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PREFACE

The Book of Extended Abstracts contains 89 two-page abstracts of talks presented during the
30th conference COMPUTATIONAL MECHANICS 2014 and the workshop Modelling
and Inverse Problems for Heterogeneous Media, which were held at the Hotel Horizont in
Spicak, Czech Republic on November 3 — 5, 2014. The annual conference and the workshop, which
were attended by more than one hundred participants from the Czech Republic and Slovakia,
were organised by the Department of Mechanics, Faculty of Applied Sciences of the University
of West Bohemia under the auspices of

Miroslav Lavicka, the Dean of the Faculty of Applied Sciences,

Jifi Strucek, the Vice-President of the Pilsen Region for Education, Sport, Culture and
Tourism,

Czech Society for Mechanics,
Czech National Committee of [FToMM,

Central European Association for Computational Mechanics.

The main objective of this traditional conference is to bring together academicians, re-
searchers and industrial partners interested in relevant disciplines of mechanics including

e solid mechanics, e fluid mechanics and fluid-structure interac-
e dynamics of mechanical systems, tion,

e mechatronics and vibrations, e thermodynamics,

e reliability and durability of structures, ® biomechanics,

e fracture mechanics, e heterogeneous media and multiscale problems,
e mechanics in civil engineering, e experimental methods in mechanics,

to create an opportunity for meeting, discussion and collaboration among the participants. As
in the previous years, the three best papers presented at this conference were awarded the Czech
Society for Mechanics Award for young researchers under 35 years of age.

To all conference participants, we offer the possibility to publish their peer-reviewed full
papers in the international journal Applied and Computational Mechanics, which has been
published by the University of West Bohemia since 2007 (see http://www.kme.zcu.cz/acm/).

We would like to express our gratitude to all the invited speakers for their significant con-
tribution to the conference and the time and effort they put. Considerable acknowledgement
belongs also to the members of the Organising Committee for their important work.

We strongly believe that all participants enjoyed the 30th anniversary of the conference
Computational Mechanics and that they spent their time in the beautiful nature of the Sumava
region in a meaningful way. Finally, we want to invite you all to come to the next conference
CM2015.

Jan Vimmr
University of West Bohemia
Chairman of the Scientific

Committee
Vitézslav Adamek Eduard Rohan
University of West Bohemia University of West Bohemia
Chairman of the Conference Chairman of the Workshop

Organising Committee Organising Committee
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Linear fiber-based additional measurements of jposdf serial
angular robots

J. Adantik?, Z. Sika?, P. Bene§ P. Svato8

 Department of Mechanics, Biomechanics and Mechatsp Faculty of Mechanical Engineering, Czech Téadd University in Prague,
Technickéa 4, 166 07 Praha, Czech Republic

The paper presents a new concept of additional umegsof position using the fiber system.
The fiber system is placed on the shoulders of kimematic pairs in order to reduce
restriction of the motion and the manipulation €pathe system is designed to measure
redundantly the complete relative motion with 6 réeg of freedom (DOF) including arm
deformations. The redundancy then provides theilpiigsof the self-calibration of the entire
device.

The idea of the measuring system is similar topheciple presented in [1]. Unlike the
cited paper, where the fibers are used as drivimig,uhe presented idea applies the members
as pure measuring elements. The essential differenthat the authors in [1] consider four
fibers for controlling 3 DOF, i.e. with redundanafydegree one. The presented concept takes
into account 6 DOF measured by 8 fibers, i.e. watfiundancy of degree two.

The mounting points are placed on the two crossesed by 45° for higher handling
ability. The distances between the end points of the anxitilsses, measured as the length
of each fiber \l (k = 1 ... 8), then clearly determines the relagosition of the arms of the
identified kinematic pair (Fig. 1)Constant parameters of the system are the armhkengt
(distance between the auxiliary arms centre anddim), the length of each auxiliary arm
and their orientation, expressed by the directiogles.

1600 15
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Fig. 1. The beam model of fiber measuring systetwmmdifferent positions

The relative motion of the arms is then defined aoly by the main motion of the
kinematic pair, but also through the backlash agfdrmnationsThe first step of the synthesis
was the setup of the inverse kinematic model [2le Becondstep was thereation of the
sensitivity model. The third importastep of the workwas the forwardkinematic model



simulating the realuse of the systeniThis model determines the current position of the
system and calculates the maximum localizationreinamm the specified lengths of fibers
(Table 1).The model also allows the choice of the considairacy of primary measuring
(considered measurement accuracy of fiber was)5The optimization of the parameters has
been realized based on the calibrability critefBlnthe example of the result is in the Fig. 2.

Table 1. The accuracy of the measuring systemrm@ted by the simulation model

Ay Aoy Ao, dAx dAy dAz
3+5x10° | 9+14 x10° | 2+5x10° | 15+30 x10° | 8+13x10° | 3+5x10°
[rad] [rad] [rad] [mm] [mm] [mm]

1600 1600
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1200 1200
1000 1000
200 200
0 0 1
0 o 200 200 600 800 g o e o 500 800

800 -600 400 200 0 500 -600

Fig. 2. The beam model of fiber measuring systetar glarameter optimization

Although the simulation only refers tothe intended applicatiomith some range of
individual drives the determinedccuracyat the level indicates thieigh potentialof the
measuring systemrlhe ability toidentify and quantify thedeformation and backlasbf
individual kinematic pairsand the possibilityof implementing them as feedbackcould
significantly affect not only thepositionalaccuracyof the robot but alsothe possibility of
increasinghe maximunpermittedload without increasing theveightandmassivenessf the
structure.

Acknowledgements
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Dynamic cloth model for motion planning simulations
P. Bene&, Z. Sika®, M. Razug, M. Neoraf

@Department of Mechanics, Biomechanics and Mechaspifraculty of Mechanical Engineering, Czech TézdiriJniversity in Prague,
Technicka 4, 166 07 Praha 6, Czech Republic
®Department of Cybernetics, Faculty of Electricabifreering, Czech Technical University in Prague,
Technicka 2, 166 27 Praha 6, Czech Republic

Dynamic animation of cloth is today a common pdrtcomputer games, virtual reality
animations or movies. However most of these modeks focused only on a fancy
visualisation. Many of them are even not basedlait physical properties. In case we need a
real-life simulation, e.g. for motion planning, ig not enough that it looks like real or
sometimes maybe even better. We need a more aecuadel that truly behaves as a real.
The presented paper describes physical model dh ddased on a spring-mass-damper
approach. The model is a part of EU-FP7 researojegirCloPeMa (Clothes perception and
manipulation) [3].The two handed CloPeMa robot Wéhrn to manipulate, perceive and fold
a variety of textiles. The presented model willused for motion planning.

The basic structure of two considered simulatiomei®is in the Fig. 1. The nodes of the
structure represent uniformly distributed masshefc¢loth. These nodes are connected to each
other either by springs (Fig. 1a) or by kinematanstrains for defined constant length
(Fig. 1b). In that case nodes represent spherdalsj as well. The dissipative properties of
the garment are modelled using shear dampers dretiflexion dampers (green). Moreover
there is a viscous damping applied on each nodesepting the interaction with air.
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Fig. 1. Basic model structure: a) model with spsing) model with kinematic constrains

The motion equations of the whole simulation canftenulated by many different
methods. As the kinematic constrains are definglimnvihe structure the Lagrange equations
of mixed type were used and the numerical calcutatvas stabilized using Baumgarte’s
approach [2]. The motion of the grasping pointdaned as kinematic excitation concerning
that the motion of garment does not influence gt dynamics.



The identification of the model parameters (stif®eof springs, damping ratios, air
resistance...) is based on the experimental redihis robot manipulation with textile objects
was captured by colour camera and the rangefirelesos [1]. The maneuver that was used
for parameter identification represents the flagpwvith the cloth. The upper edge of sheet-
like cloth was hold by two robot grippers. Thenabhrms moved forwards/backwards. The
records were analysed and transformed to the tenessof grid points coordinates. The goal
of parameter identification was to minimize thefeliénce between real garment grid
coordinates and simulation model nodes coordin&igs 2).

3D Point Map of Garment at Time t = 3,170 s
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Fig. 2. Identification in t = 3.17 s: a) image pessing, b) comparison of measured data and sironlati

The problem of identification is that the rapid ebbmaneuver excites cloth in such a
degree that some grid points are hidden behindr athes and cannot be captured by the
rangefinder. On the other hand the identificatimmf slow maneuvers results in wide variety
of parameter values.

Finally both models were identified. The simulatimodel with constraints is very fast but
its performance was less accurate compared togspnodel. Especially when the movement
of cloth is very fast and the free bottom edgegdlag. This effect was well covered by the
model with springs, however stiff springs mean higitural frequencies and therefore small
integration steps and more time consuming cal@nati

During manipulation and folding operations the klobllides with other object such as
robot arms or the working table. The other typecollision is the self-colliding of cloth.
Naturally the cloth cannot penetrate itself or othigid objects. Therefore the collision
detection together with further improvements ingpageter identification will be the next step
in model development.
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Algorithm for chute motion control
J. Blektd, R. Sojak

#Faculty of Mechanical Engineering, Technical Unaigr of Liberec, Studentska 2, 460 01 Liberec, E&public

In the surface mines belt conveyors are very ingmrpart of the transport chain. Conveyors
transports coal or blasted rock (overburden). Témgth of conveyor line is from 5 to 10
kilometers. In the case of rocks transportatiorerburden is transported to the opposite side
of the mine, where it is put to the hole again. @yer line consists from several conveyor
belts, usually of the 1 km length. The rock is malifrom one belt to another. This causes a
great wear of the belt [1]. The aim of this pageta find a suitable way to reduce the kinetic
energy of the falling mass. This would increaselifieeof conveyor belts.

Each belt conveyor consists of a driving and resiation. The first one is responsible for
driving the conveyor belt and it is positionedlat &nd of the belt (in the direction of material
transportation). Another role of the driving statits to pour transported material to return
station of the subsequent conveyor. This is dopecxmately from a height of 10 m. During
pouring of the transported material the rocks faivn on the adjustable steel shield that
directs material flow into the center of the outgpbelt. This causes uniform loading of the
belt. Return and driving stations are shown in Eig.

Fig. 1. Return (1) and driving (2) station

At the beginning of the project solution it wastialy considered to reduce the drop
height by constructional modification of the retuom driving station. After a careful
examination of the drawing and project documentatio has been stated, that distance



reduction between incoming and outgoing belt is possible. For this reason, it was
proposed a new solution of the steel chute ingetiEtween incoming and outgoing belt. The
advantage of this conception is a significant réidacof the impact energy of the falling
material, the disadvantage is the danger of claggihthe hopper area, when the adhesive
material is transported. Therefore, it was decideak, the chute must be extensible.

The chute movement control suitable algorithm wesighed. In the base of hardness and
the size of transported pieces of overburden tigisridhm decide, when the chute would be
slid out or slide back. The hardness of the trarisdanaterial are identified by the extent of
excitation of the shield eigenfrequencies. By impdc¢he hard material, eigenfrequencies are
excited with much greater intensity than in theeca$ the soft adhesive material. This
characteristic was supported by a lot of measurésriardifferent weathers and with different
types of transported materials. In Fig. 2 can bensspectrograph of shield vibration.
Independent axis is time, the another two quastitiethe graph are the frequencies of the
shield vibrations (dependent axis) and the intgnaitshield vibrations (defined by color).
Comparison of several spectrographs measured féereht transported material shows
dependence of shield vibrations intensity on thadported material hardness.

-]
L
=]
L
=
7

Fig. 2. Spectrogram of shield vibration (1 - fieifithe shield eigenfrequencies)

Real-time computer, installed on the driving staticassesses the intensity of the
eigenfrequencies excitation. In the case of saié Bxceeding, it pass the information to slide
chute out. This information is transmitted to tleetrol station and the driver of bucket-wheel
excavator decides to slide chute out or not.
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Comparison of explicit and implicit discontinuous Galerkin finite
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aEuropean Centre of Excellence NTIS — New Technologies for Information Society, Faculty of Applied Sciences,
University of West Bohemia, Univerzitni 22, 306 14 Pilsen, Czech Republic

In recent years, the discontinuous Galerkin (DG) finite element method [5] has become more
popular for the solution of various flow problems [1, 4]. This popularity is mainly due to its
ability to achieve high order of spatial accuracy, low artificial damping, robustness and stabil-
ity. The main drawback of the method is the high number of unknows, solution of which is
connected with high computational demands. For this reason, the choice of an efficient time
integration method is of crucial importance.

The purpose of the present work is to compare two basic classes of time integration methods
in terms of CPU time usage and quality of results. First, the class of explicit time integration
methods is considered. It is well known that their computational efficiency is directly affected
by the maximal size of the global time step, which is restricted by the CFL condition of stabil-
ity. This restriction becomes especially notable when the applied computational mesh consists
of elements with large variations in size. Because of this, the explicit schemes are known to
be computationally inefficient. To overcome this drawback in this work, we implement the
local time stepping (LTS) method. As shown in [3], the use of LTS Runge-Kutta method can
massively increase the computational performance of explicit schemes without any substantial
modification of the algorithm. As a second class of methods, we consider the implicit time inte-
gration methods. Although this type of methods is able to overcome the restriction imposed on
the size of the computational time step, their implementation is connected with several difficul-
ties. Among them, it is possible to mention the need to solve a system of non-linear algebraic
equations during every time iteration. The solution of this system is usually performed using
the Newton method, where it is required to solve a system of linear equations repeatedly until
convergence. The use of the Newton method is, however, connected with the disadvantage in
the form of Jacobian matrix, whose exact expression is very difficult, especially in the case of
the DG method. To overcome this problem, many authors use Jacobian free methods [2] based
on the Krylov methods such as BICGSTAB and GMRES. On the other hand, the knowledge of
the Jacobian matrix can be useful when building a preconditioner matrix. In this work, we em-
ploy the technique of the Jacobian free methods in order to numerically assembly the Jacobian
matrix. This approach is independent of equations complexity and boundary conditions and as
such allows to easily solve complex flow problems like the turbulent flow. The drawback of
this approach lies in higher computational demands on Jacobian matrix assembly, which can be
compensated with a parallel algorithm.

In this work, the computational performance of explicit and implicit methods is compared
for several test cases. For example, Fig. 1 shows the solution of steady compressible inviscid
and viscous laminar flow around the NACA 0012 airfoil computed by the implicit backward



Euler method with linear polynomial basis functions. The CPU times necessary for the steady
state solution are shown in Fig. 2. On the basis of the steady flow simulations, it can be observed
that the implicit method is computationally more efficient than the explicit LTS method. Other
cases, especially unsteady flow simulations, will be presented at the conference.
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Fig. 1. Mach number isolines around the NACA 0012 airfoil: (left) inviscid flow (M, = 0.8,
a = 0), (right) viscous flow (M., = 0.8, « = 0, Re = 5000)
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Fig. 2. Residuum as a function of CPU time for inviscid (/eft) and viscous (right) flows (the
implicit method in red, the explicit LTS method in blue)
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Optimization process is a very important part in designing dynamic systems. Optimal parame-
ters can make a system less noisy, decrease amplitudes of vibration, make a system cheaper etc.,
so they can be essential in a project realization. There are many approaches how to find optimal
parameters [3]. Some methods are searching for local optimum only or require differentiable
functions and that may be a drawback [2]. That is why methods of zero order are used, since
they do not use derivations of an objective (or so called fitness) function in the optimization
process. One of these methods is the method called Particle Swarm Optimization (PSO), which
has the ability to find global optimum of objective (fitness) functions [1].

The basic PSO method was introduced by James Kennedy and Russel C. Eberhart in year
1995. It is based on a behaviour of animals (such as sheep, birds or fish) in a flock or a swarm.
Each individual in a swarm cooperates with others to find areas, where can be enough food
or something. All individuals in a swarm creates a social behaviour, which leads to finding
optimum areas in a search space.

The PSO algorithm uses a swarm of size n,, which is made by individual particles rep-
resented by vector x;(t) = [z, %2, ..., Tin), Where n is dimension of a search space, i =
1,2, ...,ns is index of a particle and ¢ is discrete time step. The position of a particle is changing
due to vector of velocity v;(t) = [vi1, Vi, . . . , Vin| according to equation

x;(t+1) = x;(t) + vi(t + 1). (1)

The start position of particle x;(0) in a search space is random and is generated by the uniform
distribution. The initial velocity v;(0) is set to zero vector.

Each particle has a memory, where its best position found during the searching process
is stored. This position is called personal best or pbest and is represented by position vector
vi(t) = [yi1, Yi2, - - - » Yin), Which is calculated by

_ i(t) for f(xi(t+1)) > f(yi(t)),
yi(t+1) = { Xi(t}—,i— 1) for f(xi(t+ 1)) < f(;(t)), )

where f : R" — R is fitness function, which determines the quality of a particle position.
Particles can cooperate with others and they form neighbourhoods. Inside a neighbourhood
the particles, which belong to this neighbourhood, share information about their pbest positions.
The best position of all pbest positions in a neighbourhood is called local best or lbest. The
velocity of a particle is based on the difference between the actual position and pbest and [best
positions. There are two basic versions of the algorithm, which differ in neighbourhood size



and structure. The first one is called Global Best PSO and the second one is called Local Best
PSO.
The particle velocity is calculated by

Vi (t 4+ 1) = vi5(t) + earryy () [yi; (8) — @45 (8)] + cara; (8) [ (1) — 245 ()], 3)

where v;;(t) is velocity of particle i in direction j (j = 1,2,...,n) in time step ¢, ¢; and ¢,
are positive coefficients which indicate how much is the particle attracted by its pbest position
and [best position, ry;(t) and 79;(t) are random values from (0, 1) generated by the uniform
distribution, representing a stochastic element of the algorithm and ;; is the j-th component of
vector ¥;(¢) which is the lbest position for particle i.

The basic version of PSO does not provide satisfactory convergence to an optimum. That is
why some improvements were applied, such as a modification called inertia weight, a velocity
improvement called velocity clamping and time dependent ¢; and ¢, coefficients. The goal of
these modifications is to give particles appropriate ration between exploration and exploitation
ability. The good exploration ability means, that the particles cover the whole search space
during their life. This helps to find optimum areas in the search space, but the particles are
unable to focus on a global optimum. On the other hand, exploitation ability represents the
effort of particles to concentrate on a small area from the search space and find the best solution
here. It is necessary to find an appropriate balance between these two abilities. In the first
half of the optimization process the particles should have good exploration ability and than the
exploitation ability.

The PSO algorithm was used in various benchmark problems from mechanics—the tuning
of a dynamic vibration absorber model is presented the abstract. The model is shown in Fig. 1.
The steady response before and after optimization using the PSO algorithm is shown in Fig. 2.
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Fig. 1. Dynamic absorber of vibrations  Fig. 2. Steady response ¢, before and after
optimization with PSO algorithm
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This contribution is devoted to searching of thendge causes of the boiler collector. To
date of 6/11/95 the boiler had exhausted life f&dn%. Operation of boiler is accompanied
with periodically creation of crack between nozzlesis crack is created in hoop direction in
the middle part of the collector. Collector serteslistribution steam about temperature 350
°C to tubes. Next, this steam is overheated bydhges to temperature 486 °C. Flue gases are
generated by burning heavy fuel oil, natural gastan mixture. Tubes leading from collector
to boiler have U-tube bundle shape in boiler. Inldsospace the tube bundle is insert to
second space with natural draught. Space with actolleand boiler space is separated by
membrane wall. Tube bundle leads through this mangwall.

The boiler collector was repaired in 2005. In §esir occurred the exchange of the part of
boiler between nozzles. This exchange was reglieeduse it occurred to crack of collector.
Necessity of exchange of the part of collector weguired more two times with same
interval. This is reason to consider the creatiragk in periodically from 4 to 5 years. This is
reason to classify of fatigue like to high-cycldidae. Collector exchange is possible in
summer and winter shutdown only. All these factiead to economic-ecology reflection.
This is necessity to design thorough preparatidmoder exchange in shutdown time.

When searching causes this damage was followed leteghpsystematically. Firstly were
created analysis (FEM - finite element method afd G computational fluid dynamics)
who they can confirm static damage from irregulawfof steam distribution to the tube of
tube bundle. This inequality can cause irregularrttal expansion and possible damage of
collector, respectively the tubes. But, these amalydidn’'t confirm static respectively
guazi-static causes of damage. In order to chedt mtormation about collector was created
heat-hydraulic check calculation. This calculatabtained velocity of flue gagy = 0.6 m/s,
overall heat transfer coefficient of flue gagy = 35.85 W/(MR.K) and steamas =
= 1124.06 W/(rAK), Reynolds number of flue gas e 57242.95, density flue gag, =
0.48 kg/mand dynamic viscosity of flue gagy = 2.5e-5 Pa.s. In next part was performed
CFD analysis inside of boiler. The CFD analysisesded the vortexes behind tubes. This
information was important for next analyses. Thesexes are reason of tube vibration and
can be main reason for tubes damage respectiviégcty. The values of frequency vortexes
were calculated by method from publication: VDI Hédas [3], TEMA [2] and Hewitt [1].

All calculation from these publications to confimecurrence of vortex excitation in values
higher then allowed value. The vortex vibration ampanied acoustic vibration. Vortexes
excitation cannot be marked like main reason damégellector in case large rigidities tubes
and membrane wall respectively tube bundle suppmrhections. In this case would occur to
shear tensions on the tubes and membrane wall ctiome respectively on the tubes and tube
bundle supports, but it did not take place. Assummpdf low rigidities tube is crucial for next
calculation.
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For calculation of amplitudes vibration were useldet supports with 2DoF (two degrees
of freedom) from moments in tube axis direction amgberpendicular direction to tube axis
and perpendicular direction to flue gas flow. Tudagports have distance from 0.85 to 1
meter. The results from these analyses have véiiération amplitude to 7 mm.

Next important part was classification and descridfevortexes behind tubes. These
calculations were make in CFD with used UDF (ussfimé function) for 6DoF (six degrees
of freedom). These DoF limits computational model2DoF as described above. Next more
important step at CFD analyses was choosing apptepriscous model for well describe of
vortex excitation. The best models were laminaopiega SST and k-epsilon Realizable. For
next analyses were waived from initial value ofoeity flue gas ¥, = 0.6 m/s), dynamic
viscosity of flue gagy, = 2.5e-5 Pa.s and density flue gas= 0.48 kg/m. The main reason
this step was checking behaviour these physicaaias for flue gas (velocity, density and
dynamic viscosity) on the forces of vortexes exmta The results describe insignificant
influence of dynamic viscosity and important infiee of velocity, density and their
combination. The results from CFD were picturegpds and value. On the pictures was
describe geometry and flow of vortexes couple Karnwértex Street. On the graphs was
described time dependence of lift and drag for@peddence of lift and drag force and
reduced velocity to vortexes amplitude.

In last step was evaluated the vortexes excitaimss. The values of these stresses from
vortexes excitation didn't exceed of allowed valilibe values of these frequencies were in
range from 7 to 20 Hz. From this information wasedained high-cycles fatigue, wherein it
occurred to exhaustion of life and plastic defoipratollector between nozzles.

Every analysis confirmed presence and influencthefvortexes excitation on the boiler
collector respectively tube bundle. Basically, egds excitations were main causes of
damage of collector in above. The real model vald different results because his geometry
has connection to Y-bifurcated tube. This geometyses additions or subtraction wave on
the tubes connection. The continuation of this bation will be more accurate with the
results on the real geometry model and evaluatfosample from damage geometry. Very
elegant solution can be in insert specifically geown for break of vortex excitation with
preserving of heat performance of tube bundle.
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Anaytical models of aircraft structures that are
used for flutter analyses must be validated by
means of the ground vibration test (GVT) results.
Airworthiness regulations include this demand,
because the data based on a theoretical virtual
model are not reliable enough. With regard to GVT
results incorporation, there are two options of the
flutter analysis: 1) direct usage of GV T results and,
2) updating of a structural model according GVT
Fig. 1. FE model results. The_ former option is used mai nIy_ for
genera aviation aircraft. The advantage is a direct
relation to a real aircraft structure; however, flutter analyses are more or less limited to the
tested structure. The latter option is used mainly for utility or commuter aircraft, for which the
development and certification process is more complex. An anaytical model is updated to
match the GV T-based modal characteristics as closely as possible. Such an updated model
allows to make parametrical studies or to include further modifications of structural
parameters.
The procedure of an analytical model updating may be based on these two approaches:

1) Model updating by Bayesian least squares 7
method, where the objective function is defined as ,/7”5?&3»
a distance between actual modal responses and /Q/
target (GVT) moda responses. The solution is 5
iterative, based on the matrix equation of the form: < ;//
{R}={r}+[cl{-2R}, (1) o R
where { P} is parameter vector after updating; { Po} < R
is parameter vector before updating; {4R} is Fig. 2. Experimental points

response change vector and [G] is "gain matrix"

computed according Bayesian estimation theory. 2) More general model optimization by
gradient based methods. An example of the objective function expressing weighted squared
minimization of relative error in modal frequencies, mode shapes expressed by the Modal
Assurance criterion (MAC) and changes of design variables can be expressed as.

min ({e 7w, [fe, b+ e} - [MAC] +{aP}T W, J{ap}). 2
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Model updating of an aircraft structure model is very complex problem. The key issue is
the appropriate selection of parameters and responses. It requires good knowledge regarding
an updated structure, possible error =
sources and the appropriate strategy ] Qinitial -
of updating. Methodology is o] Wfinal |
demonstrated on a twin turboprop ] —
utility aircraft. ]

FE model is shown in Fig. 1.
Grid of measurement points is
adjusted and reduced as shown in
Fig. 2. Before the man updating

15 -

10 | ]

[(Afo/ foemall [%]

5 ] — —

phase, the engine attachment is ]

updated to match the node points of o H [

the measured engine vibration ° 1‘2‘3‘4‘5‘6‘7‘8‘9‘m‘TiTH
modes. Inertia characteristics of pair #

controls are aso adjusted according
mass measurements. Finally, overall
inertia characteristics are updated according a prototype weighting. Stiffness parameters of
tabs are usually updated according static stiffness measurement results.

The main updating includes the modes of main structural part vibrations (wing, fuselage,
horizontal and vertical tail), engines and controls. Symmetric and antisymmetric models are
updated separately, thus we obtain diverse parameter values for both models. Parameters
available for updating include stiffness (vertical bending, in-plane bending, torsion) of beam
elements modeling the main structural parts and controls, and stiffness of spring elements
modeling engine attachments, control actuations and the structural part connections. Response
parameters available for updating are modal frequencies and mode shapes, that are included
using MAC criterion. First, modes of
the main structural parts and engines 10 Qinitial
are updated by means of beam global ] u final
stiffness parameters. Next, the same ]
modes ae updated via loca
parameters. Finaly, all the modes
including controls are updated by
means of local parameters. Updating
should not include unnecessary modes.
Optionally, further updating to a subset
of modes contributing to the specific
flutter instability may be performed. s s 4 s 6 7 08 o 1011 1 1

As an example, updating of pair #
symmetric model  is shown here. Fig. 4. Pairing of modes (MAC values)
Comparison of initial and fina pairing
of modesis shown in Figs. 3 and 4. Fig. 3 shows the relative error in natural frequencies. The
fina errors are up to 1.5 %. Fig. 4 shows MAC vaues. The fina ones increased or remained
the same compare to the initial ones. To summarize, modal parameters after updating got
much closer to the target GVT data. Updated model is now prepared for the usage in the find
phase of flutter calculations.

Fig. 3. Pairing of modes (frequency relative error)

60 il
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High-speed rotors are endangered by contacts with stators when rotating. The contribution
presents the analysis of conditions of this phenomenon initiation for high power turbosets.
A contact between rotor and stator arises when a trajectory of vibrating rotor runs out of clear-
ances at an arbitrary point along the rotor length. The limiting situation occurs when the rotor
just touches stator surface at a critical place. This danger can be minimized by a suitable ma-
chine alignment. If the rotor flexure is smaller than a limiting one, the phenomenon might not
occur. This can be found out of data measured at common places at low speed.

Limiting cases of rotor flexure or unbalance may be obtained by the application of pro-
grams for calculating rotor forced vibrations providing values of dynamic deviations along the
rotor axis caused by its bend or unbalance. Should trajectory overcome a fleeting touch, a phe-
nomenon denoted as rubbing was initiated. In that case, heat is generated by intensive friction,
which may terminate in a permanent bend of the rotor due to introduced plastic deformation in
the point of contact. This situation is out of abilities of linear computations of forced vibrations.

A mathematical model of a rotor (rotating at angular velocity w) can be generally written in
form [1, 2]

M(t) + [B(w) + Gl (1) + K (w)q(t) = f(t,w), (1)

where M is mass matrix, B is damping matrix, wG is a matrix of gyroscopic effects, K is
stiffness matrix, f(t,w) is general force excitation vector and q(t) is vector of generalized
coordinates.

Since the force excitation from unbalance has harmonic waveform: f(t,w) = f(w)e™?, the
dynamical response has harmonic waveform too, g(t,w) = g(w)e™*. After substituting all into
(1), the unknown vector of complex deflections can be expressed as

— {—w’M +iw [B(w) + wG] + K(w)} ' f(w 2

The centrifugal forces generated during rotation of the unbalanced shafts produce transverse
vibrations of the rotor and its surroundings. It can be shown that the trajectory of the shaft center
section in any transverse plane is an ellipse, which can be circular or degenerated in a line in
extreme cases. It is created by composition of two harmonic processes of the same frequency
in a transverse plane of two axes, vertical y and horizontal z, in complex form

qy(t,w) = Re(y, exp(ivt)) = |yo| cos(wt + ¢y) 3)
) = Re(z, exp(iwt)) = |z,| cos(wt + ¢.)

where y, and z, are complex amplitudes in time ¢ = 0. The trajectory in plane yz is created by
composition of vectors g, (t,w) and ¢, (¢, w). The angular frequency of oscillation is w, time ¢,
and phase angles ¢, and ¢, of real harmonic functions g, (t) = Re(y(t)) and ¢,(t) = Re(2(?)).
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Fig. 1. The trajectories of the shaft center of unbalanced rotor and seal clearances

The trajectories of the shaft center of unbalanced rotor in critical and operational speeds
are compared with clearances in seals along all length of the rotor in Fig. 1. Blue lines depict
clearances in seals of high pressure and middle pressure parts of the rotor, and trajectories of
shaft center are shown by red lines. It is obvious that the rotor trajectories overcome clearances
in some seals of high pressure part of the rotor at critical speeds. Situation is complicated by the
fact that seals used to be not well aligned as is seen from the middle pressure part of the rotor.
In computations of dynamic responses of unbalanced rotor, it is possible to find out boundary
values of rotor deformations, for which this does not occur.

The unbalance of the rotor can be caused by its thermal deflection coming from uneven
temperature distribution in the cross sections of the rotor body after it stops. The problem of
finding temperature distribution is very complicated because of vague knowledge of properties
of surrounding media. However, the subject is studied, and it is expected that ways to its solution
will be found in future.
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Three filaments model of sarcomere
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This contribution deals with a theoretical mathao@tmodel of the elementary contractile
mechanism in the skeletal and heart muscles, iith wnit named sarcomere. The most
influential model of this phenomenon was alreadyppsed in 1957 by A.F. Huxley in [3].
Nowadays, Huxley’s model is considered as a clabsimodel, which significantly
contributed to the explanation of muscle contractam molecular level. Huxley and his
colleagues introduced the approach on the musairamtion theory called cross-bridge
theory. In this theory, there is a strong emphasighe explanation of muscle contraction
based namely on the interaction of two proteinsthBof the proteins form a shape of
filaments, which are able to actively slide alorarle other. First protein, called myosin,
serves as a molecular motor. Its pivotal propestihat it can cyclically bind and unbind the
second protein called actin. During every bind/adkaction, actin is shifted by myosin in
one direction, which is the main principle of caattion and force production of muscles.

During the past decades, mathematical models basedhe cross-bridge theory
sufficiently succeeded in the description of cormderand isometric contraction, where in
the first case the muscle shortens and in the slecase muscle produces force at constant
length. Till nowadays, the most challenging part anoss-bridge theory remains
the explanation of eccentric contraction, whichfdbowed by the phenomena called force
enhancement. In this case, muscle (sarcomerekeislstd by external load. After the stretch,
the muscle produces more force than the crossbtitepry is able to explain.

Following the latest experimental and theoretiesluits, the classical cross-bridge model
was modified in this contribution in two ways afldws. Firstly, according to the results and
proposals in [2], it seems like the third most atamt protein titin in sarcomere also plays an
active role during contraction. According to [Z}irt is also able to actively attach at actin
filaments the way that affect namely eccentric cmtion. The second crucial modification
was the implementation of the non-linear elastapprty of myosin as measured in [4].

After modifications, the classical cross-bridge mlogas changed to the form:

FS = FCB + FT’

Fep = 1 Jx(n(x, Hdx
F] = k]"lT

@n(a);‘, 1) W) Hn(x 1) (1 = W)= ng() )

df
ar = ()

dlr B

ar (1)
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where Fs denotes sarcomere/half-sarcomere fofeg; represents force achieved by cross-
bridge cycling,l is the magnitude of the actin-myosin filamentsrag f«(x) is the force-
length relationship as measured in [4], whene the length of single myosin cross-bridge,
n(x,t)is the distribution of the cross-bridgedengths.F+ is force produced by titin filaments,
wherekr is the elasticity of the bunch of titins alids its lengthy(t) expresses the velocity of
contraction.f(x) and g(x) are specific rate functions describing kineticstlod cross-bridge
cycling.

The modified cross-bridge model was used to sireukdt kind of contraction, i.e.
concentric, isometric and at last challenging etre@ontraction. Further, two special cases
of contraction were simulated: sudden shorteningas€omere - special case of concentric
contraction and sudden stretch of sarcomere — apease of eccentric contraction. All of
the results are comparable with the measured enpatal data as available in literature. This
leads to the conclusion that the role of the trmight be more important than originally
thought in cross-bridge theory as proposed in fg.an example of the results, graphs
depicting force production during eccentric conticacand sudden stretch are presented.

200 } ‘ force per half sarcomerc ] —
150 A
100

% / 1
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Fig. 1. Force during eccentric contraction of sarece
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Fig. 2. Force during sudden stretch of sarcomere
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Representation of ballast behavior in Discrete Element Models (DEM) would not be complete
without including crushing of grains. The grain crushing leads to degradation of the ballast in
the railway. Therefore it is necessary to take the crushing into account. Two approaches have
been developed in literature. The first one represents every grain as an assembly of smaller units
with cohesive contacts between them. These cohesive contacts may break and many ruptures
result in the separation of grain parts. This approach is relatively precise and universal, but it
demands extreme computational resources. The other approach is exploited here. Every grain
is modeled as one rigid body. In case which is presented here, grains are modeled as spheres.
The crushing occurs when some equivalent stress in the grain o, [4], here determined as von
Mises stress computed from fabric stress tensor, exceeds the material strength f;

ge > fi. (1

The fabric tensor [1] in the particle can be expressed as
l S0 p0
P ILEIE @

when ¢ runs over all contacts of the particle, F(“) is a force acting at the c-th contact at position
1(9). Subsequently the stress vector is symmetrized by averaging opposite non-diagonal mem-
bers. Principle stresses (o; > o5 > oyr) and their directions are found by eigenvalue analysis.
The equivalent stress is obtained from the von Mises condition which is defined as

\/(UI —or1)?+ (o — o)+ (o1 — or1r)?
Oe = ; 3)
‘/sphere

where oy, oy, oyrr are principal stresses and Viphere 15 the volume of the sphere. Then the
average stress in the grain is compared to material strength f;, which depends on the radius of
the sphere
Jo
fi=—"—, “)

T'sphere
where f; is reference strength and rghere is the radius of the sphere. For convenience some
chosen minimal radius serves as lower limit for which the spheres can break. If all conditions
are satisfied, the grain is then replaced by several smaller bodies, pieces [3, 5]. These pieces
must often have the same shape as the original grain (typically spherical) and their assembly
therefore cannot exactly create the shape of the original grain as shown in Fig. 1.
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Fig. 1. The replacement subsidiaries of the parent — three variants with 4, 6 or 14 spheres

The orientation of new group of spheres is set in such a way that the direction of minimal
principal stress is identical to the direction of the softest axis of the new configuration. From
Fig. 1, it is apparent that a substantial part of the volume is lost. It can be the problem in such
cases, when it occurs to the many crushing of the grains in the sample. In these cases the arti-
ficial deformation of the sample can significantly affect results. The resolution of this problem
can be the approach presented in [2] when polyhedrons instead of spheres were implemented.
In this case it does not occur to the volume loss. To preserve the mass law, a possibility to
increase the density during splitting might be implemented.

