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In order to investigate the thermal-hydraulic characteristics in the
core for PWR's with a combined injection type ECCS, a core cooling base
case test ($3-SH1) was performed using the Slab Core Test Facility (SCTF)
Core-III. Subcooled ECC water was injected into the upper plenum
simulating a hot leg injection under evaluation model (EM) condition.

Thermal-hydraulic behavior in the core was separated into two
regions; a water down-flow region and an up-flow region, corresponding
to the non-uniform ECC injection. A significant circulating'flow was
observed in the core and resultantly the effective flooding velocity was
increased in the up-flow region. Before the initiation of bottom reflood,
the water down-flow region was gsignificantly cooled while the up-flow
region was slightly cooled. After that time, the heat transfer coefficient
in the up-flow region was approximately two times higher than a predicted
value with a Bromley-type film boiling heat transfer correlation which
was successfully applied to a cold leg injection mode. On the other hand,
the heat transfer coefficient was predicted well with dispersed flow heat

transfer correlations.

The work was performed under contract with Atomic Energy Bureau

of Science and Technology Agency of Japan,
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[ NOMENCLATURE]

Specific heat

Hydraulic diameter
Acceleration due to gravity
Latent heat of evaporation
Heat transfer coefficient
Constant in eq. (10)
Thermal conductivity
Distance from quench front
Prandtle number

Heat flux

Heat transfer rate
Reynolds number
Temperature

Tw - Tsat’ wall superheat
velocity

Mass flow rate

Vertical coordinate

Void fraction

Droplet diazmeter
Emissivity

Dynamic viscosity

Density

Stefan Beltzman constant

(J/kg*K)
(m)
(m/s?)
(I/kg)

(W/m2+K)

(W/m+K)

(m)

(W)

(K)
(K)
(m/s)
(kg/s)

(m)

(m)

(Pa*S)

(kg/m?)

(W/m2+K")
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[Subscripts]

BF Core baffle

C Calculated

core Core

cond Condensation

d Droplet

D Drag body

down : Downward flow

f Fall back

fe Forced convection
£L Flooding

g Gas phase

HL Hot leg

inj Injection into upper plenum
L Liquid phase

m Measured

n Net

T Radiation

sat Saturation

sd Steam to droplet
w Wall

wd Wall to droplet
Up Upper plenum
[Superscript]

i Bundle number
in Inlet of core

M Mass balance

D Drag body
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1. INTRODUCTION

The Slab Core Test Facility (SCTF) test program is a part of the
large scale reflood test program performed under contract with Atomic
Energy Bureau of Science and Technology Agency of Japan together with
the Cylindrical Core Test Facility (CCTF) test program. The SCTF test
program is one of the research activities based on the trilateral
agreement among Japan Atomic Energy Research Tnstitute (JAERT), the
United States Nuclear Regulatory Commission (USNRC) and the Federal
Minister for Research and Technology (BMFT) of the Federal Republic of
Germany (FRG).

The SCTF Core-I and Core-II test series have been performed
mainly to investigate the two-dimensional thermal-hydraulic behavior
in the core during the refood phase of a loss—of-coolant accident
(LOCA) of a Westinghous—type (US/J-type) pressurized water reactor
{(PWR). On the other hand, one of the major objectives of the SCTF
Core~ITI test series is to investigate the effectiveness of the
combined-injection-type emergency core cooling system (ECCS) for a
German-type PWR (GPWR). In addition, simulation tests for a US/J-type
PWR are also planned with the SCTF Core-III.

Under the combined injection mode, ECC water is simultaneously
injected into the hot leg and the cold leg. Therefore, the core is
expected to be cooled before the beginning of the bottom—up reflood
due to the fall back water from the upper plenum into the core. In a
full size core, the water fall back is considered to occur non-
uniformly because of the non—uniform distributions of water level and
tempetature in the upper plenum. Resultantly, a two~dimensional core
cooling behavior may be induced.

In order te investigate the thermal-hydraulic characteristics in
the core for PWR's with a combined-injection type ECC, a core cooling
base case test 53-SHl was performed. In Test $3-SH1, subcooled ECC
water was non-uniformly injected inte the upper plenum so as to
simulate a hot leg injection under evaluation model (EM) condition.
The present report describes the major results of this test.

Presented in Appendix A is a brief description of the SCTF Core-

II1. Some selected data obtained in Test $3-SHl are presented in

Appendix B.
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2. TEST DESCRIPTION

2.1 Test Facility

A schematic diagram of SCIF is shown in Fig. 2.1 The primary
coolant loops consist of a hot leg equivalent to four actual hot legs,
a steam/water separator corresponding to four actual steam generators,
an intact cold leg equivalent to three intact cold legs, 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
to two containment tanks ome by one which are connected to each other
by a pressure equalizing pipe.

The flow area scaling ratio is 1/21 of a 1,100 MWe class
Westinghouse~-type PWR, whereas the heights of each component are
preserved.

The ECC water injection ports for SCTF-TII core cooling test
series are selected from the four top injection nozzles and the eight
side injection nozzles located just above the upper core support plate
(UCSP). The top and the side injection nozzles are used to simulate
the hot leg injection of a GPWR combined injection mode.

Figure 2.2 shows a vertical cross section of the pressure vessel.
The pressure vessel includes a simulated core, an upper plenum with
internals, a lower plenum, a core baffle and a downcomer. The
configurations of the upper plenum structure and the end box simulate
those of a 1,300 MWe class GPWR as practically as possible.

The simulated core consists of 8 bundles arrahged in a row with
full radial width. Bundle 1 corresponds to the center bundle and
Bundle 8 to the peripheral bundle of a PWR. Each bundle consists of
236 heated rods and 20 non-heated rods arranged in a 16 x 16 array.
The outer diameter and the heated length of the heated rod are 10.7 mm
and 3,613 mm, respectively. The arrangement pitch of the rods is 14.3
mm.

The core and the upper plenumn are enveloped by honeycomb thermal
insulators with wall plates to minimize the wall thermal effects.

The description of SCTF Core-I111 is presented in detail in

Appendix A.
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2.2 Test Conditions

The test referred to in this report is Test $3-5H1 which is the
first shakedown test in the SCTF Core-IT1I series. Major test
conditions for this test are listed in Table 2.1.

