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Fvaluation Report on CCTF Core-IT Reflood Test C2-16 (Run 76)
—— Effect of asymmetric upper plenum

injection on reflood phenomena -—
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Department of Reactor Safety Research,
Tokai Research Establishment
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This report presents the result of the upper plenum injection (UPI)
test C2-16 (Run 76), which was conducted on October 23, 1984, with the
Cylindrical Core Test Facility (CCTF) at Japan Atomic Energy Research
Institute (JAERI). The CCTF is a 1/21.4 scale model of a 1,100 MWe PWR
with four loop active components to provide information on the system and
core thermo-hydrodynamics during reflood.

The objectives of the test are to investigate the reflood phenomena
with single failure UPI condition and to Investigate the effect of the
asymmetry of UPI on the reflood phenomena. The test was performed with
an asymmetric UPI condition at the injection rate simulating single
failure of LPCI pumps.

It was observed that

(1) a UPI test simulating no LPCI pump failure gave the slightly lower
peak clad temperature than a UPI test simulating single LPCI pump
failure, indicating that single LPCI pump failure assumption is
conserrative for UPI condition, and

(2} an asymmetric UPI lead to a higher core water accumulation and then

a higher heat transfer coefficient, resultantly a lower peak clad

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

* Science and Technology Agency
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temperature than a symmetric UPI, indicating that asymmetric UPI does

not lead to a poorer core cooling than symmetric UPI.

Keyword: Cylindrical Core Test Facility, Upper Plenum Injectiom,

Core-IT1 Reflood, Thermo-hydrodynamics
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1. Introduction

A reflood test program(l) for a large-break loss-of-coolant accident
{LOCA) of pressurized water reactor {(PWR) has been conducted at Japan
Atomic Energy Research Institute (JARRI), using large scale test facili-
ties. The facilities are the Cylindricsl Core Test Facility (CCTF)(Z) and
the Slab Core Test Facility (scTF)3).  since 1979, a lot of reflood tests
have been performed with cctF(2) and scTr(%), This report
presents the evaluation for an asymmetric upper plenum injection
(UPTI) test C2-16 (Run 76), which was performed with CCTF on October 23,
1984,

The CCTF 1is an experimental facility designed to model a four-loap
1100 MWe class PWR with the flow scaling ratio of 1/21.4 and to simulate
the thermo—hydraulic behavior in the primary system during the refill and
the reflobd phases of 3 PWR-LOCA as well as possible. The CCTF has s
scaled pressure vessel with a non—nuclear full-length core and four loops
with passive and acrive components. The core consists of 1,824
electrically heated rods and 224 non-heated rods arranged In a cylindrical
configuration, and is subdivided into thirty two 8 x 8 rod bundles which
model typical 15 x 15 fuel hundles of a PWR.

The basic objective of the test program using the CCTF is to
investigate the core thermo~hydraulic behavior coupled with the system
behavior in the primary loops for the refill and the reflood phases of a
PUR-LOCA, especially :

(1) to demonstrate capability of emergency core cooling system (FCCS)

during refill and reflood periads,

(2) to verify reflood analysis codes, and

(3) to collect ipformation to improve the thermo~hydrodynamic models

in the reflood analysis codes,

One of the objectives of the test program is to study the
effectiveness of upper plenum injection (UPI) system, which is used ip
several two-loop plants of Japan at present. For UPI system, the ECC water
of low pressure coolant injection (LPCI) is injected into the upper plenum
through two injection pipes lacated disgonally on the side wall of the
upper plenum. If assuming no failure of LPCI pumps, the ECC water is
injected relatively symmetrically through two injection pipes. Op one
hand, 1f assuming single failure of LPCI pumps, the ECC water is injected
agsymmetrically through one injection pipe. The UPI rate at sinple Failure

— 1 —
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of LPCI pumps is half of one at no failure of LPCI pumps.

For the investigation of the reflood phenomena under UPI condition,
three UPI tests, Test C2-AAl (Run 57), Rest C2-AS1 (Run 59) and €2-13
(Run 72), were performed with CCTF by February, 1984. From these tests,
the reflood phenomena under UPI condition was analysed, and the qualitative
characteristics:were understood(s)’(6). However, in these tests the UPI
water was injected relatively symmetrically through two injection pipes
located in diagonally-opposite peripheral regions with each other. The
effect. of the asymmetric UPT on the reflood phenomena, which is expected
to be realized in an actual PWR with single failure of LPCI pumps, has not
been studied.

In order to study the effect of the asymmetric UPI on the reflood
phenomena, the asymmetric UPT test C2-16 (Run 76) has been performed with
CCTF. In this test, the UPI water has been injected through one injection
pipe located in one peripheral region. The result of the test has been
compared with those of the previocus UPI tests.

The present report describes the effect of the asymmetric UPI on the

reflood phenomena observed in the above UPI tests.

1.1 Identification of the present test
asymmetric UPI test
1.2 Test number of the present test
C2-16 (Run 76)
1.3 Objectives of the present test
(1) To investigate the reflood phenomena with single
failure UPI conditicen
(2) To investigate the effect of the asymmetry of UPI on the -
reflood phenomena

1.4 Type of the present test

(1) Reflood test with single failure UPI condition
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2. Test description

2.1 Test facility

The CCTIF Core-II was designed in consideration of the following

objectives and criteria:

a. Design objectives
(1) The facility should provide the capability to reasonably simulate
the flow comditions in the primary system of a PWR during the
refill and reflood phases of a LOCA.
(2) The downcomer design should provide ECC flow behavior through-
out the test which is reasonably representatiﬁe of that of the

PWR downcomer.

b, Design criteria

{1) The reference reactors are the Trojan reactor in USA and certain
aspects of the Ohi reactor in Japan.

(2) The vertical dimensions and locations of system components are
kept as close to those of the reference reactors as possible.

{3) The flow areas of the system components are scaled down in pro-
portion to the scaling factor of core flow area.

(4) The faeility is equipped with four loops which are composed of
three intact loops and a broken loop.

(5) A cold leg break is simulared.

{(6) The ECCS consists of an accumulator (Acc) and a low pressure
coalant injection (LPCI) system, and the injection locations are
the upper plenum and the downcomer as well as the lower plenum and
the cold legs.

(7) The maximum allowable pressure of the facility is 588 kPa (6 kg/cm2
absoclute).

(8) The maximum allowable temperature of the simulated fuel rods is
1173 X (900°C).

(9) The maximum allowable temperature of the components in the primary
system except the simulated fuel rod assembly is 623 K (350°C).

(10) The reactor vessel contains approximately 2,000 electrically heated
rods simulating the fuel rods.
(11) The design of upper plenum internals is based on that of a new

17x17 type fuel assembly.
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(12) The flow resistance of each loop is adjusted by an orifice in the
pump simulator.

(13) The containment system consists of two tanks.

A bird's-eye view and a 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.

The differences in the design of the Core-II facility from the Core-
I are:

(1) Axial peaking factor of heater rods.

(2) Local peaking factor of heater rods in a bundle.

(3) Core structure (Grid spacers)

(4) Upper plenum structures (upper plenum internals, plugging devices
in top nozzle region and a upper ring).

(5} Vent valves.

(6) Alternative ECCS (downcomer injection and upper plenum injectiom).

{(7) Instruments.

2.1.1 Pressure vessel and internals

The pressure vessel is of a cylindrical type as shown in Fig. 2.3.
The height is the same as the reference reactor pressure vessel. The
radial direction is scaled down in proportion to the core flow area
scaling, that is, 1/21.44. The upper ring was newly imstalled for the
installation of the upper plenum ECC water injection lines and the in-
struments. Four vent valves and two downcomer ECC water injection
nozzles, which are called Ceore Flooding Nozzle (CFN), are also newly
equipped in the Core-II facility as shown in Figs. 2.3 and 2.4. Vent
valves and CFNs are for the simulation of a Babcock & Wilcox (B & W)
type PWR. The vent valves and CFNg are forcedly closed in this test.

