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ANALYSIS OF TOLERANCE FIELD IMPACT ON CRADLE BEARIN G OF SWASH PLATE
DESIGN AXIAL PISTON PUMP.

PAVOL BALCO, MICHAL MASNY
Engineering CAE, High Power Closed Circuit, Hydrostatic Division, Danfoss Power Solutions
a. s., PovaZska Bystrica

Abstract: Swash plate design is the common used in axial piston pumps. One of the
solutions for supporting of Swash-plate is Unitized Cradle bearing. This type of bearings is
loaded mainly static. Tolerances of Inner and Outer race are closely associated with
distribution of contact pressure and corresponding bearing life. In this paper there is shown
how FEA approach could be used to analyze the issue of tolerance impact into the contact
pressures, from pre-processing to post-processing.

Keywords : FEA, axial piston machine, bearing, cradle bearing, roller, swash-plate, contact
pressure, tolerance field, clearance.

1 Introduction

Hydrostatic machines are commonly used in wide range of applications in mobile
industry. Advantages of hydrostatic machines are impressive in many cases, but demands of
the market and requests of the customers drive the manufacturers to provide better products,
offering higher performance, working at higher pressures. Hydrostatic machine contains a lot
of rotating parts and all this parts are supported by bearings. It means that choice of bearings
is very important task.

Axial piston pumps (Image 1) are the most commonly used pumps when variable
displacement is required for a machine. They possess many advantages especially in region
of higher operating pressure. A demerit of piston pumps is relatively high number of moving
parts.

Cylinder block
Outlet Piston A  Slipper

4

Valve plate Swash plate

(distributor)

\
\

ﬂ: 2 —W;ﬁ%:?}
Iniet —RER T @

Image 1- Axial piston machine of Swash Plate design [1]

Shaft

Bearings are currently used in numerous applications important in everyday life. Main
goal of bearing is to reduce friction between moving parts or to support moving loads. It is
known two basic types of mechanical bearings used in machinery: Sleeve bearings and
Rolling bearings. Cylindrical roller bearings are the best solution for exceptionally heavier-
duty applications.

Variable displacement pump require an adjustable Swash-plate. A frequently used
design for support of Swash-plate in radial roller bearing is depicted in the Image 2, known
as “Cradle bearing”.
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Front bearing

Shaft seal
Swashplate

Piston Slipper

Swashplate bearing

Retainer-ring

Image 1 - Partial exploded model of the Hydrostatic units Swash Plate design

2 Motivation and scope of the paper

Clearance between Housing and Swash plate has influence on the contact pressure
and reaction forces distribution within the bearing — in each roller interaction. This
contribution is focused on the CAE approach how this similar issue can be analyzed from

FEA point of view.
3 Numerical FE simulations of bearing in an axial p  iston pumps

3.1 FE model

The analysis contained three modifications which reflect three positions in the
tolerance field from tolerance stack up analysis point of view. Cumulative effect form the
stack up analysis shows two worst cases — minimum and maximum clearances. Additionally,

assembly with nominal dimensions has been also used for the FEA (Image 3).

‘ Minimum clearance ‘ ‘ Nominal dimensions ‘ ‘ Maximum clearance

Image 3 - All three modifications from tolerance field.
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Simplified geometry prepared for calculation is shown on the Image 4. Angle of the
Swash plate has been tilted at maximum displacement together with Cradle bearing.

Swash-plate in 18°and Cradle-bearing

[ em-ciL-200

[ sastn :
[ structural_Steel Spring elements

Geometry prepared for calculation Snap-ring is substitute by Spring elements
Image 4 — Simplified CAD and FE model

Bearing cage of Cradle bearing is substituted by spring elements COMBIN14. Two
types of spring’s elements with different stiffness has been used: 1) first type of spring
elements have fixed the rollers on right position — substitution of bearing cage; 2) second
type of spring elements reduced rigid body motion of the rollers and others parts. The
stiffness of spring’s elements is different to the previous one. The first type had 20 times
higher stiffness than second one - springs has been used for stabilization of the calculation.

CATAVAVAYAYAYAAY)

ZAYAVAVAVAUS
AVAVAVAVAVAVAVAVAVAVA'Q
YAVAVAVAVAVAVAVAVAYAYA'S)
A AV AVAVAVAVAVAVAYS; Y
R RO
X VAVAN V]

A A YAvAVA!

AV,
Y4
R

AW
KKK
VA,

Ay

VAV
AV

5
LORSSET

s

N
B EE

)

aveaTal
ROCK

avi
L1t m‘

Y,

i

Y

A
A

AT R A ]
VAVANAVAVAY
/N WA 4§ A
5
'4L'
ook

4
5

“A
A

L
e

VAl
AL
I VA“ 4
Ay

Va3
Y4V
AY4

Vv
-
ey

L Al VA%
;‘,’g?ﬁéiﬁ ekl
"’ P %
N T AVAW AV 47y
B/ XKD VS
v ST O
L YINCORNNAAR S
o
b

Sectional view of corresponding FE model is presented on the Image 5. In the model there is
used combination of linear/quadratic solid hexagonal and tetrahedral elements.

The Inner and Outer bearing ring have been meshed by high order solid element SOLID186
to obtain hexagonal mesh. Next volumes, Housing and Swash-plate have been meshed by
low order element SOLID185. Linear solid hexagonal mesh has been crated for the volumes
of Swash plate under the contact region. Tetrahedral elements have been used for the rest
volumes of the FE model.
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The volumes of Rollers have been split due to creating quadratic solid hexagonal mesh in
contact area using the element type SOLID186. The inner volumes have been removed from
the rollers and this volume was replaced by “Multi-point constrains equation” with “pilot” point
in the center of roller (Image 6). Behavior of surface connected with pilot point was adjusted
as “Rigid”. Diameter of removed volume is calculated from Hertz’'s elastic theory of contact.
This practice saves a lot of number of degrees of freedom. This approach is suitable for
relative comparison of contact pressures and reaction forces distribution for all three variants
of the tolerance field.

Image 6 — Simplification of rollers with rigid inner surface + pilot point

The FE model contains linear and quadratic shape function elements, therefore
bonded contacts between the parts of various shape function meshes has been used. All
parts which interacts each other have been defined as frictional contact.

All three clearances from the tolerance zone mentioned above have been
represented by “Contact offset settings” of contact between Rollers and Inner race. The
contact offset corresponds with the values from tolerance field. It means that the maximum
clearance has been represented by the positive value of contact offset and vice-versa, for
minimum clearance, the contact offset has been represented by the negative value.

3.2 FEM results of contact analysis

One of the major results from this analysis is outcomes related with the contact
results, especially contact pressures and contact forces distribution. Results presented on
the underlying elements of each roller are contact pressure and contact force distribution on
the Inner bearing race. Results are presented on the picture Image 7. The results show the
most loaded roller and its contact pressure. This information are very important for estimation
of load bearing capability and fatigue life with respect of whole range of tolerance field.

4 Conclusion

Clearance between Housing and Swash plate has influence on the contact pressure
and reaction forces distribution within the Cradle bearing. It can lead to one of the major
impacts to the endurance and also on noise and vibration of whole unit. This contribution is
very briefly focused on the CAE approach and method how to do the FEA on this similar
issue.

Valuable outcomes from this analysis can lead the design engineers to making an
decisions about tolerances of Swash-plate and Housing and also to reducing final costs and
increasing endurance of the Cradle bearing and also the hydrostatic unit.
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Image 7 — Contact force and Contact pressures distribution on inner race of each roller interaction
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APPLICATION OF THE DIFFERENT COMPUTATIONAL MATERIAL MODELS OF
POLYMER MATERIAL FOR EXPLICIT SOLUTION OF FEM IN LS -DYNA

MARTIN DOBES, JIRi NAVRATIL
Development of fuel delivery modules — CAE simulations, Robert Bosch spol. s.r.o.

Abstract: This article deals with the experimental measuring of material data used for
computational FEM analyses. Obtained material computational models are used in common
engineering work. The focus is on the strain rate dependence of the tensile behavior of the
Polymer materials. Acquired results are demonstrated on the problem of crash test of the fuel
tank with fuel supply module. The applied loading is from real crash tests.

Keywords: finite element method, LS-DYNA, polymer, strain rate dependence, fuel supply
module

1 Introduction

Fuel supply module, which consists of fuel pump, filter system, rail of the fuel,
regulation system and flange belongs between main components of the fuel system of the
car. The majority of all parts is made from Polymer materials. The materials based on TSCP
(typical semi-crystal polymer) are the most common ones in this automotive branch. The
development approach based on FEM calculations is commonly used in present time. This
approach offers financial and time saving during development process; the number of tests
can be reduced, due to virtual testing based on simulations.

Electronic Control Unit Connector
Canister Purge Valve

Fuel Supply Module

Low Pressure Sensor
Ignition Coil

Diagnosis Module
for Tank Leakage

Secondary Air Pump
Speed Sensor

Temperature Sensor
Knock Sensor

Exhaust Gas Sensor

Fuel Rail

Speed Sensor

Hot film Air Mass-Meter

Throttle Device  Acceleration Pedal Module

Image 2 — Position of the fuel supply module in the car

The basic precondition for correct FEM analyses are correct input material data. This
paper deals with obtaining suitable material data with strain rate dependency and their using
in different cracking models in software LS-DYNA. These data are later used in simulations
of parts from polymer materials (TSCP) loaded by impact signal. It is demonstrated in
chapter 5 where the response of the fuel supply module in the fuel tank from crash car
loading is shown.

2 Experimental measurements — model of material *MA T _24

http://aum.svsfem.cz
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This type of material model is in LS-DYNA material library as MAT_24. This material
model was made in collaboration with company 4A engineering GmbH. The aim was to
specify material model, which is tuned directly for software LS-DYNA. There were made
many experimental measurings for correct fitting of this computational model on the
experimental results. The main tests were static, quazi-static, dynamic 3-points bending test,
4A Impetus Impact test, 3-points bending test with fixing and static tensile test. All of these
tests were simulated by using FEM. A lot of trials was made to get good fitting of material
models. The fitting is based on minimalization of deviation between force-displacement
relationship obtained from experiment and simulation. The material model was created for a
concrete type and size of finite element. This choice should be respected in future using of
this material model in simulations.

3 points bending test 3 points bending test with fixing Tensile test

4a Impetus test machine; test velocity: 5m/s, swing hammer mass: 438¢g
Image 2 — Necessary testing methods

2.1 Results of the experiments

For example the fitting process of the computational material model for strain rate
£=0.01-100s™ will be introduced. The experimental curves (Image.3) correspond to 3 point
bending test for different velocity of the testing machine. It can be seen fitted curves for
defined test area of the strain range of the real tests on the following graph. The results from
4A Impetus Impact hammer were used for higher strain rates £=1000-10000s™. The
evaluation of the loading force and displacement is made by using simply mathematics
relations:

The force we obtain from known mass of the weight and from measured acceleration
on the forehead of the weight

http://aum.svsfem.cz
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F =m [ aPendular (1)

Pendular

Conversion of the angle to length is made by using relation (2); pendulum

Aalnll
Pendular (2)

=s_ +
S =Sa 18C

The impact velocity will be calculated on the base of relation (3);

- AS, e

Vo
Aty opeak

©)

It can be obtained material model in true stress/strain formulation in such a way. This
material reflects dependence on the loading velocity. Resulting material model is used in the
practical part of this paper where the fuel supply module is loaded by impact generated
within car crash.
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Image 3 - Experimental and simulation data from 3 points bending test
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Image 4 - Obtained tensile curves from validated experimental data (blue box)

3 Basic computational models of the material damage in LS-DYNA with focus on the
polymer materials

Usually FEM software proposes more possibilities of material damage. In the case of
the LS-DYNA it can be used for example simple erosion of elements based on particular
material criteria like strain, stress or time. It is dealt with some types of the damage models
like *MAT_ADD_EROSION, *MAT_123, *MAT_187 (SAMP-1). Selecting models are
evaluated on the standard tensile specimens for plastics (cross area 2x10mm).

3.1 *MAT_ADD_EROSION

There are many constitutive models of materials in LS-DYNA, which have not failure
or erosion of elements. The option *MAT_ADD_EROSION provides failure models for these
material models. It can be used a lot of failure criteria and these criteria can be independent
or dependent. These requirement criteria can be set up by option NCS. Next important
option is number of integration points (NUMFIP), where if the “failing condition” is fullfiled
(e.g. strain limit) the element is deleted (eroded) from calculation. This option has significant
effect on the crack propagation in the calculation model. This option is very sensitive on the
size of the mesh. This material model provides some type of the damage model - GISSMO
and other options of damage function. It is shown further sensitivity of the NCS, combination
of the criteria on the failure and stress, strain evaluation in simulation of the tensile test
(validation experiment).

Widely spread criteria in Polymer materials are stress and strain limit value. It can be
chosen from many options of strain and stress. The usable stress criteria are value of
Maximum principal stress at failure (SIGP1), Maximum pressure at failure (MXPRES),
Equivalent stress at failure (SIGVM) and other. These criteria are very common. The strain
criteria are suitable for very ductile materials, as non filled polymers. They can be selected
from many possibilities like the most used Maximum principal strain at failure (MXEPS),
Maximum effective strain at failure (EFFEPS), and Volume strain at failure (VOLEPS). It is
considered usually tensile failure, so the criteria based on tensile characteristic of failure are
chosen. Some criteria are defined as follows.

Maximum effective strain at failure (EFFEPS) is defined by

http://aum.svsfem.cz
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Eg = /2/3&?&/&?6/ @)

and Volumetric strain at failure (VOLEPS) as

Epo =& T EH T ES

()

This type of the strain can be a positive or negative number; this effect considers
failure in tension or compression respectively. It can be considered damage model GISSMO
in material model *MAT_24. The GISSMO damage model is a phenomenological formulation
that allows for an incremental description of damage accumulation. The input data are
directly from the experiments in table form. The model is based on an incremental
formulation of damage accumulation:

o)
_ DMGEXPx D\ PMe&®

AD Ag,
g (6)
D ..Damage value (from 0 to 1)
& ..Equivalent plastic strain, as function triaxility value n
Aep ..Equivalent plastic strain increment

This type of the model is suitable mainly for metalic materials; so it is not used for
Polymer materials.

3.2 *MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY_RTCL

LS-DYNA material library contains *MAT_123. This elastic-plastic material is defined
by stress-strain curve(s) and can use strain rate dependence. This material model is very
similar to material model *MAT _24, but it implements more sophisticate model of the failure.
For objectives of this paper option RTCL for failure is used. The option RTCL is damage
function, which is defined by

1 .|o0 -
Afdmge:—f —H deP
0 O JrrcL (7)
where
& ..unaxial fracture strain / critical damage value
On ..hydrostatic stress
o- ..effective stress
deP ..effective plastic strain increment

The elements are deleted from calculation, if function damage is higher than 1.0. This
algorithm is used during calculation, if the plastic strain increment is greater than zero. The
inside function of the stress distribution is divided by following:

http://aum.svsfem.cz
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In case option (_RATE) is used failure limits with strain rate dependency can be used.

4 Verification of the material models with experime ntal data — tensile tests

Tensile test up to damage was used for verification of computational material models.
There were used different types of obtained tensile curves in analysis. These curves were
compared with experimental data for loading velocity v,=1000mm/s (velocity of the fixing
plate). This high loading velocity has big effect on the values of stress and ductility of the
TSCP material. Generally, it can be said, that the material has higher tension, but material
became less ductile (Image 6.1). It was tested material model with static tensile curve from
producer in engineering stress-strain values (A), static tensile curve in true stress-strain
values (B), experimental curves from measurement of company 4A engineering (C), article
2, (Image 6.2). Different computational models of the damage on some material models were
compared. The relationship of force and displacement was used for comparison and
validation of the computational material models.

Image 5 — Geometry of tensile specimen for LS-DYNA specimen

80 o /’_,__’4
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Image 6 — Example of the considered variants of tensile curves
(6.1. Plastic part of tensile curves, 6.2. Strain rate dependency)

It can be seen, that difference is significant between material models. The most
conservative approach is using of the material (A). Better solution gives material model (B).
The best computational model from these available is (C) material model — with strain rate
dependence. There were further applied different computational models of the damage. The
most simple is *MAT_24 with material erosion (*MAT_ADD_EROSION), in this case used
with criteria Maximum principal stress (S1max=100 MPa). The element becomes deleted if

http://aum.svsfem.cz
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this criterium is fullfiled. The approach with using *MAT_123 — RTCL appears more correct.
This material model is described in article 3.2. This model considers the type of the stress in
the critical area. This material computational model is one of the most precise ones from
simple group of computational models of damage in LS-DYNA for polymer materials.

Force - displacement
2000
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1600 S e —— — -

y 4
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/ \
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[]
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800

= 1 experiment
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/ o= 3 4A-strain rate dependence; failure eriteria epsl = 30%
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L

__5__engstress -strain curve -no strain rate dependence
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Legend:

_ 1 experimental measurement, loading velocity 1000mm/s (strain rate ¢°= 50s™Y)

__ 2 material model created for LS-DYNA solver for *MAT_24 with strain rate dependence, as failure limit was used
Maximum principal stress (S1max=100MPa)

_ 3 material model created for LS-DYNA solver for *MAT_24 with strain rate dependence, as failure limit was used
Maximum principal strain (eps1=30%)

_ 4 material model created for LS-DYNA solver for *MAT_24 with strain rate dependence, as failure limit was RTCL
parameter (eps0=0.18)

_ 5 material model obtained from material producer in engineering data, without strain rate dependence

__6__ material model obtained from material producer, but recalculated to true stress —strain values without strain

rate dependence

Image 7 — Results of the simulations of the tensile test for loading velocity v.= 1000mm/s

Image 7 shows, that curves 5 and 6 do not correspond with experiment data. The
character of these curves is very different. This effect is caused by independence of the
stress on the loading velocity. In this case the material model does not harden. The best
solutions are variant 2,4, where the displacement in the time of the failure corresponds with
failure time from experiment. The variant 3 with failure criteria Maximum principal strain 30%
iIs based on strain limit from data sheet (ductility in %). This criterion is too simplified. For
impact and fast loading generally, where the dependence of the stress and strain on loading
velocity is very important material data with strain rate dependence should be used. There is
a lot of more correct material models for polymers in LS DYNA but before mentioned variants

are quite simple and they does not need any special testing for good description of material
behaviour.

http://aum.svsfem.cz
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5 Practical problems — using of the material model with damage

Fuel supply module must ensure safety during all situations of real traffic. The module
is designed for usage in ordinary traffic, but it must guarantee fuel system tightness in
unexpected situations like accidents too. Reliability is described by two requirements:

* Low velocity crash — module must survive without damage
« High velocity crash — module is out of service, but tank tightness must be kept.

