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SUMMARY

Westinghouse Electric Corporation and the Nuclear Engineering Department of Oregon State
University (OSU) have designed and constructed a 1/4-scale model of the AP600 plant that includes
the reactor coolant system (RCS), steam generators (SGs), passive core cooling system (PXS),
automatic depressurization system (ADS), and nonsafety injection systems—such as partial normal
residual heat removal system (RNS) and partial chemical and volume control system (CVS)— in the
Radiation Center at OSU in Corvallis, Oregon. This facility was used to perform tests of the AP600
passive safety systems in a reduced size and at lower temperatures and pressures for validation of the
safety analysis codes. The test facility, fabricated completely from austenitic stainless steel, was
designed for normal operation at 450°F and 400 psig, and was scaled using the hierarchical, two-tiered
scaling analysis (H2TS) method developed by the U.S. Nuclear Regulatory Commission (NRC)."
Simulated piping breaks were tested in the hot leg, cold leg, pressure balance line between the cold leg
and the core makeup tank (CMT), and the direct vessel injection (DVI) line. Decay heat that scales to
3 percent of the full power (about 2 minutes after shutdown) was supplied by elecurically heated rods
in the reactor vessel. Simulated accidents were programmed by the control system to proceed
automatically. About 850 data channels were recorded by the data acquisition system (DAS) for each
test and downloaded to compact disks for subsequent data reduction and plotting.

Data from the test facility were transmitted to the Westinghouse Energy Center for reduction and
review. To the extent that instrument indications provided an understanding of the system response to
a transient, the system response was defined. Final analysis of system behavior will be part of AP600
Low-Pressure Integral Systems Test at Oregon State University, Test Analysis Report, WCAP-14292.%
Conclusions from the test program are discussed with each test in Section 5 of this report.
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1.0 INTRODUCTION

The low-pressure integral systems test facility at Oregon State University (OSU) is a scale model of
the AP600 reactor used to evaluate the thermal-hydraulic characteristics of the AP600 during various
accident conditions. Westinghouse performed a matrix of tests at OSU, as part of an integrated test
plan (described in AP600 Test and Analysis Plan for Design Certification, WCAP-14141%), to provide
data to verify the capability of the analytical methods used to predict the response of the AP600
integrated passive safety systems. Experiments were designed to simulate small-break loss-of-coolant
accidents (SBLOCAs), the greatest challenge to the passive safety systems. The purpose of this report
is to provide final verification of test results by comparing instrument indications to plausible
phenomena expected or demonstrated by the test facility and to document the data results of each test
used for validation of the safety codes applied to the AP600 plant.

Requirements for the test program are detailed in, Long-Term Cooling Test Specification,
WCAP-13234“ The test program consisted of a series of pre-operational tests performed to
characterize the plant in both cold and hot conditions, followed by a series of tests performed to
supply test data during the facility’s response to a break in the primary system. The pre-operational
tests confirmed system volumes, line resistances, and heat losses through the pressure boundary. In
addition, a complete check-out was performed on the facility's instrumentation, associated instrument
channels, and the data acquisition system. This check-out included testing of all control interlocks,
trips, and alarms. In the matrix tests, breaks were simulated in the primary cold leg, direct vessel
injection (DVI) line, and core makeup tank-1 (CMT-1) balance line. Additional tests were performed
to evaluate break size, containment backpressure, nonsafety systems, and break location. The
reference loss-of-coolant accident (LOCA), a 2-in. break in a cold leg, was performed twice to show
test repeatability. An inadvertent automatic depressurization system (ADS) actuation and an
inadvertent safety systems actuation (S) signal leading to ADS actuation were also evaluated.

Testing was performed at OSU from June through Septembter, 1994, with a combined test staff of
OSU and Westinghouse Electric Corporation engineers. Tests were run according to specific
procedures developed by the Westinghouse Safety and Licensing Group and the Test Engineering
Group at the Energy Center in Pittsburgh, Pennsylvania, in consultation with the Onsite Test Group.
Test results were recorded in the data acquisition system (DAS) and were subject to several reviews.
The initial review took place at the OSU test facility to determine if the test met the acceptance
criteria or had to be repeated. The Day-of-Test Report was issued by the Onsite Test Group to the
Test Engineering Group at the Energy Center documenting the initial data review and delineating the
acceptability of the test. Additional reviews of the data were conducted at the Energy Center, in an
expedited fashion, to make the data available to the Nuclear Regulatory Commission (NRC) so that it
could evaluate the test results. The data were released in the preliminary form of Quick Look Reports
for each test.
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1.1 Background

The low-pressure, 1/4-height integral systems tests were conducted at the Corvallis campus of OSU.
Scaling studies indicated that a scaled, low-pressure test facility could be constructed to capture the
thermal-hydraulic phenomena of interest for the lower pressure characteristics of the AP600.

The OSU test facility is a new facility that was constructed specifically to investigate the AP600
passive system characteristics. The facility design accurately models the detail of the AP600
geometry, including the primary system, pipe routings, and layout for the passive safety systems. The
primary system consists of one hot leg (HL) and two cold legs (CLs) with two active pumps and
steam generator (SG) for each of the two loops. There are two CMTs, each connected to a cold leg of
one primary loop. The pressurizer is connected to the other primary loop, as in the AP600 plant
design. Gas-driven accumulators are connected to the DVI lines. The discharge lines from a CMT
and one of the two in-containment refueling water storage tank (IRWST) and reactor sump lines are
connected to each DVI line. The two independent lines of each stage of ADS 1, 2, and 3 are modeled
by one line containing an orifice. The two-phase flow from the ADS 1-3 is separated in a swirl-vane
separator, and the liquid and vapor flows are measured to obtain the total flow rate. The separated
flow streams are then recombined and discharged into the IRWST through a sparger. Thus, the mass
and energy flows from the ADS into the IRWST are preserved.

The time period for simulation included not only IRWST injections, but also IRWST draining and
sump injection in order to simulate the long-term cooling mode of the AP600. The time scale for the
OSU test facility is approximately one-half; that is, the sequence of events occurred approxiinately
twice as fast as it would in the AP600.

To model the long-term cooling aspects of the transients, the two-phase flow from the break was
separated in a swirl-vane separator, and the liquid and vapor portions of the total flow were measured.
The liquid fraction of the flow was discharged to the reactor sump, as in the AP600 plant. The vapor
was discharged to the atmosphere, and the equivalent liquid flow was capable of being added to the
IRWST and sump to simulate the condensate return from the passive containment. A similar approach
was also used for the two ADS-4 valves on the hot legs. The two-phase flow was separated in a
swirl-vane separator, the two stream flows were measured, the liquid phase was discharged into the
reactor sump while the vapor phase was discharged to the atmosphere, and the liquid equivalent was
capable of being added to the IRWST and sump. The IRWST, reactor sump, and separators could be
pressurized to simulate the containment pressurization following a postulated LOCA.

A multi-tube passive residual heat removal heat exchanger (PRHR HX) was located in the IRWST.
The HX used the same C-tube design as the AP600 and two tubes were instrumented with
thermocouples and flow meters to obtain wall heat fluxes during the tests. Data from fluid
thermocouples, wall thermocouples, and level transmitters were used to determine HX performance.
The IRWST had vertical rods containing fluid thermocouples located at various radial and axial
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locations to determine the degree of mixing in the tank and assess the temperature of the liquid in the
IRWST as it was delivered to the reactor vessel.

The reactor vessel for the OSU tests included a 3-ft. heated core simulator consisting of 48 1-in.
diameter heater rods. The heater rods had a top-skewed power shape. There were wall thermocouples
swaged inside some of the heater rods to measure the heater rod temperature and five fluid
thermocouple rods in the heater rod bundle to measure the axial and radial coolant temperature
distribution. The scaled flow area in the core and the flow area in the vessel upper plenum were
preserved. There were simulated reactor internals in the upper plenum to preserve the flow area and

" the scaled coolant volume. The reactor vessel included an annular downcomer, into which the four
cold legs and the two DVI lines were connected. The two hot legs penetrated the reactor annulus and
connected with the loops. The AP600 reactor vessel neutron reflector was simulated using a ceramic
liner to reduce the metal heat release to the coolant.

The OSU test facility had approximately 600 kW of electrical power available. This corresponds to
about 3 percent decay heat.

The OSU experiments examined the passive safety system response for the SBLOCA and the large-
break loss-of-coolant accident (LBLOCA) transitions into long-term cooling. A range of SBLOCAs
was simulated at different locations on the primary system-—such as the cold-leg, hot-leg, CMT-1
balance line, and DVI line. The break orientation, at either the top or bottom of the cold leg, was also
examined. Selected tests continued into the long-term cooling, post-accident mode during which the
passive safety injection was from the reactor sump and the IRWST. A larger-break, post-accident,
long-term cooling situation was also simulated.
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1.2 Pre-Operational Test Objectives

Pre-operational tests were performed to provide an understanding of facility control and operating
characteristics, to confirm design features essential to scaling, and o ensure that the instruments and
DAS were performing as expected. Formal tests were conducted while the plant was in cold
conditions 10 measure system pressure drops and volume of the components. Pressure drops in the test
facility were adjusted to their desired scale AP600 values by using orifice plates, when required.
Pre-operational testing was performed in the hot condition to characterize system heat losses. Results
of the pre-operational tests are presented in Section 4.

1.2.1 Cold Pre-Operational Tests

Volume determination tests were performed in January and February, 1994 for the accumulators,
CMTs, pressurizer, IRWST, sumps, SG secondary sides, and reactor vessel to compare the actual
volumes with the calculated volumes. Volume determination was made by filling the vessels with
water and then measuring the weight of the water in the vessel. The weights were determined by
draining the water into a container and then placing the container on a precision scale, or by using
calibrated load cells under the larger tanks.

Flow test/line resistance determination tests were performed in February and September, 1994. The
objective of the first set of tests was to measure line resistance for the accumulator lines, IRWST lines,
and sump injection lines for a given flow rate. The pressure drop in CMT injection and ADS 1-3
lines was measured over a range of flows. Resistance of the normal residual heat removal system
(RNS) injection lines was measured to ensure that they were within 10 percent of each other. The
reactor coolant pump head was measured for full flow and pump coastdown conditions. Flow tests
were repeated in September to obtain additional information on the pressure drop around the primary
circuit and PRHR HX.

1.2.2 Hot Pre-Operational Tests

Three separate and formal hot functional tests were performed. The objectives of the tests were 10
ensure proper operation of the equipment prior to the formal matrix test program and to provide data
necessary to document temperature characteristics of the system. The first hot functional test
(OSU-HSO01) measured the steady-state heat loss, natural-circulation flow, and forced-flow
characteristics. These data were used to verify the AP600 thermal-hydraulic computer codes (the test
results are reported in Subsection 4.3). The objective of the second test (OSU-HS-02) was to verify
the measuring capability of the break and ADS measurement system (BAMS) and the control of the
ADS. The third hot functional test (OSU-HS03), inadvertent ADS-1 Actuation, was a rehearsai for the
formal matrix test program. (Data from OSU-HS02 and HS03 are not used in AP600 safety analysis
computer code validation and are not included in this report.)
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OSU-HSO01 was performed to determine surface heat losses from the system at 100°, 200°, 300°, and .
400°F; characterize PRHR under natural circulation and forced cooling; characterize the primary

cooling system state at 100 kW, 300 kW, 500 kW, and 600 kW, and characterize the CMT natural

convection characteristics.
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1.3 Matrix Test Objectives

The objective of the Matrix Test Program was to obtain test data for a series of AP600 simulated
transients, varying the test parameters on a one-at-a-time basis, and to overlap the test program at
SPES-2, a full-height, full-pressure test facility. Tests at OSU were specifically designed to evaluate
the passive safety system response to a range of SBLOCAs, during the transition into long-term
cnoling. The reference LOCA, Matrix Test SBO1, is a 2-in. cold-leg break with a simulated failure of
onc of the two ADS-4 valves in one ADS-4 line. The effect of break location was determined by also
testing a break in the DVI line (Matrix Test SB12), a break in the CMT-1 balance line (Matrix Test
SB10), and a break in hot leg-2 (Matrix Test SB15). The impact of a larger break size was evaluated
comparing the results of SBO1 with SB21, a 4-in. cold-leg break test case. Matrix Tests SBOS and
SB23 were performed to demonstrate the impact of smaller break sizes.

The reference 2-in. cold-leg LOCA, Matrix Test SBO1, was duplicated in Matrix Test SB18, the last
matrix test performed to demonstrate test facility repeatability over a period of time. Matrix
Test SB19 repeated SBO1 with the objective of showing the effect of high containment backpressure.

Possible interactions of the ncnsa‘ety systems with the passive safety systems were addressed by
performing Matrix Test SBO4, a repeat of Matrix Test SBO1, with the nonsafety systems running. The
impact of a smaller breuk size was evaluated in Matrix Test SB24.

Additional tests were performed to evaluate the effects of a CMT/cold leg balance line breaker of a
smaller size (Matrix Test SB09) and a DVI break of a smaller size (Matrix Test SB13). A DVI
double-ended break with additional vailures was evaluated in Matrix Test SB28.

Several tests were performed to show the effect of transients not involving breaks. Matrix Test SB14
tested the impact of an inadvertent ADS actuation, Matrix Test SB26 evaluated multiple ADS failures,
and Matrix Test SB31 tested an inadvertent S signal scenario.

