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Background:

In June 1961, construction was started on the High Flux Isotope Reactor (HFIR) facility inside the Oak Ridge National Laboratory (ORNL), at the recommendation of the U.S. Atomic Energy Commission (AEC) Division of Research. Construction was completed in early 1965 with criticality achieved on August 25, 19651. From the first full power operating cycle beginning in September 1966, the HFIR has achieved an outstanding record of service to the scientific community. 

The design of the High Flux Isotope Reactor (HFIR) is based on the "flux trap" principle, with an inner moderating region, surrounded by an annular region of fuel, which is, in turn, surrounded by a beryllium reflector1. Such a configuration permits fast neutrons escaping from the fuel to be moderated in the un-fueled space in the center producing a region of very high thermal and epithermal neutron flux. This reservoir of thermalized neutrons is "trapped" within the reactor, making it available for isotope production and materials irradiation studies. Some neutrons “leak” into the reflector surrounding the fuel. These neutrons are available for neutron scattering experimentation by extending an empty “tube” into the reflector region. HFIR has four such access tubes. Neutrons scattered into the empty tube travel outside the reactor shielding to highly specialized instruments for use in experimentation. Additionally, a variety of vertical holes are provided in the reflector in which to irradiate materials for isotope production, materials irradiation studies, and neutron activation analysis. A cross-sectional view can be found in Figure “A”2.
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Figure “A”: HFIR Cross-Sectional View
The mission of HFIR is “Safe, reliable, predictable, and efficient HFIR operation to support the neutron science mission.”1 The primary focus of neutron science at HFIR is currently neutron scattering research exploring fundamental and applied research on the structure and dynamics of matter. Neutron scattering is a useful source of information about the positions, motions, and magnetic properties of solids. When a beam of neutrons is aimed at a sample, many neutrons will pass through the material. But some will interact directly with atomic nuclei and "bounce" away at an angle, like colliding balls in a game of pool. This behavior is called neutron diffraction, or neutron scattering. Using detectors, scientists can count scattered neutrons, measure their energies and the angles at which they scatter, and map their final position (shown as a diffraction pattern of dots with varying intensities). In this way, scientists can glean details about the nature of materials ranging from liquid crystals to superconducting ceramics, from proteins to plastics2. 

The original HFIR neutron science mission of medical, industrial, and research isotope production is now a secondary, but still active, focus. The most notable isotope produced by HFIR is californium-252. This neutron-emitting isotope is used for reactor startup sources, scanners for measuring the fissile content of fuel rods, neutron activation analysis, and fissile isotope safeguards measuring systems. In addition, californium-252 is used as a medical isotope to treat several types of cancer. The production of californium-252 and other trans-plutonium isotopes is a unique capability for which the reactor design was originally optimized2. The high flux regions in the HFIR also provide for the production of lighter isotopes that have a high specific activity and specialty isotopes that cannot be produced in lower neutron fluxes. 
The HFIR neutron science mission is also carried out through neutron activation analysis using two pneumatic “rabbit” facilities that shuttle small samples in and out of the reactor reflector region. These samples are measured in the HFIR Neutron Activation Laboratory using gamma spectroscopy to detect trace elements that cannot be precisely measured through any other technique. HFIR neutron activation capabilities have been used for environmental remediation operations, forensic studies, geological studies, and for studies performed by the Food and Drug Administration and the semiconductor industry2. 
Modernization & Refurbishment Scope:

