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ABSTRACT

The dimensioning of glass fibre reinforced flanganis according to the common standards (“AD-
Merkblatt N1”, EN 1591 [1]) is based on the samsuagptions made for steel flanges. The material
properties are only considered by diminishing fegstthat is why over-dimensioning becomes a prob-
lem for GRP flange joints. Three university indiitsl are co-operating in a research project to ogtim
the flange joints and the calculation standards.

GRP materials are by definition materials, whichgist from at least two components [5][6][7]:

. Reinforcement fibre: the load-bearing reinforcimgnponent. The Layout of the fibre in a com-
ponent creates an anisotropic composite materkathnis characterised by fibre orientation and
the textile structure of the fibre systems.

. Matrix system: is used as imbedding mass for tred-lmearing reinforcing component. It
transmits the external loads on the fibre. Add#ibn the matrix supports the fibre and is re-
sponsible for the dimensional stability under heeat resistance against liquids and gases.

The anisotropic character allows a load-appropdatggn, as well as the low specific weight predes-
tines GRP materials for highly-stressed applicationaerospace industry and mechanical engineer-

ing.

One main point of the project is the optimisatidrth@ flange joints. The special approach usedthis t
optimisation is the simultaneous optimisation oftenial properties and geometric shape. To achieve
this optimisation task, two separate parametricetoodere created. For the geometry shape optimisa-
tion, a parametric CAD model was set up, using@#®/CAM software “Pro/ENGINEER WILD-
FIRE 2". To ensure the consistency of the CAD mpdéferent relations and boundary conditions
were implemented into the CAD model. To optimise thaterial properties of the flange joint, a pa-
rametric FEM model was created. The model was getsing the FEM software ANSYS. This para-
metric model allows exchanging the material usedtfe different parts of the flange joint.

The mechanical behaviour of the flange joint isleated by using finite element analysis. To desgcrib
the GRP material properly, parameters like elastid visco-elastic properties as well as differeat m
terial layers were considered. PTFE gaskets ar¢lynesed in GRP flange joints, therefore a material
model for PTFE was also implemented to the FEM rhode

The optimisation itself was done by an evolutionalgorithm, which is available without cost from a
free library. Evolutionary algorithms simulate fhecesses of biological evolution by using so-chlle
evolutionary operators. These operators are mutaselection, and crossover. The algorithm works
with populations of possible solutions, where ev&sjution is defined by a set of parameters. By the
application of the evolutionary operators, the dathm creates the population (a number of solujions
of the next generation.

The optimisation process consists of a coupleegsstFirst step is the creation of new parametsr se
(done by the algorithm); every parameter set cairtgigeometric parameters and material parame-
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ters. After that, the geometric parameters werel tisgegenerate the CAD models. In the next step,
these models were imported into the FEM model, Wwhwas evaluated afterwards. Finally the results
of the FEM evaluation are used to determine three$is of each solution. Therefore a special evalua-
tion algorithm (based on the Pareto approach) wpbeal. Using the fitness values, the algorithm cal
culates the parameter sets for the populationeoh#xt generation. To achieve a minimum time effort
the whole optimisation processes needed to be aainThis paper shows how different scripts were
used to control this process and how the evaluaidftware (Pro/ENGINEER and ANSYS) is inte-
grated in the batch process.

Keywords: evolutionary algorithms, parametric, FEM, GRP

1 INTRODUCTION

Due to high temperatures under operating conditithres relaxation of screw forces represents a spe-
cial problem when using GRP flanges. Material deleen setting processes cause a reduction of
screw forces in the course of the time. The scremels applied during assembling and during the
flange dimensioning cannot be guaranteed. If thewsforces fall under a certain value, the dander o

blowing out the seal exists, what usually goes dloéa stop of the production plant.

A task of the research project represents therdéfm@ptimisation of the flange connection, whereby
especially the minimisation of the relaxation oé thcrew forces represents an important goal. The
minimisation of the arising tensions and the defdrans of the flange mark an additional goal.

