosts and is discussed in more detail later. After the initial
decrease, the buoyant float response in filling of the upper plenum compares well
with conductivity probe.

Once the upper plenum was full, the mixture level was decreased by reducing the
steam upflow. When the steam is turned off, the upper-plenum level returns to
the top of the channel box, as indicated by the conductivity probe. The original
buoyant float, however, continues to indicate a level about 12 inches above the
top of the channel box.

In summary, then, under steady-state, two-phase mixture ccaditions, the conductiv-
ity probe, buoyant float, and upper-plenum differential transducer responded well,
and all three measurements agreed. In a quasi-steady two-phase filling and drain-
ing, the instruments also responded well, except for a noticeable sticking of the
original buoyant float in the draining mode, which was iaiec corrected, as dis-
cussed in Section (-3,

C-4,2 TRANSITNTS

The transient tests differed from the steady tests in that the overall system
behavior was less controlled, primarily because of the effects of flashing of
saturated lower plenum and bypass region liquid during depressurization. In each
of the transient tests, lower-plenum steam was supplied from flashing of the
lower-plenum l1iquid. A noainal initial plenum volume of 13.6 gallons of
saturaiced liquia was used; the initial volume was visually verified using the

(-26
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lower-plenum sight gauge. In a few single-channel tests, channel-box steam was
also input. Most of the tests were performed with the bypass region initially full
of saturated water. The flashing of water in this region was also evident in
these tests. The trénsient test matrix and data plots are included in Section C-7.
The instrument response during these tests is summarized below.

C-4.3 COUPLED CONDUCTIVITY PROBE

In the transient tests, comparison of the upper-plenum pressure transducer and the
shrouded coupled conductivity probe responses shows that during depressurization
the coupled conductivity probe consistently gives a higher indicated water level
than the pressure transducer. !Further, the indicated conductivity probe level is
generally greater than the level observed with the upper-plenum sight gauge.) As
the end of the depressurization is approached, the readings of the two instru-
ments agree closely. This effect was demonstrated in Tests T-2 and T-3, for
example. The difference between the two indications is probably due to flashing
of tha liquid in the shroud surrounding the coupled conductivity probe. As the
liguid in the shroud flashes and swells, the two-phase mixture, confined to the
tube, could wet most of the probes. As the flashing diminishes, both instruments
begin to agree as they do in steady-state tests,

C-4.4 BUOYANT FLOAT

The principle of buoyant float has F.en proven in both steady-state and transient
tests. As shown in the single- and two-phase filling tests of Figures C-6 and
C-18, the original buoyant float exhibited some sticking (stick-slip friction) in
its mechanism, in view of the fact that it did not return to its original zero

upon draining unless tapped or vibrated. This sticking was also observed in some
of the transient tests, during refill of the bypass region, as in Tests T4-2 and
T4-7, for example. Redesign of the buoyant float instrument eliminated problems

of stick-slip friction associated with the linkages in the initial design as dis-
cussed in Section (-3. The new design, in which the float was mounted perpendicular
to the balance beam/strain gauge assembly, showed no difficulty in returning to its
zero position. The response of the probe was such that the mean indicated level
decreased to about 75 percent of the true collapsed level as a two-phase mixture
covered the length of the float. This bias was because of the weight of water
adherirg to the surface of the float during repeated splashing.

The buoyant float exhibited a decrease in indicated level during the depressuriza-
tion period. A qualitative correlation is that in tests where a large amount of
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liquid was present in the upper plenum because of flashing effects (Tests T-2 and
1-3, for example), the buoyant float indicated the largest initial decrease. In
tests where a small amount of flashing occurred or a smalier amount of liquid was
present in the upper plenum (Test T-11, for example), the buoyant float indicated
a smaller initial decrease. In a depressurization with no water in the vessel,
the buoyant float showed no decrease at all.

It was postulated that the observed decrease in the bucyant float indication is due
to wetting of the upper portion of the .loat, above the level of the two-phase
mixture. If we consider that liquid droplets or a film of ligquid settle on the
length of the probe above the two-phase mixture level, the weight of the liquid
drops or a thick film represents a potencial downward force negating part of the
buoyant (upward) force on the float. As long as flashing entrains liquid into

the upper plenum or injection spray is present, it is conceivable that any liquid
which wets the buoyant float and runs of“ is continually replaced by more liquid.

