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This repcort presents the experimental results of RUN 953, a 100% Main
Steam Line (MSL) break experiment performed at the ROSA-III test facility,
The ROSA-1II facility is a volumetrically scaled (1/424) system of a BWR/G
used for integral BWR LOCA simulation experiments. RUN 953 is one of
several MSL break testls with a 100% break located upstream of the main
steam isolation valve (MSIV), and performed to investigate the effect of an
HPCS failure on the system behavior. Thig test is characterized, just as in
a reference MSL break test, RUN 852, by a relatively slower depressuriza-
tion of tLhe system due to a break flow of high mass quality in comparison
wvith Lhe recirculalicn line break tests. Continuous flashing of the fluid
in the pressure vessel was observed and a decrease in the pressure vessel
coclant. level eventually led to the uncovery of the entire core at about
200 s after break. After Lhe water level in the downcomer dropped to the LI
level, LPCS and LPCI were activated at 281 s and the core recovered quickly
thereafter. The peak cladding temperature reached was 1004 K, which is 222
K higher than that cbtained in RUN 952, a reference MSL hreak test with
HPCS actualion logic. This test has demonstrated the importance of HPCS

actuation in achieving early ccre recovery during an MSL break LOCA.

Keywords: BWR, LOCA, ECCS, Integral Test, ROSA-III Program, Core Recovery,
Main Steam Line Break, PCT, Flashing, Failure
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1. Introduction

The Rig of Safety Assessment (ROSA)-1II program was initiated in 1976
to study the thermal-hydraulic behavior of a Boiling Water Reactor (BWR)
during a postulated Loss of Coolant Accident (LOCA) with the Fmergency Core
Cooling System (ECCS) actuation and to provide the data base necessary for
evaluaticn of computer codes developed for reactor safety analysis. The
ROSA-IIT test facility, which was.completed in 1978, consists of a wvolu-
metrically scaled (1. 4247 primary system of a 3800 MW BWR/6-251 with an
electrically heated core. a break simulator and a scaled Fcesitl,

Special emphasis has been placed on the following objectives in the

ROSA-III program -

{15 To provide the system data required for improvement and evaluation of
analytical methods currently used to predict the LOCA response of
large BWRs. In particular, the performance of Engineered Safetly
Features (ESFs), with an emphasis on FCCSs, and the guantitative
margins of safety inherent in performance of the ESFs are of primary
interest.

2y To identify and investigate any unexpected event(s) or threshold(s) in
the response of either the plant or the ESFs and to develop analytical
techniques that adequately describe and account for such unexpected

behavior.

The information acquired from Loss of Coolant Experiments {LOCEs) is
thus used for evaluation and development of LOCA analytical methods and
assessment of the ESFs in response to a LOCA.

RUN 953 was conducted on July 23, 1982 to simulate a 100% Main Steam

Line (MSL) break LOCA with an assumption of an HPCS failure.

-1 =



JAERI-M 85-029
The specific objectives of this test were as follows

(1% To acquire test data on a 100% MSL break LOCA with an HPCS failure
logic, and
2y  To determine the effect of a partial ECCS failure on the system

response for an M3SL break LOCA.

In this report, all of the daﬁa obtained in RUN 953 are presented and
discussed. including the processed data such as mass inventory in the
pressure vessel. The data from this test are Lhen compared with the resultis
of a similar 100% MSL break test., RUN 952, in which only the HPCS was
activated ), Some important parameters describing the system response from
both experiments are compared Lo determine the effect of a partial ECCS

failure cn the MSL break LOCA.
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2. ROSA-III Test Facility

The ROSA-IIT test facility is a volumetrically scaled (1/424) BWR
system with an electrically heated core desigred to study the response of
the primary system, the core and the ECCS during a postulated LOCA. The
test facility 1is instrumented to measure and récord various thermal-
hydraulic parameters during the test. Details of the instrumentation are
described in section 3.

The test facility consists of four subsystems. These subsystems are !
{a) pressure vessel, (b) steam line and feedwater line, (c) recirculation
loops and {(d) ECCS. Figures 2.1 through 2.3 illustrate the configuration
of the test facility including the pressure vessel internals and piping
schematics. Table 2.1 compares the major dimensions of the ROSA-TIII test
facility with the corresponding dimensions of the reference BWR.

The ROSA-III pressure vessel includes various compcnents simulating the
internal structures of the reactor vessel in the BWR system as shown in
Fig. 2.4. The interior of the vessel is divided 1into the core, lover
plenum. upper plenum, downcomer annulus, steam separator, steam dome and
steam dryer. The core consists of four model fuel assemblies of half
length and a control rod simulator. Fach fuel assembly contains 62 heater
rods (Fig. 2.5) and 2 water rods spaced in a 8 x 8 square array and sup-
ported by spacers and upper and lover tie plates. The heater rod is heated
electrically with chopped cosine power distribution along the axis as shown
in Fig. 2.6. The effeétive heated length is 1880 mm, one half of the
active length of a BWR fuel rod. The electric power supplied to the model
fuel assembly A is 1.4 times larger than the powér supplied to each of the
other assemblies, B, C and D. The heater rods in each assembly are divided

into three groups in terms of heat generation rate as shown in Fig. 2.7.
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The relative power generation rate of a heater rod in each group 1is 1.1,
1.0, and 0.875 respectively. The orifice plates are inserted ét the core
inlet to control the core inlet flowll),

The steam line and Lhe feedwater line simulate those of a BWR. The
steam line of the ROSA III system has three branches as shown in Fig. 4.3,
The first branch is initially closed by a valve AV7165. and used for the
simulation of steam line break by opening the valve AV-165. The steam
discharge flow after break is limited by the break orifice OR-5 with 31.0
mm I.D. shown in Fig. 4.1 located in the first branch and is led to the
outdoor pocl through the break unit B where a gamma densitometer and a drag
disk are installed to measure the break flow. The break unit A was not used
in RUN 953 and the quick shutoff valve between the fwo break units was also
closed. The inner diameter of the orifice in the break unit B was 49.5 mm,

The second branch is the Automatic Depressurization Line which was not
used in RUN 953. The th;rd branch is used for controlling the steady state
system pressure and the steam is used partially for heating-up the feedwa-
ter. Immediately after the break initiation, the third branch is shut off
by closing the main steam isolation valve (MSIV). AV-168, so that the steam
is discharged only through the first branch simulating the break. A control
valve 1s installed in the steam line to conirol the steam dome pressure at
steady state before the initiation of tests. The steam line has a branch
in which the Automatic Depressurization System (ADS) is installed, The
éperation of valves in the steam line is described in sec. 4. The feedwa-
ter is supplied from the feedwater tank (FWT) through the feedwater line
and the sparger belov the steam separator.

Figure 2.8 shows the recirculatiqn line consisting of two loops. Fach
loop 1is furnished with a pump and two Jjet pumps. The Jet pumps are
installed outside the pressure vessel to simulate the relative volume and

height with respect to the core. The ROSA-III test facility is furnished
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with all types of ECCS which are available in the BWR system, 1i.e., High
Pressure Core Spray {HPCS},_Low Pressure Core Spray (LPCS), Low Pressure
Coolant Injection (LPCIY, and Automatic Depressurization System (ADS). The
HPCS and LFCS provide the cooling water from the top of the core. The LFCI
injects the cooling water into the core bypass. FEach ECCS consists of a
pump, a tank, piping. and a control and measurement system. Referenée {1

provides more detailed information on the ROSA-III facility.



JAERI-M 85-029

Table 2.1 Primary Charecteristics of ROSA-III and BWR/6

BWR ROSA-III BWR/ROSA-TII
Number of Recirc. Loops 2 2 1
Number of Jet Pumps 24 4 6
Number of Separators 251 1 251
Number of Fuel Assemblies 848 4 212
Active Fuel Length (m) 3.76 1.88 2
Total Volume (m’) 621 1,42 437
Power (MW} 3,800 4.40 864
Pressure (MPa) 7.23 7.23 1
Core Flow (kg/s) 1.54x10% 36.4 424
Recirculation Flow (1/s) 2,970 7.01 424
Feedwater Flow (kg/s) 2,060 4,86 424
Feedwater Temp. (K) 489 489 1

* BWR/6-251
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DL 6205
DL 6040 Steam Line % PV Top DL $995
Steam Dryer DL 5657
Steam Seperator DL 5365
L3 Level DL 5000
L2 Level DL 4760
DL 4293 Feedwater Line ¥l 2 L1 Level DL 4250
3 === HPCS,LPCS Nozzle DL 4080
|
DL _3900 HPCS,LPCS Line l
bL 3660 LPC ' * Connector DL 3744
I Li : T3
0% S Upper Tieplate DL 3550
Spacer DL 3218
DL 2814 Jet Pump ”
Suction Line ;< Spacer DL 2742
Bl Spacer DL 2332
] 1"
i Spacer DL 1856
Lower Tieplate DL 1524
Channel Inlet DL 1284
Oritice
DL 938 Recic. Pump
Suction Line
Tie Grid oL 513
DL 400 Jet Pump
Disch. Line
DL 0 PV Bottom DL 0
Fig. 2.4 Pressure Vessel Internals Arrangement
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CHANNEL BOX "D"

