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In order to study the system pressure effect cf the core cooling and
flow behavior during the reflood phase of a PWR LOCA, 2 test was performed
with CCTIF under the system pressure of 0.15 MPa as a counterpart test of
the CCTT test C2-1 (system pressure 0.42 MPa) and the CCTF test C2-4
{system pressure 0.20 MPa). Through the comparisons of results from
these three tests, the following conclusions were obtained:

(1) The higher system pressure resulted in the lower temperature rise,
the shorter turnaround time and the shorter quench time as observed in the
CCTF Core-1 system pressure effect tests. Based on the correlation
developed by Murao and Sugimoto(8), it is confirmed that the increase in
the core heat transfer with the system pressure is attributed to the
increase of the steam density in the early period (before 60 s). TIn the
later period (after 60 s), the core heat transfer rate is increased with
the system pressure due to the effect of the local void fraction and the
distance from the quench frent in addition to the effect of the steam

density.

The work was performed under the contract with the Atomic Energy
Bureau of Science and Technology Agency of Japan.
# Mitsubishi Atomic Power Industry

%% Science and Technology Agency of Japan
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{2) The higher system pressure resulted in higher core water head,
higher upper plenum water head, higher mass flow rate through the primary
loops. On the other hand, the higher system pressure resulted in lower
downcomer water head and lower pressure drop through the primary loops
and the broken cold leg. These system pressure effects on the flow
behavior in the primary system are almest the same as observed in the
éystem pressure effect tests in the CCTF Core-T test series.

{3) Before the mixture level in the upper plenum reached the level of
the hot leg nozzle, the loop flow resistance coefficient of the intact
loops was nearly constant regardless of the system pressure. After the
mixture level reached the level of the hot leg nozzle, the loop flow
resistance coefficient was increased due to the water accumulation in the

hot leg piping and the inlet plenum of the steam generator in these tests.

Keywords: Reactor Safety, Loss-of-coolant, PWR, Reflood, Pressure Effect,
CCTY¥, Heat Transfer, Two-phase Flow
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l.Introduction

A reflood test program using large scale test facilities has been
conducted at Japan Atcmic Energy Research Institute(JAERI)(l)'(AL 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
C2-8(Run 67), which was performed with CCTF at system pressure of 0.15 MPa
on July 6,1983.

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

The objectives of the test program using the CCTY¥ are:

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

b. Verification of reflocd apalysis codes.

c. Collection of information to improve the thermal-hydralic models 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-II series was initiated in
March 1982.

The main objective of the CCTF test C2-8(Run 67) is to study the
system pressure effect on the system and core cooling behavior. The test
was performed at the system pressure of 0.15 MPa as the counterpart test
of the CCTF test C2-1(system pressure 0.42 MPa) and the CCTF test C2-
4(system pressure 0.20 MPa) in the CCTF-II‘series. In the CCTF test C2-8,
the other test conditions except the system pressure was planned to be
identical with the CCTF tests C2-1 and C2-4.

This report presents the results from the CCTF test C2-8 in
comparison with the results from the high pressure and the base case tests
for reviewing of the test data and the system pressure effect.

In this report, the tests C2~1, C2-4 and C2-9 will be called "high

pressure”, "base case” or "low pressure” tests, respectively.
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2. Test descriptien

2.1 Test facility

A bird’s eye view and schematic diagram of the CCTF are shown in
Figs. 2.1 and 2.2, respectively. The scaled dimensions of the components

are given in Tables 2.1 and 2.2.

2.1.1 Pressure vessel and internals

The pressure vessel 1s of a eylindrical type as shown in Fig. 2.3.
The height is 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 injection 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 the low pressure test.

The cross section of the pressure vessel is shown inFig. 2.5. The
dimensions of the pressure vessel is shown in Fig. 2.5. The core consists
of thirty—two 8x8 rod bundles arranged in a cylindrical configuration. The
rod bundles simylate Westinghouse 13x15 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 included in the
downcomer simulation in the CCTF. The vessel wall is constructed of
carbon steel cladded with stalnless steel lining. The wall thickness is
90 nm.

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 cenfiguration 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. T low resistance baffle plates are inserted into the
guide tubes. TFigure 2.8 shows the configuraticns 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

?27
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thick. Plugging devices are installed in the CCTF-II facility in corder to
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 in Fig. 2.5, the ccre is subdivided into three regions
to achieve a desired radial power profile.

Figure 2.12 shows the configuration of a heater rod. A heater rod
consists of nichrome heating element, magnesium oxide(Mg0) and boron
nitride(BN) insulators, and inconel-600 sheath. BN is used only for the
central part of the heated part. The length of Lhe 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 heating element, a l7-gstep chopped—cosine axial-power profile is
attained as shown in Fig. 2.13. The axial peaking factor is 1.40 in the
CCTF-11, instead of 1.48% in the GCTF-I.