A summary of the matrix tests used in the AP600 thermal-hydraulic code validation is provided in
Table 1.3-1. The pertinent facility conditions for each test are also noted. There were additional
matrix tests performed and omitted from this report because of their similarity to other tests. Those
test results, issued in preliminary Quick Look Reports, will be re-issued in final Quick Look Reports.
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TABLE 1.3-1
OSU MATRIX TEST SUMMARY
_* ==
Size and PRHR CVS RNS ADS 41 ADS 42
No. Location HX Pump Pump (HL-1) (HL-2) Comments
SBO1 2. CL-3 On Off Off 50 percent flow 100 percent flow | Failure of one of two hines in
bottom of cold leg area 11 AP600 area n AP600 ADS 4-1; reference cold-leg break
(CMT side;} case
SBO4 2. CL-3 On On On 50 percent flow 100 percent flow | Same as SBO! except safety and
bottom of cold leg area in AP60C area n AP600 nonsafety system mteraction
(CMT side)
SBOS l-m. CL-3 On Off Off 50 pesrcent flow 100 percent flow | Same as SBO! except break size
bottom of cold leg area in AP600 area in AP600 change
{CMT sade)
SBOS 2-m. CL-3 On Off Off 50 percent flow 100 percent flow | Same as SBOI except different
o CMT-1 area in AP600 Area in AP600 break location; asymmetnic
balance hne behavior of CMTs
SB10 DEG CL-3 to CMT-1 On Off Off 50 percent flow 100 percent flow | Limiting break on balance line;
balance line area mn AP600 area in APS00 asymmetric behavior of CMTs;
failure of one of two hnes mn
ADS 4-1
SBI12 DEG DVI-1 On Off Off 100 percent flow 100 percent flow Limiting break on DVI line;
line break area i area in AP600 Failure of one of two Imes of
AP600 ADS-1 and ADS-3
i SB13 2-m. DVI-1 On Off Off S0 percent flow 10C percent flow | Same as SBO! except different
une break area n AP600 area in AP600O break location
| SB14 Inadvartent ADS On Oft Off 50 percent flow 100 percent flow | No-break case with one failure of
ino break) area m AP600 area m APS0O two lnes w3y ADS 4-1
SBIS 2-m. HL-2 On Off Off 50 percent flow 100 percent flow | Same as SBO! except break
bottom of pipe area m AP600 area in AP600 location
—— = _ e e
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TABLE 1.3-1 (Continued)
OSU MATRIX TEST SUMMARY

RNS ADS 4-1 ADS 42
No Location HX Jump Pump (HL-1) (HL-2) Comments
SB18 2-m. CL-3 On Off Off 50 percent flow 100 percent flow Repeat test of SB01; confirm
bottom of cold leg area m AP600 area m APS0O behavior of system and
(CMT sade) mstrumentation
SB19 2-m. CL-3 On Off Off S0 percent flow 100 percent flow Same as SBO1 except contamment
bottom of cold leg area i AP600 area in AP60C backpressure simulated
(CMT side)
SB2:! 4-in. top of and 4-1n On Off Off 50 percent flow 100 percent flow Same as SBO1 except larger break
bottom of CL-3 area in AP600 area m AP600 s1ze; largest break size simulated n
(CMT side) matnx tests
SB23 172-in. CL-3 On Oft Off SO percent flow 100 percent flow Same as SBO! except smaller break
bottom of cold leg area n APSOO area n AP600 size
(CMT side)
SB24 1/2an. CL-3 On On On 50 percent flow 100 percent flow Safety and nonsafety system
bottom of cold leg area i AP600 area m AP600 interaction; single failure
(CMT sade)
SB26 Inadvertent ADS with Off Off Off N/A N/A No-break PRA case with ADS-1
muluple 1solate solate isolated and failure of one of two
farlures (no break) this hine this line lines of ADS 4-1; PRHR HX
isolated
SB28 DEG DVI-1 Off Off Off N/A N/A Limiting break on DVI line with
line break isolate solate ADS 4-1, ADS 4-2, accumulator-1,
this e this lme and PRHX HX solated.
SB31 Spurious On Off Off 50 percent flow 100 percent flow Failure of one of two hnes in
S signal area in AP600 area i AP600 ADS 4-1
(no break) A

Note:
DEG -- double-ended guiliotine
PRA -- probabilistic nsk assessment
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2.0 TEST FACILITY DESCRIPTION

The Oregon State University (OSU) test facility is designed for operation at 400 psig and 450°F, in
accordance with the requirements of the American Society of Mechanical Engineers (ASME) Pressure
Vessel Codes, Section VIII, Pressure Piping B31 (ANSI/ASME B31.1)""; Occupational Health and
Safety Administration (OSHA) Standards; and Oregon State rire Protection Codes. In this section, the
overall test facility and each component are described.
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2.1 Overall Facility Description

The OSU test facility is a scaled model of the AP600 reactor coolant system (RCS), steam generator
system (SGS), passive core cooling system (PXS), automatic depressurization system (ADS), lower
containment sump (LCS), chemical and volume control system (CVS), and normal residual heat
removal system (RNS). In addition, the facility is capable of simulating the AP600 passive
containment cooling system (PCS) condensate return process. Figures 2.1-1 through 2.1-4 are
photographs of the completed facility. Figure 2.1-5 is an isometric drawing of the test facility, and
Figure 2.1-6 is a simplified flow diagram of the test facility. Appendix G contains detailed piping and
instrumentation diagrams (P&IDs) for the test facility and its systems. The facility accurately reflecis
the AP6(0X0) geometry, including the piping routings. All components and piping are fabricated from
austenitic stainless steel. Flanged, gasketed connectors are used throughout the test facility. The
relative locations of all tanks and vessels—such as the in-containment refueling water storage tank
(IRWST), core makeup tanks (CMTs), and accumulators—are properly modeled both horizontally and
vertically. The facility uses a unique break and ADS measurement system (BAMS) to measure
two-phase break and ADS flow.

2.1.1 Reactor Coolant System

The RCS is composed of a reactor vessel, which has electrically heated rods to simulate the decay heat
in the reactor core, and two primary loops. Each primary loop consists of two cold-leg pipes and one
hot-leg pipe connecting a st>am generator (SG) to the reactor vessel. A reactor coolant pump (RCP)
on each cold leg takes suction from the SG channe! head (downstream of the SG U-tubes) and
discharges it into the downcomer region of (he reactor vessel. A pressurizer with an electric heater is
connected to one of the two hot legs through surge-line piping. The surge line is formed to a spiral
geometry to accommodate piping expansion loads at the pressurizer during thermal transients. The top
of the pressurizer is connected .0 the ADS 1-3 line. An ADS+4 line is connected to each hot leg.

The reactor vessel also contains two direct vessel injection (DVI) nozzles that connect to the DVI lines
of the passive core cooling system (PXS). A flow venturi is incorporated in each DVI nozzle to limit
the loss of inventory from the reactor vessel in the event of a double-ended DVI line break. Each hot
leg provides a connection to one of the two ADS-4 lines. Detailed descriptions of RCS components
are discussed in Subsection 2.3,

2.1.2 Steam Generator System
This test models the primary side of the SGS with two SGs, one per primary loop. A simulated
feedwater line is used for each SG to maintain proper SG secondary water level. The steam produced

in each SG is measured and exhausted to the atmosphere through a common diffuser and stack.

Proper AP600 SGS operations during loss-of-coolant accident (LOCA) transients are simulated. In the
AP600, a drop in primary water level produces a safety systems actuation (S) signal, which shuts the
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feedwater supply and maintains SG secondary-side pressure at its proper value, The test control logic
simulates the response of the AT500 by providing an S signal at a fixed time following a break.
Consequently, the proper initial . ‘itions for the transient behavior of the facility are provided. A
detailed description of the SGS is provided in Subsection 2.3,

2.1.3 Passive Core Cooling System

The PXS consists of two CMTs, two accumulators, one IRWST, and one passive residual heat removal
heat exchanger (PRHR HX). The test facility simulates the AP600 IRWST with a cylindrical tank
with properly scaled water volume and height. The IRWST is located above the reactor core; two
injection lines connect to the two DVI lines—one per DVI line. Each IRWST injection line also
communicates with the sump tank with interconnecting piping and isolation valves. Two additional
conditions are simulated in the test model: venting of the IRWST to the containment and water
overflowing the IRWST to the sump.

Two CMTs and two accumulators are used in the PXS. One CMT and one accumulator are connected
to one DVI line; the other CMT and accumulator are connected to the second DVI line. Both DVI
lines enter the downcomer of the reactor vessel at the DVI nozzles. The PRHR HX is located inside
the IRWST, using IRWST water as the cold reservoir. The inlet of the PRHR HX is connected to the
pressurizer side hot leg, via a tee at the ADS-4 line, and the outlet is connected to the SG channel
head at the cold-leg side. Since the inlet is hot and the outlet is cold, water is circulated through this
system by natural convection. The water volume and elevation of each CMT are properly scaled and
modeled. They are elevated above the reactor vessel and the DVI lines. A line connecting the top of
each CMT to its cold leg provides pressure balance between the RCS and the CMT. Therefore, the
CMT injects cooling water by i's own elevation head. The accumulators are also modeled with proper
volume and height. However, they are pre-pressurized and, therefore, inject when RCS pressure is
below the preselected accumulator pressure.

The PXS and the ADS provide adequate reactor core cooling for the complete range of LOCAs. In
the event of a LOCA, the CMTs inject ambient water to the reactor vessel when the injection isolation
valve opens. The accumulators also inject water when RCS pressure drops below the pre-set
accumulator pressure. As the CMT water level drops, the ADS-1 through ADS-4 isolation valves
open sequentially to depressurize the RCS. The opening of the ADS-4 valves reduces the RCS
pressure to equal containment pressure; hence, the IRWST injects by its own elevation head. Finally,
the sump injects water to the reactor vessel when enough elevation head is established.

Accurate, direct measurement of the two-phase flows vented from the system (simulated breaks, ADS

flows) are difficult and expensive. A unique system, the BAMS, was specifically designed to measure
these two-phase flows. The BAMS is based on separating the two-phase flows into individual single-

phase flow streams that can be accurately measured with conventional instrumentation.
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2.1.4 Automatic Depre.surization System

The AP600 uses four stages of valves to depressurize the RCS. The first three stages of the ADS are
provided through connections to the pressurizer. The three stages are arranged in parallel with each
stage containing two lines and each line containing an isolation valve and control valve. The fourth
stage of ADS contains four separate lines. Two lines have a common connection to HL-1, and two
lines have a common connection to HL.-2. Similar to ADS 1-3, each line contains an isolation valve
and control valve.

The OSU test facility uses only one line of valves to model the ADS 1-3 stages of AP600. This is
done using removable flow nozzles to match the scaled flow characteristics of either one or two lines
of valves. The first-, second-, and third-stage lines of the ADS split into parallel lines from one
connection off the pressurizer. Each line includes a pneumatically operated, full port ball valve and a
flow nozzle. The ball valve simulates the isolation valve in the AP600, and the flow nozzie simulates
the flow control valve in the AP600. Two sets of flow nozzles are used to simulate single- or double-
line operation, allowing proper flow area scaling.

The discharge lines from the ADS 1-3 valves are joined into one line that is connected to the ADS 1-3
separator. These valves are opened by the test logic controller. Once the ADS valves are opened by
the test logic controller, RCS pressure drops and the flow flashes into two-phase flow. This two-phase
flow is separated using a swirl-vane separator, and the liquid and vapor flows are measured to obtain
the ADS total flow for mass and energy balance analysis. The separated flow streams are then
recombined and discharged into the IRWST through a sparger. Thus, the mass flow and energy flow
from ADS 1-3 into the IRWST are preserved.

The OSU test facility uses one ADS-4 line connected to the top of each hot leg. Each line contains a
pneumatically operated, full port ball valve 7 cting as the ADS-4 isolation valve and a flow nozzle
simulating the flow area in the AP600. Two sets of flow nozzles are used in the test: one simulates
100-percent flow area, and the other simulates 50-percent flow area. For those tests which require a
complete failure of the ADS-4 lines on one hot leg, the ADS-4 line is closed. In the AP6(0O plant,
when the ADS-4 isolation valves open, the flow is directed inside the containment. In the test, the
ADS-4 discharge flows to the ADS-4 separators, where the steam and liquid flows are separated. The
steam flow is measured and exhausted to the atmosphere. The liquid flow is measured and directed to
the primary sump tank. This two-phase flow measuring scheme is part of the BAMS, which is
discussed in more detail in Subsection 2.1.7.

2.1.5 Lower Containment Sump

The LCS in the AP600 consists of two volumes—normally flooded and normally nonflooded. The
normally flooded volume consists of those compartments which collect liquid break flow and ADS
flow. For example, the - ompartments that house the reactor vessel or the SGs are normally flooded.
The normally nonfloode. volume includes those compartments which do not collect any liquid flow.
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The only communication path between the normally flooded volume and normally nonflooded volume
is at the top of these compartments, which is called the curb. In the test, a cylindrical tank (primary
sump tank) is used to model the normally flooded volume. The normally nonflooded volume is
modeled with another cylindrical tank, identified as the secondary sump tank. These two tanks are
connected with a line at a level simulating the curb level in the ~JP600,

The primary sump tank is designed to properly scaled water volume and height. It includes

sump injection lines that inject water into the DVI lines. These injection lines also communicate with
the IRWST injection lines at the properly scaled elevation and locations. The overflow from the
IRWST is also collected in this tank, simulating the overflow path in the AP6(X0.

The secondary sump is also designed to properly scaled water volume and height. It is connected to
the primary sump tank by a short length of 6-in. Sch. 40 pipe. This pipe is very short in order to
minimize flow resistance, since the flooded and nonflooded AP600 containment volumes are only
separated by the curb. The pipe also has a flange joint with a weir in between. The height of this
weir models the curb level in the AP600. Detailed descriptions of LCS components are included in
Subsection 2.3,

2.1.6 No.mal Residual Heat Removal System and Chemical and Volume Control System

In the AP600, the RNS is used to provide nonsafety cooling water injection to the reactor core. In this
case, the RNS pump takes suction from the IRWST and discharges it into the DVI lines. The
delivered flow rate is a function of RCS pressure. This process and its time-dependent flow are
modeled in the test. During testing, the RNS pump takes suction from the IRWST at the properly
scaled location and elevation, and it discharges the flow to both DVI lines at properly scaled locations.
These twe lines are balanced so that equal flow can be delivered to each DVI line. The pressure-
dependent flow in the AP6(X) is also modeled and automatically controlled by the proportional,
integral, derivative (PID) controller. Subsection 2.3.17 provides more details of the RNS components.

The makeup line in the AP600 CVS is modeled in the test. This line contains a pump taking suction
from the feed storage tank and discharging to the SG-2 (pressurizer side) channel head at the cold-leg
side. The makeup flow is scaled from the AP600 makeup flow rate as a function of RCS pressure and
is controlled automatically by the process controller.

2.1.7 Break and ADS Measurement System

The mass and energy of the test facility, both on individual components and the overall system, must
be maintained in order to properly scale the long-term cooling phcnomenon in the AP600. To do this,
the flow rate at various locations and equipment must be known. For those locations where
single-phase flow exists, the flow rate measurement is relatively simple and reliable. However, there
are some locations and equipment in the test facility with two-phase flows. Since direct measurement
of two-phase flow is not practical and is extremely expensive, an indirect method is used—the BAMS.
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The BAMS is uniquely designed for the test facility to indirectly measure two-phase flow and energy.
This system uses separators to separate the two-phase flow into single-phase liquid and single-phase
steam flows for direct flow rate and temperature measurements. This system also measures all break
flows; that is, LOCA operations and inadvettent ADS operations. The BAMS consists of steam-liquid
separators and the interconnecting pipes and valves to the various break sources, the primary sump
tank, the ADS 1-3 lines, and the main steam header.

2.1.7.1 ADS 1.3 Separator and Pipe Route

One separator is dedicated as the ADS 1-3 moisture separator; it has one inlet and two outlets.
Two-phase flow (steam and water) from the ADS 1-3 lines enters thc ADS 1-3 separator, where the
steam is separated from the mixture. The steam flows out of one outlet while the liquid drains down
the other. These two lines recombine at some distance downstream and discharge into the IRWST via
the sparger located inside the IRWST. To prevent the steam from blowing through the liquid drain, a
liquid loop seal is incorporated to the liquid drain line of the separator. Also, the steam and liquid
lines are carefully sized so that at full flow, the pressure drop from the steam outlet to the recombined
common point is smaller than that from the liquid drain outlet to the same recombined point. This
ensures that the steam outlet pressure is less than the liquid drain line outlet pressure; hence, steam can
only exit the dedicated steam line, where it is measured by a vortex flow meter and fluid
thermocouples.

