I\NSYS NSYS. sers' ;éroup Meeting and Conference 2 015

of June 2015, Hustope ée, Czech Republic il

Sponsors:



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

© SVS FEM s.r.o.

ISBN: 978-80-905525-2-4

http://aum.svsfem.cz



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

Content

FEM NUMERICAL MODEL AND ANALYSIS OF A GRAPHENE COAXIAL LINE ...ttt 7
P. Drexler, P. Fiala, M.Steinbauer, T. Kfiz, M.Fried|

PRESSURE THERMAL SHOCK ANALYSIS FOR NUCLEAR REACTOR ....ooociiiiinieeiietieteeieenieesie e s 22
Gabriel Galik, Vladimir Kutis, Jakub Jakubec, Juraj Paulech

COMPARISON OF CFD SIMULATED AIR-FLOW OVER A “QUARTER-CIRCULAR” OBJECT TO EXPERIMENTAL
MEASUREMENTS, PART 1: PRESSURE ......cooiiiiiiiiiiiiiiiicciiii ittt 30

Olga Hubov3, Lenka Konecna, Juraj Kralik Jr.*

VALIDACE EMPIRICKYCH VZTAHU PRO PREDIKCI PENETRACE BETONOVYCH DIiLCU NUMERICKYMI
SIMULACEM ..ttt b s e e s bbb e s b e b e s b e s b e e b e e ba e r s 45

Martin Husek

COOLANT MIXING PROCESSES SIMULATIONS OF NUCLEAR REACTOR VVER 440 FUEL ASSEMBLY ................ 64
Jakub Jakubec, Vladimir Kutis, Gabriel Galik, Juraj Paulech

STATICKE A DYNAMICKE ZATAZENIE ZELEZOBETONOVEJ VALCOVEJ NADRZE ........cocveveveeeereceereeerereesnaeaene, 71
Norbert JendZelovsky, Lubomir Balaz

ANALYZA CHOVANI STEN Z KERAMICKYCH TVARNIC PRI CYKLICKEM ZATiZEN{ S UZITIM PODROBNEHO FEM
IVIODELU ettt et e e eeee et et eeeeeeeeeeeeseeeeee e eeeeeeeeeeeeseseeeseseeaeeeeeeeeeeeeeeeeeseseseeeeeeseeeesesesesesenennanaeaeeens 77

Klouda, J. K., Salajka, V., Cada, Z., Hradil, P

STUDIE ODEZVY NELINEARNICH MATERIALOVYCH MODELU BETONU V ZAVISLOSTI NA RYCHLOSTI
DEFORMAGCE ...ttt et te et et eseeteeeseeeaeeseteeeseseasesestaeeseseasesestataseseaseseseataseneaseseneaeaseseeeseneeeseneenseneaeaseneneans 87

Petr Kral, Petr Hradil, Jifi Kala

PROBABILISTIC NONLINEAR ANALYSIS OF NPP HERMETIC ZONE RESISTANCE UNDER EXTREME
TEMPERATURE .ottt e b e e s s b b e e s s ba e e e s sabe e e s snbaesesans 100

Juraj Kralik

THERMAL HOMOGENIZATION OF COOLANT IN UPPERPLENUM OF NUCLEAR REACTOR VVER 440 ............ 120
Vladimir Kutis, Jakub Jakubec, Gabriel Galik, Juraj Paulech, Justin Murin

INFLUENCE OF PCB TEMPERATURE INSIDE MODERN HEADLAMP.........oouiveiuererciereeecieeeneeeesesaeesesae s 127
Zbynék Makki, Marcel Janda

CRASH — TEST, POCITACOVE MODELOVANI A LABORATORNI EXPERIMENT.......ourveviirerieciereeieisie e 132
Pavel Marsalek, Petr Horyl

COOLING OF BUNDLED POWER LINES........cucueiuruerieecueteeaeeesessesesessesesessesessssesesassesessesesessesessssesesassesessssesnsesans 144
Juraj Paulech, Vladimir Goga, Justin Murin, Jakub Jakubec, Juraj Hrabovsky, Vladimir Kutis

THE ENTERTAINING ATTRACTION, LOADING AND MODELLING ....ouvuvieieerieeiessee et 150
Jifi Podesva

HYDRAULICKY NAVRH DRAH PRO VODNI SPORTY POMOCI MATEMATICKEHO A FYZIKALNIHO MODELU .. 156
Jaroslav Pollert, Petr Chmatal, Jaroslav Pollert, DrSc.

STIFFNESS SENSITIVITY ANALYSES OF KANFIT CFRP FRAME .....cooiiiiiiiiiiiieicrteceree e 167

http://aum.svsfem.cz



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

Antonin Potesil

PRISPEVOK K VERIFIKACH TUHOSTI PILOT ...ttt e ettt ess et st tes s essssae s b sessnasass st s s s s snaes 171
Prekop Lubomir

RESISTANCE OF REDUCED SCALE REINFORCED CONCRETE SPECIMENS EXPOSED TO CLOSE EXPLOSION.... 175
Jifi Stohr, Radek Hajek, Marek Foglar

STANOVEN POSKOZENT CHLADICE PARY ......ouvuviieiieicecteieetete ettt s s 187
Jakub Stonis

PRAVDEPODOBNOST PORUSENIA VYIAHCENEJ ZAKLADOVE) DOSKY ....vvvreiieeeeecveve et 195
Katarina Tvrda

HAVARIE STRECHY NADRZE

Pavel Zahradnicek, Viktor Stuchlik

http://aum.svsfem.cz



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

Title: 23rd SVSFEM ANSYS Users' Group Meeting and C  onference 2015
Date and place of the event: 10th — 12th of June 20 15, Hustope &e, Ceska
republika

Publisher: SVS FEM spol. s r.0., SVS FEM s.r.0., Sk rochova 3886/42, 615 00
Brno-Zidenice

Editor: doc. Ing. Petr Ko nas, Ph.D.

Pages: 214

Edition: 1.

Year: 2015, Brno, Czech Republic

ISBN: 978-80-905525-2-4

http://aum.svsfem.cz



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

Scientific and professional quality of conference is guaranteed by SVS FEM s.r.o.
and Faculty of Electrical Engineering and Communication Brno University of
Technology together with many professionals from different scientific and industrial
areas. Conference papers are reviewed by Editorial board.

Editorial board

Chairman:
Prof. Ing. Jaroslav Buchar, Dr.Sc. (Dpt. Technology and Automobile Transport,
Mendel University, Zemédélska 1, 615 00 Brno, The Czech Republic)

Members (alphabetically):

Ing. Tibor Bachorec, Ph.D. (SVS FEM s.r.0., Skrochova 42, 613 00 Brno, The
Czech Republic)

Ing. Zbynék Bures, Ph.D. (Dpt. of Electrotechnics and Informatics, College of
Polytechnics Jihlava, Tolstého 16, 586 01 Jihlava, The Czech Republic)

Ing. Laszl6 Ivan, Ph.D. (SVS FEM s.r.0., Skrochova 42, 613 00 Brno, The Czech
Republic)

doc. Ing. Pavel Fiala, Ph.D. (Dpt. of Theoretical and Experimental Electrical
Engineering, Brno University of Technology, Kolejni 2906/4, 612 00, Brno, The
Czech Republic)

prof. Ing. Horyl Petr, CSc., dr.h.c. (Dpt. of Mechanics, Technical University of
Ostrava, 17. listopadu 15, 708 00 Ostrava, The Czech Republic)

prof. Ing. Norbert JendZelovsky, Ph.D. (Dpt. of Structural Mechanics, Slovak
University of Technology in Bratislava, 810 05 Bratislava, The Slovak Republic)
doc. Ing. Katarina Tvrd4, Ph.D. (Dpt. of Structural Mechanics, Slovak University of
Technology in Bratislava, 810 05 Bratislava, The Slovak Republic)

doc. Ing. Petr Konas, Ph.D. (SVS FEM s.r.0., Skrochova 42, 613 00 Brno, The
Czech Republic)

Ing. Jarmil Schwangmaier (SVS FEM s.r.0., Skrochova 42, 613 00 Brno, The
Czech Republic)

Ing. Miroslav Starek (SVS FEM s.r.0, Skrochova 42, 613 00 Brno, The Czech
Republic)

http://aum.svsfem.cz



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

FEM NUMERICAL MODEL AND ANALYSIS OF A GRAPHENE COAX IAL LINE
P. DREXLER, P. FIALA, M.STEINBAUER, T. KRiZ, M.FRIEDL

Brno university of technology, Faculty of electrical engineering and communication,
Department of theoretical and experimental electrical engineering, Czech Republic

Abstract: The aim of this paper is to present the particulars of new research in special
numerical models of structures used for nano-applications. These models can be
advantageously used in the evaluation of electromagnetic parameters, thus helping
researchers and designers to solve problems related to nanoelements and
nanotechnology. The first numerical model of a large periodic structure is designed to test
electromagnetic wave propagation in a graphene composite structure. According to the
interpretation of the results, the basic design will be prepared for experimental fabrication
of the functional sample. There are the results of a numerical analysis of simple nano-
electric line

Keywords : Numerical modelling, noise, graphene, polymer, FEM model, Poynting vector.

1 INTRODUCTION

According to the research presented in papers van Vlaenderen,K. J. and Waser,
A., 2004 and van Vlaenderen,K. J., 1999, the periodic structure of graphene exhibits
certain interesting electrical and electromagnetic properties regarding the propagation of
an electromagnetic wave. Thus, new horizons could be opened for the use of graphene in
electrical engineering (electromagnetics, or EMG), and electronics. The referenced
articles nevertheless do not provide a clear conclusion that would facilitate prospective
application of periodic structures with extreme properties in the field of EMG wave
propagation; these structures can be based on either natural or artificial materials. The
authors proposed analysis has to be built upon a specific numerical model; this model
should respect the character of the Telegrapher's equations as well as the multiplicity of
the repeating periodic structure element Urban, R., Drexler, P., Fiala,P. and Nespor, D.,
2014. The model embodies an application of the quantum-mechanical model of matter
and the parametric or stochastic distribution of electric charge in individual elements of the
structure. Although the structure is large, it exhibits a significant degree of periodicity;
thus, it is possible to utilize, up to a certain level of complexity, the known finite methods
(the finite and boundary element techniques or the finite volume method combined with a
parametric or deterministic stochastic model). An example is provided in Fig. 1 via the
design of a single conductor with non-conductive surface, which represents the periodic
structure of a graphene-based polymer or, by extension, a more complex application of
such structure; more concretely, we can refer to Fig 1b and the model of a coaxial,
symmetric electric line comprising two polymer systems formed on a graphene basis as it
is known from macroscopic world, fig. 1c. In all such cases of geometrical arrangement of
a periodic nanostructure, it is suitable to analyze the EMG field at the level of structure
elements with respect to the evaluation of known macroscopic quantities, including the
surface power flux density and the electric and magnetic field intensities and specific
fluxes for the harmonic behaviour of signal propagation along the structure or for transient
states of signal propagation along similar structures.

http://aum.svsfem.cz
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2 MODEL OF PERIODIC STRUCTURE

The geometrical model designed to provide a simple comparison between classic
materials and those based on a periodic structure with a large number of repeated
elements could be identified with the body shown in Fig. 1a, b. The presented drawings
show the concept of a macroscopic approach to the model combined with a quantum-
mechanical model, both of which are described by concentric particles. In a radial
coordinate, the model will assume dimensions in the order of nanometers, and in the
longitudinal axis the dimensions will be more than several tens of millimeters.

internal structure

external structure

7

7, f=0.1Hz-100 GHz

‘. e
j/]J 71,1=0.1Hz-100 GHz

a) b)

c)
Figure 1. A geometrical model of surface wave propagation: a) single wire from periodical structure;
b) coaxial line from periodical structure, c) macroscopic coaxial line

For any case of analysis of transient processes in the quantum physics particle
position shift, the model according to formula (1) is suitable for the description of transient
processes of dynamically assumed particles Kikuchi, H., 2001. The model with a higher
order of the time variation of the functional u, namely the model described by the
Telegrapher's equation, is expressed in the form.

0%

Ju
Au:c\o?*‘(ha"' QZU+ C;s

1)

The proposed numerical model is based on the formulation of partial differential
equations for the electromagnetic field, known as reduced Maxwell's equations; according
to Heaviside’s notation, we have the following formula for the magnetic field intensities
and flux densities:

rotE:—%—?+rOt(VX B) rotH :JT+0—D+ rot(vx D)

: ot (2)
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divB=0 divD=p (3)

where H is the magnetic field intensity, B is the magnetic field flux density, Jt is the total
current density, D is the electric flux density, E is the electric field intensity, pis the electric
charge volume density, v is the instantaneous velocity of the moving element. Respecting
the continuity equation

divd; = 9
ax, (4)

the vector functions are expressed by means of the scalar electric potential @ and the
vector magnetic potential A, and, after Coulomb calibration Stratton, J.A., 1966, ANSYS,
1994-2015, Fiala, P., Drexler, P., Nespor, D., 2013. Considering the velocity of moving
electrically charged particles vin the magnetic field, the total current density J; from
formula (2) is

J; = y(E+vx B)—a(gE)+y[de+lv+ kjvdt}

ot gl dt . (5)
where m is the particle mass, where my is the quiescent mass of the particle (7), (8), g is
the electric charge of the moving particle, yis the specific conductivity of the environment
from the macroscopic perspective, | is the damping coefficient, and ks the stiffness
coefficient of the surrounding environment. The material electromagnetic relations for the
macroscopic part of the model are represented by the terms of symbolically isotropic
properties

B:luoﬂrH’D:EOErE , (6)

where the quantity indexes of the permeabilities and permittivities r denote the relative
gquantity value and O denotes the value of the quantity for vacuum. The relationship
between the macroscopic and the microscopic parts of the model (particle dynamics in the
electromagnetic field) Fiala, P., Drexler, P., Nespor, D., 2014, Fiala, P., Machag, J.,
Polivka, J., 2011, Steinbauer, M., Fiala, P., Szabd, Z., BartuSek, K., 2008 is described by
the formulas defining the force acting on individual electrically charged particles of the
electromagnetic field in their gravity centre, and the effect is considered of the motion of
the electrically charged patrticles on the surrounding electromagnetic field:

dv

ma+lv+ k'[vdt =0 (E+v>< B)— o(¢ E)

a
yoo @)

The relationship between the macroscopic model of the geometrical part of the
electromagnetic field and the quantum-mechanical model of bound particles is expressed
via the application of current density (5) and by the formula (2) as follows:

NS

V
mo(l_z
rot H =y (E +vx B)—a(;tE)+Lé (;:t

]Zdv 3D
+Iv+k!vdt +—o+rot(w D) gy

With respect to the fact that the model comprises not only the electric and
magnetic components of the electromagnetic wave but also the space of the motion of the
electrically charged patrticles, including the action of interacting forces, it is necessary to
solve the model as a designed system (1) characterized by the Telegrapher’'s equations.

http://aum.svsfem.cz
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By applying the Galerkin method to find the functional minimum (as described in, for
example, reference E. W. Weisstein, 2015) and considering the boundary conditions, we
obtain the numerical model as a system of non-linear equations to be solved by standard
methods. The model is designed for the ANSYS software, where the solution is carried
out with finite numerical methods ANSYS, 1994-2015.

3 DETAILED GEOMETRY OF THE MODEL OF A PERIODIC STRU CTURE

The design of the geometrical model , fig.1, can be characterized in greater detail
as suggested in this section of the paper. The fundamental element of a graphene-based
periodic structure is a “benzene” core; from the perspective of the stochastic distribution of
the instantaneous position and arrangement of carbon C valence electrons, the
fundamental element can be schematically described as shown in Fig. 4, Yang, S. L.,
Sobota,J. A., Howard, C. A., Pickard, C. J., Hashimoto, M., Lu, D. H., Mo,S. K.,
Kirchmann, P. S. and Shen, Z. X., 2014. The structure of the symmetrical configuration of
graphene-based polymer tubes is then presented in Fig. 3. The diameter difference
between both tubes corresponds to AD=1nm, assuming the inner tube diameter of
D;=5nm. In Figs. 2 and 3, we indicate hydrogen bonds in the polymer structure. In thus
configured model with the stochastic presence of the instantaneous position of electron
bonds, we have to evaluate the power flux along the polymer tubes, observing the power
flux magnitude, direction, and time variation. After these data have been acquired, it is
possible to determine whether the graphene structure (polymer) is applicable for the
transfer of electrical signals and in what frequency bands such transfer should be carried
out. Also, we are then able to identify the frequency bands where the fundamental
element of the periodic structure oscillates. The direction and distribution of the power flux
density /7 [W/m?] can be utilized to clearly determine whether the graphene basis carries
any significance with respect to the lossless transmission and the (super, supra)
conducting state, as already discussed [10]. Fig. 4 shows a geometrical model to evaluate
the power density propagation, with the instantaneous value of the Poynting vector
expressed within the formula

1(t)=E(t)xH (1) 9)

It is obvious from the above formula (12) that the resulting values of the Poynting
vector depend on the instantaneous values of the electromagnetic field components,
namely (for a non-stationary EMG wave) on the intensities of the electric and magnetic
fields E(t) and H(t). The electric line designed in this manner can be utilized in nhano-
objects, such as magnetic field sensors, or in a biological replacement of neuron parts or
organisms and the transmission of biological signals.

Figure 2. A geometrical model of the basic structure element with the probabilistic distribution of
valence electrons.

http://aum.svsfem.cz
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external o«
structure | e @

¢

internal structure

an electric charge
7, £=0.1Hz-100 GHz

Figure 3. A coaxial line model tested for the passage of the active power [J flux density

The elementary structure according to Fig. 1 and Fig. 3 was chosen and solved as
the basis of the numerical model introduced in the above formula (8); the model analysis
was processed in the batch mode. The geometry of a large system incompatible both in
its dimensions and the number of included elements is solved with the known condition of
periodicity and also as a partially stochastic model. Certain problems occur in modelling
the bond between the polymer and the graphene basis. The mathematical-numerical
model consists of basic elements characterizing the ANSYS software, namely HF119,
HF120, SOLID236 and SOLID226 ANSYS, 1994-2015 and others, and it is
complemented with the proper code of the model according to formulas (6), (7), and (8).

The geometrical distribution of modelled cores of carbon C and hydrogen H in the
geometrical model from Fig.3, with periodicity setting in one section (which is repeated,
Fig. 4) can be utilized to formulate the boundary and initial conditions, current excitation,
and model of the electric charge stochastic distribution at the level of electrons. If we
aimed to apply the evaluation of the Poynting vector to a microscopic model of the
designed periodic, graphene polymer structure, we would have to accept the
instantaneous values and their spatial distribution in a quantum mechanical model (Fig.4).
We can set up a hypothesis and derive the assumption that the Poynting vector may
exhibit the shape shown in Fig. 4, where the components of the magnetic intensity Hy and
electric intensity E;, E; manifest themselves in the indicated formation; these components
will therefore affect the resulting shapes of the electromagnetic field distribution and the
Poynting vector /7 at the ends of the structure, thus influencing the shape of the signal of
the applied periodic structure

4 SETTING THE BOUNDARY CONDITIONS

In order to design the geometry of the model of the graphene-based polymer
structure (Figs. 2 and 3), it is necessary to define the initial and boundary conditions of the
model and the sources of the electromagnetic field. The basic formation (an element of
the periodic structure) can be simply described by atom bonds, namely motion of the
valence electrons (Fig. 4). Another step in setting the conditions of the model consists in
evaluating the electric field E intensity vector of components in both the radial and the
tangential direction, E,, E;, fig. 3. In order to facilitate simple estimation of the order of
magnitude of the intensities, we can — for the hydrogen atom H bound to carbon C and
one binding electron for the middle electrodes of the coaxial arrangement of the internal
structure (Fig. 4) - evaluate the radial electric field intensity from the single bond
C-Has

http://aum.svsfem.cz
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— 1 G qe 19
AT A 2 E,= 1 = 602]100 = 11602 0,01263116V / m
o |R|" * T* " 4x8,856110% 1 14110 #0 8 856,114
(10)

Figure 4a. Geometrical model of a part of the coaxial line

Based on the knowledge of the microscopic model, it is then possible to evaluate
the macroscopic parameters, such as the specific conductance y, the magnetic
susceptibility ¥, the magnetic permeability Y, or the electric permittivity € of the
environment. From the differential form of Ohm’s law, for example, we can write the flux
density

where I/is the specific conductance tensor.
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Figure 4b A model of the basic element of the periodic structure, definition the positions of coupled
electrons C and H

Upon loading the line with the impedance of 50 Q, we can determine a number of
conditions and expected (limit) values of the quantities; then the evaluated components of
the flux density J in directions of the axes z, ¢ and bonds C-C, C-H are determined.

9
E=_1 la_ = 6022]101 5=0.01263710 V n
47, d¢  47[8 854710 01 141 18
N, 4/ 6N, [1602110"
J=-—"2= ——=2.557010 A ni
S 25,0610
Y, —%—0.2024$ m

(12)
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Jo, =71.79516 A nf
J,, =2,557A/ nt

‘JCC = 2|jJCZ

‘JCCH = ‘]CZ/Z

3
‘]CCH¢ = \/% Dch
(13)

For bonds C-C
Y, = 7.0951¢* S/n

y, =0.2024 S/m

=7.095116¢* S/n

Yo (14)

The flux densities Jr, forced by the external current | for the surface of the inner
electrode having the radius R, are:

| =lwA  J,,=12,7.1C A/ n?
| =1lA  J, =127.10 A/ n?
| =10QuA J,, =1270.16 A nt

| =1mA  J.,=1270016 A M (15)

5 RESULTS OF THE NUMERICAL MODEL

The results of the analysis of the numerical model of the graphene structure
according to Fig. 1b and Fig. 4 are shown as the distribution of the intensities and flow of
the electric and magnetic quantities, Fig. 6, Fig.7, further, the results are also indicated as
the distribution of the instantaneous Poynting vector components (Fig. 8, Fig.9) along the
curves 1 to 4 from Fig. 5. In selected parts of the structure, the behaviour was analyzed of
the module of the active power specific density; thus, we obtained a basis enabling us to
estimate properties of the modelled task. Further, we present an analysis of the Poynting
vector /7(t) module for current excitation in an electric line i(t)=1*f(t), where I=1pA..

Position 2

Position 3

Position 1

Position 4

Figure 5 A geometrical model and curves 1, 2, 3 and 4 for the Poynting vector evaluation

http://aum.svsfem.cz
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Figure 6 The distribution of A: the electric field intensity module E(t) [V/um], t1= 1 ps, B: of the

magnetic flux density module B(t) [pT], t1=1 ps
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Fig. 7 The distribution of A: the electric field intensity module E(t) [V/um], t;= 1 ps, B: of the
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Fig. 8 The behaviour of the distribution of the power specific density module M(t) [pW/um2], t1=1
ps A:along curve 1, B: along curve 2, C: along curve 3, D: along curve 4.
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Fig. 8 The behaviour of the distribution of the power specific density module 77(t) [pW/um2], t;= 1
ps A:along curve 1, B: along curve 2, C: along curve 3, D: along curve 4.
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6 CONCLUSIONS

We designed a geometrical model of a nanostructure exhibiting a high rate of
periodicity, and we also designed a numerical model for the solution and analysis of
effects occurring in the propagation of an EMG wave along the nanostructure. Initial
numerical experiments targeting the propagation of and EMG wave in the nanostructure
were performed to complete the set of research activities.
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PRESSURE THERMAL SHOCK ANALYSIS FOR NUCLEAR REACTOR
GABRIEL GALIK, VLADIMIR KUTIS, JAKUB JAKUBEC, JURAJ PAULECH

Institute of Automobile Mechatronics, Faculty of Electrical Engineering and Information
Technology, Slovak University of Technology in Bratislava, Ilkovicova 3, 812 19 Bratislava

Abstract: This article contains a survey of properties and processes of the thermal shock
phenomenon. Methods for evaluation of load intensity at the crack tip and fracture
propagation distance are introduced. Pressure thermal shock phenomenon within a
reactor pressure vessel is explained. A methodology for a complex Pressure Thermal
Shock (PTS) analysis is proposed based on 1D system code and 3D FEM analyses. FEM
analyses are performed based on the proposed methodology and a postulated coolant
mixing scenario in a WWER440 primary circuit. Problems during the solution process are
explained and the results evaluated.

Keywords : LOCA, FEM, PTS, Fracture Mechanics, Thermo-hydraulics

1 Introduction

The reactor pressure vessel is considered the most reliable component of
pressurised water reactors. The pressure vessel is exposed to thermo-hydraulic transients
and the embrittlement effect caused by hard radiation. The coupled impact of these
effects increases the risk of structural damage to the pressure vessel during high
transients by pressure thermal shock (PTS). Thermal shock damage within solid materials
represents high risk of structural weakening or in severe cases total structural failure. Loss
of coolant accidents create highly transient processes within the reactor pressure vessel.
The two properties that influence the vessel wall are pressure and temperature, both
experience rapid changes during evaporation of the working fluid (APANASEVICH, 2014).
Pressure thermal shock is the combined effect of thermal shock damage induced by
temperature gradients and the structural load created by internal pressure of the fluids
within the reactor pressure vessel. Thermal shock occurs as a reaction of solid materials
to dynamic temperature changes. A basic example is an object at an initially uniform
temperature which is suddenly exposed to higher or lower external temperatures
(YUANCHUN LIU, 2014). The resulting diffusion of thermal energy creates a rapidly
changing temperature gradient, which can induce severe internal thermal stresses in the
material (DIMITRIJEVIC, 2013).

2 PTS analysis methodology and evaluation methods

A pressure thermal shock as a transient event in a reactor pressure vessel is a
highly complex multi-physical process. The analysis of such a process needs to be
divided into multiple stages with different methods and models. Our approach is based on
the UNIPI methodology (FERRARA, 2008). The methodology and stages required for the
evaluation of the process are shown in Imagel.

The methodology starts with the simulation of a PTS in the primary circuit via 1D
system thermo-hydraulic code to determine the response of the primary circuit to the
transient loading (Imagel I). The acquired response is used as a load for the analyses on
3D CFD and FEM models to determine the spatial and time distribution of investigated
values (Imagel Il). Fracture states are examined for different time points and different pre-
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crack geometries (Imagel Ill). Finally the acquired fracture states are evaluated for the
possibility of crack formation and propagation based on available material model data.

1D code
Thermal-Hydraulic
Transient
v Tools ______
I 1
. i
Thermal-Hydraulic System model _s)| Analysis of the plant i ATHLET i
response 7 Relap5 !
v ; ;
3D model Multi-dimensional study |\ CED !
RPV CFD model _—> of Fluid-flow and ! CFX !
Temperature distribution  |! Fluent !
L { |
Study of | 1
Mechanical and Thermal |} MA'\LSY.S A !
RPV Structural Model stress distribution f echanic i
i 1
v : :
1 1
1 1
Analysis of fracture loading :I I ANSYS ) i
Crack model | Fracture Mechanics !
I e -
Material properties v
Material model 5| . Evaluation of fracture v
initiation and propagation

Imagel— Model for detailed CFD analysis

High temperature gradients during transients can induce severe internal stresses
in the material. Fracture and crack formation occurs when internal stresses exceed the
ultimate strength of the material. Depending on the mutual orientation of the fracture and
the acting thermal stresses, there are three modes of fracture formation as described in
Image2.

Image2— Fracture modes (I-Opening, II-Sliding, IlI-Tearing)

Single mode fractures are rare in real structures, usually fracture formation occurs
by the simultaneous loading of multiple modes.

2.1 Stress intensity factor

The stress intensity factor K is used to describe the stress intensity at the crack tip
for a given load. The stress intensity factor’s analytical equation form is highly dependent
on crack geometry and location. Fracture propagation criterion (G-criterion) can be
determined by stress intensity factors for all three fracture modes as

2 2 2 , E 2
Kic™ = K"+ Ky* + S K (1)
where K. is the critical stress intensity factor, K is the stress intensity factor with
subscripts indicating fracture mode component, E  is the Young's modulus for given

material and G is the shear modulus. The critical stress intensity factor K;. determines a
pre-cracked materials resistance against further crack growth via brittle fracture [6].

2.2 J-Integral

J-integral represents the strain energy release rate per unit of fracture surface
area. It is a path-independent integral of accumulated strain energy for linear-elastic
deformations. In a material with plastic deformation only a path sufficiently close to the

http://aum.svsfem.cz

23



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

crack tip will give a correct energy release rate. The path of J-integral in the case of
ductile fracture is shown in Image3.

Image3- J-integral integration path

J-integral method can be used to determine J;. an analogous value to K;.. J;.
represents the resistance against ductile fracture propagation in materials.

3 Detailed CFD analysis

The methodology described above requires multiple different humerical models
and analyses to successfully simulate and evaluate a pressure thermal shock event. The
detailed CFD analysis (Imagel Il) is required to simulate fluid flow and mixing with
sufficient fidelity and detail.

3.1 CFD model

The CFD model represents the fluid domain within a primary circuit cold-leg with
emergency core cooling system injection nozzle as shown in Imageda. Cold-legs of
coolant loops 2, 3 and 5 are identical and contain the nozzle of a high pressure coolant
injection pump as shown in Image4b. Image4c shows the model detail around the ECC
injection nozzle.

1500.00 3000.00 {rrm)

2250.00
=

Imaged— Model for detailed CFD analysis

3.2 CFD Transient analysis

The transient analysis simulates the initiation of high pressure coolant injection into
the primary circuit cold leg. In the beginning of the simulation, the primary circuit is in
nominal operational state. Water is pumped through the cold leg into the downcomer
region by the main circulatory pump. Cold water injection is initiated by the decrease in
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pressure at the beginning of the simulation caused by a small leak LOCA. Specific
parameters are listed in Tab.1.

Tablel Initial and Boundary Conditions

Primary Coolant Temperature 2656 °C
Primary coolant Pressure 11.97 MPa
Primary coolant Mass flow rate 1400  Kkgfs
ECC injected coolant Temperature 60 °C
ECC injected coolant Mass flow rate 10 kg/s
Total simulation time 5 S

The total simulation time was chosen to achieve a steady state at the end of the
simulation. Mass flow rates were determined based on pump characteristics and coolant
pressure and temperature states. The resulting steady-state temperature distribution is
shown in Image>5.

Temperalune
Confour 1
l 2.656e+002
| 2.518e+002
2.280e+002
2.043e+002
1.805a+002
B 1.56Te+002
||" 1.330a+002
1.092e+002

B.543e+001
I 6. 166e+001

3, TESe+00

] oam
(— [ —

[F

Image5— Temperature distribution

1000 i

Image5 shows the temperature distribution created by coolant mixing on the
internal surface of the pipe wall. The lowest temperatures are expected at the injection
nozzle, located downstream.

4  Thermo-mechanic analysis

After determining the temperature distribution on the internal walls of the modelled
pipeline, it is necessary to calculate the temperature distribution within the walls
themselves. The thermo-mechanical analysis (Imagel Ill) requires the model of the pipe
walls that are in contact with the coolant liquid.

4.1 Pipeline model

A pipeline model, that represents the volume of the pipeline walls is necessary for
the thermo-hydraulic analysis. Although, they are two different modells, the created
mechanical model corresponds to the same position and orientation as the CFD model,
thereby simplifying the transfer of results between different analyses. The final mechanical
model with the element mesh is shown in Image6.
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Image6— Mechanical model

The element mesh shown is Image6 was created using the Sweep method.
However, tha band around the nozzle contains a tetrahedral mesh, that is modifiable to
include the Inicialisation crack geometry (ANSYS, 2014).

4.2 Thermal analysis

A steady-state thermal analysis was used to calculate the temperature distribulion
within the pipeline walls. The boundary conditions were determined from the detailed CFD
analysis. Temperature distributions on the internal surface of the pipeline wall were
defined by imported data from the detailed CFD simulations last timestep. The external
surfaces were considered to be perfectly insulated. The results of the thermal analysis are

shown in Image?.

265.37 Max
242,42

58.828 Min

Image7— Wall temperature distribution

Image7 shows the temperature distribution in the pipeline wall with a detailed view
of the injection nozzle.

4.3 Mechanical analysis

The next step was to determine the loading state of the modelled structure and to
determine the critical locations where fracture formation and propagation had the highest
propability. The loading state was calculated by a static structural analysis based on
results from thermal and CFD simulations. Temperature distributions within the pipeline
wall were imported from the thermal analysis and defined as the primary loads. Pressure
distributions were imported from the detailed CFD analysis and are shown in Image8.
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Image8— Wall temperature distribution

Image8 shows the imported pressure loading state in detail around the injection
nozzle. Stress distributions within the pipeline wall were calculated as a result of the
mechanical analysis as shown in Image9.

Type: Equivalent (won-hises) Stress
Unit: Pa
6.5113e8 Max
579518
5.0780e8
4362768
3.6465e8
2.9304e8
221428
L498e8
[RELE
6.5646e6 Min

Critical location

Image9— Stress distribution - Critical location

Image9 shows the stress displacement in detail around the injection nozzle. Based
on results from the mechanical analysis, the critical location is on the internal surface of
the injection nozzle just before the opening into the cold-leg pipeline.

5 Fracture mechanics analysis

After determining the critical location based on results from the thermo-hydraulic
analysis an initialization crack mesh had to be created. The initialisation crack is required
to determine the loading of fractures and imperfections present in the pipeline wall by a
fracture mechanics analysis (Imagel IV). A semi-elliptical crack with a collapsed mesh at
the crack front was injected into the previously prepared tetrahedral mesh at the
determined location as shown in Image10.
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Image10- Initialization Crack

Image10 shows the created initialisation crack geometry and mesh at the injection
nozzle. Boundary conditions and loading states were defined based on results from
previous analyses. Temperature distributions were directly imported from the steady-state
thermal analysis. However, pressure distributions could not be directly imported. The
created mesh of the initialisation crack caused mesh errors during the import process.
Therefore, pressures were defined as boundary conditions with avaraged values on
individual internal surfaces. Fracture loading calculated during the analysis is shown in
Imagell.

a)

Imagell- Fracture loading: a) SIF b) J-integral

Imagell shows the calculated values of stress intensity factor (SIF) and J-integral
along the crack front, where the maximum value for SIF equals 800 MPa.m"? and for J-
integral equals 50.8 J/m? respectively. The relatively high values of fracture loading
compared to steel fracture toughness mean that the postulated initialization crack was too
large and its loading would lead to fracture propagation and structural damage.

6 Conclusion

Our proposed methodology was used to calculate pressure thermal shock
processes in the primary circuit pipeline of a WWER 440 reactor. All analyses were solved
using ANSYS software package. The loading state of postulated initialization crack was
determined. However, to be able to evaluate fracture formation and propagation, an
initialization crack location, orientation and dimension sensitivity study must be performed.
Such a study will be performed in the follow-up work, including an investigation into a
possible solution for the results transfer error that occurred during the fracture mechanics
analysis.
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OBJECT TO EXPERIMENTAL MEASUREMENTS, PART 1: PRESSU RE
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Abstract: Analyzing effects of wind on building can be tricky, if shape of building isn’t
involved into any standards. In this contribution is Computer Fluid Dynamic simulation of
air-flow over an obstacle in shape of “quarter-circular’ object compared to the data
obtained from experimental measurement in Boundary Layer Wind Tunnel. This
comparison is focused on mean values of pressure in selected points. Two models were
used with different grid sensitivity for preliminary analysis with several turbulence models
in the first step. In the second step, optimized model was created from preliminary
analysis of results. Best results were predicted Delayed Detached Eddy Simulation where
the overall averaged error in all selected points was 9.63 %.

Keywords : air-flow, SRS, Fluent, turbulence, CFD, pressure

1 Introduction

As Computer Fluid Dynamic (CFD) software develops, problems of fluid dynamics
becoming interesting for more engineers, as they take CFD as a handy tool capable of
reasonable predicting of air-flows. Today’s designers are not limited in shapes of building,
so engineers can find them self in situations where they needs to analyze effect of
approaching wind in theirs project. If the shape of building isn’t involved any standards a
wind tunnel experiment would be required and here the CFD simulations can provide
alternative solution.

Turbulence is a flow regime characterized by chaotic property changes.
Randomness, fluctuations, vorticity and large Reynolds number (Re) are the basic
characteristics of turbulent flows. One of the examples of turbulence is smoke rising from
a cigarette, for the first few centimeters, the flow is laminar and then smoke becomes
turbulent as its Reynolds number increases, as its flow velocity and characteristic length
are both increasing.

There are three turbulent flow simulation methods RANS (Reynolds Averaged
Navier-Stokes Simulations), SRS (Scale Resolving Simulations) and DNS (Direct
Numerical Simulation) and several commercial and non-commercials software packages
offering CFD simulations. For the purpose of this analysis was used commercial software
package ANSYS Fluent R15. The main difference between RANS and SRS is shown on
Image 1.
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Image 1 — Left: RANS model; Right: SRS model

In this contribution is CFD simulation of air-flow over an obstacle in shape of
“quarter-circular” object is compared to the data from experimental measurement in
Boundary Layer Wind Tunnel. This comparison is focused on mean values of pressure in
selected points. Two models were used with different grid sensitivity. One of main tasks
was to keep this analysis on a desktop computer. To create a domain with low computer
demands was created mesh from tetrahedron elements which was next converted into
polyhedral mesh type. Two models were used for preliminary analysis of the problem and
were representing 4m long part of wind tunnel (B = 2.6 m and H = 1.6 m). Five different
turbulence models were tested: k-¢, k-w, SST-SAS (hybrid of Shear-Stress Transport),
SAS (Scale-Adaptive Simulation) and LES (Large Eddy Simulation). All simulations were
carried out as transient. After results were analyzed a new model was created for the final
analysis. Three types of turbulence models were used: SST-SAS, SAS a DDES (Delayed
Detached Eddy Simulation), for comparison with mean pressure values acquired from
experimental measurement.

2 Experimental Measurements

Experimental measurement was carry out in BLWT of Slovak University of
Technology in Bratislava. Examined was “quarter-circular” shaped object that was 273
mm high and the quarter-circle radius was 80 mm with 30 mm rectangle part at the ends
of quarter-circle. From previous measurements was found out that the most unpleasant
direction of wind was when the model was rotated by approximately 112° from its original
position (when wind direction was perpendicular to the one of the rectangle face of the
model).

During this experiment were measured pressures in 16 points in three different
elevations 15 mm, 136 mm and 258 mm above the wind tunnel floor level, see Image 2.
Three sets of data were obtained for each elevation, for model rotated by 120°. Every set
of data consisted of approximately 500 values of pressures in each measuring point.

Measurement conditions were as follows: the frequency of rotor 20 Hz; the
barometric pressure was varying from 100 440 Pa up to 100 460 Pa; the air density
1.18843 kg/m® up to 1.18947 kg/m® and the air temperature 19.8°C up to 21°C. Location
of measured reference value of wind speed was 369 mm in front of the model in the high
of top edge 273 mm and were 8.92 m/s; 8.85 m/s; 8.42 m/s and 8.49 m/s. Mean value of
reference wind speed was interpolated to 8.745 m/s in the height of top edge of model.
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Image 2 — Left: measuring of reference value of air speed in refence heigdht; Right: closer look at
fyzical model from experiment with locations of selected points

The data for wind profile used in CFD were taken from previous measurements in
BLWT for frequency of rotor 18 Hz and 26 Hz. Subsequently the data for wind profile for
frequency of 20 Hz were interpolated, see Image 3.
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Image 3 — Left: wind proflles 18 Hz (red) 26 Hz (blue), 20 Hz (green) and CFD profile (black);
Right: location of measuring points and wind direction (120°)

3 Computer Fluid Dynamics (CFD)

RANS models can be solved in unsteady mode (URANS), they do not provide
any spectral content, even if the grid and time step resolution would be sufficient for that
purpose. This behavior is a natural outcome of the RANS averaging procedure (time
averaging), which eliminates all turbulence content from the velocity field. Turbulence
models are well described by several authors in detail in the cited references and
therefor only briefe description with theirs characteritic equations will be presented.

k-€ model is widely used despite his the known limitations. Performs poorly for
complex flows involving severe pressure gradients, separations and strong streamline
curvature. Two-equation turbulence model allow the determination of both, a turbulent
length and time scale by solving two separate transport equations. Modifications have
been introduced to improve its performance — the RNG model and the Realizable model.
Transport equations for the turbulence kinetic energy, Wilcox (2006):

d(pk) 6(PU]k)

ok
St = P pet Py + —[ ) ax}] (1)

Transport equations for the turbulence kinetic energy dissipation rate:
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The eddy viscosity is moddeled as:
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k—w model incorporates modifications for low-Reynolds number effects,

compressibility, and shear flow spreading. Sensitivity of the solutions to values for k and w

outside the shear layer (freestream sensitivity). Transport equations for the turbulence
kinetic energy, Wilcox (1986, 2008):
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Transport equations for the turbulence kinetic energy specific dissipation rate:
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The eddy viscosity:
k
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SST-SAS (Shear-Stress Transport — Scale-Adapted Simulation) model an
additional production term - the SAS term - in the w equation, which is sensitive to
resolved fluctuations. When the flow equations resolve unsteadiness, the SAS term
detects the unsteadiness and increases the production of w and hence the turbulent
viscosity decreases. Transport equations for the turbulence kinetic energy, Menter (2003,
2004):

a(pk) n a(pU k)

at 6)6]'

[o] ur\ ok

6)6]'

Transport equations for the turbulence kinetic energy specific dissipation rate:

d(pw) , I(pU;jw) 0 b)) 9k _ 2P 10k 0w
TR a 26y — pBw? + Qsas + 5 (’“’%)ax,- Fa-F2isEie (@)

The SAS term:

L \? 2pk 1 0w dw 1 0k ok

QSAS = max [p(szz (E) —C;;(pmax (Eaa_x]'k_za_xja_x] ),0] (9)

SAS (Scale-Adapted Simulation) model is a second generation URANS model,
improved URANS formulation allows the resolution of the turbulent spectrum in unstable
flow conditions. Derived on URANS arguments k—w and intermittency y. The SAS model
will remain in steady RANS mode for wall bounded flows, and can switch to SRS
mode in flows with large and unstable separation zones. Can resolve turbulence
structures with LES quality. The transport equation for the intermittency y, Menter (2004),
Langtry (2004, 2005):

ey L 3euy) _ _ 9 Be) Oy
ot + 6xj =y Eyl + Pyz E]/Z + 636]' U + oy 636]' (10)
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LES (Wall-Adapting Local Eddy-Viscosity WALE Model) Turbulent flows are
characterized by eddies with a wide range of length and time scales. The largest eddies
are typically comparable in size to the characteristic length of the mean flow. The smallest
scales are responsible for the dissipation of turbulence kinetic energy. Advantage of the
WALE model is that it returns a zero turbulent viscosity for laminar shear flows, what
allows the correct treatment of laminar zones in the domain, Nicoud (1999).The highest
level of complexity in numerical simulations of turbulence, Large Eddy Simulation (LES)
ranks second only to direct numerical simulation (DNS).

Eddy viscosity is modeled by:

2 (5511‘5{11')3/2

pe = pL
c=P S(§ij§ij)5/2+(5-d-5¢.)5/4

(11)

Where Py is turbulence production due to viscous forces, p density, € turbulence
dissipation rate, y molecular (dynamic) viscosity, p; turbulent viscosity, U; velocity
magnitude, C,;, C, and oy are turbulence model constants, P, and P, represent the
influence of the buoyancy forces, k turbulence kinetic energy, ¢ turbulence dissipation
rate, w specific dissipation, S; rate-of-strain tensor for the resolved scale, Ls mixing length
for sub grid scales, y intermittency. The models constants are given by C.=1.44,
C,=1.92, 0,=1 (2 for Wilcox model), 8* =0.09, a = 4/9, 8 =0.075, 0.= 1.3, 0,= 2.

