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Evaluation Report on CCIF Core-I
Reflood Test CI1-5 (Run 14)

— Over-zll system thermo-hydrodynamic behaviors

observed in the base case test —
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Tsutomu OKUBO

Division of Nuclear Safety Research,
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(Received January 29, 1983)

A study of a cylindrical core test facility (CCTF) test was performed
for modeling the system behavior during the reflcod phase of a PWR-LOCA

and the following conclusions were obtained:

1) With the exception of some points, the observed phenomena are
similar to a model derived from an evaluation model for a PWR
safety evaluaticn.

2) The different points are the water accumulation in the upper plenum,
the ECC bypass in the downcomer, the reducticn of the effective
downcomer head and the pressure drop at the broken cold leg nozzle

and in the interconnected pipes,

Keywords: Reflood Experiment, Reactor Safety, Loss-of-coolant Accident,

Heat Transfer, Two-phase Flow, PWR, Hydrodynamics
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I. Introduction

A series of reflood tests was conducted with JAERI's Cylindrical

Core Test Facility (CCTF) since March, 1979. CCTF with its integral

simulation of a PWR system and extensive measurement systems has already

yielded a large amount of information on the overall thermo-hydrodynamic
behavior and system effects during the reflood phase of a logs=-of-coolant
accident (LOCA) in a PWR.

The objectives of the CCTF tests are:

(1) Demonstration of the effectiveness of emergency core cooling system
(ECCS) in a PWR during the refill and reflood phases of a LOCA.

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

(3) Verification of a reflood analysis code, "REFLA", and a US-developed

reactor transient analysis code, "TRAC".

For this program, the Slab Core Test Facility (SCTF) was also
constructed to investigate the two-dimensional thermo-hydrodynamic
behavior in the core and the upper plenum. Both facilities are used to
achieve the above mentioned task.

The REFLA system code is under development at JAERI and a one-
dimensional reflood analysis code, REFLA—lD(G), is currently operational.
In order to evaluate the reflood phenomena in reactors, it is important
to establish a sufficient data base for realistical modeling of the
refill and reflood phenomena which can then be extrapolated to real
reactors,

The objectives of this study are to examine the system model required
for the best-estimate analysis of the reflood phase of a PWR-LOCA by
reviewing the experimental results from the CCTF test Cl-5 (Run 14).

The selected CCTF test was designated the base case test and used as a
reference data base for other parametric effect tests in which some
parameters of the experimental conditions were varied. For this purpose,
a simplified model was derived by simplifing the well known evaluation
model (EM) in a PWR safety analysis. And it is compared with the results
of a CCIF test in order to examine the necessity for improvement of the
medel.

The simplified model is defined as follows:
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(1) The core and the downcomer thermo-hydrodynamic behaviecr are one-
dimensional.

(2) No water is allowed to accumulate in the upper plenum.

(3) Each intact loop has the same flow characteristics.

(4) All the water entering the hot legs is evaporated in the steam
generators and is heated up to the temperature of the secondary
side of the steam generators and is heated up to the temperature
of the secondary side of the steam generators.

(5) No parallel channel oscillation occurres in the lecops.

(6) The superheated steam is condensed by the subcooled emergency
core cooling (ECC) water without dynamic oscillations due to

thermo-hydrodynamic coupling.

Main results of the CCIF base case test €1-5 (Run 14) are shown in

Appendix B.
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IT1. Preliminary discussion of the system effect in PUWR .

The core heat transfer during the reflood phase is strongly dependent
on the flooding rate, the system pressure and the initial clad surface
temperature of the core. Speciafically, the flooding rate is affected
by a "steam binding" phenomena, that is, the suppression of the £looding
rate by an increase of back pressure of the core due to the vent loss of
the steam generated in the core.

The reflood phenomena is a relatively slow transient and is assumed
to be in a steady state condition.,  In a steady state condition, the mass
and the momentum balance relations in the system shown in Fig. 1 can be

written as follows:

mp = mg + oy + W, (L
m = mp+ 3 xmp o, (2)
AP — APp = APy = AP, (3
2 .
API = (KI/ZQSL)mI s (4)
2, '
APp = (Kg/2ppSyimg , (5)
APp — 4Pp = APpey (6)

Using the above equations, the flooding mass flow rate, ﬁF, is

derived as

XJby - Po- Py . (7)

Though, in Eq. (1), fy is expfessed with the downstream values of
the core, éF can also be expressed with the upstream values of the core

as follows:

(8)
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where &DL is obtained from the following mass ané'energy balance

relations at each ECC port under the assumption of thermal equilibrium:

mpy + Mpp, = mpee + O (9
(mpy + mpp)i = mpeeipee + Mrir (10)
i g2 iz iy, Gy +omppdio= mpyd o+ omydg N
if i > dg . &DL =0 . | r(11)
if i< i, , mpy = O . )

(i, and i, are enthalpies of liquid and vapor at the saturation tempera-
g 4 P q P P
ture, respectively.)

The values of ﬁc, m_ and ﬁU can be evaluated with the differential

D
pressure APp, APp and APy, respectively, as follows:

m, = d (AP S /g)/dt {(n: C, D, ) . . (12)

The values of &O can also be evaluated in a similar manner for the contain-
ment vessel, however, the resclution of the APO measurement is not
sufficient to obtain the good accuracy of &F since a large cross section,
Sp, of the containment vessel is necessary to catch the large amount of
steam and water flowing from the pressure vessel, Therefore, a more
precise instrument for measuring the liquid level is necessary. The value

of &O can be obtained from the liquid level x, as,
my = d(xp,Sy)/dt . (13)

The fluid temperatures can be measured with thermocouples immersed
in the fluid and the enthalpies iy, ipge can be estimated. The total
mass flow rates in the intact and broken loops, ﬁl and iB respectively,
can be measured with Pitot tubes located downstream of the exit of the
steam generators, if the entrained liquid is completely evaporated in
the steam generators as assumed in the simplified model described in

Intreduction. The ECC mass flow rates, ﬁECC and ﬁECC/LP are measured
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with the flow meters. Since the pressures are measured, iy and ig can
be :estimated from the saturation temperature of the pressure. Therefore,

ﬁp can be estimated with either Eq. (1) or Eq. (8).