Crash conditions are mostly based on customer demands. Data from real crash test
(tank kinematics) are the best input for explicit simulation. Front and side crash is tested
according to Euro NCAP. Simulations are performed in driving direction and in seven other
directions with angle step of 45°. This loading should cover almost all possible impact

directions.

f‘

Guiding rods [ \
L | 3
. - y sub module
— :

Image 8 — Fuel supply module scheme

5.1 Underside impact, steel guiding rods

Underside impact is simplified substitution of real crash. Guiding rods are bended by
rigid tool till flange damage. Damage area must occur on rod bosses, but not on the bottom
of the flange. This test is a verification of the design quality from cracking zone point of view
on the guiding rod bosses. The cracking continues over the body of the guiding rod bosses
in the case of proper design. The flange must be 100% tight after this test. This test is the
worst case loading on the cracking zones; The impact loading on plastic component is used
in this case. The other possible test is impact test with acceleration signal, for example
a;=800G per t=1.5ms. The geometrical shape of this signal is approximately triangle. The
area under this curve is kinetic energy, which the flange can absorb during this impact
loading. Real crash test with car can have acceleration signal with time duration about t=60-
80ms and amplitude about a,=50-80G. It means previous underside impact test serves
mainly for verification of the design of the cracking zones.
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Displacement

Fixed support

Image 9 — Boundary conditions

Correct behavior during underside impact is shown in (Image 10). Crack initialization
occurs on boss ribs curvature. It can be assumed crack propagation through rod boss only.
Flange leakage should not occur.

Image 10 — Rod housing damage

5.2 Underside impact, plastic guiding rods

Simulation of underside impact where influence of flange - tank connection is taken
into account is carried out.

Plastove tycky-crash test 2.6 s without O fing

Image 11 — Impact test for concept with plastic guiding rods

The left image 12 depicts the computational model after impact moment, the failure
limit Maximum principal stress S1max=100MPa is considered in this simulation. The cracking
zones correspond with cracking zones in real experiment, right image 12. The failure has
brittle character and used type of the failure limit in simulation considers this brittle behavior.
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Image 12 — The results of the failure from simulation and test

6 Conclusion

This paper shows some approaches of the modeling of the failure in explicit
simulation by LS-DYNA. The computational models were tested for polymer materials TSCP.
It can be implemented a lot of many computational models of the failure, but sophisticated
models are very demanding on the input experimental data. Basic computational models of
the failure (*MAT_ADD_EROSION, *MAT_123-RTCL) were used for calculation. These basic
types are suitable for polymer materials, but correct type of the failure limit must be selected.
Proper values of these limit for material TSCP were found. These computational models
were verified by tensile test and on the real problems in engineering practice. Experiments
and explicit simulations of these experiments correspond mutually and cracking zones are in
the same areas of the design. The subject of following work will be computational model
SAMP-1, which was added to material library before several years. This type of the model is
necessary to check and validate for concrete types of the polymer materials. It is quite hard
to fit this material model on the experimental data. A lot of experiments like tensile tests for
several levels of the strain rates, compression test, shear test and other should be carried
out.
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COMPARISON OF CALCULATION OF PARAMETERS IN FRACTURE MECHANICS
DUSAN DROBNY, OLGA IVANKOVA

STU in Bratislava, Faculty of Civil Engineering, Department of Structural Mechanics

Abstract: The main purpose of this paper is an analysis of fracture parameters on 3-point
loaded beam with a crack. The aim is to compare the computational procedures and results
of calculating by variety of loads and crack geometry according to depth of the sample
examined. Three computational procedures are used. ANSYS and Mathcad were used for
getting finally presented fracture parameters.

Keywords: Fracture mechanics, Stress intensity factor, J-integral, Crack driving force, crack
tip
1 Introduction

The main aim of designers and technicians after some accidents is to analyse its
causes. As a result od an investigation, it was found that most of the disorders were caused
by cracks. Cracks can appear either directly in the materials as like material defects, or by
improper design or execution, retention, bad use, or maintenance of the weather. The
materials contain microscopic cracks but just one crack steeply developing may cause the
destruction of the whole structure.

To investigate the relationships between the stress, crack and crack toughness is the
branch of Fracture Mechanics. The first pioneer was A. A. Griffith who established the
relationship between the stress and the crack size 1920. This approach, however, was only
suitable for fragile materials. In the 1950°s G. R. Irwin developed for towing materials an
energetic concept, which defined the parameter G (crack driving force) as a change of the
potential energy in the vicinity of the cracks root for linearly elastic materials. If the value of G
reaches G (critical value), the crack is growing. Using a similar approach, another parameter
K — crack paramaeter (the coefficient of the stress intensity). In the sixties of the nineteenth
century, scientists focused their study to plastic deformation in the vicinity of the cracks root.
In 1968, J. R. Rice created an processing model of non-linear material behaviour in the
vicinity of the cracks root and defined an independent integral, J-integral, on the basis of
energy access. In between, A. Wells defined the CTOD parameter (the opening of the crack
root). These are the parameters that have led the EPFM research (Elasticko-Plastic Fracture
Mechanics).

At present, the issue of fracture mechanics is not closed. Extensive research being
developed on the definition of the fracture parameters due to dynamic loads [1]. It si proven
that for towing material there is not enough to know only one fracture parameter for the
developing and spreading the cracks. On this basis, the T-strain as the second parameter
theory of for solution of tasks in fracture mechanics, was developed [2].

2 Modeling of Solids Having Cracks
For this purpose some loaded beams supported in three points having a crack were
modelled in ANSYS using the 2-D model, when selecting 2-D PLANE 183 elements. These
elements allow to model the singularity around the crack root, and obey the calculation the
fracture parameters directly in ANSYS. They may be 8- or 6-pointed, while enabling a quarter
of shift in middle points of the edges.
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Fig. 1 Element PLANE 183

2.1 Characteristics of Models

We have chosen the steel as the material of the beam as a typical isotropic material
having the modulus of elasticity of 210GPa and Poisson’s number of 0.3. The model was
discreted by triangular PLANE 183 elements (Fig. 1). The length of the edges of the finite
element in the root of the cracks was 1 mm. The beam was divided into 9186 2-D elements
having completely 18677 points.

3 Calculus

Values of the K (coefficient of stress intensity) were calculated and compared. The model
was loaded by forces F = 50N, F =100N, F = 150N, F = 200N, respectively. The calculations
were carried out for a from 0.2 to 0.8, where a is the ratio between the depth of the beam W
and the length of the crack a. Values of K were calculated in three ways:

» using the calculation according to the Catalogue of the fracture characteristics [3]
* using an extrapolating method built in ANSYS
* using the method of J-integral built in ANSYS

Fig. 2 Model of 3-point loaded beam having a crack

3.1 Calculation by the Catalogue [3]

Opening of cracks are caused particularly by stress in y direction. The value of the stress
along the crack edge was calculated according to (2).

a=aWw (1)
o = 3F.L 2)
y 2W2

A singularity in the forehead of the crack was taken into account using a shape function F,
givenin (3).

F,(a)= 1090~ 1735 +820° - 141&° + 1457a* (3)
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Diagram 1 Function Fy(a)

The coefficient of the stress intensity may be calculated by (4).

K(a)=0,.ma(a).F, (4)
4 Q.l
3 |
K(a)2 3
16
0 0.2 0.4 06 08
a

Diagram 2 The K(a) function

Then we know, using an equation valid for a linearly elastic material, determine the value of
the motive power of the cracks (G), where E is the modulus of elasticity, referred in (5).

2
G(a)=K@) (5)
E

8x10 & o1
6x10

G(a) 410F
x10 Y

0 0.2 04 06 08

[of

Diagram 3 The function G(a)

3.2 Calculation using ANSYS
3.2.1 Extrapolating Method

The coefficient of stress intensity was calculated using the extrapolating method given in
(6) a (7), when modus | and Il were taken into account:

KI{C?S@(K-COS@)} = /er{u'} (6)
sind(kx — cosd) rov
. 6
—(2 - n
‘ 5|n2( + K —C0f) >y /zrn{u“} @)
v

cosg (2-Kk —cosH)
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where U= _E (8)
2+ (@L+v)
When the planar stress state occurs
k=—E ()
31-2v)

E — the modulus of elasticity of material
V - the Poisson’s number

When the planar strain state occurs: x=3-4v (20)
The resulting value of the coefficient of stress intensity we may obtain by (11).
K=K, +K, (11)

This is an extrapolating method through the displacements. Its advantage comparing with
a stress method is, that values of displacements are not influenced by singularities in the
edge of the crack so significantly like stress values.

3.2.2 The J-integral Method

Using the ANSYS the J-integral values were calculated as well. By LEFM (Linear Elastic
Fracture Mechanics) we may suppose:

Substituting the (12) to (5) and expressing K we may get (13).
K=+EJ (13)

The J-integral is defined like an independent integral by the curve (14).

ou ou
J={wd, - [, =+t —L)ds (14)
e, J 5y

W — the density of the energy
ty, t, — vectors along X, y directions

t,=on, +o.n, (15)
t,=o,n, +o,n, (16)

0y, Oy — stress components in X, y directions

Ny, Ny —components of a unit vector of the normal line to the integrating line I
uy, Uy — components of displacements

S— length of the integrating line

In Fig. 4 the stress components in x direction are plotted. Some emergency of plastic
zones in the point of the crack root can be observed. This stress in finite element method
consists of a singularity, going to infinity. The progress of stress o, around the crack root is
plotted in Fig. 5. The progress of stress components o, and g, going from the top of the crack
to the loaded edge of the sample is plotted in diagrams 4 and 5.

http://aum.svsfem.cz



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014

SVSFEM s.r.o.

-199.101 -78.078

138.59 =17.5663

42,9454
103.457

163.96 284,992

8 |
224.481 345.504

Fig. 4 Model of 3-pointed beam having a crack, stress oy
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Diagram 4 Stress oy

4 Analysis of Results
The results of different methods and input values of the calculation.
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18
Tab. 1 Values K by F=50N 16 *
a4
K Ansys 21 /*
Ansys extr. method £ 10 /
a=a/R ) }
By[3] method Kk=vJ.E | of the £ 8 i
K=K +K, U-integral 2 6 p I
4
0.2 1.247 1.2275 1.2423 | 7.35E-06 E ZM
0.3 |1.623 1.6294 1.6185 | 1.25E-05 0+ ‘
0.2 0.4 0.6 0.8

0.4 |2109| 2.1685 2.1074 | 2.11E-05
0.5 |2.835| 2.9925 2.8264 | 3.80E-05
0.6 |4.021| 4.4223 4.0076 | 7.65E-05 ~4—K=KI+KI] —#=K=V].E —#&—Podla [3]
0.7 |6.012| 73687 | 6.2449 | 1.86E-04
0.8 |9.299| 154680 |11.6020 | 6.41E-04

Diagram 6 Comparison of K values by

by F = 50N
Tab. 2 Values K by F=100N
k Ansys
_ Ansys extr. method
a=a/R By [3] method | g=ys.g | ofthe
K=K+K,, Jintegral

0.2 2.494 2.4551 2.4846 | 2.94E-05

0.3 3.246 3.2587 3.2369 | 4.99E-05
0.4 4.219 4.3369 4.2148 | 8.46E-05
0.5 5.670 5.9849 5.6528 | 1.52E-04 «

0.6 8.042 8.8446 8.0152 | 3.06E-04
0.7 12.023 14.7370 12.4899 | 7.43E-04
0.8 18.597 30.9360 23.2039 | 2.56E-03

—+—K=KI+KI —@—=K=\]J.E =#—Podla [3]

Diagram 7 Comparison of K values

by F = 100N
Tab. 3 Values K by F=150N
k Ansys 75
a=a/R Ansys extr. method Q 60
By [3] method K=VJ.E of the <E i
K=K+K,, J-integral E “
0.2 3.740 3.6826 3.7269 6.61E-05 =) »
0.3 4.870 4.8881 4.8554 1.12E-04 4 0 '
0.4 6.328 6.5054 6.3221 1.90E-04 0.2 0.4 0.6 0.8
0.5 8.505 8.9774 8.4791 3.42E-04 a
06 | 12063 | 132670 | 12.0228 | 6.88E-04 K=KI+KIl —@=K=]E —i— Podfa [3]
0.7 18.035 22.1060 18.7348 1.67E-03
Diagram 8 Comparison of K values
0.8 27.896 46.4040 34.8059 5.77E-03 9 P

by F = 150N
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Tab. 4 Values K by F=200N

5 Conclusions

In this paper some values of K-coefficient of stress intensity on the 3-point loaded beam
loaded by forces of F = 50N, F = 100N, F = 150N and F = 200N, respectively, were

== K=KI+KII

P s
Ansys 45
Ansys method 40
a=a/R extr.
By 3] | method =vJ.E | ofthe .
-integral || € ,,
K=K+K E o ——F=50N
0.2 4.987 | 49102 | 4.9693 | 1.18E-04 EJO I
0.3 6.493 6.5174 | 6.4739 | 2.00E-04 15 TN
0.4 8.438 | 8.6738 | 8.4296 |3.38E-04 1
0.5 11.340 | 11.9700 | 11.3056 | 6.09E-04 0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.6 16.084 | 17.6890 | 16.0305 | 1.22E-03 .
0.7 24.046 | 29.4750 | 24.9799 | 2.97E-03 Diagram 9 Comparison of K values
0.8 37.194 | 61.8721 | 46.4086 | 1.03E-02 by F = 200N
50
Q40 -
3
£ 30 -
-
[~
Ezo -
Z 10
r—1=
0
0.2 0.4 0.6 0.8
o

@ K=\1.E Podra [3]

Diagram 10 Comparison of K-values due to

different loads

compared. The values were calculated by three different methods.

The values of K-coefficient, obtained for a from 0.2 to 0.7, have very similar values
because of the approximate methods used for their calculation. When a = 0.8, the dispersion
of obtained coefficients is larger because of non-negligible plastic deformations obtained in

the crack root and in the point of F loads as well.
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Abstract: The article deals with the modelling of a micro-accelerometer using the finite
element method. Micro accelerometers are used to measure the acceleration of objects,
collisions, gravity and frequency of self-oscillation. Various methods exist for the transfer of
acceleration into an electrical signal. To simplify and accelerate the development process,
numerical analyses of the modelled system were implemented using the finite element
method. FEM was used to obtain the characteristic properties of the modelled system. The
article concludes with the evaluation of the modelled accelerometer for possible use based
on its acquired characteristics.

Keywords : FEM, Micro-accelerometer, Finite element, Structural analysis

1 Introduction

The work deals with the use of finite element modelling for issues in micro-
electromechanical systems. Micro-electromechanical systems or MEMS are used as sensors
or actuators. Commonly contain integrated electronics for processing input and output
electrical signals. Representatives of MEMS systems are for example miniature acceleration
sensors, micro-accelerometers. Microaccelerometer's advantage is low weight and small
structure size. They are used for the measurement of acceleration of objects, collisions,
gravity and frequency of self-oscillation. Lightweight system means a fast response sensor
and minimal impact on the properties of the measured system. There are various methods
for conversion of acceleration to electrical signals, each structure comprises from a seismic
mass, its inertia is used to determine the magnitude of acceleration. Various methods use
different physical phenomena to detect inertial force or displacement of the seismic mass.
Sensor characteristics are determined by the mechanical structure configuration. To simplify
and accelerate the development process, the finite element method was implemented for
analyses of the modeled system. Finite Element Method or FEM was used to calculate the
system response to external loads. The model and analyses in this work were created using
ANSYS system package.

2 Micro-accelerometers

Sensor is a device that changes its output electrical signal based on changes in the
detected physical quantity (Fraden, 2010). Microaccelerometers are electromechanical
systems that sense acceleration caused by external forces or gravity. Accelerometers have
very wide application. They are used for the detection of acceleration from smartphones to
space shuttles, for exact determination of gravity, as Seismographic sensor or as a rotation
sensor in intelligent systems such as modern mobile phones. Microaccelerometers structure
can be divided into two main parts: mechanical and electronic. The mechanical part of the
micro-accelerometer converts the measured acceleration into an easily measurable quantity.
The design of the mechanism determines the characteristic properties of the sensor. The
sensing element can have almost any shape to have the desired characteristics. Electronic
part ensures the conversion of the measured quantity into a usable electrical output signal.

2.1 Sensing structure

Sensing structure consists of a seismic mass, which is attached to the substrate via
multiple springs while the system also exhibits damping properties, which depend on the
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structure and viscosity of the gas that fills the chamber containing the sensing element. A
schematic representation of the sensing structure is represented in Image 3.
B |
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spring ass damping
b v
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Imagel- Schematic representation of mechanical structure

The main task of the sensing member is the conversion of acceleration magnitude
into seismic mass displacement. The response of the system can be described by equations
characteristic of individual parts. Newton's second law applies for the seismic mass m, which
determines its response to acceleration a:

F=m.a 2)

Spring supports are used for anchoring the seismic mass and to ensure its linear
displacement x as a function of innertial forces F. Value characterizing the spring is called
the coefficient of stiffness k.

F = kx 3)

Under static load, displacement of the seismic mass depends only on the balance of
forces. Equation (3) describing the response of the system to constant acceleration can be
obtained by substitution from equations (1) and (2):

Ax = —ma/k (4)

Damping effect in a micro-accelerometer ensures system stability and prevents
unstable oscillations. Damping coefficient b is determined by filling gas viscosity.
F =bv (5)

Damping force is linearly dependent on the velocity v of the seismic mass, and
always directed against movement. The value of damping strongly influences the system's
behaviour during transient loading. The value of b depends on the properties of the fluid
surrounding the system, these properties can be dependent on temperature and the result is
that the frequency response of the system can be temperature-dependent. Equation
describing the micro-accelerometer as a dynamic system in differential form represents the
correlation between force balance and seismic mass displacement and takes the form of:

2
b T Hkx=0 (6)

m
dt?

Equation (5) only applies if we consider a system with one degree of freedom.
Unidirectional micro-accelerometer detecting acceleration in the x-direction experience
adverse effects caused by seismic mass displacement caused by an acceleration in the y or
z directions. The design should ensure that the spring stiffness in y and z-directions is
significantly higher than the stiffness in the x-direction, the sensing element thus has a
greater sensitivity in this direction.

2.2 Displacement sensors

For the system to be used as an acceleration sensor, the displacement of the seismic
mass must be measured. Capacitive detector constitutes the most widely used type of
displacement sensor, which uses the behaviour of plate capacitor of micrometer dimensions.
The advantages of capacitive sensors are thermal stability and simple structure. A capacitive
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detector can be formed from any electrically conductive material, for micromechanical
systems they are usually constructed from an identical material as the seismic mass. The
most common material is mono or polycrystalline doped silicone. The shape of the
electrodes represents a plate capacitor with dimensions in the scale of micrometers.
C=¢S/d (7

From equation (6) we can see that the capacity is directly proportional to the
overlapping area S between the two electrodes and is inversely proportional to the distance d
between them. The constant ¢ is the electric permittivity of fluid, filling the chamber around
the sensing element. For the capacitive detector to have a linear dependence on
acceleration, one of the properties - surface or distance - has to be constant. Technically, it is
impossible to create a structure with constant properties, but it is possible to ensure sufficient
stability. Capacitive sensors can be divided into two main types according to the principle of
capacity change, sensors based on the change of capacitance by intersection area change
or by change in electrode distance. Based on the design of the electrodes sensors can be
divided into: sensors with plate electrodes and sensors with inter-digital electrode structure.

—enill— A .

Image2- Inter-digital electrode structure with variabletdisce

The sensitivity of the capacitive detector is directly proportional to the size of changes
in capacity for a given amount of displacement. Increasing the capacity could be realized by
increasing the area of parallel electrodes or increasing the number of electrode pairs. The
main drawback of capacitive detectors are electrostatic forces between the electrodes. If the
electrode pairs are divided into two sets of separate directionality, than they can be
connected into a differential capacitive sensor. Differential capacitive sensors minimalize the
effects of electrostatic forces.

