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Tn the Slab Core Test Facility {SCTF) Core-1, advanced two-phase
flow instruments have been provided by the USNRC to measure the
thermohydraulic behavior in the primary system including pressure vessel
during the end of blowdown, refill and reflood phases of a postulated
loss—of—coolant accident in a pressurized water reactor.

The advanced instruments are turbine meters, drag disks, y-densitoe-
meters, spool pieces, liquid level detectors (LLD), fluid distribution
grids (FDG), impedance probes (fiag, prong and string probes), film
probes, and video optical probes.

This report presents evaluated results of the data from these
instruments. Some instruments are quantitatively evaluated by comparing
wirh the data from the conventional instruments or the other advanced

instruments. Main conclusions are as follows:

(1) The spool pieces and the y-densitometers work well and provide
gsatisfactory results;

(2) Some of the turbine meters, the impedance probes and the film
probes give partially reasonable results, but still move
improvements are required;

(3) Most of the LLDs, the FDGs, the impedance probes, and the film
probes do not work well due to a hard cable corrosion, and

(4) The video optical probes give clear image of the flow pattern.

Keywords : Two~phase Flow Instrumentation, Reflood, Turbine Meter, Drag Disk,
Camma Densitometer, Spool Piece, Liquid Level Detector, Fluid Distribution
Detector, Impedance Probe, Film Probe, Video Optical Probe, SCTF, LOCA,
PWR, Blowdown
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1. Introduction

The multi-dimensional thermo-hydrodynamic behavior during the
reflood phase of a postulated loss of coolant accident (LOCA) in a
pressurized water reactor (PWR) is being investigated by using the
Slab Core Test Facility (SCTF) which has a full height, full radial
width and single bundle depth electrically heated core. The SCTF
program is a part of the large scale reflood test program under contract
with the Atomic Bureau of Science and Technology Agency of Japan along
with the Cylindrical Core Test Facility (CCTF) program.

The Large Scale Reflood Test Program is one of the research activi-
ties based on the agreement (2D/3D agreement) among Japan Atomic Energy
Research Institute (JAERI), the Federal Ministry for Research and
Technology (BMFT) of the Federal Republic of Germany (FRG) and the
United States Nuclear Regulatory Commission (USNRC)., According to the
agreement, the USNRC has provided various kinds of advanced two-phase
flow instruments in addition to the conventional instruments provided
by JAERI.

The advanced instruments provided by the USNRC are the turbine flow
meters, drag disks, y-demsitometers, spool pieces, liquid level
detectors (LLDs) and fluid distribution grids (FDGs) manufactured by
the Idaho Naticonal Engineering Laboratory (INEL); the flag probes,
prong probes, string probes, film probes and reference conductivity
probe manufactured by the Oak Ridge National Laboratory (ORNL) ; and the
video optical probes manufactured by the Los Alamos National
Laboratory (LANL).

In this report, the status of the USNRC-provided instrumentation
is presented. At present, some USNRC-provided instruments work well
and the outputs can be compared quantitatively with the data obtained
from the JAERI-provided instruments. Outputs from some other USNRC-
provided instruments seem qualitatively good but quantitatively unreal-
istic or cannot be verified because of no suitable data to be compared.
Most of the outputs from the LLDs, the FDGs, the flag probes, the prong
probes, and the film probes are not available due to the stress corrosion

of hard cables.
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2. Description of USNRC-Provided Advanced Two-Phase Flow

Instrumentation

2.1 Brief Description of Slab Core Test Facility (SCTF)

The schemafic diagram of SCTIF and the comparison of dimensions
between the SCTF and a 1,100 MWe PWR are shown in Fig. 2-1 and Table
2-1, respectively.

The primary coolant loops consist of a hot leg equivalent to the
four actual hot legs, a steam/water separator corresponding to the
four actual steam generators, an.intact cold leg equivalent to the
three actual intact cold legs, a broken cold leg on the pressure vessel
side, and a broken cold leg on the steam/water separator side.

The flow-area scaling ratio is 1/21 to a 1,100 MWe PWR, whereas
the height of each component simulates the actual PWR., The emergency
core cooling system (ECCS) consists of an accumulator (Acc) and a low
pressure coolant injection (LPCI) system. Fig. 2-2 shows the vertical
cross section of the pressure vessel, The pressure vessel includes
a simulated core, an upper plenum with internals, a lower plenum, a
core baffle and a downcomer.

The simulated core consists of 8 bundles arranged in a row with
full radial width. Fach bundle consists of 234 heater rods and 22
non-heated rods arranged in 16x16 array. The outer diameter and the
heated length of the heater rod‘are 10.7 mm and 3660 mm, respectively.
The dimensions of rod bundle such as the rod pitch, the spacers, the
end box the plate etc., are based on those for a 15x15 fuel rod bundle
of a PWR.

The core and the upper plenum are enﬁeloped by honeycomb thermal
insulators to minimize the wall effects.

More detailed information on the SCTF is available in reference

(1).

2.2 Measurement ILtems

The USNRC-provided instrumentation has been developed and
manufactured at three laboratories in the USA, INEL has supplied &
sets of LLDs (4%20 measurement points); 2 sets of FDGs (8%8 and 2x3x7

measurement points), 16 turbine meters, 3 drag disks, 19 vy-densitometers
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and 3 spool pieces, ORNL has supplied 26 film probes, 8 flag probes,
8 prong probes, 3 string probes and one reference probe. LANL has
supplied 2 ﬁideo optical probes.

The measurement items and gquantities of the USNRC-provided instru-
ments are given in Table 2-2 for each locatiom.

The measurement locations, quantities, channels and computed physi-
cal values are listed in Tables 2-3 and 2-4 for the INEL-manufactured

instruments and the ORNL-manufactured instruments, respectively.

2.3 Measurement Locations

Schematic arrangement of the USNRC-provided instruments in the
pressure vessel and in the primary coolant loops are shown in Figs. 2-3
and 2-4, respectively. Figure 2-5 shows the relative elevations of
the in-core and downcomer instruments provided by JAERI and USNRC.

The horizontal arrangement of heater rods and non-heated rods with
instrumentation is shown in Fig. 2-6. The.relative elevations of the
USNRC-provided instruments in the upper plenum and in the vicinity

of the upper core support plate (UCSP) are shown in Fig. 2-7.

The detailed measurement locations for each instrument are
described in Appendix A. The measurement locations for the JAERI-

(1)

provided instruments are described in the design report .

2.4 Description of Instruments

2.4,1 Hot Leg Spool Piece

'The hot leg spool piece consists of four single-beam Y densito-
meters, four drag disks, four fluid temperature thermocoﬁples, one metal
temperature thermocouple and one absolute pressure transducer., The
fluid densities, void fractions, fluid velocities and mass flow rates
are obtained by the use of data reduction software as described in
Appendix B-2,

The configuration of the hot leg spool piece is shown in Fig. 2-8
and the cross sections are shown in Figs. 2-9 and 2-10. Since the
cross section of the hot leg is long circular, the hot leg spool piece
has four sets of instruments corresponding to four subsections. Fig.
2-10 shows the boundary of each region. Region 1 comprises the upper

31 % of the pipe cross-sectional area, Region 2 comprises the next lower
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27 %, Region 3 comprises the next lower 26 7, and Region 4 comprises
the bottom 16 Z.

Fach region has a drag transducer, a thermocouple and a single-
beam Yy densitometer detectors. Two detectors are received Y rays from
a common source and two Y sources are installed as shown in Fig, 2-9.
An absolute pressure transducer and a metal temperature thermocouple

are common to all regions.

2,4,2 Cold Leg Spool Piece

The cold leg spool piece consists of a three-beam Yy densitometer,
a full-flow turbine flowmeter, three drag transducers attached on a
drag screen, a fluid and a metal temperature thermocouples, an absolute
pressure transducer and a differential pressure transducer across the
drag screen. The densities, velocities and mass flow rates for water,
steam and two-phase mixture are separately obtained as well as the
void fraction by the use of data reduction software as described in
Appendix B-3.

A schematic of the cold leg spool piece is shown in Fig. 2-11.

The cross section of the three-beam 7y densitometer is shown in Fig. 2-12.
The densitometer has three v sources and one detector. The sources are
Gd*%3, ¢d1%? and Am®*! from the top to bottom. The beams can be
identified by the different energy for each source.

The drag screen is a perforated screen which is supported by three
rakes and each rake is connected to drag transducer, The configuration
of the drag screen is shown in Fig. 2-13,

The installed configurations of the thermocouples, pressure taps

and turbine meter are shown in Figs. 2-12 and 2-13.

2.4.3 Vent Pipe Spool Piece

The vent pipe spool piece has not been used in the SCTF Core-I
tests. It will be used in the vent valve simulation test plammed in
the SCTIF Core-II. |

The vent pipe spool piece consists of a full-flow turbine
flowmeter, three drag screen transducers, a fluid and a metal
temperature thermocouples, an absolute pressure transducer and a
differential pressure transducer across the drag screen. The fluid

velocity and mass flow rate are obtained by the use of the data
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reduction software.

Instrumentation for the vent pipe spool piece assembly is the same
as the cold leg spool piece assembly except that the vent pipe spool
piece has a gas turbine instead of liquid and has no densitometer.

The configuration of the vent pipe spool piece is the same as the
cold leg spool piece except the densitometer as shown in Figs. 2-11,

2-12 and 2-13

2.4.4 Pressure Vessel y-Densitometer

Nineteen single~beam y-densitometers are used in the SCTF pressure
vessel to measure two-phase fluid density. Ten y-densitometers are
installed between the core bundles at three elevations, five are below
the end box tie plate and four are at the upper plenum.

The vy densitometer system consists of a Yy source, detector and
electronics.

There are two types of densitometer: ten type A densitometers in
the core and nine type B densitometers in the upper plenum and below
the end box tle plate. The schematic drawings of the type A and B
densitometers are shown in Figs. 2-14 and 2-15, respectively.

The vy source assembly uses A;“l

with an effective photopeak of
60 KeV for the both types. The activity is 1.8 Ci for the type A source
and 0,75 Ci for the type B cource assembly. The detector assembly
consists of a sodium-iodide (thallium-activated)} crystal, photomultiplier
tube, and preamplifier. 7

The output of the single~beam y-denstitometer is a pulse count
over a selected unit of time for each measurement location, with each
count total being an inverse function of local average fluid density at

that location. The selected frequency of measurement is 3.3 Hz for all

densitometers.

2.4.5 Liquid Level Detector (LLD) and Fluid Distribution Grid (FDG)

A total of 4 conductivity-type Liquid Level Detector (LLD)
assemblies are installed in the bundles 2, 4, 6 and 8 of the simulated
core. Each LLD assembly has 20 electrodes to measure liquid level and
detect local voids or water pockets along the length of the assembly.

