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LIST OF ACRONYMS 

 
AISC – American Institute of Steel Construction 
ASCE – American Society of Civil Engineers 
ASME – American Society of Mechanical Engineers 
BPVC – Boiler and Pressure Vessel Code 
CAD – Computer Aided Design 
CG – Center of Gravity 
CJP – Complete Joint Penetration 
CTE – Coefficient of Thermal Expansion 
DoF – Degree of Freedom 
FEA – Finite Element Analysis 
EP - Elastic Plastic 
LoF – Life of Facility 
MAWP – Maximum Allowable Water Pressure 
MPC - Multi Point Constraint 
MRA – Moderator Reflector Assembly 
ORNL - Oak Ridge National Laboratory 
RCSC – Research Council on Structural Connections 
SNS - Spallation Neutron Source 
STS - Second Target Station 
F - Fahrenheit  
in - inch 
lbf - pound force 
m - meter 
mm - millimeter 
psi - pound per square inch 
rad - radian 
rpm – revolutions per minute 
s - second 
Sa – Stress Amplitude 
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1. INTRODUCTION  

The STS Project is to design and build the world’s brightest source of cold wavelength neutrons for 
cutting edge science. To achieve this goal, the tungsten spallation target will receive 1.3 GeV proton 
pulses at a rate of 15 Hz, totaling 700 kW beam power. The focused nature of the proton beam and the 
decay heat have necessitated a target assembly that consists of 20 individual target segments rotating at 
approximately 45 rpm so that each target segment receives a proton pulse every 4/3 seconds. The top of 
the assembly consists of a drive system and a coolant distribution system. It is connected to a large shaft 
around which 20 target segments are held. The target segment is 14 ft 5 inches in height. A concentric 
system of pipes carries coolant in and out. All materials are 316L stainless steel.   

This STS Target Assembly structural analysis evaluates code-relevant limits (elastic stress/plastic strain 
margins) and fatigue usage under combined mechanical and thermal cycling.  Using project-based 
requirements along with multiple codes and standards the Target Assembly is checked against seismic, 
pressure, live, dead, and thermal loads.  Figure 1 shows the Core Vessel with the upper Target Assembly 
visible. 
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Figure 1 Target and Core Vessel Assembly 

The Target Assembly is supported at the Core Vessel lid.  Figure 2 shows the cross section and separation 
of the two assemblies by color. 
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Figure 2 Target Assembly in Red 
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Figure 3 Target / Core Vessel Bolted Interface 

Figure 3 shows a close up of where the Target Assembly mounts to the Core Vessel lid.  Figure 4 shows 
the lower end of the Target Assembly where it interfaces with the MRA and Snubber ring.  The Snubber 
ring is the seismic restraint for the bottom of the Target Shaft, this provides a captive feature that limits 
the lateral movement but does not directly contact the Target Shaft.   
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Figure 4 Snubber Interface and MRA Clearance View 
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Figure 5 Target Assembly with Core Vessel Lid 

 

2. ASSUMPTIONS 

 The attachment point at the core vessel lid is rigid. 

 No additional heat is transferred to the Target from other sources inside the core vessel. 

 Rotating equipment assumed to be balanced except for eccentric loads. 

 Steady state operation is assumed for both mechanical and thermal loads. 
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 Welds are ground and polished. 

 Tolerance stack up is not considered when evaluating displacement. 

 Buckling is ignored in this analysis. 

 An Imbalanced Target is the equivalent of the Target Shaft with only 19 Segments.   
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3. PHYSICAL MODEL DEFINITION 

3.1 GEOMETRY 

 
The Target Assembly CAD model begins in Creo, part number 0000004343.ASM version 187.  The 
model is exported as an STP file and moved into ANSYS Workbench.  The STP file was then opened in 
Spaceclaim for editing.  Due to the size of the model a complete assessment of the Target Assembly isn’t 
feasible with one model.  Three subassemblies were created to focus on the Target Segment, the Target 
Shaft/Tie Rods, and the Crown/Bearings assemblies. 
 

3.1.1 Target Assembly 

The full Target Assembly is very large and complex, the height of from the bottom of the shaft to the top 
of the pipe union is just under 26 feet (7.8m).  The FEA model includes the Core Vessel Lid and Tent as 
part of the analysis.  The Target Assembly is mounted on the Tent, which is mounted on the Lid.  This 
combination gives overall deflections which are needed to verify that during operations or upset load 
conditions that there is no part interference with other components inside the Core Vessel.  The CAD 
model is fully detailed with fasteners, sensors, electronics, etc.  These components were deleted out of the 
assembly, as well as any component that was not part of the load bearing structure.  O Rings, glands, and 
gaskets were removed.  Shims and alignment features were removed.  All the stenciled or etched text was 
removed.  The piping was converted to 2D bodies, the shroud around the water manifold is a sheet metal 
design and those components were also converted to 2D bodies. 

Figure 2 is a view of the initial step file opened in Spaceclaim before any simplifications were made.   
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Figure 6 Target Assembly CAD Model  

Figure 3 shows the FEA model after simplification. 
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Figure 7 Target Assembly ANSYS Model 

Figure 4 shows an example of simplified components.  There are 20 Segments in the assembly, since they 
are all the same and require a complex mesh, only 4 are used in this model.  The remaining segments are 
replaced with ‘dummy’ Segments that are mostly 1D beam models that replace the constant cross section 
areas with beam sections and solid bodies where the cross section changes.  The solid bodies are a place 
to anchor the beam ends.  Figure 3 shows there are 4 full Segments, one at each of the principal 
directions, -X, +X, -Z and +Z.  The load conditions are all applied in one of those principal directions so 
the worst of the load would act on one of those Segments.  
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Figure 8 Target Assembly Example of Simplified Areas 
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Figures 5 and 6 show the two main coordinate systems used, the coordinate system in Figure 5 is located 
where the beam hits the Target in the MRA, it is the global origin for everything in the Core Vessel.  A 
second coordinate system is required for the inertia loads that is on the center axis of the rotating 
components.  The principal directions stayed consistent, the origin was just moved as seen in Figure 6.      
 

 
Figure 9 Target Assembly Default Coordinate System 

 
Figure 10 Coordinate System for Inertia Loads 
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3.1.2 Target Segment 

The Segment is a critical component and has its own analysis to focus on key features.  The Segment 
body is a weldment with both 2D and 3D elements, the 2D elements being internal piping.  There is a 
single bolt at the top of the Segment, this bolt is replaced with a beam connection.  The bolted joint is also 
a water connection for cooling the Segment Foot, there are two O Rings the require this joint to stay 
compressed to prevent any leaking.  A cutout of the Crown is included in the Segment model to provide 
both sides of the sealing interface.  The second point of constraint for the Segment is at the foot, a 
triangular pin.  The Segment model was simplified by removing all the of the rounds.  The weld thickness 
for each joint was imprinted and only the weld size was used for the bonded interface.  The split sections 
are stitch welded together, for this connection the parts were modeled with a repeating feature the size and 
length of the weld and then the two halves were merged into one body.  Finally, there are some plugs for 
the piping that are welded in, those plugs also were merged into the parent body.     
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Figure 11 Segment CAD Model vs FEA Model 

Figures 11 and 12 show an overall view and a close up view of the CAD model, starting on the left, and 
it’s cross section then a comparison view of the simplified FEA model and it’s cross section view is 
shown on the right. 
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Figure 12 CAD Model vs FEA Model 

 
 
The ‘foot’ of the Segment, which contains the actual Target, has been evaluated separately in document.  
The foot is included in this model but only to serve as weight.  Figure 13 shows simplified foot on top 
with the just the Inconel shell used.  The Inconel density is adjusted so the weight is equivalent to the 
actual foot.  Below the FEA foot is the actual Target foot with the stack of Tungsten shown.   
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Figure 13 Target Foot Comparison 
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Figure 14 Segment Foot Pin, Side View 

 
The Segment foot pin is a critical point in the analysis as it is one of two connections hold the Segment in 
place.  When a Segment is replaced, it is lowered by crane until this pin (purple component) has aligned 
and engaged in the feature on the Shaft (blue component).  The tapered fit helps with installation and the 
triangular feature, Figure 15, keeps the Segment from rotating about it’s vertical axis. 
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Figure 15 Segment Foot Pin Bottom View 

 

 

3.1.3 Target Shaft 

The Shaft is singled out as well for a closer evaluation.  The Shaft is held together by 10 Tie Rods that use 
a preload force to clamp three sections together, part of the Crown is included in the model and all the 
Segments are used.  The Crown is simplified and cut to use just the lower section, enough for the Tie 
Rods.  The Segments are also simplified to down to be mostly beam sections that represent the constant 
cross section lengths with solid bodies at the transition areas to anchor the beams.  The lower section of 
the Shaft contains water cooling channels with several welded in components.  The holes have been 
removed from this area, and the welded components are bonded to the shaft. 
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Figure 16 Target Shaft Model 
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Figure 17 Shaft Cooling Channels Simplified 

The Tie Rods are imported from Spaceclaim as beam elements so they will be included here, they are 
M16 threads made with Inconel 718. 
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Figure 18 Tie Rod Material and Properties 
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Figure 19 Snubber Ring Interface 

 
The Snubber Ring is the seismic restraint feature for the lower end of the Target Shaft.  It is bolted to the 
shield blocks below the Shaft.  In normal operation the Shaft should not interfere with the Snubber Ring. 
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Figure 20 Snubber Ring Interface, Side View 

3.1.3.1 Snubber Ring Analysis 

 
The model for the Snubber Ring analysis is just the ring itself with a simplified version of the lower shaft.  
In this model the Snubber ring is moved in contact with the shaft.  The water channels in the main body 
are removed except for the component that is in contact with the ring.  The welded in water channel 
bodies are removed for simplicity. 
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Figure 21 Snubber Ring Model 
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Figure 22 Snubber Ring Model, Section View 

 

3.1.4 Crown and Drive 

The final subassembly is to focus on the Crown and the drive bearings, a portion of the Crown is included 
in the other subassemblies because it is a key component in the Target Assembly’s design.  This model 
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also includes all the nonlinear material properties.  The geometry of the Drive model is simplified down 
to just the main components around the bearing assembly.  The components above and below the Crown 
were simplified down to basic shapes for a simpler mesh.     

 

 

Figure 23 Crown and Drive Model Geometry 

 
Figure 22 shows, by color, the components that are stationary and the rotating components in the Drive 
assembly.  The mounting point at the Core Vessel lid is the fixed point to resist rotation of the Target.  
The drive uses 3 bearings for rotation and the motor is located above the bearings and provides the torque 
for rotation. 
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Figure 24 Drive Assembly Rotating Components 

Figure 23 gives a simple view of how the load is transferred from the Crown/Shaft/Segments through the 
bearings and into the Core Vessel lid.  This attachment point at the Crown is the only area supporting the 
entire Shaft and 20 Segments, essentially the part of the assembly below this attachment point is a 
pendulum.  This reinforces the importance of the Snubber ring to help restrain any seismic movement. 
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Figure 25 Drive Assembly Load Path 
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Figure 26 Crown and Drive Model Geometry 

 
 

Figure 15 shows how the Shaft was simplified, the weight of the shaft and segments were combined, and 
the density of a simple cylinder was adjusted to match the combined weight.  The shaft and segments are 
symmetric about the center axis so the CG was left alone. 
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Figure 27 Shaft Weight Comparison 

 
 
 

3.2 MATERIAL PROPERTIES 

The Target Assembly uses several different materials, Table 1 lists the materials and properties while 
Figures 26, 27, and 28 show where on the assembly, by part number, each of the components are located.  
The materials were taken from the Creo model [8]. 
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Figure 28 Manifold Area Components 
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Figure 29 Drive Area Components 
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Figure 30 Shaft / Segment Area Components 
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Table 1 Material Properties 

Component, Part 
Number 

Material/Spec Allowable 
Strength 
(BPVC)[2] 

Yield Strength 
(BPVC)[2] 

Ultimate Shear 
Strength for 
Thread Pullout 
(RCSC) [1] 

Ultimate 
Strength 
(BPVC)[2] 

Tie Rod Bolts, 
Segment Bolts 

Inconel 718, 
ASTM B637 

S=37ksi Sy=150ksi Sv=88ksi  Su =160ksi 

Crown, 1800 Inconel 625, 
AMS 5666  

S=33.3ksi Sy=50ksi Sv=60ksi Su =120ksi 

Segment, 5039 

Manifold, 19027 

Sensor Ring, 3153  

SS316L, 
ASTM A276 

S=16.7ksi Sy=25ksi Sv=38ksi Su =70ksi 

Bearing Locknut, 
17874 

9310 Steel, 
ASTM A29 

S=33.3ksi 
(A36) 

Sy=64ksi  Su=179ksi 

Manifold Shroud, 
8414 

Reluctor Drive, 3149 

6061 T6, 
ASTM B221 

S=8ksi Sy=36ksi  Su=45ksi 

Crown Sleeve, 7639 

Lower Race, 7774 

Center Housing, 6943 

100 CrMo7-3 S=33.3ksi 
(A36) 

Sy=67ksi Sv=60ksi Su=101ksi 

Upper Housing, 6939 

Lower Housing, 6930 

ASTM A830 
GR1045 

S=33.3ksi 
(A36) 

Sy=45ksi Sv=49ksi Su=82ksi 

Rocket Fins, 7765 ASTM A572 
Gr 50, Plate 

ASTM A830 
GR1045 

S=33.3ksi 
(A36) 

Sy=50ksi  Su=65ksi 

Vertical Ring 
Transfer, 7943, 7763 

Motor Ring, 19457, 
3151 

Manifold Nutplate, 
19396 

AISI 4130 
Steel 

S=33.3ksi 
(A36) 

Sy=45ksi Sv=48ksi Su=81ksi 
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Crown Insert, 57012 Nitronic 60 
ASTM A276 

S=16.7ksi 
(316L) 

Sy=50ksi Sv=52ksi Su=95ksi 

 

Note that for steel alloys not listed in Section II-D [2] the allowable stress value for A36 Steel will be 
used in place.  The alloys used in the Target Assembly are higher strength steel and A36 strength is a 
conservative value.  The same is true for Nitronic 60, a conservative 316L strength is used in its place. 