CHANNEL BOX "A"
0° /

(— I ;\ — N
HA HA LA LA
Ty

w HB W LB
W 1HC : wilwv

HA HA LA LA
\ ZAS J
7 N N

1A LA La LA

w L8 W LB
e w W |LC

LA LA La LA

N\ — '\ %
/ 180* \

CHANNEL BOX "B", CHANNEL BoX "C"
Region HA HB HC LA LB LC W
Linear Heat Rate (kW /w) [ 18.5| 16.81 14,41 (13,217 12.01 | 10.29 0.0
Local peaking factor 1.1 1.0 | 0,875} 1.1 1.0 | 0.875 ) 0.0
No. of Rods 20 28 14 &0 84 42 8

* note : Radial peaking factor is 1.4

Fig. 2.7 Radial Power Distribution of Core

90°
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Piping layout of recirculation loops and jet pumps

Fig. 2.8
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3. Instrumentation

The instrumentation for the ROSA-III facility has been designed to
orovide thermal-hydraulic data for a simulated BWR LOCA. The data obtained
from the experiments are used for the assessment of analytical computer
codes. Table 3.1 summarizes the instrumentation used in RUN 853.

Tables 3.2 and 3.3 show the measurement list and the core instrumenta-
tion list. respectively. Instrumént locations are shown 1in Fig. 3.1
through Fig. 3.6.

Typical parameters measured in  the ROSA-ITI facility are pressure,
differential pressure, flow rate, electric power, pump speed, fluid and
metal temperatures, collapsed liquid level, ﬁwo~phase mixture level,
coolant density. on-off type signals and so on.r

Pressure and differential pressure transducers are twofwire} direct—
current type which convert diaphragm displacement to electric capacitance.
The pressure lead lines are either the standard single, cylindrical pipes
used in conjunction with condensate pots, or dual concentric cy}inders
capable of circulating the cooling water to prevent flashing of the fluid.

The flow rate is measured either by an orifice or a venturi type' flow
meter depending on the fluid condition and measurement iécation.

The temperatures of the fluid, structural materials and the cladding of
fuel rods are measured with sheathed chromel-alumel (C/A) thermocouples of
1.6mm or 0.5 mm diameter.

Liquid level is measured by either differential pressure transducers
described above or needle type electrical conduction probes (CP) devel oped
specially for the ROSA-III program. These probes are distributed in the
pressure vessel to detect the presence of water or vapor at different
heights.

The electric power supplied to the simulated fuel rods is controlled to
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follow the predetermined decay curve and measured by a fast response
electric power meter.

Pump speed 1s measured by a pulse generator integral to the pump.
On-off signals indicating the valve positions selected, core power decay
and pump coastdown initiation and so on are also detected and recorded.

Fluid density in the pipe 1is measured by means of multi-beam gamma
densitometers. Preliminary studies indicated that a three-beam densito-
meter should be used to deterﬁine the flow regime. Figures 3.7 and 3.8
show the beam directions of the three-beam and two-beam gamma densito-
meters. respectively. The gamma-ray scurce 1S 137cs and the detector is a
vater cooled Nal(Tl: scintillation counter.

Momentum flux is measured by a drag disk shown in Fig. 3.9. The
combination of signals from a drag disk and a gamma densitometer is used to
determine the two-phase flow rate as shown in Fig. 3.10.

The data acquisition system ( DATAC 2000B, Iwasaki Tsushinki Co. )
scans all of the 700 instrument channels at a rate of up to 30 Hz. The
data recorded on magnetic tapes are processed by the FACOM M380,/200 com-
puter system after the experiment. More detailed informaticn on the instru-

mentation and the data processing procedure is available in reference 2.
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ROSA-III Instrumentation Summary L1$t.'

Table 3.1
ITEM. SENSOR. NUMBER NOTE
Pressure Pressure Tramsducer 20
Differential DP Cell 60 PV and Loop 44
Pressure Level Measurement 5
Flow Meter 11
Fluid. CA Thermocouple 85 Primary Loop 35
Temperature DIT 4
Tie Rod 14
Upper Plenum 10
Lower Plenum 10
Tie Plate 12
Bypass 0
Fuel Rod CA Thermocouple 133
Temperature
Slab Surface CA Thermocouple 7 Core Barrel 0
Temperature Pressure Vessel 0
Channel Box 7
Shroud Support 0
Slab Inner CA Thermocouple 0 JP Diffuser 0
Temperature PV Wall 0
Volumetric Turbine Flow Meter 3 ECCS Lobp 3
Flow Rate Venturl Flow Meter 4 Primary Loop 10
Orifice Flow Meter 6
Mass Turbine Flow Meter 4 Recirculation Loop &
Flow Rate Orifice Flow Meter 3 Main Steam Line 3
Liquid Conductivity Probe 56
Level Capacitance Probe 0
Density Gamma Densitometer 10 2 Beam GD 2
3 Beam GD 2
Momentum Drag Disk 7 JP Spool Plece 2
Flux Break Spool Piece &
Break Orifice 1
Signal ON/OFF Switch 14
Pump Speed Revolution Counter 2
Electric V4 Meter 2
Core Power
TOTAL 416

— 16—
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Table 3.3 Core Instrumentation Map

Item’ P;s' gore |Pos.1 |Pos.2 |Pos.3 |Pos.4 | Pos.5 [Pos.6 |Pos.7 %:igt
nod 3660 |3417 |3114.5(2879.5 2527 | 2174.5[1939.5(1637 | 1454
Surface; All TF 1 |TF 2 |TF 3|TF 4{TF S5 |TF 6 |TF 7
Temp. | a12 TF 8 |TF 9 [TF 10 [TF 11| TF 12 |TF 13 |TF 14
Al3 TF 15 |TF 16 |TF 17 | TF 18 | TF 19 |{TF 20 |TF 21
Ald TF 22 |{TF 23 |TF 24 | TF 25 | TF 26 |TF 27 |TF 28
AlS TF 29 TF 30
 Al7 TF 31 TF 32
A22 TF 33 {TF 34 {TF 35 | TF 36 | TF 37 |TF 38 [TF 39
A23 TF 40 |TF 41 |TF 42 | TF 43| TF 44 [TF 45 [TF 46
AZ4 TF 47 |TF 48 |{TF 49 | TF 50 | TF.51 [TF 52 |TF 53
A26 TF 54 TF 55
A28 TF 56 TF 57
A3l TF 58 TF 59
A33 TF 60 |TF 61 {TF 62 | TF 63 | TF 64 |TF 65 |TF 66
A34 TF 67 |TF 68 |TF 69 | TF 70 | TF 71 [TF 72 [TF 73
A35 TF 74 TF 75
A37 TE 76 TF 77
_ A42 TF 78 TF 79
FRUC | a4 TC 1 |TF180 |TF181 |TF182 | TF183 | TF184 [TF185 |TF186 |TC 2
Surfacel A45 TF 80 TF 81
Temp. | a46 TF 82 TF 83
A48 TF 84 TF 85
A51 TF 86 TF 87
AS3 TF 88 TF 89
AS4 TF 90
AS7 TF 91 TF 92
A62 TF 93 TF 94
AB4 TF 95 TF 96
A66 TF 97 TF 98
A6 8 TF- 99 TF100
A71 TF101 TF102
A73 TF103 TF104
A7S TF105 TF106
A77 TF107 TF108




