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Acerotest Radiography and Research Reactor
Docket No. 50-228
Enclosure 1

April 21, 2016

RESPONSES TO REQUEST FOR ADDITIONAL INFORMATION
Status of previously submitted information.

The information previously submitted by Aerotest Operations, Inc.
(“Aerotest”) and Nuclear Labyrinth LLC (“Nuclear Labyrinth”)
(collectively “the Companies”) in the 2012 License Transfer
Application, responses to NRC Staff requests for additional
information, and at the hearing has been reviewed by the
Companies and remains, to the best of their knowledge and belief,
current and up to date, except as set forth below.

Information regarding the current status of the damaged fuel elements at the
Aerotest Radiography and Research Reactor (“ARRR”™).

The Companies are aware of no information regarding the current
status of the ARRR’s damaged fuel elements that differs from that
previously presented by the Companies to the NRC Staff.

Method by which Nuclear Labyrinth intends to meet the financial protection
requirements of 10 CFR Part 140 after the license transfer.

In order to avoid triggering issues relating to foreign ownership,
control and domination, the Companies will discuss with the NRC
Staff appropriate mechanisms that would make available §1.5
million for ARRR to meet the requirements of 10 CFR Part 140.
These mechanisms could include a third party guarantee, a trust,
or other appropriate mechanisms.

Funding of spent fuel management costs.

In their January 10, 2013 response to NRC Staff requests for
additional information, the Companies stated that spent fuel
management costs would be covered by a fuel storage fee collected
from customers over the 20 year license period. Following that
submittal, the Companies verbally offered to NRC Staff counsel
that Autoliv would provide $650,000 for spent fuel management
costs prior to the license transfer. Autoliv is now committing to



provide an additional 475,000 for spent fuel management, for a
total of $1,125,000. These spent fuel management funds will be
placed in trust at the time of license transfer until needed for fuel
management activities.

5. Decommissioning funding estimates.

As described in the Pre-filed Direct Testimony of Michael S.
Anderson (Exhibit AOI100, dated June 13, 2014), the Companies
had agreed that Autoliv ASP, Inc. (“Autoliv”’) would transfer to
Nuclear Labyrinth at closing $§3,376,030 to fund a
decommissioning trust. Id. at A28, p. 8. This amount was based
on a decommissioning plan and cost estimate prepared by
EnergySolutions and submitted with the License Transfer
Application. Exhibit AOI102 at Attachment 8. That cost estimate
was $3,285,800 in 2011 dollars. At the request of the NRC Staff,
that estimate was restated in 2012 dollars as $3,376,030. Exhibit
AOII00 a A27, p. 9. Since that time, EnergySolutions has
prepared a revised, updated estimate for the ARRR
decommissioning cost of 83,146,060 in 2015 dollars.
Notwithstanding the reduced estimate in the decommissioning cost,
Autoliv will not reduce the amount that it previously committed to
transfer at closing to fund a decommissioning trust.

6. Functionality of proposed design.

The NRC Staff following the license transfer hearing questioned
whether the design of the proposed core for the ARRR would allow
the reactor to be fully functional. See NRC Staff Rebuttal
Response, NRC-054(P), July 18, 2014, pp. 23-27.

For research reactors, loading consideration include fuel
placement assuring the neutronics at the experimental irradiators,
Sflux traps, beam ports, etc. are maintained at specific conditions.
Typically a research reactor will have a number of these
experimental facilities at different locations in or surrounding the
core. Also fuel inventory in research reactors most likely will
consist of a “mixed” core which may consist of fuel elements with
different uranium loading, (8.5, 12, 20, 30, etc. % by weight),
cladding (SS or Al), U-235 burn-up, and age. The proper fuel
element placement takes all these circumstances into consideration
to ensure safe operation while assuring research conditions are
achieved. The placement of fuel elements in the ARRR proposed
core included such an evaluation.

This evaluation was part of Nuclear Labyrinth’s due-diligence
process. The evaluation examined uranium loading (8.5, 12),



cladding (SS or Al), U-235 burn-up, age, damage, application of
fitness of duty criteria, handling methods, and other
characteristics. Dr. Slaughter viewed the physical conditions and
characteristics of each of the elements during the 2012 inspection
recorded on DVD. He also examined the historical written
records for the description of the individual elements from past
inspections. He tracked each element from its introduction into the
core, its location and movement to estimate it annual burnup. Dr.
Slaughter then correlated those findings to the annual U-235
burnup reported to the Nuclear Materials Management and
Safeguards System by Aerotest. He studied the environmental
conditions, location, movement, time and temperature of the
elements, to relate those parameters to fuel chemistry processes,
especially with respect to the elements that were damaged. This
was done to better understand the reasons for failure so elements
in similar circumstances can be identified. (A few elements that
did not show damage were eliminated from future use through this
process.) Where necessary, discussions with Aerotest staff were
held to clarify the information.

Dr. Slaughter did not write a report or correlate his findings in a
single document. The sole purpose of the process was to convince
that there was sufficient fuel to sustain operation of the reactor.
The MCNPS calculations benefited from this work in that its input
files contain the specific burn-up of the retained elements. The
historical information on the control rods was also incorporated in
the model.

A detailed fuel loading and condition evaluation was performed by
Dr. Slaughter to ensure a functioning asset capable of performing
the anticipated mission. This analysis was specific to determine if
there was sufficient fuel inventory to operate at licensed power of
250 Kw and for sustained operation at power of 160 Kw for the
license period. The results of the investigation were provided in a
response to question 5b (Exhibit NRC-026) which asked “Estimate
the number of fuel elements that need replaced in the future and
the associated costs”. The response stated, “Currently, based on a
Sfully reflective core design, we do not expect to need new fuel
elements. However, fuel evaluations are ongoing and core
calculations supporting the new core design will not be completed
until the end of March [2014].” The MCNPS5 calculations were
completed and the results added additional support to the above
response given in RAI 5b. The number and condition of useable
fuel inventory (summarized in Exhibit AOI300) support the
statement that no additional fuel is required during the license
period using the fuel in the proposed core and 20 in reserve. The



final portion of the response to question 5b did not occur due to
the NRC prohibition on ARRR operation.

The MCNP5 TRIGA reactor input deck (code)’s used in Dr.
Slaughter’s analysis employed the individual description and
location of fuel elements and control rods to ensure a more
accurate simulation of the neutronics distributed in the ARRR core.
The input file also contains the extensive description of the ARRR
core structure, pool, unique irradiation fixtures, etc. The basic
MCNPS5 TRIGA reactor was commissioned by the Department of
Energy (NEUP) to assist in the relicensing research reactors.
Professor Jeffery King, Interim Head of Nuclear Science and
Engineering program, Colorado School of Mines lead the
investigators in this endeavor. The United States Geological
Survey TRIGA Reactor (“GSTR”) was used to validate the code. It
is important to note that the physical description of many of the
dimensions and materials used for the core structure of the GSTR
are the same as that found in the ARRR. These findings were
found by comparison of GSTR and ARRR’s
architectural/engineering drawings. This is typical of TRIGA
reactors of similar type and generation.

The neutronic characterization of the GSTR required that the
MCNP model detailed in the input deck be validated against the
current core operating conditions, demonstrating the model’s
ability to represent the current configuration of the GSTR. This
validation involved three tests: a control-rod calibration based on
experimentally derived control rod worth curves from the GSTR, a
critical position and multiplication factor prediction comparison,
and a flux characterization across the GSTR core. The results are
included in Shugart, “Neutronic and Thermal Hydraulic Analysis
of the Geological Survey TRIGA Reactor” (2013), a copy of which
is provided with these responses.

Changes specific to the ARRR facility are incorporated in the
model (detailed in the input file) which include control rod
location and elimination of the transient rod, pool diameter
individual fuel description and auxiliary fixtures (i.e., reflector,
flux traps) . The changes warranted a benchmark activity similar
to the one described above. Unfortunately the ARRR is not
operational so historical conditions were simulated and records of
experimentally derived control rod worth curves from the ARRR, a
critical position and multiplication factor prediction were used for
comparison. (Flux measurements across the ARRR core were not
available).



The NRC Staff’s rebuttal testimony of Alexander Adams stated that
“the Staff has not conducted a confirmatory code run of Dr.
Slaughter’s proposed ARRR core and the Companies have not
provided the Staff with the necessary data to evaluate the MCNP5
inputs and outputs illustrated in Exhibit AOI207. In order to
evaluate Exhibit AOI207, the Staff would need to examine, for
example, the engineering drawings of the core to determine the
relationship of core components and details of material
composition to determine what components are made of.
Therefore, I cannot comment on Dr. Slaughter’s assessment in
detail. Generally, though, from a nuclear design perspective, the
proposed core design appears to be reasonable given the fuel
element constraints that exist.”

Mr. Adams did state that the NRC Staff operated “similar” codes
and the results indicated a different conclusion than that reached
by Dr. Slaughter. He did not however provide an example of a
MCNPS input file and results supporting his statement. It is clear
that the “similar” codes he referred to did not benefit from the
specific facility and fuel detail. With the lack of relevant facility
and fuel information, the MCNP5 code used in Mr. Adams analysis
would have difficulty benchmarking his code to the ARRR
experimental measurements.

