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PTC Simulation Services Introduction

PTC Global Services provides services for our own simulation products:

— Pro/ENGINEER Mechanica as a FEA tool with p-method for structural mechanical,
thermal and thermo-mechanical analysis

— Pro/ENGINEER MDX and MDO (Mechanism Design Extension and Mechanism
Dynamics Option) for kinematic and dynamic multi-body simulations

The benefits are accomplished as following:
— Required calculations

— Development of the required analysis and optimization, working with the design team,
directly on the working CAD data, including adoption of mechanical systems
engineering tasks

— On-site simulation consulting - Software and calculation method knowledge transfer
— Simulation training and workshops from PTC University

The following slides show some examples of relevant references on the theme
of contact calculations. Numerous other references from other clients and to
other simulation issues can be provided upon request.

© 2009 PTC



Automotive

PTC University Further Educates Bosch Dlesel Systems in Nonlinear
Contact Analysis with Pro/ENGINEER Mechanica®

As the world's leading diesel systems manufacturer, the Bosch Diesel Systems Division, .
headquartered in Stuttgart, Germany, develops, applies and produces diesel injection @ BOSCH
systems which contribute to making vehicles cleaner and more economical. In the very early
development phase, Finite Element analysis and optimization with Mechanica® assures

that their highly pressurized systems work as reliable in their later service life.

BUSINESS INITIATIVE
Bosch DS wanted to extend its engineers’ skills in nonlinear Mechanica contact simulation
and to familiarize them with the new developed friction contact model of the latest
Mechanica release

SOLUTION
PTC University offered a specially customized in-center training workshop containing
knowledge transfer in Mechanica contact theory and analysis, and furthermore the
opportunity to discuss and analyze typical Bosch DS products

RESULT
Acquired knowledge in the frictionless and friction containing contact model provided in _ _
Pro/ENGINEER Mechanica D o orcies conin
Acquired skills in setting up idealized, speed and accuracy optimized contact models nd contact analysis ks
Bottom: A PTC University contact

training example - von Mises stress

Ability to assure the result quality of nonlinear contact analysis by carefully creating and aining example - von Mise
. . distribution within a cylindrical roller
interpreting contact measures and postprocessor plots bearing acc. to the Hertz theory

“PTC University provided a first-rate Mechanica contact workshop that delivered the exact
information we were looking for. In the training, our Mechanica Models were discussed and
analyzed with reasonable idealizations. Typical difficulties and problems we observe when
setting up and running contact analyses were treated and helpful solutions were provided.”

Dipl.-Ing. Matthias Brunner, Engineering Technical Information Processing, Diesel Systems, Robert Bosch GmbH

© 2009 PTC
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PTC University Educates Bosch Rexroth Engineers in Advanced Nonlinear
Contact and Bolt Simulation with the Pro/MECHANICA FEM Code

Bosch Rexroth AG, headquartered in Lohr am Main, Germany, is a developer, REIl'ﬂth
producer and supplier of drive and control technologies for hydraulic, electric,
pneumatic or mechanical applications. In order to increase product quality in spite Bosch Group

of reduced development time, the PTC University was charged with the further
education in advanced contact and bolt analysis with Pro/MECHANICA.

BUSINESS INITIATIVE

Bosch Rexroth requested on-site Pro/MECHANICA contact & bolt
simulation workshops for their design and CAE engineers
developing hydraulic equipment.
SOLUTION
PTC offered simulation workshops providing basic principles of
bolt analysis, necessary software knowledge, typical application
tasks and furthermore solutions for special customer examples.

RESU LT One of the customer’s analysis tasks
. . solved in Pro/MECHANICA during the
Acquired knowledge about the contact theory used in contact & bolt analysis workshop:

1 i 1 Above:
Pro/MECHANICA and methods to assure numeric solution quality ~ £ of a hydrauic

Acquired solution roadmaps for typical bolt analysis tasks e ooty e 20 &
Critical bolted designs can now be analyzed and optimized in Right: o

. . Von Mises stress in the piston assembly
Pro/MECHANICA before prOtOtypeS are belng built and tested. when preloaded and pressurized.

“The Pro/MECHANICA simulation training provided by the PTC University exactly met what we
needed: Solution methods in Pro/MECHANICA for all types of bolted connections with different
precision demands, starting from just obtaining force relations up to evaluating exact load and
stress distributions in each single thread turn.” Dipl.-Ing. Katja Mild, Group Leader R&D, Bosch Rexroth AG

© 2009 PTC
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PTC Global Services Performs Advanced FEM Bolt Analysis for P&S

P&S Tensioning Systems Ltd., located in St. Gallenkappel, Switzerland, is known worldwide forits @®®e®
SUPERBOLT® Multi Jackbolt Tensioners, which are designed as direct replacements for hex nuts. .P&S..
The main thread serves to position the tensioner on the bolt or stud against the hardened washer l. .I
and the load bearing surface. Once it is positioned, actual tensioning of the bolt or stud is ®
accomplished with simple hand tools by torquing the jackbolts which encircle the main thread.
BUSINESS INITIATIVE
P&S wanted to show that their tensioning system also has big advantages when used in a
crosshead bolted connection where the load untypically is not introduced into the clamped
parts, but directly into the bolt. These connections are critical regarding rupture. No analytical
standards or guidelines exist up to now how to analyze this type of bolted connection.
PTC Global Services Consulting analyzed the existing crosshead connection and the
alternative with the SUPERBOLT® Tensioner within advanced Pro/MECHANICA Structure
contact analyses based on customer DXF data and provided a detailed presentation.
RESULT
Precise location of the overloaded area where typically rupture appears when a standard nut
is used: Here, the first groove of the bolt thread inside the crosshead is critically loaded.

Representation of the more equal load distribution along the thread when the SUPERBOLT®
Tensioner is used.
“On an international bolt application conference we learned how PTC analyzed a similar bolted
connection within an ARIANE 5 rocket upper stage of EADS/CNES. We wanted to take advantage

of this unique knowledge for our own product and were fully satisfied with the results obtained

by the use of PTC’s Pro/MECHANICA Structure FEM code, which exactly match our observations
in the field.” Norbert Schneider, Technical Director, P&S Tensioning Systems Ltd.

© 2009 PTC
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PTC Global Services Consults RENK in 3D-Contact and Bolt FEM Analysis

RENK Aktiengesellschaft, a member of the MAN group, develops and produces its slide
bearings and clutches directly at the production facilities in Hannover, Germany. The
products are rated via computer programs and designed with the CAD system
Pro/ENGINEER. This provides RENK with a high degree of flexibility when it comes to
quickly meet customer requirements.
BUSINESS INITIATIVE
For assuring strength and reliability of a very compact, bolted and highly loaded slide
bearing housing, RENK AG was asking for consulting support in advanced FEM
simulation with Pro/MECHANICA Structure
SOLUTION
PTC Global Services offered a Pro/MECHANICA Structure consulting for 3D-contact
and fastener analysis at the customer’s plant. This contained prepared example
assemblies for further education as well as direct work and demonstrations with the
original customer assembly for solving this analysis problem.

RESULT
Weak point in housing design approach identified and solution proposed Casted housing of a
Deep knowledge and several new methods learned how to handle contact problems slide bearing with
and how to apply Pro/MECHANICA Structure for bolted assemblies Gistioution at the
Better understanding of the used penalty method for contact analysis ot meancim g
Acquired ability to independently solve similar problems without further consulting operational shock load

“The FEM simulation consulting, which was provided very quickly in excellent quality and with
deep background knowledge, gave us valuable feedback about our own analysis procedures

and showed us additional methods in applying the Pro/MECHANICA software more efficient.”
Burghard Kohring, Project Manager, RENK AG Hannover

© 2009 PTC
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PTC Global Services Supports Carl Zeiss Camera Lens Division in Analyzing
and Optimizing Clamped, Achromatic Lens Elements with Pro/MECHANICA
years, the technology pacesetter has been pushing back the frontiers of precision technology. W
Today, modern FEM tools are used to analyze deformations and strength of lens elements
under mechanical and thermal loading to assure highest precision and reliability. We make it visible.
BUSINESS INITIATIVE
Zeiss wanted to study the behavior of their achromatic

lens elements consisting of glass with different thermal
expansions and glued with a um-thin layer, when

Ereloaded bi Iockini rinis and thermally loaded.

