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Three tests Cl-5 (Run 14), €1-10 (Run 19) and C1-12 (Run 21) were
performed using the Cylindrical Core Test Facility to study the effect of
the containment pressure on the core cooling and the system behaviors
during the reflood phase of a PWR-LOCA. The containment pressures of
these tests were 0.15, 0.20 and 0.30 MPa for the tests Cl-10, Ci-5 and
Cl-12, respectively. Through the comparison of the test results from

these three tests, the following results were obtained.

(1) The higher containment pressure gave the higher heat transfer coef-

ficient in the core. This resulted in the lower turnaround temperature,

the shorter turnaround time and the shorter quench time at the higher
containment pressure.

(2) 1In the higher containment pressure test, the higher core water
head, the higher upper plenum water head, the higher downcomer water
head in the early period and the lower downcomer water head in the
later period were observed than those in the lower containment pressure
test. This resulted in the higher pressure drop through the intact
loop in the early period of the tests and the lower pressure drop in
the later period of the test with the containment pressure.

(3) The pressure drop through the broken cold leg pressurized the primary

system. The pressure drop through the broken cold leg was decreased

with the containment pressure.

(4) The core inlet mass flow rate was increased with the containment
pressure as observed in the FLECHT-SET phase Bl test. In quantity,

however, the effect of the containment pressure on the increase of

1)
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the core inlet mass flow rate was less in the CCTF than that in the
FLECHT-SET. The less sensitivity in the CCTF was attributed mainly
to the great pressure drop through the broken cold leg, which was not

observed in the FLECHT-SET with big broken cold leg.

(5) The system effect of the containment pressure was explained

quantitatively,

Keywords: Reactor Safety, Loss-of-coolant, PWR Reflood, Pressure

Fffect, System Behavior, Core Inlet Mass Flow Rate, Containment

Pressure
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Bureau of Science and Technology of Japan.
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1. INTRODUCTION

The containment pressure is one of the most important parameters for
the thermal-hydraulic behaviors during the reflood phase of a loss-of-
coolant-accident (LOCA) of a pressurized water reactor (PWR).

Many studies have been performed to study the effect of the pressure
on the core cooling characteristics during the reflood phasegl)%(3)
One of the typical tests is the so-called forced feed tests. In the forced
feed rest, the core cooling characteristics have been examined by feeding
the ECC water into the core since.it is very easy to establish the desired
coolant conditions at the core inelt. Many researches were performed with
the forced feed system. They found that rewetting rate was increased
clearly with pressuregl)’(z)

However, the coolant conditions at the core inlet is determined by
the system effect in the actual PWR. Hence, the so-called system experi-
ment have been performed to study the system effect during the reflood
phase. The FLECHT-SET Phase Bl test represents a typical test of the
system experimentsEB) They observed that the higher containment pressure
resulted in the increase of the core inlet mass flow rate. The FLECHT-SET
has 10 x 10 heater rods. The core flow area 1is scaled down by factor of
1/370. It has one intact loop with triple flow area and one broken loop
for the simulation of a four-loop PWR. However, the FLECHT-SET results
still include the problem in the similarity with actual PWRs. In the
FLECHT-SET tests, the ECC water was injected into the bottom of the down-
comer instead of the cold leg injection, because the stable operation
of the facility was disturbed by the condensation in the containment tank.
The FLECHT-SET tests were performed, keeping the downcomer water head
constant by adjusting the ECC water injection rate into the bottom of
the downcomer. It is still mecessary to investigate the system effect
under the similar ECC water injection conditions with the PWR system.

The Cylindriecal Core Test Facility (CCTF) was designed to provide
information on the thermal-hydraulic behavior and the core cooling behavior
during the refill and the reflood phases of a hypothetical loss—of-coolant
—accident of a PWRFa) The vertical dimensions and the length of the system
components were kept as close to the reference PWR as possible. Each
flow area of the system component is scaled down in proportion to the
scaling factor of the core flow area, that is, 1/21.4, The CCTF has four

primary loops with the component simulators of a PWR. The ECC injection

71_
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system of CCTF consists of the accumulator system and the low pressure
coolant injection system. Both can inject the ECC water into the lower
plenum and the cold legs similar with actual PWR.

Three tests were performed in the CCTF to study the effect of the
containment pressure on the thermal-hydraulic behavior during the reflood
phase of a PWR-LOCA under the similar ECC water injection conditions with
the actual PWR. The containment pressures of the three tests were 0.15
MPa (test €1-10), 0.20 MPa (test C1-5) and 0,30 MPa (test C1-12). The
purpose of this report is to describe the containment pressure effect in
the CCTF tests referring to the FLECHT-SET results.

The main test results from the three CCIF tests are shown in Appendixes

B through D. The explanation of the Tag. IDs is indicated in Appendix A,
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2. EXPERIMENT

2.1 Test facility

The CCIF was designed to reasonably simulate the flow conditions in
the primary system of a 4-loop PWR during the refill and reflood phase of
a loss-of-coolant accident (LOCA). The reference reactors are the Trojan
reactor in the United States and, in certain aspects, the Ohi reactor in
Japan. The vertical dimensions and the flow pathes of the system
components in the CCTF are kept as close to the reference reactor as
possible. The flow area of each system component is scaled down in
proportion to the scaling factor of the core flow area, that is, 1/21.4.
The break location was assumed to be near the surface of the biological
shield of the pressure vessel, that is, just the downstream of the
injection port of the emergency core cooling (ECC) water.

Figure 1 shows the schematic of the CCTF. The facility is equipped
with four primary loops which are composed of three intact loops and cne
broken loop. FEach loop has a hot-leg-piping section, an active steam
generator, a loop-seal-piping section, a pump gimulator, an ECC water
injection port, and a cold-leg-piping section.

The steam generator is of U-tube and shell type. The tube length is
about 15 m and it is shorter by about 5 m than that of the reference
reactor. However, it is long enough to simulate the heat transfer
characteristics between the primary and the secondary sides of the
steam generator. The secondary side is filled with the saturated water
at high pressure (~5.2 MPa).

