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ABSTRACT

Test resulta are reported for a serica of ten testo conducted in a
full ocale mockup of a 22.S* ocator of a Mark I containment torua.
The test facility included an appropriately-sized drywell and steam
vessel to allou simulation of the torus (vetuell) response to a range
of LOCA (loss-of-coolant-accident) conditions. Hydrodynamic loads on
the vetuell and the structural response of the vetuali shell, doun-
comer and support columns resulting from the condensation oscilla-
tion and chugging regimes vere measured. Testa investigating the
effects of LOCA break size and type (liquid or steam), douncomer
submergence, vetuell freespace pressure, cuppression pool temperature,
and vent air content vere conducted, covering the range of expected

Mark I LOCA conditions. This test report includes a description of
the test facility, test operation, and a compilation and analysis of
the principal test results.
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LIST OF ACRONYMS

CO Condensation Oscillation

CPSD Cross Power Spectral Density

DAS Data Acquisition System

FS1 Fluid Structure Interaction

FSTF Full Scale Test Facility

LOCA Loss-of-Coolant Accident

LVDT Linear Variable Displacement Transducer

NOD Notice of Deviation

PSD Power Spectral Density

RPV Reactor Pressure Vessel
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1. INTRODUCTION

1.1 BACKGROUND

As a part of the Mark I Long Term Containment Program, a test progran to obtain
full scale chugging and condensation oscillation data was defined and
implemented. The loads from chugging and condensation oscillation are a
result of unsteady steam condensation in the wetwell suppression pool during
the low and intermediate steam mass flow rates that are typical of a

postulated loss-of-coolant-accident (LOCA).

Preliminary specifications for the test program were established in the fall
of 1976. In this same period, C.F. Braun & Co. was selected as the prime
contractor to design and construct the facility and Wyle Laboratories was

selected as the subcontractor for test operation. The test facility was

located on Wyle property near Norco, California. Facility design and con-

struction continued through 1977 and early 1978. Shakedown testing began in

March 1978, and the ten-test program was completed in August 1978.

1.2 PROGRAM OBJECTIVE

The overall program objective was to establish a reference data base for
chugging and condensation oscillation in a multivent system with representative

LOCA conditions in order to define loads caused by these phenomena in a Mark I

pressure suppression containment. To meet this objective, a Full Scale Test

Facility (FSTF) was designed and erected consisting of a full scale mockup of
a 22.5* segment of the Mark I containment torus, including an appropriately
sized drywell, reactor pressure vessel and associated auxiliary equipment. A

series of tests were performed with the facility to determine:

The applied loads on the wetwell walls and downcomers resulting froma.

condensation oscillation and chugging,

b. The structural response of the wetwell walls, downcomers, and sup-

port columns resulting from condensation oscillation and chugging.

1-1
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Parameters were varied to investigate the effects of the following:

a. Blowdown size and type (liquid and steam)

b. Wetwell airspace pressure

c. Downcomer submergence

d. Water temperature

e. Vent air centent.

Additional information, such as pool mixing characteristics and the effect

of fluid-structure interaction, was also obtained.

1.3 TEST PROGRAM SUMMARY

To ensure that the test objectives were met, the test program included

requirements for review of preliminary results following each test. Based

on these data reviews, several decisions relating to subsequent tests were

made. For reference in discussion of these decisions, a simplified test

matrix is presented in Figure 1.3-1. A more detailed test matrix is presented

in Section 4 (Figure 4.3-1).

The first three tests were conducted to establish the effect of break size
and type on the magnitude of the chugging wall loids. Since it had been

anticipated at the onset of the program that the chugging loads would be
the most limiting of the condensaticn loads, the break configuration that

gave the largest chugging loads was to be selected after these first three
tests to investigate the other parametric effects on condensation loads. The
break configuration for these first tests were small steam, medium steam and
small liquid for tests M1, M2 and M3, respectively. The large breaks were

not included in this front end investigation because it was expected that

they would not yield the most limiting chugging data.
O

\\S1 \6\
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Of the first three tests, the only test that exhibited ar.y chugging was M1,
the small steam break configuration. Therefore, this break configuration

was selected for tests M4, M5, M6, M9 and M10 to investigate the effect of
increased freespace pressure, increased pool temperature, decreased sub-
mergence, increased submergence and decreased vent air content, respectively.
After the first three tests, before starting the parametric studies, two

modifications were made to the test facility. A vent header deflector was
installed beneath the vent header and prototypical tic-straps were installed
between one pair of downcomers. The deflector was installed to reduce pool
impact loads on the vent header. The tic-straps were added to assess
downcomer response with a prototypical configuration.

After the parametric studies with the small break configuration (tests M4,
M5, M6 and M9) were completed, additional facility modifications were made
for test M10, which was added to the original nine-test matrix. Because

the wetwell-to-drywell vacuum breaker opened during chugging events and
may have introduced additional air into the vent system, test M10 was added
to determine it reduced air content affected the chugging loads. For this

test, several modifications were made to the test facility to provide pro-
tection, considering the uncertainty regarding the magnitude of pressure and
water level variations in the vent system with the vacuum breaker removed.
Two rupture discs and three ring stiffeners were added to the vent header
and bracing was added between the three pairs of downcomers without tie-
straps. Chugging was observed with the vacuum breaker removed, but the
magnitude of the resulting loads was not significantly different from test
M1, which had equivalent conditions.

Tests M7 and M8 were conducted with the large steam and large liquid break

configurations, respectively, to investigate the ef fect of large breaks on
,

the condensation loads. Before conducting these tests, perforations were

added to the blowdown line discharge standpipe in the drywell to mitigate a
facility-related pressure shock wave at test initiation which had been
observed during the medium steam break test (Appendix E).

Between tests M7 and M8, the vent header stiffeners and bracing between one

pair of downcomers were removed. This was to allow measurement of the
unbraced downcomer response with the large liquid break test, M8.

1157 1621-3
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O

TrST BREAK PARAMETER

NUMBER * CONFIGURATION INVESTIGATED

M1 Small Steam Reference test

M2 Medium Steam Break size increased (steam)

M3 Small Liquid Break type changed to liquid

M4 Small Steam Freespace pressure increased

MS Small Steam Pool temperature increased

M6 Small Steam Submergence decreased and pool
temperature increased

M9 Small Steam Submergence increased

M10 Small Steam Vent air content decreased

M7 Large Steam Break size increased (steam)

M8 Large Liquid Break size increased (liquid)

*In order of performance

Figure 1.3-1. Summary Test Matrix

1-4
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2. SUMMARY OF RESULTS

The FSTF system performance during the ten-test matrix was generally as
expected. The system pressure and bulk temperature responses of the steam
vessel, drywell, and wetwell agreed well with pretest predictions. This

ensured that boundary conditions on the suppression pool, which control the
wetwell hydrodynamic loads and structural response, were representative of
postulated LOCA conditions in a Mark I containment.

2.1 CHUGGING WALL LOADS

Chugging occurred in only four tests - M1, M4, M9, and M10 - of the ten-

test matrix. These four were all small steam break tests with a nominal

initial pool temperature of 70*F. During the tests, no chugging was
2observed when the average downcomer mass flux was greater than 6.5 lb/sec-ft

or when the pool temperature in the vicinity of the bottom of the down-

comers was greater than 135'F. A data base from these tests of nearly

1500 downcomer chugs is available for Mark I load definition.

Two chugging modes or types were observed: one nearly synchronized, with
seven or eight downcomers chugging less than 100 msec apart (Type 1); the
other type not well synchronized and generally consisting of only single

downcomer chugs (Type 2). The more synchronized chugs occurred only in
2

Tett M1 at a steam mass flux less than 3.0 lb/sec-ft and a pool temperature

at the downcomer exit of less than 110*F.

The Type 1 chugging average period varied from 1.6 seconds to 2.4 seconds

between pool chugs (defined in Section 6.2.1.4) with a trend to a shorter

period as mass flux decreased and pool temperature increased. The average

period of Type 2 chugging varied from 0.9 seconds to 2.4 seconds between pool
chegs with a tendency toward longer periods as mass flux decreases and pool

temperature increases.

Wetwell wall pressure fluctuations tended to have higher local values for

Type 1 chugging than for Type 2. The highest peak to peak fluctuation for

11517 164
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a Type 1 chug was a single, isolated spike at the north end of the bottom

of the wetwell that went from -3.1 to +6.8 psi. Peak values at other loca-

tions were generally in the range of 2 psi. Spatially averaged wall pressure

fluctuations were smaller than the local values and were not significantly

different for the two types of chugging. P>ounding values of the average

wall pressure have been presented as a function of time with the highest

values being -1.7 to +1.5 psi seen in data from Test M9. The bounding

values support the idea that chugging wall loads increase directly with sub-

mergence and decrease with increased free-space pressure.

The frequency content of the wall pressure fluctuations varies greatly with

time but three dominant frequencies of approximately 7, 13 and 40 Hz were
usually present with the relative magnitudes varying throughout the test.

Pressure distributions for the wetwell wall at times just prior to chug,

showed generally higher pressure fluctuations at the bottom of the wetwell

and lower fluctuations toward the water surface and were similar to those

seen during condensation osciliations. The precsure profiles following

a chug were more randon: with no apparent pattern.

2.2 CONDENSATION OSCILLATION

Condensation oscillations (CO) occurred in all tests. The dynamic portion

of the pressure signals for CO are characterized by a continuous waveform

at a dominant frequency. This is true for pressure readings located through-

out the test facility (drywell, vent system and wetwell) . The continuous

behavior began early in the tests and extended throughout the test period for

six out of ten tests performed. For the other tests this behavior was

replaced by chugging after 10 to 30 seconds.

The test data showed that the average wetwell wall pressure amplitudes ranged

from 6.3 psi peak-to-peak for the large liquid break test (M8) to 0.20 psi

peak-to-peak for small steam break tests. The test with the second highest

amplitude wetwell wall pressure oscillations was M7, the large steam break

O
1157 165
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test. For both large break tests (i.e., M7 and M8), irregularly occurring

pressure spikes superimpored on the fundamental waveform were observed.
Also for these tests, pressure amplitudes on the wetwell wall were generally
higher than downcomer pressure amplitudes. The opposite was true for medium
and small break tests. Throughout the entire C0 period and for all tests
the pressure waveform was observed to be amplitude modulated with a beat
frequency ranging from 0.6 Hz for M1 to 1 Hz for M8. This modulation

was observed to be present in the pressure signals from the vent system and
wetwell. Maximum wetwell wall pressure magnitudes were detected by trans-
ducers located at the bottom of the wetwall pool; the magnitudes decreased
at wall locations approaching the pool surface.

To investigate the parametric variat!cn ef fects on the magnitudes of the
pressure oscillations, average pressures were calculated using all wetwell
wall pressure transducers to chcracterize the total vertical dynamic load.
The maximum positive and maximum negative values of these spatially-averaged

pressures were subsequently time averaged over 1.1-sec intervals. The
investigation showed the following:

a. Large liquid break sail pressure amplitudes were greater by a

factor of two than steam break amplitudes at the same steam

flow rates.

b. Variation of wetwell airspace pressure in the range of 30 to

40 psia did not affect pressure magnitudes,

No consistent pressure magnitude trends were observed with ventc.

steam air content and local pool temperature variation.

d. Liquid break and steam break pressure magnitudes correlate well
with their corresponding total enthalpy rate in the vents.

The dominant CO waveform frequency ranges f rom 4.8 Hz for the large-break

quid test M8 to 7.6 Hz for small break tests. There is a slight increase

1157 i66
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of the dominant frequency as the total blowdown flow rate is decreased. The

dowmcomer and wetwell wall pressure signals also contain other higher fre-

quencies not present in the vent or the drywell pressure traces.

2.3 STRUCTURAL RESPONSE

2.3.1 Dynamic Response During Condensation Oscillation

The largest dynamic stress levels were measured during the condensation
oscillation (CO) phase of the large liquid break test (M8). Peak dynamic

stresses for key struct:iral components of the FSTF during CO are summarized

below:

W.well Shell - During CO the peak dynamic surface stressa.

intensity for the wetwell shell was about 3,800 psi. At the
wetwell shell/ ring girder intersection the peak dynamic surfaca
stress intensity was about 14,800 psi.

b. Wetwell Support Columr.s - The peak radial and longitudinal column

dynamic bending stresses during CO were approximately 1,500 and

500 psi, respectively. For .:olumn axial stress (tension /c.smpression)

the peak dynamic value during CO was about 1,600 psi.

Vent Header Shell - In the downconer/ vent header attachmentc.

region of the vent header shell, the peak dynamic surface stress
was about 14,000 psi for downcomer pairs with prototypical tie-
straps and about 46,000 psi for downcomers pairs without tic-straps
or bracing.

O
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2.3.2 Dynamic Responses During Chugging

'ynamic stresses during the small steam break test (MI) were the largest
chugging-related stresses observed in the course of testing. Peak dynamic

stresses for key structural components of the FSTF during chugging ate
summarized below:

a. Wetwell Shell -- Peak dynamic surface stress intensities during
chugging for the wetwell shell and wetwell shell/ ring girder
intersection were about 2,500 and 2,900 psi, respectively.

b. Wetwell Support Columns - Bcth the peak dynamic radial and
longi.udinal column bending stresses were about 300 psi during
thugging. The peak dynamic axial column stress was about 500 psi.

c. Vent Header Shell - During chugging the peak dynamic surface
stress in the downcomer attachment region of the vent header shell

was about 25,000 psi. This peak value occurred at a downcomer

pair without tie-straps or bracing (no downcomer pairs were

intraconnected for the small steam break test (M1)).

2.3.3 Structural Response Simulation

The FSTF was designed to model the structural response of one bay of the

Monticello torus. Frequencies corresponding to the calculated structural

response for the Monticello torus were observed in FSTF structural response
data, indicating that the FSTF accurately modeled Monticello.

2.4 FLUID-STRUCTURE INTERACTION

Fluid-structure interaction (FS1) effects were evident during the condensa-

tion oscillation (CO) period of the large liquid break test (M8). FSI effects

were also evident following the initiation of a Type I chug (a nearly synchron-

ized light-downcomer chug) observed in the small steam break test (M1).

\\51 \bo
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Data indicate that FSI effects relate primarily to the structural response

of the wetwell shell. Pool pressure and shell response data for both CO
and Type I chugging contain frequencies equivalent to several shell-
resonant frequencies as determined from dynamic shake tests. Shell-

resonant frequencies of 9.7,11.0,15.0 and 19.511z were apparently excited
during CO. With the exception of the 9.7 Hz frequency, the same resonant
frequencies appear to have been excited during chugging. The relationship

between pool pressures and local shell accelerations also suggests that FSI
effects were present during CO and Type I chugging. The pool pressure

increases at locations where the shell is accelerating toward the pool and

decreases at locations where the shell is accelerating away from the pool.

This trend is consistent with what would be expected if pool pressures were

influenced by local wall motion.

The only FSi effects observed in addition to those resulting from the shell
vibrations were caused by wetwell end enclosure vibration during chugging.
This effect is similar to the FSI effect associated with shell vibrations;

that is, the pressure in the pool region adjacent to the end closures

increases as the end closure accelerates into the pool. This data trend

implies that cnd closure motion amplifies the local pool pressure signal.
The influence of end closure vibrations on pool pressures during chugging

repre:3ents an effect unique to the FSTF (not plant prototypical).

O
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3. TEST FACILITY

3.1 SCALING CONSIDERATIONS

This facility was designed to simulate behavior of the Mark I containment

system in response to LOCA conditions. The Monticello plant suppression

chamber (wetwell) was selected as the reference geometry for the test

facility. Appendix A documents the scaling considerations used in specifying

the requirements for the facility and the basis for selecting Monticello

as the reference plant.

3.2 COMPONENTS

3.2.1 Steam Supply Vessel

The steam supply vessel (V1) is cylindrical in shape, 6-1/2 f t in diameter

and uses hemispherical heads, as shown in Figure 3.2-1. Vessel length,
3tangent to tangent is 36 ft and vessel volume is 1344 ft The vessel is.

designed for a pressure of 1145 psig and a temperature of 565*F.

A removable 20-in. diameter standpipe located in the center of the vessel

is used for the steam breaks in the large blowdown line. The standpipe is

removed for the liquid break tests in the large blowuown line. A 6-in.

diameter riser pipe located near the wall of the vessel is used for liquid

breaks in the small blowdown line. The riser pipe is dieronnected and the

8-in, elbow is rotated vertically for steam breaks in the small blowdown

line.

3.2.2 Blowdown Line

The blowdown line transfers the fluid (liquid or steam or a mixture of both)

at a controlled predetermined rate from the steam supply vessel (V1) to the

drywell (V2) .

I157 170
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Two blowdown lines (20-in. and 6-in. diameter) were required to prevent fluid
stratification and/or slug flow for the range of break areas tested. Both

blowdown lines i~clude a motor-operated isolation valve, a double discn

rupture disc assembly, a removable standpipe, and a flow control nozzle
that simulates the pipe break areas to be tested. Nozzle sizes available to

simulate the pipe break areas are listed in Table 3.2-1. Blowdown line

lengths and diameters were chosen to minimize line resistance losses. The
blowdown lines discharge into the top of the drywell vessel symmetrically
with respect to the vent line outlets to minimize mixing in the drywell. The
discharge end of the blowdown lines was designed to minimize jet impingement

-

pressures on the drywell wall. For the small line, the end of the pipe was

blocked and the flow discharged through three rows of holes near the end

of the pipe. For the large line, a deflector plate was positioned above
tLe end of the line with perforations for purging of the top head, as shown
in Figure 3.2-2.

3.2.3 Drywell

The drywell vessel (V2) is shown in Figures 3.2-2 and 3.2-3. The vessel is

cylindrical with a hemispherical head on the top and a reversed hemispherical
head on the bottom to scale the liquid holdup. The vessel is 12-1/2 ft in
diameter and 57 ft in length, tangent to tangent. The vessel volume is

3 36995 ft' which includes a 57-ft liquid holdup volume. The two vent line

nozzles are located symmetrically relative to the blowdown line discharge, as
shown in Figure 3.2-3. The vessel was designed for 70 psig pressure and

Table 3.2-1

BLOUDOWN N0ZZLE SIZES

Blowdown Line Size Nozzle Diameter

6 in. (small) 4 in.

20 in. (large) 6.0, 8.2, 9.0 in.

I157 ;72
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650*F temperature. A 40-in. diameter rupture disc was installed in the top

head to prevent overpressurization of the drywell (V2) and wetwell (V3)

vessels.

3.2.4 Vent Lines

The FSTF south vent line, which is an identical mirror image of the north

vent line, is shown in Figure 3.2-4. The vent lines are 46-13/16 in.
inside diameter with a 1/4-in. wall thickness. Expansion bellows are

located within the vent system to structurally decouple the vent lines and

drywell from the wetwell vessel and to allow for thermal expansion during

heatup. The relative elevations and distances in the vent system and between

the vessels are approximately the same as in the Monticello plant to achieve

similar acoustic path lengths, fluid mixing, and flow stratification

characterfatics. The jet deflectors (shown in Figure 3.2-3) are configured

after Monticello. The distance between the deflector and the drywell vessel

wall was adjusted to obtain the calculated vent system total flow resistance

of Monticello. A comparison of the calculated FSTF and Monticello flow

resistances is given in Table 3.2-2.

3.2.5 Wetwell

The wetwell vessel (V3) is shown in Figure 3.2-5. The wetwell is proto-

typical of one Monticello bay. This particular bay is located between the

vent lines and contains eight downcomers. The vessel is rated for an

operating pressure of 54 psig and a temperature of 350 F. The vessel is a

22.5" segment of the torus with a 27-ft 8-in. inside diameter and a center-

line length of 19-ft 5-15/16-in. The shell thickness is 0.562 in. compared

to the 0.533-in. (above water) and 0.584-in. (below water) thickness of the
Monticello wetwell. The ring girder at each mitre joint, four-foot diameter

manway, vessel column supports, vent header and downcomers are duplications

of Monticello.

Four-foot thick rigid end closures are located at each mitre section. The

end closures are a composite structure composed of 1-1/4 in. thick steel plates.

I157 175
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Table 3.2-2

VENT SYSTEM LOSS COEFFICIENT C0!IPARISON*

FSTF Monticello

Entrance 1.33 0.9

Friction (Vent Line) 0.12 0.1

35 Miter 0.24 -

Elbow / Tee 0.66 1.5

Expansion 0.46 -

11.25* Miter 0.05 -

Downcomer 0.78 1.1

30* Miter 0.16 0.2

Exit 1.0 1.0

hTotal Resistance 4.8 4.8

* Loss Coefficients are based on downcomer flow area.

O
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The four-foot (48-in.) thickness of the closure was necessary to ensure that

the rigid end closures did not significantly influence shell response.

Attached to each end closure are 14 12-in. diameter restraint pipes (shown

in Figure 3.2-6) 12-ft long with clevises at each end, connected to the
"E"-shaped reinforced concrete abutment.

The fourteen restraint pipes attached to each end closure are equally spaced
circumferentially around the vessel outer diameter nud have varying wall
thicknesses to simulate the shell local axial stiffness variation due to
differences in axial length. The total cross-sectional area of steel of
the pipes is equal to the total cross-sectional area of steel of the adjoining
wetwell bay. By having clevises at each end, the restraint pipes allow
limited radial movement (between the abutments) of the vessel due to thermal
expansion.

The outer eads of the restraint pipes are anchored to the reinforced con-

crete abutments, which are configured to obtain the maximum practical stiff-
ness with minimum mass. This was necessary to simulate the radial vibration
mode of the Monticello wetwell at approximately 13 Hz. Each abutment is

integrally tied to a 5-ft thick reinforced concrete basemat, which is in turn
tied mechanically to bedrock with 120 anchors to ensure the wetwell loads
and responses are not affected by any reaction with the basemat or soil.

At the miter joint at each end of the wetwell, the wetwell is supported by
two column supports, shown in Figure 3.2-5. The support columns are proto-

typical of the modified Monticello column supports and are also attached to
the 5-ft thick reinforced concrete basemat. For Monticello, the four

columns support the steel and water mass of tuo bays (a 45 segment). Since

the FSTF wetwell is only one bay (22.5* segment) the mass of the end closures
was increased to simulate the mass of the adjacent bay (steel and water).

1157 :80.
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3.2.6 Vacuum Breakers

The vent header inside the wetwell was designed to accommodate two

18-in. diameter vacuum breakers. For this test series, one 18-in. CPE,

Model No. LF 240-331, vacuum breaker valve was installed o, the north end of

the vent header. The vacuum breaker was installed with instrumentation to
continuously monitor the pallet position. This instrumentation failed during

the first matrix and was subsequently replaced with limit switches.

To meet the flow scaling requirements in Appendix A, Section 2.7, an orifice
plate was installed between the vacuum breaker and the ring header. The

orifice plate contained 479 5/8 in. diameter holes for a 58% flow area.

3.3 FACILITY LAYOUT AND PIPING

Figure 3.3-1, a layout of the test facility, shows the relative positions
of the three main vessels (V1 - steam supply vessel, V2 - drywell and
V3 - wetwell). The figure also shows the position of the reinforced concrete

abutm?nt and the restraint pipes relative to the wetwell.

3.3.1 Key System components

Figure 3.3-2 shows the main components of the FSTF vessels (V1, V2, and V3)
and the connecting piping, valves, controls, process instrumentation, and
support system connections. The key system components shown on the drawing

and their functions are:

a. Recirculation system provided motive force to circulate water

in the blowdown line for liquid breaks to ensure that the fluid

in the lines was within 5"F of the steem supply vessel temperature.

The system ejector was not needed for steam breaks because the
steam traps provided ample circulation.

_

i157 :83
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b. Nitrogen system - provided capability to pressurize the cavity

between the double disc rupture discs with N gas and to quickly
2

release the N to initiate the blowdown.
2

c. Heat tracing - the drywell and the vent lines were provided with

an electrical heating grid between the outside surface of the

drywell and the insulation. This allowed the drywell and its

contents to be heated to a specified temperature before test

initiation. The vent lines were heat-traced to minimize the heat

loss from the drywell to the vent lines.

d. Air system provided air to achieve overpressure in the drywell

and/or wetwell prior to test initiation.

c. Rupture disc assembly -- the double disc rupture disc assembly

allowed the steam supply vessel to be pressurized to full operating

pressure and the blowdowns to be initiated with a minimum time

delay and flow disturbance.

3.3.2 Supporting Componeats and Systems

The FSTF supporting components / systems are shown in Figure 3.3-3. These sys-

tems main functions are:

a. Boiler -- to supply the high pressure steam and water to the steam

supply vessel.

b. Storage tanks - to feed the boiler and supply makeup water to the

wetwell.

c. Recirculation system -- to provide recirculation and filtration of

the wetwell water during mixing, cleaning and cooling.

d. Cooling tower -- used with the recirculation system as the heat

sink to cool the wetwell water.

I157 i88
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3.4 INSTRUMENTATION

The Mark I FSTF test instrumentation was designed to provide reliable and

accurate measurements of the instantaneous conditions occurring in the FSTF

components before, during and following eac.h test blowdown. Each type of

sensor is summarized. The following drawings show the test instrumentation

locations:

Figure No. Drawing No. Instruments Located On

3.4-1 5278-100-ID-1 Wetwell Shell

3.4-2 5278-100-ID-2 Wetwell Section

3.4-3 5278-100-ID-3 Vent Header and Downcomers

3.4-4 5278-100-ID-4 Steam Vessel, Drywell and Misc.

3.4-5 5278-100-ID-12 Vent Header and Support Columns

These drawings show approximately 400 transducer locations. Of the 400

transducer locations, 256 (to match the data recording capability) measure-

ments, considered highest priority, were selected to be recorded. In the

course of the test program, several strain gauges and one differential

pressure transducer were added to the original instrumentation specified.

The strain gages were installed on components added to the facility after it

had been constructed (i.e., vent darlector and downcorer bracing). More

detailed descriptions of the various uransducera are given in the following

sections.

The overall system instrument error for each of the transducer types was

analyzed. These results for specific conditions are summarized here with the

complete analysis presented in Appendix B.
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Transducer Type Error (%) AT=45'F AT=175'F

Ailtech - Strain 3.4 3.4 12.0

Micro-Measurements - Strain 1.9 3.4 12.0

Endevco - Accelerometer 2.9

Schaevitz - LVDT 1.5

Precise Sensor - Pressure 0.8

Conar - Temperature 0.9

Rosemount - Differer.tial Precsure 0.6

Viatran 1.0

3.4.1 Strain Gauges

Two types of strain gauges were used in the FSTF. A?l gauges on the interior
of the wetwell (V3) were Ailtech, Model No. SG-158-09H-XX-65 1/4 bridge strain

gauges. These gauges have hermetically sealed stainless-steel jacketed
cables. All gauges on the exterior of the wetwell (V3) were Micro-Measurements,
Model No. LWK-06-W250B-350, either 1/4 bridge or 2-element 90* strain gauges.

All of the strain gauge locations are shown on Figures 3.4-1, 3.4-3 and

3.4-5.

Three different bridge configurations were used for the strain gauges: one-

quarter bridge, bending, and axial. Details of each bridge type are as
follows:

One-quarter bridge - has only one active arm of the bridge ina.

the field to measure unaxial strain. The rest of the bridge arms

were located in the control room. Some of the strain gauges were

mounted to form rosettes for determination of principle stresses.

b. Bending -- has four active arms in the field and therefore is com-
pensated for local temperature changes. The arms are located
two on each side of the member, both in the plane in which bending

1157 20233,
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is to b. measured. The arms are connected in a bridge configuration h
to add for bending and cancel in tension or compression.

Axial - also has four active arms in the field and therefore isc.

temperature compensated. The arms are located two on each side
of the ccmponent, one parallel and one perpendicular to the plane
that has the least expected bending. The arms are connected in a
bridge configuration that adds for tension or compression and
cancels for bending.

3.4.2 pressure Transducers

Three types of pressure transducers were used in the FSTF: cavity, flushmount,
and differential. The cavity type pressure transducers which were used to
measure the system pressure responses of the vessels, the blowdown line and
the vent lines were Viatran, Model No. 103, diaphragm, strain gauge type.

The pressure ranges of these sensors were: 0 to 1500 psi for the steam supply

hvessel and blowdown lines; and 0 to 75 psi for the drywell, vent lines and

wetwell. The cavity type pressure trensducer locations are shown in
Figure 3.4-4.

Flushmou t pressure transducers were used to measure dynamic pressure within

the system. Two types of flushmount sensors with different ranges were used
dependent on the location of the measurements. Both flushnount types

exhibited temperature sensitivity. Although this did not affect the dynamic
response of the instruments, it did prevent a direct comparison to the cavity
type instruments. For downcomer and vent header pressures, a Precise Sensor,

Model No. 70116-WP-4, pressure transducer was used which had waterproof con-

nections and cables. These sensor locations are shown on Figure 3.4-3. For

the wetwell shell, vent lines, and drywell, a Precise Sensor, Model
No. 70116-2, pressure transducer was used. These sensor locations are

shown on Figures 3.4-1 and 3.4-4.

The differential pressure transducers were used to measure liquid 1cvel in

hthe steam supply vessel and the drywell, and fluid flow in the vent lines and

1157 203
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vacuum breaker line. The transducers were all Rosemount, Model No. Il51DP,

and were diaphragm capacitance type transducers. Ranges used varied from

0 to 36 in. of water to O to 438 in. of water. These sensor locations are
shown on Figures 3.4-3 and 3.4-4.

3.4.3 Accelerometers

The accelerometers used were piezoelectric type, Endevco, Model No. 7707-200,
loc'ted on the wetwell shell as shown on Figure 3.4-1, the endcaps and base-

mats as shown on Figure 3.4-4, and the downcomers as shown on Figure 3.4-3.
The accelerometers mounted on the downconers and their cables were protected

from water damage by installing them in nitrogen pressurized housings and
tubing.

3.4.4 LVDTs

Schaevitz Model No. 2000HCD Linear Variable Displacement Transducers (LVDT)

was used to measure displacements. They were mounted in specially designed

brackets to provida =_ 'a- ical support for the transducer. LVDTs measure

radial displacements of the wetwell shell at the locations shown in

Figure 3.4-1. These transducers have positive output for displacements

directed radially away from the center of the wetwell.

3.4.5 Thermocouples

The thermocouples used for temperature measurement in the FSTF were manu-

factured by Conax and were Type E (chromel-constantan) metal sheath with an

outside diameter of 0.125 in. Thermoc' yle tips were reduced to either

0.093 in. or 0.010 in. and were grounded. Thermocouple locations for the

steam supply vessel, blowdown line, drywell, and vent lines are shown on

Figure 3.4-4. Wetwell thermocouple locations are shown on Figure 3.4-2.

1157 204
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3.4.6 Level Probes

The probes uced in the FSTF to monitor water level were developed and
manufactured by General Electric. The probes indicated the presence or
absence of water by using the difference in conductivity of the water and
gas (air or steam). These probes were installed on the wetwell shell as shown
on Figure 3.4-1, and in the ring header and downcomers as shown on
Figure 3.4-3. The net variation that occurred in the level probe voltage

output resulting from changes in temperature and water quality is as follows:

Fluid Monitored Output (Volts)

Air or steam 6.8 - 7.2

Water 3.5 - 5.5

3.4.7 Miscellaneous

Two additional channels of instrumentation were used during the test program.

One channel (CT-001) was used to indicate both test initiation time and high

speed camera start time. Test initiation time was shown by a positive 2.5 volt

increase, and high speed camera start time by a 0.5 volt decrease. This
instrumentation was connected for tests !!4 through M10.

The other channel (VB-001) was used to supply vacuum breaker pallet position

indication. For test M1, the vacuum breaker pallet position was measured con-

tinuously with a potentiometer with the output indicating degrees of rotation
directly. Because this position indicator failed during M1, for subsequent
tests t'rce position limit switches were used. The limit switches were con-
nected gether electrically in order to moniter the pallet position with
one data acquisition channel. The angular positions of the pallet corresponding
to the switches and the output of the switch circuit are as follows:

Degrees From Closed VB-001 Output (Volts)

0 10.5

>1a %4.6

3o %9.0

60 %6.8

1157 205
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This measurement was available for all tests except test M10 for which the

vacuum breaker was removed from the vent header.

3.4.8 Signal Amplification and Conditioning

The Neff's signal processing system used consists of low pass filters, pre-
amplifiers, and signal conditioning. A Neff Series 100 preamplifier system
has a capacity for up to 256 inputs. Accelerometers, differential pressure

transducers, LVDTs and level probes used high level preamps (inputs up to

10 volts). Pressure transducers, thermocouples, and strain gauges used low

level preamps (inputs up to 1 volt). With each preamp, a low pass filter was

installed. The cavity pressure transducers, differential pressure trans-

ducers and thermocouples were filtered at 30 Hz. Flushmount pressure trans-

ducers, accelerometers, LVDTs, level probes, and strain gauges were filtered

at 300 Hz. To configure each channel for a particular transducer type, a

Neff Series 300 Signal Conditioner was used. The signal conditioning system

provide 'he excitation supply, shunt calibration circuit (if required),

voltage substitution circuit, and a mode card to configure the circuit for

operation with a particular type of transducer. Mode cards were available for
strain gauge circuits (for one, two or four active arms) and thermocouples.

The Neff system was attached to the transducers by 1000 ft of eight conductor-
shielded cable. The cables ran from the control room to junction boxes in the

field next to the FSTF. Seven junction boxes were located at the test facility.

These junction boxes housed the local signal conditioners and patch panels for
the transducer cable conaections.

The Neff system was connected to the Data Acquisition System (DAS) through a
patchboard, permitting the sequencing of the transducers into the DAS. It

also permitted resequencing transducer inputs to mal atain transducer groupings
(i.e., all strain gauges together) after adding or deleting transducers.

It should be noted that the components of the whole instrumentation system

and the techniques used to control the system had noise levels of less than
2.5 mV which represents one-bit resolution on the DAS.

3-41



NEDO-24539

3.4.9 Air Samplers

The air samplers used in the FSTF were based on a design developed by

Gene al Electric. Five samples were taken in each vent line during a test.

Timers initiated a time delay relay on a sample chamber on each vent line.

The timers were set at predetermined times and the time d: lay relay energized

an isolation valve on each sample chamber for a set time duration. The sample

chambers were copper tubing with internal fins and were forced convection

cooled to effectively increase the gas sample sampling volume. Before

testing, each sample chamber was evacuated to a vacuum of 2 mm Ilg with a

vacuum pump. After testing, each sample chamber was analyzed to determine

the mass of air and steam collected. The location of the sample probe on

each vent line is shown on Figure 3.4-4.

A calibration test was performed on the air sample system to determine its

operating characteristics when sampling a "zero air" steam environment.

These results had a positive 0.015% air offset and a standard deviation of

0.014% air.

3.5 DATA ACQUISITION SYSTEM

The Data Acquisition System (DAS) was housed in a remotely located control
room used to initiate testing and record test data. The DAS includes the

components required to monitor the test instrumentation, process the signals

into the required format, record the signals and provide system control. A

simplified block diagram of the DAS is shown in Figure 3.5-1.

\ \ S1 20$
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h3.5.1 Major Components

Major components of the DAS shown in Figure 3.5-2, include those in the
transfer path during high speed acquisition. The Data Acquisition System

has the following characteristics:

- Up to 256 inputs

- Plus or minus 10V input

- 250,000 samples /second (977 samples /second/ channel) for up to

300 seconds

- 13-bit resolution (12 bits plus sign bit)

A brief description of these major components and their functions follows:

A/D Converter, Phoenix 'ata, Inc., Model No. 6913 - Two systems were installed

although only one system was used at a time. Each A/D converter has three

parts: the multiplexer, the sample / hold amplifier, and the analog-to-digital
converter. The multiplexer selects an analog signal, and the sample / hold
amplifier holds the voltage level of the selected signal while the A/D
converter converts the analog signal to a digital representation of the volt-

age level. During the first three tests of the program, a malfunction

occurred in the analog-to-digital signal conversion resulting in data " banding",
which was caused by signals overlapping as they were being converted. This
problem was minimized by reducing the sample speed for Tests 2 and 3. It was

then carnected in the subsequent tests.

Contrciler, Datacom, Inc., Model No. WRS061310 - The controller provides a high

speed, programmable interface between the A/D converter and the computer.
Its basic functions are to 1) transfer data from the A/D converter to computer,

2) provide sequencing of the A/D converter channels, 3) control the conversion
rate, and 4) provide a buffer to absorb delays in gaining access to the computer.

O
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O
Computer, Varian, Model No. V77-600 - This computer is used to control and

interface with the peripherals and data acquisition equipment. The com-
puter also controls the execution of all the software programs and is

central to the entire Data Acquisition System. The computer memory is also

used as temporary storage during data acquisition. The A/D converter fills

one group of memory locations while another group is being read out on the

large disc for storage.

Large Disc Unit, Varian, Model No. 70-7530 - The large disc supplies the

storage capability for data as it is acquired during the test run. It has

a storage capacity of about 100 million words.

3.5.2 Minor Components

The minor components of the DAS and their primary functions are:

Terminal, Texas Instruments, Model No. KSR733 - Is operating system console
for instructing computer.

Disc Unit, Varian, Model No. 70-7603 - Stores operating system software for

the computer.

Card Feader, Varian, Model No. 70-6200 ~ Provides program loading and run
definition input.

Line Printer, Varian, Model No. 70-6723 - Supplies program listings and data

printout.

Magnetic Tape Unit, Varian, Model No. E-3004 - Records data from large disc

for long term storage and copies tapes.

Graphics Terminal, Tektronix, Model No. 4104-1 - Is used for test operator

communication and for display of data prior to plotting.

O
1157 211
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Printer / Plotter, Varian, Model No. 4111 - Is used for plotting test results

and also serves as a line printer.

3.5.3 DAS Software

The DAS software was designed to permit the operator to perform the functions
required to verify the initial conditions, obtain the data and retain the
test data. It consists of a series of separate programs that use and/or
provide output and input to each other. These programs and their functions
are:

SETUP -- Provide proper inputs and information before data acquisition.

ACQUIRE - Acquire raw data from the A/D converters and write to the
large disc.

QPLOT - Provide plotting capability of multiplexed data stored on large
disc.

RELIVE - Copy data from large disc to tape or tape to disc.

DEMUX - Demultiplexer data recorded on large disc (separated by channel

identification)

LIST - Provide listing capability for data stored on large disc prior

to demultiplexing.

CALIB - Perform instrumentation calibrations and data acquisitions

software quality assurance tests.

3.6 MOVIES

The wetwell was constructed with five viewports in the northend plate, two

above water and three below water, as shown in Figure 3.6-1. Viewports 2

and 4 were used to observe and photograph the simulated LOCA. The following

two sections describe the equipment used to obtain FSTF movies.

1\ .~
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3.6.1 Above-Water Photography

An Aeroflex Model 50 camera recorded events above the water surface. The

camera used Video News Film (ASA 500) and its frame rate was 50 frames /sec.
The field of view consisted of downcomers 3, 5 and 7; a portion of the ring

header; the south vessel wall and the water surface. Marks were painted at

6-in. vertical intervals on the downcomers and on the south wall to provide

references for quantitative measurement of post-LOCA wave motion. Four

200 watt lamps positioned high on the north vessel head provided lighting
for the downcomers and south interior wall. The above-water camera was
initiated just before the blowdown and operated over the entire test

interval (320 sec.)

3.6.2 Below-Water Photography

A Redlake 400-ft Locam camera filmed the below-water events using Video News

Film (ASA 500) at 400 frames /sec. The field of view consisted of the bottom
of downcomers 2, 4 and possibly 6, if pool water was clear. Ten one-KU

lamps located on the north head and below the downcomers provided lighting.
The film recorded 40 seconds of test time. Filming was initiated in the

control room at a time selected before testing. Timing marke were imprinted

on the edge of the film and the DAS recorded camera start cime such that
film data could be correlated with the DAS recorded data.

157 .
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4. TEST OPERATIONS

4.1 TEST PROCEDURES

Detailed test procedures were required for the operation of the FSTF test
program. The major areas covered were facility preparation, facility
operation, data reduction and analysis, instrumentation calibration, and
instrumentation installation. All the key o"erations of the FSTF were
accomplished and controlled by using approved procedures. Changes to
approved procedures were accomplished by using a Notice of Deviation (NOD)

procedure.

4.2 QUALITY ASSURANCE

Quality Assurance procedures were also required for the operation of the
FSTF test program. A Quality Assurance program was developed and maintained
which was consistent with the requirements of NRC regulations including 10 CFR,
Part 50A, Appendix B or American National Standard (ANSI) N45.2 (1971) .

A brief description of the information exchanges, checks, and controls

used to conduct a test in the FSTF is as follows:

Complete Inventory Checklist to ensure required materials ona.

hand for conduct of test.

b. Prepare Test Facility Initial Condition List and issue following
approval.

c. Complete facility alignment, instrumentation and data
acquisition checklists, activities reviewed and approved.

d. Use established procedures to bring test facility to desired
initial conditions.

e. Review facility alignment, initial conditions and instrumentation
status. Rhen ready to test, complete Test Check List and shut

down facility and process systems.

1157 215
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gf. Complete Test Check List, review, and when satisfied sign
checklist indicating approval to initiate test.

g. Initiate test after or completion of final steps.

h. After test, inspect facility and clear for entry.

1. Complete Post-Test Checklist and start data reduction
activities,

j. Initiate post-test procedures for cooldown, etc.

After the first several tests had been completed, a test review was held
with the operating p'rsonnel to review test performance for identification
of potential or actual problem areas. For any problems identified, the

appropriate individual component procedure or test procedure was then
evaluated and revised as required. Most of the NODS issued during the
performance of the FSTF test program concerned updating and streamlining
operational procedures for the facility. A total of 22 NODS were issued
through the course of the test program.

4.3 TEST MATRIX

The FSTF basic test mattiv consisted of nine tests. une test was added to

the basic test matrix at the request of the Mark I Owners. Test number 10
was added to investigate the effect of air content in the vents. Fig-

ure 4.3-1 shows the test matrix in the order in which the tests were con-
ducted, including the nominal initial conditions for each test.

Changes made to the facility during the course of the test program are
summarized below:

a. After test M3 - a) added vent header protector; b) added tie

straps between downcomers 7 and 8.
O

1157 216
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WETWELL NOMINAL

BREAK INITIAL CONDITIONS

TEST * DATE
NUMBER PERFORMED SIZE TYPE SUBMERGENCE TEMPERATURE PRESSURE

M1 5/5/78 Small Steam 3 ft 4 in 70*F 0 psig

M2 5/12/78 Medium

o

M3 5/25/78 Small Liquid

M4 6/17/78 Steam 5 p dg

1

M5 6/26/78 120*F 0* ig

y

M6 7/6/78 1 ft 6 in

u

M9 7/11/78 4 ft 6 in 70*F

M10** 7/27/78 ? ft 4 in

a

M7 8/10/78 Large

y

M8 8/22/78 Liquid u y p
4

*Shown in order of performance

** Air sensitivity test performed with vacuum breaker replaced with rupture
discs

1157 217
Figure 4.3-1. FSTF Test Matrix
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b. After test M9 - a) removed vacuum breaker (replaced with rupture h
discs); b) added vent header stiffeners for the reduced air test;
c) added tension and compression tie bars (bracing) between
downcomers 1 and 2, 3 and 4, 5 and 6.

After test M10 - a) reinstalled vacuum breaker; b) addedc.

perforations to large blowdown line standpipe in drywell.

d) After test M7 - removed ring header stiffeners and bracing between

downcomers 5 and 6.

G

9
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5. DATA REDUCTION

5.1 GENERAL DESCRIPTION

The data recorded during each test was processed for analysis using the same
computer system provided for data acquisition and described in Section 3.5.
The first data reduction activity after each test was to use the limited
plotting capability of the data acquisition software to generate a few time-
history plots directly from the multiplexed data. This was done usually
within two to three nours following the test, to verify as early as possible
that the data had been properly recorded, that key instruments had functioned
correctly and to get a preliminary assessment of facility response during the
test.

