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Large Scale Reflood Test Program has been performed under contract
with the Atomic Energy Bureau of Science and Technology Agency of Japan
since 1976. The Slab Core Test Program is a part of the Large Scale
Reflood Test Program along with the Cylindrical Core Test Program.

Major purpose of the Slab Core Test Program is to investigate two-
dimensional, thermo-hydrodynamic behavior in the core and the effect of
fluid communication between the core and the upper plenum on the reflood
phencmena in a postulated logss—of-coolant accident of a PWR.

A significant upper plenum water accumulation was observed in the
Base Case Test S1-01 which was carried out under forced-feed flooding
condition. To investigate the effects of upper plenum water accumulation
on reflooding phenomena, accumulated water is extracted out of the upper
plenum in Test $1-03 by full opening of valves for extraction lines located
just above the upper core support plate.

This report presents this effect of upper plenum water accumulation
on reflooding phenomena through the comparison of Tests 51-01 and S1-03.
In spite of full opening of valves for upper plenum water extraction in
Test $1-03, a little water accumulation was observed which is of the same

magnitude as in Test S1-01 for about 200 s after the beginning of reflood.

The work was performed under contract with the Atomic Energy Bureau

of Science and Technology Agency of Japan.
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From 200 s after the beginning of reflood, however, the upper plenum water
accumulation is much less in Test $1-03 than in Test S1-01, showing the
following effects of upper plenum water accumulation.

In Test S§1-03, (1) the two-dimensionality of horizontal fluid distri-
bution is much less both above and in the core, (2) water carryover through
hot leg and water accumulation in the core are less, (3) quench time is
rather delayed in the upper part of the core by less water fall back from
the upper plenum, and (4) difference in the core thermal behavior and core

heat transfer are not significant in the middle and lower part of the core.

KEYWORDS: Reactor Safety, PWR-LOCA, Reflood, Large Scale Reflood
Test, Slab Core Test, Two-dimensional Core Behavior,

Forced-feed Flooding, Upper Plenum Water Accumulation.
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1. Introduction

1.1 SCTF Program
The Slab Core Test Facility is one of the facilities of the Large

Scale Reflood Test Program which has been carried out at Japan Atomic Energy

Research Institute (JAERI) under the trilateral cooperation among Japan,

U.S. and FRGSl)

The objectives of the Large Scale Reflood Test Program are:

(1) Demonstration of the safety margin in the current safety evaluation
Analysis on the effectiveness of the Emergency Core Cooling System
(ECCS) during the refill and reflood phases of a PWR-LOCA.

(2) Provision of information for analytical modeling of thermo-hydrodynamic
phenomena during the refill and reflood phases of a PWR LOCA.

(3) Verification of an integral reflood analysis code, "REFLA"(Z), and
a US-dewveloped reactor transient analysis code, "TRAC"(3).

For this program were constructed two test facilities, Cylindrical

Core Test Facility (CCTF)(é) and Slab Core Test Facility (SCTF)SS) The

objectives of CCTF are to achieve the above mentioned task with the integral

simulation of all crucial components for a PWR.
The objectives of the SCTF test are to study two-dimensional hydro-
dynamics and heat transfer in the core and performance of the emergency

core cooling system (ECCS) during the last part of blowdown, refill and

reflood phases of a PWR LOCA by the use of a full height and full radius

electrically heated core but with a simple simulation for the primary

coolant loops,

1.2 Objectives of This Study

A significant upper plenum water accumulation was observed in the
Base Case Test S1-01, which was carried out uﬁder the forced-feed flooding
with the system pressure of 0.2 MPa. The SCTF simulates the upper plenum
internals of the new Westinghouse 17 x 17 array fuel assemblies, It is
considered that much larger flow area in the upper plenum than in the core
causes accumulation of water in the upper plenum which is carried over from
the core by steam generated in the core, Upper plenum water accumulation
should have significant effects on the cooling of fuel rods and two-=
dimensional thermo-hydrodynamies in the core.

When more water is accumulated in the upper plenum, it is considered

that upper part of core should be cooled earlier by more intense fall

_]_
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back of water from the upper plenum into the core and that the two-
dimensionality of core thermo-hydrodynamics should be dependent on the
fall back intensity at each bundle. |

Therefore, this study aims to investipgate the effects of water
accumulated in the upper plenum on the core heat transfer and hydrodynamics.
As a method for making clear the effect of upper plenum water accumulation
on the reflooding phenomena, water accumulated in the upper plenum was
extracted out of the upper plenum as much as possible by the actuation
of the upper plenum water extraction system with full opening of valves
at the nozzles just above the upper core support plates in Test S1-03
under the same conditions for other parameters as Test 51-01.

Through the comparison of Tests S51-01 and S1-03 the effects of upper

plenum water accumulation are investigated in this report.

1.3 Constitution of This Report

In Chapter 2, the test conditions and test sequence for Tests 51-01
and S1-03 are presented, and compared.

In Chapter 3, mass balance in the system is discussed. This investi-
gation is important not only to well understand the overall fluid behavior
in the system but also to confirm the good quality of the measured data.
Characteristics of carryover water from the upper plenum to the hot leg
and water distribution behavior in the pressure vessel are also discussed,

In Chapter 4, the core thermal behavior is discussed. Major items
of this investigation are time and temperature of the turnaround and the
quench at the respective measuring point. The quench propagation velocity
is also discussed.

In Chapter 5, heat transfer coefficient on the surface of the simu-
lated fuel rods is discussed as a function of the location and time.

This investigation gives important information about the heat transfer
mechanism in the reflooding phase. TFor this study, heat transfer analysis
code HEAIQ(6) was used, which has taken into account the effect of axial
heat conduction.

In Chapter 6, two—dimensional hydrodynamic behavior in the core and
the upper plenum is discussed., Two-dimensional thermo-hydrodynamics in
the pressure vessel including the core is the major objective of the
SCTF program to be studied.

Major conclusions of each chapter are given in the last part of the
respective chapter and summarized in Chapter 7.

Selected data for Test S1-03 are given in Appendix.

_2-
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2. Test Description

2.1 Test Facility
The SCTF was designed to study the two-dimensional, thermo-hydraulic
flow behavior in the pressure vessel during the end of blowdown, refill
and reflood phases of a simulated LOCA for a pressurized water reactor.
The overall schematic diagram of the SCTIF is shown in Fig. 2.1.
The principal dimensions of the facility is shown in Table 2.1, and the

comparison of dimensions between the SCTF and the referred PWR is shown

in Fig. 2.2.

2.1.1 Pressure Vessel and Internals

The pressure vessel is of slab geometry as shown in Fig. 2.3. The
height of the components in the pressure vessel is almost the same as the
reference reactor's, and the flow area and the fluid volume of each
component are scaled down based on the nominal core flow area scaling.

The core consists of 8 bundles in a row and each bundle includes
simulated fuel rods and non-heated rods with 16 x 16 array. The core
arrangement for the SCTF Core-I is shown in Fig. 2.4, which includes 6
normal bundles and 2 blocked bundles. The core is enveloped by the
honeycomb thermal insulator which is attached on the barrel.

The downcomer is located at one end of the pressure vessel which
corresponds to the periphery of the actual PWR. The core baffle region
is, on the other hand, located between the core and the downcomer. For
better understanding, the cross section of the pressure vessel at the
elevation of midplane of the core is shown in Fig. 2.5.

The design of upper plenum internals is based on that of the new
Westinghouse 17 x 17 array fuel assemblies. The internals consist of
control rod guide tubes, support columns, orifice plates and open holes
and the arrangement is shown in Fig. 2.6. The radius of each intermal
is scaled down by factor 8/15 from that of an actual reactor. Flow
resistance baffles are inserted into the guide tubes. The elevation and
the configuration of baffles plate are shown in Fig. 2.7 and 2.8.

The height of the hot leg and cold legs are designed as close to
the actual PWR as possible. However, in order to avold the interference
of the nozzles in the downcomer, the heights of nozzles for the broken
cold leg and the intact cold leg are shifted down compared to that of

the hot leg as shown in Fig. 2.3.
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2.1.2 Heater Rod Assembly

The heater rod assembly for the SCTF Core-I consists of 8 bundles
arranged in a row, These bundles are composed of 6 normal unblocked
bundles which are located at the lst, 2nd and 5th to 8th bundles and 2
blocked bundles which are 3rd and 4th bundles as shown in Fig. 2.4.
Each bundle has 234 electrically heated rods and 22 non-heated rods.
The dimensions of the heater rods are based on a 15 x 15 fuel rod bundle,
and the heated length and the outer diameter of each heater rod are
3.66 m and 10.7 mm, respectively. A heater rod consists of a nichrome
heater element, magnesium oxide (Mg0) and Nichrofer-7216 sheath (equialent
to Tnconel 600)., The sheath wagll thickness is about 1.0 mm and is thicker
than the actual fuel cladding because of the requirements for thermocouple
installation, The heating element is a helical coil and has a 17 step
chopped cosine axial power profile as shown in Fig, 2.9. The peaking
factor is 1l.4.

Non-heated rods are either stainless steel pipes or solid rods of
13.8 mm 0.D. The heater rods and non-heated rods are fixed at the top
of the core allowing the rods to move downward when the thermal expansion
ocecurs. In Fig. 2.10 the axial position where blockage sleeves for simu-
lating the ballooned fuel rod are equipped is shown. The blockage sleeves
consist of three types of sleeve, one is used for the rods at the corner
adjacent to the adjacent blocked bundle, another for the rods adjacent
to the side walls and the third for the rods except for the periphery of
the blocked bundle. These are named A, B and C respectively in the Fig.
2.11 and the configurations for these are shown in Fig. 2,12.

For better simulation for flow resistance in the lower plenum the
simulated rods do not penetrate through the bottom plate of the lower

plenum as shown in Fig, 2,10,

2.1.3 Primary Loops and ECCS

Primary loops consist of a hot leg equivalent to the four actual hot
legs, a steam/water separator for measuring the flow rate of carry over
water, an intact cold leg equivalent to the three actual intact loops, a
broken cold leg on the pressure vessel side and a broken cold leg on the
steam water separator side. These two broken cold legs are connected with
two containment tanks through break valves, respectively. The arrangement
of the primary loops is shown in Fig. 2.13., The flow area of each loop is

scaled down based on the core flow area scaling. It should be emphasized
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that the cross section of the hot leg is an elongated circle to realize

the proper flow pattern in the hot leg. The steam/water separator has a
steam generator inlet plenum simulator to realize the flow characteristics
of carryover water. The cross section of the hot leg and the configuration
of the steam generator inlet plenum simulatpr_are shown in Fig. 2.14,

A pump simulator and a loop seal part are provided for the intact
cold leg. The arrangement of the intact cold leg is shown in Fig. 2.15.
The pump simulator consists of the casing, duct simulators and an
orifice plate as shown in Fig. 2.16. The loop resistance is adjusted
with the orifice plate.

