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In order to study the LPCI flow rate effect on the core cooling and
system behavior, a test was performed with the LPCI flow rate of 0.025
m?/s, which corresponds to the flow rate in case of no pump failure in a
PWR system. Through the comparisons of test results with those from the
reference test with the LPCT flow rate of 0.011 n3/s, the following con-
clusions were obtained:

(1) The higher LPCI flow rate resulted in the worse core-cooling in these
two tests. The test results show that the lower LPCI flow rate is not
necessarily a conservative assumption for the evaluation of the core cool-
ing during the reflood phase of a PWR LOCA.

(2) The worse core-cooling in the high LPCI flow rate test is attributed
to the lower core-pressure than in the reference test. It is found that
the lower core-pressure results from the lower pressure drop through the
broken cold leg.

{(3) It is expected that the current evaluation model(EM) code is still
conservative because it usually predicts the lew pressutre drop through the
broken cold leg.

(4) The flow oscillation in the cold leg was not significant even in the

high LPCI flow rate test before the whole core quench.

Keywords: Reactor Safety, Loss—-of-coolant, PWR Reflcod, LPCI Flow Rate
Effect, CCTF, Heat Transfer, Two-phase Flow
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l.Intreduction

A refloed test program using large scale test facilities has been
conducted at Japan Atomic Energy Research Institute(JAERI).(l)'CA) The
facilities are the Cylindrical Core Test Facility(CCTF) and the Slab Core
Test Facility(SCTF). This report presents an evaluation for the CCTF test
C2-9(Run 68) which was performed using CCTF with LPCI(low pressure coolant
injertion) flow rate of 0.025 m3/s on July 13,1983,

The CCTF is an experimental facility designed to model a full-height
core section and four primary loops and their compenents of a pressurized
water reactor{PWR). This facility is used to provide information of
thermal-hydraulic behavior in pressure vessel (core, downcomer and upper
and lower plenums) and in primary loops (including steam generator and
pump simulator) during the refiil and reflood phases of a hypothetical
loss—of-coolant accident{LOCA) of a PWR.

The objectives of the test program using the CCTF are:

3. Demonstration of capability of emergency core cooling system (ECCS)
during refill and reflood phases.

b. Verification of reflood analysis codes.

c. Collection of information to improve the thermal-hydraulic medels in
the analysis codes.

As the first series of the CCTF test, the CCTF Core-I series was
initiated in March 1979 and completed in April 1981. Subsequently, as the
second series of the CCTF tests, the CCTF Core-I1 series was initiated in
March 1982.

The main objectives of the CCTF test C2-9(Run 68) are (1) to study
the LPCI flow rate effect on the system behavior and (2) to check the
possibility of the cold leg flow oscillation due to the direct contact of
flowing steam with the subcooled water in the cold legs.

For these purposes, the test was performed with the LPCI flow rate of
0.025 m3/s instead of 0.011 m3/s of the reference test. The LPCI flow
rate of the high LPCI flow rate test corresponds to the flow rate without
the pump unit failure in a PWR, while the LPCI flow rate of the refereunce
test corresponds to the flow rate in case of the single failure of pump
unit.

This report presents the results of the CCTF test C2-9 in comparisonm
with the results from the reference test, or the CCTF test C2~SH2(Run
54)(5) for evaluation of the LPCI flow rate effect.
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2. Test description
2.1 Test facility

A birdss-eye view and schematic diagram of the CCTF are shown in
Figs. 2.1 and 2.2, respectively. The scaled dimensicns of the components

are given in Tables 2.1 and 2.2.
2.1.1 Pressure vessel and internals

The pressure vessel is of a ¢ylindrical type as shown in Fig. 2.3.
The height 18 the same as the reference reactor pressure vessel. The
dimension in the radial direction is scaled down based on the core flow
area scaling, that is, 1/21.44. The upper ring was newly attached for the
installation of the upper plenum ECC water injection lines and the
instruments. Four vent valves and two downcomer water Injeection nozzles,
which are called Core Flooding Nozzle(CFN), are also newly installed in
the CCTF Core—II facility as shown in Figs. 2.3 and 2.4. Vent valves and
CFNs are forcedly closed in this test.

The cross section of the pressure vessel fs shown inFig. 2.5. The
dimensions of the pressure vessel is shown in Fig. 2.5. The core counsists

_of thirty-two 8x8 rod bundles arranged in a eylindrical configuration. The
rod bundles simulate Westinghouse 15x15 type fuel assemblies.

The downcomer is an annulus of 61.5 mm gap. In determining the gap
size, the flow area of the core baffle region was added to that of the
downcomer region. Thus, the core baffle flow area is Iincluded in the
downcomer simulation in the CCTF. The vessel wall is constructed of
carbon steel cladded with stainless steel lining. The wall thickness is
90 mm.

The design of upper plenum internals is based on that of the
Westinghouse PWR with 17x17 type fuel assembly. The internals cosists of
ten control-rod guide tubes, ten support columns and twelve open holes as
shown in Fig. 2.6. The configuration of each intenal is illustrated in
Fig. 2.7. The radius of each internal is scaled down by factor of 8/15
from that of a PWR. Flow resistance baffle plates are inserted into the
guide tubes. Figure 2.8 shows the configurations of the baffle plates.

