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FUNCTIONAL GAP OF WOODEN WINDOW — CONDENSATION OF WATER VAPOR
ADELA PALKOVA, MILAN PALKO
Slovak University of Technology in Bratislava

Faculty of Civil Engineering
Radlinského 11, 810 05 Bratislava, Slovak Republic

Abstract: The moisture penetration through building envelopes. Condensation or ice
coating in the gap is the main problem of wooden windows. Thus, destructive processes
on the wood surface finish causing the moisture penetration into the wood occur. The
surface condensation is sufficiently covered by the requirements in currently valid
standards. The condensate generation in the gap is not described neither limited by the
standards nor regulations. The frequent problem occurrence in practice is to be dealt with
and solved. The experimental and computing investigation was carried out using four
types of 682, 682T, 783, 923 euro-profiles. For computing investigation the ANSYS
program was applied.

Keywords: windows, wood, condensation

1 Introduction

The moisture penetration through leakages in building envelopes has been
investigated mainly in relation to slab blocks development . By improving the thermal
characteristics of building structures in relation to energy the relative air humidity has
increased up to 50%, which is also given in STN 73 0540. Taking into consideration the
change of boundary conditions and characteristics of window structures the problem of
water vapor condensation in functional gap between casement and window frame has
occurred. The condensate generation in functional gap is not described neither limited by
the standards nor regulations. Seriousness of the problem varies depending on the
material base. Considering the wooden window structures the degradation of surface
finish occur and its thermal characteristics change. The moisture transport through gap
between casement and window frame at condensation temperature is the main cause of
condensation of water vapor. The transport causes (see Image 3):

- Air pressure differences (taking water vapor) — infiltration and exfiltration,

- Diffusion of water vapor (different saturation of water vapor in exterior and indoor
air).

heat flux g diffuse flow g« air flow rate g. =
= winter

0. > 0.
pdi > pde
p:< p. infiltration
p:= p. equilibrium
p:> p. exfiltration

Image 1 — Schematic representation of heat transmission, diffusion of water vapor and airflow
through window structure

=
=)
=
=
=
(&}

infiltration

Condensation of water vapor — phenomena for balancing water vapor partial pressure by
interaction of molecules. The diffusing water vapors are moving from places having higher
pressure to places with lower pressure. The indoor water vapor partial pressure (20°C and
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air humidity 50%) is 1168,5Pa. The outdoor water vapor partial pressure (-11°C and air
humidity 83%) is 196,7 Pa. It follows from the above given that the pressure difference
between interior and exterior is 971,8 Pa. The warmer air can contain more water vapor
as the cooler one, e.g. the air with 20 °C can contain up to 17,25 g/m® of vapor, but the air
with -11 °C can have only 1,96 g/m? of moisture. Interactive accumulation of infiltration or
exfiltration and diffusion of water vapor leads to condensate or ice coating in winter period
[2, 3, 4].

2 Experimental measurements and simulation

The experimental measurements were carried out in heat engineering laboratories
at the Faculty of Civil Engineering. Measurement models represent real window
structures. The big climatic chamber illustrated in Figure 1 was used at measurements.

Image 2 — Big climatic chamber

Thermal and humidity parameters for ambient conditions are constant for all
models. The indoor air temperature is 20°C and the relative air humidity is 50 %. The
outdoor air temperature is -11°C and the relative air humidity is 83%. The pressure
differences are 200, 100, 75, 50, 25, 10, 5, and 0 Pa for infiltration and the similar
pressure differences are also for exfiltration [5]. The measurements were performed on
completed panel having real windows. Such panel having four windows with dimensions
540x695 mm, is illustrated in Image 3. Measurement sensors are divided into two groups.
The first group measures the surface temperatures (PT 100). The second one measures
the temperatures and relative air humidity (SHT 75).

Computer simulation was carried out for MIRADOR 923 profile that is used mostly
at low-energy and passive building construction. The geometry of computer model is
identical with the measured window. Boundary conditions and material characteristics are
also compatible with the experimental model in such a way that the comparison can be
done. For the calculation the ANSYS program was used. Geometry and netting of
MIRADOR 923 window computer model is given in Image 4.

3 Results and discussion

The measurement and computer models results are classified into two groups. At
experimental measurements in big climatic chamber the occurrence and amount of water
vapor and ice coating condensate was found out after each completed measurement
phase. The internal surface temperatures and air temperature including relative air
humidity in gap measurement points (see Image 3) belonged into the second valuation
data group. The measured values are presented in Image 5. Considering the fact that it is
not possible to distribute the sensors in ideal positions in gap the computer model was
established. The computer simulation results show more detailed temperature distribution
and enable more thorough investigation of condensation possibility in required positions.

http://aum.svsfem.cz
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Image 3 — Window set ups in masking panel and geometric parameters of window profiles and
placement of measurement sensors

Image 4 — Geometry and netting of MIRADOR 923 window computer model
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Image 5 — Temperatures and relative humidity in time for the pressure difference
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Image 6 — Surface temperature fields and surface temperatures in investigated points (°C) of
MIRADOR 923 window (lower part)
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The results obtained in our research broaden and supplement the above given
investigation works providing more comprehensive and more detailed knowledge of
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environmental physics bringing about water vapor condensation in functional gap between
casement and window frame.

Table 1 Assessment of possible condensation in gap for MIRADOR 923 profile

Pressure Measurement ) 0 Bdp Os,min,sim Condensation Condensation
difference point (%) (°C) (°C) (°C) risk experiment
5 68,50 -2,28 -6,72 -7,95 yes yes
68,50 -2,28 -6,72
0 Pa 6 58,70 -6,50 | -12,52 -10,20 no yes
without 56,20 | -6,50 | -13,00
pressure 7 48,80 13,18 2,65 0,34 yes yes
difference 48,80 | 13,18 | 265
8 51,50 11,09 1,48 -0,72 yes yes
51,50 11,09 1,48
5 67,27 -2,76 -7,39 -7,95 yes no
65,24 -2,76 -7,75
6 58,13 -6,44 -12,57 -10,20 no no
100 Pa 55,40 -6,44 | -13,10
infiltration 7 36,90 | 12,95 | -1,25 0,34 no no
34,92 12,95 -1,91
8 47,17 10,98 0,16 -0,72 yes no
46,11 10,98 -0,13
5 77,19 -2,23 -5,29 -7,95 yes yes
77,19 -2,23 -5,29
6 61,73 -6,30 -11,77 -10,20 yes yes
100 Pa 58,71 -6,30 -12,33
exfiltration 7 51,94 | 13,16 3,52 0,34 yes yes
51,94 13,16 3,562
8 50,58 11,15 1,29 -0,72 yes yes
50,58 11,15 1,29
5 67,64 -2,92 -7,49 -7,95 yes no
67,64 -2,92 -7,49
6 59,13 -6,54 -12,48 -10,20 no no
75 Pa 56,38 -6,54 -13
infiltration 7 32,94 | 1286 | -2,68 0,34 no yes
30,92 12,86 -3,43
8 50,00 10,96 0,95 -0,72 yes yes
50,00 10,96 0,95
5 75,80 -2,10 -5,37 -7,95 yes yes
75,80 -2,10 -5,37
6 60,67 -6,40 -12,06 -10,20 no no
75 Pa 58,05 -6,40 -12,55
exfiltration 7 5151 | 13,14 3,38 0,34 yes yes
51,51 13,14 3,38
8 50,44 11,13 1,23 -0,72 yes yes
50,44 | 11,13 | 1,23

Table 1 gives the evaluation of water vapor condensation risk in the gaps and the
comparison with the real condition found out in the experimental measurement on
MIRADOR 923 window profile. The first column presents the pressure difference between
the interior and exterior with a note whether infiltration or exfiltration is considered. The
second column gives the cavity identification according to Figure 6 as well as the number
of sensor measuring the temperature and relative air humidity in the gap between
casement and window frame. The third column defines the relative humidity value for the
particular cavity. For some points two different values are given: a maximum and a
minimum value. In the forth column the cavity air temperature, at which the relative air
humidity is measured, is given. The fifth column defines the dew point temperature for
measured temperature and relative air humidity for the cavities. The sixth column presents
the lowest surface temperature of wooden wing or frame reached in the cavity. Due to the
fact that it was not possible to use PT100 sensor at the position with the lowest possible
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assumed temperature for measurement of surface temperature, the surface temperature
was subtracted from the computer model. The seventh column gives a verbal evaluation
whether assumption for water vapor condensation for given air temperature, relative air
humidity and the lowest surface temperature in a cavity is or is not fulfilled. In the last
column in Table 1 the information on the condensate formation in case of experimental
measurement for the cavities is given. The evaluations in the last two columns are mostly
compatible. The incompatible ones are marked in red. These cases can be explained by
error of the measurement and the mathematic modeling. In these cases the dew point
temperature values and the lowest surface temperatures are quantitatively very close to
each other.

4 Conclusion

At an initial investigation stage it was known that condensation originated only in
equilibrium state and at different pressure impact causing the exfiltration. However, it was
found out during the measurements that the condensation also originates due to the
infiltration. The condensation boundary for water vapor was being finding after the correct
set up of circuit forging and, thus, also the sealing compression. After the measurements
the value of differences of pressures between cool and warm chamber at which the
condensate formation stops in the range 60 to 75 Pa.
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PASSIVE HOUSE — SELECTED PROBLEMS
ADELA PALKOVA, MILAN PALKO
Slovak University of Technology In Bratislava

Faculty of Civil Engineering
Radlinského 11, 810 05 Bratislava, Slovak Republic

Abstract: The paper deals with project proposals, construction and exploitation of house
in passive standard. Specific properties of building envelope in energy passive standard.
Execution of additional thermal insulating system with heat bridge elimination. Evaluation
of applicable design using non-traditional aluminium basis. Elimination of heat flows in
window structure.

Keywords: passive standard, window, thermal insulating.

1 Introduction

Passive building is a building, which does not need supplying energy conventional system
for ensuring thermal comfort. In order to achieve this, the heating demand of such building
will be 90% less comparing to common buildings. The specific heat demand (in
kWh/(m2.year)) is around 100 in common modern building, on average 200 in old block of
flats, below 50 in low energy building and below 15 (kWh/(m2. year)) in passive building.
The specific heat demand below 15(kWh/(m2.year)) is a basic characteristic of passive
building and it is proved by calculation. Window is a distinctive transparent building
element in terms of construction and architecture, endurance against breaking, sun, heat,
wind, cold and rain effects, or mechanical, fire, acoustic resistance, and alike. Nowadays,
the window as a part of heat exchange building envelope structure is significant element
in building energy concept (particularly in passive buildings). In window design, in terms of
placement and glazing area size, it is important to look for the balance between the heat
loss and solar gains. However, it would be misleading to think that the indoor climate —
external climate interaction is affected only by glazing area size considering the
transparent parts of building envelope. The correct solution of window structural parts and
window embedding in building envelope is a relevant property of quality window.

Image 2 — Geometry and design of a building realized in passive standard

2 Transparent construction

Up to date commonly used windows are inconvenient for energy passive buildings.
For such buildings the windows having thermal transmittance Uw < 0,8 W / (m? . K) are to
be used. In order to achieve such thermal transmittance value the window frame and
casement cresting should have the U-value of Uf < 1,0 W / (m? . K). Special Euro-prisms
with thickness of bf > 70, where the middle bar is replaced by high-performance insulating
material, are used in cresting on wooden material basis. Combined wood-aluminium
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basis, where the wooden part with high-performance insulating material bar is able to
ensure the required U-value and to supplement a window in terms of architectural detalil
and functionality, is also considered as suitable.

1 B

|

1.1.1 1.1.2 113 211 2.1.2 2.1.3

Image 2 — Examination of the position of the window in the heavy outer wall

The window transparent part — glazing, which forms 70 up to 80% of window area,
has decisive influence on its thermal insulating characteristics. In order to achieve the
necessary thermal transmittance value of window the glazing should reach the value
(depending on window dimensions) of Ug < 0,6 to 0,35 W / (m” .K). The given value can
be obtained by using the insulating triple-glazing with selective layers filled with krypton.
As already mentioned, in correctly designed passive building there is a need to lay stress
also on segmental elements (e.g. placement of window in building envelope). The building
envelopes of passive buildings can have alternative design solutions (light wooden
structure and thermal insulating material, heavy monolithic structure and thermal
insulating material). The correct window imbedding in building envelope results from the
above given variants. In the paper | deal with the window imbedding in heavy building
envelope structure with a frame on unconventional material basis for passive buildings,
and that is aluminium with heat bridge interruption. There are various alternatives of
window imbedding in building envelope illustrated in Image 2. The composition of external
wall from the interior towards exterior is as follows — plaster casting, concrete wall, thermal
insulating material on polystyrene basis, thin film fagade rendering system.

Image 3 — Geometry of used aluminium window

http://aum.svsfem.cz
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0.200 (m)

Image 4 — Surface temperature - model 1.1.1 (-11 ° C exterior, interior 20 ° C)

0.200 (m)
J

Image 6 — Implementation of the model 2.1.3 on site

3 Conclusion

In non-transparent parts of building envelope in energy passive standard it is not
extremely demanding to comply with the requirement for low heat flows in a fragment.
Considering the heat bridge areas it is necessary to optimise their structural design and
thermal performance. In energy passive building the aluminium window structure is non-
standard, but it can also be used. Due to the fact that aluminium frames consist of
structure with hidden window frame it is possible to achieve interesting results by

http://aum.svsfem.cz
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choosing appropriate detail insulation and window imbedding. It is evident from the
computer models that model 2.1.3 is the most suitable one in terms of minimization of
heat flows and heat losses. Also other factors (e.g. aesthetic solution, possibility of
additional clap-net application, etc.) are to be taken into consideration in the decision
making process. Considering all the factors the detail of window imbedding in building
envelope was realized according to model 2.1.2 (Image 5).
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PHYSICAL EVALUATION OF WINDOW - COMPUTER SIMULATION
ADELA PALKOVA, MILAN PALKO
Slovak University of Technology in Bratislava

Faculty of Civil Engineering
Radlinského 11, 810 05 Bratislava, Slovak Republic

Abstract: The simulation program ANSYS and its use in the simulation of a window.
Code implementation of Fluent and CFX programs. ANSYS program structure in CFX
module. Computer simulation of aluminum windows - simple heat conduction. Computer
simulation of wooden windows - the transfer of heat through conduction and convection.
Simulation method "Fluid - Solid Interaction (FSI).

Keywords: window, flow, infiltration, exfiltration, finite element method, volume element
method

1 Introduction

The window is one of the most exposed parts of the external cladding. Its task is
the performance of several functions simultaneously. The primary function of the window
is the interior visual contact with the external environment, natural lighting, natural
ventilation. Secondary functions of windows are, protection from excessive heat loss,
protection from excessive heat gain from solar radiation, protecting the interior from other
components of the weather outside. To study the properties of windows and their nearest
environment it is possible to apply methods such as exploration, "in situ" (real conditions
of window embedding), experimental verification in laboratory (modeled conditions of
window embedding), computer simulation (mathematical-physical model of the window
and its environment). The steady development of computer technology constantly
improves the possibility of its application to the prediction of physical variability of the
modeled domain. The capacitive and power growth allows the application of complex
mathematical-physical theories or their development itself. Application of the
aforementioned is a dynamic simulation program ANSYS, which is used in engineering as
well as scientific calculations. It has wide application in a range of sectors such as
construction (statics, technical building equipment ...), chemistry (chemical reactions ...),
health and safety (fire, smoke-quarts, evacuation ...), engineering (engine simulation, cars
aerodynamics ...), electrical engineering (electromagnetics ...), environmental area (wind,
water ...), medicine (blood flow in the arteries, heart ...).

2 Simulation program

The simulation program ANSYS is becoming a leader in the field of computer
simulations. The program implements codes of competing programs (Fluent, CFX ....).
The program works with the finite element method (FEM) and finite volume method (FVM)
with the support of CFD depending on the module used. The main structure of the
program (module CFX) is described in Image 1. Modeling in computer simulation starts
with geometry and the consequent creation of a network model. The network can be
created directly in the program, or for more complicated geometry imported. ,, ANSYS
CFX - Pre, is basically a preprocessor, which defines material properties, reactions,
boundary conditions, features of individual domain connections. When finished the
mathematical solver is set in this section. ,, ANSYS CFX - Solver, is an individual
mathematical solver, which performs the calculation. The process of calculation creates a

http://aum.svsfem.cz
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result file. ,, ANSYS CFX - Post, is a part of the program (post processor), which analyses
the results and outputs.

Mish hle rom mesh
peneration sofiwane

v
ANEVE Y. Pre ouiput files
ANSYS CFX-Pre P = o'y
A

ANSYS CFX - Solver
(definition® del

v
»- AMSYS CFX-Solver - ouiput files * out
E input mv for odher
g L 4 Pest PROCCROTY

Resulis file (*.nesh

v

ANEYS CFX-Post =il for graphic and data expon
Image 3 — Diagram of ANSYS (CFX module)

3 Aluminum window - the spread of heat through conduction

The computer simulation was created using ANSYS through finite element method

(FEM). The geometry of the model was developed in detail including the sealing gates,
according to Image 2.

Image 2 — The ground plan detail aluminum window in panel [2]

The materials used for this model are as follows:
- aluminum alloy frame profiles,

- disconnection of the thermal bridge of aluminum profiles (polyamide)

http://aum.svsfem.cz
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- rubber seal (EPDM),

- foaming of the cavity of the profile frame,

- thermal insulation,

- heat-insulating glass units with distance frame SWISSPACER.

Thermal boundary condition for the interior 20 °C and exterior -11 °C, which
essentially characterizes the relatively mild temperatures for the Bratislava region and the
interior living space. Since the airflow around windows is not modeled, the transfer
coefficients are specified for the interior and exterior. The task is in a steady state. Sample
results of such simulations is in Image 3.

Temperature
Type: Temperature
Unit: °C
Time: 1

14,844 8,5373 2,230,000 -4,0753  p.ozs  -10,382Min 0,050 {m)
17,997 Max 11,691 5,3842
[ N | 0.037

Image 3 — Surface temperature fields and surface temperature

thermal insulation

reinforced concrete

profil EURO68

thermal insulating
double glazing

ground plan

Image 4 — Geometry and material solutions
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4 Wooden window - the transfer of heat through conduction and convection

Computer simulation was created in ANSYS with the support of CFD. The model
was partially approximated especially in the seal parts Geometry and material parameters
for the wooden box are from profile EUROG68 and thermal double glass. Thermal boundary
condition for the interior was 20 ° C and exterior -11 ° C. Pressure difference between the
interior and exterior were 2, 5, 10, 25 and 50 Pa. The pressure gradient was chosen so as
to create infiltration as well as exfiltration. The window was modeled as a stationary task.
Geometry and material solution are shown in Image 4. In Image 5 and Image 6 are
examples of simulation results for pressure differentials between the interior and exterior
25 Pa.

Image 5 — Velocity vector and temperature fields with the pressure differential between the interior
and exterior of 25 Pa (20 ° C interior and exterior -11 ° C)

Image 6 — Velocity vector and temperature fields for exfiltration with the pressure differential
between the interior and exterior of 25 Pa (20 ° C interior and exterior -11 ° C)

5 Conclusion

The simulation model windows increasingly resembles real functioning windows in
the surrounding environment. An important shift in simulation methods was the
introduction of "Fluid - Solid Interaction (FSI)." Which means that the flowing substance
influences the material and also the material affects the flowing substance (wooden box).

http://aum.svsfem.cz
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FUNCTIONAL GAP OF THE WALL AND WOODEN WINDOW - IMPACT OF AIRFLOW
ADELA PALKOVA, MILAN PALKO
Slovak University of Technology in Bratislava

Faculty of Civil Engineering
Radlinského 11, 810 05 Bratislava, Slovak Republic

Abstract: The contribution is focused on the impact of airflow in building construction
joints on distribution of their surface and indoor temperatures. The simulations are carried
out in ANSYS program supporting solution of CFD problems in interactive relation fluid-
solid.

Keywords: wall, windows, airflow

1 Introduction

Building envelope is an interface (barrier) between interior and exterior. Thus the
building envelope is an exposed element, through which the exterior and indoor
environments try to interact. The total air pressure is one of the relevant differences
between the environments. There is infiltration going on due to the pressure difference
between indoor and external environments and concurrence of leakage in building
envelope.

The phenomena causing the infiltration or exfiltration can be divided into the
following groups:

- wind effect,

- impact of air temperature (natural convection),
- forced ventilation (building services),

- combination of the above stated phenomena.

Gaps can occur in various places in the building envelope. They are either
unwanted originated from realization of bad quality (gap in a wall) or natural (functional
gap in window construction).

2 Simple wall

As first, a model of simple wall having a gap going from interior to exterior was
tested (the model was taken over from the research of professor Hauser). The wall
thickness 200 mm made of insulating material | = 0,04 W/(m . K). The gap going through
the whole wall has thickness 5 mm. The boundary condition on internal side is 20 °C and
on external side -11°C. Using two methods simulates the model:

- simple heat conduction (air cavity without airflow),
- heat conduction and air flow (with interaction fluid — solid).

In simple heat conduction it is obvious that the air gap does not have significant
impact on the temperature distribution inside construction Image 1. The heat conduction
together with the airflow through the gap has similar boundary conditions; the pressure
difference between interior and exterior is added (10 Pa). The difference is set in such a
way that the flow of warmer air from inside to the exterior is activated, what is called
exfiltration. It is evident from the resulting figures that the airflow through gap has strong
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impact on temperature distribution in its surrounding areas. The model situation is
simulated as steady state.

Image 2 — Wall with gap Wall with gap — heat flux and heat flow — results (interaction fluid-solid)

3 Wooden window

As a second example, the geometrically more complex model of wooden window,
which is partially approximated, was simulated. The boundary condition on internal side is
20 °C and on external side -11°C. The pressure difference between interior and exterior is
added (10 Pa). The difference is set in such a way that the flow of warmer air from inside
to the exterior is activated, what is called exfiltration. It is evident from the resulting figures
that the airflow through gap has strong impact on temperature distribution in its
surrounding areas. The model situation is simulated as steady state.
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Image 5 —Wooden window — heat flux and heat flow — results (temperature °C).

4 Conclusion

From the presented results of temperature course it is obvious that the impact of
air flow through functional gap is evident. This fact is a substantial element influencing
investigation of problems of water vapour condensation in functional gap, which will be
dealt with in further research.
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DOUBLE SKIN FACADE - QUANTIFICATION OF THE AERODYNAMIC PROPERTIES
OF THE INPUT CHANNEL

MILAN PALKO, ADELA PALKOVA
Slovak University of Technology in Bratislava

Faculty of Civil Engineering
Radlinského 11, 810 05 Bratislava, Slovak Republic

Abstract: To estimate aerodynamic entrances for inlet and outlet channel of the
intermediate space for double skin facades. The aerodynamic entrances for the mode with
convectional movement of air in the gap. The aerodynamic entrances for the mode with
the influence of air. Aerodynamic and geometrical boundary conditions of the model. The
example of the simulation of aerodynamic blinds for inlet channel.

Keywords: double skin facade, computational fluid dynamics (CFD)

1 Introduction

Nowadays, computer simulation programs supported by numerical CFD
(Computational Fluid Dynamics) modeling are able to deal with the air flow problems due
to the fast development of the computer hardware. The CFD is the field analyzing the fluid
flow using the computational models. The fluid flow can be either liquid or gas. The
simulation method is currently used in the branches, such as, e.g., aircraft, ship and
automobile industries. In civil engineering, the fluid flow occurs chiefly in cases of water
structures. The fluid flow can also mean the air flow surrounding buildings and their
segmental parts. Mainly, the two mathematic variation methods are applied at solving
such tasks:

- Finite Element Method (FEM),
- Volume Element Method (VEM).

2 Computational model of blind of inlet channel

The calculation was performed as 2D task. The calculation domain is illustrated in
Image 1. The model consists of approximately 28 thousand nodes and 54 thousand
elements. The element FLUID 141 (Image 2) was used as the flow continuum model. That
is the plane three-node element. The model for incompressible fluid with the turbulent flow
was applied for the task. There are four discretion levels in each node: the velocity in

direction “x”, in direction “y”, the pressure and the temperature.

1757

754 , 160 86, 159 598
- o]
variableness of outiet o
o
—
1,5m/s /
) < 2 2a
_vaﬂabl_m_qf_qm\ g
. - 0,0 Pa—

L 754 | 160 |86]
) ) 1 4

Image 5 — Schema for computer simulation with support CFD for velocity 1,5 m/s
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3 Description of boundary conditions of blind of inlet

The boundary conditions were defined on the domain model outside boundary
lines and the edge lines of ventilation blinds. The load input had comprises two
characters. Firstly, it was the velocity boundary condition affecting from the left side of the
computational model in positive direction “x”. The air velocity entering the model is 0.2,
0.4, 0.7, 1.0, 1.5 and 2.0 m/s. The application of the boundary condition has been also
defined on the external surface of the ventilation blinds as well as the edge model walls. In
this case, the velocity was 0 m/s. The pressure has been the second aspect of the
boundary conditions. The pressure value 0 Pa has been defined in the three model
places. The fluid flowing in the model has the physical properties of incompressible air.
The network density has been done following the iterative calculation and its right solution
convergence (Image 1).

o 1
e
P

2

LR

£

e ALy

Ty

)
"
A
b
o
[
It

v
LA
5
i
A AL
AR

SN

Image 2 — The mash for the research region of inlet channel of double skin fagade.

