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7. Building MFC-720
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9. Obijective / Purpose

This document reports the steady-state thermal-hydraulic and static mechanical analyses of the
MARVEL micro-reactor core. The objective of this work is to investigate whether fuel-to-fuel
contact could occur due to the thermal deformation of the fuel cladding during the normal
operation and to assess the resulting impact on the peak cladding temperatures (PCT) if contact
occurs.

The scope of the work consists of three computational tasks. First, a conjugate heat transfer
analysis using computational fluid dynamics (CFD) model was performed to evaluate the PCTs
during normal operating conditions. Second, a finite element analysis (FEA) using the cladding
temperature field obtained from the CFD analysis was performed to evaluate the thermal
deformation of cladding and determine the occurrence of fuel-to-fuel contact. Finally, a CFD
analysis of FEA-informed fuel-to-fuel gap (represented by a conservative 0.05 mm uniform gap)
was performed to evaluate whether the PCT exceeds the safety criteria.

10.

If revision, please state the reason and list sections and/or page being affected.

Initial Release

11.

Conclusion / Recommendations

The peak temperatures of fuel cladding with the nominal fuel-to-fuel gap of 2.0 mm were
calculated to be 545.9 °C. The ABAQUS code calculated the axial expansion of 7.51 mm for the
fuel rods. It was found that the maximum change in the rod-to-rod gap was 0.642 mm. In the
worst-case scenario, the maximum displacement of fuel rod considering a straightness tolerance
of the fuel rod could be 2.279 mm, which is greater than a nominal gap and can cause the fuel
rods to come into contact at some length or points. The CFD model, assuming 0.05 mm uniform
fuel-to-fuel gap, calculated that the peak temperature of fuel cladding were 586.66 °C. It can be
concluded that the changes in the fuel-to-fuel gap considering the straightness tolerance and
thermal deformation would not cause the fuel and cladding temperature to exceed the safety
criteria for the normal operation, which is 764 °C for cladding. For a conservative safety
assessment during reactor transients, the hot channel factor in the system safety analysis should
consider the temperature increase caused by the changes in the fuel-to-fuel gap.
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2. SCOPE AND BRIEF DESCRIPTION

This document reports the steady-state thermal-hydraulic and static mechanical analyses of the
MARVEL micro-reactor core. The MARVEL micro-reactor is designed to remove thermal energy from
nuclear fuel by the natural circulation of the primary coolant. An increase in pressure drop across the
reactor core could potentially disrupt the natural circulation of primary coolant. Consequently, no fuel
spacer has been introduced to avoid additional pressure drop caused by these spacers, while the upper
and lower grid plates ensure a proper fuel alignment. However, this design may have a drawback,
specifically the possibility of fuel-to-fuel contact due to thermal deformation and the straightness
tolerance of the fuel rods, which can elevate the peak cladding temperature, ultimately reducing the
reactor's thermal margin. Therefore, it is necessary to investigate whether fuel-to-fuel contact could
occur due to the thermal deformation of the fuel cladding during the normal operation and to assess the
resulting impact on the peak cladding temperature (PCT). The scope of the work consists of three
computational tasks. First, a conjugate heat transfer analysis using computational fluid dynamics (CFD)
model was performed to evaluate the PCTs during normal operating conditions. Second, a finite
element analysis (FEA) using the cladding temperature field obtained from the CFD analysis was
performed to evaluate the thermal deformation of cladding and determine the occurrence of fuel-to-fuel
contact. Finally, a CFD analysis of FEA-informed fuel-to-fuel gap was performed to evaluate whether
the PCT exceeds the safety criteria.

3. DESIGN OR TECHNICAL PARAMETER INPUT AND SOURCES

Fuel Rod Assembly: DWG No.1011202 Rev.0

Fuel Rod and Adapter Assembly: DWG No0.1014587 Rev.0
Lower Fuel Grid Plate: DWG No. 1014588 Rev.0

Core Reflector: DWG No0.1014603 Rev.0

Lower Grid Adapter Assembly: DWG No.1014590 Rev.0
Upper Fuel Grid Plate: DWG No0.1014679 Rev.0

Upper Grid Adapter: DWG No.1014593 Rev.0

Alignment Pin: DWG No.1014594 Rev.0

Top Screw Pin: DWG No. 1014595 Rev.0

N

©®NOGO RN

4. RESULTS OF LITERATURE SEARCHES AND OTHER BACKGROUND DATA
N/A

5. ASSUMPTIONS

1. The MARVEL reactor core internal structure design shall allow the axial expansion of the fuel
rods. (See DWG-1014587).

2. Assembled upper core internal structures shall constrain the transversal displacement of the
fuel rods at the top end of the rod: fuel rod and adapter assembly (DWG-1014587), upper fuel
grid plate (DWG-1014679), upper grid adapter (DWG-1014593), alignment Pin (DWG-
1014594), and top screw pin (DWG-1014595).
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10.

11.

12.

13.

14.

Assembled lower core internal structures shall constrain the transverse displacement of the fuel
rods at the bottom ends of the rod. The structures also shall constrain the axial displacement of
the fuel rods toward the bottom of the rods: The lower grid adapter assembly (DWG-1014590)
and lower fuel grid plate (DWG-1014588).

The thermal resistance of Molybdenum disk between the fuel meat and graphite reflector is
negligible due to its high thermal conductivity.

Unirradiated properties of H-451 graphite was used in this work because total neutron fluences
for the design lifetime of the reactor [1] was much smaller than irradiated conditions reported in
Reference [2].

The CFD model assumes no fuel-to-cladding gap. The direct contact of fuel and cladding shall
result in the conservative prediction of cladding peak temperature.

There are 36 fuel rods in the reactor core, each of which has five fuel meats that have been
simplified as a single volume in the CFD model. The impact of contact resistance between the
fuel meats was assumed to be negligible.

The reactor components irrelevant to the scope of this ECAR could be removed from the CFD
model because those are not directly involved with the heat and mass transfer in the reactor
core region.

An adiabatic condition was imposed on the outer surface of the Beryllium internal reflector. This
assumes no heat loss to the environment and will increase the temperature of internal
structures. Hence, this boundary condition will also lead to a conservative prediction of the
cladding temperature.

Differences in dimensions in the order of 1.0E-4 mm may arise due to truncation errors in the
built-in measurement tools of the CAD software or computational tools such as STAR-CCM+
and ABAQUS. However, these discrepancies are not expected to significantly impact the
computational results.

The difference in dimension within the fabrication tolerance of each component is not expected
to significantly impact the computational result.

It is assumed that the pressure load due to the weight of the components and NaK volume
above the reactor core is uniformly distributed to the fuel pins. The components considered in
the pressure load calculation are the upper alignment grid plate, fuel pin to upper grid adapter,
top adaptor, locating pin, and top screw pin.

It is assumed that no heat loss to the environment through the outer surface of the Beryllium
internal reflector.

It is assumed that the total heat generation of fuel rods in the reactor core is 85 kW while it was
approximately 83.16 kW in the MCNP calculation. This assumption will provide a conservative
prediction of PCTs.
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6. COMPUTER CODE VALIDATION
Computational Fluid Dynamics Analysis (STAR-CCM+)

A.

m O O

n

Computer type: Nodes on INL High Performance Computing cluster “SAWTOOTH” (each node:
1 intel Xeon 8268 CPUs Cascade Lake Platinum chipset 24 cores per CPU 2.9 GHz, 192 GB of
RAM), LINPACK: 5600.00 TFlops

Operating System and Version: CentOS Linux version 7

Computer program name and revision: STAR-CCM+ 2206.0001 Build 17.06.008 [3].
Inputs (may refer to an appendix): N/A

Outputs (may refer to an appendix): N/A

Evidence of, or reference to, computer program validation: Siemens’s STAR-CCM+, the
commercial multi-physics CFD software, has achieved ASME Nuclear Quality Assurance
(NQA)-1 compliance [4]. The addition of NQA-1 compliance in rigorous ASME QA certification
program ensures the code meets industry-standard requirements for nuclear industry customers
in support of safety-related applications. Furthermore, Siemens provides the “Verification Suite”
document to provide cases that come from the Siemens Digital Industries Software quality-
assurance process [5]. Acceptance testing result of STAR-CCM+ is documented in ECAR-3020
[6].

Bases supporting application of the computer program to the specific physical problem: Solving
governing equations for the mass, momentum and energy conservations performed herein are
common analysis types for which the identified program, STARCCM+ is designed to be used
and has been acceptably demonstrated through commercial use and application. The identified
software package is well suited for the calculations documented by this report to the quality level
indicated on the title page.

Finite Element Analysis (Abaqus)

A

m o o

n

Computer type: Nodes on INL High Performance Computing cluster “SAWTOOTH” (each node:
1 intel Xeon 8268 CPUs Cascade Lake Platinum chipset 24 cores per CPU 2.9 GHz, 192 GB of
RAM), LINPACK: 5600.00 TFlops

Operating System and Version: CentOS Linux version 7

Computer program name and revision: Abaqus Version 2018.HF3 [7]

Inputs (may refer to an appendix): N/A

Outputs (may refer to an appendix): N/A

Evidence of, or reference to, computer program validation: Abaqus is listed in the INL Enterprise
Architecture (EA) repository of qualified scientific and engineering analysis software (EA

Identifier 336418). Abaqus/Standard is validated for the INL High Performance Computing
(HPC) cluster per ECAR-3845 [8]. Additional validation tests for Abaqus/Thermal and
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Abaqus/Standard were conducted in the SAWTOOTH cluster and the test reports are attached
in Appendix A and Appendix B, respectively.

G. Bases supporting application of the computer program to the specific physical problem: Abaqus
is a software suite to solve the finite element analysis, including static, dynamics, and thermal
analyses.

7. DISCUSSION/ANALYSIS

An overview of the modeling and simulation process is illustrated in Figure 1. To assess the cladding
deformation in the reactor core due to thermal expansion, a three-dimensional temperature field of the
cladding is required for a finite element structural analysis. The cladding temperature field can be
obtained by solving the conjugate heat transfer in the reactor core using the CFD code STAR-CCM+
(v.17.06.008).

The individual fuel power peaking factors and the axial power profile obtained from the MCNP
calculation [1] were employed to define the fuel power distribution in the CFD analysis. Since this work
focuses on the core region, the computational domain only includes the reactor core region between
the lower and upper grid plates. The uniform inlet velocity distribution and constant inlet temperature
are imposed on the inlet boundary of the model. The details of the CFD modeling for the conjugate heat
transfer analysis are discussed in Section 7.1.

The temperature fields of claddings obtained from the finite volume method (FVM)-based CFD analysis
must be converted for the finite element method (FEM)-based solid stress/deformation analysis. The
Data Mapper in STAR-CCM+ was employed to interpolate and map the data from FVM-based cells to
FEM-based vertices. The external data mapping in Figure 1 was performed using the Volume Data
Mapper function of STAR-CCM+ code. The details of the data mapping process are discussed in
Section 7.2.

The Abaqus simulations were performed to assess the thermal deformation of claddings and the
change in the fuel-to-fuel gap distance. Two scenarios were assumed for the boundary condition of the
Abaqus analysis. The first scenario assumed the free thermal bowing of the claddings. This means
there is no constraint at the upper end of the cladding. This is a hypothetical case because the reactor
core components such as the upper alignment grid plates and fuel pin to upper grid adapter will restrain
the transverse displacement of the fuel rods. The second scenario assumed the constraints in
transverse direction but allowed the axial expansion of claddings. This is considered a more realistic
scenario. In both scenarios, the bottom of the claddings assumed to be fully fixed, i.e. there are no
displacements in X-, Y- and Z-directions. The details of the Abaqus models are discussed in Section
7.3.
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STAR-CCM+

Reactor Core Model (FVM)

R

Conjugate Heat Transfer Analysis I External Data Mapping I _
I

ABAQUS

Cladding Model (FEM)

- Thermal Expansion Analysis

Cladding Temperature Fields

Cladding Displacement

Internal Data Mapping

Solid Stress Analysis (FEM)

-

Cladding Displacement

Figure 1. The overview of modeling and simulation process.

