Exercise 6

In this exercise we will perform the stress analysis of a piston ring fitted inside a rigid housing.

A piston ring is a split ring that fits into a groove, cut into a piston. Free geometric shape of a piston ring is
always larger than the housing such that when fitted inside a housing it exerts a contact pressure on the
walls of the housing.

Pick File > Set Work Directory and set the work directory to PistonRing folder

Open the model database Ring.cae. It will appear as shown below.

The model consists of two parts: piston ring and housing. Housing is modeled as an analytical rigid part.
There is an initial interference between piston ring and housing. Piston ring is assumed to be made from
steel with a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. A coefficient of friction of 0.05 is
assumed between contacting surfaces. The piston ring is meshed with bilinear plane stress quadrilateral
elements with reduced integration (CPS4R).

= Analysis Step

The analysis will be performed in one step. In this step, interference is resolved so that ring fits inside the
housing.

The step has been defined with a total time period set to 1.0 and the initial time increment to 0.01. As the
ring is pushed to fit inside the housing, large deformations take place. To take into account the large
deformations, NLgeom option has been toggled on.
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| 5 Edit Step

MName: Step-1

Type: Static, General
Basic Incrementation Other
Description:
Time period: |1

Nigeom: On i

Automatic stabilization: | Mone

— Load and Boundary Conditions

Boundary conditions required for the analysis have already been defined. The boundary condition
“Housing” constrain all the degree of freedom of housing and “Ring Symm” applies a symmetric

boundary condition to the piston ring.

= Contact Interactions

A contact interaction has already been defined between ring and housing. Now we will modify this contact
interaction such that it resolves the interference and establishes the contact.

Change to Interaction module and open the Interaction Manager by picking
Pick the “Housing-Ring” interaction under column “Step-1” and pick Edit.

Pick Interference Fit option in the Edit Interaction dialog box.

Pick Gradually remove slave node overclosure during the step in the Interference Fit Option dialog box.

5 Interference Fit Options X

| DENO allowable inter‘ference@

|@ Gradually remove slave node overclosure during the sted

Owverclosure Adjustment

@® Automatic shrink fit (first general analysis step only)

O Uniform allowable interference

The overclosure will be resolved over multiple increments. Contact algorithm pushes the surfaces apart
until there is no penetration. As these overclosures are resolved, it results in stresses and strains in the

model.



Pick OK to apply the changes and exit.

We assume that there will be relatively little sliding of one surface along the other, therefore “Small
sliding” formulation has been selected.

% Edit Interaction x

Mame: Housing-Ring
Type: Surface-to-surface contact (Standard)
| Step:  Step-1 (Static, General)

fl Master surface: (Picked) [3
f Slave surface: Ring-1.Ring_Outer &

gf

Sliding formulation: O Finite sliding |® Small sliding |

Discretization method: | Surface to surface i

“Small sliding” assumes that although two bodies may undergo large motions there will be relatively little
sliding of one surface along the other. It requires less computational resources as compared to “Finite
sliding”

Pick OK to exit the Edit Interaction dialog box.

Pick Dismiss to close the Interaction Manager.

— Field Output Request

We will plot the contact status for the individual nodes to get the information if they are in contact or not.
This information can be plotted by requesting CSTATUS output variable.

CSTATUS variable describes whether individual nodes on the master and slave surfaces are in contact and,
if so, whether the surfaces are sticking or slipping at that point.

Change to Step module.

Open the Field Output Manager by picking

Select the F-Output-1 field and pick Edit as shown below.
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% Field Output Requests Manager x

Name Step-1 Edit...

Step procedure: Static, General

Variables: CDISP,CF,CSTATUS, CSTRESS, LE, PE,PEEC, PEMAG,RF,5,L...
Status: Created in this step
Create... Copy... Rename... Delete... Dismiss

Check the CSTATUS variable (located under the Contact container).

Output Variables
® Select from list below () Preselected defaults () All () Edit variables
CDISP, CF, CSTATUS, CSTRESS, LE, PE PEEQ, PEMAG, RFS, U,

w [H] Contact sy
CSTRESS, Contact stresses
[] CSTRESSETOS, Edge-to-surface contact pressure / shear stresses
[] CLINELOAD, Contact force per unit length from line contact
[ ] CPOINTLOAD, Contact constraint force from point contact
[] CDSTRESS, Contact damping stresses
CDISP, Contact displacements
[] CDISPETOS, Edge-to-surface contact opening/tangential motion
[] CTANDIR, Contact tangent directions in general contact or contact pairs
[ ] CFORCE, Contact force
[] CMARES, Contact area associated with each node in contact
[E7] CSTATUS, Contact status |
] PPRESS, Fluid pressure for pressure penetration analysis

Pick OK to apply and exit.

Pick Dismiss to close the manager.

L . .
=~ Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking E

Pick Create and create a job named Ring Shrink Small or any other suitable name.
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Pick Continue and then OK.
Pick Submit to submit the job for analysis.
If you look in the message area, the following message can be seen.

“Job Ring_Shrink Small aborted due to errors.

—> Diagnosing the error
We will look at the information of analysis job by using Job Monitor.
Select Ring_Shrink job in the manager and pick Monitor and Job Monitor will appear as shown below.

- % Ring_Shrink_Small Monitor - O x

| Job: Ring_Shrink_Small Status: Aborted

Severe : :
i Equil Total Total Step Time/LPF

Step; | Imevemipe A D:::l:n Iter Iter Time/Freq  Time/LPF Inc

1 1 U 15 0 15 0 0 0.01

1 1 2U 15 0 15 0 ] 0.0025

1 1 3u 15 0 15 0 0 0.000625

1 1 4U 15 0 15 0 0 0.00015625

1 1 5U 15 0 15 0 0 3.90625e-05

Log !Errors Warnings Output DataFile Message File Status File

Abaqus/Standard Analysis exited with an error - Please see the message file for possible error messages if

the file exists. w
Search Text
Text to find: [IMatch case Il Mext {i Previous

Dismiss

It can be seen that during the 1 increment, system makes 5 attempts before aborting the analysis. During
each attempt, there have been total 15 iterations, and all of them are severe discontinuity iterations. This
means Abaqus/Standard cannot establish the correct contact conditions during any attempt.

