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The present report investigates the effects of core inlet water flow
rate (Mi) on the reflooding phenomena in the core observed in the Slab
Core Test Facility (SCTF) Core-I tests. The effects on the two-dimen-
sidnal core thermal-hydraulic phenomena are emphasized. The following
forced feed test results are examined : Tests S1-01 [Mi in Acc injection
period = 16 kg/s (flooding velocity = 6.6 ¢m/s), Mi in LPCI injection
period = 10 kg/s (4.1 cm/s)], S1-5Hl [29 (12.0), 10 (4.1)1, s1-05 [16
(6.6), 6 (2.1)] and S1-09 [29 (12.0), 19 (7.8)1.

Major conclusions derived from this study are as follows :

(L Larger core inlet flow rate gave larger water accumulation rate in
the core and resultantly better core cooling. Larger core inlet flow
rate gave larger water accumulation rate in the upper planum and larger
water flow rate through the hot leg.

(2) The two-dimensional thermal-hydraulic behaviors in the core {radial
differences on void fraction and on heat transfer coefficient) were not
significantly affected by the magnitude on the core inlet flow rate.

3 The dependency of heat transfer coefficients on the core inlet flow
rate was qualitatively consistent with modified Murao-Sugimoto correl-
ation which includes the correction factor of liquid fiow rate. The
correlation slightly underestimated the heat transfer coefficients

quantitatively. The cause of the underestimation was discussed by

This work was performed under a contract with the Atomic Energy

Bureau of the Science and Technology Agency of Japan.
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evaluating the flow circulation in the core,

Keywords : Reflood, PWR-LOCA, SCTF, ECCS, Two-Phase Flow, Void Fraction,
Heat Transfer, Quench, Cross Flow, Two-Dimensional Thermal-

Hydraulic Behavior
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Nomenclature

BOCREC bottow of core recovery = time of reflood initiation
Cp drag coefficient / one rod

dPx horizontal differential pressure (Pa)

E emissivity _

1 ‘ correction factor defined in section 3.4

Gn horizontal mass velocity (kg/m?s)

g acceleration due to gravity (m/s?)

HTC heat transfer coefficients (W/m2K)

Reo latent heat of evaporation (J/kg)

he film boiling term in Murao-Sugimoto correlation
hn weasured heat transfer coefficients

hr radiation term in Murao-Sugimoto correlation

Lq distance from quench front {m)

Mi core inlet mass flow rate (kg/s)

Nt number of rods

To maximum cladding temperature at reflood initiation(K)
Tu ~cladding temperature (X)

Tse saturation temperature (X)

ATe = Tu - Ts (KD

Ta : quench temperature (K)

tq quench time (s)

ATr temperature rise after reflood initiation (K)

Greek symbols

o1 void fraction

0 density (kg/m®)

On density of mixture =gpga + pi(l-a)
A thermal conductivity (¥/uk)

u dynamic viscosity (Pases)

£ Stefan Boltzmann constant (¥W/u2k*)

Subscripts
4 gas phase
1 liquid phase

vii
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1. Introduction

The Slab Core Test Facility (SCTF) Test Program(l)-(4)is being performed
as a part of the Large Scale Reflood Test Program in which the Cylindrical
Core Test Facility (CCTF) Test Program is alsc conducted. The principal pur-
poses of both test programs are to clarify thermal-hydraulic behavior in the
primary coolant system of a pressurized water reactor (PWR) during a reflood
phase of a large break loss-of-ccolant accident (LOCA) and to demonstrate
and quantify the safety margin of the emergency core coolant system (ECCS)
against the accident.

In the CCTF test program, primary objective is to study the system be-
havior. Om the other hand, the SCTF test is a separate effect test. The SCTF
has electrically heated rod bundles with a full height, full radial width
and single bundle along the azimuthal direction. The major objectives of the
SCTF test program are to clarify the following items:

(1) Two-dimensional thermal-hydraulic behavior in the core (e.g.,ch-

imney effect),

(2) Two—dimensional flow interaction between the core and the upper
plenum (e.g.,fall back of water, counter—current flow at tie
plates) and

{3) Hot leg carry-over characteristics.

Many small scale reflood experiments(5)have been performed in the past.
However, the above items have not been clarified, especially for the first
item, because the flow area of the core was much smaller than that in an ac-—
tual reactor. Therefore, the effects of various test parameters(l)_(4)on
two—dimensional reflooding phenomena have been studied in the SCTF test
series. Recent analysis showed that a steep radial power profile gave higher
heat transfer coefficients in higher power bundles under the same total core
power(G). And it was reported in reference (7) that a larger cross flow be-
tween rod bundles was induced under steeper radizl power profile. So the
cross flow between bundles is important to investigate the heat transfer en-
hancement in the higher power bundles.

The present report describes the effects of core inlet water mass flow
rate mainly on the two—dimensional thermal-hydraulic behavior in the core
and clarifies the effect on the heat transfer enhancement due to the cross
flow.

A brief description of the facility is given in Appendix A. More

detailed information is available in reference (8). Tests investigated in
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this report are Tests S1-5H1,51-01,51~-05 and $1-09 in the SCTF Core-I tests.
The selected heater rod cladding temperatures obtained in those tests are
presented in Appendices B through D for respective tests,except those for

51-01 which have been presented in reference (1).
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2. Test Description

2.1 Test Facility

The schematic diagram of SCTF is shown in Fig.2-1.

The primary coolant loops consist of a hot leg equivalent of the four
actual hot leg, a steam/water separator corresponding to the four actual
steam generator inlet plenums, an intact cold leg equivalent to the three
actual intact cold legs, a broken cold leg on the pressure vessel side and a
broken cold leg on the steam/water separator side. The two-broken cold legs
are connected to two containment tanks, respectively.