DES model used was based on the SST k—w model. In the DES approach, the
unsteady RANS models are employed in the boundary layer, while the LES treatment is
applied to the separated regions. The LES region is normally associated with the core
turbulent region where large unsteady turbulence scales play a dominant role. In this
region, the DES models recover LES-like subgrid models. In the near-wall region, the
respective RANS models are recovered. Have been specifically designed to address high
Reynolds number wall bounded flows, where the cost of a near-wall resolving Large Eddy
Simulation would be prohibitive. The difference with the LES model is that it relies only on
the required resolution in the boundary layers. The computational costs, when using the
DES models, is less than LES computational costs, but greater than RANS, Menter
(2012).

4 The calculation

Geometry for preliminary analysis was built in Design Modeller. Whole grid
dimensions are: L =4 m, B = 2.6 m and H = 1.6 m. Quarter-circular object was situated
1 m behind inlet boundary (his centre of gravity) in middle of domains width.

At beginning the mesh was generated using tetrahedron elements and two types
of mesh where created. First mesh had on surface of quarter-circle object element size
0.005 m, advanced size function was on and set to be fixed, with fine relevance centre,
high smoothing and slow transition. Maximum face size was 0.1 m, maximum size 0.2 m
and grow rate of elements from surface of object 5 %. Generated were 1.8-10° elements
with 341 504 nodes, model mark is M1.

Second mesh had on surface of quarter-circle object element size 0.003 m,
advanced size function was on and set to be fixed, with fine relevance centre, high
smoothing and slow transition. Maximum face size was 0.1 m, maximum size 0.2 m and
grow rate of elements from surface of object 5 %. Generated were 3.347-10° elements
with 663 398 nodes, model mark is M2.

Both types of mesh were converted in ICEM (fluent solution module) to polyhedral
mesh type with final element number for first mesh 354 593 polyhedral cells with
2 088 288 nodes, second had 700 200 polyhedral cells with 3 448 831 nodes.
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Each surface of domain had its “named section” to which were in solution module
set boundary condition. Inlet was set as velocity inlet, outlet as outflow and rest of faces
was set as no slip walls without roughness. For all models was used same wind velocity
profile, which was defined as user defined function (UDF) and interpreted to ICEM. Profile
had to be divided into five zones, in heights where used logarithmic function started to
split from wind profile for 20 Hz frequency of rotor.

These heights were 70 mm, 250 mm, 550 mm and 950 mm from where the velocity was
almost constant. Used logarithmic function was:

_ Usric z
U(z) = uy,. Ay + 5 n (C1ZO) (12)
Upper constant part of velocity profile was:

— Yfric L\ Z
U(z) = uy,. Ay + 5 n (Clzo) + = (13)

Where u, = 3.851 m/s was speed at height of terrain roughness z, = 0.02 m (“nop” foil
height, see Image 2). Friction wind velocity was defined as:

__ Uref—Uzy _ 8,745-3,851
Usric = ZrefT5020\ ln(0'273+50'0'02) =1.67m/s (14)
m(T) 4.0,02

Wind profile constants were as follows: A = (0.81; 1; 1.031; 1.65), B = (0.7; 0.9;
0.935; 1.55), C = 0.95. Comparison of final UDF wind velocity profile to interpolated wind
velocity profile can be seen on Image 2. it need to be noted that the logarithmic function
and constants were set to obtain wind velocity profile as much as it is possible the same
as was interpolated profile, error in wind velocity at reference height (z,; = 0.273 m) was
zero, maximum error through the whole curve was 4.3%.

k-¢: this model inputs are based on turbulent kinetic energy k and turbulence dissipation
rate ¢ as follows:

UrefK _ 8,745.0,4

U= —7 == 735 = 1,338 m/s (15)
m(5L)  m(Ge)
_ u® _ 1338% 2,2
k= T Vo 597m*/s (16)
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us

£(z) = 17

k-w: this model inputs are based on turbulent kinetic energy k and specific turbulence
dissipation rate w as follows:

K.(z+2zo)

w(z) =7 (18)

SST-SAS: this model inputs are based on intermittency y = 1, turbulent kinetic energy k
and specific turbulence dissipation rate w. SAS: this model inputs are based on turbulent
kinetic energy k and specific turbulence dissipation rate w. LES: this model inputs are
based on turbulent kinetic energy k and turbulence dissipation rate €. DES: based on
turbulent kinetic energy k and specific turbulence dissipation rate w.

All models were ran as pressure-based, transient. From solution methods was
used SIMPLE pressure-velocity coupling scheme with second order spatial discretization,
for transient formulation was used Bounded second order implicit method. Solution was
initialized with hybrid initialization with default setting. Default solution controls. k-¢
STD1 T Viscous model used with standard wall functions, no curvature correction, no
kato-launder and no production limiter. k-€ STD2 T was ran with same setup, but near walll
threatment was set for enhanced wall threatment. k-w SST1 and k-w SST2 were ran with
solver type based on pressure, transient. Viscous model set as k-w SST with production
limiter. SST-SAS models had viscous model set with production limiter and kato-launder.
With first order upwind scheme for intermitency and momentum thickness Re. SAS1 and
SAS3 models had viscous model set with production limiter. SAS2 model had viscous
model set with production limiter and kato-launder and curvature correction. LES models
inputs were in velocity profile, k and ¢ profile. Spatial discretization with second order
pressure, bounded central differencing for momentum and last squares cell based
gradient. Table 1 shows basic specifications for transient simulations calculation setup.

Table 1 Turbulence models specifications for preliminary analysis

Turl\alcj)lde;ce Model Details I\/llzoEd'\gl Steps/Size/lterations (Ii/lu;.\rllf
keg standard wall function M1 200/0.005/20 k- STD1 T
enhanced wall function | M2 200/0.005/ 20 k- STD2 T
ew production limiter M1 100/0.01/30 k-w SST1
production limiter M2 200/0.005/30 k-w SST2
SST-SAS MO perturbations M1 500/0.002 /30 SST1 SAS
spectral synthesizer M2 500/0.001/30 SST2 SAS
no perturbations M1 500/0.002 /30 SAS1
SAS no perturbations M2 600/ 0.0005/ 20 SAS2
spectral synthesizer M2 500/0.002 /30 SAS3
spectral synthesizer M1 500/0.002 /30 LES1
LES spectral synthesizer M1 500/0.002 /30 LES2
spectral synthesizer M2 1340/0.0005/20 |LES3
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5 Results and Discussion

Final numbers of iterations for each turbulence model are shown in Table 2 and
were different from expected number of iterations based on steps multiplied by iterations
as solutions during one step converged, see Table 1. In Table 3 are differences in values
of mean pressure between experiment and CFD showed in percent and averged through
faces of object to: windward face (points 13 to 16), leeward face (points 1 to 4) and
quarter-circle face (points 5 to 12) in all elevations (0.015; 0.136; 0.258 m). ,,ALL Points*
represents averged from all 48 points. Note that the wind direction was inclined to
waindward face by 30°, so windward corner was between points 12-13 and leewardcorner
between points 4-5. Location of points according to wind direction is shown on Image 3.

Table 2 Residuals and convergence

. Steps x Num. of Abs. Criteria: Time
Curve Mark | Time [s] Itera’l?ions Iterations Continuity Step
k- STD1 T 1 4 000 1551 7.6533e-05 | 0.005
k- STD2 T 1 4 000 1787 7.6504e-05 | 0.005
k-w SST1 1 3000 1744 7.6498e-05 | 0.01
K-w SST2 1 6 000 1201 2.9532e-05 | 0.005
SST1 SAS 1 15 000 10 550 9.5301e-05 | 0.002
SST2 SAS 0.5 15 000 3 654 8.6054e-05 | 0.001
SAS1 1 15 000 3 685 9.5531e-05 | 0.002
SAS2 0.3 12 000 4792 7.8240e-05 | 0.0005
SAS3 1 15 000 11 690 9.7329e-05 | 0.002
LES1 1 15000 13 137 9.7781e-05 02 0.0
LES2 1 15000 13231 |  8.7978e-05 | , 0.0
0.67 26 082 0.0
LES3 05 20 131 7.8754e-05 005
Table 3 Overall errors A [%]

Location \Model k- STD1 T | k-w SST1 | SST1 SAS | SAS1 | LES1 | LES2
Windward Face 54.26 10.52 10.43 9.32 | 7.71 | 9.46
Leeward Face 24.52 19.71 19.63 17.05 | 41.58 | 33.98
Quarter -Circle Face 26.48 17.16 15.27 12.93 | 20.99 | 34.99
All Points 32.94 16.14 15.15 13.06 | 22.82 | 28.35

Location \Model k- STD2 T | k-w SST2 | SST2 SAS | SAS2 | SAS3 | LES3
Windward Face 53.20 16.52 10.57 15.54 | 11.62 | 13.65
Leeward Face 26.25 28.43 39.04 64.77 | 29.14 | 35.87
Quarter -Circle Face 23.17 20.75 15.24 37.71 | 16.94 | 30.14
All Points 31.45 21.61 20.02 38.93 | 18.66 | 27.45
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Image 5 — Comparison of mean pressure values from preliminary analysis in elevation +0.136m for
k-¢ (URANS) turbulence models
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Image 6 — Comparison of mean pressure values from preliminary analysis in elevation +0.136m for
k-w SST (URANS) turbulence models (up) and SST-SAS (middle), SAS (SRS) turbulence models
(bottom)
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Image 7 — Comparison of mean pressure values from preliminary analysis in elevation +0.136m for
LES (SRS) turbulence models
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Image 8 — Left: steady velocity profiles after inlet; Right: on top of object
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Image 9 — Left: time-averaged velocity profiles after inlet; Right: on top (right) of object

Due to large amount of results is this part focused only results in +0.136 m elevation. In
elevation +0.015 m were curves of mean time averaged pressures with averaged error in
all 16 points around 10 %. In elevation +0.136 m were curves of mean time averaged
pressures with averaged error above 30 %. In elevation +0.258 m were curves of mean
time averaged pressures with averaged error around 15 % up to 25 %.

URANS models performed very good and fast convergence, k-w based model gave better
results in convergence and also predicted values of mean pressure were following shape
of “curve” for mean values of pressure from experimental measurement. Errors in values
were from 8 up to 28 % and is putting k-w based model above k-¢ (note that this model
had production limiter turned offand interisting model overpredicted values of pressures
on winwardface of object but performed better on leeward face). Velocity profiles of
URANS models were not showing any sign of turbulence and were almost the same as
steady RANS, see Image 8 and 9.

SRS model in preliminary analysis performed better than URANS, of course for the cost of
extra time needed to reach the convergence criteria. SST1-SAS turbulence model needed
3x more time to reach convergence. SAS1 turbulence model without pertubations
performed very good compared to model SAS3 with spectral synthesizer which was
generating a fully turbulent environment in the whole domain, see Image 8. Turbulence
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was present also in time-averaged velocity profiles, Image 9. SAS1 model should reflect
time-averaging (removing turbulence out of solution), reached results were better
compared to SAS1. LES turbulence model served in this analysis just for comparison of
mesh quailty. LES have hight potencial for prediction air-flows if the mesh is fine enough
and such a mesh would mostlikly consume most of the time that took to done this
analysis. Curves can be seen on Image 6 and 7 and from the shape of curves is vible that
the influence of turbulence is still present even after 20 000 iterations with one of the
smalles time steps 0.0005 s.

Curve in graphs on Images 6 and 7 presented with dash line served for estimating
beginning of sampling time-averaged quantities. SAS2 curve was obtained at time of
iteration 0.3 s; this curve can be seen on Image 6. Values of pressures reached behind
maximum values from experimental measurement in five points. Curve SST2-SAS
represents time of 0.5 s and this curve can be seen on Image 6. Results from time-
averaging from 0 to 0.5 s were all below maximum values from experiment. LES3 was
time-averaged from 0 up to 0.67 s and lack of time steps and mesh quality caused curve
to reach behind maximum values in two points.

Recommendations from preliminary analysis: Minimizing domain size (too big for
SRS); improving mesh quality (zones with separations); time-averaging after flow stabilize
(= 0.5 s); more inputs from experiment (TKE k, TKEDR ¢, TKESDR w); more iterations
(time steps) for time-averaging; spectral synthesizer (a recommendation from several
ANSYS fluent presentations).

Implementation of recommendations: domain size 1-1.5-1 m, mesh quality 914 387
polyhedral elements, time-averaging from 0.4 ~ 1.8 s, steps/iterations 4500 / =83 500.
Mesh quality was improved at bottom wall around object, just as around body of ,quarter-
circular* object and mainly behind object, this densed region was created using a solid
rectangle set as body of influence, where maximun elements dimensions were set same
as on object surface. Bottom plane and horizontal plane through object can be seen on
Image 9. Tetrahedron mesh (3 783 949 elem.) was created for this model as follows: max
face size and max size were set to 0.04 m; growth rate 10 %; face sizing on object was
0.002 m hard; inflatation was applied on object with 10 layers with growth rate of 5 %;
bottom face sizing was changing away from the object from 0.004 m to 0.01 m to 0.05 m.

Turbulent model was used Delayed Detached Eddy Simulation (DDES). Model
was ran as pressure-based, transient. RANS model was used k-w SST, viscous model
was set with production limiter and kato-launder and curvature correction.

From solution methods was used SIMPLE pressure-velocity coupling scheme with
second order spatial discretization, for transient formulation was used Bounded second
order implicit method. Solution was initialized with hybrid initialization with default settings.

) )

Image 10 — Left: dense mesh at bottom; Right: dense mesh around obstacle and in separation
zone around and mostly behind the object
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6 Conclusions

CFD predicted quite similar flows as were obtained from experiment. SRS (Scale
Resolving Simulation) performed better then RANS (Reynolds Averaged Navier- Stokes
Simulations) models. RANS: k—w SST model gave fast and quite good results. SRS: SAS
turbulence model with no perturbations predicted pressures best with 3x faster
convergence compared to spectral synthesizer. From preliminary analysis results is clear
that option of curvature correction (CC) wasn’t the right choice, results from models set
with CC yielded higher errors.

After applying recommendations the mean error in all selected 16 points from all
three elevations reached value 9.63 %. After removing errors greater than 20 % (points 9,
10, 11 and 12) mean error dropped to 7.2 %, see Image 3 for locations of these points.
From pressure curves in Images 11 and 12 we can identify regions with mesh that still
needs more attention. In this case was used CC too.

Unfortunately due to lack of time wasn't tested alternative without CC in
combination with more time steps just as another improvement to mesh around windward
corner. This will be tested in future calculations. Additional measurements to experiment
are planned. Velocity profiles in front, above and behind object and these should give us
better look how certain turbulent models predicting air-flow around an obstacle in domain.
This analysis will be presented in Part 2.
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VALIDACE EMPIRICKYCH VZTAH U PRO PREDIKCI PENETRACE BETONOVYCH
DILCU NUMERICKYMI SIMULACEMI

MARTIN HUSEK

Fakulta stavebni, VUT v Brné, Vevefi 331/95, 602 00 Brno, Ceska republika

Abstract: Basic construction material used for any kind of structure is concrete. However,
in most vital and local structures such as nuclear plants, weapon industries, weapons
storage places and also water retaining structures like dams, concrete structures have to
be designed as defensive structures to provide protection against any accidents or
knowingly generated incidents such as dynamic loading, dynamic local impact damage
and global damage generated by kinetic missiles. The review of the most used empirical
studies related to issues of high speed impact loading by rigid missile and comparison
with numerical simulations performed in LS-DYNA is provided in this paper.

Keywords : LS-DYNA, Concrete, *MAT_CSCM, Local Impact Effects, Empirical Study

1 Uvod do problematiky

VyuZiti betonu a jeho vyztuZzenych variaci je velice rozmanité, nicméné primarné je
vyuZivan do staveb civilnich. V pfipadé vojenskych potfeb ovSem vétSinou neplni funkci
nosnou, ale ochrannou. V oblastech valeénych konfliktl je potfeba feSit otazku bezpecdi
a to zejména jak ochréanit lidské Zivoty €i dudlezitou vojenskou techniku pfed ucinky
vybuchd, praraznych strel a tedy obecné pred G¢€inky lokalniho razového namahani. Tato
otazka byla feSena jiz poCatkem 20. stoleti, kdy zacaly vznikat stfely typu bunker buster.
Tyto prarazné strely mély za ukol proniknout plastovou ochranou bunkrd €i opancéfované
vojenské techniky, pfi¢emz k vybuchu mélo dojit v moment, kdy nesena vybusnina jiz byla
pod plastovou ochranou. Uginek vybuchu proto nebyl spotiebovan na samotné porudeni
plastové ochrany, ale na efektivni zniceni cile.

Samotna hlavice stiely &i projektilu mize byt klasifikovana jako tvrda & meékka,
pficemz o klasifikaci nerozhoduje pouha deformace hlavice, ale i deformace cile. Defor-
mace meékké hlavice je velka a deformuje se srovnatelné s cilem, diky ¢emuz muaze byt
cili pfedana znacna ¢ast kinetické energie a maze tak dojit k pozadovanému zastavova-
cimu ucinku. Deformace tvrdé hlavice maze byt mala ¢i zanedbatelné v porovnani s defor-
maci cile. Vzdy vSak zalezi na typu stfely. Pro jiz zminéné prurazné strely je primarnim
pozadavkem tvrda resp. nedeformovatelna hlavice. V numerické simulaci pak mohou byt
s vyhodou pouZzity pro modelovéani stfel &i projektill tzv. rigid bodies a primarni pozornost
muze spocivat na chovani a odezve cile.

V tomto pfispévku budou probrana zejména lokdlni posSkozeni nevyztuzenych
betonovych dilct s kone¢nou tloustkou, pfi¢emz samotny projektil bude modelovan jako
tuhé valcoveé téleso. Lokalni poSkozeni betonového dilce zavisi na nékolika faktorech a to
zejména na jeho pouzitém materialu, tvaru, velikosti, hmotnosti a rychlosti projektilu, ale
rovnéZz na pomeéru velikosti dilce a projektilu, dopadajicim uhlu projektilu, tloustce
zasazené ¢asti dilce a na jeho okrajovych podminkach.

UplIné lokalni poskozeni betonového dilce po zasazeni projektilem, ktery je klasi-
fikovan jako tvrdy, prochazi zejména tremi fazemi:

» Drceni povrchové ¢asti betonu na pfedni strané dilce v mistech, kde dochazi ke kon-
taktu projektilu s dilcem za vzniku penetrace.
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» Odpryskavani zadni ¢asti betonoveho dilce tak, jak projektil pokracuje v jeho penetraci.

» Perforace betonového dilce (celkova penetrace).

@ Nartin

Obrazek 1 — Povrchové drceni betonu se vznikajici penetraci

Obrazek 3 — Perforace betonového dilce (ceIkO\}é penetrace)
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VySe provedena vizualizace popisuje tfi faze Uplného lokalniho poSkozeni betono-
vého dilce. Je zfejmé, Ze pro perforaci betonového dilce musi mit stiela €i projektil
dostatecnou rychlost, resp. tloustka betonového dilce musi byt dostatecné mala.

Pokud by projektil nedisponoval dostate¢nou kinetickou energii, aby byl schopen
perforovat betonovy dilec, mohl by kazdy z prvnich dvou vySe uvedenych obrazkl pred-
stavovat kone¢nou fazi penetracni Ulohy. Pro potfeby nasledujici analyzy proto bude
nutné definovat nékolik dalSich termind.

* Hloubka penetrace — Hloubka zabofeni projektilu do betonového dilce pro jeho
danou pocéatec¢ni rychlost.

e TlouStka odpryskavani — Pro danou rychlost projektilu se jedna o minimalni tloustku
betonového dilce, pfi které nedojde k odpryskavani betonu
na jeho zadni strané.

e Perforaéni tloustka — Pro danou rychlost projektilu se jedna o minimalni tloustku
betonového dilce, pfi které nedojde k jeho perforaci.

Je zfejmé, Ze k definovanym tloustkdm Ize analogicky sestavit limitni rychlosti.

e Limitni rychlost pro odpryskavani — Minimalni pocéatecni rychlost projektilu, pfi které
dojde pfi zadané tloustce betonového dilce

s w7z

k jeho odpryskavani na zadni ¢éasti.

 Limitni balistick& rychlost — Minimalni pocatecni rychlost projektilu, pfi které
dojde pfi zadané tloustce betonového dilce
k jeho perforaci.

2 Empirické vzorce

NiZze uvedené vztahy byly sestaveny a testovany pro vysokorychlostni strely i
projektily, které dopadaly kolmo na betonové dilce, pficemz vznikla penetracni hloubka
byla obvykle zanedbateln& s jejich tloustkou. Vzorce nemaji fyzikalni opodstatnéni a byly
odvozeny ze sérii zkouSek. Paklize ma dany vzorec doporu¢ené omezeni ve svém pouZiti
pak bude uvedeno, v jiném pfipadé je jeho aplikace neomezena. Ackoliv projektily pfi
testovani nebyly vzdy valcové srovnym cCelem, autofi uvadéji, Ze aplikace vztahl na
zaoblené resp. tupé projektily je mozna (Kennedy, 1976). Vzhledem k mozné unifikaci
v3ech formulaci bude pfijata nasledujici symbolika:

DS 11 11 U hloubka penetrace
P | 0] tlousStka odpryskavani
P M e perforacni tlouStka
0T | | hmotnost projektilu
A M primér projektilu
VN (101 e OO SORT rychlost projektilu
P | == | PP pevnost betonu v tlaku
LFS | = | PP pevnost betonu v tahu
S P koeficient tvaru €elni plochy betonového dilce
Ko [l penetracni koeficient betonového dilce
N T koeficient tvaru hlavice strely/projektilu
N T P koeficient tvaru hlavice stiely/projektilu Hughesovy formulace

VSechny uvedené vztahy jsou v soustavé jednotek Sl. Pro potfeby porovnani s numeric-
kymi simulacemi jsou uvedeny pouze nejCastéji pouzivané empirické vztahy.
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2.1 Modifikovana Petryho formulace

Nejpouzivanéjsi formulaci pro predikci lokalnich uc¢inkd dopadu tvrdé stfely na
betonové konstrukce v USA byla modifikovana Petryho formulace. Jedna se o jeden
z nejstarSich dostupnych empirickych vztahd, ktery byl odvozen jiz v roce 1910.

X =k S 1
= gz %810 19974 (1)

Formulace méla vyjadfovat skutecnost, Ze vznikajici odporova sila je v dany
okamzik konstantni a je proporciondlni ¢tverci dopadové rychlosti. Modifikacni koeficient
k je prostou konstantou vyjadfujici velikost kontaktniho odporu rovného betonového po-
vrchu. Zapsén je jako

k = 0,0795k, )

kde kvalita penetra¢niho koeficientu betonoveho dilce k, byla pozdé&ji stanovena v zavis-
losti na pevnosti betonu v tlaku, pfi¢emZz nabyva hodnoty dle grafu na obrdzku 4
(Amirikian, 1950).

Penetraéni koeficient kp

0,0050
0,0045
0,0040
0,0035
0,0030
0,0025
0,0020
0,0015

0,0010

Penetracni koeficient k;, [-]

0,0005

0,0000
10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 50,00

Pevnost betonu v tlaku f. [MPa]

Obrazek 4 — Penetracni koeficient betonového dilce

Petryho formulace pro vypocet penetracni hloubky byla rovnéz pozdéji doplnéna
o vztahy, které vracely velikosti tlousték pro odpryskavani a perforaci. Tyto dodatky navrhl
Amirikian (Amirikian, 1950), pfiéemZ byly zaloZeny na hloubce penetraéni. Tloustka
odpryskéavani h, je potom rovna

h, = 2,2X 3)

perfora¢ni tloustka pak

h, = 2X (4)
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2.2 Formulace centra pro balisticky vyzkum (BRL)

Penetraéni hloubka projektilu stanovena dle vztahu, ktery byl odvozen na pocatku
roku 1941 centrem pro balisticky vyzkum (BRL) je rovna

_) 402,133 (5)

BRL formulace pro vypocet penetracni hloubky byla pozdé&ji doplnéna o vztahy,
které vracely velikosti tlousték pro odpryskavani a perforaci. Tyto dodatky navrhl
Chelapati (Chelapati, 1972), pficemz byly zaloZeny na hloubce penetracni. Tloustka
odpryskéavani h, je potom rovna

h, = 2X (6)
perfora¢ni tloustka pak

h, = 1,3X ©)

2.3 Formulace sdruzeni vojenskych inzenyr G (ACE)

Pfed rokem 1943 provadélo oddéleni zbrojniho pramyslu americké arméady ve
spolupréaci s centrem pro balisticky vyzkum (BRL) €etné testy lokalniho poSkozeni betono-
vych dilcd zaloZzenych na formulaci sdruZeni vojenskych inZzenyrd (ACE). Penetraéni
hloubka projektilu byla dana vztahem

35-107*

Vi

(m 02,, 1,5 -1
E)d 29,15 4 0,5d pro v, € (200; 1000) ms ®)

Vroce 1944 byly k vypoctu penetra¢ni hloubky doplnény vztahy vracejici také
tloustky pro odpryskavani a perforaci. Tyto vztahy byly odvozeny regresni analyzou pro
projektil naboje .50 BMG! nebo také 12,7x99 mm NATO a pro stiely s tvrdou hlavici raze
37 mm, 75 mm, 76,2 mm a 152 mm. TlouStka odpryskavani h, je potom rovna

h, = 2,28d + 1,13X 9)
perfora¢ni tloustka pak

h, = 1,23d + 1,07X (10)

! Browning Machine Gun.
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2.4 Modifikovanéa formulace vyboru pro narodni bezpe  énost (NDRC)

Roku 1946 navrhl vybor pro narodni bezpeénost (NDRC) formulaci pro vypocet
penetraéni hloubky modifikovanim dfive uvedeného vztahu ACE. Vztah vychazi z teorie,
kdy se vznikajici odporova sila zvySuje linearné, nez dosahne své maximalni hodnoty,
ktera pak zlstava konstantni po celou dobu penetrace. Tato teorie byla pfijata pro
betonové dilce konecné tloustky. Vztah NDRC se stal oblibenym vzhledem k tomu, Ze
poskytoval dobrou aproximaci napfi€¢ vSemi razemi v tehdejSi armadni vybavé a rovnéz
dovoloval lépe vystihnout tvar hlavice strely/projektilu. Roku 1966 byla testovaci data
rozSifena a rovnéz byla navrzena modifikace vztahu (Kennedy, 1966). Pro vypocet pene-
traCni hloubky se pak vychazi z funkce G.

G=38 10—51vl(@)1'8 (11)

dff.~d

Pri¢emz pro vypocet penetracni hloubky se vychazi z téchto podminek.

X =2dVG pro G<1 (12)

X=d(G+1) pro G>1 (13)

Pro vztahy urcujici tloustku odpryskavani se vychazi z téchto podminek.

X2 X
ho = 791X = 5,06— pro. ~ <065 (14)
X
h, = 2,12d + 1,36X pro 0,65 <— <1175 (15)

Analogicky pro vztahy uréujici perforaéni tloustku se vychazi z téchto podminek.

X2 X
7 <135 (16)

hy, =3,19X — 0,7187 pro

X
hy, = 1,32d + 1,24X pro 135<-<135 17)

Tabulka 1 Koeficient tvaru hlavice strely/projektilu

Tvar hlavice stfely/projektilu N [-]
tupy 0,72

kruhovy 0,84
aerodynamicky 1,00

ostry 1,14
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2.5 Hughesova formulace

Hughes pfedpokladal, Ze vznikajici odporova sila se zvySuje linearné, nez dosah-
ne své maximalni hodnoty tak, jako v teorii NDRC. Oproti teorii NDRC vSak nepredpokla-
dal odporovou silu konstantni po celou dobu penetrace. Odpor materialu cile se mél
postupné parabolicky sniZovat tak, jak roste penetra¢ni hloubka. Hughesova formulace
jako jedind predpoklada, Zze o poruseni materidlu rozhoduje pevnost betonu v tahu.
Nicméné zavislost mezi pevnosti betonu v tahu a pevnosti betonu v tlaku je b&zné uvazo-
vana jako konstantni. Pro stanoveni penetra¢ni hloubky se vychazi z bezrozmérného
koeficientu .

muvgy?

Iy = xa (18)

Hughes jako jediny do svych formulaci zaved! i vliv rychlosti zatéZovani a tedy
vztahy definujici velikost pevnosti betonu v tahu pro rizné rychlosti projektilu. Bohuzel
prvni pokusy vedly na formulace, které davaly zvySujici koeficienty pro pevnost betonu
v tahu
i tlaku stejné. Nakonec byla sestavena empiricka funkce S, ktera vychazela z koeficientu
Iy (Hughes, 1984).

S=1+4+12,3In(1 + 0,031y) (29)
Penetracni hloubka je pak rovna

Nyly

X =0,19 d (20)

Pro vztahy ur€ujici tloustku odpryskavani se vychazi z téchto podminek.

h, = 5X pro =< 0,70 (21)
h, = 2,3d + 1,74X pro = > 0,70 (22)
Analogicky pro vztahy uréujici perforacni tloustku se vychazi z téchto podminek.

h, = 3,6X pro ii—( < 0,70 (23)

h, = 1,4d + 1,58X pro > 0,70 (24)
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Tabulka 2 Koeficient tvaru hlavice stfely/projektilu Hughesovy formulace

Tvar hlavice strely/projektilu Ny []
tupy 1,00

zaobleny 1,12

kruhovy 1,26

ostry 1,39

2.6 Srovnani formulaci

Jednotlivé formulace jsou srovnany formou grafl, pfi€emz byl uvazovan projektil
naboje 12,7x99 mm NATO (50 g) s tupou hlavici. Kvalita betonu byla uvazovana s pev-
nosti v tlaku 35 MPa a pevnosti v tahu 3,2 MPa, ¢emuz odpovida beton C35/45. Grafy
zobrazuji ziskané penetraéni hloubky dle vySe uvedenych formulaci v zavislosti na rych-
losti projektilu v okamzik jeho kontaktu s betonovym dilcem.

Projektil naboje 12,7x99 mm NATO (50 g)

0,25

— Modified Petry

BRL o

0,20 —=— ACE . A
........ NDRC i

—— Hughes -

Penetracni hloubka X [m]

0 100 200 300 400 500 600 700 800 900
Rychlost projektilu v, [ms™]

Obréazek 5 — Srovnani vztahd pro vypocet penetracni hloubky

Projektil naboje 12,7x99 mm NATO (50 g)

— Modified Petry
BRL

e ACE

........ NDRC N

004 1 == Hughes

0,06

0,05

Penetraéni hloubka X [m]

0 50 100 150 200 250 300
Rychlost projektilu vy [ms™]

Obrazek 6 — Srovnani vztahl pro vypocet penetracni hloubky (podzvukova oblast)
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Obréazek 5 pfitom zobrazuje rozsah hodnot aZ do rychlosti projektilu 900 ms™,
kterd je pro vétsinu stieliva této raze limitni?. Obrazek 6 pak detailn&ji zobrazuje rychlosti
projektilu do 300 ms™, které pokryvaji méné vykonné sttelivo této raZe. Jiz na prvni pohled
jsou zfejmé rozpory formulaci, obzvlasté pak s modifikovanou Petryho formulaci. Ta jako
jedind predikuje penetrac¢ni hloubku tak, Ze jeji funkce se s rostouci rychlosti projektilu
stava konkavni a rychlost rustu penetraéni hloubky pak klesa. Formulace mezi sebou
nicméné dosahuji dobré shody, obzvlasté v oblasti podzvukovych rychlosti. Pfed samot-
nym provedenim numerické analyzy muaze byt jiz konstatovano, Ze pouZiti jakéhokoliv
vztahu vychazejiciho z uvedenych formulaci musi byt velice obezfetné a nejlépe by mél
byt pouzit takovy, ktery pfi svém sestavovani obsahoval testovaci data s razi°, ktera je
aktuélnim pfedmétem zajmu.

Hodnoty penetracni hloubky na obrazcich 5 a 6 dle formulaci ACE a NDRC by
tedy mély poskytovat dobrou shodu pravé pro razi 12,7 mm vzhledem ktomu, Ze
testovaci data obsahovala i ji.

3 Numericka simulace

Numerické simulace byly provadény v programu LS-DYNA, pfi¢emzZ bylo vyuZito
explicitni varianty feSice.

o
il
I H]
S

Husek @1

Obrazek 7 — Vizualizace feSeného problému

3.1 Geometrie modelu

Vzhledem k tomu, Ze projektil dopadal na betonovy dilec kolmo, byla modelovana
pouze Ctvrtina modelu s vyuzitim podminek symetrie. Délka a Sifka realného betonového
dilce by byla 400x400 mm — na obrazku 7 jsou pak tedy rozméry 200x200 mm. Jeho
tlouStka byla 100 mm, ale aby se mohl posoudit jeji vliv na vysledky, byla rovnéZz modelo-
vana varianta 200 mm. Samotny projektil byl modelovan jako vélec o praméru 12,7 mm

2 U palnych zbrani se jedna o rychlost projektilter& nastavadkolik okamzZiki poté, co projektil opusti
Usti hlav. Nejedna se vSak o tlm/ou rychlost. BRsobenim plyf na dno projektilu, tzv. dodateym &in-
kem prachovych plyin je projektil dal urychlovan i mimo hlaiie

% Casto nemozné vzhledem k nezjistitelnosti tdaj
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a s predpokladanou hustotou 7850 kgm™, byl vysoky 50,282 mm, aby byla dodrZena jeho
hmotnost 50 g. Projektil je v po¢atecni fazi vzdalen od povrchu betonového dilce 5 mm.

3.2 Diskretizace a sit & kone €nych prvk U

Pro vypoclet byla zvolena diskretizace prostoru Lagrangovskymi sitémi, ackoliv
problémy souvisejici s touto formulaci (velké deformace, fragmentace, omezovace lokali-
zace apod.) jsou znamy. Déleni betonového dilce po délce a Sifce (hrany délky 200 mm)
byly v piipadé tloustky 100 mm i 200 mm rozdéleny na 65 dild, pfic¢emz bias factor* byl 9.
V mistech vzniku kontaktu projektilu s betonovym dilcem byla tedy délka prvku 0,84 mm
a na strané vetknuti (obrazek 7, strany znaceny jako FIXED) byla délka 7,56 mm. Dilec
tloustky 100 mm byl po své vySce (tlouStce) délen pravidelné na 70 dilt a dilec tloustky
200 mm pak na 140 dild.

Obrazek 8 — Sit konec¢nych prvk(i na betonovém dilci tl. 200 mm

Obrazek 9 — Sit konecnych prvkl na betonovém dilci tl. 200 mm

* Faktor utujici porrer délky nej¥tsiho a nejmensiho prvku.
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Samotny projektil byl po vySce pravidelné délen na 10 dili a ve zbylych smérech
se snazil kopirovat sit prvk betonového dilce. Pouzité sité jsou na obrazcich 8 a 9 se
zamérenim na betonové dilce. Na obrazku 10 je pak detailngji vidét diskretizace projektilu.

Na obrazku 11 je pak barevné porovnani kvality sité¢ vzhledem k poméru stran
jednotlivych prvkl. Barevné Skaly modré znaci dobrou kvalitu, Skaly ¢ervené Spatnou.

Obrazek 10 — Sit koneénych prvkd na projektilu

Obrazek 11 — Kvalita sité konec&nych prvkl betonového dilce zaloZzena na poméru stran prvkd

3.3 Materialové modely

Pro materidlovy model betonového dilce byl pouZit tzv. Continuous Surface Cap
Model (CSCM), ktery je v programu LS-DYNA veden jako material 159, pfiemz byla
konkrétné pouZita jeho zjednoduSena varianta * MAT_CSCM CONCRETE. Materidlovy
model CSCM byl jiz nékolikrat testovan a podrobné popsan ve svych evaluaénich manua-
lech,
a proto se mu zde nebude vénovat vétSi pozornost. Nicméné je vhodné fici, Zze tento
model je zaloZen na podmince plasticity a umoznuje zohlednit zménu mechanicko-
fyzikalnich vlastnosti materidlu v zavislosti na rychlosti deformace. Diky zakomponovani
algoritm@ na prepocet parametri poSkozeni v zavislosti na délce kone¢ného prvku Ize do
jisté miry Fici, Ze je poruSeni betonového dilce nezavislé na siti kone¢nych prvka. Mit tedy
pravidelnou
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a jemnou sit se mize zdat byt zbytecné, ovSem ukazuje se, Ze i samotné natoceni sité
a pomeér stran prvku stéle do jisté miry ovliviiuje poruseni (Novak, 2002).

Nastaveni materialu v programu LS-DYNA bylo nasledujici

* MAT_CSCM_CONCRETE

$# md ro npl ot incre irate er ode recov itretrc
1 2400 1 0 1 1 1 0
$# pred
0
$# fpc dagg units
35000000 0. 016 4

vvvvvv

kde mezi nejdulezitéjSi parametry patfii rate = 1 (rychlost deformace ovliviiuje mecha-
nicko-fyzikalni vlastnosti betonu), erode = 1 (prvky z vypoctu vypadavaji ve chvili, kdy
je poruSeni prvkd d > 0,99 bez zavislosti na maximalni hlavni pomérné deformaci prvka)
a parametr recov = 1 (modul pruznosti v tlaku degraduje v zavislosti na kifehkém
poruseni). Pro Uplnost se jedna o beton C35/45 s nejvétSim zrnem kameniva velikosti
16 mm bez zavedeného pocate¢niho poSkozeni s moznosti uvazovani zhrouceni poru.

Vzhledem k tomu, Ze projektil byl uvazovan jako nedeformovatelny, byl zvolen
materidlovy model, ktery je v programu LS-DYNA veden jako material 20, konkrétné pak
*MAT Rl G D°

*MAT_RIGD
$# md ro e pr n coupl e m alias
2 7850 2E11 0.3 0 0 0

3.4 Ostatni nastaveni a podminky

Z obrazku 7 plyne uloZeni a proporce modelu, pfi¢emz testované rychlosti projek-
tilu vo byly od 0 — 900 ms™ odstupfiované po 100 ms™. Souginitel statického tfeni mezi
projektilem a betonovym dilcem byl stanoven na 0,4. Jeho dynamicka sloZka pak rovha
nule. Pro Uplnost je zde uveden cely vypis pouzitych Keywords:

* BOUNDARY_SPC_SET

* CONSTRAI NED_RI Gl D_BODI ES
* CONTACT_AUTOMATI C_SI NGLE_SURFACE®
* CONTROL_ACCURACY

* CONTROL_BULK_VI SCOS| TY

* CONTROL_CONTACT

* CONTROL_ENERGY

* CONTROL_HOURGLASS

* CONTROL_SOLI D

* CONTROL_TERM NATI ON

* CONTROL_TI MESTEP

* DATABASE_ELOUT

* DATABASE_GLSTAT

* DATABASE_MATSUM

* DATABASE_NODFOR

* DATABASE_BI NARY_D3PLOT

* DATABASE_BI NARY_D3THDT

* DATABASE_FORVAT

* DEFI NE_CURVE

* ELEMENT_SOLI D

*END

*]'NI TI AL_VELOCI TY_RI G D_BODY
* KEYWORD

*MAT_RIGI D

* MAT_CSCM_CONCRETE

* NODE

® Uvedené hodnoty v karmaterialu jsou pdebné zejména ki nastaveni kontaktnich formulaci.
® Alternativrs * CONTACT _ERODI NG_SI NGLE_SURFACE.
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* PART
* SECTI ON_SOLI D
* SET_NODE_LI ST
*TI TLE

4 Vysledky numerickych simulaci

Se samothym zjisténim penetracni hloubky v provedenych numerickych simula-
cich (zejména pfi pouZziti Lagrangeovské formulace siti) souvisi fada otazek a probléma.
Vysledky proto budou doplnény o rozSifujici studii zabyvajici se velikosti Casového kroku.

v, 100 ms"
tl. 100 mm
v, 100 ms"
tl. 200 mm
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Obréazek 12 — Vliv rychlosti projektilu na deformaci betonového dilce
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Na obrazku 12 je porovnani vlivu rychlosti projektilu na kone¢nou deformaci beto-
noveho dilce (zachycen okamzik, od kterého se jiz dal nerozSifuje materialové poskozeni
kone&nych prvki). Barevné jsou vykreslena kfehké a plasticka poskozeni’, pfiéemz modra
barva symbolizuje nulové poSkozeni a barva Cervena pak poSkozeni rovné 99%.

v, 900 ms™
tl. 100 mm

Obréazek 13 — Deformace betonového dilce po zasahu projektilem (zleva izometrie a pohled)

v, 900 ms”
tl. 200 mm

Obrazek 14 — Deformace betonového dilce po zasahu projektilem (zleva izometrie a pohled)

Obrazky 13 a 14 pak blize zobrazuji zmifiované materialové poskozeni. Je zfejmé
(obzvlasté u simulaci, kde tloustka betonového dilce byla 200 mm), Ze dochazi k tvorbé
oblasti mezi spodnim licem betonového dilce a projektilem, které nejsou postizeny
poSkozenim vibec. Z provedenych simulaci vyplyva, Ze tato oblast, kterd se zmenSuje se
vzrustajici rychlosti projektilu, predikuje misto vzniku dvou marginalnich trhlin. P¥i kritické
velikosti této oblasti jednak dochazi k podélnému Stépeni betonového dilce, ale rovnéz
vznika klin materialu, ktery odpryskava. Prvni z trhlin vznik& blize k projektilu na hranici
po3kozené a neposkozené oblasti. Tato trhlina je pfi nizSich rychlostech projektilu téméf
rovnhobézna se spodnim okrajem dilce — laminarné ho Stépi, viz obrazek 12 pfi rychlosti
projektilu 500 ms™, tloustky dilce 100 mm. Druh& trhlina pak vznika na hranici vytvore-
ného klinu poSkozeného materialu a Sifi se az ke spodnimu lici dilce. Nejlépe je tato

" Sledovani rozdilu poskozenidghkého a plastického nebyltegnitem zajmu.
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oblast vidét na obrazku 12 pFi rychlosti projektilu 300 ms™, tloustky dilce 100 mm. Tento
po3kozeny material vSak nutné nemusi odpadnout. Ve srovnani s empirickymi vztahy pro-

vedené numerické simulace predikuji ponékud obezietnéjsi vysledky penetracni hloubky.
BohuZel se v8ak nedé konstatovat dobra shoda s Zadnou z uvedenych formulaci.

Projektil naboje 12,7x99 mm NATO (50 g)
— Modified Petry

BRL P
020 1 —.— ACE e
2

0,25

015 || —— Hughes A
—— LS-DYNA [tl. cile 100 mm] ¥ 4
—e— [ S-DYNA [tl. cile 200 mm] g

Penetraéni hloubka X [m]

0 100 200 300 400 500 600 700 800 900

Rychlost projektilu v, [ms™]

Obrazek 15 — Srovnani empirickych vztah( s numerickymi simulacemi

Rozdilnost vysledkl vSak muze byt do jisté miry vysvétlena. Dostupnost informaci
0 provadénych testech je znacné omezena. Obzvlasté pak informace ohledné kvality
pouzitého betonu. Dfive uvedené empirické vztahy nezohledruji kvalitu betonu jinak, nez
formou jeho pevnosti v tlaku a jeho penetracniho koeficientu, rovnéz zalozeném na jeho
pevnosti v tlaku. V popisu betonu chybi zejména velikost kameniva, stafi betonu, kvalita
provedené prace apod. Numericky zjiSténé grafy jsou vSak konvexni a pfi jejich porovnani
s grafem formulace NDRC vznika do jisté miry korelace i v jejich prvnich derivacich.