The ADS 1-3 separator, the steam line, the liquid line, and the recombined line are all insulated to
minimize heat loss to the atmosphere. Furthermore, both the separator tank and the steam line are
heat-traced to maintain a temperature of approximately 200°F to minimize nonprototypical steam
condensation. Consequently, prototypical quality is preserved. The liquid loop seal is prefilled with
hot water at approximately 180°F prior to actual testing. All these features ensure negligible energy
flow to the atmosphere and proper energy transfer directly to the IRWST, as in the AP600.

2.1.7.2 ADS-4 Separators and Pipe Route

Two ADS-4 separators are used—one for each ADS-4 line. The separator connecting to the ADS4
line from hot leg-1 (HL-1 on the CMT side) is the ADS 4-1 separator. The separator connecting to
the ADS-4 line from HL-2 (pressurizer side) is the ADS 4-2 separator. The ADS 4-2 separator is
sized to perform two functions—it serves to separate two-phase ADS-4 flow and separate break flow
for certain cases. The ADS 4-1 separator is designed to separate two-phase ADS-4 flow only, and it
can handle 150 percent of normal ADS-4 flow.

Each ADS-4 separator separates the two-phase mixture into single-phase steam and single-phase liquid
for flow rate, pressure, and temperature measurements. The steam exits the top outlet nozzle while the
liquid drains at the bottom outlet. A loop seal is used in the liquid drain line to prevent steam

blowdown through the liquid line. The steam line connects to a common steam header, and the liquid

w\ap6U0\1 536w- 1 non:1b-071895 2.1-5



FINAL DATA REPORT

line connects to the primary sump tank. These connectionis simulate the ADS-4 operation process in
the AP600, where the steam flow rises to the containment wall and liquid drains to the sump.

The ADS-4 separators, the liGuid lines, and steam lines are all insulated to minimize condensation and
heat loss. Also, the steam lines and separators are all heat-traced to maintain a temperature of
approximately 200°F, and the liquid line loop seal is prefilled with hot water of approximately 180°F
prior to actual testing.

2.1.7.3 Break Separator and Pipe Route
The following break simulations are tested:

* Small break at bottom of DVI line

* Double-ended break at DVI line

e Small break at bottom of cold-leg/CMT balance line
* Double-ended break at cold-leg/CMT balance line

¢ Small break at bottom of cold leg

¢ Small break at top of cold leg

e Small break at bottom of hot leg

The break separator is designed to receive two-phase break flow from the break source and separate
steam and liquid for single-phase flow pressure and temperature measurement. The separator and
steam lines are heat-traced, and the loop seal is prefilled with hot water to minimize heat loss and
nonprototypical condensation.

In the event of a double-ended CMT-1 balance line break simulation, the break separator receives
break flow from the cold-leg side of the break. The ADS 4-2 separator receives break flow from the
CMT side of the break, and the ADS 4-1 separator receives all ADS-4 flow.

When a double-ended DVI line break is simulated, the break separator receives the flow from the
reactor vessel side of the break. The sump receives the break flow from the DVI line.

2.1.8 Orifices and Nozzles

Orifices or flow nozzles are used in critical lines to scale the line resistances in the OSU test facility to
the AP600. The bases for these devices are discussed in this section.

2.1.8.1 ADS 1-3 Flow Nozzles

Proper scaling of the flow through the ADS 1-3 lines requires that the quality of the flow be
considered in sizing the nozzles. Since the mass flow through the nozzle depends on the flow quality,
two venturi-type flow nozzles are used. Sharp-edged orifice plates are not suitable for this application
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because their discharge coefficients vary with the Reynolds number, leading to wide rangss in mass
flow as the quality changes. The flow nozzles were sized as follows:

¢ One set of flow nozzles for single-line simulation with small-break LOCA (SBLOCA)
¢ One set of flow nozzles for double-line simulation with SBLOCA

* One set of the nozzles for single-line simulation with large-break LOCA (LBLOCA)
*  One set of flow nozzles for double-line simulation with LBLOCA

2.1.8.2 ADS-4 Flow Nozzles

Two types of flow nozzles are used in the test. The first type simulates a 50-percent flow area of one
AP600 ADS-4 stage, and the second type simulates a 100-percent flow area of one AP600 ADS-4
stage. Fluid similarity is the scaling basis.

The scaling analysis requires that each line be properly scaled to have proper fluid similarity. For all
scaling criteria, the pressure drop scaling ratio is an important criterion. The pressure drop ratio is

[ * Any line that does not meet this requirement must be fitted with an orifice plate to bring the
pressure drop ratio to [ *"

2.18.3 Direct Vessel Injection Venturi
The DVI venturi scaling criteria are the same as break hole (venturi) scaling criteria. This is because

the DVI venturi is used to restrict the break flow out of the reactor vessel. The geometry of the DVI
venturi is the same as the AP6(00), and the throat diameter and the L/D ratio are properly scaled.
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Figure 2.1-1 through Figure 2.1-4 are not included in this nonproprietary version.
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Figure 2.1-5 Isometric Drawing of OSU Test Facility
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. Figure 2.1-6 is not included in this nonproprietary document.
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2.2 Facility Scaling

The design basis of the OSU test facility is the scaling analysis of the AP600, presented in AP600
Low-Pressure Integral Systems Test at Oregon State University, Facility Scaling Report, WCAP-14270.“
The scaling analysis guides the design of the test facility so that the thermal-hydraulic performance of
the test facility proparly simulates the phenomena important to the passive safety features of the
AP600. The test facility is designed with reduced dimensions and lower temperatures and pressures
than the actual reactor. The scaling methodology and the overall results are provided in this section.

2.2.1 Methodology

To ensure that the scaling objectives were met in an organized and traceable manner, a general scaling
methodology (GSM) for the OSU test facility was developed. The model development methodology
can be found in Facility Scaling Report® A flow diagram describing the GSM is presented in

Figure 2.2-1.

The first step is to specify the experimental objectives. The experimental objectives define the types
of tests to be performed in order to respond to specific licensing and design needs. The experimental
objectives determine the general modes of operation to be simulated in the test facility.

The second step is to develop plausible phenomena identification ranking tables (PPIRTs). The nature
of scaling prohibits exact similitude between the AP60X) and the test facility operating conditions. As
a result, the design and operation of the test facility are based on simulating the processes most
important to passive safety system performance and long-term cooling. The function of the PPIRTS is
to identify the key thermal-hydraulic phenomena to be scaled in the context of LOCA transients.
Many of the phenomena of importance to AP600 LOCA behavior were already identified by existing
phenomena identification ranking tables (PIRTs). However, some of the AP600 modes of operation
were not verified. Therefore, additional thermal-hydraulic phenomena of importance were identified
and included in the PPIRTs. Hence, PPIRTs were used rather than PIRTs.

The third step is to perform a scaling analysis for each of the modes of operation specified by the
experimental objectives and further defined by the PPIRTs. The hierarchical, two-tiered scaling
analysis (H2TS) developed by the U.S. NRC" was selected for the scaling analysis of this facility.
Detailed discussion of the application of this method for the OSU test facility is also provided in
Facility Scaling Report®

The fourth step is to use the scaling analysis results to develop a set of characteristic time ratios
(dimensionless m groups) and similarity criteria for each mode of operation. Because it is impossible
to identically satisfy all of the similarity criteria simultaneously, the set included only those criteria
which had to be satisfied in order to scale the most important phenomena identified by the PPIRT.
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Step five is an evaluation of the scaling criteria to determine if the scale model geometry, initial
conditions, or operating conditions would introduce significant scaling distortions. Distortions are also
evaluated relative to other modes of operation.

2.2.2 Facility Scaling Parameters

The height scaling ratio was set at 1:4, and the diameter scaling ratio at 1:6.93. These ratios were
based on the objective of minimizing power requirements while maximizing height and maintaining
sufficient system volume to properly model loop pressure drop and three-dimensional flow in the
downcomer, core, and plenum regions.

The important factors that were considered in determining the height scaling ratio were:

e  Minimum diameter ratic was satisfied so that skin friction pressure drop requirements could be
met easily with commercially available pipe and drawn tubing.

» Diameter choice was consistent with two-phase scaling and flow regime transitions.
e Fluid volume requirements were reasonable (e.g., IRWST volume ~3000 gal).

e Power requirements were reasonable (~600 kW),

» Time scale made long-term cooling test duration reasonable (1, = 0.5).

e L/D ratio indicated that multi-dimensional flow effects would scale well under fluid property
similitude (L/D = 1.73).

e Elevation was sufficient such that differential pressure measurements between hot and cold
legs were well within instrument capability.

» Construction and material costs were economical.

The scaling ratio for the piping was selected to ensure that the frictional losses due to piping
roughness did not bias the buoyancy effects that determine natural convection rates. Analysis of the
buoyancy-friction balance equation resulted in a minimum diameter ratio of | g
Therefore, a minimum diameter ratio of | |** was selected because it was greater than the
minimum and could be obtained with commercial pipe sizes. Also, thermal effects of this size piping
(that is, heat losses and heat storage effects) could be modeled.

Once the length and diameter scaling ratios were determined, the dimensions of the test facility could
be geometrically scaled. Table 2.2-1 summarizes the scaling ratios for the test facility.
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2.2.3 Mass/Energy Balances

Since accurate measurements of the components of a two-phase flow mixture are difficult and the
equipment to do these measurements is very expensive, two-phase flow was separated into its single
phases and the individual single-phase flows were measured with conventional instrumentation.
Therefore, all two-phase streams vented from the RCS are measured using conventional vapor-liquid
separation devices. Where required to simulate AP600 systems, the resultant single-phase flows are
recombined before being returned to the system. In other cases, the steam is vented and hot water
from an auxiliary storage tank is injected to match the mass of the steam that would have condensed
had the steam been released into the AP60O containment. It should be noted that the heat transport
processes in the containment are not modeled in this test facility; however, the condensate return
process is modeled.

This approach permits accurate measurement of the two-phase flows released from the RCS with
simple, relatively inexpensive compouents. Thermal-hydraulic similitude is maintained either by
recombining the single-phase streams or by makeup of hot water for vented steam that would have
been condensed.
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TABLE 2.2-1
SUMMARY OF SYSTEM SCALING RESULTS FOR THE

1/4-LENGTH SCALE MODEL PRIMARY LOOP

Length scaling rauo 1:4
System diameter scaling ratio 1:6.93
Area scaling rato 1:48
Volume scaling rato 1:192
Flow
Velocity scaling ratio 12
Mass flow rate scaling ratio 1:96
Residence Time
Time scaling ratio 1:2
Power
Power scaling ratio 1:96
Power density scaling ratio 2:1
Model Power Requirements
Percent of total power
5% 4% 3%* 2%
AP600 decay power (MW) 97.00 77.60 58.20 38.80
Model power (kW) 1009 .58 807.66 605.75 403.83

Note:
*Nominal power used to simulate the decay heat in the model was 600 kW,
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2.3 Facility Component Description
The system components are described in this section.
2.3.1 Reactor Vessel

The reactor vessel is a right-circular cylinder with a flanged hemispherical upper head and a flanged
flat bottom. It models the following regions:

¢ Lower plenum
* Core

e Upper plenum
+ Upper head

The lower plenum region is the region below the lower core plate of the reactor core. The net water
vowume in the AP600 lower region is modeled in the test. Since the reactor vessel inner diameter
(1.D.) is determined by the proper scaling of upper-plenum volume, core region volume, and special
downcomer region scaling criteria, the lower-plenum region cross-sectional area is slightly distorted on
the scaling basis.

2.3.1.1 Vessel Design/Dimensions

All components of the reactor vessel are fabricated of Type 304 stainless steel. The reactor vessel,
designed to Section VIII of the ASME Pressure Vessel Code,” consists of a [ | diameter, right-
circular cylinder made by rolling and welding [ | thick stainless steel plate, with a flanged
hemispherical top and a flanged flat-plate b_ttom. Both the bottom and top flanges are [

|° flanges, which are machined to fit the outside diameter (O.D.) of the shell and are seal-
welded. To facilitate assembly, the reactor vessel is fabricated in two sections, a [

I* lower section. These two sections are joined by welded [ I° slip-
on flanges, machined to fit the O.D. of the shell. The vessel is fitted with four cold-leg flanged
nozzles (300 Ib), two hot-leg flanged nozzles (300 1b), and DVI flanged nozzles (300 Ib). The boiton
flange carries an endplate through which the heater tubes penetrate for connection to the electric power
source. The bottom flange is fitted with a 1/2-in. thick Teflon™ insert to minimize the effect of the
heat capacity of this flange. A 1/8-in. thick stainless steel plate retains the Teflon™ insert in this
flange.

2.3.1.2 Reactor Vessel Instrumentation
Thirty-three Type K thermocouples (1/4 in. diameter, Type 304 stainless steel sheath) are installed in

the reactor vessel to measure both wall and fluid temperature. Twenty-one differential pressure
transmitters are connected to the various fluid volumes (upper plenum, lower plenum, downcomer,
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etc.) to measure liquid levels, and eleven differential pressure transmitters measure pressure gradients.
Specific instrument identifications and locations are shown in Appendix G, the P&IDs.

2.32 Rod Bundle

The rod bundle furnishes heat to the primary coolant in the reactor vessel to simulate the decay heat
released by the AP600 following a plant trip or plant shutdown. The power scaling ratio for the rod
bundle is 1:96.1, and the power density scaling ratio is 2:1. Since the maximum electrical power
available at the test facility is 700 kW, the rod bundle at this power and with the power scaling factor
of 1:96.1 simulates the AP600 decay heat at [ J* of full core power. The AP600 decay
power at 3.7 percent occurs about 70 seconds after the reactor is shut down; therefore, the heat input
from the core during this short period is not fully modeled.

During the tests, most of the reactor transients were performed with the heater power at 600 kW,
which 1s equivalent to a decay heat power of about 3 percent of full power. The rod bundle heaters
were programmed to follow the calculated decay heat power starting at 600 kW.

The heater rod bundle controlier was programmed to follow one of the two possible decay heat power
input algorithms defined below, depending on the test configuration:

* For 0 € time < 140 seconds
Power (kW) = 600 kW
For time > 140 seconds

600

Power (kW) =
[1+ (0.01021 (Time - 140))]"4

¢ For 0 € time < 300 seconds
Power (kW) = 600 kW
For time > 300 seconds

00

Power (kW) =
[1+ (0.01021 (Time - 300))]*#

2.3.2.1 Rod Bundle/Heater Description

The rod bundle consists of 48 Type 304 stainless steel clad heaters, each with a maximum power of
15 kW. Overall rod bundle characteristics are shown in Table 2.3-1. The |-in. diameter heater rods
are 60-in. in overall length, with a 36-in. heated length and a wall thickness of 0.061-in. Power is
skewed to provide higher heat fluxes at the top of the core by means of the resistance heater coil
winding density. The power produced in each 6-in. incremental length of each heater rod (beginning
at the bottom; that is the end closest to the electrical and thermocouple leads) is shown in the
following:
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-HeTled Length Power. Heater Wire Siuj

Section (in.) (W) AWG No.
1 6 623 31
2 6 1758 28
3 6 2697 27
4 6 3373 26
5 6 3644 26
6 6 2905 26
Total 36 15_02-

A section of the heater with a reduced diameter of 0.5-in. passes through the lower flange and is

sealed by a Swagelok fitting.

