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Figure 1: INTES Head Office in Stuttgart

Company Profile

INTES company was founded as an FE technol-
ogy enterprise in 1984. Its competence in every
aspect of Finite Element (FE) technology is pro-
vided by INTES to its clients not only through the
high-end software system PERMAS. The full range
of development know-how of INTES is also made
available to its clients by the provision of top-notch
services and expert consultancy. INTES activities
mainly concentrate on the

e development and distribution of the FE solver
PERMAS and the joint pre- and post-processor
VisPER,

e development of new and efficient numerical and
graphical methods,

e development of software for new hardware ar-
chitectures (such as parallel computers),

e coupling of PERMAS and VisPER with other
software systems (such as pre- and postproces-
sors and MBS systems),

e consultancy and training of users,

e consulting by analysis projects.

The international support of PERMAS clients is sup-
ported in France by INTES France and in Japan by
INTES Japan. In addition, partners are supporting
and distributing the software in other countries.

For all of its customers, INTES wants to be a com-
petent partner in all respects regarding the Finite
Element Method. Above all, satisfaction of the cus-
tomers with all the software and services is of prime
importance to the company.

“Making Realistic Simulations Practical”

© INTES GmbH Stuttgart
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Underlines our focus on technology and innovation.

Services

INTES offers a number of services to its customers

including:

e Developments for PERMAS and VisPER:

Interfaces to other software packages,

New modeling processes,

New analysis capabilities,

New finite elements,

Customer specific developments.

e Installation of PERMAS and VisPER on new
hardware platforms as well as consultancy con-
cerning the optimum hardware configuration,

e Software maintenance,

e FEM training,

e FEM research and development,

e Configuration and installation of add-on soft-
ware products,

e Engineering:

— modeling with VisPER, ANSA, MEDINA, ...
— simulation with PERMAS,

¢ Introduction of FE analysis in enterprises, con-
tinuous consultation service (hotline), and sup-
port on current projects.

1984: Start of software industrialization and new
developments in optimization, acoustics, and reliability

1989: Start of full re-design of software for higher speed of
development and Nastran compatibility

1993: PERMAS Version 5 available, the new software basis for
further development

2005: Start of VisPER development, a new graphical user
interface for PERMAS

2008: VisPER Version 1 starting

Figure 2: Synopsis of PERMAS history
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Overview

This product description provides information on all
essential characteristics of PERMAS and its appli-
cation. Therefore, the description is organized into
seven parts set forth below:

e The introduction gives some good reasons
for the application of the Finite-Element-Method
(FEM) and PERMAS. The particular benefits of
PERMAS are presented on pages 8 to 18.

e Applications using several functional modules
are illustrated on pages 19 to 35

e The features of VisPER are described on pages
37 to 50.

e The universal features of PERMAS, which are
not related to a single module, are explained on
pages 53 to 70.

e The available functional modules are de-
scribed on pages 71 to 114.

e The interfaces are collected on pages 117 to
121.

e Additional information about the installation
and further aspects of PERMAS is given on
pages 125 to 128.

Figure 3: V8 engine by courtesy of FPT Motoren-
forschung AG in Arbon, Switzerland.
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Introduction to PERMAS

PERMAS is a general purpose software system to
perform complex calculations in engineering using
the finite element method (FEM), and to optimize
the analyzed structures and models. It has been
developed by INTES and is available to engineers
as an analysis tool worldwide.

PERMAS enables the engineer to perform compre-
hensive analyses and simulations in many fields of
applications like stiffness analysis, stress analysis,
determination of natural modes, dynamic simula-
tions in the time and frequency domain, determina-
tion of temperature fields, acoustic fields, and elec-
tromagnetic fields, analysis of anisotropic material
like fibre-reinforced composites.

PERMAS computes a large number of results dur-
ing the course of these analyses, which may be
used in the assessment of the structural behavior
like deflections, stresses and strains, natural fre-
quencies and mode shapes, strain energy distribu-
tion, sound vibration power density, time history and
interaction with other parts of the structure.

Independent of the area of application, these results

provide a lot of valuable information for the design

and development process. A number of essential

benefits can be derived from the early use of the

FEM:

e Safe accomplishment of customer require-
ments.

¢ Reduction of expensive manufacturing and test-
ing of prototypes.

e Simulation of extreme conditions.

e Shorter development and design cycles.

¢ Significant suggestions for design optimization:

topology optimization,

sizing optimization,

shape optimization,

parameter studies by sampling.

e Improvement of structural reliability.

e Analysis in case of malfunction of a structure
during operation.

e Long term quality improvements.

In view of today’s increasing requirements for short
design cycles and high quality products, the finite
element analysis becomes an indispensible tool for
the daily development work. Moreover, complex
products are often developed in distributed struc-
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Figure 4: Model of a tractor transmission
ZF Friedrichshafen AG, Friedrichshafen, Germany.

tured companies. This makes interdependencies
between different components of the product visi-
ble in time only if they are simulated and analyzed
on the computer. At the same time, the quality as-
surance of analysis results is of great importance.
Hence, the choice of the right analysis tool is of cru-
cial significance.

Benefits of PERMAS

PERMAS is an internationally established FE anal-
ysis system with users in many countries. INTES
has developed the system and, additionally, offers
individual consultation and user support and all
training required. The consultation covers all re-
quests regarding the use of the software but also
basic questions regarding the idealization and phys-
ical modeling.

The benefits arising from the use of PERMAS can

be characterized by the following points:

e As a general purpose software package
PERMAS provides for powerful capabilities,
which cover a wide range of applications
from mechanics to heat transfer, fluid structure
acoustics and electrodynamics.

e Integrated optimization algorithms allow
PERMAS not only to analyze models but also
to determine optimized parts which fulfil many
different conditions. The optimization methods
include topology optimization, sizing and shape
optimization, and reliability analysis to take into
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Figure 5: Turbocharger housing
BorgWarner Turbo Systems Engineering GmbH,
Kirchheimbolanden, Germany.

account uncertain model parameters.

e The graphical user interface VisPER supports
the user in verifying his models and in evalua-
tion of the analysis results. Moreover, VisPER
provides advanced modeling features, e.g. for
generation of fluid meshes, and for the set-up of
optimization models in particular.

o Efficient equation solvers and optimized data
storage schemes provide PERMAS with ulti-
mate computing power with low resource con-
sumption. Moreover, the software is continu-
ally adapted to the most advanced and powerful
computers.

o PERMAS, a well-proven and mature software,
has been available for many years and in numer-
ous structural analysis departments. There, the
reliability of the software is appreciated above
all.

On the subsequent pages all these points are spec-
ified in more detail.

PERMAS is an advanced software package with up-
to-date user conveniences. The PERMAS develop-
ment aims to implement future-oriented functionali-
ties in close cooperation with the users and to pro-
vide currently most advanced algorithms. In this
way, PERMAS today faces the requirements of to-
morrow.

© INTES GmbH Stuttgart
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Figure 6: Charge air cooler
Behr GmbH & Co., Stuttgart, Germany.

What’s New in PERMAS Version 19

The new Version 19 of PERMAS is the result
of about 24 months of development work since
the shipment of the predecessor version 18. For
the regular reader of our Product Description of
PERMAS, a rough overview summarizes the main
changes in the new version. Of course, a complete
and detailed Software Release Note is available with
Version 19 in addition.

