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ABSTRACT

Uranium oxycarbide (UCO)-bearing tri-structural isotropic (TRISO)

particle fuels are expected to be used in numerous U.S. commercial reactor

applications within the next decade. In this work, we reviewed historical

particle fuel transient experiments to identify gaps in TRISO fuel performance

transient testing. A BISON–Griffin modeling framework was then developed to

conduct preliminary TRISO transient analyses and begin to address these gaps.

The framework was demonstrated using limiting-case transient conditions

from a prototypic high-temperature gas-cooled reactor (HTGR). It was then

applied to develop a matrix of experiments that could be performed in the

Transient Reactor Test Facility (TREAT) to (1) evaluate UCO-fueled particle

performance at moderate and high heat rates, (2) assess whether historical

testing involving UO2-fueled particles is applicable to modern UCO-fueled

particles, (3) deconvolute the impacts of temperature and heat rate on particle

transient response, and (4) collect the data needed for fuel performance model

validation and/or further development.

v



Page intentionally left blank

vi



CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

ACRONYMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2. HISTORY OF PARTICLE FUEL TRANSIENT ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

3. TRANSIENT GAP ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

4. ANALYSIS OF THE REFERENCE TRANSIENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

4.1. Fuel Performance Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

4.2. TREAT Predictive Transient Modeling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

5. ANALYSIS OF POTENTIAL TREAT TRANSIENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

5.1. Fuel Performance Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

5.2. TREAT Predictive Transient Modeling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

6. CONCLUSIONS AND FUTURE WORK. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

7. REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

vii



FIGURES

Figure 1. Simplified timeline highlighting major trends and advancements relevant to the study of tri-

structural isotropic (TRISO) performance during transient operations. Early experiments

were conducted with numerous types of particle fuels to identify promising designs and

characterize their failure behaviors, paving the way for focused transient experiments in

test reactors, and ultimately, operating high-temperature gas-cooled reactors (HTGRs).

These and other steady-state data were used to develop TRISO fuel performance models,

which have since been applied to predict TRISO performance under various HTGR and

non-HTGR operating conditions. These models have been leveraged extensively by the

U.S. Advanced Gas Reactor (AGR) program and to support commercial deployment of

TRISO-fueled advanced reactors as part of the Advanced Reactor Demonstration Program

(ARDP) and other public and private activities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Figure 2. Qualitative diagram illustrating where historical and AGR program experiments fall within

the transient parameter space defined by transient temperature and characteristic heat rate.

The diagram highlights regions of the HTGR and non-HTGR parameter spaces that have

not yet been explored. These observations form the basis of the preliminary gap analysis

conducted in the current work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Figure 3. Schematic illustrating the two computational domains used for BISON analyses. A

simplified Transient Reactor Test Facility (TREAT) capsule modified to accommodate a

homogenized AGR-2 compact is shown on the left. The Multiphysics Object-Oriented

Simulation Environment (MOOSE) MultiApp system was used to model a fully-resolved

TRISO particle at the center of the compact, as shown on the right. . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Figure 4. Evolution of three common fuel performance metrics during the steady-state AGR-2

irradiation: peak particle temperature, particle internal pressure, and peak tangential stress

in the inner pyrolytic carbon (IPyC), silicon carbide (SiC), and outer pyrolytic carbon

(OPyC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Figure 5. Comparisons between the peak temperatures and heat rates predicted for the reference

transient in the current work and values extracted from the reference [34]. The comparisons

show that the BISON simulation adequately represents the reference transient, except for

omission of a momentarily-high heat rate at about 30 s, which is shown in the inset. Here,

reactor transient time denotes the duration of simulated reactor operation, which excludes

the time spent preheating the sample from room temperature to the transient initiation

temperature given in the reference.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Figure 6. Evolution of three common fuel performance metrics during the steady-state AGR-2

irradiation and the subsequent reference transient. Here, transient time denotes the total

time spent preheating and irradiating the sample in TREAT. The results show that BISON

predicts a higher temperature, higher internal pressure, and less-compressive tangential

stress in the SiC during the transient than during the steady-state irradiation. . . . . . . . . . . . . . . . . 10

Figure 7. Illustration of the TREAT predictive transient model calculation workflow [35, 36]. . . . . . . . 12

Figure 8. Radial and axial views of the Serpent model used to analyze the TRISO compact in TREAT. 12

Figure 9. Evolution of three common fuel performance metrics predicted for the experiments outlined

in Table 4. Here, T0 denotes the transient initiation temperature, and (∆T/∆t) denotes
the peak heat rate. The stress predictions are for the SiC layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

viii



Figure 10. The instantaneous thermal expansion coefficients of pyrolytic carbon (PyC) (in the

tangential direction) and SiC as predicted by BISON and another view of SiC tangential

stress evolution during sample preheating and immediately following reactor startup. The

inset in the thermal expansion plot shows the thermal expansion mismatch, which is given

by the PyC coefficient minus the SiC coefficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Figure 11. Evaluation of reactor operation conditions, including reactor power, total deposited energy,

average core temperature, and control rod movement and speed for the experiments outlined

in Table 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

ix



TABLES

Table 1. Summary of physical behaviors and material properties included in the compact-level

simulation and the BISON class(es) used to model each. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Table 2. Summary of physical behaviors and material properties included in the particle-level

simulation and the BISON class(es) used to model each. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Table 3. Description of the TREAT predictive transient model components and submodels. . . . . . . . . . . 13

Table 4. Example experiment matrix based on characteristic values from the reference transient.

TREAT resistive-preheating and power-shaping capabilities can be leveraged to precisely

control transient initiation temperature and heat rate, enabling studies that could deconvolute

the roles of the two parameters and facilitate model development and validation.. . . . . . . . . . . . . 14

x



Page intentionally left blank

xi



ACRONYMS

AGR Advanced Gas Reactor

ARDP Advanced Reactor Demonstration Program

ATR Advanced Test Reactor

AVR Arbeitsgemeinschaft Versuchsreaktor

BAF Bacon anisotropy factor

CRW control rod withdrawal

CZP cold-zero power

DBA design basis accident

FGR fission gas release

FHR fluoride-salt-cooled high-temperature reactor

HTGR high-temperature gas-cooled reactor

HTR-10 High Temperature Gas-cooled Reactor Test

Module

HTTR High Temperature Engineering Test Reactor

IGR Impulse Graphite Reactor

IIDC irradiation-induced dimensional change

IPyC inner pyrolytic carbon

LWR light water reactor

MOOSE Multiphysics Object-Oriented Simulation

Environment

NDMAS Nuclear Data Management and Analysis System

NSRR Nuclear Safety Research Reactor

xii



NTP nuclear thermal propulsion

OPyC outer pyrolytic carbon

PyC pyrolytic carbon

SiC silicon carbide

TREAT Transient Reactor Test Facility

TRISO tri-structural isotropic

UCO uranium oxycarbide

xiii



Page intentionally left blank

xiv



Pre-Test Feasibility Study of Reactivity Transient
Testing on TRISO Fuel in the TREAT Reactor
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1. INTRODUCTION

Particle-based fuels are slated for use in numerous U.S. commercial reactor applications expected to

be deployed within the next decade. Particle-based fuels generally consist of multi-layer encapsulated fuel

particles arranged within a graphite, silicon carbide (SiC), or other carbonaceous matrix to form pebbles or

compacts. The applications mentioned above are likely to utilize particles similar to the uranium oxycarbide

(UCO)-fueled tri-structural isotropic (TRISO) design developed under the U.S. Advanced Gas Reactor (AGR)

Program [1].

