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ABSTRACT

High Flux Isotope Reactor (HFIR) highly enriched uranium (HEU) to low-enriched uranium (LEU)
conversion activities are ongoing as part of the Department of Energy (DOE) National Nuclear Security
Administration (NNSA)’s nuclear nonproliferation mission. Design activities studying the conversion of
HFIR from HEU to LEU fuel explored different fuel design features and shapes with a low density
uranium-silicide dispersion (U3Si,-Al) fuel, which has a uranium density of 4.8 gU/cm?>. The goal of these
studies is to generate several HFIR LEU fuel designs of varying fuel fabrication complexity that meet the
current HEU performance metrics and safety requirements. The documented designs will serve as
references for fuel fabrication and qualification activities.

Recent advancements in modeling and simulation tools enable quick prototyping of fuel designs. Shift, a
Monte Carlo neutron transport and depletion tool optimized for high-performance computing (HPC)
architectures, is used for efficient fuel cycle and performance metrics calculations. The HFIR Steady State
Heat Transfer Code (HSSHTC) is used to vet the thermal safety margin. Also, a new automation tool that
connects all fuel design analysis steps, named Python HFIR Analysis and Measurement Engine (PHAME),
has been developed to expedite the design study in an efficient and reproducible manner. Leveraging these
tools, several candidate fuel designs were selected for varying fabrication complexity.

This report provides design feature details for four selected HFIR LEU low density U3Si;-Al fuel designs
and their corresponding performance and safety metrics. Nominal, best-estimate design parameters and
irradiation conditions, including fission rate densities, power densities, heat fluxes, and cumulative fission
densities are provided for candidate fuel designs relevant to framing irradiation experiments to support fuel
qualification efforts. Simulations show that the low density U3Si>-Al, with design features to enhance
safety, can meet HEU core performance metrics and safety requirements if the reactor power is increased
from 85 MW (HEU) to 95 MW (LEU) and if the active fuel length is increased from 50.80 cm (HEU) to
55.88 cm (LEU).



1. INTRODUCTION

The HFIR is a US Department of Energy (DOE) Office of Science User Facility that is operated at the Oak
Ridge National Laboratory (ORNL). HFIR is a versatile research reactor that provides one of the highest
steady-state neutron fluxes of any reactor in the world for neutron scattering experiments focused on
fundamental and applied research on the structure and dynamics of matter, as well as materials irradiation
studies and production of medical, industrial, and research isotopes.

ORNL is funded by the US DOE National Nuclear Security Administration (NNSA)’s Office of Material
Management and Minimization (M?) to perform HFIR conversion activities such as design studies
presented herein. US High Performance Research Reactor (USHPRR)s, including HFIR, the Advanced
Test Reactor, the National Institute of Standards and Technology Research Reactor, the Massachusetts
Institute of Technology Research Reactor, and the University of Missouri Research Reactor, are providing
research on potential LEU alternatives in support of NNSA’s nonproliferation mission.

Initial studies to convert HFIR from its current HEU dispersion fuel to LEU fuel explored
uranium-molybdenum (U-10Mo) monolithic alloy fuel because of its high uranium density [7, 23]. HFIR’s
proposed U-10Mo fuel design [7] consisted of radial and axial contoured fuel profiles. HFIR initiated fuel
design studies with LEU uranium-silicide dispersion (U3Siz-Al) fuel in 2017 and officially rebaselined to
U3Siz-Alin 2019.

Current studies are focused on U3Siy-Al dispersion fuels with different uranium metal densities

[9, 10, 11, 13]. The goal of the HFIR conversion efforts is to design, qualify, fabricate, and deploy LEU
HFIR fuel that will maintain or exceed current reactor performance metrics and safety requirements at an
affordable cost [22]. Following the conversion of HFIR from HEU to LEU fuel, (1) the ability of HFIR to
perform its scientific missions must be maintained or enhanced, (2) all safety requirements must be met,
and (3) annual operating costs must not increase.

This report presents design characteristics and performance parameters for candidate low-density U3Siz-Al
fuel (4.8 %) designs [9]. A similar design report details the performance of the high-density UsSi,-Al [1]
fuel design. An optimization approach leveraging reactor physics and steady-state thermal hydraulics
simulations yield optimal designs using this U3Si-Al fuel [3, 4, 5, 6, 8] and predefined conversion
assumptions [22]. Multiple fuel designs are presented herein, as they represent designs with varying
fabrication complexity; this provides fuel fabrication and fuel qualification options to be investigated.
Designs presented in this report meet or exceed most HFIR HEU core performance metrics and safety
requirements [19]. A quantitative, multivariate design down-selection will be performed after additional
fabrication and irradiation testing are performed. At a minimum, the down-selection process must consider
performance, safety, fabrication cost, and uranium utilization.

The set of design parameters highlighted in this report are:
1. fuel element and fuel plate geometry and features,
2. temporal fission rate density distributions,
3. temporal power density distributions,

4. temporal heat flux distributions, and
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. discharge cumulative fission density distributions.



2. FUEL ELEMENT GEOMETRY

The HFIR core consists of concentric annular regions: a central flux trap containing vertical experimental
targets; two fuel elements — inner fuel element (IFE) and outer fuel element (OFE) — separated by a thin
water labyrinth region; a region containing two control elements (CEs); a beryllium reflector; and a water
region up to the edge of the pressure vessel, which is located in a pool of water [14].

The fuel assembly consists of an integral two-element configuration; the IFE is designed to be seated
within the OFE. The IFE and OFE are composed of numerous 1.27 mm thick involute-shaped fuel plates
separated by 1.27 mm thick coolant channels (Figure 1). The fuel plate elements are composed of a fuel
region (also known as fuel meat) and a filler region enclosed by an aluminum cladding. In the current HEU
design, the fuel meat is a mixture of aluminum powder and U3zOg with 93 wt% 23°U . The fuel meat is
contoured along the arc of the involute plate to reduce edge power peaking. The IFE fuel also contains B4C
for reactivity hold-down and to control power distribution during operation. The fuel plates are inserted
into slots located in the cylindrical aluminum side plates, and they extend into machine grooves where they
are attached to the side plates via circumferential welds. Key geometry and operational parameters are
provided in Table 1. More details of the fuel element geometry can be found in the work by Ilas et al. [20].

[ Alfiller wiB,C
i g
Side plate .

Nty

/1 Inner fuel element plate

UsO4-Al fuel

(tle

Outer fuel element plate [~‘

Figure 1. HFIR inner and outer fuel elements.



3. SILICIDE DISPERSION FUEL

The study described in this report considered the 4.8 gU/cm® U;Si,-Al dispersion fuel with an enrichment
of 19.75 wt.% 23U /U. According to the International Atomic Energy Agency (IAEA) [18], the U3Si,
density is 12.2 g/cm® and the corresponding silicon and uranium weight fractions are 0.075 and 0.925,
respectively. A typical aluminum density [18] of 2.7 g/cm? is also used. A summary of the U3Si,-Al
material composition assumed for this study is provided in Table 2. This table provides the assumed Al, U,
Si, and porosity volume fractions and densities. With an assumed enrichment of 19.75 wt.% 23U, the
25U density in the U3Sip-Al fuel meat is 0.948 g/cm?.

An enrichment of 19.75 wt.% 23U /U is assumed for these studies because this is the enrichment that has
been utilized for LEU conversion studies. The assumed weight percent for 234U, 23U, and 238U in U are
0.18, 0.09, and 79.78, respectively. The isotopic composition used in the neutron transport calculations is
listed in Table 3.



Table 1. Key HFIR HEU geometry and operational parameters.

Parameter Units Value
Power MW 85
Cycle length days 24-26
Coolant - light water
Inlet coolant temperature °C 48.89
Inlet coolant pressure MPa 3.33
Primary flow rate m’/s 1.01
Number of fuel elements - 2
Fuel plate clad - Al
Clad thickness um 254
Fuel meat - U305-Al
Fuel plate filler - Al (+B4C in IFE)
Fuel meat + filler thickness pum 762
Fuel plate thickness um 1270
Coolant channel thickness um 1270
Plate-to-water ratio - 1
25U enrichment wt.% U /U 93
235U loading kg 9.40
U loading kg 10.11
U3 Ogdensity g/cm3 8.22
L5y density g235 U /cm® U30g 6.47
Active fuel meat length cm 50.80
Fuel plate length cm 60.96
Active fuel zone volume L 50.03
Average power density MW/L 1.70
Fuel meat heat transfer area m’ 39.84

IFE OFE
Number of fuel plates - 171 369
25U loading kg 2.60 6.80
235U loading g/plate 15.18 18.44
U30g-to-Al mass split wt.% U30Og 30 40
Burnable poison in the filler - B in B,C -
10B Joading g 2.70 -
108 density in filler mg/cm’ 1.752 -
Involute radius * cm 6.91261 14.91742
Fuel plate arc length* cm 9.21004 8.09752
Distance from inner plate edge to involute cm 0.29718 0.29464
origin®
Distance along involute to fuel meat start cm 0.23241 0.21336
Distance along involute to fuel meat end cm 8.02259 7.22884
Fuel meat arc length cm 7.79018 7.01548
Fuel meat heat transfer area m’ 13.53435 26.30132
Inner radius of fuel meat cm 7.11950 15.11586
Outer radius of fuel meat cm 12.53239 20.87073
Active fuel zone volume L 16.97643 33.05139

* Visual depiction of fuel plate geometry in Figure 5

5



Table 2. U3Si>-Al material composition data.