7.1. Conjugate Heat Transfer Analysis of MARVEL Reactor Core

7.1.1 Overview of CFD model

The CFD model of MARVEL reactor core internal structures is illustrated in Figure 2. The working fluid
is NaK (sodium-potassium). The dimensions of the fuel rod are shown in Figure 3. The CFD model was
generated based on the CAD geometry which is stored in the HPC storage
"/projects/MARVEL_CFD/MARVEL/ECAR7210/Final/CAD.” The total length of cladding in the CAD
model is 32.332” (0.8213 m) which is slightly longer than the nominal design length of cladding (32.222”
= 0.8184 m). Although this discrepancy in the length of the fuel rod is originated from the simplified
CAD geometry provided for this work, its impact was expected to be negligible. The reactor
components irrelevant to the scope of this ECAR were removed from the CFD model.

The solid parts of fuel rod internals were modeled based on the CAD drawings. The fuel rod model
(DWG-1011202) consists of the fuel plenum, zirconium rod, top and bottom graphite reflectors, fuel
meat, and cladding. The key dimensions of the fuel rod model are illustrated in Figure 3. The
Molybdenum disks between the fuel meat and reflector were simplified, since it is expected the
Molybdenum disk will not have a significant impact on the heat transfer between the graphite reflector
and fuel meat due to its very thin the thickness (0.031”) and the very high thermal conductivity of
molybdenum [9]. The 0.002”-thick gap between the fuel meat and cladding inner wall was also
simplified by assuming the diameter of cladding inner wall is same to the outer diameter of fuel meat.
The volumetric changes of fuel and cladding could be different, and the fuel-to-cladding gap can
decrease if the radius of fuel increases faster than that of cladding per [10]. The fuel-to-cladding gap
plays a role in the thermal resistance between the fuel and the cladding material so that an increase in
gap size leads to an increase in the maximum temperature of the fuel. On the other hand, the maximum
temperature of the cladding material decreases as the fuel-to-cladding gap size increases. Because
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thermal expansion is directly proportional to temperature, assuming no fuel-to-cladding gap between
the fuel and cladding will result in a conservative estimate of cladding deformation. In the same
manner, 0.0425"-thick gap between the graphite reflector and the cladding is also removed by
assuming the outer diameter of graphite reflector is same to the outer diameter of fuel meat.

The material properties of the modeled core internal structures and the working fluid are summarized in
Appendix C.

DWG-1014594 DWG-1014595 DWG-1014679

DWG-1014598

Beryllium internal
reflector

Cladding

Fuel plenum (air)
Top graphite reflector | 1

Fuel slug

Zirconium rod

NaK coolant

i x DWG-1014596
Bottom graphlte DWG-1014593 DWG No.1014587

reflector

* Computational Domain

Figure 2. CFD model of MARVEL reactor core internal structures
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Cladding &40 e
Fuel Plenum —‘i —r—
Top Graphite - ‘ 166-802 mm
35.9156mm Reflector
34.798mm
5.6134 mm Fuel Slugs —
Zirconium 635.0mm | 821.3mm
Rod

Bottom Graphite | —+

Reflector 87.63 mm

S 4
A

12.7 mm

Figure 3. Dimensions of fuel rod in the CFD model

7.1.2. Boundary conditions

There are 36 fuel rods in the reactor core, each of which has five fuel meats that have been simplified
as a single volume in the CFD model. Figure 4 shows the fuel pin peaking factor distribution and axial
power profile which were used to define the power distribution in the reactor core. Figure 4-(a) shows
the numbering of the fuel rod IDs. The fuel rods are divided into three zones. A 4"-order polynomial
function implemented in the field function “Axial power profile” to calculate the volumetric heat
generation rate of modeled fuel volume based on the axial power factor profile is given by:

APF=1.4080-x*+ 8.4258x% + 17.9597-x*+ 16.0240-x + 5.0625 (-1.8069 m <x< -1.1719m) Eqgn. (1)

where x in Eqn.(1) represents the axial position, and the values -1.8069 and -1.1719 represent the
bottom and top elevations of the fuel volume in the CFD model, respectively.

The volumetric heat generation rate of the fuel meat was determined by multiplying the thermal power
density of individual fuel rods by the radial power factor in Figure 4-(b) and the axial power factor in
Eqgn. (1) or Figure 4-(c). In this work, the thermal power density of the individual fuel rods was
calculated by dividing the total reactor power by the number of fuel rods and the volume of fuel meat.



TEM-10200-1, Rev. 12 ECAR-7210, Rev. 0
04/12/2021 ENGINEERING CALCULATIONS AND ANALYSIS Page 13 of 79

Steady-state Thermo-mechanical Analysis of the MARVEL Fuel Bundle

1stRing 2" Ring 3" Ring
\ | /

1.04
‘ 1024 101 1015
1027 0992 0992 0987 102
101 0993 . 0.994
( 1014 0986 .O‘ 0987 1012 - 1.00
/ /
/ 2'5,/ 3-8 7 @ 0.993 .’ 0991 101
= Y ,' - [ 0.98
28 27, 39, . 099 0989 0989  1.027
’
1013 101 1023
0.96

(a) Fuel pin numbering / zoning (b) Fuel pin peaking factors

0.14

©
'_\
°
.

0.08 .

0.06 ¢ g

Axial Power Factor (-)

0.04 [y = 1.4080x* + 8.4258x* + 17.9597x2 + 16.0240x + 5.0625
R = 1.0000

0.02

-1.9 -1.7 -1.5 -1.3 -1.1

Axial position (Y-axis) in CFD model (m)

(c) Fuel axial power factor profile
Figure 4. MARVEL reactor thermal power inputs [11].
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The reactor core power distribution in the CFD model is shown in Figure 5. Note that the power
distributions in the fuel and side reflector derived from the Monte Carlo neutron transport code, MCNP
[1], were 83.161 kWi, and 1.839 kWi, respectively. This ECAR assumed 85 kWi of reactor power in
the fuel to provide a conservative assessment of cladding deformation. The adiabatic condition was
imposed on the outer surface of the Beryllium internal reflector. This assumes no heat loss to the
environment and will increase the temperature of internal structures. Hence, this boundary condition will
also lead to a conservative prediction of the cladding temperature.

5.23e+06

4.8e+06
4.26e+06
: 3.73e+06
3.2e+06
2.66e+06
2.13e+06
1.6e+06
1.07e+06

5.33e4+05

Figure 5. Volumetric heat generation rate distribution in the MARVEL reactor core [Unit: W/m?]

The velocity inlet and pressure outlet conditions were imposed on the inlet and outlet boundaries of the
model, respectively. At the pressure outlet boundary, the reference pressure of 0 Pa was specified. The
total inlet mass flow rate and inlet temperature are specified to be 1.49 kg/s and 471.0°C (744.15 K),
respectively, based on PCS mass flow rate and core inlet temperature reported in ECAR-6332 [11].
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7.1.3. Numerical solver configuration

The CFD software, STAR-CCM+ ver. 2206.0001 Build 17.06.008, was adopted to solve the conjugate
heat transfer in the MARVEL reactor core. A three-dimensional and Reynolds-averaged Navier-Stokes
(RANS) equation-based CFD simulation was performed to calculate the cladding temperatures. The
segregated flow and the segregated fluid temperature solvers were adopted to compute the heat and
mass transfers in the fluid domain. The segregated solid energy solver was adopted to compute the
heat transfer through the solid domains. Shear Stress Transport (SST) k-w turbulence model with all y+
wall treatment method was adopted to solve the turbulence transport equations. The second-order
convection scheme was adopted for segregated flow, segregated fluid temperature and turbulence
model solvers. The simulation was iterated until the residuals of governing equations became smaller
than 1E-4 and the monitored variables such as PCTs, NaK temperatures showed minimal change with
successive iterations.

7.1.4. Computational mesh generation

The computational cells of the CFD model were generated by utilizing the polyhedral mesh for the
conjugate heat transfer analysis, and the tetrahedral mesh was used for the STAR-CCM+ solid stress
analysis. Figure 6 illustrates the mesh structure of MARVEL reactor core internal structures. To improve
the accuracy of the temperature gradient calculation across the cladding wall, the built-in “Thin Mesher”
scheme in STAR-CCM+ was utilized. This meshing scheme generated 3 mesh layers across the wall.
The near-wall mesh was refined using the “Prism Layers Mesher”. The total thickness of the prism cell
layers was set to be 16.665% of the base size mesh with a total of four prism boundary layers being
generated. To investigate the sensitivity of the solution to mesh size, three different mesh structures
were generated using the base sizes of 10.0mm, 20.0mm and 40.0mm.

Figure 6. Mesh structure of MARVEL reactor core CFD model
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The mesh sensitivity test results are presented in Appendix F. While the mesh sensitivity for the PCT
was insignificant (less than 0.4%), the finest mesh with base size of 10.0 mm resulted in the highest
PCT. Therefore, the calculation results discussed in this ECAR were obtained from the CFD model that
was meshed using a base size of 10.0mm. The total number of computational cells generated using the
base size of 10.0 mm was 44.74 million. Most of the near wall meshes fall in the viscous sublayers

(y*<5) as shown in as shown in Figure 7. Therefore, the velocity field near the wall could be well-
resolved.
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Figure 7. The statistics of wall Y+ value on the cladding wall (Base size: 10 mm)

7.1.5. CFD results

A total of five line probes were generated to evaluate the pressure drop across the reactor core. Figure
8 shows that the axial pressure profiles at different radial positions in the reactor core. The pressure
drop across the reactor core was calculated to be 71.17 Pa for the given inlet flow rate of 1.49 kg/s.
Although ECAR-6581 [12] reports the pressure drop of the bare-rod bundle, the pressure drop of this
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work is not directly comparable to ECAR-6581 due to the differences in the total mass flow rate and
thermal conditions.

70
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& 25
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Direction [0,1,0] (m)

Figure 8. Axial pressure distribution in the MARVEL reactor core

Figure 9 shows three horizontal planes to investigate the local temperature and flow distributions in the
reactor core. Three planes are located at the bottom (y=-1.807 m), midpoint (y=-1.489 m) and the top
(y=-1.172m) elevations of the fuel meat volume.

P3 (top of fuel)
(Y=-1.171931m)

P2 (midpoint of fuel)
(Y=-1.489431m)

P1 (bottom of fuel)
(Y=-1.806931 m)

Figure 9. Plane sections to visualize the CFD simulation result.
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Figure 10 shows the flow velocity distributions at different elevations in the core. As the coolant flows
up and heated, the surface averaged flow velocity increases due to the changes in density and
viscosity. The maximum velocity of the fluid increased as the flow along the subchannel was
developed. The maximum velocity of the subchannel at the top elevation of the fuel (P3) was
approximately 0.31 m/s.
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(d) Top of fuel (P3)
Figure 10. Flow velocity distributions at different elevations in the MARVEL reactor core
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Figure 11 illustrates the temperature distributions at different elevations. The fuel rod 2-1 was the
hottest rod in the core. The peak fuel and cladding temperatures of the fuel rod 2-1 were calculated to
be 552.52 °C (825.67 K) and 545.94 °C (819.09K), respectively. Note that the peak temperatures of fuel
and cladding were slightly higher than those depicted in Figure 11-(d) because the top of fuel is not the
hottest spot due to the heat transfer to the top graphite reflector from the fuel.
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(d) Top of fuel (P3)
Figure 11. Temperature distributions at different elevations in the MARVEL reactor core

The azimuthal temperature profiles of three fuel rods aligned across the reactor core are depicted in
Figure 12, Figure 13 and Figure 14. The azimuthal temperature was obtained on the surface interfacing
fuel and cladding. It is worth noting that the differences in the maximum value of azimuthal temperature
obtained from the fuel-to-cladding interface and the cladding-to-fluid interface were smaller than 1.0 K.
The local temperature peaks were observed at the fuel-to-fuel gaps. The fuel rod 1-1 showed a different
temperature profile due to the non-heated rod at the middle of the core. In the same manner, the fuel
rod 3-1 showed a different temperature profile due to its proximity to the beryllium reflector where is not
heated. The maximum azimuthal temperature variation of the cladding was 13.95 K in the 15 ring (fuel
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rod 1-4), while the 2" and 3" rings showed 5.73 K (fuel rod 2-4) and 9.94 K (fuel rod 3-5), respectively.
Fuel rods in the 15t and 3" rings are adjacent to unheated components with relatively lower
temperatures, whereas those in the 2" ring are surrounded by other fuel rods, resulting in a smaller
azimuthal temperature variation. The azimuthal temperature profiles of all fuel rods are attached in
Appendix G.
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Figure 12. Azimuthal temperature profiles of fuel rod 1-1 at three elevations P1, P2 and P3.
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Figure 13. Azimuthal temperature profiles of fuel rod 2-1 at three elevations P1, P2 and P3.
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Figure 14. Azimuthal temperature profiles of fuel rod 3-1 at three elevations P1, P2 and P3.