2.3 Dynamic properties

The modelled structure is a spatially distributed system, therefore it has to be
described with different equation systems, which can be represented as tensors or matrices.
Settling time output value is the time required for the system to stabilise the output value to
the level defined by the measured quantity. Real accelerometers are under-damped
systems, damping is provided by the inter-digital structure and viscosity of the filling gas.
Damping of mechanical systems can be described using Rayleigh's formulae of material
damping (Kandge G. M., 2007). The first component is due to damping in the material from
which the system is created and it is determined by the coefficients a and 8 according to
equation (8), where M is the mass matrix and K the stiffness matrix.

MX + Cx + Kx = F(t) (8)
C =aM + BK (9)

The second component is the damping of ambient fluids around the mechanical
structure. In a micro-accelerometer with capacitive detector a so-called "squeeze-film"
phenomenon can occur by the extrusion of gas from the gap between electrodes during their
movement. Damping coefficient is calculated according to equation (9)

Hf (h/DR%
= (10)

M- gas viscosity, h- layer thickness, |- electrode intersection length, d- fluid gap width

c
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Relation (9) shows the damping coefficient of one electrode set, to determine the total
damping it must be multiplied by the number of electrode sets. The value of function f(h/l) is
given in Table 1.

Tablel Function f(h/l) value

h/l 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

f() 1 092 | 0.85 | 0.78 | 0.72 | 0.65 | 0.60 | 0.55 | 0.50 | 045 | 0.41

3 Material and model properties

The aim of the simulation using the finite element method is to obtain the
characteristic properties of the modelled system. The accuracy of the obtained values is
affected by the quality of simulation and manufacturing quality. The resulting simulation with
a given tolerance represents the real system without manufacturing defects. Finite element
method can determine the impact of manufacturing defects on the characteristics of only if
they are included in the model. Both models and material properties were defined separately
for the performed structural and electrostatic analyses.

3.1 Topology properties

To create the model we used scripted instructions, the sequence of instructions is
stored in a macro (*.mac) file. The advantage of using scripts is the possibility of quick
changes in the properties of the model. To determine the properties of the system depending
on geometrical dimensions, it is necessary to generate the simulation model using scripted
instructions. Geometrical properties entered in the script are shown in Table2.

Table2 Dimensions (Baharodimehr et. al., 2009; Zimmermann et. al., 1995; Xiong et.al., 2005)

Dimension Value Units
Width of seismic mass 200 pm
Length of seismic mass 1485 pm
Number of mass reduction holes 14

Length of holes 100 pm
Width of holes 50 pm
Seismic mass 0.962 Mg
Number of springs 4

Length of spring 455 pm
Width of spring 15 pm
Layer thickness 15 pm
Support area 20x50 um2
Middle electrode length 270 pm
Upper electrode length 270 pm
Lower electrode length 240 pm
Spacing of identical electrodes 21.9 pm
Electrode width 5 pm
Number of electrode sets 2x67

Electrode clearance 2.3 pm
Length of interface area 240 pm
Bumper distance 2.3 pm
Bumper length 200 pm
Total bounding area 1530x1200 pmz

The system is modelled in 2D and is oriented in the xy plane. Geometry is modelled
using the element PLANE 182. Thickness of the silicon layer is represented in the model by
the properties of the meshed element. The properties of the materials forming the structure
of the sensing element are shown in Table 3.

Table3 Material properties
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Property ANSYS Ab. Value Unit
C11 165.7 GPa
Ci12 63.9 GPa
Anisotropic elastic modulus poly-Si C13 52 GPa
C33 155 GPa
C44 79.6 GPa
Density poly -Si DENS 2.329E-15  kg/(um)2
Ultimate Stress poly -Si 2-3 GPa
Air viscosity (20°C) 18.23E-6 Ns/m2
Resistance poly -Si RSVX 1.0E-6 TQum
Relative permittivity poly -Si PERX 11.7 pF/ um
Resistance of Air RESX 1.0E9 TQum
Relative permittivity of Air PERX 1 pF/ um

3.2 Mechanical analysis model

The resulting mechanical sensing element model shown in Image 3 includes a
movable structure suspended by four springs, stationary electrodes and their supports and
bumpers. Bumper blocks are designed to restrict the amplitude of the seismic mass
displacement in both directions to a value less than the air gap between the movable and
stationary electrodes.

AN |— Anchor

™ L

~——— Stationary electrode support

{— Spring
+—— Inter-Digital electrode structure

_—— Seismic mass

- EE = = = . [ et

Image3- Mechanical model Topology

The mechanical structure is sensitive to acceleration in the x direction, displacement
of the seismic mass is detected by differential capacitive sensor. Damping coefficients have
to be defined to obtain accurate dynamic characteristic properties of the mechanical system
from the analysis. Finding the values of the coefficients a and B is difficult without
measurement on the real system. However, it is possible to calculate the ambient damping
coefficient and use it as a minimal damping value. The calculated value of damping
coefficient according to the characteristics of the mechanical system is 3.211e-4 Ns/m. The
dimension of its unit is equal to uNs/um, therefore the value is directly applicable to uMKS
unit system. Elements PLANE182 (11,898pcs) and COMBIN14 (4pcs) were used to create
the model mesh for static and dynamic mechanical analyses.

3.3 Electrostatic analysis model

The characteristic function of the differential capacitive sensor gives the dependence
of capacity difference on the displacement of the central movable electrode. It is
sufficient to model one set of electrodes to determine the response of the entire inter-digital
structure. The model also incorporates the mesh of the filler fluid between electrodes.
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Image4 contains the model used in the electrostatic analysis, the model consists of
PLANE121 (2825pcs) elements.

Image4- Model for electrostatic analysis

Capacity values are obtained using CMATRIX, the macro calculates capacity based
on material properties and geometry. The analysis requires a model meshed with
electrostatic elements. The model has all its main dimensions defined as parameters and
contains a variable parameter that determines the amount of displacement of the central
electrode.

4 Steady-State Analyses

The aim of steady-state analysis is to determine the characteristic function of the
sensing member. The sensing of acceleration consists of two value conversions, the first is
the conversion of acceleration to displacement, the second is the conversion of displacement
to capacity difference. The characteristic properties of the sensor can be determined by the
superposition of the two conversion characteristics.

4.1 Structural Analysis

Static analysis is used to obtain the characteristic function of the mechanical system.
Characteristic function is defined as the dependence of displacement on acceleration. Static
analysis uses the same model as modal analysis, and the same element. Acceleration of the
substrate is modelled as external loading using gravity in the direction of the x axis.

Table4dSelected values from characteristic function

Acceleration [g] Displacement [ pm]
0 0
200 0.44797
400 0.89594
600 1.344
800 1.792
1000 2.24
1030 2.30

In Table 4 we can see the maximum displacement that occurs during acceleration of
1030g. Greater acceleration causes the seismic mass to contact the bumpers this causes the
distortion of the output signal. The graph in Image 5 represents the characteristic function
and it is linear, the sensitivity of the mechanical structure is given by the gradient and has a
value of 0.00224pum / g.

2,50
a
2,00 /
—~ 150 (/ /
=
2 1,00 /
0,50 =
0,00
0,00 200,00 400,00 600,00 200,00 1000,00
ACC(g)

Image5- Characteristic function with regression curve
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pEE33E

Image6- Structure displacement in axis X

~ g

Image 6 shows the deformation of the system during maximum acceleration in
automatic displacement scaling. Expanded scale causes overlay in the model during
rendering.

4.2 Electrostatic Analysis

Image 7 (a) and (b) contain the potential distribution and the intensity of the electric
field at zero displacement, images (c) and (d) contain the potential distribution and the
intensity of the electric field with the central electrode offset by 2um.

(a)
=} |
_ ()

(c)

(d)

Image7- Distribution of electric potential (a,c) and electric field intensity (b,d)

Table5 Acquired values for different displacements

Displacement C2t AC
cl [pF C1t [pF c2 [pF Ac [pF UV
[um] [PF] [PF] [PF] [0F] [PF] [0F] v
0 0142x10"  28.694 0.141x10° 28503 095x10%  0.190 ?('1107.?
0.44797 0.176x10"  35.490 0.119x10° 23921 0.057x10° 11575 0.976
0.89594 0.231x10"  46.623 0.102x10" 20.618 0.129x10" 26.005 1.937
1.344 0.338x10%  68.134 0.901 x10% 18.121 0.248x10* 50.012 2.902
1.792 0.634x10%  127.44 0.804x10% 16.170 0.553x10" 111.27 3.876
2.24 0.532 1070.32 0.726 x10° 14.602 0.5252 1055.7  4.866

The obtained values are calculated per unit length of one set of electrodes. Table 5
contains important features of the capacitive sensor. Non-zero capacity difference at zero
displacement is caused by geometrical asymmetry and creates a zero offset in the
characteristic function. Voltage values in Table 5 are the voltage between the center
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electrode and ground, with the top electrode connected to 5V and the lower electrode
connected to -5V. The graph in Image 8 represents the dependency of capacity difference on
the displacement of the central electrode, the dependence is exponential. Theoretically, at
maximum displacement the capacity difference would be infinite, but in a real system at
maximum displacement an electrical contact occurs between the central and stationary
electrode. Macro CMATRIX cannot calculate a capacity value width zero gas gap. The
dependence is almost linear for smaller displacement than 1uym.

AC(pF)

1200

1000

800

600

AC (pF)

400

200

0 k7

0 0,5 1 1,5 2 2,5
Displacement (um)

Image8- Characteristic function of differential capacitive displacement sensor with regression curve

i i
/
/

uv)
w

: —

0 0,5 1 1,5 2 25
Displacement (um)

Image9- Characteristic function of differential capacitive displacement sensor with regression curve

Image 9 shows the characteristic function of the differential capacitive divider. The
voltage dependence on the displacement of the center electrode is linear, its gradient is
equal to 2.1725 V/um. The resulting sensor characteristic function is obtained by
superposition of mechanical and capacitive characteristics and has a value of 4.866x10° V/g
for symmetric differential capacitive sensor voltage supply of = 5V.

4.3 Modal analysis

The input parameters for modal analysis are the nhumber of desired eigenfrequencies
and eigenmodes and the required frequency spectrum. ANSYS offers a variety of algorithms
to compute the natural frequencies in this simulation we used the algorithm with damping.
Modal analysis requires a model with defined material properties, defined boundary
conditions and constraints without external loads. Due to the time-consuming nature of the
analysis calculation, it is sufficient to determine the properties of the moving structure.

Table6 Eigenfrequencies

Eigenfrequency Frequency [Hz] w/o dampi ng Frequencz [Hz] w/ damping
1 10552 10552

2 148944 148944

3 231608 231608

4 232668 232667
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5 232972 232972

Eigenfrequencies obtained by simulation are shown in Table 6. The first
eigenfrequency represents the natural frequency of oscillation of the seismic mass in the
direction of the x-axis. The first natural frequency of the system determines the upper limit of
sensor bandwidth, a mechanical system driven by its first natural frequency reaches
resonance and has disproportionate displacements. The value of damping coefficient has
minimal impact on the value of the modal frequencies. By increasing the coefficient of
damping, the modal frequencies slightly shift to lower frequencies. The eigenmode of
oscillation of a mechanical system with the first natural frequency is visible in the Image10.

AN

DISPLACEMENT

Imagel10- First eigenmode vibration

Imagell- Second eigenmode vibration

Higher frequencies cause a torsional vibration of the mechanical system as shown in
Image 11. Size distortions and displacements visible in the Image 10 and Image 11 are
normalized, their numerical values do not represent actual values of oscillation.

5 Time - transient analyses

Time-transient analyses are used to determine the dynamic characteristics of a
mechanical system and the system's response to time-transient loading. Two important
properties that need to be determined to characterize the system are settling time and the
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transmission bandwidth. Transient analysis is used for determining the settling time and a
harmonic analysis is performed for determining the frequency bandwidth.

5.1 Transient structural analysis

Transient Analysis examines the mechanical response of the structure to a step
change in acceleration. Damping of the mechanical system has a major impact on the step
response. an undampened system would vibrate with its first natural frequency and constant
amplitude. Any real system, however, has some damping properties that cause the
amplitude to steadily decrease into a steady state. Ambient damping coefficient can be
defined in the model using COMBIN14 element that is inserted between the seismic mass
and the bumper. Damping coefficient is than defined as a real-constant. The graph in Image
13 contains the time course of the mechanical system response to a step change in

acceleration from zero to 10g.
(x10**-2)

16 (=1049-4)

t[s]
Imagel2- Step response characteristics

From the step response we can determine that the system will reach steady-state
in 0.6ms and a state of minor fluctuations of 5% in less than 0.24ms. The peak of the first
overshoot for the step change of 10 g reaches a value of about 3.55x102um, which
represents 154% of the steady-state value. The overshoot can be so large that it causes
a contact between the seismic mass and the bumper, therefore the dynamic input range
of the mechanical system is + 650 g.

5.2 Harmonic - response analysis

The result of a harmonic analysis is the frequency response of the mechanical
system. Frequency response describes the dependence of displacement amplitude of the
seismic mass from the excitation frequency of harmonic acceleration. If an undamped
system is driven by its own natural frequency it reaches resonance and vibration amplitude of
the seismic mass should theoretically be infinite. The vibration amplitude of mass around its
natural frequency drops sharply. Using the frequency characteristics it is possible to
determine the upper limit of the transmission band. Transmission band is the part of the
frequency response where the output amplitude is not affected by resonant frequency
effects.
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Imagel3- Amplitude-frequency characteristics in transfer band

Image 13 represents the percentual change in amplitude based on frequency of
vibration of the mechanical system with damping, the value of 100% represents the
displacement value at OHz (static) load. Oscillation amplitude increase of 5% occurs at a
frequency of 2.4kHz and increase in amplitude by 10% at 3.2kHz. The upper frequency limit
of the transmission bandwidth of the mechanical system is 3.2khz.

6 Conclusions

Based on the acquired characteristics of the modelled system, the given mechanical
structure could form the core of microaccelerometers used as a crash sensor in airbag
system control units or as a sensor for active suspension control systems. Dynamic
characteristics were analyzed using the minimum ambient damping coefficient, damping in
real sensors may be greater. The shape and dimensions of the modelled geometry were
ideal, the resulting properties of real accelerometer may vary due to manufacturing
inaccuracies. The properties of the output electric signal are also influenced by integrated
electronics which is used for shaping the output signal. As a future work we would like to
determine the impact of manufacturing tolerances on the characteristic properties of the
modelled system.
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STRUCTURAL MULTIBODY DYNAMICS USING ANSYS — ADAMS | NTERFACE
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Ilkovicova 3, 81219 Bratislava, Slovak Republic

Abstract: This paper presents two ways how to solve structural multibody dynamics
problems in software ANSYS. The first one is the classical method using structural transient
analysis in ANSYS Workbench. The second way is using ANSYS — ADAMS interface.
ADAMS is special software for dynamic analysis of rigid multibody systems. Time dependent
loads, forces and moments from ADAMS analysis can be imported to ANSYS and applied on
finite element model of selected body and perform the structural analysis. Dynamic structural
analysis can be also performed directly in ADAMS on finite element model created in
ANSYS.

Keywords : multibody dynamics, ANSYS — ADAMS interface, finite element model, structural
analysis, crank mechanism

1 Introduction

Crank mechanism is used for transform the linear motion of the piston to rotary
motion of the crankshaft and vice versa (VIk, 2003). Piston is connected with crankshaft with
piston rod, which is the most stressed part of the crank mechanism. Crank mechanism was
subjected to finite element dynamic analysis (Zienkiewicz, 2013). Stress analysis was
performed just for piston rod.

3D geometrical model of the crank mechanism is shown in IMAGE 1. Model consists
from four bodies: piston, piston pin (just pin), piston rod (just rod) and crankshaft. From the
kinematics point of view the most important parameters of crank mechanism are crank radius
R and rod length L. Weights m and moments of inertia | of individual bodies are important for
dynamic analysis. These physical quantities are dependent on the material density p and
whole geometry of the bodies. For stress analysis is also necessary to know material
Young’s modulus E and Poisson’s ratiov.

All important parameters for crank mechanism model are presented in TABLE 1. All
bodies are made from steel but the density of piston and pin is intentionally 100 times higher
due to the increased effect of inertia forces.

Table 7 Parameters of the crank mechanism

crank radius R [mm] 15.5
piston rod length L | [mm] 54

piston pin rod crankshaft
density p [kg.m™] 785 000 785 000 7 850 7 850
Young's modulus E |[MPa] 2.1x10° 2.1x10°| 2.1x10° 2.1x10°
Poisson'’s ratio v [-] 0.3 0.3 0.3 0.3
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Piston

Crankshaft

Image 4 — CAD model of the crank mechanism

2 Rigid multibody dynamics

Only kinematic parameters (displacement, velocity and acceleration) of the bodies
and reaction forces in the joints can be calculated from rigid multibody dynamics. There is no
possible to perform stress analysis. This analysis was performed in ANSYS Workbench
using module Rigid dynamics.

CAD model was imported into ANSYS and all material properties were specified.
Three revolute joints were defined between: ground - crankshaft, crankshaft - rod and rod -
pin. One translate joint was created between ground and piston.

Image 2 — Models for rigid dynamic simulations: ANSYS (left) and ADAMS (right)

Motion of the mechanism was prescribed with crankshaft constant angular velocity
equal to 800 RPM (w= 83.776 rad.s™). Simulation was carried out for two turns of crankshaft
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which correspond to the simulation time around 0.15 s (time step was defined to 0.001 s).
The same analysis was also performed in module ADAMS/View. Simulation models from
ANSYS and ADAMS are shown in IMAGE 2.

Results of the piston movement (displacement, velocity and acceleration) and
reaction forces in rod’s upper joint are presented in IMAGE 3 and 4, respectively. All results

are good agreement, therefore the both simulation models can be considered as equivalent
and correct.

ANSYS ADAMS

/ 3
——Displacement | Y
=== Velocity
——Acceleration

—Displace
~=~ Velocity
=== Acceleration

Length (meter)
S

Velosity (meter/sec)

Veloity (meter/sec)

Acceleration (meter/sec**2)
Length (meter)

Acceleration (meter/sec**2)

-100.0

/ N ] 1 = =
-150.0 -0.035 -15 -150.0 -0.035 -15
0.0 0.05 0.1 0.15 00 0.05 0.1 0.15
Time (sec) Time (sec)

Image 3 — Piston movement results: ANSYS (left) and ADAMS (right)
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Image 4 — Reaction forces in rod’s upper joint: ANSYS (left) and ADAMS (right)

3 Structural multibody dynamics in ANSYS Workbench

Inertial forces induce mechanical stresses in all bodies of the crank mechanism. The
most stressed is the piston rod. Therefore stress analysis of the rod was performed in
module Transient structural in ANSYS Workbench. The same model was used as in previous
rigid dynamic analysis but the rod was set as flexible body. Rod was meshed by element
type SOLID187 (tetrahedron solid element with 10 nodes), see IMAGE 5. Program ANSYS
automatically added further necessary elements to the model (contact and target elements
CONTAL174 and TARGE170, mass elements MASS21 and joint elements MPC184). Total
number of solid elements and nodes was 16 766 and 27 861, respectively.

Image 5 — Flexible rod in ANSYS Workbench

Simulation time was 0.09 s what represents approximately one and quarter turn of the
crankshaft (time step was 0.001 s).

