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Notes:

UG-22 Loadings Considered:
Internal Press.: Yes

External Press.: No

Vessel Weight: No

Weight of Attachments: No

Attachment of Internals: No

Attachment of Externals: No

Cyclic or Dynamic Reactions: No

Wind Loading: No

Seismic Loading: No

Fluid Impact Shock Reactions: No

Temperature Gradients: No

Differential Thermal Expansion: No

Abnormal Pressures: No

Hydrotest Loads: No

Revisions:
Rev Date Initials

0 2/24/2026 CBMRelease
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Goal:

Summary Conclusions:

Analysis Software

Analysis Type

Materials

Model Information

Restraints & Loads

Results

Analysis Conclusion:

Ratcheting: Elastic perfectly plastic stress-strain model per ASME VIII-2, 5.5.7.
Hydrotest: N/A

A half solid model is used for the analysis. A solid, second order, quadrilateral mesh is applied, contact elements are 

treated as frictionless.  Reported error is five percent as per CSA B51 Annex J.  This validates the mesh selected, the 

model may be used for analysis.

Symmetry is applied at the symmetry planes and to the end of one ferrule.  Bolts are preloaded to ensure joint 

tightness and internal pressure is applied as factored per load case.  An Exit pressure force is applied at the flanged end 

to simulated a closed system.  The reported reaction forces match the theoretical reaction forces.  The model is in 

balance and restrained from rigid body motion.

The direction of displacement is as expected.  The design is acceptable for all assessed failure modes.

The Tri-Clamp has been analyzed to ASME VIII-1, 2023 edition rules and is found acceptable.

Local Failure: A true stress-strain model per ASME VIII-2, Annex 3-D.
Buckling: N/A
Fatigue: N/A

The rules of ASME VIII-1 do not cover tri clamps as they contain a full face seal and do not have metal to metal contact 

on the hub faces as required by 24-1(c). In accordance with U-2(g)(-a) finite element analysis (FEA) is selected to 

validate the design.  The FEA is performed in accordance with ASME VIII-2 Part 5 with ASME VIII-1 allowable stresses 

per Mandatory Appendix 46.

ANSYS 2025 R1

Plastic Collapse: Elastic plastic analysis with large displacement per ASME VIII-2, 5.2.4.
Local Failure: Elastic plastic analysis with large displacement per ASME VIII-2, 5.3.3.
Buckling: Not applicable as the design is not under compressive stress.
Fatigue: Not applicable as the design is not in cyclic service.
Ratcheting: Elastic plastic analysis with large displacement per ASME VIII-2, 5.5.7.
Hydrostatic Test: Exempt per 46-4(c)(1)(-d)

Plastic Collapse: A true stress-strain model per ASME VIII-2, Annex 3-D.
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Model

A half model is used in the analysis due to symmetry. Refer to drawing 4472D-1 for dimensional details used in the analysis.

Fig-1
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Mesh

A 0.0625 inch second order hexahedral solid mesh is applied globally to the model.  The mesh is refined to 0.032 inch at the 

mating surfaces on the clamp and ferrule to produce more accurate results. The turn angle on internal radii is 30 degrees.

Fig-2
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Error

An error plot is used to demonstrate mesh convergence.  The error is computed from the difference in the element and 

nodal strains.  No general areas in the model are in excess of five percent as per CSA B51 Annex J.  Areas that are in excess 

of five percent are limited to areas of discontinuity.

Fig-3
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Support
Frictionless support is applied to all faces on the symmetry planes.  This accounts for the use of a half model and produces 

results identical to a full model. A frictionless support is applied to the left end of the ferrule to restrain translation in the 

axial direction. The ferrules are split and a frictionless support is applied to restrain translation in the vertical direction.

Preload
The first load increment is bolt preload. The bolt is modeled at the root diameter of a 1/4" - 20 UNC thread and preloaded 

to 45,000 psi pre-stress or 1262 lb.

Fig-4

Fig-5
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Contacts

Frictional contacts with an assumed friction coefficient of 0.4 is applied between the ferrules and the clamp. A frictionless 

contact is applied between the clamp faces. The bolt and the nut are bonded to the mating clamp surface. 