With VisPER (i.e. Visual PERMAS) we provide a

dedicated tool to improve pre- and post-processing

for PERMAS. The new features of VisPER Version

19 will be introduced in the next section (see page
13).

) Besides the standard commer-

cial PERMAS and VisPER soft-

ware, also with Version 19, a

new PERMAS4EDU (PERMAS

for Education) edition of this

: > software package is available

" v for education and further train-

ing purposes. It is again free-

PERMAS4EDU of-charge and does not permit

commercial use. There are a

number of limits on model size

(see page 123), and most of the

analysis functions are available.

PERMAS Version 19 offers ongoing improved com-
puting performance:

© INTES GmbH Stuttgart
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e A new preconditioner (STARTVEC) option im-
proves runtimes of eigenvalue computations. It
can be seen as an analogon to the contact sta-
tus files.

Example: Free form optimization (static + dynamic) of
a gear box housing with 2 M nodes, 1.4 M elements
and 20 iterations:

Preconditioning | Eigenvalues[s] Total job [s]
Without 27200 61269
With 9142 40856
Speedup 297 1.5

e For frequency response analyses, a combina-
tion between MLDR and response solver im-
provements have been realized to reduce run-
times. Moreover, significant runtimes savings
have been realized for non-symmetric systems.

e For contact analysis with many frictional degree
of freedom, the new CAFRICTION option allows
additional runtime savings. This option allows
to solve the contact problem first without friction
to create contact status files for the subsequent
run with friction. This has, besides the overall
acceleration also the impact that contact results
are available early for verification purposes. E.g
for an engine benchmark:

CAFRICTION Single run | USED

Pre-run (normat contact) - 0:48

Final run it friction) 18:32 6:23

Sum [hh:mm] 18:32

18 cores Intel Xeon E5-2697 @ 2.30GH / 251.82 GiByte

e A new fully coupled solution method (FC)
for direct fscoupled frequency response is
available.  Significant reduction of run time
and disk space (compared to the reduced
mobility formulation (MR)). Depending on
model, significant factors were achieved. Here
are three examples:

DOFs NEW | Speed

PRES | DISP | MR|[s] | FCs] -up
6542000 | 1226000 | 14037 | 7900 | 1.78
20 138 000 1500 | 12662 | 2629 | 4.62
126 000 000 50500 | >34h | 2754 | >46

e The list of supported Nvidia Tesla graphic cards
in Module XPU (see page 114) has been ex-
tended. The Ampere graphic cards are now
supported by module XPU.

The list of major software extensions in PERMAS is
as follows:
e New modules:
— The new module HBM (Harmonic Balance
Method) opens up the treatment of nonlinear-
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Figure 7: Nodal point stress gradients

ities in frequency response and opens a new
class of problems for PERMAS. For further
information, see from page 98.

— A new module LIFE enables integrated
high cycle fatigue lifetime assesments within
PERMAS. For further information, see from
page 111.

— Aninterface to SIMDRIVES3D has been estab-
lished, see page 122.

Coupling of MPC ISURFACE like for Contact

$MPC ISURFACE DPDOFS = 1 $MPC ISURFACE DPDOFS =1
DPSYS = ROTB

DPSYS = NORMAL

Figure 8: Surface coupling

e Major extensions:
— Extensions to basic module (module MQA,
page 71):

Page 10
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Parametic geometry in PERMAS as new
input bracket GEOMETRY

FUNCTION may be grouped in a sepa-
rate bracket, like material data.
FORMULA option, as symbolic definition
of general equations.

$FUNCTION FORMULA LABEL=VMS

& DESCRIPTION="V. Mises”
sigma_VWM(s_x,s_y,s_z,t_xy,t yz,t_xz) =

& sqrt(s_x"2 + s y™2 + s_z"2

& - S X*S_.y - s y*s z - s_X*s_z

& + 3*(t_xy"2 + t yz"2 + t xz/"2))
INTEGRATE option for automatic inte-
gration of predefined other functions.
E.g. use an acceleration signal for a
timehistory load definition.

Functions with vector values, e.g. for ge-
ometry description.

Selection of local coupling coordinate
system (MPC DPSYS option) is now
also available for IQUAD/ITRIA/ILIN mpc
types.

The coupling of surfaces (“tied contact”)
has been extended to easily use the nor-
mal and tangential directions of the sur-
face. This allows the surface coupling
definition like for contact, which facilitates
the switching between surface coupling
and contact (see Fig. 8).

Option RELDOF for general MPCs as ad-
ditional DOF for relative movement con-
trol.

New item MPC REACTION s available at
guiding and dependent nodes with reac-
tion forces, heat fluxes, etc.

Automatic coupling of closed contacts
(CONTLOCK) now with interpolation re-
gion MPCs instead of general MPCs.
This includes the treatment of rigid lever
arm correction.

Extensions to contact analysis (modules CA,
CAX, and CAU from page 73):

*

Automatic handling of contact-RBMs us-
ing SET CARBM=nrbm

Idividual contact geometry update option
(GEOUP) in surface contact definition to
control the contact geometry update.
Multiple frictional contacts at a single lo-
cation may be solved automatically upon
request using CAMULTFRIC switch.

The contact pressure computation has
been improved.

© INTES GmbH Stuttgart
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— Extensions to nonlinear static analysis (mod-

ule NLS, page 80):

= Support of anisotropic plasticity for short
fibre material by splitting istrope plastic
and anisotrope elastic behavior.

= Fitting of hyper-elastic material data to be
able to use measurement data directly.

Extensions to mode analysis (modules DEV,

DEVX and MLDR, pages 89, 90 and 91):

= Additional static modes are automatically
added to substructure eigenmodes for
Craig-Bampton condensation.

= Local substructure RBMs are now al-
lowed. They will appear as modal DOFs
in the top component.

Extensions to dynamic response analysis

(module DRA, page 92) and fluid-structure

acoustics (module FS, page 96):

= Improved nonlinear timehistory algorithm
for handling of non-linear forces.

= New hysteresis (HYST3) element avail-
able for direct timehistory and harmonic
balance.

= The calculation of dissipated (damping)
energy is nhow possible for linear damper
elements.

= Extended timehistory logging with SET
THLOG = ON

= Sweep over rotation frequencies possi-
ble for rotating systems with synchronous
whirl.

Extensions to fluid-structure coupled analysis

(module FS, page 96):

= Assembly Situation is available for direct
fscoupled frequency response analysis.
This means multiple right hand sides per
excitation frequency.

Extensions to random response analysis

(module DRX, page 95):

= Stochastic pressure loads on surfaces
(e.g. due to turbulence) may be defined
at surface nodes by a user program.

Extensions to design optimization and topol-

ogy optimization (modules OPT and TOPO,

pages 100 and 104):

= Buckling sensitivity respects restricting
element set definition in $ELSTATE.

