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’ ABSTRACT

Test resulte are reported for a series of ten tests corducted in a
full scale mockup of a 22.5° sector of a Mark I containment torus.
The test facility included an appropriately-sized drywell and steam
vesgel to allow simulation of the torus (wetwell) response to a range
of LOCA (loss-of-coolant-accident) conditions. Hydrodynamic loads on
the wetwell and the structural response of the wetwell shell, down-
comer and support colums resulting from the condeneation oecilla-
tion and chugging regimes were measured. Tests investigating the
effects of LOCA break size and type (liquid or steam), doumcomer
submergence, wetwell freespace pressure, suppression pool temperature,
and vent air content were conducted, covering the range of expected
Mark I LOCA comditions. This test report includes a description of
the teet facility, test operatiom, and a compilation and analyeie of
the principal test results.
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1. TNTRODUCTION

1.1 BACKGROUND

As a part of the Mark I Long Term Containment Program, a test program 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 pericd, C.F. Braun & Co. was selected as the prime
contractor to design and construct the facility and Wyle Laberatories 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 from

condensation oscillation and chugging,
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
¢, Downcomer submergence
d. Water temperature
e. Vent air content.

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 prcgram 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 loads. 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 lindting chugging data.

1157 1061
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Of the first three tests, the only test that exhibited any chugging was Ml,
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 tie-straps were installed
between one pair of downcomers. The deflector was installed to reduce pool
impact loads on the vent header. The tie-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, tesl 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 effect of large breaks on
the condensatiog 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 liguid break test, M8.

1-3 1157 162



TeST
NUMBER*

M1

M3
M4
M5

M6

M9
M10
M7

M8

BREAK
CONFIGURATION

Small

Steam

Medium Steam

Small

Small

Small

Small

Small

Small

Large

Large

*In order of performance

Liquid

Steam

Steam

Steam

Steam

Steam

Steam

Liquid

NEDO-24539

PARAMETER
INVESTIGATED

Reference test

Break size increased

(steam)

Break type changed to liquid

Freespace pressure increased

Pool temperature increased

Submergence decreased and pool
temperature increased

Submergence increased

Vent air content decreased

Break size increased

Break size increased

Figure 1.3-1. Summary Test Matrix

1-4

(steam)

(liquid)
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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

observed when the average downcomer mass flux was greater than 6.5 lb/sec-ft2
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

Test M1 at a steam mass flux less than 3.0 lb/sec-ftz 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 batween pool
chrgs 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

1157 164



NEDO-24539

a Type 1 chug was a single, isolated spike at the north end of the bottom .
of the wetwell tha* 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 ‘hugging. Bounding 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 prescure fluctuations at the bottom of the wetwell

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

seen during condensation osriliations. The pressure profiles following .

a chug were more randow with no apparent pattern.
2.2 CONDENSATION OSCILLATION

Condensation osciliations (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 3C 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™
W
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test. For both large break tests (i.e., M7 and M8), irregularly occurring
pressure spikes superimpored on the fundamental wavefrrm 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 CO period and for all tests
the pressure waveform was observed to be amplitude modulated with a beat
frequency ranging from 0.6 Hz for Ml 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 puol; the magnitudes decreased

at wall locations approaching the pool surface.

To investigate the parametric variat:'on effects on the magnitudes of the
pressure oscillatiuvns, average pressures were calculated using all wetwell
wall pressure transducers to characterize the total vertical dynamic load.
The maximum positive ard maximum negative values of these spatially-averaged
pressures were subsequently time averaged over l.l-sec intervals. The

investigation showed the following:
a. Large liquid break wJall pressurz 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 che range of 30 to

40 psia did not affect pressure magnitudes.

Cs No consistent pressure magnitude trends were observed with vent

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 from 4.8 Hz for the large-break

quid test M8 to 7.6 Hz for small break tests. There is a slight increase
1157 160
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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 breazk test (M8). Peak dynamic
stresses for key structural components of the FSTF during CO are summarized

below:

a. We well Shell — During CO the peak dynamic surface stress

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

stress intensity was about 14,800 psi.

b. Wetwell Support Columns — The peak radial and longitudinal column

dynamic bending stresses during CO were approximately 1,500 and
500 psi, vespectively. For column axial stress (tension/c.mpression)

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

Ce Vent Header Shell — In the downcomer/vent header attachment

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 tie-straps

or bracing.
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2.3.2 Dynamic Responses During Chugging

‘namic stresses during the small steam break test (Ml) were the largest
chugging-related stresses observed in the course of testing. Peak dynamic
stresses for key structural components of the FSTF during chugging are

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

longj .udinal column bending stresses were about 300 psi during

chugging. The peak dynamic axial column stress was about 500 psi.

Cs Vent Header Shell — During chugging the peak dynamic surface

stress in the downcomer attachment region of the vent header sheil
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 (Ml)).

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 (FSI) effects were evident during the condensa-
tion oscillation (CO) period of the large liguid 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 (Ml).

\ \ E{? \‘3E5
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Data indicate that FSI effects relate primarily to the structural response
of the wetwell shell. Pool pressure and shell response duita 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 19.5 Hz were apparently excited
during CO. With the exception of the 9.7 Hz frequency, the same resorant
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 FS. 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 end closure motion amplifies the local pool pressure signal.
The influence of end closure vibrations on pool pressures during chugging

represents an effect unique to the FSTF (not plant prototypical).

1157
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3. TEST FACILITY

3.1 SCALING CONSIDERATIONS

This facility was designed to simulate behavior of the Mark 1 containment
system in response to LOCA conditions. The Monticello plant suppression
chamber (wetwell) was selected as the reference geometry for the test
Jacility. Appendix A documents the scaling considerations used in specifying
th2 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 ft in diameter
and uses hemispherical heads, as shown in Figure 3.2-1. Vessel length,
tangent to tangent is 36 ft and vessel volume is 1344 ft3. 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 blowdowr 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 dic-onnected and the
8-in. elbow is iotated vertically for steam breaks in the small blowdown
line.

3.2.2 Blowdown Line

The blowdown line transfers the fiuid (liquid or steam or a mixture of both)
at a controlled predetermined rate from the steam supply vessel (V1) to the
drywell (V2).

1157 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 runge of break areas tested. Both
blowdown lines include a motor-operated isolation valve, a double disc
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

the 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

6995 ft1 which includes a 57-ft3 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
BLOWDOWN NOZZLE SIZES

Blowdown Line Size Nozzle Diameter
6 in. (small) 4 in.
20 in. (large) 6.0, 8.2, 9.0 1in.

1157 172
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Figure 3.2-2. Mark I FSTF Drywell Vessel (V2) View A
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Figure 3.2-3. Mark I FSTF Drywell Vessel (V2) View B
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650°F temperature. A 40-in. diameter rupture disc was installed in the top .
head to prevent overpressurization of the diywell (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
characteristics. 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.

1157 175
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VENT SYSTEM LOSS COEFFICIENT

Entrance

Friction (Vent Line)
35° Miter

Elbow/Tee

Expansion

11.25° Miter
Downcomer

30° Miter

Exit

Total Resistance

NEDO-24539

Table 3.2-2

FSTF

1.33
0.12
0.24
0.66
0.46
0.05
0.78
0.16
1.0

4.8

COMPARISON*

*l,oss Coefficients are based on downcomer flow area.

Monticello

0.9

0.1

1.5

1157
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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.

“he fourteen restrzint pipes attached to each end closure are equally spaced
circumferentially around the vessel outer diameter and have varying wall
thicknesses to simulate the shell local! axial stifiress variation due to
differences in axial length. The total cross-sectional area of steel cf

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
limiced radial movement (between the abutments) of the vessel due to the.mal

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 15 Hz. Each abutment is
intogrally 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 atfected 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 two 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 18
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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 on 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 positionms

of the three main vessels (V1 - steam supply vessel, V2 - drywell and

V3 - wetwell). The figure also shows the position of the reinforced concrete

abutn.°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 stesm supply vessel temperature.
The system ejector was not needed for steam breaks because the

steam traps provided ample circulation.
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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. Hea* 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.

e. 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 Compone.ats 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

supoly vessel.

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

wetwell.

G 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.

1157 188
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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 each test blowdown. Each type of

sensor is summarized. The following drawings show the test instrumentation

locations:

Figure No. Lrawing No. Instruments Located On
3.4~1 5278-100-1ID-1 Wetwell Shell
3.4-2 5278-100-1D-2 Wetwell Section
3.4-3 5278-100-1ID-3 Vent Header and Downcomers
3.4-4 5278-100~1D-4 Steam Vessel, Drywell and Misc.
3.4-5 5278-100-1D-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 tc the facility after it
had been constructed (i.e., vent “=Tlccior and downcomer bracing). More
detailed descrigtions of the various .ransducer~ 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
Rosemoun” - Differertcial Pressure 0.6
Viatran 1.0

3.4.1 3Strain Gauges

Two types of strain gauges were used in the FSTF. Al 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, 3.4-2 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:

a. One-quarter bridge — has only one active arm of the bridge in
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 membe:, both in the plane in which bending
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is to b: measured. The arms are connected in a bridge configuration

to add for bending and cancel in tension or compression.

C. Axial — also has four active arms in the field and therefore is
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 temsion or compression and

cancels for bending.

3.4.2 Pressure Transducers

Three types of pressure transducers were used in the FSTF: cavity, f lushmount ,
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
vessel and blowdown lines; and 0 to 75 psi for the drywell, vent lines and

wetwell. The cavity type pressure transducer 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 flushmount tyjes
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 level in

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

1157
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vacuum breaker line. The transducers were all Rosemount, Model No. 1151DP,
and were diaphragm capacitance type transducers. Ranges used varied from
0 to 36 in. of water to 0 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-i, 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 downcomers 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 providc = = 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 le tips were reduced to either
0.093 irn. 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 used 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 (ailr 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

instrumentat ion was connected for tests M4 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'ree position limit switches were used. The limit switches were con-
nected gether electrically in order to monitcr the pallet position with

one data acquisition channel. The angular positions of the pallet corresponding

to the switches and thr output of the switch circuit are as follows:

Degrees From Closed VB-001 Output (Volts)
0° 0.5
>1° b .6
3° 9.0
60° 6.8

1157 2
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This meas:rement 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
operatioa 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 maiaitain 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.