In principle, ECCS consists of an accumulator and a low pressure
injection system. The injection peort is located as already described in
the design criteria. Besides, the Upper Core Support Plate (UCSP) extraction
system is provided and the UCSP water injection and extraction system will

be used for combined injection tests.

2.1.4 Containment Tanks and Auxiliary System

Two containment tanks are provided to the SCTF. The containment tank-I
is connected with the downcomer through the pressure vessel side broken cold
leg and the containment tank-II is connected with the steam/water separator
through the steam/water separator side broken cold leg. Especially in the
containment tank-I, carryover water from the downcomer is measured by phase
separation.

As auxiliary systems, UCSP water injection and extraction systems are
provided teo the SCTF. These systems are used to investigate the effects
of fluid condition just above the UCSP on the reflooding phenomena by
injecting water at specified temperature and flow rate with or without
water extraction out of upper plenum., In Test 31—03, the UCSP water
extraction system was used and upper plenum water was extracted out of
the upper plenum for investigating the effects of water accumulation on
core thermal-hydrodynamics, The schematic of the UCSP water extraction
system is shown in Fig. 2.17 and the detail of nozzles installed just above

the UCSP for UCSP water injection and extraction is shown in Fig. 2.18.

2.1.5 Instrumentation
The instrumentation in the SCTF has been provided both by JAERI and
the USNRC. The JAERI-provided instrumentation includes the measurement of

temperatures, pressures, differential pressures, liquid levels, filow
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velocities, and heating powers. The USNRC has provided film probes,
impedance probes, string probes, liquid level detectors (LLDs), fluid
distribution grids (FDGs), turbine meters, drag disks, y-demnsitometers,
spool pieces and video optical probes$7) The measurement items of the
JAERI- and USNRC-provided instruments are listed in Tables 2.2 and 2.3,

respectively.

2.2 Test Conditions and Test Sequences for Test S1-03 and S1-01

The only difference in test conditions and test sequence between Tests
8§1-01 and $1-03 is if the upper plenum water is extracted out of the upper
" plenum or not. In Test S$1-01 upper plenum water is not extracted, but in
Test $1-03 water accumulated on UCSP in the upper plenum is extracted
during the test, by full opening of valves at nozzles located just above
the UCSP.

The test conditions common to these two tests are as follows.

Tests 51-03 and S1~01 were performed under forced-feed flooding, that
is, the lower plenum and the downcomer were isclated from each other with
a blocking plate and the emergency core cooling (ECC) water was directly
injected into the lower plenum. The vent valve simulation line counnecting
the upper plenum with the downcomer was blocked by inserting a blind plate.
To give proper flow resistances, orifices were installed at each loop
simulating primary loops. Orifice diameters for steam/water separator
side broken cold leg, the intact cold leg and the pump simulator were
87.7, 191.1 and 173.7 mm, respectively, and no orifice was attached to
the pressure vessel side broken cold leg (See Fig. 2,13). Radial power
profile simulated that of the Westinghouse initial core and the initial

bundle power for each bundle was:

No.1l, 2 bundles : 887 KW/bundle

No.3, 4 " t 944 "
No.6, 6 " : 900 "
No.7, 8 " : 815 "

Table 2.4 gives the comparison of major pretest and measured test
conditions for Tests $1-03 and 51-01. Test conditions are basically the
same for the two tests except for condition of upper plenum water extraction
system,

Test sequences for both tests were as follows. First, the pressure

vessel (including the core), steam/water separator, pump simulator,

— & -
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containment tanks-I and -II and pipings connecting these components with
each other were heated up and pressurized up to the near saturation
condition at the specified system pressure by external heating with
electric heaters and by supplying saturated steam to the system,

Next, core temperature was adjusted gradually so as to set the initial
maximum rod surface temperature in the core at 523 K.

Cold water which initially occupied the accumulator (Acc) injection
piping was replaced with hot water in the Acc tank by repeating four times
to supply hot water through the piping into the lower plenum and to drain
it.

Water temperature in the low pressure coolant injection (LPCI) piping
was kept at the near saturation temperature corresponding to the system
pressure by ciréulating the water through the LPCI tank.

Next, near saturated water at the system pressure made up in the
saturated water tank was supplied in the lower plenum upto 1.3 m from the
bottom of the lower plenum.

Core heating was then initiated and reached a constant specified rate
of core heating after about 6 s. In the present report, time "zero" is
defined as the time when core heating is initiated unless it is indicated
as the time after the bottom-of-core recovery (BOCREC}, that is, the time
when water level reaches the bottom of core.

When four cladding temperature exceeded 926 K, power decay simulation
was initiated following core power decay curve from 30 s after scram with
the core power kept at the constant for the first 5 s.

Figure for the decay heat curve was based on the "ANS Standard +
Actinides + Delayed Neutron Effect for Voided Core'.

Simultaneously with the beginning of the decay heat simulation,

Acc injection into the lower plenum was initiated. The maximum Acc injection
rate was about 22 kg/s, which corresponds to the nominal flooding speed of
about 5 em/s in the core. Here, the nominal flooding speed is defined

based on the core area including the core baffle region and the gap between
core barrel and vessel wall, etc..

At 20 s after the initiation of the Acc injection, Acc injection was
switched to LPCI. The LPCI injection rate was about 11 kg/sec, which
corresponds to the nominal flooding speed of about 2.5 em/s.

Pressure in the containment tank-II was controlled by a regulating
valves so as to keep the pressure at the constant. However, the pressure

showed a small overshoot in both tests due to delay of the valve actionm.
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Since core pressure showed an overshoot and core inlet temperature
varied slightly, core inlet subcooling varied during the tests. The water
subcooling at the core inlet was depending on the time but the maximum
value was about 15 K in both tests.

At 900 s after the initiation of LPCI injection, the tests were

terminated.

2.3 Chronologies of Major Events in Tests S1-03 and S1-01

Table 2.5 gives comparison of the chronologies of jajor events in
Tests S1-03 and S1-01. The chronologies of major events in both tests are
almost the same and are as follows. Whole core quench which means quench
of all rods in the core occurred at 307 s after the BOCREC in Test 51-03
and at 292 s after the BOCREC in Test S1-0l. Maximum core pressure was
0.218 MPa at 48 seconds after the BOCREC in Test $1-03 and was 0.233 MPa
at 48 seconds after the BOCREC in Test $1-01. Maximum core inlet subcooling
was 15.5 at about 138 seconds after the BOCREC in Test S1-03 and was 15.4 K
at 53 seconds after the BOCREC in Test S1-01.

Figs. 2.19 and 2.20 show the comparison of transients of pressures
at the top of pressure vessel, at the center of the core, at the core inlet
and at the upper downcomer and pressures at the containment tanks I and II.
Fig. 2.21 shows the comparison of ECC water inejction rates. There is
no significant difference in these transients between the two tests as
intended. TFig. 2.22 shows the transient of integrated mass of water
extracted from the upper plenum for Test S1-03, and Fig. 2.23 shows the
comparison of transients of water level in the upper plenum. From Figs.
2.22 and 2.23 it is known that water was effectively extracted from the
upper plenum after about 200 s from the BOCREC. No significant difference
is observed until 200 s after the BOCREC in spite of full opening of valves
at the nozzles for upper plenum water extraction. However, much difference
in water level is observed between Tests S$1-03 and S1-01 from about 200 s
after the BOCREC. Therefore, the effect of water accumulation on reflood
phenomena should be recognized from that time. Fig. 2.24 shows the comparison

of heating bundle power. The power was also the same in both tests.
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Table 2,1 Principal Dimensions of Test Facility

1. Core Dimension

(1) Quantity of Bundle 8 Bundles
(2) Bundle Array 1x8

(3) Bundle Pitch 230 mm
(4) Rod Array in a Bundle 16x16

(5) Rod Pitch in a Bundle 14.3 mm
(6) Quantity of Heater Rod in a Bundle 234 rods
(7) Quantity of Non-Heated Rod in a Bundle 22 rods
(8) Total Quantity of Heater Rods 234x8=1872 rods
(9) Total Quantity of Non-Heated Rods 22x8=176 rods
{10) Effective Heated Length of Heater Rod 3660 mm
(11) Diameter of Heater Rod 10.7 mm
(12) Diameter of Non-Heated Rod 13.8 mm

2. Flow Area & Fluid Volume

(1) Core Flow Area* (nominal) 0.227 m?
(2) Core Fluid Volume 0.92 m3
{3) Baffle Region Flow Area 0.10 m?
(4) Baffle Region Fluid Volume 0.36 m3
(5) Downcomer Flow Area 0.121 m?
(6) Upper Annulus Flow Area 0.158 m?
(7) Upper Plenum Horizontal Flow Area 0.525 m?
(8) Upper Plenum Fluid Volume 1.16 m3
(9) Upper Head Fluid Volume 0.86 m3
(10) Lower Plenum Fluid Volume 1.38 3
(11) Steam Generator Inlet Plenum Simulator
Flow Area 0.626 m?
{12) Steam Generator Inlet Plenum Simulator
Fluid Volume 0.931 m?
{(13) Steam Water Separator Fluid Volume 5.3 m3
{(14) Flow Area at the Top Plate of Steam
Generator Inlet Plenum Simulator 0.195 m?
(15) Hot Leg Flow Area 0.0826 m?

% Flow area in the core is 0.35 m?, including the excess flow area of
gaps between the bundle and surface of thermal insulator and between

the core barrel and the pressure vessel wall.
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{Continued)

Intact Cold Leg Flow Area
(Diameter = 297.9 mm)

Broken Cold Leg Flow Area
(Diameter = 151.0 mm)

Containment Tank I Fluid Volume

Containment Tank II Fluid Volume

3. Elevation & Height

(L

(2)
»

(4)
(3
(6)
(7)
(8)

(9)
(10)
(11)
(12)

(13)
(14)
(15)
(16)

Top Surface of Upper Core Support Plate
(UCSP)

Bottom Surface of UCSP

Top of the Effective Heated Length
of Heater Rod

Bottom of the Skirt in the Lower Plenum
Bottom of Intact Cold Leg

Bottom of Hot Leg

Top of Upper Plenum

Bottom of Steam Generator Inlet Plenum
Simulator

Centerline of Loop 5eal Bottom
Bottom Surface of End Box
Top of the Upper Annulus

Height of Steam Generator Inlet Plenum
Simulator

Height of Loop Seal
Inner Height of Hot Leg FPipe
Bottom of Lower Plenum

Top of Upper Head

0.0697 m?

0.0179 m?