No boundary condition has been applied to constrain the translation of piston ring along the x-axis which
could make it difficult for the Abaqus to resolve interference and establish the contact.

There could be several approaches to solve the current problem. The simplest approach could be using
boundary condition initially to resolve the interference and then in a second step removing the boundary
condition and let the piston ring adjust its position. Another approach could be to introduce contact
damping.

In this exercise, we will introduce damping to overcome the convergence difficulties. We will use both
small and finite sliding formulations and see the effect on results.
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= Introducing Contact Stabilization

We will introduce the automatic contact stabilization to alleviate the convergence difficulties. This requires
to define contact controls.

So change to Interaction module and pick Interaction > Contact Controls > Create from the menu bar
(alternatively, double-click the Contact Controls in the Model Tree).

Enter Stabilize as the name of the Contact Controls.

Make sure that "Abaqus/Standard contact controls" option is selected and pick Continue.

In the Edit Contact Controls dialog box, toggle on Automatic stabilization.

When automatic stabilization option is selected, the default damping coefficient calculated automatically
by Abaqus/Standard is used. It introduces viscous damping for relative motions of the contact pair at all
slave nodes.

Enter 0.001 as the stabilization factor to scale down the default damping coefficient.

Stabilization factor is used to scale the default damping coefficient by a specified factor to minimize the
effects of stabilization on the solution.

s Create Contact Controls X & Edit Contact Controls b

Name: Stabilize

Name:| Stabilize

Type: Standard contact controls

Warning: These controls are for advanced users. Using
W b nondefault values of these controls may greatly
O Abaqus/Explicit contact controls increase the computational time of the analysis,

produce inaccurate results, or cause

Cancel convergence problems,

Stabilization Augmented Lagrange
® Automatic stabilization

Factor] 0.001

on

O Stabilization coefficient: |

Note: Stabilization effects are only applied in the
first step in which this control is referenced.

Typically, the automatically calculated damping coefficient provides enough damping to eliminate the
rigid body motion, there is no assurance that the value is optimal. Therefore, you may have to increase the
damping if the convergence behavior is problematic or decrease the damping if it distorts the solution.
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Pick OK to apply the changes and exit the dialog box.

Now the contact controls with automatic stabilization will be selected for the contact interaction.

Change to Interaction module and open the Interaction Manager by picking = )
Pick the “Housing Ring” interaction under column “Step-1" and pick Edit.

In the Edit Interaction dialog box, select the Stabilize in Contact controls field.

Contact interaction property: Friction =

Options: | Interference Fit...

Contact controls:)| Stabilize v

Ok Cancel

Pick OK to apply the changes and exit the dialog box.
Pick Dismiss to close the manager.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking = )

Select Ring Shrink Small and pick Submit > OK and notice that analysis completes successfully.

“ Finite Sliding Formulation
In the previous case, small sliding formulation was used. Now we will use the finite sliding formulation.
Change to Interaction module and open the Interaction Manager by picking = )

Pick the “Housing Ring” interaction under column “Step-1" and pick Edit.

Select Finite sliding as the sliding formulation.
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Il & Edit Interaction X |
Mame: Housing-Ring

Type: Surface-to-surface contact (Standard)

Step:  Step-1 (Static, General)

f Master surface: (Picked) [
f Slave surface: Ring-1.Ring_Outer fz

Sliding formulation: |® Finite sliding| O Small sliding

Discretization method: | Surface to surface A

Pick OK to apply the changes and exit the dialog box.
Pick Dismiss to close the manager.

Now we will submit the job for analysis.

So change to Job module and open the Job Manager by picking
Pick Create and create a job named Ring_Shrink Finite or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis and notice that analysis completes successfully.

Select the job in the manager and pick Results to view the analysis results in the visualization module.

~~ Postprocessing

By default, refinement level is set to coarse, which is not sufficient to view the analysis results containing
analytical rigid geometry. To change the refinement level, pick View > ODB Display Options and select
Fine as the refinement level as shown in the figure below.

| & opB Display Options X |

| General Entity Display Constraints Sweep/Extrude Mirror/Pattern

Curved Lines & Faces

Refinement level] Fine ~

In the Visualization module it can be seen that with the small sliding formulation, interference resolution
has not been very accurate and penetration can be observed as shown in the figure below. It can also be
seen that with the finite sliding formulation, interference has been resolved accurately.



Max: +2.256e+008 Max: +2.009e+008

Finite sliding small slicing

When using the small-sliding formulation, Abaqus/Standard determines at the beginning of the simulation
which segment on the master surface will interact with each node on the slave surface. It maintains these
relationships throughout the analysis, never changing which master surface segments interact with which
slave nodes. In contrast, when the finite-sliding contact formulation is used, Abaqus/Standard continually
tracks which part of the master surface is in contact with each slave node. This behavior of the small-
sliding formulation explains the less accurate results obtained in this exercise.

Now we will plot the contact pressure along the boundary of the ring. For that purpose we will define a
"Path", which consists of a series of line segments.

A path is a line defined by specifying a series of points or line segments.

From the main menu bar, pick Tools > Path > Create to define a path along which contact pressure will
be plotted.

Pick Edge list in the dialog box.

: 4 Create Path % |
Mame: Path-1

Type
O Node list
O Point list

O Circular

Cancel Tip..
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In an edge list path the segments are defined by element edges.
Pick Continue and Edit Edge List Path dialog box will appear.
Pick Add Before to start picking the edges in the viewport.

Pick by feature edge to pick the desired edges.

= D{! Select edges to be inserted into the path | by feature edge EI

e

individually

by shortest distance

“by feature edge” requires to select a starting edge that lies along a feature edge. Abaqus/CAE will
automatically select all the edges between the selection and the end of the feature edge

Pick the edge shown in the figure below.

Pick this edge

Pick Flip so that start point of the selected edge coincides with end node of the feature edge as illustrated
below. This will make sure that all the element edges on the feature edge are included in the path.

Flip

Pick Done and then OK to complete the definition of the path.

