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Abstract. An experimental thermal hydraulic research facility has been constructed at Oregon State University (OSU) for the purpose of assessing the performance of natural circulation reactor design concepts.  Originally, the test facility was constructed to examine the performance of a new reactor design concept, the Multi-application Small Light Water Reactor (MASLWR).   However, the mission of the test facility will be expanded to include other reactor designs that rely on natural circulation for normal or transient operation.  OSU’s MASLWR Test Facility is an integral test facility, which is scaled to model the steady-state and transient operation of the prototypical MASLWR facility.  It is scaled at 1:3 length scale, 1:254 volume scale and 1:1 time scale.   OSU proposes to conduct a test program at its OSU MASLWR Test Facility to provide data for assessing computer codes used for natural circulation reactor system design and analyses.  Specifically, testing will provide data for single/two-phase natural circulation flow instability, and integral reactor coupled containment-vessel depressurization and emergency cooldown.  Development of the test matrix for this test program is introduced.
1. Introduction
An experimental thermal hydraulic research facility has been constructed at Oregon State University (OSU) for the purpose of assessing the performance of a natural circulation reactor design concept.  Originally built to assess the performance of a new reactor design concept, the Multi-application Small Light Water Reactor’s (MASLWR) use can be expanded to include the assessment of other reactor designs that rely on natural circulation for normal or transient operations.  
As currently conceived, the prototypical MASLWR design, upon which the OSU Test Facility is based, is a pressurized light water reactor relying on natural circulation during both steady-state and transient operation.  MASLWR’s designed core power is 150 MWt with a designed electric output of 35 MWe.  Although initially designed for electricity production, the MASLWR concept can also be used to provide process heat.  

MASLWR’s Nuclear Steam Supply System (NSSS) is contained within the reactor vessel.  Since it is driven by natural circulation there are no reactor coolant pumps.  The core consists of 17x17 fuel assemblies.  The hot leg is designed as a chimney coming off of the core.  The steam generators are located in the upper region of the vessel outside of the hot leg chimney and consist of banks of vertical, helical tubes.  MASLWR’s safety systems are designed to operate passively.  There are no emergency cooling pumps and offsite power is not required for safety system operation. 
The reactor vessel is surrounded by a cylindrical containment partially filled with water.  This containment provides pressure suppression and liquid makeup capabilities.  The reactor vessel can be depressurized using the Automatic Depressurization System (ADS) valves.  There are two ADS valves that relieve into containment below the water line.  There are two vent valves that relieve into containment above the water line into the gas space.  The entire containment vessel is submerged in a pool of water that acts as the ultimate heat sink.  A schematic of the currently conceived MASLWR design is shown in figure 1.

In support of the MASLWR design concept, computational performance and safety studies have been completed using the RELAP 5 computer code.  In addition, capital and busbar cost estimates have been completed.[1]  To validate the MASLWR design concept, performance studies and safety studies, a scaled test facility has been constructed at OSU.  Prior to construction of the test facility a detailed scaling analysis was conducted.   This scaling analysis was used to establish component geometry and system operating conditions for the test facility.[2]
The original purpose of the OSU MASLWR Test Facility was to assess the operation of the MASLWR under normal full pressure and full temperature conditions and to assess the passive safety systems under transient conditions.  This assessment is being expanded to include other reactor designs that rely on natural circulation for normal or transient operation.  The data generated by the testing program can be used to assess computer code calculations and to provide a better understanding of the thermal-hydraulic phenomena in the design of both the MASLWR NSSS and other natural circulation reactor systems.
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FIG. 1. MASLWR baseline design concept.


2. OSU MASLWR Test Facility
The OSU MASLWR test facility is an integral system scaled to the prototypic MASLWR integral reactor design developed by Idaho National Laboratory, OSU and NEXANT-Bechtel.  It is scaled at 1:3 length scale, 1:254 volume scale and 1:1 time scale.  It is designed for full pressure and full temperature prototype operation and is constructed of all stainless steel components.

The test facility includes three major component packages.  The first is the primary circuit which includes the reactor pressure vessel with its internal components (core, hot leg riser, steam generators, pressurizer, ADS lines, vent lines and sump recirculation lines).  The second is the secondary circuit which includes the steam generators (internal to vessel), feed water pumps and associated feed water and steam valves.  The third is the containment structure.  OSU’s test facility models the containment structure in which the pressure vessel sits as well as the cavity within which the containment structure is located. 
In addition to the physical structures of which the test facility is comprised there is an instrumentation and control system.  

2.1. Primary Circuit

The primary circuit of the OSU MASLWR test facility models the “self-contained” integrated reactor core and steam generator system.  The core is comprised of electric heaters.  The steam generator is comprised of 14 helical coils that are located in the vessel above the core.  This relative placement of core and steam generator allow for sufficient natural circulation for steady-state and transient conditions.  The primary circuit of the test facility has been designed for operation at a primary side pressure of 114 bar and a primary side temperature of 590 K.

