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In order to evaluate the effect of the radial power profile on the
system behavior and the core thermal hydraulic behavior during the reflood
phase of a PWR LOCA, a test was performed using the Cylindrical Core Test
Facility(CCTF) with the flat radial power profile. The test was conducted
with the same total core power as that of the steep radial power test C2-
5(Run 63). Through the comparisons of the results from these two tests,
the following conclusions were obtained:

(1)The radial power profile in the core has weak effect on the thermal
hydraulic behavior in the primary system except the core. (2)Almost the
same differential pressure was observed at various elevations in the
periphery of the core regardless of different radial power profile. The
result suggests that the core differential pressure is determined mainly
by the total power and the total stored energy rather than by the local
power and the local stored energy. (3)The test results support the single
channel core model with the average power rod used in the reactor safety
analysis codes such as REFLA~1DS, WREM for the evaluation of the overall
system behavior. (4)In the steep radial power test, the heat transfer
coefficient in the central(high power) region was higher tham that in the
peripheral(low power) region. The tendency was not explained by the
estimation with the heat transfer correlation developed by Murao and
Sugimoto assuming that the void fraction was uniform in a horizontal cross
section. It is necessary to study more the dependency of core heat

transfer on the radial power profile in the wide core.

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

* Mitsubishi Atomic Power Industry
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l.Introduction

A reflood test program using large scale test facilities has been
conducted at Japan Atomic Energy Research Institute(JAERI)(l)'(4x The
facilities are the Cylindrical Core Test Facility(CCTF) and the Slab Core
Test Facility(SCTF). This report presents an evaluation for the flat
radial power test C2-6{Run 64), which was performed with CCTF on May
26,1983,

The CCTF is an experimental facility designed to model a full-height
core section, four primary loops and other major components of a
pressurized water reactor(PWR). This facility 1is used to provide
information of thermal-hydraulic behaviors in pressure vessel (core,
downcomer and upper and lower plenums) and in primary loops including
steam geneérators and pump simulators duriﬁg the refill and reflood phases
of a hypothetical loss-of-coolant aceident(LOCA) of a PWR.

The objectives of the test program using the CCTF are:

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

b. Verification of reflood analysis codes.

c. Collection of information to improve thermal-hydraulic models in

the analysis codes. _

As the first series of CCTF tests, the CCTF Core-~1 series was
initiated in March 1979 and completed in April 1981. Subsequently,ras the
second series of CCTF tests, the CCTF Core-IT series was initiated in
March 1982. . |

The main objectives of the.flat power test C2-6(Run 64) are
(l)te study the core radial power prcfile effect on the system and core
cooling behavior, and (2)to confirm the validity of the one-dimensional
treatment in the safety analyses of a PWR LOCA. The test was planned to
perform with the flat core radial power profile as the counter part test
of the steep core radial power test C2-5(Rum 63) in the CCTF Core-II
series. Thé total core power and initial stored energy in core were
planned“to be identical with the steep radial power test. 7

This report presents the test results of the flat radial power test
in cdmparison with the results from the steep radial power test for
reviewing of the test data and the radial power profile effect under

gravity feed condition.
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2. Test description

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 glven in Tables 2.1 and 2.2.

The differences between the CCTF-I and CCTF-I1I are:

(1) Axial peaking factor of heater rod,

(2) Local peaking factor of heater rod in a bundle,

(3) Grid spacer,

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

(5) Vent wvalves,

(6) Downcomer and upper plenum injection systems,

(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
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 this test.

The cross section of the pressure vessel is shown in Fig. 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 simulate Westinghouse 15x15 type fuel assemblies.

The downcomer is an annulus of 61.5 mm gap. In determining the gap
size, the flow area of the core baffle region was added to that of the

downcomer region. Thus, the core baffle flow area 1s included in the
downcomer simulation in the CCTF. The vessel wall is constructed of
carbon steel cladded with stainless steel lining. The wall thickness is

90 mm.
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The design of upper plenum internals 1s based on that of the
Westinghouse PWR with 17x17 type fuel assembly. The internals cosists of
ten control-rod guide tubes, ten support columns and twelve open holes as
shown in Fig. 2.6. The configuration of each intenal is illustrated in
Fig. 2.7. The radius of each internal is scaled down by factor of 8/15
from that of a PWR. Flow resistance baffle plates are inserted iato the
guide tubes. Figure 2.8 shows the configurations of the baffle plates.

The end box and the upper core support plate(UCSP) are installed
above the core. Figure 2.9 shows the structure of the end box tie plate
for one heater rod bundle. The tie plate is a 10 mm thick perforated
plate. Plugging devices are installed in the CCTF-1II facility in order to

gaimulate the flow resistance more correctly as shown in Figs. 2.9 and

2.10. The UCSP is a 60 mm thick perforated plate.
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 core is subdivided intc three regilons
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 the core heated part is
3.66 m and the diameter of the heater rod is 10.7 mm. The thickness of
the sheath wall is 1.0 mm. By changing the pitch of the helical coll of
the heating element, a 17-step chopped-cosine axial~power profile is
attained as shown in Fig. 2.13. The axlal peaking factor is 1.40 in the
CCTF-II, instead of 1.489 in the CCTF-I.

Non-heated rods are elther stainless steel plpe or solid pipe of 13.8
mm 0.D. A1l pipes are utilized for installation of instruments sucH as
superheat steam probes and thermocouples. All bars are used to support the
dssembly loads.

The heater rods and non-heated rods are held in radial position by
grid gpacers which are located at six elevations along the axial length as
shown in Fig. 2.13. A grid spacer 1s a lattice composed of stainless
plates of 0.4 and 0.8 mm thick and 40 mm high. The top and bottom edges

__3_
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of the stainless steel plates are sharped in the CCTF-II.
The heater rods penetrate through the bottom plate of the pressure
vessel to facilitate the connection of the power cables. The outer

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

The CCTF has three intact and a broken loops. The 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 proportion to the core flow area scaling. The length of
each piping section is almost the same as the corresponding sections of
the reference PWR.

Figure 2.16 shows the steam generator(SG) simulator. The 3G is of U-
tube and shell type. The primary coolant passes through the tubes. The
secondary 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 mm in the reference PWR system
because of higher pressure difference between the primary and secondary
sides.

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

ECC water can be injected into each cold leg, lower plenum, upper
plenum, and downcomer as shown in Fig. 2.1l4.

Figure 2.18 shows the upper plenum injection device. The radial

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

The instrumentation is divided into two groups. One is JAERI-
supplied instruments and the other is USNRC supplied ome.
JAERI instrumentation includes 1316 channels and are recorded on

magnetic tapes. The measuring location of the selected data is summarized

in Appendix A.
USNRC supplied instruments include the advanced instrumentaticn for
the two-phase flow measurement. 536 channels are used to record data from

these instruments. Table 2.3 show the names and quantles of these

_4_.
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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 instrﬁments were checked for their zero points

and sensitivities.

