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EVALUATION REPORT ON CCTF CORE-I
. REFLOOD TEST Cl-4 (RUN 13) AND C1-15 (RUN 24)

—— Investigation of the refill simulation and

the nitrogen injection effects —

Takashi SUDGH* and Yoshio MURAO
Department of Nuclear Safety Research,
Tokai Research Establishment, JAERI

(Received July 9, 1983)

The tests Cl-4 and Cl-15 were performed with the Cylindrical Core Test
Facility (CCTF) to investigate the effects of the depressurization process
to simulate the refill phase, and the effects of the nitrogen to be
injected after the end of the accumulator injection on the therme-hydraulic
behavior in the core and primary loop system during refill and reflood
phases. -

In these tests, after the lower plenum was filled to 0.9m level with
saturated water at 0.6 MPa, the accumulator water was injected'into three
intact cold legs in the depressurization period from 0.6 MPa to 0.2 MPa.
The water in the lower plenum voided during the depressurization and the
significant steam condensation occurred in or near the intact cold legs.
The condensation caused high steam flow rate in the intact leops and the
lower plenum flashing resulted in suppressed core water accumulation.

The slightly lower core heat transfer coefficient due to the less core
water caused the higher turnaround temperature and the longer quench time
than those of the normal reflood test without the depressurization process.
_ The nitrogen injection followed the accumulator injection was allowed
in the test Cl-15. However, significant effects of the nitrogen injection

was not observed.

The work was performed under contract with the Atomic Energy Bureau
of Science and Technology Agency of Japan.
* NEDAC
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1. Introduction

The tests Cl-4 (RUN 13) and Cl-15 (RUN 24) including the refill phase,
the so-called refill tests, were performed with the Cylindrical Core Test
Facility (CCTF)l).

The objectives of the CCTF program are:

a. Demonstration of ECCS behavior during refill and reflood period.
b. Verification of reflood analysis codes.

¢, Collection of information to improve the thermohydrodynamics model

in the analysis codes, such as models of, {(a) multi-dimensional core

thermohydrodynamics including the radial power distribution effect,

fallback effect and spatial oscillatory behavior, (b) flow behavior
in the upper plenum and hot legs, (c¢) behavior of accumulated

water at the bottom of the upper plenum including possible counter-

current flow and sputtering effect, (d) hydrodynamic behavior of the

injected ECC water and the water passing through the steam generator,

(e) multi-dimensional thermchydrodynamics behavior in the hot annular

downcomer, and {(f) overall oscillatory behavior in the system.

Thereflood phase follows the refill phase in a postulated loss-of-
coolant accident (LOCA) of a pressurized water reactor (PWR), so that the
initial condition for the reflood phase is not static. However, for the
reflood experiments, it was very difficult to establish the transient
initial condition, especially in the method for injecting subcooled ECC
water into the simulated primary system which was filled with saturated
steam, because the injection generated unrealistic condensation effects
in the systemz)’B). Therefore, in the normal reflood test in CCTF, the
‘system pressure was maintained at the predetermined value and at first,
the accumulator water was injected directly into the lower plenum to reduce
the effect of condensation on the system. After a certain amount of water
was accumulated in the core, and the steam generation in the core was
 considered to prevent the significant condensation effect in the system,
the accumulator injection port was siwtched from the lower plenum to the
cold legs.

Under more realistic initial condition, the tests Cl-4 and Cl-15 were
conducted in CCTF., In these tests, the pressures in the system and the
containment tanks were pressurized at 0.6 MPa and the saturated water was

filled to 0.9m height in the lower plenum. When the system depressurization
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was initiated, the accumulator water was injected only into the intact
cold legs. The water in the lower plenum was allowed to flash during the
depressurization period. The nitrogen gas was injected into the system
just after the end of accumulator injection im Cl-15.

The objective of this work is to study the effects of the depres-
surization process and the nitrogen gas injection on the system behavior

in reflood phase.

The experimental facility and conditions are desctibed in Section 2.
For the first objective the results of Cl-4 are compared in Section 3 with
those of Cl-2 which was conducted under the nominally same test condition
as those for Cl-4 except the ECC injection location and the system
depressurization. The results of Cl~15 are also compared with those

of Cl-4 in Section 3 for the second objective.



JAERI-M 83-121

2. Experimental Conditions

2.1 TFacility design

The facility design is ‘detailed in the reference 1. The facility
consists of a pressure vessel and four primary loops, as shown in Fig. 2.1.

To simulate the system effect during refill and reflood phase of a
postulated PWR LOCA, the following items were considered as the design
criteria:

(1) The elevations of the components are maintained to be as close to
those of a PWR as possible, ‘

(2) The lengthes of the flow pathes in the components are also preserved.

(3) The flow areas of the components are scaled down in propotion to the
scaling factor of core flow area,

(4) The facility has three intact loops and one broken loop which
simulates double—ended cold leg break.

The reference reactor is the Trojan reactor in USA, but the Ohi
reactor in Japan is also referred partly.

The pressure vessel contains the core, upper and lower plenum, and
downcomer. The core has thirty-two 8 x8 bundles which simulate 15 x15 fuel
assembly in which unheated rods are included. The core configuration is
shown in Fig. 2.2.

The core is full height and has 1824 electrically heated rods, as
shown in Fig. 2.3. The axial power distribution is chopped cosign. There
are high, medium and low power heaters in a bundle.

