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ABSTRACT

Three materials-irradiation facilities have been designed, fabricated, and installed by the Heavy-
Section Steel Irradiation (HSSI) Program. These facilities, which operated at the Ford Nuclear
Reactor at the University of Michigan until July 3, 2003, are described in this report.

Two of the facilities are referred to as the HSSI-IAR facilities with the individual facilities being
designated as IAR-1 and IAR-2. The third is referred to as the HSSI-UCSB facility. These unique
facility designs require no cutting or grinding operations to retrieve irradiated specimens. All
capsule hardware is totally reusable, and materials transported from site to site are limited to
dosimeters and specimens. A wide variety of operating temperatures, with excellent thermal
stability, and neutron fluxes are available. Thus, these facilities provide extremely flexible and
valuable tools for performing relatively inexpensive irradiation experiments.
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1. INTRODUCTION

Irradiation and testing of reactor-pressure-vessel (RPV) steels have been performed by Oak
Ridge National Laboratory (ORNL) under the Heavy-Section Steel Irradiation (HSSI) Program
for the U.S. Nuclear Regulatory Commission (NRC) for more than 20 years to determine the
condition of RPVs currently in use and to investigate the possibility of plant-life extension. (See
Appendix, “Publications List.”) Typical irradiation experiments consisted of a sealed container
that housed the metallurgical specimens to be irradiated. Specimen sizes varied considerably but
usually were in the form of compact-tension, Charpy, tensile, crack-arrest, or drop-weight
specimens. Specimens were sealed in the test vehicle with the heaters, thermocouples, and flux
monitors, and the entire assembly was irradiated for the time necessary to provide desired
fluence. The entire assembly was then shipped from the reactor site to a hot cell in which the
sealed test vehicle and all instrumentation leads were destroyed to recover the irradiated
specimens for testing. Fabrication of additional test vehicles was required to irradiate additional
specimens under the same conditions or to investigate the effects of differing conditions on
similar materials.

With the exception of two capsules from the tenth series, all previous irradiation experiments
performed for the NRC by ORNL were irradiated in reactors at ORNL. Disassembly of the
experiments also took place on site, which required that the irradiated experiment be shipped in a
lead-shielded container for a short distance from the reactor facility to the hot-cell facility. With
the shutdown in the late 1980s of the ORNL test-reactor facilities suitable for the HSSI Program
needs, irradiations now must be performed at an off-site reactor. The HSSI Program has chosen
the Ford Nuclear Reactor (FNR) at the University of Michigan to perform these irradiations.
Because the FNR does not have a hot cell large enough for the operations required to
disassemble the experiments and retrieve specimens, it would be necessary to ship all of these
irradiated materials to the ORNL facilities. Shipment of irradiated materials over public
highways has proved to be quite different from an ORNL on-site shipment and is a slow and
expensive process. Because shipment, disassembly, and disposal of nonspecimen hardware
proved to be more and more difficult and expensive, these facilities were designed such that all
capsule hardware can be reused. With such facilities it is only necessary to ship specimens from
FNR to ORNL or any other designated location.

As a consequence, three materials irradiation facilities have been designed and fabricated. They
have been installed and are now operating at the FNR at the University of Michigan. Two are
referred to as the HSSI-Irradiation-Anneal-Reirradiation facilities (HSSI-IAR) with the
individual facilities being designated as IAR-1 and IAR-2. Because the initial users were
researchers from the University of California, Santa Barbara (UCSB), the third facility is
designated the HSST UCSB facility. The design and fabrication of the HSSI-UCSB facility was
completed in November 1996. Following a series of neutronic and thermal characterization tests,
irradiation of actual test specimen subcapsules began in January 1997. The design and
fabrication of the HSSI-IAR facilities were completed in October 1998, and following
temperature and dosimetry characterization tests, irradiation of the first metallurgical specimens
began in December 1998.

The facilities are located on the east face of the FNR core, with the HSSI-UCSB facility being
located between the IAR-1 and IAR-2 facilities. The IAR-1 facility is located on the north side of
the UCSB facility, and the IAR-2 facility is located on the south side of the UCSB facility, as
shown in Fig. 1. The three facilities are positioned inside a cagelike assembly constructed of
aluminum, except for the front plate, which is 0.5-in.-thick (12.7-mm) stainless steel. This front

1



plate, or thermal shield, provides gamma attenuation to reduce gamma heating in the irradiation
experiments. The cagelike assembly, containing the three facilities, is mounted on a movable
carriage assembly that is installed in the experiment grid on the east side of the FNR core. The
carriage assembly is used to crank the three facilities, as a unit, into and away from the FNR core
face.