Non—heated rods are either stainless steel pipe or solid pipe of 13.8
mm 0.D. All pipes are utilized for installation of instruments such as
superheat steam probes and thermocouples. Al1l bars are used Lo support the
assembly loads.

The heater rods and non-heated rods are held in radial positicon by
grid spacers which are lcocated at six elevations along the axial length as
shown in Fig. 2.13. A grid spacer is a lattice composed of stainless
plates of 0.4 and 0.8 mm thick and 40 mm high., The top and bottem edges
of the stainless steel plates are sharpened in the CCIF~-IT.

The heater rods penetrate through the bottom plate of the pressure
vessel to facilitate the coanection of Lhe 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 facility simulates
the double—ended cold-leg break. Figures 2.14 and 2.15 show the primary
loop arrangement in the CCTF. The inside diameter of the pipings is
scaled down in proporticn to the core flow area scaling. The length of
each piping section is almost the same as the correspoading sections of

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

The pump simulator consists of the rcasing 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 injection device. The radial

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

2.1.4 Instrumentation

The instrumentation is divided inte two groups. Qune is JAERI-
supplied instruments. The other is the USNRC supplied instruments.

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

USNRC supplied instruments include the advanced instrumentation for
the two—phase flow measurement. 5336 channels are used Lo record data from
these instruments. Table 2.3 show the names and quantities of these

instruments.

2,2 Planned test procedure

In the preparation 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 components and instruments were inspected for mechanical and
electrical leakages, the instruments were checked for their zero points
and sensitivities.

After these preparalLory operations, the primary system was heated to
the specified temperatures ( downcomer wall:461 K, core internals: 383 K,
and the primary piping wall: 383 K) and pressurized to a specified
pressure (0.15 MPa) by introduing steam into the primary system. The
water in the Acc and LPCI tanks was heated to the specified

temperature{308 K). The water in the LPCI tank was circulated through the
i4_
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circulation line to preheat the line tc the same temperature as the LPCI
water. The water in the saturated water tank was preheated to the
saturation temperature(383 K) at the expected primary system pressure(0.15
MPa). The water in the secondary side of each steam generator was also
heated and pressurized to the specified temperature(539 K) and
pressure(3.2 MPa).

After establishing these initial conditions cof the test, the lower
plenum was filled with the saturated water to the specified level(0.50 m
from the bottom of the pressure vessel). When all initial test conditions
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 monitcred by using a cemputer. When a
specified clad surface temperature(995 K) was attained at more than &
monitoring locations of the clad surface temperatures, Acc water injection
into the lower plenum was initiated(injection rate: 0.105 m3/s). The
clad surface temperature (995 K) of the heater rods for the initiation of
the Acc injection into the lower plenum was predetermined by the
interpolation of the clad surface temperatures at the test initiaticen(383
K) and the reflood initiation(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. The core power decay followed
the normarized decay curve of (ANSxl.2 + Actinidexl.1{(30 s after scram)).

When the water level in the pressure vessel was estimated to reach
the specified level(0.5 m 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 eold legs. The Acc injection inte the cold legs
was planned to be 0.0892 m3/s for 11 s. This is defined as the Acc mode
in the CCTF tests. After a specified time(ll s), the valves ia 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 plamned to be
0.0111 m3/s. This ECC water injection is defined as the LPCI mede in the
CCTF tests.

The generated steam in core flowed with the entrained water via
primary loops te the containment tanks. The steam was then exhausted to
the atmosphere through the flow control valve. The pressure in the
containment tank was malntained at the specified level(0.15 MPa). After
all thermocouples 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.

,_5___
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Table 2.1 CCIF Component scaled dimensions

Component PWR CCTF Ratio

Pressure vessel

Vessel inside diameter (mm) &?g§3”) 1084

Vegsel thickness (mm) (glilz") 50

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 (m3) 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) 1660 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 diameter (mm) 13.87 13.8 1/1
Instrument tube diameter () 13.87 13.8 111
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 (m3) 17.95 0.915 1/19.6
Primacry loop