The following materials are used in the heated section with their available pertinent physical

properties:
Thermal Conductivity Specific Heat
Electrical Insulation (Btu/°F in.-ft.%) (Btu/1b-"F)
80% boron nitride 95 0.306

20% magnesium oxide

Resistance wire
80% Ni
20% Cr

(ASTM B-344)

Conductor
10 Ga nickel
(ASTM B-160/E-39)

2.3.2.2 Rod Bundle Instrumentation

Type K thermocouples are installed in two groups of the heater rods; one group of heater rods does
noi have thermocouples. These groups and the location of the thermocouples are shown in the

following:
xae
Location of Thermocouples
(Inches from Lower End of
Heater Group No. of Heaters Heated Zone)
H-A 32 None
H-B 10 15, 21, 27, 33
l H-C 6 3,9,21,27
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The leads for these thermocouples exit the rod at the lower end, together with the electrical power
leads, through the Swagelok pressure seal. These thermocouples are provided as overtemperature
protectors and are also recorded by the DAS.

Core coolant temperatures are measured by five thermocouple rods, each carrying at least three type K
thermocouples.

2.3.3 Reactor internals

The reactor internals have several functions related to core support and fluid flow. Specifically, the
following components of the reactor internals provide these functions:

¢ Core barrel -- Separates core flow from downcomer
¢ Lower core plate -- Supports the fuel rods and distributes the flow

¢ Upper core plate -- Retains fuel rods in the axial position and provides support for the upper
internals

« Upper support plate -- Supports upper head components

* Upper internals -- Provide guide tubes for the insertion of the in-core instrumentation and
control rods

*  Downcomer -- Provides a flow path for cold-leg fluid from the cold-leg nozzles to the core
inlet plenum

2.3.3.1 Reactor Internals Design/Description

Core Barrel
The core barrel is composed of two sections of | ]° Sch. 30, type 304 stainless steel pipe |

|° flanged together at the center. The top section is | J* and the bottom
section is [ " long. The top barrel plate is a ring | ] O.D., welded to

the top of the core barrel. This ring is sealed to the 1.D. of the reactor vessel by two radial O-rings
installed on O.D.s, thus permitting vertical expansion while limiting leakage. This plate includes

10 1/4-in. tapped holes tkat can be blocked with screws to adjust the leakage flow for the downcomer
volume to the upper plenum.

During cold testing, it was found that all of these holes were needed to obtain the desired [ 3
bypass flow. The loss coefficients (K) measured for one tapped hole were [ |** (upward flow) and
[ 1" (downward flow).
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The bottom of the lower core barrel is weided to the lower core support plate. The lower core support
plate, which is [ | thick, is drilled with [ | and [ ]
diameter holes for the heater rods. This plate is supported from the reactor vessel on four pads,
90 degrees apart, on Belleville washers retained by a plunger that passes through the lower core

support plate and the support pads.

The core barrel is sized to maintain the total core volume scaling ratio at 1:192 and the length ratio
of 1:4

Reflectors

The reflectors are simulated by cast ceramic inside a cylindrical shell that fits inside the barrel. A
stainless steel liner is welded to the shell to provide the stepped cruciform flow volume for the
simulated core. The reflectors are fabricated in two sections, separated horizontally at the simuiated
core midplane to facilitate assembly. The reflector sections are secured by four tie rods that pass
through the two reflector sections and connect the upper reflector plate with the lower core support
plate.

Grid Ring

A gridded support for the heater rods consists of 0.109-in. thick by 0.19-in. high bars welded to form
an egg crate. Four bolts are used to attach the grid ring to the core barrel at the joint between the
upper and lower core barrel.

Upper Internals

The upper internals are simulated by 41 guide tubes, each consisting of a rod [ |
in diameter with a 1-in. long threaded lower end. The threaded section screws into the upper core
support plate. The guide tube top consists of a [

2.3.4 Hot-Leg Piping

Hot-leg piping provides a flow path from the outlet nozzle of the reactor vessel to the inlet to the SG.
It also provides connections to the pressurizer surge line and to the fourth stage of the ADS and the
PRHR.

Each primary loop has an identical hot leg made of | | Sch. 40 stainless steel pipe with an 1.D. of

{ | The piping is a horizontal, straight run with an upward bend, | ]
between the reactor vessel and the SG. The vertical rise of the hot leg (centerline of the horizontal run
to the centerline of the SG nozzle) is | | A flanged spoolpiece is provided at the reactor vessel
nozzle.
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Each hot leg 1s provided with the following instrumentation:

¢  One differential pressure transmitter
~ 0to 25 in. of water

* One heat tflux meter
-~ 0to 10 Buw/hr.-ft.?

*  One heated thermocouple (fluid phase)
= 70° to 550°F

* Two differential pressure transmitters (liquid level)
- 010 20 in. of water
- 0to 25 in. of water

*  One pressure transducer
= 0 to 600 psig

¢  Two thermocouples
~  One 40° to 450°F
= One 40° to 550°F

2.3.5 Cold-Leg Piping

The cold leg provides the coolant flow conduit from the outlet coolant nozzies of the SG to the inlet
coolant nozzles of the reactor vessel. It also provides a connection for the line to the CMT.

Each of the two reactor coolant loops has two cold legs, each made of 3-1/2 in. Sch. 40 stainless steel
pipe. The cold legs, which are entirely horizontal, are fitted with 300-1b, 45-degree flanged elbows at
each end and a horizontal spoolpiece with 300-1b flanges. One end of each cold leg is connected to

the discharge flange of the RCP, and the other end is connected to the coolant inlet flange of the
reactor vessel.

The following instrumentation is provided for each of the four cold legs:

* Two differential pressure transmitters
=~ 01to 25 in. of water

¢ One magnetic flow meter (with transmitter; removed after the first matrix test due to repeated
mechanical failure)
-~ 0 to 250 gpm
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‘ ¢ One heat flux meter
0 to 10 Btwhr.-ft.’

* One heated thermocouple (liquid phase)
- 70° 1o 550°F

*  One differential pressure transmitter (liquid level)
=~ 0to 25 in. of water

e One thermocouple (fluid temperatuce)
-~ 707 1o 450°F

¢ One thermocouple (metal temperature)
- 70° to 550°F

2.3.6 Pressurizer Surge Line

The pressurizer surge line provides the flow path between the RCS and the pressurizer to transmit the
pressures from the pressurizer to the flow system and to transfer fluid during volume changes. The
pressurizer surge line consists of 3.5-in. Sch. 40, type 304 stainless steel piping that connects HL-2

‘ with the bottom of the pressurizer. The line is provided with two sets of 300-1b flanges to facilitate
assembly. The piping is arranged with six 90-degree bends to form a full 360-degree loop with a
vertical line leading to the bottom of the pressurizer.

The pressurizer surge line is fitted with the following instrumentation:

* Six differential pressure transmitters (liquid level)
- Three 0 to 20 in. of water
= One O to 5 in. o water
~ One 0 to 10 in. of water
~  One 0 to 40 in. of water

e One differential pressure transmitter
= 0to 1 in. of water

*  One heat flux meter
- 0 to 100 Btu/hr.-ft.?

Three heated thermocouples (fluid)

- Two 0 to 100°F
. - One 70 to 500°F
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¢ Two pressure transmitters
- One 0 to 500 psig
= One 0 to 400 ps.g

¢ Two thermocouples (fluid)
-~ 70 to 450°F

*  One thermocouple meter
- 70 to 450°F

2.3.7 Pressurizer

The pressunzer provides the pressure control for the RCS. Pressurizer pressure is maintained at the
required level by modulating the power input to the pressurizer heater. The control pressure is
transmitted to HL-2 through the pressurizer surge line. The pressurizer also must provide degassing
for the primary coolant.

The pressunzer consists of a shell of | ] type 304 stainless steel pipe with [ P
Sch. 40 weided pipe caps at each end and an overall length of [ | o

The 3-1/2 in. pressurizer surge line is butt-welded to the bottom weld cap. Four electrically heated
1-in. diameter rods, with an active length of [ |* are installed through the bottom weld cap and
are sealed by Swagelok fittings. Each heater rod is rated at [ ] at full power. A [ I
Sch. 80 line with a 90-degree elbow is provided on the top weld cap near the outer diameter for
connection to the ADS.

A 1-in. diameter vent line is connected through a blind 300-1b flange with a high-pressure seal located
at the center of the top weld cap. The vent line is controlled by a 3/4-in. electrically operated valve
with a manual’y operated globe shut-off valve.

The following instrumentation is installed in the pressurizer:

¢ One heat flux meter
-~ 0to 100 Btwhr.-ft.?

¢ One electric power meter/transmitter
- Oto 15 kW

¢ One differential pressure transmitter (liquid)
= 0to 120 in. of water
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. *  One pressure transmitter
= 300 to 400 psig

*  One pressure transmitter
- 0to 500 paig

¢ Two thermocouples (fluid)
-~ 707 to 450°F

* Three thermocouples (wall)
- 70° to 450°F

¢ Four heater thermocouples
- 70° to 450°F

2.3.8 Steam Generators

The SGs transfer heat from the primary coolant and generate steam from the secondary coolant. The
SGs of the test model must meet the following additional functional requirements:

‘ ¢ Each of the test model SGs must be capable of removing 360 kW of thermal energy from the
primary fluid while single-phase natural circulation conditions exist on the primary side. This
represents a combined energy removal rate for both SGs equivalent to 3.8 percent of scaled
decay power, which is the maximum rated power of the core heaters. The actual maximum
heat rejection by the SGs is slightly less than the core heater input because of system heat
losses.

* To properly model the initial conditions of SBLOCA scenarios, the test model SGs must be
capable of removing the core energy deposited in the primary fluid while operating with
secondary-side pressures that are very close to primary-side pressures. This requires that the
tube surface area be sufficiently large to permit heat transfer with small temperature
differences between the primary and secondary sides.

Each SG is fabricated of Type 304 stainless steel and is installed with its axis vertically oriented. The
shell is | J° in length, and the total length including axial nozzles
18 [ I° A hemispherical head, | I° ID. and 3/8-in. minimum thickness, is attached at the
bottom by a flange. A conical section at the top enlarges the L.D. to | ]° to facilitate vapor
separation. Steam is discharged from a [ |° diameter, flanged nozzle located axially at the center of
the top semi-elliptical head, | JFin O.D., [ J* minimum thickness. An air-operated ball
valve 1s installed in the steam discharge line. This valve is controlled by a logic controller to maintain
‘ the appropriate pressure in the steam side during the test transients.
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The tube bundle consists of [ ]° U-tubes, [ |* average length, 11/16-in. O.D., 0.040-in. wall .
welded into a 2-in. thick flange at both the front and back faces. A shroud of [ J* thick

Type 304 stainless steel plate surrounds the tubes and 1s welded to [ |° support rods that

attach it to the tube sheet. The tube sheet is captured between the flanges of the lower head and is

sealed by gaskets on both faces. Moisture is separated by a chevron-type device manufactured by

Dyna-Therm™. This separator is located in the expanded diameter, upper section of the SG.

Feedwaltr r is supplied to the shell side of the SG through a [ | diameter line connected to an

[ | diameter spray ring made of | ] Sch. 80 pipe supported inside the vessel by brackets.
Th= hot leg is connected to the SGby a[ | nozzle connected to the lower head and supplies hot
coolant to the tubes. Primary coolant is discharged from the tube-side header through two | I
diameter nozzles. Upon an S signal, the motor-operated feedwater isolation globe valve is closed.

The following instrumentation measures the important characteristics on the primary (tube) side of
each SG:

* Two differential pressure transmitters
~ 0to 3 . of water

* Seven differential pressure transmitters (liquid level)
= One 0 to 30 in. of water
Two 0 to 115 in. of water .
Two 0 to 110 in. of water
Two 0 to 20 in. of water

* Five thermocouples (wall)
-~ 40° to 450°F

¢  Six thermocouples (fluid)
- 40° to 450°F

* One pressure transmitter
- 0 to 500 psig

*  One heat flux meter
- 0 to 100 Btu/hr.-ft.?

The following instrumentation is provided to measure the secondary-side conditions during steady-state
or transient operations:

*  Two differential pressure transmitters (liquid level)

~  One 0 to 33 in. of water .

= One O to 135 in. of water
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' * Four thermocouples (fluid)
-~ 40° to 450°F

¢  Two heat flux meters
-~ 0 to 100 Btu/hr -ft.?

2.3.9 Reactor Coolant Pumps

The RCPs provide the mechanical energy to circulate the primary coolant at its required flow rate
through the RCS. Extended coastdown of the pump is not required.

There are four RCPs installed in the OSU test facility, one close-coupled t. each of the cold primary
coolant outlet nozzles from the lower head of each SG. These pumps are mounted vertically with the
motor in the downward direction. The pump (which is a model QPHT 5-4™ manufactured by the
Queen Pump Co., Portland, Oregon) is a centrifugal pump with an internal fluid volume of 0.306 ft.’
and is driven by a 5-hp motor. The pump impeller and volute are modeled to simulate the AP600
pump components. During the tests, the coastdown of this pump was so rapid that the flow became
immeasurably low as soon as the power was interrupted. The pump head-versus-flow correlation is
shown in Figure 2.3-1.

. The following instrumentation is provided for cach of the pump seal cooling systems:

¢  One flow meter (visual)
-~ Oto 5 gpm

¢ One thermocouple (fluid)
-~ 40° to 450°F

Flow meters and pressure devices that monitor and record pump performance are included with the
cold-leg piping instrumentation.

2.3.10 Accumulators

The accumulators provide automatic, passive injection of water into the RCS following a loss of
primary coolant.

One accumulator tank is connected to each of the DVI lines. The two accumulator tanks are identical,
except that the coolant discharge line for the second tank is about | |° further below the bottom
of the tank than the discharge line for the first tank. The tanks are designed to the ASME Pressure
Vessel Code, Section VIII, Division 1.
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Each tank consists of a | | type 304 stainless steel pipe. The top head
1s a welded | | stainless steel pipe cap, and the bottom is a [ |* thick plate that
is welded to the barrel. Each tank is supported from the floor by a stand comprised of 61.3-in. long,
20-in. diameter carbon steel pipe, welded to 1/2-in. thick carbon steel base, 26-in. O.D. by 18-in. LD.
The base ring is anchored to the floor, and the upper end of the support is welded to the bottom plate
of the tank. The centrally located discharge line, 1-1/4 in. Sch. 160, is fitted with a 90-degree elbow
and exits horizontally through a cut-out in the tank support.