ORNL 2001-1264C EFG
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Fig. 1. East face irradiation facility at the FNR.
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2. FORD NUCLEAR REACTOR

The FNR is a 2-MW, pool-type, research reactor located on the campus of the University of
Michigan, in Ann Arbor, Michigan, USA. The reactor core is composed of Materials Testing
Reactor (MTR)-type fuel elements arranged in a 6 x 8 lattice grid. A typical core configuration
consists of about 36 standard fuel elements and 4 control rod elements. The reactor operates in
2-week increments (designated half-cycles), consisting of 10 days at power and 4 days shutdown.
Startup of the reactor usually occurs on Tuesday, and shutdown occurs on the second Friday after
startup. The 4-day period from shutdown on Friday until startup on the following Tuesday is
used for reactor refueling and maintenance operations. During reactor shutdown periods, the
HSSI facilities are retracted from the reactor face, and all electrical heaters are shut off.

Large experimental grids project from the south and east faces of the reactor core to permit
precise placement of experiments for irradiation. A movable carriage assembly has been installed
on the east face of the core to irradiate large capsules for the NRC’s HSSI Program. Mounted on
the carriage is a cagelike assembly constructed of aluminum, except for the front plate, which is
0.5-in.-thick (12.7-mm) stainless steel. This movable assembly was originally built to
accommodate large irradiation capsules, but it was modified to accommodate the facilities
described here.
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3. HSSI-UCSB Facility

3.1 FACILITY DESIGN

The HSSI-UCSB irradiation facility consists of a sealed container that incorporates 50 electrical
heaters, which supply heat input to 25 separate heater zones. It is instrumented with 49
thermocouples used to monitor specimen temperatures. The entire irradiation facility is enclosed
in a boral shield. The boral shield is a layer of boron carbide sandwiched between two thin layers
of aluminum that reduces the activation of specimens during irradiation by approximately 90%.
Inside the facility two removable specimen baskets contain the specimen packets supplied by the
experimenter. Typical specimen packets consist of various types of small tensile, fracture, and
microstructural specimens that are encapsulated in unsealed aluminum containers. The packets of
specimens can be strategically placed inside the facility in various locations to provide the
desired temperature and neutron flux.

The facility has two separate sections: the high-flux (HF) and the intermediate-flux/low-flux
(IF/LF) sections. Each section is surrounded by heater plates in which 1/16-in.-diam electrical
heaters are wound. There are 11 heater zones surrounding the HF section and 14 heater zones
around the IF/LF section. For redundancy, each heater zone uses two heaters. Within each
section, basket assemblies are placed to accommodate individual specimen packets. The outer
dimensions of the full-size specimen packets are 2 x 2 x 0.5 in. (50.8 x 50.8 x 12.7 mm). It is
possible to load larger specimen packets that conform dimensionally to multiples of standard-size
packets. There are also four half-size specimen packets with dimensions 2 x 0.92 x 0.5 in.

(50.8 x 22.9 x 12.7 mm). '

Figure 2 shows a cross section through the facility. A schematic diagram of the irradiation
facility, provided in Fig. 3, also shows the temperature zones in the baskets and the basket
positions relative to the core. The specimen baskets, with their unique sliding cover plate design,
are shown in Fig. 4. The removable specimen basket in the HF portion of the facility can contain
2 specimen packets at 270°C, 2 specimen packets at 310°C, and up to 14 specimen packets at
290°C. The IF/LF specimen basket can contain up to 9 specimen packets at 270°C, 9 specimen
packets at 310°C, and 18 specimen packets at 290°C. There is also space for four half-size
specimen packets in the IF/LF portion of the facility opposite the thermocouple blade, which is
located in the center of the basket and which is used to measure specimen temperatures. To
accommodate logistics for the 58 specimen packet locations, a designation system was developed
as shown in Fig. 5.

Based on thermal analyses, the heater zone locations were chosen to provide optimal localized
heat input that best achieves the desired temperature distribution throughout both sections of the
facility. This optimization process resulted in heater zone locations shown in Fig. 6. Heater zones
1-8 and zone 11 are 2 in. high, while the remaining zones are each 1 in. high.
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3.2 INSTRUMENTATION AND CONTROL SYSTEM

The instrumentation and control system is used to provide gas flow to the facility, monitor
temperatures, and control the electric heaters. An instrumentation application diagram of the
HSSI-UCSB facility is shown in Fig. 7.

