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Abstract: After approximately 50 years, NASA is restarting efforts to develop nuclear thermal
propulsion (NTP) for interplanetary missions. Building upon nuclear engine tests performed from
the late 1950s to the early 1970s, the present research and testing focuses on advanced materials
and fabrication methods. A number of transient tests have been performed to evaluate materials
performance under high-temperature, high-flux conditions, with several more experiments in the
pipeline for future testing. The measured data obtained from those tests are being used to validate the
Griffin reactor multiphysics code for this particular type of application. Griffin was developed at Idaho
National Laboratory (INL) using the MOOSE framework. This article describes the simulation results
of the SIRIUS-CAL calibration experiment in the Transient Reactor Test Facility (TREAT). SIRIUS-CAL
was the first transient test conducted on NASA fuels, and although the test was performed with a
relatively low core peak power, the test specimen survived a temperature exceeding 900 K. Griffin
simulations of the experiment successfully matched the reactor’s power transient after calibrating the
initial control rod position to match the initial reactor period. The thermal-hydraulics model largely
matches the time-dependent response of a thermocouple located within the experiment specimen to
within the uncertainty estimate. However, the uncertainty range is significant and must be reduced
in the future.
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1. Introduction

Nuclear thermal propulsion (NTP) uses a nuclear reactor to heat a gas to a large
enthalpy concomitant with high nozzle exit velocities providing thrust to propel a spacecraft
for extraterrestrial operations [1]. NTP is very similar to hydrogen/oxygen chemical rockets,
in which the exothermic reaction of hydrogen and oxygen provides the energy used to heat
the reaction product, i.e., gaseous H,O, to generate thrust. However, in an NTP engine,
molecular hydrogen (Hj) is heated in a high temperature nuclear reactor and upon exit
is used as the propellant, allowing for a higher exit velocity for the same nozzle entry
temperature [2].

The advantage of nuclear thermal rockets over chemical rockets is their significantly
higher specific impulse (900 vs. 450 s), enabling the generation of roughly twice the impulse
using the same amount of propellant. However, the National Academy of Sciences noted
that an aggressive program for the development of NTP technologies will be necessary to
deploy them for manned missions to Mars prior to 2040 [3]. The report further indicated
that the two technologies under consideration (i.e., NTP [4] and nuclear electric propulsion
[NEP] [5]) face significant challenges with respect to technology readiness levels (TRLs).
Low TRLs must be significantly elevated before usage in such a mission is possible. How-
ever, relative to chemical rocket technologies, such systems significantly (a) reduce the
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travel time and/or (b) increase the payload mass for a mission to Mars. The National
Academy of Sciences report indicated that NTP faced fewer TRL challenges than NEP. This
is consistent with ongoing efforts at the National Aeronautics and Space Administration
(NASA), whose investment in nuclear propulsion technology is centered around NTP, as
they continue to examine requirements for NEP subsystem maturation.

NASA is collaborating with several U.S. national laboratories—principally Idaho
National Laboratory (INL), Los Alamos National Laboratory and Oak Ridge National
Laboratory—to develop nuclear fuel and structural materials that can withstand the ex-
treme environments created within NTP engines. This research is intended to determine
the materials and corresponding manufacturing methods that will result in the production
of stable, robust, economically viable solutions for NTP application.

Nuclear testing of these materials under prototypical conditions is being performed at
the Transient Reactor Test Facility (TREAT) [6], located at INL, and at the Nuclear Thermal
Rocket Element Environmental Simulator (NTREES) and the Compact Fuel Element Tester
(CFEET), both located at NASA’s Marshall Space Flight Center [7]. NTREES was designed
to provide up to 1.2 MW of heating to simulate an NTP thermal environment by capturing
exposure to hydrogen heated to temperatures of up to 3000 K or more. Numerous tests
have been completed in NTREES; however, the facility is non-nuclear and cannot produce
the intense neutron and gamma fluxes present in an NTP engine. TREAT allows for testing
advanced materials under rapidly changing, extreme power/temperature conditions ac-
companied by an intense radiation field. In 2015, the first partial-length fuel elements were
tested in NTREES. In June 2019, the experiment designated as SIRIUS-CAL represented the
first test of an NTP-type fuel specimen in TREAT. As with NTREES, a number of tests with
representative fuel specimens have been completed or remain ongoing.

Fuel materials for NTP applications must withstand extremely high temperatures and
multiple fast temperature ramps over the service life of the core, as well as be compatible
with hot hydrogen. To economize the use of hydrogen to the greatest extent possible, NTP
engines will be expected to, in a very short time (i.e., on the order of a minute or less), go
from warm (~300 K) zero power conditions to full operational power, with a core exit fuel
temperature on the order of 2700-3000 K. This will introduce significant thermomechanical
stresses. In current design concepts, the fueled region of the core is less than 1 m long
and, during operation, will see a temperature rise of about 2400-2700 K over this length.
Furthermore, even though the core will only operate for tens of minutes before shutting
down for weeks or months, multiple fuel duty cycles will take place over the life of the core.

The current research direction of the U.S. NTP program is to use uranium nitride
(UN) kernels either in a CERMET or CERCER fuel form [8]. CERMET and CERCER
fuels have lower TRL ratings than the dispersed graphite fuel that the Nuclear Engine
for Rocket Vehicle Application (NERVA) project focused on in the 1960s and 1970s [9],
and require more extensive qualification prior to deployment. CERMET is a ceramic fuel
in a metal matrix, while CERCER is a ceramic fuel in a ceramic matrix. The CERMET
fuel concepts of interest include W/UO,, Mo/UO,, W/UN and Mo/UN, while ZrC/UN
and ZrC/UQO; are the currently envisaged CERCER concepts. All these materials require
high-temperature processing to achieve the required densities [10]. Both CERMET- and
CERCER-fueled reactors are attractive candidates for high-performance advanced space
power systems because of their temperature stability and compatibility with hot hydrogen.
In 2021, NASA decided to place greater emphasis on CERCER-based fuel concepts moving
forward, though a number of CERMET-based fuel experiments are in the testing pipeline
over the next few years. Compared to CERMET, CERCER fuel requires approximately
seven times less high-assay low-enriched uranium fuel, has lower maximum fuel meat
stresses, and is lighter [8]. Furthermore, compared to CERMET systems, CERCER fuels
with coated fuel particles offer the potential for increased margins with respect to fuel
matrix melting, but are currently at a lower TRL.

The SIRIUS experiment series in TREAT is being performed to evaluate material per-
formance, the fuel material’s compatibility with the insulator and cladding, and the effect
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of various fabrication processes on future CERMET and CERCER fuel forms. SIRIUS-1 was
the first full-power test of the series. An uncooled CERMET specimen was subjected to six
successive high-power bursts (each followed by a return to room temperature), mimick-
ing anticipated thermal cycles. The sample was ultimately subjected to post-irradiation
examination (PIE). The SIRIUS-1 specimen was rapidly heated to prototypical conditions
(>2500 K) via fission reactions mainly created by the TREAT reactor transient. The tem-
perature ramps during the power bursts targeted a rate of 95 K/s, followed by a hold
at temperatures of 2500 K or more for a predetermined period. The data acquired from
the test series are intended to support Environmental Impact Studies, applicable licensing
requirements and NTP system performance margins. The tests were also used to determine
whether operational startup ramps would exceed the thresholds for adverse transient
phenomena such as fuel fragmentation/cracking [11].

This work revolves around the SIRIUS-CAL experiment performed as a low-power
calibration test prior to commencing the SIRIUS-1 experiments. Following standard TREAT
methods for conducting transient tests, a low-power calibration test was performed to
provide an experimentally measured calibration factor (CF) for determining the transient
prescription required in order to meet the SIRIUS-1 experiment goals. CFs, also known as
power coupling factors, are described in greater detail in [12].

The reactor multiphysics code Griffin is developed by Idaho National Laboratory
(INL) and Argonne National Laboratory (ANL) to serve as the future analysis tool for
advanced nuclear reactors [13] including nuclear thermal propulsion systems [2]. Griffin
was originally developed by the merger of the MOOSE applications MAMMOTH [14]
and Rattlesnake [15], with ANL teaming with INL to add capabilities from its own codes
PROTEUS [16] and MC?2-3 [17]. Griffin supports the solution of transport problems for
a variety of different types of neutral radiation: neutron, thermal photon, high-energy
photon and phonon, with different transport solution options including first and second
order discrete ordinates (Sp) formulations, spherical harmonics (Pn) and diffusion. Griffin
is built with the MOOSE framework, and therefore it has access to many of the predefined
physics modules within MOOSE, including the Thermal Hydraulics, Heat Conduction,
Tensor Mechanics and Fluid Properties modules [18].