In order to achieve this goal, two possible appneaovere combined. The arising tensions, deforma-
tions, and the screw force relaxation can be imiteel by design, i.e. geometrical parameters on the
one hand. Apart from design parameters the pogibiists to exert influence on the charactersstic
of the flange connection by different materials/ané different structure of the flanges when using
GRP. The flanges can possess e.g. different lajeknesses and/or the individual layers can be made
of different materials. With the help of speciatiopsation algorithms, these parameter combinations
shall be determined which fulfil the requiremengstb

For the solution of optimisation problems a widagea of different methods are available, which are
generally applicable or were developed particuléshythe solution of special technical problemseDu
to the fact, that evolutionary algorithms work reband can universally be applied, they were used i
numerous applications in industry and researchL{§]L1]. When choosing a suitable method, there
are different criteria, which need to be consideigy the analysis of the problem that needs to be
solved, certain methods can be excluded. The ogdition problem regarded here is characterised
among other things by fact, that the relation betweptimisation parameters and goal criteria cdn no
be described mathematically and structure of thetisa area can’t be predicted exactly. So it las t
be assumed the worst case, which means a not nosstation area with a lot of local maxima. Due
to these two properties, different methods candterthined, because they can't be applied for sglvin
the problem. This means that methods like ,hilmtding" or other gradient-based methods are ex-
cluded because they probably would get stuck inafribe local maxima and the optimisation would
be finished soon at a low quality level. For théimfsation problem regarded, evolutionary algorithm
were chosen, which worked successfully with theitsmh of optimisation problems with large and
uncontinous solution area.

2 METHODS

Evolutionary algorithms are stochastic search #lgms, which simulate the natural evolution process
by creating artificial populations of variants of selution, which compete with each other. A
predefined so-called fitness function is used sgasa quality value (fitness value) to each indiinl

of the population. Due to the fact that "improveslutions (i.e. solutions that fit the requirements
better) have a better chance to reproduce, a glgatessure is built up. In this way, continuously
improvement is achieved, thus realising an optitioad8].
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Basically, evolutionary algorithms work with two dadutionary operators, mutation and
recombination (which also is called "crossover's 8gure 1)
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Figure 1, Evolutionary operators and evolutionary algorithms procedure

Mutation causes random modifications of a solutioms of course not guaranteed that a better solu-
tion will be generated. When he applies intuitigeds and methodologies, a designer works similar to
mutation, because he generates "small” modificatairhis solution (trial-and-error method) [4][10].

Recombination (crossover) exchanges the contergs d¢ptimisation parameters) of different solu-
tions. This is similar to the designer's work witen to create new solutions, combines product prop-
erties by creativity, by intuition, and by the wsdéhis experience [10].

An evolutionary algorithm realises an intuitive sdafor a given target, whereby it includes a darta
"intelligence", because the algorithm

. "learns" by recombination from available solutions,

. determines the benefit (fitness value) of the curselution by evaluation and selection,
. searches for new solutions by mutation as weleasmbination, and

. saves the knowledge of preceding generations wiki@nndividuals (the chromosomes).

Figure 2 shows how an evolutionary algorithm finisw solutions by mutation, recombination,
evaluation, and selection. The evolutionary algponitbalances the gradient methods (exploitation) and
the random methods (exploration). Gradient metheds. hill climbing) can resume the exploited
know-how, whereas random methods (e.g. Monte Qadthod) involve the intuition. The random
methods are not able to combine the results astbte the know-how. The gradient methods are fre-
quently used as optimisation methods within FEA&ys.
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Figure 2, searching the solution space with evolutionary algorithms

3 SENSITIVITY ANALYSIS AND OPTIMISATION

In order to be able to accomplish a sensitivitylgsia or an optimisation, different preliminary jgse
are necessary. When executing sensitivity analysis an optimisation, a large number of variants
need always to be evaluated. According to expeeietite number of variants that need to be evalu-
ated is thereby often over 1000. Most importannpds thereby the setting up of an automatically
running process chain, which makes the evaluatidheoindividual solutions possible. Essentiallg th
following steps are necessary in the preparation:

. Choice of the optimisation parameters

. Choice of the goal criteria

. Creation of parametric CAD models

. Creation of parametric FEM models

. Creation of a process chain for automated evaluatio

Optimisation Parameters

Before the creation of the parametric CAD modaist fihe goals of the optimisation are determined
and the boundary conditions arising in the emplaynage analysed. Based on these results those pa-
rameters are determined, with which the goals efgjfitimisation can be affected. An important point,
which needs to be considered thereby, is the demhtiee industry not to change the connection di-
mension to existing flanges. By this definition soimportant parameters are not permissible, which
could have a large influence on the characteristithe flange connection. These parameters cauld b
considered in a second separate optimisation run.