The next step was to demultiplex the data. This activity required approxi-
mately twelve hours during which the multiplexed data as acquired on the
memory disc pack was demultiplexed, recorded on magnetic tape and then
re-recorded on a clean disc pack.

The demultiplexed data disc was required for use with the principal data
reduction software program, DARS (Data Analysis and Reduction Software). This

program was used to generate plots and listing of analyzed data.

As part of the data reduction process, the test data was copied onto a magnetic
i Santape in a format compatible with the General Electric computer system n

Jose. These tapes have been used for analysis of the downcomer lateral loads
and for cross-spectral analyses.

5.2 "0N-SITE" DATA REDUCTION SOFTWARE

5.2.1 General Philosophy of Ope- . ion

The Data Analysis and Reduction Software (DARS) program was designed to meet
the needs of the Mark I FSTF Test Program. The DARS program allows test

i157 219
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engineering personnel to pecform a wide variety of analyses on the data
acquired during the data acquisition phase. The DARS uses a flexible file
building and maintenance capability to efficiently handle the various process-
ing requirements.

The program is designed to use the full capability of the computer hardware and

software. This includes an on-line disc storage capacity of about 116 million
words. The software includes the full complement of Sperry-Univac software

enhanced by programs specially prepared for the FSTF tests.

The DARS provides two basic operational modes to the user: interactive and batch.

In the interactive mode a computer operator will converse with DARS via a

Tektronix graphic CRT. Batch mode will normally accept input from a card reader.
In the interactive mode the emphasis is on flexibility, while in the batch mode
the main concern is speed.

The program is designed in a modular fashion. This allows new capabilities to
be added at a later date without disrupting present analysis modules. The
sections below describe the various operational capabilities of the program.

5.2.2 overall Operational Flow

The operation of DARS consists basically of performing steps. Specifically it

uses a concept known as a Processing Step (PS). Each PS takes data in one form

and translates (or processes) it to another form. Each PS requires (as a minimum)

the following information:

1. Channel or transducer identifier

2. Time interval of interest

3. Operation (s) to be performed

To assist in this process, tables of modules, functions and parameters are
maintained by the l'ARS.

1157 220
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5.2.3 Major 1:odules

The DARS has a main controlling program and modules (subroutines) for all of
the analysis and display functions. The following sections give a short

description of each module.

5.2.3.1 Preprocessor (PREP)

This must be the first module called in a PS sequence. PREP converts the data

to engineering units by accessing the ADMID file which contains all calibration
data. DARS assumes the ADMID file is correct and thus makes no checks on it.
Optional capabilities of PREP are:

a. Linear Trend Removal. This is done for data on a piecewise basis.

The maximum number of points for one buffer is 1024.

b. Digital Filter. This is a low-pass filter with a selectable cutoff

frequency.

c. Decimation. This reduces the number of data points by up to a factor

of 1000.

5.2.3.2 Display (DISP)

This module produces all the displays, both plots and printouts. 'Ihe plot types

are:

a. Single plot on single grid /page,

b. Strip chart format with multiple grids /page (up to eight).

c. Single grid with multiple plots /page.

The print format lists a single variable at a time.

1157 221
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5.2.3.3 Stress (STRS)

This module performs the following stress analyses:

Computes uniaxial stress and writes strain and stress data to disc.a.

b. Computes biaxial stress and writes stress and strain components to
d i r.c .

Computes and writes to disc the following rosette results: maximumc.

principal stress, minimum principal stress, maximum shear, angle of
maximum principal axis, and leg 1 and leg 3 component stresses.

5.2.3.4 Maximum / Minimum (MXMN)

This module performs the following analysis:

a. Given a time interval, BEC to END, a given subinterval, At, and a

string of preprocessed input channels (or a string of up to 10 analysis
results, such as RMAX, RMIN, etc.), then for each input channel this
routine finds the maximum and minimum over each at from BEC to END, and

prints a ranked list of the largest and smallest values, together with
their associated time and channel ID.

b. If desired, the routine then ranks and prints the 50 largest and 50
smallest of the results of part 1, together with their associated times

and channel ID's.

5.2.3.5 Spectrum Analysis (SPEC)

This module computes the power spectral density (PSD) function on an input time
series array. The options available include:

Windowing - A Hanning window may be applied to reduce effects ofa.

discontinuities.

1157 '722
'
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b. Averaging - the PSD results for more than one time interval may be

averaged to improve statistical consistency.

SPEC operates on either preprocessor or analysis results data. The only restric-

tion is that the input array be a function of time.

5.2.3.6 Ventline Flow Analysis (VFLO)

This module performs the following:

a. Computes the flow rate in north ventline.

b. Computes the flow rate in south ventline.

Inpo: to VFLO consists of:

a. Pressure measured upstream of the annubar in a ventline.

b. Annubar differential pressure measurement in the ventline.

c. Temperature measured upstream of the annubar in ventline.

The computations are performed twice; once assuming that the fluid flowing in the

ventline is air and once assuming the fluid is steam at saturated conditions

corresponding to ventline pressure.

5.2.3.7 Blowdown Flow Analysis (BFLO)

This module computes blowdown flowrate from either of the following sets of inputs:

a. Nozzle Pressures (Isentropic nozzle flow)

(1) Static pressure measured in the pipe upstream of the flow nozzle.

(2) Static pressure measured at the flow nozzle throat.

1157 223
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b. Differential Pressures (Rate of change of vessel inventory) g
(1) Differential pressure measured between the top and bottom of the

steam vessel.

(2) Differential pressure measured between the top and the middle of
the steam vessel.

(3) Differential pressure measured between the middle and the botte,
of the steam vessel.

5.2.3.8 Bending and Membrane Stress Analysis (BEND)

This module performs the following:

a. Compute bending stress component of wetwell shell.

b. Compute membrane stress component of wetwell shell.

Input data to BEND consists of one of the following:

Strain gage data from a uniaxial bending bridge circuit.a.

b. Strain gage data from biaxial gage.

Strain gage data from leg A and leg C components of a Rosettec.

gage.

d. Stress data obtained from prior stress analysis on biaxial or
Rosette gages.

Strain gage data is needed from both the outside and inside surfaces of the
wetwell.

The bending and membrane stresses are computed in terms of the x (axial) and g
y (circumferential) components.

l157 2245-6
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5.2.3.9 Statistical Analysis (STAT)

This module performs the following statistical functions for a given input file:

a. Computes and writes to line printer the average, standard deviation,
skewness and kurtosis.

b. Plot magnitude histograms over the range of values. The x-axis of
the histogram may be scaled by the user, default is automatic scaling.

c. Plot a cumulative probability distribution function complimentary to

the histogram.

5.2.3.10 Load Analysis (LOAD)

The LOAD analysis module performs the following calculations:

a. "Feur hydrodynamic properties" from wall pressure measurements. The
1

calculation is of a general form F = --- I P A Up to four values
n Cni i in.

of F can be calculated using different values of constants C , up

to 30 transducer outputs, P , and corresponding multipliers, A .

The hydrodynamic properties are calculated using wall pressure trans-
ducer output for P and an appropriate area for A , however the

module will accept any transducer and any values for the constants.

b. A downcomer equivalent static load from strain gage outputs and

appropriate calibration coefficients.

Resultant and angle of resultant for downcomer lateral force and/orc.

acceleration.

,

i157 :725
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5.2.3.11 Find Downcomer Chugs (FIND)

This module's function consists of finding the times at which chugs begin in the

downcomers and producing listings and files of the chug start times.

a. Given a time interval of BEG to END and the files of downcomer
acceleration, pressure and conductivity probe data from PREP, FIND

uses a selected decision logic option (Section 6.2.1.3) and various

criteria to determine the cbug start times.

b. The chug start times are output to eight files which are then merged

to form the files containing the downcomer numbers and the associated

chug times.

c. Optionally, FIND .7111 produce one of three reports. To obtain the

other reports, FIND can be re-run after the chugs have already been

found. The three reports are, a chronological listing of chugs by

downcomer number, a chronological listing of all chugs and a multipage

plot indicating chug times with an "X".

5.2.3.12 Determine Pool Chugs (POOL)

POOL determines pool chugs (defined in par. 6.2.1.4) by grouping individual

chugs received from the FIND Analysis Module. Each individual chug's time is

compared with the previous chug time. When this time difference exceeds the

user input value DTC, POOL has determined that one pool chug has finished, and
another has begun. In this way, POOL allows as few as one downcomer chug per

pool chug. POOL uses the downcomer chug time as the pool chug start time. The

pool chug mean time is an average of the individual downcomer chug times. The

time increment between the downcomer chug times and the associated mean pool

chug time can be positive or negative. Negative values correspond to chugs
which occur before the mean pool chug time.

O
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The POOL analysis module performs the following function:

a. Determines pool chugs from FIND data.

b. Prints " Pool Chug Chronological Report".

Outputs time between pool chugs to disc.c.

d. Outputs number of downcomers for each pool chug to disc.

Outputs time increments from pool chug mean time to each downcomere.

chug to disc.

5.2.3.13 SPAN Operation

The SPAN Analysis Module provides an interface between the DARS Chug Functions

(FIND, POOL) and the maximum / minimum function (MXMN). SPAN sends a series of time

intervals to FDON, which are used as MAX / MIN time intervals. There are three
different criteria for determining the time windows:

Pool Chug Start Time Method -- the start times of the pool-chugsa.

determined by POOL are used as the basis for the time windows. If tl,

t2 --- tn are the pool-chug start times, the following windows are
used: t1 - CIN to t2 - CIN, t2 - CIN to t3 - CIN, - - , tn-1 - CIN

to tn - CIN. CIN is a constant supplied by the user for this method.

b. Downcomer Chug Times Method - this method is the same as above, except
the start time for the downcomer n is used instead of pool-chug start

times. The user selects the downcomer number by setting a parameter NDC.

c. Arbritrary Time Input Values. When a parameter, MSP, is set to a value
of 3 SPAN inputs a card deck containing one time value per card. If

tl, t2 --- tn are the time values, then the windows are t1 to t2, t2
to t3, --- tn-1 to tn.

I157 227

5-9



NEDO-24539

5.2.3.14 GE Compatible Magnetic Tcpes (BTAPE)

BTAPE produces magnetic tapes from the raw multiplexed data obtained from Mark I
FSTF data acquisition system. Data includes instrument calibration and Engineering
Unit conversion information and header data describing the test.

5.3 "0N-SITE" DATA REDUCTION PROCEDURE

The following general types of plots and analyses were done for each test:

a. Time history plots covering the entire test period on a single page

b. Time history plots covering the condensation oscillation and chugging
periods at a scale of five sec per page

Time history plots covering a single chug or a few cycles of condensa-c.

tion oscillation at a scale of approximately one sec per page

O
d. A chugging analysis (for tests in which chugging occurred) including

finding and listing downcomer-chug start times, organizing into " pool-
chugs" and plotting histograms to show degree of synchronization

Power spectral density (PSDs) plots and listings over selected 0.5-toe.

1.5 sec periods

f. Tables and histograns of maximum positive and maximum negative

wetwell wall pressures and hydrodynamic property peaks during

chugging and condensation oscillation periods

g. Plots and tables of wetwell pool temperature data throughout the test

h. Time history plots of key strain and stess data at various scales for
analysis of facility structural response

O
5-10
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1. Time histories and PSDe of wetwell pressure, acceleration, displacement

and stress during the same time periods for evaluation of fluid structure

interaction effects

j. Time histories and PSDs for evaluation of downcomer lateral loads.

5.4 "IN-HOUSE" DATA REDUCTION

General capabilities and procedures for "in-house" (at General Electric in San
Jose) processing of FSTF data, will be discussed in this subsection. Primarily,

"in-house" data reduction capability was developed to (1) perform cross-power
spectral analyses and (2) analyze downcomer lateral loads.

The procedure used in processing FSTF data "in house" is identified in Figure 5-1.
The basic elements of this procedure are:

a. Conversion of Varian-formatted raw data tapes to tapes formatted to be

compatible with the Honeywell - 6000 computer system

b. Conversion of raw data tapes to engineering units (E.U.) tapes

c. Generation of Engineering Units tapes in a format compatible with

spectral analysis and downcomer lateral load analysis routines.

Specifics of the computer programs used in this data processing procedure will be
given in the paragraphs that follow.

"In-house" data reduction begins with the generation of Varian-formatted multi-
plexed raw data tapes at the FSTF si'e. To generate these tapes, data was read

from the computer discs used for data acquisition (data in multiplexed form).

Generally, five tapes were required to store all of the data acquired for each
test. Each tape was genernted with a header identifying the test (and other
pertinent information such as sample rate, test date, etc.) and engineering units
conversion factors followed by multiplexed data in computer count form.

1157 2295-11
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An exact duplicate of the Varian-formatted raw data tape was made at GE. The

purpose of this step was to have a raw data tape generated on the Honewell -
6000 system available for further processing. These copy tapes are stored in a

controlled environment area and are used for saving data over an extended period

of time.

A data conversion program processes an input non-standard (relative to the
Honeywell - 6000 system) Varian-formatted raw data tape and generates a standard
engineering units (E.U.) tapes (two E.U. tapes are required for one raw data
tape a total of ten E.U. tapes are required for each test). The specific

purposes of this program are to:

a. Convert Varian words to Honeywell - 6000 words

b. Convert data from computer counts to engineering units. This program

also has the capability to list and modify the ADMID file (channel

map, transducer names, E.U. conversion factors and gain).

O
A general data reduction program is then used to generate engineering units
tapes formatted for the spectral analysis. In addition, this program has

numerous capabilities for data processing and data calculations and can list and
plot raw processed and calculational values as well.

Some of the processing and calculational capabilities are identified below:

a. Data Processing

o Constant trend removal

o Low pass digital filter

o Decimation of the data

O

1157 2305-12
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b. Data Calculations

o Maximum and minimum values

o Difference between any two transducers

o Stress calculations for uniaxial strain gages and rectangular

rosette strain gage groups

o Integration of accelerometers to get velocity and displacement

The spectral analysis program performs digital spectral analysis of constant

sampled time signals. The method employed is one of Fourier signal decomposition

utilizing the fast Fourier transform. Power spectral density, cross power

spectral density, phase, transfer and coherence functions are calculated by this

software. Program outputs are plots and tabular printout of results.

Another program is used to merge one or more formatted data tapes to produce

one continuous sequential data tape. The purpose of this program is to put a few

channels of one complete test on a tape such that the downcomer lateral ' .

program can access any time segment without concern for tape boundaries within a

test.

I157 231
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6. TEST RESULTS

6.1 SYSTEM PERFORMANCE

FSTF system performance during the ten-test matrix was generally as expected.
System pressure and bulk temperature responses of the steam vessel, drywell
and wetwell agreed well with pretest predictions. This ensured that the
boundary conditions on the suppression pool which control the wetwell hydro-
dynamic loads and structural response were representative of postulated LOCA

conditions in a Mark I containment.

The steam supply vessel serves as the energy source for the tests by
supplying high pressure saturated liquid and steam through the blowdown line
to the drywell. Saturated liquid and steam drive air from the drywell into
the wetwell airspace, incr- asing the wetwell pressure. Steam then condenses

in the wetwell suppressior. , col, elevating its temperature. This sequence
of events was repeated usit.- two types of blowdowns from the steam supply

vessel. Steam blowdowns (which simulate main steam line breaks) and liquid

blowdowns (which simulate recirculation line breaks) were performed. A
range of break areas was covered for each type of steam vessel blowdown.
Figure 6.1-1 presents the steam vessel pressure for liquid blowdowns. As
shown, the steam supply vessel pressure decreases slowly (for a small break)
as liquid is being discharged until the liquid level in the steam vessel
reaches the break elevation, then the pressure decreases rapidly as steam

is being discharged. Figure 6.1-2 shcas one steam supply vessel pressure
for steam blowdowns. As shown, the vessel pressure decreases rapidly as

steam is being discharged from the vessel for the duration of the blowdown.

Containment loads and responses resulting from these blowdowns are presented
and discussed in the following sections. For a detailed discussion of the
system performance parameters resulting from these blowdowns, see Appendix C.

6.1-1
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.

6.2 WETWELL HYDRODYNAMICS

6.2.1 Chugging

6.2.1.1 Chugging Data Base. The occurrence of chugging during a blowdown

was determined by a review of the data from conductivity probes located on the
inside of each downcomer, six inches above the bottom. Since one of the

characteristics ascribed to chugging is the periodic rise of the steam-water

interface into the downcomer, it was assumed that chugging had occurred when

the conductivity probes indicated periods of being alternately wet and dry.

If such periods were found in a test, the chug detection software described
in Section 5.1.2 was then used to determine the start times and synchroniza-

tion relationships of each downcomer chug.

Substantial chugging was present during foi.e of the ten tests in the series.

The four tests were M1, M4, M9 and M10, all of which were small steam break

tests with a nominal initial pool temperature of 70 F. Test M1 was run with

the nominal initial conditions of 3.33 feet of downcomer submergence, atmos-

pheric free-space pressure and prototypical vacuum breaker installation.

The initial free-space pressure was increased to 5 psig for test M4, the sub-

mergence was increased to 4.5 feet for M9 and the vacuum breaker was removed

for M10. Two small steam break tests, M5 and M6, did not produce chugging.

The initial pool temperature in both of these was 120*F. The liquid break

teits, M3 and M8, and the large and medicm steam breaks, M7 and M2, also did

not produce chugging. A discussion of possible reasons for chugging occur-

rence or non-occurrence is provided in Section 6.2.1.2.

The data recorded during the chugging periods of the four tests M1, M4, M9

and M10 represent the data base from this test series which is available

for analyzing Mark I containment chugging loads. The chugging periods and

the number of chugs for each test are summarized in Table 6.2.1-1.

Cor:parison of Test M-1 chugging data with the chugging data of Tests M4,

M9 and M10, indicates two distinct types of ch gging, or two chugging

i157 237
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regimes. Test M1 contains three time intervals during which the chugging h
characteristics, particularly wall and vent system pressure time histories,

were not duplicated in succeeding tests. The distinction between these

two types of chugging is primarily the degree of synchronization between
the individual downcomer chugs. During the three unique periods in Test M1,

the chugs are ;1osely synchronized into " pool chugs" (as defined in 6.2.1.4)
with all eight downcomers chugging, often within a span of 100 msec. Other

characteristics are the large, low frequency decreases in the drywell and

vent system pressure, the well mixed wetwell pool (uniform temperature) and
the damped sinusoidal form of the wall pressure signal with a fairly quiescent
period between chugs. A " typical" wall pressure time history for one of these
periods during Test M1 is shown in Figure 6.2.1-1. This type of chugging

will be referred to as " Type 1". The time intervals during Test M1 in

which Type 1 chugging occurred are shown in Table 6.2.1-2.

The remaining chugging intervals in Test Mi show data characteristics that

are typical of those seen in Tests M4, M9 and M10. There is a lack of synchro-

nization in these time intervals and nany " pool chugs" consist only of a h
single downcomer chug. The vent system and drywell do not show the large,

low frequency pressure decreases indicating lower condensation rates at the
interface. The pool tends toward more temperature stratification caused by

poor mixing. The wall pressure time history typically has alternate periods

of low frequency oscillations s.allar to condensation oscillation (CO) as
well as higher frequency, lower amplitude oscillations. A typical wall

pressure trace from an earlier period in M1 is also shown in Figure 6.2.1-1.
This behavior will be referred to as " Type 2" chugging. Characteristics

of these two types will be discussed in the following paragraphs.

6.2.1.2 Chugging Conditions. Chugging conditions were reviewed to understand

why chuggi,g did not occur in some tests. Two variables appear to have the

most influence on chugging: some form of the vent system flow rate (mass,

momentum, or energy), and the temperature or temperature distribution in the

wetwell pool. On this basis, the observed FSTF chugging conditions were

mapped using average downcomer steam mass flux to represent flow rate and mean

pool temper. .re at the exit of the downcomers to represent the pool temperatae. h

1157 2386.2-2
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The average downcomer steam mass flux was calculated by dividing the steam
mass flow rate from the flow nozzle measuremenc (see Section C.1) by the

total crosa-sectional area of eight downcomers. For the small steam break

tests, the average of the six steam flow-versus-time curves was used to
determine the mass flux. For the small liquid-break test, it was assumed

that the water undergoes isenthalpic expansion from steam vessel pressure
to a steam-water mixture at drywell pressure. The quality of the resulting

mixture was used to calculate the steam mass flux from the nozzle flow rate
measurement.

The mean pool temperature at the bottom of the downcomers is defined as the
average value of the temperatures from eight thermocouples located near the
bottom of downcomers 5 and 6, as shown in Figure 6.2.1-2. These are all of

the available thermocouples close in elevation to the bottom of the downcomers.

The " map" was made by plotting the . ass flux as a function of temperature for

each test. On each curve, the periods of non-chugging, Type 1 chugging,

and Type 2 chugging were fadicated. The result is shown in Figure 6.2.1-3.
The large liquid break, Test M8, was omitted because chugging did not occur
and the mass flux was outside the range of the figure.

Figure 6.2.1-3 shows that the mass flux and pool temperature conditions during
2all observed chugging periods are in the area of the map below 6.5 lb/sec ft

mass flux and less than 135*F pool temperature. This suggests the existence

of a chugging boundary (see Figure 6.2.1-3) that defines temperature and mass
flux conditions necessary for the tested geometry to produce chugging. Con-

ditions above and to the right of the boundary line do not result in chugging,
while conditions to the left and below do produce chugging. The location of

the postulated line is fairly well established by the present data above a
steam mass flux of 6 lb/sec-ft and below 1.8 lb/sec-ft , but is speculative

in the region between the curves for Tests M3, M2, and M10.

I157 239
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Another observation from Figure 6.2.1-3 is that the more cetive, Type 1

chugging occurred at the test conditions furthest below the postulated

2boundary line. All Type 1 chugging was observed below 3.0 lb/sec ft mass

flux and about 110 F pool tempersture.

One apparent inconsistency is the start of chugging for Test M1 which,

according to the computer results, occurred at 5 lbs/sec-ft2 A review of

the data has shown that the water level probes near the bottom end of the

downcomers indicate alternate wet and dry periods beginning at about

6.3 lb/sec ft2 Therefore, it is probable that chugging did start at the

higher mass flux, but was not indicated by the computer analysis because the
downcomer accelerations were less than the 7-g criteria used for M1 (see

Section 6.2.1.3). If the chug detection analysis were redone using the

3-g downcomer acceleration criteria, as in tests M4 and M9, the apparent

inconsistency in Figure 6.2.1-3 would be removed.

The air content of the steam flow in the vent system is known to 1 ave an

ginfluence on the thermodynamic conditions that result in chugging. In this

test series, since all of the chugging occurred during small steam break

te3ts which began with the same thermodynamic conditions in the steam vessel

and drywell, the air content in the steam during chugging is always the same

(or nearly so) for a given mass flux. Therefore, since the steam mass flux

and air content are changing simultaneously, there is no way to separate t'.te

effect of air content from the effect of steam mass flux on chugging for the

data reported here. To provide an indication of the air content during

chugging, the lines representing tests MI, M4, M9 and M10 on Figure 6.2.1-3

have been marked to show an average percent air in the .2ntline determined

from Figure C-34. These values also apply to Tests MS and M6.

6.2.1.3 Chug Initiation Times. Much of the analysis used to develop a

description of the FSTF chugging pressure loads depends upon the chug initia-

tion times determined by the chug detection software module, " FIND".
Application of the module requires parameter input that represents criteria

for deciding whether or not a chug has occurred. The " FIND" module is

gdescribed in Section 5.2.3.11.

.
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Baset on a review of some time history plots of downcomer level probe,

pressure and accelerometer data from test M1, the best indication of the
occurrence of a chug was concluded to be a sudden increase in the down-
comer accelerometer output and a nearly sim21taneous change in the conduc-

tivity probe output from the " dry" value to the " wet" value. Downcomer
pressure data was not used because the form of the pressure time history
plot did not clearly indicate the beginning of a chug. A sample plot of

acceleration, pressure and level for downcomer number 5 is shown in

Figure 6.2.1-4.

The test performed by the " FIND" module was applied to the accelerometer
and level probe data from one downcomer at a time. Beginning at some time t,

at the start of a possible chugging period, the accelerometer output at time
t + DT2 was compared with the average acceleration in the DTl seconds pre-

ceding time t. If the acceleration at t + DT2 exceeded the average value by

a selected amount, DA, then a possible chug was indicated and the level probe

data was then tested. If the acceleration criterion was not exceeded, the

data at the next time step was similarly tested.

The level probe data was tested by examining the voltage output in the period
c + DT3 to t + DT4 to see if a change from " dry" to " wet" was indicated in
this period (a voltage decrease to less than a value L1). If this occurred,

the time, t, was recorded as a chug start time; if not, the time was advanced
to the next data point and the process repeated beginning with the accelerometer

data.

For Test bu, the criteria values (DT1, DT2, DT3, DT4, DA and Ll) were
selected on the basis of the accelerometer and conductivity probe data from

a period of Type 1 chugging with downcomer acceleration changes large enough
to clearly indicate a chug. For succeeding tests, the acceleration criterion

relaxed because Type 2 chugging and tie straps added between downcomers 7was

and 8 reduced downcomer acceleration levels. Other criteria were changed to

establish t chug start times more precisely. The values selected for each
test are showa in Table 6.2.1-3.

1157 241
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6.2.1.4 Chug Synchronization and Period. The " POOL" software module,

described in Section 5.2.3.12, was used to organize the chug initiation

times from the " FIND" sof tware module, for analysis of the degree o-_

synchronization between chugs occurring in different downcomers. The
principal input parameter for " POOL" is a time increment, At used to,

define a pool chug. A pool chug can be defined a number of ways, but the
meaning of the term as used here is that downcomer chugs which begin within
At secords of each other bel ag to the same pool chug. This definition allows

pool chugs to contain one or more downcomer chugs. The output of " POOL"
is the Pool Chug Chronological Report which displays pool chug start times,
number of downcomer chugs, identification of which downcomers chugged,

downcomer chug start time, and other useful information related to synchro-
nization. A sample of this tabulation from Test M1 is shown in Figure 6.2.1-5.

The modules " FIND" and " POOL" were run in 90- to 100-sec intervals during

the chugging periods of Tests M1, M4 and M9. The time increment, At used,

for " POOL" was 0.100 seconds. For Test M4, " POOL" was also run once with a

At of 0.300 seconds to check the sensitivity of the results to tlis
c

parameter. The results of this analysis are summarized in Table 6.2.1-4.
This shows that for the not-well-synchronized Type 2 chugging, the pool chug

approach to synchronization analysis is relatively sensitive to the selected
time increment.

Type 1 and Type 2 chugging, introduced in Section 6.2.1.1, were differentiated
by their apparent degrees of synchronization. It is, therefore, appropriate

to divide the data from the M1 Pool Chug Chronological Report into Type 1

and Type 2 data and review the synchronization separately.

The number of downcomer chugs per pool chug for the three periods of Type 1

chugging in Test M1 has been separated from Type 2 data and composite histo-
grams drawn for both types. Similar histograms have been prepared for the
Type 2 chugging data from tests M4 and M9, and are shown in Figures 6.2.1-6
through -9. The histogram data is summarized in Table 6.2.1-5, clearly
showing the higher degree of synchronization during the Type 1 chugging

O
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periods. The histogram shows that about 91% of the Type 1 pool chugs consist

of five or more downcomer chugs, with the average about 6.9 downcomer chugs
per pool chug.

These histograms were developed from the Pool Chug Chronological Reports,

with some editing, particularly for the time period 169 to 228 seconds of

Test M1. The " POOL" output indicated a number of single downcomer pool

chugs, which upon close examination of the downcomer acceleration and level

data, were concluded to be either not real chugs or part of another pool chug.

The causes of these false chug indications in the data were in general:

(1) saturation of the accelerometer charge amplifier (corrected prior to

Test M4), (2) wild data points .. the accelerometer output, (also corrected)

or (3) a momentary reduction in the conductivity probe output probably indi-

cating splashing out not full submergence of the probe. It is likely that

if the accelerometer output had been " cleaner", the histograms would indicate

an even higher percentage of seven- and eight-downcomer pool chugs.

The mean period between pool chugs was calculated and is summarized in

Table 6.2.1-6. In general, Type 1 chugging has a longer period than Type 2,
and Type 1 chugging periods get shorter as time increases (mass flux decreases

and temperature increases) while Type 2 periods get longer.

6.2.1.5 Wetwell Wall Pressures. The pressure on the wall of the wetwell was

measured throughout each test with flushmount transducers at 26 locations. The

positions of these instruments are described in Section 3.4

The general characteristics of the local wall pressure response during the

small steam break tests are illustrated by Figures 6.2.1-10, 11, 12 and 13.

These figures show the time history of the output of one flushmount pressure

transducer, P3181, during the entire data recoriing periods of Tests M1, M4,

M9 and M10. The transducer, P3181 is located on the bottom of the shell near

the North end. All of the pressures below the water level exhibit generally

similar time histories, although the magnitude and phasing of the fluctuations

vary with location.

1157 243
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For all of the tests, the pressure rises rapidly during the first 10 to 12 sec

following test initiation as the drywell air is treasferred to the wetwell

freespace. The pressure then levels off and rises only slightly more during

the remainder of the test as the air temperature increases. Just before

leveling off, pressure oscillations build up, rapidly reach a maximum value of

approximately 2 psi and then, except for occasional larger swings, slowly

decay in magnitude throughout the recording period. Figure 6.2.1-10, from

Test M1, is somewhat different that the other three in that there are three

periods in which the pressure fluctuations appear to be larger and more

irregular. These three periods correspond to the intervals of highly synchro-

nozed, Type 1 chugging, which was described in Section 6.2.1.1 and Table 6.2.1-2.

The large pressure spike at 98 seconds is, in fact, the largest fluctuation

seen on any wall pressure transducer during any chugging in the test series.

The pressure signal during the time periods marked " Type 2", looks similar to

that for the other tests.

Figures 6.2.1-14 through-17 provide a closer look at the pressure on an

expanded time scale. The first two of these are typical of the Type 2

chugging early in the tests. The signal shows a " beating" characteristic

with alternate periods of low frequency, high amplitude and high frequency,

low amplitude. The chug detection sof tware indicates that a chug starts * just

at the end of the low frequency part of the signal. The amplitude of the

pressure following the start of the chug is much reduced. (See chug start

times indicated on Figure 6.2.1-15.) The low frequency pressure oscillations

appear very similar to those seen during the brief condensation oscillation

period just prior to the chugging period.

Wall pressures during a Type 1 chugging period are shown in Figure 6.2.1-16

on the same time scale. This figure shows a distinct difference from the

previous two. There is a low frequency oscillation present with a period of

1.5 to 2 sec which represent significant reductions in the pool pressure.

* Note that this " chug start" is determined by a larger acceleration at the vent g
exit rather than by the bubble collapse under pressure. Triggering the chug W
finder by acceleration and water level was found more reliable than triggering
by the bubble collapse underpressure.

'
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Corresponding low frequency changes are also present in the free-space, ring

header, vent line and drywell. The heginnings of the chugs are marked on the

figure. As in the Type 2 chugging period, there is a low frequency oscillation

just preceding the chug and a higher frequency one following the chug. The

difference is that the pressure fluctuation following the start of the Type 1

chug is sometimes as large or larger than those preceding the chug and the
amplitude of the higher frequency signal is attenuated to a very low magnitude
before the system chugs again.

Pressure signals from the same transducers are shown in Figure 6.2.1-17 for

a later period of Type 2 chugging in Test M1. Again chug start times from

the " FIND" output are indicated on the figure. The fluctuations at this time

are of very much lower amplitude and the dominant frequency is higher

(%40 Hz from the power spectral density analysis) than the 7-8 Hz seen in

Figures 6.2.1-14 and 6.2.1-15. During this period there does not seem to be

any identifiable form to the chugging signal and chug start tbmes cannot be

clearly distinguished on the basis of the wall pressure signal only.

To specify the wall pressures during chugging, tie magnitude, the frequency

content and the distrubution on the shell must be quantified. The tests were

conducted to investigate the effects of the system parameters such as mass

flux, pool temperature, air content in the steam, submergence of the down-

comers, free-space pressure, etc. Magnitude, frequency content and wall

pressure distribution are presented in the paragraphs that follow. The signi-

ficant effects of the system parameters, which have been varied over the

range for Mark I plants, are also included.

Wall Pressure Amplitudes

The magnitude of the wall pressure fluctuations can be represented by a

spatial average which has been calculated using all of the pressure transducers

below the water level in the wetwell. The calculation included weighting

each pressure by a normalized area representing the horizontal projection

of the wetwell shell area surrounding the trensducer location relative to the

total projected area. The resulting average is then proportional to the

vertical component of the pressure force on the shell and can be related to

57 245the load on the wetwell support columns.
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O
The average pressure calculations were performed using the " LOAD" software
module (see Section 5.2.3.10) . Trend removal was used on the pressure data

prior to the calculation so that only the dynamic part of the signal is

averaged. For Test R1 only, P3188 was omitted because of a large number of

apparently bad data points. The spatially averaged pressure was calculated

for all of the chugging data in Tests M1, M4 and M9, in periods of about 90

to 100 seconds at a time. Following the calculation, the results were then

scanned to find and tabulate the maximum positive and maximum negative values

of the average pressure in each pool chug. For comparison of average and local

pressure fluctuations, representative time-history plots of the output of

transducer P3181 and the calculated average pressure are shown in

Figures 6.2.1-18 through -29.

Five of the six time periods in these figures include Type 2 chugs. The

sixth, 98 to 99.2 seconds in Test M1, includes a Type i chug. This is the

previously mentioned chug, which results in the highest local wall pressure

fluctuation seen in any of the chugging periods. Three observations concerning g
the comparison of the average pressure and the local pressure plots are:

: The peak values of the average pressure time history are con-

siderably lower than the peak values of most of the local pressure

time histories.

2. For the Type 1 chug, the peak values of the average pressure

following the chug are about the same magnitude as the peak average

pressures just prior to the chug. This is in contrast to the local

pressure which are sometimes much higher just following a chug.

3. A frequency component of about 40 Hz, which is very prominent in

the local wall pressures, is greatly attenuated in the average

pressure. This is apparently the result or this frequency component

not being in phase at all locations on the wetwell wall.

1157 246
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A " bounding-value" approach was selected to quantify the magnitude of the
fluctuations in average wall pressure during chugging. A table of maximum

positive and maximum negative fluctuations provided the bounding values,

plotting in Figures 6.2.1-30 through 32 as a function of the time after test

initiation. The figures shown are for Tests M1, M4 and M9 respectively.

The magnitude of the fluctuations in average wall pressuce at any time during

the test were less than or equal to the bounding value shown on the figure.

The curves show that for each of the tests, the bounding values decrease with

time (decreasing mass flux, increasing temperature). The highest values are

in Test M9 and the lowest in Test M4, which supports the idea that chugging

wall loads increase with submergence and decrease with free-space pressure.

Wall Pressure Frequencies

The frequency content of the wetwell wall pressures during chugging was

examined through power spectral density analysis (PSDs) for the average and

the various local pressures during tests M1, M4, M9 and M10.

A large number of time periods during chugging were selected to calculate

PSDs. A representative sample of these for the average pressure and for one

local pressure is shown in Figures 6.2.1-33 through -55. The software module

used for these calculations requires a block of data with the number of ,

points equal to an integer power of two with a maximum of 1024. This covers

a time period of a little more than one sec, and all of the PSDs shown

excep' Figures 6.2.1-42 and -45 (512 points) were done using this time period.

This results in a frequency resolution of about one Hz. The pressure signal

from which the PSD was calculated is presented with the PSDs for reference.

The wall pressure PSDs can be divided into three frequency bands into which most
of the signal falls. The bands, selectod somewhat arbitrarily, are 5 to 10 Hz, 10
to 25 Hz and 25 to 50 Hz. Many of the PSDs have one or more major components in

each of these bands. To illustrate the frequencies which appear often in the

data, a few PSDs from each of the four tests M1, M4, M9 and M10 were divided

into these frequency bands, and the frequency with the highest magnitude on

i157 247
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the PSD was tabulated for each band, and is shown in Table 6.2.1-7 for the local

pressure P3185 and Table 6.2.1-8 for the average pressure. The dominant frequency
for each PSD is marked with an asterisk. Referring to this table, it can be seen

that for most of the PSDs, the dominant frequency is in the low frequency band and

is usually 6.7 or 7.6 Hz. Examples are shown also of time periods in which
either the middle band frequency or the high band frequency is dominant.
The middle band frequency also has a relatively narrow range from 11.4 to 18.1 Hz
for the examples shown. The high band frequencies show more variation but
most are in the range of 35 to 50 Hz for the local pressure and 30 to 45 Hz
for the average pressure.

The sample PSDs in Figures 6.2.1-33 to -55 were selected to be representative

of the PSDs used for the Tables. Figures 6.2.1-33 to 36 show a pressure

signal and its PSD from a Type 1 chug which occurred in Test M1. This is an

example of a PSD in which the dominant frequency is in the low band. From

the cignal time history, it is obvious that the frequency content changes
greatly throughout the time period, and if the PSD interval had started at
81 seconds the relative magnitudes of the frequency components would not

necessarily be the same.

Another pressure signal from a Type 1 chug and its PSD are shown in
Figures 6.2.1-37 through -40. This is an example in which the middle band

' frequency of 13.6 Hz has the greatest magnitude on the local pressure PSD.
However, the low frequency band may still contain most of the " power" of the
signal as represented by the area under the PSD. The PSD of the average

pressure for the same time period is dominated by the low frequency, showing
that importance of the middle-band frequency is localized.

An example of the frequency content for a Type 2 chug is shown by Fig-
ures 6.2.1-41 through -47. For this case, the time period was divided to

show the change in the frequency content before and after the chug. Fig-

ures 6.2.1-42 and -45 are the PSDs just prior to the chug and are obviously
dominated by the 7.6 Hz part of the signal. Following the chug, the most

significant value on the local pressure PSD of Figure 6.2.1-43 is 40.1 Hz,
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although there is still a significant amount of signal at 7.6 Hz. For the

average pressure, Figure 6.2.1-47 shows the 7.6 Hz to be dominant and thus
the high band frequency of P3185 is also only locally significant.

An example of a Type 2 chug from Test M9 is shown in Figures 6.2.1-48 through

-51. Here the PSD is taken over a period which includes the time before and
after the chug. The low frequency band, particularly 7.6 Hz, dominates, but
the PSDs are a good example of how the frequencies tend to be in three bands.

The last example is a Type 2 chug from M10 in which the highest values on
both the local pressure and average pressure PSDs are in the middle frequency
band from 10 to 25 Hz. Figure 6.2.1-53, for the local pressure, shows two

significant frequencies in this range, 13.4 Hz and 15.3 Hz, whereas

Figure 6.2.1-55 for the average pressure shows only 13.4 Hz to be significant.

The source of the 7-8 Hz is probably the fundamental acoustic frequency in the

vent line (1/4 standing wave). The PSDs of vent and vent header pressures

during these tests, contain essentially no other frequencies than the 7-8 Hz.

The frequencies seen in the high frequency band may be the acoustic frequency
of the J.owncomer itself. This would explain the variety of signals seen in

the band since the resonant frequency in the downcomer would be changing as

the level rises and falls. Another factor which points to the downcomers

as the source is that these frequencies are seen in the downcomer pressures

but not in the vent header or the vent line. The middle band frequencies are

not seen in vent line, ring header, or downcomer pressures and are likely a

result of a shell structural frequency and fluid structure interaction (see

Section 6.4).

Wall Pressure Distribution

A complete description of the wall pressure fluctuations requires a knowledge
of the spatial distribution around the wetwell shell. This distribution

has been investigated for the chugging periods of the Tests M1, M4 and M9.

1157 249
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Table 6.2.1-9 is a list of ten pressure transducers on the circumferential

centerline of the wetwell and their angular locations, and a list of seven

pressure transducers on the bottom of the wetwell and their distance from
the circumferential centerline. Two time periods from each of the three tests

were chosen for review of the pressure profiles as shown below:

Test M1 41-42.2 secs, 98-99.2 secs

Test M4 42.0-43.2 secs, 66.8-68.0 secs

Test M9 49.0-50.2 secs, 73.4-74.6 secs

The wall pressures listed in Table 6.2.1-9 and the spatially averaged wall

pressure were tabulated and plotted for the above time periods. Each period

contains a chug and the times selected for looking at the pressure distribu-

tion were those corresponding to the maximum positive and maximum negative

values of the average pressure before and after the beginning of the chug.

Two additional times were selected corresponding to the highest bserved

wall pressure fluctuation in the entire chugging data base. Circumferential

and axial pressure distributions were plotted from the tabulated data. The

pressure in the free-space has been assumed to be spatially constant and
represented by P3005.

The distributions are shown in Figures 6.2.1-56 through 81. The spatially

averaged pressure for these times was presented in Figures 6.2.1-18 through
29. The distribution prior to the chug looks very much like thase for con-

densation oscillations shown in Section 6.2.2. Circumferentially, the

pressure fluctuations are higher near 180* and approach zero at 90* and 270
(actually the water surface). Axially, the pressure is usually higher on
one end than the other, but generally the fluctuations are all positive for

a positive peak and all negative for a negative peak. Following a chug, the

distributions are much more irregular both axially and circumferentially,

and many profiles contain both positive and negative fluctuations.

No particular differences were observed between the spatial distributions
which could be attributed to the parameter changes between Tests M1, M4 and

M9, or between those for the Type 1 chug and the Type 2 chugs.

1157 1C]u6.2.-14
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6.2.1.6 Effect of Vacuum Breaker gn_ Wall Pressures. Matrix Test Number 10
(M10) was run with conditions matuhing those for M1 except for the vacuum
breaker configuration. The vacuum breaker, oriented between the wetwell free

space and the vent header for M1, was removed to assess the effect on chugging
of eliminating introduction of air into the vent header.

The scope of the analysis of the hydrodynamic data for this test was limited

to a comparison of the magnitude of the wall pressure fluctuations during

chugging to those m asured in Test M1.

The chug detection software, i.e., the " FIND" module, was not applied to

the M10 data because of the influence of the downcomer tie braces on the
downcomer accelerometer output. The reduced acceleration at the downcomer

ends and the possibility of a chug on one downcomer causing an acceleration on

the other one in the pair, make a comparison of chug start times and

synchronization data between tests M1 and Fu0 nearly impossible. Chugging in

M10 was judged to occur when the level probes at the bottom of the downcomers
exhibited alternate wet and dry periods.

A visual comparison of the M1 and M10 short-time plots (5 sec/page) of wet-
well wall pressures revealed that for the time period between 30-70 sec,

the amplitude and frequency centent were similar. Starting between 70 and

75 sec, the form of the M1 wall pressure signal changed noticeably. The
M10 wall pressure did not show this change but continued to be similar in form

to that seen during Type 2 chugging in other tests particularly M4 and M9

(see Figures 6.2.1-14 and 15). Because of the similarity in signal form

in the period 30-70 sec between M1 and M10, this period was chosen for a more

detailed statistical comparison of the magnitude of the peak wall pressure

fluctuations.

Af ter defining the time period of comparison, histograms of wall pressure

peaks for P3181 (wetwell bottom transducer) were generated for both M1 and

M10. A statistical method was used to determine whether the probability

1157 251
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distributions of the wall pressure peaks, from M1 and M10, were significantly
different. They would be declared significantly different if one or more of
the following terms exceeded specified critical values: mean, mean + 1
standard deviation, mean + 2 standard deviations, or mean + 3 standard

deviations.

The means and standard deviations of the peak wall pressure fluctuations

calculated fur M10 and are shown in Table 6.2.1-10. Using the values from

Table 6.2.1-10 in the statistical method described previously, it was con-
cluded that the probability distributions from M10 and M1 were not a.ignificantly
different in the period from 30-70 sec, i.e., from a statistical standpoint,

the fluctuations for M10 could be the same as for MI.