Each pump simulator is equipped with an orifice plate to simulate
the flow resistance and with vanes to simulate the counter current flow
limit characteristics of the pump in the reference TWR.

The emergency core cooling system (ECCS) of the CCTF consists of the
accumulator (Acc) and the low pressure cooclant injection (LPCI) systems.
Each system is connected to the ECC ports attached at the cold legs and
the lower plenum of the pressure vessel.

The containment vessel is simulated with two tanks, that is, the
containment tanks 1 and 2 in Fig. 1. The containment tank 1 is equipped
with a steam—water separator to collect the water flowing through the
broken cold leg from the pressure vessel., The total volume of the two
tanks is smaller than the volume of the containment vessel in the reference

reactor system, Then, the pressure in the containment tank 2 is kept



JAERI-M 83-081

constant by mean of a pressure control system. The steam in the containment
tank ? is exhausted to the atmosphere through the pressure regulation valve.

Figure 2 shows the schematic of the pressure vessel of the CCTF.

The core consists of 32 bundles arranged in a cylindrical configuration.
Fach bundle contains 57 heater rods and 7 non-heated rods. The heater rods
conslsts of 12 high, 17 medium and 28 low power rods. The power ratios of
the high, medium and low power rods to the bundle-average power are 1.1,

1.0 and 0.95, respectively. The heated length of the heater rods is 3.66 m
and the axial peaking factor of each rod is 1.49. The power supply to the
bundles is subdivided into three radial regions as shown in Fig. 2. The
power supply to each region can be controlled independently, then the
radial power distribution can be controlled in the CCTF. The power can

be changed with time to simulate the reactor decay heat.

The design of the upper plenum internals is based on that for the
Westinghouse 17x17 array fuel assemblies. The radial dimension of each
internal is scaled down by factor of 8/15 from that of the reference
reactor. The quantities of internals in the CCTF is in proportion with
those in the reference reactor. The CCTF has 12 contrel rod guide tubes,

4 support columns, 8 stub mixer, 2 orifice plates and 6 open holes.

The downcomer is an annulus with 61.5 mm gap in the CCTF. In the
scaling of the CCIF downcomer, the volume of the baffle region of the
reference reactor was added to the volume of the downcomer. The CCTF has
a wider downcomer. However, the wider downcomer provides more conser-—
vatisms in the downcomer water accumulation rate.

The outside wall of the downcomer is constructed of carbon steel
cladded with 5 mm stainless steel. The thickness of the carbon steel is
85 mm. The wall is preheated to a certain temperature before the test
to simulate the heat release from the vessel wall in the reference reactor.

The main dimensions of the CCTF are summarized in Table 1.

2.2 TInstrumentation

Many differential-pressure transducers and thermocouples are installed
in the CCTF to measure the transients of the differential pressure, the
fluid temperature and the wall temperature,

The transients of temperature are measured using the almel-chromel
sheathed thermocouples with the outer diameter of 0.5 mm. The expected
error is 0.5 ¥ in the temperature measurement. About 900 sheathed thermo-

couples are burried on the outside clad surface of the heater rods in the
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core. About 100 sheathed thermocouples are installed to measure the wall
and fluid temperature inside the pressure vessel. And about 150 thermo-
couples are installed to measure the wall and fluid temperatures along the
four primary loops and in the secondary side of the steam generators.

The transients of pressure are measured using the differential
pressure cells in the containment tanks, the pressure vessel and the inlet
plenums of the steam generator. Along the primary loops, the transients
of the differential pressure are measured section by section. In the
downcomer, the transients of the differential pressure are measured at
5 vertical sections every 90 degree along the pressure vessel wall. In
the core, the transients of the differential pressure are measured at every
0.6l m vertical section. The expected error of the differential-pressure
cells is +0.3%.

ECC water injection rates are measured with the electromagnetic
flowmeters at 6 locatioms.

Including other detecters, more than 1600 channels are recorded every

0.2 s or 0.5 s.

2.3 Test procedure and conditions

The test procedures were as follows: After establishing the initial
conditions of the test, the lower plenum was filled with saturated water
to a specified level of 0.9 m, Electric power was supplied to the heater
rods of the core. When the maximum temperature reached the specified
temperature, the water in the accumulator tanks was injected into the
lower plenum (the Acc/LP mode). When the water was estimated to reach
the bottom of the core, the decay of the heating power was initiated.
After the assumed time delay, the injection location was changed from the
lower plenum to the ECC ports of the three intact cold legs. The ECC
water was still supplied from the accumulator and this period is defined
as the accumulator mode (Acc mode). After a specified time delay, the
injection mode was transferred from the accumulator mode to the low
pressure coolant injection (LPCI) mode. The water injection rate was
reduced about one-nineth of the Acc mode in the LPCI mode.

The test conditions of the tests C1-10, Cl-5 and Cl1-12 are listed in
Table 2. The containment pressure of the tests C1-10, Cl-5 and Cl-12 were
set at 0.15, 0.20 and 0.30 MPa, respectively. The initial downcomer wall
temperature was set to make the superheat of the downcomer wall identical

among the three tests.
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3. RESULTS AND DISCUSSION

3.1 Core cooling behavior

Figure 3 shows the comparison of the clad surface temperatures at
the midplane of a high power rod in the high power region, The linear
power and clad surface temperature were 2.66 kW/m and 880 K at 0 s,
respectively. The maximum temperature in each temperature history is
called the turnaround temperature and the time to the maximum temperature
recording is called the turnaround time. The rapid temperature drop is
shown between 200 and 400 s in each temperature history. This phencmencn
is the so-called quench and the time to the quench is called the quench
time. Figure 3 shows that the higher containment pressure leads to the
shorter turnaround time and the lower turnaround temperature at the midplane
of the peak power rod.

Figure 4 shows the effect of the containment pressure on the turnaround
time and temperature at various elevation along the averaged power rod.
The turnaround time and temperature shown in Fig. 4, indicate the arithme-
tic averages of those from 14 average power rods. The maximum of the
turnaround temperatures is shown at the elevation of 2.44 m in both tests.
The maximum temperature in the 0.30 MPa test is lower by 96 K than that in
the 0.15 MPa test along the average power rod. For the peak power rod,
the maximum temperature in the 0.30‘MPa test was lower by 67 K than that
in the 0.15 MPa test. Figure 5 shows the containment pressure effect on
the quench time along the average power rods. The higher containment
pressure results in the faster quench at evergy elevation, especially
above 1.83 m. The quench times above 1.83 m in the 0.30 MPa test are
about 607 of those at the corresponding elevations in the 0.15 MPa test.