Parameter Unit Symbol Value Source

Al density g/cm’ DAl 2.7 [18]

U density in U3Sip-Al g/cm3 PUM 4.8 assumed based on [24]

UsSi, density g/cm’ PU3S2 12.2 [18]

U weight fraction in UsSi, - Wy 0.925 [18]

U density in UsSi, g/cm3 PUS 11.285 puUssi, - (Wy)

Si weight fraction in UsSip, - Ws; 0.075 [18]

Si density in U3Si, g/cm’ 0sis 0.915 pUssi, - (Ws;)

parameter “a” cm3/g a 0.3118 [18]; WLU(i - m)

. . . PU,M(/%—aWU)

U3Si; volume fraction in - Vim 0.4253 [18]; {4‘,—’[/

U3Sip-Al

U3Si2 density in U3SiQ—A1 g/CIIl3 PU3S2.M 5.1892 Vf’M . (pU3S,'2)

Porosity volume fraction - Vem 0.0824 [18], 0.072Viy -
0.275(Vm)* +1.32(Veu)?

Al matrix volume fraction - Vaim 0.4922 1-Viy—Veu

Al density in U3Sip-Al g/em’ PALM 1.3290 a1 (Vaia)

U3$i2—Al density g/CIl’l3 PMm 6.5181 pu3si2zm + PALM

235U enrichment 223U /gU e 0.1975 assumed based on LEU
enrichment

235y density in U3Sip g/cm3 PU5.S 2.2288 pus(e)

25U density in U3Sir-Al g/em? PUSM 0.9480 pum(e)

Table 3. UsSi-Al material atom fraction data.

Isotope Atom fraction
ZTAI3 5.91103E-01
28gjl4 1.53948E-01
29gil4 7.55088E-03
30gjl4 4.81762E-03
34y 4.33147E-04
B35y 4.83986E-02
23692 2.22055E-04
23892 1.93527E-01




As described in Section 3.3.1 of the US Nuclear Regulatory Commission’s report [24], “the fuel particles
in the core swell as a function of burnup to accommodate fission products, both solid and gaseous, that
occupy a greater volume than the fissioning uranium.” Fuel meat swelling causes plate thickness to
increase, resulting in a reduced in-core coolant-to-moderator volume. The reduction in the volume of water
adjacent to the fuel plates degrades reactor performance by introducing negative reactivity and therefore
reducing cycle length. It also adversely affects the thermal safety margin by thinning the coolant channel.

The swelling rate of U3Si, is 6.2% percent per 10?! fissions/cm>-U3Siy [24]. Thus, fuel particle swelling
increases linearly as a function of burnup. As shown above, the volume fraction of U3Si; in the fuel meat
(i.e., UsSiz-Al) is 0.4253, so the swelling rate can also be described as 2.637% per 10%! fissions/cm? - fuel
meat. The impact of fuel swelling on cycle length was shown to be small in a preliminary study, so fuel
swelling is not specifically modeled in the depletion simulations. However, fuel swelling is considered in
the HSSHTC calculations to decrease the coolant channel thickness.



4. COMPUTATIONAL METHODS

The computational design and analysis methods have been modernized to (1) decrease time of analysis, (2)
decrease inconsistencies in the analysis, and (3) increase reproducibility [2, 25]. Tools used in this work are
shown in Table 4.

Table 4. Analysis codes used for this work.

Name Description Reference
Shift Monte Carlo radiation transport code. Sim- [21]
ulates neutron transport in HFIR and deple-
tion of fuel and target isotopes.
HSSHTC Reads processed output from Shift to calcu- [10, 15]
late steady-state thermal hydraulic metrics
such as burnout margins steady-state tem-
perature.
PHAME Driver for the entire analysis process. Orga- [2, 3]
nizes and passes data between tools. Also
contains a visualization suite.

The analysis process is as follows:

1. Determine fuel design features (Table 11) and fuel shape (radial thickness profile)
Generate Monte Carlo N-Particle code (MCNP) geometry from analyst input (Figure 3)
Generate corresponding Shift input file
Run Shift with critical CE position search to determine critical CE position.

Parse Shift output to produce reactor physics performance metrics (h5 database)
Create HSSHTC input file from the produced database
Run HSSHTC

Parse HSSHTC output file to store thermal hydraulics metrics (h5 database)

o B

Use visualization suite to produce plots and tables of analysis results

Except for the initial step, the entire analysis process is automated, which increases reproducibility and
decreases probability of human error. A full HFIR Monte Carlo N-Particle code (MCNP) model with a
representative loading is used to generate these metrics [12].

4.1 Neutronics Mesh

The involute fuel plates within the fuel elements are explicitly modeled using a set of hexahedra to
approximately define the fuel meat, filler, and Al cladding of the fuel plates and the water coolant between
the plates. The radial mesh used to define the hexahedra approximating the fuel meat shape is listed in
Tables 5 and 6, respectively. A total of 21 radial mesh cells are used to define the IFE, primarily because it
has a smaller involute radius and therefore more curvature than the OFE. The IFE and OFE axial meshes



consist of 21 cells as described in Table 7. Nonuniform radial and axial mesh cells are defined to accurately
capture the fuel shape and the flux gradients that occur at the axial and radial extremes of the fuel meat.

Table 5. Radii of the IFE fuel regions in the neutronics model.

No. ri(cm) * ro(cm) Ar(cm)
1 7.124378 7.20 0.08
2 7.20 7.35 0.15
3 7.35 7.50 0.15
4 7.50 7.75 0.25
5 7.75 8.00 0.25
6 8.00 8.25 0.25
7 8.25 8.50 0.25
8 8.50 8.85 0.35
9 8.85 9.20 0.35
10 9.20 9.50 0.30
11 9.50 9.85 0.35
12 9.85 10.20 0.35
13 10.20 10.50 0.30
14 10.50 10.85 0.35
15 10.85 11.20 0.35
16 11.20 11.50 0.30
17 11.50 11.75 0.25
18 11.75 12.00 0.25
19 12.00 12.20 0.20
20 12.20 12.40 0.20
21 12.40 12.54696 0.15

* r; and r, are inner and outer radii; Ar = r, — r;

4.2 Depletion Modeling

For depletion modeling, the fully explicit transport-depletion coupling method is used, where a single
transport calculation is done at the beginning of the time, and that result is used for all the depletion
substeps. For this work, a timestep of a day is used, with 10 depletion substeps. [16] explains depletion
modeling in Shift in detail.

4.3 Thermal-hydraulics mesh

The HSSHTC is a 2-D r-z steady-state heat transfer code represented as (i,j) nodes. The IFE and OFE
radial mesh defining the fuel meat consists of 11 nodes each as shown in Table 8. The IFE and OFE axial
mesh consists of 23 nodes as shown in Table 9. The HSSHTC node locations were selected based on the
following guidelines: (1) ~0.4 cm As (distance along arc length) at radial edges, (2) 0.5 cm Az at axial
edges, (3) internal fuel meat nodes approximately at neutronic s midpoints, (4) internal fuel nodes
approximately at neutronic z midpoints, and (5) nodes at location optimized for energy conservation based
on the power distribution. Very fine axial and radial meshes at the radial and axial extremes were not
desired because HSSHTC does not conduct heat into the unfueled regions and a very fine mesh around the



Table 6. Radii of the OFE fuel regions in the neutronics model.

No. ri(cm) * ro(cm) Ar(cm)
1 15.13905 15.30 0.16
2 15.30 15.50 0.20
3 15.50 16.00 0.50
4 16.00 16.50 0.50
5 16.50 17.00 0.50
6 17.00 17.50 0.50
7 17.50 18.00 0.50
8 18.00 18.50 0.50
9 18.50 19.00 0.50
10 19.00 19.50 0.50
11 19.50 20.00 0.50
12 20.00 20.50 0.50
13 20.50 20.75 0.25
14 20.75 20.95536 0.21

* r; and r, are inner and outer radii; Ar = r, — r;

Table 7. Axial mesh for fuel regions in the neutronics model.

No. Zupper(cm) ) Zjower(CM) Az (cm)
1 27.94 27.44 0.50
2 27.44 26.94 0.50
3 26.94 25.94 1.00
4 25.94 24.94 1.00
5 24.94 23.00 1.94
6 23.00 18.00 5.00
7 18.00 13.00 5.00
8 13.00 8.00 5.00
9 8.00 3.00 5.00
10 3.00 1.00 2.00
11 1.00 -1.00 2.00
12 -1.00 -3.00 2.00
13 -3.00 -8.00 5.00
14 -8.00 -13.00 5.00
15 -13.00 -18.00 5.00
16 -18.00 -23.00 5.00
17 -23.00 -24.94 1.94
18 -24.94 -25.94 1.00
19 -25.94 -26.94 1.00
20 -26.94 -27.44 0.50
21 -27.44 -27.94 0.50

* Location is with respect to the core midplane (at axial location 0.0cm).
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frame of the fuel meat would result in additional conservatism. Figure 2 illustrates the HSSHTC nodes
superimposed onto the neutronics mesh.

Table 8. Radii of the fuel nodes in the HSSHTC model.