 

Table 2 Fasteners 

Fastener Location Grade / Yield Strength Size Part Number 

Rocket Fin to Tent (Circular pattern) CLASS 12.9 Steel, 136ksi, ISO 
4762, 898-1 

M10X1.5, 70 91310A650 

Rocket Fin to Lower Housing CLASS 12.9 Steel, 159ksi M10X1.5, 220 91290A160 

Upper Housing to Lower Housing CLASS 12.9 Steel, 159ksi M10x1.5, 140 91290A556 

Rocket Fin to Tent CLASS 12.9 Steel, 159ksi M16X2, 50 91290A820 

Vertical Load Ring to Crown Sleeve CLASS 12.9 Steel, 159ksi M10x1.5, 50 91290A218 

Motor to Motor Ring CLASS 12.9 Steel, 159ksi M6X1, 30 91290A332 

Segment to Crown Insert Inconel 718, 150ksi M16X2, 153  

Crown to Shaft Inconel 718, 150ksi M16X2, 3685  

Manifold to Crown CLASS 12.9 Steel, 159ksi M10x1.5, 120 91290A129 

Center Race to Lower Housing CLASS 12.9 Steel, 159ksi M10x1.5, 34  

 

Table 3 Threaded Components 

Threaded Component Material Thread Size Depth 

Crown Sleeve 100 CrMo7-3 M10x1.5 25mm 

Lower Housing ASTM A830 GR1045 M10x1.5 24mm 

Tent 316L M16x2 20mm 

Motor Ring, 19457, 3151 316L M6x1 16mm 

Bearing Locknut, 17874, HM 52T 9310 Steel / 100 CrMo7-3 TR260x4 36mm 

Crown Locknut, 17606, HM 3052 9310 Steel / 625 TR260x4 34mm 
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Manifold Nutplate 8620 Steel M10x1.5 29mm 

Shaft 718 / 316L M16x2 60mm 

Crown Insert Nitronic 60 / 625 M24x3, M16x2 38mm, 30mm 

 

Material properties from Section II D [2] are shown below: 

 

Figure 31 Carbon and Stainless Steel Modulus of Elasticity 

 

 
Figure 32 Inconel 625 and 718 Modulus of Elasticity 
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Figure 33 Carbon and Stainless Steel Poisson's Ration and Density 
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Figure 34 6061, Inconel 625 and 718 Poisson's Ratio and Density 

 

 
Figure 35 Carbon Steel CTE 
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Figure 36 Stainless Steel 316 CTE 

 

 
Figure 37 Inconel 625 CTE 

 

 
Figure 38 Inconel 718 CTE 
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Figure 39 Aluminum 6061 CTE 
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Figure 40 Carbon and Stainless Steel Yield and Allowable Stress 
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Figure 41 Inconel 625 Yield and Allowable Strength 
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Figure 42 Aluminum 6061 Yield and Allowable Strength 

 
 
Table 4 Material Properties Summary 

Material @70F Density (lbm/in3) CTE (1/F) E (psi) Poisson Yield (ksi) 
316 (S31603) 0.29 8.50E-06 28300000 0.31 25 
A36 (K02600) 0.28 6.40E-06 29700000 0.3 36 
718 (N07718) 0.297 7.10E-06 28900000 0.31 150 
625 (N06625) 0.305 6.70E-06 30000000 0.31 50 

6061 (A96061) .098 12.1E-06 10000000 .33 35 
 



 

49 
 

 
Figure 43 316L Cyclic and Perfectly Plastic Model 



 

50 
 

 
Figure 44 316L Elastic Plastic Model 
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Figure 45 316L Elastic Plastic Model 
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Figure 46 Carbon Steel (A36) Cyclic and Perfectly Plastic Model 
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Figure 47 Carbon Steel (A36) Elastic Plastic Model 
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Figure 48 625 Cyclic and Perfectly Plastic Model 
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Figure 49 625 Elastic Plastic Model 
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Figure 50 6061 T6 Model 

 

3.3 REQUIREMENTS AND LOADS 

3.3.1 Load Parameters 

Load cases used in this analysis are based on the system requirements.  The Target Assembly has four 
Requirements documents covering the main assembly, shaft, segment, and drive system [8][9][10][11].  
There are additional parameters needed for the load cases that come from Interface Sheets, these 
documents are referenced from the Requirements documents.  The first requirements covered are code 
based.   

Table 5 Code Based Requirements 

Component Number Description 

Target 
Assembly 

3006 - Design 
Loads and 
Acceptance 
Criteria 

Target assembly shall be designed so that limit states (structural integrity) 
are maintained under all load combinations (including seismic). Loads and 

limit states defined by listed codes/criteria (ASME / ASCE 7 / RCSC / 
NASA / judgement / datasheets) for multiple failure modes. 

Target Shaft 

1687 - Design 
Loads and 
Acceptance 
Criteria 

Shaft shall be designed so that limit states are maintained under all load 
combinations (including seismic); evaluated per ASME/ ASCE 7/ RCSC/ 

NASA/ judgement/ datasheets (table). 

Target 
Segment 

1600 - Design 
Loads and 
Acceptance 
Criteria 

Segment shall be designed so that limit states are maintained under all load 
combinations (including seismic); evaluated per ASME / ASCE7/ RCSC/ 

NASA/ judgement/ datasheets (table). 

 

The ASME code is the source for all the design and operating loads with ACSE 7 providing the seismic 
criteria.  Using the results from the design and operating loads, RCSC and NASA provide fastener 
acceptance criteria.  The ASME code used in this analysis is BPVC Section VIII Div 2, note that the 
Target Assembly is not a pressure vessel however, the loads and allowable properties are construed so 
they are applicable to the Target analysis. Table 5 shows the Load Combination Parameters used in the 
Load Cases. 
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Table 6 Section VIII Div 2 Parameters 

 

The parameters used in this analysis are Pressure, Deadload, Live load, Earthquake and Temperature.  
Starting with Pressure loads, these values are obtained from the Remote Handling Interface Sheet [12] 
and the Process Systems Interface Sheet [13].  In Remote Handling operations the cooling lines will be 
purged with air, so no head is included with this pressure.  The Process Systems Interface Sheet shows the 
water pressure, this would require the static head included.  Table 6 shows the air pressure value 
bounding the water pressure so for simplicity only the relief pressure of 125psi is used for the P value. 

Table 7 Pressure Loads 

Component Source Parameter Value Fluid 

Target 
Assembly 

IS - Target Assembly - 
Target Process 
Systems 

MAWP 75 PSIA Water 

Target 
Assembly 

IS - Target Assembly - 
Remote Handling 

Relief Pressure / 
Operating Pressure 

125 PSI / 100 
PSI 

N2 or Dry Air 
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The Deadload Parameter is covered in the material properties in the Finite Element model, the correct 
density is assigned to each component and the gravity load captures this parameter.  The Target Assembly 
has two Live loads, there is a rotational velocity and a rotational acceleration.  There are several 
requirements covering these parameters shown in Table 7. 

Table 8 Live Load Requirements 

Component Number Description 

Target Drive 
1666 - Drive 
Spurious Stop 

Drive components shall not undergo permanent 
deformation after a sudden stop (deceleration from full 

speed using peak motor torque). 

Target Shaft 
1694 - Shaft 
Spurious Stop 

Shaft shall have FOS > 1 during a Spurious Stop Event. 

Target Shaft 

1693 - Drive 
Segment Connection 
Spurious Stop 
Survival 

Connection between the segment and the drive shall 
survive a spurious stop event without plastic deformation. 

Target 
Segment 

1605 - Segment 
Spurious Stop 

Segment shall not undergo permanent deformation after a 
sudden stop (deceleration from full speed using peak 

motor torque). 

Target 
Assembly 

1543 - Spurious Stop 
Survival 

The segments shall not undergo permanent deformation 
after a sudden stop, where a stop is defined as a 

deceleration from full speed using the peak torque of the 
motor. 

Target 
Assembly 

3597 - Start up time 
The target assembly shall have torque and power to 

achieve 45 rpm within 10 minutes from rest. 

 

Requirement 3597 gives the rotational velocity, the rest cover the rotational acceleration due to an sudden 
stop.  To determine what value is needed for the rotational acceleration the peak torque of the motor is 
needed.  Using the part number from the model [1], Table 8 shows the torque values for this class of 
motor.  Also taken from the model is the inertia of the system, shown in Figure 37.    
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Table 9 Motor Torque Values [2] 

 

 

 

Figure 51 Target Assembly Inertia 

 
Some quick math shows what the acceleration on the system is for a 2400Nm torque and an inertia value 
of I1 and the time to decelerate from 45rpms. 
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Figure 52 Sudden Stop Deceleration 

For conservatism a sudden stop of 1 second will be used as the design load L and a gradual stop of 10 
seconds will be used as the operation live load Lo.  Velocity will be the same for both design and 
operating load parameters. 
 

 
Figure 53 Live Load Values 

 

The next parameter to define is the Earthquake load, this is defined by ACSE 7 [1].  Using the ASCE 7 
Hazard Tool the parameters for the seismic loads are found for the Second Target Station site. 
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Figure 54 ASCE 7 Hazard Tool Results for STS 

Per DOE-STD-1020 [2] and STS-NPH-BOD [3] the design shall use SDC 2 and limit state C for 
Importance Factor and Response Modification. 
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Figure 55 Method for Seismic Load 
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Figure 56 Seismic Coefficient Calculation 

The seismic parameter E is defined as 0.65g. 
 

The final parameter to define is temperature, the temperature data comes from a separate analysis [2] 
where the thermal data is imported to the finite element model as external data that is mapped onto the 
assembly.  Note that the temperature parameter is the same for design and operating loads. 

With the load parameters defined the remaining requirements can be detailed, Table 9 shows the lifespan 
requirements for the components listed.   

Table 10 Cyclic Requirements 

Component Number Description 
Target 
Assembly 

1447 – Operational 
Lifetime 

The system shall be capable of use for at least 40 years. 



 

64 
 

Target Shaft 1677 - Shaft Lifetime The system shall be capable of use for at least 40 years. 

Target Segment 
1574 - Segment 
Lifetime 

Segment Fatigue margin shall be >1 for a 10-year operational 
life for structural materials with the following 

load combinations: 

Target 
Assembly 

Interface Sheet – 
Target Systems 

The Target Systems design shall allow for greater than 5000 
hours of proton beam on target per year 

 

Section VIII Div 2 covers lifespan analysis and with the motor speed, hours per year and number of years 
the total number of cycles can be calculated for S-N curves.  The calculations are shown here in Figure 
40.    

 

Figure 57 Required Cycle Count 

In addition to live load cycles there is a cycle count for a thermal load, beam trips are a cooling down 
cycle from the stead state operating temperature.  The cycle count for beams trips is 105 [5]  
 
Deflection in the system is also requirement; the Target should not make contact with neighboring 
components during any of the load cases.  Only elastic load cases are used for this check.  The 
requirements are shown in Table 10. 
 
Table 11 Deflection Requirements 

Component Number Description 

Target 
Assembly 

3297 - Deflections & 
Errors 

Target assembly boundary shall not deviate more than 10 
mm horizontally or 5 mm vertically from the ideal outline 

defined in [7] under any load combinations (ASME 
BPVC/ASCE 7-16), tolerances, or accumulated errors. 

Target 
Segment 

2085 - Segment 
Rotary Deflection 

Deflection due to rotation (centripetal forces) shall not 
exceed 2.5 mm. 

Target 
Assembly 

2840 – Seismic 
Deflection 

Deflection of the target assembly at any location shall not 
exceed 8mm when subjected to seismic design 

loads set forth in ASCE 7-16, Chapter 13. 
Target 
Assembly 

1539 – Imbalance 
Deflection 

The deflection due to rotation with an unbalanced target 
shall be less than 0.25mm. 
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With all the load parameters defined, the load combinations can be defined.  The Design by Analysis 
section of Section VIII Div 2 has Elastic and Elastic Plastic load combinations, in this analysis, both are 
used.  These load combinations are used to satisfy several failure modes, these include; Local Failure, 
Plastic Collapse, Plastic Ratcheting, Cyclic Fatigue, and Buckling.  The Target Assembly is primarily 
suspended and the only components that experience compression are the bearing housings, which are 
short, thick-walled cylinders.  Therefore, Buckling is ignored in this analysis.  Table 11 shows Elastic 
Analysis load combinations. 

Table 12 Elastic Load Combinations 

 

Note that there are no Wind or Snow loads, this excludes combinations number 4, 5, 7, 13, and 15.  
Combination 18 can also be ignored due to the pressure parameter is set to the relief pressure requirement, 
so the max pressure is already being analyzed.  Looking at the Design combinations, numbers 1, 2, 3, 6, 
and 8 remain, some simplification is used to reduce this down to combinations 3, 6, and 8.  Under the 
remaining Operating combinations, only 12 is used, this is a cyclic analysis so it does not include seismic 
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loads, only operating live loads, pressure and temperature.  The elastic load combinations are used for 
validating the deflection requirements in Table 10, the elastic loads are also used for obtaining fastener 
loads.  Finally the Elastic loads are used to satisfy the Plastic Ratcheting criteria.  The elastic stress strain 
curves are set to be Perfectly Plastic at the material’s yield point.  To show there is no Plastic Ratcheting 
the Elastic analysis will show there is no plastic strain in the model. 

Table 13 Elastic Plastic Load Combinations 

 

Table 12 provides the Elastic Plastic load combinations, similar to the Elastic loads, the wind and snow 
loads can be removed.  Combinations 1, 2, and 5 are used, combination 1 is meant to be a primary 
operating case, for the Target Assembly that would include the live loads and temperature loads within 
the factored parameters.  Combination 2 and 5 offer a higher factored Live load and a seismic load.  The 
Local combo is bound by combo 1 and pressure loads are set to the relief pressure so Test pressures are 
ignored.  These loads are used to satisfy the Plastic Collapse and Local Failure criteria.  The requirements 
for Plastic Collapse are for the analysis to converge, this indicates the component is stable under the 
applied loads.  
 
The criteria for Local Failure is to determine the limiting triaxial strain and compare that the plastic strain 
is less than or equal to that value.  If the components had any cold working that would be a contributing 
factor but the components in this analysis are not cold worked.  The expression for triaxial strain is shown 
in Figure 42. 
 