The higher containment pressure resulted in the shorter turnaround
time, the lower turnaround temperature and the shorter quench time in the
CCTF. Figure 6 shows the comparisons between the CCTF and a series of
FLECHT results of the temperature rise and the quench time at the midplane
of the peak power rod. Temperature rise is defined as the difference of
the turnaround temperature from the initial clad temperature. The test
conditions of each test are summarized in Table 3. The FLECHT LOW FLOODING
TEST was performed with the forced feed water injection under the higher
peak power than the other testsgz) The FLECHT-SET Phase Bl tests were
performed with the gravity feed injection, however, the water was injected

into the bottom of the downcomer and the water injection rate was adjusted

_6_
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to keep the downcomer water head comstant. The overflow of the water in

the downcomer was avoided to prevent from the condensation in the containment
tank. The injection of the ECC water into the bottom of the downcomer
resulted in the high subcooling of the fluid at the core inlet. The CCTF
pressure effect tests, that is, the tests Cl-5, C1-10 and Ci-12, were
performed with the ECC water injection into the cold legs gimilar with the
actual PWR ECC injection system. The ECC water was heated because of the
energy transfer with the steam flowing from the steam generator and the

heat release from the superheated downcomer wall and resulted in the lower
core inlet subcooling than those in the other tests. The CCTF FLECHT-
coupling tests were performed under the similar test conditions with the
FLECHT-SET Phase Bl tests. The ECC water was injected into the lower plenum,
however, the ECC injection rate was kept constant instead of keeping the
downcomer water head constant. Even though the test conditions of each

test is different each other, the higher containment pressure results in

the lower temperature rise and the faster quench in Fig. 6.

Even through the CCTF FLECHT-coupling tests were performed under the
similar conditions with the FLECHT-SET Phase Bl tests, the sensitivity of
the temperature rise and the quench time is less than that in the FLECHT-SET
tests.

Figures 7(a) and (b) show the evaluated heat transfer coefficients from
the temperature histories shown in Fig. 3 by solving the differential
equation of the heat conduction of the heater rod. Figure 7(a) shows that
the heat transfer coefficient in the 0.30 MPa test is higher than that in
the 0.15 MPa test. This result is consistent with the privious researches.
Because the quench front propagated faster in the 0.30 MPa test than in the
0.15 MPa test, the comparison of the heat transfer coefficient at the same
time from the reflood start includes both effects induced by the different
system pressure and the different distance from the quench front, Figure
7(b) shows the comparison of the heat transfer coefficients plotted versus
the distance from the quench front using the data shown in Fig. 7(a). Figure
7(b) shows that the heat transfer coefficient increases as the quench front
approaches and that the heat transfer coefficient in the 0.30 MPa test is
higher than that in the 0.15 MPa test. This is attributed to the increase

of the steam density with the system pressure.
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3.2 System behavior

Figure 8 shows the comparison of the core and downcomer water heads
between the 0.15 MPa (test C1-10) and 0.30 MPa (test Cl-12) tests. The
core water head in the 0.30 MPa test is about 9% higher than that in the
0.15 MPa test in the CCIF. While.in the FLECHT-SET tests, about 70% higher
core water head was observed in the 0.4]1 MPa test (Run 3105B) than that in
the 0.15 MPa test Run 2714B).

In the FLECHT-SET Phase Rl tests, the ECC water was injected into the
bottom of the downcomer and the fluid temperature at inlet was nearly the
same as the ECC water temperature (340 K) in both tests. The subcooling
of the fluid at the core inlet was 44 K and 76 K in the 0,15 MPa and the
0.41 MPa tests of the FLECHT-SET, respectively. The higher core inlet
subcooling increases the core water head due to the incipience of the
boiling at the higher elevationgz)(3)

On the other hand, the ECC water was injected into the cold legs in
the CCTF tests similar to the actual PWR. The ECC water with the subcooling
of 85 K was mixed with the steam from the steam generator and heated due to
the energy transferred from the condensed steam. And it was also heated
due to the heat release from the superheated downcomer wall which was not
simulated in the FLECHT-SET tests. The core inlet subcooling was about
2075 K in both of the 0.30 and 0.15 MPa tests in the CCTF because the sub-
cooled ECC water was heated due to the condensation of steam in the cold
leg and the heat release from the downcomer wall.

Tt can be considered that the different sensitivity of the core water
head on the containment pressure between the CCTF test and the FLECHT-SET
ig attributed to the difference of the ECC water injection method between
both facilities.

Figure 8 shows that the higher containment pressure results in the
higher downcomer water head before 60 s and the lower downcomer water head
after 80 s. Just after the switching of the ECC injection mode from the
Acc mode to the LPCI mode, the discrepancy between the tests becomes
maximum and it decays by 60 s. This results suggests that the descrepancy
between the tests is caused by the difference of the flow behavior in the
Acc injection period and the transition period following the switching of
the ECC injection mode from the Acc mode to the LPCI mode. At 20 s, the
downcomer water head in the 0.30 MPa was higher by 4.6 kPa than that in the
0.15 MPa. The descrepancy is equivalent to the water mass of 72 kg in the

CCTF downcomer because the cross—-sectional flow area of the CCTF downcomer

_8,,
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is 0.197 mz. As described later, the mass flowed from the downcomer to the
core was 92 kg higher in the 0.30 MPa test than that in the 0.15 MPa test

by 20 s because of the higher core inlet mass flow rate in the 0.30 MPa
test. The overflowed mass flow rate through the broken cold leg was nearly
equal to zero by 20 s in both tests. The water mass flow rate from the cold
legs was slightly higher in the 0.30 MPa test than that in the 0.15 MPa

test because of the slightly higher accumulator injection rate. It is
supposed that the higher downcomer water head in the 0.30 MPa test than

that in the 0.15 MPa test is caused by the slightly higher accumulator
injection rate in the 0.30 MPa test than that in the 0.15 MPa test.