The end box and the upper core support plate(UCSP) are installed
above the core. Figure 2.9 shows the structure of the end box tie plate
for one heater rod bundle. The tie plate is a perforated plate 10 mm

thick. Plugging devices are installed in the CCTF=~II facility in order to
. o
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simulate the flow resistance more correctly as shown in Figs. 2.9 and

2.10. The UCSP is a perforated plate 60 mm thick.
2.1.2 Heater rod assembly

Figure 2.11 shows arrangement of heater rods in a bundle. Each
bundle consists of fifty-seven heater rods and seven non—~heated rods. All
heater rods in a bundle have the same power density in the CCTF-II
facility. As shown 1n Fig. 2.5, the core 1s subdivided into three regions
to achieve a desired radial power profile.

Figure 2.12 shows the configuration eof a heater rod. A heater rod
consists of nichrome heating element, magnesium oxide(Mg0) and boron
nitride(BN) 1n§u1ators, and iIinconel-600 sheath. BN is used only for the
central part of the heated part. The length of the core heated part is
3.66 m and the diameter of the heater rod is 10.7 mm. The thickness of
the sheath wall is 1.0 mm. By changing the pitch of the helical coil of
the heéting element, a l7-step chopped-cosine axial-power profile is
attained as shown in Fig. 2.13. The axial peaking factor 1s 1.40 in the
CCTF-11, instead of 1.489 in the CCTF-I.

Non-heated rods are elther stainless steel pipe or solid pipe of 13.8
mm O.D. All pipes are utilized for installation of instruments such as
superheat steam probes and thermocouples. All bars are used to support the
assembly loads.

The heater rods and non—heated rods are held in radial positicn by
grid spacers which are located at six elevatiecns along the axial length as
shown In Fig. 2.13. A grid spacer is a lattice composed of stalinless
plates of 0.4 and 0.8 mm thick and 40 mm high. The top and bottom edges
of the stainless steel plates are sharpened in the CCTF-II.

The heater rods penetrate through the bottem plate of the pressure
vessel to facllitate the connection of the power cables. The outer

diameter of the heater rods in the lower plenum is reduced to 8.6 mm.
2.1.3 Primary loops and ECCS

The CCTF has three intact and a broken loops. The faclility simulates
the double—ended cold-leg break. TFigures 2.14 and 2.15 show the primary
loop arrangement in the CCTF. The 1inside diameter of the plpings 1s
scaled down in proportion to the core flew area scaling. The length of
each piping section 1s almost the same as the corresponding sections of
the reference PWR.

Figure 2.16 shows the steam generator(SG) simulator. The 3G
_Bf
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simulator is of U=tube and shell type. The primary coolant passes through
the tubes. The secondary side is filled with water. The 5G simulators of
two loops are housed in a single shell assembly. The wall thickness of
the U-tube is 2.9 mm instead cof 1.27 mm in the reference PWR system
because of higher pressure difference between the primary and secondary
sides.

The pump simulater consists of the casing and vane simulators and an
orifice plate as shown in Fig. 2.17. The each loop flow resistance is
simulated with the orifice plate.

ECC water can be injected into each cold leg, lower plenum, upper

plenum, and downcomer as shown in Fig. 2.14.

Figure 2.18 shows the upper plenum injectien device. The radial

locations of the water injection pipes are shown in Fig. 2.19.
2.1.4 Instrumentation

The instrumentation is divided into two groups. One is JAERI-
supplied instruments. The other is the USNRC supplied instruments.

. JAERI instrumentation includes 1316 channels and is recorded on
magnetic tapes. The measuring location of the selected data is summarized
in Appendix A.

USNRC supplied instruments include the advanced instrumentation for
the two—phase flow measurement. 536 channels are used to record data from
these instruments. Table 2.3 show the names and quantities of these

instruments.
2.2 Planned test procedure

In the preparaticn for the test, the Acc tank, the LPCI tank, the
saturated water tank, and the secondary side of the steam generators were
filled with water which was purified with ion exchange resin. After all
the coﬁponents and instruments were inspected for mechanical and
electrical leakages, the instruments were checked for thelr zero points
and sensitivities.

After these preparatory operations, the primary system was heated to
the specified temperatures ( downcomer wall:471 K, core internals: 393 K,
and the primary piping wall: 393 K) and pressurized to a specified
pressure (0.2 MPa) by introduing steam inte the primary system. The water
in the Ace and LPCI tanks was heated to the specified temperature(308 K).
The water in the LPCI tank was circulated through the circulation line to
preheat the line to the same temperature as the LPCI water. The water in

.;4_.;
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the saturated water tank was preheated to the saturation temperature{393
K) at the expected primary system pressure(0.2 MPa). The water in the
secondary side of each steam generator was alsc heated and pressurized to
the specified temperature{539 K) and pressure(5.2 MPa).

After establishing these initial conditions of the test, the lower
plenum was filled with the saturated water to the specified level(0.90 m
from the bottom of the pressure vessel). When all initial test cenditions
were stabilized at the allowable tolerance, electric power was supplied to
the heater rods in the core and the data recording was started. The
temperature rises of the rods were monitored by using a computer. When a
specified clad surface temperature (995 K) was attained at mere than 4
monitoring locations of the clad surface temperatures, Acc water ilnjection
into the lower plenum was initiated(injection rate: 0.105 m3/s). The
clad surface temperature (995 K) of thé heater rods for the initiation of
the Acc injection 1inte the lower plenum was predetermined by the
interpolation of the clad surface temperatures at the test initiation(393
K) and the reflecod initiatien (1073 K). The core power decay was
programmed to begin when the water level in the pressure vessel was
estimated to reach the bottom of the core heated part (2.1 m high from the
bottom of the pressure vessel). The decay of core power fecllowed the
normarized decay curve of (ANS x 1.0 + Actinide x 1.1 (30 s after scram)).