The test conditions for Test §$3-5H]1 were determined based on the
CCTF combined-injection test results (C2-19) and the TRAC-PF1/MOD1
calculation results for GPWR evaluation model (EM) condition. The ECC
injection ports used in Test $3-SH1 were the four upper head injection
nozzles and the two side flow injection nozzles above Bundles 7 & 8,
simulating the water flow from the hot leg into the upper plenum.
Since the main purpose of the present test is to investigate the core
cooling characteristics before and after the beginning of the bottom—
up reflood, no ECC water was Injected into the cold leg and the
initial water inventory in the lower plenum was set to be zero. The
top injection flow rate was 2.5 kg/s and the water temperature was
308 K for each of the four top injection nozzles. The total side
injection flow rate was 30 kg/s and the water temperature was 343 K.
Total ECC flow rate of 40 kg/s was determined from the TRAC GPWR EM
calculation results. The water temperature of the side injection was
based on the fluid temperature just above the UCSP at the hot leg side
for CCTF Test C2-19. The radial power distribution was set to be flat
80 as to avoid the effect of radial power distribution on the two-—
dimensional core cooling behavior.

The effects of the ECC water temperature, the initial liquid
level in the lower plenum, the side injection location and the radial
power distribution on the two—-dimensional core cooling behavior were
also investigated in the SCTF-III core cocling test serles and will

be reported separately.
2.3 Test Procedure

Figure 2.3 shows the test sequence of Test S3-SH1.

The core heating was initiated at time "zero" under the flat
radial power distribution with the total power of 7.5 MW. When four
cladding temperatures exceeded 943 K (670°C), ECC injection into the
upper plenum was initiated. At the same time, the core power decay

started, simulating the reactor time from 25 s after shutdown. The

,_,37
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decay curve was based on the (1.03 X ANS standard + Actinides). The
top injection through the four top injection nozzles and the side
injection above Bundles 7 & 8 were terminated at 360 s and 420 s,
respectively, after the initiation of injection. After the quench of
the whole core, the injection location was switched from Bundles 7 & 8
to Bundles 1 & 2 so as to investigate the effect of the side injection
location on the two-dimensional hydraulic behavior in the core. This
is called Test S3-SH1-Phase2. The results of Test S3-SH1-Phasel are

not discussed in this report but will be reported separately.
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3. TEST RESULTS
3.1 Measured Boundary Conditions

Figures 3.1 and 3.2 show top and side injection flow rates into
the upper plenum through the top injection nozzles and the side injec-
tion nozzles, respectively. The side injection started at 112 s and
the top injection at 114 s. The injection rates were 2.5 kg/s per each
of four top injection nozzles and 30 kg/s for the side injection nczzles
as specified.

Figures 3.3 and 3.4 show temperatures of the tep and side injec-
tion water, respectively. The top injection water temperatures were
between 308 and 320 X until 100 s after the initiation of the ECC
injection and after that time the temperatures were between 308 and
312 K. The side injection water temperature was oscillating between
340 and 348 K.

Figure 3.5 shows the histories of heating power for each bundle.
The radial power distribution was completely flat as shown in this
figures.

Figure 3.6 shows the pressures at the core center and the top of
containment tank-II. The decrease of pressure from 122 s indicates
the condensation of steam by the subcooled water. After 160 s the
pressures increased because of the larger steam generation rate in the
core due to the beginnging of bottom-up floeding.

The chrenology of major events for Test S3-SHI is listed in Table
3.1.

3.2 Fluid Behavior except Core
3.2,1 Fluid Behavior in Upper Plenum and around UCSP

The distribution of collapsed liquid levels in the upper plenum is
shown in Fig. 3.7. The collapsed liquid levels sbove Bundies 1,3,5,7
and 8 are less than 0.05 m before the BOCREC (bottom of core recovery)
{157 s) and then increases rapidly. After the BOCREC, the collapsed
liquid level is higher at the hot ieg side. The low liquid level before
the BOCREC indicates that most of the injected water into the upper

plenum falled back to the core during this period. All of the ccllapsed
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liquid levels exceed the bottom of hot leg nozzle (1.05 m) at 290 s.

The fluld temperatures in the upper plenum are shown in Figs. 3.8,
3.9 and 3.10 at elevations of 0.1, 0.25 and 0.6 m from the UCSP, respec-
tively. At the elevations of 0.1 and 0.25 m, subcooled water is chserv-
ed except above Bundie 1. The fluid temperature is the lowest above
Bundle 7 except at 0.25 m elevation before the BOCREC. The significant
spikes of the fluid temperature above Bundle 7 indicate the intermittent
steam flow in the subcooled water. At the elevaticn of 0.6 m, subcool-
ed water is not observed.

Figure 3.11 shows the f£luid temperatures in the UCSP holes. Just
after the initiation of ECC water injectiom, the fluid temperatures
become subcooled above Bundles 7 and 8. The fluid temperatures above
Bundles 1 through 5 are approximately saturated during the test. Sub-
cooled water is observed above Bundle 6 for short time before the
BOCREC and after 280 s.

Figure 3.12 shows the steam velocities measured with turbine flow
meters at the UCSP holes above Bundles 2,4,6 and 8. These velccities
are quantitatively reliable only for steam single-phase up—flow.

Before the BOCREC, steam up-flow was not measured for all locations,
suggesting that almost all amcunt of steam generated in the core was
condensed due to a large amount of subcooled water in Bundles 7 and 8
before the BOCREC. The steam up-flow rate begins to increase rapidly
just after the BOCREC above Bundles 2,4, and 6. The steam velocity is
higher at the Bundle 2 side. On the other hand, steam up-flow is not

observed above Bundle 8 even after the BOCREC.

3.2.2 TFluid Behavior arcund End Box Tie Plate

Figure 3.13 shows the differential pressures across the end box
tie plate. Before the BOCREC, the differential pressure is slightly
positive in Bundles 1 and 3, appreximately zero in Bundles 4,5 and 6,
and negative in Bundles 7 and 8. The negative differential pressure
indicates the water down-flow. Since the vertical differential pressure
includes the effects of gravitatioinal pressure drop, the small amount
of positive differential pressure before the BOCREC in Bundles 1 and 3
does no always imply the upward flow. After the BOCREC, the flow
direction at the end box tie plate in Bundles 1 through 6 is considered

to be upward because the differential pressure is larger than the static
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water héad of 0.69 % 107® MPa in the measurement span. On the other
hand, the large negative differential pressures in Bundles 7 and 8
indicate the strong downward flow in these bundles. The gradual
decrease of differential pressure after about 200 s is resulted from
the decrease of steam generation rate in the core due to the decay of
heating power.