For the optimisation of the flange connection thiéfving parameters were selected:

. Thickness of the loose flange

. Material of the lower flange layer

. Material of the upper flange layer

. Screw size

. Outside diameters of the flat washer

. Thickness of the flat washer
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. Thickness of the seal
. Material of the seal
. Collar height

The majority of the optimisation parameters wadigsed in the CAD system “Pro/ENGINEER
WILDFIRE 2". The parameters for the definition bktmaterial of loose flange and seal were realised
in “ANSYS 10". The parameter ,material of the upj@wver loose flange “stands thereby in each case
for a certain configuration set, each set contginaiues as young's modulus and poisson number.

Goal Criteria

The choice of the goal criteria essentially restriisn the demands made at flange connections. As
previously mentioned, the screw force relaxatiqgre@sents the substantial problem of the flange con-
nection. Further the reduction of the arising tensirepresents a goal of the optimisation.

For determining the stress ratios at the flangeneotion completely, the following characteristid-va
ues for each computed variant are determined:

. Maximum compression stress
. Tension after “von Mises”
. Tension in the screw

. Flange blade tilt
. Weight

Since the screw force relaxation represents a anoest problem, all characteristic values are mdy o
computed when applying the loads. In the FEM m@dél load applying is simulated and afterwards
the characteristic values are computed again. Wike two sets of characteristic values it is fbasi
to determine the stress reduction within 24h Igalieation.

The last goal criterion is the weight of the enflemge connection. A more solid flange shows bette
stress values of course. From this it could berasduthat an optimisation without considering the
weight of the flanges would result in flanges wigry good stress values on the one side, but with a
weight which is far above the weight of the origiflange on the other side.

Parametric CAD Models

Parametric CAD models are used when it is necessarseate geometry, whose accurate dimensions
in the course of the further use must be changks. i§ often necessary in the context of variant de
sign. Parametric CAD models are also used in timesd of new product design, when it is necessary
to evaluate certain characteristics of differentifications quickly. The creation of parametric CAD
models means an increased modelling effort inicelab the conventional procedure, because addi-
tional questions (e.g. intended use, parameted tebe clarified beforehand. Further, the actwat p
cedure of modelling is more time-consuming, becaber procedures are necessary, compared with
the usual way of modelling due to the fact thatriost cases relations between the used parameters
must be defined.

The parametric CAD models were modelled with PraéZEBNEER WILDFIRE 2 of the company
PTC, because this system offers various possdslitor parametric modelling. This system offers a
batch operation mode and is compatible to Linuxe fidature of running certain functions of the CAD
system in batch mode (without user interferencesiential for the execution of sensitivity anaysi
Only if an automatic workflow is ensured, the neeeg number of evaluations can be accomplished.
The availability of the CAD software under Linuxnst a real necessity, however, it facilitates the
work strongly, because the individual steps ofdp&misation are realised by shell scripts. Lindx o
fers various functions within such shell scriptattimade possible to work without interpreter lan-
guages such as PYTHON, Perl, TCL etc.
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Figure 3, CAD model of the flange

For sensitivity analysis and optimisation, a CADd®abof a flange connection was created (see figure
3), which consists of 9 individual parts. The modehsists of a collar (see No. 4 in figure 3) giei
(1), 3-layer flange (2) (upper layer, intermediktger and lower layer) as well as the connectides e
ments nut (7), screw (6) and flat washer (3). Atlividual parts were created parametrically in sach
way that the optimisation parameters (see chap8rcduld be applied. The necessary relations be-
tween the parameters were defined in the propyigtadgramming language Pro/PROGRAM. By us-
ing symmetry conditions at the flange, the modethef flange connection could be reduced to an
eighth model. This has the advantage that in timepotation with ANSYS an eighth of the junctions
must be only computed, so the computing time wdsaed significantly.