In early 1995, the ORNL deputy director formed a group to examine the need for upgrades to the HFIR following the cancellation of the Advanced Neutron Source Project by DOE.  This group indicated that there was an immediate need for the installation of a cold neutron source facility in the HFIR to produce cold neutrons for neutron scattering research uses3. Cold neutrons have long wavelengths in the range of 4-12 angstroms (Å). Cold neutrons are ideal for research applications with long length-scale molecular structures such as polymers, nanophase materials, and biological samples. These materials require large scale examination (and therefore require a longer wavelength neutron). These materials represent particular areas of science are at the forefront of current research initiatives that have a potentially significant impact on the materials we use in our everyday lives and our knowledge of biology and medicine.
A team was formed to examine the feasibility of retrofitting a cold source facility into one of the four existing HFIR beam tubes. This feasibility study determined the HB-4 beam tube to be the most practical location for this cold source. Although all four beam tubes are capable of providing a high flux environment for a cold moderator, the HB-4 location was chosen based on the readily available space outside the reactor building in line with the beam tube for a future cold neutron guide hall3. A pre-conceptual design study was completed in late 1995 that identified a supercritical hydrogen system as the best type of cold source for the application. In this design concept, a moderator vessel containing supercritical hydrogen at approximately 18K is located in the tip of the beam tube where the thermal neutron flux is highest. Because hydrogen interacts strongly with neutrons and because neutrons have a relatively similar mass, the hydrogen absorbs much of their energy, lowering the neutron temperature. This results in a neutron with less energy and a longer wavelength than originally produced in the reactor environment. It was predicted that a cold neutron beam produced by this design would be comparable in cold neutron brightness to the best facilities in the world. Given this information, the HFIR cold source initiative was approved by the DOE Office of Basic Energy Sciences (BES) following a recommendation by the Basic Energy Sciences Advisory Committee (BESAC). The BESAC also recommended that a spallation neutron source be constructed at ORNL in addition to the HFIR cold source4. These two facilities would combine to respond to a world-wide demand for increased cold neutron scattering research capacity. 
As part of the HFIR cold neutron source initiative, ORNL also provided reactor upgrades to enhance neutron scattering capabilities. This task involved the redesign of the beryllium reflector and other reactor components to provide a larger diameter beam tube for the cold source and also to enlarge the other three thermal neutron scattering beam tubes to accommodate more thermal neutron scattering instruments and to improve the “flux-on-target” for the existing instruments. These new reactor components were installed during a scheduled reflector replacement outage in 2001, followed by the installation of a suite of all new thermal neutron scattering instruments to take advantage of the larger neutron beams5. The reactor resumed operation with the three thermal neutron scattering beam tubes while design, analysis, fabrication, and installation work continued on the cold source. 
Design of the cold source continued throughout 2001 into 2003, with only a small number of personnel dedicated to this initiative. In late 2003, the periodic BES Peer Review of HFIR concluded that “The cold source development must become a project with a dedicated core staff having sufficient priority to get additional help as needed.”  Following this review, the HFIR cold source initiative was “projectized” by BES under the direction of the Research Reactors Division at ORNL in order to expedite the completion of the effort6. The culmination of this project was two reactor outages to install the cold neutron source. The first, followed fuel cycle 406 and lasted from July 23rd to December 14th, 2005. The second outage following fuel cycle 407 on January 13th, 2006, placed HFIR in an extended outage for the remaining duration of the installation of the cold source. Following an extensive readiness review, DOE approved re-start of the reactor with the new cold source installed.  HFIR then resumed operation with the cold neutron source on May 17th, 20075.  Since that time, HFIR has maintained near 100% predictability in operations and has operated 6 cycles over the following 10 months5.  The two cold neutron SANS instruments have now been used for over 32 experiments as of the end of January 2008.  These include studies of various composite materials and studies of biological samples for protein structure and interactions. There are over 70 requests for time on these instruments totaling approximately 300 days for the remainder of the fiscal year (anticipated 92 days at power remaining as of end of January; per the experimentation coordinator, Dr. Gregory Smith)7. 
Cold Source Design:
The mission of the HFIR cold source team was to provide a world-class cold neutron source in the HB-4 beam tube that is both safe and reliable.  To this end, it was necessary to design a moderator to be located in the HB-4 beam tube that would enhance the production of 4-12 Å neutrons available to the neutron scattering instruments. This goal required a high density hydrogen moderator at temperatures of 14-20 K be located in the tip of the HB-4 beam tube where the thermal neutron flux is greatest. The tip of the HB-4 beam tube is approximately 4-inches away from the reactor fuel, so nuclear heating of the moderator was the most difficult design constraint to overcome. A thorough analysis of this design indicated that the nuclear heating rate would be just over 2 kW. The relatively small size of the HB-4 beam tube (4.8 in. internal diameter at the tip), and the long, horizontal orientation, dictated that the moderator be maintained by positive forced circulation rather than the more common natural convection design of other facilities3. In order to avoid steady state operation in the sub-cooled nucleate boiling regime and to address potential system instabilities inside the moderator vessel due to the density change of hydrogen in the high heat flux, the design employs hydrogen in the supercritical fluid regime. This means that the cold source support systems had to be designed to circulate supercritical hydrogen pressurized to 14.15 bar-absolute, at temperatures between 14-20 K, at a rate of approximately one liter per second3. A system of supercritical hydrogen fluid at cryogenic temperatures requires a very complex set of integrated systems. Many new systems, structures, and components and the modification of many existing HFIR systems, structures, and components were required to support these design requirements (a simplistic flow diagram can be found in Figure “B”).


[image: image2]
Figure “B”: Cold Source Simplistic Flow Diagram

The existing HB-4 beam tube had to be re-designed in order to maximize the size of the moderator vessel and the viewing angle available to neutron scattering instruments.  Also, the new beam tube design needed to support all of the various functions required by the containment of a cryogenic hydrogen system along with its normal function as reactor coolant boundary and pool coolant boundary. Internal to the beam tube vessel, a uniquely designed moderator vessel was designed to be placed in the tip of the beam tube to ensure optimum neutron brightness.  Neutron brightness varies by thickness of the thermal moderating fluid film and its surface area visible within the instrument viewing angle. The moderator design also considered the thermal and normal stresses, and the heat transfer characteristics required to minimize localized boiling should the system pressure be reduced to liquid state3. Images of the moderator vessel tip are given below in Figures “C”, and “D”8. The material of choice for the moderator vessel is aluminum. The aluminum allows free neutron movements between the reactor core and the neutron guides. A denatured aluminum alloy, T-6061, was used for its higher strength of material properties as well as the highly desirable characteristic of limiting hydrogen diffusion as a result of ingrained silicone in the aluminum crystalline structure. Exposure to radiation at cryogenic temperatures, along with the high heat flux, tends to stratify the impurities of the moderator vessel over time. This requires periodic annealing of the moderator vessel. Annealing is performed by simply warming the moderator vessel up to slightly above ambient temperature after each reactor operations cycle9.
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Figure “C”: HB-4 Moderator Vessel Tip
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Figure “D”: Moderator Vessel Tip Thermal Analysis