The maximum buoyant force from the float (when it is completely submerged) is

8 ounches. We have observed what happens when a stream of liquid is squirted
directly onto the initially dry float, near the top, and allowed to run off. In
this crude test, a 5-percent decrease in the zero level was seen. This is less
than the typical 20-percent decreases in indicated level early in Tests T-2 and
1-3; however, the probe may not have been as fully wetted in the crude tests as
during flashing and spray injection in the transient tests.

Given the hypothesis that liquid wetting the length of the buoyant float is
responsible for the indicated level decreases observed, the effect should last as
long as flashing is occurring (i.e., during the depressurization), and the greater
the exposed lergth of the float above the two-phase mixture level, the greater

the indicated decrement should be (assuming no additional liquid is supplied).

In regard to the former, the buoyant float responds reasonably well after the
period of depressurization has ended. In regard to the latter, Test T-8 shows
that without injection o* liquid the indicated decrement continues to increase as
long as flashing is occurring. In tests like T-3 and T-9, with 8- and 20-gpm
injection, this effect may have been offset by the added liquid mass.

In the four-channel Tests T4-2 and T4-7 where flashing does not deliver a two-
phase mixture into the upper plenum for a prolonged period (the mixture spills
into the plenum instead), the buoyant float agrees well with the upper-plenum
pressure transucer.
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To test the possible effect of 1iquid clinging to the probe, water was
intentionally dribbled down the length of the probe by gently pouring it onto
the float near its uppermost end. This was done crudely by using a syringe to
squirt 11quid onto the probe. As Figure C-19a shows, with most of the length of
the probe exposed and able to be wetted, a deflection equivalent to -5 inches of
measured collapsed level was obtained. Introducing water over shorter exposed
lengths of the “loat gave smaller (ndicated decrements (Figures C-19b and C-19c).
This is consistent with the observed trend toward smaller mean indication with
increasing void fraction (or wetted length). Thus it is concluded that the process
of splashing and churning (when the two-phase mixture covers the probe) wets the
float in the mixture region, leading to the slightly larger decrements in mean
value observed under certain conditions (Figu-e C-11).

One way to minimize the effect of water clinging to the flcat is tu make the float
larger in diameter. Ketting 1s related to surface area, while the buoyant force is
proportional to the volume of the float, doubling the size of the float will cut
the wetting effect in half,

Another way to correct the buoyant float (BF) output for splashing can be accom-
plished by using an unshrouded conductivity probe (CP) in conjunction with the
buoyant float. As shown previously, the unshrouded conductivity probe indicates
the local height of a two-phase mixture. The output of both instruments there-
fore can be used to estimate the local void fraction, and the buoyant float meas-
urement of the collapsed level then can be corrected based on this estimate. A
sample of this technique is discussed below.

Starting with a collapsed level of 12 inches of water in the calibration vessel,
mixtures of various heights were generated and both the buoyant float and con-
ductivity probe measurements made at the same time. The open circles and open
triangles in Figure C-20 show the results for the conductivity probe and the
buoyant float, respectively. The.conductivity probe measures the approximate
two-phase mixture height. The mean value of the buoyant float measurement is
slightly less than the collapsed level as a increases, as has btcen discussed
above.

The void fraction can be estimated by taking

4 = (Mean CP Indication) - (Mean BF Indication)
(Mean CP Indication)
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For example, for the largest two-phase height data point of Figure C-20,

.. 28.5 in. - 10 in, _
“ * 738,56 in. 0.65

This value is calculated from the outputs of the two instruments. The o values
of the ordinate of Figur ~ C-20 for the open symbols were measured from visual
observations through the glas- vessel.