In the period from 70-105 sec during the M1 test, there were a large num!ar
of eight downcomer pool chugs, and the highest peak wall pressures for th..
test occurred during this period. (See Figure 6.2.1-10) In contrast, the wall

pressure peaks for M10 are steadily decreasing during this same time. (See
Figure 6.2.1-13) and are smaller than those seen in M1. From 105 see to the

end of the test, the peak wall pressures in M1 are decreasing with time
except for occasional large fluctuations, which are probably the result of
some highly synchronized downcomer chugs. For the M10 Test, in this period,

the wall pressure peaks continue to decrease regularly with time and no large
fluctuations are seen. The highest peaks are less than tr in Test M1.

In summary, the peak wall pressures comparison between M10 . shows that

for the period 30-70 sec, there is no significant statistical difference
between the tests and for the period from 70 see to the end of the test, the
wall pressure peaks are lower for M10. These lower peak pressure values for

M10 after 70 sec are likely a result of the slightly higher temperatures near
the downcomt_r exit for M10 when compared with M1 temperatures at equivalent

downcomer steam mass fluxes (Figure 6.2.1-3).

9
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6.2.1.7 Vent System Pressures. The vent system pressure response was

recorded throughout each test using two flushmount pressure transducers in
each vent line and one in the vent header, as shown on Figures 3.4-3 and

3.4-4. Typical time history traces of two of these pressures durint chugging
are shown in Figures 6.2.1-82 to 6.2.1-85. Transducer P2004 is located in
the North vent line near the wetwell and transducer P5901 is in the top of

the vent header between downcomers 5 and 6.

Figures 6.2.1-82 and -83 show these two pressures during a Type 2 chugging
period early in Test M1. They are nearly identical and are essentially a
modulated seven to eight-Hz sinusoidal signal.

During a Type 1 chugging period, as shown in Figures 6.2.1-84 and -85, the
pressures are again nearly identical, but there is an additional oscillation
present corresponding to the chugging frequency. These oscillations are the
result of rapid condensation in the dovncomers which quickly reduces the pressure
throughout the vent system and into the drywell. The five psi decrease shown

in these figures was the largest seen during any chugging period in the test
series.

I157 253
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Table 6.2.1-1

SUMMARY OF CHUGGING DATA BASE

Test Number M1 M4 M9 M10

Initial Conditions nominal 5 psig free 4.5 feet no vacuum
space press. submergence breaker

* Approximate Chugging 30-330 26-116 25-305 20-120
Periods, Seconds 250-305

Seconds of Chugging 300 90 280 155
Data Recorded

Approximate Number 670 110 480 200
of Downcomer Chugs

* Time = 0 is the start of data recording

9

9
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Table 6.2.1-2

CHUGGING PERIODS OF TEST M1

Time Period Elapsed Time Chugging No. of Downcomer Average Downcomer

secs see Type Chugs Chugs per Sec.

40.0 - 74.9 34.9 2 100 2.9

74.9 - 109.2 34.3 1 95 2.8

109.2 - 144.9 35.7 2 66 1.8

144.9 - 159.6 14.7 1 52 3.5

159.6 - 169.0 9.4 2 11 1.2

169.0 - 228.0 59 1 229 4.1

228.0 - 330.0 102 2 104 1.0

Totals - Type 1 108 - 396 3.5

Totals - Type 2 182 - 281 1.5

Table 6.2.1-3

PARAMETERS USED FOR CHUG IDENTIFICATION

Test Number M1 Mi M9

DT1, (Interval for ) 0.100 0.100 0.100
l Calculation of
(Acceleration Mean, Sec/

DT2,[TimeSearch } +0.010 +0.001 +0.001
\ Increment, Sec/

DA, [AcceleratiorChangeT 7.0 3.0 3.0
\ Criterion, g's /

DT3 Level Probe Wetting } -0.07 to +0.10 -0.02 to +0.04 -0.02 to +0.04
DT4, [\ Search Increment,Sec/

L1, [LevelProbeWetting) <6.0 <6.0 <6.0
\ Criterion, Volts /
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hTable 6.2.1-4
SUMMARY OF CHUG SYNCHRONIZATION ANALYSIS FOR TEST M4

5 g Criteria 3 g Criteria 3 g Criceria

*DTC - 100 msec DTC = 100 msec DTC = 300 msec

No. of Fool Chugs 33 55 45

Mean Time Between 2.38 1.63 1.99
Pool Chugs

% of Pool Chugs with 6 13 18

5 or More Dowcomer
Chugs

**

Duration of Pool Chugs 79 to 82 to 99 to
with 5 or More Down- 118 msec 232 mst: 232 msec
comer Chugs

*DIC = Max. time between downcomer chugs.
** Duration - time between the star t of the first downcomer chug and the start

gof the last downcomer chug.

Table 6.2.1-5

SUMMARY OF POOL CHUG SYNCHRONIZATION DATA

Chugging Mean Downcomer Chugs % of Pool Chugs with

Test Type per Pool Chug 5 of more Downcomer Chugs

M1 1 6.9 91

M1 2 2.7 20

M4 2 2.0 12

M9 2 2.1 12

O
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Table 6.2.1-6

AVERAGE PERIOD BETWEEN POOL CHUGS

Time Interval Chug Period,
Test Chug Type Seconds Seconds

M1 1 74.9 - 109.2 2.4

1 144.9 - 159.6 2.1

1 169.0 - 228 1.6

M1 2 40.0 - 74.9 1.1

2 109.2 - 144.9 1.1

2 159.6 - 169.0 0.9

2 228 - 330 2.4

M4 2 26.3 - 116.0 1.7

M9 2 32.2 - 124.7 1.1

2 125.4 - 211.7 1.3

2 217.8 - 303.9 1.8

1157 257
6.2-21



NED0-24539

O
Table 6.2.1-7

SUMMARY OF CHUGGING FREQUENCIES - LOCAL WALL PRESSURE (P3185)

PSD Time Interval
Test (seconds) f f f

1 2 3

M1 55.8 - 57 8.5* 13.6 36.5

82.5 - 83.7 6.0* 11.9 42.5

137 - 138.2 6.8* 13.6 29.7

147 - 148.2 7.6 13.6* 36.5

173 - 174.2 6.8* 15.3 29.7

272.4 - 273.6 6.8 13.6 39.1*

M4 36.8 - 37.4 7.6* 13.3 45.8

37.4 - 38.5 7.6 15.3 40.1*
66.8 - 67.4 7.6* 11.4 45.8

67.4 - 68.5 7.6* 16.2 45.8
88.3 - 88.9 7.6* 11.4 45.8
88.9 - 90.0 7.6 13.4 46.7*

M9 47.5 - 48.6 7.6* 13.4 40.1

73.4 - 74.5 7.6* 13.4 42.0

191.5 - 192.6 6.7* 12.4 37.2

209.1 - 210.2 6.7* 12.4 42.9

251.4 - 252.5 7.6* 13.4 50.5

303.5 - 304.6 7.6* 13.4 37.2

M10 28.4 - 29.5 6.7* 15.3 37.2

44.1 - 45.2 7.5 13.4* 36.2

76.1 - 77.2 7.6* 13.4 40.0
101.9 - 103.0 7.6* 14.3 46.7

* indicates dominant frequency

ft - frequency with the highest PSD value between 5 and 10 Hz
f2 - frequency with the highest PSD value between 10 and 25 Hz gg
f3 - frequency with the highest PSD value between 25 and 50 Hz

1157 258
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Table 6.2.1-8

SUMMARY OF CHUGGING FREQUENCIES - AVERAGE WALL PRESSURE

PSD Time Interval
f g g

Test (seconds) 1 2 3

M1 55.8 - 57.0 8.5* 11.9 46.7

82.5 - 83.7 6.0* 11.9 42.5

137 - 138.2 6.8* 12.7 29.7

147 - 148.2 6.0* 13.6 34.0

173 - 174.2 6.8* 17.0 34.0

272.4 - 273.6 6.8* 13.6 39.1

M4 36.8 - 37.4 7.6* 13.3 34.3

37.4 - 38.5 7.6* 13.4 32.4

66.8 - 67.4 7.6* 13.3 45.8

67.4 - 68.5 7.6* 13.4 32.4

88.3 - 88.9 7.6* 11.4 45.8

88.9 - 90.0 7.6* 13.4 47.7

M9 47.5 - 48.6 7.6* 13.4 35.3

73.4 - 74.5 7.6* 13.4 46.7

191.5 - 192.6 6.7* 12.4 37.2

209.1 - 210.2 6.7* 12.4 37.2

251.4 - 252.5 7.6* 13.4 51.5

303.5 - 304.6 7.6* 13.4 41.0

M10 28.4 - 29.5 6.7* 18.1 36.2

44.1 - 45.2 7.6 13.4* 34.3

76.1 - 77.2 7.6* 12.4 37.2

101.9 - 103.0 7.6* 13.4 35.3

* indicates dominant frequency

fl - frequency with the highest PSD value between 5 and 10 Hz
f2 - frequency with the highest PSD value between 10 and 25 Hz
f3 - frequency with the highest PSD value between 25 and 50 Hz

1157 259
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Table 6.2.1-9

TRANSDUCERS FOR CHUGGING WALL PRESSURE DISTRIBUTIONS

Circumferential Centerline Sottor Cer.terline
Distance from Bottom

Transducer Angle, Degrees Transducer Centerline, Feet

3095 90 P3189 -9.0

P3106 105 P3188 -7.0

P3125 120 P31.87 -4.5

P3155 150 P3186 -2.0

P3185 180 P3185 0

P3195 196.7 P3183 +4.5

P3215 210 P3181 +9.0

P3245 240

P3255 255 Edge of Wetwell = +9.75 Feet

P3005 270 South = (-), North = (+)

Bottom of Downcomers at 115.5*, 244.5*

Nominal Water Level at 101.0* 259.0*

Vertical Upward = 0*

East = 90*

\ \S7 %D
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Table 6.2.1-10

COMPARISON OF MEAN AND STANDARD DEVIATION OF PEAK WALL
PRESSURE VALUES FROM TESTS M1 AND M10

(30 to 70 Sec)

Ml M10l

Mean Pesitive 1.18 1.36
Peak, psi

Standard Deviation, 0.28 0.31
psi

Mean Negative -1.24 -1.43
Peak, psi

Standard Deviation, 0.31 0.33
psi

Number of Data 40 40
Points

1157 261
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Figure 6.2.1-2. Location of Thermocouples for Calculation of
Pool Temperature at the Bottom of the Downcomer
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POOL CFUG CH?ON0 LOGICAL PEPORT

START TIE EAN TIE tm BER tit 1E SINCE DOUNCOE R TIE It@
(SEC) (SEC) DC'S LAST POOL DOUNCOER CHUG INIT DC CHJG V5

THIS POOL KAN SEC tm BERS TIN S (SEC) KAN POOL (SEC)

16. 144.0765 144.9932 8 .8546 7 144.9165 .076721
8 144.9464 .046814
2 144.9820 .011230
6 145.0073 .014038
3 145.0130 .019775
4 145.0176 .024414
5 145.0222 028992
1 145.0406 .0473G3

17. 146.0942 146.1744 7 1.1812 8 14G.0942 .080139
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1 146.2333 058899 :z:
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5 147.4087 .062332 8
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g
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Figure 6.2.1-5. Sample Pool Chug Chronological Report From Test M1

. ' .)
CN
OT

O O O



NEDO-2%39

100

so -

so -

70

e4 60
8
5
J

R
: s0 --

O

o
e
E 40 -

TEST M1
COMPOSITE OF ALL TYPE 1
CHUGGING PERIODS

30 - AVG = 6.9 DOWNCOMER
CHUGS / POOL CHUG

20 -

10 -

5

i i i i l I l -|,
1 2 3 4 5 6 7 8

OOWNCOMER CHUGS / POOL CHUG -

1157 267

Figure 6.2.1-6. Histogram of the No. of Downcomers-Chugs / Pool-Chug
for Type 1 Chugging in Test M1

6.2-31



NED0-2M 39

O
100

90 -

80

70 -

g e0 -

E
o

o
o
e s0 -

O

i e
40 -

TEST M1
COMPOSITE OF ALL TYPE 2
CHUGGING PERtOOS
AVG = 2.7 DOWNCOMER/ POOL30 -

20 -

10 -

'

2 3 4 5 6 7 8

DOWNCOMER CHUGS / POOL CHUG

Figure 6.2.1-7. Histogram of the No. of Downcomer Chugs / Pool Chug
for Type 2 Chugging in Test M1.

,-

, () (,

6.2-32



NEDO-24539

100

90 -

80 -

70 -

80 -

!
S

TEST M4
50 - 20 - 130 sec

TYPE 2 CHUGGINGa
O AVG = 2.0 DOWNCOMER/ POOL

$
o

[ 40 -

30 -

20 -

10 -

.

I l_ | | | | e i
,

1 2 3 4 5 6 7 8

DOWNCOMER CHUG 8/ POOL CHUG

Figure 6.2.1-8. Histogrsm of the No. of Downcomers-Chugs / Pool' Chug-

for Type 2 Chugging in Test M4

1157 269
6.2-33



NEDO-24539

O
100

90 -

80 -

70 -

# 80
3
5
a

N ~
E TEST M9O COMPOSITE OF ALL
$ TYPE 2 CHUGGING DATA
g AVG = 2.1 DOWNCOMER/ POOL
e
Ea -

30 -

,

2o -

to -

-

I l I I I I I :

1 2 3 4 5 6 7 5

DOWNCOMER CHUG 5/ POOL CMUG

Figure 6.2.1-9. Histogram of the No. of Downcomer Chugs / Pool Chug .

for Type 2 Chugging in Test M9
'

1157 270,

6.2-34



2M8,$wW*

e

W

1

M
T
S
E
T

1
M

0
0 t

|

3 s
e
T

t
u
o
h
g
u
o
r
h
T
y
r
o
t
s
i
l
I

)
c ee ms

0 (
i

0 E|

7 M T
I

T e
r
u
s
s
e
r
P

l
l
a
W

.

0
1

-
1

.

2

0 6| 0
1

e
r
u
g
i

F

- 0
0 * 36

_.f EEa. d5 Ea;a<s d4kwE

et1OV ra5sM e3 0 r3a cme ea".

.be$'* -

M (7. N N N -
1



ZE9Nugl

G
e

0
0
4

4
M

4T
S M
E
T t

s
e

t M T
t
u
o
h
g
u
o
r
h
T
y
r
o
t
s
i

) lc le
s

0( e
0E m|

2MI T
i

GT

e
r
u
s
s
e
r
P

l
l
a
W

.

1
0 1

| 0

.

1

1

2
.

6

e
r
u
g
i
F

- - O
0 0
6 w 4

3.i 5 " *o3E J!E dshwsJ : u

e%*3O35em ,N r3% ,hED aSa Oa GT*

. DN UZ.

.L [

m 6& .



NEDO~24539'

e

8,

3
t;
# e

x

R 5-

e
a
o

e
15

'

D
3

-
o e
g w

k2
*

-

E- -
e
*

e
$
8
n.

d
0

! a-

7
1
9
e
Q

l $
5
w

o
S S 8

(e*8) L8 led '3WOS$3 Wd 11YM 113ML3M

'

eProprietary information deleted

7 ~7 7
1157 a s

6.2-37



w3 EiMg*W*U

e
e

p
0
4

0
1

M
T
S
E 0
T 1

M
t
s
e

0 Tg 0
3 t

u
o
h
g
u
o
r
h
T
y
r
o
t
s
i
l
l

) ec
e ms

0( i

MI G0 E|

2 T

T e
r
u
s
s
e
r
P

l
l
a
W

.

3
1

--

|

0 1

0
21

6

e
r
u
g
i

F

- 0
0 0 0
5 4 3

% E eE3$w E d<$ n w&w3

. #efI7O37M@$ ,54 +3%0 O3 OGHa$"T'

,

7uC0

- - WN JNZ5. -



%8 * @

.

5
4

n
i

y
l

4 r| !
4 a

E

s
l
a
n
g
i
S

e
r
u
s
s
e

I !
3 r
4 P

l
l
a
W

l ge

b n
i

E g
MI g
T u

h
C

2

2 e
! !

4 p
y
T
l 1
aM
c
it
ps
ye
TT

.

4
1

-
1

1
! 4

2

61

M 1

M e
T rS T uE S
T E g

T i
1 F8 1
1 8
3 1
P 3

P

- - - - -' ~ 0
4

3 3 3 3
4 3 4 3

i;t3$E= d<5 3$gabfdgt

Is3sd.tma ra%OASEou SYr$.

t c e

1

LN :aNUD. -o.Pl& -s J



~99 a7. *.3

e
_

0
I 5

n
i

y
l
r
a
E

9 s
' I 4 l

a
n
g
i
S

e
r
u
s
s
e
r
P

8
4 l

l
a
W

t gce ns
( i

E g
g

MI u

OT h
C

2
7

' |
4 e

p
y
T

l9
aM
c
it
ps
ye
TT

.

6 5
|

4 19 I

9 -M M 1T TS S 2E E
T T .

5 6
1

8 8 e1 1
3 3 rP P u

g
i
F

- - - - - - 5
4

O s 5
-

3R 2OI43 8am 3& E8<3taam;
i$ uwf as<Eu.gwMw k aa<3

1
.

em* OV Waea4 r3& 0oa Sw$3o
5

*
wN N*m y&o



2MCO4N w

e
5
8

m
o
r
F

s
4 l

I | g a
n
g
i
S

e
r
u
s
s
e
r
P

3 lI |

8 l
a
W

)
g

c n
e is g(

E g
M u
I hT C

1

2 eI !
8 p

y
T
l1
aM
c
it
ps
ye
TT

.

6
11 i !

M 8 1
t

-MT 1
S T
E S 2T E
5 T 68 1
1 8
3 e1
P 3 rP u

g
i
F

- - - - 0
8

n33 34 4 3

_I * GEE s< e.b s5Nwf d<Eu

e O1g1. *<u 0 E2 " > *O3 a(HacGGD e
'* .

mspN jNNp

m.yeyW



43

e
m
o
u -

2q

h I

E .ct

4 o

Bx

a E
g a

i
B

-

o P3181 TEST M1
3

a
H 33 %
h y43

? " N

$"
c- W

Cu q
'd

1

5
a
E
e.

$
<
C

P3185 TEST M1
-

1 I l |
245 246 247 248 249 250

TIME (sect

Figure 6.2.1-17. Typical Type 2 Chugging Wall Pressure Signals late in
Test M1-

N
e

Q

sG G e
.



NED0-24539

*
6

3 3 -

E

8
G
$ 1

-

t
3
u.

E-

a
12 _ 1

-

E
b
i

-3 -3
TEST M1
P3181

' ' ' ' '-5
41.0 41.2 41.4 41.6 41.8 42.0 42.2

TIME (sec)

Figure 6.2.1-18. Wall Pressure P3181 During Type 2 Chugging in
Test M1, 41.0 to 42.2 Seconds

5

3 3 -

E
8
E

'

16-

f
C

I.-

E
b
d
5 ~3 -

*

TEST M1
AVERAGE PRESSURE

' ' f I I-5
41.0 41.2 41.4 41.6 41.8 42.0 42.2

TIM E (sec)

Figure 6.2.1-19. Average Wall Pressure During Type 2 Chugging in
Test M1, 41.0 to 42.1 Seconds

* Proprietary information deleted
' -'

1157 279



NEDO-24539

g5 e

3 3 -

b
8
P
$1 -

t
3
u.

E
g -i -

E
t
i

~ ~

TEST M1
P3181

-5 ' ' ' ' '

98.0 98.2 98.4 98.6 98.8 99.0 99.2

TIME (sec)

Figure 6.2.1-20. Wall Pressure P3181 During Type 1 Chugging in

gTest !!1, 48.0 to 99.2 Seconds

5

3 3 -

b
z
9
E
a , _

)b

I, t '
I

s >
- -1 -

3
E
S
4
5 ~3 ' -

TEST M1
AVERAGE PRESSURE

' ' ' ' '
-5

98.0 98.2 98.4 98.6 98.8 99.0 99.2

TIME (sec)

Figure 6.2.1-21. Average Wall Pressure During Type 1 Chugging in
Test M1, 98.0 to 99.1 Seconds rf

' Proprietary information deleted

6.2-44



NED0-24539

8
5

3 3 -

E

z
9
E
f1 -

8 ,

$
E

}-1 -

E
n.

d
<
R -3

TEST M4
P3181

' ' ' ' '
-5

42.0 42.2 42.4 42.6 42.3 43.0 43.2

TIME (sec)

Figure 6.2.1-22. Wall Pressure P3181 During Type 2 Chugging in
Test M4, 42.0 to 43.2 Seconds

5

g 3 -

E
$
P
$1 -

U
3
u.

E
g -1 -

r3

E
d
h-3 - TEST M4

AVERAGE PRESSURE

i i e i 1

42.0 42.2 42.4 42.6 42.8 43.0 43.2

TIME (sec)

Figure 6.2.1-23. Average Wall Pressure During Type 2 Chugging in
Test M4, 42.0 to 43.1 Seconds

' Proprietary information deleted
6.2-45

1157 231



NEDO-24539

,

5
$

g 3 -

b
8
E
$ 1 -

G
3
u.

N
3 -1 -

8
E
o.

d
(-3 -

TEST M4
P3181

' ' ' ' '~5
66.8 67.0 67.2 67.4 67.6 67.8 68.0

TIME (sec)

Figure 6.2.1-24. Wall Pressure P3181 During Type 2 Chugging in
Test M4, 66.8 to 68.0 Seconds g

5

3 -
-

9
$
8
I
j 1'-

b
3
u.
m

$ -1 -

a
E
D
a
4 -

E -3 TEST M4
AVERAGE PRESSURE

' ' ' ' '
-5

66.8 67.0 67.2 67.4 67.6 67.8 68.0
TIME (sec)

Figure 6.2.1-25. Average Wall Pressure During Type 2 Chugging in
Test M4, 66.8 to 67.9 Seconds

' Proprietary information deleted -] ] ']



NEDO-24539

e
5

3 -g
3
8
G
$ 1

-

C
3
u.

E
-a _i

12

E
o.

d
-3 -

TEST M9
P3181

' ' ' ' '-5
49.0 49.2 49.4 49.6 49.8 50.0 50.2

TIME (sec)

Figure 6.2.1-26. Wall Pressure P3181 During Type 2 Chuggi g in
Test M9, 49.0 to 50.2 Seconds

5

3 -g
$
8
G
$1 -

t

W
E
Q -1 -

10

E
d

-3 - TEST M9
AVERAGE PRESSURE

49.0 49.2 49.4 49.6 49.8 .0 50.2

TIME (sec)

Figure 6.2.1-27. Average Wall Pressure During Type 2 Chugging in
Test M9, 49.0 to 50.1 Seconds

1157 '933eProprietary information deleted ~

6.2-47



NED0-24539

G.

5

3 -

$
8
5
y1 -

t
3
b
$ -1 -

a
E
5
4
5- TEST M9

P3181

-5 ' ' ' ' '

73.4 73.6 73.8 74.0 74.2 74.4 74.6

TIM E (sec)

Figure 6.2.1-28. Wall Pressure P3181 During Type 2 Chugging in
Test M9, 70.4 to 74.6 Seconds g

5

g 3--

$
5
g
$ 1

-

V
_ji-

#
E
S
4
3 -3 TEST M9

AVERAGE PRESSURE

' ' ' ' '-5
73.4 73.6 73.8 74.0 74.2 74.4 74.6

TIME (sec)

Figure 6.2.1-29. Average Wall Pressure During Type 2 Chugging in
Test M9, 73.4 to 94.5 Seconds

*Proprietery information deleted
1157 q346.2-48



y8 Law 5

- r
m

l
l
a
W
e
g

| m a
r
e
v
A
e
h
t

n, i1
M

s
0 nt0
2 os

f
i e
t T
a

) u ,
c
e t g
s cn(

uiE l g
MI F g
T u

f h
oC

I
0
5 sg

en1

ui
l r
aa
VD
ge
nr
i u
d s
ns
ue
or

0 BPf I 0
1

.

0
3

-
1

2
.

6

e
r

0 u
I

5 g
i
F

- - - o
2 1 o 1 1

- -

15mB8i ?agaL

- MwN
0D
C-

? Ynw



2m8E&0

O
-
-
-
-

1

M
l
l
a
W
e
g
a
r
e
v
A

l M e
h
t

n
i4

M
s

_
nt
os
i e
t T
a

l M
u ,
t g
cn
ui

)
l g
F gc

e us
( f h
E oC

OM sgI

T en
ui
l r
au

0 VDI 5
1 ge

nr
i u
d s
ns
ue
or
BP

.

1w 30
I 0 -

1 1
.

2
.

6

e
r
u
g
i
F

1 0
5

_

- - -
1 0

O2 i o , 2
- -

I gr$r3,.:5g=.

~ % U N .v O N
1

CCc ~0on



m8La$e

o
s
a

0
0, |

3
-

l
l
a
W
e
g
a
r
e

0 v
5 A|

2

e
h
t

n
i9

- M
s
nt
os

1 i e
t T

0 a
0 u|

2
,

t g
cn
ui
l g

)
c F g
e
s u
( f h
E oC
M
I

T sg
en
ui
l ro

s au|

i VD
ge
nr
i u
d s
ns
ue
or
BP

.

2oo 3
-t

1
.

2

6

e
r
ug
i
F

| o
s

- - o
2 1 1 2 3

- - -

1 M54$3m Eo$E

&W% r N*7 3
*
....



NEDO-24539

-

2
- i

1 -

e

&
uJ

@ 0 -

a
E
a

1 -

82 83 84

TIME (sec)

Figure 6.2.1-33. Wall Pressure P3185 During Type 1 Chugging in
Test M1, 82.5 to 84.0 Secs.

4 s i e

-

3 -

N

N
-

2 -

e
a
3

~

1 .

' ' W 4 *
^

0'
10"1 100 101 102 103

FREQUENCY (Hz)

Figure 6.2.1-34. PSD of Wall Pressure P3185 During Type 1 Chugging in
Test M1 82.5 to 83.7 Secs. 70]

' Proprietary information deleted
6.2-52



NEDO-24539

-
5 r . i- i. ...

3 -

8
? 1 -

}Jh
-

! f
3

g _i -
_

E

-3 -
-

' ' ' ' '-
-5

82.5 82.7 82.9 83.1 83.3 83.5 83.7

TIME (sec)

Figure 6.2.1-35. Average Wall Pressure During Type 1 Chugging in
Test M1, 82.5 to 83.6 Secs.

2 . . -
i i

e'
S

51 -
-

!
=

$

f

I- ^ ' ''
' '

0
10'1 100 10 102 3g31

FREQUENCY (Hz)

Figure 6.2.1-36. PSD of Average Wall Pressure During Type 1 Chugging in
Test M1, 82.5 to 83.6 Secs.

1157 237
6.2-53



NEDO-24539

5 i' 'i- 'i'' 's- ' i " ''' " ''-

~

3 -

-

'ii 1
-

S
$ I3
8
w -

f -1

-

-3 -

' ' '- ' ''

-5
147.0 147.2 147.4 147.6 147.8 148.0 148.2

TIME (sac) |

Figure 6.2.1-37. Wall Pressure P3185 During Type 1 Chugging in
Test M1, 147.0 to 148.2 Secs, h

r

2 i s i

"6
-

x -

y 1 -

E
i

A) Lt- .1
a0 31 2 100 10 1010'1 10

FREQUENCY (Hz)

Figure 6.2.1-38. PSD of Wall Pressure P3185 During Type 1 Chugging in
Test M1, 147.0 to 148.2 Secs.

' Proprietary information deleted

j g ?]]6.2-54



NEDO-24539

*'*-~~T 'i- "T~~- 'i'5 -- i-

3 -
-

-= 3 -

$

$ -

-1 -
o,

-3 -
-

-5
~

'- '- ' '- ''

147.0 147.2 147.4 147.6 147.8 148.0 148.2

TIM E (sec)

Figure 6.2.1-39. Average Wall Pressure During Type 1 Chugging in
Test M1, 147.0 to 148.1 Secs.

8 i i s

7 -
-

6 -
-

5 -
-

-

( 4 -
-

!
=

$ 3 -
-

2 -
-

1 -
-

f

' *' - -' - ^'
0

0 1 3
10'I 10 10 102 39

FREQUENCY (Hz)

Figure 6.2.1-40. PSD of Average Wall Pressure During Type 1 Chugging in
Test M1, 147.0 to 148.1 Secs.

1151 % k'Ii6.2-55



i''r" r'''s'''''''' 9r rv v,T *frverrvivvywm'T' ' ' ' ' ' ' '
-- - - - g - . .5 '-' v r -

' i-
I.

m -

5 .

O ~

T3 ~

*1
H
G
ct
W . -

M 3 '-

P .

3 .

%
O '

W
ct
M ~

O ~

3 g

CE -

G
-f ZO

H . gw
ct g O

7 $ 3 4
w e >
I E - u
u A

~ c
-I ~ ,

.

. .

a

.

.

-3 -

-
.

.

-
-

-
.

-
.

.
-

- .

A

.

|a . a a a a a .
..a .m .a - a a a a |.aa a a a* . I. .m . * a..!a

. . R..a a . . |.a a a a a . a ,!.a |.mw a a m . a , a

36.8 37.0 37.2 37.4 37.6 37.8 38D 38.2 38.4 38.6

W TIME (sec)
N

IQ Figure 6.2.1-41. Wall Pressure P3185 During Type 2 Chugging in
'O Test M4, 36.8 to 38.5 Secs.
N

e

# 9 e



NEDO-24539

2' s 'i

T
3
x - .

1

*2* 1
-

' -

b
'.

.

.

! 1

' -# '0
2 io31 100 1010

FREQUENCY (Hz)

Figure 6.2.1-42. PSD .f Wall Pressure P3185 During Type 2 Chugging
in Test M4, 36.8 to 37.3 Secs.

'4 i , mm

12 -
-

,

10 -
-

S 8 -
*

S
X

E

(6 -
-

1

4 -
,

,

-

2 -
-

* L/W . 4 .t i yg
31 2 1010-1 100 10 10

FREQUENCY (Hz)

Figure 6.2.1-43. PSD of Wall Pressure P3185 During Type 2 Chugging
in Test M4, 37.4 to 38.5 Secs.

,

1157 293
6.2-57



NEDO-24539

i '' ~~F s' 'i-5 '

3 - -

i 1
- -

| M ~

n .

E
m _1 . -

-3 - -

~6 i e i. s .i

36.8 36.9 37.0 37.1 37.2 37.3 37.4

TIME (sec)

Figure 6.2.1-44. Average kall Pressure During Type 2 Chugging g
in Test M4, 36.8 to 37.3 Secs.

D i .

|
8 -

7 - -

6 - -

7
3

5 - -

x .

5
$4 - -

3
3 - -

t

2 - -

0 ' ^ - - - '
010 101 102 103

FREQUENCY (Hz)

Figure 6.2.1-45. PSD of Average Wall Pressure During Type 2 Chugging
in Test M4, 36.8 to 37.3 Secs.

1157 2946.2-58



N8DO-24539

5 m" s i i

3 - -

=
$

1 - -

%N
~1 - -

-3 - -

-6I ' ' ' '

37.4 37.6 37.8 38.0 38.2 38.4

TIME (sec)

Figure 6.2.1-46. Average Wall Pressure During Type 2 Chugging in
Test M4, 37.4 to 38.4 Secs.

4 . . .

3 -
-

7
e
52 -

-

!
=
$

1 - -

'
- W*O. ^ ^ " '

10 102 - 310-1 100 1 10

FREQUENCY (Hz)

Figure 6.2.1-47. PSD of Average Wall Pressure During Type 2 Chugging
in Test M4, 37.4 to 38.4 Secs.

H57 795
6.2-59



NED0-24539

*
i' ''' ''' " rn' rv - ,i-'''5~"

3
-

1
'

p$
.

E I
a
M
E -1 -

n.

-3 . -

_s .. .. ... ... ... .

73.4 73.6 73.8 74.0 74.2 74.4 74.6

TIME (sec)

Figure 6.2.1-48. Wall Pressure P3185 During Type 2 Chugging in gTest M9, 73.4 to 74.5 Secs.

3- . 's
' 's n

.

. .

.

] * t
*

I -

3 .

x
5
t

. .g

-
, _ -

.

0 -- -
#- ' '''

1 102 10310-1 100 10

FREQUENCY (Hz)

1157 q$Figure 6.2.1-49. PSD of Wall Pressure P31E5 During Type 2 Chugging in
Test M9, 73.4 to 74.5 Secs. ..

eProprietary information deleted

6.2-60



NEDO-24539

5 -
. i . .

3 -
-

1
-

-

_'s
G
5-
a

-

g -1 -

o.

-3 -
-

-h i I I I

73.4 73.6 732 74.0 74.2 74.4

TIME (sec)

Figure 6.2.1-50. Average Wall Pressure During Type 2 Chugging in
Test M9, 73.4 to 74.4 Secs.

2 i > i

I
S
A

-

1
-y

E
3

' sWN ^0
10 102 10310-1 100 1

FR EQUENCY (H2)

Figure 6.2.1-51. PSD of Average Wall Pressure During Type 2 Chugging 14
Test M9, 73.4 to 74.4 Sees.

k ''6.2-61



NEDO-24539
.

5-"''-e''"F''**"'"F"'~'''T""""'~""T"""*'""""1"''"""

3
-

= 1
-

5
E

L3
U
uJ

-g -3

-1
~

= a a i '--5
44.1 44.3 44.5 44.7 44.9 45.1 45.3

TIME (sec)

Figure 6.2.1-52. Wall Pressure P3185 During Type 2 Chugging in g
Test M10, 44.1 to 45.2 Secs.

9 ~ ~m' " ~ ~' * **' = "~~'"'"1 "- ~

8 - *

7 - -

6 - -

7
3 5 - -

X

E
ty'._ 4 - -

E
3 - -

2 . .

i . _

4 3"o ' - .

10-1 100 t 102 3o3to

FR EQUENCY (Hz)

Figure 6.2.1-53. PSD of Wall Pressure P3185 During Type 2 Chugging in
Test M10, 44.1 to 45.2 Secs.

1157 298
eProprietary information deleted

6.2-62



NEDO-24539

5 > '' ' ' '''

~

3 -

~=
3

-

$

!
!O

E -1 -
-

~

-3 -

44.1 44.3 44.5 44.7 44.9 45.1 45.3

TIME (sec)

Figure 6.2.1-54. Average Wall Pressure During Type 2 Chugging in
Test M10, 44.1 to 45.1 Secs.

2
i

. . ,

7
e
N1 - -

=
E

i

' '0 '
-

'

10-1 100 10 102 i031

FR EQUENCY (Hz)

Figure 6.2.1-55. PSD of Average Wall Pressure During Type 2 Chugging in
Test M10, 44.1 to 45.1 Secs.

1157 299
6.2-63



Mg##CC-
PD4 ** e

O,?M %1 1'mo4,*aH& bWct -

ay3 ubWzp j uhFm 3zm E Em*ag R N Oz_ -

F _ - _
i 9 3 2 y o 1 2 1
g 0

0u
1r 0 t

e 5

6
1

2 |2 0
. 0
1
-
5 A
6 N
. G 1

L 5
,E 0

t

SiPC d
enri e
c or g

r

oTf c e
enef u s

1dsl m F 8 !st ef R 0
se O

M r M 1

1 Be 9 T TV 6 I I Een,

E 7 MSf t R 0 E :4oi : TT
1r a I

2
l

1

el C 0 4 4 M.

4 A 0 1 1
1

5aW L 3 .4
9 53 a 1 3

Tl - -ay l 2
np 4

I OO0deP
r

42e 2
51 s 5 t

Cs 0
3hu 29ur 7
1g e 0

0

F
i o$O|Eu zFWe3$ ae0 $ w _ab3y 'Iz R. ug

; l >

J-

u
r
e - - -

1- 3 2 0 1 2 3
6 9

2 -
f9.

1
- D
5 S -

f

I

7 T 6
A.

N
C

4aA E
-1 x F 4 f

Ti
f O3y a
( R
t

9p l - M1e PC -W OI 2 I

S2a RSe l I C
cCl TU
oh

I

VM
nuP E F 0 I

dg r I E
s e SR

Eis N
ns O N

MTT Eu RI 2 STr TA
ee )HL : TE :
s C

4 4 Mt P E
r N 4 I .i

1
1

Mo T 3 .4
9 5

f E,1 R
1 3

i
l L - -

4e
I

6 t OON
1s E

4B
5e 8 t

3f
o

ar 9
ne
d

.

eWu&Nfcgy



3 3,

0 ---

E TEST: M1
3

TIME: 41.694 - Om g
TIME: 41.694 - O$ $2 41.776 - O 2 nm -O

4 5
5 3p

3 $ -&%
O b 2

h !' !'" w 3

0 $ b
= n 3

wa u.
O f W

$0"z 0e
a a z
m 8

Qm

f E o
't 5 E E
os u ~.i *

UUs J gg

g -1 m -1 g
E 5
E "
w 2
u. O

E -2 0 -2
U

-

-3 -3m
0 090 105 120 150 1800 106.7" 21000 0 0 0 240 255 270 -9 -8 -6 -4 -2 0 2 4 6 8 9

A OM NWHMMIAL MTERWE
N ANGLE,tley es FHOM VERTICAL

(f t - POSITIVE IS NORTH)

4

CD Fir,ure 6.2.1-58. Circumferential Wall Pressure Figure 6.2.1-59. Axial Wall Pressure Profiles
Profiles Following a Type 2 Following a Type 2 Chug in Test M1,~

Chug in Test til, 41.694 and 41.694 and 41.776 Seconds
41.776 Seconds

-
.



99-Z'9

L. J [ (JC7n(~
(UL p04010p UOT4EmJOJUT AJU40TadoJde

CIRCUMFERENTIAL CENTERLINE PRESSURE FLUCTUATION (psid)

L L L o8 - u um o-
oo -

c 8M o
O

$*
w o
.

~
s >

es z
o o-

F%-

m -c n E
nom - e

O M %o .-i m no -

gp erc m
o. m ~ a x
mnem o ,o

mo Ee wa% M <o m
." E$ E i h$mn 4 w

.= 0 E hk 8EEow r uuw
wuc aY-

m u I i

ed" % OO
co o

** * % n
ewe $
ce m o
*nm yw=c ~
CD C M o
w co o o

BOTTOM CENTERLINE PRES 5URE FLUCTUATION (psid)

l h L? I
"o a u

oo o
e

b*
e
&

$$
'

N
H*

w >
1 z
e nLmw
* m

m
:o

2 to > iEwcx g o_ n. m-
cm mw

eM - -n
co a 2Cc <Eo.

u4 m m m
w - m
wew mm 2yx z m Eumm ofu m4oaM m- - - - -

c. m w>
e v. -zr 8EE-m

n - -

mac mb 8yu
w c" M z* we

o - i ien co m
--

k "'rm%
meo z
tb m m
nen
oow .om o
c. n m
m e

a

6t t 'iZ-003N



8

$ TEST: M1

TIME: 96.629 - O6 e

] 98.640 O,
r
a
et

y TEST: M1 3
M

_

TIME: 98.629 - O 5,- 4
98.s40 - O gy ;

% O 5O g 4
3 4 3
W 3 b
ce b 3
r 3 s

2 * 2C a
D a w

a E $
a a u
7 2 =

E-c

m a I E *"

8-

~ a g
kI J

iu

0 $ E s
& &u
u 5 e
g -2 f -2
5 8
E
*

s
b-4 -e
E
o

-m

M

@ -4
0 0 00 0 120* 150 180* 210* 240 255 270* -9 -8 -* "90 105 * * * *-2 0 2q

ANGLE, degrees FROM VERTICAL DISTANCE FROm CIRCUMFERENTIAL CENTERLINE
(ft - POSITIVE IS NO8TH)

h. Figure 6.2.1-62. Circumferential Wall Pressure Figure 6.2.1-63. Axial Wall Pressure Profiles

va Profiles Following a Type 1 Following a Type 1 Chug in
Chug in Test M1, 98.629 and Test M1, 98.629 and 98.640 Seconds
98.640 Seconds

=



7 3

,8
TEST: M1 TEST: M1{
TIME. 98.688 - O TIME: 98.688 - Og

Q f 98.715 - O 98.715 - O

E E
O+

8 ?
[ S1

~*O
U $

eo.
G 3
X a
ct E

[O*
o,

e a g
e g-

~
h N 1

m 5 ?
o u

i -' &
a

$
E
:
>
-2

o

~3
0 240 255 270 -9 -8 -6 -4 -2 0 2 4 6 8 990 105 120 150 1800 196 7 2100 0

DISTANCE FROM CIRCUMFERENTIAL CENTERLINEANGLE, degren FROM VERTICAL
{f t - POSITIVE IS NORTH)

Figure 6.2.1-64. Circumferential Wall Pressure Figure 6.2.1-65. Axial Wall Pressure Profiles
Profiles Following a Type 1 Following a Type 1 Chug in-

Chug in Test M1, 98.688 and Test M1, 98.688 and 98.715-

LJ"I 98.715 Seconds. Seconds
N

;2 ,

C.)
.c= ~'

9 e e



NWM.
-L. C' -n' s3

emY.m

o. $ $ dor" oSHM5EC;lOy ,

e
_ "
. '

Ue!m 5 *25< 5 a! k"43Ea3$$F92a%
.
.

_
- - oc 92 i 1 2e 0

0
1

6 0
5
02

IT T1

1 2 E
0 MS

- 0 E
6 : :T

A6
N 4 4 M
G 9 9 9

1 4 4L 5 8 1

SiPC ,E 0 7 7
0enr i d - -c or e

g OOoTfc r
eneiu e 1

dslm s 8
st ef F 0

se R
M r O 1

9,9 B e M6
en V .7
ft E 0

4oi R 2
9 ra T 1

el I 0
C4 A1aW L7 a 2

Tl 4
ay l 0
np
deP 2

5r 5
42e 0
9 s 2

Cs 7
04hu

8ur
7g e

O
F ggo| E Ubn5iE .!$" d3 3E9z g3- .i
g -u -

- 2 i 0 21r 9e
-

6 ID8
. S
2 T

.
. A -
1 N G
- C
6 E

F7

( O
-

f R 4
t M-

STBA PC -eeex OI 2Rcsfi S
ot oa I C

TUn rl
IVMdMe 0

s ,9 W EF
aa I E T T

SR
I E

l MS
4Tl N E
9y O N2 : TE :

T
. p P RI 4 4 M4er TA 9 9 9
1 e HL 4 44)
72s C 8 1

s E 7 7

aCu N - -
nhr T

E 6 OOdue Rg
L4 P I

ir N9
no E 8

4 f
8 i 9
7 l

e

Os

eWLybo8zn



OL-l*9

2h( pagatap uoTaemaojui /.aegaTadoJde

%

W CIRCUMFERENTIAL CENTERLINE PRESSURE FLUCTUATION (psdl
C i

$M .i. a nn
O O

7 b
e w

ON
e .*

I O
7
CC >
* z

O

er,O .

50%
.

C O M X*

e@ mn *
N wC g _,wwwa . 5D (t m m

0m C 2
O HMN O $ dH
n oO e g cn gg
b$Uk I *$<

"NC O w.

h8 8$EM ZC % b6** 7~ 5 0

5C D DE,

o o r i iu
* 8 oo*

ome
MM % @eon w

O c 0
4 to N
Q N 11: N

L C
n
O

) BOTTOM CENTERLINE PRESSURE FLUCTUATION (psid)
M i

*
| O a M

n *c
@ O
. _

|' g*W

5 2
e ,i
* -2 &

20
th H M > I E
oC O >< TO I
n tn w w. 0% *
O r* * o 50 8
3 O w Mc
L%C QKO
to e ** C mm

% w m2
~ 88no _m=

m
m"A H z m M

o. z Mww
Am.