PERMAS Product Description V19

TOPQO: Min/Max Membersize (2/6 edge length)

Figure 9: Extended Membersize handling

over, all interfaces were updated and adapted
to the new functionalities. Major interface en-
hancements are:
— ABAQUS (ABA) (see page 121):
= Node based surfaces can be trans-
lated directly to PERMAS ($SURFACE
NODES).
= The Abaqus friction definition is now
used by default in its original definition.
Before, two definitions have been cre-
ated, with and without friction.
= Avoid potentially clamped contact defini-
tions with a specific setting (DEFAULT
SET ABAQUS CACLAMP = RESOLVE).
= Additional nonlinear load descriptions
are supported from Abaqus step/load
data.
»  *CONTACT INTERFERENCE no longer
restricted to first step.
— NASTRAN (NAS) (see page 120):
= Support of quadratic elements with par-
tially missing midnodes (e.g. 'HEXE17’
in areas with quadratic<»linear mesh
transition)
= Support of temperature dependent
material properties: Case Control
TEMPERATURE and Bulk Data
TABLEM1, MATT1, TEMPD, TEMP
= Support of velocity and acceleration for
frequency response loads — Bulk Data
RLOAD1, RLOAD2 with option VELO
and ACCE
— SIMPACK (SIM) (see page 119):
= Extended mode base for improved stress
recovery process:
Additional residual modes via Craig-
Bampton condensation of inertia re-

. o ] lief loads.
= Stress scaling by filling ratios for TOPO. +  Extended model export from PERMAS to
Many smaller extensions of almost all functional SimPack _fbi file:
modules had been performed in addition. More- . Complete recovery matrix including

© INTES GmbH Stuttgart Page 11
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dependent degrees of freedom from
MPCs
= Simpack stress files for normal modes
and inertia relief modes:
New setting PARAM SIMPACK
FBITYPE = STRESS in the export
command section.

«  Support of Simpack Version 6 removed

Figure 10: Ship engine piston
Mahle GmbH, Stuttgart, Germany.

For all system platforms an update to the current
release of the operating system had been performed
(see Page 125).

Page 12
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What’s New in VisPER Version 19

VisPER (i.e. Visual PERMAS) is a dedicated
tool to provide analysis workflows (see Figs. 60
and 51) and to improve pre- and post-processing
for PERMAS. VisPER is released together with
PERMAS 19. More information on VisPER can be
found from page 37.

Geometry Handling:

— VisPER reads stl and step formats for geom-
etry. The handling and visualization is per-
formed in a separate dialog bar.

— Geometry Display/Meshing, see figure 11:

1.Visualize Geometry

2.Create discrete geometry

3.(triangular) Surface meshing

4. Tet-meshing
Mesh-check functionality is provided in addi-
tion

— VisPER can export geometry in step or stl for-
mat

The list of major software extensions in VisPER is
divided in four sections as follows:

Model completion:

— New Fatigue Dialog Bar to support fatigue
verification/definitions.

— New Elstate Dialog bar.

— New combine loads dialog bar.

— A lot of functional extensions, e.g. to support
all new PERMAS functions, see figure 12.

Wizards:
— Design Wizard, see page 45
= New geometry page for geometry recon-
struction.
= Former Check tab is a subpage of the
geometry tab and meshing is now more
generic.
Post-processing:
— Significant increase of animation perfor-
mance.
— Support of fatigue results.

R i

VPCGEN, see page 51

— Definition of the complete model for dynamic
analyses (prescribed displacement or accel-
eration, damping, time and frequency loads,

© INTES GmbH Stuttgart
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Figure 11: Geometry processing, transmission housing
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Figure 12: Function evaluation

frequency and time response situation, fre-
quencies list), along with the corresponding
optimization constraints and sampling defini-
tions.

— The viewer now offers dynamic zoom, and the
visual partitionning for VisPER, colors and
transparency can be defined by the user.

— PCGen can export geometry in step format.

e Tools:

— Using PYTHON scripting enables automated
post-processing including image and video
generation. Model information, images, and
videos may be exported to MS Word, Excel,
and PowerPoint.
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Universal Features

The outstanding mostly module-independent basic
features of PERMAS are as follows (see pages 53
to 70):

Hierarchical substructuring, with automatic sub-
component insertion (see page 53)

Submodeling (see page 53)

Variant analysis (see page 54)

Cyclic symmetry (see page 55)

Surface and Line Description (see page 55)
Automated coupling of parts (see page 56)
Automated spotweld modeling (see page 57)
Local coordinate systems (see page 58)
Multiple kinematic constraints (see page 58)

Automatic detection of singularities (see page
59)

Same elements for different analysis types (ele-
ment library, see page 60)

Standard beam cross sections (Seite 61)
Design elements for optimization (page 62)
SPR Stresses and Absolute Error Indicator
(page 62)

General material description (see page 62)
Node and element sets (see page 63)
Mathematical functions (see page 63)

All kinds of loading (see page 64)

Model verification (see page 64)

Integrated interfaces to pre- and post-
processors (see page 65)

Input and Output of Data Objects and matrices
(see page 67)

Combination, transformation, and comparison
of results (see page 67)

Output of XY result data (see page 68)
Calculation of cutting forces (see page 69)
System of units (see page 69)

Restart facility (see page 69)

Open software through Fortran and C interfaces
(see page 69)

Direct coupling of different analysis types (see
page 70)

Coupling with CFD (see page 70)
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Figure 13: Model of a transport vehicle
courtesy of Daimler AG,
Commercial Vehicle Division in Stuttgart

Available VisPER Modules

The below listed functional modules are explained
in more detail on pages 38 to 48:

Basic module (VBAS)
Topology optimization (VTOP)
Design optimization (VOPT)
Fluid-structure coupling (VFS)
Contact analysis (VCA)

PERMAS Component generator (VPCGEN)

Available PERMAS Modules

The below listed functional modules are explained
in more detail on pages 71 to 121:

Model Quality Assurance (MQA)
Linear Statics (LS)
Contact Analysis (CA)
Extended Contact Analysis (CAX)
Contact Geometry Update (CAU)
Contact Multigrid Solver (CAMG)
Nonlinear Statics (NLS)
Extended Nonlinear Material Laws (NLSMAT)
Advanced Nonlinear Statics (NLSA)
Buckling Analysis (BA)
Heat Transfer (HT)
Nonlinear Heat Transfer (NLHT)
Dynamic Eigenvalue Analysis (DEV)
Extended Dynamic Eigenvalue Analysis (DEVX)
Eigenmodes with MLDR (MLDR)
Dynamic Response Analysis (DRA)
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Extended Dynamic Response Analysis (DRX)
Harmonic Balance Method (HBM)
Fluid-Structure Acoustics (FS)
Nonlinear Dynamics (NLD)
Design Optimization (OPT)
Layout Optimization (TOPO)
Advanced optimization solvers (AOS)
Reliability Analysis (RA)
Laminate Analysis (LA)
Fatigue Analysis (LIFE)
Refined Weldspot Model (WLDS)
Generalized Inertia Relief (GINR)
Steady-state electromagnetics (EMS)
Electrodynamics (EMD)
Use of GPU (XPU)

Interfaces to various pre-/post-processors

— MEDINA (MEDI)
— PATRAN (PAT)
— |-DEAS (ID)
Interfaces to other analysis packages

— ADAMS (AD)
— DADS (DADS)
— SIMDRIVE3D (SIM3D)
— SIMPACK (SIM)
— EXCITE (EXCI)
— MOTIONSOLVE (HMS)
- HYPERVIEW (H3D)
- VAO (VAO)
— Virtual.Lab (VLAB)
— ADSTEFAN (ADS)
- MATLAB (MAT)
— NASTRAN (NAS)
— ABAQUS (ABA)
— MpCCI (CCL)

Figure 14: Machine tool
INDEX-Werke GmbH & Co. KG, Esslingen, Germany
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Performance Aspects

By ongoing further developments of the equation
solvers PERMAS achieves a very high computation
speed. Both, direct and iterative solvers, are contin-
uously optimized.