JAERI-M 85-029

Table 3.3 Core Instrumentation Map  (Continued)
Item s. ggiiet Pos.l |Pos.2 |Pos.3 |{Pos.4 | Pos.5 |Pos.6 | Pos.7 gg{:t
ﬁgf -1 3660 3417 |3114.5(2879.5|2527 | 2174.5(1939.5| 1637 | 1454
Surface| A82 TF109 TF110
Temp. | a4 TF111 TF112
A86 TF113 TF114
A88 TF1l15 TF116
B11l TF117
B13 TF118
B15 TF119 | TF120 | TF121 | TF122 | TF123 | TF124 | TF125
B31 TF126
B33 TF127
B3S TF128
Faad g4 |1 3 |TF187]TF188 | TF189 | TF190 | TF191 | TF192 | TF193| TC 4
Surface| BS1 TF129
Temp. B53 TF130
B8S TF131 | TF132 | TF133 | TF134 | TF135 | TF136 | TF137
cl1 TF138
C13 TF138
Cl5 TF140
c31 . | TF141
C33 TF142 | TF143 TF1&4 TF145| TF146 | TF147 | TF148
Cc35 TF149
Fomm, | c4s TC S |TF194 | TF195 | TF196 | TF197| TF198 | TF199 | TF200| TC 6
Surface| 51 TF150
Temp. | wgs TF151
Cc77 TF152 | TF153 | TF154 | TF155| TF156 | TF157 | TF158
D11 | TF159 ]
D13 TF160
D27 TF161 | TF162 | TF163 | TF164 | TF165 | TF166 | TF167
D31 TF168
D33 TF169
D35 _ TF170
"13¢ | pas | TC 7 |TF201 [ TF202 | TF203 | TF204 | TF205 | TF206 | TF207] TC 8
Surface| ps1 TF171
Temp. | 1cq TF172
D88 TF173 | TF174 | TF175 | TF176 | TF177 | TF178 | TF179
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Table 3.3 Core Instrumentation Map {Continued)
Item Pos-1core |pos.1 |Pos.2 |Pos.3 |Pos.4 | Pos.S |Pos.6 |Pos.7 | SoTe
Qutlet Inlet
ﬁg? L_ 3660 |3417 |3114.5|2879.5|2527 |2174.5{1939.5/1673 | 1454
Void | AS5 VF 1 |vF 21|vF 3|vF 4|VE 5 |VF 6 |VF .7
BS5 VF 8 |VF 9 |VF 10 {VF 11 { VF 12 {VF 13 |VF 14
Cs5 VF 15 |VvE 16 {VF 17 | VF 18 | VF 18 |VF 20 |VF 21
D55 VF 22 |VF 23 |VF 24 | VF 25 { VF 26 |VF 27 |VE 28
Channel| Al* T8 1|TB 2 {TB 3|TB 4|TB S |TB 6 |TB 7
B e cd A2* ™ 8 |TB 9 |TB 10 |T8 11 |TB 12 |TB 13 |TB 14
Temp. | B* T8 15 [TB 16 |78 17 |TB 18 | TB 19 |TB 20 |TB 21
c T8 22 |TB 23 |TB 24 |TB 25 | T8 26 |TB 27 |TB 28
D* T8 29 |18 30 |TB 31 {TB 32 | TB 33 [TB 34 [TB 35
Liquid | Al* LB LB LB 3|18 4|LB S |LB 6 |LB 7
;ﬁ"iie AZ* L8 8 |LB LB 10 |LB 11 {LB 12 |LB 13 {LB 14
Channel| B* LB 15 {LB 16 |LB 17 |1B 18 | LB 19 |LB 20 |LB 21
Box c* LB 22 |LB 23 |LB 24 {1B 25 | LB 26 [LB 27 |LB 28
D* LB 29 |LB 30 [LB 31 |{LB 32 {LB 33 |LB 34 |LB 35
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Fig. 3.2

Instrumentation Location in Pressure Vesgel
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Heater rod 0.D. is 12.27mm

A54,B54,C54 and D54 are water rod simulators with void probes,

0.D.= 15.01lmm

A45,B45,C45 and D45 are water rod simulators with thermocouples,

0.0.= 15.901lmm

Core Instrumentation (cf. Table 3.3)

Figo 3.5



JAERI-M 85-029

Upper Tieplate Instrumentation

Fig- 306
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{c) Location of Drag Discs

Fig. 3.9 Arrangement and Location of Drag Disks
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4. Test Conditions and Procedure

RUN 953 is a 100% Main Steam Line break test with a break located at
the main steam line. The break area 1s adjusted by inserting an orifice
shown in Fig. 4.1 in the main steam line. Blowdown 1is initiated by opening
the QOBV and closing the valve AOV-168 in the steady steam flow line. The
initial conditions of this test were specified as follows: the steam dome
pressure of 7.35 MPa, the lower blenum temperature of 552.8 K giving the
subcocling of 10.6 K, the core inlet flow rate of 16.0 kg/s. and the core
heat generation rate of 3.96 MW. The quality in the upper plenum was
estimated to be 12.9%. The actual conditions are summarized in Table 4.1.

To prepare for the test, makeup water {pure water) was pumped into the
primary system of the test facility and electric power was supplied to the
core to heat the water in the system and to achieve saturation conditions
in the upper region of the pressure vessel. The core power was maintained
at 3.962 MW before the break initiation, which is 44% of the steady state
power of 8.96 MW necessary to achieve Lhe same power-to-volume ratio as in
a reference BWR. The core power was decreased during the transient follow-
ing the break as shown in Fig. 4.2. Here., the power is kept constant for
the first 9.0 seconds and reduced along the decay curve that simulates the
total heat transfer rate in the core of the reference BWR (the delayed
neutron fission power, the decay power of fission products and actinides
and the stored heat in the nuclear fuel) neglecting the stored heat of
ROSA-III heater rods{3). The maximum linear heat rate of the peak pover
rod before the break initiation is 16.7 kW/m.

The schematics of the main steam line and the feedwater line are shown
in Figs. 4.3 and 4.4 respectively. The main steam line of the ROSA-1I1 has
three branches: (1) steady flow branch, (2 ADS branch and (3} transient

branch. Before the break initiation, CV-130 in the steady flow branch
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controls the steam flow rate to maintain the steam dome pressure constant
and CV-1 and CV-2 are opened to provide steam to the heat exchanger to heat
the feedwater., At the break initiation, the steam flow is switched to the
transient branch by opening AV-165H and closing AV-168, CV-1 and CV-2. The
break flow during the MSL break test was limited by an orifice OR-b of 31.0
mm ID {inner diameter) shown in Fig. 4.1 installed upstream of AV-185 as
shown 1n Fig. 4.3. The ADS was not actuated in the present MSL break test
and Tables 4.2 and 4.3 respectiveiy show the characteristics and control
sequence of steam discharge line valves in the present test.

The details of the feedwater line is shown 1n Fig. 4.5, The feedwater
flow is terminated at 3.8 s after break by closing the valve AV-112 in the
feedwater line. However, some feedwater remained in the piping between
AV-112 and the feedwater sparger below the steam separator in the pressure
vessel.

The coolant recirculation pumps are tripped to start coasting down at
the time of break initiation.

The liquid level signal in the downcomer is used to actuate the FCCS in
the ROSA-IIT MSL. break tests. The downcomer water level during a steady
state operation is set at the scram level 13 {5.00 meters above the bottom
of the pressure vessel). When the liquid level in the downcomer falls to
the L2 level (4.76m), HPCS is ordinarily actuated with a time delay of 27
s. However, in the present test, an HPCS failure has been assumed. If the
iiquid level further falls to the LI level (4.25m), both LPCS and LPCI are
actuated with a time delay of 40 s in the present test. The delay times
given above are used in a safety analysis of the reference BWR@) . Injec-
tion of emergency coolant by LPCS and LPCI in the reference BWR, however,
occurs when the primary system pressure falls below 2.16 MPa and 1.57 MPa
respectively, because of early actuation of the high containment pressure

signal which activates the LPCS and LPCI pumps. This occurs despite a delay
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in the lowering of the downcomer water level. Thus, the actuation of LPCS
and LPCI by the L1 level signal in the present test corresponds to the
failure of the containmeqt'pressure signal in the case of an MSL break LOCA
of the reference BWR. The system pressures selecied for actuation of LPCS
and LPCT were calculated from the pump characteristics used in the safety
analysis of the reference BWR(®) The test was terminated after the entire

core was quenched and the top of the pressure vessel was nearly filled with

water.
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Table 4.1

Test conditions of the ROSA-II test RUN 953

Items

Specified Value

Measured Value

Break Conditions

Location

Type

Break Orifice Diameter {mm)
Break Area Ratio (%),

Break Initiation Logic

Initial Conditions

Steam Dome Pressure (MPa)
Lower Plenum Temperature (K)
Lower Plenum Subcooling (K)
Core Inlet Flow Rate(*l) (kg/s)
Core Outlet Quality(*z) )
Power Generation (KJ/s)
Max. Linear Heat Rate (KJ/m.s)
Channel A| P.F.=1.0
P.F.=1.0
P.F.=0.875
Chamnel B,C,D | P.F.=1.1
P.F.=1.0
P.F.=0.875
‘Power Simulation(*3)
Fuel Assembly Number
Water Level in PV (m)

Main Steam Line
Single-ended

31.0
100
AV165 open,

AV168 close

7.35
$52.6 (279.4°C)
| 10.6
16.0
13.2
3960
(1260+2700)

16.65
15.13
13.24
11.89
10.81
9.46
dh+da+sh
(Fig. 4.2)
4
5.00

Main Steam Line

Single-ended

31.0
100
AV1é5 open,

AV16B close

7.35
552.5 (279.3°C)
10.7
16.69
12.5
3977
(1265+2712)

16.72
15.19
13.30
11.94
10.86
9.50
dh+dn#sh

(Fig. 5.53)
4

5.03

(*1) Flow rate include core bypass flow, i.e., 10X of total flow.