1 IFE r (cm) OFE r (cm)
3 7.124 15.139
4 7.493 15.521
5 7.820 15.837
6 8.254 16.252
7 9.014 17.007
8 10.012 18.007
9 11.011 19.007
10 11.753 19.752
11 12.119 20.279
12 12.326 20.67
13 12.547 20.955

Table 9. Axial mesh for fuel nodes in the HSSHTC model.

i z (cm) * i z (cm)
3 27.94 15 -2.00
4 27.44 16 -5.50
5 26.94 17 -10.50
6 26.32 18 -15.50
7 25.44 19 -20.50
8 23.97 20 -23.97
9 20.50 21 -25.44
10 15.50 22 -26.32
11 10.50 23 -26.94
12 5.50 24 -27.44
13 2.00 25 -27.94
14 0.00

*Location is with respect to the core midplane at axial location 0.0 cm.
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Figure 2. Fuel element HSSHTC nodes (black circles) superimposed on neutronics mesh (black lines).
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4.4 Design parameter calculation methods
4.4.1 Fission rate density

The fission rate density f; in a given fuel region is

1 & e
Ji= vfuelzi: fo dE fa ey, VN (5 E)Or E) "

where Vi is the volume of the given fuel region, ; is the number density of isotope i, o 1 is the fission
cross section of isotope i, ¢ is the scalar flux, and the sum is over the M fissionable isotopes within the fuel
region. The unit of f; is fissions per second per cubic cm of fuel particle.

4.4.2 Cumulative fission density

Cumulative fission density is calculated by taking the time integral of the fission rate density values.

Viuel

1 M T 00
Falty) = ZZ fo dE fﬂ VN @ EXr E)A 2)

The unit of F is fissions per cubic cm of fuel particle. The maximum cumulative fission density in this
report is an interpolated value between the last full cycle day and the next day. For example, if the cycle
length is 26.7 days, then maximum cumulative fission density is at:

Fq(26.7) = Fg(26) + (F4(27) — F4(26)) x 0.7 3)

4.4.3 Power density

Power density is calculated by multiplying the fission rate density by the average energy generated per
fission (200.7 MeV * ). A conservative assumption is made that all energy generated by fission is deposited
locally in the fuel meat.

MeV  1.60218 = 10710kJ

Py = 200.7 4
a=Jax fission i 1MeV @)
The unit of P, is kW per cubic cm of fuel particle.
4.4.4 Heat flux
Nominal heat fluxes are estimated using the following expression:
7" w — |14 _ Ptot(W)fFE
Q(r,z)(%) =q (%)‘p(nz) = m‘p(r,z) (5)

*This Q value of 200.7 Mev/fission is a ‘typical’ Q value used in HFIR analyses close to the approximate cycle-averaged value
that was recently calculated for the optimized silicide design. The BOC and EOC Q values were estimated to be 200.49 and 201.46
MeV/fission, respectively, givin the average Q value of 200.98 MeV/fission [9].
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where ‘IE;,Z) is the nominal heat flux at 7, z, and ¢’ is the core average heat flux, &7 1s the relative fission
density at r,z, Py, is the total reactor power, frg is the fraction of total heat deposited in the fuel element,
and A is the heat transfer area. A frg value of 0.965 is assumed, and a heat transfer area of 4.3820¢°cm? is
assumed for 22-inch fuel (Eq. 6). Symmetric heat transport through both sides of the fuel plates is assumed
irrespective of the location of the fuel meat inside the plates (i.e., centered symmetric vs. off-centered

asymmetric). The location of the fuel is taken into account by adjusting the uncertainty factors in the
HSSHTC calculation.

Arg = (Asire * Nipe + Asore * Norg) * (H x 2) (6)

As = Length of fuel meat along involute
N = Number of fuel plates in region
H = Height of fuel plate

14



5. CANDIDATE FUEL DESIGN PARAMETERS

All four low density U3Sisfuel designs share some key geometric and operational characteristics (Table
10). The fuel designs have different design features that impact manufacturing processes (Table 11). Table
12 shows the design features selected for the fuel design options explored in this effort. The fuel axial
length had to be extended from 50.8 cm (20 inches) to 55.88 cm (22 inches) in order to meet cycle length
standards.

The input generation script is set up so that the user can specify different combinations of design features.
Figure 4 shows the MCNP geometry representations of these design features.

Figure 3. PHAME-generated MCNP file geometry.
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Table 10. Key HFIR LEU geometry and operational parameters common to all presented designs.

Parameter Units Value
Power MW 95
Coolant - light water
Inlet coolant temperature °C 48.89
Inlet coolant pressure MPa 3.33
Primary flow rate m’/s 1.01
Number of fuel elements - 2
Clad thickness um 254
Fuel meat + filler thickness um 762
Fuel plate thickness pum 1270
Coolant channel thickness pum 1270
Plate-to-water ratio - 1
Active fuel meat length cm 55.88
Fuel plate length cm 60.96
Active fuel zone volume L 55.58
Average power density MW/L 1.71
Fuel meat heat transfer area m? 44.13

IFE OFE
Number of fuel plates - 171 369
Involute radius* cm 6.91261 14.91742
Fuel plate arc length* cm 9.21004 8.09752
Distance from inner plate edge to invo- cm 0.29718 0.29464
lute origin*
Distance along involute to fuel meat start cm 0.23114 0.23439
Distance along involute to fuel meatend cm 8.02706 7.32267
Fuel meat arc length cm 7.79592 7.08828
Fuel meat heat transfer area m? 14.89875 29.23167
Inner radius of fuel meat cm 7.12438 15.13905
Outer radius of fuel meat cm 12.54696 20.95536
Active fuel zone volume L 18.72606 36.85477

* Visual depiction of fuel plate geometry in Figure 5
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Table 11. Complex fuel design features and benefits.

Design option

Description

Benefit

Axial contour (i.e., toe)

Center and symmetric
fuel zone

Gd, 03 in IFE filler

Boron strip underneath

The lowest 1 cm of the fuel is linearly
interpolated from the top shape to a
radially flat fuel profile with reduced
thickness.

The fuel meat is centered and sym-
metric within the fuel plate thick-
ness and is surrounded by an equal
amount of filler material on each
side (plates consist of cladding, filler,
fuel, filler, and cladding instead of
cladding, fuel, filler, and cladding).

Gadolinium is added in addition to
boron to suppress IFE power peaking
in the first few day(s) of operation.

The lowest unfueled region (i.e.,
clad) of the fuel contains a 0.5-inch
boron strip in the form of borated alu-
minum powder.

Because the coolant flows from top
to bottom in HFIR, the location of
limiting thermal margin is at the bot-
tom (i.e., the outlet). By reducing
fuel mass on the bottom, outlet power
peaking is reduced.

Enhances heat transfer path from fuel
meat to coolant. The amount of heat
dissipated from the convex and con-
cave sides of the involute are equal.

Provides for an increase in the total
fuel amount while maintaining safety
margins in the first few cycle days
when margins are typically smallest
for silicide designs.

Because the coolant flows from top to
bottom in HFIR, the location of lim-
iting thermal margin is at the bottom
(i.e., the outlet). By placing boron on
the bottom, outlet power peaking is
suppressed.

Table 12. Currently analyzed silicide designs that meet the performance and safety metrics. Case
numbers denote different fuel shapes.

Name Center-symmetric fuel | Axial contour | Gd in filler | Boron strip
Optimized Y Y - -
Alternate 1 - Y Y -
Alternate 2 Y - Y -

Alternate 3

- Y
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Figure 4. The top image shows the center and symmetric fuel, where the layers are clad-filler-fuel-
filler-clad. The middle image shows the off-center and asymmetric fuel, where the layers are clad-
fuel-filler-clad. The bottom images shows the axial contour of the center and symmetric fuel, where
the fuel thickness is reduced to 200 yum. These images are for illustration only.
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6. OVERVIEW OF METRICS

The metrics used to measure the LEU core performance and safety are shown in Table 13. The list of
metrics used in this report is expanded from the list in Ilas et al. [19], to provide a more comprehensive set
of metrics related to safety, performance, and resource utilization.

All the designs meet or exceed HEU metrics (Table 14) minus the cold source cold flux ratio, minimum
burnout margin, and uranium utilization. The detailed explanations for these metrics are below. The most
variation in performance between designs is seen in cycle length and Cf production rate.

6.1 DESCRIPTION OF METRICS

This section presents a brief description and the calculation method for each metric. All flux metrics are
spatially and temporally averaged, so the single value denotes the average value across all radial, axial, and
temporal (day) meshes.

6.1.1 Cf Production Rate

One of the primary missions of HFIR is isotope production, including the production of 232Cf , which is
created within the curium-oxide targets inside the flux trap region through a complex absorption and decay

Table 13. Metrics used to measure the performance and safety of the LEU core.

Metric Type Units Description

Cf production rate Performance mg/day Time-averaged mass of cal-
ifornium produced from the
curium targets

Cm target thermal flux Performance # Thermal flux (E < 0.625 eV) in
the curium target

Cold source moderator vessel Performance - Ratio of cold flux (E < 0.103978

cold flux ratio eV) in cold source

Cold source moderator vessel Performance % Cold flux (E < 0.103978 eV) in

cold flux the moderator vessel

Cycle length Performance days Number of days the LEU core
can maintain criticality

Flux trap fast flux Performance # Fast flux (E > 0.1 MeV) in flux
trap

Flux trap fast flux ratio Performance - Ratio of fast flux (£ > 0.1 MeV)
in flux trap

Minimum burnout margin Safety - Thermal safety margin

Reflector fast flux Performance % Fast flux (E > 0.1 MeV) in re-
flector

Reflector fast flux ratio Performance - Ratio of fast flux (£ > 0.1 MeV)
in reflector

25U loading Design kg Mass of 23U in the fuel

235U utilization Performance day/kg Cycle length divided by loaded

235U
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chain. This metric is calculated by obtaining the mass of 232Cf at the end of the cycle and dividing by the
cycle length.

