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Abstract

This report describes a system model that can be used to analyze three advance small modular
reactor (SMR) designs through their lifetime. Neutronics of these reactor designs were evaluated
using Monte Carlo N-Particle eXtended (MCNPX/6). The system models were developed in
Matlab and Simulink.

A major thrust of this research was the initial scoping analysis of Sandia’s concept of a long-life
fast reactor (LLFR). The inherent characteristic of this conceptual design is to minimize the
change in reactivity over the lifetime of the reactor. This allows the reactor to operate
substantially longer at full power than traditional light water reactors (LWRs) or other SMR
designs (e.g. high temperature gas reactor (HTGR)).

The system model has subroutines for lifetime reactor feedback and operation calculations,
thermal hydraulic effects, load demand changes and a simplified SCO2 Brayton cycle for power
conversion.
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1. INTRODUCTION

The current trend in advanced reactor design is the concept of a small modular reactor (SMR),
which is a reduced-size, efficient reactor design that is sized appropriately according to a city’s
or region’s electrical grid requirements. Currently, large (3000 MWth) light water reactors
(LWRs) cost several billion dollars, as well as many years to construct and license. SMRs aim to
reduce the initial costs of a nuclear reactor by several orders of magnitude.

1.1 Advanced Reactors

A total of six generation IV systems were chosen for further study in 2002 by the Gen-1V Forum.
Three of these systems (very high temperature reactor (VHTR) or high temperature gas reactor
(HTGR), super-critical water cooled reactor (SCWCR), molten salt reactor (MSR)) can operate
with a thermal spectrum and the lead cooled fast reactor (LFR), gas cooled fast reactor (GFR),
sodium cooled fast reactor (SFR), SCWCR, and MSR operate as fast reactor systems. The
model developed for this report will look at one fast advanced reactor, one thermal advanced
reactor, and one thermal LWR.

Fast reactors, such as sodium cooled reactors, have the ability to completely burn TRUs due to
the favorable fission to capture ratios at high neutron energies. Though a complete burn is
possible, the small cross-section of Pu-Np-Am-Cm at high neutron energies lead to a slow burn
process. This is further exacerbated by degradation of fuel structure as a result of fast neutron
interactions. This degradation leads to a decrease in fuel life, thus requiring reprocessing of low
burnup fuel. Several cycles would be required for a complete burn.

In the case of a thermal gas cooled reactor, these systems are incapable of complete burn due to
the unfavorable fission to capture ratios at thermal neutron energies, but at these same energies
large cross-sections and stable fuel forms allow for rapid and deep burns. Such abilities make
thermal gas reactors economically favorable for initial TRU destruction. From these two
systems, a two tier system employing a combination of partial but fast destruction in
VHTR/HTGRs and final destruction in SFR has been proposed as an eventual HLW inventory
reduction method. A preliminary study at ldaho National Laboratory (INL) for the two tier
approach compared the use of a DB-HTGR/VHTR (Deep Burn HTGR/VHTR) and MOX fueled
HTGR/VHTRs for first tier power plant fleet. The findings suggest that DB-HTGR/VHTRs
reduced the number of FRs per unit of tier one energy as well decreased reprocessing capacity
(Bays, 2009). The decrease in second tier and reprocessing footprint should lead to cost savings
the consumer.

Outside of these more advance reactors, there has been a large push to make LWR reactors safer
and smaller (more economical), the smaller LWR reactors are generally referred to as LWR
SMRs or SMRs for short. The concept of SMRs is experiencing a rise in both commercial and
defense department interest. SMRs have considerable commercial appeal primarily for their
expected lower capital costs to first power (vs. traditional site-built 1000+ gigawatt electric
nuclear power plants), their size and modular scalability (making them comparable to adding
natural gas-fired power plants but with more stable fuel costs and greater capacity factors), and
their benefits of carbon-free energy production. At the present time, two of the commercial
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market leaders have won funding from the DOE as part of the DOE’s SMR program to help the
vendors offset licensing cost. These SMR vendors are the Generation mPower unit from the
Babcock and Wilcox Company & Bechtel, and the NuScale Power, Inc. unit. Both companies
are expected to submit to the Nuclear Regulatory Commission (NRC) requests for design
certification within 2014-2015 range, with the potential for first units on line possible by 2020.
The NuScale design is the smallest reactor, producing ~45 MWe, and comes in a set of 6-12 for a
single plant. The mPower design is around 180 MWe and is expected to come in a pack of two.
These reactors are considered generation 3+ designs and behave similar to their larger cousins. It
should be noted that these reactors have major safety upgrades including natural circulation for
core cooling during operation (NuScale system) and during shutdown (both designs). Both
systems will use standard fuel and the mPower system will use only control rods for reactivity
control

1.1.1 Next Generation Nuclear Power Plant

The Next Generation Nuclear Power Plant (NGNP) will be a demonstration of the technical,
licensing, operational, and commercial viability of HTGR technology for the production of
process heat and electricity.

NGNP can be built in two distinctive variations, one being the pebble bed design similar to
Peach Bottom or as a prismatic core such as Ft. St. Vrain (FSVR), which is currently favored
with announcement of South Africa abandoning their pebble bed program. The FSVR HTGR
operated under a NRC license from 1974 to 1989 in Platteville, Colorado, as the nation’s only
HTGR to operate commercially. Due to the familiarity with the handling and numerous
advantages of the FSVR prismatic block design, NGNP has already incorporated them into its
design. FSVR fuel consists of small Tri-structural-isotropic (TRISO) fuel particles that are
coated with multiple layers of pyrolitic carbon (PyC) and silicon carbide (SC) who together act
as miniature pressure vessels to restrain fission products from escaping. The name for these fuel
particles are a derivative of how cladding is applied to the fuel kernel. The cladding for TRISO
particle consists of 4 layers starting with a porous PyC buffer layer, inner PyC layer, silicon
carbide layer and outer PyC layer. Porous PyC acts as buffer and is approximately 50% void.
The inner PyC Layer's main function is to prevent the reaction of chlorine produced during
silicon carbide deposition with the kernel. The SC layer is the most significant of all the
cladding layers where its main purpose is to provide the ability of the TRISO cladding to resist
the high pressure generated during the fission reaction in the kernel as well as structural support
to counteract stress induced dimensional changes in the PyC layers. The outer PyC layer's
general function is to simply protect the SiC during the fabrication process. The unique
arrangement of these coatings allow TRISO particles to withstand the high energy fluence
encountered in high burnup cores, manipulation of coating thickness and/or arrangement can
cause failure of fission product containment.

The fuel particles are then placed in a graphite matrix formed in a cylindrical geometry known as
compacts. These compacts are stacked upon each other inside the graphite blocks to make fuel
rods. These large blocks are the physical form of the fuel that is handled in reactor loading and
unloading operations.

10
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The fuel block is hexagonal in cross section with dimensions of 36.0 cm across the flats by 79.3
cm high. The compacts are placed in an array of small-diameter hole; occupy alternating
positions in a triangular array to the coolant channels in the block. The fuel holes are drilled
from the top face of the element to within about 0.762 cm the fuel blocks bottom face. A
graphite plug that is 1.27 cm tall is placed on the top of each fuel channel to immobilize the
compacts. The fuel holes and coolant channels are distributed in a triangular array with a 1.88
cm pitch [11].

