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IN A KILN BY MEANS OF CERAMIC ROLLERS

M. Hajzman’, P. Polach, J. Jankovec

Summary: The paper deals with the multibody modelling and simulation of a
very unusual problem motivated by the real industry task. The aim of the
simulations was the verification of the problems arising from the tile movement
through very long kilns. The row of tiles that is initially straight at the kiln
beginning is coming out curved at the kiln end. The SMPACK simulation tool
was chosen for the solution of this problem. Two approaches to the modelling of
the complex system of tiles and rollers are shown in the paper. The more suitable
one is based on the polygonal contact model developed for the fast and efficient
contact analysis between complexly shaped rigid bodies. The ssimulation results
obtained using the SMPACK simulation tool are compared with the results
calculated by the LS DYNA software.

1. Introduction

HOB CerTec s.r.o., the Czech producer of ceranllersy which are used in modern kilns in
order to transport ceramic tiles through a kilmquested numerical simulations of the tile
movement in a kiln. The rollers are arranged lardjitally one beside other, supported on
their ends and driven by a drive system on the €itels are placed on the rotating rollers and
it causes the moving of the tiles through the kiln.

Fig. 1. View from above of the initially straighaw of tiles placed on the rollers.

The aim of the requested simulations was the wetifin of the problems arising from the
tile movement through very long kilns (more thar ¢trundred meters long). The row of tiles,
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which is initially straight at the kiln beginningde Fig. 1), is coming out curved at the kiln
end or after the passage through a certain pathefkiln (see Fig. 2). This fact brings
undesirable influences on different aspects of tie burning. The purpose of the
computational models was also the investigationthef roller design sensitivity and the
manufacturing inaccuracy sensitivity on the studiffdct.

Fig. 2: View from above of the curved row of tilefer the passage through a part of the kiln.

The HOB CerTec s.r.o. company produces many typedlers with respect to the shape
and flexibility intended for different tiles (wittespect to dimensions and weight). Due to the
production technology the rollers can be of a canshape (see Fig. 3). Owing to the cooling
in vertical position the lower end can be wideru@lsy 0.001 m or 0.002 m difference of the
end diameters) and therefore the goal of the miodelvas also to verify if the tiles problem
can occur also for ideally shaped rollers. Typidahensions are length= 3.9 m, outer
diameterD = 0.052 m, inner diameter = 0.04 m. Reference tile velocity is 150 meters pe
hour (0.0417 m/s).

Q Ideal roller a

. :
: g}

Conical roller

Fig. 3: Shapes of ideal and conical rollers (nat real scale and ratio).

It was found after the literature review that symmblem had not been solved and
published yet. Because of the nature of the systeties and rollers it is complex dynamic
problem with the presence of multiple contacts funtion forces. Moreover the rollers have
to be considered as flexible bodies with their egdehaviour. Hence it was decided to use
the commercial multibody code rather than to dgvedome special purpose modelling tool
with respect to the complexity of the problem. BI®IPACK simulation tool was chosen for
the model development and numerical simulations.

Another possibility was the selection of a finileraent incremental explicit solver (e.g.
LS-DYNA). This option will be discussed further on.
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2. Briefly about the SIMPACK simulation tool

The SIMPACK simulation tool (INTEC, 2007) is beimdeveloped in INTEC GmbH,
Welling, Germany. Similarly as other MBS softwares intended for investigating kinematic
and dynamic properties of a nonlinear three-dinmradi coupled mechanical system
consisting of many bodies. The approach to sol#egtasks in the field of mechanics using
computer models, which is based on the systemsodifeb, enables to solve substantially
more general problems than the approach basededimtte element method because it is not
dependent on the continual model of the investdjatgstem. As this approach is more
general and due to character of studied mechasysiéms the demands for the computing
time of the solution of the nonlinear equationsteys are growing. When creating a
multibody model it is necessary to pay attentionchmosing the number of bodies, the
number of kinematic pairs and especially the totahber of degrees of freedom in kinematic
pairs of a mechanical system, i.e. to optimalleiptet the physical substance of the solved
problem. The total number of degrees of freedokinematic pairs determines the number of
constructed nonlinear equations of motion, solugbwhich should be within a real period of
time.