6.1.2 Cycle Length

Cycle length denotes the number of days the core can maintain criticality. The critical element position
search module determines positions throughout operation, ending when the core is subcritical, with the
control elements fully withdrawn. From the control element position curve, an interpolation is made to
estimate the cycle length. For example, if a core is subcritical with fully withdrawn control elements
starting on day 27, then the cycle length would be 26.N days, where N is interpolated from the control
element position curve.

6.1.3 Cold Source Flux and Ratio

The cold source flux magnitude and cold-to-total flux ratio are measures of the quality of the flux for cold
neutron science. Increased brightness (i.e., greater magnitude) and reduced noise (i.e., higher cold-to-total
flux ratio) are desired. Due to a hardened spectrum with LEU fuel relative to HEU, the cold-to-total flux
ratio of these designs do not meet HEU metrics.

As the cold source neutron source region is radially external to the control elements, the cold source region
flux is highly affected by the control element location. Therefore, designs with longer cycle lengths and
associated slower control element withdrawals have a relatively lower average cold source flux.

6.1.4 Flux Trap Fast Flux and Ratio

The flux trap is the center region in HFIR that experiences the highest flux (~ 101 %) The flux trap

region is used for isotope production and materials irradiation testing. Fast flux in the flux trap is used for
materials irradiation studies to accelerate damage testing. The fast flux and fast-to-total flux ratio metrics

Table 14. The performance and safety metrics for the new low density LEU designs need to meet or
exceed HEU metrics. All the designs in this study meet or exceed HEU metrics minus the cold source
cold flux ratio, minimum burnout margin, and uranium utilization.

Metrics HEU Optimized Alternatel Alternate2 Alternate3
Cf production rate 1.388 1.406 1.398 1.396 1.38
Cm target flux >1.00E+15 | 1.64E+15 1.64E+15 1.63E+15 1.63E+15
Cold source cold flux ratio 0.736 0.723 0.723 0.724 0.724
Cold source flux 448E+14 | 4.63E+14 4.64E+14 4.65E+14 4.65E+14
Cycle length 26.2 27.464 27.452 27.117 27.121
Flux trap fast flux 1.O7E+15 | 1.15E+15 1.15E+15 1.14E+15 1.14E+15
Flux trap fast flux ratio 0.29 0.308 0.308 0.307 0.306
Minimum burnout 1.61 1.617 1.538 1.507 1.512
Reflector fast flux 2.89E+14 | 3.22E+14 3.22E+14 3.23E+14 3.23E+14
Reflector fast flux ratio 0.192 0.198 0.198 0.197 0.197
235U loading 9.4 13.95 13.95 13.933 13.951
25U utilization 2.78 1.969 1.968 1.946 1.944
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are calculated by spatially averaging the fast fluxes in the material irradiation targets located in the flux
trap. This results in a time-resolved quantity that is then averaged over the cycle.

6.1.5 Minimum Burnout Margin

Safety limit (SL) calculations must show that for cases in which a given process variable is at its SL, all
other variables are at their limiting control settings (LCSs), and all uncertainties in the technical knowledge
of the process have resolved unfavorably, then no hot spot burnout can occur. At each time step, HSSHTC
determines the average temperatures and heat fluxes at the given power and then calculates the effects of
uncertainties in reactor process conditions, tolerances and uncertainties in fuel manufacturing, and
analysis/correlation uncertainties. At the last time step specified in the input, the reactor power is increased
until the hot spot surface heat flux is equal to the surface heat flux predicted by the Gambill burnout heat
flux correlation [17]. The burnout margin is defined as the burnout-to-nominal power ratio and the
minimum burnout margin is the smallest ratio calculated over the cycle. Refer to [11] for more details
regarding the safety limit calculation methods and the employed uncertainty factors for silicide fuel.

For the 95 MW LEU core, a minimum burnout power of 129.2 MW is required to meet the current 1.36
flux-to-flow safety limit; however, a greater margin is required to render an LEU design option feasible
because the minimum predicted HEU margin is 1.61 and the assumptions made for the LEU fuel
uncertainty factors associated with manufacturing tolerances and physics correlations may need to be
refined, making it prudent to favor a more conservative calculation in this analysis stage. It is desired to
maintain the HEU-calculated margin (1.61), but a margin of 1.51 has been defined by the HFIR conversion
team as the minimum margin to declare a LEU design feasible. This margin has been somewhat arbitrarily
selected based on a previous safety limit and the difference between the safety limit and the calculated limit
being ~0.15. The difference of 0.15 is then added to the current safety limit of 1.36 to get 1.51.

A design that meets the HEU calculated 1.61 is preferred, but given the tight restraints on the design space,
the 1.51 margin is adequate, as long as it notably pass the TSR SL of 1.36 and the reduced margin is offset
by performance and fabrication improvements.

6.1.6 Reflector Fast Flux and Ratio

The removable beryllium reflector has eight large aluminum-lined irradiation positions, and one of these
facilities is often used for materials irradiation purposes when large targets are to be irradiated. For the flux
trap, these metrics are calculated by spatially averaging the fluxes in the 8 irradiation facilities (1A,1B,
3A,3B, 5A, 5B, 7A, 7B) within the removable beryllium reflector region. This results in a time-resolved
quantity that is then averaged over the cycle.

6.1.7 23U Loading and Utilization

The 233U loading metric denotes the total mass of 2*>U in the fuel elements. The mass of fissile material is
roughly proportional to the cycle length. The utilization metric is the cycle length divided by the initial
235U mass loading. The HEU core has a lower 2>°U loading and a higher utilization because it has a
substantially lower amount of 238U , so it is impacted less by fuel parasitic neutron absorption.
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7. DESIGN SPECIFICATIONS AND PARAMETERS

This section presents the four candidate designs and their time-dependent, nominal maximum detailed
design parameters (i.e., fission rate density, power density, heat flux, and cumulative fission density). The
larger plots that show the spatially dependent values are provided in the appendix for readability. The
reference numbers in each section are links to the plots in the document. Also, for these plots, only the
beginning-of-cycle (BOC), first day, middle-of-cycle (MOC), and end-of-cycle (EOC) values are shown.
The BOC and EOC state points are provided because they bound the cycle operations. Results at the first
day into the cycle are provided because fission product poisons have approximately reached their
equilibrium conditions, the control elements have rapidly withdrawn with respect to BOC, and the peak
parameters at the outer radial edge of the OFE on the core midplane are observed. MOC conditions are
provided because they approximately represent cycle average results.

The fuel plate geometry for each design is discussed in the following subsections for the four designs.
Interpretation of the Alternate 1 design’s IFE fuel plate is illustrated in Figure 5, with nominal dimensions
shown. The fuel meat thickness (t) profiles are defined as polynomial curves, f(x), where x is the arc
distance from the origin of the involute generating radius. Thus, x=0 is the origin of the involute generating
radius, which is 2.7215 inches (6.91261 cm) from the reactor core centerline for the IFE. The distance from
the inner edge of the IFE plate to the origin of the involute is 0.117 inches (0.29718 cm). The distances
from the origin of the involute to the fuel meat start and stop edges are taken as 0.091 inches (0.23114 cm)
and 3.16026 inches (8.02706 cm). The nominal fuel plate arc length is 3.626 inches (9.21004 cm).

3.626" (9.21004 cm)

0.117" (0.29718 cm) oygn
inner edge of plate — —

o —~ 1270 © HFIR LEU Low-Density Silicide Alternate 1
] Fuel Design Inner Fuel Element
8 51016 |
a 9
o 2
& E 7162 t = f(x); where Xy, = 0.23114 cm and Xy, = 8.02706 cm
2 8 508
o O area = I f(x)dx = 0.45890 cm? = 0.07113 in?
g _\E Xynin
% o 254
o _E x = 0 is the origin of the involute
0 [ ayn
0 1 2 3 4 5 6 7 $ 9
T arc distance from involute generating circle (cm)
(6.91261 cm) [ 3.06926 “ (7.79592 ¢m)
involute generating 0.091"(0.23114 cm)

radius 3.16026" (8.02706 cm)

Figure 5. Interpretation of fuel plate plots with Alternate Design 1 IFE illustrated.
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7.1 OPTIMIZED DESIGN

The optimized design was generated by including center-symmetric fuel zones to promote heat transfer to
the coolant and axial contours at the bottom of the fuel zones to reduce axial power peaking. Combining
these two complex design features is advantageous, resulting in a design with a desirable thermal safety
margin. The cycle length of this design is 27.46 days. The optimized fuel design specifications are
presented in Table 15.

Table 15. Key optimized design geometry and operational parameters.

Parameter Units Value

Center-symmetric fuel zone - yes

Axial contour - yes

Gd,0s3 in IFE filler - no

Boron strip below fuel - no

U loading kg 70.6332

25U loading kg 13.9501
IFE OFE

25U loading kg 4.0748 9.8753

23U loading per plate g/plate 23.82924 26.76233

Filler - Al + B4C Al

0B Joading in IFE filler g 2.2025 -

0B density in IFE filler mg/cm’ 1.752 -

Gd loading in IFE filler mg 0.0 0.0

Gd density in IFE filler mg/cm’ 0.0 0.0
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7.1.1 Fuel Meat Shape

The fuel meat thickness profile of the optimized design is described in Table 16, where t (um) is the fuel
meat thickness and s (cm) is the distance from the origin of the involute generating radius. Illustrations of
the IFE and OFE fuel meat shapes are shown in Figures 6 and 7.