Two sets of Fluid Distribution Grid (FDG) systems are installed

in the upper plenum and downcomer to measure liquid level and detect
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gross local voids and water distribution within a two or three-dimensional
volume. The upper plenum FDG consists of 8 X 8 two-dimensional grids
and the downcomer FDC of 2 X 3 X 7 three dimensional grids.

The locations of each electrode of the LLDs and FDGs are shown in
Fig. A-4,

The configurations of LLD assembly and each sensor are shown in
Figs. 2-16 and 2-17, respectively. The LLD assembly is located inside
a sleeve as shown in Fig, 2-18.

The multi-rod assemblies of the upper plenum and downcomer FDGs
are shown in Figs. 2-19 and 2-20, respectively. The configuration of
the FDG sensor is shown in Fig. 2-21. _

Based on the impedance changes between the electrodes of each dis-
crete measurement point for the LLDs and FDGs, the fluid state is deter-
mined whether it is wet or dry. The wet/dry data for the LLDs and FDGs
are simultaneously displayed on a cathode ray tube (CRT) screen. The

display format is shown in Fig. 2-22.

2.4.6 Turbine Flowmeter

A total of sixteen turbine flowmeters are installed in the pressure
vessel to measure local fluid velocity. Four of them are located in the
lower plenum, eight just above the UCSP holes and four in the upper
plenumn.

The turbine meters in the lower plenum are used to measure the
water velocities at the inlet of core. However, the applicable
measurement range 1s too high in comparison to the required measurement
range. The turbine meters just above the UCSP holes and in the upper
plenum are used to measure steam ﬁelocities. Because the steam contains
many droplets during a test, the measured ﬁelosity may not represent the
real steam velocity, As shown in Fig. A-~3, two turbines out of four in
the upper plenum are horizontally oriented to measure the horizontal
steam velocity from the upper plenum to the hot leg.

The configurations of the turbine meters in the upper and lower
plenum and of those just above the UCSP holes are shown in Figs. 2-23

and 2-24, respectively,

2.4.7 Downcomer Drag Disk

Three drag disks are installed in the downcomer to measure the
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velocity of a single-phase liquid flow.

In order to obtain the two-phase mass flow rate, the measured
momentum fluxes from the drag disks are combined with the densities from
adjacent string probes.

Fig. 2-25 shows the downcomer drag disk assembly. The drag disk
assembly has a drag disk and a thermocouple. The thermocouple 1s used
to determine the saturated water density which is necessary to calculate

fluid velocity.

2.4.8 Impedance Probe

Three types of impedance probes; flag, prong and string probes, are
installed in the pressure vessel to measure the void fraction and velocity
of a steam—water mixture. Eight flag probes are located in the core,
eight prong probes in the upper plenum and three string probes in the
dowmncomer.

The configurations of the flag, prong and string probes are shown
in Figs. 2-26, 2-27 and 2-28, respectively. The pair electrodes on the
flag or prong probes are insulated from the assemblies by a cermet.

When there is air or steam between the probe electrodes, the electrical
impedance is very high; when there is water, the impedance is much lower.
In this way, the probes detect the nature of the two-phase mixture in
their viecinitcy.

The two wires of the string probe are routed in such a way as to
cover a large area. The wires are insulated from the frame of the probe
by cermet insulators. The impedance measured by the string probe is
the total of all the impedance between the two wires over their entire
path., Therefore, the string probe makes an average measurement of the
two-phase mixture over a large area. This is in contrast with the flag
and prong probes which measure impedance.in a much smaller region.

The in-core flag probe cnsists of two flag-type electrode pairs
which are placed a short distance vertically apart. Therefore, the
velocity of void or droplet can be obtained by a cross correlation
analysis of the two impedance signals.

The prong and string probes which consist of one set of electreode

cannot measure the velocity of void or droplet.
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2.4,9 Film Probe

Three types of film probes are installed in the pressure vessel to
measure the film thickness and film velocity. Those are fourteen wall
film probes located on the core and upper plenum side walls and six
upper plenum film probes located on the surface of the upper plenum
structure and six in-core film probes located on the surface of non-
heated rods in core. The configurations of the wall, upper plenum and
in-core film probes are shown in Figs. 2-29, 2-30 and 2-31.

The wall film probe consists of three dual electrode film thickness
sensors, an electrolysis potential'(E.P.) sensor and a thermocouple,

One of the three film thickness sensors is used as the liquid conductiv-
ity sensor by measuring the impedance magnitude and phase.

The upper plenum film probe consists of two dual electrode film
thickness sensors, an E.P. sensor and a thermocouple. Conductiﬁity
sensor is net involved.

The in-core film probe consists of two single electrode film thick-

ness sensors, an E.P. sensor and a thermocouple.

2.4.,10 Reference Conductivity Probe

The reference conductivity probe is installed at the bottom of pres-
sure vessel to measure the liquid.conductivity. The measured conductiv-—
ity is used for the data reduction of the film and impedance probes.

Only the wall film probe module contains a conductivity probe so that it
is not necessary to use the measured conductivity with the reference
probe. ‘

The configuration of the reference conductivity probe is the same
as that of the dual-electrode film thickness sensors those are installed
on the side walls and upper plenum structure.

The configuration is shown in Fig. 2-32.

2.4.11 Video Optical Probe

Two video optical probes are used for viewing the space in the upper
plenum near the hot-leg mozzle and below the end box tie plate.

The video optical probe consists of a miniature TV camera and lens
system surrounded by a water cooling jacket that is necessary because
of the temperature limitation of lens material,

Fig. 2-33 shows a schematic of the probe pressure boundary, the
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internal components of the probe and the arrangement of windows, Around
the water jacket is a gold-plate annulus, filled with xenon gas, to
minimize heat conduction and radiation to the video components. This
feature also minimizes the disturbance to the facility by the probe.

An electrical heater coil prevents fogging of the camera view window.

There are six D.C. lights and two pulsed strobe lights for illumination.

2.5 Data Reduction Procedure

The flow diagram of the data reduction procedure is shown in Fig.
2-34 for both the JAERI-provided and the USNRC-provided instrumentation.

The data from the ORNL instruments (201 ch) and the INEL instru-
ments (74 ch) except LLDs and FDGs are recorded on the analog tape of
a PCM recorder and transferred to six digital magnetic tapes, five for
ORNL data (MFO1~5) and ome for INEL data (MTI1). These raw data are
converted to physical ﬁalues by using a data processing software which
includes the ORNL and INEL supplied subroutines.

The computed algorithms for the INEL instruments and for the ORNL
instruments are described in Appendix B and Appendix C, respectively.

The raw data from the LLDs and FDGs are recorded on an analog tape
of the FM recorder and impedance plots for every sensor are obtained by
using a mini-computer (LSI-11). Threshold values between wet and dry
are determined from these plots and the raw data are converted to the

wet and dry data. The results are displayed on a CRT color display.
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Table 2-1 Comparison between SCTF and a 1,100 MWe PWR

Item

Quantity of Bundle
Number of Heater Rod
Number of Rods

Effective Length of
Heater Rod {mm)

Rod Pitch (rom)

Diameter of Heater Rod (mm)
Diameter of Unheated Rod (mm)
Flow Area of Core (m?)

Effective Core Flow Area
Based on the Measured

Level-Volume Relationship(mz)

Fluid Volume of Core Enveloped
by Honeycomb Insulators*

Fluid Volume of Lower
Plenum (m?)

Fluid Volume of Upper
Head (m?)

Baffle Region Flow Area (m?)
Upper Plenum Fluid Volume (m®)
Downcomer Flow Area (m?)

UCSP Thickness (m)

Steam Generator Inlet Plenum
Simulator Volume (m>)

Height of Steam Generator
Inlet Plenum Simulator (m)

Flow Area at the Top Plate of
Steam Generator Inlet Plenum
Simulator {(m?)

Major Axis Length of Hot Leg
Cross Section ‘

Flow Area of Hot Leg
{4 Loops)

Flow Area of Intact Loop
(3 Loops)

-Flow Area of Broken Cold
Leg (m?)

* Fluid Volume of Core Including

Gaps between Core Barrel and
Pressure Vessel Wall

SCTF

8
1872
2048

3660

14.30

10.70

13.80
0.259

0.35

0.92

1.305

0.86

0.10

1.16

0.121
76

0.931

1.595
0.19

737
0.0826
' 0.0696

0.0179

1.74

PWR

193
39372
43425

3660

14,30
10.72
13.87

4.76

4.76

17.95
29.62

19.8

1.76
23.8

2.47
76

4.25%x 4

1.595
4.0

736.6
1.704
1.149

0.383

Ratio

(SCTF/PWR)

1/24.1
1/21.0
1/21.2

1/1

1/1
1/1
1/1
1/17.7

1/13.6

1/19.5

1/22.7

1/23.0

1/17.6
1/20.5
1/20.4
1/1

1/18.3

1/1

1/21,2

1/1
1/20.6
1/16.5

1/21.4
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Table 2-2 Measurement items of USNRC-provided instruments
LOCATION MEASUREMENT INSTRUMENT QUANTITY
1. CORE
non-heated rods liquid level LLD 20x4 = 80
non-heated rods film thickness film probe )
and velocity
non-heated rods void fraction and flag probe 8
droplet velocity
side walls filﬁ thickness film probe 8
and velocity
sub-channel fluid density y-densitometer 10
end box fluid density y-densitometer 5
end box flow pattern video optical 1
probe
2. UPPER PLENUM
full height liquid level FDG gx8 = 64
structure surface film thickness film probe 6
and velocity '
side walls film thickness film probe 6
and velocity
inter structure void fraction prong probe 8
above UCSP hole velocity turbine 8
inter structure velocity ‘turbine &
inter structure fluid density y-densitometer 4
hot leg inlet flow pattern video optical 1
probe
3. LOWER PLENUM
core inlet velocity turbine 4
bettom reference reference probe 1
conductivity
4 . DOWNCOMER
full height liquid level FDG 2x3x7 = 42
two levels velocity drag disk 3
two levels void fraction string probe 3
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Table 7 — 2 {continue)

B LOCATION MEASUREMENT ‘ INSTRUMENT QUANTITY
5. HOT LEG
mass flow rate |spool piece 1
fluid density drag disk 4
volid fraction vy~-densitometer 4
thermocouple 5
absolute pressure/ 1
6. BROKEN COLD LEG-PV SIDE
mass flow rate [ spool piece 1
fluid density 3beam y-densitometer 1
void fraction turbine - 1
drag transducer 3 |
thermocouple 2
differential pressure 1
absolute pressure 1
7. VENT LINE
mass flow rate |spocl piece 1
void fraction turbine 1"
drag transducer 3
thermocouple 2
differential pressure 1
absolute pressure 1
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X % Intact loop S‘fJTTJ[lJutor