This particle design consists of a UCO kernel surrounded by a low-density carbon buffer layer, which

provides free volume to accommodate fission gases released from the kernel and mechanical deformation

of neighboring layers [2]. This is covered by an inner pyrolytic carbon (IPyC) layer, which contributes to

retention of non-metallic fission products and provides support for the SiC layer that follows. The SiC layer

is primarily responsible for retention of metallic fission products and acts as the primary pressure vessel for

the fuel form. The final particle layer is the outer pyrolytic carbon (OPyC), which serves a purpose similar to

that of the IPyC and additionally protects the SiC during particle overcoating and compaction processes.

The U.S. Nuclear Regulatory Commission provides guidance for the design and operation of nuclear power

plants in the Code of Federal Regulations and various technical and topical reports. This guidance is used to

develop functional requirements, operational requirements, and fuel design criteria for specific engineering

applications. Among other things, these requirements establish metrics for containment of radioactive nuclides.

These metrics must be satisfied during both steady-state (normal) and transient operation, which includes

various anticipated operational occurrences, design basis accidents (DBAs), and beyond design basis accidents

relevant to each reactor type.

Because radionuclides can be released from both intact and failed particles, release calculations must

account for the amount of radioactivity released from each particle type, as well as the probability of particle

failure. A particle is typically considered to have failed when its SiC layer has been mechanically and/or

chemically compromised. Fuel performance codes have been developed to model these behaviors and the

irradiation, thermomechanical, and thermochemical processes on which they depend [3]. These codes can be

applied throughout the fuel development life cycle—from scoping calculations used to identify promising

designs, to confirmatory analyses used to support qualification and licensing.

One such code is BISON, a finite element-based fuel performance code developed by numerous U.S.

institutions and maintained by Idaho National Laboratory [4]. BISON, which is based on the Multiphysics

Object-Oriented Simulation Environment (MOOSE) Framework [5], features a multitude of TRISO modeling

capabilities [6] and has been applied extensively to conduct TRISO fuel performance and failure calculations

[7]. Combining BISON with codes like Griffin, a MOOSE-based reactor multiphysics application [8, 9],

yields a formidable toolkit for TRISO source term analysis and experiment design.

The purpose of this work is to identify gaps in the TRISO transient fuel performance design space

and demonstrate a multiphysics analysis framework based on BISON and Griffin, which could be applied

to help design and interpret targeted experiments to fill those gaps. We begin by briefly reviewing the

history of particle fuel transient testing and analysis. Guided by publicly-available information about the

U.S. commercial reactor applications expected to utilize TRISO fuels, we then define a preliminary transient

fuel performance design space and identify potential gaps in our current understanding. Next, we apply

a new multiphysics analysis framework based on BISON and Griffin to conduct preliminary TRISO fuel
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performance analyses using limiting-case transient conditions from a prototypic high-temperature gas-cooled

reactor (HTGR).

Finally, we identify a series of targeted Transient Reactor Test Facility (TREAT) experiments intended

to address gaps in the design space and apply the codes to demonstrate how they can be leveraged to aid

in experiment design and interpretation of experimental data. Ultimately, this work is intended to support

deployment of TRISO fuels for commercial U.S. applications by identifying opportunities to improve our

understanding of TRISO fuel performance and providing a concrete demonstration of how existing codes and

experimental facilities can be effectively utilized to design and conduct relevant experiments.

2. HISTORY OF PARTICLE FUEL TRANSIENT ANALYSIS

Several in-depth reviews of TRISO in-pile steady-state testing, out-of-pile high-temperature testing, and

fuel performance modeling are available in the open literature [2, 3]. This work focuses on in-pile transient

testing, for which an excellent review was recently published by Brown [10]. An in-depth examination

of the material covered by Brown is beyond the scope of this work. Instead, we examine major trends

and advancements in the study of TRISO performance during transients within the context of ongoing

commercialization efforts. A timeline of these events is shown in Figure 1.

Figure 1. Simplified timeline highlighting major trends and advancements relevant to the study of TRISO

performance during transient operations. Early experiments were conducted with numerous types of particle

fuels to identify promising designs and characterize their failure behaviors, paving the way for focused

transient experiments in test reactors, and ultimately, operating HTGRs. These and other steady-state data

were used to develop TRISO fuel performance models, which have since been applied to predict TRISO

performance under various HTGR and non-HTGR operating conditions. These models have been leveraged

extensively by the U.S. AGR program and to support commercial deployment of TRISO-fueled advanced

reactors as part of the Advanced Reactor Demonstration Program (ARDP) and other public and private

activities.

Early experiments subjected numerous types of particle fuels to in-pile and out-of-pile testing to identify

promising designs and characterize their failure behaviors [11]. Design variables included fuel material

(e.g., UC2, ThO2, and UO2), layer structure (e.g., bi-structural isotropic and TRISO), layer dimensions, and

fabrication techniques. Particle failure behaviors including kernel migration, over-pressurization, and Pd

penetration were characterized over a range of operating conditions. They identified promising designs

and concluded that particles fabricated within specifications are not likely to fail under prototypic HTGR

conditions. Observed particle failures were attributed to fabrication defects and/or exposure to abnormally

high temperatures in thermal excursion tests designed to simulate transient operations.

Those early studies paved the way for more focused transient experiments in test reactors such as the
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Nuclear Safety Research Reactor (NSRR), HYDRA, and the Impulse Graphite Reactor (IGR) [12–14]. The

NSRR and HYDRA tests subjected both loose particles and compacts to pulsed irradiations with energy

depositions ranging from 100-2300 J/g-fuel and pulse widths of 1-5 ms. Evidence of fuel melting was noted

in several tests, and particle and matrix failure was correlated to energy deposition. The IGR tests subjected

compacts to energy depositions in excess of 10,000 J/g-fuel using significantly longer pulses to characterize

matrix failure behaviors. All of the above tests were conducted with UO2-fueled particles.

