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9. Objective / Purpose

This report demonstrates that the MARVEL Reactor Primary Coolant Boundary (herein referred to as
the Primary Coolant System, or PCS) is designed to meet ASME BPVC Section Il Division 5 [5]
elevated temperature service design-by-analysis criteria. The analysis approach that delineates
division of responsibilities to meet project objectives is discussed herein. In short, Design and
Service Level A, B, and C code calculations are detailed in ECAR-6580 [9] for the majority of the
PCS with complex geometry, while the Lower Downcomers, Bottom Head, and Reactor Core Barrel
are analyzed in ANL-23/56 [7]. Service Level D code calculations are detailed in this document.

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

11. Conclusion / Recommendations

The PCS passes all rules in [5] HBB-3225 for Level D Service Limits and ASME BPVC Section Il
Appendices [4] Mandatory Appendix XXVII for Unprotected Transient Overpower (UTOP) and two
unique directional seismic cases. Compressive stress code checks for buckling from external
pressure and local buckling due to flexure pass with sufficient margin. Shear stress checks also
pass without concern. See Sections 7.9 and 7.11 as well as Appendix D for detailed calculations and
results.
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2 SCOPE AND BRIEF DESCRIPTION

This report demonstrates that the MARVEL Reactor Primary Coolant Boundary (herein referred to as
the Primary Coolant System, or PCS) is designed to meet ASME BPVC Section Il Division 5 [5]
elevated temperature service design-by-analysis criteria. The analysis approach that delineates
division of responsibilities to meet project objectives is discussed herein. In short, Design and Service
Level A, B, and C code calculations are detailed in ECAR-6580 [9] for the majority of the PCS with
complex geometry, while the Lower Downcomers, Bottom Head, and Reactor Core Barrel are analyzed
in ANL-23/56 [7]. Service Level D code calculations are detailed in this document.

3 DESIGN OR TECHNICAL PARAMETER INPUT AND SOURCES

Engineering inputs are from ECAR-6580 [9], ECAR-6332 [15], and ANL-23/56 [7]. Calculations are
administered by ASME BPVC Section Ill Division 5 [5] and ASCE 4-16 [2]. Technical functional
requirements for the MARVEL Reactor Structure are documented in TFR-2576 [18].

4 RESULTS OF LITERATURE SEARCHES AND OTHER BACKGROUND DATA

Drawings used in this analysis, including calculations in the appendices, are referenced in Table 1.

Table 1. Drawing List

Drawing Number | Rev. Description

1013330 000A CONTROL DRUM ACTUATOR ASSEMBLY

1013335 000A CENTRAL INSURANCE ABSORBER ACTUATOR ASSEMBLY

1014540 000A CONTROL DRUM REFLECTOR ASSEMBLY

1014557 000A OUTER REFLECTOR

1014579 000A FUEL CORE SYSTEM

1014605 000B PRIMARY COOLANT SYSTEM

1014606 000B DOWNCOMER

1014607 000B CORE BARREL, LOWER

1014608 000B BOTTOM HEAD

1014609 000B DISTRIBUTION PLENUM

1014610 000B CONTROL DRUM ACTUATOR STANDOFF

1014617 000A REFLECTOR PRELOAD PLATE ASSEMBLY

1014618 000A REFLECTOR SUPPORT STRAPS ASSEMBLIES

1014671 000A OUTER REFLECTOR SUPPORT PLATE

1014672 000A LOWER REFLECTOR PLATE

1014673 000A UPPER REFLECTOR SUPPORT PLATE

1014706 000A AXIAL GAMMA SHIELDING BLOCK

1014707 000A UPPER AXIAL NEUTRON SHIELDING HOUSING

1014736 000B INTERMEDIATE HEAT EXCHANGER WELDMENT

1014740 000A STIRLING ENGINE AND ENGINE BRACKET ASSEMBLY

1014743 000B STIRLING ENGINE AND SECONDARY SUPPORT STRUCTURE
ASSEMBLY

1014744 000B LOWER STIRLING SUPPORT STRUCTURE WELDMENT
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CENTRAL INSURANCE ABSORBER STRUCTURE FINAL

1014746 000A | FeRpReny
CENTRAL INSURANCE ABSORBER STRUCTURE WITHOUT
1014747 000A | BRAZE PLUG ASSEMBLY
(014748 000 | CENTRAL INSURANCE ABSORBER STRUCTURE BRAZE PLUG
WITH THERMOCOUPLES ASSEMBLY
1014749 000A | OUTER TUBE WELDMENT
1014750 000A | INNER PIPE WELDMENT
1014751 000A | PCS CLOSURE FLANGE
1014752 000A | BRAZE PLUG
CENTRAL INSURANCE ABSORBER STRUCTURE
1014753 000A | CONDUCTIVITY ELEMENT ASSEMBLY
{01475 000A ggzgggl_ INSURANCE ABSORBER STRUCTURE ABSORBER
1014755 000A | CENTRAL INSURANCE ABSORBER STRUCTURE GREY ROD

5 ASSUMPTIONS

1.

The bounding design pressure results in the most limiting primary stress intensity contours
when applied to each service level.

Omitting the lower external Guard Vessel pressure that deducts from the higher PCS design
pressure results in the most limiting primary stress intensity contours when applied to each
service level.

The uniform application of peak hydrostatic pressure results in the most limiting primary stress
intensity contours when applied to each service level.

The weight of insulation on the PCS is well distributed, small, and is considered negligible.

Relatively thin sections of the vessel are modeled at Least Material Condition (LMC) for Service
Level D evaluation since the failure criteria focuses on load-controlled stresses only. These
sections include the Reactor Core Barrel, IHX, Downcomer piping, Heater Housings, and CIA
Housings. All other components have thick sections with tight tolerances and are regions of
little concern for Service Level D, so these sections are analyzed at nominal dimensions.

NaK corrosion rate is expected to be <0.001 inches per year on 316H SST [7]. The Galinstan
secondary coolant is very corrosive; however, the coolant only interfaces with a removable
insert that functions as a sacrificial liner and does not contact the PCS. Due to the negligible
corrosion rates of NakK, the short lifetime of the MARVEL Reactor, and the sacrificial liner,
thickness reductions due to corrosion mechanisms are excluded.

The conservative static-equivalent seismic acceleration approach from ECAR-6601 [14] is
appropriate since sliding, rocking, and impacts are not anticipated for the PCS.

The ASCE 4 static-equivalent seismic acceleration approach from ECAR-6601 [14] is
unaffected by the fluid damping response.
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6 COMPUTER CODE VALIDATION

A. Computer type: “Sawtooth” HPE SGI 8600 system with 2,052 compute nodes (24 cores per
node, Intel 8268 CPUs)

B. Operating System and Version: CentOS 7.9.2009 (kernel release: 3.10.0-1160.66.1.el7.x86_64
#1 SMP Wed May 18 16:02:34 UTC 2022)

Computer program name and revision: ABAQUS Standard Version 2021hf6

Inputs (may refer to an appendix): Sections 7.1-7.8, all appendices

m o o

Outputs (may refer to an appendix): Sections 7.9-7.10

n

Evidence of, or reference to, computer program validation: ECAR-5544 Rev. 0 [16], Supplement
to ECAR-5544 Rev.0 dated 8/9/2023

G. Bases supporting application of the computer program to the specific physical problem:
ABAQUS Standard Version 2021hf6 is a robust implicit solver that performs highly accurate
static stress/displacement analysis, among other analysis types. The analyses in this document
are linear static problems that fall within the capabilities of the software.

7 DISCUSSION/ANALYSIS

7.1 ASME SERVICE LOADINGS

[5] Subsection HB Subpart B for Class A Metallic Pressure Boundary Components under Elevated
Temperature Service requires primary, secondary, and combined stress intensities of the PCS to
perform service level calculations for code compliance. Primary stresses result from loading that is
necessary to satisfy the laws of equilibrium of external and internal forces and moments and are not
self-limiting [5]. Examples of loads that produce primary stress (i.e., primary loads) include pressure
and component weights. Secondary stresses are developed by the constraint of adjacent material or
the self-constraint of the structure and are self-limiting [5]. Restrained thermal expansion is an example
of secondary stresses.

Service levels denote the category of loading that occurs during operational transients at elevated
temperature service (>800 °F). Level A Service Loadings include all loadings that would be considered
under normal operation [5]. For the MARVEL Reactor, this encompasses start up from cold zero power
to hot full power, and shutdown from hot full power to cold zero power over three years of operation.
The reactor will undergo normal operations on the weekends, resulting in 156 cycles over the evaluated
lifetime. See SPC-70731 [17] for detailed loadings and conditions for the MARVEL Reactor ASME
pressure boundary.

Level B Service Loadings are deviations from Level A Service Loadings that are anticipated to occur
with moderate frequency, and for which the reactor is designed to withstand without operational
impairment [5]. The stirling engines selected for the MARVEL Reactor have components with a life
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expectancy of six months in the given operating environment [1]. All four engines will be replaced when
one engine fails, resulting in five expected Level B Service Loading cycles over three years (the initial
year has one occurrence since the initial state of the reactor assumes four stirling engines with full life).
The operational transient is characterized by the failure of one stirling engine followed by a reactor
shutdown [17].

Level C Service Loadings are deviations from Level A Service Loadings having low probability of
occurrence that require shutdown for correction or repair of damage [5]. There are no Level C Service
Loadings classified for the MARVEL Reactor.

Level D Service Loadings are extremely low probability, postulated events that may impair the nuclear
system such that only considerations of public health and safety are involved [5]. An Unprotected
Transient Over-Power (UTOP), as described above, is classified as such due to its extremely low
probability. UTOP occurs when one drum malfunctions and rotates out instantly past critical position to
the mechanical hard stop ECAR-6332 [15]. The additional reactivity insertion spikes the system
temperature, then intrinsic reactivity feedback returns the reactor to nominal power and temperature.
Additionally, seismic events are evaluated to Service Level D. Seismic accelerations are determined
using a conservative static equivalency method and are documented in ECAR 6601 [14].

The service levels are summarized in Table 2 below.

Table 2. Service Level Application for the MARVEL Rector [17]

Evaluation Temperature Number
Type Description Pressure Input (psig)* Input (°C) of Cycles
Design - 55+2.5 570 N/A
Normal .
Service Level A | Operating 55+2.5 | T rovided by [11] 156
" and [15]
Conditions
. Loss of One Provided by [11]
Service Level B Stirling Engine 55+2.5 and [15] 5
Service Level C | - - - -
Unprotected
. Transient Over- .
Service Level D Power (UTOP), 55+2.5+1+1 | Provided by [15] 1
Seismic

*Static pressure is evaluated at a constant 55 psig, hydrostatic pressure is applied uniformly as 2.5
psig, and seismic dynamic and hydrostatic pressures are uniformly set to 1 psig each

Loadings are discussed later in this report but note that the static pressure input is the same for each
service loading and for the design loading. The design pressure is set to a bounding limit that is greater
than all anticipated and postulated service loads at temperature. Calculated pressures for each
transient are documented in ECAR-6586 [12].

7.2 ANALYSIS METHODOLOGY

The PCS design is governed by [5] Subsection HB Subpart B as a Class A metallic pressure boundary
component seeing service loading temperatures greater than 800 °F (425 °C). Design and Service



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

ECAR-6564, Rev. 0
Page 8 of 100

MARVEL Project Primary Coolant System ASME BPVC Section Il Division 5 Design by Analysis

ENGINEERING CALCULATIONS AND ANALYSIS

Level A, B, and C checks can be grouped into four categories — (1) primary load design or load-
controlled stress limits, (2) ratcheting strain limits, (3) creep-fatigue damage accumulation limit, and (4)
time-independent and time-dependent buckling limits and special stress limits. Load-controlled stress
limits are evaluated using elastic-perfectly plastic (EPP) and simplified inelastic analyses approach that
is provided in ASME Code Case N-924. Ratcheting design follows the EPP methodology in ASME
Code Case N-861. Creep-fatigue design also relies on EPP methodology as detailed in ASME Code
Case N-862. Buckling design is not prescribed by [5]; instead, the method of isochronous curves
proposed by Giriffin [9] is used. Special stress limits such as bearing stresses and triaxial stresses are
considered using elastic structural models.

To meet the MARVEL project objective of an accelerated design schedule while achieving technical
excellence and fulfilling rigorous quality standards, the PCS pressure boundary is divided into two
sections for Design and Service Level A, B, and C code checks (see Figure 1).
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Temperature: ECAR-6594
Design, 5L-A, SL-B: ECAR-6580

Temperature: ECAR-
6332 (Maximums)

SL-D: ECAR-6564
(This Report)

Temperature: ECAR-6332
Design, SL-A, 5L-B: ANL -23/56

Figure 1. Model Division Based on Temperature Inputs
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The dividing boundary is determined from the transient temperature inputs that are required when
considering time- and temperature-dependent failure modes. RELAP5-3D is a thermal-hydraulics
software that simulates all the design-basis transients for the MARVEL reactor in [15]. It takes hot-
channel factors from MCNP neutronics data and generates time-dependent temperature data for the
reactor coolants and structural components. [7] uses the mapped temperature distributions from
RELAPS-3D on the relatively simple geometry of the Lower Downcomer, Bottom Head, and Reactor
Core Barrel to solve the design checks using a Finite Element Analysis (FEA) software called MOOSE.
RELAP5-3D is, however, limited to one-dimensional models — this is a concern for the complex
geometry and three-dimensional thermal-hydraulic behaviors in the PCS Distribution Plenum and IHX.
Star-CCM Computational Fluid Dynamics (CFD) software is employed to provide characteristic
temperature distributions in these regions. The CFD tool relies on boundary conditions from RELAP5-
3D to generate time-dependent fluid fields with fluid and structural temperature data. Due to model
size, resource requirements, and data transmission challenges, CFD is not practical for complete
transient runs on a full model of the pressure boundary for the current project objectives; however, this
model sectioning approach limits the resource load to an actionable level. In addition, the sectioned
model takes advantage of symmetry to further reduce the computational burden. Modelling and results
of the CFD analysis are documented in ECAR-6594 [11]. Temperature data on the pressure boundary
from [11] is used by [10] to perform the design checks on the remaining, more complex regions of the
vessel using ABAQUS FEA software. Boundary conditions between analyses in [10] and [7] at the
model divisions are documented in Appendix F.

Service Level D code checks are performed separately on a full model of the PCS using an elastic
analysis method in the ABAQUS FEA software. Secondary stresses due to temperature gradients are
not considered for the limiting faults, but the maximum temperatures from [15] are used to determine
allowable stress limits. The following sections of this report cover the model approach, setup, and
results for Service Level D analysis.

7.3 ABAQUS MODELS AND PART GEOMETRY

Figure 2 provides terminology and depicts all ABAQUS part models and their instances within the
assembly.
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CD Actuator
Standoff

Closure Head

Distribution
Plenum Mid

Thermowells and
Pressure Taps

Distribution
Plenum Bottom
Flate

Intermediate

‘ = - Heat Exchanger
Distribution
Plenum Top
Flate

Guard Vessel Heater Housing Array I

Interface

R55 Dummy

Reactor Core Barrel

ClA Housing

i X

Figure 2. ABAQUS Parts for the PCS Assembly

The RSS Dummy and Guard Vessel Interface are only modeled for their influences on the PCS and are
not considered in the results presentation.

The ABAQUS model database has 4 models. See Figure 3 for the nomenclature.
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&] Model Database
- fF Models (4)
+ Mesh
UTCOP Primary Stress

X Direction Seismic

F

T

+ X7 Direction Seismic

Figure 3. Model Tree in PCS Model Database

The geometry for all models is controlled by model Mesh through part and instance linking. Linking the
parts and instances of the models to a single model controls geometry and finite element mesh from
variance between models. Seismic modeling is comprehensive by considering two directions for the
horizontal resultant due to cyclic model symmetry: the X-direction and the XZ-direction at 45° from the
former. Table 3 documents the objective of each model.