(*2) Average quality in the upper plenum.

(*3) decay heat + delayed fission power + stored heat release
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Table 4.1 {(Cont'd)
Items Specified Value Measured Value
Steam Line Conditions
Steady State Flow Rate (kg/s) 2.08(*5) 2.C8
Transient Flow Rate (kg/s) — (Fig. 5.36 & 5.165)
MSIV closure (=) 0.0 0.0
Safety Relief Valve Set Point (MPa) 8.13 not reached
ECCS Conditions
HPCS not used not used
LPCS
Injection Location Upper Flenum Upper Plenum
Initiation Time t - (s) L1+40 St 281
Initiation Pressure p (MPa) 2,16 2p 0.65
Coolant Temperature (K) 313 (40°C) 313 (40°C)
Injection Flow Rate (n3/s) 1.13 x 1073 (Fig. 5.37)
LPCI
Injection Location Top of Core Bypass | Top of Core Bypass
Initiation Time e (| 11 w0 e 281
Initiation Pressure p (MPa) 1.57 2p 0.65
Coolaht Temperature (K) 313 (40°C) 313 (40°C)
Injection Flow Rate (m3/s) 3.50 x1073 (Fig. 5.37)
ADS Conditions not used not used
Feedwater Conditions
Temperature {K) 489 (216°C) 489 (216°C)
Steady State Flow Rate (kg/s) 2.08(*) 2.04
Valve Closure Time (s) 2 (Fig. 5.55)

(*4)
(*5)

Ll

: Water level in the

Core power of 3.960 MW,
of 0.157 MW (at AT =281
the calculation of flow

downcomer, 4.76 m from PV bottom

heat input by MRPs of 0.022 MW, heat loss
K) and no leakage flow were assumed in
rate at steady state,
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Table 4.2 Characteristics of Steam Discharge Line Valves

Valve Close to Open (sec) Open to Close (sec)
AV165 0.1 -

AVl1eS8 - 0.1

AV169 not used not used
Orifice Diameter (mm) "~ Area (mm?)

OR3 18.0 254.5

OR4 not used not used

ORS 31.0 754.8

Table 4.3 Control Sequence for Steam Discharge Line Valves

Time t<0s t=0s
{Break}
Ccv-1 Open Close
(Manual)
Cv-2 Open Close
(see Fig.2.3) (Mznual)
Cv-130 Control to Close
maintain {Manual)
steady state
pressure
AV-168 Open Close
(MSIV)
AV-165 Closed Open
(Transient Line)
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D. Data Processing

In the present test, data acquisition with DATAC 2000B was started 121
s befcore the break initiation and terminated at 797 s after break. The data
sampling rate was 10 Hz throughout the test. The test data were processed
and a set of 1000 data peoints was selected for plotting. The time span and
frequency of the reduced data for plotting were 460 s and 2.2 Hz, respec-

tively.
Measured Data

The test data from RUN 953 are shown in Fig. 5.1 through b.157. In
these figures, each measurement is identified by the channel number shown
in Table 3.2. The major test sequences and events observed are summarized
in Table 5.1,

Figures B.1 through 5.5 show the pressure data obtained in the pressure
vessel and in the recirculation line. Figures 5.6 through 5.33 show
differential pressures measured between various locations 1n the pressure
vessel. break unit and recirculation line. Figures 5.34 and .30 show the
liquid levels in the pressure vessel and ECCS tanks., Figures 5.36 through
5. 41 show the flow rates in MSL, ECC injection, feedwater and recirculation
 lines. Differential pressures measured across the orifice and venturi flow
meters located in the MSL and recirculation lines are useful for checking
out the flow rate instrumentation. They are shown in Figs. 5.42 through
5.6B2. Figure 5.53 shows the power supplied to the core from two power
supplies with maximum capacities cf 2100 kW and 3150 kV. The revolution
speeds of the.recirculation pumps are shown in Fig. 5.54. Onmoff signals
indicating the break initiation, the status of ECCS, pump and valve opera-

tions are shown 1in Figs. 5.55, 5.56 and ©.57. Figures 5.58 through 5.65
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show the fluid densities measured by the gamma densitometers. Figures 5.66
through 5.68 show momentum fluxes measured at jet pump outlets and break
unit using drag disks. Figures 5.89 through 5.8]1 show the fluid tempera-
tures at various locaticns in the loop. The fuel rod cladding temperatures
and the surface temperatures of the water rods and the channel hoxes
measured at positions 1 through 7 are given in Figs. 5.82 through 5.10t.

Figures 5.102 through 5.126 compare the cladding temperatures of different
fuel rods at the same elevation. Figures 5.127 through 5.143 show the fluid
temperatures at the inlet and outlet of the channel box. The surface
temperatures of the channel box and the fluid temperature in the lover
plenum are shown in Figs. D.144 and 5.145 respectively. The liquid level
gignals in the core, upper and lower plena, guide tube and downcomer are
shown in Figs. 5.146 through 5.157. The Peak Cladding Temperature (PCT)

distribution in the core is given in Table 5.2

Derived Data

Quantities calculated from the measured data are shown in Figs. 5.158
through 5.180.

Figure 5.158 shows the estimated mixture level in the pressure vessel
obtained from the conductivity probe signals shown in Figs. 5,148 through
5.157. Figures 5.159 and 5.1680 show the location of the dryout front and
the quench front obtained from the fuel rod cladding temperature data.

Figures 5.161 through 5.163 show the average fluid densities at the jet
pump outlet and break unit, which are claculated from the three-beam and
two-beam gamma densitometer data shown in Figs. 5.58 through 5.65. The
beam configurations of the gamma densitometers installed in the RCSA-ITI
facility are shown in Figs. 3.7 and 3.8. The average density is calculated

as an arithmetic mean of the chordal-average densities using the chord
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length as the weighting factors.

For the three beam densitometer at the jet pump outlet spool piece, the

average fluid density is calculated using the following equation.

Daw = 0.3221p4 + 0.43pg + 0.2479nc 5.1)
where,
Dov= average density obtainea from the three-beam gamma densitometer,
ns = density measured by beam A (bottom:,
pp = density measured by beam B ‘middle’.

nr = density measured by beam C (top).
For the two-beam densitometer at the break speool piece,

Naw = 0.5883p; + 0.4137pp 5.2)

where,

fa= average density obtained from the two-beam gamma densitometer,

density measured by beam A (bottom),

4

density measured by beam B (top).

o8

Figure 5.164 shows the flow rate at the break computed . from the drag

disk and gamma densitometer data using the following equation.

G = Co A n/pa PV 7 (5.3)

where,
= mass flovw rate,
Cp = drag coefficient { = 1.13 J,

A = flow area { = 1.923 x 107 m® ),
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nw= average density from gamma densitometer,

mA= momentum flux from drag disk.

Figures 5.165 through 5.17% show the luid flow rates at the main steam
line, channel inlet orifices. bypass hole and jet pump outlets. These flow
rates are calculated from the pressure drop measured across the orifice or
venturi flow meters and the vapor or liquid density obtained from the

temperature and pressure measurements. The equation used for this calcula-

tion is as follovws

GGy A W/2u pr AP 5.4)
where,
G = flow rate,
df);: pressure drop across the orifice,
Cy = discharge coefficient,
- 0.B552 { orifice to measure the steam discharge flow rate )
= 0.4761 { channel inlet orifice
- 0.8032 ¢ bypass hole
- (0.7383 ¢ orifice to measure the jet pump outlet flow rate )
= 1.1280 ¢ venturi tube to measure the jet pump outlet flow

hY

rate

A = flow area (m" )
= 2 875 x 107 { orifice to measure the steam discharge flow
rate
= 1.521 ~ 107 ( channel inlet orifice )

= 1.758 < 10" ( bypass hole )
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= 1.183 x 107 ( orifice to measure the jet pump outlet flow
rate
= 9095 x 10 ( venturi tube to measure the jet pump outlet
flow rate }
g = gravitational acceleration { = 9.807 m/s® ),

p; = density of the single-phase liquid ( kg/m3 5,

Although the above calculation method is not applicable to two-phase
flow conditions after the initiation of flashing in the lower plenum, the
values calculated are useful in determining a trend in two-phase low
rates. Total channel! inlet flow rate represents the sum of four separale
channel inlet flow rates.

Figures 5.176 and 5.177 show the collapsed water levels outside and
inside the core shroud, respectively. The collapsed water level is obtained
from the differential pressure measurement in the pressure vessel. The
differential pressure may include the friction and acceleration effects,
however, these effects are considered to become negligible after completion
of the recirculation pump coastdown.

Finally, Figures 5.178 through 5.180 show the fluid mass inventories 1n
the downcomer, core shroud and pressure vessel, The fluid mass inventory
is determined from the density and the volume of liquid outside and inside

the core shroud as follows.