1157 206
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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 encrgized
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 ¢f 2 mm lig 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.
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3.5.1 Major Componerits .

Major components of the DAS shown in Figure 3.5-2, inclvie 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) ior up to

300 seconds
~ 13-bit resolution (12 bits plus sign bit)
A brief description of these major components and their “unctions 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

oc~urred 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 cor-ected in the subsequent tests.

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

speed, programmable interface between the A/D convcrter and the computer.
Its basic functions are to 1) transfer data from the A/D cornverter 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.
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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 Reader, Varian, Model No. 70-5200 - 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. I

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 soitware 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 guality assurance tests.

3.6 MUVIES

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.

3-47 WA 51 JAY:



NEDO=-ch3 3%

Figure 3.6-1.

End Closure Viewports

3-48

1157



NEDO-24539

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 souinh wall to provide
references ior quantitarive 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-KV
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 marks 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.

1157 214
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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 (ANST) N45.2 (1971).

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

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

a. Complete Inventory Checklist to ensure r¢juired materials on

hand for conduct of test.

b. Prepare Test Facility Initial Condition List and issu~ following

approval.

e 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. when ready to test, complete Test Check List and shut
down facility and process systems.

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

8. Initiate test after or completion of final steps.
h. After test, inspect facility and clear for entry.

i, 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 matri.v 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.

1157
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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
M3 5/25/78 Small Liquid
M4 6/17/78 Steam 5fF ig
J
M5 6/26/78 120°F 0-:ig
' |
M6 7/6/78 1 ft 6 in
M9 7/11/78 4 ft 6 in 70°F
M10** 7/27/78 2 ft 4 in
'

M7 8/10/78 Large J

]
M8 8/22/78 l Liquid ’ ‘

*Shown in order of performance

**A{ir sensitivity test performed with vacuum breaker replaced with rupture
discs

1157 217
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After test M9 - a) removed vacuum breaker (replaced with rupture
discs); b) added vent header stiffeners for the reduced air test;
¢) 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) added

perforations to large blowdown line standpipe in drywell.

After test M7 - removed ring header stiffeners and bracing between

downcomers 5 and 6.
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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 prope-ly 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
tape in a format compatible with the General Electric computer system ‘n San

Jose. These tapes have been used for analysis of the downcomer lateral loads

and for cross-spectral analyses.

5.2 "ON-SITE" DATA REDUCTION SOFTWARE

5.2.1 General Philosophy of Op~ 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
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engineering personnel to pe.form 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 Channe! or transducer identifier

r 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 TARS.
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5.2.3 Major lodules

The DARS bhas a main controlling program and mrdules (subroutines) for all »f
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.

e 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. The plot types

are:
a. Single plot on single grid/page.
b. Strip chart format with multiple grids/page (up to eight).
¢. 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:
a. Computes uniaxial stress and writes strain and stress data to disc.

b. Computes biaxial stress and writes stress and strain components to

di=sc.

Cs Computes and writes to disc the following rosette results: maximum
principal stress, minimum principal stress, maximum shear, angle of

maximum principal axis, and leg 1 and leg 3 component stresses.

This module performs the following analysis:

a. Given a time interval, BEG 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 BEG to END, and

5.2.3.4 Maximum/Minimum (MXMN)
prints a ranked list of the largest and smallest values, together with |
|

their associated time and channel ID.

b. 1f 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 t ime

series array. The options available include:

a. Windowing — A Hanning window may be applied to reduce effects of

discontinuities. ‘
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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 Anaiysis (VFLO)
This module performs the following:
a. Computes the flow rate in north ventline.
b. Computes the flow rate in south ventline.
Inpv: to VFLO consists of:
a. Pressure measured upstream of the annubar in a ventline.
b. Annubar differential pressure measurement in the ventline.
Ce 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.
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b. Differential Pressures (Rate of change of vessel inventory) ‘

(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 botec™

of the steam vessel.

5.2.3.8 Bending and Membrane Stress Anaiysis (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:

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

b. Strain gage data from biaxial gage.

Ce Strain gage data from leg A and leg C components of a Rosette

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 .

y (circumferential) components.
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5.2.3.9 Statistical Analysis (STAT)

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

5.2.3.10

Computes and writes to line printer the average, standard deviation,

skewness and kurtosis.

Plot magnitude histograms over the range of values. The x-axis of

the histogram may be scaled by the user, default is automatic scaling.

Plot a cumulative probability distribution function complimentary to
the histogram.

Load Analysis (LOAD)

The LOAD analysis module performs the following calculations:

"Feur hydrodynamic properties' from wall pressure measurements. The

calculation is of a general form F_ = 3 £ P A Up to four values
n Ch ¢ 1in.

of Fn can be calculated using different values of constants Cn’ up

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

i in’
The hydrodynamic properties are calculated using wall pressure trans-

ducer output for P, and an appropriate area for A however the

i in’
module will accept any transducer and any values for the constants.

A downcomer equivalent static load from strain gage outputs and

appropriate calibration coefficients.

Resultant and angle of resultant for downcomer lateral force and/or

acceleration.
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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 adnd 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 chug start times.

b. The chug start times are outnrut to eight files which are then merged
to form the files containing the downcomer numbers and the associated

chug times.

c. Optionally, FIED will 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.
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. The POOL analysis module performs the following function:

5.2.3.13

Determines pool chugs from FIND data.

Prints "Pool Chug Chronological Report".

Outputs time between pool chugs to disc.

Qutputs number of downcomers for each pool chug to disc.

Outputs time increments from pool chug mean time to each downcomer

chug to disc.

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 MXMN, which are used as MAX/MIN time intervals. There are three

different criteria for determiuing the time windows:

Pool Chug Start Time Method — the start times of the pool-chugs
determined by POOL are used as the basis for the time windows. 1f £,
t2 --- tn are the pool-chug start times, the following windows are
used: tl - 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.

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.

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 tl to t2, t2
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5.2.3.14 GE Compatible Magnetic Tapes (BTAPE) .

BTAPE produces magnetic tapes from the raw multiplexed data obtained from Mark I
FS(F data acquisition system. Data includes instrument calibration and Engineering

Unit conversion information and header data describing the test.
5.3 "ON-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 °

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

tion oscillation at a scale of approximately one sec per page

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

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

1.5 sec periods

Fe Tables and histograms 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

5-10
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i. Time histories and PSDe of wetwell pressure, acceleration, displacemeat
and stress during the same time periods for evaluation of fluid structure

interaction effects
3 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 t2pes 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 generzted 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.
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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 tlie ADMID file (channel
map, transducer names, E.U. conversion factors and gain).
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 ¢f the data
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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
ctilizing 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.
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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 suppression ool, elevating its temperature. This sequence
of events was repeated usii.. 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 bhlowdown.
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 shc.. cne 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.
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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 hottom. Since one of the
characteristics ascribed to chugging is the periodic rise of the steam-water
interfac: into the downcomer, it was assumed that chugging had occurred when
the conductivity probes indicated periods of being alternately wet and dry.

1f 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 fo.r 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 Ml 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 o 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
tests, M3 and M8, and the large and medirm steam breaks, M7 and M2, also did
not produre chugging. A discussion of possible reasons for chugging occur-

renc: 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 represen: the data base from this test series which is available
for analyzing Mark I containment chugging loads. The chugging periods and

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

Corpparison 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
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regimes. Test M1l contains three time intervals during which the chugging .
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 Ml,
the chugs are _losely 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 Ml is shown in Figure 6.2.1-1. This type of chugging

will be referred to as "Type 1". The time intervials during Test Ml in

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

The remaining chugging intervals in Test M1 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 many '"pool chugs'" consist only of a ‘
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_ailar to condensation oscillation (CO) as

well as higher frequency, lower amplitude oscillations. A typical wall
pressure trace from an earlier period in Ml is also shown in Figure 6.2.'-1.
This behavior will be referred to as "Type 2" chugging. Characteristics

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

6.2.1.2 Chugging Conditions. Chugging conditions wers 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 downcumers to represent the pool temperat.re. ‘

6.2-2 i]57 ?38



NEDO-24539

The average downcomer steam mass flux was calculated by dividing the steam
mass flow rate from the flow nozzle measuremen. (see Section C.1) by the
total croes-sectional area of eight downcomers. For the small steam break
tests, the average of the six steam flow-veisus-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 che 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 tue .1ss flux as a functfon of temperature for
each test. On each curve, the periods of non-chugging, Type 1 chugging,

and Type 2 chugging were ‘ndicated. 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 conditiocns during
all observed chugging periods are in the area of the map below 6.5 1b/sec ft2
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-ft2 and below 1.8 lb/sec-ftz, but is speculative

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

1157 2579

6.2-3




NEDO-24539

Anvther observation from Figure 6.2.1-3 is that the more active, Type 1
chugging occurred at the test conditions furthest below the postulated
boundary line. All Type 1 chugging was observed below 3.0 1b/sec ft? mass

flux and about 110°F pool temperature.