Hot leg inside diam-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} zgzL§ 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 () 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
. 19.7
Tube fnside diameter (mm) (0.05™ 19.6 1/1
Tube wall thickness (mm) 1.27 2.9
(mdy 4784
Heat transfer area/loop (51500 £t2) 192 1/26.92
Tube flow area/loop (m?) 1.03 0.048 1/21.44
inlet plenum volume/loop (m?) 4.25 0.198 1/21.44
vutlet plenum volume/loop (m?) 4.25 0.198 1/21.44
o _ 30. 50
Primary side volume/loop (m?) (1077 £c % 1.2 1/25.4
. 157.33
G 3 ) 1/62.
econdary side volume/loop (n¥) (5556 £c3) 2.5 /62 9
Containment tank 1 (m?) 30
Containment tank 2 (m?) 50
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 CCTF DISCREPANCY
BOTTOM OF HEATED RECION
IN CORE (mm) 0 0 0
TOP OF HEATED REGION IN CORE (mm) 3660 3660 0
TOP OF DOWNCOMER (rman) 4849 4849 0
BOTTOM OF DOWNCOMER (rn ) 0 0 0
CENTERLINE OF COLD LEG (mm) 5198 4927 -7
BOTTOM OF COLD LEG (INSIDE) (mm) 4849 4849 0
CENTERLINE OF LOOP SEAL
047 -
LOWER. END (mm) 2056 2 9
BOTTOM OF LOOP SEAL LOWER . 1662 1959 297
END
CENTER OF HOT LEG () 5198 4927 -271
BOTTOM OF HOT LEG (INSIDE) (mm) 4830 4849 + 19
80TTOM OF UPPER CORE PLATE  (mm) 1957 3957 0
TOP OF LOWER CORE PLATE (mm) ~ 108 - 50 + 58
BOTTOM OF TUBE SHEET OF
730 -
STEAM GENERATOR SIMULATOR ™ 7308 307 t
LOVER END OF STEAM GENERATOR
7 712 -
SIMULATOR PLENUM (o) 2713 71 t
TOP OF TUBES OF STEAM () 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 b4
Core impedance probe 12 24
Core LLD ) 96
LP LLD 3 15
End box turbine meter 8 8
UP turbine meter A &
UP FDG 11 110
UP film probe 2 4
UP prong probe 2 4
Up vVOp 1 1
VV turbine meter 2 2
VV string probe pA 2
HL film probe 2 4
HL VOP 1 L
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,
L?P : Lower plenum, UP : Upper plenum,

VvV : Vent valve
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18

Vent valve — |

1,620

Bottom of support plate

Core flooding nozzle =

Upper core support plate ~

=

Downcomer —__|

Core ~_|
Baffle region ~_{

Barrel ~

Lower core support plate ~_{|

Lower grid~__

I

970

Loop nozzle center

Bottom of core plate

29

3,660

50

8,647

Top of heated section

— Bottom of heated section

1,160

L Top of core plate

Bottom plate —

890

Bottom of grid

Fig. 2.3

Unit - mm

CCTF Covre-I1I pressure vessel
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Fig. 2.11 Arrangement of non-heated rods bundle direction
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Fig. 2.13 Axial power profile of CCTF Core-I1 heater rod
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Fig. 2.18 Configuration of upper plenum injection pipe
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Fig. 2.19 Arrangement and location of upper plenum injection pipe
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3. Measured test conditions and data presentation
3.1 Measured test ronditions

When the low pressure test, or the CCTF test C2-8, was initiated(t=
0 s), the core was filled with the saturated steam at 0.15 MPa. The clad
temperature of heater rods was about 383 K at t=0 s. The bottom of the
pressure vessel was filled with saturated water to the level of 0.86 m
from the bottom of the pressure vessel. The initial downcomer wall
temperature was 461 K. The wall of the primary piping was preheated to
the saturation temperature before the test initiation. The water level in
the secondary side of the steam generator L and 2 were 7.30 and 7.50 m at
the test initiation, respectively. 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 4 s,it reaches 9.32
MW. The average linear power of all heater rods in the core is 1.396 kW /m.
The decay of the power starts at 95.0 s. The power follows the decay
curve type of (ANSxl.2+Actinidexl.1(30 s after scram}).

Figure 3.2 shows the pressure in the containment tank 2. The initial
pressure is 0.153 MPa as planned. Figure 3.2 shows that the pressure
control was performed successfully in the CCTF test C2-8.

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 Lhe
transients of the fluid temperatures at ECC walter injeciion nozzles. The
maximum c1lad surface temperature reached the specified level(995 K) at
86.5 s and then the ECC water injectien into the lcwer plenum was
initiated. The injerted water was accumulated in the lower plenum. At 96
s, the lower plenum was filled with water and Lhe reflood of the heater
rods started. At 98,5 s, the flow control valve in the lcwer plenun
injection line began to close and the ECC water injection inte lower
plenum was terminated at 102.5 s. The flow contrel valves in the cold-leg
accumulator injection line started copenning at 98.5 s. The injection
location of ECC water was switched from the lower plenum te the intact
cold legs. The injection rate into cold legs increased with time and
reached the setting rate{0.0910 m3/s) at 103 s. The high injection rate
simulates the accumulator injecticn in a PWR LOCA. At 110.0 s, the ECC
water injection mode was switehed to the LPCI mode. The ECC water
injection from the accumulator tank was terminated at 114.0 s. The

subcooled water{ 310 K } in the LPCI tank was pumped out to the intacl
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cold legs by 1010 s,
Table 3.1 summarizes the measured test conditions with the planned

test ones. The chronology of events are summarized in Table 3.2.
3.2 Data presentation

The selected data from the CCTF test C2-8(Run 67) are presented in
Figs. B-1 through B-27 in Appendix B. The Tag-ID of each measurement
channel is shown in the upper part of each figure. Tag-IDs of each figure

are listed in appendix A with short descriptions of the data processing.