After these preparatory operations, the primary system was heated to
the specified temperatures ( downcomer wall:471 K, core intermals: 393 K,
and the primary piping wall: 393 K) and pressurized to a specified
pressure (0.2 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 circulation line to
preheat the line to the same temperature as the LPCI water. The water in
the saturated water tank was preheated to the saturation temperature(393
K) at the expected primary system pressure(0.2 MPa). The water in the
secondary side of each steam generator was also heated and pressurized to
the specified temperature(539 K) and pressure(5.2 MPa).

After establishing these initial conditions of the test, the lower
plenum was filled with the saturated water to the specified level{(0.90 m
from the bottom of the pressure vessel). When all initial test 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 monitored by using a computer. When a
specified clad surface temperature(871 K) was attained at more than 20
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 (871 K) of the heater rods for the initiatilon of
the Acc injection into the lower plenum was predetermined by the
interpolation of the clad surface temperatures at the test initiation(393
K) and the reflood initiation(914 K). Decay of the core power was
programmed to begin when the water level in the pressure vessel was
estimated to reach the bottom of the core heated part. The decay of core
power decay followed the normarized decay curve of (ANSx1.0 +

Actinidex1.1(40 s after scram)).
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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 section), the
injection location of Acc water was changed from the lower plenum to the
ECC ports in the intact cold legs. The Acc injection into 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 in the Acc

lines and the LPCI circulation line started to close. The valves in the
LPCI injection lines started to open at the same time in order to switch

the ECC water injection mode. The ECC water injection was planned to be
0.0111 m3/s. This ECC water injection is defined as the LPCI mode in the
CCTF tests.

The generated steam in core flowed with the entrained water via
primary loops to the contalnment tanks. The steam was then exhausted to
the atmosphere through the flow control valve. The pressure in the
containment tank was maintained at the specified level(0.2 MPa). After
all 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.
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Table 2.1 CCTF Compconent scaled dimensions

Component PWR JAERI Ratio
Pressure vessel
Vessel inside diameter (mm) 4?i§3n) 1084
Vessel thickness (mm) (glg/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
Dowmcomer length (mm) 4849 4849 1/1
Dovncomer gap {mm) 114.3 61.5
Downcomer flow area (m?) 4,23 0.197 1/21.44
Lower plenum volume (m?) 29.6 1.38 1/21.44
Upper plenum volume (m3) 43.6 2.76 1/15.8
Fuel (heater rod) assembly
Number of bundles (—) 193 32
Rod array (— 15x15 8x8
Rod heated length {mm) 3660 3660 1/1
Rod pitch (mm) 14.3 14.3 1/1
Fual rod outside diameter (mm) 10.72 10;7 1/1
Thimble tube diameter {mm) 13.87 13.8 1/1
Inscrument Eube diameter (mm) 13.87 13.8 1?1
Number of heater rods (—) 39372 1824 1/21.58
Number of non—heated rods —) 5053 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 diam -ter (mm) ggg’ 155.2 1/4.75
Hot leg flow area (m?j 0.426 0.019 1/22.54
Hot leg length (rum) 3940 3940 1/1
Pump suction inside diameter (mm) zgzﬁ? 155.2 1/5.07
Pump suction flow area (m?) 0.487 0.019 1/25.77
(mm) 9750 7950 1/1

Pump suction length
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Table 2.1 (cont’'d)

Component PWR JAERL Racio
. 698.5
Cold leg inside diameter (mm) (27.5" 155.2 1/4.50
Cold leg flow area (m?) 0.383 0.019 1/20.26
Cold leg length (mm) 5600 5600 1/1
Steam generator simulator
Number of tubes/loop (—) 3388 158 1/21.44
Tube length (average) {(m) 20.5 15.2 1/1.35
. 22.225 .
Tube outside diameter (mm) (0.875") 25.4
19.7
Tube inside diameter (mm) (0.05") 19.6 1/1
Tube wall thickness {mm) 1.27 2.9
(m3) 4784 .
Heat transfer area/loop (51500 £t?) 192 1/24.92
Tube flow area/loop (m?) 1.03 0.048 1/21.44
Inlet plenum volume/loop (m?) 4.25 0.198 1/21.44
Outlet plenum volume/loop (@) 4.25 0.198 1/21.44
. 3 30.50
P 1.2 1/25.4
rimary side volume/loop (m*) (1077 ££3) /
: 157.33
5 3 2. 1/62.9
econdary side volume/loop (m?) (5556 f£t?) 5 / g
Containment tank 1 (m?) 30
Containment tank 2 (m?) 50
Storage tank (m?) 25
Acc. tank {(m?) 5
Sacturated 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 REGION

IN CORE (mm) 0 0 0
TOP OF HEATED REGION IN CORE {(mm) 3660 3660 0
TOP OF DOWNCOMER () 4849 4849 0
BOTTOM OF DOWNCOMER (mm) 0 4] 0
CENTERLINE OF COLD LEG (mm) 5198 4927 -271
BOTTOM OF COLD LEG (INSIDE) (mm) 4849 4849 0
CENTERLINE OF LOOP SEAL '

LOVER. END (mm) 2056 2047 9
BOTTOM OF LOOP SEAL LOWER (mm) 1662 1959 +297

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

STEAM GENERATOR SIMULATOR ™ 7308 7307 1
LOWER END OF STEAM GENERATOR

. O 7 -

SIMULATOR PLENUM (o) 5713 3712 L
TOP OF TUBES OF STEAM (mm) 17952.7

GENERATOR SIMULATOR (avg)

14820
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Table 2.3

Instrument

DC FDG

DC VOP

DC drag disk

Core velocimeter
Core impedance probe
Core LLD

LP LLD

End box turbine meter
turbine meter

FDG

film probe

prong probe

VOP

turbine meter
string probe

film prabe

VoP

BEEH 33 I IRSS

Reference probe

Spool piece

Number of sets

Instruments provided by USNRC

Number of sensors

Total
Note
bC Downcomer,
VOP: Video optical probe,
LP : Lower plenum,
vV : Vent valve

18 162
1
4
4
12 24
6 96
3 15
8 8
4 b4
11 110
2 4
2z 4
1 1
2 2
2 2
2 4
1 1
1 1
8 89
92 536
FDG: Fluid distribution grid,
LLD: Liquid level detector,
UP : Upper plenum,
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Bottom of support plate

Loop nozzle center

Bottom of core plafe

Top of heated section

Bottom of heated section
L Top of core plate

Bottom of grid

Unif : mm

Upper head
Upper support plate P
Upper ring —
Nozzie for upper N =
plenum injection | 264 #
I
Vent valve — | 1'01841‘ Lgo
961° e
929# r
Core flooding nozzle -
~E =
Upper core support plate ~{1_ o
o
Downcomer ~{1 D
Core ~—_|
‘N\_ P._-
Baffle region~_J{ [T~ &
| o
@
Barrel \“N g—
Lower core support plate
pp p \"q | %
=====" =
Lower grid~_ @
T~ -]
-
o
[*2]
H Q
Bottom plate T -
Fig. 2.3 CCTF Core-I1 pressure vessel
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Fig. 2.10 Dimensions of plugging device
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Header [5i¢