Very good multitasking behavior due to a high
degree of computer utilization and a low de-
mand for central memory.

The central memory size used can be freely
configured — without any limitation on the model
size.

The disk space used can be partitioned on sev-
eral disks — without any logical partitioning (e.g.
optimum disk utilization in a workstation net-
work).

There are practically no limits on the model size
and no explicit limits exist within the software.
Even models with many million degrees of free-
dom can be handled.

By using well-established libraries like BLAS
for matrix and vector operations, PERMAS is
adapted to the specific characteristics of hard-
ware platforms and thus provides a very high
efficiency.

Another increase of computing power has been
achieved by an overall parallelization of the soft-
ware.

By simultaneous use of several disks (so-called
disk striping) the 1/0 performance can be raised
beyond the characteristics of the single disks.
PERMAS can be invoked using an option for us-
ing direct I/0. If PERMAS DMS-Files are put on
SSD systems, the I/O is performed directly to
these systems, which can reduce run time for
I/0 bound jobs significantly (see Fig. 118).

Disk 1/0O can be avoided at all, if large memories
are used. The memory size may readily exceed
256 GB.
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Parallelization

PERMAS is also fully available for parallel com-
puters. A general parallelization approach allows
the parallel processing of all time-critical operations
without being limited to equation solvers. There is
only one software version for both sequential and
parallel computers.

PERMAS supports the parallelization on shared
memory computers. There, the parallelization is
based on POSIX Threads, i.e. PERMAS is exe-
cuted in several parallel processes, which all use
the same memory area. This avoids additional com-
munication between the processors, which fully cor-
responds with the overall architecture of such sys-
tems.

In addition, PERMAS allows asynchronous 1/O on
this architecture, which realizes better performance
by overlapping CPU and /O times.

Parallelization does not change the sequence of nu-
merical operations in PERMAS, i.e. the results of a
sequential analysis and a parallel analysis of the
same model on the same machine are identical
(if all other parameters remain unchanged).

PERMAS is able to work with constant and pre-fixed
memory for each analysis. This also holds for a par-
allel execution of PERMAS. So, several simultane-
ous sequential jobs as well as several simultaneous
parallel jobs or any mix of sequential and parallel
jobs are possible.

The parallelization is based on a mathematical ap-
proach, which allows the automatic parallelization of
sequentially programmed software. So, PERMAS
remains generally portable and the main goal has
been achieved: One single PERMAS version for all
platforms.

Parallel PERMAS is available for all platforms,
where a sequential version is supported, too.

The parallelization on several cores can be ex-
tended by the use of a GPU (Graphical Processing
Unit) of Nvidia, where a Tesla K20c or better is sup-
ported. For compute bound solution steps, the GPU
can essentially accelerate the analysis run (see also
module XPU on page 114).

The parallel execution of PERMAS is very simple.
Because there are no special commands neces-
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Figure 15: Static analysis with 3 loading cases
1.5M nodes, 176k HEXE27, 4.4M Dof

run time on Intel Boxboro

sary, a sequential run of PERMAS does not differ
from a parallel one - except for the shorter run time.
Only the number of parallel processes or processors
for the PERMAS run has to be defined in advance.

Areas of Application

Presentlyy, PERMAS is used in the following
branches of industry:

e Automotive industry

e Aerospace industry

e Ship building industry

e Mechanical engineering

e Offshore- and power plant engineering

¢ Plant- and equipment engineering
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Reliability

Nowadays, not all results of FE analyses can be
proven by experiments. They are often directly used
in the development process. Moreover, the mod-
els become more and more complex and the results
have to be produced faster and faster. Early detec-
tion of possible modeling errors and their elimination
means a great challenge to the analysis software.
To this end, PERMAS and VisPER make a substan-
tial contribution.

¢ Robustness of the software: Low system er-
ror rate due to advanced software engineering
methods and intensive software testing.

e Model verification: The basic PERMAS-MQA
module provides tools for model quality assur-
ance (see page 71). Beside automatic model
testing, many quantities and model properties
can be exported for visualization and checking
in a postprocessor (see section Model Verifica-
tion on page 64). In addition, VisPER provides
a model verification environment for a growing
number of modeling parameters (see page 38).

e Safe use: Expensive faulty runs are avoided by
the task scanning concept of PERMAS-MQA.
Firstly, these give an estimation of the neces-
sary computer resources, which allow for a more
reliable planning of large model analyses. In ad-
dition, numerous modeling deficiencies can be
detected, which directly improves the reliability
and quality of the subsequent analysis.

e Correctness of results: The quality of results is
ensured by comprehensive and continuous ver-
ification (using the tests of NAFEMS and SFM).

Above all, the application of well-proven algorithms
and esteemed development tools results in the high
quality of the software.

A broad traditional PERMAS user base from differ-
ent branches of industry essentially contributes to
the reliability of the software.

Quality Assurance

INTES develops high quality software und offers all
related services. All phases of the software devel-
opment are performed on the basis of established
standards and appropriate tools in order to achieve
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Figure 16: Model of a cardan shaft

Voith Turbo GmbH & Co. KG, Heidenheim, Germany.

a maximum of product quality.

Some important aspects of quality assurance are:

Especially developed for the management and
administration of the software, a development
tool provides for a safe software database,
which includes all modifications and new sub-
routines and manages them in a unique and ap-
prehensible way.

A problem report management system gathers
all messages regarding software problems and
development requests as well as other user re-
quests together with the subsequently elabo-
rated solutions and responses. A ’Technical
Newsletter’ issued regularly informs the users
about all inquiries made and the pertinent so-
lutions.

An ever growing library of software test runs
daily ensures the equally high quality of the soft-
ware. Problem cases extracted from the prob-
lem report management system lead to an ex-
tension of the test library in order to preclude the
re-occurance of problems handled in the past.
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Applications

Car Body Analysis

Finite Element Analysis of car bodies comprise a
broad variety of modeling levels from BI/W (body-
in-white) to trimmed bodies and acoustic models
taking into account enclosed and even surrounding
air. This variety of structural variants corresponds to
different targets from simple stiffness issues up to
complex comfort tasks. Therefore, a lot of different
methods are applied in car body analysis ranging
from linear static analysis up to fluid-structure cou-
pled acoustics.

A typical characteristic of car body models is the use
of shell elements. Most frequently, quadrangular lin-
ear shell elements are used (together with triangular
shell elements). Dependent on the mesh size, up
to several million shell elements are used to model
car bodies. A car body consists of a larger num-
ber of structural parts (typically 50 to 100) which are
joined by different techniques like spot welding (see
page 57 and module WLDS on page 112), bonding,
laser welding. In order to generate the meshes of
all parts efficiently, incompatible meshing (see page
56) is used for independent meshing.

A special feature in VisPER supports post-
processing of spotwelds (see page 50) in very large
body structures.

Static analysis

For computations of static stiffness of a car body,
linear static analysis is used. For some load cases
like towing or light impact calculations of inertia relief
(see page 73) are applied.

To check the force flow through any structural mem-
ber, cutting forces (e.g. through a column or sill, see
page 69) can easily be derived and a summary of
the forces and moments is exported (and printed).