The ventnitrogen inlet line enters the bottom of the tank through a Swagelok seal. The 1/2 in.,
0.045 in. wall line is supported by a 6-in. long guide tube welded to the inside of the tank, with its
center 9 in. from the barrel-top head weld. The height of this line can be adjusted by loosening the
Swagelok, moving the tube to its new location, and resealing the Swagelok. Teflon™ ferrules are
used for this Swagelok seal to facilitate this adjustable length. However, during the test program, the
height of this line remained fixed at 36.8 in. from the inside surface of the bottom flange.

Each of the accumulators 1s equipped with the following instrumentation:

One differential pressure transmitter (liquid level)
= 0to 55 in. of water

¢ One magnetic flow meter with transmitter
-~ 0to 40 gpm

*  One heat flux meter
-~ 0 to 100 Btu/hr.-ft.

*  One pressure indicator
=~ 0 to 500 psig

¢  One pressure meter
= 0 to 400 psig

¢ Three thermocouples
=~ 40° to 450°F

2.3.11 Core Makeup Tanks

The CMT provides a volume of water maintained at cold-leg pressure by a balance line so that the
water flows by gravity into the cold leg of the RCS on a loss of coolant. Each CMT is a cylindrical
vessel oriented vertically and designed for operation at 400°F and 400 psi, according to the ASME
Pressure Vessel Code, Section VI The vessel consists of a [
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The cold-leg . nce ! -, which is made of [ |* pipe, enters the CMT through the steam
distnibutor. The distributor consists of a | )* iong with a
welded plug at the vottom. The stub is drilled with [ ]* diameter through-holes from a
distance | |* above ihe end plug for a length of | ]*. The steam distributor 1s retained
between the faces of a [ 1* 300-1b flange joint with O-ring seals installed at the top of the
CMT.

A vent line consisting of | J* is welded to the top head. A [ ]* O.D. nipple

is welded to the center of the bottom head for connection to the DVI piping.
Each CMT has the following instrumentation:

* Four differential pressure transmitters (liquid level)
~ One 0 to 12 in. of water
-~ One 0 to 40 in. of water
-~ One 0 to 20 in. of water
-~ One 0 to 65 in. of water

e Three heat flux meters
- 0 to 100 Btu/hr.-ft.?

*  One pressure transmitter
0 to 50 psig

¢ 26 thermocouples (fluid)
- 40° to 450°F

* Three thermocouples (heat flux meter)
- 407 to 450°F

¢ 28 thermocouples (wall)
- 40° 1o 450°F

In addition to the instrumentation on the CMTs, the following sensors are located on the cold-leg
pressure balance line:

*  One differential pressure transmitter
= 010 30 in. of water

¢ One magnetic flow meter (with transmitter)
- 0to 15 gpm
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¢  One heat ' 'x meter
- 0 to 100 Btu/hr.-ft.

* Three heated thermocouples (fluid phase)
-~ Two 0° to 100°F
= Ome 0° to 500°F

¢ One differential pressure transmitter (liquid level)
~ 01095 in. of water

¢ Two thermocouples (fluid)
~ 40° 1o 450°F

¢ One thermocouple (heat flux meter)
~  40° to 450°F

»  One visual temperature indicator
~ 40° 1o 450°F

2.3.12 In-Containment Refueling Water Storage Tank

In the AP600, the IRWST supplies water to fill the refueling cavity during refueling and stores water
during normal plant operation. The IRWST also supplies water for emergency core cooling during a
LOCA after the RCS has been depressurized and the water from the CMTs and accumulators has been
exhausted. It also serves as the heat sink for PRHR during a normal shutdown. In the test model, the
injection during loss-of-coolant events and the PRHR operation are modeled and investigated.

The IRWST is fabricated entirely of Type 304 stainless steel and is designed to meet the ASME

Section VIII, Division 1 code®™ requirements of | |° The vertically oriented tank
consists of a cylindrical section, ! ]° It is mace of [ |° thick plate,
rolled and welded, with a 2:1 elliptical top head, | I thick. The bottom head is a [

]° The top and bottom differ because these components were available
at the time the tank was fabricated. The bottom head is filled with ceramic covered with a |
| to simulate the flat bottom of the APEX) IRWST.

A 30-in., 150-1b blind flange is welded to the top head to provide a manway for access to the tank
internals. Steam vented from the ADS is condensed in the IRWST through a sparger. This
component is discussed with the ADS in Subsection 2.1.4.

Two discharge lines are provided from the bottom head to the IRWST. The line to DVI-1 is [
J* and the line to the DVI-2 is | I Two 1-1/2 in., 150-1b flanges are
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welded to the bottom head to mount two tubes that house thermocouples for internal fluid temperature
measurements.

The PRHR HX is mounted inside the IRWST, and the inle’ vutlet piping connections are made
through welded 3-in., 150-Ib flanges. Details of the PRHR HX are described in Subsection 2.3.18.

The following instrumentation measures the significant parameters of the IRWST during the transients
being investigated:

e  Three heat flux meters
- 0 to 100 Btu/hr .-ft.

* Four load cells
~ 01to 11,000 Ibm

*  Gaoe differential pressure transmitter (level)
=~ 0 to 150 in. of water

*  One pressure transmitter
-~ 0to 100 psig

* 19 thermocouples (fluid)
-~ 40° to 450°F

2.3.13 Safety Injection Lines

The safety injection lines provide flow conduits for the water that is injected directly into the reactor
vessel from the CMTs, accumulators, and IRWST,

The instrumentation for the safety injection lines is summarized in the following:

e S B T e

Instrumentation CMT ACC IRWST

Differential pressure transmitter 1 1 2

Mggncu'c flow meter 1 | 2
Magnetic flow meter transmitter 1 1 2
Thermocouple (fluid)

2.3.14 Contginment Sumps

The LCS recirculates water from the containment sump through the reactor vessel to provide passive
cooling for removal of c‘ecay heat. Recirculation starts when the water level in the LCS has reached
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the elevation of the DVI. At this level, the recirculation line is filled and a density driving force exists
as boiling in the core reduces the density of the liquid in the core compared to the cooler water in the
sump. Steam is released to the containment through the ADS-4 valves on the hot legs and is
condensed in the containment, eventually returning to the sump.

The model containment sumps simulate the volume in which water can collect from the leakage during
hypothetical LOCAs. For most break locations, the AP600 reactor sump would fill and recirculation
through the LLCS would be initiated as soon as the water level reached the DVI line. However, some
breaks could occur in compartments that are hydraulically isolated from the reactor sump, and those
compartments must flood above a given elevation before the reactor sump begins to fill. This flow
behavior is modeled by a primary sump tank that represented the reactor sump and a secondary sump
tank that simulated the isolated compartments

2.3.15 Automatic Depressurization System, Stages 1-3

The ADS consists of four stages. Stages | through 3 are described in this section. The function of
the ADS is to reduce the pressure in the RCS by venting steam in a controlled manner to permit
injection of cooling water from the CMTs, accumulators, and IRWST.

ADS 1-3, shown schematically in Figure 2.3-2, is connected to the top of the pressurizer through a

| | Sch. 80 pipe. Separate branch lines are provided for each of the valves, and flanged
nozzles are installed in each branch to permit adjustment of the flow resistance in each branch. A

| | relief valve is tied into this line before the line is reduced for each of the ADo> valves. The
ADS-1 valve, which opens at the highest pressure, is a | | valve joined by [ I* Sch. 80
piping to the | |* ADS-2 line from the [ I ADS-3 line. The combined line
from the ADS-1 and 3 valves is expanded to | |° tubing with a [ ] wall thickness by a
welded reducer, The | I° line carrying the ADS-2 valve is connected to the | ] tubing.

The ADS valves are pneumatically operated ball valves; each valve is programmed to open at
descending pressures.

Two-phase flows vented through the three valves are piped to a vapor-liquid separator. The liquid and
steam mass flow rates are individually measured and then recombined and flow to the ADS 1-3

sparger through a | I° pipe. Flow from the ADS enters the IRWST through a | I
300-1b flanged connection and is dispersed at about midlevel in the tank by a sparger. The sparger
consists of a | |° inlet line, which is expanded to | ]° Sch. 40 at the hub. | I

sparger arms are connected to the hub in a cruciform arrangement. Each sparger arm has an active
length of about | I° which is drilled with [ ]° holes [ I in diameter.

The following instrumentation is installed in the ADS 1-3:
¢  Three flow meters (differential pressure)

- Two 0 to 60 in. of water
- One 0 to 325 in. of water
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¢ Two magnetic flow meters
-~ 0to 60 gpm

¢ One heat flux meter
~ 0 to 100 Btu/hr -ft.?)

¢ Three heated thermocouples (fluid)
- Two 0° to 100°F
- One 0° to 500°F

¢ One differential pressure transmitter (liquid level)
-~ 0 to 140 in. of water

¢ Two pressure transmitters
-~ 0 to 500 psig

¢ Three thermocouples
-~ 40° to 450°F

¢ One thermocouple (heat flux meter)
~  40° to 450°F

2.3.16 Automatic Depressurization System, Stage 4

The function of ADS-4 is to reduce RCS pressure near containment pressure. RCS pressure must be
near the containment pressure in order for the IRWST water to be injected.

Two ADS-4 vent lines are provided, each connected to one of the hot legs. Each line, which models
two lines in the AP600, consists of { ]° which is connected to the hot leg through
a flanged tee. The | | pneumatically
operated ball valve programmed to open after the ADS 1-3 valves open. After passing through a
flanged flow nozzle used to adjust the line resistance, the two-phase flow enters a separator. The
liquid from the separator flows to the primary sump; the steam flow is measured and then exhausted to
the atmosphere.

The following instrumentation is provided for each ADS-4 line and separator:

¢  One vortex flow meter
- 0 to 2000 scfm

¢ One differential pressure transmitter (liquid level)
~ 0 to 9 in. of water
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*  One pressure transmitter
-~ 0 to 100 psig

* Two pressure transmitters
-~ 0 to 500 psig

¢ Three thermocouples
-~ 40° to 450°7

*  One thermocouple (heat flux meter)
-~ 40° 1o 450°F

2.3.17 Nonsafety Injection Systems

Two nonsafety injection systems, the CVS and the RNS, simulate the systems’ operation during
transient tests. Descriptions of these systems are provided in this section.

In the test facility, the CVS provides injection of additional feedwater into the SG channel head. In
the AP600, this system is used to adjust the RCS water chemistry and maintain the system liquid
volume. In the test facility, the RNS injects demineralized water into the CMT/DVI line, simulating
properties of the AP600 RNS.

The CVS pump inlet is connected to the SG main feed header by 3/4-in. pipe. The pump,

mode] 3333, type CB5-45, manufactured by Gould, is a multistage centrifugal pump with a 5-hp
motor. Figure 2.3-3 shows the head-flow correlation for this pump. It discharges through a 3/4-in.
pipe and check valve to an expanded section of 1-in. x 0.87-in. L.D. tubing with a motor-operated ball
valve to the channel head of SG-2. A l-in. diameter branch line with a manually operated ball valve
is connected to the feed line or SG-1.

The RNS pump (Grundfos Pumps Corp., Clovis, CA, series C, model CR4-100N) receives flow from
the main feed line through a 2-in. pipe.

Flow from the pump discharge is piped through 1-in. pipe and 1-1/4 in. diameter (1-in. LD.) tubing
with a 1-in. check valve and a 1-in. pneumatically operated ball valve. The pump performance curve
is illustrated in Figure 2.3-4. A 2-in. diameter line is also connected to the discharge line from the
pump to the IRWST injection line. This line is equipped with a 2-in. manually operated ball valve.
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. The following instrumentation is provided for these systems:

Instrument CvVS RNS

Magnetic flow meter 0 to 8 gpm 0 to 60 gpm

Visual pressure indication 0 to 600 psig 0 to 300 psig

Pressure transmiiter 0 to 500 psig 0 to 250 psig
Temperature 40° to 450°F 40° to 450°F

2.3.18 Passive Residual Heat Removal

The PRHR HX removes decay heat from the core absolutely passively during an emergency shutdown
in which heat cannot be rejected through the SGs or RNS.

The AP600 has two 100-percent capacity PRHR HXs, each capable of removing 2 percent of the core
power using natural circulation. The C-type tube HXs are located in the IRWST and can operate at
full system pressure.

A single PRHR HX is installed in the OSU test facility. This loop consists of piping from the reactor
‘ vessel to the C-tube HX mounted inside the IRWST. Heat is transferred from the C-tubes to the water
in the IRWST by conduction and natural convection. Flow from HL-2 enters the C-tube HX through
a 1-1/2 in. Sch. 80 line with a normally open ball valve and a magnetic flow meter. The cooled liquid
flows from the bottom header of the C-tube HX through 1-1/2-in. tubing (1.26-in. 1.D.) with a
normally closed pneumatically operated ball valve and magnetic flow meter to the channel head of
SG-2. A drain line with a normally closed needle valve is connected to the condenser drain header.

The following instrumentation is provided for the PRHR:

¢ Two magnetic flow meters (with transmitter)
= 0Oto 15 gpm

e  Two heat flux meters
-~ 0to 100 Btu/hr.-ft.’

* Three heated thermocouples (fluid)
-~ Two 0° to 100°F
= One 0° to 500°F

¢ Two differential pressure transmitters (Liquid level)

. = One 0 to 10 in. of water
One 0 to 70 in. of water
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¢ Nine thermocouples (fluid)
- 40° to 450°F

¢ Two thermocouples (heat flux meter)
-~ 40° to 450°F

¢ One visual temperature indicator
- { I

* Eight thermocouples (wall)
= '

2.3.19 Break Simulators

The break simulators provide controlled leakages that simulate failures of RCS piping in the AP600.
Each break simulation for thie hot leg and cold leg consists of a flanged spoolpiece installed in the line
in which the break is to be simulated. A line with a pneumatically actuated ball valve is connected to
the spoolpiece and conducts the leakage flow to the BAMS, which is described in Subsection 2.3.20.

There are four break simulation locations in the test facility—one at the hot leg, one at the cold leg,
one at the DVI line, and one at the CMT-1 balance line. All break locations are capable of simulating
a single-ended break of a desired size. In addition, the DVI line break and the CMT-1 balance line
break can also simulate double-ended guillotine (DEG) piping failures. The flow out of each of these
breaks is typically two phase.

The break separator is equipped with four inlets and two outlets. Only one of these four inlets is used
at a time, and their elevations are important. There are three inlets located below the curb/overflow
level—one at cold-leg elevation for cold-leg break simulation, one at hot-leg elevation for hot-leg
break simulation, and one at DVI elevation for DVI break simulation. For example, the cold-leg break
inlet must be at the same elevation as the cold-leg break location. If it is located at a higher elevation,
it will create backpressure at the break source (that is, break hole at the cold leg) and subsequently
will change the thermal-hydraulic characteristics of the break flow. Similarly, the hot-leg break inlet is
located at the hot-leg break hole elevation, and the DVI break i..et is located at the DV break
elevation.