Pick % to access the Create XY Data dialog box.
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Pick Path > Continue

% Create XY Data *

Source

) ODB history output
) ODB field output
 Thickness

C Free body

O Operate on XY data
O ASCII file

O Keyboard

©path

Continue... Cancel

In the “XY Data from Path” dialog box, pick Field Output.
Select CPRESS as output variable and pick OK.
¥-Values

Step: 1, Step-1
Frame: 23 ZStEpfFrame...

Field output variable: | CPRESS (Mot averaged) |Field Qutput...

Mote: Fesult option settings will be applied
to calculate result values for the current
step and frame,

Save fs... Plot Cancel

Pick Plot and the graph will appear as shown below.
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It can be seen that there is no contact pressure along the most of the defined path. To further investigate the
contact we will produce the contour plots of contact status.

We can view the two-dimensional simulation results in three dimensions by extruding them to a specific
depth. This give a three-dimensional visual effect.

To extrude the results, check the "Extrude elements" option located under the Sweep/Extrude tab and enter
0.01 in the Depth field.

& ODB Display Options ¥
General Entity Display Constraints Sweep,fExtrude Mirror/Pattern
General Sweep

Note: No sweepable elements exist
in the current model.

Extrude
Extrude elements

Depth:i 0.01

Pick OK to apply and exit the dialog box.
Now select CSTATUS as output variable in the Field Output toolbar.

Now the contour plot will appear as shown below.

CSTATUS

Closed EStickingg
Closed (Slipping
Open
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For the variable CSTATUS, there are three contact statuses available: sticking, slipping, or open.
Abaqus/CAE displays contact status data using three contour intervals and renders the contour plot by
coloring the region around a node according to its contact status.

In the contour plot, it can be seen that a considerable region of the ring is not in contact with the master
surface.

Select File > Save to save the changes we made so for.
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Exercise 7

In this exercise we will perform the stress analysis of the piston ring fitted inside a rigid housing using
multi-step approach.

In the previous exercise, automatic contact stabilization was used to alleviate the convergence difficulties.
In the current exercise, instead of using contact stabilization, multi-step approach will be adopted where a
boundary condition will be used initially to constrain the ring while contact establishes. In the later step,
this boundary condition will be removed.

Pick File > Set Work Directory and set the work directory to PistonRing folder

Open the model database RingMS.cae. It will appear as shown below.

Notice that relative position of ring is different from the previous exercise. The purpose is to facilitate the
multi-step approach.

“~ Analysis Steps

The analysis will be performed in two steps. In the first step, interference is resolved so that ring fits inside
the housing while a boundary condition constrains the motion along x-axis. In the second step the
boundary condition is deactivated so that ring can move freely and adjust its position.

The steps have been defined with a total time period set to 1.0 for each and the initial time increment to

0.01. As the ring is pushed to fit inside the housing, large deformations take place. To take into account the
large deformations, NLgeom option has been toggled on.

= Boundary Conditions
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Boundary conditions required for the analysis have already been defined. The boundary condition
“Housing” constrain all the degree of freedom of housing, “Ring Symm” applies a symmetric boundary
condition to the piston ring and “RingX” constrains the translation of piston ring along the x-axis.

We need to deactivate the RingX boundary condition during Step-2 so that ring can adjust its position.

Change to Load module and open the Boundary Condition Manager by picking = .

Select the “RingX” boundary condition under column “Step-2” and pick Deactivate.

& Boundary Condition Manager >
Name Initial Step-1 Step-2 Edit...
v Housing Created Propagated  Propagated
¥ RingX Created Propagated [ ated
v Ring_Symm  Created Propagated  Propagated
Deactivate
| Step procedure: Static, General
| Boundary condition type:  Displacernent/Rotation
| Boundary condition status: Propagated from a previous step
Create... Copy... Rename... Delete... Dismiss

Pick Dismiss to close the manager.

= Defining Contact Interactions

A contact interaction “Housing-Ring” has already been defined between the ring and the housing
specifying the finite sliding formulation. This interaction resolves the interference during the first step and
remains active during second step.

“ Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking = )
Pick Create and create a job named Ring Shrink BC or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis and notice that analysis completes successfully.

15
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=) Postprocessing
Select Ring Shrink BC job in the manager and pick Results

Pick La, and contour plot of von Mises stress at the end of simulation will appear as shown in the figure
below.

Max: +2.269e+008

S, Mises

(Avg: 75%)
+2.269e+08
+2.081e+08
+1.894e+08
+1.706e+08
+1.518e+08
+1.330e+08
+1.142e+08
+9.542e+07
+7.663e+07
+5.784e+07
+3.905e+07

+2.027e+07 fH
+1.477e+06

It can be seen that stress distribution is almost similar as compared to the case when contact stabilization is
used in the previous exercise.

Select File > Save to save the changes we made so for.
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Exercise 8

In this exercise we will implement two slip-rate-dependent friction models for a reciprocating plunger.

Experimental results show that kinetic coefficient of friction is typically lower than static coefficient of
friction. Furthermore kinetic coefficient of friction is dependent on slip rate. In this exercise a classical
Coulomb friction model, in which friction coefficient is specified as a function of slip rate, and an
exponential decay friction model, in which friction coefficient decays exponentially from static value to
kinetic value, are implemented.

Pick File > Set Work Directory and set the work directory to Plunger folder

Open the model database RecPlunger.cae. It will appear as shown below.

Plunger

Seal

Cylinder

The assembly consists of three axisymmetric, deformable parts: cylinder, plunger and seal. There is an
initial interference between the plunger and the seal. The plunger and the cylinder are assumed to be made
from steel with a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. The seal is assumed to be
made from rubber with a Young’s modulus of 5 GPa and a Poisson’s ratio of 0.22. All the parts are
meshed with bilinear axisymmetric quadrilateral elements (CAX4).

= Analysis Steps

The analysis will be performed in two steps. In first step, interference between the plunger and the seal is
resolved. In the second step, a harmonic motion is applied to the plunger.