The flow area scaling ratio is 1/21 to a 1,100 MWe PWR, whereas the
height of each component simulates the actual PWR.

The emergency core cooling system (ECCS) consists of an accumulator
(Acc) system and a low pressure coolant injection (LPCI) system. The injec-—
tion ports for the Acc and LPCI systems are the lower plenum and the intact
cold leg, respectively.

Figure 2-2 shows the vertical cross section of the pressure vessel. The
pressure vessel includes a simulated core, an upper blenum with internals, a
lower plenum, a core baffle and a downcomer.

The simulated core consists of 8 bundles arranged in a row with full
radial width. Each bundle consists of 234 heater rods and 22 non-heated rods
arranged 16x16 array. The outer diameter and the heated length of the heater
rod are 10.7mm and 3,660 mm, respectively. The dimensions of red bundle are
based on those for a 15x15 fuel rod bundle of a Westinghouse type PWR.

The core and the upper plenum are enveloped by honeycomb thermal in-
sulators to minimize the wall thermal effects.

More detailed information on the SCTF is available in reference (8) and

brief description is presented in Appendix A.
2.2 Test Conditions and Procedure

Emergency core cooling (ECC) water was injected directly into the lower
plenum in the tests examined in this study. The downcomer had been isolated
from the lower plenum by inserting a blocking plate. Therefore, reliable
test data were obtained because core inlet coolant (water) flow rate could
be measured accurately at the ECC water injection piping. This methed is

called the forced-feed reflooding.
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Four forced feed tests were adopted in this report to meet objectives
mentioned in Introduction, those are Tests 51-01,51-SH1,S5i-05 and S1-09.
These four tests were performed under almost the same conditions except for
the core inlet flow rate. Additionally, the maximum cladding temperature at
the reflood initiation in Test S1-SH1 was different from that in othef
tests. The time when the ECC water reaches the bottom of the core heated
length is called BOCREC (bottom—~of=-core recovery) in this report and the
cladding temperature at the BOCREC is represented as Th. Major measured test
conditions are listed in Table 2-1. And the accuracy of instruments used in
this report is listed in Table 2-2.

The estimated core inlet flow rate (Mi) for each test is shown in Fig.2-
3. These flow rates were calculated by subtracting the water accumulation
rate in the baffle region and in the lower plenum from the ECC water injec~
tion rate. The core inlet water velocity (flooding velocity) is also shown
in Fig.2-3. These velocities were calculated by using the nominal core flow
area 0.259m? shown in Table A~1 in Appendix-A. Iun the Acc injection period,
the core inlet flow rates for Tests S1-SH1 and S51-09 were larger than those
for Tests S1-01 and $1-05. In the LPCI injection period, the core inlet flow
rate for Test §1-09 was larger than those for Tests $1-01 and S1-SH1 and
that for Test S51-05 was lower than those for Tests 51-01 and S1-SH1. There-
fore, in this report Test S1-SHl is called "High Acc and Low Tb", Test 51-05
is "Low LPCI" and Test 51-09 is "High Acc and LPCI" as compared to Test S1-
0l (Base Case).

The other test conditions which are intended to be common to these four
tests are shown in Figs. 2-4(a),(b) and (c). Pressure in the core center and
in the containment tank and core inlet subcooling were almost the same with
each other. Total core power and its profile over eight bundles were identi-
cal for the four tests. The radial power profile was based on the radial
profile of a 1,100 MWe Westinghouse initial core. The normalized radial
power factors in Bundles 1 and 2,3 and 4,5 and 6 and 7 and 8 are 1.001,
1.065, 1.015 and 0.919, respectively, for all the tests.

The test procedure for these four tests is as follows. After setting the
initial conditions (pressure and saturation condition etc.), core heating
was initiated. When four cladding temperatures 842K and 926K for Test S51-SH1
and for other three tests, respectively, the Acc injection into the lower
plenum was initiated. The initial saturation water level in the lower plenum
was about 0.4 m below the bottom of heated part. After keeping the core

power constant for 2 s in Test S1-5H1 and for 5 s in other Tests from the
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Acc injection start, the core power decay simulation started from the value
at 30 s after shutdown of an actual reactor. The decay curve was based on
the "ANS standard + actinides + delayed neutron effect for voided core". The
maximum cladding temperature at the BOCREC (Tb) was intended to be 873K in
Test S1-SH1 and 973K in other Tests. The injection was switched from the Acc
injection to the LPCI at about 10 through 15 s after the BOCREC. At 900 s
after the initiation of LPCI, the test was terminated.
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3. Test Results and Discussions
3.1 Overall Fluid Behavior in Pressure Vessel and Primary Loops

Figure 3-1 shows the comparison of differential pressures across the
core full height in bundle 4 (highest power bundle) for four tests examined
in this report. Figures 3-2 (a),(b) and (c¢) show the comparison of void
fractions at three axial sections in bundle 4 for all the tests. These void
fractions were calculated from the measured vertical differential pressures
by neglecting the effects of frictional and accelerational pressure drops.
From the comparisons among Tests S1-01, S1-05 and S1~09, it is found that
the larger core inlet flow rate (Mi} gives larger amount of water accumula-
tion (smaller void fraction) in the core. From the comparison between Tests
S51-01 and $1-5H1, it is found that the larger core water accumulation rate
(gradient of accumulation curve) in the Acc injection period is realized by
the larger Mi in that period under the different condition for Tb. The dif-
ference of about 100K for Tb has been reported in ref.(9) tc give no sig-
nificant difference of accumulation rate of water. From the comparison be-
tween Tests S51-01 and S51-05, the smaller accumulation rate is found to be
realized by the smaller Mi in the LPCI injection period. Therefore, the
amount of core inlet flow rate both in the Acc and the LPCI injection
periods affects the accumulation rate of water in the core.