Figure 3.14 shows the steam and water mass flow rates measured
with drag bodies at the end box tie plate in Bundles 4 and 8. The
maximum steam mass flow rate is 1.0 kg/s in Bundle 4, while the steam
mass flow rate 1s approximately zero in Bundle 8. The measured downward
water flow rate in Bundle 8 is about 12 kg/s before the BOCREC and the
maximum flow rate is zsbout 25 kg/s during the period from 200 to 260 s.

Figure 3.15 shows the fluid temperatures just below the end box
tie plate. Subcooled water is observed in Bundles 7 and 8§ during the
ECC water injection period. 1Ir Bundles 5 and 6 subcocled water is also
observed before the BOCREC and the fluid temperatures are saturated
after the BOCREC. On the other hand, the fluid temperatures are always
saturated in Bundles 1l through 4 after the initiation of ECC water

injection.

3.2.3 Fluid Behavior in Pressure Vessel and Primary Coolant Loop

Figure 3.16 shows the water accumulation behaviors in the pressure
vessel, the containment tanks I and I1, the pump simulater and the
steam/water separator. Just after the initiation of ECC water injec-
tion at 112 s, the water accumulation is initiated in the lower plenum.
The water accumulation rate in the lower plenum including the bottom of
downcomer is estimated to be approximately 34 kg/s at 130 s. Therefore,
about 85 % of the injected water penetrated the core into the lower
plenum at this time.

The differential pressure across the core full height is relatively
small before the BOCREC. After the BOCREC, the differential pressure
increases rapidly and reaches 3.7 m water head at 320 s. That is, the
core is filled with almost single-phase water after 320 s.

At 250 s the downcomer water head is saturated and the liquid level
in the containment tank-I begins to increase, indicating the water
overflow from the downcomer to the containment tank-I through the broken

celd leg. The water overflow is also measured with a spool piece located
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in the broken cold leg pressure vessel side as shown in Fig. 3.17.

The increase in the liquid level in the steam/water separator at
315 s is caused by & water back flow from the intact cold leg because
the differential pressure in the pump simulator increases rapidly at
the same time,

Figures 3.18 and 3.19 show the void fractions and mass flow rates
measured with a spool piece in 4 regions of the hot leg. The total
mass flow rate is shown in Fig. 3.20. The flow area ratios of each
region are 31 %, 27 %, 26 %, and 16 % from the top to the bottom of the
pipe cross-sectional area., Before the BOCREC, the mass flow rates are
negliegibly small. That is, the out-flow rate from the upper plenum
was almost zero during the period because most cof the water injected
into the upper plenum fell down into the core and almost ail amount of
steam generated in the core was condensed in the pressure vessel. The
void fractien begins to decrease at 170 s in the bottom region and at
195 s in the top region. The reversal flow toward the upper plenum is
observed before 315 s except at the top region. The total flow rate is
changed from positive to negative at 240 s as shown in Fig. 3.20.
After about 315 s, the mass flow rate through the hot leg is approxi-
mately zero. This is due to the water back-flow into the steam/water
separator from the intact cold leg as mentioned before.

Figures 3.21 and 3.22 show the mass flow rates in the intact cold
leg and the broken cold leg steam/water separator side. As shown in
these figures and Figs. 3.17 and 3.20, the mass flow rates in the
primary loops are relatively small before the BOCREC due to the con-
densation of steam in the pressure vessel and no liquid carryover into
the het leg. The mass flow rates increase after the BOCREC due to the

initiation of steam out-flow from the pressure vessel to the hot leg.

3.3 Two-Dimensional Hydraulic Behavior in Core
3.3.1 Void Fraction Distribution

The vertical differential pressures measured in Bundles 2,4 and 8
at six elevations were converted directly to void fractions by neglect-
ing the effects of frictional and acceleraticnal pressure drops. The
results are shown in Fig. 3.23. Just after phe initiation of the ECC

water injection, a water accumulation is observed in Bundle 8 especially
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at the upper elevations., After the BOCREC, the void fractions decrease
rapidly fer all bundles especially at the lower elevations. The void
fractions in Bundle 8 are the lowest among these bundles for most of
the test period, while the void fractions in Bundles 2 and 4 are
approximately the same,

However, it should be noted that the vertical differential pressure
does not indicate a real void fraction in the water dowﬁ—flow region
{(Bundles 7 and 8) because the falling water column at the center of a
subchannel has little effect on the momentum halance between the water
and the steam. The y-densitometer, on the other hand, is expected to
measure the real fluid density'at the gap between bundles. Figure 3.24
shows the fluid densities measured with the v-densitometers at the gap
between Bundles 1 & 2, 5 & 6, and 7.& 8 at elevation of 3.235 m.
Between Bundles 7 and 8, a considerable amcunt of water is observed
before the BOCREC and then the fluid density increases rapidly at 175 s.
The gap between Bundles 7 and 8 is almost filled with single-phase
water at 240 s, while the fluid densities are relatively small zat the
gaps between Bundles 1 and 2 and between Bundles 5 and 6 at that time.

The vy-densitometer data are converted to void fraction and compar-
ed with the void fractions cobtained from the differential pressure data
in Fig. 3.25. In the two-phase up-flow region (Bundles 1 and 2), the
void fraction obtained from the v-densitometer is much higher than the
void fraction obtained from the D/P data. One of the reasons of this
discrepancy is attributed to the fact that the effects of fricticnal
and acceleraticnal pressure drops were neglected in the calculation of
void fraction from the differential pressure data. In the water down-
flow region (Bundles 7 and 8), on the other hand, the void fraction
obtained from the y-densitometer is much lower than the void fractien
obtained from the D/P data. For example, at 200 s, the y-densitometer
gives the void fraction of about 0.28, while the D/P cell give the void
fraction of about 0.6 at the corresponding elevation. Since the y-
densitometer is not affected by the momentum balance problem, the void
fraction obtained from the y-densitometer data is considered to be more
reliable than the void fraction obtained from the D/P cell in the water
down—-flow region. That is, the real void fraction is considered to be

very small in the region,
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3.3.2 Horizontal Differential Pressures

Figure 3.26 shows the horizontal differential pressures at six
elevations in the core. The positive value means that the pressure at
the Bundle 1 side is higher than the pressure at the Bundle 8 side.
The magnitudes of these horizontal differential pressures and the
directién of cross flow in the core at 140, 160, 200, 250, 300 and 350
s are shown in Fig. 3.27. The quenched region is also shown in this
figure.