While the facility presently operates with 100% helium sweep gas, it is possible to use mixed
gases, such as neon and helium, to aid in temperature control. The gas flow rate is maintained at
about 150 sccm at 11 psig (76 kPa). Relief valves set at 13 psig (90 kPa) are located on the inlet
and exit lines of the facility to ensure that overpressurization does not occur. The entire facility is
controlled through a supervisory control and data acquisition (SCADA) system, which consists
of the main control computer or SCADA node, electronic heater controllers, electronic flow
controllers, and moisture monitoring sensors. The software used is Intellution’s FIX, a
commercial man-machine interface (MMI). The system can be monitored and operated on site or
remotely from anywhere in the world using a remote key and proper password. The current
software configuration can monitor and control more than 300 points and can be expanded to
several thousand points.

The current configuration monitors and/or controls 50 thermocouples, 25 heater zones, 4 control
valves, and 25 alarm annunciators. The data points are scanned once per second and recorded
every 30 seconds. This rate can be changed at any time from the FNR or ORNL. The remote
communications consist of a modem for phone line access and a network card for Internet access.
The experimenter has the capability to view and obtain real-time data 24 h/day. Figure 8 shows
the Internet-accessible screen with real-time operating data.

The SCADA node for this facility operates in parallel with a SCADA node for the HSSI-IAR
facilities. Either system has the capability of taking control of both nodes. Data storage is
redundant. It uses the local server’s hard drive and once every three days is sent over the local
network to a server storage system at ORNL. The data received from Michigan are transferred to
a CD after the storage drive system reaches a defined capacity. The CDs are validated by the
experimenter and stored at ORNL. The data are stored in compressed format to conserve disk
space; they can be exported in any number of ways to support Lotus, Excel, Fox Pro, and
D-Base. The data may also be exported in ASCII format.

The FIX software has the capabilities of many real-time reporting formats, such as real-time
trending, historical trending, and spreadsheet. The data can be customized to incorporate
relational data bases like Access and Oracle. The FIX software has capabilities to add on-line
statistical analysis to generate real-time reports.

3.3 OPERATION

Thermal and neutronic characterization of the facility was performed during the first two reactor
half-cycles after installation. Because the HSSI-IAR facilities were not installed during the initial
operation of the HSSI-UCSB facility, steel blocks (with aluminum spacers to simulate gaps) with
the same external dimension as the IAR facilities were placed on either side of the UCSB facility
to ensure that the neutronic characteristics would be the same as with the IAR facilities in place.
During these tests the baskets were loaded with dummy specimen packets, some of which had
been drilled for insertion of flux gradient wires and fission radiometric sets. The gradient wires
and fission radiometric sets measure and map the flux in the different regions of the facility.
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Fig. 8. Internet-accessible screen showing real-time operating data for the HSSI-UCSB facility.

A full characterization of the neutron field in each region of the facility can be determined from
the results of the dosimetry and neutron transport calculations.

Because the thermocouples for the HSSI-UCSB facility are placed in the heater plates and
thermocouple blade (not in specimens), it was necessary to perform heat transfer analyses to
determine the relationship between thermocouple-indicated temperatures and the temperature of
specimen packets.

An operational goal of the facility is to maintain specimen packets within +5°C of a selected
temperature. To verify this condition, a three-dimensional, steady state, thermal model was
constructed for use with the ORNL-developed HEATING 7.2 heat transfer code (Ref. 2). This
model was based on the initial design studies model with appropriate modifications, such as

(1) incorporating the as-built configuration, (2) adding the capability to perform thermal
expansion of components, and (3) adding detail to the modeling of the specimen packet and
heater plate/thermocouple regions to permit determination of thermocouple temperatures. It was
assumed that the inner surface of the boral shield and the boundary between the HF and IF/LF
sections are at pool water temperature. These are conservative assumptions for this analysis
because the actual temperature of these boundaries will be higher and thus the thermal gradients
within the facility will be smaller than calculated. If these analyses indicate that the specimen

13



temperatures will be maintained within the desired bounds, then the range in temperatures will be
even less in actual operation.