4 Approximation of the net model

Due to too much detail it was necessary to simplify the net model. If we wanted to
model the net against insects based on geometry (while the wire thickness is 0,5 mm) it
would be very demanding relating to detail of network compression (considering the
model size). From the above given reasons | used the approximation of model following
the real material constants, which are provided by ANSYS programme. | used the
constant ,,K,, (Head loos) for my investigation. However, | had to determine the material
constant by inverse way, as it had not existed for the given network. The aerodynamic
coefficients of local resistance are determined in a large geometry spectrum based on
experimental measurements. Following the known value of network resistance | was able
to determine ,,K,, constant. The simulation model was as follows: The part, for which ,,K,,
constant was determined empirically, was placed into the pipe (Figure 3). After the
simulation was carried out, its aerodynamic resistance was determined following the total
and aerodynamic pressures. ,,K,, value was being changed until the resistance from the
simulation and the experiment were identical. The gained ,,K,, coefficient was then used
the material constant into model of input channel.
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NODAL SOLUTION
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Image 3 — Model of net in tube - pressure fields

5 Results of velocity calculations in entry channel of double skin fagade

The whole simulation of the entry channel of buffer zone of double transparent
facade has been carried out during 8500 iterative cycles, within which the total error
converged. The velocities of air movement in the entry channel are required for further
calculation of aerodynamic coefficient of local resistance. The choice of the measuring
points has been precisely made according to the experimental measurement (Image 4).
The accurate values in the individual points are presented in Table 1 and Image 5.
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Image 4 — Arrangement of detecting element for scanning velocity of air flow
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Image 5 — Velocity in point according to Image 3 (m/s)

The aerodynamic coefficient of local resistance of air flow in the entrance of the
aerodynamic blind according to equation in column A and the aerodynamic coefficient of
local resistance of air flow on the net of the entrance channel according to equations in
column B can be determined following the mean velocities and equations in Table 2.

Table 2. Results of computer simulation on inlet channel of the intermediate space for velocity 1,5
m/s.

Measuring point mean
11 1.2 1.3 14 15 1
Velocity (m/s) 0,4361 0,3098 0,2938 0,2632 0,2016 0,3009
Measuring point | 2.1 2.2 2.3 24 25 mean
2
Velocity (m/s) 0,6165 0,6264 0,5803 0,4839 0,3930 0,5383
Measuring point mean
3.1 3.2 3.3 34 35 3
Velocity (m/s) 0,2104 0,6098 0,5679 0,4706 0,4729 0,4663

Image 6 — Velocity field of vectors for velocity 1,5 m/s
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Table 2. Aerodynamic coefficients of local resistance.
A - On ventilation blind .
B - On the net counter to insects.

A B
Velocity v(m/s)
& S,
2 2 2 2 2 2 2
§=u E _ Vo —Vs g_vl —V; + 4.V,
1 2 2 2 2 2
Va V3 V3
0,2 0,72 0,28 0,28
0,4 0,60 0,31 0,31
0,7 0,67 0,34 0,34
1,0 0,7 0,32 0,32
15 0,7 0,30 0,30
2,0 0,7 0,31 0,31
mean 0,68 0,31 0,31

6 Conclusion

Due to immense development of the computer programs and, dominantly, the
operative speed, it is possible to describe numerically the issue regarding the
aerodynamics of a buffer zone of a double skin fagade. Comparing the results of the
aerodynamic coefficients of local resistance obtained from the experimental
measurements and by the computer simulation, it can be stated that they are
approaching, for example:

* S1experiment = 0570 & & simutation = 0,68
= 0,3230,31 a éZ—Simulation = 0131a0131

gZ—experiment
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STATIC AND TRANSIENT ANALYSIS OF MICROBOLOMETER
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Abstract: The microbolometer is a MEMS structure consisting of layers with various
physical properties and its function is to detect presence of optical signal of specified
frequency and wavelength. This detection is achieved by measurable change of sensitive
layer's electric resistance. The proposed paper deals with design of microbolometer
layered structure in terms of thermal Finite Element Method (FEM) analysis. The paper
presents static and transient thermal analyses with defined thermal power emitted by laser
beam. The goal is to investigate the influence of material and geometry configuration of
individual layers on thermal field in system.

Keywords: FEM analysis, detection of optical signal, geometry configuration of bolometer

1 Introduction

The microbolometer is micro electro system (this system belongs to Micro Electro
Mechanical System — MEMS — branch) that acts as a sensor of electromagnetic signal
within the range of thermal radiation or visible spectrum with the frequencies of
electromagnetic waves about several THz.

The basis of microbolometer sensing capabilities consists in process of absorption
the radiation energy of specified frequency and wavelength by matching antenna,
conversion of the absorbed energy into the heat resulting in heating up the sensitive part
of bolometer that finally changes the internal resistance of this sensitive material. This
change of resistance is electrically measured and evaluated (Lalinsky T. et.al. 2016).

The proposed paper deals with design of microbolometer layered structure in
terms of thermal Finite Element Method (FEM) analysis. The paper presents static and
transient thermal analyses with defined thermal power emitted by laser beam and
absorbed by matching antenna into the sensitive part of device. Promising material for
sensitive part of bolometer is Lag;Sro3sMnO; also denoted as LSMO. This material has
suitable temperature-to-resistivity characteristics that means that modest change in
temperature of this sensitive part results in measurable change of its resistivity, so the
absorbed electromagnetic radiation of defined frequency can be directly changed into the
electrically measurable signal.

2 Design of microbolometer

Image 1 shows top and cross-section views of proposed microbolometer design
with overall dimensions of about 4 x 4 x 15.10° mm (square base with small thickness).
Elements with very high aspect ratio had to be used (very thin elements used to describe
material changes in layered structure). The bolometer is layered structure, where layers of
different material are used for antenna (Au), LSMO sensitive disc, layers ensuring
epitaxial growth or etching of bolometer layers — stop layers (BTO, CeO,, YSZ), layers
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that mechanically support whole system (single crystalline Si, SiO,) and bulk material (Si).
Layers BTO, CeO, and YSZ were modelled as single layer with homogenized material
properties because of their very small thickness. Two different thicknesses were used for
single crystalline Si layer and SiO; layer:

- the first model has 2 um thick single crystalline layer and 1 uym thick SiO, layer
- the second model has 0.5 um thick single crystalline layer and 1 um thick SiO, layer

Schemes of these bolometer layers are shown in Image 2.

homogenized
layer

single Si, Si0y Si

Image 6 — Design and mesh of microbolometer (right figure represents the cross-section of the
system, real scale)

gl T

BTO (40 nm)
CO, (10 nm)
YSZ (200 nm)

CO, (10 nm|
YSZ (200 nm)

Single crystalline Si (500 nm)

Selective DRIE of SI Selective DRIE of Si

Image 7 — Scheme of the layered structure of bolometer (the first investigated model is on the left
and the second is on the right), not in scale
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The goal of thermal FEM analyses (ANSYS, 2013) was to investigate the influence of
thickness of single crystalline Si and SiO, layers to maximum value of temperature and
temperature distribution in LSMO disc reached under conditions of specified constant heat
power homogenously applied into LSMO sensitive disc.

3 FEM model

Boundary conditions of the FEM model were:
- 1 mW of thermal power defined for volume of the LSMO disc
- reference temperature of 20 °C defined for bottom area of Si bulk layer
- system is placed into the ideal environment — vacuum, where maximum heat up (ideal
heat up) is expected in the model

The first model was also created by Institute of Electrical Engineering, Slovak Academy of
Sciences, so it will be possible to check the calculated results with measured values.

Image 3 shows results of steady-state calculation — temperature distribution, for the
first model, Image 4 shows these results for the second model.

| cross- section

detall of LSMO

homogenized layer

LSMO_&: Au antenna .

single Si
Si0,

detail of cross-section
|

1 .9599 20.719 -438 22.1573 22.8765
20.3595 ?1,\1?-‘}6 21.7973 22.5169 23.2361

Image 8 — Temperature distribution of the steady-state simulation of the first model
| cross-section

M}”
/\<\A

homogenized layer

Au antenna

Si0,
single Si

—
19.9997 22.0991 24.1985 26.2979 28.3973
21.0494 23.1488 25.2482 27.3476 29.447

Image 9 — Temperature distribution of the steady-state simulation of the second model
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As it can be seen, thinner layers for mechanical support of the microbolometer
active part (the second model) ensure higher temperatures in LSMO disc itself under the
same thermal power conditions received from antenna.

It was also simulated the behavior of system as result of periodic heat power
loading. The transient calculation involved periodic square wave of the heat power with
maximum value of 1 mW and frequency of 20 Hz. The calculated results are shown in
Image 5, where insulated state (dashed line) and reference convection 100 Wm?K™,
tamp = 20 °C applied on top and bottom surfaces of the model (full line) are evaluated for
both models.
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Image 10 — Periodic power loading (square wave) of the bolometer — the first model on the left, the
second model on the right

As it can be seen, the convection effect ensures more stable value of the
amplitude of measured signal during active thermal power time interval and sufficiently
cools the system during zero thermal power time interval. This behavior is accentuated for
the second model where higher temperatures are achieved. It can be expected that higher
coefficient of convection ensures higher maximum operation frequencies of
microbolometer with lower amplitude of the output signal.

4 Conclusion

There were two different designs of the microbolometer layered structure
presented in this paper. Defined thermal power with specified THz frequency received by
antenna into the sensitive layer caused relatively small heat up of the system. This
change in temperature can by transformed into electrical signal by change of resistivity of
the LSMO sensing disc. This ensure direct measuring of the radiation signal. The model
with thinner mechanical layers has better sensitivity but the mechanical load capacity has
to be investigated further.
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Abstract: The paper is focused on thermal-hydraulic simulations of bundle of six fuel
assemblies of pressurized nuclear reactor VVER 440. All simulations were performed with
CFD code ANSYS CFX. The goal of the analyses is to investigate the influence of coolant
flow bypass on the mass flow distribution through individual fuel assemblies in the reactor
core and temperature field in coolant at the output of individual fuel assemblies.

Keywords: thermal-hydraulic simulation, pressurized nuclear reactor, VVER 440, ANSYS
CFX, fuel assembly bypass

1 Introduction

From nuclear reactor operational safety point of view, detailed knowledge of the
thermal-hydraulic processes in the individual fuel assemblies of the nuclear reactor is very
important. Modern computer simulation technigues, like finite volume method (Hirsch,
2007) or finite element method (Bathe, 2014), can be very useful in detail study of such
processes, because after verification and validation processes of computational fluid
dynamics (CFD) model, you can relatively easily change boundary and initial conditions,
or other input parameters of the model.

In our research, we focused on modeling and simulation of thermal-hydraulic
processes in bundle of fuel assemblies of nuclear reactor VVER 440, where the
distribution of temperature field in coolant is investigated. Investigated region is not only
individual fuel assemblies but also region between these assemblies, which is called fuel
assembly bypass. All CFD analyses were performed with ANSYS CFX software, which
computes basic thermo-hydraulic differential equations by finite volume method (Versteeg,
2007).

2 Geometry of model

The overall view on pressurized water nuclear reactor (PWR) of Russian type
VVER 440 is shown in Image 1. Reactor in this image is shown in vertical half-section,
where all internal reactor components are shown. The most important part of the reactor is
central part, where nuclear fuel is located - this part is called reactor core (darker
turquoise color in Image 1). The reactor core is composed of 312 fuel assemblies (FA)
and 37 safety and control rods (HRK), which are placed in core basket. Shape of the fuel
assembly with all fuel assembly components, like space grids, fuel rods and shroud, are
shown in Image 2. Top part of FA composition shown in this image is not component of
FA, but this part is an integral region of protecting tube’s block (lighter turquoise color in
Image 1). FA and HRK have a hexagonal outer shroud and the location of individual FAs
and HRKs in the reactor core is shown in Image 3. Between adjacent FAs" shrouds
located in the core basket, there is a small inner space. Through this space, in normal
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operational conditions, a small amount of coolant is flowing - this coolant bypasses FA.
This coolant flows in into the inter assembly space through 12 holes at the bottom of each
FA and it flows out through 12 holes at the top of each FA - Image 2 right. Through these
holes sharp pressure differences in the core basket are balanced in accidental conditions.

HI!‘I#

VVER 440

Image 12 — Shape of the fuel assembly with details of fuel assembly components

In Image 3, investigated region of 7 FAs is shown in detailed circle. Central FA
(green color in detailed circle) is modeled with all internal components, 6 surrounding FAs
(yellow color in detailed circle) are modeled with symmetric boundary conditions and
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geometry simplifications, i.e. only half of surrounding FAs are considered and inner space
between individual FAs is also modeled.

Image 13 — Reactor core and investigated region of 7 fuel assemblies

Created 3D CAD geometry model is used in mesh tool ANSYS ICEM CFD, where
discretization of investigated region was performed. Due to size and complexity of model
even with mentioned geometrical simplifications mainly in surrounding FAs it was
necessary to replace fuel spacer grids in surrounding FAs by porous material to shrink
mesh size because of computational software and hardware limitations - Image 4. Porous
material parameters were calculated to numerically represent pressure losses and velocity
changes in spacer grids [7]. Discretized model contains of over 126 million cells and over
132 million nodes (central FA itself has over 65 million cells).

porous material

Image 14 — Discretized region in central fuel assembly and surrounding fuel assembly

3 CFD simulation

Presented CFD analyses were focused on influence of surrounding FAs thermal
power on distribution of mass flow and coolant temperature in investigated central FAs.
Steady-state CFD analyses of central FA with surrounding FAs were performed with CFD
code ANSYS CFX with following conditions:

e coolant inlet temperature: all FAs 268 °C
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e coolant inlet mass flow: all FAs 24.37 kg/s
e coolant output pressure: all FAs 12.25 MPa
¢ nominal thermal power in individual fuel rods: see Image 5
e turbulent model: SST
e material parameters of coolant: water from IAPWS-IF97 library
Thermal power of surrounding FAs was considered in rage 70-110% of nominal

thermal power.
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Image 15 — Thermal power in central FA and surrounding FAs

The distribution of temperature field in coolant at the output of investigated region
for three different thermal power levels in surrounding FAs — 70, 100 and 110% of nominal
thermal power is shown in Image. 6.

Temperatye 70% 70% | 100% 100%| 110% 110%

311.25
302.50

29375
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Image 16 — Temperature distribution in coolant at the output region of FAs for different thermal
power of surrounding FAs

As we can see from this image, the flow of coolant from bypass (small inner space
between individual FAs shrouds) influences adjacent FAs, but the coolant temperature in
central FA is influenced by different thermal power of surrounding FAs only a little - see
Image 7 — different thermal power in surrounding FAs causes different coolant
temperature rise in bypass and different mass flow distribution between adjacent FAs.
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Image 17 — Average temperature dependence on thermal power of sFAs

4 Conclusion

The paper presents CFD modeling and simulation of coolant flow in fuel assembly
of nuclear reactor VVER 440. The discretized model of coolant geometry contains over
126 million cells. The influence of thermal power of surrounding fuel assemblies was
investigated. In the upper part of the central FA the coolant temperature distribution and
average coolant temperature (registered by the thermocouple) from prescribed thermal
power change of surrounding FAs shows only slight change. Great asset of this
calculation are the inner space coolant flow behavior and its parameters (i.e. bypass
parameters) such as coolant mass flow and coolant temperature on inlets and outlets for
central FA. Even with the mentioned uncertainties this CFD model gives great view on the
behavior of bypass flow between FAs. The CFD model could be improved and used for
future investigations in this field.
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STANOVENI KRITICKE VELIKOSTI KOROZNICH DULKU NA OBEZNYCH
LOPATKACH NiZKOTLAKYCH TELES

JAKUB MRSTIK

Vyzkumny zku$ebni ustav Plzen s.r.o., Tylova 1581/46, 30100 Plzen

Abstract: The paper is aimed on the assessment of the critical size of corrosion-
erosion pits on the moving steam turbine blades from the view point of the development of
fatigue failure. This critical size is evaluated using Kitagawa- Takahashi Diagrams.
Significant part of this article is focused on problems, which had to be overcome, when the
assessment is done in ANSYS Mechanical.

Keywords: corrosion pits, turbine blades, Kitagawa- Takahashi Diagrams

1 Uvod

Pfi havariich lopatek dochazi k nucenym prostojum tepelnych i jadernych
elektraren. Tyto prostoje maji velmi negativni dopad na hospodarnost jejich provozu.
PFicinou az 50 % vSech posSkozeni a havarii lopatek, disk( rotord a menSich soucasti
pratocné casti NT dilu je hlavné korozni praskani pod napétim a korozni Unava. Tato
poskozeni se obvykle rozvijeji z pocatecnich erozné-koroznich dualku.

Tyto problémy byly do nedavna povazovany za nahodny jev, ktery nelze
systematicky ovlivnit. Na zaklad& nového é&lenstvi CEZ a.s. v programu P65 v EPRI (od r.
2014) byl ziskan metodicky postup umoznujici vyhodnocovani rozvoje unavové trhliny
u obéznych lopatek nizkotlakych dild parnich turbin, kdy trhliny jsou iniciovany
z koroznich dulkd na povrchu lopatek. Zakladem pro posouzeni Kkritické velikosti
korozniho dulku je Kitagawuv- Takahashiho diagram dopinény El Haddadovou kfivkou
(KTHD diagram).

V této praci je stru¢né popsana konstrukce obé&znych lopatek, jejich statické a
dynamické namahani pfi provozu turbiny. Dale je uveden popis KTHD diagrmd a zplsob
stanoveni kritické velikosti koroznich dulkd. Znaéna €ast prace je vénovana problémuam,
které je nutné prekonat, pokud se kriticka velikost koroznich dulkd vyhodnocuje pfimo v
prostiedi ANSYS Mechanical.

2 Konstrukce lopatek

PFi provozu lopatek dochazi k jejich kmitani. S tim je spojené cyklické namahani,
které ma negativni dopad na Zivotnost lopatky.

Ve snaze sniZit amplitudu kmitani jsou lopatky konstruovany takovym zpusobem,
aby pfi provozu doslo ke svazani sousednich lopatek. Pfiklady takovych feSeni jsou
zobrazeny na obrazku 1 a obrazku 2.

Na obrazku 1 je lopatka opatfena tzv. tie-bossem (uprostied lopatky) a bandazi
(na konci lopatky). Pfi chodu turbiny zpusobi odstfediva sila rozkrouceni lopatky, ¢imz
dojde ke kontaktu sousednich lopatek. Tyto lopatky se pak vzajemné ovliviiuji a vysledné
kmitani je mensi.
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Obrazek 18 — Lopatka s tie-bossem (uprostfed lopatky) a bandazi (na konci lopatky).

Na obrazku 2 je zobrazen ponékud jednodussi zpusob, na konci lopatky je vazaci
drat, diky kterému jsou lopatky vzajemné provazany. V dalSim textu bude analyzovana
lopatka tohoto typu, postupy a zavéry v8ak Ize pouzit na libovolny typ lopatek.

Obrazek 19 — Lopatka s vazacim dratem.
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3 MKP vypocet

Jak bylo popsano v predchozi kapitole, jednotlivé lopatky jsou vzajemné
provazané a tudiz se pfi provozu ovliviuji. OvSem pocitat cely olopatkovany disk by bylo
Casové a vypocetné extrémné narocné. Nastésti lze vyuzit tzv. cyklické symetrie, ktera
umoznuje FfeSit pouze jednu lopatku.

Model lopatky je nutné nejprve upravit a roziezat tak, aby v modelu existovaly
plochy, které budou pfedstavovat sousedni lopatky. Tyto plochy pak budou svazany
pomoci podminek cyklické symetrie. Tyto podminky pFedepisuji, ze se vychylky na
zmifovanych plochach cyklicky opakuji po obvodu celého olopatkovaného disku.

PFi vypodtu je nutné stanovit statické a dynamické namahani lopatky. Stanoveni
statického namahani je pomérné snadné. Je zpusobené odstfedivymi silami rotujici
lopatky. PFi stanoveni dynamického namahani je nutné si uvédomit, ze olopatkovany disk
muze kmitat i jako celek. Ve vysledku pak tedy mohou vzniknout tzv. uzlové priméry, coz
jsou pfimky, na nichz je kmitani minimalni. Ukazka takovych uzlovych prumérd je na
obrazku 3.

Obrazek 20 — Vychylky olopatkovaného disky pro 0, 1, 2 a 3 uzlové prameéry.
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4 Kriticka velikost koroznich dulka — teorie

Pokud bude znamo statické a dynamické namahani lopatky, charakteristiky
pouzitého materialu a pfipadné dalSi dopliujici informace (tfeba tvar korozniho dulku), tak
je mozné stanovit kritickou velikost korozniho dilku. U dualkd, jejichz rozméry jsou vétsi
nez ona kriticka velikost, existuje riziko ristu trhliny, menSi dulky lze povazovat za
bezpecné.

Posouzeni koroznich dulku se déje na zakladé KTHD diagramu, jehoz pfiklad je
na obrazku 4. Obrazek byl pfevzaty z [2].

R=0.05
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Obrazek 21 — Priklad KTHD diagramu [2]

KTHD diagram obsahuje tfi linie: (1 mez unavy hladkého vzorku, (@ prahovy
soucinitel intenzity napéti AK,, (ty dohromady tvofi Kitagavovu-Takahashiho kfivku) a 3
El Haddadovu kfivku (vzorec pro tuto kfivku je uveden nize).

Kfivky jsou materidlovymi charakteristikami pro dany koeficient asymetrie
cyklického napéti R. KTHD diagram Ize rozdélit na tfi oblasti : A — nad a napravo od O a
(@) trhliny iniciované v dulku budou rast. B — pod (3) mohou trhliny v ddlcich iniciovat, ale

neporostou. C — mezi 1) a @ a(® je nejasna oblast, ve které se trhliny mohou (ale
nemusi) rozvijet.

Jako kriticka velikost korozniho dllku se uvazuje hodnota dana El Hadadovou
kfivkou. Pro stanoveni této kritické velikosti je potfeba provést nékolik kroku:

Krok 1: Se znamymi hodnotami rozkmitu cyklického zatézovani Ac a stfedniho napéti
o, se vypocte koeficient asymetrie cyklu

Ao

Tn =
R=—— M)

o+
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Krok 2: Pomoci Gerberova vztahu se urci pfipustna amplituda cyklického zatéZovani o,
pfi stfednim napéti o,,. Rozkmit pfipustného cyklického zatézovani pfi daném o, se
potom spocte jako Ao, =20, .

Gerber: o, = ae[l—(o-'“} } (2)
O-U

kde
o, je mez unavy pro R = -1.

o, Je mez pevnosti.

Krok 3: Je potfeba znat rozkmit prahové hodnoty faktoru intenzity napéti AK,, pro nékolik

hodnot R. Témito body se nasledné prolozi kfivka, kterda umozni stanovit hodnotu AK,
pro libovolnou hodnotu R.

AK,, =fce(R) 3)

Krok 4: Pro stanoveni kritické velikosti dlilku se pouzije El Hadadova kfivka, ktera je dana
vztahem

AK
Ao=———0 4
Y\/ﬁia0 +a) *)
kde

Y je geometricky faktor.
a je velikost dilku

a, je vztazna velikost dulku. Tato vztazna velikost dulku je dana vztahem

2
1( AK
ay="|_ " (5)
7\ YAo,
Velikost dulku, ktery leZi na EI Hadadové kfivce, ozna€ime jako kritickou velikost a, , tedy
AK
Ao=——"0 (6)
Y. /7@, +a,
z &ehoz plyne
1(AK,, Y 1A Y1 1
a, = — —n —q = & 2 2 (7)
m\YAo A Ao Ao,
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5 Kiriticka velikost koroznich dulka — uskali pfFi stanoveni

Kriticka velikost korozniho dilku byla zobrazovana v prostfedi ANSYS Mechanical
pomoci tzv. User Defined Results.

Byly pouzity dva pfistupy. Prvni z nich postupné provadél jednotlivé kroky, které
byly uvedeny v Casti 4. Pro zobrazeni vysledné hodnoty a. tedy bylo nutné nagenerovat

nékolik User Defined Results. Druhy pfistup spocival v tom, Zze se vSechny kroky z ¢asti 4
vyjadfi pomoci jednoho vyrazu, ktery se pak pouzije v User Defined Results. Pfi tomto
pristupu by tedy stacilo nagenerovat pouze jediny User Defined Result. Nutno podotknout,
ze zmifovany vyraz byl opravdu dlouhy. Vyjadfeni kfivky z rovnice (3) bylo pomérné
slozité a pravidla zadavani vyrazu v User Defined Results si vynutila Upravu vzorce (7) a
(2), takze se tam kfivka z rovnice (3) vyskytla vicekrat.

Vysledky z obou pfistupl jsou na obrazku 5. Na prvni pohled se muze zdat, ze
jsou obrazky stejné. Rozlozeni vysledkl vypada stejné, maximalni hodnota je také stejna.
Pro praktické pouziti jsou vSak podstatné minimalni hodnoty a zde se jiz oba pfistupy liSi!
Je to zfejmé na Skale a také na vysledné hodnoté v jednom konkétnim misté, viz
wvlajeCky“ s hodnotami. Ruénim vypocétem bylo zjiSténo, Ze spravna je hodnota z prvniho
pFistupu. PFiCiny rozdilu nebyly zkoumany. Mozna byl vyraz v druhém pfistupu pfilis
dlouhy, mozna hraly roli zaokrouhlovaci chyby, atp.

40,435 Max 1540.435 Max
5

1 1

0,1 0,1
0,085762 0,085763
0,071524 L 0,071527
0,057287 { 0,05729
0,043049 0,043054
0,028811 0,028817
0,014573 0,014581

0,00033532 Min 0,00034415 Min

4,0292e-004 7 4,1151e-004 A

Obrazek 22 — Kriticka velikost korozniho dulku [m] ur€ena postupnymi kroky (vlevo) a pomoci
jediného vyrazu (vpravo).
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DalSim problémem je barevna Skala. Rozdil maximalni a minimalni hodnoty je
velky a bohuzel nejdulezitéjSi jsou pravé minimalni hodnoty. Pro né bychom chtéli znat
rozlozeni kritické velikost korozniho dulku. | kdyz je teoreticky mozné nastavit hodnoty na
Skale libovolng&, barevné zobrazeni vSak jiz u extrémné malych hodnot neni schopné toto
nastaveni reflektovat. To je patrné i na obrazku 5, kdy v misté u ,vlajeCek® by méla byt
tmavé modra barva. Je tam vSak barva o jeden stupen svétlejsi.