Table 3. Model Objectives

Model Objective

Mesh Geometry and finite element mesh control

UTORP Primary Stress Service Level D Unprotected Transient Overpower (UTOP)
steady state primary stress intensities

X Direction Seismic Service Level D X-direction resultant seismic primary stress
intensities

XZ Direction Seismic Service Level D X-direction and Z-direction diagonal resultant

seismic primary stress intensities

All parts are modeled as 3D deformable solids. Geometry dimensions adhere to the designs detailed in
(INL Drawing 1014605) for the PCS and (INL Drawing 1014746) for the Central Insurance Absorber
(CIA) Structure and to their respective subordinate drawings with a few exceptions. Model
simplifications remove ancillary components having negligible influence that are not part of the pressure
boundary and remove weld preps that do not result in the finished vessel geometry. See Figure 4 and
Figure 5 for comparisons between the design and the ABAQUS model.
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Figure 4. PCS Comparison between Actual Design (Left) and ABAQUS Model (Right)

The liner and internals of the Intermediate Heat Exchanger (IHX) are not included since they are not a
part of the pressure boundary and are minimally attached. The Control Drum (CD) Actuator Standoffs
are evaluated as an ASME BPVC Section Il Division 5 Class B vessel in ECAR-6574 [13], but they are
modeled on the PCS for their seismic influence. The thermowell selection changed since the ABAQUS
model was developed, but the impacts are negligible. Small, shallow tapped holes and notches in large
base metal sections are considered insignificant and are not included. These features are generally
located in areas of relatively low stress, creep, and fatigue.
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Figure 5. CIA Structure Comparison between Actual Design (Left, Top Right) and ABAQUS Model
(Center, Bottom Right)

The CIA Structure has several components that are outside of the pressure boundary and are
excluded. This includes penetrations and tubes inside the CIA housing.

Since Service Level D is only concerned with load-controlled stresses, the geometry is modeled at least
material condition (LMC) on the critical and thin sections. This includes the Reactor Core Barrel, the
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Upper Downcomer, Lower Downcomer, Intermediate Heat Exchangers, Central Insurance Absorber
Housing, and Cartridge Heater Housings. The Distribution Plenum, Closure Head, and Bottom Head
are sufficiently robust with tight manufacturing tolerances and are considered at nominal dimensions.
Corrosion penalties from NaK are an inconsequential <0.001 inches per year for slow-flow systems and
are excluded due to the short lifetime of the reactor, see ECAR-6588 [7] for chemical compatibility
analyses [17]. See Appendix A for thickness reductions.

[5] HBB-3353 requires consideration for weld geometry in elevated temperature analysis. Welds must
be modeled in the condition that would produce the highest strain concentration. All accessible weld
surfaces will be ground flush and polished. Complete Joint Penetration (CJP) welds that cannot be
accessed on the root side due to limited clearance or assembly sequence (see Figure 7) are modeled
with a conservative root geometry in accordance with Figure 6.

45° Tangent

Weld
., / Root

/ < Weld

"'\ Direction

Inside
Surface

Figure 6. CJP Weld Root Geometry for Inaccessible Weld Surfaces

Consultation with the fabricator has revealed that through prior observation the root reentrant angle can
be held to less than 45 degrees. The width of the root is determined based on the thickness of the
base metal in accordance with AWS D1.6 [6] Figure 3.5 for a prequalified CJP V-groove weld.
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All joints in PCS
Downcomers

Figure 7. PCS Weld Joints with Inaccessible Roots Modeled per Figure 6

7.4 MODEL PROPERTY AND MATERIAL

[5] Table HBB-I-14.1(a) prescribes permissible base materials for structures or vessels at elevated
temperature service. Type 316H stainless steel is selected for the MARVEL Reactor because of its
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high temperature strength and availability. Properties of the 316H SST material are shown in Figure 8.

2% Edit Material X

Name: SA-240316H

rF - " .
] Description: | ASME BPVC Sect Il Part D and Sect Ill Div 5 »

MName: SA-240316H

J - Material Behaviors
Description: | ASME BPVC Sect Il Part D and Sect lll Div 3

Density

Material Behaviors

Elastic

General Mechanical Thermal Electrical/Magnetic  Other v
Elastic
General Mechanical Thermal Electrical/Magnetic O . .
Type: | Isotropic M ¥ Suboptions
Density Use temperature-dependent data
Distribution: | Uniform v & Number of field variables: 0's
[] Use temperature-dependent data Meduli time scale (for viscoelasticity):  Long-term o
Mumber of field variables: 0% () No compression
Data [C] No tension
Mass Data
Density "
Young's Poisson's
1 00007514 Modulus Ratio Temp
1 28300000 0.31 70
2 27500000 0.31 200
3 27000000 0.31 300
4 26400000 031 400
- 25900000 0.31 500
6 25300000 0.31 600
7 24800000 0.31 700
8 24100000 0.31 800
9 23500000 0.31 900
10 22800000 0.31 1000
OK 11 22000000 0.31 1100
12 21200000 0.31 1200
13 20300000 0.31 1300
14 19200000 0.31 1400
15 18100000 0.31 1500
oK Cancel

Figure 8. Temperature Dependent Material Properties for 316H SST [3]

All materials in the ABAQUS model are assigned as 316H SST except for the RSS Dummy part. This
part, which consists of an upper plate and a lower plate, uses custom densities to simulate the weight
of the components which they carry. This approach is conservative since it moves the center of
gravities farther away from the braced point above, creating larger than actual moments in a seismic
event. The upper plate density brings its weight to 1500 Ib, while the lower plate has an even higher
density to represent 2500 Ib (see Figure 9).
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3 Edit Material X

Name: RSS Upper

Description: | Conservative weight of 1500 Ib with a model volume of 1745.1 in*3 2

Meaterial Behaviors

Elastic

General Mechanical Thermal Electrical/Magnetic  Other &
Density
Distribution: Uniform v &

() Use temperature-dependent data
Number of field variables: 05
Data

Mass
Density
1 0.002226
S Edit Material X
Name: RSS Lower

Description: | Conservative weight of 2500 Ib with a model volume of 16384 in*3 7

Material Behaviors

Elastic

General Mechanical Thermal Electrical/Magnetic  Other &
Density

Distribution: | Uniform v a8

() Use temperature-dependent data
Number of field variables: 0
Data

Mass
Density
1 0.003952

Figure 9. Density Material Properties of the RSS Upper and Lower Plates
7.5 MODEL STEP

All models have similar builds for the model steps, with exception to Mesh. Since Mesh only supplies
part, property, and mesh data to the other models, it does not proceed further in model setup to
produce a job. Models have the default initial step followed by a general static step with mostly default
settings per Figure 10. The incrementation setup was adjusted to help solution convergence.
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<+ Edit Step X
Name: Step-1
Type: Static, General

Basic  Incrementation Other

Description:

Time period: | 1

Off (This setting controls the inclusion of nonlinear effects
O on of large displacements and affects subsequent steps,)

% Edit Step X

Nigeom:

Automatic stabilization: | None
Name: Step-1

Type: Static, General
() Include adiabatic heating effects

Type: © Automatic O Fixed

Maximum number of increments: | 100000

Initial Minimum  Maximum
Increment size: | 0.01 1E-05 1
OK
% Edit Step >3
Name: Step-1

Type: Static, General

Basic Incrementation |

Equation Solver
Method: @ Direct O lterative
Matrix storage: @ Use solver default O Unsymmetric (O Symmetric

Warning: The an ode may ove e your matrix st B C Ce
) | - ; E S ncel

Solution Technique
Solution technique: @ Full Newton (O Quasi-Newton
8

Convert severe discontinuity iterations: | Propagate from previous step ~ (Analysis produc
Default load variation with time

O Instantaneous @ Ramp linearly over step

Extrapolation of previous state at start of each increment:  Linear ~

(C) Stop when region is fully plastic.

Note: Only available with fixed time incrementation. Use with caution!

() Obtain long-term solution with time-domain material properties

Cancel
Figure 10. General Static Step Setup for Stress Calculation

7.6 MODEL INTERACTIONS

Part instances are tied together to model the PCS as a weldment. The Guard Vessel Interface has one
exception where it contacts the bottom of the PCS with a surface-to-surface contact interaction, see
Figure 11. The Guard Vessel Interface is included in the model to capture the influence on the PCS.
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Tied (Welded Joint)

8x Surface-to-
surface contact (PCS
seated on Guard
Vessel)

Figure 11. PCS to Guard Vessel Interface Interaction

Additionally, the RSS Dummy is modeled to capture the interaction with the Core Barrel from horizontal
seismic accelerations. There are two centering rings that snug the RSS to the Core Barrel with a small
clearance. For stability, these two interfaces are modeled as coincident faces with surface-to-surface
contact, see Figure 12. The circular contact area is divided into two halves with separate interactions
for proper behavior. The Beryllium Oxide (BeO) plate stacks that are a part of the RSS and surround
the Core Barrel have sufficient restraint from the hold-down springs during seismic such that no sliding
or movement is expected. See ECAR-6589 [18] for detailed calculations. Therefore, the only contact
from the RSS to the PCS is through the two centering rings addressed above. Any stiffness from the
excluded RSS components and control drums is omitted from the analysis.
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2x Surface-to-surface
contact (RSS Dummy
to Reactor Core Barrel)

2x Surface-to-surface
contact (RSS Dummy
to Reactor Core Barrel)

Figure 12. Surface-to-Surface Contact Interactions between the RSS and Axial Shields Dummy and the
PCS Core Barrel (Seismic Only)

Attached equipment and internal fluids are modeled using coupling constraints. See Figure 13 for the
general arrangements. Reference points set the coordinate location of each coupling control point
where the load will be applied. Equipment control points are set to the maximum dimensional extent for
conservatism and are coupled to the faces on the PCS that bear the equipment load. The equipment
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couplings use a structural distributing coupling type to prevent the attachments from providing any
additional model integrity through kinematic couplings. The NaK and molten Galinstan fluids have
control points that are calculated from an equivalency method for enforcing hydrodynamic pressures
due to seismic forces. These calculations determine impulsive and sloshing hydrodynamic pressure
components and their effective weights and heights for overturning moment effects to the vessel. See
Appendix C for details. The fluid control points for the overturning moment effects are coupled to
wetted surfaces that are positioned in the direction of the horizontal seismic acceleration direction, so
the selections are unique in both the X-direction and XZ-direction seismic models. The fluid couplings
use a continuum distributing coupling to represent the hydrodynamic loads.
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Figure 13. Coupling Constraints for Seismic Models
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7.7 MODEL LOADS

Fixturing is accomplished by applying a boundary condition on the bottom surface of the Guard Vessel
Interface as shown in Figure 14. The boundary condition uses a polar coordinate system to restrain
motion in the axial (vertical) and tangential directions. The PCS rests on the Reactor Support Frame
and is allowed to expand radially but not rotate. Seismic uplift is not possible between the PCS and
Guard Vessel due to the welded connection, and uplift of the Guard Vessel from the Reactor Support
Frame is also determined to not be possible in ECAR-6574 [13]. Therefore, axial modeling restraint is
appropriate.

5+ Edit Boundary Condition X

Name: BC-1
Type:  Displacement/Rotation

Step:  Step-1 (Static, General)
Region: (Picked) k

CSYS: Datum csys-2 b AL

1 Distribution: | Uniform ~| fx
faset
CDu
8 ux 0
fe .
- [~ JUES 0
[JUR™: radians
D UR2Z: radians
[CJUR3: radians
Y
Amplitude: | (Ramp) ™ pU

Note: The displacement value will be
maintained in subsequent steps.

oK Cancel

Figure 14. Boundary Condition on the Underside of the Guard Vessel Interface to Represent Seating on
Reactor Support Frame

Loads are summarized in Table 4 and are shown Appendix E. See Appendix B for load calculations
and comparisons to expected loads. ABAQUS loads have at least a 10% margin over the expected
loads. There is also considerable conservatism in the seismic loads and code calculations.
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Seismic loads are calculated in Appendix C. The MARVEL project uses a static equivalent method to
analyze designs for seismic as calculated in ECAR-6601 [14]. The horizontal seismic acceleration is
0.377 g applied in a conservative 100-100-100 percent component breakdown. This gives a vertical
seismic acceleration of 0.377 g and a resultant horizontal seismic of 0.533 g. Impulsive and sloshing
(convective) hydrodynamic seismic forces from the NaK and Galinstan are calculated in Appendix C
and applied as loads in the ABAQUS seismic models.

Table 4. Load Summary

Model Load Description Load Type Value
UTOP Primary Stress CD Actuators Weight 1 (200Ib) Concentrated Force, CF2 -200 Ibf
X Direction Seismic, CD Actuators Weight 2 (200Ib) Concentrated Force, CF2 -200 Ibf
XZ Direction Seismic CD Actuators Weight 3 (200Ib) Concentrated Force, CF2 -200 Ibf
CD Actuators Weight 4 (200Ib) Concentrated Force, CF2 -200 Ibf
CIA Actuator Weight (100Ib) Concentrated Force, CF2 -100 Ibf
Core Weight (800Ib) Concentrated Force, CF2 -800 Ibf
Design Pressure (55 psig) Pressure, Uniform 55 psi
Gravity Gravity, Component 2 -386.089 in/s?
NaK Hydrostatic (2_5psi) Pressure, Uniform 2.5 psi
SSS Weight and Transmit 1 (500lb) | Concentrated Force, CF2 -500 Ibf
SSS Weight and Transmit 2 (500lb) | Concentrated Force, CF2 -500 Ibf
SSS Weight and Transmit 3 (500lb) | Concentrated Force, CF2 -500 Ibf
SSS Weight and Transmit 4 (500lb) | Concentrated Force, CF2 -500 Ibf
Upper Confinement (15001Ib) Concentrated Force, CF2 -1500 Ibf
X Direction Seismic D _ Gravity, Component 1, 205.846 in/s?
Seismic (x=0_533g)(y=-0_3779) Component 2 -145.555 in/s?
L _ _ Concentrated Force, CF1, 107 Ibf
Seismic CD-1 (x=107Ib)(y=-76lb) CF2 -76 Ibf
L _ _ Concentrated Force, CF1, 107 Ibf
Seismic CD-2 (x=107Ib)(y=-76Ib) CF2 -76 Ibf
L _ _ Concentrated Force, CF1, 107 Ibf
Seismic CD-3 (x=107Ib)(y=-76lb) CF2 -76 Ibf
L _ _ Concentrated Force, CF1, 107 Ibf
Seismic CD-4 (x=107Ib)(y=-76lb) CF2 -76 Ibf
L _ _ Concentrated Force, CF1, 54 Ibf
Seismic CIA (x=54Ib)(y=-38Ib) CF2 38 Ibf
_ _ _ Concentrated Force, CF1, 430 Ibf
Seismic Core (x=430Ib)(y=-305Ib) CF2 -305 Ibf
Seismic Ga Fluid (SCS-1)(80Ib) Concentrated Force, CF1 80 Ibf
Seismic Ga Fluid (SCS-2)(80Ib) Concentrated Force, CF1 80 Ibf
Seismic Ga Fluid (SCS-3)(80Ib) Concentrated Force, CF1 80 Ibf
Seismic Ga Fluid (SCS-4)(80Ib) Concentrated Force, CF1 80 Ibf
Seismic NaK Dynamic P (1psi) Pressure, Uniform 1 psi
Seismic NaK Fluid (Barrel)(115Ib) Concentrated Force, CF1 115 Ibf
Seismic NaK Fluid (Plenum)(105lb) | Concentrated Force, CF1 105 Ibf
Seismic NaK Hydrostatic P (1psi) Pressure, Uniform 1 psi
L _ _ Concentrated Force, CF1, 270 Ibf
Seismic SSS-1 (x=270Ib)(y=-190Ib) CF2 190 Ibf
L _ _ Concentrated Force, CF1, 270 Ibf
Seismic SSS-2 (x=270Ib)(y=-190Ib) CF2 190 Ibf
L _ _ Concentrated Force, CF1, 270 Ibf
Seismic SSS-3 (x=270Ib)(y=-190Ib) CF2 2190 Ibf
L _ _ Concentrated Force, CF1, 270 Ibf
Seismic SSS-4 (x=270Ib)(y=-190Ib) CF2 190 Ibf
_ _ _ Concentrated Force, CF1, 800 Ibf
Seismic UC (x=800Ib)(y=-570Ib) CF2 -570 Ibf
XZ Direction Seismic Seismic (xz=0_377g)(y=-0_377g) Gravity, Component 1, 145.555 in/s?
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Component 2, Component -145.555 in/s?
3 145.555 in/s?
Concentrated Force, CF1 76 Ibf
Seismic CD-1 (xz=76lb)(y=-76Ib) ’ ’ -76 Ibf
CF2, CF3
76 Ibf
76 Ibf
Seismic CD-2 (xz=76lb)(y=-76lp) | Soncentrated Force, CF1, 76 Ibf
CF2, CF3
76 Ibf
76 Ibf
Seismic CD-3 (xz=76lb)(y=-76b) | Soncentrated Force, CF1, -76 Ibf
CF2, CF3
76 Ibf
76 Ibf
Seismic CD-4 (xz=76lb)(y=-76lp) | Soncentrated Force, CF1, 76 Ibf
CF2, CF3
76 Ibf
38 Ibf
Seismic CIA (xz=38lb)(y=-381b) Concentrated Force, CF1, -38 Ibf
CF2, CF3
38 Ibf
305 Ibf
Seismic Core (xz=3051b)(y=-305lb) | Soncentrated Force, CF1, -305 Ibf
CF2, CF3
305 Ibf
. . _ Concentrated Force, CF1, 57 Ibf
Seismic Ga Fluid (SCS-1)(xz=57Ib) CF3 57 Ibf
. . _ Concentrated Force, CF1, 57 Ibf
Seismic Ga Fluid (SCS-2)(xz=57Ib) CF3 57 Ibf
L . _ Concentrated Force, CF1, 57 Ibf
Seismic Ga Fluid (SCS-3)(xz=57Ib) CF3 57 Ibf
L . _ Concentrated Force, CF1, 57 Ibf
Seismic Ga Fluid (SCS-4)(xz=57Ib) CF3 57 Ibf
Seismic NaK Dynamic P (1psi) Pressure, Uniform 1 psi
Seismic NaK Fluid Concentrated Force, CF1, 82 Ibf
(Barrel)(xz=82Ib) CF3 82 Ibf
Seismic NaK Fluid Concentrated Force, CF1, 75 Ibf
(Plenum)(xz=75Ib) CF3 75 Ibf
Seismic NaK Hydrostatic P (1psi) Pressure, Uniform 1 psi
i - — 190 Ibf
Seismic SSS-1 (xz=190Ib)(y=- Concentrated Force, CF1, 190 Ibf
190Ib) CF2, CF3 190 Ibf
i - - 190 Ibf
Seismic SSS-2 (xz=190Ib)(y=- Concentrated Force, CF1,
1901b) CF2, CF3 -190 Ibf
' 190 Ibf
i - — 190 Ibf
Seismic SSS-3 (xz=190Ib)(y=- Concentrated Force, CF1,
1901b) CF2, CF3 -190 Ibf
’ 190 Ibf
. _ _ 190 Ibf
Seismic SSS-4 (xz=190Ib)(y=- Concentrated Force, CF1,
1901b) CF2, CF3 -190 Ibf
' 190 Ibf
570 Ibf
Seismic UC (xz=570Ib)(y=-570lb) | Soncentrated Force, CF1, -570 Ibf
CF2, CF3 570 Ibf

Galinstan alloy fluid sloshing and impulse seismic forces are considered, but the hydrostatic and
seismic dynamic pressure is excluded (see Appendix C). NaK hydrostatic pressure is uniformly applied
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to all internal NaK-wetted surfaces for conservatism (see Figure 32). The Guard Vessel pressure that
acts on all external surfaces of the PCS except for the top of the Distribution Plenum and Upper Core
Barrel and Closure Head is omitted since it subtracts from the PCS internal pressure.