Dynamic analysis

It is an important issue in dynamic analysis that all
masses are taken into account. The matching of
masses between the real structure and the simula-
tion model is very important. Masses and moments
of inertia can be calculated by the simulation and
compared to the expected values.
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Figure 17: Workshop example INTEScar
under torsional loading

An eigenvalue analysis is performed as a basis for
subsequent response analysis. Because cars are
not supported on ground, a free-free vibration anal-
ysis has to be performed. A check on the rigid body
modes is highly recommended and supported by
corresponding printed information. The frequency
range for the eigenvalue analysis depends on the
intended frequency range of the subsequent re-
sponse analysis. A certain factor (2 to 3) on the
intended frequency range is frequently applied in
order to get good response results over the full fre-
quency range.

Flexible bodies are often incorporated in MBS
(Multi-Body Systems) models. Usually, this is done
on the basis of modal models. PERMAS supports
a number of interfaces to export flexible bodies in
special formats (see page 118).

Due to the cut of eigenfrequencies beyond the
frequency range, response results can be insuffi-
cient in the quasi-static range (between zero fre-
quency and first eigenfrequency). This quasi-static
response can be improved by taking relevant static
mode shapes which are computed automatically
from given static load cases (see page 94).

Structural modifications of the car body (BIW) are
usually done for only a few parts, e.g. the front of the
car. Then, there is no need to repeat the full anal-
ysis of the car from scratch but the rear car can be
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reduced by dynamic condensation (see page 90).
Using dynamic condensation so-called matrix mod-
els (see page 67) are generated which represent the
reduced part of structure. These matrix models are
used in each analysis of the remaining structure. In
this way, run time for variants (e.g. of the front car)
is reduced drastically.

For the subsequent response analysis (see page
92), there are methods for the frequency domain
(i.e. frequency response analysis) and for the time
domain (i.e. time-history response analysis). These
methods are available as modal methods (based on
previously determined eigenfrequencies and mode
shapes) and as direct methods (based on full sys-
tem matrices). For realistic models, the direct meth-
ods are much more time consuming than modal
methods. But the direct methods are very accurate
and can be used on a case-by-case basis to check
the accuracy of the modal models.

The dynamic loading (or excitation) can be specified
by forces (and moments) or prescribed displace-
ments (or rotations) and a frequency or time function
which describes the course of the excitation depen-
dent on frequency or time.

e In frequency domain, the discretization of the
excitation frequency range is an important ac-
curacy parameter for the resulting response
graphs. In particular, the discretization of peaks
is important and this is supported by genera-
tion of clusters of excitation frequencies around
eigenfrequencies.

e If a time function is provided by measurements,
beside a time-history response an alternative
approach is also available to get a periodic re-
sponse result. An internal FFT (Fast Fourier
transformation) is available to detect the main
excitation frequencies. For each of these fre-
quencies a frequency response can be per-
formed (with just one excitation frequency). The
result of all these harmonic response results can
then be superimposed in the time domain to
get the periodic response (or steady state re-
sponse). Fig. 100 shows an example.

e In time domain, the sampling rate should be re-
lated to the time characteristics of the excitation
function.

For response analysis, the specification of damping
is very important. There are a lot of ways to specify
damping (see page 94). In particular, trimmed bod-
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ies require a detailed and accurate modeling of all
additional springs, masses, and dampers.

The results from a frequency response analysis are
any complex primary result (displacements, veloc-
ities, or accelarations) and secondary result (e.g.
stresses, strains, sound radiation power density) for
all nodes at any excitation frequency. Frequently,
so-called fransfer functions are more important than
the full fields of result quantities. Transfer functions
describe the relation between the excitation points
and any target point of interest (by a unit excitation)
for all excitation frequencies.

In order to reduce computational effort for response
analysis the user can specify the requested results
in advance. In case of requested transfer functions,
the repsonse analysis can be restricted to just a
node set.

Fluid-structure dynamics

Coupled simulation of structure and air is seen as
natural extension of structural dynamics. This exten-
sion is needed, because noise in a car is a combina-
tion of structural-borne and air-borne noise. Noise
at the driver’s ear is important for the comfort and
the acoustic quality of a car.

As a first step the interior of the car is modeled by
so-called fluid elements which are classical volume
elements but with a pressure degree of freedom. In
order to model the coupling between structure and
air physically, there are additional coupling (or inter-
face) elements which contain both the displacement
and pressure degrees of freedom and represent the
physical compatibility condition between structure
and air.

To facilitate the two modeling steps for fluid and cou-
pling elements of the car interior, VisPER contains
an easy-to-use wizard starting from the structural
mesh and generating the fluid mesh and the cou-
pling elements step by step in an almost automatic
way (see page 45). Typically, the coupling elements
are compatible with structural elements of the inte-
rior surface, but the fluid elements representing the
enclosed air are incompatibly meshed, because the
mesh for the air is usually much coarser than for
the structure. The wizard derives the appropriate
element edge length from the requested frequency
range.

The fluid may contribute to the damping by so-called
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volumetric drag which represents the absorption in
a fluid volume. The coupling elements contribute to
the damping by surface absorption which represents
a normal impedance of the coupling surface.

After completing the fluid-structure model, the anal-

ysis steps are very similar to structural dynamics of

cars as described above (see also page 96 for more
functional details).

e A coupled eigenvalue analysis is available to
derive the coupled eigenfrequencies and mode
shapes. The mode shapes consist of two corre-
sponding parts, a displacement mode shape of
the structure and a pressure mode shape of the
fluid.

e Excitations can now also be specified in the fluid
by a pressure signal.

e Based on coupled eigenfrequencies and mode
shapes, modal frequency response analysis
and modal time-history response analysis can
be performed in the same way as for the sole
structure.

In addition to modal methods, also a direct fre-
quency response is available for fluid-structure cou-
pled analysis.

From the coupled response results, all results as de-
scribed for structural response calculations can be
obtained. In addition, the pressure field in the air
and transfer functions from structural points to pres-
sure points are available (and vice versa). Moreover,
sound particle velocities (as vector field or magni-
tudes) can be derived from the pressure field.

In addition to enclosed air in a car, the surrounding
air can also be modeled and coupled to the struc-
ture. This feature can be used to calculate noise
transition through the structure (from the road or
from air flow induced noise to the driver’s ear).

High performance

Continuous effort is spent in improving and acceler-
ating the speed of algorithms. In car body analysis
emphasis is put on the following achievements:

e For large models (millions of degrees of free-
dom) and many modes (thousands of modes),
eigenvalue analysis is made much faster by
MLDR (Multi-Level Dynamic Reduction). Details
can be found on page 91. This method is avail-
able for both structural dynamics and coupled
fluid-structure dynamics.
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¢ In frequency response analysis many different
dynamic load cases (several hundreds) are of-
ten applied. So-called assembled situations
(see page 94) are used to solve these load
cases simultaneously instead of one after the
other.

e In frequency response analysis the equation
solving can be made much faster (for a high
number of modes and many excitation frequen-
cies) using an iterative solver.

Figure 18: Shape optimization of a sill
with transition to neighboured parts

Optimization

Supported by VisPER and PERMAS, optimization
tasks for the car body can be solved in an inte-
grated way. So, the optimization model is part of the
model description and can easily use all available
references to existing model parts like node and
element sets. Although all available optimization
types (as described on pages 100 to 109) can be
used for car bodies, the most important ones are as
follows:

e Sizing: This is used to optimize element prop-
erties like shell thickness, beam cross section,
spring stiffness, and damper properties.

e Shaping: This is used to optimize geometry of
parts by modifying node coordinates (also pos-
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sible with incompatible meshes).

e Bead design: This is used to position and
shape beads in shell structures (see example in
Fig. 19).