PTC Global Services developed an analysis model

of a clamped achromatic lens element within an

extensive on-site Carl Zeiss employee consulting.
RESULT

Detailed knowledge transferred to Zeiss employees

how to use Pro/MECHANICA for advanced contact

+ o
i

High-Precision Optics

-

The name Carl Zeiss is a byword for pioneering performance in camera lenses. For over 150

. H Top left: Pro/ENGINEER model of the fitted lens elements with the thin glue layer
analySGS Wlth mlcrometer'sma” contact areas and Top center: P-meshed Pro/MECHANICA model showing radial thermal stress

eXtremely thin glue Iayers between the lens elements Top right: Thermal stress in the um-thin glue layer between the lens elements

Bottom left: Shear stress in lens element and fitting according to Hertz contact theory

A ini Bottom center: Contact pressure distribution from Pro/MECHANICA at locking ring
Ready tO run PI'O/MECHAN ICA F_Inlte E_Iement and lobe and corresponding analytical equations derived in MATHCAD for comparison
MATHCAD Model for further studies delivered Bottom right: Axial stress near thread of locking ring

“The outstanding expert knowledge provided by PTC Global Services enabled us to perform our
own detailed, precise and further-going finite element studies with Pro/MECHANICA. This will
allow us to develop and deliver cine and camera lenses still a notch above our actual ones,

working yet more precise under extreme environmental conditions.”
Dipl.-Ing. Christian Bittner, Product Development Carl Zeiss AG Camera Lens Division

© 2009 PTC



Automotive

PTC Global Services Supports ZF Frl-edrlchshafen AG in Finite
Element Analysis

ZF develops and produces products serving the mobility of human beings and goods.
Innovations in Driveline and Chassis Technology provide increased driving dynamics,
safety, comfort and economy as well as lower fuel consumption and emissions in the
vehicles of their customers: By land, by sea and in the air. ZF’'s main priority is to meet its
customers’ needs by using leading technology, quality and service. This is the key to
strengthening their international market position.
BUSINESS INITIATIVE 2 ) \
ZF uses Pro/ENGINEER Mechanica very early within the design process r} \‘ /
-

to select the best between different initial design ideas and to further
optimize these ideas. For the necessary consequent education of the !é« Mg AN
designers, PTC was charged

SOLUTION

PTC offered a Pro/ENGINEER Mechanica Finite Element Analysis
training that was enriched with special customer examples
RESULT

Significantly enhanced FEM analysis knowledge and Pro/ENGINEER
Mechanica application skills of the mechanical designers

Solved several typical ZF product analysis tasks during the training o I b i g S oy
Decreased design loops between design and subsequent analysis ot e e ol of o hour aring
departments since the first prototypes will be pre-optimized the customized training.

“PTC Global Services gave our mechanical designers an excellent and valuable technical, as well
as didactical, further education in structural analysis with Pro/ENGINEER Mechanica.
Furthermore, we could observe during the training how our typical given analysis tasks were

solved live in a very short time span with the PTC software.”
Jorg Sielemann, Manager CAD/CAM Development an Application

© 2007 PTC
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PTC Global Services Supports ZF Test Systems in Advanced Nonlinear
Contact and Bolt Simulation with Pro/ENGINEER® Mechanica®

ZF Test Systems, a business unit of ZF Passau GmbH in Germany, offers its customers the know-how of a
major manufacturing group with the flexibility of a small division. Just 70 employees develop and produce
tailor-made and ready-to-use test rigs for automotive component and system tests like rolling noise,

oscillations, vehicle stiffness or power losses. _ _ ,

BUSINESS INITIATIVE
Since all test rigs are unique and individually designed for the

actual customer demand, ZF uses Pro/ENGINEER Mechanica . p J | | '
during the full development phase. Now, detailed fastener ' r( ’ fg’&‘*‘ﬂlfﬁg ‘

analysis shall also be performed within this FEM code

SOLUTION

PTC offered an individual simulation workshop that treated bolt
theory, explained prepared examples and solved bolt analysis
tasks of new ZF products under development

RESULT

Analyzing the behavior of bolted connections numerically within Top: Two of many ZF Test Systems products: Test bench for wheel behavior
Pro/ENGINEER Mechanica provides much higher aCCUIacy  pas ot aamo e e B e o e )

Bottom left: Tension and bending loaded bolted flange with applied forces

Compared to the previously performed hand analyses and moments, explaining the simplified linearized approach
Bottom right: Centrically loaded bolted connection acc. to the German VDI-
i i i Guideline 2230 “Systematic Calculation of High Duty Bolted Joints”; small
Complete assemb“es can now be analyzed’ mcludmg_ a” !mage: Pro/ENGINEER m_odel (pres_sure Ioaded_ bolted piston), wirefra_m_e
fasteners even with non-regular geometry, using nonlinear image: Meshed, fully detailed 2D axial symmetric contact model containing all
contact for full accuracy or S|mpI|fy|ng linearizations thread flanks (Pro/ENGINEER Mechanica integrated mode)

“The comprehensive way the bolt theory was explained in the workshop showed us the deep engineering
experience PTC has in this field. The proposed, elegant method to linearize bolted connections in
Pro/ENGINEER Mechanica under certain conditions allows us to analyze them in huge Pro/ENGINEER
assemblies even in our dynamic frequency and time analyses using the modal approach.”

Jens Eisenbeil3, Senior Manager Mechanical Design Test Systems, ZF Passau GmbH

© 2009 PTC
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Contact Analysis in Mechanica

Assumptions for contact analysis in Mechanica (Wildfire 4.0):

Material is linear elastic

Force equilibrium is based on un-deformed structure
(= only “small deformations” permitted!)

Contact is either perfect friction free or — for selection of potential friction with
contact — the coefficient of friction is infinitely large

Supported model types for contact:
3D solid models
2D plane stress
2D plane strain
2D axisymmetric

(Shells and beams are not supported)

© 2009 PTC



+ 4

Introduction to the Penalty Method used in Mechanica (1)

Principals of the penalty method:
For a static contact analysis, the following system of equations are solved:
‘K(U, f)‘-U: f
The non-linear stiffness matrix K is a function of the nonlinear force vector f and
the displacement vector u

In practice, the contact between the surfaces is achieved by nonlinear spring
elements ( "gap element") - this is invisible to the user.

If a penetration of a contact edge is calculated (as a result of external loads or
because of an interference fit), Mechanica tries to iteratively set the penetration
depth by adjusting the stiffness of the spring elements to a small value, so that
both local stresses and the global load balance is accurately achieved. A
penetration depth of zero is not mathematically possible, because then the
stiffness of these spring elements would be infinite!

The default setting for the penetration depth at contact is based on 5% of the
square root of the contact area (value gained from experience).

12 © 2009 PTC
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Introduction to the Penalty Method used in Mechanica (2)

Achieving convergence of the nonlinear matrix equation K(u,f)-u=f in
contact analysis using Newton-Raphson technique:

Before convergence we can calculate the residual error corresponding to the
latest solution of the displacement vector u: r=f-Ku. Here, the residual vector r,
has the dimensions of force (this force must be zero for system convergence).
The Newton-Raphson solution then solves for Kdu=r to determine the change in
u in the next iteration.

The residual norm is the dot product r-du. It can be thought of physically as a
residual energy, which should be zero when we're converged. We normalize the
residual norm with the dot product of the total displacement and the total force
vector, so the residual norm is: (r-du)/(u-f).

This residual norm must be smaller than the default value of 1.0E-14 to achieve
convergence for the "Residual Norm Tolerance" in Mechanica.

Further reading:
Crisfield, M: Nonlinear Finite Element Analysis of Solids and Structures

Wiley, 1991, p 254.

© 2009 PTC



Introduction to the Penalty Method used in Mechanica (3)

Further information on the Newton-Raphson process in Mechanica:

14

The iteration status is listed in the study *.pas file, the *. rpt and *.stt files do not
give this information!

Typically an iteration process can be seen as follows:

1 00000 =10]

Toad factor -
- Fesidual norm tolerance:

1.00000=-14

—

Tolerance for the allowed residual norm

m—

dijusted gag
=]

g = i
stiffness to prevent interp
El fulnl [alnl hr]

oorCe

enetration

ranE-an (= Ma-=R-1=C 0 o
juszted gag s=tiffness to prevent interpEnetration
2o - " . p=1=0 4 {[W15) 5
29 7.7392e-09 7.9675=+02 Sun How 11,
an 9.9023e-27 7.9675=+02 Sun How 11,