7.8 ABAQUS MODEL FINITE ELEMENT MESH

The PCS uses C3D8lI linear hexahedral elements, which is an incompatible model element from the 3D
Stress family for ABAQUS Standard. Incompatible mode elements mitigate shear locking with
additional degrees of freedom as shown in Figure 15.

L &
o
3 | .

L &
Figure 15. Incompatible Model Element Depiction Showing Additional Diagonal Degree of Freedom

Figure 16 shows the finite element mesh on model Mesh, which is used for all models. Critical sections
have at least three elements defining the thickness. The Guard Vessel Interface is coarsely defined
since it is used only as an interface and is excluded from the evaluation.
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Figure 16. Finite Element Mesh of Parts in PCS Assembly
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All welds with root geometry have adequately refined mesh seeding to capture the root angle while
mitigating severe aspect ratio distortion, see Figure 17.

Il

Figure 17. Mesh Refinement on Weld Roots, Typical

Mesh verification ensures that mesh quality is within acceptable limits. Probing element aspect ratio is
an overall indicator of the level of distortion in elements. Average aspect ratios should be held under 3,
and elements with aspect ratios greater than 10 should be mitigated to less than 1% of the element
count as reasonably achievable. Aspect ratio evaluation for model Mesh is summarized in Table 5.

Table 5. Aspect Ratio Mesh Verification for Mesh Model

Part Instance Element | Average Aspect Ratio | Aspect Worst

Count Aspect Ratio | > 10 (#) Ratio > 10 Aspect
(%) Ratio

Distribution 157556 2.12 11 0.01 10.59

Plenum Bottom

Plate

Distribution 150006 2.47 444 0.30 10.39

Plenum Mid

Guard Vessel 11772 1.25 0 0 2.19

Interface

CD Actuator 1232 2.44 28 2.27 11.72

Standoff Short

No Fins (1 of 4)

IHX Pressure 171744 2.34 0 0 3.91

Boundary LMC

(1 0of4)

Lower 503247 1.38 0 0 2.99

Downcomer

LMC (1 of 4)

Thermowells 184180 1.93 135 0.07 19.63

and Pressure

Taps

Upper 112030 1.91 0 0 6.45

Downcomer

LMC (1 of 4)

Reactor Core 558800 1.9 0 0 4.03

Barrel LMC
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CIAS Heater 412532 1.57 0 0 4.51
Array 6 Heaters

LMC

Distribution 302925 2.43 274 0.09 21.21
Plenum Top

Plate

CIA Housing 424257 2.63 0 0 5.61
LMC

Bottom Head 48923 1.63 0 0 8.00
Split Lines

RSS Dummy 146228 1.87 0 0 7.83
CIAS Closure 105524 1.73 60 0.06 12.14
Head Heater

LMC

Model Totals 5,655,715 1.84 1036 0.02 21.21
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All part instances have aspect ratios that meet the acceptance criteria. The largest aspect ratio is at
the SSS mounting features on the Distribution Plenum Top Plate. The part that has the most elements
by percentage with an aspect ratio greater than 10 is the Control Drum Actuator Standoff, but it is not a
critical component nor is it a primary boundary component.

7.9 SERVICE LEVEL D CODE RESULTS — SUMMARY

Results for Service Level D Code checks are summarized in Table 6 below. Membrane and membrane
plus bending limiting demands are investigated in Sections 7.10.1 and 7.11.1 and are all below the
allowable limits documented here. Detailed calculations are in Appendix D.

Table 6. Service Level D Results Summary Table

UTOP Membrane and Membrane Plus Bending Checks
Rule (b): General Primary Membrane Stress Intensity 19.8 ksi
(Allowable Limit)
Rule (c): Use-Fraction Sum Associated with General Primary | 0.871
Membrane Stress (D/C Ratio)
Rule (d): Combined Primary Membrane Plus Bending Stress 19.8 ksi
Intensity (Allowable Limit)
Rule (e): Use-Fraction Sum Associated with Primary 0.871
Membrane Plus Bending Stress (D/C Ratio)
X and XZ Seismic Membrane and Membrane Plus Bending Checks
Rule (b): General Primary Membrane Stress Intensity 35.7 ksi
(Allowable Limit)
Rule (c): Use-Fraction Sum Associated with General Primary | 0.578
Membrane Stress (D/C Ratio)
Rule (d): Combined Primary Membrane Plus Bending Stress 36.1 ksi
Intensity (Allowable Limit)
Rule (e): Use-Fraction Sum Associated with Primary 0.578
Membrane Plus Bending Stress (D/C Ratio)

UTOP and Seismic Compressive Stress Checks

CIA Housing Extemnal Pressure (D/C Ratio) 0.224
IHX External Pressure (D/C Ratio) 0.185
Cartridge Heater Housing External Pressure (D/C Ratio) 0.023
Local Buckling Due to Flexure (D/C Ratio) 0.779
UTOP and Seismic Shear Stress Checks

UTOP Shear Stress Check (D/C Ratio) 0.643
X and XZ Seismic Shear Stress Check (D/C Ratio) 0.601

7.10 SERVICE LEVEL D CODE RESULTS — UNPROTECTED TRANSIENT OVERPOWER

7.10.1 HBB-3225 Membrane Stress and Membrane Plus Bending Stress Rules

Rules in [5] HBB-3225 Level D Service Limits and ASME BPVC Section Ill Appendices [4] Mandatory
Appendix XXVII check four criteria: (1) general primary membrane stress intensity, (2) use-fraction sum
associated with the general primary membrane stress intensity, (3) combined primary membrane plus
bending stress intensity, and (4) use-fraction sum associated with the combined primary membrane
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plus bending stress intensity. To calculate (1) — (4), stress classification is required on the stress
intensity contours to separate general membrane and combined membrane plus bending stress
components, see Figure 18.

. - MWatenal thickness
-

Inner wall boundary

Midplane

Outer wall boundary

Membrane stress component (green dotted line denotes membrane stress)

Bending stress component (blue dotted line denotes bending + membrane stress)

s W N e

Peak stress, non linearized stress component (red solid line denotes actual stress)

Figure 18. Stress Classification through a Wall Thickness

This is generally achieved by generating stress classification lines that characterize a section’s
thickness. The challenge is that the maximum membrane and maximum combined membrane plus
bending stress components in the model are not explicitly defined, so a methodical investigation is
required to characterize all potentially limiting sections.

To reduce the analysis burden and submit additional conservatism, a process of elimination is used that
takes the maximum model stress intensity that passes all four criteria mentioned above. This means
that the stress value used in the calculation includes combined membrane, bending, and peak stress
components and conservatively checks those combined values against the limits for general membrane
and combined membrane plus bending stress classifications. Engineering judgement is required to
eliminate, or disqualify, the maximum stress intensities that fail the code checks due to considerably
large peak stress components. See Figure 19 for the UTOP primary stress intensity contour plot.
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SE Primary Loads with Max UTOP Temp
ODB: UTCOP-Primary.odb  Abagus/Standard 2021 .HF6  Tue Aug 15 16:01:42 Mountain Daylight Time 2023
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Figure 19. UTOP Primary Stress Intensity Contour Plot (Max = 23,383.6; 50 Scale Deformation) [psi]

The overall maximum stress intensity is roughly 23.4 ksi. This value does not pass the acceptance
criteria from Table 6, so the stress value needs to be classified to verify if it is a membrane or
membrane plus bending stress component. Figure 20 shows a zoomed section cut of the stress value,
which is on the top plate of the Distribution Plenum.
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SS Primary Loads with Max UTOP Temp
ODB: UTOP-Primary.odb  Abaqus/Standard 2021.HF6  Tue Aug 15 16:01:42 Mountain Daylight Time 2023

S, Tresca

(Avg: 75%)
23383.6
21439.1
19494.7
17550.3
15605.8

Max: 23383.6
Elern: Distribution Plenum Top Plate-1.122377
Node: 10942

=]

Figure 20. Section View of UTOP Maximum Stress Intensity at Distribution Plenum Top Plate (Max =
23,383.6) [psi]

The section view clearly shows that the maximum stress value is a peak stress component likely
caused by a geometric discontinuity on the corner of the SSS mounting feature. The thickness of the
section that defines the pressure boundary has considerably lower stress, so this is not the limiting
section. The remaining corners have similar peak stresses. Filtering this region out through sectioning,
the maximum stress on the Distribution Plenum top plate drops to 17.8 ksi from Figure 21.
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SS Primary Loads with Max UTOP Temp
QDB: UTOP-Primary.odb  Abaqus/Standard 2021 HF6  Tue Aug 15 16:01:42 Mountain Daylight Time 2023

S, Tresca

(Avg: 75%)
17811.2
16347 .3
14883.3
13419.4
11955.4
10491.5
9027.5

7563.6
&099.7
4635.7
3171.8
1707.8
243.9
Max: 17811.2
Elern: Distribution Plenum Top Plate-1.28367 1
Node: 144230

z X

Figure 21. UTOP Distribution Plenum Top Plate Stress Intensity Contour, Sectioned Vertically to Filter
Out Peak Stress Identified in Figure 20 (Max = 17,811.2) [psi]

The maximum stress intensity displayed in the model that excludes the top plate (and excludes the
Guard Vessel Interface and RSS Dummy since they are not part of the primary boundary) is about 19.6
ksi (see Figure 22).
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SE Primary Loads with Max UTOP Temp
ODB: UTOP-Primary.odb  Abaqus/Standard 2021.HFE6  Tue Aug 15 16:01:42 Mountain Daylight Time 2023

S, Tresca

(Awvg: 75%)

Max:
Elem: Distribution Plenum Mid-1.122201
MNode: 16508

Figure 22. UTOP Primary Stress Intensity Contour Plot, Distribution Plenum Top Plate Part Instance
Excluded (Max = 19,583.3) [psi]

This value passes the criteria for rules (b) and (d), but it fails the use-fraction sum criteria in rules (c)
and (e). Closer inspection is required. The stress is located on the bottom inside corner of the Control
Drum Shaft Passthrough, see Figure 23.
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SS Primary Loads with Max UTOP Temp
ODB: UTOP-Primary.odb  Abaqus/Standard 2021 HF6  Tue Aug 15 16:01:42 Mountain Daylight Time 2023

S, Tresca
(~wvg: 75%)
83.3

2849.0
8226.6
o604.2
4521.8
3359.4
1737.0
114.6
Max: 19583.3
Elem: Distribution Plenum Mid-1.122393
Node: 16508

Figure 23. Section View of UTOP Maximum Stress Intensity at Control Drum Shaft Passthrough, Red
Line Drawn to Indicate Stress Classification Line for Evaluation (Max = 19,583.3) [psi]

Most of the stress value is again attributed to peak stress, and the plot in Figure 24 indicates that the
membrane and bending components are around 5 ksi.
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[x1.E3]
20. . .

15.¢ \
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10.- \

— — L
0.80 1.00

e
0.60
Normalized distance along path

‘ — S, Tresca (Avg: 75%): Norm Dist. along 'CD Passthrough Lower' |

Figure 24. UTOP Stress Classification Line Across the Pressure Boundary Thickness of the Control
Drum Shaft Passthrough, Inside Wall to External Wall [inch, psi]

The rest of the Distribution Plenum Mid part instance does not have concerning stress levels, so the
part is also filtered out to identify the maximum stress level in the uninvested portion of the model.

According to Figure 25, the stress drops to 7.8 ksi.




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

ECAR-6564, Rev. 0
Page 39 of 100

MARVEL Project Primary Coolant System ASME BPVC Section Il Division 5 Design by Analysis

ENGINEERING CALCULATIONS AND ANALYSIS

SS Primary Loads with Max UTOP Temp
ODB: UTOP-Primary.odb  Abaqus/Standard 2021.HF6  Tue Aug 15 16:01:42 Mountain Daylight Time 2023

S, Tresca

(Avg: 75%)
7846.0
7192.1
6538.3

Max: 7846.0
Elem: Distribution Plenum Bottom Plate-1.128493
MNode: 12544

Figure 25. UTOP Primary Stress Intensity Contour Plot, Distribution Plenum Top Plate and Distribution
Plenum Mid Part Instances Excluded (Max = 7,846.0) [psi]

This value is lower than the secondary maximum of 17.8 ksi detected in Figure 21, so 17.8 ksi is
evaluated as the next highest stress intensity. When analyzed against the four criteria in [5] HBB-3225,
17.8 ksi passes with margin. See Appendix D for documented calculations.

In summary, 23.4 ksi and 19.6 ksi are identified as the two highest stress values in the model, but
neither value met the acceptance criteria and are ruled out based on their peak stress classification.
The third highest stress value of 17.8 ksi — without considering its stress classification — passes the
criteria. This concludes the process of elimination approach for the UTOP case.

7.10.2 XXVII-3400 Compressive Stress Checks

Compressive stresses are checked for seismic loads at UTOP temperatures (1200°F). Seismic
demand is higher than UTOP demand due to the additional primary loads in seismic. Additionally,
seismic induces lateral loads on the Reactor Core Barrel that requires local buckling checks due to
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flexure. The results of these checks are documented in the seismic results section 7.11.2 and are
accredited to the postulated UTOP event.

7.10.3 XXVII-3520 Shear Stress Checks

Maximum shear stress components S12, S13, and Sz3 from output file UTOP-Primary.odb pass the
calculated maximum allowable shear stress limits. See Appendix D for calculations.

7.11 SERVICE LEVEL D CODE RESULTS — X DIRECTION AND XZ DIRECTION SEISMIC

7.11.1 HBB-3225 Membrane Stress and Membrane Plus Bending Stress Rules

Seismic is evaluated at normal operating temperatures. This provides the design with higher allowable
limits for membrane and membrane plus bending stress code checks as indicated in Table 6. As such,
the maximum stress intensity values for X and XZ direction seismic models are within limits and pass
the four criteria in [5] HBB-3225. See Figure 26 for X direction seismic and Figure 27 for XZ direction
seismic stress intensity contour plots.
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¥-Direction Seismic 0.377 g Static Equivalent
QDB X-Seismic Final.odb  Abaqus/Standard 2021 HF6  Wed Aug 09 23:48:21 Mountain Daylight Time 2023

Max: . S
Elern: Distribution Plenum Top Plate-1.122377
MNode: 10942

Figure 26. X Direction Seismic Primary Stress Intensity Contour Plot (Max = 26,690.5; 50 Scale
Deformation) [psi]
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®Z-Seismic 0.377g
ODB: XZ-Seismic Final.odb  Abaqus/Standard 2021 HFe  Wed Aug 09 17:16:11 Mountain Daylight Time 2023

S, Tresca
(Avg: 75%)

Max: 28052.5
Elem: Distribution Plenum Top Plate-1.283524
MNode: 17498

Figure 27. XZ Direction Seismic Primary Stress Intensity Contour Plot (Max = 28,052.5; 50 Scale
Deformation) [psi]

Both maximums are peak stresses located in the same feature from the UTOP model that is a result of
a geometric discontinuity, so the actual stresses are significantly lower than documented. Still, the 28.1
ksi maximum from both seismic analyses is well within the 35.7 ksi code allowable limit (see Table 6).