Von Mises stress was monitored. Stress distribution in rod for three different time
moments is shown in IMAGE 6. Stress values for some selected nodes on the rod in the
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most critical time moment t;. = 0.075 s and in the random time t, = 0.063 s are shown in
IMAGE 7. These results will be compared with results from simulation performed using
ANSYS — ADAMS interface.

Transient Structural Transient Structural Transient Structural
Equivalent Stress Equivalent Stress Equivalent Stress
Type: Equivalent (von-Miises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa
Time:5,8e-002 Time: 6,3e-002

Type: Equivalent (uan-Mises) Stress
it: MPa

Time: 9,e-002
25,2014 1036

3,5754 Max

86,765 Max 6,5005 Max

0,745
0,39737
0,00010993 Min

072242
0,00015278 Min

0,0020755 Min

38:241 Max
33,092

2743

25,494

21,245

16,996

12,748

8,4987

42498
0,00096106 Min

0,0030147 Min

Image 7 — Stress values (ANSYS Workbench) in critical time t. (left) and in random time t; (right)

4 Structural multibody dynamics using ANSYS — ADAMS interface

ADAMS software is predominantly used for dynamic analysis of the multibody
systems created from rigid bodies (Adams Help 2007). It is also possible to create flexible
bodies in ADAMS, but their geometry must be very simple (for example: prismatic
rectangular or circular rod).

Finite element (FE) model of flexible body with more complex geometry must be
created in some finite element software such as the program ANSYS. FE model can be then
imported into ADAMS in form Modal Neutral File (MNF). The algorithm used to create MNF is
based on a formulation called component mode synthesis (also known as dynamic
substructuring). ADAMS uses the approach of Craig Bampton with some slight modifications.
According to this theory, the motion of a flexible component with interface points is spanned
by the interface constraint modes and the interface normal modes. Constraint modes and
interface normal modes together are referred to as component modes. (ANSYS Help 2012)
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Geometry model of the piston rod was imported into ANSYS Classic and meshed with
element type SOLID187 (total number of elements and nodes was 23 499 and 40 123,
respectively). Next two nodes were created in the middle of rod’s pins. These nodes are
called interface points. Interface points are very important because only in these points can
be applied forces or joints in ADAMS. Connection of the interface points to the structure is
usually performed with spider web of beams. Element type BEAMS188 was used for creating
spider webs. Material properties for beam element was E = 2.1x10" MPa, v
= 0.3 and p = 10 kg.m™. Beam’s great rigidity and lightweight should ensure minimal impact
on the rod stress analysis. Complete rod FE model for ADAMS is shown in IMAGE 8.
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Image 8 — Rod finite element model (ANSYS Classic) for ADAMS simulation

After importing rod FE model into ADAMS, this model was connected to other bodies
in interface points using revolute joints. Simulation with the same settings as in the previous
ANSYS transient structural analysis was performed and results of von Mises stress
distribution are shown in IMAGE 9.

Time= 00800
Von Mises Stress

Time= 00590 Time= 00680
Von Mises Stress Von Mises Stress

3E+006 87E+007 7084006

324E+008 78384007 BIE+006

288E+006 6.95E4007 SBE+006

25264008 6.09E+007 4964008

218E+008 52264007 4264008

18E+008 43584007 35E+008

144E+008 3.48E+007 2864008

1.08E+008 251E+007 21E+008

7264005 17484007 1484008

3BE+005 87E+008 7.0E+005

0

Image 9 — Von Mises stress distribution in rod (ADAMS)

For precise stress analyses, it is possible to export loads from interface points back to
ANSYS Classic. Loads from interface points can be exported from rigid or flexible ADAMS
model and applied to FE model in ANSYS Classic. We used first option and loads from
ADAMS rigid body model were exported to ANSYS Classic. Results from ANSYS simulation
are presented in IMAGE 10 and 11.
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Image 11 — Stress versus time for three selected nodes (ANSYS Classic)
5 Simulation model for mechatronic systems

ADAMS model with finite element body created in ANSYS can be used for creation of
simulation model for mechatronic systems. ADAMS mechanical model can be imported into

program MATLAB/Simulink, where it is possible to build the control system for regulation its
function.

Example: regulation of the solid flexible beam which base is moved by motion with

target function shown in IMAGE 12. Free end point of the beam starts vibrate due to inertia
forces, IMAGE 13.
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Image 13 — Point movement (detail view, left) and point vibration (right)

The aim of control was eliminate the end point vibration. Control system with PID
regulators was applied for ADAMS model, see IMAGE 14. Detail view of point vibration after
regulation and acting force generated from control system are shown in IMAGE 15.
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Image 15 — Point vibration (left) and acting force (right) after regulation

6 Conclusion

This paper presented the possibility to solve multibody dynamics using ANSYS —
ADAMS interface. This approach allows faster solution for dynamic analysis of multibody
mechanical systems and of course there is possibility to make structural analysis of these
systems. Results from ANSYS and ADAMS simulations were in good agreement.

Another advantage is that the ADAMS model with flex bodies from ANSYS can be
imported into MATLAB/Simulink and deal with it in terms of system control, thereby creating
the simulation model for mechatronic systems.
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LOAD-BEARING CAPACITY OF FRICTIONAL JOINTS IN STEEL ARCH YIELDING
SUPPORTS

5 PETR HORYL, PAVEL MARSALEK
VSB-Technical University of Ostrava, IT4lnnovations National Supercomputer Centre

Abstract: Yielding steel arch supports of roadways are widely used mainly in coal mines.
The support consists of several segments, joined by friction bolt connections. A loading
capacity of arch support and its pliability (ability to accept deformations of surrounding rock
mass) is much influenced by a function of connections, first of all by tightening of bolts. The
results can be obtained in laboratory in difficult way. Only an expensive research on whole
support structure can give relevant knowledge. The contribution therefore deals with
computer modelling of behaviour of yielding bolt connections with different tightening of bolts.
The aim is to determine the load bearing at different tightening screws. Another parameter
that significantly affects loading capacity is the value of friction coefficient in contacts
between elements of joints.

Keywords : yielding arch support, mining roadways, bearing capacity, FEM, ANSYS

1 Introduction

The loading capacity of a friction connection (maximal value of normal forces borne
by connection without slip of segments) plays important role in a static design of arch
supports. The construction of connection as regards to strength of its different parts and
tightening of screws introduce meaningful technical aspects of a function of yielding
supports. Opinions on the optimal value of screw tightening are not unified. Therefore we
modeled the most applied screw connection with three pairs of bolts (used in Germany,
Poland and Czech Republic (Junker et al., 2009) — Figure 1 and 2. We investigated
behaviour and condition of single parts with three values of tightening moment and relations
between values of screw tightening and bearing capacity of connection for different friction
coefficients.

UPPER YOKE

PRETENSIONED BOLT

FIXED LOWER YOKE

LOADED
ARCH SUPPORT

Image 5 — Yielding connection, front view
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FORCED DISPLACEMENT
50mm

Image 2 — Yielding connection, 3D view

2 Methodology

Computer modeling of clamp connections was performed using finite element
program ANSYS. The issue of finding a clamp static loading capacity was hard non-linear
structural problem (Horyl and Snuparek, 2012). Because we have here large displacements
and strains, non-linear steel properties and a lot of contacts. Large displacements means
that stiffness matrix of the whole structures depends on unknown deformation parameters.
For non-linear material behaviour we used bilinear material properties with three values: E
Young's modulus of elasticity, oy yielding stress and ET tangent modulus of plasticity. Our
structure has three kinds of materials, Table 1.

Table 8 Material properties of steel parts

Material properties

Young's Tangent
Structure Part | modulus of Yielding stress | modulus of

elasticity o, [MPa] plasticity

E [MPa] Er [MPa]
Steel support 350 1,680
féevi‘iry%?(‘f and . 295 1,783
High  strength '
connecting 640 2,170
screw

The geometry of computer model was created from designs of all four parts our
structure. It was made in Wokbench Ansys 14.0. Because all boundary conditions were
symmetric we created only one half of structure, see Figure 3. Discretization was done with
solid, contact and pretensioned bolt elements Table 2.

Table 2 Used finite elements
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Type of ANSYS Finite | Number of
Elements Elements Elements
Solid elements SOLID186, 75,941
SOLID187

Contact CONTA174,
elements TARGE170 26,311
Pretensioned PRETS179 3
bolts

FIXED PART

FORCED
DISPLACEMENT 50 mm

Image 3 — Mesh of finite elements and displacement loading

The total number of structure elements was 102,255, 308,643 nodes and 920,035
number of equations. Number of equations is the number of unknown deformation
parameters of the system. The load was divided in two loading steps: pretension of
connecting bolts and deformation loading one support. The second support was fixed. The
three torque values were applied on screws, namely 350 Nm, 400 Nm and 450 Nm. These
values of torque correspond next values of preload forces, namely 100,966 N, 115,390 N
and 129,814 N. Outside torque values affects mainly the value of loading capacity coefficient
of friction in the contacts pairs. That is why calculations were performed with a coefficient of
friction from 0.12 to 0.32 in steps of 0.04. For solution was chosen full Newton-Raphson
method. Calculations were carried out on a computer of Supercomputing Centre VSB-
Technical University of Ostrava, number of used cores was 9. One calculation took between
11 - 15 hours.

3 Results

An important factors for the assessment of mechanical structures after the loading are
primarily total displacement, value equivalent plastic strain €, and von Mises stress oe .
Equivalent stress (also called von Mises stress) is often used in design work because it
allows any arbitrary three-dimensional stress state to be represented as a single positive
stress value. Equivalent stress is part of the maximum equivalent stress failure theory used
to predict yielding in a ductile material. The equivalent plastic strain gives a measure of the
amount of permanent strain in an engineering body. The equivalent plastic strain is
calculated from the component plastic strain (Ansys Release 14.0, 2011).

3.1 Load step 1 - Implementation bolt preload

Deformed structure after tightening the screws for 450 Nm shown in Figure 4.
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UNDEFORMED SHAPE

4

i MAXIMUM DISPLACEMENT

— I
0 2.38736 4.77472 7.16208 9.54945
1.19368 3.58104 5.9684 8.35576 10.7431

Image 4 — Deformed structure, place of maximum deformation

The largest displacement was found at the end of the upper yoke and up to 10.7 mm.
Although the offset value is significant to touch other parts of the joints does not occurs. The
functionality of the joint is maintained. Mainly results for the first load step are grouped within
Table 3.

Table 3 Mainly results from bolt preload

Description of the Variables Values
Torque [Nm] 350 400 450
Maximum displacement [mm] 8.1 9.2 10.7
Support O. [MPa] 409 414 402
ol [1] 0.005 0.01 0.03
0. [MPa] 572 623 710
Upperyoke o =y 0.16 0.183 0.24
0. [MPa] 326 344 363
Loweryoke iy 0.02 0.03 0.04
Bolts 0. [MPa] 1064 1125 1254
ol [1] 0.197 0.22 0.28

It should be noted that in all parts of the clamp is exceeded the yield point. This means that
even after unloading remain in the construction permanent deformation. As will be discussed
below, it is usually a very small area, which should not affect the functionality of the coupling.
Location of very small plastic areas for steel support are given in Figure 5. The upper yoke
plastification occurs in small areas of contact of the head bolt, see Figure 6. But value of
equivalent plastic strain is high, it means that in these areas arise dimples. Few intensive
areas plastification occurring on lower yoke, Figure 7. A high degree of plastification is on the
bolt, but it is a small area in contact with the screw head in Figure 8.
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Image 5 — Plastic areas on steel support, g, = 0.026

Image 6 — Plastic areas on upper yoke, g, = 0.24
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3.2 Load step 2 - Implementation of forced displa

Image 8 — Plastic areas on bolts, g, = 0.28

cement

Courses nonlinear calculations are documented in the following two pictures. The first
convergence calculation is displayed depending on the gradual loading, Figure 8. The
second picture shows speed of load increment, Figure 9.
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Image 9 — The typical course of force convergence
2 I
LOAD STEP 2
> "
w1 I
= =
'—
r’ LOAD STEP 1
e
|
0.2
1 40 80 120 160 200 225

Image 10 — Speed of load increment

Convergence in each substep of the Newton-Raphson method is satisfied when in all
nodes of model is fulfilled force convergence condition. Another criterion is the increment
value of equivalent plastic deformation, maximum could be less then 0.15. Load step 1 was
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calculated in the range of 4 to 7 substeps, while the second load step from 26 to 36
substeps. In each substeps had to be calculated a few iterations to achieve convergence.
Total number of iterations was around 225.

The main results of the numerical simulations are shown in Figure 10. Values of the
critical axial force are shown, which occurs when the joint is slipping. We are speaking about
loading capacity of yielding connection. The values are dependent on the coefficient of
friction in the contacts and the values of torque. Dependencies are almost linear.

450 -
A
400 i
=< +350 [Nm] !
- O 400 [Nm] Zf oC°
. 350’ A 450[Nm” H] 5 - = »
—_— . - s -
z .- _-
- 300 = =X
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Coefficient of Friction [1]

Image 11 — Dependence loading capacity of yielding connections on the values of the friction
coefficient and torque

Resistance values are consistent with those published in the literature (Shupéarek and
Konecny, 2010; Janas, 1990). The ranges of these values and their high dependence on the
coefficient of friction in contacts have not yet been published. The minimum value of
resistance was 139 kN to 350 Nm of torque and the friction coefficient 0.12, the highest value
of 417 kN to 450 Nm of torque and the friction coefficient 0.32.

Areas of plastification in this load step do not change significantly. Decisive for the
formation of plastic regions is load step 1.

4 Conclusions

Load the preload screw causes the creation of plastic areas in all parts of the
connection. They are just a very small areas, which should not affect the functionality of the
connection. The ranges of loading capacity of yielding connections values and their high
dependence on the coefficient of friction in contacts have not yet been published. The
minimum value of resistance was 139 kN to 350 Nm of torque and the friction coefficient
0.12, the highest value of 417 kN to 450 Nm of torque and the friction coefficient 0.32.
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MATERIAL PARAMETERS ESTIMATION OF SMALL PUNCH TEST BY TWO VARIANTS
OF GENETIC ALGORITHMS

JOZEF HRABOVSKY?, PETR LOSAK?, JAROSLAV HORSKY?

1) Heat transfer and fluid flow laboratory, 2) Institute of solid mechanics,
mechatronics and biomechanics, Brno University of technology

Abstract:

The issue of material data and obtaining parameters is fundamental to all engineering
applications. To perform required analyses and obtain relevant results it is necessary to have
sufficient input data and information. For designing and solving a given problem it is crucial to
know material properties. We have several methods for obtaining material data. One method
is the Small Punch Test (SPT). This method is considered non-destructive. The experimental
samples for SPT have small dimensions and therefore can be obtained from a tested
structure without significant destruction. When respecting certain assumptions, this method
can be considered equivalent to tensile experimental procedure. By using this method it is
possible to measure the same parameters as when using a tensile test. The typical results of
the SPT measurements are force-deflection curves. It is possible to use numerical simulation
to convert a force-deflection curve to a stress strain curve. This paper presents two methods
of determining suitable material parameters for transformation of force-deflection curves to
stress-strain curve for defined steel at elevated temperature at the Ansys Workbench. To
determine the appropriate transformation, two types of material models (Ramberg-Osgood
model, Chaboche model) and two variants of genetic algorithms were used. For the first
variant, the optimization toolbox implemented in the Ansys Workbench was used. For the
second variant, a genetic algorithm from the Python scripting language into the Ansys
Workbench was implemented. The presented results show the advantages and
disadvantages of considered methods and it is possible to select a method for many
engineering applications. The estimation of the material parameters were studied for steel
with a higher content of silicon.

Keywords : Small Punch, Chaboche model, Ramberg-Osgood model, genetic algorithm

1 Introduction

To obtain relevant mechanical properties it is possible to use several methods. Most widely
used methods of studying the mechanical properties are tensile tests, bending tests or
impact tests. All these methods are so-called destructive. The specimen for measurement
have relatively high dimensions. Therefore it is not possible to create the specimen without
destruction of the initial part. If it is needful to maintain the original part and measure some
changes in mechanical properties it is possible to use nondestructive measurement. One of
these methods is Small Punch Test (SPT) [1].
Generally this test is used in energy industry, when it is necessary to determine the
mechanical properties of material that has been exposed to environmental influences or load
without significant damage of the device. SPT can be classified into two types of tests. The
first type of test is pushing of the specimen at a constant speed. The results of this test are
the relationships of force on displacement. This type of test is considered as equivalent to
tensile test because it is possible to find the same material characteristics. Small Punch Test
at constant deflection rate is referred to as the SPT-CDR. The second type of SP test is
pushing of the specimen at constant force. This type of test is used as a creep test and it is
referred to as the CF-SPT. The result of this test is the time relationship of deflection [2]. For
both tests it is typical that the specimen is pushed up to rapture. The major benefits of these
tests are small specimens and simple possibility of measurements at elevated temperatures.

Applied method was designed to identify the mechanical properties of selected steel.
As already written the typical result of the SPT is force — deflection curve. To obtain typical
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mechanical properties (Young's modulus, yield strength and so on) it is necessary to convert
measured force — deflection curve to stress — strain curve. It is possible to use two basic
approaches for the conversion of measured curve. The first approach is based on the
empirical equations. This approach is very easy but not universal because the equation was
defined for specific conditions and material. The second method which is more complicated
but appropriate for universal application is FEM analysis combined with optimization. In this
paper the second approach was used. The FEM analyses and optimization were prepared in
Ansys Workbench. Two types of material models and two types of optimization methods
were applied. The first method was based on the possibilities of Ansys Workbench. The
Chaboche’s material model defining the monotonic history of sample loading and direct
optimization was used. For the second method the owned Ramberg — Osgood model and
optimization tool were created into the Ansys Worbench through the Python script language.
For both methods the genetic algorithm was used as optimization approach. Described
methods were applied on tested specimen at elevated temperature 600°C.

2 Experimental procedure

As already mentioned in the introduction chapter, Small Punch Test (SPT) was
chosen to study the mechanical properties. Experimental measurements of mechanical
properties were prepared to make it possible to measure the mechanical characteristics of
defined steel. For preparation of samples the steel with higher silicon content was selected.
The selected steel was subjected to chemical analysis and chemical composition is given in
Table 1.

Table 9 Chemical composition of studied steel

C@) | Mn(%) | Si(%) | P(%) | S(%) | Cr(%) | Cu(%) | Sn (%)
[ Specimen | 0010 | 0240 | 1140 | 0006 | 0011 | 0050 | 0030 | 0.010

The small punch tests have been performed on the experimental apparatus constructed by
IPM ASCR (see Image 1). Schematic illustration of dimension and position of the specimen
at the SPT is shown in Image 2. The SPT can be simply described as following: between the
upper and lower die specimen is fixed, then the specimen is loaded through the ball until the
material failure occurs. In this case the ceramic ball for loading has been used. SPT was
carried out at elevated temperature 600°C.

For measurement of required mechanical properties the SPT at constant speed was
considered. The value of speed at measurements was set to 0.006 mm/s. The speed of
deflection was measured through sensor Hottinger-Baldwin. This measurement also
considered the elastic deformation of bottom frame of SPT apparatus. It is possible to
neglect the elastic deformation at measurement of small values of forces.