The downcomer is an annulus as shown in Fig. 2.2. The core baffle
region area in a PWR is scaled and included in the simulated downcomer
flow area to reduce the small-gap effect in the downcomer. Thus, the gap
size of the annulus is 61.5 mm. ‘

The internals in the upper plenum consist of control rod gulide tubes,
support columns, short stubs, orifice plates and open holes, as shown in
_Fig. 2.4 and Fig. 2.5, These internals simulate those of a 17x17 type
PWR. The radial dimensions of them are scaled down in comformity to the
scaling of the bundle array size.

The primary loop arrangement is shown in Fig. 2.1. Each loop
consists of a hot leg and a cold leg piping, an active steam generator,
and a pump simulator, as shown in Fig.2.6. U-tubes in the steam generator
are about 5 m shorter than the actual ones and those of two loops are

housed in a single shell.
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2.2 Test conditions and procedure
A summary of the specified and measured system conditions are listed
in Table 2.1 for Cl-4, in Table 2.2 for C1-15 and in Table 2.3 for Cl-2.
Most of the initial conditions are nearly identical to thoée for Ci-2,
the reference test. The differences are as follows.
¢ System pressure
The system pressure was initially 0.6 MPa for Cl-4 and Cl-15
while it was 0.2 MPa for Cl-2.
o Primary piping wall temperature
Saturated steam was filled in the primary system and the contain-
ment tanks prior to the experiment initiation. The primary piping
wall temperature was maintained at the saturation temperature, which
was 431 K for Cl-4 and C1-15 and 391 K for Cl-2.
o Water temperature stored in the lower plenum
Saturated water was stored in the lower plenum prior to the
initial system pressure caused the temperature difference of the

saturated water,

The test procedure was described in detail in the reference 1.
Then the differences of the procedure between Cl-4, Cl-15 and CI-2 are
mainly presented below.
After establishing the specified initial conditions includiﬁg
saturated water filling in the lower plenum to the specified water level
of 0.9 m and electric power was supplied to the core heaters. When the
heater temperature reached the specified value, the accumulator injection
was initiated to the intact cold leg for Cl-4 and Cl-15, and directly to
the lower plenum for Cl-2., For Cl-4 and Cl-15, system depressurization
was initiated simultaneously with the accumulator injection by opening
the pressure regulation valve of the containment-2, and the system pressure
was then maintained at 0.2 MPa. Yor Cl1-2, the system pressure was maintain-
ed at 0.2 MPa throughout the transient. When the calculated water level
"in the core reached 0.5 m above the bottom of the core, for Cl-2, the
"accumulator injection port was switched from the lower plenum to the
intact cold legs. At 14 seconds after the calculated reflood initiation
time, the accumulator injection was replaced with the simulated low
pressure coolant injection (LPCI) for Cl-4 and Cl-2. For Cl-15, the
accumulator was considered to be empty at 14 seconds after calculated reflood

initiation and nitrogen gas was then injected during about 10 seconds.
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IPCI initiated after the nitrogen gas injection.

Figure 2.7 compares the ECC flow rates between Cl-4 and Cl-2. For
Cl-4, the accumulator injection rate is increased with the time due to
the primary system depressuxization. For Cl-2, the accumulator injection
port was at the lower plenum at first and switched to the cold leg at the
time indicated by an arrow in the figure. The LPCI rate was the same for
Cl-4 as for Cl-2.

The pressures at the containment and the upper plenum are compared
in Fig. 2.8. The containment depressurization for Cl-4 ends at about 30

seconds after flooding while the containment pressure for Cl-2 remains

nearly steady.
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‘Table 2.1 Run condition for Cl-4

Estimated Measured
Power
Total (MW) : 9.37 g.31
Linear (KW/m) : 1.4 1.39

Radial Power Distribution 1.02:1.0:0.82  1.03:1.0:0.82
Decay Type . ANS x 1.2 + Actinide { 30 sec after Scram)
Pressure (kg/cm?a)
System 6.0+2.0 6.02 > 2.0

Steam Generator Secondary 52 50

Temperature (°C)

Downcomer Wall : 198 185
Primary Piping Wall : 158 157
Steam Generator Secondary : 265 264
Peak Clad at ECC Initiatien 518 518
Peak Clad at BOCREC . 600 654
Lower Plenum Filled Liquid @ 158 _ 149
ECC Liquid .35 35

Water Level (m}

-

Lower Ptenum 0.9 0.82

Steam Generator Secondary 7.4 7.4
Injection Rate (m®/hr)

Accumlator 251 195

LPCI : 30 30-7
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Table 2.2 Run condition for Cl-15

Estimated Measured

Power

Linear (KW/m) 1.4 1.4

Radial Power Distribution 1.06:1.0:0.82 1.07:1.0:0.82

Decay Type : ANS x 1.2 + Actinide ( 30 sec after Scram)
Pressure (kg/cm?a)

System 6.0 + 2.0 6.06 -+ 2.08

Steam Generator Secondary 52 53
Temperature (°C)

Downcomer Wall 198 175

Primary Piping Wall 158 157

Steam Generator Secondary 265 264

Peak Clad at ECC Inftiation 494 507

Peak Clad at BOCREC : 600 689

Lower Plenum Filled Liquid 158 150

ECC Liquid 35 40
Water Level (m)

Lower Plenum 0.9 0.86

Steam Generator Secondary 7.4 7.5
Injection Rate (m®/hr}

Accumlator 251 237

LPCI 30 29.8
Injection Duration Time (sec)

Accumulator : Water 24 ]

: 35.5
Nitrogen Gas 10
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Table 2.3 Run condition for Cl-2