The second step has been defined with a total time period set to 12.0 and the initial time increment to 0.05.
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= Contact Interactions

A contact interaction has already been defined between the plunger and the seal. It is assumed that relative
sliding between plunger and seal does not take place. To achieve this behavior “rough” friction formulation
has been specified in the contact property for this interaction.

& Edit Contact Property *®

Mame: noSlip

Contact Property Options

Tangential Behavior

Mechanical Thermal Electrical -r

Tangential Behavior

Friction formulation]| Rough Pl

Mo slip will occur once points are in contact.

When “rough” friction option is specified, Abaqus uses an infinite coefficient of friction for the contacting
surfaces.

Now we will define a contact interaction between the cylinder and the seal. A contact interaction property
will also be defined with slip-rate dependent Coulomb friction model.

Change to Interaction module and open the Interaction Manager by picking
Pick Create to define a new interaction.

Enter Cylinder-Seal as the name of the interaction.

Pick Initial in the Step field.

Select Surface-to-surface contact.

Pick Continue to proceed.

We have already defined a surface so pick Surfaces and select the Cylinder-1.Surf-Contact.
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% Region Selection "

Eligible Surfaces

Surfaces below may contain faces.

Name filter:! ! L

Name Type !
Cylinder-1.5urf-Contact Surface |
Plunger-1.5urf-Contact Surface '
Seal-1.5urf-Contact-Inner Surface
Seal-1.5urf-Contact-Outer Surface

Highlight selections in viewport

i-Continue...-i - Dismiss .

Pick Continue to proceed.

For the slave type, pick Surface and select the Seal-1.Surf-Contact-Outer.

% Region Selection P

Eligible Surfaces

Surfaces below may contain faces.

MName filter: s

Name Type
Cylinder-1.5urf-Contact Surface
Plunger-1.5urf-Contact Surface
Seal-1.5urf-Contact-Inner Surface

Seal-1.5urf-Contact-Outer Surface

Highlight selections in viewport

: Continue... Dismiss ]

The reason that it has been selected as slave surface is that it is smaller as compared to the surface
belonging to cylinder.

If a smaller surface contacts a larger surface, it is preferable to choose the smaller surface as the slave
surface.

Pick Continue and Edit Interaction dialog box will appear.

Contact interaction property desired for the interaction has not been defined before so we will define it
now.

To define the contact interaction property, pick = in the Edit Interaction dialog box.
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Enter FrictionSlip as the name of the property.

Select Contact as type.

% Create Interaction Property X
MName: FrictionSlip

Type
Cotact
Film condition

Cavity radiation

Fluid cavity

Fluid exchange

Acoustic impedance i

Continue... Cancel

Pick Continue and Edit Contact Property dialog box will appear.

Pick Mechanical > Tangential Behavior to specify tangential behavior (friction).

Pick Penalty as friction formulation.

Penalty friction formulation allows some relative motion of the surfaces when they should be sticking.
Ideal friction behavior, simulated with Lagrange Multiplier formulation, can be very expensive in terms of
the computer resources as compared to Penalty formulation.

Select Use slip-rate-dependent data option.

Enter 0.2 as friction coefficient for 0 slip rate, 0.1 as friction coefficient for 0.05 slip rate and 0.08 as
friction coefficient for 0.2 slip rate.
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Mechanical Thermal Electrical ¥

Tangential Behavior
Friction formulation; Penalty R

Friction Shear Stress Elastic Slip

Directionality: ® lsotropic O Anisotropic (Standard only)

| Use slip-rate-dependent datal

] Use contact-pressure-dependent data

[ Use temperature-dependent data

-

Mumber of field variables: 0=
F::"*"’“ Slip Rate
0.2 0
0.1 0.05
0.08 0.2

Pick OK to apply the changes and exit the dialog box.

Pick FricitonSlip in the Contact interaction property field.

Contact interaction property:| FrictionSlip M B

Options:

Contact controls: | (Default) i

oK Cancel

Pick OK and it completes the definition of interaction. It can be seen in the Interaction Manager that newly
created interaction has been propagated through all the steps.

Pick Dismiss to close the Interaction Manager.

— Boundary Conditions

Boundary conditions required for the analysis have already been defined. The boundary conditions
“Cylinder” and “Plunger” constrain the translation of respective parts along the axis.

We will modify the “Plunger” boundary condition in Step-2, such that it reciprocates with a periodic
motion. We will apply the motion of the form u(¢) = A4, + Acos(wt) + Bsin(wt) to the plunger by defining
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a periodic amplitude. In this relation, A4, is initial amplitude and w 1s the frequency. We assume the

frequency to be equal to /6 and initial amplitude to be equal to 0.075 for this exercise.

To define the periodic amplitude, pick Tools > Amplitude > Create while the Interaction module is active.
(Alternatively double-click on the Amplitudes container in the Model Tree).

Pick Periodic as type and enter AmpPlunger as the name of the amplitude.

Enter 0.524 as frequency, -0.075 as initial amplitude, 0.075 as A4 and 0 for starting time and for B as
shown in the figure below.

% Edit Amplitude x
Name: AmpPlunger

Type: Periodic

Time Span: |Step time

Circular frequency: | 0.524

Starting time; 0

Initial amplitude: |-0.075

A B
1 0.075 0
0K Cancel

Pick OK to apply the changes and exit.

Change to Load module and open the Boundary Condition Manager by picking

Pick the boundary condition “Plunger” under column “Step-2” and pick Edit.

% Boundary Condition Manager *

Name Initial Step-1 Step-2 Edit...

v Cylinder  Created Propagated _Propagated
v Plunger Created Propagated

Deactivate
| Step procedure: Static, General
Boundary condition type: Displacement/Rotation
Boundary condition status: Propagated from a previous step
Create... Copy... Rename... Delete... Dismiss
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Enter 1 in U2 field and pick the AmpPlunger in amplitude field as shown below.

CSYS: (Global)
Method: Specify Constraints

Distribution: | Uniform

Qut:
* Mu2: 1

L UR3: radians
* Amplitude: || AmpPlunger V| Po

* Modified in this step

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

OK Cancel

Pick OK to apply and exit.

Pick Dismiss to close the manager.

=) History Output Requests

We want to plot total force due to frictional stress at the contact interface. This information is not included
by default in the ODB file. We will request a history output variable for that purpose.