The isometric view of the temperatures of fuel and cladding are illustrated in Figure 15. The
temperature increment from the inlet to outlet was 68.57 K. Three-dimensional temperature fields
depicted in Figure 15-(b) were exported with their X-, Y-, and Z-axial coordinates to specify the
boundary condition of finite element model.
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Figure 15. Isometric view of fuel and cladding temperature distributions.
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7.2. Data Mapping Process

The flow velocity in the MARVEL reactor core was relatively slow (~0.3m/s) and the differential
pressure in both transversal and axial directions were not significant. Since the stress due to the
differential pressure on the cladding surface would be negligible, hence, it is not mapped in this work.

7.2.1. External data mapping from STAR-CCM+ to Abaqus

For the external data mapping from STAR-CCM+ to Abaqus, Abaqus input file (*.inp) needs to be
prepared first. In this work, the cladding geometry is exported as IGES file from the CFD model. It is
worth noting that the STEP file format exported from STAR-CCM+ may not be fully compatible with
Abaqus. The following steps describe the external data mapping process:

1. Import cladding geometry into Abaqus: The cladding geometry can be obtained from CAD
software or STAR-CCM+ (“File” >> “Import” >> “Part...” in Abaqus).

2. Prepare Abaqus input file: In this step, the mesh of imported cladding geometry is generated to
write an Abaqus input file (“Analysis” >> “Jobs” >> “Write Input” in Abaqus).

3. Import Abaqus input file to STAR-CCM+: The Abaqus input file generated in Step-2 is imported
to STAR-CCM+ (“File” >> “Import” >> “Import CAE Model” in STAR-CCM+).

4. Data mapping and export mapped data: Temperature field of STAR-CCM+ FVM cells is
mapped to Abaqus FEM elements (data type: Vertex) using “Map Data” function of STAR-
CCM+ (“Imported Models” >> “Map Data” >> “Volume Data...” in STAR-CCM+). The mapped
data can be exported to Abaqus input file (“Imported Models” >> “Export Mapped Data” in
STAR-CCM+). The header ““TEMPERATURE” in the exported Abaqus input file needs to be
commented out (““TEMPERATURE” >> “*TEMPERATURE” in mapped Abaqus input file).

5. Data conversion from Abaqus input file to Abaqus output database: The mapped temperature
fields in Abaqus input file should be converted to Abaqus output database (*.odb) for the finite
element analysis. For this data conversion, “Predefined Fields” in Abaqus needs to be created
with an initial condition first. Next step is that editing the model Keyword (“Model” >> “Edit
Keywords” >> Edit “Predefined Fields” block) to include the mapped temperature field as shown
in Figure 16. It is worth noting that the initial condition should be commented out (e.g., ““*SET-1,
294.26” in Figure 16) and the absolute path to the mapped Abaqus input file should be
specified. In addition, the thermal expansion coefficient in the Abaqus model for converting the
mapped temperature field should set to be zero without any mechanical loads.
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Figure 16. Model Keywords Function in Abaqus to defined Predefined Fields with mapped data.

6. The Abaqus output database can be generated by running the Abaqus model. The mapped
temperature field converted to Abaqus output database is shown in Figure 17. In the Abaqus
model, the temperature field is in unit of Kelvin. The comparison of the temperature bounds in
Figure 17 with those in Figure 15.

7. Figure 15-(b) confirms that the data mapping has been performed appropriately. The Abaqus
output database can be loaded to “Predefined Fields” for thermal deformation calculations.
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Figure 17. Mapped temperature field of fuel cladding imported into Abaqus [unit: Kelvin].

7.2.2. Internal data mapping from cell to vertex for solid stress analysis in STAR-CCM+

STAR-CCM+ is also capable of running a solid stress analysis. To perform the finite element solids
stress analysis in STAR-CCM+, the cladding parts need to be duplicated and re-meshed using the
tetrahedral mesh. The base mesh size of tetrahedral element for the solid stress analysis was 10.0 mm.
The internal data mapping from polyhedral cell to tetrahedral element can be performed using “Data
Mappers” of STAR-CCM+ (“Tools” >> “Data Mappers” >> “New Data Mappers” >> “Volume Data
Mappers” in STAR-CCM+). The model properties of “Volume Data Mappers” are tabulated in Table 1.
The internal data mapping creates the field variable for the thermal load with the name specified in
“Data Mappers”. In this work, the name of the field variable is “CHT-Thermal Load”. This field variable is
utilized to specify the temperature field of cladding region (“cladding XX-YY” >> “Physics Values”>>
“Specified Temperature” >> “Properties” >> “Method”: “Field Function” and “Scalar Function” “CHT-
Thermal Load”). The cladding numbering “XX-YY” can be found in Figure 4-(a). The mesh structure of
claddings for the solid stress analysis is illustrated in Figure 18.
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Table 1. Model Properties of Data Mappers for STAR-CCM+ Solid Stress Analysis

Properties

Source

Properties

Target

Source Volumes

All cladding parts (original)

in conjugate heat transfer
analysis

Target Entities

All cladding parts
(duplicated) for solid stress
analysis

Source Stencil | Cell Target Stencil | Vertex
Scalar Field Target Source .
Functions Temperature Transform Identity Transform
Vector Field Interpolation
Functions N/A Method Least Squares
Source Temperature Limiter Min/Max of Contributing
Names P Stencil
Mapped Names .
Mapped CHT-Thermal Boundary Map | Map from Boundaries of
Names Load Option Source Volumes

Figure 18. Tetrahedral mesh structure of claddings generated for STAR-CCM+ solid stress analysis
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7.3. Finite Element Analysis of MARVEL Reactor Fuel Cladding

As described in Section 5, the core internal structures, once assembled, can restrict the transverse
displacement of the fuel rods at both ends while the axial expansion of fuel rods is allowed. The top and
bottom boundary conditions of the Abaqus cladding model were specified as shown in Figure 19. The
pressure load above the top of the modeled core was calculated to be 13630.79 Pa (Appendix E). This
pressure load was employed in the Abaqus model. Additionally, a finite element analysis was
conducted, assuming free thermal bowing of the fuel rods, to investigate the thermal bowing direction of
each fuel rod. The ABAQUS model for claddings were meshed by using the structured linear
hexahedral element (C3D8R) for 3D stress analysis. The mesh partitioning was performed to generate
the hex elements as shown in Figure 20. Total number of node and element per rod are 18250 and
14692, respectively. A general, static step was created to define to run the finite element thermal
deformation simulation.

Loads:

1. Pressure load by upper core internal
" structures
i 2. Gravity load (-9.81m/s)

Top BC:
. 1. Axial expansion and rotation
AN (Displacement U1=U3=0)
* center vertex
* edge
+ Surface
2. No constraint (Free displacement)

% Bottom BC:
S8 — 1. Fullyfixed (Displacement U1=U2=U3=0,
Rotation UR1=UR2=UR3=0)

Figure 19. Boundary conditions for finite element analysis



TEM-10200-1, Rev. 12
04/12/2021

ECAR-7210, Rev. 0

ENGINEERING CALCULATIONS AND ANALYSIS Page 32 of 79

Steady-state Thermo-mechanical Analysis of the MARVEL Fuel Bundle

Figure 20. Mesh structure of ABAQUS cladding model.

7.3.1. FEA result in STAR-CCM+

The finite element method-based solid mechanics model in STAR-CCM+ can calculate the thermal
expansion of the cladding. The solid stress solver with the isotropic linear elasticity and isotropic
thermal expansion solvers were adopted for the analysis.

The thermal strain e7in STAR-CCM+ is defined as:

er = a(T — Tref) Ean. (3)
where T.ris the reference temperature at which the thermal strain is assumed to be zero, and a is the
thermal expansion coefficient.

For a linear isotropic elastic material and infinitesimal strain €, the change of volume relative to the
deformed volume is calculated by:
V-V,
%4
where V is the initial volume of body, K is the bulk modulus, and o is the mean stress.

=e=a(T—Typer) + %n Ean. (4)

To specify the mechanical properties in STAR-CCM+ FEA model, the polynomial functions for
temperature-dependent Young’s modulus and thermal expansion coefficient of cladding (Table 9 and in
Table 10 in Appendix C) were derived as follows:

»  a (1/K):
-1.537884E-17xT*+5.147804E-14xT3-6.525143E-11xT2+4.069205E-8xT+7.72294 3E-6 Eqn. (5)
*  Young’s Modulus (Pa):
-3.9290E+04xT? - 3.1303E+07xT + 2.0717E+11 Eqgn. (6)
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In STAR-CCM+ model, scalar field functions for expansion coefficient and Young’s modulus were
created using the above equations.

Prior to running the thermal deformation model in STAR-CCM+, existing solvers for conjugate heat
transfer analysis must be de-activated by checking “Solver Frozen” or “Freeze Flow” of “Wall Distance”,
“Segregated Flow”, “Segregated Energy”, “K-Omega Turbulence”, and “K-Omega Turbulent Viscosity”
solvers under “Solvers” menu in STAR-CCM+. In the STAR-CCM+ FEA model, only a few iterations
were necessary to get a solution with the residuals of solid stress solvers and monitored variables

(displacement and force) smaller than 1.0E-6.

Figure 21 illustrates the displacement components of cladding calculated using STAR-CCM+. For the
free thermal bowing condition, the axial expansion of cladding (Figure 21-(b)) was 7.44 mm. The
maximum values of radial displacements in X-axial direction and Z-axial direction were 1.155 mm and
1.075 mm, respectively. To verify the axial expansion of claddings, the linear expansion of cladding
length based on the volume averaged cladding temperature was estimated by:

AL = a % Lo(T — Tyep) = 1.83796 x 1075 - 818.44 - (780.25 — 294.26) = 7.31 mm Eqn. (7).

The axial expansion calculated by Eqgn. (7) and STAR-CCM+ result showed good agreement. The
relative deviation of axial displacement between the hand calculation and STAR-CCM+ was
approximately 1.77%. The computational domain in this model is not a complete replica of the actual
cladding geometry, but only partially models it. Additionally, the boundary conditions for the finite
element analysis were not intended for the stress evaluations, but for evaluating thermal deformation.
Therefore, the stress calculation result for claddings of this ECAR should not be used to assess the
mechanical integrity of the claddings. In this regard, the stress calculation results will not be discussed
in this report.
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Figure 21. Displacement components of claddings calculated by STAR-CCM+ (free thermal bowing).

(c) Displacement in Z-direction
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7.3.2. FEA result: A free thermal bowing

A cladding deformation for the free thermal bowing condition was performed using Abaqus to evaluate
the reliability of the simulations. Figure 22 illustrates the displacement magnitude of the claddings. For
a better visualization of radial displacement of the claddings, non-uniform deformation scale factors,
X:100, Y:1, and Z:100, were applied. The axial expansion of claddings for the free thermal bowing
condition was 7.462 mm. The difference in the axial expansion between the hand-calculation and
Abaqus result was only 2.07%. The maximum values of radial displacements in X-direction and Z-
direction were 1.19 mm and 1.054 mm, respectively. The relative deviations in radial displacements U1,
U2 and U3 between Abaqus and STAR-CCM+ were 2.94%, 0.29% and 1.99 %, respectively. It was
determined that different mesh types of Abaqus model and STAR-CCM+ model can cause minor
differences in the simulation result while a good agreement between the two codes confirmed that the
thermal expansion models in this work are reliable.

The radial flowering of the core is clearly observed in Figure 22. The cladding in the 1t ring (see Figure
4-(a)) bowed inward while those in the 2"¢ and 3" rings bowed outward. The radial displacement of the
claddings in the 1%t and 3" rings were larger than those in the 2" ring due to the larger temperature
gradients across the claddings in 15t and 3" rings compared to those in the 2" ring. The radial
displacements U1 and U3 are illustrated in Figure 23 and Figure 24, respectively. The maximum value
of radial displacements was found in the 15! ring.