Iteration Residual norm Ares
1 1.0000e+00 7.9794e+02 —~;;;~;;;~IIT~§EE?~“TS+%4;3§_
2 5.4967=-01 7.9794e+02 Sun WNov 11, 2007
3 9.5526e-01 7.9794e+02 Sun WNov 11, 2007
4 9.1701e-01 7.9794e+02 Sun WNov 11, 2007
5 1.0000e+00 7.9794e+02 Sun WNov 11, 2007
6 8.8052e-01 7.9794e+02 Sun Nov 11, 2007
7 5.0490e-01 7.9794e+02 Sun Nov 11, 2007
g 7.2459=-01 7.9794e+02 Sun Nov 11, 2007
9 6.0253e-01 7.9794e+02 Sun Nov 11, 2007
10 2.4577e-01 7.9794e+02 Sun Nov 11, 2007
11 2.6957e-01 7.9794e+02 Sun Nov 11, 2007
12 2.4156e-01 7.9794e+02 Sun Nov 11, 2007
13 2.2617e-01 7.9794e+02 Sun Nov 11, 2007
14 9.0905e-01 7.9794e+02 Sun NHov 11, 2007
15 2.7626e-01 7.9794e+02 Sun NHov 11, 2007
16 4.9702e-01 7.9794e+02 Sun Hov 11, 2007
17 3.3956e-01 7.9794e+02 Sun Hov 11, 2007
18 2.5672e-01 7.9794e+02 Sun Hov 11, 2007
19 3.2118e-01 7.9794e+02 Sun Now 11, 2007
20 3.1372e-01 7.9794e+02 Sun Now 11, 2007
21 1. 7649e-01 7.9794e+02 Sun Now 11, 2007
i) iy : 3 3L 1l 2007
oo=ening gip stifiness to improve convepgence
= PR CEL Y- - 07
24 4 A502e-06 7.9855e+02 Sun Now 11, 2007
25 e T 3 1l 2007

15:34:36
15:34:36
15:34:36
15:34:37
15:34:37
15:34:37
15:34:37
15:34:38
15:34:38
15:34:38
15:34:38
15:34:39
15:34:39
15:34:39
15:34:39
15:34:

15:3440
15: ;40
1543440
£:34:41
15:34:41

15:34:41
15:34:4
= Y

15:34:42
15:34:43

(rdu)/(u)

— Listing of the current residual norm and
the sum of all contact surfaces in each
step

Mechanica automatically reduces the
stiffness of the contact gap-spring
elements to improve the convergence
of the matrix equation K-u=f

— |f necessary Mechanica independently
increases the stiffness of the contact
spring elements to reduce the

15:34:43

penetration at the contact edges

© 2009 PTC
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Introduction to the Penalty Method used in Mechanica (4)

Technical software implementation of Mechanica contact analysis :

In a contact analysis, each calculation pass (for both Single-Pass or Multi-Pass
convergence analysis) is performed in at least two load steps:

— A “load step 0” without external load (no load set is active, only the boundary condition

set): When initial penetration at a contact edge due to press fit is recognized and can be
calculated

— A “load step 1" with all external loads in the selected load set at the same time, building
on the converged system from load step 0!

— In addition, you can optionally define interim load intervals, where all loads are scaled in
sync (not recommended for models with press fits)

An interference ( “press fit") can be achieved either by an actual interference in
the Pro/E model or by using a thermal load (with modified coefficient of linear
expansion), however in extreme cases, since the software solution process is

different for both methods, depending on the problem different results may be
obtained!

Here you can see the *.rpt file information, as shown in the following slide:

© 2009 PTC
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Introduction to the Penalty Method used in Mechanica (5)

Technical software implementation of Mechanica contact analysis :

Example without interference:

Convergence Loop Log:

»» Pas= 1 <<¢
Calculating Element Egquations

Total Humber of Egquations: 2438
Hazimum Edge Order: 1
S llmmt e i

oad Increment 0 of 1
Load Factor: 0.00000e+00
fact Area:  0.00000=+00
Calculating Di=p and SLTess HRezults
Load Increment 1 of 1
Load Factor: 1.00000s+00
Contact Area: 7.84949=+02
Calculating Disp and Stress FHesults

e

Example with interference:

Convergence Loop Log:

»» Pass 1 <«
Calculating Element Egquations

Total Humber of Equations: 2438
Haximum Edge Order: 1
Sio Lz i ;

e L1l
oad Increment 0 of 1
Load Factor: 0.00000e+00
Ares:  7.84523=+02
The contac or zero load
factor becausze there i= initial interpenetration
(interference fit) in at least one contact
region.
Calculating Disp and Stres= Results
Load Increment 1 of 1
Load Factor: 1.00000=+00
Contact Area: 7.84949=+02
Calculating Disp and Stres= Results

d

© 2009 PTC

In load increment O the contact area is
zero in the case without external load
and without press fit, the contact first
occurs in increment 1 under external
load (in this case a temperature load
makes a shrinkage effect)

In this case contact is non-zero in load
increment O without external load, due
to an interference fit in the
Pro/ENGINEER model
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Introduction to the Penalty Method used in Mechanica (6)

Technical software implementation of Mechanica contact analysis :

In extreme cases this can lead to different results:

With an interference fit in
the model the transverse
load is correctly combined in
increment 1 with the already
| preloaded system in load
increment O

Example from Rich King,
Mechanica Development

In the case of an
interference fit in the
model due to
temperature load the
combination of
transverse load only
occurs in increment 1,
and in this case an
undesired deformation
and stress has
occured

© 2009 PTC
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Introduction to the Penalty Method used in Mechanica (7)

Contact measures

- For every contact the following measures are available:

— Force: %)
Contact force is calculated from the resulting spring force of the gap elements

— Load:

Contact load is calculated from the integral of the contact pressure over the contact area
- As a quality check of the results it's a good idea to compare the load/force

— Area: *)
Contact area

— Maximum contact pressure

— Average contact pressure:
corresponds to the load divided by the contact area (not force/contact area)

*) Default measures in Wildfire 4.0

. Note:

There are additional measures available for contact regions with infinite friction,
which will be referred to later

© 2009 PTC



Contact Analysis with Infinite Friction Functionality (1)

Contact with infinite friction

On selection of contact with friction with closed contact surfaces, any large shear
load can be accommodated (independent of the magnitude of the pressure load)
without sliding occurring

Infinite friction The shear force carried can be of any
contact region ~—_| “ magnitude as long as a pressure
force exists

After the analysis has run, it is therefore important to check whether the model is
still valid or whether under a shear load a slip would occur between the contact
surfaces because the friction resistance force (= pressure load x friction
coefficient) is too low.

© 2009 PTC
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Contact Analysis with Infinite Friction Functionality (2)

The definition of , Slippage” in a contact with friction analysis

Consider an arbitrary point x; on the edge of the contact with its local normal
vector n and the local , Traction Vector* t:

The local area based force is now N (with the units of pressure = force/area), the
local area based shear force is T (,Tangential Traction“). T has the units of shear
stress = force/area.

Slippage at the point x; does not occur (because of the general law of friction Fg
< Fy), as long as the locally occurring area-based shear force T is less than
the product of area based contact force N and Coefficient of Friction p.:

The value of the "slippage" Si can be seen as being very helpful for checking the
validity of the contact analysis: It must be < 0 for a valid model

© 2009 PTC
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Contact Analysis with Infinite Friction Functionality (3)

Measures to verify the validity of the contact model

The ,Slippage” S, is in general unevenly distributed over the contact area,
therefore its characteristic values are made available in the form of three different
measurements. Mechanica automatically puts these in the rpt file for true friction
contacts, as long as an actual coefficent of friction is specified the the UI:

— InterfaceName_any_slippage:
(better read as ,maximum slippage S, found in the contact region®)

— InterfaceName_complete_slippage:
(better read as ,minimum slippage S;,,, found in the contact region®)

— InterfaceName_average_slippage:
(»,average slippage S,,, found in the contact region®)

— Additionally the measure InterfaceName_max_tang_traction is provided
(better read as ,maximum contact shear stress in the contact region®)

The characteristic values for the ,Slippage” and the ,Tang Traction“ can be found
not only in the rpt file, but also their complete distribution over the entire contact
surface can be seen in the post-processor results

© 2009 PTC
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Tips, for when nothing else works...

What to do if a contact analysis doesn’t give a meaningful result?

- Experienced users can use different ,Engine Command Line“ options or
environment variables to influence the non-linear iteration:

— To control the maximum allowed penetration of the contact surfaces:
Engine command line option: -contact_penetration N
N is the multiplication factor for the max. allowed penetration depth. The default
pentration depth is 0.05 (=5% of the square root value of the contact area). If you set N
to 0.01 for example, the maximum penetration depth is reduced to 0.0005 (=0.05% of
the square root value of the contact area).

— To change the maximum allowed number of iterations per load step
Engine command line option: -contact_nr_its M
M is the allowed number of iterations per load step, until the system stops, if no
convergence has been reached. The default is 200 steps (see the *.pas file).

— To change the ,Residual Norm Tolerance®:
Environment variable: MSE_ CONTACT_TOLERANCE_FACTOR vy
The default tolerance is 1.0E-14. The environment variable y acts as multiplication
factor to the default value. For example if you set y to 1.0E6, the residual norm
tolerance is increased to 1.E-08.