4.1 Limitni rychlost pro odpryskavani a limitni bal isticka rychlost

Nalezeni limitni rychlosti pro odpryskavani (tloustka dilce 100 mm) bylo provedeno
stanovenim rychlostnich hranic projektilu, pfi kterych zadni &astice betonového dilce
odprysknou &i nikoliv.® Postup zaloZzeny na kontrolach empirickych vysledkd byl vylougen,
vzhledem k tomu, Ze samotné porovnani penetra¢nich hloubek nebylo uspokojivé.

Tabulka 3 Hodnoty limitni rychlosti projektilu pro odpryskavani (tloustka dilce 2700 mm)

Formulace Limitni rychlost pro odpryskavani [ms™]
Modifikovany Petry 390
BRL 280
ACE 390
NDRC 490
Hughes 300
LS-DYNA 500

Nicméné tabulka 3 poukazuje na dobrou shodu formulace NDRC s numerickymi
simulacemi. Rychlostni hranice projektilu byly pfitom stanoveny na 450 ms™ a 550 ms™.

8 Ackoliv materialovy klin betonovychiastic v numerické simulaci mohl byt thik zcela porusen, nebylo
toto povazovano za odprysknuifastice proto musely vykazovat konstarinizristajici rychlost a posun.
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Projektil naboje 12,7x99 mm NATO (50 g)

30

--- 550 m/s

25 -— 510 m/s
;'/r\ _________ — 500 m/s

v F >~ 490 m/s
) \ --- 450 m/s

15

10

Rychlost ¢astic [ms™]

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
Cas [ms]

Obrazek 16 — Rychlost betonovych ¢astic na zadni strané dilce v zavislosti na rychlosti projektilu

10

Projektil naboje 12,7x99 mm NATO (50 g)

--- 550 m/s P
—— 510 m/s -
— 500 m/s —

7 490 m/s "
--- 450 m/s o*

Posun Castic [mm]

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
Cas [ms]

Obrazek 17 — Posun betonovych ¢astic na zadni strané dilce v zavislosti na rychlosti projektilu

Na obrazcich 16 a 17 je vyneseno chovani nékolika ¢astic (primérna hodnota) ze
spodniho lice betonového dilce tloustky 100 mm. Z graft pak plyne, Ze rychlost projektilu
450 ms™ neni dostadujici pro odprysknuti &astic — jejich rychlost se stava zapornou
a posun se v prubéhu simulace snizuje (vraceji se zpét k dilci). Chovani ¢astic pfi rychlosti
projektilu 550 ms™ naopak vykazuje viechny znamky odpryskavani — jejich rychlost je
kladna a posun se zvySuje (odlétaji od dilce). Pfi blizSim zkoumani oblasti rychlosti
+500 ms™ pak byla ur&ena limitni rychlost pro odpryskavani na 500 ms™.

Limitni balistick& rychlost nebyla ur€ovana vzhledem k tomu, Ze by pfekracovala
hranici 900 ms™ a tedy i moZnou rychlost projektilu zvolené raze. Rovnéz pro tloustku
dilce 200 mm nebyly analyzy provedeny, vzhledem k tomu, Ze tato tloustka poslouZila
pouze pro vyhodnoceni vlivl v pfipadé penetraéni hloubky.
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5 Odfiltrovani malych €asovych krok

Omezenim explicitnich formulaci je podminéna stabilita algoritmu. Stabilni vysle-
dek Ize ziskat pouze pfi dodrzeni dostate¢né malé délky Casového kroku. Pfi¢emz kriticka
délka ¢asového kroku zavisi na hustoté (velikosti) sité kone€nych prvkld a rychlosti Sifeni
zvuku (napétovych vin) ve vySetfovaném prostfedi. LS-DYNA ur€i vychozi ¢asovy krok
DTl NI T sama, ovSem tato hodnota je nasobena bezpe&nostnim faktorem ¢asového kroku
TSSFAC pro lepsi stabilitu vypoctu — vznika tak pocateéni Casovy krok DTSTART. Pfed-
nastavena hodnota TSSFAC je 0,9, bohuZel pro vysoké rychlosti projektilu (500 ms™ a
vice) vysledky vykazovaly nekorektnosti obzvlasté v pfipadech kontaktni problematiky
(Spatna detekce kontaktl, vznik penetraci kone¢nych prvkld apod). Faktor TSSFAC byl
proto nastavovan
v rozmezi 0,1 az 0,3. Tim bohuZel vznikal problém s &asovou naro¢nosti feSeni. V

dasledku velice zdeformovanych koneénych prvkl klesal ¢asto ¢asovy krok k hranici 2-10°

10 S.

Projektil naboje 12,7x99 mm NATO (50 g)

2,5E-08

— TSSF 0.1 + DTMIN 0.01
TSSF 0.1 + DTMIN 0.08
TSSF 0.1 + EPSSH 1.50

2,0E-08

1,56-08

1,0E-08

Casovy krok [s]

5,0E-09

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45

Cas [ms]

0,0E+00

Obrazek 18 — Velikost asového kroku pfi rychlosti projektilu 900 ms™

LS-DYNA nabizi moznost vylou€eni kone¢nych prvkd z vypoctu, paklize by ¢asovy
krok z nich odvozeny klesl pod zvolenou hranici TSM N. Velikost TSM N je odvozena z po-
¢atec¢ni hodnoty ¢asového kroku DTSTART, kterd je dal ndsobena uZivatelsky zvolenym
faktorem DTM N. Pfednastavena hodnota faktoru DTM N je 0,01, ktera vSak bohuZel

zpUsobuje jiz zmifiované prodlouzZeni vypoc¢tu na neinosnou mez (na grafu obrazku 18 se
jedna o &ervenou kfivku®).

Vznika otazka, zda Casovy krok mulze byt zvySen, aniz by ovlivnil vysledky
analyzy.” Prvni z moznosti je zvySeni faktoru DTM N. Pro potfeby analyzy byl proto
zvySen na hodnotu 0,08. Tato hodnota byla zvolena na zakladé vzniku volnych elementd,
které jiz pro analyzu nepfedstavovaly pfinos a jen se svévolné deformovaly (pfedevsim
Slo o deformace smykové) — Casovy krok byl poté odvozovan pravé z nich. V pocatku
jejich vzniku byl ¢asovy krok roven 1,81-10° s. Diky faktoru DTM N o hodnot& 0,08 byly
potom z vypoétu vyloudeny koneéné prvky s dasovym krokem mensim 1,80:10°s (na
grafu obrazku 18 se jedna o zelenou kfivku).

° Vypocet byl terminovan uzivatelem vzhledem k tomu, Z&#gima data byla jiZ ziskana.
19 Autor zanrne nechil pouzit funkci typumass scalingkterou by unile zvySovakasovy krok za centip
dané hmoty.
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Popsana Uprava ¢asoveho kroku faktorem DTM N's sebou oviem nese nevyhodu.
Z vypoctu mohou byt vyfazeny i kone¢né prvky, které nejsou deformovany smykoveé, pfi-
¢emz stale jevi pfiznivy pomér tvarl a rovnéz nejsou poskozeny ani z hlediska materialo-
vého modelu poruSeni. Pokud je tedy znamo, Ze €asovy krok zavisi pravé na smykové
deformovanych prvcich, mize byt zadanému materialovému modelu (* MAT _CSCM
pfifazena dalSi podminka poruseni pfikazem * MAT_ADD_EROSI ON. Pro potfeby analyzy
byla proto betonovému dilci pfifazena dalsi podminka poruseni, konkrétné maximum
smykového pretvofeni EPSSH rovno 1,5. Parametr DTM N zustal roven prednastavené
hodnoté 0,01 (na grafu obrazku 18 se jedna o modrou kfivku).

Projektil naboje 12,7x99 mm NATO (50 g)

90

— TSSF 0.1 + DTMIN 0.01
TSSF 0.1 + DTMIN 0.08
TSSF 0.1+ EPSSH 1.50

70

60

50

40

30

20

Penetraéni hloubka X [mm]

10

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45

Cas [ms]

Obrazek 19 — Velikost penetradni hloubky pfi rychlosti projektilu 900 ms™

Z grafu na obrazku 19 bohuzZel vyplyva, Ze manualni oSetfeni ¢asoveho kroku
popsanymi metodami mize zpusobit az 50% odchylky od pavodniho feSeni. NemuZze byt
proto doporuéeno pro pouziti. ACkoliv v provedenych numerickych simulacich nebyla
pouZzita funkce mass scaling, dle autorovych zkuSenosti pfedstavuje optimélni cestu pro
zvySeni ¢asoveho kroku za cenu zvySené pozornosti pfi vyhodnocovani vysledku.

6 Zaver
Pfispévek shrnuje nékolik zékladnich empirickych formulaci pro vyhodnoceni
penetracni hloubky v dusledku srazky tvrdé resp. nedeformovatelné stfely €i projektilu

s betonovym dilcem. Jednotlivé formulace jsou mezi sebou porovnavany formou grafl
a rovnéz jsou doplnény o vztahy vracejici tloustku odpryskavéani a tloustku perforaéni.

Provedené numerické simulace vyuZivaji pro modelovani leticiho projektilu tzv.
rigid bodies, kdy deformace télesa je neménna v ¢ase, a pro modelovani upnutého beto-
noveého dilce je pak pouZzit materialovy model tzv. Continuous Surface Cap Model
(CSCM), konkrétné jeho zjednoduSend varianta * MAT _CSCM CONCRETE. Obecné zjed-
noduseni analyzy je provedeno pouze na poli symetrie numerického modelu. PouZity jsou
pouze prostorové konecné prvky — mapované hexahedrony.

Ackoliv ziskané vysledky numerickych simulaci vykazuji odchylky od empirickych
feSeni, nutné je nevyvraceji. Z hodnot grafu penetracni hloubky a jeho rychlosti ristu lze
usuzovat na korelaci s formulaci NDRC. P¥i stanoveni limitni rychlosti pro odpryskavani,
tedy inverzni hodnoty tloustky pro odpryskavani bylo dosazeno shody mezi formulaci
NDRC a numerickou simulaci s odchylkou do 5%.
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Shrnutim a posouzenim vysledkd deformace betonového dilce pro rizné rychlosti
a tloustky bylo mozné identifikovat oblast v betonovém dilci, ktera vykazuje na poli defor-
mace abnormalitu a to konkrétné, Ze si po pribéh simulace udrzi svlij neporuseny stav.
Z této oblasti se pak Sifi marginalni trhliny, které se liSi zejména svym sklonem. Rovno-

v wivs

tomu trhlina prikirejsi predikuje oblast, kterd odpryskne z betonového dilce pry¢.

Samotny explicitni algoritmus vypoctu je do jisté miry ovlivnén velikosti vypocto-
vého kroku. Pfi rychlych déjich mdze dojit k deformaci kone¢ného prvku, konkrétné k jeho
nadmérnému smykovému pretvoreni, ktera snizi vypoctovy krok pod pfipustny ramec.
Jsou navrzena feSeni, jak vypoctovy krok ovlivnit, to vSe s ohledem na vysledky simulace.
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COOLANT MIXING PROCESSES SIMULATIONS OF NUCLEAR REA CTOR VVER 440
FUEL ASSEMBLY

JAKUB JAKUBEC, VLADIMIR KUTIS, GABRIEL GALIK, JURAJ PAULECH

Department of Applied Mechanics and Mechatronics, Institute of Automotive
Mechatronics, Faculty of Electrical Engineering and Information Technology, Slovak
University of Technology in Bratislava

Abstract: The paper deals with CFD modelling and simulating of coolant flow in nuclear
reactor VVER 440 fuel assembly. The influence of coolant flow in bypass and central tube
on the temperature distribution at the outlet of fuel assembly and pressure drop is
investigated. Only steady-state analyses are performed. Boundary conditions are based
on the experiment. ANSYS CFX is chosen as a main CFD software tool, where all
analyses are performed.

Keywords : CFD, ANSYS, steady-state, fuel assembly, renowned

1 Introduction

Detailed knowledge of the thermo-hydraulic processes in fuel assembly of nuclear
reactor is very important from operational safety point of view. Modern computer
simulation techniques, like CFD or FEM, can be very useful in detail study of such
processes, because after verification and validation processes of CFD model, you can
relatively easily change boundary and initial conditions, or other input parameters of the
model.

The flow field in fuel assembly of nuclear reactor VVER 440 is very complex mostly
in fuel assembly head, where the thermocouple is placed. In the fuel assembly head main
hot coolant stream from the fuel rods area is mixed with colder coolant from central tube
and bypass. Thermocouple as the only point of coolant temperature measurement in fuel
assembly has to register average coolant temperature at the outlet. Main problem of
VVER 440 fuel assemblies is that thermocouple measures slight different coolant
temperature than average coolant temperature on the outlet. This is caused by poor
coolant mixing at the outlet and nuclear radiation heating. In our research, we focused on
modelling and simulation of thermo-hydraulic processes in fuel assembly. All CFD
analyses were performed by ANSYS CFX software (ANSYS CFX, 2010)

2 Geometric model and discretization

To perform thermo-hydraulic analysis of fuel assembly of reactor VVER440, it is
necessary to create 3D geometry model of coolant in the fuel assembly. Creating of
geometry model of coolant is divided into three steps (Imagel). In the first step, geometry
model of fuel assembly with all details is created. This first geometry model represents the
basic geometry model, that can be used not only for geometry creation for CFD analysis,
but also for structural analysis of individual components of fuel assembly. Imagel shows
fully detailed 3D CAD model of fuel assembly. In the Imagel there is bypass outlet from
fuel assembly in the bottom and bypass inlet in top, marked with blue circle.

In second step, detailed geometry model of fuel assembly is simplified because of
the future mesh generation and computational hardware limitations . Simplifications are
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performed on input and also on output part of fuel assembly but they has no significant
influence on the coolant flow (Imagel)

In third step, negative volume of fuel assembly, which represents the volume of
coolant is created. In this step, also the geometry of channel in upper core supporting
plate is modelled, where the thermocouple housing is placed.

Final geometry model of coolant in fuel assembly with thermocouple housing is
shown in Imagel. The final geometry model of coolant contains not only all internal fuel
assembly components like supporting grid, spacer grid or mixing grid, but there is also
modelled coolant flowing across central tube and central tube itself as a solid part.

1st step 2nd step 3rd step

Image 1 - Detailed 3D CAD model of Fuel assembly (1st step), simplifications in particular areas
(2nd step) and geometry model of coolant in fuel assembly (3rd step)

To solve Reynolds Averaged Navier-Stokes equations (RANS) by Finite Volume
Method (FVM), division of the geometry of coolant into small cells is necessary. The
process of discretization was performed in mesh tool ANSYS ICEM CFD where blocking
strategy was mostly used. In order to use this strategy the whole geometry of coolant was
divided into parts to provide better and easier way to create suitable mesh. Image 2
shows example of the most complicated part of the mesh created in the spacer grid area.

Image 2 - Mesh example in spacer grid cross-section

http://aum.svsfem.cz

65



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

All meshed parts were connected by GGI connection in ANSYS CFX. The
discretized model of fuel assembly coolant contains approximately 70 millions of nodes
and 65 millions of cells. These numbers represents the limit of our hardware and software
configuration, that was used for CFD computations.

3 CFD Simulations and obtained results

Used boundary conditions were based on the Russian experiment (L.L. Kobzar,
2006). This experiment will be used for validating of CFD model in future works.

As it was mentioned in introduction one of the problems of VVER 440 fuel
assembly is coolant temperature measurement. Coolant temperature measured by the
thermocouple which is placed at the outlet from fuel assembly in the reactor part called
protective tube unit could be slightly different than average coolant temperature at the
outlet. This could be caused by nuclear radiation heating of the thermocouple and of
course by poor coolant mixing in upper part of fuel assembly. This is the reason why the
Kurchatov Institute built test facility to examine processes affecting mixing processes such
as bypass and central tube flow.

Test facility is basically fuel assembly equipped with electric heated fuel rods
replacing rods with fissile material, where each rod could have its own thermal
performance. In the upper part there is 39 thermocouples at the fuel rod outlet area, 30
thermocouples in real fuel assembly thermocouple plane to measure coolant temperature
distribution and one at the central tube outlet to measure central tube outlet temperature.
The test facility is able to cover fuel assembly bypass as well (Image 3).

I
COOLANT INLET

Image 3 - a) - test facility, b) - upper part with thermocouples, c) - thermocouples distribution

Bondary condition:
¢ nominal inlet mass flow: 10.88 kg/s
* inlet temperature: 195.6 °C
e output pressure: 9.16 MPa
Bypass parameters:
inlet mass flow: 0.52 kg/s
« inlet temperature: 195.6 °C
Turbulent models:
e SST, key, k-epsilon, BSL (D.Wilcox, 1993)
Prescribed thermal power distribution in fuel rods
 total thermal power = 1242 kW

« prescribed as the heat flux for each fuel rod Image 4 - boundary
conditions

I_outlet
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All simulations were performed as steady state, ANSYS CFX was chosen as CFD
tool for all simulations. The model contains two domains: fluid and solid. Solid domain is
used for modelling heat transfer across the central tube wall and shroud. The connection
between individual mesh parts is realized by GGI connection. Material parameter of
coolant (water) were defined by ANSYS CFX material library IAPWS-IF97.

Table 1 Monitor points of experiment and simulations.

outlet thermocouple central tube outlet
[°C] [°C] [°C]
experiment 220 219.7 207.2

- SST 220.67 218.81 208.63

c

% é k-w 220.68 219.04 208.39

g g BSL 220.67 220.12 208.08

= k-epsilon 220.68 219.74 208.9

Table 1 Shows monitor points of temperatures (outlet from fuel assembly,
thermocouple, central tube outlet) for used turbulent models compared to the experiment.
Outlet temperatures in all used turbulent models are very similar what was expected.
Differences between outlet temperatures from experiment and simulations are almost 0.7
°C which points out difference of total thermal power in experiment and simulations where
it is prescribed as heat flux. This problem may be caused by inaccurate definition of the
fuel rods height.

k-epsilon BSL

K-w
Temperature

2220
i,

221.0

220.0 '
\

219.0

[€]

[ 0045

zzzzz 0,06

Image 6 - Coolant temperature distribution at the fuel assembly outlet for used turbulent models
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Poor coolant mixing in top part of fuel assembly refers Image 6. It shows outlet
coolant temperature distribution in area of the real thermocouple for used turbulent
models. Thermocouple itself is placed in the centre of outlet tube and as it is obvious from
Image 6 itis placed in area of colder coolant stream.

Coolant temperatures from central tube outlet is highly dependent on pressure
condition in fuel assembly (see Image 7). Pressure conditions defines amount of coolant
which enters central tube so it has great influence on mass flow in central tube.

Pressure
[kPa]

- kw
- SST
- k-epsilon

- BSL

Image 7 - Dependence of pressure drop along the central tube height for used turbulent models

Image 8 represents dependence of coolant mass flow and coolant temperature in
central tube along its height for SST turbulent model which was chosen as the most
appropriate one. It shows amount of coolant entering the central tube through perforations
placed under spacer grids and step change of coolant temperature where hotter coolant
from fuel rod area enters central tube. Amount of coolant is highly dependent on total
thermal power, therefore it is dependent on pressure conditions in fuel assembly
(Image 7).

Mass Flow ‘ o ‘ Temperature
[kg/s] 1 [C]

0.10

206
0.08

Mass Flow
204

R s S B e :
| 202

0.04

200

Temperature

02 198

196

0.00 |
0.0 0.5 10 Ls 20 25 Height
[m]
Image 8 - Mass flow and coolant temperature dependence on height of fuel assembly central tube
(SST turbulent model)
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Thermocouple itself is placed right above central tube outlet and therefore colder
coolant flow from the central tube than coolant from the fuel rod area affect temperature
measured by the thermocouple (see Table 1, Image 9).

Coolant flow in upper part of fuel assembly is shown in Image 9. Image 1 - 1st step
shows in blue circles areas where in the bottom of fuel assembly part of the coolant
leaves fuel assembly and enters co called inter fuel assemblies space, flows upwards to
fuel assembly head and back enters fuel assembly it is called fuel assembly bypass.
Image 9 also shows how colder stream of coolant from fuel assemblies space enters main
hot coolant stream. By mixing colder coolant stream from the bypass is forced to the edge
and main hot coolant stream is forced to the centre of the flow.

It is obvious that colder coolant stream from central tube is mixed with hot coolant
from fuel rod area but it is still able to affect coolant temperature in the area of
thermocouple to be lower than average coolant temperature measured on the outlet.

Temperature Velocity
225.0 4.8
219.5 3.6
214.0 24
208.5 1.2
203.0 0.0

[C] [m s?-1]

Central
tube
outlet

Image 9 - Bypass inlet to FA and central tube outlet coolant streamlines, coolant temperature and
coolant velocity distribution in top part of FA (SST turbulent model )

4 Conclusions

The paper presents CFD modelling and simulation of coolant flow in fuel assembly
of nuclear reactor VVER 440. Area of interest was the top part of fuel assembly. Goal was
to investigate the bypass influence of different turbulent models on the output parameters
such as coolant temperatures and temperature registered by the thermocouple. | is
obvious that the bypass has significant influence on the coolant flow profile and also
coolant flow from the central tube may affect temperature registered by the thermocouple.
This is the reason why it is necessary to determine influences which may cause
differences between coolant temperature on the outlet and temperature data from the
thermocouple.

http://aum.svsfem.cz



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

Acknowledgement

This work was financially supported by grants of Science and Technology
Assistance Agency no. APVV-0246-12, APVV-14-0613 and Scientific Grant Agency of the
Ministry of Education of Slovak Republic and the Slovak Academy of Sciences VEGA No.
1/0228/14 and VEGA No. 1/0453/15.

Authors are also grateful to the HPC Center at the Slovak University of Technology
in Bratislava, which is a part of the Slovak Infrastructure of High Performance Computing
(SIVVP project, ITMS code 26230120002, funded by the European Regional
Development Funds), for the computational time and resources made available.

References
ANSYS CFX, Theory manual, 1280 pages.

L.L. Kobzar, D.A. Oleksyuk, Experiments on simulation of coolant mixing in fuel assembly
head and core exit channel of VVER-440 reactor, 16th Symposium of AER on VVER
Reactor Physics and Reactor Safety. (2006)

D.C. Wilcox: Turbulence Modeling for CFD, DCW Industries, Inc, (1993)

Contact address:
Ing. Jakub Jakubec
llkovicova 3, 812 19 Bratislava, Slovak Republic

http://aum.svsfem.cz

70



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

STATICKE A DYNAMICKE ZA TAZENIE ZELEZOBETONOVEJ VALCOVEJ NADRZE
NORBERT JENDZELOVSKY, LUBOMIR BALAZ

Katedra stavebnej mechaniky,Stavebna fakulta, STUv Bratislave

Abstract: In this paper, types of calculating methods of internal forces and deformations
of cylindrical tank due to static and seismic load are presented. The static load was
modelled by FLUID element. The dynamic load was modelled by means the seismic
response spectrum. ANSYS software was used to created of the model and the analysis.

Keywords : CylindricTank, Static Load,Dynamic Load, Ansys, Modeling

1 Statické za t'azenie

V prvej Casti sme wvytvorili kone€no-prvkovy model, zloZzeny z dvoch odlisnych
prostredi, Struktdry valcovej nadrze a tekutiny. Pre vytvorenie siete kone¢nych prvkov pre
teleso nadrze sme zvolili Skrupinovy prvok SHELL63. Objem kvapalinovej oblasti je
vytvoreny osemuzlovym kone¢nym prvkom FLUID30. Teéria prvkov a ich charakteristiky
mozeme najst v (Salajka,2012 Mistrikova,2012). Modelované kvapalinové médium je
voda. Vysledkom takejto statickej analyzy su deformécie a vnutorné sily v stene a dne
nadrze.Tieto veli€iny su potrebné na navrh vystuze konstrukcie.

1.1 Vypo €tovy model valcovej nadrze pre dynamickd analyzu

Ako podklad pre vypoctovy model bola pouZitd realna valcova nadrz s vnatornym
priemerom 20 m., hrdbkou steny adna 0,6 m. avySkou 8,0 m. Vypodtovy model
konStrukcie bol urobeny pomocou MKP vo vypoc¢tovom prostredi Ansys.

Prezentovanda valcova nadrz slizi ako uskladfiovacianadrz, ktoré je za¢lenena do
sustavy bioplynovej stanice v obci Bud¢a.

Obrazok 1 - Model uskladno¢acej nadrze - Ansys
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Obrazok 2 - Priebeh ohybovych momentov (vlavo) a prie€nych sil v stene nadrze (vpravo)

TOP
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Obrazok 3. - Priebeh obvodovych sil v stene nadrze

Tabulka 1 Maximalne a minimalne hodnoty vnitornych sil a priehybu nadrze

minimum (-) maximum (+) vzdialenost od dna
w (m) 0,00 0,00024 0,00/ 3,50
N (kN/m) 0,00 415,95 0,00/ 3,50
M (KNm/m) 55,11 30,34 0,00/ 2,50
V (kN/m) 10,49 99,34 0,00/ 3,50
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2 Seizmické za tazenie

Seizmickeé Uc€inky na stavebné konstrukcie su vyvolané kmitanim podloZia a tym aj
zékladov konstrukcie, ktoré je spbsobené uvolnenim velkého mnoZstva energie pri
néhlom posune dvoch litosferickych dosiek na tektonickom zlome.

2.1 Zakladné a navrhoveé seizmické zrychlenie

Jedna z prvoradych charakteristik, ktorou je definované seizmické zatazenie je
hodnota tzv. zakladného seizmického zrychlenia agr, €o je zrychlenie na povrchu
skalného podloZia, ktoré zodpoveda zemetraseniu s periodou navratnosti 475 rokov so
sUcinitelom délezZitosti objektu y=1,0. Zakladné seizmické zrychlenie je urlené pre
konstrukcie s priemernou dobou Zivotnosti 50 rokov. Pravdepodobnost jeho prekro€enia
za 50 rokov je 10%. Toto seizmické zrychlenie je dané v mape oblasti seizmického rizika
pre Uzemie Slovenska (Obr. 4).

A P — — — — — — — —— — — — — — 17
17 18 19 0 217 22 ¥

Obrazok 4 - Mapa oblasti seizmického rizika pre izemie Slovenska

Norma STN EN 1998 — 1, Navrhovanie konsStrukcii na seizmickd odolnost
doporucuje pravidla navrhu budov a inzZinierskych konstrukcii v seizmickych oblastiach.

Jej ucelom je zabezpedit:

aby boli chranené fudské Zivoty,

aby Skody na majetku boli minimalizované,

aby konstrukcie potrebné pre ochranu fudi zostali v prevadzke aj po zemetraseni
(napr. nemocnice, vojenské objekty, elektrarne, zasoby pitnej vody...).

Konstrukcie v seizmicky aktivnych regiénoch maji byt navrhnuté tak, aby spifali
nasledujice poZiadavky:

PoZiadavka nezratenia sa — konStrukcia ma byt navrhnuta a zhotovené tak, aby
vydrzala névrhové seizmické zataZenie bez lokalneho a globalneho kolapsu. To
znamena, Ze sa zachova jej konstrukéna celistvost a zvySkova Uunosnost po seizmickej
udalosti.

PoZiadavka limitovaného poskodenia — konstrukcia m& byt navrhnuta
a konstruovana tak, aby vydrZala navrhové seizmické zataZenie s vacSou
pravdepodobnostou vyskytu, ako je navrhové seizmické zataZenie bez vyskytu
posSkodenia a prislusnych obmedzeni pouZivania tak, aby naklady na odstranenie 3kéd
neboli priliS vysoké v porovnani s nakladmi celej konstrukcie (Sokol,2011 Juhéasova,2002)

2.2 Zat’'aZzenie pomocou spektra odozvy

V tomto pripade bola valcova nadrz zataZzend pomocou spektra odozvy (Obr.5).
Metoda seizmického vypoctu zo spektra odozvy je jedna z moznych metdd vypoctu.

Spektrum pouzité vo vypocte je definované pre navrhové zrychlenie ag = 1,0 m/s?
a kategoriu podloZia B. Podrobny popis ako zadefinovat spektrum odozvy je uvedeny
v literatare (Sokol,2011).
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Obrazok 5 - Pouzité navrhové spektrum odozvy

2.3 Vypo étovy model valcovej nadrze pre dynamickd analyzu

Ako podklad pre vypoctovy model bola pouZitd realna valcova nadrz s vnatornym
priemerom 8,32m, hrubkou steny adna 0,4m avySkou 6,0m. Vypoctovy model
konstrukcie bol urobeny pomocou MKP vo vypo&tovom prostredi Ansys.

Prezentovana valcova nadrz slizi ako plniaci zasobnik, ktory je zacleneny do
sustavy bioplynovej stanice v obci Budca.

FLEMENTS FLEMENT:
MAY 31 2015 S MEY 31 2015
17:12:04 17:19:54
TOT MO, 1 ROT N0, 1

Obrazok 6 — Vypoctovy model valcovej nadrze
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Obréazok 7 — Priebeh deformécie (vfavo) a obvodovych sil v stene nadrze (vpravo)
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Obrazok 8 — Priebeh prie¢nych sil (vfavo) a ohybovych momentov v stene nadrze (vpravo)

2.4 Zaver

V tomto prispevku sme prezentovali jeden z moznych spdsobov vypoctu
vnutornych sil valcovej nadrze pri statickom zataZeni. Toto zataZenie bolo modelované
pomocou 3D prvkov FLUID. Takyto spdsob vypoctu je omnoho sofistikovanejSi ako v
praxi zauzivany vypocet, kde zatazenie reprezentuje hydrostaticky tlak.

Pri dynamickom zataZeni sme pouzili spektrum odozvy, ktoré bolo vytvorené na
podmienky Slovenskej republiky. Tento typ zataZenia vnaSa nesymetriu do rotacne
symetrickych vysledkov statickej analyzy.
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ANALYZA CHOVANI ST EN Z KERAMICKYCH TVARNIC P RI CYKLICKEM ZATIZENI S
UZITIM PODROBNEHO FEM MODELU

KLOUDA, J. K., SALAJKA, V., CADA, Z., HRADIL, P

TZUS Praha, Usek vyzkumu vyvoje a inovaci, Sumavska 31a, 612 54 Brno, VUT Brno,
Fakulta stavebni, Vevefi 95, 602 00 Brno

Abstract: Masonry made from innovative clay hollow blocks filled with mineral wool,
manufactured by the company Weinerberger in the Czech Republic, had to be tested
for functionality and reaching the conformity with calculation models according to the
Eurocode 6, or 8, in more complex cases of load, before it was launched on the market.
An extensive project devoted to the appraisal of the product static characteristics as well
as the behaviour of the walls lined from these blocks was designed TZUS Praha. The
basic as well as the extended tests including the evaluation were conducted in a test room
of TZUS Praha, a brunch office in Brno. The clay block masonry walls were tested for
a load capacity under the static load on small masonry walls, possibly on walls and pillars
of an actual size.

Keywords : masonry, clay hollow block, nonlinear analysis

1 Uvod

Zdivo z inovovanych keramickych tvarovek plnénych v dutinach mineralni vinou,
vyrabénych firmou Wienerberger v Ceské republice, bylo nutno pfed uvedenim na trh
odzkouSet z hlediska funkénosti a dosazeni shody s modely vypoétu podle Eurokédl 6,
statickych vlastnosti vyrobku, tak i chovani stén vyzdénych z téchto tvarovek byl navrzen
a fizen by J. K. Klouda, Director of R&D, TZUS Praha, s. p. Zakladni i rozifené zkousky
v&etné vyhodnoceni byly provedeny ve zkudebné TZUS Praha, pobocka Brno. Zdéné
stény z keramickych tvarovek byly zkouSeny na unosnost pfi statickém zatiZzeni na malych
zdénych sténach, popfipadé i na sténach a pilifich realnych rozmeéra.

Testovani na seizmickou odolnost bylo realizovdno dle dispozici J. Kloudy
a zajeho ucasti ve zkuSebné National Building and Civil Engineering Institute (ZAG)
Ljubljana, Slovenia. Provadély se smykové testy Ctyf (2+2) konstantné svisle pfitizenych
stén na cyklické zatiZzeni. Stény byly vysoké 2750 mm, o tloustce 440 mm. LiSily se
délkou. Dvé stény byly dlouhé 2500 mm a dvé 1500 mm, pomér Sifky a vysky stén byl
tedy cca 1 : 1al : 2. Svislé pfitizeni bylo autorem navrZzeno ve dvou hladinach, v
nominalni vysi cca 1/3 popf. 2/3 hodnoty svislé ndvrhové Unosnosti stény. Soubézné byly
autory provedeny numerické simulace experimentl pro ziskani doplfujicich informaci o
chovani zdénych stén z keramickych blokd. Matematické analyzy byly provedeny
metodou koneénych prvkd na detailnich modelech stén. Pfed provedenim vypocta byly
uréeny experimentalné vlastnosti materialu tvarovek (moduly pruznosti, pevnosti v tahu,
tlaku, tahu za ohybu apod.). Modely byly uvaZzovany jako geometricky a materialové
nelinearni, se zahrnutim jednostrannych vazeb. Vysledky vypoctd jsou dale porovnany
s vysledky realizovanych zkou3ek
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2 Popis analyzovanych konstrukci

ZkouSky konstrukce zdénych stén z vyzdénych z pfesnych pélenych zdicich prvkua
cihelnych tvarovek POROTHERM 44 T Profi zatizenych cyklicky vnucenym zatizenim
odpovidaji smykovym testim stén skutec¢né velikosti. Byly zkouSeny ¢tyfi stény liSici se
Sifrkou. Stény s vétsi délkou jsou oznaceny ,L“ a stény kratSi ,S“, viz obr. 1. Postup
testovani a zatézovaci parametry navrzené J. Kloudou odpovidaji pozdé&ji zpracovanym
doporucenim obsazenym v CUAP 03.05/10 (Kit for load bearing masonry subject to
seismic actions - AAC masonry system. Draft November 2011).

Svislé stény byly vyzdény na tuhém Zelezobetonovém nosniku, ktery byl pevné
uchycen do podlahy takovym zpisobem, aby byl eliminovan smykovy posun po podlaze a
naklapéni nosniku. Pfenos svislych sil byl realizovan pomoci ocelovych profild a &tyf
samostatnych hydraulickych valcd a jednoho programové fizeného hydraulického vélce
vnasejici cyklicky priény posuv (podél stény) odpovidajici seizmickému zatizeni. Rizené
pficné posunuti bylo vneseno do nosniku pfevazujici zdénou sténu. Jednotlivé tvarovky
byly vyzdény na maltu pro tenké spary tl. 1 mm. Malta je pouze ve vodorovnych spérach,
svislé zazubené spéry jsou suché.

Oznaceni: L1 (L12112/4/3)

Oznaceni: S2 (L12112/4/4)
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Obr. 1 Schémata stén L a ,S"
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Obr. 2 Casovy pribéh idealizovaného a skute¢ného priéného posunuti

2500

Bé&hem experimentu byly méfeny vertikalni a horizontalni sily a posuvy v pfedem
stanovenych mistech, viz obr. 3. Pro ur€eni pohybu povrchu stén byl vyuZit opticky

kamerovy systém méfeni. Vysledkem méfeni byly zavislosti pficné sily (odporu) na
pFicném posuvu.
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Obr. 3 Umisténi snimacu

Vysledky experimentl jsou uspofadany v tabulkovém tvaru v prostfedi MS EXCEL.

3 Modely st én a vypo ¢ty

V souladu s podklady byly metodou kone¢nych prvkd (MKP) sestaveny numerické
modely stén. PFfi modelovani MKP se pfihlizelo pouze k zdsadnimu rozdilu v geometrii,
kterym je rozdil v délce stén. Na zakladé této Uvahy byly sestaveny pouze dva vypoctové
modely. Jeden pro analyzu dlouhych stén ,L* a druhy pro analyzu kratkych stén ,S*.
Vypocty se dale IiSi pfitizenim a funkcemi buzeni. Hodnoty pfitizeni jsou uvazZovany
pro jednotlivé modely takto:

L1 - 1/3 fo4 - svislé pfitizeni 807 kN (vCetné traverzy a betonového bloku),

L2 - 2/3 f.q - svislé pfitizeni 1613 kN (v€etné traverzy a betonového bloku),

S1 - 1/3 feq - svislé pfitizeni 484 kN (v€etné traverzy a betonového bloku),

S2 - 2/3 feq - svislé pfitizeni 968 kN (v€etné traverzy a betonového bloku).

Na zékladé podkladl, viz schémata na obr. 1, byly v programu ANSYS sestaveny
modely dlouhych ,L“ (obr. 4a) a kratkych stén ,S“ (obr. 4b) v€etné vypodloZzeni a
roznaSecich prvkd nad sténami.

ANSTS. NSV
ELEMENTS

a) model typu ,L* b) model typu ,S*
Obr. 4 Axonometricky pohled na modely — déleni na konec¢né prvky

Vzhledem k symetrii realizovanych pomocnych konstrukci a stén vici svislé roviné
v podélném sméru a zpusobu zatizeni byly vypoltové modely sestaveny s vyuZitim této
symetrie (rovina x-z). Grafické zobrazeni je v€etné zrcadlené ¢asti modelu.

Vypoctové modely jsou pfevazné sestaveny z prostorovych koneénych prvku typu
SOLID45. Jedna se o tvarnice, maltu, betonovy podkladni nosnik, betonovy tram a hlavni
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ocelové nosniky a dva dopliujici nosniky pfimo pod tlakovymi vélci u stén typu ,S".
Betonovy podkladni nosnik o rozmérech 3980x500x500 model ,L“, respektive
2074x500x500 model ,S" je ve vypoctech uvaZzovan jako pruzné uloZeny, nebot se
ukazalo, Ze podlaha je poddajna. Relativné tuhé uloZeni nosniku je modelovano pomoci
prvki COMBIN14 a SHELL181. Keramické tvarnice ve vodorovném smeéru jsou spojeny
maltou o tloustce 1 mm a ve svislych sparach jsou bez vypIné. Vzajemna interakce mezi
tvarovkami, popfipadé maltou je modelovana pomoci kontaktnich pard (prvkd typu
CONTA173 a TARGL170), viz obr 5. Obdobné jsou tyto prvky vloZzeny mezi maltou a
betonovymi nosniky. Vy3ka stén vcetné malty je 2749 mm. Horni betonovy nosnik je
dlouhy 2928 mm (1789 mm typ ,.S"), vysoky 150 mm a Siroky 500 mm. Ocelova traverza
je s betonovym nosnikem spojena napevno. VnéjSi obrys traverzy dlouhé 3500 mm je
300x250 mm.

ANSYS

A

Obr. 5 Kontaktni kone¢né prvky typ ,L“ Obr. 6 Usporadéani zafizeni pro svislé zatizeni

Pfitlak (konstantni svislé zatiZzeni) je vnaSen do konstrukce pomoci specialnich
prvki PRETS179 ve spojeni s prvky BEAM44 dovolujici vodorovny prokluz v misté
opirani na traverzu a roznaSeci plochy z prvkd SHELL63. Nastaveni je zavislé na
pritlaéné sile a tuhosti ve svislém sméru. Takto je pfitlak realizovan ve ¢tyfech mistech u
stén typu ,L“, viz obr. 6. Tento zpusob zadani pfitlaénych sil u modell s kratkymi sténami
se neosveédcil. Horni traverza méla tendenci se pfi pohybu naklanét od excetrického
pusobeni svislych sil. Modely byly doplnény o dva klouzajici nosniky po hlavnim
roznasejicim nosniku, viz napf. obr. 4. Timto bylo zajisténo vedeni traverzy pfi vnuceném
vodorovném posunuti. Tyto nosniky o délce 1000 mm, vySce a Sifce 250 mm jsou
modelovany zjednoduSené. PFitlatna sila je vnaSena pomoci speciélnich prvki
PRETS179 ve spojeni s prvky LINK8 a opét ve &tyfech mistech. Upraveny model 1épe
vystihuje skute€¢né chovani tlaéného zafizeni. Skute¢né provedeni pfitlacného zafizeni je
na obr. 6.

Vlastnosti cihelného stfepu a malty jsou odvozeny z méfeni [2]. Materialovy model
ocelovych traverz a betonovych nosnikl je uvazovan jako izotropni a linearné pruzny.
Naopak materidlovy model cihelného stfepu a malty je uvaZzovan jako nelinearni
s rozdilnou pevnosti vtahu a tlaku. Souhrn vlastnosti jednotlivych ¢asti modelu jsou
uvedeny v tabulce 1.

Celkovy vypoctovy model pro feSeni variant se sténou typu ,L“ sestava z 113 337
konecnych prvku lokalizovanych 134 550 uzly a mé 399 477 stupnu volnosti.

Celkovy vypoctovy model pro feSeni variant se sténou typu ,S* sestava z 68 799
koneénych prvku lokalizovanych 83 177 uzly a ma 246 013 stupnu volnosti.
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Tabulka 1 Materialové vlastnosti [2]

C'hve nj Malta Beton Ocel
stiep

Modul pruznosti E [GPa] 14,0 7,9 30 210,0
Soucinitel pFicné
kontrakce Vi 0,1 0,2 0,2 0,3
Specificka 3
hmotnost P [kg.m™] 1390 1400 2300 7850
Pevnost v tlaku f. [MPa] 19,2 17,3 - -
Pevnost v tahu f, [MPa] 3,7 4,6 - -

A

A
a) model typu ,L* b) model typu ,S*

Obr. 6 Axonometricky pohled na modely — déleni na kone¢né prvky

Funkce buzeni jsou upravené funkce pfevzaté z odezvy pfi experimentech.
Zasadni Uprava spocCivd v korekci na polohu mista buzeni. Odezvové funkce pfi
experiment jsou sledovany vysce 2,824 m (var ,L“) nad UloZnou spéarou stény, pfiemz
poloha buzeni vynucenym pohybem traverzy je v jiném misté a na jiné vysSi urovni od
stfedu paty stén. Korekce v posuvech odpovida asi 15 az 16 procentim. To znamena, Ze
hodnoty posunl v zdznamech prubéhll odezev pouzité jako buzeni byly zvétSeny o 16
procent. Prubé&h odezvy ziskané z méfeni charakterizujici proces zatéZovani je pro
jednotlivé varianty na obr. 13 aZ obr. 16.

4 Vypo éty

Byly realizovany Ctyfi vypocty na uvedenych modelech L1, L2, S1 a S2. Vypocty
jsou nelinearni znaéné& naroéné na diskovy prostor a ¢as vypodétu. ReSeni je uvazovano
jako kvazistatické vzhledem k pomalému procesu zatéZovani. Casovy krok je uvazovan
proménny s nejvétSim krokem 15 s. V kazdém c&asovém kroku je hledan iteracné
rovnovazny stav. V pfipadé, Ze neni mozné jiz Casovy krok zmenSovat a vypocet
nekonverguje, je proces vypodctu ukonéen.

Vypocty na modelech L1, L2 S1 a S2 zisk&ny pole posunuti, deformaci a napéti
v diskrétnich bodech modeld. Vzhledem krozsahu dat, vysledky baly pfevazné
zpracovany formou grafll a obrazku.