In the MARVEL reactor core, the top alignment grid plate and other structures constrain the radial
displacement of the fuel rods. Therefore, the FEA results for a free thermal bowing condition in this
section and Section 7.3.2 can provide information on a hypothetical situation in which the top alignment
grid plate and other structures fail to function properly.

U, Magnitude
+7 4620-03
+6.840e-03
+6.218e-03
+5.597e-03
+4.975e-03
+4 3538-03
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+0.000e+00

Y ODB: MARVEL-core-thermal-stress-free-bowing-Pload-Y d 3DEXPERIENCE R2018x HotFix 3

| Step: Step-1
Increment  6: Step Time = 1.000

Primary Var: U, Magnitucle
Deformed Var: U Deformation Scale Factor: x = +1.0008+02 vy = +1.0008+00 z = +1.0008+02

Figure 22. Displacement magnitude of claddings (free thermal bowing condition) [unit: m]
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Figure 23. Spatial displacement component U1 of the claddings in each ring (free thermal bowing
condition) [unit: m]
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Figure 24. Spatial displacement component U3 of the claddings in each ring (free thermal bowing
condition) [unit: m]
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7.3.3. FEA result: Constrained boundary

The displacement magnitude and spatial displacement components U1 and U3 of the claddings are
illustrated in Figure 25, Figure 26, and Figure 27, respectively. The maximum value of axial expansion
(displacement magnitude) was 7.51 mm. Compared to the free thermal bowing result, the effect of top
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constraint on the axial expansion of claddings was negligible. When the top constraint was applied, the
fuel rods in the 1st ring of the core bowed outward while those in the 2nd and the 3rd rings bowed
inward. For the fuel rods located in the first ring, the side facing the center of the core has a lower
temperature than the opposite side due to the central insurance absorber (CIA) rod. In contrast, for the
fuel rods located in the second and third rings, the side facing the center of the core has a higher
temperature than the side facing outward. Since the thermal expansion on the higher-temperature side
is greater than the lower-temperature side, when the top and bottom ends are fixed, the fuel rods in the
first ring undergoes deformation in the outward direction, while those in the second and third rings
undergoes deformation in the inward direction.

The Abaqus calculation result for constrained boundary condition provides information on the variation
in fuel-to-fuel gap distribution. It is worth noting that the thermal deformation of the fuel rod is three-
dimensional while the displacement component U1, U2 or U3 is only the vector component of three-
dimensional displacement. This means that the maximum values reported in Figure 26 and Figure 27
do not directly represent the variation in the fuel-to-fuel gap distance. Hence, to evaluate the minimum
value of fuel-to-fuel gap distance, the minimum distance between the elements of two adjacent fuel
rods must be calculated based on the element coordinates of the deformed geometry. The calculation
method to get the minimum distance between two fuel rods is discussed in Section 7.3.4.
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Figure 25. Isometric view of thermal deformation (displacement magnitude) of claddings [unit: m].
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Figure 26. Spatial displacement component U1 of the claddings in each ring [unit: m].
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Figure 27. Spatial displacement component U3 of the claddings in each ring [unit: m].

7.3.4. Evaluation of fuel-to-fuel gap distance

The finite element coordinates of the deformed fuel rods can be calculated using their original
coordinates with displacement components. The spatial displacement components (U1, U2, and U3) of
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claddings can be exported from the Abaqus result. Figure 28 shows “Report Field Output” function of
Abaqus code to export the output (“Report” >> “Field Output...”). The Abaqus input file for the data
mapping process includes the coordinates of original fuel cladding elements. A python script has been
developed to process the Abaqus input file and output report file. This script reads two files, calculates
the coordinates of deformed claddings, and finally determines the minimum value of fuel-to-fuel gap
between two fuel rods. A python script and the calculated changes in fuel-to-fuel gap distances are
attached in Appendix H.

;'-‘ Report Field Output :’: Report Field Output
Steps/Frames Steps/Frames
& Specify € Specify
Step: 1, Step-1 Step; 1, Step-1
Frame: 6 oS Frame: 6 o
 All active steps/frames ; C All active steps/frames t |
Variable | Setup | Variable Setup |
Output Variables File
Position: IWI Name: loptmstramedﬂl}.ltput/’Top_constra1ned_c0rrect.rpt Select...
Click checkboxes or edit the identifiers shown next to Edit below. ¥ fAppend to file
» [T E: Strain components Output Format
[T NT11: Nodal temperature & fAnnotated format
b [ RF: Reaction force [~ Separate table for each field output variable
P I S: Stress components € Comna-separated values (CSV) i
¥ |7 U: Spatial displacement
e St b e Lol 3]
Fu & fscending ¢ Descending
:;£ Page width (characters): Mo limit  Specify: IBO_

Nunber of significant digits: | 53]
Number format: |[Engineering ¥

Data
Section point: % rigs, I rite: ¥ Field output ¥ Column totals ¥ Column min/max

Edit: [U.U1,U,U2,0.U3

® | feply | Defaults | Cancel | ok | fpply | Defaults | Cancel

Figure 28. Exporting the field output from Abaqus (“Report” >> “Field Output...”).

For the top constrained condition, the minimum fuel-to-fuel gap distance by the thermal bowing was
calculated to be 1.358 mm, which is 0.642 mm or 32.1% reduction from the nominal gap of 2 mm
(undeformed). This minimum gap was found between the fuel rod 1-6 and fuel rod 2-11. The minimum
distance of fuel-to-fuel gap between the fuel rod 2-1 and adjacent rods was 1.541 mm (0.459 mm or
23% reduction), which was found between the fuel rod 2-1 and fuel rod 3-18.

7.3.5. Thermal-hydraulic Assessment of Deformed Fuel Rods

The straightness tolerances of the fuel rod illustrated in Figure 29 may lead to the fuel-to-fuel contact in
the reactor core. For 32” (818.438 mm)-long fuel rod, a straightness tolerance of 0.1mm/100mm
(Appendix I) can reduce the fuel-to-fuel gap distance to 0.363 mm (2-0.8184*2=0.363 mm) in the
worst-case scenario. In this case, if the change in the fuel-to-fuel gap distance is greater than 0.363
mm, the fuels in contact can happen. Since the thermal deformation of cladding, which implies the
change in the fuel-to-fuel gap thickness, could be 0.642 mm in maximum and it could be 0.459 mm for
the hottest pin as described in Section 7.3.4, the thermal bowing of the fuel rods can result in a very
tight fuel-to-fuel gap or the fuels in contact that will increase the peak temperatures of cladding and fuel
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meat. From the standpoint of nuclear reactor safety, the temperature increase in the fuel and cladding
by changes in the fuel-to-fuel gap is undesirable as it may cause the fuel rods to overheat beyond the
safety criteria. To assess the impact of the changes in fuel-to-fuel gap distance, the CFD simulation
taking into account the straightness tolerance and thermal bowing of fuel rods was performed. If the
peak temperatures of fuel and cladding exceeds the safety criteria, the fuel spacer must be adopted to
prevent fuel-to-fuel contact in the reactor.

(a) Cylindricity tolerance (b) Straightness of median line tolerance
Figure 29. Tolerance definitions given in the GD&T Y14.5 Standard [13].

In this work, it was assumed that the fuel-to-fuel gap between the fuel rod 2-1, which was the hottest
one found in the conjugate heat transfer CFD analysis, and the gap between adjacent fuel rods (1-1, 2-
2,2-12, 3-1, 3-2, 3-18) was reduced to 0.05 mm. To reduce the fuel-to-fuel gap distance, the adjacent
fuel rods were moved toward the fuel rod 2-1, while the fuel rod 2-1 remained in its original position as
seen in Figure 30. Since the current CFD model does not include the inlet plenum, modeling the
contacting fuel rods will result in the separated flow subchannels where the inlet flow distribution is not
currently available. Therefore, the fuel-to-fuel gap of 0.05 mm allows the CFD model to calculate the
flow distribution for a given geometry while it restrains the flow mixing among the flow subchannels and
the convective heat transfer at the gap region.
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0.05mm x |

Figure 30. Cross-sectional view of MARVEL reactor core with 0.05 mm gap between fuel rod 2-1 and
the fuel rods adjacent to it (1-1, 2-2, 2-12, 3-1, 3-2, and 3-18).

Figure 31 shows the temperature distribution on the cladding surface of fuel rod 2-1 and the cross-
sectional temperature distributions of the reactor core at three elevations. The peak temperatures of
cladding and fuel of the fuel rod 2-1 were 586.66 °C and 596.49 °C, respectively. The peak
temperatures of cladding and fuel were found to be slightly lower than the top elevation of the fuel (P3)
due to the heat transfer to the top graphite reflector. The PCT of the fuel rod 2-1 increased 40.76 K by
reducing the gap distance, but it is still lower than 764 °C, which is a safety criterion for cladding
internal temperature defined in Section 1.3 of ECAR-6332 [11]. In addition, the peak temperature of fuel
centerline was lower than the normal operation safety limit of 925 °C [11]. The bulk temperature of NaK
coolant, which is a surface averaged temperature at the core outlet, was calculated to be 539.73 °C.
The NaK outlet temperature was slightly higher than the acceptance criterion of 539 °C for a normal
operation [11].
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Figure 31. The temperature distribution on the cladding surface of fuel rod 2-1 and the cross-sectional
temperature distribution of the reactor core at three elevations by modifying the positions of fuel rods
adjacent to the fuel rod 2-1.

It is worth noting that the fuel-to-fuel gap of 0.05 mm, along with the entire length of the fuel rod, is very
conservative due to presence of the top and bottom alignment grid plates, which prevent such a gap.
Therefore, it can be concluded that the MARVEL reactor could be operated below the safety criteria
during normal operation even without installing the fuel spacers. While a reduction in the fuel-to-fuel
gap by the straightness tolerance and thermal deformation deteriorates the convective heat transfer of
NaK coolant, a high thermal conductive NaK coolant and stainless-steel cladding can effectively
remove the heat from the fuel rods, preventing the temperature from rising above the safety criteria.

However, it should be noted that the steady-state calculations in this report may not ensure the reactor
safety under the transients. The peak temperatures of reactor components can be changed during the
transients due to unbalanced heat generation and removal in the system. Therefore, unsteady CFD
analysis of the reactor core with fuel rods in contact is necessary to assess whether the reactor system
can meet the safety criteria during the reactor transients. Additionally, the hot channel factor of system
safety analysis should take into account the temperature increase by the changes in the fuel-to-fuel gap
distance.
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Storage Locations of STAR-CCM+/ABAQUS Models
=  Base CAD file for the CFD model is stored in:
“/projectssMARVEL_CFD/MARVEL/ECAR7210/Final/CAD/”
o MARVEL-NaK-SIMPLE.stp

= The STAR-CCM+ model for conjugate heat transfer analysis is stored in:
“/projects/MARVEL_CFD/MARVEL/ECAR7210/Final/CFD/”

o MARVEL core CHT _RANS SST base 10mm_ECARG6332base.sim
o MARVEL core CHT _RANS SST base 20mm_ECARG6332base.sim
o MARVEL core CHT _RANS SST base 40mm_ECARG6332base.sim

=  The STAR-CCM+ model for deformed fuel rods is stored in:
“/projects/MARVEL_CFD/MARVEL/ECAR7210/Final/CFD/HCF/”

o MARVEL_core_ HCF_RANS_SST gap_0.05mm_ECAR6332base.sim

= The STAR-CCM+ model for solid mechanical analysis is stored in:
“/projectssMARVEL_CFD/MARVEL/ECAR7210/Final/CFD/solid_stress/”

o MARVEL_core_ CHT_RANS_SST base 10mm_ECARG332base_stress_freebowing_press
ure_load.sim

= Abaqus input files for data mapping are stored in:
“/projectssMARVEL_CFD/MARVEL/ECAR7210/Final/ABQ/AIF/”

o ABQ-CFD-mapped-final.inp (mapped data)
o ABQ-CFD.inp (initial input file)

= Abaqus model for converting the mapped data to Abaqus output database is stored in:
“/projectssMARVEL_CFD/MARVEL/ECAR7210/Final/ABQ/AOD/”

o MARVEL-CTF.odb

= Abaqus model for free thermal bowing condition is stored in:
“/projects/MARVEL_CFD/MARVEL/ECAR7210/Final/ABQ/FreeThermalBowing/”

o marvel_core_iges-free-bowing-Pload-2018-HF3-YM.cae
o MARVEL-core-thermal-stress-free-bowing-Pload-YM.odb