Based on the buoyant float measured response in the calibration vessel (open
triangles in Figure . "9), one can determine an algorithm for a correction for
factor as a function of « which multiplies the mean indicated coliapsed level to
better approximate the true collapsed ievel. For the data in Figure C-19, we have

used the algorithm®

BF . =y ¢ BF

corr indicated

where
1 for 0 <« a < 0.3
0.6a + 0.82 for . ~ 0.3

For the case of the largest two-phase height data point, then, we have a=0.65
estimated above and y=1.21 for the correction from the equation above, sc the
corrected measurement is 1.21x10 inches or 12.1 inches. The void fraction based
an the corre.*ed collapsed level is then

. ¢8.5 in, - 12,1 in. _
¢ " 28.5 in, 0.58

n
which is slightly lower than the value = 0.63 based on visual observations
(because the mean value from the conductivity probe is slightly low). The cor-
rected collapsed levels are plotted as *he solid triangles in Figure C-20 against
the void fraction based on the corrected collapsed level, It is seen that this
technique ot using both instruments in conjunction can lead to reasonable calcu-
lations of the true collapsed level (or liguid mass) at higher void fractions.

—— -

*The 'uoyant float data have shown that t'ie same correction factor may be applied
at a given o independenti of the collapsed liquid level (Figure C-11).
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C-4.5 PRESSURE TRANSDUCERS

In the transient tests it was observed that f the oressure transducer output
were filtered and if the pressure lines were filled with subcooled 1iquid, the
channel box and upper and lower plenum pressure transducers performed well. The
purpose of the filtering was to diminish the effect of any oscillations caused by
condensation. The purpose of filling tne pressure lines with subcooled 1iquid
was to prevent flashing in those lines.

C-5 BUOYANT FLOAT DESIGN CONSIDERATIONS AND ELECTRONICS SCHEMATICS

This section details the design considerations employed in the conceptualization
and execution of the buoyant float probe built and tested by Creare. Included
are the schematics for signal conditioning electronics and readout interface
definition.

C-5.1 INTRODUCTION

The need addressed by this probe development effort is that of measuring time-
varying liquid mass inventory in the various volumetric nodes of a vessel under
nonuniform two-phase flow conditions.

The measurement 2nvironment is steam and water under both steady and transient
conditions at pressures from 150 psia to atmospheric and tempe- ‘Sures at the
corresponding saturation values.

Because of accessability limitations internal to the vessel, an instrument
addressing this measurement need must combine with the requisite accuracy a high
degree nf reliability and durability for all in-vessel components.

C-5.2 CONCrvi OF THE BUOYANT FLOAT PROBE

This probe falls in the conreptual class of instruments driven by the vertically
integrated mass of the f'uic environment under the influence of a gravitational
field - that is, the static nressure differential Letween the bottom and the top
of the environment. It is therefore conceptually identical to a differential
pressure transducer. In fact, the buoyant float probe is simply a differential
pressure transducer with a very thick diaphragm or piston.
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vicinity of the float surface. This last term is unique to the buoyant float and
is a disadvantage in its variability, although its magnitude is minor. Any liquid
splashed on the float surface in a nominally gas-phased region will drain down the
surface, its weight added to that of the probe. Conversely, net liquid phase
upward motion during the level swell associated with a blowdown transient will add
a viscous drag to the buoyant float. It should be noted that the significance of
this effect relative to the buoyant float decreases as 1/D as float diameter is
increased.

C-5.3 CONCEPT EXECUTION

The design of the buoyant float probe was influenced by the initial choice of
geometric constraints perhaps more strongly than by any other single factor. This
choice followed from the three potential application zones for the instrument: the
upper plenum/clearance -~egion, the lower plenum, and the channel box. The chan-
nel box was seen as the geomet-ically most demanding zone because instrument block-
age and CCF characteristics could not be atypical of those of the channel interrals
without risk of influencing test results. Float diameter was therefore chosen at
0.50 inch to closely replicate a fuel rod. The probe could then literally hide a
simylated fuel rud bundle.

Float wall thickness was set at 20 Ga (0.0355 inch) on the bases of adequate
pressurizatior capability (internal and external), robustness for mishandling,
ready availabilicy, and light weight The 60-in.-long float, built and tested

in the Creare facility, weighed 1.0 pound with end plugs. Type 204 stairless steel
was employed throushout (excepting the spring element) for its general cc.rosion
resistance.

The second major constraint :n the design of the instrument was the limited
availability of aprropriate strain gauges for sensing spring element deflection.
Given the high environnental temperatures and the desirability of eliminating
coolant lines to the instrument, weldable strain gauges were deemed a necessity
for reliabie bonding. Also, since any scheme enclosing the strain gauges in a
dry, scaled enclosure makes the apparent float force a function »f environmental
pressure, it was desirable to emplov hermetically sealed strain yauges exposed to
the environment.