For the processing of the sensitivity analysis @redoptimisation it was necessary to pass the curre
parameter values to the CAD system over as singppoasible. In Pro/ENGINEER there are different
ways to realise this. From our view, the simpleayws the supply of the current values in a separat
file. During the creation of the different variantise parameter values of this file are imported as
signed to the individual CAD parts considering gtered relations and boundary conditions. In the
next step, the individual parts are built into @aseanbly. This step is not really necessary, bpiat
vides an easy way to do a collision check wherebglid variants can be eliminated. After passing
the collision check successful, the individual parte exported into a neutral format (IGES).

As previously mentioned, the automated creatiothefCAD models is necessary. Therefor, the fol-
lowing steps need to be automated:

. Importing parameter values
. Creation of the individual parts
. Creation of the assembling
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. Collision check
. Export into neutral format

Pro/ENGINEER allows the automation of repeated waith so-called “Trail” files. A “Trail” file
contains all needed function calls to fulfil a edémttask. With correct configuration, the above-
mentioned steps can completely be automated, hatielp of such Trail files. Only this functionglit
allows performing a sensitivity analysis or a pagtan optimisation in an acceptable period of time.

Parametric FEM Models

The parametric FEM models are provided by our ptomartner from the Technical University
Clausthal. For the sensitivity analyses and tharagdition static FEM models can't be used. Because
on the one hand variable geometry shall be useddfsapter 2.5) and on the other hand different ma-
terial configurations sets for the upper layer trelower layer of the loose flange shall be awdda

Each material configuration represents therebyeaiapflange. For the determination of the material
mechanical characteristic values of the flangegoi@t bending test as well as tensile-pressure test
were done. The flange samples examined therebgr diffnumber of glass fibre materials as well as in
the arrangement of these materials. Results oftieenpts are characteristic values such as young's
modulus and poisson number, which were then stardtk respective material configurations.

The processes of the FEM computation can be aueahatANSYS. The whole process is controlled
by a script, which automates the following steps:

. Importing the geometry models (IGES)

. Assigning the material indices

. Meshing

. Definition of the contacts

. Definition of the boundary conditions
. Solving

. Evaluating the results

Process Chain for Automated Optimisation

After the definition of the optimisation parameteswell as the creation of the parametric CAD and
the FEM models, these are merged into a procesa &hrathe evaluation of the different variants.

This process chain is built up modularly and cdssié individual scripts. In order to accomplish an
optimisation, the process chain must automatedh@afing steps:

. Parameters conversion
. CAD models creation

. FEM model calculation
. Evaluation

The conversion represents the first step of thege® chain. In this step the optimisation pararseter
generated by the optimisation algorithm are pramésErom these parameters, the parameter values
for the CAD model as well as the FEM model are mheitged and converted into a readable format for
the respective program. The parameter informatsostored in simple text files for the sake of sim-

plicity.

In a further step the CAD models for the currertiroisation parameters are created, whereby the pa-
rameters converted in the preceding step were s@de$he CAD models are exported into a neutral
interface format, in order to be able to use th@ next step, the FEM computation.
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The FEM part performs the computation of the meidzhicharacteristics of the respective variants. In
this step the exported CAD models as well as thd pRrameter file are imported and the parametric
FEM model is created on this basis. The FEM contmutasupplies the goal criteria, as well as other
values.

The last step within the process chain is the exmn of the computed variants. The goal critera a
used in order to perform a Pareto evaluation. Téret® evaluation determines numerical values (the
so-called fitness value), which represents theityuar each computed variant.

The fitness values determined by the Pareto evafuatre finally passed to the optimisation algo-
rithm. By application of the evolutionary operatgsge chapter 2) the algorithm produces new vari-
ants, which are evaluated in the same way.

4 SENSITIVITY ANALYSIS

With the execution of the sensitivity analysis, t@al of reducing the complexity of the provided
computer model is pursued, by determining the patars that have an important influence on the be-
haviour of the flange connection. Reducing the nemrdf optimisation parameters also reduces the
size of the solution area for the optimisation raads, which makes a more exact investigation pos-
sible (with same effort of time).