 
Figure 58 Triaxial Strain Limit 

The full calculations for this strain limit are shown in the Appendix calculations, but most of these 
parameters are outputs in ANSYS, the principal stresses and equivalent stress are pulled from the analysis 
results and entered into a User Defined result that plots the strain comparison. 
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Table 14 Analysis Load Cases 

Model Type Combination Requirement Failure Criteria 
Target 
Assembly Elastic  (3) P+D+L+T 3006, 3297, 2085 Deflection 
Target 
Assembly Elastic (6) P+D+0.7E 3006, 3297,  Deflection 
Target 
Assembly Elastic (8) P+D+0.53E+0.75L 3006, 3297,  Deflection 
      

Segment/Bolt Elastic (3) P+D+L+T 
1574, 1600, 
2085, 1605 

Plastic Ratchet, 
Fastener, Cyclic, 
Deflection 

Segment/Bolt Elastic (6) P+D+0.7E 1600 
Plastic Ratchet, 
Fastener, Deflection 

Segment/Bolt Elastic (8) P+D+0.53E+0.75L 1600 
Plastic Ratchet, 
Fastener, Deflection 

Segment EP (1) 2.4(P+D+L+T) 1600 
Plastic Collapse, Local 
Failure 

Segment EP (2) 2.1(P+D+T)+2.7(L) 1600 
Plastic Collapse, Local 
Failure 

Segment EP (5) 2.1(P+D+T)+1.7(E)+1.7(L) 1600 
Plastic Collapse, Local 
Failure 

      

Shaft/Tie Rods Elastic (3) P+D+L+T 1677, 1693, 1687 

Plastic Ratchet, 
Fastener, Cyclic, 
Deflection 

Shaft/Tie Rods Elastic (6) P+D+0.7E 1687 
Plastic Ratchet, 
Fastener, Deflection 

Shaft/Tie Rods Elastic (8) P+D+0.53E+0.75L 1687 
Plastic Ratchet, 
Fastener, Deflection 

Shaft EP (1) 2.4(P+D+L+T) 1687 
Plastic Collapse, Local 
Failure 

Shaft EP (2) 2.1(P+D+T)+2.7(L) 1687 
Plastic Collapse, Local 
Failure 

Shaft EP (5) 2.1(P+D+T)+1.7(E)+1.7(L) 1687 
Plastic Collapse, Local 
Failure 

      

Drive/Fasteners Elastic (3) P+D+L+T 1666, 3006 

Plastic Ratchet, 
Fastener, Cyclic, 
Deflection 

Drive/Fasteners Elastic (6) P+D+0.7E 3006 
Plastic Ratchet, 
Fastener, Deflection 

Drive/Fasteners Elastic (8) P+D+0.53E+0.75L 3006 
Plastic Ratchet, 
Fastener, Deflection 
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Drive EP (1) 2.4(P+D+L+T) 3006 
Plastic Collapse, Local 
Failure 

Drive EP (2) 2.1(P+D+T)+2.7(L) 3006 
Plastic Collapse, Local 
Failure 

Drive EP (5) 2.1(P+D+T)+1.7(E)+1.7(L) 3006 
Plastic Collapse, Local 
Failure 

 

3.3.2 Weld Strength 

Weld design allowable strength come from AWS D1.6  [1], the welds in this analysis are all complete 
joint thickness.  Fatigue lifespan uses the same SN curve as the parent material as all welds are machined 
and inspected per Section VIII Div 2, 5.5.5.1 [2]. 

Table 15 AWS D1.6 Allowable Weld Stress 

 
 
 
In the examples of prequalified welds there is a commonality between the CJP welds, that is if the root of 
the weld cannot be back gouged a backing strip is required.  The welded joints on the Target shaft and 
segment are designed with an alignment feature that acts like a backing strip.  The figure below shows an 
example of the typical design used in the welded joints.   
 



 

69 
 

 
Figure 59 Typical Welded Joint Design 

 
The next figure shows a prequalified CJP corner joint, note the callout for a backing strip. 
  

 
Figure 60 AWS D1.6 CJP Weld Example 

Finally, an example comparing the prequalified CJP joint to the joint design of the segment foot pin.  
Therefore, it is safe to assume that because the welds have a backing strip for the filler metal to bond with 
and not an unshielded open root with crack forming potential, they can use allowable strength criteria for 
CJP welds.  The weld as modeled in the FEA model would take on the thickness of the T1 dimension. 
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Figure 61 Segment Weld Compared to CJP Weld 

3.3.3 Fastener Calculations 

See section 5.1.4.3 for details on the fasteners, method and results. 
     

3.3.4 Fatigue Analysis 

The fatigue analysis loosely follows the elastic method in Section VIII Div 2 5.5.4 [9], using equation 
5.48, the analysis simply compares allowable cycles to required cycles.  Instead of ‘damage’ reported that 
the code uses, a safety factor plot is shown.  The allowable cycles for each material comes from Annex 3-
F.1 [9], shown in Figure 60.  An example calculation is shown here for 316 SS, the remaining material 
calculations can be found in the Appendix.   
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Figure 62 Fatigue Calculation Method, 300 Series Stainless Steel 

 
 
A range for the stress amplitude is selected to get a wide range of points for the SN curve.  ANSYS will 
only give results that are within the max and min stress amplitude so it is important to get a good set of 
data points for the curve.   
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Figure 63 Stainless Steel Example Calculation 
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3.3.5 Snubber Ring Load 

The Snubber Ring analysis is a requirement that the shaft must be able to rest on the Snubber ring for 
installation or maintenance purposes.  The check is simply a force applied to the top of the lower shaft 
that is equal to the weight of the components above it.  The weight of the Target Assembly [2] is 
42000lbf.   
 

 
Figure 64 Snubber Requirement 

 

 
Figure 65 Snubber Force 
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4. NUMERICAL MODEL OR SIMULATION 

4.1 SOFTWARE 

 
ANSYS o 2025 R2 

o Point Releases and Patches installed: 
o Discovery (reduced install) 2025 R2 
o Core WB Files 2025 R2 
o Remote Solve Manager Standalone Services 2025 

R2 
o Aqwa 2025 R2 
o Autodyn 2025 R2 
o ICEM CFD 2025 R2 
o Material Calibration App 2025 R2 
o Mechanical Products 2025 R2 
o Motion 2025 R2 
o ACIS Geometry Interface 2025 R2 
o AutoCAD Geometry Interface 2025 R2 
o Catia, Version 4 Geometry Interface 2025 R2 
o Catia, Version 5 Geometry Interface 2025 R2 
o Catia, Version 6 Geometry Interface 2025 R2 
o Creo Elements/Direct Modeling Geometry 

Interface 2025 R2 
o Creo Parametric Geometry Interface 2025 R2 
o Inventor Geometry Interface 2025 R2 
o JTOpen Geometry Interface 2025 R2 
o NX Geometry Interface 2025 R2 
o Parasolid Geometry Interface  2025 R2 
o Solid Edge Geometry Interface 2025 R2 
o SOLIDWORKS Geometry Interface 2025 R2 
o Ansys, Inc. License Manager 2025 R2 
o Granta Selector 2025 R2 

 
Mathcad Prime 9.0 
PC Used:  

o Device name LAP137768 
o Full device name

 LAP137768.ornl.gov 
o Processor 13th Gen Intel(R) 

Core(TM) i9-13950HX (2.20 GHz) 
o Installed RAM 64.0 GB (63.6 GB 

usable) 
o Device ID 7696314F-4B34-

40AF-8834-B5CC7ED85C2D 
o Product ID 00329-00000-

00003-AA423 
o System type 64-bit operating 

system, x64-based processor 
 

Edition  
Windows 11 Enterprise 

Version 24H2 
Installed on 8/7/2025 
OS build 26100.7462 

Experience  
       Windows Feature Experience Pack 1000.26100.275.0 
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4.2 UNIT SYSTEM 

In this analysis the US Customary system in ANSYS is used. 

 

Figure 66 Unit System 

4.3 DISCRETIZATION 

4.3.1 Target Assembly 

The full model of the Target Assembly is a large complex assembly, most of the components are meshed 
automatically.  The Target Assembly model isn’t used for detailed stress results like the smaller models 
but for overall displacement.  The pipes are converted to shell elements and the Manifold Shroud is 
converted to shell elements.  The Segment dummy models use 1D beam elements, the remaining parts are 
3D solid elements.   
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Figure 67 Target Assembly General Mesh Settings 

 
Figure 68 Target Assembly Mesh Sizing and Methods 
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Figure 69 Water Union Mesh 
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Figure 70 Water Union Mesh Quality 
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Figure 71 Manifold Shroud Mesh 
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Figure 72 Manifold Shroud Mesh Section 
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Figure 73 Shroud Mesh Method, 2D Elements 

 
 
 

 
Figure 74 Shroud Mesh Sizing, 2D Elements 
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Figure 75 Shroud Mesh Method, 3D Elements 

 
 

 
Figure 76 Shroud Mesh Sizing, 3D Elements 
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Figure 77 Shroud Mesh Quality 
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Figure 78 Water Manifold Mesh 
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Figure 79 Water Manifold Mesh, Section 
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Figure 80 Water Manifold Mesh Method 

 

 
Figure 81 Water Manifold Mesh Sizing, 3D Elements 
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Figure 82 Water Manifold Mesh Sizing, 2D Elements 

 

 
Figure 83 Water Manifold Mesh Quality 
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Figure 84 Upper Crown Mesh 
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Figure 85 Upper Crown Mesh, Section 
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Figure 86 Mid Crown Mesh 
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Figure 87 Mid Crown Mesh, Section 
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Figure 88 Lower Crown Mesh 
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Figure 89 Lower Crown Mesh, Section 
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Figure 90 Crown Mesh Sizing 

 

 
Figure 91 Upper Crown Mesh Quality 
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Figure 92 Mid Crown Mesh Quality 

 

 
Figure 93 Lower Crown Mesh Quality 
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Figure 94 Inner Housing Mesh 
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Figure 95 Inner Housing Mesh, Section 
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Figure 96 Inner Housing Mesh Method 

 

 
Figure 97 Inner Housing Mesh Sizing 

 

 
Figure 98 Inner Housing Mesh Sizing 
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Figure 99 Inner Housing Contact Sizing 

 

 
Figure 100 Inner Housing Contact Sizing 
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Figure 101 Inner Housing Contact Sizing 

 

 
Figure 102 Inner Housing Contact Sizing 
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Figure 103 Inner Housing Contact Sizing 

 

 
Figure 104 Inner Housing Mesh Quality 
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Figure 105 Outer Housing Mesh 
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Figure 106 Outer Housing Mesh, Section 
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Figure 107 Rocket Fins Mesh 

 

 
Figure 108 Rocket Fins Mesh, Section 
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Figure 109 Motor Mesh 
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Figure 110 Motor Mesh, Section 
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Figure 111 Outer Housing, Motor, Rocket Fins Mesh Method 

 

 
Figure 112 Rocket Fins Mesh Sizing 

 

 
Figure 113 Rocket Fins, Housing Contact Sizing 
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Figure 114 Outer Housing Contact Sizing 

 

 
Figure 115 Outer Housing Contact Sizing 

 

 
Figure 116 Motor Contact Sizing 
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Figure 117 Outer Housing, Rocket Fins Mesh Quality 
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Figure 118 Shaft Mesh 
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Figure 119 Shaft Mesh 
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Figure 120 Shaft Mesh 
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Figure 121 Shaft Mesh, Section 

 



 

114 
 

 
Figure 122 Shaft Mesh 
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Figure 123 Shaft Mesh, Section 
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Figure 124 Shaft Mesh 
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Figure 125 Shaft Mesh, Section 
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Figure 126 Shaft Mesh Sizing 

 

 
Figure 127 Shaft Mesh Method 
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Figure 128 Shaft Mesh Method 

 

 
Figure 129 Shaft Mesh Method 
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Figure 130 Shaft Mesh Sizing 

 

 
Figure 131 Shaft Mesh Method 
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Figure 132 Shaft Piping Mesh Size 

 
 

 
Figure 133 Shaft Contact Sizing 
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Figure 134 Shaft Contact Sizing 

 
 

 
Figure 135 Shaft Contact Sizing 
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Figure 136 Shaft Contact Sizing 

 

 
Figure 137 Shaft Mesh Quality 
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Figure 138 Shaft Mesh Quality 

 

 
Figure 139 Shaft Mesh Quality 
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Figure 140 Shaft Mesh Quality 
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Figure 141 Segment Mesh 
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Figure 142 Segment Mesh, Section 
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Figure 143  Segment Mesh 
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Figure 144 Segment Mesh, Section 
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Figure 145 Segment Mesh 
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Figure 146 Segment Mesh, Section 
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Figure 147 Segment Mesh 
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Figure 148 Segment Mesh, Section 
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Figure 149 Segment Mesh 
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Figure 150 Segment Mesh, Section 
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Figure 151 Segment Mesh Method 
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Figure 152 Segment Contacts to Contact Sizing and Contact Matching 
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Figure 153 Segment Contact Sizing 

 

 
Figure 154 Segment Pipe Mesh Sizing 
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Figure 155 Segment Mesh Quality 

 

 
Figure 156 Segment Mesh Quality 
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Figure 157 Segment Mesh Quality 

 

 
Figure 158 Segment Mesh Quality 
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Figure 159 Segment Mesh Quality 

 

 
Figure 160 Segment Mesh Quality 



 

142 
 

 
Figure 161 Dummy Segment Mesh 
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Figure 162 Dummy Segment Mesh 
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Figure 163 Dummy Segment Mesh 
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Figure 164 Dummy Segment Mesh 
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Figure 165 Dummy Segment Mesh 

 

 
Figure 166 Dummy Segment Mesh Sizing 
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Figure 167 Dummy Segment Mesh Quality 

 

 
Figure 168 Dummy Segment Mesh Quality 
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Figure 169 Tent Mesh 

 

 
Figure 170 Tent Mesh, Section 
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Figure 171 Tent Mesh Method 

 

 
Figure 172 Tent Mesh Sizing 

 

 
Figure 173 Tent Mesh Quality 
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Figure 174 Tent Mesh Quality, Section 

 
 

 
Figure 175 Lid Mesh 
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Figure 176 Lid Mesh, Section 

 
 

 
Figure 177 Lid Mesh Method 

 
 

 
Figure 178 Lid, Tent Contact Sizing 
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Figure 179 Lid Mesh Quality 

 

 
Figure 180 Lid Mesh Quality, Section 
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4.3.2 Target Segment 

The Target Segment model is meshed with the intent of obtaining accurate stress values that the full 
assembly can’t provide with its coarser mesh.  The top of the model is the segment bolt and water seal 
interface with the Crown.  There is piping that runs through the segment and shell elements are used.  The 
solid bodies of the Segment have complex geometry and mostly high order tetrahedral elements are used.  
Contact Sizing and a Contact Match Group are used with each weld interface and the water seal interface.     

