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Executive Summary
Structural analyses were performed on the Station 3 lift fixture and lifting clevis. The objective was to validate safe proof testing conditions through estimating the anticipated stresses. The lift fixture was analyzed for three proof test configurations. The first configuration, which accounts for the maximum in service load, is from lift point 1, and required a proof load of 22.5 kips. Proof loads of 12.6 kips and 17.1 kips are required for lift points 2 and 3 respectively. Finite element analyses show peak Von Mises stresses of (19.9-22.8), 6.63, 6.18 ksi for lift points 1, 2, and 3 respectively. The proof load for the lifting clevis is 40 kips. Analytical results for the clevis show the maximum stresses are located on section 2 and are: max tensile stress 19.7 ksi, max shear stress 4.93 ksi, and max bearing stress of 10.2 ksi. The weld load is 1429 lbf/in.
Need to: 
1- Analyze actuator pin/bolt



2- include allowables in summary.



3- Draw a conclusion.



4- include #3 in executive summary.



5- Edit test to reflect actuator/shackle side.



6- Add equations for weld and analytical computations.
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Background

Proof testing is required for all in house fabricated lifting devices/components which include the station 3 lift fixture and lifting clevis. Safety standards require proof testing at 125% of the maximum anticipated in service load. Previous estimated weight for the half period (HP) and lift fixture structure is 24 kips [1]. Furthermore, simulation of station 3 field period assembly revealed maximum in service loads of 18 kips, 10.08 kips, and 13.68 kips, for lift fixture lift points 1, 2, and 3 respectively, refer to figure 1 [1]. Therefore, the required proof testing loads are 22.5 kips, 12.6 kips and 17.1 kips, for lift points 1, 2, and 3 respectively. 

The lifting clevis requires proof testing at 30 kips, but, it is used in conjunction with an actuator rated at 32 kips. Therefore, the clevis proof load is 40 kips.

Note: ASME BTH-1-2005 Design of Below the Hook Lifting Devices [2] provides the following comments for evaluation of FEA results used in conjunction with BTH-1-2005.

BTH-1-2005 is based on classical strength of material methods. These methods effectively compute average stresses acting on structural / mechanical elements. The effects of stress concentrations are not normally required for static strength of a lifter, but are most important when determining fatigue life.

Peak stresses due to discontinuities do not affect the ultimate strength of a structural element unless the material is brittle. The types of steel on which this Standard is based are all ductile materials. Thus, static strength may reasonably be computed based on average stresses.

Linear FEA will typically show peak stresses that indicate failure. This is particularly true when evaluating static strength. While the use of such methods is not prohibited, modeling of the device and interpretation of the results demands suitable expertise to assure the requirements of this standard are met without creating unnecessarily conservative limits for static strength and fatigue life.

Therefore, the NCSX structural standards [3] were used as a basis for evaluating FEA results. 
Design Tresca Stress Value (Sm):

Sm equals the lesser of : 
(2/3)Yield Strength
 = 24 ksi


(1/2)Ultimate Strength = 29 ksi.

Stress Allowable Primary Stress + Bending Stress Condition: < 1.5Sm = 36 ksi.
Stress Allowable Total Primary Stress + Seconding Stress Condition: < 3Sm = 72 ksi.

Allowable Bearing Stress < Yield Strength = 36 ksi.
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Figure 1. Station 3: Lift Point Layout in Maximum Load Configuration [1].

Lift Fixture Structural Analysis

A finite element model (FEM) of the lift fixture was created and a finite element analysis (FEA) performed using both ProMechanica and Ansys Workbench software platforms. A ProMechanism simulation of the station 3 field period assembly (FPA) facilitated vector estimates of the maximum in service loads [1, 4, 5]. FEA was performed at the loads of 22.5 kips, 12.6 kips and 17.1 kips with corresponding unit vectors for lift points 1, 2, and 3 respectively. Refer to table 1 for lift point proof loads and unit vectors and table 2 for the material properties used in the analysis. Figures 2 and 3 depict the FEA results obtained from ProMechanica, for lift point 1; figures 4 and 5 represent the results from Ansys Workbench. The ProMechanica results show a peak Von Mises stress of 22.8 ksi The Workbench results show a peak Von Mises stress of 19.9 ksi. Note, both initial FEM’s in ProMechanica and Ansys Workbench revealed peak stresses on the order of 16 ksi. However, by increasing the nodal count in the region of the peak stress, localized mesh refinement was achieved which resulted in the higher final results. FEA was performed at lift points 2 and 3 using only the Ansys Workbench platform, figures 6 and 7 display the model and results. FEA for the lift point 2 configuration resulted in a peak Von Mises stress of 6.63 ksi while the lift point 3 configuration resulted in 6.18 ksi. All peak stresses are below the design Tresca stress value Sm, which is significantly below the stress allowable. 
Table 1. Station 3 Lift Point Proof Loads and Unit Vectors.
	Lift Points: Proof Loads & Unit Vectors.
	 