& & gCD d M 'h, ec wMN c *zr& @ 0@% V n &}0 W m
m C z I ID NN w
L m m Cl QQ

O 2
>7% r~
VC M ~g

M O m 03*

@ m
N w- >* e
CD D W

C
to

5

6EOZ-003N



NEDO-24539

e
in
o

o -4 e
w w M

g ]z u Z
O C *

g u r4 M
OO w A N

i I *E o ye
,e w u .: Ce - u ,,, cocNm e : =, tn$RR <> ta N <

e a eH uON

w - N 6.o
-.. w

.

z N 4 *m 2 c _., xn
H & w- -4 HN

C u. w -4
y> nn =

ap 3 mm
o- 0 C 'Om

Nc@1 ~
-e u c

O ,.J O U O~

ew u) v21 xcoU
wo: AmHmig.

s
w .O O ==4

6 z s
< t

T$ 1
3

N.on - o -

" 3i J

(Pisdl NOt1VO1307d 3WOSS3 Bd 3Nt1831N33 WO1100 0
b
Eo

?
-

o ec c
w = -4% = .: D.~ uUN z mo oNN

$ b
n L o5
o F- -
o

-e '.h
.-4

-
Cw

N
.3 n <
< 3 44
O No - a o .

- 2t : um~- - oNoc %> "1-i i 8g ?=eeo
;|t ;; : E2- ^

o s e, o- w oa z2% ~ o e E- 2c I
~ E =+ oc |

d>
bw uw& a
$E Ib=$o>w gw us-m i-y ?r,

z .

< C
O N

h d I

I.

o c4 :o
.3 ic

|= -n - 8 o
|'

o -
N-- u

=(ptsc) NCl1YO1307 d 3 BOSS 3Bd 3NilB31N33 7Vl1N383dWO3dl3
_

"
e

eProprietary information deleted
'

l157 307
,.

... ..z.



CC_ Nm2o a Ny,p*m

O. E5aO ag, O%3- Q r'O3..

F
i
g us 8 3 = e s N Ow b mK.- " E w$3K *3 3<p8 39a

u - - 2r 92 1
i

e 0!
0

6 1

0.
5

2 0
1

1 2
- 0

07
2 A
. N

G 1

L 57CPC ,E 0
04hr i

uor d. e
1g f c g

r4 i u e 1

0il m es 8
nef 0

F 0S se R T T1eT r O 9 IMSEceFe M 6oson .

.S T7
nt lt V 0

:

d l i E
2 7 7 MsMoa R 4 .41

T 9
,9 w l I

0 . 010i C 4 0
nW A 0 5

7g a L 2 - -
OO4 l 4

Al 0.
00

9TP 2
5y r 5

5p e 0aes 2n s 7
d2u 0

0r
e

F
i 8ta o 2 w . Zw E 3Ew w303 QOz 55.

a
g
u - _ 2

2 i * ' ir
-e 9

-6
l
O 8

2 S
T -

1 A 6
- N
7 C

E3
-

F 4
R(iOt

STFA M
-eeox PC 2csli OIRot l a S

n ol I C
dMw TU

IVM0s ,9 i Wna E F
g l ISR IT TE EMS7 l

. P O N
: T _4a N E 2 E : _

_.
.

T0Tr RI 7 7 M _

9y e TA 5 4 _
. 9

5p s iHL 4 .1 0
_es C 4 9

0 5 -a u E

_n2r N - -
d e T 6 OOEC R7hP L4ur I

g o N
1 f E 8
4ii
0nl 9

e
s

*

a$w O eZn



22

_ _ . _ . . . _ - _ . . . . . _

EST: W
$ TEST: M4

W E: 42.428 - O
o TIME: 42.428 - O 42 42 sos -s7
3 42 604 - O

o ,e .

in E

k E 3
aio i

$ $ 5
9 a ?
3 8 <

?w
8? -

8 5 e
: -

2 2 5
a- m

$ o- "0*
Ect

m 3
$ $ Z

h3I $ 5 Y*'
O.

U i E '?
- 9 5
' *
m

5 s
m -1-1

N
. - * U
A

&
-)

&
C) -2-2

90 105 120 150 180 196.7 210 240 255 270 -9 -8 -6 -4 -2 0 2 4 ' ~'6 8 9d 0 0 0 0 0 0 0 0

ANG LE, degrees F ROM V ERTICA L DISTANCE FROM CIRCUMFERENTIAL CENTERLINE
(ft - POSITIVE IS NORTH)

Figure 6.2.1-74. Circumferential Wall Pressure Figure 6.2.1-75. Axial Wall Pressure Profiles
Profiles Before a Type 2 Chug Before a Type 2 Chug in Test

in Test M4, 42.428 and 42.604 M4, 42.428 and 42.604
Seconds Seconds

=



eL~r
s

C _ w- N
o. @dmp& o0 &$20%an *>- 3 g s* U ,*

.

J 4

F
oE 8 5=EZys' g 9 babWAC E 5* $3oR4>92 aSi

g
u - - 2r 9. '2 5

0e 0
1

6 0
. 5
2 0
. 1

1 2
0

- 0
7
6 A

N.

G 1

L 5
4CPC F 0

02hr i du or e.
g8g f c r

4 f u e 1es 85il m 0nef F 0
S se H T T1

eT r O 9 IMS _E
ceFe M6os on . E T .7V 0 : : _.nt l t E 4 4 M _.d l i 2R 2 2 4sMoa T 0 8 7

1

4wl I * 4 9C _
, i 5 3 _An W
4g a L - - _

_2 OO2 l 4
al 0.

07
9TP 2

53y r 5p e 0
aes 2
n s 7

0d2u 0r
e

F
i
g 2#O3 o %5sZ 6&m$3E e3 4H92 n3u
r - - 0 i 2e - 2 '

9
6

-
D 82
I

S
1 T

-- A 67 N
7 C
. E

F -
f H 4SiFA ( Oenox t M-c l i PC -oTl a OI 2neol HS

ds w I C
st i W TU

na IVM 0
Mg l E F T T

l I E I E,4 a SR MS

4Tr O N 2
: TE EP N :

T 4 4 M2y e RI 2 2 4p s TA 8 7

9 u )HL 4 97 es
4C 5 3

32r E - -e N OOaC T

nhP E 6
dur R
g o L

4 f
I

N
2 i E 8
. l
8 e 9
4 s
5

.

eu C~9b./*



ci-z g

i lE 1S||
~

pagatop uoTsemJoJuT AJE49TJdOJde

O
r: CIRCUMF ERENTIAL CENTERLINE PRESSUR". F LUCTUATION (psd)
- i

{. gu i O . y
~ *

c 5
e

@ o

b
- o

I >
N z
% C
*

.;;; 8
' o

t.r. :: O r
C D n .= d
n 0 9 3 .

o -i m n 3 8s c c- : .n -f dCE *3 2 3 C$(A "cm O o
* f; E *f "

m 4
s,

5a < T maeE= m wi MN E
35 M8""

&C - _ o w awn u o
. c- > g ;
N ru OO@ D c ~
k u Q-s >

$Dy *
DO ec. c m o

n u
mNo w

Ow m
nm.

u :: C
kC n
Nr m

O
,

BOTTOM CENTERLINE PRESSURE FLUCTUATION (ptd)-
O'a a j
C [N " O . uy

f
#@ C

* GN 4

* 2i n
N m
@ m

k'. -2
-O
ImO1> i39 w.N D" n MC C ** Ig

W 09 mD -O
P nW 2Cm>~ <co

D 0 C mm M M
Ch (4 D .m

-EMmG >{ > M2
n@ 03 & 2m u M M
O (A Q o2
3 fi m1 2d eegO. O M -> M M sEn Z N O I t- a tJ

.& Q |4 n *
m m

D C 2 0 0
e n - oowee r m
.w 2
N% f*

@ O E
& m ED

N
@D

k
* 9

6CSVZ-003N



*hN*,

rC NL.-
.
.
.

s D. 1W.w*a O0 g$ m,4M' 7n'e.
)

o6uag*gmy_iuzh sy 5 $a$E3C34co -
:

F .- .

1i 2 ) 0 2g 9
u 0

0r
1e 0
5
*6

1

22 0
0

1
- A8 N0 G 1

. 5L 0,E

6CPC d
ehr i7 yuor e 15g f c e
s 8

8 i u 0F6il m 0Rnef 1

O 9 IT TS se EM6 MSeT r
7 E TceFe V 0 :

oson E
nt l t R 1 6 6 M2

7 7 4d l i T 0 .

55I 0sMoa C 8 4
6 0,4 w l A

i L - -2nW 4 OO6g a 0
l 07

al 2
5 5

54TP 0
0y r 2p e 7aes 0
n s
d2u

r
e

=o$O2 UmEm 3E E05ew aagscOz a}
F
i - -g 2 1 0 1 2
u
r
e -

8
6 D

I

. S
2 T -

A 6.

1 N
- C
8 E

-
1 F 4

tf R
.

( O
M

-STFA PC 2eeox OIRcsl i T
Cot l a 4TUn ol I 0dMw VM

EF T Ts ,4 i W I Ena WE
7a O N

: RSRg l E
6 l N E 2

T 6 6 MP RI 7 7 4

s5Tr TA 5
4y e )HL 4 8

6 o0p s C
es E - -

a u N 0On2r T 6Ed e
C R

L6hP
7 ur

I

N 8g o E.

5 f
98ii

6nl
e
s

-

@mO O$-



e:nCoe E e,W@i

=
5
4

-

-

-

-

g-

n
i
g
g
u

-
-

h
C

-

4
4 2'

,

e
p

- y-

T
g

-

n-

i
r
u-

D
l- a
n-
g

3
i

I i
4 S

e
- r

u
- t sc

e ss
( e

- E r
P

MI
T r

e
d
a
e-

- l
l

2
i

8 4 t
n- e
V

-

l
a-
c

- i
- p

y--
T

-

-
.

2-
8-

-1'
i 4 1

21
-M-

6T -

S
E e
T r

u-- g
1

- i0-
9 F
5 -

P
-

-

0-
4

0
M0 24

s.E ,u $ E g.

.csOvd.EQ rn50+cMo3 ge*$E* 4

sWw
4p(/- '

m @~~ .



zmeoi &wweJ
P

.

9
e

5
_

1 4
,

.
,

,

.

.
g
n.

.

i
g.

.
g

- u.

h-
C

8
, 2

-
. e

p
y

- T
g
n,

i
r,

. u
D,

. l.

a. nv

3 gn
4 ii

S.

e.

r
- ) uc

e ss-
( s
E e-

O
. M r

- I P
. T

e-
.

n
- i.

L

tI

n,

e
V

-

l
a
c
i
p
y
T^

.

3
8

,

-.

1u
,

,

d
2

M 6
T
S e
E r
T u
- g

.
i

4
0 F
0
2 -P

-

*I,

0*0
w 34

.

33 =C& ea

em9Os1rDtn w r:%O Oer9 S7+c(as s s D
t- Cc c

.. N d# *
4

.

.

omLewa



Z!Uo " ww@T
t

e
5
8

1 -

v -

g
v -

n
iv -
g

v g
u
h
C
1y -

4 eg I 8 p
y
T

-

g
n-

i
- r

u
D

-

l
a-

n
- g

i

S
3g t 8 e

r-

u
- s

s
w - ) ec

e r
w

( Ps

E rM
* I e

T d
a
e

- l
I

- t
2 n3 I 8 e

V
w l

a
- c

i
p
y
T

-

- .

4
8-

-
1

1w

8 2
-

6
1 -

M e
r-

T u
w S

E g-

T i
-

- F
-1

0
9 -
5
P -

0
8

0 0
4 3

e$ wE3Um.

mN* 0o* >* OWD* M >* 3%O*1B>W>* O3 OO#e&&O
- .$ 1 5

'

.

@*w, - - W N s_ * IU.
.



zEoeN VwC

*

e5
8

_
^

.

^

.

^

^

g.

n^

i
^ g

. g
u

4 h' 8 C,

^

. 1

e
^ p

. y
T

^
g
n^

i
r^

u
^ D
'

l'

3 a' 8 n,

g^

i
S

et rc
- e

h u
s^ E s

M e^
I rT P-

ee-

n
i

' 2 L
, 8

t
n
e
V
l

- a.
c
i
p
y
T

.
.

5
81

2 8 -
1-

1

M 2
T
S 6-

E
-T e

- r- u4
0 g
0 i
2 F-P

. 0
- 8- |

00 33g 4

;i wc3$w[o.

o
.

OnoenMeem* x ea%O oeoa o. Hee 0oea 3

.

f'

. DN .& we,w1oO .
-c ..L. e

.



NED0-24539

h 6.2.2 Condensation oscillations

After the pool swell event following blowdown in the FSTF tests, a short period
(5-10 seconds) of irregular, relatively low-amplitude pressure oscillations
occurs throughout the wetwell. These oscillations, which are also present in
the drywell and vent system, build up gradually to become continuous and
regular. This is the start of the o ndensation oscillation (CO) period.

During this period, a small portion of the steam exiting the downcomers goes
into forming a " bubble" at the exit while the major portion of the steam con-
denses at the bubble interface. It is this condensation process (governed in

part by the convection heat transfer at the interface) that causes the oscil-
lating behavior of CO.

To define more precisely the time period of c;ndensation osci lations, the'

traces of the pressure transducer located in the vent header (P5901) are used,
mainly because these traces exhibit similar behavior as the wetwell wall pres-
sure transducers but are generally much cleaner. The start time of CO in every

run is then defined as the time when P5901 exhibits a sinusoidal waveform. The
C0 period is defined to terminate at the time of the first chugging event. If

no chugging is present !n a run as defined by the chug,ing criteria given in
Section 6.2.1, the CO period is defined as extending to the end of the run.

T able 6. 2. 2-1 gives the CO time interval for every run. All time references

in Section 6.2.2 refet- to start time of the data acquisition system. Also

tabolated are the ranges of measured independent key parameters associated

with each run over the CO interval. The parameters are

- Air content in steam flow (% mass)
- Blowdown flowrate measured at nozzle (lbs/s)
- Wetwell airspace pressure (psia)

- Local pool temperatures in the vicinity of downcomers 5 and 6 (*F)

6.2.2.1 General Pattern of ketwell Pressure Dynamics. Run M7 had the largest

pressure amplitudes of the steam-break runs and Run M8, the large liquid break
test, produced the largest amplitudes of the entire test matrix. For these

reasons, most of the data used for the analysis presented here.are from these

1157 fa7
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two runs. Figures 6.2.2-1 to 6.2.2-13 give the time history of a transducer
located at the bottom of the wetwell equidistant from downcomers 1, 2, 3 and 4

(F3183) over the C0 period for these two runs. The signals are subjected to

linear trend removal prior to plotting.

The signal becomes sinusoidal at approximately 19 seconds for M7 and is fol-
lowed 3 seconds later by a time period where the amplitudes are the highest of
the run. This period lasts about 10 seconds after which the signal appears
to be amplitude-modulated with a beat f requer.cy of about 0.6 Hz. The amplitude

decreases as a function of time until about 100 seconds where it becomes rela-
tively insignificant (<l.0 psi peak-to-peak) . The dynamic behavior of P3183

during M7 shown in Figures 6.2.2-1 to 6.2.2-9 is typical of most pool boundary
transducer signals observed throughout the steam break runs.

The typical dynamic behavior of a pool boundary transducer signal throughout
M8 is shown in Figures 6.2.2-10 to 6.2.2-13. After vent clearing and pool

swell (%9s) the waveform is irregular at low amplitudes until 20 seconds. The
time period from 20 to 35 seconds is the crucial period where the amplitudes
are high and the frequency of the signal is predominantly %5 Hz. The waveform

is also characterized by the presence of sharp spikes during the ascending
mode of the wave. This pattern changes to an irregular, low amplitude signal
from 35 to 38 seconds.' This change is probably due to the change of flow rate
at this time from two-phase flow to single-phase steam flow. The s.inusoidal

behavior picks up again after 38.2 seconds with low amplitude and a dominant
frequency and decays away at 44 seconda.

Detailed reduction of the amplitudes and frequencies of pool boundary trans-

ducer signals is given in Section 6.2.2.4.

6.2.2.2 Comparison of Drywell, Vent, Downcomer and Pool Boundary Pressure _

Dynamics. Figures 6.2.2-14 - 6.2.2-18 give the sample pressure traces of
transducers located in the drywell (P2001), the elbow part of the vent (P200'-),
the vent header (P5901), a downcomer exit (P5443), and the pool boundary

(P3185) for the time period of 31-32.1 seconds. In comparing amplitudes, it

can be seen that the pool boundary transducer detects the highest values while OgM'

g
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the drywell transducer shows the lowest. The dominant C0 frequency is

present throughout the drywell, vent syscem and the wetwell for the entire
test matrix.

To compare waveforms of the signals from transducers located throughout the
facility, cross-power spectral density analyses (CPSD) were performed for M8
between pairs of data channels. Two signals were compared by denoting one
as input and another as output in a dynamic linear system. The cross-power

spectral density between the input and the output is equal to the transfer
function times the power spectral density of the input. The following trans-
duc-rs were compared:

P2000 - transd';cer :. top of drywell, cavity-type

P2001 - near middle of drywell, flush-mount

P2002 - vent line, near drywell, flush-mount

P2003 - near middle of vent line, cavity-type

P2004 - vent line, near wetwell, flush-mount

P5901 - vent header, above downcomers 5 & 6, flush-mount

P5443 - near exit of downcomer #4, flush-mount

P5523 - near exit of downcomer #2, flush-mount

P5643 - near exit of downcomer #6, flush-mount

P3185 - at centerline wetwell 180*, equidistant from downcomers #'s 3,
4, 5, 6, flush-mount

P3155 - at centerline wetwell 150*, flush-mount

CSPDs for eight time-blocks were averaged to yield the values for the time

period from 24 to 32.4 seconds. These values are tabulated in Table 6.2.2-2.
For every pair of transducers in the table, the first transducer is the input

and the second is the output in the analysis. Ine dominant frequency appeared

to be somewhere between 4.77 and 5.72 Hz; the uncertainty being due to the

bandwidth of the CPSD algorithm (0.954 Hz). The frequency relationships

(PSDs, phase angles, transfer functions, etc.) corresponding to these two

frequencies are given in the table. Aside from the individual PSD "alues

and the cross-spectral functions (CPSD's), the phase angles, transfer func-

tions, and coherence functions are tabulated. The transfer fun on is

defined by the ratio of the Fourier transform of one k;1k h and the Fourier

.6.2-83
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transform of the other and in effect is a comparison of the amplitudes of the
two sienn's at a given frequency. The coherence function is a measure of the
coherence at a given frequency of two signals (a perfect coherence is achieved
at the value of unity).

It can be seen from Table 6.2.2-2 that the coherence of the dominant frequency

is very good for the transducers compared. There is a phase shift between the

drywell transducer (P2001) and any vent system transducer, with a maximum shift

of close to -180 between P2001 and the vent header transducer (P5901). As
'xpected, coherence is very good and the phase shift is small for a pair of
.lowncomer transducers (P5523 and P5643), between a downcomer transducer and

we*well transducer (P5643 and P3185), and for a pair of wetwell transducers

(P3185 ond P3155).

In general, the magnitude of the pressure oscillations increases as the
downcomer exit is approached. The peak-to-peak amplitude measured by a down-
comer transducer is of the same order of magnitude as measured by a wetwell
transducer. An indication of this is shown in Figure 6.2.2-19 where the
values of the ratios between the averaged (over a 1.1-second time interval)

peak-to-peak amplitude of the downcomer #4 transducer (P5443) and a wetwell
tiansducer (P3185) are graphed as a function of steam mass flow rate for all

rins. As shown in the figure, the wetwell amplitudes are higher than down-
comer amplitudes at high steam flow rates and the trend is reversed for lower
steam flow rates. This amplitude ratio appears to be a function of other
independent parameters as well, such as the wetwell airspace pressure
(c.f. value from test ?!4 in Fig. 6.2.2-19).

Figure 6.2.2-19 also indicates that possible fluid structure interaction
effects might be significant in the wetwell transducer signals for M8 and ?!7

(cf. Section 6.4). Since the pressure oscillations are transmitted from the
vent exit to the wetwell pool bottom, a certain amount of attenuation can be
expected thereby decreasing the amplitude (i.e., M > 1.0 for Figure 6.2.2-19).
When the wetwell pressure amplitude is higher than the vent pressure amplitude,
one would suspect other phenomena affecting the magnitude of the wetwell

Opressures.

n 57 3
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PSD's performed on wetwell transducers (e.g. , P31BS) downcomer transducers

(e.g., P3443), and the vent header transducer (P5901) show the dominant wave-
form frequency is identical (within a N1 Hz resoistion) in all locations.
Generally wetwell transducer signals have more prcs.ure spikes than the down-
comer transducer signals; this is especially evident in the large liquid (M8)
and large steam (M7) break runs. The vent header transducer (P5901) signals
remain relatively ' clean' throughout each run and high pressure spikes are
not evident. The corresponding PSD plots a.e given in Figures 6.2.2-20, -22
for M8 at the 31-32 second time interval. The dominant frequency common to

all locations is 4.8 Hz at that time interval.

6.2.2.3 Downcomer Pressures and Frequencies _. At a given time, the magnitudes

of the pressure oscillations for the eight downcomers are different from one
another. This is shown in Figures 6.2.2-23 - 6.2.2-26 where the peak-to-peak
downcomer amplitudes are plotted for M7 and M8.

The downcomer signais are also amplitude modulated, similar to wetwell pres-
sure signals, with the modulation especially evident in the middle of the C0
time interval. The time variation of the pressure amplitudes is complicated
due to the medulation, but the amplitude appears to build up at the beginning
of CO and slowly declines thereafter. This trend is also observed for wetwell
transducers (cf. Figure 6.2.2-2 to Figure 6.2.2-6).

Figures 6.2.2-23 and 6.2.2-24 show that for M7 the downcomers at the narrow
side of the wetwell generally have slightly higher pressure magnitudes than
the wide side ones. This is not so 'or M8, where the magnitudes are about the

(see Figures 6.2.2-25 and 6,2.2-26). In the above figures, the timesame

interval " width" over which the peak-to-peak pressure magnitudes were deter-
mined ranged from NO.06 seconds for M7 to %0.14 seconds for M8. The magnitudes

are also observed to be generally uniform traversing from the south end to the

north end. In both M7 and M8, (particularly the latter) the downcomer ampli-
tudes are characterized by regular oscillations with irregularly occurring
pressure spikes. These spikes contribute significantly to the non-uniformity
of the spatial and time variation of amplitude,

i157 321
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Figures 6.2.2-27 and 6.2.2-28 show the time variation of the important fre-
y encies for a transducer located in the downcouer (P5443) for M7 and M8.
The frequency values are obtained from power spectral density (PSDs) analyses
performed on the signals with linear trend removal and over a one second
period. The solid circles on the figures identify the dominant frequency as
characterized by the highest PSD values. If two solid circles appear for the

same time, then the PSD values are comparable at those frequencies. The
criteria for selecting the frequencies to be plotted is

PSD(f) > 0.1 (PSD(f)} dominant frequency

The frequency increment (Af) is 0.954 Hz and the bandwidths are shown by

vertical lines. In Figure 6.2.2-28 the time when the flow is suspected to
change to steam only (break unt. overed) in M8 is marked.

Figure 6.2.2-27 shows that the dominant frequency stays at about 7 Hz through-
out most of the M7 C0 time interval. There is a significant frequency of

445 Hz at later times and this frequency dominates towards the end of a

period. The 45-Hz frequency la present in downcomer and wetwell transducer

signals but is tbsent in the vent header signal; it has been shown to be one
of the natural higher mode downcomer acoustic frequencies.

The downcomer signal for M8 is comprised of more frequencies, as shown in

Figure 6.2.2-28. The dominant frequency during the C0 period stays constant
between 4.8 ar.d 5.7 Hz and changes to 6.7 Hz af ter the time of downcomer flow

change (brea'e uncovered) .

6.2.2.4 Wetwell Pressures and Frequencies. The wetwell pressure transducer

data are especially important for containment loading function definition.
In the following sections, data results are used to describe the spatial
distribution of pool boundary loads. The amplitude. values of the pressure
oscillations are described, and different reduction methods are performed to
investigate parametric effects and frequency relmtionships. A table

:onsisting of representative amplitude and frequency data results and their
corresponding independent system parameter values are given. A co.nparison

. . c 7 m' c u[13-
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of the parametric trends of the data is made with other available full-scale
data. This is followed by a description of the wetwell oscillation frequency
results.

6.2.2.4.1 Spatial Distribution of Pool Boundary Pressures - The net vertical
pressure force exerted on the submerged portion of the wetwell wall is deter-
mined by multiplying each pressure transducer with its assigned area and
summing the calculated vertical force components. The spatial distribution of
the pressure is investigated over the time period corresponding to the largest
vertical forces existing on the shell. Figure 6.2.2-29 gives the calculated
total vertical force for the time period of 24 to 33 seconds in M8. The high

peaks at the time period of 26.3-27.3 seconds and 31-32 seconds are investi atedF

further and their expanded time scale plots are given in Figures 6.2.z-30 and
6.2.2-31.

The times corresponding to tha maximum / minimum vertical forces do not neces-
sarily correspond to the times of the peaks of the individual pressure signals.
This is caused mainly by the presence of irrogularly occurring precsure spikes
on the fundamental waveform. However, because the vertical force values

calculated this way indicate best the resultant wetwell response as a system
to C0 pressure oscillations, the spatial distribution of pressure amplitudes
is best described at the times corresponding to the maximum / minimum vertical

forces.

Figures 6.2.2-32 - 6.2.2-33 show the wall pressure azimuthal profile through
the centerline of the wetwell as measured by the transducers at two dJfferent

instants of time. The highest pressure values are located at the bottom and
the magnitude tends to decrease near the pool surface. The positive pressure

loads are higher than the negative ones. Figure 6.2.2-33 shows an unusually

high pressure at 150 deg from the top of the wetwell, which is attributed to
the presence of a short-duration high epike at the time.

Figures 6.2.2-34 - 6.2.2-37 show the wall pressure profile beneath downcomers 5

and 6 and near the south end of the shell (beneath downcomers 7 and 8) at the
same times. The profile patterns are similar to those through the centerline
described earlier.

1157 523
.6.2-87



NEDO-24539

The wall pressure axial proffles from the south end (-) to the north end (+)
of the wetwell at 180* and 196.7* from the top are shown in Figures 6.2.2- 38 -

6.2.2-41. The figures show that there is no consistent trend of pressure
distribution at the bottom of the wetwell.

By comparison, the variation of the magnitude of pressure oscillations in
the downcomers has been shown to be more uniform along each row of downcomers

for a given time (see Figures 6.2.2-25 and 6.2.2-26).

A similar investigation was performed for M7; Figures 6.2.2-42 and 6.2.2-43
give the total vertical force for twa time periods and Figures 6.2.2-44 -
6.2.2-47 show some spatial distribution of loads at these times. In general,

the amplitudes of M7 are smaller than that of M8 and the spatial distributions
from the south end to the north end of the shell are more uniform.

6.2.2.4.2 Magnitudes of Wetwell Pressure Oscillations - There are several ways
to intetpret the magnitudes of wetwell pressure oscillations. The first step
common to all methods presented in this report is to time-average the magnitude
of the oscillations over some time interval. The reason for doing this is
because pressure spikes appear sporadically on the dominant wavefortr and the
averaging process provides a mean value of the amplitude of the oscillations for
a particular time. The data are thus averagad over a 1.1-sec time interval.
Because amplitude modulation is observed (beat frequencies range from 0.6 Hz
for M1 to 1 Hz for M8), these time intervals are chosen for the average so that
the maximum and minimum peak-to-peak amplitudes in a beat period are included.

Wetwell wall pressure signal amplitudes may be broken up into components of fre-

quencies by using values yielded by PSD analyses. Assuming that the waveform
consists of a combination of sinusoidal waves, the PSD is composed of delta
functions of height A /2 at the particular frequency of the sinusoids where A
is the amplitude component. The zero-to-peak amplitudes associated with each
of these frequencies may then be calculated by first calculating the area under
the PSD spikes. This type of analysis has been pr.rformed for M8 at the 31 -
32 second time period and the results are presented below.

O
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For M8, PSD plots show one dominant spike centering around 5 Hz and two smaller
spikes centering around 11 and 16 Hz. The area under the spikes are calculated

by using trapezoidal integration with the following boundaries:

Frequency (Hz) Boundary of spikes (Hz)

5 2.86 - 7.63

11 8.58 - 13.4

16 14.3 - 19.1

The amplitude associated with the 5-Hz frequency contributes the most case
to the overall value. The summation of the amplitude components of the three

frequencies may be compared to the as aal amplitudes of the waveform; this is
shown in Figure 6.2.2-48 for the bottom center transducer (P3185). Further-

more, similar calculations can be done for other transducers located in the

wetwell and the resulting values plotted to show the spatial distribution cf

calculated loads on the pool shell. This is shown in Figure 6.2.2-49 (cir-

cumferential direction at the centerline) and in Figure 6.2.2-50 (axial

distribution at 180 ). These plots may be compared to the actual data values

plotted in a similar fashion (see Figures 6.2.2-33 and 6.2.2-39). This type

of amplitude analysis is helpful in relating amplitudes to their corresponding

frequencies.

To investigs.t the variation of wetwell shell loads with system parameters,

the overall load experienced by the submerged portion of the wetwell should be

noted. This is accomplished by first multiplying each of the 24 applicable

submerged transducers by their areas of influence and summed together to get

the vertical component of the force. Next the time averagud (over 41.1-sec

interval) value of the maximum / minimum forces is divided by the projected

area (76012 in.2) to yield a time and spatial averaged peak-to-peak pressure.
The peak-to-average amplitudes obtained this way are tabulated in the seventh

column of Table 6.5-3. The maximum peak-to-peak amplitudes of a particular

time interval are also tabulated in the sixth column.

As a comparison, the time-averaged peak-to-peak amplitudes of the bouzom
center transducer (P3185) at the same time periods are tabulated, next to

their maximum amplitude counterparts. The ratios of the time-average local

9e
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amplitudes to the time average overall amplitudes are graphed as a function
of steam flow rate in Figure 6.2.2-51. These ratios lie between 1.75 to 3

and appear to be insensitive to flow rate magnitudes.

The first entry in the 8th column of Table 6.2.2-3 is the dominant waveform
frequency as given by PSD analysis of P3185. Subsequent frequencies for each

time period are values detected by PSDs to be significant via tha criterion
given in Section 6.2.2.3. For some time intervals, PSDs are not a railable and

the dominant frequency tabulated is obtained by counting the peaks af a short-
time history data plot. Frequencies obtained this way are identified with an

asterisk in the table.

The important independent system parameters are extracted from data plots and
listings at the midpoint (t) of the time interval, At. The total flow rate is

the nozzle blowdown flow rate. The wetwell airspace pressures in psia are
cbtained from the time history plots of P3009. The air content values in per-
centage mass are taken as the average values of the simultaneous grab sample
measurements from the two vents performed for each run. For Runs M4 and M5

no measurements were taken, so the values listed for these runs are taken from
the mean of all small steam-break grab samples (cg. Figure C-32). The last

five columns in the table show the pool temperatures from the thermocouple

string between downcomers 5 and 6. The column labelled 3186-4 give the

temperatures of the pool nearest to the vent exit.

From the tabulated values of Table 6.2.2-3, an attempt is made here to show

system parametric effects on the vertical component of the overall wetwell
shell amplitudes. From Figure 6.2.2-52 where the amplitudes are graphed
versus blowdown steam flow rate, amplitudes for the large liquid blowdown test
M8 are observed to be at least a factor of two higher than the amplitudes

of steam blowdown test data at similar steam flow rates.* Amplitudes decrease

as the steam flow rates decrease.

*The steam flow rates in the vents of liquid break tests are calculated using

Thisqualityapproximatethatobtainedassuming,[
,

,, fa flow quality of 30%. ,

isenthalpic expansion of the blowdown flow throughout the transient jj _J

,6.2-90
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Figure 6.2.2-53 shows amplitude vs pool temperature for windows from
Figure 6.2.2-52 where liquid-break and steam-break amplitudes appear at the
same steam : low rate. The air content values appear in parentheses. This'

graph confirms the increase by a factor of two between the different breaks
as observed in Figures 6.2.2-52. At later times in M8 when the break is
uncovered and most likely steam only is flowing through (i.e., quality =
100%) the amplitude is very near that of a steam-break at similar steam flow
rate.

The wetwell airspace pressure effect on amplitude is shown in Figure 6.2.2-54
where the steam-break average amplitudes at a steam flow rate of 150 lbm/s

are plotted versus wetwell airspace pressure. It appears that within the

pressure range of 30-40 psia, the wetwell airspace pressure does not appear
to affect pressure magnitudes.

No definitive trends are observed for amplitudes as a function of local pool

temperature. ''o study the initial submergence effect on amplitudes, steam-
break values are plotted at three different vent submergences. Amplitudes
appear to increase as submergence increase, as shown in Figure 6.2.2-55.

Consistent trends are difficult to observe for the amplitude values versus air

content values in the fluid flow.

Steam-break amplitude data appear to correlate well with liquid-break
amplitude data when the energy (' heat') rates are taken into account, as

shown in Figure 6.2.2-56, where the amplitudes increase linearly as a func-
tion of energy rate. The energy rate (H) is defined as

. .

M 91(x h + (1 - x) h )H =
9 g

where x is the flow quality.

Ii57 127
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The flashing fractions calculated assuming an adiabatic expansion at
transient system conditions varied by !16% of 0.30. For simplicity in

plotting this graph, a constant flow quality of 30% is assumed for all liquid-
break data before the break is uncovered, For M8 data enthalpy values h and

h are taken at a pressure of 45 psia of saturated steam. For all other runs
g

enthalpy values are taken at a pressure of 35 psia. These are the pressures
in the vent system during CO.

The energy rate (b)isagoodcorrelatingparameterfromaphenomenological
standpoint. The wetwell wall prcasure oscillations (and therefore their
magnitudes) are produced by the bubble interface motion. This interface
motion is caused by the time-variations of the condensation rate, which,
although affected by local pool temperature and steam air content, should be
directly proportional to the incoming energy or heat rate into the bubble
(especially if steam air content and pool temperature remain approximately
constant during CO).

The M7 and M8 data bank had been fairly exhausted in plotting Figure 6.2.2-56,

5so beyond the energy rate of 4 x 10 Btu /second, the difference in amplitude
values between liquid-break and steam-break data having the same energy rate

values is not due to data scatter. In other words, the highest average amplitude

value from the M7 test is approximately 2.64 psi peak-to-peak, and the lowest

average amplitude value for the M8 test during two-phase flow is 2.83 psi
peak-to-peak.

The amplitude values plotted in Figure 6.2.2-56 are calculated directly from

test results. However, there is evidence that fluid / structure interaction

effects exist in the large-break tests. Therefore, the data trends as plotted

may change appreciably when FSI effects are separated from the data.

All the wetwell transducer signals show an increase of amplitude as a function

of time during the start period of C.O. This is evident in Figure 6.2.2-56

where data points at the start period are asterisked in the plot. They are

seen to be lower in value than their neighboring points. This increase is

not observed in the transducer signals of the downcomers and therefore is

.

I157 ',23
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probably related to the wetwell pool and/or structure response as the

system underwent the transition from the pool swell period to a stable C.O.

period.

Table 6.2.2-4 provides several average (over a -1.0 second period) pressure

amplitudes from downcomers #6 (P5643) and from the calculated wetwell

vertical forces ( (24)) at time intervals during the start of C.O. Note

that the downcomer pressure amplitudes do not change much compared to the

large increase of the wetwell amplitudes. For this reason, it is expected

that if averaged downcomer pressure amplitudes are plotted versus their

enthalpy rates, the drop in amplitude of the asterisked points of

Figure 6.2.2-56 will not occur. Indeed, the downcomer pressure readings are

devoid of fluid / structure interaction effects which are shown to affect wet-
well pressure readings in Section 6.4.

The vertical forces on the wetwell calculnted from the output of the submerged

pressure transducers may be compared to the vertical forces on the wetwell

calculated from the output of the strain gage bridges on the support columns.

Figures 6.2.2-57 and 6.2.2-58 show the results of the latter for test M8 at

the 26.3-27.3 seconds and 31.0-32.0 seconds time period, where the Young's
Modulus is taken as 27.9 psi /(pin./in.). These figures, compared to

Figures 6.2.2-30 and 6.2.2-31, show that the vertical forces from strain gage

calculations are similar in waveform and magnitude to the forces calculated

from transducers.

6.2.2.4.3 Wetwell CO Frequencies - The time variation of the dominant fre-

quencima yielded by PSDs of wall pressares are plotted in Figures 6.2.2-59 for

M7 and Figures 6.2.2-60 and 6.2.2-61 for M8. In general, they behave

similarly to the time variation of downcomer dominant frequencies as discussed

in Section 6.2.2.2. The criterion for selecting the frequencies to be plotted

is the same as stated in that section. As is shown, the dominant frequency

varies between 5.7 - 7.6 Hz dum ng the major portion of the CO interval ini

M7. Higher frequencies are insignificant. At approximately 90 seconds, the

dominant frequency shifts up to N45 Hz, although the 7.6 Hz signal is still

significant. The shifting trend is observed for all runs during very low flow

1157 329
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rates (N30 lbm/s) and can also be seen in the downcomers. Since this

high frequency is observed in the downcomer and wetwell pressure transducers
only, it is believed that it is associated with the resonance frequency of
the downcomer portion of the vent system.

For the large liquid break test (M8), the pressure signals are less ' clean'
than for the steam break tests, as shown in Figures 6.2.2-60 and 6.2.2-61.

The dominant frequency varies between 4.8-5.7 Hz during the two phase flow period
and increases to 6.7 Hz after the break has uncovered. At the time period of
37.5 seconds, the dominant frequency is %32 Hz and is not shown in the plots.
The reason of such a change of dominant frequency is not clear, but since this
time corresponds to the time of the uncovering of the break, t~ is high frequency

may possibly be associated with the transition of the system from two-phase flow
to steam only flow.

Frequencies around 11 and 16 Hz are also shown to be significant, and their
contribution to the overall pressure amplitude may be seen from Figures 6.2.2-49

and 6.2.2-50. Recent shake tests on the test facility yield system resonance

frequencies of similar values (cf. Section 6.4.1.4 and Appendix D).

The dominant frequencies of the CO waveform of all the runs are plotted versus
their corresponding total flow rates in Figure 6.2.2-62. Most of the fre-

quencies are obtained from PSD analyses. The figure shows that the dominant
frequency is not very sensitive to flow rate although it tends to increase as
the flow rate decreases. Another data trend that was observed is that higher

amplitudes are associated with lower dominant frequencies.

\ \ 61
'"l
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Table 6.2.2-1

FSTF TESTS: CONDENSATION OSCILLATION TIME INTERVAL AND PARAMETER RANGES

ma I emperature PCO Time + Air Conter.t Blowdown Wetwell Airspace
Test Special Features Interval (s) (% Mass) Flowrate(Ibs/s) Pressure (psia) T31t6-6 T3186-4,T3186-3 T3186-2 T3186-1,

*o

} HI Small steam break
u
*1 H2 Medium steam breakg
(D
" ti i Small !! quid break
N
*1
N Small steam break

"',

p Increased airspace pressure
3
g Small steam breakg5

Increased poul temperature
2:
tnre Small steam break et

{ *th Decreased submergence fg inc reased pool temperature, y
N k

d I Small steam break dg
ut >* Increased submergence @e

ce
e tilo Small steam break
O.

?17 1.arge steam break

M8 Large liquid break

+From stas. of data re.ording; and for runs wit h no s hugging, t he t ime interval in det ined .as extending~

to the end .f t h. run.

Ac.e. Figure 1.4-2 for precise losation of thermocouples.
hNodataavailable, so values taken f rom average of all small st eam-break data.

-

M

N

wJ
GM
-

e
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gTable 6.2.2-2
RESULTS OF CPSDs PERFORMED FOR DRYWELL, VENT, WETWELL TRANSDUCER TEST M8

t = 24-32.4 s Dominant frequencies: 4.77 & 5.72 Hz

2
I.D.* PSD (psi /Hz) Angle (*) CPSD Transfer Coherence

-2 -2 -2
P2000 0.47x10 0.56x10 25.8 27.7 0.37x10 0.41x10- 0.80 0.73 0.97 0.98

P2001 0.31x10 0.30x10-2-2

-2 -2 -1 -1
P2001 0.31x10 0.30x10 -277 -277 0.18x10 0.18x10 5.99 6.15 0.97 0.96

P2002 0.114 0.120

-2 -2 -1 -1
P2001 0.31x10 0.30x10 -239 -237 0.36x10 0.38x10 11.6 12.6 0.95 0.95

P2003 0.44 0.51

-2 -2 -1 -1
P2001 0.31x10 0.30x10 -212 -207 0.37x10 0.40x10 1.1.9 13.3 0.94 0.94

P2004 0.46 0.57

-2 -2 -1 -1
P2001 0.31x10 0.30x10 -196 -192 0.45x10 0.47x10 14.6 15.5. 0.95 0.93

P5901 0.69 0.79

P5901 0.69 0.79 -319 -320 0.96 1.12 1.38 1.42 0.95 0.95

P5443 1.39 1.66

P5523 1.06 1.05 -0.98 -4.28 0.99 1.00 0.94 0.96 0.96 0.98

P5643 0.96 0.98

P5643 0.96 0.98 3.01 3.06 1.35 1.38 1.40 1.41 0.98 0.99

P3185 1.91 1.96

P3185 1.91 1.96 0.79 0.75 1.72 1.76 0.90 0.90 1.0 1.0

P3155 1.56 1.59

* Transducers locations identified in Figures 3.4-1 through 4.

.
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Table 6.2.2-3 (1 of 3)
CONDENSATION OSCILLATION DATA SUMMARY

~ - - - - - - - - - - - -. -- . . _ - _ _ _ _ _ _ _ _ _ _ _ _ _

14 Transdu.erse 'l ut a l Wethell AirN PitM5(pst) (p3g) W"'"#II I*P.'*te+ure ( F)Flowrate Airspace Content} Test At t

u i.n. <,3 <s> %. ^-- _4 om) o u./ > <r i.) u.> uss-i ! uss-2 u se,- 3 ii se,_0 uss-6s.
-

_ - - - .
. _ _ _ _ _ _ _ _ _ l

(D Mi
ct
W rll
*3

N H?
>*
3 Hi

' M
O h1

a
et Hi
>*
O H2
3

H2g

b H!
Z
9ce

a Mi O
8

* HI
O*

w U1
I W

@ HL Q
6J

Hi

Hi

Hi

Hi

HL

6 n o,

.-s

. 1

N

A
t.A
s,4

e



Table 6.2.2-3 (2 of 3)
CONDENSATION OSCILLATION DATA SUMMARY

24 Transducers
P3185(psi) (put)

5 at
- , ,pTest
t Flovrate Airspace Content3

I.D. (s) (s) max max v(hz) (Iba/s) (psia) (1 mass) 3186-1 3186-2 3!86-3 3186-4 3186-6

>* M5
.
CC

5 MS

M5>*
U M5S

M5

r" M6
0
3

M6g

W Z

9ct
"'ra ?

m w
1 M6 C= w

e
M6

H7

M7

M7

M7

M7

M7

M7
&

M7j

@
Q M7

M7

M7u
.t>

# 9 'e
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Table 6.2.2-3 (3 of 3) -

CONDENSATION OSCILLATION DATA SLRNARY

24 'lransducerm
't! Pll85(pul) (pal) Total Uetwell Air Wetwell Temperature ('F),

Flowrate Alrmpace Content
----~

O Test A t A A A A
ex max v(liz ) (Ibe/s) (pula) (Z mans) 3186-1 3186-2 3186-3 3166-40 3186-6

f.D. (m) (m)
; . . . . .. _. . ._ - . . .- ._ _

g M7
m
*5
N M7

-

>=
3
y M/

S~
{ M4

a
g Mn 2

i B
?e ns

[8. ynn w
s *- >,.s

M*)

Min

s

s

N

u
tr4
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gTable 6.2.2-4
COMPARISON OF DOWNCOMER PRESSURE AMPLITUDES VS WETWELL PRESSURE

AMPLITUDES NEAR Tile START TIME OF C.O.