When the water level in the pressure vessel was estimated to reach
the specified level(0.5 m high from the bottom of the core heated part),
the injection location of Acc water was changed from the lower plenum to
the ECC ports in the intact celd legs. The Acc injection into the cold
legs was planned to be 0.0892 m3/s for 11 s. This 1s defined as the Acc
mode 1n the CCTF tests. After a specified time(ll s), the valves in the
Acc lines and the LPCI circulation line began to close. The valves in the
LPCI injection lines started openning at the same time in order to switch
the ECC water injection mode. The ECC water injection was planned to be
0.0250 m3/s. This ECC water injection is defined as the LPCI mode in the
CCTF tests.

The generated steam in core flowed with the entralned water via
primary loops to the containment tanks. The steam was then exhausted to
the atmosphere through the flow control valve. The pressure in the
containment tank was maintained at the specified level(0.2 MPa). After
all thermoccuples on the surface of the heater rods were quenched, the
power supply to the heater rods and the ECC water injection were

terminated. Then, the data recording system was stopped.
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Table 2.1 CCTF Component scaled dimensions

Component PWR CCTF Ratio

Pressure vessel

Vessel inside diameter (mm) 4%3‘7‘3,,) 1084

Vessel thickness {mm) 216 90

(8 1/2™)

Core barrel outside diameter (mm) 3874 961

Core barrel inside diameter {mm) 3760 929

Thermai shield outside diameter {(mm} 4170

Thermal shield inside diameter (mm) 4030

Downcomer length (mm) 4849 4849 1/1
Downcomer gap '(mm) 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 2.76 1/15.8
Fuel (heater rod} assembly

Number of bundles —) 193 32

Rod array — 15x15 8x8

Rod heated length (mm) 3660 3660 i1/1
Rod piteh {(mm) 14.3 14.3 1/1
Fuel rod outside diameter (mm) 10.72 10.7 1/1
Thimble tube diameter {mm) 13.87 13.8 1/1
Instrument tube diameter (wm) 13.87 13.8 l?l
Number of heater rods (—) 39372 1824 1/21.58
Number of non-heated rods ) 4053 244 1/18.09
Core flow area (m?) 5.29 0.25 1/21.2
Core fluid volume (m?) 17.95 0.915 1/19.6
Primary loop

Hot leg inside diamw :ter (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) 22;;? 155.2 1/5.07
Pump suction flow area (m?) 0.487 0.019 1/25.77
Pump suction length (mm) 9750 7950 1/1
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Table 2.1 {cont'd)
Component PWR CCTF Ratio
. 698.5 )
Cold leg inside diameter {mm) (27.5" 155.2 1/4.50
Cold leg flow area (m?) 0.383 0.019 1/20.26
Cold leg length {mm) 5600 5600 1/1
Steam generator simulator
Number of tubes/loop (—) 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
Tube inside diameter (am) 19.7 19.6 1/1
{0.05"™)
Tube wall thickness {mm) 1.27 2.9
(md) 4786
Heat transfer area/loop (51500 £t?) 192 1/24.92
Tube flow area/loop (m?) 1.03 0.048 1/21.44
Inlet plenum volume/loop (m3) 4,25 0.198 1/21.44
Outlet plenum volume/loop (m3) 4.25 0.198 1/21.44
p i 3 30.50 1.2 1/25.4
rimary side volume/loop (m?) (1077 £c? /
Second : 3, 157.33 _ 1/62.
econdary side volume/loop (m°) (5556 £c2) 2.5 /62.9
Containment tank 1 (m?) 30
Containment tank 2 m?) S0
Storage tank (m?) 25
Acc. tank (m?) 5
Saturated water tank m?) 3.5
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Table 2.2 Component elevations of Cylindrical
Core Test Facility

COMPONENT PWR CCIF DISCREPANCY

BOTTOM OF HEATED REGION

IN CORE (mm) 0 0 0
TOP OF HEATED REGION IN CORE (mm) 3660 3660 0
TOP OF DOWNCOMER (mm) 4849 4849 0
BOTTOM OF DOWNCOMER {mm) 0 0 0
CENTERLINE OF COLD LEG {mm) 5198 4927 =271
BOTTOM OF COLD LEG (INSIDE) (mm) 4849 4849 0
CENTERLINE OF LOOP SEAL

47 -

LOWER END (mm) 2056 20 9
BOTTOM OF LOOP SEAL LOWER (vm) 1662 1959 +297

END
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 () - 108 - 50 + 58
BOTTOM OF TUBE SHEET OF

STEAM GENERATOR SIMULATOR () 7308 7307 L
LOWER END OF STEAM GENERATOR ~

SIMULATOR PLENUM (m) 3713 >712 L
TOP OF TUBES OF STEAM Cam) 17952.7 14820

GENERATOR SIMULATOR (avg)
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Table 2.3 Instruments provided by USNRC

Instrument Number of sets Number of sensors
DC FDG 18 162
DC VOP 1 1
DC drag disk 4 4
Core velocimeter 4 4
Core impedance probe 12 24
Core LLD 6 96
LP LLD 3 15
End box turbine meter 8 8
UP turbine meter 4 4
UP FDG 11 110
UP film probe 2 4
UP prong probe 2 4
Up VOP 1 1
VV turbine meter 2 2
VV string probe 2 2z
HL film probe 2 4
HL VOP 1 1
Reference probe 1 1
Spool piece 8 89
Total 92 536
Note

DC : Downcomer, FDG: Fluid distribution grid,
VOP: Video optical probe, LLD: Liquid level detector,
LP : Lower plenum, U? : Upper plenum,

VV : Vent valve
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Fig. 2.3 CCTIF Core-II pressure vessel
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3. Measured test conditions and data presentation
3.1 Measured test conditions

When the CCTF test C2-9 was initiated(t= 0 s}, the core was filled
with the saturated steam at 0.2 MPa. The clad temperature of heater rods
was about 393 K at ¢=0 s. The bottom of the pressure vessel was filled
with saturated water to the level of 0.82 mw from the bottom of the
pressure vessel. The initial downcomer wall temperature. was 468 K. The
wall of the primary piping was preheated to the saturation temperature
before the test initiatien. The water level in the secondary side of the
steam generator 1 and 2 were 7.40 and 7.40 m at the test imitiation,
respectivelyﬂ The water temperature in the secondary side of the steam
generator was about 540 K.