7.11.2 XXVII-3400 Compressive Stress Checks

Compressive stress checks are performed in two categories: (1) buckling due to external pressure, and
(2) local buckling due to flexure. Compressive forces are minimal due to the design of the vessel where
much of the geometry is hanging from the seating surface (or fixturing) and is therefore in tension. The
two components that have primary loads supplying compression are the vertical walls of the Distribution
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Plenum and the top portion (or top hat) of the Reactor Core Barrel. These sections have relatively
small compressive forces that are overcome by the internal pressure pushing outward, so they are not
considered.

External pressure is seen on the four Intermediate Heat Exchangers (IHX), the Central Insurance
Absorber (CIA) Housing, and the six cartridge heater housings. The most limiting component in the
calculation is the CIA, but this is most likely due to the conservative assumption that the thinnest
section and the largest diameter exist in the same section across its entire length. Even then, the
component passes with a safety factor greater than four. See Appendix D for calculations.

Flexure is considered on the thin section of the Reactor Core Barrel since appreciable lateral loads are
applied in the vicinity. The lateral loads are primarily from the Reactor Support Structure (RSS),
secondarily from the Reactor Core, and tertiarily from fluid and self-weight seismic forces. Since
flexure provisions are not considered in [5], the procedure is followed from ANSI/AISC N690 (which
directs the reader to ANSI/AISC 360) for round hollow structural steel (HSS) members. Figure 28 and
Figure 29 capture the moments that are applied through the thin section.

%-Direction Seismic 0.377g Static Equivalent X-Direction Seismic 0.377g Static Equivalent
- . 0ODB: X-5 Final.odb  Abaqus/Standard 2021 HF6  Wed Aug 09 23:48:21 Mountain Daylight Time 2023
ODB: X-Seismic Final.odb  Abagus/Standard 2021.HF6  Wed Aug 09 23:48:21 Mountain Daylight Time 2023 eismic Final.o 2qus/Standar ed Aug ountain Daylight Time

S, Mises
S, Mises -
(Avg: 759%) (Avg: 75%)

2551.1
8107 23496
§292.0 66027 EEs e 2 View Cut Manager X
e i .
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So5.4 1342.0 Show | Name W mEE
42125 1140.5 _ : LB RS it
Soace 939.0 O ¢ X-Plane 8800
e Sie o /S 0 O 8 = -
L7688 334.5 (0 ¢ Z-Plane @ @ 0 O g Rename.
133.0 133.0
— Delete...
1262 Options...
Dismiss
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Translate
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—————————————
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Sensitivity: 1 = -69375 24251
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Figure 28. Free Body Cuts at the Top and Bottom of the Thin Section of the Reactor Core Barrel during
X Direction Seismic, Moments Only [Ibf-in]
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XZ-Seismic 0.377g XZ-Seismic 0.377g
ODB: XZ-Seismic Final.odh  Abagus/Standard 2021.HF6  Wed Aug 09 17:16:11 Mountain Daylight Time 2023 ODB: XZ-Seismic Final.odb  Abaqus/Standard 2021.HF6 Wed Aug 09 17:16:11 Mountain Daylight Time 2023
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Figure 29. Free Body Cuts at the Top and Bottom of the Thin Section of the Reactor Core Barrel during
XZ Direction Seismic, Moments Only [Ibf-in]

These moments are compared to calculated allowable limits and pass with 20% margin. See Appendix
D for detailed calculations.

7.11.3 XXVII-3520 Shear Stress Checks

Maximum shear stress components S+2, S13, and Sz3 from output files X-Seismic Final.odb and XZ-
Seismic Final.odb pass the calculated maximum allowable shear stress limits. See Appendix D for
calculations.

7.12 PGS SYSTEM LEAK FAILURE MODES AND EFFECTS ANALYSIS

A PGS system leak that can spill up to approximately 11 gallons of coolant onto the PCS Distribution
Plenum top surface is considered via a failure modes and effects analysis (FMEA) in Appendix H. The
analysis determines that the PCS pressure boundary is at risk during the worst plausible case and
recommends further evaluation to ensure the vessel’s integrity is intact.

8 DATAFILES

Table 7 contains names and descriptions of the electronic files associated with this analysis that can be
found in the following directories on HPC:

Table 7. ABAQUS File Addresses
/projects/MARVEL/ECAR-6564
File Name | Description
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PCS Rev D.cae ABAQUS cae file

UTOP-Primary.inp ABAQUS input file

X-Seismic Final.inp
XZ-Seismic Final.inp

UTOP-Primary.odb ABAQUS output file

X-Seismic Final.odb
XZ-Seismic Final.odb
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NPS Pipe Thickness Reductions for ABAQUS Geometry
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PCS NPS Pipe Thickness Reductions

Marvel Project

References
ASTM A312-08a, "Standard Specification for Seamless, Welded, and Heavily Cold Worked Austenitic Stainless Steel Pipes"
ECAR-6588

Reductions due to Manufacturing Tolerances

TABLE 3 Permitted Variations in Wall Thickness

Tolerance, % from Nominal

NPS Designator Over Under
s to 2V incl., all YD
ratios s L
i o
::1:;7 18 incl, YD upto 5 % 205 125
3to18incl, /D >5% 15.0 12.5
20 and larger, welded, all 175 125
/D ratios i :
20 and larger, seamless,
/D up to 5 % incl. 23 25
20 and larger, seamless,
A 15.0 125
where:
t = Nominal Wall Thickness
D = Ordered Outside Diameter
tointor 6= 0.28 in + (1—.125) =0.245 in NPS 6 Sch 40 wall thickness at minimum tolerance, reduced
from OD for a more limiting section strength
tointol 5= 0.134 in (1 —.125)=0.117 in NPS 5 Sch 10 wall thickness at minimum tolerance, reduced
from OD for a more limiting section strength
tointor 2= 0.156 in + (1 —.125) = 0.137 in NPS 2 Sch 40 wall thickness at minimum tolerance, reduced

from OD for a more limiting section strength

t =0.109 in - (1-.125) =0.095 in NPS 1/2 Sch 40 wall thickness at minimum tolerance, reduced

from OD for a more limiting section strength

mintol_0.5

Reductions due to Corrosion

Corrosion penalties are negligible and are omitted for two reasons: (1) NaK corrosion is <0.001 inches a year for slow-flow
systems on 316 SST and provides an indefinite life (see ECAR-6588), and (2) Ga alloy corrosion on the PCS is engineered out
of consideration with the design of a sacrificial liner.

10of1
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ABAQUS Loads Supporting Calculations
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A Wysy

Wsss

Reflector Support Structure (RSS) Weight

Won st =31+ Wop+Wop pp+Wop sp=220.275 Ib

A_Wggg =500 Ib Weight of all four SSS with stirling engines in Abaqus, bounding value
chosen to uncouple from design iterations

Marginggg:=—————1=0.278 Margin of Abaqus load above the actual load

Ppeo=2.9 gmj BeO Thermalox NRG Material Properties Chart, Materion

Voo i=53.751 in® Volume from geometry in INL Drawing 1014557 "Quter
Reflector"

Wonr=ppeo* Vieo=56311b Outer Reflector weight, applied to each outer reflector plate
(unique plates assumed the same)

Wop pp=27.7T lb INL Drawing 1014617, "Reflector Preload Plate Assembly"

Wop spi=18 1b INL Drawing 1014671, "Outer Reflector Support Plate Detail"

Wep=2121b INL Drawing 1014540, "Control Drum Reflector Assembly”
Wep =109 Ib INL Drawing 1014672, "Lower Reflector Plate”

Wgp (=106 b INL Drawing 1014673, "Upper Reflector Support Plate”
Weg=16.41b INL Drawing 1014618, "Reflector Support Strap Assemblies"

09/13/23
PCS Loads Supporting Calculations
Marvel Project
References
INL Drawings cont. INL ECARs External References
1014743 1014618 ECAR-6576 Materion, BeO Thermalox NRG Material Properties Chart
1014557 1014706 ECAR-6594 American Elements, americanelements.com
1014617 1014707 ECAR-6586 Incropera, "Fundamentals of Heat and Mass Transfer," 6th Ed.
1014671 1013335 ASME BPVC Section Il Division 5
1014579 1013330
1014540 1014610
1014672
1014673
Stirling Engine and Secondary Support Structure (SSS) Weight
Wges=391.21b Total load of stirling engine weight and transmitted load, calculated in ECAR-6576

Fixed Outer Reflector stack-up from INL Drawing 1014579

10f3
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Weg=311b INL Drawing 1014706, "Axial Gamma Shielding Block"
Wiyg=301b INL Drawing 1014707, "Axial Neutron Shielding Housing Weldment"

qm
3

Prac=2.7

Whic=Vis* ppic=330.46 Ib

A_W s upper = 1500 Ib

y . A—“”I{‘iﬁ'iuppr‘r
Margingss ypper = TR
W RSS_upper

AW pss tower=2500 1b

AW RSS lower

7
W RSS_lower

Wepa=801b
A_Weyy =100 1b

AWer
“’IC TA

Marging, = =0.25

Control Drum (CD) Actuator Weight

Wepa=751b

A Wep,=200 Ib
A Wepa

Margingp, = e 1=1.667
CDA

Vysi=m+((12.88 in)? — (6.10 in)?) - 8.38 in = 3387.816 in® 4x volume of INL Drawing 1014707, "Axial Neutron

Boron carbide (B4C) powder, highest on a range of densities from American
Elements, assuming perfect packing factor

Total weight of B4C powder

Wss upper =4 * Wep + 8 Wog+ 4 W+ 4 Wyg+ Wy, =1129.66 1b Total weight supported by the RSS

Weight of RSS in Abaqus, bounding value chosen to uncouple from design iterations

—1=0.328 Margin of Abaqus load above the actual load

Wiss tower =4 Wor staer+4+Wep+ 4+« Wep | =2165.099 1b Total weight supported by the RSS

Margingsg jppert=——————1 5  Margin of Abaqus load above the actual load

Central Insurance Absorber (CIA) Actuator Weight

Shielding Housing Weldment"

Weight of RSS in Abaqus, bounding value chosen to uncouple from design iterations

14

INL Drawing 1013335, "Actuator Assembly”

Weight of CIA actuator in Abaqus, bounding value chosen to uncouple from design
iterations

Margin of Abaqus load above the actual load

INL Drawing 1013330, "Actuator Assembly”

4x weight of CD Actuator in Abaqus, bounding value chosen to uncouple from design
iterations

Margin of Abaqus load above the actual load

20f3
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Reactor Core Weight

W e =700 Ib

A_W e =800 b

Marging:=
) Wre

Design Pressure

Pyropi=46.8 psi

A_Pp,:=55 psi

AP
Marginpp = L

UTor

A_Wpe

NaK Weight and Hydrostatic Pressure

Height = 80.625 in

k '
p_NaK =849 —‘Ei Density of NaK (22%/78%), Table A.7 in "Fundamentals of Heat
m’ and Mass Transfer," 6th Ed. by Incropera
Vivar =260 L ECAR-6586
Hydrostat := p_Nak « g+ Height o =2.473 psi NaK hydrostatic pressure at lowest point in vessel

A_Huydrostat := 2.5 psi

INL Drawing 1014579, "Fuel and Core System Assembly"

Weight of reactor core in Abaqus, bounding value chosen to uncouple from design
iterations

Margin of Abaqus load above the actual load

Height of NaK at operating temperature is 2" from top surface of PCS
distribution plenum, see ECAR-6586

Hydrostatic load in Abaqus, conservatively applied as a constant on all
internal surfaces seeing design pressure

ECAR-6586, highest pressure the PCS sees in any accident scenario, gauge pressure

Design pressure in Abaqus, bounding value chosen to uncouple from design
iterations and to meet overpressure protection requirements in BPVC Section Il
Division 5 Article HBB-7000, gauge pressure

Margin of Abaqus load above the actual load

30of3
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Appendix C

ABAQUS Seismic Supporting Calculations
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Marvel Project
References

INL Drawings
1014609
1014607
1014608
1014736
1014743
1014744
1014740
1013335

=45
H.-\'uk'_l’lurt\un =4.5
Dl‘lr:uwrl =46.5 in

— -
Hpteqymn = 6.5 in

kg
Prarc =849 ——
m

T
“{J\'ul\', -

Pletowm ™

1

Dy = 5.295 in

pou=6441

3
m

W, =150 Ib

S, =0.377 g

D, Plenum

H NaK_Plenum

= 10.

cont.

1013330
1014610
1014614

n

D= 10.875 in

S,4:=0.377 g-\[2=0.533 g

Horizontal Impulsive Equations

NakK in Distribution Plenum

333

PCS Seismic Supporting Calculations

INL Docs

ECAR 6586
ECAR 6601
SPC-70731

Inputs for Fluid Seismic Calculations

Do *H o Plenum ® Prvar = 234.397 1b Weight of NaK in PCS Distribution Plenum

Hpppe = 5.75 in + 43,625 in + 25 in + 2.5 in — 0.75 in="76.125 in  INL Drawings 1014608, "Bottom Head"; 1014607, "Core

; n 2 .
"1;.‘\'(11\'_”(II'TL'I =—Dpyrer” *Hparrer* Prar = 216.88 Ib

Hypx=(3+15+4.75+2.75 — 1.125) in = 24.375 in

Since D/H is greater than 4/3, Eq C9-1 and C9-2 apply, pg 143 of ASCE 4-16. Note that since
plenum is not full, the height refers to the fill height during operating conditions.

External References
ASCE 4-16, "Seismic Analysis of Safety-Related Nuclear Structures"
Incropera, "Fundamentals of Heat and Mass Transfer," 6th Ed.