M=p-Q (5.5)
where,
M = fluid inventory,
o = liguid density estimated from the saturation temperature and/or
pressure,
@ = liquid volume calculated from the liquid level.



The volume Q ( m

tion of height.

a function of height.

0 =
q =
Q=
9 =
g =
Q =
&)

t

: 0.0228L
= 0.0897L
= 0.,0228L
- 0.0801. -
= 0.244530
202611, -
= 0.2504.

0.2375L

: 0.2866L -
= 0.3396L
0.3607. -

C.3848L -

0.0
C.2350L
0. 1245

0. 0838l

0.1648L -~

0. 19630 -

0.0196L

The volume § 1§ m

pa

- 0.0111

- 0.07e9

0.0048
0.1980
0. 8959

0.9700

- 0.8211

- 0.8610

1.0974

- 1.358C

1.4685

1,590

y inside the core

+ 0.0548

-+ 0.1220

0.2120
0.3288

+ 0.4198
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Y outside the core shroud is given below as

{ [ = 0.4¢4 )
(0.4804 < L= 1.384 )
(1.384 < L = 1.519 )
{1.519 < L = 3.35 )
.( 3.358 < L o= 4.200 )
A.750 Lo 4,413
{4.413 0 L= 4578 )
{4578 < 1, = 4654 )
( 4.68B4 < L = 4.815 )
(4.815 < [, = 4.915 )
( 4.915 < L = 5.143 )
(h 143 < L = 5,365 )
{H.365 < L = 5985

( 5.955 < 3

( 0.497

(1.3%4

{ 3.589 -

{ 3.744

( 4.243

L =00 )

I

A

[\

1A

A,

0.497 )
1.3%4 )
3.889 )
3.744
4.243

4,578 )

a

fune-

(b.8)

shroud is similarly given below as

®.7)
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Q = 0.0188L + 0.4244 (4.578 < L = 4.654 )
Q = 0.0410L + 0.3201 ( 4.854 < L = 5.099 )
Q= 0.0198L + 0.42%2 (5.000 < L = 5.365 )
Q = 0.5344 (5,985 < L )

The total fluid mass inventory in the pressure vessel is given by the
sum of the mass inventories inside and outside of the core shroud. The

initial mass inventory before the break initiation is estimated to be at

640 kg.
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Table 5.1 Test Procedure and Sequence of Events in RUN 853
Time (s Events and Procedure
~-121 — Initiation of data recording with DATAC 2000B System
-10 Initiation of data plotting in the figures
g.0 -~ Initiation of break in the Main Steam Line
{BU-B open, AV-168 close., AVIGD open;
- MRP1 and MRPZ coast-down
1.5 - Feedvwater began to stop (terminated at 3.8 s)
5.4 - Initiation of Lower Plenum flashing
3.0 — Initiation of core power decrease
29 - Initiaticn of top core uncovering in channel D
62 - Initiation of top core uncovering in channel A
74 - 12 level
ab - Initiation of Feedwater flashing
245 - L1 level
281 ~ LPCS and LPCI actuation (pressure = 0.65 MPa)
290 - PCT detected at positicn 3 of AZZ2 rod
438 - Completion of core quenching at position 1 of A88 rod
450 - Termination of data plotting in figures
500 - Top of Pressure Vessel filled with water
=14 - Termination of data recording




Table 5.2
A-11 rod
PCT (K> .
Time (s
A-12 rod
PCT (K>
Time (s
A-13 rod
PCT (K)
Time (s}
A-14 rod
PCT (K>
Time (s}
A-15 rod
PLT (K
Yime (s
A-17 rod
PCT (K>
Time (s
A-22 rod
PCT (K>
Time (s
A-24 rod
PCT (K3
Time (s}
A-26 rod
PCT (KD
Time (s)
A-2B rod
PCT (K}
Time (s}
A=-31 rod
PCT (KD
Time (s)
A-33 rod
PCT (K>
Time (35
A-34 rod
PCT (K}
Time (s
A-37 rod
PCT (K>
Time (s
A-42 rod
PCT (K}
Time (3
A=-44 rod
PCT (K>
Time (s

Maximum Cladding Temperature Distribution

Pos.1

TE 201
717.1
294.0

TE 208
762.7
296.4

TE 215
792.7
295.2

Pos.2

TE 202
?34.3
289.2

TE 209
934 .3
290.4

TE 216
924 .7
289.8

TE 254

TE 261

TE 272
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Pos.3

TE 203
975.1
284 .4

TE 210
978.7
291.0

TE 217
972.7
287 .4

TE 235
1003.9
291.6

TE 255

TE 262

TE 273

Pos.4

TE 204
979.9
2B5.6

TE 211
964.3
285.6

TE 218
960.7
288.6

in the Core

Pos.5

TE 205
889.9
289.8

TE 212
862.3
28B4 .4

TE 219
863.5
285.6

TE 237
B67.9
2Bé&6.2

TE 244

TE 275

TE 238
683.0
285.6

TE 243

TE 276

TE 277



Table 5.2
A-48 rod
PCT (XD
Time (s)
A-51 rod
PCT (K>
Time (s)
A-53 rod
PCT (KD
Time (s
A~57 rod
FCT (KD
Time (s
A-6¢ rod
PCT (XD
Time (s5)
A-466 rod
PCT  (K)
Time (s
A-68 rod
PCT (KD
Time (s)
A-71 rod
PCT (K3
Time {(s)
A-73 rod
PCT (K3
Time (s}
A-75 rod
PCT (KD
Time (s
A-77 rad
PCT (K3
Time (s
A-82 rod
PCT (KD
Time (s)
A-84 rod
PCT (K}
Time (s)
A-BS rod
PCT (KD
Time (s
A-87 rod
PCT (K2
Time (53
A-B8B rod
PCT (KD
Time (s}

Maximum Cladding Temperature Distribution in the Core

Pos.2

TE 299
931.1
290.4

JAERI-M 85-029

Pos.3

TE 300
273.0
289.8

Pos.4

Pos.5

TE 302
839.8
286.2

Pes.é

TE 303
674.2
286.2

{Continued)

Pos.7

TE 304
553.3
0.0



Table 5.2
8=-11 rod
PCT (K2
Time (3)
B-13 rod
PCT (KD
Time (s)
B-22 rod
PCT (K3
Time (s
B-31 rod
PCT (K)
Time {(s)
B-33 rod
PCT (KD
Time (s
B-51 rod
PCT (K)
Time (s)
B~53 rod
PCT (XD
Time (s)
B-4&6 rod
PCT (XD
Time (3)
B-77 rod
PCT  (K)
Time {57
B-864 rod
PCT (KD
Time (s)
¢-11 rod
PCT (K}
Time (s
C-13 rod
PCT  (K)
Time (s
£-15 rod
PCT (KD
Time (s)
C-22 rod
PCT (XD
Time (s)
€-31 rod
PCT (K3}
Time (s)
C-33 rod
PCT (KD
Time (s)
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Maximum Cladding Temperature Distribution in the Core (Continued)

Pos.1 Pos.2 Pos.3 Pos .4 Pos.5 Pos.6 Pos.7
TE 330 TE 331 TE 332 TE 333 TE 334 TE 335 TE 3348
6502.8 826.6 B&2.3 856.7 768.5 630.5 W —-me——-
203.6 289.2 285.0 285.6 284 .4 285.0 @ —--me--
TE 337
85%9.5
288.0
TE 338 TE 339 TE 340 TE 341 TE 342 TE 343 TE 344
749.7 ax8.8 8467.9 849.2 749.7 610.4 562 .4
289.8 291.6 285.0 285.6 285.6 2BB.4& 0.0
TE 345
TE 344
TE 347
TE 348
TE 349

TE 350 TE 351 TE 352 TE 353 TE 354 TE 355 TE 356

727.1 853.9 884.9 8646.1  —=----- 620.9 565.1
286.2 284 .4 283.8 284 .4  ===me- 287 .4 0.0
TE 357
TE 358 TE.359 TE 360 TE 361 TE 362 TE 363 TE 364
S67.6 806.0 B41.6 843.5 725.2 601.8 560.2