4.1 Sténa L1

Reseni cyklické odezvy na modelu L1 se svislym pfitizenim 807 kN (véetn&
traverzy a betonového bloku) bylo porovnano s hodnotami ziskanymi ze zkousky. Prubéh
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buzeni posunutim traverzy je na obr. 7. Hodnoty pribéhd posunuti na povrchu ve stfedu
betonové traverzy ziskané z méFeni a vypodétem jsou zobrazeny na obr. 8. Cervenou
¢arkovanou Carou je vykreslen prubéh vodorovného posunuti ziskany z méfeni a modrou
¢arou pribéh téze veli¢iny ziskany vypoétem. Na obrazku 9 je zobrazeni zavislosti sily na
posunuti pro pfipad experimentu a vypoctu. Silou se chape velikost reakce v paté stény
ve vodorovném sméru.

vodizovny pesun(l, 1)

32 20
18 +
25.6

- ' "“\‘HML“U‘(H‘ \(\ H,,,/
‘ \'\H
\\/

il ‘| HM

dbbonaso

Posunuti U, [mm]

N3 &

Iine ~[;] B : 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000
as [s]

--- experiment — vypocet
Obr. 7 Priibéh funkce buzeni — posun uy Obr. 8 Priibéhy posunu ux odezvy z méfeni a
vypoctu v misté stfedu trdmu

X-Y (sténa L1)

IS

@
D
D

N
D
D

Sila [kN]
D

Posunuti [mm]

--- experiment — vypocet
Obr. 9 Zavislost sily na posunuti — experiment a vypocet

U vSech stén byly sledovany pole posunuti, napéti, nelinearni deformace. Jako
ukazka slouzi obr. 13 az 16, na kterém jsou zobrazena pole posunuti, napéti a deformaci
pro sténu L1 v ¢ase 17315 s odpovidajici vypoctovému kroku 2150.

4.2 Sténa L2

Pri feSeni stény L2 bylo pfitizeni 1613 kN (v€etné traverzy a betonového bloku).
Vysledky porovnéni jsou na obr. 10.
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Obdobné pro sténu S2 (€as 17600 s, krok 2118) jsou stejna pole zobrazena na
obr. 17 aZ 20.

o X-Y (sténa L2)
5
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3
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6l 1 1 1
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Cas [s) Posunuti [mm]
---  experiment ——  vypocet

Obr. 10 L2 - priibéhy posunu ux odezvy z méfeni a vypoctu v misté stfedu tramu a zavislost sily na
posunuti — experiment a vypocet
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Obr. 11 S1 - prabéhy posunu ux odezvy z méfeni a vypoctu v misté stfedu tramu a zavislost sily na
posunuti — experiment a vypocet
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Obr. 12 S2 - prabéhy posunu ux odezvy z méfeni a vypoctu v misté stfedu tramu a zavislost sily na
posunuti — experiment a vypocet
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AN AN
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Obr. 13 Pole celkovych posunuti Ugym Obr. 14 Pole slozek napéti oy,
NODAL SOLUTION AN
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SUB =1
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Obr. 15 Pole hlavnich napéti o Obr. 16 Pole nelinearnich deformaci ¢
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Obr. 17 Pole celkovych posunuti ugm
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. AN NODAL SOLUTION
NODAL SOLUTION
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Obr. 20 Pole nelinearnich deformaci &

5 Zavéry

Metodou konec€nych prvkd byly v programovém systému ANSYS sestaveny dva
podrobné prostorové vypoctové modely konstrukci zdénych stén z pfesnych pélenych
zdicich prvkd cihelnych tvarovek POROTHERM 44 T Profi na maltu pro tenké spary,
véetné traverz, betonovych blokd a pomocnych prvkld. Rozhodujici ¢asti modelu véetné
keramickych stén byly sestaveny z objemovych prvkl ve tvaru Sestisténu.

Byly FfeSeny Ctyfi varianty v zavislosti na délkach stén a velikosti svislého pfitizeni.
Jednalo se o stény 2750 mm vysoké a 440 mm Siroké liSici se délkou. Dlouhé dvé stény
délky 2500 mm jsou oznaceny L a kratké dvé 1500 mm jsou oznaceny S. Pfitizeni
zahrnujici i hmotnosti traverz a betonového bloku odpovidalo zatiZeni ve vySi cca 1/3 f,4 a
2/3 fq stén. Vypocty byly oznaceny L1, L2, S1 a S2.

Materialové vlastnosti keramickych tvarnic jsou nelineéarni. Byl zvolen materialovy
model odpovidajici modelu ,betonu” s modifikovanym Drucker—Prager modelem. Model je
vhodny pro vypocet konstrukci z betonu, cementu, kamene a cihel.

Ve vypoctech se vychézelo z prfedpokladu, Ze stény jsou zatéZovany cyklicky
vhucenym zatizenim odpovidajici smykovym testim stén skute¢né velikosti.

Vysledky vypoéti na modelech L1, L2 S1 a S3 zahrnuiji pole posunuti, deformaci a
napéti v diskrétnich bodech modell, popfipadé reakce. Kazdy vypocet byl dokumentovan
pomoci obrazkl a graf(.

Ve vypoctech bylo nutno zohlednit komplexné okrajové podminky provedenych
zkouSek. Napfiklad, se ukazalo, Ze zpusob modelovani pfitlacného zafizeni vyrazné
ovliviiuje stabilitu vypoctu a timto i moznost oddéaleni rozpadu feSeni.

Z vysledku je patrno, Ze charakter a vyhodnoceni chovani sledovanych stén
s vyuzitim metody konec¢nych prvku je obdobny jako pfi zkouSkach. Vystiznost modeld je
velmi dobra. Ze ziskanych dat z vypoctl Ize urcit deformace a namahani jednotlivych
tvarovek, droven jejich posSkozeni a napjatosti ve zvolenych mistech bé&éhem celého
procesu cyklického zatéZzovani.

Vypocty by bylo mozné zpfesnit zadanim funkce vnuceného posunuti pfimo na
drovni vedeni traverzy. Nejistota vznika i pfi volbé& drovné tfeni ve spardch mezi
tvarovkami, popfipadé mezi maltou a tvarovkou.

Ziskané vysledky na vypoctovych modelech velmi dobfe vystihuji chovani
zkuSebnich stén pfi experimentalnim cyklickém zatiZeni.
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STUDIE ODEZVY NELINEARNICH MATERIALOVYCH MODEL U BETONU V
ZAVISLOSTI NA RYCHLOSTI DEFORMACE

PETR KRAL, PETR HRADIL, JIRI KALA

Fakulta stavebni, VUT v Brné, Vevefi 331/95, 602 00 Brno, Ceska republika

Abstract: The subject of this contribution is the testing of the response of nonlinear
material models of concrete depending on the strain rate during compressive and tensile
loading at higher loading velocities than that of quasi-static loading. The behavior of
nonlinear models of concrete depending on the strain rate is analyzed within numerical
simulations of tests of mechanico-physical properties of concrete under uniaxial
compression and tension carried out on cylinders. Results gained from numerical
simulations during loading at higher velocities are compared with results gained from
numerical simulations of the quasi-static loading.

Keywords : nonlinear material model of concrete, concrete cylinder, load-displacement
diagram, strain rate effect, uniaxial compression and tension

1 Uvod

Numerické modelovani betonovych konstrukci nebo dil€ich betonovych
konstrukénich prvka za Gcelem vySetfeni jejich chovani prostfednictvim vypocetnich
systému zaloZzenych na metodé konec¢nych prvku je dnes jiz b&Zné pouzivanym postupem
pfi navrhu konstrukci nebo konstrukénich prvkl z betonu. V praxi se analyza konstrukci
nebo konstrukénich prvka z betonu nejCastéji provadi s uvazenim linearniho chovani
materialu, tedy s pouZzitim linearniho izotropniho materialového modelu. U konstrukci
nebo konstruk&nich prvkd z betonu ovSem existuji situace, pfi kterych linearni analyza
vede k FeSeni, které zahrnuje nepfimérené velké chyby, které mohou v praxi vést az ke
kolapsu konstrukce nebo konstrukéniho prvku z betonu. V takovychto situacich je tedy
tfeba uvazit nelinedrni chovani betonu neboli vyuZit pfislusny nelinearni materialovy
model, ktery vystihuje nelineéarni chovani betonu a ktery je implementovan v programu,
ktery uzivatel pouziva za ucelem analyzy konstrukce nebo konstrukéniho prvku z betonu.
Nelinearni modely betonu maji tedy v praxi své misto a z tohoto divodu je vhodné je
testovat za Ucelem dosazeni jejich optimalni funkce, aby co nejlépe vystihovaly realné
chovani betonu.

Beton patfi mezi materidly, jejichZz chovani se odviji od rychlosti deformace. Pfi
kvazi-statickém zatéZovani je rychlost deformace tak pomala (pomalé pfikladani zatizeni),
Ze nedochazi ke zméné& mechanicko fyzikalnich vlastnosti betonu pfi dané rychlosti
deformace, pfiemz zménou mechanicko fyzikalnich vlastnosti betonu je mysSlen
pfedevsim narlst pevnosti betonu. V praxi ovSem existuji urcita rychlad dynamicka a
razova zatizeni, ktera pfi plasobeni na betonovou konstrukci zplasobuji vyraznou rychlost
deformace této konstrukce a ovliviiuji tak mechanicko fyzikalni vlastnosti betonu. Z tohoto
ohledu je tedy na misté testovat odezvu nelinearnich modell betonu nejen na kvazi-
statické zatéZovani, ale také na zatéZovani vySSimi rychlostmi, nez je kvazi-staticka
rychlost zatéZovani, a sledovat, jak se s rychlosti deformace méni mechanicko fyzikalni
vlastnosti betonu, za G€elem, aby bylo mozné betonové konstrukce vystavené vyraznym
rychlostem deformace v praxi vhodné analyzovat.

V ramci tohoto prispévku byly provedeny numerické simulace zkouSek
mechanicko fyzikalnich vlastnosti betonu v prostém tlaku a tahu na valcich pfi vysSich
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rychlostech zatézovani, nez je kvazi-statick& rychlost zatéZovani, za ucelem otestovani
chovani betonu v tlaku a tahu v zavislosti na rychlosti deformace pfi pouziti riznych
nelinearnich materialovych modeld betonu. Vysledky ziskané z numerickych simulaci tvofi
zatéZovaci I-d diagramy betonového valce v tlaku a tahu pro jednotlivé nelinearni modely
betonu. Vysledky ziskané z numerickych simulaci pfi zatéZzovani vysSimi rychlostmi jsou
srovnany s vysledky ziskanymi z numerickych simulaci pfi kvazi-statickém zatézovani,
které byly také provedeny v ramci tohoto pFispévku.

2 Nelineérni materialové modely betonu

Pro Ucely otestovani nelinearniho chovani betonu v tlaku a tahu v zavislosti na
rychlosti deformace v ramci numerickych simulaci byly pouZity celkem &tyfi nelinearni
materidlové modely betonu, které jsou implementovany ve vypocetnim systému LS-DYNA
(LS-DYNA keyword users's manual: Volume Il, 2015). UvaZzovanym betonem v ramci
numerickych simulaci provadénych v tomto pfispévku byl beton tfidy C 35/45 se stfedni
hodnotou pevnosti betonu v tlaku/tahu 43/3,2 MPa.

2.1 Continuous surface cap model (*MAT_CSCM)

Prvnim pouzitym nelinearnim modelem betonu byl model s ndzvem Continuous
surface cap model. Tento materialovy model je uréen pro modelovani betonu &i jinych
silikatovych materialid. Model umoznuje zohlednit vliv rychlosti deformace na mechanicko
fyzikélni vlastnosti materialu, modelovat poruSeni materidlu a modelovat rozdilné
mechanicko fyzikélni vlastnosti materialu v tlaku a v tahu. Velmi vyhodnou vlastnosti
modelu je schopnost modelu automaticky generovat parametry.

Chovéani betonu je v ramci Continuous surface cap modelu popsano
prostfednictvim plochy plasticity, kterd je dana kombinaci plochy smykového poruSeni s
plochou zpevnéni. Kombinace zminénych ploch je realizovdna prostfednictvim
multiplikativni formulace, kterd umoZziuje kombinovat obé plochy spojité a hladce v misté
jejich praniku. Plocha plasticity je definovana v nasledujici formé (Schwer, 1994),
(Sandler, 1976):

Y(1,,3,,3,) =3, -0(3,)*F7(1,)F.(1,,4) 1)

kde F, (l,) je plocha smykového poruseni, F (I,,«x) je plocha zpevnéni, [1(J,) je
Rubindv redukéni faktor, « je parametr zpevnéni, |, je prvni invariant tenzoru napéti, J,
je druhy invariant deviatorické ¢asti tenzoru napéti a J, je tfeti invariant deviatorické ¢asti
tenzoru napéti. Definice plochy smykového poruseni je:

Fi(l)=a-dexp™+4, (2)

kde a, [, A a @ jsou materialové konstanty, které jsou uréeny z experimentalnich dat

vychazejicich ze zkouSek v tfiosém tlaku, a definice plochy zpevnéni je dana
nasledujicimi vztahy:

F.(1,,K) :1_(>§I(1/(;|—_(|_K(),3)2)2 pro |, >L(x) (3)
F.(I,,k)=1 pro |, <L(k) (4)
spole¢né se vztahy:

L(k)=«k pro K>k, (5)
L(k)=k, pro k<K, (6)
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X (k) = L(x) + RF(1,) ()

kde R je koeficient eliptiénosti plochy zpevnéni. Komplexni popis modelu je uveden v
literatufe (Murray, 2007), validaéni aplikace modelu jsou uvedeny v literatufe (Murray,
2006).

2.2 Winfrith concrete model (*MAT_WINFRITH_CONCRETE )

Druhym pouzitym nelinearnim modelem betonu byl materialovy model s ndzvem
Winfrith concrete model. Tento nelinearni materidlovy model je ur€en pro modelovani
prostého a vyztuzeného betonu. Model umoZziuje zohlednit vliv rychlosti deformace na
mechanicko fyzikalni vlastnosti betonu, modelovat vyztuZeni betonu a modelovat rozdilné
mechanicko fyzikalni vliastnosti materiélu v tlaku a v tahu.

Winfrith concrete model je definovan jako model rozetfenych trhlin a rozetfené
vyztuze. Chovani betonu je v ramci modelu popsano prostfednictvim Ottosenovy plochy
smykového poruseni, jejiz matematické vyjadreni je nasledujici (Ottosen, 1977):

J
F(,,J, ,coﬁ@):a%+/lg+b:c—l—l (8)

c

spole¢né se vztahy:

33 3,

cos36 = > 337 9)
2
A=k, cos{% cos™(k, cosGH))} pro cos36=0 (10)
m 1
A=k, cos{g —écos (-k, 005(36?))} pro cos36<0 (11)

kde I, je prvni invariant tenzoru napéti, J, je druhy invariant deviatorickeé ¢asti tenzoru
napéti, J, je tfeti invariant deviatorické €asti tenzoru napéti, f. je pevnost betonu v
jednoosém tlaku a parametry a, b, k; a k, jsou funkcemi poméru pevnosti betonu v
jednoosém tahu k pevnosti betonu v jednoosém tlaku ( f, / f_) a jsou uréeny ze zkouSek v

jednoosém tlaku a tahu a ze zkouSek ve dvouosém a tfiosém tlaku. Podrobny popis
modelu Ize nalézt v literatufe (Broadhouse, 1995), (Schwer, 2010).

2.3 Karagozian & Case concrete model - Release 3
(*MAT_CONCRETE_DAMAGE_REL3)

Tretim pouzitym nelinearnim modelem betonu byl materidlovy model s ndzvem
Karagozian & Case concrete model - Release 3. Tento materidlovy model je uréen pro
modelovani prostého betonu. Model umoZzZnuje zohlednit vliv rychlosti deformace na
mechanicko fyzikalni vlastnosti betonu, modelovat poruseni betonu a modelovat rozdilné
mechanicko fyzikalni vlastnosti materidlu v tlaku a v tahu. Podobné jako u Continuous
surface cap modelu je i zde velmi vyhodnou vlastnosti modelu schopnost modelu
automaticky generovat parametry, ktera je zaloZena vyhradné na pevnosti betonu v
jednoosém tlaku.

Karagozian & Case concrete model - Release 3 je definovan jako tfi invariantni
model zaloZzeny na tfech nezavislych plochach smykového poru3eni (na mezi vzniku
plastickych deformaci, na mezi maximalni pevnosti a na mezi rezidualni pevnosti), které
mohou byt formulovany ve zobecnéné formé nasledujicim zplsobem (Youcai, 2012):
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- P
FP =+ F (12

kde i znaci y (plocha smykového poruseni na mezi vzniku plastickych deformaci), m

(plocha smykového poruSeni na mezi maximalni pevnosti) a r (plocha smykového
poruSeni na mezi rezidualni pevnosti). p je tlak zavisly na prvnim invariantu tenzoru

napéti (p=-1,/3) a a; (j=0, 1, 2) jsou parametry uréené z experimentalnich dat.

Plocha porudeni je vzdy interpolovana bud mezi plochou smykového poruseni na mezi
maximalni pevnosti a plochou smykového poruSeni na mezi vzniku plastickych deformaci,
nebo mezi plochou smykového poruseni na mezi maximalni pevnosti a plochou
smyskového poruSeni na mezi rezidualni pevnosti, a to dle nasledujicich vztaha:

F(11,32,35) = r(J)ln(A(F(p) - F, (P) +F,(p)] pro A<A, (13)
F(11,32,35) = r(I)nA(F(P) - F (P) +F (p)] pro A>A, (14)

kde I, je prvni invariant tenzoru napéti, J, je druhy invariant deviatorickeé ¢asti tenzoru
napéti, J, je tfeti invariant deviatorické ¢asti tenzoru napéti, A je modifikovana efektivni
plasticka deformace nebo také interni parametr poruseni, 77(A) je funkce modifikované
efektivni plastické deformace A a r(J;) je faktor méfitka ve formé William-Warnkeho

rovnice (Chen, 1988). Podrobnégjsi popis modelu Ize nalézt v literatufe (Malvar, 1996),
(Malvar, 1997).

2.4 Karagozian & Case concrete model (*MAT_CONCRETE _DAMAGE)

Ctvrtym pouZitym nelinearnim modelem betonu byl model s nazvem Karagozian &
Case concrete model. Tento nelinearni materidlovy model je uréen pro modelovani
prostého a vyztuZzeného betonu. Jednd se o starSi verzi materidlového modelu
Karagozian & Case concrete model - Release 3, kter4 nezahrnuje schopnost modelu
automaticky generovat parametry. Definice modelu je stejna jako v pfipadé Karagozian &
Case concrete modelu - Release 3 (viz podkapitola 2.3). Model umozriuje zohlednit vliv
rychlosti deformace na mechanicko fyzikalni vlastnosti betonu, modelovat poruSeni
betonu, modelovat vyztuZeni betonu a modelovat rozdilné mechanicko fyzikalni vliastnosti
materialu v tlaku a v tahu. Podrobny popis modelu je uveden v literatufre (Malvar, 1996),
(Malvar, 1997).

3 Popis FeSenych uloh

Re&enymi Glohami jsou, pro G&ely numerickych simulaci, v rdmci tohoto pFisp&vku
zkousky mechanicko fyzikalnich vlastnosti betonu v prostém tlaku a tahu na valcich.

3.1 ZkouSka mechanicko fyzikalnich vlastnosti beton u v prostém tlaku na valci

ZkousSku mechanicko fyzikalnich vlastnosti betonu v prostém tlaku na valci Ize pro
Ucely tohoto pfispévku popsat nasledujicim zpusobem (Murray, 2006):

-~ ZkuSebnim télesem je betonovy valec o vySce 304,8 mm s primérem podstavy 152,4
mm (viz obrazek 1).

- Valec je umistén mezi tlatnymi deskami zkuSebniho lisu, pfiéemz je predpokladano,
Ze tfeni mezi povrchy podstav valce a povrchy tlaénych desek je tak velké, Ze
neumoziuje v prabéhu stlacovani valce jakékoliv vodorovné posunuti ani pootoceni
podstav vélce. Tento predpoklad umoZznuje pfi numerickém modelovani v programu
modelovat pouze zkuSebni valec s pficné podepfenymi uzly podstav bez tlatnych
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304,8

desek - idealizace okrajovych podminek. Schematicky Ize tento prfedpoklad znazornit
v podobé valce s vetknutymi podstavami, pfi¢emZ vetknuti maji volnost ve svislém
sméru (viz obrazek 1).

Valec je v prub&hu zatéZovani stlaovan konstantni rychlosti z obou stran. Svisla
posunuti obou podstav valce v ¢ase tedy narustaji linearné a stejnomérné, pficemz je
valec zatéZovan az za mez jeho poruseni (viz obrazek 1).

1524 ;l_l lFm

zkuSebni valec

L/,‘

tlacné desky

p
\

. e ———— TF(.)

(@) (b) (©)

Obrazek 1 - (a) Geometrie betonového zkuSebniho valce (rozméry v [mm]); (b) Idealizace
okrajovych podminek; (c) Pribéh tlakového zatéZzovani vélce

3.2 ZkouSka mechanicko fyzikalnich vlastnosti beton u v prostém tahu na valci

ZkouSku mechanicko fyzikélnich vlastnosti betonu v prostém tahu na valci Ize pro

Gcely tohoto pFispévku popsat takto (Murray, 2006):

—

304,8

ZkuSebnim télesem je betonovy valec o vySce 304,8 mm s prGmérem podstavy 152,4
mm (viz obrazek 2).

Valec je upevnén v kloubovém zafizeni trhaciho stroje prostfednictvim kruhovych
ocelovych desek pfilepenych k protilehlym podstavam valce, pfiemz je
predpokladano, Ze lepeni v pribéhu natahovani valce nikterak neomezuje pfi¢né
deformace a potoceni valce v misté podstav. Tento predpoklad umoZiuje pfi
numerickém modelovani v programu modelovat pouze zkuSebni valec bez kruhovych
ocelovych desek, bez lepeni a bez jakéhokoliv dalSiho podepfeni - idealizace
okrajovych podminek. Schematicky lze tento pfedpoklad znézornit v podobé valce s
posuvné vetknutymi podstavami, pfiemz posuvna vetknuti maji volnost ve svislém a
vodorovném smeéru (viz obrazek 2).

Valec je v prubéhu zatéZovani natahovan konstantni rychlosti z obou stran. Svisla
posunuti obou podstav valce v ¢ase tedy narustaji linearné a stejnomérné, pficemz je
valec zatéZovan az za mez jeho poruseni (viz obrazek 2).

F(
152,4 —— I ()

/ zkusebni valec

~
\_/
[

2 //
ocelové desky /
WAL

C : / J;:_L 3 1 “utt)
o F(t)

(@) (b) (©)

Obrazek 2 - (a) Geometrie betonového zkuSebniho valce (rozméry v [mm]); (b) Idealizace
okrajovych podminek; (c) Pribéh tahového zatézovani vélce
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4 Vypo étové modely

PFi vytvareni vypoctovych modell byl nejprve vytvofen geometricky model valce,
ktery byl nasledné pokryt siti kone&nych prvkd. Pro diskretizaci geometrického modelu
valce byly pouzity 3D prostorové strukturaini kone¢né prvky typu SOLID (SOLID164,
ANSYS/LS-DYNA). Konec¢noprvkovy model vélce (viz obrdzek 3) byl tvofen 6144
kone€¢nymi prvky, které byly nastaveny jako kone¢né prvky typu SOLID s jednim
integracnim bodem. Kone&noprvkovému modelu vélce byly pro jednotlivé numerické
simulace pfifazovany jednotlivé nelinearni materialové modely betonu pfedstavené v

kapitole 2.

Pro numerické simulace zkousSky mechanicko fyzikalnich vlastnosti betonu v
prostém tlaku na valci mél model valce pficné podepfené uzly obou svych podstav.
ZatiZzeni bylo v ramci téchto numerickych simulaci aplikovano na uzly obou podstav
modelu valce ve formé v Case linedrné a stejnomérné narustajicich posunt ve sméru osy
z tak, aby byl valec stlatovan - stlaCovani valce z obou stran, konstantni rychlosti

zatézovani.

Pro numerické simulace zkousky mechanicko fyzikalnich vlastnosti betonu v

prostém tahu na valci nebyly na model valce aplikovany Zadné podpory. ZatiZzeni bylo v
ramci téchto numerickych simulaci aplikovdno na uzly obou podstav modelu valce ve
formé v Case linearné a stejnomérné narustajicich posunl ve sméru osy z tak, aby byl
valec natahovan - natahovani valce z obou stran, konstantni rychlosti zatéZovani.

Aplikaci nelinearniho modelu betonu, okrajovych podminek a zatizeni na
koneénoprvkovy model vélce byl vzdy pfisludny vypoctovy model pfipraven k vypoctu.
Vypocty byly provedeny jak v pfipadé kvazi-statického zatéZovani, tak v pfipadé

zatézovani vySSimi rychlostmi prostfednictvim explicitni metody koneénych prvkld (LS-
DYNA).

]
1]
1]
n
1Y

nanue!
m‘ﬁmn

T

T

L

L]

Obrazek 3 - Kone¢noprvkovy model vélce

5 Vysledky numerickych simulaci

Na obrazcich 4, 5, 6 a 7 jsou zndzornény zatézovaci |-d diagramy betonového
valce v tlaku ziskané z vysledkd numerickych simulaci pfi pouziti jednotlivych nelinearnich
materialovych modeld betonu neboli grafy zavislosti tlakové sily, ktera pasobi na podstavu
valce, na posunu podstavy valce. Kazdy diagram zahrnuje celkem dvé kfivky, které
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charakterizuji chovani betonového valce (chovani betonu) v tlaku pfi riiznych konstantnich
rychlostech zatéZovani (kvazi-staticka a vyssi rychlost zatéZovani).

PFi pouziti materidlovych modeltd Continuous surface cap model, Winfrith concrete
model, Karagozian & Case concrete model - Release 3 a Karagozian & Case concrete
model byly v rdmci tohoto pfispévku provedeny numerické simulace zkousky mechanicko
fyzikalnich vlastnosti betonu v prostém tlaku na valci pfi konstantnich rychlostech
zatéZovani 10,667 mm/s a 2,54 mm/s (kvazi-statickd rychlost zatéZovani). Vysledné
zatéZovaci kfivky jsou znazornény na obrazcich 4, 5, 6 a 7 €ernou a €ervenou barvou
(kvazi-statika).

PFi pouZiti materidlového modelu Continuous surface cap model byla maximalni
dosazena tlakova sila neboli maximalni tlakova danosnost betonového valce rovna
hodnoté 770,1 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54 mm/s) a hodnoté
899,9 kN (pfi konstantni rychlosti zatéZovani 10,667 mm/s). Z uvedeného vyplyva, Ze pfi
zhruba ctyfnasobné vysSi rychlosti zatéZovani, nez je kvazi-staticka rychlost zatéZovani,
se v pfipadé pouZiti materialového modelu Continuous surface cap model tlakova
unosnost betonového valce, tedy také pevnost betonu v tlaku, zvySi pfiblizné o 17 % (viz

obrazek 4).

1000

900

800 / \\
Z 700 = \\
=
S 600 < —~
2 500 / — —2.54 mm/s
E 400 / (kvazi-statika)
o
& 300 / — —10.667 mm/s

200 /

100

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Posun podstavy ve sméru osy z [mm]

Obrazek 4 - Zatézovaci I-d diagram betonového valce v tlaku (numerické simulace), srovnani
rychlosti zatézovani, Continuous surface cap model

Pfi pouziti materidlového modelu Winfrith concrete model byla maximalni
dosaZzena tlakova sila neboli maximalni tlakova Gnosnost betonového valce rovna
hodnoté 780 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54 mm/s) a hodnoté
985,7 kN (pfi konstantni rychlosti zatéZovani 10,667 mm/s). Z uvedeného vyplyva, Ze pfi
zhruba Ctyfnasobné vySsi rychlosti zatéZovani, nez je kvazi-staticka rychlost zatéZovani,
se v pfipadé pouziti materialového modelu Winfrith concrete model tlakova Unosnost
betonového vélce, tedy také pevnost betonu v tlaku, zvySi pfiblizné o 26 % (viz obrazek

5).

PFi pouziti materidlového modelu Karagozian & Case concrete model - Release 3
byla maximalni dosaZena tlakova sila neboli maximalni tlakova Gnosnost betonového
valce rovna hodnoté 804,3 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54
mm/s) a hodnoté 961,8 kN (pfi konstantni rychlosti zatéZzovani 10,667 mm/s). Z
uvedeného vyplyva, Ze pfi zhruba &tyfnasobné vysSi rychlosti zatéZovani, nez je kvazi-
staticka rychlost zatéZovani, se v pripadé pouziti materidlového modelu Karagozian &
Case concrete model - Release 3 tlakova unosnost betonového valce, tedy také pevnost

betonu v tlaku, zvysi pfiblizné o 20 % (viz obrazek 6).
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Obrazek 5 - Zatézovaci I-d diagram betonového valce v tlaku (numerické simulace), srovnani
rychlosti zatéZovani, Winfrith concrete model
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Obrazek 6 - ZatéZovaci |-d diagram betonového valce v tlaku (numerické simulace), srovnani

PFfi pouZiti materidlového modelu Karagozian & Case concrete model byla
maximalni dosazena tlakova sila neboli maximalni tlakova Unosnost betonového valce
rovna hodnoté 783,8 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54 mm/s) a
hodnoté 928,9 kN (pfi konstantni rychlosti zatéZovani 10,667 mm/s). Z uvedeného
vyplyva, Ze pfi zhruba c&tyfnasobné vysSi rychlosti zatéZzovani, nez je kvazi-staticka
rychlost zatéZovani, se v pfipadé pouZziti materialového modelu Karagozian & Case
concrete model tlakova Uunosnost betonového vélce, tedy také pevnost betonu v tlaku,

rychlosti zatéZovani, Karagozian & Case concrete model - Release 3

zvysi pfiblizné o 19 % (viz obrazek 7).
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Obrazek 7 - Zatézovaci I-d diagram betonového valce v tlaku (numerické simulace), srovnani
rychlosti zatéZovéani, Karagozian & Case concrete model
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Pfehledny souhrn vySe zminénych vysledkd numerickych simulaci zkouSky
mechanicko fyzikalnich vlastnosti betonu v prostém tlaku na vélci je uveden v tabulce 1.

Tabulka 1 - Vysledky numerickych simulaci zkouSky mechanicko fyzikalnich viastnosti betonu v
prostém tlaku na valci

Kvazi-statické zatézovani Zatézovani vySSimi rychlostmi | Procentualni
narust tlakové
Nelinearni Konstantni Maximalni Konstantni Maximalni Unosnosti
materialovy hlost tlakova hlost tlakova betonového
model rychiost . Gnosnost rychiost Gnosnost valce s
betonu zatezo/vanl betonového zatezo/vanl betonového rychlosti
[mmy/s] valce [kN] [mm/s] valce [kN] deformace
[%0]
Continuous
surface cap 2,54 770,1 10,667 899,9 17
model
Winfrith
concrete 2,54 780 10,667 985,7 26
model
Karagozian
& Case
concrete 2,54 804,3 10,667 961,8 20
model -
Release 3
Karagozian
& Case 2,54 783,8 10,667 928,9 19
concrete
model

Na obrézcich 8, 9, 10 a 11 jsou znazornény zatéZovaci |-d diagramy betonového
valce v tahu ziskané z vysledkd numerickych simulaci pfi pouZiti jednotlivych nelinearnich
materialovych model( betonu neboli grafy zavislosti tahové sily, ktera plsobi na podstavu
valce, na posunu podstavy valce. Kazdy diagram zahrnuje celkem dvé kfivky, které
charakterizuji chovani betonového vélce (chovani betonu) v tahu pfi rdznych konstantnich
rychlostech zatéZovani (kvazi-staticka a vys3i rychlost zatéZovani).

PFi pouziti materialovych modelt Continuous surface cap model, Winfrith concrete
model, Karagozian & Case concrete model - Release 3 a Karagozian & Case concrete
model byly v rdmci tohoto pfispévku provedeny numerické simulace zkousky mechanicko
fyzikalnich vlastnosti betonu v prostém tahu na valci pfi konstantnich rychlostech
zatézovani 254 mm/s (pro Continuous surface cap model), 5,33 mm/s (pro Winfrith
concrete model), 10,667 mm/s (pro Karagozian & Case concrete modely) a 2,54 mm/s
(kvazi-staticka rychlost zatéZovani). Vysledné zatéZovaci kfivky jsou znazornény na
obrazcich 8, 9, 10 a 11 ¢ernou a Cervenou barvou (kvazi-statika).

Pfi pouZziti materidlového modelu Continuous surface cap model byla maximalni
dosazena tahova sila neboli maximalni tahova unosnost betonového valce rovna hodnoté
55,72 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54 mm/s) a hodnoté 90,37
KN (pfi konstantni rychlosti zatéZovani 254 mm/s). Z uvedeného vyplyva, Ze pfi
stonasobné vyssi rychlosti zatéZovani, nez je kvazi-staticka rychlost zatéZovani, se v
pfipadé pouZiti materidlového modelu Continuous surface cap model tahova Unosnost

ss

betonového vélce, tedy také pevnost betonu v tahu, zvysi pfiblizné o 62 % (viz obrazek 8).
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Obrazek 8 - ZatéZovaci |-d diagram betonového vélce v tahu (numerické simulace), srovnani
rychlosti zatéZovani, Continuous surface cap model

PFfi pouziti materialového modelu Winfrith concrete model byla maximalni
dosaZena tahova sila neboli maximalni tahova anosnost betonového véalce rovna hodnoté
57,87 kN (pfi kvazi-statické konstantni rychlosti zatéZzovani 2,54 mm/s) a hodnoté 68,78
kN (pfi konstantni rychlosti zatéZovani 5,33 mm/s). Z uvedeného vyplyva, Ze pfi zhruba
dvojnasobné vysSi rychlosti zatéZzovani, nez je kvazi-staticka rychlost zatéZzovani, se v
pfipadé pouziti materidlového modelu Winfrith concrete model tahova Unosnost

s

betonového vélce, tedy také pevnost betonu v tahu, zvysi pfiblizné o 19 % (viz obrazek 9).
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Obrazek 9 - Zatézovaci I-d diagram betonového valce v tahu (numerické simulace), srovnani
rychlosti zatéZovéani, Winfrith concrete model

PFi pouziti materidlového modelu Karagozian & Case concrete model - Release 3
byla maximalni dosazend tahova sila neboli maximalni tahova tinosnost betonového valce
rovna hodnoté 57,95 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54 mm/s) a
hodnoté 75,22 kN (pfi konstantni rychlosti zatéZovani 10,667 mm/s). Z uvedeného
vyplyva, Ze pfi zhruba c&tyfnasobné vysSi rychlosti zatéZzovani, neZz je kvazi-staticka
rychlost zatéZovani, se v pfipadé pouZziti materialového modelu Karagozian & Case
concrete model - Release 3 tahova unosnost betonového vélce, tedy také pevnost betonu
v tahu, zvysi pfiblizné o 30 % (viz obrazek 10).

Pfi pouziti materidlového modelu Karagozian & Case concrete model byla
maximalni dosazena tahova sila neboli maximalni tahova unosnost betonového valce
rovna hodnoté 57,91 kN (pfi kvazi-statické konstantni rychlosti zatéZovani 2,54 mm/s) a
hodnoté 66,87 kN (pfi konstantni rychlosti zatéZzovani 10,667 mm/s). Z uvedeného
vyplyva, Ze pfi zhruba c&tyfnasobné vy3Si rychlosti zatéZovani, nez je kvazi-staticka
rychlost zatéZovani, se v pfipadé pouziti materidlového modelu Karagozian & Case
concrete model tahovd Unosnost betonového vélce, tedy také pevnost betonu v tahu,
zvySi pfiblizné o 15 % (viz obrazek 11).
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Obrazek 10 - ZatéZovaci |-d diagram betonového valce v tahu (numerické simulace), srovnani
rychlosti zatézovani, Karagozian & Case concrete model - Release 3
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Obrazek 11 - Zatézovaci I-d diagram betonového vélce v tahu (numerické simulace), srovnani
rychlosti zatéZovéani, Karagozian & Case concrete model

Pfehledny souhrn vySe zminénych vysledkd numerickych simulaci zkouSky
mechanicko fyzikalnich viastnosti betonu v prostém tahu na valci je uveden v tabulce 2.

Tabulka 2 - Vysledky numerickych simulaci zkousky mechanicko fyzikalnich viastnosti betonu v
prostém tahu na valci

Kvazi-statické zatéZzovani Zatézovani vySSimi rychlostmi | Procentualni
narust tahové
Nelinearni Konstantni Maximalni Konstantni Maximalni Unosnosti
materialovy hlost tahova hlost tahova betonového
model rychiost . Gnosnost rychiost . Gnosnost vélce s
betonu zatezoyam betonového zatezoyam betonového rychlosti
[mm/s] valce [kN] [mm/s] valce [kN] deformace
[%]
Continuous
surface cap 2,54 55,72 254 90,37 62
model
Winfrith
concrete 2,54 57,87 5,33 68,78 19
model
Karagozian
& Case
concrete 2,54 57,95 10,667 75,22 30
model -
Release 3
Karagozian
& Case 2,54 57,91 10,667 66,87 15
concrete
model
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6 Zaver

V ramci tohoto prfispévku bylo na zakladé numerickych simulaci zkou3ek
mechanicko fyzikalnich vlastnosti betonu v prostém tlaku a tahu na valcich pfi raznych
rychlostech zatéZovani otestovano chovani betonu v tlaku a tahu v zavislosti na rychlosti
deformace pfi pouZiti rdznych nelinearnich materialovych modeld betonu. Vysledky
ziskané z numerickych simulaci byly prezentovany v podobé zatézovacich I-d diagramu
betonového valce v tlaku a tahu. Vysledky ziskané z numerickych simulaci zkouSek
mechanicko fyzikalnich vlastnosti betonu v prostém tlaku a tahu na valcich pfi vysSich
rychlostech zatéZovani byly srovnany s vysledky ziskanymi z numerickych simulaci
zkouSek mechanicko fyzikalnich vlastnosti betonu v prostém tlaku a tahu na valcich pfi
kvazi-statickém zatéZovani. Srovnani vysledkd ukazalo, jak se mechanicko fyzikalni
vlastnosti betonu méni v zavislosti na rychlosti zatéZovani (rychlosti deformace) pfi pouZziti
jednotlivych nelinearnich materidlovych modell betonu, kdy zménou mechanicko
fyzikalnich vlastnosti betonu je mySlen pfedevSim narist pevnosti betonu v zavislosti na
rychlosti deformace, ktery byl prokazan.
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PROBABILISTIC NONLINEAR ANALYSIS OF NPP HERMETIC ZO NE RESISTANCE
UNDER EXTREME TEMPERATURE

JURAJ KRALIK

Faculty of Civil Engineering, STU in Bratislava, Slovakia

Abstract: This paper describes the nonlinear analysis of the reinforced concrete hermetic
containment under a accidental temperature. The scenario of the hard accident in NPP
and the methodology of the calculation of the failure temperature using the safety
assessment is presented. The experimental and project material properties are taken into
account in the safety assessment. The fragility curve of failure temperature is considered.

Keywords : Nuclear Power Plant, Fragility Curve, CRACK, PSA, LHS, ANSYS

1 Introduction

After the accident of nuclear power plant (NPP) in Fukushimi the IAEA in Vienna
adopted a large-scale project "Stress Tests of NPP", which defines a new requirements
for the verification of the safety and reliability of NPP under extreme effects of internal
and external environments and the technology accidents (ENSREG, 2012).

Reactor Building Bubble ‘
Condenser 30m

Turbine Hall | Building [PR7 ]~ | [T ==

e T I T T

Image 1 — Section plane of the NPP with reactor VVER440/213

The experience from these activities will be used to develop a methodology in the
frame of the project ALLEGRO, which is focused to the experimental research reactor of
4th generation with a fast neutron core. This project is a regional (V4 Group) project of
European interest. The safety documents of NRC (NUREG/CR-7031, 2010, NRC, RG 1.2,
2009) and IAEA (Safety Series No. NS-G-1.10, 2011) initiate the requirements to verify
the hermetic structures of NPP loaded by two combinations of the extreme actions. First
extreme loads is considered for the probability of exceedance 10 by year and second for
10-2 by year. Other action effects are considered as the characteristic loads during the
accident. In the case of the loss-of-coolant accident (LOCA) the steam pressure expand
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from the reactor hall to the bubble condenser (Krélik, 2009). The reactor and the bubble
condenser reinforced structures with steel liner are the critical structures of the NPP
hermetic zone (Kralik, 2009, 2015).

2 Scenario of the accident

The previous analysis was achieved for the overpressure value of 100kPa due to
design basic accident (DBA), which corresponds of the loss of coolant accident due to
guillotine cutting of the coolant pipe (Krélik, 2009). When the barbotage tower operates in
the partial or zero performance the overpressure is equal to the 150 - 300 kPa. The ENEL
propose the maximum temperature in the reactor shaft is equal about to 1.8000C and in
the containment around the reactor shaft is equal about to 350°C (Kralik, 2009). The
possibility of the temperature increasing to the containment failure state is considered in
the scenario too. In the case of the hard accident the overpressure can be increased
linearly and the internal and external temperature are constant. Three types of the
scenarios were considered (Tab.1).

Table 1 The assumed scenarios of the accidents in the hermetic zone

Type Duration Overpressure Extreme internal
in HZ temperatures
[kPa] [°C]
B lhour - 1day 150 127
Il. 2hours - 7days 250 150
11K lyear - 80 -120

The type Il of accident scenario during 1 year with internal temperature 80-120°C
and external temperature -30°C was considered. The aim of this analysis was to
determine the failure temperature.

3 Calculation model

The NPP buildings with the reactor VVER 440/213 consists the turbine hall, middle
building, reactor building and bubble condenser (Image 1). The main building of the NPP
consists of the reactor objects, the steam generator box and the bubbler condenser. The
finite element model (Image 2) are considered only the reinforced concrete structures of
the steam generator box and the bubbler condenser. The steel structures are envisaged
as the load on the reinforced concrete structures.

1. EMD * Nelinearmy model HVE *

1. EMO * Nelinearny model HVB *

Image 2 — Vertical section of the reactor with reactor protective hood

The NPP model consists of a 4-node shell-elements (SHELL281) considering
membrane, bending and shear stiffness, a solid elements (SOLID73) for the solution of
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the solid stress state of the massive reinforced concrete elements, a viscoelastic elements
(COMBIN14) with the Winkler-Kelvin model of the sail, a point mass (MASS21) adequate
to local load of the technology, a beam elements (BEAM4 and BEAM44) for columns and
beams taking into account the membrane, bending and shear stiffness of beam members
(LINKS8) of the contact element (CE) and links (CP). The building of the power block was
idealized with a FEM model consisting of 28 068 elements with 104 287 DOF (Image 2).

4 Non-linear model of reinforced concrete structure

The theory of large strain and rate
independent plasticity were proposed during
the high overpressure loading using the
SHELL181 layered shell element from (Image
3) the ANSYS library (Kohnke, 2008.). The
vector of the displacement of the I" shell layer

.
{u}={d. 4.4}

is approximated by the quadratic polynomial

[15] in the form Image 3 - SHELL181 layered element

i=1 i= yi

UL 4 Xi 4 ai,i Q,i 9
{u}=qu =2 Ny NZ_ZtI 3 b -{;} @
u, Uy ' & by

where N; is the shape function for i-node of the 4-node shell element, uy;, uy, u; are the
motion of i-node, ¢ is the thickness coordinate, t; is the thickness at i-node, {a} is the unit
vector in x direction, {b} is the unit vector in plane of element and normal to {a}, g, or
8, are the rotations of i-node about vector {a} or {b} .