Change to Step module.

Open the History Output Manager by picking
Pick Create to define a new history output request.

Enter FrictionalStress as the name and pick “Step-2” in the Step column.

& Create History X |
|
i
Step: | Step-2 sl

Name: | FrictionalStress

Procedure: Static, General

Continue... Cancel

Pick Continue to proceed.
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Check the CFS2 variable under the Contact tree as shown below.

5 Edit History Output Request X |
MName: FrictionalStress
Step: Step-2

Procedure: Static, General

Domain:  |Whole model v
Frequency: | Every n increments M e (1

Timing: |Qutput at exact times

Output Variables
® Select from list below O Preselected defaults O All O Edit variables
CF52

W [m] Contact A
1 CSTRESS, Contact stresses
L1 CDSTRESS, Contact damping stresses
L] CDISP, Contact displacements
’ L1 CFN, Total forces due to contact pressure
W [E] CFS, Total forces due to frictional stress
L1CFSMm

-

Pick OK to apply and exit.

Pick Dismiss to close the manager.

“— Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking E
Pick Create and create a job named PlungerFricSlip or any other suitable name.
Pick Continue and then OK.

Pick Submit to submit the job for analysis and notice that analysis completes successfully.
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=9 Postprocessing

Select the job in the manager and pick Results to view the analysis results in the visualization module.

Pick &3 to plot the contours on deformed shape. The distribution of von Mises stress at the end of
simulation will appear as shown in the figure below.

S, Mises
(Avg: 75%)

+2.66+08
[ +2.46+08

| 122e+08
+2.0e+08
+1.8e+08
+1 56408
+1.3e+08
+1.1e+08
+9 26407
+7.26+07
+5. 16407
+3 1e+07
+9.0e-+06

Now we will plot total force due to frictional stress at the contact interface. This information has already
been requested as history output in the ODB file.

Pick % and Create XY Data dialog box will appear.
Pick ODB history output > Continue

In the History Output dialog box, select CFS2 for the outer surface of the seal.

2= Create XY Data X % History Output bt
Source Variables Steps/Frames

®ODB history output Qutput Variables

0 ODB field output b <

O Thickness . ;
o | Artificial strain energy: ALLAE for Whole Model )

Free body — | (CFS2:CFS2  ASSEMBLY_SEAL-1_SURF-CONTACT-INNER/ASSEMBLY_PLUNG

O Operate on XY data CFS2: CFS2  ASSEMBLY SEAL-1_SURF-CONTACT-OUTER/ASSEMBLY_CYLINI

O AsClI file | Contact constraint discontinuity work: ALLCCDW for Whole Model

O Keyboard | Contact constraint elastic energy: ALLCCE for Whole Model

) Path | Contact constraint elastic normal energy: ALLCCEN for Whole Model

| Contact constraint elastic tangential energy: ALLCCET for Whole Model

- == = ; v
' Continue.. | Cancel | e s sesaa U™ s ne i i, it g Gog =

SaveAs.. | | Dismiss |
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Pick Plot and the graph will appear as shown below.
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As the plunger starts moving it changes from ’stick” to “slip”. When the piston reaches other end, it goes
from 'slip’ to 'stick’. It reverses its direction and again slips. It can be seen that frictional force is reduced as
the velocity of the plunger is increasing and after reaching minimum it again starts increasing as the

velocity is decreasing. Some relative motion of the plunger can also be seen when it should be sticking.
This could be attributed to the non-ideal penalty friction formulation.

= Modifying Contact Interaction

Now we will create a new contact interaction property with a exponential decay friction model and specify
it for the contact interaction between cylinder and plunger.

Change to Interaction module.

Pick % to create a new contact interaction property.

Select Contact as type and enter FrictionExponential as name of the property.
Pick Continue and Edit Contact Property dialog box will appear.

Pick Mechanical > Tangential Behavior to specify tangential behavior.

Pick Static-Kinetic Exponential Decay as friction formulation.

Select Test data option.

Enter 0.2 as friction coefficient for 0 slip rate, 0.1 as friction coefficient for 0.05 slip rate and 0.08 as
friction coefficient for infinity slip rate.
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Tangential Behavior

Friction formulationy| Static-Kinetic Exponential Decay s

Friction  Elastic Slip

Definition: O Coefficients

Friction :
; 5lip Rate
02 [N
0.1 0.05
0.08 i}

In Static-Kinetic Exponential Decay model, friction coefficient decays exponentially from the static value
to the kinetic value as elaborated in the figure below.

yIy
Hs

Hi

(-
-

slip rate
Pick OK to apply the changes and exit the dialog box.

=

While Interaction module is active, open the Interaction Manager by picking

Pick the “Cylinder-Seal” interaction under column “Initial” and pick Edit.
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% Interaction Manager

Name Initial Step-1 Step-2

v Cylinder-Seal Propagatec Propagatec

+" Plunger-Seal  Created Modified Propagatec

*

Edit.. ||

Maove Right

Interaction type: Surface-to-surface contact (Standard)
Interaction status: Created in this step

. Create... . . Copy... . Rename.. Delete... .

Dismiss

Pick FrictionExponential as the contact interaction property.

Contact interaction property]| FrictionExponential

Options:

Contact controls: | (Default) el

Ok | Cancel

Pick OK to apply the changes and exit the dialog box.

Pick Dismiss to close the Interaction Manager.

= Job Submission

Now we can submit the job for analysis.

So change to Job module and open the Job Manager by picking E
Pick Create and create a job named PlungerFricExpo or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis and notice that analysis completes successfully.

— Postprocessing
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Select PlungerFricExpo job in the manager and pick Results to view the analysis results in the

visualization module.

Now we will plot total force due to frictional stress at the contact interface.

Pick ttl and Create XY Data dialog box will appear.

Pick ODB history output > Continue

In the History Output dialog box, select CFS2 for the outer surface of the seal.

Pick Plot and the graph will appear as shown below.
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It can be seen that the stick-slip behavior is almost the same as with the Coulomb friction.