D P
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ITII. Experiment

1. Apparatus

The functional requirements of this test facility are to provide
integral system simulation and systematic measurements of the refill
and reflood phenomena. The facility simulates a 1000 MWe PWR with a
cold leg break and has a full length pressure vessel which includes a
core, a downcomer, and lower and upper plenums. The reference reactors
are the Trojan(l) reactor in U.S.A. and, in certain aspect, the Ohi
reactor in Japan. The facility alsec consists of four full-length primary
loops with active steam generators and pump simulators. The core consists
of thirty-two 8 x8 rod bundles which are electrically heated and models
a typical 15x 15 fuel assembly of a PWR. They are arranged in a cylin-
drical configuration tc minimized the wall effect, 1.e., the effect of
wall surrounding core on the thermo-hydrodynamics.

Volumetric scaling of the system is based on a core area scaling
ratio of 1/21.4. The axial peaking factor is about 1.49. Each bundle
consists of fifty-seven heated rods and seven non-heated rods. The heated
rods consists of twelve high, seventeen medium and twenty-eight low
powered rods with power raties of 1.1, 1.0 and 0.95, respectively. The
core is divided into three power zones (the center has the highest power
density and the peripheral has the lowest power dénsity). The cross
section of the pressure vessel is shown in Fig. 2. The downcomer gap 1s
61.5 mm and the flow area of the core baffle is included in the downcomer
flow area. The vessel wall is heated up to a preset temperature to
simulate the hot wall effects. The design of the upper plenum internals
is based on the old Westinghouse design for 17 x 17 array fuel assemblies.
The internals consists of twelve control rod guide tubes, four support
columns, eight short stubs, two orifice plates and six open holes. The
radial dimensions of each internal is scaled down by a factor of 8/15
from that of an actual reactor.

The steam generators are of the U-tube and shell type. The tube
length is about 15 m and about 5 m shorter than that of an actual reactor.
The secondary side is filled with high pressure saturated water, The
pump simulators are equipped with orifice plates to simulate the flow
resistance of a locked pump with fixed vanes to simulate counter-current

flow limited (CCFL) characteristics of the locked pump. The leocation of
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the loop seal is a U-tube-shaped piping which connects with the outlet
plenum of the steam generator and the suction side of the pump.

The containment vessel is simulated with two tanks, i.e.
Containment tanks 1 and 2. The former is used for the water collector
vessel and is equipped with a steam/water separator and a liquid level
meter to measure the discharge rate, ﬁo, as shown in Fig. 1, from the
broken cold leg nozzle. Since, a large volume is necessary to represent
a scaled contaimment volume, the pressure of these tanks are maintained
to be constant, by means of a pressure control system. Thus, the pressure-
time behavior of the PWR containment vessel during a LOCA is not simulated.
Containment tank 1 with the steam/water separater is connected to the
broken cold leg nozzle and Containment tank 2 is connected to the broken
cold leg and to Containment tank 1. The steam in Contaimment tank 2 is
exhausted to the atmosphere through the pressure control valve. In this
facility, the break location was assumed to be at the outer surface of
the biological shield. A section of cold leg piping about 2.0 m leong is
connected to the broken cold leg nozzle and the fluid is discharged from
the pipe into the Contaimment tank 1 through a pipe of double size.

The main dimensions of the CCTF and typical PWR are listed in Table 1.

2. Instrumentaticn

Many differential pressure transducers and thérmocouples were
installed to measure the differential pressures, fluid temperatures and
wall temperatures. In the places where the velocity of liquid phase is
very low, the frictional loss and the acceleration loss are negligibie
compared with the gravitational loss. Hence it is considered that the
pressure drops expressed in the water head indicate the collapsed water
level or the water accumulation in the downcomer, the core, the upper
plenum and the lower plenum. TFlow meters were equipped to measure the
injection flow rates.

For mass balance calculations, the precision liquid level meter with
a servo-tracking mechanism and a direct-coupled digital encoder is capable
of giving a resolution of 0.001 cm, The digital signal is fed directly
into the digital data acquisition system. The Pitot tubes are positioned
at the downstream side of the exit of the steam generators., About 900

thermocouples are uniformly attached on the clad surface of the simulated
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core in order to determine whether the thermo-hydrodynamic behavior in
the core is one-dimensional or not. Sheathed thermocouples of 0.5 mm
diameter are embedded on the outside clad surface. Including other
detectors, more than 1600 channel of data were recorded in digital form.
Additionally video cameras, 16 mm movies and 35 mm still cameras
are used to observe the flow behavior through view windows located in

the primary loops, the downcomer wall and the upper plenum.