© 2009 PTC
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Application Examples of Typical Industrial Components

> Rolling load in a cylindrical roller bearing (friction free Hertzian contact)
> Torgue transmission in a shaft-hub connection with shrink fit

© 2009 PTC
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Rolling Load in a Cylindrical Roller Bearing (1)

ety

Dr. Hans-Jurgen Bohmer
(Schaeffler KG) must be thanked
%\ very much for the information and
. the discussions

Details of the Models

FAG-Cylindrical Roller Bearing
NU314E, Load Rating C,=220 kN

Shaft diameter 70 mm
Housing diameter 150 mm
Bearing width 35 mm
Bearing inner ring outside diameter 89 mm
Bearing outer ring inside diameter 133 mm
Roller length 24 mm, load carrying 22 mm
Roller diameter: 22 mm

(13 rollers)

Bearing and shaft material: Steel
E=210000 MPa; v=0,3

Housing material: Alu
E=70000 MPa; v=0,3
(alternatively also in Steel)

Contact without friction

© 2009 PTC
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Rolling Load in a Cylindrical Roller Bearing (2)

Background information

The FAG roller bearing catalogue states that the contact pressure at the
maximum stress position between rolling elements and race reaches 4000 MPa
on reaching the static load rating C, (for this bearing 220000 N). This is a
notional value, calculated through the application of Hertzian contact theory
assuming linear-elastic material.

In reality when the bearing is subject to a load C, a permanent plastic
deformation would occur in the middle of the contact surfaces of the highest
loaded roller and race of approximately 1/10000 the roller diameter. Due to high
demands for positional accuracy required of the bearing, it should not be loaded
as high as C,, for dynamic loading the bearing load must be much lower.

There is no catalogue information advising what material the housing and shatft
should be or what fit and bearing play were used as a basis for the 4000 MPa
value. For the following studies, these values only serve as guidance to what
stresses are to be expected in the rolling elements and the bearing races at
various adopted extreme tolerances.

25 © 2009 PTC
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Rolling Load in a Cylindrical Roller Bearing (3)

Choice of limits and fit in the model

- To calculate the influence from fitting tolerances to the bearing loading, the
model will be analyzed with different extreme clearances:

— A variant with minimum clearance:
» Clearance to housing and shaft: 10 um

» Bearing clearance also 10 um; this means, each rolling element is 5 um smaller than the half
diameter difference between inner- and outer race ring of 22 mm (for this bearing size, this is
equivalent to the minimum clearance of a high precise C1NA- clearance group bearing)

— A variant with maximum clearance:
» Clearance to housing and shaft : 100 um

» Bearing clearance 160 um, this means, each rolling element is 80 um smaller than the half
diameter difference between inner- and outer race ring of 22 mm (for this bearing size, this is
equivalent to the maximum clearance of a C5-clearance group bearing with increased play)
Hint: ,Normal“ group CO-bearings of this size have 40-75 um clearance

 In addition, for the latter variant the soft Aluminum housing will be replaced by a stiffer steel
housing, which should lead to higher contact pressures because of a more worse osculation

© 2009 PTC
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Rolling Load in a Cylindrical Roller Bearing (5)

Idealization

The idealization of the bearing assembly is
difficult, since the Hertzian stress state
within a rolling body — having the maximum
comparative (shear) stress below the
contact surface — is created by preventing of
the axial transverse strain. Therefore, here
the plane stress state cannot be used.

In opposite, the ,housing plate* — outside the
bearing load introduction — is just loaded in
its plane, so here the plane stress condition
would be fine for idealization

Since here just the bearing loads are of
interest, the plane strain condition will be
selected

— Model Type

I Structure j

— Mode
[~ FEM Mode Advance: d <<

— Type
3D
r

(' 2D Plane Strain [Infinitely Thick)

— Coordinate Spstem
I 210, CoordSys “aC5_SIM2D" (w05

— Geometry
Surfaces, Edges, Curves
Surface : LAGERAUSSENRING ;I
Surface : ZYLINDERROLLE_MU31—
Surface : ZYLINDERROLLE_MU31
Surface : ZYLINDERROLLE MU31T

Cancel |
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Rolling Load in a Cylindrical Roller Bearing (6)

Ensuring the result quality through improved (refined) meshing and creation of
contact specific measures

B i simulation Features
-4t Loads{Caonstraints
% Constraint Set ConstraintSet1

Load 5ef Last_CO_BWE

[#-{[f Load Set Last_C0_7WwWE
[0 Material Assigrments

- g Idealizations

= g Connections

E|Dj Interfaces

----- ! Interfacel

----- ) Interface?
----- ) Interface3
----- ! Interfaced
----- . InterfaceS
----- o) Interfaces
----- ! Interface?
----- ) Interfaces
----- o) Interfaced
----- ! Interfaceld
----- ) Interfacetl
----- o) Interface12
----- o/ Interfacels

o Interfacel4
o) Interfacels
! Interfacels
! Interface1?
o) Interfaceld
o) Interface19
o Interfacs20
o) Interfacez1
o) Interfacez?
! Interface23
o) Interfacez4
o) Interfacezs
! Interfaceze
o) Interfacez?
o) Interfacezs
! Interfacezs
) Interfacen

[#-44] Properties

= Model Summary

Nurnber of Mass Elements:
Mumber of Springs:
Murnber of 2D Shells
Nurmber of 2D Solids
MNumber of Links:

Number of Contacts

Murnber of Rigid Links:

Close:

[2h54 AUtoGEM Controls
AutaGEMCantrol_Gehasuse
AutoGEMControl_Zapfen
AutoGEMControl_Aussenting
AutaGEMCantrol WK

foe ';__J AutoGEMControl _Innenring
[#- y Measures
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Rolling Load in a Cylindrical Roller Bearing (7)

Additional convergence consideration

30

To reach very accurate Hertz contact pressures, in general the described
intervention into the allowed contact penetration depth may be necessary

This will be done exemplary for the analysis with a minimum clearance and 7
roller elements in contact. Standard penetration and 4 additional penetration
settings are used, in which the allowed penetration will be reduced by a potency
of ten, respectively

Shown as a function of the allowed penetration depth: Maximum contact
pressure, maximum von Mises-stress, CPU-time, total analysis time
(4-processor computer DELL Precision 690, Windows XP 64 bit).

Hint: Since parallel processes have been run on the same computer, especially
the total analysis time are just an approximate guiding value!

As shown in the graphs on the next slide, the results are stable from a
penetration reduction factor of 100, but the total analysis time then further
Increases since convergence is now more difficult to achieve. Therefore, all
subsequent analyses are done with ,-contact_penetration 0.01“ as (in this
example!) ideal contact penetration setting!

© 2009 PTC
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Rolling Load in a Cylindrical Roller Bearing (8)

Influence of the contact penetration setting

u
11000 = &
. :
10000 . . H
Selected ideal setting for all ere, convergence
3000 furth | } could not be
urther ana yses. obtained any more
00 | -cONtact_penetration 0.01 in all passes of the
— multi pass
7000 adaptive analysis,
so highly
6000 increased analysis
time!
5000
2 [‘3\ 2 @
4000 g2 g/8\s 8
m
3000 —— T /ﬁ\ o
=l - — = —
a ~ ~ ~ ~
2000 ——
™~ ~ @
o o < ~ &~
1000 2 8 (/-Q\ A @ w( ~
0 v T T
maximum contact pressure [MPa] max. from Mis€S stress [MPa] C me [s] total ti S]
Max. allowed interference i in % of the square root of the Max. allowed interference in % of the square root of the
contagct area-S-(alefat contact area: 0.5

ax. allowed mferfé?e'nce in % of the square root of the m Max. allowed interference in % of the square root of the
ntact area: 0.05 contact area: 0.005
B Max. allo i oot of the

contact area: 0.0005




Rolling Load in a Cylindrical Roller Bearing (9)

Influence of the clearances and the housing material

4500

4000

3500

3000

2500

2000

1500

1000

500

1g74 3919 3981 4951

3584 3661

2102 2130

maximum contact pressure [Mpa] max. from Mises stress [MPa]

6 rollers, tight clearance, Al-housing u

6 rollers, large clearance, Al-housing
B 6 rollers, large clearance, St-housing 7 rollers, tight clearance, Al-housing

7 rollers, large clearance, Al-housing i 7 rollers, large clearance, St-housing

1.20

1.18

1.16

1.14

1.12

1.10

1.08

1.06

1.04

1.02

1.00

contact area width 2b [mm]

6 rollers, tight clearance, Al-housing

= 6 rollers, large clearance, Al-housing
E 6 rollers, large clearance, St-housing

7 rollers, tight clearance, Al-housing
7 rollers, large clearance, Al-housing
7 rollers, large clearance, St-housing
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Rolling Load in a Cylindrical Roller Bearing (10)

Force distribution over the roller bodies at 220 kN bearing load

90000

80000

70000

60000

50000

40000

30000

20000

10000

A
~ PR
o] < o0 ]
n o n o ™~
~N O ~N O 0
o0 o0 o0 o0
M~ M~
;—' o @ m —
=} o= e} 2 R =
5 093 & o9 2
23 2T
o o
o o
)
X 2o
o
(o] (o]
< % 2 <+ 50
g R =5 ™~
< &l 8
Lo |
o
m
= (] o
(28] (28]
S S i
o~ o~ i g
2
L =t
(0] (0]
o~ o~
M~ =t ™~ =t
o o
O o oo O o I oo
B T T T T B T ]
Contact force Contact force Contact force Contact force Contact force Contact force Contact force
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6 rollers, tight clearance, Al-housing
7 rollers, tight clearance, Al-housing

