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from the use of any information disclosed in this document

L2



& Y UNITED STATES
E = ‘5 NUCLEAR REGULATORY COMMISSION
) WAMI@VON. O C 20855
s P - ~AN 30 1881

General Electric Company

ATTN: Dr. G. G. Sherwood, Manager
Safety and Licensing

175 Curtner Avenue

San Jose, California 95114

Dear Dr. Sherwood:

SUBJECT: ACCEPTANCE FOR REFERENCING TOPICAL REPORT NEDO-24712
CORE SPRAY DESIGN METHODOLOGY CONFIRMATION TESTS

The Nuclear Regulatory Commission has completed its review of the General
Electric Company Licensing Topical Report NEDO-27412 entitled "Core Spray
Design Methodology Confirmation Tests." Although neither the report nor
the transmittal letter indicated that GE was submitting it under the NRC
licensing topical report program with the intent that it would be refer-
enced in 1icense applications, subsequent phone conversations with your
representatives have so indicated. It has therefore been reviewed there-
under. The summary of our evaluation is attached.

The report provides a summary and conclusions developed from the program,
the test objectives, the test facility description, identification of test
parameters and test matrix, description of test operation and shakedown,
the Steam Sector Test Facility (SSTF) test results compared to the pre-
test prediction, description of the extension of the pre-test prediction,
and test results with parameter variations.

As a result of our review we concluded the SSTF tests constitute an
adequate confirmation of the GE spray distribution methodology for BWR/6
type spargers. Additional tests will be required to confirm the design
methodology for other sparger designs. Further we concluded application
of the methodology to actual plant configurations, including treatment
of prediction uncertainties, remain unresolved.

We find the report NED0-24712 is acceptable for referencing in licensing
actions to the extent that the applicability is prescribed in the report
and within the limitations stated in the attached Topical Report Evaluation.

We do not intend to repeat the review of the safety features described in
the topical report and found acceptable in the attachment. Our acceptance
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applies only to the features described in the topical report and under
the conditions discussed in the attachment.

In accordance with established procedure, it 1s requested that General
Electric Company publish an approved version of this report, within
three months of receipt of this letter. The revision is to inccrp-
orate this letter and the attached topical report evaluation following
the title page and thus just in front of the abstract. The report
{dentifications of the approved reports are to have a -A suffix,

Should Nuclear Regulatory Commission criteria or regulations change
such that our conclusions as to the acceptability of the report are
invalidated, General Electric Company and/or the applicants refer-
encing the topical report will be expected to revise and resubmit
their respective dccumentation or submit justification for the con-
tinued effective applicability of the topical report withcut revision
of their respective documentation.

Sincerely,

.@ ’j?&w

Robert L. Tedesco, Assistant Director
for Licensing
Division of Licensing

Enclosure:
Topical Report
Evaluation



TOPICAL REPORT EVALUATION

REPORT NUMBER AND TITLE: NEDO-24712, “Core Spray Design Methodology
Confirmation Tests," August 1979.

Originating Organization: General Electric Company

Reviewed by: Reactor Systems Branch
Core Performance Branch

BACKGROUND

The core spray (CS) systems are one component of the Emergency Core Cooling System
(ECCS) for all BWRs. CS systems have a nozzle or a set of nozzles arranged to
distribute water over the top of the core following a postulated loss of coolant
accident (LOCA). A typical BWR/6 spray sparger arrangement is shown schematically
in Figure 1 where the spray from only two of many nozzles is depicted. Each

fuel bundle must receive a specified minimum amount of coolant from the CS

system to provide the post-LOCA spray cooling assumed in the LOCA analyses.

During tests conducted in Europe (the results of which were later confirmed

by tests conducted by the General Electric Company), it was discovered that

the presence of steam and/or increased pressure in and above the upper core region
could adversely affect the distribution of flow from certain types of core spray

nozzles.

Prior to this discovery, GE had conducted full scale spray distribution tests

in air at atmospheric pressure for all BWR/2 and later designs to ensure that the
necessary minimum coolant flow would be provided to each fuel bundle. Those
tests were performed in a full scale test facility which used the actual core
spray nozzle geometry (Spacing, type, arrangement and alignment) spraying

water over a mockup of the top of the reactor core. Core spray flow into

mockup "“fuel bundles" was collected and measured.



-
Open literature data and data obtained by GE for nozzles spraying into a
steam environment show that beyond a few nozzle diameters, the spray water
becomes saturated provided sufficient steam is available to saturate the
water. This led GE to postulate that spray water from the nozzles was
influenced by the steam near the nozzle but interaction effects where the
spray jets intermix is essentially hydrodynamic. Therefore, steam and

hydrodynamic effects are separable.

GE proposed the following methodology for determining the spray distribution

in a BWR with a steam environment:

1. Single nozzle, full scale tests are performed in steam for each spray
nozzle type. The horizontal spray facility (HSF) with a collector assembly

as shown in Figure 2 is used for these tests.

2. Data from the HSF are used for three purposes: (a) a "simulator" nozzle is
developed which simulates, in air, the spray pattern produced by the actual
nozzle in the HSF in steam, (b) the data are used to calibrate a single
nozzle calculational model which can extend the HSF data base; and (c) the

data are used directly as input to a multiple-nozzle model.

3. Multiple nozzle full-scale tests are éonducted in air to determine
nozzle-to-nozzle interaction effects on overall spray distribution patterns.
These tests are conducted using the "simulator" nozzles developed as
described in 2a above. These data obtained are used with the single
nozzle model described in 2b zbove so that the model predicts spray

distributions from multiple nozzles in steam.



4. A full-reactor representation of zore spray distribution in steam is
obtained by using the multi-nozzle model described in 3 above in
conjunction with a full-scale, 360° spray test conducted in air using the

“"simulator” nozzles previously described.

This methodology, which is shown in Figure 3, is confirmed for the BWR/6

sparger design by the data analysis reported in NED0-24712.

SUMMARY OF REPORT

Core spray system performance for a full-scale 30° sector of a simulated BWR/6-218
was predicted using the methodology described in the previous section and comparison
tests were then run with a typical reactor steam environment in the GE Steam

Sector Test Facility (SSTF) at Lynn, Massachusetts. Test results confirmed the
capability of GE's core spray design methodology to predict spray distribution
performance of multiple-nozzle core spray systems similar to the BWR/6 design
operating in a steam environment. Pre-test predictions compare well with the

test results.

Figure 4 is a schematic representation of that test section components. 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 HPCS and LPCS spargers with regard to size, curvature,

location and nozzles. The core region simulation includes both mock fuef bundles



and bypass region. The core region ic full-scale in cross-seztion, but is
approximately five feet shorter than the BWR reference due to overall facility
height limitations. Fifty-eight mock fuel bundles are included in the 30°
sector; 42 complete bundles and 16 partial bundles having ramovable cover
plates and baffles to simulate the 30° boundary within the partial bundle.

The bundles use production version hardware for channel, channel fasteners

and spacerm 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 rcd spacer. A steam iijector
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 each bundle above the lower rods
to measure the liquid flow. The bypass region flow area is simulated and
includes dummy control rods mounted on production version fuel support
castings. Leakage and flow path simulation between bundle, bypass, upper
plenum, lTower plenum, and guide tube is assured by using production version
hardware in conjunction with accurate representations of the top fuel guide
and core plate. However, there is no steam injection provided in the

bypass region.

Figures 5 and 6 are representative of the comparison of pre-test predictions
with test data. Although a wide uncertainty band is attached to the pre-test
prediction, actual data are well within that band. Tests also showed the effects

of pressure and steam upflow variations to be smail below the flooding limit

for counter-current flow.




REGULATORY EVALUATION

Although Staff evaluation of the resuits from the SSTF included many facets

of the spray distribution problem, including adequacy of the flow measuring
system effect of steam flow distribution, characteristics of the steam injectors,
wall effects, urcertainty in aiming angle of nozzles, pressure effects, steam
flow rate effects, method of data analysis and fidelity of simulation. The

main points of concern were:

1. Considering the large uncertainty bands presented, can meani .2fu) results

te obtained from the tests?

2. Are the variations with pressure and steam flow as small as claimed?

3. Dces a shift in the location of minimum bundle flow from single sparger
tests to double sparger tests contradict results obtained from the design

methodology?

Although error bands on the pre-test predictions are quite la~ge, actual data
compare: very well with predicted points. Close scrutiry of the data show pressurs
and steam flow effects to be small but not negligible. Interaction effects obtained
from air tests with simulator nozzles do predict the shift in location of =iinimum
bundle flow from single sparger tests to double sparger tests and actually predict

the correct radius for minimum bundle flow.

Therefore, the SSTF tests constitute a confirmation of the GE spray distribution
design methodology for BWR/6 type spargers. Additiomal tests will be required for

other sparger designs.



REGULATORY POSITION

The SSTF tests conducted at Lynn, Massachusetts, constitute an adequate
confirmation of the GE spray distribution methodology for BWR/6 type sparger
designs. Additional tests will be required to confirm the design methodology
for other sparger designs, Furtier, application of the methodology to

actual plant configurations, includizg treatment of prediction uncertainties,

rerain unresolved.
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ABSTRACT

Core spray syetem performance for a full-scale 30° sector wae predicted
and comparigon tests them run with a typical reactor eteam environment
in the Gemeral Electric Steam Sector Teet Facility at Lymn,
Massachusette. Test resulte confirmed the capability of Gemeral
Electric’s core spray design methodology to predict spray distribution
performance of multiple-nozazle core spray syeteme operating in a steam
environmen‘, Core steam updraft flow variationg were ghown to have
very little influence on the epray distribution and precsure effects
were amall.
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1. SUMMARY AND CONCLUSIONS

The General Electric core spray design methodology is used to predict spray
distribution performance of multiple-nozzle core spray systems operating iu

a steam environment. Measurements of single nozzle spray distribution in
steam and measurements of single and multiple nozzle sprays in air are used

to account for both thermodynamic and hydrodynamic effects. To confirm the
methodology, spray performance for a full-scale 30° sector system was predicted
and comparison tests then run with a typical reactor steam environment in the

General Electric Steam Sector Test Facility (SSTF) at Lynn, Massachusetts.

The present report demonstrates that the pre-test prediction compares well

with the test results. The data fall within the acceptance bounds defined

with the pre-test predictions and, hence, confirm the capability of the
methodology to predict steam environment effects on spra’ distribution
performance. The results substantiate the key assumptior of separability of
thermodynamic and hydrodynamic effects. The data show that there is a very
small influence on the spray distribution by core steam updrait flow variations
over the realistic simulation range of this test facility. Pressure effects,
as expected, are small with individual nozzle spray patterns contracting
slightly due to the increased condensation, and negligible effects on the

interactions among nozzles.

1-1/1-2
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4. TEST OBJECTIVES

The objective of the test program was to confirm the core spray design
methodology for reactcr steam environments. The primary confirmation was made
at system pressure of 29.5 psia and spray water temperature of 145°F. Additional
objectives were to evaluate the generality of the predicted distribution through
systematic sensitivity studies with varying steam updraft and system pressure,
and double sparger operation. The following specific test objectives were
defined.

&. To compare the multi-nozzle spray distribution measured in steam

with that previously predicted with the GE methodology.

b To evaluate system pressure effects on spray distribution.

C. To evaluate steam updraft effects on spray distribution.

d. To evaluate double sparger performance.

2-1/2-2
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3. TEST FACILITY DESCRIPTION

The 30° Steam Sector Test Facility (SSTF) is located at General Electric's

gas turbine/jet engine inszallation in Lynn, Massachusetts. Facility construc-
tion was initiated in 1977, with the first tests performed early in 1979.
Following is a description of the SSTF categorized in terms of 30° sector
internals, pressure vessel, control and instrumentatior, facility services and

loop hardware, and vapor injection simulation.
3.1 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., Figure 3-1 is a schematic representation of the test section
components. The upper plenum is a full-scale mockup of{ a 30° sector of the
reference upper plenum with accurate simulatior of geometric shape, and clroud
head curvature and height. Standpipes simul:sting 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 HPCS and LPCS spargers with regard to
size, curvature, location and nozzles. The core region simulation includes both
mock f.el bundles and bypass region. The core region is full-scale in cross-
section, but is approximately five feet shorter than the BWR reference due to
overall facility height limitations. Fifty-eight mock fuel bundles are included
in the .©° sector; 42 complete bundles and 16 partial bundles having removable
cover plates and baffles to simulate the 30° boundary within the partial bundle.
The bundles utilize 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 injector tube is provided
in each hundle 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 each bundle above the lower rods to measure the liguid
flow, The bypass region flow area is simulated and includes dummy control rods

mounted on production version fuel support castings. Leakage and flow path

3-1
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NEDO-24712-A

simulation between bundle, bypass, upper plenum, lower plenum, and guide tube
is assured by using production version hardware in conjunction with accurate
representations of the top fuel guide and core plate. However, there is no
steam injection provided in the bypass region. Twelve volume-scaled guide tube
regions are provided (one for each of the twelve centrally located side-entry
fuel supports). The lower plenum volume represents the scaled volume of the

reference lower plenum region outside the guide tubes.

An overview of the 30° sector core r2zion and ECCS sparger location is shown
in Figure 3-2, displaying the relationship between the fifty-eight bundles and
the core spray nozzle locations. Eibows, nipples and header orifices are used
to connect the spray nozzles to the spray header, as shown in Figure 3-3. The
nozzle assemblies are aligned as shown in Figure 3-3, with the inclination
angles and header orifices shown in Table 3-1. Figures 3-4 and 3-5 are photo-
grapnhs of the core region and nozzle arrangement, respectively. The relation-
ship between the nozzle aiming and the bundle row serving as a centerline

"target" is shown for each nozzle in Appendix A.
3.2 PRESSURE VESSEL

The SSTF pressure vessel (l4-foot inside diameter and 27-foot 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 lines which service the internals and to provide routing for the
various instrumentation lines and cables. The vessel is surrounded by service

platforms and walkways and is serviced by a traveling overhead crane.

3.3 CONTROL AND INSTRUMENTATION

An air-conditioned control room houses the process control equipment and data
acquisition system (DAS). Process instrumentation and valves are provided to
monitor and control temperature, pressure and flow in the steam supply headers,
water recirculation lines, ECCS lines, and vent system. Figure 3-6 is a sche-
matic of this hardware. The DAS utilizes a Hewlett-Packard processor with 32K
memory, 256 channels of multiplexer input, and a 50 megabyte disc pack. This DAS
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Table 3-1
NOZZLE CONFIGURATION SPECIFICATIONS

Upper Sparger Header Orifice
Nozzle Type Nozzle Position Inclination Angle* Thread X Length x I.D., In.

SPRACO 2935M** UEl, U13, UBS -37.° 1.00 x 1.85 x 1.00

1 in. 0.E. (street) UB2, UB4 - 8.° 1.00 x 1.33 x 0.75

1 in. 0.E. w/nipple UFl, UF2, UF3, UF4 -64.° 1.00 x 2.30 x 0.62

Lower Sparger

SPRACO 2935M#** LB1, LB3, LB5S -25.° 1.00 x 1.33 x 1.00
1 in. 0.E. (street) LB2, LB4 - T 1.00 x 1.33 x 0.75
3/4 in. 0.E. (regular) LF1l, LF2, LF3, LF4 -50.° 0.75 x 1.33 x 0.62

*Angle from the horizontal direction. A negative angle means a downward aiming
(see Figure 3-3).
**SPRACO currently designates this nozzle design as 518620.
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hardware in conjunction with the associated data acquisition and reduction
software provides quick-look capability in engineering units through the use
of the operator's terminal with graphics features and two color television
monitors for displaying the results of on-line data handling. On-site genera-
tion of hard copy test results is provided by a Versatec printer/nlotter.
Permanent raw data storage is provided by a nine-track magnetic tape recorder
in a format compatible with G.E.'s (San Jose) Honeywell 6000 computer for
additional post-test data processing. Test instrumentation and signal condi-
tioning include pressure and differential pressure transducers, and thermo-
couples as shown in Figure 3-1. The ECCS spray distribution is determined
from individual bundle flow measurements provided by weir flow elements
internal to each mock fuel bundle. The weir flow element (weir tube - see
Figure 3-7) relates flow to the liquid level sustained in the weir element.
Two precision differential pressure transducers sequentially measure the liquid
level in the 58 individual weirs through a multiport scanivalve interface.
Integral to the weir measurement system is a DAS-sequenced water purge sub-
system which prevents flashing of the measurement line fluid. Figure 3-7
schematically depicts the principal elements of the weir tube flow measurement

system.

An inplace weir calibration system provides controlled and measured water
flows to thirteen weir tubes selected from the 58 bundle array, allowing on-
line calibration checks under pressurized operating conditions. Two portable
lines allow calibration of the remaining weirs under ambient conditions. A
complete description of the bundle flow measurement system, including calibra-

tion data, is available in Reference 1.