The control block is similar to the fuel block, but contains enlarged channels for the two control
rods and the reserve shutdown absorber material in the original Ft. St. Vrain block, though the
HTGR/VHTR departs from this style block such that only one control rod channel is in each
block. This can be seen in Figure 3. The control rod channels have 24.69 cm centerline spacing
and a diameter of 10.16 cm. The reserve shutdown channel has a diameter of 9.525 cm. All of
the active fuel element blocks including those with control rod holes have 1.27 cm diameter
holes at each corners of the block for burnable poison rods. Burnable poison rods are 5.08 cm
long and 1.143 cm in diameter. Prismatic block columns are held in place by a system of three
graphite dowels located on the top face, while the bottom side has three dowel sockets for
interlocking with the block underneath. A normal coolant channel passes through the center of
each dowel. Height of the dowels measured from the block surface is 2.223 cm (Taylor, 2001).

Several design requirements have been firmly set for NGNP, as a Generation IV system, a
requirement was set forth that the core should maintain inherent safety under all transient and
off-normal conditions. The latter requirement leads to the annular core design such that there is
considerable graphite in the inner reflector to maintain thermal energy during active cooling loss.
The NGNP prismatic core design program was jump started by borrowing heavily from the
General Atomics GT-MHR design (detailed in Figure 3), producing an identical core layout
(Demick, 2007).

11
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Figure 3. Proposed GT-MHR core

1.1.1.1 Deep Burn Physics

Transmutation in thermal reactors generally employs a multi-recycle approach because of
neutron spectrum limitation to achieve the desirable transmutation efficiency in one path. The
historical HTGRs and Gen IV HTGR/VHTRs are well known for their flexibility to fuel cycle
options. Recent studies have shown that efficient transmutation can be feasible in HTGR/VHTRSs
under correct neutron spectrum condition. Dedicated transmuting reactors generally have
variable fuel elements, with specialized transmutation fuel composed of TRUs oxides or metals,
commonly with a high Pu composition. Reactors containing large quantities of Pu have a
decrease in the negative reactivity temperature coefficient, requiring the addition of parasitic
burnable poisons, but in an optimized DB core, the inventory increase of non-fissile TRUs pays
the role of an “increased concentration” of burnable poison. This is accomplished via resonance
absorbers to ensure prompt negative feedback and as a means to compensate for the large excess
reactivity of fissile actinides (Rodriguez, 2003). The basis for DB-HTGR/VHTRs is the use of

12
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thermalized neutrons and high burn up fuel forms (TRISO particles). This leads to a self-
regulated balance of the fission and neutron capture-followed-by fission events that result in a
controlled fuel consumption rate (Kim, 2005). A HTGR/VHTR core configured for DB, will
readily burn TRUs while producing sustainable clean power for the electric grid and/or process
heat for various industrial applications. With LWR SNF being used as the core fuel, the actinide
inventory reduction when compared to a once through fuel cycles will actively decrease the
leading contributor to long term public dose from a geological repository, increasing the
feasibility of such a project (Rodriguez, 2003).

Neutron moderation in graphite in respect to the DB process produces more opportunities for
thermal neutron interaction with fissionable isotopes and epithermal neutrons to interact with
non-fissionable isotopes (neutron capture events for transmutation). This is primarily due to low
parasitic capture and the reduction of energy loss per collision in graphite when compared to
conventional light water moderation, which favorably increases the resonance reaction rate [13].
Neutrons in the epithermal range, when captured, provide a strong negative reactivity feedback
effect with increasing fuel temperature (Bruna, 2004). The ceramic coated fuel particle’s size
can be adjusted to encourage such events. This is particularly true for fuel kernel diameters near
the mean free path at resonance energies; such that neutrons traveling at or near resonance
energies are drastically increase the chance of a compound nucleus reaction.

1.1.2 DB-HTGR/VHTR

As stated before, the DB core uses a full vector of actinides that ensure the same negative
reactivity feedback. If the NGNP core is configured for transmutation as proposed by the DOE
DB program, core reconfigurations could take place, including the addition of inner fuel rings.
The ease in core rearrangement of NGNP allows for the core to take the form of a 3-ring annular
core up to a limiting case of a core where the central reflector has been entirely replaced with
fuel blocks, thus removing the characteristic annular arrangement, which would require
additional safety evaluations to meet the NGNP design requirement of inherent core safety.
Additional changes are proposed including a decrease of the kernel diameter between the ranges
of 150-300 micrometers, increase of the TRISO buffer thickness to 150 micrometers, and
decreasing the power density while keeping overall power to 600 MWth (Kim, 2005), which
decreases the power density to 4.7 W/cc in the active core. Furthermore, in DB mode fuel will
likely be in the form of a (TRU)OL1.7 (Kim, 2005). The actual dimensions of the fuel are highly
dependent on the isotopics and location of fuel inside the core. Many fuel feeds, fuel forms and
fuel cycles have been proposed for a DB-HTGR/VHTR, some of which are explored in Section
4,

1.1.3 Sandia’s Long Life Fast Reactor

As discussed above, SFRs are one of the leading candidates of advanced reactor technologies,
specifically for closing the fuel cycle and extending core life-times. Sandia’s long life fast
reactor (LLFR) is a reactor concept for electrical power generation and potential actinide
burning, with a core lifetime to approximately of 10-20 years. The LLFR provides a reduction in
the inventory of long-lived actinides. Actinides are the major contributor to the long-term heat
load and radiotoxicity of repositories, thus any decrease in their inventory can be directly

13
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applicable to a safer and cheaper repository scheme. The major objective in the LLFR design is
to minimize the change in reactivity across the core’s lifetime without shuffling. The major
advantages of the concept include the following:

Long core lifetime;

Potential long-life 2""-generation and further generation cores;

High fuel and actinide burnup;

Small void reactivity worth from loss of coolant;

Compact core design;

Utilization of the fast neutron spectrum;

Feasible design using today’s technologies;

Potential for coupling with advanced power generation systems, such as S-CO, Brayton
cycle (Parma, et al, 2011);

Ability to be fabricated in centrally located manufacturing facility; and

Potential for use with dry air cooling, allowing for reactor placement far from source of
water.

For this project a single core design was investigated with power levels from ~200 to 400 MWth.

1.1.4 Generic LWR SMR

A LWR SMR model was developed based primarily on the AP1000 core. The core was reduced
by 83% leading to a thermal output of 600 MWth.  Essentially all other core parameters
remained the same, including enrichment, temperatures, pressures, and so forth. Many of
characteristics of such a LWR system are well understood and are thus not re-evaluated in this
project.

14
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2. SYSTEM MODEL

Robust design approaches allow developing new systems for intended applications accounting
for: a large number of design parameters and performance characteristics, interdependence of
various system parameters and characteristics, uncertainties in system data, models, performance
characterization, anticipated performance conditions and operation environments. By its nature,
the robust design development philosophy leads to improved system reliability characteristics for
targeted applications and operation conditions.

Because of the focus on improvements in performance and reliability, the robust design
optimization philosophy is broadly used in engineering for a variety of systems. To create
advanced nuclear energy systems it is desirable to have a high fidelity modeling-based design
development that relies on simulating features of the entire life cycle of the system before actual
physical prototyping - from concept development to detailed design, prototyping, and safety
analysis. The models developed here can be broken into two main components. The first
component was developed to accurately capture the lifetime behavior of the reactor systems.
The second component essentially compressed the information produced in the first component
into lookup tables so that a fast analysis was possible at the whole system scale. This is
overviewed in Figure 1.