Literature values of the conductivity and emissivity of materials were used. These values should
be valid for the solid metal parts. However, due to thermal contact resistance and the existence of
voids, the specimen packets, which are a collection of small irregular-shaped metal parts in an
aluminum housing, should have a lower thermal conductivity than the solid material used in the
thermal models. Additionally, the nuclear heating should be reduced somewhat due to the lower
density.

To confirm the assumed distribution of nuclear heat in the models, a gamma heating experiment
was performed in which the facility was placed against the reactor face with no electrical heat.
The thermocouple readings for this test, shown in Fig. 9 for the HF region and Fig. 10 for the
IF/LF region, were compared to results from the thermal model. The assumed nuclear heating
distribution was then adjusted to achieve the best match with the thermocouple data. The original
estimate for the nuclear heating gradient vs distance from the reactor face was determined by
assuming a solid block of stainless steel placed directly adjacent to the reactor face. A cosine
variation was used in the vertical direction. The original horizontal distribution gave a reasonable
match. However, when it was adjusted to account for the additional shielding not previously
accounted for between the reactor face and the facility, better matches to observed conditions
could be made. The rms deviation for this comparison between calculated and observed
thermocouple readings was 0.8°C.

This adjusted heat generation distribution was used to determine temperatures throughout the
facility so that the gas gaps could be modified to account for thermal expansion. Both conduction
and radiation were accounted for in all gaps in the model. Natural convection was not included
because the size of the gaps, and the temperature gradients are too small for this mode of heat
transfer to be effective. Forced convection was also considered to be negligible because of the
low flow velocities in the gaps.

From the many analyses performed, it was observed that the blade thermocouples (TCs 30, 32,
37, 40, 43, 46, and 48) are close to the average temperature of the specimen packet volumes. For
this reason, the thermocouples were used to determine the heater power in the model. When the
model demonstrated that all the specimen packets were within the desired temperature ranges,
the target temperature of all the thermocouples was extracted from the model. Additional
analyses including more accurate models of the specimen packets were performed using this
control. Even with up to 50% reductions in either thermal conductivity or nuclear heat generation
(separately) of the specimen packets, the model showed that temperatures were maintained
within desired tolerances.

The target temperatures along with observed thermocouple readings after the addition of
electrical heater power are presented in Figs. 11 and 12. These figures show that it was possible
to get within 3°C or better of the target temperature for all of the thermocouples in the facility.
The thermal stability of the facility at design temperature is demonstrated in Fig. 13, which
shows a detailed history of one thermocouple from three different temperature regions of the
facility. It is a plot of temperature vs time for thermocouples 6, 32, and 46; it represents the
temperature history in three different temperature zones during a 10-day reactor half-cycle that
ran March 10-20, 1999. Figure 14 is an expanded view of the temperatures recorded by
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thermocouples 6 and 28 in the same temperature zone for a short period during the same reactor
half-cycle. Figure 14 indicates that for the 60-min period from 1 a.m. to 2 a.m. on March 15,
1999, the two thermocouples varied less than 1°C. The temperature plot in Fig. 14 looks the same
regardless of which portion of the plot it is taken from in Fig. 13. This is a testament to the
performance of the temperature control system, which automatically adjusts the power to each
heater zone based on the temperatures read by the control thermocouples for each zone. Table 1
lists the thermocouple number assigned to be the control thermocouple(s) for each of the 25 heater zones.
The target temperature for each control thermocouple was determined by the heat transfer analyses and is

also shown in Table 1.

Table 1. Control thermocouples for heater zones in HSSI-UCSB facility

Heater zone Control thermocouple(s) Target temperature (°C)
1 Average of 1 and 2 290
2 Average of 3 and 4 290
3 Average of 5 and 6 290
4 Average of 7 and 8 290
5 Average of 9 and 10 290
6 Average of 11 and 12 290
7 Average of 13 and 14 290
8 Average of 15 and 16, 17, and 18 290
9 Average of 19 and 20 305
10 Average of 23 and 24 305
11 Average of 25 and 26 303
12 31 341
13 29 336

14 34 325
15 33 318
16 36 285
17 35 285
18 39 285
16 38 285
20 42 285
21 41 285
22 45 285
23 44 285
24 49 309
25 47 299
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are removed from the cask; (10) the baskets are opened, and individual specimen packets can be
removed and new ones installed. The process is then reversed to place the facility back in the
carriage assembly in preparation for further irradiation. Experience has shown that the entire
specimen packet changeout process can be accomplished in about 6 h during the normal reactor
outage time, resulting in no loss of irradiation time.
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4. HSSI-IAR FACILITIES