The results depending on the size of minimum splittable radius, the variant differing in
number of pieces of the replacement, the influence of density increase and the influence of
other input parameters are investigated.

The major work is performed on oedometer test where all the above mentioned tests were
performed. The goal is to find a reasonable value of material strength. The results show that in
case of oedometer test the increase of the density does not play a significant role. It is probably
caused by static character of the simulation. The other tests show that the splitting into 6 or 14
spheres gives similar results.

In future we are going to use a particle crushing in so-called box-test and in the simulation
of cutting of railway.
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The Cardan shaft is used as a component of manganestns for the transmission of torque
through angularly misaligned rotating shafts. Oftem meet with its use, e.g., in automobile
industry. The typical design of the Cardan shaftasiposed of two Cardan’s joints in series
and mutually connected with a shaft that usuallgbées an axial dilatation, see Fig. 1. A
major problem with the use of Cardan’s joint isttharansforms a constant input speed to
a periodically fluctuating one. This means that theamic system with these joints is
parametrically excited. It introduces a number péafic resonance conditions or dynamic
instability of the system. The main goal of anahgzisuch systems is assessment the
(in)stability conditions as well as the amplitudd¢she steady state motion.

In the present study, the simplified model for diggion of Cardan’s mechanism depicted
in Fig. 1 is considered under the assumption ofralls angular misalignmen®. The
governing equation of periodic motion can be theadrized under this assumption and after
some adjustments it can be found in the form oMla¢hieu equation

Mi(t)  Ms(t)
L Iy @

whereg is a relative angle between the members 1 afdi$,a damping raticQ is a natural
frequency of a system without periodic stiffness, 5%/2 is measure of stiffness modulation,
I, and Ig are moments of inertia andll;(t) and Mg(t) are the periodic functions. After
dimensionless transformation and some term reaeraegts, Eq. (1) should be rewritten as
v C 1 (My(7) Mg(r)
@" +2D¢" 4+ (1 F ecos2nr)e =0 ( I, + T : (2)

The analytic periodic solution of EqQ. (2) in a steatate can be found by means of a periodic
Green'’s function and the Fredholm’s integral equatvith degenerated kernel, see [1]. As

@+ 2DQ + Q*(1 F e cos 2wt)yp =

<) Is

Fal#s

Fig. 1. Scheme of Cardan shaft
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further shown in this paper, the existence of sofuts closely related to investigation of the
(in)stability borders. This problem leads to ca#tidn of eigenvalues of a certain matrix
described in detail, see [1]. The stability chartdindamped system is shown in Fig. 2 where
1/n = (Q/w)?. The correctness of borders is verified by usirgRloquet theory [3].

D=0

— used method
Floquet theory

/9% [-]
Fig. 2. Stable and instable regions, problem witltzmping

The response calculation in steady state is peddror Eq. (2) with right site in the form

1 (My(7) Ma(r)\ _ My LI, (1 1.
W( L T & J mhrh |G T retvcslor 3 )+ e 3)
= 1”:“/\1 [A1 + ro + 71 cos(nT + @) + 13 cos 2y1] ,

whereM(t) = My = const.,@n = My/k; (ke is stiffness), A, =1g/l1:. The numerical simulations
with parameter settingsp =1, r; =0.5,r,=0.25, 9= 774, A, =1 andd = {15°, 3(°} were
done. The oscillation results for the system in stable region were validated by means of
the Runge-Kutta integration method and very gooteegents were observed. We can
conclude that the use of presented solution isasl@tto a linear system with periodically
varying stiffness and excitation, see [2].
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Optimization of counter flow plate heat exchangers
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#Faculty of Mechanical Engineering, TU of Liberetyd®ntska 2, 461 17 Liberec, Czech Republic

The development of recuperative heat exchangenedent years focused on increasing
efficiency. Another challenge is the development sofcalled enthalpy exchangers for
simultaneous heat and moisture transport, i.espan of both sensible and latent heat, as
presented by Vit et al. in work [6]. A lot of otkeresearchers dealt with design and
optimization of plate heat exchangers, for exantple et al. [2]. Fewer scientists dealt with
optimization of the shape of the heat exchange, a&.gaKanaris et al. [4] investigated a plate
heat exchanger with undulated surfaces or Han.eh article [3] numerically investigated
turbulent flow in chevron-type plate heat exchasgeith sinusoidal-shaped corrugations
using the SST ks turbulence model.

This work is motivated by the need to optimize heeahsfer area of heat recovery heat
exchangers which are assembled from plates. Pda¢emade of metal, paper or plastic and
are shaped by press molding. Ridges, grooves arlatimh are supposed to increase the heat
transfer and also determine the plate pitch and/d¢he heat exchanger. By assembling the
heat exchanger from plates, complicated and ireequdrrow channels are created.

To optimize a heat exchanger, we have to createdehand a computational mesh and
use computational fluid dynamic (CFD) software. ddigantages of repeated generation of
computational meshes are: It is slow, meshes madkfferent models are not similar and
parameterization of the model is problematic. Femtteven a small change of geometry
requires going through the whole process of modton and mesh generation again, as for
example did Novosad in work [5]. Therefore, a newtimd for generation computational
variants was developed and was presented by Dwonrakrk [1].

pressure outlet periodic b.c. mass flow inlet

b)
t wall main wall w1, B, \\\\

Fig. 1. Model of heat exchange surface of couritay fecuperative heat exchanger, a) — initial mesh,
b) — deformed mesh, c) — detail of a mesh example

L2 L, Ly/2

a) mass flow inlet pressure outlet

The method used in work [1] and this work is baseddynamic mesh method, provided
by software Fluent, which allows control of movermen each node in the computational
domain. First a simple but fully functional modathwstraight walls, see Fig. 1a, is created. In
the subsequent step, the computational mesh isrdetbusing the user defined functions, see
Fig. 1b. It is possible to change the spacing efflates, to create undulations and also define
the size of cells adjacent to the wall during tk&dmation.
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Usually, we optimize for maximum efficiency for aven pressure drop, which if for
various applications different, therefore a tarfgettion was designed in work [1] as

Ap-A

[8p - Ap| o
Apg

where 7 is efficiency, ¢, = 2 [1] is penalization of the objective function foelative

F=n-c,

difference between actual pressure ibg$Pa] and required pressure ldgs [Pa].
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Fig. 2. Results for various topologies of heatdport surface: a) — dependence of heat transféficieat on
specific pressure loss coefficient, b) — objecfiuection for reference pressure 500 [Pa]

There are dependences of heat transfer coeffifi¢nin?.K™] on specific pressure loss
[1/m] for ridges in herringbone pattern and for-sét pattern with intermitted ridges in
Fig. 2a. There are also curves for ridges withowggicounts of waves there. It is obvious that
for low presser losses, the herringbone patterthésmost advantageous while waves are
optimal for higher pressure losses. The resulteate that the topology of the off-set pattern
is not suitable in any range of pressure losses.

An example of calculated values of objective fumtis in Fig. 2, where results are
plotted for reference pressure 500 [Pa] accordigg(B. The objective function, which is a
linear combination of efficiency and pressure laggates roof-like curves which enable to
identify the best variant for given pressure ldsater, it will be possible to optimize the
topology of plates of the heat exchangers.

Acknowledgements

Author gratefully acknowledges financial support@yech Technological Agency under the
project TACR TA01020313.

References
(1]
(2]
3]

Dvorak, V., A method for optimization of counter flodape heat exchanger, Proceedings of CSCC 2014:
Advances in Information Science and Application®t. I, Santorini Island, Greece, 2014, pp. 193-198.
Gut, J.A.W., Pinto, J.M., Modeling of plate heatkangers with generalized configurations, Inteometi
Journal of Heat and Mass Transfer 46 (2003) 258525

Han, W., Saleh, K., Aute, V., Ding, G., Hwang, YRadermacher, R., Numerical simulation and
optimization of single-phase turbulent flow in chawv-type plate heat exchanger with sinusoidal
corrugations, HVAC&R Research 17 (2011) 186-197.

Kanaris, A.G., Mouza, A.A., Paras, S.V., Optimakida of a plate heat exchanger with undulated
surfaces, International Journal of Thermal Scied@&&009) 1184-1195.

Novosad, J., Dvi@k, V., Investigation of effect of oblique ridges beat transfer in plate heat exchangers,
Experimental Fluid Mechanics (2013) 510-514.

Vit., T., Novotny, P., Nguyen Vu, Dvak, V., Testing method of materials for enthalpyeets, Recent
Advances in Energy, Environment, Economics and feldgical Innovation (2013) 34-38.

(4]
(5]
(6]

24



O M PUTAT'O N AL 30t conference with international participation

MECHANICS 2014 ...

Nonlinear vibration of beam-type components
with inner impact interaction
S. Dyk®, V. Zeman®

aFaculry of Applied Sciences, UWB in Pilsen, Univerzitni 22, 306 14 Plzeri, Czech Republic

Presented investigation of strongly nonlinear phenomena between two 1D interacting continua
is motivated by research of nonlinear vibration of fuel rod in nuclear fuel assembly. To describe
nonlinear impact vibration of nuclear fuel rod (FR) in fuel assemblies (FA) of nuclear power
plants (NPP) [2], a FR is considered as a system of two beam-type components — FR cladding
(outer continuum, index out) and a column of fuel pellets (inner continuum, index in). The
outer continuum is coupled with frame by several elastic couplings. Both of these subsystems
are kinematically polyharmonically driven in lower ends by pressure pulsations of circulation
pumps. Between these two subsystems, there is a clearance and impact between them can occur.

Generally, let us consider two one dimensional continua with circle cross-section (one inside
the second). There is a little clearance between them and both continua are driven by kinemat-
ical excitation in their lower end. Both continua are supposed to satisfy Euler-Bernoulli theory
for elastic beams and they are modelled using finite element method for 1D continua [1]. Vector
of generalized coordinates of subsystems can be expressed in the form

qéout) qgn)
Q(out) = g | qiin) = RONE (D

F F

where displacements of the lower node (index L) are integrated in subvectors q(LOUt) and q(;'”) and

the displacements of free subsystems nodes (index F') are integrated in subvectors qgmt) € Rmowt

(in)

and g © € R". The vectors of nodal points displacements of FR beam subsystems have the
form

g =1, 0 X 7. X =in,out, )
where fi(X), 77§X) are mutually perpendicular lateral displacements of the subsystem centres in

nodal points 7. Angular displacements ng), ﬁEX) express bending angles of cross-sections

around lateral displacements. The mathematical models of the loosed undamped both sub-
systems in the decomposed block form corresponding to partitioned subvectors according to (1)

can be written as
M(out) M(out) ..(out) (out)
[ ¢ Gu ot + + K¢ q(LOut) -
dr
(out)

out out ..(out
M M (o)
= Cou in ) (3)
[ foutm(ql(!? t)aq% )) ]

out out
M N,

out out
K F,L K F

F
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where M, K corresponds to mass (stiffness) submatrices of the subsystems and matrix K¢
expresses influence of elastic supports. Subvectors fmput(q;f’“t), ql([,f" ) and fou m(qg’“t), qg"))
express nonlinear impact forces between both continua. The damping is supposed to be propor-
tional (B = aM + BK,«, 3 € RT) and models of both FR subsystems can be written in the
compact form as

Méout) 0 ] [ qg‘)ut) ] N

in + in in
o M || g o By || 4"

Bg)ut) 0 ] [q(;ut)

out ou ou (ou mn
L (s K)o ] gl F0 | | Fenla™ ) |
; in in out n ’
0 K || g () Fnout (@ qp™)
where subvectors féX) (t) = —M X LqL - g(L)qEX), X = in,out, express the kinematic

excitation by node L motion. The model (5) can be formally rewritten into standard matrix
form for dynamical systems of second order

Mq(t) + Bq(t) + Kq(t) = fn(q,t). (6)

System represented by n nonlinear second order ODEs (6) can be rewritten into the form of
2n first order ODEs and solved using, e.g., Runge-Kutta method (ode45 in MATLAB). Such

8 elements
16 elements
32 elements

f [Hz]

Fig. 1. Fourier spectra of time response £;; of the upper node for different discretization

a system was analyzed to describe influence of parameters to quality of vibration. In Fig. 1,
the Fourier spectra of time behavior (response to kinematical excitation of lower node) of the
upper node &;; for different discretization of continua are depicted. The analogical analysis was
performed for several radial clearances ¢. Obtained results show differences between impact
behavior of such a system with different discretization and an influence of the clearance value.
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The modelling of fracture in concrete structural components has been under investigation for
several decades. Many efficient and robust material models are available today. Usually, a solu-
tion is obtained by applying load incrementally in a number of small steps in which an iterative
algorithm is employed. The robustness of the chosen iterative scheme is of importance. Prob-
lems with the convergence of iterative methods in the case of bifurcations, snap-backs, sudden
changes in constitutive law, etc., have led to the development of non-iterative methods.

Non-iterative methods can be applied in connection with damage-based saw-tooth consti-
tutive laws composed of linear segments (which when extended pass through the origin of the
stress-strain space) followed by immediate jumps to lower stiffness. The classical load-unload
(L-U) solution method is usually used. This solution method was developed for lattices [5], but
can be applied also in connection with finite element method [4].

The L-U solution scheme proceeds simply by releasing the whole load after every rupture
event and then loading the system with reduced stiffness by a load increment that induces ref-
erence elemental stresses Ao;, where index ¢ refers to individual elements. The load increment
(and reference stress) is then scaled by factor A to satisfy the following condition

f(/\AO'k):l VAN Vh#/{?f()\AO'h)<1, (1)

where subscript & denotes the critical element and f() is a stress-based failure criterion which
indicates elemental failure when equal to one. The critical element is damaged or completely
removed and a new stiffness matrix and corresponding reference stresses are evaluated for the
next step. Multiplier A is selected so that exactly one (critical) element breaks at each step.

Another method applicable to the saw-tooth type of constitutive law is the force-release
(F-R) method developed to simulate brittle fracture in lattice models [3] and to improve the
sequentially linear concept for non-proportional loading paths [2]. The F-R method resembles
dynamic process of redistributing released stresses from damaged elements while the external
load is kept unchanged. During the redistribution, the system evolves from static equilibrium
state through disequilibrium states until the static equilibrium is reached again.

In contrast with the L-U method, the F-R algorithm does not unload to the origin after every
rupture, but keeps the whole previously applied load acting. It starts from an equilibrium state
(initially, the load-free structure) where elements are exposed to stresses o;. As with the L-U
method, reference elemental stresses Ao; caused by an external load increment are evaluated.
Then, critical element k£ and load multiplier A are found by satisfying the following condition

flog+AAoy) =1 AN Yh#k: flon,+ A \Aoy) < 1. 2)
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Critical element £ is damaged. The change in the critical element stiffness gives rise to unbal-
anced forces in nodes connected to this element. Again, Eq. (2) is used but the reference stress
Ao ; is now the stress in elements caused by these unbalanced forces only. If no element breaks
during the redistribution, a new equilibrium state is found by adding all unbalanced forces to
the system (A = 1), else unbalanced forces are updated after every rupture.

It has been shown that L-U and F-R methods yield different results [3]. It is difficult to
judge which method is better, especially for the proportional loading path. Both of the methods
are rough approximations of a complex dynamic process. Therefore, the consideration of time
scales allows some comparison between the methods.

The contribution shows that the F-R method is suitable for processes where the redistribution
is much faster than the reaction speed of the external load, whereas the L-U method is good
choice for systems with long redistribution times compared to the reaction time of the external
load. Moreover, a general method that connects the L-U and F-R algorithm is developed. This
method is essentially nothing else but the F-R method extended to allow the modification of the
external load during redistribution. Let us first define two reference stress variables, Ao (") and
Ao ¥, where the former (with the superscript () is induced by the external load increment and
the latter (with superscript (¥)) by unbalanced forces. The F-R method is simply enhanced by
combining the unbalanced force effect Ao ®) with stress caused by modification of the external
load wAe ") during redistribution

Ao = Ao +wAe®). (3)

The factor w determines the ratio between these two effects. High w in absolute value means
that the redistribution is relatively slow compared to the load changes (L-U method) while w
close to zero means the redistribution velocity is high compared to the external load changes
(F-R method). The reference stress from Eq. (3) is plugged into Eq. (2) and we obtain final
condition which is used to find the critical element and multiplier A in the general method

flor + /\[AU,(CS) + wAU,iL)]) =1 AN Vh#k: flon+ )\[Aaf) + wAU,gL)]) <l &

The general algorithm can be used for indirect control of the simulation and also in connec-
tion with non-proportional loading paths. Detials and examples can be found in [1].

Acknowledgements

This paper was elaborated with the financial support of the (i) European Union’s “Operational
Programme Research and Development for Innovations”, No. CZ.1.05/2.1.00/03.0097, as an
activity of the regional Centre AdMaS, and (i1) the Ministry of Education, Youth and Sports of
the Czech Republic under Project No. LH12062.

References

[1] Eli&s, J., Generalization of load-unload and force-release sequentially linear methods, Interna-
tional Journal of Damage Mechanics (2014), doi: 10.1177/1056789514531001. (in press)

[2] Eli&s,J., Frantik, P., Vofechovsky, M., Improved sequentially linear solution procedure, Engineer-
ing Fracture Mechanics 77 (12) (2010) 2263-2276.

[3] Liu, J.X., El Sayed, T., On the load-unload (L-U) and force-release (F-R) algorithms for simulating
brittle fracture processes via lattice models, International Journal of Damage Mechanics 1 (7)
(2012) 960-988.

[4] Rots, J.G., Invernizzi, S., Regularized sequentially linear saw-tooth softenning model, Interna-
tional Journal for Numerical and Analytical Methods in Geomechanics 28 (7-8) (2004) 821-856.

[5] van Mier, J.G.M., Concrete fracture: A multiscale approach, CRC Press, 2013.

28



O M PUTAT'O N AL 30t conference with international participation

MECHANICS 2014  onees i

DGM-ALE method for FSI problems
M. Feistauer®®, M. Hadrava®®, J. Horacek?, A. Kosik®b:<

% Charles University in Prague, Faculty of Mathematics and Physics, Sokolovskd 83, 186 75 Prague 8, Czech Republic
Institute of Thermomechanics, Czech Academy of Sciences, Dolejskova, 182 00 Prague 8, Czech Republic
CUniversity of Dortmund, Department of Mathematics, Cauerstr. 11, Dortmund, Germany

One of subjects which plays an important role in science and technology is the mathematical
simulation of fluid-structure interaction. It has applications in a number of areas as, for example,
aerospace engineering (analysis of wing vibrations), mechanical engineering (analysis of vibra-
tions of blades in turbomachines or vibrations of parts of cars), civil engineering (vibrations of
various constructions as bridges, TV towers and cooling towers under the influence of a strong
wind), but also medicine (simulation of blood flow in veins and heart or flow of air in vocal
folds). Problems of fluid-structure interaction are rather complex, which causes that there is a
lack of mathematical theoretical results. Particularly, in the case of compressible flow, not only
mathematical theory is missing, but also the situation in numerical analysis is not satisfactory.
It is caused by several obstacles, which have to be overcome: the dependence of the domain
occupied by the fluid on time, shock waves and contact discontinuities in high-speed flows,
acoustic effects and instabilities in low Mach number flows at incompressible limit, boundary
layers and wakes for high Reynolds numbers and spurious oscillations in numerical solutions
in the vicinity of discontinuities and large gradients (i.e., in internal and boundary layers).

The lecture will be concerned with the simulation of viscous compressible flow in time de-
pendent domains with applications to the interaction of compressible flow and elastic structures.
The motion of the boundary of the domain occupied by the fluid is taken into account with the
aid of the ALE (Arbitrary Lagrangian-Eulerian) formulation of the compressible Navier-Stokes
equations.

This system is discretized by the discontinuous Galerkin method (DGM) using piecewise
polynomial discontinuous approximations. The time discretization is based on a semi-implicit
linearized backward difference formula (BDF) or the time discontinuous Galerkin method. It is
necessary to include a suitable local artificial viscosity in order to avoid spurious oscillations in
the vicinity of internal and boundary layers. It appears that the developed method is accurate,
efficient and robust with respect to the magnitude of the Mach number and the Reynolds number
and allows the solution of complicated practical problems.

The compressible Navier-Stokes equations are coupled with equations describing the be-
haviour of elastic structures under the action of a moving gas. In [2], [3] and [4], the dynamic
linear elasticity initial-boundary value problem is discretized by the conforming finite element
method in space and by the Newmark method in time. Here we shall pay attention to the so-
lution of the dynamic elasticity problem by the DGM applied to the time discretization. The
discretization in time is carried out by the backward Euler (BE) difference or general backward
difference formula (BDF) or DGM in time. We are concerned with linear elasticity model as
well as nonlinear St. Venant-Kirchhoff model. Numerical experiments show that as a most
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accurate technique the space-time DGM appears and gives equally accurate results in the case
of the benchmark as in [5].

Finally, the developed methods for the solution of compressible flow in time-dependent
domains and the dynamic elasticity are used for the simulation of the interaction of compressible
flow with elsatic structures. In the paper [1], the airfoil vibrations induced by compressible high-
speed flow with shock waves is analyzed. In this case, the developed compressible solver is
combined with ordinary differential equations describing the vertical displacement and rotation
of the airfoil. Now our main attention is paid to the simulation of vibrations of human vocal
folds induced by the airflow from lungs.
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Shallow water equations are suitable for the modelling of the free surface flows when the hor-
izontal scales of a liquid mass are much bigger than the vertical scale and vertical flows are
negligible. Mathematical model of Shalow Water Equations (SWE) was described by Berre
Saint-Venant in 1872 and one of its forms written in 1D is

9 1h +2 hu _ 0 n 0 W
875 hu 8:[* hu2+%gh2 - _ghg—g —1 ,
\v/ N - / . , R
w F(W) Sp Sy

where W=[wy, ws]T = [h, hu]” is the vector of conservative variables represented by the water
depth h(z,t), and the flow velocity u(z,t), F(W) is inviscid flux, g represents gravitational
acceleration, Sp is the bed slope source term, the function B(x) describes irregularities of the
bed, Sy is the friction source term caused by the bed roughness and 7y = gs,“/—QEuM is the sheer
stress written in Manning’s formulation [3], where n is Mannings bed roughness factor. This
model is, in this study, discretised by the finite volume method.
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Fig. 1. Negative water depth bV Fig. 2. Corrected water level with AV = 0
g g p i g i

However this method can lead to the negative water depth A" at the finite volume edge as
shown in Fig. 1. To deal with this problem Kurganov and Petrova [1] suggest replacing the
constant water depth by the linear function at the wet/dry interface. This function is defined as

follows
. W h?/ =0,
if A <0 = B, 1-B, 1 (2)
hE = 2h; + % )
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New corrected water level is shown in Fig. 2. But the correction causes non-physical disconti-
nuity at the point x, i+l and scheme does not satisfy the *C-property’ condition. This condition
is satisfied when for the initial conditions « = 0 and i + B =constant, the water remains still,
1.e., when the bed slope source term approximation is equal to the numerical flux.

In [2] can be found the solution of this problem for the bed function approximated in the
middle of the finite volume. For the case when the bed function is approximated at the edges of
the finite volume, in this work is proposed a novel modification of the bed slope source term.

The flux across edge x, 1s considered to be zero. To satisfy the ’C-property’ the numerical
flux ®, 1} across the edge xl 11 must be equal to the bed slope source term approximated as

Sg, [O, —ghAB;/Ax;]T, where Ax; is the cell width and AB; is in [1] computed as AB; =
B, I BF%. In this work the component AB; is chosen to be modified and the following
equation is solved considering h; = (h}" + hF)/2

0 0 (hF)?
P 1 =Sz = = = AB;, = ————""—. 3
om0 | glan] = | gt RV RE ©
The conditions for AB can be summarised as
E\2
—% when 1" < B;_1,
W2
AB; = % when h{ < By, 4)
B

i1 — B,_1 other cases.
2 2

7

This proposed bed slope source term approximation satisfies the ’C-property’ condition.
Another problem rises when a small water depth emerges in the computational area. The bed
friction term becomes non-physically high because of the A in the denominator and friction term
does not stop the flow, as expected, but turns the flow to the opposite direction. The solution of
this problem is discussed in [3]. The second problem connected with the / in the denominator is

the computation of the flow velocity computed as u = Z_; = %“ The velocity can also become
V2h(hu)

v/ hi+maz(hte,)’
where €, is a small constant. This modification solves the problem with the high velocity but at
the other hand causes non-physical behaviour at the front-face of the surge. One of the solution
can be setting of zero velocity at the wet/dry interface as discussed in [4].

non-physically high. In [1] is suggested to compute the flow velocity as u =

Acknowledgement

This study was supported by the project at the University of West Bohemia SGS-2013-036.

References

[1] Kurganov, A., Petrova, G., A second-order well-balanced positivity preserving central-upwind
scheme for the Saint-Venant system, Communications in Mathematical Sciences 5 (1) (2007)
133-160.

[2] Fiser, M., Bublik, O., Lobovsky, L., Vimmr, J., Modification of the central- upwind scheme pro-
viding C-property implemented on shallow water equations, Proceedings of the 29th conference
Computational Mechanics 2013, Spi¢ak, University of West Bohemia, 2013.

[3] Liang, Q., Marche, F., Numerical resolution of well-balanced shallow water equations with com-
plex source terms, Advances in Water Resources 32 (6) (2009) 873-884.

[4] George, D.L., Numerical approximation of the nonlinear shallow water equations with topography
and dry beds: A Godunov-type scheme, Master thesis, University of Washington, Washington,
2004.

32



OM PUTAT'ON JAYW 30" conference with international participation

IVIECHANICS 2014 oo

Damage analysis of hybrid composite cell structure
J. Had’, M. Razicka®

“Department of Mechanics, Biomechanics and Mechatspiraculty of Mechanical Engineering, Czech TéwdiriUniversity in Prague,
Technicka 4, 166 07 Praha 6, Czech Republic

A novel type of hybrid cell composite structure hbsen developed, experimentally
investigated and used for many practical applicatidhe cell system can fill relatively thick
parts of cross sections of beams with lower rislstear stress damage and cracks between
uniaxial oriented fibres. Typical macroscopic saéiscin the cross section structure are
formed by the stamping process of partially curad axially-oriented high modulus carbon
fibre bundles (“cores”, about 4-6 mm in the diamgtevhich are wrapped around by a thin
layer of high strength fibres (“winding”, orientex +45 or 89 degrees). This new material
structure has its own specific stiffness propertéiad specific damage behavior and failure
modes respectively, see Fig. 1.

Presented work is focused on analysis of staticaggnof composite cell structure, on its
real progression and computational simulation.

Fig. 1. Example of detail of spindle beam made fRdncell structure and fracture area of bending@am

The main application of this structure is for thigklled or nearly solid beams with
maximum bending strength. Therefore experimentalenlations were focused on bending
configuration and its relative loading states. Bespecimens were tested in four-point
bending configuration. Loading state was measuregd ferce and deflection sensors and
with installed strain gauges. Progression of damage measured with acoustic emission.
Moreover, fractography analysis was performed @iurgad specimens.

Measurement of failure behaviour of building cosnts were performed as well.
Compressive tests in longitudinal and transversedction were done on unidirectional
composites made from ultra-high modulus fibre andifhigh-strength fibre. Measurement of
shear failure behaviour was tested in standardazsdescu fixture.

It was stated important contribution of filing gumatrix area and interface layer to
damage progression. Behaviour of material of matritensile and compressive loading was
measured. Two different tests were chosen to medsilure behaviour of interface layer,
normal and shear failure.
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Complex modelling of damage progression even inew tells would demands of
tremendous computational performance. In such ditoih homogenization method was
proposed to simulate of damage progression. Siyits prediction of static stiffness (see
[1]), hierarchy (meso-mechanical) approach is uséadified Non-uniform Transformation
Field Analysis (NTFA, see [1]) was proposed to datelit. This method was developed
originally for the composites with plastic matrikhe aim of the NTFA method is to account
for the non-uniformity of the plastic strain fiel@lhe field of an-elastic strains is decomposed
on a set of fields, called plastic modes.

Global damage progression of cell structure actgjuesi ductile material, despite of
mostly brittle micro-behaviour of building partethselves.

Presented solution of damage is based on formulafi@amage modes instead of plastic
modes. Specific type of damage of building partsdcwindings, matrix part and interface
layers) is taken into account in this approach.it@mage behaviour in each damage mode
was implemented. Generally, material model of damampdes consists of combination of
plastic behaviour with subsequent degradation nmesha Modified NTFA method was
incorporated into FEM code.

Proposed modified method was verified in four-pdi@nding test. The experimental
specimens have a form beams with the rectangutesegection 30x20 mm. Two different
loading configurations were tested, bending of gfband “short” beam. Length of the beam
was 600mm with the force span of 200mm in the a#sdong” beam; and 300mm and
160mm in the case of “short” beam respectively. @anson simulated response of 4PB
bending with the experimental data can be seeigin2k

Research of newly formed
material structure was done Applied Force - displacement in center of the beam
Capability of ductile type of 80001 e T —
failure of the cell structure was : : - 5
demonstrate despite to quas

6000~

z
brittle behavior of constituent. 8 4000 : —
Damage  progression  was & : ; ; | :Ef,ﬂﬂ:ﬁ simulation
0 2 4 6 8 10 12 14 16

method. Proposed modified
NTFA method has been used
different formulation of damage Fig. 2. Comparison of experimental data with sirteda
modes and specific material response for four point bending
behavior of constituent.

Displacement [mm]
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Aeroelasticity is a field of physics which studieevement of structure induced by fluid flow
comprising effects of aerodynamic, elastic and tiaeforces. Solving fluid - structure
interaction is a complex problem consisting of méasks such as fluid flow over a structure,
deformation of loaded structure or remeshing ofdbenputational domain. The main reason
for solving these problems is to prevent a strectuom unstable behaviour which could lead
to irreversible damages. One of these instabilitees self-excited vibration called flutter
which can occur in many industrial applicationshsas aircraft, turbomachinery etc.

In our paper, the viscous fluid flow over the ailrie investigated as a part of the solution
of the project focused on flutter prediction anddaling of fluid-structure interaction.
The two-dimensional computational model of NACA R204hich was used for this study is
a symmetrical profile with no camber and with ackimess of 12% of its chord length.
In our case, the chord is 100 mm long so the &infoaximum thickness is 12 mm.
The computational domain was meshed by a C-typetsired grid containing 330 000 cells
using GridPro software. The low velocity fluid floswer a non-vibrating and vibrating airfoll
was modelled using ANSYS Fluent software. Thredulence models were consecutively
used to solve the problem: 1l-equation Spalart Alddmamodel and 2-equation turbulent
models SST k-omega and k-epsilon with enhanced treaditment. Numerical simulations
were first provided for a non-vibrating profile Witlifferent angles of attack.

Fig. 1. Contours of velocity obtained by FlueningsSST k-omega turbulence model (left) and expenital
data gained by PIV technique (right), both for aBgle of attack

The results achieved by a numerical simulation axdished by ANSYS Fluent software
are compared with experimental data gained by ithe-tesolved PIV technique which is
described in [2]-[4]. Fig. 1 shows velocity contsuas a result of numerical simulation
compared with experimental measurement, both fiveadegree angle of attack. The dark-
blue field below the airfoil on the right figure asshadow with no measured data.

In Fig. 2, the comparison of the velocity distrilout along the vertical line placed in 40%
(left) and 103% (right) of the airfoil chord is skmo. Data for the left graph of the Fig. 2 were
obtained for the case with a zero-degree angletatla The results of air flow simulation
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achieved by a solver based on the discontinuousridalfinite element method with Wilcox
k-omega turbulence model, described in [1], areeddd this comparison. The second graph
compares the velocity distribution along the vettitne placed 3 mm behind the profile
trailing edge for the case with a five-degree amglattack.
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Fig. 2. Comparison of the u-velocity distributidorag the vertical line placed in 40% (left) and ¥#®&ight) of

the airfoil chord for 0°(left) and 5°(right) angbé attack

As the next part of the research, the fluid floveioa vibrating airfoil was modelled as a
rigid structure movement with prescribed displacetmand rotation defined by a time-
dependent function.

A comparison of the results of the air flow simidat over NACA profile obtained
by ANSYS Fluent with data gained by experimentahteque shows the best agreement for
the k-omega turbulence model. The most significhstrepancy between the experimental
and the computational results were apparent avéhke area behind the profile.
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The number of patients with total hip endoprosthésistill increasing. This problem often
causes movement restriction and subsequently coatigin with integration into society.

Thus some suitable modern treatments and rehaioifisaare essential for their efficient help.
The aim of work is to reconstruct the real recordsations of orthopaedic patients and to
perform mechanical analysis of human body. Obtairesuilts provide to the doctors a
comprehensive description of the mechanical belhavidower extremities of orthopedic

patients.

Five patients performed a 3D motion capture gadtlymis of the lower extremity using
Vicon system. Two time points were considered —qperative (t0) and post-operative (t).
Sixteen retro-reflective markers were used to mgmrforming gait. The patients walked at
self-selected speed. The ground reaction forces vemorded simultaneously using two force
plates. Before the recording, the patients wereas& walk on the walkway three times in
order to acquaint themselves with measurementaatatory.

Obtained motion capture data were used to drivectimeputer musculoskeletal human
body model available within the open repositoryAofyBody Modeling System (AMS) [2].
The original model was adapted to the measuremedttlaus only lower extremity was
separated and used. This three dimensional modelgeneral used to estimate the muscle
and joint reaction forces, muscle activation, ovad as well as fatigue. Model consists of all
major bones, joints and muscles. Bones are modsjaigyid bodies defined by their mass,
position in 3D space, rotational matrix and inerfia get the more realistic visualization the
segments are represented by real bone contourmethttom magnetic resonance imaging
method. Bones are connected by mechanical joimiesmonding to the real anatomy and
physiology. The muscles are attached to the segmaerd split into several lines of action
modeled by string elements. Trajectories of musoles are computed by via points or by
obstacle wrapping method explained in literatue f8VIS is based on the inverse dynamic
analysis and an optimization algorithm for mus@eruitment. Whole model is described in
[4] in more details. The anthropometrical paransetdrpresented subjects are necessary for
motion reconstruction. The body proportions werasueed respecting the anthropometrical
standards [1].

Presented process is shown in schema, see Fighelhip reaction forces as well as
muscle activity was calculated for both time poi(i@ t). The results for time t0, t1 and the
data of healthy subjects were compared.

The model was validated before the use. Three theablunteer male subjects were
invited to perform motion capture gait analysiseTame measurement chain as well as the
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data processing with the same workflow as for thgept study was performed. The hip
reaction forces were calculated using AMS and coatpwith Bergmann’s dataset [3].

The purpose of this study was to compare the taptien forces and muscles forces of the
patients before the total endoprosthesis, after dhd the healthy subjects. Obtained results
confirm the significant improvements of patientseafthe operation even few days after
surgical intervention. The walking speeds in tirfBeand t were similar. The most serious
problem in time tO is the asymmetrical loading lué wwhole human body. This problem was
eliminated in time t. Moreover the direction of céan forces generated in the hip joints was
significantly changed to ensure the joint stahility

The obvious lack of this study is the use of omyeér limbs instead of the whole body.
Nevertheless the movement of the upper body (ssctorso, head and upper extremities)
significantly affects the lower body behavior. Toprove the results the upper body should
be also considered. Despite that, the model prevaldficient results and thus it could
alreadycontribute to faster diagnosis, optimize rehaltiibias, help to prevent some diseases,
etc

gait analysis -
- motion capture data input AnyBody Modeling System

- ground reaction forces

musculoskeletal model of the lower limb

- scaling

- inverse dynamics analysis
patients parameters - validation
- anthropometrics input - output: joint reaction forces, muscle forces
- anatomy

Fig. 1. The workflow — combination of experimendata with numerical simulation
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The flow in channels with characteristic dimension of the order of millimetres is of high impor-
tance for determination of losses of the devices such as small turbines, screw-type compressors
and for investigation of the tip leakage flow. Since most of the contemporary studies deal with
the micro or nano flows, the purpose of this work is to provide a reliable experimental data and
to explore the possibilities of the numerical simulations of the minichannel flow.