Measured curve at elevated temperature is presented in Image 3. The force — deflection
curve is very important characteristic, but even more useful characteristic for engineering
applications is the stress — strain curve. The conversion of the force — deflection curve to
stress — strain curve methodology is descripted in next chapter.
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Image 8 Measured force —deflection curve at elevated temperature 600°C

3 Optimization of material parameters

The aim of optimizing the material parameters was to find suitable parameters for converting
the measured curve to curve describing the mechanical response of the material on the
loading. To find appropriate parameters and to obtain basic characteristics, which are the
Young’s modulus and the yield stress, ANSYS Workbench was selected. In the classical SP
test carried out on samples of steel, characteristics of the steel (such as Young's modulus,
yield stress, ultimate stress) are usually known from conventional tensile tests on which it is
possible to correlate SPT measurements with a tensile test. Because in this case SPT
measurement was carried out at elevated temperature, these basic characteristics of studied
steel were not known, therefore it was necessary to include them between searched
parameters for optimization.

3.1 FE model
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FE model for the numerical simulation of the optimization task was based on the actual
geometry of the experimental equipment of SP tests. For the numerical model the upper and
lower die were considered, the specimen with a defined thickness that was measured for
each sample and the indenter (ceramic balls) see Image 4. The whole task was designed as
a two-dimensional and therefore the model of geometry was prepared as two-dimensional
axisymmetric. The actual model was axisymmetric, so it was possible to apply this
simplification and significantly reduce the computational complexity tasks with regard to the
relevance of the description of material properties of the sample. The components were
coherent and their properties corresponded to real conditions. Individual components of the
numerical model of geometry were connected through the contact surfaces. Contact areas
were thus defined between the bottom and top of the sample with bottom respectively upper
and lower die. Further contact was then defined between the top of the sample and the
puncher. All contacts were set up as contacts with friction. Frictional coefficient between the
specimen and the die was defined by the value of 0.5. Friction coefficient between the
indenter and the specimen was considered as one of the parameters. The corresponding
geometry models are presented in Image 4.

On this model an optimization task for finding suitable parameters describing material
behavior of the specimen was carried out and transformation of measured curve force vs.
deflection to stress strain curve was performed.

pper Die

Specimen Lower Die

]
T\Symmetry

Image 9 Model of geometry (left), FE model (right)

3.2 FE analalysis with optimization procedure (case 1)

For FE analysis the material model of each part of geometry was applied. For upper and
lower die and ceramic ball the linear-elastic model was considered. The Chaboce’s
kinematic material model was used for specimen. Chaboche’s material model can be defined
by five kinematic hardening models for simulation of complex cyclic deformation behavior of
materials. This material model contains several parameters describing the material behavior.
Due to the combination and the inclusion or deletion of the parameters it is possible to
capture the phenomena. With appropriate treatment it is possible to use this material model
to describe a monotonic uniaxial loading [3]. In this case, the equation with only two
kinematic models and parameter y, equal to zero was considered. From the general equation
of the material model it is then possible to derive a simplified form for the description of
monotonic loading, which was also loading during the SP test, equation (1) [4]. Individual
members of the equation determine the slope and the course of the stress strain curve. For
the formation of Chaboche’s model it is necessary to have experimental data from which the
necessary coefficients of Chaboche’s model are identified. Estimation of parameters can be
performed by using mathematical approaches such as nonlinear regression with initial
estimate of required coefficients [5]. In numerical modeling and finding the optimal
parameters for the specimen measured during the SP test the value of stress depending on
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the strain were not known, as usual, but the curve was measured as a function of the
deflection. Therefore, the necessary parameters of Chaboche’s model were parameterized
and searched by optimization method based on several values of force and corresponding to
the value of deformation selected from the whole measured process.

N, 20 o, 1dC .
a =Zocl = §Z C;ePt —y,a;éP +a%9ai (1)
l l
Cq _
Oy = 0y + — (1 — e™1%%) + (¢, 2)
V1

For optimization process a total of six parameters were considered. Two basic
parameters as Young's modulus, frictional coefficient between ceramic ball and specimen
and four parameters as yield strength, C4, y;1, C, which represent the Chaboche’s material
model. All these parameters were imported into the optimization procedure. The optimization
procedure was based on the toolbox Direct Optimization which is part of Ansys Workbench.
This toolbox allows to use several optimization methodologies for example screening
method, “NLPQ” — gradient method and “MOGA” — iterative multi-object genetic alghoritm.
This “MOGA” methodology was applied as optimization method to find the appropriate values
of selected parameters. The “MOGA” is a hybrid variant of the NSGA-II (Non-dominated
Sorted Genetic Algorithm-Il) based on controlled elitism concepts. The Pareto ranking
scheme is done by a fast, non-dominated sorting method that is an order of magnitude faster
than traditional Pareto ranking methods. The constraint handling uses the same non-
dominance principle as the objectives, thus penalty functions and Lagrange multipliers are
not needed. This also ensures that the feasible solutions are allways ranked higher than the
unfeasible solutions. [5]

The results of optimization of material parameters for specimen at appropriate
temperature are presented in Tab. 2 and Image 5. In Image 5 the comparison of the
measured and optimized force — deflection curve is shown. The average difference between
selected measured and calculated points is 6.64%. The Chaboche’s material model
parameters obtained from optimization procedure are presented in Table 2. The optimized
parameters were used in equation 2 and the stress — strain curve was created (see Image 6).

Table 10 Optimized material parameters (MOGA method)

Temperature [°C]| Friction Coefficient [-]| E [MPa] | Yield Strenght [MPa]| C; [MPa] v1 [] C, [MPaq]

600 0.3374 24633.0 56.1 4551.4 1415 125.9
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Image 11 Evaluated stress — strain curve (MOGA method)

3.3 FE analalysis with optimization procedure (case 2)

The model of geometry and material of each part, except for the specimen, remained the
same as in the case 1. For the specimen, the material described by the Ramberg-Osgood
relation (3) was used. The relation is derived and described in detail for example in [6]

o o)
EZE”K(EJ 3)

K and n are Ramberg-Osgood’'s parameters. The first member in the equation,o/E,
describes the linear portion of the material behavior and the second member describes the
plastic portion of the total deformation.

According to [6], the equation can be modified using the proof stress g, which yields
in form (4).
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g g )
£="+ 0002 —
E (0.02] (4)

Thus in the optimization process it was sufficient to find only Young’s modulus E, exponent n
and the proof stresso,,. The fricion coefficient between the specimen and the ceramic ball

was also included in the optimization variables. The objective function (5) was used to
assess the appropriateness of the idividual values of the optimization variables.

v-3
i=1

Fsi - I:ei

W (5)

n is number of the steps of the numerical simulation, F; is the force which the puncher was
acting on the specimen in i-th step. F is the force obtained from experiment which
corresponds to the same displacement. Parameter w; is the weight coefficient that allows to
modify the significance of the particular points on the force-displacement curve.

Since model of material based on the Ramberg-Osgood relation is not implemented into the
ANSYS Workbench environment, the special Python script was written. Based on the relation
(4) the script fills the table of multilinear material model by the plastic strains and
corresponding stresses. Python script also controls the optimization algorithm, in this case
Genetic Algorithm (GA), which is described in detail for eg. In [7]. The result of optimization
procedure is shown in Image 7. Found coefficients of Ramberg-Osgood relation are
summarized in Table 3. The average difference between selected measured and calculated
points is 5.96%.The optimized parameters were applied in equation 4 and the stress — strain
curve was created (see Image 8).

Table 11 Optimized material parameters (GA method)

Temperature [°C]| Friction Coefficient [-]| E [MP4a] | Yield Strenght [MPa] n[-]
600 0.284 104090.0 26.8 2.798

400

350

300

Force [N]
N N
[=] '
o o

=
v
o

100
SP Test
50 Selected Points
0 GA Simulation
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Displacement [mm]

Image 12 Comparison of measured and optimized force — deflection curve (GA method)
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4 Conclusion

The presented work is focused on the material parameters estimations which define
mechanical properties. The material parameters estimation was carried out for result
obtained from Small Punch test. The SP test was performed on selected steel at elevated
temperature (600°C). To obtain the mechanical properties of material, curve measured
during SP test and optimization task in computational program ANSYS Workbench was
prepared. The optimization task was combined with numerical analysis and aimed to find
suitable material parameters so that the response during punching of the specimen best
fitted the measured force vs. deformation curve. When finding suitable parameters it was
possible to reconstruct the stress - strain curve. The estimation of material parameters were
carried out in two cases. For the first case the Chaboche’s material model for material
behavior definition and MOGA optimization method were used. In the second case the
Ramberg — Osgood description of material behavior with GA optimization procedure were
applied. For the second case Ansys Workbench with Python scripts defined the Ramberg —
Osgood model and GA alghoritm was used. The optimization procedures which were
performed in both cases led to required results. For both cases the correlation between
measured and calculated force — deflection curves was done and average difference
between measured and calculated values do not exceed 10%. Based on the obtained results
from optimization process it was possible to reconstruct the stress — strain curve of tested
material. From all optimized variables of both cases just E, Yield Strength and Frictional
Coefficient can be directly compared. All these variables show high differences. The first
reason of the differences in results can be produced by combination of material and
temperature. The material which was tested is not suitable to be used at elevated
temperatures. This means that the measured curve can be affected by unstable phases in
material at elevated temperatures. The second reason is more obvious and relates to used
material model in both cases. In the first case the fully-fledget Chaboche’s material model
was used and in the second case just the description of stress — strain curve through the
Ramberg — Osgood mathematical model was considered. This qualitative difference of both
approaches have impact on the results. The big advantage which was presented in this
paper is methodology of direct material parameters estimation through the Ansys Worbench
without additional programs.
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STUDIE VLIVU MIRY ROZTRZEN{ TESNICIHO SVARU LAMELOVE PASNICE NA
VELIKOST FAKTORU INTENZITY NAP ETI

PAVEL HRUBY, ONDREJ KRNAVEK, ALES NEVARIL, LUCIE TOTKOVA
Centrum AdMasS, Fakulta stavebni, VUT v Brné, Vevefi 95, 602 00 Brno, Ceska republika

Abstract: This study deals with cracks in welded joints of lamellar flanges of the steel-
concrete composite bridge. The main emphasis is put on the comparison of stress intensity
factors for different crack configurations. Four variants of bottom surface rupture of seal weld
are analyzed. The task is solved comprehensively with the use of submodeling technique.
Boundary conditions for four different submodels with cracks are obtained by analysing the
global behavior of the bridge. In the final part of study are presented stress intensity factor
waveforms along the length of the weld.

Keywords : crack, lamellar flange, steel-concrete composite bridge, stress intensity factor,
welded joint

1 Uvod do problematiky

Dnesni stavitelstvi se ¢leni do mnoha rdznych odvétvi, pficemz jednim z téch
tradi¢nich je stavitelstvi mostni. V ramci tohoto oboru se muzZeme setkat s nékolika
zakladnimi typy mostnich dél, a to v€éetné mostl vzpéradlovych, jez jsou ¢asto navrhovany
za ucelem preklenuti hlubokych adoli (Strasky, 2001, s. 25). Modifikace tohoto typu mostu
byla zvolena téz pro pfemosténi Lochkovského adoli, které kfizi trasu jihozapadniho okruhu
Prahy dokonéeného v roce 2010. Zminény most o celkové délce 461 metr( je tvofen
Zelezobetonovou spodni stavbou spolu se spfazenou ocelobetonovou nosnhou konstrukci. Ta
je predstavovana jednokomorovym otevienym ocelovym prafezem doplnénym o dvojici
vnéjSich a jeden vnitfni vzepfeny podélnik, jeZz jsou spoleéné s hornimi pasnicemi komory
spfazeny s Zelezobetonovou mostovkou.

28 28

Horni lamela 2

60

105

139

Tésnici svar

30

45

Dolni lamela

15,

L 100 |, I

Obrazek 14 — Schéma svarového spoje 7213

Jeden ze zakladnich rysu mostl pres hluboka udoli tvofi relativné velké délky
mostnich poli, pfi¢emz v pfipadé vySe zminéného mostu €ini délka nejdelSiho, stfedniho
pole 99,3 metru. Tato skute€nost ve spojeni s navrzenym nosnym systémem a konstrukénim
usporadanim pfiéného fezu méla za nasledek nutnost navrhu velkych dimenzi hornich
pasnic ocelové komory mostu, ato pfedevSim v oblastech nad podporami. Prakticka
realizace ocelovych pasnic velkych tlousték vSak narazi na problémy s vyrobou, a proto byla
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v pfipadé mostu pfes Lochkovské udoli zvolena moZnost navrhu pasnice lamelové. Tento
konstrukéni prvek je pfitom tvofen nékolika na sob& umisténymi ocelovymi lamelami
svafenymi po obvodé konstruk&nimi tésnicimi svary. Spojovani jednotlivych montéaznich dild
pasnice po délce mostu je pak provadéno za pomoci nosnych (tupych) vyplfiovych svaru (viz
obrazek 14).

V pribéhu montadze mostu pres Lochkovské udoli byla po provedeni jednotlivych
vyplfiovych svaru realizovana ve shodé s pfedpisy jejich nedestruktivni kontrola. Pfi téchto
kontrolnich zkouskach byla v ramci pfiléhajicich tésnicich svar( zjiSténa ve spojich 6014,
7213 a 7214 pritomnost nékolika pfipustnych i nepfipustnych indikaci (Vejvoda, 2011).
Pfedmétem nasledujici studie je vliv miry a polohy roztrzeni dolniho lice tésniciho svaru
spoje 7213 na velikost vypocteného faktoru intenzity napéti.

2 Teorie vypo ¢tu faktor G intenzity nap éti

Pouziti klasickych postupt metody koneénych prvkd k zachyceni chovéani v okoli
kofene trhliny je vzhledem k pfitomnosti singularity v dané oblasti velmi obtizné. Z tohoto
divodu byly navrZzeny specialni pfistupy, které jsou schopny dané chovani v kritickém okoli
Cela trhliny postihnout. Jedna se napfiklad o pouZiti specialnich kone€nych prvkl, metodu
virtualniho prodlouzeni trhliny, metodu J-integralu, metodu interakéniho integrélu a dalSich
pFistupd, jejichZz shrnuti i bliz§i popis uvadi napfiklad Kuna (2013).

Pfi feSeni uloh v rdmci studie bylo vyuZito metody interakéniho integralu (Stern,
1976). Tato metoda ma fadu vyhod: je vyuZiteln4 pro komplexni geometrie, anizotropni
materialy i nehomogenni konstrukce a Ize ji relativné snadno aplikovat do FEM kédd. Dale
pak umoznuje vycisleni faktord intenzity napéti i pro trhliny zatizené ve smiSeném maodu.

V nésledujici ¢asti bude struéné nastinéno odvozeni interakéniho integralu.
Podrobnéjsi pojednani lze nalézt napfiklad u Walterse (2005), &i pfipadné v dalSi
odkazované literature.

Interakéni integral vychazi z klasického J-integrélu, ktery byl odvozen na konci
Sedesatych let (Cherepanov, 1967), (Rice, 1968). Ten je mozné zapsat jako

](S) = limr_>0 fl" (Wali - O'iju]"l)nid F, 11) (
kde W = 1/20;;¢;; je hustota deformacni energie, g;; je Cauchyho tenzor napéti, ¢;; je tenzor
deformace, u; je vektor pfemisténi a §,; je Kroneckerovo delta.

V kontextu metody kone¢nych prvka je vycislovani kfivkovych, pfipadné plosnych
integraltd s dimenzi nizSiho fadu, nez je dimenze okrajové ulohy velmi problematické (Kuna,
2013). Shih (1986) odvodil vztah pro J(s), energii uvolnénou pfi jednotkovém naristu lomové
plochy, kterym transformoval vySe uvedeny vztah (11) do tvaru s klasickymi objemovymi
integraly:

J(s) = [, (oyjuj1 —W81)q dV + [, (oyuj1 — Wyy),qdV — [o, o tiu;1qdS, 12)

kde t; jsou komponenty trakeni sily (components of traction) pasobici na povrchu trhliny a g
je skalarni vahova funkce. Hlavni nevyhodou klasické formulace J-integralu je nemoZznost
presného vycisleni faktor( intenzity napéti pro trhlinu zatizenou ve smiSeném médu. Jak jiz
bylo uvedeno vyse, interakéni integrél timto limitem netrpi.

Metoda interakéniho integralu (nékdy téZz M-integralu) je zaloZena na superpozici
dvou zatézovacich stavl, pfiéemz prvni zatéZovaci stav predstavuje skutecné zatizeni
konstrukce s trhlinou a druhy zatéZovaci stav odpovida libovolnému pomocnému FeSeni se
znamymi faktory intenzity napéti. Vzajemnosti interakéni energie obou stavl je dosazeno za
pomoci Bettiho teorému. Superponovanim obou vySe zminénych stavl( lze pro vSechny
veli¢iny psat

S aux

ul =u; +ul™, of =0 +0f™ atd, (
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13)

kde a7, €5 a u?™ jsou pomocna pole napéti, pretvoreni a pfemisténi v okoli trhliny
ziskana napfiklad z Williamsova feSeni (Williams, 1956). Horni index S ve vySe uvedeném
vztahu znaci superponovanou veli€inu. Dosazenim vztahu (13) do vztahu (12) ziskame:

F() = J, [(03 + 05™) (wia +w77) = W8yi]q, AV + [, [(03; + 07 (wia + (
W) = WIS 40V = [ -6+ ) + I 0. o

vs v

Po upravé je mozné rovnici (14) rozdélit do tfi Casti:

J3(s) = J()+2(s) + I(s), 15)

pficemz J(s) odpovida skutecnému stavu, J2**(s) stavu pomocnému a I(s) interakénimu
integralu, ve kterém dochazi k interakci proménnych odpovidajicich stavu skutenému
a pomocnému. Vhodnou definici pomocnych poli a po dalSich dil¢ich Gpravach pak lze
interakéni integrél vyjadfit nasledovné:

I(s) = [, (03w + 0™ wj1 — o1, AV + [, [oy;(ufif — e5) + ¢

of™uj1qdV — [, o tuPqds. 6)

Crack front

| ,
\ A,\ 2
1
\

Obrézek 15 — Domény pouzivané pro vypocet plodnych a objemovych integrali na €ele trhliny (s = b),
rozprostirajici se na délce L, od bodu a do bodu c. Povrchy S, a S, (valcové plochy), S, a S; (rovinné
bocni plochy) a S* a S~ (horni a dolni plochy na ¢ele trhliny) tvofi povrch S a vymezuiji objem V. Pro

obecny pfipad zatiZzeni se povrch S, musi zmensit na ¢elo trhliny, tj. r —» 0*. (Walters, 2005)

Pro pfipad pfimé trhliny, kvazistatické zatizeni, elastické homogenni materialy a bez
uvazovani trakci na ploSe trhliny (crack-face tractions) druhy a tfeti integral ve vyrazu (16)
vymizi. Protoze je segment L. velmi maly, Ize pfedpokladat, Zze se interakéni integral I(p)
meéni na daném segmentu pomalu. Proto je I(p) mozné nahradit konstantni hodnotou I(s),
pricemz

I(s) (
J, a(s)ds 17)

e

Uvazime-li klasicky vzorec vyjadfujici rychlost uvolfiovani energie v zavislosti na
faktorech intenzity napéti smiSeného modu namahani (Anderson, 2004), plati

KZ+K; 1+v (
J(s) = . TTE K, 18)

kde E’ = E pro rovinnou napjatost, E’ = E /(1 — v2) pro rovinnou deformaci a v je Poissonav
soucinitel.