= Abaqus model for top constrained condition is stored in :
“/projects/MARVEL_CFD/MARVEL/ECAR7210/Final/ABQ/TopConstrained/”

o marvel_core_iges-top-edge-Pload-2018-HF3-YM.cae
o MARVEL-core-thermal-stress-top-edge-Pload-YM.odb
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Appendix A

Abaqus Validation Test Report (Thermal)

ABQ EXE: Abaqus

COMPUTER: r6i0n31

OS: Linux

OS TYPE: 3.10.0-1160.76.1.el7.x86_64
t1

ODB: Test-1
dictTest[Test-1].Keys: [‘Grp1]
NT11-n325
Max error: 1.20% €--------
Max1: 37.3320 Min1: 10.5200 Range: 26.8120
Abg Max2: 37.7813 Abqg Min2: 10.6362 Range: 27.1451
NT11-n281
Max error: 1.48% <----------
Max1: 55.1070 Min1: 13.9970 Range: 41.1100
Abg Max2: 54.7760 Abq Min2: 14.2043 Range: 40.57==

ODB: Test-2
dictTest[Test-2].Keys:* ['G’p2’, 'G’p11
NT15-n61
Max error: 1.34% <----------
Max1: 37.3320 Min1: 10.5200 Range: 26.8120
Abg Max2: 37.7366 Abq Min2: 10.6609 Range: 27.0756
NT11-n61
Max error: 1.54% <----------
Max1: 55.1070 Min1: 13.9970 Range: 41.1100
Abg Max2: 54.7444 Abq Min2: 14.2131 Range: 40.53==

ODB: Test-3
dictTest[Test-3].Keys:‘ ['G’p1]
NT11-n130
Max error: 1.65% <----------
Max1: 44.5920 Min1: 12.5210 Range: 32.0710
Abg Max2: 44.7825 Abq Min2: 12.7270 Range: 32.0555
NT11-n59
Max error: 1.85% <----------
Max1: 55.3390 Min1: 14.7770 Range: 40.5620
Abg Max2: 55.0396 Abq Min2: 15.0511 Range: 39.98==

ODB: Test-4

dictTest[Test-4].Keys:‘ ['G’p1]
NT11-n281

Error: 0.00% e

Ans: 13.7600 Abq: 13.7600
NT11-n303

Error: 0.00% e

Ans: 11.3200 Abq: 11.3200
NT11-n325

Error: 0.00% Smmmmmmmee

Ans: 4.0000 Abq: 4.0000
NT11-n314

Error: 0.00% e

Ans: 8.2700 Abq: 8.2700
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NT11-n292

Error: 0.00% P
Ans: 13.1500 Abq: 13.15==

ODB: Test-5

dictTest[Test-5].Keys:‘ [[G’p3, 'G’p2’, 'G’p1’, 'G’p5’, 'G’p4
NT13-n62

Error: 0.00% Smmmmmmenes

Ans: 11.3200 Abq: 11.3200
NT12-n62

Error: 0.00% e

Ans: 13.1500 Abq: 13.1500
NT11-n62

Error: 0.00% e

Ans: 13.7600 Abq: 13.7600
NT15-n62

Error: 0.00% e

Ans: 4.0000 Abq: 4.0000
NT14-n62

Error: 0.00% <emmmmeme-

Ans: 8.2700 Abq: 8.27==

ODB: Test-6
dictTest[Test-6].Keys:‘ ['G’p1]
NT11-n533
Max error: 0.39% <----------
Max1: 80.7640 Min1: 61.8970 Range: 18.8670
Abg Max2: 80.4914 Abq Min2: 61.7364 Range: 18.7551
NT11-n803
Max error: 0.38% <----------
Max1: 94.5930 Min1: 71.5310 Range: 23.0620
Abg Max2: 94.3007 Abqg Min2: 71.2781 Range: 23.02==

ODB: Test-7

dictTest[Test-7].Keys:* [G’p11
HFL-e56

Error: 0.19% <mmmeeee-

Ans: -0.1700 Abq: -0.16==

ODB: Test-8

dictTest[Test-8].Keys:‘ ['G’p1]
HFL-e1121

Error: 1.74% Lo

Ans: 0.1710 Abq: 0.1740
HFL-e3678

Error: 2.25% <o

Ans: -0.1620 Abaq: -0.16==

ODB: Test-9

dictTest[Test-9].Keys:‘ ['G’p1]
NT11-n13

Error: 0.01% <o

Ans: 50.0010 Abq: 50.0036
NT11-n17
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Error: 0.00% <o

Ans: 55.5500 Abq: 55.5500
NT11-n328

Error: 0.20% e

Ans: 51.6040 Abq: 51.7074
NT11-n38

Error: 0.05% Lo

Ans: 50.0890 Abq: 50.1148
NT11-n28

Error: 0.11% e

Ans: 50.7010 Abq: 50.7550
NT11-n218

Error: 0.01% e

Ans: 50.0110 Abq: 50.0176
NT11-n32

Error: 0.10% e

Ans: 50.3060 Abq: 50.3555
NT11-n324

Error: 0.20% S

Ans: 52.4260 Abq: 52.5321
NT11-n4

Error: 0.08% e

Ans: 51.0600 Abq: 51.1006
NT11-n320

Error: 0.16% S

Ans: 53.6690 Abq: 53.75==

ODB: Test-10
dictTest[Test-10].Keys:* [[G’p11]
NT11-n325
Error: 0.15% e
Ans:  215.7130 Abqg:  216.03==

ODB: Test-11

dictTest[Test-11].Keys:' [G'p1]
HFL-e55

Error: 0.02% D S

Ans: -5.5000 Abq: -5.49==

ODB: Test-12
dictTest[Test-12].Keys:‘ ['G’p11]
NT11-n336
Error: 0.00% S
Ans:  406.6667 Abqg:  406.66==
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Appendix B

Abaqus Validation Test Report (Standard)

ABQ EXE: Abaqus
COMPUTER: r6i0On31
OS: Linux
OS TYPE: 3.10.0-1160.76.1.el7.x86_64
s1
U
N-185 %err N-122 %err N-121 %err N-120 %err N-119 %err N-118 %err
0.6500 0.00 0.1600 0.00 0.1447 0.00 0.1048 0.00 0.0537 0.00 0.0000 0.00

RF
N-154 %err N-158 %err N-162 %err N-126 %err N-90 %err N-86 %err N-82 %err N-118
%err
334.4081 0.00 447.8178 0.00 334.4081 0.00 447.8176 -0.00 334.4081 0.00 447.8177 -0.00 334.4081 0.00
447.8176 -0.00

s2

EIGVAL
Mode-1 %err Mode-2 %err Mode-3 %err Mode-4 %err Mode-5 %err Mode-6 %err
-0.0000 0.00 -0.0000 0.00 0.0000 0.00 0.0000 0.00 0.6340 0.00 2.3660 0.00

EIGFREQ
Mode-1 %err Mode-2 %err Mode-3 %err Mode-4 %err Mode-5 %err Mode-6 %err
0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.1267 -0.24 0.2448 -0.08

s4

plastic_std.odb
Max Stress in dir mises:  50000.0000 psi0.00%
s5

std_beam_*.odb
Element Max. Stress Difference Max Deflection  Difference Input File

sig11 (ksi) (%%) (in) (%%) std_beam_+
B31 29.2500 -2.50 -0.3334 0.02 beam.odb
SR3 30.7117 2.37 -0.3303 -0.92  shell3.odb
S4R 29.2500 -2.50 -0.3328 -0.15 shell4.odb
STRI65 30.5289 1.76 -0.3322 -0.34  shell6.odb
S8R 30.0000 0.00 -0.3324 -0.29 shell8.odb
C3D6 21.4954 -28.35 -0.2006 -39.82  sol06.0db
C3D8 18.1044 -39.65 -0.2051 -38.47  sol08.odb
C3Ds8lI 29.6562 -1.15 -0.3311 -0.67 sol08i.odb
C3D8R 24.6824 -17.73 -0.3461 3.83 sol08r.odb
C3D10M 37.7092 25.70 -0.3440 3.19  sol10.0db
C3D15 35.4466 18.16 -0.3321 -0.38  sol15.0db
C3D20R 33.5220 11.74 -0.3322 -0.33  sol20.0db
s6
thermal_stress.odb
Max Stress in dir 11: -30000.5996 psi 0.00%
s7
thick_cyl4.odb
Max Stress in dir 33: 52790.2266 psi 1.52%
s8

thick_cyl8.odb
Max Stress in dir 33: 51935.8359 psi -0.12%
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Appendix C

Thermo-physical Properties of MARVEL Reactor Core Internal Structures and Working Fluid

Table 2. Thermo-physical Properties of liquid NaK (Fluid) [11]

Temperature (K) Density Viscosity Specific Heat | Thermal Conductivity
p (kg/m?3) u (kg/m-sec) Cp (J/kg-K) k (W/m-k)
300.00 839.54 7.2154E-04 843.88 21.94
350.00 827.00 5.6182E-04 831.04 22.86
400.00 814.77 4.5526E-04 821.79 23.67
450.00 802.76 3.8092E-04 815.23 24.37
500.00 790.93 3.2729E-04 810.79 24.96
550.00 779.24 2.8742E-04 808.07 25.45
573.15 773.86 2.7232E-04 807.49 25.63
598.15 768.07 2.5788E-04 806.87 25.80
600.00 767.64 2.5688E-04 806.82 25.82
623.15 762.30 2.4505E-04 806.7 25.95
648.15 756.54 2.3359E-04 806.85 26.07
650.00 756.11 2.3279E-04 806.87 26.08
673.15 750.80 2.2327E-04 807.28 26.16
698.15 745.06 2.1392E-04 807.98 26.22
700.00 744.63 2.1327E-04 808.04 26.23
723.15 739.33 2.0542E-04 808.95 26.26
748.15 733.60 1.9763E-04 810.19 26.27
750.00 733.18 1.9708E-04 810.29 26.27
773.15 727.87 1.9048E-04 811.68 26.25
798.15 722.14 1.8389E-04 813.42 26.20
800.00 721.72 1.8342E-04 813.56 26.20
823.15 716.41 1.7778E-04 815.41 26.13
848.15 710.67 1.7212E-04 817.64 26.03
850.00 710.24 1.7172E-04 817.81 26.02
873.15 704.92 1.6686E-04 820.12 25.90
898.15 699.15 1.6196E-04 822.84 25.74
900.00 698.73 1.6161E-04 823.05 25.73
923.15 693.38 1.5738E-04 825.81 25.56
948.15 687.59 1.5310E-04 829.03 25.35
950.00 687.16 1.5280E-04 829.28 25.33
973.15 681.78 1.4910E-04 832.51 25.11
998.15 675.95 1.4534E-04 836.25 24.84
1000.00 675.51 1.4507E-04 836.54 24.82
1023.00 670.13 1.4182E-04 840.24 24.55
1023.15 670.09 1.4180E-04 840.26 24.55
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1050.00

663.78

1.3823E-04

844.87

24.20

1059.00

661.65

1.3709E-04

846.5

24.08

The polynomial function for the density of NaK implemented in the STAR-CCM+ is given by:

Pvak [""g/m3] = —0.23206 - T[K] + 907.37272 300K < T < 1059K.