Equaling
line

(D Reactor pressure vessel
() Steam water separator (@ Saturated water tank

(@ Containment tank Pressurizer
(@) Accumulator tank (9 Steam supply system
(® LPCI tank 40 Water supply system

®) Header, - Flow resistance simulator, () Pump

Fig. 2-1 Schematic diagram of Siab Core Test Facility
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COLD LEG

L .
| 15O | I ——

o o
VENT LINE

D)

_J
2 Video Optical Probe
. d : l. Below end box
4 Turbine L {. Inlet to hot leg
JT=ie ] | 4 1 beam
Hot Leg { Upper Pienum Structures )
- 3x2 Film Probe
g (Upper Plenum Structures )
B8 Turbine _____E ¥ —i—+—3——-4x2 Prong Probe
(UCSP hole ) T ~ v\ e (Upper Plenum Structures)
M ~———_8x8 FD Grid {rod type )
15-1 beam 7  _—T] e Il BN :/,- ™~ 6 Film Probe
5 Below end box : 1] {Upper plenum side wall)
(10 Sub channel ) | 8 Film Probe
4 LLD (80) — T (Core side wall )
(Core-Lower Plenurn) | I . | | Il T8 Film Probe
2x3x7 FD Grid —| | — N { Non-heating rods )
Downcomer L~ il T
( _m ) i ——_4x2 Flag Probe
3 Drag Disk .
- { Non-heating rods)
{Downcomer) Jii==
3 String Probe — —
{ Downcomer)
| 5
1 { Reference Probe
4 Turbine < L+
(Inlet of core) \ 5

Fig. 2-3

Schematic Arrangement of USNRC-Provided Instruments
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Fig. 2-6 Horizontal Arrangement of Instrumented Reds
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Fig.2-10 Cross section of hot leg spool piece (drag disk, thermocouple,
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L Special probe assembly

C
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Fig. 2-17 LLD sensor
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Fig. 2-21 FDG sensor
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Fig. 2-22 Display format of LLDs and FDGs
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3. Evaluation of USNRC-Provided Instrumentation
3.1 Spool Piece

3,1.1 Hot Teg Spool Piece

3.1.1.1 Void Fraction

Figure 3-1 shows the comparison between the whole pipe average void
fraction measured with the four y-densitometers in the hot leg spool
piece and the void fraction calculated from vertical differential
pressure data in the horizontal part of hot leg. As shown in this
figure, the void fractions measured with the hot leg spool piece agree

well with the void fractions calculated from the differential pressure

data.

3.1.1.2 Steam Velocity

Comparison between the hot leg fluid velocity at region-1 (top
region out of the vertical & regions of the cross section) and/or re-
gion-2 (the second top region) measured with the hot leg spool piece
and the hot leg steam velocity calculated from the conventional instru-
ments are shown in Fig. 3-2. The steam velocity data were calculated as
the sum of mass flow rates, Mgl and MgIl in Fig. 3-2 measured with the
venturi and the orifice, because accumulated mass of steam in the
containment tank-I was negligible., And in this calculation variation
of effective steam flow area of the hot leg due to the change of liquid
level was taken into account by using the vertical differential pressure
data in the hot leg. The fluid velocity at the region-1 measured with
the hot leg spool piece agree well for Tests S1-SHZ, and 51-03 with the
steam velocity calculated from the Venturi and crifice flow rate data
as shown in Figs. 3-2 (a) and (b). On the other hand irn Test 51-02 and
31-05, it is found that the steam velocities lie between the fluid
velocities at the region-1 and the region-2 as shown in Figs. 3-2 (c)

and {d). These results seem reasonable.

3.1.1.3 Total Mass Flow Rate

Comparison between the total mass flow rate measured with the hot

leg spool piece and the mass flow rate calculated from the conventional
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instruments are shown in Fig. 3-4. The mass-flow rate from the
conventional instruments was calculated as the sum of the following

mass flow rates: Mgl measured with the ﬁenturi and Mgll measured with
the orifice, and the following water accumulation rates: Mﬁ,s/w in the
steam/water sepavrator, MQ,II in the containment tank-IT1, M in the

f,Inlet

inlet plenum simulator and M in the steam/water separator side

%yHot leg
of the hot leg, as shown in Fig. 3-3.

The total mass flow rate measured with the hot leg spool piece in
these figures agree well with the mass flow rate calculated from the
conventional instruments except the middle period in Test S51-S8liZ and
the early period in Tests §1-01, $1-05 and $1-09. Causes of the
temporary disagreement have not been identified yet.

The oscillatory behavior observed in the total mass flow rate
measutred with the hot leg spool piece in the later period of each test

may be attributed to the fluctuation of fluid density and momentum flux

which are caused by the complex two-phase oscillation.

3,1.1.4 Hot Leg Flow Reversal

The mass flow rates in four regions of the hot leg spool piece are
shown in Fig. 3-5 for Test S1-0l1. The mass flow rate in regiom 4
(bottom region) becomes megative at 132 seconds after the BOCREC (Bottom
of Core Recovery), indicating the flow reversal at the bottom part of
the hot leg. The flow reversal was observed at the lower part of hot
leg through the ﬁiew window. The occurrence of flow reversal is also
confirmed by the data of differential pressure across steam/water
separator inlet plenum simulator, liquid levels in hot leg, and 1iquid

level in the upper plenum as shown in Fig. 3-6.

3.1.2 Cold Leg Spcol Piece

3.1.2.1 Velocity

The steam, water and fluid velocity can be obtained separately with
the cold leg spool piece by using the three-beam y-densitometer, the
full-flow turbine flowmeter and the drag screen transdncer., Tigure 3-7
shows the steam {CS008V), water {(CSOOWV) and fluid (CSO0FV) velocities
for Test 51-20 (cecld leg injection test). It is found from this figure
that differences among these data are not recognized during the whole

transient. This tendency is observed in all SCTF core-1 tests.
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Figure 3-8 shows the drag forces measured with three drag screen
transducers for Test S1-20. From these three drag transducer data and
the turbine meter data, the average fluid density can be calculated by

the following equation as presented in Appendix B-3.

I
O, =—2 3-1
“ft Vt2 s ( )
where
Doyt Average fluid density (kg/m?),

I : Momentum flux = K (F; + F, + F3) (kg/ms®), sum of the
three drag transducer engineering unit values, multiplied
by the calibration constant K,

Vi : Turbine meter velocity (m/s).

The calculation flow chart for the cold leg spool piece is shown in

Fig. B-2. As indicated in this flow chart, if the value of Pee is
smaller than ps (steam density), the drag transducer data are rejected
and the unity slip model is adopted. In the present test, the drag
force of "UDQ3ZS" is negative and the absolute value is almost the

same as the drag force of "UDO1ZS" as shown in Fig. 3-8, resulting very
small momentum flux I and very small fluid density Pee according to
equation (3-1). Therefore, the th is smaller than the ps and the steam,
water and fluid velocities have the same value due to the unity slip
model path in Fig. B-2. The above-mentioned sign reversal of the

output signal from "UD0O3ZS" will be corrected by software.

3.1.2.2 Mass Flow Rate

Comparison between the mass flow rate measured with the cold leg
spool piece and the steam mass flow rate measured with the Venturi at
the intact cold leg are shown in Fig. 3-9 for the forced flooding tests.
The spool piece mass flow rate almost agree with the Venturi steam mass
flow rate. This result is reasonable because the steam flow rate in the
intact cold leg should be equal to the steam flow rate in the broken
cold leg under the forced flooding conditien., In the cold leg injection
test, bypass water mass flow rate iIs measured by the cold leg spool

plece. TFigure 3-10 shows the water mass flow rate measured with the
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cold leg spool piece for Test S1-20., On the other hand, Fig. 3-11 shows
the bypass water mass flow rate measured by the liquid level transient
in containment tank - I (MQ, I, shown in Fig. 3-3).

Since the mass flow rate measured with the cold leg spool piece is
not reliable as described previously, these two mass flow rates cannot
be gquantitatively compared. However, it is recognized that the rapid
increase of mass flow rate at about 450 seconds after the BOCREC in
Fig. 3-10 is corresponding to the rapid increase of water mass flow rate

in Fig. 3-11 with the delay time of about 30 seconds.
3.2 Pressure Vessel y-Densitometer

3.2.1 In-Core y-Densitometer

Ten v-densitometers are installed on the vessel wall so that the
Y-beams penetrate the gap between the core bundles at three elevations
as shown in Fig. A-1.

Figure 3-12 shows the transients of fluid densities measured with
the v-densitometers at each location in the core for Test S51-08 (steep
power profile test).

The overscales shown in the fluid densities at the elevation of
1.905 m are due to the obstruction of the y-beam by the movement of rod
bundles.

As generally shown in Fig. 3-12, the fluid density in the core
gradually increases during the quench propagation period and reaches
almost constant value after the gquench of the whole core (383 sec).
Before the whole core gquench time, the fluid demnsity is higher at the
lower elevation. These overall tendencies qualitatively agree with the
data of vertical differential pressures as discussed in section 3.2.2.

After the quench of the whole core, the highest fluid density is
observed at the gap between bundles 7 and 8 and the lowest fluid
density is observed at the gap between bundles 1 and 2 at the elevation
of 3.235 m. On the other hand, the horizontal differential pressure
at the elevation of 3,235 m indicates that the direction of cross flow
is from bundle 8 toward bundle 1 at this elevation(z). Therefore, the
above-mentioned horizontal distribution observed in the fluid density
at the elevation of 3.235 m is qualitatively reasonable. Tt is also

suggested from the significant higher fluid densitv at the bundle 8
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side at the upper part of core that the more water fall back occurs at

the bundle 8 side than at the bundle 1 side.

3.2.2 Comparison of Void Fractions Measured with y~Densitometers

and D/P Cells

The void fractions caICUlated from the fluld den51t1es measured
with the Y—den51tometers are compared w1th those calculated from the
vertlcal dlfferentlal pressures as shown in Fig. 3-13. The dlfferentlal
pressure measurement sectlons for the comparlson with the y-densitometers
are above and below the measurement locations of the correspondlng Y-
den51tometers as shown in Fig. 3-14. 1In addltlon, the differential
pressures are measured along the center line of bundles 2 and 8 while
the compared y—densltometer beam penetrates at the gap between bundles
1 and 2 or at the gap.betweem bundles 7 and 8. |

It is generally seen in Fig. 3-13 that the y-densitometer gives
higher void fractlon than the dlfferentlal pressure especlally at the
upper part of the core and at the Bundle 1 side, while relatively good
agreement is obtained at the lower part of the core and at the Bundle
8 side. The above characteristics are also observed in the test results
from the Semiscaie smali break experiment 8§ PL-4(9)

The reason for the dlscrepanCy between the void fractlons obtalned
from the Y—den51tometer and from.the vertlcal differential pressure has
not clearly been explalned yet. However the following reasons are

considered to contribute to the above-mentioned discrepancy.