3. Test preocedure

The test procedures were as fo}lows: After establishing the initial
conditions of the test, the lower plenum was filled with saturated water
to a specified level of 0.9 m for this test. Electric power was supplied
to the heated rods of the core. When the maximum temperature or rods
reached the specified temperature, the water in the accumulator was
injected intc the lower plenum (ACC/LP mode). When the water was
estimated to reach the bottom of the core, decay of the.heating power
was scheduled to be automatically started at a programmed rate, corre-
sponding to the reactor decay heat. After the assumed time delay, the
injection location was changed from the lower plenum to the ECC ports of
the three intact cold legs. The ECC water was still supplied from the
accumulator and this period is defined as the accumulator injection mode
(ACC mode). After a specified time delay, the injection mode was trans-
ferred from the accumulator injection mode to the low pressure coolant
injection mode (LPCL mode). The system pressure of the Containment tank
2 was kept constant. The test conditions of the base case test are
listed in Table 2. The power was supplied individually to three radially
divided power zones of the core as shown in Fig. 2 and the ratio of the

power supplied to a rod of three zones were 1.15, 1.10, and 0.89.
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Table 1 Main dimensions

< Length (m) >

Heated length

Diameter of heated rod
Diameter of non-heated rod
Red pitch

Distance from the bottom of
cold leg nozzle to the bottom
of the heated core

Distance from the top of the
heated core to the top of
the core support plate

Downcomer length

Distance from the bottom of
the vessel to the bottom of
the heated core

< ¥low area (m®) >

Core

Downcomer

Core baffile

Upper plenum
Containment tank 1

Primary loop
< Folume (m3) >

Lower plenum¥*

Upper plenum

pwr 1)

3.66

10.7x1073
13.8x1073
14.3x1073

4.849

0.357

6.066

5.29
2,47
1.76
11.10

0.4870.383

29,6
43.6

of CCTF and a typical PWR

CCTF

3.66

10,7x1073
13.8x1073
14,3x1073

4,849

0.357

6.066

0.260
0.197

0.678
4.906
0.019

1.38
2.04

Ratio

1/1
1/1
/1
/1

1/1

1/1

1/1

1/20.3
1/21.4

1/16.4

1/25.8+1./20.3

1/21.44
1/21.44

* TIncluding the downcomer region below the bottom of core.
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Table 2 Test conditions

Values for

Ttems base case test
System. pressure 0.2 MPa
Initial average linear power 1.4 kW/m
Radial power factor 1.15
Axial peaking factor 1.49
Local power factor 1.1
Total peaking factor 1.8385
Decay curve of power ANS%IZZ +

Actinidexl.l

Maximum initial clad temp. 8§73 K
Downcomer wall temp. 471 K
Qther wall temp. 392 K
530 &
K factor of primary loop 25

ECC injection conditicns

ACC flow rate 7.78#10"2m3/s
ACC water temp. 308 K

ACC injection period 14 s

1PCI flow rate 8.33x107%m%/s
LPCI water temp. 308 K

Values for PWR

0.15~0.25 Mpa?)

1.34~1.37 ki/m3)
1.4350)
1.5461)
1.0271)
2.2781)

ANSx1,2 4+ Actinidexl.l
+ Delayed neutron?

1143 K1)
443 K5)

538 K4)

24, 454%)

(7,97%10.5)x10™Zm3 /")
308 K
14 s
1.11x10™2m3/s*)
308 K

down with power decay

Note
1) Sendai Unit 1.(2)
2} Takahama Unit 3 & 4.(3)
3) Trojan 2 % overpower, 30 seconds after shut
function for Takahama & Sendai.
4) Conditions referred in FLECHT-SET tests. (%)
5) Equivalent wall temp. erature, see Appendix.
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Medium power zone
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1v. Results and Discussicn

1. Chronology of events and results of the visual observations

The chronology of events 1s presented in Table 3. The ACC injection
period was 13 seconds and the power decay was initiated at 1 second after
the reflood initiatiocn.

The flow behavior was monitored with video cameras and 16 mm movies.
The observed results were as follows: At 66 seconds, the droplets on
the view window just above the upper core support plate began to be
swept away. A liquid fiim falling down on the surface of the upper
plenum structures was detected.at 81 seconds. The water began to ac-
cumulate in the region below the top surface of the upper core support
plate. The surface of the accumulated water gradually rose and reached
the top surface of the upper core suppert plate at 106 seconds. It can
be inferred that a fraction of the liquid in the core was entrained by
the steam flowing in the core to the upper plenum, parfly de—-entrained
in the upper plenum and eventually accumulated in the region below and
above the upper core support plate.

A dispersed or annular flow was observed in the hot legs of the
intact and broken loops after 67 secondé as droplets began hitting the
view window of the inlet plenum of the steam generator. No water was
detected at the loop seal porticn of the intact and broken loops.
Therefore, it is surmised that the water into the hot leg was completely
evaporated in the steam generator and the single-phase steam filowed in
the loop seal of the all loops. A flow reversal towards the pump
simulator was observed during the ACC injection period, upstream of the
ECC ports of the intact celd legs. However, any walter was not observed
at the bottom of the loop seals. 1t appears that a flooding phencmena
occurred atlthe vertical pipe below the pump simulator. After switching
the ECC injection mode from +he ACC to the LPCI mede, the mass of water
remaining between the loop seal and the ECC port seems to have been swept
to the pressure vessel by 216 seconds. This was based on the response
of the signals from thermocouples of the pipe wall between the ECC port
and the top of the pump simulator. The thermocouples showed superheat
of the wall at this time. A bubbly or separated tlow was observed during
the ACC injection period at just downstream of the intact cold leg ECC

ports, while a dispersed flow was observed during the LPCI injection
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périod. After 77 seconds, a separated or slug flow was- observed at the
broken cold leg nozzle and it appeared that the water flow rate then

increased with time.

2. Core inlet mass flow rate based on mass balance calculations and

its accuracy

MaSs balance calculations were performed with Egs. (1) and {8,
since it was found that the water entering the steam generator was
completely evaporated.' In the differentiation, higher frequency com-
ponents of the data tends to be aqplified more. Therefore, in the dif-
ferentiation of the differential pressure data, the smoothing procedure
was used to suppress the high frequency components of the data. Figure 3
shows the flooding mass flow rates, mps, calculated from Egs. (1) and (8)
by averaging data in 20 seconds.