ECAR 6586
INL Drawing 1014609 "Distribution Plenum Weldment"

INL Drawing 1014609 "Distribution Plenum Weldment"

Density of NaK (22%/78%), Table A.7 in "Fundamentals of Heat
and Mass Transfer," 6th Ed. by Incropera

INL Drawing 1014607, "Core Barrel, Lower"

Barrel, Lower"; 1014609 "Distribution Plenum Weldment"

Weight of NaK in Core Barrel

INL Drawing 1014736, "Intermediate Heat Exchanger Weldment"

IML Drawing 1014736, "Intermediate Heat Exchanger Weldment"

Density of EGalnSn (also referred to as Gallium Alloy), room
temperature, SPC-70731

Conservative weight of EGalnSn for each IHX

ECAR 6601, horizontal seismic resultant when considering 100-100-100
percent seismic components

ECAR 6601, vertical seismic acceleration
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D lemwm
tanh [ (0.866 -ﬁ]
W _imppus pronam = D“""" DI o W e prenum = 26.193 16 Eq C9-1, pg 143 of ASCE 4-16
0.866 - FPleninm
NuoK_Plenumn
H_impruge prenum = 0375 « Hygie prepn = 1.688 in Eq C9-2, pg 143 of ASCE 4-16
W _imp, Jak r*mun'H—'&nl‘ Jak_Plenum * “a .
P i = Prak P Prak Pt ' _0.037psi  EqC9-9, pg 144 of ASCE 4-16
i 0.68 * Dppepurn * Hyvarc_plemum”
NakK in Core Barrel
D (IrTe .
H" L —0.143 Since D/H is less than 4/3, Eq C9-3 and C9-4 apply, pg 143-144 of ASCE 4-16
Barrel
_ - D,Bmw:l >
W_impnaic papreri=|1—0.218+ * Wik Barrer=210.125 b Eq C9-3, pg 143 of ASCE 4-16
Barrel
. DBarr(I . .
H_imppux parer=|0.5=0.095+ ———|+Hp, ., =37.029 in Eq C9-4, pg 144 of ASCE 4-16
Barrel
W_impyax Barret * H_8MPrnuke Barret * Sa
P_imPyar, parvet = i e P Jerre T2 =0.097 psi Eq C9-9, pg 144 of ASCE 4-16
- 0.68* Dppper* Hpgrrer”
Gallium alloy in IHX
D
H’”"‘ =0.217 Since D/H is less than 4/3, Eq C9-3 and C9-4 apply, pg 143-144 of ASCE 4-16
THX
X Dyyx - .
W_impyi=|1—0.218 . —= | . W, = 142.897 Ib Eq C9-3, pg 143 of ASCE 4-16
THX
. DIHX B .
H_impy = 0.5 —0.095 - “Hyyy=11.684 in Eq C9-4, pg 144 of ASCE 4-16
HIH.\'
W_impyyy« H_imj «S,
P_impyyx= el £ X T~ 0.416 psi Eq C9-9, pg 144 of ASCE 4-16
0.68 - Dygy - Hygry™
Horizontal Sloshing Equations
NaK in Distribution Plenum
Dpierum 3.6
W _sloshyage premun =023 + ——t! + tanh [ ). W vk plenum = 189.934 1b Eq C9-10, pg 144 of ASCE 4-16
NaK_Plenuwm Plenion
H NaK_Plenum
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NaK in Core Barrel

H—SlDShsVuIs’_Hwnl =

5 -
F _SI‘OShNu]\‘_Hurrvl -

Gallium alloy in IHX

H_sloshyy=|1—

H_sloshy, pregum =

> =
P_sloshy,i prepm =

W_sloshy,_parrer:=0.23+

W _sloshy;y+=0.23+

P_sloshyx =

09/13/23
3.67
cosh L LR 1
Plenum
1— ok Plenm e Hyoke pronum = 2273 in. Eq C9-11, pg 144 of ASCE 4-16
3.67 , 3.67 -
«sinh
DPKr:nmu DFL‘:mmA
Hyure_prenum Hyuk_prenum
Hy Plenum 0
cosh | 3.68 « MK Plenum 7
0.533 “’r}\’a!\ Plenum * Sul D!’lcnum .
» =0.318 pst Eq C9-16, pg 145 of ASCE 4-16
DPJ:-mnu o HJ\'"’\‘_P’!'V.‘I“H . H.’\"u!\'_PIrmrm
cosh |3.68 s ——
'Plenum
Db’m'r‘e:i 3.67 - —-
« tanh *Winak Barrer=T-126 b Eq C9-10, pg 144 of ASCE 4-16
Barrel Dﬁu'n-:'l
Hpyrer
3.67
cosh | ———|[ -
D Barrel
Hl!arn.l " o
1- «Hyq=73.162 in Eq C9-11, pg 144 of ASCE 4-16
3.67 . 3.67
«sinh
Diers 7 — J
Hpyrat Hppra
H arre -0
0.533 W s cosh (3.68 Bt 7 ]
533 - W aK_Barrel * o arre g
Rkt Barrel 0L 2oL —0.074 psi Eq C9-16, pg 145 of ASCE 4-16
DBrrrrrI - Hﬂmw-l { = Hl?m'rd-ﬂ \
cosh |3.68 » ——
Dgyrrer
Dy 3.6
X | tanh 7 W, =7.404 Ib Eq C9-10, pg 144 of ASCE 4-16
THX THX
Hygy
3.67
cosh -
Dypx
Higx P
«Hyyy=22.932 in Eq C9-11, pg 144 of ASCE 4-16
3.67 3.67
+sinh
Dy THX
Hipx Hypx
Higx—0
A cosh|3.68. X
0.533- W+ Sy Dyyx :
. =10.33 psi Eq C9-16, pg 145 of ASCE 4-16
DIH.\' * HIHX e HIH.\'\l
cosh [3.68« —J
Dy
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Vertical Fluid Response Equations

Nak in Distribution Plenum

NaK in Core Barrel

Gallium alloy in IHX

Hydrodynamic Pressure Combinations

> — - 2 3 2 > 2 _ e
Py prenum = \/f _iMPrs plenun T P_8108hy g prevum +Po_penum. = 0-325 psi

_ . 2 2 2 _ .
Py parvet = \/P_‘mp,\fu;.-,nun-cz +P_sloshy i parret” +Po_parrer. = 0.889 psi

Py iax= \/P_*i"'nipum2 +P_sloshy;x* + P, yyy” =2.204 psi

Applied Fluid Seismic Loads

A_Py nuc=1 psi

A—PdJHX =0 psi

WNak_plenum _hs

Abaqus, rounded up

Py prenum = Sav * PNarc * Hate_prenum = 0.052 psi Eq 9-1, pg 42 of ASCE 4-16

Py garret = Sav * Pnar * Hparrer = 0.88 psi Eq 9-1, pg 42 of ASCE 4-16

Py gpix=Sav+ Poe Hygx =2.139 psi Eq 9-1, pg 42 of ASCE 4-16

Considering the hydrodynamic pressure combinations, a bounding pressure of 1 psi will be used in Abaqus for all
internal surfaces of the PCS wetted with NaK. The hydrodynamic pressure in the IHX will be omitted since it subtracts
from the larger NaK side pressures, which acts as external pressure on the IHX. This is conservative.

The overturning moments will consider both impulsive and sloshing horizontal effects. This will be applied to the model
using a SRSS combination to the effective weights, following paragraph 9.5.1.(a) of ASCE 4-16. The height component
that results in the larger moment will be used for the effective weight SRSS combination.

- Foa z r 2
W —C07nb!~'ul\'_l’!cr!um = \/H{ —tmp!\i'uli'_l’h-nmnz +W —SEOShJ\'aK_I'lL'mAm =191.732 Ib
=W_comby, prenum * Sa1 =102.224 Ibf  Horizontal seismic force for NaK fluid in Distribution Plenum

A_Wyak plenum_ns = 105 Ibf Horizontal seismic force for NaK fluid in Distribution Plenum in

H i ptenum_ns = MaX (H_IMPNok_prenum » H_8108Anuk_prenum) =2-273 in. Since the Distribution Plenum height is above the
fixturing in the model, the larger height will result in a
larger moment

Total dynamic pressure in Distribution
Plenum, Eq C9-20, pg 145 of ASCE 4-16

Total dynamic pressure in Core Barrel, Eq
C9-20, pg 145 of ASCE 4-16

Total dynamic pressure in IHX, Eq C9-20, pg
145 of ASCE 4-16

Effective weight combination for
fluid NaK in the Distribution Plenum
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A_Hpnoke plenm_ps = 2.5 in Height to apply effective weight in Abaqus, rounded up
W_comby,i parret ™= \/ W_impNa;‘-J,umf + W_s!oshj\.ukl,,m.c,‘) =210.246 Ib Effective weight combination for
fluid NaK in the Core Barrel
Winak parret hs = W_comby e poreert Sy = 112,095 Ibf Horizontal seismic force for NaK fluid in Core Barrel
A_Wyak Barrel nst=115 lbf Horizontal seismic force for NaK fluid in Core Barrel in Abaqus,
rounded up
Hyvaie_parvet_ns =0 (H_iMPpac_parrer s H_s108Rya_pgrrer) = 37.029 in Since the Core Barrel height is below the fixturing in

the model, the smaller height will result in a larger
moment

Height to apply effective weight in Abaqus, rounded down

Wipix nei= W_combyyy+ S,y = 76.291 Ibf

AWy pei=80 Ibf

A—HIH,\’Ju =11.75 in
Applied Equipment Seismic Loads

SSS with Stirling Engine

A_Wggq =500 Ib

Wss o i=A_Wegg+ S, = 266.579 Ibf

A_Wgg =270 Ibf

A_Hgge:=28 in

Wss usi=A_Wggs+ S,y = 188.5 Ibf

A Wegs yoi=190 Ibf

W_comb = \/W_impmx"' + W _sloshy* =143.093 Ib Effective weight combination for Gallium

Hypypy per=min (H_‘impm‘\- ,H_slosh; u‘\’) =11.684 in Since the IHX height is below the joint that ties it to the PCS in the

Hggs:=(33.10-8.45+ 1.5+ 2.4 - 0.75) in=27.8 in INL Drawings 1014743, 1014744, and 1014740 to get overall

alloy in the IHX

Horizontal seismic force for Gallium alloy in IHX

Horizontal seismic force for Gallium alloy in IHX in Abaqus, rounded up

model, the smaller height will result in a larger moment at the IHX joint

Height to apply effective weight in Abaqus, rounded down

Weight of SSS with stirling engines in Abaqus

Horizontal seismic force of each SSS with stirling engine

Horizontal seismic force of each SSS with stirling engine in Abaqus, rounded up

height of SSS with stirling engine from mounting point

Height of SSS with stirling engine in Abaqus for horizontal seismic, rounded up

Vertical seismic force of each SSS with stirling engine

Vertical seismic force of each SSS with stirling engine in Abaqus, rounded up
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RSS

on the Distribution Plenum.

A_W s 1= 4000 Ib
AW pgs nei=A_Wpege S,y =2132.634 Ibf
A_Whss ysi=A_Whpsg+ S,y = 1508 Ibf

CIA Actuator

A_Weyps =100 1b
Wepa nei=A_Weyy+ S, =53.316 Ibf

A_Wepy pei=54 Ibf

Hepy:=60.8 in
A Hqpy=611in
W wei=A_Weyy S, =37.7 Ibf
A_Wepy =38 Ibf
Control Drum (CD) Actuator

A_Wepa_gor =200 Ib

Wepans=AWepa ot * S = 106.632 Ibf

A Wepg pei=107 Ibf
Hepy = 57.77 in

A_Hqpy+=58in

A Wep,
WC,,;LN:%-SW= 18.85 Ibf

A_Wepa_s=T6 Ibf

The RSS hangs from the Distribution Plenum, which is the only contact concerned with vertical acceleration. However,
it also is wrapped around the Core Barrel which will bear the majority of the horizontal seismic acceleration on the RSS.
So instead of arithmetically breaking up the RSS loadings between the points of contact, the RSS is modeled as the
upper plate and bottom plate with specific densities to capture the entire RSS weight. The two contact points with the
Core Barrel are modeled as coincident contacts, and they are not tied to induce the hanging weight and vertical seismic

For reference only, horizontal seismic force of RSS with axial shields

For reference only, vertical seismic force of RSS with axial shields

Weight of CIA actuator in Abaqus

Horizontal seismic force of CIA Actuator

Horizontal seismic force of CIA Actuator in Abaqus, rounded up

INL Drawing 1013335, "Actuator Assembly”; overall height

CIA Actuator overall height in Abaqus, rounded up

Vertical seismic force of CIA Actuator

Vertical seismic force of CIA Actuator in Abaqus, rounded up

Weight of CD Actuator in Abaqus

Horizontal seismic force of CD Actuator

Horizontal seismic force of CD Actuator in Abaqus, rounded up

INL Drawing 1013330, 1014610 overall height of CD Actuator with Standoff

CD Actuator overall height in Abaqus, rounded up

Vertical seismic force of CD Actuator

Vertical seismic force of CD Actuator in Abagus, rounded up
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Reactor Core

A_ Wy =800 Ib Weight of reactor core in Abaqus

Wie pei=A_Wpee S, =426.527 Ibf Horizontal seismic force of Reactor Core

A_Whpe =430 Ibf Horizontal seismic force of Reactor Core in Abaqus, rounded up

The horizontal seismic force will be enacted on the bearing surface near the bottom of the Reactor Barrel where the

Core is seated to provide the largest moment.

Wie e =A_Wpe S, =301.6 Ibf Vertical seismic force of Reactor Core

A_Whge =305 Ibf Vertical seismic force of Reactor Core in Abaqus, rounded up
Upper Confinement

A_Wye=1500 Ib Weight of Upper Confinement in Abaqus

Wie e =A_Wyee 8, =799.738 Ibf Horizontal seismic force of Upper Confinement

A_W i =800 Ibf Horizontal seismic force of Upper Confinement in Abaqus, rounded up

Hy~=81.51in INL Drawing 1014614; overall height

A_Hy-=81.5in Upper Confinement overall height in Abaqus, rounded up

Wie wei=A_Wye S, =565.5 lbf Vertical seismic force of Upper Confinement

A Wiy =570 Ibf Vertical seismic force of Upper Confinement in Abaqus, rounded up
NaK Hydrostatic Pressure

A_Hydrostat := 2.5 psi MNaK Hydrostatic load in Abaqus

Hydrostat,;:= P, pym+ Py payre=0.932 psi Vertical seismic NaK hydrostatic pressure at lowest point in vessel

A_Hydrostat,, =1 psi Vertical seismic NaK hydrostatic pressure in Abaqus, rounded up and

uniformly applied for conservatism
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Marvel Project

References

INL Drawings INL ECARs
1014749 ECAR-6580
1014736 ECAR-6332

SuTop. pear = 17820 psi

T,z vrop =645 °C =1193 °F

S, irrop = lint
w UTOF interp ([ 1200 °F

S, yrop:= linterp ([ 1200 °F

Rypop = linterp [[ 1200 °F

o=

ruley, yrop (SuTop pear) = “PASS”

] .
F mi_UTOP ™ SU‘T‘O}’_pcuL‘

PCS Service Level D ASME BPVC Section lll Division 5 Code Calculations

UTOP HBB-3225 Membrane Stress and Membrane Plus Bending Stress Rules

Rule (b): General Primary Membrane Stress Intensity

1150 °F | [54.7 ksi
'] 50.6 ksi

1150 °F | [ 34 ksi
T129 ksi |’

1150 °F'] [0.91
'10.89

] ,T,,W_L.vm,.) =0.893 Stress Rupture Factor, R, from ASME BPVC Sect lll Div 5 Table

Ryg yrop=0.8 Tensile strength reduction factor, Table HBB-3225-2, enforced by Rule (f) from ASME BPVC Sect Ill Div
5 HBB-3225.(f) on tensile strength values used in Section Il Appendices, Mandatory Appendix XXVII
calculations

Sbyis vrop =min (0.7 *Rrs yrop* Sy vrop 0678, yrop, 0.8+ Ryrop- S,AUTO,,) =19.899 ksi  Minimum allowable limit

ruley, yrop (Py) = if (P, € Sy yrop, “PASS”, “FAIL") Rule (b) is ASME BPVC Sect Ill Div 5 HBB-3225.(b) for general primary

Rule (c): Use-Fraction Sum Associated with General Primary Membrane Stress

|4
S_t; yropt=max (1.5 P, vtop» 125 -P,,u-_l.,vm,,] =26.73 kst Stress intensity that correlates to the maximum allowed time
UTOP under load -- since primary loading does not change from
Service Level A and B to UTOP, this value is used for each.
. ’ 1150 °F | [ 30.5 ksi , . .
S, ook vTop = linterp ([ 1200 “F] , [25.6 ksi] ,T,,w_(,-q—o,,] =26.286 kst Upper bounds for allowed time under load using

External References

ASME BPWVC Section Il Part D, 2021
ASME BPVC Section Ill Division 1, 2021
ASME BPVC Section Il Division 5, 2021
ASME BPVC Section Ill Appendices, 2021

Limiting stress intensity from model UTOP Primary Stress, output file UTOP-Primary.odb,
rounded up. See body of report for process of elimination approach.

Maximum temperature during UTOP, taken from ECAR-6332, rounded up.

] ,T,,,M_(_.m,,) =51.174 ksi Tensile strength values, Su, from ASME BPVC Sect Ill
Div 5 Table HBB-3225-1

Tnm,umr) =29.7 ksi Minimum Stress-to-Rupture Value, Sr, from ASME BPVC
Sect |ll Div 5 Table HBB-I-14.6B for Type 316 SS at t=30 hr

HBB-I-14.10B-2 for Type 316 SS welded with SFA-5.9 ER
16-8-2 at t=30 hr

membrane stress intensity

General primary membrane stress intensity is a stress classification. Stress classifications
are components of stress, so it is conservative to compare the general primary membrane
stress intensity allowable to a limiting stress value that includes membrane, bending, and
peak stress components.

Setting Pmi equal to S_peak will yield the least maximum allowable time under load, which is
conservative

expected minimum stress-to-rupture values,
Table HBB-1-14.6B
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S, sonr vrop = linterp [[ ],1')0 OF] ; [3:‘ k‘% ] ,T,m,‘,c_um,,) =29.7 ksi Lower bounds for allowed time under load using
1200 °F || 29 ksi expected minimum stress-to-rupture values,
Table HBB-I-14.6B
tiy uropi=linterp ([ r-100hr UTOP | 1,00 hr] ,S_t,-,_um_.,] =90.896 hr Interpolated allowed time under load using upper
v aone vrop | | 30 hr and lower bounds
T e Normops =815 K =1007.33 °F Maximum temperature during Service Level A, taken from ECAR-6332, rounded up.