B 6 rollers, large clearance, Al-housing ™ 6 rollers, large clearance, St-housing
7 rollers, large clearance, Al-housing m 7 rollers, large clearance, St-housing
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Rolling Load in a Cylindrical Roller Bearing (11)

Analytical comparison computation, exemplary for the highest loaded roller
element with 85,556 kN contact force (Mathcad)

1. Geometrievorgaben:

Lylinderradius Walzkarper:

Zylinderradius Lagerinnenring:

Ersatzradius:

Kontaktlange:

2. Materialvorgaben:

E-Modul Stahl
Cluerdehnzahl Stahl:

2192
t, = —— i
1™ 2
_
1, = Emm
1
t= " = 8. 72409 mim
R + J—
1. = 2imm

E = 210000MFa
v = 03

3. Druckkraftergebniss am maximal beanspruchten Wilzkdrper:

Druckkraft:

© 2009 PTC

F = 85556H

4. Analytische Ergebnisse aus Hertzscher Theorie:

Ernebnisse an der Kontaktflacha:

Halbe Kontakthreite:

Kontaktflache:

rrax. Kontaktdrock:

max. Yergleichsspannung:

hD = = 0.al4mm
A =20 1 =2703 2
o =2b 1, = 2703 mm
2F
= = 4030.1 MFPa
Pmaxo w1,

0.56Py e = 22569 MPa

Surn Veralaich Mechanica-Froebhlssa:

Kontaktflache:
max. Kontaktdruck:
max. Yergleichsspannung:

26.02 mm?2 (Abweichung 3.9 %)
4051 MPa (Abweichung 0.5 %)
2369 MPa (Abweichung 4.9 %)

Hint:

Mechanica analysis was done in multi pass adaptive
convergence with 5 % on all measures!
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Rolling Load in a Cylindrical Roller Bearing (12)

Result evaluation in the postprocessor

Subsequently, for time reasons just some exemplary evaluations are shown
(von Mises stress and contact pressure)

Clear to see are the von Mises stress maxima below the contact surface, which
would lead to pitting under repeated dynamic load

These stress maxima — acc. to the Hertz*' theory — are located from the surface
in a depth of 0.7 times the half contact width b, of the pressure ellipse, which is
fulfilled in good approximation

Different values for the contact pressure and different number of roller bodies in
contact as function of clearance and housing material are obtained also very
well

© 2009 PTC
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Rolling Load in a Cylindrical Roller Bearing (16)

Contact pressure distribution (6 rollers, tight clearance, Al-housing)

Contact Pressure (A))CS SIM2D : LAGER _NU314E)

ton ne (mm sec
Loadlset: Last CO 6WK : LAGER NU314E
"Window1" - NU314E_WK5_R10_6WK_Al_mp_¢p01 - NU3T4E_WK5 R10_6WK_Al_mp cp01

4000.00 _

3500.00 _|
13000.00 _|

2500.00 _]

1500.00 L.

Contact Pressure (ACS SIM2D : LAGER NU314E)

L

0.00

100000 o

scooo Lo bl

| ‘ i ‘ : : | : |

20.00 40.00 60.00 80.00 100.00 120.00
Curve Arc Length

o Contact Pressure (ACS_5IM2D : LAGER_NU314E)

0.00

009 PTC

|
140.00

Contact Pressure (A)g:S SIM2D : LAGER _NU314E)

ton ne {(mm sec
Loadlset: Last CO 6WK : LAGER NU314E
"Window1" - NU314E_WK5_R10_6WK_Al_mp_cp01 - NU3T4E_WK5 _R10_6WK_Al_mp _cp01

4000.00 _

& 3500.00 _|
13000.00 _|

2500 00 _|

1500000 L

1000.00 o

Contact Pressure (ACS SIM2D : LAGER NU314E)

1 A
500.00 g @ Conkact pre;sufe”gecsﬂiéfﬁggt:hif‘&?ﬁuaa145): a1 [
l
T T T T T T
0.00 0.20 040 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

Curve Arc Length
- Contact Pressure (ACS_5IM2D : LAGER_NU314E)
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Rolling Load in a Cylindrical Roller Bearing (17)

Contact pressure distribution (7 rollers, tight clearance, Al-housing)
(A)SZS SIM2D : LAGER_NU314E)

Contac} Pressure
tonne / (mm sec™2

[oadlset: Last CO 7WK : LAGER NU314E

"Window1" - NU214E_WK5_R10_7WK_Al_mp_cp01 -
4000.00 _

& 3500.00 _|
300000 4oL

1250000 |

2000.00 _]

o

1200.00 _]

1000.00 ool

Contact Pressure (ACS SIM2D : LAGER NU314E)

0.00

NU3T4E_ WK5 R10_7WK Al mp_cp01

50000 4 1 Lo

I e = — ey
2000 4000  60.00 80.00  100.00

Curve Arc Length
. Contact Pressure (ACS SIM2D : LAGER NU314E)

0.00
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|
140.00

Contac} Pressure
tonne / (mm sec™2

Loadlset: Last CO 7WK: LAGER NU314E

"window1" - NU314E_WK5 R10_7WK_Al_mp_cp01
4000.00 _

3500 00 _|

2000.00 _]

1200.00 _]

-

GrapthnI

@ Curve Arc Length: 0.953712

Contact Pressure (ACE SIMZD : LAGER, NUEHE) 3660.85
)

Contact Pressure (ACS SIM2D : LAGER NU314E)

0.00

(A)():S SIM2D : LAGER_NU314E)

-NU3T4E_WK5_R10_7WK_Al_mp cpoT

1300000 )

250000_....................?......

1000.00 _§ ..o

[ r 1 I 1 I T I T I 1 I 1 I 1
0.00 020 0.40 0.60 080 1.00 1.20 1.40

Curve Arc Length
. Contact Pressure (ACS SIM2D : LAGER NU314E)
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I L
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Rolling Load in a Cylindrical Roller Bearing (18)

Contact pressure distribution (7 rollers, large clearance, St-housing)

Contac} Pressure (ACS SIM2D : LAGER _NU314E) Contact Pressure {ACS SIM2D : LAGER _NU314E)
tonne / (mm sec”2)) tonne (mm sec”2))
[oadlset: Last CO 7WK: LAGER NU314E [Cadlset: Last CO 7WK: LAGER _NU314E
"Window 1" - NU314E WK80 R100 7WK ST mp_cp01 - NU314E WK80 R100 7WK ST mp cp01| "Window 1" - NU314E WK80 R100 7WK ST mp_cp01 - NU314E WK80 R100 WK ST mp cpO1
ABO0.00 A500.00
400000 o e G0 4000.00 _) ROt
X X
o) B o) B
% 3500.00 _| % 2500.00 _|
rz' i Oﬁl i
® Q 2000.00
L T o I > .00 _|]
| |
) ) A A
3250000 b Q250000 £
g 1 } / g i
un un
»'2000.00 _| , ‘ — ‘ ws'2000.00 _|
U U
< : < :
& 1500.00 _| & 1500.00 _|
) )
& i e |
g g
& 1000.00 _| & 1000.00 _|
15! 15!
8 . 8 . x
c fon b Curve Arc Length: 0.95644 9
O 500.00 — O 500-00 p— : Contack Pressure (ACS_SIMZD : LAGER_MUZ14E): 4050.64
) 0 : @ ( i
1 1 f
0.00 0.00 i r r .
‘I'I'IWI'I'I'I [ L L L DL L DL L DL
0.00 20,00 40.00 60.00 80.00  100.00 120.00 140.00 0.00 020 040 0.60 080 1.00 1.20 1.40 160 1.80 2.00
Curve Arc Length Curve Arc Length
- Contact Pressure (ACS_SIM2D : LAGER NU314E) - Contact Pressure (ACS_SIM2D : LAGER _NU314E)
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Torque-loaded shaft-hub joint with shrink fit (1)

Model presentation

- Interference: 100 um

- Nominal diameter of the shrink fit:
70 mm

. Sheave outer diameter: 200 mm—1___

. ,Hub outer diameter”: 100 mm
. Hub width: 40 mm

- Torque to be transferred:
2.5 KNm (exact value 2513.27 Nm)

. Material of shaft and hub: Stainless
steel, E=199900 MPa; v=0.27

- Assumed coefficient of friction: 0.2
(= degreased contact surfaces, pairing
St-St, after heating in a stove up to
300 ° C acc. to Decker ,Machine
Elements®)

© 2009 PTC



&

Torque-loaded shaft-hub joint with shrink fit (2)

Main problem of the analytical estimation of the joint pressure is, that the traction
sheave is not massive, but contains holes and is skimmed. So, the analytical
,Substitute diameter” is not known and must be estimated

For massive, cylindrical hubs and shafts made of the same material, we have
(when assuming a plain stress condition) for the radial stress in the joint
(=negative contact pressure):

e HdU
r 2d D, ..
In this equation, we have the interference As=Dg,-d},,,= 100 um and d = the
nominal joint diameter
For our example, we obtain analytically for the radial stress:
— With D,,,,=100 mm (=diameter of the skimmed part of the hub): -73 MPa

— With D,,,,=200 mm (=outer diameter of the traction sheave): -125 MPa

As a consequence, the real contact pressure will be between these two values
and vary over the joint width

© 2009 PTC
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Torque-loaded shaft-hub joint with shrink fit (3)

To save computation time, the FE-model is set up with cyclic symmetry
(3D-contact needs significantly more computation time than 2D-contact!)