3.4 FACILITY SERVICES AND LOOP HARDWARE

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. Figure 3-6 is a schematic of facility
and external loop hardware. A steam supply of 110,000 lbm/hr at 150 psia and
388°F is available. Steam is routed to the pressure vessel through ten-inch

headers to an upper plenum supply nozzle (60,000 1bm/hr maximum) and to a

3-10
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mock fuel bundle supply nozzle (50,000 lbm/hr maximum). 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 controlled by recirculating
through a 500 gpm heat exchanger loop. Water from the lower plenum of the test
section is pumped back to the supply tank via a single pass heat exchanger unit
capable of reducing the temperature of 600 gpm of loop water from 320°F to 110°F.
The ECCS supply system provides flows representative of the refereace BWR/6-218
reactor. The system consists of three 600 gpm pumps coanected in parallel to
provide up to 1800 gpm at 130 psi to the ten-inch main ECC5 header. This mzin
header in turn supplies a six~inch HPCS line with up to 533 gpm, a six-inch

LPCS line with up to 533 gpm, and an eight-inch LPCI line with up to 1333 gpm.
The three individual ECCS lines are routed tc separate nozzles on the pressure
vessel, A l2-inch steam vent located at the top of the pressure vessel is

capable of handling up to 75,000 lbm/hr at 125 psi vessel pressure.

3.5 VAPOR INJECTION SIMULATION

The facility simulates vapor generation in the core, but does not simulate the
flashing vapor flow in the bypass. The core steam updraft into the upper
plenum is, thus, supplied by injection into each individual fuel channel, but
not into the surrounding bypass region. As a result, it is expected for high
siteam flows that the stagnant bypass would act as an atypical sink to collect
the small drops that are levitated and diverted by the high vapor velocities
through the upper tieplate openings*. This phenomenon can be approximately
predicted with a first order analysis (c.f. Appendix B).

The facility design with no vapor injection into the bypass region is judged

acceptable. For this core spray distribution investigation the steam updraft

*In a reactor with flashing vapor updraft in the bypass, the =mall drops would
continue to be levitated until they either coalesce and fall down or contact
surfaces and run down as liquid films. For that condition, the levitated
small drops would be distributed between the fuel bundles and the bypass,
rather than favoring a stagnant bypass.

3-12
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range for which the droplet diversion is negligible covers the full range cof
interest for single header operation (i.e., from zero updraft to balanced
updraft/downdraft), which is the critical condition to confirm the prediction
methudology. The compromise dves, however, limit the methodology confirmation
comparisons for two header operation to core flows below the balanced updraft/
downdraft point. These conclusions are confirmed by the analysis of Appendix B

and the :alibration tests discussed in Section 5.

3-13/3-14
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4. TEST PARAMETERS AND TEST MATRIX

The SSTF was sized to provide a spray distribution as similar tc a full 360°
core spray distribution as possible. Before design of the facility, tests
were run in the Vallecitos Spray Facility (VSF) using sector sizes from

27° to 360°. Data from these tests are shown in Figure 4-1. These data show
that spray distribution is not sensitive to sector size except for the 2 ft
radial region of the central core. Since the core center region cannot be

matched by any sector size short of 360°, 30° was selected for the SSTF design.

In order to properly model the vapor flow paths, walls must be used c¢n the
sides of the 30° sector. Tests were run in the VSF with and without the
sector walls in place. The test results, shown in Figure 4-2, demonstrate that

the influence of the walls is also confined to the center two feet of the core.

Steam can enter the reactor upper plenum from the core and/or from the steam
separators, as shown in Figure 4-3. If all the steam required for condensation
on the spray entered from the core, the spray flow to some bundles would be
limited by the vupor updraft through the bundle upper tieplates, and the
resulting measured distribution would include both core spray distribution
and counter-current flow effects. Therefore, it would not be possible to
determine the success or failure of the core spray methodology. The nominal
test used for metnodology confirmation was with balanced updraft/downdraft
(i.e., half the steam required for condensation in the spray comes from the
core and half down through the separators). This was achieved in the SSTF
(see Figure 4-4) by injecting one-half the required steam flow into the
simulated fuel bundles and allowing the remaining steam to be drawn down
through the separators from the steam dome. The jet pump flow path, which
would allow steam to flow from the core back through the jet pumps and
annulus to the upper plenum, was closed off by raising the water level in the

lower plenum to cover the jet pump exit.
The steam flow through the fuel bundles is individually set for each bundle

by using appropriate orifices in the steam manifold. The steam flow through

the steam separators is supplied as demanded by condensation on the spray

4=1
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STEAM DOME

STEAM SEPARATOR MOCK UP

UPPER PLENUM
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HPCS

LPCS

FUEL BUNDLE MOCKUP

Figure 4-4. SSTF Configuration (Elevation)
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to maintain steady-state pressure in the upper plenum. Therefore, only the
fuel bundle steam flux can be regarded as an independent test parameter. The
total steam inlet flow (sum of bundle and plenum steam) and vent flow are not
independent at steady-state. The steam vent flow was nominally 10%Z of

total steam inlet flow for the tests.

The nominal condition of zero net steam velocity in the upper plenum was met
by controlling the total core steam flow at a value corresponding to half-
condensing steam flow, i.e., one-half of the steam which is condensed by the
spray water as determined by energy balance considerations. The balance of
the steam was then free to enter the plenum through the standpipes. The

calculated values of half-condensing steam flow are summarized in Table 4-1.

The fuel bundle steam flux is specified with two parameters: (1) the sum

of individual fuel bundle steam flows, and (2) the profile of the fuel bundle
steam flow distribution. Of these two parameters, the first parameter was

an independent test parameter and the second one was fixed for all tests.

The steam profile simulates expected heat generation rates in the bundles,
specified from calculated bundle radial power factors. A typical BWR/6-218
(624) end-of-cycle core radial power distribution was selected. To calculate
steam flows from steam manifold branches to individual bundles (full or partial)
of the SSTF, the steam flow distribution was averaged circumferentially for the
whole core with the radial power distribution. Then, each branch of the steam
manifold was assigned a steam flow according to the core radius of its
corresponding fuel bundle with adjustment for whether the bundle section

is complete or partial. The steam manifold branch flows thus calculated and

normalized to the average branch flow are shown in Figure 4-5.

The reference case chosen for qualifying the core spray distribution
methodology utilized system conditions of 29.5 psia, spray water temperature

of 145°F, and 525 gpm spray flow for each sparger in operation.
To meet the objectives of the test program, tests were performed with each

spray header operating individually and with both headers operating

simultaneously. A spray flow rate of 525 gpm for each operating header

46
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Table 4-1
HALF-CONDENSING STEAM FLOWS (lbm/hr)

Single Header Double Header

525 gpm per Header at 145°F

29.5 psia 14,000 28,000

44,1 psia 18,000 36,000

73.5 psia 23,000 46,000
525 gpm per Header at 185°F

29.5 psia 8,500 17,000

44.1 psia 12,000 24,000

73.5 psia 17,000 34,000

4=7
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1.23

1.24

SYMMETRIC

1.06

0.80

Figure 4-5. Branch Flows into Fuel Bundles Normalized
to Average Branch Flow
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was used for all tests. System pressures of 44.1 psia and 73.5 psia were
tested in addition to the 29.5 psia reference pressure. Core steam flow
rates were varied from zero to 46,000 1b/hr during the test series. In
addition to updraft tests in the range of applicable flow rates, which were
performed at a spray temperature of 145°F, a number of calibration tests
extending beyond the applicable range of flows were performed at 185°F spray
temperature to evaluate the drop diversion effect of an open bypass without
steam injection. All of these tests are summarized in matrix format in
Figure 4-6.

4-9



Calibration Tests
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Core Spray Distribution Tests at 145°F

at 185°F o
Total Upper Header (HPCS) Upper Header (HPCS) Lower Header (LPis; Double Header
Core Steam -
Flow Rate 29.5 44.1 73.5 29.5 44.1 73.5 29.5 44.1 73.5 29.5 44.1 73.5
(1b/hr) (psia) (psia) (psia) (psia) (psia) (psia) (psia) (psia) (psia) (psia) (psia) (psia)
*
0 cS-2F %:}.A E 3=1 i: . 3-2 %:gA 2
14,000 Cs-2A Cs-3.2 CS-3.1
18,000 CS-22A cs-30 Cs-41 cs-37
20,000 cs-28 cs-27 CS=35
22,500 cs~-29 Cs-36
24,000 CS-2ZB CS-34A Ccs-31 Cs-38
25,000 cs~2C
27,500 Cs-2D
28,000 Cs-33
30,000 CS-2E C5-22C C5-34B Cs-28 CS40 Cs-45
35,000 Cs-34C
36,000 Cs-39
46,000 Cs-44

*Reference case tests for camparison with pro-test prediction.

Figure 4-6.

4-10
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5. TEST OPERATION AND SHAKEDOWN

Care was taken throughout the testing to assure the quality of the data and
to verify test conditions and results. Verification sheets were completed
for each block of tests to ensure that the instrumentation required for the
measurements were properly calibrated, that the necessary systems were opera-
tional and verified, and that required shakedown tests were performed. Any
deviation noted or corrective actions taken were documented. A master
instrument list and a work file provided documentation to describe the
measurements made and the manner in which the measurements were displayed.
Test checklist and run sheets provided assurance that the necessary actions
and operations were performed prior to, during, and following each test, and
that the required conditiors were met by the tests. Test operation summary
sheets were prepared immediately following a test to evaluate mass and heat
balances, to verify selected measurements, and to check pre- and post-test
cond’cions of selected instruments. This permitted early determination of

the validity of a test and provided data for evaluation and analysis.

A number of operational checks and pretest verifications were performed

during the shakedown phase of testing to satisfy operational requirements which
were defined as being necessary to ensure meaningful testing in the 30° SSTF.
These included instrument calibrations, test section verifications, data
acquisition system checks, functional checks of flow, heat exchanger and

superheater capabilities, and facility drainage and control characteristics.

Tests Tl and T4 measured the flow rates for the individual core spray nozzles
on each header at 525 gpm total core spray header flow. Table 5-1 presents
the measured results for the upper and lower headers as well as the specified
value for each nozzle type. Specified values were obtained from earlier

VSF tests. All data falls within the £10% allowable deviation specified as

an acceptance criteria.



Header
Location
SSTF Test Tl
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper

SSTF Test T4
Lower
Lower
Lower
Lower
Lower
Lower
Lower
Lower

Lower

NEDO-24712-A

Table 5-1

INDIVIDUAL CORE SPRAY NOZZLE FLOW RESULTS

Nozzle

Location

UBl
UF1
UB2
UF2
UB3
UF3
UB4
UF4
UBS

LB1
LF1
LB2
LF2
LB3
LF3
LB4
LF4
LB5

Nozzle Type

Spraco 2935M

1 inch 0.E. (w/nipple)
1 inch 0.E. (Street)

1 inch 0.E. (w/nipple)
Spraco 2935M

1 inch O.E. (w/nipple)
1 inch 0.E. (Street)

1 inch 0.E. (w/nipple)
Spraco 2935M

Spraco 2935M

3/4 inch 0.E. (regular)
1 inch O0.E. (Street)
3/4 inch 0.E. (regular)
Spraco 2935M

3/4 inch 0.E. (regular)
1 inch 0.E. (Street)
3/4 inch 0.E. (regular)
Spraco 2935M

5-2

Specified
Flow

(gpm)

60.2
48,1
68.7
48.1
60.2
48.1
68.7
48.1
00.2

60.4
47.8
69.6
47.8
60.4
47.8
69.6
47.8
60.4

Measured
Flow

(gpm)

60.4
45.9
66.8
51.8
61.6
49.9
65.6
48.3
61.0

64.3
48.0
63.7
48.3
64.3
49.3
64.4
49.1
61.7
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Data repeatability was verified several times during testing. Figure 5-1 shows
the results of two tests performed with the lower header in an air atmosphere.
These tests were separated by over two months and include the effect of nozzle
removal, reinstallation, and re-aiming which occurred during that period. The

demonstrated repeatability is very good.

Figure 5-2 shows data frum three tests which demonstrates the negligible
effect on distribution from differences in the amount of superheat of the steam
environment. The three tests represent 0°F, 5°F, and 24°F superheat. These

tests were all run at 29.5 psia without core steam injection.

A series of tieback tests were performed to verify the similarity of the SSTF
to other facilities used in core spray distribution testing. The verification
was demonstrated by comparing data taken in the SSTF with data from the VSF
and the Horizontal Spray Facility (HSF) under the same test conditions.

Test Tl0 was a spray distribution test performed in air with the sector walls
and fuel channel cover plates removed. Figure 5-3 compares the SSTF lower
header data from Test T1l0 with VSF data at identical test conditions and

demonstrates the good tieback achieved.

Tests T7 and T9 were lower header tests performed in air to compare results
with and without the 30° sector walls in place. Figure 5-4 shows the comparison
to be very good (i.e., negligible wall effect) for Test T7 with walls and

Test T9 without walls. The figure also shows the tieback to a VSF test

performed with walls.

Test T1lE was a spray distribution measurement test for a single SPRACO 2935M
nozzle* on the upper header in a two-atmosphere steam environment. Figure 5-5
compares data from Test T1lE with data from the HSF. This comparison is

considered to be very good considering the measurement grid offset between the
SSTF and HSF tests** and the semi-hollow spray distribution of this nozzle at
some conditions in steam, which results in noticeable changes in distribution

relative to small variations in measurement location.

*SPRACO currently designates this nozzle design as 518620.
**The measurement grid offset occurs because the SSTF header/bundle configuration
did not permit exact duplication of the HSF positioning.

5-3
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Drop diversion phenomens at the top of the bundles was investigated in an
upper plenum geometry to evaluate the impact of having no steas flow in the
bypass as discussed in Section 3. These calibration tests define the region
where the facilit, configuration is not apprepriate for methodolcgy

confirmation because of the drop diversion effect.

As expected, it was observed that high core steam flow rate resulted in a
decrease in the bundle liquid downflow. The decreased bundle dreinage was
balanced by increased bypass drainage, with no net change in total liquid
flow to the lower plenum. The open bypass without steam updraft results ‘mn

spray droplets being diverted to the bypass region at high core steam flows.

Total liquid downflow data are cross-plotted in Figure 5-6 for a series of
HPCS tests with different core steam flows at 29.5 psia and 185°F spray
temperature. Also shown is tle drop diversion estimated from a drop terminal
velocity analysis described in Appendix B. The region of drop diversion is
reasonably predicted by this analysis, although the calculated decrease is
sharper than the measured decrease. It can be seen from this figure that
for the droplet sizes present, there is a significant (>10%Z) drop diversion
phenomena for core steam flows greater than approximately 20,000 lb/hr
(corresponding to bundle flows of 400 1lb/hr). Hence, core spray methodology
evaluations cannot be performed in this facility for steam updraft flows
above thtat value. As previously indicated, that only restricts evaluations

for some conditions of double header operation.

3-9
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6. SSTF TEST RESULTS COMPARED TO THE PRE-TEST PREDICTION

A pretest prediction report was submitted to the NRC in April, 19792. This

report described the application of the core spray des’gn methodology to the

SSTF, and contained the predicted bundle flows along the test facility center-
line., The method of combining single nozzle spray distributions in a steam
environment with multiple nozzle interaction effects was described in this

report. In addition, acceptance criteria for confirming the prediction method-
ology were supplied in the form of uncertainty .imits. The prediction methodology
would subsequently be confirmed if the appropriate fraction (95%) of the test

data fell within these two-sigma uncertainty limits.

The region of the pre-test prediction is shown by the heavy line in Figure 6-1.
Since the individual nozzle distribution data are a field of point functions,
not a continuous function, the superposition of the contributions from zll the
nozzles results in a distribution calculated along a radial chord, e.g., the
centerline of the 30° sector. This centerline prediction is then compared to
the measured distribution, which is the average* of the flow collected by the

bundles adjacent to each side of the centerline.

Flow measurement data are taken in the facility as described in Section 3.
Flows are measured into all 58 full and partial bundles in the 30° sector. The
flow into the bypass region is not measured directly, but the bypass water level

is proportional to the total flow into the bypass.

As previously indicated, the nominal condition for comparison between pre-test
predictions and data was with balanced updraft/downdraft in tbe tests. This

is the case for the two single header comparisons discussed below. However,
since this condition for two header operatiocn resulted in updraft flows in

excess of the 20,000 1b/hr droplet diversion limit established in the calibration
studies of Section 5, the two-header comparison below is conducted with the zero
core updraft data (i.e., unbalanced updraft/downdraft)., It is subsequently
demonstrated (Section 8) that variations in updraft below the droplet diversion
limit have negligible effect.