System Performance

Input Uncertainty

Corg s

‘ \ Core Configuration
el U"'//zaabn

el Strga, :

1}
\
A (o)

Constraints

Figure 1. Two Components of the System Model
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2.1 High Fidelity Reactor Lifetime Models

A 3D whole-core exact-geometry model of the NGNP hexagonal-block configuration, Sandia’s
LLFR concept, and a AP-1000 inspired LWR model with detailed component representation
have been developed and implemented for calculations. To properly track lifetime changes in
these models, depletion/burnup calculations had to be performed

Since criticality measurements are an important segment of nuclear research, a selection of
known high reactivity worth nuclides has been compiled and ranked in several families based on
independent research done at ORNL. For this research 67 nuclides were chosen for depletion of
each fuel, shown in Table 1, with their corresponding MCNPX/6 cross-section library. These
nuclides are used for depletion in the MCNPX/6 model and allow for accurate prediction of in-
core metrics such as power production and excess reactivity. Nuclides are tracked in the model
based on a unique composition number. The composition number remains constant throughout
the model, a separate location/shuffling number is used to determine the location of the
composition in the model.

Table 1. Tracked Nuclides for Burnup Calculations

Nuclide Nuclide | Nuclide | Nuclide
H-01 Xe-131 Sm-149 U-236
B-10 Xe-135 Sm-150 U-238
B-11 Cs-133 Sm-151 Np-237
C-12 Cs-134 Sm-152 Pu-238
N-14 Cs-135 Eu-151 Pu-239
0-16 Cs-137 Eu-153 Pu-240
Kr-83 Ce-144 Eu-154 Pu-241
7r94 Pr-143 Eu-155 Pu-242
Nb-93 Nd-143 Gd-152 | Am-241
Mo-95 Nd-145 Gd-154 | Am-242
Tc-99 Nd-146 Gd-155 | Am-243
Ru-106 Nd-147 Gd-156 | Cm-242
Rh-103 Nd-148 Gd-157 Cm-243
Rh-105 Pm-147 Gd-158 Cm-244
Ag-109 Pm-148 | Gd-160 | Cm-245
Sn-126 Pm-149 Uu-234 Cm-246
1-135 Sm-147 U-235

For each of these nuclides, reaction rates are calculated by MCNPX/6 and then passed to
CINDER for depletion. At each shuffling step, any other nuclides produced in the kernel are
discarded due to their small contributions to reactivity changes.

16



17

2.2 3D Whole-Core Exact Geometry NGNP Model

With reactivity properly accounted for via nuclide selections, design of the core has to be
representative of an actual physical model. The NGNP is based on General Atomics prismatic
block design, these blocks were used in the Ft. St. Vrain HTGR. In the model, the bottom and
top reflector blocks are identical to the active core blocks except for the fuel pins and burnable
poison pins have been replaced with solid graphite. This was done to accommodate axial
streaming. Fuel composition and burnable poison composition, generic values were used based
on data obtained from the German HTTR program. Graphite blocks were based on Ft. St. Vrain
blocks with a density of 1.72 g/cc. TRISO particle dimensions differ based on design selection
criteria but a reference design and parameters are given below in Table 2. The TRISO particle
kernel dimension can greatly change the reaction rates and types in the kernel. Specifically, in
terms of resonance mean free path, smaller kernels will favor resonance reactions, while larger
favor non-resonance reactions (Kodochigov, 2003).

Table 2. TRISO Parameters

Parameter Dimensions [cm] Mix Number
Fuel Radius 0.030405 1
Coating 1 Thickness 0.00587 2
Coating 2 Thickness 0.00292 3
Coating 3 Thickness 0.00287 4
Coating 4 Thickness 0.00456 5
Compact Graphite Matrix n/a 6
Name Mix Number Atom Density [atom/barn-cm]
Fuel (X-Dioxide) 1 Variable
Carbon 2 5.73E-02
Carbon 3 9.42E-02
Silicon 4 4.81E-02
Carbon 4 4.81E-02
Carbon 5 9.74E-02
Graphite 6 1.72 g/cc

Figure 2, shows the MCNPX/6 model of a TRISO particle with the kernel and coating
thicknesses. The particles are placed in the fuel rods by filling the rods with a body centered
arrangement. Particles were not positioned to account for the fuel rod dimensions, such that
some particles at the rod edges are only partial particles. This simplification eases the modeling
without significantly effecting integral and non-integral parameters.

17
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Figure 2. Magnified TRISO particle

All other parameters are listed and referenced in Table 3. Figures following Table 4 show the
general core layout, and details on both the fuel blocks and control rod blocks with fuel. These
blocks are compared with their corresponding FSVR sister block. TRISO particles are not
shown in these figures due the limitations of the packaged MCNPX/6 visual editor (VISED). In
each block, all voids, be it handling holes, coolant channel, or/and control rod holes are filed

with He-4.
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Table 3. MCNPX/6 Model Parameters for HTGR

Parameter Unit Measurement

_ Active Core Height m 7.93

[

o Top Reflector Height cm 118.95

c

8 Bottom Reflector Height cm 158.6
Number of columns - 144
Number of fuel pins

£ |(without control rod/with) - 210/186

% Number of lumped BP - 6

O

< Number of coolant holes

i (without control rod/with) - 108/95
Height cm 79.3

— Pitch of fuel cell cm 1.8796

8 Radius of fuel hole cm 0.635

§ Radius of fuel compact cm 0.6223
Radius of coolant hole cm 0.79375
Control rods, start-up (inner ring) - 12

g Control rods, operational

S (outer moderator reflector ring) - 36

5 Control rods, shutdown

g (central ring/outer ring) - 6/12

5 Control rods, hole radius cm 5.05

£ [Control rods,

S distance from the center of the block cm 9.75614
Fuel blocks, burnable poison pins - 6

[ Length cm 79.3

5 Handling Hole Diameter cm 3.5

@ |Flat to Flat Width cm 36

19
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Refiector Block With

Reflector Black Control Rod Hole

Active Core Slicas

Fuei Block With
Control Rod Hole

Fuel Block

Figure 3. Detailed 3-ring NGNP MCNPX/6 core layout

Figure 3 shows the general layout of the HTGR core. Each axial slice has four basic blocks as
shown. Furthermore, the core is modeled such that after a neutron leaves the core it can’t reenter
the system. Fuel placement in respect to coolant channels, handling hole, and control rod hole is
based on the Ft StVrain block and can be adjusted if chosen. MCNPX/6

2.3 3D Whole-Core Exact Geometry LLFR Model

Much of this model’s fuel development is documented in SAND2013-1159. The neutronic
model utilized in this report added details to allow for isotopic tracking by assembly, axial power
generation by pin and high fidelity 3-D temperature selection by assembly. The core design
chosen was a U-235/U-238/10%w Zr metal fuel, a 20% sodium coolant fraction (cf), and
enrichment of 12.5% at a power level of 200 or 400 MWth. The cladding chosen for this analysis
was HT-9, a typical high temperature steel cladding with relatively high percentages of
chromium as detailed by Klueh and Harries (2001), Crawford, et al (2007), and Walters, et al
(2011). This cladding material has been tested in several sodium fast experimental reactors,
including the Experimental Breeder Reactor | and 1l (EBR-I and EBR-I11) and the Fast Flux Test
Facility (FFTF), where its commercial viability was proven when exposed to a sodium
environment. As shown in figure 4, the core has a 1/6 periodic symmetric geometry with a total
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of 120 fuel assemblies, 60 depleted uranium assemblies, and surrounding nickel reflector. The
reflector and uranium assemblies are identical to the fuel assemblies with the exception the fuel
meat is replaced either with nickel or depleted uranium. The remainder of the data is given in

Table 4.
Table 4. MCNPX/6 Model Parameters for Generic LWR SMR
Parameter Unit Measurement

Fuel Number - 120
Assembly | Array Type - Hex
Rods per assembly - 397
Rod pitch cm .7985
Overall transverse dimensions cm 21.40
Fuel Fuel radius cm 0.311
Rods Gap radius cm 0.319
Clad radius cm 0.375
Clad material - HT-9
Fuel Material - U-Zr metal
Density glcc 10.6
Fuel Enrichment (U235 weight) % 12,5
Active Height cm 190
Coolant | Chemical - Sodium
Average Density glcc 0.97