4.1 FACILITY DESIGN

An HSSI-IAR facility consists of a 9-ft-tall (2.7-m) container assembly that is fabricated from 304L.
stainless steel, inside of which is placed the irradiation capsule containing the metallurgical
specimens. The lower 24-in. (0.6-m) portion of the facility, in which the specimen-loaded capsule
resides, is rectangular in shape with external dimensions of 4.52 in. (11.48 cm) wide and 4.14 in.
(10.52 cm) deep. The electrical heaters for the facility are located in this area. The facility has 12
separate heater zones consisting of 3 heater zones (top, middle, and bottom) on each of the 4 sides of
the facility. These heaters are used for heating the specimens inside the irradiation capsule to the
desired irradiation temperature of 288°C (550°F). The same heaters can be used to heat treat the
specimens up to 454°C (850°F). The heater zones are strategically placed such that varying the
power from the separate heater zones can overcome the varying gamma heating rates in the capsule.
This results in all specimens being at the desired irradiation temperature of 288°C. Typically, the
facility is continuously swept with helium, although it is possible to use mixtures of helium and neon
if necessary to achieve desired temperatures. Figure 16 shows a cross-sectional view of an IAR
facility and capsule at the FNR core midplane.

The upper 84-in. (2.1-m) portion of the facility is cylindrical in shape and is 5 in. (12.7 cm) in
diameter. It is open at the top and has a retaining yoke that is bolted to keep the irradiation capsule
inside the facility. When the capsule is installed, the opening in the top of the facility is sealed by an
O-ring on the upper flange of the irradiation capsule that is inserted into the facility.
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Fig. 16. Cross section through an IAR facility and capsule at FNR core midplane.
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These dimensions and geometry allow the capsule in the IAR facilities to be rotated by raising it
approximately 22 in. (56 cm), rotating it 180°, and lowering it back into the facility. Steel shield
plugs in the upper portion of the facility provide biological radiation shielding while this task is
performed.

An instrumentation lead tube is attached to the lower rear portion of the facility. This lead tube
contains all of the electrical heater extension leads and gas lines necessary for controlling the
irradiation environment of the specimens. The lead tube extends above the pool water and provides a

dry protective housing through which the leads extend to the control instrumentation, as shown in
Fig. 17.
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4.2 IRRADIATION CAPSULE DESIGN

The lower portion of the irradiation capsule (where the specimens are located) is essentially a box
that is only slightly smaller than the inside of the lower (heated) portion of the facility. This box
allows the capsule to be transferred into and out of the facility but minimizes the gaps between the
facility and the capsule to reduce thermal gradients within the facility. This box region of the capsule
has interior cross-sectional dimensions of 3.03 by 2.40 in. (77.0 by 61.0 mm), and because the
capsule can be rotated, either of the long sides can be placed facing the reactor core. To facilitate
loading of specimens, one of the long sides of the box serves as a lid and is removable.

The interior of the capsule is divided into five cells by the placement of shelf plates. Each cell is
2.52 in. (64.0 mm) high, 3.03 in. (77.0 mm) wide, and 2.41 in. (61.2 mm) deep, which permits
loading three 1T compact-tension specimens, or their equivalent volume of other specimens and
spacers, into each cell.

The capsule contains 26 type-K thermocouples, which are 0.040 in. (1.0 mm) in diameter. Because
one of the long sides of the box is removable and the other long side is only 0.045 in. (1.14 mm)
thick, the thermocouples are imbedded in grooves in the two narrow sidewalls of the box and the
shelf plates. To control and monitor specimen temperatures, the thermocouple-measuring junctions
are located in the sidewalls and at the front, middle, and back of the shelf plates. The capsule box
assembly is shown in Fig. 18; the removable cover, shelf plates, and thermocouple-measuring
junction locations are identified.

A rigid lead tube extends from the top of the capsule box assembly to beyond the top of the facility.
A flange on the upper portion of this lead tube contains an O-ring that seals the opening in the top of
the irradiation facility when the capsule is inserted. The rigid lead tube is then attached to a flexible
instrumentation lead hose that carries the thermocouple extension leads to the instruments that
monitor and control the experiment.