Hydrogen, when exposed to air in the proper concentrations, can result in a fire or explosion. Also, cryogenic lines that are exposed to air or water have been known to break from ice loading as moisture freezes on the exterior of the line. To address these design concerns, each cryogenic hydrogen line should be covered by one or more vacuum regions for insulation as well as one region filled with helium. It was also agreed that warm hydrogen lines would be covered by one blanket of inert gas of either helium or nitrogen. Nitrogen is used as the inert gas blanket only in non-cryogenic applications, as it can freeze at temperatures within the cryogenic design temperature range of the system.
The moderator vessel tip is enclosed within a vacuum cavity for insulation. An additional outer layer surrounds the vacuum cavity with helium. Two separate inlet and outlet tubes circulate the cryogenic hydrogen through the moderator vessel. To minimize special requirements, these tubes connect to a single hydrogen transfer line. This transfer line is designed with five concentric piping lines in keeping with the hydrogen safety design philosophy. The innermost line routes the hydrogen supply. The annuli around this line contain insulating vacuum, hydrogen return, insulating vacuum, and an inert helium blanket, respectively. This unique transfer line is designed to minimize heat loss in the beam tube. It connects at the back of the beam tube to a second transfer line that has separate supply and return lines, each covered by insulating vacuum and then helium. These lines travel through the beam room and out of the reactor building. At the beam room wall, there is a barrier in the vacuum and helium lines. This design partitions the vacuum and helium service for the beam tube so that it does not communicate with the vacuum and helium systems outside the reactor building10. This design confines any radioactive contamination that might be generated in these lines to the reactor building. Additionally, since the cryogenic hydrogen circulates to the cold source systems outside the reactor building by design, the transfer line is constantly monitored for radioactivity, providing an alarm to warn the cold source operators in the event of radioactive contamination in the hydrogen line. An image of the concentric tube design as seen during fabrication is provided in Figure “E”.
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Figure “E”: Fabrication of Transfer Line Section #3
Outside the reactor building, the two transfer lines are connected to the pump module. The pump module is a vessel within a vessel that houses three parallel circulators, a pressurizer, and a flow venturi. The three circulators have characteristics similar to a fan, but have specially designed impellers to move the high-density supercritical hydrogen through the system. The high density of hydrogen allows the circulator to develop the discharge pressure necessary to move the hydrogen through the circulation loop. The circulators are powered via an industrial uninterruptible power supply (UPS) to provide continued operation in the event of a loss of off-site power. The pressurizer, just upstream of the circulators, is a set of two small stainless steel vessels stacked vertically and linked by multiple small diameter tubes the mid line of the each of the vessels. The bottom of the lower vessel connects to the hydrogen circulation line. Ambient temperature hydrogen is fed into the top of the upper vessel. A braided copper strand strap is brazed to the lower vessel and hydrogen circulation line to thermally link it to the two. This allows the lower vessel to remain in a high density supercritical fluid state while the upper vessel remains in a warm gaseous state. This arrangement provides a stable interface between the cryogenic supercritical fluid of the circulating loop and the warm gas of the hydrogen pressure control system. A specially designed and calibrated flow venturi is located downstream of the pressurizer and circulators. The pump module also contains instruments to monitor differential pressure, absolute pressure, and temperature to ensure adequate cooling is maintained to the moderator vessel during reactor operation. An automatic reactor shutdown (referred to as a SCRAM) signal is generated based on these parameters in order to protect the integrity of the moderator vessel. Safety analysis has demonstrated that these automatic shutdowns are not necessary for reactor safety, but are prudent in protecting the substantial investment in the beam tube and other hydrogen containing components. Images of the pump module, circulators, and pressurizer can be found in Figures “F”, “G”, and “H”, respectively.
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Figure “F”: Pump Module
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Figure “G”: Hydrogen Circulator
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Figure “H”: Hydrogen Pressurizer and Temperature Element Location Map
The heat gained by the cryogenic hydrogen through nuclear heating and through intrinsic heat gain around the loop is transferred to the cryogenic helium system through the hydrogen/ helium heat exchanger. This heat exchanger is located in the heat exchanger module that is connected to the pump module. Like the pump module, the heat exchanger and its cryogenic components are contained in a vessel within a vessel (seen in Figure “I”). The heat exchanger itself is a commercially available, brazed aluminum, cross-flow channel heat exchanger. As a result of the heat exchanger materials and construction, its rate of temperature change must be controlled to prevent possible thermal stress that could fail the brazing. Strict limits are imposed on heat exchanger differential temperature and the rate of temperature change, in order to prevent damage.  Also, the small channel design of the heat exchanger makes it easy to become blocked.  Stringent hydrogen and cryogenic helium system cleanliness requirements are imposed to preclude heat exchanger channel blockage. The hydrogen flow channels can also become blocked by frozen hydrogen, which is mitigated by design and control aspects incorporated into the cryogenic helium system.