*This centerline bundle average should not be confused with "radius averaging",
which is taken over a full-core

6-1
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Figure 6-1. Top View of SSTF Core Mockup Showing Region of Pre-Test Prediction
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LPCS - The centerline-averaged data are plotted in Figure 6-2 along with the
pre-test prediction and the 20 uncertainty bands. The centerline-average data
points all fall within the uncertainty bands associated with confirmation of the
methodology. The individual bundle flows are shown in Figure C-15. An examina-
tion ¢f Figure C-15 shows that flows for two individual bundles fall outside the

bands.*

HPCS ~ The centerline averaged data are plotted in Figure 6~3 along with the
pre-test prediction and the 20 uncertainty bands, The individual bundle flows
are shown in Figure C-16. As described in the Pre-Test Prediction reportz.

the prediction could not be performed within 45 inches of the center due to the
lack of single nozzle data for one nozzle. These data were subsequently
obtained in the SSTF and the prediction extended to within 27 inches of the
center. This extended prediction is discussed in Section 7. The centerline
average data points all fall within the uncertainty bands associsted with con-
firmation of the methodology as do all of the indivicual bundle measurements

in Figure C-16.

HPCS and LPCS - Tiie centerline-averaged data are plotted in Figure 6~4 along

with the pre-test prediction and the 20 uncertainty bands. The individual
bundle flows are shown in Figures C-5 and C-6, Results fall well within the
confirmation acceptance bands for the two points supplied (see Section 7 for

more complete comparison).

The close agreement between the predicted and measured spray distribution

satisfy the criteria for confirmation of the methodology and assumptions.

*The uncertainty bands supplied with the pre-test prediction are appropriate
for the centerline bundle average; bands for individual bundle flows are some-

what Jarger,

6-3
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7. EXTENSION OF THE PRE-TEST PREDICTION

HPCS - The pre~test prediction for the HPCS did not include the points at 27,

33 and 39 inches because a single nozzle test for the 1 inch street elbow could
not be run in the HSF. In order to extend the prediction, single nozzle tests

of this nozzle were performed in the SSTF., The test results for the two diffevent
nozzle positions are shown in Figure 7-1 and 7-2. These data were used to extend
the pre-test prediction and the resulting extension is shown in Figure 7-3, along
with the test data. As with the other points, the new prediction values agree
with the 30° SSTF data and further confirm the prediction methodology.

HPCS and LPCS - The pre-test prediciion for both HPCS and LPCS together also

did not include the points at 27, 33 and 39 inches because of the missing single
nozzle test data, The new single nozzle data in Figures 7-1 and 7-2 were also
used to extend the double sparger prediction. The additional points are shown
in Figure 7-4, along with the test data presented earlier. Again, although the
updraft/downdraft is unbalanced, the prediction methodology is further coafirmed

by these comparisons.

7-1
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Figure 7-1, 30° SSTF 1 Inch 0.E, (ST) Single Nozzle Test in 2 Atm. Steam
Test Results « Test Tl4
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SPARGER: HPCS (UPPER)
NOZZLE POSITION: UB4

o) O
D @] O
@) 0O O
>
‘ \
;\ Vr
4
5 \\ 027 0.02 cce 0.08
6 0.10 e13 0.14
7 0.18 013 0.34 054
8 0.49 0.31 0.64 127
9 QT' 0.66 088 1.43
10 151 1.9 TEST CONDITIONS
e \ il “0/ WITH WALLS
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12 361 438
\\ //
13 35§¥ Jpe

Figure 7-2, 30° SSTF 1 Inch O,
Test Results - Test T12A

E. (ST) Single Nozzle Test in 2 Atm. Steam
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8. TEST RESULTS WITH PARAMETRIC VARIATIONS

The effect of core steam updraft on spray distribution, in the region where

the methodology is applicable, is shown in Figure 8-1 for a series of HPCS

tests at 29,5 psia and 145°F spray temperature. As expected from the earlier
calibration studies (c.f., Section 5), there is a negligible effect of core
steam up to approximately 20,000 1b/hr. Beyond that value, the present facility

cannot be used for distribution prediction confirmation,

The effect of changes in system pressure on core spray distribution was investi-
gated by performing parametric tests at system pressures of 29.5 psia (2 atm),
44.1 psia (3 atm), and 73.5 psia (5 atm). Test results are shown in Figure 8-2.
The distribution was not significantly affected, although pressure did have the
anticipated effects on the magnitude of the distribution at specific locations.

The small changes in the distribution which did occur are caused by the increased
condensation effects near the nozzle face. Increased condensation causes more
contraction of the spray cones, leading to higher flows in the centers of the
spray cones and lower flows around the edges, The influence of these changes

on the data shown in Figure 8-2 can be better understood by examining Figure 8-3,
The regions of coverage by each nozzle type are shown, and the influence of a
pressure increase is sketched as a dashed line, The pressure increase causes

an increased spray flow where the Spraco nozzle is centered (rows 3, 4 and 5)

and a somewhat smaller increase wher¢ the 1 inch street elbow is centered

(row 10). A decrease in flow occurs in the region between spray peaks (rows 7
and 8)*., A review of Figure 8-2 shows that the 30° sector data is compatible
with these expected single nozzle trends, Because the pressure trends shown

in the sector data result from pressure effects on the individual nozzle patterns,
it can be concluded that the interaction effects among the nozzles are not
sensitive to pressure, Therefore, calculated spray distributions can be used

over a range of pressures,

*The actual BWR/6 reactor core spray designs compensate for this potential low
zone by staggered aiming of the 1 inch Street Elbow nozzles,
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Appendix A

NOZZLE INSTALLATION CONFIGURATION
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Appendix B

VAPOR FLOW EFFECTS ON DROP TRAJECTORIES
VERY NEAR THE BUNDLE UPPER TIEPLATE

Steam injection in the simulated fuel bundles in the SSTF produces substantial
vapor velocities (~10-30 ft/sec) upward through the bundle upper tieplates (UTP).
After the steam leaves the UTP, its velocity is reduced by a factor of three

due to the larger available flow area in the upper plenum. Because of the larger
local velocity near the tieplate, the trajectories of smaller spray drops may be
influenced during tests with steam injection. In particular, if the local steam
velecity exceeds the drop's terminal velocity, the drop can be suspended or
moved upward, This movement will be of limited extent for all but the smallest
drops, since the steam velocity is so much smaller in the upper plenum. As soon
as the drop moves to a level of lower steam velocity, it will begin to fall

again,

In a reactor with updraft in both fuel bundles and bypass, this local drop move-
ment might lead to some minor redistribution of spray flow. The drops could
bounce around above the core until they collide with other drops (which yield
drops large enough to fall against the vapor velocity at the tieplate) or some

solid surface, allowing them to pass through the bundle tieplates.

In the curvent configuration of SSTF, where no steam injzection is present in the
bypass, levitated drops can readily fall into the bypass region adjacent to the
iuel bundles, As the steam updraft increases, more and more spray could be

diverted into che adjacent bypass through this mechanism.

Although the exact amount of flow diversion into the bypass is difficult to
evaluate, a first order approximation can be found by assuming that all droplets
that are small enough to be levitated by the steam velocity through the tieplites
are ultimately diverted and deposited into the bypass. Thus should provide an
upper bound on the diversion since droplet coalescence and impact with hardware
surfaces should allow some fraction of these small levitated drops to enter the

fuel bundles,
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This first-order analysis has been performed for 29.5 psia with drop size
distributions that were calculated for two of the three nozzle types used in

SSTF, using correlations reported by MugeleB-l'B-z

, as illustrated in Figure B-1.
Drop terminal velocity as a function of drop size is available in data obtained
by Lane and Green and described in Reference B-3, Assuming this drop terminal
velocity equals the steam velocity through the UTP, an equivalent bundlz steam
flow to levitate a drop of a specific size can be calculated. Combined with the
drop size distribution information, the volume percentage of the spray which
could be diverted into the bypass as a function of total SSTF bundle steam flow
can be calculated, and is shown in Figure B-2, This curve was calculated with
the vapor velocities, and is therefore only directly applicable, for rows 4-10
on the sector centerline, Other bundle locations in the sector have lower steam

flows and will levitate a correspondingly smaller percentage of the spray.

The calibration tests discussed in Section 5 are reproduced in Figure B-3, with
the predictions of Figure B-2, The calibration data suggest that the actual
droplet distribution includes a larger fraction of both small droplets (i.e.,
the diversion starts at slightly lower steam velocity than predicted) and large
droplets., However, the discrepancies for higher steam velocities may be due

to coalescence of the ievitated drops rather than larger drops produced at the
spray nozzles, Despite these minor deviations, the first-order analysis
presented here provides a rather good description of the controlling phenomena,
and indicates that a facility modification to include bypass steam injection
would be required to obtain meaningful data at high steam flows for comparison
with the prediction methodology. Such comparisons are not judged to be

necessary for the methodology confirmation,
References

B-1 Mugele, R. A,, Evans, H. D,, "Droplet Size Distribution in Sprays"
Industrial and Engineering Chemistry, Vol. 43, No. 6, Page 1317, June 1951,
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B-3 Brodkey, R. S., "The Phenomena of Fluid Motions", Addison-Weslev Publish-
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VOLUME PERCENTAGE OF SPRAY CONTAINED IN DROPSWITH DIAMETER LESS THAND

140

120

110

100

70

50

v
SPRACO 2436M \
1 STREET ELBOW
] 1
0.05 0.10 015 020

0 , DROP DIAMETER (in.)
Figure B-1, Drop Size Distributions for Two Core Spray Nozzles Based on
Mugele's Correlation

L 9Z-003AN

=21



STREET ELBOW

he)

{1y

BUNDLE STEAM FLOW

SPRACO 2935M

IOVANIOHId INNTOA




FAMGEH MO 4 NVY3LS 3TONNE TVYLOL 4458

000 &

|

SSVIAR O OILNIANO LON FOVINIO WA IMNTOA







7

w» FLOW OUTSDE OF NSTRUNENT RANGE

NEDO-24712-A

.

W\~ PMTIAL BUNDLES

L e R A R R R R R R R P L R i IR EAAL R A A R AL B R RN

LR - TR N 1. “sesEssEnnsEsannolunnnloncn SENES NEEERIERERRRRAS
s3nissncing g Pigsies;
T ..wm.mvw:&%m .
o ives tmen \1
TR R R R E R R N nnﬂﬂ;\“ﬂu LR -oavMVo-v\- MIIELAL AR A L L DR A At
H I I M I R M i b et <4
SRR BT L] B 4 St
- - weo veown woo coew vow " C
LRARE PR R SRR P ALY Lt R ﬁ-uo\“qmm \“ﬂ“ TILR LA LA AL . lo LA LA
ceggisnaciyescisegrisensivagainnagigsnzizany 1£832 S
e alag i e R
w wée iweme Loee ieow TP® AEON SANN men sowe ene &\.
~
R R R TR RS LR R SRR T RS LAl Satadabel Dbt LA A LS 3.5 ssse

T BN R

cos jees i-n- lane jeee lane iees lsee loes ' 3eSE .&V\A

20 6t
nn'
7811
697
2932
LTS
L3042
420
8874
7e
®680
Ae9e
4Te
.81
. 9898
7201
8T8

i e
e

.
I s e e R R R R R R --ou-‘-‘ LA AL B E AR

£ :

. 3 .
--..-.- LR -n-.auo- CE R R --.-c- LR -n-mot-. onnnn.-‘- wenws
mammtanun coen cece'vnentcoce ' rrrr"co0c ' eces 000s ==~ wnna anen eves

= ot o6 ™ - . -

Core Flow Map; Run 1-1
C-2

Figure C-1.




T

» FLOW OUTSDE OF NSTRUNENT RAVGE

LINES* NININUN VALUE
DEVIATION

LINE4* §TD.

WO\~ PWTIAL BUNDLES

NEDO-24712-A

saee YT RS I s s e R R R R R R D LR R R R R IEEEL NN AR RRS R

N

T7.6693 =

L]

8.0990 =

8.7678 =
.3030 .\

e i nnuntnnnalunpntanuntunnulounulunnelones sunnsurentunnnsnnes
i

ERBEANEERSERE. LR B ..\ ERARS AR RSN 1. SAEENE SRS EEEFSARERSEEEn
goe-ignaginngeizgealz-seizsesizas hmw\
RIS SR \\mw‘m..xv

SRR RNSEREES ”.‘. SEERSENES ..”. LR A .\”\ ..\ LA B A J LR R R N.. -n LA AR J
e jnEMGRE R RN R
>w 666 Y6E¢ 1686m 10ew reem 1MMN JANN IR0 vee ...I.O. ‘S \

LA B J LB R E R R B LR RJ mmmu ““". “.““ .“.. "“.. “..” “““"\x LR R R}
PR In G T

co® Lon- Losr L1e0e LTANG LOne sese s066 leee
-4 44

R B

Gi5 ls-s iees jsee jsss jees leca .\“NVV.\\M

w.w..mw wwww .m“mww.\ww.. T“.. SELT CLTL 0 seneissantonanianenioens
gz feug e %.

% =
3
=

;

o -
T
4
A -
-

-

-

-

2
8

A

TR T T R s s s R R R R R R LE R R BN R B B SEAEL RS RS AR
. MMM COON *EEE BNOB VO Mhnn TSODD O rEr SES |l|lv’,.' oOen Teve

A i e L e

Core Flow Map; Run 1-1A
Cc-3

Figure C-2.




[Gp]
» FLOW OUTSIDE OF NSTRUNENT RANGE
T L) L] 1L

LINE4* §TD. DEVIATION

WAW\-PWTIAL BUNDLE S

LIFE2s MAXINUN VALUE

LINE3* MININUN VALUE

LINEI* MEAN VALUE

NEDO-24712-A
-

AR RE SR ER RS AR R RS R AR AL AR R RS R R ARSERARR SRR R RS R RRAY R A RE AR RS AR RRS R R RS AR

=\

16,9685

17.2878

it el ol “ - B - “le LB R -e " ” TI - ln‘ LA B J
RPN R I R T

- - LA R B R RN LR R LA RN LA B R J SnEs LA R B J -..l. - ”““WHHMM LA R R ]

FEH B HE R R i L R e

“ -~

G lecem InSr 100~ 1000 IANG LBOS SeoN § -

LR R R 1 LA AL R E R R B A R R R R R A R R R A R R R R A ) L R AEEn IER BN AR .L

fuew
T EEHEI T e e
s sow -..v.o..mo.mc.. sse foen -..1.0.‘\.‘ : o.k
A .
"—. LR LR R LR B ) thn'. - TMLYO - LA R R LA AR} - - .L - ‘A“‘\ LR LR R ) LA R B J BEAESRERN
’.M .4.“-1 -
s 4 g
co@ ~O» \\ -
LR B J - ‘\“\““‘ﬂ\“”MHmm LR B} LR R R LR LR R LA B N LR RN ] LE R R ] LB R J LE BB J

sren

LA R L L LR LR L L AR L B2 J LR LR LA LR

3

B
-
.
-
.
:
-
-

.
s . b

LA R R BN BN LR LR " LR J L m L LR B LR L B ) R R “nan LR R L
M NNON OO0 PEPE HONON VYEEE MM CTOC 000 SEOO e NNAN OODO eeee

- ——— - . - .-

Core Flow Map; Run 1-2
C=4

Figure C=-3,




W

» FLOW OUTSIDE OF NSTRUNENT RAVGE

7

[Ger]

LINE2s MAX!NUN VALUE
LINE3* NIRINUM VALUE

LINE4* STD. DEVIATION

LINEi® NEAN VALUE
WWOW-PMTAL BUNDLES

NEDO-24712-A
.