	Lift Point #
	Load Ratio
	Magnitude (lbf)
	ex
	ey
	ez

	1
	0.75
	22500
	-0.15738
	0.987364
	0.018506

	2
	0.42
	12600
	-0.24121
	0.967269
	0.078798

	3
	0.57
	17100
	-0.00966
	0.993034
	0.11743


Table 2. Material Properties.

	Structural Steel A36
	 

	Specific Weight:
	γ = 0.284 lbf/in3 

	Elastic Modulus:
	E = 29.0 E3 ksi

	Rigid Modulus:
	G = 11.0 E3 ksi

	Tension Yield Strength:
	Sty = 36 ksi

	Compression Yield Strength:
	 Scy = 36 ksi

	Tension Ultimate Strength:
	Stu = 58 ksi

	Compression Ultimate Strength:
	Scu = 58 ksi 
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Figure 2.  Lift Point 1: ProMechanica FEM.
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Figure 3. Lift Point 1: ProMechanica FEA Results.
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Figure 4. Lift Point 1: Ansys Workbench FEM.
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Figure 5. Lift Point 1: Ansys Workbench FEA Results.
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Figure 6. Lift Point 2: Ansys Workbench FEM & Analysis Results.
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Figure 7. Lift Point 3: Ansys Workbench FEM & Analysis Results.
Lift Clevis Analysis
Analytical calculations were performed for the clevis to determine allowable loads and proof test stress levels. Refer to figure 8 for a model of the lift clevis, figure 9 for geometry parameters, and table 2 for the material properties used in the analysis. Additionally, a ProMechanica FEA was performed. 
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Figure 8. Station 3 Lift Clevis CAD Model.
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Figure 9. Station 3 Clevis Geometry.

Analytical Calculations

Figure 10 depicts the loading condition and clevis section labels. Refer to table 3 for the allowable loads on the clevis: section 1 (S1 a/b) and table 4 for the clevis: section 2 (S2). The allowable bearing stress was computed at 15 ksi. Note, the allowable loads/stress are based on equations from ASME Design of Below the Hook Lifting Devices [2], refer to appendix A for the relevant equations. Table 5 lists the estimates for the clevis stresses at the proof load of 40 kips; results based on equations from [6]. Note, maximum bearing stress during proof test is estimated at 10.2 ksi, 67.7% of the allowable. Based on equations [7], the weld load is 1429 lbf/in. Using  ½ fillet
 weld (5600 lbf/in of weld) provides a weld safety factor of about 3.9.
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Figure 10. Clevis Tension Loading and Section Labels.

Table 3. Allowable Loads Clevis S1 (a/b).

	Pt1
	78880
	lbf
	Allowable Tensile Strength through Pin Hole
	 

	Pb1
	56768
	lbf
	Allowable Single Plane Fracture Strength beyond Pin Hole

	Av1
	5
	in^2
	Total Area of Shear Planes beyond Hole. *NOTE: curved edges

	Pv1
	52420
	lbf
	Allowable Double Plane Shear Strength beyond Pin Hole.


Table 4. Allowable Loads Clevis S2.

	Pt2
	117813
	lbf
	Allowable Tensile Strength through Pin Hole.
	 

	Pb2
	94665
	lbf
	Allowable Single Plane Fracture Strength beyond Pin Hole

	Av2
	8
	in^2
	Total Area of Shear Planes beyond Hole. *NOTE: curved edges

	Pv2
	91528
	lbf
	Allowable Double Plane Shear Strength beyond Pin Hole.