All these optimization types can be combined in
one optimization project. Static and dynamic anal-
ysis can be used simultaneously for optimization
tasks. The optimization modeling is fully supported
by VisPER (see details on page 43). Even post-
processing of optimization results can be made with
VisPER.

Optimization of transfer functions due to sizing,
shaping, and bead design is of major importance
in dynamic analysis. This frequency response opti-
mization can be used with an objective transfer func-
tion (i.e. a frequency dependent limit of amplitudes).

If the objective transfer function is derived from ex-
perimental results, then the optimization process is
named model updating. By this process selected
model parameters are modified in order to fit the
simulation transfer function to the experimental one.

Figure 19: Bead design of a plate
with positioning and height of beads

Engine Analysis

Many physical effects play an important role dur-
ing a mechanical analysis of combustion engines.
In static analysis such effects are leak tightness
and durability under changing temperature condi-
tions and in dynamic analysis there are sound ra-
diation and frequency responses of complex engine
assemblies. At least in static analysis the influence
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of temperature requires a coupled analysis taking
heat transfer into account. Modeling the mounting
of an engine requires the consideration of bolt load-
ing conditions where the correct sequence of bolt
pre-stressing and operating loads is of major impor-
tance. In addition, nonlinear material behavior has
to be considered.

These and other effects are important for engine
analysis.

Figure 20: Simple engine model
Daimler AG, Commercial Vehicle Division)

Heat Transfer

Applications are e.g. the analysis of operating tem-

peratures and the aging in an oil bath by simulating

the cooling down process. The following features
are available:

e Nonlinear material behavior with temperature-
dependent conductivity and heat capacity,

e Temperature-dependent heat convection for the
modeling of heat exchange with the surround-
ing,

e Automatic solution method for nonlinear heat
transfer with automatic step control and sev-
eral convergence criteria, i.e. an automatic load
stepping for steady-state analyses and an auto-
matic time stepping for transient analyses,

e Convenient and very detailed specification pos-
sible for loading steps and points in time where
results have to be obtained,
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Full coupling to subsequent static analysis
(steady-state and transient),

Heat exchange by radiation can be included, if
this makes a relevant effect on the temperature
field.

If temperature fields are available for cylinder
head and engine block, then other parts may
not yet have temperatures, like gaskets or bolts.
Then temperature mapping procedures using
the submodel technique are avilable to provide
all parts with proper temperatures (see submod-
eling on page 53).

Figure 21: Contact status for gasket elements

Statics

Static deformations are calculated under various
loads with linear and nonlinear material behavior:

Nonlinear material models:

plastic deformation,

nonlinear elastic,

creep,

cast iron with different material behavior un-

der tension and compression.

Gasket elements:

— for convenient simulation of sealings,

— the behavior of sealings is described by mea-
sured pressure-closure curves,

— input of many unloading curves possible.

Contact analysis:

— many contacts possible (> 100,000),

— unrivaled short run times,

— most advanced solver technology,

— friction can be taken into account with transi-
tions between sticking and sliding,

— bolt conditions can be applied in one step,

— specification of a realistic loading history,
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— If an engine has many parts, which are con-
nected only by contact, the RBM assistant
in VisPER helps to avoid rigid body modes
by applying compensation springs (see page
41).

— contact results: contact pressure, contact
status, contact forces, saturation, etc..

Submodeling:

— for subsequent local mesh refinements,

— automatic interpolation of displacements to
get kinematic boundary conditions for a finer
mesh,

— then, a local analysis is performed e.g. to
achieve more accurate stresses.

Pressure

outside

inside

-180 -135 -90 -45 0 45 90 135 180

Angle

Figure 22: Pressure distribution at stopper
over the angle

High performance

Due to typically large models in engine analysis all
analysis methods are oriented towards highest pos-
sible performance. The following points can be high-
lighted:

outstanding performance through special algo-
rithms for large models with nonlinear material
and contact,

contact algorithms have been strictly designed
to meet the needs of large models with many
contacts,

unrivaled fast method for linear material and
contact.

Gasket elements can be handled as integral part
of the contact iteration instead of a feature in
nonlinear material analysis (i.e. CCNG analysis,
Contact Controlled Nonlinear Gasket analysis).
If no other material nonlinearities are present
in the model, run time reduction factors can be
higher than 10 (e.g. for analysis of combustion
engines with pretension, temperature loads, and
cylinder pressures). In cases, where other ma-
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terial nonlinearities are present in the model, a
run time reduction by a factor of about 2 can still
be achieved.

e An additional speed-up can be obtained, if a
contact analysis is repeated. The resulting con-
tact status of a contact analysis is stored in so-
called contact status files. These contact sta-
tus files may be used as starting point for the
subsequent contact analysis. In case of small
changes, this will essentially reduce the run time
of the new contact analysis.

e |f several temperature fields are used several
times in an engine analysis, e.g. to calculate
several load cycles with different temperatures
like in a cold and hot engine, then a special al-
gorithm can be used to accelerate the analysis
significantly (see Fig. 118).

Dynamics

By using the same software for dynamic and static
simulations only one structural model is necessary.
All dynamic methods are available for engine anal-
ysis (see pages 89 to 96). Some important points
are:

e Eigenvalues and mode shapes for large solid
models can be calculated using MLDR (see
page 91).

e Fast dynamic condensation methods support
the efficient analysis of engines with many at-
tached parts (DEVX, see page 90).

e By using dry condensation (page 90) even fluids
can be integrated in a dynamic model without
taking along pressure degrees of freedom (e.g.
in an oil pan).

e Calculation of sound particle velocity is sup-
ported for the evaluation of noise emission of
engines.

In order to facilitate the transition from static analysis
with contact to dynamic analysis, a contact locking
feature is provided (see page 77). By using this fea-
ture, the results of any loading state in static anal-
ysis of an engine can be used for a subsequent
dynamic analysis. A contact pressure dependent
threshold value for the locking of contacts is avail-
able to fit dynamic results to experiments, if neces-
sary.
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Part Connections

The modeling of part connections essentially deter-
mine the quality of simulation results. On the other
hand modeling of connection details is sometimes
complex and time consuming. Hence, analysts want
to have simplified models for various connections
giving satisfactory simulation results. Consequently,
part connection is a typical modeling feature in the
area of tension between modeling effort and result
quality.

There are two different classes of part connections
which will be subsequently described in more detail:
e Structural connections,

e Connection elements.

Structural Connections

Parts can be coupled at their surfaces in different

ways:

e For the connection of e.g. two cylindrical parts,
where the inner part has a slightly greater outer
diameter than the inner diameter of the outer
part, a press fit connection can be used, where
the interference is directly modelled without con-
tact. As a consequence, a press fit connection
will remain under all loads.

e Tied coupling (i.e. coupling remains under both
tension and compression). This is typically
achieved by kinematic constraints (see page
58).

e Contact (i.e. connection can open and close
during loading). This is the topic of contact anal-
ysis (see page 73).

In all cases, the surfaces of coupled parts can be
meshed compatibly or incompatibly (see the part
coupling on page 56). The latter is an advantageous
feature reducing modeling effort, because parts can
be meshed independently.