Table 3. Thermo-physical Properties of Air (Fuel Plenum)

Density [14] .Dynellmic Specific Thermal Conductivity
Temperature (K) Viscosity [15] Heat [16] [17]

p (kg/m?3) u (kg/m-sec) | Cp (J/kg-K) k (W/m-k)
293.15 1.204 1.83E-05 1007 0.02514
298.15 1.184 1.85E-05 1007 0.02551
303.15 1.164 1.87E-05 1007 0.02588
308.15 1.145 1.90E-05 1007 0.02625
313.15 1.127 1.92E-05 1007 0.02662
318.15 1.109 1.94E-05 1007 0.02699
323.15 1.092 1.96E-05 1007 0.02735
333.15 1.059 2.01E-05 1007 0.02808
343.15 1.028 2.05E-05 1007 0.02881
353.15 0.9994 2.10E-05 1008 0.02953
363.15 0.9718 2.14E-05 1008 0.03024
373.15 0.9458 2.18E-05 1009 0.03095
393.15 0.8977 2.26E-05 1011 0.03235
413.15 0.8542 2.35E-05 1013 0.03374
433.15 0.8148 2.42E-05 1016 0.03511
453.15 0.7788 2.50E-05 1019 0.03646
473.15 0.7459 2.58E-05 1023 0.03779
523.15 0.6746 2.76E-05 1033 0.04104
573.15 0.6158 2.93E-05 1044 0.04418
623.15 0.5664 3.10E-05 1056 0.04721
673.15 0.5243 3.26E-05 1069 0.05015
723.15 0.488 3.42E-05 1081 0.05298
773.15 0.4565 3.56E-05 1093 0.05572
873.15 0.4042 3.85E-05 1115 0.06093
973.15 0.3627 4.11E-05 1135 0.06581
1073.15 0.3289 4.36E-05 1153 0.07037
1173.15 0.3008 4.60E-05 1169 0.07465
1273.15 0.2772 4.83E-05 1184 0.07868
1773.15 0.199 5.82E-05 1234 0.09599
2273.15 0.1553 6.63E-05 1264 0.11113
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Table 4. Thermo-physical Properties of Uranium-Zirconium Hydride (Fuel) [18] [19]

Density Specific Heat Thermal Conductivity
Temperature (K)
p (kg/m?3) Cp (J/kg-K) k (W/m-k)
300 178.75
400 235.32
500 272.88
600 302.95
00 8298.273 329 49 18.0
800 354.15
900 377.71
1000 400.59

Table 5. Thermo-physical Properties of Stainless Steel 304 (Cladding) [20]

Density Specific Heat Thermal Conductivity
Temperature (K)

p (kg/m?3) Cp (J/kg-K) k (W/m-k)
300 477.491 13.25
400 504.785 15.14
500 528.544 17.03
600 549.663 18.92
700 568.697 20.81
800 586.024 22.70
900 601.913 24.59
1000 7800.0 616.567 26.48
1100 630.142 28.37
1200 642.763 30.26
1300 654.531 32.15
1400 665.528 34.04
1500 675.826 35.93
1600 685.483 37.82
1671 691.978 39.16

ECAR-7210, Rev. 0
Page 56 of 79

Table 6. Thermo-physical Properties of Graphite H-451 (Top and Bottom Reflectors) [2]

Density Specific Heat Thermal Conductivity
Temperature (K)

p (kg/m3) | Cp (J/kg-K) | Temperature (K) k (W/m-k)
300.0 712.763 500.0 114.976
400.0 990.362 600.0 106.097
500.0 1780.0 1217.634 700.0 97.876
600.0 [21]' 1389.860 800.0 90.310
700.0 1519.837 900.0 83.402
800.0 1619.440 1000.0 77.149
900.0 1697.261 1001.0 77.090
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Table 7. Thermo-physical Properties of Beryllium (internal reflector) [22]

Density Specific Heat Thermal Conductivity
Temperature (K)

p (kg/m?3) Cp (J/kg-K) k (W/m-k)
293.15 1847.4 2398.5 156.7
373.15 1840.8 2477.3 145.8
473.15 1832.3 2575.8 133.2
573.15 1823.5 2674.3 121.7
673.15 1814.3 2772.8 111.3
773.15 1804.8 2871.3 102.0
873.15 1794.9 2969.8 93.7
973.15 1784.8 3068.3 86.6
1073.15 1774.3 3166.8 80.6
1173.15 1763.5 3265.3 75.6
1273.15 1752.4 3363.8 71.8
1373.15 1741.0 3462.3 69.0
1473.15 1729.2 3560.8 67.3
1560.15 1718.7 3646.4 66.8
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Table 8. Thermo-physical Properties of Zirconium (Zirconium rod) [22]

Temperature (K) Density [14] Viscosity [15] Spec[n;lg]Heat Thermal ﬁg;]ductmty
p (kg/m?3) u (kg/m-sec) Cp (J/kg-K) k (W/m-k)
298 6500 285.0 1.852E+06 21.2
300 6499 285.2 1.854E+06 21.2
400 6483 297.9 1.931E+06 19.6
500 6466 309.6 2.002E+06 19.0
600 6449 320.4 2.066E+06 19.0
700 6432 330.6 2.127E+06 19.3
800 6415 340.4 2.184E+06 19.9
900 6398 350.0 2.240E+06 20.6
1000 6382 359.7 2.295E+06 215
1100 6365 369.6 2.352E+06 224
1200 6348 307.4 1.952E+06 235
1300 6331 313.1 1.982E+06 246
1400 6314 319.5 2.018E+06 259
1500 6297 326.8 2.058E+06 27.2
1600 6280 335.0 2.104E+06 285
1700 6264 344 1 2.155E+06 30.0
1800 6247 354.3 2.213E+06 315
1900 6230 365.5 2.277E+06 33.0
2000 6213 377.9 2.348E+06 34.6
2100 6196 391.6 2.426E+06 36.3

The polynomial function for the density of zirconium rod implemented in the STAR-CCM+ is given by:

Pzr [kg/m3] = —0.1685-T[K] + 6550.0 298K <T < 2100K.

Table 9. Young’s Modulus (Modulus of Elasticity) and Poisson’s Ratio of SS-304 (Cladding)

Young’s Modulus (Modulus of Elasticity) [23] Poisson’s Ratio [24]
Temperature (K) E (Pa) Temperature (K) Poisson’s Ratio
300.15 1.93E+11 423.15 0.28
366.15 1.92E+11 533.15 0.30
422.15 1.87E+11 643.15 0.32
477.15 1.83E+11 753.15 0.28
533.15 1.79E+11 863.15 0.29
589.15 1.77E+11 973.15 0.28
644.15 1.70E+11 1093.15 0.25
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700.15 1.66E+11
755.15 1.60E+11
811.15 1.55E+11
866.15 1.50E+11
922.15 1.45E+11
977.15 1.41E+11
1033.15 1.34E+11
1089.15 1.25E+11

Table 10. Thermal Expansion Coefficient of SS-304(Cladding) [25]

Temperature (K) CTE (1E-05 1/K) Temperature (K) CTE (1E-05 1/K)
294.26 1.530 699.82 1.818
310.93 1.548 727.59 1.836
338.71 1.584 755.37 1.836
366.48 1.602 783.15 1.854
394.26 1.638 810.93 1.854
422.04 1.656 838.71 1.872
449.82 1.692 866.48 1.872
477.59 1.710 894.26 1.890
505.37 1.728 922.04 1.908
533.15 1.746 949.82 1.908
560.93 1.764 977.59 1.926
588.71 1.782 1005.37 1.926
616.48 1.782 1033.15 1.944
644.26 1.800 1060.93 1.944
672.04 1.800 1088.71 1.944

The polynomial functions for the mechanical properties of SS-304 implemented in the STAR-CCM+ are
as follows:

Young’s Modulus (Pa):
Egs_304[Pa] = —3.929 - 10*T? — 3.1303 - 10T + 2.0717 - 10'*  300.15K < T < 1089.15K

Coefficient of Thermal Expansion (1/K):

tss-s0a| /] = —1.537884 - 10717T* + 5.147804 - 1071473 — 6.525143 - 107172 + 4.069205 -
1078T + 7.722943 - 10~Y7  29426K < T < 1088.71K.
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Appendix D
Boundary Condition Inputs for CFD Model
Fuel Pin Power Distribution

Axial power distribution has been provided by Carlo Parisi on March 3, 2023.

Axial Power MARVEL @ v

@ Carlo Parisi w1 e & S
To: Sulong Yeon Fri 3/3/2023 12:56 P

The user-defined field functions for polynomial fitting curve of axial power profile in Egn. (1) was
implemented as follows:

$${Position}[1]<-1.806970.0:$${Position}[1]<-1.1719? 14.080*pow($${Position}[1],4) +
84.258*pow($${Position}[1],3) + 179.597*pow($${Position}[1],2) + Eqgn. (D.1)
160.240*$${Position}[1] + 50.625:0.0
where $${Position}[1] represents the axial elevation (m), and the values -1.8069 and -1.1719 represent
the bottom and top elevations of the fuel volume in the CFD model, respectively.

The definition of user-defined field function “Volumetric heat generation rate XX-YY” (W/m?3) is given by:
${Fuel power}/${Fuel volume XX-YY}*${Axial power profile}*${RPF XX-YY} Eqgn.(D.2)

where “XX-YY” is the fuel pin identification number (Figure 4-(a)), ${RPF XX-YY} is a power peaking
factor of fuel pin XX-YY (Figure 4-(b)), ${Axial power profile} is the axial power profile (Figure 4-(c)),
${Fuel volume XX-YY} is the volume of fuel meat (5.881-10*m?), and ${Fuel power} is a unit pin power
(=85,000/36 W).
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Appendix E
Pressure Load for ABAQUS Finite Element Analysis

It is assumed that the pressure load due to the weight of the components above the reactor core is
uniformly distributed to the fuel pins.

Table 11. The weight of the component above the MARVEL reactor

. . Estimated # per sub- Total Weight
Drawing No. Component Material Weight (Ibs) assembly (Ibs)
Upper
. SS316H SST
1014679 Allgnment ASME SA-240 1.8 1 1.8
Grid Plate
Fuel pin to
. SS316H SST
1014587 Upper Grid ASME SA-241 1.3 6 7.56
Adapter
Upper grid SS316H SST
1014593 Adapter ASME SA-240 0.6 1 0.6
Alignment SS316H SST
1014594 Pin ASME SA-240 0.3 3 0.9
Top Screw SS316H SST
1014595 Pin ASME SA-240 0.4 3 1.2
Total 10.8

Since each subassembly contains 6 fuel pins, the weight of the upper internal structure per pinis 1.8
Ibs (=0.816 kg). The cross-sectional area of the fuel pin is 1.0066E-3 m2. The pressure load per pin is
calculated by:

— 9.81x0.816 ~ 795556 kg

Pupper_structure 1.0066Xx10-3 ms2"

The height NaK volume above the upper internal structure is 0.805m. The hydrostatic pressure due to
the NaK volume above the core is calculated by:

kg
m:-s?

Pyak = p X g X H=718.76 x 9.81 x 0.805 = 5675.23 =

where the density of NaK is 718.76 kg/m?® at the NaK outlet temperature (539.6°C).
The total pressure load is calculated to be:

kg
m-S

Piotar = Pnak + Pupper_structure = 13630.79 2
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Appendix F
Mesh Sensitivity Test Results of MARVEL Reactor Core CFD Model

To evaluate the mesh dependency of the solution, the CFD models with three base mesh sizes of 10.0
mm, 20.0 mm and 40.0 mm were compared. In this mesh sensitivity test, the numbers and total
thickness of prism boundary layers were fixed to 4 and 1.67E-3 m, respectively. The PCT was selected
to evaluate the mesh sensitivity as seen in Figure 32. The maximum deviation of the PCT among three
mesh refinements was only 0.36%. This ECAR reported the calculation results obtained from the CFD
model meshed by the base mesh size of 10.0 mm (finest model) because it predicted the most
conservative PCT among three mesh refined models.

550.0

Deviation: 0.36%

Peak Cladding Te

i

&
A

540.0 1 1 1 1 1 1 1 1 1
0.0E+00 1.0E+07 2.0E+07 3.0E+07 4.0E+07 5.0E+07

# of Cells

Figure 32. Mesh sensitivity test result for the PCT
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Appendix G

Azimuthal Temperature Profiles of Claddings

The azimuthal temperature profiles of claddings were obtained along with the counterclockwise
direction from the reference angle as seen in Figure 33. The data was extracted at the interface
between the cladding and fuel meat, and at the top elevation of the fuel (P3). Figure 34, Figure 35, and
Figure 36 illustrate the azimuthal temperature profiles of the fuel rods in each ring.