The cross section of the pressure vessel is shown in Fig. 2.4 and
the dimensions are given in Fig. 2.5. The core consists of thirty-two
8%8 electrically heated rod bundles arranged in a cylindrical configura-
tion and simulates 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 and is not simulated separately in this vessel.
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The vessel wall is constructed of carbon steel which is cladded
with stainless steel lining. The wall is 90 mm thick and simulates the
stored energy as reasonably as possible during ECC water injection.

The design of upper plenum internals is based on that of the new
Westinghouse 17x17 type fuel assemblies instead of the old type simulated
in the Core~1 facility. The internals consists of ten control rod guide
tubes, ten support columms and twelve open holes as shown in Fig. 2.6.
The radius of each internals is scaled down by factor of 8/15 from that
of an actual reactor. They are illustrated in Fig. 2.7. Flow resistance
baffles are inserted into the guide tubes. The baffles consist of kinds
of baffle plates and a shaft. The baffle plates are shown in Fig. 2.8.

The end box and the upper core support plate (UCSP) are installed
between the core and the upper plenum. The structure for one heater rod
bundle is shown in Fig. 2.9. The tie plate is a 10 mm thick perforated
plate with round flow holes. Plugging devices are installed newly in
the Core-II facility as shown in Figs. 2.9 and 2.10 to simulate the flow
resistance more correctly. The UCSP is a 60 mm thick perforated plate.

The geometry of the perforation is analogous to that of an actual reactor.

2.1.2 Heater rod assembly

The heater rod assembly simulating the fuel assembly consists of
thirty-two 8x8 array rod bundles. Each bundle consists of fifty-seven
electrically heated rods and seven non-heated rods as shown in Fig. 2.11.
The core is usually subdivided into three regions to achieve a desired
radial power distribution. This is shown in Fig. 2.5. The high, medium
and low power regions are named as A, B and C regioms, respectively. The
local peaking factor of heated rods in a bundle is unicy, that is, all
heated rods in a bundle have the same power density in the Core-II
facilicy.

A heater rod consists of a nichrome heating element, magnesium oxide
(Mg0) and boron nitride (BN) insulators, and Inconel-600 sheath. BN is
used for only central part of the heated region and MgO for the other
part as shown in Fig. 2.12. The heated length and the outer diameter of
the heater rods are 3.66 m and 10.7 mm, respectively, which are identical
to the corresponding dimensions of actual PWR fuel rods. The sheath wall
thickness is 1.0 mm and is thicker than the actual fuel cladding, because

of the requiremeunts for thermocouple installation. The heating element
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is a helical coil with a varying pitch to generate a 17 steps chopped
consine axial power profile as shown in Fig. 2.13. The peaking factor
is 1.40, instead of 1.489 for a Core-I1 rod.

Non-heated rods are either stainless steel pipes or sclid bars ef -
13.8 mm 0.D. All the pipes are utilized for installatiom of instruments
such as steam superheat probes and the: iocouples. All the bars are used
for carrying the assembly loads.

The heater rods and non~heated rods are held in radial position by
grid spacers which are located at six elevations zalong the axial length
as shown in Fig. 2.13. A grid spacer is a lattice structure composed
of stainless steel plates of 0.4 mm and 0.8 wn thick and 40 mm high.

The top and the bottom edges of the stainless steel plates are sharpened
in CCTF Core—II. The rod pitch is 14.3 mm which is same as that of the
reference PWR.

The heater rods penetrate through the bottom plate of the vessel to
facilitate lead out of the power cables from the bottom of the vessel.
The outer diameter of the rods in the lower plenum is reduced to 8.6 mm.
Three phase electric current is used for heating the heater rods and the
electrical neutral point is at the top of the rods where they are inter-

connected to each other.

2.1.3 Primary loops and ECCS

Primary loop consists of three intact loops and a broken loop. Each
loop consists of hot leg and cold leg pipings, a steam generator simulator
and a pump simulator. The cold leg break is simulated for the broken loop.
The broken cold leg is connected to two containment tanks through blow-
down valves. The primary loop arrangement is shown in Figs. 2.14 and
2.15.

The inner diameter of the pipings is scaled down in proportion to
the core flow area scaling. The length of each pipiﬁg section is almost
the same as the corresponding sections of the reference PWR.

The steam generator simulators are of U-tube and shell type as shown
in Fig. 2.16. The tube length is about 5 m shorter than the reference
PWR. The vertical height of the steam generator simulators is also about
5 m lower than the reference PWR. The primary coolant passes through
the tube side and the secondary coolant is stagnant in the shell side.

The steam generator simulators of two loops are housed in a single shell

assembly which has two sets of separated iniet and outlet headers for

—H —
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two loops. The wall thickness of the U-tube is 2.9 mm instead of 1.27 mm
for the reference PWR, because of a higher pressure difference between
the primary and secondary sides in the steam generator simulator.

The pump simulator consists of the casing and vane simulators and
an orifice plate as shown in Fig. 2.17. The each loop resistance is
simulated wth the orifice plate. Each .rifice plate has a hole with
diameter and thickness of 95 mm and 10 mm, respectively.

ECC water can be injected into each cold leg, lower plenum and
upper plenum, as shown in Fig. 2.14.

Figure 2.18 shows the upper plenum injection devices. ECC water
from Alternative tank 1 flows into a header installed in upper ring.
The header has two water injection pipes, which inside diameters are
49.5 mm. Each water injection pipe has a flow hole of 3 mm diameter
at the elevation of the hot leg center line. The ECC water is injected
horizontally into upper plenum through the flow holes. In order to keep
the same flow rates between the flow holes, orifices with 33 mm diameter
are installed between the header and the water injection pipes.

The radial location of the water injecion pipes is shown in Fig.

2.19. The arrows in the figure show the injection direction of the

ECC water.

2.1.4 Instrumentation

The instrumentation is divided into two groups. One of them is

JAERI-supplied instruments measuring the temperatures, absolute pressures,

differential pressures, water levels and flow rates. Thermocouples

measure the temperatures of the rod surface, fluid and structure. The
absolute pressures are measured in the upper and lower plena, steam
generator plema and containment tanks. The differential pressure measure-
ments are carried out at many locations covering the whole system almost
completely. In the ECC water supply tanks and the containment tank 1,

the liquid levels are measured. The flow meters measure the ECC water

flow rate. Furthermore, flow rates in the downcomer, loop seal pipings

and vent line from the containment tank 2 to the atmosphere are measured
with the drag disk flow meter, pitot tubes and ventulli tube, respectively.
The total number of the JAERI-supplied instruments are 1316 channels and

the signals from these instruments are recorded on magnetic tapes.
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The other group of the instrumentation is the USNRC-supplied
instruments. They are the advanced instrumentation for the two—phase
flow measurement. The names and quantities of those are tabulated in

Table 2.3. The total number is 536 channels.
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Table 2.1 CCTF Component scaled dimensions

Companent PWR JAERI Ratio

Pressure vessel

Vessel inside diameter (m 4???3") 1084

Vessel thickness {(mm) (éli/Z") - 90

Core barrel outside diameter {mm) 3874 961

Core barrel inside diameter {mm) 3760 929

Thermal shield outside diameter {(mm) 4170

Thermal shield inside diameter (mm) 4030

Downcomer length {mm) 4849 4849 1/1
Downcomer gap (m) 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 {(—) 15%15 8x8