5 1000 °F| [24.6 ksi —_ Upper bounds for allowed time under load using
S, 100000ir Normops = linterp [ 10 L [T !Tnm;h'onnOps) =23.75 ksi  gxpected minimum stress-to-rupture values,
Table HBB-I-14.6B

. 1000 °F'| [28.8 ksi . Lower bounds for allowed time under load using
S,_;wm,,,,_Nw,,ow:=11nterp( 1050 °F || 22.3 ki | TrnazNormops | =27-84T ksi expected minimum stress-to-rupture values,
Table HBB-I-14.6B

100000 hr
30000 hr

‘5 r_ 100000y _NormOhps

] ,S_ti-,._vm,,] =49084.635 hr Interpolated allowed time under load using

tir_.v\.'w-,,,,ops = linterp ([
upper and lower bounds

r_30000he_NormiOps

T, 0x rons=554 "C =1029.2 °F Maximum temperature during Loss of One Stirling Engine, taken from ECAR-6332, rounded
up.

1000 "F] [28.8 ksi
1

S, soooonr_rons = linterp ([ 1050 °F || 22.3 k,si] «Tnm_wusJ =25.004 ksi Upper bounds for allowed time under load using

expected minimum stress-to-rupture values,
Table HEB-1-14.6B

] s T,,w_w,,s] =29.395 ksi Lower bounds for allowed time under load using
expected minimum stress-to-rupture values,

Table HBB-I-14.68

S, . IS

“r_30000kr_LOHS | 30000 ke LSt prop| =22138.823 hr Interpolated allowed time under load using
10000 hr Lot

upper and lower bounds

1000 °F'] [33.6 ksi
1050 °F || 26.4 ksi

S, 1o00onr_rons = linterp ([

Ly rons = linterp
10000k _LOHS

tyropi=30 hr Conservative expected time under load for UTOP

ENarmops = 3 Yr = 26297.438 hr Expected time under load for Service Level A per SPC-70731, ASME Design
Specification

trongi=5+24 hr =120 hr Expected time under load for Service Level B per SPC-70731, ASME Design
Specification, assuming each event occurs for 24 hr

toror ty t :
UFgyns propi=——ot NormOp | LORS 871 Use-fraction sum of Service Level A, B, and D (UTOP)

ti vror b Normops  tir_LoOHS

rule, ypop =if (UFsb-,\,_Um,,g 1,“PASS", “FAIL") Rule (c) is ASME BPVC Sect lll Div 5 HBB-3225.(c) for use-fraction
sum associated with general primary membrane stresses that arise
from all service loadings

rule, yrop = “PASS” The rule passes with conservative loading, conservative peak stress values,
conservative application of temperature, and conservative time under load

Rule (d): Combined Primary Membrane Plus Bending Stress Intensity

Sdijpnis vrop=min (0.67+S, yrop, 0.8+ Rygop* S, yrop) = 19.899 ksi Minimum allowable limit
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ruley yrop (SuTop. pear) = “PASS”

e
P y_vror=Sutor_peak

rule, yrop = rule, yrop = “PASS”

Sx_pear = 26700 psi

Sx7_peak = 28100 psi

T

e Seisimic

=T,

e _NermOps

=1007.

5. = linterp 1000 °F'] [64.3 ksi
T 1050 °F |’ | 61.5 ksi

S, = linterp ([1000 °F‘] [ 55 ksi

1050 °F

Ri=linterp ([ 1000 F] ‘ [0.93

1050 °F

ruley, (S,,;) = “PASS”

ruley yrop Py ) = if (Py o < Sy umop “PASS”  “FAILY) Rule (d) is ASME BPVC Sect Ill Div 5 HBB-3225.(d) for

Rule (e): Use-Fraction Sum Associated with Primary Membrane Plus Bending Stress

X and XZ Seismic HBB-3225 Membrane Stress and Membrane Plus Bending Stress Rules

Rule (b): General Primary Membrane Stress Intensity

S = MAX (S,\'_pmlk ; S_Yz_pr((k) = 28100 psi Maximum value between X direction seismic and XZ direction seismic models

A7.5 ksi 7 - s{,‘-m,-(,] =53.901 ksi Minimum Stress-to-Rupture Value, Sr, from ASME BPVC
47.5 -

0 92] ,T,,m_slmm-(.) =0.929 Stress Rupture Factor, R, from ASME BPVC Sect Il Div 5 Table HBB-

Bpg:=0.8 HBB-3225.(f) on tensile strength values used in Section Il Appendices, Mandatory
Appendix XXVII calculations

Sbyjip=min (0.7 Rpg+S,,0.67+5,,0.8- R+ S,) =35.778 ksi Minimum allowable limit

ruley, (Pm) =if (P,,, < Sbyipnie s “PASS”, “FAIL") Rule (b) is ASME BPVC Sect Il Div 5 HBB-3225.(b) for general primary

combined primary membrane plus bending stress intensity.
Calculation of Kt is omitted since it only reduces the bending
component based on section factors.

Rule (d) is approached the same as Rule (b). By comparing the combined primary plus
bending stress intensity allowable to the limiting peak stress value noted above, the
calculation is nearly identical to Rule (b) and is conservative.

Setting primary membrane plus bending (PIm + Pb) equal to S_peak will yield the least
maximum allowable time under load, which is conservative

Rule (e) is equivalent to Rule (c) since there is no distinction in the stress component being
compared.

Limiting stress intensity from model X Direction Seismic, output file X-Seismic Final.odb,
rounded up. See body of report for process of elimination approach.

Limiting stress intensity from model XZ Direction Seismic, output file XZ-Seismic Final.odb,
rounded up. See body of report for process of elimination approach.

used for calculation

33 °F Maximum temperature during Service Level A, taken from ECAR-6332 since seismic is
postulated during normal operations.

] ,T,,m_sm,,u-t.) =63.89 ksi Tensile strength values, Su, from ASME BPVC Sect Il Part D
Table U and ASME BPVC Sect Ill Div 5 Table HBB-3225-1

Sect |Il Div 5 Table HBB-I-14.6B for Type 316 SS at t=30 hr

I-14.10B-2 for Type 316 SS welded with SFA-5.9 ER 16-8-2 at t=30 hr
Tensile strength reduction factor, enforced by Rule (f) from ASME BPVC Sect Ill Div 5

membrane stress intensity

General primary membrane stress intensity is a stress classification. Stress classifications
are components of stress, so it is conservative to compare the general primary membrane
stress intensity allowable to a limiting stress value that includes membrane, bending, and
peak stress components.
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Rule (c): Use-Fraction Sum Associated with General Primary Membrane Stress
Poit=8ma Setting Pmi equal to Smax will yield the least maximum allowable time under load,
which is conservative
i 1.25 . . . : :
S_ti wismict=max |1.5+P, ., T-} i | =42.15 ksi Stress intensity that correlates to the maximum allowed time under load

X Upper bounds for allowed time under load using
$Tvrul.r_5r:ia1vti(:) =40.971 ksi expected minimum stress-to-rupture values,
Table HBB-1-14.6B

_ . Lower bounds for allowed time under load using
Tﬂuu_Sm'smic] =45.71 ksi expected minimum stress-to-rupture values,
Table HBB-1-14.6B

S comic == linterp 1000 °F | | 42.1 ksi
S 10000 _sedsric 1050 °F N 34.4 ksi

S, 4 iamie i= linterp 1000 °F AT ksi
S _S00Rr_seistnic 1050 °F |’ 38.2 kei |

tociomi ty t :
UFgpnt swismic = —otie_y  NormOps | LOHS 578 Use-fraction sum of Service Level A, B, and D (Seismic)
tir_mi.-umir tx'r_!\'m-m();m til‘_L(’HS
rule, :=if (UFsu,w_\.mm'c <1,“PASS”, “FAIL") Rule (c) is ASME BPVC Sect Il Div 5 HBB-3225.(c) for use-fraction sum
associated with general primary membrane stresses that arise from all
service loadings
rule, = “PASS” The rule passes with conservative loading, conservative peak stress values,

conservative application of temperature, and conservative time under load

Rule (d): Combined Primary Membrane Plus Bending Stress Intensity

Sdypiy=min (0.67+5,,0.8+ R+ 5,) =36.113 ksi Minimum allowable limit

rule, (Py, 3} i=if (P, < Sdygyr , “PASS”, “FAIL”)  Rule (d) is ASME BPVC Sect Il Div 5 HBB-3225.(d) for combined primary
membrane plus bending stress intensity. Calculation of Kt is omitted since
only reduces the bending component based on section factors.

rule, (S,,m) =4“PASS” Rule (d) is approached the same as Rule (b). By comparing the combined primary plus
bending stress intensity allowable to the limiting peak stress value noted above, the
calculation is nearly identical to Rule (b) and is conservative.

Rule (e): Use-Fraction Sum Associated with Primary Membrane Plus Bending Stress

P 5= max Setting primary membrane plus bending (PIm + Pb) equal to S_peak will yield the least
maximum allowable time under load, which is conservative
rule, :=rule, = “PASS” Rule (e) is equivalent to Rule (c) since there is no distinction in the stress component being

compared.

. S, o0 seismic | [ 1000 k] Interpolated allowed time under load using upper
tir_svumu- = lmterp ([ - b .mn-u 1 300 hr 1 b—txr_scalsmu = 825.866 hr and lower bounds
r_ 300 hr_seismic
topiomic := 30 hr Conservative expected time under load for Seismic

it
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XXVII-3400 Compressive Stresses

Compressive stresses are analyzed against seismic primary loads. Since seismic loading is more limiting than UTOP loading,
passing results for seismic also conclude that UTOP passes.

ASME BPVC Section Il Appendices, Mandatory Appendix XXVII-3400.(b) states that the maximum compressive load shall be
limited to a value equal to 150% of the limit established by the referencing design rules for compression, except that the value is
permitted to be 250% of the given value when the ovality is limited to 1% or less. For this analysis, the referencing design rules
for compression are NB-3133 for time-independent buckling and the external pressure calculations in ECAR-6580 that consider
time-dependent buckling with creep effects.

ASME BPVC Sect Ill Div 1 NB-3133 will be used to analyze three components under external pressure: (1) the CIA housing, (2)
the IHX, and (3) the cartridge heater housings.

CIA Housing External Pressure

Dpys:=2.375in Limiting outer diameter of CIA housing, INL Drawing 1014749
they 4 =0.060 in Limiting thickness of CIA housing, INL Drawing 1014749 (not the same region as the limiting
diameter for conservatism)
Leyq:=92.19 in Length of CIA housing, INL Drawing 1014749
Lo Dqy,
S 38817 ——4 =39.583
CIA thers
99.10-2]1 D
Agy, =linterp [30], 012210714 ZCIa | g 0007 ASME BPVC Sect Il Part D Subpart 3 Table G, L/D = 40
40|71 0.688+ 107 | they,
By = 5250 psi Approximated from ASME BPVC Sect || Part D Subpart 3 Figure HA-2 for Type 316 SST at
1200 F
4+ By,
P, cia = ¢ 76842 psi Maximum allowable external pressure in calculated from ASME BPVC Sect llI
- ( Deyy ) Div 1 NB-3133.3.(a) Step 6
thery
P_creep, cp4:=479 psi Maximum allowable external pressure calculated in ECAR-6580 for time-dependent buckling

analysis that includes the effects of creep

Ppagi= (55 +25+1+ 1) psi=59.5 psi Pressure in PCS that acts externally to the CIA housing. Combines design
pressure, NaK hydrostatic pressure, seismic NaK fluid dynamic pressure, and
seismic NaK hydrostatic pressure. Ignores pressure in CIA housing.

Pmin, cpq=min (1.5 P, ¢4, 1.5+ P_creep, c;4) = 265.263 psi

Ppeg
ClAp- ::$= 0.224 External buckling Demand-to-Capacity ratio
Pming, ¢4

Comp_checkcyy =if (Ppos < Pming ¢y, “PASS”, “FAIL”) = “PASS” gIA will Em quBkIIe Lér)der external pressure during
ervice Level D loadings

IHX External Pressure

Dy =5.563 in Outer diameter of IHX pipe, INL Drawing 1014736

s FpaE oo
th,,,(\,:M in Limiting thickness of IHX pipe, INL Drawing 1014736
Lyy=(1543.5+0.5) in Length of IHX pipe, INL Drawing 1014736
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Linx _ g 415 Dux _ 41 515
Dyyx thiyx
Ay = linterp H [o252-107 Lunx ) 5506 ASME BPVC Sect Il Part D Subpart 3 Table G, D/t = 40
410117107 | Dy

By = 6750 psi Approximated from ASME BPVC Sect || Part D Subpart 3 Figure HA-2 for Type 316 SST at

1200 F
4+Biyx . . .
P, jyx=—F——=216.79 psi Maximum allowable external pressure in calculated from ASME BPVC Sect IlI
5. Dy Div 1 NB-3133.3.(a) Step 6
thigx

Maximum allowable external pressure calculated in ECAR-6580 for time-dependent buckling
analysis that includes the effects of creep

P_creep, px:=214.5 psi

Pressure in PCS that acts externally to the IHX. Combines design pressure, NaK hydrostatic
pressure, seismic NaK fluid dynamic pressure, and seismic NaK hydrostatic pressure. Ignores
pressure in IHX.

Ppes=59.5 psi

Pmin, jyy:=min (1.5 P, gy, 1.5 -P_creepu_,”‘,() =321.75 psi

Pl’(..‘S

IHX = —— 195
Pruing, yx

=0.185 External buckling Demand-to-Capacity ratio

IHX will not buckle under external pressure during

Comp_check == if (P, os < Pmin, gy, “PASS™, “FAIL") = “PASS” v :
Service Level D loadings

Heater Housing External Pressure

Dyypyi=0.84 in

0.84 0,622

— T
2

Ly =52.07 in

Outer diameter of Heater Housing pipe, INL Drawing 1014750

thyy = Thickness of Heater Housing pipe, INL Drawing 1014750

Length of Heater Housing pipe, INL Drawing 1014750

L D
HH _ 61.988 HH _ 7706

HH thyy

Ayy=0.0174 ASME BPVC Sect Il Part D Subpart 3 Table G, D/t = 8, L/D = 50 (highest listed)

Byyyp:= 10000 psi Approximated from ASME BPVC Sect Il Part D Subpart 3 Figure HA-2 for Type 316 SST at

1200 F

4+ Byy

Py =——
- 3. Dyy
thyy

P_creep, jy:=2120.25 psi

=1730.159 psi Maximum allowable external pressure in calculated from ASME BPVC Sect llI

Div 1 NB-3133.3.(a) Step 6

Maximum allowable external pressure calculated in ECAR-6580 for time-dependent buckling
analysis that includes the effects of creep
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HH, = — P _ 0003
be Prmin, gy

Pressure in PCS that acts externally to the Heater Housing . Combines design pressure, NaK
hydrostatic pressure, seismic NaK fluid dynamic pressure, and seismic NaK hydrostatic

pressure. Ignores pressure in Heater Housing .

Pmin, yy=min (1.5 P,y 1.5- P_creepﬂ_,,”) =2595.238 psi

External buckling Demand-to-Capacity ratio

Comp_checky;:=if (Ppeg < Pmin, jyy, “PASS”, “FAIL”) = “PASS”

Flexure Check for Thin Section of Reactor Core Barrel

The Heater Housing will not buckle under external
pressure during Service Level D loadings

The thin section of the Reactor Core Barrel has lateral loading in the seismic event. To consider limit states due to
flexure, AISC N690 -- which directs to AISC 360 -- will be used. Section F8 applies to Round HSS, which is an
equivalent shape to the Reactor Core Barrel and will be used for the flexure check.

TABLE USER NOTE F1.1
Selection Table for the Application

of Chapter F Sections

Section in Cross Flange Web Limit
Chapter F Section Slenderness | Slenderness States
F8 e N/A N/A Y, LB

Local buckling will be considered.

AISC 360 Table F1.1 states that, for a circular cross section, the limit states are yielding and local buckling.
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F8. ROUND HSS
045E

This section applies to round HSS having D/t ratios of less than

The nominal flexural strength, M,,, shall be the lower value obtained according to the
limit states of yielding (plastic moment) and local buckling.
1. Yielding
My=M,=F,2 (F8-1)
2, Local Buckling
(a) For compact sections, the limit state of flange local buckling does not apply.