In addition, Griffin is developed to provide more fine-grained, predictive analysis
of TREAT experiments. An initial validation effort of Griffin’s capabilities for modeling
TREAT is reported in Ref. [19]. However, the development of a predictive capability for
TREAT experiments requires additional verification and validation of both TREAT core
models and experiment models, based on relevant TREAT transients, as well as careful
assessment of the uncertainties and their impacts on the predictions of the available model.
SIRIUS-CAL was selected as the next validation step for two reasons. First, SIRIUS-1
PIE data were not yet available at the time of this work. Second, SIRIUS-CAL provides
excellent validation data for both the Griffin core model and the coupled, multiphysics,
fuel specimen models, as both the core power and fuel specimen temperatures from the
SIRIUS-CAL experiment are available.

This paper is organized as follows. We provide an overview of the TREAT reactor,
describe the SIRIUS-CAL experiment, outline the modeling approach, and finally present
the calculation results, which will then be discussed in the context of the experimentally
observed quantities and the identified uncertainties present in the current model. We
conclude with the significant of this work and a discussion of upcoming SIRIUS-series
experiments in TREAT.

2. Overview of the TREAT Facility

TREAT is an air-cooled, thermal-spectrum test facility designed for evaluating re-
actor fuels and structural materials under simulated nuclear excursions and transient
power/cooling mismatch situations in a nuclear reactor [20]. Such testing involves placing
fuel into the TREAT core and subjecting it to short bursts of intense, high-power neutron
radiation. After the experiment is completed, the fuel and/or associated material is ana-
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lyzed to determine the effects of the power burst. The resulting information is then used to
guide the development and improvement of advanced nuclear fuel designs, and to validate
computer models of fuel and core behavior.

The reactor core is loaded within a 19 x 19 square lattice, filled with fuel and reflector
elements; the lattice region is fully reflected by approximately 61 cm (2 ft) of graphite on
all sides. In its normal operation as a pulsed engineering test reactor, there is typically
a vertical central hole containing a test sample, with a large slot containing non-fueled
access hole fuel assemblies running horizontally from the core center out through the
reflector. The 48-inch (121.92 cm) access hole fuel assembly, or slotted fuel assembly, is
similar to a standard fuel assembly, but with a 122-cm-high air-filled window created in the
center to allow for horizontal access through portions of the core. The graphite reflector
regions remain above and below the slot. These assemblies are primarily utilized between
the experiment and a fast neutron hodoscope located outside the core [21], in what is
commonly referred to as the half-slotted core configuration. A full-slotted core has access
hole fuel assemblies running the full north-south width of the core, from the hodoscope
on the north side of the core to the fixed reflector on the south side of the core. The size of
the core is adjusted to provide the excess reactivity necessary to run the various transients
required for test operations [22]. The reactor cavity is designed to accommodate a total
of 361 assemblies (e.g., fuel, fuel/control, reflector, slotted) arranged in a 10.16-cm (4 in)-
square lattice, with a maximum active core size of 193.04 cm (76 in) square by 121.92 cm
(4 ft) high [20]. A top view of the core is provided in Figure 1. Figure 2 shows a cutaway
view of the full facility. The 16 control rod locations are fixed; however, other fuel elements
can be reconfigured as needed.
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Figure 1. Top view of the TREAT core, permanent reflector and biological shielding [21].
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Figure 2. Cutaway illustration of the TREAT core, reflectors and biological shielding, showing the
numerous penetrations into the core interior [21].

The TREAT core is driven by highly enriched uranium (HEU) dispersed in a graphite
matrix (1:10,000 2°U/C atom ratio). TREAT’s design provides experimental flexibility and
inherent safety during neutron pulsing. Such safety stems from the graphite in the driver
fuel having a strong negative temperature coefficient of reactivity resulting from a thermal
Maxwellian shift; this shift results in reduced fission in 2°U, in turn allowing increased
leakage as the core heats up. This is complemented by graphite’s heat capacity, acting as a
heat sink.

TREAT has three sets of control rods: compensation, safety and transient rods. Figure 3
shows the rod locations; this illustration also shows the full-slotted core configuration
discussed earlier. Compensation rods are located closest to the experiment, would have
the strongest effect on an experiment, and are therefore always fully out during transients.
The transient rods are set partially inserted at a height that will yield the desired reactivity
insertion upon full withdrawal. The transient is then initiated by rapid withdrawal of these
rods. The safety rods are partially inserted to bring the core to a critical state prior to the
transient, and remain in a fixed position during the transient. Each rod is located within
an annular tube inset within a number of specially designed fuel elements, and a graphite
follower is attached below the poisoned length of each rod. All rod positions are measured
based on the rods’ fully inserted state, and the rods are pushed up out of the core from the
bottom (see Figure 2).

TREAT transient power shapes are driven by a computer control system called the
automatic reactor control system (ARCS). ARCS controls the TREAT transient rods in
order to produce power histories shaped to meet the requirements set by the experimenter.
The ability of ARCS to control the TREAT reactor power in a well-prescribed manner
from neutronics conditions, such as temperature feedback and control rods, is critical to
TREAT’s mission of creating shaped transients [23]. For the SIRIUS-CAL transient, a natural
transient was planned, i.e., a transient in which the peak power was determined solely by
temperature feedback from the TREAT fuel assemblies.



Energies 2022, 15, 6181

6 of 28

Fuel element

Fuel element containing transient control rod

Fuel element containing safety control rod

Fuel element containing compenstation control rod
Non-fueled source element

Zirc-clad non-fueled graphite element

Zirc-clad slotted graphite block

Experiment region

Half-width zirc-clad slotted element

Half-width zirc-clad non-fueled graphite element

Figure 3. SIRIUS-CAL core configuration, showing control rod locations.

For the SIRIUS-CAL measurement, a low-power transient was desired, requiring the
transient rods to be positioned in a largely withdrawn state prior to the transient; the safety
rods would be set such that the core was critical prior to transient rod removal. Details
on the initial state for the SIRIUS-CAL measurement are provided in the next section,
including control rod positioning data.

3. The SIRIUS-CAL Experiment

The SIRIUS-CAL experiment was the first of the SIRIUS campaign experiments to be
irradiated for the testing of candidate fuel samples in order to characterize fuel performance
in an NTP-like environment. It utilizes the Minimal Activation Retrievable Capsule Holder
(MARCH) irradiation vehicle system, along with a Separate Effects Test Holder (SETH)
capsule [24]. The MARCH system uses a modular approach in which an outer containment
structure provides the safety containment barrier for specimens within. This containment
structure, termed the Broad Use Specimen Transient Experiment Rig (BUSTER), can house
various different modules. Figure 4 illustrates the SIRIUS-CAL experiment. With the
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exception of the specimen and the instrumentation attachments, SIRIUS-CAL utilized
hardware similar to that used in the earlier SETH experiment series for accident-tolerant
fuel tests [25]. Subsequent SIRIUS tests also utilized BUSTER for secondary containment,
although specially designed SIRIUS-specific capsules were developed for those experiments.
SIRIUS-CAL, as well as the subsequent experiments performed to date, have all used the
full-slotted core, as shown in Figure 3.

| Specimen Hanger Rod
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Figure 4. Illustration of SIRIUS-CAL within the MARCH system.

The fuel sample itself (shown in yellow in Figure 4) is hexagonal with rounded corners,
with a 3.39 cm flat-to-flat or inner diameter. It is 1.27 cm in height and has 19 flow holes,
each 0.32 cm in diameter. The specimen is shown in isometric perspective in Figure 5. It was
positioned inside the SETH module and suspended by a hanger rod with collars to hold it in
place. Once the SETH module was loaded into the BUSTER container and the full assembly
had been placed in the core, the specimen was axially centered 2.13 cm above the fuel center
line. The specimen was fabricated using UN with 21% 235(J enrichment, mixed to 55 vol%
in a W-25Re matrix. The specimen was instrumented with four type-K thermocouples and
two pyrometers for measuring specimen surface temperatures. Specimen temperatures
were measured by placing the junction region of the thermocouples and the ends of the
pyrometers halfway into the fuel specimen’s coolant channels [26].