The experiments were carried out in the Aerodynamics Laboratory of the Institute of Ther-
momechanics AS CR, v.v.i. in Novy Knin. The laboratory is equipped with the wind tunnel of
the indraft type and intermittent operation. For the purposes of minichannel flow examination,
special measurement facility was designed and manufactured. The air enters the test section
directly from the laboratory and flows through the minichannel formed by two parallel steel
plates with polished surface (upper and lower walls) and by the side walls with glass windows.
Then the air continues to the settling chamber, where the back pressure pp is maintained.

Application of classical pressure probes as well as thermoanemometric probes is problem-
atic since the dimension of the probes might be comparable to the height of the minichannel.
Therefore, the pressure measurements were performed using only static pressure taps at the
centreline of the top wall of the minichannel. The pressure in the settling chamber and the
barometric pressure was also measured.

Another data were obtained using optical methods employing Mach-Zehnder type interfer-
ometer in infinite fringe set-up. This technique allows to capture the interferograms - images
depicting the interference fringes that represents the lines with constant index of refraction of
the medium. According to the Lorentz-Lorenc equation it is possible to relate the index of
refraction to density of the medium and thus obtain the density field inside a minichannel [1].

Subsequently the compressible viscous fluid flow in the minichannel was modeled on a sim-
plified 2D geometry, using both commercial software Fluent and an in-house code implemented
in environment Matlab and programming language Java. Favre-averaged system of compress-
ible Navier-Stokes equations is considered and in case of Fluent it is completed by the Menter’s
SST k—w model and four equation SST Transition model. Using the in-house code, laminar,
turbulent and transitional flow regime was examined. The discontinuous Galerkin finite element
method is applied for spatial discretization of governing equations.

The experiments were performed for the channel of the height 2 mm, length and width
100 mm and various pressure ratios 7 (ratio of the back pressure to stagnation pressure at the
inlet), however the pressure ratios ™ were chosen as small to obtain the choked flow conditions
at an exit cross-sectional plane.
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The distribution of the ratio of the static pressure to inlet stagnation pressure can be seen
in the Fig. 1. It can be observed that results correspond well, however slight difference can
be explained by the fact that for the evaluation of the pressure from the interferograms the
assumption of the isentropic flow had to be made.

From the comparison of the experimental data to numerical simulation (Fig. 1), it is pos-
sible to observe that the laminar simulation gives satisfying results in case of interest in the
pressure distribution along the channel axis. To properly simulate also the free outflow behind
the minichannel the turbulence or transition model has to be used. Results obtained form simu-
lation using SST transition model corresponds much better then the other one using SST k—w
model. It was later explored that the SST k—w model caused premature development of the
flow and thus different results in pressure distribution.

Another analysis was made in terms of friction factor distribution along the channel length.
To evaluate the friction factor (skin friction) from experiments the Fanno flow model [2] and
corresponding formula was used providing surprising result of decreasing friction factor with
channel length. This result is in contrast to the results obtained from numerical simulation
(Fig. 2). Also the interferograms and the fact that the density profile is uniformizing near the
exit plane might indicate increased friction near the exit.
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Robust method for finding of dispersion curves in a thick plate
problem
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Waves propagation in thick plates is well solvable problem [2]. One of part of task solution is
to find the waveform dispersion curves. This problem has been chosen for the first trial using
interval arithmetic [3], because of its relative simplicity. In calculating the dispersion curves
is needed to quantify the only trigonometric functions, hyperbolic functions, and square roots.
All of these functions are already included in INTLAB [4] and therefore need not to be newly
programmed.

The thick plate is defined as that it has a nonzero thickness d and endless remaining di-
mensions. To calculate the stress wave propagation in plates it is used the integration along the
dispersion curves for thick plates. This dispersion relations is defined as

(€2 — 2)* tanh (k;d\/?e) —4-/1- /1 k€ tanh <kd\/1—7n§2) —0,

where x mean the ratio of the squares of the phase velocities for the plate’s material. Due avoid
computation in the complex domain, because of implementation in INTLAB, it was necessary
to divide the dispersive depending equations according to the value of £. For each interval are
the equations shown in Table 1. To quantify the equations and finding the waveform dispersion
curves is used interval arithmetic.

Tab. 1. Dispersion equation
(52—2)2-a—4-6-x1m2:0

1 1
0<é<l 1<5<7§ \/_g<5
X 1—¢&2 &2 -1 &2 -1
T 1 — k&2 1 — k&2 kE2 —1

« | sinh (kdz) cosh (kdzy)  sin (kdzy

) ) cosh
B | cosh (kdxy)sinh (kdzy) cos (kdzy) sinh

Interval arithmetic is an extension of arithmetic over real numbers, where for each real
function f(z1,...,x,), the interval function F'(X7,..., X)) is called an interval extension of
the function f if for each intervals Iy, ..., I, function F'(I;, ..., I,) returns interval / such that
Yy, € Iy ... Yy, € L,(f(y1,...,yn) € I). For other applications it is particularly important
the interval Newton method, according to which each continuously differentiable function f
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each interval [ must be Va,z € I,3¢ € I(f(x) = f(a) + (x — a)f'(¢). Specifically then,
the function f continuously differentiable on the interval / has all the roots in [ in interval
N, =a— (F(a)/F'(I)), where a is an arbitrary element of I and F, F is an interval extension
function of f, f’.

For quantification of interval arithmetic was used MATLAB’s toolbox INTLAB, which are
defined not only the basic functions for interval arithmetic, but their automatic differentiation
too [1].

When trying to use the Newton method in INTLAB was needed to solve the problem by
dividing intervals. INTLAB always returns the result (—oo, oo) for each I/J, where 0 € J.
However, for this case, it was necessary defined alternative way of dividing, when the interval is
divided into two portions, and finding roots thus diverges into two tasks. The actual calculation
is solved in recursive steps. In a single step in the equation N, = a—(F'(a)/F’(I)) is substituted
middle I per a, yielding a new interval J = I N NN,. This one is used in the next recursive step.
The calculation continues until the result interval width falls under a predetermined accuracy.

Interval arithmetic provides a robust method for finding the roots of the dispersion equation.
For relatively low speed, this method is not suitable to complete the calculation, it is however
possible to use the first approach with low accuracy, or when using the Gaussian integration
method.
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Approximate eigen-solution of linear viscously damped system
with vibration absorber
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Existing cantilever structures such as towers, chimneys or poles are often equipped with a damp-
ing device which suppresses undesired vibrations caused by wind load. The structure itself
despite being constructed from different materials can be approximately considered as a lin-
ear classically (proportionally) damped system. It provides easier mathematical modeling and
numerical calculation of modal properties and dynamic response. However, the installation
of the vibration absorber into the structure could significantly change its dissipative properties
and make the complete system non-proportionally damped. The eigen-solution is then more
computationally intensive and can be time-consuming. In this paper an efficient approximative
method for eigen-value calculation of such a type of systems is presented.
If the damping matrix of the linear viscously damped system representing the structure with
absorber can be expressed as:
C=C,+d-d", (1)

where matrix Cj, is the proportional part of damping matrix, while the product consisting of
vector d stands for the non-proportional part arising from the presence of the absorber, the
eigen-values \ of the complete system are given, see [1], by solving the equation:

~2

J d;
-+ - =0, 2
>‘ ; )\2 + ACpi,i + wiZ ( )

where 7 is a number of the eigen-modes of the complete system, d; is given by product of trans-
posed i-th eigen-mode and vector d. Element épiyi is i-th diagonal element of modal damping
matrix (~3p calculated from matrix Cp, w; is i-th undamped angular eigen-frequency of the struc-
ture with absorber. The solution of the j-th eigen-value A; can be sought in a form:

A = Aoy + AN 3)

Symbol A ; stands for the known or easily obtained eigen-solution of the same system with,
e.g., different damping properties of the absorber, while A); represents its deviation from the
exact solution \;. Inserting solution (3) into Eq. (2) and performing few mathematical opera-
tions lead to:

l:[ (Oél] + 52 jA)\ + A)\2> ()\07]' + A)\J) lZ:l 1:[ (Oéi’j + ﬁi,jA)‘j + A)\?) = O,
= ~ = » ]
Qij = A+ XogCp T wi?,  Big=2X;+ Gy,

o~

)

PN
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After expansion of Eq. (4) the numerically favorable simplification consisting in keeping only
the first or the first two powers of A); can be made. Then value A); is easily calculated and
subsequently the eigen-value \; can be determined.

In this paper the accuracy of suggested approach was analyzed for the numerical model of
the existing tower with absorber modeled as one dof. The exactness of the calculated eigen-
solution was investigated parametrically for a set of various damping ratios of the absorber (4
and constant proportional damping matrix of the structure (structural damping ratio (= 0.005).
The eigen-values of the classically damped system were chosen as the reference values )\,
in Eq. (3). In Eq. (4) only the first eight eigen-modes of undamped structure with absorber
were taken into account. The results were subsequently compared with the exact solution and
with commonly used approach based on the neglecting of the off-diagonal elements of modal
damping matrix, see Fig. 1.
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Fig. 1. The first four eigen-values \; as a function of damping ratio (4 (solid line — exact solu-
tion; dashed line — traditional approximate solution; dotted line — proposed solution with only
the first power of A);; dash-dot line — solution with the first two powers of A);); ( * - (4 =0;
O‘Cd=0-1;<>'<:d,opt=0-17;D'(d=0-3; V—Cd=0.4; X —Cd=0.5)

The proposed method provided very good accuracy and higher precision in comparison with
results of traditional approach especially for the first, the fourth and higher eigen-values. Dash-
dot lines, i.e., solutions containing the first two powers of A); are almost coincident with solid
lines, i.e., exact solutions. On the other hand, the solution corresponding to the second and
the third eigen-value which are the most influenced by the absorber and connected with its
frequency tuning showed certain discrepancy. The sufficient accuracy below 10% was reached
as expected only in a limited interval (¢; € (0; 0,25)) close to the proportional state. To gain
higher precision author recommends to combine the proposed method with the step method. In
this case the eigen-solution is calculated step-by-step with sufficiently small increment (step)
A(y starting from the proportional or known state towards the desired value of (;. After each
step obtained eigen-values are used as initially values )\ in the next step of the solution.
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Estimating material properties of PU foam usingegien
algorithms
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Polyurethane foam is an important material for eplgnin car industry. By car seat design it
is necessary to know foam material properties. elbéifit material models were tried to
describe the mechanical behavior of the foam [2, 3]

A new material model was developed on Departmenelasticity and strength CTU
Liberec few years ago [1]. The model is shown an Ei The model consist of three parallel
combinations spring-damper with three more comptmerhe friction force (the most left
component in the picture) depends on the totakfafcthree the spring-damper components.
All components of the model are
non-linear, so the total number ¢ I

material constants of this mode
is 27.

For finding material properties
of the model was genetic
algorithm used with success.

Result from the experiment i
a set of coupleg;[ K", which is
compared with data t[F™9

obtained from the model. The go:
is to minimize the difference
between the experimenta| an Fig. 1. PU foam material model
model data.

Fitness function of the genetic algorithm was set a total difference between
experimental and computational data and it was tadafor the possibility to compare
different sets of input data (different magnituldeagth, sampling):
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Estimating one set of model data takes (on a comR®ntime of order 18sec, because
of necessity of solving three differential equatiqeach for one spring-damper pair). Genetic
algorithm with 10 phenotypes and i@enerations takes approximately' 201G hours of
core time. This number of phenotypes and genemti®igh enough to find an individual
with good fitness (below 5%). A typical result fmcomplex signal is shown on Fig. 2.
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Fig. 2. A set of experimental data (red) and daienfthe model (blue). The green area (visible @n th
right side of the graph and in the “peaks") betwt®nlines corresponds with the fithess
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By analysis of the data produced by genetic algorit a large fraction (more than 5%) of
duplications was found. Prevention of evaluation@blications is a possible way to speed-up
the program. Other possibility is a fast non-exactluation of the model and exact (and time
consuming) evaluation only of promising candidat8eme of material constants is also
possible to guess with good accuraejorethe start of genetic algorithm.

Genetic algorithms are useful for finding matedahstants of our model of PU foam. The
necessary time is long, but they are possibilitiespeed up the process.
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Seismic response of piping systems with viscouspaam
In nuclear power plants
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Viscous dampers are widely used to ensure seisgistance of pipelines and equipment in
nuclear power plants. Damping characteristics es¢hdampers are nonlinearly frequency
dependent [3] and thus causing complications inprdational modeling of seismic response.
Engineers commonly use two ways to deal with tbislinearity:

The first option is to consider damper by meanssafibber”. This is essentially linear
spring element that is active for dynamic load alws not resist static loads. Snubber
behavior during seismic event is described by edait stiffness (sometimes called
pseudostiffness). Equivalent stiffness could baneef by iterative calculations of piping
natural frequencies and mode shapes taking intouatcseismic excitation. However in
complicated structures such as the main circuldtop of nuclear power plant the iterative
calculation is difficult and could bring significamaccuracies. From the other hand, the
benefit of such modeling is a possibility to applymmonly used linear response spectrum
method for a solution.

The second option is to describe damping charatiesiusing suitable rheological model.
The seismic response is than determined by dintegjiation of the equations of motion. The
behavior of dampers is described exactly enoughthmitcalculation and post-processing,
especially nodal stresses time-histories, are tiomsuming.

The goal of this work was to find a methodology fopre accurate determination of
equivalent stiffness and its subsequent use as$ pgrameter for seismic response calculation
via response spectrum method with all benefitauchsapproach.

The procedure is as follows. First, specializedngprogram (AutoPIPE) is used for the
development of computational model. Next step isleétermine static response of structure
and its verification with experimental measuremegiitspossible. Using script in Python
language a computational model is converted fromioRUPE into general finite element
model in ANSYS system. Four-parameter Maxwell rbgadal model is used to describe
behavior of viscous dampers [1]. Seismic load @rasented by synthetic accelerograms.
Newmark algorithm of direct integration of the etioa of motion is used to obtain seismic
response (only reactions and displacements in nofdeserest are necessary). The equivalent
stiffness is than gained from displacements andtimes as median value of their ratios.
Received stiffness are subsequently transferredutmPIPE program where the seismic
solution is performed using response spectra methiodlly dynamic response is combined
with static response and stress assessment aggastdimdards is done.

The created methodology was applied in the seisgsistance calculation of the main
circulation piping of nuclear power plants [2]. Toemputational model (Fig. 1 and Fig. 2)
consists of a reactor pressure vessel, connecijpgines, main circulation pump, steam
generator, steam pipeline, feed water pipelineeandrgency cooling pipeline.

47



Fig. 1. Computational model in AutoPIPE Fig. 2. Quiational model in ANSYS

Circulation loop is damped by GERB VD-630/426-15@ibers (12 dampers mounted on
steam generator, 3 on main circulation pump and@nsteam pipeline) and GERB VES-
100/V40/H80 (2 dampers mounted on pump engine). f@aing capabilities of viscous
dampers are illustrated in the following Table & kiorizontal displacements of the centers of
the steam generator and main circulation pumpsleTdbalso compares displacements
computed from response spectra method and timerhistnalysis. You can see that the
response spectra method provides slightly congeevedsults compared to direct integration
of equation of motion.

Table 1. Horizontal displacement in points of ietdr

Without dampers With dampers With dampers
Point of interest | response spectrum methpdesponse spectrum methdd time-history analysis
X [mm] y [mm] X [mm] y [mm] X [mm] y [mm]
Steam generato -3,1 -2,9
centre 14,8 14,4 3,8 3,9 32 28
Circulation pump -2,1 -2,3
centre 15,0 16,5 25 2,8 18 18

This paper presented a methodology for determiriveyseismic response of complex
piping systems with viscous dampers. The presenttiod is sufficiently precise and allows
obtaining results in effective time.
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Proposed scientific research brings new knowledgeuiacrack propagation during tests
which were performed and presented in [1]. Thesésteere unique by combination of
normal and shear mean stresses. The mean valussnml and shear components were
proposed in the ratio 3:2 in agreement with theffaent k. which corresponds with ratio of
fatigue limits in tension and torsion. Except ftatie pre-stresses in both stress components,
the conception includes one dynamical normal corapbwith sinusoidal 10 Hz loading. The
specimens were tubular with 30 mm diameter, watkiiness 2 mm and a notch in the shape
of one-sided transverse hole of diameter 3 mm ipogitl in the middle of the specimen. The
specimens were made of structural low carbon sf&M 41 1523.1 after normalization
annealing. The experiments were carried out on laotrehydraulic computer-controlled
testing machine Inova ZUZ 200-1.

The locations, directions and growth rates of fagigracks have been explored on surface
of transverse notch area in tested tubular spedniére growth rate serves for determination
of constantsC andn in the Paris law for linear propagation and fosgibility of residual
lifetime assessment. A detection device enablasatacking of crack end position changes
in two orthogonal coordinate planes, and visualdirgn of position values from scales.
Measured displacements should be recomputed ospt@men rounded surface. It implies
that a final transverse coordinate is obtained peoduct of tube radius and an angle, which
comes as a difference from the former coordinake @rigin of coordinates coincides with
the specimen longitudinal axis. The cracks usugityw in four quadrants under combined
tension-compression and torsion loading. The dynasnmponents are always decisive for
direction of fatigue crack propagation in the pswbjected to a combination of static and
dynamic components of stress [2]. The static coraptshave an influence on growth rate,
because in case of positive pre-stress crack mpehs, and it affects the overall life [3].
Therefore in this conception cracks were alwayateitin pairs.
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Fig. 1. Crack propagation in specimens which weaeléd with combined pre-stressgs= 90 MPa and
m = 60 MPa and normal stress amplitudg400 MPap) 110 MPa anda) 130 MPa
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The experiments with stress mean valags 90 MPa and,, = 60 MPa provided the level
of fatigue limit ocy = 90 MPa from 5 specimens. The crack propagatiomitoring was
performed under normal stress amplitudes 100, hii(l&0 MPa. The results are indicated in
Fig. 1. The differences were only in the growtherabrresponding to the loading intensity.
The dependence of crack length on cycle numbesayed in fig. 2 where the black curves
represent both cracks and red one their average.
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Fig. 2. Curve of fatigue crack development in speais which were loaded with combined pre-stresses
om = 90 MPa and,, = 60 MPa and normal stress amplitud$400 MPa)p) 110 MPa and) 130 MPa

Fig. 3 shows the dependences of the above cracktlyrmates on the range of stress
intensity factorAK, and also the regression curves passing througthalbplotted points.
These functions correspond to the known Paris [a8lae average values were used for
composition because every crack has an influenakaorage of material.
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Fig. 3. Curve of fatigue crack growth in specimaisch were loaded with combined pre-stressgs 90 MPa
andr,, = 60 MPa and normal stress amplitud$400 MPap) 110 MPa ana) 130 MPa
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All three crack growth observations confirm thag gtatic component has an influence on
crack growth rate and as far as a direction ofkcpgopagation is concerned, only character of
dynamical components plays role.

Acknowledgements

This research work has been prepared with ingiitati support RVO: 61388998 of the
Institute of Thermomechanics through the internigdtpproject No. 904146 in 2012 and
supported by the SUSEN Project CZ.1.05/2.1.00/@B0kalized in the framework of the
European Regional Development Fund (ERDF).

References

[1] JanouSek, J., Balda, M., ChocholouSek, M., An grilee of combined mean stresses on lifetime under
high-cycle fatigue, Conference on experimentalsstanalysis, Marianské |azr2014.
[2] Balda, M., Svoboda, J., An influence of static laadfatigue life of parts under combined stresspligal

and Computational Mechanics 2 (1) (2008) 5-12.
[3] Janousek, J., Balda, M., Svoboda, J., The measssirdluence on lifetime under high-cycle fatigue

combined loading, Applied and Computational Mecbani (1) (2013) 31-38.

50



OM PUTAT'ON AL 30" conference with international participation

IVI ECHANICS P ] It SR

Virtual simulation of a traffic barrier
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Nowadays road restraint systems are a common pré anfrastructure. It is an active safety
component that is designed to prevent vehicle fleawing and to mitigate consequences of
a crash on the crew. The number of people killed imjured on the roads in the Czech
Republic is still high, despite the effort of exygseand manufacturers of active and passive
safety components.

A design of a traffic barrier is based on EN 131frdpean regulation in the Czech
Republic. This regulation exactly defines charasties and requirements (e.g. theoretical
values of impact forces) which have to be met. Hexethe real values of forces might be
significantly higher (up to five times), which isemtioned in documents for overloaded
construction design. Within the research of trafferriers, some workplaces (eg. Aachen
University, TNO Delft, Klokner Institute) have beengaging in a more accurate conception
of the crash process, which is more meaningfulrahdble than above mentioned theoretical
impact force.

TUV SUD Automotive GmbH, mostly Passive Safety dapant deals with traffic
barriers crash testing. This department has antestack for a comprehensive range of crash
tests and it represents the important institutmriraffic barrier testing in Europe.

TUV SUD Czech by means of Computer aided serviea® been dealing wih computer
modelled crashes of vehicles to a traffic barried g@ut these methods in place. For the
simulation purposes, commercially available sofeemonlinear problems from ESI Group -
Visual Environment is used. Numerical simulatiorfisnepacts as required by EN 1317 are
performed. There are models of light passenger, darses and lorries in the company
database. Computer aided services are currentlpfaine participants of Technology Agency
of the Czech Republic (TA CR) project \\yuZiti spolehlivostnich metods pvyzkumu
a owrovani inovativnich sildhich svodidel (Use of reliability methods in resdgarand
verification of innovative road barriers).

This project deals with the development and vaiwtatof the new innovative traffic
barrier, which meets the requirements of the appl& regulations. The new traffic barrier
has to not only be able to retain a bus on the,oatlit also contains structural modifications
aimed at safety and protection of motorcyclistsirdyman accident. Structure with modified
design better protects against dangerous contdbt paists and anchoring elements which
represent the greatest danger for motorcyclists.

One of the main objectives in TA CR project solntis a methodology development how
to simulate a vehicle crash into the traffic barriReplacement of the real test by a numerical
simulation has a great importance in the desigriraffic barrier, its optimization and
validation of so called modified traffic barrier a®ll. There is only slight difference between
the original approved type and the prototype. Tkierg of these design modifications is
exactly defined in EN 1317 regulation. Nowadayssiinot possible to completely replace
crash tests with simulations. Even so, the creatdfahis methodology is generally supported
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by the traffic-engineering institutions. It is obus that its use helps to reduce the total cost of
development, the possibility of rapid tests repeiity, design modifications and thorough
results research.

The basis of the success of the project is to ptbeeadequate conformity of theoretical
calculations with real tests. At this stage, widperience with crash tests of colleagues from
TUV SUD Garching - Department of passive safetygplied.

Traffic barrier design

To ensure the correct behaviour of the newly desigroad restraint system crash tests are
performed, as an example is an impact of a heawk {38 tons), which hits the traffic barrier
at the speed of 65 km/h, at the angle of 20°. Tumeeat level of FEM software allows to
simulate highly detailed models and to analyzer#iatively wide range of output data. The
main disadvantage of simulations is how to achi@weliable behaviour with the minimal
amount of data. Therefore, it is necessary to perfoumber of real static and dynamic tests,
such as tensile test or a hammer drop test ofeh st to describe the material behaviour and
to perform its validation.

The impact itself is from the viewpoint of physies combination of deformation
characteristics of the traffic barrier and a vehicDue to computational demands, it is
possible to simplify some parts, which means reptacomponents with simplified shape
bodies. If this is the first simulation, this appch is possible, but not acceptable for
a preparation of a real and predictive model. Ia tase, a virtual vehicle has to have a same
response as a real one. This means that the mualgddscontain not only a validated material
model but also and a kinematic model of suspensieering, etc.

Even though there is a trend in the current tecinpractice to include numerical
simulations to the testing methods and therefonmitumize the number of physical tests, it
can’'t be assumed that a new type of the trafficidrawill be approved only based on the
results of computer simulations. Ideally, it is gibge to reduce the number of the real tests to
the only one — a homologation test.

Actually there is nothing which could perfectly lage physical tests, therefore virtual and
physical tests will continue to supplement themseiw the near future.
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Noise reduction of propellers is considered as a very important issue in aviation. Principal
means for the noise reduction are decrease in blade tip Mach number, i.e., lower propeller
diameter and RPM, and increase in number of blades. All these measures influence propeller
performance and thus also efficiency. The main aim of this paper is to explain and correct some
common misunderstandings about this subject.

According to the aeroacoustic theory of Gutin [3] propeller noise can be reduced by in-
creasing of the number of propeller blades and by decreasing of the blade tip Mach number.
This influence is investigated at the example of a propeller for the small transport propeller
represented by Let L-410UVP with the engines M-601.

The propellers are designed for the maximum cruise speed conditions. The novel method
for the aerodynamic design of a propeller [5] is applied. It is based on the blade element method
and represents generalization of [2] for any number of propeller blades. Blade element method
was verified on the comparison with the experimental data from [4]. Aerodynamic data of the
airfoils from the ARA-D family [1] are used for aerodynamic design of the propeller.

Firstly the efficiency for 2, 3, 5, 10 and 20 blades is investigated for the propeller diameter
from 1.5 to 3.0 meters. Results are presented in Fig. 1. Propeller RPM are set to 2 080 which is
the nominal value for the M-601 engine.

The efficiency for the blade tip Mach number equals to 0.5, 0.7 and 0.9 is computed for the
the propeller diameter from 1.5 to 3.0 metres. In this case, it is assumed that propeller RPM
for each propeller diameter is set so that required value of blade tip Mach number is reached.

.y

O

pd

w

o 06t

[T

[V

(i)

x

YWoo04t

—

L

o

2 2 BLADES ——

a 02} 3 BLADES ——
5BLADES ——
10 BLADES ——

. 20 BLADES -

0

14 16 1.8 2 22 24 26 2.8 3
PROPELLER DIAMETER [m]

Fig. 1. Dependence of the propeller efficiency on the diameter and number of blades, engine
with 2080 RPM
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Fig. 2. Dependence of the propeller efficiency on blade tip Mach number for the propeller with
2 blades

This means that the engine gearbox must be modified according to this condition. Results are
presented in Fig. 2.

Fig. 1 gives clear proof that increasing of the number of propeller blades has positive in-
fluence on efficiency. Influence of the number of blades becomes smaller for higher propeller
diameter. This corrects common mistake which can be often found in the literature. For noise
reduction it is also recommended to use as many blades as possible. Fig. 2 shows that noise re-
duction by the decrease of the blade tip Mach number has negative influence on the efficiency.
In this case has noise reduction negative influence on the propeller efficiency, so as high blade
tip Mach number as possible should be used so that noise regulations are fulfilled.
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An explicit time scheme for finite element computations of wave propagation problems in solids
and contact problems is presented. The presented algorithm, with the component-wise partition
of equations of motion to the longitudinal and shear parts, is designed to more precisely inte-
grate wave propagation in accordance with their different propagation wave speeds [1, 4]. The
scheme is a modification of the conventional central difference method in the connection with
the pullback interpolation with the time step size satisfied the CFL limit for each element-by-
element partition of equations of motion.

The suggested three-time step integrator is fully explicit with the diagonal mass matrix,
of second-order accuracy, conditionally stable and exhibits minimal sensitivity behaviour on
stable time step size. We present several numerical tests of wave propagation and dynamic
contact problems to show accuracy and performance of the proposed method.

r/a=0.05, Courant number C=0.5

——analytical solution

— central difference method
05 Newmark method

r/a — proposed method
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Fig. 1. Impact of elastic cylinders [2, 6]. (a) Theoretical position of wave fronts at the time
t = 2a/cr, where ¢y, is the speed of longitudinal wave and « is the cylinder radius. (b) Dimen-
sionless distribution of axial stress o, = 0.,cr/(Av,) along the line r/a = 0.05 in comparison
with analytical data [6]. A marks the Lamé constant and vy denotes the impact velocity.

The algorithm has been successfully implemented in the predictor-corrector form [3] into
an open source research code T'ahoe [5]. As a numerical example, we show wave propagation
in impact problem of elastic cylinders [6], for scheme see Fig. 1a. Stress distributions o, along
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the line /a = 0.05 obtained by the central difference method, the Newmark method and the
proposed method compared with the analytical results [6] are presented in Fig. 1b. One can see
in Fig. 2. that the proposed scheme gives the stress distributions without spurious oscillations
unlike the central difference method and the Newmark method.

Newmark method axis of symmetry Park’s method
Courant number 0.5 Courant number 0.5

Central difference method
Courant number 0.5

impact head

impact head impact head

(a) (b) (c)

Fig. 2. Distributions of axial stress o, (in GPa) in impact problem of elastic cylinders at the
time t = 2a/cy: (a) the central difference method, (b) the Newmark method (c) the proposed
method. The cylinder is made of steel, the radius ¢ = 2.5 mm, the length . = 6.25 mm, the
impact velocity vo = 1 m/s.
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The paper is devoted to numerical solution of free vibration problems for elastic bodies [6] by
means of a spline based finite element method (FEM), called Isogeometric Analysis (IGA) [1].
It has an advantage that the geometry is described exactly and the approximation of unknown
quantities in the Galerkin approximation framework is smooth due to higher-order continuous
shape functions. IGA exhibits very convenient convergence rates, small frequency errors for
higher frequency spectrum and small dispersive pollution [3].

In this paper, the IGA strategy is used in computation of eigen-frequencies of a block and
cylinder as benchmark tests [2, 4]. Results are compared with the standard FEM, the Rayleigh-
Ritz method and available experimental data. The attention is also paid to the comparison of
convergence rates, accuracy, and time-consuming of IGA against FEM.

(a) (b)
Fig. 1. Examples of (a) the first and (b) the sixth non-zero eigen-modes of a glass block [2]

The potential of isogeometric analysis in resonant ultrasound spectroscopy measurements
[5] of elastic properties of general anisotropic solids and modelling of free vibration of func-
tionally graded structures and heterogeneous solids are discussed.
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pipe driven by the flow of the wet steam
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Flow of wet steam in pipes is a very common caseewvery power plant utilizing
Rankine—Clausius cycle. The fluid entering the pipea two phase single component
substance with homogeneous distribution of the mascontent in form of small droplets of
the liquid phase with a wide spectrum of the dropéelii. Generally the pipe wall is non
adiabatic with a wettable inner surface. The irtéoa of the pipe wall with the fluid results
in splitting of the homogeneous entering flow. Tdwuilibrium state of the fluid interacting
with the wall is different than that of the entgyistate. The flow is split into two flows of
different moisture content. Liquid film flow occuos the pipe wall. In this study high quality
of the pipe insulation is expected and the pipd igdleated as adiabatic. This assumption is
acceptable for large, well insulated pipes. Duthtadiabatic wall condition the film created
on the wall has to be part of the liquid phase lté entering moisture content. (For
non—adiabatic case the heat flux of the wall hase@onsidered and the film mass flow rate
is increased by the condensation contribution.gither case the liquid separation from the
homogeneous flow entering into the film decreas$es rmoisture content in the core flow
which remains two phase. Subject of this studiésadiabatic wall. From the technical praxis
it is known that the liquid film is spread arourtktwhole pipe circumference independently
if the pipe is vertical or horizontal. That factpgwrts the adopted assumption that the gravity
effect can be neglected from the investigationegigible. Focusing on the straight circular
pipes as the most common case the surface tenemt ean be avoided too since the film
surface under the above specified conditions hdsetaylindrical and concentric with the
inner pipe surface since it is experimentally knda pipe radii is much greater than the film
thickness. The film surface is cylindrical becao$¢he existence of equilibrium i.e. the film
thickness is constant for a constant given mase flinder the above specified conditions the
mass flow split of the two phase pipe flow is gaweat by the principles of incompressible
viscous flow if the Mach number is low. The commmuoathematical model of the film and
core flow is obtained when the equations for incoespible viscous flow are applied
separately on film and core regions and the egustfor coexistence of both regions are
added. The film surface is mathematically treatecma infinitely thin solid wall dragged on
the inner side by the shear stress of the core Wbie it is sliding on the liquid film. On the
outer surface of this abstract wall acts drag i@ tpposite direction caused by the film
between this wall and physical inner surface ofipe. The equilibrium of the abstract wall
occurs when the wall moves with constant velocitye first equation of the coexistence of
both regions implies from this equilibrium in forof the shear stress equilibrium of the film
and core on the abstract wall. The second equafitile coexistence is implied from the fact
that the streamlines of both regions in the menidgiaction are parallel for the stationary case
(developed velocity profile). This condition imgi@ constant pressure drop in both regions
at the finite pipe length. Mathematically this che expressed as the equality of the first
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derivative of the pressure along the pipe lengthbfih regions. Complexity of the problem is
reduced to the laminar film flow and turbulent cfiav. Analytical models of both flows are
used. The laminar flow is integrated for film flomwth inner moving wall in the concentric
gap and the power law of 1/7 is used for turbulmre. The complete set of equations is
treated by software for symbolic algebra calculatidaxima”. The complete mathematical
model consists of nonlinear equations for equalitthe shear stress on the film surface, film
thickness, velocity of the film surface and eqyatif the pressure derivatives in the film and
core. Any analytical solution in Maxima is impodsib The practical guide for quick
estimation of the film thickness provides the fallng formula solved for mean steam
velocity calculated for the wet steam.

1/4 / _ L .-
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In this equationw,,,V,, are the mean velocity and kinematic viscosityh#f wet steam in
the core flow, p o, 8,0, %, the density of the saturated liquid and vapor @uwisture content
of the core floww,, i, ,0 are the surface film velocity, dynamic viscositydahickness of
the film, R is pipe radiusc, =0, 3164s Blasius constant [1] andp, is pressure drop per
one meter of the pipe.
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The increasing use of fibre reinforced compositas brought a renewed interest in the
analysis of cracks, notches and multi-material egnn anisotropic materials. In the case of
anisotropic materials, a number of elastic constamiist be handled during calculations. To
this end, Lekhnitskii —Stroh formalism of planeastr elasticity [1] is a very efficient tool.
Existence of the material interface in compositéamals, especially in laminated structures
and/or layered structures brings a specific probierthe crack analysis. As an example, a
problem of cracks terminating at the interface wb tgenerally anisotropic (most often
orthotropic) materials, or problem of cracks lying the interface could be mentioned. A
similar situation can be encountered in the teabmplof protective surface layers. The
assessment of the behaviour of the mentioned desieess concentrators requires a good
knowledge of the stress field in the vicinity oéteingular point. The problem complexity can
be further increased due to presence of the bigdfjores which can significantly influence
the stress field. Understanding of the competitioetween the crack penetration and
delamination is essential to correctly assess ehability of given structure. Apparently, an
effective technique needs to be worked up to hatieise problems.

In most of the geometrical and material configumagi of a bi-material corner (special case
is a crack impinging at a bi-material interfacéj)ere are two singular terms in the stress
distribution at its tip. Contrary to a crack in @anogenous material or a crack at a bi-material
interface, the stress singularity exponents diffem 1/2 and the corresponding generalized
stress intensity factors belong to both the noraral shear modes of loading. Anisotropy
usually lifts a degeneracy of the singularity exgatis and strongly influences the direction of
crack penetration across the interface. Becausel#stic T-stress and other coefficients of
the higher-order terms play an important role scfure mechanics such as the stability of
crack kinking, crack path, and two-parameter charaation of elastic-plastic crack tip
fields, determination of all the coefficients iretbrack tip field expansion is crucial. Since the
standard computational procedures such as sinulklements with nodes moved to the
guarter points or the path independent J integyalat apply, conservation laws of elasticity
and Betti’'s reciprocal theorem, together with sieddauxiliary fields are more convenient for
the determination of stress coefficient terms. fidegprocal theorem of elastostatics states that
in the absence of body forces and residual strebsdsllowing integral is path independent

W(U.v)=[[o,(0)m ¥ -, (V) W Jas @

wherel is any contour surrounding the crack tip anadv are two admissible displacement
fields ando; (U)and o, (V) are the corresponding stress fields. The asynepégpansion
of displacementbJ(x) is possible to write in the following form [2]
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U(X) = U(O) + leﬁlul(g) + Hzrazuz(e) +Tr53u3(9) t..= ikil’é‘ U; (6’), o, =1, (2)

where H; H, are the generalized stress intensity factass(g),i=1,2 are angular
distributions of displacements in the correspondiegding terms of the asymptotic
expansion, andJS(H) is the angular distribution of displacements cgponding to the T-

stress. If the displacement field® = U (x)=r%u,(8), V =U,(x)=r"u,(6)obtained by

solving the eigenvalue problem are consideredantlme proved that the contour intedials
equal to zero ford # § and non-zero ifd = §. Since the basis function corresponding to the
coefficients k=Hi, ky=H;, k=T in the asymptotic expansion for U

arer®u, (6),ru,(6),r >u,(8), it holds

lIJ(U,r'E’lu_l) =ikiw(r‘r"ui ,r‘alu_l) =k1llJ(r51u e 'alu_l) :
i=1

llJ(U,r'eSZU_Z) :ikiw(r&ui ,r'62u_2) =k2lP(r52u o ‘52u_2) : ©)
i=1

llJ(U,r'e%u_s) =ikiw(r5‘ui ,r'53u_3) =k3lP(r63u of '63u_3) ,
i=1

where LIJ(ralul,r“"lu _1) is computed analytically along the pd&thsurrounding the crack tip

with diameter approaching zero, whﬂb(u,r‘ﬁlu _1) is computed along the palthh which is

any remote integration path with a finite diametBnus, the GSIF$l;= k;, H,= k; can be
computed as follows:

w(U,ru,) _w(Uruy,)
W(ralul,r‘f’lu_l)’ 2_lJJ(rBZUZ,r‘BZU_Z)'

Since the exact solutiob is not known, a finite element solutids can be used as an
approximation folJ so to obtain an approximation for GSIFs. Similaguements which lead
to Eq. (4) apply also for the T-stress calculation.