Distance along IFE plate arc length (cm)

0 1 2 3 4 5 6 7
Distance along OFE plate arc length (cm)

Distance along plate thickness [um] Distance along plate thickness [um]

Figure 6. Fuel meat shape for the optimized design.
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Distance along plate thickness [um] Distance along plate thickness [um]

Figure 7. Fuel bottom meat shape for the optimized design. The axial gradient increases the minimum

Distance along IFE plate arc length (cm)

Distance along OFE plate arc length (cm)

safety margin, which usually occurs at the bottom of the core.

Table 16. Fuel shape polynomial coefficients for optimized design.

Order
si (cm) | 57 (cm) 4 3 2 1 0
IFE ALL -2.23E-01 | 2.88E+00 | -2.82E+01 | 1.84E+02 | 2.57E+02
0.2343 1.696 - - -5.60E+01 | 2.60E+02 | 4.82E+02
OFE | 1.696 | 6.005 - - - - 7.62E+02
6.005 7.3226 - - -7.14E+01 | 7.90E+02 | -1.41E+03
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7.1.2 Fission Rate Density

Figure 8 shows the maximum fission rate density during operation for each fuel element. Table 17 lists the
peak fission rate results and references to the figures in the appendix that illustrate the spatial fission rate
density values for the four selected state points for each fuel element.
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Figure 8. Optimized design maximum fission density during operation.

Table 17. Minimum and maximum fission rate densities in the optimized design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 3.2 18.65 Fig. 32
1 IFE 3.02 17.52 Fig. 33
15 IFE 3.02 13.47 Fig. 34
27 IFE 3.17 9.72 1014 ﬁ;sions Flg 35
0 OFE 1.33 9.93 S Muepariicie | Fig. 36
1 OFE 1.34 11.81 Fig. 37
2 OFE 1.37 11.85 Fig. 38
15 OFE 1.82 10.13 Fig. 39
27 OFE 2.16 8.35 Fig. 40
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7.1.3 Power Density

The power density values are the fission rate density values multiplied by the average energy generated per
fission. It is conservatively assumed that all energy generated by fission is deposited locally in the fuel
meat. Therefore, the power density and fission rate density results have identical trends, and only the
magnitudes of the results are different. Figure 9 shows the maximum local power density during operation
for each fuel element. Table 18 lists the maximum power density results and references the figures in the
appendix. Each plot in the appendix shows the spatial power density values for each of the four selected
state points for each fuel element.
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Figure 9. Optimized design maximum power density during operation.

Table 18. Minimum and maximum power densities in the optimized design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 4.37 25.5 Fig. 47
1 IFE 4.13 23.96 Fig. 48
15 IFE 4.12 18.42 Fig. 49
27 IFE 4.34 13.3 kW Fig. 50
0 OFE 1.81 13.58 M etpartice Fig. 51
1 OFE 1.84 16.15 Fig. 52
2 OFE 1.87 16.2 Fig. 53
15 OFE 2.48 13.86 Fig. 54
27 OFE 2.95 11.42 Fig. 55
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7.1.4 Heat Flux

Figure 10 shows the maximum heat flux during operation for each fuel element. Table 19 lists the
maximum heat flux results and references to the figures in the appendix. Each plot in the appendix shows
the spatial heat flux values for the four selected state points for each fuel element.

450 e |FE
e OFE
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275 A
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Time (days)

Figure 10. Optimized design maximum heat flux during operation.

Table 19. Minimum and maximum heat fluxes in the optimized design.

Day | Region | Minimum | Maximum | Unit | Ref.
0 IFE 117.9 370.06 Fig. 56
1 IFE 114.0 350.02 Fig. 57
15 IFE 111.09 302.86 Fig. 58
27 IFE 109.2 270.01 w | Fig. 59
0 OFE 32.79 363.14 em? | Fig. 60
1 OFE 33.43 452.33 Fig. 61
2 OFE 33.91 454.31 Fig. 62
15 OFE 42.28 390.07 Fig. 63
27 OFE 71.77 326.38 Fig. 64
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7.1.5 Cumulative Fission Density

Figure 11 shows the maximum local cumulative fission density during operation for each fuel element, and
Figure 12 illustrates the fission rate density variation with cumulative fission density for every spatial cell
in the neutronics model. Table 20 lists the maximum cumulative fission density results and references to
the figures in the appendix.
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Figure 11. Optimized design maximum cumulative fission density during operation.

Table 20. Minimum and maximum cumulative fission density values in the optimized design.

Day | Region | Minimum | Maximum Unit Ref.
1 IFE 0.27 1.57 Fig. 41
15 IFE 3.95 20.4 Fig. 42
27 IFE 7.17 32.32 1020 fgssions Flg 43
1 OFE 0.12 0.9 Muetpariicte | Fig. 44
15 OFE 2.06 14.35 Fig. 45
27 OFE 4.21 24.02 Fig. 46
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Figure 12. Optimized design fission rate density variation with cumulative fission density during

operation.
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7.2 ALTERNATE 1 DESIGN

The alternate 1 design was generated by including axial contours at the bottom of the fuel zones to reduce
axial power peaking and gadolinium oxide in the IFE filler to suppress power peaking in the IFE for the
first few days. The cycle length of this design is 27.45 days. The alternate 1 fuel design specifications are
presented in Table 21.

Table 21. Key alternate 1 design geometry and operational parameters.

Parameter Units Value

Center-symmetric fuel zone - no

Axial contour - yes

Gd,03 in IFE filler - yes

Boron strip below fuel - no

U loading kg 70.6332

25U loading kg 13.9501
IFE OFE

25U loading kg 4.0748 9.8753

23U loading per plate g/plate 23.82924 26.76233

Filler - Al + B4C Al

0B Joading in IFE filler g 2.2022 -

0B density in IFE filler mg/cm’ 1.752 -

Gd loading in IFE filler mg 1.009 0.0

Gd density in IFE filler mg/cm’ 0.80231 0.0
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7.2.1 Fuel Meat Shape

The fuel meat thickness profile of the alternate 1 design is described in Table 22, where t (um) is the fuel
meat thickness and s (cm) is the distance from the origin of the involute generating radius. Illustrations of
the IFE and OFE fuel meat shapes are shown in Figures 13 and 14.

0 1 2 3 4 5 6 7
Distance along OFE plate arc length (cm)

Distance along plate thickness [um] Distance along plate thickness [um]

Figure 13. Fuel meat shape for the alternate 1 design.
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Distance along plate thickness [um] Distance along plate thickness [um]

Figure 14. Fuel bottom meat shape for the alternate 1 design. The axial gradient increases the mini-

2

3

4

mum safety margin, which usually occurs at the bottom of the core.

5
Distance along OFE plate arc length (cm)

Table 22. Fuel shape polynomial coefficients for alternate 1 design.

Order
si (cm) | 57 (cm) 4 3 2 1 0
IFE ALL -2.23E-01 | 2.88E+00 | -2.82E+01 | 1.84E+02 | 2.57E+02
0.2343 1.696 - - -5.60E+01 | 2.60E+02 | 4.82E+02
OFE | 1.696 | 6.005 - - - - 7.62E+02
6.005 7.3226 - - -7.14E+01 | 7.90E+02 | -1.41E+03
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7.2.2 Fission Rate Density

Figure 15 shows the maximum fission rate density during operation for each fuel element. Table 23 lists the
peak fission rate results and references to the figures in the appendix that illustrate the spatial fission rate
density values for the four selected state points for each fuel element.
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Figure 15. Alternate 1 design maximum fission density during operation.

Table 23. Minimum and maximum fission rate densities in the alternate 1 design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 3.1 18.15 Fig. 65
1 IFE 297 17.54 Fig. 66
15 IFE 3.08 13.47 Fig. 67
27 IFE 3.17 9.68 1014 ﬁ;sions Flg 68
0 OFE 1.31 10.01 S Muepariicie | Fig. 69
1 OFE 1.36 11.82 Fig. 70
2 OFE 1.38 11.82 Fig. 71
15 OFE 1.8 10.18 Fig. 72
27 OFE 2.15 8.35 Fig. 73
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7.2.3 Power Density

The power density values are the fission rate density values multiplied by the average energy generated per
fission. It is conservatively assumed that all energy generated by fission is deposited locally in the fuel
meat. Therefore, the power density and fission rate density results have identical trends, and only the
magnitudes of the results are different. Figure 16 shows the maximum local power density during operation
for each fuel element. Table 24 lists the maximum power density results and references the figures in the
appendix. Each plot in the appendix shows the spatial power density values for each of the four selected

state points for each fuel element.
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Figure 16. Alternate 1 design maximum power density during operation.

Table 24. Minimum and maximum power densities in the alternate 1 design.

15
Time (days)

20

25

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 4.24 24.82 Fig. 80
1 IFE 4.06 23.99 Fig. 81
15 IFE 4.21 18.42 Fig. 82
27 IFE 4.33 13.24 kW Fig. 83
0 OFE 1.79 13.7 M etpartice Fig. 84
1 OFE 1.86 16.16 Fig. 85
2 OFE 1.89 16.16 Fig. 86
15 OFE 2.46 13.92 Fig. 87
27 OFE 2.94 11.41 Fig. 88
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7.2.4 Heat Flux

Figure 17 shows the maximum heat flux during operation for each fuel element. Table 25 lists the
maximum heat flux results and references to the figures in the appendix. Each plot in the appendix shows
the spatial heat flux values for the four selected state points for each fuel element.
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Figure 17. Alternate 1 design maximum heat flux during operation.

Table 25. Minimum and maximum heat fluxes in the alternate 1 design.