Tmax: 543,33 (C), Tmin: 529.54 (C)

Figure 33. Reference angle of azimuthal temperature profile.
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Figure 34. Azimuthal temperature profiles of the claddings in the first ring (Elevation: P3)




TEM-10200-1, Rev. 12

ENGINEERING CALCULATIONS AND ANALYSIS

ECAR-7210, Rev. 0

04/12/2021 Page 65 of 79
Steady-state Thermo-mechanical Analysis of the MARVEL Fuel Bundle
Tmax: 545.11 (C). Tmin: 543.40 (C)
® caldding (2,1) ™Y a &
545.6 - 451% Fe o, ¢
@ el (]
e 5% ® o o L *
545.2 - 544.0{ ® o L ¥ .
| & o v. S o :
saas e oAy (4" -] ° 543.5 'v° . .
G 1 e o . = °
o [ ] [ ] [
< 5444 ® ® o [ o) e o ° ° < 543.0 4 [V o N
v ® o ° L] o r'Y °
= ') ° e o [ b [ 2 Y b 5 o °
5 54401 & o * ° e % o £ 542.5 By
5 ° [ ] ° [} & L ]
£ 543561 P .5‘ .00. o £ 54201 ° 0
. i [} [ ]
£ v ¢ v & &
543.2 - 541.5 A v
542.8 - 541.0
542.4 - 540.5
® caldding (2,2)
542.0 - . - . . 540.0 . - . . -
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Azmuthal angle (degree) Azmuthal angle (degree)
Tmax: 545.02 (C), Tmin: 542,79 (C) Tmax: 545.01 (C)_ Tmin: 541.40 (C)
® caldding (2,3) ® caldding (2,4)
545.5 - 545.4
545.0 - 544.8 1% N .ﬁ. .ﬁ ¥
N, (2 % K] S ¢ % o ©
544.5 % S e o o & 54424 ©® g V ° o
] . % o o °* % f‘ G ‘V. ° .
< 5440 ® . % e .A * < 543.6 - o N
: LA 2 R A A O ) ‘s Fa ]
554351 © o § o * 4 'v‘ = 543.0 V\ <
g v % v 5 s 3
a =% L]
£ 543.0 v E 542.4 ® g
8 ® S s
542.5 4 541.8 4 LA
v
542.0 - 541.2 A
541.5 - 540.6
541.0 - : . . : 540.0 . : T : .
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Azmuthal angle (degree) Azmuthal angle (degree)
Tmax: 545.04 (C), Tmin: 542,85 (C) Tmax: 544,94 (C) Tmin: 541.34 (C)
® caldding (2,5) A a.
545.5 - 544.5 1% o o ® ° o % =
® o o * L3 o o
L] ° ° [ ] ) [ ]
545.0 4 ’ 5440 @ q Py
s " v o .3
[ J L ]
544.5 '6% o o o ° 543.5 - . °® (¥
. AW JEW . -. $
[ ]
< 544.0 - o W o ° ° < 543.0 4 A .N
e N e o e > & ° 7 g ) o
E e o oy o o . g E] °
T 54351 ¢ (¥ 4 [] [ ® 542.5 o
= o J [ ] '] e L] °
o] Iy ]
Q b L K] Qo L]
£ 543.0 < £ 542.0 °
& & ® e
L ]
542.5 - 541.5 - )
[
542.0 - 541.0 A
541.5 - 540.5
® caldding (2,6)
541.0 : : : : . 540.0 . : : . :
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Azmuthal angle (degree)

Azmuthal angle (degree)




TEM-10200-1, Rev. 12

ENGINEERING CALCULATIONS AND ANALYSIS

ECAR-7210, Rev. 0

04/12/2021 Page 66 of 79
Steady-state Thermo-mechanical Analysis of the MARVEL Fuel Bundle
Tmax: 545.03 (C), Tmin: 543.32 (C) Tmax: 544.77 (C), Tmin: 541.19 (C)
® caldding (2,7)
545.6 544.5 » h. ”N .’
L @ A ® % o
° e ® o O ® o o
545.2 - 54404 o ® o °
VARV,
. N & | ° o & o2
44818 ° o g » K s by ov
g saaad % c * ° 0 s ”n ° g sa30 S Fa '.
< 44 o ° e © o < .04 ‘A
g OJ A e ° 2 .. e % : = ° °
£ 544.0 fat v ° o £ 54254 ° o
o] e o o o * o o ® 5 ° °
& o o O o L) bt 3 o °
£ 543.6 ° E 542.0
°
2 v v v v e o o
543.2 541.5 - .2
‘0
542.8 - 541.0
542.4 - 540.5
® caldding (2,8)
542.0 - . - . . 540.0 . : . : .
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Azmuthal angle (degree) Azmuthal angle (degree)
Tmax: 544,97 (C). Tmin; 542.83 (C) Tmax: 544,94 (C)_Tmin; 541.33 (C)
) N N ”~,
fe o e L o ® > o ®
544.619 o o o’. g 544.5 1 o % o % ° o o
° o o © L] [ [ [ )
° o °
544.2{ ® oo o .‘“‘. ° 544.0 A e W °« ° v
° n o & o Y K °
E B b @
54381 @ o § © ° A N Vv 543.5 ° A
—_~ [ ] ° o o s o
o ° L ° o
Cae YO S o o € sa304 N WA
o * ° o v o
=1 [} = b @
2 543.0 ‘I' b4 2 54254 @
5 8 5 e °
a =3 L]
£ 542.6 £ 54201 ®
& & LN
542.2 - 541.5 - .\'
541.8 - 541.0 A
541.4 - 540.5
® caldding (2,9) ® caldding (2,10)
541.0 . . : . : 540.0 . : T : .
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Azmuthal angle (degree) Azmuthal angle (degree)
Tmax: 544,94 (C)_Tmin: 542.85 (C) Tmax: 545.00 (C) Tmin: 541.37 (C)
r .’. ® caldding (2,12)
544.6 - ° ® .“. ° '. 545.4 -
° o
o
544.2 4 0 © .ho e 00 o 544.8 4 .ﬁ. h
) . e o o e ¥ e 2 o o &0 ‘q Fal
543.8 1 % Y *° N . 544.2 e W - > *
5] P e * % o ® e = ° e © U. o
o] L ] [ ] (& L ]
< sa3.41 .9. e J e, (¥4 < 5436 e < °
= L =
o0 °
2 543.0 1 ° L] 2 5430 ~ ‘A d
g o e é
[ w
a =N e ]
£ 542.6 E 542.4 ° °
8 = *
542.2 541.8 ..\;
541.8 - 541.2 A
541.4 - 540.6
® caldding (2,11)
541.0 : : : : . 540.0 . : : . :
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Azmuthal angle (degree)

Azmuthal angle (degree)

Figure 35. Azimuthal temperature profiles of the claddings in the second ring (Elevation: P3)
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Figure 36. Azimuthal temperature profiles of the claddings in the third ring. (Elevation: P3)
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Table 12. Maximum and minimum azimuthal temperature of fuel cladding at elevation P1(-1.80693m),
P2 (-1.48943m) and P3 (-1.17193m).

E'e("n‘;‘;'on Rod ID (T"“C) Tun (°C) | dT (°C) | Rod ID (T"“C) Tuin (°C) | dT (°C)
417193 | 11 54333 | 52054 | 1379 3 543.81| 536.76|  7.05
148943 | 11 51458 | 50072| 13.86| 3-1 51553 | 50567 |  9.86
1.80693 | 11 47181 | 47164| 047| 3-1 47187 4717|047
147193 | 12 | 54323 | 52961| 1362| 32 | 54437| 537.02| 7.35
148943 | 12 | 514.45| 50068| 1377 32 | 51548| 50558 9.9
180693 | 12 | 47181| 47163| 048| 32 | 471.86| 471.71 0.15
147193 | 1-3 | 543.33| 52051 | 1382| 33 | 544.04| 536.66|  7.38
148943 | 13 5145| 50065| 1385| 33 | 515.19| 5053|  9.89
180693 | 13 | 47181| 47164| 047 33 | 471.84| 4717| 014
117193 | 14 | 54325| 52045| 138| 34 5431| 53599 | 711
148943 | 14 5146 | 50065| 13.95| 34 | 51479| 504.94|  9.85
180693 | 14 | 47181| 47163| 018| 34 | 471.84| 47168| 0.6
147193 | 15 | 54310| 52055| 1364| 35 | 54454 537.05|  7.49
148943 | 15 | 51442 50068| 1374| 35 | 51569 50575| 9.04
180693 | 15 | 47181 | 47163| 048| 35 | 471.87| 47172| 0.5
117193 | 16 5432 | 52044 | 1376| 36 | 54455| 537.05 75
148943 | 16 | 51449 5007 | 1379| 36 | 51558 50572|  9.86
180693 | 16 | 47181| 47164| 047| 36 | 471.87| 471.71 0.16
447193 | 21 54511 | 5434 | 171| 37 | 54315| 536.02| 7.13
148943 | 21 515.66 | 510.66 5| 37 | 51484 50498| 9.86
1.80693 | 2-1 47184 | 471.7| 044| 37 | 471.84| 47168| 0.16
117193 | 22 | 544838 | 54129| 359| 3-8 | 544.18| 536.75|  7.43
148943 | 22 | 51548 50079| 569| 38 | 51525| 50537 |  9.88
180693 | 22 | 47184| 4717| 044| 3-8 | 471.85| 4717| 0.5
147193 | 23 | 54502 | 542.79| 223| 39 | 54449| 537.16|  7.33
148943 | 2-3 | 51554 51032| 522| 39 | 51555| 50576  9.79
180693 | 23 | 47184| 471.7| 044| 39 | 471.86| 471.71 0.15
117193 | 24 | 54501| 5414] 361| 3-10 | 543.76 | 536.71 7.05
148943 | 24 | 51566 500093| 573| 310 | 51546 | 505.65|  9.81
180693 | 24 | 47185| 4717 045] 3-10 | 471.87| 4717| 047
117193 | 25 | 54504 | 542.85| 2.49| 3-11 5443 | 536.02|  7.38
148943 | 25 | 51561 51032| 529| 311 | 51539 50556|  9.83
180693 | 25 | 47184| 471.7| 044| 3411 | 471.86| 471.71 0.15
117193 | 26 | 544.04 | 54134 36| 312 | 544.01| 536.62|  7.39
148943 | 2-6 | 51556| 5090| 566| 312 | 515.18| 50529|  9.89
180693 | 26 | 47185| 471.7] 045| 3-12 | 471.85| 4717| 0.5
147193 | 2.7 | 54503 | 54332 1.71| 3-13 | 543.07| 53595| 7.2
148943 | 27 | 51557 | 510.63| 4.94| 3-13 | 514.79| 504.88| 9.1
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-1.80693 2-7 471.84 471.7 0.14 3-13 471.84 | 471.68 0.16
-1.17193 2-8 544.77 | 541.19 3.58 3-14 544.47 | 536.96 7.51
-1.48943 2-8 515.38 509.7 5.68 3-14 515.64 | 505.71 9.93
-1.80693 2-8 471.84 471.7 0.14 3-14 471.86 | 471.71 0.15
-1.17193 2-9 544.97 | 542.83 214 3-15 544.44 | 536.96 7.48
-1.48943 2-9 5156.53 | 510.34 5.19 3-15 515.52 | 505.68 9.84
-1.80693 2-9 471.85 471.7 0.15 3-15 471.86 | 471.71 0.15
-1.17193 2-10 544.94 | 541.33 3.61 3-16 543.09 | 536.03 7.06
-1.48943 2-10 515.58 | 509.87 5.71 3-16 514.8 | 505.01 9.79
-1.80693 2-10 471.84 471.7 0.14 3-16 471.84 | 471.68 0.16
-1.17193 2-11 544.94 | 542.85 2.09 3-17 544.16 | 536.76 7.4
-1.48943 2-11 515.49 | 510.38 5.11 3-17 515.29 505.4 9.89
-1.80693 2-11 471.84 471.7 0.14 3-17 471.85 471.7 0.15
-1.17193 2-12 545 | 541.37 3.63 3-18 54456 | 537.15 7.41
-1.48943 2-12 515.62 509.9 5.72 3-18 515.63 | 505.71 9.92
-1.80693 2-12 471.85 471.7 0.15 3-18 471.86 | 471.71 0.15
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Appendix H

Python Script to Calculate Coordinates of Deformed Claddings and Minimum Fuel-to-fuel Gap