Estimated Measured

Power

Total (MW) : 9.41 9.40

Linear (KW/m) : 1.41 1.41

Radial Power Distribution : 1.14€:1.079:0.886 1.153:1.079:0.885

Decay Type + ANS x 1.2 + Actinide ( _Eg_sec after Scram)
Pressure (kg/cm?a)

System  : 2.0 1.96

Steam Generator Secondary : 52 53.6
Temperature (°C)

Downcomer Wall : 198 166

Primary Piping Wall : 19 120

Steam Generator Secondary : 265 263

Peak Clad at ECC Initiation : 502 516

Peak Clad at BOCREC : 600 597

Lower Plenum Filled Liquid : 119 114

ECC Liquid : 35 38.8
Water Level (m)

Lower Plenum : _ 0.9 0.88

Steam Generator Secondary : 7.4 7.2

Loop Seal Section : 1.5 1.48
Injection Rate (m®/hr}

Accumltator : 278/251 285/254

el 30 30.2
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3, Experimental Results and Discussions

The significant phenomena observed in the Cl-4 and Cl-15 experiments
are discussed in this section. Comparisons are made between the Cl-4
results and the reference test (Cl-2) results in Section 3.1 and 3.2.

Since the initial conditions and the test procedure for these experiments
were nominally the same as each other, the differences in the experimental
results were due to the differences inthe containment pressure history and
the accumulator injection location. The containment pressure for the present
test (Cl-4) decreased from 0.6 MPa to 0.2 MPa while that for the reference
test was maintained at about 0.2 MPa. The accumulator water was injected
into the intact cold legs for Cl-4. While for Cl-2, at first, that was
injected into the lower plenum, then the injection port was switched to
the intact cold legs.

Tn addition, the effects of the nitrogen injection are investigated
by comparing the results of Cl-15 with those of Cl-4 in Section 3.3. The
initial conditions and the test procedure for Cl-15 were the same as those
for Cl-4 except the nitrogen injection after terminating the accumulator
injection.

Summary of the discussion is presented in Section 3.4,
3.1 System behavior

3.1.1 Downcomer and core . differential pressures.

For Cl-4, containment pressure was initiated to decrease when the
accumulator injection began., The injection rate increased during the
injection period due to the pressure decrease at the injection port.

Figures 3.1 shbws-the downcomer, the core, and the lower plenum
differential pressure histories, Saturated water was filled in the lower
plenum before the experiment initiation. The injected water penetrates
‘to the lower plenum at about 2.8 seconds after the injection initiation
‘and accumulates there. The lower plenum is subdivided into two sections
by the core barrel skirt to the elevation of 0.88 m from the bottom of the
lower plenum.

The differential pressure across the downcomer is larger than that
across the lower plenum, even before the flooding initiation. This fact
means the more water accumulation in the downcomer side of the lower plenum

than that in the core side.
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In comparison with the result of Cl-2Z, shown in the figure, the water
aceumulation rate in the dowmcomer is significantly higher for Cl-4 tham for
Cl-2. The higher water accumulation rate is reduced when the simulated LPC
injection was replaced with the accumulator injection at about 8 seconds
after flood. The differential pressure decreases from 25 seconds through
41 seconds, then it increases gradually and approaches to the saturated
value. This will be discussed in this section. The differential pressure
in the downcomer is smaller for Cl-4 than for Cl-2 before 250 seconds.

The core water accumulation for Cl-4, shown in the figure, initiates before
the differential pressure across the lower plenum reaches the nearly
constant value. This fact shows that flashing occurs in the lower plenum
due to the system depressurization and the water swells, then reaches the
bottom of the core earlier than the expected lower plenum fill time. The
steam void is collapsed when the system depressurization slows down at
about 10 seconds. At that time, the lower plenum differential pressure
reaches the nearly saturated value, and the step-wise increase of the water
accumulation in the core is observed. Then the core water mass continues
to increase gradually. In comparison with the result of Cl-2, the water
accumulation is less for Cl-4 than for Cl-2, however, after 200 seconds,
that is the same as the result of CI-2., The lower downcomer differential
pressure for Cl-4 results in the lower water accumulation mass in the core
before 200 seconds.

The comparison of the upper plenum defferential pressure are shown
in Fig. 3.2. The water accumulation in the upper plenum is also much less
for Cl1-4 than for Cl-2. However, the increasing rate of the water accumul~-
ation is not so different between Cl-4 and Cl-2 except first 65 seconds.

Firure 3.3 presents the axial differential pressure distribution in
the downcomer. For Cl-2, the water begins to accumulate when each lower
section is filled. For Cl-4, the water accumulation in each section
except the uppermost section initiates before each lower section is filled.
This indicates that the water swells because of the void generation in
the accumulated water caused by the system depressurization.