30
50

- 393
-5270
+ 724
+1050
+2200

+1933
-2281

m3

m?

puizul
mm
mm
TIm

mm

mm

mm

- 185.1mm

+2234

1595
3140
737
-53770
+2887

mm

mm

mm

juni

m
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Measurement'Items of SCTF

Table 2.2
(JAERI-provided instruments)
LOCATION ITEM PROBE QUANTITY
1. CORE ‘
center pressure DF cell 1
short range of core diff. press. DPF cell 22
half length of core diff. press. DP cell 16
full length of core diff. press. DP cell 8
across spacers dLff. press. bP cell 7
across end box diff. press. DP cell 8
across 4 assemblies diff. press. DP cell 3
across B assemblies diff.'press. DP cell 3
below and above end box steam velocity Pitot-tube 3
sub channel steam velocity Pitot-tube i3
below end box hole fluid temp. T/C 16
above end box hole fluid temp. T/C 16
core baffle fluid temp. T/C 6
non-heating rods fluid temp. T/C 96
steam temp. S5P 16
clad temp. T/C 108
heater rods clad temp. T/C 640
side walls wall temp. T/C 36
core baffle wall temp. T/C 2]
core baffle liquid level DP cell 1
short range of core baffle | ligquid level DP cell 6
heated rod power 8
sum (1039}
2. UPPER PLENUM
centre pressure DP cell 1
across end box tie plate diff. press. DP cell 2]
core outlet-hot leg inlet diff. press. DP cell 4
periphery of UCSP hole fluid temp. T/C B
centre of UCSP hole fluid temp. T/C 8
250mm & 1000mm above UCSP fluid temp. T/C B
surface of UCSP fluid temp. T/C 8
above UCSP hole steam temp. SSP 8
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(Continued)

LOCATION ITEM PROBE QUANTITY
surface of structure wall temp. T/C 15
side walls wall temp. T/C 8
above end box tie plate ligquid level DP cell 8
above UCSP liquid level DP cell 9
above UCSP (v.} steam velocity Pitot~tube 2
inter-structures (h.) steam velocity Pitot-tube 2

' sum( 97)
3. LOWER PLENUM
below bottom spacer pressure DP cell i
lower plenum diff, press. DP cell 1
- upper plenum '
core inlet fluid temp. T/C 8
inlet from downcomer "fluid temp. T/C 2
side & bottom walls wall temp. T/C 4
below bottom spacer liguid level DP cell 1
sua({ 17)
4. DOWNCOMER'
upper position pressure DP cell 1
horizental direction diff. press. DP cell 1
four levels fluid temp. T/C 8
side wall wall temp. T/C 2
inner wall wall temp. T/C 2
below cold leg level liguid level DP cell 1
above cold leg level liquid level DP cell 1
below core inlet level liquid level DP cell 1
bottoem momentum flux Drag disk 2
' sum{ 19)
5. HOT LEG
full length diff. press. DP cell 1
multiple points fluid temp. T/C 3
steam temp. SSP 3
wall temp. T/C 1
liquid level DP cell 2
sum({ 10)
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(Continued)
LOCATION ITEM PROBE QUANTITY
6. §/W SEPARATOR SIDE
BROKEN COLD LEG
across resistance diff. press. DP cell 1
simulator
S5/W separator to contain- flow rate venturi 1
ment tank II
multiple points fluid temp. T/C 1
steam temp. SSP 1
wall temp. T/C 1
sum ( 5)
7. INTACT COLD LEG
full length diff. press. DP cell 1
across resistance ‘diff. press. DP cell 1
simulator
across pump simulator diff. press. DP cell 1
flow rate venturi 1
near resistance fluid temp. T/C 1
simulator
pump simulator fluid temp. T/C 3
wall temp. T/C 1
sum( 9
8. PV SIDE BROKEN COLD-
LEG
pressure DP cell 1
fuil length diff. press. DP cell 1
across resistance diff. press. DP cell 1
simulator
multiple points fluid temp. T/C 4
wall temp. T/C 2
liguid level DP cell 2
sum( 11)
9. VENT LINE
across the length diff. pres. DP cell 1
sum( 1}

3
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(Continued)
. LOCATION ITEM PROBE QUANTITY
10. s/W SEPARATOR
pressure DP cell L
between inlet and outlet diff, press, DP cell 1
SG plenum simulator diff. press. DP cell 1
SG plenum simulator fluid temp. T/C 2
top and bottom fluid temp. T/C
wall - wall temp. T/C 2
full height liquid level DP cell 1
liguid extraction flow rate DP cell 1
‘ sum{ 11)
11. CONTAINMENT TANK-I
pressure DP cell 1
downcomer-CT-I diff. press. bP cell 1
CT-1 - CT-1I diff. press. DP cell 1
flow rate DP cell 1
full height liquid level DP cell 1
float i
top, middle & bottom fluid temp. T)C 3
wall wall temp. T/C 1
sum( 10}
12. CONTAINMENT TANK-I1
pressure DP cell 1
upper plenum - CT-11 diff. press. DP cell 1
separator - CT-11 diff. press. DP cell 1
steam blow line flow rate PP cell 1
full_ﬁeight liquid level DP cell 1
top, middle & bottom fluid temp. T/C 3
L sum ( 8)
13. ECC INJECTION SYSTEM
i ACC tank pressure DP cell 1
’ total and LPCI flow rate E-M flow meter 2
| 1
! ACC tank fluid temp. T/C 1
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{Continued)
LOCATION ITEM PROBE QUANTITY
13. ECC INJECTION SYSTEM
header fluid temp. T/C 2
ACC tank liquid level DP cell 1
suam{ 8)
14. UCSP WATER EXTRACTION
SYSTEM
extraction line flow rate E-M flow meter 4
steam line flow rate DP cell 4
extraction line fluid temp. T/C 5
steam line fluid temp. T/C 1
extraction line liquid level DP cell 4
sum( 18)
15. SATURATED WATER TANK
fluid temp T/C 1
liguid level DP cell 1
sum 2)
16. NITROGEN GAS SYSTEM
flow rate Dﬁ cell 1
injection port fluid temp. T/C 1
sum 2)
Total 1267




Table 2.3
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Measurement Items of SCTF

(USNRC-provided instruments)
LOCATION ITEM PROBE QUANTITY
1. CORE ‘
non-heated rods liguid level LLD 20x4 =80
non-heated rods film thickness film probe 6
and velocity
non-heated rods void fraction and | flag probe 8
drgplet velocity
side walls film thickness film probe 8
and velocity
sub-channel fluid density yY-densitometer 10
end box fluid density yY-densitometer 5
end béx flow pattern video optical 1
probe
2. UPPER PLENUM
full height liguid level FDG 8x8 =64
structure surface film thickness film probe 6
and velocity
side walls £film thickness film probe 6
and velocity _
inter structure void fraction prong probe B
above UCSP hole velocity turbine <]
inter structure velocity turbine 4
inter structure fluid density Y-densitometer 4
hot leg inlet flow pattern video optical 1
probe
3. LOWER PLENUM
core inlet velocity turbine 4
bottom reference reference probe 1
conductivity
4. DOWNCOMER
full height liquid level FDG 2X3XT =42
two lewvels velocity drag disk 3
two levels void fraction string probe 3
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{Continued)
LOCATION ITEM PROBE QUANTITY
5. HOT LEG
mass flow rate spool piece 1

fluid density

void fraction

6. PV SIDE BROKEN COLD-
LEG mass flow rate spool piece i

fluid density

void fraction

7. VENT LINE
mass flow rate spool piece 1

void fraction
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3. Overall Hydrodynamic Behavior in the System

3.1 Introduction

In this chapter, the effects of upper plenum water accumulation on the
overall hydrodynamic behavior in the system is discussed between the two
tests with respect to fluid effluent from the pressure vessel and water
accumulation in the pressure vessel. To this end, steam effluent from the
pressure vessel, water effluent from the pressure vessel and water accumu-
lation in the pressure vessel are, first, investigated for the two tests
and then, the effect of upper plenum water extraction are investigated

through the comparison between the two tests.

3.2 Fluid Effluent from Pressure Vessel and Water Accumulation

in Pressure Vessel

The mass of steam effluent from the pressure vessel, the mass of water
effluent from the pressure vessel, and the mass of water accumulated in
the pressure vessel are calculated based on the test data, and the sum of
effluent and accumulation is compared with the ECC water flow into the
pressure vessel. The downcomer is excluded from the pressure vessel because
these two tests are forced-feed flooding tests.

The calculation method for fluid effluent and water accumulation has
been described in the previous report(s) which discussed the system pressure
effects. In the calculation, the following items are investigated. Each
item is shown in Fig. 3.1.

(1) Mass of steam effluent from the pressure vessel
1. Integrated mass effluent from the steam/water separator to the
containment tank-II1 (Mg,I)
2. Integrated mass effluent from the containment tank-I to the
containment tank-IT (Mg,II)
3, Mass of steam accumulated in the containment tank-I (Mg,ﬂl)
(2) Mass of water effluent from the pressure vessel
Mass of water accumulated in the steam/water separator (MQ,S/W)
Mass of water accumulated in the inlet plenum simulator (Mg,Inlet)
Mass of water accumulated in the downcomer (MQ,IE)
Mass of water accumulated in the containment tank-TI (MQ,I)

Mass of water accumulated in the containment tank-II (Mg II)

= B N N L

Mass of water accumulated in the hot leg (ME, Hot Leg)



JAERI-M 83-114

(3) Mass of water accumulated in the pressure vessel
1 Mass of water accumulated in the core (Mg, Core)
2 Mass of water accumulated in the core baffle region (Mz, baffle’
3  Mass of water accumulated above the upper core support plate (UCSP)
™, ucsp’
(4) Mass of ECC water into the pressure vessel

1 The integrated mass of water injected by the Acc injection and the

LPCI (Acc+LPCI)

The mass balance is confirmed by comparing the sum of (1), (2) and
(3) with (4). The results are shown in Figs. 3.2 and 3.3 for Tests S1-01
and S1-03, respectively. The integrated mass of injected ECC water agrees
well with the sum of mass effluent and accumulated mass except the early
period of Test S1-03, as shown in Fig. 3.3.

The reason for rather larger error in the early pericd of the test
might be considered as follows. The liquid level in the gap between the
pressure vessel wall and the core barrel was considered to be the same as
that in the core region in estimate for liquid mass in the pressure vessel
(Mg’ core) though it should be actually lower than that in the core in

this period for Acc injection. Therefore, the liquid mass inside the

pressure vessel was overestimated.

3.3 Effect of Water Extraction

The effect of water extraction on the mass of water accumulated in
the core (including the core baffle region) and the upper plenum is shown
in Fig. 3.4 along with the steam effluent from the pressure vessel.