0.0 286.2 283.8 283.2 288.6 285.0 6.0

TE 365 TE 366 TE 367 TE 368 TE 369 TE 370 TE 371

566.2 607.6 689.3 832.3 717.7 586.4 563.8

&4.8 312.6 - 296.4 285.6 285.46 288.0 0.0
TE 372

TE 373 TE 374 TE 375 TE 376 TE 377 TE 378 TE 379

723.3 823.8 852.0 836.0 696.9 _ 568.7 563.5

300.0 301.8 285.6 286.8 282.0 0.0 0.0
TE 380

TE 381 TE 382 TE 383 . TE 384 TE 385 TE 386 TE 387

716.7 791.9 809.7 783.3 651.4 564.7 561.2

307.2 303.6 304.2 283.8 285.0 0.0 0.0
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Table 5.2 Maximum Ctadding Temperature Distributien in the Core {(Continued)
Pos.1 Pos.2 Pos.3 Pos.4 Pos.5 Pos.é Pos.7
C-35 rod TE 3B8
pCcCT (X  ememm—-
Time ¢(s3y» meme———-
C~86 rod TE 389
PCT (K . mmmme—
Time (s  mme—aa
C-48 rod TE 390
PCT (XK . mmmm——
Time ¢s) = m=———-
€C-77 rod TE 391 TE 392 TE 393 TE 394 TE 395 TE 394 TE 397
PCT (KD 749.7 850.1 847.9 850.1 723.3 594.1 563.4
Time (s) 308.4 304.8 3046.2 2B3.8 28B4 .4 2B4 .4 0.0
D-11 rod TE 398
PCT (K} B70.8
Time (s) 279.6
D-13 rod TE 399
PCT (K 870.8
Time (s 273.0
D-22 rod TE 400 TE 401 TE 402 TE 403 TE 404 TE 405 TE 406
PCT (K) 756.2 855.7 881.1 B49.8 752.5 615.2 563.8
Time (s 289.2 287 .4 284.8 284 .4 283.8 283.8 0.0
0=31 rod TE 407
pcT XK mm=——-
Time ¢s> == ====
D-33 rod TE 408
PcT K emeea-
Time (s> e
D-51 rod TE 409
PCT K s
Time ¢s  eaemmaa
b-53 rod TE 410
PCT (K  emeeea
Time (s e
D~-66 rod TE 411
PCT (K e
‘Time ¢s emmaa-
b-77 rod TE 4172
PCT (K} BS&.7
Time (s) 285.0
b-86 rod TE 413
PCT (K3 B63,2
Time (s) 284 .4
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Table 5.2 Maximum Cladding Temperature Distribution in the Core (Continued?

xx Order of PCT *x

Ne. 1 A-22 rod Pos. 3 PCT = 1003.9 (KD Time = 291.6 (s)
No. 2 A-71 rod Pos., & PCT = 998.8 (K) Time = 28B4.4 (s)
Ne. 3 A-82 rod Pos. & PCT = 996.9 (K) Time = 285.6 (s)
No. & A-~B4 rod Pos. 1 PCT = 996.9 (K) Time = 285.6 (s)
Ne. 5 A-31 rod Pos. 4 *PCT = 991.0 (K) Time = 2B4.4 (3)
No. 6 A-11 rod Pos. 4 PLT = 979.9 (K Time = 285.6 (s)
Ne. 7 A-12 rod Pos. 3 PCT = 978.7 (K) Time = 291.0 (s)
No. 8 A-11 rod Pos. 3 PCT = 975.1 (K Time = 284.4 (s)
No. 9 A-77 rod Pas. 3 PCT = 973.0 (K) Time = 289.8 (s}
No .10 A-13 rod Pos. 3 PCT = 972.7 (KD Time = 287.4 (s)
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6. Discussion of Test Results
Fxperimental data for RUN €53 are discpssed in this section.
6.1 Pressure Response and Sequence of Events

The pressure fesponse in various parts of the pressure vessel, recircu-
lation line and break unit are shown in Figs. 5.1 through 5.5. The pressure
response shows monotonous depressurization throughdut the test, which 1is
reasonable 1in a stéam line break or a continuocus steam discharge transient
with a large amount of vapor generation in the whole system.

Initiation of vapor generation or flashing at each location of the
ROSA-IIT system can be determined from the liquid level, differential
pressure and fluid temperature data. The liquid in the middle downcomer
began to evapcrate at 4.6 s after break as shown in the differential
pressure data (see Fig. 5.8). The fluid in the top part of jet pumps began
to evaporate alsc at 4.6 s (see Fig. 5.16). Al 5.4 s, flashing started to
occur in the lower plenum, resulting in a decrease in the depressurization
rate. The fluid in the feedwater line with an initial temperature of 483 K
began to flash at a pressure of 2.2 MPa at 95 s after break {see Fig.
5.38).

The LPCS and LPCI were simultaneously actuated by the Ll trip signal
with a time delay of 40 s at a system pressure of 0.65 MPa at 281 s after
break. The actuation pressure was lower than the designed pressure set
point due to a delay in tripping'the signél for FCCS, ie., L1 water level
signal in the upper downcomer. The high water level in the upper downcomer
(see Fig. 5.35) was caused by the vapor generation in the lower downcomer,

lower plenum and recirculation line. Core uncovery started to occur from
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the top of the core at 28 s after break. The bottom part of the core wvas
uncovered and exposed to the steam environment at about 200 s after break.
The reflooding of the core followed the LPCS and LPCI actuation and the

entire core was quenched at 438 s after break (157 s after LPCS actuation;.

5.2 Differential Pressure

Differential pressure and coilapsed water level in the pressure vessel
are discussed in this section. The collapsed water level is estimated from
the corresponding differential pressure data neglecting the effects of
friction and acceleration terms.

Figures 5.6 through 5.9 show differential pressure data between the
lower and upper plena (D1), between the upper plenum and steam dome (D2},
between the bottom and middle regions of the downcomer (D4), and between
the lower plenum and steam dome (D5) respectively. (For differential
pressure designation, refer to Table 3.2) Flow stagnation due to coasting
down of the recirculation pumps occurred shortly after the break, resulting
in a rapid decrease in the differential pressure (D1},

The differential pressure, D1, shows large fluctuations after LPCS and
IPCI  actuation at 281 s after break. D1 increased rapidly after LPCS and
LPCI actuation indicating an increase in mass inventory.

The differential pressure, D2, between the upper plenum and steam dome
shows a rapid increase due to the fluid acceleration in the steam line
immediately after the break. The effect of lower plenum flashing is
observed after D.4 s.rD2 remained unaffected for a while even after LPCS
and LPCI actuation.

The differential pressure, D4, in the lower downcomer shows a rapid
decrease after 4.6 s indicating coolant flashing in the downcomer. Follow-

ing LPCS and [PCI actuation, the differential pressure in the lower down-
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comer shows a sudden decrease prior Lo a start of mass recovery at about
300 s after break. The void fraction in the downcomer was estimated from
the data to be approximately 56% between 100 s and 250 s. The maximum void
fraction was estimated to be 67% occuring at about 300 s. It is noted from
the D4 data that steam generation occurred in the downcomer for a long time
even after LPCS and LPCI actuation until the lower downcomer was entirely
refilled with subcooled water. The differential pressure, Db, between the
top and bottom of the pressure vessel is the same as the sum of DI and D2,
A sudden increase and a rapid drop in D5 just after break reflects a
similar behavior observed in the D2 data. After about 30 s. D5 decreased
less rapidly but nevertheless indicated a decrease in the pressure vessel
mass inventory. DD began to increase gradually after 281 s due to LPCS and
[PCI actuation. The collapsed water levels inside and outside the core
shroud estimated from the differential pressure data are shown in Figs.
5.176 and 5.177 and will be discussed shortly.

Figures 5.10 through 5.52 show differential pressure data in the
pressure vessel and recirculation line, which represent primarily the
changes in the flow rate and mass inventory. Rapid decreases in differen-
tial pressure shown in these figures immediately after break indicate flow
stagnation caused by the recirculation pump coast down. The coolant in the
recirculation lines began to flash at 5.4 s after break and the transient
differential pressure data, D16 (Fig. 5.19), D17 (Fig. 5.16), and D21 (Fig.
5.18) show decreases in the mass inventory. After LPCS and IPCI actuation
at 281 s, D21 began to decrease indicating gradual accumulation of coolant
at the jet pump discharge piping. On the other hand, D16 and Di7 decreased
to very small values indicating that a small quantity of coolant remained
in the recirculation line.

Figures 5.29 through 5.33 show the differential pressures measured

across the core inlet orifices of the four channel boxes and the bypass
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hole simulating a leakage path from the lower plenum to the guide tube 1in
BWR/6. At siteady state before the break, the differential pressure across
the core inlet orifice of the peak power channel A is slightly lower than
those of the average power channels due to larger vapor generation rate in
channel A. The differential pressures dropped to small values immediately
after break due to flow stagnation. At the time of lower plenum flashing
(5.4 s), the differential pressure increased temporarily. The differential
pressure across the bypass hole shows negative values for a while following
the break, indicating a downward flow through the bypass hole. The negative
values after 281 s indicate a downward flow caused by the LPCS and LPCI
water accumulating in the core bypass.