In the ACC injection pericd, the calculated values, mps, are
significantly different from each other. This discrepancy may be caused
by in accuracy of the mass flow rate injected into the system and by the
unaccounting of the storage of water in the cold leg pipe. The former
might be introduced from the slow time response (time constant 1 second)
and the change of the gas volume in the injection line. 1In this period,
specially before the steam generation from the core became noticable, the
mass flow rate, ﬁF, calculated with Eg. (1) is reasonable, since the
calculation needs the increasing rates of the masses in the core and the
upper plenum and their accuracy ig enough for our estimation.

In the LPCI injection period, the calculated values, ﬁFs, are slightly
different from each other. Judging from the time-integral values of both
ﬁFs, their average values are nearly proportional. The discrepancy was
inferred to be caused by the disregard of the bypass of steam and liquid
from the upperplenum without going through the hot legs in the calcula-
tion with Eg. (1). And additionally the discrepancy was caused by the
disregard of the steam generation in the downcomer due to the hot wall of
the pressure vessel in the calculation with Eq. (8). It was estimated
that the disregard of the downcomer steam generation was caused the error
of 0.25 kg/s on predicted AF' The estimation was made by comparing the
results of the tests with hot and cold downcomer conditioné. In the LPCI
injection period except for the early period, the mass flow rate, ﬁF,

calculated with Eq. (8) is reasonable, since the error from the injected

“14__
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ECC flow rate measurement is negligible under the quasi-steady state
condition appeared in this period and the error caused by the steam
generation in the downcomer 1s small.

In order to obtain the best estimate core inlet mass flow rate, the
calculation with Eq. (1) were performed by using the corrected values of
the loop mass flow rates, mys and éB' The correction was made by multi-
plying mps and ﬁB by a factor which yields identical mps in the calcula-
tions with Eq. (1) and (8). Figure 4 shows the best estimate core inlet
mass flow rate. In this calculation, the smoothing procedure was
performed by averaging éF in 10 seconds. Therefore the core inlet
velocity at the reflood initiation was slightly lowered. Since the bypass
of steam and water from the upper plenum is difficult to be evaluated
quantitatively, this estimation involves at greatest about 15 % error.
The relation between the integral core-flooded water mass evaluated with

Egs. (1) and (8) and best-estimated are shown in Fig. C-36 in Appendix C.

3. Core thermo-hydrodynamic behavior

Figure 5 shows four differential pressure transients in the core
measured azimuthally every 90 degrees as shown in Fig. 2. No spacial
hydrodynamic oscillations were detected. The hydrodynamic behavior seems
to be one-dimensional or at least axisymmetric. Figure 6 shows the tem-
perature transient bands measured with every thermocouple attached at the
midplane of the average power rods in the each power zone. It is found
that the temperature transients in the three peower zones are different
from each other, however, the quench times at the midplane are approximately
the same. The temperature transients of two heated rods are shown in
Fig. 7. These rods are located in the medium power zone as shown in Fig. 2.
One rod, indentified as 1, is close to the low power zone. and the other rod,
identified as 2, is close to high power zone. Except for the top thermo-
couples, Che heat transfer characteristics are similar to each other.

At the present time, the mechanism for the top gquenching is obscure. The
top quenching has little influence on the temperature responses of the
jower thermocouples and hence, its effect is neglected in this study.
Figure 8 shows the propagation of the bottom quench front in the core.

The quench fronts are interpolated from the relationship between the
measured quench times and the elevations of the five thermocouples attached

on the cladding of the rods in the bundles shown in Fig. 2. In the figure,



JAERI-M 83-027

the bottom quench fronts of the three power density rods in each three
power zones are indicated. The quench front is almost radially flat and
its propagation can be considered to be roughly one-dimensional and does
not significantly depend on the radial power profile.

From the above discussion, it is concluded that for the core thermo-
hydrodynamic behavior, in special, the quench front propagation is nearly
one—dimensicnal, while the temperature transient on the cladding is

dependent on the heating power.

4, Downcomer thermo-hydrodynamic behavior

In the downcomer, two-dimensional motion of the tiny bubbles in
the water was observed through the view window. However, as shown in
Fig. 9, the transients of the four differential pressures measured
azimuthally every 90 degree overlayed each other. Therefore, it is
thought that the water accumulation and the voiding can be treated to be
one—dimensional. The water accumulation transient in the downcomer can
be divided into the four pericds shown in the figure. Period I is the
ACC injection period. The time of step A in Period I corresponds to the
time of the flow reversal in the cold leg piping due to the switching of
the ECC injection ports from the lower plenum to the cold legs. At this
time, the water seems tc have been accumulated in the cold leg piping.
Period II is the complete accumulation peried and practically no ECC
bypass occurs. The water accumulated in the ccld leg piping during time
A is almost ejected into the downcomer just after the initiation of the
LPCI mode. Period IIT is the partial ECC bypass period. Judging from
the response of the differential pressure transducers in the downcomer,
it was recognized that the water level did not reach the spill-over levei.
However, the overflowed water was detected in Containment tank 1 and the
water was recognized to bypass the downcomer. Since some portion of the
ECC water entered in the downcomer was considered to be bypassed, this
period was defined as the partial ECC bypass period. The bypass mass flow
rate is gradually increasing with time up to about 5 kg/s. The bypass |
mass flow rate seems to depend on the difference between the gspill-cover
level (i.e. the elevation of the bottom of the broken cold leg nozzle)
and the liquid level in the downcomer. During Period IV, the water ac-
cumulation is roughly terminated and the mass flow rate into the downcomer

minus the core inlet mass flow rate is almost the same as the bypass mass
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flow rate.