 

 

Figure 181 Segment Mesh 
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Figure 182 Segment Mesh, Section 
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Figure 183 Segment Mesh 
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Figure 184 Segment Mesh, Section 
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Figure 185 Segment Mesh 
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Figure 186 Segment Mesh, Section 
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Figure 187 Segment Mesh 
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Figure 188 Segment Mesh, Section 
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Figure 189 Segment Mesh 
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Figure 190 Segment Mesh, Section 
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Figure 191 Segment Contact Sizing 
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Figure 192 Segment Contact Sizing 
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Figure 193 Segment Pipe Sizing 
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Figure 194 Segment Contact Sizing 
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Figure 195 Segment Contact Sizing 
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Figure 196 Segment Contacts to Contact Sizing and Contact Matching 



 

169 
 

 

 

 

Figure 197 Segment Contact Matching 
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Figure 198 Segment General Mesh Settings 
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Figure 199 Segment Mesh Quality 

 

Figure 200 Segment Mesh Quality 
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Figure 201 Segment Mesh Quality 

 

 

Figure 202 Segment Mesh Quality 
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Figure 203 Segment Mesh Quality 

 

 

Figure 204 Segment Mesh Quality 
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Figure 205 Segment Mesh Quality 

 

4.3.3 Target Shaft 

The Target Shaft and Segments use more Contact Sizing and Contact Match Groups to align nodes at part 
interfaces.  The actual segment models are replaced with the beam models and the Tie Rod bolts are 
replaced with beam elements, the rest are solid elements. 
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Figure 206 Shaft General Mesh Settings 
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Figure 207 Target Shaft Mesh 
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Figure 208 Shaft Additional Mesh Settings 

 

 
Figure 209 Crown Boundary Condition Mesh Sizing 

 

 
Figure 210 Crown to Shaft Contact Sizing 
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Figure 211 Tie Rod Joint Contact Sizing 

 

 
Figure 212 Shaft Middle Joint Contact Sizing 

 

 
Figure 213 Shaft Weld Contact Sizing 
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Figure 214 Lower Shaft Mesh Sizing 

 

 
Figure 215 Snubber Ring Face Sizing 
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Figure 216 Lower Shaft and Shaft Weld Mesh 
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Figure 217 Lower Shaft and Shaft Weld Mesh, Section 
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Figure 218 Shaft Tie Rod Joint Mesh 
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Figure 219 Shaft Tie Rod Joint, Section 
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Figure 220 Shaft Middle Joint Mesh 
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Figure 221 Shaft Middle Joint Mesh, Section 
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Figure 222 Crown to Shaft Joint Mesh 
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Figure 223 Crown to Shaft Joint Mesh, Section 
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Figure 224 Shaft Mesh Quality 

 

 
Figure 225 Shaft Mesh Quality 
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Figure 226 Shaft Mesh Quality 

 

 
Figure 227 Shaft Mesh Quality 
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Figure 228 Dummy Segment Mesh Quality 

 

 
Figure 229 Dummy Segment Mesh Quality 
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4.3.3.1 Snubber Ring 

 
Figure 230 Snubber Ring Mesh Details 
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Figure 231 Snubber Ring Mesh, Section View 
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Figure 232 Snubber Ring Mesh Contact Sizing 
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Figure 233 Snubber Ring Mesh Quality 
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Figure 234 Snubber Ring Mesh Quality, Section View 

 
 

 

4.3.4 Crown and Drive 

The Crown model’s mesh was mostly default, the global size was set to 1.5 inches for the Shaft, Union, 
and Manifold that were included just for weight on the Crown. 
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Figure 235 Crown General Mesh Settings 
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Figure 236 Crown Model Mesh 
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Figure 237 Water Union and Manifold Mesh 
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Figure 238 Water Union and Manifold Mesh, Section 
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Figure 239 Upper Crown Mesh 
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Figure 240 Upper Crown Mesh, Section 
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Figure 241 Mid Crown Mesh 
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Figure 242 Mid Crown Mesh, Section 
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Figure 243 Mid Crown Mesh 
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Figure 244 Mid Crown Mesh, Section 
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Figure 245 Lower Crown Mesh 
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Figure 246 Lower Crown Mesh, Section 
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Figure 247 Inner Housing Mesh 
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Figure 248 Inner Housing Mesh, Section 
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Figure 249 Outer Housing Mesh 
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Figure 250 Outer Housing Mesh, Section 
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Figure 251 Shaft Mesh 

 
 

 
Figure 252 Drive Assembly Additional Mesh Settings 

 
 



 

213 
 

 
Figure 253 Housing Mesh Sizing 

 

 
Figure 254 Housing Mesh Sizing 
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Figure 255 Motor Contact Sizing 

 

 
Figure 256 Housing Contact Sizing 

 

 
Figure 257 Housing Contact Sizing 
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Figure 258 Housing Contact Sizing 

 

 

Figure 259 Housing Contact Sizing 

 

 

Figure 260 Housing Contact Sizing 
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Figure 261 Housing Contact Sizing 

 

 

Figure 262 Housing Contact Sizing 

 

 

Figure 263 Housing Contact Sizing 
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Figure 264 Housing Mesh Sizing 

 

 

Figure 265 Housing Contact Sizing 

 

 

Figure 266 Motor Contact Sizing 
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Figure 267 Housing Contact Sizing 

 

Figure 268 Housing Contact Sizing 

 

Figure 269 Water Union and Manifold Mesh Quality 
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Figure 270 Crown Mesh Quality 

 

 

Figure 271 Crown Mesh Quality 
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Figure 272 Crown Mesh Quality 

 

 

Figure 273 Crown Mesh Quality 
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4.4 BOUNDARY CONDITIONS 

4.4.1 Target Assembly 

The Target Assembly is supported by the Core Vessel lid.  The Core Vessel lid is only supported around 
the perimeter by the Core Vessel structure.  The boundary condition for the Target Assembly is the outer 
surface of the Core Vessel lid.  The fixed constraints have all DoF fixed. 

 

Figure 274 Target Assembly Boundary Condition 

 

4.4.2 Target Segment 

The Segment boundary conditions are at two points, the Segment bolt at the top and the foot pin at the 
bottom.  The upper bolt threads into the Crown, to keep the model small, only the portion of the Crown 
needed to model the bolted joint is used at the upper boundary condition.   

  

Figure 275 Segment Upper Fixed Constraint 

A fixed constraint is applied to the ‘inner’ surfaces of the Crown cutout.  The lower segment uses a cutout 
of the Target Shaft for the Segment lower pin.   
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Figure 276 Segment Lower Fixed Constraint 

4.4.3 Target Shaft 

The Target Shaft model is constrained at a cut through the Crown, the Segments and Shaft are 
unsupported below the Crown.   

 

Figure 277 Target Shaft Constraint 

 

4.4.3.1 Snubber Ring 

The Snubber Ring analysis uses the ring as the fixed component and the shaft is pushed into the ring to 
simulate the requirement. 
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Figure 278 Snubber Ring Fixed Constraint 

 

4.4.4 Crown and Bearings 

The Crown model is constrained in two places, to keep the model simple, the load path from the bearings 
only goes out to the Lower Housing.  The interface between the Lower Housing and Tent is where a fixed 
constraint is applied. 
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Figure 279 Crown and Drive Model Fixed Constraint 

A second constraint was required to fix rotation about the center axis, the contact surfaces were set up 
with Frictionless surfaces to simulate actual conditions.  This leaves rotation about the Y axis free, to fix 
this, two more constraints were added to the Union at the pipe flanges.  X and Z were fixed with Y left 
free so the vertical force at the bearings wouldn’t be affected. 
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Figure 280 Crown and Drive Model Displacement Constraint 

4.5 CONTACT CONDITIONS 

Overview of the contact conditions used between different components of the system. 

4.5.1 Target Assembly 

The Target Assembly model has only linear contact interfaces, this means either Bonded or No 
Separation.  The lid and tent are not the focus of this model so those parts are all bonded together.  The 
welded joints in the Target Assembly are all bonded.  There are some bolted joints, mainly in the bearing 
and drive area, that use fasteners and No Separation, this gives a structure some freedom to flex and 
deform by the strength of the bolts rather than have one big solid brick of elements.  The No Separation 
joint allows for ‘sliding’ of the surfaces but the surfaces do not pull apart, to capture the tensile forces a 
separate submodel is used.  
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Figure 281 Target Assembly Contacts 
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4.5.2 Target Segment 

The Target Segment used two separate constraining configurations.  The reason for this is the Segment 
proved to be difficult to constrain with a single bolt at the top and a single pin at the bottom.  The model 
had enough DoF free that convergence was difficult to achieve using realistic constraints, so two different 
models were used.  The Bolt Focus model uses a nonlinear contact at the bolt interface and a linear 
contact at the pin while the Pin Focus model uses a nonlinear contact at the Pin and is bonded at the bolt 
interface.  

4.5.2.1 Bolt Focus 

The Target Segment uses several different contact conditions.  The main body is a weldment, so each 
component of the segment uses a ‘bonded’ interface.   

 

Figure 282 Segment Bonded Interfaces 

The settings for all the Bonded Interfaces are kept default.  
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Figure 283 Segment Bonded Interface Settings 

 
The Target Segment has three pipes as part of the weldment, these are 2D bodies and are bonded to the 
3D solid bodies but need different settings.  The MPC (Multi Point Constraint) setting is used with a 
Pinball radius set similar to what the weld size would be, in this case roughly the pipe thickness.  Figure 
284 shows an example of how the 2D to 3D bonded settings are configured.    
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Figure 285 Segment Pipe Interface Settings 

 
The upper bolted joint of the Segment uses a Rough interface between the Segment and the Crown.  The 
Segment model required careful constraining being only held by one bolt and one pin.  The actual 
Segment has nothing to stop rotation about the bolt axis as shown in Figure 28, however the adjacent 
Segments do provide a constraint.  This is the reason a Rough interface is used here, it will show any 
separation of the bolted interface but not allow any rotation.    
 

 
Figure 286 Segment Bolt Interface Settings 



 

230 
 

 

 
Figure 287 Segment Bolt Connection 

 
The lower pin is triangle shape to prevent rotation but allow translation on the Y axis.  The pin is also 
undersized from the mating hole to help with installation. 
 

 
Figure 288 Segment Foot Pin Geometry 

The interface used for the lower pin is a No Separation interface, this is a linear option that allows the 
surfaces to move but not separate, this way the ability for the pin to translate is captured.  A pinball radius 
is used to help with the gap on the backside of the pin, the settings are shown in Figure 47. 
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Figure 289 Segment Foot Pin Interface Settings 

 
A second interface is used at the foot pin, this interface is used only to determine if the segment is in 
contact with the shaft during any of the load combinations.  It is a frictionless interface with a Pinball 
radius to account for the initial gap. 
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Figure 290 Segment Foot Pin Frictionless Interface Settings 

The segment bolt is added in the Connection section is it is appropriate to include its properties here, note 
this interface is not used in the Elastic Plastic analysis.   
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Figure 291 Segment Bolt properties. 

 

4.5.2.2 Pin Focus 

The Pin focused model keeps all the same interfaces as the Bolt focused model with just the top and 
bottom changed.  The bolt interface goes to a bonded surface and the pin goes to a frictionless interface.  
The foot pin is not a tight fit in the shaft, a gap is there to help with installation.  The no-separation 
contact does allow any movement of the pin within the gap, so in this analysis a frictionless contact is 
used to allow the pin to move freely before contacting the sides of the hole.  
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Figure 292 Segment Bolted Interface 
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Figure 293 Segment Foot Pin Interface 

 
 

4.5.3 Target Shaft 

The main components of the Target Shaft have one welded joint and two sections are through-bolted and 
held together by the Tie Rod preload force.  The welded joint is a Bonded contact surface shown in Figure 
46. 
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Figure 294 Target Shaft Weld 

The three preloaded shaft interfaces use a Rough contact surface modeled in the E Stop and Seismic + 
Stop load cases.  There is a ‘step’ at each interface to constrain the shaft sections from moving laterally, 
see Figure 53.  A Rough interface is infinite friction but allows separation, this is a good approximation of 
how the joint actually behaves without needing additional constraints.  In the Seismic model the top Shaft 
joint with the Crown is a Frictionless interface.  The Seismic load case is the only analysis where this was 
possible, the rotational loads in E Stop and Seismic + Stop require more constraints at the interfaces since 
the tie rod beam elements don’t constrain any rotation in the two shaft sections they pass through.  The 
frictionless surface gives a better picture of how the shaft steps interact.   
 

 
Figure 295 Target Shaft Step 



 

237 
 

The Tie Rods are beam elements and need a special contact to solid elements.  ANSYS has an MPC 
option that works to tie a vertex, or beam end, to a surface on a solid body and not have rotation about the 
vertex. 
 

 
Figure 296 Tie Rod Contacts 

 
The dummy Segments are attached to the Shaft and Crown with Joints, since the Segment bolt and pin are 
covered in the Segment model analysis all that is needed here is the proper degree of freedom between the 
components. 
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Figure 297 Dummy Segment Joints 

4.5.3.1 Snubber Ring 

The Snubber Ring uses two nonlinear contacts, first, a Rough interface is between the horizontal surfaces 
of the shaft and snubber.  A Rough contact is used to prevent rotation about the center axis of the shaft 
and snubber, but it still allows separation.  The second interface is frictionless contact between the 
concentric faces of the shaft and snubber.  These surfaces have a gap between them so a pinball radius is 
used.  This interface is in place to help keep the center axis of the shaft and snubber aligned.    
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Figure 298 Snubber Ring Rough Interface 
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Figure 299 Snubber Ring Frictionless Interface 

 

4.5.4 Crown and Drive 

The Crown and Drive model is meant to focus on the bearing area of the Target.  The one-piece shaft and 
segment part is bonded to the bottom of the Crown.   
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Figure 300 Crown to Shaft Interface 

All interfaces that have fasteners (beams) use a frictionless contact so both tension and shear on the 
fasteners can be captured. 

 

 

Figure 301 Crown to Manifold Contact 

The outer Motor housing is just included for weight in this model, the motor is a purchased component 
that is designed to withstand it’s applied torque.  
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Figure 302 Outer Housing Contacts 

The actual bearings are modeled with a bonded interface on one side with a frictionless interface on the 
other to keep the part constrained but allow the natural rotation of the drive.   
 

 
Figure 303 Crown Bearing Surfaces 
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Figure 304 Crown Clamp Rings 

 
 

All contact settings were left to default except for the type, either Bonded or Frictionless. 
 