=- £ Connections
(= m Interfaces
-._) Interfacel
E| -f‘ﬁ AutoGEM Controls
- T AutoGEMControll

EEZ{I AuEoGEMCantrols

- EEE{I AutoGEMControls

E| @ Measures

----- & Interfacel _max_tang_traction
----- {;;S’ Interfacel _any_slippage

----- & Interfacel_complete_slippage
----- 53' Interfacel _average_slippage
----- & Interfacel _area

----- {;;S’ Interfacel_force

----- & Interfacel_load

----- 53' Interfacel _pmittel

----- & Interfacel _pmax

Constrained
shaft end

o MaxSize: 20

Torque is
introduced ofer the
disk circumference
as surface load

[E Interface Definition 1'

— Mame

I Interface]

— Type
I Contact j

— References
I Surface-Surface j

Surface
| Surface : WELLE
Surface
| Surface : NABE

— Properties
[ Split Surfaces

I | Gienerate Compatitle fMesh

¥ Infiriite: Friction

[V Create Slippage Indicators

Coefficient of Friction for Slippage Indicators
0z

Cancel |
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Torque-loaded shaft-hub joint with shrink fit (4)

Results of the pure shrink fit case (without operational load)

Displacement R (ACSO @ WNV)
(rrrm)

Deformed

Mox Disp  +4.2800F-02
scale 2.9000E+07

© 2009 PTC

4
3
3
2
2
g
1
1
g

. BBbe-Be
. 6Be-BZ
. ZBBe-0e
.8vbe-B2
. 40Be-02
. BBPe-02
.680e-02
. 2BPe-Be
. BBe-v3
. BBbe-0v3
.31ze-186
. BBe-a3
. B¥e-03
.2BPe-02

Radial Displacement
rumpfen_sP - WNY_Schrumpfen_SP

Stress von Mises (WCS)

(tonne / {mm sec”™2))

Deformed

Scale

2.5000E+02

.75Pe 2
. oBketls
. 2obetlde
.Bube+dZ
. 75Be+lZ2
.SBBe+l2
. 25Pe+le
. BBbe+rys
. 7SPetdz
.oBbe+rs
.Z5ketldz
. B0Be+@Z2
.SbBe+B1
. BBBe+E1
.SBPe+E1

My ol =] = = = = MM Mgw W w W

Von Mises Stress
Pochrumpfen_SP - WNYV _Schrumpfen_SP
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Torque-loaded shaft-hub joint with shrink fit (5)

Results of the pure shrink fit case (without operational load)

Stress RR [ACSO : WNV) Stress TT (ACSO : WNV)
(tonne / (mm sec”2)) papetgp  Tonne s {mm sec”2))

Deformed Deformed 7. APP=tazr
. PAPRe+A1 1.80Pe+@7
Scale 2.5000E+ AADe+d] Scale  2.5000 | eapesaz
.ARRe+A1 1.489P=+@2
. DBRe+@1 1.20P0=+@2
. 0BBe+22 1.00P=+@2
. 200e+022 8.000=+01
. 4PRe+02 6.00R=+01
.60Re+@? 4. BPPe+E1
. BPRe+@2 2.0PPe+@1
. APRe+AZ A.PPPe+ AP
. PBRe+A2 -2.0EPe+A1
. 4BBe+@2 . DBBe+@1
. 6@0e+22 . BB0e+A1

. BUPe+

Radial Stress Circumferential Stress

NV _Schrumofen_SP - WNY _Schrumpfen_SP
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Torque-loaded shaft-hub joint with shrink fit (6)

Results of the pure shrink fit case (without operational load)

x| Conlact Pressure (CS)
-] (tomne 7 (mm sec”21) 1. dmes02
i . =+
Resultant Load on Hodel: gié?gmeg‘éggggfé2comﬂd surfaces 1.380e+22
in global X direction: -2.281467e-18 1.258=+02
in global ¥ direction: -8.769315e-11 1.280e002
in global 2 direction: 2.77317%e-18 1. 186e+a2
1.850e+02
Measures: L.oaneipe
9.580=+@1
9 UEA=+@A1
contact_area: 5.484699%e+82 B.5E@e+81
contact_max_pres: 2.881220e+082 B.088e+A1
max_heam_bending: 0.08000Re+AA A
max_beam_tensile: 8.000000e+80 )
max_beam_torsion: 6.8000008e+88
max_beam_total: 8.0880000e+88
max_disp_mag: 4.32885%e-82
max_disp_x: 1.637817e-82
max_disp_y: 4_280035e-02
max_disp_z: -1.294859e-82
max_prin_mag: -2.885271e+82
max_rot_mag: 9.008068e + 08 Contact pressure at
max_rot_x: 8.000000e+80 H
max_rot_y: 0.0088800c+00 the joint surfaces
maz_rot_z: 8.000000e+808
e R a2 "Wirndow!! - WNY_Schrumpfen_SP - WNY_Schrurmpien_SP
max_stress xx: 2.204807e+02 ﬁ%ﬁ'ﬁgi/s?fﬁggiepg??mr fwes]
max—Stress—"yf =TSl Deformed Location: Contact Surfoces 8. oupetan
max_stress_xz: -2.38B826e+01 Seale 2. R000E+02
max_stress _yy: -2.764909e+82
max_stress yz: -6.971583e+01
max_stress_zz: -1.157625e+82
min_stress_prin: =2.885271e+82
strain- H 1.361510e+
erfacel1_any_slippage: 4.515686e+ 01
Interfacel1_area: 5.48469%e+02
Interface1_average_slippage: -1.754287e+01
Interface1_complete_slippage: -4.654791e+81
Interfacel1_force: 5.419588e+ 04
Interfacel_load: 54438046 +04
Interface1_max_tang_traction: 7.185713e+81
Interface1_pmax: 2.881220e+082
cel_pmittel: 9.923978e+01
=% Warning: Contact slippage measure “Interfacel_any_slippage” H H H
is pusitige. The aswmpﬁug of infinite Frictiun_FmL‘Lthigpcgntact S“ppage |nd|Cat0r at
interface may not be valid. j the JO'nt SurfaceS
™ Detailed Summary
"Window!" - WHNY_Schrumpfen_SP - WNV_Schrurmpfen_5SP
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Torque-loaded shaft-hub joint with shrink fit (7)

Results with shrink fit and additional torque load

Displacement Mag (WCS) Stress von Mises (WCS)

(mm) | co@e-gy onne / (mm sec”2)) 3. PPPetd?
Deformed 1.4p0e-p1 Deformed 2.80Pe+02
Mox Disp  +.90I8E-0l | apme_gy  ocale  2.5000E+02 > CDPetd?
Scale 2.9000E+0 | cpme-gq LOadsef:Torsion_25 T
Loadset: Torsion_2 neoeE e
1.100e-01 2. 200e+02
1.000e-01 2.0080+02
9. 00A=-02 1.500e+@2
8. BB0=-02 1.60Be+02
7, 1.40Pe+02

Displacement Magnitude
"Window!' - WNY_Torsion_SP - WNY_Torsion_SP

Von Mises Stress
indowl'" - WNV_Torsion_SP - WNV_Tarsion_SP
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Torque-loaded shaft-hub joint with shrink fit (8)

Results with shrink fit and additional torque load

Stress RR[ACSO : WNV) Stress TT (ACSO . WNV)
(tonne / (mm sec”2)) 3.000c+pz (fonne / (mm sec”?)) > AORc+d?
Defarmed > pepe+py Leformed | BPBe+H?
Scole 2.5000E+02 4 pppe+py  OCOle  2.500CE+02 | EAPet?
Loadset: Torsion_250d e momespy LoOodset:Torsion_29 | apaeiaz
-9.080e+01 1.200e+02
-1.008e+02 1.000:+02
~1.200e+07 5.00Ae+01
1.400e+02 6.808e+01
1 PPe+i1