The use of a classical fracture criterion in theinity of an interface is questionable as
already mentioned by Atkinson [3] because the dargy exponent is different from the
classical value 1/2. This problem can be resolwedhityoducing the concept dinite crack
extensions instead of infinitesimal one. In the lecture, alse concept of the Finite fracture
mechanics (FFM) will be presented. FFM and the hetcasymptotic expansion method
together with FEM are used to derive the changhepotential energy induced by the crack
increment of finite length. The principles of thetched asymptotic expansion method will
be introduced and then several examples of fractneehanics problems of composite
materials will be illustrated.
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The design of a composite footbridge using a finite element method (FEM) model is the aim
of the research project TA02010501. A box beam concept is used in the footbridge design [3].
To validate the FEM model, bending tests of composite rectangular tubes were done using the
Zwick/Roell Z050 testing machine [2]. In this work, the bending tests were extended. A steel
pad was inserted between a compressive element and a sample for more uniform distribution of
loading (see Fig. 1). The aim of this work was to compare the failure of the tubes in case of
the FEM model and the experiment and to determine a safety coefficient for the load capacity
evaluation of the footbridge.

buckling

2) b) ©)

Fig. 1. Bending test: a) buckling of sample A, b) failure of sample A, c) failure of sample B

Two types of samples (tubes) were tested. Both types consisted of glass fibres and epoxy
resin. Sample A consisted of two outer chopped strand mat (CSM) layers and two inner unidi-
rectional (UD) layers. Sample B consisted of six biaxial non-crimp fabric (NCF) layers. The
pultrusion technique was used for manufacturing of the samples. Elastic and strength parame-
ters of the composites were provided by a manufacturer (SM).

Performed tests were numerically simulated using the Abaqus 6.12 finite element system.
4-node shell elements were used for the composite tubes, 8-node brick elements were used for
the steel pad, the steel compressive element, and steel supports (see Fig. 3). Friction between
these parts of the simulation was neglected. The maximum stress theory was used to determine
failure [1]. Analyses with and without large deformation assumption were compared.

The type of the deformation assumption did not significantly influence results of the model
of the sample B. However, significant differences were observed in case of the sample A. A
local buckling of the sample A before its failure was the reason. The buckling of the sample A
in case of the experiment and the model is obvious from Fig. 1 and Fig. 2, respectively. Critical
stresses were the stress in the tube transverse direction (Sample A — see Fig. 2) and the stress in
the tube longitudinal direction (Sample B — see Fig. 3).
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The location of the failure determined in the numerical simulations was in sufficient agree-
ment with experimental results (if large deformations were assumed in the model of the sample
A). Based on comparison of ultimate forces in experiments and models, it was determined that
the value of the safety coefficient for the load capacity evaluation of the footbridge should not
be less than 3.

Acknowledgements

This work was supported by the research project TA02010501.

References

[1] Baker, A., Dutton, S., Kelly, D., Composite materials for aircraft structures, AIAA, Reston, 2004.

[2] Bek, L., Kottner, R., Krystek, J., Experimental investigation of critical buckle load of composite
specimens, Proceedings of the 52th International Scientific Conference on Experimental Stress
Analysis, Maridnské 1azné€, Czech Society for Mechanics, 2014, pp. 3-4.

[3] Kottner, R., Kroupa, T., Las, V., Design of composite footbridge, Proceedings of the Mechanics of
Composite Materials and Constructions 2014, Beroun, University of West Bohemia, 2014, pp. 69-
70. (in Czech)

64



O M PUTAT'O N AL 30t conference with international participation

MECHANICS 2014 ...

An investigation of stochastic resonance using the Fokker-Planck
equation and finite element method
R. Kral®, J. Naprstek?, S. Pospisil?

@ Institute of Theoretical and Applied Mechanics, v.v.i., Czech Academy of Sciences, Proseckd 76, 190 00 Prague, Czech Republic

The stochastic resonance (SR) belongs to the nonlinear dynamic phenomena with a decisive
role of the random noise. It has been observed and studied in a large variety of different areas
of physics, e.g., in modern communication technologies, in a laser optics or in ferromagnets
and ferroelectrics, see [4]. It was found even in the biological systems [1] or recently also in
the problems of a wind induced vibration [5]. The physical mechanism of SR consists in the
synchronization of concurrently acting additive deterministic input (such as periodic forcing)
and random excitation (such as additive white noise) in the nonlinear oscillator with double-
well potential. With optimal dose of noise, the periodicity of the activated hopping response
between the local equilibrium states (potential minima) reaches its maximum.

The transition response of such a noise-controlled stochastic system can be investigated
by various methods. Two-state theory or continuous-state theory [2] have been successfully
used in the majority of studies on SR resulting in the main quantitative characteristics such
as Spectral Power Amplification (SPA), the Signal-to-Noise Ratio (SNR) or the residence-time
distribution density. In this paper, the Finite Element Method as a tool for the numerical solution
of corresponding Fokker-Planck Equation (FPE) is introduced. By solving the periodically
driven differential equation:

Jp 0 0 d*p
_:_8—x1{x2p}—a—@{[m—xi’—m—i—Acos(wJ—i—(b} }—i—D

5 022 &)

time-dependent Probability Density (PD) of residing p(x, ¢; ¢) can be calculated. This equation
describes the stochastic temporal diffusion processes with periodically varying coefficients of
drift. The system has assuming unit mass and viscous damping in a symmetric double-well
potential U(z;) = —0.52% + 0.25z]. The term A cos (w.t + ¢) refers to the periodic excitation
with amplitude A, w, is forcing frequency and ¢ indicates the phase shift. The variable D stands
for the noise intensity being proportional to the Gaussian white noise.

The FEM efficiency when solving FPE which follows from the Duffing stochastic differen-
tial equation without external harmonic forces was already studied by the authors in [3]. With
the periodic force taken into account, certain difficulties arise due to the time inhomogeneity
of the corresponding stochastic process. Let us solve Eq. (1) in the Galerin-Petrov meaning on
the piecewise smoothly bounded domain 2 € z; x x5 in R%,d = 2. The initial and boundary
conditions are p(€2,0; ¢) = po and p(0€,t) = 0, respectively. After a spatial discretizating of
(2 onto the rectangular finite elements using the bilinear approximation functions, the system of
ordinary differential equations emerge with global matrices M, K(¢) and vector of PD values in
nodes of the mesh. The matrix K(¢) is time-dependent due to the periodic perturbation entering
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Fig. 1. Probability density distribution in SR state (/eft); Quantitative characteristics Signal-to-
Noise Ratio, see [2], and amplitude A, as a function of noise intensity D (right)

the drift term of FPE. The deposition of the individual matrix elements to the global matrices
and the temporal numerical integration are carried out using the COMSOL MULTIPHYSICS™
software.

Since the convection indicators of SR are not applicable in this approach, other way of
treating the stochastic response in SR regime is adopted. As a specific measure of optimally
selected noise intensity, the integral value of PD distribution over one potential well, z; €
(—o0,0), for various D is introduced as:

o) 0
Py(t; D) = / (/ (@1, T2, t; ¢;D)d$1) dzy ()

that is periodic in time with the amplitude A, (D). The stochastic resonance occurs for such D
for which the amplitude A,(D) assumes its maximum. Fig. 1 left shows a typical PD function
as an approximation solution of Eq. (1) in the stochastic resonant state. In Fig. 1 right, the
amplitude A,(D) of the periodic component of the integral value (2) vs the noise intensity D
is plotted complemented with SNR characteristic based on theoretical and simulation models,
see [2] for details. As evident, the peak values of all curves coincide at D = Dgpr where Dgp
is intensity at the stochastic resonance. This point represents the highest probability that the
response will jump from one basin to the other with period w,.. The probability of switching
equals to the amplitude A,(Dgr) = 0.94.
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The paper provides an introduction to the numesoaition of non-Newtonian fluid flow. In
this contribution we limit ourselves to the case tbe isothermal flow of a viscous
incompressible fluid. In order to incorporate thieet of the strain rate on the fluid
characteristics the power-law fluid model is empldy This well-known type of the
generalised Newtonian fluid is then used for a destration of the two-dimensional flow.
When deriving the governing equations describirgy fthid flow, the standard Eulerian
approach is used. If the hydraulic pressure tersefmrated from the fluid stress tensor and if
the density is considered to be constant (inconsgiles material, T; =-pJ; +7; ), then the

Navier-Stokes and continuity equations of the fluidtion have the form [3]:

] or, .
pa_v pvjﬂ:—@+_”+ldi; ﬂ:o’ in Q,
ot ox; ox  0x ox
where Q is the spatial domain upon which the fluid moti@n described,v. are the
components of the velocity vector of the fluigh is the density,x are Euler's (spatial)
coordinates,p is the pressuref; is the specific body force vector afg is the extra stress

tensor. In order to solve the flow equations, ogeds to determine the initial conditions at
time t =t, in the domainQ and the boundary conditions on the boundargf Qin general.

The following boundary conditions are specified=g, on /|, and g, =r;n, =h on /',
where g; is the tractionn, is the unit outward normal vector 10, .
The constitutive equation of the power-law fluid nieeywritten as [4]

. ov, oV
1y =2y D) =KRM] [a— a_J
]

where n is the power-law indexK is the consistency factor andy) is the apparent shear

viscosity. Using Galerkin's method for deriving theeak solution and considering
constitutive equation, the initial integral relatshave a form [2]

ov, o,

[ duacs [y Sl avoe- T o e 1 5L S0 s
:.[pfidvldx— .[Efiévldx; a—Vépdx 0.
Q r, _anl
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In the following, a spatial discretisation of a dmmfilled by a fluid using finite element
method (FEM) is performed for a steady flow in an@d. Using isoparametric interpolation
functions, the velocity components, (= u, v, = v) and pressurp can be approximated as [1]

u,n,t)=NTEnu); v(&nt)=NT(EnNe); pEmt)=H(En)p(t),

whereN andH are vectors of interpolation functions definedalibe for each element and
v, p are vector of nodal quantities of velocity andsstee componentsrom these relations
we obtain three equations in matrix form

A(u,v)u+B,(y;u,v)u+C,(y;u,v)v+Dp =E,,
A(u,v)v+B,(y;u,v)v+C (y;u,vu+D,p =E,,
Ku+K,v=0.

This matrix form represents a system of non-lirgebraic equations for unknowasv, p
which can be solved by an iteration method.

The solution of the above-mentioned problem wasetedor a stationary isothermal
laminar flow of incompressible viscous non-Newtoniiuid with power law model of
viscosity. Because of clearness and good presentatiresults, simple two-dimensional non-
Newtonian fluid flow in horizontal channel was setv Numerical results foK = 866 and
n= 0585 (pseudoplastic non-Newtonian fluid) are demonsttan Fig. 1 (apparent viscosity
distribution) and Fig. 2 (velocity and pressurdribsition).
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Design assessment procedure of flat ends withf rgiaove and flat ends directly welded to
the shell according to EN 13445-3 [1] involves ¢o&nt C,, which can be estimated either
from figure 10.4-5 or using direct calculation ating to paragraph 10.4.6. “Figure” method
is feasible in design by hand and it is applicdbtdimited spectrum of input values. “Direct
calculation” method is better suited for algoritaation of the whole design assessment
procedure and it is applicable to broader spectofinmput values, but it sometimes yields
unexpected results or even calculation errors. if@g cause convergence problems in design
assessment procedure. The design assessment peodedusually iterative, because a
calculation pressure is required as one of thetgnpod it is also the main output. Presented
paper suggests corrective measures for “directulzlon” method, which guarantee
convergence of design assessment procedure, whedls yconservative value of maximal
allowable pressure.
According to [1] there is a formula for calculatioh minimal thickness of flat end with

relief groovee:
e= max{cl [D, \/?J;[Cz (D, /fi]} 1)

e - minimal allowable thickness of flat end [mm],
Ci - coefficient (figure 10.4-4 or paragraph 10.4. [ [],

D - internal shell diameter [mm],
P - calculation pressure [MPa],
f - maximal allowable stress for flat end [MPa],
C, - coefficient (figure 10.4-5 or paragraph 10.41§ | [-].

fmin - maximal allowable stress of shell and flat end [MPa].

Since the coefficien€, depends o and procedure for its calculation is rather coogid,
explicit formula for P cannot be derived. Therefore, it is convenientuse an iterative
procedure.

Maximum allowable pressurf is calculated for a given geometry, so the anayze
thickness gis known. Goal of the iterative procedure for nmaxm allowable pressufe will
be to find such pressukethat leads to design of same value of thickness asing formula
(1). As an initial value oP, design pressurBy can be used. New pressure in iteration is
estimated as follows:

pe=23"% @)
e +e,
P =|P_,(1-Ael14). (3)
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Thicknesseg is calculated using formula (1) witR =P;.;. Presented iteration procedure
should be straightforward, but in tests, this pdace crashed or entered infinite loop.

To identify the cause of these problems, similat g the one in figure 10.4-5 in [1] was
created. With the same boundaries, new plot isticknto 10.4-5 figure. However, in
iteration procedure, some input values may lie ofitthese boundaries and functions
Co(P/fmin) are discontinuous and sometime yield negativeieslof C,. This issue and
suggested solution is shown in Fity. red lines represent original functi&@y(P/fmin) for
e/D; = 0.0065 with vertical asymptote in discontinuagd blue curve represents modified
function for the purposes of the iteration procedu®rid in Fig.1 represents the area of
original plot 10.4-5 from [1].
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Fig. 1 suggests that the causes of the problemsegative and infinite values &, at
some points. Since the minimal thickness of adlal is linearly dependent @3, C, has to
be greater than 0 and less than infinity. As orsus® in the paragraph 10.4.4.1 implies,
minimal value ofC; is 0.3. According to “Figure” method, coefficient has values between
0.3 and 1.0. Suggested correction of the fundiig(P/fn) is using three conditions:

- ForC;<0.3: C,=0.3,

- P/fmin to the right from asymptote: C, = 1.0,

- If the calculation ofZ; crashes:  C, =1.0.

Using these corrections, a small program was writtePython language. This program can
be used for estimating maximal allowable pressorafgiven geometry and material of a flat
end with relief groove.

107 10 10
P/fmin

Fig. 1.Cy(P/fi,) for e/D; = 0.0065 (plotted using [2])
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Human pelvis injuries may be accompanied with fractures of pelvic bones which have to be
treated surgically. In order to fix the relative position of fractured bone parts, various fixa-
tion techniques can be applied. For example, a fracture of sacral bone may be fixed using the
iliosacral screws, which are screwed into sacrum through an iliac bone and attaches the two
fractured parts of sacral bone together. Such a fracture can be also treated using the transiliac
plate or the transiliac fixator, which do not fix sacrum directly but constraint the relative motion
of both iliac bones. Even if a bone fixation is applied, a minor relative motion of fractured parts
of the bone may be observed. This relative motion influences the bone healing process. Thus
determining an effectiveness of various fixation techniques is of interest so that an optimal type
of fixation can be selected for a given fracture. Before approaching the analysis of various fix-
ations, a methodology for experimental investigation of deformations of pelvic ring bones has
to be assessed. Within this study a non-invasive optical methods are exploited.

The orthopaedic plastic model of intact male pelvis was subjected to well defined mechan-
ical loading and its deformations were analysed using photogrammetric approaches and tech-
niques of digital image correlation.

The material properties of the plastic model of human pelvis resembles mechanical be-
haviour of real pelvic bones. The model was mounted on a dedicated metal stand that was
designed and manufactured in order to provide a rigid support to pelvis in acetabula such that
the position of pelvis was fixed in space and its rotations in the sagittal plane were prevented
during the entire test. For fixation of the acetabula, the artificial femoral head was created as a
three-dimensional negative of each acetabulum surface.

The prescribed mechanical loading was applied by the mechanical testing device at the base
of the sacrum (articulation surface for the intervertebral disc L5/S1). A maximum load of 500 N
was utilised, which corresponded to approximately 60 % of body weight for a 80 kg male. The
deformation of pelvic bones, the displacement of selected points on their surface respectivelly,
was studied for various states of loading.

The experimental data were analysed using two independent photogrammetric software
packages, SPGM [2] and ISTRA 4D [1]. The former is capable of determining spatial three-
dimensional coordinates of selected object points based on their images recorded by two sep-
arate cameras at the same instant. Thus for the SPGM analysis, it was necessary to cover the
surface of pelvic bones by distinct target points, Fig. 1 (left). Furthermore, a novel software
tools were developed that enabled localisation and correlation of the target points in each cap-
tured image and enabled an automated feed of data for callibration of the analysed scene.

The ISTRA 4D software package is capable of reconstructing the three-dimensional object
surface based on correlation of images from multiple cameras (i.e. two and more). Such a

71



0.40
0.35
0.30

Displacement Total
Displacement/mm

Fig. 1. The orthopaedic plastic model of male pelvis and the position of target points that were
analysed by SPGM software (left), analysed displacements at the surface of the plastic model
by ISTRA 4D software (right)

correlation requires a random speckle pattern which was sprayed on the pelvic surface before
the images for ISTRA 4D analysis were recorded. The resulting reconstruction of the pelvic
surface based on images from four camera system is shown in Fig. 1 (right). The colormap
reflects the displacement between the loaded and unloaded state at various locations.

Both implemented methods, i.e. SPGM analysis as well as ISTRA 4D, were capable of re-
solving displacements at selected locations while maximal magnitude of the recorded displace-
ments was in order of 1 mm. The multi-camera analysis of ISTRA 4D is superior to two-camera
analysis by SPGM in reconstructing the complex three-dimensional surface of pelvis ring.

A reliable methodology for preparation of the tested specimen, its experimental testing, the
optical setup and the resulting analysis process was determined. The presented data serve both
as a starting point for the upcoming experimental campaign on pelvic ring fixation techniques
and as a reference data for validation of the computational model used at NTIS — New Tech-
nologies for the Information Society research center.
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FinLiv is a database intended to gather the infélonaabout material parameters of various
static and fatigue material models. Fatigue datbame quite rarewfvw.matdat.com
www.pragtic.com/fatlim.phpwww.efatigue.corjy and consequently, the researchers tend to
use second-hand data for their research, withoytpamper check that the data are of good
quality and worth using [1]. Until now, now suchtalaase records also the basic input data
from individual experiments and only the resultsegfression analyses are provided.

Such a database has to fulfill several functioad#Hity to input new data, list them, select
between them. FinLiv is therefore prepared in twpli@ations, which closely cooperate. The
web part useful for listing or selecting the iteritem the database can be found on
www.fadoff.cz/page/finliv Anyhow, the direct use of the website for dafauinis demanding
in terms of the application structure, patiencéhefpotential user, etc. In order to simplify the
way the data are entered another front-end apjic&inLiv.VBA was built as an MS Excel
application written in Visual Basic for ApplicatisnMS Excel is an application allowing us
to program macros and make them easily accessilalevide range of users.
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With the help of the application the user can gasiput data via the main interface,
which is represented by the “form” sheet. The dat set by selecting predefined options
from the lists in the various list boxes, as welllgy entering values into appropriate cells
directly. Any additional data that cannot be assthto the categories listed in the “form”
sheet can be entered into cells reserved for conan€he input data are stored in one of the
data sheets appended to the FinLiv workbook, whexan be later corrected manually. More
experienced users can efficiently input the dateatly to those data sheets and use the copy
and paste function, which increases the speedtafidpaut.

In addition to the previous functionality of FinLte gather and process the data of S-N
curves, the new version [2] allows the users tokwuaith data obtained from strain-controlled
fatigue experiments. The data table in the “forméet is designed for entering experiment
data such as master parameter (strain), mean @sd simplitudes for different load channels,
etc. Ability to process the multiaxial loads is iamportant feature of FinLiv. The settings of
each channel are set in the table “Descriptioroafllchannels”. There the user can choose a
load channel mode such as tension-compressiongrorand plane bending, and choose a
load history type.

With the help of the application the user can pregaput from experimental data for
regression analysis and then get the regressiamgders. The input for regression analysis is
created automatically upon clicking the button tihg~or Regression”. The application
validates input data and then creates a txt-fisg tepresents input for regression analysis.
The regression analysis is performed in an extévi#el LAB application that prints out a txt-
file with regression parameters from Manson-Co#fitd Ramberg-Osgood models, as well as
measures of statistical correlation of the regoessurves with experimental data. The user
can load the regression parameters from the ofitpub a corresponding datasheet with the
help of the “Get regression data” button.

The application allows the user to display the data predefined form in order to
compare different material sets, different loadugst etc. — both in terms of charts and
graphs. Upon clicking the button “Show” the usarm salect the desired sets. After the fatigue
curves are selected, a new workbook is created. nEwe workbook contains sheets with
separate curves where the user can find basicniaftton about the material, regression
parameters and regression graphs. A summary shibete the user can compare different
curves is prepared automatically.

The paper introduced in short a new useful apptinator cataloguing fatigue material
parameters and data. It guided the user througbdbkie functionality of that application and
presented new features for processing Manson-Catifimes and their base data.
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Vibrations caused by road or railway vehicles ragnon surface or underground roads or rail
tracks spread through the subsoil into surroundingding structures. These vibrations
propagate into the surroundings of the traffic liheough the geological environment and act
as technical seismicity, which loads the buildingsthe vicinity. Vibrations produced by
traffic sources usually do not threaten the safdtgtructures, but their undesirable impacts
can significantly lower the quality of life and tlhveorking conditions of people living or
working in residential or office parts of the buiig.

The histories of measured vibrations (Fig. 1) wased as loads applied to a modelled
building structure at the foundation baske nature and magnitude of the vibrations caused
by technical seismicity depend not only on the proty and the nature of the source of the
vibrations, but also on the local geological coidié and on the structure of the affected
building. Due to its tuning, the building structursually amplifies or, in better cases, reduces
the effects of technical seismicity

Vibro-base isolation is an effective method for ueidg the vibration level of the
protected structure as a whole with referencestéoindation types (plate, piles, strips, etc.).
Base isolation is one of the most powerful passtwactural vibration control technologies in
earthquake engineering. It is meant to enable @ihgior some other structure to survive a
potentially devastating seismic (or in our casenméxal seismic) impact through suitable
initial design or subsequent modifications. In sarases, the application of base isolation can
considerably raise both the seismic performancelaadtifetime of a structure.

Fig. 1. Dynamic vertical response one of buildiagd its normalized excitation
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The calculation 3D model takes into account theviddal storeys, broken down into the
floor, foundation and roof slabs, columns, loadfliep walls and peripheral and interior
girders (Fig. 1). For the vibroisolated structuhe telastic layer of rubber on the level of
baseplate was used and usually considered as dkticesubsoil of the Winkler-Pasternak
model below the whole area of the upper part offthdation plate. The mass of the floor
and the foundation plates includes the masses efntin-load-bearing components (thin
partitions, floorings, etc.) as well as the equewal of the live loads of floors, roof and
terraces. For the dynamic response to the effefcisxiernal actions (traffic), the lowest
possible tuning of the rubber-mounted structuersisive.

The dynamic load, i.e., the vibrations, was intretli into the model independently for
both directions as a normalized load and with tlemiical phase all over the foundation plate.
The vibrations of the building produced by undeugd traffic were predicted by the
response analysis of the whole system (Fig.2) g$eftected points as normalized
displacements (in relation to the base-plate vidndt
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Fig. 2. Typical time histories of relative horizahtisplacements for horizontal excitation

The application of vibro-isolation is, consequently very efficient way to reduce the
transfer of vibration from the subsoil to the imberparts of the building. The floor
acceleration response for each storey should leatsd in such a case, as it is the most
important response parameter namely for comfortesfdents, protection of contents and
equipment of the building.
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Modal model contains a valuable data, joined tecHic aircraft type structure. So called
Ground vibration test as a standard milestone fototype testing provides experimentally
identified modal model suitable to enter in to flme tuning process of structure numerical
model. Finally tuned numerical model serves as sebfr flutter clearance and other
simulation of aircraft structural dynamics relagtenomena: gust response, excitation due to
failure of a rotating part.

The paper presents a technique of dynamic respmrseutation of an aircraft structure
using modal model directly, without any need of FEMdel and its costly tuning. The basis
of the technique is a numerical solution of contiolu integral in n—dimensional space.
Excitation forces are supposed arbitrary wavefodmshe special case of periodic forces the
responses are calculated via transfer functions. tf€bhnique gives possibility to compute
time domain responses at any spatial point of tituetsire.

Modal model and excitation forces presuppositio@nly complex (oscillatory)
eigenvalues are considered. Modal model should begbest quality, level 4, see [2], p. 164.
Spatial resolution of original experimental modabdal enables correct interpolation and
extrapolation of mode shapes. Modal model may he cmmplete. Frequency content of
excitation forces fit to modal model frequency lisniForces are acting at nodal points only.

We begin a brief theoretical review with standaratmematical model of linear structure
in physical space or in the state space:

ma e +ka=Fo, |0 018 D)

Corresponding modal model consists of right side: laft side modal matricddmxn and
Wmxn) and of spectral matrixin, n<m.

. . ;
u{“"1 “’1} W:{Wl Wi} A:dia{*}.
u u w w A

This description of linear structure can handle ronservative and gyroscopic systems
[1]. Using modal decoupling we obtain response fiondd in frequency domain

ut,w) =U(iwl —A) W' (t,w), q(a) t)=(UDW T +U ' D'W ")F = H (w)F (w,t).

Hrs:Z( urans+ m nsJ Z Asn +Z Asn

|a)/1|a)/1 iw—A, |a))l

An application of Laplace transforms to the deced@ystem of differential equations finally
provides time domain general solution of origirtaks space model. For 0,u=0".

X(t) = jOtWTf(r)eA‘t‘r)dr, u(t) =U jO‘wa(r)eA“'”dr, where u(t) =[4@®)", qt)']".
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We assume time series of equidistant discrete smmgs a model of forces vector. The

description by Fourier series is appropriate ingpecial case of periodic forces.
i2krmt

- 1 . )
Fj :Zij(t):_Z(Fckj _IFskj)e U y
k=0 2 k=0

2 (2Kt 2 okt
Fskj —T—jJ‘O Fj (t)S”'{?Jdt, Fckj _f-[o Fj (t) CO{T—Jdt

J J

Let we have modal matrit =w and corresponding spectral matiias a result of modal
test. Its meaningful application in the method wéct response calculation is possible with
only proper scaling of modes. It is necessary ® ars orthogonality condition for the state
space formulationV'NU =1 and W'PU = -A instead ofu’Mu =1, u'"Ku =4. If we have
experimentally determined modal masge®r corresponding modes j, next formula provides
normalization factoc; = (iZﬂj/Ij)'l’z. Other steps are response model calibration alidbtian,
which means fine adjustment of normalization fagtep that calculated responses fit to
experimental results if they are at disposal.

The numerical procedure solving convolution integeaploits trapezoidal scheme of
numerical integration in n-dimensional extensiononplex arithmetic is used in the
procedure. Effectiveness of the procedure is givemimimising of arithmetic operations per
one integration step by reducing the number of dibates into forces inputs and required
responses only. The state space formulation dotiedimension of the problem, yet it gives
information on velocities directly. Accelerationseacomputed immediately by numeric
derivation of velocities responses.

Validation of the procedure has involved responsasmputation of a 3 DOF discrete
system. In the first step the responses of theesydb a rectangle force impulse were
calculated by Newmark’s numerical integration ofgoral differential equations. In the
second step differential equations were solvedutinoan algebraic eigenvalue problem.
Resulting modal model then
enters to the procedure
solving convolution integral.

Responses calculated via pneniiele el

completely different NA . i s

procedures match well, Fig. 1. o Wngﬁ/f)\o/"v"’ e i
Other verification included

responses calculation using .

experimentally derived modal =z /}”\ e+ -
model of the demonstrator = VER S ‘
Noll-Wing consisting of 8 @ ™ W OSSR RS S e

modes of a system with 27
DOF.

Casovy priibéh budici sily

Vychylky, modalni rozvoj

Fig. 1. Responses of 3 DOF - system to rectandoitae impulse,
comparison of Newmark’s integration method and odution integral
solution procedure
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In the recent studies it was shown that for creditdiculation of stresses in the wall of
abdominal aortic aneurysm (AAA) patient-specificSjPgeometry with inclusion of the
unloaded geometry should be taken into accountiedisas residual stresses which results in
rather complex models giving nearly constant strdsgribution throughout the wall
thickness. These features makes the computatiomallysas rather complex and time-
consuming while the stress distribution resemblembrane stress state being independent of
material if the deformed radii of curvature areetlaknto consideration. In the paper stress
distributions calculated on the basis of differéinite element (FE) models of AAAs are
compared in between and with Laplace law resultssess the acceptable simplifications.

Stresses in a shell can be calculated on the bak&place law under assumption of their
constant magnitude through the shell thicknesss Ehihe case for thin shells made of linear
elastic materials, while the stress gradient thhowd the wall increases with the wall
thickness and nonlinearity of the stress-straineddpnce [1]. Recently FE models of AAAs
have confirmed their credibility if unloaded PS geadry is used (obtained e.g. by backward
incremental method) and residual stresses (RS)n&m@duced on the basis of volumetric
growth applied to achieve a homogeneous stressbdisbon through the wall thickness [2].
Here this model is denoted as model A when VandesGi&ke (VG) constitutive model is
applied and as model B when quasi-linear 2nd ov@eah (QL) constitutive model with high
stiffness (corresponding to the slope of the stség8n curve under high strains) is used. Both
of these models induce membrane-like stress statekells with regular geometric shapes
(cylinder, sphere, ellipsoid). For both cylindricahd PS geometries, the results are then
compared with a much simpler model C (without realdstresses, based on the loaded
geometry and QL constitutive model) to test a hlgpsis that this simplification could offer
acceptable results. If this was true for PS modeKAAs, the comprehensive finite element
models (A or B) could be replaced by the much sanphodel C giving results similar to
those obtained by Laplace law.

Stresses in a shell with simple geometry are iiéwst with a cylinder. While without
residual stresses the results are highly depermteatnstitutive models, here models A, B or
C give similar stress distributions correspondimgnembrane stress obtained by Laplace law
applied on the deformed geometry (see Fig. 1).mrodel C (without residual stresses) this
can be explained by the high stiffness of the madaking negligible differences between the
deformed and undeformed dimensions. Then modelB And C were applied with a PS
geometry (recorded under mean blood pressure)oéations of peak wall stresses (PWS)
can be different for these models, the resultscamepared on node-to-node basis. The error
rates (Fig. 2) show differences comparable withdhleulated PWS for all combinations of
models.
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For simple geometrical shapes the sophisticatednBHels give stress distribution and
consequently also PWS similar to the Laplace laler&fore results of the simple model C
are acceptable here, if radial deformations ofnleglel are constraint sufficiently by the high
stiffness of the constitutive model. However, foe tPS geometry considerable differences
(comparable with the magnitude of stresses) ocis can be explained by bending of the
shell caused by changes in local shell curvatutevd®n unloaded and loaded shapes. This
effect is especially pronounced if the shell cassid both convex and concave parts; then the
calculated stresses depend highly on the consttutiodel (in contradiction to Laplace law)
and the simplified model C is not acceptable.

The simple quasi-linear constitutive model withregidual stresses and without taking the
AAA unloaded shape into account can offer acceptadsults for simple geometrical shapes
but is not applicable for credible evaluation aéstes in patient specific models of AAAs.
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As seen in numerous experiments, yield surfaces change their shape and location during plastic
straining. Several models of directional distortional hardening to capture such behavior have
been proposed recently. Their application lies in sheet metal forming processes, in combined
ratchetting, or in any application containing sequenced non-proportional plastic straining.

The presented work outlines and tests the finite element implementation of the simpliest
form of directional distortional hardening models proposed in [2] by Feigenbaum and Dafalias
— a model derived from a more complex one in [1], which involves a fixed scalar distortional
parameter. Here, the directional distortion is dictated by the scalar contraction of the backstress
tensor @ and the unit radial tensor n,. Therefore, possible shapes of predicted subsequent
yield surfaces are limited to certain size, position and elongation of the shape with orientation
always facing from the origin, as demonstrated in Fig. 1. The evolution equations are based on
the Armstrong-Frederick evanescent memory type hardening rule. The associative flow rule is
adopted.
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Fig. 1. Yield surface evolution — simple tension and tension-shear combined
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Properties of the model are thoroughly studied in connection to convexity condition derived
in [3] and later to numerical stability. The explicit integration scheme with subincrementation,
the tangent stiffness-radial corrector method, is employed. Size limitations of integration incre-
ments are discussed in a series of iso-error maps. An easy to understand error map is depicted
in Fig. 2. Subjecting a tensionally pre-evolved material to any combination of tension and shear
strain will generate the following error for default subincrementation.
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Fig. 2. Relative error [%] of the stress response, showing pre-evolved shape and initial unloaded
state (black full circle) in strain space

The implementation is verified by a comparison of numerical results with analytical solu-
tions pertinent to proportional load cases. Complex non-proportional loading paths are verified
by a very fine numerical computation. Finally, the template of this implementation is presented.

This work studies phenomena in numerical implementation related to the yield surface shape
distortion, therefore, it will help with other models to come.
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Nowadays, flexi-coil springs are commonly used @sign of secondary suspension of rail
vehicles. Besides their axial loading, these sgriaitpw their lateral loading. Therefore, they
are used to ensure the lateral suspension of tihedyas well as the elastic rotational joint
carbody/bogie. It is necessary to know the latetidilness of these springs — knowledge of
these characteristics is needed at a proposalrafiders of running gear of the vehicle and
also as an input for simulations of running perfante of the vehicle. The lateral stiffness of
flexi-coil springs influences a moment against leogitation, which arises at the run of the
vehicle through a curve. Because the moment aghogie rotation is related to the lateral
force interaction vehicle/track in curves, whichassessed in framework of approval process
of the vehicle according to thechnical specifications for interoperabilify], it is desirable

to minimize the lateral stiffness of the springsisTis the reason why the flexi-coil springs
are often supplemented with various types of ruiohetal pads.

If a theoretical calculation of the lateral stiffiseof a flexi-coil spring itself is a relatively
difficult problem and commonly used empirical forael (see e.g. [4]) give different results,
an exact determination of the lateral stiffness dfexi-coil spring with rubber-metal pad is
very problematic. An often used type of the rubtmetal pad, which allows tilting of the end
coil of the spring, is depicted in Fig. 1. In franwk of research activities of the Jan Perner
Transport Faculty of the University of Pardubicdlexi-coil spring of secondary suspension
of a locomotive supplemented with the tilting rubbeetal pad was put to a theoretical
analysis and subsequent experimental verificatidhe lateral stiffness (see [2]). In the next
stage, the measured lateral stiffness of the adgespling/pad was approximated by means
of a suitable function of vertical load, directiohthe lateral loading and lateral deformation
of the assembly. An example of the function (fgivgen vertical load) is presented in Fig. 2.

o 7

”'-.
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Fig. 1. Flexi-coil spring with Fig. 2. Approximated characteristics of lateraffiséiss of the assembly
tilting rubber-metal pad spring/pad — dependency on lateral deformationdiretttion of loading
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Subsequently, this stiffness characteristic waslempnted into a modified multi-body
simulation model of a 90-ton electric locomotiveated in the simulation to&JKV, which
has been developed at the Jan Perner TranspottyFésae e.g. [3]). The modification of the
model is based on more detailed description ot jel@ments (springs, dampers, etc.). Newly,
these elements are modelled in such way that daoteat is represented by a separate joint.
Especially in case of springs with a significantsatropy of their lateral stiffness (caused by
the tilting pads), this approach is necessary mxthe “classical” way of modelling of joints
— i.e. byreduced parameter@ateral stiffness of suspension, resistance atj@ogie rotation,
etc.) — seems to be unsufficient for realistic desion of dynamic properties of the model.