‘N‘. LA R R Ny R s s T T I I T ™™

LR R R -J\. -~ - LE R R LA BN J LR R R .n‘.. LR R R r... LA R B LA R B J SEae

© - o o ne 5

SO 5y \:m.m._

Bhe SEEE SOO® sw -

LR R R LR} LA R R .R .& Ean LR R J LR N - - LA R R} ".-.. LE B R J LR B R LR B
£ R%a 3ttt et R P 1Y &

& 153EEiERERITIIEENE .......n....uunmumk. 3545
W €68 36re LOBe Leve Lww. Scee &\

LA R R ] BEERSEEES LA R 2 ) LE R R LR R LA R B ...x .\'\ LA B R} .‘..“" .‘.- LA R R
= 2223 PR3 IR i I I 3 R P 14 - o
SR HE 8338 mu.u." R LR L BRI E .u\wﬂ
S COP I1OPE SHOD SPOE NBEE SFPEF LPEE FOEO L0SE bew- o \

A £ | - \

LR RN LR R R LA R R ] LA AR ER R RN LA R R J LR R J LA R R BN R N LR R R LR B R - - - LA R R )

PR R RS L R BRI B R R

CEO 108F LNON INNN SPOe LOOD AT~ SWO® Lnne soew L.L.\

LA AR R AR R R R A R ) .\..\" N.. LR L BJ LA AL B R AR A R R R RN

LR
SSSRISEgRIoR2a RS S8iczEsT it p
L L
oo~ veoe L 2] “u' o~ L ol \\
fettd

R TS 4 T I T T SO S

.
220 GPM 3 220 GPM

-

-
L LI
017 »
2410 =
8241 »
1148 =
4706 =
.1879 »
3 )\:
- .
i

-
h

SOo® sh@n & 3 -..\\M ;

LA AR LA R R J LR B LA R R BN RN “Seaw LB A LA B R J LA R J LR R B TR R R} LR R R} LE BB J LR R
ame- NN POO® Ceee .l.'-..“ EARS S000 et S0 - NN OOO0 eeee

bl i .- -

Core Flow Map; Run 1-2A

C-5

Figure C-4,




NEDO-24712-A

LI"¥is WEAN VALUZ
LINE2* MAXINUN VALUE
LINES* NMININUN VALUE

(Ger]

LINE4* §TD. DEVIATION

WO PMTIAL BUNDLE S - FOW oursne oF usmmm RAVGE
5 - s L] T ie

1= * * »" - P -

ia P20GTM & >20GPM S 206 © *20GTM ° *206MM ° 2 om

. - . = - -

2 18.7249 = 14.0067 = 14.66350 = —-10.0002 . 19,2157 = 18.1119 = -

2 21.0316 » 15.2963 = 18.85686 = 15.7063 = 19.1429 = 19.5480 47 =

2 1IT. 8414 » 13.6%01 = 14.1374 » 13.864) = 12.533%8 » 17.5085 = o

2 7853 = L4872 » .3966 » 8716 » 4191 * 4780 & .

2= . . 19, 83506 = - 9.4690 » 17.4760 = 17.6916 = 8.1192 = .

3. . . 16.9595 » ’ZOM‘. 9.9536 » 18.3823 » 18.5039 » 5.9624 » -

3 s L . 9.659] » = @.9800 = 16.416% = 15.9983 » 4.9430 » -

= - . B116 = . L 2400 = 408 = 4162 = AT = -

4 . . . 13.6536 » 18.0308 = 1£.8458 = - -

4 . - O ’Znam - 14.5146 » 19. 8018 = 18.8037 = - -

4 - I\ . 18.2925 » 15.9183 » 16,0093 - .

“n - i T8 . L3089 = 7905 = .uaa.- .

Ay wew . - -

LI - LB - 13.3191 = 9.1908 » 9.1009 = 10.7533 -

i L L L ‘K' 14.852%6 = 9.8680 = 9.6868 = 12.8917 » z .

S - . 18\6T 12.4314 » 8.7296 » 8.3306 = 9.3977 » -

5= . 8 . . 8509 = L2426 = 3842 = .8236 k‘ -

o “reee e .

‘= - . - T.3047 » 19.56820 » 4.0557 » 6.6786 = . - ’
6 - - - 8.23658 = 11,199 = 5.1850 » €.939% = - - »
6= - . - 6.4707 » 9.4278 = 8.5036 » 6.8358 » . . g
LI . - - L8836 » L4839 = L4867 » JdiT1L = - . ’
T» - - - IO.I;‘PG - 14.2004 » 6.70;. . 5.9188 = - - »
7= - . - 18.7369 = 15.3834 = 6.1948 = 6.3363 = - L] »
- - - 9.5686 » 18 .0844 = 6.8416 = 8.3618 = - . *
T . . B LO764 » L8209 = (8461 = L2433 = = - .

. el - .
8 - - 6 ) . - 19.9117 = AT x . . .
s M . . 3 ’QD(J' 11.8233 -\ . 77& . . .
L . . 19\ 2 - - 19.3119 L] - - ’
T - . \ . - L3197 = 5 . - - .
9 . . 54w 12.8350 5 9.4180 3)g2he * . B .
L - - - . K4 13.3925 » 19.9185 = LA324 = . . e
9. . . \» 12.8423 » 8.689 = 9892 - B »
L - . &\ b L2270 » 8T8 \\ 1 . . »
10 = . * - - 8.9729 » 4.8411 0 - . - "
L - - - - T.224% » §.4367 » . . . .
10w - . . - 4.7883 » 4.2103 » - - - »
TR . . . - 838 = 8233 = - . - .

T -

1= . - - . 1.40. » 93860 » - » - s
1 = - - . - 1.8832 » 1.1264 » . - = -
11 = . - - . 1.2185 » 8213 » - - . ’
il = - - - L A0TT = 8TAT = - L - »

s L4 .
12 = - . - R24N » 2 - - - » .
12 » . - . - .42 h - - - . »
12 - . - . - 1 LA 66\ » * - - g
i2 e . . . \\1 ‘X\ - . . ’
3 - - . L829 LAR21\» . . . ’
:3 : . - : F \ - - - '
13 » - . . - A - 1 - - - . .
19 - 2 - k L] A ST B . - :
14 = . * - . . . - . - N
i4 2 3 - . ] - . - - . .
4. - . . - . . - - - .
4= - - > . - = . ». - .

Figure C-5.

C-6

Core Flow Map; Run 1-3



NEDO-24712-A

LIFE:» -'AI nm
INUN v

(Gem]

SO VOUR S VDLV

POO® S0 00 DO NNNS

LINE2* MAn
LINESs MINiNUM uwt
LINE4* STD. DEVIATION
V- PMTAL BUNDLE S » FLOW OUTSDE OF MSTRUNENT RANGE
s - L} . 7 " N
- - %" w® * = - - - .
: P20GMM S 20 GHN S QPN 5 careral s 20 6TH o 20amm o\ W .
- - L] - . - - »
Ll e Lot o 2 L
. 4% 13,4683 & 15.4373 » 14.2149 8 13,1710 = 18.3866 = . »
- >PDGPM *  14-3%11 = e 5983 % 14.8564 % 14.3179 = 20 0249 ;& \- »
- ® 15.0122 % 14.2602 % 13,7264 * (2.85063 =  |7.7029 10 .
B . L3034 » 6919 = 8328 = 4768 = L6211 = ; = .
. 9.5796 = 18.3973 » 8.5610 5 16.8378 %  17.2627 ® 5.13686 = . »
- 19.1164 & 19.6142 = B.7T711 %  17.4938 = 17.8344 = 5.4309 = . »
- 8.8943 = 17.88% = B.1574 = 16,0438 = 16,9986 = 4.9040 = . .
. L3708 = 4409 » L1461 L3838 = L2167 = L1230 = . »
- - - 13.6791 = 17.1676 » 16.4982 = . -
b N\&' >20 GPM ® 14,2020 = 17,9386 = 17.3:63 o\@\- . »
» ®  19.2645 % 16.336) = 15,6397 = . . »
= k n - .a!:s » L4153 » L5821 ﬁ - B .
. \7 99 = 14.5759 =  10.9478 8  B.8677 ®  12.3168 * g % F * .
- & ® 16,8428 = 10.30%4 = B.9660 & 12,8149 B .
. Ag1A*®  13.5184 = 9.5202 » 8.2160 = 1].,9035 = . »
- 7 7878 * L2766 * L1678 = .3036 ® \ . .
- * . 6.6545 » 9.8716 » 9.9260 = 6.9623 = . . .
. - . 7.2023 % 10.5566 % 4.1716 = ©.6004 = . . .
» - . 6.0942 = 9.4700 = 9.6269 = 68674 = . . *
- - . 2704 = aeie = L1888 = 1840 = - = .
. - . L
» - . 8.8546 = 13,0072 = 6.3814 = 8.8752 = * . .
. * . 9.1025 = 13,6843 = 6.6398 5.8931 = B - ’
- - . B.4426 = 12.4893 = 6.8175 = B.2405 = * B ’
N . - L1067 = 4127 » 1726 ® L1869 = - . »
. . » : %\- 19.2256 = 18.4171 ® \ - . . ’
- . =\ 14 ®  20.5480 = 19.8338 = \ - . .
* - s \14 1 18.1%83 » 9.82%50 » \B.\ody = . . .
- - \\ ZXU 6586 » .2832 =\ . . . B .
. . . 289 % 18.1186 =  9.3318 3 :k\; M M '
. . INBSY = 4. 4822 ¢ 11.997) o = . . ’
- - = A *  12.3598 * §.6472 o0 B . v
- . h ’ L6564 » .B637 \ 29 - . :
- B . *  B.6068 @  7.i05 ® . . B ’
. . . * 19.9297 = 8.6736 = . . . .
. - . - 7.5923 = §.5457 = - . B ’
- - . - ARRA = B LU - - - .
- - . . !m - 2.8378 » E - - .
- = . - 689 ® 8.1066 » s - . .
B . . - 2.8118 » 1.5284 = . - - .
- - - - 5190 » 5088 = . . - L]
- - . \XK \% v K v -
- - Ea - 1\82 . . > L A v .
L L - - %A= rd . - - - L
. - . \ N8 . . . . . *
- - - S \ ANT » - - - .
. - 64 ) . - - . *
. . . Rooo\= v . . - . .
- - - .o . L - . . .
- . - - . . . . -
E R - - . - . - .
- . - . - - - v .
- A L ] L . L - L .

Figure C=-6,

Core Flow Map; Run 1-3A



» FLOW DUTSIDE OF MSTRUMENT RANGE

[Gem]

DEVIATION

LINEl* WZAN VALOE
LINE2: MAXINUN VALUE

LINEd= RINIRUN VALUE

LivEes 97O,

WO\ -~PMTIAL BUNDLES

NEDO-24712-A

(LA AR B R LR B E R E R ...."“.' I EE R BN R R R B R R R B AR R LR (I E AR B R R R B AR LR R

3

N

LA RN ] LA B B J LR B LR LR R LA A B LR R R LA R R LB R LR R L

NS

- LR R R e -e - - -s LR R R LE RN ] LB R R LE BB J LR RN LE R B LE R R} LR R R LR B
s2isss-isgnsighesitand
Rt HEE sy
wsz $esa ead o tnde s
LB R R "R LR R R .‘K ..x ILE RN ..I..!-\\l \-. LR R B LE R B S Aen LE R R .l'lm
sasYizsosigsasteseptisossisnsitres e
sasigsibifeaniaizeisaayiing: w“mwﬁ 5155
- unn uuu FPON 200D SUEN SEEE SNNO l.l.\.\L \
.“.‘. LE R B LE R R LA R R J LA R BRI LA R R J LR R B “\. m\.\. - "EEN LR R R ‘.. -N“ I B R R
3s233g9osiesosisessionanignanissestiagssinnns sralpntsifens
REE HEEH T R U R e
- w uuu Che ADOE AREE SONN SHNN KNES Seem sBew eon \.\
.'.).. LE R R LB R R LR R R EBREN “anes LR R N aRan ‘R R R LR R R LA R R LR RJ x....
sesigegrirsesigne o  aloseaingasl-gnelises 2:13 .
R skt i Rdsp i
W s-8 1ese lvme teve leee TEM 260 SBEN soe® Shre ~ v\\\\\A
LE R R J LE R R LR R LB R R LE R R J LR RN LE R B ] W“‘. 1.. IR R R} LE R B J ..\ .K LR R R
egsizessizgsisaroi-goniogsstissne ey
SRR L R R

LR

orw OMQ.. P v.m... PBE Smm— LLL.\-V.\
".... -n - \“ LA R R ] LE R B -5 ‘.L LR BJ LR R R SEas LA R B J .‘..v
tEigiHE

cow ssew

L ,

720 GPM
s
1

g (

e HENN GOON PEIY DOOE $EEEC AhMh COUE SEPP SOBE === HANNN BONN eeee

- - - e .

-

Core Flow Map; Run 3-1

Figure C-7,



9 1

20.0637 »

7

» FLOW OUTSIDE OF MSTRUMENT RANGE

[Ger]

LINE4* STD. DEVIATION

LINE2+ MAXINUN VALUE
WO\ ~PWTIAL BUNDLES

LINES» NINIMUN VALUE

LINEI* NEAN VALUE

NEDO-24712-A

o

.
3
7.

e

LA AR J anEs LR B LR R R J LA R B ]

- - .-wl. -
R e e
.“)H-‘. TSI SRR R R R R R R B '.‘.\\l k

LA R R RN '\.‘ LA R R ]

9511 =
1.8196 =
8791 »
L9383 =
a
o

1

1
)
a

e

L]

14

7

9

e

32

2

S1

2804

117

b

L1

e

9

©3

2

83

63338

L0547

.8013

1425
§.5674 »
5.0941 =

5.199

8943

2.9274
$.3197 =

>20aPh
.67
.41
o1
a3
L3
52
o
584
o4
2.6841
| 1858

G e g
e s el oo ol o e W 7
v (B R

S R

22

(

LR BB LR J "EEN ‘!.l-‘l-l BEARARREN LR B J LA R B LA BB J ”'.-. LB R R LR R R SEEs
s NN OOON CeEE? BEOD V999 FhAN CTTD eees PBEE mmmm HANN OONO CTEEE

L LB L CE R - -.an WRERS RN .- -m e D R D

Core Flow Map; Run 3-2
c-9

Figure C-8,




NEDO-24712-A

LINEI* MEAR VALUE

LINE2* MAXINUM VALUE [Gm]
LINE3s MINIMUN VALUE
LINE4* STD. DEVIATION

W\~ PARTIAL BUNDLE $ » FLOW OUTSIDE OF NSTRUNENT RANGE
1 2 3 . s L] . L] 9
1 * 7584 » 13.1108 = 16.8468 » 18.0638 = 6.060) = L
1= 190.1468 = 13.6003 » 17.4133 = 18.8173 = 9.3798 = .
1. 0442 = 12.7125 = 16,0403 = 17.4178 = .4418 = .
5 8 2038 = 2599 = L3630 = LI L2460 = .
L L L ~r - . CEL L LRl S i
2 14.1877 = 14,1222 » 179199 = 17.9639 = I2.7T646 » .
2 15.0296 » 15.0683 = 17.8729 = 16.6384 » 14.2655 = .
2 12.6929 = L9228 = 16.4822 = 17.3725 = 11.8063 = .
2 6002 = . - . - L3498 » L6405 = - .
3= 8. - B.2217T = 6.5713 = 4.9006 = . -
3= . - B.4247 » 6.7991 » 8.3112 = . .
2 3. . 5.0074 » 6.3762 = 4.5651 » - -
Y . L 8657 = 1627 » L1826 . -
4 - 2. L 8. 8721 = . -
4" L 2. . 5.2006 » - »
L . 2. - 4.8622 » . .
44 - . - 8723 = L *
L - - 7.0378 = 2 - 4.2004 » - - .
S5 » * T.1667 = 3 - 4.3677T » - ~ 4
S e . . .8522 = 2 . 4.1188 » * b
Se= . 8 L1082 » - 8681 * . * .
. - "
6= - - - 4.9308 = 3.833¢6 = L4038 = 1995 = - . »
6. - . . 5.0787 » 3.9664 = 3.4%0) = 89.9252 » 4 . L4
6 . - . 4.7466 = 8.6728 = 2620 = 8729 » - - .
6 . - - 8965 » L0832 = 563 = 0642 = - * .
. L4 L L
T - L - 4. 6847 » 2.7720 = .T243 » 8.9118 » - = -
T . . - 4.9064 » 2.8603 = 3.8319 = 4.0047 = v . .
T . - - 4.4322 » 2.6472 = 3.5927 = 3.7876 » . . .
T - - - Jd172 = 8524 = 8563 = 0610 » . - .
a8 - - 3.1360 = v - . .
a8 - . 3.2654 = . . » .
8= - - 3.0849 = - - .
8 = . %63 = ;&‘ . . -
. e
L - . 2.6619 = . . .
. - - 2.8202 » . - -
L - 0 - 2.949) » . . .
L . . oy L0649 = - - .
saservenie . o el
10 = . - - . 3.2979 » . N N .
TR * . - = 8.9801 » . - . .
TE - . - * 8.1206 = - . - -
16 » . . . L " = - - - .
R L L L Lt
T . - . . S.4192 = . - . .
T - . . . B.474T = . . . .
e . . = * 5.1128 = . . . o
1o . . - . L1496 = . . . b
12 . . s . . . . e b
12 . B . = . * * * o
12 . . . . . - : : :
12 = . - . .
- & -
i3 . - - . . - - . .
13 . - . . - - . .
i3 e - - - . . - .
13- - - - :\ . . . -
4= . * - . . . . -
4 . . . . - . . -
14 . - " . - v . o
e . B - - . * * .
'l"ll‘l'll.""""""'