Figure 3.1 shows the transient of the total power supplied to heater
rods in the core. At 0 s, the power is turned on. At 10 s,it reaches
9.34 MW. The decay of the power starts at 95.0 s. The power follows the
decay curve type of (ANS x 1.0 + Actinide x 1.1 (30 s after scram)).

Figure 3.2 shows the pressure transient in the containment tank 2.
The initial pressure is 0.2 MPa as planned. Figure 3.2 shows that the
pressure control was performed successfully in the CCTF test Cc2-9.

Figure 3.3 shows the transients of the ECC water injection rates into
the lower plenum and the three intact cold legs. Figure 3.4 shows the
transients of the fluid temperatures at ECC water injection nozzles. The
maximum clad surface temperature reached the specified level(995 K) at
86.0 s and the ECC water injection into the lower plenum was initiated.
The injected water was accumulated in the lower plenum. At 96 s, the
lower plenum was filled with water and the reflood of the heater rods
started. At 98 s, the flow control valve in the lower plenum injection
line began to close and the ECC water injection into lower plenum was
terminated at 102.5 s. The flow contrel valves in the cold-leg
accunulator injecticn line started openning at 98 s. The injection
location of ECC water was switeched from the lower plenum to the intact
cold legs. The injection rate into cold legs increased with time and
reached the setting rate(0.0910 m3/s) at 102 s. The high injection rate
gsimulates the accumulator injection in a PWR LOCA. At 110 s, the ECC
water injecticn mode was switched te the LPCI mode. The ECC water
injection from the accumulator tank was terminated at 113 s. The
subcooled water( 310 K ) in the LPCI tank was pumped out to the intact

cold legs by 1010 s. g
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Table 3.1 summarizes the measured test conditicns with the planned

ones. The chronology of events are summarized in Table 3.2.

3.2 Data presentation

The selected data from the CCTF test C2=9(Run 68) are presented in
Figs. B-1 through B—28 in Appendix B. The Tag-ID of each measurement
channel is shown in the upper part of each figure. Tag~IDs shown in each
figure are listed in Appendix A with short descriptions of the data

processing.

3.3 Comparison of test conditlons between high and low

LPCI flow rate tests

Table 3.3 summarizes the major test conditions of the tests c2-9 and

C2-SH2. TIn this report the tests C2-9 and C2-SH2 will be called "high

"LPCI flow rate test" and "low LPCI flow rate test”, respectively. The

high LPCI flow rate test was planned to simulate the flow conditions of no
failure of the LPCI pump unit in a PWR, while the low LPCI flow rate test
simulates the flow conditions with the single failure of the pump unit.
Except the LPCI flow rate, the other test conditions are almost the same

between both the tests.
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Tatle %.1 1Initial conditions for high LPC1 flow rate test
g

Planned Heasured
Power
Total (&W) : 7.840 7.87
Linear (kW/m) : 1.182 1,179

Radial power distributicn(k¥/m)} : 1.61%:1.414:0.901 1.608:1.414:0.898
Decay type : ANS x 1.0 + Actinidex!.! ( 40 s after scram )

Pressure
System (WPa) : G.20 0. 20
Steam generator secondary (iPa) : 5.20/5.20 5.18/5.22
Temperature
Downcomer wall (K) : 471 468
Primary piping wall (K) : “0% 395
Steam generator secondary (K) : 5%9/5%9 540/540
Peak cled at ECC initiation (XK} : 495 9565
Peak c¢lad at reflood initiation {X) : 1073 1073
Lower plenum liguid (K) 397 395
ECC liguid (K) : 508 310

Water level

Lower plenum {m) 3. 90 C.82
Steam generator secondary {(m ) Ted/ T4 T A3/ 7440

#CC water injection rate

Accumulator to lower plenum"(mB/S) : 0. 1050 0.1067
Accumulator to cold legs (mj/s} : 0.0892 0.092%
LPCL to cold legs {m”7/s) : . 0250 0.0252

_26_.
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Table 3.2 Chronology of events for high LECL flow rate test

bvent ) Time ( s )
Test initiated G.0
(lieater power on)

(Data recording initiated)

Accumulator injection to lower BG.0
plenum initiated

Power decay initiated 95,0

bottom of core recovery(BOCKEC) 6.0
(Keflood initiated)

Accumulator injection to cecld legs 98.0
initiated
Accumulator injection to lower 102.0

plenun ended

LPCI injection to cold legs 110.0
initiated

dccumulator injection to cold legs 113.0
ended

A1l heater rods guenched 584.0
Fower of?f 1010.90
LPCL injecticn te cold legs ended 1C10.0
Test ended 1040.0

{Lata recording ended)