1) Effect of liquid film on the core wall and on the non-heated rod

As suggested from the data of core side wall film probes presented
in Fig. 3-26, there exist liquid film flow on the core side wall above
the quench front. 1In addltlon, the liquid film also exlst on the
surface of non-heated rods because the non-heated rods are quenched
before the quench of the heater rods at the same elevation. However,
the liquid film on the side wall is considered to bypass the y-
densitometer nozzles which penetrate the core side wall. And furthermore,
the y-beam is not affected by the liquid film on the non;heated rods
because the y-beam penetrate through the gap between bundles, On the
other hand, the gravitational pressure drop includes the effect of

liquid films both on the core side walls and on the non-heated rods,
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Therefore, the void fraction calculated from the differential pressure

is lower than the void fraction measured with the y-densitometer.

2) Difference of measurement locations

As mentioned before, the ty-beam penetrates through the gap between
rod bundles while the differential pressure is measured along the center
line of each bundle. The gap between rod bundles is 4.8 mm and 1.33
times larger than the gap between rods of 3.6 mm. Furthermore, there
are no non-heated rods at the peripheral part of each bundle, whereas
there are 22 non-heated rods out of 256 rods in each bundle; Along the
non-heated rod, the water fall baék from the upper plenum into the core
was observed by using a high speed camera(3). In addition, the water
dropleté coming from the lower part of the core are easily traped by
the non-heated rod but spattered by the heater rod above the quench
front.

Therefore, the average fluid density is higher in the rod bundle

than at the gap between rod bundles especially above the quench front.

3) Effect of frictional pressure drop

The vertical differential pressure includes the frictional and
accelerational pressure drops as well as the gravitational pressure
drop which is directly converted into the void fraction. If the
frictional and accelerational pressure drops are excluded, the void
fraction is estimated to be higher,

The maximum contribution of the frictional pressure drop to the
void fraction was estimated te be about 2 % at the top of the core and

(4)

about 1.5 % at the middle elewvation of the core . Since the
discrepancy of void fractions is much larger than 2 Z, the effect of
frictional pressure drop is not the major reason for this discrepancy.
The contribution of the accelerational pressure drop is estimated
to be much less than the contribution of the frictional pressure drop

(4)

under the reflood phase .

3.2,3 Fluid Density below End Box Tie Plate

Figures 3-13 (a) and (b) show the .fluid densities between the end
box tie plate and the top grid spacer of bundle 2 measured with the

v—densitometer and the void fractions calculated from the vy-densitometer
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data for Test S1-SH2 (high pressure test} and Test 51-02 {low pressure
test), respectively. The flow pattern transition times identified by
the observation results with the video optical probe located between the
end box tie plate and the top grid spacer of bundle 3 are also indicated
in Fig. 3-15. The transition from the droplets flow to the churn-
turblent flow occurred at the void fractions of about 0.988 for Test

$1-SH2 and.abouc 0.961 for Test 51-02, respectively.

3.2.4 Fluid Density in Upper Plenum

Figure 3-16 shows comparisons between the void fractions calculated
from the fluid densities measured with the Y—den81tometers -and - the
v01d fractlons calculated from the liquid level measured with the D/P
cells in the upper plenum. The measured llqu1d level is assumed to be
the collapsed level above the Upper Core Support Plate (UCSP) though '
the lower end of the llquld level measurement span is 0.162 m below the
upper surface of the UCSP as shown in F1g 3-14. Furthermore, the froth
level in the upper plenum is assumed to be saturated at the elevation
of the bottom of the hot leg nozzle (1. 05 m above the UCSP) .Therefore,
it shOuld be noted that the v1od fractlon calculated from the liquid
level is the average value between 0 and 1.05 m above the UCSP while
the void fraction calculated from the fluid density is the local value
at 0.695 m from the UCSP. o

As shown in Fig, 3-16, the void fractions calculated from the
y-densitometers above bundles 2 and 4 are higher than those calculated
from the liquid levels during the test. On the other hand, the void
fractions calculated from the y-densitometers above bundle 8 and above
the core baffle are higher before 300 seconds and lower after 300
seconds than those calculated from the liquid levels. The above-mentioned
characteristics indicate that the continuous liquid phase is always
below the eleuation of 0.695 m from the UCSP above bundles 2 and 4,
whereas it exceeded the same‘elevation at about 300 seconds above
bundle 8 and above the core baffle. In addition, the final void frac-
tions calculated from the y-densitometers almost agree with those from
the liquid levels above the core baffle. The horizontal liquid level
distribution above the UCSP after 300 seconds is mainly caused by the

hot leg flow reversal as discussed in section 3.1.1.4,
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3.3 Liquid Level Detector (LLD) and Fluid Distribution Grid (FDG)

3.3.1 In-Core LLD

Figure 3-17 shows the examples of output signals of the in-core
LLD (Sensor Nos. 1 through 20) at bundle 2. Shown in Fig. 3-18 is the
bubble plots for the LLD which show the wet or dry condition of the
sensors. The decision of wet or dry condition was based on the
threshold level of output voltage shown in Fig, 3-17. Sensors except

Nos. 13, 14 and 15 did not work well.

3.3,2 Upper Plenum FDG

The examples of output signals and bubble plots for the upper
plenum FDG No, 8 are shown in Figs. 3-19 and 3-20, respectively. The
transients of output signals for Sensor Nos. 1, 2 and 4 seem to be
reasonable. However, most of the data show unreasonable beha&ior.
Therefore, the upper plenum FDGs provided no usefull information on the
overall fluid behavior in the upper pleﬁum.

The reason why most of the LLD and FDG sensors did not work well

is the hard cable problem as discussed in section 4.4.
3.4 Turbine Flowmeter

3.4.,1 UCSP Hole Turbine Meter

Eight turbine meters are installed at the elevation of 37 mm above

the UCSP, The location is as follows;

above Bundle Open hole,
above Bundle : Guide tube,
aboﬁe Bundle Support column,
above Bundle Support column,

above Bundle Open hole,

[« BV I R

above Bundle Guide tube,
above Bundle 7 : Support column, and
above Bundle 8 : Guide tube.
Shown in Figs. 3-21 (a) through 3-21 (h) are the comparisons
between the turbine velocities and the average superficial steam

velocities defined based on the total area of UCSP holes which are
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obtained with the mass-balance calculaticn;(j)‘-Some'of‘the turbine
velocities and the calculated steam velocities qualitatively agree well
just after the BOCREC “However, the tufbiﬁe'Velccity.seems té be more
sensitive than the calculated steam veloc1ty In this period, it is
con51dered ‘that the flow passing the UCSP hole is almost steam single-
phase and the turbine velocity can be regarded to indicate the steam
velccity; Based on this fact, another steam velocity was estimated with
the differencial pressure between the two points at 5 mm and S6Imﬁ above
the end box tie plate; The total area Ay of tie plate holes per one
bundle is, - o o -

Ay = - (12)2% x 225 = 2,54 x 10* mm?,

I
4
The flow area at 56 mm above the tie plate is,

A, = 220 x 223 = 4,91 x 10* mm?

When the Bernoulli theorem is applied.

Ag ) Og Ag . Dg
PO U 7= (0"
R, 2_(3'_;;_?1_)
where Ao P Average flow area at UCSP hole per one bundie

(2.25 x 10" mm?).

Ug : Superficial steam velocity defined at Aﬁ,

P,, P, : Pressure at 5 mm and 56 mm above the tie plate,
respectively,

pg : Densify of steam.

Broken lines shown in Fig. 3-21 are the calculated results with Eq. {(3-2).
Just after the BOCREC, the results by using Eq. (3-2) shows the similar
characteristics with the turbine velocity.

Difference between the turbine veloeity and the steam velocity
obtained by mass balance calculation increases with time because en-

trained water flow rate from the core increases.
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3.4,2 Upper Plenum Turbine Meter

Figure 3-22 shows the vertical steam velocity measured with the
upper plenum turbine meters for Test 51-01. For reference, the average
vertical steam velocities which calculated from the meaéured steam flow
rate at the loops are also shown in this figure. The turbine meters
give very low velocity compared with the calculated average vertical
steam velocity.

Figure 3-23 shows the horizontal steam velocities measured with
the upper plenum turbine meters for Tests S1-01. The data indicate
that the measured horizontal steam velocities are much less than the
available range of the turbine meters. Besides, the flow direction of
steam would be very complicated in the upper plenum because of the upper
plenum internals. Therefore, the horizontal steam velocities in the

upper plenum are not well measured with the turbine meters.

3.4.3 Core Inlet Turbine Meter

Figure 3-24 shows the examples of the transients of core inlet
water velocities measured with the core inlet turbine meters for Test
§1-01. The data show the abnormal transients of core inlet water flow
velocities. First of all, very high velocity ( > 0.3 m/s) or very low
velocity { < -1.0 m/s) is recorded sc often both before and after the
BOCREC. Besides, these wvalues are much different from the average flow
velocity seen in Fig. 3-25 for Test S1-01. Therefore, the core inlet
turbine meters are not reliable at present stage. The flow velocity
range for the tests is much less than the available range of the turbine

meters.

3.5 Film and Impedance Probes

Among 26 film probes and 19 impedance prcbes, most of the instruments
are not available due to the hard cable stress corrosion problem
discussed in Section 4.4, 1In this section, some of the film and impedance
probes which have no hard cable problems are evaluated for the data

obtained in Test S1-02 (low pressure test).
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3.5.1 Film Probe

The film thicknesses (upper and lower sensors in a probe) and
average film velocity obtained from a core wall film probe and from an
upper plenum structure film probe are shown in Figs. 3-26 and 3-27,

respectively.

3.5.1.1 Film Thickness

The following characteristics of film thickness are observed in

Figs. 3-26 and 3-27.

(1) The film thickness begins to increase at just after the BOCREC
(106 sec) and reaches the maximum value at about 300 seconds for
the core side wall film probe and 450 seconds for the upper plemum
structure film probe. _

(2) The film thickness signals from the upper and lower sensors in
each film probe are very similar with each other.