Rod heated length (mm) 3660 3660 1/1
Rod pitch (mm) 14.3 4.3 1/1
Fuel rod ocutside diameter {mm) 10.72 10.7 1/1
Thimbhle tuba diamater {mm) 13.87 13.8 1/1
Instrument tube diameter {mm) 13.87 13.8 1/1
Numbar 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 diameter {mm) Zgg;? 155.2 1/4.75
Hot leg flow area {m?) 0.426 0.019 1/22.54
Hot leg length (rmm) 3940 3940 /1
Pump suction inside diameter {mm) zgzﬂ§ 155.2 1/5.07
Pump suction flow area (m?) 0.487 0.019 1/25.77
Pump suction length (mm) 3750 7950 L/1
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Table 2.1 {cont 'd)
Component PWR JAERI Ratio
. . . 698.5
Cold leg inside diameter (mm’ 5 155.2 1/4.50
(27.3™)
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
Tube outside diameter {mm) (S?éggf) 25.4
Tube inside diameter (mm) 19.7 19.6 1/1
(0.05™)
Tube wall thickness {mm) 1.27 2.9
3y 4784
H (m) )
eat transfer area/loop (51500 £¢2) 192 1/24.92
Tube flow area/loop (m?) 1.03 0.048 1/21.44
Inlet plenum volume/loop (m?) 4.25 0.198 1/21.44
Outlet plenum volume/loop (m?) 4.25 0.198 1/21.44
Primary side volume/loop (m3) (10?2‘?23) 1.2 1/25.4
. . 157.33
s d 3 . 1/62.9
econdary side volume/loop (m?) (5556 £12) 2.5 /
Containment tank 1 (m?) 30
Containment tank 2 (m*) S0
Storage tank (m?) 25
Ace. tank (m3) 5
Saturated water tank (m?) 3.5
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Table 2.2 Componenc elevations of Cylindrical
Core Test Facilicy

COMPONENT PWR CCTF DISCREPANCY
BOTTOM OF HEATED REGION
Q 0
IN CORE (mam) o
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 CCLD LEG (INSIDE) {(mm) 4849 4849 0
CENTERLINE OF LOOP SEAL
2047 - 9
LOWER END {mm) 2056
BOTTOM OF LOOP SEAL LOWER () 1662 1959 +297
END
CENTER OF HOT LEG (mmm) 5198 4927 -271
BOTTOM OF HOT LEG (INSIDE) (mm) 4830 4849 + 19
BOTTOM OF UPPER CORE PLATE (mm) 3957 3957 0
TOP OF LOWER CORE PLATE {mm) - 108 - 50 + 358
BOTTOM OF TUBE SHEET OF
730 7307 -1
STEAM GENERATOR SIMULATOR ™™ 308 3
LOWER END OF STEAM GENERATOR (mm) 5713 5712 -

SIMULATOR PLENUM

TOP OF TUBES OF STEAM
17952.7 14820
GENERATOR SIMULATOR (avg) ™%
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Table 2.3 Inscruments provided by USNRC

Instrument _ Number of sets Number of sensers
DC FDG 15 162
DC VQP 1 1
DC drag disk 4 : A
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
UP ¥DG 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 2
HL film probe 2 4.
HL VQP 1 1
Reference probe 1 1
Spool piece B 89
Total 92 536
Note

DC : Downcomer, FDG: Fluid distribucion grid,

VOP: Video optical probe, LLD: Liquid lewvel decector,

LP : Lower plenum, UP : Upper plenum,

VV : Vent valve
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Type B Undt = mmem

Fig. 2.8 Buffle plares in controd rod guide cube

Upoer core suppor! plate )

Phugig  derice --—--.‘-/7/-'..__-- —_— e
- G o .. A
1 111-

o — o

1
L it ———t unit 1 mm

Fig. 2.9 Dimensions of holes of end box tie plarte
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m

K - ,\/’ Assemby boundary

L L, £355

| a, = 6.0

g, = 60

_ . ' r, = 30
- ' - R «22.7

! {Unit : mm)

Fig. 2.10 Dimensions of plugging device

(O Heated rod
@ Non-nheated rod

4 Bundie direction

[oeoJoJeeJelore]
COCeOOCeO

Hot leg Hat leg

Hot leg Broken hot leq

- Fig. 2.1L1 Arrangement of noa-heaced rods bundle direccion
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3. Test procedure and test conditicns

3.1 Test procedure of Test C2-16 (Run 76)

In this section, the test procedure of the asymmetric UPI test
C2-16 (Run 76) is described.

In preparation for the test, the .icec tank, the LPCI tank, the
saturated water tark, Alternative tank 1 and the secondary sides of the
steam generator simulators 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 sensitivity.

After these preparatory operations, the primary system was heated
with the preheaters to its specified temperatures (downcomer wall:

470 K, core internals: 393 K, and primary loop piping wall: 401 K)
and pressurized to a specified pressure (0.2 MPa) by substituting steam
for nitrogen gas in the system. The water in the Acc tank was electri-
cally heated to its specified temperature (308 K) and pressurized with
nitrogen gas to provide sufficient head to drive the injection flow
required. The water in the LPCI tank was also heated to its specified
temperature {308 K) and was circulated through the circulation line
including the LPCI line tc preheat the line to the same temperature as
the water, The water in the saturated water tank was heated to near
the saturation temperature (394 K} of the expected primary system pres-—
sure (0.2 MPa). The water in the Alternative tank 1 was heated to its
specified temperature (308 K) and pressurized with nitrogen gas to
provide sufficient head to drive the injection flow required. The
water in the secondary side of each steam generator simulator was alsc
heated and pressurized to the specified temperature (539 X) and
pressure (5.3 MPa).

After establishing the initial conditions of the test, the electric
power for preheating was turned off and the lower plenum was filled to
0.9 m directly from the satruated water tank. When the water level in
the lower plenum reached the specified level and other initial
conditions of the test stabilized at the allowable tolerance, electric
power was applied to the heater rods in the core and the data recording
was started. The temperature rises of the rocds were monitored by using

a computer., When a specified initial clad temperature (989 K) was
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reached, direct injection (0.097 m®/s) of the Acc water into the lower
plenum and injection (0.01 m°/s) of the ECC water into the upper plenum
were initiated. The system pressure was maintained at the specified
initial pressure (0.2 MPa) throughout the test by controlling the
outlet valve of containment tank-II. Decay of power input to the rods
was preogrammed to begin when the water reached the bottom of the

heated region of the core. The specified initial clad temperature

(989 K) of the heater rods for initiation of coolant injection was
predetermined by interpolation between the clad temperature (394 K)
after preheating and the clad temperature (1073 K) assumed for the time
of core bottom recovery. The specified power decay was obtained by

238y capture

normalizing the decay curve of the ANS standard » 1.0 +
decay at 30 s after shutdown.

When the assumed water level reached the specified level (0.5 m)
from the bottom of the heated region of the core, the injectilon port
for the Acc water was changed from thé lower plenum to the three intact
cold leg ECC ports. This water level was assumed to be the level at
which considerable steam generation occurs in the core to minimize the
atypical cscillatory behavior due to the condensation at the ECC ports.

The Acc injection flow rate was then reduced to 0.082 m®/s in the
cold leg injection period. At a specified time (15.0 s) after the time
of core bottom recovery, the velves in the Acc lines and LPCI circula-
tion lines were clecsed and the vaives in LPCI injection line were
opened. These actions transferred the ECC injection from Acc injection
mode to HPCI mode. A specified HPCI flow rate (0.0028 m®/s) was
maintained constantly until the ECC injection was turned off.

The generated steam and the entrained water flowed via broken and
intact loops to the containment tanks. The steam was then vented to
the atmosphere to maintain a constant pressure in the containment tanks.
After all thermocouples on the surface of the heater rods indicated
quenching of the rods, the power supply to the heater rods and the ECC

water injection were turned off. Then, the recording system was

stopped, thus terminating the test.

3,7 Test conditions of Test C2-16 (Run 76)

In this section, the test conditions of the asymmetric UPI test

C2-16 (Run 76) is described. This test is a UPT test simulating a
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single failure of LPCL pumps under evaluation model conditiom.