The gauges chosen for this application from the limited selection meeting the
specification requirements were AILTECH Type 128 SGs. These employ michrome Alloy
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Table C-3
NOTES FOR SGBA ELECTRONICS

SG-1 = AILTECH Type 128

5G~2 = AILTECH Type 128
<> - Represents male/female Amphenol Hexagon Connectors
) - fepresents finger connections on Vector #3662 board
0) - Represents IC pin numbers

Uy_q = TL 084 OPAMPS (Texas Instruments)

Ug = B.B, 3626 Instrumentation AMP (Burr-Brown)

U6 = uA 7806 UC Voltage Regulator (Fairchild)

All resistors 1%

OPAMP power +15 (pin 4) and =15 (pin 11) bypassed
by .1uF capacitors,

Power supply bypassing was with 6.8.F capacitors.
A1l potentiometers are 10-turn precision types.

The 3uF capacitors (2) control the bandwidth of
the amplifier,

A shrouded version of the coupled conductivity probe system, designed to measure
collapsed liquid level, wac described in Section C-3. The basic system, designed
to measure the tra~sient water level in a certain volume, is described herein. This
system consists of a scries of sensing elements and triggering circuitry which
risponds in an on-off fashion and combines the individual signals to produce a sin-
gle output to a data recorder. This output is directly proportional to the number
of probes wetted. This system involves four orincipal elements:

a. A series of ronductivity probes consisting of a ground bar and num-

erous exposeu electrical contacts separated from the ground bar by
about 1/2 inch of nonwetting insulating material (Teflon).

b. Circuitry which sensed whether the conductivity between any probe
and ground is greater than or less than a predetermined value,

c. Circuitry which provides a known, fixed voltage level to a summing

circuit if the conductivity at any probe is greater than the pre-
determined triggering value.
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d. Circuitry which sums the voltage level of each probe circuit and
outputs the total voltage to a suitable recording device.

Because the conductivity of water is a function of temperature and concentration

of dissolved salts and other materials, a device whose output is proportional to the
conductivity of water was unacceptable for the desired purposes, Thus, our system
was designed to electronically replicate mechanical on-off circuitry; if the con-
ductivity at a given probe is greater than a predetermined value, a known, fixed
voltage, independent of the conductivity at this probe, is added to the output sig-
nal. Because under normal conditions the conductivities of water and steam are suf-
ficiently different, this system can be made extremely reliable and fast-responding,
However, in certain high-grade reactor experiments utilizing high-pressure steam

and very pure water, the difference in conductivities between the liquid and vapor
phase may need to be examined before utilizing this system., This has not been done,
but for all the applications in which this system has been employed to date, the
relative conductivities have been sufficiently different to achieve excellent
performance,

A circuit diagram, the power supply system, and three of the array of conductivity
probes are shown in Figure (-22.

Table C-4 lists several of the components utilized in the present Creare system.
Alternate components accomplishing essentially the same function should certainly
be acceptable.

Operating experience has shown that the individual probes need to be reconditioned
after about six months of moderate to heavy use. The reason for this is that,
depending upon whether the probes are at a positive or negative voltage with respect
to ground, electrolytic corrosion or the plating out of electrolytic salts on indi-
vidual probes occurs and prevents them from responding., Another user's experience
will depend upon the materials chosen for the probes and the purity of the water,
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Table (-4

CREARE WATER LEVEL ELECTRONICS—
GUIDE TO SOME OF THE COMPONENTS

4049A Solid State Scientific
#SCL 4049AE
(6 CMOS Hex Inverting Buffers
ner Plastic Dip)

*3082 Linear Transistor Arrays
RCA Part No, CA3082
742 Fairchild Cperation Amp, #747 HC
Potentiometer 10K AB #NP103U

1K AB #NP102U

*LED Light Chicago Miniature #CM4-23

*Optional
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Appendix D
STEAM INJECTOR PERFORMANCE EVALUATION

D-1. INTRODUCT ION

As part of the development of the Lynn Steam Sector Test Facility (SSTF) design,
Creare, Inc. was contracted to study the counter-current flow-limiting (CCFL)
performance of BWR fuel-bundle simulation using steam injection within the
bundles to simulate the vaporization that would occur because of the heated fuel
rods under postulated loss of coolant accident conditions (LOCA). Two different
steam injector designs were developed by GE and Creare. A third design was
suggested by Hitachi, Ltd. of Japan. This appendix includes the results of CCFL
evaluations for all three injector designs.