The SIRIUS-CAL transient experiment was initiated at 10:29 AM on 19 June 2019.
Per standard procedure, the compensation rods were fully withdrawn from the core for
the entire transient, at 148.6 cm (58.5 in). The safety/shutdown rods were set at 71.6 cm
(28.2 in) and the transient rods at 85.8 cm (33.7 in) to establish the pre-transient critical state.
The initial core power at critical was approximately 8 kW, and the core itself was at room
temperature.

At full withdrawal to initiate the transient, the transient rods had a height of 101.6 cm
(40 in), or 4.8 cm (1.9 in) above the top of the fueled height of the core. Hence, for this
transient, the transient rods traveled 16 cm (6.3 in), requiring 0.08 s, resulting in a multi-
plication factor of 1.0055 (0.55% A K/k) and a 1.8262 s period. All rods were driven back
into the core at 32.04 s after the beginning of the transient. The experimental sample was
instrumented to acquire the transient temperature response of the sample. These data will
be described further in Section 6.

The following section describes the modeling approach to simulate this transient.
More importantly, the simulation includes the SIRIUS fuel sample described above. In this
work, we will show a simulation of the TREAT transient power excursion, but we focus on
the response of the SIRIUS fuel specimen, driven by the TREAT transient. The results of
the simulation are provided in Section 6.
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Figure 5. Isometric view of the SIRIUS-CAL fuel specimen.

4. Modeling Approach

In this work, analyses were performed using the Griffin reactor multiphysics appli-
cation, which is described in detail in the literature [15,19,27,28]. The present analysis is
based on the use of an accurate generalized equivalence theory method based on full-core
solutions using the SuperHomogenization (SPH) approach [29]. In general, the following
steps are used in generating equivalent homogenized cross-sections:

1. A detailed Monte Carlo transport solution is used to generate region-homogenized
cross-sections and reference fluxes from full 3-D core simulations.

2. These cross-sections are converted to the ISOXML format used by Griffin [15]. This
cross-section file also carries the reference flux computed in the previous step.

3. The ISOXML library is used in a Griffin SPH solver to generate SPH correction factors
for each homogenization equivalence region and each energy group.

4. Correction factors are added to the ISOXML file.

5. Griffin reads cross-sections and correction factors from the ISOXML file, internally
computes corrected cross-sections or diffusion coefficients, as appropriate, and per-
forms the transport or diffusion calculation on the homogenized mesh.

All neutronics solutions in this work use a continuous finite element method (FEM)
diffusion discretization. The Griffin diffusion solver is the primary solution method used
for the k-eigenvalue, adjoint, SPH and time-dependent solutions. An available improved
quasi-static method [30] and point kinetics equations solver are useful to compute and
verify the effective kinetic parameters. The former is also used to accelerate the calculation,
as is discussed later.

4.1. Cross-Section Generation

In the current work, preparation of the neutron data used in TREAT simulations
requires the use of two computer codes: Serpent [31] and Griffin. Serpent is a 3D continuous-
energy Monte Carlo reactor physics code developed by the VTT Technical Research Centre
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of Finland. It was selected early on in the TREAT modeling/simulation efforts because it
offers 3D spatial homogenization and group constant generation for deterministic reactor
simulator calculations. At the same time, Serpent provides a detailed reference calculation
without energy, angular, or spatial discretization approximations. In this work, Serpent
2.1.28 was used with cross-sections based on the MCNP ENDEF/B-VILr1 library [32]. The
Serpent calculations were performed using 4 million histories per cycle with 20 inactive and
2000 active cycles, resulting in a statistical uncertainty of about 1 pcm for the eigenvalue.

The energy group structure and number of homogenized cross-section regions were
assumed based on previous experience with TREAT core modeling [33-35]. Table 1 presents
the 10-group structure used for generating multigroup cross-sections for Griffin calculations.
The details of the SIRIUS-CAL experiment are illustrated in Figure 6. For simulating the
experiment, spatially homogenized regions were used in the radial direction.

The cross-sections were parameterized at different core fuel temperatures and transient
rod positions. State points of 300, 320 and 340 K were applied to the core fuel temperature,
and transient rod positions of 85.8 (initial position), 90.0 and 101.6 cm (fully out) were used.
Because the transient rods are fully withdrawn before sensible temperature changes occur
in the fuel, the control rod positions vary only for the 300 K fuel temperature, while higher
temperatures are paired with the fully out state only. Thus, only five state point pairs are
required; one Serpent calculation was performed for each. These state points are based on
measured reactor data and bound the limits of core operation for this transient. Because
SIRIUS-CAL was a low-power transient, the core temperature range and travel length of
the transient rod are both much smaller than would be seen in a nominal transient test.

Table 1. Ten-group structure used for Griffin calculations.

Group Upper Energy Bound (eV) Group Upper Energy Bound (eV)
1 4.00000 x 107 6 6.25000 x 101
2 1.15620 x 100 7 2.09610 x 10~1
3 3.48110 x 103 8 7.64970 x 102
4 1.32700 x 102 9 4.73020 x 1072
5 8.10003 x 109 10 2.00100 x 102

Outer crucible

Inner crucible ‘

Helium cover gas

Figure 6. Serpent plots depicting SIRIUS-CAL within the MARCH system.

4.2. Mesh Development

A Python framework developed at INL and later assembled and packaged as Neu-
tronics Enhanced Meshing Operations (NEMO) [36] accesses the Cubit [37] application
programming interface (API) and produces both a mesh file and a consistent Serpent de-
tector input file referred to as overlay file. This enables consistent tallying of fluxes and
cross-sections. Cubit was designed to create either structured or unstructured mesh ele-
ments in both 2D and 3D. For the purposes of this work, the finite element models are in the
EXODUS-II format [38]. This format is used for efficient data storage and enables problem
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definition, visualization and data extraction, as well as code-to-code data transfer within
a single mesh file. Because of this capability, models for multiphysics reactor analysis in
Griffin simulations that couple heat transfer and energy deposition with neutronics can
be performed on a single mesh file. An example of the Griffin mesh prepared for the
SIRIUS-CAL experiment is shown in Figures 7 and 8.

EEEnaEcasEmmsEaaseasaasaant
iRiiNAgaaEaRBaRE AR ARE ant

aeEmeeeaassassaesanasaneaans:
iGEiRassRNEIRNsaaEnaRERABERRERA!

£ g
Figure 7. X-Y view of the 19-by-19 TREAT array mesh with the hodoscope hole, with the SIRIUS-CAL
experiment located in the center.

Figure 8. Three-dimensional view of the mesh, showing the experimental position, control rod fuel
elements and reflector for the SIRIUS-CAL experiment.
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The Serpent overlay file created by NEMO includes the definition of the separate
homogenization regions (i.e., Serpent universes) and the flux or current tallies later used in
SPH calculations. These cross-section regions are identified by the user when defining the
homogenized geometry in the NEMO input. Conversely, the regions used in SPH are auto-
matically assigned by NEMO. NEMO adds both a material and equivalence identification
variable to the output mesh. These variables are then loaded by Griffin to automatically
map the cross-section and SPH region identification to those provided in the Griffin data
files generated by Serpent. Serpent cross-sections are converted by a Griffin utility into the
ISOXML format used by Griffin. This process guarantees that the homogenization zones
used in Serpent are identical to those included in the mesh.

The number of homogenized cross-section regions in the radial and axial directions
was identified in past studies [33-35] to better capture the axial material transitions. Since
the TREAT core employs HEU fuel, the effects stemming from spectral changes in the core
are minimal.

One significant advantage of Griffin is the ability to solve multiphysics equations on
an unstructured mesh. This enables the study of neutronic and thermal behavior, not only
in the core but also within the experiment. A depiction of the mesh for the SIRIUS-CAL
experiment neutronics model is shown in Figure 9 (note that the experiment neutronics
mesh is much coarser than the experiment thermal-hydraulics mesh).

Figure 9. Mesh of the SIRIUS-CAL specimen.