Subsequent transient testing was performed in operating HTGRs, including the Arbeitsgemeinschaft

Versuchsreaktor (AVR), High Temperature Gas-cooled Reactor Test Module (HTR-10), and High

Temperature Engineering Test Reactor (HTTR) [15–19]. Tests were conducted with both pebbles and

prismatic compacts bearing UO2-fueled particles. The experiments successfully demonstrated that acceptable

fuel performance could be maintained during prototypic pressurized loss of forced convection, depressurized

loss of forced convection, and control rod withdrawal (CRW) transients.

Data from the preceding tests and other steady-state testing were used to develop TRISO fuel performance

models [3]. These have since been applied to model TRISO fuel performance in the aforementioned test

reactor irradiations [20, 21] as well as under prototypic HTGR [22–24], fluoride-salt-cooled high-temperature

reactor (FHR) [25, 26], and light water reactor (LWR) [27] transients. The models have also been used

extensively by the AGR program to model TRISO fuel performance during steady-state irradiations [1, 28–30]

and out-of-pile safety tests [31, 32] in support of its mission to reduce risk of entry into the commercial U.S.

HTGR market.

Demand for these data and tools increased dramatically in the 2020s with the beginning of the U.S. ARDP.

The program, along with other public and private activities, is intended to support commercial deployment of

advanced reactor technologies in the U.S., including those fueled by TRISO. Currently, plans are in place to

develop TRISO-fueled reactors based on HTGR, FHR, LWR, and heat pipe technologies within the next

decade. Acceleration of these commercialization efforts make this the ideal time to assess the remaining gaps

in the transient TRISO fuel performance design space.

3. TRANSIENT GAP ANALYSIS

Early scoping studies established the general behavior of various particle fuels. Subsequent test reactor

irradiations improved confidence in their use by beginning to characterize the failure envelope of UO2-fueled

particles under transient conditions. These studies correlated failure to the total energy deposited in particles

over the course of very short pulse irradiations.

While total energy deposition and pulse width are reasonable metrics for describing test reactor irradiations,

they are less useful for correlating fuel performance behaviors to the conditions present in commercial power

reactors during transient operation. Metrics such as transient initiation temperature and characteristic heat

rate may be more useful. The transient temperature is important because it directly impacts nearly all

thermomechanical and thermochemical material properties. The characteristic heat rate, or rate of change of

temperature, is important due to its potential impact on temperature-dependent phenomena that occur over

different time scales.

One example of a transient phenomenon is differential thermal expansion of TRISO layers at a rate that

exceeds the ability of creep to relieve the resulting stresses, which could increase the likelihood of layer

fracture and/or debonding. This phenomenon highlights a potentially impactful difference between in-pile

and out-of-pile testing. In-pile testing, where heat is produced in the kernel and migrates outward through

the coating layers, produces distinctly different temperature gradients (and therefore deformation behaviors

and stresses) than out-of-pile testing, where heat is supplied by a furnace and migrates into the particle.

Differences in how particles perform under these different testing conditions are not thoroughly understood.

Another example is fission gas bubble over-pressurization and micro-cracking, which is associated with

transient fission gas release (FGR) in ceramic fuels used in LWR applications [33]. This phenomenon, which
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is sometimes referred to as “burst release” and cannot be attributed to typical diffusive release mechanisms,

could potentially increase particle internal pressure and therefore layer stresses.

Unfortunately, the large deposited energies, narrow pulse widths, and general setups of the test reactor

irradiations (which frequently induced fuel melting) make it difficult to determine accurate thermal histories

for the samples. This, in turn, makes it difficult to correlate the observed behaviors to the power and cooling

conditions that may be present during realistic transients in commercial power reactors. Data from subsequent

transient testing in AVR, HTR-10, and HTTR are more readily applicable, but still limited to UO2-fueled

particles in HTGRs.

Finally, the AGR program successfully demonstrated acceptable performance for UCO-fueled particles

in a series of in-pile steady-state and out-of-pile safety tests. The AGR experiments and the historical tests

discussed above are arranged within a qualitative parameter space defined by transient temperature and

characteristic heat rate in Figure 2. The types of TRISO-fueled reactors being considered for near-term

commercial deployment and the adequacy of the coverage in various regions of the parameter space are used

to identify specific gaps in our transient understanding below.

Figure 2. Qualitative diagram illustrating where historical and AGR program experiments fall within the

transient parameter space defined by transient temperature and characteristic heat rate. The diagram

highlights regions of the HTGR and non-HTGR parameter spaces that have not yet been explored. These

observations form the basis of the preliminary gap analysis conducted in the current work.

The authors emphasize that TRISO fuels have exhibited outstanding levels of safety and predictability for

HTGRs under normal operation and accident conditions. The purpose of this analysis is to identify regions

of the fuel performance design space that have not yet been explored enough to make generally-applicable

assertions about UCO-fueled TRISO performance under those conditions. Each application will differ, and it

will ultimately fall on members of industry and regulators to demonstrate and confirm that its performance

is acceptable. This analysis is intended to make that process more efficient by identifying and addressing

potential issues in advance.

Gaps in our understanding of UCO-fueled TRISO performance during HTGR and non-HTGR transient

operation are summarized below.

• It is not clear whether findings from historical transient tests performed with UO2-fueled particles

are directly applicable to modern UCO-fueled particles. UO2 and UCO have different compositions,

microstructures, and atomic bond strengths; and the particles have different structures, dimensions, and

fabrication techniques—all of which could affect their transient performance. The in-pile performance of

UCO-fueled particles at moderate and high heat rates (approximately 0.1-10 K/s and 10+ K/s, respectively)

has not been observed directly.

• Historical test reactor irradiations convolute the effects of temperature and heat rate. The conditions were

not representative of commercial power reactors, and it is difficult to determine accurate thermal histories

for the samples, so their ability to bound fuel performance for commercial applications is limited.

• Data from historical tests performed in operating HTGRs are ideal for supporting ongoing HTGR
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commercialization efforts. However, additional testing may be needed to characterize performance in

regions of the parameter space applicable to different types of reactors or drastically-different HTGR

designs and service conditions.

A multiphysics modeling and simulation workflow based on BISON and Griffin was developed to model

TRISO fuel performance and aid in the design of targeted transient experiments capable of addressing these

gaps. BISON was used to identify the power and temperature conditions needed to target specific regions of

the transient parameter space by modeling TRISO fuel performance at both the compact and particle scales.