It is noted from this figure that the mass of water accumulated in
the core is smaller in Test S1-03 from about 200 seconds after the BOCREC.
It is suggested that the fall back water from the upper plenum to the core
is smaller in the water extraction test, S1-03 than in the Base Case Test,
Ss1-01,

It is also found that the amount of steam effluent from the pressure
vessel is almost the same between these two tests,

The effect of water extraction on the carryover water through the
hot leg calculated from the amount of water in the steam/water separator
and the containment tank-II is shown in Fig. 3.5. The mass of carryover
water is smaller in Test $1-03 than in Test S1-01 from about 260 seconds

after the BOCREC.
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To investigate the reason for the difference in the characteristics
of carryover water through the hot leg, the transients of steam velocity
in the hot leg are shown in Fig. 3.6, and the amount of water accumulated
in the hot leg is shown in Fig. 3.7. Fig. 3.7 shows that the amount of
water accumulated in the hot leg is much smaller in Test S1-03 from about
260 seconds after the BOCREC, and Fig. 3.6 shows that the steam velocity
is lower in Test S1-03 from about 280 seconds after the BOCREC. Therefore,
it is easily understoed that the difference of steam velocity in the hot
leg is due to the difference in the flow area for steam flow which is
caused by the difference in the elevation of water accumulated in the hot
leg because the steam mass flow rate is almost the same between the two
tests as shown in Fig. 3.4. Besides, it is pointed out that the reason
why thé difference in water accumulation in the hot leg is due to the
difference in the water accumulation in the upper plenum as shown in Fig.
3.4, Thus, it is pointed out that the difference of carryover water
through hot leg between these two tests is due to the difference in the
steam velocity in the hot leg and the amount of water accumulated in the
hot leg, which are cauéed by the differences in water level in the upper

plenum.

3.4 Summary

(1) In these forced-feed flooding tests with or without water extraction
from the upper plenum, the mass of injected ECC water agrees well
with the sum of the mass of water accumulated in the SCTF system
and the mass of steam effluent from the pressure vessel.

(2) The mass of water accumulated in the core is smaller and the mass
of carryover through hot leg is smaller in Test S1-03 than in Test
S1-01.

(3) The amount of steam effluent from the pressure vessel is almost the

same between Test Siw03 and Test 51-01.



JAERI-M 83-114

adueleg SEEW I03 SITqRTIPA JO UOTITUTFDQ pue Tapow

€811

H,qE
) = n/
1047+ 00y TOW
7
7 I-uoL
JUSLIUIDI UG
a100'r )y etzzea ‘il 11 )
— WS TN —
8%a1d | T A
= |loods baj -
N ———— 104 13NI
A
/ /. NN B \Vﬂ -~
459n'r CERW NN ) L
/ '8
i e t
t ' v
“ fejuy QSQ ﬁ )

Bpls |35s3A Nssald —

Jojoindag
J3IDM / WDBJS

I-Yuoy
jUSWIUIDIUOY

v



INTEGRATED MASS (KG)

6000

4800

W
(e)]
-
O

N
-+
Q
-

1200

JAERI-M 83-114

1 i ! | 1 | i | | 1 i H |
i —
—O—— INJECTED WATER INTC PRESSURE VESSEL n
—O—— MASS EFFLUENT FROM PRESSURE VESSEL
——X—— STEAM FFFLUENT FROM PRESSURE VESSEL —
—+—  YATER ACCUMULATION IN PRESSURE VESSEL
——A—— WATER EFFLUENT FROM PRESSURE VESSEL / -
[~ 7
BOCREC /
|

150 300 450
TIME (SEC)
Fig.3.2 Mass -Balance in Test 81-01



INTEGRATED MASS (KG)

6000

4800

3600

2400

1200

JAERI-M 83-114

T 11 1 1 1 v 1 T T T T 1 T 1
- | | -
- —<—  INJECTED WATER INTC PRESSURE VESSEL
—(—  MASS EFFLUENT FROM PRESSURE VESSEL
1
—~ —X——  STEAM EFFLUENT FROM PRESSURE VESSEL —
— -+ WATER ACCUMULATION IN PRESSURE VESSEL
— —O——  WATER EFFLUENT FROM PRESSURE VESSEL 7
.- /{,// -
.:;:p_,.p(::_"
— + —
— ’x ——
BOCREC ?/ / Whole Core Quench ]
: l
| 1 ] 1 l ] | ! ]

Fig.3.3

TIME

(SEC)

Mass Balance in Test 51-03



INTEGRATED MASS (KG)

JAERI-M 83-114

1500 T—1 T T l T— T 1 ] T T T T T T
| | |
| —A—  WATER ACCUMULATICHN IN CORE -1
i R s WATER ACCUMULATION IN UPPER PLENUM
1200 |
[ —(O—— STEAM EFFLUENT FROM PRESSURE - R
_ s1-03 | s1-01
VESSEL
=
300
600
Whole Core Quench 81—01 |
- for Test Siiw_
300 é A N
- \ ///// $1-03
— BOCREC + n
B _I-*_:_/ \A\M-I-Nﬂ
| Whole Core Quench ‘ _
B for Test S1-03
O Vg I | i ] | | { I ;

0 150 300 450
TIME (SEC)

Fig.3.4 Water Accumulation in Pressure Vessel and

Steam Outflow from Pressure Vessel



INTEGRATED MASS (KG)

JAERI-M 83-114

1500 T T— T 1 T 1 % — T T T 1 T T T 1
i j 1
) | ]
| i ! /
- ---O-—- TEST $1-0! ,smoorrED curve BASE CPSE) -
n [
| —O— TEST S1-03 (WATER EXTRACTION) ? _
: \ ‘ ;-
900 3 /
[ / -
i / i
S1-01 7
- g \\7/ -
; i I, |
600 I 7
| | / m
i | Je -
= , ] -
300 3
B BOCREC Whole Core Quench
- for Test S1-01 |
lWhole'Core Quench
— ¢for Test £1-03 1
O. LO-! |l 9, R IR T S T WU R

Fig.3.5

300

TIME (SEC)

450

Integration of Carryover Water through Hot Leg



STEAM VELOCITY C M/SEC )

50

40

30

20

10

JAERI-M 83-114

| 1 I i ' i | I | | ! 1

| 1 1 1
L O TELT $1-01, - smooHED CURVE {BASE CASE)

|
—O— TEST $1-03 (WATER EXTRACTION)

T

- —
B 81 i 03 \\w
I._ pu—
— ' =

J

i Whole Core Quench Whole Core Quench

RCOCREC l for Test 51-01L for Test 51-03
i -
| | | | i ] ! | | ] | | | l
0 150 300 450
Fig.3.6 Steam Velocity in Hot Leg



ACCUMULATED. MASS IM HOT LEG (XG)

ACCUMULATED MASS TN HOT LEG (KG)

JAERI-M 83-114

300 T T T T T T T T T T T, T T T T 13 T 3 T T
[ TEST S1-03 (WATER EXTRACTIOR) :
200
100
I Whole Core Quench
D ri‘/@:/\ I ) S I i L1 i MW
0] 100 200 300 400 500
TIME AFTER BOCREC (SEC)
(a) Test S81-03
300 T T T T T T T T T T ¥ T T T T H T T T T
T— -
- TEST S1-01 (BASE CASE) :
200 | '
100 T . A H l 1
i Whole Core Quench |
_Jﬁw‘ww l :
ﬂ /l L i Ll I i 1 | 1 1 1 il 1 1 i 1 | 1 1 1 .
"0 100 200 300 400 500

TIME AFTER BOCREC {(SEC)
(b) Test S1-01

Fig.3.7 Mass of Water Accumulated in the Hot Leg



JAERI-M 83-114

4. Core Thermal Behavior

4,1 Introduction

In this chapter, the effects of the water accumulation in the upper
plenum on the core thermal behavior under forced-feed flooding condition
are investigated.

The locations of thermocouples on the surface of the heater rods are
shown in Fig. 4.1. The arrangement of the heater rods and non-heated rods
is showm in Fig. 4.2.

Fig. 4.3 represents typical cladding temperature histories observed
in Tests S1-03 and S1-01 and shows temperatures of heater rods located in
the center of the blocked bundle (bundle 4)., The thermocouple elevations
are 1735, 1905, 2760 and 3190 mm above the bottom of the heated length.
The first two thermocouples are located immediately upstream and downstream
of the blockage sleeve, respectively, as shown in Fig. 4.3. It is noted
from Fig. 4.3 that the cladding temperature behaviors are very similar
in these two tests except a small difference at the upper part of the core.

In general, aftef reaching a mzximum value, the cladding temperature
decreases slowly. Then, the temperature suddenly drops as marked with
arrow in Fig. 4.3 and this phenomenon is called quench. The time from
the BOCREC to the quench is defined as quench time and the temperature
just before the quench is defined as quench temperature. The maximum
temperature is called turnaround temperature. The time from the BOCREC

to the maximum temperature is called turnaround time.

4.2 Quench Behavior

Typical quench envelope profiles for the blocked bundle (bundle 4)
and the unblocked bundle (bundle 5) (See Fig. 2.4) are shown in Fig. &4,
The effects of the blockage sleeves on the quench behavior are not signifi-
cantly recognized in this figure.

During the tests, the quench front progressed upward from the bottom
to the top (bottom quench) or downward from the top to the bottom (top
quench). Below the elevation of 2330 mm (T/C elevations No. 1 through 7),
the bottom quench was always observed. At the elevations of 2760 and
3190 mm (No. 8 and 9), the top quench occurred at the specific heater
rods (1D, 1B, and 2B regions in-Fig. 4.1) though the bottom quench is
still dominant. At the elevation of 3620 mm (T/C No. 10), the top quench

always occurred in all bundles.
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It is seen from Fig. 4.4 that the bottom quench velocity is almost
the same for the both tests, however, top quench in Test S51-03 is delayed
in comparison with Test S1-01. The top quench occurs due to a precursory
cooling by water droplets coming from the lower part of the core and by fall
back water from the upper plenum. As described in Chapter 2, the amount
of water accumulation in the upper plenum was clearly smaller in Test 51-03
especially after about 160 seconds from the BOCREC because of the water
extraction from the upper plenum. It is, therefore, suggested from the
comparison of the top quench behavior between these two tests that the
amount of fall back water from the upper plenum through the UCSP into the
the core depends on the water level in the upper plenum.

Top quench tends to occur randomly and sometimes does not show a rapid
drop but a slow one in temperature, so that the quench time and temperature
of top quench are not clearly defined while the bottom quench propagates
almost monotonously for the eight bundles and the quench time and temperature
to bottom quench can be clearly defined. In order to distinguish the thermal
characteristies for bettom queneh from those for top queneh, comparison
between Tests $1-03 and S1-01 are made for two groups with respect to heater
elevations, one for the thermocouple elevations No. 1 to 7 and the other for
the thermocouple elevations No. 8 to 10 in the following discussicns.