I(s) =
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Dosazenim Ki = Ky + K3"* do vztahu (18) a vyb&rem interak&nich &lent Ize vyjadfit:

2 2(1+v) (
I = 7 (K K™ + K Ki*) + TKIIIKIC}}M' 19)

Dosadime-li do vySe uvedeného vztahu pomocné faktory intenzity napéti K/** =1
a K = K{ii** = 0 obdrzime hodnotu hledaného faktoru intenzity napéti K;. Obdobnym
zplsobem lIze ziskat téz hledané hodnoty pro zbyvajici faktory K;; a Kj;;.

3 Modelované varianty roztrzenit ésniciho svaru

V ramci studie byl jako zdjmovy vybran tésnici svar umistény nad dolni lamelou
o tloustce 45 mm (viz obrazek 14 vlevo), pficemz byly modelovany celkem ctyfi varianty
roztrZzeni dolniho lice tohoto tésniciho svaru:

a) 3 mm trhlina na hornim okraji dolniho lice tésniciho svaru (u kofene svaru),
b) 3 mm trhlina ve stfedu dolniho lice tésniciho svaru,
¢) 3 mm trhlina na dolnim okraji dolniho lice té&sniciho svaru,

d) dolni lic t&sniciho svaru plné poruseny trhlinou.

a) b)

10 mm 10 mm

g
5

L5
w

c) d)

10 mm 10 mm

3

S

45
/&
X
4
3
45°

Obrazek 16 — Modelované varianty roztrzeni tésniciho svaru

Zminéné varianty roztrzeni jsou schématicky zobrazeny na obrazku 16. Pro vSechny
modelované pfipady byla uvaZzovana trhlina prochazejici po celé délce svaru.

4 Vypo €tové modely

V ramci provadénych matematickych simulaci byla vyuZita metoda submodell. Tato
metoda vyzaduje tvorbu dvou typG koneénéprvkovych modell. V prvni fadé se jedna
0 model globalni, ktery slouzi primarné pro ziskani okrajovych podminek pro podrobnéjsi
model druhého typu a v daném pfipadé postihoval chovani celého mostu. Globalni model byl

pfitom s vyhodou sestaven tak, aby disponoval nizSi vypoctovou narocnosti. Druhy typ
modelu pak predstavuje submodel postihujici vZdy jen malou zajmovou oblast a jeji
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bezprostiedni okoli. Submodel se pfitom oproti modelu globalnimu vyznaCuje vétsi
podrobnosti a v daném pfipadé i vys3i vypoctovou naro¢nosti. V ramci studie tento typ
modelu zastupovaly Ctyfi modely svarovych spoju lamelovych pasnic, pro néz byly okrajové
podminky ziskdny za pomoci jednoho modelu globalniho. Vice informaci o dané
problematice dale zmirnuje Hruby (2013).

4.1 Globalni model mostu

Pro potfeby modelovani globalniho chovani mostu byl vyuZit kone&néprvkovy
vypoctovy model vytvofeny v dobé zpracovani projektu mostu pfes Lochkovské udoli. Tento
model byl z divodu ziskani odpovidajici formy okrajovych podminek zmodifikovan, pfi¢emz
byly v oblastech zdmu nahrazeny puavodni jednoduché péasnice pasnicemi lamelovymi.
Kromé téchto Uprav byly dale provedeny téZz nékteré dalsi zmény umoZiujici napfiklad
modelovani postupné vystavby mostu. Zminény vypoctovy model byl vyhotoven ve velkém
detailu jako prostorovy MKP model, pfi jehoZ tvorbé byly vyuZity pfedevSim skofepinové
elementy SHELL181 a objemové elementy SOLID185. V ramci modelu byly dale vyuzity téz
prutové, prihradové, kontaktni a dalSi kone¢né prvky. Podrobnéjsi popis globalniho modelu
mostu Ize nalézt ve vySe uvedené literature.

V ramci modelovani zatizeni konstrukce byl zjistén vyznamny vliv postupné montaze
mostu na vyslednou napjatost vznikajici v hornich pésnicich jeho ocelové komory. Z tohoto
davodu byly pro ucely ziskani odpovidajich okrajovych podminek provedeny simulace
postupné vystavby mostniho dila (Krhavek, 2013). Na vysledky téchto simulaci bylo déale
navazano, vypoctena data byly porovnana s méfenim probihajicim na mosté, a dle danych
pozadavku byly pfislusné hodnoty napéti v modelu kalibrovany za pomoci silového zatizeni.
Zavedeni této upravy bylo provedeno za ucelem zahrnuti vlivh, jez nebyly v ramci
provadénych simulaci zohlednény (zejména UcCinky zatizeni poklesem podpor, vysuvem
oceloveé konstrukce, rezidualni napéti z vyroby, atd.)

4.2 Submodely

Jak jiz bylo zminéno vySe, v ramci studie byly pro potfeby detailniho modelovani
svarovych spoju lamelovych pasnic vytvofeny celkem c&tyfi submodely. Rozmérové
usporadani téchto modell bylo pfitom voleno tak, aby byla postizena cela délka zajmovych
svarll (na Sifku pasnice) a aby byl zajistén korektni pfenos okrajovych podminek. V pficném
sméru byl tedy zvolen rozmér 600 mm (300 mm na obé strany od podélné osy spoje).
Obdobnym zpusobem byla ur€ena i vySka submodell, pfiemz byla kromé vlastnich pasnic
modelovana i pfiléhajici 300 mm vysoka ¢ast betonové mostovky a rozmérové shodna cast
oceloveé stojiny komory mostu. Pouzivané submodely byly vypracovany ve vysokém detailu
véetné koutovych obvodovych tésnicich svard (viz obrazek 17).

Pfi tvorbé submodell bylo vyuZito pfevazné objemovych prvkd SOLID185. Pro tvorbu
sité koutovych obvodovych svaru pfiléhajicich k oblastem roztrzeného dolniho lice tésniciho
svaru pak byly doplfikové pouzity téZ prvky SOLID186. JelikoZz bylo v prabéhu simulace
zapotfebi postihnout také vliv tfeni mezi hornimi a dolnimi lamelami a mezi horni lamelou a
pfiléhajici betonovou mostovkou, byly pfi tvorbé submodell pouzity téZ kontaktni prvky typu
TARGE170 a CONTAL174. SpfaZzeni mostovky s ocelovou komorou mostu realné provadéné
za pomoci spfahovacich trn pak bylo simulovano s pouzitim CP vazeb.
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Obrazek 17 — Koutovy obvodovy tésnici svar submodelu

i/ ' ".
\{ 7

W
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Obrazek 18 — Sit konecnych prvkl v okoli analyzované trhliny (varianta 3 mm trhlina ve stfedu dolniho
lice tésniciho svaru)

Pro modelovani sité v okoli trhlin byly vyuZity opét osmiuzlové prvky SOLID185. Tato
Cast sité, zobrazend na obrazku 18, byla pfitom vytvofena oddélené a s pfiléhajici siti
spojena za pomoci vySe uvedenych typl kontaktnich elementt. Jak je z uvedeného obrazku
ziejmé, pocet kontur vytvorenych okolo &el trhlin pro vypocet faktorl intenzity napéti byl
zvolen na Sest. Z davodu zajisténi vétSi presnosti vypocétu bylo pfitom realizovano
odstupriovani velikosti elementl smérem od korene trhlin, a to v poméru 1:3. Na tomto misté
je dale tfeba uvést, Ze v prabéhu vSech vypoctl byl pouzivan linearné elasticky material, a
Ze smeér Sifeni trhlin byl uvazovan ve sméru rovnobézném s dolnim licem tésniho svaru.

JelikoZ povaha ulohy nezajistovala otevieni trhliny vzdy po celé jeji délce, bylo nutné
zabranit pfipadné nezadouci penetraci obou povrchl trhliny. K tomuto Ucelu bylo vyuzito
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opét prvki TARGE170 a CONTAL174. Na tuto skute¢nost vSak navazoval problém
s vypoétem hodnot J-integralu a faktor( intenzity napéti. Vypocet téchto veliin je totiz
podminén vylou¢enim pfitomnosti kontaktnich prvka v okoli analyzované trhliny (ANSYS
Inc., 2013). Zminény problém bylo proto nutné vyresit tak, Ze v prvni fazi vypoctu byla feSena
strukturalni analyza submodelu s trhlinou bez vypoctu J-integralu a faktor( intenzity napéti a
v navaznosti na tento krok byl dale analyzovan zmenseny model s vylou¢enim kontaktnich
elementl zatizeny deformacemi vypocltenymi v pfedchozi fazi. Druha vypocetni faze jiz
zahrnovala samotny vypocet J-integralu a faktor( intenzity napéti.

5 Vysledky studie

V pribéhu provedené numerické simulace byly s vyuZitim interakéniho integralu
zminéného v kapitole 2 ziskany hodnoty faktor( intenzity napéti pro namahani v médu |
(tahové namahani) a modu 1l (smykové namani v roviné trhliny), jejichZ prabéhy po Sifce
lamely jsou prezentovany na obrazcich 19 a 20. Faktor intenzity napéti odpovidajici médu 11,
vySel fadové nizsi, a proto mu v prezentovanych vysledcich nebude vénovana pozornost.

Prabéh faktoru intenzity napéti po délce svaru - mod |
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Obrazek 19 — Priibéh faktoru intenzity napéti po délce svaru — méd |

Z vysledkd vSech simulaci je patrny vyznamny vliv napojeni lamelovych pasnic na
sténu komory mostu. V misté napojeni, které se v uvedenych grafech nachéazi v poloze
0,71 m, nabyvaji faktory intenzity napéti odpovidajici obéma médim maximalni hodnoty.
Z uvedenych vysledkld je dale patrné, Ze dominantni je faktor intenzity napéti v médu I,
jehoz hodnoty jsou vice nez dvakréat vétSi nez ty odpovidajici modu I. Dle o¢ekavani bylo
nejvysSich faktor(l intenzity napéti dosazeno v pripadé varianty s trhlinou vedenou po celém
dolnim lici té&sniciho svaru. Konkrétné bylo dosaZzeno maximalni hodnoty faktoru Kj;
o velikosti 9,36:10° Pa-vm, faktor intenzity napéti K, pak dosahoval extrémni hodnoty
3,77-10° Pa-/m. Extrémy faktord intenzity napéti ve zbyvajicich simulovanych variantach
vykazuji blizké hodnoty, a to v rozmezi 1,31-1,45-10° Pa-+/m pro faktor K, a 3,13-3,53-10°
Pa-v/m pro faktor K;;.
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Obrazek 20 — Prubéh faktord intenzity napéti po délce svaru — maod Il

Maximalni hodnoty faktord intenzity napéti pro jednotlivé pfipady shrnuje tabulka 12.

Tabulka 12 — Extrémni hodnoty faktor( intenzity napéti

Varianta Faktor intenzity napéti [Pa-v/m]
Maod | Maod
Horni okraj 1 454 900 3533700
Stred 1 313 400 3 215 400
Dolni okraj 1 340 400 3129 200
PIné roztrzeni 3 768 800 9 362 400

6 Zaver

V ramci prispévku byla prezentovana metodika vypoctu faktoru intenzity napéti
v tésnicim svaru lamelové pasnice mostniho dila. Byl proveden vypocet faktoru intenzity
napéti pro Ctyfi zvolené teoretické varianty poSkozeni tésniciho svaru. Vypoc¢tova metodika
zahrnovala vyuZiti globalniho modelu mostu pro uréeni naméhani v oblasti se zkoumanym
svarem. Dale byl vyuZit detailni lokalni model, ktery obsahoval kontaktni prvky v oblasti
poSkozeni svaru. Vzhledem k nemoZznosti pfimého vypoctu faktoru intenzity napéti za
pomoci modelu s kontakty bylo nutné odpovidajici napjatostni stav vytvofit na dalSim
submodelu, ktery jiz kontaktni prvky neobsahoval. Tento model jiz umozZnil vypocet faktoru
intenzity napéti. V pfispévku jsou prezentovany obdrZzené faktory intenzity napéti pro mod | a
Il po celé délce tésniciho svaru skrze Sifku lamelové pésnice.

Literatura

ANDERSON, T., 2005. Fracture mechanics: fundamentals and applications. 3rd ed. Boca
Raton: Taylor, 621 s. ISBN 08-493-1656-1

ANSYS, Inc. ANSYS 15.0 Help. Release 15.0. USA, Canonsburg, 2013 [cit. 2014-05-30]

CHEREPANOQV G., 1967. Rasprostranenie trechin v sploshnoi srede. Prikladnaja
matematika i mechanika. Moskva: Akademia nauk SSSR, ro¢. 31.

HRUBY P., KRNAVEK O., NEVARIL A., TOTKOVA L., 2013. Submodelling Technique and
the Detail Structural Analysis. In.: Sbornik pfispévkd z 2. mezinarodni védecké konference

http://aum.svsfem.cz

73



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014 SVSFEM s.r.o0.

Structural and Physical Aspects of Civil Engineering, Strbské Pleso, SR, 27.-29.11.2013.
KoSice: Stavebna fakulta Technickej univerzity v KoSiciach, 10 s.

KRNAVEK 0., NEVARIL A., 2013. Modelling of steel-concrete composite bridge assembly.
In.: Sbornik prispévkd z 29. konference s mezinarodni Ucasti Vypoctova mechanika 2013,
Spicak, CR, 4.-6.11.2013. Plzef: Katedra mechaniky, Fakulta aplikovanych véd,
Zapadoceska univerzita v Plzni.

KUNA M., 2013. Finite elements in fracture mechanics Theory--Numerics--Applications.
Dordrecht: Springer. ISBN 978-940-0766-808

RICE J. R., 1968. A Path Independent Integral and the Approximate Analysis of Strain
Concentration by Notches and Cracks. Journal of Applied Mechanics, vol. 35, issue 2. DOI:
http://dx.doi.org/10.1115/1.3601206.

SHIH C., MORAN B., NAKAMURA T., 1986. Energy release rate along a three-dimensional
crack front in a thermally stressed body. International Journal of Fracture, ro€. 30, €. 2.

STERN M., BECKER E., DUNHAM R., 1976. A contour integral computation of mixed-mode
stress intensity factors. International Journal of Fracture, ro€. 12, &. 3.

STRASKY J., 2001. Betonové mosty. Praha: Sel, 103 s. ISBN 80-864-2605-X.

VEJVODA S., MARIK P., 2011. Posouzeni indikaci ve svarech lamelovych pasnic mostu
pres Lochkovské uadoli. In: Silnice Zeleznice [online]. [cit. 2014-05-25]. Dostupné z:
http://www.silnice-zeleznice.cz/clanek/posouzeni-indikaci-ve-svarech-lamelovych-pasnic-
mostu-pres-lochkovske-udoli.

WALTERS M. C., PAULINO G. H., DODDS R. H., 2005. Interaction integral procedures for
3-D curved cracks including surface tractions. Engineering Fracture Mechanics, vol. 72,
issue 11, s. 123-154. DOI: http://dx.doi.org/10.1533/9780857094803.123.

WILLIAMS M. L., 1957. On the Stress Distribution at the Base of a Stationary Crack. Journal
of Applied Mechanics, vol. 24, €. 1.

Pod ékovani
Tento Clanek byl vypracovan v ramci projektu FR-TI14/430 za finanCni podpory Ministerstva
primyslu a obchodu Ceské republiky.

Kontaktni adresa:

Ing. Pavel Hruby

Ing. Ondfej Krinavek

Ing. AleS Nevairil, Ph.D.

Lucie Totkova

Centrum AdMaS, Fakulta stavebni, VUT v Brné&, Veveti 95, 602 00 Brno, Ceské republika

http://aum.svsfem.cz

74



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014 SVSFEM s.r.o0.

CFD ANALYSIS OF FUEL ASSEMBLY USING ANSYS CFX CODE

JAKUB JAKUBEC, VLADIMIR KUTIS, JURAJ PAULECH

Institute of Automotive Mechatronics, Faculty of Electrical Engineering and Information
Technology

Abstract: The paper deals with CFD modeling and simulation of coolant flow in fuel
assembly of nuclear reactor VVER 440. The influence of coolant flow through bypass and
the mixing grid position on temperature distribution at the output of fuel assembly and
pressure drop is investigated. Only steady-state analyses are performed. Generated thermal
power in fuel rods is prescribed individually for each rod with axial distribution of power.
ANSYS CFX is chosen as a main CFD software tool, where all analyses are performed.

Keywords : CFD, fuel assembly, VVER 440, parametric study, ANSYS CFX

1 Introduction

Detailed knowledge of the thermo-hydraulic processes in fuel assembly of nuclear
reactor is very important from operational safety point of view. Modern computer simulation
techniques, like CFD [Ch. Hirsch,2007], [T. J. Chung, 2010] or FEM [J. Donea, 2003], can be
very useful in detail study of such processes, because after verification and validation
processes [W. L. Oberkampf,2002] of CFD model, you can relatively easily change boundary
and initial conditions, or other input parameters of the model.

The flow field in fuel assembly of nuclear reactor VVER 440 is very complex mostly in
fuel assembly head, where the thermocouple is placed. In the fuel assembly head main hot
coolant stream from the fuel rods area is mixed with colder coolant from central tube and
bypass. Thermocouple as the only source of coolant temperature measurement in fuel
assembly has to register average coolant temperature at the outlet. In our research, we
focused on modeling and simulation of thermo-hydraulic processes in fuel assembly, where
the distribution of temperature field in coolant and various influences of boundary conditions,
generated heat power and different turbulent models on obtained results are investigated.
All CFD analyses were performed by ANSYS CFX software [ANSYS CFX. 2010], which
computes basic thermo-hydraulic differential equations by Finite Volume Method [H. K.
Versteeg, 1995]. Three different types of analyses are performed. First type of analysis does
not consider flow of coolant through the bypass, i.e. all coolant flows across fuel assembly. In
the second type of analysis, flow of coolant through bypass is considered and the flow is
defined by mass flow through bypass and outlet bypass temperature as parameters. The
influence of both parameters on temperature distribution at the output of fuel assembly is
investigated. The last type of analysis were focused on mixing grid position. The influence of
mixing grid position on temperature distribution and the data registered by the thermocouple
was investigated.

Image 1 — Detailed 3D CAD model of fuel assembly

2 Geometry model

To perform thermo-hydraulic analysis of fuel assembly of reactor VVERA440, it is
necessary to create 3D geometry model of coolant in the fuel assembly. Creating of
geometry model of coolant is divided into three steps. In the first step, geometry model of fuel
assembly with all details is created. This first geometry model represents the basic geometry
model, that can be used not only in geometry creation for CFD analysis, but also for
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structural analysis of individual components of fuel assembly. Image 1 shows fully detailed
3D CAD model of fuel assembly.

In second step, detailed geometry model of fuel assembly is simplified. The
simplification of fuel assembly geometry model is necessary, because our discretized
models are limited by hardware, that are used to CFD computations. Simplifications are
performed on input and also on output part of fuel assembly. Image 2 shows example of
simplifications made on input and output parts.

Image 2 — Simplifications made on the input parts (top) and on the output parts (bottom)
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Image 3 — Geometry model of coolant in fuel assembly with thermocouple housing

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

Final geometry model of coolant in fuel assembly with thermocouple housing is
shown in Image 3. The final geometry model of coolant contains not only all internal fuel
assembly components like supporting grid, spacer grid or mixing grid, but there is also
modeled coolant flowing across central tube and central tube itself as a solid part.