In the case of the elastic state the stress-strain relations for the I™
defined in the form

{o'}=[D.]{¢} @

) T
where strain and stress vectors are as follows {8'} ={£X,£y, Vigs yyz,yz},

- layer are

T : S
{a'} ={ax,ay,rxy,ryz,rz} and the matrix of the material stiffness

' B'E, Bd,E O 0 O
B/E BE 0O 0 O
0 0o G, 0 ©
|:De:| = 0 0 0 Gyz 0 (3)
K,
0 0 0 G
i K
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E,
El/ B ('ulxy)2 E,

X (versus y), G)'(y, G'yz, G'ZX are shear moduli of the Ith-layer in planes XY, YZ and ZX; Ks

where B' = , E! (versus E'y) is Young modulus of the ["-layer in the direction

is the coefficient of the effective shear area (k,=1+0.2A/23°> 1.7, A is the element
area, t is the element thickness.

4.1 MATERIAL NONLINEARITY

The presented constitutive model is a further extension of the smeared crack
model (Cervenka, 1985.), which was developed in (Kralik, 2009). Following the
experimental results (BaZzant et al. 2007, BroZovsky et al. 2009, Cajka&Krejsa, 2013,
Chan et al. 1999, Jerga& Krizma, 2006, NUREG/CR-7031, 2010, Schneider, 1990) a new
concrete cracking layered finite shell element was developed and incorporated into the
ANSYS system (Kralik, 2009). The layered approximation and the smeared crack model
of the shell element are proposed.

The processes of the concrete cracking and crushing are developed during the
increasing of the load. The concrete compressive stress f., the concrete tensile stress f;
and the shear modulus G are reduced after the crushing or cracking of the concrete
(Kolmar, 1986).

In this model the stress-strain relation is defined (Image 4) following STN EN 1992-
1-1 (1991)
< Loading - compression region &, <&%<0

kip ~1° £
of=ff ——L 1__ p="_, . =-0.002z, ¢,=-0.003c 4
C C l_+(k—2)[7 ,7 £C ( C cu ) ()
< Softening - compression region ¢, <&*<¢,,
eM-¢
o = fff.[l— : j (5)
ng - £CU
< The tension region g <&¥<eg,
o = f.expC2.€%-¢ ) Ie,, ), (& =0.0007, &, =0.002) (6)
UCZA
fc ‘O-cl
A Gef
Eem Eeu & ]Fr u g
! 'gt 5;71: a=2< Tepsile
unloading O,y Failure
| -y o
e ey
. NN o o 1+3.65a ‘
loading /e £ = (1+a) fo Compressive
Failure
Image 4 — The concrete stress-strain diagram Image 5 — Kupfer’s plasticity function
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In the case of the plane state the strength function in tension f, and in
compression f, were considered equivalent values f* and f.
In the plane of principal stresses (o., &) the relation between the one and

bidimensional stresses state due to the plasticity function by Kupfer (see Image 5) can be
defined as follows :

< Compression-compression

_1+ 3.652a. . a= g, 7)
(l+ a) O,

2 Tension-compression

ef
fc

fcef — fc'reu M= (1+ 5327%} v Toe 2 0.9 (8)
< Tension-tension
A+(A-1).B
fef:f[-re[l rel:#, B:K-X+ Al XZUCZ/fC’
¢ AB
rEtzl'szo, ret:0.2c> Xx=1 (9)

The shear concrete modulus G was defined for cracking concrete by Kolmar in the
form

9 9

G=r,G,, T =éln(%‘j, ¢, =7+333 p- 0.005, c,=10-167p- 0.00% (10)

where G, is the initial shear modulus of concrete, g, is the strain in the normal direction to

crack, c; and c, are the constants dependent on the ratio of reinforcing, p is the ratio of
reinforcing transformed to the plane of the crack (0< p<0.02).

It is proposed that the crack in the one layer of shell element is oriented
perpendicular to the orientation of principal stresses. The membrane stress and strain
vector depends on the direction of the principal stress and strain in one layer

{ed=[Tle,  {o}=[T. ]} (12)

where [T.], [T,] are transformation matrices for the principal strain and stress in the
direction @ in the layer.

The strain-stress relationship in the Cartesian coordinates can be defined in
dependency on the direction of the crack (in the direction of principal stress, versus strain)

[acr] =[Dcr]{‘9cr} and [J] =[TU]T[Dcr][Te]{‘9} (12)

For the membrane and bending deformation of the reinforced concrete shell
structure the layered shell element, on which a plane state of stress is proposed on every
single layer, was used.
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The stiffness matrix of the reinforced concrete for the ™-layer can be written in the
following form

[on )= ] (o 2 [T Bt (13)

s=1

where [T. ), [Tcd, [Ts] are the transformation matrices for the concrete and the
reinforcement separately, N, is the number of the reinforcements in the R layer.

After cracking the elasticity modulus and Poisson’s ratio are reduced to zero in the
direction perpendicular to the cracked plane, and a reduced shear modulus is employed.
Considering 1 and 2 two principal directions in the plane of the structure, the stress-strain
relationship for the concrete I - layer cracked in the 1-direction, is

o, 00 0O O 0| ¢g

g, 0O E O 0 0] |e&,

I, =0 0 G, O 0|V (14)
Iz |0 0 0 Gz 0|y

T, 10 0 0 0 Guj (V)

where the shear modulus are reduced by the coefficient of the effective shear area ks and
parameter ry; by Kolmar (11) as follows:

o =G,.r. Gi=G,.r G, =G,/ Kk

o"'gl? o"'gl?

When the tensile stress in the 2-direction reaches the value f/', the latter cracked

plane perpendicular to the first one is assumed to form, and the stress-strain relationship
becomes :

o, 00 0 0 0| ¢g

g, 0 0 0 0 0| |s&

,p =|0 0 Gf;/Z 0 0|V (15)
13 00 0 G; 0 |V

Iy, |0 0 0 0 Gx Ve,

where the shear module are reduced by the parameter ry; and rg, by (Kolmar, 1986) as
follows:

G, =G,.r, 5= G,y Gys =G, Iy, (16)

o°'gl?

The cracked concrete is anisotropic and these relations must be transformed to the
reference axes XY. The simplified averaging process is more convenient for finite element
formulation than the singular discrete model. A smeared representation for the cracked
concrete implies that cracks are not discrete but distributed across the region of the finite
element. The cracked concrete is anisotropic and these relations must be transformed to
the reference axes XY. The simplified averaging process is more convenient for finite
element formulation than the singular discrete model. A smeared representation for the
cracked concrete implies that cracks are not discrete but distributed across the region of
the finite element.
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The smeared crack model [3, 7], used in this work, results from the assumption,
that the field of more micro cracks (not one local failure) brought to the concrete element
will be created. The validity of this assumption is determined by the size of the finite

element, hence its characteristic dimension L, =JA, where A is the element area (versus

integrated point area of the element). For the expansion of cracking the assumption of
constant failure energies Gg =const is proposed in the form

G, :Tan(w) dw= A. L.  We=é&le 17)

0

where w; is the width of the failure, g, is the stress in the concrete in the normal direction,
Ag is the area under the stress-strain diagram of concrete in tension. Concrete modulus
for descend line of stress strain diagram in tension (crushing) can be described according
to Oliver in dependency on the failure energies in the form

2G
E = EC , /]c = fZED
' L.o

C C" max

(18)

where E; is the initial concrete modulus elasticity, dgnax iS the maximal stress in the
concrete tension. From the condition of the real solution of the relation (18) it follows, that
the characteristic dimension of element must satisfy the following condition

2G,E,
Ls—

max

(19)

The characteristic dimension of the element is determined by the size of the failure
energy of the element. The theory of a concrete failure was implied and applied to the 2D
layered shell elements SHELL181 in the ANSYS element library (Kohnke, 2008.). The
CEB-FIP Model Code (1990) define the failure energies Gg [N/mm] depending on the
concrete grades and the agregate size d, as follows

G, =(0.0469 - 0.5, + 2§ 1,/ 1" (20)

The limit of damage at a point is controlled by the values of the so-called crushing
or total failure function F,. The modified Kupfer's condition for the I"-layer of section is
following

R =F (lail8,) =0, Fl =B(33,+al,)-¢ =0, (21)

where l¢, Jep are the strain invariants, and &, is the ultimate total strain extrapolated from
uniaxial test results (&, =0,002in the tension domain, or &, =0,003¢t in the compression

domain), a, B are the material parameters determined from the Kupfer's experiment
results (£ =1,355, a =0,35%,) .

The failure function of the whole section will be obtained by the integration of the
failure function through to the whole section in the form

1t 1N\ay
F, :EI F (|51§| gz;fu)dz :¥z FLll(ISl; Isz;‘gu)t| (22)
=1

0
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where t, is the thickness of the I - shell layer, t is the total shell thickness and Ny, is the
number of layers.

The collapse state of the reinforced in
. . . put
concrete structure is determined by the maximum A data

strain & of the reinforcement steel in the tension

— oo
8 c
area (max(gs)sgsm: 0.0) and by the maximum £
concrete crack width w, % ; ANSYS
(max(w,) < w,, = 0.3mm). c %
The program CRACK based on the presented G CRACK
nonlinear theory of the layered reinforced concrete =}
(o]
Za

shell was adopted in the software ANSYS (Kralik,
2009, 2013). These procedures were tested in
comparison with the experimental results (Krélik,
2009).

Image 6 - Non-linear calculation process

5 Reinforced concrete structures under high tempera ture impact

The mechanical properties of the concrete under high temperature impact was
considered in the research laboratory in Slovakia and Czech (Bayer, Matesova, 2006,
Brozovsky et al. 2009, Jerga & Krizma, 2006) and abroad (Chan et al. 1999, Schneider,
1990). The recapitulation of the research works and the standard recommendations of the
concrete under high temperature effect are summarized in US NRC report (Nureg/CR-
70331, 2010). The recommendations for the design of the reinforced concrete structures
are described in the US standards ACI (1996) and ASME as well as the CEB-FIP Model
Code (1990) and Eurocodes (Hanbook 5, 2005).

On the base of the research results in domain of the concrete and steel behaviour
of the reinforced concrete structures under the temperature effect the US standards (AC |,
1996, NUREG/CR-7031, 2010), EU standards (Hanbook 5, 2005) and IAEA
recommendations (IAEA, 2001) determine the basic material characteristics for the
numerical analysis and design of the RC structural element.

The bonding phases of concrete are from the instable substance, which can be
destructed at high temperature and their microstructures are changed. The processes in
the cement bond and the concrete due to high temperature was investigated by many
authors (Bayer& Matesova, 2006, Chan, 1999, Schneider, 1990).

The thermal conductivity A, of normal weight concrete may be determined between
the lower and upper limits given hereafter. The upper limit has been derivated from tests
of steel-concrete composite structural elements. The use of the upper limit is
recommended in Eurocode EN1992-1-2.

The upper limit of thermal conductivity Ac of normal weight concrete may be
determined from (Hanbook 5, 2005):

for 2°C< 6, <1200C : A = 2= 0.245B,/ 106- 0.0104,/ 10w/ mK], (23)

where €. is the concrete temperature.

The lower limit of thermal conductivity Ac of normal weight concrete may be
determined from (Hanbook 5, 2005):

for 20°C <6, <1200C : A = 1.36- 0.13@,/ 106 0.0062,/ 6P/ mK] (24)
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In simple calculation models the thermal conduttivmay be considered to be
independent of the concrete temperature. In thée ¢he following value (Hanbook 5,
2005) should be taken:

A, =1,30[W/ mK] (25)
A & (W/m K)
2T R
\ 5 NC /UPPER LIMIT
< il
i~
NC/LOWER LIMIT | BC (°C)
., I !

0 200 400 600 800 1000 1200

Image 7 — Thermal conductivity of concrete as a function of temperature (Hanbook 5, 2005)

The thermal conductivity A, of steel valid for all structural and reinforcing
steel qualities may be determined from following:

for 2°C<6,<800C : A, = 54 3.3¢4,/ 10dW/ mK (26)
for 800°C <6, <1200C : A, = 27.8W/ mK

where &, is the steel temperature.

In simple calculation models the thermal conductivity may be considered to be
independent of the steel temperature. In this case the following value (Hanbook 5, 2005)
should be taken:

A, = 45[W/mK] (27)

The Eurocode EN1992-1-2 define the stress-strain relationship for concrete and steel
materials dependent on temperature & for heating rates between 2 and 50K/min. In the
case of the concrete the stress-strain diagram is divided on two regions. The concrete
strength o, increase in first region and decrease in second region (Image 8).

The stress-strain relation o, [l £_, in region | are defined in following form :

3
JC,H = fc,H 3[ ‘:Cﬂ \]/{2-{-[?] } ’ fc,@ = kc,H fc' (28)
cu,8 cu,d

where the strain £, correspond to stress f_,, the reduction factor can be chosen
according to standard [10]. The reduction factors k_, (kC’[,7 =0.925for g, = 150C) for the
stress-strain relationship is considered in accordance with the standard.
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 } GC,G

fc,B

Qo
€cub €cef

>Ech
Image 8 — Stress-strain relationship of the concrete dependent on temperature (Hanbook 5, 2005)

The stress-strain relationship for the steel (Image9) are considered in accordance
of Eurocode (Hanbook 5, 2005) on dependancy of temperature level & for heating rates

between 2 and 50k/min . in the case of the steel the stress-strain diagram is divided on
four regions.

b Stress C, 0
fay,0 ‘ -
, N\
o Ellipse
fap,0 i NV
Eqp~tando N\

\\J Strain €5 ¢

T €au,0 €ae0
8 ap1@ 8 ay)e = 0‘02

Image 9 — Stress-strain relationship of the steel dependent on temperature (Hanbook 5, 2005)

The stress-strain relation o, , [l €, , are defined in following form in region I:

aa,H = Ea,e‘gae ’ Ea,€ = kE,H % for £a,6' = gap,&

=0,002 (29)

where the reduction factor k., can be chosen according to the standard (Hanbook 5,
2005).

In region II (0,002< ¢, ,< 0,02 :

O.p =(fay—c) +E\/a2 —(gayg —£a6)2 , a’ :(gayﬂ —£apﬂ)(£ay9 —E.0td Eag) ,

a
(30)
(fa 6 fa 6)2
b? = E.0—-Enp)CHCE,  C= > b
Eaﬂ( e apﬂ) Ea,H (‘an,e _‘Eape) - 2( fay,& - fapﬁ)
and in region Il (0,02<¢, ,< 0,1§:
Ua,& = fay,& (31)
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A graphical display of the stress-strain relationships for steel grade S235 is
presented in Image9 up to a maximum strain of £, , =2%.

The strength and deformation properties of reinforcing steels as elevated
temperatures may be obtained by the same mathematical model as that presented for

structural steel S235. The reduction factors Kk, (kE’H =0.95 for g, = 150 C) for the stress-
strain relationship is considered in accordance with the standard.

6 Nonlinear deterministic analysis

The critical sections of the structure were determined on the base of the nonlinear
analysis due to the monotone increasing of temperature inside the hermetic zone (Kr=alik,
2009, 2015). The resistance of these critical sections was considered taking into account
the design values of the material characteristics and the load. The combination load and
design criteria were considered for the extreme state as the hard accident in accordance
with the international standard (IAEA, 2001).

The critical areas were identified on base of nonlinear analysis in the plate at level
+18,9m in SG box, next at level +6,0m in the corridor between SG box and the bubbler
tower. The results from the linear and nonlinear analysis are compared in Image 10, 11
and 12.

AN AN

AVG ELEMENT SOLUTICN NCDAL SOLUTICN RPR 9 2015

MRY 6 2015
23:21:57 19:34:43
PLOT NO. 3 NO. 5

TIME=1
SIN MID  (AVG)
DMX =.054495

SMY =.169E-07
SMX =26.5971

. e - — e
.169E-07 5.91047 11.8209 P14 23.6419 L169E-07 .56885 1.1377 1.70655 2.2754
2.95524 8.86571 14.7762 20.6867 26.5971 284425 .853274 1.42212 1.99097 2.55982
1L. EBO * NPP at Hard Temperature Accident (T=1500C) * E 1H. EBO * NPP at Hard Accident (T=150cC) * E-P

Image 10 — Stress intensity from the linear and nonlinear analysis

AVG ELEMENT SOLUTICN MBY 6 2015 NCDAL SOLUTICN 9 2015
252157 STEP=1
” 4 SUB =41
TIME=1

TIME~
EIN MID  (AVG)

M~
EPTOINT  (AVG)
TDOLE

DMX =.054495
SMN =.625E-12
SMX =.999E-03

RSYS=SCLIJ
DMK =.048288

3 .001129 001506
- 941E-03 .001318 001694

_ | —

-03 .888E-03 L625E-12 . 376E-03 7153E-0.
LTI7E-03 -999E-03 .188E-03 -565E-03

1H. EBO * WPP at Hard Accident (T=1500C) * E-P

.625E-12 .222F-03 .444E-03 2
-111E-03 .333E-03 . 555E-03
1L. FBO * NPP at Hard Temperature Accident (T=1500C) * E

Image 11 — Strain intensity from the linear and nonlinear analysis
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Image 12 — Maximum strain intensity in top shell layer at level +6,0m and +18,9m

The interior structures of the hermetic zone are loaded with the accident
temperature equal to 150°C and the outside structures in the contact with the exterior are
loaded by -30°C. The difference between the interior end the exterior temperature has the
significant influences to the peak strain in the structures.

The comparison of the stress shape from the linear and nonlinear solution is
compared in Images 10 and the strain shape in Images 11 and 12. The strain increase
and the stress decrease in the nonlinear solution in comparison with the linear solution.

Table 2 Recapitulation of the critical areas in the hermetic RC structures under temperature 150°C

Node Layer Maximum principal strain at bottom/migltibp layered shell
& & &3 Eint Eeqv
Room V3 at level +18,9m in module G/17
3907 | 208608 | -612E-04] -1,56E-03 3,64E-03 | 2,20E-03
3907 6,6 7E-04 -1,08E-04 -6,51E-04 1,32E-03 7,86E-(
3907 10 9,86E-04 554E-04 | -1,44E-03 2,43E-03 1,52E-(
Corridor plate at level +6m in module G-D/13-15
1392 1 4,46E-04 3,57E-04 -8,48E-04 1,29E-08 9,14E-(
1392 9,69E-05 -8,23E-04 1,48E-03 9,26E-04
1392 10 1,22E-03 -4,09E-04 -9,04E-04 2,12E-08 1,32E-(
Corridor plate at level +6m in module G-D/13-15
2086 1 7,53E-04 -2,16E-04 -4,62E-04 1,22E-03 8,14E-(
2086 3,32E-04 3,22E-04 -6,99E-04 1,03E-03 7,69E-(
2086 10 -I -4,04E-04 -1,51E-03 3,34E-03 2,01E-03

The intensity of the stress values are about 10x lower and the intensity of the strain
values are about 17x higher and in the nonlinear analysis in comparison with the linear
analysis. These facts are in consequence with the consideration of the cracking process in
the reinforced concrete structures during the extreme loads.

7 Probability nonlinear assessment

The probabilistic method are very effective to analyse of the safety and reliability of
the structures considering the uncertainties of the input data (Bat+zant et al. 2007,
Bro+zovsk=y et al. 2009, Cajka et al. 2013, Kralik, 2009, 2015, Novak et al. 2009,
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Sucharda et al. 2014 ). The probability analysis of the loss of the reactor cover integrity
was made for the overpressure loads from 250 kPa to 1000 kPa using the nonlinear
solution of the static equilibrium considering the geometric and material nonlinearities of
the steel shell and beam elements. The probability nonlinear analysis of the technology
segments is based on the proposition that the relation between the input and output data
can be approximated by the approximation function in the form of the polynomial. The full
probabilistic assessment was used to get the probability of technology segment failure.

The safety of the technology segments was determined by the safety function SF
in the form (Kralik, 2009)

SF=EFR and O0<SF<1 (32)

whereE is the action function and is the resistance function.
The reliability function RF is defined in the form

RF=g(RB=1-SE R B0 (33)

where g(R, E) is the reliability function.
The probability of failure can be defined by thegie expression

P =P[R< = H( R §<0] @
1 —
Ty /
‘ — glX)
/ Interval 1/N
- Interval 1/N

o vyber vzorkov
selection of samples

kumulativna distribu¢na funkcia F(x)
cumulative distribution function F(x)

0 I .
nahodna premenna X/ random variable X

Image 13 - Schema of LHS method

The reliability function RF can be expressed generally as a function of the stochastic
parameters Xi, X, to X;, used in the calculation of R and E.

RF=g( X, X,.o0r X, ) (35)

The failure function g({X}) represents the condition (capacity margin) of the reliability,
which can be either an explicit or implicit function of the stochastic parameters and can be
single (defined on one cross-section) or complex (defined on several cross-sections, e.g.,
on a complex finite element model).

The failure probability is calculated from the evaluation of the statistical parameters
and theoretical model of the probability distribution of the reliability function Z = g(X) using
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the simulation methods. The failure probability is defined as the best estimation on the
base of numerical simulations in the form

P =12 [a(x)=0] (36)

where N in the number of simulations, g(.) is the failure function, I[.] is the function with
value 1, if the condition in the square bracket is fulfilled, otherwise is equal O.

The various simulation methods (direct, modified or approximation methods) can
be used for the consideration of the influences of the uncertainty of the input data. For this
analysis the semi-probabilistic method based oin Latin Hypercube sample (LHS)
simulations was chosen. The semi-probabilistic method result from the deterministic
nonlinear analysis of the series simulated cases considered the various level of
temperature.

LHS method is based on the simulations of the function g(X) so thus MC method,
but the definition domain of the distribution function <D(Xj) is divided to N intervals with the

identical probability 1/N. Characteristic values of the simulations as calculated randomly
on the base of the permutation integer number 1,2,...N. The reliability function g(X) must
be determined from the N simulation.

LHS algorithms can be defined as follows :

 The range of each X s divided into N non-overlapping intervals of equal
marginal probability 1/N;

* For each interval, one sample is selected randomly but taking into account the
probability density in that interval; and

* The N values for X1 are paired at random with the N values for X2 forming N
pairs of values for the pair (X1, X2) which are combined at random with the N
values for X, to form N triplets, and so on to form a set of N K-triplets; this set is
the Latin Hypercube sample (LHS).

8 Uncertainties of input variables

Reality is more complex than deterministic design situation, as the number of
variables as well on the side of actions as on the side of resistance is often quite large.

Table 3 Probabilistic model of input parameters by JCSS (2000)

Name | Quantity Charact. Variable | Histogram | Mean| Standargd Min. | Max.
value | paramet. deviation | value | value
Material | Young’s modulus Ey Myar Lognormal | 1,100 0,066 0,000 1,239
Stress yield fik frar Lognormal | 1,100 0,066 0,000 1,299
Reduction factor ky Kyar Lognormal | 1,000 0,050 0,000 1,149
Load Permanent Gy Ovar Normal 1,000 0,030 0,916 1,084
Variable Q« Qvar Gama T.l | 0,600 0,215 0,000 1,3}8
Fire- temperature Tk tvar GamaT.l | 0,600 0,215 0,000 1,3}8
Model Model uncertainties & €ar Lognormal | 1,000 0,050 0,000 1,149
Resistance & Mvar Lognormal | 1,000 0,050 0,000 1,149
uncertainties
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Hence the use of probabilistic procedures gets very quickly time consuming for
everyday's practical engineering. The variability of input parameters are described in
Table 3 on the base of the literature requirements (Hanbook 5, 2005).

The probabilistic analysis was realized in program FReET (Novék et al. 2009) for
the defined uncertainties of the input data in critical areas of the reinforced concrete
structures of the hermetic zone.

RF

0.5

0.2 06 04 02 -b.55e-017 0.2 0.4 06 0.8

Image 14 - Histogram of the reliability function calculted by LHS method for temperature 150°C

Twvs. RF

° T

Image 15 - Sensitivity analysis of variability of reliability function on variability of the temperature
calculted by LHS method for temperature 150°C

9 Fragility curves of failure pressure

The PSA approach to the evaluation of probabilistic pressure capacity involves
limit state analyses [5 and 12]. The limit states should represent possible failure modes of
the confinement functions. Containment may fail at different locations under different
failure modes. Consider two failure modes A and B, each with n fragility curves and
respective probabilities p; (i = 1,...,n) and g; (j = 1,...,n). Then the union C=A0B, the
fragility Fg; (x) is given by

FCij(X):FAi(X)+FBj(X)_FAi(X)ﬂ FBJ(X) (37)
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where the subscripts i and j indicate one of the n fragility curves for the failure modes and
x denote a specific value of the pressure within the containment. The probability p;
associated with fragility curve Fg; (x) is given by p.q; if the median capacities of the failure
modes are independent. The result of the intersection term in (32) is Faj (X) .Fgj (X) when
the randomness in the failure mode capacities is independent and min[Fy (X), Fgj (X)]
when the failure modes are perfectly dependent.

The previous design analyses of the containment failure determine the critical area
of this structure. The probability of the containment failure were considered in the critical
structure areas on the base of the nonlinear deterministic analysis of its for the various
level of the temperatures. The probability of containment failure is calculated from the
probability of the loss of integrity of reinforced concrete structure of hermetic zone defined
by reliability function g(X).

In the case of nonlinear analysis of reinforced concrete structures the failure
function can be investigated by principal deformation values through the section area of
the walls. The layered approximation and the smeared crack model of shell element are
proposed. One concrete layer was considered as orthotropic material for which the
direction of a crack is the same as the direction of a principal stress. Function of concrete
failure (loss of integrity) can be defined in dependency to the components of the strain in
the crack plane of layer “I” by the failure function in the form (Krélik, 2009, 2015)

P2 P \?
g(a)=1-a, (iJ +(QJ /(glf)zzo ;%sausl (38)

where £ =1 for compressiong = (gtg/gfu) for tension. The limit values of strain are
considered followings,, =0,02 and &, =-0,003E.

The cracking of the concrete slabs extended due to the temperature gradient
between the inner and the outer plate surface. In the case of plate-wall structures the
combination of membrane and bending efects come up. The expansion of the shear and
flexural cracks are not usually in the same place in case of the simple shape (rectangle,
circle, etc.). In case of more complex structures these areas can be identically.

= Conerete 4

b 4
- Internal crack

a
-
-
|
* 4

Image 16 — Development of the shear and bending craks in the reinforced concrete element

The degradation process in the concrete and steel are necessary considered in the
nonlinear analysis as well as the process of formation and expansion of cracks in
reinforced concrete structures taking into account the solid stress state, orientation of
cracks and reinforcement.
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The non-linear calculation is determined both by the development of the plasticity
strain in the concrete and steel reinforcement F, (.) as well as by the value of failure
energy of the concrete in tension Gg.

The fragility curve of the failure temperature was determined using 1000
probabilistic simulations using the LHS method for the failure function defined for the
critical areas defined on base of the deterministic nonlinear analysis for the various level
of the temperature. The various nonlinear calculations for 6 constant level of temperature

were taken out.

Fragility Curve of EBO RC-Structure

1,0 /)/o——c
0,8
0,6 /

4 Rl

Probability

100 200 300 400 500

Temperature T [°C]

Image 17 — Fragility curve of the reinforced concrete structures for limit deformation of the
reinforcement in tension &, , < £,,, = 0,002 determined by LHS method
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Image 18 — Idealized fragility curves of the reinforced concrete structures for limit deformation of
the reinforcement in tension &, , < £,,, =0,002 for lognormal distribution with 5% envelope

ag —

The uncertainty of the input data (tab. 6.2) and the results of the nonlinear analysis of
the reinforced concrete structures for various level of the accident temperatures were
taken. The recapitulation of the probability of failure calculated by the LHS simulation
method is presented in following images depending on the level of the temperature. The
image X present the fragility curve based on probabilistic nonlinear analysis considering
the uncertainties of input data. The idealised fragility curves (Image X) were calculated as
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the optimal envelope of the results from the probabilistic nonlinear analysis for the various
level of temperature.

10 Safety and reliability analysis of the hermetic structures

In the case of the severe accidents defined beyond the initial design criteria of
NPP structures, the safety and reliability of the containment integrity assessed beyond the
standard design criteria defined in design standards for new structures. The main criterion
is the requirement to stopped the leaking radioactivity into the environment and to ensure
the tightness of containment. The concrete cracking process arrive due to high
temperature gradient between interior (150°C) and exterior (-30°C) temperature. In the
concrete walls (resp. plates) the shear cracks occur due to the difference temperature in
the mid-plane along the contact of two surfaces with different temperatures of occurrence
of tensile stresses, involving the concrete will crack. The concrete slabs the cracks due to
the bending temperature gradient between the inner and the outer plate surface. In the
case of board-wall structures for combined membrane and bending stress state. The
bending cracks arrive due to temperature gradient between bottom and top surface of
concrete plate. In the case of the walls the combination of the membrane and bending
stress state is deciding. In the case of the nonlinear analysis the failure mode of the
reinforced concrete structure is determined by the failure function depended on the
principal deformations in the reinforcement in tension area of section.

11 Conclusions

The nonlinear analysis of the containment failure is in accordance with the
requirements IAEA (IAEA, 2001) and NRC (NUREG/CR-7031, 2010, NRC, RG 1.2, 2009),
experiences from the similar analysis NPP in abroad (NUREG-1150, 1990, Salajka et al.
2012.), new knowledges from the analysis of structures and our experiences from the
previous analysis (Kralik, 2009, 2015). The nonlinear analysis of the loss of the concrete
containment integrity was made for the accident temperature 150°C and the extreme
climatic temperature -30°C using the nonlinear solution of the static equilibrium
considering the geometric and material nonlinearities of the reinforced concrete shell
layered elements. The nonlinear analyses were performed in the CRACK program, which
was developed by the author and implemented into the ANSYS system (Kralik, 2009). The
reliability function RF was defined in dependency on the failure function F, (/.; Je; &) for
requirements of the 1AEA.

According to the nonlinear deterministic analysis were defined the most critical
structural components for which the values of the failure pressure of the accident are
determined on base of the best estimation. We propose from the supposition that the loss
of containment integrity occur and the performance of the NPP can be unsafe.

The maximum principal strain in the reinforcement layer is equal to

= E <E&EKLE
max.&, = 0,0020t ( s ay"g). The maximum principal strain is higher than the
yield strain, but lower as unlimited strain. The probability of failure for yield strain

(an,a < .91) in reinforcemnt is equal p,, =102,

The estimated failure temperature is equal to T, =570 C, for which the reduction
factor of concrete is k, , =0.676 and steel reinforcement k, , =0.562.
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THERMAL HOMOGENIZATION OF COOLANT IN UPPERPLENUM OF NUCLEAR
REACTOR VVER 440
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Abstract: The paper is focused on geometry and CFD modeling of thermal-hydraulic
conditions in Russian nuclear reactor VVER 440/V213. Main attention is paid to the
process of geometry creation, mesh generation and CFD analysis of upperplenum of
nuclear reactor. In CFD analysis thermal homogenization of coolant in upperplenum is
investigated. For mesh generations and for CFD analysis ANSYS ICEM CFD code and
ANSYS CFX code was used, respectively.

Keywords : CFD analysis, VVER 440, upperplenum, thermo-hydraulics of nuclear reactor

1 Introduction

During the phase of considering safety aspects of the nuclear power plant, one of
the fundamental criterions rests on determination of the thermal-hydraulic conditions in the
active zone of the nuclear reactor. Thermal-hydraulic conditions in active zone are
strongly affected not only by spatial distribution of thermal power in active zone but also
by conditions in downcomer and upperplenum of nuclear reactor (Zdrazil, 1980). Because
nuclear reactor is geometrically very complicated system, CFD modeling must contain
some simplifications. The acceptance of the geometry simplifications on individual parts
of reactor must be examined in CFD models of individual parts and after performing these
analyses CFD model of whole nuclear reactor can be built up.

The paper deals with creation of VWVER 440 nuclear reactor geometry, its
simplification for CFD purposes, creation of negative volume of reactor, which represents
volume of coolant, its discretization and CFD modeling of upperplenum of nuclear reactor.
In CFD model, the flow in protective tubes in protecting tubes block is also considered.

2 Geometry model of nuclear reactor VVER 440

To performed CFD simulation of coolant flow in upperplenum of nuclear reactor,
3D CAD geometry of reactor VVER 440 was created. Nevertheless that in this paper
coolant only in upperplenum of nuclear reactor is investigated, whole reactor with all
internal components was modeled. The reason is that after CFD analyses of individual
parts, the CFD simulation of coolant flow in the whole reactor is planned. All geometry
components of nuclear reactor were considered without simplifications and final model of
whole reactor with all internal components is shown in Image 1a) and 1b). This geometry
model can be used not only in the process of creation of coolant - which represents the
negative volume of reactor, but this model can also be used in structural (or thermal)
analysis of pressure reactor vessel - for example for pressure thermal shock analysis.
Next step is simplification of all internal components and creation of negative volume. The
process of geometry simplification is iteration work and is connected with process of CFD
simulation. Special attention in geometry simplification process was paid to fuel
assemblies and control rods, i.e. active zone, where hardware and software limits must be
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considered. Negative volume of nuclear reactor VVER 440, which represented coolant
volume in whole nuclear reactor, is shown in Image 1c) and 1d).

a) b) C) d)
Image 1 — Geometry model of nuclear reactor (a) and b)) and model of coolant in reactor (c)and d))

Image 2 — Geometry of upperplenum of nuclear reactor VVER 440

Because the geometry of coolant in reactor is from geometry point of view
relatively complicated, the model was divided into three main parts:

e downcomer - this part represents the coolant from six inlet nozzles up to
active zone (Mojto, 2012)

» active zone - this part represents the coolant in 312 fuel assemblies and in
37 control rods (Kutis, 2014)
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e upperplenum - this part represents the coolant from output of fuel
assemblies up to six output nozzles - only this part is investigated in the
paper - Image 2.

3 Discretization of coolant volume

After creation of volume of coolant, the process of geometry discretization has to
be performed. Specialized mesh tool ANSYS ICEM CFD was used to create structured
hexahedral and tetragonal mesh in all three main geometry parts.
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Image 3 — Mesh of bottom part of upperplenum with details

Each of three main geometry parts was divided into smaller parts, which can be
more effectively discretized. In the discretization process the blocking strategy, sweeping
and simple octree and Delaney tetrahedral algorithm was used.

Mesh of bottom part of nuclear reactor upperplenum with details of inlet regions is
shown in Image 3. In this image, we can see 312 circular inlets and 37 hexagonal inlets.
Circular inlets physically represent the output from individual fuel assemblies, hexagonal
inlets represents the connection between fuel and absorber part of control rods. Around
each hexagonal inlet there is annulus inlet which represent bypass of coolant in active
zone. Mesh of middle part of nuclear reactor upperplenum with details of control rods
connections and with output nozzles is shown in Image 4. From this image we can see,
that perforations are physically modeled without porosity simplifications. Mesh of last part
- top part of nuclear reactor upperplenum is shown in Image 5. In this part we do not
consider connection shaft of control rods and driven machine.
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Image 4 — Mesh of middle part of upperplenum with details

Image 5 — Mesh of top part of upperplenum

All geometry components, used in upperplenum model, contain approximately 52
millions of nodes and 57 millions of elements. The most dominant element type is
hexahedral - model contains approximately 46 millions of hexahedral elements.

4 CFD simulations and obtained results

The simulation was calculated as steady-state flow of coolant in ANSYS CFX
(Ansys, 2015) software. The temperatures at 312 circular inlets - fuel assembly's outputs,
at 37 hexagonal inlets - control rods outputs and at 37 annulus inlets - bypass were set
according to Image 6 Left. In all 312 fuel assemblies mass flow rate was considered 22.9
kg/s, in 37 control rods mass flow rate was considered 25 kg/s and total mass flow rate in
all bypass inlets was considered 368 kg/s. Reference pressure, which represents the
pressure at outlet, was set to 12.25 MPa - see Image 6 Right. Material properties of
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coolant (water) were set according to material model in material library IAPWS IF97.
Connection of individual mesh regions was provided by GGI connection.

N

Temperature
311.0

-3014
2919

2823

2727
(e
Image 6 — Prescribed boundary conditions, Left - prescribed inlet temperature, Right - prescribed

outlet pressure

In this preliminary CFD analysis, only k-omega turbulent model (Wilcox, 2006) with
simple and double precision was considered. The goal of the preliminary CFD analysis
was to check up of all connections of upperplenum individual parts and to investigate the
process of coolant homogenization in the protecting tubes block.

Temperature
306.0

298.6

291.2

2839

2765
[C]

Image 7 — Distribution of temperature in upperplenum in vertical plane with six locations (a to f) of
horizontal planes
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Image 7 shows distribution of temperature in upperplenum in vertical plane. In this
image, there are also locations of horizontal plane marked - a to f. The distribution of
temperature in individual horizontal planes is shown in Image 8.
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Image 8 — Distribution of temperature in six horizontal planes (a to f)

As we can see from both images - Image 7 and 8, coolant, which flows from 312
fuel assemblies into protecting tubes block homogenized in this region. In this region also
coolant from bypass flows, but coolant which is in control rods flows without mixing up to
the top part of upperplenum - see Image 8e and 8f. Monitoring temperatures at the six
output cold legs showed some small oscillations during the computations. This behavior
have to be detailed investigated in order to identify the source of oscillations, whether
oscillations is caused by numerical modeling or by physics of flow.

5 Conclusions

The presented paper dealt with modeling of thermal-hydraulic conditions in the
nuclear reactor VVER-440 pressure vessel. Area of interest was the upperplenum of
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reactor vessel where the coolant from active zone is mixing together. The goal was to
check up all connections of individual parts in CFD model of upperplenum and to
investigate the homogenization of coolant in protecting tubes block. The influence of
single and double precision on obtained results was also investigated.
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INFLUENCE OF PCB TEMPERATURE INSIDE MODERN HEADLAMP
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Abstract: The paper describes how big influence has maximum case temperature of
printed circuit board (PCB) on function of electronic components and light sources inside
modern headlamp. Factors which have influence of case temperature are for example
used light source, his power dissipation and electronic components, technology of PCB,
his position inside headlamp and so on. Paper describes how big influence for final
temperature has position of PCB inside headlamp and what it means for function of light
sources.

Keywords : Ansys Icepak, PCB (Printed circuit board), LED (light emitting diode)

1 Teplota PCB

Teplota desek plosnych spoju (PCB) uvniti dneSnich modernich automobilovych
svétel, a nejen v nich, je ovlivihiovana mnoha parametry. Mezi tyto parametry mizeme
zaradit napfiklad pouZité soucastky, které jsou charakteristické vySSi spotfebou energie
(s tim spojenymi vySSimi teplotnimi ztratami), nebo technologii pouzitého PCB, okolni
zdroje tepla, pozici PCB uvnitf svétlometu, atd.

Pouzitymi soucCastkami jsou mysleny jak svételné zdroje, kterymi rozumime
v dnedni dobé nejcastéji pouzivané LEDKy, nebo také elektronické soucastky, které slouzi
pro fizeni a ochranu a jsou dulezita z hlediska dodavéani konstatniho proudu svételnému
zdroji a jeho ochrané proti zvySenému teplotnimu namahani.

Problém spojeny s teplotnim namahanim elektronickych soucastek neni tak limitni
jako v pfipadé svételnych zdroja, protoZze je mozné fici, Ze v pfipadé elektronickych
soucastek je tfeba kontrolovat pouze maximalni povolené teploty na junctionu soucastky,
aby nedoslo k jejimu poskozeni.

S teplotami souc€astek souiseji tepelné odpory a jejich zobrazeni v pfipadé
zkoumané sestavy je na obrazku 1.

Junction ——>

| | R
El. soucastka _— > th_LED
P

Rih_pcs

pCB @ ——>

Obrazek 1 — Zobrazeni tepelnych odpora sou¢astky a desky ploSnych spojt

Maximalni teplota na junctionu, ale neni jediny parametr, ktery je nutné sledovat.
Je potfeba sledovat i chovani PCB ve spojeni se sou¢astkou samotnou. Na jednoduchém
prikladu je mozné uvést co je timto odstavcem mysleno.

Vypocet ztratového tepla uvnitf sou¢astky uréujeme z rovnice 1.
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ATS = Rth EIPeI (1)

oucastky

Kde ATsoucastky j€ teplotni spad uvniti soucastky [°C], Ry je jeji tepelny odpor [K/W]
a P jsou elektrické ztraty na této soucastce [W].

Jako pfiklad uvedeme tranzistor, ktery muze byt soucasti obvodu pro udrzeni
konstatniho proudu svételného zdroje. Soucastka ma maximalni teplotu na junctionu napf.
175°C, jeji tepelny odpor, ktery je mozné vycist z datasheetu je 0,77K/W a elektricky
ztratovy vykon 0,8W. KdyZz zndme hodnoty uvadéného tranzistoru, tak mdZzeme vypocitat
teplotni spad uvnitf soucastky z rovnice 1.

AT, = 077[08= 0616C (2)

soucastky —

Z rovnice 2 a znalosti maximdlni teploty junctionu z datasheetu vime, Ze
kdybychom sledovali pouze parametr maximalni teploty junctionu jako limitniho stavu, tak
na desce ploSnych spoju by byla maximalni mozna teplota, aby sou¢astka mohla spravné
pracovat 174,384°C. Soucéstka by tedy z teplotniho hlediska byla vhodna pro bézné
pouzivani, ma vyborny tepelny odpor, dobrou maximaini teplotu junctionu, atd.

Ale bézna maximalni teplota desek ploSnych spoju s Tg (glass transition
temperature) je 125°C. Proto je nutné sledovat i tento parametr. Poslednim neméné
ddlezitym parametrem je i limitni teplota pajeného spoje, ktera se u béznych pajecich past
pohybuje také v hodnotach blizkym 125°C. Je samoziejmé mozné pouzit kvalitn&jsi desky
ploSnych spoji s vy§§im Tg nebo kvalitnéjSi pajeci pasty, ale v tomto ¢lanku srovnavame
béZné pouzivané materidly a snazime se poukazat na to, Ze teplota junctionu neni
jedinym rozhodujicim parametrem.

2 Teplota LED

V pfedchozi kapitole byla zamérné popsana pouze elektronickd soucastka jako
takova a jeji vztah k teploté PCB. V této kapitole se budeme vénovat teploté LED, ktera je
mnohem vice komplikovana z hlediska sledovanych parametrd. Opét se zabyvame
maximalni teplotou junctionu, kterd mize byt u bézné pouzivanych LEDek napfiklad
150°C, tepelny odpor soucastky je napf. 3,5K/W a elektricky ztratovy vykon 0,5W. S tim
souviseji stejné kalkulace jako v pfedchozi kapitole s vyjimkou toho, Ze v pfipadé
teplotniho spadu uvniti LED nepocitdme s elektrickym ztratovym vykonem, ale s tepelnym
ztratovym vykonem jak uvadi rovnice 3.

AT gp =R, R, (3)

Kde AT gp je teplotni spad uvnitf LED [°C], Ry, je jeji tepelny odpor [K/W] a Py, jsou
tepelné ztraty na této soucastce [W].

Tepelné ztraty Pth jsou jednou ze dvou sloZek elektrickych ztrat LEDkou. Druhou
sloZkou elektrickych ztrat je energie vyzarena jako svétlo. Proto pfed samotnym vypoctem
teplotniho spadu je potfeba znalosti velikosti sloZky energie vyzarené a energie, ktera se
pfeméni na teplo. Ani jedna z téchto sloZek neni konstantni, protoZze kazda soucaska
spole¢né s teplotou (a nejen s ni) méni i svoje charakteristické parametry. A v pfipadé
LEDek dochazi s narlstajicim proudem LEDkou, také k naristani teploty a tim zméné
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svételné ucinnosti LEDek jak je zndzornéno na obrazku 2. Z obrazku je patrné, Ze
svételna ucinnost s narustajicim proudem klesa.
45 L i S R B B S B E I R R R B R |
L R e ot A
Rgo [bobh L y=.0,0261x+39.747 b
=] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
(2] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o A S R S SR NN N SR R SR SR S A
c 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
55 : : : : : : : : : | | | | | |
3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
L e el e
E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Q 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T S S A PO N S S S SO
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" : : : : : : : : : : : : : : :
(1 R e ST e e e e e e
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Obrazek 2 — Svételna ucinnost v zavislosti na vzrlstajicim proudu

Proto je mozné opét fici, Ze ze znalosti maximalni teploty junctionu z datasheetu
vime, Ze kdybychom sledovali pouze parametr maximalni teploty junctionu jako limitniho
stavu, tak na desce ploSnych spoji by byla maximalni mozna teplota, aby LEDka mohla
spravné pracovat 149,664°C. V pfipadé, Ze uvaZzujeme svételnou ucinnost 32,78%.