Select File > Save to save the changes we made so for.
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Exercise 9

In this exercise we will use contact surface smoothing technique to overcome the contact stress inaccuracy
arising due to faceted surface geometry.

Pick File > Set Work Directory and set the work directory to SpindleAssembly folder

Open the model database Spindle.cae. It will appear as shown below.

Spindle Holder

The assembly consists of two three-dimensional, deformable parts: spindle and holder. The holder is
pushed inside the spindle and a contact is established between two parts. Both the parts are assumed to be
made from steel with a Young’s modulus of 200GPa and a Poisson’s ratio of 0.3. Both the parts are
meshed with with 8-node, fully integrated, brick elements (C3D8).

= Analysis Step

The analysis will be performed in one step. The step has already been defined with a total time period set
to 1.0 and the initial time increment to 0.01

— Boundary Conditions

By taking advantage of the symmetry, only half of the problem is simulated. Symmetry boundary
conditions have already been defined for both parts. Furthermore translation of both parts along the y-axis
has been constrained using separate boundary conditions.

Change to Load module and open the Boundary Condition Manager by picking
In the Boundary Conditions Manager it can be seen that four boundary conditions have already been

created. The boundary condition “Holder U2” constrains the the motion of the holder along y-axis. We
will modify it so that holder is translated along the y-axis during Step-1.
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Pick the boundary condition “Holder U2” under column “Step-1" and pick Edit.

% Boundary Condition Manager X

Name Initial  Step-1 | Edit.

+ Holder_Symm Created Propagated
v Holder_U2 Created |
v Spindle_Symm Created Propagated
v Spindle_U2 Created Propagated

|| Deactivate
Step procedure; Static, General
Boundary condition type: Displacement/Rotation
Boundary condition status: Propagated from a previous step
Create... Copy... Rename... Delete... Dismiss

Enter 0.002 in the U2 field as shown below.

& Edit Boundary Condition ¥
Mame: Holder_U2

Type:  Displacement/Rotation

Step: Step-1 (Static, General)

Region: (Picked)

CSYS: (Global)
Distribution: | Uniform

LUt
U2 10,002

Pick OK to apply and exit.

Pick Dismiss to close the manager.

= Contact Interaction

A contact interaction has already been defined with the default options of “Finite sliding” and “Surface to
surface” discretization.

=.> Job Submission
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All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking
Pick Create and create a job named HolderPush or any other suitable name.
Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Notice that analysis completes successfully.

= Postprocessing

Select HolderPush job in the manager and pick Results

Pick &3 to plot the contours on deformed shape.

Select CPRESS as output variable in the Field Output toolbar.

We will remove the spindle from viewport. So pick a and select Part instances as the entities to remove.

Select entities to remove: | Part instances M Done Undo| Redo

Now select the spindle on screen and pick Done.
The contact pressure distribution will appear as shown in the figure below.

CPRESS
+3.3e+08
+3.1e+08
+2.9e+03
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| +272e+08
§+1.9e+08
| +1.7e+08
| 11146408

+1.2e+08
+9.8e+07
+7.4e+07

+5.0e+07

Contact pressure distribution does not seem to be accurate keeping in view the fact that geometry of
contacting surfaces is axisymmetric.
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A contact pair is defined by picking faces on geometric part instances. Abaqus creates the contact surfaces
internally, by grouping the faces of underlying elements, for contact analysis. So the curved geometric
surfaces are approximated as a group of connected element faces which causes the contact pressure
inaccuracy.

= Smoothing Contact Surfaces

Abaqus/Standard offers surface smoothing techniques to improve the accuracy of contact computations.
We will activate the contact surface smoothing option and see how it affects the analysis results.

Contact surface smoothing technique applies to surface regions that are roughly axisymmetric (all points
on the surface are nearly equidistant from the axis) or roughly spherical for “surface to surface” contact
discretization.

Change to Interaction module and open the Interaction Manager by picking
Pick the “Spindle-Holder” interaction under column “Initial” and pick Edit.

Select Automatically smooth 3D geometry surfaces when applicable option located under the Surface
Smoothing tab as shown below.

| s Edit Interaction X |
Mame: Spindle-Holder

Type: Surface-to-surface contact (Standard)
Step:  Initial
fl Master surface: (Picked) 2
fl Slave surface: (Picked) I3

gt

Sliding formulation: @ Finite sliding O Small sliding
Discretization method: | Surface to surface P
[ Exclude shell/membrane element thickness

0.2

Contact tracking: ® Two configurations (path) O Single configuration (state)

Slave Adjustment Surface Smoothing Clearance Bonding

O Do not smoaoth

® Automatically smooth 3D geometry surfaces when applicable

When the “Automatically smooth 3D geometry surfaces when applicable” option is selected, Abaqus/CAE
automatically identifies any circumferential or spherical surfaces in a contact interaction that will benefit
from contact smoothing.
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Pick OK to apply the changes and exit.

Pick Dismiss to close the manager.

'_'\ . .
= Job Submission

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking
Select HolderPush and pick Submit > OK.

Notice that analysis completes successfully.

. .
=~ Postprocessing

Select HolderPush job in the manager and pick Results

Pick £9 to plot the contours on deformed shape.

Select CPRESS as output variable in the Field Output toolbar.

We will remove the spindle from viewport. So pick a and select Part instances as the entities to remove.

Select entities to remove: | Part instances ~| Done| |Undo| |Redo

Now select the spindle on screen and pick Done.

The contact pressure distribution will appear as shown in the figure below.
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Select File > Save to save the changes we made so for.
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Note: The effects of the surface smoothing techniques are significant for analyses involving small
deformation.  For analyses with large deformation these smoothing techniques usually have an
insignificant effect on solution. The effectiveness of the smoothing is not affected due to relative motion
between contact surfaces, so the smoothing technique works well for cases involving finite sliding but
small deformation.
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Exercise 10

In this exercise we will use tied contact to “weld” a solid and a shell part together and perform the stress
analysis of assembly.

We will also use tie constraint to “weld” bush and frame together and compare the results to those obtained
when tied contact is used.

Pick File > Set Work Directory and set the work directory to WeldedBush folder

Open the model database Frame.cae. It will appear as shown below.