The cross flow from Bundle 4 to Bundle 8 is observed at the upper
elevations in the core before the quench of the whole core. This was
caused by the depressurization in Bundles 7 and 8 due to the condensa-
tion of steam by the subcocled fall back water. As the boettem-up
quench front proceeds upward, the direction of cfoss flow below and
just above the quench front is reversed, indicating that the fall back
water in Bundles 7 and 8 flows into the other bundles around the quench
front. Above the top grid spacer {(elevation 3.821 m)}, the cross flow
direction is always from the Bundle 8 side to the Bundle 1 side.

After the quench of the whole core, the pressure at the Bundle 38

side is higher than the pressure at the Bundle 1 side in the whole core.

3.3.3 TFluid Temperature Distribution

Figure 3.28 shows the fluld temperature distribution in the core
at 120, 140, 160, 200, 250 and 300 s. As illustrated in Fig. 3.29, the
fluid temperature range is divided into four regions; highly subcooled
region (T £ 370 X), slightly subcooled region (370 X £ T £ 400 K),
approximately saturated region (400 K £ T £ 420 K), and superheated
region (420 K £ T). As shown in these figures, subcooled water is
observed at the upper part of Bundles 7 and 8 at 120 s (8 e after the
initiation of ECC water injection). The subcooled region expands down-
wards with time. The fluid temperatures at the central elevations in
Bundles 1 through 5 indicate superheated steam temperature before 160 s.
After this time, the superheated regicn rapidly diminishes due to the

initiation of bottom-up reflecoding.
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3.4 Two-Dimensional Heat Transfer Behavior in Core
3.4.1 Heater Rod Temperatures

Figure 3,30 shows the temperature histories of the center rods
for all bundles at elevations of 3.19, 1.905 and 1.38 m from the bottom
of heated part. The heater rods in Bundles 7 and 8 are significantly
coocled just after the initiation of the ECC injection especially at the
upper elevations. On the other hand, the heater rod temperatures in
Bundles 1 and 3 continue to rise almost adiabatically until the BOCREC.
The heater rods in Bundles 2,4,5 and 6 are slightly cooled before the
BOCREC at all elevations.

3.4.2 Quench Front Propagation

The top-down and bottom-up quench fronts at 140, 160, 200, and 250
s are shown in Fig. 3.27. The heater rods at the top and bottom parts
of Bundles 7 and 8 are quenched prior to the BOCREC due to the subcool-
ed water falling back from the upper plenum. The bottom—up quench
front propagation is approximately uniform over Bundles 1 threcugh & in
accordance with the flat radial power distributien. It is therefore
suggested that the core cooling behavior is approximately one-dimen-
sional in the two-phase up-flow regicn during the bottom reflooding
phase even under the condition of non-uniform ECC water injection into

the upper plenum.

3.4.3 Heat Transfer Coefficients

The heat transfer coefficients for all bundles at elevations of
3.19, 1.905 and 1.38 m are shown in Fig. 3.31. These heat transfer
coefficients were calculated from the heater rod temperature histories
using the heat transfer calculation code ”HEATT”(I).

-As shown in Fig. 3.31(b), the heat transfer coefficients at 1.905
m in Bundles 6, 7 and 8 are more than 100 W/m?K before the BOCREC,
indicating the significant core cooling effect by the subcocled fall
back water. On the other hand, the heat transfer coefficients in
Bundles I and 3 are approximately zero and those in Bundles 2, 4 and 5
are relatively small before the BOCREC. The heat transfer behavior

before the BOCREC indicates that the subcooled fall back water in the

T S P
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water down—-flow region has little effect on the core cooling behavior
in the two-phase up-flow region.

After the BOCREC, the heat transfer coefficients in the two-phase
up-flow region (Bundles 1 through 6) well agree with each other at the
same elevaticn. Therefore, the heat transfer behavior is cone-dimen-
sional in this region after the BCOREC, though the significant non-
uniformity is observed before the BOCREC. This is consistent with the

uniform distribution of the bottom—up quench front in Fig. 3.27.
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4, DISCUSSIONS

4,1 Mass and Energy Balance calculation
4,1.1 Estimation of Fall Back Flow Rate

The fall back water flow rate through the UCSP was given by the

following mass balance equation;

w? = Wins T WL T Mop (1

where, W? = Fall back water flow rate obtained by mass balance
method.
winj = Total upper plenum injection rate.
WHL = Carryover mass flow rate intc hot leg.
WUP = Water accumulation rate in upper plenumn.

However, it should be noted that the effects of condensation and
circulation flow in the upper plenum were not considered in this
equation.

The fall back water flow rate is also obtained from the water
flow rate measured with the drag body at the end box in Bundle 8 by
assuming that the fall back water flow rate is equally divided into

Bundles 7 and 8. That is;

D_——
We = =2.0 x <W o> (2)

where, W? = Fall back water flow rate obtained by measured
down-flow rate.
<WD_8>= Water mass flow rate measured with drag body in
Bundle 8.

Figure 4.1 shows the comparison of fall back water flow rates
calculated by eq. (1) and eq. (2). The total upper plenum injection
rate is also shown in this figure. During the period from 30 s to 160
s after the BOCREC, the fall back water flow rate measured with the

drag body is higher than that calculated by the mass balance method.
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The difference between the w? and W% is considered to be the water

effluent rate in the up-flow region, because the W¥ is the net water

flow rate at the top of the core and smaller than the real fall back

water flow rate.

4.1.2 Estimation of Flooding Rate in Two—Phase Up-Flow Region

The net mass flow rate at the core inlet, Wpeps 1§ given by the

following mass balance equation;

in _ _ B _ (1)
wnet (W? Wcore wBF)
where, W% = given by eq. ().
W e= Mass accumulation rate in the core.
co
W = Mass accumulation rate in the core baffle.

The wcore and Wgp are obtained from differential pressure

measurements.