A discussion of thermal-hydraulic behavior was not included by
Dr. Slaughter or requested by the NRC staff through the RAI
process. The extensive experimental data obtained by General
Atomics, the TRIGA reactor designer and manufacturer, on the
thermal hydraulic behavior associated with core structure, fuel
design and fuel loading has been used and remains the basis to
ensure the temperature safety limit is not breached for the ARRR’s
fuel elements. For the ARRR, there is no change in license power,
core structure, operation, TRIGA fuel pin design, and fuel loading
(8.5 and 12 percent by weight uranium loading, 20 percent
enriched). Therefore, one can safely predict that the thermal-
hydraulic behavior will not significantly change. Thus, the current
safety limits in the ARRR license will apply. As for the recent
modeling of thermal hydraulic behavior associated with
relicensing, in general those licensees have confirmed their safety
limits (established by General Atomics’ earlier experimental data)
to be acceptable. The accuracy of the models in representing the
occurring thermal hydraulic phenomena remains an issue with
differing results and uncertainties between the methods.
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ABSTRACT

The United States Geological Survey TRIGA Reactor (GSTR) is a 1 MW reactor located
in Lakewood, Colorado. In support of the GSTR’s relicensing efforts, this project developed and
validated a Monte Carlo N-Particle Version 5 (MCNP5) model of the GSTR reactor. The model
provided estimates of the excess reactivity, power distribution and the fuel temperature, water
temperature, void, and power reactivity coefficients for the current and limiting core. The
MCNP5 model predicts a limiting core excess reactivity of $6.48 with a peak rod power of 22.2
kW. The fuel and void reactivity coefficients for the limiting core are strongly negative, and the
core water reactivity coefficient is slightly positive, consistent with other TRIGA analyses. The
average fuel temperature reactivity coefficient of the full power limiting core is -0.0135 $/K
while the average core void coefficient is -0.069 $/K from 0-20 % void. The core water
temperature reactivity coefficient is +0.012 $/K. Following the neutronics analysis, the project
developed RELAPS5 and PARET-ANL models of the GSTR hot-rod fuel channel under steady
state and transient conditions. The GSTR limiting core, determined as part of this analysis,
provides a worst case operating scenario for the reactor. During steady state operations, the hot
rod of the limiting core has a peak fuel temperature of 829 K and a minimum departure from
nucleate boiling ratio of 2.16. After a $3.00 pulse reactivity insertion the fuel reaches a peak
temperature is 1070 K. Examining the model results several seconds after a pulse reveals flow

instabilities that result from weaknesses in the current two-channel model.
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CHAPTER 1
INTRODUCTION

The United States Geological Survey (USGS) constructed the Geological Survey TRIGA
Reactor (GEST) to perform neutron irradiation experiments in support of their mission to
provide relevant scientific information about the planet (United States Geological Survey, 2008).
The GSTR provides neutron activation and radioisotope production capabilities for the USGS
and also supports the Colorado School of Mines (CSM), providing CSM’s new Nuclear Science

and Engineering Program with access to the facility for research and teaching purposes.

The NRC granted the original GSTR facility a license after construction finished in
February of 1969; however, this license expired on February 24, 2009. As part of the license
renewal process, the NRC required that the GSTR’s original safety analysis be updated to reflect
the current operating conditions, legal requirements, and analysis methods. This project
developed a suite of computational models to give the GSTR access to the modern analysis tools
needed for relicensing. These tools will also assist in the development of future experiments at
the GSTR. The new computational tools include neutronic, steady state thermal-hydraulic, and
transient thermal-hydraulic operation models of the GSTR. This project used the Monte Carlo
N-Particle (MCNP) code (X-5 Monte Carlo Team, 2003) to construct the neutronics model, the
Reactor Excursion and Leak Analysis Program (RELAP) (Information Systems Laboratories,
Inc., 2010b) to develop the thermal-hydraulics model, and the Program for the Analysis of
Reactor Transients (PARET) code (Woodruff and Smith, 2001) to confirm the thermal-

hydraulics models.



Previous work at CSM developed an initial version of the MCNP model of the GSTR.
While mostly complete, the model had not been validated and needed to be updated to reflect the
limiting core analyses requested by the NRC. Therefore, the first goal of the present project was
to update and validate the existing MCNP model of the GSTR. Validation consists of testing the
model’s ability to match experimental data collected by the GSTR staff, including neutron flux
profiles, control rod worth curves, critical rod positions, and core excess and shutdown reactivity
values. This validation effort is a critical step in the GSTR’s re-licensing effort, as the validated

MCNP model determines many of the parameters requested by the NRC.

The steady-state thermal-hydraulic model was constructed based on previous re-licensing
models created for other TRIGA reactors (Marcum and Woods and Reese, 2011; Marcum, 2008;
Oregon State University Radiation Center , 2010). This model represents the hot-channel within
the GSTR core, and allows the steady-state heat flux from the hot rod, as well as the cladding,

fuel, and channel water temperatures, to be predicted under steady-state operating conditions.

A transient reactor model evaluates the reactor during operational transients, power
pulses, and off-normal conditions. The MCNP model’s predictions for the thermal feedback
coefficients from the reactor will inform a point-kinetics model to represent the bulk activity of
the reactor core. The model represents the core average behavior, and the results are scaled

using the power factor to represent individual rods, or areas of the GSTR core.

In order to support the GSTR’s relicensing effort, this thesis includes several distinct

objectives:

1) complete and validate the MCNP model of the GSTR and demonstrate the model’s

ability to predict reactor conditions,




2) analyze the GSTR’s limiting core configuration,

3) construct and validate a RELAP steady-state model of the hot fuel channel,

4) predict the departure from nucleate boiling ratio (DNBR) for the hot rod under ste;ady
state operating conditions for the limiting core configuration,

5) construct and validate PARET and RELAP models for transient conditions in the core,
and

6) predict the transient behavior of the reactor under the limiting core configuration.

While the geometry and material definitions in the original MCNP model of the GSTR
were mostly complete (aside from error checking), the model needed proper validation to ensure
that it accurately predicts the behaviors of the current GSTR core. Objective one focused on
demonstrating this through several methods. The integral control-rod worth curves for the model
have been matched to experimental data from the GSTR. The computed control rod critical
positions match the experimentally determined positions to within the model’s uncertainty and a
safety factor to compensate for measurement and error. The model predictions satisfy the GSTR
Technical Specifications during operation and shutdown conditions, including limits on the
excess and shutdown reactivity margins. The model also predicts reasonably accurate foil
activation rates and axial fluxes in the GSTR central thimble irradiation facility. Matching the
model’s predictions to experimental results from the GSTR provides assurance that the model

can support the analyses requested by the NRC.

The second objective ensures that the GSTR is able to function safely under the worst-
case set of operating conditions. The purpose of the limiting core is to set a bounding condition
on core configurations that can be run without endangering the public. A good limiting core
should push the limits of the current GSTR safety guidelines. Under these conditions, if the

3



GSTR can still operate safely, then, in theory, any less challenging core configurations will also
be safe. To ensure this is true, the limiting core’s critical conditions must meet all of the limits
established in the GSTR’s technical specifications. The limiting core calculations identify. the
hot rod and provide a detailed power profile for the fuel within this rod. The MCNP model also
calculates the fuel temperature reactivity coefficient, moderator temperature reactivity

coefficient, and void reactivity coefficient for the limiting core.

The reactor must safely remove the heat generated during normal operation without
causing fuel damage. The RELAP model developed in objective three demonstrates this. Like
the MCNP model, the RELAP model requires validation to ensure that the results given by the
model are accurate. Initially this validation examined the recorded temperatures from the
reactor’s thermocouples; however, the uncertainty in this data was too large to provide
meaningful validation. Instead, a comparison to similar TRIGA reactor models ensured that,
from a safety perspective, the model’s predictions are consistent, and meet the needs of the

relicensing analysis.

The NRC requires that the departure from nucleate boiling ratio (DNBR) for the GSTR
be calculated as part of the re-licensing process. Departure from nucleate boiling is a condition
where a thin film of vapor covers a fuel element, significantly decreasing the ability of that
element to transfer heat to the coolant. In these conditions, the fuel element’s temperature
increases rapidly as the heat generated by the rod cannot escape. Objective four uses the RELAP
model to calculate the DNBR for the hot rod channel. Since the hot rod channel is a limiting

case for the GSTR, the hot channel DNBR also serves as the worst DNBR within the GSTR.



Objective five focuses on developing a model for the transient behavior of the GSTR.
RELAP contains a point-kinetics model that, when applied to a two-channel RELAP model,
allows the steady-state model to approximate the transient behavior of the reactor. This model,
however needs some form of validation, which comes from analyzing the differences between
the RELAP model and a similar model developed using PARET. The PARET code simulates
the transient behavior of test reactors, and uses a coupled poiﬁt kinetics and thermal-hydraulic
model to predict the transient conditions within a reactor core simular to RELAP (Woodruff and
Smith, 2001; Adoo et al., 2011; Woodruff et al., 1996). This allows PARET to provide a second
case to compare to the results of the RELAP model to, as the proposed limiting core is unique

from any core currently or historically used at the GSTR.