Radial Stress Tangential Stress

"Window! - WNV_Torsion SP - WNY_Torsion SP "Windowl - WNV_Torsion SP - WNY_Torsion SP
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Torque-loaded shaft-hub joint with shrink fit (9)

Results with shrink fit and additional torque load

Stress Max Prin (WCS)
(torne / {mm sec”?))
Deformed

Scale 2.5000B+02
Loadset: Tarsion_250d

a0 = = = o g

. 2dBe s
. PEke+2
. Blke+2
. 6@Be+@2
. 48Re+2
. EPbe+z2
. bEpe+az
. BEBe+d1
. PAle+1

He+01
e+@A1
e+00
e+@d1
=+@1

Stress Min Prin {WCS)
(torne / {mm sec”™?))
Deformed

Scale 2.5000E+072
Loadset: Tarsion_ 5408

. BEBet+al
. Dabe+al
. ABRe+@1
.BEBe+@l
.BBRe+lds
. 2Pbe+de
.48Pe+82
. 60Be+U2
&l e+dd
ihe+id2
He+B2
e +dz2
e +de
Nide+02
Y. d0be+d2

Maximum Principal Stress o,

"Windowl' - WNV_Torsion_SP - WNV_Torsion_SP

Minimum Principal Stress oy

"Window!' - WNV_Torsion_SP - WNV_Torsion_SP
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Torque-loaded shaft-hub joint with shrink fit (10)

Results with shrink fit and additional torque load

Resultant Load on Hodel:

Measures:

contact_area:
contact_max_pres:
max_beam_bending:
max_beam_tensile:
max_beam_torsion:
max_beam_total:
max_disp_mag:
max_disp_x:
max_disp_y:
max_disp_z:
max_prin_mag:
max_rot_mag:
max_rot_x:
max_rot_y:
max_rot_z:
max_stress_prin:
max_stress_um:
max_stress_xx:
max_stress_xy:
max_stress_xz:
max_stress_yy:
max_stress_yz:
max_stress_zz:
min_stress_prin:

[E Run Status {WMNY¥_Torsion_SP.rpt) Not Running

in global X direction: 1.538734e+83
in global ¥ direction: -3.04481%e+082
in global 2 direction: 3.921983e-18

L_4Bh676e+82
2.084950e+82
8.0000088e+00
0.008086e+00
0.0000086e+00
8.0000088e+00
1.9681828e-01
1.898841e-01
-5.725347e-82
-1.294733e-82
-3.276122e+82
8.0000088e+00
0.008086e+00
0.000086e+00
8.0000088e+00
2.533832e+82
L4.6086242e+82
2.221020e+82
-1.931418e+82
-1.6082552e+82
-3.0856323e+82
1.121951e+82
-1.13176%e+82
-3.276122e+82

strain_e
acel_any_slippage:
nterfacel_area:
Interface1_average_slippage:
Interface1_complete slippage:
< Interfacel_force:
Interfacel_load:
Interface1_max_tang_traction:
nterfacel_pmax:
cel_pmittel:

T- +83
9.891886e+81
548467 6e+82
-1.084770e+01
-4 _418185e+81
C.437415e+84
C.442755e+0Y
1.511158e+82
2.904950e+82
0.923567e+81

interface may not be valid.

[ Detailed Summary

=% Warning: Contact slippage measure "Interfacel_any_slippage”
is positive. The assumption of infinite friction for this contact

X

-

Contoct Pressure. (WCS)

(torne / (mm sec”2))

Deformed- Location: Contoct Surfoces
Scole 2, 5000E+02
Logdset: Torsion_2500Mm WY

. 4BA=+AZ
. 350=+aC
. 3BAe+AZ
.258e+02
. EBRe+AZ
. 15Be+02
. 18Pe+02
. B50=+02
. BBB=+E2
. SAA=+@1
. BEA=+@L
. SAA=+A1
.200=+01
.5B8Ae+A1
.0BBe+A1

EO IRV VIR T: T [ Sy S S S,

Contact pressure at
the joint surfaces

l B.000=+08

Here, local
sliding possible
because of the
maximum torque
in the shaft; may
lead to fretting
corrosion!

"Windowl!"

Contact Slippoge tndicctor (WCS)
(torne / (mm-sec”Z))

Deformed Location: Confoct Surfoces
Scole  2.5000E+02
Loadset: Torsion_ZS00Nm + WY

_Torsion_5P - WNY_Torsion_SP

Slippage indicator at
the joint surfaces
Windowl NY_Torsion_5P - WHNY_Torsion_5SP
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Torque-loaded shaft-hub joint with shrink fit (11)
Results with shrink fit and additional torque load
Contact Tangential Troction Magnitude [(WCS) Sfress RT [ACSO : WNv)
Lionne / (mm sec”2)) > copetpl Lonne / (mm sec”2)) 7 SABetdl
Detormed Location: Contact Surfaces 7 ooperp) (DEfOrMEd Locdiion: Surfoces 7 AR+l
Scale  2.8000E+02 ¢ opperg,  OC0le  2.5000F+02 £ SAPetd]
| oods or5|on72500Nm : \NN\./ ¢ Dope+gy |COUESET:TQESICN_2500NM = WNY e
Difference to 1y, Since the L 5.508e+01 | | 5.50Pe+01
principal direction of the shearis —{ s.aape+21 ! S.000e+@1
not coming any longer from —t 4.500e+01 | 4.500e+01
torque in circumferential o 4-000erBl o 4-000erBl
direction, but from axial relative | ;-;gge:gi — ;-;gge:gi
. — . e o e
strains due to transverse 0 oy o
contraction! S -
- g 1. 1.
1.

Shear stress tgrin
the joint:
R=surface normal
T=direction of the
shear stress

Maximum contact
shear stress in the
joint (=,Contact
Tangential Traction
Magnitude*)

"Window!" - WNV_Torsion_SP - WNV_Torsion_SP "Window!" - WNV_Torsion_SP - WNV_Torsion_SP
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Torque-loaded shaft-hub joint with shrink fit (12)

Additional consideration: Influence of the stress state and friction
(see post processor plots of the two following slides)

The shown analytical solution for the radial stress at the joint (see slide 43)
assumes a plane stress conditions which means, axial stresses are being
neglected. This is confirmed by a Mechanica analysis with a 2D plane stress
model, which results in a radial stress at the hub inner surface of -73MPa (for a
hub outer diameter of 100 mm). Furthermore, an 2D axial symmetric model with
friction-free contact leads to the same value (see upper images of the next slide)

If we assume complete sticking at the contact surfaces (=infinite friction) and a
very long shrink fit, we could analyze the connection with a 2D plain strain model.
This increases the joint pressure from 73 to 100 MPa (lower left image next slide)

If we assume complete sticking (infinite friction) in a model of finite length (hub
width 40 mm), we have a 2D plane strain condition just approximately in the
middle of the connection: This leads to a max. radial stress of approx. -98 MPa in
the axial symmetric model with infinite friction, shown in the lower right image
next slide. But, here the assumption of infinite friction is not valid over long areas
of the connection (see positive slippage indicator results on slide 55), so the
assumption of a plane stress model for the classical analytical equation of slide
43 does make sense!

© 2009 PTC
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Torque-loaded shaft-hub joint with shrink fit (13)

All plots show the radial stress in the connection with 100 um interference fit and 100 mm hub outer diameter, see slide 42+43!

Stress RRO(ACSO ; TESTWNYI Stress X/ (CS_AXID « TESTWNY)

llorme / [mm sec™2)) 7oz omum of el iogroiom 2D @Xial symmetric model 7. saoc-on
Defarmed ~1.oHRer terne /7 [mm sec”™? it ~l.=BRer
Scale  1.OOOOE+OC 2Doacval Defarmed (friction free) b
Loodset:LaodSetl ¢ TESTWNY _3. 7501 ocdle  LOCOOE+OC 3. 75Re+a1
-4.580e-81  Loodset:LoodSet? . TESTWHNY -4.58Be-B1
I Mods! Min 7232001 “: oagornl
2D plane stress segment model e T & Teaeal
(friction free) =2 oo Symmetriefesselung = aoomn
-9.758=+8a1 -89.750=+01
-1.850=+02 -1.858=+02
-1.125e+82 -1.125e+82
'__|\"‘~\ —
[ axia
l s = 2 % on free)
st tion
D P\ane(\c results (°
|_Min X 7. BI8E+CI | sym
"Window!" - WNV_ESZ - WNV_ESZ “Window3" - Welle_A¥| _ohmeReibung_iso_hs - Welle_AX|_chneReibung_iso_hs
Stress RR (ACSO « TESTWAY) Stress XX (CS_AXI : TESTWNY)
Waxirmurn of shell top/batiom -7.sEa=+08  Maxirrum of shell top/bottom . . ~7.5B0=+08
(iorme / (mm sec”2)) (torne 7 (mm sec”2)) 2D axial symmetric model <1-5omeval
Defarmed Defarmed O _ L ommeam
Scale  1.ODOOE+OC Scole  1LODOOE+OC (Wlth infinite frlCtlon) -3. 758001
Loodset:LoodSell = TESTWNY Loadset:LoodSet? :  TESTWNV [ 1-4s8pe-m1
—5.2529-*21
2D plane strain segment model (defined friction I