Figure 3.1 shows the sequence of C2-16 (Run 76) test. Table 3.1
gives the summary of the initial test conditions of C2-16 (Run 76) test.
Table 3.2 gives the chronology of the events of C2-16 (Runm 76) test.

The pressure in the containment tank II was determined based on an
audit analysis(7) and set at 0.2 MPa. ihe power was determined based
on an following equation.

1.02 x (ANS % 1.0 + Actinide X 1,1) X Fex

Considering the CCTF scaling (1/21.4), the experimental margin Fex
of 1.07 and assuming that the reflood initiates at 30 s after scram,
the initial power was set at 7.9 MW (the initial average linear power
density = 1.18 KW/m). The injection rates of Acc and HPCI were
determined based on CCTF scaling ratio with no failure assumption of
these systems and these ECC waters were injected into the intact cold
legs shortly after the injection into the lower plenum. Also, the
injection rate of LPCI was determined based on CCTF scaling ratio with

single failure assumption of LPCI pumps and this ECC water was injected

into the upper plenum.

3.3 Comparison of test conditions among the present asymmetric UPIL

test and the previous UPIL tests
In this section the test conditions of the present asymmetric UPT

test C2-16 (Run 76) and the previous UPI tests, which are a symmetric

UPI test with the same LPCI rate C2-AS1 {Run 59) and a symmetric UPI
test with the doubled LPCI rate C2-13 (Run 72) simulating no failure

of LPCI pumps.

The major differences for UPI condition are listed as follows.

- : ,
i 1C2-16 (Run 76) |C2-AS1 (Run 59)}C2-12 (Run 72)
Injection mode ! asvmmetric f symmetric symmetric
{Ratlo of injection rate 1.0 1 : 1.6 1+ 1
A : B
Total injection rate .
(@ /hr) 40 i 40 80 |
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Figure 3.2 shows the ECC injection condition.

Figure 3.3 shows the pressure transients in three UPI tests,
indicating nearly identical transients among the tests. Figure 3.4
shows the power transients. The power in C2-AS1 (Run 59) test is
slightly higher than others. This is because the power was determined
based on the following equation in the tzst.

1.02 x (ANS % 1,03 + Actinide x 1,1) x Fex
ANS x 1.03 is nearly equal to (new ANS + Z2g).

The ECC injection rates simulating (Acc + HPCI) and being injected
into cold legs shortly after the injection into the lower plenum are
shown in Figs. 3.5 and 3.6, indicating nearly identical transients
among the tests.

Figure 3,7 shows the ECC flow rate simulating LPCI and being
injected into the upper plenum. The flow rate in the asymmetric UPI
test C2-16 (Run 76) is about 10 % lower during =10 s ~ 200 s than
that in the symmetric UPI test C2-AS1 (Run 59). After the period, it
is nearly equal to that in C2-AS1 test (Run 59).
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Table 3.1 Initial test condition of C2-16 (Run 76)

1. Test type: Upper plenum injection test (asymmetric)
2. Test No. : CCTF II main test No.i6 C2-16 (Run 76)

3. Test Date: October 23, 1984

4. Power at 94s: A: Total; 7.88 MW; B: Linear; 1.18 kW/m
5. Relative radial power shape:

A: Zone: A B c
B: Ratio: 1.38 1.20 G.76

6. Axial power shape: Chopped cosine
7. Pressure (MPa)

A: System; 0.20
B: Containment; 0.20
C: OSteam generator secondary; 5.3

8. Temperature (Deg. K)

Downcomer wall; 470

Vessel intermals; 393

Primary piping wall; 401

Lower plenum liquid; 395

ECC liquid; 308

Steam generator secondary; 539

Peak clad temperature at ECC initiatiom; 989

QO mEoO oWk

9. ECC injection type; Cold leg + Upper plenum
10. Pump K-factor: 15
11. ECC flow rates and duration:
A: AcctHPCI 350 m/hr from 81.0 to 91.5 seconds into lower plenum
294 @3/hr from 91.5 to 106.0 seconds into cold legs
B: HPCI 10 m3/hr from 106.0 to 950.0 seconds into %Pld legs
C: LPCI 36 w3 /kr from 80.5 to 300 seconds and 43 m°/hr from 300 to
570 secounds into upper plenum
12. Initial water level in lower plenum: 0.9 m
13. Powre control: ANS * 1.0 + Actinide {30 sec after scram)
14, BOCREC time: 91.0 sec

15. Peak temperature at BOCREC: 1038 K

* Note; Time in this table is defined as time after test initiation
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Table 3.2 Chronclogy of events for test C2-16 (Run 76)

Event

Test Initiated

(Heater Rods Power on)

(Data Recording Initiated)
LPCI to Upper plenum Initiated

(Acc+HPCI) to Lower Flenum
Initiated '

Power Decay Initiated
{Bottom of Core Recovery)

(Reflood Imitiation)

{Acc+HPCI) Switched from Lower
Plenum to Cold Legs

Ace Injection to Cold Legs
Ended and HPCI to Cold Legs
Continued

LPCI to Upper Plenum Ended
Power Off

HPCI to Cold Legs Ended

Test Ended
(Data Recording Ended)

Time after test

initiar on(s)

J¢!

5.30.09)

1

1

8G.5

81.0

91.0

81.5

106.0

770.0

950.0

1004.0

034.0

Time after reflood
initiation{s)

-91.0

-10.5

-10.0

(=]
o

679.0

85%.0

913.0

943.0
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Data recording

Reflood initiation : 9] s (1038K)

.
el N
/
989K, \\ Clad temperature
// Power '\
/
/ \ ALl quench
/
So3k b | } Power off
e e e ] _1Test end
l
0 81 576 950 1034
(Acc + HPCI) to Lower plenum (0.097m3/5, 308K)
(Acc + HPCI) to cold legs (0.082m3/s, 308K}
//r—-HPCI to cold Tegs
0.0028 m®/s, 308K
0 91.5 106 9501004
f UPI flow rate (LPCI)
/s
{ 0.010m3/s 0.012m°/s
- | PCI
__xa&__z:ﬂgffﬂifoﬁiwe(LC)
0 g1 300 570 770 1008
Fig. 3.1 Test sequence of C2-16 (Run 76)
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3.5 Comparison of ECC (Acc + HPCI) injection from Acc tank
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4. Results and discussion

4.1 Fluid behavior in upper plenum
4.1.1 Transient of water accumulation

Figure 4.1 shows the differential r.essure across the bottom and
the top of the upper plenum. Since the gravity term is a dominant
factor for the differential pressure in the upper plneum because of
the low water mass flow rate, the differential pressure means the
static head of the accumulated water on the upper core support plate
(UCSP), or in the upper plenum. The result of the present test 02-16
(Run 76) shows the following transient. Before the reflood initiation,
the differential pressure is zerc even if the UPI water is injected
into the upper plenum., After the reflood initiation, the differential
pressure increases with the rate of almost 100 % accumulation.
Eventualy, the increase of the differential pressure terminates at 50 s
and then the differential pressure keeps constant value.

The difference of the upper plenum differential pressure between
the present test and C2-SHI (Run 59) test is observed only during
G s ~ 50 s. The upper plenum differential pressure in the present
test is lower than in C2-SHl test. One of the reasons for this is
considered to be a lower UPI rate in the present test, as shown in
Fig. 3.6. The effect of the asymmetric UPI is negligibly small at
least both before BOCREC (< 0 s) and after the upper plenum filling
with two phase mixture (> 50 s), since for those periods the upper
plenum differential pressure is equal with each other between both

tests,

4,1.2 Azimuthal distribution of water accumulation

Figure 4.2 shows the azimuthal histributions of the upper plenum
differential pressure APU and the end box differentizl pfessure APEB
which is defined to be a differential pressure between the top of the
heated core and the top of UCSP. From the figure it can be recognized
as:

(1) For the early period (< 50 s for €2-16 (Run 76), < 30 s for €2-13

4_39 —
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(Run 72), < 50 s for C2-SH1 (Run 59)), AP, and AP . are azimuthally

uniform for all UPI tests.