 
Figure 305 Contact Settings Example 

 



 

244 
 

The Crown and Drive model is also the home to all the fasteners.  The fasteners are added as beams in the 
Connection section, this model is simplified enough to use several frictionless contact surfaces.  The 
frictionless surfaces let the bolted joints naturally slide and separate giving more realistic fastener loads. 
 

 
Figure 306 Fastener Example 

 
 

4.6 LOAD DEFINITIONS 

The following load combinations are taken from the code requirements and three Elastic load cases and 
three Elastic Plastic load cases are used.  In the Elastic loads, a case with angular velocity and 
acceleration applied to the rotating components of the Target.  A Seismic load case with a lateral 
acceleration and third, a combination of the two, Seismic + Stop.  The Elastic Plastic load cases are 
similar, EP1 has a large factor on pressure, live and dead loads.  EP2 has a higher factor on the live loads 
with a lower factor on the pressure and deadload.  EP5 adds in the seismic load.  An image of the load 
summary and each applied load is presented in this section.  Note that for the loads that are common to 
each load case an image will only be shown once in the E Stop section to exclude redundant images, these 
loads include gravity, temperature, and water pressure. 
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4.6.1 Target Assembly 

The Target Assembly model has three Elastic load combinations applied.  In the Target Assembly model 
the displacement load case is different than the submodels.  The purpose of the displacement load is to 
artificially limit the distance the lower shaft can move before it hits the limit of the Snubber Ring.  The 
Snubber Ring is a feature in the Core Vessel that loosely captures the lower shaft, there is 5mm of 
clearance between the Shaft and Snubber Ring to limit movement during a seismic event.  In the Target 
Model the displacement load is set to 5mm, assuming the Shaft and Snubber Ring are aligned.  Note that 
for the Target Assembly model the temperature data is mapped from external data and is the same for all 
Target Assembly models.  The same is also true for the pressure loads, they are consistent for each 
analysis. 

Table 16 Target Assembly Load Parameters 

Load Case Time P D L L T E Displacement 
3 1 125 psi 1g 4.7 rad/s2 45 rpm Imported   
6 1 125 psi 1g   Imported 169 in/s2 .196 in 
8 1 125 psi 1g 3.5 rad/s2 34rpm Imported 127 in/s2 .196 in 
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Figure 307 Target Assembly Temperature Load 
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Figure 308 Target Assembly Crown Pressure 
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Figure 309 Target Assembly Manifold Pressure 
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Figure 310 Target Assembly Pipe Pressure 
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4.6.1.1 Load Combination 3, E Stop 

Figure 311 Target Assembly, E Stop Load Summary 

 



 

253 
 

 

Figure 312 Target Assembly, E Stop Gravity Load 
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Figure 313 Target Assembly, E Stop Rotational Acceleration 
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Figure 314 Target Assembly, E Stop Rotational Velocity 

Note the X Coordinate offset is the Eccentric Load, the rotational axis is moved to where the axis would 
be if the assembly was missing one Segment.   

 

4.6.1.2 Load Combination 6, Seismic 
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Figure 315 Target Assembly, Seismic Load Summary 
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Figure 316 Target Assembly, Seismic Acceleration 
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Figure 317 Target Assembly, Seismic Displacement Load 
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Figure 318 Snubber Ring Clearance 

 

 

4.6.1.3 Load Combination 8, Seismic + Stop 
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Figure 319 Target Assembly, Seismic + Stop Load Summary 
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Figure 320 Target Assembly, Seismic + Stop Acceleration 
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Figure 321 Target Assembly, Seismic + Stop Rotational Acceleration 
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Figure 322 Target Assembly, Seismic + Stop Rotational Velocity 
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Figure 323 Target Assembly, Seismic + Stop Displacement Load 

 

4.6.2 Target Segment Load Cases 

The Target Segment uses the same Elastic load cases as the Assembly and also includes the Elastic Plastic 
load cases.  One addition to the loads used from the Assembly model is the Segment bolt has a preload 
force applied.  The preload value is taken from the RCSC [8] Table 5.2, 24kips for a 5/8” diameter bolt, 
which is the equivalent of an M16 bolt.  The pretension load is used to tighten up the bolted joint in step 
1, then in step 2 set the pretension to ‘lock’ and apply the appropriate loads for each load case.  The 
Elastic Plastic load combinations have a higher factor such as 2.4D or 2.7L, in the case of the inertia loads 
the density is factored instead.  For example, in EP1, the density is increased by 2.4 and there is 1g 
gravity for the dead load and 45 rpms rotational velocity applied.  The same technique is used for 
temperature loads, the CTE is factored instead of the temperature increasing.   
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4.6.2.1 Elastic Case 3, E Stop 

Table 17 Segment, Elastic Case 3 

Load Case Time P D L L T Preload 
Elastic 3 1  1g   Imported 24000 lbf 

  2 125 psi 1g 4.7 rad/s2 45 rpm Imported Locked 
 

 

Figure 324 Segment, E Stop Load Summary 
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Figure 325 Segment, E Stop Gravity 
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Figure 326 Segment, E Stop Bolt Pretension 
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Figure 327 Segment, E Stop Rotational Velocity 
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Figure 328 Segment, E Stop Rotational Acceleration 
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Figure 329 Segment, E Stop Water Pressure 
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Figure 330 Segment, E Stop Thermal Conditions 

 

4.6.2.2 Elastic Case 6, Seismic 

Table 18 Segment, Elastic Case 6 

Load Case Time P D T E E Direction Preload 
Elastic 6 1  1g Imported   24000 lbf 

  2 125 psi 1g Imported 169 in/s2 +Z Locked 
  3 125 psi 1g Imported 169 in/s2 +X Locked 
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Figure 331 Segment, Seismic Load Summary 
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Figure 332 Segment, Seismic Acceleration 

The Seismic load case needs 3 steps to account for a seismic load applied in the two principal shear 
directions X and Z.  This setup is also used in the next load case, Seismic + Stop. 
 

4.6.2.3 Elastic Case 8, Seismic + Stop 
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Table 19 Segment, Elastic Case 8 

Load Case Time P D L L T E Preload 
Elastic 8 1  1g   Imported  24000 lbf 

  2 125 psi 1g 3.5 rad/s2 34 rpm Imported +Z  127 in/s2  Locked 
  3 125 psi 1g 3.5 rad/s2 34 rpm Imported +X  127 in/s2 Locked 

 

 

Figure 333 Segment, Seismic + Stop Load Summary 
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Figure 334 Segment, Seismic + Stop Acceleration 
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Figure 335 Segment, Seismic + Stop Rotational Velocity 
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Figure 336 Segment, Seismic + Stop Rotational Acceleration 

4.6.2.4 Elastic Plastic Case 1 

 

Table 20 Segment, EP Case 1 

Load Case Time P D L L T Preload Density Factor 
EP 1 1  1g   Imported 24000 lbf 2.4X 

  2 300 psi 1g 4.7 rad/s2 45 rpm Imported Locked 2.4X 
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Figure 337 Segment, Elastic Plastic Load Case 1 
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Figure 338 Segment, Elastic Plastic 1 Density Factor 
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Figure 339 Segment, Elastic Plastic 1, Acceleration 

 
 



 

281 
 

 
Figure 340 Segment, Elastic Plastic 1, Rotational Velocity 
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Figure 341 Segment, Elastic Plastic 1, Rotational Acceleration 

 
 



 

283 
 

 
Figure 342 Segment, Elastic Plastic 1, Pressure 
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4.6.2.5 Elastic Plastic Case 2 

Table 21 Segment, EP Case 2 

Load Case Time P D L L T E Preload Density Factor 
EP 2 1  .8g   Imported  24000 lbf 2.7X 

  2 264 psi .8g 4.7 rad/s2 45 rpm Imported  Locked 2.7X 
 

 

 
Figure 343 Segment, Elastic Plastic Load Case 2 
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Figure 344 Segment, Elastic Plastic 2 Density Factor 
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Figure 345 Segment, Elastic Plastic 2 Acceleration 
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Figure 346 Segment, Elastic Plastic 2 Rotational Velocity 
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Figure 347 Segment, Elastic Plastic 2 Rotational Acceleration 
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Figure 348 Segment, Elastic Plastic 2 Pressure 

 

4.6.2.6 Elastic Plastic Case 5 
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Table 22 Segment, EP Case 5 

Load 
Case Time P D L L T E Preload 

Density 
Factor 

EP5 1  480 in/s2   Imported  
24000 

lbf 1.7X 

  2 264 psi 480 in/s2 4.7 rad/s2 45 rpm Imported 
+X  

411 in/s2 Locked 1.7X 
 

 
Figure 349 Segment, EP5 X Acceleration 
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Figure 350 Segment, EP5 X Rotational Velocity 
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Figure 351 Segment, EP5 X Rotational Acceleration 
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Table 23 Segment, EP Case 5 

Load 
Case Time P D L L T E Preload 

Density 
Factor 

EP5 1  480 in/s2   Imported  
24000 

lbf 1.7X 

  2 264 psi 480 in/s2 4.7 rad/s2 45 rpm Imported 
+Z  

411 in/s2 Locked 1.7X 
 

 

Figure 352 Segment, EP5 Z Acceleration 
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Figure 353 Segment, EP5 Acceleration 
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4.6.3 Target Shaft Load Cases 

The Target Shaft model incorporates the same Elastic load combinations and Elastic Plastic load 
combinations.  Also similar to the Segment model the Shaft model includes bolt preload on the Tie Rods.  
The Tie Rods use a pretension force and are set up in the same method as the Segment model, pretention 
is applied on step 1 and locked for step 2.  Step 2 has the appropriate loads then applied for each case.  
Note for the temperature load, it is external data mapped to the model, the temperatures are the same for 
each load case.   
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Figure 354 Shaft Analysis Temperature Data 

 
The same is true for the Tie Rod preload, each analysis has an initial pretention step then all remaining 
steps are ‘locked’.  To reduce redundancy the temperature and pretention loads are only shown once. 
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Figure 355 Tie Rod Pretention 

 
 

4.6.3.1 Elastic Case 3, E Stop 

Table 24 Shaft, Elastic Case 3 

Load Case Time P D L L T E Preload 
3 1  1g   Imported  24000 lbf 

  2  1g 4.7 rad/s2 45 rpm Imported  Locked 
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Figure 356 Shaft, E Stop Load Summary 

 Note that ANSYS will only show ten of the load cases, not all the pretension loads are listed above. 
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Figure 357 Shaft, E Stop Standard Gravity 

 

 

Figure 358 Shaft, E Stop Rotational Acceleration 
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Figure 359 Shaft, E Stop Rotational Velocity 

 

4.6.3.2 Elastic Case 6, Seismic 

Table 25 Shaft, Elastic Case 6 

Load Case Time P D L L T E Preload 
6 1  1g   Imported  24000 lbf 

  2  1g   Imported 169 in/s2 Locked 
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Figure 360 Shaft, Seismic Load Cases 
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Figure 361 Shaft, Seismic Acceleration 

 

4.6.3.3 Elastic Case 8, Seismic + Stop 

Table 26 Shaft, Elastic Case 8 

Load Case Time P D L L T E Preload 
8 1  1g   Imported  24000 lbf 

  2  1g 3.5 rad/s2 34 rpm Imported 127 in/s2 Locked 
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Figure 362 Shaft, Seismic + Stop Load Summary 
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Figure 363 Shaft, Seismic + Stop Acceleration 
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Figure 364 Shaft, Seismic + Stop Rotational Velocity 
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Figure 365 Shaft, Seismic + Stop Rotational Acceleration 
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Figure 366 Shaft, Seismic + Stop Bolt Pretension 

 

4.6.3.4 Elastic Plastic Case 1 

Table 27 Shaft, EP Case 1 

Load Case Time P D L L T Preload Density 
EP 1 1  386 in/s2   Imported 24000 lbf 2.4X 

  2 300 psi 386 in/s2 4.7 rad/s2 45 rpm Imported Locked 2.4X 
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Figure 367 Shaft Elastic Plastic Case 1 

 

 
Figure 368 Shaft, Elastic Plastic 1 Density Factor 
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Figure 369 Shaft, Elastic Plastic 1 Acceleration 
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Figure 370 Shaft, Elastic Plastic 1 Rotational Velocity 
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Figure 371 Shaft, Elastic Plastic 1 Rotational Acceleration 
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Figure 372 Shaft, Elastic Plastic 1 Pressure 

 

4.6.3.5 Elastic Plastic Case 2 

 

Table 28 Shaft, EP Case 2 

Load Case Time P D L L T Preload 
Density 
Factor 

EP 2 1  302 in/s2   Imported 24000 lbf 2.7X 
  2 264 psi 302 in/s2 4.7 rad/s2 45 rpm Imported Locked 2.7X 
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Figure 373 Shaft, Elastic Plastic Load Case 2 
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Figure 374 Shaft, Elastic Plastic 2 Density Factor 

 
 

 
Figure 375 Shaft, Elastic Plastic 2 Acceleration 
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Figure 376 Shaft, Elastic Plastic 2 Rotational Velocity 
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Figure 377 Shaft, Elastic Plastic 2 Pressure 

 

4.6.3.6 Elastic Plastic Case 5 

Table 29 Shaft, EP 5 

Load Case Time P D L L T E Preload 
Density 
Factor 

EP5 1  480 in/s2   Imported  24000 lbf 1.7X 
  2 264 psi 480 in/s2 4.7 rad/s2 45 rpm Imported 411 in/s2 Locked 1.7X 
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Figure 378 Shaft, Elastic Plastic Load Case 5 

 



 

318 
 

 
Figure 379 Shaft, EP5 Density Factor 

 
 

 
Figure 380 Shaft, EP5 Acceleration 
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Figure 381 Shaft, EP5 Rotational Velocity 
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Figure 382 Shaft, EP5 Pressure 

 

4.6.4 Crown and Drive 

As with the Segment and Shaft models all load combinations are the same.  This model also includes 
most of the fasteners, however these fasteners are not preloaded as the RCSC method does not use 
preload in the assessment of the bolts.  Temperature loads are not applied to these models, the crown area 
has a  

4.6.4.1 Elastic Case 3, E Stop 

Table 30 Drive, Elastic 3 

Load Case Time P D L L T E 
3 1 125 psi 1g 4.7 rad/s2 45 rpm   
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Figure 383 Crown and Drive, E Stop Load Summary 
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Figure 384 Crown and Drive, E Stop Rotational Acceleration and Velocity 