21




22

. Nickel Reflector

<:> Operating/SCRAM
Control Rods

Figure 4. Detailed LLFR MCNPX/6 core layout

Figure 5 below show the arrangement of the fuel assemblies. As mentioned above, the
MCNPX/6 models developed allowed for individual data collection for each pin.
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‘ Fuel Pin

Figure 5. Detailed LLFR MCNPX/6 Fuel Assembly layout
2.4 3D Whole-Core Exact LWR SMR Model
As mentioned above, the core of the generic SMR model looks similar to an AP1000 core that

has been reduced in height by half and contains only 20% of the fuel as a full AP1000 core.
Table 5 gives the basic core details.
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Table 5. MCNPX/6 Model Parameters for Generic LWR SMR

Parameter Unit Measurement
Active Active fuel height cm 213.36
Core Fuel weight, as UO2 g 3.61x107
Fuel Number 58
Assembly [ Rod array - 17x17
Rods per assembly - 264
Rod pitch cm 1.26
Overall transverse dimensions cm 21.40
Fuel Outside diameter cm 0.9500
Rods Gap diameter cm 0.0165
Clad thickness cm 0.0572
Clad material - ZIRLO
Fuel Material - UO2 sintered
Pellets [ pensity (of theoretical) % 95.5
Fuel Enrichment (weight t) % 3.4
Diameter cm 0.819
Length cm 0.983
Thermal | Thermal Power MWth 600
Hydraulic | |inear Heat Rate KW/m 18.7
Coolant Inlet Temp. °C 280
Coolant Outlet Temp. °C 320
Operating Pressure MPa 15

Figure 6 below show the arrangement of assemblies in the core. One quarter symmetry was
utilized to simplified calculations.

Fuel
Assembly

Figure 6. Generic LWR SMR MCNPX/6 Core Layout
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3. LIFETIME OPERATION MODELING APPROACH TO CAPTURE 3D
WHOLE-CORE EXACT GEOMETRY NGNP FEATURES IN TIME

A high fidelity optimization algorithm requires neutronic calculations to assume 3D whole-core
exact-geometry representations. The basic scheme is to iterate on a single assembly design
coupled to a thermal hydraulics model. When a fuel/assembly design is found to pass set of a
user based criteria, a full core model is created in order to calculate system lifetime
behavior/characteristics. This whole process can then be reiterated (if need be) to find an
optimized system. This can be visualized in Figure 7.

Core Optimization

o Single Assembly Model :|

Thermal Hydrualics

|

Full Core Model

Reactivity Coefficents

Figure 7. Core Optimization

This optimization process is accomplished through a series of codes and scripts created to
manage and automate the enormous data handling requirements. The current code system is
implemented through a Unix master command script that executes a subset of Matlab scripts and
MCNPX/6 as the neutronics workhorse. Figure 8 shows the basis of the Unix script.
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UNIX Script

mcnpA.m
Creates Single Assembly MCNPX/6 input

Execute MCNPX/6

PP1.m
PostProcessing

v

runTHass.m
Hydraulic Model

Iterate

convergence.m
Checks for Convergence

mcnpburnFC.m
Full Core MCNPX/6 input

mcnpburn.m
Full Core depletion MCNPX/6 input

PP2.m
PostProcessing

mcnpKOPTS.m
ExecutesSeries of KOPTS Runs

Figure 8. Unix environment execution

User defined data is stored as hard coded variables in a Matlab script mcnpA.m. These variables
allow for either the modeling of the LLFR, LWR SMR or the HTGR models. Initially this script
determines if any prior calculations have been completed, if there has been, saved data is used
for the next step series, if this is the first calculation, user supplied information is used, else it
uses hardcoded data. This information is fed into a Matlab function mcnpA.m, where a single
assembly MCNPX/6 input is created. The input files are optimized for flexibility in core
configuration and subsequent output processing. The next step is to create an executable file
containing commands to run MCNPX/6, including specified file names, and locations. Since
there will be several output files created through the burning process, and these files are too large
to be managed manually, thus a unique Perl file is created for each MCNPX/6 output file in the
two post processing scripts (PP1.m and PP2.m) by the perl.m function (not shown in Figure 8).

The post processing scripts call a number of other subroutines, such a matcard.m (retrieves and

formats isotopics, power production, and other tallied information), origin.m (used if decay heat
is needed), and shuffling.m (if a core shuffle is to occur), in order to post process the mcnp
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output. This information is stored in smaller text files that can be later read in by the function
matcard.m. Execution is ended by saving the Matlab workspace.

The mcnpburn.m script does a full core depletion calculation of selected reactor type. Typically
the mcnpburn.m will run for a user selected time span, but it is possible to run in shorter time
increments and check if the reactor has fallen below a user defined excess reactivity limit.
Finally, after some additional post-processing, a large set of MCNPX/6 KOPTS inputs are
created for each time step in the depletion calculation. Additional inputs can be created to
determine reactivity feedback coefficients such as those associated with fuel and coolant
temperature changes.

3.1. Neutronic modeling with MCNPX/6

MCNPX and the newest version MCNP6 is a general purpose Monte Carlo radiation transport
code designed to transport nearly all particles at nearly all energies. Starting with the release of
MCNPX 2.6, several new features were added from the prior version, most important to this
research, the ability of in-code depletion. The depletion/burnup capability is based on
CINDER90 and MonteBurns. Currently, the depletion/burnup/transmutation capability is
limited to criticality (KCODE) problems.

MCNPX/6 depletion is a linked process involving steady-state flux calculations in MCNPX/6
and nuclide depletion calculations in CINDER90. MCNPX/6 runs a steady-state calculation to
determine the system eigenvalue, 63-group fluxes, energy-integrated reaction rates, fission
multiplicity (v), and recoverable energy per fission (Q values). CINDER90 then takes those
MCNPX/6-generated values and performs the depletion calculation to generate new number
densities for the next time step. MCNPX/6 takes these new number densities and generates
another set of fluxes and reaction rates. The process repeats itself until after the final time step
specified by the user.

MCNPX/6 calculates parameters only for those materials listed on the MCNPX/6 material cards,
produced by the isotope generator algorithm, or selected by the specified fission-product tier.
When the information is not specified from MCNPX/6, CINDER90 tracks the time-dependent
reactions of 3400 isotopes using intrinsic cross-section and decay data inherent in the
CINDER90 code. MCNPX/6 is only capable of tracking energy-integrated reaction-rate
information for those isotopes containing transport cross sections, for the following reaction
rates: (n,gamma), (n,f), (n,2n), (n,3n), (n,alpha) and (n,proton). For those isotopes not containing
transport cross-section information, MCNPX/6 calculates a 63-group flux that is sent to
CINDER90 and matched with a 63-group cross-section set inherent in CINDER90 to generate
63-group reaction rates. The 63-group cross sections in CINDER90 were collapsed over a
generic spectrum that may or may not be representative of the system to be analyzed and thus
may lead to large discrepancies in the isotope inventory of daughter products from these
reactions. Those reaction rates are then energy integrated to determine the total reactions
occurring. CINDER90 utilizes decay and energy integrated reaction-rate probabilities along with
fission yield information to calculate the temporal nuclide buildup and depletion. The library of
data in CINDER90, residing in the CINDER.dat library file, includes isotope decay and
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interaction probability data for 3400 isotopes including, ~30 fission yield sets, and yield data for
1325 fission products. A flow of data is shown in Figure 9.