(3) The film thickness data show very oscillatory behavier. The
average maximum film thickness for the core side wall and the
upper plenum structure film probes are about 2.4 mm and 4 mm,
respectively, and the amplitude of oscillation is about 2 mm., At
the period after reaching the maximum film thickness, however, the
flow pattern around the film probes must be a bubbly flow and the
probes are submerged in two-phase mixture as known from Fig. 3-28.
Therefore, the values of the maximum film thickness are not

reliable.

3.5.1.2 Film Velocity

As shown in Figs. 3-26 and 3-27, the data of average film
velocities are very oscillatory. There are two kinds of oscillation;
the larger amplitude of about 1000 em/sec and the smaller amplitude of
about *200 cm/sec.

Figure 3-29 shows the transient data of probe temperature, liguid
conductivity, EP probe velocity, average coherence between the two
film thickness signals, and wave velocity, which were used for the
calculation of the average film velocity for the core side wall film
probe. As shown in this figure, the EP probe velocity shows peculiar

behavior while the data of probe temperature and liquid conductivity
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seem to be reasonable. The average coherence between the two film
thickness signals is always below 0.1 during the test. The very poor
coherence may be due to the fact that the cross flow in the core
disturbs the propagation of film wave between the two sensors in a film

probe. Because of the very low coherence, the data of average film

velocities are unreliable.

3.5.2 Impedance Probe (Flag, Prong and String Probes)

Since most of the impedance preobles are not available due to the
hard cable stress corrosion, only the woid fraction data obtained from
the upper plenum prong probes and the downcomer string probes are

evaluated.

3.5.2.1 Upper Plenum Prong Probe

Figure 3~30 shows the void fractions measured with the upper plenum
prong probes. As shown in this figure, both the relative capacitance
void fraction and the corrected void fraction show exactly the same
behavior, because the senscr loss angles were not satisfactorily measured
and the calculation of corrected void fractien by using the loss angle
data were not made in this test.

The following characteristics of void fraction are observed in

Fig. 3-30.

(1) Before the BOCREC, the void fraction should be 1.0. However,
two probes out of six indicate between 0.9 and 0.95.

(2) In general, the void fraction becomes lower at the hot leg side,
This is consistent with the data of liquid leﬁel distribution in

the upper plenum measured with the D/P cells as shown in Fig. 3-28(a).

Figure 3-31 shows the comparisons of the void fractions measured
with the prong probes and the void fractions measured with the adjacent
y-densitometers. The locations of these instruments are shown in Figs.
A-1, A-2 and A-6.

As the y-denstitometer measures the average void fraction along
the v beam while the prong probe measures the local void fraction
between the two small electrodes, the two void fractions are not neces-
sary to agree with each other. However, there should be a similarity

between the time histories of these two void fractioens.
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As shown in Fig.' 3-31, the void fraction history above Bundle 4
measured with the prong probe is similar to that with the y-densitometer.
If the-dinitial walue is.shiftedfto\agree, the two void fraction histories
almost. agree with each other as illustrated in Fig. 3-31. On the other
hand, the void fractiom history above the core baffle region measured
with the prong probe is much different from that with the y-densitometer.
Since the location of: the prong probe 1s below the mixture level in the
upper plenum after about 450 seconds as known from Fig. 3-28 (a), the
void fraction should be much lower at this.period as indicated by the

data from the y-densitometer. Therefore, the data from the prong probe

gseem to be doubtful.

3.5.2.2 Downcomer String Probe

Figure 3-32 shows the ﬁoid fractions measured with the downcomer
string probes and the liquid level in the downéomer for Test Sl-14
(cold leg injection'base case test). In order to measure the horizontal
mass velocity from the intact cold leg side to the broken cold leg side,
both of the string probe and the drag disk at 5.625 m from the bottom
of pressure vessel should be installed vertically. However, these two
instruments were installed horizontally by mistake.

The void fraction measured with the string probe located at 5.625 m
from the bottom of pressure vessel decreases rapidly when the Acc injec-
tion port is switched from the lower plenum to the intact cold leg.
Then, the void fraction rapidly increases up to 0.98 and remains at the
same value until the froth level of downcomer reaches the string probe
elevation at 500 seconds.

On the other hand, the two string probes located at 0,67 m from
the bottom of pressure ﬁessel indicate that the void fractions were
higher than 0.5 during the test though the elevation is below the water
level during the test. Therefore, these two string probes are not

reliable.

3.6 Downcomer Drag Disk

The water velocities at three locations in the downcomer measured
with the drag disks are shown in Figs. 3-33 (1) and (2) for Tests S1-20
and S1-24, respectively.

At the elevation of 0.67 m from the bottom of the pressure vessel,
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the measured water velocities are compared with the water velccities
obtained by the mass balance calculation using the data from comnventional
instruments. As shown in Fig. 3-33, these two kinds of water velocities
are generally not agreed with each other. Only the water velocity
measured with the drag disk at the outer side (UDO1P92) for Test S1-24

is relatively close to the water velocity obtained by the mass balance
calculation at the time after about 50 seconds from the BOCREC,

Since the downcomer drag disk at the eleﬁation of 5.625 m from the
bottom of the pressure vessel was not correctly installed as discussed
in Section 3.5.2.2, the horizontal water velocity could not be obtained
from the drag disk. The measured water velocity is negligibly small
except during the first 50 seconds for these two tests,

In Test $1-20, the Acc water was initially injected into the lower
plenum and then the injection port was switched to the intact cold leg
at 7 seconds after the BOCREC. 1In Test S1-24, on the other hand, the Acc
water was injected into the intact cold leg from the beginning. The
Acc injection was switched to the LPCI at 19 and 40 seconds from the
BOCREC for Test 51-20 and S1-24, respectively. Therefore, the initial
oscillations in the measured water velocities are mainly caused by the
Acc injection into the intact cold leg.

The two-phase mass ﬁelocities could be calculated by combining the
momentum fluxes measured with the drag disks and the fluid densities
measured with the adjacent string probes in the downcomer if both
instruments worked well. However, the reliable two-phase mass velocities
could not be obtained because both of the drag disks and the string

probes failed to provide available results as discussed shove.

3.7 Video Optical Probe
3.7.1 Transition from Droplet Flow to Churn-Turbulent Flow

Generally, flow patterns could be known with the observation by
using Video Optical Probe (VOP)., Especially the cbservation with the
VOP between the tie plate and the top grid spacer has a consistency
with the differential pressure across the tie plate. In additien the
transition from the droplets flow to the churn-turbulent flow at the
top grid spacer holes could be known by using(the VOP. Flow pattern
8)

map for a vertical flow by Hewitt and Roberts shows the upper

boundary of bubbly or churn-turbulent flow as follows:



JAERI-M 84-065
ngg2 = 100 (kg/s%m) . (3-3)

The VOP observation indicated that the flow pattern of two-phase jet

from the top grid spacer changed to churn-turbulent flow at the following

condition, here the superficial velocity Ug was obtained by the mass

balance calculation.

nggz 2 134 (kg/s?m) (for test S1-SHZ)
nggz 2 139 (kg/sm) (for test S1-01) (3-4)
o U 2 2111 (kg/s?m) (for test 51-02)

The relatively good agreement between Eqs. (3-3) and (3-4) suggests
that the transition from the droplet flow to the churn—-turbulent flow

at the top grid spacer holes can be described well by Eq. (3-3).

3.7.2 Observation Results

The followings are the examples of observation results for Tests

S1-SH2, S1-01 and $1-02.

(1) Test 51-5H2 (high pressure test)
i) Between the tie plate and the top grid spacer
0 sec. — (steam condition)

105 sec. - Some droplets fall from the tie plate.

114 sec. Droplets up-flow can be seen.

185 sec.
300 sec. - Bubbly flow can be seen.

Churn—turbulent flow can be seen.

ii) TUpper plenum
0 sec. — (steam condition)
117 sec. — Droplets impinge on the window of the VOP, ©Socon water

film on the window moves to the lower left (toward

the hot leg).

394 sec. - Vielent two-phase flow is moving down. Tt seems to

be slug flow.

(2) Test S1-01 (base case test)
i) Between the tie plate and the top grid spacer

0 sec. - (Steam condition. Some droplets fall from the tie plate)
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112 sec. - Droplets flow éan be seen.
120 sec.-- Flow becomes violent.

240 sec. - Churn-turbulent flow.

320 sec. = Slug flow.

ii) Upper plenum

0 sec, -

110 sec. -

274 sec.

- 390 sec. -

(3) Test S1-02

(Steam conditdion)

Water film on the VOP window is rising up leftwards
to the hot leg. It gradually becomes violent.

The water film on the VOP window is falling down left
to the hot leg.

Large lumps of water are falling,

(low pressure test)

i) Between the tie-plate and the top grid spacer

0 sec. — (Steam condition)

110 sec. -
300 sec. -

Droplets flow.

Churn-turbulent flow.

360 sec. = Slug flow.

ii) Upper pelnum

0O sec. - (Steam condition)

110 sec. -
215 sec. -

Droplets impinge on the window.

Violent two-phase flow with random orientation.
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Fig. 3-8 Drag forces measured with drag screen transducers in cold

leg spool piece
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Fig. 3-9 Comparison between mass flow rate measured with cold leg

spool piece and steam mass flow rate measured with Venturi

at intact cold leg for forced flooding tests
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Fig. 3-10 Water mass flow rate measured with cold leg spool piece for

cold leg injection test
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Fig., 3-11 Bypass water mass flow rate measured by liquid level

transient in containment tank-I
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Fig. 3-17 Transients of output signals of in-core LLD at bundle 2 in
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4, Problems

4.1 Turbine Meter

The bearings of turbine meter should be replaced several times
during the SCTF Core-I test series. Test No's that used the same ball

bearings of turbine shaft are as follows:

(1) Tests. S1-SH1, S1-SHZ, $1-01 and S51-02,
(2)  Tests. $1-03 through 51-06,
(3) Tests, S$1-07 through S§1-12Z,
(4) Tests. 51-13 through S51-15,
and (5) Tests. $1-16 through S$1-19.

The ratio between the turbine velocity and the core average velocity
calculated from the Venturi flow meter data are shown in Figs. 4-1 (a)
and (b) for series (2) and series (3), respectively, at 140 seconds
after core power on. In Fig. 4-1 (b), the repeatability tests, Tests
51-07 and S1-11, show almost the same value except above bundle 6.
Therefore, the exchange of ball bearing did not remarkably affect the

data of turbine meters.

4.2 Spool Piece

(1) Pressure, Differential Pressure and Temperature

There was no trouble in these detectors. However, there were some

problems about air drawing system in the differential pressure measurement.
(2) +vy-Densitometer (Cold leg)

The vacuum for the 3-beam y-densitometer system was cften not kept
(3) Drag Disk

Many failures occurred in the amplifier of drag disk. The failures
of the cireuit were brought about by the connection error at the
connector because it was nessesary to draw out the amplifire module in

order to adjust the data and zero point,

4,3 In-Core y-Densitometer

The output signals of in-core y-densitometers sometimes went down

to zerc during the test. This is caused by the moving of the rod bundles.