One apparent inconsistency is the start of chugging for Test M1l which,
according to the computer results, occurred at 5 lbs/sec-ftz. 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 1b/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 Ml (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 lave an
influence on the thermodynamic conditions that result in chugging. In this
test series, since all of the chugging occurred during small steam br:2ak
tests 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. Therelore, since the steam mass flux
and air content are changing simultaneously, there is no way to separite the
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 represeni ing 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 M5 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
described in Section 5.2.3.11.
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Based on a review of some time history plots of downcomer level probe,
pressure and acceleruvneter 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 similtaneous 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, rressure 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 compered with the average acceleration in the DT1 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 ‘ndicated and the level probe
data was then tested. If the acceleration critericn 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
¢ + 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 Ml, the criteria values (DT1, DT2, DT3, DT4, DA and L1) were

sele~ted 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
was relaxed because Type 2 chugging and tie straps added between downcomers 7
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 shown in Table 6.2.1-3.
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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" software module, for analysis of the degree o.
synchronization between chugs occurring in different downcomers. The
principal input parameter for "POOL" is a time increment, Atc, 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
Atc secor.s of each other bel- .g 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 Ml, M4 and M9. The time increment, Atc, used
for "POOL" was 0.100 seconds. For Test M4, "POOL" was also run once with a
Atc of 0.300 seconds to check the sensitivity of the results to tlis
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 M1l Pool Chug Chronologfcal 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
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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 Ml. The "POOL" output indicated a number of single Jowncomer pool
chugs, which upon close examination of the downcomer acceleration and level
data, were concluded to be either not real chugs or part cof 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 Tyve 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.
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For all of the tests, the pr:ssure rises rapidly during the first 10 to 12 sec
following test initiation as the drywell air is treusferred to the wetwell
freespace. The pressure then levels off and rises only slightly more during
the remainder of the test as (he 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 software indicates that a chug starts* just

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

pressure following the start of the chug is much veduced. (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
exit rather than by the bubble collapse under pressure. Triggering the chug ‘
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. Tte Leginnings 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 Ml. 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 times cannot be
clearly distinguished on the basis of the wall pressure signal only.

To specify the wall pressures during chugging, t e 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 A!stribution 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 .s then proportional to the

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

\
.
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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 Ml 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 I'3181 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 1 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 .

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 ot 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 pressu.e 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 7flux, 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 MI10.

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 prciod 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.
Thi, results iu 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 »f 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
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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 thc 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 Ml. This is an

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

the signal 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 bv 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 frrquency 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 6.2.1-55, 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 lowncomer 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 cthe 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 botteca 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 8l1. 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 those 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 zenerally 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 fluctuationms.

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. ‘

& |
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6.2.1.6 Effect of Vacuum Breaker :n Wall Pressures. Matrix Test Number 10

(M10) was run with conditions mat.l.ing those for Ml except for the vacuum
breaker configuration. The vacuum breaker, oriented between the wetwell free
space and the vent header for Ml, 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 mcasured in Test Ml.

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 a.celeration 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 Ml and M10 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 Ml 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 ccntent were similar. Starting between 70 and

75 sec, the form of the Ml 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.
After defining the time period of comparison, nistograms of wall pressure

peaks for P3181 (wetwell bottom transducer) were generated for both Ml 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 Ml and M10, were significantly .
different. They would be declared significantly different if one or more of
the fol owing terms exceeded specified critical values: mean, mean +1

standard deviation, mean + 2 standarl 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 Ml were not significantly
different in the period ‘rom 30-70 sec, i.e., from a statistical standpoint,

the fluctuaiions for M10 could be the same as for Ml.

In the period from 70-105 sec during the Ml test, there were a large num! =r

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 steadi.y decreasing during this same time (See

Figure 6.2.1-13) and are smaller than those seen in Ml. From 105 sec to the ‘
end of the test, the peak wall pressures in Ml 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 tF in Test Ml.

In summary, the peak wall pressures comparison between M1C . shows that
for the period 30-70 sec, there is no significant statistical difference
between the tests and for the period from 70 sec 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 downcomer exit for M10 when compared with M1 temperatures at equivalent

downcomer steam mass fluxes (Figure 6.2.1-3).
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6.2.1.7 Vent System Pressures, The vent system pressure response was

recorded throughout each test vsing 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 durine 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 Ml. 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 downcomers 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.
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Table 6.2.1-1

SUMMARY OF CHUGGING DATA BASE

Test Number M1

Initial Conditions nominal

*Approximate Chugging  30-330
Periods, Seconds

Seconds of Chugging 300
Data Recorded

Approximate Number 670

of Downcomer Chugs

M4

5 psig free

srace press.

26-116

90

110

*Time = 0 is the start of data recording

6.2-18

M9

4.5 feet

submergence

25-305

280

480

M10
no vacuum

breaker

20-120
250-305

155

200

H157

5

-

4
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Table 6.2.1-2
CHUGGING PERIODS OF TEST Ml

Time Period Elapsed Time Chugging No. of Downcomer Average Downcomer

secs sec 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 3.3
Totals - Type 2 182 - 281 s o
Table 6.2.1-3

PARAMETERS USED FOR CHUG IDENTIFICATION

Test Number Mi M. M9
DT1, /Interval for 0.100 0.100 0.100
Calculation of
Acceleration Mean, Sec
DT2, (Tine Search ) 4+0.010 +0.001 +0.001
Increment, Sez
DA, Acceleratior Change 7.0 3.0 3.0
Criterion, g's
DT3 (chel Probe Wetting «0,07 to +0.10 -0,02 to +0.04 -0.02 to +0.04
DT4, \ Search Increment, Sec

L1, (Levu Probe Wetting ) <6.0 <6.0 <6.0
Criterion, Volts
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Table 6.2.1-4 .

SUMMARY OF THUG SYNCHRONIZATION ANALYSIS FOR TEST M4

5 g Criteria 3 g Criteria 3 g Craceria
*DTC - 100 msec DTC = 100 msec DTC = 300 msec

No, of Fool Chugs 33 39 45

Mean Time Between 2,38 1.63 1.99

Pool Chugs

% of Pool Chugs with 6 13 18

5 or More Dowcomer

Chugs

*x
Duration of Pool Chugs 79 to 82 to 99 to
with 5 or More Down~- 118 msec 232 mse - 232 msec

comer Chugs

*DIC = Max. time between downcomer chugs.
**Duration - time batween the start of the first downcomer chug and the start

of the last downcomer chug. .

SUMMARY OF POOL CHUG SYNCHRONIZATION DATA

Chugging Mean Downcomer Chugs % of Pool Chugs with
Test Type per Pool Chug 5 of more Downcomer Chugs
Ml 1 6.9 91
2 2.7 20
2 2.0 12
2 2.1 12
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Table 6.2.1-6
AVERAGE PERIOD BETWEEN POOL CHUGS

Time Interval Chug Period,

Test Chug Type Seconds Seconds
Ml 1 74.9 - 109.2 2.4

1 144.,9 - 159.6 y 4% |

1 169.0 - 228 1.6
Ml 2 40.0 - 74.9 1.1

2 109,2 - 144.9 % |

2 159.6 - 169.0 0.9

2 228 - 330 2.4
M4 2 26.3 - 116.0 1.7
M9 2 32.2 - 124.7 155 |

2 125.4 - 211.7 3

2 217.8 - 303.9 1.8
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Table 6.2.1-7
SUMMARY OF CHUGGING FREQUENCIES - LOCAL WALL PRESSURE (P3185)

PSD Time Interval

Test (seconds) £ _f_z_ f_3
Ml 55.8 - 57 B.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 7.6 133 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% 12.4 372
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% 5.3 3.2
44.1 - 45,2 7.6 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

f; = frequency with the highest PSD value between 5 and 10 Hz
f) - frequency with the highest PSD value between 10 and 25 Hz .
f3 - frequency with the highest PSD value between 25 and 50 Hz

()
O
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SUMMARY OF CHUGGING FREQUENCIES - AVERAGE WALL PRESSURE

PSD Time Interval £ f £
Test (seconds) 1 . 1 3
Ml 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 35
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
fy - frequency with the highest PSD value between 5 and 10 Hz

fy - frequency with the highest PSD value between 10 and 25 Hz
f3 - frequency with the highest PSD value between 25 and 50 Hz
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Table 6.2.1-9
TRANSDUCERS FOR CHUGGING WALL PRESSURE DISTRIBUTIONS

Circumferential Centerline Bottorm Centerline
Distance from Bottom

Transducer Angle, Degrees Transducer Centerline, Feet

3095 90 P3189 -9.0

P3106 105 P3188 -7.0

P3125 120 P3187 =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 = 49.75 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°

1157 260

6.2-24



PRESSURE VALUES FROM TESTS M1 AND M10
(30 to 70 Sec)

Mean Pcesitive
Peak, psi

Standard Deviation,
psi

Mean Negative
Peak, psi

Standard Deviation,
psi

Number of Data
Points

NEDO-24539

Table 6.2.1-10
COMPARISON OF MEAN AND STANDARD DEVIATION OF PEAK WALL

1.18

0.28

-1.24

0.31

40

0.31
-1.43
0.33

40
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POOL CHUG CHRONOLOGICAL REPORT

START TIME MEAN TIME
(SEC) (SEC)
144.0165 144.9932
145.0942 146.1744
147.2575 147.4719
149.4194 149. 4586
151. 2682 151.2991

Figure 6.2.1-5.

NUMBER TIME SINCE
DC’S LAST POOL
THIS POOL MEAN SEC
8 . 8546
? 1.1812
8 1.2975
8 1.9866
7 1.8406

DOWNCOMER
NUMBERS

DOLINCOMER
CHUG INIT

TIMES

(SEC)

NOONU=A0 WHRUANONN =0NAUONW =NUUTAON =AW

151.

151

151.
151.
151,
151.
151.

.9165
. 9464
. 9820
L0073
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.oeee
. 0406

L0942
.1471
.1563

TIME INCR

DC

CHUG VS
MEAN POOL (SEC)

Sample Pool Chug Chronological Report From Test Ml
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. 046814
.011230
.014038
.019775
024414
. 028992
. 047363

.08@139
.0927283
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.@15198
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.930151
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. 134460
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Figure 6.2.1-6. Histogram of the No. of Downcomers-Chugs/Pool=-Chug
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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 « ndensation oscillation (CO) period.