 

 

Figure 385 Crown and Drive, E Stop Displacement Constraints 
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4.6.4.2 Elastic Case 6, Seismic 

Table 31 Drive, Elastic 6 

Load Case Time P D L L T E 
6 1 125 psi 1g    169 in/s2 

 

 

 

Figure 386 Crown and Drive, Seismic Load Cases 
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Figure 387 Crown and Drive, Seismic Acceleration and Displacement 

 

4.6.4.3 Elastic Case 8, Seismic + Stop 

Table 32 Drive, Elastic 8 

Load Case Time P D L L T E 
8 1 125 psi 1g 3.5 rad/s2 34 rpm  127 in/s2 
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Figure 388 Crown and Drive, Seismic + Stop Load Cases 
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Figure 389 Crown and Drive, Seismic + Stop Rotational Acceleration and Velocity 

 

 

Figure 390 Crown and Drive, Seismic + Stop Acceleration and Displacement 
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Figure 391 Crown and Drive, Seismic + Stop Displacement Constraints 

 

4.6.4.4 Elastic Plastic Case 1 

Table 33 Drive, EP 1 

Load Case Time P D L L T E Density Factor 
EP 1 1 300 psi 386 in/s2 4.7 rad/s2 45 rpm   2.4X 
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Figure 392 Crown and Drive, Elastic Plastic Load Case 1 

 



 

329 
 

 
Figure 393 Crown and Drive, EP1 Density Factor 
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Figure 394 Crown and Drive, EP1 Rotational Acceleration 
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Figure 395 Crown and Drive, EP1 Rotational Velocity 
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Figure 396 Crown and Drive, EP1 Pressure 

 
 

4.6.4.5 Elastic Plastic Case 2 

Table 34 Drive, EP2 

Load Case Time P D L L T E Density Factor 
EP 2 1 264 psi 302 in/s2 4.7 rad/s2 45 rpm Imported  2.7X 
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Figure 397 Crown and Drive, Elastic Plastic Load Case 2 
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Figure 398 Crown and Drive, EP2 Density Factors 
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Figure 399 Crown and Drive, EP2 Acceleration 
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Figure 400 Crown and Drive, EP2 Rotational Acceleration 
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Figure 401 Crown and Drive, EP2 Rotational Velocity 
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Figure 402 Crown and Drive, EP2 Pressure 

 
 
 

4.6.4.6 Elastic Plastic Case 5 

Table 35 Drive, EP 5 

Load Case Time P D L L T E Density Factor 
EP5 1 264 psi 480 in/s2 4.7 rad/s2 45 rpm Imported 411 in/s2 1.7X 
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Figure 403 Crown and Drive, Elastic Plastic Load Case 5 
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Figure 404 Crown and Drive, EP5 Density Factor 
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Figure 405 Crown and Drive, EP5 Accelerations 
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Figure 406 Crown and Drive, EP5 Rotational Acceleration 
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Figure 407 Crown and Drive, EP5 Rotational Velocity 
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Figure 408 Crown and Drive, EP5 Pressure 
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Figure 409 Crown and Drive, EP5 Displacement 

 

 

4.7 SOLUTION METHODOLOGY 

4.7.1 Target Assembly Analysis Settings 

The Target Assembly model is a linear static structural analysis, this model is mainly used to satisfy the 
deflection requirements. 
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Figure 410 Target Assembly Analysis Settings 
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Figure 411 Target Assembly, E Stop Convergence 
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Figure 412 Target Assembly, Seismic Convergence 
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Figure 413 Target Assembly, Seismic + Stop Convergence 

 

4.7.2 Target Segment Analysis Settings 

The Target Segment model is a nonlinear analyses including plasticity, pretension, and frictionless 
interface.  
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Figure 414 Segment, Analysis Settings 
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Figure 415 Segment, E Stop Force Convergence 

 
Figure 416 Segment, Seismic Force Convergence 
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Figure 417 Segment, Seismic + Stop Force Convergence 

 

 
Figure 418 Segment, Elastic Plastic Case 1 Convergence 
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Figure 419 Segment, Elastic Plastic Case 2 Convergence 

 

 
Figure 420 Segment, Elastic Plastic Case 5X Convergence 
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Figure 421 Segment, Elastic Plastic Case 5Z Convergence 

4.7.3 Target Shaft Analysis Settings 

The Target Shaft model is a nonlinear analyses including plasticity, pretension, and ‘rough’ interfaces.  
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Figure 422 Shaft, Analysis Settings 



 

356 
 

 
Figure 423 Shaft, E Stop Force Convergence 

 

 
Figure 424 Shaft, Seismic Force Convergence 
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Figure 425 Shaft, Seismic + Stop Force Convergence 

 

 
Figure 426 Shaft, Elastic Plastic Case 1 Convergence 
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Figure 427 Shaft, Elastic Plastic Case 2 Convergence 

 

 
Figure 428 Shaft, Elastic Plastic Case 5 Convergence 
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4.7.4 Crown and Drive Analysis Settings 

 

Figure 429 Crown and Drive, Analysis Settings 
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Figure 430 Crown and Drive, E Stop Force Convergence 

 
Figure 431 Crown and Drive, Seismic Force Convergence 
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Figure 432 Crown and Drive, Seismic + Stop Force Convergence 

 

 

Figure 433 Crown and Drive, Elastic Plastic Case 1 Convergence 
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Figure 434 Crown and Drive, Elastic Plastic Case 2 Convergence 

 
 

 
Figure 435 Crown and Drive, Elastic Plastic Case 5 Convergence 

 
 

 

 

5. RESULTS 

5.1.1 Target Assembly 

5.1.1.1 Target Assembly Deflection 

The maximum allowable deflection for the Target Assembly is .315 inches or 8mm. 
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5.1.1.1.1 E Stop Load Case 
 

 
Figure 436 Target Assembly, E Stop Total Deformation 
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Figure 437 Target Assembly, E Stop Total Deformation 
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Figure 438 Target Assembly, E Stop X Deformation 
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Figure 439 Target Assembly, E Stop Y Deformation 
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Figure 440 Target Assembly, E Stop Z Deformation 

 
 

 
5.1.1.1.2 Seismic Load Case 
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Figure 441 Target Assembly, Seismic Total Deformation 
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Figure 442 Target Assembly, Seismic Total Deformation 
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Figure 443 Total Deformation, Seismic Total Deformation 
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Figure 444 Target Assembly, Seismic X Deformation 
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Figure 445 Target Assembly, Seismic Y Deformation 
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Figure 446 Target Assembly, Seismic Z Deformation 

 
5.1.1.1.3 Seismic + Stop Load Case 
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Figure 447 Target Assembly, Seismic + Stop Total Deformation 
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Figure 448 Target Assembly, Seismic + Stop Total Deformation 
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Figure 449 Target Assembly, Seismic + Stop Total Deformation 
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Figure 450 Target Assembly, Seismic + Stop X Deformation 
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Figure 451 Target Assembly, Seismic + Stop Y Deformation 
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Figure 452 Target Assembly, Seismic + Stop Z Deformation 
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5.1.2 Target Segment 

The Target Segment results go in the order of Plastic Ratcheting then Local Failure.  Equivalent stress and 
contact gap of the water joint are included for reference.       

5.1.2.1 Target Segment Plastic Failure 

5.1.2.1.1 E Stop Load Case 

 

Figure 453 Segment, E Stop Equivalent Plastic Strain 
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Figure 454 Segment, E Stop Equivalent Plastic Strain 
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Figure 455 Segment, E Stop Plastic Strain, Foot Pin Focus 
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Figure 456 Segment, Seismic Equivalent Plastic Strain, Time 2 
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Figure 457 Segment, Seismic Equivalent Plastic Strain, Time 3 

 

 



 

385 
 

 

 

Figure 458 Segment, Seismic + Stop Equivalent Plastic Strain, Time 2 
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Figure 459 Segment, Seismic + Stop Equivalent Plastic Strain, Time 2 
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Figure 460 Segment, Seismic + Stop Equivalent Plastic Strain, Time 3 
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Figure 461 Segment, Seismic + Stop Equivalent Plastic Strain, Time 3 

5.1.2.2 Local Failure 

5.1.2.2.1 Elastic Plastic Case 1 
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Figure 462 Segment, EP1 Local Failure 
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Figure 463 Segment, EP1 Local Failure 
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Figure 464 Segment, EP1 Local Failure, Foot Pin 
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Figure 465 Segment, EP1 Local Failure, Foot Pin 

 
5.1.2.2.2 Elastic Plastic Load Case 2 
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Figure 466 Segment, EP2 Local Failure 
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Figure 467 Segment, EP2 Local Failure, Foot Pin 
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Figure 468 Segment, EP2 Local Failure, Foot Pin 

 

5.1.2.2.3 Elastic Plastic Load Case 5 
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Figure 469 Segment, EP5 X Local Failure 
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Figure 470 Segment, EP5 X Local Failure 
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Figure 471 Segment, EP5 X Local Failure, Foot Pin 
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Figure 472 Segment, EP5 X Local Failure, Foot Pin 
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Figure 473 Segment, EP5 Z Local Failure 
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Figure 474 Segment, EP5 Z Local Failure 
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Figure 475 Segment, EP5 Z Local Failure, Foot Pin 
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Figure 476 Segment, EP5 Z Local Failure, Foot Pin 
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5.1.2.3 Cyclic Loads 

 

 

Figure 477 Segment, Cyclic Safety Factor for Segment 
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Figure 478 Segment, Cyclic Safety Factor for Segment 
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Figure 479 Segment, Cyclic Safety Factor for Segment, Foot Pin 
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Figure 480 Segment, Cyclic Safety Factor for Segment, Lower Leg 
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Figure 481 Segment, Cyclic Safety Factor for Segment, Lower Leg Section 

 
Note the area of the lower leg that has a low safety factor is analyzed in a separate analysis [7]. 
 

5.1.2.4 Equivalent Stress 

5.1.2.4.1 E Stop 
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Figure 482 Segment, E Stop Equivalent Stress 
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Figure 483 Segment, E Stop Equivalent Stress 

 

5.1.2.4.2 Seismic 
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Figure 484 Segment, Seismic Equivalent Stress, Time 2 
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Figure 485 Segment, Seismic Equivalent Stress, Time 2 
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Figure 486 Segment, Seismic Equivalent Stress, Time 3 
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Figure 487 Segment, Seismic Equivalent Stress, Time 3 

 

5.1.2.4.3 Seismic + Stop 



 

415 
 

 

Figure 488 Segment, Seismic + Stop Equivalent Stress, Time 2 
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Figure 489 Segment, Seismic + Stop Equivalent Stress, Time 2 
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Figure 490 Segment, Seismic + Stop Equivalent Stress, Time 3 
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Figure 491 Segment, Seismic + Stop Equivalent Stress, Time 3 

 

5.1.2.5 Contact Surface 

5.1.2.5.1 E Stop 
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Figure 492 Segment, E Stop Contact Surface Gap 

 

5.1.2.5.2 Seismic 



 

420 
 

 

 

Figure 493 Segment, Seismic Contact Surface Gap, Time 2 
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Figure 494 Segment, Seismic Contact Surface Gap, Time 3 

 

5.1.2.5.3 Seismic + Stop 

 



 

422 
 

 

Figure 495 Segment, Seismic + Stop Contact Surface Gap, Time 2 
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Figure 496 Segment, Seismic + Stop Contact Surface Gap, Time 3 
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5.1.3 Target Shaft 

The Target Shaft results go in the order of Plastic Ratcheting then Local Failure.  Equivalent stress and 
contact gap of the shaft joints are included for reference.       

5.1.3.1 Plastic Ratcheting 

5.1.3.1.1 E Stop Load Case 

 

Figure 497 Shaft, E Stop Equivalent Plastic Strain, Top Section 
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Figure 498 Shaft, E Stop Equivalent Plastic Strain, Mid Section 
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Figure 499 Shaft, E Stop Equivalent Plastic Strain, Lower Mid Section 
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Figure 500 Shaft, E Stop Equivalent Plastic Strain, Bottom Section 

5.1.3.1.2 Seismic Load Case 
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Figure 501 Shaft, Seismic Equivalent Plastic Strain, Top Section 
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Figure 502 Shaft, Seismic Equivalent Plastic Strain, Mid Section 
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Figure 503 Shaft, Seismic Equivalent Plastic Strain, Lower Mid Section 
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Figure 504 Shaft, Seismic Equivalent Plastic Strain, Bottom Section 

Note that on the lower section of the shaft the Displacement load case is applied to the feature that is 
constrained by the Snubber Ring.  The plastic strain shown above is not from a realistic source. 
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5.1.3.1.3 Seismic + Stop Load Case 

 

Figure 505 Shaft, Seismic + Stop Equivalent Plastic Strain, Top Section 
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Figure 506 Shaft, Seismic + Stop Equivalent Plastic Strain, Mid Section 
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Figure 507 Shaft, Seismic + Stop Equivalent Plastic Strain, Lower Mid-Section 
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Figure 508 Shaft, Seismic + Stop Equivalent Plastic Strain, Bottom Section 

Note that on the lower section of the shaft the Displacement load case is applied to the feature that is 
constrained by the Snubber Ring.  The plastic strain shown above is not from a realistic source. 
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5.1.3.2 Shaft Local Failure 

 

Figure 509 Shaft, Elastic Plastic Case 1 Local Failure 



 

437 
 

 

Figure 510 Shaft, Elastic Plastic Case 1 Local Failure, Closeup 
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Figure 511 Shaft, Elastic Plastic 2 Local Failure 
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Figure 512 Shaft, Elastic Plastic 2 Local Failure, Closeup 

 



 

440 
 

 
Figure 513 Shaft, Elastic Plastic Case 5 Local Failure 
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Figure 514 Shaft, Elastic Plastic Case 5 Local Failure, Closeup 
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5.1.3.3 Tie Rods 

5.1.3.4 Cyclic Loads 

 

Figure 515 Tie Rod Cyclic Load Safety Factor for Life of Facility 
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Note that since the Tie Rods are actual components from CAD they can have fatigue life measured.  They 
are also evaluated for fatigue with the rest of the fasteners in Section 5.1.4. 