Downcomer No. 6 (PS643) X(24) L'etwell
Test Time Interval (s) (psi) (psi)

M7 19 - 19.9 3.98 1.92

M7 20 - 20.9 3.90 1.53

M7 23.5 - 24.5 4.17 2.64

M8 22.6 - 23.6 7.84 3.60

M8 24.2 - 25.2 8.40 5.92

M8 25.3 - 26.3 7.92 5.71

=

1157 336
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6.3 STRUCTURAL RESPONSE

6.3.1 Dynamic Response During Condensation Oscillation and Chugging

Each of the major structural components of the FSTF wetwell and internal

structures - the wetwell shell wetwell support columns, vent header shell

and downcomers - were instrumented with numerous strain gauges. Specific

information an the location and arrangement of these gauges (e.g., blaxial,

rosette, bending strain bridges, etc.) is given in Subsection 3.4.

Maximum values of stress measured during either C0 or chugging are presented

in Table 6.3.1-J. These values represent total stresses; that is, they result

from the combined effects of wetwell pressurization, wetwell heatup and pool

pressure fluctuations during CO and chugging. The test and test period (C0

or chugging regime) in which maximum stresses were observed are also identified

in Table 6.3.1-1.

Table 6.3.J-2 tabulates dynamic stresses during condensation oscillation (CO)

and chugging for ciajor structural components. For CO, dynamic stressus were

based on the period around 25 seconds of the large liquid break test (MR).

Dynamic stresses for chugging were based on periods around either 98 or 21'

seconds of the small steam break test (M1).

In addition to measuring stresces levels, visual inspections of the facility were

made after each test to ensure that no structural damage had occurred. No

structural damage was identif$ed from these inspections; however, an inspection

of the wetwell after the large liquid ureak test (M8) revealed that one of the

pins that secures the clevis of the vent header support column to the collar

around the vent header had backed completely out. The column involved was the

inside column at the south end of the facility. In the FSTF the pins were

simply driven into the clevis with no keeper since there was very little

clearance between the vent header collar and the end closure. Since the pins

were held only by a frictional, close tolerance fit in the FSTF, it is likely

that the vibration experienced by the header support column assembly

E

1158 039
6.3 1
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9
during the course of testing caused the pin to prohressively back out. Some-

time during the large liquid break test (the final test) the pin backed out

completely. Examination of the column axial strain data does not clearly

indicate precisely when this occurred.

6.3.1.1 Wetwell Shell

With the exception of the shell membrane stress intcceity, each of the maximum
wetuell shell stress intensities was measured during the C0 period of the large

liquid break test (MS). Each of the oeak stress components observed during the
large liquid break test resulted from the combined effects of wetwell pressuri-

zation, wetwell *eatup and pool pressure fluctuations. In contrast, the peak

shell membrane stress intensity occurred at the termination of the small liquid

break test (M3). The location at which this peak stress occurred was

midbay - 270 .

General transient characteristics of wetwell shell strains, as well as the

circumferential distribution of strain about midbay, are illustrated by

Figures 6.3.1-1 through 6.3.1-4. These figures present, respectively, shell

hoop strain on the outside surface at angular positions of 0 , 90*, 180* and
270* about midbay, for the large liquid break test transient. The hoop strain

transients generally reflect the pressurization of the wetwell as can be seen

by comparing the hoop strain transients (Figures 6.3.1-1 through 6.3.1-4)
with the wetwell freespace pressure transient (refer to Appendix C -

Figure C-56).

During condensation oscillation (approximately 20 to 35 seconds), significant
strain fluctuations can be observed at each of the circumferential positions

shown in Figures 6.3.1-1 through 6.3.1-4. As expected, the circumferential

distribution of these strains fluctuaticns is non-uniform, with the highest

strain fluctuations occurring in the lower shell. At 180 the peak to peak

range of strain fluctuations is about 160 p in/in, while at 0* the peak to peak
range of strain fluctuations is only 40 p in/in.

G
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Figure 6.3.1-5 presents the axial strain transient corresponding to the hoop
strain transient presented in Figure 6.3.1-4 (outside surface, midbay, at 270 ).
Comparison of Figures 6.3.1-5 and 6.3.1-4 indicates that the axial strain
follows the came general trend as the hoop strain for the first 35 seconds,
althcugh the axial strain level is less than the hoop strain level. After

this time the axial strain continues to increase, approaching a steady value

of about 350 u in/in at 150 seconds. In contrast, the hoop strain drops

slightly and then approaches a steady value of about 200 p in/in at 150 seconds.

Figures 6.3.1-6 through 6.3.1-9 illustrate the wetwell shell stress state

directly beneath downcomer No. 6 during the large liquid break test transiens
(M8). These transients are for, respectively, the hoop and axial strain on

the outside surface and the hoop and axial strain on the inside surface. The

highest measured values of shell surface stress intensity and shell membrane
bending stress intensity were measured at this location during the M8 C0

period.

As Figures 6.3.1-6 and -7 illustrate, the characteristics of the hoop and

axial strain en the outside surface, beneath downcomer No. 6, are similar to

those of the strain data on the outside surface at midbay (see Figures 6.1.1-1

through -5). However, the hoop and axial strain transients on the inside

surface beneath downcomer No. 6 have a markedly different behavior, during

the period froa about 10 to 35 seconds, than the equivalent strain measure-

ments on the outside surface. On the inside surface both the hoop and axial

strain decrecse atruptly beginning at about 10 seconds. Hoop strain then
begins to increase again, tracking the pressurization of the wetwell. Mean-

while, the axial strain continues to decrease, go_ into compression, and

then remains at nearly the same mean level until . and of CO (N35 seconds).
After this time the axial strain on the inside surface gees from compression

into tension. Similar behavior is also observed at the bottom of midbay,

though none of the strain measurements ever indicates that the inside surface
goes into compression.

.-
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Apparently, the behavior just described is induced by thermal stresses related
to through-wall temperature gradients. Examination of pool thermocouple

measurements indicates that in the large liquid break the water deep in the

pool, close to the wetwell shell, is he ated early in the transient (the pool
temperature jumps abruptly, by about 30*F, at 10 seconds). During CO the pool
tet.peratures near the shell continue to increase with the highest temperature
seen deep in the pool.

Af ter cessation of CO the pool temperature levels stabilize and come to thermal
equilibrium at about 60 seconds. Also by this time the stress state in the
lower shell becomes uniform as the temperature gradient through the wall dimin-
ishes. This last point is apparent from comparisons of inside and outside hoop
strains (Figures 6.3.1-6 and -8) and inside and outside axial strains (Fig-
urcs 6.3.1-7 and -9) for the period at or after 60 seconds.

The highest wetwell shell Lending stresses were measured during the period of
the large liquid break test just discussed. Further, the shell location at

which the membrane stresses were maximum was directly beneath downcomer No. 6.

Referring to Tabic 6.3.1-1, it can be seen that the maximum shell bending

stress was only 6,400 psi.

Figures 6.3.1-10 and -11 illustrat e the maximum strain fluctuations observed
during C0 at the wetwell/ ring girder intersection. Both of these strain

transients are for the large liquid break test (condensation oscillation

period: %20 to 35 seconds). The gauge presented in Figure 6.3.1-10 is
located e.t 180* (wetwell bottom) while the gauge presented in Figure 6.3.1-11
is located at 270* (near the attachment of the wetwell support columns). Both

gauges are the 45* elements of three element rectangular rosettes located on
the inside surface of the wetwell shell. The strain fluctuations observed on
the bottom inside surface of the shell/ ring girder intersection, 750 p in/in
peak to peak (see Figure 6.3.1-10), are the highest measured on the wetwell.
Correspondingly, the highest surface stress intensity measured on the wetwell,
occurred at this location (refer to Table 6.3.1-1). Comparison of Fig-

urcs 6.3.1-10 and -11 indicates that dynamic strain levels at the shell/ ring
.O

1158 042
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girder intersection are much lower at the support column /shell attachment

than at the wetwell bottom (less by a factor of approximately ten).

The Etrain transients presented in Figures 6.3.1-12 through -15 illustrate the

state of strain of the wetwell shell during the small steam break test (M1).

All gauges are located beneath downcomer No. 6 and represent, respectively,

outside surface - hoop strain, outside surface-axial strain, inside surface -

hoop strain and inside surface-axial strain. Dynamic strain fluctuations in

the wetwell shell during chugging (beginning at about 40 seconds) are very low,
being no more than about 110 p in/in peak to peak. During chugging, there are

several periods in which the response of the shell strains suggests that effects
due to through-wall temperature gradients ar ,sent (similar to the effects

observed during the large liquid break test). The notable instance in which

this effect is seen is at about 80 seconds. At this time the strain gauges

on the outside surface show a sharp increase in tensile stress with the gauges

on the inside surface ladicating a sharp drop in tensile stress (with the axial

gauge going in compression briefly).

Similar behavior is observed at midbay at 180* and 210*. Thermocouple measure-

ments suggest thermal stress effects similar to those discussed regarding the

large liquid break test. Just before the time at which marked changes in the

shell stresses are observed (at about 70 seconds), the deep pool temperatures,

near the shell, increase abruptly (by about 35'F). The nature of the change in

strains (tensile strain increases on the outside surface and decreases on the
inside surface) combined with the sudden change in deep pool temperatures suggest

that the strain changes are caused by a through-wall temperature gradient.

Dynamic strain fluctuations at the wetwell shell/ ring girder intersection,
during chugging, are illustrated in Figure 6.3.1-16. This figure presents the

axial strain transient on the outside bottom surface of the shell/ ring girder

ia*ersection for the small steam break. The largest dynamic peak to peak

stt fluctuation is only 160 p in/in.*

*The strain levels on the inside surface would be expected to be greater,
however, such data is not available for the small steam break test. }
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6.3.1.2 Wetwell Support Columas

Stresses in the wetwell talumns result from the combined effects of thermal

expansion of the wetwell shell and dynamic loads imposed on the shell during

CO and chugging; water mass addition also results in a static axial load.

Column bending stresses in both radial and longituainal directions (relative

to the torus center) primarily resulted as a consequence of the thermal expans-

ion of the wetwell. Referring to Table 6.3.1-1, it can be seen that the maxi-

mum radial bending stresses in the inside and outside columns were measured at

the end of test M6. Initial conditions for this test (hot pool (120*F) and

low submergence) were the most severe from the standpoint of shell heatup.

The maximum column radial bending str m was 10,800 psi in the outside columns.

Maximum' bending stresses in the longitudinal direction for the inside columns
and outside columns were measured d aring the C0 phases of the medium steam

break test and the large steam break test, respectively. The maximum column

longitudinal bending stress was less than 1,000 si. The largest column axial

(or tension / compression) stresses were measured during the Cn phase of the large

liquid break test. The maximum compressive stress was 2000 psi, while the maxi-

mum column tensile stress was 1,600 psi. It should be noted, and this will be

discussed later, that these maximum column axial stresses do not result solely

from pressure fluctuations during condensation oscillation; rather, a signifi-

cant part of the maximum stresses measured results from the effect of the thermal
growth of the wetwell.

Inside and outside column radial and longitudinal bending strain transients for

the large liquid break test (M8) are presented in Figures 6.3.1-17 through -20.

Similar plots for column axial strain are presented in Figures 6.3.1-21 and -22.
Wetwell column bending and axial strain fluctuations resulting from condensation

oscillation can be observed in Figures 6.3.1-17 through -22 over the period from

about 20 to 35 seconds. The maximum peak to peak amplitudes observed in the
column strain data during this period are about 100, 30 and 110 p in/in for,
respectirely, the radial bending, longitudinal bending and axial strains.

Comparisons of column axial strains for all four columns indicate that condens-
ation oscillation loads are uniformly distributed among the four colum s 0449

6.3-6



NEDo-24539

Due to the thermal expanaion of the wetwell, bending strains in both inside

and outside columns increase with time (see Figures 6.3.1-17 through -20).

In the radial direction the wetwell gro , outward (away from the torus center).

The radial bending strain is about thr. times greater in tne outside columns

than in the inside columns. Thermal expansion of the wetwell in the longi-

tudina) direction is also autward (wetwell ends move away from each other).
However, the longitudinal bending strains are nearly the same in both the

inside and outside columns. Longitudinal bending strains are considerably

lower than radial bending strains. The ratio of the longitudinal to radial

bending strain for the inside column is about one-third while this ratio for

the outside columns is about one-tenth.

Ring girder dLsplacement data indicate that column radial bending strains

result from both " rigid body" displacement and ring girder deformation

associated with wetwell expansion. This can be seen in Figure 6.3.1-23 which

presents the radial displacements of the south ring girder at 0. 90*, 180*
and 270* at the end of the targe liquid break test. It is particularly notable

that the ring girder was moved radially outward by about 0.4 in, on the outside

but on?y by 0.2 in, on the inside. This behavior is consistent with the column

radial bending strain data. As was discussed above, the bending strains are in

radially outward direction for both columns with greater bending strains in the

outside columns than in the inside columns.

The ring girder displacement data indicate that outside columns would be in

tension and the inside columns would be in compression. This result is con-

sistent with column axial strain data. In Figure 6.3.1-21 it can be observed

that the axial strain in the inside column shows a general trend of an increase

in compressive strain with time. This trend parallels the general trend of

the column radial bending strain for the inside column (Figure 6.3.1-17). A

similar observation may be made regarding the axial strain in the outside col-

unn, although in this case, the general trend is an increase in tensile strain

with time (see Figure 6.3.1-22).

As a further check of data consistency, the net vertical force on the wetwell,

at test termination, was calculated by summing the vertical forces acting on

0kb
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the four columns (force was calculated based on column stress end column
load area). Calculations were performed for two tests - the lan liquid:

break (M8) and small steam break (M1) tests. In both cases agreement within

ten percent was obtained between the increase in compressive load measurement

by the column axial strain bridges .nd the corresponding mass of water added
over the test transient.

Dynamic fluctuations in wetwell column radial bending, longitudinal bending
and axial strains during chugging are typified by Figures 6.3.1-24, -25, and

-26, respectively. Each of the strain transients presented in Figures 6.3.1-24
through -26 is for the small steam break test (M1). In all cases peak to peak

strain fluctuations during chugging (beginning at about 40 seconds) are very

low. Peak to peak strains are less than 20 p in/in for radial and longitudinal

bending strains and less than 35 p in/in for axial strains.

6.3.1.3 Vent Header Shell and Downcomers

Stresses in the downcomer/ vent header attachment region of the vent header

shell and the downcomers were measured. More specifically, the downcomer/
vent header region at downcomers No. 6 and No. 8 were instrumented with

uniaxial strain gauges arranged radially about the downcomers (every 45 ),
and both downcomers were inst rumented with strain gauge bridges to measure

bending strain in the radial (perpendicular to the vent header axis) and

longitudinal (paraliel to t.he vent header axis) directions. The measurement

of downcomer bending strains provides the data base for defining downcomer

lateral loads.

Figure 6.3.1-27 shows the uniaxial strain at the top dead center (TDC) or 0*
location at downcomer No. 8 for the large liquid break test transient. Proto-

typical tie-straps were installed between downcomers No. 8 and No. 7. The

largest dynamic strains are observed in the TDC location during the C0 period

of the test (N 20 to 35 seconds).

O
1158 046
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Uniaxial strains in the radial and longitudinal pler.es at the downcomer/

vent header attachment region of downcomer No. 8 are illustrated by

Figures 6.3.1-28 and -29, respectivcly. The peak surface stress measured

in the downcomer/ vent header attachment reglen was 14,000 psi. This stress

was measured at both the TDC (0*) and BDC (180') locations. At these locations
most vent shell stress cycles ranged over 12,000 psi peak to peak (tension /
compression) during CO.

Stress levels in the downe .r/ vent header attachment region at downcomer

No. 6 were considerably higner than at downcomer No. 8. Downcomers No. 5

and No. 6 were not interconnected with tic-straps or bracing (tension-

compression bars). Figures 6.3.1-30 and -31 illustrate strains observed in

the downcomer/ vent header attachment region at downcomer No. 6 during the

C0 period of the large liquid break test. During this period, the peak

surface stress measured in the downcomer/ vent header attachment region of

downcomer No. 6 was 46,000 psi. This stress was measured at the TDC location
(Figure 6.3.1-30). At this location most stress cycles ranged over 50,000 psi

peak to peak (tension / compression) during CO.

The small steam break test with low submergence (1 ft 6 in.) and heated pool

(120'F) - matrix test No. 6 - was the most severe test from the standpoint

of the duration of cyclic stresses in the downcomer/ vent header attachment
region of the vent header shell. During the C0 period of this test, from

about 20 seconds to test termination (% 300 sec.), most stress cycles in the

TDC location at downcomer No. 6 (no tie-straps or bracing) ranged over

40,000 psi peak to peak (tension / compression). The CO related stress cycles
were much lower for downcomer No. 8, which was connected to downcomer No. 7

by tie-straps. At the TDC location of downcomer No. 8, the stress cycles

ranged just over 10,000 psi peak to peak during CO.

Figures 6.3.1-32 and -33 present, respectively, the radial and longitudinal

bending strains measured at downcomer No. 8 during the CO period of the large
liquid break test (M8). The same measurements for downcomer No. 6 are pre-
sented in Figures 6.3.1-34 and 6.3.1-35.

' - 1.|co V4/
aA'
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Dynamic strain levels in the downcomer/ vent header attachment region of
the vent shell during chugging are illustrated bj Figure 6.3.1-36. In

this figure the vent shell strain treasured at the TDC location at downcomer

No. 6 is shown for the small steam break test (MI) transient. It should be

noted that all downcomers were free for this test (i.e., downcomer pairs
were not intra-connected with tic-straps or bracing). The peak surface
stresses occurred at approximately 80 seconds. The peak tensile stress
was about 23,000 psi while the peak compressive stress was about 25,000 psi.
Uniaxial strains in the radial and longitudinal planes are shown in F'g-
urcs 6.3.1-37 and -38, respectively, for a period from 75 to 85 seconds.
Stresses resulting from a number of chugs can be observed during this period.
Figures 6.3.1-39 and -40 present, respectively, the downcomer bending strains
in the radial and longitudinal directions for the same period.

O
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Uniaxial strains in the radial and longitudinal planes at the downcomer/
vent header attachment region of downcomer No. 8 are illustrated by

Figures 6.3.1-28 and -29, respectively. The peak surface stress measured

in the downcomer/ vent header att;chment region was 14,000 psi. This stress

was measured at both the TDC (0*) and BDC (180*) locations. At these locations
most vent shell stress cycles ranged over 12,000 psi peak to peak (tension /
compression) during CO.

Stress levels in the downcomer/ vent header attachment region at downcomer

No. 6 were considerably higher than at downcomer No. 8. Downcomers No. 5

and No. 6 were not interconnected with tie-straps or bracing (tension-

compression bars). Figures 6.3.1-30 and -31 illustrate strains observed in
the downcomer/ vent header attachment region at downcomer No. 6 during the

C0 period of the large liquid break tert. During this period, the peak

surface stress measured in the downcomer/ vent header attachment region of

downcomer No. 6 was 46,000 psi. This stress was measured at the TDC location
(Figure 6.3.1-30). At this location most stress cycles ranged over 50,000 psi

peak to peak (tension / compression) during CO.

The small steam break test with low submergence (1 ft 6 in.) and heated pool

(120 F) - matrix test No. 6 - was the most severe test from the standpoint

of the duration of cyclic stresses in the downcomer/ vent header attachment
region of the vent header shell. During the C0 period of this test, from
about 20 seconds to test termination (N 300 sec.), most stress cycles in the

TDC location at downcomer No. 6 (no tie-straps or bracing) ranged over

40,000 psi peak to peak (tension / compression). The C0 related stress cycles
were much lower for downcomer No. 8, which was connected to downcomer No. 7

by tie-straps. At the TDC location of downcomer No. 8, the stress cycles
ranged just over 10,000 psi peak to peak during Co.

Figures 6.3.1-32 and -33 present, respectively, the radial and longitudinal
bending strains measured at downcomer No. 8 during the C0 period of the large
liquid break test (M8). The same measurements for downcomer No. 6 are pre-
sented in Figures 6.3.1-34 and 6.3.1-35.

1158 049
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Dynamic strain levels in the downcomer/ vent header attachment region of
the vent shell during chugging are illuatrated by Figure 6.3.1-36. In

this figure the vent shell strain measured at the TDC location at downcomer

No. 6 is shown for the small steam break test (M1) transient. It should be

noted that all downcomers were free for this test (i.e., dov.icomer pairs
were not intrc-connected with tic-straps or bracing). Tiie peak surface
stresses occurred at approximately 80 seconds. The peak tensile stress
was about 23,000 psi while the peak compressive stress was about 25,000 psi.
Uniaxial strains in the radial ano longitudinal planes are shown in Fig-
ures 6.3.1-37 and -38, respectively, for a period from 75 to 85 seconds.
Stresses resulting from a number of chugs can be observed during this period.
Figures 6.3.1-39 and -40 present, respectively, the downcomer bending strains
in the radial and longitudinal directions for the same period.

O
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Table 6.3.1-1

MAXIMUM MEASURED STRESSES DURING
CONDENSATION OSCILLATION AND CHUGGING

Measured Valve
Measurement Location Test Test Period (psi)

Wetwell Shell - General *
a. Membrane Stress Intensity M3 CO (Test End) 11,500

b. Bending Stress Intensity M8 CO 6,400

c. Surface Stress Intensity M8 CO 13,900

Wetwell Shell/ Ring Girder M8 CO 17,000

Intersection - Local Stress

Wetwell Column Bending Stress
a. Longitudinal

1. Inside Column M3 CO 920
2. Outside Column M7 CO 750

b. Radial
1. Inside Column M6 CO (Test End) 2,800

2. Outside Column M6 CO (Test End) 10,800

Wetwell Column Axial Stress
a. Inside Column

1. Compression M8 CO 3,000

2. Tension M8 CO |00
b. Outside Column

1. Cotapression M8 CO .,700

2. Tension M8 CO 1,600

Downcomer/ Vent Header
Attachment - Local Stress

a. " Tied" Downcomers** M8 CO 14,000

b. " Free" Downcomers M8 CO 46,000

* Refers to regions away from discontinuties
** Prototypical tic-straps

1158 051
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Table 6.3.1-2

DYNAMIC STRESSES DURING CONDENSATION
OSCILLATION AND CHUGGING

Condensation
Oscillation Chugging

(M8) (M1)
(psi) ' psi)

Wetwell Shell*

Wetwell Shell 3,800 2,500

Wetwell Shell/ Ring Girder 14,800 2,900
Intersection

Wetwell Support Columns

Radial Bending 1,500 300

Longitudinal Bending 500 300

Tensile / Compressive 1,600 560

Vent Header Shell

Downcomer/ Vent Header Intersection

e " Tied" Downcomers** 14,000 -

e " Free" Downcomers 46,000 25,000

Maximum surface stress intensity.*

** Monticello prototypical tic-straps.

O
6.3-12
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6.3.2 Facility Resonant Frequencies

A primary de31gu criteria for FSTF was that its structural response accurately
simulate the structural response of Monticello's torus. To ensure that FSTF
met this design criteria, extenrive structural calculations, including finite

element modeling, were performed. Resonant frequencies determined from these

calculations are summarized in Table s.3.1-3. This table also summarizes

resonant frequencies determined from experimental data.

Of the resonances identified in Table 6.3.2-1 those corresponding to the shell

ov211zation, vertical " bounce", " breathing" and " accordion" modes represent

prototypical modes. Vibratory motions associated with these modes are, respec-
tively: free shell radial wall motion; vertical motion of the wetwell on its

support columns; lateral motion of the wetwell in a radial direction (relative
to the torus center); and motion of the ring girders towards and away from

each other (alternately compressing and stretching the wetwell shell). The
" axial" and " piston" modes are unique to FSTF. The " axial" mode, which con-
sists of lateral motion of the wetwell along its axis, results from the

structural boundary conditions associated with the end restraint system. The
" piston" mode corresponds to the motion of the end closure structures relative
to the ring girders. Vibrations associated with the end closures, which

simulate planes of hydrodynamic symmetry between adjacent bays of the torus,
obviously do not represent a prototypical effect.

Experimental determination of wetwell shell resonant frequencies was based on
dynamic vibration tests performed on the FSTF. In these tests controlled

dynamic excitation was applied to the wetwell (via a hydraulic ram, or " shaker")
and the response of the wetwell was measured by monitoring shell displacements
and accelerations. The frequency range covered during these tests was 3 to 30 Hz.
A full test description, including additional test results, is given in

Appendix D.

Determination of other resonances for the FSTF, on experimental bases, relied

on test data from the chugging period of the small steam break test (M1).

11c8 093
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Fast Fourier transform methods were utilized to perform frequency decomposi-

tion of selected acceleration, displacement and strain data (i.e., PSDs were

analyzed). The specific time period analyzed (from 98.5 to 99.7 seconds)
included an eight-downcomer chug (or " pool" chug). Table 6.3.2-1 identifies
which measurements were examined to determine each of the resonances for
FSTF. The range of frequencies observed in these measurements, near the
calculated resonant trequency, are also tabulated in Table 6.3.2-1. Examples

of time histories and related PSDs used in this analysis are presented in

the following discussion.

The radial bending strain of the wetwell support column was examined to
determine the frequency of the radial or " breathing" mode. The time history
of this strain, for the outside-south column, is shown in Figure 6.3.2-1.

The frequency composition of this signal is discernible from the PSD presented
in Figure 6.3.2-2. A strong frequency component can be observed at 14.4 Hz.
The calculated resonant frequency for the radial mode of the wetwell is

14.2 Hz. Other prominent frequency components appear at 11.0, 21.2 and

28.0 Hz. The first two of these frequencies corresponds to shell ovali-

zation modes (at 11.0 and 19.5 Hz) while the highest frequency corresponds

to the vertical bounce mode of the wetwell on its support columns (calculated

first and second modes being 27.3 and 28.7, respectively).

Confirmation of the calculated resonant frequency for the wetwell bounce mode

is provided by the frequency composition of the wetwell column axial strain

measurements. Figures 6.3.2-3 and -4 present, respectively, the time history

and related PSD for the axial strain in the outside-south column. The pre-

dominant frequency components are 28.0 Hz, which is close to the calculated
resonants for the first two bounce modes (27.3 and 28.7 Hz), and 11.9 Hz.

Again, the 11.9 Hz ccmponent corresponds to an ovalization mode of the wetwell.

Figures 6.3.2-5 and 6 present, respectively, the time history and PSD for

axial strain on the outside surface of the wetwell shell. Frequencies near

the predicted resonant frequencies for the " axial" and " accordion" modes
(34.5 and 52.5 Hz, respectively) are present in the shell strain PSD (at

O
1158 094
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36.5 Hz and 54.4 Hz). Numerous other frequencies also appear in this PSD.

The frequencies of 11.9-12.7, 14.4-15.3 and 21.2 Hz appear to correspond to
shell resonances while the 28.0 Hz frequency corresponds to the wetwell
vertical " bounce" mode. The frequency of 42.5 Hz appears to be associated
with vent system acoustics during chugging (similar frequencies are observed
in downcomer pressure measurements). Finally, the 63.7 Hz frequency is near
the predicted frequency for the end closure " piston" mode (66.5 Hz). As will
be discussed later in subsection 6.4.2.4, frequencies in the range frem 60 to
70 Hz appear in the shell displacement and acceleration data; so the 63.7 Hz
frequency that appears in the shell axial strain data may correspond to a
higher shell mode.

Lateral accelerations of the end closures were examined to determine tne
response frequency of the end closures. Time histories and PSD plots of the
north end closure accelt ;on are presented in Figures 6.3.2-7 and -8,

respectively. Signific signal power is indicated in the PSD over a range

from 62.9 to 68.0 Hz. The calculated resonant frequency for the " piston"
mode of the end closures, 66.5 Hz, falls within this frequency range. Signi-

ficant signal power is also indicated at 54.4 Hz and 40.8 Hz. Evidently,

54.4 Hz corresponds to the " accordion" mode for the wetwell. The 40.8 Hz
component again appears to be associated with vent system acoustics during
chugging.

1158 095
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O

Table 6.3.2-1

SUMMARY OF CALCULATED AND OBSERVC FACILITY FREQLTNCIES

Calculated
Resonant

Frequency Observed Indicative

Mode (Hz) Frecuency Instrumentation

Wetwell Shell Ovalization 7.4 Wetwell Shake Tests
9.7

11.0
15.0
17.4
19.5

Wetwell Vertical "Boun.:e" lst 27.3 27 - 29 Hz Wetwell Column Axial
2nd 28.7 Strain

Ring Girder Displ.
and Accel.

Radial or " Breathing" 14.2 12 - 15 Hz Wetwell Column Radial
Bending Strain
Ring Girder Displ. and

Accel.

Rigid Body or " Axial" 34.5 31 - 37 Hz Wetwell Shell Axial
Strains'

" Accordion" 52.5 52 - 56 Hz Wetwell Column Longi-
'

tudinal Bending Strain

End Closure " Piston" 66.5 62 - 68 Hz End Closure Accel.

O
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6.4 FLUID-STRUCTURE INTERACTION .

Pool boundary pressures measured in FSTF tests reflect hydrodynamic phenomena

and also, potentially, the coupled pool-structure response. This last effect

is referred to as fluid-structure interaction (FSI) and arises from the mutual
effects of transient fluid pressure and structural response on each other.

FSI effects result in a modification of the pressure measured at the pool

boundary relative to the pressure that would be measured if there were no
, -

structural response (i.e., if the structure were rigid and the pressures were

defined entirely by hydrodynamic phenomena and pool acoustic effects). Modift-
cation of transient fluid pressures related to hydrodynamic phenomena may

involve amplification or attenuation of pressure magnitides and an alteration

of the dominance of various frequency components.

A number of structural responce modes of FSTF may introduce FSI effects into

the measured pool boundary pressures. The rigil body vibration of the wetwell

on its support columns (considering the wetwell itself to be rigid) may affect
,

pool pressures due to pool inertia. Vibration of the facility's wetwell end

closures could affect pool pressures, at least locally, due to the dynamic

[motion of the end closure wall into the adjacent fluid. (Note that this effect
.Cis unique to FSTF and is not prototyoict.1 for actual plants). A similar effect

..o:.. .,

may arise from the response of the wetwell shell. Fluid-structure interaction ,j p""
.

effects associated with the shell response can be prominent if resonant fre- y'
'

quencies of the coupled pool-structure system are excited.
'

s .y

FSTF was instrumented to measure pressure, acceleration and displacement at '-

numerous locations on the wetwell shell and ring girders, These measurements
'

.

2
'| p *. |

serve as the primary data base for the investigation of fluid-structure inter- 'h J|,

action effects. Strain measurements were also made at numerous locations and v .

these measurements provide valuable supporting data. Exact instrument loca- '*'

tions and specifications are detailed in Subsection 3.4.

1158.1056.4-1
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In the following, selected data for condensation oscillation (CO) and chugging
will be investigated with respect to FSI. The purpose of this investigation is

to provide summaries of the data to aid separate investigations in establist.iag
the significance of FSI effects. No attempt is made to quantify the extent of
fluid-structure interaction effects for the FSTF.

6.4.1 FSI Effects During Condensation Oscillation

The large liquid break test (M8) serves as the basis for investigation of
FSI effects during CO. The largest amplitude pressurcs oscillations observe.d
during the course of testing occurred during the C0 phase of the large liquid
break test. More specifically, data analysis will be limited to the period

from 31 to 32 seconds of the large liquid break test. Prominent structural

responses were observed during this period.

In the analysis which follows, it will be shown that:

a. FSI effects due to the rigid body vibration of the wetwell on its

support columns and end closure vibration do not appear to be

important during CO.

b. FSI effects related to wetwell shell vibration are evident during

CO. Several facets of the data provide such evidence. Frequencies

are observed mutually in pool pressure and shell response data near

the 9.5, 11.0,. , 9nd 19.5 Hz shell resonant frequencies deter-

mined from shake .. s of the FSTF. Further, when pool pressure and

shell acceleration oscillations are of the same frequency, it can be

observed that pool pressure increases as the shell accelerates into

the pool. This data trend suggests that the pool pressure is at

least partly induced by wall motion.

.

11'>B 106
6.4.1.1 Vent and Pool Boundary Pressures. 1

Comparison of downcomer and pool boundary pressures provides a first level
assessment of whether or not there is reason to believe that the hydrodynamic

6.4-2
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source pressure has been modified at the wall by wall motion. Examples of down-

comer and pool boundary pressures during CO are presented in Figures 6.4.1-1 and
-2, respectively.* Power spectral density distributions (PSDs) corresponding
to these downcomer and pool pressures are presented in Figures 6.4.1-3 and -4.

General similarities between the downcomer anj pool pressures are apparent from
comparisons of the time history and PSD plots. More specifically, most of the
signal power for both the downcomer pressure and pool pressure is concentrated
at ~.8 Hz (compare Figures 6.4.1-3 and -4). Further, the fundamental frequency

components of the downcomer and pool pressure, 4.8 Hz, appear to be very nearly
in phase (compare Figure 6.4.1-1 and -2) .

The positive pressure spikes superimposed on the low frequency component of
the pool pressures constitute one facet of the data which suggests that FSI
effects are present. In Figure 6.4.1-2, two of these spikes can be observed

at about 31.38 and 31.62 seconds. At both instants, the pool pressure is

considerably greater than the downcomer pressure. For example, at 31.62
seconds the downcomer pressure is approximately +3 psi while the pool pressure
is approximately +8 psi. The pulse width of the pool spikes (20 to'30 milli-
secoads) suggests the presence of frequency components from about 16 to 25 Hz
in the pool pressure data. The PSD of the pool pressure (Figure 6.4.1-4)
indicates frequency components in the range of 7 to 27 Hz, though, the signal
power associated with frequencies in this range is not great and therefore they
are not sharply defined. Higher frequency components are also in evidence in
the PSD of the downcomer pressure (Figure 6.4.1-3). In this case, they appear

in the range from 7 to 20 Hz.

6.4.1.2 Rigid Body Response.

Figure 6.4.1-5 illustrates the responses of the wetwell support columns and ring
girders during CO. In this figure the outside support column axial strain and

ring girder bottom center acceleration and displacement are shown concurrently.

*These pressure transients were processed with a linear trend removal routine
(based on linear regression data fitting). Hence, only the dynamic component of
the signal is represented. All data presented in Subsection 6.4 has been processed
in a similar manner unless otherwise noted.

1158 107
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Peak values of axial strain, acceleration and displacement occur at approximately

31.62 seconds, which ic %e time (for the 31-to 32-second period) when the peak

download is observed. These peak values are rather low; being 65 in/in (com
pression) for axial strain, 3 g's (upward) for ring girder acceleration and 40

mils (downward) for ring girder displacement. Both the column axial strain and

ring girder displacement data suggest that the rigid body response of the wetwell

is at the lowest frequency associated with the pool pressures (4.8 Hz). A PSD of

the column axial strain, shown in Figure 6.4.1-6, delineates this point. Most of

the signal power of the axial strain is at 4.8 Hz - corresponding to the funda-

mental frequency component of the downcomer pressure signal (see Figure 6.4.1-3).

Appreciable ring girder acceleration levels are seen only at higher frequencies

(50 Hz or grerter based on the time data at 31.6 seconds). These higher fre-

quency accelerations probably result from high frequency ringing of the wetwell

shell and ring girder so do not reflect the rigid body response of the wetwell.

On the basis of column strain, it is possible to infer the rigid body displace-

ment of the wetwell and then, in turn, to infer the rigid body acceleration of

the wetwell at a frequency of 4.8 Hz. (The ring girder displacement and

acceleration measurements are not good indicators of the rigid body motion of

the wetwell because they are influenced by wetwell vibration modes - ovalization

of the shell and ring girders, etc.). The values inferred for rigid body

displacement and acceleration are, respectively, 7 mils and 0.02 g's. If the

wetwell shell is considered rigid and assuming that both the wetwell and entire

pool accelerate at 0.02 g, then the pressure at the bottom of the pool, due to

the effect of pool inertia, would be calculated to be about 0.1 psi [accelera-

tion (0.02 g) times maximum depth (12.4 f t) times density of water (62.4 lb/f t )

x 1/144 in /ft2]. Hence, the influence of the rigid body response of the wetwell
on pool pressures is considered to be insignificant.

6.4.1.3 End Closure Response.

Lateral acceleration of the end closure * and ring girder, at the north end of

the wetwell, are shown together in Figure 6.4.1-7. Pool pressure, just adjacent

*The accelerometers are located on the outside plates; 32 inches off the wetwell
vertical ceurerline; and about midway between the wetwell horizontal centerline g
and wetwell bottom. At this location there is an intersection of vertical and
horizontal ribs of the end closure " egg crate" structure (refer to Subsections

)
* *

6.4-4
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to the end cloeure and at the botton of the wetwell, is also shown for reference.

Figure 6.4.1-8 shows the same type of data for the south end of the facility. In

these Figures it can be seen that (1) the peak end closure and ring girder lateral

acceleration levels are low (less than 3 g's maximum) and (2) no strong relation-

ship between the pool pressure adjacent to the end closure and the end closure

vibration is generally indicated.

The data for the south wetwell end (Figure 0.4.1-8) are particularly graphic in

illustrating the two observations made above. At about 31.6 seconds, the peak

end closure and ring girder lateral acceleration at the south end are observed

(about +2.5, -2.0 g's for the end closure and about +2.8, -1.6 g's for the ring

girder). The peak pool pressure, at the bottom of the wetwell and adjacent to

the end closure is not observed until after the end closure vibration has ceased

(this pressure peak lags the peak end closure acceleration by about 10 milli-

seconds). Further, several other pressure spikes occur, over the period from 31

to 32 seconds, with little indication of a significant concurrent end closure

acceleration. Therefore, there is little reason to believe that the dynamic

response of the end closures contributes significantly to pool pressure fluctua-

tions during condensation oscillation.

6.4.1.4 Wetwell Shell Response.

During condensation oscillation, prcminent local wetwell shell responses were

observed coincident with local pool pressure fluctuations. In each of Figures

6.4.1-9 through -13, local shell pressure, acceleration and displacement are

presented concurrently for the midbay circumferential positions of 120 , 150*,
180 *, 210 * and 240 *. Local shell accelerations and displacements are measured
in the radial direction (relative to the watwell center). For reference, the

pool pressure at the bottom south end of the wetwell (near the ring girder) and

the south ring girder bottom center acceleration and displacement are presented

in Figure 6.4.1-14. The multifrequency composition of the pool pressures,

throughout the pool, is evident from these figures. However, the fundamental

C0 frequency, 4.8 Hz, is generally apparent throughout the pool. Local shell

response data (acceleration and displacement) is also composed of many frequency

components.

6.4-5
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Peak dynamic pool pressures and shell radial accelerations and displacements
observed about midbay, over the period from 31 to 32 seconds, are tabulated
in Table 6.4.1-1. The highest local pool pressure is observed at 150' with the

next highest pool pressure being observed at 180*. Peak values of pool pres-

sure tend to be lower at shell location nearer to the pool free surface with
the exception of the positive peak value at 150*. Another trend that can be

noted with regards to peak pool pressures is that the positive peaks are
greater on the narrov-side of the torus (120" and 150*) than on the wide-side

of the torus (210* and 240*). Negative pool pressure peaks are nearly the same
on the narrow-side and wide-side locations of the torus. Both peak inward and
outward radial shell accelerations are greater fsr the narrow-side of the torus

than for the wide-side of the torus.

There is significant evidence to suggest that pool pressures are affected
by wetwell shell responses. Referring back to Figures 6.4.1-9 through -13, it
can be observed that pool pressure spikes are coincident with prominent shell
accelerations. This observation is particularly apparent at 120* and 150*
around the time of 31.6 seconds, What is significant from the standpoint of

FSI is how pool pressures vary with shell accelerations. At both 120" and

150*, it can be observed that: (1) as the shell begins to accelerate inwards
(into the pool), the pool pressure starts to rise; (2) the peak pool pressure
occurs at about the time the peak inward shell acceleration is reached; and
(3) as the inward shell acceleration begins to decrease, the pool pressure also
starts to decrease. Such behavior is consistent with what would be expected if
pressures were induced by wall motion. Further, at instants of time wherein the

shell acceleration is peak outward the dynamic component of the pool pressure
is either near zero or slightly negative. At these instants of time, it might be
expected the peol pressure would decrease even further if it were not for the

influence of the general rise in pool pressures associated with the fundamental

C0 pressure signal - the oscillation at 4.8 Hz apparent in the pool pressures.
Consideration of these trends suggests that the precsure " spikes" superimposed
on the fundamental C0 pressure signal are due in some part to wetwell shell
responses.

O
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The phase relationships between pool pressures and shell responses at adja-
cent locations also suggests that FSI effects are present. Comparing the
time histories present in Figures 6.4.1-9 through -13 it can be noted that
pool riessures and shell responses at adjacent 1ccations are not in phase
(with the exception of the 4.8 Hz component of the pool pressure which is in
phase throughoat the pool). This observation, together with the previous
observation that the local pool pressure follows the local shell acceleration,
implies that the pool pressure (with the exception of the 4.8 Hz component)
follows the local shell response and hence FSI effects are present.

A graphic illustration of (1) the dynamic effect of shell acceleration on pool
pressure and (2) the rather localized nature of this offect, is provided by
Figures 6.4.1-15 through -20. In these figures, the midbay distribution of pool
pressure and shell radial acceleration are shown for five instants of time
covering an interval of 21 milliseconds. Illustration of the two points made

above is best provided by the 150* and 180* locations. At these locations,
the pool pressure and shell accelerations are much more prominent than at
other locations around the shell during the time period under examination.

From 31.603 to 31.612 seconds (Figures 6.4.1-16, -17 and -18), the pool pressure

at 150* rises significantly as the shell accelerates into the pool and then
falls (almost to zero) as the shell accelerates away from the pool. During
this time period, the pool pressure and shell acceleration at 180* indicate
little change. The pool pressure at 180* rises by about 3 psi between 31.612
and 31.615 seconds although there is little change in the local shell accelera-
tion (see Figures 6.4.1-18 and -19). However, the pressure rise at this time is

due to the rise in the 4.8 Hz cycle of the C0 source pressure (refer to Figures

6.4.1-1 and -2). Between 31.615 and 31.620 seconds, the shell accelerates

inward at 180* with the pool pressure reaching a maximum value at 31.620
seconds. Although the rise in pressure at 180* at this time is partly attri-
butable to the C0 source pressure nearing its maximum value, the significant
difference in the peak pool and peak downcomer pressures at this time (pool
pressure - 8 psi; downcomer pressure - 3 psi) indicates that ef fect of the shell
motion is pronounced.

I158 111
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PSDs were utilized to identify the frequency content of pool pressure and
structural response data. Example PSDs for shell radial displacement and
acceleration are presented in Figures 6.4.1-21, -22 and -23. An example pool

pressure PSD was previously shown in Figure 6.4.1-4. The frequencies associated

with pool pressures, shell displacements and shell accelerations (all at midbay)
are tabulated in Table 6.4.1-2. Only frequencies of 20 Hz or less could be

identified from PSDs of pool pressure and shell displacement data. The fre-
quencies identified from PSDs of shell acceleration data represent a broader
frequency bandwidth. The shell acceleration data includes several high range
frequencies (32-34 Hz, 50-60 Hz and 68 Hz) as well as lower range frequencies
(12 to 20 Hz). It should be noted that for the high range shel: acceleration

frequencies (above 23 Hz) only the three most prominent frequencies Hz are
tabulated in Table 6.4.1-2.