In Period IV, the effective downcomer head is lower than the esti-
mated from the spill-over level. This may be explained with the idea
that the bypass mass flow rate increases-when the liquid level approaches
the spill-over level and the water accumulation terminates when the mass
balance among the incoming and outgoing liquid masses is established.
But partially, this must be caused by the voiding of the water due to
heat released from the hot downcomer wall. The reduction of the effec-
tive downcomer head reduces the core flooding rate as described by Eq. (7).
The ECC bypass reduced the water accumulation rate in the downcomer
and caused the driving head for the core flooding to become lower as
expressed with Eq. (7). 1In this experiment, the ECC flow rate was about
3/4 of that estimated in the safety analysis”) and the ECC water is thought
to have been not completely accumulated in the downcomer during the ACC
injection period. The water seems to accumulate completely during the
ACC injection period and ECC bypass is considered not to occur under the
higher ECC flow rate situation. Under this situation, a larger amount of
subcooled water can be supplied into the downcomer and a higher effective
head can be expected. For verification of this assumption, a test with a

higher ECC flow rate is necessary.

5. Upper plenum

The water accumulation in the upper plenum is shown in Fig. 10. The
shaded area indicates the range of the data measured by the pressure
transducers positioned azimuthally every 90 degrees.

The water effluent from the core was accumulating in the space
between the top of the heated core and the top of the upper core support
plate and then began accumulating in the upper plenum region. About 5
to 15 % of the effluent mass was accumulated in the upper plenum. The
water accumulation rate in the upper plenum was 0.48 kg/s at 350 seconds,
This indicates that about 10 % of the mass effluent from the core was
accumulated in the upper plenum. The water accumulation in the upper
plenum results in a higher flooding rate than that predicted by the

.simplified model as shown in Eq. (7).

The de-entrainment ratio which defines the ratio of the water ac-

cumulation in the upper plenum to the water mass flow rate from the core

is also indicated in the figure. For the derivation of the de-entrainment

— 17_
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ratio, the steam mass flow rate from the core was roughly estimated with
the supplied power and the heat release of the stored energy in the core,
therefore, the entrainment ratio is a rough estimation. After the over=-
all core is quenched, the heat release of the stored energy in the core
becomes negligible and the released heat can be considered to come only
from the supplied power. The liquid fraction calculated with Wilson's
correlation7) is indicated in the figure. It was assumed in this
calculation that the water level was equal to the elevation of the bottom
of the hot leg nozzle and the mixture was homogeneous. From the figure,
at least, after 60 seconds the liquid level seems to reach the elevaticn
of the hot let nmozzle. If the stored energy release is considered in
the calculation of the steam generation the lower liquid fraction can be
expected due to higher steam generation. Accordingly the liquid level

is thought to have reached the elevation of the hot leg nozzle in the
quenching period.

The liquid level observed through the view window at the periopheral
reglon was higher than the measured water head in the upper plenum while
the bubbles in the water below the liquid surface was found to be moving
downwards. 1t appears that more steam ascends and entrains water in the
center region. Therefore, it is considered that a fraction of the
entrained water was de-entrained and accumulated in the peripheral region.
The accumulated water then returned to the center region and was re-
entrained with the ascending steam. Thus, the flow behavior seems to be
three—dimensional. However, since the behavior can be considered to be
a quasisteady state, the hydrodynamic behavior in the upper plenum seemns

to be able to be treated macroscopically.

6. Loop and broken cold leg nozzle

Figure il shows the pressure drop across each loop. Before 6.30
seconds, the pressure drop across the each intact leop, APy, and that
across the broken loop, APy, are equal to zero. They then begin to
increase due to the back pressure caused by the increased steam gene-
ration in the core. Since the curves of AP nearly overlap with each
other, the mass flow rates through the intact loops, ﬁls, are nearly
indential. Since no parallel channel oscillation was observed, it is

not necessary to consider the dynamic coupling phenomena among the three

_18_,
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intact loops. The curve of APp deviated from the curves of APy at 77
seconds and at the same time the water flow was observed in the broken
cold leg nozzle, (APp - APy) corresponds to the pressure drop at the
broken cold leg, APpry-  As the water and the steam flow rate increased
at the nozzle, APpey and the pressure drop at the nozzle itself increased
and had the same tendency as the acceleration loss at the broken cold

leg nozzle as estimated on the basis of the homogeneous fluid model as
shown in Fig. 11. The discrepancy between the measured and estimated
values may be caused by the friction loss along the broken cold leg
piping connected to the nozzle. The higher APy makes the flooding
rate, ﬁF, higher as indicated in Eq. (7). Figure 12 shows the fluid tem-
perature responses in the steam generator of the intact loop 1. The bulk
fluid temperature in the secondary side of the steam generator is 5338 K
while the fluid temperature in the inlet plenum is 393 K which is the
saturation temperature. The.pressure drop across the steam generator in
the primary system was sc small that the saturation temperature in the
outlet plenum was almost the same as that in the inlet plenum. The fluid
temperature in the outlet plenum was about 300 K after 120 seconds. The
predicted value of the fluid temperature in the outlet plenum, assuming

a heat transfer coefficient of single phase gas flow, is about the same
as the measured value. '

In the present simplified model, the exit steam is assumed to be
superheated to the fluid temperature in the secondary side of the steam
generator. The measured fluid temperature in the outlet plenum is about
40 K lower than that in the secondary side. This results in higher steam
densities, PTs and pg. giving a higher flooding rate, ﬁF, as derived
from Eq., (7). However, the fluid temperature of the secondary side near
the outlet plenum was about 410 K and lower than the fluid temperature at
the exit of the steam generater. Therefore, in this study it can be
only concluded that the fluid temperature at the exit was nearly the
same as the fluid temperature of the secondary side.