—101 -



JAERI-M B4-065
4.4 Conax Seal Problem

As presented in sections 3.3 and 3.5, most of the LLDs, FDGs, film
probes and impedance probes did not work well from the beginning of
SCTF Core~l test series. These failures are not due to the problems of
cach sensor itself but due to the stress corrosion of the conax seal of
hard cable. Grafoil was used as the conax seal in the SCTF Core-I
series. The material was changed to Teflon in the SCTF Core-IL series
in order to prevent from the stress corrosion. Therefore, good data

are expected to be obtained from these instruments in the SCTF Cove-1I.

4.5 Downcomer Drag Disk and String Probe

Both of the drag disk and the string preobe at the upper part of the
downcomer were not installed vertically but installed horizontally by
mistake. Therefore, the horizontal velocity from the intact cold leg

side to the broken cold leg side could not be measured.
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5. Conclusions

The data obtained from the USNRC-provided advanced two-phase flow
instrumentation were evaluated from the view point of reliability and

the follewing conclusicns were obtained,

I. Spool Pieces

(1) The hot leg spocl piece worked successfully, i.e., void fraction
data and total mass flow rate data from the hot leg spocl pilece
agreed well with those from the. conventional instruments,

(2) TFluid velocity data from the hot leg spocl piece at the region 1
(top region of the hot leg cross section) or the region 2 (second
region from the top) agreed well with the steam velocity chtained
from the conventional instruments,

(3) The hot leg flow reversal was clearly detected by the hot leg

spool piece at the region 4 (bottom region).

II. vy-Densitometers

(1) The y-densitometers attached to the pressure vessel wall worked
relatively well, i.e., qualitative coincidence was confirmed with the
void fractions calculated from differential pressures. However,
the v-denstitemeter gave the higher void fraction than the differential
pressure especially at the upper part of the core.

{2) The y-densitometers are very useful for two-dimensional analysis
of core thermo-hvdrodynamic behavior, because they indicate chordal
average void fraction compared with the vertical average void
fraction obtained by the differential pressure method.

{3) Sometimes, the beam of the y-densitometer at the middle cf core
was interferred by the movement of rod bundles just after the Acc

injection initiation.

M., LLDs and FDGs

(1) Most of LLDs in the core and FDGs in the upper plenum and downcomer

did not work because of the corrosion of hard cable penetraticn part

through the pressure boundary.
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IV. Turbine Flowmeters

(1) The UCSP turbine flowmeters provided reasonable steam velocity
just after the beginning of reflood when the flow through the UCSP
holes was steam dominant flow.

(2) With increasing the entrained water flow rate, the difference of
the steam velocity measured with the UCSP turbine flowmeter from the
éverage steam velocity obtained by mass balance calculation increased.

(3) The upper plenum turbine flowmeters for both vertical flow and
horizontal flow did not work well.

(4) The core inlet turbine flowmeters did not work well because of

unsuitable measurement range.

V. Film Probes

(1) Film thickness data from some film probes on the core side wall
and the upper plenum structure wall were qualitatively good but
not reasonable quantitatively,

(2) Film velocity data were meaningless.

(3) Many film probes attached to the core side wall, upper plenum
side wall, upper plenum structures and non-heated rods did not work

well because of the hard cable stress corrosion.

VL. Impedénce Probes

(1) Void fraction data from some upper plenum prong probes were quali-
tatively good but not reasonable quantitatively.

(2) The downcomer string probes did not give reasonable results.

(3) Many flag probes attached to the non-heated rods have the similar

hard cable problem described above.

VIE. Downcomer Drag Disks

(1) The water velocities masured with the downcomer drag disks were
not in good agreement with those obtained by the mass balance
calculation,

(2) The two-phase mass flow rate could not be obtained because both of

the drag disks and the string probes did not work well.
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VII, Video Optical Probes (VOPs)

(1) VOPs attached to the upper plenum and just below the end box tie

plate worked well and provided useful information on the flow pattern.
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Appendix A  Detailed Locations for USNRC-Provided Advanced

Instrumentation

The identification method of the instruments in the SCIF Core-I
is described in Tables A-1 (in-core), A-2 (pressure vessel except core)
and A-3 (outside of the pressure vessel), respectively.

The detailed measurement locations of the USNRC-provided instru-
ments in the pressure vessel are shown in Figs. A-1 through A-10. Fig-
ures A-1 and A-2 show the vertical and horizontal locations, respec-
tively, of the turbine flowmeters, drag disks, y-densitometers, down-
comer FDG, wall film probes, string probes and video optical probes.
The locations of the turbine flowmeters in the upper plenum and just
above the UCSP holes are shown in Fig. A-3. The measurement locations
of the LLDs and FDGs are shown in Fig. A-4. Figures A-5 and A-6 show
the measurement locations of the in-core film and flag probes, and the
upper plenum film and prong probes, respectively. The installed
locations of the hot leg, cold leg and vent pipe spool pieces are shown
in Figs. A-7, A-8 and A-9. Figure A-10 shows the locations of the
video optical probes as well as the view windows for JAERI-provided

cameras and a cinecamera,
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Table A-1  Description of

Instrumentation in Core

alsIalslale

84-065

Tag-ID number (in-core)

Location in theRegion(1! |

Region Number in Bundle

1
e B 5 -
0 .
Number | & 413
| ~910~16
Bundle Number
11213141516|7!8| —>Downcomer

Elevation from the Bottom

mrrr=m

Fluid T/C
LLD
Film Probe

Heater Rod Surface T/C| N|Non-heated Rod Surface T/C

F|Superheat T/C
B|Impedance Probe

T | Temperature

L Liquid Level

U

USNRC Provided Instruments

Note : (1) for Heater Rod T/

e L

© Upper half } Clockwise

ower half A~E

O Center } {~ 2
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Table A-2 Description of Tag-ID number (Pressure vessel except core)

Instrumentation in Pressure Vessel (except Core)

DDQPQQD

Location 1
——{Horizontal _ Region 2! |
A Lower ‘Pienum K|UP wall
B | Lower Plenum Wall|L | UP Structure
C | Core Inlet M| UP Structure Surface
D|Core N | Core Baffle
_E Core Side Wall Q | Core Baffle Wall
F | End Box P | Downcomer
G | Across Spacers Q { Downcomer Inner Wall
Hi UCSP R | Downcomer Oufer Wall
I | UCSP Surface S | Beftween Spacers
J | Upper Plenum (UP)
'——— Elevation from the bottom |00 ~ 99
E|T/C T| Transducer F| SSP
LILLD V| Pitot Tube D| Drag Disk
4P |Film Probe B| Impedance Probe|S| String Probe
C|FD Grid T| Turbine (UT) |G| ¥-densitometer
R | Reference Probe
T ! Temperature | Liquid Level P| Pressure
—— D | Differentiat Pressurd V| Fluld Velocity
Ut USNRC Provided Instruments
Note .
hr (21 [1]2]3][4]5]6[7[8]0[9]
! — Downcomer Bundle Number | LDowncomer
9 Core Baffle

{1~ 9
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Table A-3  Description of Tag-ID number (outside of pressure vessel)

Instrumentation in Loops

m[ninjsinini®

S|Slab Core
P| Pipe Wall
V| Vessel Wall
W | Fluid
H | Hot leg V |Vent Line
C | Intact Cold Leg |Z |Broken Cold Leg-PV Side
A1ACC G |Steam-water Separarator
T|LPCI F |Containment Tank I
D |Overflow, Drain  |B |Cortainment Tank II
J P Feed Line |S |Storage Tank
| Q {Equalizing Line  |I |Injection Water Tank
K | Extraction Line |M|Fuel Assembly
U |UCSP Feed Line [0 |UCSP Water Supply tank
E gﬁﬁfqalllmﬁnbgnk I-I IN | Steam-Water Separator
L |groken Cotd Leg= /¥ | for Extraction Line
P |Pressurized Line |W|LP Feed Water Tank
Location | 01 ~ 09 |
E T/C G ¥-Densitometer
T Transducer T Turbine (UT)
F SSP D ODrag Disk
L LLD K TV-Camera
LS String Probe
T | Temperature F | Flow Rate
P | Pressure W| Heating Power
D | Differential Pressure|U| USNRC Provided Instraments
LiLiquid Level
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Appendix B  Computed Algorithm for INEL-Manufactured Instruments

The computed algorithm for the INEL instruments is explained in
reference {5) in detail. The main part of the algorithm is presented

here for the convenience of the data interpretatiom.

B.l Single-Beam y-Densitometer

The equations for converting measured count rate to average fluid

density are:

i i io
where
Ii = Uncorrected count with background removed
Ci = Raw digital count
io = Raw digital count with source removed (calibration constant,
may be zero or insignificant)
i = Beam number

T, =TI, (1 +v.,1.)

i i ii
where
I; = Dead-time corrected count
Ii = Uncorrected count
Yy = Dead-time constant (1.0 X 10?7) (1/counts)
i = Beam number

T
Qi = A - Bln Ii

A=op, + Bln I; (Calibration comstant) (kg/m*)
(o, - pa)
B o= — s (Calibration constant) (kg/m>)
I
lnAJ%
I
W
where
Py = Average chrodal fluid density (kg/m>)
Ii = Dead time corrected count of fluid
I; = Dead-time corrected count in water (calibration constant)
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Ia = Dead-time corrected count in air {calibration constant)

b, = Density of water at time of calibration {ecalibration
constant) (kg/m?)

p, = Demsity of steam at time of calibration (kg/m>)

i = Beam number .

B is hand-calculated only at installation time, and A is calculated

prior to each test.

B.2 Hot Leg Spool Piece

A flow chart for the hot leg spool piece calculations is shown in
Fig. B-1. The general procedure igs to calculate the required outputs
for the four regions separately, using the instrument data correspending
to each region. Absolute pressure‘is assumed uniform over the pipe
cross section. The calculated parameters from the four regions are
then combined to produce an additional set of average parameters for
the total cross section of the spool piece.

For each region, the general procedure is first to determine steam
and water densities from temperature and pressure measurements, or from
estimates if temperature and/or pressure readings are unreasonable.
Two-phase fluid density is then determined from densitometer readings.
Then void fraction, average fluild velocity, and average fluid mass flow
rate are calculated.

For all of the foregoing calculations, unity-slip condition is
assumed within each region, and unity-slip verslons of two-phase flow
equations are used, since the hot leg spool piece does not contain
turbine flow meters. '

Flow chart boxes in Fig. B-1 are described as follows:

Box 1: The subroutine obtains engineering unit values.