Day | Region | Minimum | Maximum | Unit | Ref.
0 IFE 113.11 358.43 Fig. 89
1 IFE 112.19 347.6 Fig. 90
15 IFE 112.31 301.36 Fig. 91
27 IFE 107.26 268.94 w | Fig. 92
0 OFE 329 374.24 em? | Fig. 93
1 OFE 32.82 452.49 Fig. 94
2 OFE 32.86 452.78 Fig. 95
15 OFE 42.05 391.41 Fig. 96
27 OFE 70.87 325.96 Fig. 97




7.2.5 Cumulative Fission Density

Figure 18 shows the maximum local cumulative fission density during operation for each fuel element, and
Figure 19 illustrates the fission rate density variation with cumulative fission density for every spatial cell
in the neutronics model. Table 26 lists the maximum cumulative fission density results and references to
the figures in the appendix.
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Figure 18. Alternate 1 design maximum cumulative fission density during operation.

Table 26. Minimum and maximum cumulative fission density values in the alternate 1 design.

Day | Region | Minimum | Maximum Unit Ref.
1 IFE 0.26 1.54 Fig. 74
15 IFE 3.94 20.37 Fig. 75
27 IFE 7.18 32.32 1020 fgssions Flg 76
1 OFE 0.12 0.94 Muetparicte | Fig. 77
15 OFE 2.06 14.38 Fig. 78
27 OFE 4.2 24.03 Fig. 79
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operation.
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7.3 ALTERNATE 2 DESIGN

The alternate 2 design was generated by including center-symmetric fuel zones to promote heat transfer to
the coolant and gadolinium oxide in the IFE filler to suppress power peaking in the IFE for the first few
days. The cycle length of this design is 27.12 days. The alternate 2 fuel design specifications are presented
in Table 27.

Table 27. Key alternate 2 design geometry and operational parameters.

Parameter Units Value

Center-symmetric fuel zone - yes

Axial contour - no

Gd,03 in IFE filler - yes

Boron strip below fuel - no

U loading kg 70.5474

25U loading kg 13.9331
IFE OFE

25U loading kg 3.9458 9.9873

23U loading per plate g/plate 23.07485 27.06585

Filler - Al + B4C Al

0B Joading in IFE filler g 2.4406 -

0B density in IFE filler mg/cm’ 1.752 -

Gd loading in IFE filler mg 1.1182 0.0

Gd density in IFE filler mg/cm’ 0.80231 0.0
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7.3.1 Fuel Meat Shape

The fuel meat thickness profile of the alternate 2 design is described in Table 28, where t (um) is the fuel
meat thickness and s (cm) is the distance from the origin of the involute generating radius. Illustrations of
the IFE and OFE fuel meat shapes are shown in Figure 20.

Distance along IFE plate arc length (cm)

0 1 2 3 4 5 6 7
Distance along OFE plate arc length (cm)

Distance along plate thickness [um] Distance along plate thickness [um]

Figure 20. Fuel meat shape for the alternate 2 design.
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Table 28. Fuel shape polynomial coefficients for alternate 2 design.

Order
si (cm) [ 57 (cm) 6 5 4 3 2 1 0
IFE ALL -3.06E-03 | 8.76E-02 | -1.09E+00 | 6.55E+00 | -3.32E+01 | 1.77E+02 | 2.53E+02
0.2343 1.696 - - - - -9.92E+01 | 3.61E+02 | 4.36E+02
OFE | 1.696 | 6.005 - - - - - - 7.62E+02
6.005 7.3226 - - - - -7.82E+01 | 8.78E+02 | 1.69E+03

7.3.2 Fission Rate Density

Figure 21 shows the maximum fission rate density during operation for each fuel element. Table 29 lists the
peak fission rate results and references to the figures in the appendix that illustrate the spatial fission rate
density values for the four selected state points for each fuel element.
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Figure 21. Alternate 2 design maximum fission density during operation.
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Table 29. Minimum and maximum fission rate densities in the alternate 2 design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 3.16 18.05 Fig. 98
1 IFE 3.03 17.27 Fig. 99
15 IFE 3.12 13.5 Fig. 100
27 IFE 3.23 9.76 1014 ﬁ;sions Flg 101
0 OFE 1.27 10.34 $Muetpariice | Fig. 102
1 OFE 1.34 11.97 Fig. 103
15 OFE 1.75 10.2 Fig. 104
27 OFE 2.16 8.29 Fig. 105
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7.3.3 Power Density

The power density values are the fission rate density values multiplied by the average energy generated per
fission. It is conservatively assumed that all energy generated by fission is deposited locally in the fuel
meat. Therefore, the power density and fission rate density results have identical trends, and only the
magnitudes of the results are different. Figure 22 shows the maximum local power density during operation
for each fuel element. Table 30 lists the maximum power density results and references the figures in the
appendix. Each plot in the appendix shows the spatial power density values for each of the four selected

state points for each fuel element.
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Figure 22. Alternate 2 design maximum power density during operation.

Table 30. Minimum and maximum power densities in the alternate 2 design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 4.32 24.69 Fig. 112
1 IFE 4.14 23.61 Fig. 113
15 IFE 4.26 18.46 Fig. 114
27 IFE 4.42 13.35 kW Fig. 115
0 | OFE 1.74 14.14 | “™uparice | Fig. 116
1 OFE 1.83 16.37 Fig. 117
15 OFE 2.39 13.95 Fig. 118
27 OFE 2.95 11.34 Fig. 119
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7.3.4 Heat Flux

Figure 23 shows the maximum heat flux during operation for each fuel element. Table 31 lists the
maximum heat flux results and references to the figures in the appendix. Each plot in the appendix shows
the spatial heat flux values for the four selected state points for each fuel element.
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Figure 23. Alternate 2 design maximum heat flux during operation.

Table 31. Minimum and maximum heat fluxes in the alternate 2 design.

Day | Region | Minimum | Maximum | Unit Ref.

0 IFE 135.21 349.69 Fig. 120
1 IFE 129.56 338.16 Fig. 121
15 IFE 136.08 294.98 Fig. 122

27 IFE 143.61 273.18 w_ | Fig. 123
0 OFE 47.82 391.81 cm® | Fig, 124

1 OFE 50.34 455.5 Fig. 125
15 OFE 87.76 389.62 Fig. 126
27 OFE 110.09 32343 Fig. 127
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7.3.5 Cumulative Fission Density

Figure 24 shows the maximum local cumulative fission density during operation for each fuel element, and
Figure 25 illustrates the fission rate density variation with cumulative fission density for every spatial cell
in the neutronics model. Table 32 lists the maximum cumulative fission density results and references to
the figures in the appendix.
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Figure 24. Alternate 2 design maximum cumulative fission density during operation.

Table 32. Minimum and maximum cumulative fission density values in the alternate 2 design.

Day | Region | Minimum | Maximum Unit Ref.
1 IFE 0.27 1.53 Fig. 106
15 IFE 4.0 20.46 Fig. 107
27 IFE 7.33 32.47 1020 stsions Flg 108
1 OFE 0.11 0.97 Muetparicte | Fig. 109
15 OFE 2.03 14.45 Fig. 110
27 OFE 4.07 24.08 Fig. 111
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7.4 ALTERNATE 3 DESIGN

The alternate 3 design was generated by including a 0.5-inch boron strip in the form of a borated powder at
the lowest unfueled region to increase thermal margins at the bottom of the fuel.

The cycle length of this design is 27.12 days. The alternate 3 fuel design specifications are presented in
Table 33.

Table 33. Key alternate 3 design geometry and operational parameters.

Parameter Units Value

Center-symmetric fuel zone - no

Axial contour - no

Gd,0s3 in IFE filler - no

Boron strip below fuel - yes

U loading kg 70.6401

25U loading kg 13.9514
IFE OFE

23U loading kg 4.0136 9.9378

23U loading per plate g/plate 23.47135 26.93171

Filler - Al + B4C Al

0B Joading in IFE filler g 23157 -

0B density in IFE filler mg/cm’ 1.752 -

Gd loading in IFE filler mg 0.0 0.0

Gd density in IFE filler mg/cm’ 0.0 0.0
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7.4.1 Fuel Meat Shape

The fuel meat thickness profile of the alternate 3 design is described in Table 34, where t (um) is the fuel
meat thickness and s (cm) is the distance from the origin of the involute generating radius. Illustrations of
the IFE and OFE fuel meat shapes are shown in Figure 26.

Distance along IFE plate arc length (cm)

0 1 2 3 4 5 6 7
Distance along OFE plate arc length (cm)

Distance along plate thickness [um] Distance along plate thickness [um]

Figure 26. Fuel meat shape for the alternate 3 design.
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Table 34. Fuel shape polynomial coefficients for alternate 3 design.