The total water down-flow rate in Bundles 7 and 8, wdowns is

given by;
W W 4w (%)
down f cond
D .
where, Wf = given by eq. (2}.
= Steam condensation rate in Bundles 7 and g.
cond

The steam condensatioen rate in Bundles 7 and 8 is estimated as

follows.
The enthalpy of the subcooled fall back water is increased by the

heat flux from the heater rods and the condensation of steam. The
increase of temperature due to the heat flux from the heater rods is

calculated from the following equation;

i
w? 4 T (2)

_ i .
Cop 5 s — =4a (&)  i=7,8 (Bundle No.) 5
where, (o, = Specific heat of saturated liquid.
W? = given by eq. (1).

i .
Tc(z)= Calculated water temperature at elevation z.
i .
g (z)= Heat flux at elevaticn z.
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The water temperature is also increased by the condensation of
steam in addition to the heat flux from the heater rods. Therefore,
the total steam condensation rate is estimated from the difference
between the measured water temperature and the calculated water

temperature at the bottom of core, as follows;

8 8 7 7
(Tm - TC) + (Tm - TC)

wcond - W? CPR ) 2 T H (6)
£g
where, wcond = Total steam ceondensation rate in Bundles/ and 8
W? = given by eq. (1).
CPR = Specific heat of saturated liquid,.
Hfg = Latent heat of evaporaticn.
;,Ti = Measured water temperature at the bottom of core

in Bundles 7 and 8, respectively.

TC,T = Calculated water temperature at the bottom of

core in Bundles 7 and 8, respectively.

After the beginning of bottom refloed, a part of the total water
down~flow (given by eq. (4)) goes into the up-flow region and the rest
flows into the downcomer through the lower plenum. Since the net mass
flow rate at the inlet of core (given by eq. (3)) is a negative value,

the effective flooding rate in the up-~flow region (Bundles 1 through

6), Wgp, is given by:

_ Tin
wfﬁ wdown + I"net (7

1§

where, W given by eq. (4)

down
in
net

It

given by eq. (3)

Figure 4.2 shows the calculated results of Wizt, Wiowns Yeond and
Wgy- As shown in this figure, the condensation rate is negliegibly
small in comparison to the total water down flow rate.

The effective flooding rate is converted to the flooding velocity
in the up—-flow regien. Figure 4.3 shows the comparison of flooding
velocities in Test S3-SH! and Test S$2-5H2 which is a cold leg

injection test (8), 7The flooding velocity in Test $S3-5H1 is wmuch
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higher than that in Test S2-SH2 except after 138 s.

4.1.3 Estimation of Steam Gemeration Rate

Figure 4.4 shows the steam generation rate in the two-phase up-—
flow region (Bundles 1 through 6). The steam generation rate was
calculated from a heat balance method(8), The major assumptions are
as follows;

(1) The heat flux from the heater rods is totally absorbed in the
fluid,

(2) The core inlet flow rate is equal ly divided into each of 8
bundles, and

(3) The steam and water mixture is always saturated.

Since a major part of the released energy in the water down—flow
region was used to heat-up the subcooled water, the net steam
generation rate in this region is not able to be evaluated by the
above-mentioned heat balance method. The hypothetical maximum steam
generation rate is obtained by dividing the total core heat release
rate by the latent heat of evaporation. The effect of subcooling is
not taken into account in this calculation. The regsult is compared
with the total steam generation rate in Bundles 1 through 6 in Fig.
4.5. The actual steam generation rate is considered to be between

these two curves.

4.2 Comparison of Heat Traansfer Characteristics with Cold Leg

Injection Test

In order to compare the heat transfer characteristics between the
GPWR combined injection mode and a typical Us/J-type cold leg injction
mode, the heat transfer coefficients obtained in Test S3-SH1 and Test
§2-SH? are compared in Fig. 4.6 with respect to the distance from the

bottom-up quench front. Test S2-SHZ is a cold leg injection test

under flat radial power distribution in SCTF Core—II(S)- As shown in

this figure, the heat transfer coefficient is much higher for Test 53-
gH1 than for Test S52-SH2Z at the same distance from the bottom-up
quench front. _

Liquid fraction and flooding velocity are considered to be the

major factors for the difference in the heat transfer coefficients
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between these two tests.

For the first approximation, the liquid fraction 1s calculated
from the measured vertical differential pressure by neglecting the
effects of frictional and accelerational pressure drops. However,

those effects should be taken into accounts especially at the upper

part of the core under high flooding velocity condition. Here, the

frictional pressure drop is estimated by the Lockhart=-Martinelli
mode 1(9) using the Chisholm's equation of the two-phase
multiplier(lox The accelerational pressure drop is evaluated by
using the steam and water velocities obtained by an one-dimensional
mass balance method. Figure 4.7 shows the non-corrected and corrected
liquid fractions for Test $3—-SH1 and $S2-SHZ at 1.905 m. The effects
of frictional and accelerational pressure drops in Test S3-SHl are
much larger than those in Test $2-SH2 because of the higher flooding
velocity in Test $3-5H1. As shown in Fig. 4.7, even the corrected
liquid fraction is much larger for Test 53-S5H1 than for Test S2-S5HZ.
The flooding velocity, which is estimated from the mass balance
method, is also higher for Test S3-SH1 than for Test S2-SHZ as shown
in Fig. 4.3. Therefore, it is suggested that the higher flooding
velocity and the higher liquid fraction are the major reasons for the
higher heat transfer ccefficient in Test 53-S5H1 in comparison to Test

S52-SH2.

4.3 Prediction of Heat Transfer Coefficient with Heat Transfer

Correlations

The heat transfer coefficients after the BOCREC in the up-flow
region were compared with Muraco-Sugimoto film boiling correlation(z)
and dispersed flow heat transfer correlations(3),

The Murao=Sugimoto correlation is based on the Bromlgy—type film
boiling model and used in the REFLA code developed by Murao et al.(4),

This epuation is given by;

1
k®o p, B, gt
ho=o0.94 |2 8% fg (1 - o)*
I L u AT
i q sat N
% A "
+ E‘GSB (I - o (Tw - Tsat) / ATsat (8)
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On the other hand, based on the dispersed flow model, the heat

transfer coefficient is given by the following three terms;

h = hr + hwd + hfc (9)

where, hrs hwd and hfc are the heat transfer coefficients due to wall-
droplets radiation, droplet impingement on the wall and forced

convection of steam, respectively. Here, the heat transfer coefficients
are defined at the temperature difference between the rod surface

and the saturated temperature. These three terms are expressed as;

3D
h - b oh
hr = |1 e —Kr -26— a- o) = C'SB (Tw Tsat)//‘\'Tsat
(10)
where, ¢ and K_ were assumed to be 0.7 and 0.5, respectively.
T
+
*
2 3
3 2 k. Ho g 0o Py
WO Lo D) - o | ARy (11)
wd 44T T s
ATsat ug (g)
* 7 € ATsat_3
where Hf = Hf 1 + 56-—25ﬁ————_
8 8 fg
k (Tw - T) (02
b, = 0.023 Re’'® prort B &
fe g g Dh ."_\Tsat