3.3 Comparison of test conditions among Lhe high pressure, base case and

low pressure tests

Table 3.3 shows comparisons of test conditions among high pressure ,
base case, and low pressure tests. The test conditions of the base case
test (Test C2-4) was determined based on the safety analysis for the
actual PWRs with the evaluation model (EM) codes.(3)  The core power was
determined to simulate the decay curve type of (ANS x 1.2 + Actinide x 1.1
( 30 s after scram )). The total power is scaled down by factor of 1/21.4
to simulate the power per unit volume of the core. The system pressure of
the base case test { Test C2-4 ) was 0.20 MPa. In the high pressure (
Test C2-1 ) and low pressure ( Test C2-8 ) tests, the systLem pressure were
0.42 and 0.15 MPa, respectively. The initial superheat of the downcomer
wall was adjusted to simulate the heat release from the wall to the unit
volume of the downcomer.(B) The temperature of the primary piping wall
was set at the saturation temperature of each systlem pressure. The
saturation temperatures are 417, 393 and 383 K at 0.42, 0.20 and 0.l5 MPa,
respectively. The fluid temperature in the secondary side of the steam
generator was set at 540 K in these three tests.

Table 3.4 shows the comparisons of the chreonolegy of events in the
CCTF Core-II system-pressure—~effect tests. The time of 0 indicates the
time of the reflood initiation in each test. The power decay was
initiated at the same time of the reflcod initiation. The accumulator
injection location was switched at about 3.0 s from lower plenum to cold
legs. The ECC injection mode was switrched at about 17 s from the Acc mode
to the LPCI mode. All heater rods in the core were quenched at 326.5,
558,0 and 666.0 s in the high-pressure, the base—case and the low-pressure

tests, respectively.
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Table %.1 Initial conditions for low pressure test

Planned Measured
Power _
Total (MW) 9,345 9.32
Tinear (kW/m) : 1.400 1.396

Radial power distribution(kW/m) : 1.910:1.674:1.067  1.901:1.674:1.067
Decay type : ANSx1.2 + Actinidex!.! ( 30 s after scram )

Pressure
System (MPa) : C.15 0.15
Steam generator secondary (MPa) : 5.20 5.18
Temperature
Downcomer well (K) : 461 2461
Primary piping wall (K) : 3873 387
Steam generator secondary (k) 540 540
Peak clad at ECC initiation (K} : 995 995
Peak clad at reflood initiation (K) : 1073 1073
Lower plenum liquid (x) %83 386
ECC liquid (K) : 308 310

Water level
Lower plenum ( m ) 0.50 0.86
Steam generator secondary ( m ) : 7.40 7.40

ECC water injection rate

Accumulator to lower plenum CIDE 0.1050 0.105
Accumulator to cold legs (m2/s) : 0.0892 0.091
LPCI to cold legs (m°/s) : 0.0111 0.0113
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Table 3.2 Chronology of events for low pressure test
Event Time { s )
Test initiated 0.0
(Heater power on)

(Pata recording initiated)

Accumulator injection to lower 86.5

plenum initiated

Power decay initiated 95.0

Bottom of core recovery{BCCREC) 96.0
(Reflood initiated)

Accumulator injection to cold legs 98.5
initiated
Accumulator injection to lower 102.5

plenum ended

LPCI injection %o cold legs 110.0
initiated

Accumulator injection to cold legs 114.0
ended

A1l heater rods quenched 760.0
Power off 101C.0
LPCI injection to cold legs ended 1010.0
Test euded 1040.0

(Data recording ended)
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Table 3.3 Comparison of test conditions among CCTF Core-Il system

pressure effect tests C2-1, C2-4 and C2-8

Item Test C2-1 Test C2-4 Test C2~-8
Core power

Total{lMW) 9.35 9.57 9.32
Core-averaged 1.40 1.40 1.40

linear power{kW/m)
Radial power profile 1.90:1.68:1.06 1.90:1.67:1.07 1.90:1.67:1.07

System pressure

Containment(MPa) 0.42 0.20 0.15

Temperature _

Initial superheat of T4 74 78
downcomer wall (K)

Primary piping wall 425 394 387
(initial) (K)

Fluid in secondary side 538 539 540
of steam generator(K)

Peak clad st reflood 1073 1072 1073
initiation {(X)

ECC water temperature(K) 309 308 310

ECC water injection rate

Acc into cold legs(m?/s)  0.089 0.091 0.091

LECT into cold legs(m®/s)  0.011 0.011 0.011
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Table 3.4 Chronology of events for system pressure effect tests