Multibody models are created by a finite numbebodlies connected by kinematic pairs
and massless force elements, which enable to nemitelg-damper structural parts. With
respect to the multibody models creating methodplagd automatic generating of the
differential equations in the SIMPACK simulatiorotkinematic pairs are classified into two
types (two separate groups within the frameworknoflelling in the SIMPACK simulation
tool) —joints and constraints. Exactly one joint with a given number of degreésreedom
belongs to each body, which enables a body motmrsidering the previous body in a
kinematic chain. Constraints are utilized for th@sog of kinematic chains, i.e. for creating
kinematic loops, and constraining the relevant degif freedom. Bodies can move in space
in the framework of joints, constraints, force edas, the way of coupling to the reference
frame and boundary conditions. Each body is defimgdhertial properties (mass, centre of
mass coordinates and moments of inertia). It issiptes to bind differentmarkers to the
bodies. A marker is a point, in which a local capate system is defined. Markers can be
used to locate reference frames, to define thereeansft mass. Through the markers it is
possible to couple bodies by joints, constraintd #orce elements, it is possible to act on
bodies by applied forces and torques, etc. Afteating a multibody model it is possible to
simulate the modelled system motion. In simulatmgtion with multibody models in the
MBS software non-linear equations of motion areegated. The equations are solved by
means of numerical time integration. Generallypisements, velocities and accelerations of
the individual bodies, forces and torques actingimematic pairs and force elements are the
monitored quantities. It is possible to obtain fessin the form of time series, in the form of
graphs or in the form of multibody model visualisat(static or with animation). In outputs
in the form of graphs it is possible to compare. ergluences of changes of various
parameters of the multibody model on the simulatisults, it means to operatively evaluate
influences of permitted design adjustment on trerdd kinematic and dynamic properties of
the real structure.

Besides the basic SIMPACK Kinematics & Dynamics woiedit is possible to buy
additional SIMPACK simulation tool modules and datgerfaces with other software. In
SKODA VYZKUM s.r.0. there are at disposal the SIMBY Automotive+ module (support
of road vehicles modelling including tire modeldhe SIMPACK Wheel/Rail module
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(support of rail vehicles modelling including wheall contact models) and the SIMPACK
Contact module (support of contacts between bodmdelling).

3. Solution based on the standard SIMPACK Contact modie features

At first the problem was solved by the standaraneliets of the SIMPACK Contact module.
Several possibilities are available for the contactlelling:

* Sngle point contact. Two points, which can be in a contact, are defira
different bodies. The concept of moved markers #rat moving according to
potential contact points on the contact boundarysed. The force elements in
order to compute a normal contact force and a tarajdriction force are defined
between the points.

* Multipoint contact. It is based on the usage of two separate contagtsietween
two bodies.

* Hertzian contact. The contact forces are determined for predeficedtact
situations (ball-to-ball, cylinder-to-cylinder, Ibab-plane, cylinder-to-plane
contacts).

The problem of the tiles movement on the rollersharacterized by multipoint multiple
contacts and therefore any of the standard metivadsnot suitable for the definition of the
multibody model. Finally unilateral spring-dampégraents and a set of moved markers were
created in order to simulate behaviour of the file€ed on the rotating rollers.

Fig. 4: Roller substructure with one emphasizetbraegment and its markers (standard
SIMPACK Contact module approach).

Because of the roller dimensions and boundary tiomdi (supported on the ends) the
flexibility of the rollers is not negligible charristics. The possibilities of the SIMPACK
modelling in SKODA VYZKUM s.r.o. are limited to thegid body modelling so some
special approach had to be used for the roller tinge Each roller (flexible body) was
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modelled using so called finite segment methodating to Shabana, 1997) that is based on
the artificial subdivision of a flexible body intthe system of rigid bodies coupled by
particular joints with spring-damper force elememts order to represent the flexible
behaviour. The stiffness and damping parameters bearcalculated using the standard
elasticity theory (Wittbrodt et al., 2006). Moreowbe general nonlinear characteristics can
be used instead of linear expressions and thustheegplasticity can be defined. After the
testing analysis and after the consideration ofratpenal conditions and possible contact
scenarios each roller was composed of five rigidybeegments (see Fig. 4) coupled by
universal joints with predefined spring-damper edats that represent flexible bending
properties. Axial and torsional deformations weeglected with consideration of the problem
nature. Both ends of the roller were supportedaidial directions and one end was also
supported in axial direction. This end was drivenhie rheonomic joint in order to ensure the
constant angular velocity of the roller. Each segimgas equipped by the set of moved
markers (see Fig. 4) that were rotating in the ggpalirection with the same angular velocity
as a roller. These markers were steady on the ugider of rollers in the global inertia
coordinate frame and they could be used for thmidieh of the contact forces.