Figure C-9, Core Flow Map; Run CS=2A

c-10



NEDO-24712-A

LINEl= NEAN VALUE GPM
LINE2+= MAXIMNUM vu.u[ ]
LINE3= NIN,NUN VALUE
LINE4* FTD. DEVIATION

WO\ -PATIAL BUNDLE S » FLOW OUTSIDE OF MSTRUNENT RANGE
T e ]

1 2 s - L] L] ie
1= 9.9937 » 12.0926 = 16.2264 » 16,6939 = . - -
iw 9.5628 = 12.3313 = 17.6709 = I7.1063 » B.4546 = .
1= 8.6620 = 11.8548 » 15.8524 = 16.2697 » 7.8368 » -
1= L2095 = 1432 = AT = L2949 » 2017 = .
EEE TR R R AT it P e R L R L L R Lt er o et L L
2 12 “653 = . 18.3676 » 16.6095 = 11.86%8 = .
2= 13,1803 = . 19.2221 » 17.8818 = 12.7966 » .
Fa 12,1946 » il 17.6658 » 16.1648 » 18.9702 » L
2 lis » . L3939 » LA 4763 = .
Foren L »
3 6 5126 » 6.1420 = 2.8984 = 8.17TI18 = 6.2836 = = .
3= 6 T8l4 = 6.2807 = 8.8573 » 5.9646 » 6.4747 » - -
2= 6. B22 » 8.9729 » 2.8097 = 4.96% = 6.1318 = - .
3 1041 ® 8673 = 0611 = 8966 = 1034 » . .
4 5.6938 = 2.2844 ¢ 4.9721 = - -
4 6. 9197 = 2.406% = 4.5113 » - .
L 5.7120 » 2.162. = 4.257T4 = . b
4 8754 = 489 = 0591 = - *
- “re e
s = 6.1649 » 2.7636 = 3.8997 = . .
5= 6.2473 = 2.8828 = 4.8,83 = . B
S» 6.013) = 2.6132 = 8.7818 = . .
= 8724 » 8637 = 0886 » - -
L4 conre o
¢ = . 8.9633 » 3.8972 » 2.9682 = - . .
‘= 4.675% » 8.2818 = 9.0277 » . - o
6= 8.7942 » 2.9662 = 2.8702 = * . .
L 8695 = 8637 = L8482 = . . -
7= 2.7669 » 3.0799 = 3.1164 = - . -
Te 2.8790 = 3.1877 = 8.2319 = . - Bl
T 2.6648 = 2.9949 » 3.0060 = s . -
L 9506 = 8618 = 0676 = * - -
L4 P I I T TR R T AL
LI 2.7192 = . . -
L 2.8042 » . - -
g 2.6327 * . . &
ne= 8353 » . . .
L Ll seee
9= 2.99%7 = - . -
b 2.6264 = . . .
9= 2.2272 » = - - B
L LIL .8 . - .
waworr SRR RC RN RRS
it e 2.7709 = 2.9482 = - . - -
0= 2.8928 » $.1393 = . - . .
il 26512 » 2.8240 » . N . .
.. T = L8398 » . - - .
L4
= . . ©.B8T6 = B.0620 » . . " .
"= - . 4.7307 = 9.2058 = - - - *
11 = . . 4.300: » 2.6066 = - . . .
0w e . . L1066 = L1018 = . . * .
12 - . - . .
| A - - . . . -
12 » L] . - - - .
1z ® - * . .
B A L4 -
13 = . . - . . .
13 = - » . . . .
13 » - . " - - . .
1M e . . - - -
- \‘ L4
14 » . . - v . b . -
14 . - - . - . - .
14 ® - . * . . . - .
14 = . - - - . . - .
o LA dd ERRRRRPERRRRRn

Figure C-10,

Core Flow Map; Run CS-2B

C-11



NEDO-24712-A

LINEl* NZAR VALUE
MAZINUN VALUE
NININUN VALUE

[aem]

LINE4* STD. DEVIATION
WA\ ~PATIAL BUNDLES = FLOW OUTSDE OF WSTRUNENT RANVGE
1 s - L] ] 7 8 v it
I = 9.2791 = 11.1008 = 15.1588 = 17.2036 » . -
L 9.7365 = 11.527, = 15.6081 = 18.3075 » - -
* B.6272 %  10.6726 % 14.6511 = 15.4100 = - .
I = L0002 = .2%08 = LAB00 = 4703 » . -
PEEa T P R L e b P I T  EEE  E E E E E EEE E E E R L R .. LEd R e
2 13.9490 = 13.9464 = -® 16.1821 » -
2 14.2763 = 13.7759 = ,eomo 17.2679 = .
S 12.5045 = 12.4227 » - 15.1919 = .
2. 5210 = 340 = . L5993 = -
. . LEs
3= b . 5.9759 » 9.9297 » 4 7458 = - -
3 i - 8.6326 » 8.4810 = 4.9926 = - .
i= . = 8.2522 = 3.1865 = 4.4033 » - -
as= - - 0983 = 8753 = JA169 = L4 =
y oy Ll e
4. . 6.1202 » 1.7708 = 4.1148 = . .
4 . . 6.37T11 » 1.8607 » 4. 1902 ¢ . .
4 " - B.%481 » 1.7196 = 3.97358 » - *
4= M - L1048 = 8536 » 8568 » . -
sren r . e
o= - - . -V 6.3%i4 » 1.7964 = 8.9811 = - .
L . - 0 - 6.6387 = 1.8897 = 3.4772 = . b
3. . . 4. 023% = 6.2120 = 1.7014 = 8.3%4¢6 = - -
S . \ . 3 189 = 8438 » B640 = 8748 = | I - -
. L »
6= * - . 4.5041 = 2.7T183 » 2.8500 = 27992 2 N - .
L= = L - 4.6278 » 2.8112 = 2.9998 = 2.99046 » . - .
6= . . - 4.9745 = 2.5700 = 2.7208 » 2.7198 ¢ . - -
L - - . 0718 = 0678 = 863 = v - . L4 -
L FEREPERERERR RO .
T= . . B 1.9423 = 2.839% = 2.8737 » . - -
Te - - . 2.05190 » 2.9062 = 29771 = - . -
T . - - 1.8500 = 2.7298 = 2.699% = . . L
T L - L L8606 = esie = 0731 = - - -
s . LA woges .
8 . - 1.8912 = 2.0829 = L . . . .
8= . - 1. . 2.5704 = ) - . - =
o= - = 1.7453 = 2.07¢ » 7 - . .
as . . 0396 1189 o\ \. . * . .
L4 SRS RR RSNy sonw
9= . . 1.8287 = l.l?“txt \ - - -
9. - - 1.8919 = 1.6892 = \{ - - - -
e . . 1.7242 » 1.4946 -\ N > - . .
L B - 8344 = 8471 7 - L -
BERBa s e \‘ &
10 = . . 2.9902 » 2.52%8 = . . . .
1= . . 2.5073 « 2.7041 » - . . .
V- - - 2.229 » 2.89543 » - . . -
. - - 0734 » L1004 = - . - .
PRI T PR T R PR LR L L Ll bl P T T L o o T T TR L R bl b
e . - . . 4.088; » 2.8852 . . . -
e . - - - 4.3364 = 2.57T47 » - . . .
e . - - . 8.68190 = 2.448) = - . - .
1= - - . - L1284 » .9588 = - . - .
—qr
12 = - - - . " - ’ -‘9 - . - .
12 . - - . . D) 2 - - » .
12 - N - LR U 8. . . -’ -
12= . - . \ W » ’ . . - .
Ld L
13 = - - . 7. s. . . . s .
13 » . A - - . * INTA - . . .
12 = . . - . -87g2 3 . - . .
L - - . ﬁ - - - . .
14 » L - - - . . - E . .
14 = - . . - . - . - - -
14 = - - - . - . . . . .
14 . . - L . - - . - .
—re e - - Ll L4
- 1 -
Figure C-11, Core Flow Map; Run CS-2C



NEDO-24712-A

LiNELe

NEAN VALUE

LINE2* MAXINUN VALUE
LINES* MINIMUN VALUE
LINE4* STD. DEVIATION

N\ -PMTIAL BUNDLES

(Gem]

» FLOW OUTSIDE OF NSTRUMENT RAVGE
7 [ L

1 3 . s &
1 s 9.438] » 18.6287 » 14.4236 » 17.1066 = 8. 2494 » 6.5901 = .
1= 9.7858 = 11.2107 = 15.1412 = 17.6528 = B8.6276 = 6.9294 -
LI 9.8397 » 10.2879 » 13.8049 = 16.6747 = 7.9074 = 6.3930 = -
I = 2212 = L2228 » 8192 = L2897 » L1934 = L1543 = = .
R R R Rl L LR R R R R R . B CL L O S Ly
2= 14.8241 » 19.4204 = »* 16.5068 = 10.89233 » 13.0102 » . - L
2 - 16.0406 = 14.1761 = >20”. . 17T.4723 » 12.1156 » 15.4997 ’ .
2. 13,2374 = 12.8332 = ®  15.5643 % 10.1497 3 12.8192 :\ 1) .
2 :\_ 8034 = 4967 = . 5947 ® .2828 . »
. ay vren
3 . - 6.1867 = $.1337 = 3.4227 » 4.7403 » 8. . b
3= . . 6.4033 = 8.3716 = 9.5832 » 5.8719 = LB . .
3 . . 85.8711 = 4.9560 = 8.2504 = 4.8892 = 8. . L4
EE B - L1131 = 8976 = .8828 » 1244 = . e
4= - . .8 . 6.0484 = 1.47T72 » 3.68%4 » 8. g b
4 - 7 6.:1440 » 1.68092 = 4.0668 = LB . L
4 - - AISA 8.9192 = 1.982) = 3.6660 » ‘. . s
4 = - . 04 0637 » .8638 = 04 = . . .
ERE L L 2 L 2t 2 b
LI . N . ;\o 6.2422 » 1.4757 = 2.9640 = 2 . .
3» - . 4 6. 4110 = 1.5706 » 3.0846 = 2. . .
5= » . .. - 6.1009 » 1.3861 = 2.8629 » 2. - .
e - \\ ‘ = L8983 » 8416 » L8609 » . - *
L L 3 el
6 » . - . 4.4796 » 2.1639 » 2.4188 » 2.5148 = K . =
L ’ - - 4.6667 = 2.5768 = 2.8765 » 2.7228 = i - .
6 - . - 4.0039 » 8198 = 2.2958 = 2.2028 = . = .
L - . - 1818 = 0967 & L8783 » AT = - - .
o, o
T» . * . 3.6312 = 1.7422 = 2.6307 = 2.6%60 » - - »
7= - = . 9.7578 » 1.864) » 2.7262 » 2.7622 » - . e
T= - - - 3.4550 = 1.6416 » 2.4633 = 2.8523 = . . .
T - - - 0B854 = 8377 » 0798 = 49T = 0 - .
LR - . 1.3998 = . - .
L . - 1.4606 » - - .
6 - - 1.2282 = - - »
as . - 8737 » . - *
L4 LD R R R R L L L AL
L - - - 1.9034 = . - .
L . * . 1.442) = . b .
L - . 1.1896 = v’ . .
9 - - :\ - 9698 » - - .
o o .
0= . . . . 1.8760 = 1.8736 = - - - .
(B . . . . 2.0478 » 1.9319 » & . . .
wes . - - . 1.7883 = 1.7835 = - . - .
0= - . . . 0826 = 8377 » . . . .
1= - = . - 8.843) = 1.9739 = . . - .
T . . . - . 2. . L] . . .
e - . - . . 1. . . . - .
e - . - - ; . . - - *
12 s - - . . - - .
12 - . - - - - .
12 - = . - . - - .
12 . - - . - - .
P
13 = - . - - - - .
19 = - . . . - - .
13 = - . - . - . .
LE . - . . . - .
11 = - - - . . - -
s » - - - - - - .
14 = * - - - . - .
s » . - - L - L -
. ’

Figure C-12,

C-13

Core Flow Map; Run CS-2D



W\ -PMTIAL BUNDLES

NEDO-24712-A

LINEl* MEAR VALDE
LINE2* MAXINUM VALUR [Gm]
LINE3s MiNINUM VALUE
LINE4* STD. DEVIATION

» FLOW OUTSIDE OF NSTRUNENT RANGE

] L] L ] 1

1= 13.4968 = 17.80921 » .
1= 14.0433 = 18.3281 = -
1= 12.9063 = 15.6799 = -
1 = 3163 = 7239 = .

LR L L R e ] AR LR L L R P AL S L L e e )
2 - 16. 6110 = .
2 eowl 17.06811 = .
4= - 15.5763 = .
2 . .85925 = -
3. . - 6.6741 = 4.3701 » 3.5469 » 4.8348 » . .
3= » - 6.4463 = 4.7013 = 3.7893 = 5.1892 = - .
3= - - 5.8378 » 4.0129 » 3.3208 » 4.5533 = . .
4= . K 1626 = 1656 » 12T » 1643 » - -
4 . - 4 - 5.8801 = 1.0762 = 3.54357 = . .
L - LR 6.1113 = 1.2155 = 8 74 - .
4 . B 258 = 5.6494 = L9581 » 3.urB4 » . .
4 - * 3 0936 = L8637 = L1872 » . =
L - - . ‘\- 6.1536 = 1.8474 = L6430 = . -
L . a A 6.4928 = 1.1498 » 2.7407 » - .
L . - 4. - 5.7620 = L9985 = B8AT = 8558 - -
LI * - . - 1923 = 0421 = 8674 = . 1232 . .
“n . A - 4781 = 1.7761 = 1.8282 = L1879 Ll .
6 - . - 4.6699 » 1.8716 = 2.0085 = .2343 . .
6 b = = 2738 » 1.6366 = 1.7196 » L9968 - .
LI L . . 1178 » 746 = 0689 » L8692 . .
Ll . LA L4

T - - . 1239 = 1.5642 = 1. L4211 * * -
7T - - - 9.2927 » 1.6883 = 2. 5358 . . .
T - - - 9119 = 1.4295 = | 2979 - - -
T . . - 8861 » 8574 » * 0682 . . .
axs - . - . .
As . . . . -
LI . - - . -
8 » - . . - .
L . - . - -
L . = - = -
9 - - . . -
L . . . - *
10 = - 'O . -" . .
0= . “ - - .
10 = . - - - .
i . . - Ll - -
"= - . . . . .
1 e - B - . * B
It » . - . - . .
o= - - - . *. -
12 = . B - . . .
12 = . » . . - -
12 = . - - - -
12 e - . . . = .
13 = - . » - . .
13 . - - - . . .
15 . - . . . - -
13 = - . - . . .
is» . - " ’; o - .
4 = . . . . . .
14 = - - . s . .
14 = - . . . . .

Figure C-13,

Core Flow Map; Run CS-2E



NEDO-24712-A

LINEl* NEAN VALUE GPM
LINE2* MAXINUM nun[ ]
LINES* NIRINUN VALUE
LINE4* STD. DEVIATION

» FLDW OUTSILE OF NSTRUNENT RANGE

L] L a L4 e

1= 191814 » 9.9991
1= - 19.9697 = S 8074
1= - 18.5¢50 = 9.1389
1. .Ju8) =
EEE L L R L L g L
2= - 16.253%8 » 12.7328
2 17.1234 » 14.6500
2. - 15.4837 = 1
2 \ 3933 4152 =
9= - = 6.6238 = 6.3281 » 3.2146 = 5.2342 = = .
as - . 6.7638 = 6.4604 » 3.38598 » 5.3344 » . .
an» . = 6.4560 = 6.193; = S.1014 » 5.126€ » L .
3 . - 8678 = 8623 = 5% = 8581 = . .
. sesnrnnnns whon
4= - . 2.5686 » 5.9959 = . .
4an - - 2.6474 » 8.7779 » . .
4 . - 2.5016 » S.4783 = ’ .
4 . . 8418 = 8832 = . .
-r - PP R R R e L DL L
5= . - 3.2947 » 5.8336 = . .
L - " 9.3406 = 8.1898 = . s
Ss= - = 3.88:6 = 4.6886 » . .
8= - . L8641 = 78e = k . .
rer LR ~ LA
L - . . . 4.1939 = 3.9381 = 4.80725 = . . .
6= - - . - 4.4596 = 4.8789 » 4.2067 » . . .
LI . - . . 3.9906 = 8.7655 » 3.9567 = - - -
6 - B . - 1068 = B6TS = L8383 = . " *
LA . L LA
7T . - . - 8.3747 = 3.88635 » B.1246 = . . .
T - K - - 3.8801 = 4.8408 » 5.2544 = . . .
7= - - - - 9.1820 » 3.7655 = 4.99e0 » = . *
- - . - = 0781 = 9628 = . . .
* aee
8= = - “ 3. - ' - =
a8 . - . - 3. . = .
0= - = - - 8. . - .
L - - .\ - . . . -
9 - . . * 9 - B .
L - - o 2. - - .
L - . . 0 2 . - .
L . . s . . - . .
. N LA LR R 2L LR LR R L L R R Ll .
10 » et = - - . 3.9968¢ » . » . B
%= - - - . - 4.188 = . . - - .
0= - . - - . $.7283 » . ) . E
10 = . - . . . 194 » . L) ‘l‘ f
1. - - . . B.0293 » §.0440 » . . . L]
1= - = - - 8.3794 = 5.2998 » . . - .
1 » = + - . 7.71518 » 4.8103 » » . L .
e . - . B 1818 » 1153 = - . L .
-~y saner »
12 . - B - . . -
12 = B . - . * ' ™ .
12 = - - . - - K .
iz . = - . . s’ .
13 = . . - . - . .
13 = . - - " * . .
13 = . - - . . . .
13 * - K - . . *
LA RE L L 2 R R R e R L R R P R R R R L L
is = L - . . . . » .
4 = . . . . . . N .
it . - - . - . . .
14 - . - . . . . -

R R L e e e

Figure C-14, Core Flow Map; Run CS-2F
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Figure C-18, Core Flow Map; Run CS-22P
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Figure C-19, Core Flow Map; Run CS5-22C
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Figure C-20, Core Flow Map; Run CS-27
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Figure C-21.