Problém s barevnou Skalo byl vyfeSen tak, Ze se pomoci daldiho User Defined
Results omezily maximalni hodnoty na 10 mm. Pak jiz rozdil mezi maximalni a minimaini
hodnotou na Skale nebyl tak velky a barevné zobrazeni fungovalo dle ocekavani.

Vysledné rozlozeni kritické velikosti korozniho dulku je zobrazeno na obrazku 6.
Na rozdil od obrazku 5 jsou zde hodnoty vyneseny v milimetrech.

Obrazek 23 — Kriticka velikost korozniho dilku [mm]. Maximalni hodnoty byly omezeny na 10 mm.

Na obrazku 7 je vypis z okna Graphics Annotations, ze kterého je zfejmé, zZe
»vlajeCky“ na obrazcich 5 a 6 jsou skute¢né umistény na stejné pozici. Prvni dva fadky
maji jednotky [m], tfeti fadek je v jednotkach [mm].

Graphics Annotations

Type Value |Ur1it |L|:|cati|:|r1)( |L|:u:E|ti|:|r1"|'r |L|:|cati|:|nZ |
Result 4,0292e-004 33.855639 -29.034464 864.724915
Result 4,1151e-004 33.855639 -29.034464 864.724915
Result 0,40292 33.855639 -29.034464 864.724915

Obrazek 24 — Hodnoty a lokalizace ,vlajeCek” z obrazkl 5 a 6.

http://aum.svsfem.cz

49



25th SVSFEM ANSYS Users' Group Meeting and Conference 2017 SVS FEM s.r.0

6 Zavér

V této praci je stru¢né popsana konstrukce obéznych lopatek, jejich statické a
dynamické namahani pfi provozu turbiny. Je zminén postup, diky kterému je mozné
pocitat vzajemné vazané lopatky. Dale je uveden popis KTHD diagrami a zpusob
stanoveni kritické velikosti koroznich dulka.

PFfi vyhodnocovani kritické velikosti koroznich dulkd v prostfedi ANSYS
Mechanical je potfeba pfekonat nékolik problémd. V pfispévku je uveden zplsob jejich
fedeni.
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TRANSIENT COOLANT MIXING AND STRUCTURAL SIMULATION OF A SMALL-
LOCA EVENT IN A VVER-440 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
Ilkovi¢ova 3, 812 19 Bratislava

Abstract: This article describes a simulation methodology and process for Pressure
thermal shock events. Pressure thermal shock phenomenon within a reactor pressure
vessel is explained as a result of a small-break loss of coolant accident. The SB-LOCA
transient is modeled using a transient Thermo hydraulic CFD simulation. The resulting
transient temperature and pressure values are then transferred to a structural analysis,
where the loading state of the reactor pressure vessel is evaluated.

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

1 Introduction

The reactor pressure vessel is considered the most reliable component of
pressurised water reactors. The target of concurrent research is the extension of
operating life of existing power plants end their components. The condition of the reactor
pressure vessel is a major limiting factor for the operating life of a power plant. 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 and its elimination represents a
significant engineering challenge.

2 Pressure thermal shock phenomenon

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 a thermo-hydraulic transient
(Apanasevich, 2014). This makes it necessary to perform a time transient thermo-
hydraulic analysis to be able to capture the dynamic loading of the RPV in sufficient
quality. Given the unstable and non symmetrical nature of the coolant flow, the analysis
must also include a model without symmetrical reductions that describes the RPV and the
governing coolant flow characteristics within (Quang, Ferrara 2008).

3 Transient CFD Analysis

As described above, a transient thermo-hydraulic analysis is necessary to capture
the dynamic loading of the RPV during a Small LOCA event. The transient thermo-
hydraulic simulation was set up to calculate coolant flow and mixing in the fluid domain
and to calculate heat transfer at the RPV inner wall and the temperature field within its
solid domain.
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3.1 Computational model

The CFD model represents the fluid domain within the RPV and the solid domain
of the RPV itself. Although, the RPV and fluid layers directly in contact with it are modelled
in detail, internal structures and components have been significantly simplified. The larger
structural components (i.e. reactor shaft, core barrel, reactor bottom etc.) are not directly
modelled, only their shape is defined in the fluid domain. The structure of more complex
components (i.e. fuel assemblies, perforations of reactor shaft and bottom etc.) were
described as parameters of porous regions. The fully assembled model is shown in
Imagel.

Side View:

Hot legs(HL)

Cold legs(CL) Top View:

Loop 3 Loop 4

Loop 1 Loop 6
Image25— Fully assembled CFD model.

3.2 Analysis setup and Boundary conditions

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
pressure at the beginning of the simulation caused by a small break LOCA. Total
simulated time 1700s. Specific parameters of the SB-LOCA case:

- Initial condition is standard operating state

- Break of $20mm located in Loop 1 (outside of the modeled domains)

- All other Loops are considered undamaged

- Single HPI pump active on CL 2

- Main circulatory pumps and core shut down at t=0 s

- No phase change (water-steam) during event, no water level decrease in RPV

Boundary conditions were set up based on the specific case parameters and based on
data acquired from a system level thermo-hydraulic analysis:
- Onundamaged loops (e.g. 2,3,4,5,6) inlet mass flows on CL equal the outlet
mass flow on HL and are specified based on data
- CL1 defined as pressure inlet (provides pressure information and also
represents the leak), HL1 set up as mass flow from data
- Inlet temperatures on all CLs defined based on data
- Core remnant power defined from data
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Image2 shows the location of individual Boundary conditions.

HL4 CL4

CL6

Image2- Boundary condition locations.

3.3 Results of Transient CFD

The above described analysis was solved in Ansys CFX on a High performance
computing (HPC) cluster. The total solution time for the 1700s transient took 7days and 14
hours to solve. The final solution contains 270GBs of data. As such a large database

cannot be fully included in this article, the following figures represent some of the most
relevant data.
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Image3— Temperature distribution of RPV.

Image3 shows the overtime development and change in the temperature
distribution of the RPV wall inner surface. Fluid flow and mixing creates a strip cooling
effect, the RPV is cooled in a long thin strip under the nozzle. Results show that this strip
is also unstable and has a slight oscillation.
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Image4-- Averaged coolant temperature in Cold Legs
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Image 4 shows the overtime development of inlet coolant temperatures on all six
cold legs of the reactor. These inlet temperatures are given as parameters of the inlet
boundary condition. The individual data series copy their values from the source data,
which explains the discontinuous steps shown in Image 4.
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Image5-- Averaged coolant temperature in Hot Legs

Image 5 shows the overtime development of outlet coolant temperatures on all six
hot legs of the reactor. These outlet temperatures represent the coolant temperature as a
result of coolant mixing and heating within the reactor.

4 Structural Analysis

As shown in the previous chapter, coolant mixing during the SB-LOCA event
creates highly non-uniform tempereture fields within the reactor pressure vessel.
Therefore, a structural analysis is required to evaluate the severity of the loading forces
within the RPV. As the SB-LOCA transient is characterised by relatively slow pressure
and temperature changes compared to the dynamic properties of the RPV, the Structural
Analysis can be performed as a static structural problem.

4.1 Computational model

The structural model represents the volume and shape of the Reactor Pressure
Vessel. However, the RPV model contains some significant simplifications:

- Reactor Head and Closure Flange modelled as a single part together with the
RPV. The model omits the effects of bolt pretension and the friction between their contact
surfaces.

- The Austenitic cladding layer is not represented, it was modelled as if made from
the same Bulk material. No significant difference between the relevant Material properties
to merit the additional computational resources required to model the Austenitic layer.

- Material properties describing the 15Cr2MoV Steel, represent the properties of
the bulk material after RPV manufacturing. The material properties do not include the
effects of chemical and radiation exposure after long term operation. (These properties
were unavailable in sufficient detail)

- The model does not include weld lines or residual stresses from welding.
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- Reaction forces from pipelines are not included in the loading. The RPV is the
only "fixed" component in the primary circuit, other components in the individual coolant
loops (i.e. Steam Generators, Main coolant pumps etc.) are all mounted on flexible
supports to allow the free thermal expansion of pipelines. Therefore, their reaction forces
were considered negligible.

Because the model does not contain the whole primary circuit, only the RPV is
represented, multiple boundary conditions have to be applied to correctly support and
prevent the rigid movement of the RPV. Boundary conditions are shown in Image6.

Image6 - Boundary conditions and imported loads

Image 6 shows all the applied boundary conditions and imported loads for the
structural analysis:

A - RPV seating lip - Defined as Displacement BC where vertival DOF has been
set to zero

B - Outer surface of the RPV seating lip - Defined as Elastic Support, implemented
to prevent sideways rigid motion, but it allows thermal expansion without significant
interference. The elasticity represents the friction of the RPV seating surfaces.

C - Internal surfaces of RPV - Imported Pressure loads from the Transient Thermo
hydraulic analysis

D - RPV volume - Imported Temperature Distribution from Transient CFD analysis,
CHT solid domain RPV.

The static Structural analysis was set up with the above mentioned boundary
conditions and loads, where the loads were imported for a single time index of the
transient CFD results.The static structural analysis is used to calculate the state of the
RPV for a given loading time index, imported from the transient CFD results.

4.2 Results of Structural analysis

The structural analysis was performed for a chosen time index o t=206.947s. At
this time index HPI of cold coolant is already active and coolant mixing created stripe
cooling is at its beginning. Image 7 shows the imported temperature sdistribution for the
given time index, where the beginning of stripe cooling below CL2 is clearly wisible.
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Imported Bady Temperature Equivalent Elastic Strain Equivalent Stress

Tirme: L. s Type: Equivalent Elastic Strain Type: (von-Mises)

Unit: *C Unit: rmfrm Unit: MPa
297.692 Max 1.78e-3 Max 3416.76 Max
288,852 L58e-3 308.24
280,012 L.39%e-3 269,72
271172 L19e-3 2312
262,332 9.90e-4 192,68
253,493 T.092e-4 154.16
244,653 5.04e-4 115.64
235813 3.96e-4 17124
226,973 LOge-4 38,605
218.133 Min 4.75e-7 Min 0.085937 Min

Image? - Imported body temperature, Elastic strain, Equivalent stress on the internal
surface of RPV (Time= 206.947s; Viewpoint: Internal surface, axial view of Cold leg 2)

Image 7 also shows the calculated Elastic strain and Equivalent Strain for the
given loading state at time t=206.947, as is evident from these results, the highest stress
is located just below the cold leg nozzle. This local stress distribution is shown in greater
detail in Image 8.

Equivalent Stress
Type! Equivalent fvon-Mises) Stress

Unit; MPa
346.76 Max

30824
269.72
2312
192.68
154,16
115.64
1124
38.605
0.085937 Min

Image8 - Local equivalent stress distribution at CL2 inner wall surface

The highest stress region is located at CL2 with a value of 346.76 MPa. Although,
the calculated stress values are relatively high, it is still within the elastic region of the
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modelled material with a Yield Strenght of 395MPa at 350°C. However, all surfaces were
modelled as perfectly smooth, whereas surface irregularities or cracks could create stress
singularities.

5 Conclusion

As the results show the SB-LOCA event causes strip cooling of the RPV as
expected. However, the cooling strip was shown to be unstable and to oscillate over time.
This oscillation could result in cyclical loading of the RPV wall and its fractures (Wang,
Carta). Continued investigation into the cause of this instability and into its effects is
needed.

The high stress values calculated during the static structural analysis present an
incentive to perform a fracture mechanics study to determine the loading intensity of
possible initialisation fractures in the RPV. A transient structural analysis is also planned
as the continuation of this study with the aim of determining the frequencies and
amplitudes of the cyclic fracture loading to provide data for statistical fatigue analyses.
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ANALYZA VPLYVU TVAROV DEFEKTOV NA NAPATOST DREVENYCH NOSNIiKOV

OLGA IVANKOVA, JANKA KOVACIKOVA, DUSAN DROBNY

Katedra stavebnej mechaniky, SvF STU Bratislava
Samsung Electronics Slovakia, Galanta

Abstract: The main topic of this paper is finite element analysis of 4-point loaded glulam
beams which contain different types of flaws. There were modeled four types of beams.
First type was the beam without a flaw, second was the beam with a central crack in the
middle of span located at the bottom edge of the beam, third model of beams contained
also the central crack but this crack was located 20 mm above the edge and the last
model contained a hole in the middle of the span as simulation of a knot. These models
were performed and analyzed in ANSYS. Task was considered as two dimensional. There
were compared values of stress in different types of beam's models.

Keywords: gluam beams, flaws; stress analysis; Finite Element Method (FEM)

1 Uvod

Drevo je prirodny material, ktory obsahuje imperfekcie, no zarovehn je to jeden
Z najzaujimavejSich stavebnych materialov s mnozstvom pozitivnych vlastnosti. Mnozstvo
jeho pozitiv zatiefiuje jeho negativa, preto je dolezité o jeho spravani sa vediet ¢o najviac.
Ziaden iny stavebny material nema taky prinos pre Zivotné prostredie ako drevo. Nejedna
len o jeden z najpouzivanejSich stavebnych materialov, ale aj material, ktory je vdaka jeho
vlastnostiam mozné pouzivat aj v inych odvetviach. V su¢asnosti uzZ nemame len surové
drevo ziskané priamo zlesa, ale stretdvame sa aj s vysokokvalitnymi drevoplastmi,
vystuzenymi drevom, vysokokvalitne spracovanymi drevnymi surovinami, ato vdaka
efektivite, uzito€nosti, trvanlivosti a vlastnostiam tohto jedine¢ného materialu.

V poslednej dekade sa koncept takzvanych ,zelenych budov® dostal do popredia. Je to
pravdepodobne spdsobené tym, Ze ludia si uvedomuju enviromantalny potencial dreva
a jeho vyhody oproti inym stavebnym materialom. Hlavna myslienka zelenych budov je
zniZenie spotreby energie a k vystavbe pristupovat ekologicky, ato aj prostrednictvom
vyberu vhodného konstrukéného materidlu. Da sa tvrdit, Ze najvhodnej$i material pre
tento typ vystavby je drevo. Jedna sa o jediny stavebny material, ktory za predpokladu
staleho vysadzania, budeme mat dostupny stéle. (POZGAJ, A., CHOVANEC, D.,
KURJATKO, S., BABIAK, B., 1997), (Wood Handbook, 2010).

V tomto prispevku sme sa zamerali na rieSenie lepenych drevenych nosnikov aj
s chybami, ktoré mézu v realite obsahovat. Je sice pravda, Ze drevo ma mnozstvo vyhod,
ale vieme povedat, Ze nikdy nebudeme schopny surové drevo vyprodukovat bez
imperfekcii. Pre tieto a mnoho inych dévodov je potrebné zaoberat’ sa problémami, ktoré
tieto nedokonalosti spésobuju, ako vplyvaju na jeho vlastnosti a spravanie sa. Kedy je
imperfekcia este prijatelna a kedy uz nie. Preto si v tomto prispevku kladieme otazku, ako
ovplyvni tvar defektu velkost napati v okoli defektu. (HALLER, P., GUSTAFSSON, P.J,
1998.), (AICHER, S., 1996).

2 Modelovanie drevenych nosnikov

V prispevku sme sa zamerali na analyzu vplyvu tvaru defektu na velkost napati na
nosniku. Ide o 2-D ulohu rieSenu v programe ANSYS. Konkrétne sa jedna o 4-bodovo
zatazené nosniky. Prvy model je nosnik bez trhliny, druhy model je nosnik s trhlinou
v strede rozpétia, ktora bola umiestnena na spodnej hrane, treti obsahuje trhlinu v strede
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nosnika, ktora je posunutd od spodného okraja 020 mm a posledny nosnik ma
namodelovany kruhovy otvor v strede nosnika ako simulaciu hrée. Presna geometria
modelov je uvedena na Obr. 1.

125 - 250 {,/’/’9596 1 \\ \\j~\ ’ X
.......... Aol T
’ ; 3 L @20,
: W E] = § =0
| [t = =
..........
a) b) ) d)

Obr. 1. Geometria rieSenych nosnikov:
a) model bez defektu; b) model s trhlinou v strede rozpatia na spodnom okraji; ¢) model s trhlinou
v strede rozpatia; d) model s kruhovym otvorom v strede rozpéatia

Material nosnikov je drevo. UvazZovali sme 12 materidlovych charakteristik, ktoré
su v Tab.1. Jedna sa o ich Statistické hodnoty, ktoré su uvedené v tabulkach podfa triedy
dreva. KedZe ide o lepené lamelované nosniky, mézeme im pripisat trasvenzalno-
axialalnu anizotropiu. O takychto nosnikoch méZeme hovorit, Z2e sa spravaju prie¢ne
izotropne, nakolko v smere osi x avsmere osi y (kolmo na vlakna, v naSom pripade
Zax), su ich mechanické vlastnosti takmer rovnaké (POZGAJ, A., CHOVANEC, D.,
KURJATKO, S., BABIAK, B., 1997). A z tohto dévodu, aj v naSom pripade plati:

Preto bola uloha mohla byt rieSena ako 2-D.

Tab.1. Uvazované mechanické vlastnosti dreva

Moduly pruznosti Poisonovo Cislo Moduly pruznosti v Smyku
Ex Ey E, Vxy=Vyx Vyz=Vzy Vix=Vxz ny Gyz Gy
[MPa] | [MPa] | [MPa] [] [-] [] [MPa] | [MPa] | [MPa]
11600 539 539 0,5 0,5 0,02 532 59 532

VSetky rieSené nosniky boli modelované v programe ANSYS. Na vytvorenie
modelu boli pouzité 2-D elementy PLANE183, ktoré maju 6 alebo 8 uzlov, priCom
umoziuju Stvrtinovy posun strednych bodov. Vdaka ich vlastnostiam su vhodné na
rieSenie nasho problému (ANSYS Inc.).

L
® K
KL o @
@ ®
@
|
@ ! pegs dJ !
gEnerate
) Y frlangle @ o
or axlaly KEYORT(11=0 KEYOPT{1) =1
X (o radial)

Obr.2 Element PLANE 183
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3 Napatost’ v miestach defektu a jej analyza

Simulaciou nosnikov v programe ANSYS sme ziskali vysledky napati na
nosnikoch av prislusnych rezoch, ktoré boli zvolené tak, aby sme zistili napatia
v miestach defektu. K tymto vysledkom patria aj priebehy napéti oy, ktoré su uvedené na
obrazku 3, pre vsetky rieSené pripady. Ide o napatia vreze 1 (pozri Obr. 1). Dalej su
uvedené priebehy napéti oy. (Obr. 4). Na Obr. 5a je porovnanie napati oy v strede rozpatia
nosnika a tiez napatia o, (Obr. 5b) v tom istom priereze.

0.:44—

h (m)

—— Model 1
—— Model 2
0.2 4
Model 3
0.16 = Model 4
0.12 -
0.08 -
0.04 T----- Ao
T 0 T T , Sigma (kPa)
-20000 0 20000 40000 60000
a) o
0.44 h (m)
0.4
0.36
0.32
=== Model 1
= Meodel 2
Model 3
—— Model 4
T T 0 T T T , Sigma (kPa)
-1.00E+03 -5.00E+02 0.00E+00 5.00E+02 1.00E+03 1.50E+03 2.00E+03
b) oy

Obr. 5. Porovnanie napéti o, a o, pre vSetky varianty modelov v reze podia Obr.1
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a) Model nosnika

b) s trhlinou pri spodnom okraiji c) s trhlinou v nosniku d) s kruhovym otvorom v nosniku
Obr.6 Priebeh napati g,. v okoli defektu

4 Diskusia

Napatie vreze 1 na Obr. 3a, 4a je priblizne rovnaké ako podla technickej tedrie
pruznosti. Hodnota napatia o0,.=12,6 Mpa (Obr.3a), vtomto pripade zodpoveda
skutoénosti. Co sa tyka napati kolmych na vlakna (Obr. 4a), tieto st velmi malé, mali by
byt nulové, ¢o vyplyva zo symetrie ulohy. Nepresnosti vreze vznikli tvorbou siete.
Mézeme skonstatovat, ze pre nosnik bez defektu sme dostali vysledky ktoré zodpovedaju
skutoCnosti.

Vysledkom pre druhy model, ktorému sme sa v prispevku venovali, teda nosnik
s trhlinou v strede rozpatia na okraji nosnika, sa budeme venovat v tomto odseku. Trhlina
bola namodelovana v strede nosnika, bola dlha 20mm a Siroka 10 mm. Na Obr. 3b su
uvedené hodnoty napétia v smere rovnobeznom s vlaknami ich priebeh a hodnoty
vyzeraju logicky a mohli by odpovedat realite. Problém, ndam ale vznika na hornom okraiji,
kde by podla skuto¢nosti mala byt jeho hodnota nulova, v zmysle okrajovej podmienky.
Nam, ale vychadza tlakova hodnota. Jedna sa o numerickd nepresnost’ pri tvorbe sieti.
Rovnako priebehy napati o, (Obr. 4b) vyzeraju logicky.

Dalej si rozoberieme vysledky pre treti variant nosnikov. Tento model mal trhlinu
umiestnenu v strede rozpatia, ale tato bola posunuta 20 mm od okraje vySSie. Trhlina
mala dizku 20mm a $irku 10mm (problém napr. nezlepenim dvoch lamiel). Priebeh
a hodnoty napati mézu zodpovedat realite (Obr. 3c, 4c).

Pre nosnik s kruhovym otvorom v strede rozpatia, ktory mal priemer 20 mm a bol
od spodného okraja posunuty tiez o 20mm, mdzeme konstatovat podobné zavery ako pre
predchadzajuce pripady. A teda, Ze vysledky, ktoré sme ziskali zodpovedaju realite a su
logické (Obr. 3d, 4d). Jediné ¢omu musime venovat v buducnosti vacsiu pozornost je
rozdiel medzi napatiami pri hornom a dolnom okraji otvoru (Obr. 3d, 4d). Je to
pravdepodobne désledok tvorby siete kone¢nych prvkov .

Na Obr. 5a je porovnanie napati oy v strede rozpatia nosnika a tiez napatia oy
(Obr. 5b) v tom istom priereze. Z grafov na obrazkoch jasne vyplyva, Zze najnebezpecnejsi
defekt pre ohybovo namahané nosniky je trhlina na okraji nosnika v strede jeho rozpatia.
Dalej je to trhlina posunutad o 20 mm a nosnik s kruhovym otvorom v strede rozpatia. Tato
postupnost potvrdzuje nas predpoklad. Po aplikacii zataZenia na nosnik s trhlinou na
okraji, tato sa okamzite zalne roztvarat v najnepriaznivejSom mieste, v mieste
maximalnych hodndét ohybu. Teda ni€ jej nebrani v jej Sireni a tento model je teda
najnebezpecénejsi, Co sa tyka rychlosti Sirenia sa trhliny a kolapsu konstrukcie. Napatia sa
koncentruju v koreni trhliny, o spdsobi jej rychle Sirenie. Pre nosniky s trhlinou posunutou
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od 20 mm od okraja plati, ze SpiCkové napatia sa koncentruju v spodnom aj hornom
koreni trhliny, a teda si energiu, ktora tam vznika rozdeluju. Preto su napatia aj rychlost
Sirenia trhliny menSie ako v predchadzajucom pripade. Posledny pripad, kruhovy otvor
v nosniku, ukazuje vyhodu tohto tvaru defektu. V okoli kruhového otvoru dochadza
k prerozdeleniu napatia po jeho okraji s koncentraciami na hornom aj spodnom okraji, ale
otvor po stranach je namahany viac tahovo a velkosti tlakovych napati su menSie ako
v predchadzajucich pripadoch.

Na dokreslenie predstavy na Obr.6 je vykresleny priebeh napéati oy. v okoli
poruchy, ato: Obr. 6b s trhlinou pri spodnom okraji, Obr. 6c s trhlinou v nosniku, Obr. 6d
s kruhovym otvorom v nosniku.

5 Modelovanie nosnikov s vystuznymi uhlikovymi viaknami

Pri rieSeni uloh drevenych lepenych nosnikov sme sa venovali aj modelovaniu
drevenych lepenych nosnikov s uhlikovymi vlaknami. Model nosnika bol namodelovany
ako 3D-uloha priestorovym variantom MKP v programe Ansys. Axonometria a pohlad na
model so zatazenim a okrajovymi podmienkami (podporami) je na Obr.7. Uvazovali sme
12 materialovych charakteristik, ktoré su uvedené v Tab.1.

Tato numericka priestorova analyza nam posluzila na parametrickd Studiu
materidlovych charakteristik a pre pripravu experimentov na nosnikoch v laboratoriu.

b) Pohlad na nosnik
Obr.7 Model nosnika v programe Ansys

@ M op
N \
I KL “u
i z
Element coordnate M Prism ption
system (shown for
KEYOPT(#)=1) MHNOP
|
““““ K KL Y
J KL
Tetranedral Option -
z o Temeom ;W =1,
Surface Coordinate System - TV J
. ¥ x Y Trangutar Option
Obr.8 Element SOLID 45 Obr.9 Element SHEEL 43

Pri tvorbe modelu pre priestorovu analyzu boli pouZité:
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+ pre drevené lepené nosniky: elementy typu SOLID 45 (Obr.7)
+ pre uhlikové lamely: elementy typu SHEEL 43 (Obr.8)

Pre nastavenie experimentalnych zariadeni nam posluzili najma hodnoty a priebehy
napati g, napr. v rezoch, ktoré su v strede na nosniku:

+ bezlamiel (Obr. 10)
+ s lamelou pri spodnom okraji (Obr. 11)

PLCOT NO.