In these calculations, the liquid fraction, 1- &, was obtained
from the measured vertical differential pressures by correcting for
the effects of frictional and accelerational pressure drops. The
droplet diameter, §, was assumed to be 1.73 mm. This is the Sauter
mean diameter of droplets observed in the small scale reflood
experiment by Sugimoto and Murao(6), The superheated stean
temperatuer, Tg' was determined from the difference between the heat
transfer from the wall to the steam and the ianterfacial heat transfer
from the steam to the droplets. The interfacial heat transfer

coefficient is given by;
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k
hé;) = v(8)(2.0 + 0.55 Re? ° Pr;/a) & (13)
§p Ju - u,]
where Re, = £ 8 d
d !
m
L = U OL—Z' (ui * O-aug)
+
m g (kg ug)
_1n(l + B)
Y(B) =g
C T - T )
B =ig( g sat
1
Hfg
ul = Qsd + Qr + de
fg fg Qg

The heat transfer coefficients calculated with the Murac-Sugimoto
correlation (eq. (8)) and the dispersed flow correlation (eq. (9)) are
compared with the experinental data in Fig. 4.8. The heat transfer
coefficients in Test S§3-SH1 are well predicted with eq. (9). However,
the heat transfer coefficients are approximately two times higher than
the predicted value with eq. (8)-

As shown in Fig. 4.3, the effective flooding velocity in Test §3-
SH1 is much larger than that in the cold leg injection test §3—-SH2 and
far beyond the applicable range of the original Murao—-Sugimoto
correlation. This is considered to be the major reason of the
descrepancy between the measured heat transfer coefficient and
calculated one with eqg. (8). 1In order to improve the predictability
of the Murac-Sugimoto correlation, the effect of flooding velocity

should be taken into account.
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5. CONCLUSION

A core cooling base case test ($S3-SH1) was performed under an
upper plenum injection simulating a hot leg injection for PWR's with a
combined injection type ECCS. The overall thermal~hydraulic behavior
in the pressure vessel in Test S3-8H1 is illustrated in Fig. 5.1.
Followings are the major conclusions obtained in this test.

(L) Thermal-hydraulic behavior in the core was separated into two
regions; a water down-flow retion (Bundles 7 and 8) and an up-
flow region (Bundles 1 through 6).

(2) Steam cross flow from Bundle 4 toward Bundle 8 was observed at
the upper elevations. On the other hand, water cross flow from
Bundle 8 toward Bundle 4 was observed below and just above the
quench front. Resultantly, the effective flooding velocity was
increased in the up-flow region.

(3) 1In the water down-flow region, the core was significantly cooled
before the beginning of bottom—up reflood especially at the upper
elevations. The void fraction in this region was much lower than
the void fraction in the up-flow region.

(4) 1In the up-flow region, the core was slightly cooled before the
initiation of bottom—-up reflood. After that time, the heat
transfer coefficient was approximately two times higher than a
predicted value with a Bromley-type £film boiling correlation
because the flooding velocity was far beyond the applicable range
of the correlation. On the other hand, the heat transfer

coefficient was predicted well with a dispersed flow model.
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A core cooling base case test (53-SH1) was performed under an
upper plenum injection simulating a hot leg injection for PWR's with a
combined injection type ECCS. The overall thermal-hydraulic behavior
in the pressure vessel in Test S3-8Hl is illustrated in Fig. 5.1.
Followings are the major conclusions obtained in this test.

(1) Thermal-hydraulic behavior in the core was separated into two
regions; a water down-flow retion (Bundles 7 and 8) and an up-
flow region (Bundles 1 through 6).

(2) Steam cross flow from Bundle 4 toward Bundle 8 was observed at
the upper elevations. On the other hand, water cross flow from
Bundle 8 toward Bundle 4 was observed below and just above the
quench front. Resultantly, the effective flooding velocity was
increased in the up-flow region.

(3) In the water down-flow region, the core was significantly cooled
before the beginning of bottom-up reflood especially at the upper
elevations. The void fraction in this region was much lower than
the void fraction in the up-flow region.

(4 1In the up-flow region, the core was slightly cooled before the
initiation of bottom—up reflood. After that time, the heat
transfer coefficient was approximately two times higher than a
predicted value with a Bromley-type film boiling correlation
because the flooding velocity was far beyond the applicable range
of the correlation. On the other hand, the heat transfer

coefficient was predicted well with a dispersed flow model.
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Table 2.1

System pressure
Initial total power

Decay curve

Radial power distribution
Initial peak caldding temperature

ECC water injection mode

Total injection rate

Upper head injection
Flow rate
Water temperature

Injection period

UCSP injection
Flow rate
Iniection location
Water temperature

Injection period

Test conditions for Test S$3-SHI

0.3 MPa
7.5 MW

1.03 % ANS+ Actinides
from 25 s after shutdown

flat
943 K

Upper plenum injection simulating
the hot leg injection of GPWR

40 kg/s {constant)

2.5 kg/s ®x 4 nozzles
308 K
360 s

30 kg/s

above Bundles 7 & 8
353 K

420 s



Table 3.1 Chronology of major events for

Core power "ON"
Core power decay initiation

Side injection initiation
Top injectien initiation
BOCREC

Maximum pressure at the top
of containment tank-TII
(0.321 MPa)

Maximum pressure at the
center of core (0.338 MPa)

Maximum core temperature
(L1115 K)

Whole core quenched
End of top injection

End of side injection
(7 & 8 Bundles)

JAERI~-M 88-125

Time after.
core power ON"

0 s
111
112

114

157

177

182

207.5

335.5

470

5330

Test S3-8H1

Time after ECC
injection initiation

~112
-1
0

45

65

70

95.5

223.5

358

418
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Intact cold leg
Hot leg |
Top \ | E}roken cold leg
In]eciTIOH ‘ / =S/W separator side
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Injection
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Pressure equalizing line

Brokén cold leg- PV side

(1) Pressure vese! (3) Break valves

@ Steam /water separator @ Flow resistance simulators
(3) Containment tanks

@ Pump simulator

Fig. 2-1 Schematic diagram of SCTF
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Pressure in containment tanks
3 Bar

ECC into cold leg
0 kq/s

ECC through UP 1

20°C . 2o kg/s |
360

i ;
L (1) =] ceC through UP2
0 3
1 [ .25 kqis?o ECC through UP3
0 360
T [35°C . 2.5 ka/s | ECC through UP4
0 | 360
70 °C ECC through UCSP{
30 kg /s
0 420
ECC through UCSP4
70 °C
30 kg /s
420 960

m‘ael in PV
A
Ciad temperature
670 °C

7.9 MW

{1.03 x ANS + Act.),25S
Power decay

0 780
Time (%)

Fig. 2.3 Test Sequence of Test S3-SH1
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Appendix A Slab Core Test Facility (SCTF) Core-III

A.1 Test Facility

The overall schematic diagram of SCIF is shown in Fig. A-1. The
principal dimensions of the facility is shown in Table A-1, and the
comparison of dimensions between SCTF and the reference PWR is shown

in Fig. A-2.