The FEM mesh for the homogenized geometries of the core and experiment regions
was utilized by Griffin for both the neutronics and the simple adiabatic thermal model
used for the core. In the coupled neutronics and thermal models of the core, the neutron
transport and heat conduction equations were solved simultaneously on the same mesh to
capture the thermal feedback from the fuel/graphite matrix.

4.3. SIRIUS-CAL Steady-State Calculation

Griffin steady-state calculations were executed to determine the reactivity difference
between the pre-transient and transient-rod-fully-out configurations. For the critical pre-
transient configuration, the compensation rods were placed in the out-of-core position,
while the control/shutdown rods and transient rods were placed in their reported pre-
transient positions, with the SIRIUS-CAL experiment and containment present in the
experiment slot. No multiphysics calculations were executed for the two steady-state
solutions, as calculations were performed at uniform temperatures of 300 K.

The Griffin model was observed to produce a significantly different reactivity insertion
than the reported value based on the reported initial transient rod position and measured
control rod worth curves. In previous studies [39,40], similar behavior during other TREAT
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transient experiments was observed, and it was suggested that this is due to the uncertain-
ties in measuring the control rod positions, the lack of accurate information on the poison
content in the control absorber, and some potential uncertainty in the kinetics parameters
used by TREAT reactor engineering. These uncertainties are discussed in Section 5.

In this work, we follow the procedure recommended in [19] to adjust the initial
control rod positions so as to match the experimental reactor period. For the SIRIUS-CAL
simulation, the initial transient rod position (85.6 cm withdrawn) was adjusted to 87.9 cm
(+2.3 cm). The criticality search function in Griffin was used to find the initial transient rod
position that resulted in the desired reactivity insertion, which was obtained by solving the
Inhour equation with the measured asymptotic period and the kinetic parameters obtained
from Griffin. This approach is not predictive and current efforts are ongoing to remove this
pre-transient calibration step from the TREAT neutronics analysis workflow.

After the initial transient rod position was determined by matching the measured
asymptotic period of the SIRIUS-CAL transient, both steady-state forward and adjoint
calculations were performed by using Griffin to generate the forward and adjoint fluxes as
initial conditions for the Griffin transient calculations.

The NonlinearEigen solver in the MOOSE Executioner System was used for all steady-
state eigenvalue calculations [41]. Two free power iterations were conducted to ensure that
the initial estimation was close enough to the fundamental mode that the solution would
not converge to a higher harmonic. The convergence was set to require that the L2 norm of
the finite element residual be smaller than 1012

4.4. Griffin Transient Calculation

The SIRIUS-CAL transient was initiated by moving the transient rods from their
critical, pre-transient positions to the fully out positions, introducing 0.55% Ak/k. As the
power increases, the core heats up and provides negative feedback, counteracting the initial
reactivity insertion. This makes the transient TREAT simulation a coupled multiphysics
simulation of neutronics and thermal feedback from the core’s temperature increase.

The IQS method in Griffin [42] was used to simulate the time-dependent reactor power.
Using the IQS method, the time-dependent spatial flux was factored into a time-dependent
amplitude function and time-dependent spatial shape function. A smaller time step size
was used for amplitude, and a larger one was used for shape, under the assumption that
the shape is only weakly dependent on time. Compared with directly solving the spatial
kinetic equations by using a small time step size, the IQS method can improve efficiency
without sacrificing the accuracy of the solution. This is because at each amplitude time
step, the point kinetics equations are solved, which is computationally much cheaper than
solving for the shape.

A simple adiabatic thermal model was adopted to compute the temperature feedback
from the core. In the adiabatic thermal model, heat conduction in the core is neglected and
power is deposited locally. For short transients (i.e., tens of seconds), this is a reasonable
approximation. Thermal properties (e.g., mass density, heat conduction coefficient and heat
capacity) for standard fuel blocks are provided in Table 2. Based on [43], this data should
be valid in the 300-1200 K range.

Table 2. Thermal properties of standard fuel blocks in the TREAT (300 K to 1200 K) core [43].

Thermal Property Unit Value
Mass density g/cm3 1.53
Heat 7.366 x 1071976 — 4223 x 10~1°7°
conduction W/cm-K +9.826 x 107127% —1.182 x 107873

coefficient +7.754 x 1070T2 — 2.7 x 1073T + 0.607
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4.5. Thermal Calculation for the Specimen

The core-wide neutronics mesh is too coarse for computing detailed temperature
distributions in the experiment. Therefore, a separate mesh was developed for the detailed
geometry of the important experiment regions for simulating the temperature of the
specimen. The problem domain for the experiment thermal model was reduced to eliminate
the regions outside the radial insulation, as well as those regions above and below the
axial range of the experiment flask. A geometry sensitivity study showed that including
a larger radial problem domain did not noticeably affect the specimen temperature. The
geometry and finite element mesh for the thermal model of the SIRIUS-CAL experiment
was generated following a two-step procedure. First, a 2D mesh for the cross-sectional cut
of the specimen and surrounding components was generated using Cubit. Second, the 2D
mesh was extruded into a 3D mesh, followed by deletion of unused blocks and reassigning
others. For this second step, the mesh system in the MOOSE framework was used. A 2D
cross-section and the 3D geometry of the experiment thermal model is shown in Figure 10.
The complete mesh has a total of 382,044 first-order elements. A mesh sensitivity study
indicated that refining this mesh in either the radial or axial direction had a negligible effect
on the resulting specimen temperature. Griffin has the capability to automatically refine the
mesh by a factor of two, four, eight, etc. The mesh was doubled (all the elements halved) to
test the spatial convergence.

Figure 10. Geometry and mesh of the SIRIUS-CAL specimen and surrounding components for the
thermal model.

For the SIRIUS-CAL experiment, the temperature feedback of the specimen has a
negligible effect on the TREAT core neutronics, the core power simulation and the specimen
temperature calculation. Therefore, we modeled the interaction between the specimen and
the core as a one-way coupling in which the core response drives the specimen transient.

This one-way coupling was modeled in MOOSE using the multiapp system [44]. The
multiapp system is used by the Griffin TREAT core model to create a multi-scale heat
conduction model, as depicted in Figure 10. This multi-scale model was comprised of all
the components within the BUSTER pipe. Information exchange between the multi-scale
specimen model and the core model is facilitated by MOOSE's multiapp transfers. It is noted
that the multiapp system allows two-way coupling with Picard iterations used to obtain
convergence between the primary and secondary apps. This capability is expected to be
used for simulating larger experiment specimens that significantly affect the core physics.

The multi-scale specimen model was coupled to the Griffin core model by the heat
generation rate density, which is driven by the computed core power. Using CF values,
the reactor power was related to the heat generation rate densities in the experiment
components. A CF is defined as the power generated in 1 g of specimen material per
MW of power generated in the core. The CF values used in this study were taken from a
steady-state MCNP [45] calculation based on the initial critical core configuration, and are
provided in Table 3. Two sets of values are provided: the low density indicates CFs for
the specimen at 70% theoretical density, while high density corresponds to 95% theoretical
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density; the two densities originate from an uncertainty in the theoretical density reported
in Ref. [46]. These factors were computed at room temperature, which is not unreasonable
for this experiment because of the lower temperature core, which operated between 294 and
313 K, on average. The energy depositions from both the neutron and gamma heating were
accounted for in the total CF values. The power density in the experiment components,
which was used as input for the heat source for the specimen thermal model, was calculated
using Equation (1).

pi=P-CF-p 1)

where:

pi is the power density in composition i (W /m?3),

P is the core power (MW),

CF; is the calibration factor for composition i (W /(g - MW_ore),
and

p is the density of the fuel (g/m?).

Table 3. Calibration factors for SIRIUS-CAL experiment components [46].

Component CF Total (Low Density) CF Total (High Density)
Fuel specimen 1.84 x 109 1.61 x 10°
Hanger rod 2.60 x 1072 2.75 x 1072
Bottom collar 292 x 1072 2.92 x 1072
Top collar 2.51 x 1072 3.03 x 1072
Flask 3.04 x 1072 3.13 x 1072
Crucible 2.52 x 1072 2.40 x 102
Capsule 2.79 x 1072 2.78 x 1072
BUSTER pipe 2.52 x 1072 2.51 x 1072
Insulation 1.94 x 1073 1.95 x 1073

In contrast to Ref. [19], this work uses CFs computed via MCNP instead of directly
computing energy deposition in the experiment from cross-sections and neutron fluxes.
This is sufficiently accurate for the purpose of this work, because the neutronics are consid-
ered a driver for the prediction of the experiment conditions. The effect of all uncertainties
that affect the power is treated as a lumped effect in terms of the relationship between the
power deposition and the experiment.