Tied coupling can be used with all analysis types
(like static and dynamic analysis). But in case of
contact, e.g. a subsequent dynamic analysis needs
one additional analysis step. This step includes
a contact analysis where the final contact status
is locked (i.e. contact locking, see page 77). In
this way, a linearization of the contact problem is
achieved. Fig. 23 describes the process of dy-
namic analysis for engine structures under preten-
sion load. Before bolt pretension is applied, the
parts of an engine can vibrate separately, but af-
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pled, where no contact is in place.

Once, contact locking is applied, eigenvalue analy-
sis and frequency response analysis can be used.
Even optimization of frequency response functions
can be used, e.g. to reduce sound radiation of en-
gine. Fig. 24 shows the effect of moving the ribs on
the engine surface and the effect of increasing rib
thickness to reduce sound radiation of the engine
block. The ribs are meshed incompatibly from the
engine block. Hence, the ribs can easily be moved
on the surface without re-meshing of engine block
and ribs. This is used by a shape optimization.

Harmonic load applied
on cylinder head

Sound Radiation Power / \J
—_—
L Tt

il T

1500 2000 2500 3.000 3.900 400 4500 5000
—surface-tosuface coupling —contad lodking

Original Rib Configuration Optimized Rib Configuration

.
000 1500 1900 o0 4000 4500 5000
Original model  —Optimled model with double rib thickness

Figure 23: Dynamic analysis of an engine
under pretension load

ter bolt pretension is applied, the engine assem-
bly vibrates as one single body. This behaviour is
achieved by locking the contact areas where the
parts are in contact. Other areas are kept uncou-
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Figure 24: Optimization of rib thickness
and rib position to reduce sound radiation from engine
block surface

Connection Elements

Following features can be seen as connection ele-
ments:
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e Bolt connections:
They are often used under pretension. So, con-
tact analysis is applied to define prestressed
bolts (see page 75 for more details).
The thread coupling of bolts is of particular im-
portance for short bolts (like in Fig. 25), because
any cut through the shaft of a short bolt will be
warped under pretension.

o Weld spot connections:
Typical weld spot connections consist of an el-
ement at the weld point location, which is used
to model the additional spotweld stiffness and
an MPC condition which couples the element
forces to the connected flanges. These flanges
typically have incompatible meshes (see page
57 for more details on automated spotweld mod-
eling).
A refined spotweld model is also available which
shows improved stiffness representation and re-
duced sensitivity against different mesh sizes at
the connected flanges (see page 112).

e Sealing connections:
For convenient modeling of sealings gasket el-
ements are available which define the nonlin-
ear behavior in a preferential direction by force-
displacement curves.
Contact analysis is used to solve static sealing
problems, where the force-displacement curves
are handled as an internal contact.
In dynamic analysis, the typical frequency-
dependent stiffness and damping of a sealing
is modeled by spring-damper systems (see next
list item and Fig. 150).

e Spring-damper connections:
In dynamic analysis, many joints have an in-
fluence on stiffness and damping. Such joints
are modeled with spring-damper systems which
also allows to model frequency dependent stiff-
ness and damping properties (see Fig. 150).

Figure 25: Short bolt under pretension
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Brake Squeal Analysis

Brake squeal is a known phenomenon since brakes
are used, and despite intensive research for many
decades there are still coming new cars to the mar-
ket which are squealing so heavily that expensive
warranty cases arise for the manufacturers. This
holds not only for passenger cars but also for com-
mercial vehicles, the same for rail cars or aircraft
brakes or even bicycles. Also, not only disk brakes
but also drum brakes are affected.

Figure 26: Brake model
by courtesy of Dr. Ing. h.c. F. Porsche AG in Stuttgart,
Germany.

There is no lack of numerical approaches to make
brake squeal computable but up to now the com-
plexity of the phenomenon has prevented massive
computations in this field due to very long comput-
ing times. As long as one set of parameters for one
brake requires many hours of computing time, it is
practically impossible to study geometrical modifi-
cations to get a configuration which does not exhibit
squealing under all typical operating conditions.

Brake squeal is widely understood as friction in-
duced dynamic instability. Therefore, two principal
approaches are available: Transient analysis and
complex eigenvalue analysis. Due to high computa-
tional effort for transient analyses obviously stability
is more effectively studied by a complex mode anal-
ysis.

The analysis can be split up in following steps:
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Figure 27: Simple brake model (1)
with an unstable bending mode (m=2, n=1) at 2,54 rps
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Figure 28: Simple brake model (2)
with an unstable bending mode (m=3, n=1) at 3,98 rps

e A linear static analysis with contact and friction
under brake pressure and rotation. There, slid-
ing between disk and brake pad can be pre-
scribed by a rigid body motion to determine the
sliding velocity.

e A real vibration mode analysis using the previ-
ously calculated contact status. This requires
a linear model for the contact status which is
achieved by contact locking.

e A complex mode analysis with additional fric-
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PERMAS Product Description V19

tional and rotational terms. Gyroscopic and stiff-
ness terms are taken into account which con-
sider the disk as elastic structure in an iner-
tial reference system. Additional stiffness and
damping terms are derived from the frictional
contact state perviously calculated in the con-
tact analysis.

As usual instabilities are detected by a complex
mode analysis if the real part of the complex eigen-
value becomes positive or the effective damping ra-
tio becomes negative.

0.008

Mode 13: u = 0.60 ——
o007 Mode 11: 1 = 0.60 ——— 1
\ Mode 13: u = 0.70 ==

Mode 11: 1= 0.70 —- — |
Mode 13: 1 =0.80 —— |
Mode 11: u = 0.80

0.006 [\ *

0.005

0.004

0.003

Damping Ratio [-]

0.002 | u increasing ]

0.001

0.000

-0.001 L L L L L L L L
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Figure 29: Simple brake model (3)
with an unstable bending mode (m=2, n=1) which
becomes unstable at different rotational speeds
dependent on the frictional coefficient.

A complex mode analysis is performed in one com-
puting run for the full range of interesting rotational
speeds. By this sweep all relevant points of insta-
bility are obtained for one set of brake parameters.
Successive computing runs are then used to study
parameter modifications in order to establish a sta-
bility map for all important influencing effects.

As an example a simple brake is used which exhibits
various instabilities at different rotational speeds
(see Fig. 27 and Fig. 28). Each of the diagrams
shown was generated by one single computing run.

This analysis is repeated several times to get the
influence of the frictional coefficient between brake
disk and brake pad (see Fig. 29).

A similar study was made to get the influence of
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Young’s modulus of the brake pad. Figure 30 shows
a corresponding example.
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Figure 30: Simple brake model (4)
with an unstable bending mode (m=3, n=1) which
becomes unstable at different rotational speeds
dependent on Young’s modulus of the brake pad.

To illustrate the required run times for such analyses
corresponding computing times are given for a large
industrial model with the following characteristics:

480,000 | Elements
900,000 | Nodes
2.1 Million | Unknowns
218 | Real eigenmodes
240 | Complex eigenfrequencies
80 | Rotational speeds

For this example the full elapsed run time with
PERMAS Version 18 is 12 minutes on an Intel E5-
2697 v4 processor (18 cores / 2.3 GHz) with 105 GB
memory.

By such computing times an extensive parameter
study of a brake will be possible in short time.

Such a parameter study can be used to generate a
stability map of a brake (see Fig. 31). There, all
unstable modes from complex eigenvalue analysis
are collected for a large number of different param-
eter sets. This allows the identification of frequen-
cies where squealing could occur. The information
contained can be used to detect those parts of a
brake which are candidates for modification to im-

Page 28

PERMAS

Figure 31: Stability map of a brake
for 7110 parameter sets from rotational speeds, Young’s
modulus of disk, and frictional coefficient between disk
and pad. The total run time for this stability map was 5
hours 12 minutes.

prove brake squeal behaviour.