JAERI-M 87-002

Table 3.3 Comparison of test conditions between

high and low LPCI flow rate tests

Test name High LPCI flow Low LPCI flow
Ttem rate test rate test

Average linear

power at reflood 1.179 1.179
initiation ( kW/m )
Decay curve type ANSxl.Otactinidexl.l ANSxl.(0Hactinidexl.l
(30 s after scram) (30 s after scarm)
System pressure (MPa) 0.20 _ 0.20
Peak clad temperature
at reflood initiation 1073 1073
(k)
ECC water temperature 310 310
(K)
ECC water injection rate
(n3/s)
{ Injection time (s) )
Acc to lower plenum 0.107 0.104
{ =10 s to 4 s) (=16 s to & s)
Acc to cold legs 0.091 C.088
(4 s to 16 5 ) {4 s to 16 58 )
LPCI to cecld legs 0.0252 c.0111

{ 16 s to 914 s) { 16 s to 889 s5)
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4. Results and discussion
4.1 LPCI flow rate effect on flow behavior in primary system

Figure 4.1 shows the cemparison of the water head in upper plenun,
core and downcomer between the high and low LPCI flow rate tests. Before
200 s, the water head in the upper plenum is almost the same between both
tests. After 250 s, the water head in the low LPCI flow rate test is
higher than that in the high LPCI flow rate test. The core water head
increases rapidly just after the reflood initiation. Before 20 s (that
is, during the Acc mode), the core water head 1s almost the same between
both tests because the Acc injection rate is almost the same between both
tests. After the switeh of the ECC injection mode from the Ace mode to
the LPCI mode, the high LPCI flow rate test shows the higher core and
downcomer water heads than those in the low LPCI flow rate test. This
shows that the increase in the LPCI flow rate results in the increase of
the water mass accumulated in the core and the downéomer.

‘Figure 4.2 shows the LPCI flow rate effect on the mass flow rate and
the differential pressure through the primary lcops. The mass flow rate
was evaluated using the differential pressure through the pump orifice
plates. In the evaluation, it was éssumd that the flow resistance
coefficients through the pump orifice plates of the intact and broken
loops were 14.29 and 16.88, respectively. These values of the flow
resistance coefficients were calculated froem the pitet tube and
differential pressure data in the CCTF test Cl=5. Figure 4.2 shows that
the mass flow rate and differential pressure through the intact loop are
increased by the increase in the LPCI flew rate. On the other hand, for
the broken loop, both the mass flow rate and the differential pressure are
decreased by the increase in the LPCI flow rate. The results show that
the LPCI flow rate affects the distribution of the mass flow rates through
the primary 1loop.

Figures 4.3 and 4.4 show the comparisons of the flow resistance
coefficients through the broken and intact loops, respectively. The flow
resistance coefficient is defined by

2 (1)
g = ap [ (m 2/2087)

where
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ﬂPL: Differential pressure thFough a loop (Pa),

m Mass flow rate through a loop (kg/s},

o : Saturated steam density in the upper plenum (kg/m3),
Aj: TFlow area of a loop (= 0.01892) (m?)

The mass flow rates shown in Fig.4.2 were used to calculate the flow
resistance ccefficlents.

The flow resistance coefficient through the intact loop is about 15
during the Acc mode (at about 15 s). After the switch of the ECC
injecticn mode from Ace to LPCI. the flow resistance coefficient
increases with time and then 1t shows a nearly constant value by 440 s;
At about 450 s, the flow resistance coefficients begin to increase. The
time~averaged flow resistance coefficients between 100 and 300 s are 24.0
and 28.5 through the intact loop 1a the high and low LPCI flow rate tests,
respectively. The flow resistance coefficient through the intact locop of
the high LPCT flow rate test is 86 % of that in the low LPCI flow rate
test. The Increase in the LPCI flow rate resulted in the decrease of the
loop flow resistance through the intact loop.

For the broken loop, the flow resistance coefficlents are nearly
constant during the tests as shown in Fig. 4.4. 1In these two tests, no
ECC water was not injected inte the broken lecop. Tt seems that the ECC
water injection rate has significant effect on the loop flow resistance
coefficient through the primary 1loops.

Figure 4.5 shows the comparisons of the flow resistance
coefficlents along the intact loop between the high and low LPCL flow rate
tests. The flow resistance coefficients were caleculated with Eq.(l) for
every section using the mass flow rate shown in Fig.4.2. From Fig.4.3,
the following is found :

{1) The low flow resistance coefficient during the Acc mode is caused by
the pressure recovery through the cold leg piping.

(2) The increase of the loop flow resistance at about 450 s 1s attributed
to the increase of the flow resistance coefficient through the hot leg
riser part.

(3) The decreased flow resistance coefficient with the LPCI flow rate
shown in Fig. 4.3 results from the decrease in the flow resistance
coefficient through the cold leg piping.

In crder to explain the LPCL flow rate effect on the flow resistaunce
coefficlent through the intact loop, it 1s necessary to develop flow model
for the differential pressure through the cold leg piping.

In the rold leg, the subcocled ECC water is mixed with the steam
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flowing from the pump simulator. The water comes into direct contact with
the steam and violent condensation takes place 1o the cold leg. One of
the authors studied on the flow behavior with the scaled test facility and
developed a correlation for the flow pattern transition in the cold

leg£6) given by

. 2
mgtr = 0.84 Memax 0 (2)
- 3
Mpe = 0.75 Mopay s (3)
myp = 0.0028 Mipay + 0-47 Mepay (4)
where
- T .