Fig. 4.5 shows the comparison of the quench times which were obtained
for the same thermocouples in Tests S1-03 and $1-01. For the thermocouple
elevations No. 1 to 7 {(left figure in Fig. 4.5), there is no significant
difference in the quench times between the two tests. On the other hand,
the quench times for the thermocouple elevations No. 8 to 10 (right figure
in Fig. 4.5) tend to be longer in Test S1-03 than in Test S1-01. TFig. 4.6
shows the comparison of radial distribution of quench time in the upper
part of the core. This figure also shows the above-mentioned trend clearly
in the radial distribution of quench time in the upper part of the core,
This trend is considered to be due to less fall back of water from the
upper part of the core in case of less water accumulation in Test S1-03.
Some heater rods adjacent to non-heated rods (1D and 2B locations in Fig.
4.1, which are marked with symbol [J in Fig. 4.6) exhibited earlier quench
at 3160 mm above the bottom of heated length of rod. than the others at the
same elevation. The effect of non-heated rod on the early quench phenomenon
has been already discussed in reference (5). Fig. 4.6 also shows that the
top quench times in bundle 1 and 8 are significantly shorter than those in

the other bundles especially for Test 51-03, sugpgesting the wall effect for
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heat transfer.

The quench temperatures of Test S1-03 are compared with those of Test
S1-01 in Fig. 4.7. WNo significant difference in the quench temperature
can be recognized between the two tests though scattering for TC elevations
8 to 10 is observed which should be due to the random top quench at the
upper part of the core.

Fig. 4.8 shows the comparison of quench velocities (which is defined
with moving velocity of quench front) at the thermocouple elevations 2 to
6. The quench velocity was obtained as the average quench velocities
between the thermocouples just below and above the thermocouple elevation
where the quench velocity was investigated. From Fig. 4.8, no significant
effect of the amount of water accumulated in the upper plenum can be

recognized on the quench velocity for the bottom quench,

4.3 Turnaround Time, Turnaround Temperature, Temperature Rise from

BOCREC and Temperature at BOCREC

Fig. 4.9 and 4.10 show the comparison of turnaround temperature and
turnaround time. No éignificant difference in the turnaround time and
temperature can be recognized between the two tests though scattering is
observed for TC elevations 8 to 10 at the upper part of the core.

Since the BOCREC is the beginning of the reflooding, the temperature
rise from the GOCREC to the turnaround is an important value in the analysis
of the test results. The comparison plots of the temperature rise from the
BOCREC to the turnaround and the cladding temperature at the time of BOCREC
are presented in Figs. 4.11 and 4.12, respectively.

These figures show that the temperature in Test S1-03 is slightly
higher and that the turnaround temperature becomes almost the same for the
two tests because the temperature at the BOCREC (initial temperature for
reflood) in Test S1-03 is slightly lower in the same magnitude as the

temperature rise,

4.4  Summary

(1) The amount of water accumulated in the upper plenum has no significant
effect on the core thermal behavior below the elevation of 2330 mm
where the quench progressed only upward from the bottom of the core.

(2) The top quench was clearly observed in Test 51-03 (water extracted)
above the elevation 2760 mm in spite of smaller amount of water

accumulated in the upper plenum. The quench time at the upper part
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of the core, however, became longer in Test $1-03 due to smaller
amount of water accumulated in the upper plenum,

In Test S51-03, the temperature rise from the BOCREC to turnaround was
slightly higher, but no significant effect of water accumulated in
the upper plenum was recognized on the turnaround temperature because
the turnaround temperature became almost the same for the two tests
with slightly lower temperature at the BOCREC in Test S51~03 than in
Test S51-01.
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5. Core Heat Transfer

5.1 Introduction

Heat transfer above the quench front during the reflood phase is
important because it determines the peak cladding temperature. Heat transfer
calculation code HEATQ was developed for the analysis of the SCTF test. The
temperature dependence of the physical properties and the axial heat
conduction along the heater rod were considered in this code.

The typical transients of heat transfer coefficients at the elevations
950, 1735 and 2760 mm above the bottom of heated length are discussed in

this chapter.

5.2 Effect of Upper Plenum Water Extraction

Shown in Figs. 5.1, 5.2 and 5.3 are the comparison of calculated heat
transfer coefficients at three different elevations 950, 1735 and 2760 mm
above the bottom of heated length for bundle 2. The bottom quench was
observed at elevations 950 and 1735 mm. On the other hand, the top quench
was observed at elevatidn 2760 mm. The results of Test S1-03 are presented
in these figures along with those of Test 51-01. The transient of the heat
transfer coefficient in Test S1-03 at each of the three elevations is
nearly the same as Test S1-01. The heat transfer coefficient at bundle 4
is also the same as Test S1-01 as showmn in Fig. 5.4. It is, however,
considered that the difference in magnitude of upper plenum water accumulation
should cause the difference in magnitude of water fall back from the upper
plenum into the core. The difference in magnitude of water fall back would
then cause the difference in water fraction (l-a) (a: void fraction) especial-
ly at the upper part of the core. Therefore, the water fraction between
elevations 2695 and 3235 mm was investigated. Figure 5-5 shows the comparison
of water fraction (l-a) between Tests S1-03 and S1-01. Water fraction
measured between elevations 2695 and 3235 mm is smaller in Test 51-03 than
in Test S1-01 as expected by the smaller amount of falling water from the
upper plenum into the core.

BromIEy(S) developed the theory for the film boiling heat transfer on

the vertical heated surface,

h = h_, +3/4by , (5-1)
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/4

where h

3 _ ' 1
sat C[lg pg(ojl E)Hfg g/(LngATsat)]

2

Hfg' Hfg[l+0.4CpATsat/Hfg]
h : Heat transfer coefficient (W/mz)
A : Thermal conductivity (W/(m-k))
p : Density (kg/m3)
g ! Acceleration due to gravity (m/sz)
u : Dynamic viscosity (Pa‘s)
AT : Superheat (k)
L : Distance from the quench front (m)
: Latent heat of evaporation (J/kg)
h : radiation heat transfer

coefficient given by

T 4
Sat) } /(Tw"Tsat)’

_ Ty b
ip =9 lgoe) - (g

where Tw : Cladding temperature (k)
T : Saturation temperature (k)
sat 2 4
c : Stefan - Boeltsman Constant (w/{(cm” +k'))

The constant C lies between 0.5 and 0.707 by the laminar theory of the

vapor film. Equation (5-1) can be written as follows.
C= (b -3/6 h)/[n % (o0 YH_ g/ (Lu aT_ 1M/ (5-2)
R g g &g fg Qg sat

The measured heat transfer coefficient h was substituted into Eq. (5-2)
to obtain C. The constant C obtained thus at elevation 2760 mm for bundle
4 is shown in Fig. 5.6, The constant C near the quench front is between 0.6
and 0.9. There is no significant difference in C between Tests S51-03 and
81-01 except for the first 70 s after the BOCREC, The effects of void
fraction on the constant C in.Eq. (5-2)_were investigated as shown in Fig.
5.7, This figure also show no significant difference in dependence of C
on void fraction between Test S1-03 and Test S1-01. Therefore, it is
concluded that the effects of difference in void fraction is rather small
so that the heat transfer coefficients are nearly the same at the elevation
2760 mm in Test S1-03 as in Test S1-01,

It should be mentioned here what effect the scattered top quench times
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observed in Fig. 4.5 give to the histories of heat transfer coefficient
between the two tests. Fig. 5.8 shows the histories of heat transfer
coefficients for the top quenches at the elevation 3190 mm at bundle 4 for
the two tests. The heat transfer coefficient in Test 51-03 is a little
lower than in Test $1-01 before the quench occurs in Test S1-0l. The
reason why the heat transfer is higher in Test S1-0l than in Test 51-03

is considered that the more water falls back from the upper plenum into
the core in Test S1-01 than in Test S1-03 for this case. However, some
thermocouples show earlier quench in Test S1-03 than in Table S51-01. It
is considered that top quench would occur strongly depending on the local

fluid condition and then it occurs at random.

5.3 Summary

(1) The transients of the heat transfer coefficients are narly the same
in Test S1-03 as the base case test.

(2) Water fraction (l-a) at the elevation 2760 mm is a little smaller in
Test 51-03 compared with the base case test., But this does not

affect the heat transfer coefficient.
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Fig.5.6
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6. Two-Dimensional Hydrodynamic Behavior in Pressure Vessel

6.1 Introduction

In this chapter, fluid behavior in the pressure vessel is investigated
especially as for how the two-dimensionality of hydrodynamic behavior
occurs in the wide core, and is affected by the amount of water accumulated
in the upper plenum,

The two-dimensionality is expected due to the wide core itself as well
as the difference in the electric power supplied to each bundle.of the core
and the effect of the blocked bundles. Besides, the effect of water
extraction from the upper plenum should be significant on the fluid behavior
in the core because as already pointed out in Chapter 4, water fall beack
from the upper plenum into the core should be one of predominant factors
which governs fluid behavior in the core. Heré, the effect of water ex-
traction from the upper plenum on the fluid behavior is discussed and
compared to the base case test in which no water is extracted from the
upper plenum.

The investigated items are the characteristics of (i) differential
pressure across the core full height, (ii} accumulated water level on
the UCSP, (iii) fluid behavior around the end box tie plate and (iv) fluid
behavior in the core including fluid density and horizontal differential

pressure.

6.2 Differential Pressure across Core Full Height

Comparison of core full height differential pressure transients is
shown in Fig., 6.1 for Tests S1-03 and S1-01, Comparisons are given for
Bundle 2, 4, 6 and 8, respectively. From this comparison, it is clear that
the transients of differential pressure for both tests are the same for
about 100 seconds after the BOCREC but that after that, Test S51-03 with
water extraction gives lower differential pressure across the core full
height than the base case test for all bundles. The reason why the
difference exists in the two tests is that the magnetude of water fall
back from the upper plenum into the core is different. 1In Fig. 6.2,
comparisoﬁ of core full height differential pressure profile over the 8
bundles is shown for Tests S1-03 and $1-01 at 100, 200, 300 and 400 seconds
after the BOCREC, respectively. As already pointed ocut In Reference (5)4
the horizontal distribution of the core full height differential pressure

is uniform over the eight bundles for Test S1-01, and is almost uniform
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also for Test S1-03 at any time after the BOCREC. As already shown in
Fig. 6.1, there exists the difference of differential pressure at the same
bundle number between the two tests, although the difference is not so
significant. The maximum differences at each time at bundle 4 are as
follows; 0.01 m of water head at 100 s, 0.09 m at 200 s, 0,18 m at 300 s,
0.25 m at 400 s, and 0.25 m at 500 s,

Therefore, it is concluded from the Figs. 6.1 and 6.2 that (i) water
extraction from the upper plenum gives the core full height differential
pressure lower than the case of no water extraction and that (ii) the
characteristics of almost uniform core full height differential pressure
profile over the eight bundles is preserved also for the test with water
extraction.