Primary coolant flow is upwards through the core and hot leg riser.  This hot fluid is then cooled by the steam generator in the upper portion of the vessel.  The cooler fluid flows downward around the outside of the hot leg riser into the lower plenum.  From the lower plenum the fluid is drawn back into the core and heated once more.  Figure 2 shows a schematic of the OSU MASLWR Test Facility primary side components.
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FIG. 2. OSU MASLWR test facility primary side components.


The core consists of 57 electric heaters distributed in a square array with a pitch to diameter ratio of 1.33.  Each heater has an external diameter of 15 mm and a heated length of 686 mm.  The maximum core power is 600 kW.  Core geometry (flow areas, hydraulic diameters and local heat flux) have been preserved on a scaled basis.

2.2. Secondary Circuit

The steam generators (SG) are helical coil, once through heat exchangers.  They are located within the pressure vessel in the annular space between the hot leg riser and the inside surface of the pressure vessel.  Feed water is provided from the city water supply and is de-ionized before reaching the steam generators.  The steam produced in the steam generators is vented to the atmosphere.

The steam generator consists of 3 separate parallel sections.  The outer coil and middle coils consist of 5 tubes each.  The inner coil consists of 4 tubes.  Each coil is separate from each other.  They are joined at a common inlet header to ensure pressure equilibrium.  Figure 3 shows a picture of the three sections of test facility steam generator.
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FIG. 3. OSU MASLWR test facility steam generator.


Cold feedwater enters at the bottom of the steam generator and boils off after traveling a certain length in the steam generator.  This boil off length is a function of core power and feed water flow rate.  Nominally, this boil off length is shorter than the actual length of the steam generator tubes so the steam will leave the steam generator superheated.  Each steam generator coil exhausts the superheated steam into a common steam drum from where it is subsequently exhausted to the atmosphere.

Feed water is pumped into the steam generator from a feedwater storage tank by a positive displacement pump.  This pump uses a variable speed controller to allow for precise control of the mass flow rate.

2.3. Containment
The MASLWR containment vessel and the surrounding containment pool are modeled in the OSU test facility as two separate vessels.  One vessel models the suppression pool volume, vapor bubble volume and the condensation surface inside of the containment vessel.  The second vessel models the heat capacity of the water pool within which the containment vessel is held.

At the OSU test facility the two tanks are separated by a plate of 0.04 m thick stainless steel.  This plate models the heat transfer between the containment vessel and the surrounding vessel pool.  Both vessels are constructed of SS 304.  Figure 4 shows a picture of the exterior of the two adjacent vessels.

The containment vessel is connected to the reactor pressure vessel by six independent lines.  There are two ADS lines, two vent lines and two sump recirculation lines.  Flow through each of these lines is controlled by an independent automatically operated valve.  These valves can be controlled through the facility control system with various logic programs.  The containment vessel is capable of prolonged operation at 2.068 MPa and 477.59 K.
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FIG. 4. OSU MASLWR test facility containment.


2.4. Data Acquisition, Instrumentation and Control
The MASLWR test facility is instrumented to capture the behavior of the test facility during steady-state and transient operation.  The following information can be obtained by the test facility data acquisition system:

· Feed water—mass flow rate and temperature,
· Feed water through each SG coil—mass flow rate, temperature and pressure,

· Main steam—volumetric flow rate and pressure,

· Differential pressure—across core, hot leg chimney, SGs, and annulus below SGs,

· Pressurizer—coolant level, pressure and temperature, and

· Temperatures—core inlet, core exit, primary loop at SGs.

The test facility control system accomplishes two tasks.  The first is to process input signals from the various facility instrumentation (thermocouples, pressure meters, flow meters, valve and relay positions).  The second is to generate control signals determined by the system logic (valve and relay control signals, heater and pump control signals).  The following systems can be regulated by the test facility control system:
· Core heaters (including decay power modeling),

· Main feed water pump,

· Pressurizer heaters,

· Containment heaters (used to maintain an adiabatic boundary condition on all walls of containment except for the prescribed condensation wall ensuring that heat transfer only takes place between the containment pool and the containment vessel),

· Feedwater storage tank level, and

· Pressurizer water level (refers to draining only as the system heats up).