The fourth inlet of the break separator is located at a level between the curb/overflow level and the
lowest break above the curb/overflow level. This inlet is used for .the CMT-1 balance line break. This
arrangement allows one inlet for several break locations above the curb/overflow level without
introducing improper backpressure on the break source. The break separator also has a loop seal at
the liquid drain line to prevent steam from blowing out of the liquid drain line and ensure vahd liquid
flow measurements.
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. Instrumentation for the break system is included in the discussion of the BAMS.

The steam outlet line is directed to the common header, as described previously. The separator, the
loop seal lines, and the steam line are preheated and insulated to minimize heat loss to the atmosphere
and to prevent steam condensation. Heating the loop seal lines also ensures that the temperature of the
condensate is close to the temperature at which it would collect in the AP600 containment sump.

2.3.20 Break and ADS Measurement System (BAMS)

The BAMS accurately measures the steam and liquid flows from the four ADS stages and each break
simulator being tested. The approach used to accurately measure these two-phase flows is to separate
each two-phase flow stream into its liquid and vapor components and then to measure the flow rate
and temperature of each single-phase flow stream. For the ADS-4 and break separator, the vapor
streams are vented to the atmosphere and the liquid phases are collected in the primary sump, which
simulates the containment sump in the AP600. The capability exists to pump heated water from the
condensate tank into the pnmary sump tank at a mass flow rate equivalent to the rate of vented steam.
This water simulates th: flow of condensate from the steam vented into the containment that would be
condensed and would drain into the containment sump. The steam and liquid flows from the ADS 1-3
separater are recombined and flow into the IRWST through the sparger.

. The BAMS consists of four separators and the associated piping and instrumentation to measure the
single-phase flows and to conduct streams to the appropriate location. The following provides the data
for the separators, which are made of type 304 stainless steel by Wright-Austin Company, Detroit,

Michigan:
SEPARATOR DATA
M RIS T g
Length Diameter Vapor Outlet
Tank Model No. (in.) (in.) Inlet Diameter
ADS 1-3 8-in. 56 20 4 in. 4 in.
type RR
ADS 4 5-in. 62 20 3-12 in 5-in.
(two tanks) type 14R Sch. 40 Sch. 40 Sch. 40
Break 14-in. 146 32 10-in. Sch. 40
type 14RR

Instrumentation provided for the BAMS fluid measurements are as follows:

e Three magnetic flow meters (liquid)
. = Two 0 to 45 gpm
-~ One 0 to 60 gpm
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* Five vortex flow meters (sieam)
~  One 0 to 7060 scfm
= One 0 to 12,500 scfm
~  One 0 to 22 scfm
= One 0 to 6000 scfm
=~ One 0 to 11,000 scfm

¢ Three pressure transmitters
~ 0 to 60 psig

¢ 10 thermocouples (fluid)
-~ 40° 1o 450°F

* 14 thermocouples (trace heater)
- 40° to 450°F

2.321 T.st Support Systems

Several systems that are not AP600 models are required to operate the test facility. These systems are
as follows:

¢ Demineralized water system
¢ Till-and-drain system

* RCP seal cooling system

* Electrical system

* Trace heaters

* Insulation

2.3.21.) Demineralized Water System

City water is passed through two filters, connected in parallel, each with a differential pressure
transmitter to indicate plugging. The cembined flow from the filters is split into two streams, each
passing through a separate and isolatable bank of demineralizers. After passing through another set of
filters, the demineralized water flows to the feed storage tank. Feed lines that bypass the
demineralizers are also provided to fill the RCP seal cooling system and the direct condensate tank.
All lines are 1-in. stainiess steel tubing with manually operated ball valves.

2.321.2 Fill-and-Drain System
Demineralized water from the feed storage tank is pumped by a single feedwater pump to the SGs.

The feedwater line consists of a 2-in. Sch. 80 pipe from the feedwater tank and 1-in. tubing, with a
0.87-in. LD. from the feedwater pump to the SGs.
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Fill lines to the primary and secondary sumps are connected to the main feed header upstream of the
feedwater pump. The RNS pump suction also is conaected to the main feed header.

2.3.21.3 RCP Seal Cooling System

Heat is removed from the seals of the four RCPs by the closed-circwit RCP seal cooling system.
Water is circulated by a centrifugal pump, through a jacket surrounding each pump seal. Heat is
rejected from the coolant by a fan-driven, water-to-air HX. An expansion tank with a liquid level
switch is mounted on the building roof. Thermocouples measure the temperature at each seal. and the
flow to each seal is monitored by a visual flow indicator.

23214 Electrical System

The electrical system for the OSU test facility is shown in Figure 2.3-5. Three-phase, 480-V electric
power is supplied to the facility from a 1000-kVA, 4160-V transformer located outside the building.
Power is divided into five circuits, two 600-A circuits and three 200-A circuits. The 600-A circuits
supply the rod bundle heaters, and the 200-A circuits power the pressurizer heaters, trace heaters, and
motors. Current transformers connected to the 600-A circuits and the 200-A circuits to the pressurizer
supply input to the power meters for each bank of reactor heaters and the pressurizer heaters.
Redundant current transformers and power meters are provided for the reactor heaters to verify the
important data and to provide instrumentation backup.

Eight rod bundle heaters are connected in parallel, and three sets of heaters form a delta connection of
24 heaters connected to one of the SCR power controllers. A circuit breaker is installed in the circuit
to provide a safety trip. An identical electrical system is provided for the other 24 rod bundle heaters.

The four 3-1/4 kW pressurizer heaters are connected to the 200-A line, which is also equipped with a
circuit breaker for emergency trip. Power to the heaters, which are wired in a delta arrangement, is
controlled by an SCR.

A 200-A line supplies power to the trace heaters. Power to the motor control panel is furnished by the
100-A line.

2.3.21.5 Trace Heaters

The BAMS separators and piping (up to and including the flow meters) are heated to about 220°F to
prevent condensation of the steam content, which would affect the steam/water mass ratios and the
accuracy of the energy balances being measured. These trace heaters (rated at 20 kW/ft. and 277 V),
which are arranged in 14 separate zones, each with on-off control, are Raychem Chemelex Heat
Tracing Systems, Model 20XTV2-CT™.
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For the tests, heater density was based on raising the BAMS tanks to 220°F from an initial
temperature of 180°F in 4 hours, including heating water in the tanks. Piping heaters were based on
preheating the piping in the BAMS to the same temperature.

2.3.21.6 Insulation

Thermal insulation is installed on all tanks and piping, except the CMTs and accumulators. Four types
of insulation are used:

o  2-in. Fiberglass, Manville Micro-lok™, k , = 0.31 Btu-in./hr.-ft.’-°F at 200°F

* l-in. Fiberglass, Manville Micro-lok™, k, = 0.31 Btu-in./hr.-ft.>-°F at 200°F

¢ 1-1/2 in. Polyisocyanurate Foam, Dow Plastics, k,, = 0.141 Btu-in/hr.-ft.>-°F at 75°F

» Removable Blankets, Ceramic Fiber, Lewco Specialty Products, k., = 0.55 Btu-in./hr. ft*-°F at
600°F

Table 2.3-2 is a matrix listing the insulation types for the major components and piping systems.
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TABTE 2.3-1
ROD BUNDLE CHARACTERISTICS
Characteristic n Metric English
Number of heater rods 48. 48
Maximum power per rod 15. kW 51,200. Btu/hr.
Rod diameter 2.54 cm 1.00 in.
Heated length 914 cm 36. in.
Heated surface area 730.3 cm’ 113. in?
Rod cross-sectional area 5.07 cm’ 0.785 in?
Heated volume 46. cm’ 283 in’
Total heated surface area 35,000. cm’ 5420. in.?
Total heated cross-sectional area 243 cm’ 37.7 in?
Total heated volume 22,300. cm’ 1360. in.’
Heater rod pitch 4.0l cm 1.58 in.
Pitch/diameter ratio 1.58 1.58
Subchannel flow area 11.0 cm? 1.71 in?
Hydraulic diameter 5.52 cm 2.18 in.
Average rod heat flux 11.5 W/em?
Radial power peaking factor 1.31
Axial power peaking factor |.47
Hot channel factor 1.93
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TABLE 2.3-2
INSULATION APPLICATIONS

Insulation
2-in. Fiberglass 1-in. Fiberglass 1-1/2 in. Urethane
X

RCS

Pressurizer X

ADS 1-2 X

ADS - common line X

SGs

Condensate return tank X

Steam line

Condensate piping X
IRWST

Primary sump

Primary sump piping
Secondary sump
DVI system piping X

ol

ADS separators and piping

Drain collection tank

.

Break separator tank and
piping to primary sump
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Pump Mode! QPTH-54
Queen Pump Co.
Portiand, Ore.
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1984 HAL

Figure 2.3-1 RCP Performance Head Versus Flow
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Figure 2.3-2 Flow Schematic for the ADS
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Figure 3.18.3-1. CVS Pump Head vs. Flow
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Figure 2.3-3 CVS Pump Head Versus Flow
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Figure 3.18.3-2: RNS Pump Head vs. Flow
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Figure 2.3-4 RNS Pump Head Versus Flow
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. Figure 2.3-5 is not included in this nonproprietary document.
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2.4 Instrumentation

This section provides general information about instrumentation used at the OSU test facility and
specific instrumentation anomalies that occurred during testing.

All instruments referenced in this section can be found in the OSU test facility piping and
instrumentation drawings (P&IDs), Appendix G, and in the OSU AP600 Instrumentation Data Base,
Appendix C. The first two drawings of the P&IDs are a legend (OSU 600LEG, Sh. 1 and 2), which
provide information about instrument numbering. In general, all instrument identifications contain a
two- or three-letter prefix, followed by a three-digit number. The letters represent the type of
instrument; the number provides the system number and sequential number of that instrument in that
system. For example, PT-107 is a pressure transmitter (PT), located in the pressure vessel

(100 series), and has the sequential numbzr 7.

2.4.1 General Information on Instrumentation

This subsection contains general information about the OSU test facility instrumentation. The
instrument channel designator for each instrument is provided in parentheses at the beginning of the
subsection describing the instrument.

2.4.1.1 Differential Pressure Transmitters (FDP, LDP, DP)

Differential pressure transmitters measure three different parameters and have a prefix representing
their application. The transmitters measure flow (FDP), level (LDP), or differential pressure (DP).
Rosemount™ Model 3051 transmitters measure small differential pressures of 0 to 150 in. H,0, and
Rosemount™ Model 1151 transmitters measure differential pressures greater than 150 in. H,0.

The only application of FDPs is to measure the differential pressure across the flow orifices in the
ADS-1, ADS-2, and ADS-3 lines (FDP-604, FDP-605, and FDP-606). Differential pressure
transmitters measuic levels in all facility tanks, the RCS hot-leg and cold-leg pipes, SG tubes, and
PRHR HX tubes.

The high- and low-pressure sides of all differential transmitters are plumbed to a component via two
3/8-in. O.D. stainless steel tubing sense lines. The transmitters are mounted on one of several
instrumentation racks at the ground elevation of the facility, at a lower elevation than both of the sense
line taps at the component. The sense lines are filled and vented via vent plugs at the transmitter and
high-point vent tees with caps located on the sense lines above the sense line connection to the
component. The instrument can be isolated by closing root valves on the sense lines close to the sense
line taps at the component, or by closing isolation or block valves at the manifold of the transmitter at
the instrument rack. An equalizing valve i¢ provided for each transmitter to equalize the high- and
low-pressure sides of the transmitter.
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The bench calibration of all differential pressure transmitters is the same. The 4- to 20-mA signal .
output of the transmitters is input to the DAS. However, the field setup is different for LDPs than for

DPs and FDPs, because LDPs are designed to measure levels and not differential pressures due to flow

head loss.

For the performance of the tests, the LDPs were aligned in the field to output a minimum signal,

4 mA, when the measured level in the component was at or below the lower sense line tap or variable
leg tap. Maximum output from the transmitter, 20 mA, occurred when the level reached the upper
sense line tap or reference leg tap. In this way, the DAS could directly interpret the output of the
transmitter as level indication. The configuration file included in every test data file provides the range
of each LDP, corresponding to the distance between the level taps. It should be noted that the field
adjustment of LDPs did not affect the bench calibration of the transmitter because the adjustment was
made in the digital space of the transmitter electronics.

The LDPs were calibrated at ambient temperature. The transmitters did not mechanically or
electronically temperature-compensate their output to correct for measuring levels of fluid at elevated
temperatures. Therefore, level data recorded by the facility’s DAS were uncompensated.

2.4.1.2 Pressure Transmitters (PT)

The pressure transmitters (PTs) are Rosemount™ Model 1151 transmitters, identical to the differential .
pressure transmitters, except the low-pressure side of the transmitter senses atmospheric pressure. The
transmitters are plumbed to the component by a 3/8-in. O.D. sense line.

2.4.1.3 Magnetic Flow Meters (FMM)

Foxboro™ magnetic flow meters (FMMs) measure liquid flow. The FMMs consist of a ceramic-lined
flanged flow tube connected to a remotely-mounted transmitter. The transmitter energizes the flux-
producing coils of the flow tube, which then produces voltage across a pair of electrodes proportional
to the liquid flow rate in the tube. This flow tube voltage is measured by the transmitter and
converted to a 4- to 20-mA signal measured by the DAS.

The FMMs are not designed to accurately measure steam or two-phase flow. The data from the
transmitters are invalid when either of these are measured.

2..1.4 Heated Phase Switches (HPS)

Heated phase switches (HPSs) manufactured by Reotherm™ measure fluid phase. There are

12 switches: one each on the cold and hot legs, CMT balance lines, PRHR HX inlet, and ADS 1-3

header. In addition, two switches are installed in the pressunizer surge line. The design of the HPS is

an adaptation of a flow meter design used to measure flow rate. ‘
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An HPS consists of two elements, a transducer and electronics unit. The transducer is a single probe
containing two sensors inserted 1 in. into a pipe. One of the sensors is at equilibrium with the fluid;
the other is located near a heater so that its temperature is slightly above that of the unheated sensor.
The temperature of the sensor located near the heater is a function of fluid state. The signals from the
two temperature sensors are sent to remote electronics mounted inside a cabinet.

The HPS electronics process the two input temperature signals and output three signals to the DAS
identified as HPS-XXX-Y, where XXX is the unique instrument channel number assigned to the HPS
and Y is 1, 2, or 3. The instrument channel identified as 2 is the delta temperature between the heated
and unheated temperature sensors, the channel identified as 3 is the fluid temperature measured by the
unheated temperature sensor, and the channel identified as | indicates the phase of the fluid.