By means of the new model, a large set of simulatimf run of the vehicle through curves
with various radii was performed and the guidingdgour of the locomotive was observed.
The simulation results (together with results aff@ened theoretical analysis of properties of
secondary suspension created with the springs tiltittg pads) show specific properties of
the resistance against bogie rotatiotn case of the locomotive equipped with the above
mentioned secondary suspension, the resistancesadmgie rotation — which influences for
example the safety against derailment and is asdesxording to [1] by means of a quantity
called X-factor— is dependent on tleant deficiencyi.e. on the speed in curve. It means that
a reduction of the resistance against bogie ratasanost significant at zero cant deficiency,
i.e. at a relatively low speed of run through aveubut also at the run in straight track, which
is not desirable because of a negative influenddetower resistance against bogie rotation
on thestability of vehicle runin the opposite case of run through a curvegtt kalue of cant
deficiency, when the softening of the resistanc@resy bogie rotation is needed because of its
positive effect on lateral force interaction betwelbe vehicle and the track, the reduction of
the resistance against bogie rotation is not asifgignt as it would be desirable. These
properties of the resistance against bogie rotaim@ncaused with the total deformations of
individual secondary springs, which arise in relevgtuations (i.e. during the run with a low
or high value of the cant deficiency) and which egkated with the lateral stiffness of the
assemblies spring/pad under a given lateral loagivien direction of lateral loading.

Knowledge of the above described behaviour of ésestance against bogie rotation of the
investigated locomotive is very important at desiafjryaw damper characteristics and can be
also used as a base for a proposal of charaatsristidevices for reduction of lateral forces
vehicle/track (i.e. a bogie coupling or systemathee elements). Besides to that, the achieved
results show that the current method of Xafactor calculation must not always characterize
the real properties of the rotational joint carbbdgie very well.
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A very common material used in piping industry, especially when it comes to pressure pipe
applications, is the high density polyethylene (HDPE). Many advantages in compare to steel or
other materials prefers it to serve mainly for water and gas transportation. Required lifetime of
welded pipes is approaching 100 years, therefore lifetime prediction is one of the key issue in
this field.

The most common failure of the pipes is a quasi-brittle failure which is a consequence of
the slow creep crack propagation through the pipe wall. According to relevant literature the
creep crack in polyethylene can be described by the stress intensity factor [2]. Therefore, in the
present work the failure of butt welded pipes was modeled using a fracture mechanics approach.

Two different geometries have been considered to find the influence of the changes caused
by the welding process on crack behavior. One of the geometries keeps the optimal weld bead
while for the other one the weld bead was removed after the welding was finished, keeping just
the material inhomogeneity caused by the welding process.

The purpose of the research was to make a more complex analysis on crack propagation,
whether it is an axial or circumferential crack initiating at different places of the welded pipe.

The material inhomogeneity (also shown in the figure as a distribution of Young’s modulus)
was experimentally measured based on microhardness tests [3] and the results were approxi-
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Fig. 1. Welded pipes with the optimal weld bead geometry
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mated with a double power law function sketched in Fig. 1. The values of Young’s modulus are
highest in the centre of the weld and decrease approaching the basic material.

Finite element calculations within the commercial package ANSYS have been used to as-
sess the fracture mechanics parameters. The kinetics of the creep crack growth may be thus
described by the K. For the axial crack a 3D model was created whereas for the circumfer-
ential crack an axisymmetry gives the advantage for making a 2D model. For the first one the
K was estimated based on the direct method and for the latter one the nodal displacements
were used to estimate both the K; and K;;, where the crack propagation was simulated by the
maximal tangential stress criterion (MTS).

Knowing material parameters and the K
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trations near the weld bead notches may lead
to the situation when the crack would prop-
agate. Thus in practical applications it is al-
ways more likely for an axial crack to appear.

Further, based on long-term CRB or PENT tests it may be shown that the welded area has
a lower resistance to slow crack growth due to microstructural changes rather than the basic
material. It can be concluded that keeping the weld bead makes the area near the weld stiffer
and crack propagation in material affected region is suppressed.

The obtained results can further be used for service lifetime estimations of welded pipe
systems where axial or circumferential cracks may appear.

Fig. 2. Time to failure diagram of PE 100 (re-
sults for initial crack length ay = 0.4 mm)
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The aim of this paper is the examination of therattion of fluid and core molds for piston
casting. Analysis of the core will be performedfinyte element method. As a tool for FEM
analysis will serve the commercial software ANSY®Mbench - Polyflow, which is often
used in technical practice because of its fastedfattive means of FEM model creation [1].

Computer Aided Design / Engineering (CAD / CAE) I®oallow engineers to design
moulds for piston casting [2]. In the last decadegether with the development of computers
rose also the popularity of the finite element mdth(FEM) for the simulation of
miscellaneous technological processes, such asngelgienching, casting, cutting, etc. [3].

On the production line pistons for combustion eaegimade of aluminium alloy are cast
into moulds. In the mould is the core, which istedaby flame after insertion (Fig.1). The
mould and the core are subjected to extreme teryverahanges. These components are
made of tool steel. Cast pistons are made of alumiralloy. Aluminium alloys are materials
that are used to make the pistons because of lonmgoint, low weight of the piston,
corrosion resistance, etc. The core is a massiggni@ with nitrided surface. Core cooling is
provided by a hole drilled in the bottom of thetoag and water is injected into the hole. The
melt is kept at a temperature of 775-785 ° C inftireace. The mould filling time is 2-4
seconds. Opening of the bottom of the mould ocafies 60 seconds. The mould is preheated
to a temperature of about 160 ° C.

Fig. 1. CAD model of the mould (left) with the cqirigght)
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We imported the geometry of the mould and core ftben CAD software as * .stp into
DesignModeler, which is integrated into the sofevANSYS Workbench. We simplified the
geometry of the mould to generate good mesh, rethecaumber of elements and minimize
errors in the simulation. We created a cut of thtng system common for the mould and the
core. We eliminated the small fillets and chamferkich were negligible in the calculation.
The whole system is symmetrical, so we solved amg half. The picture shows the
geometry of the core, which is the subject of alcualations. The core consists of three parts,
the middle part is essential for us and we wili®on it in the simulations.

This paper is divided into two sections. The fipsirt is a planar problem of non-
isothermal Newtonian flow. It is a time-dependentidation, where we examine the impact
of fluid on the core. We want to evaluate the demperature in contact with the liquid at
different time steps. This knowledge will help w@er to define boundary conditions for
spatial 3D solution in the second part.

We used triangular elements, where the size of eisnfor the core is 2 mm and 3 mm
for liquid and mould. We used adaptive mesh ansheshing during the simulation. Fluid re-
meshing was performed every 5 time steps. Zonds smitaller element size have been set in
the areas of interaction, for better filling of th@ace around the core and accurate calculation.

In the second part of the paper are shown the rnicaheesults of the core stress field. We
will not investigate the whole core, but only thentral part in which cracks occur, so in this
part we are mostly interested in the stress at gaehstep.

Acknowledgements
The work has been supported by the grant projeE6GAN0.004ZU-4/2012.

References

[1] ANSYS 2012, ANSYS, Polyflow Users Guide [Technicplide of ANSYS], Canonsburg: ASYS, Inc,
2012.

[2] Zmindak, M., Mesko, J., PeldgiZ., Zrak, A., Finite element analysis of craclowth in pipelines,
Manufacturing Technology 14 (1) (2014) 116-122.

[3] Zmindak, M., Novak, P., MeSko, J., Numerical siniola of arc welding processes with metalurgical
transformations, Metalurgija 49 (2) (2010) 595-599.

88



OM PUTAT'ON AL 30" conference with international participation

MECHANICS 2014 s 5

Model of robot with additional flexible deformati@@nsing
for improved control

L. Mraz?, J. VolecH, Z. Sika?, M. Valasek

#Faculty of Mechanical Engineering, CTU in Praguecfinicka 4, Praha 6, 166 07, Czech republic

The machining with industrial robot is nowadays atractive area of interest for many
researchers. The reason is the lower cost of rollotsomparison with the traditional
machines. On the other hand, the stiffness of t®ts cannot compete the conventional
machines. Several projects have arisen, whichotigotve the low stiffness issue and thus to
improve the accuracy of the position control ey, 2, 4]. The general principles are
following: The precise model of the robot respegtiall the flexibilities, the additional
measurement of the real position of the robot &edihal compensation of the errors.

The aim of this work is the development of a dyrmambdel of robot Mitsubishi RV-6S
(Fig. 1). The model is assembled using the compaséthod for the flexible bodies [3]. The
whole robotic structure is described using thetredacoordinates in the joints expressing the
movement of the arms. Their deformation is desdribsing the modal coordinates. The
deformation is considered to be a linear combimatid the modal shapes and modal
coordinates are the coefficients of this combimatizvhich is time dependent. The modal
shapes have been obtained using FEM analysis opdhicular parts. Their geometry is
obvious from the CAD model and the parameters adsvand stiffness have been estimated
based on the material of them.

The deformation of the gearboxes is described byréhative coordinates of the motor
rotors, which are connected by flexible gearboxeth \the links. Based on [3] the final
system of equations of motion (EOM) is obtained #mel dynamic model of the robot is
assembled in Matlab-Simulink environment.

Fig. 1. Robot Mitsubishi RV-6S
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Moreover, the cascade PID control have been designé tuned for the robot model. The
control block is used for the placement of thectrte in desired position. The basic position
is depicted in Fig. 1. In the first case, the eodpof the robot have been loaded in this static
position and thus the structure deformed.

Using this model the behaviour of the flexible sture is observed. The model is virtually
equipped with the sensors of deformations.

The measurement of the arms deformation is perforimethe virtual laser-photodiode
system [5]. The deformation sensing is followindpeTflexible arms are virtually equipped by
the laser emitter on one side and by the photodiodde other one (Fig. 2).

LE PD

Fig. 2. Scheme of the flexible link equipped byelasmitter (LE)
and by the photodiode (PD)

In the case of no loading, the laser beam is painid the center of the photodiode. If the
loading is applied, the structure deforms and tlesitpn of the detector is changed.
According to the intensity of the light on the su# of the detector, the deformation is
measured. Moreover, the flexible gearboxes arealist equipped with the rotary sensors for
the torsional deformation sensing.

Thus a model is obtained, which simulate the dycamehavior of the robotic structure
with the deformation sensing. The resulting modeles the basis for the optimization of
the sensors placing and for the complex optimipatid the whole sensing concept. The
further tasks should be the analysis of the ob&dityaand controllability of the structure in
the working space. Thus the accuracy of the toalterepoint position control should be
enhanced at the maximal level.
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Important classes of structural components, wherefifonally Graded Materials (FGM) are
used, are beams and beam structures. FGM beamsaplayportant role not only in
structural applications, but we can find many aggilons of the beam structures in thermal,
electric-thermal or electric-thermal-structural teyss (e.g. MEMS sensors and actuators, and
other mechatronic devices). In all these applicetiousing new materials like FGM can
greatly improve the efficiency of a system. FGMhbilt as a mixture of two or more
constituents which have almost the same geomettydamensions. Plasma spraying, powder
metallurgy and other technologies are used foridabon of such materials. From a
macroscopic point of view, a FGM is isotropic inckamaterial point but the material
properties can vary continuously or discontinuouslyone, two or three directions. The
variation of macroscopic material properties carcégsed by varying the volume fraction of
the constituents or with varying the constituentatarial properties (e.g. by a non-
homogeneous temperature field). The fabricatiorswath materials is complicated but the
development in this area has progressed significamtrecent years. In the literature, many
papers deal with static and dynamic analysis of R@M single 2D beams with only a
transversal variation of material properties. Thagitudinal stiffness of the beam can be
influenced with both the varying cross - sectioamada and with varying material properties.
In [1], dynamic characteristics of a functionallyaged beam with axial or transversal
material gradation along the thickness on the poaer have been studied with a semi-
analytical method. However, the authors did nat fiapers which consequently deal with all
the longitudinal, transversal and lateral variatioh material properties concerning the
dynamics of single beams or beam structures béikuch FGM beams. In [2, 5, 6], we
discussed the analysis of free vibration of a &D FGM beam with continuous planar
polynomial variation (in axial and transversal diren) of material properties by a fourth-
order differential equation of second order beasoth. The aim of this publication was to
present a new concept for expanding the second beteling beam theory considering the
shear deformation according to Timoshenko beamryhéde shear deformation effect in
FGM beams with planar continuous variation of mateproperties is included there
originally by means of the average shear correcfamtor that has been obtained by an
integration of the shear correction function [4heTcontinuous polynomial variation of the
effective elasticity modulus and mass density carcdused by continuous polynomial spatial
variation of both the volume fraction and matepabperties of the FGM constituents. The
choice of a polynomial gradation of material prdsr enables an easier integration of the
derived differential equation and allows to modedgtically realizable variations of material
properties. The effect of inertia and rotary ireedind the effect of axial forces were taken into
account as well.
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The presented contribution is the continuation of previous work dealing with the
derivation of general homogenized 3D FGM beamdimiement with longitudinally varying
effective material properties. Homogenization of spatial continuously varying material
properties in the real FGM beam and the calculadibeffective parameters are done by the
layering method [3]. This method can also be usdtié homogenization of multilayer beams
with discontinuous variation of material propertigs transversal and lateral direction
(multilayer beam). Numerical experiments are peniedl to analyze chosen FGM beam
structures. The continuous spatial variation ofenal properties is considered. The solution
results are discussed and compared to those obhtasirg a very fine continuum mesh in
commercial software.
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Beam structures can be considered as the fundahheritiing elements in many engineering
applications. In operating regimes these structaresvery often loaded by the dynamical
forces which cause undesirable dynamical behavioese beam structures and system is
getting into critical resonance state. It is cldaat the reduction of the level of unwanted
vibrations or prevention of their occurrence shdogdone of the important objectives in the
design of machine equipment and structures. Tcegehthese aims the knowledge of modal
properties of beam structures in relation to theternal structure is necessary. Modal
properties modification of the beam structure (mekapes, natural frequencies) is achieved
by the partial insertion of reinforcing core [2]hd dependence of the modal properties of
modified beam structure on the geometric parametaismaterial properties of the embedded
reinforcing core is studied.

Considered beam structure has a uniform fundamerisak section and a certain part of
the beam length is reinforced using the core witlioum cross-section which is embedded
into the beam body (Fig. 1). The modal propertiexification of beam structure [4] is
based on parameters of reinforcing core, especllyongitudinal position of reinforcing
core defined by length of cotg.

Fig. 1. Model of beam structure with partially erdded réinforcing core

The ODE’s describing the free bending vibratiorbedm structure with reinforcing core
for dimensionless variableg{ = x /1y , Wi (€x) = W (%) /I ) have the form

WY (&) - BW (§,) =0, fork=1,2, (1)
where&; 0(0; &), &, O(:; D) and &, =1./l, .
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Frequency parametefts andf3, are expressed by

— 424 P1S _q a[ T Bos _ 4p82_ 4pSo
By =3 wxlo Ei] =Po4 1+A’;J B, = 4uplo £2 \/‘*)o| 0 (2)
whereAgg = %, Ag; ==5¢ are modification functions caused by the reinfagocore.
The solution of ODE s |s
Wi (&) = AS(Brék) + BT (Biéx) + U (Biéi) + DV (Biéi) » 3)

whereAx + D are integration constants and the Krylov’s fumrsi [5]

Modal analysis of clamped-free beam structure oeg®d using partially embedded core
is studied. To generalize the modal analysis resthiie dimensionless frequency is introduced
_ foni for i=1234, (4)

fo,
where foni (fo;)) - i natural frequency of modified (unmodified} beanrusture for
corresponding slenderness.
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Fig. 2. Dependency af; (i = 1 + 4) on the parametéy
(Ao =D/ly=0.1; Ke =EJEq = 3.0; Kg = p/po = 2.89; Ke =d/D = 0.6)

The results of analysis confirm that this mannebe&m structural modification offers a
very effective tool to the modification of modaloperties (Fig. 2). The approach to the
structural modification presented in this paper banconsidered as passive modification of
the dynamic properties of beam structures.
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Dynamic Stability is a widely studied area that has attracted many researchers from various dis-
ciplines. Although Dynamic Stability is usually associated with mechanics, theoretical physics
or other natural and technical disciplines, it is also relevant to social, economic, and philosoph-
ical areas of our lives. History of the theory of stability has been opened by L.P. Euler in 1744
by his famous work [2].

The stability of mechanical systems represents several areas that are not fully separated and
that have a common theoretical basis. Although they interact very often and a sharp limit be-
tween them cannot be determined, the following fields can be outlined: (i) Dynamic Stability
of multi-body systems. (ii) Problems of buckling of large deformable systems, such as frame-
works, plates, and shells. (iii) Stability of flow.

Regarding Dynamic Stability of multi-body systems a wide range of literature of various
types exists. It deals very theoretical or rather pure mathematical aspects of stability as far as
very practical engineering approaches and hints for designers. A certain overview of the above
three fields can be found for instance in [1, 3, 4, 5] where hundreds additional references of
general and specialized monographs and problem related papers are given.

Four main Dynamic Stability definitions should be discussed, although a significant overlap
is present among them. From the viewpoint of mechanics, the most important one is Lyapunov
stability and the related Lyapunov second method (LSM). This is suitable for non-linear sys-
tems. It can be employed for the investigation of the most general theorems as well as for
the investigation of particular systems. As the second definition should be stated stability of
the linear systems, where Routh-Hurwitz (RH) or Silvester determinants are the most popular
approaches. Both of these definitions have a number of reduced variants that are suitable for
special classes of problems.

While Lyapunov and linear stability definitions can be considered to be local stability prin-
ciples, the third definition (orbital stability) is related to global stability. This deals with cases
where the orbit as a whole should be observed as the local properties are not sufficient to con-
sider overall stability. The fourth definition concerns Stochastic Stability. Stochastic stability in-
volves working with the probability density function (PDF) of the system response. In this case,
Probability Density Function (PDF) and possibly stochastic moments are analogous quantities
similar to system response components in the deterministic domain. Usually Fokker-Planck
(FP) operator applied onto the relevant Ito system is used as a basic tool of stability testing. FP
operator is a counterpart of the Lyapunov function total time derivative in the stochastic domain.

A couple of case-related Dynamic Stability loss testing should be noticed. Their principles
are diverse, but all of them are related with “enormous or infinite” increase of the system re-
sponse at least in some coordinates. Enumerating some of them, we can observe their relation
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to the procedures based on the LSM or RH determinants. Nevertheless, they are simple and
transparent and therefore usable for a very wide variety of researchers.

Many structures in civil, mechanical, naval or aerospace engineering can get in a state of
the dynamic stability loss due to interaction with streaming air. Overstepping a certain limit of
an air velocity or other parameters specifying external action, the system response exhibits a
dramatic increase, either approaching a certain stabilized nonlinear shape (limit cycle, homo-
clinic/heteroclinic orbit, etc.) or leading to final collapse following a non-periodical trajectory.
Especially limit cycles (LC) are very often a general characteristic of the post-critical system
behavior. Stable and unstable LC classify attractive and repulsive response areas, while homo-
clinic orbits including additional singular points represent singular cases.

These phenomena are related either with self-excited or auto-parametric systems as a rule.
The limit separating them is not sharply defined, and many systems exhibiting such phenomena
can fall into both categories. A couple of them can be mentioned: (i) SDOF and more com-
plicated systems where the damping parameter (or parameters) are dependent on the response
velocity being maximal at a standstill. (i1) Self-exciting effects within 2DOF and more compli-
cated systems due to the special structure of stiffness and damping terms. In the case of linear
systems, non-conservative and gyroscopic terms can lead to the overstepping of stability limits
and a post-critical self-excited response then emerges. Nevertheless, a non-linear approach has
to be adopted very often, because only post-critical non-linear forces can possibly stabilize the
response. (ii1) Vortex shedding. These phenomena can occur due to stability loss in a local area
of a dynamic pressure field in a fluid when interacting with stiff or deformable bodies. Vortex
shedding can be observed on the micro-, macro-, and giga-scales. For instance, vortex shedding
has been observed in a streaming sea behind a circle-shaped island.

Linear and nonlinear approaches are introduced. While the former one provides basic sta-
bility limits, initiation of Hopf bifurcation and emerging of known types of stability loss (diver-
gence, flutter, buffeting, etc.), the latter one shows forms of stable regimes in the post-critical
domain, if any. Other types of local or global bifurcations can also emerge in post-crtical regime
indicating a number of special cases (Poincare-Andronov, Neimark-Sacker, etc.). Chaotic pro-
cesses can occur as well. Deterministic as well as stochastic approaches are presented combin-
ing for instance influence of the vortex shedding together with the natural and generated turbu-
lence of ambient streaming producing some times effect of the stochastic resonance, which can
be observed as the aeroelastic divergence either theoretically or experimentally in a wind tunel.
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Current industrial robots and manipulators are designed with relatively stiff and heavy mem-
bers especially for the structures of the open kinematic chain type. During the motion of these
structures act high inertial forces that negatively influence the economic parameters of the pro-
duction cycle. There are ways how to remove this disadvantage. The idea using pressurized
membrane together with a beam to prevent its bending is presented in [1]. The pressure doesn’t
significantly influence eigenfrequencies of such structure and it needs more space than using
just a respective beam. In this article is designed concept of the new lightweight material based
on the pre-stressed membrane structure filled with the circular particles. The parameters of
the static stability of the designed material model are investigated on the basic cell. The more
complex structures like robotic arms can be assembled from this cell.

The idea is to replace beams and rods in the construction by the hybrid structure consisting
of the elastic membrane and hollow balls. The membrane envelopes the balls in such structure to
replace the beam and keeping its main properties by keeping underpressure in the structure. The
main advantages are lighter construction and some parameterization for the stiffness value of
the new structure. Possible disadvantages authors see in the membrane durability, discrepancies
in the ball radius and underpressure level uncertainity.

It 1s assumed problem only in the plane without friction. Model consists of the circular
elements with the same radii and elastic membrane, which envelopes the elements. The circular
element has contact stiffness to interact between each other. Inside the structure (which is
covered by the membrane) is underpressure and it is controlled.

OO NN NN NN VAN

Fig. 1. Scheme of the system

Model overview and its parameters are shown on the Fig. 1. The parameters are: the radius
of the elements r [m], the angles ¢, [rad| describing the inner shape of the structure, underpres-
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sure Ap [Pa], membrane stiffness & [N/m] and membrane angles ¢; [rad]. Force F, [N] represents
external forces.

Membrane is modelled as an elastic rope and when not using passive resistances, there is
just one force along whole membrane length. It is necessary to calculate its prolongation to
evaluate the force

Fr=k(—1l+¢), (1)

where £ is membrane stiffness, [, represents free length of the membrane, [ is actual membrane
length and £ is the pretension of the membrane.

There are structure forces acting on the elements. Firstly, there must be contact forces
between elements in the contact, second ones are forces due to the membrane prolongation and
third loading is from the underpressure through membrane been in contact with the elements.

Using principle of virtual work it is obtained the set of nonlinear equilibrium equations:

where the functions f, F} and F3 are structural functions of the system. The membrane flex-
ibility is covered within the angles ; and the set of equations (2) is nonlinear. it could be
shown, that membrane force is dependent on the underpressure Ap and virtual radius R which
represents the curvature of free membrane in the gaps between elements:

F,=Ap-R. 3)

Using the equations (2) and (3) and eliminating the external force F, it is obtained the final
set of equations:
fi (%‘a Qpi) —

Ap(R+r) {fQ(%’%) } =0, %)
where the functions f; and f> describes the structure of the system including the membrane. In
such structure contact between elements could be approximated by the beam connections and it
is used for evaluation of the stability limits of such the pre-stressed lightweight material.

Without loss of generality it was shown, that forces acting on the elements could be written
in the form (4). Elements are represented as mass points. The preliminary results show that
such structures exist, have equilibrium unloaded and are stable under some axial and tangential
load. The stiffness of the structure is dependent on the underpressure inside the structure.
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Author intends to show the dispersion phenomenan feohistorical perspective, to inform
about significant contributions of our famous fatékers, as Newton, Johan and Daniel
Bernoulli’s, Fourier and many others, and to rentimelcontemporary role of Fourier’s tools.

Dispersion is a property of a medium in which tledoeity of wave propagation depends
on its frequency. It plays important role in opfiégs wave propagation, in vibration of
mechanical and electrical engineering, in atomeaoti of solids, in experiment evaluation,
etc. Dispersion effects could be analyzed, treatetiexplained by Fourier series and Fourier
integral and by FFT. We will devote our attentiondispersion phenomena in computational
mechanics and to numerous Fourier tools helpirdgeseribe and explain dispersion effects.

History goes back to Brillouin, Kolsky, Brepta, Baut, etc. In computational mechanics
today, substantial contributions of Radek Kolmad &C. Park are being published. It all,
however, started with one-dimensional lattice, imgy of sequentially assembled particles
of equal mass connected by identical masslessgsprin

It was Isaac Newton, who used the lattice modeegtimation of the velocity of sound in
air. Later, Johann Bernoulli (1667 - 1748) in Beemadl his son Daniel Bernoulli (1700 - 1782)
in St. Petersburg independently showed that thedasystem having degrees of freedom
hasn independent eigenvectors and eigenfrequenciegrdlbt vibrating string is formally
described by the same type of partial differengigiation as longitudinally vibrating lattice.
Afterwards, in 1753, Daniel Bernoulli formulatedoff the string) the principle of
superposition that can be considered as a spexsalaf Fourier theorem.

The chief contribution of Fourier was the idea tlaty periodic function can be
represented by a series of sine and cosine furscti&uler (in 1748) stated that the
displacement of a vibrating string can be describgdan arbitrary function provided that
certain continuity conditions are met. To Euler dhithe Fourier theorem was almost an
absurdity. Consequently, Euler refused to accept phinciple of superposition. Also
Lagrange followed Euler in refusing the principfesaperposition. It was Dirichlet who gave
the first rigorous proof of the convergence of keuseries.

It is known that the spatial and temporal discegtans always accompany the finite
element modelling of transient problems. The tapiof academic interest but has important
practical consequences as well. It appears thatiipersion topic is still alive.

In the contribution the Fourier tools are shown play important role in validity
assessments of Newmark (NM) and central differeifC&¥) operators, thin tube frequency
approximation, approximation of the largest eigeqtrency, etc.

Dispersion phenomena also play important role imeod time step determination when
integration operators in time are employed. A fevocpdures, accompanied by many
examples, for solving this task are presented.

In the contribution we have tried to show how arof a few historical personalities is
related to contemporary tools of modern computafiomechanics.
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Presented article describes verifying tensile bested on ASTM D3039 standard [1] and its
numerical simulation. Specimens were manufacturech ftwo flat C/PPS plates randomly
reinforced with pellets. These plates were cut angltudinal and transversal directions
because it is necessary to compare Young modulb®tim directions. On each cut sample
were bonded three strain gauges according to ¢ Fsg. 1 — wherd stands for longitudinal
direction andB for transversal). Specimens were tested on TIRZ02Biversal machine with
head displacement rate 2 mm/min.

Fig. 1. Specimens with strain gauges

Obtained results were compared with FE simulatibthe tensile test which was done in
Abaqus software. Material data for FE simulationreveased on analytical model which
presumes transversally — isotropic behavior of net¢2, 3]. Comparison of the results
obtained by experiment and by FE simulation casdan in Fig. 2.
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Distortion of yield surface can be observed during plastic deformation of metals. This phe-
nomenon known as the directional distortional hardening has been experimentally approved by
many authors who investigated various types of metals [1, 5]. Modeling of such a behaviour
has been widely performed as well [3, 4].

Feigenbaum and Dafalias [2] developed a model generalizing classical concept of isotropic
and kinematic hardening using only one additional parameter to model the yield surface distor-
tion. The model forms a system of algebro-differential equations and includes six independent
material parameters needed to be identified. Despite its complexity, analytical solution of this
system for proportional loading modes was found, extending possibilities of identification.

Although there was a procedure developed for identification based on experimental data on
monotonic loading, a method suitable for identification from cyclic loading experiments was
still missing. In order to provide such a method, stress response of the model to more complex
loading paths was investigated. Finally, the closed form equation of hysteresis loop has been
derived, being expressed as

1/k 3
011 = sgn - /ra + = a1, (1)

3 2
1— \/gcoznsgn

where the kinematic hardening internal variable (backstress) is given by

1

and where the amplitude of backstress is given by

Q10 = \/7— tanh (\/>a1a2511 a) 3)

with €7, , as the plastic deformation amplitude, sgn = 1 for the case of tensile loading and
sgn = —1 for the case of compressive loading. ks, a;, as and c are the internal parameters
of the model. In case of cyclic loading, the other two material parameters can be expressed
as kg = 1/ky and k1 = 0. Finally, the dependent variable oy; denotes the stress and the
independent variable £}, denotes the plastic strain.

Similarly, equation of cyclic deformation curve in 011,3—511’173 can be expressed by

1/k 3
O11,a = /s + 5 on “4)




with the same meaning of parameters and variables as stated previously.
Thus, identification of parameters can be done by fitting any of the Egs. (1) or (4) on appro-
priate experimental data. Particularly, the nonlinear least squares method was used.
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Fatigue curve models have a crucial importance for fatigue life prediction and evaluation. Con-
sequently, the analytical approximation of fatigue experimental data has been addressed by
many authors, and resulted in several classical models, e.g., Wohler (1870) [5] or Weibull
(1949) [4].

Kohout and Véchet (2001) [2] developed a fatigue curve model suitable for the use in both
low-cycle and high-cycle fatigue domains. Its applicability there is allowed thanks to additional
parameters (total 4 in comparison to common Basquin formula of 2 parameters), which get
useful in a quasi-static domain and in a region of the fatigue limit. In general form, model can

be expressed by
N+ B\’
=al|C 1
r=a(ciia) m

where a, b, B and C' are the independent parameters, o is the stress level, and /V is the number of
cycles. For the parameters specified, the curve of discussed model is plotted in Fig. 1. Practical
application of model can be found in [1, 3].

A detailed analysis of the model was realized and published in [2]. Since the model was
selected as one of the main tools in the prepared FinLiv database, the model was identified
on several tens of experimental data sets. During that time some difficulties were observed
enforcing a new analysis of the model. It was found out that some assumptions adopted in
[2], e.g., that one supposing B < C, are not fulfilled in general. In addition to it, some

10 ‘ ‘ ‘ 10
= ]
[%] 4 g
_ .5 10+ e 7
o ©
= 2 °
o kS
S 10% o
£
a = 1039 2 : o
b= -0.1193 o
B = 100 I o
10? C = 1000000 )
L L L lo L L L L L
10° 10° 10" 10° 10° 0 20 40 60 80 100
N [1] actual slope / limit slope [%]

Fig. 1. Kohout-Véchet fatigue curve model  Fig. 2. Number of iterations increasing as the
for specified parameters slope reaches the limit value
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subsequent formulae derived from Eq. (1), e.g., the one providing the slope of the model, need
to be generalized. While using these generalized formulae, it was shown that the limit slope of
the model (1) is constrained by its other characteristics:

1 0 +o00

1m:_1 ) 2
51 41101 (2)

where sy, 1s the limit slope of model, oy is the strength of material, and o, is the fatigue
limit.

The nonlinear least squares formulation solved by Levenberg-Marquardt algorithm was
used for identifying the parameters. Since there were problems with convergence of the algo-
rithm in some cases, these problematic sets were evaluated with respect to Eq. (2). In Fig. 2,
relation between the number of iterations to convergence and the ratio of actual and limit slope
of the model (1) is shown. It can be seen that problematic convergence occurs when the actual
slope of the Kohout-Véchet model reaches its limit value.

These foundings are essential for any practical application of model. Thus, problematic
convergence of the model can be further analysed, and possibly result in the application of new
algorithms. As regards the constraints expressed by Eq. (2), it is an inherent property of the
model itself. It shows the limitation of the model for some experimental data.
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As the part of NPP Volgodonsk (VVER 1000 MW) initial start up tests, the pressure pulsations
in coolant in hot leg were measured. At the power level related to coolant temperature 314°C,
the new frequencies 2.7 Hz and 5.4 Hz were observed with very high power spectral densities
with increasing temperature this frequency peaks vanished. This phenomenon is possible to
explain on the basis of electromechanical analogy and under supposition of the radiolysis of
the coolant. As the result, limited amount of steam is generated which significantly decreases
speed of sound and finally generates those too new acoustic frequencies. In the paper the theory
is derived and numeric assessment performed.
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Fig. 1. PSDs of the acoustic frequencies for P = 16 MPa, T, = 284°C, Touuee = 301°C (left)
and P = 16 MPa, T}yec = 285°C, Touger = 314°C (right)

As the part of NPP Volgodonsk (VVER 1000 MW) initial start up tests, the pressure pulsa-
tions in coolant in hot leg were measured. At the power level related to the coolant temperature
314°C the new frequencies with very high power spectred densities have been observed, see
Fig. 1.

For the speed of sound in two- phase flow, the following equation is recommended to use

according to [1]
J2 1 ~3
adfz,/Z—KH @)] , (1)
P T

where ¢, is the speed of sound in water and ¢ is the speed of sound in steam.
Basic equations of the parametric excitation are the equation for capacity C'(t), which takes
the form

C(t) = co + Chy, sin 2wyt 2)
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and the velocity of chase of C'(¢) given as

dC'(t 2 " 1
& = 2m.wy cos 2wot = M cos 2wpt, m. = C—, T, = . 3)
dt Te Co woCo
Changes of the capacity C'(¢) in time influence:
e Acoustic mass ]
E, = émUQ,
e Capacity of the primary circuit
1
E, = §C(t)p§-
Let us assume the acoustic pressure in the form
P. = P.,, coswyt. “)
As the result we obtain
dE P2 m, P2 m, P?
d_tp = ;m—xil cos 2wot + Z’;T + 62";7:% cos dwyt. 5)

The mean value of F, after integration in time interval (0; T') takes the form E, = P2 m./(4z.).
This energy must compensate looses induced by the active resistance of the circuit £/ =
P2 r/(22%). Condition of th self-excited vibrations of the parametric resonant vibrations takes
the form £, > F_.
There are two conditions of the parametric excitation existence: w = 2wy and m. = 2r/x, =
2d. If w = wo, 2wy, swo, then resonant vibrations exist but vibrations are not intensive.
Application to NPP Temelin (2x VVER 1000) — two acoustic systems shall be established:

e #1: core and part of the block of protective tubes between lower and middle plates,

e #2: hot leg including steam generator hot collector.
For P = 16 MPa, t = 314°C,n = 1.3, 2 = 107, o = 700kg/m®, ¢, = 970m/s, c; = 475m/s
and a;, = 251 m/s. As the result, we obtain for #1 and #2: f; = 5.14Hz and f; = 2.75Hz,
respectively. These values are very close to experimentally obtained results in Volgodon NPP.

The sudden increase of pressure pulsations in hot leg of the NPP Volgodon during start up
tests was explained using hypothesis of parametric excitation. Resonance vibrations are not
met. It is possible to assume that this phenomenon is common in all VVER 1000 NPPs. Theory
is known, experimental verification is needed.
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This paper deals with comparison of speed andlgyabf modifications of the fully stress
design (FSD) method for structural optimizationtrofss, beam and thin shell finite element
models.

As the name *“fully stress design” suggests, thenggple of the FSD method is
optimization of structures to full stress state, stresses in the structure should approach the
stress limit. The FSD method is a popular approadptimization of truss structures, mainly
due to its simplicity and effectiveness [2]. Itsimadvantage against other methods, like
Nelder-Mead method, gradient methods, Monte-Carlo genetic algorithms, is in
consumption of relatively small number of finitelent analyses. The FSD method requires
just one finite-element analysis per iteration stgregarding the number of optimization
variables, while for the other mentioned methodsrthmber of analyses rises with number of
optimization variables. On the other hand, theafshe presented FSD algorithms is limited
only for optimization of structures from the aspettstress state, without consideration of
other limit states including buckling, excessivdotmations or fatigue. Nevertheless, the
general principles of this method can be used theroproblems, as this method and its
modifications can be considered as root findingpalgms from the mathematical point of
view.