Event Time ( s )

i
Test (2-1 {Test (2-4 iPest 02-8

Test initiated ~90.5 | -94.0 ~96.0
{Heater power on)

(Data recording initiated)

Accumulator injection to lower -3.5 : -9.5 -9.5

plenum initiated

Power decay iunitiated 0.0 | =0.5 -1.0

Bottom of core recovery({BOGCREC) C.0 0.0 0.0
(Reflood initiated)

Accumulator injection to switched 4.5 | 3.0 2.5

from lower plenum to cold legs

LPCI injection to cold legs 17.0 18.0 16.0
initiated

All heater rods quenched 326.5 558.0 666.0
Power off 617.5 911.0 914.0
LPCI injection to cold legs ended T537.5 911.0 814.0
Test ended 93%8.5 841.0 944.0

(Data recording ended)
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4. Results and discussicn
4,1 System pressure effect on system behavior

Figure 4.1 shows the compariscns of the downcomer water head among
the high pressure test (system pressure 0.42 MPa, Test €2-1), the base
case test (system pressure 0.20 MPa, Test C2-4) and the low pressure test
(system pressure 0.15 MPa, Test C2-8). The water head was measured
through the vertical section between the bottem of the pressure vessel and
the eievation of 8.183 m from the bottom of the pressure vessel. The cold
leg nozzles are connected to the downcomer at the elevation of 7.0 m from
the bottom of the pressure vessel,

The water head increases quickly due to the high ECC water injection
rate Into the lower plenum and/or the cold legs. The water head reaches
the maximum at about 20 s. The deasities of the saturated water are 921,
943 and 950 kg/m3 at the pressure of 0.42, 0.20 and 0.15 MPa,
respectively., If the downcomer is filled with the saturated water Lo the
level of the cold leg nozzle, the static water heads in the downcomer are
equal to 63.2, 64.7 and 65.2 kPa at 0.42, 0.20 and 0.15 MPa, respectively.
These water heads are almeost the same as the observed maximum water heads
in these tests. It is considered Lhat the spill-over of the downcomer
fluid was initiated at about 20 s.

The ECC injection mode was switched from the Ace mode to the LPCT
mode at about 17 s as shown in Table 3.4. After about 20 s the downconmer
water head decreases with time. The minimum downcomer water heads of
51.8, 55.0 and 55.7 kPa are observed at 142, 174 and 220 s in the high
pressure (0.42 MPa), the base case (0.20 MPa), the low pressure (0.15 MPa)
tests, respectively. The test result shows that the higher system
pressure results in the lower downcomer water head during the LPCI mode.
This is consistent with the observed result in the CCIF Core-1 testsﬂA)

Figure 4.2 shows the comparisons of the core water head. At the end
of the Acc mode {about 17 s), the core water head is about 10 kPa and
then it increases gradually with time during the LPCI mode. The whole
core quench times are 326.5, 558.0 and 666.0 s in the high pressure (0.42
MPa), the base case (0.20 MPa), the low pressure (0.15 MPa) tests,
regspectively. The core water head increases with the system pressure, in
other words, more water is accumulated in the core at higher system
pressure.

Figure 4.3 shows the differential pressure through the end box

region. The end box region is defined as the section between the top of
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the core heated part (5.76 m from the bottom of the pressure vessel) and
the top surface of the upper core support plate (6.117 o from the bottom
of the pressure vessel). The differential pressure begins to increase at
the reflood initiation and it shows the constant differential pressure of
about 0.9 kPa after 100 s. The differential pressure corresponds to the
average void fraction of 73 % with the assumption of the negligidble
friction and acceleration pressure losses.

Figure 4.4 shows the system pressure effect on the differential
pressure above the upper core support plate. The higher system pressure
results in the higher differential pressure. In the high pressure test
(0.42MPa), the differential pressure is nearly constant at 3.4 kPa after
350 g« 1In the CCTF, the hot leg nozzle is located at the section between
6.95 and 7.10 m from the bottom of the pressure vessel. Assuming that the
upper plenum is filled with the homogeneous two—phase mixture between the
upper core support plate and the hot leg nozzle, the differential pressure
correspouds to the veid fraction of 56 % in the upper plenum.

Figures 4.5 and 4.6 show the comparisens of the mass flow rate and
the differential pressure through the intact loop. The mass flow rate was
evaluated using the differential pressure through the pump orifice plate,
assuming that the flow resistance coefficient is 15. The differential
pressure through the intact loop decreases with the system pressure. On
the other hand, the mass flow rate through the intact loop Increased with
the system pressure. System pressure effect on the mass flecw rate and the
differential pressure is similar fer the broken locp as shown in Figs. 4.7
and 4.8. These results suggest that the steam binding effect decreases
with the system pressure.