Fig-6
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1,500  P [psi] - Pressure 

X Axis: reaction forces on the YZ plane caused by loads in the X direction

0.737  XArea [in2] - Pressurized area on YZ plane
0.0  XForce [lb] - Added force in the X direction

1108.000  XReaction [lb] - Reaction force in X direction reported by FEA program
 TReactionX [lb] = XArea*P+XForce ~~ Theoretical X reaction force 0.737*1500+0 = 1,106

Y Axis: reaction forces on the XZ plane caused by loads in the Y direction

0.000  YArea [in2] - Pressurized area on XZ plane
0.0  YForce [lb] - Added force in the Y direction

0.000  YReaction [lb] - Reaction force in Y direction reported by FEA program
 TReactionY [lb] = YArea*P+YForce ~~ Theoretical Y reaction force 0*1500+0 = 0

Z Axis: reaction forces on the XY plane caused by loads in the Z direction

5.503  ZArea [in2] - Pressurized area on XY plane
0.0  ZForce [lb] - Added force in the Z direction

8268.100  ZReaction [lb] - Reaction force in Z direction reported by FEA program
 TReactionZ [lb] = ZArea*P+ZForce ~~ Theoretical Z reaction force 5.503*1500+0 = 8,255

Resultant of reaction forces in X, Y and Z:
 TResultant [lb] =

8,329
 Resultant [lb] =

8,342

 Error [%] = 100*(TResultant-Resultant)/Resultant 100*(8329-8342)/8342 = -0.2
 CheckError = abs(Error)<2 ~~ Error should be less than 2% ABS(-0.2)<2    Acceptable

SQRT(1108^2+0^2+8268.1^2) = 

Global Reaction Forces from analysis 'X' = 1108 lb, 'Y' = 0 lb, 'Z' = 8268.1 lb

Calculated Reaction Forces = Analysis Reaction Forces within -0.2% 

Model is balanced, results are valid.

sqrt(TReactionX^2+TReactionY^2+TReactionZ^2) ~~ Theoretical resultant

SQRT(1106^2+0^2+8255^2) = 
sqrt(XReaction^2+YReaction^2+ZReaction^2) ~~ Actual resultant

Global Reaction Forces

Fig-7
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Inputs:
6624.200  Sfea [psi or MPa] - analysis stress normal or max. principal at point of interest

Thick  Wall Theory
1500.00  Pint [psi or MPa] - analysis internal pressure

0.00  Pout [psi or MPa] - analysis external pressure
0.685  ri [in or mm] - inside radius
0.838  ro [in or mm] - outside radius
0.153  t [in or mm] - analysis thickness
0.762  r [in or mm] - radius to point of interest

Calculation:
 S [psi or MPa] = 

6678.394

Error = (S-Sfea)/S*100 (6678.394-6624.2)/6678.394*100 = 0.8
ABS(Error)<=5 ABS(0.8)<=5    Acceptable

Verification

The hoop stress at the mean diameter is probed and compared to the theoretical value to confirm less than 5% error.

(Pint*ri^2-Pout*ro^2+(Pint-Pout)*(ri^2*ro^2/r^2))/(ro^2-ri^2)
(1500*0.685^2-0*0.838^2+(1500-0)*(0.685^2*0.838^2/0.762^2))/(0.838^2-0.685^2) = 

Fig-8
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A single study is used to assess plastic collapse per article 5.2.4 and local failure per article 5.3.3. 
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Global Criteria

(1) β(P + Ps + D)

(2) 0.88β(P + Ps + D + T) + 1.13βL + 0.36βSs

(3) 0.88β(P + Ps + D) + 1.13βSs + 0.71βL or 0.36βW

(4) 0.88β(P + Ps + D) + 0.71βW + 0.71βL + 0.36βSs

(5) 0.88β(P + Ps + D) + 0.71βE + 0.71βL + 0.14βSs

Local Criteria

1.7(P + Ps + D)

Test Condition

β/1.5 x 1/βt(Pt + Ps + D + 0.6Wpt)

Analysis Loads

Variable Magnitude Comment

β 3.5 Design factor per ASME VIII-1

βt 0 Hydrotest case is exempt

P 1500 MAWP

Pt 0 Hydrotest case is exempt

Ps 0 Static head is negligible in this design

D 0 Dead weight is negligible in this design

T 0 Thermal loading is not specified for this design

L 0 Live loads are not specified for this design

Ss 0 Snow loads are not specified for this design
W 0 Wind loading is not specified for this design
E 0 Earthquake loading is not specified for this design

Wpt 0 Hydrotest wind loading is negligible

Note:  Since thermal, live, snow, wind and earthquake loads are not applicable to this design, load combinations (2) 

through (5) are not required as they are covered by the higher design factor of load combination (1). Dead weight and 

static head are also negligible and excluded from the analysis.

Note: Dead weight and static head are negligible and excluded from the analysis

Note: Hydrostatic Test: Exempt per 46-4(c)(1)(-d)
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Material Properties: ASME VIII-2, Annex 3-D.3

 Material

500  Temp - design temperature
71,800  suts  - engineering tensile strength
20,000  sys - engineering yield strength

25,900,000  Ey  -  modulus of elasticity
0.31  v - poisson's Ratio

Stainless Steel  Material_Type - (Table 3.D.1)

2.00E-05  ep - Stress strain curve fitting parameter (Table 3.D.1)

 eys = 0.002~~0.2% engineering offset strain 0.002 = 0.0020
m2 = 0.5410864 0.54109 = 0.5411