Objective six ensures that the limiting core will operate safely under transient conditions.
Similar to the MCNP analysis, the RELAP and PARET analyses verify the safe operating

bounds of the GSTR during transient conditions with the limiting core.

The next chapter describes TRIGA reactors and the GSTR in detail, as well as the
methodology for the selection of each of the analysis codes, and details on how each code
functions. Chapter 3 then describes the neutronic analysis, including the MCNP reactor model,
in detail. Chapter 4 describes the RELAP and PARET models, and the thermal-hydraulic
analysis preformed for the GSTR. All of the results are summarized in Chapter 5, while Chapter
6 lists possible future work. Appendix A contains the MCNP 5 model of the GSTR operating
core. Appendix B contains the RELAP steady-state model, Appendix C contains the RELAP

two-channel transient model, and Appendix D has the PARET model.



CHAPTER 2
BACKGROUND

This project focuses on simulating the behavior of the U.S. geological Survey TRIGA
Reactor (GSTR) with three different computer codes: MCNP5, RELAP5 and PARET-ANL.
Each code focuses on a specific aspect of the reactor’s operation. Since TRIGA reactors are
research, not power, reactors, this analysis is different from that for a commercial power plant, as
a TRIGA reactor requires fewer features to ensure the safety of the public compared to larger
commercial reactors. This chapter includes a description of the unique features of TRIGA

reactors, as well as the background of the three codes used in this project.

2.1. TRIGA Reactors

General Atomics designed the Training Research and Isotope - General Atomics
(TRIGA) reactor in the 1960’s to serve as a rugged research and training reactor suitable for
training future nuclear engineers without any major risk of endangering students or the public
(Fouquet, Razvi, and Whittemore, 2003). TRIGA reactors are the most numerous form of
research reactor, with 66 facilities currently in ;)peration (General Atomics, 2011a). TRIGA
reactors are designed with strong negative thermal feedbacks, making the reactor highly resistant
to core damage even in extreme situations (Fouquet, Razvi, and Whittemore, 2003). These
features are common to every TRIGA reactor, even though the specific details of the core
geometry or core dimensions change from reactor to reactor (Nuclear Installation Safety

Division, 2004a).

A TRIGA reactor operates through controlled nuclear fission in a manner identical to

large energy production reactors. TRIGA reactors, however, require much less infrastructure to



operate safely. Most TRIGA reactors, including the GSTR, are housed at the bottom of large
pools that provide both shielding and the primary method of cooling for the reactor (Nuclear
Installation Safety Division, 2004b). The GSTR consists of a reactor core housing the fuel
elements in a circular grid surrounded by a graphite reflector. Figure 2.1 shows an image of the

GSTR in operation.

As Figure 2.1 shows, a TRIGA core tends to be compact, leading to a high rate of neutron
leakage from the core. While this leakage is an integral part of the TRIGA reactor’s inherent
safety, it also allows for neutron irradiation without having to significantly re-design the core

(Nuclear Installation Safety Division, 2004a).

TRIGA reactors incorporate inherent safety features, where natural forces, as opposed to

engineered or operator-controlled mechanics, ensure the safety of the reactor and public in an

Fuel

Reflector ¢ 65 cm 3

Figure 2.1. GSTR core during operation.



emergency situation (Fouquet, Razvi, and Whittemore, 2003). Edward Teller proposed the
design to create a reactor that would shut down without any human interaction and without fuel
damage if the control rods were completely removed from the reactor core (General Atomics,
2011b). The TRIGA reactor’s uranium-zirconium-hydride fuel provides the majority of this

safety (Nuclear Installation Safety Division, 2004a).

TRIGA reactor fuel has an inherently large negative temperature reactivity coefficient
(Simnad, 1981). The largest contributor to this effect comes from the inclusion of hydrogen
within the fuel to moderate the neutrons. Because the hydrogen included in the fuel heats with
the fuel, a “warm neutron effect” reduces the moderating ability of the fuel as reactor power
increases (General Atomics, 2011b). As the hydrogen in the fuel heats up, its ability to moderate
neutron energy (and thus increase the effective fission cross section of the uranium within the
fuel) decreases, while the excess energy within each hydrogen atom becomes available to be
transferred to passing neutrons, hardening the neutron spectrum (Clifford, Hopkins, and West,
1966). This encourages neutrons to leave the fuel and enter the surrounding water, increasing
the role of neutron capture outside of the fuel, and reducing overall reactivity (Haake and Krase,
1967). At the same time, the harder (faster) neutron spectrum encourages parasitic neutron
capture within the U-238 present in the fuel, further reducing the number of fissions (Nuclear
Installation Safety Division , 2004b). Finally, neutrons that escape into the water will be
thermalized, but will have some difficulty returning into the fuel through the cladding materials
once at thermal energies (Nuclear Installation Safety Division, 2004b). This effectively
increases the net loss of neutrons from the core. These three factors contribute to provide the
prompt negative temperature feedback inherent in TRIGA fuel (Nuclear Installation Safety

Division, 2004a).



TRIGA reactors differ from commercial power reactors in a number of key areas that
cause unique situations during re-licensing. Research reactors are typically much smaller than
commercial power reactors. The GSTR’s power output of 1 MWy, is approximately 1/3000™ that
of a typical commercial nuclear power plant (which typically produces | GW,). The lower
power output of a TRIGA reactor requires less safety and operational infrastructure compared to
commercial power reactors (Nuclear Installation Safety Division, 2004b). From a thermal-
hydraulics standpoint, the much lower power output requires less extensive cooling systems than
commercial power reactors (Nuclear Installation Safety Division, 2004b). The small size of a
TRIGA reactor allows the reactor to reach a cold shutdown state within minutes of a SCRAM, as
the power output of the decay products can be completely removed through natural convection in

the reactor pool (Nuclear Installation Safety Division, 2004b).

Uranium-zirconium-hydride fuel also allows TRIGA reactors to “pulse.” In pulsed
operations, one control rod is rapidly removed from the core, adding a large amount of reactivity
to the reactor (Nuclear Installation Safety Division, 2004b). The fuel reacts to the temperature
increase caused by the sudden increase in power by providing a large amount of negative
reactivity, which limits the rate of the nuclear reaction and prevents fuel damage. During the
brief duration of the pulse, the reactor can operate at a power level of several gigawatts, allowing

for safe experiments requiring large, short duration, neutron fluxes.

2.1.1. TRIGA Fuel Rods

General Atomics developed several different TRIGA fuel rod configurations (Tomsio,
1986) (Table and Figures 2.2a and 2.2b). The GSTR uses three different fuel rod types, one
which is clad in aluminum (Figure 2.2a), and two of which are clad in stainless steel (Figure 2b).
All three types use a uranium-zirconium hydride fuel enriched to less than 20 wt.% uranium-235
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Figure 2.2. Schematics of the TRIGA fuel types used in the GSTR.
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(Simnad, 1981). Both fuel types have a length of 72.06 cm (Figures 2.2a and 2.2b)
(Tomsio, 1986). The aluminum clad fuel has an outer diameter of 3.76 cm (Figure 2a) while the
stainless steel clad fuel has an outer diameter of 3.73 cm (Figure 2b). Internally, the fuel is
sandwiched between two graphite plugs above and below the fuel meat to reduce neutron
leakage out of the top and bottom of the fuel rod (Figures 2a and 2b). Early TRIGA fuel rods
included disks of samarium to act as a burnable neutron absorber; however, General Atomics
stopped manufacturing these elements after 1964 (Tomsio, 1986). The present analysis ignores
the effects of the burnable absorber, as all of the fuel at the GSTR is old enough that the burnable

absorber has been depleted.

Table 2.1 shows the basic properties of the fuel types currently in the GSTR. All of the
fuel in the GSTR is enriched to <20 wt.% uranium-235, although the amount of uranium within
the fuel meat (by weight percent) differs 8 wt.% to 12 wt.% based on the fuel rod design from.
General Atomics also developed a fuel rod clad with Incoloy (Tomsio, 1986); however, the

GSTR has never used this type of element.

The aluminum-clad fuel is the oldest TRIGA reactor fuel manufactured by General
Atomics (Day, 2004). The fuel meat within an aluminum-clad rod contains 8 wt.% uranium, and

is 35.56 cm tall (Figure 2.2a). The GSTR still uses several aluminum-clad fuel rods, which are

Table 2.1. GSTR Fuel types and basic information.

Weight Percent

Enrichment Uranium in Fuel
Fuel Type (%) Cladding Material Meat (%)
8 % aluminum - clad <20 aluminum 8
8.5% stainless steel- clad <20 stainless steel 8.5

12 % stainless steel - clad <20 stainless steel 12




limited to the outer fuel rings in response to concerns over the lower melting temperature of

aluminum (Day, 2004).

The stainless-steel clad fuel within the GSTR is a mixture of 8.5 wt.% and 12 wt.% fuel.
The fuel in all stainless steel clad fuel element is 38.10cm long. A zirconium plug is located in
the middle of the fuel meat (see Figure 2b) as a consequence of the manufacturing techniques

used in manufacturing the U/ZrH fuel (Tomsio, 1986).