After the switching of the ECC injection mode, the increasing rate of
the downcomer water head in the 0.30 MPa is gmaller than that in the 0.15
MPa test. This resulted from the higher core inlet mass flow rate in the
0.30 MPa test than that in the 0.15 MPa test.

The saturated behavior of the downcomer water head starts at about
110 and 130 s in the 0,30 MPa and 0.15 MPa tests, respectively. After the
rime, it can be considered that the downcomer fluid is spilled over through
the broken cold leg. The equivalent jevel of the bottom of the broken cold
leg nozzle is lower in the 0.30 MPa than that in the 0.15 MPa because of
the lower water demsity in the 0.30 MPa.

Figure 9 shows the comparison of the water head in the upper plenum
between the 0.15 MPa (Cl-10), 0.20 MPa (C1-5) and 0.30 MPa (C1-12) tests.
The higher containment pressure resulted in the more water accumulation in
the upper plenum as observed in the FLECHT-SET Phase Bl tests. It can be
conslidered that the higher steam density at higher pressure resulted in the
greater separation of the water in the upper plenum due to the lower steam
velocity, as reported in the evaluation report of the FLECHT SET Phase Bl
testsg3)

Figure 10 shows the comparison of the pressure drop through the intact
loop 2. GCood synmetry of the differential pressure was observed among the
three intact loops in the CCTF. The higher containment pressure results
in the higher loop pressure drop before 60 s and the lower loop pressure
drop after 80 s. The pressure drop through the intact loop API is related
to the downcomer water head APD, the core water head APC and the upper

plenum water head APU by

APy = APy - AP, - AP, (1)



JAERI-M 83-09]

The higher pressure drop before 60 s is attributed to the higher downcomer
water head. And the lower pressure drop after 80 s is caused by the lower
downcomer water head, the higher core and upper-plenum water-heads at
higher containment pressure.

After 130 s, the pressure chop through the intact loop is nearly
constant with time in each test. The API is about 24 kPa and 20.5 kPa in
the 0.15 MPa and 0.30 MPa tests, respectively: API in the 0.30 MPa is
about 20% lower than that in the 0.15 MPa test.

Figure 11 shows the comparison of the pressure drop through the broken
loop. The pressure drop through the broken loop APB is related to the
pressure drop through the intact Icop API and the pressure drop through

the broken cold leg &PBCL by

AP, = A A 2
Py Po o+ AP (2)

In the FLECHT-SET Phase Bl tests, was small because of the ECC

APBCL
injection method. Then, APB was nearly equal to API in the FLECHT-SET

Phase Bl tests. In the CCTF tests, some water from the cold legs was
overflowed through the broken cold leg and the great pressure drop through

the broken cold leg was observed. Then, APB was a few times of API in the

CCTF test. The mass flow rate through the broken loop ﬁB is related to

the steam density in the broken loop Pgs the flow area of the broken loop
AL and APB by

20 _AP
- BB
Wy T AL TRy - )

The increase of APB results in the increase of the mass flow rate through

the broken loop. APBCL also contributes to pressurize the loop pressure
and results in the higher steam density. In the 0.15 MPa test, APB is
about 2.9 time of API and the steam density in the hot leg was about 25%

higher than that estimated assuming that APBCL = 0, It can be considered

that ﬁB is increased about 90%Z by the effect of the pressure drop through

the broken cold leg. In the 0.30 MPa test, the increase of ﬁB attributed

to APBCL is estimated to be 52%. These results show that the increase of

ﬁB due to AP is decreased with the containment pressure.

BCL
Figure 12 shows the comparisons of the core inlet mass flow rate and

the core inlet mass flow between the 0.15 and 0.30 MPa tests. The core
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inlet mass flow rate was calculated from the mass balance relation in the
pressure vessel, The error of the evaluated core inlet mass flow rate was
estimated to be 15% at most. The core inlet mass flow in Fig. 12 shows
the integral of the evaluated core inlet mass flow rate.

Table 4 shows the comparison of the time-averaged core inlet mass flow
rate among the 0.15 MPa (C1-10), 0.20 MPa (C1-5) and 0.30 MPa (Cl1-12) tests.
The average core inlet mass flow rates between 0 and 20, 20 and 80, 80 and
300 s in the 0.30 MPa test are higher by 26%, 23% and 18% than those in
the 0.15 MPa test, respectively. The differences between both tests are
higher than the error in the estimation of the core inlet mass flow rate.
Then, it can be concluded that the core inlet mass flow rate increases with
the containment pressure in the CCTF. The same dependence of the core inlet
mass flow rate on the containment pressure was observed in the FLECHT-SET
results. They reported in the evaluation report of the FLECHT-SET Phase
Bl tests that the core inlet mass flow rate in the 0.41 MPa test (Run 3105B)
was 48% higher than that in the 0.15 MPa test {(Run 2714B) after the high
injection period, that is, in the LPCI injection period. It seems that the
dependence of the core inlet mass flow rate on the containment pressure is
less in the CCTF test than that in the FLECHT-SET Phase Bl tests.

The core inlet mass flow rate m_ is related to the water accumulation

F

rate in the core m the water accumulation rate in the upper plenum my and

C)
the mass flow rate through the four primary loops ﬁL by the following

equation:
ny = g + my + m . (4}
where
AP 2p AP
- BCL g™ 1
= - {3+ [(l+— —e—— , 5
m,o= A i SRR (5)

ng, KI and AL indicate the steam density in the intact loop, the flow
resistance coefficient through the intact loop and the loop flow area. In
the derivation of Eq. (5), it was assumed that the flow resistance coef-
ficient through the broken loop is identical with those through the intact
loops because the configulation of the broken loop is almost the same as
that of the intact loops.

In the LPCI injection period, ﬁc and ﬁU were relatively small to ﬁL.

Hence, the increase of the core inlet mass flow rate with the containment
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pressure is attributed mainly to the increase of ﬁL.