[image: image9]
Figure “I”: Hydrogen-Helium Heat Exchanger Module
Three separate vacuum systems provide the vacuum insulation for the hydrogen circulation system and the cryogenic helium system. One vacuum system is integral to the cryogenic refrigerator and provides insulating vacuum for the cryogenic helium system from the refrigerator cold box up to the cryogenic helium transfer line connections to the heat exchanger module. The next system provides vacuum insulation for the cryogenic hydrogen lines in the beam tube including the moderator vessel and the associated hydrogen transfer lines. The third system provides vacuum on the remainder of the transfer lines, the inner vessel of the pump module, and the inner vessel of the heat exchanger module. Both of these vacuum systems are serviced by interchangeable vacuum modules that contain a roughing pump, turbo pump, turbo pump controller, vacuum gauges, residual gas analyzer (RGA), and a communications computer. This design allows for the quick replacement of either module with a spare. Each module contains a fast acting valve to isolate it from the system in the event of inadvertent system pressurization or of a vacuum pump failure. The vacuum pump effluent is constantly monitored by the RGA for the presence of hydrogen, helium, oxygen, and nitrogen. Additional piping and valves connect the hydrogen system to the vacuum line for using the RGA to determine hydrogen concentration. 
A hydrogen gas management system is required to maintain and control pressure in the hydrogen circulation system. This is achieved via independently controlled feed and bleeds valves. These valves control the flow of ambient temperature hydrogen to and from the connection at the top vessel of the pressurizer. These valves are located in the gas handling module which maintains an inert helium environment around the valves and associated components. Hydrogen that has been bled off from the system is returned to a low pressure storage vessel located away from the reactor building. The bleed valve seat was specifically designed to handle liquid hydrogen in upset conditions. An additional process relief valve provides for faster system response around the bleed valve in upset conditions. 
The pump module, heat exchanger module, gas handling module, and one vacuum module are located outside the reactor building inside the Hydrogen Equipment Area (HEA). The HEA is an enclosed space with specialized posting for hydrogen hazards, as well as oxygen deficiency monitoring, hydrogen detection monitoring, and a fire detection and suppression system. A dedicated exhaust system provides normal ventilation to the area, and provides emergency, high volume flow when oxygen deficiency or the presence of hydrogen (above the lower flammability limit) is detected. Also, a special louvered cupola on the HEA is designed to relieve the overpressure of a hydrogen fueled explosion and deflect the pressure wave away from the reactor building.
Supply and return transfer lines connect to the Gas Handling Module and carry the warm hydrogen gas to and from the remainder of the hydrogen pressurization system located on concrete pads away from the reactor building. Hydrogen bled off from the circulation system flows to a large, double-walled, low pressure storage vessel (seen in Figure “J”). This vessel supplies the hydrogen compressor and is sized to store the entire cold source inventory of hydrogen at ambient temperature. The hydrogen compressor pressurizes a small vessel (called the hydrogen feed vessel) which feeds back to the circulation system through the feed valve in the gas handling module The hydrogen feed vessel is sized to contain sufficient hydrogen inventory to stabilize the hydrogen circulation loop should the thermal heat load of the reactor be lost (a reactor SCRAM).  Pictures of the hydrogen compressor and hydrogen feed vessel can be found in Figures “K” and “L”.
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Figure “J”: Hydrogen Storage Vessel
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Figure “K”: Hydrogen Compressor
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    Figure “L”: Hydrogen Feed Vessel
The cryogenic helium system provides the heat sink for the hydrogen circulation system through the helium/hydrogen heat exchanger. The hydrogen circulation system temperature is controlled by the mass flow rate and temperature of the helium entering the heat exchanger while the flow rate of the hydrogen circulation system is held relatively constant. The helium refrigerator is located in a building adjacent to the HEA. Helium from a storage vessel located outside the refrigerator building is compressed to a high pressure by any one of up to five sealed helium compressors. The high pressure helium then travels through four heat exchangers (the first two heat exchangers being enclosed in a liquid nitrogen bath). The resultant pre-cooled, high-pressure helium is then routed to any one of four expansion engines where the helium loses additional heat through work, cooling the helium to approximately 14 K. The helium then travels to the helium transfer module. The normal heat power of the reactor, including base heat load of the hydrogen and helium systems is approximately 2kW. This requires a normal operating configuration of three helium compressors and 3 expansion engines. The four refrigerator heat exchangers are located internal to a vacuum insulated vessel (commonly referred to as a cold box), and the expansion engines are mounted on top of an adjacent vacuum insulated vessel (called the expansion engine pod). Pictures of the helium compressor skids, expansion engine pod, and cold box are provided in attachments “M”, “N”, and “O”.   
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Figure “M”: Helium Compressor Skid
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Figure “N”: Helium Refrigerator Expansion Engine Pod
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Figure “O”: Helium Refrigerator Cold Box
From the helium refrigerator, the cryogenic helium flows to the helium transfer module. The helium transfer module is a vacuum insulated vessel that houses a specially designed helium circulator, two immersion heaters, and two control valves. During routine operations, the cryogenic helium flows through the first immersion heater (called the trim heater) in the helium transfer module. The trim heater controls the helium temperature entering the helium/hydrogen heat exchanger. This in turn controls the hydrogen circulation system temperature at steady state conditions. It also provides safety protection to prevent a helium supply temperature of below 14K, which is the freezing point of hydrogen at normal operating pressure. Two control valves throttle to control helium flow to the hydrogen/ helium heat exchanger. The helium flow returning from the helium/hydrogen heat exchanger then flows through the second immersion heater in the helium transfer module called the compensating heater.  This heater is intended to provide a heat load to the returning helium that is equivalent to the nuclear heating in the event of a loss or reduction of reactor heat power. This provides stability in the control of the cryogenic refrigerator during reactor transients. In the event of loss of off-site power, a battery powered helium circulator is provided in the helium transfer module to provide continued helium flow to the helium/hydrogen heat exchanger until diesel back-up power would support operation of a helium compressor. 
A primary concern with the design of any cryogenic system is the potential for trapped cryogens to warm and overpressure the system. To address this concern, an extensive relief system is required. Furthermore, the potential for the relief lines to contain hydrogen or other cryogen requires that the relief lines be filled with inert gas to preclude reaction with air or freeze plugging caused by the moisture present in air. Relief valves are connected to each isolable section of the hydrogen circulation system and discharge to a relief accumulation vessel (RAV) located on a concrete pad away from the reactor building. The RAV, like the relief lines, is filled with helium. It is sized to contain the maximum possible hydrogen relief volume without activating its own relief valve that vents to the atmosphere. The intent of this design is to mitigate the potential for a large uncontrolled hydrogen release to the atmosphere. Once hydrogen has relieved to the RAV, cold source staff members can vent the hydrogen to atmosphere in a controlled evolution.  In addition to the cryogenic hydrogen system, all other cavities that contain or could potentially contain a cryogen are provided with relief valves, inerted relief lines, and independent relief stacks located adjacent to the RAV. The relief stacks are sized and elevated to appropriate hydrogen safety standards, with redundant relief valves. A picture of the relief accumulation vessel and adjacent relief stacks is provided in attachment “P”. 
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Figure “P”: Relief Accumulation Vessel and Relief Stacks
The HFIR cold source consists of a multitude of components located in many locations that must work together in order for the system to operate reliably.  In some cases, these components and their controls are inaccessible during operations since they are confined in inert and vacuum cavities. As has been discussed, the operation of the cold source and the reactor are inextricably linked as the moderator vessel requires cryogenic cooling anytime the reactor operates. To ensure that the many systems of the cold source operate efficiently and reliably, a sophisticated control system is required. A digital network distributive control system was chosen as the best method to integrate the many control functions. The distributive control system (DCS) consists of a network of programmable logic controllers (PLCs) with a common programmed code. The inputs are constantly monitored and most are recorded for trending and analysis. A large system overview screen is mounted adjacent to control access screens. These screens are continuously updated to provide input for operator control. The control screens provide the cold source staff members with touch screen control of all important functions and parameters. Control stations are located in the refrigerator cold box room adjacent to the HEA and in the reactor building experiment room. An image of the large system over-view screen is provided in Figure “Q”.
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Figure “Q”: Cold Source Over-View Screen
A cold source is only useful if sufficient experimentation facilities are available. To that end, a new cold neutron guide hall was constructed outside the reactor building in line with the neutron beam emanating from the HB-4 cold source. The HB-4 cold source illuminates four super-mirror cold neutron guides that channel the neutrons into this facility for neutron scattering research. Currently, this facility houses two small angle neutron scattering (SANS) instruments that are located at the end of cold guides CG-2 and CG-3. The CG-2 SANS is dedicated to materials research while the CG-3 SANS is dedicated for biological research. Cold Guides CG-1 and CG-4 are capable of supporting more instruments that are in varying stages of development. Seven instruments are planned for application on the available HB-4 beam lines2. The most mature of these is a joint US/Japan cold triple axis spectrometer that is now being installed on CG-4. A picture of the facility is provided in Figure “R”.
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Figure “R”: SANS-1 and SANS-2 Facilities
Safety Analysis:

The HFIR cold source involved the development of many new structures, systems, and components, and the modification of many existing structures, systems, and components, as well as the introduction of hazards such as cryogens, oxygen displacement gases, and hydrogen.  Therefore the operation of the Cold Source at the HFIR was judged to be an unreviewed safety question during the conceptual design process. To address the new hazards introduced by the Cold Source, a Documented Safety Analysis (DSA) was prepared following the format of Department of Energy (DOE) DOE-STD-3009, Preparation Guide for U.S. Department of Energy Nonreactor Nuclear Facility Documented Safety Analyses. The Cold Source DSA was developed as a companion to the existing HFIR Updated Safety Analysis Report (USAR) as part of the safety basis for the HFIR. To accomplish this, the Cold Source DSA addresses9:

· Cold Source accident scenarios with the potential to initiate or exacerbate an existing USAR event having offsite radiological consequences
· Cold Source accident scenarios with the potential to create a new event
· Cold Source accident scenarios that could affect the performance of safety-class or safety-significant SSCs on the Safety-Related Equipment List
· Cold Source accident scenarios that could affect currently required HFIR operator actions.

In addition to reactor safety, the Cold Source DSA addresses non-radioactive hazards to determine if any of them are unusual hazards that could impact facility and co-located workers. The only unusual hazards carried forward from hazard screening for evaluation for their intrinsic hazards are the HFIR radioactive inventory and the disposition of the activated beam tube and components at the end of their service life. Several other hazards, notably hydrogen combustion and explosion, cryogenic temperature impacts, and cryogenic fluid pressurization, are considered as potential accident initiators involving the HFIR radioactive inventory. The design basis accidents evaluated in the Cold Source DSA include9:
· Beam tube pressure boundary (with reactor coolant system and reactor pool) failures (from causes other than internal Cold Source system failures)

· Gas releases outside the reactor building (explosions and oxygen deficiencies)

· Gas releases in the beam tube

· Gas releases in the reactor building (explosions and oxygen deficiencies)

· Hydrogen releases in the HEA

· Natural phenomena (earthquake, lightning, wind, and tornado)

· External man-made events

· Increased frequency of a reactor trip

· Dropped heavy loads

Operation of the HFIR is closely coupled with operation of the Cold Source because the reactor cannot operate at power unless the Cold Source is operating to circulate cryogenic fluid to remove the heat transferred to the moderator vessel. However, detailed analyses of the HB-4 beam tube have shown that it retains the ability to perform its reactor coolant system pressure boundary safety function even after loss of heat removal to the internal moderator vessel. Therefore, the reactor SCRAM function from Cold Source inputs, although important to continued operability of the Cold Source, is not required for reactor nuclear safety9. The interface with the HFIR SCRAM system is designed to ensure that Cold Source SCRAM failures do not prevent the normal reactor SCRAM from functioning.