3 Discretization of model

To solve Reynolds Averaged Navier-Stokes equations (RANS) by Finite Volume
Method (FVM), division of the geometry of coolant into small cells is necessary. The cells
can directly represents finite volumes — if FVM uses Cell Centered formulation, or finite
volume is created from several parts of adjacent cells — if FVM uses Vertex Centered
formulation. The process of discretization was performed in mesh tool ANSYS ICEM CFD
where blocking strategy was used. In order to use this strategy on most of the geometry, the
whole geometry of coolant was divided into 9 parts (from a to i) — see Image 4.
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Image 4 — Parts of coolant used in meshing process

b

Each part was meshed separately and examples of mesh is shown in Image 5

Image 5 — Mesh near supporting grid

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

configuration, that was used for CFD computations.
4 CFD simulation and obtained results
Theree types of parametric CFD analyses were performed:
1. analysis: different bypass mass flow
2. analysis: different bypass outlet temperatures

3. analysis: diffferent mixing grid postion

Boundary conditions for the first and the second type of analysis are defined as
follows (Image 6-a):

* nominal inlet mass flow: 25kg/s
* inlet temperature: 266.9°C
* output pressure: 12.17MPa
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Bypass parameters:
* inlet and outlet mass flow: 3-7% mass flow
* outlet temperature: 266.9-281°C

Turbulent models:
e SST, k-w, BSL

Prescribed thermal power distribution in fuel rods (Image 6-b):
 total thermal power = 5.82MW
« prescribed as the heat flux in 42 axial locations (nodes)
« each fuel rod has its own heat flux axial profile

Bondary conditions fot the last type of analyses (mixing grid position) are defined by
following Russian experiment investigating same problem [L.L. Kobzar, 2006]:

¢ nominal inlet mass flow: 21.7kg/s
* inlet temperature: 100.7°C
e output pressure: 9.73MPa

Bypass parameters:
* no bypass

Turbulent models:
e SST, k-w, BSL

Prescribed thermal power distribution in fuel rods (Image 6-c):
« total thermal power = 663.5kW

» prescribed as the heat flux for each fuel rod (each calculation has its
own distribution according to mixing grid position)
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Image 6 — a) inlet and outlet boundary conditions, b) prescribed thermal power for analysis 1
and 2, c) prescribed thermal power for analysis 3

All simulations were performed as steady state, ANSYS CFX was chosen as CFD
tool for all simulations. The model contains two domains: fluid and solid. Solid domain is
used only for modeling of heat transfer across the wall of central tube. The connection
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between individual mesh parts is realized by GGI connection. Material parameter of coolant
(water) were defined by ANSYS CFX material library IAPWS-I1F97.

4.1 Results of first and second analysis type

Temperature
317.0

Temperature
317.0

305.3 305.3
293.5

i 281.8

270.0
[C]

0100 (
il

Image 7 - Coolant temperature at the output in individual cross-section planes, left - without bypass,
right - with bypass (5% of nominal mass flow)

Image 7 shows obtained results, i.e. distribution of temperature in coolant at the
output of fuel assembly. Left part of Image 7 represents results depicted in individual cross-
section planes of CFD model, where bypass was not considered, and right part of Image 7
represents results of CFD model, where nominal bypass flow was considered. Similar
results are shown in Image 8. As we can see from Image 7 a Image 8, bypass but also the
flow in central tube influence the distribution of temperature at the outlet region of fuel
assembly. The influence is studied parametrically and dependencies are shown in graphs.
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Image 8 - Coolant temperature at the output, left - without bypass, right - with bypass (5% of
nominal mass flow)

The influence of mass flow through bypass on temperature at three different
locations - thermocouple, outlet from fuel rods area and outlet from fuel assembly is
shown in Imagel0. In all these computations the temperature of coolant at the output of
bypass was set up 266.9°C.

As we can see from Image 9, in spite of the temperature at the thermocouple
housing and temperature a the fuel rods area are different, the corelation between these
two temperatures is evident.
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Image 9 - Monitored temperatures dependence on coolant Mass flow through bypass
(toypass=266.9 °C)
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The dependece of thermocouple temperature and temperature at the outlet from
fuel assembly on bypass temperature is shown at Image 10.

Temperature
[°C]

312.0

311.5

@ Thermocouple
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311.0]

310.5

268 270 272 274 276 278 280 Temperature
[°C]

Image 10 - Monitored Temperatures dependence on coolant Temperature in bypass
(Mpypass=5% of nominal)

As we can see from Image 10, temperature at the outlet from fuel assembly is
more sensitive on bypass outlet temperature than thermocouple housing temperature.

The dependence of pressure drop on mass flow of coolant through bypass is
shown in Image 11. In these simulations the temperature at the bypass outlet was set up
266.9°C. The Pressure drop decreases if the bypass mass flow increases.

Pressure drop
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Image 11 - Dependence of Pressure drop on Mass flow of coolant through bypass
(toypass = 266.9 °C)
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The distribution of pressure drop through the fuel assembly height is show at
Image 12.

Pressure
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Image 12 - Dependence of Pressure drop along the FA Height

(Mpypass=5% of nominal, t,ypass=266.9 °C)

4.2 Results of third analysis type
Four positions of the mixing grid were achieved by changing boundary conditions
of the fuel rods.

In all four simulations we achieved same results except temperature measured by
the thermocouple (see Table 1). Outlet temperature (107.32 °C), pressure drop (44.28
kPa) and same outlet velocity (5.19 m/s)

Table 13 Main results

case 1 2 3 4
thermo [C] 106.77 106.70 107.26 108.37
outlet [C] 107.32 107.32 107.32 107.3p
outlet velocity [m/s] 5.19 5.19 5.19 5.19
pressure loss [kPa] 44,28 44,28 44,28 44,28

Table 1 shows data measured by thermocouple dependency on mixing grid
position.

Image 13 displays coolant temperature distribution before mixing grid in first
simulation. In all other cases is the temperature distribution same.

From the Image 14 is clearly visible effect of the mixing grid position on the flow
mixing processes. Difference between case 1 and case 3 is that mixing grid is shifted by
120 degrees. In cases 2 and 4 mixing grid mirrors case 1 and 3.
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Image 13 - Coolant temperature distribution before the mixing grid (case 1)

Image 14 - Coolant temperature distribution after the mixing grid of all investigated cases
Image 15 displays coolant temperature distribution along fuel assembly and in the

fuel assembly outlet in two cross sections. This picture captures influence of coolant
stream from the central tube on the thermocouple.
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Image 15 - Coolant temperature distribution along fuel assembly (case 1)

5 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 60 millions cells. To perform CFD analyses ANSYS CFX software was
chosen. In the model, also the flow in central tube as well as heat transfer across the wall
of central tube were considered. Only steady-state analyses were performed. Generated
thermal power in fuel rods was prescribed individually for each rod with axial distribution of
power. Total radial heat power distribution was not symmetrical.

In the first and the second type of nalaysis , the influence of mass flow through the
bypass and temperature at the outlet of bypass on fuel assembly output temperature,
thermocouple housing temperature and pressure drop were investigated.

Achieved results in the third type of analysis correspond with experimental results
from experiment of Kurchatov Institute [L.L. Kobzar, 2006]. Result also suggest significant
influence of mixing grid on data measured by the thermocouple when power performance
of the fuel rods is not symmetrical.

This study also suggest to investigate influence of central tube on thermocouple.
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DYNAMICKA ANALYZA ZELEZOBETONOVEJ VALCOVEJ NADRZE
NORBERT JENDZELOVSKY, LUBOMIR BALAZ

Katedra stavebnej mechaniky,Stavebna fakulta, STUv Bratislave

Abstract: This paper deals with a problem of eigenfrequencies of cylindrical tank rested
on elastic foundation. For an ANSYS analysis of eigenfrequencies some numerical
models of gravel subgrade are used and finally results got by these models are compared.
In final part of the paper some crucial results are presented both in a graphical and
numerical way.

Keywords : CylindricTank, Dynamic Analysis, Ansys, Eigenfrequencies, Custom shape of
oscillation

1 Uvod

V tomto ¢lanku budeme prezentovat vypocCet vlastny¢h tvarov a frekvencii
valcovych nadrzi pomocou programu ANSYS, pricom sme pouZzili Styri odliSné tedrie
pocitacového modelovania naplne valcovej nadrze. V3etky tieto modely boli postupne
analyzované na pevnom podklade aj pruznom podlozi. Parametre vypoctu pruzného
podkladu boli prevzaté z redlnej konstrukcie Strkového vanklSa pod valcovou nadrzou.
Podlozie bolo modelované Winklerovym modelom podloZia.

V prvej Casti sme overili hodnotu prvej vlastnej frekvenicie podla empirickych
vztahov. ISlo ov ztah pre nadrZz z pevnym podopretim (1) a o nadrz z pruznym podopretim

).

_ [ 3m
F= A7 he [in @

1 3[El Ort? [k

"= 407 W e ik 1208 )i

(2)

Nasledne sme modelovali nddrze pomocou MKP v progreme Ansys.
Napli v nadrzi sme postupne modelovali Styrmi spésobmi:

Hmota rozdelend do hmotnych bodov po plasti nadrze (model A) (Kotrasov4,2010,
Kotrasova,2012).

Rozdelenim hmoty na dve Casti, spodnd hmota pevne spojena s konstrukcioiu a druha
hmota pri hornokm povrchu spojend cez pruzné prvky s pldStom (model B)
(Juhasova,2002).

V tretiom a Stvrtom modely bol objem kvapalinovej oblasti modelovany pomocou
elementov FLUID30 a FLUIDS8O, tieto prvky su Specialne uréené na modelovanie tekutiny
(model C a D).
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Parametre modelu valcovej nadrze

Priemer nadrze: 8.23m

Hradbka dna: 0.4m

Hrabka steny: 0.4m

Vyska nadrze: 6.0m

Beton: C 30/37
ZataZzenie: voda (y =10 kN/m°)

Postupne sme urcili prvé vlastné tvary a frekvencie valcovej nadrze, ktorej
vypocétovy model bol stanoveny podla parametrov skuto€nej konstrukcie. Takato valcova
nadrz je postavena v zavode na vyrobu bioplynu v obci Bud&a okres Zvolen, Slovenska
republika

2 Model Zelezobetonovej valcovej nadrze

V programe ANSYS sme vytvorili kone¢no-prvkovy model valcovej nadrze podla
preddefinovanych parametrov, priestorovy model sme vytvorili ako 3D teleso rovnakych
rozmerov ako je skuto¢na valcova nadrz. Na modelovanie steny a dna valcovej Skrupiny
sme pouzili Skrupinovy prvok SHELL63. Objem kvapalinovej oblasti bol vytvoreny
osemuzlovym kone¢nym prvkom FLUID30 a osemuzlovym prvkom FLUID80. v modeloch
C aD. V Modeloch A a B bol na modelovanie hmoty pouzity prvok MASS21

1 AN
ELEMENTS AFR 9 2014

08:26:56
BLOT NO. 1

Obrazok 21 — Model valcovej nadrze
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3 Rovnomerne rozmiesnena hmota

V dalSej ¢asti sme hmotu vody rozdelili rovnhomerne do uzlov plasta valcovej
nadrze model A. Na obr. 2 je zobrazeny model valcovej nadrze a prvy vlastny tvar
kmitania pre pevné podopretie. Obr. 3 prezentuje prvy vlastny tvar na pruznom podlozZi
pre model s rovnomerne rozmiestnenou hmotou vody do plasta nadrze — model A.

ELEMENTS NCDAL SCLUTTCI
RPR 9 2014 APR 9 2014
14:07:13 ¢ 13:34:51

ROT PLOT 1NO. 1 SUB i EIOR NO. 1

A B
4+ kb oo b 4ot

bk b R % ok A Ak

~

. - 006646 D1e 019937 H2ERR2 033228 5% 046519 93185 05981
a) b)
Obrazok 2 — a) Model valcovej nadrze; b) Prvy tvar kmitania
NN 1 AN
ELEMENTS IPR 12 2014 NCDAL SCLUTICN F5 T3 BT
20:11:27 STEP=1 . 20:20:27
.1 SUB =11 OT T0O. .

e
A T S S )

e %k h kR ok R

e + + © + % & + + # %
e

R
R T Y O Y O Y Y O 5

i
-
L
4
-
¥
4
1

—.044056_

- 034266 _ -024475 —- 014685 _ —.004895

039161 .029371" .00979 0

a) b)
Obrazok 3 — a) Model valcovej nadrze; b) Prvy tvar kmitania
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4 Housner — Epsteinova metéda

Ak je celkova hmota kvapaliny v nadrzi my, urychlena prostrednictvom zékladne
v horizontalnom smere potom sa jej ista ¢ast m; chova ako impulznd hmota, ktora je
pevne spojena s obklopujucou stenou nadrZze. Housner uvaZoval nadrz ako tuhu
konStrukciu, takZze pohyb kvapaliny m, je vtomto pripade synchronizovany
s horizontalnym pohybom dna. PretoZe priamym désledkom seizmického budenia je aj
kmitanie volnej hladiny kvapaliny existuje tiez takzvana konvektivna hmota kvapaliny my,
ktora je so stenou nadrze spojena pruzne ajej pohyb ma autondmny nizkofrekvencény
charakter. Vysledny hydrodynamicky tlak je potom zloZeny z tlaku vyvolaného hmotou m,
resp. m, P6évodnu Housnerovu hypotézu zjednodusil Epstein (JendZelovsky,2012).

l2
i ;
¥ i -—X
F_ kK o - —
F ol + |3
_____ ] &<
o ) e
Fi @mx s
o
/Mot e
———— —%
' N Ir
! \Qtot i
— M-

P r i
7

a(t)resp.dfgy ™

Obrazok 4 — Oznacenie veli¢in pre vypocet

1. Oznalenie vSetkych veli¢in je znazornené na obr. 6. Okrem toho p je merna
hmotnost kvapaliny a T je peridda vlastnych kmitov volnej kvapaliny v nadrzi. Podla
prevratenej hodnoty, uréime s prislusného spektra odozvy pre priblizne 5% Utlim
odpovedajce zrychlenie ax. Dalej vo vztahoch (10) a (12) amax je takzvané zrychlenie pri
nulovej peridde (nadrz je tuhd), ¢o je asymptoticka hodnota v spektre odozvy. Pri f=<
alebo T=0 predstavuje amplitidu zrychleni zakladne vtomto pripade v horizontalnom
smere.

2. Veli¢iny oznafené indexom * sa pouZivaju pre priblizné vyjadrenie
hydrodynamického Gc¢inku kvapaliny na dno nadrze ¢im sa zvac3uje celkovy ohybovy
moment v zakladovej Skare z My, (bez UCinku na dno)na M*,, (v ratane tohto ucinku).

3. Vodorovna sila Qi a ohybovy moment My, resp. M*; vyjadruju iba hydrodynamicky
ucinok kvapaliny v nadrzi a nie jej vlastny zotrvacny uc€inok, ktory je v pripade dokonale
tuhej nadrZze evidentny. PretoZze vodorovné seizmické zrychlenie mbéze menit svoju
orientaciu, je potrebné pocitat s analogickou zmenou smeru pdsobenia sily Qi
a ohybového momentu My, resp. M* .

Dalsie zobecnenie Housnerového ¢&i uvedeného Epsteinovéhoho algoritmu spodiva
napr. v uvazeni nie len prvého zakladného tvaru kmitania, ale aj vysSich tvarov kmitania
volnej hladiny v nadrzi. To méze mat niekedy vyznam ak si uvedomime, Ze zékladna
frekvencia kmitov volnej hladiny byva okolo 0,5 Hz, takZe aZ vysSie frekvencie aim
odpovedajuce vlastné tvary moézu rezonovat s dominantnymi frekvenciami seizmického
budenia (Sumec,2008, Mrézek,2009).
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Na obr. 5 je zobrazeny model B valcovej nadrze a prvy vlastny tvar kmitania pre
pevné podlozie. Obr. 6 prezentuje prvy vlastny tvar na pruznom podlozi pre modely

s pruzne pripojenou koncentrovanou hmotou napline.

ELEMENTS
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Obrazok 6 — a) Model valcovej nadrze pruzné podloZie; b) Prvy tvar kmitania
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5 Modelovanie pomocou kone ¢énych prvkov FLUID30

V tretom pripade sme pristlpili k modelovaniu s pouzitim prvku FLUID30. Na
nasledujucich obrazkoch je zobrazeny model Zelezobeténovej valcovej nadrze a nasledne
prvy vlastny tvar kmitania pre pevné podopretie (obr.7) a pruzné podloZie pod valcovou
nadrzou (obr.8). Na modelovanie samotnej konStrukcie valcovej nadrze sme pouzili
konecny prvok SHELLG3.

AN NODAL SOLUTTON AN ;

ELAMENTS STEP=1 I, 220

pv— JUN_ 3 2014 SUB =7 e oG, i
1 142:36 RFRQ-57.853 :

PLOT NO. 1
MCDE Real part
Ux (AVG)
RSYS=0

DMX =.133855
SMX =.09437

ACEL

0 E— __
[¢] .020971 .041942 .062913 .083884
.010486 .031457 .052428 .073399 .09437
a) b)
Obrazok 7 — a) Model valcovej nadrze — FLUID30 pevne podopretie; b) Prvy tvar kmitania
AN
FIEMENTS NCDAL SOLUTICIT TN 3 2014
TYPE NUM STEP=1 11:21:07
SUB =14 LOT - 1
RFRC=76.431
TFRQO=0

MODE Real part
UX (AVG)
RSY3=0
DMK =.104887
SMK =.073414

016314 . 032628 048943 065257
008157 . 024471 . 0407786 .0571 .073414

a) b)
Obrazok 8 — a) Model valcovej nadrze — FLUID30 pruzné podlozie; b) Prvy tvar kmitania
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6 Modelovanie pomocou kone ¢énych prvkov FLUID80

V poslednom pripade sme pristapili k modelovaniu valcovej nadrze a jej naplne
pomocou kone&ného prvku FLUID80. Na nasledujucich obrazkoch je zobrazeny model
Zelezobeténovej valcovej nadrze a nasledne prvy vlastny tvar kmitania pre pevné

podopretie (obr.9) a pruzné podloZie pod valcovou nadrzou (obr.10).

ELEMENTS

NCDAL SCLUTICN

0 L 007156 o . 021469 028626 . 035782 ez . 050095 et . 064408
a) b)
Obrazok 9 — a) Model valcovej nadrze — FLUID80; b) Prvy tvar kmitania
FLEMENT: AN NCDAL SCLUTION AN
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— —
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a) b)

Obrazok 10 — a) Model valcovej nadrze — FLUID80; b) Prvy tvar kmitania
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7 Zaver

V tomto prispevku sme porovnavali Styri spdsoby modelovania naplne valcovej
nadrze s vypoctom pomocou vztahov (1) a (2), a ich vplyv na velkost vlastnych frekvencii.
Pri tejto analyze sme pouZili pevné aj pruzné podlozie pod zakladovou doskou pinej
valcovej nadrze.

Numerickym modelovanim v metdde kone&nych prvkov sme upresnili vypocet
vlastnych frekvencii plnej valcovej nadrze podla vztahov (1) a (2), ktoré sa nachadzaju v
literature a technickych normach.