 

 

Figure 516 Shaft Cyclic Load Rotational Safety Factor  
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Figure 517 Shaft Cyclic Load Rotational Safety Factor 

 
 
 

Note in the following Figures, the fatigue cycle count is for Beam trips, this is a cyclic thermal load with a 
cycle count of 105.  The equivalent stress at this location for the mechanical loads is near 0 therefore no 
additional damage is calculated here. 
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Figure 518 Shaft Cyclic Load Thermal Safety Factor 
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Figure 519 Shaft Cyclic Load Thermal Safety Factor 
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5.1.3.5 Equivalent Stress 

Stress plots of the equivalent stress from the elastic load cases are included for reference. 

5.1.3.5.1 E Stop Load Case 

 

Figure 520 Tie Rods, E Stop Equivalent Stress 
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Figure 521 Shaft, E Stop Equivalent Stress 
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Figure 522 Shaft, E Stop Equivalent Stress 

 

5.1.3.5.2 Seismic Load Case 
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Figure 523 Tie Rods, Seismic Equivalent Stress 



 

451 
 

 

Figure 524 Shaft, Seismic Equivalent Stress 
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Figure 525 Shaft, Seismic Equivalent Stress 

 

5.1.3.5.3 Seismic + Stop Load Case 
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Figure 526 Tie Rods, Seismic + Stop Equivalent Stress 
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Figure 527 Shaft, Seismic + Stop Equivalent Stress 
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Figure 528 Shaft, Seismic + Stop Equivalent Stress 

 

5.1.3.6 Contact Surfaces 

Contact pressure from the surface interfaces are included for reference. 
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Figure 529 Shaft, E Stop Crown to Shaft Surface Pressure 
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Figure 530 Shaft, E Stop Shaft Interfaces Surface Pressure 
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Figure 531 Shaft, Seismic Crown to Shaft Surface Pressure 
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Figure 532 Shaft, Seismic Shaft Interfaces Surface Pressure 
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Figure 533 Shaft, Seismic + Stop Crown to Shaft Surface Pressure 
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Figure 534 Shaft, Seismic + Stop Shaft Interfaces Surface Pressure 
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5.1.4 Crown and Drive 

5.1.4.1 Plastic Ratcheting 

5.1.4.1.1 E Stop Load Case 

 

Figure 535 Crown and Drive, E Stop Equivalent Plastic Strain, Crown 
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Figure 536 Crown and Drive, E Stop Equivalent Plastic Strain, Inner Components 
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Figure 537 Crown and Drive, E Stop Equivalent Plastic Strain, Outer Housing 
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Figure 538 Crown and Drive, E Stop Equivalent Plastic Strain, Rocket Fins 

 

5.1.4.1.2 Seismic Load Case 
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Figure 539 Crown and Drive, Seismic Equivalent Plastic Strain, Crown 
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Figure 540 Crown and Drive, Seismic Equivalent Plastic Strain, Inner Components 
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Figure 541 Crown and Drive, Seismic Equivalent Plastic Strain, Outer Housing 
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Figure 542 Crown and Drive, Seismic Equivalent Plastic Strain, Rocket Fins 

 
 
5.1.4.1.3 Seismic + Stop Load Case 

 

 



 

470 
 

 

 

Figure 543 Crown and Drive, Seismic + Stop Equivalent Plastic Strain, Crown 
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Figure 544 Crown and Drive, Seismic + Stop Equivalent Plastic Strain, Inner Components 
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Figure 545 Crown and Drive, Seismic + Stop Equivalent Plastic Strain, Outer Housing 
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Figure 546 Crown and Drive, Seismic + Stop Equivalent Plastic Strain, Rocket Fins 
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5.1.4.2 Local Failure 

5.1.4.2.1 Elastic Plastic Case 1 

 

Figure 547 Crown and Drive, Elastic Plastic Case 1 Local Failure, Crown 
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Figure 548 Crown and Drive, Elastic Plastic Case 1 Local Failure, Housing 
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Figure 549 Crown and Drive, Elastic Plastic Case 1 Local Failure, Bearing Components 
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Figure 550 Crown and Drive, Elastic Plastic Case 1 Local Failure, Bearing Components 
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Figure 551 Crown and Drive, E Stop Local Failure, Rocket Fins 

 

 

 

5.1.4.2.2 Elastic Plastic Case 2 
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Figure 552 Crown and Drive, Elastic Plastic Case 2 Local Failure, Crown 
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Figure 553 Crown and Drive, Elastic Plastic Case 2 Local Failure, Housing 
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Figure 554 Crown and Drive, Elastic Plastic Case 2 Local Failure, Bearing Components 
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Figure 555 Crown and Drive, Elastic Plastic Case 2 Local Failure, Bearing Components 
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Figure 556 Crown and Drive, Elastic Plastic Case 2 Local Failure, Rocket Fins 

 

5.1.4.2.3 Elastic Plastic Case 5 



 

484 
 

 

Figure 557 Crown and Drive, Elastic Plastic Case 5 Local Failure, Crown 
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Figure 558 Crown and Drive, Elastic Plastic Case 5 Local Failure, Crown 
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Figure 559 Crown and Drive, Elastic Plastic Case 5 Local Failure, Inner Components 
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Figure 560 Crown and Drive, Elastic Plastic Case 5 Local Failure, Inner Components 
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Figure 561 Crown and Drive, Elastic Plastic Case 5 Local Failure, Outer Housing 
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Figure 562 Crown and Drive, Elastic Plastic Case 5 Local Failure, Outer Housing 
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Figure 563 Crown and Drive, Elastic Plastic Case 5 Local Failure, Rocket Fins 



 

491 
 

 

Figure 564 Crown and Drive, Elastic Plastic Case 5 Local Failure, Rocket Fins 
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5.1.4.3 Cyclic Loads 

 

Figure 565 Crown and Drive, Cyclic Load Safety Factor for LoF, Crown 
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Figure 566 Crown and Drive, Cyclic Load Safety Factor for LoF, Crown Section 
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Figure 567 Crown and Drive, Cyclic Load Safety Factor for LoF, Inner Components 
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Figure 568 Crown and Drive, Cyclic Load Safety Factor for LoF, Inner Components Section 
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Figure 569 Crown and Drive, Cyclic Load Safety Factor for LoF, Outer Housing 
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Figure 570 Crown and Drive, Cyclic Load Safety Factor for LoF, Outer Housing Section 
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Figure 571 Crown and Drive, Cyclic Load Safety Factor for LoF, Rocket Fins 
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Figure 572 Crown and Drive, Cyclic Load Safety Factor for LoF, Rocket Fins 

5.1.4.4 Equivalent Stress 

The equivalent stress plots are included for reference. 
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Figure 573 Crown and Drive, E Stop Equivalent Stress, Crown 
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Figure 574 Crown and Drive, E Stop Equivalent Stress, Crown 
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Figure 575 Crown and Drive, E Stop Equivalent Stress, Inner Components 
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Figure 576 Crown and Drive, E Stop Equivalent Stress, Inner Components 
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Figure 577 Crown and Drive, E Stop Equivalent Stress, Outer Housing 
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Figure 578 Crown and Drive, E Stop Equivalent Stress, Outer Housing 
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Figure 579 Crown and Drive, E Stop Equivalent Stress, Rocket Fins 
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Figure 580 Crown and Drive, E Stop Equivalent Stress, Rocket Fins 
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Figure 581 Crown and Drive, Seismic Equivalent Stress, Crown 
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Figure 582 Crown and Drive, Seismic Equivalent Stress, Crown 
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Figure 583 Crown and Drive, Seismic Equivalent Stress, Inner Components 
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Figure 584 Crown and Drive, Seismic Equivalent Stress, Inner Components 
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Figure 585 Crown and Drive, Seismic Equivalent Stress, Outer Housing 
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Figure 586 Crown and Drive, Seismic Equivalent Stress, Outer Housing 

 



 

514 
 

 

Figure 587 Crown and Drive, Seismic Equivalent Stress, Rocket Fins 
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Figure 588 Crown and Drive, Seismic Equivalent Stress, Rocket Fins 
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Figure 589 Crown and Drive, Seismic + Stop Equivalent Stress, Crown 
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Figure 590 Crown and Drive, Seismic + Stop Equivalent Stress, Crown 
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Figure 591 Crown and Drive, Seismic + Stop Equivalent Stress, Inner Components 
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Figure 592 Crown and Drive, Seismic + Stop Equivalent Stress, Inner Components 



 

520 
 

 

Figure 593 Crown and Drive, Seismic + Stop Equivalent Stress, Outer Housing 
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Figure 594 Crown and Drive, Seismic + Stop Equivalent Stress, Outer Housing 
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Figure 595 Crown and Drive, Seismic + Stop Equivalent Stress, Rocket Fins 
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Figure 596 Crown and Drive, Seismic + Stop Equivalent Stress, Rocket Fins 

 

5.1.4.5 Fasteners 

The Drive model contains the majority of the fasteners analyzed in this report, only the Shaft Tie Rods 
and Segment bolts are not in this section.  The following figures show the properties of the beam 
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connectors used, the location on the assembly and the nomenclature used on the results table to help with 
identification.  Notes that no preload is used with these fasteners, the method for fastener calculation only 
uses axial and shear loads. 

 

Figure 597 Clamp to Sleeve Fasteners 
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Figure 598 Motor to Motor Clamp Fasteners 
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Figure 599 Manifold to Crown Fasteners 
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Figure 600 Tent to Rocket Fins Fasteners 
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Figure 601 Tent Pad Fasteners 

There are two bolted joints with more than two components bolted together, the left figure below shows 
the bearing race, lower housing and rocket fins fastened with one bolt.  The figure on the right shows the 
upper housing, bearing race and lower housing connected with one bolt.   
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Figure 602 Fasteners for Multiple Components 

 
The typical way of modeling fasteners with beam elements in FEA won’t work in these cases.  The 
middle component has no anchor to the beam element and is basically floating in the model, this could be 
addressed by using solid fastener but that would be computationally expensive.  Instead, two beam 
fasteners are used and the results are combined.   
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Figure 603 Bearing Race, Lower Housing, Rocket Fin Fastener 
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Figure 604 Upper Housing, Bearing Race, Lower Housing Fastener 

 



 

532 
 

 
Figure 605 Segment Bolt and Crown Insert 
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Figure 606 Tie Rods at the Crown 

An example calculation of the Combined Tension and Shear stress on one of the fasteners is shown 
below, the method is Equation 5.2b from RCSC [8].   
 

 
Figure 607 Combined Tension and Shear Method 
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Taking the results from the first fastener in Table 36 the calculation for combined tension and shear is 
performed here.  
 

 
Figure 608 Fastener Example Calculation 

 
Next, because this fastener uses a threaded hole instead of a nut, the pullout strength of the threaded hole 
is calculated and checked against the applied tensile force.  Thread shear area comes from NASA torque 
charts [9]. 
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Figure 609 Thread Pullout Example 

Finally, to check fatigue strength, the allowable stress is tabulated in Table 5.3 in the RCSC [8].  The 
number of cycles is greater than 500,000 so 38ksi is used.  Computing the fastener stress from the tensile 
force the margin on fatigue can be determined. 
 

 
Figure 610 Fastener Fatigue Example 

The remaining information on the fastener calculations can be found in the Appendix.  The following 
result tables are a summary of the margins just discussed applied to the highest fastener load out of each 
group of fasteners.  
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Table 36 E Stop Fastener Results 
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Table 37 Seismic Fastener Results 
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Table 38 Seismic + Stop Fastener Results 

 

5.1.4.6 Snubber results 

There is no failure criteria for the Target weight sitting on the Snubber ring, a plot of total deformation 
and of equivalent stress are shown. 
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Figure 611 Snubber Deformation 
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Figure 612 Snubber Equivalent Stress 
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5.1.5 Result Summary 

Table 39 Target Assembly Result Summary 

Target Assembly Load Case Plot Requirement 

 E Stop   
  Total Deformation 3297, 2085, 3006 

  X Deformation 

3297, 2085, 3006 

  Y Deformation 

3297, 2085, 3006 

  Z Deformation 

3297, 2085, 3006 

 Seismic   

  Total Deformation 

3297, 2085, 3006 

  X Deformation 

3297, 2085, 3006 

  Y Deformation 

3297, 2085, 3006 

  Z Deformation 

3297, 2085, 3006 

 Seismic + Stop   

  Total Deformation 

3297, 2085, 3006 

  X Deformation 

3297, 2085, 3006 

  Y Deformation 

3297, 2085, 3006 

  Z Deformation 

3297, 2085, 3006 
 

Table 40 Segment Result Summary 

Segment Load Case Criteria Component Requirement 

 E Stop    

  Ratcheting, Plastic Strain   

   Segment 1600, 1605, 1693, 1543, 3006 

   Foot Pin 1600, 1605, 1543, 3006 

  Cyclic   

   Segment 1574, 3006, 1600 

   Foot Pin 1574, 3006, 1600 

 Seismic    

  Ratcheting, Plastic Strain   

   Segment X 1600, 3006 

   Segment Z  1600, 3006 

 Seismic + Stop    

  Ratcheting, Plastic Strain   

   Segment X 1600, 3006 

   Segment Z  1600, 3006 

 EP1    

  Local Failure   

   Segment 1600, 3006 

   Foot Pin 1600, 3006 

  Plastic Collapse   

   Plot 1600, 3006 
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 EP2    

  Local Failure   

   Segment 1600, 3006 

   Foot Pin 1600, 3006 

  Plastic Collapse   

   Plot 1600, 3006 

 EP5    

  Local Failure   

   Segment X 

1600, 3006 

   Foot Pin X 

1600, 3006 

   Segment Z  

1600, 3006 

   Foot Pin Z  

1600, 3006 

  Plastic Collapse   
   Plot X 1600, 3006 

   Plot Z  

1600, 3006 
 

Table 41 Shaft Result Summary 

Shaft Load Case Criteria Component Requirement 

 E Stop    

  Ratcheting   

   Top Section 1687, 1694, 1543, 3006 

   Upper Mid-Section  

1687, 1694, 1543, 3006 

   Lower Mid-Section 

1687, 1694, 1543, 3006 

   Bottom Section 

1687, 1694, 1543, 3006 

  Cyclic   

   Tie Rods 1677, 1687, 3006, 1447 

   Shaft 1677, 1687, 3006, 1447 

 Seismic    

  Ratcheting   

   Top Section 1687, 3006 

   Upper Mid-Section  

1687, 3006 

   Lower Mid-Section 

1687, 3006 

   Bottom Section 

1687, 3006 

 Seismic+Stop    

  Ratcheting   

   Top Section 

1687, 3006 

   Upper Mid-Section  

1687, 3006 

   Lower Mid-Section 

1687, 3006 

   Bottom Section 

1687, 3006 

 EP1    

  Local Failure   

   Shaft 1687, 3006 

  Plastic Collapse   
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   Plot 1687, 3006 