Core Flow Map;

c=22

Run CS-28
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Figure C-22, Core Flow Map; Run CS-29
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Figure C-23.

Core Flow Map; Run CS-30
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Figure C-24, Core Flow Map; Run CS-31
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Figure C-25. Core Flow Map; Run CS-33
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Core Flow Map; Run CS-34B
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Figure C-28, Core Flow Map; Run CS-34C
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Figure C-29, Core Flow Map; Run CS-35
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Figure C-30, Core Flow Map; Run CS-36
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Core Flow Map; Run CS=37
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Figure C-=32, Core Flow Map; Run CS-38
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Figure C-35, Core Flow Map; Run CS=41
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Figure C-36, Core Flow Map; Run CS-44
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GEMEP L __ ELECTRIC NUCLEAR ENERGY

PROJECTS DIVISION

| —] _o%-
GENERAL ELECTRIC COMPANY, 175 CURTNER AVE., SAN JOSE, CALIFORNIA 95125 4 J L ;23 70‘
MC 682, (408) 925-3217

April 17, 1979

U. S. Nuclear Regulatory Commission
Office of Nuclear Reactor Regulation
wWashington, D. C. 20555

Attention: D. G. Eisenhut
Assistant Director For Operational Technology
Division of Operating Reactors

R. L. Tedesco
Assistant Director for Reactor Safeguards
Civision of Systems Safety

Gentlemen:

SUBJECT: REQUEST FOR ADDITIONAL INFORMATION ON GENERAL ELECTRIC
CORE SPRAY DISTRIBUTION PROGRAM

Reference: Meeting Summary Progress Report on Confirmation of Core

Spray Distribution in a Steam Environment, 11/28/78 -
R. Woods (NRC), distributed 12/6/78

As noted in the reference, GE agreed to provide the acceptance criteria
for test results from the Lynn core spray test facility before significant
testing is begun. Accordingly, the Pretest Prediction For SSTF (Sector
Steam Test Facility) Core Spray Tests is attached for your information.

It is planred to commence combined steam and spray testing in the facility
on April 19, 1979.

If you require any additional information, please contact the undersigned.

Very truly yours,

/

-
g & N4 ’ bee: (A1l w/o att.)

A. J. Levine, Manager G. E. Dix
Project Licensing Unit I L. E. Schnebly
Safety and Licensing Operation E. P. Stroupe

R. N. Woldstad
AJL:gmm/416 R. E. Engel

- B Grid1ey
Attachment S. A. Sandoz

J. E. Wood
cc: R. wWoods (NRC) D. L. Fischer

L. 5. Gifford (GE-Bethesda) (w/o att.)
AJL:gmm/416

D=2 File 2.1.1



NEDO-24712-A

GENERAL & ELECTRIC
Nuclear Technology Department

San Jose, California cc:

April 13, 1979

To: A. J. Levine, Mananger

Projects Licensing I

Subject: SSTF PRE-TEST PREDICTION

Attached is the SSTF Pre-test Prediction. This document
is the answer to NRC Question la) as described in EWA SAL-02-35,
Rev. A.

S. A. Sandoz, Techgsgal Leader

Thermal Development
M/C 583, Ext. 55356

/ke

Attachment
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Duncan

. Eckert
. Eljas

Fischer

. Jacobson

Schnebly
Schumacher
Shields
Solanas
Sutherland
Wood



April 1979
NEDO-24712-A

PRE-TEST PREDICTION
FOR

SSTF CORE SPRAY TESTS

S. K. Rhow
S. A. Sandoz
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PRE-TEST PREDICTION FOCR

SSTF CORE SPRAY TESTS

APPROVALS :

/
S PSION|

. E. Wood, Manager
lear Core Technology

ﬂz &7% 7 /13179

D. L. Fischer, Manager
Nuclear Engineering

s Pfacm #iv)ng

. Jacobson, Manager
Reactor Design
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I - SUMMARY

Performance of multiple nozzle core spray systems in a steam enviramment is
predicted by superposition of single nozzle spray distributins that are measured
in a stear environment, and corrected for multiple nozzle interaction effects that
are measured in an air enviromment. This report presents the spray distribution

predicted for the core spray systems in the SSTF at Lynn, Massachusetts.

A key assunption in the analysis method is that the condensation effects
in a steam envirament and the hydrodynamic effects of multiple nozzle inter-
actions can be handled independently. This separability assumption is to be
confirmed by the measured flow density distribution in SSTF being similar to
the predicted distribution, and, particularly, by the measured flow density in
the "far region" confirmming the predicted value within the expected uncertainty.
Uncertainty limits are determined by summing the uncertainty in the prediction
and the test measurements. The uncertainty (i.e., variance) is the sum of the
variances of the camponent parts in the analysis method (i.e., single nozzle
distribution in a steam envirament, single simulataor nozzle distribution in an
air envirament, and multiple nozzle distribution in an air envirament). The
pre-test prediction, its uncertainty limits, and the rethod of evaluating the
separability assumption are presented herein.
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II-BACKGROUND

General Electric has developed a method to account for steam envirorment
effects in the design of core spray systems for Boiling Water Reactors. Measure-
ments of single nozzle spray distribution in steam, and measurements of single
and multiple nozzle sprays in air, account for both thermodynamic and hydrodynamic
effects. Although multiple nozzle tests in steam are not needed in using the
method for design applications, General Electric undertook such a multiple
nozzle test to provide a final confimmation of the assumption that thermodynamic
and hydrodynamic phenamena are separable.

In 1977 G.E. began construction of a Steam Sector Test Facility (SSTF) at
a G.E. site in Iynn, Massachusetts. In discussions held with the NRC, January 19,
1978, it was agreed that this test would provide sufficient confirmation of the
core spray design methodology. Subsequently, NRC requested that the test results
be predicted in advance of the first steam sector tests. This report provides
those predictions. Also included are the associated uncertainties in the region
far fram the nozzles where the assumption of thermod mamic separability has the
greatest influence.
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III~-~SSTF CORE SPRAY SYSTEM

REFERENCE DESIGN

The care spray sparger used in the SSTF is a design canfiguration which
was specified at the time the SSTF design was frozen. Single nozzle steam
tests, simulator development, simulator sector tests in air, and the associated

analysis, were carried out with this design.

IV-SSTF CONFIGURATION AND

TEST CONDITIONS

The SSTF can be used in three operation modes of Spray Systems: High
Pressure Core Spray (HPCS) only, Low Pressure Core Spray (LPCS) anly, and both
HPCS and LPCS. The system conditions for the pre-test prediction and the

associated tests are:

System Pressure: 29,5 psia

BCCS Flow Rate: 525 gpm (each system)

BCCS Water Temperature: 145°F
To accamodate steam condensation by the spray water, steam can flow into the
upper plenum through both the core region mock-up and steam separator mockup.

The tests are conducted with the 30° sector walls in place. This configuration

provides the correct flow areas so that vapor velocities will be typical.

D-9
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Frediction of the radial flow distribution is made along the sector centerline
to allow camparisan for the greatest radial distance. However, because wall

effects became significant near the apex of the sectar, no prediction is made
in this region (c.f., Figure 1).

V-CORE SPRAY METHODOLOGY

AND SSTF PRE-TEST PREDICTION

Core spray flow rate at a particular fuel bundle location is calculated

as follows:

flow in SSTF ingle nozzle spray teraction Sacto

(predicted spray) k (sslperpositio“ of N ( Multiple nozzle
in steam flows in steam y

where

Measured spray flow Sperposition of

Multiple nozzle ) ( fo . " ) single nozzle spray
- = r SSTF in air with |- .
(mteractwn factor aimulater soaslies flows for simulators

in air

This relationship can be expressed in briefer form algebraically:

N N
F= I£f5+4G- Lg 1)
i=1 i=1

where F = Predicted flow in steam in SSTF
G = Flow measurement in air in SSTF

fis Flow measurement to this fuel bundle from single nozzle at
location i in steam test

D-10
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i Region influenced by wall effects

«4' Prediction Region

T

T
- O\ &>
%

fose™

Core Spray Spargers
FIGURE 1
TOP VIEW OF SSTF CORE MOCKUP SHOWING REGION OF PRE-TEST PREDICTION
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g; = Flow measurement to this fuel bundle fram simulator nozzle at
location i in air.
N = Total number of spray nozzles.
N
The terms G and .Z g; are obtained f:um multiple and single nozzle tests
with simulators in n;:l Row-by-row camparison of the two terms provides quanti-
fication of the hydrodynamic effects of multiple nozzles (i.e., the multiple
nozzle interaction factor, or MIE). It was found that the interaction of the
nozzles used in this design configuration is not only relatively small campared
to the bundle flows, but is alsc smaller than the standard deviation of the
flow prediction uncertainty.
N
The MIE is then canbined with _Z fi' the single nozzle tests in steam that
include the thermodynamic effects,l;é obtain F, the bundle flow predicted for
SSTF in steam. The predicted flows for the centerline bundles arc shown in
Table I and plotted in Figures 2, 3 and 4. Predicted flows for the bundles at
27, 33, and 39 inches are only shown for the LPCS because single nozzle data is
not presently available for the 1" street elbow nozzle on the HPCS due to HSF

limitations.

VI-COMPARISON WITH SSTF DATA

The data fram SSTF tests will be campared with the predicted flow by sumning
the measured flow into the bundles on either side of the sector centerline,
dividing by two, and camparing with the values listed in Table I for the

corresponding radial position.
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TABLE I

SSTF PRETEST PREDICTIOCN

Distance HPCS LPCS HPCS & LPCS
From Apex GPY PN/ PN/
To Bundle Bundle Bundle Bundle
Centerline
27 in. 7.1
33 7.6
39 7.3
45 4.0 5.5 10.0
51 4.0 4.2 7.6
57 4.8 4.9 10.2
63 6.1 6.0 14.1
69 S.7 6.5 12.4
75 14.7 10.1 21.3
8l 14.7 16.3 26.4
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FIGQURE 2 - Predicted Bundle Flows for HPCS
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A A A Y v T 5 i A

27

33 32 45 51 57 63 69 75

Distance fram apex, inches

FIGURE 3 - Predicted Bundle Flows for LPCS
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20F

Flow A
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27 33 39 45 51 57 62 69 75 81

Distance from apex, inches

FIGURE 4 - Predicted Bundle Flows for Operation of Both HPCS and LPCS
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VII -SEPARABILITY OF THERMODYNAMIC

AND HYDRODYNAMIC FTFECTS

/.1 assumption made in developing the core spray design methodology is that
the trermodynamic effects can be separated from the hydrodynamic effects because
the thermodynamic effects (i.e., steam condensation) occur very close to the
spray nozzles. This assumption allows the multiple nozzle hydrodynamic effects
to be determined empirically in air tests, and the thermodynamic effects to be

determined empirically in single nozzle steam tests.

Thermodynamic effects can influence the spray distribution in two ways:
By changing the initial spray shape at the nozzle outlet, or by creating a strong
vapor flow which displaces the spray after it leaves the nozzle. In either
instance, the distribution will be most strongly affected far from the nozzle.
Therefore, although it is appropriate that the pre-test predictions are consis-
tent with the measurements for all bundles, the bundles at the limits of nozzle
droplet trajectories are most sensitive for evaluation of the separability
assumption. The approximate contributions of the three types of nozzles for
the LPCS are illustrated as a function of radius in Figure 5. Fram Figure 5,
the limiting droplet trajectories for the 3/4-inch open elbow nozzles fall in
the radius range of 69 to 81 inches. The SPRACO 2935 nozzles' limiting droplet
trajectories fall in the range of 33 to 75 inches. Similarly, the effective
limiting range for the l=inch street elbow nozzles is 27 to 51 inches (the actual
limiting droplet trajectories for these nozzles are at and beyond the apex;

however, the effective limits in the SSTF are sufficient to evaluate the separa-

bility assumption).
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3/4" Open Elbow

1" Street Elbow

SPRAQD 2935

\

27 33 39 45 51 57 63 €9 75 81

Distance fram apex, inches

FIGURE 5

Flow contribution vs. distance for different
nozzle types used on the LPCS
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The droplet trajectories of the 3/4-inch open elbow nozzles are very short
and thus not sensitive to interaction effects. Therefore, the bundles near the
core spray header are of little value for assessing the separability assumption.
However, the limiting ranges for both the SPRACD 2935 nozzles and the l-inch
street elbow nozzles are important for evaluating the separability. Therefore,
the separability assumption will be evaluated by direct camparison of the pre-test
predictions of Table II over the cambined range of 27 to 51 inches. The appli-
cability of the separability assumption will be judged by camparing deviations
between measurements and predictions with the uncertainty analysis for the same

range, as listed in Table A-III of the attached appendix.
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Var{x!}
Cor{X, Y}

o{X}
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NOMENCLATURE

Description

Systematic measurement error in the cuantity x.

Flow distribution function parameters.

Randam measurement error in the quantity x.

Flow density at a particular location in SSTF for the 30° sector steam
test.

Flow density at a particular location fram nozzle i, measured in a
single nozzle steam test.

Flow density at a particular location in SSTF, measured during a 30°
sector test using simulator nozzles in air.

Flow density at a particular location fram simulator nozzle i,
measured in a single nozzle air test.

Flow density measured at a particular location in SSTF for the 30°
sector steam test.

Index indicating specific nozzle location in SSTF.
Total number of nozzles.
True value of the guantity x.

Variance of quantity X, =c2{X}.

Covariance {X,Y!}
o{X}o{Y}

Correlation of quantities X and Y; =

Standard deviation of quantity X.
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APPENDIX

UNCERTAINTY ANALYSIS FOR PRETEST PREDICTION

As is the case in all experimental work, many variables do not remain con-
stant in the tests that are the basis for the predicted flow in this analysis.
There are hardware manufacturing and installation tclerances, system parameter
variations, and me~surement uncertainties. These variations lead to differences
between the predicted flow, F, and the flow measured in SSTF, H. Knowledge
about the magnitude of these variations can be used to calculate an estimated

uncertainty in the quantity (F-H).

The measured value of a particular flow, W, can be expressed as:

w:w‘+bw+ew (A-1)
where W' = true value of the flow
bw=systemticneasuremtbiasinw
ewsrarmnneasurmterrorinw
The difference between F and H can be expressed as:
" 1 - 1 1 ( 2)
FH= I (f'+b, +e, )+G' +b_ +e_ - I (¢'/+b +e )=-(H +h +e) A-
1‘1 1 fi fi G G i=1 1 gi gi bh eﬂ

Since fi and g; are both determined fram Horizontal Spray Facility (HSF) data,

and are approximately the same magnitude, any systematic measurement error from
the facility will tend to cancel itself (that is, bfi - by, =0 fori=1toN).
Similarly, G and H are both determined in SSTF and systematic measurement error

there will cancel itself also (bG - bH = 0).
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Because independent data sets are used, the influence of uncertainties on
the difference between F and H is determined by suming the variances of the

N N (A-3)
Var{F-H} =Var{ I fi}+Var{G} +Var{ gil+Va:{H}
i=1 i=1
N N
For the purposes of this analysis, Var{ I £} is assumed equal to Var{ I gi}.
i=1 i=1

Since the nozzles and spray distributions contributing to the two terms are
very similar, and the data are obtained in the same test facility using the
same methods, this is an appropriate ?saxrptim. Testing experience in HSF has
stwnmdifferemesinvariancehetvéenairarﬂsteantests.