Figure 32: Campbell diagram
for the evaluation of rotor dynamics

Rotating Systems

The available static and dynamic analysis capabili-
ties can be used to analyze rotating systems, which
imply additional constraints to the solution.

Fig. 33 provides an overview on the analysis capa-
bilities for rotating structures. Both co-rotating and
inertial reference systems can be applied.

Static Analysis

In a quasi-static analysis, which may include con-
tact at the hub, the centrifugal forces due to rota-
tion are taken into account. The reference system is
co-rotating or inertial (with axisymmetric rotor). The
static analysis is possible below critical speed.
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Figure 33: Rotor dynamics capabilities

In a linear analysis, the centrifugal stiffness and the
geometric stiffness at the given rotational speed are
taken into account. In a geometrically nonlinear
analysis, an update of the centrifugal forces will take
place.

Dynamics

In order to get the relation between eigenfrequen-
cies and rotational speed an automatic procedure is
available (see Fig. 32 and page 90) which directly
generates all values for a Campbell diagram.

For dynamics of rotating systems, the assumption is
a linearized equation of motion with constant coeffi-
cients. A co-rotating or inertial reference system is
taken. If rotating and non-rotating parts are present,
the rotating part can be modeled as elastic body.
The rotational speed is expected to be constant.

In the case of a coupling of rotating and non-rotating
parts in a co-rotating reference system, no restric-
tions have to be observed for the rotating parts, but
the non-rotating parts have to provide isotropic sup-
port to the rotor.

For such configuration, all direct and modal methods
in time and frequency domain can be applied in the
subcritical and overcritical frequency range. During
response analysis the Coriolis matrix is taken into
account.
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In the case of dynamics in an inertial reference
system, no additional restrictions have to be ob-
served for the non-rotating parts, but the rotating
parts have to be axisymmetric.

Also for such configuration, all direct and modal
methods in time and frequency domain can be
applied taking into account the gyroscopic matrix.
Modal methods remain applicable even for the over-
critical range of rotational speeds.

To determine the critical rotation speed a Campbell
diagram can be used. In the co-rotating reference
system, the Campbell diagram will show zero eigen-
values at certain rotational speed.

Rotation speed dependent stiffness and viscous
damping of rotor supports can be taken into account
during complex eigenvalue analysis and for the gen-
eration of a Campbell diagram. This feature can
be modeled by a special element (i.e. CONTROLS,
siehe Abb. 146).

For dynamics modal steady-state response is of
particular importance. There, the static stresses un-
der centrifugal load are determined first. Then, with
geometrical and centrifugal stiffness, the static dis-
placements are derived. On the basis of real eigen-
value analysis, several modal frequency response
analyses are performed for each harmonic. After
back transformation to physical space, the results
for all harmonics and the static case are superposed
in the time domain (see page 93).

Analysis of Machine Tools

For the development of machine tools, dynamic be-
haviour of the complete system is of utmost impor-
tance for the efficiency and precision of the ma-
chines. The complete system consists of structural
parts, drives in different axes, and control. During
machining the interaction between workpiece and
tool generates cutting forces which may cause vi-
brations in the system. These vibrations have to be
sufficiently damped by all system components. Fi-
nally, the machine tool has to provide high speed
and high precision.

All dynamic analysis methods can also be used
for machine tool analysis, like eigenmode and fre-
quency response analysis, complex mode analysis,
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and time-history response analysis. In addition, op-
timization methods can be used to propose model
modifications which improve the characteristics of
the machine tool like weight, static response, and
dynamic response.

X axis Machine bed

Z axis

Head stock N o i ———

Carriages

Proposal of WZL, Aachen,

Parameter setting supported
by INDEX, Esslingen

Spindle ; Work piece  Tool holder

Figure 34: Simplified model of a turning machine
as proposed by WZL in Aachen and supported by
INDEX, Esslingen for setting suitable parameters

An example of a turning machine has been pro-
posed by WZL Institue in Aachen (see Fig. 34). The
parameter setting was supported by INDEX-Werke
GmbH & Co. KG in Esslingen.

The following typical machine components were
used to set-up the model:

e Structural components:

PERMAS
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Figure 35: Block diagram of used controller and
corresponding finite element representation

(see Fig. 146).

Machine bed, carriages, and headstock are usu-
ally modeled by solid elements (see Fig. 34).
Guide rails:

They are part of structural components, but their
proper connection is modeled by spring-damper
combinations, where the spring and damper
forces are connected to the solid structures tak-
ing incompatible meshes properly into account.
Ball screw drives:

They are modeled by beam elements. Their
function is to transform a rotational motion of
the drive to a translational motion of the car-
riage. This transformation is achieved by a
proper MPC condition taking the diameter of the
screw and the pitch of its thread into account.
Spindle with workpiece:

Spindle and workpiece are usually modeled with
solid elements. The coupling to the headstock
is done by a special element combined with a
suitable MPC condition. The special element is
used to provide rotation speed dependent stiff-
ness and damping values for the spindle support
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Control:

In order to include a controller in the model a
finite element has been developed which repre-
sents a so-called cascade controller as shown in
Fig. 35. This cascade controller is able to repre-
sent position and velocity control beside some
filters and a current controller. This control el-
ement comprises the typical control steps used
in machine tools and has been developed based
on the experience of machine tool manufactur-
ers.

The actuator force is applied as a moment on
the ball screw drives of both feed axes (Z axis
and X axis). The sensors for relative displace-
ments are located between machine bed and Z
carriage and between Z carriage and X carriage
respectively. The sensors for relative velocities
(based on rotation speed sensors) are located
at the ball screw drives.

The parameter settings have to reflect the ac-
tual controller which will be used for the machine
tool. So, the parameters have to be provided to
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Figure 36: Frequency response between tool and
workpiece due to excitation in Z direction for uncontrolled
(above) and controlled (below) machine

the analyst by the controller development (like
other parameters, e.g. material). Then, the an-
alyst will be able to support the machine design
by full system analysis.

In the example model, there are two controllers,
one for the translational motion parallel to the
spindle axis (Z axis) and one for the motion in
radial feed direction (X axis). The parameters of
the controllers are almost the same except the
parameter m which reflects the moved masses
leading to higher value for the translational mo-
tion.

Typical methods for dynamic analysis of machine

tools include:

o Eigenvalue analysis:
Modal methods are often more efficient due to
the reduction of the model size. But direct meth-
ods are also available.

e Modal frequency response analysis:
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Response due to Jump in Feed Direction, Spindle 2000 rpm
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Figure 37: Time-history response due to excitation
in Z direction for a sudden position jump (above) and a

smooth position change (below) for the controlled
machine

Fig. 36 shows the frequency response curves
for amplitudes and phases between tool and
workpiece for an excitation in Z direction un-
der uncontrolled (above) and controlled (below)
conditions.

Modal time-history response analysis:

Fig. 37 shows the response to a sudden jump
(above) and a smooth position change (below)
of the tool in translational Z direction. It is worth
mentioning that this calculation already takes
the rotation of the spindle into account (at 2000
rpm).

In addition, it is possible to use nonlinear sup-
port conditions (like those for the spindle sup-
port