In the thermal model, the heat conduction equation was solved on the 3D mesh
of experiment components (see Figure 10), using the MOOSE heat conduction physics
module [18]. Radiation and conduction heat transfer through the gas gaps between the
components was modeled via the gap heat transfer system [18]. A fixed-temperature
boundary condition of 294 K was applied to the outer surface of the insulation; however,
this study determined that the specimen temperature was insensitive to the outer boundary
condition. The specimen was surrounded by helium cover gas without forced flow of
helium. However, natural circulation is not necessarily negligible. In this study, convective
natural circulation was modeled using a Robin boundary condition with a constant heat
transfer coefficient and fluid temperature.

The heat transfer in the cavity includes the following mechanisms:

*  Convective heat transfer of all surfaces around the gas gap with a gas temperature
Tgas(t) that depends on time, but not on space.

*  Radiative heat transfer between surfaces indicated by the black dashed line in Figure 10
with a surface of temperature T,,4(t) that depends on time, but not on space. The
radiative heat transfer coefficient is computed by assuming that all surfaces indicated
in Figure 10 are surrounded by a large enclosure held at temperature Ty,q ().
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*  Gap heat transfer model (radiation and conduction) [47] between the periphery of the
fuel specimen and a portion of the flask wall. These surfaces are indicated by a blue
dash-dotted line in Figure 10.

We assume that Tgas(t) = Traq(t) = Tc(t), where Tpc(t) is computed as an average
over the TREAT surfaces facing the experiment cavity. The concentric cylinders of flask,
crucible, capsule, buster and insulation (from inside to outside) exchange heat through the
gas gaps via MOOSE’s gap heat transfer model.

The origin of the densities, thermal conductivities and specific heat correlations used
for the materials in the experiment item are as follows:

e  CERMET with a volume fraction of 55% UN, 45% W-Re-25:

- Density: Law of mixtures from UN density 14.33g/cm? [48], tungsten density
19.25¢g/ cm? [48] and rhenium density 21.02 g/ cm? [49]. The density is reduced
by the fraction of theoretical density specified in Ref. [46].

—  Thermal conductivity: The thermal conductivity is taken from Ref. [48] and the
thermal conductivity is fitted to the data provided in Ref. [50]. The thermal
conductivity of the CERMET are computed using Maxwell’s rule [51].

—  Specific heat: Law of mixtures (weight fraction weighted) from specific heat of
UN [48], tungsten [48] and rhenium [52].

*  Stainless steel 304: All material properties are taken from Ref. [48].

*  Stainless steel 316: All material properties are taken from Ref. [53].

¢ Inconel 718: All material properties are taken from Ref. [48].

e Ti-6Al-4V: All material properties are taken from Ref. [48].

*  Microsil insulation: All material properties are taken from Ref. [54].

¢ Mullite (crucible): Mullite properties depend on its porosity and porosity can vary
somewhat. Thermal conductivities vary between 4 and 6 W/m K [55] and densities
vary between 2.8 and 3 g/cm? for commercial mullite [55,56]. The specific heat is of
the order of 250 J/kg K [56]. We adopt a thermal conductivity of 6 W/m K, a density

of 2.8 g/cm3.
The thermal conductivity of the helium cover gas is computed using the correlation:
T \ 07085 s
— -3 2
ke = 2.639 x 10 (11<) — 2)

which is taken from Ref. [57].

We do not explicitly model the temperature response of the thermocouple inserted in
a corner hole of the SIRIUS-CAL specimen. Instead, the average temperature of the channel
surface is taken to be indicative of the thermocouple reading. A response time of 4 s for a
95% response for the type-K thermocouple was applied to the time-dependent temperature
results, based on INL experience with this type of thermocouple in this temperature range.

5. Input Uncertainties

Uncertainty is the notion that the true value of a parameter is not known exactly but
can be found within a certain parameter range with a certain probability. We often use
uncertainty loosely in this work to refer to the width of the interval that to a high degree
of likelihood contains the true parameter value. Uncertainties are present in the input
parameters of the discussed SIRIUS-CAL model and therefore quantities predicted by the
model are also uncertain. In contrast, a bias is the difference between the computed mean
value (i.e., the best estimate) of a quantity and the true value of this quantity.

The ultimate goal of the Griffin-based TREAT modeling effort is to enable predic-
tive simulations of TREAT experiments during transients. In addition to verification and
validation (V&V), establishing the predictivity of computational models requires the quan-
tification of prediction uncertainties resulting from uncertainties in the input parameters
and modeling assumptions, referred to as uncertainty quantification (UQ). Related to
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the UQ is the ranking of the importance of input parameters (i.e., the impact of their
uncertainties on output uncertainties) which is referred to as sensitivity analysis (SA).

SA and UQ are essential for predictive modeling for three reasons. First, UQ is an
essential part of the validation exercise. The best estimate computed by the computational
model can never match the measured validation data exactly, and only by establishing
a confidence interval around the best estimate and the validation data is it possible to
decide whether computation and reality match with a sufficient level of confidence. Second,
the size of the confidence interval is essential for assessing how robust a prediction for
critical parameters of an experiment is. Third, SA allows identification of the main drivers
of uncertainty in the predictions directing future data gathering, model refinement and
experiment characterization efforts.

The purpose of this section is to identify uncertain input parameters that significantly
affect the prediction of the transient experiment temperature. We focus on the uncertainty
of input parameters for the thermal experiment model. However, a short summary of
uncertainties in the neutronics model is provided as well. For the UQ, the uncertainties
of the neutronics simulation are are included by considering the power deposition to be
uncertain. We do not determine a detailed breakdown of the contribution of the neutronics
uncertainties to the prediction uncertainties.

5.1. Neutronics Uncertainties

A summary of identified effects on reactivity is provided in Table 4. These uncertainties
originate from Refs. [21,58]. The uncertainties are divided into two groups. The first group
constitute unknown biases to the core reactivity that do not change with control rod
position, while the second group comprises biases that changes with control rod position.
The latter group is much more detrimental because it cannot be quantified using a single
critical TREAT core state. In addition, control rod position-dependent reactivity biases
result in a misprediction of reactivity insertion when control rods move; the effect of
this uncertainty on transient power is magnified by the exponential change of the power
immediately following reactivity insertions (A change of reactivity of 0.01% Ak/k (100 pcm)
for a reactivity insertion of 0.5% Ak/k, i.e., 2%, leads to a change in the reactor period
of 50%). In Table 4, parameters that depend on control rod position are identified as V
(variable), while those that do not are labeled with a C (constant).

Table 4. Uncertain parameters of the TREAT neutronics model.

Uncertainty Reactivity Effect (pcm) Control Rod Position

Core boron 6-7.6 ppm 1200 C
Core height 0.3172 cm 150 C
CR B4C density 14-1.6 g/cm® 100 \Y
Zr-Steel composition - 140 \Y
C/S rods offset 127 cm 200 \%
Transient rods offset  0.762 cm 150 \%

Further, the existing methods to compute and process delayed neutron data during
the SPH procedure introduces significant uncertainties [59]:

*  The value of the first delayed neutron precursor group in ENDF/B-VIIL.1 and ENDF/B-
VIILO is 0.013336 s~ 1, which is different from the measured value of 0.012456 s~ 1.

*  The delayed fission neutron spectrum produced by Serpent is averaged over all
delayed neutron groups.

¢ The adjoint flux used for preparing kinetics parameters should not be SPH-corrected.

¢  Theraw data (i.e., the evaluated nuclear data) used by Serpent as well as the method
Serpent uses for computing reactor physics parameters from the raw data create
uncertainties for the input data of Griffin.
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Based on a compilation of historical transient data, TREAT is believed to have fissioned

approximately 37 g of 2°U (a standard fuel assembly contains roughly 34 g of 2°U [21]).
This level of burnup is roughly 0.4% of the total core inventory, indicating a possible but
small bias due to burnup and fission product absorption.