In the FLECHT-SET tests, APBCL was nearly equal to zero. Then, the
increase of m - can be attributed to ng and API. Th§ steam density in the
upper plenum is estimated to be 0.946 and 2.303 kg/m~ in the 0.15 MPa and
0.41 MPa test, assuming that the steam in the upper plenum is in the
saturated conditien. The ratio of the steam density in the 0.41 MPa test
to that in the 0.15 MPa test is 2.43. This ratio leads to 56% increase of
the core inlet mass flow rate based on Eq. (53). API in the FLECHT-SET
tests was decreased with the containment pressure because the core water
head was increased due to the highér core inlet subcooling at higher

pressure test. This acts to reduce the core inlet mass flow rate with

containment pressure based on Eq. (5) in the FLECHT SET.

In the CCTF tests, great APBCL was observed and it decreased with the

containment pressure. And APBCL also caused the pressure vessel to be
pressurized. The steam densities in the upper plenum were estimated to

be 1.280 and 1.89%% kg/m3 in the 0.15 and 0,30 MPa tests, respectively.

The estimated steam densities, assuming that APBCL = 0, were 1.020 and
1.753 kg/m3 in the 0.15 and 0.30 MPa tests, respectively. The ratio of
steam densities are 1.480 and 1.719 in two cases. With the steam density
ratio of 1.719, about 31% increase of ﬁL is expected through the contri-
bution of ng in Eq. (5). On one hand, 22% increase of m, is expected
through the contribution of ng with the steam density ratio of 1.480.

The containment pressure effect through the contribution of ng is weakened

by the effect of AP in the CCTF test.

BCL
The APBCL affects the core inlet mass flow rate through the term of
{3-+¢i1(APBCL/API)} in Eq. (5). This term indicates the effect of the
AP through the pressure drop across the broken loop. As described by

BCL

Eqs. (2) and (3), the increase of the AP results in the higher pressure

BCL
drop through the broken leop and the mass flow rate through the broken loop.

/API)} were about 4.74 and 4.53 in the LPCIL

The wvalues of {34—/1+(APBCL
injection period of the 0.15 and 0.30 MPa test. The higher value of the

0.15 MPa test is attributed mainly to the higher aPBCL in the test. The
i +
higher value of {3+/1 .

effect on the core inlet mass flow rate, that is, the increase of the core

/API)} shows that the containment pressure
inlet mass flow rate with the containment pressure is weakened by the
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existence of APBCL in the CCTF, because APBCL was decreased with the
containment pressure in the CCTF tests.

The effect of the containment pressure on the increase of the core
inlet mass flow rate was less in the CCTF than that in the FLECHT-SET. The
less sensitivity in the CCTF was attributed mainly to the great pressure

drop through the broken cold leg, which was not observed in the FLECHT-SET
with big broken cold leg.



JAERI-M 83-091

4, CONCLUSION

Three tests Cl-5 (Run 14), C1-10 (Run 19) and C1-12 (Run 21) were
performed using the Cylindrical Core Test Facility to study the effect of
the containment pressure on the core cooling and the system behaviors
during the reflood phase of a PWR-LOCA. The containment pressures of
these tests were 0.15, 0.20 and 0.30 MPa for the tests C1-10, C1-5 and
Cl1-12, respectively. Through the comparison of the test results from
these three tests, the following results were obtained.

(1) The higher containment pressuré gave the higher heat transfer coef-
ficient in the core. This resulted in the lower turnaround temperature,
the shorter turnaround time and the shdrter quench time at the higher
containment pressure.

(2) 1In the higher containment pressure test, the higher core water head,
the higher upper plenum water head, the higher downcomer water head in

the early period and the lower downcomer water head in the later period
were observed than those in the lower containment pressure test. This
resulted in the higher pressure drop through the intact loop in the early
period of the tests and the lower pressure drop in the later period of the
test with the containment pressure.

(3) The pressure drop through the broken cold leg pressurized the primary
system. The pressure drop through the broken cold leg was decreased with
the containment pressure.

(4) The core inlet mass flow rate was increased with the containment
pressure as observed in the FLECHT-SET phase Bl test. In quantity, however,
the effect of the containment pressure on the increase of the core inlet
mass flow rate was less in the CCTF than that in the FLECHT-SET. The less
sensitivity in the CCTF was attributed mainly to the great pressure drop
through the broken cold leg, which was not observed in the FLECHT-SET with
big broken cold leg.

(5) The system effect of the containment pressure was explained quanti-

tatively with Eqs. (4) and (5).
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Table 1 Main dimensions of the Cylindrical Core Test Facility.

COMPONENT PWR JAERI RATIO

PRESSURE VESSEL
4394

VESSEL INSIDE DIAMETER (ma)  i73my 1084
VESSEL THICKNESS (am) 216 90
(8 1/2")