(2) TFor the later period (Except for the above early period), APU and
APEB are azimuthally ununiform for all UPL tests. The larger APU

region corresponds to the smaller AP_, region.

EB
(3) For both periods, (APu + APEB) are always azimuthally uniform for

all UPI tests.

Even when the upper plenum injection is uniform (C2-13 (Run 72)),
the unevenly distributed APU is attained, indicating that the
asymmetric UPL is not only the cause of the ununiform APU. In addition,
when the upper plenum injection is not uniform, the region of the higher
upper plenum injection rate tends to be a higher APU region. Thus, the
asymmetric UPI affects on the locations of higher APU and APEB
distributions,

The quéntitative difference of APU between both regioms (i.e. the
higher AP, region and the lower APU region) is ~ 15 7 at 100 s for the
present test and ~ 15 % at 100 s for C2-SH1 (Run 5%9). This difference
is beyond the uncertainty of the measurement system.

Although the quantitative difference of APU in the azimuthal
direction is observed, the degree is independent of the degree of the
asymmetric UPI, since nearly the same ununiformity of APU is observed
between the present test and CZ~SH1 (Run 59) which is relatively

symetric UPI condition.

4.1.3 Transient of fluid temperature

Figure 4.3 shows the examples of fluid temperatures in the upper
plenum and in the end box. They show the saturaticn temperature
during the entire transient. According to the inspection of all fiuid
temperatures méasured in the upper plenum, the subcooled temperature
was detected only in the limited region close to the UPI nozzle, as
shown in Fig. 4.4.

' Hence, the region of the steam condensing due to the subcooled ECC
water into the upper plenum is very limited and the level is at least
near or above the hot leg nozzle elevatiom. In most region between the
UCSP level and the hot leg nozzle level, the thermal eqﬁilibrium is

attained. Thus, the asymmetric UPI conditicn affects on the lecation
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of the subcooled region in the upper plenum. However, the thermal
equilibrium which was attained in C2-SH1 (Run 59) was preserved at UCSF

level and the end box level even in the present asymmetric UPI test.

4.2 Fluid behavior in lower plenum and core

Figure 4.5 shows the azimuthal distribution of the 1ower.plenum
differential pressure in the present UPI test. No different transient
is observed among the lower plenum differential pressures measured in
four azimuthally different directions, indicating the uniform leower
plenum differential pressure.

Figure 4.6 shows the lower plenum differential pressure,
indicating the water inventory in the lower plenum. No different
transient is observed among three UPI tests, indicating no effect of
asymmetric UPT on the lower plenum water inventory.

Figure 4.7 shows the azimuthal distribution of the core sectional
differential pressure APCi (i =1,2, »+, 6) at various elevations.

The ununiform APC is observed during the later period (> 50 s) in
both the upper and lower core for the present test and in the upper
core for C2-AS1 (Run 59).

Figure 4.8 shows the comparison of the core sectional differential

pressure APCi among the UPI tests.

(1) For the early period (< 50 s), APciS (1 =1 ~6) in the present
UPLI test are equal to those in C2-SH] (Run 59) test, indicating no
effect of asymmetric UPI on the core sectional water inventory

during the early period.

(2) For the later period (> 50 s), APciS (i =2, 3) in the present UPI
test are equal to those in C2-SH1 (Run 59) test, indicating no
effect of asymmetric UPI on the core sectional water. inventory in

the lower core during the later peried.

(3) For the later period (> 50 s), APciS (1 =4 ~6) in the present
UPI test are higher than those in C2-SHL {(Run 59) test, indicating
the higher water accumulation in the upper core during the later

period due to asymmetric UPI,

The summary is as bollows. The effect of asymmetric UPI on the

upper plenum inventory, the core inventory and the lower plenum
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inventory concerning the uniformity and the quantity was not observed
during the early period (< 50 s). This effect was observed during the
later period (> 50 s). The asymmetric UPI gave the higher average APci
in the upper part of the core as well as the ununiformity of APci.
Figure 4.9 shows the overall azimuthal distribution of the
differential pressures in the upper pleiwum, the upper core, the lower
core and the lower plenum. This figure shows the situation during the
later period (> 50 s). The higher core sectional differential pressure
than the average at the same elevation is observed in the upper core
for asymmetric UPT test. The higher core sectional differential
pressure region is corresponding to the higher upper plenum differen-
tial pressure region, indicating the effect of asymmetric UPI on the

location of the higher water accumulation region.

4.3 Fluid behavior in downcomer

Figure 4.10 shows the azimuthal distribution of the downcomer
sectional differential pressure APDi (1 =1, 2, =+, 5) at various
elevations in the present UPI test. No different transient is observed

among AP measured in four azimuthally different directioms,

Dis
indicating the uniform downcomer differential pressure.

Figure 4.11 shows the downcomer differential pressure, indicating
the water inventory in the downcomer. No different transient is
recognized between the present UPI test and C2-SHL (Run 59) test,

indicating no effect of asymmetric UPI on the downcomer water inventory.

4.4 Fall back characteristics from upper plenum intoc core

The UPI water fell down from upper plenum into core and the
negative net flow was established in both previous UFI tests (c2-sH1/
Run 59 and C2-13/Run 72). The core inlet mass flow rate shown in

Fig. 4.12 was estimated with the following equation.

i mECC/up N (mloopl N mloop2 N m]_oop3 * mloop4)

The regative net flow at core inlet and the falling~down UPI water
are preserved in the present asymmetric UPL test as well as previcus

UPI tests.
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Figure 4.13 shows the measured result of the fluid upflow with
turbine meters located at end box. The ununiform measured results is
indicated, suggesting the ununiform steam upflow and water downflow.
The water downflow is dominant in the UPT region. This indicates that
the asymmetric UPI affects on the location of the water downflow region.

Even when the UPI is uniform (C2-13 (Run 72)), the unevenly
distributed steam upflow is attained, indicating that the asymmetric
UPI is not only the cause of the ununiform steam upflow. In addition,
the relation between the distribution of the steam upflow and the
distributions of the core power and/or the clad temperature is not
recognized, indicating that the latter distributions are neither only
the cause of the ununiform steam upflow. The previous UPI test
results have suggested that (i) the steam flows up from the core in
nearly half cross section and (ii} separately the water downflow
region is formed.

The above characteristics (i) and (ii) are preserved in asymmetric

UPI test.

4.5 Fluid behavior in loops

4.5.1 1Intact loops

Figure 4.14 shows the differential pressures through various parts
of intact loops. The differential pressure DT14H between riser part
and SG inlet plenum shows the increase with time, indicating the water
accumulation in those volumes. The differential pressure across pump
simulator DT13L shows the decrease with time, indicating the decrease
of loop mass flow rate. '

Figure 4.15 shows the comparison of the differential pressure

-between three UPI tests. The differential pressure DT14H between riser
part and SG inlet plenum is lower in the asymmetric UPI test up to 50 s
than in C2-SH1 test and it is equal each other in both tests later than
50 s, indicating no effect of asymmetric UPI on water accumulation at
riser part and SG inlet plenum. The differential pressure DT11G across
SG is equal with each other in both tests, indicating no effect of
asymmetric UPI on fluid flow rate through SG. The differential
pressure DTI3L across pump simulator is equal with each other in both

tests up to 100 s, and it is lower in asymmetric UPI test than in

4.43 —_
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C2-SH]l test, indicating the lower mass flow rate through the primary
pump simulater in intact loop. This is because of the less steam
generation in SG for the present UPI test, which can be judged from the
slower decreasing of the fluid temperature of the secondary side in SG
for the present test.

However, it cannct be explained enough only by the less steam

generation in steam generators. The further investigation is necessary.