Distance

import 0s
import numpy as np
from scipy.spatial import KDTree

num_node = 18250
original_dict = {}
displace_dict = {}

# Create the original_dict from the file input
with open('ABQ-CFD.inp', 'r') as f:
component_id ="
for line in f:
if line.startswith(™Part, name="):
component_id = line.split('=")[1].strip()
original_dict[component_id] = {'nodes": [}
elif line.startswith("*Node'):
for line in f:
if line.startswith("™"):
break
node_data = line.strip().split(',")
if len(node_data) == 4:
node_id = float(node_data[0])
if node_id > num_node:
break
node_dict = {'node_id": node_id, 'x': float(node_data[1]), 'y": float(node_data[2]), 'z":
float(node_data[3])}
original_dict[component_id]['nodes'].append(node_dict)

## This subroutine is to print the coordinates of original geometry, comment out if it is not necessary:
# for component_id, component_dict in original_dict.items():

# print(f"Component ID: {component_id}")

# for node_dict in component_dict['nodes']:

# print(f"Node ID: {node_dict['node_id']}, x: {node_dict['x']}, y: {node_dict['y']}, z: {node_dict['z']}")

# Create the displace_dict from the ABAQUS report
with open('Top_constrained_correct.rpt’, 'r') as f:
component_id ="
for line in f:
if line.startswith('Field Output reported at nodes for part: '):
component_id = line.split(": ")[1].strip()[:-4].lower()
displace_dict[component_id] = {'nodes": []}
elif line.startswith(" ):
for line in f:
if not line.strip():
break
node_data = line.strip().split()
if len(node_data) == 4 and node_data[0] != 'Minimum' and node_data[0] != '"Maximum' and
node_data[0] !="At' and node_data[0] !="Total":
node_id = float(node_data[0])
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if node_id > num_node:

break

node_dict = {'node_id": node_id, 'x": float(node_data[1]), 'y" float(node_data[2]), 'z".

float(node_data[3])}

displace_dict[component_id]['nodes'].append(node_dict)

# calculate x, y, z coordinates of deformed fuel pins

deformed_dict = {}

for component in original_dict:

deformed_dict[component] = {'nodes": []}
for node1, node2 in zip(original_dict{component]['nodes'], displace_dict[component]['nodes']):
x_sum = node1['x"] + node2['x]
y_sum = node1['y"] + node2['y"]
z_sum = node1['z"] + node2['z']
deformed_dict[component]['nodes'].append({'node_id": node1['node_id], 'x": x_sum, 'y": y_sum, 'z': z_sum})

min_distance f f=]
min_distance_1_2
min_distance_2_3

foriin range(1,4,1):
if i ==1:
forj in range(1,7,1):
if j < 6:

component_id1 = 'pin_"+str(i)+"_"+str(j)

component_id2 = 'pin_"+str(i)+'_"+str(j+1)

# # Extract the coordinates of the two components

component1_coords = [[node['x'], node['y'], node['Z']] for node in
deformed_dict[component_id1]['nodes']]

component2_coords = [[node['x'], node['y'], node['Z']] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_f_f.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is

{min_distance_ins:.3f} mm")

else:
continue
if j == 6:

component_id1 ="'pin_1_1"

component_id2 = 'pin_1_6'

# # Extract the coordinates of the two components

component1_coords = [[node['x'], node['y'], node['z']] for node in
deformed_dict[component_id1]['nodes']]

component2_coords = [[node['x'], node['y'], node['z']] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
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component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_f f.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
continue
if i == 2:
for j in range(1,13,1):
ifj<12:
component_id1 = "pin_"+str(i)+"_"+str(j)
component_id2 = 'pin_"+str(i)+'_"+str(j+1)
# # Extract the coordinates of the two components
component1_coords = [[node['x], node['y'], node['z]] for node in
deformed_dict[component_id1]['nodes']]
component2_coords = [[node['x], node['y'], node['z]] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_f_f.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
continue
if j ==12:
component_id1 ="'pin_2_1'
component_id2 = 'pin_2_12'
# # Extract the coordinates of the two components
component1_coords = [[node['x'], node['y'], node['z']] for node in
deformed_dict[component_id1]['nodes']]
component2_coords = [[node['x'], node['y'], node['z']] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_f_f.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
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continue
ifi==3:
for j in range(1,19,1):
ifj<18:
component_id1 = 'pin_"+str(i)+"_"+str(j)
component_id2 = 'pin_"+str(i)+'_"+str(j+1)
# # Extract the coordinates of the two components
component1_coords = [[node['x], node['y'], node['z"]] for node in
deformed_dict[component_id1]['nodes']]

component2_coords = [[node['x], node['y'], node['z]] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_f_f.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
continue
if j ==18:
component_id1 = "'pin_3_1'
component_id2 = 'pin_3_18'
# # Extract the coordinates of the two components
component1_coords = [[node['x'], node['y'], node['Z']] for node in
deformed_dict[component_id1]['nodes']]

component2_coords = [[node['x'], node['y'], node['z']] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_f_f.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
continue

foriin range(1,3,1):
if i ==1:
forjinrange(1,7,1):
for k in range(1,13,1):
component_id1 = "pin_"+str(i)+'_"+str(j)
component_id2 = 'pin_"+str(i+1)+"_"+str(k)

# # Extract the coordinates of the two components
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component1_coords = [[node['x], node['y'], node['z]] for node in
deformed_dict[component_id1]['nodes']]

component2_coords = [[node['x], node['y'], node['z]] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_1_2.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
continue
if i == 2:
for j in range(1,13,1):
for k in range(1,19,1):
component_id1 = 'pin_"+str(i)+"_"+str(j)
component_id2 = 'pin_"+str(i+1)+"_"+str(k)

# # Extract the coordinates of the two components

component1_coords = [[node['x'], node['y'], node['Z']] for node in
deformed_dict[component_id1]['nodes']]

component2_coords = [[node['x'], node['y'], node['Z']] for node in
deformed_dict[component_id2]['nodes']]

# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
if min_distance_ins <= 4.0:
min_distance_2_3.append(min_distance_ins) # unit: mm
print(f"The minimum distance between {component_id1} and {component_id2} is
{min_distance_ins:.3f} mm")
else:
continue

# minimum distance between the fuel rod 2-1 and adjacent fuel rods
host = [(2,1)]
neighbors = [(1,1), (2,2), (2,12), (3,1), (3,2),(3,18)]

for i,j in neighbors:
component_id1 = "pin_2_1"'
component_id2 = 'pin_"+str(i)+'_'+str(j)

# # Extract the coordinates of the two components
component1_coords = [[node['x], node['y'], node['Z']] for node in deformed_dict[component_id1]['nodes']]
component2_coords = [[node['x], node['y'], node['Z']] for node in deformed_dict[component_id2]['nodes']]
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# Build KD trees from the two sets of coordinates
component1_tree = KDTree(component1_coords)
component2_tree = KDTree(component2_coords)

# Find the minimum distance between the two trees
min_distance_ins = component1_tree.query(component2_coords)[0].min()*1000
# min_distance_interested.append(min_distance_ins) # unit: mm
print(f"The gap distance between {component_id1} and {component_id2} is {min_distance_ins:.3f} mm")
gap = 2.0- min_distance_ins

if gap > 0.0 :

print(f"The gap distance between {component_id1} and {component_id2} is {gap:.3f} mm")

else:
continue

Table 13. Change in Fuel-to-Fuel Gap Distance (Top constrained condition)

Pin ID Pin ID distance, mm Pin ID Pin ID distance, mm
pin_1_1 pin_1_2 1.597 pin_2 6 pin_2 7 2.137
pin_1_1 pin_2 1 1.959 pin_2 6 pin_3 8 1.549
pin_1 1 pin_2 2 2.184 pin_2 6 pin_3 9 2.057
pin_1_1 pin_2_12 1.545 pin_2 7 pin_2 8 1.606
pin_1_2 pin_1_3 2.131 pin_2 7 pin_3 9 1.542
pin_1_2 pin_2 2 2.179 pin_2 7 pin_3_10 2.115
pin_1_2 pin_2 3 1.97 pin_2 7 pin_3_11 2.115
pin_1_2 pin_2 4 1.553 pin_2 8 pin_2 9 1.601
pin_1_3 pin_1_4 2.131 pin_2 8 pin_3_11 2.141
pin_1_3 pin_2 4 1.963 pin_2 8 pin_3 12 2.142
pin_1_3 pin_2 5 1.365 pin_2 9 pin_2_10 2.145
pin_1_3 pin_2 6 1.964 pin_2 9 pin_3 12 2.135
pin_1_4 pin_1_5 1.597 pin_2 9 pin_3 13 2.114
pin_1_4 pin_2 6 1.546 pin_2 9 pin_3 14 1.536
pin_1_4 pin_2_7 1.957 pin_2_10 pin_2_11 2.133
pin_1_4 pin_2 8 2.185 pin_2_10 pin_3 14 2.047
pin_1_5 pin_1_6 2.131 pin_2_10 pin_3_15 1.541
pin_1_5 pin_2 8 2.179 pin_2_11 pin_2_12 2.142
pin_1_5 pin_2 9 1.963 pin_2_11 pin_3_15 2.094
pin_1_5 pin_2_10 1.559 pin_2_11 pin_3 16 1.579
pin_1_6 pin_1_1 2.131 pin_2_11 pin_3_17 2.094
pin_1_6 pin_2_10 1.968 pin_2 12 pin_2_1 2.137
pin_1_6 pin_2_11 1.358 pin_2 12 pin_3_17 1.551
pin_1_6 pin_2 12 1.959 pin_2 12 pin_3 18 2.058
pin_2 1 pin_2 2 1.606 pin_3_1 pin_3 2 1.587
pin_2 1 pin_3 1 2.112 pin_3 2 pin_3 3 1.611
pin_2 1 pin_3 2 2.113 pin_3 3 pin_3 4 1.596
pin_2 1 pin_3 18 1.541 pin_3 4 pin_3 5 2.123
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pin_2 2 pin_2 3 1.601 pin_3 5 pin_3 6 2.145
pin_2 2 pin_3 2 2.141 pin_3 6 pin_3 7 2.138
pin_2 2 pin_3 3 2.142 pin_3 7 pin_3 8 2.145
pin_2 3 pin_2 4 2.143 pin_3 8 pin_3 9 2.146
pin_2 3 pin_3 3 2.135 pin_3 9 pin_3_10 2.106
pin_2 3 pin_3 4 2.108 pin_3_10 pin_3_11 1.588
pin_2 3 pin_3 5 1.5635 pin_3_11 pin_3 12 1.611
pin_2 4 pin_2 5 2.136 pin_3 12 pin_3 13 1.595
pin_2 4 pin_3 5 2.054 pin_3 13 pin_3 14 2.122
pin_2 4 pin_3 6 1.547 pin_3 14 pin_3_15 2.146
pin_2 5 pin_2 6 2.143 pin_3_15 pin_3 16 2.138
pin_2 5 pin_3 6 2.088 pin_3 16 pin_3_17 2.145
pin_2 5 pin_3 7 1.573 pin_3_17 pin_3 18 2.146
pin_2 5 pin_3 8 2.089 pin_3 18 pin_3 1 2.106
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Appendix |

Straightness Tolerance of MARVEL Fuel Element

Re: MARVEL: straightness and Mo disc requirements

Adrian R. Wagner <adrian.wagner@inl.gov>

Tue 2/28/2023 10:37 AM

To: Tom M. Pfeiffer <tom.pfeiffer@inl.gov>;Jennifer L. Davlin <Jennifer.Davlin@inl.gov>;Erica M. Moore <Erica.Moore®@inl.gov>;Jordan A.
Evans <Jordan.Evans@inl.gov>;Carlo Parisi <Carlo.Parisi@inl.gov>;Travis L. Lange <Travis.Lange@inl.gov>;Yasir Arafat
<Yasir.Arafat@inl.gov>;Brandon L. Moon <brandon.moon@inl.gov>

Cc: SuJong Yoon <Sulong.Yoon@inl.gov>;Carl E. Baily <carl.baily@inl.gov>

| received the following from Tl for their straightness requirement for a loaded element:
0.5mm straightness for 587mm length at the final fuel element stage.

You can take into account to add at least 0.1mm/100mm added

Adrian (He/Him)

Fuel Fabrication Division

Group Lead for Advanced Manufacturing and Ceramic Fuel Fabrication
Metallurgical Engineer

Idaho National Labs-MFC
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(505)690-2028 (Cell)
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