4.3 INSTRUMENTATION AND CONTROL SYSTEM

The instrumentation and control system is used to provide gas flow to the facilities, monitor
temperatures, and control the electric heaters. An instrumentation application diagram of the HSSI
TIAR-1 facility is shown in Fig. 19. The facilities currently operate with 100% helium sweep gas;
however, it is possible to use mixed gases, such as neon and helium, to aid in temperature control.
The gas flow rate is maintained at about 150 sccm and 2 psig (14 kPa). Relief valves set at 13 psig
(76 kPa) are located on the inlet and exit lines of each facility to ensure that overpressurization does
not occur. Electrical power (on the order of 3 to 5 kW per facility) is supplied to the electrical heaters
to maintain specimens within the facilities at 288°C.
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The main control system for the HSSI IAR-1 and IAR-2 facilities consists of a single distributed
control system (DCS). The controller is a pDCS-Plus manufactured by Azonix Corp. This system is
currently monitoring more than 100 alarms and is controlling 50 proportional, integral, and derivative
(PID) loops; 75 discrete functions; and more than 300 input/output (I/O) points. The pDCS-Plus
scans this information once per second and records this information on a local server every 20 s.
Once every three days the data are sent over the local network to a server storage system at ORNL.

The main control system for these two facilities uses stand-alone architecture that requires no host or
remote system except for an MMI. The MMI is used for information or program modifications only.
Modification can be made at any time without impacting the control and monitoring capabilities of
the system. Modifications can be made using a modem or via the Internet with the proper access
codes and software. The controller uses embedded software with menu-driven routines with on-line
diagnostics, which checks the software before the change is implemented. The pDCS-Plus is factory
hardened to be used in an industrial environment. The enclosure is sealed, and the program resides on
a 40-MB Flash disk. The controller uses no moving parts that can wear out. This enclosure also
provides the system with excellent immunity from electromagnetic and radio-frequency interference.
The environment around the controller as well as the /O can be 95% relative humidity
(noncondensing) with a temperature up to 60°C.

The system allows the facilities to be monitored and operated either on site or remotely from
anywhere in the world by using a remote key and the proper password. The number of computers that
can access the data is limitless with the proper key, password, and software. The remote
communications consist of a modem for phone line access and a network card for Internet access.
The experimenter has the capability to view and obtain real-time data 24 h/d. Figure 20 shows the
Internet-accessible screen that displays real-time operating data for both IAR facilities.

The control system for the HSSI-IAR facilities is versatile and possesses one of the highest mean
time between failure (MTBF) values (10 years) in the industry. With its Pentium-class CPU, it is one
of the industry’s better control systems, with capabilities for monitoring and controlling more than
256 PID loops per second with 0.05% accuracy. The expansion capabilities for this system are
limitless with appropriate hardware and software.

44 SPECIMEN EXCHANGES AND ROTATION

A unique feature of the HSSI-IAR facilities is that the irradiation capsule is instrumented with
thermocouples that are located within the complement of specimens in the irradiation capsule.
However, it is still possible to transport the capsule assembly to the FNR hot cells for specimen
transfers and rotations. A multipin connector, which is protected by a specially designed rigid
capsule lead-tube joint, allows the lower 6 ft (1.83 m) of the irradiation capsule to be detached from
the instrumentation. The lower half of the connector is fastened rigidly to the lower portion of the
irradiation capsule. The upper half, with flexible extension leads, protrudes from the upper rigid
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1T-CT Specimen

Fig. 24. HSSI-IAR irradiation capsule with lid removed
and loaded with 15 1T compact-tension specimens.

thermocouples for the 12 heater zones in each IAR facility. Signals from the control thermocouples
are sensed by heater controllers that increase or decrease the current applied to the electrical heaters
inside the facility. This has proved to be a very successful method of temperature control. While it is
possible to control the facilities between 200°C and 450°C, the initial use of the facilities is to
irradiate pressure vessel steels (which in power reactors operate at 288°C), so the desired operating
temperature is presently established to be 288 + 5°C. During the temperature characterization tests
and with ongoing irradiations, it has been shown that all specimens inside the irradiation capsule can
be maintained at temperatures within the range of 283°C to 293°C. In fact, most of the thermocouples
in both of the IAR facilities measure temperatures within +2°C of the desired 288°C irradiation
temperature.