Upper ring

water '-'"'_-'n v
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Orifice 339 Pres
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Fig. 2.18 Configuration of upper plenum injection pipe

PN Upper plenum injection header

d[ {"] Guide tube
o s & e
Downcomer ~
injection nozzle ¢ v A ¢ Upper plenum injection pipe and
T flow direction of injected water

Cold leg Cold leg ¢

Number : [dentification of
bundle in core

Cold leg Broken coid leg

Downcomer
injection nozzle

Hot leg Broken hot [eg

VV: Vent vaive

Fig. 2.19 Arrangement and location of up'uper plenum injection pipe
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3. Measured test conditions and data presentation

3.1 Measured test conditions

When the flat radial power test was initiated(t= 0 s), the core was
filled with the saturated steam at 0.2 MPa. The clad temperature of
heater rods was about 393 K at t=0 s. The bottom of the pressure vessel
was filled with saturated water to the specified level (0.87 m from the
bottom of the pressure vessel). The initial downcomer wall temperature
was 465 XK. 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 1 and 2 were 7.42 and 7.32 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 O s, the power is turned on. At 4 s,it reaches 7.11
MW. The decay of the power starts at 120.5 s. The power follows the
decay curve type of ANSx1.0+Actinide(40 s after scram). Table 3.1 shows
initial average linmear power in each power unit. The average linear power
of all heater rods in the core is 1.065 kW/m. The maximum linear power is
1.070 kW/m of the power unit 9. The maximum linear power is 0.5 Z higher
than the whole core average. The minimum linear power is 1.052 kW/m of
the power unit 6. The minimum linear power is 1.2 % lower than the whole
core averarage. These results show that the flat radial power
distribution was attained successfully in the CCIF test C2-6.

Figure 3.2 shows the pressure in the containment tank 2. The initial
pressure is 0.2 MPa as planned. In this test, the pressure was controlled
in the same way as in the CCTF test C2-5(Run 63), the steep radial power
test. Figure 3.2 shows that the pressure control was performed
successfully in the CCTF test C2-6.

Figure 3.3 shows the transients of the ECC water injection rates into
the lower plenum and the three intact cold legs. Figure 3.4 shows the
transients of the fluid temperatures at ECC water injection nozzles. The
maximum clad surface temperature reached the specified level(871 K) at
113.5 s and the ECC water injection into the lower plenum was initiated.

The injected water was accumulated in the lower plenum. At 122 s, the
lower plenum was filled with water and the reflood of the heater rods

started., At 126 s, the flow control valve in the lower plenum injection
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line started to close and the ECC water injection into lower plenum was
terminated at 129.5 s. The flow control valves in the cold-leg
accumulator injection line started to open at 126 s. The injection
location of ECC water was switched from the lower plenum to the intact
cold legs. The injection rate into cold legs increased with time and
reached the setting rate(0.0910 m3/s) at 130 s. The high injection rate
simulates the accumulator injection in a PWR LOCA. At 138 s, the ECC
water injection mecde was switched to the LPCI mode. The ECC water
injection from the accumulator tank was terminated at 141 s. The
subcooled water{ 310 K ) in the LPCI tank was pumped out to the intact

cold legs by 1036 s.

Table 3.2 summarizes the measured test conditions with the planned

test conditions. The chronology of events are sumnarized in Table 3.3.

3.2 Data presentation

The selected data from the CCTF test C2-6(Run 64) are presented in
Figs. B-1 through B-28 in Appendix B. The Tag—-ID of each measurement
channel is shown on the upper right-hand corner of each figure. The

definitions of Tag IDs are presented in appendix A.

3.3 Comparison of test conditions between the flat and steep

radial power test

Table 3.4 shows comparisons of test conditions between the flat and
stéep radial power tests. As previously mentioned, in the flat radial
power test, almost the flat radial power profile was attained in the
radial direction. On the other hand, in the steep radial power test, the
initial linear powers are 1.455, 1.275 and 0.812 kW/m in the central,
intermidiate and peripheral regions, respectively. The ratios of the
linear powers to the average linear power for the entire core are 1.364,
1.195 and 0.761, respectively. The linear power in the central region is
79 % higher than the power in the peripheral region. Although the radial
power profile 1s different between these two tests, the average linear
power for the entire core, that is the total power supplied to all heater

rods in core, is almost the same.
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Figure 3.5 shows the comparison of the initial clad surface
temperature at the midplane of the heater rods. The initial clad surface
temperature means the temperature at the reflood initiation. In the flat
radial powerrtest, the average temperature for all regions is 900 X. 1In
the steep radial power test, the average temperatures for the central,
intermidiate and peripheral regions are 805, 982 and 1046 K, respectively.
The average temperature for all bundles are 901 K in the steep radial
power test. The core pressure was 0.2 MPa( Tsat=393K ) in both test. The

average superheats of the heater rods are almost the same at the midplane.
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Table 3.1 Initial average linear power in each power unit

Average linear pdwer

Power unit number
l 1 1.063
o 1,065
4l 1.067
5 1062
6 10052
| 7  1.064
1.___ e ——— PR e = - -
! 8 1.069
3_,,—,—‘_.;__.._—_. - s v wm— = —_—
| 9 1.070
Note: Average linear power of each power region

Peripheral region(power unit 1 through 4) ———

Intermidiate region{power unit 7 through 9)—-

Central reglon(power unit 5 and 6)

Whole core average(power unit 1 through 9) —-

| S —

1.066 kW/m
1.068 kW/m
1.057 kW/m

1.065 kW/m
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Table 3.2 1Initial conditions for flat radial power test

Planned Measured
Power
Total (MW) : 7.12 7.11
Linear (kW/m) : 1.067 1.065

Radial power distribution(kW/m) : 1.067:1.067:1.067 1.057:1.068:1.066
Decay type : ANS x 1.0 + Actinide x 1.1 ( 40 s after scram h]

Pressure
System (MPa) : 0.20 | 0.20
Steam generator secondary (MPa) : 5.20/5.20 5.25/5.27
Temperature
Downcomer wall (K) 471 465
Primary piping wall (K) : 393 394
Steam generator secondary (K) : 539/539 537 /542
Peak clad at ECC initiation (K) : 871 879
Peak clad at reflood initiation (K) : 914 922
Lower plenum liquid (K) : 393 395
ECC liquid (K} : 308 310

Water level

Lower plenum ( m ) 0.90 0.87
Steam generator secondary ( m ) : 7.4/7.4 7.42/7.32§