MCNPX

Using Continuous ENDF Cross-Sections, Calculate

—— .
Reaction Rates
-(n,gamma) -(n,fission) -(n,2n)
-(n,3n) -(n,alpha) -(n,proton

Calculate 63-Group Fluxes for Each Cell Being Depleted

Calculate Fission Q and v

{ Cinder 90 -

Using Reaction Rates for Nuclides with Continuous Cross-
Sections and the calculated 63-Group Fluxes for Each Cell
Being Depleted without Continuous Cross-Sections, User

Specified Burn Times and Power Level, Update Isotopics 4
and Burnup Quanities

{ Burn Card }

Thermal Power Level, Cell Volume, Materials Depleted,
Burnup Durations

Figure 9. Cinder 90, MCNPX/6, input file data flow

Each input file follows a similar pattern; cells are grouped by type and combined into universe
family sets. By doing so, input flows in a predictable pattern, this insures that a user with
knowledge of the file flow will have the ability to debug and incorporate additional features,
such as tallies. A general flow down of universe families can be seen in Figure 23.  Files are
designed with the emphasis on block movement. To ensure such a task can be accomplished
without error, inputs were designed to be static geometrically and dynamic with respect of
material properties.
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3.2 Thermal Hydraulics Modeling

In order to accurately model the temperature feedback effects associated with coolant and fuel
temperature changes due to power level increase and decreases, a coupled neutronic-thermal-
hydraulic model was developed for the LWR and SFR models. The HTGR model operates at
such a high temperature and is large enough, that global temperature variations are generally
ignored. The model used the latest reactor model data set (fuel composition, power level, and
global temperatures) to run a detailed MCNPX/6 model of an assembly. The assembly was
divided into 75 axial and 75 radial nodes. Since both reactors do not experience boiling during
normal operations, the thermal hydraulics system only models one phase flow where the cross-
sectional area in the flow bath is considered homogenous.

The first step of the process was to calculate the coolant conditions/properties for first axial node.
In the case of the LWR model, water properties were pulled in from “Xsteam” water property
tables, and for the SFR, sodium properties were calculated using a collection of correlations.
With that data set, it the heat transfer coefficient can be calculated. Heat transfer coefficients for
water were calculated using the Chen correlation. This correlation was chosen to allow for BWR
modeling in the future, and is calculated using equations 1.1-1.3.

9 5 a
i :( Xin j P iuid Hyas
Xtt 1- Xin pgas Hiiid
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t

Where the F factor accounts for the enhanced flow and turbulence due to the presence of vapor
in the node.
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e

8
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Where h(i,1) is the single phase heat transfer coefficient at axial node i.

In the LWR modeled for this report, all the axial node the heat transfer coefficient would be
calculate with equation 1.3, where F would be set to 1. After the coolant heat transfer coefficient
was calculated, the radial nodes corresponding to that first axial node will be calculated. In the
case of the first set of nodes it is assumed that little to no heat generation would occur (unless a
previous neutronics run has occurred) and all the nodes are set to the bulk fluid temperature.
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If there was heat generation, a whole new set of parameters based on the fuel and coolant data
from the previous axial node would be calculated. It was assumed that heat generation in the
fuel was radially uniform, axial conduction was neglected, the pin had azimuthally symmetry,
the fuel restructured at 1600 °C in the case of LWR fuel, and the system was at steady state.

The linear heat flux is calculated with following equation:

C,I(i: 1) = CIrrZaxe_'SZ Sin(%)-

Where i designates the axial node which increases as you travel up the pin and h is the active
height. Next Q, q”’, and q'"’are calculated for that node using q'. Fluid properties are calculated
next using previous node’s bulk fluid properties and fuel properties so that a heat transfer
coefficient is found. Next the fuels radial components are calculated through an iteration process
of the thermal conductivity of the fuel.

Thermal conductivity for the LWR oxide fuel is calculated by the following equation.

1
11.8+.0238T

ke =100 ( )+8.77E —13-T%.
The thermal conductivity for the SFR metal fuel is calculated by the following equation:
kp =—79.8+.23-T —.0001- T2,

With the thermal conductivity known the temperature drop across the pin can be calculated with
the following equation:

21 \ 2kpmax(®)  Trhg kc rrtte

Te, =Tp(i,j = 1) =Teo(D) + @< ! 4+ 4 lm (rf+fc+f6>>_

The temperature drop across the clad and also be calculated as follows:
. . 1(D) ota
Ter(i) = Teo (1) + - INCEEE).

The above equations are used to iterate until a steady state assembly temperature profile is
calculated. After convergence has occurred in the single assembly thermal hydraulic model, fuel
temperature is averaged volumetrically in each fuel axial node. This information is then passed
onto the single assembly neutronics model, where the new temperatures are used to selected
cross-section libraries for approximately 25 nuclides. Each nuclide has cross-sections that
correspond to temperatures in 10 degree increments.

With the appropriate cross-sections selected, the neutronics model is run and the linear heat

generation rate is calculated. The linear heat generation rate is compared to that calculated in the
thermal hydraulic model. If the two generation rates look to be converged, this data is exported
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for the larger full core neutronics model, if not the linear heat rate is passed to the thermal
hydraulics model and the whole sequence is repeated.

3.3 Point Reactor Kinetics Model

In the previous sections, the modeling of detailed reactor system was discussed. These detailed
models allowed for the calculation of lifetime feedback changes that can be used in a simpler but
still highly accurate point reactor kinetic based system model. Generally the point reactor
kinetics equation is used to model transients over short time period that usually last from the
range of seconds to minutes. For such time scales, fuel compositions and changes in the delayed
neutron fraction can be ignored. However, when there is an interest in a system’s lifetime
behavior, these changes cannot be ignored. This is why the full system neutronic models were
developed.

The delayed precursor concentrations and neutron densities are generally obtained by solving the
following equations.

dn(t) _ p() + XN (@A) = Brmix(t)
dt A

6
n()+ ) 4G () + Q)
i=1

dc;(t) B (1)
dat A

Where n(t) is the neutron density, p(t) is reactivity, a;Al; is the reactivity feedback coefficient
for any change of physical quantity I, B,k IS the effective delayed neutron fraction, A is the
neutron generation time, C; is the group delayed neutron precursor concentration, 2; is the decay
constant for the ith delayed neutron precursor group and Q is an external source of neutrons if
there is such a source.

In this model, reactivity worth of control rods are held constant, that is they will have the same
worth during the lifetime of the systems modeled. Additionally, they were assumed to have a
simple linear integral worth. In the future, the worth can/should be calculated based on their
prior experiences in the core. Burnable poisons and chemical shim depletion are accounted for
in the overall system excess system reactivity. A change in reactivity is calculated by measuring
the change in system excess reactivity over a small interval of time as shown below.

K -1 k-1

Ap=p'—p=—p—=—F

These changes are generally measured in dollars which is simply the change in reactivity divided
by the delayed neutron fraction as shown in Equation ###.
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k' —k
p

The above kinetic equations can be reordered such that the reactor model can be directly
simulated in Matlab’s Simulink framework as shown below.

Ap($) =

n(® _p) P y
GG Z 4G, ()

dci(t) B d2® g
T Tn(t) + A;C;(t) or =

It Kn(t) +1-C (t)

Where C, E and A are column vectors for each group and A C (t) is the product of the two
vectors. The implementation of this into Simulink is relatively straightforward and only requires
the use of the Product, Sum, Integrator, and Gain blocks.