CORE BARREL OUTSIDE DIAMETER (arm) 3974 961

CORE BARREL INSIDE DIAMETER (mm) 3760 929

THERMAL SHIELD OUTSIDE DIAMETER (mm) 4170

THERMAL SHIELD INSIDE DIAMETER (mm) 4030

DOWNCOMER LENGTH (mm) 4849 4849 1/1

DOWNCOMER GAP () 114.3 61.5

DOWNCOMER FLOW AREA (m?) 4.23 0.197  1/21.44

LOWER PLENUM VOLUME (m?) 29.6 1.38 1/21.44

UPPER PLENUM VOLUME (m?) 43.6 2.04 1/21.44
'FUEL (HEATER ROD) ASSEMBLY

NUMBER OF BUNDLES — 193 32

ROD ARRAY (—) 15 x 15 8 x 8

ROD HEATED LENGTH ~ (am) 3660 3660 1/1

ROD PITCH (mm) 14.3 14.3 1/1

FUEL ROD OUTSIDE DIAMETER (mm) 10.72 10.7 1/1

THIMBLE TUBE DLAMETER (zm) 13.87 13.8 1/1

INSTRUMENT TUBE DIAMETER (mm) 13.87 13.8 1/1

NUMBER OF HEATER RODS (—) 39372 1824 1/21.58

NUMBER OF NON-HEATED RODS {—) 4053 224 1/18.09

CORE FLOW AREA (m?) 5.29 0.25 1/21.2

CORE FLUID VOLUME (®) 17.95 0.915 1/19.6
PRIMARY LOOP

HOT LEG INSIDE DIAMETER (mm) zgg;? 155.2 1/4.75

HOT LEG FLOW AREA (m?) 0.426 0.019 1/22.54

HOT LEG LENGTH (mm) 3940 3940 1/1

PUMP SUCTION INSIDE DIAMETER (mm) Zgi;? 155.2 1/5.07

PUMP SUCTION FLOW AREA (m?) 0.487 0.019 1/25.77

PUMP SUCTION LENGTH (mm) 7950 7950 1/1
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Table 1 - (cont'd)
COMPONENT PWR JAERI RATIO
698.5
COLD LEG INSIDE DIAMETER (mm) (27.5") 155.2 1/4.50
COLD LEG FLOW AREA (n?) 0.383 0.019 1/20.26
COLD LEG LENGTH (tm) 5600 5600 1/1
STEAM GENERATOR SIMULATOR
NUMBER OF TUBES (—) 3388 158 1/21.44
TUBE LENGTH (AVERAGE) (m) 20.5 15.2 1/1.35
22.225
TUBE OUTSIDE DIAMETER (mm) (0.875™) 25.4
19.7
TUBE INSIDE DIAMETER (rm) " 19.6 1/1
(0.05")
TUBE WALL THICKNESS (om) 1.27 2.9
2 4784
HEAT TRANSFER AREA (m?) (51500 £c2) 192 1/24.92
TUBE FLOW AREA (m?) 1.03 0.048  1/21.44
INLET PLENUM VOLUME (m*) 4,25 0.198 1/21.44
OUTLET PLENUM VOLUME (m*) 4.25 0.198  1/21.44
PRIMARY SIDE VOLUME (m®) 30’503 1.2 1/25.41
(1077 £t?) :
3 157.33
SECONDARY SIDE VOLUME (m”) (5556 £¢7) 2.5 1/62.93
CONTAINMENT TANK - I () 30
CONTAINMENT TANK - IL (m®) 50
STORAGE TANK (m?) 25
ACC. TANK (m*) 5
SATURATED WATER TANK (m?) 3.5
ELEVATION
BOTTOM OF HEATED REGION IN CORE (mm) 0 0
TOP OF HEATED REGION IN CORE {mm) 3660 3660 0
TOP OF DOWNCOMER (mm) 4849 4849 0
BOTTOM OF DOWNCOMER () 0 0 0
CENTERLINE OF COLD LEG (mm) 5198 4927 - 27N
BOTTOM OF COLD LEG (INSIDE) (mm) 4849 4849 0
CENTERLINE OF LOOP SEAL LOWER END (mm) 2056 2047 - 9
BOTTOM OF LOOP SEAL LOWER END  (mm) 1662 1959 + 297
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Table 1 {cont'd)

COMPONENT ' PWR JAERI ~ RATIO

CENTER OF HOT LEG (mm) 5198 4927 - 271
BOTTOM OF HOT LEG (INSIDE) (mm) 4830 4849 + 19
BOTTOM OF UPPER CORE PLATE (mm) 3957 3957 0
TOP OF LOWER CORE PLATE (mm) - 108 - 50 + 58
BOTTOM OF TUBE SHEET OF STEAM

GENERATOR SIMULATOR (tm) 7308 7307 - 1
LOWER END OF STEAM GENERATOR

SIMULATOR PLENUM (mm) 5713 5712 - 1
TOP OF TUBES OF STEAM GENERATOR (mm) 17952.7 14820

STMULATOR (avg)
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Comparisen of the clad surface temperature at the midplane

of a peak power rod.
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Fig. 7 Containment pressure effect on the heat transfer coefficient.
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between the 0.15, 0,20 and 0.30 MPa tests.
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Appendix A

Definition of Tag. IDs in Appendix B through Appendix D
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Figure list

Fig. A-1 Definition of power zones and bundle numbers

Fig. A-2 Definition of Tag.Id for void fraction (AG(EL.1l) ~ AG(EL.6))

Fig. A-3 Definition of Tag.lD for average linear power of heater rod
in each power unit zome (LPO1A ~ LPOYA)

Fig. A-4 Definition of Tag.ID for differential pressure through down-
comer, upper plenum, core, and lower plenum
(DSD55, DTO7RTS5, DSC75, DSCL5)

Fig. A-5 Definition of Tag.ID for differential pressure through intact
and broken loop and broken cold leg nozzle
(DT23C, DTO1B, DPBCN)

Fig. A-6 Definition of Tag.ID for fluid temperature in inlet and outlet
plenum and secondary of steam generator

(TED2GW, TEODSGW, TEO8GTH)



1.

JAERI-M 83-09%

Definition of Tag.ID for clad surface temperatures
Notation TENNWAM
NN : Bundle number
WA : Power zone
WA = X1, X2 : High power (Local power factor 1.1)
WA = Y1, Y2 : Medium power (Local power facter 1.0)
WA = Z1, 22 : Low power (Local power factor G.95)
M : Elevation
Elevation (m) Axial power factor
1 0.38 0.568
2 1.015 1.176
3 1.83 1.492
4 2.44 1.312
5 3.05 0.815
Definition of power zone and bundle number
See Fig. A-1
Definition of Tag.ID for void fraction
See Fig. A-2
Definition of Tag.ID for average linear power of heater rod in

each power

See

Definition

unit zone

Fig. A-3

of carry-over

rate fraction (C.R.TF)
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The calculated data within *25 s are averaged:

i+50

1
(CRF)., = == z {CRF)
1 101 k=1i-50 k
where
APUP Average of measured data at four orientations
APCR : Same as above
o = AL S (8P, ) '
up up dt Up
=A@ )
CR CR dt CR
4

= I m
mL k=1 pk
m : mass flow rate or mass accumulation rate

AP: differential pressure
suffix

UP: wupper plenum

CR: core

Lt loop

p : primary pump

6. Definition of Tag.ID for differential pressure through downcomer,

upper plenum, core and lower plenum

See Fig. A-4

7. Definition of Tag.ID for differential pressure through intact

and broken loop and broken cold leg nozzle

See Fig. A-5

8. Definition of Tag.ID for fluid temperature in inlet and outlet

plenum and secondary of steam generator

See Fig. A-b6
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Steam
generator