During this period, a small portion of the steam exiting the downcomers goes

into forming a "bubble" at th- 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 ¢ ndensation osc.'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
€O 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.

Tible 6.2.2-1 gives the CO time interval for every run. All time references
in Section 6.2.2 refer to start time of the data acquisition system. Also
tabulated arc the ranges of measured independent key parameters associated
with each run over the CO interval. The parameters are

Alr 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 Wetwell 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
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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 CO 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 frequercy of about 0.6 Hz. The amplitude
decreases as a function of time until about 100 seconds where it becomes rela-
tively insignificant (<1.0 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 (“9s8) 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 sinusoidal

behavior picks up again after 38.2 seconds with low amplitude and a dominant

frequency and decays away at 44 seconds.

Deta’led 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 (P2007),

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 .

| 1151 At
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the drywell transducer shows the lowest. The dominant CO 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 throvghout the
facility, cross-power spectral density analyses (CPSD) were perforimed 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 -~ transducer cu 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 cime
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. 1ne dominant frequency appeared
to be somewhere between 4.77 and 5.72 Hz; the uncertainty being due to the
bandwidth of the ZPSD 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 —ralues

and the cross-spectral functions (CPSD's), the phase angles, transfer “unc-
tions, and coherence functions are tabulated. The transfe i funqbﬁon is

defined by the ratio of the Fourier transform of one }!L& and the Fourier
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transform of the other and in effect is a comparison of the amplitudes of the .
two signs'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
sjowncomer 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 l.l-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
rms. A« 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 M4 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 M7
(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,

~ne would suspect other phenomena affecting the magnitude of the wetwell

pressures. ’
! e LA
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PSD's perforsed on wetwell transducers (e.g., P3185) downcomer transducers
(e.g., P3443), and the vent header transducer (P5901) show the dominant wave-
form frequency is identical (within a "1 Hz resoi ition) in all locations.
Generally wetwell transducer signals have more prcs.ure spikes than the dovm~-
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 aud 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 signa.s are also amplitude modulated, similar to wetwell pres-
sure signals, with the modulation especially evident in the middle of the CO
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 20 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 generallv have slightly higher pressure magnitudes than

the wide side ones. This is not so “>r M8, where the magnitudes are about the
same (see Figures 6.2.2-25 and 6.2.2-26). In the above figures, the time
interval "width" over which ti2 peak-to-peak pressure magnitudes were deter-
mined ranged from "0.06 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.
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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 iu 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)}doanant 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 uncovered) 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 CO time interval. There is a significant frequency of

~45 Hz at later times and this frequency dominates towards the end of - : .
period. The 45-Hz frequency is present in downcomer and wetwell transducer

signals but is \bsent in the vent header signal; it has been shown tc be one

of the natural higher mode downcomer acoustic frequencies.

'he downcomer signal for M8 is comprised of more frequencies, as shown in
Figure 6.2.2-28. The dominant frequency during the CO period stays constant
between 4.8 ard 5.7 Hz and changes to 6.7 Hz after the time of downcomer flow

change (brea'. 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 aud frequency rel.tionships. A table
:onsisting of representative amplitude and frequency data results and their

corresponding independent system parsmeter values are given. A couparison ‘
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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 investigated
further and their expanded time scale plots are given in Figures 6.2..-5U and
6.2.2-31.

The times corresponding to the 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 irragularly 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 CO pressure oscillations, the spatial distribution of pressure amplitudes

is best described at the times correspondin~ 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 d! “ferent
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 #pike at the time.

“igures 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

1157 %23
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The wall pressure axial profiles from the south end (=) to the north end (+4) .
of the wetweli 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 Lottom 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 two 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 inteipret the magnitudes of wetwell pressure oscillations. The first step

common to all methods presented 1a 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 waveforr and the

averaging process provides a mean value of the amplitude of the oscillations for

a particular time. The data are thus averag~d over a l.l-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 A2/2 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 performed for M8 at the 31 -

32 second time period and the results are presented below.
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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 a. ial 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°). Threse 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 .« ihe 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 averzj.d (over V“l.l-sec
interval) value of the maximum/minimum forces is divided by the projected

area (76012 in.z) 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.”-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 bo.com

‘ center transducer (P3185) at the same time periods are tabulated, next to

their maximum amplitude counterparts. The ratios of the time-average local
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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 th~ criterion
given in Section 6.2.2.3. For some time intervals, PSDs are not available and
the dominant frequency tabulated is obtained by counting the peaks of 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 fiow rate. The wetwell airspace pressures in psia are

chtained 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 blowdowvn 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
a flow qualit. of 30%. This quality approximate that obtained assuming _ -~ .
isenthalpic expansion of the blowdown flow throughout the transient‘ \ :)] LW
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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 l1bm/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

Mtotal(x hg + (1 - %) hf)

where x is the flow quality.

1157 727
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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 307 is assumed for all liquid-

break data before the break is uncovered, For M8 data enthalpy values hg and

hf are taken at a pressure of 45 psia of saturated steam, For all other runs

enthalpy values are taken at a pressure of 35 psia, These are the pressures

in the vent system during CO.

The energy rate (ﬁ) is a good correlating parameter from a phenomenological
standpoint. The wetwell wall pressure 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, .
so beyond the energy rate of 4 x 105 Btu/second, the difference in amplitude

values between liquid-break and steam-break data having the same enerpy 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.0. 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

- @
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probably relaied to the wetwell pool and/or structure response as the
system underwent the transitioa from the pool swell period to a stable C.O.
period.

Table 6.2.2-4 grovides several average (over a ~1.0 second period) pressure
amplitudes from downcomers #6 (P5643) and from the calculated wetwell
vertical forces (K (24)) at time intervals during the start of C.0. 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...2-56 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 calculated 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. psi/(uin./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-
quenci.s yielded by PSDs of wall pressures are plotted in Figures 6.2.2-"9 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 du. ‘ng the major portion of the CO interval in

M7. Higher frequencies are insignificant. At approximately 90 seconds, the
dominant frequency shifts up to ~45 Hz, although the 7.6 Hz signal ‘s still
significant. The shifting trend is observed for all runs during very low flow
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6.2-93



NEDO-24539

rates (~30 1bm/s) and can also be seen in the downcomers. Sinc. this ‘
high frequency is observed i. 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 teuds to increase as
the flow rate decreases. Anoti.er data trend that was observed is that higher

amplitudes are associated with lower dominant frequencies.
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Table 6.2.2-1
FSTF TESTS: CONDENSATION OSCILLATION TIME INTERVAL AND PARAMETER RANGES

. Tempe “Fx
CO Time + Air Content Blowdown Wetwell Alrspace el uvs ¥ et
Test Special Features Interval(s) (T Mass) Flowrate(lbm/s) | Pressure (psia) |T31'6-6 Tllﬂb-L]T)llb-?]?}llG-ZI})lﬂb-l
i i ! =l o l - bt 8- iy (| begien
Ml Small steam break
M2 Medium steam break
My Small liquid break
M4 Small steam break
Increased alrspace pressure
ns Small steam break
‘ Increased poci temperature
Small steam break
Mo Decreased submergence
Increased pool temperature
"9 Small steam break
Increased submergence
MO Small steam break
M7 Large steam break
My Large liquid break
*From star. ot data recording; and for runs with no chugging, the time interval is defined as extendiog
to the end of the run.
Heor. Figoure 3.4-2 for precise location of thermocouples.

No data avallable, so values taken from average of all small steam-break data.
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P2000
P2001

P2001
P2002

P2001
P2003

P2001
P2004

P2001
P5901

P5901
P5443

P5523
P5643

P5643
P3185

P3185
P3155

t = 24-32.4 8

PSD (psi’/Hz)

2
2

0.47x10"
0.31x10"

0.31x10"2

0.114

0.31x10~2

0.44

0.31x10"2

0.46

0.31x10"2

0.69

0.69
1.39

1.06
0.96

0.96
1.91

1.91
1.56

0.56x10"
0.30x10™

0.30x10"
0.120

0.30x10"
0.51

0.30x16"
0.57

0.30x10
0.79

0.79
1.66

1.05
0.98

0.98
1'96

1.96
1.59

2

2

2

2

2

2
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RESULTS OF CPSDs PERFORMED FOR DRYWELL, VENT, WETWELL TRANSDUCER TEST M8

Dominant frequencies: 4,77 & 5.72 Hz

Angle (°)

25.8

-277

-239

-212

~-196

-319

-0.98

3.01

0.79

*Transducers locations identified

27.7

=277

-237

-207

-192

-320

~-4.28

3.06

in Figures 3.4-1 through 4.

CPSD

0.37x10"2

0.18x10"

0.36x10"

0.37x10"} 0.40x10™

0.45x10" 0.47x10"

0.96

0.99

1.35

1‘7-‘

6.2-96

1

1

0.41x10"2

0.18x10" 1

0.38x10™ 1

1

1

1.12

1.00

1.38

1.76

Transfer

0.80

5.99

11.6

11.9

14.6

1.38

0.94

1.40

0.90

0.73

6.15

12.6

13.3

15'5

1.42

0.96

1.41

0.90

Coherence

0.97 0.98
0.97 0.96
0.95 0.95
0.94 0.94
0.95 0.93
0.95 0.95
0.96 0.98
0.98 0.99

1.0 1'0
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per LS

Test
.n.