For executing a sensitivity analysis a databaseétled, on whose basis the correlation charaaterist
values can be determined. The database contairebtha multiplicity to data sets, which contain op-
timisation parameters and associated goal critergch case. The result quality attainable witkera:
sitivity analysis essentially depends thereby om tactors.

. Number of data sets
. Distribution within the solution space

The number of data sets should be sufficientlydatfthe sensitivity analysis is based on fewdnda
sets, the determined results are provided withcaordingly large factor of uncertainty. If the nuenb

of data records rises, the result quality usualtygases too. It is to be noted, however that timeber

of data sets is to be always regarded togetherthéthlistribution of the data sets. If the disttibn of

the data records is unfavourable, the attainalsieltsethemselves are not representative evenraifge |
number of data sets are used. The distributiorhefdata records over the solution area is ideally
adapted to the condition of the solution areah#ré are areas in the solution space, were small
changes of the parameters results in large chaofgiee goal criteria, then more data sets should be
used. In areas were large changes of the parametaas only small changes of the goal criteria,
fewer data sets need to be raised.

For the creation of the database, the respectivarper range for the 9 optimisation parameters is
specified. It's to be considered that only a fewapaeters from the possible parameter range can be
selected. As to be seen in table 1, for each paearhed concrete values are considered.

Table 1. Parameters for sensitivity analysis

parameter min | max | steps
thickness flange 5 35 4
screw type 1 3 2
material number upper layer 1 13 2
material number lower layer 1 12 2
thickness seal 1 10 2
material number seal 1 4 4
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height collar 10 40 2

Width flat washer 3 25 3

thickness flat washer 1 10 3

4608 variants; 10min per variant => ab@2 days

The attainable quality of the results could be Iyureereased with more considered values. However
the used number of values already forms a dataldakeapprox. 4600 data records. One accepts a
time of only 10 minutes for the complete evaluatidhis already means a computing time of ap-
proximately 32 days. Since the individual evaluagi@are independent of each other, sensitivity analy
ses represent ideal application for distributedntiog. A manual computation of all parameter sets
(approx. 4,600) of the analysis of sensitivity & possible, for the execution of the sensitivibalg-

sis the process chain represented in chapter 3i3eis. This process chain calls all scripts neéoled
the computation and then stores the computatiantsefer each parameter combination in a database.

The result of the sensitivity analysis is to bensigeillustration 2. The meaning of the used ablarev
tions is described in table 2.

Correlation

0.80000
0.70000+
0.60000
0.50000-
0.40000+
0.30000+
0.20000
0.10000+
0.00000 -
-0.10000 -

[Z] S3 min [fs3min2 _
B Mises max [l Mises max 2 _
[] Sz min [[]8z min 2 =
[ Uz min MUzmin2 -
PBUzmax [Uzmax2 -

Correlation value

-0.80000 . . . : ; . .

Thickness  Screw Waterial Waterial Thickness  Widthflat ~ Thickness Heigth Waterial

loose type number number seal washer flat washer collar number

flange lowver layer  Upper seal
layer

Parameters

Figure 4, Sensitivity analysis

Table 2. Parameters for sensitivity analysis

abbreviations | explanation

S3 Pressure stress

Mises Stress after Mises

Sz Stress in the direction of load exposure
Uz Deformation
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Figure 4 shows that not all of the selected pararadiave an influence on the characteristics of the
flange connection. Above all, the parameters flangight, screw type. The parameter "screw type"
stands here for different screw sizes of M6 to M20

A little bit smaller, but nevertheless relevantiueihce for properties of the flange connectionthee
parameters ,material upper layer* and ,width flaisker”. The parameter ,material upper layer* de-
fines the material indices in the highest layethef 3 layer loose flange model. Both parameters con
tribute the characteristics of the flange connectiobstantially, since they are for the force agpion

of substantial importance. The bigger the flat veasthe smaller the arising surface pressure. dir ad
tion, the material of the highest loose flange tajetermines the characteristics of the flange eonn
tion relevant.