ECC water injection rate

Accumulator to lower plenum (m3/s) : 0.1050 0.1054
Accumulator to cold legs (m3/s) : 0.0892 0.0910
LPCI to cold legs (m>/s) : 0.0111 0.0111
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Table 3.3 Chronology of events for flat radial power test
Event Time ( s )
Test initiated 0.0
(Heater power on)

(Data recording initiated)

Accumulator injection to lower 113.5

plenum initiated

Power decay initiated 120.5

Bottom of core recovery(BOCREC) _ 122.0
(Reflood initiated)

Accumulator injection to cold legs 126.0
initiated
Accumulator injection to lower 129.0

plenum ended

LPCI injection to cold legs 138.0
initiated

Accumulator injection to cold legs 141.0
ended

All heater rods quenched 533.0
Power off 1036.0
LPCI injection to cold legs ended 1036.0
Test ended 1066.0

(Data recording ended)



JAERI-M 85-027

Table 3.4 Comparisons of test conditions between the flat and steep

radial power tests

< R

i ~ Test name Flat radial
| \\\\\\\‘ power test
; Ltem \\\

Steep radial

power test

Initial linear power

i (entirecore average) 1.065 1.067
b kW/m )
Decay curve type ; ANSx1.0HActinidexl.1 ANSxl.0HActinidexl.l

% ( 40 s after scram )

( 40 s after scram )

| Radial power profile : 1.057:1.068:1.066 1.455:1.275:0.812
{ kW/m ) i
i s e e o e SRR S e I
System Pressure ; 0.20 0.20
~ ( MPa) |
g Acc flow rate into !
! cold legs ! 0.0910 0.0892
(@) |
; LPCI flow rate into
cold legs 0.0111 0.0111
(o)
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Fig.

MPR )

{

PRESSURE

10000

7500

§000

2500

.30

0.20

JAERI-M

radial

85-027
T 1 | T
'-— -
] 1 j - H
] 120 Z40 360 480 600
TIME ( S )
3.1 Total power supplied to heater rods in core in the flat
power test
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Fig. 3.2 Pressure in containment tank 2 in the flat radial power test
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4, Results and discussion

In the safety analyses for the reflood phenomena of a PWR LOCA, the
system composed of the primary loops and the one-dimensional single
channel core represeanted by the average power rod is usually used in the
system calculation and obtained are the boundary conditions for the
analyses of the hot rod temperature responses, that is, the core inlet
mass flow rate, the core inlet fluid temperature and the core inlet and
outlet pressures. In this calculation procedure, it is assumed implicitly
that the radial power profile in the core has no effect on the system
behavior.

The core boundary conditions of the flat radial power test are
equivalent to the assumption in the system calculation for the safety
analyses of a PWR LOCA because the supplied power and the initial clad
surface temperature profiles are flat radially and azimuthally. Thus, it
is considered that the test results from the flat radial power test can
represent the system behavior using one~dimensional core model. Through
the comparisons of test results from the flat and steep radial power
tests, it may be possible to identify how accurate the assumption of the

one-dimensional core in the system calculation is.
4.1 Effect of radial power profile on system behavior

Figures 4.1 and 4.2 show the comparisons of the core inlet mass flow
rate and the core inlet mass flow between the flat and steep radial power
tests. The core inlet mass flow rate was estimated using the mass balance
relation in the pressure vessel. The error of the mass flow rate was
estimated to be within 15 %. The core inlet mass flow is the integration
of the core inlet mass flow rate. It is equal to the total mass flow
throdgh the core inlet after the reflood initiation.

In the Acc mode(by 19 s), the core inlet mass flow rate is high due
to the high ECC water injection rate and the weak steam binding effect.
In the period, the core inlet mass flow rate is almost the same between
two tests. In the LPCI mode(after 19 s), the core inlet mass flow rate
ig lowered in both tests. The time-averaged core Inlet mass flow rates
between 100 and 400 s are 4.41 and 4.25 kg/s in the steep and flat radial
power tests, respectively. The rate in the steep radial power test is

about 4 Z higher than in the flat radial power test. The discrepancy is
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only 1/4 of the estimation error of the core inlet mass flow rate. The
radial power profile in the core has weak effect on the net flow through
the core inlet.

Figures 4.3 and 4.4 show the comparisons of the core inlet subcooling
and the core inlet pressure, respectively. The maximum subcoolings are 31
K at 67 s and 28 K at 80 s in the flat and steep radial power tests,
respectively. After 100 s, the subcooling decreases with time in both
tests. For the core inlet pressure, no significant discrepancy is
observed between the tests as shown in Fig. 4.4. The radial power profile
in the core has weak effect on.the subcooling of the fluid and the

pressure at the core inlet.
The core inlet mass flow rate can be related to the flow variables

beside the core by the following equations:

mp u=Bgce/Le ¥ 3®gce/cL t3Mp T WoL T Wov T Upc T "LPr (1
mp p=MCR + mgp + 3oy + mpe (2)
where

bp y 5 Core inlet mass flow rate evaluated using data measured
upstream of core inlet,

mp p 5 Core inlet mass flow rate evaluated using data measured
2

downstream of core inlet,
Mpec/LP 5 ECC injection rate into lower plenum,

MEce/CL : ECC injection rate into an intact loop,

iy ; Mass flow rate through an intact loop,

oy ; Mass flow rate through a broken loop,

My, 3 Water mass flow rate through broken cold leg of FV side,
Doy 3 Steam mass flow rate through broken cold leg of PV side,
mhe 3 Water accumuration rate into downcomer,

Water accumuration rate intc lower plenum,

wse

mpp
mep  ; Water accumuration rate into core,
uyp > Water accumuration rate into upper plenum.

Equations (1) and (2) show the possibility that the equal core inlet mass
flow rate results from the compensation of all terms in the right~-hand
side of Eqs. (1) and (2). To make sure why almost the same core inlet
mass flow rate was obtained regardless of the radial power profile, each
term will be compared one by one.

Figure 4.5 shows the comparison of the mass flow rates through the
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intact and broken loops, that is my and mg. Figure 4.6 shows the
comparison of the steam and water mass flow rates through the broken cold
leg, that is myy and mgyp. These result show that the radial power profile

has weak effect on the mass flow rate through each part. The water

accumulation rates in the downcomer, the lower and upper plenums and the

core were not measured direetly in the CCTF tests. However, the
integration of the rate can be evaluated using the measured differential
pressure data because the pressure losses due to the friction and the
acceleration are small compared to the static water head in each part.
Figures 4.7 and 4.8 show the differntial pressures through the downcomer,
the lower and upper plenums, and the core. No significant difference 1is
observed in these differntial pressures between the tests. The core inlet
mass flow rates became equal regardless of the radial power distribution
because every term in Eqs. (1) and (2) was almost the same between the

tests.
4.2 Effect of radial power profile on hydraulic behavior in core

Figures 4.9 through 4.14 show the comparisons of the differential
pressure at various sections of the core. The differential pressures were
measured at the periphery of the core at four azimuthal locations.
Because the measured data showed good axisymmetry, the data from one
azimuthal location are presented in these figures.

