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1.0 Introduction

The stress concentration due to a corrosion pit within a tube subject to a bending moment
was determined for multiple corrosion pit geometries using finite element models (FEMs).
Figure 1 provides a schematic of the loading condition and corrosion pit location. The
corrosion pit was located on the tension side of the bending moment. Table 1 specifies the
corrosion pit geometries that were investigated.

~ Simulated Corrosion Pit
e

e
/
//
s

Figure 1: Loading Condition & Corrosion Pit Location

Table 1: Pit Geometries Investigated

Pit Diameter Pit Depth
(in.) (in.)
0.018 0.0035
0.018 0.007
0.018 0.014
0.018 0.028
0.018 0.035
0.035 0.0035
0.035 0.007
0.035 0.014
0.035 0.028
0.035 0.035




2.0 Geometry & Mesh

2.1 Solid Models

Each model was identical with the exception of the corrosion pit dimensions. The geometry
for each model is defined within Figure 2 and Figure 3. Additionally, the model dimensions

are outlined within Table 2.
Length = 10"

e

Iy Center of pit to edge = 5"

-
o

Pit lacation

Diameter = 0.875"

Figure 2: Model Geometry Definitions 1

Center of pit to OD = 0.4375"
| Pit location

@ Diameter = 0.875”

Wall Thickness = 0.035”

Figure 3: Model Geometry Definitions 2

Table 2: Model Dimensions
Length 10"
Diameter 0.875"

Wall Thickness 0.035"
Center of pit to

edge >

Center of pit to

oD 0.4375




The corrosion pit location for each model is specified within Figure 2 and Figure 3. The
dimensions for the corrosion pit are defined within Figure 4, section A-A is specified within
Figure 3. The body was split using the three planes specified within Figure 5, Figure 6, and

Figure 7 in order to investigate stresses and refine the mesh near the corrosion pit.

Pit Diameter

Pit Depth

Wall Thickness

Section A-A

Figure 4: Corrosion Pit Geometry

Split Plane
Pit Iocati{l. (

Figure 5: Split Body 1

Split Plane

Pit location

Figure 6: Split Body 2

Split Plane Pit location

Figure 7: Split Body 3
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2.2 Finite Element Models

The three bodies specified within Figure 8 were meshed using CTETRA(10) elements. The
mesh size for each body is specified within Table 3. Additionally, there were two mesh
controls applied to the model which are outlined within Table 4. The first mesh control was a
face density of .005” applied to the two faces specified within Figure 9. The second mesh
control was a face density of .010” applied to the four faces specified within Figure 10.
Lastly, there was an RBE2 element added at one end of the tube, seen within Figure 11. The
resulting mesh is provided within Figure 12 and Figure 13.

Body 1

/ Boc‘,y ) Body 3\
} i “ \

Figure 8: Meshed Bodies

Table 3: Seed Mesh Sizes

Body Mes:h Size
(in.)
1 0.093
2 0.01
3 0.093
Table 4: Mesh Controls
Mesh Control Location
Face Density = .005" Sp ec1.f1ed within
Figure 9
Face Density = .010" Specllfled within
Figure 10




Figure 9: Mesh Control 1 Locations

Figure 10: Mesh Control 2 Locations

RBE2 connects to inner edge

Figure 11: RBE2 Connection



Pit located on

top surface
(farthest in the
y-direction)

Figure 12: Finalized Mesh

Detail View A
Figure 13: Finalized Mesh — Detail View A



3.0 Boundary Conditions & Loads
3.1 Boundary Conditions
There was one boundary condition applied throughout the entire model. The face specified

within Figure 14 had a fixed boundary condition.

Fixed BC applied to highlighted face

Figure 14: Boundary Condition Application Location

3.2 Loads
There was one load applied throughout the entire model. The node specified within Figure 15

had a positive 1,000 in-lbs moment applied about the x-axis.

Fixed BC

Pit located on
top surface
(farthest in the
y-direction)

_w 1,000 in-lbs

Node for load application

Figure 15: Load Application Location
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4.0 Mesh Convergence

Mesh convergence was checked for the smallest pit geometry. It was assumed that if mesh
convergence occurs on the smallest pit geometry, then it occurs for all pit geometries. This
was a reasonable assumption because the mesh size and mesh controls for each pit geometry
were the same. Mesh convergence was checked by calculating the percent difference, using
Equation 1.