The tile (eight tiles in a raw) was modelled as aig@d body with defined inertia
properties and dimensions that were used for timacb definition. The chosen pair of two
contact markers is shown in Fig. 5. The frictioslesntact force defined using the unilateral
spring-damper force element was calculated by #wical relative displacement of these
markers. The special purpose forces had to befoselde pushing (driving) of the tiles in the
longitudinalx-direction due to the rollers rotation. The expi@sgor the force definition was
developed such that the sliding velocity of the twas the same as actual instantaneous
velocity on the top of the roller. The penalty fadation was used in the expression. The
friction force was defined in the latenabirection.

Fig. 5: Detail of the tile model with two markersfohing a contact force.

Because there were many rigid bodies and also laegg number of three types of force
elements between the bodies it was inefficientde manual method for the creation of the
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SIMPACK model. The special parametric generatortted SIMPACK source code was
developed in the MATLAB system for the purposeta automatic model creation.

Due to the large size of the multibody model (maimiany contact and special purpose
forces) only one raw of tiles on several rollersuldobe simulated. Unfortunately the
simulation results were not sufficient and reatignough and therefore a different solution
was searched. The problem was also very long catipoal times (in the range of days).
Especially the rounded shape of the roller couldo@orepresented by the approach with a set
of moved marker on the top of roller segments.

4. Utilization of the Polygonal Contact Model

Another possibility was the usage of the PCM (Pohal Contact Model) method
(Hippmann, 2004a; Hippmann, 2004b) in connectiotiniwhe SIMPACK User module. These
tools were finally used for the creation of the tinddy model of the row of tiles moving on
the group of rotating rollers.

4.1. Generally about the Polygonal Contact Model

This modelling tool was developed independentlytiod covering multibody codes by
Dr. Gerhard Hippmann (Hippmann, 2004a; Hippmanrg4®). At first it was implemented
by the author into the SIMPACK simulation tool aaffer that some other codes were also
extended with user subroutines based on the PCM.

The PCM method is based on the body surface reqesmn by polygonal meshes and on
the usage of the elastic foundation model. It v@gy robust algorithm for complexly shaped
bodies. Complex surfaces can be described by podlgmeshes composed of vertices
(points) and faces (triangles, quadrangles, penggdost of graphic software tools and
CAD system are able to export these graphic foramnat many Internet web pages with free
polygonal meshes exist and could provide the soofroeesh files. The PCM method uses the
simplest representation of a surface by triangoiash (in so called Wavefront format) and
some restrictions are defined for particular meshié® mesh should be without cracks, it
should have any duplicate vertices and it shoulek flraconsistent orientation.

The algorithm of the PCM method that is implemerdasdh user defined force element in
multibody codes can be summarized in three stegpo(Rnn, 2004a):

(1) Collision detection. It determines if the contact pair is in touch.eTVery fast collision
detection is possible due to the bounding volumardnchy approach used mainly in
virtual reality applications. Several levels of bding volume hierarchies are shown in
Fig. 6 for the illustration.

(2) Contact element determination. This step is intended to the finding of the is&ating
polygons and constructing of so called contacthEggcontact elements, see Fig. 7).

(3) Contact force determination. The overall contact force of all contact elemergs
determined in the last step and applied as a famdea torque to the pair of the bodies in a
contact. The expression for the contact force sedan the elastic foundation model (see
Fig. 8). The regularized friction force is also geated.
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Surface
Fig. 6: lllustration of bounding volume hierarchigaken from Hippmann, 2004a).
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Fig. 7: Intersection polygon and contact force dateation (taken from Hippmann, 2004a).