Box 2: The absolute pressure value is checked. If it does not fall

between 70 and 1500 kPa, then it is an unreasonable value and
is rejected.

Box 3: The temperature value is checked. If it does not fall between

5 and 300°C, then it is an unreasonable value and is rejected,

Box 4 Tf both pressure and temperature readings are out of range then

water density is set to 1000 kg/m? and steam density is set

to 1.0 kg/m>.



Box 5:

Box 6:

Box 7:

Box 8:

Box 9:

Box 10:

JAERI-M 84+-065

If the temperature reading is reasonable but the pressure read-
ing is out of range, then the fluid is assumed saturated, and
water density is calculated from temperature. The saturated
pressure is determined, and steam density is calculated from
the temperature reading and saturated pressure.

If the pressure reading is reasonable but the temperature read-
ing is out of range, then the fluid is assumed saturated.
Saturated temperature is determined from the pressure reading,
and steam and water densities are calculated from the measured
pressure and saturated temperature,

If both temperature and pressure readings are within limits, a
determination is made of whether the fluid in the region is
subcooled water, superheated steam, or saturated fluid. This
is accomplished by obtaining the maximum and minimum saturation
temperatures based on absolute pressure increased and decreased
by the expected error of the pressure probe. The maximum and
minimum saturation temperatures are then compared to the measured
fluid temperature. If the maximum temperature is greater than
the fluid temperatﬁre by an amount equal to a specified percent
or reading error of the fluid temperature probe, then the cal-
culations proceed to Box 8 and the flow is considered subcoeled
water. Conversely, if the minimum temperature is less than the
fluid temperature minus the expected fluid temperature probe
error, then the fluid is deemed superheated steam and calcula-
tions proceed to Box 10. If the fluid pressure and temperature
are close to saturation values, such that the fluid is not
deemed superheated steam or subcooled water, it is assumed to
be saturated two-phase fluid and calculations proceed to Box 9.
Water density is calculated from measured temperature., Even
though the fluid is assumed subcocled, there may be steam pre-
sent. In this case, it is assumed saturated. Saturated tem-
perature 1s determined from measured pressure, and steam density
is calculated from measured pressure and saturated temperature.
Water density is calculated from measured temperature. Steam
density is calculated from measured temperature and measured
pressure,

Steam density is calculated from measured temperature and

measured pressure. Even though the fluid is assumed superheated,
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there may be water present. In this case, it is assumed satu-
rated. Saturated temperature is determined from measured
pressure, and water demsity is calculated from saturated tem-
perature.

Box 11: The density obtained by the y-densitometer is compared with
steam and water densities obtained in the preceding boxes.

Box 12: If the densitometer value is higher than the calculated water
density, then the reading is assumed unreasonable and fluid
density is set equal to water density.

Box 13: If the densitometer value falls between water and steam densi-

ties, then fluid density is set equal to the densitometer read-
ing value,

Box 14: If the densitometer value is lower than the steam density, then
the densitometer reading is assumed unreasonable and fluid
density is set equal to steam density.

Box 15: Void Fraction, fluid velocity, and mass flow rate are calculated.

The equation for calculating void fraction is:

Dw - pf
o ==/
Pu = Ps
where
g = Void fraction
¢ = Steam density (kg/m?)
pe = Fluid density (kg/m®)
o0, = Water density (kg/m>)
The equation for calculating average fluid velocity is:
. - (.E_ )1/2
f pf
where
ve = Average fluid velocity (m/s)
Pe = Fluid density (kg/m>)
I = KF (kg/ms?), the drag transducer engineering unit value,

multiplied by the calibration constant, K. This constant has

differnet values for forward and reverse flow.

The above equation for calculating fluid velocity assumes unity slip.
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The equation for calculating mass flow is:

M. = Ai pf v

f
where
M
A,
i
Pe
Ve
Box 16:
Box 17:
* _
PT = 0.3
where
*
PT
%
Py
%
s
3
%
P

Fluid mass flow (kg/s)

Cross—-sectional areas of spoecl piece regions (constants) (m?)

Fluid density (kg/m?)
Fluid velocity (m/s)

This box implements execution of the loop once for each of the
four regions of the spool piece,

In this box, the parameters calculated for each of the four
regions of the spool piece are combined to give corresponding
averages for the whole cross section of spool piece. All
equations {(except for velocity and mass flow) can be represented

generically as:

*

* +* *
1 P1 + 0.27 P* + 0,26 P3 + 0.16 P4

2

Total spool piece averaged parameter

Region 1 parameter

Region 2 parameter

Region 3 parameter

Region 4 parameter

For the total mass flow parameter, the four regional mass flows are

added

. TFor the total velocity, the following equation is used:
Me
Apf
Ve = Average total fluid velocity (m/s)
Mf = Average total mass flow rate (kg/s)
A = Cross section area of spool pilece (constant, 0.082604 m?)
pg = Average total fluid density (kg/m?)
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B.3 Cold Leg Spool Piece

(1) Three-beam y-densitometer

The equations for converting measured count rates to average fluid

density for each beam are:

Il - Ci - Cio
where
Ii = Uncorrected count background rembved
Ci = Raw digital count
io = Raw digital count with sources removed (calibration constant,
may be zero or insignificant)
i = Beam identification (A, G, or C)

' —_—
Ii = Ii [1 + v (1A + IC + 1.5 IG)]

where
I; = Dead-time corrected -count
Ii = Uncorrected count
v = Dead-time constant (1.666666 X 10?5/count)
i = Beam identification (A, G, or C)

0] 1 1 1,2
= - +
0 =1,-al, +b (1,)3
10 =1'" - e 10 5+ ¢ (18)2
=1 -a12+b u?z

1"=1 -eI. +f (15)2

IL=T1.-cI-d(I)

C C A
where
18 = Count estimate for Gd*®? beam
Ig = Count estimate for Am?* ! beanm
IA7= Dead—time corrected count for Am?*? bean
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= Dead-time corrected count for Gd*®® beam

IT

G

Ié = Dead-time corrected count for Cd'’® beam

Ig = Cross—-talk and dead-time corrected count for Gdt®® beam
Ix = Cross-talk and dead-time corrected count for AmZ*Y beam
IE = Cross-talk and dead-time corrected count for Cd*?? beam

a, b, ¢, d, e, f = Cross-talk coefficients (calibration constants)

These coefficients are determined only at installation time,

Densities are determined with the following equation:

o, =A-Bln I,
i i
A = o, + Bln I; (calibration constant)
(o, = P)
B = ———mM8— {(calibration constant)
IH’
In .a
2}
Iw
where
Py = Average chordal fluid density (kg/m>)
I; = Corrected count
I; = Corrected count in water (calibration constant)
I; = Corrected count in air (calibration constant)
QW = Density of water at time of calibration (calibration constant)
(kg/m>)
P, = Density of steam at time of calibration (kg/m®). In the SCTF,

the dry calibration is carried out in pre-heating period just
before the test. Therefore, the system is filled with steam.

i = Beam identification (A, G, or C)

B is calculated only at installation time, and A is calculated

prier to each test.

{2) Two—-Phase Flow Calculation

A flow chart for the cold leg spool piece calculations is given in

Fig. B-2. The general procedure is first to determine steam and water
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densities from temperature and pressure measurements, OT from estimates
if temperature and/or pressure readings are unreasonable. Two-phase
fluid density is determined from densitometer readings. Then steam
velocity and mass flow rate, water velocity and mass flow rate, void
fraction, fluid velocity, and fluid mass flow rate are calculated.

Flow chart box descriptions in Fig. B~2 are as follows:

Boxes 1+10: Operations in these boxes are identical with those already

described for boxes 1 through 10 of the hot leg spool piece.

Box 11: The average fluid density for two-phase flow is calculated
from densitometer rgadings and individual phase densities.

Box 12: A test is made to see that average fluid density measured by
the densitometer is between steam and water densities.

Box 13: If fluid density is below steam density in box 12, then fluid
density is set equal to steam density. If fluid density is
above water density, then fluid density is set equal to water
density. Fluid velocity is set equal to turbine velocity.

Box 14: Average fluid density is calculated using turbine meter and

drag-screen engineering unit values. The equation is:

Pee ~ %
Vi
where
Pep = Average fluid density from turbine and drag screen (kg/m>)
I = Momentum flux = K (Fl + F2 + F3) (kg/msz), sum of the three
drag transducer engineering unit values, multiplied by the
calibration constant K. This constant has different values
for forward and reversed flow.
v, T Turbine meter wvelocity (m/s)

A test is then made to see that the calculated value of pft
is greater than steam density.

Box 15: Fluid velocity is set equal to turbine velocity. A flag is
set to indicate a unity-slip condition and rejection of drag
screen data.

Box 16: A test is made to see that the calculated value of th is

less than fluid density.
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Box 17: Unity-slip velocity calculations are made using drag
screen and densitometer engineering unit values. A flag is
set to indicate the unity slip assumption, and rejection of
turbinemeter data. Steam and water wvelocities are calculated
from:
1/2
v =(—I—>/
us Of
where
Vis = Unity slip velocity (m/s)
= Value of momentum flux calculated in box 14 (kg/ms?)
oe = Fluid density from densitometer (kg/m®)
Box 18: Void fraction is calculated from the equation given in box 19.
Steam and water mass flows are calculated from:
Ms - OtAps Vus
Mw= (1 - o) pr Vis
where
MS = Mass flow rate of steam (kg/s)
Mw = Mass flow rate of water (kg/s)
A = Cross-sectional area of spool piece (constant) (m*)
o, = Steam density (kg/m?)
o, = Water density (kg/m>)
Vig T Unity-slip fluid velocity (m/s)
o = Void fraction (as calculated in box 19)

Fluid mass flow rate is calculated by summing steam and water mass

flow rate

Box 19:

S

General two-phase calculations are made using drag screen,
turbine meter, and densitometer engineering unit values.

The equation for calculating void fraction is:

P

0
S

Void fraction

I

Il

Water density (kg/m?)
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Steam density (kg/m3)
Fluid density (kg/m®)

s

Pg

The equations for calculating steam and water velocities are derived

the following assumptions.