4.5.2 Broken loop of SG side

Figure 4.16 shows the comparison of the differential pressure
across the broken loop SG side. Up to 50 s, the differential pressure
in asymmetric UPI test is equal to that in C2-SHL test, indicating no
effect of asymmetric¢ UPIL on the differential pressure. Later than 50 s,
it is lower in asymmetric UPI test than that in C2-SHL test. For ~
example, it is ~ 20 7 lower at 100 s. The main factors of the reduced
AP (- 20 KPa) through broken loop are a reduced AP (- 12 XPa) across
the primary pump simulator and a reduced AP (- 5 KPa) across the part
downstream the primary pump simulator., This suggests that the lower
mass flow rate through broken lcop plays the major role in the reduced
differential pressure across the broken loop.

The fluid temperature in secondary side of SGs shows the slower
decreasing in asymmetric UPIL test than im C2-SHl test, indicating the
less steam generation in asymmetric UPI test. This is consistent with
the lower mass flow rate in asymmetric UPI test. However, the '

quantitative explanation is not enough and the further investigation is

necessary.

4.5.3 Broken lcop of downcomer side

Figure 4.17 shows the comparison of the differential pressure
across the broken loop downcomer side. Sinilarly te the transient of
the differential pressure across the broken loop SG side, the
différential pressure across the broken loop downcomer side in
asymmetric UPT test is equal to that in C2-AS1 (Run 59) upto 50 s, and
it is lower than that in C2-AS1 (Run 59) later than 30 s. The reason of
lower differential pressure across the broken loop downcomer side in
asymmetric UPI test than in C2-AS1 (Run 59) later than 50 s is not

clear., -
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4.6 Fluid behavior around break point

Figure 4.18 shows the water mass flow rate through broken loop
downcomer side. ' This result was cbtained by the differential of the
measured static head of the water accumulated in containment tank I.

The water mass flow rate increases at 50 s in both of asymmetric
UPI test and C2-SHL test. This time is corresponding to the initiation

of overflowing of the water from the downcomer to break point,

4.7 Core cooling behavior
4.7.1 <Clad temperature

Figure 4.19 shows the clad temperature transient at the various
elevations in the high power region. In both asymmetric UPI test and
C2-5Hl test, the lower part of the core (0.38 m and 1.02 m elevétions)
1s cooled uniformly, and the upper part of the core (1.83 m, 2.44 m and
3.05 m elevations) is cooled uniformly during the early period (< 50 s)
and is cooled ununiformly during the later period (> 50 s).

Figure 4.20 shows the clad temperéture transient at the various
elevations in the low power region. Similarly to the case of the high
power region, in both asymmetric UPI test and C2-SH1 (Run 59) test the
lower part of the core is cooled uniformly, and the upper part of the
core is cooled uniformly during the early period and is cooled

ununiformly during the later period.

The uniform core cooling in the lower core and the upper core
for the early period is also recognized from the heat transfer
coefficient shown in Fig. 4.21., Besides, the ununiform core cooling
in the upper core for the later period is recognized from Fig. 4.21.

The ununiform core cooling region is correspondent to the
‘ununiform core sectional differential pressure mentioned in 4.2.
Besides, the better core cooling region is correspondent to the higher
APci region. The ununiformity of the core cooling is caused not only
by the asymmetric UPI, since this ununiformity has been observed in
C2-A51 (Rum 59).

As shown in Fig. 4.19, the highest clad temperature in the high
power region for asymmetric UPI test is lower at any time than that for

C2-SH1 test. Also as shown in Fig. 4.20, the clad temperature in the
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low power region for asymmetric UPIL test is lower in ununiform core
cooling region (2 1.83 m) than that for C2-SH1 test, and it is nearly

equal to each other in uniform core cooling region between both UPI
tests. The higher heat transfer coefficient of asymmetric UPI test

than that of C2-AS1 (Run 59) in ununiform core cooling region is
also shown in Fig. 4.22, Thus, at least the asymmetric UPI did not
give a poorer core cooling than the symmetric UPI, even in the ununiform
core cooling region. It is consistent with the higher averaged APci in
the upper part of the core for asymmetric UPI test than that for C2Z-ASl
(Run 59) test, based on Murao-Sugimoto's heat transfer coefficient
correlation which shows that the higher APCi gives the higher heat transfer
coefficient.

It is necessary to study further 1f the better core cooling in

asymmetric UPI test can be explained only by the higher APci.

4.7.2 Turnaround temperature and quench time

Figure 4.23 shows the comparison of the turnaround temperature.
In the lower part of the core (< 1.1 m) the turnaround temperature is
~ 10 X lower in asymmetric UPI test than that in CZ-SH1 test. In the
upper part of the core (> 1.4 m) it is ~ 25 K lower in asymmetric UPL
test than that in C2~SHl test. The initial clad temperature is ~10 K
lower in asymmetric UPI test than that in C2-SHL test, as noticed
from Figs. 4.19 and 4.20. Even taking into account the lower initial
clad temperature in asymmetric UPI test, the smaller temperature rise
in the upper core is attained in asymmetric UPL test than C2Z-SHI test,
indicating the better core cooling in the upper core due to the
asymmetric UPI,

In summary, a UPI test simulating single LPCI pump failure with
~asymmetric UPI gave the lower peak clad temperature than a UPI test
with the same LPCI injection rate but more symmetric UPI. It indicated
that the asymmetric UPI condition did not give a locally poor core
cooling.

Tigure 4.24 shows the comparison of the quench time. The quench
time is nearly equal between asymmetric UPL test and C2-SHI test,

indicating little effect of asymmetric UPI on bottom quenching.
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Figure 4.25 shows the comparison of the turnaround temperature

between aaymmetric UPI test and C2-13 (Run 72) test simulating no

failure of LPCI pumps.

In the lower part of the core (< 1.1 m), the turnaround temperature

of the asymmetric UPI test is nearly equal to that of C2-13 (Run 72)

test.

w15

In the middle part of the core (.1 m ~ 2.4 m), the former is

K higher than the latter. In the upper part of the core (> 2.4 m),

the former is ~ 50 K higher than the latter.

gave
LPCI
PWRs

core

In summary, a UPI test simulating no LPCI pump failure (Run 72)
the lower peak clad temperature than a UPI test simulating single
pump failure (Present test/Run 76). It indicated for UPI type
that no LPCI pump failure assumption gave the more conservative
cooling than single LPCI pump failure assumption.

Figure 4.26 shows the comparison of the quench time. For both

asymmetric UPI test and no failure UPT tests, top quenching occurrence

is widely observed in comparison of the test result simulating cold-leg-

injection-type PWR, where the top quenching is considered to occur only

in the part above v 3 m elevation.
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4,8 Summary of asymmetric UPIL effect

Asymmetric UPI effect on reflood phenomena, which is described in

the former sections, is summarized in this section.

4.8.1 Qualitativé effect of asymmetric UPT

Qualitative effect of asymmetric UPI is shown in Fig. 4.27.
For the early period (< 50 s), the following uniformities over the

horizontal cross section were observed in asymmetric UPI test.

(1) uniformity of AP,

(2) wuniformity of AP.4

(3) uniformity of APyp

(4) uniformity of APpy

(5) uniformity of T,y (although there exists the dependency
on radial power profile)

(6) uniformity of hy (although there exists the dependency
on radial power profile)

{7} uniformity of fluid flow between core and upper plenum

AP, : Differential pressure across bottom and top of

upper plenum

AP.4 Core sectional differential pressure

AP1p : Differential pressure across bottom and top of
lower plenum

APpys Downcomer sectional differential pressure

Tas Clad temperature at i'th elevation

h; Heat transfer coefficient at i'th elevation

These uniformities are observed also in symmetric UPI test, suggesting
no effect of asymmetric UPI on thermo-hydraulic behavior for the early
period.

For the later period (> 50 s), the following ununiformities over
the horizontal cross section were observed in asymmetric UPI test, as

shown in Fig. 4.27.