G-2. 1EST FACILITY

The facility used has capabilities for a broad range of studies. Here the
features relevant to the CCFL studies in a single channel box are summarized.
Test procedures are also described.

D-2.1 VESSEL AND INSTRUMENTATION

Ihe vessel and associated measurement locations are sketched in Figure D-1. The
vessel consists of three spool pieces 18 inches inside diameter (ID) and four
feet in length which rorm the Tower pienum, bypass region, and upper-plenum
volumes. Four BWP fuel channels are located in the bypass region spool piece,
although in these CCFL tests only a single channel was tested. The threoe

remaining -hannels were scaled by blind-flanging the lower-core support castings.

The two sr.:1 drain holes in the lower tieplate casting of the test channel were
also pluy ed, As shown in Figure D-2, the test channel included a steam-flow
distributor, upper end lower tieplates, and upper and lower simulated fuel rod
sections one foot long. (For certain tests reported here, the upper rods were
removed,) The injector design pictured in Figure D-2b is the Hitachi design.
The original and medified Creare designs are sketched in Figure D-3.

D-1
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The steam exhaust from the upper plenum of the vessel was a 6-in. ID pipe. The
large exhaust pipe kept the backpressure in the vessel (caused by the single-
phase pressure dropout) to a low value. Pressure remained less than 14.8 psia.

D-2.2 INSTRUMENTATION

Absolute pressure P2 was included just below the upper tieplate and was used in
determining the steam density for momentum flux calculations. The differential
pressure AP] measured the lower-plenum filling, differential pressure transducer
/P6 measured the pressure drop across the upper tieplate, and P4 (he upper-
plenun water level. Thermocouple T3 measured the fluid temperature abcve the
upper tieplate, and 15 and T6 the temperature of the liquid near the top and

the bottom of the bypass region,

D-2.3 TEST PROCEDURES

In these tests, a measured steam upflow was first established. Then a specified
core-spray flow was introduced in the test facility via a spray nozzle located
in the upper plenum. The tests began with the bypass region initially full of
saturated water. The injected flow could both penetrate the upper tieplate and
fill the upper-plenum region by liquid hold-up in CCFL. 1Tne water level in the
upper plenum was allowed to build up to a level four inches atove the top of
the channel box (as measured by a sight gauge) where this level was then wain-
tained by manually draining the bypass region. Liquid penetrating the upper
tieplate flowed through the channel box and collecteu in the lower plenum. I|he
transient liquid level in the lower plenum was measured by 4P1 (with the sight
gauge as o double-check) for 60 to 180 seconds after the 4-in. upper-plenum
level was attained,

D-3. CCFL PENETRATION DATA

All penetration data are plotted in terms of a steam-fiow coordinate
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is related to the test procedures, specifically the starting conditions where
water overflows the top of the channel box as if it were a weir. At a low-flow
rate or low height of liquid in the upper plenum, the ligquid is able to enter

the channel box more easily than at a higher liquid flow rate. We believe

that the Hitachi injector allows water to flow in near the periphery of the
channel despite a steam upflow concentrated near the center. The critical flow
rate, where limiting versus nearly complete delivery is observed at j§cgD!/2=0.35,
is about 5 gpm as shown in Figure D-14. These tests thus indicate that in our
facility the starting test conditions are important at low-water flow rates with
the Hitichi injector.

D-4. CCFL PRESSURE DROP DATA

The pressure-drop measurements across the simulated fuel rods in the upper end of
the channel box (AP5) and across the upper tieplate (AP6) were of interest in the
vecent experiments, Figure D-15 presents representative pressure-drop measure-
ments in the test with the modified steam injector. Similar results were
obtained with the other injectors. Mean pressure drop data are tabulated in
Section D-8.