In the steep radial power test, some differential pressure
measurements show significant zero shift at the beginning of the test.
This is because some vertical conduilts for the differntial pressure
measurements were not filled with water. However, the vacant part of the
condult began to be filled with water after the reflood initiation. It is
expected that the zero shift is caused by the vacant conduit for the
differential pressure measurement. In the following, it is assumed that
the reading of the differential pressure 1is accurate after 100 s because
strangeous behavior of the curves disappeared by 100 s.

As shown in Figs. 4.9 through 4.14, the measured differential
pressures are almost the same at all sections between both tests,even
though the radial power profile is different each other. The results are
consistent with the SCTF results(3), It seems that the fluid mixing in
the horizontal direction occured in the CCTF core as well as in the SCTF.

Figures 4.15 and 4.16 show the output from the turbine flowmeters



JAERI-M 85-027

installed at the end box plate in the upper plenum. The Tag-IDs shown in
these figures have a general form of NTXXNEl. XX indicates the bundle
number just below each turbine flowmeter. Bundles 4, 8, and 16 belong to
the peripheral region of the core. Bundle 28 belongs to the intermidiate
region of the core. Bundles 29, 31 and 32 belong to the central region of
the core. In the data acqusition of these turbine data, the calibration
constants from single phase steam flow were used. Because water flows
through the end box plate as well as steam, these data may be suspicious
quantitavily.

The data from the steep radial power test show that the velocity is
higher in the central region than that in the peripheral region. It may
be supposed that this spatial distribution in the velocity is caused by
the radial power profile in the core because the supplied power in the
central region 1Is 79 % higher than that in the peripheral region.
However, this guess is incorrect because the same distribution of the
velocity is observed even in the flat radial power test. It is considered
that the spatial distribution of the velocity at the end box plate is
attributed to the configuration of the CCTF rather than toc the spatial
distrition of the power in the core. It 1s necessary to study more the

data acqusition of the turbine flowmeter in the two-phase flow.
4,3 Effect on thermal behavior

4.3.1 Estimation of heat capacity of heater rods from results

in the flat radial power test

In order to evaluate the scattering of the clad surface temperature
data, the temperature rise in the heat-up perlod was analyzed.

When the flat radial power test was initiated(t=0 s), the core was
filled with the saturated steam at 0.2 MPa. The surface temperatures of
heater rods were about 393 K at the time. Figure 4.17 shows the axial
profile of the clad surface temperature at the reflood 1nitiétion(t= 122
s). The experimental data indicate the spatial average for each elevation.
The bar with data shows the standard deviation of the averaged data. The
number of data used in the averaging procedure is summarized in Table 4.1.
The temperature rise in the heat-up period(0<t<1l22 s), dT; can be
evaluated by
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dTi=(thH)/Cn (3)
where

C:Heat capacity of heater rods per unit length ( J/mK ),
qy:Linear power {(kW/m),

ty:Duration time of the heat—up period ( s ),

n:Section number of heater power step.

The stepwise curve in Fig. 4.17 shows the calculated clad surface
temperature with Eq. (3) assuming that the heat capacities are 347 and 360
J/mK for the BN and MgO sections, respectively. The BN section covers the
elevation between 1.325 and 2.335 m from the bottom of the core heated
section. The MgQ section covers the elevation between O and 1.325 m or
between 2.335 and 3.66 m. The calculated profile agrees with the measured
profile within an error of 40 K.

Figure 4.18 shows the initial clad surface temperature at the
elevation of 1.83 m in each bundle. The definition of the bundle and the
power—unit numbers in CCTF;II are shown in Fig. 4.19. The average clad
surface temperature is 899.6 K at the elevation and all initial clad
sufface temperatures scatter between 879.6 and 919.6 K. The solid lines
show the calculated initial clad surface temperatures with Eq. (3) using
the measured linear power of each power—unit and the heat capacity of 347

J/mK. The estimation confirms that the temperature scatter caused by the
variation of the supplied power is less than 6 K. The broken lines show

the calculated initial clad surface temperature with Eq. (3) assuming +3 %
or -3% variation of the heat capacity of the heater rods. The 3z
variation of the heat capacity explains the 15 K va;iation in the initial
clad surface temperatures., The result, suggests that the heat capacity of
the heater rods is within a variation of 3 %Z at the midplane of the heater

rods at most.
4.3.2 Comparisons of heat transfer coefficient

Figures 4.20 and 4.21 show the comparisons of the averaged clad
surface temperatures at the midplane of the heater rods in the central and

peripheral reglons, respectively. The clad surface temperatures are the

arithmetric averages of the data from bundles 1 through 16 for the
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peripheral region and from bundles 2% through 32 for the central region,
respectively. In the peripheral regilon, the temperature in the flat radial
powetr test is higher than that in the steep radial power test because of
the higher local power. On the other hand, in the central region, the
temperature in the flat radlal power test is lower than that in the steep
radial power test due to the lower local power.

Figures 4.22 and 4.23 show the comparisons of the averaged heat
transfer coefficients in the central and peripheral regions, respectively.
The heat transfer coefficient in the steep radial power test is higher in
the central region and lower in the peripheral region than those in the
flat radial power test. The result shows that the heat transfer in core
is enhanced in the higher power (central) region and lowered in the lower
power (peripheral) region of the steep radial power test. The tendency is
consistent with the results in the SCTF tests(3),

Figure 4.24 shows the averaged heat transfer coefficient at the
midplane in the central, intermidiate and peripheral regions from the flat
radial power test. Figure 4.25 shows the heat transfer coefficients from
the steep radial power test. In the flat radial power test, the heat
transfer coefficient in the central region is slightly higher than that in
the peripheral region between 20 and 150 s. The core heat transfer is not
necessarily uniform even in the flat radial power test. It may be supposed
that the difference of the heat transfer coefficient is attributed to the
variation of the heat capacity of the heater rods. However, the
calculation results with REFLA code showed that the 3 Z variation of the
heat capacity resulted in much small variation of the heat transfer
coefficient than that observed in the test. The difference of the heat
transfer coefficient may be attributed to the wall effect in the periphery
of the core and/or the nonuniform condition at the boundary between the
core and the upper plenum as shown in Fig. 4.16.

Even though some slight multidimensional effect was observed even in
the flat radial power test, more clear difference is observed in the steep
radial power test as shown in Fig. 4.23. The difference should be caused
by the radial power profile itself and/or the profile of the clad surface
temperature 1in a horizontal cross section.