= Cpi(Tsat 21), m {5)

Memax — n i

fg

m{y ¢ ECC water injection rate (kg/mzs),

mgtr ¢ Transition steam mass velocity between Type C and stable

wavy flows (kg/mzsL

ap @ Transition steam mass velocity between Type A flow and

Type B flows (kg/ms),

Mpe @ Transition steam mass velocity between Type B flow and

Type C flows (kg/m%s),

Mopmax | Condensability of injectted water (kg/mzsL
In the experiment, the flow pattern was characterized by the motion of the
interface of the plugging water, Type A, B, C flows are characterized by
the interface oscillation across the water injection nozzle, the interface
oscillation downstream of the water injection nozzle, and the staticnary
interface downstream of the water injection nozzle, respectively.

Figure 4.6 shows the comparison of the steam mass flow rate my with
the mass flow rates calculated by Egs. (2) through (5) in the high LPCI
flow rate test. Figure 4.6 shows that the steam mass flow rate is nearly
equal to the flow boundary between Type B and C flows by about 530 s. The
results predict that the ccld leg is plugged with water and that the

interface of the plugging water 1s rather statlonary.
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Figure 4.7 shows the fluild temperature along the cold leg in the high
LPCI flow rate test. The fluid temperature labeled by TE12CW was measured
upstream of the ECC water injection port and the fluld temperatures
labeled by TE13CW and TE14CW were measured downstream of the ECC water
injection port. The saturation temperature was about 400 K. Figure 4.7
shows that the fluid is saturated or superheated in the upstream of the
ECC port and subcooled in the downstream cof the ECC water injection port.
The result suggests that the ECC water flow te the upstream of the ECC
water injection port 1is nct significant.

Figure 4.8 shows the measured fluid density in the high LPCI flow
rate test withlthe spool pilece installed at the downstream cf the ECC
water injection pert. The fluid density is about 750 kg/m3 during the
test. The result demonstrates that the downstream of the ECC water
injection port is plugged by the water. The result 1s consistent with the
flow patterns predicted by Egs.(2) through (5). TFigure 4.9 shows the
measured fluid density in the low LPCI flow rate test. The density 1s low
between 100 and 800 s after the test initiation. The result indicates
that the celd leg is not plugged by the water in the period.

Filgure 4.10 shows the comparisons of the steam and water mass flow
rates through the broken cold leg of the pressure vessel side. The steam
mass flow rate was measured by the orifice plates installed at the
connecting plpe between the contalnment tanks 1 and 2. The water mass
flow rate is evaluated by the differentiation of the measued transient of
the water level in the rontainment tank 1.

In the high LPCI flow rate test, the steam masgs flow rate is nearly
equal to zero. The result is consistent with the data shown in Figs. 4.6
through 4.8. It is considered that the low steam mass flow rate in the
high LPCI flow rate test is attributed to the complete condensation of
steam in the cold legs and the downcomer. 1In the low LPCI flow rate test,
the steam mass flow rate is relatively high. As shown in Fig. 4.9, the
steam was not condensed completely In the low LPCI flow rate test. The
high steam mass flow rate is attributed to the incomplete condensation of

steam 1n the cold legs and the downcomer.
4.2 LPCI flow rate effect on thermal hydraulic behavior in core

Figure 4.11 shows the comparisons of the clad surface temperature at
the midplane of a peak power rod. The turnaround temperature and the
quench time are 1109 K and 276.5 s in the high LPCI flow rate test,
respectively. Those are 1100 K and 255.5 s in the low LPCI flow rate

test, respectively. Test results show that the higher LPCI flow rate




JAERI—-M 87-002

resulted in the worse core cooling in these two tests. It is generally
believed in the safety evaluation of a PWR that the higher LPCI flow rate
results io the better core ceooling,in other words, that the lower LPCI
flow rate gives wmore conservatism of the core cooling. The CCTF results
show that the lower LPCI flow rate is not necessarily a conservative
assumption for the evaluation of the core cooling during the reflood phase
of a PWR-LOCA.

Figure 4.12 shows the comparisons of the flow parameters at the core
inlet, which is considered Lo affect the cere cooling significantly. The
effect of these flow parameters on the core cooling has been studied by
many researchers.(7):(8) previous tests showed that each of higher core
inlet subcooling, higher core inlet mass flow and higher core inlet
pressure results in the better core ceooling. As shown in Fig. 4.12, none
of these factor is the same between the high and low LPCI flow rate tests.

It 1s expected that the core cooling is enhanced through the effect
of the Increased core inlet subcooling and mass flow by the increase of
the LPCI flow rate. On the other hand, 1t is expected that the core
cooling 1s degraded through the effect of the decreased core inlet
pressure by the increase of the LPCI flow rate. As shown in Fig. 4.11,
the Increase of the LPCI flow rate resulted in the worse core cooling.
Thus, 1t is counsidered that the worse core cocling in the high LPCI flow
rate 1s attributed to the effect of the lower core inlet pressure, which
is predominant to the effect of the higher cere inlet mass flow and
subcooling.

The core inlet pressure Pog 1is described by
_ b
Pcp = Pey + 8Ppep + &Fpe (6)
whefe

Pey : Containment pressure (Pa) ,
APpep, ¢ Differential pressure through the broken cold leg (Pa),

&6Ppe ¢ Downcomer water head (Pa).

Figure 4.13 shows the comparison of each term in the right-hand side of
Eq.{6). Figure 4.13 confirms that the lower core inlet pressure in the
high LPCI flow rate test is caused mainly by the lower pressure drop
through the broken cold leg.