For each water injection rate, data are shown for a steam flow just slightly
greater than the steam flow at which complete delivery occurs and also for a
steam flow very near to completely limiting., Little difference is seen in the
pressure traces at each injection ilow across the range of limiting steam flows.
At steam flows equal to and below those at which complete delivery of injected
water occurs, the pressure oscillations are negligible (not shown), increasing
sudd'nly as limiting begins (Figures D-15a, D-15c, and D-15e). Figures D-15¢
and D-15d show that, at a nominal injection flow of 8 gpm, 4P6 is very small,
oscillating fiom 0 to 0.15 psid with a mean of 0.075 psid.* The AP5 measurement
oscillates from approximately 0.03 to -0.20 psid, with a mean value therefore of
0.05 psid. The peak and the mean measurements at each water flow rate are very
similar for AP6; theie is a small decrease in peak values for APS for 16-gpm
injection. The frequencies of the oscillations are about 5 Hz for AP5 and

about 3 Hz for APG.

*The acc racy of the pressure transducers used in these measurements is
+0.05 psid.

D-18
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It is noted that the mean pressure drops do not increase significantly with a
factor-of-two change in the steam upflow across the range of limiting steam flows.
This could be because the magnitude of the pressure oscillations relative to the
mean makes the mean values of the pressure drops difficult to determine
accurately; however, no significant increase in the mean values is detected.

D-5, CCFL TEMPERATURE MEASUREMENTS

Sample temperature measurements at 4- and 16-gpm injection are listed in

Table D-5 in oruer of increasing steam flow. These temperature measurements were
made with fluid thermocouples located as shown in Figure D-1. Data from the
remainder of the tests are listed in Section D-8.

Thermocouples T3 and T4, measuring temperatures above the upper tieplate and in
the upper plenum, fall into the range 211 : 3°F which is the same as the injected
water temperature (and saturation temperature) given the :3°F accuracy of the
thermocouples.

Thermocouples T5 and T6 measure the temperatures at the top and bottom of the
bypass region. T5 measurements are also in the range 211 + 3°F, T6 may show

a trend of being 1-3°F hotter than T5, If a 2°F heatup of water flowing through
the bypass region is assumed, it may be calculated from an energy balance that a
maximum of 0.001 Tbm/<=c. of channel-box steam could be condensed (via heat
transfer across the channel-hox walls to bypiss region liquid) with 4 gpm flowing
through the bypass region (i.e., nearly complete limitiny), and up to 0.004 lbm/
sec could be cundensed with 16 gpm flowing through the bypass region. This
represents about 0.5 percent and 2 percent of the channel-box steam flow,
respectively. One wou'd thus expect to see a trend of approximately 2 percent
greater steam flow to limit 4- and 16-gpm injection flows to lov delivery rates
if significant heat transfer were occurring. There is no discernible trend (see
Figure D-5) in the penetration data for these data between 0.5- and 3.0-gpm
delivery, which further indicates that bypass-region heat transfer has a neglig-
ible effect.

D-6, CCFL PENETRATION D/TA

In this section the CCFL penetration data for all three injectors are tabulated.
Each test has been assigned a code number, and listed for each test are this
number, the injected water temperature, the spray mass flow rate, the measured
channel-box pressure, and the steam and water delivery in terms of the dimensional
correlating variables. The measured upper tieplate area is A=12.69 in.2,

D-21



Table D-5

THERMOCOUPLE MEASUREMENTS DURING
CCFL WITH A MODIFIED STEAM INJECTOR

Test o Qe (9 Moy (1bWSeS) 13 op) T4 (oR) Mo (F)  T6 (F)
E-23 R 0.149 210 208 208 209
E-29 4 0.158 211 213 .- 209
E-25 4 0.166 212 21 21 21
E-24 4 0.174 212 210 210 212
E-26 4 0.196 214 213 214 214
E-27 4 0.243 213 212 211 2:3
£E-28 4 0.264 212 209 209 211
E-30 3 0.289 210 210 208 212
E-1 16 0.110 215 213 213 216
E-6 16 0.104 21 210 209 211
E-7 16 0.116 213 211 212 214
E-8 16 0.127 212 210 210 212
E-9 16 0.137 212 21 211 214
£E-2 16 0.156 213 212 212 213
E-10 16 0.180 21 21 210 213
E-11 16 0.201 211 209 21C 212
£-3 16 0.226 214 212 213 214
£E-12 16 0.243 211 209 209 211
£E-4 16 0.269 214 212 212 212