Steam
generator

{ |
Pump ] ‘“_I_J ECeS
Pump
‘l Core

) 1Y

- . DPBCN : Calculated from dola
measured with DT43C ond DT23C

Contalnment tank

Containment tank

Fig.A-5 Definition of Tag. 1D for differential pressure through
intact and broken loop and broken cold leg nozzle
(DT23C, DTO18, DPBCN )

Temperature _measurement
{. Infet plenum (TED 2GW)
I gl 2. Qutlet plenum (TEDQ 5GW)
3 @ 3. Secondary side (TEO8GOH)
11
o .
<
"
Top of
§ |2 o tube sheet
= - ~
e
1
Hot leg Cold leg

Fig. A-6  Definition of Tag. 1D for fluid temperature
in inlet and outlet plenum and secondary

of steam generator
(TEJ26W, TECI5GW, TEO8GIH)
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Appendix B

Main results of Test Cl-5 (Run 14)
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Table and Figure List

Table B-1 Summary of test conditions
Table B-2 Chroneclogy of events

Fig. B-1 Surface temperature on low power rod (Z-rod} in medium power
region (B region) (average power rod)
Fig. B-2 Surface temperature on high power rod (¥-red)} in high power
region (A region) (peak power rod)
Fig. B-3 Surface temperature on low power rod (Z-rod) in low power
region (C region) (ldwest power rod)
Fig. B-4 Heat transfer coefficient along a low power rod
(Z-rod) in medium power region (B region) (average power rod)
Fig. B-5 Heat transfer coefficient along & high power rod
(X-rod) in high power region (A region) (peak power rod)
Fig. B-6 Initial rod surface temperature in high power region
(A region)
Fig. B-7 Initial rod surface temperature in medium power region
(B region)
Fig. B-8 Inital rod surface temperature in low power region
{C region)
Fig. B-9O Turnaround temperature in high power region (A region)
Fig. B~10 Turnaround temperature in medium power region (B region)
Fig. B-11 Turnaround temperature in low power region (C region)
Fig. B-12 Turnaround time in high power region (A region)
Fig. B-13 Turnaround time in medium power region (B region)
Fig. B-1l4 Turnaround time in low power region (C region)
Fig. B-15 Quench temperature in high power region (A region)
Fig. B-16 Quench temperature in medium power region (B region)
Fig. B-17 Quench temperature in low power region (C region)
Fig. B~18 Quench time in high power region {A region)
Fig. B-19 Quench time in medium power region (B region)
Fig. B-20 Quench time in low power region (C region)
Fig. B-21 Void fraction in core
Fig. B-22 Evaluated core inlet mass flow rate
Fig. B-23 Average linear power of heater rod in each power unit zone
Fig. B-24 Carry-over rate fraction
Fig. B-25 Differential pressure through upper plenum

Fig. B-26 Differential pressure through downcomer, core, and lower plenum

_38_



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

B-27
B-28
B-29
B-30
B-31
B-32

B-34
B-35
B-36

B-37

JAERI-M 83-081

Differential pressure through intact and broken loops
Differential pressure through broken cold leg nozzle

Total water mass flow rate from intact loops to downcomer
Total steam mass flow rate from intact loops to downcomer
Water mass flow rate through broken cold leg nozzle

Fluid temperature in inlet plenum, outlet plenum, and
gsecondary of steam generator 1

Fluid temperature in inlet plenum, ocutlet plenum, and
secondary of steam generator 2

Total accumulator injection rate

ECC water injection rates to lower plenum and to cold legs
Core inlet mass flow rates estimated by mass balance down-
stream and upstread of core inlet

Comparison of injected mass into core among two estimation

methods and evaluated mass
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12.
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14.

15.

JAERI-M 83-091

Table 8-1 Summary of test conditions
TEST TYPE Low System Pressure Test
TEST NUMBER : RUN 019 3. DATE : Dec.20, 1979
POWER : A: TOTAL: 9.39 MW, B:LINEAR: 1.4 KW/M
RELATIVE RADIAL POWER SHAPE : |
A: ZONE: A B C
8: RATIO: 1.07 1.0 (.82

AXTAL POWER SHAPE : CHOPPED.COSINE
PRESSURE (KG/CM?A) :
A: SYSTEM: 1.57 , B: CONTAINMENT 1.5 ’

C: STEAM GENERATOR SECONDARY: 54

TEMPERATURE (DEG.C)

A: DOWNCOMER WALL 172 . B: VESSEL INTERNALS _ 108
C: PRIMARY PIPING WALL 115 _D: LOWER PELNUM LIQuiD _ 198
£. ECC LIQuip 39 F: STEAM GENERATOR SECONDARY 267

G- CORE TEMPERATURE AT ECC INITIATION 529

ECC INJECTION TYPE: C
A: COLD LEG, B: LOWER PLENUM, C: LOWER PLENUM + COLD LEG

PUMP K-FACTOR : N 15

ECC FLOW RATES AND DURATION :
A: ACCUMULATOR 269 M’/HR FROM 0  TO _ 23 SECONDS
B: LPCI 30.4 MI/HR FROM 23 TO 858 SECONDS

C: ECC INJECTION TO LOWER PLENUM : FROM __0 To 17.5 SECONDS

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

INITIAL WATER LEVEL IN LOWER PLENUM : _0.89 M.
POWER CONTROL : ANS x 1.2 + ACTINIDE ( 30 SEC AFTER SCRAM)
EXPECTED BOCREC TIME FROM ECC INITIATION _'2 . SEC

e

EXPECTED PEAK TEMPERATURE AT BOCREC _ 500 C

_40_
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Table B-2 Chronology of events

EVENT TIME {sec)
Test Initiated , G.0

(Heater Rods Power on)
(pata Recording Initiated)

Accumulator Injection Initiated 55

Power Decay Initiated 66.5
(Bottom of Core Recovery) )