The decrease of the differential pressure between 2.68 and 4.43 m
elevations is observed in the period from 25 seconds through 41 seconds. This
tendency is similar to the total downcomer differential pressure response
shown in the former figure. 1In this period, the differential pressure in

the upper section increases. The wall surface temperatures of the downcomer
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are shown in Fig. 3.4. The temperature at the 2.4 m elevation is nearly
the same as the saturation temperature, but those above the 2.4 m elevation
show significant subcooling during the accumulator injection period. They
recovers from about 10 seconds to 25 seconds due to the lower water
injection rate at the cold leg. The depressurization is slowing down
after about 10 seconds and terminates at 45 seconds. This slow depres-—
surization and the significant water subcooling allow the void collapse

in the accumulated water in the downcomer, in the result, the differential
pressure in each section increases to the nearly saturated value at about
10 seconds. When the wall surfacé temperature of the downcomer at 3.8 m
elevation returns to the saturation temperature at about 25 seconds, the
void is generated again in the downcomer due to the depressurization. The
depressurization is verj slow in this period, so that the voiding occurs
only in the upper part of the downcomer. This steam voiding reduces the
differential pressure between 2.68 m and 4,48 m elevations, and pushes up
water into the upper section. Because the depressurization terminated at
about 45 seconds and the vessel pressure increases gradually after that,
the steam void should be crashed again. The differential pressure between

2.68 m and 4.43 m elevations recoveres.

3.1.2 Leop behavior

Figure 3.5 shows the loop differential pressures. TFor the refill test,
Cl-4, when the pressure regulation valve of the containment tank was open,
the system depressurization initiated. The steam in the vessel was dis-
charged through the broken loop otherwise through the broken cold leg
nozzle via the downcomer and via the intact loops. This figure shows the
steep increases of the differential pressures in the borken loop and the
intact leoops after the initiation of the depressurizatiom.

At 30 seconds, the containment tank depressurization terminated, then
the differential pressures of both the broken and the intact loops decrease.
‘Steam was generated in the core after flooding. This steam was discharged
through the broken and the intact loops to the containment tank. The
steam generation in the core continued to increase early in the transient,
and caused the increases of the loop differential pressures after 47 seconds.

The-results of the reference test, Cl-2, are also presented in this
figure by the dotted lines for comparison. As described above, the
significantly large loop differential pressures for Cl-4 are observed

early in the transient, while the differential pressures for Cl-2 increase
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gradually after flooding. And each differential pressure for Cl-4 is a
little smaller than for Cl-2 from 50 seconds to about 200 seconds. This
is caused by the lower downcomer differential pressure, as showﬁ in the
previous figure. However, the tendencies and values of those for Cl-4 are
similar to those for C1-2 after 200 seconds..

Figure 3.6 shows the differential pressure for Cl-4 between the pump
outlet and the cold leg nozzle. During the accumulator injection period,
it can be seen that the differential pressure is oscillatory and indicates
a negative value. The flow observation with movie cameras revealed
that the intact cold leg nozzle was filled with the injected water in
the accumulator injection period and steam flow occasionally penetrated
water plug and flowed through a part of the cross section of the cold leg
nozzle to the downcomer. These flow behavior is explained as follows.
When the cold leg nozzle was plugged by the injection water, the steam
condensation was decreased due to reduced contact area of steam and
water, then the differential pressure between the pump outlet and the
cold leg nozzle increased. When the differential pressure increased
enough to break the water plug, steam could flow through the cold
leg to the downcomer, and the contact area was increased. Therefore,
the steam condensation lowered the pressure and the differential pressure
decreased to the negative. These flow alternation was repeated several
times in the accumulator injection period.

Figure 3.7 shows the intact loop differential pressure and the pump
orifice differential pressure for Cl-4 again with expanded time scale.

The oscillations of both, before the termination of the accumulator
injection showed by an arrow, are explained by the water plugging and

the break of it as described above. When the accumulator injection was
terminated, the loop differential pressure increases suddenly and the

pump orifice differential pressure decreases at that time. It indicated
that the cold leg was plugged again. After that, since the water plug

was broken finally, the steam flow in the cold leg recovered. However,
-the steam condensation was not so signifiﬁant as before due to the reduced
ECC flow rate, hence, the éteam flow was reduced. The break of the water
plug and the less steam flow rate in the loop caused the steep decrease

of the loop differential pressure, as shown in the figure. This steep
decrease of the loop differential pressure resulted the step-wise increase
of the core differential pressure at that time, as shown in Fig. 3.1.

Figure 3.8 shows the pump differential pressures in the imntact and
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the broken loops. The tendencies of them are the same as those of the
total loop differential pressures. Large differential pressure is observed
in the intact loop during the accumulator injection period. It is
considered that when the large amount of the subcooled water was injected
into the intact cold legs, the steam condensation occurred near the
injection port and lowered the cold leg pressure, as the result, the steam
flow through the intact loop increased and the differential pressure
through the intact lcop pump was caused to be large during the accumulator
injection period. That decreases suddenly when the accumulator injection
was terminated. Tigure 3.9 shows the differential pressure through the
intact cold leg nozzle. The relatively large oscillation and the occasional
negative values are observed during the accumulator injection period.

The total loop mass flow rate is presented in Fig. 3.10. The high flow
rate is maintained during the accumulator injection period. The intact and
the broken loop mass flow rates are shown in Fig. 3.11. The Cl-4 results
are nearly the same as the C1-2 results after about 50 seconds, though the
much higher flow rates for Cl-4 are observed before 50 seconds. This high
flow rate in the broken loop was caused by the system depressurization,.
During the accumulator injection period, the flow rate in the intact loop
for Cl-4 is significantly greater than that in the broken loop. The
condensation near the cold leg must have increased the steam flow in the
intact loops.

The upper plenum pressure is shown in Fig. 3.12., It can be seen that
after the ECC injection rate was reduced, the depressurization is slowing
down. This was caused by the decreased intact loop flow rate. As described
above, the accumulator injection caused the significant steam condensation
in or near the intact cold legs and increased the flow rates in the intact
loops, as the result, it controls the system;deprESSurization.'