Steam mass flow rates generated in the core are shown in Fig.3-3. These
flow rates were measured at the primary loop by the ventury and the orifice
flow meters. The result of Test 51-SH1 is not pfesented in this figure be-
cause of malfunction of the flow meters. The larger Mi gave the larger steam
generation rate in the early period (until about 100 seconds) and after that
period the larger decreasing rate of steam generation was observed under the
condition of larger Mi. The different characteristics of steam generation in
the early period are caused by the faster quench velocity under the larger
Mi as will be discussed in the core thermal behavior.

Carry-over characteristics out of the core are shown in Figs.3—4, 3-5
and 3~6. Figure 3-4 shows the comparison of core mass effluent rate (that is
water plus steam mass flow rates) obtained by subtracting the core water ac-
cumulation rate from Mi. The larger Mi gave the larger core mass effluent
rate. The results of high Acc and low Tb test were almost the same value as
those of base case test in the LPCI injection period. This result suggests

that the difference of Tb and Mi in the Acc injection period have no sig-
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nificant effects on the core mass effluent rate in the LPCI injection
period. Figures 3~5 and 3-6 show the comparison of amount of water accumula-
tion in the upper plenum and in the steam/water(S—W)separator,respectively.
The larger Mi gave the larger water mass in the upper plenum and gave the
larger water accumulation rate in the S-W separator. And the larger Mi gave

the earlier initiation time of water accumulation in the S-W separator.
3.2 Overall Core Thermal Behavior

The terminology is defined in Fig.3-7 for a typical cladding temperature
history in the SCTF tests. In this section, the effects of core inlet flow
rate (Mi) are presented on the quench time (tq), the quench temperature (Tq)
and the temperature rise (4Tr). The effects of Mi on the heat transfer coef-
ficlients (HTC) are also discussed.

During the SCTF tests, the quench front progressed upward from the bot-
tom to the top (bottom quench) or downward from the top to the bottom (top
quench). Bottom quench always occurred below the 2.33m elevation (T/C eleva-
tion No's. 1 through 7 shown in Fig. A-10 in Appendix-A). Top quench always
occurred at No.l0 elevation and scometimes occurred at some part of a bundle
(1D,1B and 2B regions,etc.,shown in Fig. A-10) at No's.8 and 9 elevations
though bottom quench was still dominant even at these elevations. Top gquench
tended to occur randomly. However, bottom quench propagation was almost
uniform throughout the core and the quench time and temperature were clearly
defined. Therefore, in order to distinguish the thermal characteristics in
the bottom quench region from those in the top quench region, the subsequent
comparison plots are separately presented for the two regioms: one for the
T/C elevation No's. 1 through 7 and the other for No's. 8 through 10.

Figures 3-8(1),(2) and (3) show the comparison of tq for Tests §1~09,51-
SH1 and S1-05 with that for Test S1-0l1. Shorter quench times for almost all
elevations resulted from the larger Mi only in the Acc injection pericd
(Fig.3-8(2)) and both in the Acc and LPCI injection period (Fig.3-8(1)). On
the other hand, the smaller Mi only in the LPCI injection period gave longer
quench times except at T/C elevation No's. 1,2,3 and 10 at which the quench
times were less than 100 seconds (Fig.3-8(3)).

Figures 3-9(1),(2) and (3) show the comparison of Tq. No significant ef-
fect of the amount of Mi both in the Acc and LPCI injection period was ob-
served on Tq from these figures.

Figures 3-10(1),(2) and (3) show the comparison of ATr. Since the Tb in
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Test S1-SHl is relatively lower than the other tests due to the lower preset
temperature as mentioned in section 2.2, 4Tr is a more suitable value than
the turnaround temperature to evaluate the effects of Mi independently of
the difference of Th. As shown in these figures, the larger Mi gave a smal-
ler 4Tr. In particular, the smaller Tr was observed in Test S$1-09 (Fig.3-
10(1)) at all elevations. The larger Mi in the Acc injection period with an
equal one in the LPCI injection period also resulted in a smaller 4Tr at al-
most all elevations (Fig.3-10(2)). The smaller Mi in the LPCI injection
period with an equal one in the Acc injection period resulted in the larger 4
Tr except at T/C elevation No's. 1 through 5 and 10 (Fig.3-10(3)).

Figure 3=11 (a),(b) and (c) show the comparison of HTC at three eleva-
tions in bundle 4 (highest power bundle). These HTC were calculated by the
cladding temperature transients(lo) and smoothed by the moving averaged
method. As shown in these figures, the larger Mi both in the Acc and the
LPCI injection periods gave the higher HTC during the whole transients at
all elevations. This result is comnsistent with the better core cooling on tq
and on 4Tr as shown in Figs 3-8(1) and 3-10(1).

In the case of larger Mi only in the Acc injection period, the tendency
of higher HTC still existed even in the LPCI injection period. This dif=-
ference of HTC in the LPCI injection period is quite large against the dif-
ference of HTC due to the lower Tb which has been reported in ref.(9). This
result giving the higher HTC even in the LPCI injection period is consistent
with the lower void fraction which is resulted from the larger Mi in the Acc
injection period as shown in Figs.3-2(a),{b) and (c). And this result is
also consistent with the better core cooling on tq and on 4Tr as shown in
Figs 3-8(2) and 3~10(2).