V pfipadé LEDek je nutné ke sledovanym parametrim pfidat jeSté zavislost
mnozZstvi svétla a tim omezeni maximalni teploty PCB (s vétsi teplotou LEDky dochazi k
poklesu svételného toku). MnoZstvi svétla, které je vyzarfeno z LEDek je definovano
pomoci riznych LED binl, které popisuji pro kazdy bin minimalni a maximalni mnoZzstvi

s

charakteristicka potfeba vice energie pro stejné mnozZstvi svétla jako u vyzsiho binu
LEDKky. S timto popisem souvisi i tvrzeni, Ze pro niz8i bin LEDKy je menSi povolena
maximalni teplota PCB a pro vysSi bin LEDKy je mozné uvaZovat vySSi teplotu PCB pro
dosazeni stejného svételného toku. Na zakladé pouZitych bind je mozné uvést, Ze pro
konkrétni uvazovany pfipad je rozdil mezi prvnim a druhym binem LED 40°C na
maximalni teploté PCB. Tzn. pokud maximalni teplota PCB pfi pouZiti prvniho binu, aby
byly zachovany poZadované svételné pozadavky, je napf. 70°C, tak pfi pouZiti druhého
binu je moZné uvazovat 110°C. Tento zasadni rozdil umozniuje konstruktérovy i vypocCtafi

mnohem snéaze uvazovat a modelovat vysledné konstrukce PCB.

3 Vysledky

Program Ansys Icepak umoznuje na zékladé vlastnosti materidld a materialovych
vlastnosti navrhnout svoje vlastni modely LED, které je mozZné pouZzivat pro dalSi
simulace a zpfesnit oCekavané vysledky. Ukazka vytvofeného modelu LED v prostfedi
Icepaku je na obrazku 3 a). Na obrazku 3 b) je zobrazen i vysledek simulaci.
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Obrazek 3 — Model simulované LED

Na tento model je nastaveny ztratovy vykon a LEDka je pouzita pro vSechny
svételné zdroje na srovnavanych pozicich PCB, které jsou znazornény na obrazku 4. PCB
je z Celni i zadni strany kryto bloky, kterou jsou od desky vzdalené 0,5cm a simuluji
tésnou zastavbu uvnitf svétlometu.

Kryci bloky pro
usmérnéni proudéni

Svételné zdroje

Obrazek 4 — Pozice LED

Z obrdzku 4 jsou také patrné osy soufadnicového systému, kdy predmétem
zkoumani byl vliv nato¢eni celé sestavy na vyslednou teplotu PCB. Mezi simulované
pozice patfi smér gravitacniho vektoru v ose -y, -x, +z (svételné zdroje jsou na horni
strané PCB) a -z.
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Tabulka 1 Srovnani vyslednych teplot na zakladé pozice PCB

Teplota [%]
Gravitacni vektor | -y | -x -z +z
< | LED1 x1| -6.27061 -0.21484 -0.45891
2 |LED2 x2|  -5.3711
S |LED3 x3| -4.21745
Q2 | LED4 x4 -3.13612
~ | LeDs x5| -1.67783
o Top layer X6 -4.0407
8- | Bottom layer x7| -4.85971

Tabulky 1 popisuje simulované pozice PCB, kdy prvni sloupec, kde je orientovany
gravitaéni vektor ve sméru —y, je povazovany za referencni a ostatni sloupce s rozdilnimi
vektory gravitace s timto sloupcem srovnavany.

V prvnim sloupci s referenénimi teplotami je nejteplejSi LED1, protoZe dochéazi
k ohfevu LED nejen ztratovym vykonem samotné LED, ale také proudénim horkého
vzduchu pomoci volné konvekce zpusobené ohfevem LEDek, které jsou umisténé pod
LED1.

Ve druhém sloupci (-x) je rozloZzeni na jednotlivych LEDkach rovnomérné, ale
rozdily ze sloupce pro gravitaCni vektor —y maji vliv na velké rozdily ve sloupci dva.
Obecné je zapornym znaménkem a zelenou barvou oznacena nizsi teplota v porovnani
s referenénimi teplotami. Proud volné konvekce neovliviiuje ostatni LEDKky a proto je
vysledna teplota rozloZzena homogené a je zavisla pouze na chladice ploSe PCB.

Ve tfetim sloupci (-z, svételné zdroje jsou umisténé na horni strané PCB) jsou
teploty horsi jak v referenénim sloupci a to z divodu, Ze nem4, vzhledem k blokim pred
a za deskou, kam proudit horky vzduch, ktery se akumuluje a ovliviuje maximalni teploty
soucastek.

V poslednim sloupci (+z, svételné zdroje jsou na spodni strané PCB) jsou teploty
PCB menSi nez v predchozim sloupci, protoZe ztratové vykony prohfivaji PCB a odvod
tepla je efektivnéjsi jak v pfedchozim pfipadé.
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CRASH — TEST, POCITACOVE MODELOVANI A LABORATORNI EXPERIMENT
PAVEL MARSALEK, PETR HORYL

VSB - Technicka Univerzita Ostrava, IT4Innovations Narodni superpoéitadové centrum

Abstract: This paper discusses the project Technology Agency of the Czech Republic,
whose aim is to develop a new rail double-seat (regio double-seat). This regio double-seat
is designed for regional services in the UK must meet the conditions GM/RT2100
standard. One of the key requirements of the standard is the successful completion of
precisely defined crash tests by a certified lab. Experience with computer modeling of
crash tests using LS Dyna software and results in experimental verification test are
included in this article.

Keywords : crash tests, rail double-seat, LS Dyna, GM/RT2100, explicit dynamics

1 Uvod

Jednim z cild projektu TACR TA04031236 je vyvoj nového typu Zelezniéniho
dvousedadla uréeného pro regionalni traté prednostné ve Velké Britanii. Hlavnim
feditelem projektu je Narodni superpoéitatové centrum IT4Innovations na VSB —
Technické univerzité Ostrava a spolureSitelem firma BORCAD cz s.r.o. Z dlvodu
prosazeni na zahraniénim trhu, musi dvousedadlo splhovat naro€né podminky normy
GM/RT2100 [GM/RT2100 2012]. Splnéni podminek normy se musi zejména prokazat
experimentalnim crash testem v certifikované laboratofi. Ponévadz experimentalni test je
znacné finanéné narocny, byla nejdfive realizovana fada pocitatovych simulaci tohoto
crash testu a na zakladé vysledkd simulaci byla nasledné konstrukce modifikovana. Cilem
je Uspéch u laboratorniho crash testu. Ze to neni vibec jednoduchy ukol, ukazuje
nasledujici pfispévek.

1.1 Hodnoceni Zelezni €nich dvousedadel podle normy GM/RT2100

Pribéh zrychleni dvosedadel s figurinami, modelujicimi sedici osoby, se musi
nachazet v oblasti vymezené Cervenymi UseCkami z obrazku 1. Skutecny prubéh pak
odpovidd modré lomené ¢afe v tomto obrazku. Vyhodnoceni rdzového testu se provadi
pomoci dvou odlisnych kritérii.
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Obrazek 1 - Priibéh zrychleni pfi simulaci (modra barva), vyhovujici omezujicim podminkam normy
GM/RT2100 (Cervena barva)

a) Posouzenim rizik zranéni pro figurinu HIII50th muZe, splnénim Ffady

vvvvvv

kritériem je kritérium poranéni hlavy HIC, které ur€uje miru pravdépodobnosti poSkozeni
hlavy v dusledku narazu. Je definovano nasledujicim vzorcem:

HIC = {[ 2 [liclloa] .t — ¢ 1

- (ty—ty) 7ts Xell2 ( 2 1) max, ( )
kde t1 a t2 jsou pocatecni a koncovy €as v uréeném intervalu zrychleni ||%||, , b&€hem
kterého kritérium HIC doséhne své maximalni hodnoty. Velikost Easového intervalu je pro
Zelezniéni dynamické testy omezena na t. = t; — t; < 15 ms. Mezni hodnotou je hodnota
HIC15 = 500. Spravny rozmér této hodnoty je [m>°.ms™], v technické praxi se v3ak tento
komplikovany rozmér obvykle neuvadi. Navic maximalni zrychleni nesmi prekrocit
hodnotu 80g po dobu delSi nez 3 ms. DalSimi kritérii jsou — zranéni krku, hrudniku, bficha
a zranéni nohou a holeni.

b) Posouzeni strukturdlni integrity dvousedadel a sou¢asné zajiSténim prostoru pro
preziti. Pfi splnéni strukturalni integrity, nesmi dojit pfi testu k porudeni (zlomeni, utrzeni,
vzniku velkych trhlin,...) jakékoliv Casti dvousedadla. ZajiSténi prostoru pro preziti
znamena, Ze figurina nesmi zlstat stlatena nebo proraZzena Zadnou ¢asti sedadla. Navic
musi byt mozné ji ruéné vyjmout bez nutnosti odstranit sedadlo.

Jak vypada situace pred laboratornim experimentem ukazuje obrazek 2. Pribéh
testu je sniman nékolika vysokorychlostnimi kamerami a provadén z&znam
kontrolovanych biomechanickych veli€in u specialni méfici figuriny.
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Obréazek 2- Prototypy regionalniho dvousedadla pfed méfenim v laboratofi MIRA Ltd.

Z divodu splnéni podminek normy v bodech a) i b) se provadéji tfi testy:
« dopredny raz s figurinou HIll 50™ cca 79kg, pro kontrolu biomechanickych
kritérii
« dopredny raz se dvéma figurinami HIll 90" cca 100 kg pro kontrolu integrity
«  zadni raz opét se dvéma figurinami HIll 90" pro kontrolu integrity.

Konkrétni hodnoty budou v ¢élanku uvedeny v omezené mife, ponévadz predmét
feSeni projektu podléha obchodnimu tajemstvi podle § 17 az 20 Obchodniho zakoniku.

2 Prvé po ¢ita€ové simulace crash test G

Pocitaovy model byl vytvofen na zakladé vykresti BORCAD. Prvy model mél
43000 uzlu (bez figuriny), celkovy pocet elementl byl 41576, z toho 37338 skofepinovych
prvkd, 107 nosnikd/prutd, 4124 3D prvkd, 7 diskrétnich elementd - pruziny/tlumice, 1808
Lrgid* prvkd, 340 bodovych svard a 174 hmotnych bodl, do nichZz jsou umistény
hmotnosti takovych prvkd systému, u nichz se muZe zanedbat tuhost. Diskretizace
nosného systému regionalniho sedadla vcetné figuriny je na obrazku 3. Pro dynamickou
simulaci uzitim explicitni metody je nutné vytvofit pfevazujici mapované sité konec¢nych
prvkl, coz se podafilo. Vypodty byly provadény v programu LS-DYNA v ramci licence SW
ANSYS na superpocita¢i ANSELM Narodniho superpocitacového centra IT4Innovations
na VSB-TU Ostrava. Prvé simulace se tykaly dopfedného réazu pro Kkontrolu
biomechanickych kritérii. Jak je vidét z obrazku 3, na zadnim zjednoduSeném sedadle,
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Obrazek 3 Prvni pocitacovy model pro simulaci dopfedného razu a zjisténi biomechanickych kritérii

je umistén nejnovéjsi model semi-deformovatelné figuriny "LSTC HIIl 50th FAST" [GUHA

BHALOOD KREBS 2011] kalibrovany na fyzicky model HIIl 50th, ktery je vyhodny z
hlediska poméru rychlosti feSeni v zavislosti na pfesnosti vyhodnocenych dat, obrazek 4.
dale upraven pro modelovani ¢&elniho narazu do vlakovych

Model figuriny byl
dvousedadel. Kone¢noprvkové modely figurin poskytuje majitelim licence pro LS DYNu

firma LSTC.

5
. )
- O

Vypocty se provadéji ve tfech zatéznych krocich, realizace pribéhu zrychleni
podle normy GM/RT2100 se provadi ve tfetim kroku podle grafu zrychleni dle obrazku 1.
NejdulezitéjSimi vysledky prvych simulaci bylo zjisténi kritéria HIC v hodnoté 561, cozZ je
jen mirné prekro¢ena mezni hodnota 500, viz obrazek 5. Trvala deformace sedadla po
razu vykazovala jen hodnotu fadu 160 mm, coz je vyhovujici. Tyto vysledky podpofily

rozhodnuti realizace experimentélni zkousky v laboratofi MIRA Ltd.

v
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Obrazek 5 Pribéh zrychleni hlavy (modré barva) s vymezenim oblasti vyhodnoceni kritéria HIC15
(Gervena barva)

PFi vyhodnocovani prvych vysledkld pocitaCovych simulaci bylo zjisténo, Ze neni
dostatek informaci o mezni Unosnosti bodovych svarl, které jsou v nosném systému
dvousedadel pravazujicim typem spoje. Proto se realizovala fada experimentalnich
meéfeni unosnosti bodovych svar(l jednak v tahu a také ve smyku. Origindlni névrhy
vzorkd pro experiment jsou uvedeny na obrazku 6.

Obrazek 6 Vzorky pro testovani Gnosnosti svaru, vlevo pro smyk, vpravo pro tah

Zjisténé hodnoty kritické sily pro tah jsou uvedeny na obrazku 4.3. Podstatné
nizSich hodnot Unosnosti, bylo dosazeno na prvé skupiné vzorku, svétle Seda ¢erchovana
kfivka v obrazku. Novych Sest vzork( prokazalo trojnasobné vyssi inosnost, obrazek 7.
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Obréazek 7 Unosnost svard v tahu

Ukazalo se, Ze puvodni uvazované hodnoty Unosnosti bodovych svart v
konecnoprvkovych simulacich byly zvlasté u tahu znacné vyssi, nez je experimentem
zjisténa skuteCnost. Na zakladé provedenych méfeni byly mezni hodnoty pevnosti pro
namahani tahem i pro namahani smykem upraveny dle experimentu.

3 Vysledky laboratorniho testu z roku 2014

Prvni experimentélni test dvousedadel v laboratofich firmy MIRA Ltd. byl
neuspésny. Bylo podcenéno spojeni konstrukce dvousedadla na nosny ram (konstrukce v
obrazku 8). Vlastni rdm byl vyroben z nevhodného materidlu o pfilis malé tloustce stény.
Také provedené Sroubové spojeni, vytvofené technikou flowdrilling, bylo zvoleno
nevhodné.

Obrazek 8 Umisténi spojovacich Sroubd v nosném ramu
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Simulacemi bylo prokazdno nevhodné pfipojeni dvousedadla na rdm voziku v
laboratofi, viz obrazek 9. Zde je uvedena mira zplastizovani okoli pfipojeného Sroubu a
nepfipustna deformace ve svislém sméru.

Fringe Levels
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4770002
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Obrazek 9 Mista vysoké plastické deformace v okoli Sroubového spojeni, vpravo vysledna
deformace ve svislém sméru

Na zékladé tohoto neuspésného experimentu, byly provedeny zésadni Gpravy
konstrukce a byl pfipravovan druhy laboratorni test. V sidle firmy BORCAD byl postaven
prototyp zkuSebniho stroje na testovani pfipojeni nohou dvousedadel pomoci padu
zavazi. Slo o experiment, ktery mél potvrdit “zachyceni” odpovidajici kinetické energie pfi
narazu pripojovacim systémem dvousedadla.

4 Simulace upraveného po ¢€itaéového modelu

V novém pocitaovém modelu byly zahrnuty opravené unosnosti bodovych svarq,
na zékladé fady experimentélnich testd jak ve firm& BORCAD, tak i na VSB-TU Ostrava,
byly zcela zménény charakteristiky materidlovych vlastnosti sedéaku, opérédku a
podhlavniku. Nasledujici sadou méfeni byly zjiStény statické i dynamické koeficienty
smykového tfeni vSech kontaktnich dvojic. Jeden vysledek méfeni a pocitaCové simulace
materi8lovOho modelu je uveden na obrazku 10.
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Obrazek 10 Materidlovy model podhlavniku a srovnani s poc¢itatovym modelem

Zde se jedna o provéfeni materidlového modelu podhlavniku s experimentem.
Potvrdilo se, Ze shoda je dostatecna. Déle se provedly statické testy unosnosti
nosné konstrukce dvousedadla a potvrdily se vysledky ziskané pocitacovou
simulaci tohoto statického testu, obrdzek 11. Timto dulezitym srovnanim se
verifikovala matice tuhosti. Opét i zde se potvrdila akceptovatelna shoda.

[N 7. — A test
= = =B test
s ——— fem 1.0
—— fem 0.9

Obrazek 11 Staticka zkouSka a srovnani s poc¢itacovym modelovanim

Po téchto upfesnénich numerického modelu, se znovu pfikrocilo k simulaci crash
testu podle normy GM/RT2100. Koneénoprvkovy model mél 133 tisic uzld, 110 hmotnych
bodl a 436 bodovych svar(. Pouzity prabéh zrychleni byl pfevzat z experimentu roku
2014, viz obrazek 12.
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Obrazek 12 Pouzity impulz zrychleni

Prvym krokem simulaci je modelovani usednuti figuriny tak, aby bylo modelovano
predpéti v sedédku, opéraku a podhlavniku. V druhém vypocltovém kroku se realizuje
prabéh zrychleni podle obrazku 12. Maximalni deformace po dosednuti dvou figurin je

znédzornéna na obrazku 13.
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Obréazek 13 Deformace sedaku po usednuti figurin

Jak vypada situace v okamZiku narazu figurin do sedadla, je vidét na nasledujicim
obrazku 14. Na zadni figuriné se testuji biomechanické hodnoty kritérii, pfedni dvojice pak
testuje podminku integrity pfednich sedadel. Pfi zadnim réazu je dulezitd maximalni
hodnota deformace pro zachovani “mista k pfeziti”. Jak tato situace vypada pfi simulaci
zadniho razu je znazornéno na obrazku 15.
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Obrazek 14 Okamzik narazu figurin do sedadel pfi dopfedném narazu

Obrazek 15 Maximalni deformace pfi zadnim narazu

Vysledky pocitacovych simulaci upraveného modelubyly pozitivni. Hodnoty
maximalnich (dynamickych tj. pruznych) vychylek | maximalni trvalé (plastické) deformace
splfiovaly kritéria normy [GM/RT2100 2012] pro integritu dvousedadel pfi pfednim |
zadnim razu. Existuiji dvé kritickd biomechanicka kritéria, kterd obvykle vychazeji jako
hlavy”a maximalni tlakova sila ve stehenni kosti. Hodnota HIC;s byla mirné prekrocena,
splnéna byla mezni hodnota tlakové sily ve stehennich kostech. Proto bylo rozhodnuto
realizovat experimentalni test v laboratofi firmy MIRA Ltd. v bfeznu 2015

5 Vysledky laboratorniho testu zb  fezna 2015

Vysledky tfi testu provedenych v laboratofi firmy MIRA Ltd. jsou detailné shrnuty
ve tfech zavérecnych zpravach [PAYNE T. HARPER C. 2015a, PAYNE T. HARPER C.
2015b, PAYNE T. HARPER C. 2015c]. Ve zpravéach se konstatuje spinéni desitek kritérii
normy s jedinou vyjimkou a tou je vznik trhliny v konstrukci pfi zadnim razu.
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6 Zaver
Na zakladé postupného upfesnovani pocitacového modelu diky lepSi identifikaci

parametrl pomoci fady pomocnych experimentd a hlavné poznatkim z laboratofi MIRA,
bylo dosazeno dobré shody dulezitych vysledkG pro spinéni pozadavkd normy

MrLviv s

pro zrychleni hlavy figuriny a tlakové sily v holenni kosti.

Tabulka 1 Srovnani hodnot biomechanickych kritérii experiment vers. simulace pro hlavu

FEM

Hava  |>058 sw* pred ,fA'fF';/'AE{Q Limit *
MIRA

Spicka

zrychleni | 101,29 | 10389 | 13089 | 1263g -

Prekroce

ni 3 ms 61,19 60,49 76,6 g 65,49 80¢g

HIC 15 206 209,9 403 384 500

* vysledky experimentu z bfezna 2015, ** vypocitané hodnoty z experimentalnich dat pomoci
vlastniho SW, *** vysledky pocitacové simulace pfed laboratofemi MIRA, **** vysledky pocitacové
simulace pfed laboratofemi MIRA, + limitni hodnota dana normou GM/RT2100

Tabulka 2 Srovnani hodnot biomechanickych kritérii experiment vers. simulace pro tlak ve
stehenni kosti

, FEM
Stehenni | MIRA - FEM po _
SwW pred Limit
kost 2015 MIRA MIRA
Spicka
tlaku leva | -2434 N [-2433,7N| -5500 N | -4500 N | -4300 N-
noha
Spicka
tlaku
prava -3039 N |-3039,7N| -4600N | -4400N | -4300 N
noha

Z tabulek je ziejmé, Ze vysledky numerického modelu jsou konzervativniho
charakteru na strané bezpec¢nosti, tj. dostavame vy3Si hodnoty, nez jsou hodnoty zjisténé
pfi laboratornim crash testu. U tlakového zatiZzeni stehenni kosti je v3ak rozdil prilis velky
a proto budou provedeny dalSi simulace se zmé&nénymi materidlovymi hodnotami figuriny

pro stehenni kost.
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COOLING OF BUNDLED POWER LINES

JURAJ PAULECH, VLADIMIR GOGA, JUSTIN MURIN, JAKUB JAKUBEC,
JURAJ HRABOVSKY, VLADIMIR KUTIS

Institute of Automotive Mechatronics, FEI STU in Bratislava, Slovakia

Abstract: The paper deals with Computational Fluid Dynamics (CFD) analysis of cooling
process of bundled overhead power lines. Temperature differences and mutual thermal
influence between the wires of the bundle will be discussed.

Keywords : cooling process, bundled power line, simulation, ANSYS CFX

1 Introduction

Bundled conductors are parts of the electricity supply system that provides
transmission of electric power from location of power plant or distribution point to another
location. Compared to classic simple electric conductors, bundled conductors provide
increase in transmission power due to higher cross section of the phase conductors. In
addition they reduce corona effect due to more homogenous distribution of the electric
field intensity around the bundled conductor than it is in the case of single conductor of the
same electric potential. It is also economic aspect to use bundle conductors than one
conductor of greater cross section area because of its weight, mounting operations issues
and mechanical behavior of the system.

\\‘ \ \\\
N m

\\

o

: = 2
e
S T

Image 1 — Power line equipped with bundled conductors (left), triple bundle (right).

2 Thermal state of the power line conductors

For operation of the power lines it is hecessary to know also the thermal operating
state of the lines. Temperature of the electric conductors influences the electric
parameters of the material — temperature dependent resistivity of steel and aluminium.
Increasing these values with increasing temperature causes positive feedback due to
Joule heat loses that depend on resistivity of the conductors. It means that maximum
electric current transmitted by the power line is determined and limited by maximum
allowed operating temperature of the conductors. Moreover, the thermal expansion of the
conductor materials ensures the extension of the conductors with increasing temperature.
Under high temperature conditions the mechanical tensile stress in the conductors
decreases and final sag of the line increases. During critical thermal state of the line the
conductors can approach or reach the grounded elements under the overhead power line
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(e.g. trees or other vegetation) and so cause the short-circuiting the system. Therefore the
thermal state of the power lines is one of the safety aspects for operating such systems.

The most used bundle conductors are: twin bundle, triple bundle and quadruple
bundle, see Image 2.

(a) (b) ()
Image 2 — Types of bundled conductor: twin- (a), triple- (b) and quadruple-bundle (c).

3 Geometric and discretized model

We prepared numerical simulation of cooling process of the triple bundle conductor
system loaded by steady electric current. Due to simplification of the model we created
only the cross section part of the bundle with surrounding air area with dimensions that
ensure correct air flow development around the bundle, see Image 3.

Distance between the conductors of the bundle was set to d = 0.4 m. Firstly, we
consider only free convection around the bundle due to the rise of air temperature caused
by Joule heat in the conductors. Space for free convection was considered as enclosed
box with boundary walls set to the value of ambient temperature ty,, = 25 °C.

_ triple bundle (d = 0.4 m)
space for free convection (8 x 12 m)

fine parts of the model

«— walls
@
I—» X

Image 3 — Geometric model for numerical simulations.

0.000 4.000 8,000 (m)
]

2.000 6.000

Image 4 shows discretization of the geometric model to finite volumes. The area
near the solid conductors has fine mesh, also the air parts near the solid surface and near
the walls are meshed more perfectly. Number of elements was 19 637.

Electric current that heats up the bundled conductors by Joule heat was | = 680 A
per conductor.

The Computer Fluid Dynamics simulation (CFD) was performed in ANSYS CFX
software that provides fluid-thermal analyses. Calculation process was multi-core and
iterative where thousands of iterations were necessary to reach convergent results.

Also cooling processes using combined free-and-forced air flow were performed.
Image 5 shows boundary conditions applied to such model where inlet air velocity and
outlet average pressure were prescribed.
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Image 4 — Meshed model: full model (left), detail of the fine part (bottom), bundle (right).

0 3.500 7.000 (m)
L] 1

L
®
1750 5.250

Image 5 — Boundary conditions for forced air flow simulation.

4 Fluid flow and thermal results

Temperature of the individual conductors of the bundle and temperature
distribution of heated air around them is shown in Image 6. We can see that there is
almost none thermal influence between the conductors under free convection conditions
in the case of triple bundle (numbering of the conductors is shown in the figure).

Image 7 shows the combined free-and-forced cooling process of the bundled
conductors. Prescribed air velocity was v = 0.3 ms™ in this case (direction from left to
right). Image 8 shows air velocity distribution near the conductors. We can see that there
is notable thermal influence between the windward and leeward conductors. Leeward
conductor is flowed off with air of lower velocity and also the temperature of that air is
higher than ambient temperature (air heated by the windward conductor).
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Temperature

Image 6 — Temperature distribution for free convection around bundle.

Temperature
68.7

Image 7 — Temperature distribution for forced convection around bundle.
Velocity

045
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0.00
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O™ : :

e

Image 8 — Air velocity for forced convection around bundle.
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The model was calculated for different inlet air velocities (wind speeds). Final
temperatures of individual conductors of the triple bundle for calculated wind speeds are
shown in Table 1 and in Image 9. We can see that thermal influence is significant only in
cases with low forced air velocity. Moreover, critical thermal state for cooling the
conductors of the bundle is in the case of free convection (the highest temperatures of the

conductors) where no thermal influence between the conductors is observed.

Table 1 Temperatures of the conductors in bundle as function of wind speed.

wind speed conductor #1| conductor #2| conductor #3
[ms’] [°C] [°C] [°C]
free convection 79.9 80.4 79.9
0.2 73.6 76.1 69.1
0.3 63.2 68.7 62.2
0.5 54.4 58.6 53.9
0.8 49.0 51.6 48.7
1.0 46.4 48.1 46.2
1.5 43.3 44.6 43.2
2.0 41.3 42.3 41.2
3.0 39.1 39.8 39.1
5.0 36.9 37.5 36.9
7.5 35.3 35.9 35.3
10.0 34.3 34.6 34.3
15.0 32.9 33.0 32.9
20.0 31.9 31.8 31.9
30.0 30.7 30.2 30.7

75

65

an
&)}

Temperature [°C]
i
a

w
&)}

25

— cond. #1
— cond. #2
— cond. #3

Image 9 — Temperatures of the conductors in bundle as function of wind speed.
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5 Conclusion

Investigation of the thermal state of the power line bundled conductors is important
due to limitation of transmitted electric power and safety reasons. Thermal influence
between individual conductors of the bundle is significant only under low wind speed
conditions whereby free convection conditions, with no mutual thermal influence in case of
triple bundle, are critical. Temperature of the conductors rapidly decreases under higher
wind speed conditions.
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THE ENTERTAINING ATTRACTION, LOADING AND MODELLING
JIRi PODESVA

VSB - Technical University of Ostrava, Faculty of Mechanical Engineering

Abstract: The paper deals with the dynamic loading and modelling of the entertaining
attraction. The structure has static part and moving part. Due to strong motion, two
simultaneous rotations, dynamic effects appear as the structure loading (except weight, of
course). The dynamic effects are applied to the model to investigate the stress state in the
working conditions. The modelling brings the specific problem, to express the stiffness of
the chassis without taking into account the appropriate FE model. The sub-structuring
technique is used for it.

Keywords : entertaining attraction, two simultaneous rotations, dynamic effects, sub-
structuring

1 The description of the technical object

The subject of the investigation is the entertaining attraction, something like the
merry-go-round, but more complicated. The basic mechanical system is the swing,
swinging from 110° to 120° both sides. The hanging seats rotate about the swinging axis.
See Fig. 1.

Figure 1 — The swinging and rotating attraction

The purpose of the investigation was the strength audit. But the most interesting is
the system of loading and method of modelling. This will be the subject of the paper.
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2 The dynamic loading

Except of the own weight the structure is exposed to the dynamic loading due to
motion. The rotor with seats performs the spherical motion (rotation about fixed point -
center of the spherical motion). The theory of spherical motion defines three motions and
three varying angles, so called Euler’'s angles. These angles determine the position of (so
called) body coordinate system {{n¢} with regard to (so called) fixed coordinate system
{xyz}. Both are described on Fig. 2.

z=(=G=n2

axis of swinging

Wy xfarrying tube axis
(2=(

Figure 2 — The fixed and body coordinate system

Precession - swinging about the horizontal axis (z). The angle of precession U is
the inclination of the carrying tube in relation to the vertical axis y. The varying of the angle
of precession represents the swinging.

Y=y, EinQ0) (1)
where :

Wa is the amplitude of the angle (maximum value, tends to 120°),
Q is the circular frequency of swinging,

f=Q/2m Is the frequency of swinging,

T=1f=21wWQ is the period of swinging.

The angular velocity of precession is :

w, =Y =y, @ codQ) )
Finally angular acceleration is :

g, =0, =Y, Q> BEinQ0) 3)
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Actually the precession (swinging) is influenced by the driving moment and is not

exactly sinusoidal. The function (1) and sub sequential are approximations.

Nutation - constant angle 9=90° between the carrying tube and the axis of

swinging. Both angular velocity and angular acceleration are zero.

0, =9 =0 e =6, =0

Primary rotation - rotation about the carrying tube axis. The angle of primary

rotation is @:
0=w, 4)
W, = @= const (5)
€,=w, =0 (6)

The dynamic loading is represented by the dynamic force and dynamic moment,

both expressed in the {n{ components. The dynamic force (d’Alembert force) is :

D, =-m(¢, @ (7)
D, =miy,” [, (8)
where :

m is the body mass,

(ce is the ¢ coordinate of the center of gravity,

wyand g, see above.

Note : The component D, is known as centrifugal force.

The dynamic moment is :

Mpe ==l Lo, Lo, 9)
Mo, = -1, L&y, (10)
where :

Iz is the moment of inertia regarding to the ¢ axis (carrying tube),

Iy is the moment of inertia regarding to the n axis (axis of swinging).

Note : The component Mp, is known as gyroscopic moment.

Both kinematic and force parameters were investigated in positions : = 0 (vertical

tube position), P = 30°, P = 60°, P = 90° (horizontal tube position) and finally | = 120° (top
position). The values were the inputs to the FEM performance. They will not be mentioned

here.
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3 The finite element modelling

The whole structure was subject of computer modeling, based on the finite
element method. The structure has the parts : the chassis, the four-legs mounting, the
carrying tube and the seats rotor (see fig. 3 and fig. 4).

The dynamic forces of the carrying tube and the rotor was investigated numerically
(see above) and applied to the model of the four-legs mounting.

he dynamic forces application point

the four-legs mounting

the arms

Figure 4 — The rotor of the seats

The dynamic effects on the seats rotor are spread on the entire volume of the
material and cannot be expressed in simple numerical form. The Ansys commands
OMEGA, CGOMGA, DCGOMG and CGLOC are used to apply the effects.
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The subject of modelling was the structure of the four-legs mounting. It is
supported in four points. Supports are not fixed but flexible. The finite stiffness of the
chassis was realized using sub-structuring method.

3.1 The substructure technique

Let us have the mechanical system with n degrees of freedom (DOF). The static
case has the mathematical description in matrix form :

Klg=f (11
where :

K is the stiffness matrix,

q is the column matrix of unknown displacements,

f is the column matrix of external forces.

Then let us split the set of DOF to two groups - “masters” and “slaves”. So called
“masters” are the DOF, which will be accessible for external objects, will represent the
interface to surroundings. So called “slaves” are the DOF, which in the end will be hidden
for surroundings, will not “be seen”. Then n,, is number of master DOF, ns is number of
slave DOF. Usually ng » ny,. The equation (11) can be written in the block matrix form :

K mm K ms qm fm
= (12)
K sm K SS qS O
Suppose the external forces only on the master DOF. The first group of equations
gives the expression :

M i + (K e =K e K K L =1 (13)
and finally :

K, =f, (14)
where :

K=K, K. . K/ K, (15)

The solution results of the equation (14) are the values of master DOF. The slave
DOF can be then calculated from second group of equations in (12) as :

qS = _K SS_l [H( sm mm (16)

The approach is supported by the Ansys software in three phases, so called
“passes”.

The generation pass - means the solution of the reduced matrix K from (15).

The use pass - means the solution of the reduced problem (14) on master DOF.
The expansion pass - means the solution of the slave DOF from (16).

In the generation pass the detail model of the chassis is used to calculate the
stiffness matrix of the chassis. In the end the stiffness is expressed for 12 master DOF
(ux, uy, uz for all of the four supporting points).

In the use pass the stiffness matrix of the chassis (12x12) is used to support the
model of the four-legs mounting.
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The expansion pass was not performed, because the purpose was to include the
stiffness of the chassis, not the final solution on chassis.

4 The conclusion

In the first part of the paper the dynamic loading of the structure is expressed and
applied to the model. The application to the structure of the four-legs mounting the loading
has the simple form of two forces and two moments, applied in one point. The dynamic
effects on the rotor of the seats, is spread on the entire volume. It is not integrated on the
volume, but applied to every single finite element as the volume force. This approach is
supported by the Ansys commands.

In the second part of the paper the use of the special modeling technique is
described. The technique is called the sub-structuring. The core of the technique is, that
the stiffness of certain structure (chassis) is expressed in relatively small number of DOF.
Even if the FE model of the structure represents large number of DOF, in the end the
stiffness matrix of so called “super-element” has a small number of DOF.
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HYDRAULICKY NAVRH DRAH PRO VODNI SPORTY POMOCI MATE MATICKEHO A
FYZIKALNIHO MODELU

JAROSLAV POLLERT, PETR CHMATAL, JAROSLAV POLLERT, DRSC.

Stavebni fakulta CVUT v Praze, katedra zdravotniho a ekologického inZenyrstvi,
Thakurova 7, 166 29 Praha 6

Abstract: The design of artificial whitewater sport and recreation facilities has seen
increased interest in recent years due to the ongoing inclusion of the Canoe Slalom
program in the Olympic Games. Each individual design needs to develop hydraulic
configurations that are suitable for all forms of whitewater paddling, as well as for
operational efficiency and safety. The Vodafone Events Centre — WERO Whitewater Park
in Auckland, New Zealand consists of a supply lake, two pumping stations, and two
whitewater channels with associated start pools at the upstream end. In addition, there is
separately controlled waterfall feature descending from the higher start pool. For hydraulic
experiments connected with the design of the WERO Whitewater Park, a combination of
physical modelling (scale 1 :13) and 3D CFD mathematical modelling exercises were
carried out.

Keywords : white water, canoeing, CFD, free surface,

1 Uvod

Sportovisté pro vodni slalom a aktivity spojené s divokou vodou - co tento pojem
znamena? Je to pokus o napodobeni pfirodnich hydraulickych jevl v otevienych korytech
a jejich pfeneseni do koryta umeélého pfedem pfipraveného, tj. do koryta vybudovaného
béhem kratké doby vystavby, a ne vytvafeného miliony let, kdy voda a materiél tvorici
stény si vzajemnou interakci zvolily nejvhodnéjsi prutokové poméry v daném misté.

Je mozné si postavit otazku, z jakych duvodd se vibec umélé drahy pro tento druh
sportu stavi? Pro¢ se vkladaji zna¢né investi¢ni prostfedky do néceho, co pfiroda dava
zadarmo? Davodu vystavby je nékolik, a je mozné je shrnout do nasledujicich bodu:

1. sportovni
2. ekonomické
3. ochrana Zivotniho prostredi.

Z technického hlediska musi expertni tym povérfeny navrhem drahy pro vodni
slalom od pocatku respektovat hlavni omezeni:

1. mezinarodni pravidla pro vodni slalom ICF (International Canoe Federation),

2. pozadavky MOV (Mezinarodni olympijsky vybor) spojené s pfipadnou organizaci
olympijskych her,

3. omezené stavebni plochy patfici méstu, kterému bylo pfidéleno poradani velkych
sportovnich udélosti s tim, aby pokud moZno vSechny vodni sporty byly v jednom
misté — veslovani, rychlostni kanoistika a vodni slalom (jednotna hlavni
infrastruktura pro vSechny sporty),

4. co nejvySSi se priblizeni pfirodnimu charakteru proudici vody,

co nejmensi dopad vystavby na Zivotni prostiedi,
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6.

komeréni vyuZiti.

2 Hlavni zdsady navrhu

Kazdy navrh umeélé drahy s divokou vodou by mél spojit fadu poZadavku a kritérii,

a to jak hydraulicko-inZzenyrskych tak samoziejmé i vodackych, které je mozné shrnout do
nasledujicich bodu [1]:

1.

w v

uréeni zakladniho geometrického tvaru drahy (délka, Sifka, sklon dna, umisténi do
terénu),

navrh vstupniho objektu, véetné uzavéru s posouzenim vlivu nadrze na
konstantnost prutoku a dale posouzeni vlastniho uzaviraciho zafizeni na proudéni
v kanale s tim, Ze v fadé pfipadd je nutné také zajistit bezpecny prejezd vodaku
pres uzavér z nadrze do kanalu,

vyhodnoceni vlastniho hydraulického navrhu, tj. proudéni v draze, vcetné
vyhodnoceni vstupniho objektu, vlastni drdhy bez prekadZzek a s prekazkami,
zausténi drahy na konci do vodoteCe/zasobniho jezera. Pfi navrhu je nutné
vyhodnotit jiz pfedem i rGzné provozni problémy a moZznosti hydraulickych
nestabilit z divodd maximalni bezpec&nosti vlastniho dila, ale hlavné sportujicich,

navrhnout tvar prekdzek, dna a bfehl v jednoduchych, opakovatelnych tvarech,
aby konstrukce nebyla slozita pro vystavbu, a u pfemistitelnych prekazek je dale
nutné navrhnout systém jednoduchého a bezpeéného kotveni,

jiz pfi prvnim navrhu je nutné pocitat s moznosti vyuZziti vodniho dila pro Sirsi
rozpéti vodacké vyspélosti uzivatell s ohledem na jejich bezpeénost.

Hlavni z&dsady a kritéria navrhu:
délka - vychazi z pravidel I.C.F., tj. 200 — 400 m,

~ rv

Sifka - pramérna Sifka by se méla pohybovat okolo 10 m (s ohledem na délku lodi
a moznost vyuZzitelnych pratokad), kratké useky mohou byt uzsi nebo SirSi, pfitom

v s vy

by ale nejmensi Sitka neméla klesnout pod 6 m,

hloubka - ne méné nez 0,6 m s ohledem na bezpecné provedeni eskyméackého
obratu pfi pfevrzeni lodi se sportovcem; zvySovani hloubky nad uvedenou hodnotu
je zalezitosti ekonomické rozvahy a danych prutokovych poméru,

~ v s

obtiznost - co nejvysSi, ale nesmi v Zadném pfipadé pfesahnout mozZnosti
zvladnutelnosti nejvysSimi zavodnimi experty,

pfizplsobivost - moznost Fizeni zmén hydraulickych jevh zpusobujicich hlavni
obtiznostni prvky,

ustalenost - proudéni bez pulsaci, vdechny hlavni hydraulické jevy se nesmi ménit
s ¢asem,

pfirozenost - hydraulické jevy maji byt co nejvice podobné tém, které nachazime v
pfirodnich otevienych korytech.

Mezi hlavni hydraulické jevy, se kterymi je nutné pfi navrhu umeélé slalomové drahy

pocitat, a které plné vyhovuji poZadavkim kanoistickych expertd, pocitame:

1.
2.

hladk& proudici voda - mélo turbulence, snadné manévrovani lodé,

vodni skok (vodacky - valec) - sestava z vysoce turbulentni a provzduSené casti
tvofici typicky bilou barvu na povrchu a z dolni hladce proudici ¢asti; nastava na
prechodu z bystfinného do fi¢niho proudéni.,
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3. hladké vysoké viny - kanoisté na nich s oblibou zkouSi svou dovednost, snadna
manévrovatelnost lodi,

Vv

zpétné proudy (,vrataky") - vznikaji pod misty s lokalnim zGZenim pfi¢ného profilu,

v v

5. turbulence - makro i mikroméfitka, zpusobujici nahodilé mistni zmény rychlosti
sestavajici z malych a vétsich virq,

6. nizké povrchové viny - jejich vyska nepfesahuje 20 cm; maji podobnost s vinami
od vétru na vodni hladiné.

Dulezitym aspektem pro hodnoceni jednotlivych hydraulickych jevl pfi navrhu
umélych drah je i vodacké hledisko, resp. pohled vodaka na jednotlivé hydraulické jevy z
lodi, nebot vSechny jevy vysSi nez 50 - 60 cm nad primérnou hladinou zakryvaji vyhled a
znesnadriuji vedeni lodi.

(. I / v

0000 i e e o

1
Poloha
® pristupnost
® spadoveé tzemi s velkou
populaci

ecca25-10ha

Zapojeni do turbinového
nebo ¢erpadlového
rezimu

Q= 10-30 m¥/s
L= 200-400 m
o™ 1-3%

B, =6m

® Rekreaéni a sportovni (zavodni)
“vodacka télocviéna

@ Ve vrcholné sezéné mize byt
navstévnost 100-500 oseb za
den

Obr. 1 Zékladni schéma sportovisté pro aktivity na divoké vode

Z hydraulického hlediska ovliviuji navrh zejména celkovy pratok (ma pfimy dopad
na kvalitu vodniho prostfedi) a sklon dna [2]. Ztraty energie v otevienych korytech jsou
vysledkem ztrat tfenim na dné a také vysledkem disipace energie vlivem ,prekazkovych
ztrat”, které vyznamné méni proudové poméry v koryté. Ztoho vyplyva, Ze celkova
drsnost je vyznamnym parametrem pro optimalizaci geometrie a proudovych poméra
vodacké trati. Rezim proudéni se da uréit dvojim zplsobem, pfedevSim srovnanim
hloubky posuzovaného proudu se spocitanou kritickou hloubkou vy,. Druhou
charakteristikou je Froudovo &islo Fr = ﬁ , kde y, je stfedni hloubka prafezu. Plati, ze
pfi kritickém rezimu proudéni je Fr = 1.