Figure 3.13 shows the comparison of the fluid temperatures in the inlet
and the outlet plenum of the steam genmerator. The outlet temperature for
Cl-4 is about 15 K higher than that for C1-2. Figure 3.14 presents the
comparison of the secondary fluid temperatures. It can be seen that the
initial temperature in the lower part of the secondary flﬁid is higher for

Cl-4 than Cl-2. This fact allows the higher outlet temperature for Cl-4.

3.2 Core behavior
The comparison of the flooding rates to the core between Cl-4 and Cl-2

is shown in Fig. 3.15. The flooding rate was obtained from the mass balance
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calculation. During the accumulator injection period, the flooding rate
for Cl-4 is lower than that for Cl-2. After that, no significant differ-
ences are observed in this figure,

The fluid temperatures at the core inlet are compared in Fig. 3.16.
For Cl-2, at first, the subcooled accumulator water was directly injected
to the lower plenum during 16 seconds, then the injection port was changed
to the cold leg, so that significant amount of the subcooled water was
accumulated in the lower plenum, TFor Cl-4, the accumulator water was
injected only to the cold leg. The subcooled water was mixed with
steam in the cold leg and reached the lower plenum through the hot downcomer.
This difference of the injection port between Cl-4 and Cl-2 seems to allow
the higher fluid temperature at the core inlet for Cl-4.

The comparison of the void fractions in the core is shown in Fig. 3.17.
In the lower half of the core, the void fraction of each elevation for Cl-4
is higher than that Cl-2 before that reaches the saturated value. This is
not clear in the upper half of the core. The flooding rate and the loop
mass flow rate Cl-4 are nearly the same as those for Cl-2 after about 50
seconds. Consequently, the higher fluid temperature at the core inlet for
Cl-4 contributed the higher void fraction in the lower half of the core.
The void fraction in the lowest core elevation for Cl-4 is significantly
higher in an early transient than that for Cl-4. This is due to the lower
water accumulation for Cl-4 caused by the higher intact léop differential
pressure in the early transient.

Figure 3.18 shows the comparison of the heat transfer coefficient on
the maximum powered rod midplane. The tendency is similar to each other,
though the value of the heat transfer coefficient is smaller for Cl-4 than
for €1-2, The higher void fraction seems to cause the lower heat transfer
coefficient. As a result, the turnaround temperature, shown in Fig. 3.19,
are higher for Cl-4. And quench times, shown in Fig. 3.20 are also longer,

however, this is not so significant.

3.3 Comparison of the test results between Cl-15 and Cl-4

The initial conditions were nominaly the same for C1-15 as Cl-14. The
difference was only that the nitrogen gas in the accumulator was injected
into the system for Cl-15, while, it was not allowed for Cl-4. The ECC
injection rate, shown in Fig. 3.21, indicates that the accumulator injection
lasts about 3 seconds longer for Cl-15 than for Cl-4. For Cl-15, the

nitrogen gas injection from the accumulator was expected to continue

_21_
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during 10 seconds. The ECC injection rate into each intact loop for C1-15

is shown im Fig. 3.22., . After the accumulator injection was terminated,

the oscillation is observed in each loop injection rate, and this oscillation
disappears for Loop-3 after about 35 seconds, though injection rates for

the other loops are still oscillatory., Ard the injection rate for Loop-3

is about 6.39><10_4 m3/s on the average. Since the total LPCI flow rate
after the accumulator injection was 8.33><10'4 m3/s, the most of the LPC water
was injected into Loop-3 cold leg and the small residual was injected into
the Loop-l1 and Loop-2 cold legs. The ECC water was injected into the system
via the header which is installed above the system. It is considered that
the nitrogen gas was accumulated in the header and skewed the water distri-
bution to each intact loop.

Figure 3.23 compares the pressure in the upper plenum and the
containment-2. They are very similar to each other right after the
initiation of the system depressurization. However, the depressurization
is faster for Cl-15 than for Cl-4 near .the end of the depressurization due
to the longer significant steam condensation period caused by the later
termination of the accumulator injection for Cl-15. The depressurization
period for Cl-15 is about 25 seconds shorter than that for Cl-4.

Figure 3.24 shows the comparison of the differential pressures in the
downcomer, the lower plenum and the core. For Cl-15, the water accumulation
in the downcomer is much more than that of the lower plenum in an early
transient as seen in the Cl-4 results. The one of differences between the
¢1-15 and Cl-4 results is that the downcomer differential pressure for
Cl-15 reaches the saturated value within the accumulator injection period,
on the contrary, that for Cl-4 is significantly lower than the saturation
value. The longer accumulater injection period for Cl-15 allows to store
the more water in the dowmcomer. The core water mass suddenly increases at
about 15 seconds, and the accumulated mass in the core for C1-15 is larger
than that for Cl-4 through 200 seconds.

Figure 3.25 shows the differential pressures of the total loop and
the pump orifice for Cl-15. During the accumulator injection period, the
behavior of them is the same as that for. Cl-4, that is, the water plugging
effect is observed. The sudden decrease of the total loop differential
pressure results the step-wise increase of the core water mass at 135 seconds.
This phenomenon is also the same as that for Cl-4. Figure 3.26 shows the

comparison of the differential pressure through the broken cold leg nozzle.
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Both show the sudden increase just after the termination of the accumulator
injection due to the increased steam flow caused by the less steam condéns-
ation and the water plugging in the intact cold legs as discussed in the
Cl-4 result. For Cl-15, this increase is remarkable. It is considered
that the overflowed water from the downcomer caused this increase and the
injected nitrogen gas also promoted it. The injected nitrogen into the
intact cold legs is discharged to the containment through the upper part

of the downcomer and the broken cold leg nozzle. The mixture of

nitrogen, steam and the overflowed water must increase the pressure

loss in the broken cold leg nozzle.