Fig. 6.3 shows where the difference of core full height differential
pressure exists, comparing the differential pressures for each measured
section between these two tests. From this figure we can see that {i) at
the measured section 1 (the lowest part of the core) there is no difference
in the two tests, (ii) at the measured section 2 there is a difference
as much as 0.07 m of wéter head at 500 seconds after the BOCREC and (iii)
at the measured sections 3 to 6 there are differences of about (.03 water
head at 500 seconds after the BOCREC. Therefore, it is known that the
differences are scattering in each section except for the measured section
1.

Next, it is discussed in the following where this difference comes
from, based on the correlation for void fraction proposed by Cunningham &
Yeh(g). Figure 6.4 shows the transients of steam mass flow generated in
the core for Tests S1-03 and S1-01 along with mass flux calculated from
the assumption that steam is generated only from the electric power
supplied to the core. Although the difference of steam mass flow rate
should be one of the main reason of difference in core full height differ-
ential pressure, it is understood easily that steam mass flow rate does
not make the difference of the core full height differential pressure for
both tests because of the same mass flow rate in both tests as shown in
Fig. 6.4. From Fig. 6.4 it is clear that before whole core quench, the
steam masé flow rate is determined by the release of heat energy stored
in the core into fluid and after that, the steam mass flow rate is de-
termined by the electric power supplied to the core. Figs. 6.5 and 6.6
show the transients of water temperature at the core inlet for each bundle

in Tests S1-03 and S1-01, respectively, along with the saturation temperature

_80,‘
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at the lower plenum and st the center of the core. For a reference, water
temperature at the elevation 950 mm from the bottom of the heated length
of heater is also shown in the figure. The difference between the saturation
temperature at the center of the core and the water temperature at the core
inlet gives approximate value of core inlet water subcooling. From the
comparison of Figs, 6.5 and 6.6 it is known that the transient of ECC water
temperature at the core inlet is almost the same between the two tests but
that the saturation temperature at the inlet of the core is a little lower
in Test S51-03 than in Test S1-01 because the system pressure history is a
little different from each other- {(See Fig. 2.19). This shows core inlet
water subcooling is a little lower in Test S1-03 than in Test S1-01
especially in the later part of the tests as shown in Tables 6.1 and 6.2.

Therefore, there is a possibility that the difference of core inlet
water subcooling causes the difference of the ﬁore full height differential
pressure especially in the later part of the tests.

In order to investigate quantitatively the possibility described above,
the core full height differential pressure was calculated by using a
correlation for void ffaction derived by Cunningham & Yeh with the core
inlet water subcooling, power profile along the heater rod, pressure at
the center of the core and the steam flow rate. The calculation were
carried out under the assumption that there was no fluid communication
between bundles, Therefore, the horizontal core differential pressure
profile over the eight bundles can be obtained at each given time, with
no fluid communication between bundles and we can see how much core full
height differential pressure is equalized by fluid communication between
bundles, comparing with the experimental results of the horizontal differ-
ential pressure profile.

Cunningham & Yeh's correlation for void fraction is as follows:

v, 0.239 A A V. 0.6
a=0.925 (B - GEyo ; (6-1)
g BCR gs " 48
Ves
A = 0.47 for -‘;—3— > 1.0 ,
BCR
Ves
A=0.67 for £ < 1.0,
BCR
AN
VBer 3 '8 Pper
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. ,4.,59.2 o
Rper = 7 o

where a: void fraction (-),
Yg’ Ty specific weights of steam and water (kg/mB),
V _, V. : superficial velocities of steam and water (m/s),

gs s 2
g : acceleration of gravity (m/s”), and

o : surface tension (kg/m).

To evaluate the core full height differential pressure, the head losses
such as the frictional loss except for static water head are neglected here.
The static water head is determined with the void fraction. That is, core
full height differential pressure APcore is written as

L _
AP = JF {yz(l*u)+ygu}d2 , (6-2)

‘core

where L : full height of the core {(m) and

dZ : increment of length (m).

In order to evaluate the void fraction at any elevation in the core,
VgS is calculated first and then, APcore is obtained from Eqns. {6-1) and
{6-2) for each bundle.
is calculated from the two steps, (i} determination of the

P
core

elevation RC where steam starts to be generated in the bundle and below

where void fraction is zero, and (ii) calculation of void fraction with

VgS above lc.

Step 1: Determination of RC
The water temperature rise dT for an increment dZ is calculated with

bundle power Q(E%EEJ, water mass flow rate Wg(kg/S), specific heat

(kcal)

f water C
o a 2 kgK

(6-3)

dT = ( g—h ).z
peL £
At the specified time after the BOCREC, EC is determined as the
elevation where temperature rise from the bottom of the core {the sum of
dT) equals to the core inlet water subcooling A? n Tt should be noted
that ATin is a little different in each bundle as shown in Fig. 6.6, and
this effect is taken into account. The temperature rise dT is calculated

with the assumption of no fluid communication between bundles.
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Step 2: Void fraction calculation with V’gs above !2/C‘

As shown in Fig. 6.4, the flow rate of steam generated in the core
is much different from that calculated from the electric power supplied
to the core before the quench of the whole core. Therefore, evaluation
of VgS should be based on the local heat release from the surface of rods
into fluid. However, as a conventional estimation of Vgs it is assumed
in the present analysis that the local steam generation de/dZ is pro-
portional to the electric power Qi supplied to each bundle and to the power
ratio Pi along the length of rod against the total steam flow rate Wg above.

Therefore, superficial steam velocity vgs at elevation is evaluated as

Lodw
3 (—8ydz
’Q‘C( de 1 2 : Qi )
V.= = L (W P, dZ
g5 y A, 3§ g i *
Y A C *C
g Ac g ingi

where AC is the flow area in a bundle. The local void fraction is calcu-

lated with VgS from Eq. (6-1) and the APcore from Eq. (6-2).

Fig. 6.7 and 6.8 show the analytical results for the test conditions
of 81-03 and S§1-01, respectively at 100, 200, 300, 400 and 500 s after
the BOCREC for each bundle. First of all, we can see from these figures
that (i) the horizontal profile of core full height differential pressure
is not uniform among bundles with the 0.15 m of water head difference at
100 g after the BOCREC and with 0.12 0.14 m of water head difference
even at 500 s after the BOCREC, in both test conditions and that (ii) from
400 s after the BOCREC, the core full height differential pressure becomes
almost constant.

As for the first item, the horizontal difference of core full height
differential pressure over the eight bundle comes from the difference of
electric power supplied to the core. The bundle with the higher power
gives the lower differential pressure due to the more steam generation
in the bundle. On the other hand, the experimental results that the
horizontal profile of the core full height differential pressure is almost
uniform (flat) over the eight bundles at any time show that fluid (water
and/or stéam) flows from the bundle with the lower electric power into
the bundle with the higher power to equalize the fluid behavior in the
bundles. This is a so-called chimney effect which is expected in a wide
core. This phenomena is clearly observed in both tests.

Fig. 6.9 shows the comparison of the core full height differential
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pressure transients between Tests 51-03 and S1-01 and the analytical
results for each bundle. From this comparison, it is observed clearly

that the difference in core full height differential pressure between the
analytical results for S1-03 and 51-01 starts to occur from 100 s after

the BOCREC and the difference becomes 0.1 m of water head at 500 s after
the BOCREC while the experimental results show the same tendency as for the
start of difference but the difference at 500 s after the BOCREC is much
larger with about 0.2 m of water head in the experiment than in the
analysis.

The difference in the core full height differential pressure between
Tests $1-03 and S1-01 is larger than the difference between the analytical
results for Tests S1-03 and $1-01. Another factor, except for the inlet
water subcooling cinsidered above, which should be taken into account is
the difference in magnitude of water fall back from the upper plenum into
the core. Although the water fall back can not be evaluation nor measured
directly for the test, the result implies that more water accumulation in
the upper plenum makes more water fall back. This implication is different

(10)

from the result of preﬁious studies that counter current flow limitation
is not affected by the water level in the upper plenum, However, in such

a wide core as the SCTF the situation is different from the one bundle test

or single pipe test because fluid is communicative both in the upper plenum

and between bundles in the core,

6.3 Fluid Behavior around the End Box Tie Plate

The transients of the water level accumulated on the UCSP are compared
between the Test S1-03 and S1-01 in Fig. 6.10. Test S1-03 was carried
out, as already described, under extraction of water accumulated on the
UCSP from the upper plenum. All water accumulated should have been
extracted in the Test S1-03 and no water should be accumulated on the
UCSP. However, as shown in Fig. 6.10, some amount of water was recognized
to be accumulated. In the following, this effect of the water extraction
is discussed more in detail.

Fig.l6.1l shows the comparison of liquid level distribution above
end box tie plate over the eight bundles between Tests 51-03 and S1-01,
From this figure, it is clear that the liquid level distribution above the
end box tie plate are rather uniform during Test S1-03, while from about
250 seconds after the BOCREC the liquid level distribution for Test S1-01

has a peak at bundle 7 and 8 which are low power bundles corresponding
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to the periphery of an actual PWR core and the magnitude of water level
is much larger than for Test S1-03. Fig. 6.12 shows the comparison of
liquid level transients above the end box tie plate for Tests S1-03 and
$§1-01 at bundles 2, 4, 6 and 8, respectively. Also from this figure, it
is clear that for Test $1-03 the liquid level is very slowly increasing
with time at each bundle but that for Test $1-01 the liquid level at Bundle
8 increases rapidly at 300 s after the BOCREC. It should be that the
transients of liquid level is the same at the same bundles both for Tests
S1-03 and S1-01 except for bundles 7 and 8 from 300 seconds after the
BOCREC. The reason why the water level rapidly increases at about 250 s
after the BOCREC above bundles 7 and 8 for Test S1-01 is that water flow
reversal in the hot leg to the upper plenum begins to be significant,
making water fall back significant from the upper plenum into the core

at bundles 7 and 8.