A surrogate reactivity model based on Griffin was then used to determine the TREAT operating parameters

(i.e., power, temperature, and control rod motion) needed to expose the fuel to the desired operating regime.

The workflow was first applied to simulate a reference transient for a prototypic HTGR to establish a

baseline. It was then applied to identify and design a series of potential TREAT experiments that could be

conducted to address the gaps noted above. These analyses are detailed in the following sections.

4. ANALYSIS OF THE REFERENCE TRANSIENT

The Griffin reactor multiphysics application was recently used to model power and fuel temperature

evolution in response to a series of transients for a prototypic pebble bed-type HTGR [34]. Analyses included

CRWs from cold-zero power (CZP) and hot-full power. The CRW from CZP transient was determined to be

the most limiting from a fuel performance perspective due to the high heat rates and temperatures it produced

in the fuel. Although this transient exceeds typical DBAs, which usually involve a partial withdrawal from

the equilibrium position, it was the only scenario considered significant enough to warrant analysis using fuel

performance tools. This scenario requires the reactor at equilibrium to shut down for several weeks to allow

for Xe decay, reduce decay heat, and bring the fuel temperature down to the helium inlet temperature. It then

requires a complete, simultaneous, and uninterrupted spurious withdrawal of all control rods at a rate of 1

cm/s, requiring several minutes without intervention to fully withdraw.

Notably, the analysis confirmed the stability and reliability of both the reactor and fuel designs.

Nevertheless, the severity of the transient makes it ideal for exercising the multiphysics modeling workflow

in the current work. The CRW from CZP transient, hereafter referred to as the reference transient, was

reconstructed in BISON to model TRISO fuel performance at a fidelity exceeding that of the smeared

compact-scale representation used to perform the original analyses. A workflow utilizing Griffin was then

applied to determine the conditions necessary to conduct a representative transient experiment in TREAT.

This analysis approach was adapted from a workflow recently developed to aid in the design of TREAT

experiments for fuels used in nuclear thermal propulsion (NTP) systems [35, 36].

4.1. Fuel Performance Modeling

The BISON model geometry was adapted from the TREAT capsule design used in the earlier NTP

work. The simplified geometry consists of three layers, including a titanium capsule, a zirconia liner, and a

molybdenum flask. Simplified internals consisting of a tungsten sample holder and zirconia spacers were

used to position a single AGR-2 compact within the capsule. The gaps between the solid bodies were assumed

to be filled with Ar gas. This setup helps to insulate the TRISO compact from its surroundings, decreasing

the power needed to achieve high heat rates and temperatures. The MOOSE MultiApp system was used to

position a single TRISO particle at the center of the smeared compact (at the hottest location). The compact-

and particle-scale geometries are shown in Figure 3.

Note that while the reference transient used pebble-type fuel, the current work focuses on cylindrical

compacts like those used in the AGR program. Compacts like these have already been irradiated under

prototypic conditions and may be available for follow-on transient testing. This change in compact form is

not expected to have a significant impact on fuel performance at the particle scale. Using loose particles to
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Figure 3. Schematic illustrating the two computational domains used for BISON analyses. A simplified

TREAT capsule modified to accommodate a homogenized AGR-2 compact is shown on the left. The

MOOSE MultiApp system was used to model a fully-resolved TRISO particle at the center of the compact,

as shown on the right.

conduct transient experiments, as was done in historical test reactor irradiations, may be inadvisable because

loose particles may fail at higher rates than those supported by matrix material. Transient experiments could

potentially be conducted with smaller portions of compacts, but care would need to be taken to ensure that this

type of testing is representative of full-compact behavior. While this approach would require less material per

test, testing fewer particles would make it more difficult to collect meaningful failure statistics and validate

quantitative failure probability predictions.

At the compact scale, BISON models transient conduction and radiation with heat generation. Material

properties were taken from BISON whenever possible, and otherwise from the public references used by

the earlier NTP work. The BISON classes applied at the compact scale are summarized in Table 1. These

include thermal conductivity degradation in the TRISO compact due to irradiation. A full description of this

and other models can be found in the extensive BISON documentation available online [37].

Table 1. Summary of physical behaviors and material properties included in the compact-level simulation

and the BISON class(es) used to model each.

Model BISON class(es)

Conservation of energy HeatConductionTimeDerivative, HeatConduction,
and HeatSource

Meshed cavity radiation GrayDiffuseRadiation
Unmeshed gap conduction and radiation GapHeatTransfer
Density Density
Thermal properties XThermal and HeatConductionMaterial

(X = GraphiteMatrix, Molybdenum)
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Reactor temperature, which is applied to the outside of the capsule, and power density, which is applied

uniformly throughout the compact, supply the boundary conditions and forcing functions needed to drive

the compact-scale simulation. The compact-scale simulation, in turn, drives the particle-scale simulation

through the MOOSE MultiApp system. The spatially-resolved compact temperature is sampled at the particle
location to provide a time-varying boundary condition, which is applied to the surface of the particle, linking

the two scales.

At the particle scale, BISON models transient heat conduction with heat generation and finite deformation

mechanics. The behaviors modeled include formation of a gap between the buffer and IPyC with appropriate

thermal and mechanical contact constraints, irradiation effects such as fuel swelling, FGR and associated

internal pressure buildup, and IPyC and OPyC irradiation-induced dimensional change (IIDC), which accounts

for the irradiation-dependent Bacon anisotropy factor (BAF). UCO material properties and behavioral models

were used whenever possible, and UO2 models were used in cases where no UCO model was available or

when the available UCO model did not fully support MOOSE Restart functionality. Use of selected UO2

models is not expected to be a significant limitation at this stage of the work. Development of additional

UCO-specific models is ongoing, and they will be incorporated into these analyses as they are made available.

A full list of the BISON classes employed at the particle scale is given in Table 2. As before, full descriptions

of these models, the theory behind them, and underlying references can be found in the online BISON

documentation [37].

Table 2. Summary of physical behaviors and material properties included in the particle-level simulation and

the BISON class(es) used to model each.