The safety of the Cold Source facility is enhanced by its design which has taken advantage of lessons learned at similar facilities around the world. Industrial standards for handling hydrogen and cryogenic fluids have also been applied. Some examples of design features that incorporate best practices from similar facilities include: 
· Cold Source cryogenic systems are insulated by high vacuum

· Vacuum spaces around cryogenic hydrogen pipelines are monitored by residual gas analyzers for in-leakage into the vacuum spaces
· Cryogenic hydrogen sections of the system are provided with slightly pressurized blankets of helium to further preclude outside air from mixing with the hydrogen

· Blanketing regions are also protected from over-pressurization by relief devices

· A ventilation system has been provided in the HEA that is designed to increase exhaust flow upon detection of hydrogen in the area

Cold Source operating requirements identified in the DSA have been integrated into the HFIR Technical Safety Requirements (TSRs). New Limiting Conditions for Operation (LCOs) have been added to the HFIR TSRs to address operability of the vacuum and hydrogen circulation system pressure relief systems and the beam room vacuum isolation valves and to control loads transported by hoisting and rigging over the HB-4 beam tube9.
The Cold Source DSA was approached in two phases. The first addressed the final system design and the hazards identified with the facility to allow major system testing and the presence of hydrogen on-site, but did not address reactor operation with hydrogen. The second phase relied on the safety analysis modeling and the system testing results that confirmed the safety analysis modeling to address the case of reactor operation with hydrogen. The completed DSA was submitted to DOE for review and approval prior to reactor operation with the cold source installed.
In preparing the Cold Source DSA, a systematic approach was taken to identifying hazards, starting with hydrogen at the core and working through the flow backwards to the relief stacks. All possible failure scenarios of the HB-4 beam tube were addressed, including thermal cold shock, internal over-pressurization, and over-heating. The results of HB-4 failure scenario analysis drove the design process to include exhaustive testing throughout the fabrication process. The net result is an HB-4 beam tube that retains primary coolant system and pool boundary for all cold source initiated accident scenarios. From HB-4, failure analysis continued through guillotine break of the hydrogen transfer lines at multiple locations inside the reactor building. Finally, explosion calculations were performed for both the beam room, HEA, and hydrogen storage vessel pad based on a guillotine break scenario to ensure nuclear reactor safety is maintained. The Cold Source DSA was integral to the cold source design by providing the complex analysis required to evaluate proposed system and component design alternatives. Therefore, the time and personnel resources required to create the Cold Source DSA were comparable to those required to fabricate, and install the cold source. 
Operational Bases Analysis and Testing:

Several advanced computational tools and modeling were used to design the cold source system. First, typical nuclear heating computations and models were developed through Monte Carlo calculations using the MCNP code3. Additional thermal modeling and fluid flow calculations were required in designing the moderator vessel and the required pressure, temperature, and fluid flow rates. A version of the Advanced Thermal Hydraulic Energy Network Analyzer (ATHENA) software code was developed specifically for cryogenic hydrogen with specific emphasis on its supercritical phase in order to model the thermodynamics of the hydrogen system9. This required extensive literature research and benchmarking since no other thermo-hydraulic code exists for supercritical hydrogen. Many other computational codes including CFX-4, and COMSOL were used to model the cold source for design and safety analysis11. Of specific concern was the possibility of thermoacoustic oscillations in the hydrogen at the surfaces of the moderator vessel where heat flux is highest. Thermoacoustic oscillations are initiated by thermal oscillation of the cryogenic hydrogen as the exciting force for a standing acoustic wave. This acoustic wave can result in severe pressure oscillations as well as additional thermal load to the system. This phenomenon has been known to be devastating to vessels at heat fluxes higher than those projected for the HFIR cold source, however, no data existed in the range of the HFIR heat fluxes12. Further literature search and modeling of previous experiments involving supercritical hydrogen demonstrated that this phenomenon was not likely; however, test objectives were included in the integrated test plan to collect data that might be indicative of thermoacoustic oscillations13.
Several mock-up tests were conducted to verify the results of the mathematical models generated for the safety analysis and to provide empirical data where modeling was unreliable. One such test included a piping loop and mockup moderator vessel to determine the estimated pressure drop of the system and flow induced vibration at the moderator vessel tip. The test medium was xenon gas at about 0°C. In these test conditions xenon provides correlated hydrodynamic characteristics with cryogenic supercritical hydrogen (based on calculated fluid defining properties such as Reynolds number). Also, multiple circulator designs and a mock-up of the moderator vessel were tested using cryogenic hydrogen for performance curve verification in a large vacuum chamber at the Tullahoma space center11. Lastly, prior to operation of the cold source with the reactor, multiple tests were performed for commissioning and safety analysis model validation. In particular, a specially designed test heater assembly (seen in Figure “S”) was fabricated with an immersion heater and outfitted with multiple instruments and installed into the hydrogen circulation loop. The test heater allowed the ability to apply a controlled thermal heat load to the system to mimic the reactor power and provided detailed information on the system response for comparison to the computational analysis model. This included data to resolve the important questions surrounding the possibility of thermoacoustic oscillations.
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Figure “S”: Test Heater Assembly
Complete system testing with the test heater also provided invaluable operating experience for the cold source staff members who operate the system. Cold source staff members were intentionally chosen from staff with previous reactor operations experience. This ensures that they have the conduct-of-operations experience and a basic knowledge of the interaction between the cold source and the reactor safety requirements. Testing actually provided operating experience that contradicted the operating philosophies developed through conceptual studies. Specifically, during testing it was apparent that the cryogenic helium and the hydrogen circulation system could not maintain thermal coupling during cool-down. The helium system being much smaller and not experiencing the same density change as the hydrogen system allowed it to “run away” from the hydrogen system. This situation created the potential for localized freezing of the hydrogen system inside the heat exchanger. This test led to the development of the current cool-down process that brings the helium system to its ultimate temperature first, and then relies on control valves in the helium transfer module to slowly cool the hydrogen system to the point of thermal coupling.
Finally, neutron time of flight testing was conducted on the HFIR cold source in October of 2007 to measure the brightness of the HB-4 cold neutron beam. Brightness is a measure of the number of neutrons of a given wavelength, per steradian (solid angle) from the source, per square centimeter, per second. Brightness is expressed as n/cm2/second/steradian/Å. The preliminary results of this measurement showed that the HFIR cold source brightness is approximately twice that reported for the previous world record holder, France’s Institut Laue Langevin in Grenoble (these brightness results are dependent upon comparison of reporting techniques which are under review)14. Brighter neutron sources can provide a higher resolution in experimental data, and can reduce the time required to conduct an experiment.
Reactor Operation with the Cold Source: 
Introduction of the new cold source in HFIR has presented significant operational changes. Most significantly, the aluminum moderator vessel, while the best material for cold neutron production, cannot withstand the reactor heat at power without significant cooling. Therefore, the reactor cannot run without the cold source in operation and at cryogenic temperatures. The cold source must remain at cryogenic temperatures until the reactor is de-fueled or decayed to the point that decay heat will not damage the moderator vessel. Once the reactor is de-fueled, the hydrogen circulation system must be warmed to ambient temperature to anneal the moderator vessel.  Following refueling and initial startup, the reactor must be brought up to power in deliberate stages to allow the cold source to stabilize at each power increase. Careful communication is required between cold source and reactor operations staff during reactor startup, operation, and shutdown. Hydrogen system alarms are annunciated in the reactor control room as well as in the cold source control room so that appropriate response actions can be taken by both parties. 
Operation of the cold source has also proved to have significant impact on HFIR resources. The cold source consumes approximately one fifth of the entire HFIR operating and maintenance budget. This includes labor, utilities, spare and replacement parts, and consumable materials (liquid nitrogen and a large supply of helium being two of the larger cost items)15. Maintaining such a large, interconnected piping system requires a significant increase in labor costs for pipe fitters and refrigeration mechanics. The cold source facility is approximately one third the size of the reactor in physical terms and has almost an equivalent linear length of piping16. Additionally, the cold source has added a large number of instruments that must be maintained and calibrated; almost the same number of instruments as installed to support the reactor facility17. This increase in equipment and maintenance scope requires the attention of system engineers, safety analysts, and other maintenance personnel. The cold source maintains an operation staff of one shift staff member, one additional day shift staff member, and one operations lead. The reactor continues to maintain a staff of one operations engineer, a shift supervisor, two weekday shift supervisors, and three operators per shift18. 