3.4 Supercritical CO2 Brayton Model

The power cycle chosen for this project was Sandia’s Supercritical CO2 (SCO2) Brayton cycle.
A significant amount of work has been done previously and it was chosen not to duplicate this
work. However, a simplified Brayton cycle model was created based on the Simulink RPCSIM
model developed for the SCO2 cycle. The Simulink model includes counter flow heat
exchangers, turbine and compressor. The kinetics model discussed in Section 3.3 is coupled to
this model to allow for changes in thermal energy being put into the system.  This SCO2
Brayton model is show in Figure 10. For more information on the model see SAND2010-0171.
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4. SELECTED RESULTS

Results were selected to give an overview of what the system models above are able to produce.
The major thrust of this work was to analyze how a small fast reactor would perform under
changing load demands. This requires the calculation of reactivity feedback coefficients through
the life of the core.

4.1. Long Life Fast Reactor

The entire concept of an LLFR originates with an attempt to minimize the change of reactivity
over the lifetime of the reactor. No extensive research has been found that attempts to keep the
multiplication factor at the same value for ten years or more. In order to determine the proper
enrichment for a full-size commercial reactor, calculations were performed using MCNPX/6 that
modeled a single fuel element with specular reflectors, simulating an infinite fuel lattice. For
each fuel type, several different enrichments were evaluated to comparatively determine an
optimal value. Any enrichments that do not display a desirable slope for the multiplication
constant, as depicted in figures further in this section, are disregarded for future consideration as
part of the full-size reactor MCNPX/6 cases.

To determine the appropriate enrichment range for a long-life reactor core, initial burnup
calculations were performed for an infinite reactor system.

4.1.1. LLFR Scoping Calculations

All kins cases were run using the same geometry, and were burned at 50 W/g (MWth/MTHM) of
fuel, a conservative, typical value for fast reactors (Chang 2006), for a period of 20 years without
refueling or rearrangement of fuel. Figure 11 displays the fuel piece modeled in the MCNPX/6
kint cases. The cylindrical cell has a diameter of 20 centimeters with a height of 40 centimeters.
All surfaces are denoted as reflecting within MCNPX/6 to eliminate the leakage of any neutrons.
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20cm

40 cm

Figure 11. MCNPX/6 ki, geometry used during initial scoping analysis of LLFR concept.

To assess many types of reactor designs, it is essential to choose a fuel type for the LLFR
concept. Many fuel options were evaluated using this kinf method.

Figure 12 shows the results for this ki, evaluation using a homogeneous mixture of U-235
and U-238. In the legend, the percentages represent the enrichment ratio of U-235 to U-238 in
the mixture. It is important to recall that the goal of the LLFR concept is to find an enrichment
that provides the smallest change in reactivity over time. A minimal change in reactivity results
from a balance of production and depletion of fissionable isotopes within the core. For example,
when a reactor core is designed for enriched U-235, there is also U-238 present in the fuel. At
the same time that U-235 is being used, U-238 isotopes are being converted to Pu-239 by
neutron capture and beta decay mechanisms. On
Figure 12, it is important to note that the ki for all enrichments converges together as operating
time is increased for each test case. This occurs due to the fact that each test case contains
equivalent concentrations of fissionable isotopes at specific time steps, since a reactor core that
begins with a low enrichment of U-235 produces more fissionable Pu-239 due to the increased
abundance of U-238.

For all figures that illustrate a kins value as a function of time, there is an optimal duration for

reactor operations and optimal enrichment, because all ki, values will decrease below unity as
time increases to infinity. The optimum enrichment for all cases is summarized in section 3.7.
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Figure 12. U-235/U-238 homogeneous metal mixture.
Although

Figure 12 provides an initial look into the LLFR concept, a commercial reactor does not
consist of a homogeneous fuel mixture. Fuel cladding and a coolant material supply are
additional variables that must be accounted for in the ki,s analysis. Because this Kins analysis is
intended to be an approximation,

Figure 12 provides an acceptable range, rather than an exact enrichment for full size reactor
core simulations to be performed in the future. From
Figure 12, it appears that the profiles for 11% or 11.5% enriched cores stay flat for about 7 years.
However, for evaluation of a full-size reactor, a range of enrichments from 11% to 13% could
produce an acceptable LLFR core.

Figure 13 and
Figure 14 include the complete metal fuel mixture and fuel plus coolant, respectively. The metal
fuel mixture was approximated to by adding natural Zirconium (Zr), added at 10% by weight
into the homogenous mixture geometry of Figure 11. The 10% by weight of Zr was chosen,
because it is a typical value for the weight ratio between Zr and heavy metal within a fuel rod for
fast reactors, similar to the driver fuel used in the Experimental Breeder Reactor 11 (EBR-II) at
Idaho National Laboratory (Bays 2009).
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Figure 13. U-235/U-238 with 10%w Zr homogeneous metal mixture.

As compared with

Figure 12,
Figure 13 displays slightly lower values for kinf, since introducing atoms with a smaller mass
(Zr) alters the average neutron energy, since collisions with the Zr results in lower neutron
energy than collisions with heavier atoms. The neutron energy has a direct result on the value of
N, the amount of neutrons released per absorption, for U-235, as well as its o (fission cross
section) value.

Any future reactor that utilizes the LLFR concept will most likely have a high core power
density, making a liquid metal the most logical moderator and coolant choice. As part of this kinf
analysis, liquid sodium (Na) was chosen as the coolant, typical for a relatively small fast reactor.
So,

Figure 14 exhibits a series of ki,s cases that contain 15% Na by volume in addition to the U-235,
U-238, and Zr already contained in the mixture.
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Figure 14. U-235/U-238 with 10%w Zr and 15%v Na in a homogeneous metal mixture.

As compared with Figure 13, the Kin cases are “flatter” for select values of enrichment in Figure
14, as well as providing a decreased value. Once again, this is due to the shifting neutron energy
spectrum as a result of the inclusion of sodium atoms, which are lighter than zirconium or
uranium isotopes and decrease the neutron energy further.
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Table 6 provides a matrix of the kins runs that were performed using MCNPX/6 for the different
fuel types, and for the optimal enrichment for the fuel types examined. The “optimal enrichment”
in the table represents the enrichment that depicts the “flattest” profile for approximately
10 years of operating time.

Table 6. Optimal fuel enrichments for 10-year core lifetime
for each set of fuel materials run in MCNPX/6 cases.

Fuel Element } _
Materials Optimal Enrichment
Metal Fuel ;

(U-238, U-235) 12%
Metal Fuel

U-238, 11.5%
(
U-235, 10%wZr)
Metal Fuel
(U-238, U-235, 12%
15%VNa, 10%wZr)
Oxide Fuel .
(U-235, U-238) 11.5%
Oxide Fuel
-235, U-238, .

(U-235, U-238 11%

15%vNa)
Metal Fuel .
(Th-232, U-233) 7.5%
Metal Fuel .
(Th-232, U-235) 14.5%
Metal Fuel .
(U-238, Pu-239) 7.5%
Metal Fuel (U-238, .
Pu-239, 25%Pu-240) 9.75%

These results can be used as a starting point for a full-scale core modeling analysis. For example,
based on Table 6, the enrichment for U-235, U-238 metal, 10%w Zr, and 15%w Na should be
approximately between 11% and 13%. This would represent initial enrichment values for a
reactor with metal fuel and sodium coolant fraction of 15%. The next section will address the
strategies, parameterization, and results of a full-scale reactor analysis using MCNPX/6.

4.1.2. Full Core Modeling of the LLFR Concept

It can be shown that an LLFR concept core can be created that exhibits a steady Kes vs. time
profile for 10+ years, taking into account the negative reactivity associated with accumulating
fission products. No zone loading, periodic core reshuffling, or other artificial mechanisms are
required for this steady keff profile. Several existing SMR designs claim a long-life core, such as
the Encapsulated Nuclear Heat Source (ENHS) (Greenspan 2003), but each differs by one or
more important design aspects from the LLFR concept. For the full core modeling, the fuel uses
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cross-sections based on appropriate temperatures for a fast reactor design: fuel at 1200K,
cladding at 900K, and coolant at 600K.