Figure 13 shows the ECC water injection rate at the intact cold leg
1, the steam mass flow rate from the steam generator to the ECC port and
the temperature of the ECC water. The reduction of the ECC water injec-
tion rate at 76 seconds is due to the switch from the ACC mode to the

LPCI mode. The spike in the fluid temperature at 73 seconds is due to

the discharge of the saturated water stored in the ECC line, No significant

—19-
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oscillatory behavior could be observed in the fluid temperature at the
ECC port and the differential pressure across the intact cold legs as
shown in Fig. 13 and Fig. 11, respectively. The fluid temperature meas—
ured at downstream of the ECC port is almost the same as the calculated
value based on the thermal equilibrium model with the assumption of
complete mixing of the injected water with the steam from the steam

generator as shown in the figure.

7. Summary

The phenomena observed in the referred test were similar to the
simplified model which is similar te but slightly simplified evaluation

model (EM) as described in Introduction, i1.e.,

1. The temperature transients of the samé powered rods in the core
are about the same. The quench front is almost radially flat and
propagates roughly one—dimensional. No spacial hydrodynamic
oscillations exist in the core. |

2. The downcomer water accumulation behavior ié nearly one—
dimensional.

3. Each intact loop has similar flow characteristics and no parallel
channel oscililaticn waé observed.

4. All the water entering the hot legs was évaporated in the steam
generator and was heated to nearly the same temperature as the
fluid temperature in the secondary side during the concerned period.

5. The superheated steam is condensed by the subcooled emergency core
cooling water without dynamic oscillations due to the thermo-

hydrodynamic coupling.

The following points were different from the simplified model:

1. In the upper plenum about 5 to 15 % of the total effluent from the
core was accumulated. This corresponds to water accumulation of
8 to 30 % of the liquid flowing from the core. The value was

estimated from a rough calculation.

The liquid level of the peripheral region seems to have reached the
bottom of the hot leg in the later period of the experiment. The collapsed
water level of this period seems to be able to be expressed with the void
fraction correlation similar to Wilsen's correlationt?), The water

accumulation in the upper plenum makes the core flooding rate higher as

— 20_
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expressed by Eq. (7).

2. ECC bypass was observed 1n the downcomer after switching from the
ACC to LPCI injection before the water accumulation terminated.
The EGC bypass reduced the water accumulation rate in the down-
comer. The bypass mass flow rate seems to depend on the difference
between the liquid level and the spill-over level. The slow water
accumulation in the downcomer makes the core flooding rate low as
expressed by Eq. (7). In this test, the ECC {low rate was too
conservative, resulting in incomplete water filling inthe down-
comer during the ACC injection period. If the ECC flow rate had
been higher, the downcomef might be nearly completely filled in the
ECC injection period and the ECC bypass might not appear. In order
to examine the above assumption, a test with a higher ECC flow rate

is necessary.

The effective downcomer head which means the .saturated value was
lower than that estimated from the spill-over level, that is, the bottom
of the cold leg. The reduction of the effective downcomer head reduces
the core flooding rate as expressed with Eq. (7). At the higher ACC fiow
rate, a larger amount of colder water can be supplied to the downcomer,

therefore, a higher effective head can be expected.

3. A significantly large pressure drop was observed at the broken
cold leg nozzle and in the interconnected pipes. The pressure
drop was thought to be induced by the acceleration and friction
losses of water in the broken cold leg. The pressure drop increases

the core flooding rate as expressed by Eq. (7).

The pressure drop is induced in a relatively long pipe (about 2.0 m).
The length was determined from the assumption that the break location is
just outside of the biological shield. However, it should be not that
about half of the pressure drop is produced near the broken cold leg
nozzle (within 0.4 m from the nozzle).

The difference between the simplified model and EM is little for the
system model, i.e. the finite heat transfer was assumed for the steam
generators in EM, while the equal fluid temperature to the secondary fluid
temperature is used at the primary outlet plenum of the steam generator
in the simplified model.

Therefore, it can be concluded that cbserved phenomena are similar

to the EM with exception mentioned above.
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Table 3 Chronology of events

Time after experiment

Items

Power supply initiated
ACC/LP mode initiated
Tnitiation of reflood phase
Decay of power initiated

gwiched from ACC/LP mode to ACC
mode (cold leg injection)

IL.PCI mode initiated

Turnaround temperature (1045 K)
observed

All heated rods guenched

initiated (8)

0
52.5
63
64.5

67

76

141

594.5

60 T I i T A
—————— Estimated from the upstreom 1%
55 volues ( by Eq. (8))
i ———— Estimated from the downstream 120
il values ( by Eq. (1}]
40 I - 16
¥
Il
i {12
|
201 A 48
l
g 4
iy
0 -t/ 0
v
‘,'t] ~ Reflood phase
1{' -~4
i ~
1
1
-20 '.! ! 1 I I —-8
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Time (s)
Fig. 3 Core flooding mass flow rates evaluated with Egs. (1) and (8)
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V. Conclusion

1. The phenomena observed in the referred test were similar to the
simplified model for the best-estimate system model as described in

Introduction.

2. The different points were (1) the water accumulation in the upper
plenuﬁ, (2) the ECC bypass in the downcomer; {3) the reduction of
effectiﬁe downcomer head and (4) the pressure drep at the broken cold
leg nozzle and in the interconnected pipe. They are also described in

SUMMATY .