FLCT MO,

Obr.11 Priebeh napatia o, v reze v strede pre nosnik lamelou pri spodnom okraji
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Na Obr. 12 je skuSobné zariadenie s lamelovym nosnikom. Nosniky boli zatazené az
do porusenia. Na Obr.13 je typické porusenie lepeného nosnika.

‘L\a;
l\

|| [pei B

Obr.13 Typické porusenie lepeného lamelové nosnika

6 Zaver

Zaverom mbzeme konStatovat, Zze naSe predpoklady numerickej analyzy sa
naplnili, ale potrebné je venovat pozornost tvorbe a rozdeleniu siete kone€nych prvkov
v okoli defektov. Zvazit' aj iné typy defektov, geometrie nosnikov a venovat sa aj inym
inym sp6sobom modelovania.
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PROBABILISTIC ANALYSIS OF THE MACHINE VIBRATION IMPACT TO THE
STRUCTURE SAFETY AND HUMAN COMFORT BASED ON EXPERIMENTAL
MEASUREMENTS

JURAJ KRALIK, JURAJ KRALIK, JR.

Abstract: This paper describes the sensitivity analysis of concrete frame and paper
machine interaction. The influences of the paper machine vibration after innovation of
technology was monitored experimentally. On the base of the experimental results the
calculation FEM model was verified. The dynamic response of the frame structure was
calculated for harmonic vibration used the measured seismic load from the performance
of technology. The uncertainties of the loads level, the material properties and other
influences following the inaccuracy of the calculated model and numerical methods were
taken into account in the RSM method. The relation between input and output data is
defined by approximation function. The impact of the paper machine vibrations to the
structure safety and human comfort are considered.

Keywords: ANSYS, Machine Vibration, Probability, Safety, Human Comfort, FEM, RSM.

1 Introduction

The paper presents solutions of the problems that have arisen after installing a
new technology of a higher-end paper machine into the original factory building. After the
start of the operation, there were problems with the interaction of the machine with the
load-bearing structure, which threatened both the load-bearing structure and the impact
on the human comfort of the person working in the hall.

ey iz —.n

-

Image 26 — The older building of the production hall of SCP RuZzomberok

Due to the problems of interaction between the paper machine and the existing
industrial hall structure, it was necessary to experimentally measure these effects and to
modified a computational model and analyse the effect of interaction on the structures and
human comfort of the workers, and to propose of the reconstruction of the existing
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structure or design of dampers to maximally eliminate the effects of machine and structure
interaction.

On base of the problems with the paper machine and hall structure interaction, it
was necessary to analyse the effect of the dynamic interaction by the experimental
measurements of the vibrations of the stool-technology-hall system in order to eliminate
the adverse resonant effects of the proposed technology on the hall structure. The
reconstruction work involved the exchange of part of the technology in the screen, winding
and upstream part of the machine. The design solution has been implemented in such a
way that the frame itself under the paper machine stand is not separated from the
building's structure, thus rendering the dynamic effects of the technology impractical to the
structure.

+16.550

PODHLAD

o4 .,
b2

«+

Image 2 — The section of the hall frame

The supporting structure of the hall consists of a reinforced concrete frame with a
masonry walls. The individual floors of one hall section are reinforced with monolithic
concrete plates with grid beams. The section of the reinforced concrete columns is
45/70cm, the frame modulus is 9-4.5-4.5-6 m in frame plane and 6m in perpendicular
direction. The machine is placed at level 5.65m. The bottom/top levels of the columns are
at -0.25/18.23m.

The following experimental and numerical analyses were carried out on the basis
of the need to review the concept of construction work on the given object:

e Experimental testing and evaluation of the dynamic interaction of the interaction
system in all holding states of the paper machine,

e Numerical Analysis of the Problem of Interaction with the Present State Given
Designed Machine Parameters.

As part of the experimental work, it was about mapping the entire reinforced
concrete structure of the building in terms of determining vibration levels at individual
points at 3 to 4 different speeds of paper movement under existing technology. By linear
extrapolation of the obtained experimental results, the characteristics for the projected
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paper movement (up to 700m / min) were determined. The coincidence of the drive and
resonant frequencies of the projected paper speed increase was determined.

As part of the numerical analysis, it was necessary to make a complete dynamic
calculation of the spatial system, a modal analysis considering the interaction of the
substructure-construction-technology. The input data used (physical characteristics of the
supporting structure and soils, frequency characteristics of the technology ...) were
obtained experimentally.

2 Design criteria of the structure reliability and human comfort

From the point of view of the Eurocodes Recommendations (EN1990,2002,
Handbook 2, 2005, Kralik, J., 2009) and national standards (STN 730031, 1988, STN
730036, 1997, STN ISO 2631 -1 and 2 ,1999), the designer has to assess the effects of
machine vibrations on the following effects:

e Impact of machine vibrations on building construction

¢ Influence of vibrations on man and on operation (mechanical, acoustic and optical)

e Impact of Machine Vibration on Machinery (manufacturer's recommendations and
limitations)

Based on the assessment of all impacts, the following criteria [6] are required:

o Criteria for the limit state of load-bearing capacity and usability of structures (ENV
1990)

e Physiological criteria (1ISO2631-1, 2)

e Operational performance criteria (manufacturer's requirements)

In STN 730036, the categorization of structures in terms of criteria for the 1st limit
state is made on the basis of values of effective oscillation velocity depending on the
resistance class and the significance of the object. Reinforced concrete structures of
industrial buildings are classified in the resistance class E and the significance class Il
(Table 1).

Table 3 Classification of response according to the effective vibration velocity STN 730036

Effective vibration velocity [mms™]

Class of Class of the object significance (STN 73 0031) For all classes

the object U [ [ I

resistance No Yes No Yes No Yes No Yes | Failure 5%

Required[Required|Required[Required|Required[Required|Required[Required start Failure

A 0.2 0.6 0.6 1.8 0.8 2.2 12 3.6 4.5 7.0
B 0.4 1.6 1.0 3.6 14 4.0 2.0 6.0 9.0 14
C 0.95 3.8 1.8 5.0 24 6.8 3.0 9.0 25 50
D 1.1 4.5 24 7.0 2.8 9.0 4.0 12.0 40 80
E 1.6 5.0 3.0 10.0 4.0 15.0 6.0 20 60 100
F 2.0 7.0 4.0 14.0 6.0 17.0 8.0 25 70 120

Table 2 Range of the correlation factors of the vibration influence to the human (1ISO2631-1, 2)

Continual and Temporary
Locality Time discontinual vibrations? vibration
Critical work spaces, operation Day 2)3)
- . 1 1
hales, special laboratory Night
Residential room Day 2t0 47 30 t0 90”7
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Night 1,4 1,4to 20
. Day 6) 8)
Office Night 4 60 to 128
8) Day 8) 10) 8) 10)
Workshop Night 8 90 to 128

The vibration of the structures can affect to the human comfort on dependency on
the intensity and frequency. The long-time and the repeated vibrations in the buildings can
influenced to the quality of the human live.

The requirements of the design of the human comfort and its protection are
defined in the standards STN ISO 2631-1 and 2. The standards define the criterions of the
human comforts from the point of the interrupted and common vibrations.
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Image 3 — The nomogram with the limit values of the peak and effective velocity (ISO 2631-1, 2)

The criterions of the quality of the vibration influences to the human comfort are
not defined only in dependency on the intensity of vibrations but from the point of view of
the functionality of the building rooms and the frequency and the time period of the
vibration action to the human. The range of the correlation factors of the vibration
influence to the human are described in the table 2. The type of the diagrams defined in
the table 2 is used to the design of the influence the vibrations on human comfort (ISO
2631-1, 2).

3 Experimental modal analysis

In order to check the dynamic properties of the structure, it was necessary to
measure the vibration response in the critical places (Drzik, M. et al., 1993). A measuring
system was used, the basic element of which was the piezoelectric accelerometer KD 35
and KD 22. Their signal was led to the integrating RFT 00OLS amplifier and after
amplification to both the Tesla EMM 140 and the TRACE 860SA digital oscilloscope. Both
devices enable signal recording, analogue tape recorder, digital oscilloscope. Signal
processing was performed on the PC AT 486, where the records were transferred via the
RS 232C interface (the oscilloscope simultaneously as an A/D converter). For the analysis
of the data obtained, special software was used, which allows the evaluation of frequency
spectra, spectral power density, signal integration and derivation, digital filtration and
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smoothing of the signal. Vibration acceleration rates and values were measured at five
locations (Drzik, M. et al. 1993):

on the main beam by the operator at the same site but

on the outside of the building

on the floor in the center of the monolithic slab

on the operator's side

on the floor at the control floor

on the floor

on the drive side where the highest vibration level was measured

From the number of vibration spectra evaluated, it was possible to see the different
frequencies of individual frequencies from place to location. By processing multiple
records, it was possible to identify the dominant custom frequencies of the building
structure (Image 4).

EE .08
1.6
|
a
I : et :

-1.6 : , Lo R = [ 4

-3.2
-] 6 12 18 249 = : ] 2.5 5 ?7.5 18 Hz
a) Accelerastions at floor in time b) Acceleration spectrum at floor

Image 4 — Evaluation of the experimental acceleration record on the bottom of cylinder drive motor
(Drzik, M. et al., 1993)

4 Numerical analysis

Within the numerical analysis of the soil-structure-technology interaction system, it
was necessary to prove that the stool under the paper machine meets the criteria set by
the manufacturer and, on the other hand, the load-bearing structure is capable of
transferring the dynamic load caused by the technology.

The dynamic calculation of the system consisted of:
¢ modal analysis
¢ dynamic analysis of the response to harmonic oscillation

Mi+Cu+Ku=F 1)

where M, C, K are the mass, damping and stiffness matrices, U,Uand u are vectors of
nodal acceleration, velocities and displacements. In the case of harmonic exciting forces,

we express the vector of the displacements and excitation forces as follows

u=u, +iue™ and F=F +iF.e“ 2

where (or) is the real (or imaginary) component of the vector of displacements and (or) is
the real (or imaginary) component of the excitation vector of forces. After we put
relationships (2) into (1) we get dynamic equations (1) in the form of complex equations
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Image 4 — Calculation model of the original and reinforced construction - Fram1, 2 and Fram3

The spatial discretization of the structure was performed by the one-dimensional
elements LINK8 and BEAM4 and two-dimensional shell elements SHELL43. Three
calculation models were constructed - Framl, Fram2 and Fram3 (Fig. 3). The Framl
model responds to the original design and original load, Fram2 original design and new
load, and Fram3 reinforced construction and new load. The total calculation model
consists of 686 nodes and 1216 elements with six degrees of freedom. The pillars are
stored on the base feet and

The pillars are laid on the foundation feet and those on the subsoil consisting of a
gravel with a velocity of shear waves vs = 700 m / s. The foundation feet were modeled by
the LINK8 weave elements, whose rigidity and damping characteristics were determined
by (Gazetas,G.,1991) (see table 1), where p is the specific gravity of the soil, B, L are
ground plan dimensions of the base foot, Bx, Bz , By are coefficients dependent on the
shape of the foot according to Richart (Richart, et al., 1970) (see tab.3).

Table 3 The stiffness and dampig characteristic of the foundation base (Richart, et al., 1970)

Direction Stiffness Damping
Horizontal k, = 2(1+v)GB,BL ¢, = 0576k R\/p/G
Vertical =

K, = G B./BL ¢, =085k, R/ p/G

1-v

Rotation G 0.3

k, =——f,BL’ c, =——Kk, Ryp/G

4 1—V'B"’ ¥ 1+B, " Pl

Torsional

k =16GR°/3, R=4BL(B?+L?)/6x

c, =\/H/[1+2|k/(p5R)]

Due to the significant influence of the stiffness of the soil on the dynamic
characteristics of the structure of the building (Bachman et al., 1997, Kralik, J. Kralik, J.jr.,
2006, 2009, Kralik, J., 2010, Makovicka, D., 1980), it is advisable to consider three low-
medium-high values, based on the median value and the values of the lower and upper
quantum, assuming the normal distribution (Rosovsky, D. V., 1999, ). The upper and
lower kp k for normal distribution of the stiffness of the soil are expressed in the form
(Handbook 2, 2005):

k, =k,.(1xu, k,)
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where k; is the quotient of the stiffness of the subsoil (for probability p = 0.05 and p =
0.95), k., is the mean stiffness of the subsaoil, k,, is the value of the soil stiffness variation
(kw = k at s’lkm), u, is the normalized value of the quotient, quantity. If you consider 24% of
the standard deviation and the normal distribution, it is a factor of 0.6 / 1 / 1.4 (Low /
Medium / High).

The influence of soil stiffness on the frequency characteristics of the structure is
shown in Table 4. Modal analysis was performed using the Lanczos iteration method
based on Cholean method of factorization of mass and stiffness matrix. The flow of the
shape shapes for two of the critical frequencies can be seen in Image 4.

Table 4 Some of the decisive shapes of construction

Model Mode in direct. X Mode in direct. Y Mode in direct. Z
Structure Soil type | Frequen. | Proport | Frequen. | Proport Frequen. Proport
[HZ] mass [%] [HZ] mass [%0] [HZ] mass [%]

Framl, 2 L 1.03 58.51 1.04 58.35 5.05 44.82

M 1.07 23.68 1.05 57.58 5.82 88.29

H 1.09 58.50 1.06 57.34 6.20 49.56

Fram3 L 3.95 55.01 4.24 41.81 6.14 46.10

M 1.28 34.50 521 29.32 6.60 60.61

H 1.29 33.54 1.21 26.85 10.35 33.34

*) Note - L / M/ H- lower / middle / upper stiffness of the soil

By comparing the values of the deciding intrinsic frequencies of the structure, it
can be seen that the rigidity of the soil significantly affects the values of the frequencies in
the horizontal direction. There is a jump of decisive frequencies at the low and medium
stiffness of the soil. It should be noted that the other frequencies are closer to frequencies
than to the original design.

DISPLACENMENT ANSYS 12.0.1
STEP=1

ENSYS 12.0.1

1. Ram haly SCP Ruzorberok * Povodny stav # Mode X 1. Ram haly SCP Rugzomberok # Fovodny stav % Mode ¥

a) The decisive shape of oscillation in the X direction b) The decisive shape of oscillation in the Y direction
Image 4 - Running of custom design shapes on the original structure

At a paper speed of 450m/min, the rotation speed of the 1.6Hz drying rollers is a
state that has existed for 10 years and does not resonate (Drzik, M. et al. 1993).
Increasing the speed of paper movement to 700m/min represents an increase in the
rotation speed of cylinders to 2.5Hz. In the range of 1.6 - 2.5 Hz, we find our own
frequencies, which have a small share in the total effective weight of the system. We have
dealt with the direct method of solving the complex equations of the harmonic load by the
oscillation of the paper machine.
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5 Loads and load combinations

The load and load combination in the case of deterministic as well as probable
assessment of the limit state of load capacity and usability of the structure are considered
according to STN ENV 1991-1 (Handbook 2, 2005) as follows:

A) Deterministic combinations

Z?’Gj.inkaj.inf + 7’Q.1Qk.1 and Z?’Gj.squkj.sup +7’Q.1Qk.1 (5)

=1 j>1

B) Probabilistic combinations

Z gvaerj + qvaer (6)

i>1

where Gy is the characteristic value of constant loads (for the adverse effect G+ and the
beneficial effect of Gyisuw), Qi1 - the characteristic value of the predominant variable load,
Ysj - the partial coefficient for constant load, Yq: - the partial coefficient for variable load 1,
Ovar » Quar - Variable coefficients in the form of a standard histogram. The partial coefficient

values in relations (5) and (6) are considered for the limit state of capacity and usability as
follows (Handbook 2, 2005):

e limit state of load capacity (Yg;jint = 0,9; Ygjsup = 1,1; Yo1 = 1,5)
e limit state of usability (Ygjint= 1,0; Yojsup = 1.0; Yo1 = 1.0)

6 Uncertainties of input parameters

In a probabilistic approach, the interaction effect of the structure with the subsoil
can be demonstrated by the sensitivity analysis of the influence of the variability of the
properties of the soil on the output quantities (Handbook 2, 2005, Kralik, J. Kralik, J.jr.,
2006, 2009, Kralik, J., 2009, 2010, Sykora, M. Holicky, M., 2013). The variability of the
vertical stiffness of the soil (Table 5) is defined by the characteristic k. stiffness obtained
from the in situ measurements and the variable coefficient of k4

Table 5 Probability model of input parameters

Type Quantities Charact. | Variabil. | Histogram | Mean | Deviation | Min. | Max.
values | paramet. values 5% 95%

Soil Stiffness K, Ky var Normal 1 0,240 0,605 | 1,395
Material |Modulus Ex Byar Lognormal 1 0,050 0,919 | 1,084
Load Dead Gy Ovar Normal 1 0,100 0,835 | 1,164
Live Q« Ovar Gama 1 0,350 0,161 | 1,267
Amplitude Fy foar Lognormal 1 0,100 0,844 | 1,172
Frequency Fry froar Normal 1 0,100 0,835 | 1,164

Model | Action O Tevar Normal 1 0,050 0,918 | 1,082
Resistance Or Tryar Normal 1 0,050 0,918 | 1,082

The stiffness of the structure is determined by the characteristic value of the
Young's Ex module and the coefficient of variability e,,. The load is characterized by the
values Gy, Fy, Fx and variable factors gya, fuar and fr.,, (tab.5). The uncertainty of the
computational model is considered by the variable model coefficients and the variable
coefficient of load effect for Gaussian normal distribution. The probability analysis was
performed under the ANSYS system by the approximate RSM method using using the
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CCD (Kralik, J., 2009) experimental design method for 79 simulations. From the results of
the probabilistic analysis models "Fram1" and "Fram2" show that the dominant frequency
is changing in the direction X (from 0,83 Hz in 1,41 HZz), Y (from 0,83 Hz to 1,37 Hz) and Z
(from 4,19 HZ-7,48 Hz). From the results of the probabilistic analysis models "Fram1" and
"Fram2" show that the dominant frequency is changing in the direction X (from 0,83 Hz in
1,41 Hz), Y (since In the case of paved construction of "Fram3" is the dominant frequency
of the change in the direction of X (from 1,02 HZ-1,68 Hz), Y (3,86 Hz to 6,63 Hz) and Z
(from 4,99 Hz to 8,35 Hz). These ranges of frequencies can have a significant impact on
the response of harmonic oscillation the paper machine.

7 Sensitivity analysis

Sensitivity analysis of the impact of the variability of the input parameters on the
reliability of the structure depends on the statistical independence between the input and
output parameters (Kralik, J., 2009). Correlation matrix of coefficients of input and output
parameters is defined according to the Spearmana in the forme

> (RR)(EE)

Iy = ——1L (7)

n

\/an(Riﬁ)z \/Z(EiE)Z

i=1 i=1

where E; are the input parameters, R; are the output parameters are the averages of the
parameters E; and R;. The results of the citlivostnej analysis of the vertical shift of the base
of the compressor (Image 5), normal forces and bending moments (Image 5) on the
variability of the input parameters are presented graphically. Variability in the intensity and
acceleration of the machine and the stiffness of the sub-soil are important for the
movement of the base of the machine and thus also the structure. Sensitivity analysis give
the designer important information on the impact of uncertainties of input parameters
(loads, material, model) for the optimal design of the structure.
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Image 5 - Sensitivity analysis of the impact of the variability of the input parameters on the horizontal
and vertical displacement

The sensitivity of the horizontal and vertical shift of the model construction "Fram2"
on the variability of the input parameters is shown in Image 5. For the displayed charts,
see that the horizontal displacements are sensitive to the change of the permanent load
and the stiffness of the ground and vertical shifts also to the variability of the frequencies
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of revolutions of the machine. The sensitivity of the horizontal and vertical shift of the
model construction "Fram2" depending on the budiacich the speed of the machine in
normal operation is seen on Image 6. Points (blue) show the results from individual
simulations and the curve (red) represents the curve trend of the displayed quantities. The
horizontal displacements reach the peak in the course of oscillation in frequencies
between 4 and 14Hz. Vertical displacements reach the extremes between 2 and 8Hz. The
graph in Image 6 take into account the variability of all input parameters as shown in
tab.5.
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Image 6 — Sensitivity analysis of the impact of the frequency speed of the machine to the deflection
of the structure

8 Comparison of deterministic and probabilistic analysis

Comparison of deterministic and probabilistic solution of the safety and reliability of
the design of the building is documented in table 6. From the table to see a comparison of
the horizontal and vertical displacements for the three calculation models, the structures
(Fram1, Fram2 and Fram3) obtained from the deterministic analysis (for three variations
of the soil stiffness) and from the probabilistic analysis. The values of maximum
displacements, velocities and acceleration at the level of the foundations does not exceed
the limit values given in the standards STN 73 0032 and DIN 4150. Maximum vertical
displacements of the structure indicate a possibility of failures in accordance with the
criteria STN 730036 (tab.1).

Table 6 A comparison of the maximum peak of the displacements at top of frames

Horizontal displacement [mm] Vertical displacement [mm]
Model Analysis Min | Mean | Max Min | Mean | Max
5% | 50% | 95% ° 5% | 50% | 95% | ©
Framel Determin. 2.80 3.06 3.29 - 7.26 8.88 12.72 -
Stochastic | 1.21 4.80 8.42 2.19 4.88 8.59 12.31 | 2.26
Frame2 Determin. 2.02 2.22 2.85 - 7.81 9.74 14.63 -
Stochastic | 1.73 2.63 3.52 0.54 4,93 9.39 13.85 | 2.72
Frame3 Determin. 0.91 0.91 1.02 - 4.37 5.06 8.08 -
Stochastic | 1.01 1.38 1.76 0.23 3.72 5.85 7.98 1.30

From the point of the human comfort the peak velocity at floor level were
calculated on original and reinrorced frame and compared with the graph No.8 in
nomogram of standard (ISO 2631-1, 2) .The limit value is equal 2.7mm/s for frequency
2.5Hz. The peak velocities in the horizontal and vertical directions were equal Vypeak =
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5.65mm/s > 2.7mm/s and V, peak = 5.59mm/s > 2.7mm/s at original frame (Frame2). After
reinforcement of the frame by system of the concrete walls the peak velocities in the
horizontal and vertical directions were equal Vypeax = 1.4mm/s < 2.7mm/s and V,peak =
0.44mm/s < 2.7mm/s (Frame3) calculated deterministic. In the case of the probabilistic
analysis the peak velocity for the probability of excidance 95% in the horizontal and
vertical directions were equal Vypeax = 2.41mm/s < 2.7mm/s and V,peac = 0.43mm/s <
2.7mm/s (Frame3).

9 Conclusion

In the article was presented sensitivity analysis of the safety and reliability of the
hall structure with the paper machine, depending on the variability of the stiffness of the
sub-soil, mechanical characteristics of materials, and the operation of the machine, as
well as the uncertainty of the model and the resistance. They were presented the
principles of optimal design and assessment of the base of the machine. The analytical
model was tested by experimental measurement on a real structure. The sensitivity
analysis of the interaction soil-structure-machine under action of the various velocity of the
paper machine considering the model and material uncertainties (see tab. ) give to
designer the significan informations. The methodology of the probabilistic analysis of the
soil-structure-machine interactions was prresented on the practice problem in the paper
factory after changing the technology. After reinforcement of the frame with the concrete
walls the values of the displacements was reduced by 30%. The probabilistic analysis was
carried out with the aproximated method RHS under software ANSYS. Five load cases
were calculated in 79 simulations in real time on PC (CPU=14sec). The probabilistic
analysis give to the engineer-designers a more complex informations about the interaction
of the system soil-structure-machine as deterministic.
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PROBABILISTIC NONLINEAR ANALYSIS OF NPP HERMETIC ZONE RESISTANCE
UNDER EXTREME CLIMATIC TEMPERATURE DURING TECHNOLOGY ACCIDENT

JURAJ KRALIK, JURAJ KRALIK, JR.

Abstract: This paper presents an application of the probabilistic analysis of structural
resistance of the bubble tower structure of a VVER 440/213. The assessment of the
structural strength of the containment of a nuclear power plant has acquired even a
greater importance in the framework of post-Fukushima stress tests where the
assessment of the safety margin and off-design conditions. The present work analyses
the impact of combina-tion of pressure load with thermal load that can arise in extreme
situation related to severe accident progression. The evaluation is based on an extension
of the smeared crack model developed on base of Kupfer's bidimensional failure criterion,
rotated crack, CEB-FIP model of failure energy and implemented into the ANSYS system.
The non-linear analysis was considered for the median values of the input data and the
probabilistic analysis models the uncertainties of loads, material resistance and other
modeling issues.

Keywords: Probability, nonlinearity, extreme, pressure, temperature, NPP, ANSYS.

1 Introduction

The definition of the fragility curve for containment of a nuclear power plant (NPP)
generally represents a crucial step for the level 2 probabilistic safety assessment (PSA
L2), where the probability of containment failure can be evaluated as the convolution of
the fragility curve with the load curve (SSG-4). The assessment of the structural strength
of the containment of a nuclear power plant has acquired even a greater importance in the
framework of post-Fukushima stress tests where the assessment of the safety margin and
off-design conditions.

In the case of the loss-of-coolant accident (LOCA) the steam pressure expand
from the reactor hall to the bubble condenser. Hence, the reactor hall and the bubble
condenser are the critical structures of the NPP hermetic zone (see Image 1).
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Image 27 — Section plane of NPP with reactor VVER 440/213
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The present work analyses the impact of combination of pressure load with
thermal load that can arise in extreme situation related to severe accident progression.
For the purpose, a detailed finite-element analysis of the concrete structure was carried
out with ANSYS software (see Image 2) and the program CRACK (KRALIK, 2009, 2013,
2015, 2017; KREJSA, 2015 ) were provided to solve this task.