4.1.2.1 Selected Geometry of the LLFR Concept

The core design chosen is detailed in section x. Due to the computation time required to run the
full core high fidelity model, only a handful or results were obtained at this report’s time of
submission.

Once again, the core is designed to be relatively small, with total dimensions of a 1.9-meter
height and a 2-meter diameter. These dimensions include a 15 cm-thick depleted uranium (DU)
blanket surrounding the fuel region on all sides, and a 10-cmthick nickel reflector surrounding
the DU region. The core is modeled with separate assemblies in a periodic 1/6 configuration in
order to keep track of fuel composition changes In addition to individual assemblies, the model
is also divided into an equal number of vertical sections.
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4.1.2.2. Full 3D Core Calculations for the LLFR Reactor Concept

Figure 15 shows the MCNPX/6 burnup results for this core design, with the case operated at
400 MWth for 20 years.
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Figure 15. Results for ke using metal fuel, HT-9 cladding,
and 20% cf operated for 20 years.

Based on the objectives of the LLFR concept, the most likely enrichment candidates for a
prototype reactor would be 11.75% or 12%, as depicted in Figure 15. Figure 16 provides a more
detailed version of Figure 15 due to lack of steady ke values past ~10 years.
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Figure 16. Results for keff using metal fuel, HT-9 cladding,
and 20% cf operated for 10 years.

The results in Figure 16 provide data that confirm the LLFR concept. By designing a reactor core
with the proper initial enrichment and amount of fertile material, the system maintains a
relatively constant keff throughout the lifetime of the reactor. Examining Figure 16, it is clear
that some values of enrichment are more suited to this conceptual design than others. For
example, 13% decreases consistently for the first ten years of core lifetime, while 11.75%
initially rises, then returns to its approximate BOL value.

Figure 17 and 18 shows the individual assembly segments power peaking and burnup at the end
of core life. Each dot shows a vertical assembly segment location in 3D, with color and size of
each dot representing power peaking or burnup magnitude. These plots show that not only is
power peaking relatively flat except at the system boundaries but the burnup is also relatively
flat. This not only important for core operation, but in the case of burnup it shows that fuel
damage will not be significantly varied through the core.
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Figure 17. Power Peaking at EOL for LLFR
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Figure 18. Burnup at EOL for LLFR [units]

The LLFR concept attempts to balance the usage of U-235 fissionable material with the
production of fissionable Pu-239 through the transmutation of U-238. However, as this transition
occurs from one fuel type to another, several reactor parameters are altered, such as Bes, Whose
transition is illustrated in Figure 19, which confirms the transition of dominant fuel from
uranium to plutonium. The e at BOL is ~0.00725, a typical value for a U-235 fueled reactor
with a fast neutron spectrum. The Ber Value then decreases to an end of life (EOL) value of
~0.00375, a proper figure considering the plutonium-dominated, mixed-fuel core. The values
were obtained by running individual MCNPX/65 cases using the “KOPTS” card. Material
concentrations for the Beff cases were taken from each time step’s results in the MCNPX/6 case.

45



46

+12.5%
. 12% ‘
+11.75%

o
(]

10 15 20
Time (years)

Figure 19. B« as a function of time for LLFR concept reactor

As a measure of steadiness in the multiplication factor for the given enrichment, Figure 20
displays the change in reactivity as a function of operating time for the reactor. Observe that an
optimal duration of operation for the 11.75% enrichment LLFR concept is approximately
10 years, indicating that the focus should be on this enrichment and duration for future, more

sensitive analyses. Figure 20 uses Figure 19 to attain P values to calculate the change of
reactivity in dollar units of reactivity.
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Figure 20. Change in reactivity as a function of time for LLFR concept reactor.

To provide a feasible design for a LLFR concept reactor, the void reactivity worth must be
quantified. Traditionally, only reactors with a negative void coefficient are deemed sufficiently
safe, though innovations in reactor safety and control render the idea of building a reactor with a
positive void coefficient (such as a sodium-cooled fast reactor) more plausible. Figure 21 depicts
the void reactivity worth as a function of reactor operating time. These void coefficient
calculations are performed at full void conditions, although this is highly unlikely since the
boiling point of liquid sodium is 1156K at atmospheric condition. At BOL, the void coefficient
is negative due to the dominating presence of U-235 in comparison with any other fissionable
fuel material. However, as U-235 is used up and Pu-239 becomes the driving fission source in
the reactor, the void coefficient becomes positive, with the changeover occurring at
approximately 2 years. This series of void coefficient calculations used a sodium coolant fraction
of 20%, as discussed previously.
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Figure 21. Void reactivity worth as a function of time for LLFR concept reactor.

The void reactivity depicted in Figure 21 is a result of burnup in the LLFR core. By voiding the
core, higher energy neutrons are present. As compared to neutrons whose energy is lower due to
slight moderation by the sodium coolant, Pu-239 has an increase n value. In comparison, the
negative void reactivity at BOL occurs due to the decreased n value for uranium atoms if higher
energy neutrons are present.

These calculations allow for a time variation of the parameters used in the point reactor Kinetics
modeled discussed in Section 3.3.

4.2. HTGR

In this section, studies of the HTGR/VHTR operation domains for several core configurations
were calculated and evaluated. Fuel configurations are used to evaluate their effect on system
neutronic parameters. Various packing fractions and kernel dimensions lead to different number
of particles in each rod and fuel volume. For a compact with the same loading but varying
particle dimensions, the relationship between the dimension and particles per compact is shown
in Table 7.
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Table 7. Kernel and Compact Packing Fraction Relationship to Particles per Compact

Packing Kernel TRISO Matrix Box TRISOs/ Volume of
Fraction [%6] Radius [cm} | Radius [cm} | Dimension [cm] | Compact |Fuel/Compact [cc]
50% 2.043E-02 3.665E-02 7.444E-02 15581 0.557
45% 2.216E-02 3.838E-02 8.074E-02 12211 0.557
40% 2.438E-02 4.060E-02 8.883E-02 9168 0.557
35% 2.737E-02 4.359E-02 9.970E-02 6484 0.557
30% 3.163E-02 4.785E-02 1.152E-01 4201 0.557
25% 3.829E-02 5.451E-02 1.395E-01 2367 0.557
20% 5.046E-02 6.668E-02 1.838E-01 1035 0.557
15% 8.090E-02 9.712E-02 2.947E-01 251 0.557

4.2.1 Operating with Single Isotopic Fuel Vector

A literature review showed wide variety of fuel designs for DB-HTGR/VHTRs. Without a
known fuel base a variety of single fuel core designs were analyzed to determine their
performance in DB-HTGR/VHTR cores.

Initial analysis was focused on the simplest core configuration, a based LEU three ring core that
closely resembles the proposed NGNP core. This case was then expanded to three more
additional configurations by adding inner fuel rings, resulting in four total configurations. The
enrichment was chosen to be just under 20% in order to remain LEU and have the longest core
life. Effects of a changing core configuration were analyzed using power production maps
produced at each assembly location, as shown in Figure 22. Each dot shows an assembly
location in 3D, with color and size of each dot representing power peaking magnitude.
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3 Ring-LEU(20at%)
4 Ring-LEU(20at%)

5 Ring-LEU(20at%)
8 Ring-LEU(20at%)

Figure 22. Power Profile for LEU (20 at%) HTGR/VHTR configurations

Figure 22 was demonstrates power peaking variation and preference in the four core
configurations (3, 4, 5, and 8 Ring). The most drastic change between the three is the power
peaking for a full core near the bottom reflector. The bottom reflector in a HTGR/VHTR is
thicker than the top, thus producing an excess of thermal neutrons by decreasing the leakage of
thermal neutrons produced by the reflector. These core all contain 20% enriched LEU and
burnable poison in the form of B4C.