(1) ununiformity of AP,
(2) ununiformity of AP, in upper core
(3) ununiformity of T ; in upper core

(4) ununiformity of hy in upper core
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(5} ununiformity of fluid upflow between core and upper plenum
including the separation of two-phase upflow region and

water downflow region.

The UPI region corresponded to the higher AP, the higher AP.;, the
lower T,;, the higher hj, and the lower fluid upflow region (or water
downflow region), suggesting that asymmetric UPI formed the water
downflow region leading to the higher water accumulation regions in
upper plenum and in core, and resultantly the higher heat transfer
coefficient region and the lower clad temperature region,

Following uniformities were preserved for the later period even in
asymmetric UPI test.

(1) uniformity of AP.; in lower core

(2) uniformity of T.; in lower core (although there
exists the dependency on radial power profile)

(3) uniformity of APyp

(4) uniformity of AP

Accordingly, it can be said that asymmetric UPT effect is limited in
the upper part of core and upper plenum for the later period.
Symmetric UPI test also gave ununiformity of APy, APCi in upper
core, T,y in upper core, hi in upper core and fluid up-flow between
core and upper plenum for later period, so that above ununiformities
in asymmetric UPI test are derived not only by asymmetric UPI.
The possible reason for the ununiformity is considered to be due
to ununiform arrangement of loop pipings (intact loops and a broken loop),
ununiform arrangement of upper plenum structure, and so on. However, it
has not been identified yet. Further study is needed for the identi-

fication.

4.8.2 Quantitative effect of asymmetric UPT

Quantitative effect of aaymmetric UPI is shown in Fig. 4.28.
For the early period, the following transients in asymmetric UPI

test were narly equal to those in symmetric UPI test.

(1) transient of APu
(2) transient of AP
(3} transient of APLP

(4) transient of APDi



(5)
(6)
(7
(8)
(9
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transient of myp

transient of Pp

transient of Py (SG side)

transient of Py (PV side)

transient of hi

My, mass flow rate at cc.oe inlet

API Differential pressure across intact leop

APg

Differential pressure across broken loop

For the later period, the following transients in asymmetric UPI

test were different from those in symmetric UPI test, like:

(1
(2)
(3
(4)
(5)
(6)

lower Pu

higher AP .

ci
lower APB
lower APB

lower T .
cl

higher hi

in upper core
(5G side)

(PV side)

in upper core

in upper core

Ttem (2) is shown clearly in Fig. 4.29.

Items (2), (5) and (6) suggest that asymmetric UPT promoted the

water accumulation in upper core, resultantly caused the higher heat

transfer and the lower clad temperature.

The reason for items (1), (3) and (4) is not known and it is

necessary to investigate further this.

On one hand, the

nearly equal to those

(1)
(2)
(3
)
(5)

(6
)

transient
transient
transient
transient
transient
transient

transient

following transients in asymmetric UPI test were

in symmetric UPI test for the later period.

of AP
u

of AP
ci

of T .
ci

of AP

LP
of

APy
of oy

API

in lower core

in lower core

of
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Conclusions

A UPI test simulating no LPCI pump failure (C2-13/Run 72) gave the
slightly lower peak clad temperature than a UPI test simulating
single LPCT pump failure (C2-16/Run 76). It indicated that no LPCI
pump failure assumption gave the more conservative core cooling than

single LPCI pump failure assumption for UPI condition.

A UPI test simulating single LPCI pump failure with asymmetric UPI
rate (C2-16/Run 76) gave the lower peak clad temperature than a UPI
test with the same injection rate but more symmetric UPI condition
(C2-AS1/Run 59). It indicated that the asymmetric UPI condition

did not give a locally poor core.cooling.

Effect of asymmetric UPI was observed only in the upper plenum and
upper part of core for later period concerning the items summarized
in 4.8.

Asymmetric UPI test lead to a higher water accumulation causing
the higher heat transfer and better core cooling in upper part of core

than symmetric UPT test.
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Appendix 2

Definitions of Tag IDs
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Figure List

Definition of power zones and bundle numbers

Definition of Tag. ID for veid “raction (AG(EL.1l) ~ AG(EL.6))
Definition of Tag. ID for ave age linear power of heater and
in each power unit zone (LPOlA ~ LP0YA)

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

{DSD55, DTO7RTS, LTO8RMS5, DSC75, DSC15)

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

(pT23C, DTCLlE, DPBCN)

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

(TEO2GW, TELCSGW, TEO8SGOE)

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

{MLEC1, MLEC2, MLEC3, MLECLP, MLECUP, MLECDC1, MLECDCZ,
TE11QW, TE21QwW, TEOl1JW, TEO1UW, TEQ2UW, TEOQ3UW, MGVENTL)

Defiqition of initisl 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)

an : Bundle number {(see Fig. A-1)
m : Elevation number
Elevation {m) | Axizl power factor
3 0.38 0.651
5 1.0315 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 mozzle

See Fig. A-5
Definition of Tag. ID for fluid temperature in inlet and outlet

plenur and secondary side of steam generator

See 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

G, Definition of initial temperature, turnaround temperature quench
temperature, temperature rise, turraround time and gquench
time. (See Fig. A-8)
T, : Initial temperature (Clad surface temperature at

l 1] 0 - -
reflood initiation}

T :+ Turnaround temperature (Maximum clad surface temperature
in each temperature history)

ATr : Temperature rise (= Tt - Ti)
T : Quench temperature {Clad surface temperature at
4 quenching)

10. Definition of quenching
See Fig. A-8
Quench time tt is determined as

tt = i 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 +
Ti sat 4T
(2) Decreasing rate of clad surface temperature is large.

Tivy — T4

At

< =C
st
(3) Clad surface temperature falls around the saturation temperature.

T, + A
i+ ky s Tsat T

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

re—-determined.

At : Data sampling period (s)
Ti ¢ Clad surface temperature (K)
T ¢ Saturation temperature at the pressure in upper

sat
2 plenum (K)
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4Ty ¢ Temperature discrepancy (K)
Default value = 50.0

CSt Decreasing rate of clad surface temperature (K/S)
Default value = 25,0
ky t Number of referred data (-)

Default value = 6

1l. Definition of Tag. ID for core inlet mass flow rate, time-integral
core inlet mass flow rate and carry-over rate fraction

{1) Core inlet mass flow rate : me

Notation : MLCRID (D = N, 1 or 11)

(2) Time~intefral core inlet mass flow rate : meydt
Notation : IMLCRIO (B =N, 1 or 11)

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

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

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

F
&CR: Water accumulation rate in core
Suffix ﬁF base on
N Eq. (A.2)
1l 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 2z steady
state condition can be applied. 1In a steady state condition, based
on the mass balance relations of the system, the core flooding mass
flow rates &FS can be written as follows:

By using the data measured ar the downstream of the core inlet,-mF

is derived zs,

mp = W, + o + e + I ™ . (A.D)
where éC and ﬁu are the mass accumulation rates inm the core and the upper
plenum respectively. The ﬁB and ﬁI are the mass flow rates in the broken

ioop and the intact loop, respectively.

— 91_
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By using the data measured at the upstream of the core inlet, &F

is derived as,

mp = Doy =Wy T Myt Mooy

where &DL and ﬁo are the mass flow rates of the water flowing into and

overflowing from the downcomer, ﬁECC/L and ﬁD are the mass flow rate

{A.2)

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

tion rate in the dowmcomer respectively.

The ﬁls and ﬁB can be obtaired from the pressure drops at the pump

simulators with orifices by assuming the K-factor of the orifice is

constant. The values of Moy My and My can be evaluated with the

c’ APD and APU, respectively, as follows:

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

differential pressure AP

where g is the gravitational acceleration and S, is the cross sectional

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

Containment tank 1 as,

io = d(Xe S )/dt , (A.4)

where Py is the liquid density and SO is the c¢ross sectional area of the

containment tank I.