Murao and Sugimoto developed a correlation for the heat transfer

coefficlent during the reflood phase, given by(S)
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h=o.94(kg3pgfihfgg/Lquarsat)1/4(1-fg)1/4 (4)
+Ee(1-£ )/ 2 (14T *) /T4t

where
h;Heat transfer coefficient,
k;Themal conductivity,
fiDensity,
hfg;Latent heat for evaporation,
fg; |
gi;Acceleration of gravity, or suffix for gas phase,
1;Suffix for liquid phase,

Void fraction,

Lq;Distance from quench front,
y;Viscosity,

AT, ;Wall superheat,
E;Stefan—~Boltzman constant,

e;Emmisivity,

Tw;Wall temperature,

Toar3Saturation temperature.
The first and second terms in the right hand side represent the heat
transfer due to the film boiling and the radiation, respectively. To
assess the effects of the different clad surface temperature and distance
from the quench froant, the correlation was applied to the CCTF result.
In the estimation, 1t is assumed that the void fraction is uniform in a
horizontal cross section based on the results in the previous CCTF
tests(2), The used test results for the calculation of the heat transfer
coefficient were the wall and fluid temperatures, and the distance from
the quench front. The effect of the different clad surface temperature
and local power are considered through the differences in T .t » physical
properties of steam and the distance from the quench front.

Figures 4.26 and 4.27 show the comparisons of the heat transfer
coefficients between the test and estimated results for the central and
peripheral regions, respectively. The estimated results are lower in the
central region and higher in the peripheral region than the test results.

Table 4.2 summarizes the estimated results at 100 s in the steep
radial power test. The correlation gives lower heat transfer ccefficlent
as the local power is increased. This means that the estimation using Eq.
(4) with the assumption of uniform void fraction in a horizontal cross

section does not explain the dependency of the heat transfer coefficient
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on the power descrepancy in the wide core. There must be some error in
the assumption of the uniform void fraction and/or the equation (4) to
explain the observed tendency of the heat transfer coefficient. It is
necessary to study more the dependency of core heat transfer on the radial

power profile in wide core.
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Table 4.1 Number of measuring location used in the data averaging

for the initial clad surface temperature

Elevation Central reglon | Intermidiate region | Peripheral region
(m) Bundle numbers Bundle numbers Bundle numbers
29 through 32 17 through 28 1 through 16
0.128 4 12 16
0.380 8 24 32
0.815 4 12 16
1.015 8 24 32
1.425 4 12 16
1.830 8 24 32
2.035 4 12 16
2.440 8 24 32
2.845 1 1 3
3.050 9 25 35
3.340 1 1 K]
3.560 5 13 19

Table 4.2 Comparisons of heat transfer coefficient between CCTF results
and the estimation with Eq. (4)

Power High power Medium power Low power
region region reglion region
CCTF result 131.0 114.0 83.0
(W/n2K)
Estimation with 82.3 83.9 84.7

Eq. (4) (W/mls)

First term in 66.6 68.7 75.1
Eq. (4) (W/mis)

Second term in 15.8 15.2 9.6
Eq. (4) (W/nZs)

L (m) 0.865 0.763 0.572

(K) 591.7 577.7 409.0
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5. Conclusions

In order to evaluate the effect of the radlal power profile on the
system behavior and the core thermal hydraulic behavior during the reflood
phase of a PWR LOCA, a test was performed using the Cylindrical Core Test
Facility{CCTF) with the flat radial power profile. The test was conducted
with the same total core power as that of the steep radial power test C2-
5(Run 63). Through the comparisons of the results from these two tests,
the following conclusions were obtained:

(1) The radial power profile in the core has weak effect on the thermal
hydraulic behavior in the primary system except the core.

(2 Almost the same differential pressure was observed at various
elevations in the periphery of the core regardless of different radial
power profile. The result suggests that the core differential pressure is
determined mainly by the total power and the total stored energy rather
than by the local power and the local stored energy.

(3)The test results support the single channel core model with the average
power rod used in the reactor safety analysis codes such as REFLA-1DS,
WREM for the evaluation of the overall system behavior.

(4) In the steep radial power test, the heat transfer coefficient in the
central(high power) region was higher than that in the peripheral(low
power) region. The tendency was not explained by the estimation with the
heat transfer correlation developed by Muraoc et al. (3) assuming that the
void fraction was uniform in a horizontal cross section. It is necessary
to study more the dependency of core heat transfer on the radial power

profile in the wide core.
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Appendix A

Definition of Tag IDs
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Figure List

Definition of power zones and bundle numbers

Definition of Tag. ID for void fraction (AG(EL,1) ~ AG(EL.6))
Definition of Tag. ID for average linear power of heater and
in each power unit zone (LPOLA ~ LP09A)

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

(DSD55, DTO7RTS5, LTOBRMS, DSC75, DSCL5)

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

(DT23C, DTO1B, DPBCN)

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

(TEC2GW, TEOSGW, TEQBGOH)

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

(MLEC1, MLEC2, MLEC3, MLECLP, MLECUP, MLECDCl, MLECDC2,
TE110W, TE21QW, TEQ1JW, TEOlUW, TEO2UW, TEQ3UW, MGVENT1)
Definition of initial temperature, turnaround temperature,

quench temperature, temperature rise, turnaround time and

quench time



1.

No

nn

Definition

TAERI-M 85-027

of Tag. ID for clad surface temperatures and heat

fransfer coefficients

tation TEnnYlm (temperature)
HTEmmY1lm (heat transfer coefficient)
Bundle number (see Fig. A.l)
m : Elevation number
Elevation (m) | Axial power factor
3 0.38 0.651
5 1.015 1.147
7 1.83 1.40
9 2.44 1.256
A 3.05 0.854
Definition of power zone and boundle number
See Fig. A.l
Definition of Tag. Il for veoid fraction
See Fig. A.2
Definition of Tag. ID for average linear power of heater rod in

each power

See

Definition

unit zone

Fig. A.3

of Tag. ID for differential pressure through downcomer,

upper plenum, core and lower plenum

See

Definition
and broken

Sece

Definition
plenum and

See

Fig. A.4

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

Fig. A.5

of Tag. ID for fluid temperature in inlet and outlet
secondary side of steam generator

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

See Fig. A.7

9, Definition of initial temperature, turnaround temperature quench

temperature, temperature rise, turnaround time and quench

time. (See Fig. A.8

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

AT : Temperature rise (= T_ - T,

c mp u ( ¢ 1)
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 Aot - (reflood initiation time)

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

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

temperature,

T, > T + AT
i sat

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

T, - T,

i+1 i < - C L
T st
At

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

£ T + ATy
sat

Ti+k1
(4) If the determined i is inadequate, the value i is manually

re-determined.