Mi
b1
M?
M2
T

N2

M2
M

M
My

My

M

My

Mi

M

M

MY
MY

Table 6.2.2-3 (1 of 3)
CONDENSATION OSCILLATION DATA SUMMARY

24 Transducers |

Total Wetwell Air N
Pils l W el T e ¥
» s_“m” (E?“ Flowrate | Airspace |Content —— e

o o N A A vihz) (1bm/s) | (psta) |(2 mass)|3186-1 | 3186-2 | 3186-3 | 3186-49] 3186-6
(n) (s) max max 1
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86-7'9

g L5H

Table 6.2.2-3 (2 of 3)
CONDENSATION OSCILLATION DATA SUMMARY

T | ¥ Trasaducers)

s i P3185(psi) (pst) Total Wetwell Alr Wetwell Temperature (°F)
A A A Flowrate! Airspace |Content °
1.D. (s) (s) max max vihz) (lbm/s) (psia) i(l mass) | 3186~ | 3186-21] 31786-3 | 3186-4"] V186-6

>|

M5

M5
M5
M5
M5

7

M7
M7
M7

M7

M7

M7
M7

M7
M7
M7
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Lest
.0,

m7

M7

LY

LA

MM
MN

(s)

t
(s)

Table 6.2.2-3 (3 of 3)
CONDENSATION OSCILLATION DATA SUMMARY

IL Iransducers
PIINS(psi) (psi)

._‘j[A 7= [ ;

vihz)

Total
Flowrate
(lbm/s)

Yetwell
Alrspace
(psia)

Alr
Content

(2 mass)| Ji86-1

Wetwell Temperature (°F)

l )lﬂb-ZlH“- 11 ll!lb-hf] Jise-6
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Table 6.2,2~4

COMPARISON OF DOWNCOMER PRESSURE AMPLITUDES VS WETWELL PRESSURE
AMPLITUDES NEAR THE START TIME OF C.O0.

Downcomer No. 6 (PS643) A(24) Vetwell
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

6.2-100

1157 336



NEDO-24539

LR “spuodag 0z-01

‘andang (£BTEd) 219ONDPSURIY 2IN5831g [[2MIIN JO UOTII04 O fweulq *1-¢°7°9 2an8 4
(79%) IWIL
oz 61 81 L 9l Si
T T T T s
-
e »
n
So— aniiatas S m
S1 vl £l Z1 i oL -u-..
| | I T *~ g
]
—
-
S

37

4
J

1157

*Proprietary information deleted

6.2-101



NEDO-24539

O
v - 0
~
s [W “Spuooas 0g-07 P
INdINQ (£R1€d) 13dnpsuea] ainssaag [[oF JO UOFII0g dTweudg °*z-z°*z°9 2inudry .rw
o
——
(29%) 3L
62 8z 124 9z 4
T T _ _ .
! »
-
B
8 o
24 £z 44 1z e $ o
T T I J *3 3
4 & 3
| £
©
-t
R
| ;
L
£
Lol
- e
«
-
" v
T
3 3
" 3
e
-
s

6.2-102



NEDO-24539

LR “spuodas 0%-0¢
‘anding (£81€d) 12ONpsSuel] 2INSsSald [[2MIAM JO UOTI10g OTweui(

(93%) INIL

\£

@

(18d) 3HNSSIHd

*Proprietary information deleted

1157 339

6.2-103



(W ‘spuodag p6-0% ‘Indang
(£81€£d) 2190npsuel] AINSSd1g [[AMIDM JO UOTII0] dTweul(] *H-7°7*9 2anfdyy

NEDO-24539

(2908) JWIL

0S 6v 8y Iy 9 Sv
G

| | | | 1

1
——— O S SEE S L= p S BRE DR AL Spem— ET——— . |

Sp vy £y v v oy
| | | T g

4

.

-4

’ ]
- 5

(1%0) 3HNSSIHd

#Proprietary information deleted

1157 340

.2=104

6



NEDO-24539

- (W ‘Spuodas (09-0¢
indang (£R1Ed) 19OoNpPSURI] 2INSSAA [[@MIAM 4O UOTI10g >Tweul(

(29%) IWIL
6S as (3]

*6-2°7"9 2andyy

SS

1S

A
p—
—

(13d) IHUNSS3IHd

*Proprietary information deleted

1157 341

6.2-105



NEDO-24539

- i L e ST S, A R
(W “spuod3s 0/-09
‘andIng (ERIEd) 22ONpPSURL] IINSSI1 [[2MIIM JO UOTII04 Jtweudq °9-z°7°9 2and1yg
(2a5) 3L
oL 69 89 L9 99 59
| I [ T S
—
o °
=
S
@
- » £9 29 19 - o $
' 1 T I - ™
8

*proprietary information deleted

1157 147

6.2-106



NEDO-24539

‘ (R “spuodss 0g-0/
ndang (£81€d) A90NpsSuel] 2INSSA1g [[2@MIAM JO UOFII04 STweui(q

"L=T°7"9 @andyy

6L 8¢ L 9L St
1 | | | il
g
l
S
v €L L V3 oL
T T T ! ol
-y
-
S

(1%0) IHNSSInd

1157 345

*Proprietary information deleted

6.2-107



NEDO-24539

e e e ——————

(W ‘Spuodas (6-0t

‘andang (€£81€d) -7ONPSURL] PINSSIAY [[9MIAM JO UOTII0g OTweuk(

‘B-7°¢°9 @andjyy

(295) JWIL
06 68 88 L8 9 S8
_ T T 1 "
=
=
{
-
—
=
-— 5
a8 v8 £8 z8 1 08
T T _ I b
—
4
4
-
B
-
-
s

(%) IHNSSInd

*Proprietary information deleted

1157 344

6.2-108



NEDO-24539

(R *Spuodag 00T-06
‘andang (€Q1Ed) 12Oonpsuel] 2InSsalg [[2MIAM JO UOTII0g dTweukq “6-7°7*9 2andry

(29%) 3L
001 66 96 16 a6 56
I 1 1 I s
d
\
—
J
_ .
56 v6 £6 26 16 06
' | T T -
-
.
L
4
h
—d
S

('80) 341SS3Hd

*Proprietary information deleted

A5

N~

1157

6.2-109



8H ‘spuodag GI1-¢

NEDO-24539

‘anding (£8I€d) 12oNpsSuel] 2INSSa1q [[2MIIM JO UOTII0g dTwenkq *Q[-z°Z°9 2and1g

(28%) 3WIL

1 vl £ zi " ol
| | | | b

)
i ot

ot 6 B L k] ]
I I I | o=

)

-
oL

(1%0) 3HNSSIHd

*Proprietary information deleted

1157 346

6.2-110



NEDO-24539

‘andang (£8TEd)

190NpSURL] 2INSSa1d T[aMIAM JO UOTII04 DTwrui(

g ‘Spuodas ¢z-G1

*11-2°7°9 2and14

(29%) INIL
vz £ zz 1z Loz
| | 1 | onid
IJ
-t
ot
61 81 i 91 St
1 | | | 0=
)
-~
.
- o1

(18d) 3UNSSInd

1157 347

*Proprietary information deleted

6.2-111



NEDO-24539

g1 ‘spuodas gg-6¢
‘anding (£8I€d) J2ONpSuel] 3INSSA1J [[2MIBM JO UOTIA0g DTWRUA(Q

(29%) 3L
14>

\e

*Z1-2°2°9 2and1y

—3
—3

o1

L

o1

[ ] S

(18d) 3HNSSI L4

*Proprietary information deleted

1157 348

6.2



NEDO-24539

W ‘Spu0d3s§ GH=GL
‘andang (£RIEd) I2ONpsuel] 2INSS3I1J [[°2MISM jJO UOTIIO4 dTweui(

*€1-7°7"9 2andry

i £y a v oy

| | I i sl
o1

6t 8t LE 9t Se

| | | T oL-
oL

(18d) 3WNSS3IHd

*Proprietary information deleted

1157 349

6.2-113



NEDO-24539

e

oze

g1c

(29%) IWIL

91€

BH ‘sSpuodas 1°Ze-1¢
‘andang (100Z1) A2ONpsuUel], 2INSS3AJ [[aMAIQ JO UOTII0g ojmuuL(]

-

*HI=-7°7"9 vandjy

Z 1t 0Hf

1

~ vO

to

90

() 3NSS3 bd

*Proprietary information deleted

)
~

o



NEDO-24539

zee

‘andIng ($00Zd) 120NPSUBRI] 2INSSIIJ JUIJ JO UOTII0J O TWRUA(

W ‘Spuodas 1°Ze-T¢

*G1-7°7"9 @2an8yy

(23%) 3WIL

0ze g1t 91lE yit [ oIt

£

_ | | ' | |

-4

= B

2 K

s B

12

£

‘18d) IHNSSI Hd

1157 351

*Proprietary information deleted

6.2-115



NEDO-24539

e

“andang (106Sd) A20npsuel] 2INSSI14 A9PEIH JUIA

gW ‘spuodag [°ZE-1t
1O UOFIA04 djweuig

*91-7°C"9 andy4

(28%) I L
0t g1t 9.1t v IE 2\t 01
T T ! I T .
e B
-—4 0

(W) IHNSSI bid

*proprietary information deleted

Ne
-t

c

(e

§108 3



NEDO~-24539

g ‘spuodas 1°ZE-1¢
“andInQ (gy4Sd) I9ONpSuURI] INSSAIJ § *ON ISJWOOUMO( JO UOTIIOG otweukg */1-Z2°7°9 2andyyg

(29%) INIL
Tie ozZe BIE 91t viE Al § % 01ie
! & } I T T I it

(1%0) 3YNSSI Hd

®Proprietary information deleted

1157 3535

6.2-117



NEDO-24539

‘andang (G8IEd) 120ONpsuel] IINSSAIJ [[PMISM JO UOTII0] dFweuig

gW ‘spuodas [°ZE-1f

"81-7°7"9 2an8yy

(28%) 3WIL

FAL AN 0zt g1t 91t v IiL Pl § 01t
! L | | ! 9
o ﬂl
N

<41

ic

s

<4t

.