Fig. 13 shows the comparison of horizontal distribution of differential
pressure across the end box tie plate over the eight bundles. From this
comparison, it is clear that for Test S1-03 the fluid behavior across the
tie plate is uniferm over the eight bundles and that the flow is a co-
current upflow all through the test, which is judged from that the differ-
ential pressure is positive, However, in Test S1-01 the flow should be
counter—current at bundles 7 and 8 with water downward from the end box
into the core from 300 s after the BOCREC because the differential pressure
is negative. This result also suggests water fall back from the upper
plenum into the core at bundles 7 and 8 in Test S1-01. Fig. 6.14 shows
the comparison of the differential pressure transients across the end
box tie plate for Tests S1-03 and S1-01 above bundles 2, 4, 6 and 8
respectively. From this figure it can also be understood that the fluid
behavior across the end box tie plate is rather uniform over the eight
bundles and flow is a co-current upflow for Test S1-03, while at bundles

8 a counter—current flow occurs with water downward for Test S1-01.

6.4 TFluid Behavior in Core {(Fluid Density, Horizontal Differential

Pressure)

Fig. 6.15 shows the comparison of fluid density transients below the
end box (at elevation 4952 mm above the bottom of heated length of heater)
between Bundles 1 and 2, and between bundles 7 and 8 for Tests 51-03 and
S1-01. This comparison clearly shows that fluid density is much higher
between bundles 7 and 8 at about 250 s after the BOCREC for Test S51-01 than
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for Test S1-03, while for Test S1-03 the fluid density transient is almost
the same between Bundles 1 and 2, and between bundles 7 and 8. This also
shows that water extraction gives more uniform fluid behavior also at the
top of the core over the eight bundles, and that no water extraction gives
the non-uniform fluid density distribution at the top of the core.

Figs. 6.16 and 6.17 show the horizontal differential pressure between
Bundles 5 and 8 and between bundles 1 and 8, respectively, at the elevations
1205 (below spacer 4), 3235 (below spacer 6) and 3821 mm (below and box)
for Tests S1-03 and S1-0l. This comparison also shows the effect of water
extraction that a uniform horizontal pressure distribution is established
in the core for Test S1-03, while no water extraction gives higher pressure
at the low power bundles at the periphery of the core than at any other

bundles.

6.5 Summary

(1) Water extraction from the upper plenum gives lower core full height
differential pressure and more uniform distribution over the eight
bundles than without water extraction.

(2) The difference of core full height differential pressure between the
two tests seems to come from the difference in the water fall back.

(3) Water extraction from the upper plenum gives much more uniform fluid
behavior acrose the eight bundles. These phenomena are observed in
the liquid level distribution above the end box tie plate, horizontal
distribution of differential pressure across the tie plate over the
eight bundles, fluid density distribution at the top of the core and
horizontal differential pressure between bundles 5 and 8, and
between bundles 1 and 8 at different elevations.

(4) Water accumulation in the upper plenum gives an intensive water fall
back from the upper plenum into the core at the lower power bundles

located at the periphery of the core.
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Table 6.1 Core Inlet ECC Waier Subeooling for Test §1-C1

Core Inlet ECC Water Subcooling (K) for Test S1-0L

Bundle No. 2 4 6 8 Average Time after BOCREC((s)
16,5 16.8 16.0 16.0 / 16.3 100 .
12.5 12.6 13.0 12.0 / 12.5 200
7.8 6.3 8.3 7.0 [/ 7.3 300
6.2 5.5 5.5 6.0 / 5.8 400
5.8 5.9 5.9 6.1 / 5.9 500

Table 6.2 Core Inlet ECC Water Subcooling for Test S1-03

Core Inlet ECC Water Subcooling (K) for Test S1-03

Bundle No. 2 A 6 8 Average Time after BOCREC(s)
15.8 16.2 15.8 15.4 /  15.8 100
11.9 11.5 11.0 9.5 / 11.0 200
6.9 7.3 6.9 6.1 / 6.8 300
3.8 3.8 4.2 3.4 [/ 3.8 400
2.7 2.7 3.5 3.9 / 3.2 500
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Effect of Exiraction at UCSP.

3
-
-,
Lo b)
XI - -
EE =_ 4; :: : ; -:r““l—--in—;77400 s
g -.-.'.?-" T A eeyar s el 4 ::..'£>300 s
5 [ S s - == M
= .
= - Wwwwew 100 s
o Bundle Power Profile
7 over 8 Bundles SymbOI
> ——51-01
A = ' 4 ----S1-03
— . | Time after BOCREC
R A 2:4008
5 ] wo:3008
5 ®0:2008
= x 1008
[

0 J | 1 } | I |

i 2 3 4 5 6 T 8

Bundle Number

Fig.6.2 Comparison of Core Full Height Differential Pressure Profile
over 8 Bundles for Tests S1-01 and $1-03 (100, 200, 300 and

400 sec after BOCREC)
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Fig.6.10 Comparison of Liquid Level Distribution above UCSP for Tests

51-01 and S1-03.
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7. Conclusions

Effects of water accumulation on the upper core support plate on
reflooding phenomena were investigated, comparing the data of Test S1-03
with upper plenum water extraction and those of Test S1-01 without the
upper plenum water extraction. These two tésts were performed under the
condition of forced-feed flooding.

Major conclusions are as follows:

(1) Overall Hydrodynamic Behavior in the System
i) Carryover water flow rate through the hot leg decreases by water
extraction from the bottom of the upper plenum to smaller steam
velocity in the hot leg and smaller water accumulation in the
uppetr plenum.

ii) The smaller steam velocity in the hot ieg results not from the
decreased steam flow rate but from the increased effective flow
area due to decreased water built-up in the hot leg.

{(2) Core Thermal Behavior and Heat Transfer
i) No significant-effects of magnitude in water accumulation in the
upper plenum on core thermal behavier can be seen in the lower and
middle part of the core where quench propagates upward only.

ii) On the other hand, top quench observed in the upper part of the core
is delayved due to the smaller fall back of water from the upper
plenum into the core when water accumulation in the upper plenum
is smaller.

i} In the case of smaller water accumulation in the upper plenum,
quench time becomes a little longer than the base case, although

_ heat transfer coefficient is nearly the same.
(3) Two-Dimensional Hydrodynamic Behavior in Pressure Vessel

i) Water extraction from upper plenum results in not only smaller

differential pressure across the core full height but also more
uniform radial distribution of the differential pressure, due to
smaller fall back effects of water.

ii) Rgdial distributions of water level on the end box tie plates,
differential pressure across the end box tie plates, fluid density
in the core and pressure in the core become more uniform as well
as differential pressure across the core full height due to water
extraction from the upper plenu. This is caused by smaller and

uniform water distribution in the upper plenum suggesting that
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fall back characteristics of water in the large core are different
from those of the counter-current flow limitation {CCFL) observed
in a pipe or a narrow rod bundle.

#i) Water extraction from the upper plenum evidently reduces or

prevents from water fall back into the peripheral rod bundles

of the core.
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Appendix Selected Data for Test 81-03
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TAG-1D.

TED111C
TEQZ211C
TEG311C
TEO&11C
TE0S511C

TEDS11C
TEQO711C
TEQB11C
TEOG11C
TE1C11C

TEO121C
TEQ221C
TEQ321C
TeE0L21C
TEQS521C

TEQ621C
TEO721C
TEDB21C
TEO%21C
TE1021C

TEO131C
TEQZ31C
TEQ331C
TEO0431C
TED531C

TEQ631C
TEO731C
TECB31C
TEQ?31C
TE1031C

TEO141C
TED241C
TEQ341C
TEQ441C
TECS541C

TEQ641C
TEQ741C
TEOB41C

TEQ941C

TEL1041C

Table A

INITIAL
TEMPERATURE
{(K-DEG)

422.2
£55.2
486.1
511.6
521.7

520.3
500.8
488.0
L39.9
394.6

421.9
451.¢6
483.6
509.8
519.1

520.3
. 505.2
497 .4
488.9
£32.1

412.8
435.0
478.0
510.7
523.2

520.6
500.8
490.8
L78.3
&14 .4

L20.6
450.3
481.7
507.2
520.3

517.9
499.7
495.0
£93.0
468.9

JAERI-M 83

TEMPERATURE PROFILE TABLE

TURNAROUND TURNARQUND

TIME TEMPERATURE
(3eC? (K-DEGD
106.5 540.3
109.5 707.5
115.5 841.6
116.0 909.%
134.5 ?60.1
135.0 976 .8
138.0 54,1
129.0 872.8
179.0 752.4
126.5 552.6
106.0 561.7
109.5 718.1
114.0 846.3
11%9.5 922.8
132.0 955.3
140.5 788.1
157.5 965.4
147 .5 893.9
160.0 797 .6
13%.5 597.2
106.5 540.9
109.0C £98.8
114.0C B75.4
123.5 $28.9
133.5 994 .9
134.0 1000.90
152.0 983.6
136.5 918.7
172.0 812.5
155.5 58%.7
106.5 555.6
109.5 737.0
111.0 B&67.2
117.5 960.3
136.0 984.8
136.0 ?97.9
156.0 9%94.9
138.5 $10.1
191.0 828.9
155.0 648.2
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-114

QUENCH
TIME
(SEC?

110.5
138.5
178.0
225.0
269.0

286.5
330.0
366.5
386.5
127.5

110.5
139.0
179.5
233.0
277.0

295.0
341.0
377.0
299.0
246.5

109.0
135.5
177.5
234.0
276.0

305.0
346.5
381.5
369.0
280.0

11C.5
143.0
186.5
238.0
279.5

301.90
347 .5
384.0
406.5
350.5

RUN 509

QUENCH
TEMPERATURE
(K-DEG>

521.4
597.5
613.4
596.3
635.0

657.1
624.3
563.7
561.2
551.9

526.6
605.7
615.7
586.3
613.4

540.6
604.7
563.4
545.9
506.6

531.0
606.%
636.9
587.2
661.2

627.2
612.2
567.5
551.2
473.2

542.3
610.3
610.0
599.3
648.8

648.5
“626.9
572.2
552.8
517.0
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Table A TEMPERATURE PRDFILE TABLE (CONT.D