Operation of the IAR facilities at temperature usually begins shortly after the reactor has been
operating steadily at full power (2 MW) for at least 1 h. During a typical startup of the irradiation
facilities, electrical power is established to the heater controllers in the instrumentation facilities by
touch controls on the HSSI computer screen. Using the same computer touch screen, the control
system is then placed on “automatic,” which applies a target value of 288°C to each of the controllers
that supply electrical power to the heaters in the facility. As the facilities are heated to the target
value (desired operating temperature), the heater controllers receive signals from the control
thermocouples in the irradiation capsule and reduce the current supplied to the heaters in the facility.
After the irradiation facilities are heated electrically to the desired temperature, FNR personnel
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specimens in each irradiation capsule. The dummy specimens that contained the thermocouples were
the middle specimen in the first, third, and fourth cell from the top of each capsule. The
thermocouple hole location and depth made it possible to locate the three sacrificial thermocouple
junctions in the center of the dummy specimens. This location allowed measurement of the
temperature gradient across the specimens from the front to the back of the irradiation capsule as
well as from the center of the middle specimens to the edge of the outer specimens. The metallurgical
specimens to be tested would be damaged if they contained holes for insertion of thermocouples;
therefore, the characterization tests were conducted with dummy specimens. Each group of
metallurgical specimens to be irradiated, however, will contain flux monitors that are placed in the
notches of the specimens to verify the fluence levels to which they are irradiated.

During the initial startup of the facilities (with the dummy 1T specimens installed and with IAR-1 in
the north position, IAR-2 in the south position, and the HSSI-UCSB facility between them), a series
of thermal characterization tests was performed. In Fig. 26, the thermocouple temperatures for the
gamma heating only (no electrical heat) test in the north facility (IAR-1) are presented. The 1T
specimens are not shown in the figure so that thermocouple locations can be shown. Thermocouples
27, 28, and 29 were the sacrificial thermocouples inserted into the midplane of the center 1T
specimen in the first, third, and fourth cell from the top of the capsule. Figure 27 illustrates the same
information for the south facility (IAR-2). The front-to-back, top-to-bottom, and side-to-side
temperature gradients that were induced by the gamma heating rate profiles can be seen in these
figures. The south facility has less total gamma heat because it is located on the southeast corner of
the reactor and is in a lower gamma heating rate area than is the north IAR facility.

Subsequent to the gamma-heat-only tests and with the facilities still against the face of the reactor,
electrical power was applied to the heaters, and the facilities were brought to desired operating
temperatures. The resultant thermocouple temperatures for this test are shown in Figs. 28 and 29 for
the north and south facilities, respectively. As can be seen in these figures, almost all thermocouples
are within +2°C of the desired operating temperature of 288°C, including the sacrificial
thermocouples (27, 28, and 29) imbedded in the dummy specimens. The facilities continued to
operate at design temperature for the remainder of the half-cycle.

To begin the second half-cycle of characterization tests, the facilities were started up as they would
be during routine operation. Electrical power was applied to the heaters to bring the facilities to
desired operating temperatures, and then they were moved against the face of the reactor. When the
facilities are moved against the reactor face, the electrical heat controllers sense the additional
gamma heat through the control thermocouple signals and reduce the electrical current supplied to
the heaters to maintain the proper operating temperature. There are no measured temperature changes
in the capsule as a result of moving against the face of the reactor. The total amount of power
supplied by the electrical heaters is simply reduced by the heater controllers. Figure 30 shows the
level of electrical heat input into the two IAR facilities from initial heatup until being fully against
the reactor core. Initially about 6.5 kW is applied to begin heatup of the facilities. As the desired
temperatures are approached, the heat input is automatically reduced, and in Fig. 30 one can see that
~5.7 kW of heat input was necessary in each facility to maintain the desired operating temperature in
the withdrawn position. After insertion, the total electrical power input to the north facility (IAR-1)
was reduced to ~3.6 kW, and the total electrical power input to the south facility (IAR-2) was
reduced to ~4.8 kW. The final total power after insertion may vary as much as 10 to 15%, depending
on the fuel loading for a given reactor cycle. The south facility always requires more electrical
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Fig. 30. IAR-1 and IAR-2 electrical heater power input before and after cranking against reactor.

power to maintain desired temperature because it is in a lower gamma heating area at the face of the
core. The normal operating temperatures for the two IAR facilities are the same as those shown in
Figs. 28 and 29.