In the case of lower Mi omnly in the LPCI injection period, HIC at 0.95m
{lower elevation of the core) was alﬁost the same as that in the base case
test during the whole transients and almost the same HTC in the Acc injec-
tion period was realized at 1.905m and 3.19m elevations. These characteris-
tics are consistent with the result that the smaller Mi only in the LPCI in-
jection period gives the longer quench times above 1.38m elevation and the

larger ATr alsc above 1.905m elevation.
3.3 Two-Dimensional Hydraulic Behavior

The effects of core inlet flow rate (Mi) on two—dimensional hydraulic

behavior in the pressure vessel are presented and discussed in this section.
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Two-dimensional hydraulic behaviors in the wide core of SCTF are expected
due to the non-uniform power profile over the eight bundles(6). Two-
dimensional hydraulic behaviors are examined from the comparisons of : (I)
core full height differential pressures and sectional void fractions, (II)
horizontal differential pressures in the core, (III) fluid behavior around
the end box tie plates and (IV) water level distribution above the upper
core support plate (UCSP).

Figures 3-12 (a) through (d) show the comparisons of core full height
differential pressures in bundles 2,4 and 8 for each test. It is observed
from these figures that the differential pressures in these bundles were al-
most the same at any time regardless of the differences of bundle power and
Mi. This result indicates the existence of cross flow between the bundles
because under the no cross flow condition the differential pressure at each
bundle should be different to each other due to the different bundle power.
This uniform distribution of the core full height differential pressure has
been alsc observed in the other SCTF test under a steeper radial power
profile(7).

Figures 3-13 (a) and (b) show the comparisons of horizontal differential
pressure transients between bundles 5 and 8 at 3.235m (top region of the
core) and at 1.905m (almost middle elevation of the core) elevations,
respectively. The signs and the magnitudes of these differential pressures
can be considered to indicate the direction and the intensity of cross flows
betwszen bundles.

At the top region of the core, the cross flow for each test were almost
zero until about 240 seconds for low LPCI test and about 150 seconds for the
others. After that, the cross flow from bundle 8 to bundle 5 was getting
large with time and reached to some constant value. The intensity of the
cross flow for each test was almost the same except for the low LPCI test in
which the intensity was slightly smaller than these in the other tests.

On the other hand, at the middle elevation of the core, the cross flow
from bundle 5 to bundle 8 was realized umntil about the quench time of this
elevation or of the whole core. In the high Acc and LPCI test, the slightly
larger intensity of the cross flow was realized until about 260 seconds
(this time is correspond to the whole core quench time of this test) and no
significant cross flow was realized after that. In the low LPCI test, the
cross flow was realized until about 310 seconds (this time is also cor=-
respond to the whole core quench time of this test). On the contrary, for

the other tests the cross flow from bundle 8 to bundle 5 was realized after
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the quench time of this elevation. Though the different signs and intensity
of the cross flow at this elevation were recognized at a specified time for
each test, the maximum plus or minus value was almost the same among tests
except for the high Acc and LPCI test.

Figures 3-14 (1) through (6) show the comparison of void fractionm at six
axial sections in bundle 2,4 and 8 for each test. The calculating method of
these void fractions was the same as that presented in Fig.3-2. The follow-
ing results are observed in these figures,

(1) In the lower part of the core (0.085m through 1.24m), the distribution
of void fractions is almost uniform until about the whole core quench time
irrespective of the amount of Mi. After the whole core quench time, the void
fraction in bundle 8 becomes higher for all the tests.

(2) In the middle part of the core (1.365m through 2.57m), the distribution
of void fractions is also almost uniform except for high Acec and LPCI test.
In that test, the void fraction at the section of 1.365m1.905m in bundle 8
becomes lower after about 90 s.

(3) In the top part of the core (2.695m through 3.685m), the distribution of
voild fractions is also almost uniform though the void fraction in bundle 8
tends to be a little higher in some time hefore the whole core quench time.

The higher void fraction in bundle 8 after about the whole core quench
time mentioned in the above first item is supposed to be realized by the
reduction of vertical flow rate of water due to the water cross flow from
bundle 8 to bundle 5 sides since the cross flow of that direction is
dominant in that period as shown in Fig.3-13(b). The result of lower void
fraction in bundle 8 in high Acc and LPCI test mentioned in the above second
item is supposed to be caused by the following two effects; one is that the
increase of vertical flow rate of water due to the larger intensity of cross
flow from bundle 5 to bundle 8 is realized until about 300 seconds as shown
in Fig.3-13(b) and another is the smaller steam generation rate in bundle 8
due to the lowest power under no significant cross flow condition after
about 300 seconds as also shown in Fig.3-13(b).

Figures 3-15 through 3-18 show the comparisons of the fluid behaviors at
around the end boxes and in the upper plenum. Figure 3-15 shows the com—
parisons of differential pressures across the end box tie plates above
bundles 2,4,6 and 8. The larger Mi gave the larger positive differential
pressure above each bundle, which meant the larger mass flow rate of two-
phase up-flow. Besides, the differential pressure above bundle 8 became much

lower than those above the other bundles after about the whole core quench
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time. The negative differential pressure above bundle 8 indicates the pos-
sibility of water fall back into the core through the end box tie plate
holes. This fall back water might increase the water cross flow at the top
region of the core due to the cross flow mentioned in Fig.3-13 (a).

Figure 3-16 shows the comparisons of liquid levels in the end boxes
above bundles 2,4,6 and 8. The liquid levels above bundle 8 in all the tests
became much higher than those above the other bundles after about the whole
core quench time of each test.