During testing, the | instrument channel output of the HPS was a 0- to 10-volt signal that was
converted by the DAS to a 0 to 100 percent indication. A low voltage, or small percentage, was
designed to indicate a gas phase; a high voltage, or large percentage, was designed to indicate a iquid
phase. When the HPS was functionally checked after insta'lation, it operated properly, providing more
than 9 volts with water in the system and providing -2 volts with the system drained and air in the
system. Test results from the 3 instrument channel during matrix testing when steam and two-phase
fluid were present were not conclusive. Further analysis is required to determine the accuracy and
usefulness of the | data. The fluid temperature measurement of the 3 channel is considered accurate.

2.4.1.5 Heat Flux Meters (HFM, TFM)

The RdF heat flux meters measure heat flux through pipe or tank walls. The small, wafer-thin
instruments are glued to a pipe or tank surface. Three thermocouples are imbedded in to each HFM.
Two thermocouples measure temperature on either side of the HFM. The thermocouple signals are
measured by the DAS, and their temperature difference is converted to a heat flux using coefficients
provided by the vendor. The third thermocouple measures the temperature of the surface.

During testing, the heat flux calculation of the DAS was designated as a HFM data channel. The wall
temperature measurement of the heat flux meter was designated as a TFM data channel. An energy
balance was not performed, so the output of the HFM was ot evaluated.

2.4.1.6 Vortex Flow Meters (FYM)

Fourteen Foxboro™ vortex flow meters (FVMs) measure steam flow in the test facility. The FVMs
consist of a flanged flow tube connected to remote electronics. The FVMs measure steam flow from
the ADS 1.3, ADS 4-1, ADS 4-2, and break separators. In addition, they measure steam flow from
the prima.y sump, the IRWST, and in the BAMS header.

As stears flows through the flow tube, a vortex-shedding element causes vortexes to form and shed at
a rate p.oportional to the flow velocity of the steam. The vortexes create an alternating differential
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pressure that is sensed by a detector and converted to a voltage output to remote electronics. Remote
electronics convert the voltage input signal to a 4- to 20-mA signal measured by the DAS.

2.4.1.7 Load Cell Transmitters (LCT)

The mass of water in the IRWST, primary sump, and secondary sump is measured by load cells
mounted under the four supports of each tank. The load cells contain strain gages that are stressed by
applied shear forces from the weight of the tank and its contents. The strain gage produces a millivolt
output proportional to the mass of the water in the tank. The input signal from the four load cells of
the tank is processed by a transmitter mouated in close proximity to the load cells. The 4- to 20-mA
output of the transmitter is measured by the DAS.

After the transmitter was calibrated, it measured only the weight of water in the tank. The transmitter
also provided local indication of weight in the tank for use by test personnel.

2.4.1.8 Thermocouples (TF, TW, TH, TR)

Thermocouples are assigned one of four instrument designations, depending on the thermocouple’s
application. A TF thermocouple inserted through the wall of a pipe or tank or mounted on a
thermocouple rod measures fluid temperature. TW thermocouples are mounted on the inside or
outside walls of a tank or pipe. TR thermocouples, unique to the reactor vessel, are mounted on
vertical thermocouple rods installed in the reactor vessel. TH thermocouples are mounted - the
heaters for the reactor vessel and the pressunizer.

Thermocouple type and thermocouple diameter are specified in the OSU AP600 Instrumentation Data
Base, Appendix C. The database also specifies the insertion depth of through-wall fluid thermocouples
(TF). Inside wall thermocouples are mounted in a groove cut into the wall of the component and
silver-soldered to keep them in place.

The reactor vessel contains TH thermocouples to measure temperatures of selected heaters. Selected
heater thermocouples are used as inputs to the safety shutdown of the reactor heaters to detect
abnormally high temperatures. Appendix G, Dwgs. OSU 600007 and 600008 provide information on
the location of the heater thermocouples. The drawings provide the orientation of the heater
thermocouples in the core, as well as the mounting elevation of the thermocouples. The elevation of
the thermocouples specified on the drawings is referenced to the bottom of the reactor vessel. Heater
thermocouples are also mounted in heaters of the pressurizer. Appendix G, Dwg. OSU 600203
provides the location of the three pressurizer heater thermocouples.

Thermocouples mounted in holiow rods (TR thermocouples) are unique to the reactor vessel. Five
thermocouple rods are installed in the reactor vessel to provide radial and axial fluid temperature
distributions in the heated section of the reactor vessel. Each rod contains thermocouples mounted
along its entire length. Thermocouples protrude from the hollow rod and are sealed from the outside
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with silver solder. Wires for the thermocouples are routed inside the rod, through the bottom of the
rod, and then through a seal at the bottom of the reactor vessel. The orientaticn of the five
thermocouple rods in the core is provided in Appendix G, Dwgs. OSU 600007 and 600008. As the
drawings indicate, one of the four thermocouple rods is at the center of the core and the other four
thermocouples are located in the third of four concentric rings.

The CMTs are instrumented with numerous fluid and wall thermocouples, as indicated on Appendix G,
Dwgs. OSU 600501 and 600502. Each CMT contains two short and one long thermocouple rods, or
rakes, instrumented with thermocouples along its entire length. In addition, inside and outside wall
thermocouples, fluid thermocouples installed 1 in. from the inside wall, and tank centerline thermo-
couples are installed at the same elevation to measure the temperature of the fluid and walls at that
elevation.

Note: Appendix G, Dwgs. OSU 600501 and 600502 incorrectly identify the orientation of the long
thermocouple rake in CMT-1 and CMT-2 as 135°az. The actual orientation is 315°az.

The IRWST also contains two thermocouple rods, or rakes, as shown in Dwg. OSU 600701. The
thermocouple rod located on the 45°az is mounted 3 in. from the PRHR HX tube bundle to measure
the effects of HX operation. The thermocouple rake mounted ai 270°az measures temperature
distribution from sparger operation.

One long and one short tube of each SG are instrumented with shell-side (secondary side) wall
thermocouples and tube-side (primary or RCS-side) fluid thermocouples as shown in Dwg.

OSU 600301. Originally, each tube had two wall thermocouples mounted on the hot-leg side and two
wall thermocouples mounted on the cold-leg side. Several thermocouples were damaged during
installation. The thermocouples were inaccessible, so they were not repaired. Thus, the drawing
indicates the loss of these thermocouples.

2.4.1.9 Signal Conditioners (SC)

It is necessary to provide selected signals to DAS and control panel instrumentation at the same time.
For instrumentation loops containing transmitters, two dropping resistors in series are used in the
instrument loop to provide the signal to both locations. To split a thermocouple signal between the
DAS and the control panel, a signal conditioner is needed. Sixteen signal conditioners provide control
panel indication and control input for hot and cold leg, pressurizer vapor space, SG steam, primary and
secondary sump, and IRWST temperatures. In addition, six signal conditioners split selected heater
temperatures. The heater temperatures are used for control panel indication and as input to logic to
trip all heaters when an abnormally high temperature is detected.

In Appendix C, the Instrumentation Data Base indicates that the signal conditioners are designated by
the prefix SC. However, the P&IDs (Appendix G) contain no instruments with an SC prefix. Inputs
to the signal conditioners are either fluid thermocouples or heater thermocouples. If the input to the
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SC is a fluid thermocouple (TF), the SC has the same number as the thermocouple. For example,
SC-101 is the signal conditioner for CL-3 temperature. The thermocouple monitoring this temperature
is TF-103. If the input to the SC is a heater thermocouple (TH), the SC number contains the entire
number of the thermocouple. For example, SC-TH-101-3 is the signal conditioner for heater
thermocouple TH-101-3.

Data from the 22 thermocouples that are inputs to the signal conditioners are not listed in the test data
files by their thermocouple designator (TF or TH), but by their signal conditioner designator (SC).
Using the previous example, temperature data from CL-3 thermocouple TF-103 are identified as
SC-103 data.

2.4.1.10 Programmable Logic Controller (PLC)

The Omron PLC™ contains the control logic of the test facility written in a ladder logic format. The
PLC is the interface between the control panel instrumentation and the equipment to provide proper
control and safe operation of the equipment. All inputs to the PLC are digital, except heaier temp-
erature signals used to trip the reactor heaters. The PLC provides digital control such as opening and
closing air-operated valves, starting and stopping pumps, providing inputs to control panel alarms, and
commanding the automatic operation of equipment during a matrix test. It does not provide analog
functions such as reactor heater (power) control or SG steam flow control via a motor-operated valve.
Digital events in the facility are recorded by an additional software program that monitors the input
and output of the PLC.

2.4.1.11 Control Panel Instrumentation

The control panel instrumentation provides manual and automatic control of the equipment in the
facility and operator indication of facility parameters, but does not provide input to the DAS.
Subsection 2.6 discusses the details of control panel instrumentation and how it was used to operate
the test facility.

2.4.2 Calibration Methods and Standards

The general process used for calibration of the OSU test instruments is described below:

* The instrument was identified by manufacturer and model number.

» Accuracy, input values, and output values, considered critical characteristics of the instrument
were identified.

» The instruments were receipt-inspected to verify that the correct model numbers were received
and no damage had occurred during shipping.
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. Critical characteristics were verified by calibrating the instrument before the beginning of
matrix testing and by performing post-test calibration after completion of matrix testing

The instruments installed in the field served a number of purposes and, therefore, had different
calibration requirements. The instrument types were divided into the following three functional groups
based on their function and calibration requirements

Functional Groups

Group I - Instruments used for data acquisition which were calibrated onsite. These

instruments had an input to the DAS

Group II -- Instruments used for local indication (such as pressure indicators), local monitoring

(such as pressure switches), and indicators and controllers located on the control panel. These

instruments did not provide an input to the DAS
Group 11

Instruments which had no onsite calibration and had vendor-supplied calibration data
sheets (e.g. heat flux meters, flow meters, or flow tubes for magnetic flow meters).

Valves, solenoids, limit switches, etc., not normally included in the definition of an

instrument

Thermocouples which were functionally checked initially (not calibrated), could not be

re-spanned or re-ranged, and required no further calibration.
Calibration Periodicity Categories
Category | -- Calibration frequency of 12 months due to importance 1n testing and data
reduction. All category | instruments either had an input to the DAS or were a functional part

of the instrument loop

Category II -- Calibration frequency of 18 months. Although these instruments did not have a

direct input to the DAS, they were important for the control and safety of the equipment

Category III -- Required no further calibration beyond functional test or vendor calibration.
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Calibration Periodicity Table

Prefix Category Description
DP I Differential pressure transmitter - headloss
FDP I Differential pressure transmitter - flow
FMM | Flow meter magnetic
FVM I Flow meter vortex
HFM i Heat flux meter
HPS i Heated phase switch
LCT : Load cell transmitter
LDP [ Di-ﬂ—';rcntial pressure transmitter - level
PT I Pressure transmitter
SC I Signal conditioner - temperature
TF I Fluid thermocouple
TFM Il HFM thermocouple
TH | Heater rod thermocouple
TR [l Core Instrument rod thermocouple
™ I Wall thermocouple
st ==

The calibration methods used for specific instrument types are described below.
2.42.1 Thermocouples

A thermocouple calibrator (Tegam Model 840) and a dry-well tester were used to check the calibration
of the standard rod-type thermocouples. These thermocouples were inserted into the 1/4-in., 1/2-in., or
3/8-in. inserts of the dry-well tester.

The thermocouple probe supplied with the calibrator was connected to the terminals labelled
thermometer input. This measured the reference temperature of the dry well. Type J, K, or T
thermocouples were calibrated with this setup. Most of the thermocouples used at OSU were type K.
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The thermocouple being tested was checked for temperature at room temperature, 245°F, and 450°F.
Between every setpoint, 10 minutes were allowed for the tester to reach the setpoint and stabilize.

Non-standard thermocouples, which could not be placed in the dry-well tester, were checked using a
heat gun set at 250°F. These thermocouples were not checked at 450°F.

2.4.2.2 Pressure Transmitter

The pressure transmitters are one-piece capacitance-based absolute-gage pressure sensors and
transmitters. Pressure is converted to capacitance by the transducer. The transmitter electronics and a
digital converter convert the output signal to a range of 4 to 20mA  The miiliampere signal is then
transmitted to an indicator or the DAS.

A digital multimeter (HART Communicator Interface, Rosemount Model 268) and a pressure gauge
(Transmation Model 1090) were used to check the calibration of the pressure transmitters. The
pressure transmitter output range was established from 4 to 20mA and, if the measured outputs were
satisfactory, a linearity check of the digital to analogue converter was performed. The linearity check
of the digital to analogue converter confirmed that output requests of 0, 25, 50, 75, and 100 percent
corresponded to amplifier outputs of 4, 8, 12, 16, and 20mA, respectively.

The pressure transmitters were initially bench-calibrated from 0 psig to about 600 psig. Once
installed, the transmitter output was a combination of system pressure and pressure of the water
column. Field calibration of the pressure sensors was performed to offset the effects of the height of
the sensing line water column.

The pressure transmitter loop check and DAS calibration were accomplished by applying power to the
transmitter and recording the DAS voltage reading at 4, 12, and 20mA applied-current signals. From
these voltages, the slope and Y intercept values for the instrument, required for the DAS, were
calibrated.

2.42.3 Differential Pressure Transmitters

The differential pressure transmitters were bench-calibrated in a manner similar to the pressure
transmitters described previously. In addition, the differential pressure transmitters were bench-
calibrated to a span greater than the physical tap-to-tap height differential of the plant. Therefore, the
full tank level was bench-set for 4mA output, and the empty tank level was less than 20mA. A field
calibration procedure was carried out to set the output range of the transmitters to correspond to the
actual tank level by using the transmitter output, in engineering units, at the tank empty level (4mA)
and tank fuli level (20mA). This set the output range of the transmitter to a value within the bench
calibration range and was consistent with the level being measured.
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2424 Load Celis

The load cells were vendor-calibrated and required no further calibration. A loop calibrator
(Transmation Model 1090 or equivalent) was used to calibrate the load cells. Using the loop
calibrator, power was aplied to the control panel and field instrumentation. The loop calibrator was
connected to the loop at the transmitter and the DAS voltage reading was recorded at 4, 12, and 20mA
applied-current signals. From these voltages, the slope and Y intercept for the instrument, required for
the DAS, were calculated. The slope and Y intercept are stored in the DAS system. The engineering
~ units of the signal are calculated from this slope and Y intercept.

2.4.2.5 Magnetic Flow Meters

The magnetic flow meter transmitters use a pulsed-DC technique to energize the flux-producing coils
of the flow tube. As liquid passes through the magnetic field in the flow tube, lov -level voltage
pulses develop across a pair of electrodes. The voltage level is directly proportional to the average
velocity of the liquid.

The flow tube and its electronics were not part of the calibration. Using a digital multimeter, the
magnetic flow meter transmitter amplifier was calibrated for a 4 to 20mA output range. Transmitter
loop check and DAS calibration were carried out by applying power to the transmitter and recording
the DAS voltage readings at 4, 12, and 20mA applied-current signals. From these voltages, the slope
and Y intercept values for the instruments, required for the DAS, were calculated.