The intact loop mass flow rates for C1-15 and Cl-4 are compared in
Fig. 3.27. The high mass flow rate is observed during the accumulator
injection period in both experiments due to the significant condensation
in the cold leg. For Cl-15, the mass flow rate in Loop-3 is higher than
that in Loop-l after the ECC injection rate reduction, as shown in Fig.
3.28. The skewed distribution of the ECC water to the cold legs seems to
affect the steam flow rate in each loop. That is, the steam condensation
in the intact cold leg was greater in Loop-3 than in Loop-l due to the
higher ECC injection rate and resulted in the higher steam flow rate in
Loop-3.

Figure 3.29 shows the comparison of the broken loop mass flow rates
between Cl-15 and Cl-4. The larger pressure loss in the broken cold leg
nozzle allows the higher steam flow rate for Cl-15.

The comparison of the flooding rate is presented in Fig, 3.30. The
flooding rate was calculated with the mass balance of the core. The
larger mass flow rates in the intact loops and the broken loop result in
the higher flooding rate for C1-15 through about 100 seconds.

Figure 3.31 shows the comparison of the heat transfer coefficient on
the maximum powered rod midplane. The slightly higher heat transfer
coefficient is observed for Cl-15. Therefore, the turnaround temperatures,
-shown in Fig. 3.32, are lower for Cl-15 than for Cl-4. The quench times
in the core high power region are compared in the Fig. 3.33. The quench

times for Cl-15 are slightly shorter than those for Cl-4.
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3.4 Summary of discussion

The discussion in Section 3.1, 3.2 and 3.3 is summarized as

follows:

Comparison between Cl-4 and Cl1-2

1. The difference in the experimental conditions was in the system
pressure and the accumulator injection location. The containment
pressure for Cl-4 decreased from 0.6 MPa to 0.2 MPa while that for
C1-2 was nearly constant at 0.2 MPa during the transient. The
accumulator water was injected into the cold leg for Cl1-4, while, it
was injected into the lower plenum for Cl-2, prior to the cold leg
injection.

2. The accumulator injection rate was lower for Cl-4 than for Cl-2
because of the higher cold leg pressure during the injection period.

3. The depressurization ended at about 30 seconds. The water swelling
in the lower plenum was observed in the Cl-4 experiment due to the
system depressurization.

4. This fact caused the earlier initiation of the water accumulation in
the core than the expectéd fill time of the lower plenum., The steam
void in the lower plenum collapsed when the system depressurization
slowed down at about 10 seconds.

5. The core differential pressure was smaller for Cl-4 than for Cl-Z
before 200 seconds. That for Cl-4 increased suddenly at about 10
seconds due to the steep decrease of the loop differential pressure
and continued to increase gradually after that. That for Cl-4 was
equal to that for Cl-2 after 200 seconds., The smaller downcomer
differential pressure for Cl-4 contributed to the less water accumu-
jation in the core before 200 seconds except in an early transient.

6. The downcomer differential pressure increased steeply during the
accumulator injection period. Steam void was generated due to the
depressurization, however, collapsed by the cold water penetration.
After reducing the ECC injection rate, void was generated again in
the upper part of the downcomer. This void also collapsed when the
depressurization terminated. After about 250 seconds, the differential
pressure in the downcomer for Cl-4 was very similar to that for C1-2.

7. The upper plenum water accumulation was less for Cl-4 than Cl1-2,
though the accumulation rate was not so different between the experi-

ments except in an early transient,.
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During the accumulator injection period, the significant condensation
occured in the intact cold leg and allowed the high steam flow rate
in the intact loop. Therefore, the condensation affected the system
depressurization. After the accumulator injection was terminated,
the depressurization was slowing down. The reverse flow in the cold
leg nozzle due to the condensation was not significant. The

induced large pressure loss in the intact loop suppressed the core
water accumulation and allowed the injected water to accumulate
mainly in the downcomer in an early transient, as describéd in Item

5 and 6. The water plugging in the cold leg was observed and affected
the steam flow rate in the loop and the differential pressures in the
loop components. When the water plug was finally broken at about 10
seconds, the differential pressure of the intact loop decreased
suddently, as a result, the core water mass steeply increased, as

described in Item 5.

The differential pressure in the broken loop for Cl-4 was higher
before 50 seconds after BOCREC than that for Cl-2 due to the system
depressurization. That in the intact loop for Cl-4 was also higher
before 50 seconds due to the condensation in and near the cold leg.
The differential pressures and the mass flow rates in the intact and
the broken loops for Cl-4 were nearly the same as those for Ci-2

after 50 seconds.

The steam temperature in the outlet plenum of the steam generator

was about 15 K higher for Cl-4 than for Cl-2. The initial temperature
of Epe secondary'water in the lower part of the steam generator was
higﬁer for Cl-4 than for Cl-2. This higher water temperature allowded
the higher steam temperature for Cl-4.

The flooding rate for Cl-4 was not so different from that for Cl-2,
except in an early transient. The Cl-2 result showed the higher
flooding rate immediately after flooding. During 40 seconds after

the termination of the depressurization, the flooding rate for Cl-4
was slightly higher than that for Cl-2.