Figures 4.9 and 4.10 show the comparisons of the flow resistance
coefficients of the intact and broken loops, respectively. The flow

resistance ccoefficient K was defined by

K:E% i (1)
200
where AP : Differential pressure through a loop (Pa),
p : Steam density in the upper plenum (kg/m3),
U : Velocity (= m/ph) (m/s),
m : Mass flow rate through a loop (kg/s),
A : TFlow area of a loop (=0.01892) (m¢).

Before the entire quench of the heater rods, the flow resistance
coefficients are nearly constant with time. It is insensitive to the
system pressure. The result confirms that weaker steam binding effect at

higher system pressure is attributed to higher steam density.
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In the high pressure (0.42 MPa) test, the flow resistance
coefficient starts to increase at about 300 s. It was found by the check
of the sectional differential pressure measurements along the loop that
the increase of the flow resistance coefficient is caused by the increase
of the water accumulation in the vertical part of the hot leg piping and
the inlet plenum of the steam generator. In the test, the differential
pressure above the upper core support plate was constant with time after
350 s as shown in Fig. 4.4. It is guessed that the mixture level in the
upper plenum reached the level of the hot leg nozzle at about 350 s in the
high pressure (0.42 MPa) test. The apprcach of the mixture level to the
level of the hot leg nozzle seems to lead the increase of the entrained
water from the upper plenum to the hot legs and cause the inecrease of the
water accumulation in the vertical part of the hot leg piping and the
inlet plenum of the steam generator.

Figure 4.11 shows the system pressure effect on the steam and water
mass flow rates and the differential pressure through the broken cold leg.
In these tests, the ECC injection mode was switched at about 17 s from the
Acc to the LPCI modes. During the Acc mode, the differential pressure
through the broken cold leg is low. The differential pressure starts to
inerease at 19 s in the base case test (0.20 MPa) and it reaches the
maximum of 50.6 kPa at 87 s.

The water mass flow rale was evaluated by the differentiation of the
water level data in the containment tank l. In the differentiatiom, the
data was smoothed using the data for 20 s with the moving average method
in order to suppress high frequency components of the data. The water
level in the containment tank 1 began to inerease at about 22 s. The time
was almost equal to the time when the mixture level in the downcomer was
estimated to reach the bottom of the broken cold leg nczzle. It is
considered that the increase in the water mass flow rate around 22 s is
caused by the initiation of the spill-over of the fluid in the downcomer.
The reduction of the water mass flow rate at about 25 s is attributed to
the switch of the ECC injecticn mode from the Acc mode to the LPCI mode
because the water flow rate frem the intact cold legs to the downcomer is
reduced to only about cne ninth.

The steam mass flow rate fluctuates with time during the Acc mode.
In the base case (0.20 MPa) test, the steam mass flow rate begins to
increase at 21 s and reaches the maximum at 81 s. The superficial stean
velocity with the flow area of the broken cold leg (= 0.01L892 mz) is 85
m/s at 81 s. In the period between 40 and 500 s, the superficial steam
velocities vary between 11 and 45, 55 and 85, 65 and 106 m/s in the high

pressure (0.42 MPa), the base case (0.20MPa) and the low pressure (0.20
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MPa), reapectively.

The test results show that the higher system pressure results in the
lower superficial steam velority and the lower differential pressure
through the broken cold leg.

Figures 4.12 and 4.13 show the system pressure effect on the core
inlet mass flow rate and the core inlet mass flew. The core inlet mass
flow rate was estimated using the mass balance in the pressure vessel.(3)
The error of the mass flow rate was estimated to be 15%. The core inlet
mass flow indicates the integration of the core inlet mass flow rate. It
means the total mass flow through the core inlet after the reflecod
initiation. During the Acc mode {before 17 s), the core inlet mass flow
rate is high due to the high ECC water injection rate. In the perioed, the
core inlet mass flow rate is almost the same regardless of the systen
pressure. After the switch of the BECC injection mode from the Acc mode to
the LPCI mode, the core inlet mass flow rate decreases with time in these
tests. The time averaged core inlet mass flow rates between 20 and 100 s
are 7.11, 5.49 and 5.01 kg/s in the high pressure (0.42 MPa), the base
case (0.20 MPa) and the low pressure (0.1l5 MPa) tests, respectively. The
core inlet mass flow rate dincreases with the system pressure in the
period just after the switch of the ECC injection mode. Even after 100 s,
the same system pressure effect on the core inlet mass flow rate can be
observed. The time averaged core inlet mass flow rates between 100 and
500 s are 4.97, 4.48 and 4.22 kg/s in the high pressure (0.42 MPa), the
base case (0.20 MPa) and the low pressure (0.153 MPa) tests, respectively.