Kriticky stav proudéni je pfi€inou nestabilnich jevd, jako je pulzace hladiny,
neustalené podminky v ¢ase a prostoru. Proto je nutné, aby navrh vodackeé trati se vyhnul
tomuto kritickému stavu. Na zakladé rozboru rGznych vodackych trati bylo doporu¢eno
rozmezi Froudovych €isel [3]:

Zacatecnici 13 < Fryy < 17
pokrodili, vyspéli zavodnici 17 < Fry, < 24
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3 Modelovy vyzkum WERO Whitewater Park Auckland, No vy Zéland

WERO Whitewater Park, Auckland - Manukau, Novy Zéland bude budovan jako
soucast centra volnoCasovych aktivit v ramci projektu WERO (http://wero.org.nz/).
Centrum WERO predpoklada ro¢ni navstévnost az 45000 Skolnich déti a turistd, které se
mohou rozhodnout pro rlizné aktivity jak sportovni, tak vzdélavaci, nebo hudebné
zabavné. Jeho prvni ¢ast zahrnujici rzné arény pro sportovni, ale i zabavné aktivity
véetné dopravni obsluznosti je jiz vybudovana. Vodacké centrum by meélo byt dokonéeno
v roce 2015.

Vyzkum mél odpoveédét i na otazky, které projektant/architekt nebyl schopen bez
pomoci 3D matematického CFD a fyzikalniho modelovani (méfitko 1 : 13) hydraulickych
jevl zodpovédét.

Vodéacké centrum (obr. 2) sestava z hlavniho zasobniho bazénu s vodou o ploSe
10000 m? odkud je voda &erpana oddélené do jednotlivych drah. Trat pro vyspélé vodaky
je pfimo propojena ve startovnim bazénu s vodopadem. Obé& drahy a vodopéd jsou
propojeny se zasobnim bazénem pasovym dopravnikem na lodé z divodi co nejvyssi
efektivity sportovniho vy?Ziti.

wer®
white water park

L/";é:."" =4
\

Obr. 2 Celkové schéma WERO Whitewater Park, Auckland: A - Zavodni draha, B — Tréninkova
draha, 1a — startovaci bazén pro zavodni drdhu a vodopad; 1b Startovni bazén pro tréninkovou
drahu; 2 — zasobni jezero vody (10.000 m2/30.000 m3); 3 — Cerpaci stanice pro dopravu vody ze
zasobniho jezera do startovacich bazén(- vybaveni: ponofena vrtulova ¢erpadla Q = 3,5 m3/s; 4-
vodopad pro plavbu raftll; 5, 6 - pasové dopravniky pro transport lodi ze zasobniho jezera do
startovacich bazénu a dale do sportovist.

Ke stavbé modelt obou drah bylo pouzito unikatni technologie vystavby, kde bylo
kombinovano nékolik rdznych druhd materiald (vodévzdorna preklizka, extrudovany
polystyren, pozinkované ocelové plechy, nékolik druhl rdznych lepidel). Nejzajimavéjsi
bylo pouziti extrudovaného polystyrénu, ktery pro snadnou fezatelnost odporovym dratem
byl pouzit pro modelovani bfeht a detaild uvnitf koryta drédhy. Dale byl pouZzit i pro
modelovani pevnych a pohyblivych pfekdzek. Znacné urychleni celého vyzkumu
k vyhledani co nejlepsi konfigurace ,divoké vody“ s dodrZzenim hloubek a rychlosti
proudéni v jednotlivych drahach umoZzZnila vyznamna inovace, tj. pokryti dna
pozinkovanym ocelovym plechem a vybaveni kazdé modelové prekadzky Nd magnety na
spodni strané. Tim se zrychlil proces hledani ,synchronizace" vin, tj. soulad proudéni vody
s okrajovymi podminkami v misté drahy (dno, bfehy, atd.).

Hlavni parametry (skute¢nost/model) jsou uvedeny vtab. 1. PFi stanoveni
modelového méfitka byla respektovana dynamickéa podobnost s pfevliadajicimi silami tize
— Froud(v zéakon podobnosti
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-_f = idem
v
Froudova podobnost je jednim z nejCastéjSich pfipadd hydraulického vyzkumu pro
modelovani ustaleného proudéni v korytech, povrchoveé viny, atd. S ohledem na prostory
Vodohospodarského experimentalniho centra Fakulty stavebni CVUT bylo zvoleno
délkové méfitko podobnosti 1 : 13.

Prace na matematickém modelu pomoci CFD (Computer Flow Dynamics) se
soustfedily na feSeni dvou hlavnich probléma:

1. Usmérnéni proudéni ve startovacim bazénu drahy A (vyspéli) se sou€asnym
provozem

vodopéadu.

Vyhodnoceni proudovych poli v zasobnim jezeru pfi provozu obou drah a
vodopadu smérem kséani Cerpacich stanic tak, aby proudéni neovlivnilo
bezpecénost vodackych zacate¢niku i vyspélych.

- Tab. 1.
Hlavni parametry - Draha A — pro Draha B — pro Vodopad
skute¢nost vyspélé vodaky zacatecniky
Délka 300 m 200 m
Pratok 12 m/s 10 mi/s 4m/s
Maximalni sklon 3% 2%
Rozdil hladin start a cil 5m 2m 5m
Hlavni parametry - Draha A — pro Draha B — pro Vodopad
model vyslé vodaky zacateniky
Délka 23'm 15,4 m
Pritok 19,7 Iis 10 rits 4ms
Maximalni sklon 3% 2 %
Rozdil hladin start a cil 5m 2m 5m

Vyznamnym CFD - ANSYS,FLUENT [4] experimentem a jeho analyzovanim byly
natoky do &erpacich stanic pfi rizném zapojeni navrzenych vodackych trati. Do analyzy
bylo nutné zahrnout: vytoky z kratké i dlouhé vodacké drahy do zasobniho jezera;
velikost, tvar a hloubku zasobniho jezera; umisténi a geometrii natok( do Cerpacich
stanic. Re$eni zahrnovalo riizné ponofené usmérfiovaci stény ke stabilizaci proudéni, ale
také k vytvareni prostor pro bezpecénost vodaku pfi jejich nastupovani a vysedani z lodi.

4 Startovni bazén

Startovni bazén je nejvySe poloZzené misto aredlu. Voda je sem pfivadéna Cerpadly
Z jezera a odtéka bud do zavodni drahy, do vodopadu nebo do obou sou€asné. Bazén
slouzi pro nasedani vodaku do lodi, strat lodi pfi zAvodu a umozrnuje udélat vodakovi
udélat nékolik zabér(, nez se dostane do divoké vody.

Cilem vyzkumu je zajistit v bazénu proudéni s rozumnou rychlosti bez zbyte€nych
turbulenci a protiproudd. Tim se umoZzni bezpe€né nasedani a start vodaku a zajisti se
spravna funkénost Cerpadel bez zbyteCnych ztat. DalSi cil je zajiSténi rovnomérného
rozloZeni rychlosti na natoku do zavodni trati i do vodopadu. Vyzkum bude proveden pro
vSechny mozné provozni stavy zapojeni Cerpadel, tedy pro 7 stavl. Vysledky jsou
porovnani s fyzikadlnim modelem, rychlosti a sméry proudu v fezu 20 cm pod hladinou,
které jsou reprezentativni pro sméry proudéni celého objemu a jsou smérodatné pro
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vodaky. Cilem je také otestovat moznost modelovani podobnych objektd za pouziti
jednofazového modelu.

Metodika matematického modelu je vypocet proudéni v  ANSYS Fluent jako
jednofadzové proudéni vody s modelem turbulence K-epsilon. Jednofazové proudéni je
Casové vyrazné méné naroné nez dvoufazové a v tomto pfipadé Ize proudéni vzduchu
pro velice maly sklon hladiny a malé provzduSnéni proudu zanedbat. Vypocet bude
probihat Casové zavisle i nezavisle a nasledné se vyhodnoti, ktera varianta je vhodnéjsi.

Obr 2. Optimalizace startovniho bazénu. Vlevo nahote je prvni, vpravo nahofe druha a dole treti
varianta

Vysledkem vyzkumu prvni varianty bylo zjiSténi problémového uzavéru oddélujici
drahu a vodopad. Uzky prajezd timto oknem by byl pro rafty prakticky nemozny pfi
velikosti lodi a rychlosti proudéni v tomto misté. Vypocty probihaly ¢asové zavisle i
nezavisle. Vysledky obou simulaci byly stejné a bazény s takovymto pomérem rozméru a
pratoku Ize simulovat Casové nezavisle a tim uSetfit vypocetni ¢as.

5 Jezero

Jezero je zasobnik vody pro cely areal. Je to nejniz§i misto a ma musi obsahovat
tolik vody, aby mohly byt v béhu obé drahy vodopad i dalSi menSi atrakce. Zaroven zde
musi byt mala rychlost vody i pfi béhu vSech téchto ¢asti, aby se v jezeru mohli pohybovat
zacatecnici a mohlo zde probihat jejich Skoleni.

Cilem vyzkumu je zajistit minimalni rychlosti v oblasti nasedani, které je navrzeno
pro nedostatek plochy v aredlu nestastné pred Cerpaci stanici a zajistit tak maximalni
bezpecénost provozu. DalSi z pozadavkl( je rovnomérné rozdéleni proudu pred cerpaci
stanici pro jeji spravnou funkénost. Vyzkum bude proveden pro vSechny mozné provozni
stavy zapojeni Cerpadel, tedy pro 9 stavu. Vysledky jsou porovnani s fyzikalnim modelem,
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rychlosti a sméry proudu v fezu 20 cm pod hladinou. Cilem je také otestovat moznost
modelovani podobnych objektl za pouziti jednofazového modelu.

Metodika matematického modelu je vypocet proudéni v ANSYS Fluent jako
jednofadzové proudéni vody s modelem turbulence K-epsilon. Vypocet bude probihat
Casove zavisle i nezavisle. Nastaveni je tedy stejné jako u startovniho bazénu, rozdil je ve
velikosti poméru prostoru a pratoku.

ANSYS

R15.0

Academic

€000 (m)
15030 )

000 (m)

€000 (m)
15030 )

Obr 3. Optimalizace jezera. Vlevo nahofe prvni varianta se 2 ¢erpacimi stanicemi, vpravo druha
varianta se spole¢nou Cerpaci stanici, vlevo dole Sesta varianta a vpravo dole sedma

Zkoumano bylo celkem 7 variant, prvni varianta byla hydraulicky vhodna, ovSem
provozné byla naro¢na na udrzbu dvou €erpacich stanice. Spojenim stanic oviem vznikly
hydraulické obtize. U nastupni ploSiny doSlo ke zvySeni rychlosti a u vytahového pasu pro
lodé vznikly vratné proudy, které by znesnadrovaly jeho pouziti. V dalSich variantach byly
zkouSeny ruzné stény a prohloubeni na usmérnéni a zpomaleni proudu. Vysledkem byl
optimalni navrh vhodny pro bezpec¢nost a bezproblémovy provoz.

Vypocet Casové nezavislého proudéni Spatné konvergoval a vysledek byl
nereprezentativni. Proudnice se podivné vinily a neshodovaly se s realitou. Vypocet
Casové zavislého proudéni ukazal, Ze proudéni je kvazi ustdlené a proud meéni v ¢ase
svoji trajektorii v jezeru. Toto je problém objektd s vétSim pomérem rozmeérd ku prutoku a
musi byt pocitany ¢asové zavisle a poté musi byt vybran nejvice nevyhovuijici stav pro
posouzeni objektu.
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6 Dréha s divokou vodou

Cilem vyzkumu je navrzeni prekazek do spravné pozice pro vytvoreni atraktivniho
terénu pro zavodniky i pro divaky pokud mozZno beze zmén koryta, které je architekty
navrzeno esteticky hodnotné a jeho zména by byla neZzadouci. DalSim cilem je zajisténi
minimalni hloubky 0,6 m nade dnem i prekdzkami ponofenymi ve vodé pro zajisténi
bezpecénosti. Vysledky jsou porovnany s matematickym modelem. Pfi tomto vyzkumu je
ddlezité porovnani funkénosti schémat objemovych fazi v programu ANSYS Fluent pfi
takto sloZitém proudéni, které je velice rychlé a turbulentni, voda je vyrazné provzduSnéna
a dochazi zde i k tvorbé vodni mlhy.

Metodikou matematického modelu je vypocet proudéni v ANSYS Fluent jako
dvoufazové proudéni vody a vzduchu s modelem turbulence K- epsilon. Pro vypocet
objem0 rozhrani vody a vzduchu pouziti nékolika modell a nasledné porovnani mezi
sebou i s fyzikalnim modelem. Vysledky jsou hloubky, rychlosti a sméry proudéni.

0300 °-‘”f " | ~
Obr 4. Vypocet proudéni ve slalomové draze pfi pouziti schématu Volume Fraction Modified HRIC

Model byl rozdélen vypocetni mfizkou na pfiblizné 12 mil bunék. Tento pocet byl
zvolen jako minimalni pro zachovani presnosti vypoctu.

Prvni simulace probihala s objemovym modelem Modifed HRIC. Takovyto vypocet
Ize jeSté provést na osobnim PC, ale je jiz velice naro¢ny a zabere tydny. Vysledky s timto
schématem jsou ovSem nepouzitelné. V dusledku velkych rychlosti a turbulence se
hustota vypocetni sité stdva nedostate¢nou a dochazi zde k matematické difuzi vody.
Voda se tak pfiblizné ve tfetiné drahy zcela vypafi. Na obr. 3 je vidét kone¢ny stav
proudéni.

Druh& simulace probihala se schématem Georeconstruct, ktery provadi vypocty
bez jakékoliv numerické difuze. Tento vypocCet byl provadén na superpocitaci v siti
Metacentrum. Pro vypocet bylo pouZzito 32 jader.

Treti a posledni simulace byla provedena schématem Compressive. Vypocet
probihal také na superpocitali v Metacentru. Vysledky byly hloubky, které se na
specifickych mistech, jako je kritick& hloubka nad pfekadZzkou nebo vétsi vratnéd laguna,
daly porovnat s fyzikalnim modelem. Pfedstavu o vinach a vodnich skocich ovSem
matematicky model neposkytl, na to by byla potfeba jemnéjSi vypocetni sit, ktera by jesté
zvySila vypocetni naroky. Rychlost proudu a jeho smér byl v dobré shodé s fyzikalnim
modelem.

Tato Uloha, velice podobna proudéni v bystfinnych tocich, se ukazala pro CFD
jako velice obtizn& a feSitelna pouze s malou pfesnosti na vysoce vykonnych pocitacich.
Jako nejvhodnéjsi, a jedinou, moZnosti je pouziti schématu Compressive. Vysledkem
fyzikadlniho modelovani bylo rozmisténi prekazek a Uprava sklonu dna. Fyzikalni
modelovani se uk&azalo jako nejlepSi pro optimalizaci, matematické modelovani Ize
S obtiZi pouzit pro potvrzeni vysledku fyzikalniho vyzkumu.
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Obr 5. Vypocet se schématem Compressive, vektory rychlosti proudu z matematického modelu
(vlevo nahote), zméfené na fyzikalnim modelu (vlevo dole) a poloha hladiny (vpravo)

7 Vodopad

WATERFALL -var, 2
(WATER GATE +29,70 m})

_Q=8000ls b _

Q=4000Vs

Vodopad je ze startovaciho bazénu 4 metry vysoky, a koné&i uklidriovacim
bazénem v jezeru. Stény a dno jsou betonové, prelivna hrana a skluz jsou ocelové. Tato
atrakce je nejvice adrenalinovd v celém aredlu a je ur€ena pro sjizdéni na raftu i na
kajacich a kanoich. Je velice pravdépodobné, Ze se do vodopadu bude i skdkat pouze s
plovaci vestou a pfilbou.

Cilem vyzkumu je nalezeni optimalniho tvaru skluzu pro zajisténi bezpe&ného
projeti celé atrakce. Vysledky budou porovnany s matematickym modelem PF¥i navrzeni
spravného tvaru bude voda pod vodopadem odtékat do jezera a nebude se pfi hladiné
vracet zpét, pfi Spatném navrhu bude vodopad nebezpecény a bude zde riziko utonuti, jako
je tomu u jezovych konstrukci na fekach, které jsou této atrakci podobné.

Matematické modelovani je provadéno v programu ANSYS Fluent jako
dvoufazové proudéni vody a vzduchu s modelem turbulence K- epsilon. Pro vypocet
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objemu rozhrani vody a vzduchu pouziti nékolika modelu, které jsou nasledné porovnany
mezi sebou i s fyzikalnim modelem. Vysledky jsou rychlosti a sméry proudéni.

Rpaeae U Y ) 3 4_-.

; B i 5 f St
—) [P 575 3 - (]
Obr 6. Porovnani matematického a fyzikalniho modelu

Obr 7. Porovnani schématu Modified HRIC (vlevo) a Compessive (vpravo) s vykreslenim hladiny
(tmavé modrd), provzdusnéné hladiny (svétle modra) a vektorll proudu zbarvenych podle rychlosti

http://aum.svsfem.cz

165



23rd SVSFEM ANSYS Users' Group Meeting and Conference 2015 SVSFEM s.r.o

Pro nékolik variant pfepadové hrany byla provedena simulace s objemovym
schématem Modifed HRIC a Compressive. Vodopad byl optimalizovan na fyzikalnim
modelu, kde je to velice rychlé a nazorné. Byly vyzkouSeny rizné boéni navadéce proudu,
které se neukazaly jako vhodna varianta. Pro spravné usmérnéni proudu bylo nakonec
pouZzito zakfiveni pfepadové hrany.

Schéma Modifed HRIC se ukazalo jako dobra varianta pro zjisténi rychlosti proudu
a jeho sméru, tedy pro navrh pfepadové hrany dostacujici. Schéma Compressive dokaze
detailné&ji popsat hladinu v oblasti provzdusnéného proudu a tim je vysledek atraktivnéjsi a
vérohodnéjSi pro vefejnost, oviem vypocty trvaji déle. Simulace byla provadéna na
modelu s 2 mil bunék. Modified HRIC je vhodny pro stolni PC, schéma Compressive je
spiSe pro superpoditac.

8 Zaver

Na navrhu arealu vodnich sportd v Auckladnu na Novém Zélandu bylo
odzkouseno matematické modelovani a jeho sou¢asné moznosti v porovnani s fyzikalnim
modelovanim. Areal je rozlehly a bude nabizet mnoho rtznych aktivit, proto pfi navrhu
poskytl mnoho Uloh na modelovani proudéni, svaoji riznorodosti pokryvajici znaénou ¢ast
vodohospodafskych uloh. Vyzkum ukézal vyhody navrhu objektd typu bazén &i jezero,
slozitost navrhu vodopédu - jezové konstrukce a velké obtize navrhu umélé slalomové
drahy pro matematické modelovani.

Pod ékovani
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contributing to the National Grid Infrastructure MetaCentrum, provided under the
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(LM2010005), is greatly appreciated. Publikované vysledky byly dosazeny s podporou
Studentské grantové soutéze SGS13/173/0HK1/3T/11 a TACR TE02000077 Smart
Regions — Buildings and Settlements Information Modelling, Technology and
Infrastructure for sustainable Development
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STIFFNESS SENSITIVITY ANALYSES OF KANFIT CFRP FRAME

ANTONIN POTESIL

LENAM, s.r.0., Masarykova 457/4, 460 01 Liberec

Abstract: The subject of the paper is presentation of the stiffness sensitivity analyses of a
closed composite frame. For the selected material concept of the composite structure
created by wrapping a core with an infinite carbon fibre and consequently bonded by
polyurethane matrix, the parameters of numerical simulations were coil angles of the
convex tube with the “closed profile” cross section vis-a-vis the axis of the wrapping of a
light PUR core. Six loading states were respected in numerical analyses. The aim of the
analyses was prediction of potentially optimal composition characterized by satisfactory
stiffness and suitable for the applied wrapping technology.

Keywords : composites, layer stacking, CFRP, sensitivity analysis, finite element analysis

1 Introduction

The innovative development and production trends in the present-day innovative
industry significantly influence also reinforced structers of opening panels assemblies
such as window and door modules. These applications are used in automotive and
aerospace industries. Formerly purely metal structures of the modules are today replaced
by new material conceptions leading to hybrid structures, i.e. metal-plastic-composite.
This fact is logically reflected by methods and methodologies of design and optimization of
these structures supported by numerical simulation by finite element method.

One of the aims within the project “New applications in the production technology
and the use of composite frames made of fiber composites” was to design the structure of
the fiber reinforcement of a closed frame of a selected cross-section and shape, having
optimal stiffness while respecting up to six loading states [1], within the chosen conception
of the base materials (carbon fiber, polyurethane matrix) and production technological
possibilities.

2 Geometry a design of the FE model
lllustration of the object in question for stiffness optimization is in the Fig. 1 and 2.

Fig. 1 — Closed composite frame Fig. 2 — Frame cross-section - skin
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Table 1 Material properties of basic CFRP components

Basic .
components E-long | E-trans | G-long | G-trans | p-long | i -trans | density
. 3
Units GPa GPa GPa GPa 1 1 kg/m
Polyurethane
. 2.4 2.4 0.857 0.857 0.4 0.4 1100
matrix
Carbon Fibre 230 194 15 7 0.19 0.45 1600

Table 2 Elastic constants of UD ply
Lamina - Carbon/Polyurethane E11 E22 | v12 |G12| G23 | G13 | density
Units GPa | GPa | 1 | 1 | GPa | GPa | kg/m
Results: Micromech-Halpin Tsai 2D | 86.6 | 6.43 |0.322|1.70| 2.24 | 1.70 1285

3 Boundary conditions and load cases of the frame

Simulation of stiffness of the above illustrated closed frame was realized for six
selected loading cases (Load Cases 1-6), differing from each other by boundary
conditions of the frame support and force actions. Individual cases are schematically
illustrated in the Fig. 3.

Figure 3 — Load cases

4 Types of elements and layers stackings

Numerical analyses were realized in the native environment ANSYS Mechanical
APDL v. 15.0.7. For presentation of the composite structure of the wall of the closed
frame, the element SHELL281 was applied. The light low-module core was modelled by
the element SOLID186. The contact bind between these objects was realized by means of
bonded contact elements TARGE170 and CONTAL174 (options flexible behaviour, surface
to surface). The transfer of boundary conditions and force loading to the composite
structure was realized by means of the elements MPC184 in configuration KEYOPT(1)=1
and KEYOPT(2)=1.

There were altogether eight layers stackings tested, and to be able to compare
them, the cases with hypothetic isotropic elastic material environment characterized by
the module E = 43 GPa were analysed. The types of created layers stackings are
summarized in the header of the Table 3.
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5 Evaluation of results

Stiffness of the closed frame [N/mm] was determined as the ratio of the force
acting in the given point and given direction to the calculated displacement in the same
point and direction.

Force

= (1)
displacemst

As the standard assessment, the sum of the stiffness values thus determined for
all six loading cases has been chosen.

STDA=Y'S. | @

The results for individual layers stackings are summarized in the Table 3 and
graph in the Fig. 4. The line “order” gives placing of the individual cases on the scale from
1 — the stiffest to 8 — the most supple. The interval of the stiffness evaluated in this way is
[606;797] N/mm.

Table 3 — Summary of stiffness [N/mm] results

1 | 2 [ 3 | 4 [ 5
Acronym
Kanfit 1 Kanfit 2 Default Opt_1 Opt_2
Layer Stacking | [+75,+45,+15,-15,-45,-75] [+15,-45,+75]2x [+45,0,-45]2x [+33,+1,-4,-29,+2,+4] | [-48,-10,-28,+56,+22,+19]
LC 1, F=500N 200 208 227 256 248
LC 2, F=250N 19 19 22 17 22
LC 3, F=250N 42 42 49 38 50
LC 4, F=500N 208 217 238 294 263
LC5, F=250N 78 81 86 100 93
LC 6, F=500N 67 68 74 91 81
STDA 614 636 696 797 756
Order 7 5 4 1 3
6 | 7 [ 8 9
Acronym Acronym
Opt_2 Reverzed Combin (+/-/+/+/-/+) CombinR (+/-/+/+/-/+) Isotropic
Layer Stacking | [+19,+22,+56,-28,-10,-48] | [+15,-20,+55,+40,-30,+60] | [+40,-30,+60,+15,-20,+55] Evaluation E=43GPa
LC 1, F=500N 249 200 192 263
LC 2, F=250N 23 30 30 25
LC 3, F=250N 50 42 41 56
LC 4, F=500N 262 207 203 STDA_MIN 278
LC5, F=250N 94 78 76 606 100
LC 6, F=500N 82 65 64 STDA_MAX 88
STDA 759 622 606 797 809
Order 2 6 8 Special case

Standard assessment

900 809

800 - m S W4
700 L2 e . 622 oo .
600
500 .
400
300
200
100

Fig. 4 — Comparison of SA
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6 Conclusions

It is obvious from the results, that the interval of thus evaluated stiffness values of
the layers stackings is [606;797] N/mm. Which of them is the winner and which is the loser
within the selected classification criterion is also clearly evident. Nevertheless, there are
other optimization criteria in the technological procedures of the composite structures
production, which have to be taken into account. They are, for example, repeatable robust
fabrication of the product in question with maximal stability and quality, and price of the
production equipment. It is paradoxical that in the given tested technology of the core
wrapping with the infinite fibre, the winner layers stacking is not just the right case.
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PRISPEVOK K VERIFIKACII TUHOSTI PILOT
PREKOP LUBOMIR

Stavebna fakulta STU, Katedra stavebnej mechaniky

Abstract: This paper is focused on the modeling and verification of the stiffness of floating
piles. Numerical modeling of a pile using FEM as well as the comparison of results with
standard calculations, are presented. Analysis results are: verification of horizontal,
bending, and horizontal-bending stiffnesses of piles under unit loading by force or moment
in the pile head.

Keywords : Pile, stiffnesses, modeling, FEM

1 Uvod

Piloty su v sucasnosti velmi Casto pouzivané ako efektivne konStrukcie pre
zakladanie stavebnych objektov v nestdrznych zeminach. Co najpresnejSie modelovanie
tychto konstrukcii a nasledna staticka resp. dynamicka analyza davaju do ruk projektanta
mnozstvo vysledkov. Spravna interpretacia a pouZitie tychto vysledkov si nesmierne
dolezité pre navrh pilot, spifiajlci pevnostné a ekonomické kritéria. Jednym z parametrov,
ktorym je potrebné venovat dostatoénu pozornost, je staticka tuhost’ pilot hamahanych
ohybom.

2 Statickéa tuhos t’ pilot

Tuhost pilot je definovana ako sila alebo moment, pésobiaca na hlavu piloty tak,
aby vyvolala jednotkovi vychylku (pootoCenie) v tom istom smere (vychylky resp.
pootoCenia v ostatnych smeroch musia byt nulové). Do Gvahy prichadzaja nasledovné
tuhosti:

Kun — horizontalna tuhost,

Kuw — ohybové tuhost,

Kum = Kun — horizontalno-ohybova tuhost.

Tabulka 1 Tuhost ohybanych pilot pre r6zne modely podloZia

Model Kyu Kym Kym
podloZia dE, d3E, d’E;
z E 0,35 E 0,80 E 0,60
E=E,= Zp _P) _ (_,,)
sq 0,60 (E) 0,14 (E 0,17 £
Z E 0,28 0,77 0,53
snfy | o) @7 )
s\/; 079<Es 0,15 £ 0,24 2
0,21 0,75 0,50
E " E
E=E, 1,08 (—”) 0,16 (—’”) -0,22 (—’”)
S ES ES
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V tabu ke 1. je pouZité toto oznacenie:

E modul pruZnosti zeminy, ktory sa uvazuje rovny 3G,

E, modul pruZnosti materialu piloty,

Es modul pruznosti zeminy v hibke, rovnajicej sa priemeru piloty,
d priemer piloty,

z hibka piloty.

V tabuflke €.2 st uvedené orientacné hodnoty dynamickych modulov pruznosti pre r6zne

typy zemin (JendZelovsky, 2009).

Tabulka 2 Tuhost ohybanych pilot pre rdzne modely podlozia

Zemina Eayn [MPa]
Piesok sypky obly 150 — 300
Piesok sypky hranaty 150 — 300
Piesok stredne ufahnuty obly 200 — 500
Piesok stredne ulfahnuty hranaty 200 - 500
Drobny Strk a piesok 300 - 800
Urahnuté zeminy, Strk 300 - 800
Sadrzné hliny a ily 100 - 500
Polotuhé hliny a ily 40 - 150
Zhutnené hliny a ily 30-80
Tuhé ily 100 - 150
Jemné ily, sprase 50 - 150
flovité sprase 30 - 100
Bahnité zeminy, organické zvySky 10-30

Podrobne sa zistovanim parametrov podlozZia pri dynamickych dejoch zaoberal Bencat,
ktory vo viacerych pracach prezentoval svoje vysledky (Bencat).

Je vhodné, ak su vo vysledkoch inZiniersko-geologického prieskumu uvedené aj hodnoty,
ktoré je mozné pouZit pri rieSeni dynamickych uloh. Ide najma o uréenie seizmického
zrychlenia, zatriedenie podloZia do Styroch kategérii (A az D) a uvedenie prisludnych
materialovych charakteristik.

NajCastejSie sa konStrukcie zataZzené seizmickym zataZzenim pocitaja pomocou
Winklerovho modelu podlozia. Rozhodujucimi su tuhostné charakteristiky zakladovej
pbédy, ako ich uvadzaju rdézne normy a viaceri autori. Symbolom k je oznaCovany
Winklerovsky koeficient loZnosti [N.m®]. Oznaéenie K reprezentuje pruZinovi konstantu
pre cely objekt [N.m™]. Index z predstavuje tuhost vo zvislom smere, indexy x a y tuhost
vo vodorovnom smere.

3 Model konStrukcie

RieSena pilota je dizky 1=8,0m kruhového prie¢neho rezu s priemerom
0 = 0,42 m. Pilota bola vyrobena z materiélu, ktorého vlastnosti charakterizuje Yougov
modul pruznosti E, = 2,1.10" kPa. PodloZie predstavuje malo Gnosné prostredie
s modulom pruznosti v rozsahu E, = 50.10° — 300.10° kPa.
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ELEMENT S
TYPE NUM
Obrazok 1 - Model konStrukcie v programe ANSYS
Pre vypocet tuhosti boli uvaZzované dva zataZovacie stavy:

(ANSYS, 2011)
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Obrazok 3 — Porovnanie ohybovej tuhosti piloty

4 Zaver

V grafe na obr.2 je uvedené porovnanie horizontalnych tuhosti piloty pre rézne
hodnoty modulu pruznosti zeminy (50 — 300 MPa). Horizontalna tuhost’ ziskana pomocou
programu ANSYS je v intervale medzi hodnotami pre pilotu umiestnend v neporusene;j
zemine (model 3) a pilotu v zemine ¢Ciasto€ne naruSenej (model 2). Na obr.3 je porovnanie
ohybovych tuhosti piloty, ziskané vysledky vykazuju isté rozdiely. NajnizSie hodnoty
ohybovej tuhosti dava vypocet v ANSYSe, vysSie hodnoty dava model 3 a najvysSie
hodnoty dava model 2.
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RESISTANCE OF REDUCED SCALE REINFORCED CONCRETE SPE CIMENS
EXPOSED TO CLOSE EXPLOSION

JIRI STOHR, RADEK HAJEK, MAREK FOGLAR

CTU in Prague, Faculty of civil engineering, Department of concrete and masonry
structures, Thakurova 7, 166 29, Prague, Czech Republic, Tel: +420 224 354 630

Abstract: This paper presents results of experimental program focused on the evaluation
of the possibility of using reduced scale in blast loading experiments. The blast wave
propagation can be easily scaled using Hopkinson Scaling Law so it is possible to scale
the loading applied on a specimen. However the behavior of reduced scale reinforced
concrete specimen remains questionable.

Keywords : blast, scaled specimens, micro-concrete, load

1 Introduction

Reduced scale experiments are commonly used for testing of concrete structures
in earthquake engineering. For example Shen & Lu [1] created a model of steel-concrete
hybrid structure. With the use of reduced scale, they achieved significant reduction of cost
of their experiments. To improve the behavior of down-scaled reinforced concrete
structure, they used micro-concrete, i.e. concrete with scaled down aggregate size and
fine steel wires as reinforcement.

Jiang, Lu & Zhu [2] used micro-concrete for experimental study of tall buildings.
Complying with the dynamic similitude law, a 1:50 scale model was designed and
constructed by scaling down the geometric and material properties of the prototype
structure. Micro-aggregate concrete and fine wires were used to construct the RC
elements, and steel structural members were simulated using copper plates. The model
structure was tested on a shaking table and it was subjected to a series of one and two-
dimensional base excitations with gradually increased acceleration amplitude for four
earthquake levels.

The use of micro-concrete model for simulation of behavior of concrete structures
during the earthquake simulation test seems to be common in earthquake experiments.
Micro-concrete seems to have the ability to simulate standard concrete quite well in elastic
stage, but because of the difference in material properties BLAST

between standard concrete and micro-concrete, especially the nonlinear stress-
strain relationship, the prediction of nonlinear behavior of the structure remains
questionable.

Micro-concrete, to the authors’ best knowledge, has never been used in reduced
scale experiments to simulate the behavior of full scale concrete structure exposed to
blast loading. The use of micro-concrete, if proven applicable, could allow testing the blast
resistance of concrete structure in reduced scale and thereby greatly reduce cost of the
experiment. Compared to an earthquake, the effects of blast on structure are much more
complex. The strain rate dependent non-linear behavior is influenced by propagation of
the shock wave through the structure and its reflections from interfaces between the
heterogeneous materials within the concrete matrix, i.e. cement mortar, aggregate and
reinforcement. Because of this phenomenon the comparison of performance of micro-
concrete and full scale concrete subjected to blast loads has to be studied in detail.
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2 Experimental program

Reduced scale blast experiments were initially designed to supplement the on-
going experimental program of full scale blast experiments. The dimensions of full scale
specimens are 6000 x 1500 x 300 mm. The specimen was reinforced with 16 mm bars per
150 mm in longitudinal direction and 10 mm bars per 300 mm in transversal direction. A
typical result of the full scale experiment is presented in Fig. 1. A 25 kg TNT charge is
placed above the center of the specimen at standoff distance of 500 mm. Detailed
description of the full scale experiment setup can be found in Foglar & Kovar [3] and
Kovar, Foglar & Hajek [4].

N e~

>

Fig. 1 Full scale eperiment

The layout of reduced scale experiments is derived using the Hopkinson scaling
law. Dimensions of the specimens are 1200 x 300 x 60 mm, which corresponds to
reduction in size by a factor of five. A 200 g charge of plastic explosive (SEMTEX S1A)
was positioned above the center of the specimen at height of 100 mm. The arrangement
of the experiment is shown in Fig. 2.

The reduced scale specimens were prepared using following strength classes of
concrete: C 30/37 and C 55/67. In total 18 panels were cast, 9 made of C 30/37 and 9
made of C 55/67. Three series of arrangement of dispersed reinforcement were used:
Each series for each strength class of concrete comprised three alternatives of
polypropylene fibers: 0 kg/m3, 4.5 kg/m3, 9 kg/m3. The reinforcement layout and quantity
of fibers vary to verify the scalability of the material models of concrete. The concrete mix
was not scaled. The purpose was to study the behavior of a full scale concrete matrix for
scaled down structure. The behavior of a full scale concrete under blast loads can't be
easily predicted without an experimental programme, especially for such a fast dynamic
phenomena with extremely high strain rates.
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Table 1 shows the list of all 18 specimens used. As stated above, the specimens
varied in the strength of concrete, the arrangement of longitudinal reinforcement and the

amount of fibores embedded into the concrete matrix.

Table 1  List of specimens
Specimen Concrete Longitudinal PP Fibre Content
No. Class Reinforcement (kg.m'3)
RO1 C30/37 R8@25+R8@25 0.0
R0O2 C30/37 R8@50+R8@25 0.0
R03 C30/37 R8@50+R8@50 0.0
R0O4 C30/37 R8@25+R8@25 4.5
RO5 C30/37 R8@50+R8@25 4.5
R06 C30/37 R8@50+R8@50 4.5
RO7 C30/37 R8@25+R8@25 9.0
RO8 C30/37 R8@50+R8@25 9.0
R09 C30/37 R8@50+R8@50 9.0
R10 C55/67 R8@25+R8@25 0.0
R11 C55/67 R8@50+R8@25 0.0
R12 C55/67 R8@50+R8@50 0.0
R13 C55/67 R8@25+R8@25 4.5
R14 C55/67 R8@50+R8@25 4.5
R15 C55/67 R8@50+R8@50 4.5
R16 C55/67 R8@25+R8@25 9.0
R17 C55/67 R8@50+R8@25 9.0
R18 C55/67 R8@50+R8@50 9.0

3 Results of reduced scale experimental program

Full scale experiments are very expensive and time&space demanding. It was
decided to verify, whether the material properties of concrete influencing the blast
resistance of a specimen can be observed on reduced scale experiments.

The arrangement of the reduced scale experiment, as well as the shape of a
fireball created after the detonation, is shown in Fig. 3. A typical damage of a specimen

top and bottom surface is shown in Fig. 4.

At first glance, the results of full scale experiment (Fig. 1) show certain similarities
to the reduced scale experiment, but there are also multiple key differences in the
specimen damage. A further study of the influence of the scale reduction and composition

structure of concrete on the results is needed.
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Results of the experiment are summarized in Tab. 2. Similar method of specimen
damage interpretation as used in full scale experiments was adopted. For each specimen,
a reinforcement to concrete ratio (R/C ratio) was calculated so the influence of
reinforcement can be taken into account. The area of spalled region on all surfaces of
each specimen was measured. The area was also converted to percentages of area of

entire undamaged surface.

For comparison such results of the full scale experimental programme can be

Fig. 4 Results of the experiment after detonation

found in [3] and [4]. Fig. 5 to Fig. 13 show the damage of soffit of all tested specimens.

Tab. 2 Comparison of damage of specimens

. Concrete grade Reinforcement [mm?’] Spall [mm?]
Specimen
acc.toEurocode [ Top Soffit | RiICratio | Top % Soffit % Side %
RO1 G 30037 5529 552,% 6,14 % 314 [ 008% | 147318 |3777%| 12427 | 319%
RO2 C 30/37 3018 552,% 475% 22500 | 577% | 144117 |3695%| 26605 | 692%
RO3 C 30/37 3016 3016 335% 39692 [10,18%| 142869 [3663%| 21741 | 557%
RO4 G 30037 5529 552,% 6,14 % 0 000% | 34547 | 886% 36 0,01%
ROS C 30/37 3018 552,% 475% 10785 | 277% | 112848 (2804%| 24034 | 639%
RO6 G 30/37 3016 3016 335% 2753 | 071% | 50552 |1296%| 11162 | 286%
RO7 G 30037 5529 552,% 6,14 % 1813 | 046% | 40619 |1042%| 13047 | 335%
RO8 C 30/37 3016 552,% 475% 0 000% | 619 | 016% 0 0,00 %
RO9 C 30/37 3016 3016 335% 0 0,00% 7 00M% 0 0,00%
R10 C 55167 5529 552,% 6,14 % 0 000% | 20976 |538% (1] 0,00 %
R11 C 5567 3016 552,% 475% 0 000% | 38708 | 9.93% (1] 0,00 %
R12 C 5567 3016 3016 335% 0 000% | 42347 [1086% 0 0,00%
R13 C 55167 5529 552,% 6,14 % 0 0,00 % 9 0.00% (1] 0,00 %
R14 C 5567 3016 552,% 475% 0 000% | 31473 | 807% (1] 0,00 %
R15 C 5567 3016 3016 335% 0 0,00 % 0 0,00% 0 0,00%
R16 C 55167 5529 552,% 6,14 % 126 [ 003% | 58972 [1512%| 58% | 015%
R17 C 5567 3016 552,% 475% 0 000% | 30174 | 7.74% (1] 0,00 %
R18 C 5567 3016 3016 335% 60 | 002% | 32558 |835% | 361 |009%
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and R04

Fig. 8 Bottom surface of specimen no. RO7 and R08

Fig. 9 Bottom surface of specimen no. RO9 and R10

Fig. 10 Bottom surface of specimen no. R11 and R12
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Fig. 13 Bottom surface of specimen no. R17 and R18

Results of the experiment show, that the spall did not form in all specimens. The
depth of the spall was always limited by the bottom layer of reinforcement. Only the area
of the spall differed.

The spalled area varied significantly. Some specimens (R08, R09, R13, R15)
showed only minimal spalling. Some specimens were damaged significantly (RO1, R02,
R03, R0O5). There seems to be almost negligible influence on spalling if the reinforcement
is from each other 25 or 50 mm, because the R/C ratio is already quite small. The amount
of reinforcement influences the damage in the middle of specimens. More reinforcement
acts as a compact membrane. Also the influence of the strength of concrete and fibre
content is inconclusive. For example the tendency of spall reduction with the increase of
fibre content observed in specimens RO7 to R09 was not clearly present in any other
similar set of specimens.

The results of reduced scale experiment do not present much correlation with the
full scale experiments. The cause of the variation in results seems to be related to not
corresponding ratio between reduced scale specimen dimensions, steel reinforcement
and standard aggregate size in concrete matrix. The behavior of shock wave passing
through such a heterogeneous environment of concrete matrix requires further study. A
detailed numerical FEM analysis was conducted to supplement the reduced scale
experiment and the description of shock wave propagation.
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4 Numerical modelling

LS-DYNA FEM computational model was prepared to supplement the
experimental program and verify the assumptions based on performance of slabs with
varying reinforcement ratio. The model is based on models created and verified for full
scale experiments. The modeling technique had to be further enhanced to include more
realistic definition of the internal boundary conditions, especially the bond of
reinforcement. In [3] a fluid finite element mesh was used to represent the air and
explosive. In this paper the fluid mesh was replaced by the LS-DYNA built-in
LOAD_BLAST function derived from U. S. Department of Defense Conventional Weapons
Effects Calculation Software (ConWep) to optimize the computational time. The
computational time is decreased extremely and the decrease of accuracy is negligible (as
it was verified numerically). In some cases the simplified model actually surpassed the
complex model in the ability to characterize the behavior observed on the real specimen.

Fig. 14 Numerical model of reduced scale specimen

Concrete was modeled using hexahedral finite elements. Two methods of
modeling of reinforced concrete were used: reinforcement as beams and reinforcement as
bricks. Steel reinforcement was modeled as beam elements spanning between nodes of
hexahedral mesh or using separate hexahedral elements embedded within the concrete
mesh (see cl. 4.1 and 4.2). The bond between the bricks representing reinforcement and
concrete is simplified in this stage of research as being fully fixed. No shear is allowed
between the two types of materials.

Concrete is modeled using MAT_CSCM_CONCRETE material model [5]. For the
reinforcement MAT_PLASTIC_KINEMATIC [5] is used. The size of concrete elements is 5
mm. To increase the accuracy of the model, the gravity load was defined using
LOAD_BODY_Z function [6]. Boundary conditions are set up in a similar way as the
experiment. Two steel cylinders with restrained bases serve as supports for the specimen.

4.1 Reinforcement as beams

This is a common and simple way to define the reinforcement. Reinforcement is
defined as beams spanning between element nodes.

Fig. 15 Reinforcement model — beams
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4.2 Reinforcement as bricks

With the modeling of reinforcement as bricks brings, the influence of cohesion of
reinforcement and concrete matrix gain importance. Unlike the model with beams, the
model with bricks generates shear force between steel and concrete so theoretically the
behavior of the model should be more realistic.

Fig. 16 Reinforcement model — bricks

5 Comparison of experiments and numerical modelling

To determine their accuracy the behaviour of numerical models was compared
against the results of the experimental program on full scale and reduced scale
specimens. Some characteristic results are presented in Fig. 17 to Fig. 21.