The dimensions of TRIGA fuel pins are not consistent and vary from reactor to reactor
and batch to batch. The dimensions in Figures 2.2a and 2.2b form the basis for all of the fuel

modeling efforts in this thesis.

2.2. Geological Survey TRIGA Reactor

The Geological Survey TRIGA Reactor (GSTR) is a | MWy, TRIGA Mark I reactor
housed at the Denver Federal Center located in Lakewood, Colorado. The reactor core is
contained in a water-filled pool 2.13 m wide and 7.62 m deep. Figure 2.1 shows the reactor core
of the GSTR. The reactor core is 26.51 c¢cm in radius from the inside of the lazy susan and 64.77
cm inches tall with 126 fuel locations located around a central thimble. A graphite reflector
surrounds the core and is designed to reduce neutron leakage out the sides of the reactor (see
Figure 2.1). These fuel locations are split into six concentric fuel rings labeled B through G.
Four control rods are located in the C- and D-Rings of the core. Outside of the core, a radial
graphite reflector limits radial neutron leakage (the fuel itself is designed to minimize axial
leakage). The reflector also houses a lazy susan irradiation facility in a groove fixed within the

graphite reflector, as shown in Figure 1.
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There are four control rods within the GSTR (see Figure 2.3 a, 2.3b and 2.3c). Three are fuel-
followed boron-enriched graphite control rods (Figure 2.3a), while the forth is a void-followed
pulse rod (Figure 2.3b). The rod drives above the reactor raise the rods during normal operation.
All four rods incorporate an electro-magnetic SCRAM feature. During a SCRAM, the electro-
magnet that binds the control rods to their drives deactivates, allowing gravity to pull the rod
back into the core. As part of the GSTR technical specifications, the core must shutdown
(become subcritical) with three of the four rods inserted to allow for the possibility of a rod

becoming stuck. The GSTR’s fuel followed control rods are referred to as the shim 1, shim 2,

top of core

graphite

sle

absorber

38.1 cm

fuel 1

fuel

T B bottom of core
38.1cm graphite
l void ﬂ
a) fuel followed b) void followed c) fuel rod
control rod control rod

Figure 2.3. The different control rod types used in the GSTR compared to a fuel rod.
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and regulating rods. These rods contain a fuel element following the boron enriched graphite
(see Figure 2.3a), which reduces the impact of removing the control rod on the core flux profile.
The final control rod, the transient rod, is void followed, (see Figure 2.3b), and uses an electro-
pneumatic rod drive instead of the mechanical system used by the other three control rods. This
system can quickly eject the transient rod from the core to initiate a pulse operation. Otherwise,
the transient rod serves the same function as the other three rods; however, the pneumatic drive
is not as sensitive as the mechanical rod drives. The void follower reduces the total reactivity

worth of the transient rod.

lazy susan central thimble external irridation tubes

26.51 cm
32.54 cm
> 54.93 cm

control rods

Figure 2.4. The GSTR Core with the different experimental facilities shown
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There are three primary experimental facilities within the GSTR - the central thimble
located within the reactor core, and the lazy susan and external irradiation tubes located outside
of the core (see Figure 2.4). Located in the middle of the core, the central thimble provides a
high-flux irradiation location. Normally, the central thimble is water filled, but can be evacuated

to provide a beam tube for radiography.

The lazy susan sits outside of the core in an insert placed in the GSTR’s graphite reflector
(see Figures 2.1 and 2.4). A pneumatic system allows the forty sample locations within the lazy
susan to be remotely loaded and unloaded and a mechanical drive rotates the lazy susan around
the core. Originally designed for isotope production, the GSTR currently uses the lazy susan for

sample irradiation.

Two irradiation tubes sit outside of the reflector. A reactor operator must manually insert
samples into the tubes from outside of the reactor tank by lowering or raising the sample into the

reactor by hand.

2.3. Code Selection

Within the last 14 years, multiple TRIGA reactors have sought re-licensing, or have
sought alterations to their licenses to alter their capabilities (Marcum, 2008; Jensen and Newell,
1998). As aresult of their age and large number, many TRIGA reactor facilities have developed
independent tools to support relicensing analysis (Merroun et al., 2009; Mesquita, 2007; Miller
and Feltus, 2000; Huda and Rahman, 2004; Housiadas, 2002). In the case of the GSTR, a
partially completed MCNP5 neutronics model already existed from previous work at CSM.
Given the difficulty in constructing an accurate model from scratch, this project finishes and

validates the partially completed model. This model is described in detail in Chapter 3.
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While several custom codes for thermal-hydraulics have been developed or were in the
process of being validated (Merroun et al., 2009; Mesquita, 2007; Miller and Feltus, 2000;
Housiadas, 2002; Kazeminejad, 2008), most of these codes were not focused on a re-licensing

scenarios, or were only in the early stages of validation.

A survey of existing thermal-hydraulics codes indicated that the RELAP package has
been in use for safety analysis for decades and for research reactors as early as the late 1990’s
(Jensen and Newell, 1998). RELAP is designed specifically for nuclear applications, and used
extensively inside and outside of the United States (Marcum, 2008; Jensen and Newell, 1998;
Mesquita, 2007; Anderson, 2010; Ferreri, 1995; Binh el at., 2007; Antariksawan et al., 2005;
Maria, 2010; Marcum, Woods and Reese, 2009). Aside from RELAP, the newer TRACE code
(which combines RELAP and several other thermal-hydraulics codes, and is intended to
eventually replace RELAP) is also used in some applications (Cheng et al., 2009; Takasuo,
2006). The present project selected RELAP based on the codes history of use for research

reactors modeling.

The work done by Oregon State University (OSU) in re-licensing their TRIGA reactor
provided a basis for the GSTR analysis. The OSU analysis combined MCNP and RELAP results
to produce the relicensing data requested by the NRC. A detailed description of the OSU

RELAP model (Marcum, 2008) provided the basis for this project’s RELAP model.

PARET-ANL combines point-kinetics with a thermal-hydraulic model to provide
capabilities similar to RELAP (Woodruff et al., 1996; Hamidouche et al., 2004). The code is
optimized for research-sized reactors, unlike RELAP, which is primarily designed for large

commercial power reactors (Adoo et al., 2011; Woodruff, 1982; Jonah, 2011). Previous
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validation work has also used PARET (Huda and Rahman, 2004). This background led the

project to using PARET to provide a comparison to the RELAP calculations.

2.4. Monte Carlo N-Particle

Monte Carlo N-Particle (MCNP) is a Monte Carlo particle transport code extensively
used in the nuclear research field for its ability to simulate a wide range of particle transport
scenarios including reactor design, shielding, and dosimetry problems (Hendricks et al., 2000; X-
5 Monte Carlo Team, 2003a). MCNPS5 is the most recent release of MCNP and uses a
combination of random numbers paired with different tables and functions to simulate the
probabilistic behavior of a random particle traveling within different materials. MCNP can
simulate neutrons, electrons and photons (X-5 Monte Carlo Team, 2003a). The Los Alamos
National Laboratory develops MCNP5 and its variants. All of the neutronic calculations for the

GSTR relicensing effort are based MCNP5 version 1.60.

An MCNP input file is referred to as a “deck” (a legacy term from when actual decks of
cards provided the program inputs) that contain the geometric, material, and input parameters for
the problem, including the particle source and any detectors for particle fluxes or reaction rates
the user wishes to define. The code begins by creating a particle either from a user-defined
source or through a calculated fission source profile (in the case of a criticality calculation).
Which material the particle is currently in determines the distance that particle travels before an
interaction occurs with one of the atoms in the material (as defined by material cards and the
appropriate cross-section library). MCNP calculates this distance by (Carter and Cashwell,

1975):
= —iln(l—f) =—$ln(f). @.1)
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After traveling this length, an interaction occurs based on the material the particle is
within. If there are multiple nuclides in the region, another random number determines which
nuclide the particle interacts with. At this point the particle will either have been removed from
the simulation (as a result of some form of capture reaction), or a new energy, direction and

speed are determined, and the process begins again (Carter and Cashwell, 1975).

A general weakness of Monte Carlo codes, including MCNPS, comes from the code’s
inability to generate general information not specified in the input deck. A user sets conditions
within the deck to track, and when a particle triggers one of these conditions (a fission reaction,
or entering a specific portion of the geometry for existence) that data is recorded for the output
file (X-5 Monte Carlo Team, 2003b). After the program has finished the run (from either user
settings, or a manual interrupt) the results are placed in the output file based on the user’s

conditions specified in the input file (X-5 Monte Carlo Team, 2003b).