Equation 1: Percent Difference

stress convergence model — stress nominal model

Percent Dif ference = * 100
stress convergence model

Where,
stress convergence model = max stress near pit location within convergence model
stress nominal model = max stress near pit location within nominal model

The nominal model used the seed mesh and face density mesh sizes specified within Table 3
and Table 4, respectively. The convergence model used the seed mesh sizes specified within
Table 3 and used the face density mesh sizes specified within Table 4 divided by 2. The
nominal model and convergence model meshes are shown within Figure 16 and Figure 17,

respectively.

vV
SRR
| BTaviv Ay,

Figure 16: Nominal Mesh near Pit Location
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Figure 17: Convergence Mesh near Pit Location

The contour plot and maximum stress for the nominal and convergence models are provided
within Figure 18 and Figure 19, respectively. The percent difference was calculated to be

4.47%, therefore, the nominal mesh was considered converged.

12
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Max Stress = 98,903 ksi

Figure 18: Nominal Model Contour Plot

Max Stress = 94.670 ksi

Figure 19: Convergence Model Contour Plot



5.0 Loads Verification

The stresses at the pit location were compared between the nominal model and the closed
form solution to verify that the loads were applied correctly to the FEM. The nominal model
stress was determined from the selection specified within Figure 20, each element selected is
on the outer surface. The closed form solution stress was calculated using Equation 2. The
percent difference between the nominal model stress and closed form solution stress is .08%

providing confidence that the loads were applied correctly.

Equation 2: Bending Stress at Pit Location

Mappliedcpit
Opit = — 5
Itube
Where,
0pir = bending stress at pit location
Mgppiiea = applied beding moment = 1,000 in — lbs
Itupe = moment of inertia of tube
Thus,

(1,000)(0.4375) .
Opit = T = 53,612 psi
@(' 8754 —.805%)
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£} Identify ? X

Element-Modal Results Pick from Model -
Mark Selection Mark Result Values +

Boolean Operation - g
Pick | Box(Visible) - Dimension

Selection : 1044 ltems

Values ElemID Node ID
Min 504459 657929 996140
Max SEE616.3 511235 TEB265

Sum 5.60167e+07 —- -
avg 53655.9 -- -— |

Figure 20: Nominal Model Stress Extraction

6.0 Stress Concentrations

The stress concentration for each pit geometry was calculated using Equation 3. The max
stress was extracted using Stress — Element — Nodal — Max Principal and selecting the
elements within the black box specified within Figure 21. The selection was made using
Identify Results — Pick — Box (All), specified within Figure 22. The stress concentrations for
pit diameters of .018” and .035” are provided within Table 5 and Table 6, respectively.
Figure 23 plots stress concentration vs. pit depth for each pit diameter.

Equation 3: Stress Concentration
Max Pit Stress

Max Nominal Stress

Stress Concentration =

Where,
Max Pit Stress = max stress in pit model
Max Nominal Stress = max stress in nominal model

Figure 21: Selection Area to Determine Max Stress
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L} Identify ? X

Elernent-Nodal Results Pick from Model -
Mark Selection Mark Result Values ~
Boolean Operation i -
Pick | Box(All) - Dimension | Any =

Selection : Empty

Close

Figure 22: Selection Settings to Determine Max Stress
Table 5: Stress Concentrations — Pit Diameter .018”

Pit Diameter = 0.018"

Pit Max
Depth SNominal. Stress Kt

(in.) tress (ksi) (ksi)

0 56.616 56.616 1
0.0035 56.616 93.428 1.650
0.007 56.616 121.002 | 2.137
0.014 56.616 145.767 | 2.575
0.028 56.616 161.768 | 2.857
0.035 56.616 174.744 | 3.087

Table 6: Stress Concentrations — Pit Diameter .035”

Pit Diameter = 0.035"

Pit Max

Depth Slt\rIZ::i(rliasli) Stress Kt
(in.) (ksi)

0 56.616 56.616 1
0.0035 56.616 76.097 1.344
0.007 56.616 105.944 1.871
0.014 56.616 122.184 2.158
0.028 56.616 148.591 2.625
0.035 56.616 169.414 2.992
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Stress Concentration

3.5

25

Stress Concentration vs. Pit Depth

1 1 1

— ¢ Pit Diameter = .018"
— 3 Pit Diameter = .035"

1 1 1

0.005 0.01 0.015

0.02 0.025 0.03

Pit Depth (inches)

Figure 23: Stress Concentration vs. Pit Depth
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7.0 Conclusion

The stress concentration was determined for multiple corrosion pit geometries within a tube
when it is subject to a bending moment. The stress concentration for each corrosion pit
diameter converged to 3 as the pit depth approached the wall thickness. The stress
concentration for both pit diameters was ~3 once the pit perforated agreeing with Peterson’s

stress concentration for a hole in an infinite plate.
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