Similarly, Var{G} is assumed equal to Var{H}. This assunption is based
on the same arguments. Although SSTF has not yet been operated in steam, no
differences in measurement uncertainty are expected between its operating charac-

teristics in air and in steam.

Each of the individual terms, such as Var{G}, contains contributions fram
many sources. Same of these terms result fram true variations in the flow dis-
tribution and others are caused by uncertainty in the measurement of the flow.
As Ing as the contributions came fram statistically independent sources, the variance
caused by each source can simply be added to that caused by every other source. This

is the case for all sources of Var{g} and Var{H}. However, it is not the case for
all scurces of Va.r{iglfi} and Var{izlgi}. Because each nozzle type appears

more than once, data from a single nozzle test in HSF is used more than once in

the calculation of g f. and ? g;- Therefore, wherever the spray patterns of

two or more nozzlesl; the sar:\-eﬁltype overlap, the contributions to the variance
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care fram the same single nozzle test and so are not statistically independent.
For example, for two such flows, the variance is cbtained as the sum of the

variances and the covariances of the sources:

Var{f, +£,} =Var{f,} +Var(£,} +2 Corif,, &) {Var(f,} Varig;}’’ (A=4)

Because most of the factors leading to changes in flow will produce corres-
ponding changes in all flows at the same distance from the nczzle, flows at this
distance will be highly positively correlated. Therefore, rather than performing
the lengthy covariance calculation, the covariances for SST1f have been bounded
by the reasonable assumption Cor{f,, f,} = 1,

It should be noted that there are many substantive differences between this
mcextaintyamlysisandanmbemintymlysismichmldbeperfonmd for a
reactor aprlication. Therefore uncertainty bounds shown herein cannot be applied
directly to reactor core spray systems.

VZRIANCE OF MEASURED PARIMETERS

The standard deviations of parameters measured in tests (pressure, flow rate,
etc.) have been determined fram evaluation of measurement data. The influence
of the parameter variation on spray distribution is also determined experiment-
ally through the use of vertical single nozzle test data where these parameters

were varied.

The values used for the sensitivity analysis to determine the uncertainty
in fi are shown in Table A-I. Inthe analysis, more than one parameter in Table A-J
may influence a specific characteristic of the spray distribution. For example,
variation in both nozzle geametry and nozzle flow rate influence the peak height
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TABLE A-I

Mean Value

PARAMETERS

Variable Standard Deviation
System Pressure 29.5 psia 1 psia
Sray Water Temperature 145°F 2.3°F
Header Spray Flow 525 gpm 10 gpm
Nozzle Flow Rates as specified 2 gpm
Nozzle Aiming Angles as specified 1/2 degree
Nozzle Dimensions as specified  Variable, depending on dimension

D-24
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of the spray distribution. Since the variarions occur independently, the com-
bined variance is calculated by adding the separate contributions of each
parameter:

atn, ? atn, 2
Var{cn} = (5;;) Var{X,} + (’ax_z’ Var{X;} + . . .

where X, = physical parameter being varied
Cn = flow distribution function parameter.

To calculate variance for the single nozzle distribution function fi' the
single nozzle model (SNAP) was used to determine a base case. Input coefficients
were perturbed the amounts shown in Table A-II. The difference between the
base case and the perturbed casc are used to determine the variances of the
flrw to each channel. Once the local variances for individual narameters for
each nozzle type are known, they are corbined to provide calculated variances
for fi' This cambination is performed by GENUS, the global superposition

model, in the same way it is used to calculate flow distributions.

In addition to variations in the spray distribution due to hardware
tolerance and flow parameter uncertainty, measurement uncertainty is also
taken into account. Again, measurement uncertainty is statistically independent
fram other uncertainties, so the variance due to measurement uncertainty can be
added to the variances fram other sources. The contribution of measurement

uncertainty is different in different test facilities.

Single nozzle tests are performed in HSF. Flow density is detemmined by
measuring the time required to fill a known wolume. Calibration of this measure-

ment system has shown that the standard deviation of the reading is 3%.

The SSTF bundle mockups contain weir tubes to measure flow. These weir
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TABLE A-1I1

SINGLE NOZZLE MODEL PARAMETERS

Parameter Standard Deviation
Nozzle Flow Rate 2 gpm
Distribution Function
- peak flow density 5% of value
- Cone width ' . 5% of value
- Pattern spread 0.005 inches
- Skew (includes pattern 0.01 inches

asynretry and aiming
angle variation)

D-26



NEDO-24712-A
tubes are designed so that flow through the tube can be related to the water
colum height within it. This water colum height is measured with a pressure
transducer. Calibre:ion of these devices shows that the standard deviation of

measurement uncertainty is 5% of the reading.

DEVIATION IN SIMULATION

The core spray design methodology incorporates the assumption that multiple-
nozzle interaction effects in steam are equivalent to multiple-nozzle interaction
effects (MIE) in air. The methodology would still be adequate with a "less-than-
perfect" equivelence of MIE in steam and air. Therefore it is appropriate to
allow a modest deviation in the interaction effect for an acceptable confirmation

of the methodoloov.

This is addressed in the uncertainty analysis by first calculating the multiple-
nozzle interaction effect, and then determining the mean absolute value (|FEE]),
for the predicted bundles. Then 25% of this mean squared, is added to the variance
obtained in eguation A-3. With the small interaction effect obtained, this term

represents a snall change in the total variance.

TOTAL UNCERTAINTY ANALYSIS RESULTS

The above uncertainty calculations have been performed at the predicted bundle
locations to be used for evaluating the separability assumption. The resulting
one and two 6 limits are shown in Table A-III. The primary sources of uncertainty
for these points are the uncertainty in nozzle flow rate and flow distribution

skew. Other components contributed very small additional uncertainty.
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This uncertainty calculation is an estimate of the actual uncertainty.
Knowledge of the actual uncertainty may be improved through further testing in

SSTF.
TABLE A-IITI
HPCS
&

Distance From Apex HPCS LPCS LPCS
To Bundle Centerline o 20 o 20 o 20
27 X8 2.8 b £ L ) - 15 (e = |
33 35, 3.2 I.0 2.0 ) G s
39 1.3 X6 1.% 3.0 2.1 4.2
45 0.7 1.3 18 B2 18" 33
51 0.6 1.3 L2 2.3 1.5 2.9
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Appendix E

ADDITIONAL INFORMATION REQUESTS

"CORE SPRAY DESIGN METHODOLOGY
CONFIRMATION TESTS"
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, O. C. 20585

S ) L1980

MEMORANDUM FOR: Paul S. Check, Chief, Reactor Safety 8ranch
Division of Operating Reactors

FROM: Ledyard 3, Marsh, Reactor Safety Branch
Division of Operating Reactors

THRU : Vincent W. Panciera, Section Leader, Reactor Safety
8ranch, Divisfon of Operating Reactors

SUBJECT: SUMMARY OF MEETING WITH GENERAL ELECTRIC COMPANY
REGARDING STEAM EFFECTS ON 3WR CORE SPRAY DISTRIBUTION

Representatives of the NRC staff and the General Electric Company met
on November 15, 1979, in Bethesca, Maryland, to discuss GE's plans in
the subject area and responses to several staff questions. A summary
of the meeting, an attendance 1ist, the staff's questions, GE's cate-
gorization of the staff questions, and copies cf the presentation slides

/J;-.J B k.

Ledyard 8. Marsh
Reactor Safety Branch
Division of Operating Reactors

Enclosures:
As stated

¢c: See attached 1ist
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ATTENDANCE LIST, NOVEMBER 15, 1979

CORE SPRAY DISTRIBUTION MEETING

Panciera NRC/DOR
8. Marsh NRC/DOR
Hodges NRC/DSS
Frahm NRC/DSS
Woods NRC/T&E
Alafi GE
Dix GE
Rodriguez GE
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Summary of Meeting with GE to discuss

Steam effects cn Core Soray Distribution

The meeting was requested by GE to discuss thefr progress to date, and
to give their responses to several staff questions generated during the
review of GE's August, 1979 report “Core Spray Design Methodology Tests.®

GE briefly reviewed their testing and analyses in their efforts to ine
vestigate and model the effects of steam on BWR core spray. Single and
multinozzle tests in a full scale mockup of a BWR-6 upper plenum in an
afr environment were conducted at the Valicitos, California facility,
More recently, multinozzle tests in a full scale mockup of a 30° sector
of a BWR-6 upper plenum in various steam environments were conducted.
These tests have been performed by GE in deveioping models and techniques

to predict core spray distribution in typical post LOCA environments.

This phase of the overall effort to ensure adequate 2WR post LOCA fuel
spray cooling has Leen called by GE the "methodology” phase. Once the
methodology s developed and accepted, each BWR 1icensee must ensure
acceptable fuel cooling by applying the methodology to their particular
plant design. This phase of the effort will be the final step in assuring
adequate core spray in steam enviromments, and has been called the "appli-

cation” phase.

The staff's questicns from its review of the GE report "Core Spray Design
Methodology Tests, which had been informally given to GE previously, were
tentatively grouped (by GE) into two categories (corresponding to the two

phases): those pertaining to the methodology being used by GE in develcping
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models and techniques to predict BWR core spray in a steam environment
and those pertaining to the application of the methodology to individual
reactors in assuring acceptable fuel performance in LOCA situations.

The staff's questions and their categorization are attached.

GE was prepared to discuss only their responses to the staff's methodology
questions, and stated that the application questions would be addressed
during that phase of the overall effort. It was GE's contention that by
azceptably answering the staff's methodology questions and by presenting
corroborating data, the GE methodology for predicting BWR core spray in

2 steam environment would be substantiated.

The staff stated that if all methodology questions were acceptably answered,
then the general methodology would be accepted. However, the staff stated
that the separation of the questions intc two groups might be oversimplifying
the contents of the questions. For example, certain questions may appear to
be "application” type questicns, but their response may bring to 1ight

questions concerning the validity of the overall methodology.

GE responded that the methodology itself should be justifiable, fndependent
of specific application questions, but 1f methodology concerns arose during

the responses to application questions, those concerns would be answered,

GE then presented their responses to the staff's methodology questions.
The staff noted that GE's methodoloqy report and their responses to the

staff's questions were given in terms of flow density (gpm/bundle) at
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certain core radii, but no data was given for the bundle predicted flow-
rates. Since acceptance of the methodology denends on how well the technioue
predicts individual bundle flowrates. the ctaff requested that auestions
pertaining to predicted or actual bundle flowrate be answered with bundle

by bundle data, not with flow densities.

Additionally, the staff requested GE to document the information presented

on the slides shown at the meeting, as well as the accompanying explanation.

GE requested, and the staff agreed to formally ask both the methodology
questions being discussed at the meeting and the application questions
which would be addressed at a later date. These questions (attached)

had been previously given to GE informally. The staff concluded that the
following questions, however, had been acceptably addressed at the meeting
and would not be formally asked and did not require any further response:

la, Sa, 7, 9, and 11,

GE requested, and the staff agreed to send GE a letter, when all methodoloagy
questions have peen acceptably answered, stating our acceptance of their
techniques. The starr stated that acceptance of the GE methodology depends
on satisractarily responding to the methodology questions referred to above,
as well as any other methodology type questions which may arise in our review

of GE's responses,
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ADDITIONAL INFORMATION REQUESTS -
CORE SPRAY DESIGN METHODOLOGY CONFIRMATION TESTS -
August 1979

QUESTION 1

With regard to the core spray distribution data taken at Lynn and presented in

this report:

a)

b)

c)

Explain how the measured individual bundle (or partial bundle) flow rates
were used to calculate the (average) bundle flow vs. core radius data
presented in your report. Include a table and/or figure showing which
bundles (or portions of bundles) were used to determine the spray flows
presented in your report for core radii of 27", 33", 9%, 45", 51", 57°,

63", 69", 75" and 81" respectively.

Explain how the data presented (average spray flow vs. radius) can be
interpreted by the reader to allow determination of the conservatively
bounding minimum spray flow that was actually measured in the Lynn
facility for any individual bundle at each given radius (>27"). If the
data as presented cannot be used for this purpose (i.e., if you cannot
state, for example, that "in all cases the minimum was within (x%) of the
average') then you must present new figures for each case used in your
confirmation of the GE-core-spray-distribution methodology, showing mini-

mum bundle core spray flow measured at each radius (for radii >27").

Indicate the uncertainty that should be applied to the measured minimum
bundle flow rates due to bundle flow measurement errcrs, calibration

errors, total sparger flow uncertainty, etc.
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QUESTION la - RESPONSE

Although this question was answered during the November 15, 1979 meeting, the

answer is repeated here to clarify the bundle locations discussed in other

responses.

Predicted average for the center two bundles is compared with the average of
measurements from the center two bundles, for all radial locations (see

Figure 1A).
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QUESTION 1b - RESPONSE

Previously, flow density prediction and data for two bundles across the

centerline were averaged as shown in Figure lA.

Shown here are the SSTF predictions and SSTF data compared for each individual
bundles of these two columns. The uncertainty bands shown along with the pre-
dicted flows are increased by a factor V2 from the bands shown with the
centerline-average predictions. This factor is the adjustment required due

to the use of single bundle flows instead of the average of two bundles.

The results are presented in Figures 1B through 1G as plots of flow per bundle
along columns 5 and 6 of Figure lA. These results show little difference
between the center average and single bundle comparisons. The predictions are
also matched, i.e., 95%Z of the SSTF data is within the 20 error bands of the
prediction curve. Two comparison points on one double header curve, Figure 1G,

are beyond the 20 limit but within the 3¢ limit,

E-11
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QUESTION lc - RESPONSE

All appropriate uncertainties in SSTF were included in the error bands sub-
mitted with the pre-test prediction. As described in the prediction report,*
each of the potential sources of error was evaluated, the magnitude of the
error quantified, and the influence on measured bundle flow calculated. The
sources evaluated included both hardware installation variations and measure-

ment errors in experimental parameters.

The influence of any particular parameter must be evaluated locally at each
bundle location. The local differences in influence are the cause of the
different-sized uncertainty bands at different radial locations. In general,
individual nozzle aiming angle and flow skew produce the largest uncertainties.
Since these variations are present in the same magnitude in all four sets of
test data involved (single nozzle tests in steam, simulator single nozzle tests
in air, 30° sector simulator tests in air, and 30° sector tests in steam),

the SSTF 30° sector tests in steam contribute about one-fourth of the total

variance at each bundle location. This value includes all sources of error.

One component of this error is the random uncertainty in the bundle flow
measurements at SSTF. This uncertainty is about 5% of the measured flow.
Calibration errors in the weir tube readings result in systematic error rather
than a random one. As discussed in the pre-test prediction report, systematic
errors were excluded from the uncertainty bands because they subtract out in
the analysis., The standard deviation of the total measurement uncertainty was

determined** to be 8% over the range 1 to 20 gpm.

*S. K. Rhow and S. A. Sandoz, "Pre-Test Prediction for SSTF Core Spray Tests"

(Appendix D of this document).
*%D, W. Danielson, "Lynn SSTF Bundle " low Measurement System Description and
Calibration," General Electric Company, August 1979 (NEDO-24706) .

E-18
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QUESTION 2

With regard to the GE spray distribution methodology and its confirmation by
the Lynn tests for 218" I.D. BWR/6 plants:

a) State the spray flows for one CS system and for two CS system operation
that GE believes would be the minimum present in any bundle following any
size LOCA under all conditions when LOCA analyses take credit for core

spray cooling.

b) Describe in detail all steps in the derivation of the minimum values
presented ia 2-1. For example, are the flows presented the mean values

of "GE methodology superposition'" calculations less 2-sigma?

c) Describe how differences between the predicted post-LOCA conditions and
test or calculational conditions assumed or measured in 2-b are accounted

for, including but not necessarily limited to:

1) post-LOCA pressures outside the range where HSF (and/or Lynn) tests
were performed (i.e., you used 29.5 psia, but credit is taken for

spray cooling up to %150 psia);

2) spray temperatures outside the range tested, or a combination of
post-LOCA pressure and spray temperature different from any combina-

tion tested.

QUESTION 2 - RESPONSE

It was agreed that this question would be answered during the specific plant
application phase of the overall core spray effort. The answer to this ques-

tion was not deemed necessary for approval of the methocdology.

E-19
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QUESTION 3

a) Compare the minimum measured flows (#1-b less the uncertainty stated in
#l-c) t» the minimum flows stated in #2-a, and compare both to the BWR/6 -
218" minimum design spray flow of 3.25 gpm per bundle.

b) If any of the values presented above are less than 3.25 gpm, explain how
you will justify acceptability of the spray cooling coefficients assumed
in the 218" BWR/6 ECCS "Appendix K'' analyses, which are based or FLECHT
tests with 3.25 gpm supplied to the elsctricelly heated single bundle.