Fig. 8: Elastic foundation model (taken from Hippma2004a).
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4.2. Multibody model using the PCM and its dynamiagesponse

The developed multibody model in the frameworkief SIMPACK simulation tool using the
PCM method consists (similarly as the previous njoafethe roller substructures and of tiles
in one row. A special user PCM force element wapleyed for the contact and friction
definition between the tiles and the rollers.

The roller flexibility was considered as in the mbgresented in the previous chapter.
The surface of each segment was described by tlyggml (triangular) mesh. Considering
the regular shape of the cylinder the automatic hmgsnerator was developed and
implemented in the MATLAB system for the parametriesh creation. The sensitivity of the
system dynamic response with respect to the meshitdewas observed and the suitable
mesh parameters were chosen for the final readizatf the model (see Fig. 9).

Fig. 9: Roller model for the PCM approach (triarsguhesh).

Due to the nature of the PCM method the tile s@faould be represented by a very
simple triangular mesh. Each tile was modelledresragid body and the inertia properties of
the tiles were the same as in the previous model.

The big advantage of the PCM approach is that éiméact between one tile and one roller
segment was defined using only one force elemeigt () in contrast with the previous
moved marker approach. Although the number of feleenents was still large and therefore
the automatic source code generator in the MATLA&eaM was used.

Fig. 10: Tiles and rollers model for the PCM apmioa
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The computational times for the tasks were in #drege of tens of hours. The PCM model
exhibits more realistic behaviour than the previonge based on the standard SIMPACK
Contact module elements. The experimentally obskefect of the curved row of tiles (see
Figs 1 and 2) was validated by the numerical sitrana.

Fig. 11: Numbering of the tiles (SIMPACK).

Numbering of tiles can be seen in Fig. 11. The plothe time history of the-position
difference between the motion of outer tile 8 amder tiles 5 and 6 is shown in Fig. 12. It is
obvious that the difference is increasing and tioeeethe curved row effect (Fig. 2) is
verified. The similar plot for the motion of tilei& shown in Fig. 13.

After the analysis of the results and after thefggered sensitivity analyses it can be
concluded that the effect is caused probably byditfierence between the motion of the inner
and outer tiles because of the flexibility of lomdjers, which are bent by the tile weights.

x-position of the left (outer) tile with respect to the chosen inner tiles
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Fig. 12: Time history of the-position difference for tile 8.
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x-position of the right (outer) tile with respect to the chosen inner tiles
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Fig. 13: Time history of the-position difference for tile 1.

5. Comparison with the LS-DYNA software

The simulation results were compared with the tesobtained by another simulation
methodology using the LS-DYNA software, which issed on the explicit finite element
solver. The results of these simulations were desdrand documented in Jankovec (2006).
The overall view on the model is in Fig. 14. THediand the rollers were discretized by finite
elements. As the LS-DYNA deals with short duratewents some improvements in the
model definition were necessary in order to sinauldie tile movement problem (Jankovec,
2006) that is characterized by longer times.

“
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Fig. 14: Finite element model of the tiles anded|(LS-DYNA).
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The labels of the tiles used for the evaluatiorthef LS-DYNA results are clear from
Fig. 15. The differences between the longitudination of the chosen tiles are shown in
Fig. 16. It can be concluded that the same effeah @ase of the SIMPACK simulations was

observed.
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Fig. 15: Final displacements (scaled) and numbaegfrige tiles (LS-DYNA).
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Fig. 16: Differencesi4 — X 1 andxps — Xp1 Of X-coordinates of the tiles (LS-DYNA).

6. Conclusions

This contribution deals with an unusual applicatidrthe multibody dynamics approaches in
the ceramic industry. The problem of the row adgiimoving on the ceramic rollers, which is
characterized by multiple multipoint contacts andflexible behaviour of the rollers, was
numerically simulated. The SIMPACK software was éypd as the simulation tool.

Two approaches to the modeling of the contacts garticular forces were introduced.
The more suitable one was the utilization of thé/ganal Contact Model developed by Dr.
Hippmann and implemented to the SIMPACK using thdFACK User module. The PCM
IS very robust and efficient method for the solotaf the contact problems in the framework
of multibody systems. It is based on the polyganakh representation of body surfaces and
on the contact force determination by means ofethstic foundation model. The simulation
results were compared with the results obtainedrmther simulation methodology based on
the LS-DYNA software and the problematic effectlod curved row of tiles was verified.
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