D-22



Test #

g2
c-3
C-4
€-5

c-7
c-8
C-9

- ¢-10

c-13
c-13
c-14
C-20
c-21
C-22
c-23
C-24
C-25
C-26
C-27
C-28
C-29
C-30
C-31
C-32
c-19

Te
(°F)

21
2n
209
212
212
212
2N
212
212
212
213
212
215
212
210
212
210
210
211
210
210
213
211
210
210
212
212

Wein

ettt T T T B R U NN CR C R O R O OO SO U R R U Y

(om/s)

J33
133
135
133
133
133
133
133
133
133
132
133
13

.066
.067
.066
067
.067
.066
.067
.0A7
.066
.066
.067
.067
.066
.066

P

14,
14,
14,
4.
14,
14,
14.
14,
14,
14,
14,
4.
14.
14,
14,
14.
4.
4.
14.
14,
14,
14.
14,
14.
14,
14,

1A

g0 OO0

(psia)

0

©C O O O O O O O O O O O OO o O O O o o

Table D-6
ORIGINAL CREARE STEAM INJECTOR

gC3
(1bm/s)

.108
0.
0.
0.
0.
0.
13
. 166
173
145

153
223
289
265
198

12

.096
.102
. 328
177
137
.146
.198
.223
.242
.265
.289
.308
17
.129
123
107

D-23

WeLp

0.
0.
0.
0.
0.
14
573
.259
222
.345
.606
077
.087
.028
14

.395
.324
.086
.041
.028
.046
021
.028
.045
401
.536
.066

o

- 0 O - 0 C OO0 00O oo oo - MNO o oo o o

(lbm/s)

984
324
061
031
018

O C O 0O OO0 © O OO0 OO0 O 0 O OO0 OO oo o

. S
(ft 0.5)

.146
.207
3

o 39

.358
.267
176
.223
.234
.195
.162
129
.138
.443
.238
.185
197
.267

.327
.358
.39

416
157
173
.166
.145

*
3§ 400.5
(ft0.5)

0.032
0.01
0.002
0.001
0
0.003
0.019
0.008
0.007
0.0Mm
0.02
0.069
0.036
0
.004
013
.01
.002
.001

.001

.034
.013
017
.035

O O O 0O 0O 2 OO0 O O o © O©



Table D-7
MODIFIED STEAM INJECTOR

T Wein p W Welp J;cs(n)o.s J;Do.s
Test # (°F)  (lbm/s)  (psia)  (Ibm/s)  (Ibm/s)  (ft 0.5)  (ft0.5)

E-1 210 2.134 14.5 0.1 1.306 0.148 0.043
E-2 209 2.13% 14.5 0.155 0.28 0.209 0.009
E-3 210 2.134 14.6 0.226 0.068 0.302 0.002
E-4 209 2.135 14.6 0.269 0.021 0.36 0

£-5 210 2.134 i4.5 0.09 2.134 0.121 0.0Mm
E-6 209 2.135 14.5 0.'04 2.1 0.139 0.07
E-7 209 2.135 14.5 0.116 1.022 0.156 0.034
E-8 2i2 2,133 14.6 0.127 0.571 0.17 0.019
E-9 208 2.136 14.5 0.137 0.518 0.184 0.017
E-10 208 2.136 14.5 0.179 0.221 0.241 0.007
E-11 210 2.134 14.6 0.2 0.116 0.268 0.003
£E-12 210 2.134 14.6 0.243 0.036 0.325 0.001
E-13 209 2.135 14.6 0.293 0.025 0.392 0
E-14 209 1.067 14.6 0.269 0 0.36 0
E-15 209 1.067 14.6 0.243 0 0.326 0
£E-16 209 1.067 14.6 0.226 0.028 0.302 0
E-17 209 1 067 14.6 0.2 0.093 0.269 0.003
E-18 209 1.067 14.6 0.179 0.145 0.241 0.004
£E-19 209 1.067 14.6 0.155 0.307 0.208 0.01
£-20 209 1.067 14.6 0.127 J.874 0.17 0.029
E-21 209 1.067 14.5 0.116 1.081 0.156 0.036
E-22 209 1.067 14.5 0.137 0.556 0.184 0.018
E-23 210 0.547 14.5 0.148 0.573 0.2 0.019
£-24 2N 0.546 14.6 0.173 0.241 0.233 0.008
£-25 210 0.547 14.6 0.165 0.237 0.221 0.007
E-26 210 0.547 14.6 0.195 0.105 0.261 0.003
E-27 210 0.547 14.6 0.243 0.033 0.325 0.001
£-28 210 0.547 14.6 0.264 0.005 0.353 0
E-29 210 0.547 14.5 0.157 0.552 0.21 0.018
£-30 210 0.547 14.6 0.289 0 0.387 0