(™d) IWNSSIHd

*Proprietary information deleted

1157 354

6.2-118



611-2°9

NO. — TESTID
A (P5443)

M-
x (P3188)

— — — — — — — —

cg¢ 1611

-

| | 1 il
100 200 300 400 500
M, (lom/s)

Figure 6.2.2-19. Ratios of Averaged Peak-to-Peak Amplitudes of Downcomer No

. 4 (P5443)
and Wetwell Bottom Cente: (P3185) vs Steam Flow Rate

6£5Hh2-0Q3N




NEDO-24539

nop

o~

ol

8W ‘spuooas ¢0°ZE-T1¢
“1euB81s (T06Sd) A2ONpPSuUBI] INSSAAJ IIPEAH U\ 103J S(IS4 PRIAT[NOTE)

(ZH) ADN3IND3 YA
—op

(1]}

*0z-7°7*9 2andyy

P

—Qo-

\\\lllJ 00

-0

- %0

--f£0

190

- 50

- 90

-4 L0

60

Urvza-»launclsua

N
~

1157

6.2-120



121-2°9

L“\

LV
wLn

[{pat? M)

2

)

C— +_——_——\\Ilﬁ{J \j/\’\fﬁLZS‘ht ]
! 10° 10 10°

Figure 6.2,.2-21,

FREQUENCY (Hz2)

Calculated PSDs for Downcomer No. ¢ Pressure Transducer Signal (P5443),
31-32.05 Seconds, M8

10

6ESHZ~0QaAN



NEDO-24539

ot

‘reusts (SQIEd) J@Onpsuel] 2InNSsalg [[2MI8M 103 SUSd PRIBINO[E)

oL

(ZH) AON3ND3Y4
—O—

8W ‘spuodas Ze-1¢

ol

*ZT-2°C"9 @2and1g

o1

-

[TH/ ()] FUNESIN

7 356

)

6.2-122



NEDO-24539

POTI®4 *0°D 2yl Sutang sawy] IULI2IIIQ
103 siswodumoq pujy-apIM 103 sapnitrduy yeaq-ol-jyeaq *€2-2°7°'9 @2an81yg

H1HON

ol

(4]

(%) &/d IANLINIWY

6.2-123



NEDO-24539

potaag *0°D 2yl Burang sawWI] U1 IIT(U
103 S12WOOUMO(] pug-mCiieyN 103 sapnitrduy Yeag-03-jBagd *4$7-7°'7'9 2an81yg

ONI MOBHYN “ON HIWOONMOO

H1HON H1NOS
- € S L

I | | |

ot

Zi

%9) &/d 30NLINdNY

1157 340

6.2~124



A
> » =
(] %
-

e 2
T PR
ol V-ff’riﬂfs

553

3




9. s
AL 4
op . S
\\ /V\\\ : /ﬂm\%
XY ¢,
Z o
O,
<=2
3=
w <
O
25
N
\ 7
on.va ;Wi/
A \m%
mvﬁ,vgvvvw \/.4// A\‘
53 /
N

B

14

125




1.6
=

1.4

1.25

IMAGE EVALUATION
TEST TARGET (MT-3)




KA
OQMW@«k\ﬁV\
. c«éé» /,w\
8 o
4

IMAGE EVALUATION
TEST TARGET (MT-3)

Al 2 o

Nmm

ddaa

i

i

| N

[

[P

-

e

c

1.4

==

It}
125




NEDO-24539

poTaad Q') Burang sawy] UII3IJTQ 203
S13WOOUMO(Q Ppuj-molieN 103 sapnirrduy yeag-03-qeag °*GZ-7°'Z"'9 2ian81g

ON3 MOHHVYN “ON HIWOONMOO

HL1HON HLINOS ——
i £ S L " o
| & | | -

a0
(W)

e c—————————\

e

o4

ol

+Z1

(™) d4/d 30N LININY

6.2~125



NEDO-24539

POTaagd *0°) Burang sawW] IUII3IITIQ
10j SI3wWoduM(] Pug-2pIM 103 sopnijrduy yeag-o0l-yeag ‘9Z-7'7'9 2andyy

AN3 30IM "ON HIWOONMOO

HL1HON HLNOS
[ 4 ] 9 8
| | T 0
—Z
Lv.

ot

o

(md) &/d 3ONLITINY

1158 00¢

6.2-126



NEDO-24539

FREQUENCY (Hz)

10

1D: PH443

Figure 6.2.2-27.

TIVE (sec)

Significant Frequencies

Downcomer No.

4, M7

6.2-127

in the Pressure Waveform in

1158 003



VREQUENCY (H2)

NEDO-24539

20—

O N

ol ib

14p—

12—

24— CO START

STEAM-ONLY FLOW

15 20 30
TIME (sec)

TEST ME

l BREAK UNCOVEHECl

:’
|

40

Figure 6,2.2-28., Significant Frequencies in the Pressure Waveform

in Dowi.comer No. 4, M8

6.2-128

A



NEDO-24539

POOR ORIGINAL

gW ‘Spuodag yg-yZ ‘sindinQ 113ONpsueBl] IINSSII4
[TPM39M $Z WOIJ PIIBINOTE) SE T[3YS [[2MI3M UO Ppalaaxy 95104 [E7T3324 *62-7°7°9 2In314

{o08) IWNIL

(24

T —
I

|

g0t X (*a1) 30HOS TVOILHIA

1158 005



NEDO-24539

8W °“Spuodas 7°[(T-£°9C
‘aTeog awy]l pepumdxy uy uQ paydein SuoTIBINO[E) DI04 [EOIII@)  "0€-7'7°'9 2InBrg

(298) IWIL

i X24 o 69 ez (5 4 992z S e

e

| T 1 1 I | | I

-

— T

1
°

g0t X (*a1) 30404 TVIILHIA

6.2-130

1158 006



NEDO-24539

\9

8K ‘Spuolas Ze-1g

‘aTeds awy]l popuedxy uy up paydein SuOTIBINOTE) 30104 TEOITIISA *1€-2°2'9 2an8y13

e

(99%) INIL

\E

—

|
]

1
°

g0t X ('a1) 30HO4 IVOILEIA

6.2-131



NEDO-24539

. S — —— . -— — e - e S— —
T12MI3M JO DUTTIDIIUI) I® I[TJOAd 2INSSAI] [[BM “Z(-7 T 9 2andr1yg
d0 L WOM 4 aabap " 3V ONY
09t PIE s TE -t 4 4081 5€1 06 Gt o0
ﬁ | 1 ! | I | T
Fe
ﬁYlllllllllll 9o

- e 098 OZQOZ

—— OGP O
8N C1S3L INL

ot

(15d) 3ANLITdNY Av3IFCL OH3Z

1158 008

*Proprie’ iry information deleted

6.2-132



NEDO~24539

1158 009

[[2M39M JO SUT[ABU3d) 1® 2[13014 2Inssald 11BM *E€E-2°2°'¢ @4and14
dO1 WOH4 3bap 'J1ONVY
o9t o1 o2 P74 4 o081 oSt L 06 -1
H T ! T T T T T

e = e W91 4E

— 50% 909 €
BN C1S31 3WIL

() 3ANLITINY AV3I&0L0H¥IZ
6.2-133

*Proprietary information deleted




9 pu®  SIPWOOUMO( YIvsudg [[2MIAM JO A[TJOl14 2Inssald TIBM “%E-T°T°9 aand1g

dOL WOKM4 #8bap FTONY

~09€ P Y o0 oS L0811 GEl 06 d
|

I 1 | |

NEDO-24539

- M O8O

m— 0% QYL OT
8w “1S3L “AWIL

o

Do

ot

(1sd) 3ANLITdWY V34 0L 0W3Z

®Proprietary information deleted

6.2-134



NEDO-24539

9 PUB ¢ SId3WOIUMO( YIBIUIY [[OMIBIM JO I[TJOI4 2anSsaif [[BM °GCE-7°2°9 2andy1g

dOL WOU4 ei0ep ' ITONY
o09€ 091 o0LZ o o081 o9C1 o086 0S¥

! L L | | ] i

1158 011

-—-—2dMLIE

—0909 I 3INIL

8N Cus3L

6.2-135

(99) 3ANLITGNY NVIFO0L-0H3IZ

*Proprietary information delcted




8§ PUB / S13WOOUMO(] YIPDudg [[2MIIN

10 @[TJ0ag 2anssaig [1eM

"9g-7°2°9 2andyy

d01 WOMH4 aubep IVONVY

-09¢ oSiE 0L oS 081 oSEL 06 oSY

I I 1 B | ] |

NEDO-24539

- - 208 0Z8 9T

e 208 9pL'9T

“IWIL

1 BN C1S3L

o

(13d) 3ANLITINY XVI40L 0H32Z

*Proprietary information deleted

6.2-13€



NEDO-24539

8§ P 7 [ SA9WODUMO( YIPAUudg [[2MIAM JO 213014 2anssaig [1eM

d0L WOH4 #bep ‘JTONY

“(€-2°7"9 @an81y

009 oS o0LT R-144 o081 oSEL 006 o9% ®
oL
t I | | T T T |

~N

m

b

o

-

o

-

m

»

x

e ——— 0 m

c

1 g

C

o

m

¥

- o1

- s OMYLLNE
mms— 9% 009 IE
aw ‘1831 ‘3ANIL

*Proprietary information deleted

1158 013

6.2-137



NEDO- 245139

(,081) 123u3) woljog [[2MIaM e A[T1J01q 2InSsaig [[PM

(1) H3ANID WOH4 3DONVISIO

[4

i

0

z

‘8€-7°7°9 2andry

|

T

T

AON3 H1HON

- - - 2% 02892

Smmm— 0% QPL'OZ (AWIL

8N 1S3L

J

ON3 HINOS

14}

(4}

(™d) IANLININY XY 3400832

*Proprietary inf rmation delieted

g8 014

Lo

6.2-138



NEDO-24539

(,081) 223ud) wO3I0g [[2MIB)| JO D[TJO1 PINSSAII [[EM “HE-7°Z'9 2and14
(1) H3IN3ID WON4 JONVLSIO

6 8 i 9 Z i 0 ! Z v 9 L 8 6
| | | | I T T | T T I I 1 [ 1 Zi-
0

ON3 HLHON ON3 HLNOS

-— . wdNQL\E
298 909 1€ 3N L —z
BN '1S3L

a32

(md) 3ONLINdWY XV3Id0

1158 015

*Proprietary information deleted

6.2-139



NEDO-24539

(0a # uaAg mor2g)

dop wo13 _£°961 I® wWoll0g [[PMIBM JO B[FJ014 2Inssalg ITBM "0%-7°2°9 2an81g

(31) H3AN3D WOM4 3DONYLISIO

4

)