A.1.1 Pressure VYessel

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

A-3. The height of the compoments in the pressure vessel is almost
the same ag the reference reactor's, and the flow area and the
fluid volume of each compomnent are scaled down based on the nominal
core flow area scaling, 1/21.

The core consists of 8§ bundles arranged in a row and each bundle
includes heater rods and non-heated rods with 16x16 array. The core
is enveloped by the honeycomb thermal insulator which is attached on
the back surface of core wall plate.

The downcomer 1s located at one end of the pressure vessel which
corresponds to the periphery of the actual reactor pressure vessel.
The core baffle region located between the core and the downcomer is
isolated for Core-III to minimize uncertainty in actual core flow.
The cross sections of the pressure vessel at the upper head, upper

plenum, core and lower plenum are shown in Fig. A=h .

A.1.2 Interface between Core and Upper Plenum

The interface between the core and the upper plenum consists of
upper core support plate (UCSP), end box and various structures in the
end box such as control rod spider which is paired with the contrel rod
guid assembly (CRGA) and its suppert column bottom and special baffle
plate spider which is paired with the hold-down bridge. These
structures are exactly the same as those for a German PWR except some
minor modifications.

Figure A-5 shows arrangement of the UCSP, the end box and the top

grid spacer. The configuration of the end box is shown in ¥ig. A-6.
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Detail of the end boxes with drag transducer device and other
internals is shown in Fig. A-7, The UCSP shown in Fig. A-8 has two
kinds of holes, i,e., the square holes correspond to the end boxes
with control rod spider and the circular holes correspond to the end

boxes with special baffle plate spider.

A.1.3 Upper Plenum and Upper Head

The vertical and horizoental cross sections of the upper plenum
are shown in Figs. A-9 and A-4, respectively. In the SCTF Core-III,
the slab cut of the upper plenum of a German (KWU) PWR is simulated.
The splitted and staggered arrangement of the CRGA support columns
was chosen to make good simulation of horizontal flow in the upper
plenum,

As shown in Fig. A-10, there are three kinds of CRGA support
column. Support column-1 is installed above Bundles 3 and 5 and
connected to the CRGA support column bottom with the transition cone.
Cross section of the CRGA support calumn changes from a circle to a
half circle in this transition cone. Support column 2 is installed
above Bundles 6 and 7 and the bottom is closed with the half conical
bottom seal plate with many flow holes. Support columm 3 is
essentially the same as support column 2 but the edge of one side is
cut off in order to install above Bundle 1, Each CRGA support
column has ten or eleven baffle plates with flow holes. Top flow
paths to the upper head bottom ard te the upper plenum top are also
provided.

Figure A-11 shows vertical cross section of the bottom part of
the upper plenum and the interface between the core and the upper
plenum. There are eight side flow injection nozzles and eight side
flow extraction nozzles just at the opposite side of the upper plenum
bottom, corresponding to each bundle.

The upper plenum is separated from the upper head by an upper sup-
port plate., Four teop injection nozzles penetrate the upper head and open
the top of upper plenum as shown in Fig. A-12. Outlet part of the top
injection nozzle has a rectangular cross section and deuble mesh

screen with 45 degree cross angle is attached at the mouth.

e e AL e
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A.1.4 Simulated Core

The simulated core for the SCTF Core-III consists of 8 heater rod
bundles arranged in a row. Each bundle has 236 electrically heated
rods and 20 non-heated rods. The arrangement of rods in a bundle 1is
shown in Fig. A-13. The dimensions of the heater rods are based on
15%15 fuel rods bundle for a PWR and the heated length and the outer
diameter of each heater rod are 3.613 m and 10.7 mm, respectively.

A heater rod consists of a nichrome heater element, boron mitride (BN)
or magnesium oxide (MgQ) depending on elevation in the heated zone

and Nichrofer 7216 (equivalent to Inconel 600} sheath. The sheath
thickness is about 1.0 mm and is thicker than the actual fuel cladding
because of the requirements for thermocouple installation. The
heater element is a helical coil and has a 17 step chopped cosine
axial power profile as shown in Fig. A-14, The peaking factor is 1l.4.

Non-heated rods are either pipes or solid rods of stainless
steel with 13.8 mm 0.D., The heater rods and non-heated rods are
fixed at the top of the core allowing downward expansion. In Fig.
A-15, relative elevation of rods and spacers is shown.

For better simulation of flow resistance in the lower plenum, the
simulated fuel rods end in the lower plenum and do not penetrate

through the bottom plate of the lower plenum as shown in Fig. A-15.

A.1.5 Primary Loops

Primary loops consist of a hot leg equivalent to four hot legs in
area, a steam/water separator for simulating single steam phase flow
downstream of the steam generator and for measuring flow rate of carry
over water, an intact cold leg equivalent to three intact lcops, 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 to two containment tanks through break valves, respectively.
The arrangement of the primary loops 1s shown in Fig. A-16. The flow
area of each loop is scaled down based on the core flow area scaling,
1/21. 1t should be emphasized that the cross section of the hot leg
is an elongated circle with an actual height to realize proper flow
pattern in the hot leg. The steam/water separator has a steam

generator inlet plenum similator to correctly simulate the flow
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characteristics of carryover water into the U-tubes. The cross
section of the heot leg and the configuration of the steam genrator
inlet plenum simulator are shown in Fig. A-17.

A pump simulator and a loop seal part are provided for the intact
cold leg. The arangement of, the intact cold leg is shown in Fig. A-18.
The pump simulator consists of the casing and duct simulators and an
orifice plate as shown in Fig. A-19. The loop resistance is adjusted
with the orifice plates attached to the intact cold leg, the steam/
water separator side and pressure vessel side broken cold legs and

the pump simulator.