—7A‘SEBe+Bl
- -B.Z5A=+@A1

-B.Z25A=+A1

free, but infinite friction is de facto enforced in

| axial direction from the plane strain condition 5. roneat s ronean
=l .125e+02 -1.125e+B2

e,=0!)

| -
®7_0|mm

@100 mm

"Windowz2" - WNv_EDZ_hs - WNY_EDZ_hs "Wirdowa' - Welle_ A% | _milReibung_iso_hs - Wells_AX| _miiReibung_ido_hs
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Torque-loaded shaft-nub joint with shrink fit (14)

Stress XX [CS_AXT « TESTWNY

Il . .
Mazrum of shel jop/ootom - 2D axial symmetric model 2 susees &gﬂﬁaec Jlippage, Indicator (C5_AXI : TESTWNV)
Deformed (with infinite friction) zmaen PUNME | adSer2 : TESTWNY
Scale  1,OQOOE+OC ~3.750e+01
Loodset:LoadSet? « TESTWNY -4.5EPe+B1
Eg EEEZ:E% S140.00_ - [T, JUTUUROR
oseeeen S Sllppage mdtcator starts to be >0 from... I
cemeo Lww ] here: Infinite friction assumptlon ]
T Zenco] becomes |nvaI|d'
122 .
% 60,00 __|
2 a0 e ——
S ; ;
g 20,00 _] : B ; .
E 0.00_| : =
é 2000;:
I 1 I T I T T I T I T T T T

0.00 2,00 4.00 8.00 8.00 10.00 1200 14.00 16.00 18.00 2000
Curve Arc Length

Contact Pressure (C)% AXIl  TESTW

Contac Tangentlgl Traction Magnitude (CS_AXI : TESTWNWV)
tonne (mm sec 2))

tonne (mm sec

Curv Curv
Loadset.LoadSet2 : TESTWNV Loadset.LoadSet2 : TESTWNVY

=
140,00 %16000_
o R f.x] Maximum shear stress in the joint is bigger tha
E.m.oo_ friction coefficient x contact pressure.. Model is
100,00 :

mvahd slldlng would appear'

80.00 _|

60,00 _|

40.00 _J

Contact Prassure (C5_AX] : TESTWNY)

20.00

o
g
|

T T T I T I T T T T
0.00 2.00 4,00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 2000
Curve Arc Length

T T T I T T I T I T T T I T
0.00 2.00 4,00 6.00 8.00 10.00 12.00 14,00 16.00 18.00 2000
Curve Arc Length

Contad Tangentia Traction Magnitude (C

t
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Torque-loaded shaft-hub joint with shrink fit (15)

2. consideration: Influence of the , mounting procedure*

If we compare the slippage indicator results from the 2D axial symmetric analysis
of the shaft-hub-connection with infinite friction with the previously treated 3D-
segment model, we observe that for the latter the indicator is nearly everywhere
<0 (=valid model), whereas in the 2D-model we obtain mostly values >0 (=invalid
model).

Furthermore, due to the similar interference we would expect higher stresses in
the 3D-model because of its bigger outer diameter (200 mm instead of 100 mm) -
despite the holes. In fact, the contact pressure in the middle of the connection is
approx. similar in both models with nearly 100 MPa.

The reason is the following: In opposite to the 3D segment model of the real
connection, in all 2D models the 100 um interference fit was not obtained by
initial interference in the Pro/E-Geometry, but by cooling down the hub acc. to
Al=l,aAT! So, we have simulated the mounting procedure from thermal shrinking
of the hub, which of course also creates shrinking in axial direction and so leads
to additional shear stresses. In opposite to this, in the 3D initial interference
model, shear stresses are created only by the much smaller axial transverse
contraction effect!

© 2009 PTC
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Torque-loaded shaft-hub joint with shrink fit (16)

In reality, these shear stresses disappear as soon as the sticking friction in the
joint is not big enough any more. So, the result of the 3D segment model with
initial interpenetration is for sure more realistic than that of the 2D axial
symmetric model with ,thermal mounting“ (because of the predominantly positive
slippage indicator in the 2D model).

If we want to obtain in the 2D axial symmetric model a result like in the 3D initial
interference model, we have to use orthotropic material for the hub, in which we
set the axial CTE equal to Zero. This can be compared better with a mounting
procedure with pressurized oil, where axial length changes are created just by
the transverse contraction and not from additional thermal strains!

Important in all analyses with thermal shrinking with axial length change and
infinite friction (in case of 2D plane strain also without friction) is, that the model
must have at the beginning exactly a zero-gap and no additional gap, which has
to be closed first ,stress free* from cooling the model down: In this case we
would obtain an error in the result, since the condition of equilibrium is always
done at the undeformed geometry!

The following slide shows the behavior of the 2D axial symmetric model with
friction and orthotropic material (so without axial thermal strain!), which can now
be compared better with the 3D initial interference model. The remaining
difference is just from the different outer diameters of the hubs!

© 2009 PTC
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Torque-loaded shaft-nub joint with shrink fit (17)

Stress XX (CS_AXI
Merirnurn of shell top/botiom
(torne / (mm sec™23)

{for T
e 00E+00 infinite frlctlon)
Loadset:LoadSet? « TESTWNY
| ?836E+OI
/ SN—
Symmetriefesselung

i Radialspannung

Ausgewerteterffad (Nabeninnenseite)

Contact Pressure (CS AXl: TESTW
(tonne (mm sec™2)~

Scal 1.0000E + 00
Loadset:LoadSet2 1 TESTWNV

100,00 Curwe Arc Length: O

el
=
=]
=3

;I

1 /

@
=
=}
=

y
=
=]
=

=3
=3
o
=
[

Contact Pressure (C5 AX] : TESTWNW)
u
=
(=]
=1
]

. TesTwiy) Axial symmetric model without
axial thermal strains (with

-7 .SH0=+28
—1.500e+@1
-Z2.Z250e+@1
-3.080=+a1
-3.75D=+a1
-4.58B=+@1
-5.250=+01
-6 .QEB=+E1
—6 . 7S@=+@1
=7 .SHD=+@1
-B.25R=+@1

-9.000=+21
-9.750e+@1
—-1.858=+a7
-1.125=+82

e Fas el 1 T 7 i G

2,00 4,00 8,00 8,00

2009 PTC

10.00 1200
Curve Arc Length

14,00

16,00

18.00

20,00

"Contac Sllppageln)cjhcator(CS AXl :

TESTWNVY)

(tonne {mm sec

Scal 1.000
Loadset:Loa Set2 TESTWNV

20000

M|

Slippage indicator starts to be >0 from here:
“Model with infinite friction is now |nv1
F-ini the outer connection reglons! OIS

= bl
= =
[=1 =

G_AXI TESTWIN

15.00

Contact §lippage Indicator (C
|

[
=
=
=

T I T I T I 1 I T I T I T I T I 1 I 1 I
4,00 6,00 8,00 10.00 12,00 14.00 16,00 16,00 20,00
Cune Are Length

0.00

Contac Tangentlgl Traction Magnitude (CS_AXI : TESTWNV)
tonne (mn sec™2))

Scal 1.0000E + 00
Loadset:LoadSet2 : TESTWNV

L
=
[=]
=3

- 'Maxi'mum' shear stress in the joint is bigger than
~friction coefficient x contact pressure. Model is
~.invalid. f.r%om ‘here, .S_I.iding.é.Would...appe_ar! O SR

Contact Tangential Traction Magnitude [C5_AX| : TESTWNW)

L N L I
8,00 10,00 12,00 14,00 16.00 20,00
Cune Arc Length
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Summary

The contact model with infinite friction

The new contact model with infinite friction is a very helpful extension of the existing,
friction free contact model based on the penalty method

Even though just an infinite friction coefficient is assumed, the specific quantities (contact
shear stress, slippage indicator with real coefficient of friction) allow valuable conclusions
about the behavior of the real contact

But, because of the assumptions it is based on, the infinite friction contact model may also
lead in certain cases to non-realistic results, so that here the simple contact model without
friction can be the better approximation to reality! We can check if the validity of the infinite
friction model is lost with help of the slippage indicators!

In general, the following must be noted.:

Since contact analyses may become very complex (among other things due to the non-
linear system to be solved), their processing is for sure no beginner’s or occasional task!

Deeper knowledge of the underlying theory (regarding software and structural mechanics)
and user experience is necessary, even though the contact analysis is automated far-
reaching, to obtain safe results!
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