 EP2    

  Local Failure   

   Shaft 1687, 3006 

  Plastic Collapse   

   Plot 1687, 3006 

 EP5    

  Local Failure   

   Shaft 1687, 3006 

  Plastic Collapse   

   Plot 1687, 3006 
 

Table 42 Drive Result Summary 

Drive Load Case Criteria Component Requirement 

 Estop    

  Ratcheting   

   Crown  3006, 1666, 1543 

   Inner Housing 3006, 1666, 1543 

   Outer Housing 3006, 1666, 1543 

   Rocket Fins  3006, 1666, 1543 

  Cyclic   

   Crown  1447, 3006, 3199 

   Inner Housing 1447, 3006, 3199 

   Outer Housing 1447, 3006, 3199 

   Rocket Fins  1447, 3006, 3199 

 Seismic    

  Ratcheting   

   Crown  3006 

   Inner Housing 

3006 

   Outer Housing 

3006 

   Rocket Fins  

3006 

 Seismic+Stop    

  Ratcheting   

   Crown  

3006 

   Inner Housing 

3006 

   Outer Housing 

3006 

   Rocket Fins  

3006 

 EP1    

  Local Failure   

   Crown  

3006 

   Outer Housing 

3006 

   Inner Housing 

3006 

   Rocket Fins  

3006 
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 Plastic Collapse   

   Plot 3006 

 EP2    

  Local Failure   

   Crown  

3006 

   Outer Housing 

3006 

   Inner Housing 

3006 

   Rocket Fins  

3006 

  Plastic Collapse   

   Plot 3006 

 EP5    

  Local Failure   

   Crown  

3006 

   Inner Housing 

3006 

   Outer Housing 

3006 

   Rocket Fins  

3006 

  Plastic Collapse   

   Plot 3006 
 

 

 

6. CONCLUSIONS 

The Target Assembly design has satisfied all failure criteria for both elastic stress and plastic strain 
analysis.  The cyclic analysis results show the components are adequate for their required lifespan.  The 
deflection limits set forth by the project requirements are acceptable by the code-based load 
combinations.  The components are able to survive a sudden stop with no plastic deformation.  The 
requirements of the project are all satisfied.  
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APPENDIX A. SUPPLEMENTAL CALCULATIONS 
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Target Assembly Deflection Requirements 

 

To capture updates to the Target Assembly deflection requirements this document serves as an 
addendum to the Target Assembly Structural Analysis S03020000-DAC10002.  This document 
serves to highlight the results for the specified load cases based upon the models described in 
S03020000-DAC10002. 

 

 

S.03.02-10698 Structural capacity during relative motion 

 

The target assembly shall be capable of maintaining structural integrity under a horizontal relative motion 
between base and lower extremity (snubber ring) of up to: 13mm.  

 L - Live loads (centrifugal target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures)  
 T - Operating thermal loads (beam on, cooling water)  
 E - Seismic loads (Unfactored, per ASCE 7) + 13mm Displacement  

Loads used: 

L - Live loads (imbalance target rotation)   45rpm, 1mm offset 

P - Operational pressures (Core Vessel and component 
operating pressures) and pressure testing (MAWP)  75psi 

T - Operating thermal loads (beam on, cooling water)  CFD mapped 

E - Seismic loads (Unfactored, per ASCE 7)  

.65g, (6mm 
displacement 
constraint to move 
snubber into contact) 

  

 



 

Figure 1 13mm Displacement 

 

Table 1 Tie Rod Preload (lbf) with 13mm Displacement 

Tie Rod 1 2 3 4 5 6 7 8 9 10 
0.2 4806.5 4806.7 4806.7 4806.7 4806.7 4806.7 4806.7 4806.7 4806.7 4806.7 
0.4 9606.5 9606.7 9606.7 9606.7 9606.7 9606.7 9606.7 9606.7 9606.7 9606.7 
0.7 16806 16807 16807 16807 16807 16807 16807 16807 16807 16807 

1 24006 24007 24007 24007 24007 24007 24007 24007 24007 24007 
1.2 23874 23912 23986 24068 24126 24139 24102 24028 23946 23887 
1.4 23742 23817 23966 24130 24248 24274 24199 24050 23886 23768 
1.7 23567 23703 23971 24268 24481 24529 24392 24123 23826 23614 

2 23450 23652 24050 24493 24811 24881 24677 24277 23835 23519 



The pretention results show Tie Rod 6 with 881lbf additional force over the initial pretention 
value, which is 70% of yield strength.  The 881lbf is an additional 5% and still within acceptable 
pretention range.  

 

S.03.02-10733 Mid-Height locations - Radial deflections during normal operation 

 

The outer profile of the target assembly (above the target) shall not deflect in the radial direction more 
than +/-4.5mm during normal operation and pressure testing operations  

Normal operations include the worst case combinations of:  

 L - Live loads (imbalance target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures) and pressure 

testing (MAWP)  
 T - Operating thermal loads (beam on, cooling water)  



 

Figure 2 X Deformation, Mid Segment 

 

Table 2 Radial X Deformation, Mid Segment 

Requirement < +/-4.5mm 
Node ID X Y Z 

 

X Deformation (mm) 
132555 -145.895 1293.687 -0.24909 -4.2424 
144402 476.2521 1292.912 623.3245 -0.1736 
136531 476.3205 1292.914 -623.281 -0.1719 
140482 1099.559 1292.268 -0.06984 3.9250 

Note Highlighted Cells are Radial Directions 



 

Figure 3 Z Deformation, Mid Segment 

Table 3 Radial Z Deformation, Mid Segment 

Requirement < +/-4.5mm 
Node ID X Y Z 

  
  
  
  

Z Deformation (mm) 
144402 476.2521 1292.912 623.3245 4.0991 
132555 -145.895 1293.687 -0.24909 -0.0064 
138337 1099.344 1292.262 14.00466 -0.0018 
136531 476.3205 1292.914 -623.281 -4.0980 

Note Highlighted Cells are Radial Directions 



S.03.02-10693 Mid-height locations - Radial deflections during seismic operation 

 

Any portion of the target assembly shall not deflect in the radial direction more than 7mm during a seismic 
lateral force; displacement is that beyond an imposed relative displacement between mounting flange and 
lower extremity.  

Seismic conditions include worst case combinations of:  

 L - Live loads (centrifugal target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures)  
 T - Operating thermal loads (beam on, cooling water)  
 E - Seismic loads (Unfactored, per ASCE 7)  

 



 

Figure 4 X Deformation, Mid Segment Seismic 

Table 4 Radial X Deformation, Mid Segment Seismic 

Requirement < 7mm Relative 
Node 

ID X Y Z 

 

Total X 
Deformation (mm) 

Relative X Deformation 
(mm) 

132565 -145.219 1315.054 -6.34533 -12.825 -6.825 
136531 357.1438 1297.65 -516.46 -9.8268 -3.8268 
138336 886.4183 1290.18 -14.1274 -4.7135 1.2865 
144402 357.1024 1297.641 516.4323 -9.83 -3.83 

Note Highlighted Cells are Radial Directions 



 

Figure 5 Z Deformation, Mid Segment Seismic 

Table 5 Radial Z Deformation, Mid Segment Seismic 

Requirement < 7mm Relative 
Node ID X Y Z 

 

Z Deformation (mm) 
144412 350.825 1307.653 515.9712 4.0612 
140482 886.632 1290.179 -0.05261 -0.0041 
132565 -145.219 1315.054 -6.34533 -0.0031 
136531 357.1438 1297.65 -516.46 -4.0960 

Note Highlighted Cells are Radial Directions 



S.03.02-10732 Foot location - Radial deflections during normal operations 

 

The outer boundary of the target assembly at the foot elevation shall deflect <0.5mm radially during the 
worst case combination of:  

 L - Live loads (imbalance target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures) and pressure 

testing (MAWP)  
 T - Operating thermal loads (beam on, cooling water)  

 



 

Figure 6 X Deformation, Foot 

Table 6 Radial X Deformation, Foot 

Requirement < 0.5mm 
Node ID X Y Z 

 

X Deformation (mm) 
2055 -115.805 -61.2102 -7.99176 -0.4047 

10550 480.452 -72.4517 590.1992 -0.2091 
5821 1065.181 -73.2984 4.752222 -0.0462 
4952 469.417 -72.3734 -590.269 -0.2059 

Note Highlighted Cells are Radial Directions 



 

Figure 7 Z Deformation, Foot 

Table 7 Radial Z Deformation, Foot 

Requirement < 0.5mm 
Node ID X Y Z 

 

Z Deformation (mm) 
8639 470.9338 -65.4205 589.5043 0.1585 
7727 1065.42 -65.6324 -5.59668 -0.0005 
4952 470.2373 -65.0656 -589.625 -0.1617 
2183 -113.68 -63.8211 5.191574 -0.0111 

Note Highlighted Cells are Radial Directions 



S.03.02-10702 Foot location - Vertical Deflections During Normal Operations 

 

The outer boundary of the target assembly at the foot elevation shall not deflect in the vertical direction 
more than 3.25mm (down) or more than 0.25mm (up) during the worst case combination of:  

 L - Live loads (imbalance target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures) and pressure 

testing (MAWP)  
 T - Operating thermal loads (beam on, cooling water)  

 



 

Figure 8 Y Deformation, Foot 

Table 8 Y Deformation, Foot 

Requirement < -3.25mm 
Node ID X Y Z 

 

Y Deformation (mm) 
8967 483.9672 -105.063 553.6025 -1.7051 
7688 1038.831 -103.441 3.841708 -1.7605 
4914 472.9223 -101.522 -567.164 -1.7577 
2146 -98.9889 -96.187 1.264174 -1.749 

 



 

S.03.02-10713 Foot location - Radial Deflections During Seismic Event 

 

The outer boundary of the target assembly at the foot elevation shall deflect in the radial direction 
<0.25mm beyond any imposed displacements between mounting flange and lower extremity.  

 

Seismic loads include worst case combinations of:  

 L - Live loads (centrifugal target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures)  
 T - Operating thermal loads (beam on, cooling water)  
 E - Seismic loads (Unfactored, per ASCE 7)  



 

Figure 9 X Deformation, Foot Seismic 

Table 9 Radial X Deformation, Foot Seismic 

Requirement < 0.5mm Relative 
Node 

ID X Y Z 

 

Total X Deformation 
(mm) 

Relative Deformation 
(mm) 

7728 990.5558 -7.89725 -10.4377 -5.9382 0.0618 
4953 385.6222 -18.2497 -585.828 -6.7932 -0.7932 
2184 -181.459 -27.5053 10.26863 -6.3127 -0.3127 

10550 401.7421 -24.3978 586.1153 -6.7802 -0.7802 
Note Highlighted Cells are Radial Directions 



 

Figure 10 Z Deformation, Foot Seismic 

Table 10 Radial Z Deformation, Foot Seismic 

Requirement < 0.5mm 
Node ID X Y Z 

 

Z Deformation (mm) 
10550 401.7421 -24.3978 586.1153 0.1663 

5821 990.8169 -14.8509 4.708168 -0.0050 
3059 401.0104 -24.6695 -586.195 -0.1732 
2185 -179.869 -40.6663 1.042715 -0.0083 

Note Highlighted Cells are Radial Directions 



 

 

S.03.02-10731 Foot location - Vertical Deflection during seismic event 

 

The outer boundary of the target assembly at the foot elevation shall deflect in the vertical direction < 
3.65mm (down) and <0.55mm (up) during a seismic vertical force.  

Seismic conditions include the worst case combinations of:  

 L - Live loads (centrifugal target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures)  
 T - Operating thermal loads (beam on, cooling water)  
 E - Seismic loads (Unfactored, per ASCE 7)  



 

Figure 11 Y Deformation, Foot Seismic 

 

Table 11 Y Deformation, Foot Seismic 

Requirement < -3.65mm 
Node ID X Y Z 

 

Y Deformation (mm) 
8957 384.3691 -61.4425 551.5287 -1.7377 

607 -143.944 -69.4307 3.113335 -2.3377 
6147 956.6136 -52.4573 -3.28 -1.0124 
3378 383.3298 -61.6252 -550.165 -1.7309 



 

S.03.02-10676 Radial Deflections During Normal Operation 

 

The lower extremity (snubber) shall not deflect in the radial direction more than +/-0.5mm during the worst 
case combination of: 

 L - Live loads (imbalance target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures)  
 T - Operating thermal loads (beam on, cooling water)  

 



 

Figure 12 X Deformation, Snubber 

Table 12 Radial X Deformation, Snubber 

Requirement < +/-0.5mm 
Node ID X Y Z 

 

X Deformation (mm) 
6181582 483.1353 -108.122 99.55235 -0.2090 
6196007 466.6213 -108.096 -99.6298 -0.2089 
6181577 374.9472 -107.964 -0.03355 -0.2072 
6195989 574.8106 -108.254 -0.04343 -0.2107 

Note Highlighted Cells are Radial Directions 



 

Figure 13 Z Deformation, Snubber 

Table 13 Radial Z Deformation, Snubber 

Requirement < +/-0.5mm 
Node ID X Y Z 

 

Z Deformation (mm) 
6181582 410.3545 -118.172 98.60166 -0.0027 
6195989 501.4319 -119.487 -0.43256 -0.0011 
6181577 302.792 -116.599 -0.33416 -0.0009 
6181591 410.263 -118.156 -99.3809 0.0007 

Note Highlighted Cells are Radial Directions 



 

S.03.02-10677 Vertical Deflections During Normal Operation 

 

The lower extremity shall deflect in the vertical direction <2mm (down) and< 0.2mm (up) during the worst 
case combination of:  

 L - Live loads (imbalance target rotation)  
 P - Operational pressures (Core Vessel and component operating pressures) and pressure 

testing (MAWP)  
 T - Operating thermal loads (beam on, cooling water)  

 



 

Figure 14 Y Deformation, Snubber 

Table 14 Y Deformation, Snubber 

Requirement < -2mm 
Node ID X Y Z 

 

Y Deformation (mm) 
6195989 574.8106 -108.254 -0.04343 -0.0323 
6181577 374.9472 -107.964 -0.03355 -0.0248 
6181582 483.1353 -108.122 99.55235 -0.0289 
6181591 483.1261 -108.12 -99.6306 -0.0288 
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