Higher frequencies which appear in PSDs of shell acceleration data, are in
some instances, clearly present in time histories of pool pressure and shell
displaccuent data even though they are not present in their related PSDs.
For example, around 31.6 seconds a frequency of 65 Hz is clearly present in
both pool pressure and shell acceleration time histories at midbay 150'
(see Figure 6.4.1-10). This frequency also appears, though less conspicuously
in the midbay 150* displacement time history. As this frequency is highly
damped (only two cycles), the signal power associated with it is small. In

the case of PSDs of the pool pressure and sheli displacement data, the 65 Hz
frequency is totally obscured by the signal power associated with the low fre-
quencies (particularly the 4.8 Hz component).

The frequency content of the shell displacement and acceleration data suggents
that several wetwell shell resonances are excited by CO. Comparison of tt=

frequencies tabulated in Table 6.4.1-2 with shell resonant frequencies identified
by shake tests of FSTF in (Appendix D) indicate that shell resonances at fre-

quencies of 9.7, 11.0, 15.0 and 19.5 Hz are excited. The participation of the
11.0 Hz resonance appears to be more limited than the other resonances; this
frequency does not appear in pool pressure and shell response data to the same
extent as frequenciec correspor. ding to other shell resonances. The fact that
shell resonances are exclad implies that FSI effects are present. However, the

extent of FSI effects associa'ed with each s... ell resonance is not readily

apparent.

1158 1126.4-8
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From linear system considerations it is expected that the excitation of shell

resonances would require the frequency content of the pressure source to include

components corresponding to the shell resonances excited. As was previously

discussed in Subsection 6.4.1.1, the frequency content of the pressures measured

in downcomer No. 6 was dominated by the 4.8 Hz frequency, but other frequencies

in the range from 7 to 20 Hz were indicated. In examing PSDs of all eight down-

comers (31 to 32 second period) only the frequencies of 9.5 and 12.4 Hz appear

often in the 7 to 20 Hz range. Pressure signals at these frequencies are probably

responsible for exciting the 9.7 and 11.0 Hz shell resonant frequencies.

The frequency content of the downcomer pressure measurements give no clear indi-

cation of why shell resonances at 15.0 and 19.5 Hz are excited or why higher

frequencies are observed in the shell acceleration data. The downcomer pressure

measurement reflects the fundamental frequency associated with C0 phenomena and

related vent system acoustics but cannot reflect the frequency content associated

with phenomena such as bubble collapse.

In addition to the frequencies corresponding to shell resonances, two other promi-

nent frequencies are observed in the pool pressure and shell response data - 4.8

and 13.4 Hz. As was discussed before, 4.8 Hz corresponds to the fundamental

frequency of the C0 source pressure (inferred from downcomer pressure). Although
this frequency is the dominant component for the pool pressures, it is

generally a less signifcant frequency component for shell displacements. At 180*,

the 4.8 Hz component of the shell displacement has nearly as much signal power
associated with it as some of the higher frequency components present (see Fig-

ure 6.4.1-21). However, for shell displacements at 150* and 210*, the signal
power associated with the 4.8 Hz frequency component is much less than that
associated with higher frequency components. No significant signal power is even

indicated at 4.8 Hz for shell displacements at 120* and 240*; hence, the wetwell

shell response to the 4.8 Hz frequency pressure signal appears to be very restricted.

In contrast, the signal power associated with 13.4 Hz is quite significant for

shell displacements at a number of locations (180*, 210* and 240*). This fre-

quency is also observed at 180*, 210* and 240' locations for the shell accelera-

tion data but only at the 180* and 240* locations for the pool pressure data.

6.4-9

1158 113



NEDO-24539

To illustrate wetwell deformations associated with shell resonances excited

during CO, radial displacements of the wetwell shell about midbay (at 120*,
150*,180*, 210' and 240 ), about the south ring girder (at 0*, 90*, 180* and

270*) and along the bottom of the wetwell (north and south ring girders; north

and south quarterbay; and midbay) were plotted for five instants of time.

Figures 6.4.1-24 through -29 show the wetwell shape at each of the five instants

of time. The period of time covered by these plots begins, roughly when the
dynamic pressure is approximately zero (relative to the 4.8 Hz pressure cycle)
and extends through a quarter of the 4.8 Hz cycle (when the peak midbay bottom
pressure occurs).

At 31.582 seconds the dynamic component of the pool pressures is near zero

and the configuration of the wetwell corresponds, nearly, to its static shape

(see Figure 6.4.1-24).

Eight milliseconds later, at 31.590 seconds (Figure 6.4.1-25), the wetwell shell
appears to ovalize at midbay with the major axis inclined at about 30" to the
vertical (through the 150* position) . Along the bottom the wetwell is drawn

in at north quarterbay and midbay but nearly undisturbed at south quarterbay,
suggesting that the outward deformation of the shell around 150* is more pro-
nounced for the north section of the wetwell. There is some ovalization of the
ring girder at this time (about the horizontal plane), but the principal ring

girder motion appears to be rigid body (towards the inside or in the eastward

direction).

Indications of the participation of a " breathing" type of mode of the wetwell

shell are seen at 31.599 seconds (Figure 6.4.1-26). The shell motion at 180 ,

210* and 240* are out of phase with the shell moving inward at 210" but outward
at 180* and 240*. An asymmetric mode shape is seen along the bottom of the
wetwell with north quarterbay moving outward; south quarterbay moving inward;
and midbay being a null point. Little change is noted at the ring girder
compared to the previous instant examined.

Little change to the shaps of the wetwell at midbay is apparent at 31.607 seconds
(Figure 6.4.1-27). However, it should be noted that the shell deflection reaches

,

6.4-10
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a maximum at 150*. An inverted " beam bending" shape is seen along the bottom
of the wetwell as the ring girder ovalizes along the vertical axis but little

downward deflection is seen at midbay bottom. Since little deflection is noted

at the top of the ring girder, the ring girders must also be experiencing rigid
body motion downward at the same time.

For the next instant, 31.615 seconds (Figure 6.4.1-28), the shape of the wetwell

still suggests a " breathing" mode, but at this instant the maximum outward shell

deflection is seen at 180* rather than at 150' (where the shell is now deflected
slightly inward). The ring girder shape remains about the same as for the

previous instant examined. A non-symmetric shape is secn along the bottom of

the wetwell with greatest outward deflections at south quarterbay and midbay.

At the last instant examined, 31.620 seconds (Figure 6.4.1-29), the wetwell

shape suggests shell ovalization along the vertical axis but with " breathing"
modes still present as evidence by the outward deflection at 120*. Correspond-

ingly, the ovalization of the south ring girder, also along the vertical, is at

a maximum. The non-symmetric shape along the bottom of the wetwell is maintained;
however, the maximum outward deflection is now at midbay rather than south
quarterbay.

The analysis above illustrates the possible participation of various breathing
and ovalizing shell modes during CO. Shell deformations at any instant are, of

course, a result of various combinations of participating shell resonances. As

was discussed previously, the frequency content of the shell response data
ciggested that the resonant frequencies of 9.7, 11.0, 15.0 and 19.5 Hz are

excited. Modal shapes corresponding to each of these resonant frequencies are
shown in Appendix D.

i158 i15
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O

Table 6.4.1-1

PEAK DYNAMIC PRESSURES, ACCELERATIONS AND DISPLACEMENTS AT MIDBAY

DURING CONDENSATION OSCILLATION (LARGE LIQUID BREAK TEST-M8; 31-32 SEC.)

Pressure Acceleration Displacement
Position (psi) (g's) (mils)

a

120*

150*

180*

O
210*

240*

' Proprietary information deleted

1158 116
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Table 6.4.1-2

FREQUENCIES OBSERVED IN POOL PRESSURE AND SHELL RESPONSE DATA DURING
CONDENSATION OSCILLATION (LARGE LIQUID BREAK TEST -M8; 31-32 SEC.)

Midbay
Position Pool Pressure

120* 4.8 8.6 15.3 19.1

150' 4.8 8.6 16.2 19.1

180* 4.8 8.6 11.4 13.4 16.2

210' 4.8 7.6 15.3 18.1

240* 4.8 7.6 13.4 15.3 18.1

Midbay
Position Shell Displacement

120* 9.5 11.4 15.3 20.0

150" 4.8 9.5 13.4 15.3 18.1

180* 4.8 9.5 11.4 13.4 16.2

210" 4.8 7.6 10.5 13.4 15.3 18.1

240* 9.5 13.4 15.3 18.1

.

Midbay
Position Shell Acceleration

(Low Range: 0-20 Hz)

20.0120*

150* 16.2 19.1

180* 12.4 16.2

210* 13.4 15.1 20.0

240' 13.4 16.2 18.1

(High Range: 20-70 Hz)

120' 55.3, 57.2 67.7

150' 48.6 51.5 67.7

180* 34.3 51.5 57.2

210* 32.4, 34.3 56.3

240* 34.3 50.5, 59.1

NOTE: (1) All values in Hz }}[.h jj[
(2) PSD incrraental frequency is 0.954 Hzt

6.4-13
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Distributions About Midbay During Condensation
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6.4.2 FSI Effects During Chugging

To investigate FSI effects during chugging the small steam break test (M1) was

selected as a data base. In particular, a detailed analysis of the time period

following the initiation of a Type I Chug * will be made (98.5 to 99.5 seconds).

During this time period some of the most prominent chugging related structural

responses were observed.

The results of this analysis indicate that:

a. The rigid body vibration of the wetwell on its support columns

does not result in significant FSI effects during chugging.

b. FSI effects due to the vibration of the end closures appear to

be present during chugging. An increase in pressure in the pool
region immediately adjacent to the end closures is observed as

the end closures accelerate into the pool. The pressure signal

associated with end closure vibration appears to attenuate toward

midbay.

c. There is evidence that FSI results from wetwell shell vibrations
during chugging. At shell locations where prominent structural

responses are observed, the dynamic pool pressure appears to be

mostly related to local shell acceleration. At these locations,

the pool pressure increases as the shell accelerates into the pool

and decreases as the shell accelerates away from the pool. These

data trends are consistent with what would be expected 12 pressures

are induced by wall motion. Additionally, the frequency compositic s

of pool pressure and shell response data include some mutual com-

ponents near the 11.0, 15.0 and 19.5 Hz shell resonances determined

from shake tests of FSTF.

* Type I chugs are closely synchronized eight downcomer " Pool Chugs". A more
detailed description of Type I chugging is available in Subsection 6.2.1.1.

} } [db6.4-43
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O
6.4.2.1 Vent and Pool Boundary Pressures; Period of Analysis

An example downcomer pressure transient is presented in Figure 6.4.2-l* for the
time interval which includes the pool chug of interest. The pool chug period,
or the interval over which chugs are initiated at each of the 8 downcomers, is
indicated on the figure.** The PSD associated with the downcomer pressure is
shown in Figure 6.4.2-2. As can be seen in this figure, most of the signal power

associated with the downcomer pressure is concentrated at 6.8 and 45.9 Hz. The

presence of these two frequency components is most apparent prior to the pool
chug.

In Figure 6.4.2-3 an example pool pressure transient (midbay bottom) is presented
for the same time period as the downcomer pressure transient presented above.
The related PSD is shown in Figure 6.4.2-4. In addition to frequency components

near those seen in the downcomer pressure PSD at 7.6 and 41.6 Hz, the pool pres-
sure PSD exhibits other prominent frequency components at 11.9 and 64.6 Hz.

O
In comparing the downcomer and pool pressure transients directly (compare
Figure 6.4.2-1 with Figure 6.4.2-3), it can be noted that there is marked simi-

larity between the two pressures only L.t the period prior to pool chug initiation.
Prior to the pool chug, both the downcomer and pool pressure are dominated by
the low frequency component (approximately 7 Hz). Also it can be noted at
this time that the higher frequency component, N 44 Hz, is more pronounced in
the downcomer pressure than the pool pressure. Subsequent to pool chug

initiation, the 7 Hz frequency is still apparent in the downcomer pressure but
not in the pool pressure. The pool pressure is characterized, at this time, by
relatively high frequencies. Examination of the PSD of the pool pressure for the
period following pool chug initiation, Figure 6.4.2-5, indicates that the signi-
ficant frequency components of the pool pressure, for this time period, are
11.9, 41.6 and 64.6 Hz.

* Linear trend removal was not used on this data
** Chug initiation times were obtained from computer programs described in

Section 5 g

6.4-44
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From the standpoint of FSI it is the period following pool chug initiation

that is of primary interest. The basis of this conclusion rests with compari-

sons of the downcomer and pool pressures and, additionally, the differences in
structural response for the periods preceding and following the pool chug. Again

comparing Figures 6.4.2-1 and -3, it can be seen that prior to the pool chug the

magnitude of downcoter pressure oscillations are greater than those of the mid-

bay bottom pool pressure. The maximum peak to peak pressure range for the
downcomer is 5.5 psi while the maximum peak to peak pressure range for the mid-
bay bottom pressure is 3.5 psi. A similar difference in pressures would be

expected due to spatial attenuation of a pressure source located at the down-

comer exit.

Structural response data also suggest that FSI effects are more significant

after the pool chug is initiated. Radial displacement and acceleration transients

at the shell midbay bottom are shown in Figures 6.4.2-6 and -7, respectively.

Although shell displacements amplitudes are comparable just prior to and during

the pool chug, the frequency of the displacement fluctuations are obviously

greater after the pool chug has been initiated. Here it is implied that shell

acceleration amplitudes increase after the pool chug has been initiated. Actual

shell acceleration data also indicates this pattern. Shell accelerations for

the period after the pool chug is initiated are three times greater than for the

period prior to the pool chug. Since the governing parameter for FSI is the

shell acceleration it is reasonable to expect that FSI effects would be much

more significant during the chugging period than during the period just pre-

ceding chugging.

6.4.2.2 Rigid Body Response

Structural responses of the ring girders and wetwell support columns were very

low during chugging implying that the rigid body motion of the wetwell does not

significantly af fect pool pressures (due to water inertia ef fects). Fig-

ure 6.4.2-8 presents, concur *_atly, the outside support south column axial

strain, ring girder acceleration and displacement at bottom center. Peak

column axial strains are about 18 pin /in.

) \ ,b ,
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O
Peak ring girder accelerations and displacements are about 1.8 g's and 16 mils,

respectively. As was the case for CO, the rigid body acceleration of the wetwell

is probably not represented by the ring girder acceleration data which is charac-

terized by rather high frequency components (42 and 62 Hz based on a PSD of the
south ring girder bottom center acceleration). Reviewing the PSD of the column
axial strain data, previously presented in Subsection 6.3.2, indicates that the

" bounce" mode of the wetwell/ support columns is excited. The rigid body accelera-

tion inferred from the column axial strain data (a 2 mil deflection at 27 Hz -
the bounce mode frequency), is 0.16 g's. At the bottom of the pool, this

acceleration would result in a pressure of about 0.7 psi. A pressure of this

magnitude is not insignificant compared to pool pressures during chugging. Ilow-
ever, this estimate of the ef fect due to rigid body motion of the wetwell may

be high as little signal power, at 27 Hz, is observed in pool pressure PSD's.
It may well be that the effective water mass associated with the rigid body
motion of the wetwell is considerably less than the total water mass.

6.4.2.3 End Closure Response

Lateral accelerations of the end closure and ring girder are shown together with

the pool pressure, at the bottom of the wetwell, for the north end of the wet-

well in Figure 6.4.2-9 and for the south end of the wetwell in Figure 6.4.2-10.

Peak end closure accelerations are noted at about the time at which the peak

pool pressures are observed at the bottom of the north and south ends of the
wetwell. These times are not coincident for the two ends; the peak en] closure

acceleration at the south end is about 80 milliseconds in advance of peak end

closure acceleration at the north end. At both ends pool pressure peaks are

observed at times at which the end closures are accelerating towards the pool

suggesting that closure vibration is amplifying the pressures in the adjacent

region of the pool.

The extent to which end closure vibration influences pressures throughout the

pool is not readily apparent. The region of influence for this effect appears

to extend from the wetwell ends to at least the quarterbay position. Comparison

O
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of pool pressures along the wetwell bottom - at the south end, south quarter-
bay and midbay - indicate that the pressure spike observed at the south end,
corresponding to the end closure motion, is seen at south quarterbay but not at
midbay. It should also be noted that the pressure spike at south quarterbay is
attenuated relarive to the pressure spike at the south end. Similar behavior

can be noted in comparing pool pressures along the bottom of the wetwell at
the north end, north quarterbay and midbay. Such behavior implies that the

pressure signal associated with end closure vibration attenuates toward midbay;
complete attenuation occurs somewhere between quarterbay and midbay.

6.4.2.4 Wetwell Shell Response

Pool pressure fluctuations measured circumferentially around midbay, during chug-
ging, varied in terms of amplitude, frequency and phase. Corresponding variations
in local shell responses are also observed. These points are illustrated by
Figures 6.4.2-11 through -15. Each figure presents the pool pressure, radial

shell acceleration and radial shell displacement, concurrently, at the indicated
angular position about midbay. For reference, the pool pressure at bottom center
of the south wetwell end, and south ring girder bottom center acceleration and
displacement, are presented in Figure 6.4.2-16.

Peak values for pool pressure, shell radial acceleration and shell radial dis-

placement are tabulated in Table 6.4.2-1 for the 120 , 150*, 180 , 210 and 240
midbay position over the 98.5-99.5 second interval. The highest peak pool pres-

sures occur on the narrow-side of the torus (120' and 150 ) and torus bottom (180*).
At these positions the pressure peaks are nearly all of the same magnitude. On
the wide-side of the torus the peak pressures decrease as the pool free surface
is approached (i.e., the peak pressure at 210* is less than at 180" and, likewise,
the peak pressure at 240* is less than at 210*). As was the case for CO, both

the inward and outward radial shell accelerations are greater for the narrow-
side of the torus than for the wide-side cf the torus.

Comparisons of local shell acceleration and pool pressure time histories for

the pool chug being examined suggests that pool pressures are affected by local

Ii'8 151
'
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shell motions. At each of the midbay positions of 120*, 180*, 210' and 240*,

it can generally be observed that as the shell accelerates into the pool the

local pool pressure increases and as the shell accelerates away from the pool the
local pool pressure decreases (see Figures 6.4.2-11, -13, -14 and -15). The

120* midbay position (Figure 6.4.2017) is a particularly graphic illustration

of this relationship. This servation is consistent with what would be

.med by wall motion and suggests that FSI affectsexpected if pressures were .

pool pressures.

The relationship between pool pressures and local shell accelerations, iascribed

above, consistently holds only for the locations at which the highest local shell

responses are observed: at bottom of the wetwell and along the narrow-side of

the torus (120* & 150*). Along the wide-side of the torus (210* 6 240*) the

pool pressures appear to be influenced more by the pressure state in the adjacent

lower region of the pool than by local shell accelerations.

The above points are illustrated by Figures 6.4.2-17 through -22. These figures

show the distribution of pool pressure and shell radial acceleration, about mid-

bay, for five instants of a 12 millisecond interval.

The relationship between pool pressures and shell accelerations is sharply

defined by Figures 6.4.2-17 through -22 at the 120* and 180* shell locations.
At these locations the pool pressure increases as the shell accelerates inward.

Further, at these locations, the pool pressures appear to track only the local

shell acceleration and are independent of the pressure variations in the adjacent

regions. For example, the pool pressure at 150* is nearly 18C out of phase
with the pool pressures at 120 and 180* (refer to Figures 6.4.2-17 and -20).

In contrast, the pool pressure at 210 is apparently influenced more by the

pressure state in the adjacent lover region of the pool than the local shell

accelerations. Over the interval from 98.684 to 93.687 seconds the pool pres-

sure at 210* remains nearly constant even though the shell has begun to accelerate

away from the pool at this location (compare Figures 6.4.2-17 and -18). During

the same interval the pool pressure at 180* has risen significantly - corresponding

9
n EB 152
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to the inward acceleration of the shell at 180*. It can be noted that at 98.687

seconds, the magnitude of the shell acceleration at 180* is about four times

greater than that observed at 210*. Similar behavior is observed in the time

interval from 98.690 to 98.693 seconds. In this case the pool pressure at

210* falls, even though the shell is accelerating into the pool at this location.

Simultaneously the shell sharply accelerates outward at 180* and the pool pres-
sure at 180* goes negative. This indicates that the pool pressure at 210* is
greatly influenced by variations in pool pressure at 180*. This behavior is

reasonable considering that shell responses are more pronounced at 180* than
at 210*. Also the effect of shall motions on pool pressures is expected to be

greater for locations of greater submergence (i.e., locations which would have

a greater associated hydrodynamic mass).

The behavior of the pool pressure at 240' during the interval from 98.684 to

98.696 seconds is very similar to that observed at 210*. That is, the changes

in the pool pressure at 240' generally reflect changes in the pool pressure at

180* rather than the changes in shell acceleration at 240*. Apparently, during

this time interval, the influence of the lower portion of the shell extends

nearly to the free surface on the outside of the torus.

Tu quantify the frequencies associated with wetwell structural responses and

to determine which of these frequencies also appeared in the pool pressures,

PSDs of shell displacement, shell acceleration and pool pressures were analyzed.

An example of a PSD of a pool pressure was previously given in Figure 6.4.2-5.
Excmple shell displacement and accelerations are given in Figures 6.4.2-23 and
-24. Significant frequency components of pool pressure, shell displacement

and shell acceleration data are tabulated in Table 6.4.2-2. A number of fre-

quencies appear mutually in the pool pressure and shell response data over s
range from 11 to 65 Hz.

Some of the frequencies identified in Table 6.4.2-2 correspond to known struc-
tural resonances. Comparison of the test data and the resonant frequencies
determined from shake tests of the FSTF (Appendix D) suggests that wetwell
resonances of 11.0, 15.0 and 19.5 Hz are excited during chugging. These

frequencies were also observed in the data during CO.

1158 153
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9
Frequencies in the range from 42 to 5011z appear to be related to vent system
acoustics. The < sis for this conclusion is the frequency content of the down-
comer pressure measurements. Take, for example, the PSD for the pressure
measurement inside of downcomer No. 6 which is presented in_FI ure 6.4.2-12.L

A frequency in the 42 to 50 liz range is clearly present (at 45.9 liz).

Although a nun,ber of frequencies are apparent in the pool pressure data, several
frequencies are clearly more dominant. In Table 6.4.2-3 the frequencies associ-

ated with pool pressures, about midbay, are classified in terms of whether they
are primary or secondary components. For the purposes of this discussion,
representative rather than actual values (obtained from PSD's) of frequency
have been used. These representt.tive values correspond either to shell resonant
frequencies (11.0,15.0 and 19.5 IIz) or are based on consideration of the fre-
quencies appearing in both pool pressure and shell response data. The two pri-
mary frequencies of the pool pressure data are 11.0 and 62 liz. The 62 liz com-
ponent is observed at each midbay position while the 11.0 llz component is a
primary frequency compnent only at two deep submergence locations - 180* and
210*. The dominance of th 62 Hz frequency is also directly evident in some of
the pool pressure time histories. A good example is provided by the time history
of the pool pressure at 120* (Figure 6.4.2-11). The shell acceleration time

history at 120* also indicates a frequency of about 62 IIz. Both the pool pres-

sure and shell acceleration " ring" at 62 liz for about 0.6 seconds.

_
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Table 6.4.2-1

PEAK DYNAMIC PRESSURES, ACCELDATIONS AND DISPLACEMENTS AT MIDBAY
DURING CHUGGING * (SMALL STEAM BREAK TEST - M1; 98.5 - 99.5 SEC.)

Pool Shell Radial Shell Radial
Midbay Pressure Acceleration Displacement
Position (psi) (g's) (mils)

120*

150*

180*

21C*

240*

I Based on period following pool chug initiation
** Accelerometer inoperative

' Proprietary information deleted

1158 155
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O
Table 6.4.2-2

FREQUENCIES OBSERVED IN POOL PRESSURE AND SHELL
RESPONSE DATA DURING CHUGGING *

(SMALL STEAM BREAK TEST - M1; 98.5 - 99.5 SEC.)

Midbay
Position Pool Pressure

120* 21.2 27.2 56.9 61.2

150* 11.9 16.1 18.7 44.2 62.0
180* 11.9 16.1 36.5 41.6 64.6
210* 11.9 18.7 32.3 42.5 53.5 57.8

240* 12.7 15.3 28.0 32.3 49.3 61.2

Midbay
Position Shell Displacement

120* 21.2 27.2 61.2

150* 12.7 16.1 18.7 45.9 62.0

180* 11.9 16.1 36.5 40.8

210* 12.7 18.7 32.3

240" 12.7 15.3 27.2 32.3

Midbay
Position Shell Acceleration

120* 21.2 27.2 56.1 59.5

150***

180* 42.5 62.0

210" 12.7 33.1 48.4 54.4 61.2

240* 27.2 32.3 42.5 64.6

NOTE: (1) All values in Hz
(2) PSD incremental frequency step is 0.850 Hz

* Based on period following pool chug initiation
** Accelerometer inoperative

O
'1158 156
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Table 6.4.2-3

PRIMARY AND SECONDARY FREQUENCY COMPONENTS
OF POOL PRESSURES DURING CHUGGING *

(SMALL STEAM BREAK TEST - Ml; 98.5 - 99.5 SEC.)

Midbay Primary Secondary
Position Frequencies Frequencies

120" 62 19.5 27 54

150 62 11.0 15.0 19.5 43

180* 11.0 62 15.0 33 43

210* 11.0 62 19.5 33 43 54

240* 62 11.0 15.0 27 33 43

NOTE: All values in Hz

* Based on period following pool chug initiation

.
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6.5 MOVIE RESULTS

6.5.1 Above Water Movie Results

The above water films were taken in the FSTF with hardware described in
Section 3.6 in an attempt to quantify the magnitude of post-LOCA surface

waves and to evaluate condensation effectiveness of the suppression pool.

The films also provida-1 some qualitative observatione regarding the visual

effects of test parameter variations.

6.5.1.1 Surface Waves

For most of the test period, the waves observed consisted of rolling waves

from 1 in. to 2 in. in amplitude (valley to peak) and 1-2 Hz. Only just after

pool swell were any significant waves (1 ft - 2 ft valley to pert; recorded.

These large waves appear to be a result of the energy imparted to the pool

swell and the inertia of the pool. Wave frequency appears to be random for

this period, which lasted from 12-30 sec after test initiation.

Mass flux (break size and type) and submergence were the two matrix parameters
that significantly influenced post pool-swell pool waves. Higher mass flux

(liquid in relation to steam and larger break size) imparts more energy to the

pool and accordingly creates a more violent pool swell and larger post pool-

swell waves. Increased submergence (increased water mass) extended the period
of large post-LOCA waves as a result of higher pool inertia.

After the pool swell event during certain tests, standing wcves appeared around

the downcomers. These standing waves are believed to be a beat phenomenon in

which the pressure pulses from adjacent downcomers reinforce and negate each other

and result in the surface standing waves observed. Table 6.5.1-1 presents data

on standing waves from the test matrix. Note that tests M5 and M6 have high

frequency waves which are believed to be splashes from downcomer oscillations

rather than the beat phenomenon described earlier.

6.5-1
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O
6.5.1.2 Condensing Water Vapor in Wetwell Airspace

In all runs with above-water movies, small amounts of condensing water vapor
are evident in the wetwell airspace. A relatively large amount of condensing

vapor is observed only towards the end of one test, M6 (1 ft - 6 in. downcomer

submergence, small steam break, and 120*F initial pool temperature). The source
of this vapor cannot be distinguished in the movie.

6.5.1.3 Other Observations

Downcomer oscillations were among the few visual observations that could be

related to instrument data. Cyclic motion of the downcomers was primarily in

a vertical plane perpendicular to the ring header axis. Amplitudes were

measured at the water surface. Table 6.5.1-2, Visual Observations of Downcomer

Oscillations, presents frequency and amplitudes for the text matrix. Oscillation

frequency varies from 5 to 10 Hz.

O
Parsmeter variations which resulted in increased downcomer oscillation amplitudes

include increasing the initial pool temperature to 120*F and reducing the down-

comer submergence to 1 ft 6 in. The medium steam break test indicates that

increased mass flux results in increased downcomer oscillations. In M7, the

large steam break, all the downcomers were tied in pairs and negligible oscil-

lations were observed. In M8, the large liquid break, downcomers 5 and 6 were

_ .a and oscill.tions were observed in downcomer 5 which was in the field of

view, but estimates of the amplitude were not possible because of the condensing

vapor.

O
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Table 6.5.1-1

POST POOL-SWELL STANDING WAVES

Frequency Amplitude Duration (sec.
4

Test (Hz) (in.) from test start)

M-1 None

M-2 3.5 2-3 12-20
7 2 20-602

M-3 3 2-3 50-902 intermittent

M-4 3 2-4 40-80

M-5 3 2-4 20-60
8 6-9 60-90 (See (1))

M-6 6 12-18 20-40 (See (1))
5 6 >40

/ M-7 3.5 2 20-24,

30-40

M-8 6 2-3 13-30

M-9 None

M-10 None

(1) High frequency waves about downcomers in M-5 and M-6 appear to be
splashing from severe downcomer vibration rather than standing waves.

(2) Observations were no longer possible after denoted time because of
fogged viewport.

(3) Wave amplitudes were measured valley to peak for downcoters 3 and 5.
(4) Refer to Section 4.3 for status of downcomer strapping.

11E8 183
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9
Table 6.5.1-2

VISUAL OBSERVATIONS OF DOWNCOMER OSCILLATIONS

4 Frequency Amplitude Duration (time
Test (Hz) (in.) from test start-sec)

M-1 None visible

M-2 6-7 1-2 10-60(1)

M-3 None visible

M-4 None visible

M-5 10 1-2 10-40
8 & 25 1-2 40-200 (2)

M-6 6 2 10-90
5 2-3 90-120

M-7 None visible

M-8 Some oscillations (8 sec.?) of downcomer #5 but indeterminable h
for fogged port.

M9 Some oscillations (10 sec-?) but indeterminable for fogged port.

M-10 None visible

(1) Observations no longer possible after denoted time because of fogged
viewport.

(2) For the interval denoted in M-5 the basic oscillation frequency is 8 Hz but
these oscillations are cyclicly damped at 2.5 Hz.

(3) Amplitudes are measured at water surface, valley-to-peak for downcomers 3 and 5.
(4) Refer to Section 4.3 for status of downcomer strapping.

O
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1.0 SUMMARY

A Full Scale Test Facility (FSTF) was designed, constructed and operated to
establish experimental bounding hydrodynamic chugging loads and represen-
tative structural response of the Mark I suppression chamber. The facility

was scaled from a reference Mark I plant, Monticello, which was selected

so that resulting hydrodynamic data would be conservative and structural
response data would be representative relative to the remaining Mark I
plants. Facility components that were considered in the scaling criteria

were:

e Wetwell (suppression chamber),

Vent system (main vents, vent header, and downcomers),e

e Drywell,

e Blowdown line and critical flow nozzle, and

e Reactor pressure vessel (steam vessel).

The FSTF scaling criteria were primarily based on the chugging phenomenon.

Investigation of the condensation oscillation phenomenon was introduced

late in the design phase of the project, but the chugging scaling criteria

were adequate for scaling the condensation oscillation phenomenon.

A 22-1/2 degree segment (one bay) of the Monticello suppression chamber,

vent header and downcomers was modeled to full scale dimensions. The
selected Monticello bay modeled for FSTF was the one that contains the maxi-

mum number of downcomers and would result in maximum chugging loads. The

main vents from the drywell to wetwell, the drywell simulation of the loss

of coolant accident were appropriately scaled to represent the full scale

plant. The primary scale parameters used to size the facility were the

FSTF to Monticello suppression chamber volume ratio (1/16) and total number

of downcomer ratio (8/96 = 1/12).

11E8 187,_,
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A summary of the specific scaling parameters used for each component is
given in Table 1-1. Structural and hydrodynamic response of the suppres-
sion vessel duplicates the Monticello suppression chamber response because
of the 1 to 1 scale factor. The vent system has been sized to duplicate

Monticello fluid state, flow transient conditions and symmetry. Vent
header and downcomer structural response is prototypical of the referenced
Mark I plant. The pipe break area in Table 1-1 is for a large liquid

break and is included to show that the Mark I plant DBA case has been
bounded. Details on how these scaling parameters were determined are
contained in the body of this Appendix.

O

O
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Table A-1

MARK I FSTF S~ALING PARAMETER SUMMARY

Calculated Scale Scaled Calculated
Monticello Factor Monticello F3TF

SUPPRESSION CHAMBER

All Dimensions for One Bay 1 1 1 1
(22-1/2 segment)

Shell Frequency Response 3.46Hz 1 3.46Hz 3.35Hz

Vessel Radial. Frequency 16Hz 1 16Hz 14.5Hz
Response

Vessel Vertical Frequency 27Hz 1 27Hz 27Hz
Response

End Closure Frequency Not Not Based on 66Hz
Response Applia.able Applicable Assumed

Boundary
Conditions
>50Hz

VENT SYSTEM

Flow Resistance 5.2 1 5.2 4.8
2 2Main Vent Pipe Area 35.6 ft2 8/24 11.9 ft 11.9 ft

3 3Volume 16,000 ft3 1/12 1,134 ft 1,484 ft

Vent Header Vertical 0.072 in 1 0.072 in 0.072 in
Structural Response for
Unit Load

DRYWELL VESSEL

33 8,375 ft3 1/16 8,375 ftTotal Volume 134,000 ft

Liquid Hold Up Volume 905 ft 1/16 57 ft3 57 ft33

11E8 189
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Table A-1 (Continued) $

MARK I FSTF SCALING PARAMETER SUMMARY
.

Calculated Scale Scaled Calculated
Monticello Factor Monticello FSTF

REACTOR PRESSURE VESSEL SIMULATOR

3 3 3*
Volume 13,950 ft >1/12 >1,160 ft 1,444 ft

2 3 2Cross Sectional Area 229 ft >1/12 >19 ft 33 ft
** 2

Pipe Break Area 4.02 ft 1/12 0.335 f t 0.442 ft

Operating Pressute 1,050 psi 1 1,050 psi 1,050 psi

Operating Temperature 550*F 1 550*F 550*F

VACUUM BREAKER

Flow Rate Through Breaker 231 lb/sec 8/12 15 lb/sec <15 lb/sec
@ 0.5 psi

0.1 psi 1 0.1 psi 0.1 psi

Opening Pressure Set Point

O
* Up to Flow Nozzle

** Design Basis Accident

O
1158.190
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2.0 SCALING CRITERIA

2.1 SCALING CONSIDERATIONS

To meet the project objectives defined in Section 1.0, structural and hydro-
dynamic simulation of the Mark I suppression chamber and LOCA is required.
The facility components which were considered in establishing design
criteria which will result in accurate structural and hydrodynamic scaling
were:

Wetwell (suppression chamber),e

e Vent system,

e Drywell,

Blowdown line and critical flow nozzle,e

Reactor pressure vessel (steam vessel).e

Primary structural and hydrodynamic factors which affect the suppression
chamber and LOCA simulation were identified and design criteria estab-
lished to model the Mark I plants.

2.2 REFERENCE PLANT SELECTION

Review of the plant unique parsmeters resulted in the conclusion that no
one plant could represent both the most sever hydrodynamic and structural

configuration. It was therefore decided that the best approach was to
select a reference plant which would result in a conservative hydrodynamic
and representative structural configuration for the Mark I plants. The
FSTF was to be directly scaled from the selected reference plant
configuration.

The selected reference plant was Monticello, and the key parameters expected
to influence the chugging loads which were used to make this selection are

1158 19I
.
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given in Table 2-1. As indicated, Monticello parameters were all near the

extreme condition which was expected to give the maximum chugging wall

loads.

2.3 SUPPRESSION VESSEL

The wetwell vessel was the most critical component to simulate in estab-

lishing prototypical structural and hydrodynamic response due to chugging.

The selection and sizing of the wetwell in turn govern the scaling criteria

for the remaining facility components.

The FSTF wetwell was selected to be a 22-1/2 degree segment (1/16th) of
the Monticello wetwell (see Figure 2-1) . The single bay, with miter

joints at each end, was chosen primarily because it would result in good

structural simulation of the suppression chamber at mid-bay. This approach

results in a three-dimensional test which simulates the most severe down-
comer to pool surface area ratio (most severe hydrodynamic chugging con-

dition) which exists in the Monticello plant.

Using the single bay approach, each end of the 22-1/2 degree segment was
assumed to be a hydrodynamic and structural plane of symmetry. This in

fact was not the case hydrodynamically but will result in conservative

hydrodynamic chugging loads for the adjacent bays which actually have half

the number of downcomers. Structurally, the most important simulation

parameters were the radial (outward from torus center), vertical (bouncing),

and shell response modes. With the one bay approach, these modes could

and were modeled to duplicate Monticello. Attempting to simulate the non-

symmetric structural response nodes of the torus would require building
the full 360* torus, an approach which would be costly and result in no

significant improvement in chugging data. The FSTF wetwell design was

therefore scaled to duplicate:

1158 19 4
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(1) geometry of a single bay of the Monticello suppression chamber

(2) structural responses in the radial, vertical, and shell modes

of the Monticello torus

In addition, since the ends of the FSTF wetwell were assumed to be planes

of symmetry, very stiff closures (end plates) were used to preserve the

symmetry and prevent fluid-end closure structure interaction with the

hydrodynamic response of the vessel. With relatively stiff end closures,

reflected hydrodynamic loads would not be amplified or attenuated and

would be representative of chugging loads from adjsaent bays. Effects of

end closure stiffness on shell response were minimized with the use of

shell extensions.

The scaling criteria established for the FSTF wetwell vessel and restraint

system were as follows:

The FSTF wetwell vessel would be a full scale 22-1/2* segment ofe

the Monticello suppression chamber, including support columns.
Using a full scale single bay results in reasonable structural

simulation of the Monticello suppression chamber at mid-bay

and allows the duplication of what is considere3 to be the most

severe hydrodynamic chugging condition.

e Duplicate the Monticello suppression chamber shell, radial, and

vertical structural response, i.e., match made frequencies.

Matching the mode frequencies insures fluid structure interactions

would be duplicated and result in prototypical hydrodynamic and

structural response data.

e Wetwell end closure natural frequencies would oe as large as

practical but not less than SOH, (including the effects of the

.
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water and shell). The mitre joints were assumed planes of

symmetry and as such, maximum stiffness is desired to prevent
fluid structure interaction effects which might result in hydro-

dynamic amplification of attenuation of the chugging loads due

to closure moti^n. The enclosure was attached to a shell
extended from the mitred joints to retain the structural response

of the ring girdet/ support column combination.

2.4 VENT SYSTEM

The vent system connects the drywell vessel to the wetwell suppression
pool and consists of the main vents, vent header, and downcomers. The
primary scaling considerations were as follows:

liydrodynamic

e Flcw area and resistance

Accustic path lengthe

e Flow mixing and stratification characteilstics

e Capacicance (volume)

Structural

e Downcomer response

e Vent header response.

The vent system transfers fluid (air, steam and/or water) from the drywell
vessel to the wetwell vessel in the event of a LOCA. The fluid flow
behavior in the vent system may govern some of the characteristics of
chugging. Modeling the vent system was, therefore, an important objective.
Parameters which were believed to affect the transient flow were care-
fully selected. Parameters believed to be critical in duplicating the

transient flow condition between the drywell and wetwell were: system

voluae (capacitance effect); flow area and resistance which establish flow

O
11E8 194
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velocity losses and fluid state; and acoustic path length which establishes
the system acoustic frequency and may affect the transient flow behavior
and frequency of cbugs. Mixing and stratification were also important
conditions along with the associated losses, to ensure the state of
fluid entering the wetwell duplicates that which would occur in an
actual Mark I plant. As stated in Section 2.3, the Monticello wetwell
bay which contains the maximum number of downcomers was selected to be
modeled to ensure upper bound loads were obtained. This bay contains
eight downcomers. As shown in Figure 2-1, two main vent lines feed the
vent header which in turn feeds a total of twenty-four downcomers. The
FSTF vent system duplicates this flow configuration, and the main vent

lines have been scaled to account for the reduced number of downcomers
(eight) being fed. The vent header's actual diameter was retained within
the test section, duplicating actual volume and flow losses in this region.

Structurally, it was desirable to de uple the main vents and vent
header from the wetwell and duplicate the response of the Monticello plant.
In this manner the structurai response of the vent system would not
interfere with the structural response of the wetwell and the wetwell
would not interfere with the structural response of the vent system.

Duplication of the Monticello vent header response and downcomer lateral
response characteristics was also necessary in order to preserve the
fluid structure interaction effects between the downcomers, discharging
fluid and suppression pool in order to obtain prototypical chugging loads

on the downcomer.

The scaling critieria established for the FSTF vent system were as follows:

1) Similar to Monticello, the vent system would feed the vent
header at each end from two outlets located at the lower end
of the drywell vessel. A prototypical Monticello jet deflector

11E8 195^-
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O
would also be incorporated into the design to duplicate flow

direction and fluid mixture in the vent system-

2) The main vents would be sized to give the same average flow

velocity as in the Monticello main vent lines with a cross-

sectional area of 8/24 of the Monticallo main vent line cross-
sectional area. The two main vent lines would be mirror images

of each other.

3) The vent system would approximate the Monticello vent system
geometry and have the same total flow resistance.

4) The vent header and downcomer system would be structurally
decoupled from the wetwell except for the vent header support
ColuSns.

5) The vert header and vent header support system would approximate h
the Monticello vent header vertical response characteristics.

The vent header support system was designed to duplicate the structural

deflection of the Monticello vent header support system under identical

vertical loading conditions. Analyses conducted show that by reducing
the FSTF vent header support column cross-sectional area by a factor of
1.84 resulted in deflection characteristics similar to Monticello. In

Monticello, the main vent lines are directly coupled to the vent header

and affect the vertical response of the vent header. In FSTF the main

vent lines are not coupled; however, the effects of the main vent lines

were considered in scaling the support column cross-sectional area. The

vent header connection collar and clevis plates were reduced by a factor
of two while the clevis pins remained the same size as Monticello since

these components have little effect on the deflection characteristics of

the vent header.

\ M 8 196 *

A-12 T



NEDO-21!539

The downcomer structural response would be very close to Monticello since
downcomers, vent headers and connection to the vent header were identical

to Monticallo. Tie straps between downcomers prototypical of Monticello
were used for some tests, and the specific test configuration is described
in Section 4.3.

2.5 DRYWELL VESSEL

The purpose of the drywell vessel was to simulate as close as practical
the reactor drywell enclosure. As such, the following scaling considera-
tions were evaluated:

e Volume

e Air mass

Liquid holdup / vent flow entrainmente

Condensation rates are a principal factor in establishing chugging loads,
since the fluid mixture (air, steam, and/or water) ficwing through the
vent system can affect the loads. Air mixing action, liquid entrainment,
and heat losses in the drywell vessel and vent syst6m will affect the
condensation rate.

The Monticello Mark I wetwell suppression vessel consists of sixteen bays;
the FSTF wetwell vessel was modeled after one of those bays. A scale
factor of 1/16th was selected to size the drywell vessel in order to
maintain the drywell to wetvell volume ratio the same as Monticello.

Wetwell vessel pressurization transients would therefore come close to

simulating that which would occur in Monticello in the event of a LOCA.

The drywell liquid holdup volume was also scaled to the 1/16th factor in

order to ensure duplication of liquid entrainment flow into the vent system.

1iE8.197
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A 1/12 (8/96) drywell volume scale factor was considered for accurate h
scaling of volume to exit flow area ratio; however, high wetwell free
volume pressures would result and would not be representative of the
Mark I plants. The wetwell freespace pressure was established to be
an important chugging parameter, and an increased freespace pressure
was expected to result in decreased chugging loads. The drywell volume
to exit flow area ratio was concluded to be a secondary consideration
relative to the final freespace pressure; therefore, a 1/16 scale factor
was chosen.