Figure 4.14 shows the comparisons of the core inlet pressure. After
the reflood initiation, the core inlet pressure increases with time due to
the increase in the downcomer water head and the differential pressure
through the broken cold leg. The maximum pressure of 0.492, 0.303 and
0.262 MPa are recorded at 50, 67 and 80 s in the high pressure (0.42 MPa),
the base case (0.20 MPa) and the low pressure ( 0.15 MPa) tests, respec—
tively. The core inlet pressure vary between 0.46 and 0.492, 0.268 and
0.303, and, 0.227 and 0.262 MPa in the high pressure (0.42 MPa), the base
case {0.20 MPa) and the low pressure (0.15 MPa) tests, respectively.
The discrepancy between the containment pressure and the core inlet
pressure decreases with the system pressure. This is attriduted to the
decrease in the differential pressure through the broken ecold leg.

Figure 4.15 show the comparison of the core inlet subcooling of the
fluid. The subcocling increases with time by about 80 s. The subcoolings
are 24.9, 31.2, and 32.3 K at 80 s in the high pressure (0.42 MPa), the
base‘case (0.20 MPa) and the low pressure (0.15 MPa) tests, respectively.

The test result shows that the ccre inlet subcocling decreases slightly
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with the system pressure. After 100 s, the subcooling of the fluid

decreases gradually with time and it approaches to saturaticn temperature

in these tests.
4.2 System pressure effect on core thermal behavior

Figure 4.16 shows an example of the clad surface temperature at the
midplane (1.83 m from the bottom of the core heated part) of a heater rod
in the central region (30 bundie). The clad surface temperature increases
gradually after the reflood initiation. The maximum temperature in éach
temperature history is called the turnaround temperature. The temperature
rise is defined as the difference between the turnaround and the initial
clad surface temperatures. The time to the maximum temperature recording
is called the turnaround time.

Figures 4.17 and 4.18 show the system pressure effect on the
temperature rise and the turnaround time, respectively. Below l.425 m
from the bottom of the core heated part, the turnaround was recorded
before the switch of the ECC water injection mode from the Ace to the LPCI
modes. In the region, the temperature rise and the turnaround time are
insensitive to the system pressure. At the elevation of 2.035 m, the
turnaround time is shorter than that at the elevation of 1.83 m. The grid
spacer is located at 1.940 m in the CCTF Core~I1II1. The faster turnaround
and the lower temperature rise may be attributed to the grid spacer
effect.(9) Above 1.83 m (except 2.035 m), the system pressure effect is
significant as shown in Figs. 4.17 and 4.18. The higher system pressure
resulted in the shorter turnaround time and the lower temperature rise.

Figures 4.19 and 4.20 show the system pressure effect on the quench
temperature and time, respectively. The higher system pressure resulted
in the higher quench temperature and theé faster quench at the same
elevation. Even though grid spacer effect 1s significant in the quench
temperature, 1t is not obvious in the quench time at the elevaticn of
2,035 m.

Figure 4.21 shows the comparisons of the heat transfer coefficients
at the midplane of the heater rod in the peripheral region between the
experimental and estimated results. For the estimation of the heat
transfer coefficients, the correlation developed by Murao and Sugimcto(s)

was applied. The correlation Is given by
h = he + by s (2)

where
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kBO Peheop %&— '3;'
hf = 0.94 ( ifjﬁgigﬁi—ﬂ (l—fg} , (3)
sat
L 4 4
h, = Ee (l—fg)2 (T -T__ ) /a1 . . (4)
h : heat transfer coefficient ( W/m?K ),
k : thermal conductivity { W/mK ),

density ( kg /m3 ),

hr

hg, ¢ latent heat for evaporation ( J/kg ),

fg : void fraction,
: acceleration of gravity ( m/s? ) or suffix for gas phase,
: suffix for liquid phase,

Lq : distance from quench front ( m ),

Fy : viseogity ( Pas ),

¢ wall superheat ( K )},

E : Stefan Boltzman constant ( Ww/m2K4 ),
e : emmisivity,

T : wall temperature ( K ),

sat ¢ saturation temperature ( X ).

The first and second terms of Eq. {(2) indicate the heat transfer due to
the film boiling and the radiation, respectively.

In the estimation, the measured clad surface temperature, fluid
temperature, and the pressure in the core were used to evaluate the wall
superheat and the physical properties of steam and water. The quench data
were also used to calculate the distance from the quench front in each
region. The void fraction at the elevation of 1.83 m was estimated from
the differential pressure measurement through the section between 1.22 and
2.44 m. The estimated results show higher total heat transfer coefficient
h at higher system pressure as observed in the experiment.