INITIAL TURNARDUND TURNAROUND QUENCH QUENCH
TAG-1D. TEMPERATURE TIME TEMPERATURE TIME TEMPERATURE

(K-DEG? (SEC? (K-DEG? (SECY (K-DEG?
TEQ151C 420.6 106.0 549.3 111.0 532.7
TEQ251C 453.2 109.5 730.2 142.5 601.8
TEQ351C 485.7 111.0 864 .7 185.5 611.8
TEO4S51C 51z2.1 118.0 QL7 .2 239.5 582.7
TEOS551C 522.0 136.0 980.0 281.0 621.8
TEQS51C 524.3 136.0 1003.0 295.0 654.,0
TEQ751C 509.8 142.0 P79.3 339.5 620.5
TE0851C "504.0 141.5 %14.2 378.5 566.8
TEO?51C 4L96.7 143.5 B37.7 397.5 564.56
TE1051C 463.8 137.0 631.5 ¢ 29403 501.9
TEQ161C 423.2 106.0 S5C.3 111.0 533.2
TEQ261C 458.7 109.5 736.4 140.0 600.9
TEQ361C 492.9 111.5 867.1 183.0 612 .4
TEQC461C 512.7 116.0 94T .7 233.0 582.1
TEOS61C 523.1 131.0 987.1 274.0 637.1
TEO661C 525.7 136.90 1005.0 298.0 646.9
TEOG761C 510.9 142.0 1006.0 346.5 622.4
TEOBS1C 505.7 136.5 %27.1 385.5 572.7
TEOS61C 498.5 142.0 831.2 4C7.0 559.3
TE1C61C 469.5 142.5 £39.9 352.5 S10.3
TEQ171C 422.6 106.5 534.0 109.5 527.4
TECZ71C L56.5 110.0 720.5 139.0 602.6
TEC371C 491.5 111.5 837.6 181.0 604.2
TEQ471C 518.0 117.5 918.7 233.5 5B2.%
TEQS571L 525.0 134.5 ?lé.6 272.5 598.9
TEQ671C 525.0 138.5 9539.5 295.5 627.9
TEO?771C 507.3 137.0 939.9 339.5 601.0
TEQ871C L99.5 132.5 B&65.2 378.0 544.5
TEQS71C 482.8 159.0 770.7 398.5 545.7
TE1071C 406.2 133.¢C 552.0 134.5 551.4
TEQ181C £15.5 106.5 525.0 107.5 524.7
TECZ81C 4352.4 110.5 689.2 136.0 5%93.6
TEC3B1C £84.0 114.5 815.9 177.5 604 .5
TEQ481C S02.4 117.5 8B8.7 228.5 578.9
TEQS81C 512.5 135:5 933.5 269.0 615.4
TEQ681LC 515.1 135.0 945.8 276.5 671.1
TEQ781C L94.3 ' 148.5 939.9 321.0 YAy
TEOBR1LC 491.8 136.0 B58.7 3¢61.0 565.7
TEC981C 4BB.7 142.0 773.0 381.0 583.8
TE1081C LLG.9 135.5 591.5 263.0 528.4

—109—



(K]

TEMPERATURE

ROO SURFACE

(K

ROD SURFACE TEMPERATURE

JAERI-M B3-114

RUN NO. 509 Q) TEQI11C
. A TEQZ!iC
DATE  JUN. 23,198i + TEQ311C
% TEQA11C
& TEQSI L
],IOB T T T T T T T T l T . T T T T T T |
ang /;‘:Q\\\ :*
7 \Q\
- 4
700
s |
| ]
500 ‘f
05— oo 500 oo e T S0 800
TIME (SEC)
Fig.A.1 HEATER RGO TEMPERATURE
(SUNDLE 1-:C, LOWER HALF:
RN NO. 509 O TEOBI1IC
a TEQT1IC
CATE JUN. 23.1981 + TEOS11C
x TEOS1 1L
& TELDLIC
| | j
goo_ ///r\"\ ]
700 /)f"/—aﬁﬁ \$:E§;§§§>&\$\\\\x
SOOQ/ ,er/l\ \; \; { ‘L
# 6 5 VC‘,:L D DI O D508
3000 Fi L L i1 100 1 1 1 200 L i L - 300 i 1 i L 400 1 L 500 1 1 BOQ
TIME (SEC)
Fig.A.2 HEATER ROD TEMPERRTURE

(BUNDLE 1-1C. UPPER HALF)



(K]

KOO SURFACE TEMPERATURE

(K)

ROD SURFARCE TEMPERATURE

RUN NO. 509

DRTE  JUN. 23.,188]

JAERI-M 83-114

OX+ DO

TEQIZ21C
TEDZ2Z1C
TEQ321C
TEO421C
TEOSZ1C

T T

;ﬁ:&e&Jﬂ§#¢ﬁaf‘“g

jt

Fig.A.3

RUN NO. 50S

DRTE  JULN. 23,

o1

HERTER ROD TEMPERRTURE

(BUNDLE Z2-1C, LOWER FALF)

1 OX+BG

TEQBZ1IC
TEQ721LL
TEQ821C
TEOSZ1C
Telgzic

Fig.A.4

HERTER ROD TEMPERATURE
(BUNDLE 2-1C, UPPER HALF)




ROD SURFACE

K)

(

ROD SURFACE TEMPERATURE

JAERI-M 83-114

RUN NO. 509 0 TEDI31C
_ s TEO?31C
OATE  JUN. 23,1981 + TEO331C
® TED43iC
& TEDG31C
11[10 T T T T T T T T T T 13 T T T T T T T
800
700
500
300 1 Il 1 L 1 1
N 400 s0a
TIME [SEC!
Fig.A.5 HERTER ROD TEMPERATURE
(BUNDLE 3-1C, LOWER HALF!
RUN NO. 509 @ TE0S31C
a TEDT31C
DATE JUN. 23,1881 + TEQ83IC
X TEQS31C
@ TE1031C
]lOO T T L T T T T T T T T T T T T ‘|'
M I
900 /q?.r 3
700 ‘ NSR
h:
DAt |
] \9\ | ]
500
|
\\9 |
300— 1 1 & n 1 1 M i i L 1 4 L 1 1 1 i L 1 4 L 1 1 L
0 100 -~ 200 300 400 500

TIME (SEC)

Fig.A.6 HERTER ROD TEMPERATURE
(BUNDLE 3-1C. UPPER HALF)

—-112-



ROD SURFACE TEMPERATURLE (K]

ROD SURFACE TEMPLRATURE (K)

1100

300

700

1100

900

700

500

300

Fig.A.8

JAERI-M 83-114

RUN NQ. 509 o TED141C
) TE024C
OATE  JUN. 23.,188! - TED341C
x TE0441C
o TEQS41C
= T T T ! T T T T - T T T T T T T T
i /({\ ]
\\\1 w
A i
', | | i
L \ 1 ]
_ —aA==y ot
o T T e 200 J oo 8w
TIME (SED)
Fig.A.7 HERTER ROD TEMPERRATURE
(BUNOLE 4-1C, LOWER HALF)
RUN NO. 5089 0] TEQS41C
A TEQ741C
DARTE JuUN. 23.,188! + -TEQB41C
x TEQQ41C
o 1£10415

T T

T T T T

/

J I R WO |

'300 400

TIME (SEC]

HEATER ROD TEMPERATURE

{BUNDLE 4-1C. UPPER HALFI

—-113-



ROD SURFACE TEMPERATURE (K

ROD SURFACE TEMPERATURE (K

JAERI-M 83-114

RUN NO. 508 O TEOISHC
) A TEDZ51C
OATE  JUN. 23,1881 + TED3SIC
X TEQ4SIC
& TEQSSIC
LOG —r—r—— e A T T T T T
I i {

DA B

900 SRR

N

| T — : .
U FU SOV VST TRV oo

1

|
35 : L 1 L L i 1 i " - n L 1 i 5 . pa——
3005 100 203 300 400 500 500

TIME SEC)

Fig.A.9 HERTER ROD TEMPERATURE
(BUNCLE 5-1C. LOWER HRLFS

~IF

RUN NO. 509 O TEQBS.C
} A TE0751C
DARTE  JUN. £3.,198! + TEGBSIC
X TEDSS:T
& TEI0S1C
100 . —r — . e .
i ‘ ! \ 1
L | | 1
| | |
L ~ i
L /G . | i
300 — ; e e

I a | )
S/ ;Q;; | :

. SRS RO SR
100 200 300 200 500 500

TIME [SEC)

Fig.A.10 HEATER ROD TEMPERATURE
(BUNDLE 5-1C. UPPER HALF'

—-114-



(K]

RGD SURFACE TEMPERARTURE

(K}

ROD SURFACE TEMPERATURE

JAERI-M 83-114

RUN NO. £08 o TEQIBIC
A TED261C
OATE JUN. 23.1981 + TED361C
e TED461C
& TEODS51C
l]UU T L T T T T T T T T T T T T B T Al T 1
00 ' mb\
200 A , <
500 AB\ l ‘ 1 ]
V | ]
( p
SGDO' ' oo zwo 300 40 T
TIME (SEC)
Fig.A.1ll HERTER ROD TEMPERATURE
(BUNDLE 6-1C., LOWER HALF!
RUN NO. 509 Q TEQB61IC
A TEO761C
JATE  JUN. 23,1981 + TEOBG1C
x TEOYB1C
& TE10B1C
IICO H T T H T T T T T T T T T T T Al T

T T T T

300 ve \

%

700

500

300 L—u— " ,. 1 .200 o3

TIME (SEC)

Fig.A.12 HEATER ROD TEMPERATURE
[BUNDLE 5-1C. UPPER HALF]

—115~



ROD SURFACE TEMPERATURE (K

ROD SURFACE TEMPERATURE (K)

JAERI-M 83-114

RUN NO. 209 0 TEQI7C
2 TED271C
DATE  JUN. 23,1981 + TEG37LC
X TED471C
& TEOS712
1100 P—r—"r——T—7tT— T T 1 T T T ' T —-TT
900 v

700 —

500

300
TIME [1SEC)

Fig.A.13 HEATER ROD TEMPERRTURE
(BUNDLE 7-1C. LOWER HALF)

RUN NZ. 509 O TEOB71C
A TEOTIIC
DATE JUN. 23,1381 + TEQBT1C
X TE0971C
o TEIOVIC
1100 p—r—r— p T T —— T Y —T
900
700 N
C" - 1
500 //]im L
F ' —e——2 lehln$uﬁay»*&¥ﬁmﬁ»n«§
0= e %0 40 S
TIME (SEC)

Fig.A.l4 HEATER ROD TEMPERATURE
(BUNDLE 7-1C. UPPER HALF)

-116—



SURFACE TEMPERATURE (K]

[mIal ]
[ ]

(K)

ROD SURFACE TEMPERATURE

JAERI-M 83-114

RUN NO. 509 O TEQLBIC
A TE0281C
ORTE JUN. 23,1981 + TED381C
% TEQ481¢
o TEQSE1C
IIUD T T T T T T T T T T T T T T T T
300 et
I /- \ |
700 '///}\\ “\\\\R\
i 1 _
smj;/ /fﬂ | : |
q L gy&f‘ X ‘t’ " IO VTP
W0y 0 w8 400 G
TIME (SEZ)
Fig.A.15 FERTER ROD TEMPERATURE
(BUNDLE 8-1C, LOWER HR_F i
RUN NO. ECS V] TEOB81IC
A TEQ781C
DRTE JUN. 23,1981 + TED881C
X TEQ981C
o TE1081C
1100 —— — : R , . —
b E -
a00

700

500

" 30 b—

Fig.A.16

TIME

300

(SEC)

HERTER RDD TEMPERATULRE
{BUNOLE B-1C. UPPER HALF)

—-117—-