5.2. Experiment Thermal-Hydraulics Uncertainties

We have identified 12 uncertain parameters that we consider important and list them,

along with their respective ranges, in Table 5. The ranges are considered to be upper
and lower bounds for the parameter values, and the probability distribution function of
the value in the range are assumed to be uniform. The uncertainties listed in Table 5 are
explained in detail:

Cover gas and cavity temperature: The temperature at the boundary of the domain
and the temperature of the cover gas are assumed to be uniform in space and equal
to the temperature averaged over the surfaces of the TREAT assemblies facing the
experiment. The main source of uncertainty is expected to be neglecting temperature
distribution in the cover gas and the difference in TREAT and cover gas temperature.
Given the relatively low temperature of the experimental peak temperature during
this transient, we conservatively assume the cover gas temperature is within +30 K,
or approximately +10%.

CERMET thermal conductivity: The thermal conductivity of the CERMET is computed
from the thermal conductivity of the components WRe25 and UN using Maxwell’s
model for the thermal conductivity [51]. The uncertainties are thus made up of the
uncertainties of the thermal conductivity of the components, and the uncertainty in
using the Maxwell model of thermal conductivity. The range of thermal conductivity
for UN is estimated to be £5% about the regression [48] and the range of WRe25
thermal conductivity is estimated to be £10% about the regression [50]. From Ref. [51]
we estimate the range of thermal conductivities computed with different models for
spheres in a matrix to be 10% for the relevant range of volume fractions. The overall
thermal conductivity is computed to be £20% of the nominal value.

CERMET specific heat: The CERMET specific heat is computed from the specific heat
of the constituent materials tungsten, rhenium and UN using the law of mixture.
We assume that the law of mixtures does not introduce additional uncertainty for
computing specific heat. The upper and lower bounds for CERMET specific heat
are computed from the range of measured data for tungsten and UN both of which
are around 5% [48] about the regression. No values for rhenium are available, so we
assume that rhenium introduces a similar uncertainty as W and UN. The upper and
lower bounds for CERMET specific heat are therefore estimated to be 5%.

Specimen power: The specimen power is uncertain because (1) the TREAT reactor
power is uncertain and (2) the CFs may change with specimen and TREAT power.
We consider specimen power an input parameter for this study and do not break it
down into more atomic sources of uncertainty. For simplicity, the specimen power is
bounded between the largest and smallest power curves either computed or measured
by any of the TREAT detectors.

Natural convection heat transfer coefficient: convection heat transfer coefficients
for vertical and horizontal surfaces in the experiment cavity are computed using
correlations from Ref. [60] for the “isothermal vertical and horizontal surfaces of
length 1”7, respectively. For assessing typical uncertainties in natural heat transfer
coefficients, we compare Churchill and Cho’s correlation for vertical plates [61] with
the corresponding correlation in Ref. [60] between Rayleigh of 10 and 10° and find
that relative differences are between 10 and 15%. We opted to use a range of +20%
for the heat transfer correlations because they are used for geometries that differ
somewhat from a vertical plate.
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e  CERMET density: The percent theoretical density of the experiment specimen is
between 70% and 95% according to Ref. [46]. The change in density changes thermal
properties and CF values.

*  CERMET emissivity: The emissivity of CERMET is assumed to be bounded by the
emissivity of pure tungsten taken from Ref. [62] on the low end and the emissivity
of pure uranium nitride at small wavelength. Note that the emissivity of uranium
nitride is somewhere between 0.7 and 0.8, but for this study the bounding value of 0.8
is assumed.

¢ Metal emissivities: Stainless steel emissivities are adopted from Ref. [62], the range
of Inconel® emissivities are adopted from Ref. [63] and titanium grade 5 emissivities
are adopted from [64]. The difference between the upper and lower bound of metal
surface emissivities is mostly caused by the surface finish (polished versus oxidized).

*  Mullite emissivity: The emissivity of mullite is well characterized in Ref. [65] to
within 0.05.

e  Cover gas conductivity: The uncertainty of the cover gas thermal conductivity is
driven by not knowing the temperature of the cover gas well. The upper and lower
limits are obtained by evaluating the thermal conductivity correlation Equation (2) at
300 and 1000 K.

Table 5. Uncertain parameters of the SIRIUS-CAL experiment thermal-hydraulics model.

Parameter Variation Reference
Cover gas and Y
cavity tgemperature +10%Tpc(t) see text
CERMET thermal conduct 420% nominal see text
CERMET specific heat +5% nominal see text
Specimen power see text see text
Natural Conv.ec.tion heat 190% see text
transfer coefficient
. 70-95%
CERMET density theoretical density [40]
Low value W-Re from [62]
CERMET emissivity 0.4-0.8 High value is UN
at small wavelength [66]
55316 & 304 emissivity 0.26-0.66 [62]
Inconel® 718 emissivity 0.2-0.53 [63]
Titanium grade 5 emissivity ~ 0.3-0.47 [64]
Mullite emissivity 0.8-0.85 [65]
Cover gas conductivity 0.15-0.35 W/mK [67]

Finally, there is a bias in the measured temperature response due to the delayed
response of the thermocouple relative to the specimen itself, and the fact that the ther-
mocouple is heated by gas convection and radiation heat transfer. We have not modeled
the thermocouple explicitly and have assumed a four second bias due to the delayed
thermocouple response. This is consistent with computed data, but has its own associ-
ated uncertainty.

6. Simulation Results

In this section, the results of the MOOSE multiphysics models are discussed. The
neutronics conditions in the core drive the experiment thermal-hydraulics conditions.
Therefore, we discuss steady-state and transient neutronics solutions first. The thermal-
hydraulics results of the specimen are discussed with a heavy emphasis on the uncertainty
of the results.
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6.1. Neutronics Solutions

As a first step, steady-state eigenvalue calculations are performed using Griffin, then
compared to the corresponding configurations modeled via Serpent 2 to verify that the SPH
homogenization treatment of these regions in the core provide a consistent solution. We
verify that the SPH factors are properly computed by matching the eigenvalue computed
by the homogenized Griffin model with the reference Serpent solution.

As discussed in Section 4.3, the transient rod worth resulting from the Griffin simula-
tion did not produce a reactivity that matched the measured reactor period. To obtain the
correct reactor period, uncertainties in control rod positioning and composition required
a correction to the initial transient rod positions. Study of this issue and improvement of
modeling alignment with actual rod positioning is ongoing, but is outside the scope of
this article.

The reactivity insertion and asymptotic periods resulting from transient rod with-
drawal from different calibrated initial rod positions are shown in Table 6. If the reported
transient rod position is used, the reactivity insertion estimated from the Griffin model
exceeds the reported value by around 15% and the reactor period is much smaller. The
difference in predicted reactivity insertion is conjectured to result from the uncertainties
reported in Section 5.1.

If the transient rod position is adjusted to match the reactivity of the experiment, the
Griffin-predicted reactor period will significantly differ from the measured period. To
match the reported reactivity insertion, the initial transient rod position was adjusted from
85.598 to 87.075 cm. The resulting asymptotic period was then determined to be 1.46 s,
which is still significantly smaller than the measured value of 1.826 s. This is because the
kinetic parameters obtained from the Griffin IQS calculation differ from the values reported
by TREAT staff for deriving the reactivity insertion that corresponds to the measured period.
As shown in Table 7, the total delayed neutron fraction, 3, ffs and neutron mean generation
time, A, obtained from the Griffin model are both slightly less than those used by the TREAT
staff. This demonstrates why, despite the same amount of reactivity insertion, the Griffin
model results in a smaller reactor period than the value reported from TREAT calculations.

Following [19], it is more important for accurate TREAT simulations to match the
measured reactor period than the reactivity insertion. The measured period is to be much
better quantified than control rod positions. To match the reactor period (i.e., the value
actually measured by the TREAT instrumentation), the transient rod position was adjusted
to 87.878 cm for the initial, pre-transient position.

Table 6. Adjustment of initial transient rod positions to match the measured reactivity insertion and
reactor period for the SIRIUS-CAL transient.