3. Since the difference between the simplified model and the evalua-
tion model (EM) for the system model are small, the different points

described in conclusion 2 also apply to the EM.

4, Since it is considered that the points (1) and (4) in Conclusion 2
gave higher flooding rates than that in the safety evaluation, the points
(2) and (3) in Conclusion 2, however, gave the opposité effects. Since
the points (2) and (3) are considered to have been resulted from a too
conservative ECC flow rate, another test with a higher ECC flow rate is

necessary to investigate these problems.

7729_
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[Nomenclature]
i Enthalpy (J/kg)
ig . Enthalpy of saturated steam (J/kg)
iQ Enthalpy of saturated water (J/kg)
K Factor of flow resistance of a primary loop ( Z AP/ %‘QV2)
m - Mass flow rate or mass accumulation rate (kg/s)
S Flow area or cross section (m?).
5. Flow area of each primary loop piping (m?)
5o Cross sectional area of carry-over measuring tank (m*®)
t Time (s)
v Velocity (m/s)
AP Pressure drop (Pa)
0 Density (kg/m?)
Subscripts
B Broken loop
BCN  Broken cold leg mozzle and comnected pipe
C Core
D Downcomer
DL Liquid through a cold leg into downcomer
DV Steam through a cold leg into downcomer
ECC ECC water injected into cold legs
ECC/LP ECC water injected into a lower plenum
F Flooded into a core
I Intact loop
L Primary loops
0 Carried-over through the broken cold leg nozzle
U Upper plenum

—_ 30_,
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Appendix A
Estimation of heat released from the hot downcomer wali

The heat released from the downcomer structure of a PWR and fbr
CCTF were calculated with DONTAQZB) developed by Sudo. In the calcula-

tion, the following assumptions were used:

1) The vessel wall and the core barrel of a PWR are homogeneously
heated up to the operating temperature (561 K). The surfaces facing
the downcomer starts for follow the saturation temperature of the
system pressure calculated in a blowdown analysis, if the tempéra—
ture becomes lower than the operating temperature. After 22 to
40 seconds, an adiabatic condition was assumed to express the re-
fill period. In this'period, the surface temperatures were ex-—
pected to recover. After 40 seconds, the surface temperature is
kept at 393 K (the saturation temperature of 0.2 MPa).

?) The vessel wall of CCIF is homogeneously heated up to the speci-
fied temperature. The core barrel of CCIF is kept at 398 K. After

reflood is initiated, the wall temperatures are kept at 398 K.

Considering the flow area and the heat transifer area, the equivalent
heat flux of a PWR and the heat fluxes of CCIF with various initial
wall temperatures of the vessel are shown in Fig.A. From the figure,
the best fit initial temperature for simulation of a PWR was considered

to be 443 K.
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Appendix B

Explanation of the measuring location of referred data

~and definition of the evaluated data
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Figure list

Fig.
Fig.
Fig.

Fig.,

Fig.

Fig.

Definition of power zones and bundle numbers

Definition of Tag.ID for void fraction (AG(EL.1) ~ AG(EL.6))
Definition of Tag.ID for average linear power of heater- rod
in each power unit zone (LPOlA ™ LPO9A)

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

(DSD55, DIO7RTS, DSC75, DSCL5)

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

(DT23C, DTO1B, DPBCN)

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

(TEO2GW, TEO5SGW, TEQ8GOH)



1.

2.

3.

4.
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Definition of Tag.ID for clad surface temperatures
Notation : TENNWAM

NN : Bundle number

WA : Power zomne
WA = X1, X2 : High power (Local power factor 1.1)
WA = Y1, Y2 : Medium power (Local power factor 1.0}
WA = Z1, 22 : Low power (Local power factor 0.95)

M : Elevation

Elevation (m)} . Axial power factor
1 0.38 . 0.568
2 1.015 _ 1.176
3 1.83 1.492
4 2.44 1.312
5 3.05 0.815

Definition of power zone and bundle number

See Fig. A-1

Definition of Tag.ID for void fraction

See Fig. A-2

Definition of Tag.ID for average linear power of heater rod in

each power unit zone

See Fig. A-3

Definition of carry-over rate fraction (C.R.F)

m +
CRF = - P m,

o -
Mg T ™ opgp T L
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The calculated data within *25 s are averaged:

i+50

1
= F
(CRF)i 101 kii—SO (CR )k
where
APUP Average of measured data at four orientations
APCR : Same as above
R o= A S (AP )
Mp T fup de CTup
. d
o = Ack ar Pcr
4

= Z T
mL k=1 pk
@ : mass flow rate or mass accumulation rate

AP: differential pressure
suffix

UP: wupper plenum

CR: core

L : loop

p : primary pump

6. Definition of Tag.ID for differential pressure through downcomer,

upper plenum, cecre and lower plenum

See Fig. A-4

7. Definition of Tag.ID for differential pressure through intact

and broken loop and broken cold leg nozzle

See Fig. A-5

8., Definition of Tag.ID for fluid temperature in inlet and outlet

plenum and secondary of steam generator

See Fig. A-6
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Fig. B-5 Definition of Tag.ID for differential pressure through intact
and broken loop and broken cold leg nozzle

{DT23C, DTO1B, DPECRN)
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Fig. B-6 Definition of Tag.ID for fluid temperature in inlet
and outlet plenum and secondary of steam generator
(TED2GW, TEDS5GW, TECBGOH)
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Appendix C

Main results of test C1-5 (Run 14)
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Table and Figure List

Sunmary of test conditions

Chronology of events

Surface temperature on low power rod (Z-rod) in medium power
region (B region) (average power rod)