Model BISON class(es)

Conservation of energy HeatConductionTimeDerivative, HeatConduction,
and NeutronHeatSource

Conservation of momentum QuasiStaticAction
Internal pressure PlenumPressureAction
Buffer–IPyC mechanical contact ContactAction
Buffer–IPyC gap conduction ThermalContactAction
Density Density
Thermal properties XThermal and HeatConductionMaterial

(X = UCO, Buffer, MonolithicSiC)
Thermal expansion UO2ThermalExpansionMATPROEigenstrain

and XThermalExpansionEigenstrain
(X = Buffer, PyC, MonolithicSiC)

Elasticity XElasticityTensor (X = UCO, Buffer, PyC, MonolithicSiC)
Creep XCreepUpdate (X = UO2, BufferCEGA, PyCCEGA, MonolithicSiC)
Fuel burnup UCOBurnup
Fuel FGR UO2Sifgrs
Fuel swelling UCOVolumetricSwellingEigenstrain
Buffer, IPyC, and OPyC IIDC XCEGAIrradiationEigenstrain (X = Buffer, PyCCEGA)
IPyC and OPyC BAF BaconAnisotropyFactor

AGR-2 operating conditions obtained from the Nuclear DataManagement and Analysis System (NDMAS)

were used to simulate irradiation of the particle in the Advanced Test Reactor (ATR) using BISON [38].

Specifically, this work utilized time-resolved power density, temperature, and fast neutron fluence data from

Compact 2-4-2, which achieved the highest burnup of the compacts irradiated during the AGR-2 experiment.
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Simulating the ATR irradiation, hereafter referred to as the steady-state irradiation, allowed us to establish

the initial conditions needed to model the transient response of irradiated TRISO fuel. These conditions could

also be omitted to model the transient response of fresh TRISO fuel if desired.

Three common TRISO fuel performance metrics were selected for examination in this work: peak particle

temperature, internal particle pressure, and tangential (hoop) stress in the IPyC, SiC, and OPyC. While BISON

is capable of modeling additional behaviors associated with particle failure and predicting quantitative failure

probabilities for populations of particles, the more general metrics listed above were deemed to be sufficient

at this stage of the work. Evolution of the three metrics over the course of the steady-state irradiation, as

predicted by BISON, is shown in Figure 4.

Figure 4. Evolution of three common fuel performance metrics during the steady-state AGR-2 irradiation:

peak particle temperature, particle internal pressure, and peak tangential stress in the IPyC, SiC, and OPyC.

The vertical features in the temperature predictions reveal the high-fidelity time resolution of the operating

conditions obtained from NDMAS. These features, which are associated with changes in ATR power

and temperature, are also visible in the pressure and stress results. The particle generally sustained peak

temperatures of about 1500-1700 K and achieved a peak internal pressure of about 6.5 MPa during the nearly

600-day steady-state irradiation. These temperatures are qualitatively consistent with compact-scale thermal

analyses performed under the AGR program, which predicted that Compact 2-4-2 sustained one of the highest

time-averaged, volume-averaged temperatures of all the AGR-2 compacts [38]. More rigorous comparisons

between BISON and AGR thermal model predictions may be made in future work.

The stress predictions shown in Figure 4 are less intuitive. Early in the irradiation, the IPyC and OPyC

begin to shrink in the tangential direction due to IIDC. This puts them in a tensile stress state and induces

compressive stresses in the SiC to which they are bonded. Over time, creep tends to relax these stresses.
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Meanwhile, pressure buildup in the buffer-IPyC gap due to FGR induces additional tensile stress in all three

coating layers. The combined effects of these behaviors cause the tangential stress in the SiC to become less

compressive over time. Nevertheless, the SiC stress remains well within the compressive regime. This is

desirable because compressive stress states preclude the formation of cracks associated with particle failure.

Overall, the steady-state results presented here are consistent with those obtained using BISON previously

[7] and the general understanding of UCO-fueled TRISO performance [39].

With the problem domains and initial conditions in place, BISON was used to reconstruct the conditions

of the reference transient within the TREAT capsule setup. Computational-analogs for two existing TREAT

capabilities were leveraged to establish the necessary conditions: resistive sample heating and power shaping

[40, 41]. Resistive sample heating can be applied to elevate capsule temperature up to about 1000K. Preheating

from room temperature at the end of the steady-state irradiation to the reference transient initiation temperature

of 550 K was performed at a rate of 0.01 K/s to demonstrate how temperature conditions can be established

while minimizing the effects of any material behaviors that may be sensitive to higher heat rates. Similarly, a

piecewise power density history requiring TREAT power-shaping capabilities was constructed to reproduce

the desired transient thermal behaviors. The resulting temperature and heat rate predictions are compared to

compact-scale values extracted from the reference transient in Figure 5.

Figure 5. Comparisons between the peak temperatures and heat rates predicted for the reference transient in

the current work and values extracted from the reference [34]. The comparisons show that the BISON

simulation adequately represents the reference transient, except for omission of a momentarily-high heat rate

at about 30 s, which is shown in the inset. Here, reactor transient time denotes the duration of simulated

reactor operation, which excludes the time spent preheating the sample from room temperature to the

transient initiation temperature given in the reference.

The temperature results show that the simulation reproduces peak compact temperature evolution with a

reasonable degree of accuracy. The horizontal axis in each plot, reactor transient time, denotes the duration

of simulated reactor operation, which excludes the time spent preheating the sample. The results also show

the peak kernel temperature, which is elevated above and tracks well with the compact temperature. The

BISON-predicted heat rate likewise agrees reasonably well with that of the reference, except for omission of

a momentarily-high heat rate at about 30 s. More precise control of transient conditions could be obtained by

refining the reactor temperature and power density functions. However, this level of consistency is considered

satisfactory at this time, as the current work focuses more on demonstrating the capabilities needed to design

targeted transient experiments than on a detailed analysis of this particular transient.

Figure 6 shows how the fuel performance metrics evolve during the transient. Steady-state fuel

performance predictions are also included for comparison. Each horizontal axis is split into two parts: the
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steady-state irradiation time in days and the transient time in hours, which includes the time spent in both the

preheating and irradiation stages of the simulated transient experiment.

Figure 6. Evolution of three common fuel performance metrics during the steady-state AGR-2 irradiation and

the subsequent reference transient. Here, transient time denotes the total time spent preheating and irradiating

the sample in TREAT. The results show that BISON predicts a higher temperature, higher internal pressure,

and less-compressive tangential stress in the SiC during the transient than during the steady-state irradiation.

The temperature results show that the time required to preheat the sample (approximately 6.5 hours) is

much longer than the time needed to irradiate it (approximately 12 minutes, as shown in Figure 5). The

preheat time could be reduced significantly by utilizing a heat rate higher than 0.01 K/s once it is confirmed

that doing so does not impair efforts to deconvolute transient temperature and heat rate effects. Thermal data

collected during AGR experiments involving ATR startup and post-irradiation high-temperature testing may

be leveraged to help relax this constraint in future work.

Increasing the preheating rate would have the added benefit of reducing the overall time needed to conduct

these experiments in TREAT. Overall, the results show that for this specific case, the transient irradiation

produces more limiting fuel performance behaviors than were observed during the steady-state irradiation.