Transient Rod Reactivity Insertion, Asymptotic
Position, cm %Ak/k Period, s
Measurement 85.598 0.55 1.826
Griffin, without adjustment 85.598 0.63 0.892
Griffin, reactivity match 87.075 0.55 1.460
Griffin, period match 87.878 0.51 1.826

Table 7. Comparison of the reported and simulated kinetic parameters for TREAT.

Quantity Reported Griffin Relative Difference
Besf, total 7.178 x 1073 6.932 x 1073 —3.43%
A s 9.000 x 104 8.928 x 1074 —0.80%

It was noted that the adjustment made to the initial transient rod position to match the
reactor period was about 2.3 cm—Ilarger than the reported uncertainty of 0.762 cm (0.3 in)
in the rod position measurement [39].
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Figure 11 compares the measured and simulated power histories for the SIRIUS-CAL
transient. The core power increases exponentially during the first ~20 s after the transient
was initiated, reaching a peak value of around 7.5 MW at 22 s, which is very close to the
measured power of around 8 MW (ARCS). As shown in Figure 12, after about 16 s into the
transient, the Griffin-calculated average fuel temperature first begins to noticeably increase,
introducing negative reactivity feedback that, in turn, begins to compensate for the initial
reactivity insertion from transient rod withdrawal. The reactor was scrammed at 32 s into
the transient (with rapid insertion of the transient rods to the fully-in position), and the total
power sharply dropped to around 0.2 MW, as is consistent with typical core behavior. The
remaining control rods were inserted by motor-driven screw drives at about 15 cm/min
to fully shut down the core. When the reactor was scrammed, the maximum and average
core temperatures in the simulation reached peak values of 328 and 314 K, respectively, at
32 s into the transient. These results suggest that the Griffin model when fed the nuclear
data generated using Serpent can accurately predict the power behavior and the thermal
feedback phenomena using the presented analysis workflow.
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Figure 11. Log-log plot of the simulated and measured core power.
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Figure 12. Maximum and average time-dependent fuel temperatures calculated by Griffin during the
SIRIUS-CAL transient.
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The uncertainty of the reactor power trace can be estimated by comparing the spread
of the power traces recorded by the different detectors and the computed Griffin power
trace. Griffin and the reactor trip system (RTS) detectors agree well with a peak power
of 7.5 and 7.2 MW, respectively, while the ARCS system indicates a larger peak power of
8 MW. This trend is observed over the duration of the transient. Therefore, we assume
that the true power density is located between the minimum and maximum of the five
power traces in Figure 11 and the nominal power trace is the average of the minimum and
maximum power traces. The power traces are used as inputs for the quantification of the
uncertainty of the specimen temperature using the thermal-hydraulics model.

6.2. Specimen Temperature Transient

In this subsection, we explore the effect of known uncertainties present in neutronics,
thermal and thermal-hydraulics conditions on the prediction of the SIRIUS-CAL specimen.
As discussed earlier, 12 thermal and thermal-hydraulics uncertainties were identified that
we deem most important for the evolution of the SIRIUS-CAL temperature transient, as
provided in Table 5. In addition, we identified the magnitude of discrepancy between mea-
sured and predicted reactor power in Section 5. We take this discrepancy as representative
of the accuracy that Griffin simulations of TREAT’s power distribution can attain.

The ultimate goal of MOOSE-based TREAT simulations is to accurately predict the
evolution of relevant figures of merit for the experiment. The prediction of the reactor be-
havior is only important insofar as it influences the experiment. For the SIRIUS experiment
series, as well as most other TREAT experiments, the experiment temperature distribution
in space and time is of importance. The temperature distribution is affected by local and
global conditions such as:

*  Local: Experiment power driven by reactor power (i.e., the power coupling factor),
experiment thermal properties, thermal-hydraulics conditions such as heat transfer
coefficients.

*  Global: Reactor power as a function of time, temperature at the outside of the contain-
ment (TREAT fans operate during a transient, drawing air from the building above
the top of the reactor and blowing down through the fuel elements).

Uncertainties in any quantity directly or indirectly affecting these conditions lead to
uncertainties in the prediction of experiment temperatures or other figures of merit relevant
to the particular experiment.

The ultimate goal of this subsection is threefold. First, determine if the model predic-
tions match the measured temperatures to within the uncertainties (i.e., model validation);
second, identify the major drivers of uncertainties of the specimen temperature (SA/UQ);
third, devise a strategy to reduce uncertainties and remove biases to achieve superior
predictive modeling capabilities for TREAT experiments.

The thermal model developed for this work was described earlier in Section 4.5.
Figure 10 illustrates the placement of the thermocouple within the SIRIUS-CAL specimen;
it is centered in the left-most gas hole.

Validation and Uncertainty Quantification

We use Latin hypercube sampling (LHS) [68] with 10,000 samples to investigate the
effect of the input uncertainties on the specimen temperature. We present the results of this
study in Figure 13. The plot presents the envelope, median and average of the ensemble of
sampled trajectories along with the measured temperature of thermocouple #1.

The measured temperature is close to or within the envelope of prediction uncertainty.
It reacts slower to the initial rise in reactor power and the later peaking and reduction in
reactor power. We conjecture the difference in prediction and measurement is caused by
comparing the temperature at the inside of the channel with the temperature of the TC
which is inserted into the channel and then shielded by a stainless-steel sheath. Because of
the shielding the temperature of the TC is thermally buffered against changes in reactor
power, but the channel wall temperature is not thermally buffered. The difference in thermal
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buffer also causes the difference in shape of the temperature curve when peak power is
reached. The channel wall shows a much more abrupt change in slope at the temperature
peak than the TC. The lack of an accurate TC model contributes both to uncertainty and
biases in the prediction of TC measurements. This hinders the validation process for
MOOSE experiment models but does not affect their accuracy for predicting specimen
temperatures. Nevertheless it is recommended to include accurate TC models in the future
to enable post-experiment comparison of Griffin models and experimental results.

The measured curve for TC#1 lies outside of the envelope of prediction uncertainty
starting at 30 s and ending at 40 s of transient time. The measured curve being outside of
the envelope of prediction uncertainty is referred to as discrepancy. Future assessment of
the SIRIUS-CAL model must determine if the discrepancy of the TC#1 measurement and
the Griffin predictions including their uncertainties is caused by the lack of an accurate TC
model, underestimation of existing input uncertainties and biases, unrecognized sources of
uncertainty, or modeling assumptions. Among these modeling assumptions are the effect
of shortening the experiment model to the flask height, the simplification of the radiative
heat transfer between specimen and capsule, and the limiting convective heat transfer
modeling to an isothermal cover gas. The possible effect of these modeling assumptions is
not reflected in the uncertainty quantification shown in Figure 13.

However, more important than resolving the discrepancy of the measured and com-
puted results is the reduction of prediction uncertainty. At peak temperature and during the
later part of the cool-down, the propagated uncertainty on the thermocouple temperature is
150 K. The uncertainty in the prediction of the thermocouple temperature must be reduced
to realize the advantage of high-fidelity simulations of TREAT experiments. First, 150 K
uncertainty on peak temperatures is comparable to the thermal margin of NTP fuel. In
addition, fuel performance and qualification studies rely on accurately quantifying the
temperatures of experiments and 150 K of uncertainty on temperature makes modeling
and simulation useless for supporting such analyses. Thus, the current uncertainty might
be unacceptably high for experiment design purposes. Second, if uncertainties stemming
from data and modeling assumptions are of the same order or larger than anticipated errors
from significantly simplified models or even hand calculations, higher-fidelity modeling
becomes pointless. Finally, validation is not particularly valuable if the uncertainty bands
on the best estimate solution are excessively large.

—— Minimum temperature
900 1 g Maximum temperature
,l,‘ —=- Average temperature
800 %4 \\ ------ Median temperature
\\ N —=- TC #1 measurement
< 700 1
GL)
.g
5 600
o
§
F 500 -
400
300 -
0 20 40 60 80 100
Time [s]

Figure 13. Results of the uncertainty quantification study for the temperature evolution of the fuel
SIRIUS-CAL fuel specimen. The envelope of computed temperature trajectories is colored in green
and the average and median temperature trajectories are presented. The temperature response of
thermocouple #1 is shown in red.
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We use sensitivity analysis to identify the input uncertainties that drive the tempera-
ture uncertainty. The contribution to the overall uncertainty is quantified by:

5Tu(t) = | 2L (1) Aa

where & are the uncertain quantities and A« the possible range of their values as identified
in Table 5.