0

" g €~ L S 9- L 8 6-

|

|

! e L ey I | | 1 |

ON3 HLHON

— 0% QY 9T INI
N CAS3L

ON3 HINOS

A Sy

14

(15d) 30NLITINY NY3I4 0L 0832

*Proprietary information deleted

6.2-140

8 016

)

11



(*0°a # uaayg moiayg)
dol, woa3 _/°961 I' wollog [[2MI9M JO 3[TJ01g 2anssalgd [[PM

(M) H3IN3ID WOH4 3ONVLISIO

r*9 2an31yg

8 6

NEDO-24539

ON3 H1HON

- O QLT

—— 0% Q09 LE AWIL

8w

IN3 HLINOS

(18d) 3OQNLINGAY AV 0L 0H32

L

)

*Proprietary information deleted



NEL )-< %539

(R ‘Spuodes §7-/1

‘aTess awyl pepuedxyg uy uQ peydein SUOTIBNOTE) 22104 TEOTIIAA *Z%=2°2°'9 2an81y

(a8 IWiL

(4 4 ox | g4 L yes

| g4 T ow

e

s T — -

—q 04—

|
k=)
0L X (}31) 30804 TIWOILHIA

6.2-142



NEDO-24539

S8t

(W “Spuodas ¢ gE-C°LE
‘@12os 2wyl pepuedxy uy uQ paydels SUOTIBINOTE) I010§ [EOTII3)

(o0%) IML
£ee I8t 6'LE

*E9=-2°7°9 @2and1y

LLe

SLe

- £

y

pOi X (*a1) 30804 TWOILHIA

1158 019

6.2-143



NEDO-24539

[12M13M4 JO BUFTA3IUI) I® D[1J014 2inssalg [[BM “99-7°7'9 2an81j

dO1 WOH4 #3i0ep "ITONY

ey

oSIE Q0L o922 2081 oSEL 208 oY ooo:
i 1 | | | | !

—~

NI

0

t
— 204 GL6 LT IWIL
(W 1S3

9

(18d) 3ANLININY AVIF0L0HIZ

*Proprietary information deleted

8 02

A

6.2-144



NEDO-24539

[12M3I9M JO dUTTILIUI) (O8] I® A[FJ0Ig 2anssalyg

dOL WOH4 #e183p ‘3TONY

[18M °GC9=-7°2°'9 2and14

Sit o0e2 o522 S081 oSE1 06 5P o0
r T T T _ _ J _
—
e se0LLE —
— o ego L AWML
v asat

(18d) 3ANLINIAY NV3I0L-0H3IZ

*Proprietary information deleted

1158 021

6.2-145



NEDO-24539

(,081) 123ud) wol3log [[aMIaN

e

I[rjoa-

aInssaly

(1) H3ILINID WOH4 FONVISIO

z

i

0

"9y-7°7'9 2aniyy

- w288 000 8

—e% GLE LT AWIL
(W C1S3L

|

|

|

|

(') 3ANLITdNY NV3I&OL-0H3IZ

*Propr ietary information deleted

-~
’

Vs

I

.2-146

6



NEDO-<4539

(,081) 193ua) wWOIIOY [[9MIOM IB I[T1J01g 2insSsaxd TIeM

(4) H3ANIO WOHA4 IONVISIO

*(%-7°7°9 @2an3yyg

6 f L 9 v z i 0 - &= = 9 L 8- 6-
- ¥ ¥ I L Foor Y o e il
—
- -
. —40
.
— v
———20% 6L [
—— 7% GO (€ IWNI L o b
LW 1S3L
|

(18d) 3ANLINdWY XVI0L-0HIZ

%Proprietary information deleted

8 023

5

i

6.2-147



L

&

70 8611

pejeTep UOTIRWJOJUT AdejatJdoddy

10~

PRESSURE (psi)

-10

n
TIME (sec) 32

Figure 6.2.2-48, Comparison of the Summation of Amplitude Components to Actual
Wetwell Pressure Tra.sduczr (P3185) Signal, 31-32 Seconds, M8

6€£SHZ~00AN



6%1-2°9

28

Qr
o

o

l

U"

ZERO-TOPEAK AMPLITUDE (pet

TESY: M8

TIME

ABHZ+ 11 Hz+5Hz)

A (11 Hz + 6 Hz)

3132 wc

A (5 Hz)
] | | | v |
=® 90° 136° 180° 226° 270°

Figure 6.

-

2
o &

/.
-89 .

ANGLE degree FROM TOP

Circumferential Pressure Distribution

Calculated

from PSDs

at

Wetwell

Centerline

318°

6£Sh2-0aaN



NEDO-24539

(08¢

NSV

EMS+IM N Y

NS+ IH LL+ZH) Y

S(Sd Wwolijy pajenoie)

127U9) WO3I0g [[2MI2M I® UOTING[IIST( 2Inssalgd [BIXY ‘0S-2°7°9 aan81g

(33) WA ANSO WONS ITNVLISIO

(nd) IONLNANY AVISOL OWdZ

6.2-150



[ST-T°9

0 8511

Z 7
(
-

& 7
— T T
M =X (24 TRANSDUCTRS)
- O -- STEAM BREAKS
@ - LIOUID BREAKS
AVERAGED OVER
1.1 second PERIOD
3 -
O
2 © o N
@ to o © o g co @
© o °8.p° 0 5 e * W o e e g
) o ®
o (o] g &
1~
" k| | )| | 2 ’
0 100 200 300 00 500 800 700
STEAM MASS FLOW RATE M_ (lbr/s)
Figure 6.2.2-5!., Ratios of Averaged Lo Amplitude to Averaged Amplitude of 24 Wetwell

Transducers Jue to Verii.al Force vs Steam Flow Rate

6t SH2-0Q3N



NEDO-24539

8
K 238y M4 weals sA (Ssiadnpsueal 7)) V

‘I.{Eﬁ..-..

¢

v=2'2'9 2an31y

008 00. 009 00Z 001 0
1 1 | I I oo
O O °
ofF o
d mw .Ju 1!
0 0
* oamyo o
(o]
O
o & .
¢ O -2z
(o)
o]
0
®
& L
e
®
o ®
- 8
-9
$XvIne AN - @
$HVIME Wvals - O

-— B0) (v2) v

8 028

-

115

6.2-152



€6T-C°9

6¢C 8611

'
A 10.10) M8 LIQUID
AIRSPACE PRESSURE ~ 32 pele
{ )} AIR CONTENT O (0.10) M8 LIQUID
b M,
A . 420 bmys
0O =~ 380 wbm/s
O ~ 250 s
i3 -
1<
A 1007 w7 sTEAM
2
[ 0.07) M7 STEAM
O (0.07) M7 STEAM
© 10.10) M8 STEAM (BREAK UNCOVERED)
1M
0 L ) l
(%] 190 180

-~

Figure 6.2.2-

53.

LOCAL WETWELL TEMPERATURE (T31864) (°F)

Comparison of Liquid Break and Steam Bre erage Amplitudes

6EShE-0dAN



61-2°9

61

8

rd

M, ~ 180 /s
{ ) AR CONTENT
TweTweLL ~ 70°F
2
(1.0)
O
o7
O
j (1.8)
g o ©.5)
1< O
1 -
0 4 |
20 30 40

Figure 6.2,2-54,

WETWELL AIRSPACE PRESSURE (peie)

Steam Break Average Amplitude vs Wetwell Airspace Pressure

6£SHh2=0daN



NEDO-24539

2ouafiawgng lawodumoy TeTITUI SA apnyTrduwy a3eiaay yeaag weals °GGe-7°7°9 2an813

- (M) ZONIFOHINENS TVILINI

€ z i
{ [ ] T
JE0 O
801 O
+150) O -1
910
o-ﬁ.ﬂeo &Og— +
000 d00L o
$IUNLVHIIWAL 1004 VIO
ANIINOD ¥V ( )
Wwa 05t ~ *w 1"
| = —_—

- (N3} t9E) ¥

1158 031

6.2-155




A4 ee

9¢1~Z°9

-

7¢( 851\

o &

O — STEAM BREAKS
@ - LIQUID BREAKS

5
Ir «
@
—
e ©®
*
- ® *
¢
-
®
o
O o
- O .
9 o o d o
o (o} o
. 0n0’d
ceg §
-
ooQ> 03
00 | 1 | | | | | 1 | -
1 2 3 Kl 5 ] 7 - " " 12

ENERGY RATE H X 10° (Bru/s)

Figure 6.2.2-56. Average Amplitude of 24 Wetwell Trarsducers vs Energy Rate

6t 9ne=0daN



NEDO-24539

8W ‘suwnyo) 3ioddng ay3l "o saBprag 28e9 ureaag

30 IndIng wWOlj PaIB[NOTE) [[9MI3M PY3 UC PaIIAXF §821¢C° 30 juauodwmo) [EOFIIB3N  *L6-Z°Z°'9 2anB1g

(30%) 3L
tw Ve 692

goL X M "(SOVO NWNT0D) T) IOHOS TVIILHIA

)8 033

J

-~
13

I

6.2-257



NEDO-24539

gW ‘suunyo) 31oddng ayl uo sadprig a8e9 ure1lg
jo andinQ woaj paje[noTe) [[oMIaM Yl U0 PI1IXF S$ID104 IO juauodwo) T[ed13I8)\

*g6-7°7'9 2andyy

(29%) 3N L “
)

) 1.