In comparison to this, the influence of the matesfahe lower loose flange layer is completelyfelif
ent. The material in this layer has as well asnilueénce on the characteristics of the flange conne
tion. This could be justified in the fact that tbentact area between lower layer and collar istanbs
tially larger, than the contact area between upmper and flat washer, which results in a surfaesp
sure substantially smaller in the lower contact.

In addition figure 4 shows that the parameterscithess seal”, ,thickness flat washer, ,height aoll
“and “material seal” do not affect the charactéssbf the flange connection. From the resultshef t
accomplished sensitivity analysis the appropriatectusions for the following optimisation can be
drawn. Not necessarily all 9 parameters need tadeel for the optimisation starting up in the next
step. For this reason, the parameters, which amgérded any longer, are the parameters “material
seal”, “thickness seal” and ,thickness flat washditie parameters ,materials number lower layer*
“height collar” are considered in modified formthe optimisation.

5 OPTIMISATION

The optimisation has the goal to find those sohgim the solution area that fulfil the goal criger
best. The optimisation runs thereby similarly te #malysis of sensitivity. The substantial differeis
that in case of the sensitivity analysis all vatsatihat shall be computed are a known beforehadd an
an evaluation of the computed variants is not dgime computed values are simply stored in a data-
base. Instead the variants are generated by antiev@ry algorithm and evaluated afterwards by a
Pareto based procedure.

For the smooth operational sequence of the optiiaigathe process chain was set up within a special
management system. This allows to extend or togi#me process easily. Further this system offers
the possibility of supervising and simple evaluatid active runs.

For the optimisation, the optimisation paramethad shall be used are declared within a separate co
figuration file. Apart from the parameter name,tlier data are specified such as minimum value,
maximum value, and increment. The configuratioa &lso contains a few more information, e.g. mu-
tation probability, crossover probability, methdds mutation and crossover that shall be used. For
the optimisation, a mutation probability of 0.1 wa®sen, which means that 10% of the individuals
are mutated. The crossover probability is seleutithl 0.8, whereby within the production of a new
generation 80% of the individuals are combined. theroptimisation a maximum generation number
of 200 with in each case 40 individuals was see mbmber of individuals maximally computed is
8000. Further the convergence threshold is se®%, 9vhich means that the optimisation stops before
reaching the maximum generation number, if the eoyence level is reached earlier.

For evaluation a Pareto based method, which makesmwaeighted multi-criteria evaluation possible,
is used. Pareto based approaches are often udee fireld of multi criteria optimisation. All ap-
proaches are based on the so called pareto-optimhich is named after Vilfredo Pareto, who was a
french-italian sociologist, economist and philosapHhn relation to other procedures like weighted
goal functions this has the advantage that optimisalgorithm is not forced into a certain direct;
which probably prevents the algorithm of findingteen good solution. Pareto based methods are able
to determine those variants, which exceed the m@ngivariants in all goal criteria and represem th
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actually best variants [2][3]. The results detemxinhereby are not absolute, but always dependent o
all regarded variants. If further variants are atjddl variants must always be evaluated again.

6 CONCLUSION

The approach introduced in this work representessiple of realisation of the very complex topic of
the computation and optimisation of GRP parts. dditton, FEM computation of GRP parts was
combined with an efficient optimisation algorithmdaa procedure for unweighted free multi-criteria
evaluation.

The used process chain for automatic optimisateoneasily be extended with further CAD and FEM
models. Additional optimisation parameters or godééria can be added by the modular structure in a
simple manner. Also an extension by additional asteion software is possible, whereby further cri-
teria can be considered, too.

An extension of the optimisation appears partidylareaningful in two points. On the one hand the
number of geometrical optimisation parameters shbelextended. The actually used parameters rep-
resent the restriction of the industrial partnerglved in the project. For this reason, no paranset
(e.g. number of screws, pitch diameter) are coathimhich concerns the junction points to already
existing flanges. One the other hand it appearsnmghully above to fully develop all material-
technical parameters. In this range a large opditiois potential exists. The biggest problem is that
calculation models needed for the simulation arssmg. In certain cases this can become balanced by
empirical attempts. However, extensive test sexi@sld be necessary, which is impossible to realise
in most cases.
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