Table 5. Estimated Clevis Stresses.
	Estimated Tensile Stress
	
	Estimated Shear Stress

	S1a or S1b
	
	 
	
	* Double Plane Shear Area
	 

	Gross Area
	8
	in^2
	
	S1a & S1b
	
	 

	Tensile Stress
	2500
	psi
	
	Total Shear Area
	4.65
	in^2

	Net Area
	4.90
	in^2
	
	Shear Stress
	4303
	psi

	Tensile Stress Net
	4085
	psi
	
	S2
	
	 

	S2
	
	 
	
	Shear Area
	8.12
	in^2

	Gross Area
	11.25
	in^2
	
	Shear Stress
	4929
	psi

	Tensile Stress
	3555.556
	psi
	
	
	
	

	Net Area
	7.31
	in^2
	
	
	
	

	Tensile Stress Net
	5470
	psi
	
	
	
	

	 
	 
	 
	
	Estimated Bearing Stress

	Accounting for Stress Concentrations
	
	S1a & S1b
	
	 

	Reference [1] , page 985 Fig A-15-12
	
	Project Area
	2.94
	in^2

	Hole Stress Riser
	
	 
	
	Bearing Stress
	6807
	psi

	S1a or S1b
	
	 
	
	S2
	
	 

	h1/w1
	0.4
	 
	
	Projected Area
	3.94
	in^2

	d1/w1
	0.4
	 
	
	Bearing Stress
	10159
	psi

	K1
	3.5
	 
	
	
	
	

	Max Tensile Stress
	14297
	psi
	
	
	
	

	Hole Stress Riser
	
	 
	
	
	
	

	S2
	
	 
	
	
	
	

	h2/w2
	0.5
	 
	
	
	
	

	d2/w2
	0.35
	 
	
	
	
	

	K2
	3.6
	 
	
	
	
	

	Max Tensile Stress
	19692
	psi
	
	
	
	

	Reference [1] , page 985 Fig A-15-5
	
	
	
	

	Fillet Stress Riser
	
	 
	
	
	
	

	S2
	
	 
	
	
	
	

	D/d
	1.11
	 
	
	
	
	

	r/d
	0.44
	 
	
	
	
	

	K3
	1.35
	 
	
	
	
	

	Max Tensile Stress
	4800
	psi
	
	
	
	


Lift Clevis FEA

Refer to figure 11 for the ProMechanica FEM and figure 12 for the FEA stress results. The FEM consisted of the 3 pins contact interfaced with the clevis. Also, weak springs were added to eliminate open degrees of freedom. A peak Von Mises stress of 42.1 kips was found on the clevis section 2, refer to figure 12. 
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Figure 11.  Station 3 Lift Clevis FEM.
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Figure 12. Lift Clevis Maximum Von Mises Stress.
Summary
Structural analyses provided estimates for the stresses anticipated during  proof testing of the station 3 lift structure and clevis. The lift fixture was analyzed for three proof test configurations. The first configuration from lift point 1, which accounts for the maximum in service load, required a proof load of 22.5 kips and resulted in a peak stress of 19.9-22.8 ksi. Configuration 2, lift point 2, required a proof load of 12.6 kips and resulted in a peak stress of 6.63 ksi. Configuration 3, from lift point 3, required 17.1 kips and resulted in a peak stress of 6.18 ksi. The lifting clevis is proof tested at 40 kips. Analytical stress computations revealed maximums of 19.7, 4.93, 10.2 ksi for tensile, shear, and bearing stresses respectively. The weld load is 1429 lbf/in, and using the designed fillet weld of ½ inch provides a weld safety factor ≈ 3.9. 
References
1. Brown, T. Analysis performed on the FPA station 3 lift fixture for its FDR
 NCSX-CALC-18-002-00. 10 Dec. 2007. 

2. ASME. BTH-1-2205 Design of Below the Hook Lifting Devices. 2006.

3. Zatz, I. J., NCSX Structural Design Criteria NCSX-CRIT-CRYO-00. 2004. 

4. Brown, T. Excel File: trace00_path5tom3r13right.xls.
5. ProMechanism Simulation Files: stb-fpa_mech_leftside.asm, stb-fpa_mech_rightside.asm.
6. Shigley. Machine Design 7th ed. 2004.

7. Blodgett, O, W. Design of Welded Structures. 1966.
Appendix
Refer to figure 14 for applying equations 1-6.
Equation 1. Allowable Pin Tensile Strength: [2] eq (3-45).
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Equation 2. Effective Width Criteria: [2] eq (3-46).
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Equation 3. Effective Width: [2] eq (3-47).
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Equation 4. Allowable Single Plane Fracture Strength: [2] eq (3-48).
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Equation 5. Allowable Double Plane Shear Strength: [2] eq (3-49).
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Equation 6. Total Area of Shear Planes: [2] eq (3-50 & C3-2).
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Figure 13. ASME Reference Geometry [2].

Equation 7.  Allowable Bearing Stress: [2] eq (3-51).
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�I thought there is a ½ in fillet weld?
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