From these discussions, it 1is concluded that the worse core ceoeling

in the high LPCI flow rate test 1is caused by the lower pressure drop
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through the broken celd leg resulting in the lower ceore inlet pressure.
In the current evaluation model (EM) code, the differential pressure
through the broken cold leg is underpredicted. (4) Thus, it 1s expectead

that the current EM code is still conservative.
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5. CONCLUSTIONS

In order to study the LPCI flow rate effect on the core cooling and
the system behavior, a test was performed with the LPCI flow rate of 0.025
m3/s. The LPCI flow rate corresponds to the flow rate in case of no
failure of the pump power unit in a PWR system. Through the comparisons
of results with those from the test with the LPCI flow rate of 0.0l1 mﬁ/s,
the following conclusions were obtained:
(1) The higher LPCI flow rate resulted in the slightly higher peak clad
temperature and the slower quench propagation in these two tests. The
test results show that the lower LPCI flow rate is not necessarily a
conservative assumption for the evaluation of the core cooling during the
reflood phase of a PWR LOCA.
(2) The worse core cooling in the high LPCI flow rate test is attributed
to the lower core pressure than in the reference test. It is found that
the lower core pressure results from the lower pressure drop through the
broken cold leg arising from the complete condesation of steam due to
direct contact with ECC water.
(3) It is expected that the current evaluation model(EM) code is still
conservative because it usually predicts the low pressure drop through the
broken cold leg.
(4) The flow oseillation in the celd leg was not significant even in the

high LPCI flow rate test before the whole core quench.
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Appendix A

Definition of Tag IDs for data in Appendix B
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Figure List

Definition of power zones and bundle numbers

Definition of Tag. ID for void fraction (AG(EL.1) ~ AG(EL.6))
Definition of Tag. ID for average linear power of heater and
in each power unit zéne (LPO1A ~ LP(G9A)

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

(DSD55, DTO7RTS, LTO8RMS, DSC75, NSC15)

Definition of Tag. ID for differential pressure through intact
and broken loop and broken cold leg nozzle

(DT23C, DTOLB, DPBCN)

Definition of Tag. ID for fluid temperature iniinlet and outlet
plenum and secondary of steam genrator

(TEO2GW, TEO5GW, TEO8GOH)

Definition of Tag. ID for ECC water injection rate, ECC water
temperature and vented steam flow rate

(MLEC1, MLECZ, MLEC3, MLECLP, MLECUP, MLECDCl1, MLECDCZ,
TE11QW, TE21QW, TEOLJW, TEO1UW, TEO2UW, TEO3UW, MGVENTL)
Definition of initial temperature, turnaround temperature,

quench temperature, temperature rise, turnaround time and

quench time
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Definition of Tag. ID for clad surface temperatures and heat
fransfer coefficients
Notation TEnnYlm (temperature)
HTEmmYlm (heat transfer coefficient)
nn : Bundle number (see Fig. A.1l)
m : Elevation number
Elevation (m) | Axial power factor
3 0.38 0.651
5 1.015 1.147
7 1.83 1.40
9 2.44 1.256
A 3.05 0.854
Definition of power zone and boundle 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 unit zone
See Fig. A.3
Definition of Tag. ID for differential pressure through downcomer,
upper plenum, core and lower plenum
‘See Fig. A.4
Definition of Tag. ID for differential pressure through intact
and broken loop and broken cold leg nozzle
See Fig. A.5
Definition of Tag. ID for fluid temperature in inlet and outlet

plenum and

See

secondary side of steam generator

Fig. A.6
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B. Definition of Tag. ID for ECC water injection rate, ECC water
temperature and vented steam flow rate

See Fig. A.7

9, Definition of initial temperature, turnaround temperature quench
temperature, temperature rise, turnaround time and quench

time. (See Fig. A.8

Ti : Initial temperature (Clad surface temperature at
reflood initiation)
Tt : Turnaround temperature {(Maximum clad surface temperature
in each temperature history)

AT : Temperature rise (= T - T,

r mperdtu (= T, i
T : Quench temperature (Clad surface temperature at

q quenching)

10. Definition of quenching

See Fig. A.8
Quench time tt is determined as
tt = 1 x At - (reflood initiation time)

In above equation, i is determined by the following criteria.

(1) Clad surface temperature is high, compared with the saturation

temperature.

T. > T + ATy
i sat

(2) Decreasing rate of clad surface temperature is large.

T. - T,
+
i+1 i ¢,
AL

(3) Clad surface temperature falls around the saturation temperature.

< T +AT1

T, <
i+ ky sat

(4) If the determined i is inadequate, the value i is manually

re-determined,
At : Data sampling period (s)

T. : Clad surface temperature (K)
i
Saturation temperature at the pressure in upper

S«E:
g plenum {(K)
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AT, : Temperature discrepancy (K)
Default value = 50.0

CSt Decreasing rate of clad surface temperature (K/s)
Default value = 25.0
k; : Number of referred data (-)

Default value = 6

11. Definition of Tag. ID for core inlet mass flow rate, time-integral
core inlet mass flow rate and carry-over rvrate fraction

(1) Core inlet mass flow rate : m

Notation : MLCRIO (O = N, 1 or 11)

(2) Time-intefral core inlet mass flow rate ;: JPﬁth
Notation : IMLCRID (C = N, 1 or 11)

(3) Carry-over rate fraction : (mF - mCR)/mF

Natation : CRFO (O = N, 1 or 11)

where m_ : Core inlet mass flow rate (See item 12)

F
ﬁCR: Water accumulation rate in ceore
Suffix ﬁF base on
N Eq.(A.2)
1 Eq.(A.1) with K=15
11 Eq.{A.1) with K=20