As MCNP is designed as a generic particle transport problem solver, the simulation can
run in two ways. The primary method uses a generic source that can function using any of the
particles found in MCNP (X-5 Monte Carlo Team, 2003b). With this source, the geometry,
distribution, and energy of the particles can be set in the input deck. Particles are created by the
code based on the source definition, and run through the described process until they are
absorbed or killed (a setting can also stop MCNP from continuing to track the particle if it exists
for too long), at which point the source creates another particle (X-5 Monte Carlo Team, 2003b).
This continues until a pre-set limit is reached, either time or number of particles (X-5 Monte

Carlo Team, 2003a).
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The criticality, or k-code, mode only functions with neutrons (X-5 Monte Carlo Team,
2003b). In this mode, MCNP treats fission reactions as captures that set the location for the next
generation of neutrons in the simulation (X-5 Monte Carlo Team, 2003a). Unlike the basic
source definition, which simply runs until a set time or number of particles has been reached, a
k-code calculation uses many iterations of several (usually over 10,000) particles each. The first
several iterations (defined by the user) determine the shape of the source distribution based on
the locations of the fission events (Brewer, 2009). Once MCNP determines the source
distribution for a given cycle, multiplication factor for that cycle is determined by comparing the
number of fission neutrons created with the number of neutrons that began the cycle (Brewer,
2009). This ratio determines multiplication factor and many iterations are needed to minimize
the uncertainty in the calculation (Brewer, 2009). All the neutronic simulations run in support of

the GSTR re-licensing effort use the k-code method.

MCNP is also capable of tracking particle flux, current, energy disposition and
interactions within an area of interest through the use of tallies (X-5 Monte Carlo Team, 2003a).
These tallies can be set to cover a surface, volume, or a single point within the geometry of the
problem. All tallies are normalized to be per starting particle (X-5 Monte Carlo Team, 2003a).
MCNP is also capable of approximating reactions using a flux calculation with ENDF reactions
(X-5 Monte Carlo Team, 2003a). Reaction rates in MCNP use (X-5 Monte Carlo Team, 2003a;

Lewis, 2008):

C= f B(E)f(E)dE. 22)
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The statistical uncertainty of a monte carlo answer is proportional to the number of
particles tracked in the simulation through the Strong Law of Large Numbers (Artstein and
Vitale, 1975), but an inherent problem is that if another situation comes up, another simulation
must be run (X-5 Monte Carlo Team, 2003a). Generally speaking, in each iteration, the relative

error (R) for some measured quantity is calculated as (Carter and Cashwell, 1975):

R=1 =% (2.3)
x M-1
where:
1 — 1 2.4
X ==YmXm and x? = Ezmx,zn. (24)

MCNP uses these values to generate the covariance and correlation for the problem (X-5

Monte Carlo Team, 2003a).

A Monte Carlo simulation calculates precision using the Strong Law of Large Numbers
(Artstein and Vitale, 1975). Under this law, the average value will approach the expected value
as the number of attempts to find that value approaches infinity (Artstein and Vitale, 1975).
Since an infinite number of runs cannot be done, MCNP calculates the precision of any value
given as a function of the number of attempts run. In short, while any individual particle (or
even batch of particles) may not represent the physical situation, a sufficiently large number may
provide a reasonable approximation for the physical system. MCNP measures this precision

through a standard deviation calculation (X-5 Monte Carlo Team, 2003a):
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2.4.1. Temperature Adjustments in MCNP

The MCNPS5 distribution includes the makxsf utility which allows for manipulation of
cross-section libraries, Doppler-broadening of existing cross sections, and interpolation between
existing sets of thermal scattering (S(a,f)) data (Brown, 2006). Like MCNP5, makxsf reads an
input file to allow the user to access the functions of the makxsf code. A user can copy cross-
section data from existing libraries (datasets) into a new library. New cross-sections can be
Doppler-broadened based on a lower-temperature dataset. Should the dataset also contain
probability tables for unresolved resonances, makxsf can interpolate the tables if a higher-
temperature dataset is provided (Brown, 2006), otherwise the lower-temperature probability table
is simply copied over to the new library. Finally S(a,p) data interpolation is also possible if both

a lower and higher temperature S(o,) datasets are available (Brown, 2006).

Doppler broadening with makxsf incorporates several portions of the NJOY and
DOPPLER codes (Brown, 2006; Muir and MacFarlane, 1994). NJOY is a code designed to
process nuclear cross-sections and contains the BROADR subroutine, which is also included in
makxsf and DOPPLER (Muir and MacFarlane, 1994). BROADR alters neutron cross-sections
through a temperature-velocity relationship to find a temperature and velocity where the cross

sections match according to (Muir and MacFarlane, 1994):

pv&(V,T) =]d13p lv— 9| a(|v — 9]) P(5,T). (2.6)
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The DOPPLER code expands this method to work on the ACE (A Compact ENDF)
format cross-section data, as opposed to the raw ENDF (Evaluated Nuclear Data File) data which
NJOY starts with (Brown, 2006). The makxsf code uses DOPPLER for probability tables as

well, through a simple interpolation between two data points (Brown, 2006).

2.4.2. MCNP ENDF Libraries and Zirconium Cross-Sections

The impact of cross-section selection on the neutronic modeling of a TRIGA reactor is
non-trivial. Several reports have discussed the effects different cross-section libraries have on
the predicted multiplication factor calculated for TRIGA reactors via Monte Carlo methods
(Bess, Marshall, and Maddock, 2011; Snoj, Trkov, and Ravnik, 2007; Snoj, Zerovnik, and
Trkov, 2011). The findings of these reports point to inaccuracies in the most recent zirconium
cross-section libraries that only become apparent in fuel types that use a large amount of
zirconium within the fuel meat, such as TRIGA fuel rods (Snoj, Trkov, and Ravnik, 2007; Snoj,
Zerovnik, and Trkov, 2011). The ENDF/B-VIIL.0 libraries typically predict higher ks values for
TRIGA benchmark models when compared to both the ENDF/B-VI1.6 and JEFF 3.1 neutron
cross-section libraries (Snoj, Zerovnik, and Trkov, 2011). Further analyses of the individual
isotopes within the ENDF/B-VIIL.0 library, as well as tests using the S(a,[) data within each
library found that the ENDF/B-VIIL.0 S(a,B) data gave the greatest contribution to the difference
between the ENDF/B-VII.0, ENDF/B-VI1.6 and JEFF 3.1 librgries (Snoj, Zerovnik, and Trkov,
2011). These differences between ENDF/B-VIIL.0 and ENDF/B-VI.6 are many times the
calculated standard deviation of the benchmark model (Snoj, Trkov, and Ravnik, 2007). More
detailed experiments found that the ENDF/B-VII.0 libraries increase the thermal neutron flux,

leading to a larger multiplication factor (Snoj, Zerovnik, and Trkov, 2011). Unfortunately,

22



further experiments need to be done to determine the correct treatment for zirconium within

neutron cross section libraries, and are outside the scope of this project.

2.5. Reactor Excursion and Leak Analysis Program

The Reactor Excursion and Leak Analysis Program (RELAP) is a computational fluid
dynamics (CFD) suite developed for the Nuclear Regulatory Commission to provide a regulatory
thermo-hydraulic code for use in reactor applications (D'Auria and Galassi, 1998). RELAP uses
a finite-difference algorithm to determine the thermo-hydraulic properties of a user-defined
geometry, and has the capability to represent both steady state and transient conditions (D'Auria

and Galassi, 1998).

Unlike several more modern codes, RELAP uses a one-dimensional two-fluid model to
represent a two-phase system comprised of water, possibly some non-condensable components
in the steam phase, or soluble components in the liquid phase (Ranson and Hicks, 1984). This
allows the code to represent complex thermal-hydraulic systems (such as nuclear reactor cooling
systems) while being computationally less intensive than a full three-dimensional model. A
series of eight equations solve eight variables (pressure, phasic specific internal energies (for
both liquid and gas phases), vapor volume faction, phasic velocities (both liquid and gas), non-
condensable quality, and boron density) within the thermal-hydraulic system (Information

Systems Laboratories, Inc., 2010a).

Geometry is provided to the code as a string of numeric lines in a text file. Each line of
code is referred to as a card, while an entire input file is referred to as a deck (Informations
Systems Laboratories, Inc., 2010b). RELAP has a number of pre-defined geometry types that

can describe the geometry of a system. Each geometry represents a different hydraulic
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component in a light-water reactor’s cooling system (Informations Systems Laboratories, Inc.,
2010b). Special hydraulic components, referred to as time dependent volumes, represent
boundary conditions within the system as their hydraulic properties ( i.e. temperature, pressure,
fluid velocity, etc.) are user defined and not affected by the RELAP computation (Informations
Systems Laboratories, Inc., 2010b). Solid components, such as pipe walls and fuel rods, are

represented as heat structures (Informations Systems Laboratories, Inc., 2010b).

Heat structures use a one-dimensional heat-transfer approximation to represent heat flow
through a solid medium. The heat structure can have either a rectangular or a cylindrical
geometry. A series of nodes represent the solid materials in a heat structure as seen in Figure
2.5. Aside from the nodes for a one-dimensional analysis, multiple sets of nodes can be
connected axially (although heat does not transfer from one set of nodes to another) to represent
more complex structures (Figure 2.5) (Information Systems Laboratories, Inc., 2010a). Multiple
axial nodes are required when connecting a single heat structure to multiple hydraulic

components (such as those in a pipe). Each heat structure can only connect to a single hydraulic

material 1 material boundary material 2

Y

oe®
°®
o0

9 10

Y
@

7

different axial nod’s heat structure node ~ radialnode number

(non-interacting)

Figure 2.5. Example of a heat structure in RELAP with 10 nodes in two different materials with
non-uniform mesh lengths.
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component, and multiple materials can be represented within a single heat structure as long as
the thermal data (thermal conductivity and volumetric heat capacity) for each material is
provided by the user (Figure 2.5) (Information Systems Laboratories, Inc., 2010a). RELAP
allows for this thermal data to be input through tables, equations, or as a constant value

(Information Systems Laboratories, Inc., 2010a).