The theory of large strain and rate independent plasticity were proposed during the
high overpressure loading using the SHELL181 layered shell element from the ANSYS
library (KOHNKE, 2008). 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 limit of the finite element damage is
controlled by the failure energy (BAZANT, 2007; CERVENKA, 1985). For a complex
analysis of the concrete structure for different kind of loads, ANSYS software and the
program CRACK (created by KRALIK, 2009) were provided to solve this task. The
building of the power block was idealized with a discrete model consisting of 28 068
elements with 104 287 DOF (see Image 2) (KRALIK, 2009, 2015, 2017).

‘ o ' - 1. EMO - Nosfinser modsi of NPP VVER#40
-)I Reactor block l(- -)' Bubble Tower l(-

Image 2 — Solid and finite element model of NPP reactor building and the bubble tower

2 Definition of loads and boundary conditions

The definition of loads connected with the accident evolution is derived from an
extreme scenario with a loss of primary coolant combined with the total loss of
containment cooling (all means of hermetic zone are considered as not available,
including external spraying of borated water). In such scenario, the environmental
condition evolution in the long term is characterized by a combined pressurization and
heating of the containment. An example of pressure evolution is reported as for the
temperature, while in a first approximation it can be considered as saturated in equilibrium
with the temperature, in practice the contribution to heating from hydrogen explosion shall
also be accounted.

Table 4 The scenarios of the accidents in hermetic zone of NPP VVER 440

Extreme temperatures [°C]
. Overpressure . . -
Type Duration [kPa] interior exterior
max. min.
I 1 day 150 127 42 -28
Il. 7 days 250 150 42 -28
Il 1 year - 80-120 42 -28

The temperature boundary conditions are defined in accordance with the new
revision of reference temperature from the Slovak hydro-meteorological institute (SHMU)
and relevant standard STN EN 1991-1-5NA. A return period of 10000 year is a reasonable
choice for this type of evaluation. The lowest annual temperature where chosen as they
correspond to the case where the thermal stress is maximized (largest heat flux at the
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external walls). An estimation for the ground temperature is consider in accordance with
STN EN 1991-1-5NA for defining the boundary conditions at the bottom of the hermetic
zone, considering a simplified but conservative modeling for the rooms underneath. Three
types of the scenarios were considered (Table 1).

3 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 the ANSYS
library (KOHNKE, 2008).

shell layer {u'}={u},u| u'}T is

th
| v

The vector of the displacement of the
approximated by the quadratic polynomial (KRALIK, 2009) in the form

i=1 yi

|

| U:( 4 uxi 4 é, al,i bl,i QXi

{u }: u, :ZN“ u, Z ?. a, b, | ) 1)
uIZ - uZi a'3,i b3,i

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} , 6, or
6, are the rotations of i-node about vector {a} or {b}.
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Image 3 — Layered model of the reinforced concrete shell

In the case of the elastic state the stress-strain relations for the " - layer are
defined in the form

{0'}=[Dé]{g'} for {g'}T ={gx,gy,yxy,7/yz,j/zx} and {o"}T {0' Oys Ty Tyyr T } (2)
and the matrix of the material stiffness

' BE, BYE, 0 0 0]
B'u,E, BE, 0 0 O
0 o G, 0 0
[ - |
[De:l - 0 0 0 Gyz 0 (3)
kS
|
0 0 0o o S
L kS m
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|
_ 5
2
E>|/ _('u>|<y) E>|<
direction x (versus y), G,, , Gi,,
ZX; ks is the coefficient of the effective shear area(k5=1+0.2A/25t22 1.2), Ais

the element area, t is the element thickness. The presented constitutive model is a further
extension of the smeared crack model (CERVENKA, 1985; KOLMAR, 1986), which was
developed in (BAZANT, 2007; KRALIK, 2009). Following the experimental results
(BROZOVSKY, 2009; JERGA, 2009; SEJNOHA, 2004; NOVAK, 2009; SUCHARDA,
2014, 2017) a new concrete cracking layered finite shell element was developed and
incorporated into the ANSYS system (KOHNKE, 2008). The layered approximation and
the smeared crack model of the shell element are proposed.

where B'= : E'X (versus E)',) is Young modulus of the [™-layer in the

G, are shear moduli of the I™-layer in planes XY, YZ and

3.1 Geometric nonlinearity

If the rotations are large but the mechanical strains (those that cause stresses) are
small, then a large rotation procedure can be used. A large rotation analysis is performed
in a static analysis in the ANSYS program (KOHNKE, 2008). The strain in the n-step of
the solution can be computed from the relations

{gn} :[BO][Tn]{un} (4)

where {un}is the deformation displacement, [BO] is the original strain-displacement

relationship, [Tn]is the orthogonal transformation relating the original element coordinates

to the convected (or rotated) element coordinates. The convected element coordinate
frame differs from the original element coordinate frame by the amount of rigid body
rotation. Hence [T,] is computed by separating the rigid body rotation from the total
deformation {u,} using the polar decomposition theorem.

3.2 Material nonlinearity

The presented constitutive model is a further extension of the smeared crack
model (BAZANT, 2007; CERVENKA, 1985), which was developed in (KRALIK, 2009).
Following the experimental results (CERVENKA, 1985; JERGA, 2009) 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.
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Image 4 - The concrete stress-strain diagram Image 5 - Kupfer’s plasticity function
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The processes of the concrete cracking and crushing are developed during the
increasing of the load. The concrete compres-sive stress f., the concrete tensile stress ft
and the shear modulus G are reduced after the crushing or cracking of the concrete
(KRALIK, 2009).

In the plane of principal stresses (o1, oc2) the relation between the one and
bidimensional stresses state due to the plasticity function by Kupfer (see Image 4 and 5)
can be defined as follows:

e Compression-compression

o 13652, o, -
(1+ a) O,

e Tension-compression

fef —f r r. :[1+5.3278 Ufl} r.>0.9 (6)

Cc

e Tension-tension

A+(A-1)B
fo =fr,, retzg, B=K.X+A, x=o,,/f,,
t AB
r, =1.<x=0, r, =02 x=1 (7)

The shear concrete modulus G was defined for cracking concrete by Kolmar [15] in
the form

G=r1,G,, 1 :iln(g—”j, ¢, =7+333(p-0.005), c,=10-167(p—0.005) (8)

g -o 9 C2 Cl

where G, is the initial shear modulus of concrete, ¢, 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).

The mechanical properties of the concrete under high temperature impact were
considered in the research laboratory in Slovakia and Czech (BAZANT, 2007;
BROZOVSKY, 2009) and abroad [8 and 21]. The recapitulation of the research works and
the standard recommendations of the concrete under high temperature effect are
summarized in US NRC report [20]. The recommendations for the design of the reinforced
concrete structures are described in the US standards ACI and ASME [1] as well as the
CEB-FIP Model Code [5] and Eurocodes [7, 8, and 9].

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

ey =[Nl Houi=[T]io) (©)
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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)

o ]=[0u]{ex } and [o]=[T, ][, ][T.]{<} (10)

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.

The stiffness matrix of the reinforced concrete for the [™-layer can be written in the
following form

Nreln

[on )= T [on ][]+ 2 [m T (o] an

s=1

where [T.J, [T.d, [Ts] are the transformation matrices for the concrete and the
reinforcement separately, N is the number of the reinforcements in the I - 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 is defined for the concrete I - layer depending on the direction of crack.

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, [0 0 O 0 0 | &

o, 0O E O 0 0 &,

T, =(0 0 G; O 0 712 (12)
Ti3 00 0 G; © Y13

T), |0 0 0 0 G 4 23],

where the shear modulus are reduced by the coefficient of the effective shear area ks and
parameter rq; by Kolmar (11) as follows:
G =G, r G =G, I Gy =G, /K,

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 &

o, 00 0 0O O &

¢ =|0 0 Gj /2 0 0 Y12 (13)
Tis 00 0 G; O V13

), 00 0 0 Gy 2 U2z ),
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where the shear moduli are reduced by the parameter rq; and rg; by Kolmar (12) as follows:
Gy =G, Gy =G, r Gy =G,ry,-

o"gl’? 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.

The smeared crack model (CERVENKA, 1985), 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, =+/A, where A is the element
area (versus integrated point area of the element). For the expansion of cracking the
assumption of constant failure energies Gs=const is proposed in the form

G, =T0'n (W)dw=As L., W= é&nle (14)

0

where w, is the width of the failure, o 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 (CERVENKA, 1985) in dependency on the failure energies in the form

E 2G.E
Ecs = 1_20 ! ﬂ’c = I—C ;ri:x (15)

where E. is the initial concrete modulus elasticity, omax IS the maximal stress in the
concrete tension. From the condition of the real solution of the relation (15) it follows, that
the characteristic dimension of element must satisfy the following condition

2G,E,
e

O-m ax

L. <

C

(16)

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 (1991) define the failure energies G; [N/'mm] depending on the
concrete grades and the agregate size da as follows

G, =(0.0469d -0.5d, +26)(f, /10)"" (17)

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

Ry =F (Lilaie,)=0, F =B(33,,+al,)-5,=0, (18)

u u
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where |4, J» are the strain invariants, and g, is the ultimate total strain extrapolated from
uniaxial test results (&, =0.002 in the tension domain, or ¢, =0.0035 in the compression

domain), «, fB are the material parameters determined from the Kupfer's experiment
results (f=1.355, a=0.355¢,).

Modification of material
properties after cracking

Image 8 - Non-linear calculation process in system CRACK-ANSYS

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

NIay

tf ZF (Lulaie)t (19)

r—r|'_\

where t, is the thickness of the I - shell layer, t is the total shell thickness and N, is the
number of layers. The collapse state of the reinforced concrete structure is determined by

the maximum strain & of the reinforcement steel in the tension area (max(z, ) <&, =0.01

) and by the maximum concrete crack width w (max(w, ) <w,, =0.3mm).

The program CRACK based on the presented nonlinear theory of the layered
reinforced concrete shell was adopted in the software ANSYS (KRALIK, 2009, 2013).
These procedures were tested in comparison with the experimental results (KRALIK,
2009).
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Image 9 - Comparison of experimental and nonlinear numerical analysis of RC plate

The reinforced concrete plates D4 with the dimension 3590/1190/120mm was
simple supported and loaded by pressure p on the area of plate. The plate D4 was
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reinforced by steel grid KARI @8mm a' 150x150mm at bottom. Material characteristics of
plate D4 are following : Concrete - E. = 30.9Gpa, 4=0.2, f. = -34.48Mpa, f;= 4,5Mpa and
the Reinforcement - Es = 210.7Gpa, ¢ = 0.3, f; = 550.3Mpa.

4 Nonlinear deterministic analysis

The critical sections of the structure were determined on the base of the nonlinear
analysis due to the monotone increasing of overpressure inside the hermetic zone
(KRALIK, 2009). 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 Beyond Design Basic Accident (BDBA)
state in accordance with the international standard (IAEA, 2010).

The critical areas were identified in the walls and plate at top of the bubbler tower
building. The tension forces and the bending moments were concentrated along of the
middle wall. There is the effective temperature gradient equal to 60-90°C in the middle
plane of the wall and the plate.

On the base of the nonlinear analysis of the containment resistance for median
values of the material properties and failure function (19) the mean value of the critical
overpressure was equal to 352.5 kPa and the max. strain is lower than 0,002 in the middle
plane of the reinforced concrete panel.

The cracking process (&, =¢, =0.0001) at the bottom or top section of the
reinforced concrete panels starting when the overpressure was equal 250kPa.

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 -28°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 strain shape from the linear and nonlinear solution is
compared in Images 10 and 11 and the stress shape in Images 12 and 13. The strain
increase and the stress decrease in the nonlinear solution in comparison with the linear
solution.

The critical areas were identified in the walls and plate at top of the bubbler tower
building. The tension forces and the bending moments were concentrated along of the
middle wall. There is the effective temperature gradient equal to 60-90°C in the middle
plane of the wall and the plate.

= — [R—
M *

Image 10 - Strain intensity from the linear analysis, Ap = 150.0 kPa, T;= 150°C, T, = -28°C.
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Image 11 - Strain intensity from the nonlinear analysis, Ap = 150.0 kPa, T;= 150°C, T, = -28°C.
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Image 12 - Stress intensity from the linear analysis, Ap = 150.0 kPa, T;= 150°C, T. = -28°C.
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Image 13 - Stress intensity from the nonlinear analysis, Ap = 150.0 kPa, T;= 150°C, T. = -28°C.
On the base of the nonlinear analysis of the containment resistance for median

values of the material properties and failure function, the mean value of the critical
overpressure was equal to 352.5 kPa and the max. strain is lower than 0,002 in the middle

plane of the reinforced concrete panel. The cracking process (&, =& =0.0001) at the

bottom or top section of the reinforced concrete panels start when the overpressure was
equal 250kPa
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Image 14 - Strain intensity from the linear analysis at shell top
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Image 15 - Strain intensity from the nonlinear analysis at shell top

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 -28°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 strain shape from the linear and nonlinear solution is
compared in Images 14 and 15. The strain increase and the stress decrease in the
nonlinear solution in comparison with the linear solution.

5 Probabilistic Assessment

Recent advances and the general accessibility of information technologies and
computing techniques give rise to assumptions concerning the wider use of the
probabilistic assessment of the reliability of structures through the use of simulation
methods in the world (HALDAR, 2000; KRALIK, 2009, 2013, 2015, 2017). A great
attention should be paid to using the probabilistic approach in an analysis of the reliability
of structures (BAZANT, 2007; NOVAK, 2009; HANDBOOK, 2005; KRALIK, 2009).

Most problems concerning the reliability of building structures are defined today as
a comparison of two stochastic values, loading effects E and the resistance R, depending
on the variable material and geometric characteristics of the structural element. The
variability of those parameters is characterized by the corresponding functions of the
probability density fxz(r) and fe(e).

The probabilistic definition of the reliability condition is of the form

RF =g(RE)=R-E>0 (20)
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where g (R,E) is the reliability function.

The probability of failure can be defined by the simple expression
P =P[R<E]=P[(R-E)<0] (21)

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

RF =g(X,, X,,..., X,)) (22)

The failure function g({X}) represents the condition (reserve) 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).

In the case of simulation methods 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). The failure probability is defined as the best estimation
on the base of numerical simulations in the form

3 %ﬁ; [9(X,)<0] (23)

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 semi or full probabilistic methods can be used for the estimation of the
structure failure in the critical structural areas. In the case of the semi probabilistic method
the probabilistic simulation in the critical areas is based on the results of the nonlinear
analysis of the full FEM model for the median values of the input data. The full
probabilistic method result from the nonlinear analysis of the series simulated cases
considered the uncertainties of the input data.

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

In the case of the nonlinear analysis of the full FEM model the approximation
method RSM (Response surface method) is the most effective method.

The RSM method is based on the assumption that it is possible to define the
dependency between the variable input and the output data through the approximation
functions in the following form:

Y =c, +icixi Jricnxi2 +Nz4icijxixj (24)
i=1 i=1 i=1 j>i

where ¢, is the index of the constant member; c¢; are the indices of the linear member
and c; the indices of the quadratic member, which are given for predetermined schemes
for the optimal distribution of the variables or for using the regression analysis after
calculating the response. Approximate polynomial coefficients are given from the condition
of the error minimum, usually by the "Central Composite Design Sampling" (CCD) method
or the "Box-Behnken Matrix Sampling" (BBM) method (KOHNKE, 2008).
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The RSM method generates the explicit performance function for the implicit or
complicated limit state function. This method is very effective for robust and complicated
tasks.

On the base of experimental design, the unknown coefficients are determined due
to the random variables selected within the experimental region. The uncertainty in the
random variables can be defined in the model by varying in the arbitrary amount
producing the whole experimental region.

6 Uncertainties of the input data

The previous design analyses of the containment failure determine the critical area
of the containment. The semi probabilistic methods were applied for the probabilistic
analysis of the containment failure in this paper. The probability of the containment failure
was considered in the critical structure areas on the base of the nonlinear deterministic
analysis of the containment for the various level of the overpressure. The uncertainties of
the input data were thinking in accordance with the standard requirements (Table 2).

Table 2. The histograms of the input data

Quantities Histograms

Input Charact. Variable Type Mean Deviation
data value value u o [%]
Dead load Gy Ovar N 1 10
Live load Qx Ovar Beta 0.643 22.6
Pressure Py Pvar N 1 8
Temper. Tk tvar Beta 0.933 14.1
Model Ex €var N 1 5
Resist. Ry Ivar N 1 5

The action effect E were calculated considering the uncertainties of the input data
E = Gkgvar +quvar + I:)k pvar +Tktvar (25)

and the resistance R we have in the form R=R,r,

k" var

7 Evaluation of the fragility curve

The PSA approach to the evaluation of probabilistic pressure capacity involves
limit state analyses. The limit states should represent possible failure modes of the
confinement functions. Failure may be interpreted as incipient leakage, which may be a
small controlled leak or a large catastrophic break or rupture. The median capacity of a
given failure mode is typically dependent on several factors including material properties,
modelling assumption, and failure criteria. To incorporate the uncertainty and variability in
the formulation, the pressure capacity for each failure mode is represented as a random
variable with a lognormal distribution.

The critical area of the containment failure was the roof plate of the bubbler tower
(KRALIK, 2017). The probability of the containment failure was determined for this critical
structure on the base of the nonlinear deterministic analysis of the containment for the
various level of the overpressure Ap = 250, 300, 350, 400, 450 kPa. The function of the
failure was considered by the equations (19) for 10° Monte Carlo simulations based on
results from the RSM method.

The probability of containment failure is calculated from the probability of the
reliability function g(.) in the form,
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P =P(F,(s)<0), (26)
where the reliability condition of concrete failure (loss of integrity) g(.) can be defined in

dependency to the components of the strain in the crack plane of layer “/” by the failure
function in the form [16 and 18]

F,(5)=1-q, (%’ZJ +(5§—5'j /(gup)zzo ; 23%31, (27)

where £=1 for compression, §=(glﬂ/g:u) for tension. The limit values of strain are

considered following ¢, =0,02 and ¢, =—0,0035.

Fragility Curve of EMO RC-Structure
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Image 16 - Fragility curve of failure pressure in the critical area of the hermetic zone under the
accidental internal temperature T; = 150°C and external temperature T, = -28°C.
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Image 17 - Fragility curve of failure pressure in the critical area of the hermetic zone under the
accidental internal temperature T; = 150°C and external temperature T, = -28°C.

The previous design analyses of the containment failure determine the critical area
of this structure. The semi probabilistic method were applied for the probabilistic analysis
of the containment failure in this paper. The probability of the containment failure was
considered in the critical structure areas on the base of the nonlinear deterministic
analysis of it’s for the various level of the overpressure. The probability of containment
failure is calculated from the probability of the reliability function in the form
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p, = P{%iﬁ' (&)t > Oj (28)

where F!

u

() is the failure function for the | - layer of the reinforced concrete shell.

8 Conclusions

The probability analysis of the loss of the concrete containment integrity was made
for the overpressure loads from 250kPa to 500kPa using the nonlinear solution of the
static equilibrium considering the geometric and material nonlinearities of the reinforced
concrete shell layered elements. The uncertainties of the loads level (temperature, dead
and live loads), the material model of the composite structure (concrete cracking and
crushing, reinforcement, and liner and other influences following from the inaccuracy of
the calculated model and the numerical methods were taken into account in the Monte
Carlo simulations (KRALIK, 2009, 2015, 2017) based on the results from the RSM
method. The probability of the loss of the concrete containment integrity is less than 10
for the original structural model. The probability of containment failure is equal to ps =
0.050422906 for the overpressure Ap, = 275.5 kPa.
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Abstract: The paper discusses a numerical model to facilitate more accurate analysis of
electro-hydro-dynamic processes at the level of atoms and NANO-EMS structures. In the
relevant procedures, an atom is used to test the properties of the given model based on a
toroidal element. Exploiting previous examinations of graphene structures and utilizing
traditional modeling techniques, the authors employ diverse analyses of applicable limiting
parameters to propose a structural analysis that could enable the evaluation of the
numerical models of the hydrogen atom examined. A simple example is used to
demonstrate the properties of the given approach to the current multiscale modeling of
structures of matter.

Keywords: Multiscale, modeling, atom, toroidal element, matter, structure, hydrogen.

1 Introduction

According to the research presented in papers YOUSEFI, M.; ROUHOLLAHI, A.;
HADI, M.; MOHAMMADI, F.,2006, FIALA, P.; NESPOR, D.; DREXLER, P
STEINBAUER, M.,2016, DREXLER, P.; FIALA, P.; STEINBAUER, M.; KRIZ, T.; FRIEDL,
M.,2015, DREXLER, P.; FIALA, P.; NESPOR, D.; STEINBAUER, M.; KRIZ, T.; FRIEDL,
M.,2015 NASSWETTROVA, A.; FIALA, P.; NESPOR, D.; DREXLER, P.; STEINBAUER,
M.,2015, FIALA, P.; DREXLER, P.; NESPOR, D.; URBAN, R.,2014, the periodic structure
of graphene currently exhibits and can be expected to further develop certain interesting
electrical and electromagnetic properties regarding the propagation of electromagnetic
waves. Thus, new horizons could be opened for the use of graphene and other organic or
inorganic materials in electrical engineering (electromagnetics, or EMG) and electronics.

We designed several basic algorithms to model an atom, exploiting a toroidal
element FIALA, P.,2016, OSMERA, P., WERNER,P. and OSMERA,P. jun., 2015,
HEYROVSKA, R.,2007- HEYROVSKA, R.,2008; the entire procedure also enabled us to
gain experience in the numerical analysis of a hydrogen atom (H,) interpreted as outlined
herein. The model set up in the given manner is expected to eliminate the disadvantages
of the classic quantum mechanical approach to the modeling of matter. When evaluating
the propagation of an electromagnetic wave in the periodic structure of matter at the level
of nanometers, we encounter the limitations inherent with the actual description of the
structure of matter; by extension, the accuracy of the evaluation and the analysis of the
properties characterizing the proposed solutions depend on the quality and accuracy of
the numerical analyses.

The numerical model utilized is conceived to capture atom substructures and their
properties via a deterministic concept. Here, the aim consists in employing a simple model
of a hydrogen atom to analyze the electromagnetic field; significantly, within the evaluation
stage, the proposed technique will be compared with hitherto used quantum mechanical
models of matter.
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2 Numerical model of H2 based on ring theory

The newly proposed approach to designing and analyzing models of subatomic
structures is based on the mathematical description of such formations created via
toroidal elements, Ring Theory (RT), Fig. 1a). The basic component utilized by the
designed and analyzed model consists in a toroidal element (Fig. 1a)), which is easy to
describe and is expressed in formulas (1), (2); these equations characterize the position of
a point on the element in a Cartesian coordinate system and relate to the definition of the
variables, respectively. The proposed element will enable us to design a cluster of
components to model the properties of hydrogen, Fig.1 b). The benefit of the model is
embodied in the analysis and description of the instantaneous values of the
electromagnetic field components, namely (for a non-stationary EMG wave), the
intensities of the electric and magnetic fields E(t) and H(t); such a deterministic pattern is
convenient for application within the effort to achieve higher accuracy and a variable order
factor with respect to the probabilistic models hitherto used in quantum mechanics. In Fig.
1 above, Xo, Yo, and z, denote the coordinates of the local origin of the applied toroidal
element in a Cartesian coordinate system; R;, R, are the radii of the toroidal element; and
9, ¢ represent the angular coordinates of a point on the surface of the toroid. The above-
outlined model of a structure with a toroidal basic element ( Fig. 1a), formulas (1), (2) )
can be used to demonstrate that a simple change of the coordinates and parameters of
the relevant toroid may produce other basic geometrical elements, such as a sphere (Fig.
2a) ), point, line, or circle FIALA, P.,2016. For example, when altering the toroid to obtain
a sphere (formula (3) for the limit change of the radius R; approaching zero), we get the
relationships to express the position of a point on the sphere, (4).

a) b)

Figure 1. A geometrical model: a) an applied basic toroidal element FIALA, P.,2016; b) a model of
hydrogen (H,) OSMERA, P., WERNER,P. and OSMERA,P. jun., 2015.
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a) Ri=0.01, R,=1, ¢/ ¢ =200 b) Ri=1, R,=0.0001, 9/ ¢ =200

Figure 2. A geometrical model of the parametric setting of the toroidal element for the deterministic
evaluation of the EMG field FIALA, P.,2016: a) the parameters for a sphere; b) the parameters for a
circle.

We then have
X=X, +(R +R,-cos(9))-cos(p) y=y,+(R+R,-cos(9))-sin(p) z=2z,+(R+R,sin(9)) 1)
9e(0,2kr) k=1,.n pe(-z,r) Rl,ze<0,oo) @
lim{x, +(R, +R, -cos(8))-cos(¢)} = x, + R, -cos()-cos(¢)

Ajm){yo +(R+R, -cos(S))-sin((p)} =Y, +R,-cos(9)-sin(p) A:Ln(){zo +(R+R, -sin(.9))} =2,+R,-sin(9)

X=X, +R,-cos(9)-cos(¢) y=y,+R,-cos(J)-sin(p) z=2z +R,-sin(I)

1 (3)
4)
The structural properties were theoretically examined by OSMERA, P.,
WERNER,P. and OSMERA,P. jun., 2015, who employed already known formations to
demonstrate the applicability of the designed model of atoms and their structures (Fig.
3a). In this context, the authors designed a structural arrangement (Fig. 3b) realizable as
a closed formation, using tools for submodeling ANSYS manuals, 2017,
Steinhauser,0.M.,2007, STEINHAUSER,0.M.,2007, VICECONTI,M., 2012 and
substructuring ANSYS manuals, 2017.