Fig. 18 Reinforcement as beams — specimen soffit — comparison with experiment
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Fig. 20 Reinforcement as bricks — side view with detalil
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The effect of shock wave reflections at the interface between concrete and steel is
clearly visible in the FEM model (Fig. 21). The FEM model is capable of calculating the
reflections only on interfaces between 3D elements. For the reflection to occur, the
second method of modelling of the reinforcement has to be used.

Fig. 21-A shows the specimen before blast. Fig. 21-B show the shock wave
entering the concrete panel and propagating towards the lower reinforcement layer (time t
= 0,24976 ms). Fig. 21-C and 21-D show the shock wave reflecting of the bottom
reinforcement layer back to the top surface of the specimen.(time t = 0,37465 ms). Fig.
21-E to 21-1 show the erratic pressure state inside the specimen caused by multiple
reflections of the shock wave and increasing number of eroding elements.

The FEM model exhibits all the effects suggested during study of the experimenal
results. Scaling of the blast load and specimen seems to offer valid results for the full
scale experiments presented in [3] and [4]. Also suggested method of FEM modeling
brings more accurate results and behavior of the specimen than the method developed
before and presented in [3].

The main reason that the scalability of results was not successful seems to be the
standard composition of concrete matrix was used for the reduced scale experiment.
Although the motivation of using the standard concrete is valid and the reduction of costs
would be significant, presented results of experiment and computer modeling indicate,
that this approach is not applicable. Large diameter of the aggregate contained in
concrete matrix relative to dimensions of the small scale specimen seems to prevent
continuous propagation of the shock wave through the concrete. The shock wave seems
to reflect of the surface of the aggregate and disrupt the propagation usually recognized in
the full scale model as presented in [4]. Also the large amount of reinforcement in the top
and bottom layer seems to be a significant source of shock wave reflections.

The difference of ratio between sizes of aggregate, diameter of the reinforcement
and specimen dimensions for full scale and reduced scale specimen used is shown in Fig.
22 and Fig. 23. A material similar to the micro-concrete used in seismic experiments could
eliminate the undesired effects observed during the reduced scale experiment and will be
subjected to further study.

REINFORCEMENT

(@]
v 28
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AGGREGATES IN CONCRETE

Fig. 22 The size of reinforcement and aggregate in full scale specimen
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Fig. 23 The size of reinforcement and aggregate in reduced scale specimen

6 Conclusions

Results of the reduced scale experimental program supplemented with the results
of numerical modelling offer a solid basis to understanding the behaviour of shock wave
inside specimen with large aggregate.

The results of reduced scale experiments show that when the ratio between
aggregate size and specimen dimensions is low, complex modeling has to be performed
and each of the materials (cement, aggregate, steel) has to be considered. Typical
damage of a full scale specimen is presented in Fig. 24, typical result of reduced scale
experiment is shown in Fig. 25.

Fig. 24 Damage of a full scale specimen

SHNPRERR TR AR veneeu e

Fig. 25 Damage of a reduced scale specimen

Two methods were used to model the reinforcement in LS-DYNA software,
reinforcement as beam elements and reinforcement as bricks. The main difference is in
the cohesion of reinforcement and concrete as shown in Fig. 17 and Fig. 20. More realistic
results are obtained when the reinforcement is defined as bricks because the effect of
shock wave reflection at the interface between concrete and steel is present in the more
detailed numerical model.
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The comparison of results of full scale and reduced scale experiments show that
the basic mode of damage is present in both cases. But closer look suggests that the
behavior of concrete between reinforcing bars is different. The reason of the difference is
the use of the non-scaled concrete matrix. It is necessary to maintain the same ratio
between the reinforcement and aggregate to obtain results that correspond That seems to
be the reason causing the difference in behavior and overall damage of reduced scale
and full scale specimen.

FEM modeling results show a reflection of propagating the shock wave at any
interface inside the specimen (e.g. reinforcement bars). It is reasonable to assume that a
similar reflection is caused by the large aggregate. The greater a discontinuity in the
matrix is, the greater is the disturbance of shock wave.

In the full scale experiment, the effect of relatively small aggregate seems to be
less significant. The use of a similar material as micro-concrete used in seismic
experiments might improve the correlation between full scale and reduced scale
experiments. Due to highly nonlinear behavior of the material during the experiment, the
relation between decisive blast related material parameters of micro-concrete and
standard concrete, such as compressive strength, fracture energy and dynamic increase
factor have to be carefully considered. Material model used in LS-DYNA FEM software
has to be appropriately calibrated as well.
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STANOVENI POSKOZENI CHLADI CE PARY

JAKUB STONIS

VITKOVICE UAM a.s.

Abstract: This paper deals with the fatigue determination of steam cooler in the pipeline
of thermal power plant using the STRENGTH software. STRENGTH software was
developed in VITKOVICE UAM a.s. Company and enables engineers to perform simple
strength assessment and fatigue life assessment. On the basis of operating modes were
determined load from internal pressures and temperatures. In ANSYS were thermal and
subsequently strain-stress calculations performed. Temperature field and stress tensors
from surface nodes of the model were set. Those were subsequently imported into
STRENGTH. Set of the values of the damage were exported back into ANSYS and
displayed as an images.

Keywords : ANSYS, damage, fatigue, steam cooler, STRENGTH

1 Uvod

V tomto ¢lanku je uveden postup stanoveni poSkozeni chladi€e péary v potrubi
tepelné elektrarny. Chladi€ pary je zafizeni slouZzici k chlazeni protékajici pary v potrubi.
Stfedova ¢ast hlavniho potrubi (Venturiho trubice) je vytvofena jako samostatné téleso,
které je vloZzeno do parniho potrubi. Vstupni ¢ast trubice je plynule tvarovana a pro
zvySeni rychlosti je navrzeno zuzeni vuci vnitfnimu prdméru parniho potrubi. Na hrdlo
trubice navazuje kuzelovy difuzor a za nim nasleduje valcova €ast tvofici ochranné stinéni
parniho potrubi, tzv. koSilka. Pfivod a vstfikovani vody se provadi pomoci vstfikovaciho
prstence (anuloidu), ktery je umistén ve vstupni ¢asti trubice. Tento vstfikovaci prstenec je
omyvan parou z vnitfni i vnéjsi strany. Chladici voda pfi vstupu do vodni komory rotuje,
vytvéari vodni film na sténach vnitfniho valcového kanalu anuloidu a vystup je upraven tak,
aby dochazelo k jemnému rozpraSeni chladici vody. Na zakladé vysledkd
deformacéné-napétovych vypoctd v programu ANSYS 15.0 bylo provedeno stanoveni
posSkozeni chladi¢e péary nizkocyklovou Unavou pomoci programu STRENGTH. Ve
vypoctech byl sledovan vliv typl prvku sité (linearnich a kvadratickych) na délku vypoctu a
kvalitu vysledku.

2 Model

Model chladiCe pary je sloZzen z péti Casti. Stfedové Casti hlavniho potrubi (East 1,
obrazek 1), difuzoru (Cast 2, obradzek 1), ochranného stinéni (Cast 3, obrazek 1), pfivodu
vody (Cast 4, obrazek 1) a vstfikovaciho prstence (¢ast 5, obrazek 1).

2.1 Geomerie

Geometricky model chladice péary byl sestaven na zakladé vykresové
dokumentace, viz obréazek 1.
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Obrazek 1 — Podkladovy obrazek pro tvorbu modelu chladice pary

2.2 Fyzikalni vlastnosti materialut élesa chladi €e pary

Chladi¢ pary je vyroben z oceli X10CrMoVNb9-1 (zkracené oznaceni je P91 a
¢islo materialu je 1.4903). Materialové charakteristiky byly pfevzaty z materialového listu a
jsou uvedeny v tabulce 1.

Tabulka 1 Fyzikdlni vlastnosti materidlu télesa chladice pary

Teplota Mez kluzu Mez pevnosti Kontrakce Modul Teplotni
T Re Rm Z pruznosti E roztaznost a
[°C] [MPa] [MPa] [%)] [GPal] [10°-K!]
20 450 630 40 218 -
200 380 600 40 206 11,3
300 360 580 40 198 11,7
400 340 560 40 190 12
500 300 500 40 180 12,3

2.3 Vypoétova si t’

Sit prvka byla provedena s vyuzitim linearnich prvki SOLID185 (obr. 2.) a
kvadratickych prvkd SOLID 186. Kontaktni Glohy byly feSeny za pouZiti prvkd TARGE170
a CONTAL74. Kontaktni plochy jsou zobrazeny na obrazku 3. Pomocnymi prvky pfi tvorbé
vypoctové sité byly prvky MESH200. Tyto prvky slouZily k vytvofeni vypodtové sité na
plochach geometricky slozZitych objem0 prfed tvorbou sité na téchto objemech. Teplotni
tloha byla u obou modell pocitana s prvky SOLID70.

2.4 Zatizeni

Model chladice pary byl zatizen dvéma jednotkovymi zatizenymi a Ctyfmi
teplotnimi poli, ktera byla vypoctena pfi stacionarni teplotni analyze. Z téchto Sesti
zatizeni bylo sestaveno 5 zatéZovacich stavu (ZS). Prvni &tyfi ZS jsou uréeny tabulkou 2.
Jedné se o rezimy maximalni kontinuélni vykon (BMCR), jmenovity vykon (JV), 70 % JV a
50 % JV. Jako paty zatéZovaci stav byla uvazovana tlakova zkouska chladi¢e pary, ktera
probiha pfi vnitinim pretlaku 46,7 MPa.

Mechanicka zatizeni byla zadana jednotkovym pfetlakem na vnitinim povrchu a
tahovym zatizenim od jednotkového pfetlaku na pfi¢nych Fezech (obr. 2).

Teplotni zatizeni bylo aplikovano formou konvekce (soucinitelem prestupu tepla a
teplotou okoli povrchu) na sméacené plochy chladi€e péary. Vnéjsi povrch chladice pary byl
uvazovan jako dokonale izolovany.
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ELEMENTS ? AN §1YSSD

PIOT NO. 1

Obréazek 2 — Model chladi¢e pary se zobrazenou vypoctovou siti a s vyznacenymi plochami, na
které byla aplikovana tahova zatizeni od vnitfniho pfetlaku (svétlé modra) a okrajové podminky
(Cervend)

Obrazek 3 — Detail vypoctové sité modelu chladi€e pary s vyznacenymi oblastmi kontaktu

Pfi deformacné-napétovych vypocltech byla na plochy lezZici v roviné symetrie

aplikovana symetricka okrajova podminka a na jednom z pfiénych ezl potrubim byl
zamezen axialni posuv (obr. 2).
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Tabulka 2 Pracovni rezimy na chladi¢i pary
Oblast BMCR JV 70 % JV 50 % JV
Teplota [°C] 251,8 250,9 233,2 216,9
Vstiik MnoZstvi [kg-s™] 0,238 1,746 0,933 0,961
Tlak [MPa] 23,8 23,36 16,55 12,215
Teplota [°C] 485,0 495 490 505
Pred vstfikem | MnoZstvi [kg-s ] 92,737 89,974 63,272 44,899
Tlak [MPa] 18,99 18,76 13,367 9,65
Teplota [°C] 483,4 482,4 478,2 484,8
Po vstfiku MnoZstvi [kg-s™] 92,975 91,72 64,205 45,860
Tlak [MPa] 18,98 18,75 13,349 9,64

Na zakladé provoznich stavi uvedenych v tabulce 2 byly stanoveny soudinitele
pFestupu tepla a teploty okoli povrchu, které byly nasledné aplikovany na vybrané plochy
modelu. Soucinitele pfestupu tepla byly stanoveny pomoci vypoc¢td provedenych dle
kriterialnich rovnic nucené konvekce a nasledné ovéfeny vypoltem v programu EES
(Engineering Equation Solver). Pfiklad stanoveného soucinitele pfestupu tepla pro oblast
pFed vstfikem pfi JV a 50 % JV je uveden na obrazku 4.

VITKOVICE UAM, a.s.
heat transfer coefficent: forced convection of steam

5000 : .
(jv: t=495 oC) d=0.274 m, M=660t/h, p=18.76 MPa —+—
d=0.274 m, M=330t/h, p= 9.65 MPa ——

4000 ]

3000 =

Alfa [W/{m2.K)]

2000 [ =

1000 =

480 480 500 510

Teplota pary [oC]
Obrazek 4 — Soucinitel pfestupu tepla pro ¢ast chladic¢e pary pred vstfikem

2.5 Fyzikalni vlastnosti vody

Pro stanoveni soucinitele prestupu tepla byly pouzity vstupni hodnoty uvedené
v tabulce 3 a 4.

Tabulka 3 Vlastnosti vody pfi pretlaku 23,36 MPa

Teplota Hustota Mérna tepelna Tepelna vodivost Dynamicka
T p kapacita cf A vizkozita p
[°C] [kg-m?] [kJ-kg*- K] W-m™-K"] [10° N-s-m?]
250 819,36 4,65 0,641 111,23
255 812,45 4,69 0,636 108,98
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Tabulka 4 Vlastnosti pary pfi pretlaku 18,76 MPa
Teplota Hustota Mérné tepelna Tepelna vodivost Dynamickéa
T P kapacita c{, A vizkozita p
[°C] [kg-m?] [kJ-kg* K] W-m™ K] [10° N-s-m?]
480 65,83 3,368 0,0863 28,86
485 64,95 3,315 0,0864 29,06
495 63,3 3,222 0,0868 29,48
3 Vypo éet
ReSeni ulohy bylo rozdéleno na tfi G&asti, na teplotni vypocet,
deformacné-napétovy vypoCet a stanoveni kumulace poskozeni. Teplotni a

deformacné-napétova analyza byla provedena v programu ANSYS 15.0. Vypocet
kumulace poSkozeni byl potom proveden v programu STRENGTH.

3.1 Teplotni vypo €et

Model chladiCe pary byl vystaven teplototnim u€inkim proudici vodni pary a vody,
které odpovidaly ¢tyfem provoznim stavim. Vysledkem vypoctu bylo stanoveni teplotnich
poli, ktera byla nasledné pouZita pro vypoclet napétovych poli na modelu chladiCe.
Teplotni pole na chladici pfi JV jsou zobrazena na obrazku 5.

ANSYS

R15.0
PIOT NO. 1

STEP=1

SUB =1

TIME=1

TEMP (AVG)
RSYS=0

SMN =250.899
SMX =495.479

NODAL SOLUTION

7,

i

— =
250.899 305.25 359.601 413.952 468.304
278.074 332.426 386.777 441.128
CHIADIC, 186, JV

495.479
Obrazek 5 — Teplotni pole na chladici pary pfi JV [°C]

3.2 Deforma éné-nap ét'ovy vypo €et

Stanoveni rozlozeni napéti na modelech chladi¢e pary od Gcinkd teploty bylo
provedeno deformacné-napétovym vypoctem. Vstupnimi daty pro tento vypocet byly
teplotni pole z predeSlych teplotnich vypoctd. RozloZeni redukovaného napéti dle
Trescovy podminky plasticity od zatiZeni teplotou pfi JV je uvedeno na obrazku 6.
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NODAL SOLUTION AN%YS% NODAT, SOLITTON AN§1Y5§
STRP=1 . STEP=1 PIOT NO. 1
SUB =23 Floro. 1 SUB =17

TIVE=1 TIvE=1

SINT (1vG) s (B

DMK =5, 35923 DMK =5, 35919

S =, 039057 S =.018009

ax =§17.327 ax =1109.8

032057 181.652 ) B 544.89 726.517 018002 246.645 493.272 739.899 986.525

L0390 §1.659 363.278 4.898 6. P [} .645 493.27, 39.89 986.525
90.8488 272.468 4% 454088 635.707 817.327 123.331 269.958 616.585 863.212 “° 1109.84
CHLADIC, 185, IV CHLADIC, 186, JV

Obrazek 6 — Redukované napéti dle Trescovy podminky plasticity od teplotniho pole pfi JV (vlevo —
model s linearnimi prvky, vpravo — model s kvadratickymi prvky) [MPa]

Dale byl model chladi¢e pary vystaven tlakovym uc€inkim vodni pary a vody.
Vzhledem k pouziti linearniho materialového modelu, bylo moZno vyuzit principu
superpozice a vypocet tlakovych ac€inkd rozdélit na vypocet G€inkd jednotkového tlaku
vodni pary a jednotkového tlaku vody. RozloZeni redukovaného napéti dle Trescovy
podminky plasticity od zatizeni jednotkovym vnitfnim pretlakem na hlavnim potrubi je na
obrazku 7.

ANSYS

R15.0
1

NODAL SOLUTION

PLOT NO.

SMN =.001388
SMX =16.385

3.6422 7.283 10.9238 14.5646
1.82179 5.4626 9.10341 12.7442 16.385

.001388
CHIADIC, 185, JT IP

Obrazek 7 — Redukované napéti dle Trescovy podminky plasticity od jednotkového zatizeni
vnitfnim pretlakem na hlavnim potrubi [MPa]

3.3 Vypo éet kumulace poSkozeni

Na zakladé provedenych vypoctl byly vybrany povrchové uzly oblasti modelu
chladie péry, které vykazovaly zvySenou velikost napéti. Pro tyto uzly byly sestaveny
tenzory napéti, pomérnych deformaci a teplotni pole, které byly nasledné pouZzity pfi
posouzeni na nizkocyklovou Unavu v programu STRENGTH. Kumulace poskozeni na
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chladi¢i pary je znazornéna na obrazcich 8 a 9. Pouzité pfistupy a soucinitelé jsou

uvedeny v tabulce 5.

Tabulka 5 Pouzité pfistupy a soucinitelé pro posouzeni Unavy

Teorie pevnosti:

teorie maximalnich smykovych napéti

Metoda posouzeni na Unavu:

nizkocyklova Unava

Koncepce vypoétu pruzno-plastické deformace:

Neuberova koncepce

Zavislost napéti:

deformace se zpevnénim

Kfivka zivotnosti:

typu Langera

Soucinitel bezpecnosti vici napéti: | 2
Soucinitel bezpecnosti viéi poctu cykla: | 10
Soucinitel sniZzeni pevnosti pfi tnavé vlivem svaru: | 1,0
ELFMENTS VITKOVICE UAM a.s. AN%E%
TEMPERATURES PLOT NO. 1
TMIN=0
TVAX=. 64409
0
.071566!
.143131
.214697
.286262
.357828
.429393
.500959
.572524
5 6440988

total cumilative damage
CHIADIC, 185 assessnment: STRENGTH, engine FatiqueV, version 7.04
r

Obrazek 8 — Vypoctené kumulace poSkozeni chladic¢e pary

ANSY!
FLEVENTS VITKOVICE URM a.5. Riso  ELEMENTS VITKOVICE URM a.5.
& ES PLOT NO. >
TMBX=. 64409
0
.071566!
.143131
.214697
.286262]
.357828
429393
.500959)
572524
5 6440908
\
cumulative camage mulative damage
S sment: STRENCTH, engine FatigueV, version 7.04 SHLRITE, 1Y ent:” STRENGIH, “engine FatigueV, version 7.
HLZDIC, 185 HIEDTC, 186

ANSYS

R15.0

PLOT NO. 1

.3981;4!

-796229
1.19434
1.59246,

1.99057.

04

Obrazek 9 — Vypoctené kumulace poSkozeni na detailu chladice pary (vlevo — model s linearnimi
prvky, vpravo — model s kvadratickymi prvky)
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4 Vysledky

Z vysledkl je ziejmy znacény rozdil ve velikosti kumulace poSkozeni na modelu
s vyuzitim linearnich prvkd (SOLID185) a kvadratickych prvkl (SOLID186). Tento rozdil je
az cca 6nasobny. Rozdil velikosti redukovaného napéti dle Trescovy podminky plasticity
je cca 25 %. Tento nedostatek ve vypoctu je potfeba odstranit.

Velikost modelu s kvadratickymi prvky byla 930 000 uzld a 240000 uzll
s linearnimi prvky. Velikost prvkd byla u obou modell stejna. Délka deformacné-
napétového vypoctu s kvadratickymi prvky byla cca 3,7 h a s linearnimi prvky cca 1,3 h.

Pfiprava vstupnich dat (teplotnich poli, tenzorl napéti) pro vypocet poSkozeni
v programu STRENGTH se neobejde bez znalosti pouziti APDL. UrCitym omezenim je
potfeba rozdélit soubory dat podle po¢td posuzovanych uzld. V jednom souboru je mozné
mit pouze 32 000 uzld. Samotny vypocet poSkozeni v programu STRENGTH je velmi
rychly a prevod poskozeni zpatky do programu ANSYS je velmi jednoduchy, protoZe
vystup z programu STRENGTH je ve formatu uréeném pro import do ANSYSu.

5 Zaver

V tomto pfispévku byl prezentovan postup stanoveni poSkozeni chladiCe pary
pomoci programu STRENGTH. Byly provedeny teplotni a deformaéné-napétové vypodty
v programu ANSYS pro stanoveni tenzori napéti a teplotnich poli. Tato teplotni pole a
tenzory napéti byly dale pouzZity pro posouzeni nizkocyklové Unavy v programu
STRENGTH. Nésledné byla kumulace poSkozeni v posuzovanych uzlech pfenesena zpét
do programu ANSYS a vykreslena.

Vypodty probihaly na dvou modelech. Prvni byl diskretizovan pomoci linearnich
prvkd a druhy pomoci kvadratickych prvkd. Rozdil ve vysledcich pfi pouZiti stejné velikosti
prvku sité byl velmi vyrazny. DalSi prace by proto méla byt sméfovana na citlivostni
analyzu velikosti prvkl pfi tvorbé sité modeld. Presnost vypoctd ma vyznamny vliv na
kumulaci poSkozeni.

DalSim mozZznym smérem zpfesnéni vysledkd je vyuZiti CFD programu (ANSYS
CFX, ANSYS Fluent) pro upfesnéni prestupll tepla na modelu chladi¢e pary.
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PRAVDEPODOBNOS T PORUSENIA VYLAHCENEJ ZAKLADOVEJ DOSKY
KATARINA TVRDA

STU Bratislava, Stavebna fakulta

Abstract: This paper deals with the probabilistic analysis of the foundation plate rested on
the soil. The plate is designed by FEM method, elastic foundation is modeled through
Winkler's model. During a probabilistic analysis, software ANSYS executes multiple
analysis loops to compute the random output parameters as a function of the set of
random input variables. Values for the input variables are generated using LHS Monte
Carlo and the impact of the subsoil is accounted in the solution using elastic stiffness
matrix. The probabilistic sensitivities is based on Spearman rank order correlation
coefficients. In conclusion, some results of probabilistic and sensitivity design are
presented.

Keywords : FEM, foundation plate, probability design, sensitivity, LHS Monte Carlo

1 Uvod

Jednym z moznych rieSeni statickych vypocltov a expertiz je aj posudenie
spolahlivosti konstrukcii. Vypocéty umoznuju posudenie bezpeénosti navrhu konStrukcie
alebo jej zlyhanie zaloZenej na pravdepodobnostnej analyze pouzitim metdédy Monte
Carlo alebo LHS Monte Carlo metody. V sucasnosti existuje mnoZstvo autorov
zaoberajucich sa bezpecnostou navrhu konstrukcii, méZzeme ich najst v pracach (Kmet,
Tomko, Brda, 2011) a inych. Takéto vypocty mbézu lepSie odrdzat bezpecnost
konstrukcie. Samozrejme, mnozstvo kvalithych navrhov a metod, ktoré sa pouZzivaju pre
posudenie konstrukcii sa zacali vyvijat s rastom teoretickych a praktickych znalosti, ako aj
s vyvojom vypoctovej techniky. Metddy posudenia spolahlivosti sa mézu rozdelit na
deterministické a pravdepodobnostné, simula¢né, polopravdepodobnostné analyzy a iné.

2 Z&kladova doska na podlozi typu Winklera

Deformacia dosky uloZzenej na pruznom podloZi typu Winklera je popisana vefmi
znamou diferencialnou rovnicou (1).

*w(x,y) 'wxy) | *w(xy)
D[ e T2 oz T oyt ]+kw(x,y) =p(x,y) (15)
. kde D je tuhost dosky, k je koeficient stlacitelnosti podloZia. Viac ohfadom

konstrukcii na rdznych podloZiach je moZné najst v pracach [2 - 6].
Na dosku pdsobi vonkajSie zatazenie q(x,y) a odpor podloZia p(x, y), definovany
ako sucin modulu stlacitelnosti podloZia k a priehybu podloZia w(x, y).

2.1 Pravdepodobnostny navrh posudenia dosky Cobiax na pruznom podlozi

Doska je navrhnutd ako vylahéen& zékladova doska s pouzitim systému Cobiax,
vyrobena z betonu C25/30, vybudovana pod objektom so 7 nadzemnymi a 2 podzemnymi
podlaziami. Materialové vlastnosti dosky su: Ex = 31 GPa (svetla farba), v =0,2. V mieste
vylahCenej dosky sa modul pruznosti betonu znizuje na 85% pbvodného modulu
pruznosti a to na zaklade odporucani vyrobcu (tmava farba). Doska je uloZzena na zemine
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— stredne ulahnuté Strky a piesky s modulom stlagitefnosti podloZia k = 70 MN/m?® (abr. 1).
Hrubka dosky sa uvazuje konStantna a to 0,95 m.

Obrazok 1 - Model dosky — singularne sily

Doska je zataZena singularnymi silami v mieste stipov F = 3769 - 5515 kN (obr. 1)
a priamkovym zataZenim zo stien v hodnote 65-113 kN / m (obr. 2). Hrubka dosky je 0,95
m.

Obrazok 2 — Priamkové zatazenie
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NCDAL SOLUTICH
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Obrazok 3 — Deformécia dosky - posuny v smere z

AVG EIEMENT SOLUTION
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SUB =1

TIME=1
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PLATE ON ELASTIC FOUNDATION

Obrazok 4 — Merné ohybové momenty mx
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-308.071
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PLATE ON ELASTIC FOUNDATION

-785.967 169.825 647.72

Obrazok 5 — Merné ohybové momenty my

Po statickej analyze na zakladovej doske sa ziskali vysledné hodnoty vnutornych
sil a priehybov. Na nasledujucich obrazkoch su uvedené tieto vysledné priehyby (obr. 3)
pre zadanu zakladovd dosku, merné ohybové momenty v smere osi x (obr. 4) a merné
ohybové momenty v smere y (obr.5).

2.2 Z&kladova doska na rb6znych zeminach

V tejto kapitole st uvedené vysledky pre uvedend zakladovi dosku uloZzenu na
réznych druhoch zakladovej pddy a to k = 40 MN / m* 70 MN / m®*a 110 MN / m®. Vv
nasledujucej tabulke su uvedené vysledné vnutorné sily a deformécie, pre hore uvedené
zakladové pbdy. Vypocet bol uskutoéneny v sotwéry Ansys.

Tabulka 6 Porovnanie statickej analyzy pre r6zne typy podlozia

k = 40 MN/nd k =70 MN/ni k =110 MN/m
Win [mm] 6,111 4,288 3,352
mx [KNm/m] 874,78 756,86 651,13
max | my [KNm/m] 715,60 647,72 605,13
mxy [kNm/m] 435,73 399,09 366,04
seqv [kPa] 15903,5 15581,8 15222.,4
w [mm] 1,923 0,753 0,259
mx [KNm/m] -1972,5 -1913,68 -1845,72
min | my [kNm/m] -1513,47 -1502,81 -1475,44
mxy [kNm/m] -425,39 -390,95 -362,41
seqv [kPa] 39,23 37,09 31,99
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Z nasledujucich vystupov je zrejmé, Ze pri UnosnejSich zeminach je priehyb mensi
(3,352 mm), ako pri menej unosnych zeminach (6,111 mm). Rovnaké zavery platia aj pre
vnuatorné sily.

2.3 Pravdepodobnostné posudenie zakladovej dosky CO  BIAX na pruznom podloZi

Pre pravdepodobnostny vypocet su potrebné stochastické vstupné Udaje. Tieto
vstupné udaje (geometria, materialové vlastnosti, atd.) sa menia na zaklade rézneho
rozloZenia, ako je to uvedené v nasledujdcich tabulke a obrazkoch.

Tabulka 2 Vstupné Udaje — pravdepodobnostné rozdelenie
|Nu. |Name |'1"ype | Pari | Parz

=

|@ |GAUS|2.75900E+07 1.37950E+06

]

EXi | GAITS |2.?5900E+o?

1.37950E+06

EE | GAUS | 70O000.

3 | | 3500.0
4 |M |LDG1 | 1.0000 | 0.10000
5 |H_1 | UNIF | 0.94000 | 0.96000

Z uvedenej tabulky je vidiet, Zze modul pruznosti zakladovej dosky EX1_sa menil
podla Gaussovho rozdelenia (obr. 6) ako aj modul pruznosti vylah&enej Casti dosky EX2_
(obr. 6), koeficient stlacitelnosti podloZia podla Gaussovho rozloZenia (obr. 7), hrdbka
dosky sa meni na zaklade rovnomerného rozdelenia (obr. 8).

Distribution of Input Variakle AN
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b o
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= i
I goz-g 1.
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Obrazok 6 — Gausovo rozdelenie modulu pruznosti dosky EX1 , EX2
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Distribution of Input Variakle AN
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PREOBABILITY DESIGN PLATE COBIAX ON ELASTIC FOUMDATION

Obrazok 7 — Funkcia hustoty pravdepodobnosti (PDF) a distribu¢na funkcia
Gaussovho rozlozenia CDF koeficientu stladitefnosti podlozia KK_

Longnormalne rozdelenie sa pouZzilo pre zataZenie, pricom kazdé zataZenie
v jednotlivych uzloch je prenasobené touto stochastickou hodnotou a rozdelenie tohto
typu je uvedené na obr. 8, definované strednou hodnotou, Standardnou odchylkou, atd'.

Distribution of Input Variable AN
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Obrazok 8 — Rovnomerné rozdelenie vstupnej preme_nnej hribky dosky H1
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Distribution of Imput Variable
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Obrazok 9 — Funkcia hustoty pravdepodobnosti (PDF) a distribu¢na funkcia

Longnormalneho rozlozenia CDF vstupnej veli¢iny — zatazenie Qvar

Table 2. Vystupné parametre

| Name | Mean |Standard Deviation |Ske“1'less |Kurt|:|51s | Minimmm | Maximum
|MAX_MX | 704.0 | 76.17 | 0.3248 | 0.1760 | 498.9 | g76h.5
|M_AX MY 6g8.9 | 74.25 | 0.3326 | 0.1614 | 500.1 | g963.3
| | 351E+04 | 1553. | 0.3012 | 0.1286 | 1.1193E+04 |2.1223E.+o4
| 5POL | 1.411 | 0.4923 | 0.3623 | -1.872 | 1.000 | 2.000
| PRI | -4.4134E-03 | 4.6017E-04 | 0.3462 | 0.2725 | -6.1133E-03 |-3.1680E-03

Polas pravdepodobnostnej analyzy program ANSYS uskutoéni

vypoctovych cyklov. Hodnoty vstupnych veli€in su vytvarané nadhodne pouZzitim metody

mnozstvo

Monte Carlo s LHS simulaciou (Latin Hypercube Sampling). Pre vypocet bolo pouZitych

1000 iteracii. Vysledné veli€iny su opat definované stochasticky (tabulka 3).
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Histogram AN
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Obrazok 10 - Histogram vystupnej premennej PRIEH — deformécie

Histogram AN
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PRACBASILITY DESIGN PLATEE COELAX ON ELASTIC FOUNMDATION

Obrazok 11 - Histogram vystupnej veli¢iny MAX_MX - moment
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Histogram AN
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Obrazok 12 - Histogram vystupnej veli¢iny MAX_MY - moment
Podla distribu¢nej funkcie CDF (obr. 13) mbézeme urcit pravdepodobnost

odpovedajuceho vystupného parametra PRIEH (maximalna hodnota deforméacie -
posunutia vo zvislom smere).

Cumulative Distribution Function AN
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Obrazok 13 - Histogram distribu¢nej funkcie PRIEH - deformécie

Z vystupov ako aj z obr. 13 je jasné, Ze maximalny priehyb je menSi ako -0,006 m,
o predstavuje Ze navrh je 3,47e-® nespolahlivy.
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2.4 Citlivostna analyza

Vyhodnotenie pravdepodobnostnej citlivosti je zaloZzené na vyhodnoteni
vzajomnych vztahov medzi vSetkymi nahodnymi vstupnymi parametrami a fubovolnym
vystupnym parametrom. Na zaklade Specifikacie pouzivatefa moézu byt pouZity
Spearmanov stupen, korela¢ny koeficient alebo Pearson linearny korelaény koeficient. Na
vynesenie citlivost urcitétho nahodného vystupného parametra, nahodné vstupné
premenné su rozdelené do dvoch skupin: tie, ktoré s vyznamné (dolezité) a tie, ktoré su
nepodstatné (nie su doélezité) pre dany vystupny parameter. Vykreslenie grafov citlivosti
daného vystupného parametra bude obsahovat len vyznamné nahodné vstupné
parametre.

| Significant:
) GVRR
EXL_
=] - EHZ_
HE

-7 -

In=zignificant:
HL_

Zignificance lewel:
Z.500%

L

__1_4
-z |
Cutput Parameter MAX MX
Obrazok 14 Graf citlivostnej analyzy pre vystupny parameter MaX_MX

Tigmifirant:
-2 VAR
FE
1 iy
T u EXZ_
: I E_
m H1_

fignifiranre lerel:
2. 500%

i
N

_1|

Jutput Parameter FRIEH

Obrazok 15 Graf citlivostnej analyzy pre vystupny parameter PRIEH — priehyb

Citlivostna analyza (Obr. 14) ukazuje, Ze vstupné parametre ako QVAR -
zatazenie, EX1_, EX2_ moduly pruznosti, KK_ koeficient stlaCitelnosti podloZia vyznamne
vplyvaju na vystupny parameter Max_Mx — maximéalny merny ohybovy moment.
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3 Zaver

Hlavnym cielom tejto analyzy bolo urcit pravdepodobnost’ porusenia konstrukcie a
nasledne ur€it jej zavislost na vstupnych parametroch. V tomto pripade, bolo poruSenie
kontrukcie stanovené na 3,47e®, o predstavuje prekroéenie limitného prehybu -0.006 m.
Na pravdepodobnostnd analyzu ako aj statickl sa pouZil program ANSYS. Vplyv
vstupnych parametrov na jednotlivé vystupné parametre je mozné vidiet v citlivostnej
analyze.
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HAVARIE STRECHY NADRZE
PAVEL ZAHRADNICEK, VIKTOR STUCHLIK

Strelice (u Brna)

Abstract: This paper analyzes the wrecked tank roof using FEM. The aim of the study
was to determine the critical overpressure causing plastic deformation of the roof
structure.

Keywords : FEM, overpressure, tank, roof

1 Uvod

PfredloZzena prace byla vytvofena na zakladé skute¢né havarie nadrze na ropné
produkty. Pusobenim nepfiméfeného vnitfniho pretlaku doslo k rozsahlym deformacim a
naslednému utrZeni ¢asti stfechy od pfilehlého plasté nadrze. Podle cidel, ktera pfi
udélosti zaznamenavala tlak, doslo k roztrZzeni pfi vnitinim pretlaku 15,17 kPa.

Cilem analyzy bylo urgit kritickou hodnotu vnitfniho pretlaku, ktery zpusobi ztratu
stability (pocatek plastickych defromaci) konstrukce stfechy pfi uvazeni tfi hornich lubd
nadrze.

2 Popis nadrze

Vystavba objektu se datuje do roku 2008. Jedn& se o ocelovou stojatou valcovou
nadrZ o objemu 10 000 m® s ochrannou jimkou. Priimér valcové &asti nadrze &ini 30 250
mm, vySka valcové &asti 13 940 mm a vySka kulového vrchliku 2 962 mm.

Stfecha nadrze ma kulovity tvar a sklada se ze skofepiny (plechu stfechy)
a stifeSni konstrukce , ktera je tvofena z krokvovych poli, lucerny (stfed stfechy) a
patniho vénce (vnéjsi okraj stfechy). Hlavnim nosnym prvkem stfeSni konstrukce jsou
krokvova pole z profilu IPE 200, ktery je pficné vyztuzen profily L 60x60x6 a L 80x80x8.
Obvodovy vyztuzny prstenec je vytvofen z plechu o tloustce 19 mm. Lucerna, kde se
sbihaji krokve, je tvofena plechy o tloustce 16 mm. Plechy stfeSni skofepiny maji tloustku
5 mm a jsou ke stfedni konstrukci pfipevnény pouze v misté lucerny a obvodového
patniho vénce. TlouStka stény plasté je 6 mm. Vyztuha plasté je tvofena profilem L
100x100x6.
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Obrazek 1 — Schéma analyzované nadrze

Obrazek 2 - Havarovana stfecha nadrze
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Obréazek 3 - Havarovana stfecha nadrze (detail)

3 Tvorba modelu

Geometrie modelu byla vytvofena v CAD softwaru Autodesk Inventor 2015 pomoci
ploch (skofepin). Pro vypocet byl pouZit software ASNYS Mechanical APDL 15.0.

3.1 Tvorba 3D geometrie

Model byl vytvorfen podle puvodni dokumentace. Jedna se o matematicky model,
proto jsou zanedbané geometrické nedokonalosti (vzniklé napf. pfi vyrobé&, montézi)
ataké doSlo k nékolika dalsim zjednoduSenim, kter4 vSak maji zanedbatelny vliv
na presnost feseni.

Nadrz byla modelovana vc€etné tfech hornich lubl plasté. Cela konstrukce
modelované stfechy se skldda ze 44 krokvovych poli. Byla vymodelovana vysec, ktera se
44krat opakuje po celém obvodu. Model byl vytvofen v plochach, tloustky komponent se
pfifazuji v ANSYS.
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Obazek 4 - Geometricky model vysece

3.2 MKP model

Po importu modelu do ANSYS byly nastaveny geometrické parametry (napf.
tvorba elementll MKP sité, materidlové charakteristiky a okrajové podminky atd.). Model
byl pevné ukotven v misté posledniho modelovaného lubu plasté (UX, UY, UZ, ROTX,
ROTY, ROTZ = 0). Model byl zatiZen vlastni vahou. StfeSni skofepina a plast byli zatizeni
pfetlakem 15,17 kPa. Byla pouZita bilinearni materialova charakteristika pro ocel 11 373.

Do modelu byla zavedena imperfekce v podobé zestihleni jednoho z plech(
obvodového vyztuzného prstence. Podle normy CSN EN 10029 je maximalni zaporna
tolerance tloustky takového plechu 0,6 mm. Proto byl plech v tomto misté zeslaben z
puvodnich 19 mm na 18,4 mm.

Seznam pouzitych parametrd pro nelinearni vypocet:

- typ elementu: SHELL281

- pocet elementl: 46 000

- modul pruznosti (E) = 210 000 MPa

- Poissonova konstanta (v) = 0,3

- hustota oceli (p) = 7,85.10"* T.mm*

- gravitadni zrychleni (g) = 9 810 mm.s™

- mez kluzu oceli (Sy) = 235 Mpa

- te¢ny modul (TANG MOD.) = 1 336 MPa
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! ANSYS
EIFMFNTS R15.0
MAT INUM APR 14 2015

14:01:17
PLOT NO. 1
File: Cerekvice 10000 nezasyvpana 7 plech
Obréazek 5 - Sit elementl
! ANSYS
ARFAS R15.0
MAT INUM APR 14 2015
s 14:02:12
PLOT NO. 1

ROT

ACEL

FREZ—DNCRM
SELBLT

File: Cerekvice 10000 nezasypana 7 plech
Obrazek 6 — Okrajové podminky (tlak v MPa)
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ANSYS

R15.0
WrR 14 201
N 14:49:07
N Mo, 1

File: Cerekvice 10000 nezasypana 7 plech
Obrazek 7 — Misto pouzité imperfekce

4 Vypo cet

MKP vypocet mél za ukol zjistit kriticky pretlak, ktery zpusobil pocateéni ztratu
stability nadrze - stav, kdy zac¢ne dochazet k plastickym deformacim konstrukce. Byl
pouZzit nelinerani staticky vypocet s vyuZzitim stabilizace (Energy dissipation) = 0,1. Pomér
stabilizaéni energie a deformacni energie (STEN/SENE) ¢inil 0,0022 (0,2 %).

Z Casu na konci konvergence ulohy se vypocéte hodnota pusobiciho kritického
zatizeni podtlakem pgr | pro nelinearni vypocet:

Pkr1 = tk-Do; 1)
kde:
pkr 1 — kriticky podtlak pro nelinearni analyzu

tx — €as ukonc&eni konvergence ulohy
po — pocatecni zatizeni pod tlakem

5 Vysledky

Kritickd hodnota podtlaku byla vypoctena z ¢asu pfi ukon&eni konvergence ulohy,
ktera nastala pfiblizné v 0,667, coz odpovida kritické hodnoté podtlaku:

Pkr1 = tg-Po = 0,667.15,17 = 10,12 kPa
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ANSYS
NCDAL SCLUTICH R15.0
STEFP=1 ZFR 15 2015
SUB =29 10:09:59

TIME=. 667185 y EPLOT NO. 1

R L o
DIt —56. 500748 : - . \\\‘M

SME =5H6.5064 L
ﬁ.

0 12.557 25.1141 37.6711 50.2282
6.27952 18.8356 31.3926 43.9497 56.5067

File: Cerekvice 10000 nezasyvpana 7 plech
Obrazek 8 - Celkova deformace konstrukce stfechy (mm)

ANSYS
NCDAL SCLUTICN R15.0

STERP=1 AFR 15 2015
Sl =g T30
TIME=. 66718 LT DO, 1

6.85096 023229 117 .795 173.267 228.739
34.587 a0.0589 145.531 201 .003 256.475

File: Cerekvice 10000 nezasypana 7 plech

Obrazek 9 - Ekvivalentni napéti na stfednici (Tresca) ve spoji plasté a plechd stfechy (MPa)
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ANSYS
NCDAL SCLUTICHN R15.0
STEP=1 _ PR 15 2015
SUB =29 — ' 10:10:44
TIME—. 667185 : e FLOT NO. 1
STNT (AG) : :
MIDDOLE

DMK =56.5067
SM =.004242
BMK =231.32

004242 51.4096 102.815 154.22 205.626
25.7069 77,1123 1z28.518 179.923 231.328

File: Cerekvice 10000 nezasyvpana 7 plech
Obrazek 10 - Ekvivalentni napéti na stfednici (Tresca) ve spoji konstrukce a plasté (MPa)

0 .001034 .00z068 002102 004136
LS1VE-03 .001551 .00z2585 0036189 .004653

File: Cerekvice 10000 nezasypana 7 plech
Obrazek 11 - Plastické deformace ve spoji konstrukce a plasté (mm)

6 Zaver
Predmétem zpravy bylo ur€eni kritické hodnoty vnitiniho pretlaku pro havarovany

typ nadrze. Pomoci MKP analyzy byl vypocitan nejvyssi dovoleny pretlak 10,12 kPa, ktery
charakterizuje poc¢atek plastickych defromaci v konstrukci.
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Podle naméfenych hodnot béhem havérie doSlo k odtrzeni stfechy aZ pfi pfetlaku
15,17 kPa. Tato hodnota je vSak dana postkritickym zatéZovanim, kdy v konstrukci
vznikaji dalSi plastické deformace az do mezniho stavu Unosnosti.

Vypocet se pouZije pro analyzu zplsobul opravy nadrzi, kdy pfichazeji v vahu dvé
varianty. Prvni spociva v nahrazeni defromované ¢asti stfechy a plechl plasté. Druha
varianta uvazuje s kompletni vyménou stfechy véetné dvou hornich lubu plasté.
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