RELAP calculates the temperature and heat flux at each node of a heat structure. A heat
generation term can also be applied to a node, or distributed throughout a heat structure to
represent internal heat generation (such as within a heating coil or fuel rod) (Information
Systems Laboratories, Inc., 2010b). Every heat structure has two boundary conditions (Riemke,
Davis, and Schultz, 2008). These can be set to hydraulic volumes (to represent an interface
between the heat structure and fluid), constant power fluxes, constant temperatures, insulated
boundaries, or reflecting boundaries (representing the center of a cylinder) (Riemke, Davis, and

Schultz, 2008).

RELAP uses several convergence criteria to determine if a model has converged when
running a steady-state problem (Information Systems Laboratories, Inc., 2010a). The steady-
state condition for RELAP monitors the change in the thermodynamic density, internal energy,
and pressure to monitor the change in the system as a whole (Information Systems Laboratories,
Inc., 2010a). Thus, once these three variables reach a constant value (with respect to time), the
system has reached steady state (Information Systems Laboratories, Inc., 2010a). Within the

code this is represented as (Information Systems Laboratories, Inc., 2010a):

2.7)

d(ph)\" (e UMt + P — (pf UP + BY)
dt /. N Atn '
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However, this function is not well behaved with respect to time, as large fluctuations in
the value of the derivative can occur, making a direct measurement difficult (Information
Systems Laboratories, Inc., 2010 a). To compensate, RELAP uses a fitting function that is well
behaved and can be solved over a number of time steps to determine steady state (Information

Systems Laboratories, Inc., 2010a):

= BV o) (¢ < N <), (2.8)

2.6. Program for the Analysis of Reactor Transients

The Program for the Analysis of Reactor Transients (PARET-ANL) provides a simple
but accurate model for reactor transients through a combined point-kinetics and thermal-
hydraulic model (Woodruff and Smith, 2001). PARET was initially designed to analyze the
SPERT-III experiments (Woodruff, 1982), and has since become a general use thermal-hydraulic
code optimized for research reactors, espically those with plate-type fuel (Woodruff, 1984;

Woodruff and Smith, 2001).

Like RELAP, PARET uses one-dimensional approximations for the thermal-hydraulic
calculations (Adoo et al., 2011). Unlike RELAP, PARET is not capable of modeling general
thermal-hydraulic geometries, and instead models a reactor core and the coolant channels within
the core (Adoo et al., 2011; Woodruff and Smith, 2001). PARET-ANL can currently model a
core of 1 to 50 fuel channels. This greatly simplifies input deck construction compared to

RELAP.
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PARET uses a momentum-integrated model to solve for the fluid conditions in coolant

channels, based on the following governing equations (Adoo et al., 2011):

ép_ %6 (2.9)
at 0z
0G 9 (G*\_ _op (f) GG\ -
at  dz\p') 9z \p/\2D, PG '
J0E JE
"n__ — = 2.11
p at+Gaz q. (2.11)

These equations examine the relationship between the average density (p), mass flow rate
(G) pressure (P), and heat source in a unit volume (g) (Woodruff, 1982). Each channel is
independent of the other channels. A standard six-group point-kinetics model calculates the

transient power generation within the simulated fuel elements (Woodruff and Smith, 2001).

PARET represents solid volumes using a series of axial and radial nodes. PARET can
model up to three materials within a fuel rod, representing the fuel, cladding and another material
(e.g. gap gasses) (Woodruff and Smith, 2001). All node points are assumed to be in the center of
the region. Radial nodes are assumed to be of equal length starting from the centerline of the
fuel element, and extending to the outer edge of the cladding (Woodruff and Smith, 2001). The
user defines axial node lengths; these must conform to the total length of the rod once added
together. Only 20 axial sections may be defined for any fuel element, and PARET only
considers the active axial length of a fuel rod (i.e. the length of the fuel) (Woodruff and Smith,

2001).
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The next chapter describes the neutronics model used in this project, as well as the

validation and analysis calculations performed by the MCNP model.
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CHAPTER 3
NEUTRONICS ANALYSIS

This chapter looks at the neutronic analysis performed by this project. The initial
sections provide background information on the analysis and the GSTR reactor. Following this
is a detailed description of the GSTR MCNP model, and the different core layouts examined in
the project. The remainder of this chapter shows the results of the calculations performed by the
MCNP models. This includes both the validation work on the GSTR, and the neutronic analysis

of the GSTR limiting core.

3.1. Introduction

The Geological Survey TRIGA Reactor (GSTR) is a 1| MWy, Testing Research Isotope —
General Atomics (TRIGA) Mark I reactor located at the Denver Federal Center in Lakewood
Colorado. As part of the relicensing process, the United States Nuclear Regulatory Commission
(NRC) requires an update to the reactor’s safety analysis report and technical specifications to
document the current operating conditions of the reactor. A Monte Carlo N-Particle (MCNP)
(X-5 Monte Carlo Team, 2003a and 2003b) model of the reactor provides the basis for the
neutronics analysis needed to update the safety analysis report and technical specifications. This
analysis is broken into two stages. First, validating the MCNP model with data from the current
GSTR core. Then, evaluating a limiting core to determine the core’s excess and shutdown

reactivity margins, reactivity feedback coefficients, and power distribution.

The next section provides a detailed description of the GSTR, followed by a description

of the MCNP model in Section 3.3. Section 3.4. describes the validation of the model against the
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current operating GSTR core and Section 3.5. presents the neutronics analysis conducted with

the model for the limiting GSTR core.

3.2. Description of the Geological Survey TRIGA Reactor

The reactor core of the Geological Survey TRIGA Reactor (GSTR) is contained in a
water-filled pool 2.13 meters wide and 7.62 meters deep. Figure 3.1 shows the reactor core of
the GSTR. The reactor core is 26.51 c¢cm in radius from the inside of the lazy susan and 66.81 cm
tall with 126 fuel locations located around a central thimble (see Figure 3.1). These fuel

locations are split into six concentric fuel rings labeled B through G. Four control rods are

lazy susan central thimble external irridation tubes

control rods

32.54 cm
> 54.93 cm
Figure 3.1. The GSTR core, highlighting the reflector, control rods, and fuel.
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located in the C and D-Rings of the core (see Figure 3.1). A radial graphite reflector serves to
limit radial neutron leakage (the fuel rods contain inserts to limit axial leakage, see Figures 3.2a
and 3.2b). The reflector also houses a lazy susan irradiation facility in a groove fixed within the

graphite reflector, as shown in Figure 3.1.

General Atomics developed several different TRIGA fuel rod configurations (Tomsio,
1986). Table 3.1 describes the three fuel rod types considered in the GSTR relicensing analysis:
one of which is clad in aluminum (Figure 3.2a), and two of which are clad in stainless steel
(Figure 3.2b). All three types contain a uranium-zirconium hydride fuel enriched to less than 20
wt.% U-235 (General Atomics, 2011). Both fuel rod types have a length of 72.06 cm (Tomsio,
1986). Early TRIGA fuel rods included disks of samarium to act as a burnable neutron absorber:;
however, General Atomics stopped manufacturing these elements after 1964 (Tomsio, 1986).
The present analysis ignores the effects of the burnable absorber, as all of the fuel at the GSTR is

old enough that the burnable absorber has been depleted.

The aluminum-clad fuel rods are the oldest TRIGA reactor fuel manufactured by General
Atomics (Day, 2004). The fuel within an aluminum-clad rod contains 8 wt.% uranium, and is
35.56 cm tall and 3.759 cm in outer diameter (Figure 3.2a). The GSTR still uses several

aluminum-clad fuel rods, which are limited to the F and G rings in response to concerns over the

Table 3.1. GSTR fuel types.

Enrichment Uranium in Fuel
Fuel Type (Wt.%) Cladding Material Meat (wt.%)
8 % aluminum clad <20 aluminum 8
8.5% stainless steel clad <20 stainless steel 8.5
12 % stainless steel clad <20 stainless steel 12
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Figure 3.2. Schematics of the TRIGA fuel types used in the GSTR.
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lower melting temperature of aluminum (Day, 2004).

The stainless-steel clad fuel rods within the GSTR are a mixture of 8.5 wt.% and 12 wt.%
fuel. The fuel in all of the stainless steel clad fuel elements is 38.1 cm long and 3.73 cm in outer
diameter (Figure 3.2b). A zirconium plug is located in the middle of the fuel meat, as a
consequence of the techniques used in manufacturing the U/ZrH fuel (see Figure 3.2b) (Tomsio,
1986). The dimensions of TRIGA fuel pins are not consistent and vary from reactor to reactor
and batch to batch. The dimensions in Figures 3.2a and 3.2b represent a best estimate and form

the basis for all of the fuel modeling efforts in this analysis.