After the HSSI-IAR facilities have been inserted against the reactor face for ~30 min, the outputs
from the controllers become stable and tend to remain stable for the duration of the reactor cycle.
Both facilities have remained stable and easy to control since they were initially installed in
November 1998. Figure 31 is a plot of temperature vs time for thermocouples 1-4 in the top cell of
the JAR-1 facility. The time period covered in the plot is for a 10-day reactor half-cycle that ran
March 10-20, 1999. Figure 32 is an expanded view of the temperatures recorded for a short period of
time taken from the plot in Fig. 31. Figure 32 indicates that for the 60-min period from 1 a.m. to

2 a.m. on March 15, 1999, none of the four thermocouples measured temperatures above 289°C or
below 287°C. In fact, the variation in temperature during the 1-h period was about 0.6°C. The
temperature plot in Fig. 32 looks the same regardless of which portion of the plot it is taken from in
Fig. 31. The HSSI-IAR facilities have exhibited excellent temperature control since they were
installed.
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Fig. 31. Temperature vs time plot for thermocouples 1-4 in JAR-1 during
complete reactor half-cycle.
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5. CONCLUSION

The HSSI facilities were designed and built to provide the NRC with irradiation facilities that are
very flexible, dependable, and cost-effective. Their unique design requires no cutting or grinding
operations to retrieve irradiated specimens. All capsule hardware is totally reusable, and materials
transported from site to site are limited to dosimeters, specimens, or specimen packets. When
compared with former HSSI programs, these facilities allow the reuse of numerous components and
therefore greatly reduce radioactive waste generation. The turnaround time for specimen changeouts
is very short (on the order of 6 hours), allowing extreme flexibility for researchers. Because only
dosimeters and specimens (or specimen packets) are shipped from the FNR, shipping costs for
research programs are kept to a minimum.

The facilities have been shown to provide excellent temperature control of the metallurgical
specimens being irradiated. The facilities and specimen packet baskets, or capsules, are totally
reusable. The irradiation baskets or capsules can be loaded with new or preirradiated specimens that
can be inserted, removed, shuffled, and/or rotated at any point during the irradiation period. In the
HSSI-IAR facilities the irradiation capsules can be rotated inside the facilities, and if desired the
facilities can be transposed, i.e., north to south and south to north. The IAR facilities can also be used
for heat-treating metallurgical specimens when it is desirable to heat-treat the entire complement of
specimens. If it is desirable to heat-treat only a portion of the total specimen complement inside the
capsule, the specimens can be transferred to a hot cell furnace for heat treatment while irradiation of
other specimens continues.
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APPENDIX. PUBLICATIONS LIST

The work reported here describes materials-irradiation facilities that have been designed, fabricated,
and installed by the Oak Ridge National Laboratory (ORNL) Heavy-Section Steel Irradiation (HSSI)
Program on behalf of the U.S. Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory
Research. These facilities formed the foundation for generating the data required to provide the NRC
with a thorough and quantitative assessment of the effects of neutron irradiation on the material
behavior, and in particular, the fracture toughness properties of typical reactor pressure vessel (RPV)
steels as they relate to light-water RPV integrity. Results generated from these irradiation
experiments are being incorporated into codes and standards that are used to resolve major regulatory
issues related to RPV embrittlement, such as pressurized thermal shock, operating pressure-
temperature limits, and low-temperature overpressurization. These issues are of particular importance
as the nuclear power-plant industry applies for licence extensions that will result in greater
accumulated fluence over the lifetime of operation. As part of the HSST program, the work listed
below has enabled the NRC to reduce the uncertainty in its regulatory process with respect to RPV
embrittlement, thereby in part allowing the industry to consider license renewal.

This report is a record of work performed at the ORNL under the HSSI Program, which is sponsored
by the NRC Office of Nuclear Regulatory Research. A list of publications for the ORNL HSSI
Program is given in Sect. A.1.

The HSSI Program includes both follow-on research and the direct continuation of work that was
performed under the Heavy-Section Steel Technology (HSST) Program. Previous HSST reports
related to irradiation effects in pressure vessel materials and those containing unirradiated properties
of materials used in HSST and HSST irradiation programs are listed in Sect. A.2.
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A.2 REPORTS RELATED TO IRRADIATION EFFECTS IN PRESSURE
VESSEL MATERIALS AND TO THE PROPERTIES OF UNIRRADIATED
MATERIALS USED IN THE HSSI AND HSST PROGRAMS
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