 σuts,t = uts*exp(m2) ~~ true uts at true strain uts*EXP(0.5411) = 123,343
Proportional Limit = per equation 3-D.2 5,482

True Stress Strain Curve:

Plastic strain limit per equation 5.6:

el = EPPLEQV_RST/(0.5411*2.71828^((-0.6/1.5411)*((S1+S2+S3)/(3*SEQV)-(1/3))))

SA-182 F316 Forgings| - S31600  [≤5]|153

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

st
re

ss

strain



SA-574 4340 Page 15 of 25

Material Properties: ASME VIII-2, Annex 3-D.3

 Material

500  Temp - design temperature
180,000  suts  - engineering tensile strength
126,900  sys - engineering yield strength

25,700,000  Ey  -  modulus of elasticity
0.30  v - poisson's Ratio

Ferritic Steel  Material_Type - (Table 3.D.1)

2.00E-05  ep - Stress strain curve fitting parameter (Table 3.D.1)

 eys = 0.002~~0.2% engineering offset strain 0.002 = 0.0020
m2 = 0.177 0.177 = 0.1770

 σuts,t = uts*exp(m2) ~~ true uts at true strain uts*EXP(0.177) = 214,854
Proportional Limit = per equation 3-D.2 88,329

True Stress Strain Curve:

Plastic strain limit per equation 5.6:

el = EPPLEQV_RST/(0.177*2.71828^((-2.2/1.177)*((S1+S2+S3)/(3*SEQV)-(1/3))))

SA-574 4340 Bolting| - G43400  [≤½]|1168
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Model

The 1500 psi design pressure is applied to all internal surfaces.  For the plastic collapse assessment, the load is factored up 

to 3.5x.  Load increment 1 is bolt preload, 2 is MAWP , 3 is the factored load for the local criteria (1.7x) and 4 is the factored 

load for the plastic collapse criteria (3.5x).

Fig-9
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Inputs:
4  No - number of openings

 P - pressure

ID

Open 

Factor P A
1.370 0.500 0 1.474
1.370 0.500 1,500 1.474
1.370 0.500 2,550 1.474
1.370 0.500 5,250 1.474

Open Factor- use this for circular openings cut by section plane (ex. 1/2 opening)

Apply force F to the model in a realistic location (ex.  back of flange, end of pipe or engaged thread area)

Exit Pressure Force

Exit pressure forces are applied at openings to simulate the longitudinal stress present in a close system.  The exit pressure 

force is the product of the pressure and the opening area.  Corrections are used for openings reduced by symmetry.

Unit: Imperial psi, in, in^2, lb ; Metric MPa, mm, mm^2, N

F
0

1,106
1,879
3,870

Preload Step
MAWP Step

Opening Description

Local Failure Step
Plastic Collapse Step

Fig-10
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Displacement

The displacement plot at the MAWP is magnified 50 times to emphasize the displaced shape of the model.  The original 

geometry is superimposed to further emphasize how the model displaces. The displaced shape of the model is as expected.

Fig-11
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von Mises Stress

The von Mises stress at the 3.5x factored load is shown.  The analysis fully converges at the factored load, therefore, the 

design will not experience plastic collapse.

Fig-12
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Local Failure

The equivalent plastic strain is divided by the strain limit per ASME VIII-2,5.3.3 to create a unity plot.  All areas in the model 

are less than 1.0 , local failure will not occur.

Fig-13
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Ratcheting is assessed with three repetitions of the pressure per article 5.5.7.
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Material Properties: 
 Material

Ratcheting  assessment 
500  temperature

20,000  S - allowed stress for limit load and creep, yield for ratcheting
1  F - use 1.5 for limit load or 1.0 for creep and ratcheting

0.31  v - poisson's ratio

25,900,000  E - modulus of elasticity

Calculation:
 Yield [psi] = S*F 20000*1 = 20,000

 e [in/in] = Yield/E 20000/25900000 = 0.00077

SA-182 F316  Forgings|-  [≤5] S31600|191
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Material Properties: 
 Material

Ratcheting  assessment 
500  temperature

126,900  S - allowed stress for limit load and creep, yield for ratcheting
1  F - use 1.5 for limit load or 1.0 for creep and ratcheting

0.30  v - poisson's ratio

25,700,000  E - modulus of elasticity

Calculation:
 Yield [psi] = S*F 126900*1 = 126,900

 e [in/in] = Yield/E 126900/25700000 = 0.00494

SA-574 4340

Stress = psi, Temperature = °F
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Pressure (P)

The 1500 psi design pressure cycled on and off 3 times as required per article 5.5.7.  Note that the exit pressure force for 

1500 psi is also cycled on and off accordingly.

Fig-14
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Ratcheting

The difference in displacement between the last and second to last cycle is plotted. A maximum change in displacement of 

2.6e-3 in is negligible, therefore, shakedown is achieved and ratcheting will not occur.

Fig-15