The collapsed water levels in the upper and the lower regions of the
downcomer are estimated from the corresponding differential pressure data
and shown in Figure 5.35. The collapsed water level in the upper downcomer
{between 3.90m EL and 6.04m EL) dropped to the L2 level (4.7 m EL) at 74 s
and to the L1 level (4.25m EL) at 245 s, while the water level in the
downcomer (between 0.938m EL and 3.90m EL) decreased after 4.2 s indicating
generation of a large amount of steam due to flashing. The steam generated
due to flashing of the coclant in the lower downcomer contributed to the
wvater hold up in the upper downcomer. Continuous flashing and high water
level in the downcomer are uniquely observed in the MSL break test.

Figures 5.176 and 5.177 show the collapsed water level in the pressure
ﬁessel. The collapsed water level inside the core shroud vas estimated from
the differential pressure data shown in Fig. 5.9 assuming no friction and
acceleration terms. The total water head in the downcomer was- obtained by,
adding the collapsed water levels in the upper and lower regions of the
downcomer . It is evident from these figures, that the collapsed water level
in the upper dovwncomer was always higher than the water level inside the

core shroud until LPCS and LPCI 1injection increased the mass inventory
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inside the core shroud.

6.3 Coolant Flow Rate

The steam flow rate in the MSL, as well as HPCS and feedwater flow
rates were measured in RUN 953. Figure 5.36 shows the steam mass flow rates
measured by the high range and high-high range orifice flow meters. The
steam flow rate was initially at 2.08 kg/s, but increased instantanecusly
to above 5.0 kg/s at the initiation of break and subsequently decreased
following the system pressure transient shown in Fig. 5.1. The steam flow
rate is slightly lower than the break flow rate measured with the drag disk
and gamma densitometer in the break unit (see Fig. b5.184). Figure 5.37
shows the ECCS flow rates. HPCS was not actuated in the present test. LPCS
and LPCI were triggered by the L1 level signal in the upper downcomer with
a time delay of 40 s. The LPCS and LPCI flow rates were steady at 0.00115
m3/s (0.00115 kg/s) and 0.00415 m3/s (0.00415 ke/s) respectively.

Figure 5.38 shows the feedwater flow rate. The average steady flow rate
was equal to 2. 4x1073 m3/s (2.04kg/s). The feedwater flow started to
decrease at 1.5 s after break and was terminated completely at 3.8 s. A
large spike appeared in the flow rate at about 95 s indicating the flashing
of the feedwater remaining in the feedwater line at a system pressure of
2.22 MPa. Spikes repeatedly occurred at 288 s and 568 s indicating similar
inflow of feedwater into the pressure vessel.

The volumetric flow rates through the jet pumps and the main recircula-
tion pumps are shown in Figures 5.39 through 5.41. The flow rates dropped
to near zero immediately after break following the pump coast down and
remained near zero thereafter.

Figures 5.42 through 5.52 show the differential pressures measured

across the orifice or venturi flow meters in the MSL, jet pumps and recir-
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culation pumps. These pressure drop data were used to calculate the flow

rates in the respective locations shown previously.
6.4 Process Control

There are two electric power supply systems used to heat up the core,
namely A system (2.1 MW max.) for the peak power channel A, and the B
system (3.18MW max.) for the other 'three average power channels, B, C, and
D, The power transients of A and B systems are shown in Fig. 5.53, Initial
power was |.265 MW for the system A and 2.712 MW for system B. The
corresponding maximum linear heat rates of heater rods are shown in Table
4.1, The radial and axial power distributions in the core are shown 1n
Figs. 2.6 and 2.7. The steady state power was maintained for the first 9.0
s after break and then reduced along the decay curve shown in Fig. 4.2,

The coast down characteristics of the main recirculation pumps are
shown in Fig. 5.54. The coast down was initiated at the time of break and
completed in about 10 s for boih pumps.

The on-off signals indicating the operation of valves, ECCS and the

main recirculation pumps are shown in Fig. 5.55 through 5.57. The LPCS and

LPCI are seen to be actuated at 281 s.

6.5 Density_and Momentum Flux

Fluid density was measured by using two-beam and three-beam gamma

densitometers.

Figures 5.58 through 5.63 show the fluid density data of beams A, B,
and C at a location downstream of jet pumps 1,2 and jet pumps 3,4, respec-
tively. These data indicate that the fluid density decreased due to steam

generation after the initiation of flashing at 4.6 s until 300 s and
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increased thereafter due to the arrival of LPCS and LPCI water. Flow
separation is also indicated in these figures.

Figures 5.64 and .85 show the fluid density data of beams A and B at
the break. The density before break was nearly 1000 kg/ms, hecause the
steam that leaked out through AVI6S was condensed and accumulated at the
cooler measurement location far downstream of the MSL. Immediately after
bresk, steam began to pass through the measurement location. Pressure and
fluid temperature at the break unit were 7.15 MPa and 300 K prior to the
hreak initiation. and 0.91 MPa and 455 K at 200 s after break.

Ffigures 5.66 through H.68 show Lhe momentum fluxes measured at the Jet
pump  outlet and the break. The break flow is seen to gradually decrease

with time initially, but remain constant after about 100 s.

8.6 Coolant Temperature

The coclant temperatures measured at various parts of the pressure
vessel and recirculation loops except at the core inlet and outlet are
shown in Figs. 5.6%9 through 5.81. The data show a gradual decrease that
corresponds to the rate of systen depressufization, and in some cases
superheated conditions due to core dryout.

The fluid temperatures at the core inlet and outiet, and at lower
plenum are shown in Figs. 5.127 through 5.145. The temperature of the fluid
entering the core decreases gradually foliowing the saturation temperature
corresponding to the system pressure. The fluid exiting the core, however,

shows superheating during the period of core dryout.

6.7 Fuel Rod Surface Temperature

el rod surface temperatures were measured by CA thermocouples of 0.5

—-172—



JAERI-M 85-029

mm O.D. imbedded in the fuel rod sheath made of Inconel 600. Figures 5.82
through 5.89 show the fuel rod surface temperatures of the rods All, AlZ,
Al3, AZ2, A33, AT7. A87 and AB8 in the peak power channel A. Each fuel rod
has seven thermocouples along the axial direction.

Figures 5.90 through 5.98 show the surface temperatures of the fuel
rods BR11. B22, B77, Ci1, C13, C22, €33, C77 and D22 in the average power
channels. The surface temperatures of water rod simulators, A45 and C45,
and the outer surface temperatures of the channel box A are shown in Figs.
5.99 through 5.101. The upper part of the water rod simulators experienced
a Lemperature increase due to heat transfer by thermal radiation during the
fuel rod dryout. On the other hand, the channel box temperature was not
affected significantly by the dryout of fuel rods. The temperatures of
different fuel rods at the same elevation are compared -in Figs. 5.102
through 5.126.

Following observations have been obtained from the fuel rod surface
temperature data. (1) The peak cladding temperature (PCT) of 1004 K was
obtained at position 3 of AZ2 rod at 282 s after break. This PCT value is
the highest attained in all the previcus ROSA-III tests with a single
failure assumption in FECCS except for RUNs 805 and 8051 in which the ADS
actuation was delayed. (2) Temporary dryout occurred at the upper part
(pos. 1-3) of channel A between 10 and 20 s after break prior to the major
core uncovery. Similar dryout was observed between 30 s and 50 s in the top
part of average power channels B, C and D. This difference in time of
occurrence of temporary dryout is due to the higher power in channel A than
the other channels. Local core cooling was observed shortly after the major
core uncovery started at the top of the core due to the coolant falling
from the upper plenum. (3) Turn-around of the fuel surface temperatures
occurred scon after LPCS and LPCI actuation. (4) Quenching proceeded

primarily from bottom of the core upward and was completed at 438 g after
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break (157 s after LPCS and LPCI actuation). The dryout and quench front

propagation will be discussed in detail in the next section.

6.8 Ligquid Level

Ligquid levels in the pressure vessel were detected by the conduction
probes (CPY. Figures 5.148 through 5.148 show conduction probe signals
obtained at the inner surfaces of channel boxes A, B, and C. Seven conduc-
tion probes are attached axially on the channel box wall. Liquid level fall
and its recovery 1n each channel are clearly shown 1n these figures.

Fisures 5.149 through 5.152 show the conduction probe signals near the
outlet of channels A and C. Figures 5.153 and 5.154 show the signals
obtained at the inlet of the same channels. It is shown in these figures
that a clear liquid level was not formed in the lower plenum except near
the core inlet, Figure 5,155 shows the CP signals at the north side of the
lover plenum. Figures 5.156 and 5.157 shew the signals in the guide tube
and the downcomer, respectively. These data indicate that the lower plenum,
guide tube and the lower part of the downcomer (0.525m - 3.325 m EL) were
not exposed Lo the steam envircomment throughout the whole test.

The liguid level transients estimated from the liguid level signals
shown in Figs. D.146 through 5.157 are presented in Fig. ©£.i58 for the
upper plenum and core. Following can be observed from this figure. (1) The
core uncovery started at P9 s in the average channel C and at 62 s 1in the
peak power channel A. The core is completely voided at about 200 s in all
channels. (2) Following the LPCS and LPCI actuation, the two-phase mixture
appears lmmediately in.all channels.