The presented algorithms are based on two rootnfjndumerical methods i.e. Regula
Falsi and Newton’s method. The Regula Falsi orefaigsition method is based on similarity
of triangles, the common vertex of these triangde=salled “false point”, in this case it will be
point [0, 0]. The Newton’s method is based on asm&ption that the evaluated function has
continuous first derivation. Derivation of the avaled function will be calculated
numerically using similarity of triangles [3]. Irase of Newton’s method, the calculation of
derivation requires results frokal iteration step, so for the first iteration stepadgjorithms
based on Newton’s method have to use one of ther atiethods. All presented algorithms
realize uni-dimensional optimization individuallygrfeach optimization variable.

This paper does not contain the description fortedited algorithms, instead only 2
algorithms for every type of structure were chosdgorithm no. 1 “classical” FSD for the
purpose of comparison and the best performing gkgorfrom the remaining algorithms. For
truss structures were tested six algorithms: Bs&ical” FSD, 2. “squared” FSD, 3. Newton's
method, 4. linear approximation of axial forces Newton’s method for prediction of axial
forces and 6. “squared” approximation of axial &wcThis paper contains description of
algorithm no. 1 — “classical” FSD and algorithm fmoNewton’s method for prediction of
axial forces. For beam structures were tested digerithms: 1. “classical” FSD, 2. linear
approximation of internal forces and moments, 3vtda’s method for prediction of internal
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forces and moments, 4. “squared” approximation ndérnal forces and moments and 5.
“mixed” approximation of internal forces and momneenthis paper contains description of
algorithm no. 1 — “classical” FSD and algorithm @dinear approximation of internal forces
and moments. For thin shell structures were tesés@n algorithms: 1. “classical” FSD, 2.
“squared” FSD, 3. Newton’s method, 4. linear appration of internal forces and moments,
5. Newton’s method for prediction of internal fosceand moments, 6. “squared”
approximation of internal forces and moments andn7ixed” approximation of internal
forces and moments. This paper contains descripfi@tgorithm no. 1 — “classical” FSD and
algorithm no. 2 “squared” FSD.

FSD based optimization algorithms were programmealprogramming language Matlab.
Truss and beam finite element models were modeiddcalculated in FEA software created
by authors in Matlab. Models and calculations ah tehell structures were realized in a
commercial FEA software ADINA and a cross-connettetween Matlab and ADINA made
by authors provided data transfer between ADINA dnatlab [1]. Data transfer from
ADINA to Matlab was parallelized using Matlab P#&hklToolbox. Further parallelization of
optimization programs allowed us to test severgjodthms simultaneously and thus
significantly reduce time needed for testing andugdging.

The paper contains theoretical basics of finitenelest method, analysis of stress state and
description of chosen optimization algorithms farss, beam and thin shell structures. The
core of the paper is numerical testing and compartd proposed algorithms. The conclusion
is dedicated to evaluation of performance of trappsed algorithms and recommendations in
the choice of algorithm for particular type of stiwre.
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The most frequent failure mechanism of a polyoléfie. polypropylene or polyethylene) pipe
in pressure applications is so called slow crackmgn — SCG. The time to failure by this
mechanism is usually estimated by standard extasipal method from the results of the
hydrostatic pressure test. However, with increasjaglity of plastic piping materials, these
tests take very long time to produce satisfact@sults. The lifetime is then estimated by
different methods that are based on the resulRENT, FNCT or CRB tests and linear elastic
fracture mechanics [1].

Circumferential and axial residual stresses origina the pipe wall during the uneven
cooling in the process of manufacture [2]. Espéciaircumferential residual stress has a
significant effect on the lifetime of the pipe, bese it adds to the hoop stress invoked by
hydrostatic pressure inside the pipe and thus helpsks grow. It is important to know
correct distribution and magnitude of it, so it cha included into mentioned lifetime
calculations [3].

In order to assess the distribution of
circumferential residual stress, a
experiment was carried out using
quite old method — pipe is cut into
number of thin rings, the wall of thes
rings is divided into several layers an
using a lathe, some of the layers &1. cutting the pipe
removed. Then, the rings are sl i
axially and allowed to deform, while
the change in diametdD is measured
(Fig. 1), [4]. Fig. 1. Schema of the experiment

A set of 8 polypropylene (PP-R
Vestolen P9426) pipes of different dimensions wsedufor the experiment, the dimensions
being (diameter/wall thickness): 32/4.4, 40/3.7/54%), 40/6.7, 63/5.8, 63/8.6, 63/10.5 and
110/15.1. Measuring took place after one and agter four weeks after the slitting. For all
of the pipes a residual hoop stress distributios wlstained by evaluating the measwil
by a method based on a theory of a curved beam.r@$idual stress distributions were
obtained in the form of 10 discreet values acrbsspipe wall, because every pipe wall was
divided into ten layers and the stress in eaclrlayes considered constant. These values were
then fitted with an exponential equation in thenfoof gire{X) = c1+c,*, wherec,, ¢, andt
are constants andis the relative position in the pipe wall.

FEM simulation was used to test the behavior of ithgs under the influence of the
residual hoop stress and to verify that the metifaslaluation was correct.

2. removing turning

4. calculating
” distribution

04

3. slitting and measuring
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Although the pipe dimensions
were different, the resultant5
residual stress distributions we

1

all similar in shape and magnitudes, |

If the pipes are manufactured in &

similar manner, the residual stres% -1
should indeed be similar and the§ _ |

could be estimated by one general
equation independent on pipg
dimensions. This equation was; —

63/10.5

n—---32/4.4
--=-110/15.1

——general equation
= =+ (0.2 MPa interval

proposed for®

(see

Fig.

2)

polypropylene. It was obtained as '50

01 02

exponential fit of the average
residual hoop stress values.

0:3 04 05 06 07 08 09 1
relative wall thickness x [-]

Fig. 2. The residual hoop stress distribution itypmpylene

relative position in the pipe wall [-]

Fig. 3. The residual hoop stress distribution itypthylene pipe
compared to general equation for polypropylene

= 2 . | 1 3 3 3 3 The described experiment was
S e also carried out on one
° ol 1 B polyethylene pipe (dimensions
& ‘ N 160/14.6). When the results for
T I S N S S A SN ] polyethylene are compared to the
£ -2 O — "\ 1 general equation that was set up for
o oo Fesicllelese TRk, | | ¢ "\_| polypropylene, it can be seen that
2 - - - residual stress, 2 weeks B L7 . . -
£ _l residual stress, 8 weeks | | © N thg distributions are again similar
@ ——general equation for PP | | | (Fig. 3).

S0 o1 02 03 04 05 06 07 08 o9 1  However, these distributions

were obtained by measuring and
evaluating deflection of thin rings.

Longer pieces deflect more because
of the presence of the axial residual

stress which does not affect the thin rings. Thiecsfze hoop stress in an actual long pipe is

then higher [5].

The presented research dealt with assessing thduaesoop stress in the wall of
polyolefin pipe. A general equation for residuakss distribution in polypropylene pipe was
proposed. It was found that it estimates correaidp the distribution in polyethylene pipe.
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Fatigue crack propagation in railway axles
P. Pokorny®, L. N&hlik? P. Hut&?
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P Faculty of Mechanical Engineering, Brno UniversifiTechnology, Technicka 2, 616 69 Brno, Czech Riepu

According to the latest released report of the peam Railway Agency (ERA) from 2014 [1]
the number of train accidents caused by failur¢hefrailway axles was 52 cases in 2010,
33 cases in 2011 and 62 cases in 2012 (failurabeofailway axles in European Union).
Because of possible serious consequences of silotefthe estimation of residual fatigue
lifetime of the railway axles could be useful fafer operation of the trains. In many cases
the failure is associated with fatigue of matej2dl The cracks dangerous for fatigue failure
could be present in the railway axle already froamafacturing process of the railway axle or
from assembly of the railway wheelset, where twaels are press-fitted on the railway axle
and some cracks could initiate. The dangerous arauald also initiate during train operation
where e.g. flying ballast impacts could cause shrgdeeper than 1 mm), which could
contribute to fatigue crack initiation. In many eaghere is a contribution of corrosion [3].
The possibility of detection of such cracks is oflmbilistic nature. The greater crack is, the
more likely detection of crack is. For estimatidritee residual fatigue lifetime of the railway
axle the crack with certain size which might not detected by non-destructive testing
method should be assumed. The most important poihiat the railway axle with crack has
to be removed from operation before the fatiguelcn@aches the critical size. This work
deals with estimation of the residual fatigue lifez of the railway axle. The methodology
used can be divided into two main parts: numernmat based on finite element method
(FEM) simulations of growing crack in the railwayl@ and analytical part dealing with
estimation of the residual fatigue lifetime basedtioe knowledge of fracture parameters of
growing crack in the axle. The numerical model ad&rs the railway axle with initial crack.
According to experimental observations the crack $emi-elliptical shape of the crack front.
One of semi-axes of ellipse is crack length

The contribution is focused mainly on the second, p&. on the procedure of analytical
estimation of the residual fatigue lifetime of tta@way axle. The behaviour of such crack is
described by stress intensity factbr The maximal stress intensity factor in one logdle
could be expressed as:

Konax = Tmacd 778Y, (8 + K o0 (9, (1)

where dgnaxis the maximum of remote loading stress in one atde, Y|(a) is shape function
obtained byK-calibration procedure based on FEM modelling Eng-(a) is stress intensity
factor performed by residual stresses caused ®s{itted wheel. The contribution of press-
fitted wheel toKnax Value is similarly obtained by FEM calculations.

For establishment of the residual fatigue lifetioig¢he railway axle is necessary to carry
out an experiment focused on fatigue crack propagatate determination of particular
railway axle material. In this work the standareet$ EALN and EA4T for manufacturing of
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railway axles are considered. The most common motlelK dependence is described by
Paris-Erdogan law:

(‘:; DAAS =C(K,, )" - Aa=C(K,,)"AN for K, =K, 2)
by discretization of this model it is possible tanmerically express fatigue crack length
incrementAa for one load cycle. However, the trains are subpbdo variable amplitude
loading. This variability is caused by different\gee regimes of train (train goes to curved
tracks, over crossovers, switches or different loaaditions of train: full load train, unloaded
train, etc.). Therefore, the maximum of remote ingdtressomax is not constant. Such type
of loading is associated with interaction effeetbere fatigue crack increment is not the same
as in the case of constant amplitude loading [4je Tost important interaction effect is
retardation of propagating fatigue crack due torloael cycles. For inclusion of retardation in
this work the generalized Willenborg model was ugddThis model uses effective value of
the stress intensity factdfcs instead of the maximadtress intensity factoKmax Kesr IS
influenced by plastic material properties and bstdry sequence of loading. This approach
provides more accurate estimation of residual gatitife time than approach which does not
take into account existence of the retardationce$feThis paper also shows the impacts of
several different-K curve descriptions on estimated residual fatigie¢irhes of the railway
axles. Besides the Paris-Erdogan law, the NASGR&iwoaship and multi-linear model of
v-K curve are used. The Paris-Erdogan relationshiptsable to describe typical bending of
v-K curve near to threshold value and thus residuguatlifetime obtained by Paris-Erdogan
relationship gives to much conservative resultse Tiext two considered models take into
account this bending of-K curve near threshold value and their estimatiothefresidual
fatigue lifetime is more accurate. The importantt pd this work deals with sensitivity of
threshold value on the residual fatigue lifetimettod railway axles. It is shown that little
change of threshold value has substantial impath@emesidual fatigue lifetime of the railway
axles.
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Influence of the fibre stiffness model in a weidgibte-pulley-
drive mechanical system on the coincidence withettgerimental
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Experimental measurements focused on the investigaf a fibre behaviour are performed
on an assembled weigh-fibre-pulley-drive mechansgastem (see Fig. 1). The carbon fibre
(of the length 1.82 meters), which is driven by dnee, is led over a pulley. On its other end
there is a prism-shaped steel weight (of the wek)96 kg), which moves in a prismatic
linkage on an inclined plane (angle of inclinationcould be changed — in presented case
a=30°). In presented case the position of the waggeymmetric with respect to the plane of
a drive-pulley symmetry [1]. Drive excitation sigeacan be of different shapes with the
possibility of variation of a signal rate (e.g.)1The influence of the fibre stiffness in the
computational model on the coincidence of the sathoh results and the experimental
measurement results are evaluated. Time histofigeeoweight position and of the force
acting in the fibre are measured.

drive

Fig. 1. A real weight-fibre-pulley-drive mechanicsistem and its scheme

A massless fibre model is used in the model ofintlvestigated system. The weight, the
pulley and the drive are considered to be rigidiégmdMotion of the drive is kinematically
prescribed. Investigation of the fibre propertiémmating the influence of the drive and the
pulley (weight-fiore mechanical system only) [2] svan intermediate stage before the
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measurement on the weigh-fibre-pulley-drive mectarsystem. A phenomenological model
(comprises e.g. influences of fibre transversalratibn etc.) was the result of this

investigation, but the general phenomenological ehod the fibre was not determined. The
fibre damping coefficient, the fibre stiffness athe friction force acting between the weight
and the prismatic linkage were considered to b&esyparameters of the phenomenological
model. The parameters determined at investigatiegnteight-fibre system [2] were applied

in the fibre model of the weight-fibre-pulley-driggstem.

At simulating the experimental measurements forickgr” drive motion (e.g. [1]; see
Fig. 2) the local extremes of the monitored timstdnies of the weight displacement and of
the force acting in the fibre are dependent ortral phenomenological model parameters.
From the obtained results it is evident that patenseof the fibre phenomenological model
must be, in addition, considered dependent on itglo€ the weight motion. That is why the
influence of considering the velocity-dependentfrstss in the fibre model on dynamic
response of the system is topically investigated.

Tested situation 3¢ Tested situation 3¢
120 T .

Drive displacement (input data) L Measurement
------ Weight displacement (measurement) | ------ Simulation - constant stiffness
----- Weight displ. (simulation) - constant stiffness 700 - ——=== Simulation - velocity-dependent stiffness |
Weight displ. (simulation) - velocity-dependent stiffness

100 -

[or]

o
(o]
o
o

D
o
Force [N]

N
o
T

Displacement [mm]

) 3 5 1.5 ) 3
Time [s] Time [s]

Fig. 2. Time histories of the weight displaceméeit) and force acting in the fibre (right)

The velocity-dependent stiffness of the fibre ipmased in the form

c= C. . if v,
c.t(v—-v,)[e,, if v>v,

tr 1

1)

wherec is fibre stiffnessg. is constant fibre stiffness (taken from [1§), is constanty is
instantaneous velocity of the weight andis threshold value of the velocity of the weight.
The optimal (constant) values of constaptand threshold value of weight velocity were
found.

Development of the fibre phenomenological modeltiomes. It can be supposed that in
a more sophisticated phenomenological model ofikiie a more complicated dependency of
the fibre damping coefficient (and alternatively nmgophisticated fibre stiffness model) will
be considered.
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Vibrations of blades couple connected by slip-stickfriction
L. Pasf, L. PeSek A. Radolfovéa
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The reduction of enormous great resonance vibratodriurbine blades is very often realized
by using dry friction contacts between vibratingreents. Many theoretical, numerical and
experimental investigations of dynamic propertidsturbine blades were done also in
Institute of Thermomechanics ASCR particularly wiitle main attention on the development
of means for reduction of dangerous resonance amdpb of blades. The dynamic systems
investigated in previous papers [e.g. 2-4] conthinfriction elements with “force-velocity”
characteristics.

Prepared paper describes a mathematical modehédysang the dynamic characteristics
of two-blades bunch with more complicated “stick’sdamping connections among blades
than previously used friction characteristics. $alvieypes of stick-slip mathematical models
with 3D force-velocity-displacement characterisiiai be presented and analysed. Effects of
tangential micro-deformations in contact surfaceswaell as of dry friction forces and
excitation amplitudes on hysterezis loops and ospomese curves will be shown and
discussed.

Application of dry friction characteristics des@tby a comparatively simple 2D “force-
velocity” expressions are useful in the rangesrefgrelative velocities and stiff contacting
bodies. Application of dry friction characteristicescribed by comparatively simple 2D
Jforce-velocity* expressions is useful in the raage great relative velocities. Use of only
one motion variable - velocity - enables an easy calculation for the majoritgmdineering
problems, where the vibrating bodies can be sumpasestiff and when at great amplitudes
only slip in contact surfaces each against othdedsive.

However with some friction couples, where frictisarfaces are placed on some relative
compliant parts of moving bodies it is necessaryuse more sophisticated computational
model. This case is significant especially at Milorss with small amplitudes. Such a “stick-
slip” contact model is shown in Fig. 1, where thwirsy replaces the contact tangential
stiffness.

This element consists of Coulomb dry friction pahsecutively connected to spring with
the characteristic

f(X,X=%x)=k(x-x%) Iif % =0,
f (X, X— %) =sign(%) if |x1| >0. Q)

Point A of spring and damper connection can be asgg either weightless (case a) or
with a very small massy, modeling mass of elastically deformed parts aftacting bodies
near the friction surface.

Hysterezis loop for simple cosine motion has rhoitHiorm and contains four breaks [1].
However, if the relative motion in the contact sod is not so simple, but contains higher
components, the computation is much complicated iangery inconvenient for dynamic
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a) b)
Fig. 1. Stick-slip contact model

problems solution. Direct numerical solution (e@DE solvers in Matlab) of ordinary
differential equation based on transformation iateset of first order equations runs in
difficulties with inversing functiorsign in friction characteristic. This complication cae
removed by expressing the Coulomb law by means“afc-tangent” function, which is
continuous in the whole range of velocity

2
F. = F,—arctg(a %) .
t= o 9(a %)
Examples of rhomboid hysterezis loops in Fig.2dmvn for three amplitudes=2, 1.5,

1, a =25. and for parameters of spring and dry friceédementk = 1,Fo = 1.

. FOCOS(L)'[T Xa i
E- 04 kz X3Ti m
£ -
g % \_lr[b
Y s \:\
Fig. 2. Rhomboid hysterezis loops Fig. 3. Manfahlades couple

Simplified mathematical model of blades couple cstitgy two identical 1 DOF slightly
damped subsystems connected by a slip-stick fnctiontact is in Fig. 3Differential
equations of motion of this system excited onlytlofirst mass are

X, + bx, + kx, + K, (%, — x,) =F, cosat,
K, (X, —X,) + F,2/ marctan@(x, — X;)) =0, (2)
X, + b, + kx, — F,,2/ marctan@(x, — X;)) = 0.

These equations contain only continuous functiorts@n be easy numerically solved as
will be shown and discussed at presentation.

Acknowledgements

The work has been supported by the conceptual dgwvent fund RVO: 61388998 of the
Institute of Thermomechanics AS CR, v.v.i.

References

[1] Ding, Q., Chen, Y., Analyzing resonance resgomd a system with dry friction damper using an
analytical method, Journal of Vibration and Contt4l(8) (2008) 1111-1123.

[2] Pust, L., Pesek, L., Radolfova, A., Various aypf dry friction characteristics for vibration dpimg,
Engineering Mechanics 18 (2011) 203-224.

[3] Pust, L., Pesek, L., Vibration damping by driction with micro-slips, Proceedings of Dynamick o
Machines 2013, Prague, IT AS CR, 2013, pp. 93-102.

[4] Past, L., PeSek, L., Influence of delayed excitation on \tilores of turbine blades couple, Applied and

Computational Mechanics 7 (1) (2013) 39-52

118



O M PUTAT'O N AL 30t conference with international participation

MECHANICS 2014 ...

The influence of floating ring bearing parameters on turbocharger
dynamic behavior
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Currently the considerable attentiron is devoted to analyzing of dynamic behavior of turbocharger
rotors that is inseparably linked to bearing system characteristics. According to [2] the rolling-
element bearings or floating ring bearings are usually used in case of turbochargers. In case of
automotive applications the floating ring bearings are mostly used because they do not exhibit
excessive noise and reduce power losses [1].

The floating ring bearings comprise two oil films separated by a fully floating ring, see
Fig. 1. According to [2], each oil film transfers the force that is specified by the bearing ge-
ometry, lubricating layer properties and angular velocities of bearing surfaces. If the journal
rotates by angular velocity w; and the bearing bore rotates by angular velocity wg, then the
floating ring rotates by angular velocity wg = RSR - w;, where the Ring Speed Ratio (RSR) is
associated with the friction power in the bearing and can be expressed using bearing parameters

as 1
RSR = : (D
1+ n(To)Locr \/1—¢1 (@)3

Tr)L D
n(Tr) ICO\/l 2 I

Considering laminar flow of Newtonian isoviscous fluid in a radial cylindrical short bearing with
no cavitation effect, the damping and stiffness coefficients of the oil film result from Reynolds
equation solution. The bearing coefficients derivation is written in [3].

tr
Y Y,
FO
ty
Lo
‘/ 4 F([I)
x/ Fr LFJ n(Ty) ‘o
(0] OB k‘ L g
1 1 c;
Do| D;| D, 7&,7 777777777777 nT) ? 77777 -
Iy | |
L— \J
og

Fig. 1. Floating ring bearing scheme
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Considering small displacements near the static equilibrium position, the turbocharger rotor
represented by the a shaft of continuously distributed mass mounted by several wheels can be
mathemathically described using finite element method [3]. Then, this rotor is supported by
radial floating ring bearings can be described using equations of motion that can be expressed

in matrix form as
s [« ([ o o) [ )+

{MR 0
([ S [3]- (4]

0 Mp
az
where Xy are matrices describing the rotor and X p are matrices representing floating ring
bearings.

The influence of bearing parameters is investigated on automotive turbocharger weighing
about 200 g that is supported by two radial floating ring bearings. Having regard to the expres-
sion (1) determining the speed of rotation of the ring wg, the change of bearing parameters is
realized through changes of considered operating temperatures of lubricant in both bearings,
more specifically in Table 1. Recall that the change in lubricant temperature is linked to a
dynamic viscosity change.

ﬁlR
aB ?)

Tab. 1. Combination of lubricating layers temperatures

Bearing a Bearing b
Inner oil film | Outer oil film | Inner oil film | Outer oil film
I 20 20 20 20
II 100 80 70 70
11T 180 140 130 120
v 180 160 150 140

The aim of this work is to determine the effect of changes in lubricant temperature, and thus
the parameter RSR, on the dynamic characteristics of the turbocharger rotor-bearing system.
Although the floating ring bearings are more suitable in case of automotive applications [1], the
presence of four layers of lubricant significantly affects the character of the system. First of all,
lubricating layers are a significant source of turbocharger rotor-bearing system instability.
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Computational modelling of cavitation in simple gegiries, but
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Cavitation occurs when local pressure in flowirguid drops below saturated vapor pressure.
If the resulting vapor bubbles are transported @gians of higher pressure then sudden
condensation follows, which is accompanied by elmissf pressure and acoustic waves [1].
Above described process leads to cavitation ercsmmhconsequently to shorter service time
of the hydraulic machines.

However cavitating flows are also characteristicibgreased amount of unsteadiness.
Unsteady behavior is manifested by cavitation clebheédding and by increased pressure
pulsations. These phenomena deteriorate hydraudichme performance and are usually
transmitted further to the system (pipeline, val\as.).

Two cases were experimentally and computationaliydied: cavitating flow in
converging-diverging (CD) nozzle [3] and cavitatifigw around hydrofoil. Although both
geometries are rather simple, the flow is very clempmlue to interactions of the turbulent
flow and cavitation clouds. Computational simulaicevealed that proper capturing of the
underlying one-phase flow field is crucial to obtabrrect vorticity distribution. Clouds filled
with vapor are born from regions of concentratedtioity and shed downstream. Only
advanced turbulence models (Reynolds Stress M8delge Adaptive Simulation) are able to
predict vorticity field and development of the weedy swirling flow [3].

Increased vorticity generation in two-phase flowsaused by additional term in vorticity
equation [2]. This equation is obtained by applycwyl operator to Navier-Stokes equation
with variable density:

dw; dw; av; dv; day 1 dp Op
at T 0x; — 9x; Wi 0x;  Eijk ax; ik p? 0x; 9xy ' @

The last term on the right hand side (equivalenthfasing differential operators is ) is so
called baroclinic torque. Maximum vorticity geneoat due to this term is when the gradients
of pressure and density are mutually perpendiclilastration for the case of converging-
diverging nozzle is depicted in Fig. 1. Resultingwf pattern is characterized by regular
shedding of the vortex rings, see Figs. 2 and 8oAting to numerical simulations the vortex
rings are not present for the case of non-cavgaflows. Decreasing cavitation number
induces generation of vorticity due to baroclirocque term and onset of cavitated boundary
layer separation, which is then rolled into vortig.
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Fig. 1. Scheme of pressure and density distributigdhe throat and diverging part of the CD nozzle
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Fig. 2. Cavitating vortex ring in converging- digarg

Fig. 3. Vapor region in converging-diverging
nozzle — experiment nozzle — computational simulation

Shedding of the cavitation clouds was also obsemdtbw around NACA hydrofoil. It
was confirmed that baroclinic torque is importamt fprediction of the vorticity in two-phase
flows (or generally in flows with stratified dengit Presented results stress using cavitation
models based on transport equation of the volumetifm instead of barotropic models in
which , by construction, the gradients of pressuré density are parallel.

Some conclusions for correct simulation of the eadiness and instability of cavitating flows
can be drawn from present research:
- instability is connected with vorticity generation,
- proper capturing of vorticity in one-phase base/fis essential requirement,
- interplay between the phase distribution and presgradient has to be modeled to obtain
additional vorticity generation due to baroclinicque.
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This work presents a thermodynamically formulated model of shape memory alloys (SMAs)
extended by the element of plasticity. The model is designed to simulate the response of poly-
crystalline NiTi-based SMA materials. Its features include a description of the transformation
between austenite, R-phase, martensite and its reorientation. This model has been improved
with von Mises plasticity with linear hardening in martensite, the additional dissipative process.
The model together with the extension is created within the framework of continuum thermody-
namics of irreversible processes. The model was implemented into the finite element software
Abaqus via UMAT subroutine. Several simulations were carried out for a description of its
behavior under loading and the response of the model was compared with experimental results.

Shape memory alloys are characterized by a different response on thermo-mechanical load-
ing than classic metals which makes them suitable for special use in technical as well as medical
applications. During the past few decades, a great effort has been made to create mathematical
models to describe SMA behavior.

Most of the modern SMAs models based on the principle of driving forces that are evaluated
in every increment and when such driving forces reach a certain threshold, then the current
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0

Fig. 1. Stress-strain diagram for uniaxial tensile test —loading and unloading with a five different
yield stresses and a hardening parameter Hp = 15 000 MPa
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process (reorientation, phase transformations, etc...) is activated. This is one of the ways to
obtain an adequate response observed in experimental results. Unfortunately these models are
often quite complicated and insufficiently robust and stable.

Another possible way to describe the behavior of SMA (see Fig. 1) is to use a thermome-
chanical framework [2]. It is the basis for the current SMA model [4] which works due to the
minimization of the Hemholtz free energy. This model is characterized by a novel form of the
dissipation function coupling martensite transformation and reorientation processes, transfor-
mation between austenite and R-phase, material anisotropy and now also with plasticity in the
martensitic phase. The model contains eight internal variables (martensite volume fracture, five
components of a transformation strain, R-phase volume fracture and plastic multiplier) which
are minimized aspect to Hemholtz free energy using the downhill simplex minimization method
by Nelder and Mead. This minimization method is unconstrained so that the hyperbolic tanget
transformation is used to ensure fulfilment of the physical limits.

Hemboltz free energy is now composed of three parts. Elastic energy f¢, chemical energy
fetem and plastic energy 7'

f — fel +fchem+ fpl‘ (1)

Plastic term in the energy is active all the time and it is minimized in every increment. In
relation to the aspect of plasticity, two physical parameters had to be added — Yield stress [MPa]
and the Hardening coeficient [MPa]. The total plastic strain is a cumulative variable and it is
composed of many small increments to capture the changes in stress so that this model can also
be used for nonproportional loading.

The material model described in [4] was enhanced by the other dissipative mechanism —
plasticity of the martensite through the addition of one new internal variable. The extension
follows and respects all thermomechanical principles and ideas of the original model. The
future development will be mainly focused on enhancing the numerical solution of the model.
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Computational modelling has become a significaml io many branches of biology and
medicine. Accuracy of mechanical computational gses is limited by disposal of high-
qguality input data on material properties of theestigated biological materials. Their
specific properties require specific approaches mechanical testing which are not
standardized and consequently suffer from inaceesacaused by varying experiment
conditions. For instance, the tested specimen fiflBological tissue can be attached and
loaded using clamps or hooks, see Fig. 1.

Fig. 1. Specimen gripped by means of clamps (&ft) hooks (right), two pieces for each edge

The number and the size of clamps and hooks haigndicant impact on the distribution
of stress and strain in the centre of the specimdmere deformation is measured. These
effects of different boundary conditions were amatyin [1-3] via 2D computational models
and limited variations of gripping methods. But tbBowing questions remained unanswered
adequately or at all: Are 2D models sufficient simulation of biaxial tests of soft tissues?
How can the accuracy of stress-strain dependendeflobenced by range of numbers and
dimensions of the loading elements (clamps or hdokow is the accuracy influenced by
material properties and size of the sample? Intshdrat is the best way of realization of
biaxial tension tests?

To find the answers, 3D computational models wesedu(see Fig. 2) to elaborate a
sensitivity analysis of number and size of clampg bhooks. The number and size of clamps
and hooks were optimized by computational simutegtian such a way that the material
parameters obtained in the biaxial tension testespond to the utmost to the actual
parameters of the investigated material.
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Fig. 2. Computational models of specimen grippetidgks (left) and clamps (right)

Two isotropic hyperelastic models of material wdiifferent stiffnesses were used in both
equibiaxial and proportional test protocols (displ@ent ratiai:uy 1:2, 1:4).

[z 7 010534 1

5 & i 3

Fig. 3. Resulting normal strain in X axis in a geamodel using clamps (left) and hooks (right)
in simulated proportional loading with displacemeantrolled protocoii/u, = 4/1

The comparison of different influences on measuwdath and resulting accuracy in
determination of the true material parameters skiotlve following conclusions: The 3D FE
simulations have shown that for biaxial testingsofall size specimens of soft tissues both
clamps and hooks are capable to offer an accepsalgracy of results. Two, three, or four
hooks per edge can be applied independently of tthi@imeter. Two clamps give very
accurate results in a wide range of dimensionsed stamps are applicable in a narrow range
of their dimensions only and for lower loads
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In this time we meet with trend replace steel maltemwith composite materials. In design
practice in the selection of appropriate materigpcondition that the strength, alternatively
mechanical characteristics of material suits thatpaf maximum stress. Since steel materials
have homogenous isotropic material and strengtpguties, the can be used from strength
view only in this area. This can be considerablgffiective. Technology of composite
materials allows create structure, which will sstitess state and is resistant in place of high
stress, but in another place have not such chaistiate. Development of new materials puts
requirements not only on technology and design,atad on calculations. Today is common
that before production of important constructiomf@en numerical analysis whose aim is to
design the required properties. Composite matehale be compared with steel materials
significant benefits: low density, greater tenacitgsistance to chemical and weather
influence, better thermal and electrical insulatmgperties etc. [1, 3].

In homogenization process the original heterogemeonaterial is replaced by
homogeneous material with the same mechanical grepeln other words, homogenization
and averaging of properties and micro-fields ofrtiegerial are considered as a homogeneous
equivalent medium at the macro-level, and the &ffecproperties of the medium are
determined on the basis of the analysis of theastoncture, micro-geometry and properties
of the materials. There are various homogenizatiethods. Direct homogenization is based
on the volume average of field variables, suchtess, strain and energy density. Effective
properties can be calculated from effective progemefinitions. The average and calculation
of field variables can be performed numericallyr &xample, by finite element method
(FEM) or boundary element method and geometry aimatostructural properties can be
generalized for real composite materials which dbhave periodic structure distribution of
the fibers in the matrix [4]. The composite undensideration is constituted by continuous
and parallel cylindrical fibers with equal radiusdacenters periodically spaced in a hexagonal
and a squared array, as it appears in Fig. 1. $&enaed an ideal cohesion between the fiber
and the matrix. A procedure of homogenization ofamal properties of composites using the
method of representative volume element RVE wad.use

Representative volume element (RVE) representsnmoim volume element which the
measurement can be done, to represent the prapeftihe whole. Its size should be large
enough by compared to the size microstructural efgmbut small enough to allow an
analysis of the available resources. The RVE dimessare different in depending by
arrangement fibers in hexagonal or square configurabut also by the volume fraction fiber
in matrix.
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Fig. 1. Representative volume element

For the homogeneous composite material, the relstiip between average stress and
strain is
0,=C,&,. 1)
Once the components of the transversely isotropinsdr C are known, the five elastic
properties of the homogenized material can be coeapoy [2]

E,=Cu- 2(:122 / (sz + Czs)’
Vi, =Cp,/ (sz + C23)’
Ez = (C11(C22 + C23) - 2C122)(C22 - Cza)/(Cnsz - C122)1
Vas= (C11C23 - Clzz)/ (C11 sz - C122)’ (2)
G, =G

1

— - _ — Ez
st - C44 - 2 (sz Czs) - 2(1+ V23)-
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Numerical modeling of wave propagation in solidsisubject of interest to many engineers
and researchers. In recent years increased atiehie been devoted to development of
theoretical and numerical models that allow aceusainulation of different types of systems
and structures incorporating nonhomogeneous mhteraperties or interaction between
various media. The calculation of 3D response ofitudinally invariant structures may
become computationally demanding, unless more ieffific techniques, such as 2.5D
dimensional approach, are applied [3, 4]. In cds2.%D approach only the cross-section of
the structure is discretized and Fourier seriesaegion is used to retrieve the results in the
longitudinal direction. A wide range of tools isrgently available for the analysis of elastic
wave propagation in solid media including boundalgment method (BEM) or finite element
method (FEM).

Even though the FEM has encountered wide acceptandesuccess on commercial
market, it possess some drawbacks such as locKkietements, stress discontinuity across
elements or costly remeshing in large problems waitbving boundaries. The meshless
methods, an attractive option to solve these draksavere developed in the last decade.
Among many meshless or meshfree methods availtidemeshless local Petrov-Galerkin
(MLPG) method [1] has received considerable sdieraitention. MLPG is a truly meshless
method, thus no elements are required neither pmroximation nor for integration of
unknowns. This is advantageous in solving the moisl with continuously nonhomogeneous
material properties [2, 5].

In the present paper the MLPG is used for the amalygf elastic wave propagation in
nonhomogeneous media using 2.5D approach. Nodatspare spread on the analyzed 2D
domain without any restrictions. Small local cimukubdomain is introduced around each
nodal point. Local integral equations (LIES) coasted from governing PDEs are defined
over these circular subdomains. Moving Least-Squ@vl S) approximation scheme is used
to approximate the spatial variations of the memadndisplacement field. The essential
boundary conditions are satisfied by the collocaind MLS approximation expressions for
prescribed displacements on boundary nodes. Thigsaas performed in the frequency
domain with the use of variables in the form of bem numbers.

Certain heterogeneous media can be characterizetutiscomponent composites with
smooth variation of volume fraction of constitue®nhomogeneous material properties are

defined through continuous variation of Young’'s miog E(x) as

E(x)=Eo+EozyT(X)i[ EAY J], ®
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where E, is the reference value of Young's modulusy are the coordinates at the cross-
sectional area and is the radius of the cylinder.

Hollow cylinder with nonhomogeneous material proigsris analysed as a numerical
example to demonstrate the applicability of presmethod. The interior hollow part is
considered rigid, while the exterior surface isjeated to non-uniform load. Fig. 1 shows
resultingu, - displacement response subjected to applied logebiirection with frequency of

1000 Hz. The results at the cross-section of thedsr are obtained from the nodal points
while the results along longitudinal z-coordinatee @&omputed using the Fourier series

expansion. The model is applicable for various destpies of loading and material property
variations.

® [m]

Fig. 1. Computed 3D response of displacemgntfor the nonhomogenous hollow cylinder
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The paper deals with the setup of a flexible matip model of the fibre driven mechanism
QuadroSphere. The model is completed by the cortibmaf analytical methods for large
motions and the experimental identification of tfiexible eigenmodes. The complete
identified flexible multibody model is used for tlw®ntrol law synthesis. The optimized
control law is implemented to the functional modemechanism.

Optimization and design of functional model of Quegbhere, a spherical fibre-driven
mechanism with four drives, have been presentétl, i]. The following Fig. 1 illustrates an
experimental functional model of the QuadroSphere.