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

plenum {K)
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AT; : Temperature discrepancy (K)
Default value = 50.0

Decreasing rate of clad surface temperature {K/S)

C .
st Default value = 25.0

ky : Number of referred data (-)
Default value = 6

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

{1) Core inlet mass flow rate : e

Notation : MLCRIO (O = N, 1 or 1l1)

(2) Time-intefral core inlet mass flow rate : Jrﬁth
Notation : IMLCRIE (0 =N, 1 or 11)

(3) <Carry-over rate fraction : (mF - mCR)/mF
Natation : CRFC (O = N, 1 or 11)

where e : Core inlet mass flow rate (See item 12)
éCR: Water accumulation rate in core
Suffix éF base on
N Eq.(A.2)
1 Eq.(A.1) with K=15
11 Fq.{A.1l) with K=20

12. Evaluation of core inlet mass flow rate

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

By using the data measured at the downstream of the core inlet, My

is derived as,

Mp =M tomy bomg +bme

where M and m are the mass accumulation rates in the core and the upper

(A1)

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

loop and the intact loop, respectively.
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By using the data measured at the upstream of the core inlert, ﬁF

is derived as,

me = Iomp =My - my b Mpeanp (A.2)

vhere ﬁDL and ﬁo are the mass flow rates of the water flowing into and

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

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

tion rate in the dowmcomer respectively.

The ﬁls and my can be obtained from the pressure drops at the pump
simulators with orifices by assuming the K-factor of the orifice is
constant. The values of ﬁc, &D and ﬁu can be evaluated with the

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

m_ = d(ap s /g)/dt  (n: C, D, U) , (A.3)

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

area. The value of 60 can be obtained from the liquid level X in the

Containment tank 1 as,

m, = d(XpQSO)/dt ) (A.4)

where p, is the liquid density and SO is the cross sectional area of the

g
containment tank 1.
The value of T 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 assumption of thermal edquilibrium:

Moy ¥ ML T Meee T ™ g (a.5)

. - . . - - ] ’ .
(Myy * M0 = MeecPpee ¥ My , (A.6)

if h zhzhy.(ﬁw+ﬂ%0h=r%wg+nmfﬁ

h . 0 (A.7)

-
(sl
o0
v

o9
U;
—

It

|
<

if h 2 hE v Moy T

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 Eqs. (A.1) and (A.2).
The K~factor of the orifice in the pump simulator was cvaluated in the
fellowing 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 Pitot tube measurement in a
typical reflood condition assuming the flat velocity profile in the
pipings. In the differentiation, higher frequency components of the
data tends to be amplified mcre. Therefore, in the differentiation of
the differential pressure data, the smoothing procedure was used to
suppress the high frequency components of the data.

In the Acc injection period, the calculated ﬁFs with Eqs. (A.1) 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, especially before the
steam generation from the core becomes noticeable, the mass flow rate,
&F, 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 our estimation.

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

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

downcomer conditions,
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Upper plenum
: MLECUP, TEQIUW
' o
1 1
J_ Broken loop [ntact loop 1,2,3
e T - MLEC {, TE11QW
' Lowncomer MLEC2| TE21QW
MGVENT | <= MLECDC 1, TEQ2UW MLEC3 TE31GW
MLECDC2, TEO3UW | .
Lower plenum o
K MLECLP
TEQIJIW
GContginmen) tonks Pressure vessel <= ECC water injection

Clad surface temperature {K)

Tl

location

MLEEE®E : Mass flow rafe
TEBRYE : Fluid temperature

Fig. A. 7 Definition of Tag. [D for ECC water .injection rate,
ECC woter temperature and vented steam flow rate

Turnaround )
time

Ty Initial temperalure
Ty ¢ Tumaround lemperature
T, Quench {emperature

ATr @ Tempergture rise (=Ty— T¢!

(Ouench)

time

BOCREC time
/ {Reflood initiafion)

Time (s)

0 Time after flood {s)

Fig. A.8 Definition of initial temperature, t

urncround temperolure, quench

temperature, temperature rise, {urnarcund time ond quench time
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Appendix B

Selected data of CCTF Test C2—-6 (Run 64)



Fig.
Fig.
Fig.
Fig.

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

Fig.

Fig.

B.1l
B.2
B.3
B.4

B.7

B.8

B.10

B.11
B.12
B.13
B.14
B.15
B.16
B.17
B.18
B.19

B.20

B.2]

B.22

B.23

B.24
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Figure List

ECC water injection rates into the primary system.

ECC water temperature.

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

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

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

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

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

Heat transfer coefficient at various elevations along a
heater rod in medium power region (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.

VYoid fraction in core.

Differential pressure through upper plenum.

Differential pressure through downcomer, core, and lower
plenum.

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

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

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

Core flooding mass flow rates evaluated with Egs. (A.l) and

(A.2)

— 73—



Fig. B.25

Fig. B.26
Fig. B.27
Fig. B.28

JAERI-M 85-027

Time—integral mass flooded into core evaluated with Egs.
(A.1) and (A.2).
Carry-over rate fraction.

Core inlet subcooling.

Exhausted mass flow rate from containment tank 2.
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(64) AM&HLEC2

(64) +--~MLEC3

(64)

11 1 I

LR

I

1 Lanmanl ]

| F L e | | H .

I

180 300 480 aoo ‘780
TIME (&)
B.1  ECC water injection rates into the primary system,
O-~-TE11GW [(B4) &-~TE210QW (64) +--TE31GW (64]
I 1 ! | 1 T 1 ¥ 1 ! | | 1 1 1
N e Gl e e —
| | H 1 r} | | ] :i“; | l 1 . ?L L ? I
(4] 180 a00 480 BaD 780
TIME (8)
Fig. B.2 ECC water temperature.
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O--LPO1A (64 A--~|LP0O2A {64) +-~LPODO3R (64)
W-~LPOAR - (B4) &-~-LPOBA (64) #--LP0O6BA {64)
X LPO7R (64) Z--~LPOBA t64) Y--LPDS9A i64)
2.00 R | S — I =TT T
.;; - _
o, - _
X | .
x
—r 1.80
> 4
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(=]
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L p
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o i =
L
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[ | | —
- i i
EE ] | [150 L ‘800 | | lqsn L1 1800 L JTEU
TIME (8]

Fig. B.3 Average linear power of heater rod in each power unit zone.

O--PTO1B (64) &#--PTO1RL2 (64) +--PTUOORND (G64)

0.40 — T T T T 1 A S I [ B S
— 1
0-30 /“\\..’\
EE /’n\ﬁ\\‘hh\hh"""rdaﬂﬁduu“+ﬁh~\H““~+’ﬁ._n—_-_+‘~\\c
o
= \—"f_’*\"r-—"“"‘_ﬁ. i
F"\
g 0.20 ~ & B ———
= | ]
w -
7p] -
TN ]
[~ — -
& .o
o i [N S N [ L ] [ S ] L i
<] i50 100 480 800 760

TIME (8§)

Fig. B.4 Pressure history in containment tank 2, upper plenum and

lower plenum.
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O--TES1Y13 (B4) &--TES1YLE (54) +~-TES1Y17 (64)
X--TE31Y18 (64) o—-TE31Y!IA (64)

lann T [ 2L | 1 ! 1 | i [ T | | i i 1 1 1 T i
1080
—
z A
w i
g ]
—  Bsoo
& -
[+ <
uJ -
-1 _
x
m —
= s80
i ] | 1 i | | { | | | | |-/ 1 | | | [ f
%00 7 150 800 460 800 750
TIME (8)

Fig. B.5 Clad surface temperature at various elevations along u heater

rod in high power region (A region).