Provide a schedule for any new tests (FLECHT, etc.) you may propose.

QUESTION 3 - RESPONSE

It was agreed that this question would be answered during the specific plant
application phase of the overall core spray effort. The answer to this

question was not deemed necessary for approval of the methodology.

E-20
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QUESTION 4

With regard to application of vhe GE superposition methodology to plant sizes
other than 218" (where Lynn results are not available for direct comparison,
i.e., 238" BWR/6 or 251" BWR/4, etc.), and considering the differences between
the Lynn results discussed above and the “superposition methodology" results
(including measurement uncertainty subtracted from the Lynn resuits), quan-
titatively discuss how much reluction will be applied to the minimum channel

flow calculated for such plants by applyi=g .he GE superposition methodology.

QUESTION 4 - RESPONSE

The General Electric core spray distribution methodology combines superimposed
single nozzle spray distribution in steam with interaction factors obtained
from multiple-nozzle tests in air. The key assumption inherent in this method
is that the multiple-nozzle air tests can give an interaction effect which
is correct for steam. This approach is valid because most of the condensation

of steam on the spray occurs very near the spray nozzle.

Experimental results demonstrating this fact are contained in the response to

Question 12-2,

Away from the nozzle, where the interactions between sprays occur, the spray
water is at or near saturation temperature. Therefore, the interactions are

only hydrodynamic and can be simulated in air tests.

The objective of the tests at Lynn was to demonstrate that the core spray
methodology successfully predicts multiple nozzle spray performance in steam.
This successful demonstration confirms the assumption of separability of

thermodynamic and hydrodynamic effects.

Since the confirmed assumption of separability of thermodynamic and hydro-
dynamic effects is based on the general result of condensation effects occur-
ring very near to spray nozzles, the confirmation is equally valid for the
spray systems of other plant designs. Therefore, with specific full scale air
tests and single nozzle steam tests for the particular reactor design, the

prediction methodology can be applied with the same confidence.

E-21
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QUESTION 5

On the morning of July 5, 1979 an NRC staff member (R. Woods) witnessed two
representative tests at the Lynn facility. He noted and commented on the fact
that certain low-flow bundle locations did not appear to benefit significantly
from operation of two spargers as opposed to one sparger (the spray flow to
those locations remained essentially the same for a one and for a two sparger
steam test). Since justification for continued operaticn of BWRs pendiug
completion of final testing (which includes Lynn testing) partially relies on
the minimum-bundle-spray-flow margin believed to be present due to 2 sparger
operation, Woods' observation would appear to be a significant result of the
Lynn testing. However, your report does not specifically mention these results
and does not present data in sufficient detail to verify or refute the

observation.

a) Accordingly, provide core flow maps (in the format of Figures C-1 through
C-37) for all spray distribution tests performed to date. Also provide
an index which indicates the groups of tests (i.e., two or more) that
have comparable steam flow, spray flow, and temperature conditions and
which involve one sparger and then both spargers operating together
(indicate the series run the morning of July 5, 1979). Provide a test
matrix for the additional figures containing the information on page 25
of your report. The only such series now in your report are Figures c-1,
C-3 and C-5 (for upper, lower, and both spargers at 29.5 psia, no core
steam flow, and 145°F), and Figures C-2, C-4, C-6 which apparently
represent a repeat of those tests. For position x=6, y-6, both of those
series show less flow for two sparger operation than for either sparger

operating alone.

b) Quantitatively comment on the apparent failure of the superposition

principle for one and two sparger operation.

E-22
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QUESTION 5a - REPONSE

Data from all of the 30° sector tests conducted in steam in the SSTF are
included in Appendix C of this confirmation report. The test conditions in
these tests are summarized in the test matrix in Figure 4-6 (p. 4-10) of this
report. The test series run on July 5, 1979 was CS-41, CS-44, and CS-45 (CS-41
and CS-45 were witnessed by R. Woods). The tests shown in the matrix are
reported in Figures C-1 through C-37 and are cross-referenced on p. C-1.

There are no additional series of tests other than those tepérted in Cl1 through

C6 which form a series for upper, lower, and beth spargers.

QUESTION 5b - RESPONSE

The GE methodology is based on superposition modified by full-scale interaction
effects. When calculating double sparger performance, simulator nozzle tests
are conducted with both spargers operating and a double sparger interaction
factor is developed. This double sparger interaction factor was used to
develop the pre-test prediction for double sparger performance. In particular,
it can be noted that for the position in question (x=6, y=6), the predicted
flow matches the measured flow very well (see Figure 5A). Further, while the
minimum location for both spargers is not necessarily at the same location as
the individual spargers, the double sparger minimum flow is approximately twice
the single sparger minimum flows (see Figure 5B). This is consistent with

previous double sparger observations.

E-23
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DOUBLE SPARGER OPERA TION

PREDICTION OF DOUBLE SPARGER DISTRIBUTION
REQUIRES DOUBLE SPARGER INTERACTION EFFECT

AT R = 51 inches IN TESTS 1-1,1-2, 1-3:

TEST

11

12

13

SPARGER

HPCS

LPCS

BOTH

Figure 5A.

PREDICTED FLOW
{gpm)

40+ 13

4222

77+36

Double Sparger Operation

E-24

MEASURED FLOW
(gpm)

455+429
2

44

784450

64
2

105 +4.1
5 0 .73
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SINGLE VERSUS DOUBLE SPARGERS

FLOW
lE_S_T. SPARGER LOCATION .‘.ﬂ
11 HPCS (4, 5) 20
1-2 LPCS (4, 5) 26
13 BOTH (6, 6) 41

Figure 5B. Minimum Bundle Flows
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QUESTION 6

With respect to the steam flow and flow paths used during the Lynn tests, you
state that the maximum steam flow that can be provided to the fuel bundles
without "significant" droplet diversion is around 20,000 lb/hr. We aote, how-
ever, that such a steam flow rate corresponds to a decay heat rewoval (due to
vaporization) of only about 2% of full core power. Credit is taken for core
spray cooling under conditions when decay heat is at least 5% and/or signifi-
cant depressurization (flashing) is still occurring. We are therefore con-
cerned that the steam flow regime investigated at Lynn is not representative
of postulated post-LOCA conditicns. According'y, please justify the accepta-
bility of the steam flow and steam flow paths in the Lynn facility regarding
ability of that facility to conservatively represent predicted post-LOCA condi-
tions, including but not necessarily limited to the following:

a) Qualitatively explain why the "balanced steam flow" condition (equal
steam flows through "fuel" bundle and upper plenum/steam separators)

represents the worst case for methodology confirmation.

b) Quantitatively, for 29.5 psi pressure and 145°F spray flow (or similar
conditions where you obtained extensive data) provide a plot of minimum
spray flow measured in any channel (R>27") as a function of core steam
flow. On the same plot, indicate any data points you obtained with
different steam flow splits (i.e., not "balanced" between fuel and
separators). Indicate the range of core steam flow expected during
times when credit is taken for core spray cooling, including all sizes

and locations of postulated LOCAs.

¢) Explain the basis of the statement on page 3-12 that "The facility design
with no vapor injection into the bypass region is judged acceptable."

d) Justify the conservatism of the steam flow distribution selected for the
tests, since other parallel channel steam flow rates (not necessarily
even in the same direction) result in the same AP and may yield a lower

minimum single channel spray flow.

E-26



NEDO-24712-A

QUESTION 6 - RESPONSE

Core steam flow in a reactor would vary with time and system conditions
following a LOCA. From CCFL considerations, flow limiting effects will
influence the highest bundle spray flows (>16 gpm) for core vaporization
conditions at a "Lynn equivalent" of 20,000 1lb/hr core steam injection.
Higher core steam flows during earlier transient periods would produce CCFL
effects in bundles and cause them to receive lower spray down flows. For
higher core steam flows, the upper plenum flow regime would be dominated more
by CCFL effects, and core cooling would result primarily from the flowing

steam.

Test results and analyses demonstrate that reduced liquid down flow in the
bundles due to CCFL at higher steam flows is more than compensated for by
increased convective cooling from this higher steam flow. Engineering analysis
of single-phase steam flow in a fuel bundle, using standard convection heat
transfer correlations, show that the convective steam cooling is equivalent to
Appendix K spray cooling heat transfer for a "Lynn equivalent" steam updraft

of 22,000 1bm/hr. This calculation assumed no spray water entering the top of
the fuel bundle.

Therefore, Lynn core spray tests covered the full range of updrafts where

the addition of spray water is required to maintain the heat transfer assumed
in licensing models. In addition, as detailed below in the responses to
specific questions 6a through 6d, the insensitivity of core spray capability
to steam updraft can be extrapolated well beyond the 20,000 1b/hr limits of
the Lynn facility.

E-27
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QUESTION 6a - RESPONSE

The GE core spray methodology provides a best estimate of the spray distribu-
tion. The multiple nozzle steam experiments at Lynn were intended to evaluate
the adequacy of the key assumptions in the model, i.e., the separability of
thermodynamic and hydrodynamic effects. While it was not entirely necessary
to have exact reactor conditions in order to evaluate that assumption, it was
considered appropriate to make the test conditions reasonably representative.
Since the tests evaluate a best estimate prediction method, rather than provide
bounding flow~ values for reactor applicaticn, the approach of selecting worst
case conditions is not appropriate. The question of conservative application
of this best estimate cure spray prediction methodology should be addressed in
the context of the entire reactor licensing basis. The "balanced steam flow"
condition was selected as a representative case for methodology confirmation.
Single nozzle analysis indicated that the distribution would not be sensitive
to steam flow. This is illustrated in Figrre 6Al by results of drop trajec-
tory calculations which demonstrate this lack cf sensitivity for drop sizes
and velocities typical of reactor LOCA conditions. Lynn sensitivity study
test results (see Figures 6A2 and 6A3) confirmed that the distribution is not
sensitive to the steam flow conditions. Therefore, the conditions tested are
quite representative, and the confirmation of the separability assumption

is applicable over the full range of postulated LOCA core spray conditions.
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Figure 6A3.

CORE RADIUS (in.)

Steam Updraft Effect on Spray Distribution for HPCS
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QUESTION 6b - RESPONSE

The bundles adjacent to the centerline in a 30° sector are the ones most
representative of 360° results. The requested minimum individual bundle

flows for varying core steam flow rates are illustrated in Figure 6B. Note
that the "balanced" split between core and separator steam flows is represented
by the single point along the core steam scale. The other values represent
different steam flow splits (i.e., total steam flow constant for fixed spray

flow and temperature).
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MINIMUM BUNDLE FLOW MEASURED ALONG CENTERLINE (gpm)

= 29.5 psia
145°9F SPRAY
S -
a3 LPCS (TESTS 1-2, 1-2a, CS-31, CS-35)
3 -
H - | — S~ | — | — o — | — —-— .- & -_— -
- o w L) LYNN FACILITY
\ ‘_O\O grv%';:t:m
2 b-—— REGION
HPCS
3 b= (TESTS 1.1, 1-1s,
C$3.2,Cs-27)
0 1 | |
0 10,000 20.000 30,000

CORE STEAM (ib/hr)

Figure 6B. Steam Updraft Effect
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QUESTION 6¢ - RESPONSE

The facility design with no vapor injection in the bypass was judged accept-
able because the region of negligibl!2 droplet diversion extended from zero to
20,000 lbm/hr steam injection. This updratt range encompasses the region of

interest for core spray methodology confirmation, as discussed above.

QUESTION 6d - RESPONSE

The selection of a typical steam flow profile is appropriate to have repre-
sentative conditions for confirmation tests. However, since the core spray
methodology is a best estimate model, it is not necessary to demonstrate
Lounding rssults for all parameters, unless they are shown Lo have a signifi-
cant effect on the test results. Calculation with the single nozzle model
indicated that the distribution would not be sen:itive to steam updraft
effects. Therefore, a single representative radial profile was selected for
steam injection for all Lynn tests. The lack of sensitivity observed in the

Lynn tests (see Figures 6A2 and 6A3) confirms this approach.
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QUESTION 7

State the location of the "steam vent" (p. 4-6) and describe how flow out

the steam vent was controlled and/or measured.

QUESTION 7 - RESPONSE

The steam vent is at the top of the pressure vessel. Steam injected into

the core region was controlled and measured with an orifice as an independent
parameter. A'l of this steam passes into the upper plenum and is condensed.
Steam into the steam dome region was contrclled and measured with an orifice
as an independent parameter. Some of this steam is drawn down the stand
pipes where it is condensed. The remaining steam flows Cp the vent. TIT.
vent flow is controlled to maintain system pressure and is measured with an

orifice (Figure 7).
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QUESTION 8

On page 5-8, Figure 5-5, centerline flows at Lynn vs. HSF are compared. How-
ever, other parameters such as nozzle spread (transverse to flow direction),
azimuthal asymmetry, etc., may also be significant and may be different at
Lynn compared to the HSF. Provide data to show that the other parameters
were not significantly different.

QUESTION 8 - RESPONSE

The single nozzle tests in steam were conducted in SSTF primarily for the
purpcse of testing the facility's performance. The centerline flows are com-
pared to assess any significant facility problems. As indicated by Figure 5-5
of the confirmation report,* single nozzles operated in the Lynn facility
produce generally similar distributions to those from HSF tests (as expected).
More complate comparisons with conditions closely matched between the two
facilities confirm that the complete detail of the single nozzle distributions
match well (as was required to achieve the excellent comparison with the

multi-nozzle steam results).

Direct comparison of the flow measurements in the two facilities is compli-
cated somewhat by different nozzle-to-collector positioning in the two facil-
ities. Because of these differences, the following parameters are used to
characterize cingle nozzle flow distribution: pattern area, center of
gravity, width, length, and skew. These parameters are defined in Figure 8.
The results for the comparisons of the SPRACO 2935 runs at HSF and SSTF, as
shown in Table 1, indicate good agreement of the nozzle characterizations for

the two facilities.

*S, A. Sandoz, L. L. Myers, D. G. Schumacher, W. A. Sutherland, and G. E. Dix,
"Core Spray Design Methodology Confirmation Tests", General Electric
Company, August 1979 (NEDO-24712).

E-37



NEDO-24712-A

SPARGER
NOZZLE
FIRST COLLECTOR
ROW IN FACILITY
SIDE 1 SIDE 2
el \
”~ G

\\\\\

1

— —— — — P

/\ SPRAY PATTERN OUTLINE

/

_—
FLOW DENSITY > 0.5 gom CHANNEL

FLOW ON SIDE 1
FLOW ON SIDE 2

G = DISTANCE TO CENTER OF GRAVITY

SKEW RATIO =
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Figure 8. Parameters for the Characterization of a Flow Pattern
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Table 1

COMPARISON OF S2935 PATTERNS AT HSF AND SSTF

Pattern Area

Center of CGravity

(disrarce from edge of

first collector row)

Breadth

Length

Skew Ratio

HSF
7801-97

SSTF
T11lE

6.5 square feet

3.92 feet

30 inches

42 inches

)
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QUESTION 9

Explain the effects of running the calibration tests (p. 4-10) at a spray
temperature different from the spray distribution tests (185°F vs 145°F resp.).

QUESTION 9 - RESPONSE

The calibration tests were run to evaluate the updraft drop diversion region

in The Lynn Facility (cf. p. 5-9). Tb> spray temperature was maximized in
those tests in order to minimize condensaticn eftrects in the upper plenum:
185°F was the facility limit. There is little effect of this spray temperature

difference on spray distribution for the same steam updraft (Figure 9).
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QUESTION 10

Provide the vertical axis' scale for Figure 8-3, pg. 8-4.

QUESTION 10 - RESPONSE

Figure 8-3 is for illustrative purposes to assist in the explanation in the
texc. The curves at 29.5 psia came from actual calculations, as shown on the
attached Figure 10. The higher pressure curves were sketched from past exper-
ience with high pressure testing. No calculations exist for these exact

nozzle configurations at higher pressure.
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QUESTION 11

Justify conservatism of the 30° sector minimum spray flow results compared to
the full 360° geometry in view of Figure 4-2, which shows considerably more
flow to some bundles for a 27° sector compared to a full 360° geometry (also

see question #(12)-9) below).

GQUESTION 11 - CLARIFICATION

The 30° sector experiment is not intended to define minimum spray flows for a
360° geometry. The 30° sector can provide representative results that are
.ppropriate fur evaluating the core spray methodology prediction capability.
The sector air tests (Figure 11) demonstrate that the spray distribution along
the center of a 27° sector is sufficiently representative of 360° results

that comparisons between steam data and predictions for such a sector would

be expected to identify any deficiencies with the prediction method.
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