(b) For noncompact sections

0.021E
M, = —+F,|S 82
D | (F8-2)
\7)
(¢) For sections with slender walls
My = F.S (F8-3)
where
D = outside diameter of round HSS, in. (mm)
2 0.33E :
For = 133 (F8-4)
[ D 3
%)
t = design wall thickness of HSS member, in. (mm)

First, Width-to-Thickness ratios are determined for the Reactor Core Barrel using the round HSS element in
Table B4.1b

TABLE B4.1b (continued)
Width-to-Thickness Ratios: Compression Elements
Members Subject to Flexure

Limiting
Width-to- | Width-to-Thickness Ratio
§ Thick- Ap Ar
O | Description of ness (compact/ (noncompact/|
Element Ratio r pact) lender) Examples
Dt .
20| Round HSS V4 D'w,
E E ___é ...... ~
0.07— 0.31— S | J
Fy F, y x:%;
t

ODypcps gin anvie = 11.125 in +0.020 in
ODpep_nin_tye=11.125 in =0 in
IDpcp shin ynic = 10-875 in — 0 in

IDpegs in ivie = 10.875 in +0.010 in

ODR(.‘B thin MMC ™ IDR(.’B thin_MMC

OD of Reactor Core Barrel at thin section at MMC tolerance
OD of Reactor Core Barrel at thin section at LMC tolerance
ID of Reactor Core Barrel at thin section at MMC tolerance

ID of Reactor Core Barrel at thin section at LMC tolerance

=0.135 in

tpep_hin_vvic = 5

tolerance

Thickness of Reactor Core Barrel at thin section at MMC
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F8)199p =045+

ES[BH 1100F

F Ys16H_1100F

= 596.386
Fysy, GH_1100F

if (‘ru,, <Ay 7or» “Compact”, "Noncompact") = “Noncompact™

09/13/23
ODpep i —IDpe hi .
tpen thinLMC = el i HOB B INC 0,12 in Thickness of Reactor Core Barrel at thin section at LMC
2 tolerance
ODyg an_ MM T . . .
Ty = B AR _ 99 875 Limiting Width-to-Thickness Ratio
tﬁ(‘]’)‘_ﬂrm_!..”(.‘
Eyy61 qor = 28300000 psi Elastic Modulus of 316H SST at 70 F, Table TM-1, Group G, ASME BPVC
Section Il Part D
Ey161 1100r = 22000000 psi Elastic Modulus of 316H SST at 1100 F, Table TM-1, Group G, ASME BPVC
Section Il Part D
Fys 161 705 1= 30000 psi Yield Strength of SA-240 316H SST at 70 F, Table Y-1, ASME BPVC Section Il
Part D
Fyy 1651 1100 = 16600 psi Yield Strength of SA-240 316H SST at 1100 F, Table HBB-I-14.5, ASME BPVC
Section Ill Division 5
E.’SIGH_TUF S " s s
Ap_rop+=0.07 s ————=66.033 Limiting Width-to-Thickness Ratio for compact/noncompact at 70 F
Fysi6m 7ok
EIIIGH TOF < e . . .
Ay 7opi=0.310 —————=292.433 Limiting Width-to-Thickness Ratio for noncompact/slender at 70 F
F Y3160 _or
y E?HGH,?’OF " . .
F8 p=045. ———————=424.5 Threshold for applying Section F8 to a round HSS section at 70 F
F Ya160 08
- EJ%IGH 11008 < i . . .
Ap_11oop =007 s ————=92.771 Limiting Width-to-Thickness Ratio for compact/noncompact at 1100 F
F Ysi6H_1100F
EE[GHJ]O(]F . el . . .
A pop =031 —————=410.843 Limiting Width-to-Thickness Ratio for noncompact/slender at 1100 F

Threshold for applying Section F8 to a round HSS section at 70 F

if (‘ra,l =M. qop, “Slender™, “Noncompact“) = “Noncompact”
if (‘rwt < F'8,p, “Section F& Applies”, “Section F'8 Does Not App]y“) =“Section F8 Applies”
if (1 <X, 11008, “Compact”, “Noncompact™) = “Noncompact”

if (ry > A, 10r “Slender”, “Noncompact™) = “Noncompact”

if (‘ru,l < F8,,005, “Section F8 Applies”, “Section F8 Does Not Apply”) = “Section F8 Applies”

Based on the above check, Section F8 applies to the thin section of the Reactor Core Barrel and is a noncompact
element. Local Buckling shall be evaluated in accordance with equation F8-2.
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4 4
m (ODHCBJIU'VLLAIU —IDR(,‘HJMMJA\I(,' )

S = .
SRCB_thin = 7
32 ODR(_,‘B_HH'N_L.’UC

0.021. E:amH;mF
[ ODR(.‘B_mxn_MMr_:

tR(?’BJ.frivLLBIC

A’;"n_TUF =

0.021+Eqy5h 11008
M, yoor= TODor o
( RCB_thin_MMC

tReB thin_LMC J

M, s=min (M, e, M, j190r) = 20.303 kip - ft

2,=1.67
J"{u .
M, :=T= 12.157 kip - ft
]

®Z-Geismic 1.377g
DB #2-Ceismc Fral.adb  Abaqus/Standard 2021.HFS

211

S, Mises

45644

47547

@ View Cut Manage:
Show  Hame

O f x-Pane

() Allow fer mubtiple cuts
Matice of Sdwctd Cut

[Trnzate

69373
Position: -13.7035
Sensitivity: 1% -63T

Mty ,:=47600 Ibf -in=3.967 kip - ft

Mty . :=46700 Ibf -in =3.892 kip - ft

Mby, ,:=4000 Ibf in =0.333 kip - ft

Mby, .:=2400 Ibf +in=0.2 kip + ft

+ Fysion_7or | * Skon_min = 34-253 kip « ft

+Fysi6_1100r | * Skep_thin = 20.303 kip - ft

Allowable flexural strength, including the safety factor for Allowable Strength Design

\Wad Aug 09 17:1£:11 Mcuntain Daylight Time 212 ODR: X7-Saismic Fnalodh  Alagus/Staadacd 2071 HFG  Was Aug DOF 17:16: 13 Mountsin Daglignt Tima 2023

-

=11.293 in® Most limiting (smallest) elastic section modulus

for a hollow circle, derived from l/c

70 F, equation F8-2.

1100 F, equation F8-2.

Minimum allowable flexure strength

¥Z-Sammic 1.377q

>
Cout
Edib..
O ¢ X-Flane
e/ Copy..
O § 7-Prane = | [Renome...
Delete..
Ogions.
Dismis
Covat 7] Adtcr Toe ruahiple cuts
sy Mation of Selected Cu
Copy.. Tesenlate -
= - 6375 st
F [lismme Position: 45711814
— 208 iy, 1~ <6375 21251
 ——————————
Optcns...
Dismniss
239
@351
¥
24291 I
5 o ;67

Top end x-component moment magnitude in ABAQUS at y=-33.7885 inches,
XZ Direction Seismic, XZ-Seismic Final.odb, rounded up

Top end z-component moment magnitude in ABAQUS at y=-33.7885 inches,
XZ Direction Seismic, XZ-Seismic Final.odb, rounded up

Bottom end x-component moment magnitude in ABAQUS at y=-65.7115
inches, XZ Direction Seismic, XZ-Seismic Final.odb, rounded up

Bottom end z-component moment magnitude in ABAQUS at y=-65.7115
inches, XZ Direction Seismic, XZ-Seismic Final.odb, rounded up
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Myy s=max (Mty, ,,Mby, ) =3.967 kip - ft

My . =max (Mty, ., Mby, ) =3.892 kip - ft

%-Direction Seismic 0,377 Static Equivalent

208

S, Mz

1267

1

O0B: #-Sesmic Firalodb  Abagus/Standers 2021.HF6  Wed Aug 09 23:48:21 Mountain Daylght Tims 20

Largest x-component moment magnitude, XZ seismic

Largest z-component moment magnitude, XZ seismic

w-Direction Seismic 2,770 Static Equualent
OCa: ®-Sesic Finaladb  Abacus/Stancand 20210F6  Wed Aug 09 23:45:21 Mouritain Daylight Time 2023

S View Cut Manager x
T Model | | cooats...
QWK E| [

1 d XFane |l
o /[IINNe o C 8|
1d ZFane a0 ]““ Rerame..
| | Delete..
; Opbicrs...
| Dismiss

[ atews tor muttiple cuts

00 Al for multipie cuts
Metion of Selected Cut

Translate

-68375
Postion: -13.7085

Sensitiity 1 % <6437

" &

5 ®

Mty ,+=1300 Ibf -in=0.108 kip - ft

Mty .=66050 Ibf in=5.504 kip - ft

Mby ,:=1300 Ibf +in =0.108 kip - ft

Mby _:=4350 Ibf -in=0.363 kip - ft

My =max (Miy ., Mby ) =0.108 kip - ft

My . s=max (Mty ., Mby ) =5.504 kip - ft

M, =max (Myy ., My ) =3.967 kip - ft

M, :=max (Myj ., My ) =5.504 kip - ft

. M.
Flexpq = +F=0.779

Flex_checkpqp=if (Fle:c,,cs 1,“PASS”, “FAIL”) =“PASS” The thin section of the Reactor Core Barrel passes local

Create... Metian of Selected Cut

kel Translzte -

Copy.., -58.375 24251

z Festion: 657118 |}

Sersitivity: 15 68375 24251
e ———— ]

Opines...

Dismiss

4339

24251

24257

Top end x-component moment magnitude in ABAQUS at y=-33.7885 inches,
X Direction Seismic, X-Seismic Final.odb, rounded up

Top end z-component moment magnitude in ABAQUS at y=-33.7885 inches,
X Direction Seismic, X-Seismic Final.odb, rounded up

Bottom end x-component moment magnitude in ABAQUS at y=-65.7115
inches, X Direction Seismic, X-Seismic Final.odb, rounded up

Bottom end z-component moment magnitude in ABAQUS at y=-65.7115
inches, X Direction Seismic, X-Seismic Final.odb, rounded up
Largest x-component moment magnitude, X seismic

Largest z-component moment magnitude, X seismic

Largest x-component moment magnitude between X and XZ seismic models

Largest z-component moment magnitude between X and XZ seismic models

Combined forces equation H1-1b, neglecting axial force since section is in
tension

buckling flexure checks in accordance with Allowable Strength
Design in AISC 360 during conservative static equivalent x-
direction and xz-direction seismic forces.
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XXVII-3520 Shear Stress
UTOP
Turop 12:= 11050 psi Maximum component shear stress from model UTOP Primary Stress, output file UTOP-
Primary.odb, rounded up
Turop 13 = 4000 psi Maximum component shear stress from model UTOP Primary Stress, output file UTOP-
Primary.odb, rounded up
Tutop 23+= |—11050| psi Maximum component shear stress from model UTOP Primary Stress, output file UTOP-
Primary.odb, rounded up
Tonas_ UTOP=MAX (Turop 12 TUTOP 132 TUTOP_23) = 11050 psi Maximum shear stress component
T, vrop=0.42+ Ryg+ S, prop=17194.464 psi ASME BPVC Section Il Appendices, Mandatory Appendix
XXVII-3520.(a) and (b) maximum allowable shear stress
Tvrm:r.,l-"l'()l’ = B
Tpe vropi=———=0.643 Demand to capacity ratio
Ta UTOP
PR S " Shear stress limits are not exceeded for
Shear_check_UTOP :=if (T"M_U'[vp< TouToPs “PASS”, “FAIL ) =“PASS Service Level D when conservatively
considering maximum shear stress of all shear
components
Seismic
Tx_12:=|—12000| psi Maximum component shear stress from model X Direction Seismic, output file X-Seismic
Final.odb, rounded up
Tx 13:= 4850 psi Maximum component shear stress from model X Direction Seismic, output file X-Seismic
Final.odb, rounded up
Tx 23= |—12550 psi| Maximum component shear stress from model X Direction Seismic, output file X-Seismic
Final.odb, rounded up
Txz 12:=|—12800| psi Maximum component shear stress from model XZ Direction Seismic, output file XZ-Seismic
Final.odb, rounded up
Txz 13+= 200 psi Maximum component shear stress from model XZ Direction Seismic, output file XZ-Seismic
Final.odb, rounded up
Txz 23=|—12900 psi| Maximum component shear stress from model XZ Direction Seismic, output file XZ-Seismic
Final.odb, rounded up
Tonae_seismic = MAX (1')(_,2 STx 13Ty 23 TXZ 12 TXZ 13 ‘rxz_“) =12900 psi Maximum shear stress component from both X
direction seismic and XZ direction seismic
models
Ty seismic = 0-42+ Rpg+ S, =21466.879 psi  ASME BPVC Section Ill Appendices, Mandatory Appendix XXVII-3520.(a) and (b)
maximum allowable shear stress
Tmrx.r:_.ur‘l.'mu(.' . .
Tpe_seismic = ———— = 0.601 Demand to capacity ratio
Tﬂ._sui-mru:
L > Py ———— . Shear stress limits are not exceeded for
Shear_check_seismic = if (T,,m_,,_,,-mu-f< To_seismic s “PASS”, “FAIL ): PASS Service Level D when conservatively
considering maximum shear stress of all
shear components
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& Edit Load e
Name: Gravity

Type:  Gravity

Step: Step-1 (Static, General)

Region: (Whole Model) [

Distribution: | Uniform v

Component 1: | 0

Component 2: ‘ -386.089

Component 3: |0

Amplitude: (Ramp) v PU
oK Cancel
Y
. A "

4 Edit Load

Name: Design Pressure (53psig)
Type:  Pressure

Step: Step-1 (Static, General)
Region: All Internal [

Amplitude: | (Ramp) v R

OK Cancel

Figure 31. Design Pressure
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4 Edit Load

Name:
Type:
Step:

Region:

NaK Hydrostatic (2_5psi)
Pressure

Step-1 (Static, General)
AllInternal [

Distribution: | Uniform v

Amplitude: | (Ramp) I %

oK Cancel

Figure 32. NaK Hydrostatic Pressure

ICDA—1

45 Edit Load &3

Name: CD Actuator Weight 1 (2001b)
Type:  Concentrated force

Step: Step-1 (Static, General)
Region: (Picked) k

CSVS: (Global) [y A

Distribution: | Uniform v

CF1: b ]
cF2 -200 |
Amplitude: | (Ramp) ~ %

(] Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

Figure 33. CD Actuators Weight (4x)
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3 Edit Load 53

Name:
Type:
Step:

Region:

3 Edit Load X
Name:  CIA Actuator Weight (1001b)
Type:  Concentrated force

Step:  Step-1 (Static, General)

Region: (Picked) [}

CSYS: (Global) [3 L

Distribution: | Uniform v f
CF1: 0
CF2: -100
CF3: 0
Amplitude: |(Ramp) v R

() Follow nodal rotation

Note: Force will be applied per node.

OK Cancel

Core Weight (8001b)
Concentrated force
Step-1 (Static, General)
(Picked) [

CSYS: (Global) [y L

Distribution: | Uniform v
CF1: 0

CF2: ﬂo

CF3: o ]
Amplitude: | (Ramp) ~ %

() Follow nodal rotation

Note: Force will be applied per node.

0K Cancel

X

Figure 35. Reactor Core Weight

ICIAAJ
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4% Edit Load X
Name: 555 Weight and Transmit 1 (5001b)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) [

CSYS: (Global) [3 L

Distribution: | Uniform | )
CF1: 0 ]
CF2: -500 |
cF3: 0 j

|

v‘

Amplitude: | (Ramp)
(T Follow nodal rotation

Note: Force will be applied per node.

OK Cancel

z X

Figure 36. SSS with Stirling Engines Weight and Transmitted Load (4x)

IUC-1

45 Edit Load X
Name: Upper Confinement (1500Ib)
Type  Concentrated force

Step:  Step-1 (Static, General)

Region: (Picked) [}

csvs: (Global) [y A

Distribution: | Uniform v
CFl: 0 i

CF2: -1500

=1 o q
Amplitude: | (Ramp) v P

() Follow nodal rotation
Note: Force will be applied per node.

oK Cancel

Figure 37. Upper Confinement Weight
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4 Edit Load 3

Name:
Type:
Step:

Region:

Seismic (x=0_333g)(y=-0_377g)
Gravity

Step-1 (Static, General)

(Whole Model) k

Distribution:
Component 1: | 205.846
Component 2: | -145.555
Component 3: |0

Amplitude:

Uniform v M)

(Ramp) ~ %

oK Cancel

Figure 38. X Direction Seismic Gravity

ﬁ-1

4 Edit Load X
Name: Seismic CD-1 (x=107Ib)(y=-76lb)
Type  Concentrated force

Step:  Step-1 (Static, General)

Region: (Picked) [y

CSYS: (Global) [3 A

Distribution: | Uniform v

CF1: | 107

CF2: |-76

CFa: o ]
Amplitude: | (Ramp) \/‘ p\7

() Follow nodal rotation
Note: Force will be applied per node.

OK Cancel

Figure 39. CD Actuators X Direction Seismic (4x)
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& Edit Load

Name: Seismic CIA (x=34Ib)(y=-38lb)
Type:  Concentrated force

Step:  Step-1 (Static, General)
Region: (Picked) [3

CSYS: (Global) [3 A

Distribution: | Uniform v )
CF1: 54

CF2: -38

cF3: o]
Amplitude: | (Ramp) >

[ Follow nodal rotation

Note: Force will be applied per node.