There are four control rods within the GSTR (Figure 3.1). Three are fuel-followed
borated graphite control rods (Figure 3.3a), while the forth is a void-followed borated graphite
pulse rod (Figure 3.3b). The rod drives above the reactor raise the rods during normal operation.
All four rods incorporate an electro-magnetic SCRAM feature. During a SCRAM, the electro-
magnet that binds the control rods to their drives deactivates, allowing gravity to pull the rods
back into the core. As part of the GSTR technical specifications, the core must shutdown
(become subcritical) with three of the four rods inserted in order to allow for the possibility of a
rod becoming stuck. The GSTR’s fuel followed control rods are referred to as the shim 1, shim
2, and regulating rods. These rods contain a fuel element of similar dimensions to the stainless
steel clad fuel elements (Figures 3.3b and 3.3c¢) following the borated graphite, which reduces
the impact of removing the control rod on the core flux profile. The final control rod, the
transient rod, is void followed, and uses an electro-pneumatic rod drive instead of the mechanical
system used by the other three control rods. This system can quickly eject the transient rod from

the core to initiate a power pulse. Otherwise, the transient rod serves the same function as the
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Figure 3.3. Diagram of the two control rod types used in the GSTR, showing how the fuel and
void followers line up to a regular fuel element.
other three rods, except that the pneumatic drive is not as sensitive as the mechanical rod drives.

The void follower reduces the total reactivity worth of the transient rod.

Three primary experimental facilities are available within the GSTR: the central thimble
located, the lazy susan, and the external irradiation tubes (see Figure 3.1). Located in the middle
of the core, the central thimble provides a high-flux irradiation location. Normally, the central
thimble is water filled, but can be evacuated to provide a beam tube for radiography. The lazy

susan sits outside of the core in an insert placed in the GSTR’s graphite reflector (see Figure
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3.1). A pneumatic system allows the forty sample locations within the lazy susan to be remotely
loaded and unloaded and a mechanical drive rotates the lazy susan around the core. The GSTR
currently uses the lazy susan (originally designed for isotope production) for sample irradiation.
The two external irradiation tubes sit outside of the reflector. A reactor operator must manually
insert samples into the tubes from outside of the reactor tank by lowering or raising the sample

into the reactor by hand.

3.3. Description of the GSTR Core Model

Figures 3.4a and 3.4b provide radial and axial views of the reactor core model,
respectively, and show all of the important aspects of the model’s geometry. The model’s
geometric description is based on blueprints and other archival data from the GSTR. Within the
model, the core consists of the fuel rods, the top and bottom grid plates, and the control rods,
surrounded by a graphite reflector (Figures 3.4a and 3.4b). The lazy susan is outside of the fuel
within a groove set into the reflector (Figure 3.4b). To save modeling and computation time, the
lazy susan consists of a uniform mixture of aluminum and air, roughly equal to the homogenized

composition of the actual lazy susan.

Material definitions within the model are based on archival records from the GSTR that
indicate the type and composition of the different material regions in the GSTR. The stainless
steel in the model is type 304L while the aluminum is alloy 6061. Within the model, the fuel and
control rods have uniform compositions; the axial geometry of the control rods is defined in

more detail to better replicate experimental data (see Section 3.4.).
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Figure 3.4. Radial and axial views of the MCNP model of the GSTR core in the current operating configuration.
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Figure 10 shows the current operating core layout of the GSTR. The layout contains 125
fuel elements (including the fuel followers in the control rods), with the control rods located in
the C- and D-Rings of the reactor. Twelve stainless steel clad fuel elements of 12 wt.% uranium
are in the C- and D-Rings of the core interspaced with 8.5 wt.% uranium stainless steel clad fuel
elements. The F-Ring is comprised entirely of aluminum-clad fuel, while roughly half of the
outermost G ring is aluminum-clad fuel. The remainder of the core is filled with 8.5 wt.%

stainless steel clad fuel (see Figure 10).

The model runs with 1000 active cycles following 15 inactive cycles with 50,000

neutrons per cycle. This provides an average 1o uncertainty of ~$0.01 based on a MCNP

————

y )
& old 8.5 wt.% fuel

@ old 12 wt.% fuel
m aluminum clad fuel

control rods

53.022 cm

Figure 3.5. Fuel layout in the current GSTR operating core.
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calculated Besr of 0.00728. The reactor model utilizes the ENDF/B-VILO libraries. All
uncertainties presented in this paper represent 3¢ estimates. The makxsf utility, distributed with
MCNPS5, Doppler broadened the neutron library data and interpolated the S(a.f3) temperature

data where needed to construct the full power core (see Section 3.3.3.).
All reactivities in this chapter are given as:

k—1
p= :
Berr

3.1)

The MCNP model calculates the effective delayed neutron fraction and neutron
generation time using the adjoint-weighted point kinetics parameter calculation method available
in release 1.60 of MCNPS5 (Kiedrowski et al., 2012). The predicted effective delayed neutron
fraction and neutron generation time for the model are 7.28x107+9.0x10™ and

4.28x107°+2.1x107, respectively.

3.3.1. Fuel Depletion Analysis
The GSTR staff uses an equation derived in-house and approved by the NRC to calculate
the amount of uranium-235 consumed in grams as a function of the amount of energy produced

by the core:

Mu_235 - E X 005158. (3.2)

To evaluate the amount of unranium-235 consumed in each fuel rod, a per-rod power

factor (PF) adjustment changes the equation to:

E x 0.05158 x PF
MU—235 ] N 2 (33)
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An analytical approach estimated the effective burnup of each type of fuel in each ring
within the GSTR core. While a complete inventory history exists for all of the new fuel acquired
by the GSTR, a complete history is not available for the second-hand fuel added to the reactor
over the reactor’s lifetime. This uncertainty regarding fuel history makes it unlikely that a more
detailed analysis using detailed burnup codes such as MCNPX or ORIGEN (Pelowitz, 2008;
Beddingfield and Swinhoe, 2004) would yield better results than the simple analytical approach

described in this sub-section.

Currently, the GSTR contains 125 fuel rods, including the fuel followers in three of the
control-rods. The MCNP model of the GSTR calculated peaking factors for fuel rods in the core,
averaged by fuel type and location. For instance, in the C-Ring, the fuel rods containing 12 wt.%
uranium and 8.5 wt.% uranium fuel were considered separately. With the peaking factors
calculated, Equation 3.3 calculates the uranium consumed in each fuel type while a separate
methodology (described below) calculated the amount of fission products produced within the

fuel.

Based on the revised material definitions, MCNP recalculated the peaking factors. If the
newly calculated peaking factors differed from the previous ones, the burnup was recalculated
with the new peaking factors, which in turn produced new fuel material definitions to calculate a
new set of peaking factors. This process continued until the peaking factors converged, at which
point the fuel composition was assumed to adequately represent the actual conditions within the

core.

Figure 3.6 shows the composition of an 8.5 wt.% E-ring fuel before and following 25

at.% depletion of uranium-235 using the above method. The fission product yields from the
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Figure 3.6. Composition of an 8.5 wt.% E-Ring fuel element before and after 25 atom %
uranium 235 depletion.

depleted uranium-235 atoms are calculated using tables released by the Los Alamos National
Laboratory (England and Rider, 1994). The analytic depletion methodology considers the ten
most frequent light and eleven most frequent heavy fission products (plus samarium-149) of
uranium-235 (see Table 3.2). Each uranium-235 atom was replaced by a single heavy and a
single light fission product based on the yields in Table 3.2. Samarium-149 has a large neutron
capture cross-section and exists at equilibrium concentrations in any thermal reactor (Lewis,
2008). To compensate, the burnup methodology alters the yield of the heavy fission products to

compensate for the equilibrium concentration of samarium-149, shown in Equation 3.4:
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Table 3.2. Isotopes considered in the

depletion analysis.

Light Products | Heavy Products
Yield Yield
Isotope (%) | Isotope (%)
Mo-95 10.53 | Xe-134 10.93
Zr-94 10.48 | Ba-138 9.44
Zr-93 10.29 i Cs-133 9.34
Zr-96 10.27 i Cs-135 9.12
Mo-100 10.19 i La-139 8.94
Tc-99 9.90 | Xe-136 8.80
Zr-9 9.76 i Ce-140 8.67
Mo-97 9.76 i Cs-137 8.63
Zr-91 9.45 iNd-143 8.31
Sr-90 9.37 i Pr-141 8.16
Ce-142 8.16
Sm-149 1.51

N _ Esm-149 X 0f_y235 X Ny23s (3.4)

Sm149 — .

Oabs

The yields of the remaining non-saturating nuclides are renormalized such that the total

yield of each group (heavy or light) is unity.

3.3.2. Description of the Limiting Core

A thorough analysis of the GSTR’s limiting core configuration is key to the reactor’s

relicensing application. A limiting core represents the most compact critical assembly available

to the operators, and usually consists entirely of fresh fuel. It is unlikely that the GSTR will be

able to acquire a full core of fresh fuel in the future, and thus, the limiting core consists of a

combination of fresh fuel and partially depleted fuel currently in the GSTR inventory.

The limiting core provides a safety envelope for the operating conditions of the reactor.

The limiting core must safely operate under federal guidelines, and will provide both the
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regulators and the operators an upper bound on the acceptable operating conditions for the core
under the new license. The limiting core also provides a basis for several limits in the GSTR’s
technical specifications. These include the limits on the core’s excess reactivity, shutdown
reactivity, and transient rod worth, as well as a new limit on the minimum number of fuel

elements in the reactor core.