2.4.2.6 Turbine Flow Meters

A frequency calibrator (Transzuation Model 1070) and a digital multimeter were used to check the
calibration of the turbine fiow meters. The transmitter amplifier was calibrated for a 4 to 20mA
output range. The frequency (or pulse) input to the amplifier was polarity-sensitive. Negative pulses
were applied to the transmitter to check the amplifier polarity. Transmitter loop check and DAS
calibration of the turbine flow meters were accomplished by applying power to the transmitter and
recording the DAS voltage readings at 4, 12, and 20mA applied-current signals. From these voltages,
the slope and Y intercept values for the instrument, required for the DAS, were calibrated. Negative
pulses were applied to the transmitter to check polanty.

2.4.2.7 Vortex Flow Meters

Fluid passing through the flow meter body passes a specially shaped vortex shedder which causes
vortexes to alternately form and shed from the sides of the shedder at a rate proportional (o the flow
rate of the fluid. These shedding vortexes create an alternating differential pressure which is sensed by
a detector located above the shedder. A pulsed voltage is generated by the detector and the voltage
conditioned by the amplifier to produce a 4 to 20mA output signal.

wAap600\1 536w-3a non: | b-062095 2.4-10



FINAL DATA REPORT

A frequency calibrator (Transmation Model 1070) and a digital multimeter were used to check the
calibration of the vortex flow meters. The transmitter amplifier was calibrated for an output range of
4 1o 20mA corresponding to a frequency calibrator range 2f 0 to 100 percent. The transmitter loop
check and DAS calibration were accomplished by applying power to the transmitter and recording the
DAS voltage readings at 4, 12, and 20mA applied-current signals. From these voltages, the slope and
Y intercept values for the instrument, required for the DAS, were calibrated.

2.42.8 Noncalibrated Instrumentation (Heat Flux Meters and Heated Phase Switches)

The heat flux meters measure heat passing over the surface of the sensor attached to the vessels or
pipes of interest. These devices were calibrated by the manufacturer and did not require any further
calibration.

2.4.3 Phenomena Affecting Readings

This subsection examines the effects of different phenomena on instrument measurements. The
discussion is intended to assist in the review of data from the matrix tests.

2.4.3.1 Flow and Temperature Effects on Level Differential Pressure (LDP) Transmitters

The LDPs measure fluid level between the upper reference leg tap and the lower variable 'eg tap of a
component. The LDP tubing is connected to the component to be measured so that any pressure (such
as steam pressure) will act equally on the reference leg and the variable leg and, thus, have no effect
on the indicated level data.

The difference between the constant reference leg level and measured fluid coiumn level creates a
differential pressure that is measured by an LDP and electronically converted to a level signal. An
accurate level signal is dependent on static conditions, i.e., no flow in the fluid column measured.

Flow in a component crcates a dynamic differential pressure due to pressure loss between the
component LDP taps as fluid flows through the component. When this dynamic component of
differential pressure is superimposed on the static differential pressure, the resulting transmitter signal
produce invalid data. If the flow direction in the component is from the LDP variable tap (low-
pressure side) towards the reference tap (high-pressure side), the dynamic and static differential
pressures will be additive, creating indicated level data greater than actual level. Conversely, if flow is
in the opposite direction, the indicated level data are lower than actual level.

The LDPs installed at the OSU test facility were bench calibrated at ambient temperature and had no
electronic temperature compensation. The temperature in the fluid column to be measured was, in
many cases, elevated above ambient conditions. When the temperature of the fluid column was
elevated with respect to the temperature of the tubing between the component and the LDP, the
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resulting transmitter signal previded indicated level data lower than actual due to the expansion of
fluid with increasing tempera.ure.

For some, of the data plots i1 this report, a program was developed that compensates selected level
data for L‘:mpemmn. The tmperature-compensated level data on those figures have the LDP
des"tgnatof preceded by a C. For example, CLDP-127 is the temperature-compensated data for level
channel LDP-127. None of the raw level data transmitted with this report have been temperature
compensated.

2.4.3.2 Effect of Two-Phise or Steam Flow on Magnetic Flow Meters (FMM)

The FMM . are in-line flow instruments that measure liquid flow. As long as the flow stream is liquid
solid in the forward direction, the FMMs provide accurate and valid data. During the performance of
the matrix tests, the LOCA caused the flow stream through some of the FMMs to become two-phase
fluid and, in some cases, all steam. Also, in some instances, reverse flow occurred.

The effects of two-phase fluid, steam, or gas flow on FMM data were varied and unique to the meter.
Some meters indicated erroneously high flow, some zero flow, and some negative flow. As an example,
the CMT/cold-leg balance line flow meters indicated oscillating flow as the CMT transitioned from
recirculation mode to draindown, and two-phase fluid or steam appeared in the balance line. Balance
line flow data after the transition occurred are considered invalid. In another example, the accumulator
injection flow meter indicated negative flow as the accumulator emptied and the meter was placed in a
gas environment. Again, the data are considered invalid after the accumulator was empty of water.

For liquid-solid reverse flow, an FMM provides negative flow data. In this case, the negative data
provide an accurate indication of flow reversal, but the absolute negative value of the data would be
inaccurate and should be considered invalid. As an example, negative flow data were recorded in the
IRWST-1 injection line when the primary sump valves opened late in a matrix test. Although the
negative flow indication is valid, the actual value of the data is not.

2.4.3.3 Effect of Backflow on Vortex Flow Meters (FYM)

The FVMs are in-line flow instruments designed to measure forward steam flow. FVMs measure flow
of any gas going through them and in either direction. During reverse flow, the FVMs provide
indication of positive flow, but the data are considered invalid.

An example of FVM positive flow indication during reverse flow occurred when the break valve

opened during a matrix test. When the break valve first opened, the steam flow from the break

pressurized the BAMS steam header. The head.: pressurization caused a backflow of steam into the

ADS- separators until the pressures were equalized. The backflow of steam into the ADS-4

separators resulted in positive flow data Therefore, all ADS-4 separator steam flow data prior to the .
ADS-4 valves opening are considered invalid.
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2.43.4 Effect of Two-Phase Liquid or Steam on Differential Pressure Transmitters (DP)
Installed in a Vertical Orientation

The DPs are bench calibrated to a range suited for the particular application. However, if the DP is
installed in a vertical orientation, its data have a zero offset when a liquid level exists below the
elevation of the upper sense line's tap.

In DP installations where both taps are at the same elevation, as when measuring flow differential
pressure in a horizontal pipe, the static pressure from the weight of fluid above the taps is sensed by
both legs of the transmitter and therefore does not affect the differential pressure measurement of the
transmitter. This is true if the fluid is liquid, steam, or a two-phase mixture. However, the two sense
lines of a vertically-mounted transmitter experience unequal static pressures when the liquid level of
the component drops below the elevation of the upper sense line’s tap. When this occurs, one side of
the transmitter senses static pressure equal to the column of water in the upper sense line; the other
side of the transmitter senses static pressure equal to the water column in the lower sense line, plus the
static pressure from the water level in the component above the elevation of the lower tap. The
maximum offset results when the liquid level in the component decreases to an elevation below the
lower tap.

As an example during testing, DP-130 measured the differential pressure across the core bypass holes
located in the upper core barrel flange of the reactor vess:l. When the liquid level was above the
upper tap of DP-130, both sides of the transmitter sensed the same static pressure due to the weight of
water above it. Thus, the differential pressure experienced by the transmitter was due to a flow head
loss only. With a decreasing level in the reactor vessel, both sides of the transmitter sensed the same
decrease in pressure due to the decreasing water column above it until the liquid level dropped below
the level of the upper tap. After this, the side of the transmitter measuring the upper sense line
pressure did not see any additional decrease in static pressure; it sensed only the water column in the
upper sense line. Thus, the desired pressure indication of the transmitter was offset by an amount
equal to the difference between the elevation of the upper tap and the water level in the component.
The maximum offset was -22 in. H,0, which was equal to the distance between taps for the upper and
lower sense lines. In most matrix tests, the level in the reactor quickly drained below the lower tap of
DP-130. When no flow existed through the bypass holes, the data from DP-130 indicted a differential
pressure of -22 in. H,0.

2.4.3.5 Effect of Reactor Coolant System Draindown on Steam Generator U-Tube LDPs

A phenomenon occurred with respect to the SG U-tube level instruments during the performance of
matrix tests due to the unique LDP tubing instaliation. The reference and variable legs for the U-tube
LDPs penetrated the SG at the tube-sheet elevation. The variable leg was routed to the bottom of the
respective tube, and the reference leg traversed the axial length of the tube bundle, internal to the SG,
and was connected to the top of the respective tube (Appendix H, Dwgs. 20175 ™! and 20175-D2).
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The routing of the LDP tubing inside the SG exposed the tubing to the secondary-side temperature
environment of the SG. Therefore, after break valve opening during a matrix test, when the fluid in
the SG U-tubes transitioned from recirculation to draindown, uncovering the reference leg tap, the
fluid in the LDP reference leg began to vaporize. The decreasing level in the reference leg provided a
false high indication for U-tube level. When the U-tubes were completely drained, the level data
erroneously indicated that the -tubes were partially filled. As the reference leg continued to
vaporize, decreasing the reference leg level, the level data incorrectly indicated the U-tubes refilling.
When the reference leg was completely voided, the differential pressure between the reference and
variable legs was equal indicating full U-tubes. The U-tube temperature data confirmed that the
U-tubes remained drained because the temperatures superheated and remained superheated after the
U-tubes drained.

It is important to understand that the level data can be interpreted to determine the time that the
U-tubes began to drain and when the U-tubes were completely drained for analysis purposes.
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2.5 Data Acquisition System

The DAS receives data from the test instrumentation, records it, and prepares it for review. This
section describes the DAS, including architecture, hardware, and processing software.

2.5.1 System Hardware

The DAS consists of about 750 data channels that are monitored during test operations. Figure 2.5-1
illustrates system hardware. The channels are distributed among three separate Fluke Helios Data
Acquisition Units® racks. Each rack is serially connected directly to a separate 486DX PC system.
Each system PC is tied to the others by an Ethemet connection. The system software used for the
local area network (LAN) is Microsoft Workgroup® for Windows. Rack 1 Helios contains about
300 channels and acquires data from the rapid-responding inputs such as pressure or flow instruments.
The remaining channels, primarily thermocouples, are split between rack 2 and rack 3.

2.5.2 DAS Architecture

Figure 2.5-2 is a schematic of the DAS architecture. The system is initialized by the user from the
user's PC with the time and the system configuration data base. On triggering, either by input from
the user or by signal input at the start of a test, the Helios begins acquiring data. Data are sent from
the Helios to the PCs for all channels with instrument inputs and are stored by the PCs. Predefined
channels are processed and displayed from incoming data. Burst data are acquired at a higher rate for
all channels and stored in the Helios until the end of the test. Data files are recorded on a writable
CD-ROM.

2.5.3 Software

DAS software is divided into five main functions: initialization, data acquisition, burst data
acquisition, display channel monitoring, and data storage. Before DAS execution can begin, the
system configuration file must be extracted from the system data base, formatted, and transferred to
the DAS PCs. The system configuration files are distributed in three main files sorted by rack and
row, where each row is an analog-to-digital (A/D) converter card. As a convenience, each row is also
separated into a file that correlates with burst data acquisition. From the configuration file, a set of
channels is chosen to be displayed. A file is created contaiming parameters for the display channels to
be monitored during test operations.

The initialization function prompts the user for input data, sends the channel configuration to the
Helios equipment, and then waits for an acknowledgment of the channel definitions. Other
configuration data sent to the Helios include burst rate, system time, and other setup parameters. This
function also sets up the PCs to display channel information and burst delay time.

w\ap6O0\1 536w-3a.non: 16-062095 2.5.1



FNaL DATA REPORT

The data acquisition function is designed to retrieve channel data and write it to a system disk,
continuously, every 8 to 10 seconds from the start to the end of the test. The start of acquisition is
triggered either by a transient signal or operator input. Operator action is required to stop acquisition.

Burst data acquisition acquires data at a faster rate, but for a shorter length of time, than continuous
acquisition. The burst rate is user-defined and can be from once per second to once every 10 seconds.
The start of burst is input by the test operator and can begin immediately with the start of continuous
acquisivion or can be delayed minutes or hours. The burst data system can store up to 1900 scans for
each channel. This means that at a burst rate of once per second, burst data can be acquired for about
one-half hour. Burst data are stored on the Helios until the end of the test. Then the operator initiates
the transfer of data from the Helios to the system PC, where the data are stored in an ASCII file.

The display channel monitor function selects channel values from the continuous data stream for
predefined channels. These channel values are converted from voltages into engineering units and
displayed on the PC monitor. From the predefined channels, the test operator can choose up to four to
be dynamically charted on the monitor. The channel display indicates an alarm condition if the
channel value ralls outside the alarm value limit.

The data storage function accumulates all configuration files, continuous data files, display data files,
and burst data files and transfers them to a single system via the LAN. PSCRIBE™ software is used
to write the data files onto a CD-ROM for post-test processing, as described in Section 3.0.

2.54 LabVIEW Description

The software is written using LabVIEW for Windows, which uses a graphic programming language to
create programs in block diagram form. LabVIEW is a general-purpose programming system, but it
also includes libraries of functions and development tools designed specifically for data acquisition and
instrument control. LabVIEW subprograms are called virtual instruments (VIs) because their
appearance and operation imitate actual instruments. Vls accept parameters from higher level Vis and
have an interactive user interface and a source code equivalent. Figure 2.5-3 illustrates the AP600
DAS hierarchical VI.

The interactive user interface of a VI is called the front panel because it simulates the panel of a
physical instrument. The front panel can contain knobs, pushbuttons, graphs, and other controls and
indicators. Data are input using a mouse and keyboard. Results are viewed on the computer screen.

2.5.5 Sequence-of-Events Log

The DAS acquires information during any given test without reference to an <~vent initiated by the
facility control system, such as a valve opening or pump trip. The sejuence of and timing of these
events are recorded on a separate PC using a software program named Intouch® made commercially
available by Wonderware. A Wonderware data base was constructed using the programmable logic
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controller (PLC) data base as a model. Signals from the facility instrumentation that affected the PLC
program were included in the data base. While the software is running, it automatically logs every
signal input to the PLC.

The logging format used in the following test sections is an ASCII file generaed by the software:
MM/DD/YY: HH:MM:SS:MSC PRI Tagname Value

As an example, consider air-operated valves in the facility. All of these valves have limit switches at
each end of the stroke so that the PLC has a positive indication cf the valve in a fully open or fully
closed position. Both switch signals are logged as an individual point as they go through a transition.
A typical message for a single stroke of CMT-1 pressure balance line valve RCS-503 would be listed
as follows:

07/08/94 11:04:38.539 1 RCS503_Open Not Closed
07/08/94 11:04:38.846 1 RCSS03_Closed Closed

Four group- of messages are placed in the log file, including Valve Position Log, Pump Status Log,
Console Log, and Alarm Log.
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2.6 Test Facility Control System
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