= a) 1 ) C) 2

Fig. 1. Experimental functional model of the Qué&sivbere

The spherical central join is realized by the Cardancept (universal joint) with direct
measurement of three angulars positions. The feeosor is placed at the end of one of four
fibres. The Fig. 2 describes a basic scheme ofa@oalgorithm. The position loop is realised
in the higher level controller. The controller dbtathe actual spherical position of the
platform based on the signals from the joint inaeatal sensors (Fig. 1 b)). Three of four
drives are controlled directly from the inverse damatics, the fourth drive is controlled in
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order to stabilize the fibre tension measured leyftice sensor (Fig. 1c). The identification
measurement had been done. The measurement ingodigsn control of the mechanism
platform with reference chirp or step signal (A§. The position control accuracy is tested by
several versions of platform requested motion (B)g. The main target of the ongoing
research is the widening of the servo bandwidth emisequently the improvement of the
feedback control. There are two steps towards dims, firstly the optimization of the
regulator of the given structure and secondly sege of additional active auxiliary structure.
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Fig. 3. Example of position control of platform
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Plastic pipes are attractive for non-pressure aafiins due to high flow rates, adequate
strength for earth loads and high chemical reststgh]. To further improve mechanical and
physical properties of polymer pipes multilayemsturing are used. Multilayer pipes often
consist of three different layers: inner layer ig&#s1ce against abrasion and slow crack
growth), middle layer (improve stiffness of the @jpand outer layer (resistance against
external scratches and point loads). The lifetirh@ anodern polymer pipe is expected to
reach up to 100 years in service. The long-tertr@iof the pipe is usually in a quasi-brittle
mode in which the slow (creep) crack growth (SC&uos. Due to the small plastic zone in
the vicinity of the crack tip in the SCG regime tiveear elastic fracture mechanics can be
applied. Therefore, the stress intensity factorlmamsed as a parameter controlling the crack
growth in polymer pipes, see e.g. [1-3].

At first the pipe without a crack was numericallyadysed in order to find the critical
location for the crack initiation. The distributiarf the tangential stress along the internal and
external pipe surface is shown in Fig. 1. The nombgenous nature of the tangential stress is
a product of nonhomogenous distribution of the mekepressure from soil.

tangential stress [MPa]

8 - internal pipe surface

- - - - external pipe surface
-10 T T T T T T ‘

0 45 90 135 180 225 270 315 360
o [deq]

Fig. 1. Distribution of the tangential stress aldhg internal and external pipe surface
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In the next step various geometries of the intecnatks were introduced into the numerical

model. The stress intensity factors for such cracksshown in Fig. 2.

0.175
3 layer pipe,
0.15 A straight crack front
homogenous pipe
0.125 | semi-elliptical crack

0.1

Ki [MPam'?]

0.075 \
3 layer pipe
0.05 semi-elliptical crack
homogenous pipe
0.025 A semi-elliptical crack interface between internal
internally pressurized and middle layer — |
0 T T T T T
0 0.5 1 15 2 25
a[mm]

Fig. 2. Stress intensity factor for the internalaic in homogenous and three-layer pipe

In this paper it is shown that the soil loading lsagnificant influence on the fracture
behavior of buried pipes. The fracture behaviorthed three layer pipe containing axially
oriented semi-elliptical or straight crack was nuicaly studied. It was shown that the
layered nature of the pipe leads to significantrel@se of the stress intensity factor compared
to a homogenous pipe. Furthermore, the materiatfate between internal and middle layer
of the pipe will also contribute to the decreasimigthe stress intensity factor, thereby
prolonging the residual lifetime of the three-lapgve. The results presented in this work can
be useful for better prediction of the residuaktifhe of the multi-layer polymer pipes
subjected to complex loading.
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The foundations shall be designed according to BE®Dland machine loads according to EN
1991-3. For heavy machines we usually analyse plaees models of the foundation with
machine. For modelling we used 3D solid elements;hime is modelled only with idealized
beams with corresponding stiffness. Frame and praidels are usually not acceptable for
block foundations because of spatial of all massesforces. The main function of concrete
foundations is stabilizing regularly or irregulanyorking of the machine. Foundation are
civil structures, witch are deigned according tolgability design (for example according to
Euro-codes). Used materials are determined as thteria with probability than 95%
characteristics are better than prescribed (Figlriigesign we don’'t know really material
properties. With most detailed model of the fouraatve achieve behavior of the foundation
with greater probability, but the really behavidrtiee system machine with foundation shall
be achieved with modeling of the whole system witbbabilistic tools.

design -
structgre \0///}',> Definitions of
resistance %% representative
N . |
N%  design values
structure crash S point Q K
designvalue  Rq B AN characteristic value Q«
Rk o . A 5% in design life
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N
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average value 3 of whole system
! AN 4 8| fregyent value frequent
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Fig. 1. Design philosophy of foundation

The Euro Standard [2] establishes principles amgiirements for safety, serviceability
and durability of structures, describes the bagistlieir design and verification and gives
guidelines for greater aspects of structural réltgpEN 1991-3 Action On Structures — Part
3 Action induced by cranes and machinery [1] defipenciples for the machine foundation
design. A complete survey of static and dynamicdsrfor various design situations should
be obtained from the machine manufacturer togethtr all other machine data such as
outline drawings, weights of static and moving paspeeds, balancing etc
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Plate model of the foundation Solid 3D model of fimendation

Fig. 2. Various level of modeling for frame founidat for turbo - set

The most frequent material for foundations is ceter(Fig. 2). It must be concrete
structure without cracks. Cracks can cause loweasfraiiffness of the foundation. For normal
reinforcement concrete structures all tension caairyforcement, but for foundation for heavy
machines tension must carry concrete. It is necgdsaeliminate the early cracks too.
Although we eliminate cracks, the non linear anedysf the foundation can be necessary
caused by non linear behaviour of the bedrock.

Frame model of the foundation Plate-Wall model of the foundation

Fig. 3. Various models for spring supported framenfdation for turbo — set
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Purpose of this paper is to build a 2-dimension model of a human body based on multibody
dynamics approaches. A system of articulated rigid bodies is linked by rotational joints and
constrained in open kinematic tree structure, to approximate external shape of a humanoid. The
model contains 17 rigid bodies, namely Pelvis, Abdomen, Thorax, Neck, Head, Left and Right
Arms, Left and Right Forearms, Left and Right Hands, Left and Right Tights, Left and Right
Calves and Left and Right Feet and 16 rotational joints, representing real human’s joints, namely
L5/Sacrum joint, T12/L1 joint, C7/T1 joint, Atlas/T1 joint, Shoulder joints, Elbow joints, Wrist
joints, Hip joints, Knee joints and Ankle joints, as is shown in Fig. 1.

The simple model of the human body is created in
order to capture global behaviour of the human body
and particular segments, respectively. Each body holds
its dimensions, mass, moments of inertia and location
of a centre of gravity (COG). Kinematics of all the bod-
ies can by fully described within position of reference
point A and relative rotation of the body around this
particular point [1, 2], as

[ body
< joint
#*ocog

X =rs+ S(pex, (1)

where X are coordinates of any point with respect to
the global coordinate system, 74 are coordinates of the
reference point A with respect to global coordinate sys-
tem, S(¢) is transformation (rotational) matrix of rela-
tive rote_ltion giV§n by angle ¢ and x are coordina@s of g g. 1. MBS model of human body
the particular point in the local (body-fixed) coordinate

system of the body.

Authors use Lagrange’s equations of a mixed type with multipliers to derive equations of
motion [1]. Firstly, energy balance method is introduced, namely the kinetic and the potential
energy for most general case (centre of gravity does not coincide with origin of local body-fixed
coordinate system). Kinetic energy of the system in a general 3D case can be expressed in the
following form [4]

17
B = 3 [0 4 S T+ (x| @
or in a 2D case
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17
B Y [50m + GA — milgth, — dtth)|. @
i=1

where ¥y = [va,,v Ay]T is velocity vector of reference point A, m is the mass of the body, /4
is the moment of inertia with respect to point A, w is angular velocity of the body around the
point A, %04, Yeog are coordinates of the centre of gravity with respect to the local coordinate
system.

Potential energy is given by the generalized forces loading the system. In this case, only
gravity force is acting on all the bodies at their centre of gravity, thus the potential energy can

be expressed as
17
Ep = Z migyiog’ (4)
i=1

where yiog is coordinate of the centre of gravity with respect to the global (inertia) coordinate
system. Equations of motion of the human body model is derived using Lagrange’s equation of
a mixed type with multipliers [1, 2] as

[M @Z} { g } _ {Qe + Qv} 5)
®, 0| |- Q. ’

in which M is mass matrix, ®, is Jacobian matrix of constraints, ¢ is vector of generalized
accelerations, A is vector of Lagrange’s multipliers, Q. is vector of generalized applied forces,
Q. is a vector of inertia forces, that absorbs terms that are quadratic in the velocities and Q) is
a vector that absorbs terms that are quadratic in the velocities and bodies i and j are constrained
by the rotational joint, that eliminates relative translation between these two bodies, and allows
only one degree of freedom of relative rotation. This kinematic constraint requires two points,

P? and P’ on bodies i and j, respectively, that coincide through the motion. The constraint
equation can be written [2] as

®(q¢',¢') =7 + S'zb — 1), — S'x), = 0. (6)

Equations of motion (5) lead to index one differential-algebraic equation, that can be nu-

merically solved. MATLAB software is used for numerical solution, simulation and graphical

visualization. Possible contacts between the model of human and some infrastructure or possi-

ble self-impact between bodies, are going to be add to the system and solve using a continuous

contact force model, regarding Hertz’s theory [3]. For the future improvement, the model will
be expanded into 3-dimensional model respecting the contact scenario [3].
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This contribution is focused on the estimationhaf ¢tritical applied stress values for the crack
initiation from sharp V-notch tip in the case oftoof plane bended specimens. The
generalized approach of the linear elastic fractoeehanics (GLEFM) was used because the
stress singularity exponent differs from 0.5 indétd case.

The stability criterion based on the generalizedistenergy density factor was applied
[1,2]. Analytical solution of the stress singularitypenent depends only on the value of the
V-notch opening angle. In the case of out of plaaading it is also influenced by the free
surface and existence of so-called vertex singylaAn analytical solution of this stress
singularity is not known, therefore it has to bdireated numerically from the stress
distribution around the V-notch tip [3]. The crdicstress values are estimated using finite
element method and analytical methods. Finallyultesobtained were compared with
experimental data published in the literature [4].

The numerical model of the out of plane bended ispat was created according to
literature [4]. The geometry is shown in the Fig.The dimensions of the specimen were:
lengthsL; = 103.12mm and., = 50.8mm, widthw = 40.64mm, notch depth={5.08, 6.34,
7.64, 8.90, 10.16}mm, thickness= 2.921mm and V-notch opening angtes 45°. Material
corresponds to PMMA: Young's modullis= 2.3GPa, Poisson’s ratie= 0.36, fracture
toughnesKc = 1.8625MPan"? and tensile strength of the material= 70MPa. Material
was considered as homogenous, linear elastic atrdsc.

2w <
M

Fig. 1. Geometry and boundary conditions of thegpen [4]

According to [5] let us suppose that the stresgidigion around the notch tip in each
single plane perpendicular to the crack front camgénerally approximated as 2D solution in
the form:

H
0ij %r_;'fij(P'@); 1)
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whereH, is a generalized stress intensity factor [Mi#h p is a stress singularity exponent
andf;j(p, 8 are known functiongy,fare local polar coordinates with origin at the &tah tip.

The used stability criterion was originally derived Sih [6] for cracks. Subsequently it
was extended by Knésl [2] for sharp V-notches. Ijniis expressed by:

1 4k
= K,.dP"2 -
Hie = Kic J kU (6 = 0) + V(6 = 0) @)

whereKc is fracture toughnesp,is stress singularity exponeht,is function of the Poissons
ratio v, U1,V; are known functions of the stress singularity exgap, d is a critical distance.
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Fig. 2. Comparison of the estimated critical appb&resses with the experimental data taken frgm [4

The boundary conditions and the influence of tlee Burface and vertex singularity were
taken into account, therefore the stress singulasiponentp along the crack front must be
estimated numerically by using log-log regressiaalysis [3]. It is caused by the different
fracture behavior due to fact that the crack sttotpropagate from the point at the free
surface, see detail in Fig. 2.

Critical value of the applied stress for crack iatibn from the sharp V-notch was
estimated by using criterion based on the genelstrain energy factor. The comparison
between results obtained and experimental data fakm literature is shown in the Fig. 2.

There was shown the practical applicability of gtability criteria based on GLEFM to
estimate the crack propagation from the sharp ¢moeven when the area of the crack
propagation is significantly influenced by the earsingularity.
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Basic information: String tensometric method is converting measwades into modified
prestress of prestressed steel string or into tlenge of the own frequency of lateral
oscillation of the string. Metered own frequeniycase of static metering is not distorted due
to long-distance transmission of frequency sigrfathe nominal string. It is therefore a
mechanical measuring method allowing simple eleatrimetering and transfer of output
information through similar electronic equipment iasbeing used by telecommunication
devices for transmission of acoustic records.

General advantages of string tensometric methad are

e High stability of ,zero entry* measured with use strings produced for musical
instruments.

* As the thermal expansivity of the string is almiaieintical with concrete and structural
steel the applications in the construction indugtrgvide for high rate of self-
compensation of thermal impacts.

* Frequency can be in fact considered as a digitafnmation, in other words frequency
information can be simply and clearly transformedoi classical form of digital
information.

» From the aspect of long-term observations the itapbradvantage in order to keep the
maximum continuity of measuring is full separalildf the mechanical part of string
meter from its electronic equipmen¥lechanical part of tensometer can become a
permanent part of the building structure as itseczen be perfectly watertight sealed
with soldering.

History of the method development in the Klokner Institute: Beginning of the string method
development is close to the date of restoratioKlofunction after the WW Il and relate
mainly to need of verification of transportationildings functionality damaged and neglected
during the war. The most remarkable impulse howewes the need of control of
development of temperatures and internal strainsoincrete works of dams of Slapska and
Orlicka reservoirs.

From the metrological aspect already in 50s théahiaty of industrially produced string
meters for tensometric measurements was secured nvétrological quality close to
theoretical maximum of these measurement tooly faimplying with real needs of the
construction industry. The worldwide primacy ofsttachievement was awarded with gold
medal during the world expo in Brussels 1958.

Further development therefore tended rather tonskia of application scope of this
string methodology, innovations for the purposepodduction simplification of produced
gauges.

The most significant act of this path was most pldy the changeover to full separability
of mechanical and electronic parts of string me&¢ithe turn of 60s and 70s.
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Fields of application: Orientation to issues as are control of mechanfaaction of
transportation buildings, control of function of t&m works (internal strain, pore water
pressures, levels, leakages etc.), constructionoggo(load on soils, shifting, landslips,
compression, pore pressures and also states ofsstned deformation of underground
buildings etc.), geotechnical underground probesles and weighing, equipment of
meteorological stations and systems of timely raatifon of local flood danger, controls of
changes and increase of weight in livestock pradongctcontrol of stock level of loose
materials, experimental static dynamics, area-figpemeters etc.

Readiness status:. namely after 1968 the relation between reseafecheasuring technologies
and its production had low effectiveness and oftatmer sabotage defects, the condition
lasting in various forms on certain level till noWw.became therefore customary that the
applied research terminated on the level of fumeatigorototype but the last costly steps
including among others structural modifications essary for industrial production with the
existing machinery were not considered by the gaweint necessary to be funded.

The readiness status in this condition thereforsdwmt correspond with tested functional
sample.

Technical solution of equipment: Developed system consists of string deformetgmt(
meters) for control of saddles compression, defleeters with string load gauge for control
of the deck deflection and external string tensenseffig. 1) in case of occasional request for
control of change of state of stress in selectets [ud the structure.

New electrical equipments consists of new electgmetic converter for detection and
excitation of undamped oscillations of the detecstring, oscillator, transducer for
digitalisation of frequency data, remote controicgits connected to the input of radio
connector transmitter, metering apparatus with tiqgovided with instruction side of radio
connector fit for automated functions during begriest.

Fig. 1. External string tensometer
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The thermodynamic loss is a major part of the mwsnected with steam condensation in the
first wet stage of low-pressure (LP) steam turhifldee magnitude of the thermodynamic loss
depends on the prevailing mode of condensatio®, homogeneous (spontaneous) or
heterogeneous. The calculations of Laali (1991) [ddlicated that, for homogeneous

condensation in the first wet stage of the LP ddmof a 900 MW nuclear steam turbine, the
thermodynamic loss was 0.8 MW.

The effects of chemical impurities on nucleatiord dreterogeneous condensation occur
mainly in the salt solution zone (SSZ). The apphoased in this paper is based on the binary
nucleation of the main chemical impurity NaCl andter. Physical and mathematical models
are then applied to steam flow with homogeneous lagigrogeneous condensation in the
nozzle cascade of the first wet stage of the LP gfast 1000 MW nuclear steam turbine. These
calculations help in clarifying the different thewsdynamic losses related to steam flow with
homogeneous or heterogeneous condensation.

The two-dimensional wet steam flow is describedha paper by the system of Euler
equations. The system is linked with equations rilgieg homogeneous or binary nucleation
and with equations describing water droplet grolaghcondensation. The mathematical model
of homogeneous and binary condensation is desciib$thstny and Sejna (2014) [2].

The nucleation numerical model was applied to tlecutation of the flow with
homogeneous and binary condensation in the 2D ediable cascade used in the first wet
stage of the LP part of the 1000 MW steam turbirfee mid-span profile was chosen for the
study and its shape can be seen in Fig. 1.

From the inlet total conditions it follows that thdet superheat isT{; — T) = 0.6 K. The
Mach number downstream of the cascade assumintyapanflow is Meis = 0.83. The flow in
the cascade is therefore subsonic and steam cataeneccurs.

The distribution of the subcooling under the SSt.Homogeneous condesation is shown in
Fig. 1 and for heterogeneous condensation in Fig-h2 steam saturation line lies near the
leading edges of the profiles. The subcooling uriderSSL gradually growd he difference
between homogeneous and heterogeneous condensatiorinly in maximum value of
subcooling.
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Alisolines=2

Fig. 1. Homogeneous subcooling [K] under the SSLAT of isolines =2 K
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Fig. 2.Heterogeneous subcoolig [K] under the SSLAT of isolines = 1 K
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Oil expression within screw presses is at presemtrhost common mechanical method to
extrude oil from oleaginous seeds. The objectivéhisf work is to present one-dimensional
continuous mathematical model of the pressing ahe@xtruding process in an expelling

SCrew press.
FEED
HOPPER OIL POINT Lo
POSITION —
BARREL SCREW \ L

=== =2

Fig. 1. Screw extruder scheme indicating main pge@®nes

The oil-seed compression processes in a screw pnelesgo three main stages as marked
at the Fig 1. After the feeding zone, where moghefair is pressed out, is the mass conveyed
and gradually compressed until the seeds reacbithmint. Mathematical model presented
within this work was design to simulate specialhe tprocesses in the oil expelling zone,
where oil is being separated.

The physical model of material representing oleaggnseeds distinguishes two separate
phases. First is the solid porous matrix, whichresents solid parts of the seed (excluding
oil). It is treated as incompressible, but its inperes are compressible. Second phase is the
oil filling the matrix pores, as well treated as@mpressible. Motion of this composite in the
screw press is approximated by a non-Newtoniard filaw, whereas the drain of the oll
within the porous matrix is described by the Dasdgw.

Presented one-dimensional mathematical model isdbas the extruder theory [1, 2]
mathematically expressed by an ordinary differérgiguation for pressur® distribution
along the coordinate, which is defined in transformed uncoiled slit gesiry, see Fig. 2.
This geometry is a good approximation for volumetha small fraction of the slit height to
width. Since the classical extruder theory deseritbew of an incompressible fluid with a
constant volume flow, model extension is introduéad

the description of the volume flo® related to the oil / z
drain through the barrel mesh (Eq. (1)) and charigbe
porosity®. ﬂj 0 b, Z_p
%
dQ/dz = —=bF{K (®), poii, h, A}PP, 1) o b
dP/dz = B~ (A - Q). (2)

Fig. 2. Geometry of the 1D model
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Herex (®) denotes the porous matrix permeglsignificantly dependent on the porosity
®) and o is the oil viscosity. FunctioF defines the dilain out through the barrel
according to Darcy’s law. Parametércharacterizes throughput of the meshed barrahfor
oil to leave. Terms A and B are based on the fl@hoaity field within a rectangular slit
predicted by Newtonian fluid flow (Fig. 2)

A =X f,DbhNcos(9) g =Lp 0 3)
= L fumDbhNcos(p), =1p22

where parameters, h, D, and ¢ define the geometry (see Fig. 1 and 2) and fadigrare
correction factors incorporating the nonlinear efffef the non-Newtonian fluid flow is the
non-Newtonian fluid exponengs is the viscosity of the compressed composite Mrgives
the screw rpm. Methods of material parameter ifieation are discussed for instance in [3].

It has been experimentally verified that the contaode of the seed mass with the barrel
and the screw is rather to be described by theeddaaindition than by Coulomb friction.
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Fig. 3. Case study of a multi-segmented screw pfiggse displays absolute pressure profile andeksing
porosity as a function of axial distarnice

Presented model is also capable to cover partdihglof the compressed seeds mass on
the contact with the screw and the barrel, thesumesgradient along the screw press axis and
the volume fraction of expressed oil. Propertieshef model are demonstrated on real screw
press geometry, see resulting pressure and porpsifile at Fig. 3. Details of nhumerical
implementation are given in [4].
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Shock absorbers are inconsiderable piece of engigesork that mainly contributes to the
car behavior on the road. To evaluate the usefsloésautomotive shock absorbers there are
several steps.

The first step in this evaluation is to developghifidelity model for use in control design
and analysis. This task is challenging becauseldingper is a highly nonlinear device. There
are two options here.

First is phenomenological model’s are used forlkgsimulations and control. However,
the phenomenological models are black box systene. ifiner function of dampers isn't
tractable and they can't be used for developing steasek absorbers.

Second option is that phenomenological model, deoto relate the model coefficients
directly to the tunable damper components, is atwaed in favor of the so-called white box
models that provide the necessary insight in thepaa physics (physical model's). They are
extremely versatile and can exhibit a wide varietyhysteretic behavior. For that they are
used in full CAE approach to deal with tuning ofrgeers. However, the physical models are
very sophisticated and the governing equationseanemely stiff, making them difficult to
deal with numerically.

The second step is identification. Based on thergata, a simplex optimization method
is employed to determine appropriate parametershimranalytical model. Comparison with
the data indicates that the models presented arerade for a wide range of operating
conditions and are appropriate for use in contrigiorthm development and system
evaluation.

This paper involves the presentation and identificeof a five phenomenological damper
models that predicts the damper force as a funafdhe damper displacement and velocity
for a given set of tuning parameters. Those can identified from dynamometer
measurements only. Then three chosen models artfielé on data from physical model and
compered with each other Fig. 1.

The five phenomenological models are: 1 Base @imemological model
Bingham model
Gamota and Filisko model
Bouc-Wen model
Modified Bouc-Wen model

OabhwnN
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Fig. 1.(1) Base phenomenological model; (2) Bouc-Wen mag@gIModified Bouc-Wen model

Measured data was used from physical model thatligise damper behavior whit
an average mean square value of RMS error is a®b@%6 [1]. Three phenomenological
models were choose (Base phenomenological modek-Béen model, Modified Bouc-Wen
model) the other two (Bingham model, Gamota angkel model) were not considered due
to low prediction ability [4].These models werentited on continuous harmonic sinusoidal
displacement. And In order to quantify the validdl the present identification, the RMS
value of the measured damper force and the RMS\@lthe residual between predicted and
measured force has been computed and listed ire Talf)uality of the predicted damper
force for the three selected models.

Table 1. Quality of the predicted damper forcetfa three selected models

Models I RMSDamper force[N] RI\/ISresiduaI force[N] Relative RM&rror
Base
phenomenologic 1093,33 84,19 7,7 %
model
Bouc-Wen model 1093,33 108,98 9,88 %
Modified
Bouc- \Wen model 1093,33 54,22 4,96 %
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This article deals with the creation of structuggdls for CFD simulations, mainly turbine
blade stages. The desired grid properties of coatipnial grids are discussed. Trends of
structured grid creation are also presented. Amprad tuning of y+, a parameter for first
layer of cells in boundary layer, is presented, ghds compared with computed results. The
possibility to estimate y+ before CFD computatisméscribed.

In CFD simulations, mesh quality has a huge impaat both results quality and
convergence speed. Experience shows that it isftweatcalculation to have a fine grid with
only hexagonal cells of good quality. This requiegthis hard to achieve for complex
geometries and impossible for some shapes. Howévey,possible to mesh computation
region of turbine blades according to these demands possibility to ensure hexagonal cells
in the whole region is to create a structured gvldst modern programs do this by dividing
the computation region into large fictional hexagjohlocks, and then meshing the blocks
separately with structured grids connected to edbbr on its sides. This approach can be
achieved automatically or manually by the user.

A good example of such a program is GridPro. lunexs the user to manually create the
mesh blocks, which gives the user complex contver aghe generated mesh. This approach
can be complicated and time demanding becausestrehas to fabricate the block grid for
meshing, and to define it point by point, but th#comes are as good as the user can think
up. An example of such grid can be seen in Fidpuring the mesh generation, the software
tries to maintain best quality for all cells withall the blocks and shapes these blocks
according to this. The resulting mesh then looke In Fig. 2. It is not necessary for the
whole mesh to be strictly structured but each bleditructured and all cells are hexagonal.
Another issue about mesh generation for CFD contiputas so calledy+. It is a number
representing a dimensionless cell to wall distatices defined ag/+ = u*.y/v whereu* is
friction velocity at the nearest wal, is the distance to the nearest wall ani$ the local
kinetic viscosity of the fluid. Desired value pf is below 5. Contribution of this number is in
possibility to estimate whether mesh near wallssudficiently smooth for solving the
boundary layer problem or not.

There are two main problems. In time of grid getiena friction velocity near wall is
unknown, and viscosity is not always known. Thishpem can be partially solved by
guessing the properties of the flow in advance #nchn be solved completely only by
making one computation and making new mesh aftelsvaknother problem is to generate a
fine mesh on the boundaries. Resulting first dett $y the wall can be 2@maller than free
stream mesh, which leads to high aspect ratio drdmdls and sufficient number of cells
across the boundary layer is considered to be hitjae 10 (different sources state different
numbers but always higher than 10), which can teahormous growth of cell number in the
mesh.
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So the question is whether it is worth it to bothéh such a time consuming process in
daily application. It is clear that in applicationdere we study flow boundary layer, it is of
high importance to have very fine boundary layer.

An example of impact of the boundary layer meshasults in ANSYS Fluent code was
made on low pressure turbine stage. The grids Weresame except for the boundary layer
grid. Boundary layer increased cell count by aldi1%. The overall flow rate, temperature
and pressure drop across the stage varied lesd#%dar both variants but the axial force on
rotor blade varied by 55%, which is very high. Talie®ws high importance of boundary layer
and y+ tuning for problems involving influence betflow on walls.

'
S

Fig. 2. Example of mesh generated in GridPro (&#dde of rotor blade)
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Material damping is an important factor which imihces vibrations attenuation, the state of
stress, the force transmission through the comstedéments and on certain conditions it can
become a source of self excited oscillations. flisce on behaviour of mechanical systems is
significant especially if they work close to thessaance regions. Internal friction of metals,
especially of steels, is comparatively well invgated but more studies are needed to learn
about the damping of new non-metallic materials.

The system which is a subject of the following istgations (Fig. 1) consists of a rigid
steel platform (80 kg mass) that is coupled wite frame by four bars made of carbon
composite material (Young's modulus 120 GPa, derisitl6 kg/ni). Under the platform
there is placed an electric machine producing tuaigying magnetic field which excites the
platform in the vertical direction by a force whdsae history can be considered as periodic
(Fig. 2). The task is to analyze amplitude of tHatfprm oscillations in the specified
frequency interval (50 - 1000 rad/s).

_ I
d0imm Excitation force [N]
F 3
£
E CARBON
3 BARS B —— 100 —
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-'—_ PLATFORM UL
SOURCE OF THE
FORCE EXCITATION -100
Fig. 1. Investigated mechanical system Fig. 2.€Thistory of the excitation force

A series of experimental measurements have beatuctad to analyse material damping
of a prismatic carbon composite bar. The measuaeahpeter was the damping ratio obtained
for several vibration frequencies. Consequently,wis transformed to the damping
coefficient. Approximations of its dependence oeqfrency assuming the viscous and
hysteretic damping models are evident from Figgn@ 4. The results show that the damping
coefficient is almost frequency independent whiciplies that character of the damping can
be considered as hysteretic with the mean valdleeoflamping coefficient 0.017.
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Fig. 3. Approximation assuming viscous damping . BigApproximation assuming hysteretic damping

Because of the symmetry only one quarter of théesysvas analyzed (one bar and % of
the platform). In the computational model the basveonsidered as linearly elastic and the
platform as absolutely rigid. Material of the baasvrepresented by a Maxwell-Weichert
model whose constitutive relationship takes thenfor

Np t
o=Es+) [pue* I edd . (1)

K=l¢

o, ¢ are the stress and stralihis the Young’s modulug, bk are the damping parameterss
the time,Np is the number of terms used to describe the hgtitetamping and)(denotes the
first derivative with respect to time. Values oétlamping parameters determined by means
of the procedure described in [1] ensure that tmpming coefficient remains (sufficiently)
constant in the required frequency interval (Fig. 5

The bar was discretized into finite elements. Thistory of the periodic excitation force
was approximated by the first 11 terms of the Fenseries. The steady state response for the
individual excitation frequencies was calculated dmploying a trigonometric collocation
method. The peak-to-peak vibration amplitude ineshefgnce on the excitation frequency is
drawn in Fig. 6 and the platform phase trajectontiie frequency of 230 rad/s in Fig. 7.
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Development of the experimental method was caugeardeent need to find new diagnostic
method for checking of the condition of mechanitadctionality of bridges and so without
need of closure of traffic for diagnostic monitayirof the building. The need was
necessitated mainly by orientation of the bridgédmng industry on mixed and prestressed
reinforced structures even in case of construatfostrategic buildings as is Nuselsky bridge,
built in the developed area.

From the aspect of diagnostics the most serious peblem is that in mixed and
prestressed reinforced structures the most sefabigsie failures do not have to originate and
spread from the structure surface. Besides effufridesign engineers to secure maximum
reliability and life of buildings lead to the endea to provide all parts of the structure with
the same level of reliability and life thus causthgt the point of origin of first failure is even
more difficult to find. Problems of diagnostics obndition of strategic transportation
buildings are methodically almost analogical witblgems of diagnostics of health condition
of living organisms, where the development of d@it methods is on much higher level so
when looking for possible methods of diagnosticednstruction we can come from solutions
reached by health services.

Construction industry is missing mainly real opeeatand economical methods of
assessment of the extent and importance of intéailates (inner organs). Basic difference
are much larger dimensions of building structures:

» for example methods of irradiation need relativieigher larger preliminary location
of the failure point,

» use of X-rays and similar emitters in open consions proved to be too dangerous,

* in case any analogy of a magnetic resonance isdfcaimmilitary embargo would be
most probably laid on it,

» internal failures with traffic load lead to defedirelease of heat energy due to friction
in failure joints. Such sources of heat energy @¢ddve been at least locally specified
with use of thermovision but because of instabitifythe environment (in respect of
temperature, wind and humidity) the reliability sfich performance is low. So a
successful application use has not been knownrso fa

As the most promising seems methods similar to EM@ similar as is for example
diagnostics based on observation of changes obmespto traffic load. This method is
becoming more economically real with developmentetdctronics. Currently the main
problem is, which characteristic parameter of thgponse to follow and how to determine
reliably relation of development of monitored paeten on the fatigue level towards aging of
the building.
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So far the most appropriate to start solution a$ throblem seemed orientation on
monitoring of development of autocorrelative funos of response to traffic load in areas
close to areas of increased hazard of failuresidfe structure occurrence. Reason for this
choice is that this characteristics of static dyitangoes not in advance fully eliminate any
part of information obtained by monitoring and Isdd simple obtaining of diagrams in the
forms that can be hopefully used similarly as EKChealth services. Besides, in relation to
application of KI developed string method of measyrthis is method that does not
necessarily need use of electronics based on useodcomputers.

Only experimentally obtained experiences would shawich observed change of
mechanical characteristics of the structure isntlost suitable for purposes of estimate of its
residual life and in which extent would have toex@ended monitoring to other mechanical
features of the structure.

Main hopes are held out for monitoring of changkthe position of neutral area of the
most flexurally stressed parts of the bridge, &samonitoring of changes of first three own
frequencies, namely their relative differences. aAsomplementary information specifying
causes of monitored changes would serve monitafrexhibits of internal dumping of the
structure or relation of amplitudes of oscillatexcited by the traffic in three basic shapes.

Similarly to assumed target diagnostic methodolthggynew preliminary practical inquiry
of experiences with new developed methodology roigiw from mathematical model of
assumed progress of life loss until full collap$¢he diagnosed building. This mathematical
model should be at least for typical buildings deecby an experiment on real mechanical
model. Based on the estimate of the course of giatkstruction obtained by the model the
diagnosed structure must be provided with instalielévant detectors (we expect string
tensometers in maximum extent possible) and madtparameters of the response to traffic
load, intervals and frequency of monitoring cyaiasst be selected.

Subsequently or on-line it would be necessary tpare parameters obtained by
monitoring with parameters estimated with matheoa&tnodel and in case of a difference to
find its cause and take remedial measure (for elartp postpone deadline of planned
reconstruction or maintenance). In case of vetifice of methodology to review the
mathematical model or to look for monitored paramethich would allow higher reliability
and accuracy of diagnostic estimate of real life.

It is necessary to install relevant sensors ordthgnosed structure (we expect in highest
extent possible string tensometers) and to selestitored parameters of the response to
traffic load, interval and frequency of monitoregies.

Conclusion: Under current condition it is therefore diffictitt get a governmental support
for long-term statistical applied research withany perspective that it would bring
economical contribution within first three years.
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The fretting wear of the fuel rod cladding is a particular type of wear that is expected in nuclear
fuel assemblies [1, 2]. The main components of the fuel rods (FR) are cladding in the form of
thin-walled tube from zirconium (subsystem C) and fuel pellets column (subsystem P) incorpo-
rated in tube with radial clearance o (Fig. 1). The compact form of fuel pellets column is held by
means of the pressed fixation spring at the top of FR (Fig. 2). This spring generates the pressure
force Fr. Each FR in the hexagonal type nuclear fuel assembly (FA) is transverse linked by
three static pre-loading spacer grid cells inside the FA skeleton on several level spacings. The
flexural FR vibrations are excited by the FA support plate motion in the reactor core.

The aim of this contribution is usage known motion of FA lower piece and spacer grid
cell centres for a simulation of the nonlinear kinematic excited flexural vibration of the FR
subsystems. Normal contact forces F; ;, [ = 1,2, 3 transmitted between FR cladding and spacer
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Fig. 1. Fuel rod cross-section Fig. 2. Scheme of the fuel rod
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grid cells (see Fig. 1) can be used for a prediction of the cladding abrasion and thinning of the
Zr cladding wall thickness.

The mathematical models of FR beam subsystems are derived using FEM. An interac-
tion between FR subsystems is expressed by impulse forces on the level of all nodal points
t=1,...,15 (see Fig. 2). The normal contact forces F] , are expressed by means of cell cen-
tres displacements z; 4, y; 4, [ = 1,2, 3 (see Fig. 1) and lateral displacements & , 1, of the FR
cladding on the level of all spacer grid cells g = 1, ..., 8 corresponding with even nodal points
2,4,...,16.

The kinematic excitation caused by the FA support plate motion [3] generates impulse con-
tact forces between FR components and may result in loss of contact between the FR cladding
and some spacer grid cells. These nonlinear phenomena cause a change of the normal contact
forces F; , in comparison with till considered linear model (for 6 = 0 and a sufficient static
pre-loading [ between FR cladding and spacer grid cells).

The criterion of the FR cladding fretting wear is expressed by the hourly fretting wear in
grams in dependence on parameters F| (static contact force between FR cladding and cells), ¢
(radial clearance) and [ (static spring pre-loading of the fixation spring), which are changing
during the reactor operation [1]. This quantity is determined by the calculated work of friction
forces in the contact surfaces between FR cladding and spacer grid cells and experimentally
obtained fretting wear parameters—loss of Zr cladding mass generated by the work of friction
force 1[J] at the excitation frequency and the friction coefficient at the same frequency [2].