3 ANSYS FEM Analysis of EMG field of the H2 RT model

Figure 3 below shows symbolically the relationship between the basic structural
elements of matter (toroids) in the nuclei of atoms of H, D, T and He; however, the scale
of the structures is not considered in the given representation. The dimensions to
characterize the design of the FEM model and its analysis were adopted from relevant
papers HEYROVSKA, R.,2007- HEYROVSKA, R.,2008. The ANSYS-based model
ANSYS manuals,2017, as related to the analysis exploiting the FEM, is presented in Fig.
4a). The dimensions A, B, and C, which, in the FEM model, specify the space defining the
atom H,, were then taken over from not only the above-noted papers [9-10] but also the
presumed physical properties of the modeled atom. To compute the basic size of the
electron, we used a formula derived from the hydrogen atom spectrum [8] for the infrared
band (Paschen series, n=3, T3=820.4 nm). We thus have

. T,-a 820.4-10°
“ 8r-n 87-137-3
where n is the number of the orbit (n=1,2,...). The time required a photon requires to

transfer its energy to an electron is longer by the value of the constant a than the time
during which the photon travels the wavelength of its distance at the speed of light c; then,

. T, :820.4-10’9-137
° Cca 3.10°
The electric current i induced by the motion of the charge g. along the surface of the
basic toroid can be expressed as
- dq, _ 1.602-107"
¢ dt, 37410

e

=795-10" (5)

=374-10"%g (6)

=4.283-107 5 )

Subsequently, the dimensions A = B = C = 16 nm were used for the numerical model. The
radius r, of the basic toroid of the nucleus (hydrogen proton). For the designed numerical
model, we then have r, =0.842 fm.
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Figure 3. A geometrical model of the nuclei of H, D, T, He: a) the principal arrangement of the

structure of a nucleus OSMERA, P., WERNER,P. and OSMERA,P. jun., 2015; b) the structural
configuration the basic elements of an atom OSMERA, P., WERNER,P. and OSMERA,P. jun
2015.

004400

a) b)

Figure 4. A geometrical model H ; a) FEM model, b) trajectory of elecric electron charge close the
H, nucleus FIALA, P.,2016.
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Figure 5. The evaluation of the numerical analysis of the electromagnetic field: a) the instantaneous
position of the electric charge g in time t; b) the corresponding distribution of the magnetic field B
[pT].
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For the relevant FEM-based numerical analysis and to compare the results, including the
outcome of the experimental investigation outlined within papers HEYROVSKA, R.,2007,
HEYROVSKA, R.,2008, we need to respect the scales and dimensions of the basic
elements of the atomic structures (1), (2). The related model, after being set up, was
converted to units of uMKS ANSYS manuals,2017. Figure 5b) shows the magnetic field
distribution with the specific density B module in the space of the atom H, for the time
instant at which the electric charge g. assumes the position indicated in Fig. 5a). Then, for
each time instant t., we can analyze and represent the distribution of both the magnetic
field having a specific density B and the electric field with an intensity E.

4 Conclusion

The proposed technique for the structural description of matter at the level of
atoms and nano-dimensions enables us to pursue, via the selected toroidal basic
structural element, a scaled approach toward modeling the atoms discussed within the
paper. The deterministic modeling method described herein facilitates quantitative
analysis and prediction of the properties of structures for detailed analysis of the EMG
field. The novel concept does not deny the current hypotheses and theories related to the
structure of matter, and the associated model can be employed to characterize the
hitherto experimentally established properties of atoms.
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DEMONTAZ OBRUCE ROTORU TURBOGENERATORU INDUKCNIM OHREVEM
PETR PACHOLICEK, PAVEL STURM

BRUSH SEM s.r.o.

Abstract: For some types of BRUSH generators are caps axially fixed to the rotor by
tooth. It is necessary to increase the inner diameter of the cap by designed enlargement in
order to dislodge the shrink between the rotor and the cap. This great increase of the
inner diameter must be achieved by induction heating in very short time about 30 minutes
to avoid heating the body of the rotor and increasing its diameter. This would disable the
process of cap disassembling. The maximal allowed temperature for cap material must be
also observed. From above mentioned it is necessary to predict and desing the whole
process by numerical calculation.

Keywords: Turbogenerator, induction heating, cap

1 Uvod

Obruce rotorud turbogeneratort musi byt pravidelné kontrolovany. Je tedy nutné mit
dobfe zvladnuty proces jejich montaze i demontaze. Ve spolecnosti BRUSH SEM s.r.o. se
k montazi i demotnazi pouziva indukéni ohfev, ktery je oproti ohfevu plamenem Setrngjsi k
materialu obruce.

Ve spole¢nosti BRUSH SEM s.r.o. byl vyroben generator s typovym oznacenim
DAX 98-330 navrzeny dle specialniho zadani zakaznika pro provoz na 50 i 60 Hz, dvé
vykonové hladiny atd.

U typu DAX 98-330 jsou obru€e na rotor axialné fixovany ozubem. Pro Uspé&Snou
demontaz obru€e zrotoru generatoru je potfebné zvétseni vnitiniho priméru obruce
0 6 mm, aby doSlo k uvolnéni svéru mezi rotorem a obruci a k pfekonani ozubu na rotoru.

Tohoto velkého zvétSeni praméru obruce (6 mm) je tfeba pfi indukénim ohfevu
dosahnout v relativné kratkém &ase cca 30 minut, aby nedoSlo k zahfati téla rotoru a
nardstu jeho priméru. Tim by byla demontaz obruCe znemoznéna. Zaroven je nutné
dodrzet maximalni teplotu pro material obruée (CrMn 1818) 380 °C doporucenou
dodavatelem obruce. Jednoduchym analytickym vypoc¢tem byla stfedni teplota obruce pro
uspésnou demontaz stanovena na 350°C.

2 Obrug, induktor, parametry indukéniho ohrevu

Obru¢:

Material CrMn 1818
Vnitfni primér 1.020 [m]
Vnéjsi primér 1.122 [m]
Délka 0.642 [m]
Hmotnost 1158 [kg]
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Induktor:

Manipulaéni ram Texgumoid
Civka Médéna trubka
Zavita civky 20

Chlazeni civky H,O
Parametry ind. ohfevu:

Zdroj transformator EO 7071/57 (5 MVA)
Imax 2140 [A]

Umax 540 [V]
Frekvence 100 [HZ]
Doba ohfevu 30 [min]
Max. teplota 380 [°C]

3 Elektromagneticky vypocet

Ke stanoveni parametrd indukéniho ohfevu byl pouzit MKP software ANSYS
Maxwell. Byl vytvofen 3D model obsahujici 1/4 obvodu rotoru s kliny, obruce, naboje a
civky induktoru. Re$eni modelu prob&hlo modulem Transient, ktery je uréen pro vypodet
harmonickych elektromagnetickych poli. Vysledkem vypoctu byly potiebné informace pro
ovéfeni parametrll zdroje (napéti, proud, vykon/pfikon ohfevu) a spravnosti navrhu
induktoru (pocet zavitli, ztraty v obrudi). Ztraty v obruci pak byly vstupni hodnotou pro
tepelny vypocet v ANSYS Fluent, kde byla ovéfena dosazitelnost potfebné teploty cca
350°C obruce pro jeji demontaz v pozadovaném ¢ase do cca 30 minut.

J_Obruc [A/m~2]

1. SO00E+@6
1.6982E+@6
1. S54SSE+@6

1.3928E+06

1. 2421E+26
1.8873E+06
9. 3464E+BS
7.8193E+@5
6.2921E+@5
4. 765SQE+05
3.2379E+@5
1.7108E+@5

1.8370E+04

Obrazek 28 - Proudova hustota v obruéi, 3D model s rotorem, Transient solver

4 Tepelny vypocet

Vypocet teploty obruce je FeSen v software ANSYS Fluent konvekci, bez vné&jsiho
chlazeni - na sténach nastavena teplota okoli odpovidajici standardnim podminkam na
dilné. Zdrojem tepla jsou ztraty nactené v prostiedi Workbench z ANSYS Maxwell.
Vzhledem k nutnosti sledovani maximalni teploty béhem ohfevu je i vypocet transientni.
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Materialové vlastnosti jsou pfi vypocCtu zadané dle vysledkl testd ve firmé Brush SEM
s.r.o. Maximalni spoétena teplota obru¢e po indukénim ohfevu 30 minut byla 386°C, coz
byl dobry predpoklad k UspéSné realizaci demontaze. Maximalni teploty 350°C bylo
vypoctem dosazeno po cca 25 minutach.

2.90e+02
2.66e+02
2.42e+02
2.18e+02
1.93e+02
1.69e+02
1.45e+02
1.21e+02
9.72e+01
7.31e+01
4.91e+01
2.50e+01

Obrazek 2 - Teplotni pole po indukénim ohfevu 30 minut

5 Meéreni teplot na povrchu obruce piri demontazi

Méreni teplot v pribéhu demontaze obruce bylo provadéno pfi nékolika pokusech
jak bezdotykovym teplomérem, tak i bezkontaktné termovizni kamerou FLIR P25. Z
ddvodu vyrovnani emisivity méfeného povrchu bylo nutné méfena mista nastfikat barvou
ThermaSpray 800.

———

e 2

Obrazek 3 - Usazeni induktoru na obrué
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Obrazek 5 - Zavérecna faze demontaze obruce
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6 Porovnani namérenych a vypoétenych teplot
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0:15:00

0:20:00
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Obrazek 6 - Pribéh vypodtenych a namérenych teplot na vnéjSim povchu sedlové ¢asti obruéi pfi
demontézich indukénim ohfevem

Tabulka 5 - Srovnani vypoctu Maxwell s realnymi hodnotami

DAX 98-330 f | U P Doba ohievu § MKP wypoctu
Demontaz obruce indukénim ohievem [Hz] (Al [v] [Kiv] [min]
Realizace 1 2125 239 198.7 N
Realizace 2 2130 236 197.7 32
Realizace 3 100 2123 237 195.7 30
Realizace 4 2125 237 194 29
Realizace 5 2125 237 194 25
MAXWELL 3D /TR | obruc + rotor 100 2125 233 191 >10hodin

7 Zavér

Vysledky vypoC€tu sdruzené ulohy odpovidaji velmi pfesné realité. Pfiprava
modell, nastaveni vypoctu i samotné vypocty byly Casové narocné, celkem v Fadech
nékolika dnd. Proto pro rychly navrh induktoru, popf. podporu praci na dilné se osvédcilo
pouziti geometrie obru€e bez rotoru at uz 3D nebo 2D s nastavenim pfisludnych
okrajovych podminek suplujicich hmotu rotoru. Vyuzitim parametrizace pfi tvorbé modelu i
nastaveni vypoCtu jsme v souCasné dobé schopni navrhnout induktor a podminky k
demontazi obruce pro rizné typy obruci za cca 60 minut.

Tabulka 2 - Zjednoduseni, resp. urychleni vypoctu v ANSYS Maxwell

DAX 98-330 f | J P Doba MEP vipodtu
Demontai obruée indukénim ohfevem [Hz] (Al v (kW] [min]
MAXWELL 3D/ TR obrug + rotor 233 191 = 10hodin
MAXWELL 3D/ EC jen obrug 100 2125 243 208 =30 minut
MAXWELL 2D/ EC jen obrué 247 210 =30 sekund
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Jo_cap [A/n~2]
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Obrazek 7 - Proudova hustota v obruci, 3D model bez rotoru, Eddy Current solver

J0_cap
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Obrazek 8 - Proudova hustota v obruci, 2D model bez rotoru, Eddy Current solver
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PREPARATION OF ANSYS APDL MODEL USING THIRD-PARTY SOFTWARE
JURAJ PAULECH, VLADIMIR KUTIS, JUARJ HRABOVSKY, JUSTIN MURIN,
VLADIMIR GOGA, ROMAN GOGOLA

Faculty of Electrical Engineering and Information Technology STU, llkovi¢ova 3,
Bratislava, Slovakia

Abstract: The paper presents the preparation phase for model of transmission tower
lattice construction using ANSYS APDL environment. Beams elements are used for the
model that brings some complications in this preparation phase because of need to define
shape, dimensions and offsets of cross-sections for individual trusses, and also to define
their position and orientation in given coordinate system. Considering these requirements
and the fact that the lattice construction of the transmission tower consist of hundreds of
trusses it is obvious that some auxiliary tool is necessary for preparation of such model in
ANSYS APDL. This tool was programmed in SW Wolfram Mathematica with direct APDL
code output.

Keywords: beam element, lattice construction, transmission tower, APDL, Wolfram
Mathematica

1 Problem description

The goal of the presented problem is to prepare finite element model for
transmission tower according to Image 1 for structural analyses like steady-state and
modal analyses. The model should be relatively precise but the number of elements and
nodes should be suitable for solutions calculated using standard PC. This approach
eliminates utilization of the link as well as 3D solid elements and leads to the beam
element model. The benefit of the model built-up using beam elements is that the
geometry part consists of the lines simply connected at their end points with the other
lines to form the 3D shape of the tower construction and also in relatively simple
discretization of the geometry model to finite element model. But disadvantages of the
beam structure lie in relatively complicated definition of the shape, dimensions and offsets
of cross-sections for individual trusses of the tower construction. Also their positioning and
orientation in given coordinate system is not the simple task in ANSYS APDL
environment, considering the number of trusses that form the tower. All trusses of
presented transmission tower have “L” shaped cross-section. Individual “L” shaped cross-
section has identical thickness and length of its arms (but dimensions of the “L” shaped
cross-sections are not the same for all trusses).

LN
vV!V\rv.
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vl
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Image 29 — Transmission tower lattice construction (left — anchor tower, right — support tower)

2 Program in SW Wolfram Mathematica

For given problem it is desirable to use some auxiliary tool that is able to prepare
graphical preview of defined parts of the model in any time during the process of model
creation and also that is able to calculate all necessary parameters for APDL code for the
beam element model. We programmed such tool — code — in SW Wolfram Mathematica
that is powerful software in terms of many predefined functions for mathematical,
database and text operations with simple and uniform syntax. The whole main-tree
structure of our code is shown in Image 2, we can see individual functions (modules) of
the code there.

funkce

u globalny suradny system
u profil L

= zadavanie profilov

= novy profil

= vyhod prefil

backup profilov

= resume from backup profil
= nosniky

= zapis nesnikov

editacia

vyhod nosnik

= vykresli nosniky

= backup nosnikev

= resume from backup nosnikov
= nastavenia

= apdl

= akcie

= nacitanie

u zapis

generovanie

pracovny priecinok

akcie

100% =~

Image 2 — Main-tree of our code in SW Mathematica

The code solves the problem of setting individual trusses of the tower structure by
defining their origin and ending coordinates, defining dimensions of the “L” shaped cross-
section that belong to considered truss and by defining rotation and offsets of the truss
detached to main geometric line of the truss. Ale these parameters are set by user in
dialog input windows.

In Image 3 we can see the main window of our code where we can choose one of
the main actions:
- to enter general settings for the program environment
(triad arrangement, line width for graphical preview and resolution of the preview)

- to enter all dimensions of “L” shaped cross-sections used in the tower structure
(it is possible to create simple database of used cross-sections by defining the
length of arms of the profiles and their thickness, also it is possible to delete
unused profiles, backup and resume from backup of the profiles’ database)

- to enter positions and other parameters for individual trusses of the tower
(individual options for trusses will be explained further in the text)

- to generate APDL output (with defined material properties, section settings,
element size settings, merging and mirroring options)
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to save all user settings for program environment and settings for APDL output
General settings

TRIAD: Zadaj velkost fontu
1

TRIAD: Zadaj scale osovéha kriza .

05 triad arrangement

TRIAD: Zadsj hriibku Eiary

0.005

TRIAD: Zadaj defautt poziciu <0; 1>

1

NOSNIKY: Zadaj hrabku Eiary

2001 line width for graphical preview
VYKRESLENIE: Zadaj H rezlizenie

1920

VVKRESLENIE: Zadsaj V rozlienie preview resolution

1080

- Save settings

L Define trusses

new profile -
MATERIAL: Zadaj EX [GPa]

delete profile 210

MATERIAL: Zadaj PRXY [-]

03

MATERIAL: Zadaj DENS [kg/m3]

Cancel

.
material

[Backup profilov] | Nacitanie z backup| properties

SECTION: Zadaj Coarse (0) / Fine (5)
section

settings

"L" shaped cross-sections

SIZE: Zadaj Elem. size [m] / Num. of divis.

) Elem.Size @ Num.Divisions

element size settings EiMior  Ellnertia

generate button APDL generator
Image 3 — Main actions in the program

Image 4 shows the dialog windows for trusses definition and processing. We can

see there that we can:

enter parameters for new truss

(list of previously defined trusses appears for user to have an overview about last
actions defined in the system; then defining the parameters follows where user can
fill automatically the starting coordinates and rotation for new truss that are copied
from ending coordinates from previous truss — it is useful during creation of series
of trusses connected one after another)

edit parameters for last or chosen truss
(user is able to edit incorrectly defined truss parameters)

draw graphical preview of all or chosen trusses from database
(for details see further images and text)

delete chosen truss or group of trusses
backup trusses database or resume from backup
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Edit truss
New truss: Definition G
1.
Zadaj y1 [m]
Zadajxl [m] 17
1 Zadaj 21 [m]
ELE \'-- filled coordinates from L
1 —— . Zadajx2 [m]
Zadej 71 [m] L— previous truss L
L —] Zadaj y2 [m]
Zadaj 2 [m]

1.
filled rotation from Zadaj 2 [m]

L~ previous truss :

Zadaj rot [']
180.

Zadajy2 [m]

Zadaj 22 [m]

. Zadaj offy [mm]
Zodj ot ] |- offset definition .

180. Zadaj offz [mm]

ﬁ] —=5klen|© None ':‘Oﬁsﬂvﬁ Trusses window 0
[Cance] -Dop\ﬁ -zmaj pc -Preh\'ad

choose truss for edit

Delete trusses—] |[zatei nosnit fEditus nesni | weesinosnity—+— Draws graphical preview

Zmai nosnik| Backup nesnikov || Natitanie 2 backup |

»d [m] y1[m] 2l [m] x2 [m] y2 [m] 22[m] rot[7] sklon ] w [mm] t [mm] offy [mm] offz[mm]  xo[m] yo [m] 2o [m]

1000000 1000000 1000000 2000000 1000000  1.000000  0.000000 0000000 100000000 20000000  0.000000 0.000000 1000000 1000000  1.100000
2000000 1000000 1000000 2000000 1700000 1000000 180000000 0000000 80000000  10.000000  -80.000000  0.000000 2000000 1000000  0.920000
2000000 1700000 1000000  1.000000 1700000 1000000  0.000000 0000000 100000000 20000000  0.000000 0.000000 2000000 1700000  1.100000

1.000000 1.700000 1.000000 1.000000 1.000000 1.000000 180.000000 0.000000 80.000000 10.000000 —&0.000000 0.000000 1.000000 1700000 0.920000

New truss: Overview of previously defined trusses
Image 4 — Define trusses

Image 5 show graphical preview of four defined trusses (basic example). Final
geometric and beam finite element model in ANSYS APDL environment is shown in
Image 6. We can see that even the final geometric ANSYS model consists of only four
simple connected lines (Image 6), the beam elements are positioned, rotated and offset
properly according to graphical preview from our program (Image 5). Also we can see
from these images the presentation of different dimensions of “L” cross-sections, rotations
and offsets defined for trusses. Moreover, we can see that the program calculates
coordinates for orientation keypoints used in APDL environment (orientation keypoint is
used for appropriate rotation of finite beam elements created along main geometric line of
the truss).
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Draw graphical preview: Choose trusses for preview

il [m]

"L" arms

thickness of

13 yl [m] 71 [m] x2 [m] ¥2 [m] 22 [m] rot[] sklen[?] w[mm] t[mm] offy [mm] offz [mm] xo [m] yo [m] zo [m]
1 1.000000 1.000000 1.000000 2000000 1.000000 1.000000 0.000000 0.000000 100.0000 20.00000 0.000000 0.000000 1.000000 1.000000 1.100000
2 2000000 1.000000 1000000 2000000 1.700000 1.000000 180.0000 0.000000 80.00000 10.00000 -80.0000 0.000000 2.000000 1.000000 0.920000
3 2000000 1700000 1.000000 1.000000 1.700000 1.000000 0.000000 0.000000 1000000 20.00000 0.000000 0.000000 2000000 1.700000 1.100000
4 1.000000 1700000 1.000000 1.000000 1.000000 1.000000 180.0000 0.000000 80.00000 10.00000 -80.0000 0.000000 1.000000 1.700000 0.920000
[canceian] [0 0vigin, ® auto / Il N\ N Y/
position of rotation” inclination’ 'length of N offsets
coordinate system "L" arms

Graphical preview (interactive)

['Vykreslené nosniky.

calculated coordinates for orientation keypoint

Image 6 — ANSYS APDL geometric line model (top left), Beam finite element model (bottom right)
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Graphical preview of trusses in our program is based on preparation of graphical
wireframe shape of defined truss with parameters (length of the truss, dimensions of “L”
cross-section, offsets) in the local coordinate system that is finally transformed into the
global coordinates using transformation matrix. This process is shown in Image 7 where

example of Mathematica syntax is presented.

= profil L

LProfile[s1 , ¥1_, z1_, %2 , ¥2 , 22 , w , t_, natoc_, poc_, offy_, offz_, graf ] i= Module[({vektor, dlzka, zlx, zlz, priemet, psi, i, Tpsi, TFi, ww,

natocst Pi/180;
Wi = w 10%-3;

£t = £10%-3;

offyy = offy 10~-3;

z = offz10%-3;

{231, y2-y1, 22 - 21} ;
t[vektor[[1]]~2 + vektor[[2]]~2 + vektor[[3]12];

= 0, [ChoiceDialog[Style["Nulové diZka nosniza ", Darker[Red]], {"OK" » 1}, WindowTitle —» Dynamic[ToString[StringForm["Zadévanie profilu &. 1

", poc]]l], Geto[finish]}];

1= -1If[Abs[(z1z-dlzka)] « 1x10%-6dlzka , Arcsin[l], ArcSin[zlz/dlzka]]:
priemet = dlzkaCos[fi];

psi= If[priemet = 0, 0, IF[Abs[(z1x - priemet)] < 1x10%-8 priemet , 0, ArcCos[zlx/ priemet]]]:
or[[2]] « 0 &k vextor[[1]] « 0, Tpsi[psi ] := {{Cos[psi+Pi], Sin[psi+Pi], 0}, (-Sin[psi+Pi], Cos[psi+Pi], 0}, {0, 0, 1}},
in[psi], 0}, {Sin[psi], Cos[psil, 0}, {0, 0, 1}1,

i], Cos[Pi
[fil}}, Tf1

{1, 0, 0}, {0, Cos[natocst], Sin[natocst]}, {0, -Sin[natecst], Cos[nato

i1, 0}, {-Sin[Pi
1, {-8in[fi], 0,

:= {{Cos[fi], 0, -S$in[fi]}, {0, 1, 0}, {Sin[fi], O, Cos[fi]}}];

1.TEL[fi].Tpsilpsil;

nad a1 - 1

Image

Finally, programmed APDL generator prepares text file in working directory that
can be directly read in ANSYS APDL environment (for graphical representation of the
geometric model and beam finite element model see Image 6).

3 Beam model of the transmission tower lattice construction

We used our program to prepare model of transmission tower (see Image 1) using
trusses finally represented by beam finite elements. Due to symmetry of the whole
structure it is possible to prepare only quarter geometric model and quarter beam model
that is subsequently mirrored to form the full finite element model.

The quarter model that consists of 412 trusses is shown by graphical preview of
our program in Image 8. There is also shown final APDL text file generated by our
program, only the first and the last trusses are shown (i.e. commands for these trusses).

http://aum.svsfem.cz

tt, Tnatoc, natocst, T, bod, lokall, transfL, glob:

i], 0}, {0, 0, 1}}, Tpsi[psi_] i= {{Cos[psi], Sin[psi], 0}, {-8in[psi], Cos[psi], 0}, {0, 0, 1}}]11;
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/ESHAPE,1
/VIEW,1,1,2,3
EPLOT

/REP

ACEL,0,0,9. 81

Image 8 — Graphical preview of anchor transmission tower quarter model (left), generated APDL
code with the first and the last truss defined (right)

Final model in ANSYS APDL environment with chosen details and beam mesh is
shown in Image 9. There are over 12 500 elements and over 24 500 nodes used in the
model. Results for the second eigen-shape of the transmission tower is shown in Image
10 (the tower is mechanically supported by endpoints of its legs; the second
eigenfrequency is about 3 Hz). Model of two span distances (AlFe power line) between
anchor transmission towers (terminals) and support tower (middle, see also Image 1) are
shown in Image 11. This model was also used for modal and static simulations.
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Image 9 — ANSYS APDL beam finite element full model of transmission tower structure
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Image 10 — The second eigen-shape of the tower structure (eigenfrequency = 3 Hz)
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Image 11 — Beam model of span distances with AlFe power lines, two anchor towers and one
support tower

4 Conclusion

The paper presented custom program for preparation phase for ANSYS APDL
model that consist of number of trusses with different dimensions, rotation and offsets of
“L” shaped cross-sections. The presented program ensures good feedback to user that
creates the model by graphic preview of chosen parts of the model, ensures management
of the trusses database and finally automatically creates APDL text file with all necessary
settings and definitions.
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OVERENIE ZATAZOVACICH SKUSOK ZELEZOBETONOVEJ PILOTY
LUBOMIR PREKOP

STU v Bratislave, Stavebna fakulta, Katedra stavebnej mechaniky

Abstract: This paper deals with the modeling of the load test of horizontal and vertical
resistance of reinforced concrete piles. The pile is a part of a group of piles with reinforced
concrete heads. The head is pressed with steel arches of a bridge on highway Jablonov -
Studenec. Pile model is created in ANSYS with several models of foundation having
properties found out from geotechnical survey. Finally some crucial results obtained from
computer models are presented and compared with these obtained from experiment.

Keywords: Reinforced Concrete; Pile; Modeling; Experiment

1 Uvod

Prispevok sa zaobera modelovanim zataZovacej skusky zvislej unosnosti
Zelezobetdnovej piloty. Pilota je sucastou skupiny pilot so Zelezobetonovou hlavou. Do
hlavy su opreté ocelové obluky mostnej konStrukcie na dialnicnhom moste Jablonov—
Studenec.