Three guidelines informed the selection of the limiting core for the GSTR relicensing
analysis: a large power peak towards the core center resulting from fresh 12 wt.% uranium
stainless steel clad fuel surrounded by depleted 8.5 wt.% stainless steel clad uranium fuel, a core

excess reactivity close to but not exceeding $7.00, and minimizing the number of fuel elements

Control Rods

Fresh 12 wt% fuel
O

/o . O@ old 8.5 wt% fuel

53.022 cm

empty rod positions

Figure 3.7. Radial view of the GSTR limiting core
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able to meet the first set two conditions. Increasing the peaking in the center involves removing
fissile material from the outside of the core, which lowers the overall reactivity of the reactor.
Therefore, the limiting core results in a highly peaked hot-rod, which yields a higher risk of fuel
damage to that element, as opposed to a less peaked, but more reactive core. To meet these
criteria, an analysis of several cores containing from 80 to 110 elements found that a 110-
element core reached a central peak power of 22.2 kW, with a maximum excess reactivity of
$6.48. Figure 3.7 illustrates this core, which serves as the basis for the re-licensing analysis for

the GSTR.

3.3.3. Full-Power Model

While licensed to operate at | MW, the GSTR usually operates at a measured power
closer to 915 kW in order to provide a margin of safety. For the relicensing analysis, the high
power trip threshold of 1.1 MW provides a bounding case for the GSTR. While the core would
never normally operate at this level, the high power trip would also not activate until the GSTR
exceeded the 1.1 MW limit, making it theoretically possible for the GSTR to operate for a
significant time period close to 1.1 MW before shutting down. Analyzing the thermal conditions
of the core at this power level provides certainty that the GSTR has no credible safety concerns
at the expected operating power levels. Thus, the operating full power core was modeled at 915
kW to match the normal operating conditions of the GSTR, while the limiting core was evaluated

at a power of 1.1 MW,

Altering the material and cell definitions to represent the temperatures expected when the
reactor is operating at full power allows MCNP to predict the neutronic parameters of the full-
power limiting core. At full power, the fuel, the cladding, the water within the core, and the
structural materials of the core are at an elevated temperature compared to operation at 5 W. A

43



combination of hand-calculations, measurements from the GSTR, and predictions from the
RELAPS mod 3.3 model of the hot-rod channel of the GSTR (Chapter 4) yielded an initial
estimate of the operating conditions of the GSTR based on the reactor power. Iteration between
the MCNP and RELAP models of the GSTR refined these initial estimates to provide an accurate

estimate of the reactor’s temperatures when the reactor is operating at full power.

The full power model divides the reactor’s fuel by location and type. This limits the
number of different materials in the core model and makes the best use of the limited information
available for the GSTR. This simplification creates nine fuel areas within the operating core: one
fuel definition for each ring with a single fuel type (8.5 wt.% uranium stainless steel clad fuel in
the B- and E-Rings, and 8 wt.% uranium aluminum clad fuel in the F-Ring), two definitions for
the C- and D-Rings, (to account for the 12 wt.% and 8.5 wt.% uranium stainless steel clad fuel in
these rings), and two definitions for the G ring (for the stainless steel and aluminum clad fuel in

this ring).

Averaging fission power tally results across each fuel group gives an average power
factor for that fuel group. Multiplying this number by the reactor averaged rod power rod yields
that group’s average rod power. Comparing this to a RELAP calculation of the average fuel,
cladding, and core water temperature as a function of rod power provides a refined estimate of
the reactor’s operating temperatures. Adjusting the MCNP model to account these new
temperatures improves the temperature estimates. Three iterations were sufficient to reduce the
changes in the core fuel temperatures to less than 1 K, well within the uncertainty bounds of both
the RELAP and MCNP models, and within the accuracy of the measurement capabilities of the
GSTR. All MCNP runs used the predicted rod critical positions for that temperature except
when stated otherwise. Section 3.4.2. examines the control rod critical positions in detail.
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Table 3.3 shows the final average rod powers, fuel average temperature, the predicted and

channel coolant and cladding temperatures for each fuel type in the current full power GSTR

core. The cladding and water temperatures are consistent to within 9 K over the range of rod

powers. As a result, all of the cladding temperatures in the model are set to an average value of

395 K. Similarly, the temperature of the structural materials in the core (i.e. the reflector, grid

plates, et. al.) is set to 394 K, while the core water is set to an average temperature of 315 K.

The simplifications reduced the preprocessing and memory demands of the model while still

providing acceptable results Table 3.4 lists the average water, cladding and structural material

temperatures used in the final full power MCNP model of the current GSTR core.

Updating the model temperatures includes changes to the neutron library, TMP card, and

S(a.p) data (if applicable). The density of the water in the core is also adjusted based on

Table 3.3. Average calculated rod powers and fuel, cladding, and channel water
temperatures by type and ring for the current GSTR core at full power.

Fuel Wt % Rod Power  Trelavg)  Telad Tecolant
Ring  uranium Clad material (kW) (K) (K) (K)
B 8.5 Stainless Steel 304 10.8 530 397 317
C 8.5 Stainless Steel 304 10 521 396 317
C 12.0 Stainless Steel 304 13.2 561 399 319
D 8.5 Stainless Steel 304 8.9 507 395 316
D 12.0 Stainless Steel 304 12.1 547 398 318
E 8.5 Stainless Steel 304 7.5 489 394 315
F 8.0 Aluminum 6061 6.3 474 393 314
G 8.5 Stainless Steel 304 4.1 447 391 313
G 8.0 Aluminum 6061 4.9 456 392 314
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temperature; however, the full power model does not alter the temperature of the water outside of
the GSTR core, nor does it alter the density of any materials within the model aside from the

core water.

Table 3.5 lists the changes made from the low-power to the high-power model. The
control rods are modeled independently of the fuel groups, and the fuel follower of each rod is
corrected to match the temperature of the 8.5 wt.% stainless steel clad fuel within that ring
(excluding the transient rod, which is void- followed). This is conservative as approximately
half of the fuel follower is outside of the core when the rod is in the critical position. The same

procedure calculated the temperatures in the full power limiting core model, with the peak power

Table 3.4. Average suructual material, core water and
cladding temperatures used in the model of the
current GSTR core at full power

Component Mean Temperature (K)
Structural Materials 396
Water 317
Steel Cladding 396
Aluminum Cladding 393

Table 3.5. Changes between the low power and full power MCNP models of the current GSTR
configuration.

Low Power Model

Value (5W) Full Power Model (915 kW)
Fuel Temperature 293.6 K set according to Table 4
Fuel Cladding Temperature 293.6 K set according to Table 5
Core Water Temperature 293.6K 315K
Bulk Tank Water Temperature 293.6 K 293.6 K

V)
Control Rods 203.6 K set to match 8.5ri\rz:/té % fuel of same
All Core Structural Materials 293.6 K 394 K
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setto 1.1 MW. Tables 3.6 and 3.7 list the calculated temperatures and those used in the limiting

core model. As expected these temperatures are higher than the temperatures predicted at SW

3.4. Validation

The neutronic characterization of the GSTR requires that the MCNP model is validated
against the current core operating conditions, demonstrating the model’s ability to represent the
current configuration of the GSTR. This validation involved three tests: a control-rod calibration
based on experimentally derived control rod worth curves from the GSTR, a critical position and

multiplication factor prediction comparison, and a flux characterization across the GSTR core.

3.4.1. Control Rod Calibration
The control rods in the GSTR include two rods installed when the reactor was initially
constructed (transient rod and shim rod 2) and two rods installed in December of 1991 (the

regulating rod and shim rod 1). Three of the rods (shim rod 1, shim rod 2 and the regulating rod)

Table 3.6. Average calculated rod powers and fuel, cladding, and channel water
temperatures by type and ring for the limiting GSTR core at full power.

Fuel Wt % Rod Power Tfuel(avg) Telad Teoolart
Ring uranium Clad material (kW) (K) (K) (K)
B 12.0 Stainless Steel 304 21.8 668 406 325
C 12.0 Stainless Steel 304 20.1 647 405 324
D 8.5 Stainless Steel 304 12.0 546 398 319
E 8.5 Stainless Steel 304 9.8 518 396 317
F 8.5 Stainless Steel 304 6.6 478 394 315
G 8.5 Stainless Steel 304 4.7 454 392 314

Table 3.7. Average structural material, core water
and cladding temperatures used in the limiting GSTR
core model at full power.

Component Mean Temperature (K)
Structural Materials 396
Water 317
Stainless Steel Cladding 396
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have fuel followers to mitigate the effect they have on the core flux profile while the transient
rod is void followed to limit the reactivity added during pulses (Nuclear Installation Safety
Division, 2004b). The critical positions of each of the control rods change over time as a result
of core configuration changes, fission product buildup, and temperature changes, making an
estimation of each rod’s effective burnup more complicated than the similar evaluation for the

fuel rods.

Time constraints, as well as a lack of complete information on the cqntrol rod operating
history, resulted in the use of a geometric approximation to determine the contro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>