Bracket———» o

<4+— Frame

The assembly consists of three three-dimensional, deformable parts: bush, frame and bracket. The bracket
is welded to the frame and frame is welded to the bush. All the parts are assumed to be made from steel
with a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. The frame and the bracket are meshed
with linear, fully integrated, quadrilateral shell elements (S4). The bush is meshed with 8-node, fully
integrated, brick elements (C3D8).

= Analysis Step

The analysis will be performed in one step. The step has already been defined with a total time period set
to 1.0 and the initial time increment to 0.01

— Load and Boundary Conditions

A concentrated force is applied on a reference point which is constrained to the inner edges of hole in the
bracket with MPC constraint. Bracket is also tied to the frame using Tie constraint.

As only half of the problem is simulated by taking advantage of the symmetry, symmetric boundary

conditions have been defined for all the parts. Furthermore, U2 and U3 degrees of freedom of the reference
point which is constrained to the inner edges of bush have been constrained.
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> Contact Interaction

We will define a contact interaction to join (weld) the bush and the frame together.

Change to Interaction module and open the Interaction Manager by picking ===
Pick Create to define a new interaction.

Enter Bush-Frame as the name of the interaction.

Pick Initial in the Step field.

Select Surface-to-surface contact.

Pick Continue to proceed.

We have already defined a surface so pick Surfaces and select the Bush-1.Surf-Weld.

5 Region Selection *

Eligible Surfaces

Surfaces below may contain faces.

Name filter; 2%
Name Type
Bush-1.5urf-Weld Surface

Highlight selections in viewport

| Continue... | | Dismiss

Pick Continue to proceed.

For the slave type, pick Node Region

The frame contacts the bush along edges. Abaqus/Standard does not allow edge-based surface on three-
dimensional shell elements to be used in a contact analysis. Therefore node-based surface will be used

instead.

We have already defined a set for that purpose, so pick Sets and select the Frame-1.Set-WeldedEdge.
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3 Region Selection *
Eligible Sets
Sets below may contain vertices, edges, faces, cells or nodes.
Name filter: ‘ _ L
Name _ Type
Frame-1.5et-WeldedEdge Geometry |

Highlight selections in viewport

! Continue... | | Dismiss

Pick Continue and Edit Interaction dialog box will appear.

Pick Frictionless as the contact interaction property.

There could be only small relative sliding in the contact region, so pick Small sliding.

Pick Node to surface as discretization method.

“Surface to surface” discretization is not applicable if a node-based surface is used in a contact pair

definition.

Select Specify tolerance for adjustment zone option and check the Tie adjusted surfaces.
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Sliding formulation: O Finite sliding |® Small sliding

Discretization method: |Node to surfacel e

U Exclude shell/membrane element thickness
Degree of smoothing for master surface; | 0.2

Use supplementary contact points: ® Selectively O Never O Always

Slave Adjustment  Surface Smoothing Clearance Bonding

O No adjustment

O Adjust only to remove overclosure

@® Specify tolerance for adjustment zone: |0

O Adjust slave nodes in set;

|4 Tie adjusted surfaces

MNote: Slave surface will be adjusted to be precisely in contact
with the master surface at the beginning of the analysis.

When “Tie adjusted surfaces” option is checked, the surfaces forming the contact are tied together during
simulation. It constrains each of the nodes on the slave surface to have the same value of displacement as
the point on the master surface that it contacts.

Pick OK and it completes the definition of interaction.

Pick Dismiss to close the manager.

= o e
= Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking
Pick Create and create a job named BushContact or any other suitable name.
Pick Continue and then OK.

Pick Submit to submit the job for analysis.

If you look in the message area, the following message can be seen.

“Job BushContact aborted due to errors.”
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= Diagnosing the error

We will try to investigate the cause of this error by using Job Monitor.
Select BushContact in the manager and pick Monitor

No error message is reported in the Errors tab.

Pick the Warnings tab and notice the warning about missing intersection as highlighted below.

| % BushContact Monitor = e
Job: BushContact Status: Aborted

Severe

] Equil Total Total Step Time/LPF
Btep Imcremint At D:::l:n Iter Iter Time/Freq Time/LPF Inc
1 1 1U 0 4 4 0 0 0.01
1 1 2U 0 4 4 0 0 0.0025
1 1 3uU 0 4 4 0 0 0.000625
1 1 4U 0 4 4 0 0 0.00015625
1 1 5U 0 4 4 0 0 3.90625e-05

Log !Errors !'Wamings OQutput DataFile Message File Status File

13 nodes are either missing intersection with their respective master surface or are outside the adjust zone.
The nodes have been identified in node set WarnNodeMissMasterintersect.

Search Text
Text to find: LI Match case Il Mext i Previous

Dismiss

We can view the mentioned node set on screen in the Visualization module.
So pick Results in the manager to view the results in the Visualization module.
In the Results Tree, expand the Node Sets container underneath the BushContact.odb

Pick on the WarnNodeMissMasterIntersect and corresponding node set will highlight on the screen as
shown below.
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& Output Databases (1)

= BushContact.odb
E‘EP History Cutput (24)
o Steps (1)
@@ Instances (3)
@ P2 Materials (1)
@ % Sections (3)
Emﬁ Element Sets (3)
2% Node Sets (4)
. ALL NODES

WarnMNodeBClncorrectDof

i :"FRAME—'!.SET—WELDEDEDGE
E!._ Surface Sets (1)
.L Session Coordinate Systems
-Ja ODB Coordinate Systems
# User Data

Abaqus/Standard only constrains slave nodes to the master surface when they are precisely in contact with
the master surface at the start of the analysis. A value of 0 is specified, by default, as the tolerance for
adjustment zone in the contact interaction dialog box, which causes Abaqus/Standard to adjust only those
slave nodes that are penetrating the master surface. Any open nodes are left without adjustment and remain
unconstrained. When a positive value is specified as the tolerance of the adjustment zone, Abaqus/Standard
moves any open slave nodes within the adjustment tolerance onto the master surface in addition to moving
penetrating slave nodes onto the master surface.