Figure 3-17 shows the comparisons of collapsed liquid levels in the up-
per plenum above bundles 1,4 and 8 in each test. The liquid levels above
these bundles increased gradually and at about the whole core quench time
the levels increased rapidly and remained at almost constant value.

The liquid levels above bundle 8 in all the tests were higher than those
above the other bundles and the difference of liquid levels between bundle 8§
and the other bundles increased gradually with time. Figure 3-18 shows the
difference of the liquid levels between above bundle 8 and above bundle 1.
No significant effect of Mi is observed on the magnitudes of this difference
except only for the low LPCI test in which the difference is much smaller
than that in other tests until about the whole core quench time.

The development of non-uniform pressure distribution at the interface
between the core and the upper plenum mentioned above is supposed to develop
the cross flow from bundle 8 to bundle 5 sides shown in Fig.3-13 (a). This
effect has been reported as non-uniform water head effect(7). The smaller
intensity of cross flow in the low LPCI test shown in Fig.3-13(a) is consis~

tent with the smaller difference of liquid levels in the upper plenum.
3.4 Two-~Dimensional Heat Transfer Behavior

The effects of core inlet flow rate (Mi) are presented and discussed on
the two-dimensional thermal behavior in this section. Figures 3-19(1)
through (3) show the comparison of transients of heat transfer coefficients
(HTC) in bundles 2,4 and 8 at three axial elevations (0.95m,1.905m and
2.33m) for each test. At 0.95m elevation, no difference was observed among
these bundles for all the tests. However, at 1.905m and 2.33m elevations,
the HTC in bundles 2 and 4 were higher than that in bundle 8 during almost
whole transients. The two-dimensionality of HTC is also observed in Figs. 3-
20(1) through (3). The HTC in bundles 2,4,6 and 8 are plotted against the

distance from the quench front of each bundle in these figures.
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In order to clarify the effects of Mi on the two-dimensicnality of HIC,
the following two differences,which are shown in Fig.3-21, are examined for
each test; (1) (maximum HTC-average HTC) on HTC in bundles 2,4,6 and 8 at a
certain distance from the quench front and (2) (minimum HTC-average HTC) at
the same location. It is found from this figure that the magnitude of heat
transfer enhancement and reduction is not significantly affected by Mi
though the magnitudes scattered at 1.905m elevation.

The two-dimensionality of HTC is examined in Figs.3-22(1)through(4) by
comparing data with Muréo-Sugimoto film boiling heat transfer
correlation{1l). The structure of the correlation is as follows,

ho=he + he = 0.94[24%° PP 1Hrog/LargATs1 7 4(1-a ) 4

+ Ee (1-a)72(Tu*-Ts*)/ATs,
The emissivity E is assumed to be 0.65.

This correlation has successfully predicted the slug flow film boiling
heat transfer coefficient during reflood phase in a relatively small bundle
with full height of an actual reactor({11). This correlation includes the ef-
fects of the different clad surface temperature,different distance from the
quench front and different wvoid fraction on the heat transfer coefficient.
Therefore, by using this correlation, those effects can be examined on the
two-dimensionality of HTC. As shown in Figs.3-22(1) through (4), the calcu-
lated results by the correlation show almost uniform distribution of HTC
among bundles. This result indicates that the two—-dimensionality of the data
is induced by the other effect. These different characteristics between data
and calculations were also observed in CCTF data(l2). In reference (12), the
differences were considered to be induced by the effect of radial power
profile. The differences in SCTF data in this report are also considered to
be caused by the same reason. However, the real physical reason induced by
the radial power profile has not been made clear against producing the two-~
dimensionality of HTC yet.

As shown in Figs.3-22(1) through (4), the Murao-Sugimoto correlation un-
derestimated HTC and the degree of underestimation became larger with Mi.
The following factor f representing the disagreement between the correlation
and data was obtained for each test and shown in Figs.3-23(1) through (4),

£ = (hy - h)/hg

where hy: measured HTC ,
hr: radiation term in Murao-Sugimoto correlation and
he: film boiling term in Murao-Sugimoto correlation.

It is found from these figures that the factor f becomes larger than unity
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with increasing Mi and is larger in bundles 2 and 4 than that in bundle 8.
The dependency of f on Mi has been investigated in small scale reflood
tests(13), The comparigon is shown in Fig.3-24. The axis of abscissas in
this figure is the superficial liquid velocity obtained bj the heat balance
method{7), The data of SCTF are at the elevations of 1.905m and 2.33m. The
amount of f of SCTIF is found to depend on the amount of Mi, that is similar
to the correlation obtained by the data of small scale reflood tests.
However, the f of SCTF is relatively larger than the correlation and some
SCTF data are located above the scattering band ( 25) of small scale reflood
test data. The reason of this difference is not clear and however the in-
crease of superficial liquid velocity along the axial direction is supposed
to be occurred in SCIF by the following examination.

The horizontal mass velocity through the gap between rods was estimated
with using the data of horizontal differential pressures based on the
homogeneous two-phase flow model. The basic equation is as follows,

Gh = On Vh = (2pn dPn /Cp Ny )1-2

where G, ¢ horizontal mass velocity,
On ¢ density of mixture = pga+p (l-a)
dPy : horizontal differential pressure,
Cp = drag coefficient and
Np : number of rods.