Specifically, the transient produced a higher peak temperature, higher internal pressure, and less-compressive

tangential stress in the SiC. Nevertheless, each parameter remained within acceptable limits.

When considering the results shown in Figure 5 and Figure 6 together, the limiting fuel performance

behaviors appear to correlate more to the highest temperature, which is present toward the end of the transient

irradiation, than to the highest heat rate, which is present toward the beginning. As run, the particle-scale

BISON model captures only a subset of the behaviors that could reasonably be sensitive to high heat rates.
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Specifically, it accounts for differential thermal expansion of TRISO layers but does not include models

for the weaker bonds that may exist between TRISO layers, fuel micro-cracking, or transient FGR. These

behaviors will be explored further in future work.

Transient experiments would be needed to confirm the accuracy of these predictive capabilities and

improve them as necessary. The analyses presented in this section demonstrate how BISON models can be

applied to identify the experimental conditions (i.e., reactor temperature and power density) needed to target

fuel performance behaviors of interest. In the next section, we demonstrate how surrogate reactivity modeling

can be applied to determine the TREAT power and control rod motion necessary to conduct these types of

experiments.

4.2. TREAT Predictive Transient Modeling

In this work, we utilized a methodology developed for the analysis of a series of NASA-sponsored Sirius

NTP fuel experiments conducted at TREAT [35, 36]. The predictive transient model of TREAT incorporates

multiple constituent models, including high fidelity and reduced-order models, to provide accurate predictions

of reactor power, temperature, deposited energy, axial control rod movement, and specimen temperature. The

model was initially introduced and validated for NTP fuel applications in previous studies of Sirius-1, 2c,

and 3 [35, 36]. The model includes three primary components: (1) surrogate models and data generation,

(2) TREAT predictive transient model, and (3) specimen temperature predictive model. Figure 7 shows a

schematic diagram illustrating the calculation workflow of the model, and Table 3 provides a description of

each component of the model.

TREAT features a central irradiation position that allows for experimental irradiation and material testing

with high neutron flux levels [42]. It supports two primary categories of transients: exponential bursts and

shaped power bursts. Exponential bursts are temperature-limited excursions, where the control rods are

dropped to terminate the transient before the temperature limit is reached, or to limit the energy deposited at

the end of the transient. Shaped power bursts are generated by an initial step insertion of reactivity, followed

by reactivity adjustments to achieve the desired burst shape. A flattop transient is a type of shaped transient,

characterized by maintaining a constant elevated core power for a duration longer than that of an exponential

burst transient. TREAT transients can be customized to vary in both power and duration, constrained only by

their core energy capacity or the maximum permissible enthalpy rise of up to 2.5 GJ. This capability allows

for simulating accident conditions in test specimens without exceeding fuel and cladding temperature limits

[43, 44].

The primary purpose of the predictive transient model of TREAT is to determine the axial movement

of the control rods to achieve desired transient conditions without violating TREAT operational limits. To

calculate the temperature evolution within the specimen being irradiated in TREAT, the power deposited

within the specimen must be provided. The specimen power is calculated from the reactor power using

a power coupling factor, i.e., the ratio of the fission reaction rate in the specimen to that in the reactor.

The power coupling factor is calculated from high fidelity models of TREAT [45] and the specimen using

Serpent Monte Carlo code [46]. Figure 8 shows radial and axial views of the TREAT Serpent model with the

experiment positioned at the central irradiation location.

The TREAT predictive transient model was applied to the reference transient using the power density

history determined by BISON to calculate a power coupling factor of 22.4 W/MW. The analysis determined

that the transient would violate the enthalpy rise limit of TREAT. The low power coupling factor is believed

to result from the low average fissile atom density in the TRISO compact compared to samples examined in

the previous NTP work. This highlights a challenge associated with TRISO transient testing in TREAT and

the importance of the BISON–Griffin workflow demonstrated herein. In the next section, we leverage this

power coupling information to demonstrate how the workflow can be applied to identify transients that could

potentially be performed in TREAT without violating its operational limits.
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Figure 7. Illustration of the TREAT predictive transient model calculation workflow [35, 36].

(a) Radial view (XY) (b) Axial view (XZ)

Figure 8. Radial and axial views of the Serpent model used to analyze the TRISO compact in TREAT.
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Table 3. Description of the TREAT predictive transient model components and submodels.

Component/Model Description

TREAT Serpent model Provides the necessary datasets to train the developed surrogate

models based on positions of control rods, average reactor

temperature, and average specimen temperature

Differential surrogate model Performs polynomial regression on tabulated data to compute

differential rod worth coefficients

Reactivity surrogate model Performs polynomial regression on precalculated steady-state

eigenvalue data sets to predict the reactivity introduced into the

system

Coupling factors surrogate model Performs polynomial regression on power coupling factors for

experiment computed by Serpent

Inverse kinetics model Converts the demand power signal into a reactivity demand signal

using given kinetics parameters and the time step size

Proportional controller Determines the equivalent reactivity of control rod axial movement

in response to the calculated demand reactivity signal

Adiabatic thermal feedbackmodel Computes the average reactor temperature given the heat deposited

in the system at each time point

Point kinetics model Computes the total power and concentrations of delayed neutron

precursors based on the predicted reactivity introduced into the system

at each time point

Specimen power model Calculates the specimen power based on the predicted coupling factor

and the total reactor power

Specimen thermal model Calculates the specimen temperature using the specimen power and

a detailed thermal model of the specimen

In the current work, BISON was used to determine the required specimen power to achieve a desired

temperature and heating rate. The desired power signal of the reactor was then determined using the power

coupling factors calculated with the high fidelity Serpent model. Finally, the TREAT predictive transient

model was used to determine the axial control rod movement needed to achieve the desired power signal

without violating the core energy capacity limit. This workflow helps in designing the experiment and

ensuring it lies within the operational limits of TREAT, which requires some iteration between the models.

The BISON model and the TREAT predictive transient model are not yet coupled directly. The specimen

power is directly coupled to the reactor power, while the reactor temperature change is not yet considered in

the BISON model of the specimen. This is acceptable at this stage of the work because accounting for reactor

heat up only lessens the reactor power required to achieve target heat rates. However, this will be taken into

consideration when refining the BISON–Griffin workflow in future work.

5. ANALYSIS OF POTENTIAL TREAT TRANSIENTS

Given the current experimental setup, the analyses presented in the previous section indicate that the

power and time required to reproduce the reference transient cannot be supplied by TREAT without exceeding

the core energy deposition limit. Nevertheless, existing TREAT capabilities should be adequate to conduct

different transient experiments that reproduce key features of the reference transient. This represents an

opportunity to address some of the gaps identified above by designing more generally-applicable transient
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experiments. Ideally, these experiments would collect data that relate key fuel performance behaviors directly

to observable operational parameters like transient initiation temperature and heat rate, reducing the need to

consider each combination of reactor type and transient type separately.