The value of L Moy 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 assumpticon of thermal equilibrium:
By *Ppp T Pgec tPr (4.3)
. . Lo .
(mpy * mp )t = mgechpee MM (4.6)
. . + . = . + »
if  h,ozh2hy, (W, +my )b = my R Fmy Ry

(A.7)

[N
H
o
v
o

=

]
L]

]
[®]

if h2h » Moy

where h is enthalpy of fluid and h£ 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 Egqs. (A.1) and (A.2).
The K-factor of the orifice in the pump simulator was evaluated 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 piece data,

The K-factor of 15 was obtained with the Pitor 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 mecre. Therefore, in the differentiation of
the differential pressure data, the smoothing procedure was used to
suppress the high frequency components of the data.

In the Acc injectidn period, the calculated ﬁFS with Egs. (A.l) 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 1 second) and the change of the gas
volume in the injection line. 1In this period, especizlly before the
steam generation from the core becomes noticeable, the mass flow rate,
ﬁF. calculated with Eq. (A.1) 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 ocur 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'wiﬁh 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 thé 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.



JAERI-M 87-051

({9713)0v ~ (1 14)9OV)

uotjons} ploa o) a1 6oL Jo uothuyag 2-y by $JaqWinu 3jpung puo sauoz Jamod jo uotjunjaq | -y 614
wuw Cojup auoz smod o Kiopunog
aioid wonloq jo doy —E A 0 } B3y plod bay ploo
190]uY uajolg
Jaquinu sjpung / \
alojd jsoddns a103 Jamoy jo dof | bay 1oy bay ioy
AT : 0012 190ju] / ,v 5 uaxo.g
8102 pajoay o woilog AT ,_u_wqm 02549 7
[ ‘ . -
12 ev(2 Jaulodumo()
Nd ———
[¢ 130V 2107
{200 -
’ H Ky 12ov[E bat 10 92K 1}
/ / M ¢ _wcﬂh\ m_ PA ¢ b2y 1oy
/ 16139V |5 Pojuy
-
’ 1
/ (971319V |2 . :
4 todd 2100 ﬂmswz j0 doy - ] 092§ \ /8
ajoid jjoddns 9i03 saddn Jo woljo 03
joid jo wonjog 4609 2 bay pjod £ —_uw_:__
0]
{uoibay y)
auoz Jamod mo {uoibai g)
auoz Jamod wnipay
ajpid pioddns jo wojleg —e 4




JAERI-M 87-051

{ G12S0

‘61050 " GWHBO0 11 '61¥,010 "66asq)
wnuald samo]
puo *a100 "wnua)d saddn “sawodumop ybnosy)
ainssaid pnuasel)ip sop g1 by jo uomuyaq

310jd wojjoq jo do)| E——uT—

3100 pajpay Jo woyjog —}

2103 pajoay Jo do) —
810/d pioddns 2103 Jaddn Jo do| —

a10}d poddns jo worjog —e

v~y by
ww g
- ﬁ.w;r 0
x |
®© |w
o |9
® o
5
0012
mnu
109 Sin g2
ciGig o
®
—_ —1 09196
= 2119
333
% el
=23
&3
= £g8le
. 198

(V60d1 ~ vI0d1)

ouoZ

jun samod yooa ut pos sajpay jo samod

103Ul m@ogm‘é 10§ (1 @D._. Jo uojiua(] ¢-Y @_L
tun  Jamod "o Kiopunof
| bal piod ba) pioa
il uaxo1g
Jaquinu / \
[un Jamod
| Baj joy Sh 1oy
190juy // uayolg
\
JaW0IUMO( —
Nd —
3107 — /
~ £ /
z baj _o;\ vA > T~ ¢ b oy
0juy 190ju]
= e s
\ ) ¢ baj pjod
2 baj pjos ja0ju]
1o0ju]
{uotbar-y)
{uoibal-9) avoz Jamod ybiy
auol Jamod w07 {uobar-8y
auoz Jamod wnipay

Joquiny JIun Jamog

VOsd

— 95 —



JAERI-M 87-051

(HO9803L ‘MOSO3L ‘Mozo3l)
JojbIaush woals Jo
£IDpU029s pup wnugld 131In0 pud J3jul Ul

ainjpsadway pinjy oy g Bop jo uoijupg  9-v by
6a| P19D 3 IoH
al
12ays agn| u. w
j0 doy e

( ~1) Jaqunu dooj :D

ooot

resg

(HD9B8031)ep1s KIDpuoas ¢
(MOGOIL)wnudd |aung 2

(M9203l) wnuad BT 1
juawiaInsobaw EEEmaEm‘F

068L

(ND8dG ‘ 81010 ‘0¢210)
ajzzou bHa| plod uaoxg puo doo] uINOIq
puo Joojul ybnouy) aunssaid joluBIaYp
j0} pup {810Ld ‘ONY0OLd ‘21I0Ld)
2 YuD] JUBWWIDUOD pup Dudld Jomo)

puo Jaddn ui sainssaid Joj qf ‘boy jo uonuyeq G-y b4

OHY001d
JUD} JUIWLIDIUO)
YUB] luawulojuo)
J€21¢ puo
2€d10 Yim painsbaw :
DIDp woJj palona|p) ; NJEdQ

JojpJaush

10)uab
woajs @ Q woais

ZyioLd
g101d



—_——

Clod surface lemperolure (K)

sy

Tt

Ti

JAERI-M 87-051

s,

() Upper plenum
ILECUP, TESTUW F
] & }
Broken loop Intact foop 1,2.3 J
vent line T — — Cold leg
p Downcomer/ MLECLTEHOW
MGVENT | = MLECDC 1, TEORUW mtEgg TEZION
MLECDC2, TEC3UW ' JTE3

Lower plenum
ko= MLECLP

TECIJIW

Containment ianks Pressure vessel

<= ECC woler injection
location

MLBBER : Mass flow rate

TEERREBE : Fivid temperaiure

Fig. A-7 Definition of Tog. ID for ECC water injeciion rate
ECC woter ‘emperature ond vented steom flow rate

Ti : Iniligl temperofure
f Ty @ Tumcround {emperaiure
(AT7) Tq‘, : Quench {emperature
] 7 rurnoround ATr o Temperolure rise (=Ti— T1)
\ time
' (Ouench
\ lime
BOCREC fime

(Reflood initiotion)

Time is)

_\_

Time ofter flood {s)

Fig. A-8 Definition of initiol temperature, turnaround temperature, quench
temperature, temperoture rise, turnaround time and quench time



JAERI-M 87-031

Appendix B

Selected data of CCTF Test C2- L6

{(Run 76)
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Figure List

ECC water injection rates into the primary system.

ECC water temperature.

Average linear power of heatcr 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 ir high power region (A region).

Clad surface temperature at various elevations along a heater
rod in medium power region (I 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 coefficilent at various elevations along a
heater rod in medium power regien (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
pilenum.

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 plenumJ cutlet plenum, and
secondary of steam generator 2.

Core flooding mass flow rates evaluated with Eqs. (A.1)

and (A.2)
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B.25

B.26
B.27

B.28
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Time-integral mass flooded into cere cvaluated with Eqs.
(A1) and (A2},

Carry-over rate fraction.

Core inlet subcooling.

Exhausted mass flow rate from containment tank 2.
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Fig. B.6 Clad surface temperature at various elevations along a heater

rod in medium power region (B repgicn).
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Fig. B.7 Clad surface temperature at various elevations along & heater

rod in low power region {(C region}.
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Fig. B.8 Heat transfer coefficient at various elevations along a

heater rod in high power region (A region).
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Fig. B.9 Heat transfer coefficient at various elevations along a

heater rod in medium power region (B region).
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Fig. B.22 Fluid temperature in inlet plenum, outlet plenum, and
secondary of steam generator 1.
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