The drag coefficient, Cp »is assumed to be 0.5 in accordance with COBRA-IV
code model(14),

The results for base case and high Acc and LPCI tests are shown in Figs.
3-25(1) and (2). The locations A and B in these figures are between bundles
1l and 5 and C,D and E are between bundles 5 and 8. The plus sign indicates
the cross flow from bundles 1 to 5 and from 5 to 8,respectively. At 3.235m
elevation (top region of the core), the direction of the cross flow is from
bundle 8 to bundle 1 sides. On the other hand, the direction of the cross
flow tends to be from the center bundle to the peripheral bundle above the

quench front, while the direction is reversed below the quench front with

significant oscillation except for the location D for high Acc and LPCI
test. Since the core inlet mass velocity in the LPCI injection period was
about 40 kg/m?s and 74 kg/mzs for base case and high Acc and LPCI tests,
respectively, almost the same amount of mass velocity was able to flow
horizontally at the middle elevations. These results Indicate the existence
of the flow circulation in the core and the possibility of the increase of

liquid flow rate along the axial direction. Thus, the quantitative dif-
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ference of the factor f between SCIF data and the correlation from the small
scale reflood test data mentioned before is supposed to be related to the

underestimation of the amount of the axial liquid flow rate.
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4. Summary and Conclusions

The present evaluation study on SCTF tests revealed the following facts

concerning the effects of the core inlet water mass flow rate (Mi) on the

reflooding phenomena. The ranges of core inlet flooding velocity examined in

this report were as follows, 6.6 to 12.0cm/s in the Acc injection period and

2.1 to 7.8cm/s in the LPCI one.

{1] Hydraulic behavior including two-dimensional behavior

(1)

(2)

(3)

(4)

(5)

Larger Mi gave larger water accumulation rate in the core and in
the upper plenum.

Larger Mi gave larger core mass effluent rate, larger carry-over
water mass flow rate into the steam/water separator and earlier
initiation time of carry-over into the steam/water separator

The distribution of core full height differential pressures was
almost uniform throughout the entire width of the core irrespective
of Mi. This indicates the existence of cross fléw between bundles
which compensates the effect of difference of steam generation rate
due to the different bundle power on the voild fraction. This
characteristic has been also observed in the other SCTF test under
a steeper radial power profile.

The distribution of sectional void fraction was almost uniform at
the top region of the core irrespective of Mi, and the intensity of
cross flow was determined by the degree of difference of water head
in the upper plenum. The degree of that difference was not affected
by Mi for core inlet flooding velocities greater than 6.6cm/s(Acc)
and 4.lcm/s(LPCI).

At the middle region of the core, the cross flow was occured from
the higher power bundle to the lower one mainly above the quench
front and the direction was reversed after passing the quench front

or after the time of whole core quench. The maximum intensity of

the cross flow was not affected by Mi and the distribution of sec-

tional void fraction at this region was almost uniform except for
high Acc(l2.0cm/s) and LPCI(7.8cm/s) test. In that test the
slightly larger intensity of cross flow from the highest to the
lowest power bundles was realized until about the whole core
quench time than the other tests and after the quench the intensity

of cross flow was slightly smaller than the other tests.



(6)
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After about the time of whole core quench, the water fall back
through the end box tie plate was realized into the bundles near
hot leg for all the tests in this report and this fall back water
might increase the water cross flow at the top region of the core

due to the cross flow mentioned in the above item [1]-(4).

[2] Thermal behavior including two-dimensional behavior

(1)

(2)

3

Larger Mi gave shorter quench time, almost the same guench tempera-
ture and smaller temperature rise. Larger Mi only in the Acc
injection period gave the same tendency of better core cooling even
in the LPCI injection period. This was realized by the larger
amount of water accumulation in the core even in the LPCI injection
period.

No significant influence of Mi was observed on the two-dimensional
heat transfer characteristics among the bundles. Namely, the heat
transfer coefficients were always larger at the higher power
bundles and the differences of heat transfer coefficients between
at the higher power and at the lower power bundles were almost the
same irrespective of Mi.

The dependency of the heat transfer coefficients on Mi was qualita-
tively consistent with modified Murao-Sugimoto correlation which
includes the correction factor of liquid flow rate. The correlation
slightly underestimated the heat transfer coefficients quantita-
tively. The cause of the underestimation was discussed by evaluat-

ing the flow circulation in the core.
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Table 2-2  Accuracy of Instruments

item Range Accuracy Error band
Heater rod temperature 27301273 (KD =17 10 K
Fluid temperature 273873 (K) *1z 6K
Liquid level above UCSP 0nZ.5 MAQ 1% 0,025 MaQ
Liquid level above end box : N
tie plate 00,25 MAQ 1% 0.0025 MAQ
Differential pressure N
across core full height ~2%3 MAQ *1% 0.07 Maq
Differential pressure 0.50. 5 v 0
across end box tie plate i -2 MAQ =1z <05 HAQ
Horizontal differential pressure ~0.20.2 MAQ 1Y 0.002 MAQ

between bundles 5 and 8
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Intact cold
leg injection
Intact cold leg
Hot leg
o Broken cold leg
UCSP injection @ - S/W separator side

B

UCSP extraction

Lowerpleaum  injection Broken cold leg?PV side
@ Pressure vesel | @ Break valves

@’Steum / water separator @ Fiow resistance simulators
@ Containment tanks

@ Pump simulator

Fig. 2-1 Schematic Diagram of Slab Core Test Facility
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Appendix A Schematic of Slab Core Test Facility (SCTF) Core-I

The Slab Core Test Facility was designed under the following design

philosophy and design criteria;
A.1.1 Design Philosophy

To properly simulate the two—dimensional core heat transfer and
hydraulic behaviors, a special emphasis is put on the proper simulation of
the components in the pressure vessel. Provided as the components in the
pressure vessel are a simulated core, downcomer, core baffle region, lower
plenum, upper plenum and upper head. On the other hand, simplified primary
coolant loops are provided. Provided as the primary coolant loops are a hot
leg, an intact cold leg, broken cold legs and a steam water separator. The
objective of the steam/water separator is to measure the flow rate of carry-

over water coming out of the upper plenum through the hot leg.
A.1.2 Design Criteria

(1) The reference reactor for simulation to the. SCTF should be the Trojan
reactor in the United States which is a four loop 3300 MWt PWR. The Ooil
reactor, etc. in Japan sHould be also referred te which are of similar
types to the Trojan reactor.