Order
si (cm) [ 57 (cm) 6 5 4 3 2 1 0
IFE ALL -1.93E-02 | 4.96E-01 | -5.08E+00 | 2.50E+01 | -7.30E+01 | 2.22E+02 | 2.15E+02
0.2343 1.696 - - - - -5.60E+01 | 2.53E+02 | 4.89E+02
OFE | 1.696 | 6.005 - - - - - - 7.57TE+02
6.005 7.3226 - - - - -8.52E+01 | 9.75E+02 | -2.02E+03

7.4.2 Fission Rate Density

Figure 27 shows the maximum fission rate density during operation for each fuel element. Table 35 lists the
peak fission rate results and references to the figures in the appendix that illustrate the spatial fission rate
density values for the four selected state points for each fuel element.
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Figure 27. Alternate 3 design maximum fission density during operation.
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Table 35. Minimum and maximum fission rate densities in the alternate 3 design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 3.05 19.01 Fig. 128
1 IFE 2.89 17.79 Fig. 129
15 IFE 3.05 13.79 Fig. 130
27 IFE 3.18 9.89 1014 ﬁ§si0ns Flg 131
0 OFE 1.25 10.0 S M uetpariicie | Fig. 132
1 OFE 1.29 11.95 Fig. 133
2 OFE 1.31 12.01 Fig. 134
15 OFE 1.76 10.15 Fig. 135
27 OFE 2.18 8.3 Fig. 136
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7.4.3 Power Density

The power density values are the fission rate density values multiplied by the average energy generated per
fission. It is conservatively assumed that all energy generated by fission is deposited locally in the fuel
meat. Therefore, the power density and fission rate density results have identical trends, and only the
magnitudes of the results are different. Figure 28 shows the maximum local power density during operation
for each fuel element. Table 36 lists the maximum power density results and references the figures in the
appendix. Each plot in the appendix shows the spatial power density values for each of the four selected

state points for each fuel element.
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Figure 28. Alternate 3 design maximum power density during operation.

Table 36. Minimum and maximum power densities in the alternate 3 design.

Day | Region | Minimum | Maximum Unit Ref.
0 IFE 4.17 26.0 Fig. 143
1 IFE 3.96 24.34 Fig. 144
15 IFE 4.17 18.86 Fig. 145
27 IFE 4.35 13.53 kW Fig. 146
0 OFE 1.71 13.67 S — Fig. 147
1 OFE 1.76 16.34 Fig. 148
2 OFE 1.79 16.42 Fig. 149
15 OFE 24 13.88 Fig. 150
27 OFE 2.98 11.34 Fig. 151
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7.4.4 Heat Flux

Figure 29 shows the maximum heat flux during operation for each fuel element. Table 37 lists the
maximum heat flux results and references to the figures in the appendix. Each plot in the appendix shows
the spatial heat flux values for the four selected state points for each fuel element.
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Figure 29. Alternate 3 design maximum heat flux during operation.

Table 37. Minimum and maximum heat fluxes in the alternate 3 design.

Day | Region | Minimum | Maximum | Unit Ref.
0 IFE 134.86 350.68 Fig. 152
1 IFE 127.33 337.73 Fig. 153
15 IFE 138.27 300.87 Fig. 154
27 IFE 145.45 285.53 w | Fig. 155
0 OFE 46.73 368.11 em? | Fig. 156
1 OFE 48.26 455.05 Fig. 157
2 OFE 49.89 457.81 Fig. 158
15 OFE 86.63 388.06 Fig. 159
27 OFE 109.87 3239 Fig. 160




7.4.5 Cumulative Fission Density

Figure 30 shows the maximum local cumulative fission density during operation for each fuel element, and
Figure 31 illustrates the fission rate density variation with cumulative fission density for every spatial cell
in the neutronics model. Table 38 lists the maximum cumulative fission density results and references to
the figures in the appendix.
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Figure 30. Alternate 3 design maximum cumulative fission density during operation.

Table 38. Minimum and maximum cumulative fission density values in the alternate 3 design.

Day | Region | Minimum | Maximum Unit Ref.

1 IFE 0.26 1.6 Fig. 137
15 IFE 3.85 20.81 Fig. 138
27 IFE 7.14 32.93 1020 stsions Flg 139

1 OFE 0.11 0.93 Muetparticte | Fig. 140
15 OFE 1.98 14.46 Fig. 141
27 OFE 4.04 24.09 Fig. 142
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8. DISCUSSION

Core design studies performed by Chandler et al. [9] resulted in four HFIR LEU U3Si,-Al fuel designs
with various design features that require additional fabrication R&D to determine their feasibility of
fabrication. The design approach was initiated by first generating an optimized design with features known
to result in excellent performance and safety. Alternate fuel designs were then generated by substituting a
single design feature anticipated to be difficult to fabricate with one that would perform an analogous
function [9]. With regards to the HEU core design, the LEU fuel designs require additional fabrication
features primarily to reduce power peaking and increase thermal safety margin. Introduction of substantial
amounts of 238U into the core results in increased self-shielding due to the parasitic absorptions in the
238U isotope. The reactor power must therefore be uprated from 85 MW for the HEU core to 95 MW for
the LEU core to maintain performance. Consequently, additional power peaking mitigation features must
be introduced to meet thermal safety requirements of the compact, high power density core.

This report provides detailed descriptions of these four fuel designs along with their performance and
safety metrics and design parameters. All four fuel designs are presented herein, and all designs meet HEU
key performance metrics. However the cold source cold-to-total flux ratio is slightly degraded due to the
harder LEU fuel spectrum. The slightly increased fast flux down the beamlines, which acts as noise to the
neutron scattering instruments, is not anticipated to adversely affect the neutron scattering mission. None
of the designs have a greater thermal safety margin than the HEU core; however, they meet the minimum
safety limit requirements. Some additional observations from this study are presented below.

e For the low density U3Si;-Al designs, having only center-symmetric fuel or an axial gradient feature
requires Gd burnable poisons in the IFE filler in addition to boron burnable poison.

o The axial gradient design feature is more beneficial than the center and symmetric fuel design
feature.

o A design feature to suppress power at the bottom of the fuel zone is required.
e The active fuel length must be increased relative to the HEU core design.

These four designs are presented to show (1) relevant operating conditions such as fission densities, power
densities, and heat fluxes and (2) design flexibility for fuel fabrication in order to frame irradiation
qualification needs and prioritize design feature R&D efforts. The maximum parameters for each fuel
element, for each of the four presented designs, are provided in Table 39. Given feedback from the fuel
conversion pillars, a final design feature set will be chosen, and the selected fuel design will be further
analyzed to assess additional performance and safety metrics with the fuel design.
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Table 39. Summary of maximum parameters for each low density U3Si,-Al design.

Fis. rate density Power density Heat Flux Cumulative
fission density
s )

N 'ij’{elparti(‘le ) ( ¢ m}uilt:rtir]e ) (%) ( Cm;’uj:lparricle )
Optimized IFE 1.86E+15 2.55E+01 3.70E+02 3.27E+21
OFE  1.18E+15 1.62E+01 4.54E+02 2.43E+21
Alternatel IFE 1.82E+15 2.48E+01 3.58E+02 3.27E+21
OFE  1.18E+15 1.62E+01 4.53E+02 2.44E+21
Alternate? IFE 1.81E+15 2.47E+01 3.50E+02 3.26E+21
OFE  1.20E+15 1.64E+01 4.55E+02 2.42E+21
Alternate3 IFE 1.90E+15 2.60E+01 3.51E+02 3.30E+21
OFE  1.20E+15 1.64E+01 4.58E+02 2.42E+21
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APPENDIX A. DISTRIBUTIONS FOR OPTIMIZED DESIGN

APPENDIX A-1. FISSION RATE DENSITY DISTRIBUTIONS FOR OPTIMIZED

DESIGN
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Figure 56. Heat flux distribution for optimized design IFE region on day 0 (see Section 7.1.4).
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Figure 57. Heat flux distribution for optimized design IFE region on day 1 (see Section 7.1.4).
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Figure 58. Heat flux distribution for optimized design IFE region on day 15 (see Section 7.1.4).
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Figure 59. Heat flux distribution for optimized design IFE region on day 27 (see Section 7.1.4).
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Figure 60. Heat flux distribution for optimized design OFE region on day 0 (see Section 7.1.4).
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Figure 61. Heat flux distribution for optimized design OFE region on day 1 (see Section 7.1.4).
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Figure 62. Heat flux distribution for optimized design OFE region on day 2 (see Section 7.1.4).
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Figure 63. Heat flux distribution for optimized design OFE region on day 15 (see Section 7.1.4).
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APPENDIX B. DISTRIBUTIONS FOR ALTERNATE 1 DESIGN
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APPENDIX B-2. CUMULATIVE FISSION DENSITY DISTRIBUTIONS FOR
ALTERNATE 1 DESIGN
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Section 7.2.5).



20.5 23.97 25.44 26.44 27.19 27.69

-18
ﬂ
. .

a 15

o

~—

n
_20.3518.9417.5' . .
A

-20.2518.8417.41!

fissions
3

CMiyelparticie

2.0

12

Z mesh [cm]
0.0

-2.0
Cumulative fission density [10%°.

-5.5
1
N
©o
o)
~
=
©
'S
©
=
~
o
=1
U'|
.[;
w
\l
M
w
._.
N}

1 -19.0117.64

o

i

n

l—li

o

I
ﬁl
ﬁ 7

-27.69 —27.19 -26.44 -25.44 -23.97

12821 25103 97 9 36|7.3 74
o~ n n n n n n n n n n n n n n n n m
o ~ o~ o~ ~ o~ ~ ~ o~ ~ o m ~ o~ m o ~ ~
4 &8 3§ © ® o m © o c'i © 9 g © 9 4 © o § § %
~ ~ ~ ~ ~ 0 0 [ee) o o O — o ~— ~ ~ ~ o~

~— ~— — — —

R mesh [cm]

Figure 75. Cumulative fission density distribution for alternate 1 design IFE region on day 15 (see
Section 7.2.5).



..

-30

B23.4821.691

3

20.5 23.97 25.44 26.44 27.19 27.69

10

n

—

= e
B

1y -31.7429.9428.0925.917E 10 AW LRl 5.0 13.6913.4413.4513.7614. 7.5118.9720.70 g

n o

461 2 1.