This approach would:

• Collect the data needed to confirm or refine our understanding of UCO-fueled TRISO performance, and

therefore, validate or incorporate additional transient-specific models into our predictive capabilities

• Establish a baseline database for UCO-fueled TRISO performance

• Provide a valuable fuel performance database that stakeholders could use to support the design of their

fuels and reactors.

To that end, the reference transient was examined in greater detail and within the context of the gaps identified

above to develop a matrix of potential TRISO transient experiments that could be conducted in TREAT. The

BISON–Griffin workflow developed in the previous section was then applied to determine how TREAT

could be operated to conduct these experiments, and to demonstrate how the resulting experimental data

could be leveraged to validate and/or further develop the fuel performance models.

5.1. Fuel Performance Modeling

The peak heat rate achieved in the BISON simulation of the reference transient in the previous section

was approximately 5 K/s. Further analysis of the thermal history from the reference transient revealed a

momentarily-high heat rate of approximately 35 K/s early in the simulated CRW. As previously noted,

resistive heating can be applied to elevate capsule temperature up to about 1000 K. These and intermediate

values were developed into a matrix of possible TRISO transient experiments, which is shown in Table 4.

Table 4. Example experiment matrix based on characteristic values from the reference transient. TREAT

resistive-preheating and power-shaping capabilities can be leveraged to precisely control transient initiation

temperature and heat rate, enabling studies that could deconvolute the roles of the two parameters and

facilitate model development and validation.

Transient Initiation Peak Heat Rate (K/s)

Temperature (K) 5 20 35

300

650

1000

The experiment matrix addresses many of the transient performance gaps identified in Section 3.

Specifically, these experiments would provide direct evidence of UCO-fueled particle performance at

moderate to high heat rates and should allow for the roles of temperature and heat rate to be deconvoluted.

Similar tests could be performed with UO2-fueled particles from AGR-2 to help determine whether historical

UO2 transient testing can be leveraged to support qualification of UCO-fueled particles.

Post-irradiation examination data from these experiments (both quantitative failure probability analyses

and qualitative evidence of failure mechanisms) could then be leveraged to support code validation and

refine TRISO fuel performance models as needed. It should be noted that validating quantitative failure

probability predictions requires a statistically-significant number of failure observations, which could be

obtained from either a smaller number of tests with more extreme conditions or a larger number of tests with

milder conditions. Care should taken to balance (1) the need for validating quantitative failure probability

predictions, (2) the need to conduct testing under realistic transient conditions, and (3) the overhead associated

with the proposed testing when eventually designing a transient test plan. The codes could then be leveraged
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to interpolate within the TRISO transient design space to assess the performance of specific fuel designs

under specific conditions.

The multiscale BISON model and power coupling factor introduced in the previous section were then

applied to iteratively determine the power densities necessary to deliver the desired experimental conditions.

As before, samples were preheated to transient initiation temperature at a rate of 0.01 K/s. Power was then

rapidly increased over a period of 5 s and held constant until initiating a 5 s shutdown. This particular setup

was selected for demonstration purposes and can be adjusted as needed to accommodate additional TREAT

requirements. Peak powers were chosen using the BISON-predicted heat rates, and the total length of each

transient was determined by the TREAT energy deposition limit. Evolution of the selected fuel performance

metrics during the transients is shown in Figure 9. Therein, the nine cases are labeled according to their

transient initiation temperature T0 and peak heat rate (∆T/∆t).

Figure 9. Evolution of three common fuel performance metrics predicted for the experiments outlined in

Table 4. Here, T0 denotes the transient initiation temperature, and (∆T/∆t) denotes the peak heat rate. The
stress predictions are for the SiC layer.

The results include only the powered portions of the tests. The temperature results show that heat rates

were highest early in the tests and temperature tended to level off during the flat-top transient. Tests with

the most preheating and highest heat rates produced the highest peak temperatures, as expected. The tests

with lower heat rates were permitted to run for longer because they required less power, but they could be

shortened for consistency with the other tests if desired. The lengths of the shutdowns could also be modified

to control sample temperature during cool-down.

As was the case with the reference transient, the trends in the pressure results follow those of the

temperature results very closely. The stress predictions show that the transients are expected to produce
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less-compressive stresses in the SiC layer. The magnitudes and evolution of the stress effects depend strongly

on temperature and heat rate in complex ways due to the combined effects of internal pressure buildup,

differential thermal expansion, and elastic and inelastic deformation. Figure 10 shows the instantaneous

thermal expansion coefficients of pyrolytic carbon (PyC) (in the tangential direction) and SiC over the range

of temperatures encountered in the transients. The figure also shows another view of the predicted tangential

stresses in the SiC, which includes both the time spent preheating the sample and a portion of the time

immediately following reactor startup. Each data set is discussed in further detail below to help interpret the

transient stress predictions shown in Figure 9.

Figure 10. The instantaneous thermal expansion coefficients of PyC (in the tangential direction) and SiC as

predicted by BISON and another view of SiC tangential stress evolution during sample preheating and

immediately following reactor startup. The inset in the thermal expansion plot shows the thermal expansion

mismatch, which is given by the PyC coefficient minus the SiC coefficient.

The tangential component of the anisotropic PyC thermal expansion coefficient at this fast neutron fluence

and BAF is essentially linear over the temperature range and increases with temperature. The isotropic

SiC coefficient exhibits significant nonlinearities and has a small discontinuity at about 1300 K due to the

piecewise correlation used to model it. The mismatch between them, which is given by the PyC coefficient

minus the SiC coefficient, is initially positive and then crosses zero at about 400 K and 1300 K. As such,

heating an initially stress-free sample of bonded PyC and SiC from room temperature would be expected to

put the SiC in tension at low temperatures, followed by compression at intermediate temperatures, and finally

tension at high temperatures.

The second view of the tangential stresses in the SiC accounts for the transients’ varying preheat times by

aligning all reactor startups at zero. The difference in time scales before and after reactor startup highlights the

slow preheat rate selected for these demonstrations. As expected, the thermal and stress histories associated

with transients initiated at each temperature overlap prior to reactor startup and diverge quickly thereafter. For

each transient, the stress in the SiC is initially compressive due to the substantial inelastic strains accumulated

in the PyC layers during the steady-state irradiation. The three-regime thermal expansion mismatch discussed

above contributes to less-compressive, then more-compressive, and finally less-compressive stress in the

SiC as the samples increase in temperature. Major differences in sample behavior after reactor startup can

be attributed to the combined effects of thermal expansion mismatch and internal pressure as functions of

temperature and heat rate.