The momentum flux measured by the drag screen is equal to the sum
of the momentum fluxes of each phase weighted proportionately by
void fraction, or

v .
W

I =ap, v+ (1 - o) O

ii) Equating measured turbine velocity to the Rouhani model for turbine
meter velocity gives
2 _ 2
v - ap, v + (1 o) O Vg
+ -
t ap, v (1 o) Oy Vi .
Equations (i) and (ii) are now solved simultaneously for v and Vo
The method of the derivation is detailed in Appendix A of reference
(5).
The derived equations are:
v =v,_ + n—llz Av
s f
1/2
v =v_ ~ T / Av
W f
where
v, = 1
f Pe Ve
ap
n o= pe——
(1 - o
- 2y1/2
Moo= (vat vf)
v, T Steam velocity (m/s)
v, = Water velocity (m/s)
v. = Average fluid velocity (m/s)
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I = Drag screen momentum flux (kg/ms?) (as calculated in box 14)
v, = Turbine meter velocity (m/s)

Py = Fluid density (kg/m?)

ey = Steam density (kg/m?)

P, = Water density (kg/m3).

The equations for calculating steam and water mass flow rates are:

MS = A O QS vS

M = A -

W (1 o) pw Y

where
MS and Mw = Mass flow rates (kg/s) for steam and water
A = 9pool-piece cross-sectional area (constant) (m?)
o = Void fraction

Og and pw Densities (kg/m3) for steam and water

Velocities (m/s) for steam and water.

v and v
s W

Fluid velocity is calculated using the above equation for Vs and

fluid mass flow rate is obtained by summing steam and water mass flow

rates.

Box 20: If water mass flow rate exceeds a specified upper limit

(supplied constant), calculations in box 19 are rejected

and redone in box 17 and 18.

B.4 Downcomer Drag Disk

B.4.1 Single-Phase Water Velocity

Local single-phase water velocity can be calculated from downcomer

drag disk force and temperature readings.

The equation for determining water velocity is:
1 1/2
VW: E‘
W

v, = Local water velocity
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I = K(F—Fb), where K is a conversion constant and F is the drag
disk force

Fb = Kbpw’ where Kb is a buoyance-correction constant.

o, = Water density obtained by the temperature reading supplied

by the thermocouple.

B.4.2 Mass Flux

The mass flux at each of the three measurement locations in the
downcomer can be calculated by combining the velocities from the drag
disks and the void fractions from the corresponding string probes. This

algorithm has been developed by ORNL.

(1) Upper Location (between Intact and Broken Cold Legs)

(a2) If o > 0.995, Steam single-phase flow

OW 0,528
c=co (-2) y 1-056
g g Dg w

(b) If 0.92 < o < 0.995, Mist flow

0.567 0.567 1.13%
= C v
© mpf pm w

The mist to froth transition point, MF, is calculated by

- 0.5
ME = [p_ P Vw]

m
(¢) If @ > 0.85 and MF < 100.0, Mist flow
The same equation as (b}

(d) TF o > 0.2 and MF > 300.0, Froth flow

1.645 1-6L5 3.29
= 0 Vv
© Cfr “f Dm W

(e) IF none of the above, Liquid single-phase flow

B 1.02
G = CePp V,
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(2) ZLower Locations (mear the Bottom of Downcomer)

(a) If o < 0.3, Liquid single-phase flow

1,02
= C 0

o]
l

P Yy

(b) If o > 0.3 and Vw < 0.9 of full scale

G = 0.0

(c) If o > 0.3 and VW > 0.9 of full scale

The drag disk is probably sénsing falling water and no flow

determination is possible.
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Fig. B-1 (continue)
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Fig. B—2 (continue)
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Appendix C  Computed Algorithm for ORNL-Manufactured Instruments

The computed algorithm for the ORNL instruments is explained in
reference (6) in detail. The outline of the algorithm is preseted here

for the convenience of the data interpretation.

C.1 Impedance Probes (¥Flag, Prong and String Probes)

The principle of operation of the impedance probe is based on
measurement of the electrical impedance of the fluid mixture in the

vicinity of an electrode pair, as shown in Fig. C-1.

(1) Void Fractiomn

The void fraction at the impedance probe is related to the—average

impedance of the two-phase mixture.

The capacitance between parallel plates is written as

C=k€% ,

where Area of one of the plates

It

Spacing between the plates

A
L
£ = Permittivity
k

Dielectric constant.

Since the two-phase mixture flowing between the two electrodes
serves as the dielectric constant, the cépacitance will wary with
changes in the composition of this mixture, having a maximum value with
water as the dielectric and a minimum with steam alone.

The liquid dielectric constant (ew) is a function of only liquid
temperature. The vapor dielectric constant (ES) is approximated to be
unity. The dielectric constant of two-phase mixture (Em) can be calcu-
lated from the measured impedance magnitude and impedance phase angle.

Then, a relative capacitance void fraction (ac) is obtained as

However, the capacitance variation with void fraction is different for
different flow patterns as shown in Fig. C-2. If the two-phase mixture

is in the dispersed flow pattern, the true void fraction is far below
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the relative capacitance void fraction. Therefore, it is needed to
identify and compensate for the dispersed flow regime effects on the

void fraction.

The final equation of the corrected void fraction (a) is written as

£ <+ me
s

u:l—(l—o'«c)[E(l__a)+E(m+0¢)]
, w C = ¢

where m is a fluid distribution factor and defined as

_ 0.3
Al ac)

m = + 1
s
where A = Probe calibration constant
5 = 100 [1 - tany/tanymax]
Y = Measured fluid loss angle
Ypax ~ Calculated maximum loss angle with no dispersed droplet

(2) Velocity

The velocities of the two-phase fluid are determined from the average
transport time of the two signals detected by the two adjacent sensors
of a flag probe. Fig. C-3 illustrates the concept of this method.

The calculation of average transport time, T, is based on the
assumption that the process can be approximated by a simple transport
delay model. According to this model, the phase shift of the transfer
function of signals from two adjacent sensors is characterized as a
1inear function of frequency in which the slope of the phase function
can be shown to be equivalent to the transport delay of the model. The
average transport time is calculated by first estimating a one-second,
average phase-shift between the two sampled probe signals and then
fitting this phase shift to a linear first-order approximation model
using a linear-least-squared-error fitting technique. Fig. C-4 shows
the example of average phase shift between two magnitude signals.,

Average transport time, T, is estimated from the slope of the fitted

line as
- . _de
i af
where © = Phase of cross power spectral density function of two signals

f = Frequency
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The above method is called the cross-power-spectral density (CPSD)

method.

The average velocity of the two-phase fluid during a certain

time interval is calculated by

<1
1]
Al |wn

where S is the axilal spacing between the sensors.

C.2 TFilm Probe

(1) Liquid film thickness

The principle of operation of the film probe is based on the mea-
surement of the electrical admittance of the fluid in the vicinity of a
set of electrodes. The equation for admittance is:

1 .
= =+
Y R iwC

where Y = Admittance
R = Resistance
w = Anglar frequency
C = Capacitance

In the expression for the admittance of the liquid film, R and C

is expressed by:

1 .
= C = 8)e ,
R f(é)O‘ and f( ) ot
where § = Film thickness
¢ = Liquid conductivity
¢ = Dielectric constant

gy = permittivity of empty space

1f the conductance of wall (Gy) and the capacitance contribution from

the wall and wires (Cq) are considered, the admittance can be written as;

Y:f(é)(0+iw80€)+Gg+ing (C'—l)

where: co is a physical constant (= 8.854 X 10~ 1% Farad/meter)
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@ is determined by the design of the instrument

Go and Cg are determined by calibrating the instrument before
each test. This calibration is done by measuring the
impedance of the film probe when it is dry and when it is
under water, Gy and Cg are calculated with the measured
magnitudes and phase angles of the impedance.

U is obtained with a reference conductivity probe in the lower
plenum,

¢ for water is calculated with an empirical formula by using the
temperature measured near the film probe.

(&) is determined by calibrating the instrument before it is
installed in the test facility. This is done by covering the
film probe with a liquid film the thickness of which is
measured with a different method.

Y.is measured by the electronic components of the film probe.

Since all of the g9, w, Gy, Co, Ts £, £{3) and Y are known, the

f£ilm thickness, &, can be obtained by using equation (C-1).

(2) Film velocity

An average film velocity is calculated from two velocities; E.P,

probe velocity and wave veloecity.

{(a) E.P., probe velocity

When electrodes are submerged in electrolytes, as water with dis~
solved salts, and an electric current flows through them, ions of dif-
ferent kinds become arranged in lavers on and near the electrode surfaces.
It is speculated that these layers are distorted by the shear stress, T,
in the flowing water. This distortion changes the iImpedance of the
layers and also the electric current.

An empirical relation between the current, Ie, and the film

velocity, v, is developed as

L
e _ A((S)E_B((S)V .
o]
A(8) and B(§) are function of & which have to be determined experimentally.

1f 0 and § are known, and the functions A(S8) and B(S) have been determined,

the velocity of the film, v, can be calculated as
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In[0A(8) /1 _]
V= B(O) .

These probes are called Electrolysis Potential Probes, or E.P.
probe. They are installed near Film Probes with which the needed film
thickness, §, is determined. The needed conductivity, ¢, is obtained
from the reference conductivity probe for the in-core and upper plenum
structure film probes or from the attached conductivity probes for the

wall film probes.

(b) Wave wvelocity

Since the E.P. Probe measures only the wvelocity of the liquid near
the wall, it is necessary to measure also shape and velocity of the
interfacial waves. The wave shape is measured with the film probes.

The velocity of the waves can be determined with two film probes placed
near each other, one vertically above the other on the vertical wall.

By the use of the CPSD method, the wave velocity is computed from the
time interval between the two signals and the distance between the probes,
This is the same method of the measurement of droplet velocity explained

in C.1.

{c) Average film velocity

The average film velocity is expressed as the combination of the

E.P. probe velocity and wave wvelocity.

_ 1 1 % 1 % Vwave
v, =| - —
film 8 EP )

= Average [ilm velocity (cm/sec)

where V.,
film
51 = Mean value of sensor 1 film thickness (cm)
Vop = E.P. probe velocity (cm/sec)
Voave - Wave velocity (cm/sec)
Al = Wave amplitude (cm)

C.3 Reference Conductivity Probe

The reference conductivity probe is one pair of electrodes like the

wall film probe conductivity electrodes, Here the amount of water over
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the probe is always so much that its effect is as if it were an infinitely

thick film. As a consequence, the coefficient f(J) has a known constant

value

fc = constant = £(=)

For the reference conductivity probe, equation (G-1) becomes
Y = [f(e)}g + Gyl + 1 w [£(®)eg € + Cyp]

The real part is written as

YRC = iYc' cosB = f(=)0 + Gy

From this equation, the liquid conductivity ¢ can be calculated as
1
0 = —— g =
F () ( |Yc[ cos Go)

All terms on the right hand side are know either from the measurements

during the tests ( \YC| and 0), or from previocus calibrations (G, and

£{=)).
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Fig. ¢-1 Diagram of impedance probe
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Fig. C-2 Relationship of impedance probe capacitance to void
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