Accumulator Injection Switched 72.5

. from Lower Plenum to Cold Leg

Accumulator Injectien Ended and /8
LPCI Injection Initiated

A1]l Heater Rods Quenched 635
Power Off 770

LPCI Injection Ended 858

Test Ended 1071

(Data Recording Ended)

—41~
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B-1 Surface temperature on low power rod (Z-rod) in medium power
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Fig. B-2  Surface temperature on high power rod (X-rod) in high power

region (A region) (peak power rod)
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Fig. B-3 Surface temperature on low power rod (Z-rod) in low power
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Fig. B-4 Heat transfer coefficient along a low power rod
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Fig. B-5 Heat transfer coefficient along a high power rod

(X~rod) in high power region (A region) (peak power rod)
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Fig. B-9 Turnaround temperature in high power region (A region)
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Fig. B-11 Turnaround temperature in low power region (C region)
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Fig. B-13 Turnaround time in medium power region (B region)
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Table ¢-1  Summary of test conditions

TEST TYPE : Low System Pressure Test

TEST NUMBER : RUN 019 3. DATE : Dec.20, 1979
POWER : A: TOTAL: 9.39 MW, B:LINEAR: 1.4 KW/M
RELATIVE RADIAL POWER SHAPE :

A: ZONE: A B €

B: RATIO: 1.07 : 1.0 . 0.82

AXIAL POWER SHAPE : CHOPPED COSINE
PRESSURE {(KG/CM2A)
A: SYSTEM: 1.57 , B: CONTAINMENT 1.5% ,

C: STEAM GENERATOR SECONDARY: 54

TEMPERATURE (DEG.C)

A: DOWNCOMER WALL 172 B VESSEL INTERNALS 108
C: PRIMARY PIPING WALL 115 . D: LOWER PELNWM LIQuiD 106
c. ECC LIQUID 39 . F: STEAM GENERATOR SECONDARY _ 287

G: CORE TEMPERATURE AT ECC INITIATION 529

ECC INJECTION TYPE: C
A: COLD LEG, E: LOWER PLENUM, C: LOWER PLENUM + COLD LEG

PUMP K-FACTOR v 15

ECC FLOW RATES AND DURATION :
A: ACCUMULATOR 250 M¥/HR FROM O TO 23 SECONDS

B: LPCI 30,4 M3/HR FROM 23 TC 858 SECONDS

C: ECC INJECTION TO LOWER PLENUM : FROM 0 TO _17.5 SECONDS

(VALVE OPENING AND CLOSING TIMES ARE INCLUDED IN THE INJECTION
GURATION)

INITIAL WATER LEVEL IN LOWER PLENUM : 0.8 M.
POWER CONTROL : ANS x 1.2 + ACTINIDE { 30 SEC AFTER SCRAM)
EXPECTED BOCREC TIME FROM ECC INITIATION 1€ . SEC

EXPECTED PEAK TEMPERATURE AT BOCREC 500 C
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Table c-2 Chronology of events

EVENT TIME (sec)

Test Initiated 0.0

(Heater Rods Power on)
(Data Recording Initiated)

Accumulator Injection Initiated 55

Power Decay Initiated 66.5

(Bottom of Core Recovery)

Accumulator Injection Switched 72.5
from Lower Plenum to Cold Leg

Accumulator Injection Ended and 78
LPCI Injection Initiated

A1l Heater Rods Quenched 695
Power Off 770
LPCI Injection Ended 858
Test Ended 1071

(Data Recording Ended)
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Table D-1 Summary of test conditions

TEST TYPE : High System Pressuré Test

TEST NUMBER : Run 021 3. DATE : Jan.24, 1980
POWER : A: TOTAL: 9.40  MW; B:LINEAR: 1-%4 XW/M
RELATIVE RADIAL POWER SHAPE :

A: ZONE: A B C

B: RATIO: 1.07 : 1.0 @ 0.8

AXIAL POWER SHAPE : CHOPPED COSIANE

PRESSURE (KG/CM?A} :

A: SYSTEM: _ 3.05 , B: CONTAINMENT _ 3.05 :
C: STEAM GENERATOR SECONDARY: >

TEMPERATURE (DEG.C) :

A: DOWNCOMER WALL 190 , B: VESSEL INTERNALS 3!

C: PRIMARY PIPING WALL 133 . D: LOWER PELNUM LIquID '%°
E: ECC LIQUID 39.9 , F: STEAM GENERATOR SECONDARY 269

G: CORE TEMPERATURE AT ECC INITIATION 224

ECC INJECTION TypE: ©

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

PUMP K-FACTOR : 19

ECC FLOW RATES AND DURATION :
A: ACCUMULATOR 289 Mishr FROM © 10 445 SEcONDS

B: LPCI 30.7 MI/HR FROM 24.5 10 7.56 SECONDS

C: £GC INJECTION TO LOWER PLENUM : FRoM O 10 _17-5 sgconps

(VALVE QOPENING 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)
EXPECTED.BOCREC TIME FROM ECC INITIATION 12 SEC

EXPECTED PEAK TEMPERATURE AT BOcRe¢ 600 c
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Table D-2 Chronology of events

EVENT TIME (sec)
Test Initiated 0.0
(Heater Rods Power on)
(Data Recording Initiated)
Accumulator Injection Initiated 52
Power Decay Initiated 63.5
(Bottom of Core Recovery)
69.5
Accumulator Injection Switched
from Lower Plenum to Cold Leg
. . 76.5
AccumuTator InJectyon Ended and
LPCI Injection Initiated
ATl Heater ’ods Quenched 445
Power Off 528
LPC! Injection Ended 808
1077

Test Ended

(Data Recording Ended)
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Fig. D-32 Fluid temperature in inlet plenum, outlet plenum, and

secondary of steam generator 1
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Fig. D-33 Fluid temperature in inlet plenum, outlet plenum, and
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Fig. D-34 Total accumulator injection rate
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D-35 ECC water injection rates to lower plenum and to cold legs
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D-36 Core inlet mass flow rates estimated by mass balance down-

stream and upstream of core inlet
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Fig. D-37 Comparison of injected mass into core among two estimation

methods and evaluated mass i
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