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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
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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).
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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 i<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>