3. Flow Stability Testing under Natural Circulation Conditions 
The International Atomic Energy Agency (IAEA) is conducting a 4-year Coordinated Research Program (CRP) on “Natural Circulation Phenomena, Modeling and Reliability of Passive Systems that Utilize Natural Circulation.”  During the 1st Research Coordination Meeting (RCM) for the CRP, some participants expressed the desire that the CRP provide experimental data relevant to flow stability / instability under natural circulation in integral reactor designs. 
Several integral designs addressed in the CRP [CAREM (Argentina); SMART (Rep. of Korea); SCOR (France); PSRD (JAERI); IMR (Mitsubishi)]; LSBWR (Toshiba); MASLWR (OSU)] as well as IRIS (Westinghouse) are based on natural circulation either for normal operation or for some modes of accident heat removal.  Due to the concern of flow instability in these systems particularly when coupled with the reactor power, acquiring test data of this nature is highly valuable for the development of natural circulation cooled reactor systems.

3.1. Proposed OSU Test Program

OSU has proposed a test program at its OSU MASLWR Test Facility to provide data for assessing computer codes used for reactor system design and analyses.  OSU plans on addressing flow instability phenomena under natural circulation conditions in integral type reactors.  The benefit is to obtain and share the desired data with CRP participants.  Thus the data would be made available through the IAEA to all CRP participants.  

Specifically, phenomena of importance to single/two-phase flow stability in natural circulation systems will be explored.  This will include a parametric investigation of fluid flow rate through the primary loop versus heater power as a function of inlet subcooling, primary system pressure, and rate of heat removal by the SG.   The range of investigation will include subcooled and saturated single-phase flow as well as saturated two-phase flow.  This range will be determined by system pressure vs. inlet subcooling.  Investigations will address the full range of conditions from start-up, to normal operation as well as shut-down heat removal, with and without depressurization of the primary system through discharge of some of its inventory.  Flow instability testing conducted at the OSU MASLWR Test Facility will be in the range of 2 to 12 MPa.
As part of this test program it will also be possible to explore the coupled containment-vessel de-pressurization and emergency cool-down.  This phenomena will be explored in the pressure range of atmospheric to 2 MPa.   The investigation of the coupled containment-vessel pressure transient will occur following the actuation of the ADS.  Upon completion of blowdown as determined by equal containment-vessel pressures, the heat removal capability of the SG will be examined for the coupled system.
The proposed testing program is outlined in figure 5.  It is proposed that this test program be conducted at the OSU MASLWR Test Facility described in section 2 of this paper.  This facility will require the installation of a new heater bundle in order to conduct the subject natural circulation testing.  
The expected outcome of this proposed test program is to provide to IAEA and the CRP, experimental data relevant to flow stability / instability under natural circulation in integral design reactor systems as well as data relevant to the behavior of the coupled vessel-containment during blowdown and emergency heat removal conditions.
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FIG. 5. Proposed natural circulation testing.


3.2. Development of Test Matrix
It is anticipated that a detailed test plan will be developed in conjunction with the 2nd RCM to be held at OSU in August-September 2005.  The objective of this test program is to provide data for assessing computer codes used for reactor system design and analyses specifically relating to natural circulation phenomena.  The test plan will identify the transients of interest and the test initial and boundary conditions, test procedures for each of the planned tests, and instrumentation requirements including calibration.  The test plan will identify success criteria including optimal instrumentation configuration and performance of the data acquisition system.  Instrumentation requirements will be an important part of the test plan since the test results will be used for computer code assessment and validation.  

Currently it is envisioned that the subject data will be collected during one test conducted in three stages.  Stage 1 will study single/two-phase flow instability.  There will be four variable parameters: system pressure, inlet subcooling, heater power and rate of heat removal through the SG.  The natural circulation flow rates as a function of these variables will be measured.  Stage 1 will study flow stability during various operating conditions: system start up, normal operating and normal system shutdown.  Emergency shutdown flow stability will be examined during stage 2. Approximately 85% of the testing program will be focused on stage 1 activities.  

Stage 2 will commence upon the completion of stage 1.  The reactor vessel will be blown down using the MASLWR Test Facility ADS.  The ADS blows down into the test facility containment.  Flow stability during the blowdown will be examined as well as the containment pressure response.

Stage 3 will commence upon the completion of stage 2.  When the blowdown is complete (vessel pressure approximately equal to containment pressure) the helical coil steam generators will be used to remove heat from the coupled vessel-containment system.  The coupled system pressure response will be examined during this steam generator cooldown phase.  

4. Conculsions
The OSU MASLWR test facility is a scaled model of the prototypical MASLWR that has been used to conduct proof of concept testing for MASLWR.  Testing has previously been completed demonstarting its utility in exploring natural circulation phenomena.  OSU has proposed to conduct a test program at its OSU MASLWR Test Facility to provide data that addresses flow instability phenomena under natural circulation conditions in integral type reactors.  It is also proposed that the subject testing be used to explore the coupling of the containment and the vessel during depressurizationa and emergency cool-down operations.  It is anticipated that the specific test matrix for the subject testing will be developed during the 2nd RCM in Auust-September 2005.  
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