The water temperature at the core inlet was very close to the
saturation temperature for Cl-4 while that for Cl-2 was lower than

the saturation temperature.

The void fraction in the core was higher for Cl-4 than for Cl-2. It
was significant in the lower half of the core before the void fraction

in each core elevation reached the steady value. A potential cause
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of this fact was the higher water temperature at the core inlet

for Ci-4.

Comparison of Cl-15 with Cl-4

1.

Both experiments included the system depressurization phase. The
nitrogen injection after the accumulator injection was allowed for
Cl-15 but not for Cl-4.

The accumulator injection period was about 3 seconds longer for Ci-15.
Consequently, the total mass of the injected accumulator water was
more for Cl-15.

After the nitrogen injection, the distribution of the ECC water
injection rate to the cold legs skewed. Most of the LPC water was
injected to lLoop-3. The accumulated nitrogen in the header of the
ECC line caused this fact.

The upper plenum depressurization ended during the accumulator
injection period for Cl-15. The longer accumulator injection period
promoted the depressurization, and the pressure decay terminated

25 seconds shorter for Cl-15 than for Cl-4.

The water accumulation was much more in the downcomer side than in
the core side for Cl-15, as observed in Cl-4 experiment. When the
accumulator injection was terminated, the water level in the downcomer
was very close to the overflow line for Cl-15 whereas it was signifi-
cantly lower than the overflow line for Cl-4.

After the termination of the accumulator injection, the stepwise
increase of the core water mass was caused by the steep decrease of
the intact loop diferential pressure due to the water plug break in
the cold leg, as seen in the Cl-4 results.

When the nitrogen was inj-cted into the system, the broken cold leg
defferential pressure increased suddenly. The mixture flow of the
nitrogen, the steam and the water caused the large pressure deop in
the broken cold leg. No significant effect of the nitrogen injection
on the system and the core behaviors was cbserved except this fact.
The intact loop mass fiow rate for Cl-15 was high during the accumulator
injection period, as discussed in the Cl-4 results. After that,

the mass flow rate in the intact Loop-3 was higher than those of the
other two loops. The more ECC water injection rate into Loop-3

caused the more steam flow due to the condensation effect.
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9. The steep increase of the core water mass for Cl1-15 allowed the core
transient to be slightly faster. The turnarcund temperature was lower

for Cl-15 than for Cl-4 and the quench time for Cl-13 was also shorter.

-27—
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4. Conclusions

The effects of the depressurization process on the system behavior

in the reflood phase were discussed and the following conclusions were

obtained:

1) The steam condensation in the intact cold legs was significant during
the accumulator injection period. That increased the steam flow rate
in the intact loop, as a result, controlled the system depressurization.

2) The induced high differential pressure through the intact loop during
the accumulator injection period suppressed the core water accumulation.

3) The formed water plug in the cold leg induced the pressure oscillation
across the intact loop. After terminating the accumulator injection,
the water plug was pushed to the downcomer. That caused the water
mass increase in the downcomer and resulted in the sudden increase of
the core water mass.

4) The higher turnaround temperature and the longer quench time were
observed in the experiment with the depressurization process than in
the experiment without that due to the less core water mass caused by
flashing in the lower plenum water.

5) Significant effects of the nitrogen injection were not observed except
for the higher pressure drop across the broken cold leg nozzle during
the injection period,.

6) It is considered that the present experiment indroduced more realistical

reflood initiation.
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Appendix A

Definition of Tag. IDs in Appendix B and Appendix C
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Definition of Tag.ID for void fraction (AG(EL.1) ™ AG(EL.6)})
pefinition of Tag.ID for average linear power of heater rod
in each power unit zone (LPOlA "~ LPO9A)

Definition of Tag.lD for differential pressure through down-
comer, upper plenum, core, and lower plenum

(DSD55, DTO7RTS, DSC75, DSCL5)
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1. Definition of Tag.lD for clad surface temperatures

Notation :

TENNWAM

NN : Bundle number

WA : Power
WA = X1,
WA = Y1,
WA = 71,

zone

X2 : High power {(Local power factor 1.1)

Y2 : Medium power (Local power factor 1.0

Z2 : Low power {Local power factor 0.953)

M : Elevation

Elevation (m)

Axial power factor

0.38
1.015
1.83
2,44

3.05

0.568

1.176

1.492

1,312

0.815

2. Definition

See

3. Definition

See

4. Definition

each power

See

5. Definition

of power zomne

Fig. a-1

of Tag.ID for

Fig. A-2

of Tag.ID for

unit zone

Fig. A-3

of carry-over

Tgp t My

and bundle number

void fraction

average linear power of heater rod in

rate fraction (C.R.F)

CRF =

Mg YPogp YL

- .
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The calculated data within *25 s are averaged:

where

( ) 1 igSO (
CRF = CRF)
i 101 k=i-50 k

APUP : Average of measured data at four orientations
APCR : Same as above

R e A S (ap )
"op © %wp dt ‘“up
a_o=a_ L o)

CR CR dt CR

4

m = I h
RN
m : mass flow rate or mass accumulation rate

AP: differential pressure
suffix
UP: wupper plenum

CR: core
L : loop
P

: primary pump

Definition

of Tag.ID for differential pressure through downcomer,

upper plenum, core and lower plenum

See

Definition

and broken

See

Definition

plenum and

Fig. A-4

of Tag.ID for differential pressure through intact

loop and broken cold leg nozzle

Fig. -A-5

of Tag.ID for fluid temperature in inlet and outlet

secondary of steam generator

See Fig. A-6
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Fig. A-6 Definition of Tag.ID for fluid temperature
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of steam generator
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Appendix B