2.0

A

Z mesh [cm]
0.0

-2.0
Cumulative fission density [10%°.

n

2

m_zelzwﬁ

n

fr

o

N

’a

%)

[N

q_ﬁ

<

n

N

3:

©o

N

2—71'0 198118 174 166 57114913 5134 3.6013.8 42 72152161 7 0

~

N

% E2 921.4520.6720.0219.36(18.7218.2417.8817.6117.4517.3617.3817.5217.7518.0518.4318.9319.49

N

' o~ n n n n n n n n n n n wn n n n n n m
(e} ~ o~ o~ ~ o~ ~ ~ o~ m ~ o~ m ~ o~ m o~ ~ ~
Fvaw.wrsmwcamkqoo'w.OF;w.wH.-.V.
~ ~ ~ ~ ~ [ee] [ee] [ee] ()] ()] O — o — - - - o~

— —~ — — —
R mesh [cm]

Figure 76. Cumulative fission density distribution for alternate 1 design IFE region on day 27 (see
Section 7.2.5).



-0.90

0.75

20.5 23.97 25.44 26.44 27.19 27.69

15.5
1

10.5

)
CMielparticle

5.5

o

(2]

o
fissions

0.0 2.0

Z mesh [cm]

-2.0

0.45

-5.5
Cumulative fission density [102°

n
o
—
|
\n
n
—
}
\n
o
o
~ 0.30
o
m
o
<
<
n
o
<
!
o
o
)]
~
~
o 0.15
[o)]
©
~
o

15.22 15.4 15.75 16.25 16.75 17.25 17.75 18.25 18.75 19.25 19.75 20.25 20.625 20.853
R mesh [cm]

Figure 77. Cumulative fission density distribution for alternate 1 design OFE region on day 1 (see
Section 7.2.5).



-12.5

20.5 23.97 25.44 26.44 27.19 27.69

15.5

0.5
1

1

3
CMielparticle

5.5
fissions

CHGERY 12.05 14.29
A
12.15 14.38

0.0 2.0

Z mesh [cm]

-2.0

12.04 14.29

-10.5 -5.5
Cumulative fission density [102°

-15.5

-20.5

5.0

-27.69 -27.19 -26.44 -25.44 -23.97

15.22 15.4 15.75 16.25 16.75 17.25 17.75 18.25 18.75 19.25 19.75 20.25 20.625 20.853
R mesh [cm]

Figure 78. Cumulative fission density distribution for alternate 1 design OFE region on day 15 (see
Section 7.2.5).



-24
14.96..... 7| 7 .

20.5 23.97 25.44 26.44 27.19 27.69

15.5
.-

u

w

N

10.5

fissions

3
CMiyelparticie

Z mesh [cm]
-5.5 -2.0 0.0
[ =
~ = 5
E.

Cumulative fission density [10%°

-10.5
.-
~
i
~
=
o
=
w
i
S

-15.5

-20.5
.‘

N

w

5}

-27.69 —27.19 -26.44 -25.44 -23.97

1711 15.96 | 14.70 | 13.68 | 12.79 | 12.00 | 11.25

15.22 15.4 15.75 16.25 16.75 17.25 17.75 18.25 18.75 19.25 19.75 20.25 20.625 20.853
R mesh [cm]

Figure 79. Cumulative fission density distribution for alternate 1 design OFE region on day 27 (see
Section 7.2.5).



APPENDIX B-3. POWER DENSITY DISTRIBUTIONS FOR ALTERNATE 1 DESIGN

.

-24

20

20.5 23.97 25.44 26.44 27.19 27.69

15.5
L
N
o

ﬂ

0.5

a .
_24.7322.41I

55 1
—
o

]

2.0
kw

£)
CMiseiparticle

> -24.5922.2820. 2015515

Z mesh [cm]
0.0

Power density [

o
o
1n

12
o
in

-15.5

-20.5
K

S

] =

‘
12 7 11 410

n
m
o

-27.69 -27.19 -26.44 -25.44 -23.97

7.162
7.275
7.425
7.625
7.875
8.125
8.375
8.675
9.025
9.675
10.025
10.35
10.675
11.025
11.35

n n m
NS ~
© «© 3 S N
- o~
- —

R mesh [cm]

Figure 80. Power density distribution for alternate 1 design IFE region on day 0 (see Section 7.2.3).
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Figure 81. Power density distribution for alternate 1 design IFE region on day 1 (see Section 7.2.3).
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Figure 82. Power density distribution for alternate 1 design IFE region on day 15 (see Section 7.2.3).
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Figure 83. Power density distribution for alternate 1 design IFE region on day 27 (see Section 7.2.3).
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APPENDIX B-4. HEAT FLUX DISTRIBUTIONS FOR ALTERNATE 1 DESIGN
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Figure 89. Heat flux distribution for alternate 1 design IFE region on day 0 (see Section 7.2.4).
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Figure 90. Heat flux distribution for alternate 1 design IFE region on day 1 (see Section 7.2.4).
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Figure 91. Heat flux distribution for alternate 1 design IFE region on day 15 (see Section 7.2.4).
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Figure 92. Heat flux distribution for alternate 1 design IFE region on day 27 (see Section 7.2.4).
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Figure 93. Heat flux distribution for alternate 1 design OFE region on day 0 (see Section 7.2.4).
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Figure 94. Heat flux distribution for alternate 1 design OFE region on day 1 (see Section 7.2.4).
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Figure 96. Heat flux distribution for alternate 1 design OFE region on day 15 (see Section 7.2.4).
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APPENDIX C. DISTRIBUTIONS FOR ALTERNATE 2 DESIGN

APPENDIX C-1. FISSION RATE DENSITY DISTRIBUTIONS FOR ALTERNATE 2
DESIGN
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Figure 98. Fission rate density distribution for alternate 2 design IFE region on day 0 (see Section
7.3.2).
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7.3.2).
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APPENDIX C-2. CUMULATIVE FISSION DENSITY DISTRIBUTIONS FOR
ALTERNATE 2 DESIGN
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Figure 106. Cumulative fission density distribution for alternate 2 design IFE region on day 1 (see
Section 7.3.5).
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Figure 107. Cumulative fission density distribution for alternate 2 design IFE region on day 15 (see
Section 7.3.5).
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APPENDIX C-3. POWER DENSITY DISTRIBUTIONS FOR ALTERNATE 2 DESIGN
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Figure 112. Power density distribution for alternate 2 design IFE region on day 0 (see Section 7.3.3).
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Figure 113. Power density distribution for alternate 2 design IFE region on day 1 (see Section 7.3.3).
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Figure 114. Power density distribution for alternate 2 design IFE region on day 15 (see Section 7.3.3).
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Figure 115. Power density distribution for alternate 2 design IFE region on day 27 (see Section 7.3.3).
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Figure 116. Power density distribution for alternate 2 design OFE region on day 0 (see Section 7.3.3).
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Figure 118. Power density distribution for alternate 2 design OFE region on day 15 (see Section 7.3.3).
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APPENDIX C-4. HEAT FLUX DISTRIBUTIONS FOR ALTERNATE 2 DESIGN
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Figure 120. Heat flux distribution for alternate 2 design IFE region on day 0 (see Section 7.3.4).
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Figure 121. Heat flux distribution for alternate 2 design IFE region on day 1 (see Section 7.3.4).
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Figure 122. Heat flux distribution for alternate 2 design IFE region on day 15 (see Section 7.3.4).
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Figure 123. Heat flux distribution for alternate 2 design IFE region on day 27 (see Section 7.3.4).
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Figure 124. Heat flux distribution for alternate 2 design OFE region on day 0 (see Section 7.3.4).
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Figure 126. Heat flux distribution for alternate 2 design OFE region on day 15 (see Section 7.3.4).
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APPENDIX D. DISTRIBUTIONS FOR ALTERNATE 3 DESIGN

APPENDIX D-1. FISSION RATE DENSITY DISTRIBUTIONS FOR ALTERNATE 3
DESIGN
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APPENDIX D-2. CUMULATIVE FISSION DENSITY DISTRIBUTIONS FOR
ALTERNATE 3 DESIGN
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APPENDIX D-3. POWER DENSITY DISTRIBUTIONS FOR ALTERNATE 3 DESIGN
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Figure 143. Power density distribution for alternate 3 design IFE region on day 0 (see Section 7.4.3).
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Figure 144. Power density distribution for alternate 3 design IFE region on day 1 (see Section 7.4.3).
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Figure 145. Power density distribution for alternate 3 design IFE region on day 15 (see Section 7.4.3).
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Figure 146. Power density distribution for alternate 3 design IFE region on day 27 (see Section 7.4.3).
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APPENDIX D-4. HEAT FLUX DISTRIBUTIONS FOR ALTERNATE 3 DESIGN
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Figure 152. Heat flux distribution for alternate 3 design IFE region on day 0 (see Section 7.4.4).
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Figure 153. Heat flux distribution for alternate 3 design IFE region on day 1 (see Section 7.4.4).
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Figure 154. Heat flux distribution for alternate 3 design IFE region on day 15 (see Section 7.4.4).
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Figure 155. Heat flux distribution for alternate 3 design IFE region on day 27 (see Section 7.4.4).
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Figure 156. Heat flux distribution for alternate 3 design OFE region on day 0 (see Section 7.4.4).
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Figure 157. Heat flux distribution for alternate 3 design OFE region on day 1 (see Section 7.4.4).
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Figure 158. Heat flux distribution for alternate 3 design OFE region on day 2 (see Section 7.4.4).
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Figure 159. Heat flux distribution for alternate 3 design OFE region on day 15 (see Section 7.4.4).
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Figure 160. Heat flux distribution for alternate 3 design OFE region on day 27 (see Section 7.4.4).
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