Effect of TRISO dimension and compact packing fraction for each of the major core
configurations were evaluated by analyzing system criticality at BOL. These cases were run for

LEU configurations at varying kernel dimensions and packing fractions at an enrichment of 20%
and are shown in Table 8.
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Table 8. Kernel and Compact Packing Fraction Effects on BOL LEU Single Fuel
Configurations

. Packing Fraction
3 Ring
5% 10% 15% 20% 25%
= 150 1.22408) 1.39347 14518 1.45801] 1.45651
% 200 1.37941] 1.47251] 1.47478 1.45479] 1.43405
'-§ 250 144143 1.48816| 1.46233] 1.44514] 1.39939
& 300 1.4691 1.4895 1.45924| 1.40662 1.38565
qé 350 1.50277) 1.47645 1.43678 1.40418 1.35481
v, 400 151241 1.48421] 1.41692] 1.38172] 1.35251

Effects of C/HM changes on LEU loaded cores are well documented by prior studies. Increase
in system excess of reactivity demonstrated for each fuel configuration as an additional ring is
added for high C/HM fuels. As C/HM decreases the addition of an extra fuel ring diminishes.
This result has not been well document and demonstrates the need for full core high fidelity
models.

For comparison of how TRU cores behave compared to LEU cases, a base single fuel TRU core

power profile was created for each core configuration. These power profiles are shown in Figure
23.
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Figure 23. Power Profile for Single Fuel Particle Type TRU HTGR/VHTR Configurations

Figure 23 does not readily show a difference in power profile from each core configuration, this
is because power peaking for TRU cores tends to occur near the inner reflector and away from
the outer reflectors. System reactivity was calculated just as was done with LEU fuel cores for
varying compact packing fractions and kernel radii and is given in Table 9. Analysis of Table 9

shows a direct positive relationship between core heavy metal loading and BOL excess
reactivity.
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Table 9. Kernel and Compact Packing Fraction Effects on BOL TRU Single Fuel
Configuration for a 5 Ring DB-HTGR/VHTR

Kernel Radius [um]

150

175

200

225

250

275

300

325

350

375

15| 0.9564

0.95935

0.96799

0.98099

0.98788

1.00831

1.02488

1.03544

1.03821

1.05642

17.5] 0.95401

0.96296

0.97534

0.99322

1.01446

1.01852

1.0464

1.06333

1.07407

1.07617

20[ 0.95347

0.96914

0.98865

1.00731

1.03215

1.05194

1.05615

1.08683

1.10473

1.11268

22.5 0.95894

0.97651

1.00498

1.02708

1.04786

1.07563

1.08785

1.09794

1.12713

1.14268

25| 0.96412

0.98964

1.01724

1.04318

1.06521

1.09166

1.11661

1.12151

1.14205

1.16522

27.5[ 0.97161

1.00469

1.0287

1.06511

1.0858

1.10714

1.13546

1.15158

1.15596

1.18068

Packing Fraction [%]

30[ 0.9831

1.01424

1.04499

1.08046

1.10624

1.12569

1.15142

1.17602

1.18126

1.19187

32.5| 0.99203

1.02549

1.06773

1.09138

1.1254

1.14611

1.16458

1.19009

1.20561

1.20941

35| 1.00269

1.04024

1.08171

1.10581

1.14093

1.16359

1.18073

1.20294

1.22453

1.23648

37.5| 1.00972

1.05625

1.09125

1.12535

1.15414

1.181

1.19772

1.23869

1.23869

1.25311

Behavior of DB-HTGR/VHTRs and LEU HTGR/VHTRSs tend to have different initial BOL core
behavior. Though both LEU and TRU fuel both experience peaking from excess thermal
neutrons, TRU cores also peak from excess fast neutrons. This can be best seen in the 8 Ring

TRU core when compared to the same core loaded with LEU.

Figure 24. Power Peaking for LEU & TRU HTGR/VHTR Configurations A

3 Ring-LEU

4 Ring-LEU

3 Ring-TRU

4 Ring-TRU
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Figure 24 shows that hot spots for both LEU and TRU cores tend to occur near the same
location, those near the reflectors. What is not shown in these plots is in TRU loaded cores the
power peaking is not nearly as drastic as that in LEU cores. LEU responds much more readily to
thermal neutrons, those assemblies located near the reflectors grab most of these particles before
they have a chance to see the inner shield assemblies. This effect is not seen in LWR LEU

systems, where power peaking occurs near the center of the core due to leakage near the
boundaries.

5 Ring-LEU
5 Ring-TRU

8 Ring-LEU
8 Ring-TRU

Figure 25. Power Peaking for LEU & TRU HTGR/VHTR Configurations B

As stated before, the most dramatic difference in BOL TRU and LEU cores can be seen in Figure
25, by comparing an 8 Ring LEU and TRU fueled core. In this case all power is being produced
in opposite regions of the core. For an LEU core power is produced at the bottom and outer
reflector while the TRU core produces power entirely in the core center.

Reactivity coefficients were calculated for a few selected fuel compositions. Table 10 gives a
selection of isothermal temperature reactivity coefficients.
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Table 10. Isothermal Temperature Reactivity Coefficients

Case Temperature Reactivity Coefficient
(AK/K/K)
C/II—_HI\E/Iliso -1.95E-5
C/II-_HI\E/IliSO -3.43E-5
10 507Es
C/|-—|n|$/|liz5 -7.16E5

Calculated temperature reactivity coefficients for TRU-fueled VHTRs were found to be more
negative then LEU-fueled VHTRS. In TRU systems, low C/HM systems have a temperature
reactivity coefficient approximately the same as shown for high C/HM systems. In LEU systems,
a low C/HM atom ratio core has approximately half the negative reactivity as a high C/HM
system. This is caused by the harder spectrum which lowers the probability that a neutron will be
absorbed in the broadened U-238 resonance capture cross-section.

4.3. Performance of the System model

A sample of reactivity feedback mechanisms were varied for the LLFR in the Brayton-PRKE
Simulink model. In general it could be seen that the feedback mechanisms inherent to that
system were rapid and strong enough to meet any expected swing in demand, from 100 to 50%.
The most notable change to the system, the strongest feedback, was a change in coolant
temperatures. The HTGR model was not tested against the Brayton model. Currently the NGNP
system is expected to have a Rankine Cycle which was outside the scope this project. However,
the authors are interested in evaluating this after the submission of this report. Further
investigations into the system model will be conducted for journal publications.
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5. CONCLUSIONS

This work produced a successful system model of three advance SMRS, with a major thrust on
the analysis the LLFR concept design. Initially this project was going to look at SMRs operating
on a DoD installation, after discussions with a wide group of experts, it was decided that a more
generic system model could serve a wider audience. The final model developed allows for
reactor kinetic values to be calculated in a high fidelity manner and then be fed into a quick and
efficient power plant system model where a SCO2 Brayton cycle is used for power conversion.
Preliminary calculations showed that that a sodium fast reactor would best perform of the three
SMRs on a highly variable demand load.

5.1. Future Work

There is a substantial amount of work that could be used to increase the usefulness of this
system. Currently the system model does not account for transients; instead the system is always
in a steady state condition. Additionally a strong control algorithm (such as you would see in a
simulator) could be coded into the model to better model realistic operations. Such additions
would require significant rework but would greatly enhance the model’s accuracy.
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