Figure 5.159 shows the drycut and quench front movements in channel A,
which are estimated from the heater rod surface temperature transients

shown earlier. Figure 5.180 comapres the dryout and guench front movements
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in channels A,B,C and D. The liguid level data shown in Fig. ©.198 are also
duplicated for comparison. The propagation of the dryout front coincides
with the fall in the core liquid level, however, the rise in the core
liquid. level significantly precedes the upward movement of the quench

front.
8.9 Density, Momentum Flux and Mass Flow Rates

Figures 5.161 through %.183 show Lthe average fluid densities deownstream
of the Jet pumps and at the break. The average densities were obtained by
welshted averaging of the chordal density data shcwn in Figs., 5 .58 through
~n.85. The flow rate at the break, namely the discharge flow through the
M3, is calculated from the average density and the momentum flux measured
with the high range drag disk as shown 1n Fig. 5.164.

The steam discharge flow through the MSL was also measured at a loca-
tion uvpstream of the crifice, OR-5, by orifice flow meters as shown in Fig,
5.1685. The flow rates measured by the corifice and drag disk show similar
trends through the transieni. however, the orifice flow meter data are not
reliable, because a single-phase vapor flow was assumed throughout the test
during conversion to the mass flow rate.

Mass flow rates in the core and recirculation loops are calculated from
the orifice flow meter data and are shown in Figs. 5.186 through b.175. The
coolant flow through the core inlet decreased rapidly after hreak and
stagnated throughout the test, however, large oscillations are observed
after about 300 s as shown in Fig. 5.171. The flow through the recircula-
tion loops also dropped rapidly after break due to the pump cocast down. The
values shown are, however, not guantitatively accurate during the two-phase
flov conditiens which prevailed following the initiation of lower plenum

flashing.
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The collapsed liquid levels in the downcomer and the core shroud are
shown in Figs. 5.176 and 5.177. From these figures, the coolant inventory
in the downcomer and inside the core shroud as well as the total ceolant
inventory are calculated and shown in Figs. 5. 178 through 5.180. The
coolant inventory in the pressure vessel decreased steadily after break
until the liquid level in the downcomer dropped to the L1 level and the
[PCS end 1LPCI were actuated at 281 s. Thereafter, the coolant 1nventory
started to ihncrease 1nside the core shroud leading to gquenching of the

whole core at 4328 s after break.
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7. Effect of HPCS failure on MSL break LOCA

The system behavior for an MSL break test with an HPCS failure, RUN
953, has been described in the previous section through examination of the
experimental data. Gradual system depressurization, continuous flashing in
the pressure vessel, and high water level in the downcomer have been
observed to characterize this MSL break LOCA.

In this section. the present results are compared with those of a 100%
MSL.  break test with full ECCS actuation legic, RUN 952, to determine the
effect of an HPCS failure on the system response for the MSL break Loca. (8

The initial conditions and segquence of major events from these 1iwo
tests are compared in Table 7.1. In both tests, the break location and area
are the same.

The lower plenum pressure histories are compared in Fig. 7.1. A gradual
decay in pressure is observed in both tests, and, the rate of decrease 1s
neafly equal .

The differential pressure between the top and bottom of the core is
shown in Fig. 7.2. This comparison shows a similar decrease in the pressure
vessel mass inventory in the early period, but after the HPCS 1is actuated
in RUN 952, the mass inventory increases gradually in comparison with RUN
053 However. the mass inventory in the core recovers rapidly in RUN €53 as
1PCS and LPCI are activated at 281 s after break. Because of the large
injection rate for LPCI (Fig. 7.3), the core mass inventory in RUN @53
gquickly exceeds that in RUN €52 as shown in Fig. 7.4, The collapsed liquid
level transients in the upper and lower downcomer (Fig. 7.5) " show closely
matched behavior until LPCS and LPCI are activated in RUN 953. The effect
of HPCS activation in RUN 952 on downcomer mass inventory is observed to be

negligibly small (Fig. 7.8). The steam flow rate in the main steam line is
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nearly equal between the two tests as shown in Fig. 7.7.

The surface temperatures of the fuel rod, AZZ2, at positions 1, 4 and 6
are compared 1in Figs. 7.8 through 7.10 respectively. The temperature
excursion occurs at nearly the same time in both tests, however, the
duration of core heat-up 1s substantially longer and both the turnaround
and quench are delayed. As a consequence, the peak temperatures reached is,
in every case, higher 1n RUN 853 than in RUN @52, Finally. the surface
temperatures of the fuel rod, A7 in RUN 853 and A31 in BRUN 952, that
recorded the PCT respectively are compared in Fig. 7.11. In RUN €52, the
PCT of 722 K was reached soon after the HPCS injection and 1ts megnitude
vas much less than the PCT of 1004 K recorded in RUN 953,

A rather large difference 1n the PCTs obtained in these tests is
attributed to the effectiveness of HPCS in preventing the dryocut of the
entire core and 1in arresting the temperature excursion of the fuel rods
during an MSL break 1L.OCA. Actuation of HPCS 1s. however, nct totally
satisfactory in view of long term cooling of the core during an MSL break
LOCA as shown in reference (6). In RUN 852, HPCS water prevented the fall
in Lhe downcomer water level to L1, so that LPCS and LPCI were not actu-
ated. Although the core was completely quenched with only HPCSE, local
drvout of the core occurred in the high heat flux channel. Excursion in
fuel rod temperatures of about 100 K above saturation was observed for a
long  time until LPCS and 1LPCI were manually activated to bring the core to
a atable cooling condition. Though the fuel rod temperature rise was small
in magnitude during the local dryout, a remedial procedure to prevent local
dryout, such as manual activation of LPCS and [PCI following the HPCS
actuation 1s recommended to secure stable long term cooling of the core
during an MSL break [OCA. If the ECCS actuation by the centainment pressure

signal  fails in an actual BWR, as assumed in the present test, an increase

I

in

he set point. L1, for [LPCS and LPCI actuation is also recommended.
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Table 7.1 Test Conditions and Major Events in RUN 953 and RUN 952

(a) Test Conditions

Items RUN 953 RUN 952

Break Location Main Steam Line Main Steam Line

Break Diameter {(mm) 31.0 (orifice) 31.0 {(orifice)

Total Break Area (mm ) 4.8 754.8
Initial Pressure (MPa) 7.35 7.35
Core Inlet Subcooling (K) 10.7 10.7
HPCS _ Actuation No-Actuation
LPCS No-Actuation Actuation
LPCI No-Actuation Actuation
ADS Failure Failure
(b) Time of Events (s)

Ttems RUN 953 RUN 952
Break Initiation 0.0 0.0
Power-Decay start 9.0 9.0
Lovwer Plenum Flashing 5.4 '4.2
12 Level Signal 74.0 71.0
HPCS Actuation - 85.0
L1 Level Signal 245.0 -
LPCS Actuation 281.0 -
[PCI Actuation 281.0 -
Final Core Quench 438.0 230.0
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8, Concluding Remarks

RUN 953 is a 100% Main Steam Line (MSL) break test with an HPCS failure

assumption conducted in a series of MSL break tests in the ROSA-IIT pro-

gram. Most of the instrumentation performed satisfactorily. The following

18

a summary of the findings obtained through the examination of the

presant test results.

1) The system pressure decreased monotorously after the break initiation.

The rate of depressurization also decreased gradually with time. The
steam discharge rate through the main steam line break decreased with
time in response to the transient decay in the system pressure. Conti-
nuous depressurization led to the uncovery of the top of core starting
at 29 s after break and the uncovery of the whole core at about 200 s
after break. The PCT of 1004 K was reached at 292 s after break. The
collapsed water level in the upper downcomer decreased to the L1 level
at 245 s and LPCS and LPCI were actuated at 281 s after break. Follow-
ing the LPCS and LPCI injection. reflooding of the core started and the
entire core wvas quenched at 438 s after break. Tt must be remembered
that the actuation of LPCS and LPCY by the liquid level signal in the
downcomer. as in the present test, assumes a failure in the ECCS
actuation by the containment pressure signal for an actual BWR,

In comparison with a reference MSL break test with full ECCS actuation
logic., RUN 952, the results of the present MSL break test with an HPCS

failure showed significant differences in the system response with

regard to the core heatup and recovery. Although the system pressure’

decreased gradually at almost an equal rate in both tests, the core
recovery was significantly delayed in RUN 983 due to a failure in HPCS

actuation and a substantially higher PCT was obtained (1004 K in RUN

— 186 —

L.



JAERI-M 85-029

953 as compared to 792 K in RUN 952). The recovery of the core was
achieved following the IPCS and LPCI actuation, and the long-term

cocling of the core was satisfactory thereafter.
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