A bounding approach was taken in modeling the drywell vessel due to the
complexity of modeling the mixing and heat transfer characteristics of

the Mark I drywell. The FSTF drywell was configured to minimize mixing,
i.e., no internal structures, and the discharge from the blowdown line

into the drywell was at the opposite end of the drywell from the vent

lines, such that the air content of the vent flow during condensation
phases would be at a minimum and thus result in upper bound loads. The
FSTF drywell was insulated and heated to limit heat losses from the dry-
well and prevent condensation at test initiation.

Based on these considerations the following FSTP drywell vessel scaling
criteria were established.

1) The drywell vessel and main vent lines would have a volume of

1/16 of the Monticello drywell vessel and vent system volume.

2) The drywell would be a symmetrical vessel with two vent system
outlets located in the lower portion of the vessel and symme-
trical to the inlet.

3) The liquid holdup volume in the vent system would be 1/16 of the

Monticello liquid holdup volume.

O
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4) The vessel would be insulated and be capable of being preheated
in order to minimize heat losses.

2.6 REACTOR PRESSURE VESSEL SIMULATOR

A LOCA has to be accurately simulated to establish the correct mass cnd
energy transients in the drywell vessel. In simulating a LOCA in the

FSTF, a steam vessel (flash boiler) and blowdown line to the drywell were
used. In scaling the steam vessel the following considerations were

evaluated:

e Stored mass in vessel

e Stored energy in vessel

e Level swell in vessel

The mass in the vessel is limited only by the volume of the vessel and

level swell requirements. The water mass in the vessel coupled with the
discharge rate, (established from the fluid state and flow control nozzle

size) determines the vessel blowdown time. The energy level is established
solely by heating the water to the desired saturated water state. Since

it is desired to simulate the operating reactor pressure vessel, this

condition corresponds to a pressure of 1050 psia and a tempercture of
550*F. To assure that energy and mass flow ratios could be bounded, the
steam vessel volume must be equal to or greater than 1/12.

Steam vessel level swell was an important consideration in that it

establishes the amount of liquid carryover during a steam break and vapor
carryover during a liquid break, which would influence the rate of energy
and the quality of flow to the drywell and ultimately to the wetwell.

The Mark I blowdown flow conditians were bounded in the FSTF by conduc-

ting simulated steem breaks with liquid carryover less than expected
for a Mark I steam line break and conducting simulated liquid breaks

.,
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with vapor carryover less than that expected for a Mark I recirculation

line break. To assure the liquid carryover would be less during a steam

line break, the ratio to FSTF steam vessel area to downcomer area was

specified to be greater than the ratio of RPV area to downcomer area for
a Mcrk I plant. This was specified so that the vapor velocities would

be lower in the FSTF steam vessel. To assure the vapor carryover was

less for the liquid line break, the liquid break outlet from the steam

vessel was located as close to the bottom of the vessel as practical.

With fixed steam vessel conditions, the fluid discharge rate simulating

a pipe break would be controlled by the blowdown line and flow control
nozzle. Scaling considerations for the blowdova line were:

e Break size and location

Flow mixing / stratificatione

The blowdown line transfers the fluid (liquid or steam) at a controlled

rate from the steam vessel to the drywell vessel. The discharge rate

would be controlled by a flow control nozzle where critical (choked) flow
is established. The blowdown line length and frictional losses would be

minimized, and the flow control nozzle would be positioned as close to
the drywell inlet as practical. The blowdown piping would also be sized
to prevent fluid stratification or slug flow.

The scaling criteria used to design the FSTF steam vessel and blowdown

line were as follows:

Steam Vessel

(1) Volume equal to or greater than 8/96 of Monticello reactor
pressure vessel volume

(2) Cross-sectional area equal to or greater than 8/96 of Monticello
reactor pressure vessel area

e
\v~8 200
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(3) Nominal operation conditions of 1050 psia and 550*F

(4) Liquid volume equal to 25 to 95% of total volume.

Blowdown Line

(1) Simulation of discharge rates from scaled pipe break sizes up

to 9 inches in diameter (a 9 inch diameter break area in the
FSTF results in a ratio of the break flow to the total down-

comer area which exceeds the same ratio for all Mark I plants)

(2) Frictional pressure losses less than 25 psi from the steam vessel

to the flow control nozzle

(3) Piping length minimized with the flow control nozzle located as

close to the drywell discharge location as practical

(4) Critical flow achieved at the flow control nozzle with no strati-
fication or slug flow in the blowdown line

(5) Capability to simulate both liquid and steam pipe breaks.

2.7 VACUUM BREAKER

The Monticello plant uses ten 18-inch diameter vacuum breakers to equalize

pressures between the wetwell and drywell after a LOCA. If the breakers

operate during chugging, air would be transferred from the wetwell into

the vent header and downcomers. Introduction of air to the downcomers may

tend to mitigate the chugging loads. It was therefore imperative that the

vacuum breakers uued for FSTF be properly scaled to ensure conservative

chugging loads resulted.

1158 201
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The scale factors which will affect the quantity of air into the vent

header are:

e Vacuum breaker size and location
e Vacuum breaker opening set pressure

Vacuum breaker responsee

e Total flow resistance from wetwell through vacuum breaker to vent

header.

The ten Monticello vacuum breakers are located as shown in Figure 2-2. For

the majority of the bays of the wetwell each vacuum breaker serves twelve
downcomers. At two locatic'ns in the Monticello wetwell an additonal
vacuum breaker is installed and thus, only six downcomers are served by

the vacuum breaker.

Since the maximum chugging loads are expected when a minimum amount of air
is allowed to enter the downcomerr, it was concluded that for FSTF, one

vacuum breaker per twelve downcomers should be used for scaling.

Breaker opening set pressure was also an important scaling parameter in
that it affects the quantity of air which may be transferred from the wet-

well free air space to the downcomers. If the set pressure was less than

that used on the Mark I plants, additional air may enter the vent header

and low chugging loads could result. Similarly, vacuum breaker response

could also affect the amount of air entering the vent header.

The resulting FSTF vacuum breaker scaling criteria were as follows:

1) Using a prototypical vacuum breaker, the flow rate through the
valve at a 0.5 psi pressure differential would be 8/12 of the
flow rate developed in the Monticello plant at the same pressure

differential.

O
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2) The opening set pressure of the vacuum breaker would be 0.1 psi
(prototypical of Mark I plants) or greater

3) Response characteristics of the vacuum breaker would be proto-

typical of the Mark I plants.

An 18-inch vacuum breaker was used in the FSTF and mounted on the vent
header as shown in Figure 2-2. The opening set pressure of 0.1 psi and

response characteristics of the breaker were prototypical of the Mark I

plants. An orifice plate installed between the breaker and vent header

reduced the flow rate through the breaker to 8/12 of the Monticello flow

rate.

9
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Table A-2

BASIS FOR SELECTING MONTICELLO

AS A REFERENCE FOR FSTF

Most Severe *
PARAMETER Mark I Range Mark I Value Monticello

Downcomer/ Wall Spacing ** 5.4' to 9.3' 5.4' 5.4'
Downcomer Submergence ' 0' to 4.75' 4.75' 4.5'.

at Minimum Water Level **

Poo~ ent Area Ratio 26.4 to 55.5 26.4 29.8
Drywell/ Torus Air 1.14 to 1.51 1.14 1.17
Volume Ratio

* Most severe from a chugging standpoint only

** These values were based on wetwell geometries as they existed prior to
FSTF testing

O
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APPENDIX B

HARK I FULL SCALE TEST FACILITY UNCERTAINTY ANALYSIS

OF INSTRUMENTS AND FLOWRATE CALCULATIONS
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NOMENCLATURE

Cross-sgetionalareaoftheblowdownlineattheupstreampressureA
p

tap, ft
-

( Cross-sectional area of the nozzle throat, ft2

X " Quality" of the fluid at the upstream pressure tap, fraction.p
(For a steam break, Xp = 1.0. For a liquid break, Xp = 0)

H Elevation from the upstream pressure tap to the throat pressure
T

tap, ft

2g Gravitational acceleration constant, 32.17 ft/sec

J Mechanical equivalent of heat, 778.26 ft/lb/ Btu
.

P Static pressure measured in the pipe upstream of the flow nozzle,p
psia

P Static pressure measured at the flow nozzle throat, psia
T

h Enthalpy of saturated liquid water or water vaper, i = f or g,
g3

j = P or T, Btu /lb

h Enthalpy of the mixture at location j = P or T, Btu /lb

s Entropy of saturated liquid water (1=f) or water vapor (i=g),
g3 J = P or T, Btu /0F-lb

gggygf the mixture at location j = P (pressure tap), or T (throat),s

vgj Specific volume of saturatgd liquid water or water vapor,
i = f or g, j = P or T, f t /lb

3v Specific volume of the mixture at location j = P or T, f t /lb
3

q " Quality" of the mixture at the flow nozzle throat, fraction

U Average velocity of the steam-water mixture at location
d j = P or T, ft/see

w Blowdown flowrate from flow nozzle pressure data, lb/sec
N

2
A Average croes sectional area of steam vessel, ft
y

h Height of the cold leg,ft

p Density of water in the cold leg, Ib/f tc

AP Differential pressure measured between the top and bottom of the
1 steam vessel, psi
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AP Diff erential pressiare measured between 'the top and the middic of
2 the steam vessel, psi

AP Differential pressure measured between the middle and bottom of
3

the steam vessel, psi

w (t) Blowdown flowrate at time, t, calculated by rate of change ofy
vessel inventory, lb-mass /sec

,

Annubar flow coefficients, ft.3/2 in/secC

2A Vent line cross-sectional areas, ft

k ,k Isentropic exponent for air

D ,D ,D Cocfficients for calculating the isentropic exponent of steam as
o 1 2 a function of pressure

K Coefftcient for calcualting air density as a function of pressure
I and temperature

B ,B ,B Coefficients for calculating the density of saturated steam as a
o i 2 function of pressure

P Pressure measured upstream of the annubar in vent line j, psia

T) Temperature measured upstream of the annubar in vent line j, F

O
y

AP Annubar dif ferential pressure in vent line j , psivj
p Density of air or steam in vent lir.e j, Ib/ft

k Isentropic exponent for steam in vent line j

U Average velocity of air or ste,:n in vent line j, upstream of the
Il annubar, ft/sec

P Total pressure of air or steam in vent line j, based on the average
TU velocity V ), psiag

V,q Adiabatic compression factor for air or steam in vent line j

W Flowrate of air or steam in vent line j, lb/sec

c Standard deviation

RTI Reference to Input

k r8 212RTO Reference to Output e

O
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1.0 INTRODUCTION

This report analyzes the errors involved in the data acquisition
system used in the GE MARK I Full Scale Test Facility test program.
The data were acquired during a five-minute period during which the
test facility was subjected to various loads which would result from
a postulated loss of coolant accident (LOCA). These factors, in addi-
tion to external noise sources, inaccuracies in the m .suring equipment
and computational errors were all considered in this analysis.

The information used in this report was gathered from varicus sources
including component vendors, specification sheets and discussions with
cognizant Wyle personnel. Summaries of instrument errors and flowrate
calculation errors are listed in Table 8 and Table 13 respectively.

2.0 ERROR TYPES

This report deals with two main aspects of errors: instrument error
and error propagation. Within an experiment, the measurement process
must deal with two general types of errors. The first is bias (or sys-
tematic) errors, such as those which result reproducibly from faulty
equipment calibration or from observer bias. These are fixed errors that
contribute to the difference between the true value and the average of
many repeated experiments. (See Figure 1.)

The second error type is random (or precision) errors. These are the
fluctuations in observations which yield results that dif fer from ex-
periment to experiment and that require repeated testing to yield
precise results. These errors are caused primarily by noise and tend
to flatten out the distribution curve of Figure 1 about the most prob-
able (or averaged measured value).

The sum of the bias and random errors constitutes the instrument er-
ror in the system. The instrument error is a measure of the uncer-
tainty of the recorded data acquired during e test.

.

Error progation is concerned with the way in which uncertainties are
propagated or carrhd over from the data points to the parameters and
how the uncertainties of the determinations of some parameters of a
test will be propagated to the final result. The equations used in
the data analysis and reduction process will be investigated for propa-

gation errors.

3.0 MATHEMATICAL CONSIDERATIONS

3.1 Instrument Error

The instrument error is composed of two (2) terms: bias and random
errors. The bias error 'B' is defined as the' square root of the sum,

iir8 213
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of the squares (RSS) of all known elemental errors. This can be
written as:

Bm (br +b 2+....b 2)1/2 (1)2 n

where the b are the individual bias errors of the system. This
iassumes that the bias errors are not self compensating and that the

components have been calibrated. In general, the bias errors reflect
the limits of calibration and hence the bias errors can be much greater-

when a unit is out of calibration. Only calibrated values will be

used. The random error 'S' is similarly defined as the RSS of the ele-
mental uncorrelated random errors of the system, or:

S = (s 2+s '+ 8m)! (2)3 2

where the si are the elemental random error terms. The instrument
error is the combination of the B and S terms to obtain the total system
error or measurement uncertainty U:

U = 1(B + S) (3)

3.2 Error Propagation

Error progation is a means of relating an error in a computed result to
the input terms. The development will first proceed in general terms
for error conditions from which an exact form applicable to this re-
port will be developed.

Given an equation or set of equatio..a relating a dependent variable y
to a set of independent variables u, v, ... cach with a known uncer-
tainty, the goal is to seek the corresponding uncertainty in the de-
pendent variable y. This is written as:

y = f(u, v, ...) (4)

Let the value of y corresponding to a specific measurement of the
variables u, v, ... be denoted as:

71 = f(ui,vi, ...) (5)

From equations (4) and (5), two (2) types vf error propagation equa-
tions can be developed using Taylor's series. The first equation is
termed the worst case error propagation equation and is developed
below.

Expanding y in a Taylor's series for a specific measurement and re-
taining only the first order terms results in:

y _y_8y (u -u)+DJ (v -v) (6)i g ...

Bu 8v

Use the notation u -u = Au and write (6) as:f

Ay = h Au+3 Av+.... (7)2
Bu av -

Equation (7) is referred to as a general formula for error propagation.
r r

s'
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Two examples, one for addition and one for multiplication, will show
how (7) is used. For addition, let h

y = au+by (8)

where a and b cre constants. Then the absolute error is:

Ay = aAu + bov (9)

Since the errors can be either positive or negative, the absolute
values are used to get the worst case error which is:

Ay=|nAu|+|b6v! (10)

The relative error Ay/y is:

Ay/y=(|aAu|+|bav|)/(au+bv) (11)

For multiplication let:

y = auv (12)

The absolute error is:

Ay=|avau|+|au6v| (13)

gand the relative error is:

Ay/y=|6u/u|+|Av/v| (14)

Thus given (7) the worse case relative error propagation can be deter-
mined as exemplified by (11) and (14).

The other approach is to use what is known as the most probable value
error propagation or mean error propagation. For this, again atart

with Equation (4) and assume that it may be written using the most
probable values for each variabic as:

y=f(u,v,....) (15)

where u means the mean value of u. Now again using (5) expand (15)
in a Taylor's series and retain only the first order terms. This re-
suits in:

y1-5 = 3y (u -u)+3yj vi-v)+. . . . (16)
i

Bu av

Next the variances are obtained from (16) using standard statistical

techniques. Squaring both sides of (16), summing over i from 1 to N
measurertents, dividing by N and taking the limit as N* gives:

0* 20*t *0*+2 *+..-(17)oy

1158 216
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This is the general mean error propagation equaticnwhere the vari-
ance is:

N

i=1(u -u)2 (18)2o = lim 1 E
iu hN

and similarly for a and a 2 The covariance is:2

v y
N

o * II" ("i-u) (v -v)
*

fuv
N+= i=1 (19)

Again, two examples will be shown this time for (17). For addition,

again use (8) and (17) becomes:

o 2,3g 2+ bag 2+2 abo 22 (20)
y u v uv

t.nd
o =(a g 2+b g 2+2abouv ) (21)r 2 2

y

Then the relative error is:
t/2

2o fy = (a c,2+b c 2+2ab uv ) /(au+bv) (22)
y

For multiplication, again use (12) and (17) to get:
r 2o 2, g,y)2g 2+(au)2q 2+2a uvo (23)

y uvy u
and the relative error is:

/uv)1/2 (24)2o /y = ( (o /u)2+(q fy)2+20
u v uvy

If the unusual case occurs where u and v are perfectly correlated

the covariance can be written (see (19) ).
2

0,v = AuAv (25)

Now defining Au = a and Av = 0 and using the corresponding notations,
it can be shown thaY both cases Xf addition (see (11) and (22) ) and
both cases of multiplication ( see (14) and (24) ) are, in fact, equal.
Further, it can be shown that if all variables are perfectly correlated
(i.e. all interdependent) then the 2 error propagation methods given by
(7) and (17) are equal.

In the general case, however, the variables will not be perf ectly
correlated and the error values given by (17) will be less than the
worst case condition given by (7). Equation (17) represents a more
general and more realistic estimate of errors arising from numerous
sources and thus will be used in this report.

The error sources will be assumed independent here (or uncorrelated)
since the individual functions operate in an open loop configuration
(i.e. there is no control between functions) and each unit is speci-
fied independent of all other units. This being the case (17) simpli-
fies to:

c 2, 2 a U +..... (26)y u v

B-11
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The relative error for the two examples (22) and (24) becomes:

2)i/2 (au+bv) (27)o /y = (a*o 2+b g2 /
y u v

and

c /Y = ( (0,/u)2+(g fy)2)1/2 (28)- y

3.3 Confidence Levels

It should be noted that the derivation for (17) and (26) was done in
terms of the standard deviation c. Thus, for normally distributed

..... with standard eviations c O there isvariables, ut, v , ...us v,

a68.3%probabilktythatthecorrespondingyf will be in the range y 1 o .
If, however, the deviations o , o , ..... actually represent three stan-
dard deviations then the co:fYdenEe level of the resulting o is 99.7%.y

For the case of Neff amplifier, Neff states that all of the specifi-
cations are 30 limits. Furthermore, while tolerances can be related
to any desired a limit it is standard engineering practice to use 30
limits, and this limit will be assumed in all cases.

In theory, these a limits only hold for normal distributions. The
central limit theorem, however, states that when many measurements
or measurement types are combined, as is the case below, the conditions
of normality can be assumed even when individual components do not have
exactly normal distributions. Therefore, the confidence level for the

herror analysis to be discussed is 99.7%.

4.0 ANALYSIS COMPONENTS

This section discusses all of the components to be used in the error

analysis. The error components included: transducers including strain

gage thermal effects, lead wires, signal conditioning, amplifier, analog
to digital conversion (ADC), computer hardware and flowrate equations.
A block diagram of their relation to one another is shown in Figure 2.

4.1 Transducers

Nine types of transducers were used on the Mark I FSTF project. Perti-
nent information on the transducers is given in Table 1. With tha

exception of repeatability, the transducer errors are all bian errors.

4.2 Cable Leads

The cables used were all 22AWG with runs of 650 to 700 feet. The mea-
sured noise with a quiescent facility was il2uv.

O
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Tab 1e B-1

O
T_RANSDUCER INR)RMATION

'

Ai1 tech

Type: Strain
Model: SG-158-09H-XX-6S
Resistance: 350 ohms
Gage Accuracy: 13%

Thermal Coefficient: =6.7 ppm /,F,

Amplifier Gain: 1000
Typical Gage Factor: ~2

Micro-Measurements

Type: Strain
Recistance: 350 oluns
Gage Accuracy: ! 1.5%
Thermal Coefficient: <6.7 ppm /oF
Amplifier Gain: 1000
Typical Gage Factor: 22

Endevco

Type: Accelerometer
Model: 7707-200
Gage Accuracy: 2 1.5%. Sensitivity increases 1% per 250 g up to 1000 g.
Stability: 22%
Amplifier Gain: 1

Schaevitz

Type: LVDT
Model: 2000 llCD
Linearity: ! 0.25%
Stability: 0.125%
Ripple: <1%

Precise Sensor

Type: Pressure
Models: 70116-2, 70116-WP-4
Combined linearity and hysteresis: <1 0.25%
Repeatability: 1 0.08%
Amplifier Gain: 333

O

1l'8 220
,_1,



NEDO-24539

Table B-1 (Continued)

General Electric

Type: Liquid Icvel probe
Model: 166B8943
Amplifier Gain: 1(Where possible) or 10

Conax

Type: Temperature - nonlinear, zero output at 150 F
Model: Various numbers all with prefix 'E'
Accuracy: i 0.5%
Amplifier Gain: High level: 600, low level: 1000

Rosemount

Type: Differential Pressure
Accuracy: i0.2%
Amplifier Gain: 1

Viatran

Type: Pressure
Repeatability: i 0.1%
Hysteresis: <1 0.25%
Linearity: 1 0.4%
Amplifier Gain: 333

.

1iE8 22l
.
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.

4.3 Signal Conditioning

OThe signal conditioning unit used was a Nef f 300 conditioner plus
mode cards and excitation supply. The pertinent signal conditioner

. specifications are shown in Tabic 2.

4.4 Amplifier

The instrumentation amplifier per channel used was a Neff 620050 low
level amplifier. The pertinent specifications are shown in Table 3"

4.~ 5 ADC System

The ADC system used was a Phoenix Data Model 6913 system. The perti-
nent specifications are shown in Table 4.

4.6 Computer System

The computer system used was a Varian V77. Since all computations

were done using floating point arithmetic, the computer resolution is
22I part in 2 or ! .000024%.

A potential source of error in the computer is due to the computer

clock. The basic clock rate of the Varian V77 is 24.2424MHz (41.25
nsec period) generated by a high quality crystal. Crystals typically g
have a frequenc.y accuracy of + 0.001% and a long term drif t of 5 to 10
ppm / year. The data error is not a function of the frequency error since
the date is acquired in real time from the facility but rather a function
of drift. Over a period of about 5 minutes, the drif t can be considered
to be zero.

In displaying data, the delay of the signal from the facility to the
computer can affect the results. The delay due to the 700 foot run
for a signal traveling 1/2 foot per nsec (in twisted pair wire) is
about 1400*10-' seconds. An unrelated display problem arose during
one analysis where the FORTRAN algorithm for computing time used in-
c:fficient precision. This was corrected using double precision arith-
metic. This is not an inherent system problem and is thus not considered
further here.

4.7 Flowrate Equations

For the ventline flowrate, a Taylor's expansion for direct ceputation
was used. The equations are given in Table 5. Refer to the nomen-
clature for explanation of all terms.

O
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Tab 1e B-2

NEFF SYSTEM 300 SIGNAL CONDITIONER IN CONSTANT VOLTAGE MODE SP' ,IFICATIONS
.

.

Output Voltage: Continuously adjustabic from 2-10 volts ly resistor
adjustment on Mode Board.

Line Regulation: <0.01% or 200uv, whichever is greater, for a i 10%
input line voltage variation.

Ripple: <100uv p-p in a d.c. to 1 KH bandwidth.

Stability: 1 0.01% 1 0.005% per C.

Mode card voltage resolution i 10 mv.

.

A e
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hTab 1e B-3

NEFF SYSTEM 620050 LOW LEVEL AMPLIFIER SPECIFICATIONS

-
.

Gain Stability: 1 0.01% ! 0.002%/ C

Linearity: 0.01% f-s

Zero Stability: ! 4uv RTI + 15uv RTO

Zero Drift: 1 luv RTI + 15'v RTO (60 days)u

Noise (1 Kil bandwidth): 6uv(p-p)RTI + 50uv(p-p)RTO

Maximum Operating Coc: mon Mode Voltagc : 1 10v DC or peak AC 1 20 volts

Common Mode Rejection Ratio: (DC to 60liz with up to 350 ohms

source impedance indt. pendent of filter): 66db + gain (indb) up to
120db maximum

O

O

115'8 224B-18



NEDO-284539

Tab 1e B-4

PilOENIX DATA ADC SUBSYSTEM, SPECIFICATIONS

*

IIC Resolution: 1 part in 8192

Throughput Accuracy: <10.03% of FS

System Cain Accuracy: !0.01% FSR @ 25 C

System Linearity: ! 0.01% FSR @ 25 C

Cross Talk: 80db FSR @ 25 C

Comon Mode Rejection: 80db @ DC @ 25 C

Multiplerer and SAH Settling Accuracy: 0.006% in Sus @ 25 C

11:8 225
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Tab 1e B-5

O
EQUATIONS USED FOR FLOWRATES

. .

Noizle Flowrate

(1 - X )Sgp+S X (TI)S =
p gp p

(S -S )/(S -S ) (T2)X =
g

+XV (T3)
V) = (1 - X )V g

h3 = (1 - X )hg + X)h (T4)
3

!2g ](h -h -H /3) (TS)U =
p c p T T

(V A /V A )*-1__ T P PT _.

W = U A /V (T6)
N pp p

O
Differential Pressure Flowrate

W (t ) = 144A (6P -AP )/(t -t ) (T7)2 2 3 2 i

AP + A P = api i 1% (T8)
2 3

Ventline Flowrate

+ 40) (TOpij = (K Py y3)/(Tvj
2

P +BP (TIO)p23 = Bo + Bi 2

k = Do + D P +DP (T11)2
2 i 2

3
y

O

1158 226
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Table B-S (Continued)

For Range of Flows Used

.

(T12)y = (k - 1)/k g

C1 = C)(p AP )l/2 (T13)

A p ). (T14)2
C2 ) = 1/(288g p1

Cl )1/2 (T15)W = Cl /(1-1/2(1-Yg )C213g

See Nomenclature for definition of terms.
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,5. 0 ERROR COMP TATION DETAILS3
.

This section will take the components of Section 4.0 and develop de- h
tailed error values using the mathematical approaches discussed in
Section 3.0.

.

5.1 Transducers

The transducer data is shown in Table 1. Applying equations (1) and
(2), the instrument errors for all transducers are shown in Table 6.
The GE level probes have no error terms and thus were not listed.

The strain gages (Ailtech and Micro-Measurements) have three errors,
one due to standard bias error and the other two due to temperature
drift. To obtain the temperature error terms, an assumed maximum
stress level of 5000 psi was used along with two temperature ranges:
75 - 120 F (AT = 45) for those gages immersed in wetwell water and
75 - 250 F (AT = 175) for those gages in the vent header area'. Mild
carbon steel has a thermal expansion factor of about 6.92 ppm in the
300 F range.
For the assumed maximum stress level, the corresponding AR is found
from:

S = E*6R (29)
G*R

where

S = Stress in psi gE = Modules of elasticity = 30*10' psi
G = Gage factor = 2
R = Gage resistance = 350

Assuming S = 5000 then AR = 0.1167 ohms

To find the AR for the thermal drift, the relation is:

AR = R* A T * (6.92 - 6.7) * 10-5 (30)

For A T = 45 F, AR = .00347 ohms and the error relative to the maximum

reading is 2.97%. For AT = 175 F, AR = .0135 ohms and the error rela-

tive to the maximum reading is 11.57%

A typical computation for the other Table 2 entries is for the Schaevitz
LVDT:

+ .01 )t/2 .0104 or 1.04%B = (.00252+ .00125 2 2
r:

.

5.2 Cable Leads

Given a noise signal level of 12uv and assuming a transducer data signal
of Imy, the signal to noise ratio is:

S/N = 1.0A10-3/12 x 10-8 = 83.3 or 38.4 dB (31)

B-22 \g-
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Tab 1e B-6

TRANSDUCER INSTRUMENT ERRORS

AT=45 F AT=175 F

1. Ailtech 2 3.00~ 2.97% 11.57%

2. Micro-Measurements 1.50% 2.97% 11.57%

3. Endevco 1 2.50%

4. Schaevitz 1.04%

5. Precise Sensor 1 0.33%

6. Conax 0.50%

7. Ros emount 0.20%

8. Viatran 2 0.60%

B-23
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A S/N ratio of 38.4 dB will produce a data transmission error
probability of less than 1 part in 105 which implies that the
chance of the ADC producing improper codes due to lead noise is
<0.001%.

5. 3. Signal Conditioning

Using the data from Table 2 the instrumental errors are computed
as follows:

0.01%by = line regulation =
1 0.01% 1 0.005%/ Cb2 = stability =

Assuming 3 C range for the computer room:

0.01% ! 0.005%/ C*3 C = 0.025%b2=

3 = ripple error = 100uv/10v = 0.001%b

Th'e bias error is, therefore:

(.01 +.025'+.001 ) i /2B = (b ,3,2+b 2)1/2 = 2 2 =! 0.027%2
3 3

3 = Mode card voltage resolution = 10 mv/10v = 1 0.1%s

The total signal conditioning uncertainty is: O
U = 1(B + S)= 0.127% (32)

5.4 Amplifier

Using the data from Table 3, the amplifier instrumental errors are
computed as follows:

b = ga!n stability = 1 0.01% ! 0.002%/ C*3 C= 1 0.016%
i

b2= gain linearity = 1 0.01% f-s.

b = zero stability = 4uv RTI + 15uvRTO
3

Assuming a signal condition of Vin = 4.0mv, V, = 4.0 volt and
gain = 1000 then:

b3 = 4*10-6 + 1.5*10 ' = 0.100%
-

,

4.0*10-8 4.0

bu = zero drift =1uvRTI+15uvRT0/ C * 30C
= 1*10-6 + 15.10-'*3 = 0.025%

4x10-' 4.0

b5 = common mode rejection = CMV
CMR V '

in.

B-24
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6For an Virf= 4.0 mv assume a gain of 1000, .then CMR = 120db = 1 x 10

b5 = 1.0/(1*10*x 4.0*10-8) = 0.025%

The total bias error is:

B =(b 2+D +b 2 + b,2+b )1/2 = 1 0.107%2
3 2 3 5.

st= 6uvRTI * 1000 (worst ca,se gain)= 1 0.150%
4.0v

s,= 50uv/1.0 volt = i 0.005%

The random error is thus:

S = (s + s,)1/22 = ! 0.150%
3

The total uncertainty for the amplifier is:

U= (B + S) = ! 0.257% (33)

5.5 ADC System

Using the data from Table 4, 'the ADC instrumental errors are:

bi = resolution = 2.44mv/10v = ! 0.024%
.

b2 = throughput accuracy = ! 0.03%

b = gain accuracy = 1 0.01%3

b = linearity = 1 0.01%

b3 = common mode rej ection = 80dB = 1 0.01%

The bias error is:

B = (b 2 + b,* + b * + b * + b 2)1/2 = 1 0.042%3 3 g 3

s 3 = Cross talk = 80db = 1 0.01%

s, = Settling accuracy = 1 0.008%

The random error is:

S = (s 2 + ,,2 )1/2 = 1 0.013%3

The total uncertainty for the ADC system is, therefore:

U=1 (B + S) = 1 0.055% (34)

11EB 23I
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5.6 computer

As shown in Section 4.6, the computational data error is 0.000024%. g
The error due to drift as discussed in Section 4,6 is essentially.

zero. The display error due to delay is a function of the delay
- relative to the sampling rate. At 1000 Hz sampling rate the error

due to delay is

1400*10-8 , 1.4*10-3 or 0.14%
1*10 '

Note that this error affects the time at which the analyst perceives
the data relative to a start pulse, but does not affect the value of
the data. Therefore, it will n>t be considered as part of the data
error terms.

5.7 Summary of Instrument Errors

The above instrument error terms for other than the transducers are
shown in Table 7.

Combining Table 6 with Table 7 gives an overall instrument error for
each transducer type. This overall instrument error is shown in
Table 8. Again, three values are shotm for the strain gages due to
the thermal drift considerations discussed earlier.

5.8 Flowrate Equations

5.8.1 Equations

Given the equations in Table 5, Equation (26), the data from Table 8,
constants and their relative errors given in Table 9 and typical data
values in Table 10, the propagat'tn errors may be determined. The
uncertainty in steam-break flowrates were performed at an upstream
pressure of 150 psia and a throat pressure of 79 psia. For liquid breaks,
the flo*> rate uncertainty were done for an upstream pressure of 880 psia
and a throat pressure of 640 psia. These pressures were observed to be
the typical pressures at the midpoint of a flow transient.

The first propagation error function will be for the blowdown nozzle
flowrate equations.

For X = 0.0 (Tl) becomes:

S =Sf,V =Vg,h =h
p p gp

~8fT)/(8gT -8fT) (35)XT " (8fp
For X = 1.0 (Tl) becomes:p

gp, h =hS =S8P, V =V
P p p gp

XT = (S -S )/(S -S ) (36)
EP fT gT fT

1158 232
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Tab 1e B-7

SUMMARY OF INSTRUMENTAL ERRORS
OTHER THAN TRANSDUCEPS

Cable Leads 1 0.001%

Signal Conditioning 1 0.127%

Amplifier 1 0.2:7%

ADC System 1 0.055%

Computer System 1 0.000024%

Total 0.44%

'
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Tab 1e B-8
9

OVERALL SYSTEM INSTRUMENT ERROR
BY TRANSDUCER TYPE

AT=45 F AT=175 F
Ailtech - strain 3.4%, 3.4%, 12.0%

Micro-Measurem ents-s train 1.9%, 3.4%, 12.0%

Endevco-accelerometer 2.9%

Schaevitz-LVDT 1.5%

Precise Sensor - pressure 0.8%

Conax-temperature 0.9%

Rosemount-dif f pressure 0.6%

Viatran-pressure 1.0%

O

O
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Tab 1e B-9

CONSTANTS AND RELATIVE ERRORS

Name Values Errors (1 %)
,

Small Large Small Large

2
A 0.181 f t 1.402 ft 2.17 0.18

P

g 0.087 f t 0.442 ft 0.25 0.

H 0.0 2.0 ft 6.00 2.08
T

Value Error (1 %)

X 1.0 (steam) ,0.0 (liquid) 0.0
p

A 33.18 1.28

C 917.84 2.00
3

A 11.95 1.07

K 1.395 0.O33

Do 1.3 0.0

D 0.0 0.0
3

D 0.0 0.02

-2
B 5.79.10 0.Oo

8
B 1.9 *10 0.O

3

~7
B 2.80*10 0.02

K 1.8 0.0
3

g 32.17 0.0
c

J 778.26 0.0

See Nomenclature for definition of namer and units where
applicable.

~9 7351
~
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Tab 1e B-10
0

TYPICAL DATA VALUES *

Name Value
.

P 150 psia

P 79 psiaT

AP 10 pri
3

AP 5 psi2

AP 5 psi3

P 35 psia

T 250 F
vj

AP 0.2 psi

* Values presented here are median values for small steam breaks.

See Nomenclature for definition of names.

O

O
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Other terms are the same in all cases. Now define x = S -S
f fT'

-S and using (26) obtain:
gT 3'*=S fTy=S -8

O =g g22 2

x S Sfp fT
2 2a =a +a

y S SgT fT
'

2 2o 2, g ,o

fTgP

For X = 0.0, X = x/y so thatp I

og* = Y
1_ c 2 + x_ g 2

Y (37)

For X = 1.0, XT = z/y and

a =1g 2+ z o 22
(38)X 2 z 2 y

Expanding the above for X = 0.0 and using the approach of (28), then
the error for (T2) is: __P,

y 2+ g g 2+a 2 1/22

0 6 S S0 /X7= fp fT + gT fT @
(Sfp SfT)' (8gT 8fT)

and for X = 1.0 - -

p

c'X /X U +U U +U
S S S S

T T= gp fT + RT fT
(40)g )2 (g ,gf )2(S Sgp

Next given (T3) for J = T
,

(1 ~ I )Y +XYV *
T fT TgT

The propagation error terms are found as follows:

* 2 20 = (1-X ) o +(V ~YfT) o +X g9 T g gT g

!(1-X ) U + (V -VfT) Ub+bUT V V/y __. fT gT_o
V T= (41)T (1-X ) YfT + Xp ,T

Next given (T4) for j = T

h,, = (1-X )hfT + X hT gTT

}' .
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It is obvious this takes the same form as the equation for V thus theT
final form can be written directly as:

2 } /22
5-X,p)2

2
~h 'I) o +X ga + (h fT gT

o /h
- fT ~

(1-X )h + X h,,,=
TT fT T e, - (42)

Now define the intermediate tems for (TS) .

x = 2g J(h - h.g - H7/J) (43)

-1 (44)y = (V.gA /V A.7)*p p

Then
2= (2g a): 2+g 2+ (1f3 )o (45)2o

x c
_P -

and for y
.._

o 2=4 Ar 2 2+ A a 2+2g
p y ,p p

P P T e-

2
A a (46)2+ 2

A o ,p pT

P P T

Then (TS) can be written as:

p = (x/y)1/2 (47)U

so that

fu = 1/4 (1/xy o,2 + xfy gy)
n 2

p,

and then

u /u = 1/2( ( o /x)2 4 (g fj)2) G2 (48,1c x yp p

and c,*are used in ((48) .2where the values for x, y, ox

Finally, using (28) directly, the error for (T6) is:

g /y . ( (ou IU )* + (onp/A )2 +(gy fy )2)1/2(49)p p p po
N N P

O
.

k158238-
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The second set of propagation error egoations is for the differential
pressure flowrate (see Table 5).

Given
Wy = 144 A (AP,- AT'g)/(t - t)y 2 t

define At = t2- t2 where At is a precisc increment in time equal to
.

the inverse of the sampling rate. Gi;en a sampling rate, At is defined
to the accuracy of the computer. As shown in Section 5.6 the only appli-
cable error is that due to computer clock drift, which was shown to be
zero for the test duration.

0. The propagation error equation for (T7) is:Therefore, cat =

2= 144 hP-AP)22

v ( AP
+

2 3 a +^og A AP

and
-

2 1/2(g
2+ GAP ) (50)(AP - AP )2g 2+A 2o 2 3g /g

=
AP,

_
4 vv v

A (AP - APg)2

The last set of propagation error equations os for the ventline flowrate

(see Table 5). Referring to Table 9, all of the thermodynamic property
constants have an error of u.0%. This means their corresponding a value
is zero.

Given (T12)

Y ) = (k ) - 1M )g g g

since ok = 0.0, then oyg) = 0.0.33

Using (28) and (42) the error propagation for (T9) is:

o /p. = ( (c /P )2 + (c /(T +460) )2 ) 1/2 (51)
Pj yj yj vjpij lj y

The error equation for (TIO) is:

2 = (B, + 2B,) 2 2g (52)o
PPj yj2

so that

a / = (B3 + 2B )o (53)2PjP2j Pyj2
2B, + B P + B,P

1 vj vj

Using ti e results for P 2j and (53), the error propagation term for
(T11) can be written directly as:

2D )0 (54)(Di.+ 2 Pjy
k 2j " Do+DP +DP 2
2j g 2

1158 239B-33
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Applying (26) and (28) the error propagation equation for ( T13) is:
/2

j j Pij ij 6Pvj Vj) *) 1ij ( (t /C f '+ (o /2p j r + (o /2APo /C1 =

C1g

(55)

Using (26) and (28) for (T14) yields directly:

^ j} +(p ! Vj} )p) ij AC2 ij v
g y gg

(56)

Expanding the denominator of (T15) and setting equal to intermediate
variable y yields:

2y = 1- C1 2+Y C2 jCl ,j4

2 2 (57)

/.pplying (26) to y yields:

2

13)'cc ' = (Y -1) 2( (Cl /2)2 c2 ,, * DIlj C1 ) (58)c2
y ij

i; ij

and

g - 2 2jg)g + C2 )f3(y ) 1)( (C1 ij C2 ij C1
Cl

13 13o fy =

C,2 (59)7
1-1/2(1-Y13)C23

The last computation is:

13)2 + (g fy)2 )W (60)o /W =( ( Cl j C1 yg i

5.8.2 Numerical Results

Using the above derived propagation error equations, the error values
can be determined.

5.8.2.1 Flow Nozzle Flowrate

The values for S, V, and h for the flowdown nozzle flow are obtained from '

steam tables. Computer curves were u.2ed to approximate the steam tables
over the range of 13.5 to 1200 psia and were derived using least-squares
fit techniques which were accurate to 0.036% relative to the table
value. A sample listing of steam table values needed here is shown in
Table 11.

$1r8 2401 - 'B-34
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<

Table B-11

STEAM TABLE VALUES USED IN COMPUTATIONS

Variable Value At 79 psia (F),) Value at 150 psia (P )

v 0.01756 0.01809g

v 5.540 3.015

s 0.4532 0.5138g

s 1.6224 1.5694
8

h 281.30 330.51
f

h 1183.4 1194.1
8

See nomenclature for definition of variables and appropriate units.

B-35 ) -s
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The instrument errors used in the following computations from Table 8
are:

Pressure: i 1.0%
Differential Pressure: + 0.6%
Temperature: 0.9%

2To obtain the corresponding 0 for S, V, and h, a percent error
and typical data value are needed. The typical data values are
given in Table 11. To obtain the percent error, it is first neces-~

sary to discuss the details of the computer curves used to approxi-
mate the steam tables. For the three variables over the range of

pressuces one of three general second order equations was used.
The gener;l equations are

2

F =a +a P+aP (61)
1 1 2 3

2 ,22
F =a + a /P +aP (62)

2 1 2 3

F =a + a P + a inP (63)
3 1 2 3

The steam tables were divided into seven regions as follows:

Region Pressure Range (psia)

1 13.5 - 34.0

2 34.0 - 75.0

3 75.0 - 123.0
4 123.0 - 220.0

5 220.0 - 490.0

6 490.0 - 800.0

7 800.0 - 1200.0

The coefficients a , a , a, are different for each function and each
3

region. All the coefficients are maintained by the computer and ac-
cessed according to the specific function (F , F,, F ) and pressure

3 3

region which applies.

For the three general forms given by (61) - (63) the error terms using
the approach are

2 2 2
o = (a +4a P )1/2 0 (64)

F 2 3 p
1

0 = (4a- P +.0484 a P 1.ss) 1/2 o (65)
F, 3 p

2 2
0 = (a + (a /P) )l/* O (66)

F 2 3 p
3

For example, the two pressures of PT " 79 psia and P = 150 psia the specific g
equations are as follows: (ncate the notation E for E10, e.g. 1.2E-2 means
1.2*10-2),

4ic8 2421 JB-36
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P Va1 s
T

.

2

Vf = 1.672E-2 + 1.247E-5P - 2.292E-8P (67)

2V = 1/(7.728E-3 + 2.222E-3P-4.226E-7P (68)
8

.

h = -3.423El-8.538E3/P + 1.212E2P.22 (69)2

g

2h = 1.161E3 + 3.290E-lP-7.302E-4P (70)g

S = 7.738E-2 + 1.152E-4P + 8.369E-2 In P (71)
f

2S = 1.72._0-1.664E-3P * 4.196E-6P (72)
8

P Values
p

2V = 1.695E-2 + 8.724E-6P-7.880E-9P (73)
f

V = 1/(1.326E-2 + 2.134E-3P-7.161E-8P ) (74)
8

h = -5.810El + 2.281E4/P + 1.288E2P.22 (75)2

g

2h = 1.169E3 + 2.328E-lP-4.174E-4P (76)g

Sg = 6.754E-2-2.724El/P + 1.487E '.P.22 (77)2

S = 1.910E0 + 7.848El/P -1.142E-lP.22 (78)2

8

By applying the aparopriate error equation above (61)-(63), to equations
is as follows:(67)-(78) Table 12 is obtained. A sample computation for ch

gT

4 (7. 302E-4) * (79) *) 1/2c = ( (3.290E-1)2 + a = .349a (79)

Foryp=1.04% o = .0104 79 = .8216

(80).349(.8216) = .2864o =

) >bB-37
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Table B-12

o ERROR VALUES USED IN COMP"fATIONS

Variable o
T T P P

o 1.70E-5 2.88E-10 1.394E-5 1.94E-10y

c 5.806E-2 3.371E-3 1.702E-2 2.90E-4y
8

o 1.641E-4 2.692E-8 7.25E-4 5.25E-6g

2.056E-3 4.227E-6 9.81E-4 9.63E-7
S

8

o 0.827 0.684 0.586 0.344

0.712 0.5075 0.647 0.419
h* O

where P = 150 psia, PT " 79 Psiap

0
1158 244
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Next

a /h (.0242 + .036)% = ! .0602 (81)=

Where the .036 is the table fit accuracy. Then

.000602 * h
h gT " * ( (

= *
* *

7

With this information, we may now perform the necessary detailed computations.