A.1.6 ECC Water Injection System

Three kinds of ECCSs are provided, i.e., the accumilator injection
system (Acc), low pressure coolant injection system (LPCIL) and
combined injection system. Available injection locations for the
former two are the intact and broken cold legs, the hot leg, the lower
plenum and the downcomer., On the other hand, those for the last one
are the top and bottom-side of the upper plemum and the intact and

broken cold legs.

A.1.7 Containment Tanks and Auxiliary System

Two containment tanks are provided to SCTF. The containment
tank-I is connected with the downcomer through the pressure vessel
side broken cold leg and the containment tank-II1 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 1s measured by the differentiation of the
liquid level. These containment tanks and auxiliary system such as
a pressurizer for injecting water from the Acc tanks, etc. are shared

with CCTF.

e
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A.2 Instrumentation

The instrumentation in SCTF has been provided both by JAERT and
USNRC. The JAERI-provided instrumentation includes the measurement of
temperatures, pressures, differential pressures, liquid levels, flow
velocities, and heating powers. USNRC has provided film probes,
impedance probes, string probes, liquid level detectors (LLDsg), fluid
distributibn grids (FDGs), turbine meters, drag disks, densitometers,
spool pieces, drag bodies, break through detectors and video optical
probes. Locations of the JAERI-provided instruments are shown in

Figs. A-20 through A-43.



JAERI-M 88-125

Table A-1 Principal Dimensions of the SCTF

l. Core Dimension

(1) Quantity of Bundle 8 Bundles

(2) Bundle Array 1 %8

{3) Bundle Pitch 230 mm

{4) Rod Array in a Bundle 16 x 16

{(5) Rod Pitch in a Bundle 14.3 mm

{6) Quantity of Heater Rod in a Bundle 236 rods

{(7) Quantity cf Non-Heated Rod in a Bundle 20 rods

(8) Total Quantity of Heater Rods 236%8=1,888 rods
{9) Total Quantity of Non-Heated Rods 20x8=160 rods
(10) Effective Heated Length of Heater Rod 3613 mm

(11) Diameter of Heater Rod 10.7 mm

(12) Diameter of Non-Heated Rod 13.8 mm

2. Tlow Area & Fluid Volume

(1) Core Tlow Area 0.25 m?
(2) Core Fluid Volume 0.903 ]
(3) Baffle Region Flow Area (isolated) (0.096) n?
(4) Baffle Region Fluid Volume (nominal) 0.355 n®
{5) Cross-Sectional Area of Core Additiomal 0.07 o2

Fluid Volumes Including Gap between Y,

Core Barrel and Pressure Vessel Wall and 0.10 o

Various Penetration Holes )
(6) Downcomer Flow Area 0.158 m?
(7) Upper Annulus Flow Area 0.158 m®
(8) Upper Plenum Horizental Flow Area (max.) 0.541 m?
(9) Upper Plenum Vertical Flow Area 0.525 m?

(10) Upper Plenum Fluid Volume 1.156 n?

(11) Upper Head Fluid Volume 0.86 m®

(12) Lower Plenum Fluid Volume (excluding below 3

1.305 m
downcomer)

{13) Steam Generator Inlet Plenum Simulater 2

0.626 ™
Flow Area
(l14) Steam Generator Inlet Plenum Simulator 3
A 0.931 m
Fluid Volume
(15) Steam Water Separator Fluid Volume 5.3 m®
{16) Flow Area at the Top Plate of Steam 0.195 n?
Generator Inlet Plenum Simulator )
{17) Hot Leg Flow Area 0.0826 m?
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Table A-1 ({continue)

(18) Intact Cold lLeg Flow Area ¢G.0697 m
(Diameter = 227.9 mm)
Inverted U-Tube with 0.0314 m? Cross-
Sectional Area (Diameter = 200 mm) and
10 m Beight from the Top cof Steam
Generator Inlet Plenum Simulater Can
Be Added As an Option.

{19) Brokern Cold Leg Flow Area 2

(Diameter = 151.0 mm) 0.0187 m
{20) Containment Tank-I Fluid Volume 30 :
{21) Containment Tank-II Fluid Volume 50 o’

{(22) Flow Area of Exhausted Steam Line from

Containment Tank-II tc the Atmesphere see Tig. 3-63

3. Elevation & Height

(1) Top Surface of Upper Core Support Plate 0

(UCSP) o

(2) Bottom Surface of UCSP - 40 mm

(3) g:ztzf ;22 Effective Heated Length of - 444 mm

4) QZEEZ? ;gdthe Effective Heated Length of ~4,057 mm

(5) Bottom of the Skirt in the Lower Plenum -5,270 mm

(6) Bottom of Intact Cold Leg + 724 mwm

(7) Bottom of Hot Leg +1,050 mm

(8) Top of Upper Plenum +2,200 mm

(9) g;;&;:tzi Steam Generator Inlet Plenum 41,933 m

(10) Centerline of Loop Seal Bottom -2,281 mm
(11} Bottom Surface of End Box - 263 o
{12) Top of Upper Annulus of Downcomer +2,234 mm

{13) Height of Steam Generator Inlet

Plenum Simulator 1,595 mm

(14) Height of Loop Seal 3,140 mm
(15) Inner Height of Hot Leg Pipe 737 mm
(16) Bottom of Lower Plenum -5,772 mm
(17) Top of Upper Head +2,887 mm
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Non heated rod
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Fig. A-27 Thermocouple Locations of Fluid Temperature Measurements
at Core Inlet
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Fig. A-41 Locations of Hot Leg Instruments
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Appendix B Selected Data of Test S3-SH1

Fig. B-1vB-8 Heater rod temperatures

Fig. B-9B-12 Non-heated rod temperatures

Fig. B-13nB-16 Steam temperatures

Fig. B-17vB-18 Fluid temperatures just above end box tie plate

Fig. B-19B-20 Fluid temperatures above UCSP

Fig. B-2InB-24 Fluid temperatures in core

Fig. B-25+B-26 Liquid levels above end box tie plate
Fig. B-27~B-28 Liquid levels above UCSP

Fig. B-29 Liquid level in steam / water separator

Fig. B-30 Liquid lewvels in hot leg

Fig. B-31~B-32 Differential pressures across core full height
Fig. B-33+B-34 Differential pressures across end box tie plate
Fig. B-35B-37 Horizontal differential pressures in core

Fig. B-38B-42 Differential pressures in primary loops

Fig. B-43.B-44 Pressures in pressure vessel and containment tanks
Fig. B-45B-46 Bundle powers

Fig. B-47vB-48 Ecc flow rates
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