Main results of Test Cl-4 (Rum 13)
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Table B-1 Summary of test conditions
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Table B-1 Summary of test conditions

TEST TYPE :  TEST ¢1-4 (CCfF MAIN TEST NO.4)

TEST NUMBER : RUN 013 3. DATE : July 27, 1979
POWER : A: TOTAL: 9.31 MW; B:LINEAR: 1.4 KW/M

RELATIVE RADIAL POWER SHAPE :

A: ZONE: A B C

B: RATIO: 1.03 1.0 : 0.82

AXIAL POWER SHAPE : CHOPPED COSINE

PRESSURE (KG/CM?A) :
A: SYSTEM: 6.02> 2.0 pB: CONTAINMENT __ 6.02 ~» 2.0

C: STEAM GENERATOR SECONDARY: 90

TEMPERATURE (DEG.C)

A: DOWNCOMER WALL 183 , B: VESSEL INTERNALS _ 198
C: PRIMARY PIPING WALL 157, D: LOWER PELNUM LIQUID _149
E: ECC LIQUID 37 . F: STEAM GENERATOR SECONDARY 264
G: CORE TEMPERATURE AT ECC INITIATION _ 494

ECC INJECTION TYPE: A

A: COLD LEG, B: LOWER PLENUM, C: LOWER PLENUM + COLD LEG

PUMP K-FACTOR :  ~ 15 (UNCERTAIN)

ECC FLOW RATES AND OURATION :

A: ACCUMULATOR 195 M3/HR FROM _ 0 TO _ 28 SECONDS

8: LPCI 30.7 Mi/HR FROM 29 TO 839 SECONDS

C: ECC .INJECTION TO. LOWER PLENUM : FROM —  TO _ — SECONDS

(VALVE OPENING AND CLOSING TIMES ARE INCLUDED iN THE INJECTION
DURATION)

INITIAL WATER LEVEL IN LOWER PLENUM : _0.82 M.

POWER CONTROL : ANS x 1.2 + ACTINIDE ( _30 SEC AFTER SCRAM)
EXPECTED BOCREC TIME FROM ECC INITIATION _12 SEC

EXPECTED PEAK TEMPERATURE AT BOCREC 600 C
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Table B-2 Chronology of events

EVENT TIME (sec)
Test (1.4 initiated 0.0
(Heater rods power on)
(Data recording initiated)
Accumulator injection initiated 46.5
Power decay initiated 61 (75)
(Bottom of core recovery)
Accumulator injection switched
from lower plenum to cold leg
Accumulator injection ended and 74.5
LPCI injection initiated
A1l heater rods quenched 616
Power off ' 765
LPCI injection ended 885
Test C1-4 ended 1130

{Data recording ended)
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Appendix C

Main results of Test Cl-15 (Run 24)
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Table C-1  Summary of test conditions

TEST TYPE : NITROGEN GAS INJECTION TEST

TEST NUMBER : RUN 024 3. DATE :  Feb. 26, 1980

POWER : A: TOTAL:  9.40Md; B:LINEAR:_ 1.4 KuW/M
RELATIVE RADIAL POWER SHAPE :

A: ZONE: A B C

B: RATIO: 1.07 : 1.0 : 0.82

AXIAL POWER SHAPE : CHOPPED COSINE
PRESSURE (KG/CMZA) :

A: SYSTEM: 6.06 >~ 2.08 _ B: CONTAINMENT 6.06 - 2.08

C: STEAM GENERATOR SECONDARY: 54

TEMPERATURE {DEG.C) :

A: DOWNCOMER WALL 175 , B: VESSEL INTERNALS 158

C: PRIMARY PIPING WALL 157 ., D: LOWER PELNUM LIQUID _ 150

E: ECC LIQUID _ 40 . F: STEAM GENERATOR SECONDARY __ 264

G: CORE TEMPERATURE AT ECC INITIATION 507

€£CC INJECTION TYPE: A

A: COLD LEG, B: LOWER PLENUM, C: LOWER PLENUM + COLD LEG

PUMP K-FACTOR : 15

ECC FLOW RATES AND DURATION :

A: ACCUMULATOR 237 m3/uR FROM _ O 70 35-5 SECONDS

B: LPCI 29.8  wazur FROM 3°-5 70 8'-7 SECONDS

C: ECC .INJECTION TO LOWER PLENUM : FROM T0 SECONDS
(VALVE OPENING AND CLOSING TIMES ARE INCLUDED IN THE INJECTION
DURATION)

INITIAL WATER LEVEL IN LOWER PLENUM : _ 0-86 M,

POWER CONTROL : ANS x 1.2 + ACTINIDE ( _30 SEC AFTER SCRAM)

r————

EXPECTED BOCREC TIME FROM ECC INITIATION _13  SEC
EXPECTED PEAK TEMPERATURE AT BOCREC _ 600 C
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Table (-2 Chronology of events

EVENT

Test Initiated
(Heater Rods Power on)
(Data Recording Initiated)

Accumulator Injection Initiated

Power Decay Initiated
(Bottom of Core Recovery)

Accumulator Injection Switched
from Lower Plenum to Cold Leg

Accumulator Injection Ended and
LPCI Injection Initiated

A1l Heater Rods Quenched
Power Off .
LPCI Injection Ended

Test Ended
(Data Recording Ended)

TIME (sec)

47

81

82.5

628

683

864

1137
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