The first equations to be evaluated are (39) and (40). For (39) with
X = 0.0

P

~
- 1/2

5.25E-6 + 2.69E-8 + 4.23E-6 + 2.69E-8 (83)~

X T (.5138 .4532)2 (1.6224 .4532)2_T ,

or

/X = .0379 or 3.79% (84)X T
T

For (40) with X = 1.0

1/2
~9.63E-7 + 2.692E-8 + 4.227E-6 + 2.692E-8"X t (1.5694 .4532)2 (1.6224 .4532)2 _

(85)~

T _

or

/X = 1.97 -3 or .197% (86)X T
T

The next equation is (41) which requires X nd X fr m (36), V fr m (T3),T T To and For X = 0.0.

X X
T T

X = (.5138 .4532)/(1.6224 .4532) = 5.18E-2 and X 2.69E-3 (87)T T

V = (1 .0518) (0.1756) + 0.518 (5.540) = .3036 (88)T

.0379 or o = 1.963E-3 = 3.85E-0 (89)o =

X
T

Now for (41)

y /V (1 .0518) 2 ( . 288E-10)+(5. 540 . 017 56) 2 (3. 85E-6)+(2. 69E-3) (3. 371E-3) (90)o =

T
T .3036

or

y /V = 1.125E-2/.3036 = .0370 or 3.7% (91)o
T

58 245B-39
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The same computations for (41) with condition that X = 1.0 yieldsp
the following data: -

X = .955, X = .9115 (92)T T

V = 5.29 (93)T

1.88E-3, a 2 = 3.54E-6 (94)
X

T

and finally for (41)

o /V = 5.84E-4 or .0584% (95)
T

o = .00409y

The evaluation of (42) is, for X 0.0w

[(.9482)(.684) + (1183.4-281.3) 3.85E-6 + (2.69E-3)(.5075)]1 (96)T" 328.03

/h = 5.93E-3 or .593% (' }
h T " 328 3 o = i.95

T

Similarly for X = 1.0 (42) becomes g
=f1425= 2.93E-3 or .293% (98)a /

The solution of (48) involves both Xp and steam line size as shown in
Table 9. Each has two choices for a total of four combinations to check
for. Define the four cases as:

Case X = 0.0, small line

Case 2 X = 1.0, small line

Case 3 X = 0.0, large line

Case 4 X = 1.0, large line

In (48) the ratio o /x is casired from (43) and (45) where

2+g 2+(173 ) g 2 1/22

(ah h H
p T T (99)

*~ h-h-(g/J)x
T

= 880 psia, P = 640 psia.Case 1 X =0.0, H =0.0, h =hf,Pp TT

2A =.181 ft2 V =Vf , A =.087 ft T"H" *' '

p
T

1! 8 246"-'
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(.344 + .380)1/2 ,2.036 = .821 or 82.1% (100)j ,

x (330.51-328.03) 2.48

Taking the square root of (46) yields a where V =V = .01809 and
f

.

o =2 (4013.02)2 1.265E-4 + (6735.45)2 (1.544E-5)y _

+(67391.7)2 1.94E-10 + (14012.8)2 (4.73E-8)]1/2 (101)

or

o = 104.84 (102)
y

and

y = 1218.1 (103)

so

o /y = 8.61E-2 = 8.61% (104)

Inserting these results in (48) gives

/2= .412 or 41.3% (105)=(1/2)f.821)2+(8.61E-2)2)1c /U
U

P

Now (49) can be solved using Table 9, Table 12 and Equation (104).

(.413 +(.00393)2+5.93E-7))1/22 (106)g /WNo =

# (g /WN"*o *

This is the total progagation error for Case 1. Note that the final
answer is determined mainly from Equation (100) which in turn comes
from (99).

= 5.29 Others same asCase 2: X = 1.0, h =h V =V gp, VTP P SP, P Case 1.
/2, (.419+11.17)1 ,3.40 = .0660 (108)g j

x 1194.1-1142.5 51.6

= 2((2.52)2 5.84E-4 + (73.62)2 (1.54E-5)a

+(4.42)2 2.90E-4 + (153.2)2 (4.73E-8))1/2 (109)

and

.613 (110)a =
y

plus

y = 12.32 (111)

)l'e8.247
* -

Q12)a /y = .050 = 5.0%
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Now inserting into (48) gives

g /u = 1/2((.066)2+( 050) )1| = 4.14E-2 or 4.14% (113)o
p

P

Solving for Equation (49) yields

= (.0414 +.0217 +(5.65E-3)2)1/2=4.71E-2 or 4.71% (114)2 2
g /Wo

This is the final propagation error result for Case 2.

.5, othersCase 3: H = 24.0, A = 201.89, A = 63.65, o =

T

the same as Case 1.

.344+3.80 + .25/778.262 1/2 2.035
~

* " 330.51-328.03 - 24/778.26 2.449x

or

o /x = .831 or 83.1% (116)

= 2 [(9334.2)2 1.265E-3 + (2021.3)2 (1.196E-4)o

+ (156653.)2 1.94E-10 + (6411.4)2 (2.36E-7)}1
2 (117)

or

o = 107.35 (118)
y

and

y = 2832.8 (119)

So

o /y = 3.79E-2 (120)

The result for (48) is
= 1/2(.831 +,o379 )1/2 = .416 or 41.6% (121)2 2

u /up
p

The solution (49) is then

(.4162 + (.0078)2 + (7.70E-4)2)1/2 (122)g /WN =o

or

.416 or 41.6% (123)g /WN =o

1\EB 248
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This is the total propagation error for the large liquid-break test.
Again note (as for Case 1) that the final answer is determined by
a /x or Equation (115) and (116).

SP, V SP, A = 201.89,Case 4: X = 1.0, h =h =V
P PP P

A = 63.65, H = 24.0, V = 5.29, o =5.

T T T

.419+11.17+.25/778.762 1/2 3.40 = .066 (124)g j ,

x 1194.1-1142.5-24/778.26 _ 51.57

Next

2 25.85 *5.84E-4+22.1 *l.196E-4 +o -2

2 2 1/2 (125)10.3 *2.70E-4+70.1 *2.36E-7

and

o = 6.81E-2 .332 1.269 (126)y

and

y = 29.98 (127)

then

a /y = .011 (128)

Solving for (48) yields

r 6.H (120!p= =
. . .

U

The final solution for (49) becomes
/= (.067 +.0078 +2.90E-4)1 2 = 6.95E-2 or 6.95% (130)2 2

g /Wo
N

This is the total error propagation value for Case 4.

5.8.2.2 Steam Vessel Differential Flowrate

Equation (50) is the only one needed for steam vessel differential
flowrate error propagation. Equation (50) user data from Table 9 and
Table 10. To solve (50) the following must be solved first:

c = 4777.92*.012&=61.16 o =3740.022
A A (131)
v v

The AP readings have an instrumental error of ! 0.64% ,so that
2ogp = AP *t.0064=5*.0064=.032, ogp = .0010 (132)2

'

1118 249
= .0041AP = AP *.0004=10*.0064=,.064 06P (133)c

1
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Now for Equation (50)

h5-10)23740. 02+22. 82*10' (001+. 00411_1/2
g /W (134)o =y
v 4777.92(5-10)

458.13
= ~23889.6 = .0192 or -1.92% (135)

.

5.8.2.3 Annubar Differential Ventline Flowrate

Equations (51)-(60) give the necessary relations for this section.
Equations (51)-(54) need the following intermediate results. The
Precise Settsor pressure values have an instrumental error of 0.77%.

2/P ) = .0077, o = .27, o = .0726 (136)O y pp

O /Ty3 = .0094, oT T (137)= 2.350, = 5.523Tvj vj vj

Using (135) and (136) the solution of (51) is

(. 0077) 2+(2. 35/ (250+460) )2 2= .0084 or 0.84% (138)o /p =

Pij ij --

Next, the result for (53) is:

2j =]J . 9*10-8+5. 6*10 7)(.27 3 = .0041 or 0.41%o /p

2j
5.79*10-*+1.9*10''(35)+2.8*10-7 (35) *

-

(139)

The result for (54) is (since D =D2 = 0)3

O /k2j = 0.0 (140)k
.

For Equations (55-59), i = 1 or 2, which means the results from (137)
or (138) must be used. First some intermediate results are required.

2

Cj/C) = .02, oCj = 18.36, OCj (141)= 336.97o

/AP 2

AP yj = .0077,o = .0015, o = 2.37*10-8 (142)gp gpvj vj vj

cAvj /Avj = .0107, cAq = 18.413, o = 339.02 (143)

g3 = @3 3-1) h .2857 (144)Y =
33

O
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C1 = (917.84) (1.8*35)0.2 a/2 = 122.271 (145)
lj (250+460) _

- 1/2
C1 = (917.84) (5.79*10-2 F1.9*10-3 (35)+2.8*10-7 (35)2)0.2 =144.9742j

- (146)

13 = 1/(288(32.17)
1.8*35 2.96*10'*35)= 1.174*10-2 2C2 .

250+460 (147)

= 1/ {88(32.17) (5.79*10-2 +1.9*10-8 (35)+2.8*10-7 (35)2)C2

(2.96*10')*3].=8.352*10-22 (148)

The results for the two cases are as follows, Case 1 for i = 1:

First obtain the results for (55)

C1 )/C113 = }2 +(.0084/2)2+(.0077/2)2
*= .0208 (149)2

1

and

C1 a 2.543 (150)
3

Next for (56f
-

1,2=
O /C2

--

2 2 2.0084 +4*.0107 +.0077 .0242 (151)=
C2 1j

lj w -

and

c = 2.83*10-38 (152)C2
lj

-

T122.27)2
c /y = (122.271)( .7143) __ 4 *(2. 83*10-3 3) 2+(1.17x10-3 I) #(2. 543) 2. 1/2
y

1 .5(.7143)1.17*10-21*(122.271)2
(153)

or

Cy/y = -3.006*10-8 = -3.C06*10-8 (154)
1.000

Finally, the result for (60) is

.02082 +(-3.01*10-sf i2o /W 0 08 or 2.08% (155)==g

This is the total propagation error for W
ij *

11E8 251
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For i = 2, the results are:

/2
.022 +(.0041/2)2+(.0077/2) 2 = .0205 (156)o /Cl2j =g

2j

and
= 6.646 (157)C1

2j

i/2=
~

-
2 2 2 .0231 (158).0041 +4*.0107 +.0077o /C2C2 2j =

2j - -

and

U = 1.93*10-*' (159)
C22j .

._

.__(144.97)2

o /y = (144.974)( .7143) _4 * (1. 9*10- 3 8 ) 2+(8. 3x10-12 )2(6.646)2_.
1/2

Y l .5(.7143)(8.35*10-7 2)*(324.17)2
(160)

o fy = -5.886*10-8 .5.886*10-' (161)=

1.000

Finally, the result for (60) is:

. 0205*+ ( 5. 88 6*10-') * */2 .0205 or 2.05% (162)o /W
=

=g

This is the total propagation error for W2j'

5.8.3 Numerical Results Summary ,

the various propagation errors for the flowrate equations are summarized in
Table 13. Only the errors for the final numerical '1.ues are shown since
these are the final results needed for the flowrat .

6.0 SIMfARY AND COMMENTS

The instrumental and propagation errors for the entire data acquisition
system hardware and software have been evaluated in the previous sections.
In general, the errors are quite small indicating a clean overall system.
Two exceptions are the strain gage thermal drift error and the nozzle
flowrate propagation errors under certain specific conditions.
The large propagation errors for Case 1 and Case 3 of the nozzle
flowrate equations are a function of the two pressures Pp = 150 psia
and PT " 79 psia.

O

11r8.2526
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Tab 1e B-13

GE EQUATIONS MUMERICAL RESULTS StDDIARY

Flow Nozzle Flowrate Propagation Errors

g /W 35.5%Case 1: o =

g /WN" 4 71%Case 2: o

Case 3: og /WN= 35.5%

Case 4: og /WN= 6.95%
N

Steam Vessel Differential Flowrate Propagation Error

-1.92%g /Wo =
y

v

Annubar Differential Flovrate Propagaticn Errors

2.08%Case 1: o /W =
g

2.05%'Case 2: o /W =g

11 8.253B-47
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The large propagation errors for cases 1 and 3 (small and large liquid)
of the nozzle flowrate equations are primarily a result of the small
enthalpy difference in the denominator of equation (99). The enthalpy dif- h
ference for steam is appreciably larger and accordingly does not signifi-
cantly jeopardize the nozzle flowrate data. The error for both steam and
water calculations are affected by the enthalpy difference in equation (99).
At high pressures the difference in enthalples is greater and the calcula-
tion error is reduced. Low pressures decrease the enthalpy difference and
increase the error. The calculated errors are considered as the worst-case
error propagation. However, the blowdown nozzle flowrate calculation may
be compared with inventory change calculations of the steam supply vessel.
The inventory change is determined by differential pressure measurements
and serves as an independent check on the accuracy of the blowdown nozzle
flowrate. As is discussed and shown in Appendix C, this comparison shows
agreement for the liquid flow, which is at worst 20%. Therefore, it is
likely that the calculated nozzle flowrates for liquid breaks have a better
uncertainty value than that calculated via error propagation relations.

Aside from the error sources already accounted in the error analysis, cer-
tain assumptions were made. The nozzle calculations assume that the upsteam
conditions were either saturated steam or saturated liquid. This assumption
is not entirely valid for the short periods where liquid carryover is sus-
pected to occur during steam breaks and where vapor carryunder occurs during
liquid breaks. These periods have been identified in Appendix C.

O

O,

1iEB 254
B-48



NEDO-24539

APPENDIX C

FSTF SYSTEM PERFORMANCE

s

.

- -
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.

C.1 GENSRAL

To establish that the initial conditions and test configurations bounded the

range of Mark I LOCA conditions for chugging and condensation oscillation,

pretest predictions of the system performance were made with the General
Electric Pressure Suppression Anal:'tical Model. The following section

compares the measured steam vessel performance to the pretest predictions

to confirm that the system responded as anticipated and the desired test

conditions were obtained. The pretest predictions were not made in order

to verify the Pressure Suppression Analytical Model, and these compari-

sons are not included for that purpose.

C.2 STEAM SUPPLY VESSEL

The steam supply vessel (V1), shown in Figure 3.2-1 and described in para-

graph 3.2.1, served as the energy source for the test. The two parameters

which best indicate the steam supply vessel performance are a) pressure,

and b) blowdown ficwrate,

a. Pressure - the steam supply vessel measured and predicted

depressurization curves are shown in Figures C-1 to C-5 for the

five basic blowdown configurations. These configurations are

small liquid, large liquid, small steam, medium steari, and large

steam. These comparisons show that the measured depressurization

rates agree with the pretest predictions for both the small and

large liquid break tests, Figures C-1 and 2. Both of these predic-

tions assumed saturated liquid being discharged from the steam

supply vessel until the break opening which is near the bottom

of the vessel, was uncovered. After the liquid level dropped

below the break opening, a two phase homogeneous mixture was

assumed for the rest of the blowdown.

O
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Pretest predictions were also made for each of the three different

size steam breaks. The steam break predictions assumed saturated

steam being discharged from the steam supply vessel during the

entire blowdown. Figures C-3, -4 and -5 compare these pretest

predictions to the small, medium and large steam break depres-
surization curves. These results show that the measured steam
supply vessel depressurization rates were less than the pretest

predictions. This difference in the steam supply vessel

measured and predicted depressurization rates results primarily
from liquid carryover during the beginning of the steam breaks
and the correspondingly higher losses and therefore lower flow-
rates associated with this initial two phase mixture outfiow.

This is evident because the large steam break which has the most

liquid carryover differs most from the pretest prediction,

Figure C-5. The small steam break which has the least liquid

carryover differs least from the pretest prediction, Figure C-3.

Both of these pretest predictions assumed steam only during

the blowdown.

Figure C-6 compares the steam supply depressurization rates for
all of the small steam break tests. This comparison shows the

blowdowns were repeatable.

b. Blowdown rates - the steam supply vessel blowdown flowrates are

shown in Figures C-7 through C-11 for the same five basic blow-

down configurations. These figures compare the actual flowrates
to the pretest prediction of the blowdown flowrate for each break
size and type. The maasured flow is calculated from the upstream
and throat pressures in the flow nozzle assuming the flow expands
isentropically. For liquid breaks, the flow is assumed to be

saturated liquid at the nozzle inlet throughout the blowdown.
For steam breaks, the flow is assumed to be saturated steam at

9
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the nozzle inlet throughout the blowdown. As was noted for the

steam break depressurization rates the measured steam break f1;w-

rate values are higher than pretest predicted values using a
steam only assumption.

An additional indication of the blowdown flowrate can be obtained
from the steam supply vessel (V1) inventory change determined
with differential pressure measurements. Several times during

the _est were selected for each of the small liquid (M3), the
large liqui t (M8), large steam (M7), and saall steam (M4) tests

and the flesrate was calculated from the inventory change measure-
ments at each time selected. They are shown on Figures C-7,

C-8, C-9, and C-ll. This comparison shows fair agreement for

the liquid breaks (Figure C-7 and -8) until the liquid inventory
is depleted at which time the flow changes over to steam. This
transition from liquid to steam flow is not accounteo for in the

nozzle flow measurement and the inventory measurement of flow is
less than the nozzle measurement as expected. However, for the
steam breaks, the difference between the two measurements (flow
nozzle vs. inventory) .ndicate that liquid carr:over was occurring
during the early part of the steam break blowdowns because the

inventory measurements indicate higher flowrates than the nozzle

measurements. This comparison also shows that the carryover tas
greater for the large steam break than for the small steam break.

Figure C-12 compares the blowdown flowrates for all of the small

steam breaks. It can be seen that the flowrates were very

repeatable, and as would be expected, variation of the parameters
tested did not significantly affect the blowdown flowrate since

the flow is choked at the nozzle through most of the blowdown.

11 8 269
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C.3 DRYWELL AND VENT SYSTEM

The drywell vessel (V2) is shown in Figure 3.2-2 and is described in para-
graph 3.2.3. One of the vent lines which connects the drywell (V2) to the
wetwell (V3) is shown in Figure 3.2-4 and described in paragraph 3.2.4.
The system performance of these components is described in the following
subsections.

,

1. Pressure - Table C-1 cucpares the predicted and calculated values
of the pressurization rate of the drywell at test initiation
and lists the Figures showing initial pressurization, Figures
C-13 to C-17, for the five blowdown configurations. These
results show the actual pressurization rates to be within 10%

of the calculations. This good agreement of the drywell initial
pressurization rate confirms that the expected blowdown energy
flowed into the drywell at test initiation. Figures C-18 to

C-22 show the actual pressure traces for the five basic blowdown
configurations for the entire test duration. Table C-1 tabulates

the peak and final drywell pressures. The highest peak drywell
pressure of 55 psia occurred during test M8 (large liquid break).

The maximum drywell pressure oscillations of .'. psi occurred
during Test M1 (small steam break) as shown on Figure C-23.
These pressure oscillations occurred when large chugs were
occurring in the suppression pool.

2. Temperature - Figure C-24 and -25 show a typical drywell and vent
line temperature history for a small steam break. The locations

of these measurements is given on Figure 3.4-4. As these figures

show, the temperatures reach the saturation temperature corres-
ponding to the drywell pressure after test initiation. This

is caused by the liquid carryover into the drywell which occurred

C-17 )
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Table C-1

DRYWELL PRESSURE AND INITIAL PRESSURIZATION

Maximum Final. .

Initia1 P Initial P Drywell Drywell
Fig. Test Blowdown Measured Calculated Pressure Pressure
No. No. Configuration (psi /sec) (psi /sec) (psia) (psial

e
C-13 M1 small steam

C-14 M3 small liquid

C-15 M2 medium steam

C-16 M7 large steam

C-17 !!8 large liquid

* Could not readily be determined because of high f requency pressure
oscillation on pressure signal. The predicted rate is shown for comparison
on Figure 6.1-16.

O
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to some extent even for the small steam breaks. Figure C-9 shows

that at about 60 seconds, which corresponds to the time at which

the temperature traces begin to indicate superheat, liquid carry-
over was no longu cccurring. After the liquid carryover ceased,
the drywell contents begin to superheat, first at the top and
middle temperature sensors then at the drywell bottom and vent
line sensors. Figure C-26 shows the drywell temperature history
for the medium steam break. Comparieon of these temperature

histories, which occurred using the large standpipe in the drywell,
to those in Figure C-24, for the small steam break which used the
small standpipe in the drywell, show that the temperature

histories were similar using the two standpipes. Figure C-28 shows
the drywell temperature histories for the large steam break test,
M7. Compared to Figure C-27 which shows the medium steam break

and also used the large standpipe, it can be seen that the top

of the drywell superheated last, indicating that some change
occurred in the drywell mixing characteristics for this test. This

change was possibly caused by the holes added to the large stand-
pipe in the drywell before test M7. Figure C-29 shows the large

liquid break drywell temperature histories. These temperature
characteristics were unaffected by the addition of holes in the

large drywell standpipe. The drywell temperatare for the large
liquid break test remained at saturation temperature corresponding
to the drywell pressure throughout the test similar to the small
liquid break test, shown in Figure C-26.

3. Drywell liquid holdup - The bottom of the drywell was instrumented
with a differential pressure transducer (D2000) to measure the
drywell liquid holdup (accumulation). This instrumentation instal-
lation is shown on Figure 3.4-4. The differential pressure

transducer was set up to measure the decrease in differential

O

11~8 286
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pressure (compared to reference leg) as the liquid accumulated.

Data taken during matrix tests M1 (shown on Figure C-30) and M3

(shown on Figure C-31) indicated that no measurable liquid

accumulated during these blowdowns. After it had been observed

that no liquid had accumulated in the drywell for matrix test M3

(small liquid break, which was most likely to have liquid holdup

because of high liquid fraction and low velocity condition),

this measurement was discontinued for subsequent tests.

4. Vent air content - Each vent line had an air sampling system

installed at the locations shown on Figure 3.4-4. Five samples

were taken during the test from each vent line at the specified

time periods. Samples 1 to 5 were taken on the South vent line

and samples 6 to 10 were taken on the North vent line. Table C-2

shows the sample initiation times and corresponding sample duration

times for each of the tests. Figure C-32 compares the small,

medium, and large steam breaks. Figure C-33 compares the small

and large liquid breaks. It can be seen that increasing break

size decreases the air content more quickly. However, both the

large steam and large liquid data, af*er decreasing more rapidly

at test initiation, hold a fairly constcnt value for the rest

of the blowdown. This may have been a result of the holes added

to the large standpipe in the drywell for these tests. Figure C-34

compares data from all the small steam breaks for which data was

available. This shows that all the small steam break tests had

similar air clearing characteristics.

5. Vent line flowrate - The vent lines which connect the drywell to

the wetwell are described in paragraph 3.2-4 and are shown in

Figure 3.2-4. Each vent line had an Annubar flow measuring

device installed at the location shwon in Figure 3.4-4. Figures

C-35 to -40 show vent line flow information for tests M1 (south

'~ ' ;\78 29\
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NEDO-24539

Table C-2

AIR SAMPLE TIMES

Initiation Tirnes Sample Duration Times
Test No. (sec) _ (1cc)

M1 1, 8, 100, 300, 500 4, 5, .' c 10, 10

M2 1, 5, 30, 65, 100 4, 5, 'd, 10, 10

M3 ', 8, 50, 100, 200 4, 5, 10, 10, 10

M4* 1, 8, 50, 100, 250 4, 5, 10, 10, 10

MS* 1, 8, 50, 100, 250 4, 5, 10, 10, 10

M6* 1, 8, 50, 100, 250 4, 5, 10, 10, 10

M9 1, 8, 50, 100, 250 4, 5, 10, 10, 10

M10 1, 8, 50, 100, 250 4, 5, 10, 10, 10

M7 1, 5, 30, 65, 100 4, 5, 10, 10, 10

M8 1, 5, 10, 20, 35 4, 5, 10, 10, 10

* System failed to operate, no data.

G..

n58 294,.
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vent line only) and M9 (small steam breaks). For each vent line,

the pressure, temperature and differential pressure is shown

along with the calculated flowrates assuming either air or steam

to be the fluid. By comparing the flowrates on Figures C-36 and

-40, it can be seen that the flows were similar from test to test

with the small steam break. By comparing the flowrates in

Figures C-38 and -40, it can be seen that the flows are similar

in both vent lines for the small steam breaks. Figures C-41 to -44

show vent line flows for test M2 (medium steam break) and Figures

C-45 to -48 show vent line flows for test M7 (large steam break).

As would be expected the vent line flowrates increase as the

break size increases.

Figures C-49 to 52 show the vent line flows for test M6 which had

elevated initial pool temperature (120"F) and reduced submergence

(18 inches). For these initial conditions only, it was observed

that the vent line flowrate appeared to increase after approximateJy

100 seconds, as shown in Figure C-50.

Figures C-53 and -54 show expanded time plots of the vent line

flowrates for test M9. Figure C-53 shows North and South vent

line steam flows from 50 to 55 seconds which was during conden-

sation oscillation. By closely comparing the two flows it can be

seen that they fluctuate in phase. Figure C-54 shows the North

and South vent line steam flowrates from 255 to 260 cecond which

was during chugging. Comparison of these flows show that they

are not in phase.

O
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C.4 WETWELL

The wetwell vessel (V3) shown in Figures 3.2-5 and -6 is described in para-
graph 3.2.5. The parameters which characterize the system performance of
the wetwell are a) the freespace (airspace) pressure and b) the wetwell
pool temperatures.

a. Pressure - The wetwell freespace pressure increases as the air is
transferred from the drywell and the vent system through the
suppression pool to the wetwell airspace. Figures C-55 and
-56 compare the wetwell freespace pressures for the steam breaks
(M1, M2, M7) and the liauid breaks (M3, M8) respectively. By

comparing the two figures it can be seen that the liquid breaks
result in higher freespace pressures because of increased mass
and energy transfer to the wetwell. Calculations of the final

freespace pressures were made for each of the teste in the test
matrix using the nominal initial conditions. For one of the tests,

matrix test M4, an elevated initial overpressure was used to

obtain a final pressure of approximately 30 psig. Table C-3

shows the actual and the calculated final wetwell freespace pres-

sures for each of the tests in the test matrix. Examination of

the results shows good agreement between the measured and calcu-

lated pressure except for those tests which had either a high

predicted final temperature or significant stratification in the

suppression pool. Calculations for those tests eith higher wet-

well pool temperatures (tests M3, M5, M8) are high conpared to the
final wetwell freespace pressure. These co.nparisons indicate that

the vapor pressure in the airspace is less than the saturation

pressure corresponding to the bulk pool temperature as assumed in
the predictions.

\ , 0,
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Table C-3

WETWELL PRESSURES AND TDiPERATURES

Wetwell Pressure Wetwell Temperatures E
Test Test Final Calculated Surface Bulk (Surface-Bulk)

No. Type (psia) (psia) (*F) (*F) (*F) ,

M1 Small Steam

M2 Medium Steam

M3 Small Liquid

M4 Small Steam

MS Small Steam

M6 Small Steam

M9 Small Steam

M10 Small Steam

M7 Large Steam

M8 Large Liquid

O

' Proprietary information deleted

1128 3 %
.
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The freespace pressure history for test M6 was different from the
other tests of the test matrix. Figure C-57 shows the pressure

history for test M6. Test M6 was performed with a high initial

pool temperature (120'F) and reduced submergence (18 inches) to
specifically investigate condensation effectiveness under these
severe conditions. At approximately 100 seconds, the wetwell
pressure starts a second slow increase which continues until the
pressure levels off at approximately 28 psig. This final freespace
pressure value was high compared to the other steam break tests.
Figure C-58 compares measured freespace pressure values with the

vapor pressure and with the vapor pressure plus the air pressure
(assuming the vapor and air are in thermal equilibrium with the
pool surface). In all cases, the vapor pressures is less than
the saturation pressure corresponding to the pool surface
temperatures. This data also shows that the final freespace
pressure is constant for increasing break size (M2, M7), increasing
pool initial temperature (MS) and increasing final pool surface
temperature.

An additional comparison was made for the pool surface temt.ra-
ture and the freespace air ;emperature. This comparison is shown

in Figure C-59. In all cases, the final wetwell airspace tempera-

ture is less than the final pool surface temperature. It can

also be seen that the final airspace temperature of test M6
although 25*F lower than the pool surface temperature is higher
than would be expected based on the performance of the other
steam break tests,

b. Temperature - The water mass in the wetwell serves as the heat
sink for the high temperature steam and water in the steam supply
vessel. As the energy is transferred to the wetwell, the tempera-
ture of the suppression pool increases. Table C-3 compares the jool

1 ~8 323
7
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'

Thesurface temperature and the bulk temperature for all tests.
bulk remperature does a teasonable job of matching the test

resulcs if the wetwell pool is well mixed as was the case for
test M1, shown in Figures C-60 to C-64, and test M8, shown in

Figures C-65 to C-67. Figure C-61 shows the pool vertical

profile for test M1 in which the pool was well mixed after
chugging initiated. However if the wetwell pool is not mixed,
as was the case for test M6, shown in Figures C-68 to C-70, the

energy is concentrated primarily above the exit end of the down~
comers shown in Figure C-69. An overall vie.w of the behavior of
the wetwell pool can be obtained at the centerline of the pool

between downcomers five and six. Figure C-69 shows the vertical

temperature profile at this location and clearly shows most of
the temperature increase occurring between the bottom of the down-
comer and the surface of the pool (refer to Figure 3.4-2 for
thermocouple locations).

C.5 VACUUM BREAKER

The vacuum breaker operated during some of the tests. The particular vacuum
Itbreaker selected for this test program is described in paragraph 3.2.6.

was installed in the wetwell on the North end of the ring header and was
for test M10. Table C-4in place for all the tests in the test matrix except

Forsummerizes the vacuum breaker performance for the matric tests.
test M1, which had the highest initial opening pressure, the pallet hinge
was bent and the latching magnet was broken. The position indicator mounted

During
on the pallet shaft failed at 80 seconds, as shown in Figure C-71.
the inspection of the vacuum breaker after test M1, identations were
observed in the valve casing which suggest that the pallet cpened fully

there was damage which was limited
during this test. In some other tests,

The observed damage had no apparert effectto the pallet sealing gasket.
on the wetwell freecpace pressure in any test.

11'B 327
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Table C-4

VACUUM BREAKER PERFORMANCE

Test Number of Test Period
No. Times Opened When Lifting Post Test Condition

M1* >15 Duration of test Pallet hinge bent and
(probable) magnet broken

Pallet position
indicator failed

Gasket damaged

M2 s15 5 to 66 sec. Magnet loosened and
*

pallet did not close

M3 1 Immediately after test No damage
initiation

M4 j >75 5 to 110 sec. Gasket damaged (torn

at 10 and 1 o' clock)
Pallet misaligned

M5 1 Immediately after test No damage
initiat ion

M6 -1 Immediately after test Gasket indented
initiation

M9 s30 10 to 100 sec. Gasket damaged (torn
at 210 sec. at 9, 10, and 1 o' clock)
at 305 sec.

M10 No Vacuum Breaker

M7 s20 40 to 70 sec. No damage

M8 0 --- No damage

* For this test pallet was set to open at 0.2 paid, for all other tests
pallet was set to open at 0.1 psid.
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For test M1 the vacuum breaker pallet was instrumented with a continuous

indicating potentiometer which would directly indicate the degrees open,
as shown in Figure C-71. This figure shows about a 25 degree opening at
about 20 seconds and zero shifts in the indicator starting at about 70

seconas. After this time the instrument failed. After this test, because

of failure of the potentiometer, position switches were used for more i

reliable position indication. Figure C-72 shows a ;ypical trace with the

pallet lifting once at test initiation. Figure C-73 shows the vacuum

breaker position trace for test M4. The vacuum breaker pallet was lifting

up to 110 seconds. Figure C-74 shows an expanded time plot over the

interval from 30 to 40 seconds for the same test. Figure C-75 also shows

an expanded time plot (30 to 40 seconds) of the differential pressore

transducer across the vacuum breaker restriction plate for test M4. From

Figure C-74, it can be inferred that the vacuum breaker pallet went only
slightly past the 3 degree position. From these results, which are

typical for all tests other than M1, it is concluded that M1 was the only

test in this series which had full open vacuum breaker pallet opening.
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D.1 DYNAMIC TESTS AND ACQUIRED DATA

Controlled dynamic excitation was applied to the wetwell and the response

was measured at several locations on the wetwell.* This section discusses

the details of the excitation technique, magnitude and range. The

measurement locations are listed. A brief discussion of the data acquisi-

tion procedure is included.

Figure D-1 is a schematic of the excitation technique. A hydraulic ram

(shaker) driven by a programmable controller attached to location 3185

(bottom, midpoint of wetwell) was used to apply the excitation. The

shaker was controlled by a closed loop control system and acceleration,

force or displacement was used for feedback. The dynamic frequency sweep

range of shaker was between 3 and 30 Hz for these tests. Manual or pro-

grammed frequency sweep was performed.

The data acquisition system consisted of 74 transducers (see Table D-1)

linked to the FSTF computerized data acquisition system. A sample rate

of 900 samples /sec/ channel for a period of 600 (or more) seconds was used

in a typical frequency sweep run. In case of the steady state dwell tests,

the computer acquisition was run for approximately 5 seemds to co3. lect

data for that frequency point.

A sweep test was run under automatic sweep generator in the range of 3 to

30 Hz at a rate of 1/2 octave / minute. When the shaker system was

stabilized at 3 Hz at the desired displacement or acceleration level, the

data acquisition was started. A few seconds later the sweep was started.

The total test time for a run was approximately four minutes. When the

displacement approached the 0.2" limit, the shaker was controlled by
displacement to limit the displacement to 0.2". However, when the dis-

placement was lower, the system was controlled by acceleration. Therefore,

in a typical test, the frequency sweep was displacement controlled in the

* These tests were conducted with the wetwell filled with water to the
nominal value for downcomer submergence. h

) b'
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LOCATION '3185'
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Figure D-1. Sh 2xer Excitation Control System
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O
Table D-1

LIST OF TRANSDUCERS *

1. HYDRAULIC RAM INSTRUMENTATION

Load Cell

Accelerometer

Linear Variable Displacement Transducer

2. WETWELL SHELL INSTRUMENTATION

Accelerometers

G 3005 G 3155 G 3185 G 3215

G 3095 G 3181 G 3187 G 3245

G 3125 G 3183 G 3189 G 3255

Linear Variable Displacement Transducers

X 3005 X 3155 X 3215

X 3095 X 3181 X 3187 X 3245

X 3125 X 3183 X 3189 X 3255

Pressure Transducers

P 3005 P 3155 P 3185 P 3215

P 3095 P 3181 P 3187 P 3245

P 3125 P 3183 P 3189 P 3255

Strain Cages

S 3005-4 S 3185-1 S 3189-1 S 3215-1

S 3005-5 S 3185-2 s 3189-2 S 3215-2

S 3095-4 S 3185-3 S 3189-3 S 3215-3

S 3095-5 S 4185-1 S 4189-1 S 4215-1

S 3125-4 S 4185-2 S 4189-2 S 4215-2

S 3125-5 S 4185-3 S 4189-3 S 4215-3

S 3245-4

S 3245-5

O
* Refer to subsection 3.4 for information on transducer locations.

jCg }khD-4
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Table D-1 (Continued)
LIST OF TRANSDUCERS

3. OTHER WETWELL INSTRUMENTATION

Downcomer Pressure Transducers

P 5443

2 5634

P 5644

Water Level Probes

L 3259-3

L 3259-4

L 5607

L 5608

1198 350D_5
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low frequency range; i.e., 3 to 8 Hz, and switched to acceleration in the

higher range (8 to 30 Hz). Table D-2 summarizes the various sweep test
parameters.

Based upon the review of the sweep tests combined with stress and dis-

placement limits, an acceleration level of 0.5g and a list of frequencies
were selected. A review of plots from selected locations on the wetwell

combined with forcing function plots indicated resonsnces near 7.5, 9.5,

11.0, 15., 17.5 and 19 Nz.

In the neignborhood of those selected lists of frequencies, steady state

test data was collected. The shaker system was set at a selected

frequency and data was collected after the system had reached steady state.

For a typical frequency of 10 Hz with a model damping ratio of 3 per cent

of critical, the. steady state would be reached in a few seconds (i.e.,

in about 2 se ads the transients would be approximately 1%). Then the

frequency was shifted to the next value and data was acquired. This pro-
cedure was repeate:1 until all frequencies of interest were bracketed.

Modal deformation shapes and eigenfrequencies were quantified by chese data.
Also model damping ratios were estimated from the reduced data.

Stress data was evaluated after each sweep to ensure that stresses did not

exceed 15 ksi, nor displacement exceed 0.2 inches. The maximum strain

time period was selected and a be'-# stress analysis was performed. It is

inferred from the stress analysis that the stresses did not exceed 15 ksi.

Examination of the displacement data for selected locations indicates that

the displacement limit of 0.2" was not exceeded.

O
" ,qW
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Table D-2

SUMMARY OF TEST PARAMETERS

Test Frequency Control
No. Range _ Value Comments

1 3 to 5 0.2" Displacement contrc11ed;

5 to 30 0.lg acceleration controlled at 1

octave / minute

2 3 to 5 0.2" Displacement controlled;

5 to 30 0.2g acceleration controlled at 1

octave / minute

3 3 to 7 0.2" Displacement controlled;

7 to 30 0.4g acceleration controlled at 1/2
octave / minute

4 3 to 8 0.2" Displacement controlled;

8 to 30 0.6g acceleration controlled at 1/2
octave / minute; maximum stresses

were approximately 8.5 ksi

5 3 to 20 0.5g Steady state test; data

acqui;ed near selected frequen-

cies only

.
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D.2 EICENPARAMETERS OF WETWELL

This section discusses the dynamic parameters, eigenfrequencies, model
deformation shapes and estimated model damping ratios of the wetwell.
Based upon the sweep tests it was noted that there were resonances near

7.5, 9.S, 11., 15., 17.5 and 19 Hz. Higher frequency data were not

investigated because of the limited scope of test. Therefore, data were

acquired near these selected frequencies to quantify the dynamics.

Table D-3 enumerates the dynamic parameters. The eigenfrequency was

estimated from the peak response frequency. The model deformation shape
for that frequency was computed by normalizing the acceleration at the

maximum acceleration point to unity and scaling all other points. The

modal damping ratios were estimated using the halfpower bandwidth method.

Figures D-2 through D-7 show the estimated mode shapes for ''.ie wetwell in

the 3 to 20 Hz range. These figures are only intended to illustrate mode

shapes and the displacements indicated are not scaled relative to the

wetwell diameter.

O
D-8
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Table D-3

SUMMARY OF EIGENFARAMETERS*

vraquency Estimated
No. Hz Damping Comments

1 7.4 4.2% First observed mode of wetwell;

5 zero crossings in lower half

of shell.

2 9.7 Not Calculated Six zero crossings in lower half

of wetwell

3 11.0 Not Calculated shell distortion about 240'

4 15.0 Not Calculated

5 17.4 Not Calculated Shell distortion about 120'

6 19.5 2.2%
-

* Frequency estimate is 0.25 Hz; damping was estimated using half power
bandwidth method and is an estimate of modal damping ratio; damping was
estimated from G3215 and G3155; all mode shapes are based upon
accelerometer data.

\\ ,
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O
APPENDIX E

Vent System Pressure Response at Test Initiation

Pressures in the drywell and vent system rose sharply just after initiation
of the medium steam break test. The pressure rises were caused by a shock
wave introduced by the rupture disc test initiation scheme and the large blow-
down line configuration. The rupture disc assembly, located downstream of the
nozzle used to establish the blowdown flow rate, discharges into a long riser
pipe. As shown in Section 6.5 of Reference E-1, this test configuration is
non-prototypical.

Representative pressure time histories fo; locations in the drywell, vent arms,
vent header and dowreomers are shown in Figures E-1 through E-6. The general

location for each pressare transducer is indicated in the figures. Precise

locations are identified in Subsection 3.4. Note that time zero corresponds

to the start of data acquisition, not test initiation time (4.5 seconds based
on the drywell pressure). At each location, in the drywell and throughout the
vent system, the initial pressure recponse is characterized by an almost
instanteous rise in pressure. It is apparent that this pressure " jump" propa-
gates from the drywell through the vent system. The time delay between when
the pressure " jump" occurs in the drywell and e en it occurs in the vent header
implies an acoustic velocity of about 1,300 ft/sec, which is very near the
acoustic velocity for air of 1,320 ft/sec at the drywell initial conditions

(atmospheric pressure and 300*F). IIenc e , the rupturing of the double disc blow-

down valve apparently generates a pressure shock that travels through the drywell
and vent system.

The pressure shock also propagates through the pool to the wetwell wall, as shown
in Figure E-7. This figure shows the wall pressure directly beneath downcomer
No. 6 during the time just following initiation of the medium steam break test.

Compariscn of the magnitudes of the initial pressure peaks observed in downcomer

No. 6 and at the wetwell wall beneath downcomer No. 6 suggests that the pressure
shock amplitude is attenuated by about 50% at the pool bottom.

O
n

1159 002
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i

Prior to conducting the large steam break test, perforations were drilled in
the drywell riser pipe (this pipe is an extension of the large blowdown line
which enters the drywell at the bottom and discharges the blowdown flow near
the top of the drywell - see Subsection 3.3). These perforations served to

reduce the magnitude of the pressure shock. Example drywell and downcomer
pressure transients are presented in Figures E-8 and E-9. Comparison of the

downcomer pressures for the medium and large steam break tests (Figures E-6
and E-9) indicates that the initial pressure jump is nearly the same for both
tests (10 psi). Since the pressure shock strength is a direct function of the
break area * and the break area for the large steam break is about twice that
for the medium steam break, it can be inferred that the perforations in the
riser pipe halved the strength of the pressure shock wave.

The only other test in which a pressure shock wave was observed was the large
liquid break test. The drywell riser pipe was perforated for this test also.
Although this test had the largest break area, the strength of the pressure
shock was less than for the medium and large steam break tests. This can be

seen by comparing drywell and downcomer pressures for the medium steam, large
steam and large liquid break test. The drywell and downcomer pressure time
histories for the large liquid break test are presented in Figures E-10 and
E-ll, respecti ely. Note that for the large liquid break test, the initial
pressure rise observed in the drywell and downcomers is only about half that
observed at the same locations for the medium and large steam break tests.
Liquid carryover may account for this result.

*The pressure shock strength is also a function of the back pressure.
However, all tests were run with the same vessel pressure so that the pressure
shock strength is reduced to being a function of initial mass flow rate.
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SUMMARY
Test results are reporud for a series of ten tests
conducted in a full scale mockup of a 22.5 sector of
a Mark l containment torus. The test facility included
an appropriately-sized drywell and steam vessel to allow
simulation of the torus (wetwell) response to a range
of LOCA (loss-of-coolant-accident) conditions. Hydro-
dynamic loads on the wetwell and the structural response
of the wetwell shell, downcomer and support columna
resulting from the condensation oscillation and chugging
regimes were measured. Tests investigating the effects
of LOCA break size and type (liquid or stea.n), down-
comer submergence, wetwell freespace pressere, suppres-
sion pool temperature, and vent air content were con-
ducted, covering the range of expected Mark LOCA
conditions. This test report includes a description of
the test facility, test operation, and a compilation
and analysis of the principal test results.
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