The described methodology was applied for prediction of the FR fretting wear of the Russian
TVSA-T fuel assembly in the VVER 1000/320 type reactor core in NPP Temelin.
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In our work we tried to lay down some basics about an air jet weft insertion. An air jet loom
compares very badly in comparison of energy consumption with other types of weft insertion,
such as rapier loom or even water jet loom. It is a result of very energy demanding preparation
of compressed air and from bad transfer of this energy to the weft. So a standard loom of 2m
running at normal speed of about 800 rev/min must be supplied continuously by a compressor of
approximately 5 kW while the loom itself is fitted with a main drive of approximately 4 kW and
this maximal power output is needed only by starting the loom, in standard regime the energy
consumption of main drive is considerably lower.

Rather then attempt a further optimisation of nozzles' we preferred to do an analysis of
exploitation of looms in a weaving factory. We soon realized that as important as an air jet
optimisation is a correct setting-up of the loom. This requires careful but also time consuming
manipulation of the machine and a re-setting of the control system with each change in the
weaving process (e.g. change of material of the weft). This setting-up comprises a number
of parameters to be entered in the control system such as the timing of valves and nozzles,
setting-up of feeder and other devices, set-up of pressure regulator and many others. Their
input by means of control box is subject to errors and is also time demanding. The pressure on
servicing personal dictates that an universal and “robust” set-up is used. In turn, even for a well
“weavable” weft material a powerful air jet is used and the consumption of air goes high.

With the previous assessment in mind, we proceeded to an optimisation of energy utiliza-
tion during an air jet weft insertion. A mathematical relation between the parameters of weft
insertion and the air consumption in relation to the machine parameters is needed. While the
latter is relatively well known, a simple relation to describe the movement of weft is not easy
to find. Moreover there are several conditions on the textile technology that should be satisfied.
The description of air jet weft pick is given in this paper.

A mathematical description of movement of weft is [1, 3]

/LCD.p(f,t). (c(g,t) —L>adf ()\-l-fo).(( )? -I—LL) where « € (1,2)

and cp and f, are parameters to be determined. A [tex] is known fineness of the weft yarn.
Some simplification, e.g. o = 2 or assumption of constant length of weft to be acted upon, may
be done to obtain:

k(d@_z> (A+ﬁy(()+LL)

but the resulting function L = f(¢) relies essentially on knowledge of ¢(, ¢) and p(¢, t), which
in itself represents a big deal of work because of very high fluctuation of ¢ and p along the L
and during ¢. With the aim on our objective we opted for a different approach.

I'The optimal shape of a nozzle is known but impractical either for fabrication and weaving.
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From experience with a standard weft insertion it results some interesting points: first,
after an initial acceleration the speed of weft L stagnates; second, this ultimate weft speed
Voo = L|t—>oo is sensibly lower than the speed of propulsing air c,,. Comparison of numeric
solution of basic equation with experiment confirms the assumption of constant yet unknown
length of weft on which the drag force is executed. Also the square of difference of speed
matches well the reality. An expression of the movement equation for ¢ — co may be written:

ko (oo — Vso)” = (A + fo) W2

Because of v, = const. there must also be k£ = const. and ¢, = const.: the constant values of
k and c, express the integral value of propulsing forces in the steady state for ¢ — co.

Another aspect of our work to mention here is the fact that with each pick we get a set of
values of weft position. That is to say the weft is unwound of a cylinder shaped device in the
feeder and each coil is counted and the time is recorded. With these times we can well estimate
the speed L. This feature is a standard accessory of commercial feeders and the supplied values
normally serve to regulate the take-up of the weft from the supply bobbin. The number of the
coils usually varies between five and eight on a2 m loom. With all the forementioned aspects
in mind we selected the following approach: a fit function satisfying physical conditions was
chosen in form:

t . t t
L=u.. <t 9B te b (t+ 2.B)> and thus [ = v, (1 e h. (1 v E)) .
The values of v, nad B should be found by means of least squares, but a good estimation
may be found directly from measured values. Then the weft insertion quality for a given set of
parameters is characterized by the these values.

Fig. 1. Comparison of calculated speed  Fig. 2. Times of passage of weft and fit function for
and experiment 3 different weft yarns woven on the same loom
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Fibre-reinforced composites have been widely usedngineering applications due to the
superiority of their electro-thermo-mechanical pd@s over the single matrix.
Understanding the physical behaviour of these {fibmeforced composites is essential for
structural design. The aim of this paper is to shitw Method of Continuous Source
Functions (MCSF) developed by the first author fidj composite materials reinforced by
finite fibres. We will give the mathematical basithe MCSF, some results and discussion to
the toughening mechanism conductivity of compositgerials reinforced by straight fibres
of finite length.

Due to large aspect ratio of fibres, the tougheminglasticity and increase of conductivity
in heat conduction of the composite material idized especially by corresponding effect in
the fibre axis direction. Because of this, the malemain compatibility between fibre and
matrix can be simplified and to assume that thepyature, displacement, strain, stress, etc.
in all points of the cross-section are equal toheather. This property of the model is
equivalent to assumption of zero bending stiffrafd#bre, which is important to reduction of
computational model and to correct simulation omposite materials reinforced by fibres
with large aspect ratio as the nanotubes and sififilees. The inter-domain compatibility are
satisfied in discrete collocation points [3] on flie-matrix interface.

The interaction of fibres with matrix is simulatedthe MCSF by source functions, which
are 1D-continuously distributed along the fibresaxihe source functions are fundamental
solution of corresponding problem (heat sourcebeaat conduction and forces in elasticity)
and their derivatives. The forces are directed ha fibre axis direction. These source
functions, however, are not able to simulate cortiee interaction of fibres with the matrix.
In addition the derivatives of the source functionsat dipoles and force dipoles and force
couples are included along fibre axes in ordeirtaukate correctly the large axial stiffness of
fibres to negligible bending stiffness and also ititeraction of fibre with other fibres. The
dipoles and couples are derivatives of the souwretions. We assume that all matrix
materials and fibres are homogeneous and isotrdpadimensions of the matrix are infinite
(i.e. we will deal with the infinite matrix of matal with homogeneous material properties)
and models are restricted to linear behaviour. &wymvariables can be scalar like the
temperature field in heat conduction, or vectoe ltke displacement field in deformation of
elastic bodies by forces. All fields are split intawo parts, the homogeneous part
corresponding to the homogeneous problem of theimatthout fibores and the local
(complimentary) part simulating the influence ofeiractions of fibres with the matrix. We
will especially investigate the local fields in thmatrix of the composite material.
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The paper deals with modelling of physical micrelds, mainly thermal and mechanical,
in large aspect fibrous composite materials. Imtégwas of matrix and reinforcing fibres
involve high gradients of physical micro-fields tleaused difficulties in reliable numerical
simulation of composite behaviour. The developedhdeé of Continuous Source Functions
(MCSF) eliminates disadvantages of known numerioathods and reduces the solution
considerably. It uses fundamental solution and@svatives to simulate the interaction of
large aspect ratio fibres with matrix. Material pecties of both matrix and fibres are assumed
to be homogeneous and isotropic. The results ofenigal examples and micro-fields
distribution are shown in paper.

In the numerical evaluation we have to solve aegrdl equation, in which the intensity of
source functions is approximated by 1D quadratim-Naiform Rational Basis Splines
(NURBS) [4], which enable to define shape functitm&ave continuous first derivative over
the whole integration path and non-equal distrdoutof nodal points. Basic variables are
temperature in heat and displacement in elasticitplems.

The computations are performed on the homogeneaelasdf matrix material and boundary
conditions (BC) are prescribed in collocation psialong fibre boundaries. In the present
models it is considered that the fibres are stta@gid parallel. As the BC are not known a
priori, the problem is solved iteratively and isased that the fibres are superconductors in
heat and rigid in elasticity problems in the firs#ration step. This is equivalent to the
assumption of constant gradient of temperaturedisulacement in fibre axes direction, if the
fibres are straight. This corresponds to constaat How in heat problem and constant strain
in elasticity along a fibre. Finite heat flow anentperature distribution in the heat flow
problem and strain and displacements in elastaling fibres are computed in the next steps
of iteration process.

The temperature/displacement change of the cehiaah fibre by the interaction is not
known a priori in both the heat and elasticity peob. It is obtained by energy-
balance/equilibrium condition in each fibre. Thesrealized by including further r.h.s. (right
hand side) by prescribing temperature/displacenmecrresponding fibre centre equal to one
and zero for the other fibres.

See [2] more details about the computational moBetsent models do not include
nonlinear effects in all material behaviour of matind fibres, large deformations, etc. We
have to realize that the micro-fibres will be ofteurved and the curvature can change with
deformation and this will contribute to nonlineahaviour of composite, too.

The models were programmed in MATLAB and they an¢able for parallel computing and
both versions of the programs are available.
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Ubiquitous environmental tendencies along with the aftermath of lingering economic crisis em-
phasize need for highly optimized materials. Accurate and efficient modelling strategies are
sought in order to replace expensive and time-consuming laboratory experiments with in-silico
testing. The present work contributes to an ingredient of numerical analyses, the representation
and reconstruction of material microstructure.

The widely applied approach to modelling of heterogeneous materials based on Statistically
Equivalent Periodic Unit Cell (SEPUC) leads to long-range order spatial artefacts when used
for random microstructures. These artefacts can be significantly reduced employing the recent
generalization to the unit cell concept based on Wang tiles [4]. In this contribution the tiling
concept is investigated from the viewpoint of the application to numerical homogenization.

The concept of tilings is based on a finite set of square dominoe-like tiles with codes as-
signed to the tiles edges [5]. The tiles are assembled into continuous portions of plane — tilings,
such that only tiles with matching codes on congruent edges can be placed side by side.

To utilize this abstract concept in Materials Engineering a part of microstructural informa-
tion has to be attributed to each tile while preserving microstructural compatibility across the
corresponding edges. The tile morphology is designed such that a tiling resembles the reference
medium in the sense of spatial descriptors. We limit our attention to stochastic tile sets presented
in [1]. The sets correspond with intended purpose of generating random realizations of a given
microstructure and can be straightforwardly extended into higher dimensions by means of Wang
hypercubes.

In numerical homogenization, the central question is the representativeness of computa-
tional model. In asymptotic approach, bounds on the apparent property converge to the effec-
tive parameters as the size of the model approaches the size of Representative Volume Element
(RVE) [2], see Fig. 1b. Based on the premise that an accurately compressed microstructure
automatically contains information on a broad range of effective properties [3] we can inves-
tigate optimal size of RVE for various physical processes starting with the same Wang tiling
compression. From the viewpoint of numerical homogenization the most appealing feature of
Wang tiling concept is its ability to generate random microstructure realizations of any size in
a very efficient way. Moreover, creating finite element (FE) mesh for each realization can be
avoided with constructing FE mesh of each tile such that it satisfies the compatibility constrains
given by the tile codes. The tiling mesh then can be synthesized in the same manner as the
microstructure.

Computational cost related to the standard asymptotic homogenization can be thus reduced
realizing that the reconstructed microstructure is composed of repeating instances from a lim-
ited set. Significant decrease in the number of unknowns related to a discretized RVE can be
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Fig. 1. (a) An example of a sandstone microstructure compressed into a tile set consisting of
16 tiles and one realization of 10x 10 tiling (magnified part with highlighted tiling grid), (b)
apparent thermal conductivity resulting from the asymptotic homogenization of the sandstone
microstructure.

achieved taking the advantage of the repeating pattern. In particular, we eliminate internal de-
grees of freedom at each tile, leaving only their boundary counterparts. The global stiffness
matrix of an RVE is then assembled from Schur complements of each tile (macro-element)
stiffness matrix. As a result a finer resolution of FE mesh can be used while keeping the com-
putational time feasible.
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The paper presents matrices of the additional &sffidaid on shaft of hydraulic machine that
arise from the numerical CFD modeling of turbulenixture of water and air in the
hydrodynamic sealing gap (HSQ@hese HSG are an integral part of hydraulic machwi¢h
impellers (pumps, turbines). Basically it is a marrgap which is disposed between the rotor
and the stator of the hydrodynamic machine, seelFig

STATOR

Fig. 1. Scheme of a rotor and a stator of a hyghathic machine  Fig. 2. Model and computational mesh
(hydrodynamic sealing gaps are marked by red) of HSG

Sealing gap acts as a bearing element, which pteveatual contact between the rotor
and stator. This sealing gap combines the funotibdamper, spring and mass elements.
Currently, the hydraulic machines are requires twkwin a wide operating range. If the
hydraulic machines operate outside their optimunerajing point, local instabilities or
cavitation may occur. Such phenomena lead to thmdton of vortical structures, which
may cause expelling of a certain quantity of ggsconversely, may cause the sucking in of
water with a large amount of undissolved air.

The solution is based on the method of control m&s and the used tool for the solution
is numerical program ANSYS Fluent. Model and comapiahal mesh of HSG is show in fig.
2. It is assumed unsteady movement of shaft in Ki8Ghe shaft performs precessional and
the rotational movement simultaneously). The ressltan assessment of the impact
undissolved air on elements of matrices of mas$nests and damping. In Fig. 4 there are
plotted the various dependences of each force coems acting on the rotor of the machine
from fluid (corresponds to two revolutions of tlotar).

All elements hydrodynamic sealing gap are exposeithé effects of flowing liquid. The
force that acts on these elements can be symHbglegiressed in the form
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Fig. 3. Sample of progressions of forces (speadtation w= 62.8319 rad/s and speed of precession
0Q=162.8319 rad/s)

Table 1. Sample of result of CFD simulation foregppef rotationcw= 62.8319 rad/s

% of Air | Ky | Ky | By, | By, | M | Moy
0,5 60206,00 -4384,00 434,00 56,66 2,00E-01 0,00
1 60182,00 -4384,67 433,33 57,33 2,00E-01 0,00

The results from Table 1 indicate that additiorfééats of fluid are characteristic of anti-
symmetric matrices. From this table it can be aksen that with increasing the amount of air
contained in the water are affected all elementa®fbove mentioned matrices.
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Materials with periodic microstructure, see Fig. 1, often behave as anisotropic homogeneous
materials at a macroscopic level. For the sake of simplicity we consider the square or cubic
periodic cell Y := (0,1)¢, d = 2,3, decomposed into nonoverlapping Lipschitz subdomains
Y1 (an inclusion) and Y3 such that dist(I",T";) > 0, where T" := 9Y, I'; := 9Y;. We denote
I’y := 0Y, = I'y UT. The periodic material is described by a positive function a : ¥ — R such
that a(x) = a; for x € Y] and a(x) = ay for z € Y5. It is well known [1] that the solution to a
boundary value problem for the diffusion equation with the periodic material function weakly
converges (in the H'-norm) to the solution of the same problem with a homogeneous material
given by constant coefficients A° € R4,

(Ao)ik = /Ya(&-k — 0;X"), where Y¥* € Hyo(Y): /YGV)NCk Vo = / a Ogv

Y

forallv € H},.(Y), where H}.(Y") contains H'(Y")-functions that are periodic on T".

We show that the problem can be reduced to the boundary as follows:

(A%)ir, = i az + (a1 — a) / (0 i = x7) (1)

1N

where (Y%, x*) € V := HY2(T'}) x HyZ(T") solves the boundary integral formulation

o (Six). )y + a2 (Sa0h X (00,0 = (@1 = a2) [ ()
1N
for all (vy,v) € V, where S; : HY?(I';) — H~'/%(T;) denote the Steklov-Poincaré opera-
tors mapping the Dirichlet data of a Y;-harmonic function to the Neumann data. To our best
knowledge this formulation is new.

Fig. 1. Periodic materials
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Fig. 2. Numerical examples
h 2—6 2—7 2—8 2—9 2—10 2—11
err(h) square | 2.05e-2 7.44e-3 2.67e-3 9.36e-4 3.10e-4 8.24e-5
L-shape | 4.47e-2 1.14e-2 3.73e-3 1.27e-3 4.17e-4 1.10e-4

Tab. 1. Convergence of homogenized coefficients

We add to the latter formulation the side constraint fF1 ¥+ fr x* = 0 to get a well-posed
problem. This is discretized by means of a Galerkin boundary element method [3] and we arrive
at the following linear system

ar Sy + ap Sgl’“ a Sgl’r P e X} b}
a; PTSY™  a,PTS'P Ple| | X =0 ],
(e)” e’ P 0 A 0

where X% is the nodal approximation of x%(y), X" is a half of the nodal approximation of x*(y),
P preserves the I'-periodicity of x*(y), e; and e realize the side constraint, and S?”B stands for
the («, 5)-block of the discretized Steklov-Poincaré operator S;.

In [2] we prove, under smoothness assumptions, that the discretized coefficients converge
(in the maximum norm) to the true ones quadratically with respect to the boundary element
mesh size h. We document the theory with the examples in Fig. 2, where we have chosen the
material a; := 1 and ay := 10. The resulting homogenized coefficients are

o (64758 0 o [ 68084 —0.1882
Ahmin_( 0 64rss) M A= _01ss2 7.2662

for the square and the L-shaped inclusion, respectively, where A, := 2712, Table 1 documents
a super-linear convergence of the error err(h) := max [(A) — — AP

min
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Computational modeling of liver perfusion — towards a patient
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Using CT or MRI data, we are able to create a patient specific computational model of the
human liver. The 1D models of the portal and hepatic veins, which are used for computation
of fluxes and pressures in branches of the vascular trees, are reconstructed with the help of
LISA (LlIver Surgery Analyser) application [3]. Segmentation of the liver parenchyma from
CT or MRI is done semi-automatically in DICOM2FEM software [6], a finite element mesh
representing the liver tissue is generated using the marching cubes algorithm [5]. The quality of
the surface FE mesh is improved by applying the Taubin smoothing filter that is able to preserve
the total volume of the segmented organ. An example of a successfully reconstructed liver
geometry is shown in Fig. 1 (left). The reconstructed vascular trees are often of a low quality,
they are disconnected or with various non-physiological artifacts. To avoid problems in further
simulation steps, we combine the reconstruction techniques with the generation of missing or
corrupted branches using the constructive optimization method, see [2].
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Fig. 1. Finite element model of the liver tissue and 1D model of the larger vascular structures
(left); results of the numerical simulation — saturation of a contrast fluid (right)

Due to the complex hierarchical arrangement of the parenchyma and vascular structures we
use different mathematical models at different spatial scales. The blood flow in larger vessels
is described by a simple 1D model governed by the Bernoulli equation extended with friction
loss terms. The advantage of the 1D model is the minimal computational cost compared to
a full 3D flow simulation. The liver tissue including smaller vascular structures is considered
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as a 3D porous medium and the blood flow is governed by the Darcy’s equation. To capture
the different hierarchies of the tissue vascularity, we employ the multicompartment approach,
where the hierarchies are represented by spatially co-existing domains, referred to as compart-
ments, associated with a permeability tensor that reflects the vascular structure (vessel size and
orientation). The compartments communicate together and the fluid exchange between them is
driven by coupling coefficients. The model of tissue parenchyma is coupled with the 1D flow
through sources and sinks, see [4, 7, 8]. The computation is performed in SfePy, the Python
based finite element solver, see [1]. Finally, the perfusion results are used for the simulation of
contrast fluid propagation, Fig. 1 (right).

The crucial point of the patient oriented numerical modeling of liver perfusion is identifica-
tion of perfusion parameters involved in the mathematical models. The proposed identification
approach is based on the sensitivity analysis of model parameters and the optimization problem
is solved in order to minimize the difference between the simulated dynamic CT perfusion test
and the measured data.
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We describe a macroscopic model of waves propagating in fluid-saturated periodic media with
dual porosity. At the mesoscopic level, the fluid motion in deforming elastic skeleton is gov-
erned by the Biot-Darcy model extended by inertia terms, which has been obtained by homog-
enization of the fluid-structure interaction, see e.g. [2, 3].

In this paper we deal with upscaling the Biot-Darcy model from the mesoscopic level, where
large contrasts in the permeability and the poroelastic coefficients are considered. The two-scale
homogenization method is used to obtain a macroscopic model. This model is an extension of
previously studied problems with either rigid skeleton part [5], or deformable Biot medium
without large contrasts in material properties [4].

Wave propagation in the Biot medium is governed by the system of three equations involving
skeleton displacements u, the fluid pressure p, and the fluid seepage velocity w which describes
the relative fluid velocity w.r.t. the solid skeleton. We consider harmonic waves with a given
frequency w, so that the complex amplitudes (u, w, p) satisfy the momentum equation, the Darcy
law extended for the inertia terms, and the fluid volume conservation:

—tpu -+ iwp'w =V - (Delu)) + Vi(ap) = |

—w?plu +iwpw + K 'w +Vp=f,

1
iwa : €(u) + divw + iw—p =
i

where €(u) is the small strain tensor, f and f are the volume force amplitudes (acting on the
mixture and on the fluid, respectively), D is the skeleton elasticity tensor, p/ is the fluid density,
density p¥ = ¢, p’ involving the fluid volume fraction ¢y is relevant to the seepage accel-
eration, K is the permeability, ¢ is the Biot effective stress coefficient (tensor), p is the Biot
modulus reflecting compressibility of the fluid and of the skeleton.

The heterogeneous porous medium occupying domain €2 consists of two distinct parts with
large contrasts in magnitudes of the hydraulic permeability and poroelasticity coefficients. For
a fixed scale € > 0 related to the size of the mesoscopic heterogeneity, we consider the decom-
position of  C R? into two parts, the matrix ¢, and the channels ¢, whereby Q°, N QF = ()
and Q = Q¢ U QS UT* with T = QN Q< denoting the interface. We require that both €2 and
(27 are connected, see Fig. 1 illustrating the periodic structure with the dual porosity.

We pursue the approach of [5], accepting the classical scaling ansatz, with respect to ¢,
which was used first by Arbogast et al. [1] to deal with quasi-static flows in fissured rocks.
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Fig. 1. The double porosity medium

Piecewise-continuous material coefficients are introduced, as follows:
P (z) = Xpu (@)™ (2) + xe(2)p™* (2) |
p () = X (2)p™ () + xe(@) ()
K () = 2, (1)K (@) + X:(2)K=(2)
)
) =

D () = x;,,(2)D™() + *x; (2)D*(x) ,
o () = X (2)a™ () + exe(z)a=(x)
where x5 for d = m,c is the characteristic function of domain (2. The wave propagation

in the homogenized medium with the double porosity is given in terms of the macroscopic
displacement and pressure fields # and p which satisfy the following two equations:

—w'Mu’ -V - (De(iwu’) — (B — w’G)iwp”) + iwCp’ = FIff 4+ Fofs — & iwVp,
(B—w(G)") :e(iwu’) + w?C-u’ — K : V(VP") +iwHp’ = F/ - f/ + F* - f* + iwE'p

All the homogenized coefficients M, D, B, G, KC,H and F/, F* £/ % are computed using
characteristic responses of the microstructure and depend on the frequency w of the incident
wave. In the paper we explain the structure of the local problems for the characteristic responses
and discus some properties of the homogenized model.
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Ferroic materials is a generic name for ferromagnets, ferroelectrics, or ferroelastic materials.
They exhibit various structural (in some cases called phase-) transformations (PT) of mechani-
cal or non-mechanical character, as a martensitic PT in shape-memory materials or ferro-to-para
magnetic PT, sometimes even combined with chemical transformations as e.g. metal-hydride,
etc. Several ferroic phenomena may occur simultaneously and the PTs are then mutually cou-
pled — one speaks about multiferroics; examples are piezoelectric or magnetostrictive materials.

Even media which are homogeneous thus typically manifest themselves as in some sense
heterogeneous due to occurrence of (evolving) domains with very different mechanical or other
properties. Often, a sophisticated microstructure is self-organized in particular single-crystals
(which may further form particular grains in polycrystalic specimens). Therefore the problem

Fig. 1. Schematic explanation of microstructure formed by twinned martensite with zig-zag magnetisa-
tion as observed in single-crystals of magnetostrictive intermetalics as e.g. NioMnGa:

(a) the parent austenite (cubic): schematic atomic latice with two sorts of atoms and two directions of
easy magnetisation (out of 3 in dimension 3),

(b) two variants of “tetragonal” martensite elongated vertically or horizontally with only 1 direction
of easy magnetisation (geometrical stretch may be quite large, about 8%),

(c) a twin occurring by matching two slightly rotated martensitic variants with an easy-magnetisation
directions “bended” in a nearly 90°-angle,

(d) 1st-order laminate (the gray levels distinguish particular variants of martensite) with a zig-zagging,
easy-magnetisation,

(e) 2nd-order laminate (layers within layers, magnetisation not depicted).

is typically truly multi-scaled, ranging from atomistic and microscopic (cf. Fig. 1), via meso-
scopic, to macroscopic levels, to be sometimes understood in the context of particular modelling
object. Beside such spatial scales, also various time scales are to be recognized.
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A wide class of such materials are intermetalics (=alloys with a regular composition of
atoms bonded chemically) electric conductive, sometimes allowing diffusion of certain fluids
(hydrogen, deuterium) like porous media. Together with sophisticated storage-energy mech-
anism, equally important is the way how such materials dissipate energy within these phase
transformations. This allows typically for even much less rigorous understanding only, and thus
needs even more phenomenology. And, of course, strong temperature dependence is typical
and vital part of a sophisticated (sometimes called smart or intelligent) response of such ma-
terials, which makes important also the heat transfer in non-isothermal situation and the truly
thermomechanical coupling of such multi-physical models.

There is a wide menagerie of mathematical and computational models which have been
build many decades worldwide on various levels (micro/meso/macro) focused to various aspects
(e.g. single crystals vs polycrystals, merely static vs quasi-static vs dynamic, isothermal vs
anisothermal, etc.), incorporating various phenomenology and concepts (e.g. large vs small
strains), and supported by some (or none) mathematical and physical rigor. For a certain survey
of merely ferroelastic PTs in case of shape-memory alloys see [3]. Rigorous upscaling between
various levels of description is usually possible at most in static problems, or sometimes in
quasi-static too, cf. [4], but mostly is missing.

Following a (to some extent pioneering) work [2] which formulated the ferro-to-para-mag-
netic PT in ferromagnets in mathematically amenable way in particular by relaxing the Heisen-
berg constraint, it was possible to combine it with ferroelastic models like [1] to build a model
for magnetostrictive materials [6], still devised for single crystals like in Fig. 1 only. Of course,
the situation in polycrystals is even more complex and ultimately needs much more phenomeno-
logical models, like that in [5], which, on the other hand, are more amenable for efficient com-
putational simulations of macroscopical specimens of engineering interest.

Moreover, diffusion of hydrogen in rare-earth- or Uranium-based intermetalics may com-
bine ferromagnetic/ferroelastic PTs with metal-hydride structural transformation like in [7].
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For a representation of heterogeneous materiale s@proaches can be found. Most of them
deal with a concept of the Representative Volumarient (RVE). The RVE can be defined
as a small enough sample including the whole donmmafiormation of a reconstructed
medium. Such sample has to enable efficient usdgrimerical methods for modelling as
well [2]. For a creation of the RVE methods basedtloe Periodic Unit Cell (PUC) are
commonly used. However, during a reconstructiohaiérogeneous materials using the PUC
unwanted periodicity artefacts occur. Thereforedbtwecept of Wang tiling [3] is utilized that
can highly reduce a periodicity without increasifgcomputational demands. In this paper
we consider modelling of a 3D heterogeneous matdiad consists of hard spherical particles
within a matrix.

The main idea of the Wang tiling is to stack annié aperiodic or strictly aperiodic
plane/space with a small set of Wang tiles/cubegyeneral each single Wang tile in 3D is
represented as a cube with codes (colours, legters on walls. In the field of 3D material
modelling it is not necessary to have strictly &ic domains. For a stacking of such spaces
via Wang cubes a stochastic tiling based on theC8H algorithm is utilized. First cube of
a set is randomly chosen and placed to the gradrofterial domain. The stochastic algorithm
then adds cubes gradually row by row, column byimwl within a layer and then layer by
layer. Considering three parameters as numbersifighaht codes for walls irx, y and
zdirections, we have to have at least two possiblges for every combination of codes in
mentioned directions (stochastic principle). If have two different codes in each direction
the minimal Wang tile set consists of sixteen cubes 1.

The generation of a set of 3D Wang cubes can be @& highly constrained packing
problem. The hard particles distribution within atnix highly affects a considerable amount
of material properties especially the mechanicasoConcurrently particles non-overlapping
has to be ensured. In order to meet these consliiasynamic packing algorithm for the 3D
Wang cubes generation is introduced. This algorithrhased on particle motions, particle
growth and dynamic phenomena such as particlesiool and rebounds.

At the beginning of the dynamic algorithm each Wanbe is divided into six marginal
(border) volume parts corresponding to the wallg @ube and one central part. The centres
of particles with random initial velocity vectorgseathan semi-randomly placed into the
assigned volume parts of a cube. The particles tgraw during the dynamic algorithm,
elastically bounce from each other and also from walls of the volume areas until
a stopping criterion is achieved. The stoppingedain can be the final particle radius, volume
fraction or required value of any material propdrased on particle distribution. The entire
process takes place simultaneously with all theesuds set of sixteen Wang cubes.
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2,2,4,556 214465 2,14,356,6
Fig. 1. The principle of stochastic Wang tilingdD, minimal set Wang cubes for stochastic tiling

For the task of achieving predefined or optimatipkas positions there is need to update
particles velocities during the process of genematiA modification of a particle velocity
vector is based on principles of swarm optimizatiechniques where velocity of a single
particle is determined in accordance with globatis® far positions of all particles in terms
of observed material property.

With the dynamic algorithm it is possible to generthe optimized Wang cubes. The
dynamic algorithm is based on particle movementd dygnamic phenomena that enable
particle non-overlapping and modelling of materaith higher volume fraction. A final set
of the Wang cubes meets requirements for the sstichi@ing through which we can stack
aperiodic material domains. A generated set oltaeng cubes can be than used for various
tasks of material engineering like homogenizatioma@romechanical fields.
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Porous structures are commonly found in a wide scale of biological tissues, where multiple
physical phenomena may occur. In our recent work, we focus on the electro-osmosis in the
cortical bone tissue, where this phenomenon participates in important physiological processes.
Similar approach can be applied on other biological tissues or in geosciences, see [1].

In the previous work, see [3], we already introduced a macroscopic model of electro osmo-
sis, where the velocity of the convective flow on the microscale was given. Our current aim is to
improve the previous model with Stokes problem and compare the behavior of derived effective
coefficients dependent on the convective velocity between the previous and the extended model.

We treat the cortical bone as a hierarchical structure with multiple porosities on different
scale levels. Our present work is focused on the electro-osmosis at the lacuno-canalicular poros-
ity level with characteristic scale [ ~ 10 nm, further referred to as the microscopic level. At this
scale, the solid matrix (occupying domain (1) is perforated by lacunae and canaliculi filled with
the bone fluid (occupying domain €2¢). By the macroscopic level we mean the osteon matrix.

We present a dimensionless model of ionic transport in the network of small channels per-
forating the osteon matrix, which are saturated with an electrolyte solution with two type of
monovalent ions of opposite polarizations (cations Na+ and anions Cl-). The solid phase €,
and the solid-fluid interface I' are charged with small negative charges, thus the ions in the bone
fluid are subjected to a static electric field.

The ionic transport is governed by the following system of equations involving electric
potentials in the solid matrix and fluid ¢, fluid convective velocity w, and concentrations of
positive and negative ions ¢, see [3]:

Electrostatics - Gauss equations:

—V.-a,Vp =7, in§,
~V-a;Ve — 0.50*(¢" —¢7) =0 in Q|

Insulation condition:
n-aVp =0 ondf),

Jump condition on solid-fluid interface:

ar 0
n'Q{V(,DL; = —E[(p]r—é OI'IFS,
ar 0
—n - aVly = a plp =5 onTy,
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Movement of the ions - two Nerst-Planc equations for positive and negative ions:
Oq= +w- Vgt —V-D* - (Vg* £ (92F/(RT))¢ V) =0 inQy,
Condition of no mass transfer:
n-D* . (Vg© £ (®2F/(RT))g"Vy) =0 onl,

Condition of electro-neutrality:
¢ =q" onodQ.

The model is characterized by the following physical quantities: relative permitivity oy, volume
and surface electric charge 74, 04, d = s, f, Faraday constant F, universal constant R and valence
of ion particles z. Diffusion coefficients for cations and anions are in the form of second-order
tensors ID*. The electro-osmosis is characterized by Debye’s length Ap = (£oRT/2Q(zF)?)"/?,
where ¢ is the permitivity of the void space.

The electro-osmosis model given above can be extended by Stokes problem in {2 for ve-
locity w and pressure p, where driving force is proportional to (@7 — ©7)V®, see [2]:
Stokes problem:

piVw —Vp = 2Fo Q0" —07)V®  inQy,
V-w=0 iIle,
w-n=w, ondQ\T,

w=0 onl,

where pi ¢ 1s the viscosity.

We apply the asymptotic homogenization method on the model introduced above (for more
details see [2]). The derived effective coefficients describe the material properties at macro-
scopic level in the derived macroscopic equations. Both the homogenization procedure and the
homogenized problem on the macroscale were implemented in the software SfePy. We con-
sider a few different representations of microstructure. On the derived effective coefficients, a
parametric study is performed.
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An FFT-based homogenization belongs to effective numerical algorithms for the evaluation
of homogenized properties, which arise from the unit cell problem for periodic media, demon-
strated here for scalar linear elliptic problems defined on a periodic unit cell Y = HZ=1 (— %, %) C
R? with periodic boundary conditions. The variational formulation yields the homogenized ma-
trix Ay € R?? in the primal formulation

(AHE, E)Rd = renEl(Ipl(A(E +e), E+ e) (A(E +e®) E+ e(E))L2

L% (ViRY) — 2

for arbitrary E € R?. The quantity e from L3 (Y;R?), consisting of square integrable )-
periodic R%-valued functions, denotes electric current while second-order tensor A : ) —»
R4 denotes coercive and bounded material coefficients. The minimization space & = {e €
L (YV;RY) : [},e =0,V xe = 0}, the subspace of the Helmholtz decomposition L3, (V; R?) =
RY® & @ ¢, and consists of functions e having a V-periodic potential P € Hj%(y) satisfying
VP = e. The formulation in the potential form is useful especially for FEM as the curl-free
condition is satisfied a priori. This simplification is impossible in the dual formulation as the
dual space _Z consists of divergence-free fields.

Since the introduction of FFT-based algorithm [4] in 1994, various improvements and mod-
ifications of the original formulation have been provided, e.g., [3, 5], however rigorous theories
of discretization with convergence proofs have been published only recently. The first approach
by Brisard and Dormieux [1] is based on the discretization with piece-wise constant functions
corresponding to pixel or voxel-based images. Our approach described in [7]—[9] builds on
approximation with trigonometric polynomials with bounded frequencies

~ N PN Noc Na
yg:{zv’;%:v’g:(v;)ecd} for Zy ={k€Z': =2 <ko <} (D

d
keZd,

The main advantage of this approach is that trigonometric polynomials preserve the Helmholtz
decomposition 7 = R @ &n @ _#n, providing the conforming approximations to spaces &
and _¢ of curl-free and divergence-free fields respectively. The decomposition can be provided
by orthogonal projections formed from the Green function corresponding to homogeneous prob-
lem, which is fully employed also in discrete formulations. The connection of trigonometric
polynomials with their Fourier coefficients by FFT algorithm also provides the way to efficient
implementation.
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Two types of discretization that are based on the Galerkin (Ga) approximation and the
Galerkin approximation with Numerical integration (GaNi) are stated here for the primal for-
mulation only

(AunE,E)y, = min (A(F +en),E+en),, = (AE+el), E+eld),,.

2
eNEEN L#

(AunE.E),, = min (Q[A(E +en).E +en)

eNEEN

1 = (QIAE + &)L E+eéy) ;.
with numerical integration provided by an interpolation operator Q : C%(y; R?) — 7. GaNi
scheme corresponds to the original Moulinec and Suquet algorithm [4], while Ga scheme is
innovative, possess better behavior, and thus opens new area for investigation. The convergence
rates for the schemes are proven in [5, 7] and the relation between primal-dual discrete formula-
tions are investigated in [8], where we show that the duality is transfered to the discrete setting
GaNi scheme for the odd number of discretization points.

According to work by Dvorék [2], the guaranteed bounds on homogenized matrix can be
obtained, cf. [6, 8], in a sense of quadratic forms, with the lower bounds obtained from the dual

formulation: .
BI;,N < Bi'y X Bi' = Ay < Aun < Ann.

Matrices Ay n, Bun € R4 are obtained as a posteriori estimates from minimizers of GaNi
scheme.
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