12. Evaluation of core inlet mass flow rate

The reflood phenomena is a relatively slow transient and a steady
state condition can be applied. In a steady state condition, based
on the mass balance relations of the system, the core flooding mass
flow rates ﬁFs'can be written as follows:

By using the data measured at the downstream of the core inlet, m
is derived as,

ML=+ mo b omo 4 obom . Al
L T I (a-1)
where m_ and hU are the mass accumulation rates in the core and the upper

plenum respectively. The éB and &I are the mass flow rates in the broken

loop and the intact loop, respectively.
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By using the data measured at the upstream of the core inlet, m%
is derived as,

Mp = Lomy =Wy oMy Y Meec/ip ' (A.2)

where ﬁDL and 50 are the mass f{low rates of the water flowing into and

overflowing from the downcomer, aECC/[P and éD are the mass flow rate

of the ECC water injected into the lower plenum and the water accumula-

tion rate in the dowmcomer respectively.

The &IS and m can be obtained from the pressure drops at the pump
simulators with orifices by assuming the K-factor of the orifice is
constant. The values of ﬁc, éD and ﬁU can be evaluated with the

differential pressure APC, APD and APU, respectively, as follows:

m = d(APnSn/g)/dt {(n : C, D, ) . (A.3)

where g is the gravitational acceleration and Sn is the cross sectional

area. The value of ﬁo can be obtained from the liquid level X in the

Containment tank 1 as,

My = d(XpQSO)/dt . (A.4)

where Py is the liquid density and SO is the cross sectional area of the

containment tank 1.

The value of ﬁDL’ ﬁDV and h, which are liquid flow rate, steam
flow rate and enthalpy of two phase mixture downstream each ECC port
respectively, are obtained from the following mass and energy balance

relations at each ECC port under the assumption of thermal equilibrium:

My ¥ ™ T Mgce T ™ , (A.5)
(r.&DV + Il.'LDL)i = I;IFCChECC + n.11_h_j R (A.())

} ) ) . V-
if ho2hozho, (g domg Oh = mpph bomy by

B
if > ,om=0 AT
i h 2 hg ML (A.7)
if h 2 hE CoMyy T 0
where h is enthalpy of fluid and hp and hg are enthalpies of liquid and

steam at the saturation temperature, respectively,
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The fluid temperatures can be measured with thermocouples immersed
in the fluid and the enthalpies hI and hECC can be estimated.

Mass balance calculations were performed with Eqs. (A.1) and (A.2).
The K-factor of the orifice in the pump simulator was cvaluated in the
following two ways.

The K-factor of 20 was obtained with the steam and water single
phase calibration tests using the flow meter and spool plece data.

The K-factor of 15 was obtained with the Pitot tube measurement in a
typical reflood condition assuming the flat velocity profile in the
pipings. In the differentiation, higher frequency components of the
data tends to be amplified mcre. Therefore, in the differentiation of
the differential pressure data, the smoothing procedufe was used to
suppress the high frequency components of the data.

In the Acc injection period,.the calculated ﬁFs with Eqs. (A.1l) and
(A.2) are significantly different from each other. This discrepancy
may be caused by inaccuracy of the mass flow rate injected into the
system and by the unaccounting of the storage of water in the cold leg
pipe. The former might be introduced from the slow time response of
the flow meter (time constant ] second) and the change of the pas
volume in the injection line. In this period, especially before the
steam generation from the core becomes noticeable, the mass flow rate,
ﬁF, calculated with Eq. (A.l) is probably reasonable, since the
calculation uses the increasing rates of the masses in the core and the
upper plenum and their accuracy is good enough for our estimation.

In the LPCI injection period, the calculated ﬁFs are slightly
different from each other. Judging from the time-integral values
of both ﬁFs, their average values are nearly proportional. The
discrepancy was inferred to be caused by the disregard of the bypass
of steam and liquid from the upper plenum without going through the hot
legs in the calculation with Eq. (A.1). And additionally the discrepancy
was caused by the disregard of the steam generation in the downcomer
due to the hot wall of the pressure vessel in the calculation with Eq.
(A.2). It was estimated that the disregard of the downcomer steam
generation causes the error of 0.25 kg/s on predicted ﬁF. The estima-

tion was made by comparing the results of the tests with hot and cold

downcomer conditions.
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Appendix B

Selected data of CCTF Test C2-9 (Run 68)
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Figure List

ECC water injection rates into the primary system.

ECC water temperature.

Average linear power of heater rod in each power unit zone.
Pressure history in containment tank 2, upper plenum and
lower plenum.

Clad surface temperature at various elevations along a heater
rod in high power region (A region).

Clad surface temperature at various elevations along a heater
rod in medium power region (B region).

Clad surface temperature at various elevations along a heater
rod in low power region (C region}.

Heat transfer coefficient at various elevations along a
heater rod in high power region (A region).

Heat transfer coefficient at various elevatioans along a
heater rod in medium power fegion (B region).

Heat transfer coefficient at various elevations along a
heater rod in low power region (C region).

Initial clad surface temperature.

Temperature rise.

Turnaround temperature.

Turnaround time.

Quench temperature.

Quench time.

Void fraction in core.

Differential pressure through upper plenum.

Differential pressure through downcomer, core, and lower
plenum.

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

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

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

Core flooding mass flow rates evaluated with Eqgs. (a.1 and
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Time—-integral mass flooded into core evaluated with Eqs.
(A.1) and (A.2).

Carry-over rate fraction.

Core inlet subcooling.

Exhausted mass flow rate from containment tank 2,
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