The larger 0T, is, the more the uncertainty of the input « affects the precision of
the computed temperature. The contributions are plotted versus time in Figure 14. The
contributions are discussed in detail:

¢  Cover gas thermal conductivity has the largest T of up to 40 K. The cover gas thermal
conductivity is important because the experiment is small and temperature levels
are below 1000 K so that thermal conductivity through the cover gas is an important
heat transfer mechanism. This uncertainty can be reduced significantly by increasing
the knowledge of the cover gas temperature that drives the uncertainty in cover gas
thermal conductivity. For that purpose, a thermal-hydraulics or CFD model of the
cavity cover gas should be added to the SIRIUS-CAL experiment model.

------ Cover gas temperature —-- eps CERMET
—— CERMET thermal conductivity —:= epsSS
----- CERMET cp —-= eps inconel
Power eps mullite
—— HTC vertical —-= eps titanium
—— HTC horizontal —-= Cover gas conductivity

CERMET nominal density

———

35 1

30 1

25 1

20 1

6 T [K]

151

10

0 20 40 60 80 100
Time [s]
Figure 14. Contribution of the different uncertainties in input parameters to the uncertainty of the
temperature prediction.

*  The specimen power accounts for about 35 K of uncertainty.

¢ The CERMET nominal density contributes up to 25 K to the uncertainty. This un-
certainty stems entirely from lack of information from the experimenters and can be
reduced by a more careful pre-experiment characterization of the specimen.

e The CERMET specific heat contributes up to 15 K. This uncertainty can be reduced by
measurements and modeling and simulation of the material properties of the CERMET
such as performed in [69].

®  The heat transfer coefficient on the vertical surfaces contributes up to 12.5 K. The
uncertainty of heat transfer coefficients can be reduced by improving the fidelity of
the cover gas thermal-hydraulics model, using a CFD model for the cover gas region,
or using CFD to inform a more accurate thermal-hydraulics model with closure
relationships such as heat transfer coefficients.

¢  The CERMET thermal conductivity contributes up to 7.5 K. The same comments as
for the specific heat applies.

*  The cover gas temperature contributes up to 7.5 K. Note that cover gas thermal
conductivity and cover gas temperature are changed independently so this sensitivity
is only to the temperature of the cover gas assuming that the thermal conductivity
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does not change. The knowledge of the cover gas temperatures can be improved by
using a better thermal-hydraulics model of the cover gas region.

¢ The effects of emissivities and heat transfer coefficients on the horizontal surfaces
are negligible.

The sensitivity analysis clearly points to three main reasons for the large uncertainty
on the output: the specimen power, the material properties and specimen characterization,
and the simplifying assumptions of the thermal-hydraulics model of the experiment. They
are detailed as follows:

*  The specimen power is affected by the reactor power and the power coupling factor.
In this work, we assume that the PCF does not change during the transient. Therefore,
uncertainties are entirely due to the reactor power. The prediction of the reactor power
with Griffin is an active field of work. The two main problems identified in Ref. [19]
are the over-prediction of control rod worth by the existing Serpent model (similarly
TREAT reactor operation’s MCINP models also overestimate control rod worth) and the
discrepancy of neutron kinetics data in SPH corrected neutron diffusion calculations.
The issue with effective kinetics data in the Serpent-Griffin-SPH data pipeline are
discussed in Ref. [59].

*  Material properties and specimen characterization are outside of the realm of neutronics/
thermal/thermal-hydraulics modeling of TREAT experiments. The uncertainties from
these sources are large for the SIRIUS-CAL experiment because of unusually poor
characterization of the specimen density and the relative novelty of the W-Re-25
CERMET. Future experiments, even within the SIRIUS series, will have more accurate
material properties available.

¢ The thermal-hydraulics assumptions in the presented model lead to large uncertainties.
In particular, gas temperature in the cavity and radiative transfer in the cavity (e.g.,
via a net radiation transfer method) would reduce the uncertainties significantly.

7. Conclusions

Advanced nuclear fuel materials’ performance and associated structure will be key
to getting NTP engine concepts off the ground, both figuratively and literally. A number
of material tests were performed from the late 1950s to the early 1970s under the Rover
and NERVA NTP programs [9,70], and current development efforts have drawn largely
from that work. However, current interests have resulted in new materials testing based on
experience gleaned from earlier work, combined with modern materials performance data
and testing methods. A major focus of the NASA Space Nuclear Propulsion Program lies
in reviving NTP fuel fabrication techniques and design knowledge [71]. New materials are
being tested at NASA’s non-nuclear NTREES facility, as well as at INL's TREAT reactor.

This article reviewed an analysis of the first of the TREAT transient tests: a calibra-
tion experiment called SIRIUS-CAL. Predicting the transient behavior of TREAT and the
performance of the experiment specimen as a result of that transient behavior is key to
validating Griffin and MOOSE for the simulation of future SIRIUS experiments, as well as
for application in NTP designs. As of this writing, the SIRIUS-1, SIRIUS-2a and SIRIUS-2b
experiments have been completed. The design for SIRIUS-3 is complete, the experimental
apparatus is assembled and the test scheduled for March 2022. Note that unlike with the
SIRIUS-CAL experiment, each subsequent experiment is repeated on the order of 6-8 times
for the test sample, simulating the multiple heatup/cooldown cycles experienced in real
NTP engines. Griffin simulations are underway for the SIRIUS-1 and SIRIUS-2a experi-
ments. SIRIUS-3 will be used to test a stack of 16 fuel elements. Each of these tests will be
used to validate the methods described herein. With the SIRIUS-1 tests, structural analysis
began to be added. Both the structural and thermal models have been completed for the
SIRIUS-1 experiment, and PIE data will soon be available. In the near future, a wealth of
data will become available for software validation.
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The end goal is to provide validated multiphysics analysis capabilities to support
NASA in designing NTP systems. However, this work is also being used internally at
INL for the design of future experiments. The SIRIUS-4 experiment will use a stack of 10
CERMET fuel specimens and be the first experiment to use forced hydrogen flow through
the stack. The heated hydrogen exiting the specimen stack will pass through a heat sink,
then be mixed with cooler bypass hydrogen to reduce the temperatures of gases exiting
the fuel stack. The SIRIUS-5 experiment will be similar in form but will use a CERCER
fuel material. The stacked elements and hydrogen flow will complicate the design analysis
for traditional methods; models for Griffin-based multiphysics simulations coupled with
RELAP-7 are already under development in order to aid in the final design of the fuel
samples, focusing primarily on stress analysis.

Griffin, which is compiled using the MOOSE framework, has proven capable of
generating strongly coupled simulations with high-order spatial and temporal resolution.
The current data workflow for TREAT entails a set of full-core steady-state Serpent Monte
Carlo simulations to prepare base cross-sections and reference fluxes for the SPH method
to preserve the reference reaction rates. The results from the base Griffin model show good
agreement between the Griffin solutions and the Serpent reference calculations for the
experiment with an air-filled experiment cavity. However, the reported work and ongoing
analysis of the SIRIUS-1 experiment have highlighted issues with respect to control rod
uncertainties. Although the SIRIUS-CAL experiment used transient rod withdrawal to
initiate the transient, and the rods remained fully withdrawn until the reactor scram,
SIRIUS-1 (and later transients) all use computer-driven transient rod motion to shape the
core power response. Errors in regard to control rod position and composition are even
more pronounced under this type of insertion. Hence, research is underway to better qualify
the control rod model. The nature of such work falls outside the scope of this article, but
this has demonstrated the value of this validation effort for identifying shortcomings in the
modeling approach. We hope to publish the results of the SIRIUS-1 experiment simulation
in the near future, thus providing a summary of transient rod modeling improvements.

Other areas remain to be investigated further. These areas include the use of SPH
factors during a transient. These factors are computed for a range of temperatures and
control rod state points, but are generated during a steady-state Serpent simulation. It is
unclear whether delayed neutrons have any effect, though such an effect would likely be
small and has thus been ignored up to this point. In addition, the use of static calibration
factors may introduce some error, as these factors were shown in earlier Griffin calculations
to be time-dependent, varying as a function of control rod motion early in the transient,
then as a function core temperature as the reactor heats up [19].
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