Project Management:

The cold source initiative as advanced in 1996 assumed that the cold source could be designed and constructed using existing technologies; with a graded approach to applying regulatory requirements since the majority of the facility was to exist outside of the reactor building; and employing many of the existing resources at HFIR used in the routine operation and maintenance of the reactor. This represented the approach used to design and construct cold sources at other reactors and accelerators around the world up to that point in time. Based on these assumptions, a budget of $5M USD and a schedule of 2 years and 5 months were estimated at the time of the pre-conceptual design report3.  As the initiative proceeded, it became evident that these assumptions were incorrect and that the technical scope of the cold source would be much more of a challenge than had originally been conceived. The HFIR reflector replacement and upgrades outage concluded in 2001 without an installed HB-4 beam tube since cold source development was still in progress. Following the 2003 BES Peer Review, the HFIR cold source initiative was projectized by BES under the direction of the Research Reactors Division at ORNL in order to expedite the completion of the effort. By August of 2005, nearly all project risks identified in the 2004 project plan had been realized. All available reactor staff was re-directed to the cold source project in order to address the concerns of the DOE regarding the cold source project completion. An aggressive schedule was established, and the final result was installation of all the major components of the cold source for testing in September of 2006, continued installation and testing from September 2006 through May 2007, and combined cold source and reactor operation in May, 2007. The estimated total cost of the HFIR cold source was approximately $70 M USD.
Many of the project risks encountered once the cold source initiative was formally projectized were the direct results of design and procurement decisions made during the early stages of the initiative under a much less stringent set of base assumptions. One particular example is the hydrogen circulator design. Soon after work began on the cold source in the late 1990s, a variable speed circulator design with magnetic bearings was developed with very high circulator shaft speeds to allow more developed mass flow at lower density conditions. This very desirable attribute would potentially allow for higher mass flow rates at low density conditions, thus potentially enabling the reactor to run without the cold source being at cryogenic state. The design and fabrication of a full set of circulators was performed in collaboration with two specialty companies. Testing in cryogenic hydrogen was not economically feasible, so all testing was performed with nitrogen and helium. Once a cryogenic hydrogen loop was made available at the Spallation Neutron Source in 2005, one of the circulators was tested. The basic design was found to be unreliable at its expected operating conditions. Modification of the existing circulator design was possible, but would not guarantee a positive solution and could potentially cause significant project delay. Quickly this project risk was evaluated resulting in a decision to procure new circulators of a standard, already proven design. This change also resulted in a cascading effect on the analysis of system response to transients and to the development of operating philosophies and procedures.
An evaluation of the scope and status of the project during August of 2005 revealed that significant work remained. In order to address this need, all available HFIR resources were re-directed to this project effort. Each engineer and technician was assigned specific systems and components for the duration of the project. All totaled, over 15 engineers, 12 safety analysts, over 30 other technical staff resources, over 25 engineering contractors, and approximately 150 different craft personnel were utilized to finish design, fabrication, and installation of the cold source19. Throughout the installation phase of the project, weekly meetings were held to coordinate efforts between engineers, and daily meetings were held to coordinate efforts between engineering and craft resources. These meetings were vital to minimizing impact from design changes, maximizing resources, and ensuring continued progress on a daily basis. These meetings would be used to discuss design concerns or changes, planned field work for the day and week, and address high risk milestones.
Procurement administration and control also played a significant role in this large and complex construction project. The cold source system is a combination of nuclear grade components, cryogenic components designed for hydrogen, and standard industrial components.  Many components required a high level of quality control and quality assurance. Clearly, with the large number or items, fabrications, and services being procured, a tremendous effort of multiple quality assurance personnel was required. Source inspections were performed for many components and each individual component was inspected by the installation task leader as well as a secondary quality assurance. Also, as components were installed, functional testing of individual components and portions of systems proved essential to establishing quality control. The most frequent functional test was a helium leak test. Baseline leak testing provided invaluable information that allowed identification of individual quality suspect parts or connections. Each system has a total system leak test baseline to which it is still measured against in maintenance troubleshooting today. To date, from the operation of its first operating cycle, the cold source has not had any significant failures that have resulted in unscheduled reactor shutdown or delayed startup. This is a testament to the quality and attention to detail provided by everyone involved in the HFIR cold source project.
Lessons Learned:

In any large scale construction project, personnel safety is of foremost concern. The necessary proximity of on-going construction and personnel increases the risk of injury. Careful focus on personnel safety was maintained throughout the project. A job hazard evaluation is required by HFIR procedures, and is inherent in the HFIR safety culture. Common practice is to review the safety requirements with the associated personnel (craft, operations, and engineering) prior to daily work execution, as well as anytime assigned personnel change or safety conditions change. Communication during the daily work status meetings as well as between craft and field personnel became the best vehicle for ensuring that a focus on personnel safety was maintained at all times. Over 1,000,000 man-hours of work were achieved with no lost time injury. Personnel safety remains a focus of HFIR and ORNL, throughout all activities19.
Operations personnel were fully included in the HFIR cold source design team from its inception in 1996. This ensured that an operations perspective was applied to all designs. Operations also lead the integrated systems testing effort with close collaboration with the design engineering and safety analysis leads. While the testing requirements and test sequences were generated by all three groups, cold source operations had the final decision in moving forward with any given test. This approach ensured an emphasis of personnel safety and protection of unique equipment. It also had the added benefit of a final result of systems interfaces that are more intuitive and more feature-rich to HFIR operations personnel.

One of the successes of the HFIR cold source design was the decision to modularize the various cryogenic components by function. This allows maintenance to be performed on internal components without affecting the entire system. The vacuum modules are a good example of this design application. Three identical modules were fabricated for two service locations. These modules can be interchanged so that maintenance on the internal vacuum components can be performed off-line while the other two modules support continued cold source operation. Redundant, parallel hydrogen circulators are another similar example of this modular design. The system is designed to allow maintenance on an individual circulator without disruption of the remainder of the system.

The primary lesson learned from a project management perspective was that such a complex project should be performed strictly applying accepted project management principles from the beginning. The original assumption that a graded approach to cold source requirements could not be realized because of the high degree of integration of the cold source structures, systems, and components with those of the reactor. Requirements should be clearly defined and adhered to through the duration of the project.  Requirements should include not only the end-use requirements such as brightness and neutron beam size, but should also address nuclear safety, personnel safety, operability, and reliability. Significant technical issues should be fully addressed prior to finalization of design and the beginning of fabrication. Prototypical components that are unproven should be tested in operating conditions prior to fabrication as in the case of the hydrogen circulators. Lastly, the project schedule and budget should contain sufficient contingency to absorb any uncertainties or identified project risks.
Very few reactor-based cold neutron sources have been designed and operated to date. The creation of each cold source then, is a unique project. The heat loads, geometry, regulatory requirements, and existing support facilities vary greatly. Therefore, the experience acquired from prior cold source projects alone cannot be used to establish cost and complete scope assumptions for a new cold source proposal. While previous experience is a useful reference, it must be combined with the specific requirements of the facility in which the cold source is to operate. Multiple considerations of site-specific applications are required when applying experience from previous cold source projects. This is best handled from the beginning via application of modern project management processes.
Future Modernization & Refurbishment Scope:
The HFIR is facing an exciting time in its history. While the original facility was commissioned over 40 years ago, upgrades such as the cold source have provided new life for an aging reactor. Several upgrades were already installed or under development prior to the cold source; however, several more have presented themselves as a direct result of the success enjoyed by this project.
While modernization of the HFIR facility has enabled an expanded offering of neutron user capabilities, an aging facility requires significant refurbishment in order to continue to meet the demands for experimentation time. HFIR already has undergone significant refurbishment scope. Complete replacement of the cooling tower, replacement or refurbishment of existing rotating equipment, modernization of the electrical distribution system, and significant changes in the reactor instrument and controls are some of the areas that have already addressed. Most recently, prior to cold source, HFIR had already initiated a massive refurbishment of the reactor primary system. The primary system is maintained by any three of four large, vertical pumps. These pumps circulate the primary system water through associated heat exchangers. The pump and associated heat exchanger are located in a cell with several valves and other associated equipment. The vast majority of the equipment in the cells is original to the HFIR. The refurbishment scope included removal of the primary pump, including complete disassembly, inspection, and maintenance. The associated motor was sent out for disassembly and maintenance as well. An inspection of the heat exchanger was included, as well as inspection, maintenance, and replacement of several of the associated valves and equipment. Additional lighting, cleaning and painting, and a new access platform were also added to each heat exchanger cell. One heat exchanger cell is 90% complete, and future HFIR refurbishment scope includes the same overhaul of each remaining heat exchanger cell.

The success of the HB-4 cold source has also resulted in an internal review for a feasibility of a second cold source to be installed in HB-2. HB-2, by comparison to HB-4, provides a significantly higher neutron flux, and therefore would be expected to provide a higher neutron brightness than the existing HB-4. HB-2 is in fact, a larger access port than HB-4, allowing for a natural circulation design to be considered. Installation of this new cold source would be best achieved during the next beryllium reflector replacement, scheduled for 20202. 
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