The estimation shows that the heat transfer coefficient due to the
radiation is insensitive to the system pressure as shown in Fig. 4. 21.
On the other hand, the film boiling term increases with the system
pressure. The estimation shows that the increase of the heat transfer
with the system pressure is caused by the increase in the film boiling

heat traunsfer.
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Equation (2) indicates that the heat transfer ccefficient due to film
boiling is affected by the lccal void fraction, the distance from the
quench front and the physical properties of steam and water. Table 4.1
shows the system pressure effect on the heat transfer coefficient through
the effect of the physical properties of steam and water. In the

evaluation for Table 4.1, void fraction f_, distance from the quench front

s
Lq’ and clad surface temperature T weregissumed to be 0.9, 1.0 m and 1000
K, respectively. The estimated total heat transfer coefficients h are
68.7, 73.4 and 86.7 W/m?K at 0.15, 0.20 and 0.42 MPa, respectively. The
estimated heat transfer coefficient at 0.42 MPa is higher by 26 % than
that at 0.15 MPa. The estimation confirms that the heat transfer
coefficient in the core is increased with the system pressure when both of
the void fraction and the distance from the quench front are identical.
Table 4.1 shows that the increase of the heat transfer coefficient with
the system pressure is attributed mainly to the increase of the steanm
density.

Figures 4.22 and 4.23 show the comparisons of the vold fraction at
the elevation of 1.83 m, and the distance from the quench front at the
elevation of 1.83 m, respectively. In the early period of the test (by
about 20 s), both the void fraction and the distance from the quench front
are almost the same. As shown in Table 4.1, the higher system pressure
results in the higher heat transfer coefficient because of higher steam
density in the early period of the test.

The higher heat transfer coefficient leads to the faster prepagation
of the quench front in the successive period. After 60 s, the void
fraction becomes lower and the distance from the quench frent becomes
shorter at the higher system pressure. According to Eq. (2), both of the
lower void fraction and the shorter distance from the quench froot give
the higher heat transfer coefficient. Figures 4.22 and 4.23 prove that
the higher system pressure enhances core heat transfer not only by the
effect of the steam density but also by the effect of the local void

fracticon and the distance from the gquench front after 60 s.
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Table 4.1 System pressure effect on heat trausfer coefficient through

the effect of physical properties of steam and water

System pressure(MPa) 0.15 0.20 0.42
Ttem
Thermal conductivity of 0.0569 0.0575 0.059¢C
| steamkg (W/mK)
| Density of steam FPe 0.476 0.637 1.3%36
(kg/n’)
Density of water f1 951 944 923
(xg/m’) 3 -
 Latent heat of evaporation 2.29x10° 2.20x105 2.13x10°
- (/ke)
Viscosity of steam Mg 5.52x1077 2.54x1075 2.59%x105
" Wall superheat {K) 617 607 582
iHeat transfer coefficient 55.0 55.5 72.3
| due to film boiling hy ‘
- (W/mK)
. Heat transfer coefficient 13.7 12.9 14.4
due to radiation hr
(W/mK)
Total heat transfer 8.7 75,4 86.7
coefficinet(=hg+h )
(W/m°K) ]

Notes:Agsumptions 1in the estimation
Void fraction=0.90
Distance from the quench front=1.0 m

Clad surface temperature = 1000 K
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5. CONCLUSIONS

In order to study the system pressure effect of the core cooling and
flow behavior during the reflood phase of a PWR LOCA, a test was performed
with CCTF under the system pressure of 0.15 MPa as a counterpart test of
the CCTF test CZ-1(system pressure 0.42 MPa) and the CCTF test C2-4(system
pressure .20 MPa). Through the ccmparisons of results from these three
tests, the following conclusions were obtained:

(1) The higher system pressure resulted in the lower temperature rise,
the shorter turnaround time and the shorter quench time. Based on the
correlation developed by Murao and Sugimoto(s) s it is confirmed that the
increase in the core heat transfer with the system pressure is attributed
to the increase of the steam density in the early period(before &0 s). 1In
the later period(after 60 s), the core heat transfer rate is increased
with the system pressure due to the effect of the lecal veid fractien and
the distance from the quench front in addition to the effect of the steam
density.

(2) The higher system pressure resulted in higher core water head,
higher upper plenum water head, higher mass flow rate through the primary
loops. On the other hand, the higher system pressure resulted in lower
downcomer water head and lower pressure drop through the primary loops and
the broken cold leg. These system pressure effects on the flow behavier in
the primary system are almost the same as observed in the similar tests in
the CCTF Core~I1 test series.

3) Before the mixture level in the upper plenum reached the level of
the hot leg nozzle, the lcop flew resistance coefficient of the intact
loops was nearly constant regardless of the system pressure. After the
mixture level reached the level of the hot leg nozzle, the loop flow
resistance coefficient was increased due to the water accumulation in the

hot leg piping and the inlet plenum of the steam generator in these tests.
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Appendix A

Definition of Tag IDs for data in Appendix B
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Fig. A.2

Fig. A.3

Fig. A.4
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Fig. A.6
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Figure List

Definition of power zones and bundle numbers

Definition of Tap. 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 zone (LPOIA ~ LPO%A)

Definition of Tag. ID for differential pressure through down-
comer, upber plenum, core, and lo