OK Cancel

Figure 40. CIA Actuator X Direction Seismic

4 Edit Load X

Name:  Seismic Core (x=430Ib)(y=-305lb)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) [3

CSYS: (Global) [ L

Distribution: | Uniform | fx)
CFI: 430 ]
CF2: |-305

CF3: 0 4
Amplitude: (Ramp,‘li v Fh

[CJ Follow nodal rotation

Note: Force will be applied per node.

OK Cancel

Figure 41. Core X Direction Seismic
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a5 Edit Load 0

Name:  Seismic 555-1 (x=270Ib)(y=-190Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) k

CSYSs: (Global) [p L

Distribution: | Uniform o
CF1: 270 |
CF2: -190

CF3: ‘0

Amplitude: | (Ramp) v R

[ Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

Figure 42. SSS with Stirling Engines X Direction Seismic (4x)

IU\c;

S EditLoad X
Name:  Seismic UC (x=2800lb)(y=-570Ib)
Type  Concentrated force

Step:  Step-1 (Static, General)

Region: (Picked) [3

Csvs: (Global) [y L

Distribution: | Uniform o
CFt: (800 J
@ [ |
CF3: o |
Amplitude: ‘(Ramp] vﬁ F\/

(] Follow nodal rotation

Note: Force will be applied per node.

OK Cancel

Figure 43. Upper Confinement X Direction Seismic




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

ENGINEERING CALCULATIONS AND ANALYSIS

ECAR-6564, Rev. 0

Page 82 of 100

MARVEL Project Primary Coolant System ASME BPVC Section Il Division 5 Design by Analysis

Figure 44. Ga Fluid Overturning Moment Force X Direction Seismic (4x)

4 Edit Load X

MName: Seismic Ga Fluid (5CS-1)(80Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)
Region: (Picked) [}

CSYS: (Global) [3 L

Distribution: | Uniform v fw
CF1: EN :
CF2: 0

CcF3: 0 ]
Amplitude: | (Ramp) . PV

[ Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

= Edit Load 63

MName: Seismic NaK Fluid (Barrel)(115Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) Q

CSYS: (Global) [y L

Distribution: | Uniform v; fix)
CF1: 115 B
cF: 0 ]
CF3: 0

Amplitude: | (Ramp) vi‘ PU

[ Follow nodal rotation

Note: Force will be applied per node.

0K Cancel

Figure 45. NaK Fluid in Core Barrel Overturning Moment X Direction Seismic
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4 Edit Load X
MName: Seismic NaK Fluid (Plenum)(105Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) Q

CSYS: (Global) [p L

Distribution: | Uniform o fw
CFl: 105 ]
CF2 0 |
CF3: 0 f
Amplitude: | (Ramp) vr‘ Pv

(] Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

Figure 46. NaK Fluid in Distribution Plenum Overturning Moment X Direction Seismic

& Edit Load g

Name:  Seismic (xz=0_377g)(y=-0_377g)
Type:  Gravity

Step: Step-1 (Static, General)

Region: (Whole Model) Q

Distribution: | Uniform v M)
Component 1: | 145,555
Component 2: | -143.555

Component 3: | 145,555

Amplitude: (Ramp) N PV
oK Cancel
Y
zZ X

Figure 47. XZ Direction Seismic Gravity
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4 Edit Load DG
Name: Seismic CD-1 (xz=76lb)(y=-76lb)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) [3

CsYSs: (Global) [3 L

Distribution: | Uniform I ]
CF1: 76 '

cr2: 76

CF3: 76

Amplitude: | (Ramp) M Re

([ Follow nedal rotation

Note: Force will be applied per node.

OK Cancel

Figure 48. CD Actuators XZ Direction Seismic (4x)

E<IQJL:1

S Edit Load X
Name: Seismic CIA (xz=38lb)(y=-38Ib)
Type:  Concentrated force
Step:  Step-1 (Static, General)
Region: (Picked) [}

CsYs: (Global) [y L

Distribution: | Uniform v
CF1: 33 |

cF2: -3 |

cF3: 38 |
Amplitude: | (Ramp) v

[ Follow nodal retation

Note: Force will be applied per node.

OK Cancel

Figure 49. CIA Actuator XZ Direction Seismic
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% Edit Load X

Name: Seismic Core (xz=305Ib)(y=-305Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) k

CSYS: (Global) [3 L

Distribution: | Uniform o
CF1: 305 ]
cr2: s
CF3: 1305 ]
Amplitude: | (Ramp) ™ PU

() Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

% Edit Load X

Name:  Seismic S55-1 (xz=190Ib)(y=-190Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) [3

CSYS: (Global) [p L

Distribution: | Uniform o
CF1: 190 i
cr2: [-190

CF3: [190 ]
Amplitude: | (Ramp) \: %

(] Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

Figure 51. SSS with Stirling Engines XZ Direction Seismic (4x)
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45 Edit Load B

Name: ~ Seismic UC (xz=570lb)(y=-570lb)
Type  Concentrated force
Step:  Step-1 (Static, General)
Region: (Picked) [y

Csvs: (Global) [y L

Distribution: | Uniform v
cF1: sm ]
CF2: 570

CF3: 570

Amplitude: | (Ramp) v

[ Follow nodal rotation

Note: Force will be applied per node.

0K Cancel

5 Edit Load .3

Mame: Seismic Ga Fluid (SCS-1){xz=57Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) Q

Csvs: (Glabaly [3 L

Distribution: | Uniform v
CF1: |57
cF2: [o ‘

= —
CF3: |57 |
Amplitude: | (Ramp) ) PG

[CJ Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

Figure 53. Ga Fluid Overturning Moment Force XZ Direction Seismic (4x)
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= Edit Load X
Name: Seismic NaK Fluid (Barrel)(xz=82Ib)
Type:  Concentrated force

Step: Step-1 (Static, General)

Region: (Picked) k

CsYs: (Global) [3 L

Distribution: | Uniform ~| fix)
CFL: 82 |
cr2: 0 ]
CF3: 82 |

_— o
Amplitude: | (Ramp) v: PV

[T Follow nodal rotation

Note: Force will be applied per node.

oK Cancel

5 Edit Load X

Name:
Type:
Step:

Region:

Seismic NaK Fluid (Plenum)(xz=75Ib)
Concentrated force

Step-1 (Static, General)

(Picked) [3

CSYS: (Global) [p A

Distribution: | Uniferm v
CFI: 75 ¥
cF2: [} o
CF3: 75 N
Amplitude: | (Ramp) e Po

[ Follow nedal rotation

Note: Force will be applied per node.

oK Cancel

Figure 55. NaK Fluid in Distribution Plenum Overturning Moment XZ Direction Seismic
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4 Edit Load

Name: Seismic NaK Dynamic P (1psi)
Type:  Pressure

Step:  Step-1 (Static, General)
Region: All Internal [

Magnitude: |1

Amplitude: | (Ramp) M PV

0K Cancel

% Edit Load

Name: Seismic NaK Hydrostatic P (1psi)
Type:  Pressure

Step: Step-1 (Static, General)

Region: All Internal [

Amplitude: | (Ramp) ™ PU

oK Cancel

Figure 57. X and XZ Seismic NaK Hydrostatic Pressure
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Appendix F
Boundary Conditions between Divided PCS Model for Service Level A, B, and C

Code Calculations
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MARVEL

I Y
T e

1 Argonne &

BOUNDARY CONDITIONS FOR DOWNCOMER
CUTS

Ry tower_cut

R 12 prima + secondal + secondal
1,/o1 t -

|

Unit: Ibf

R lower_cut =-

BCs on the cut surface.
1. No out of plane displacement (i.e. equal value y_disp)
2. Apply force (=R)

R

upper_cut

...............
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BOUNDARY CONDITIONS FOR CORE-BARREL
CUTS

R

upper_cut

- !
Design SL-A (primary | SL-B (primary
(primary) + secondary) |+ secondary)
R1 o S -7815 -7000 -7025
R/ower_ ut i
Unit: Ibf
- Rlower_cut = 'Rupper_cut
w

BCs on the cut surface:
1. No out of plane displacement (i.e. equal value y_disp)
2. Apply force (=R)

3 Argonne &
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Appendix G

Stirling Engine Tube Helium Rupture in Secondary Coolant System Calculation
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This appendix documents the impact of a stirling engine tube helium rupture while installed on the PCS.
A stirling tube may rupture due to the high corrosion rate of the eGalinstan secondary coolant. The
project strategy is to determine a stirling engine replacement cycle that precludes this from happening.
All four stirling engines will be replaced at the same interval.

In the unlikely event a stirling engine tube ruptures prior to replacement, this appendix demonstrates that
the pressure build-up in the IHX is about 8 psig before the SCGS bellows relieves the pressure in under
a second. Since the leak pressure internally to the IHX is less than the PCS pressure externally applied
to the IHX, the tube rupture is omitted from the PCS evaluation. Note that the surface stress of less than
3 ksi will be experienced on the IHX liner, which is not part of the primary pressure boundary.
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Bellows Leak/Rupture
John Stevenson

Py,:=52 bar =754.196 psi Helium pressure
T:=350 °C Operating temperature
R;;:=8.314. Universal gas constant
mol « K
M:=4.002602 I Helium molar mass
mol
k. :=1.667 Ratio of specific heats - Helium
Py.T g 4 L
wi=———=1603.198 psi Helium working pressure
20 °C
P,-M L I
pi=— =854 k—g Density of helium
Rig-T m?
He,:=12.6 L Helium volume in Stirling
D:=9.75 in Bellows inside diameter - Oakridge Bellows 111522-9
t:=0.036 in Bellows thickness - Oakridge Bellows 111522-9
k:=622.4 ﬂ Spring constant
m
ng=3 Number of springs
Ibf -
ki=k.n,=1867.2 — Total spring constant
m
w:=278 Ibf Stirling engine & SOS weight - 1014740
n=1 Number of tubes ruptured

ID,;,:=0.11 in Inside diameter of tube
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IDlubc:‘Z

Ay=me =0.01 in®

Ay;i=2-n+A4,,=0.019 in®

R::§:4.875 in

C:=m-D=30.631 in

r:=3.86 in
| Py
vgi=A kg, — =4819.289 Ed
YT 3
Ayi=7-(R? —1*) =27.853 in®

Vi=117.32 in* =1.923 L

6,=2 =0.149 in
kl

Pw'

He, X
P,i=——=1390.962 psi
He, +V

v

foi=v,-A;=18.012 %

W,;:=P,+He,=(1.393-10%) J

W, =P, (He,+V)=(1.393-10°) J

foipE Fo _ .0006205 in
v,eC W,
t,:=3 mm

Weppi=w—((8,— gap—t,) + ky) =221.694 Ibf

Cross sectional flow area of single tube

Cross sectional flow area comprised of both ends of n ruptured tubes

Bellows radius

Bellows circumference

Stirling Base radius - Stirling model

Sonic velocity in helium

Annulus area
Volume in bellows - SCCGS Gas Space Model

Spring deflection

Pressure after tube rupture

Volumetric flow rate (discharge rate from Stirling limited by sonic velocity)
Initial He work

He work after tube rupture

Gap required to match discharge from Stirling

Stirling travel allowance

Effective weight Neglects upward force due to coolant displacement
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w,,
Pi=—4 = 7.959 psi

a

P,-A

a a

7
t,:=—! =806.254 ms
fl‘

P-R

Thoopi— T
hoor™™0.036 in

Fi=p-A, -v,° =25.398 Ibf

U::i:2.673 ksi

1

-g=(1.367-10°) 7

=1.078 ksi

Leak pressure

Acceleration of Stirling due to pressure

Time to achieve gap

Final volume of helium

Time to completely leak from rupture

Hoop stress in bellows

Force from impinging jet due to momentum

Stress at surface due to impinging jet
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Appendix H

PGS Coolant Leak Failure Modes and Effects Analysis
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FAILURE MODES AND EFFECTS ANALYSIS

In response to a request to consider a leak of the PGS system onto the top surface of the distribution
plate of the PCS, a failure modes and effects analysis was performed. The following three failures were
considered and the probability, consequence, and ability to detect the failure were qualitatively assessed
to determine the risk to the MARVEL reactor:

e Case 1: A slow leak at the initiation site of a fatigued brazed joint or a fatigued fitting.

o Case 2: A steady leak of water due to continued fatigue or partial failure of the tubing or fittings
feeding one of the Stirling engines (spraying of water on the interior of the UCS).

e Case 3: Rapid loss of all water due to complete failure of any fitting, hose, or tubing.

In the first two cases, the resulting risk is considered acceptable to the MARVEL reactor and no additional
physical design changes are required. In these cases, there may be additional controls or sequences
that should be implemented to minimize any potential impacts. For the last case, the risk is considered
high for the MARVEL reactor, but no failures are identified that would create a failure of the primary
coolant boundary. Itis recommended that further quantitative analysis be performed to better define the
risk.

SYSTEM DESCRIPTION AND INTERACTIONS

The PGS system consists of four independent loops with each loop providing the necessary cooling water
for a single Stirling engine. The total volume of water in a single PGS loop is approximately 11 gallons
which includes the volume in the engine, the tubing, and an expansion tank. The connections to the
Stirling engine are made with JIC stainless steel hose. There are a total of four connections, the inlet
and outlet, and the two connections between the upper and lower engine chambers. The flow rate of the
cooling water is approximately 10-11 gallons per minute. In the final design review meeting, Qnergy
(supplier of MARVEL'’s Stirling engines) reported that approximately 2% of the engines deployed in the
field had experienced a fatigue failure of the brazed joints at the exterior of the engine.

The top surface of the PCS distribution plate is covered with fitted pieces of pyrogel insulation (cream
material in figure below) to limit heat loss from the PCS into the upper confinement. The insulation is
hydrophobic and breathable and is designed to have a snug fit around all components. It's unknown if
the hydrophobic agent would breakdown in a radiation environment. However, if that were to occur, water
could potentially be absorbed into the insulation which would result in an increase in thermal conductivity.
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Figure 58. Top View of PCS showing Pyrogel Insulation

CASE 1

It is assumed that any fatigue failure would be initiated with a small fracture in either the brazed joint or
with a loss of the compression seal on the JIC fitting. The failure would begin with a slow leak of water
directly onto the surface of the PCS or onto the insulation covering the PCS. The thermal mass and
temperature of the PCS would vaporize the water as it contacted either bare metal or the insulation. A
slow leak could be a detectable failure by a falling volume in the PGS expansion tank. This would alert
operations to a problem and the reactor could be safely shut down and the leak investigated and repaired.
The resulting risk to the reactor is considered low.

CASE 2

Continued fatigue of a brazed joint or serious failure of a JIC fitting could result in a steady stream of
water onto the top of the PCS. This failure is considered less likely than Case 1 as its initiation should
be detected prior as a slow leak but is nonetheless anticipated. The fact that coolant water is being
pumped limits the rate at which the water would be contacting the surface of the pyrogel insulation. It is
assumed that in this case, the level transmitter within the expansion tank would reveal a loss of cooling
water and operations could shut down the flow to limit the amount of water in contact with the PCS. The
ingress of water to the surface of the PCS would be limited with the presence of the insulation and, like
in Case 1, would likely be reduced by vaporization as it moves on top of the insulation towards any gaps
in the insulation. The resulting risk to the reactor is considered moderate as there could be some
localized straining of the PCS surface with direct contact of the cooling water and the potential binding of
one control drum shaft.
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CASE 3

In this case, the total volume of water in the PGS loop is rapidly lost to the top of the PCS. This failure is
likely only to happen with a complete failure of a fitting or shearing of the stainless-steel braded hose.
Because of the severity of the failure, it is considered undetectable and would result in nearly all the 11
gallons of water being deposited onto the top of the PCS. In this case, the fit pattern and hydrophobic
nature of insulation would limit water from reaching large areas of the top surface of the PCS but would
instead direct the water to the exposed areas near the Stirling engines and control drum pass-throughs.
This rapid exposure to the cooling water would in turn quench the exposed surfaces and cause localized
strains and thermal stresses. As a best case, the PCS distribution plate would not experience any plastic
strains. At worst case the PCS distribution plate is plastically deformed and causes the following potential
consequences:

¢ Misalignment of the Stirling engine stands.

¢ Binding of the control drum rods, which prevents rotation of the drums.

e Misalignment of the top-hat and CIA rod.

e Fractures or failures of the weld between the PCS distribution plate and guard vessel.

With this case, there are no failures identified that would impact the integrity of the primary coolant
boundary. However, with the potential binding of the control drum rods and misalignment of the CIA rod,
there is considerable risk in shutting down the reactor.

Although it is highly unlikely that this type of failure would occur, the consequences are high enough that
the risk to the MARVEL reactor is also considered to be high. In order to reduce the risk to the MARVEL
reactor, it is recommended that further FEA analysis of the PCS distribution plate with the above
described transient load being applied to quantify the stress and strain of the distribution plate. Upon
completing the FEA analysis, the consequences could be re-evaluated and a more quantitative risk could
be determined.