D-24



52-0

Tese 4 ¢ (°F)
I- 1 212
I 2 212
I- 3 212
I- 4 212
1- 5 212
I- 6 212
I- 7 212
I- 8 212
1- 9 212
I- 10 212
I- 11 212
I- 12 212
I- 13 212
I- 14 212
I- 15 212
I- 16 212
I- 17 212
I- 18 212
I- 19 212
[- 20 212
I- 21 212
1- 22 212

[ S S T . e

O O O 0O o o 22 0O

Table D-8

CCFL PENETRATION DATA FOR HITACHI INJECTOR (WITH RODS)

(1bm/s )

ufin

.066
.066
.066
.066
.066
.066
.066
.066
.0ob
.066
.066
.066
.066

.546
.546
.546
.546
.546

546

.546
.546
.546

P2 (psia)  Ygcs (1OW/s)  Hgp (Tom/s)  Jgog

14.7 0.157 0.735 0.21

14.6 0.170 0.637 0.238
14.5 0.187 0.637 0.238
18.5 0.217 0.322 0.292
14.5 0.239 0.266 0.321
18.5 0 256 0.234 0.348
14.5 0.318 0.046 0.429
14.5 0.132 1.007 0.179
13.5 0.283 0.066 0.381
14.5 0.401 0 0.54

14.5 0.366 0 0.494
14.5 0.257 0.201 0.345
14.5 0.109 1.066 0.146
14.5 0.215 0.546 0.291
14.5 0.234 0.499 0.316
14.5 0.253 0.515 0.341
14.5 7.287 0.483 0.387
14.5 0.335 0.078 0.452
14.5 0.351 0.062 0.473
14.5 0.336 0 0.534
14.5 0.321 0.125 0.433
14.5 0.315 0.311 0.425

;!o‘/z (ft)

0.0246
0.0213
0.0213
0.0107
0.0089
0.0078
0.0015
0.0366
0.0022
0

0

0.0067
0.0356

0.018
0.0167
0.0172
0.0161
0.0026
0.002

0.0u41
0.0104



Table D-8 (Continued)
CCFL PENETRATION DATA FOR HITACHI INJECTOR (WITH RODS)

i ‘ 172 (ft) 172
Te (CF)  Wein (BM/S) gy (1iia)  Mgen (lom/s) Mg p Obm/s)  JzegD 93 0Y% (ft)

92-0

Test # ———
I- 23 212 0.546 14.5 0.174 0.53 0.235 0.0177
I- 24 212 0.546 14.5 0.149 0.546 0.201 0.0182
I- 25 212 2.173 14.7 0.147 0.551 0.197 0.0184
I- 26 212 2.173 14.6 0.214 0.301 0.287 0.01
1- 27 212 2.173 14.5 0.188 0.454 0.252 0.0145
I- 28 212 2.173 14.5 0.247 0.217 0.332 0.0072
I- 29 212 2.173 14.5 0.286 0.133 0.385 0.0044
I- 30 212 2.173 14.5 0.318 0.066 0.429 0.0022
I- 31 212 2.173 14.5 0.349 0.0% 0.47 C.0016
I- 32 212 2.173 14.5 0.394 o 0.533 0

I- 33 212 2.173 14.5 0.082 2.066 0.111 0.069
I- 34 21¢ 2.173 14.5 0.116 1.002 0.157 0.0335
I- 35 212 2.173 14.5 0.101 1.693 0.136 0.0566
I- 36 212 2.113 14.5 0.058 2.106 0.079 0.0704



L2=0

Test #

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

61
62

Te (°F) Mgy (IBM/S)  po (psia)
212 1.053 14.5
212 1,053 14.5
212 1,053 18,5
212 1,053 14.5
212 1.053 14,5
212 1.053 14,5
212 1.053 14.5
212 1.053 14.5
212 1.053 14<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>