1.1 Popis objektu

Mostny objekt pozostava z 3 Casti, celkové rozpatie mosta je 668,6 m:
o 3 Zelezobetdénové predpaté predpolia s rozpatiami 26,0 m; 32,0 m a 26,3m; celkové
rozpatie 84,3 m;
e 7 hlavnych ocefovych oblukovych mostnych poli s rozpatiami 2x60m; 2x70m a 3x80m;
celkové rozpatie 500m;
o 3 Zelezobetdénové predpaté predpolia s rozpatiami 26,0 m; 32,0 m a 26,3m; celkové
rozpatie 84,3 m.

Obrazok 1 - Celkovy pohlad na mostny objekt

Obrazok 2 - Pohlad na ocelové obluky mosta
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Posudzovana pilota sa nachadza v podpere 7.piliera, do ktorej sa opieraju ocelové
obluky mosta. V etape predbezného a nasledne podrobného prieskumu bolo vykonanych
10 prieskumnych vrtov, z ktorych bolo vytvorenych 7 modelov podlozia. Zo 7 modelov bol
pre vypocet pouZity model podloZia v mieste prieskumného vrtu 205-7/V. V etape
kontrolného prieskumu bolo realizovanych 8 vrtov.

1.2 Zat'azovacia skuska piloty

Bola vykonana zatazovacia skuska pildty na zvisli a vodorovnd silu. U&elom
skusky bolo vytvorit podklady pre pripadné Upravy projektu pilét zakladania mosta a overit
unosnost piléty na zvislé zatazenie, vodorovné zatazenie a urCit zavislost sadanie —
zatazenie v danych geologickych podmienkach. Podrobny popis skusky sa nachadza v
literature [1].

1.3 Zakladové pomery

Geologicky profil v mieste skusobnej piloty podla zhotovitela pilét:

¢ 0,0 — 8,5 m proluvialny il piesgity so strednou plasticitou (F4, CS),

e 85-10,5m paleogén — silno zvetralé az rozlozené ilovce (R5, F6, Cl),

e 105-135m paleogén — silno zvetralé az rozlozené ilovce (R5-R6, F6, Cl),
[ ]

13,5-14,7m paleogén — striedanie 10-30 cm hrubych poléh silno zvetralych
pieskovcov (R5, R4).

Hladina podzemnej vody narazena v rozpukanych ilovcoch bola zistena v hibke 13,6 m.
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Obrazok 3 — Pilier 7, usporiadanie zvislych a Sikmych pil6t v hlave [1]
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1.4 Udaje o skusobnej piléte

Osove zatazovana skuSobna piléta bola systémova, zhotovena v lokalite stavby
Dialnica D1 Jablonov - Studenec, SO 205 Most na D1 v km 1 650, pilier7. Skusobnu
pilétu zhotovila firma vrtnou stpravou WIRTH 22, vrt piléty bol do hibky cca 8 m pazeny
vypaznicou. Nominalny priemer pildty bol 1,2 m a jej dizka 12,4 m. Projektom poZadované
maximalne skusobné zatazenie piloty bolo 5 000 kN.

1.5 Zat’azovacia skuska

V danych podmienkach sa zatazovacia skuska uskutoCnila pomocou
zatazovacieho mosta. Zatazovaci most bol tvoreny dvojicou ocelovych nosnikov rozmerov
10 000 x 1 300 x 400 mm, ktoré boli po stranach prikotvené pomocou ocelovych nosnikov
a predpinacich lan do dvojice kotevnych pil6t. Centrické zatazenie skdaSaného prvku bolo
zabezpeCené symetrickym rozmiestnenim kotevnych prvkov voci skuSanej pilote a
vloZenim plochého kibu medzi silomernt dézu a zatazovaci most.

Meranie posunov za ucelom zistenia celkového sadania resp. ustalovania sadania
piléty na jednotlivych zataZovacich stuprioch bolo vykonané pomocou 3 elektrickych
snimacov posunu s rozsahom 100 mm a presnostou 0,001 mm.

Pri dosiahnuti maximalnej zataZovacej sily 5 000 kN bolo preukazané ustalenie
sadania piléty. Celkové sadania skuSobnej piléty pri maximalnom zatazeni bolo 19,7 mm,
trvala deformacia po odlah&eni bola 11,3 mm. Skuska jednoznaéne preukazala medznu
totalnu unosnot piléty. Pri stanoveni navrhovej hodnoty medznej unosnosti podfa [2] je
tato hodnota R,y = 5000 / 1,5 = 3 333 kN. Pri vypoctovej unosnosti bolo sadanie piléty
9,7 mm.

1.6 Tenzometrické merania

Za U&elom sledovania priebehu sil po dizke skuSobnej pildty na jednotlivych
zatazovacich stupfioch sa do telesa skuSobnej piléty osadili strunové tenzometre.
Tenzometre boli typu Interfels. Rozmiestnenie tenzometrov bolo nasledovné:

e 1,0m (tenzometre T1 az T3),

e 425m (tenzometre T4 az T6),

o 7,5m (tenzometre T7 az T9),

e 10,75m (tenzometre T10 az T12).

Tenzometrické merania sa vykonavali vzdy na zaciatku a konci zataZzovacieho stupria.

2 Model konstrukcie

Model pildty bol wvytvoreny ako 3D pomocou programu ANSYS (obr.4).
Zelezobetdnova pilota bola modelovana pomocou prvkov SOLID65 a okolity zemny masiv
prvkami SOLID45. Tymto prvkom boli postupne priradené vlastnosti jednotlivych vrstiev
podloZia. Kontakt piloty a zemného masivu bol modelovany pomocou kontaktnych prvkov
TARGE170 a CONTA173, kontakt bol typu plocha—plocha [3].

Piléta bola postupne zataZovana vo viacerych zatazovacich krokoch. 1.zatazovaci
krok mal hodnotu 625 kN a dalSie narastali postupne o hodnotu 625 kN az do hodnoty
5000 kN. Pri modelovani boli vynechané zataZovacie stupne, ktoré reprezentovali
odlahcenie piloty.
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Obrazok 4 — Model konstrukcie a prie¢ny rez konstrukciou

3 Dosiahnuté vysledky

Dosiahnuté vysledky zvislych deformacii na pate piléty su zobrazené v grafe na
obr. 5. Faza odlahenia poCas zatazovacej skusky a odlah&enia po skonceni nebola
zahrnutd do modelu. Hodnoty pre odlahéenie su v grafe uvedené pre ilustraciu.
Dosiahnuté vysledky vodorovnych deformécii po vySke piloty su zobrazené v grafe na
obr.6 a obr.7. Z priebehov obidvoch druhov deforméacii je zrejmé, Ze zhoda vo
vysledkoch merania a z modelu je velmi dobra.
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Obrazok 5 — Priebeh zvislych deformacii
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Vodorovna sila H=280kN
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Obrazok 6 — Priebeh vodorovnych deformacii pre velkost sily 280 kN
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Obrazok 7 — Priebeh vodorovnych deformacii pre velkost sily 420 kN
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4 Zaver

Na zaver je mozné konstatovat, Zze dosiahnuté vysledky modelovania velmi dobre
kore$ponduju s nameranymi hodnotami z experimentu. PouZitie kontaktu typu plocha—
plocha je vhodné na modelovanie tohto typu uloh a dava relevantné vysledky. Tieto su
porovnatelné s hodnotami, ziskanymi experimentalnym meranim priamo na stavbe
konstrukcie. Nepatrne vysSie hodnoty zvislych a aj vodorovnych deformacii z modelu je
mozné zdbévodnit pomerne komplikovanym modelovanim kontaktu piloty s vrstevnatou
zeminou.
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VYUZITi NUMERICKYCH VYPOCTU PRO ANALYZU VYSLEDKU MERENi MOSTNICH
KONSTRUKCi METODOU RADAROVE INTERFEROMETRIE

VLASTISLAV SALAJKA, PETR HRADIL, DAVID FRYBORT, MICHAL GLOCKNER

Vysokeé uceni technické v Brné, Fakulta stavebni, Veveri 331/95, Brno
CONSULTEST, s.r.o., Sumavska 982/31a, Brno
Geodézie Leded nad Sazavou s.r.o., Kozelska 225, Lede¢ nad Sazavou

Abstract: Detailed mathematical models of two bridges enabled use to compute the
natural frequencies and modes. Radar interferometry measurements were used to
determine the dynamic response of two bridges. The dynamic excitation was performed
via trucks crossing the road bumps placed upon each structure. From the relevant records
we then determined the spectral values of the bridges. Computed natural frequencies
these were subsequently compared with their measured counterparts.

Keywords: FEM model, bridges, radar interferometry, modal analysis, dynamic response

1 Uvod

Pfed uvedenim mostni konstrukce do provozu je vhodné realizovat zatéZovaci
zkousky této konstrukce. Pfi provadéni zatéZovacich zkouSek |ze postupovat podle normy
CSN 73 6209. Norma obsahuje zakladni ustanoveni pro pfipravu, provadéni
a vyhodnoceni statickych a dynamickych zatéZovacich zkouSek mostnich objektu.
Pri statické zkousce se urcuji prihyby a pfi dynamické zkouSce se porovnavaji vyznamné
vlastni frekvence a jim odpovidajici tvary kmitd. Vysledky zkouSek jsou konfrontovany
s hodnotami ziskanymi pomoci vypocta v dobé navrhu. Pfi vypoctech se vyuziva metoda
konecnych prvk( umoznujici sestavit velmi podrobné matematické modely sledovanych
konstrukci. Zakladni statické hodnoty (pruhyby konstrukce) uvadéné ve statickych
vypoctech a také vyznamné vlastni frekvence a vlastni tvary kmitt konstrukce dale slouzi
pro identifikaci vhodnych poloh pro umisténi snimacl pfi organizaci méfeni. Namérené
hodnoty slouzi jako kontrola puvodniho navrhu a stavu realizované konstrukce a mély
by byt v souladu s vysledky vypocti na modelech sledovanych konstrukci.

PFi realizaci méfeni Ize vyuzit fadu metod. Napfiklad pfi ur€ovani prihybu lze
pouzit mechanické méfeni pomoci FriCovych prihybomér, elektronické méfreni pomoci
odporovych pfevodnik( prahybu, elektronické méfeni pomoci indukénostnich snimacu
drahy. Pfesnost metod je silné zavisla na klimatickych podminkach. V souCasné dobé
se za€ina vyuzivat radarova technika INSAR (Interferometric synthetic aperture radar).
Jedna se o méfeni pomoci radarové interferometrie. Metodika INSAR je velmi vhodnou
alternativou v pfipadech mérfeni zatizitelnosti mostl pres hluboka udoli nebo prudké
a hluboké vodni toky. Radarova interferometrie je vyuzitelnd i v pfipadech, kdy se
pozaduje urCit dynamickou odezvu s posouzenim na ucCinky dopravy a dynamického
vétru.

Uvadi se vysledky vypoctl a realizovanych méfeni dvou vyznamné tvarové
odliSnych mostu. Pro identifikaci vhodnych poloh pro umisténi radarovych odrazecu
a volby silového buzeni (nakladnimi vozidly) byly provedeny navrhové vypocty simulujici
zatézovaci zkousku. Byly porovnany naméfené a vypocétené hodnoty prihybl
ze statickych zkousek. Ze zaznam( dynamickych odezev pfi buzeni mostt pojizdénymi
vozidly byly ur€eny vlastni frekvence kmitdni mostd a ty nésledné porovnany
s vypoctenymi hodnotami.
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2 Obloukova zelezobetonova mostni konstrukce

Byl sledovan obloukovy most pfes dalnici D47 nedaleko obce Velké Albrechtice,
viz obrazek 1.

T

-

Obrazek 1 - Pohled na most s odrazeci a na radar

Most predstavuje zZelezobetonovou konstrukci s patami situovanymi ve svazich
nasypu. Konstrukci mostu tvofi samokotveny obloukovy systém s horni deskovou
mostovkou podepienou &tyfmi Sikmymi vzpérami a tuhym vetknutim ve vrcholu oblouku.
Celkova délka nosné konstrukce mostu je 85,9 metru, Sitka 6,7 metru, pfiemz rozpéti
samotného oblouku je 51,3 metru pfi vzepéti 5,195 m.

Vypoctovy model konstrukce pro statické i dynamické vypolty byl sestaven
v programovém systému ANSYS. Podrobny vypocCtovy model je vytvofen prevazné
z prostorovych z desetiuzlovych konecnych prvkd SOLID187. Dale byly v modelu uzity
osmiuzlové povrchové prvky SURF154 a osmiuzlové sténo deskové prvky SHELL281.
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Obrazek 2 - Globalni vypoc¢tovy model mostu a detaily podpor

Zelezobeton je uvazovan jako izotropni linearné pruzny material s hodnotami
modulu pruznosti E = 33 GPa a soucinitelem pfi¢né kontrakce v = 0,2. Specificka
hmotnost materidlu je odhadnuta na 2500 kg.m™. Skute&né udaje nejsou znamé.
Specifickd hmotnost Zelezobetonovych prvkd fims tj. v€etné zébradli se uvazuje 2600
kg.m™ a vozovky 2000 kg.m™. Zvoleny modul pruznosti Fims je o nékolik fad( mensi, aby
tato konstrukce neovliviiovala tuhost mostu. Modul pruznosti vozovky je zvolen mensi,
a to 5 GPa. Ulozeni mostu je Castecné poddajné.
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Pfi statické zkouSce byla provedena dvé méfeni odpovidajici dvéma poloham
(najezdu) vozidel. Hmotnosti vozidel byly pfevzaty z vaznich listk (hmotnost 22,150 Mg a
hmotnost 18,720 Mg). Pfi vypoltu uvedenym hodnotam hmotnosti vozidel odpovida
celkové statické zatizeni 400,935 kN. Zatizeni je zadano ve formé osmi osamélych
bfemen v zavislosti na poloze naprav.

ANSYS ANSYS|
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Obrazek 3 - Okrajové podminky vCetné zatiZeni a vysledné pole posunuti uy

Ze zaznamu bylo zjisténo, ze pfi prvnim najezdu byl maximalni prihyb ve stfedu
mostu 4,32 mm a pfi druhém najezdu 4,20 mm. Vypoctem odpovidajici hodnota
je 4,516 mm. Prihyb v Urovni fims ziskany z experimentu v mezich od 4,41 mm do 4,68
mm. Vypoctena hodnota je 4,606 mm.

PFfi dynamické zkouSce byly ziskany dvé sady méfeni. Snimaly se posuvy
na fimsach a ve stfedu oblouku. Buzeni bylo provedeno vozidlem pfejizdé&jici pfes prah
na vozovce. Rlzné polohy prahu byly uréeny z pfedbéznych vypoctd vlastnich tvard
kmitl. Celkem bylo pofizeno 24 zaznam( méfeni. Ukazka méfeni posunt a spektralni
hodnoty pro zatéZovaci pfipad Z3 jsou uvedeny na obrazku 4. Naméfené hodnoty nebyly
dale zpracovany. PFi vyhodnoceni se pracuje s hodnotami, které jsou priamérem
ze spektralnich zaznamu zobrazujici vyrazné Spi¢ky hledanych hodnot frekvenci.

.\/J V\J\Mw \:/:{‘ " Q‘

a) Namérené hodnoty prihybu b) Spektralni hodnoty

Obrazek 4 — Zatézovaci pfipad Z3 — prvni sada méreni

Z pfedbéznych vypoctl bylo zjisténo, Ze zahrnuti do vypoctu vlivu napjatosti ma
nevyznamny vliv na vlastni frekvence a tvary kmitu. Tento vliv byl pfi vypoctu vlastnich

v v,
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kmitl. Prvnich deset hodnot frekvenci je uspofadany s popisem odpovidajiciho tvaru
kmitu v tabulce 1. Pro dopInéni jsou na obr. 5 az 8 zobrazeny vlastni tvary kmit( prvnich
Ctyf vlastnich frekvenci.

Tabulka 1 Vlastni frekvence — méfeni a vypocet

fCréSI!\?ence Eﬁlzpiocet I[\|/I_|e;|ien| Popis tvaru kmitu
1 2,675 2,460 | 1. priény tvar kmitu
2 3,182 3,056 | 1. sym. ohybovy tvar kmitu
3 3,363 3,309 | 1. antisym. ohybovy tvar kmitu
4 4,158 2. sym. ohybovy tvar kmitu
5 5,089 1. torzni tvar kmitu
6 5,327 2. antisym. ohybovy tvar kmitu
7 6,633 2. pfiény tvar kmitu
8 7,132 3. sym. ohybovy tvar kmitu
9 8,939 3. antisym. ohybovy tvar kmitu
10 9,134 2. torzni tvar kmitu
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Obrazek 5 - Vlastni tvar kmitu —f; = 2,675 Hz Obrazek 6 - Vlastni tvar kmitu — f, = 3,182 Hz
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Obrazek 7 - Vlastni tvar kmitu — f; = 3,363 Hz  Obrazek 8 - Vlastni tvar kmitu — f, = 4,158 Hz
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3 Mostni konstrukce mostu se spojitou mostovkou

Dali sledovanou konstrukci je pfemosténi dalnice ev. & D1-430.2 mezi MC
Polanka nad Odrou a MC Vaclavovice, viz obrazek 9. U tohoto mostu vodorovnou
konstrukci tvofi spojita mostovka z pfedpjatého betonu o ¢tyfech polich s rozpétim 13,0 +
17,0 +17,0 + 13,0 m Sikmo ulozena na podpérach. V pfiéném fezu je mostovka navrzena
ve véech polich jako deska proménné tloustky. Nad op&rami jsou koncové priéniky. Sitka
nosné konstrukce mostu je 10,05 m. Nosna konstrukce je uloZzena na vSech podpérach
na elastomerovych loziskach. Vnitfni podpéry jsou dvojice pilifi rizné vysky.

AN?V?
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N
a) Fotografie nosnych €asti mostu b) Vypoctovy model mostu a Cisla pilifl

Obr. 9. Axonometricky pohled na celkovy model — déleni na prvky

Vypoctovy model konstrukce pro statické i dynamické vypocty byl opét sestaven
v programu ANSYS pfevazné z prostorovych tentokrat z osmiuzlovych koneénych prvki
SOLID185. Témito prvky byly modelovany pilife a mostovka. Déle byly v modelu uZity
Ctyfuzlové sténodeskové prvky SHELL181 ve spojeni s prvky typu SOLID185 pro
modelovani roznosu sil pfenasenych modelovanymi lozZisky, a nakonec dvouuzlové
kone&né prvky COMBIN14 pro modelovani tuhosti loZisek.

Je volen stejny materialovy model Zelezobetonu. Specificka hmotnost mostovky je
odhadnuta se zapoétenim nenosnych konstrukci na 2500 kg.m™. Specifickd hmotnost
pilif je 2400 kg. m™.

Pfi statické zkouSce byla provedena dvé méfeni odpovidajici dvéma poloham
(najezdu) vozidel. Vozidla byla umisténa v poli mezi pilifi 2 a 3. Byly ziskany prahyby
uprostied rozpéti druhého pole (mezi pilifi 2 a 3) na fimsach a ve stfedu spodniho lice
mostovky. Hmotnosti vozidel byly pfevzaty z vaznich listkd (hmotnost 27,580 Mg
a hmotnost 17,900 Mg).

Pfi vypoCtu uvedenym hodnotam hmotnosti vozidel odpovida celkové statické
zatizeni 446,159 kN.

Ze zaznamu vyplyva, Ze pfi prvnim najezdu byl maximalni prahyb ve stfedu mostu
1,96 mm a pfi druhém najezdu 1,98 mm. Vypoctem jim odpovidajici hodnota je 2,054 mm.
Prihyb v drovni fims ziskany z experimentu je v mezich od 1,98 mm do 2,13 mm.
Vypodtena hodnota je v mezich od 1,977 mm do 2,271 mm. ZvétSeny rozdil v misté fimsy
na strané chodniku Ize zdlvodnit zjednoduSenim pfi modelovani. Tuhost chodniku nebyla
ve vypoctu zohlednéna.

Pfi dynamické zkouSce byly snimany hodnoty pohybu mostovky ve stejnych
mistech jako u statické zkousky. Buzeni bylo provedeno t&zSim z vozidel pfejizdéjicim
rdznou rychlosti pfes prah poloZeny na vozovce. Byla zvolena rychlost 30 a 50 km.hod™.
Poloha prahu byla bud v ose mostu anebo na kraji mostu, a to postupné v druhém
a prvnim poli. Polohy prahu byly uréeny z pfedbéznych vypocta vlastnich tvard kmitd.
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Pojezd vozidla byl realizovan z obou stan mostu. Takto bylo celkem pofizeno 16 zaznami
meéreni. Vybrané vysledky z méfeni a vypoctu jsou uvedeny v tabulce 2. Na obrazcich 10
az 13 jsou zobrazeny vlastni tvary kmitt odpovidajici 1., 3., 4. a 7. vlastni frekvenci.

Tabulka 2 Vlastni frekvence — méfeni a vypocet

fCréSI!\?ence Eﬁlzpiocet I[\|/I_|e;|ien| Popis tvaru kmitu
1 0,982 Podélny tvar kmitu
2 3,979 1. pFicny tvar kmitu
3 5,386 5,518 | 1. antisym. ohybovy tvar kmitu
4 7,094 7,214 | 1. sym. ohybovy tvar kmitu
5 8,106 1. ohybovy - podpora
6 8,115 1. ohybovy - podpora
7 9,360 9,445 | 2. antisym. tvar kmitu + ohyb pod.
8 9,398 1. ohybovy - podpora

st st

.561E-03

ANSYS ANSYS svs
5 MODAL SOLUTTON Ay sYS

Obrazek 10 - Vlastni tvar kmitu — f; = 0,982 Hz Obrazek 11 - Vlastni tvar kmitu — f; = 5,386 Hz
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Obrazek 12 - Vlastni tvar kmitu — f, = 7,094 Hz Obrazek 13 - Vlastni tvar kmitu — f; = 9,360 Hz

4 Zavéry

Metodou kone&nych prvka byly sestaveny dva podrobné prostorové vypoctové
modely zvolenych dvou odliSnych mostnich konstrukci. Jedna se most pfes dalnici s ev.
€. D1-412.2 mezi obcemi Velké Albrechtice a Studénka a pfemosténi dalnice ev. ¢. D1-
430.2 mezi MC Polanka nad Odrou a MC Vaclavovice. V obou pfipadech se jedna
0 mosty ze Zelezobetonu.
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Byla vypoctena staticka odezva a proveden vypocet vlastnich tvard kmitu obou
konstrukci. Pfedbézné vypocdty slouzily pro uréeni mist pro umisténi koutovych odrazec
pfi statickych a dynamickych zatézovacich zkou$kach vyuzivajici metodu radarové
interferometrie.

Metodou radarové interferometrie byly ziskany hodnoty prihyb( mostu pfi zatizeni
vozidly a dale zméfena dynamicka odezva pfi pojezdu tézkého vozidla po mostni
konstrukci. Pro zvétdeni dynamického ucinku vozidlo prejizdélo pfes pfedem umistény
prah. Ze zaznam( dynamickych odezev byla uréena hledana frekvenéni spektra.

Z porovnani vysledkl statickych odezev ziskanych experimentalné a z vypoctu
ukazuje na vhodnost vyuziti radarové interferometrie pfi statickych zkouskach i na kvalitu
sestavenych modeld mosti metodou kone¢nych prvk.

Uvedené konecnéprvkové modely byly pouzity pro vypocet viastnich frekvenci a
tvard kmitd. Pro kazdy model bylo zdokumentovano frekvenéni spektrum patnacti
vlastnich frekvenci a tvard kmitG. Tyto spektra byla porovnana se spektry ziskanymi

vypoétenym frekvencim s odpovidajicimi vlastnimi tvary kmitu.

Z porovnani vysledkd méfeni a vypoctl je zfejmé, Ze za predpokladu spravného
vzajemného pfifazeni vlastnich frekvenci, tyto vysledky vykazuji velmi dobrou shodu. Toto
v8ak zustava nedofeSenym problémem. Bylo by vhodné vytvofit metodiku zpracovani
¢asovych zaznamd tak, aby bylo mozno jednoznacné urcit k jakému vlastnimu tvaru kmitu
je mozno nalezené frekvence pfifadit.

Vyznamnou skuteCnosti je, ze lze ziskat Casové zaznamy posunuti dynamicke
odezvy. Tyto zaznamy mohou byt podkladem pro dal$i analyzu sledovanych konstrukci.

Z provedené studie porovnavajici provedené experimenty a vypocty Ize
konstatovat, Ze pouZita technologie radarové interferometrie je vhodna pro diagnostiku
mostnich konstrukci. Stalo by za Uvahu moznost pouziti pfi méfeni vice radaru, a tim

Vv

V pfipadé dynamického chovani je tfeba doplnit diagnostiku o metodiku
vyhodnoceni, tak aby bylo mozné pfifadit frekvencim odpovidajici tvary kmitu. Jinak
je nutno, tak jako i u jinych zkuSebnich metod se opfit o vypocty.

PFfi méfeni byl pouzit interferometricky radar IBIS-S, velmi pfesna totalni stanice
Sokkia Net 1AX, zapisova¢ SONY HDR-CX115 a meteostanice Conrad D152.
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STUDIE ROZTRZENi ROTORU LETECKEHO MOTORU

JURAJ HUB, PETR KILINGER
Univerzita obrany Brno, Kounicova 65, 662 10 Brno, Ceska republika

Abstract: The paper presents a study of a rotor burst of airplane turboprop engine M601B
using ANSYS 17.0 Workbench and Autodyn. The study is based on advisory circular
AMC-20-128A introducing considerations for aircraft turbine engine rotor failures.
Simulations on simplified airplane model show that the second engine might be in risk
caused by uncontained fragments from the broken engine. Therefore it is analysed also
the fragment’s capacity to penetrate the broken engine case in order to evaluate the
possibility of hitting the second engine. Simulations evince sufficient engine case
resistance. Results obtained are discussed and recommendations are proposed.