(2) A full scale radial and axial section of a pressurized water reactor
should be provided as a simulated core of the SCTF with single bundle
width.

(3) The simulated core should consist of 8 bundles arranged in a row.

Each bundle has electrically heated rods simulating fuel rods and non-—
heated rods with 16 x 16 array.

(4) The flow area and fluid volume of components should be scaled in ac-
cordance with the core flow area scaling.

(5) To properly simulate the flow behavior of carry=-over water and entrain-
ment, the elevations of hot leg and cold legs should be designed so as
to be the same as the PWRs as much as possible.

(6) To investigate the effect of flow resistance in the primary loops
should be provided the orifices of which dimension is changeable.

{(7) The maximum allowable temperature of the simulated fuel rods should be

900 °C and the maximum allowable pressure of the facility should be 6



(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)
(16)
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kg/cm2 absolute.

The facility should be provided with a hot leg equivalent to four ac-
tual hot legs on the flow area scaling, an intact cold leg equivalent to
three actual intact cold legs on the flow area scaling and two broken
cold legs, one is for the steam water separator side And the other for
the pressure vessel side.

The ECCS should consist of an Ace and a LPCI.

ECC water injection ports should be the cold leg, upper plenum,
downcomer and lower plenum. These portions should be chosen according
to the objective of the test.

For betfer simulation of lower plenum flow resistance, simulated fuel
rods should not penetrate through the bottom plate of the lower plenum
but terminate below the bottom of the core.

For measurements in the pressure vessel including core measurements,
the feature of the slab geometry of the pressure vessel should be util-
ized as much as possible. Design and arrangement-of the instruments
should be done so as to be able to carry out installation calibration
and removal of the instruments.

View windows should be provided where flow pattern recognition is im-
portant. The locations are, the interface between the core and the up-
per plenum, hot leg, pressure vessel side broken cold leg and the
downcomer.

The blocked bundle test should be carried out in Core-I in order to in-
vestigate the effect of the ballooned fuel rods.

Simulated types of break should be cold leg break and hot leg break.
The components and systems such as the containment tanks and ECC water
supply system in the cylindrical core test facility (CCTF) should be

shard with the SCTF to the maximum extent.

The overall schematic diagram of the SCTF is shown in Fig. A-1. The

ﬁrincipal dimensions of the facility is shown in Table A~-1, and the com-

parison of dimensions between the SCTF and the referred PWR is shown in Fig.

A-2.

A.2

Pressure Vessel and Internals

The pressure vessel is of slab geometry as shown in Fig. A-3. The

height of the components in the pressure vessel is almost the same as the
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reference reactor's, and the flow area and the fluid volume of each com-
ponent are scaled down based on the nominal core flow area scaling.

The core consists of 8 bundles in a row and each bundles include simu-
lated fuel rods and non-heated rods with 16 x 16 array. The core arrange—
ment for the SCTF Core-I is shown in Fig. A-4, which includes 6 normal
bundles and 2 blocked bundles. The core is enveloped by the honeycomb ther-
mal insulator which is attached on the barrel.

The downcomer is located at one end of the pressure vessel which cor-
responds to the periphery of the actual PWR. The core baffle region is, on
the other hand, located between the core and the downcomer.

The design of upper plenum internals is based on that of the new Westin-—
ghouse 17 x 17 array fuel assemblies. The internals consist of control rod
guide tubes, support columns, orifice plates and open holes and the arrange-
ment is shown in Fig. A-5. The radius of each internal is scaled down by
factor 8/15 from that of an actual reactor. Flow resistance baffles are in-
serted into the guide tubes. The elevation and the configuration of baffle
plates are shown in Figs. A-6 and A-7.

The height of the hot leg and cold legs are designed as close to the ac-
tual PWR as possible. However, in order to avoid the interference of the
nozzles in the downcomer, the height of nozzles for broken cold leg and the
intact cold leg are shifted down compared to that of the hot leg as shown in

Fig. A-3.
A.3 Heater Rod Assembly

The heater rod assembly for the SCTF Core-I consists of 8 bundles ar-
ranged in a row. These bundles are composed of 6 normal unblocked bundles
which are located at the 1st, 2nd and 5th to 8th bundles and 2 blocked
bundles which are 3rd and 4th bundles as shown in Fig. A-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 (equivalent to Inconel 600). The sheath wall
thickness is about 1.0 wm and is thicker than the actual fuel cladding be-
cause of the requirements for thermocouple installation. The heating ele-
ment is a helical coil and has a 17 step chopped cosine axial power profile

as shown in Fig. A-8. The peaking factor is 1l.4.
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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 occurs.

In Fig. A-9 the axial position where blockage sleeves for simulating the
ballooned fuel rod are equipped is shown.

For better simulation for flow resistance in the lower plenum the simu-
lated rods do not penetrate through the bottom plate of the lower plenum as
shown in Fig. A-9. ‘

The thermocouple locations on the heater rods and the tag identification

numbers are shown in Fig. A-10.
A.4 Primary Loops and ECCS

Primary loops consist of a hot leg equivalent to the four actual hot
legs on the flow area scaling, a steam/water separator for measuring the
flow rate of carry-over water, an intact cold leg equivalent to the three
actual intact loops on the flow area scaling, a broken cold leg at the pres-
sure vessel side and a broken cold leg at 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. A-11. The flow area of each loop is scaled down based on the core
flow area scaling. It should be emphasized 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 separatcor has a steam generator inlet plenum simulator
to realize the flow characteristics of carry-over water.