O--TE22Y13 (B64) &--TE22Y16 (64) +--TE22Y17 (64)
X--TE22Y18 (B4) &--TE22YLR (64}

lauu | | | 1 1 | | | I 1 | | I 1 | 1 i T 1 [
1080
- .
had b
w i
gg ;: N :"- N
ot 800
cL. q
[+
u -
L -
= \\\b
Ll -
U
Jr | | | | ] | | | i | i | | | | |
8o 300 2850 800 780
TIME (S}
Fig. B.6 Clad surface temperature at various elevations along 2 heater

rod in medium power region (B region).



TEMPERRTURE (K)

Fig.

HEAT TRANSFER COEFFICIENT (W/M=x2K)
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M-~ TED7Y13 (64) A--TEQ7YLE (64) +-~TEO7Y17 [64)
X--TED7Y18 (64) &--TEQ7YIR {64)

1aco I i 1 L ! l ' ! L ! 1 1 ) ! 1 ! 1. 1 ! 1
lgso
B -1
800 hﬁ&N&"
5 /\l \"\
~_|~9, L e
b | L el L ol
300 5 ST ETT 480 800 780
TIME ([S)
B.7 Clad surface temperature at various elevations along a heater
rod in low power regionm (C region).
O-~-HTE31Y13(64) A-—HTE31Y165(64) -+--HTE31Y17{64)
X--HTE31Y19(684) &--HTE31Y1A(64) :
’nu i i 1 1 ia’:T 9‘: ]
- k00
.
100
.
a i t 4
- - L i | ] 1 o I L | I L l—
Loo 300 480 800 760
TIME (8]
Fig. B.8 Heat transfer coefficient at various elevations along a

heater rod in high power region (A region).
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O--HTE22Y13(64) &4--HTE22Y15(64) +--HTE22Y17(654)
X--HTE22Y19(64) O-~HTE22Y1A(64)

doo | ——— T T E——

200

100

HERT TRANSFER COEFFICIENT (W/M==2K)

-
-100 B8 |lsu Ll ianu L1 |4EB S IBDD L .
TIME (8]

Fig. B.9 Heat transfer coefficient at various elevations along a

heater rod in medium power region (B region).

O--HTEQ7Y13(64) A--HTEQ7Y165(84) +--HTED7Y17(64)
X--HTEQ7Y18(64) &--HTEO7YIR(E4)

300 ' ! ! ! ! la‘ I 1 Wi

200

100

—qop Bkl 1 1 | Lk A R I T I S
160 D) 460 800 760

TIME [8)

Fig. B.10 Heat transfer coefficient at various elevations along a

HEAT TRANSFER COEFFICIENT (W/Mw=2K)

heater rod in low power region (C region).
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INITIAL TEMPERATURE

AVERRGE RUN B4

A-REGION o wA- ———— B-REGION
& wp-- - C-REGION + wC-
4 T T T T 1 T T T 1 T T T | T T T T
= 1
3 —
2 — ]
i o —
U i 1 I b 1 I 1 L 1 ] I L 1 L L ! 1 1 1 1 ]
400 600 800 1000 1200
INITIAL TEMPERATURE (K)
Fig. B.ll1 Initial clad surface temperature.
TEMPERATURE RISE AVERAGE RUNG4
R-REGION © - ———— B-REGION
4 mB- - -REGICON + wC—
4 ] | 1 1 I I H T L4 I 1 T L] 1 I T 1 T T i
L . ::” + .
3 :_ - _-
: >+ :
2 —
1 —
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TEMPERATURE RISE (K]}
Fig. B.12 Temperature rise.
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TURNAROUND TEMPERRTURE AVERAGE RUN G4
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TURNAROUND TEMPERARTURE (K]
Fig. B.13 Turnaround temperature,
TURNAROUND TIME AVERAGE RUN 64
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TURNAROUND TIME (85)

Fig. B.l4 Turnaround time.



ELEVATION (M)

ELEVARTION (M)

JAERI-M 85-027

QUENCH TEMPERRTURE AVERARGE RUNG4
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Fig. B.15 Quench temperature.
QUENCH ENVELQCP AVERRGE B4
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Fig. B.16 Quench time.
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(64
(B4

] +--AGIEL.3
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]
)

(64
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}
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1-.00 I ™ —
0.75 - )
e f\ﬁu}@ﬁ“‘ﬂ\q
n-zs \
0 T Ll L o
[*] 10 had 300 460 8on 750
TIME (81}
Fig. B.l7 Void fraction in core.
O--LTOBRME (B64) &--DTO7RTE (64)
0.0080
0.0C40
0.0020
a
N 1 [ L1 | S O | L £ Lt ]
~0-0026 180 300 4E0 8ao 760
TIME (8)
Fig, B.18 Differential pressure through upper plenum.
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Fig. B.19 Differential pressure through downcomer, core, and lower

plenum.
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Fig. B.20 Differential pressure through intact and broken loops.
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B.21 Differential pressure through broken cold leg nozzle.
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2?2 Fluid temperature in inlet plenum, outlet plenum,

secondary of steam generator 1.
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Fig. B.23 Fluid temperature in inlet plenuni, outlet plenum, and

secondary of steam generator Z.
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B.24 Core flooding mass flow rates evaluated with Eqs. (A.l1 and

(AL

Z)

R W



K G

(

MRSS

Fig. B.

CARRY-OVER RATE FRACTICGN (-1

8000

4000

2000

-2DG8

O--- IMLCRIN

JAERI-M 85-027

& - TMLCRIL

+--- IMLCRI11

=

L b

300 450

(--- CRFN

TIME (S)

+--CRF11

%0

25 Time-integral mass flooded into core evaluated with Egs.

(A.1) and (A.2}.

"l

1 1 L. 1

300 450

TIME (S)

Carry-over rate fraction.



SUBCNOLING (K)

MASS FLOW RATE {(KG/S)

JAERI-M 85-027

O--TSUBCRIN(E4)

80 t ! 1 ] ! 1 I } ! 1 1 t ! I ! I I ! 1 ﬁ

20 - { _
i | i 4

__Eu'lll\lli|\lillllll!ll
o] 160 300 4B0 800 760

TIME (S)

Fig. B.27 Core inlet subcooling.
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Fig. B.28 Exhausted mass flow rate from containment tank 2.