Keywords: rotor burst, uncontained fragment, engine turbine, blade, disc, Autodyn

1 Uvod

Pro zajisténi bezpecCnosti letu dopravnich letadel musi byt letecké turbinové
motory navrzeny tak, aby zachytily fragmenty, které mohou vzniknout v dusledku roztrzeni
rotoru. RoztrZzeni rotoru je takova porucha rotoru turbinového motoru, pfi niz dojde k
defragmentaci turbiny nebo kompresoru. Nebezpedéi této poruchy je v tom, ze poruseny
motor je vyfazen z provozu a neni schopen dale poskytovat tah, hrozi rizko pozaru a v
pfipadé opusténi prostoru motoru mohou tyto fragmenty ohrozit a poskodit ostatni ¢asti
letounu véetné dalSiho motoru. Kineticka energie fragment( je totiz v disledku vysokych
otadek rotadnich &asti motoru pomérné vysoka. Clanek uvadi studii roztrzeni rotoru
leteckého motoru Walter M601B zaloZenou na dokumentu AMC-20-128A (AMC, 2017).
Nejdfive je popsana problematika roztrZzeni rotoru, pak je pomoci systému ANSYS 17.0
Workbench a Autodyn analyzovana schopnost fragmentu proniknout ke druhému motoru
dvoumotorového letounu a nakonec schopnost fragmenti opustit prostor motoru.
Vysledky jsou komentovany a uvedena jsou doporuceni.

2 Popis problematiky roztrzeni rotoru

Na obrazku 1 je pfiklad turbohfidelového motoru s vyznadenim &asti, kterych se
roztrzeni rotoru muze tykat — turbiny a kompresoru.

volna turbina generatorova turbina radialni a axialni kompresor

Obrazek 30 - Turbohfidelovy motor (https://www.pragaglobal.com/wp-content/uploads/2016/
04/motor-GE-Aviation-1024x576.jpg)
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Kazda udalost souvisejici s roztrzenim rotoru zpusobuje unikatni kombinaci
druhotnych poskozeni na letadle v zavislosti na tom, o jaky druh poruchy se jedna.
Fragment z poSkozeného motoru mlize zlstat uvnitf prostoru motoru nebo mlze prostor
motoru opustit — v tomto pfipadé hovofime o nezachycenych fragmentech nebo o poruse
rotoru motoru s protrzenim krytu. Nezachycené fragmenty mohou prostor motoru opustit
smérem dopfedu proti sméru letu, dozadu nebo do stran — radialné. Nezachycené
fragmenty mohou poskodit trup letounu, ocasni plochy nebo kfidla letounu. Rizikové pro
letoun je, pokud dojde k zasazeni kritickych €asti letounu, které jsou nevyhnutné pro
zajisténi letu a bezpecné pfistani.

Kritickymi ¢astmi letounu jsou osoby na palubég, tj. posadka nebo cestujici, dale
intergrita konstrukce letounu, kterou predstavuji dulezité uzly jako napf. zavésy kfidla
nebo pretlakova kabina, dale pohonné jednotky, fizeni a systémy letounu. PoSkozeni
téchto ¢asti mlze zplsobit ztratu lidskych Zzivotd, ztratu schopnosti letounu pokracovat v
letu a bezpe€né pfistat a ztratu schopnosti fizeni. Patfi sem i ztrata tahu, pokud je
zasazen druhy motor dvoumotorového letounu fragmenty prvniho motoru v pfipadé
roztrzeni rotoru.

motor(, z hlediska faze letu se nejvice vyskytuje ve fazi stoupani a z hlediska Casti
motoru hlavné u vysokotlakych kompresort nebo turbin (viz obrazek 1). V obdobi 1948 az
2016 registruje (Uncontained engine, 2017) 64 udalosti poruchy rotoru dopravnich letadel
s protrzenim krytu a (AMC, 2017) registruje v obdobi 1962-1989 celkem 676 udalosti, pfi
nichz doslo k protrzeni krytu. V posledné jmenovaném je zahrnuto také 15 udalosti s
havarijnim pfistanim, kritickymi zranénimi, ztratami na Zivotech nebo ztratou letounu.
Udalosti byly zpusobeny environmentalnimi vlivy, jako nasati ptaka, koroze/eroze,
poSkozeni cizim objektem, dale vyrobnimi zavadami, vadami materidlu anebo
mechanickymi a lidskymi Ciniteli, jako jsou udrzba a generalni oprava, chyby v prohlidkach
a provozni postupy.

Pfikladem roztrZeni rotoru dvoumotorového dopravniho letonu B767 je udalost z
roku 2006, kdy pfi pozemnim pojizdéni doslo k roztrzeni rotoru levého motoru a fragment
turbiny o velikosti pfiblizné 1/3 disku pronikl spodni ¢asti trupu az do motoru na druhé
strané a zUstal v jeho plasti zaklinény v oblasti za turbinou (Squair, 2017, Uncontained
engine, 2017), viz obrazek 2a. Druhy pfipad je z roku 2016, kdy pfi startu doSlo u
podobného letounu B767 k roztrzeni rotoru (Uncontained CF6, 2017) a na obrazku 2b
jsou dohledané fragmenty roztrzené turbiny.

O A DN DN O O ps
b)

Obrazek 2 — Roztrzeni rotoru u letounu B767: a — fragment turbiny zaklinény v druhém motoru
(2006), b — fragmenty turbiny (2016) (a - https://forums.jetcareers.com/threads/american-767-
uncontained-engine-failure.69275/, b - https://news.aviation-safety.net/2016/11/04/5528/)
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V prubéhu let se zavedla fada opatfeni pro minimalizaci vzniku roztrzeni rotoru u
letadel, které zahrnuji nové pfistupy pro feSeni Unavy materialu, rozvoj lomové
mechaniky, pfisnéjSi pozadavky na pevnostni navrh kritickych ¢asti motor(, nové postupy
pfi navrhovani a vyrobé motorQ, napf. zpracovani materialu nebo vyrobni postupy, dale
nové predpisy anebo nové provozni postupy, jako jsou napf. nové postupy kontroly véetné
nedestruktivnich metod, nebo prabézné sbirani dat o €innosti jednotlivych prvkd motor(
anebo definovani a zavadéni komplexnich preventivnich opatfeni ke sniZeni rizik.

Problematika roztrzeni rotoru je zachycena v leteckych pfedpisech a pro dopravni
letouny jsou to mj. CS-23 (malé dopravni letouny), CS-25 (velké dopravni letouny), CS-E
(pfedpisy pro letecké motory) a také AMC-20-128A (pfijatelné zplsoby prukazu, které
jsou soucasti dokumentu AMC-20; v dalSim textu uvadéno jako AMC), ktery obsahuje
konstrukéni kritéria k minimalizaci rizik zptsobenych poruchou rotoru turbinového motoru
a pomocné energetické jednotky, pfi niz dojde k protrzeni krytu. Dokument rovnéz
definuje velikost a tvar fragmentd pro analyzu roztrzeni rotoru.

Zakladnim pozadavkem AMC je zamezit ohrozeni kritickych prvkl( letounu
nékterym z nasledujicich zplasob:

e fragment neopusti prostor motoru (tzv. zachyceny fragment),

e v mozné draze nezachyceného fragmentu se kriticky prvek letounu nenachazi,
e ochrana kritického prvku letounu zalohovanim,

e ochrana kritického prvku letounu samotnou konstrukci letounu,

e dodateCna ochrana kritického prvku.

Clanek predklada studii roztrzeni rotoru turbovrtulového motoru Walter M601B,
ktery se pouziva u malého dvoumotorového dopravniho letounu ¢eské vyroby Let L-410
UVP (Kubes, 2017). Na zakladé analyzy rizik od roztrzeni rotoru obou turbin provedenych
podle AMC je stanoven druhy motor letounu jako kriticky prvek ohrozeny fragmenty od
poskozeného prvniho motoru. Dale jsou stanoveny v kap. 3 podle AMC fragmenty obou
turbin motoru v podobé& malého a jednotfetinového fragmentu. Nasleduje simulacni
analyza v kap. 4 za ucelem ovéfeni, zda jsou tyto fragmenty schopny proniknout
konstrukci letounu jako nezachycené fragmenty smérem ke druhému motoru. Nakonec je
provedena simulaéni analyza plasté motoru v kap. 5, ve kterém se vyskytne roztrzeni
rotoru, a to s cilem oveéfit schopnost fragmentla plastém proniknout a ohrozit tak druhy
motor letounu.

Pfi kontaktu téles s vysokou rychlosti jako je roztrzeni rotoru dochazi k
nelinearnimu chovani materialu, k velkym deformacim a velkym rychlostem deformace.
To vyzaduje pouzit v simulaéni analyze odpovidajici materialové modely popsané
stavovou rovnici, pevnostnim modelem a modelem poruSeni a také odpovidajici
diskretizaci numerického modelu. Pro fesni ulohy roztrzeni rotoru je proto vyuzit explicitni
kod ANSYS Autodyn s diskretizaci Lagrange, ktery umoznuje feSit zakladni vSeobecnou
pohybovou dynamickou rovnici télesa s vlivem tlumeni se znamou geometrii, zatizenim a
vazbami k okoli (Zukas, 2004):

MU }+[Clu J+ [KJu = {F )}, (1)

kde [M] je matice hmotnosti, [C] je matice tlumeni, [K] je matice tuhosti, {U} je

vektor v8ech neznamych pfemisténi prvku, {U je sloupcovy vektor v8ech neznamych

rychlosti prvku, {U} je sloupcovy vektor vSech neznamych zrychleni prvku, {F(t)} je
sloupcovy vektor Easové proménného vnéjsiho zatizeni.
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3 Nezachycené fragmenty

V pfipadé, ze nejsou k dispozici jiné podklady pro stanoveni nezachycenych
fragmentl, Ize je stanovit na zakladé AMC. Pro ucely analyzy roztrzeni rotoru jsou
stanoveny fragmenty obou turbin motoru M601B — generatorové turbiny a volné turbiny
pohanéjici vrtuli pfes reduktor, viz obrazek 1 a 3. Modely turbin i fragmentu jsou vytvoreny
na zakladé vykresové dokumentace motoru M601B a na zakladé méfeni na motoru v
prostfedi Inventor 2012 a jsou zjednoduSené.

Maly fragment turbiny je dle AMC stanoven jako vnéjsi polovina lopatky turbiny a
jeho kineticka energie je ur€ena z obvodové rychlosti té€zisté tohoto fragmentu v zavislosti
na maximalnich otackach turbiny. Uvazuje se jen transla¢ni pohyb a energie rota¢niho
pohybu se zanedbava. Jednotfetinovy fragment je uvazuje jako 1/3 disku turbiny (120°) s
jednou tfetinou vysky lopatek; opét se uvazuje pouze translaéni pohyb tézisté fragmentu v
zavislosti na maximalnich otackach turbiny. Fragmenty obou turbin jsou zobrazeny na
obrazku 4 a tabulka 1 uvadi parametry fragmentu.

a) b) c)
Obrazek 4 — Modely fragmentd podle AMC: a — maly fragment generatorové turbiny (Lopatka1), b
— maly fragment volné turbiny (Lopatka2), ¢ — jednotfetinovy fragment generatorové turbiny
(Turbina1), d - jednotretinovy fragment volné turbiny (Turbina2); obrazky nemaji stejné méfitko

Tabulka 6 Parametry fragment(

Fragment Lopatkal Lopatka?2 Turbina1 Turbina2
Hmotnost [g] 7,9 7,8 1180 1040
Rychlost [m/s] 335 474 155 177
Kin. energie [J] 429 876 14187 16387

4 Analyza ohrozeni druhého motoru nezachycenymi fragmenty

Analyza ohroZeni druhého motoru nezachycenymi fragmenty ma za cil ovéfit, zda
jsou fragmenty schopny proniknout konstrukci letounu ke druhému motoru, ktery
predstavuje kritickou ¢ast letounu. Mozna trajektorie fragmentd je na obrazku 5.
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Obrazek 5 — Trajektorie nezachycenych fragmentu ohrozujici druhy motor

Konstrukce letounu je v simulaéni analyze zjednoduSena a uvaZuje se pouze ve
formé potahovych plechu, které se nachazeji v draze fragmentu (viz obrazek 5). Je tedy
reprezentovana pouze potahovym plechem gondoly, v které je poSkozeny motor, dale
potahem trupu na obou stranach trupu a potahovym plechem gondoly druhého motoru.
Ostatni ¢asti konstrukce trupu, jako izolace, dekoraéni oblozeni, podélné vyztuhy,
prepazky a dalSi vybaveni kabiny a prostoru motoru jsou zanedbany. Navic jsou potahové
plechy uvazovany kolmé vzhledem ke draze letu fragmentu bez uvazovani zakfiveni. Tato
zjednodu$eni vytvareji podminky nejmensiho odporu, ktery klade konstrukce letounu
fragmentu.

Simulaéni model vytvofeny v prostfedi Autodesk Inventor 2012 a ANSYS
Workbench 17.0 je na obrazku 6. Rozmér reprezentativniho panelu je 100 x 100 mm pro
fragmenty lopatek a 300 x 300 mm pro fragmenty turbin. Vzdalenost panell nerespektuje
skute€nou vzdalenost prvkld na letounu a je volena s ohledem na to, aby dochazelo k
nezavislému postupnému porusovani jednotlivych panell a zaroven aby byl vypoctovy
C¢as co nejkratsi. Poloha fragmentd vzhledem k panellm je zvolena tak, aby byla
vzajemna poloha pravdépodobna a zarovef takova, aby mél fragment maximalni
penetracni u€inek na panely. Rotace fragmentu neni podle AMC uvazovana. Sit panelu je
v misté kontaktu fragmentu s panely zahusténa a panel obsahuje dva elementy po
tloustce. Okraje panelll jsou vetknuty, pocate¢ni rychlost fragmentl je uvazovana na
zakladé AMC podle tabulky 1. Odpor vzduchu je zanedban.

Lopatka2

Lopatka1
e Turbina1

Turbina2

0,00 45,00 90,00 (mm)
I ]

250 67,50

Obrazek 6 — Simula¢ni model odolnosti konstrukce letounu vici nezachycenym fragmentim
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Poté je model prfeveden do prostiedi ANSYS Autodyn 17.0, nastaveny jsou
okrajové podminky a jsou pfifazeny materialové charakteristiky explicitnich materialovych
modelld z knihovny Autodynu — panely jsou z materialu Al 2024-T3 se stavovou rovnici
Tillotson, pevnostnim modelem Johnson-Cook, modelem poruseni Johnson-Cook a erozi
s geometrickym pretvofenim 0,8. Pro fragmenty je zvolen material Steel 4340 se stavovou
rovnici Rigid, protoZze se predpoklada, Zze vliv deformace fragmentl nebude vyznamny.
Nasledné je proveden vypocet.

Vysledky simulace jsou na obrazku 7. Panely reprezentujici potahy letounu kladly
maly odpor v§em druhim fragmentd a doSlo k upIné perforaci vSech &tyf panell s
prebytkem rychlosti fragmentt. Ubytek rychlosti po prichodu v§ech panelli ma hodnotu
31% v pripadé Lopatky1, 22% u Lopatky2 a shodné 4% u Turbiny1 i Turbiny2. S ohledem
na prebytek rychlosti fragmentld Ize predpokladat, Ze ani s uvazenim elastoplastického
chovani materialu fragmentu, zakfiveni panelt a dalSich prvk( konstrukce letounu nebude
konstrukce schopna uvedené fragmenty spolehlivé zachytit. Proto Ize konstatovat, Zze na
zakladé simulace je odolnost konstrukce letounu vici nezachycenym fragmentim mala a
nezachycené fragmenty mohou ohrozit kritickou €ast letounu - druhy motor.

Obrazek 7 — Vysledky priirazu nezachycenych fragment( konstrukci letounu: a — Lopatkal, b —
Lopatka2, ¢ — Turbina1, d — Turbina2

5 Analyza priichodu fragmentt plastém motoru

Vzhledem k tomu, Zze druhy motor je v ohrozeni od mozného zasahu
nezachycenymi fragmenty prvniho motoru, je dale analyzovana schopnost téchto
fragmentl opustit skFifi motoru, tedy moznost vzniku fragmentl jako nezachycenych.
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Pro simula¢ni analyzu jsou dale vytvofeny modely segmentu plasté motoru M601B
v misté turbin na zakladé vykresové dokumentace motoru, méfenim na motoru, s vyuzitim
SW Autodesk Inventor 2012 a SW ANSYS Workbench. Rozméry segment(l jsou voleny s
ohledem k predpokladanému poSkozeni. V pfipadé fragmentu lopatky jsou obé lopatky
obsazeny v jednom simulaénim modelu (viz obrazek 8a), v pfipadé fragmentl turbin jsou
vytvofeny samostatné modely s odliSnym rozsahem segmentu, viz obrazek 9a a 10a.
Bandaz motoru je v oblasti volné turbiny ve formé péti trubek s profilovymi vyztuhami v
pfipadé analyzovaného motoru M601B odliSna od verze motoru zobrazeném na obrazku
1. VSechny okraje segmentl jsou vetknuty, sit je pro ucely studie vytvofena automaticky.
Poloha a smér pohybu fragmentl vzhledem k plasti je orientovan s cilem dosahnot
maximalni penetraéni ucinek stejné jako v pfipadé analyzy trupu v kapitole 4. PocatecCni
podminky pro translaéni pohyb jednotlivych fragmentu jsou uvazovany podle tabulky 1.

DalSi postup analyzy je obdobny, jako v pfipadé analyzy trupu v kapitole 4.
Material motoru je zvolen z materialu Steel 4340 se stavovou rovnici Linear, pevnostnim
modelem Johnson-Cook, modelem poruseni Johnson-Cook a erozi s geometrickym
pretvofenim 0,8. Fragmenty maiji stejny materialovy model jako v pfipadé analyzy trupu v
kapitole 4. Nasledné je proveden vypocet a vysledky jsou zobrazeny pro obé lopatky na
obrazku 8b a pro jednotfetinové fragmenty turbiny na obrazku 9b,c a 10b,c.

a) b)

Obrazek 8 — Analyza praniku fragment( lopatek skfini motoru: a - simulaéni model segmentu
skfin@ motoru s obé&mi fragmenty lopatek (Lopatkal je vpravo, Lopatka2 je vlevo; ANSYS
Workbench), b — vysledek simulace (Lopatka1 je vpravo, Lopatka2 je vlevo; Autodyn)

a) b) €)

Obrazek 9 — Analyza priniku jednotfetinového fragmentu generatorové turbiny skfini motoru: a -
simulaéni model segmentu skfiné motoru s fragmentem Turbinal (ANSYS Workbench), b —
vysledek simulace (Autodyn)
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a) b) <)

Obrazek 10 — Analyza praniku jednotfetinového fragmentu vplné turbiny skfini motoru: a -
simulaéni model segmentu skfiné motoru s fragmentem Turbina2 (ANSYS Workbench), b —
vysledek simulace (Autodyn)

Vysledky simulaéni analyzy ukazuji, ze odolnost skfiné motoru vici fragmentim
od roztrzeni rotoru je vysoka a ve vSech pfipadech nenastal Uplny prinik fragmentt skfini
motoru. Nastala pouze deformace skfiné v pfipadé fragmentl lopatek a ¢astecny prunik
skfini v pfipadé fragmentu turbin. Ve vSech pfipadech doslo k zachyceni fragmentud a tak
Ize konstatovat, Zze na zakladé simulace nezachycené fragmenty, které by mohly ohrozit
druhy motor, nevzniknou.

6 Diskuze k vysledkiim

V pfipadé analyzy odolnosti konstrukce letounu vuci nezachycenym fragmentiim
typu maly fragment a jednotfetinovy fragment stanovenymi na zakladé AMC a leticim po
trejaktorii smérem od poSkozeného motoru pfes trup letounu do druhého motoru uvedené
v kapitole 4 je odolnost trupu nedostateCna. Zvolena byla nejméné odolna konfigurace
konstrukce trupu vaci pruniku fragmentu prfekazkami a to v poloze umoziujici nejvétsi
penetrani uCinek fragmentl lopatek turbin vici prekazkam, dale byly uvazovany pouze
potahové plechy a navic v kolmé poloze vzhledem k trajektiorii fragmentu. Ve skutecnosti
muze byt odolnost konstrukce letounu s nejvétsi pravdépodobnosti jenom vysSi. Tenké
potahové plechy gondol a trupu z leteckého duralu o tlousStce 0,8 mm nekladou
vyznamnou prekazku fragmentim. Ovéfeni vysledkd vyzaduje provedeni praktickych
experimentu.

Prakticky to znamena, Ze pokud je vysledek spravny, tak podle ACM je nutné
provést na letounu takova opatfeni, aby k zasazeni druhého motoru nedoslo. Muze to byt
provedeno na zakladé pozadavki AMC uvedenych v kapitole 2 dvéma zplsoby —
fragmenty nesmi opustit v radidlnim sméru prostor motoru anebo pfidavnou ochranou
obou motord. Prvni zplsob vyrobci zajiStuji bandazovanim motoru. V pfipadé
analyzovaného motoru M601B je bandaz vyrobcem pouzita pro oblast volné turbiny, viz
obrazek 1 a 8, ale oblast generatorové turbiny pfidavné bandazovani neobsahuje.
Rovnéz analyzovany letoun L-410 UVP neobsahuje zadnou pfidavnou ochranu. Z toho
divodu je v kapitole 5 provedna analyza, zda fragmenty mohou proniknout skfini
poskozeného motoru v oblasti obou turbin a tim ohrozit druhy motor.

Analyza odolnosti skfiné motoru vi&i fragmentim typu maly fragment a
jednotfetinovy fragment stanovenymi na zakladé AMC pro obé turbiny ukazuje na
dostate€nou odolnost a schopnost skfiné fragmenty zachytit. Modely segmentd skfiné
motoru jsou komplexné&jsi nez tomu bylo v pfipadé konstrukce trupu, ale rovnéz obsahuji
fadu zjednoduSeni. S ohledem na to, Ze je konstrukce plasté motoru vyznamné tuzsi, nez
konstrukce trupu, lze predpokladat vyznamnéj$i roli deformace fragmentl a mozné
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zpfesnéni modelu umoznuje pouziti elastoplastického modelu pro fragmenty. Na druhou
stranu pouziti fragmentu jako absolutné tuha télesa (Rigid) zvySuje penetracni schopnost
fragmentl a elastoplastické chovani svoji deformaci naopak fragment zbrzdi. Tim bude
penetraéni ucinek fragmentu s nejvétsi pravdépdobnosti niz8i. DalSi zpfesnéni
simulaéniho modelu umoznuje zpfesnéni materialovych modell a to pro skfifi motoru a
fragmenty. Material Steel 4340 je sice materialem, ktery se pouziva pro namahané rotacni
prvky leteckych trubinovych motorud, ale v pfipadé motoru M601B se mulze jednat ve
skute€nosti o odliSny material. Nicméné se ale nepfedpokladaji radikalné jiné materialové
vlastnosti a chovani. DalSim parametrem, ktery v této studii nebyl uvazovan, je vliv
teploty. Fragmenty turbin i skfifh motoru jsou umistény v prostoru s vysokou teplotou v
fadu nékolik set °C a zahrnuti teploty mize ucinit skfifh motoru poddajné;jSi. DalSi oblast
pro zpresnéni simulacniho modelu je sit' a to jak plechu konstrukce letounu, tak i skfiné
motoru a fragment(. V pfipadé plechl konstrukce letounu je vhodné pouzit vice prvkl po
tloudtce anebo skofepinu (nelze pouzit v prostiedi Autodyn). V pfipadé skfiné motoru je
tfeba zjemnit sit’ primarné v oblasti priniku fragmentd a touto Upravou Ize oCekavat vyssi
poddajnost skfiné. Zjemnéni sité fragmentl v oblasti kontaktu s plechy konstrukce trupu
nebo skfini motoru mize naopak pfinést svoji predpokladanou vétsi deformaci zvétseni
kontaktni plochy a tim sniZzeni penetra¢niho u&inku. V neposledni fadé |ze simulovat dal3i
druhy fragment( turbin i kompresora, které AMC uvadi nebo ucinek vicenasobného
fragmentu do stejného mista, co AMC i praxe (Squair, 2017) pfipousti.

Uvedené upravy mohou pfinést odliSné vysledky simulaéni analyzy, nez ukazala
studie prezentovana v tomto ¢lanku a proto se pfedpoklada a doporucuje v budoucnosti
tato navrhovana zpfesnéni simulaénich modell provést.

7 Zaveér

Clanek predklada studii roztrzeni rotoru obou turbin turbohfidelového motoru
M601B malého dopravniho letounu s vyuZitim systému ANSYS. Na zakladé dokumentu
AMC-20-128A bylo stanoveno kritické misto konstrukce a nezachycené fragmenty —
lopatky a jednotfetinové disky obou turbin motoru. Zjedndusena simulaéni analyza
ukazuje na nizkou odolnost konstrukce letounu zachytit fragmenty, aby neohrozily druhy
motor jako kritické misto konstrukce. Na druhou stranu analyza ukazuje na dostatecnou
odolnost plasté motoru, takze fragmenty neopusti prostor poSkozeného motoru a k
ohrozeni druhého motoru viibec nemusi dojit. Pfekladany model vyzaduje fadu zpfesnéni,
které jsou v textu komentovany a mohou vysledky ovlivnit.

Simulaéni nastroj ANSYS poskytuje vhodny nastroj pro analyzu problematiky
rotrzeni rotoru. Ziskané vysledky a zkuSenosti jsou vyuZitelné pro analyzy leteckych
konstrukci, které jsou vystaveny uc€inkim od roztrzeni rotoru anebo pro predikci mozného
poskozeni a nasledk(l pro provozuschopnost letounu.
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