A pump simulator and a loop seal part are provided for the intact cold
leg. The loop resistance is adjusted with the orifice plate.

In principle, ECCS consists of an accumulator and a low pressure coclant
injection system. The injection port is located as already described in the

design criteria.

A.5 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.brokeﬁ cold leg. Especially in the

containment tank-I, carry—over from the downcomer is measured by phase
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separation. These containment tanks and auxiliary system such as a pres—

surizer for injecting water from the Acc tank, etc. are shared with the
CCTF.
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Table A-1 Principal Dimensions of Test Facility

1. Core Dimension

(1)
(2)
(3
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11}
(12)

Quantity of Bundle

Bundle Array

bundle Pitch

Rod Array in a Bundle

Rod Pitch in a Bundle

Quantity of Heater Rod in a Bundle
quantity of Non-Heated Rod in a Bundle
Total Quantity of Heater Rods

Total Quantity of Non-Heated Rods
Effective Heated Length of Heater Rod
Diameter of Heater Rod

Diameter of Nom-Heated Rod

2. Flow Area & Fluid Volume

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

(6)
(7)
(8)
(9
(10)
(11)
(12)

(13)

(14)
(15)

(16)

Core Flow Area

Core Fluid Volume

Baffle Ragion Flow Area

Baffle Region Fluid Volume (nominal)

Effective Core Flow Area Based on the
Measured Level-Volume Relationship
Including Gap between Core Barrel and
Pressure Vessel Wall and Various
Penetration Holes

Downcomer Flow Area

Upper Annulus Flow Area

Upper Plenum Horizontal Flow Area
Upper Plenum Fluid Volume

Upper Head Fluid Volume

Lower Plenum Fluid Volume

Steam Generator Inlet Plenum Simulator
Flow Area

Steam Generator Inlet Plenum Simulator
Fluid Volume

Steam Water Separator Fiuid Volume

Flow Area at the Top Plate of Steam
Generator Inlet Plenum Simulator

Hot Leg Flow Area

8 Bundles

1 x 8

230 mm

16 x 16

14.3 mm

234 rods

22 rods

234 x 8 = 1872 rods
22 x § = 176 rods

3360 mm
10.7 mm

I13.8 mm

0.259 m?
0.92 md
0.10 m?
0.36 m3
0.35 m?
0.121 m?
0.158 m?
0.525 m?
1.16 m3
0.86 m3
1.305 md
0.626 m?
0.931 m3
5.3 m3
0.195 m?
0.0826 m2



(17)

(18)

(19)
(20)
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Table A-1 (Continued)

Intact Cold Leg Flow Area
(Diameter = 297.9 mm)

Broken Cold Leg Flow Area
(Diameter = 151.0 um)

Containment Tank~I Fluid Velume

Containment Tank-II Fluid Volume

3. Elevation & Height

(1)

(2)
(3)

(4)
(5)
(6)
(7)
(8)

(9)
(10)
(1D
(12)

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

Top Surface of Upper Core Support Plate
(UCSF)

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 Seal Bottom
Bottom Surface of End Box
Top of Upper Annulus of Downcomer

Height of Steam Generator Inlet
Plenum Simulator

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

Top of Upper Head

0.0697

0,0179

30
50

- 393

-5270
+ 724
+1050
+2200

+1933

-2281
- 185.1
+2234

1595

3140
737
~5770
+2887

i

mm

mm

mm

mr

nm
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@ Heater Rod with Blockage Sleeve
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Elevation (mm)

60 Elevation No.
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3620 ¢10 Thermocouple tag identification
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31909 9 _|_—Horizontc1! location
in bundle
¢ 8 Region No.
erso Bundle No
2330 & 7 Elevation No.
, 1915 5 11
{905 ¢ 6 :gfg g,{ Horizontal location in bundle
{735 LS 1755 2 <) O Upper half
i695° i ® Lower half
1380 T4 ® Center (Blocked region)
n '
11 1
950 ¢ 3 iy ne
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pEl e
520 ¢ 2 e s Fen
. These numbers show
2517 the horizontal location
110 o1 tT
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Y S
Heater rod Heater rod

at bundles 3and 4
center ( blocked region }

Fig. A-10 Locations and Tag Identification of Thermocouples on the
Heater Rods
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Appendix B Selected Heater Rod Cladding Temperatures of SCTF Test S1-SHI

Note:
* Figs. B-1

through B-8: Heater rod cladding temperatures at the

center of bundles 2, 4, 6 and 8 are shown in these

figures.
from the
follows:
O 110
A 520
+ 950
x 1380
o 1735
O 1905
A 2330
+ 2760
x 3180
¢ 3620

Indentification mark and measuring elevation

bottom of heated length for each curve are as

mm o Lower half

mm Upper half
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Fig.
Fig.
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Fig.
Fig,
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Appendix C Selected Heater Rod Cladding Temperature of SCTF Test 51-05

Note:
In Appendix C, selected data from Test S1-05 are introduced.

Definitions of identification marks for each figure are the same

as those described in Appendix B.
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Fig.
Fig.
Fig.
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Fig.
Fig.
Fig.
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Appendix D Selected Heater Rod Cladding Temperatures of SCTIF Test S51-09

Note:
In Appendix D, selected data from Test S1-09 are introduced.

Definitions of identification marks for each figure are the same

as those described in Appendix B.
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