Surface temperature on high power rod (X-rod) in high power
region (A region) (peak power rod)

Surface temperature on low power rod (Z-rod) in low power
region (C region) (1owesﬁ power rod)

Heaﬁ transfer coefficient at midplane of low power rod
(z-rod) in medium power region (B region) (avefage power rod)
Heat transfer coefficient at midplane of high power rod
(X-rod) in high power region (A region) (peak power rod)
Initial rod surface temperature in high power region

(A region) _ '

Initial rod surface temperature in medium power region

(B region)

Inital rod surface temperature in low power region

(C region)

Turnaround temperature in high power region (A region)
Turnaround temperature in medium powef region (B region)
Turnaround temperature in low power region (C region)
Turnaround time in high power region (A region)

Turnaround time in medium power region (B region)
Turnaround time in low power region (C region)

Quench temperature in high power region (A region)

Quench temperature in medium power region (B region)
Quench temperature in low power region (C region)

Quench time in high power region (A region)

Quench time in medium power region (B region)

Quench time in low power region (C regiom)

Void fraction in core

Core inlet mass flow rate

Average linear power of heater rod in each power unit zone
Carry—-over rate fraction

Differential pressure through upper plenum

Differential pressure through downcomer, core, and lower plenum
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c-27
C-28
C-29
C-30
C-3
C~32

C-33

C-34
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Differential pressure through intact and broken loops
Differential pressure through broken cold leg nozzle
Total water mass flow rate from intact loops to downcomer
Total steam mass flow rate from intact loops to downcomer
Water mass flow rate through broken cold leg nozzle

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

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

Total accumulator injection rate

ECC water injection rates to lower plenum and to cold legs
Integral core-flooded water masses evaluated with

Eqs. (1) and (8) and the best-estimated

.__44 —
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Table C-1 Summary of

Power

Total (MW)
Linear (KW/m)
Radial Power Distribution

Decay Type
Pressure (kg/cm?a)

System

Steam Generator Secondary

Temperature (°C)
Downcomer Wall
Primary Piping Wall
Steam Generator Secondary
Peak Clad at ECC Initiation
Peak Clad at BOCREC
Lower Plenum Filied Liquid

ECC Liquid
Water Level (m)}

Lower Plenum

Steam Generator Secondary

Tnjection Rate (m*/hr)

Accumlator

LPCl

test conditions

Estimated Measured
9.41 9.36
1.4 1.40
1.06:1.0:0.8¢ 1.07:1.0:0.8¢

ANS x 1.2 + Actinide (30 sec

after Scram)

2.0 Z2.07
52 50
196 162
119 120
265 262
07 a0e
600 615
11¢ 114
35 34
.5 0.67
7.4 7.3
257 N
M 30.¢
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Table (-2 Chronology of events

EVENT TIME (sec)

Test C1-5 initiated 0.0

(Heater rods power on)
(Data recording initiated)

Accumulator injection initiated 52.5
Power decay initiated 63
(Bottom of core recovery)

Accumulator injection switched 67
from lower plenum to cold leg

Accumulator injection ended and 76
LPCI injection initiated

A1l heater rods quenched 598
Power off 648
LPCI injection ended 738

Test ended 1068

(Data recording ended)



!

(

1300

1050

CLAD SURFARCE TEMPERATURE

800
550
300
Fig. C-1
x
= 1300
Ll
o
-
,_
@
o
(LN
o 10sQ
=
1
—_
il
o
T 800
w
o
o
5]
fam
a
— 550
]
300
Fig. Cc-2

JAERI-M 83-027

M--TE187Z11 (14) A--TE18Z12 (14) +--TEI18Z13 (14)
X--TE18Z14 (141 &--TELIBZID i14)

Lt} 100 200 300 420 500

TIME AFTER FLOOD (S

Surface temperature on low power rod (Z-reod) in medium power

region (B region) (average power rod)

O--TE32X{1 (14] A--TE32X12 {1 +--TE32X13 (14}

4)
X--TE32X14 (14) &--TE32XI15 (14)

7 HQ\X -:J
7 \T} T |
{IN | I [ A S E

g 100 200 300 400 SC0
TIME RAFTER FLOGD (5]
Surface temperature on high power rod (X-rod) in high power

\

region (A region) (peak power rod}

- 47 —



JAERI-M 83-027

O--TEL1Z1t (14) A--TEL1Z12 (14) +--TE11Z13 (14)
X--TE11214 (14) ©--TE11Z15 (14)

0 T T T T T T T T T T T T T T

550

CLAD SURFACE TEMPERATURE (K]

-BUU 7/+ \- n\\

300!]I1|l!tItll'l'lll‘[lll
) ’ 100 200 300 400 500

TIME AFTER FLOOO {S3
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Fig. C-32 Fluid temperature in inlet plenum, outlet plenum, and
secondary of steam generator 1
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Fig. C-33 Fluid temperature in inlet plenum, output plenum, and
secondary of steam generator 2
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Fig. C-34 Total accumulator injection rate



i 4 501

JAERI-M 83-027

(- MLECLP A——= MLECCL
126 | B — T T T T T T T | p— T T 1
. i 7
[ r -
wy
N - J
&}
< r -
g0
? - -
S _
g0
] - o
. L 4
8] . 4
- " -
30
7] L N
© -
- -
= | J—ﬂ A riay ! - P
0 LT 1 | Ty 1 L 1 @ )] I@L ] 1 @ 1 1 Ly 1 L O |
0 e rot 209 300 o 500
TIME : { SEC)
Fig. C-35 ECC water injection rates to lower plenum and to cold legs
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Fig. C-36 Integral core~flooded water masses evaluated with

Eqs. (1) and (8) and the best-estimated
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