M

| .
:

:

-

, :

4.2
.

-1 ¢

8 034

-
b
/

I



FREQUENCY (Hz2)

NEDO-24539

- B |
TEST: M7
0 P18
@ DOMINANT FREQUENCY
0 b
0 -
m -
£
10 -
wﬂ
[+]

0 20 0 60 80 100
TIVE (sec)

Figure 6.2.2-59. Significant Frequencies in the Wetwell Bottom Center

Pressure Waveform ‘ 1 58 035

6.2-159



NEDO-24539

@ -DOMINANT FROUENCY 1 yoer  pag

o F3186

[ g
ey

]
|

?

10—

|
§ M £ +
T

2= CO START BREAK UNCOVERED
STEAMONLY FLOW l

FREQUENCY (H2)
o >
| 1
-0
S e
S, ——
4t e
_O__
e

{

18 x 30 -
TWE (wec)

Figure 6.2.2-60, Significant Frequencies in the Wetwell Botton Center ‘

Pressure Waveform ]
L0 N7
1158 056

6.2-160



NEDO-24539

2
\
TEST ME
10 P3216 J
16~
@ -DOMINANT FREQUENCY
16—
14 p—
aj q
N
: B
g; 10 p~ q
® g
x
-
8- >
s ‘
A (f
BREAK
JNCOVERED
2 r— CO START STEAMONLY FLOW
o
18 20 3 ac
TIME (sec!
Figure 6.2.2-61. Significant Frequencies of the Pressure Waveform at the
. Wetwell Centerline and 210° 'rom the Top

6.2-161 1156 037



¢91-2°9

18!

~

8¢0 86

FREQUENCY (H2)

Figure 6.2.2~-062.

o
800 1000 1200 1400 1800 1800 2000

o
TOTAL FLOWRATE Mto( (bm/s)

Dominant Condensation Oscillation Frequency vs Total Flowrate

6£5h2-0aaN



NEDO-24539

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 instrumentzd with numerous strain gauges. Specific
information on the locatio. and arrangement of these gauges (e.g., biaxial,

rosette, bending strain bridges, etc.) is given in Subsection 3.4.

Maximum values of stress measured during either CO or chugging are presented
in Table 6.3.1-). 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 (CO
or chugging regime) in which maximum stresses were observed are also identified

in Table 6.3.1-1.

Table 6.3.1-2 tabulates dynamic stresses during condensation oscillation (CO)
and chugging for major structural components. For CO, dynamic stresscs 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 z.°

seconds of the small steam break test (M1).

In addition to measuring stres-2s 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 break 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 ve=t 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 asscably

1158 039
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during the course of testing caused the pin to progressively 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 intcasity, each of the maximum
wetvell shell stress intensities was measured during the CO period of the large
liquid break test (M8). Each of the veak 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 iilustrated 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 flqctuations occurring in tke lower shell. At 180° the peak to peak
range of strain fluctuations is about 160 y in/in, while at 0° the peak to peak

range of strain fluctuations is ornly 40 y in/in.

6.3-2 }}58 040
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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 stiain
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 y 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 transien.
(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
kighest measured values of shell surface stress intensity and shell membrane
bending stress intensity were measured at this location during the M8 CO

period.

As Figures 6.3.1-6 and -7 illustrate, the characteristics of the hoop and
axial strain on 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 axia' strain transients on the inside
surface beneath downcomer Nc. 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 pressurizatior of the wetwell. Mean-
while, the axial strain continues to decrease, go. ' into compression, and
then remains at nearly the same mean level until ., >nd of CO (35 seconds).
After this time the axial strain on the inside surface gces from compression
into tension. 3imilar behavior is also observed at the bottom of midbay,
though none of the strain measurements ever indicates that the inside surface

goes into compression.

1158 041
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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.ted early in the transient (the pool
temperature jumps abruptly, by about 30°F, at 10 seconds). During CO the pool
te.peratures near the shell continue to increase with the highest temperature

seen deep in the pool.

After 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-

ures 6.3.1-7 and -9) for the p2riod at or after 60 seconds.

The highest wetwell shell lLending 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 Table 6.3.1-1, it can be seen that the maximum shell bendiug

stress was only 6,400 psi.

Figures 6.3.1-10 and -11 illustrat: the maximum strain c(luctnations observed
during CO 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 at 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 u 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,
occirre” at this location (refer to Table 6.3.1-1). Comparison of Fig-

ures 6.3.1-10 and -11 indicates that dynamic strain levels at the shell/ring .

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 (Ml).
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-sxial strain. Dynamic strain fluctuations in
the wetwell shell d.:ing 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 agent (similar to the effects
observed during the large liquid break test). The notable instance in which
this effect is seen i+ 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 iadicating 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 thcrough-wall temperature gradient.

Dynamic strain fluctuations at the wetwell shell/ring girder interseccion,
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
i~+arsection for the small steam break. The largest dynamic peak to peak

gty 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. ¢ 8 043
115
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6.3.1.2 Wetwell Support Columas

Stresses in the wetwell ( »_umns 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 longituginal 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 waximum column radial bending str~s: was 10,800 psi in the outside columns.
Haximum'bending stresses in the lon itudinal direction for the inside columns
and outside colunns were measured diring the CO 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 CM 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 [rom 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 u in/in for,
respectively, 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 columgss ¢ 044
{158
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Due to the thermal expansion 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 gr . outward (away from the torus center).
The radial bending strain is about thr. cimes greater in tne outside columns
than in the inside columns. Thermal expansion of the wetwell in the longi-
tudina) direction is alsv outward (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 displacement 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 large 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 toth 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-
urn, although in this case, the general trend is an increase in tensile strain
with cime (see Figure 6.3.1-22).

As a further check of data consistency, the ne® vertical force on the wetwell,

at test termination, was calculated by summing the vertical forces acting on

1158 045
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the four columns (force was calculated based on column stress ind column

load area). Calculations were performed for two tests - the lar : liquid

break (M8) and small steam break (Ml) 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 o peak strains are less than 20 p in/in for radial and longitudinal

bending strains and less than 35 u 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 instrumenied with strain gauge bridges to measure

bending strain in the radial (perpendicular to the vent header axis) and

longitudinal (paral.el to rhe 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 larpe 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 CO period
of the test (v 20 to 35 seconds).

1158 046
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Uniaxial strains in the radial and longitudinal plares 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 attachment regi-n 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 downc .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 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

CO 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 o 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 CO period of this test, from
about 20 seconds to test termination (~ 300 sec.), most stress cycles in the
TDC locatiorn 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.
1153 047
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Dynamic strain levels in the downcomer/vent header attachment region of

the vent shell during chugging are illustrated b, 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 (Ml) transient. It should be
noted that all downcomers were free for this test (i.e., downcomer pairs
were not intra-connected with tie-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-
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.

1158 048 @
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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 ir
the downcomer/vent header attachment region at downcomer No. 6 during the

CO period of the large liquid break ter:. 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 CO period of this test, from
about 20 seconds to test termination (v 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.

1158 049
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Dynamic strain levels in the downcomer/vent header attachment region of .
the vent shell during chugging are illustrated by Figure 6.3.1-36. In

this figure the vent shell strain measured at the TDC location at downcomor
No. 6 is shown for the small steam break test (Ml) transient. It should be
noted that all downcomers were free for this test (i.e., dov.comer pairs

were not intria-connected with tie-straps or bracing). Tihe 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 ana 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.

=
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Table 6.3.1~1

MAXIMUM MEASURED STRESSES DURING
CONDENSATION OSCILLATION AND CHUGGING

Measured Vaive
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
¢. 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 Cco 750
b. Radial

1. Inside Column M6 CO (Test End) 2,800

2. Outside Cclumn M6 CO (Test End) 10,800

Wetwell Column Axial Stress
a, Inside Column

1. Compression M8 Cco 3,000

2. Tension M8 co J00
b. Outside Column

1. Compression M8 Cco +5700

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 tie-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) _tpsi)
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 5ud
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 tie-straps.
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Figure 6.3.1-10. Wetwell Shell/Ring Girder Attachment Strain 180° South End
B (Large Liquid Break Test - M8)
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Figure 6.3.1-23. Ring Girder Deformation at the Termination of the
‘ Large Liquid Break Test - M8
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6.3.2 Facility Resonant Frequencies

A primary desigy. criteria for FSTF was that its structural response accurately
simulate the structural response of Monticello's torus. 7o eansure 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 «.3.1-3. This table also summarizes

resonant frequeancies determined from experimental data.

Of the resonances identified in Table 6.3.2-1 those corresponding to the shell
ovilization, 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 arz unique to FSTF. The "axial" mode, which con-
sists of lateral motion of the wetwell along its axis, results from the
structural boundary conditions azsociated 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 (Ml).

1158 -N193
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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 rrequency, 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 wetwel!l 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 FSD 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 tie 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 ccnponent 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 5..5 Hz, respectively) are present in the shell strain PSD (at

»
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36.5 Hz and 54.4 Hz). Numerous other frequencies alsc 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, fregquencies in the range from 60 to
70 Hz appear in the shell displacemeut 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 the
response frequency of the end closures. Time histories and P?SD plots of the
north end closure accelr .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 frequenéy range. Signi-
ficant signal <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>