These observations help to explain the stress behaviors of the T0/(∆T/∆t) = 300/5 and 650/5 transients,
which are unusual when compared to the others. Examination of the temperature, thermal expansion, and

stress data in Figure 9 and Figure 10 shows that these two samples did not accumulate sufficient thermal
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energy to enter into the third thermal expansion mismatch regime, and the the stresses in the SiC layers

therefore remain highly compressive. The complexity of these behaviors highlights the usefulness of applying

detailed fuel performance models like BISON to aid in designing transient experiments and interpreting data

from them.

It should be noted that, for convenience, all simulation results presented in this work were obtained

using stress free temperatures equal to the reference transient initiation temperature (approximately 550

K). In reality, the stress free temperatures used to predict thermal expansion are functions of fabrication

variables like layer deposition temperature and may be affected by annealing during fabrication or irradiation.

These factors impact residual stress in unirradiated TRISO particles and stress evolution thereafter. While a

thorough analysis of these properties and behaviors is beyond the scope of this work, the authors recommend

investigating them in more detail in the future.

5.2. TREAT Predictive Transient Modeling

The predictive transient model of TREAT was employed to determine the desired transient operating

conditions, while observing the core energy deposition limit of 2.5 GJ. Initially, the multiscale BISON model

was utilized to determine the desired power density within the specimen. This power density was then

converted into a desired reactor power signal using pre-calculated coupling factors. With this desired reactor

power signal, the predictive transient model was applied to determine the movement of the control rods to

reproduce the power signal and to ensure that the deposited energy remained within operational limits.

A flattop transient of TREAT was selected to determine the necessary power level and movement of

the control rods. Figure 11 illustrates the reactor power, total deposited energy, average core temperature,

and predicted control rod position and speed for each of the nine potential transients. For each transient

case, the power was ramped up exponentially over 5 seconds and then held constant until the TREAT energy

deposition limit was reached. Subsequently, the control rods were inserted to shut down the reactor and

reduce power. Initially, the control rods were withdrawn to introduce sufficient positive reactivity to increase

the reactor power to the desired level. This was followed by reinsertion of the control rods to maintain a

constant power level. As the reactor heated up and the reactor fuel temperature increased, the control rods

were withdrawn further to balance the negative reactivity feedback of the heated fuel, maintaining the same

power level for the duration of the transient.

In all test cases, the power level remained constant while the control rod position stayed within the

operational range (within 40 inches). The current model limits the movement range of the control rods axially,

but does not limit the speed of the control rods. This might cause the large step move of the control rods at

the beginning of the transient in certain situations, such as when the reactor power is ramped up in very short

period of time, which will introduce a nonphysical control rod movement. In the current analysis, the reactor

power is ramped exponentially to the desired level without exceeding the maximum speed of the control rods

for all the transient cases, as shown in Figure 11. For all the potential transient cases, the maximum control

rod speed is less than 1.6 m/s. In future updates of the TREAT predictive transient model, additional models

will be included to ensure that the speed of the control rods does not violate the operational limits of TREAT

for any suggested transient case, including the total energy deposition limit.
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Figure 11. Evaluation of reactor operation conditions, including reactor power, total deposited energy,

average core temperature, and control rod movement and speed for the experiments outlined in Table 4.

6. CONCLUSIONS AND FUTURE WORK

UCO-bearing TRISO particle fuels are expected to be used in numerous U.S. commercial reactor

applications within the next decade. This work reviewed historical particle fuel transient experiments
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to identify gaps in the TRISO transient fuel performance design space with the potential to hinder near-term

deployment. Notable gaps include (1) questions about whether historical tests conducted with UO2-fueled

particles are relevant for modern UCO-fueled particles, (2) lack of experimental data for UCO-fueled particles

at moderate and high heat rates, and (3) uncertainties regarding the thermal histories of early test reactor

irradiations, which make it difficult to interpret their results and apply them to support qualification of fuels

for commercial power reactors.

A BISON–Griffin modeling framework was developed to conduct preliminary TRISO transient analyses

and begin to address the gaps described above. The framework was demonstrated using limiting-case transient

conditions for a prototypic HTGR. Predicted particle temperatures, internal particle pressures, and tangential

stresses in the structural layers were examined for a particle initialized with conditions from the steady-state

AGR-2 irradiation. The limiting fuel performance behaviors appeared to correlate more to high temperature

than to high heat rate. It should be noted that heat rate-sensitive behaviors such as fuel micro-cracking and

transient FGR, which have been observed in other ceramic fuels, have not yet been applied to TRISO fuels

and were therefore not included in these analyses.

The modeling framework was then applied to calculate the TREAT–sample power coupling factor and

determine how TREAT would need to be operated to reproduce the conditions expected in the reference

transient. The analysis showed that the low fissile density of the TRISO fuel produces weak power coupling

with the TREAT core. As a result, the transient cannot be performed in TREAT using the current experiment

design without violating the core energy deposition limit. As such, the modeling framework was then applied

to develop a matrix of experiments that could potentially be performed in TREAT to (1) evaluate UCO-fueled

particle performance at moderate and high heat rates, (2) assess whether historical testing with UO2 is

applicable to UCO, (3) deconvolute the roles of transient temperature and heat rate, and (4) collect the data

needed for fuel performance model validation and/or further development.

Future work in this area falls into two categories: fundamental and practical. The current work focuses

on how the operating conditions (i.e., temperature and heat rate) to which TRISO particles are exposed may

impact their transient performance. It is highly likely that the materials, geometry, and irradiation history of

particles also influence their transient performance. Examples may include burnup and thermal/irradiation

history, which may impact transient initial conditions through their influence on thermomechanical properties

and accumulation of fission product-induced degradation, such as Pd penetration. The authors recommend

assessing additional parameters to construct a comprehensive TRISO transient design space, within which

historical experiments, proposed engineering applications, and new tests can be situated.

The authors also recommend practical enhancements and refinements to the multiphysics modeling

workflow demonstrated herein. These may include refining the predictive TREAT model to observe control

rod speed limits, coupling reactor temperature feedback predicted by the surrogate reactivity model back into

BISON, and iterating with TREAT staff to refine the capsule and sample designs. Instrumented experiments

could also be conducted to confirm that the desired temperatures and heat rates can be reliably achieved prior

to applying these methods to assess transient TRISO performance. These tasks are intended to maximize

the readiness of TRISO transient analysis tools and experimental capabilities such that any testing, model

development, or model validation deemed necessary can be conducted as efficiently as possible.
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