We can conclude that nodes included in the node set “WarnNodeMissMasterIntersect” are open and hence
do not intersect the master surface. So we will specify a tolerance for adjustment zone such that all open
nodes are moved onto the master surface.

Change to Interaction module and open the Interaction Manager by picking ===.
Select Bush-Frame in the dialog box and pick Edit.

Enter 0.0005 in the “Specify tolerance for adjustment zone” field as shown below.

Slave Adjustment  Surface Smoothing Clearance Bonding

O No adjustment

O Adjust only to remove overclosure

® Specify tolerance for adjustment zone: . 0.0005

O Adjust slave nodes in set:

Tie adjusted surfaces

MNote: Slave surface will be adjusted to be precisely in contact
with the master surface at the beginning of the analysis.
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When a positive value is specified as the tolerance, Abaqus/Standard forms an adjustment zone extending
by the specified value from the master surface along the master surface normals. Any open nodes on the
slave surface that are within the “adjustment zone” in the initial geometry of the model, in addition to
penetrating slave nodes, are moved precisely onto the master surface. The motion of these slave nodes
does not create any strain in the model.

Pick OK to apply the changes and exit the dialog box.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking
Select BushContact and pick Submit > OK.
Notice that analysis completes successfully.

Pick Dismiss to close Job Manager

— Defining Tie Constraint

Now we will make a copy of the existing model and create a tie constraint to join the bush and frame
together.

So right-click the Frame Contact model in the Model Tree and pick Copy Model.

=43 Models (1)
A Ann Switch Context Ctrl+Space
24§ Ana | Copy Model... |
“2 ) Edit Attributes...
Ba/  Edit Keywords...

B Rename..
H ¢ Delete... Del
Set As Root

Expand All Under
Collapse All Under

Enter Frame_Tie as the name of the copied model.

& Copy Model X

Copy Frame_Contact to:

Frame_Tie

Cancel

Delete the Bush-Frame contact interaction as we do not need it in this model.
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Q'ﬁ Interactions (1)

=
WSwitch Context Ctrl+Space

@R Interacti

ﬁ okt Edit...

it Contact Copy-

“3& Contact ~ Rename..

w«]] Constrai Del

@ Connect  SUPPress

@ F Fields  Resume

Py Amplitu  Set As Root

[% Loads (1  Expand All Under
D,—,u BCs (4) Collapse All Under
I Predefined Fields

Change to Interaction module and open the Constraint Manager by picking .
Pick Create to define a new constraint.
Pick Tie as the type of the constraint.

Enter Bush-Frame as the name of the constraint.

% Constraint Manager * % Create Constraint %
Name Type : MName! :Bush—Frame
Ul Bracketload PC Beam Type
v Frame-Bracket Tie =
+ RP-Bush MPC Beam TiE‘
| Rigid body
T 18 3 B 1 B | _h [
| Create.. || Edit. | Copy.. | Rename..| | Delete.. | Dismiss Display body
| e | h | & 4 | Coupling

| Adjust points

| MPC Constraint

| Shell-to-solid coupling
Embedded region

. Equation

Continue... | Cancel

A tie constraint ties two surfaces together for the duration of a simulation. It constrains each of the nodes
on the slave surface to have the same motion as the point on the master surface to which it is closest.

Pick Continue to proceed.
Pick Surface as the master type,

We have already defined a surface so pick Surfaces and select the Bush-1.Surf-Weld.
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% Region Selection X
Eligible Surfaces

Surfaces below may contain faces.

Name filter: | 2%

| Name Type |
Bush-1.5urf-Weld Surface '
Highlight selections in viewport

| Continue...“i _ Dismiss i

Pick Continue to proceed.

The frame contacts the bush along edges. Abaqus/Standard allows to use edge-based shell surfaces as slave

while defining a tie constraint. For the sake of convenience, we will use a node-based surface as we have
already defined required set.

So for the slave type, pick Node Region.

We have already defined a set for that purpose, so pick Sets and select the Frame-1.Set-WeldedEdge.

5 Region Selection X
Eligible Sets

Sets below may contain vertices, edges, faces, cells or nodes.

MName filter: | o
ame Type
Frame-1.5et-WeldedEdge Geometry

Highlight selections in viewport

| Continue... | Dismiss |

Pick Continue and Edit Constraint dialog box will appear.
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Position Tolerance
® Use computed default
O Specify distance:

Note: Nodes on the slave surface that are
considered to be outside the position
tolerance will NOT be tied.

[¥1 Adjust slave surface initial position

| &7 Tie rotational DOFs if applicable

OK Cancel

“Adjust slave surface initial position” option is checked by default. So Abaqus will automatically
reposition the slave nodes to be tied in the initial configuration such that the surfaces are just touching. The
motion due to adjustment of these slave nodes does not create any strain in the model.

We will use the default options so pick OK in the Edit Constraint dialog box.

“ Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking
Pick Create and create a job named BushTie for the Frame Tie model.
Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Notice that analysis job completes successfully.

= Comparing the Results

Select BushContact job in the manager and pick Results

Pick (s, to plot the contours on deformed shape. The final deformed shape of the frame assembly will
appear as shown in the figure below.
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Abaqus 2016

The highest stress occurs in the bracket. For the comparison purposes we are interested in the stress
distribution in the frame and the bush so we will remove the bracket from display.

So pick a and select Part instances as the entities to remove.

Select entities to remove:

Part instances

£

Now select the bracket on screen and pick Done.

Done Undo| Redo

The following figure compares the von Mises stress plots in both simulations. It can be seen that stress
distribution is almost similar in both cases.
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Now we will plot the magnitude of the strain-free adjustments to initial positions.

Pick ™ to view the first frame (the base state of the model at the beginning of the step at zero time).

Pick STRAINFREE in the Field output toolbar.
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The following figure compares the STRAINFREE variable contour plots in both simulations. It can be

By default, STRAINFREE is written to the output database for the frame at zero time if any strain-free
seen that the distribution of the adjustment magnitude is quite similar in both cases.

adjustments are made by Abaqus/Standard.
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Note: It is preferable to use the surface-based tie constraint capability instead of tied contact.

Select File > Save to save the changes we made so for.
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