Model C je radovo odlisny od ostatnych pretoZe pri tomto vypocte vznika
nesymetricka sustava rovnic z ¢oho vznikd narény vypocet vlasnych c&isel a vlastnych
vektorov. Z tohto dévodu je zlozité hladanie vlastnych frekvencii kmitania valcovej nadrze.

Tabulka 14 Vlastné frekvencie plnej valcovej nadrze
VLASTNE FREKVENCIE KMITANIA

equation
1) a(?)
pevné podopretie 32,26 Hz 26,93 Hz | 57,85 Hz 36,72 Hz | 41,00 Hz
pruzné podloZie

k = 16 000 kN/m®

“Model A" | “Model B” | “Model C” | “Model D”

39,34 Hz 42,29 Hz 76,43 Hz 40,59 Hz | 60,00 Hz
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DETERMINISTIC AND PROBABILISTIC ANALYSIS OF STEEL H ALL COLLAPSE
LOADED UNDER EXTREME WIND LOADS

J. KRALIK

Abstract: Engineering structures are designed to resist all expected loadings without
failure. However, structural failures do happen occasionally, mainly due to inadequate
design and construction, especially for extreme loads. The main aim of this contribution is
to find out the maximum load carrying capacity of the steel frame. Account is taken of
nonlinear material behaviour and geometry of member, in combination of the stability
analysis.

Keywords: Extreme snow, nonlinearity, probability, sensitivity, LHS, ANSYS

1 Introduction

This paper deals with the resistance of the steel hale frame of the nuclear power
plant (NPP) in locality J.Bohunice. The international organization IAEA in Vienna (IAEA,
1995 to IAEA, February 2003) set up the design requirements for the safety and reliability
of the NPP structures. The extreme environmental events (e.g. wind, temperature, snow,
explosion...) (IAEA, February 2003; NUREG-1150, 1990; NUREG/CR-4839, 1992; SHMU,
2012 and UJD SR 2011) are the important loads from the point of the NPP safety
performance. The extreme wind loads are defined with the probability of mean return
period equal to one per 10* years (IAEA, February 2003). This paper deals with the
analysis of the steel frame loaded with extreme wind load. The IAEA (IAEA, 1995) and
NRC standards (NRC, RG 1.200, 2009; NUREG-1150, 1990 and NUREG/CR-4839)
require setting up the probability of the structure failure during the extreme loads. The
critical steel frame of NPP hall structure was investigated (Image 1).

Image 1 - Calculation Model of the Frame (left), Scheme of the Steel Hall (right)

The FEM model of the steel hall frame consist the beams and mass elements of
ANSYS program - BEAM188 and MASS21 (Image 1).

2 Loads and load combinations

The load combination of the deterministic calculation is considered according to
Eurocode (EN 1990, 2002) and IAEA requirements (IAEA, 1978) for the ultimate limit state
of the structure as follows:

Probabilistic method — extreme design situation
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E=G+ Q + WE = gvar-Gk + qvar-Qk + avar-VVEk (1)

where gvar, Qvar, &var, tvar @re the variable parameters defined in the form of the histogram
calibrated to the load combination in compliance with Eurocode (EN 1990, 2002). And Gy
is the characteristic value of the permanent dead loads, Q - the characteristic value of the
permanent live loads, Wgqy - the characteristic value of the extreme wind loads.

3  Wind load

The load on a structure due to the wind will depend on both wind velocity and
terrain roughness (EN 1991-1-4, 2003). The wind velocity and the velocity pressure are
composed of a mean and a fluctuating component. The mean wind velocity v, should be
determined from the basic wind velocity vy, which depends on the wind climate and the
height variation of the wind determined from the terrain roughness and orography. The
fluctuating component of the wind is represented by the turbulence intensity. The extreme
wind load is defined for the probability of 10* by year on the base of the IAEA
requirements (IAEA, 2011) twice the characteristic wind load value:

Va = 2.V, =0.48 m/s 2)

To extrapolate the maximum quantity of rainfall from meteorological measurement
results on the quantity of rainfall (measured in the time period from 12 to 48 hours), for a
mean time of recurrence 10° or 10* years, it is recommended to use the Gumbel
probability distribution with the requirement that the probability of the excess quantity of
rainfall with mean time repeat 107, respectively 10* years, during the design of the power
plant lifetime is less than 0.5, respectively 0.005.

4 Nonlinear analysis

The limit state of the steel frame was considered to utilise the geometric and
material nonlinearity in program ANSYS (Krdlik, J., 2009). The geometric nonlinearity is
based on the theory of the large strain, which is often used for elastic-plastic elements.
The elastic-plastic model of steel material was taken in compliance with the Von Mises
yield function. The Newton-Raphson iteration method to solve nonlinear equations was
taken. The plasticity model is defined as shown on Image 2, as multilinear isotropic
hardening material model.

Stress
'y
YEEIB ﬁul"lt

Proportional Limit

Strain
Plastic Strain —l-|

Image 2 - Elasto-Plastic Stress-Strain Curve (left), Nonlinear Material Properties (right)
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5 The probabilistic approach

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 (Janas, P.,
Krejsa, M., Krejsa, V., 2009; Kala, Z., 2011; Kralik, J., 2009; Krejsa, M., 2012; Melchers,
R. E., 1999; Novak, D. Vofechovsky, M. Rusina, R., 2003 And Suchardov4, P., Bernatik,
A., SuchardA, O., 2012). The variability of those parameters is characterized by the
corresponding functions of the probability density f(x) and fe(x). In the case of a
deterministic approach to a design, the deterministic (nominal) attributes of those
parameters Ry and E4 are compared.

6 Uncertainties of input data

The uncertainties of the input data — action effect and resistance are for the case
of the probabilistic calculation of the structure reliability defined in (JCSS-
OSTL/DIA/VROU-10-11-2000, 2000) and Eurocode (EN 1990, 2002). The stiffness of the
structure is determined with the characteristic value of Young's modulus Ex and variable
factor e,,,. Loads are represented by theirs characteristic values Gy, Qk, Aex, and variable
factors gvar, Qvar and W5 The resistance of the steel is delimited by the characteristic
values of the strength fy and the variable factor f,,. The uncertainties of the calculation
model are considered by variable model factor 6z and variable load factor 6 for Gauss's
normal distribution.

7 Failure wind loads of frame

The failure capacity of frame on extreme wind load is obtained from plastic
calculation of frame (Kralik, J., 2009). The fragility curve of the extreme wind was
calculated on the base of the nonlinear deterministic analysis of the steel frame for
median values of input data. The probability of the structure failure was calculated for the
various levels of the wind loads. The density of probability and the cumulative probability
function were determined using simulation on the base of LHS method (Novék, D.
Bergmeister, K. Pukl, R. Cervenka, V., 2009). The Image 3 shows results for 10x the
value of extreme wind velocity which was 48 m/s. After several calculations we discovered
that the maximum carrying capacity of frame is between 2,2x and 2,3x the value of
extreme wind without automatic time stepping.
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Image 3 - Max. Capacity for Extreme Wind Values 10x (left), 2,3x (up), 2,2x (down)
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8 Wind fragility curve of frame

The probability of the frame failure was determined by the probabilistic analysis by
the simulation in LHS method using program FReET (Novéak, D. Bergmeister, K. Pukl, R.
Cervenka, V., 2009). The fragility curve was calculated for various levels of wind loads
using the results from the nonlinear analysis of the steel hall frame. The wind fragility
curve of the steel hall frame is presented in Image 4. This curve was calculated by LHS
method using the program FReET.

4 N\

Probability
™~
|
l

Y Extreme snow loads kN/m2 )

Image 4 - Wind Fragility Curve of the Steel Hall Frame

9 Conclusion

This paper presents the reliability analysis of the steel hall frame resistance due to
extreme wind loads (SHMU, 2012). The extreme loads were defined for mean return
period equal to one per 10* years in accordance of the IAEA requirements for NPP
structures (IAEA, 1995 to IAEA, 2011). The geometric and material nonlinearity were
taken into account. The deterministic and probabilistic analysis of the structure failure was
investigated. The limit state (frame collapse) was obtained from deterministic analysis for
the factor n,=2.3. The probability of failure was calculated on program FReET using LHS
method (Novak, D. Vofechovsky, M. Rusina, R., 2003). The probability of failure value is
lower than 10°®. In the case of the wind load multiplied by factor n,=2.3 the probability of
failure is equal to 0.0087. The wind fragility curve of the steel hall frame was determined
using LHS method for various level of the wind load.
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NONLINEAR PROBABILISTIC ANALYSIS OF THE REINFORCED CONCRETE
STRUCTURES USING ANSYS-CRACK SOFTWARE

JURAJ KRALIK

Abstract: The paper presents an application of the nonlinear analysis of reinforced
concrete structures under extreme static loads. The evaluation is based on an extension
of the smeared crack model developed on the basis of Kupfer's bidimensional failure
criterion and implemented into the ANSYS system as program CRACK. The nonlinear
analysis was considered for the median values of the input data and the probabilistic
analysis models the uncertainties of loads, material resistance and other modelling issues.
Results show that the effect of thermal load are relevant mainly for the bubble condenser
and at the interface between the floor of hermetic zone and the rooms beneath

Keywords : ANSYS, CRACK, concrete, nonlinear, probability, extreme load

1 Introduction

The reinforced concrete structures of nuclear power plants under the extreme
static loads (internal and external temperature, overpressure during the accident and
other effects) is cracked in tension or crushed in compression zone and the behaviour of
the structures is nonlinear. The properties of the concrete depends on the type of the
damage and the orientation of the cracks. The SOLID65 element in the system ANSYS is
capable for nonlinear analysis (Musmar et al., 2014). The multi linear isotropic concrete
model uses the von Mises failure criterion along with Willam and Warnke model to define
the failure of concrete. ANSYS allows entering three reinforcement bars materials in the
concrete, each rebar material corresponds to the x, y, and z directions of the smeared
element (Kohnke, 2008). Cracking and crushing are determined by a failure surface. The
failure surface for compressive stresses is based on William-Warnke failure criterion
(William et al., 1975, 2001) which depends on five material parameters. Tensile stress
consists of a maximum tensile stress criterion: a tension cutoff. Unless plastic deformation
is taken into account, the material behavior is linear elastic until failure. When the failure
surface is reached, stresses in that direction have a sudden drop to zero, there is no strain
softening neither in compression nor in tension. The experiances of the various users with
this element are positive as well as negative. The principal problem is the loss of the
convergence after cracking in three direction in one element or after degradation of
stiffnes in one node in the cracking zone. The positive experiances are with the
application on the reinforced concrete beam or wall. The negative experiance are in the
case of the plane or space structures exposed on membrane and bending effects (Kralik,
2009, 2013). The element SOLID65 is working in elastoplastic state when the stress state
is lower as the failure criterion and in elastic limited state with the zero stiffneess in the
direction perpendicular on the crack. From this reason the program CRACK based on the
layered shell element was developed by me and incorporated in ANSYS system (Krélik,
2009).

2 Non-linear model of reinforced concrete structure
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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 vector of the displacement of the I shell layer {u'} ={u'x,u'y,u'z}T is
approximated by the quadratic polynomial (Kralik, 2009) in the form

u U, a, b,

X 4 Xl 4 : "l N 0

{ul}z uly =ZNi' uyi +ZNi'ﬁ' az,i bz,i -{;} (1)
Ulz = u, = g a; by g

whereN; is the shapéunction for i-node of the 4-node shell element, uxi, uyi, uzi are the

motion of i-node, C is the thickness coordinate, ti 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

6’3" are the rotations of i-node about vector {a} or {b} .

Image 1 - SHELL181 layered element

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

{o'}=[D. }e} @
where strain and stress vectors are as follows {5'}T ={£X,£y,yxy,yyz,yzx}.

{a'}T ={ax,ay,rxy,r T } and the matrix of the material stiffness

yz 1
' BE, BYE O 0 O]
BUE BE 0 0 O
|
0 0 G, 0 o0
D, |= G 3
[ e] 0 0 o %2 o @)
K,
|
0 o o o &=
i K |
|
where B =——>_——, E, (versus E}) is Young modulus of the I™-layer in the
E, (k) E

direction x (versus y), G,,, Gl,, G, are shear moduli of the ["-layer in planes XY, YZ and

ZX; ke is the coefficient of the effective shear area (k,=1+0.2A/25°> 1.J), A is the
element area, t is the element thickness.
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2.1 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
{e} =[B][T.]{u.} @)
where {u.}is the deformation displacement, [B,] 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.

2.2 MATERIAL NONLINEARITY

The presented constitutive model is a further extension of the smeared crack
model (BaZant et al, 2007; Cervenka, 1985; Kwak, 1990; Sucharda,O. BroZovsky,J.,
2012), which was developed in (Kralik, 2009). Following the experimental results
(Cervenka 1985; Jerga and Krizma, 2006; Schneider, 1985) a new concrete cracking
layered finite shell element was developed and incorporated into the ANSYS system
(Kralik, 2009). The layered approximation and the smeared crack model of the shell
element are proposed.

The processes of the concrete cracking and crushing are developed during the
increasing of the load. The concrete compressive stress f., the concrete tensile stress f;
and the shear modulus G are reduced after the crushing or cracking of the concrete
(Kwak, 1990).

O-CZA
A
O-ef fC Ol
SRS "
gcm gcu gC ! qu
gt g‘l‘mr
unloadmg
: /7 - .
= el Tensile
E o, Failure
W fo
AN N | o
loading fe oy
fC
of 1+ 3. 63a .
© T (lra) f. Co.mpresswe
Failure
Image 2 - The concrete stress-strain diagram Image 3 - Kupfer's plasticity function

In this model the stress-strain relation is defined (Image 2) following STN EN 1992-
1-1 (1991) (CEB-FIP Model, 1990)

< Loading - compression region &, <& <0

ks —n? &%
of =% ——L T __ =— g =-0.0022 ¢, =-0.003 5
C C 1+(k_2)[7 ,7 gc ( Cc 2 cu a ()
< Softening - compression region e, <& <g,,
e _
o = ff.[l— £ 50} (6)
£cm _£cu
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< The tension region g <&%<eg,

of =f.expC2.6"-¢)lg,,) (& =0.00073, ¢, =0.002) (7
In the case of the plane state the strength function in tension f, and in compression f,
were considered equivalent values f* and f™.

In the plane of principal stresses (o., ) the relation between the one and
bidimensional stresses state due to the plasticity function by Kupfer (see Image 3) can be
defined as follows (Kupfer, 1969):

< Compression-compression
_1+3.65a o,

fe —.f., a=—4 8

(l+ a) O,
2 Tension-compression
f€=fr ., r. =(1+ 5.3278%], r.20.9 9)
o Tension-tension

A+(A-1)B

f‘ef:f[.ra, ra:%, B=K.x+A, X=0,/f., r1,=1.= x=0,
ry =02« x=1 (10)

The shear concrete modulus G was defined for cracking concrete by Kolmar
(Kolmar, 1986) in the form

G=r,G,, T, =iln[8—u
G \G
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).
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

{e}=[THd. {o}=[T]{d} (12)
where [T,], [T,] are transformation matrices for the principal strain and stress in the

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

[O-Cf] =[DCT]{£CT} and [J] = [TU]T[DCF][Tf]{g} (13)
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 I"-layer can be written in the
following form

[0z ]=[Te ] [ox 7. ]+ ZZ:[T! J'[ecm] (14)

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

j, ¢, =7+333 p- 0.005, c,=10-167p- 0.00% (11)

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
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o, 00 O O O0|fg

o, OE O O O0]]g

I,y =0 0 G, O O |:Vp (15)
Z-13 0 0 GJ(fr3 0 y13

T3 _O 0 0 0 Gzc\[a_| V23],

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

C; :Go'rgl’ C; :Go'rgl’ G;;:Golks
When the tensile stress in the 2-direction reaches the value f/', the latter cracked plane

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

o, 00 0 0 0](g

o, 00 0 0 0| ]|¢

r,r =0 0 Gf;/Z 0 0|V (16)
I3 00 0 G O |y

Ip), |0 0 0 0 G3| (Ves),

where the shear moduli are reduced by the parameter ry; and ry, by Kolmar (11) as
follows:

5 =Gylyys 5 =G
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.

[o: u—
o-Tg1s G,; —Gorgz.

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, =\/Z, 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, =Tan (w)dw =Aj L,  We=é&nle 17)
0

where w; is the width of the failure, g, is the stress in the concrete in the normal direction,
Ag is the area under the stress-strain diagram of concrete in tension. Concrete modulus
for descend line of stress strain diagram in tension (crushing) can be described according
to Oliver (Cervenka, 1985) in dependency on the failure energies in the form

E - Ec , /]CZZGfEc
’ L..o

C Cc "~ max

(18)

where E; is the initial concrete modulus elasticity, dgnax iS the maximal stress in the
concrete tension. From the condition of the real solution of the relation (18) it follows, that
the characteristic dimension of element must satisfy the following condition
L < 2G,E,

0.2

max

(19)
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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 d, as follows

G, =(0.0469d2 - 0.5d, +26)(f, /10)"’ (20)

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

Fo=F (lid.:6,)=0, F =B(33,)+al,, -£ =0, (21)

where |4, J,, are the strain and deviator invariants, and &, is the ultimate total strain
extrapolated from uniaxial test results (&, =0.002 in the tension domain, or &, =0.003€ in

the compression domain), a, £ are the material parameters determined from the Kupfer’'s
experiment results (5 =1.355, a =0.35%,).

_( input
data

ANSYS

3

CRACK

Modification of material
properties after cracking

Image 4 - Non-linear calculation process

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

“JF e Je2i€ ZF (13268 (22)

where t| is the thickness of the " - shell layer, t is the total shell thickness and Ny, 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(.ss)sasn =0.0)
and by the maximum concrete crack width w, (max(w, ) <w,, = 0.3mn).

The program CRACK based on the presented nonlinear theory of the layered
reinforced concrete shell (Image 4) was adopted in the software ANSYS (Kralik, 2009,
2013). These procedures were tested in comparison with the experimental results (Kralik,
2009).

Table 1 Geometric characteristics of concrete plate [P30]

Reinforc. Type of Load Plate Reinforcements
concrete | Force F [kN] dimensions Top reinfor. [mm?] Bottom reinfor. [mm?]
plate or [mm]
Pr[iils/umre] P LJL,/h Coord. X | Coord. Y | Coord. X Coord. Y
D1 Force 1040/1040/65 193 193 397 397
D2 Force 1040/1040/65 252 133 520 273
D3 Force 1040/1040/65 283 103 520 273
D4 Pressure 3590/1190/120 - - 402 402
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The reinforced concrete plates D1-D3 (Jerga, J. Krizma, M., 2006) were loaded by
singular force F in plate middle supported in the plate corner and D4 were loaded by
pressure p on the area of plate.

The material characteristics of plates D1-D3 are following:
Concrete - E. = 16,4Gpa, = 0,2, f.= -43Mpa, f= 2Mpa
Reinforcement - Es = 201Gpa, 1= 0,3, fs= 670Mpa
The material characteristics of plate D4 are following :
Concrete - E. = 30.9Gpa, 1=0.2, f. = -34.48Mpa, f,= 4,5Mpa
Reinforcement - Es = 210.7Gpa, ¢ = 0.3, fs = 550.3Mpa.
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
reinforced by steel grid KARI [18mm a' 150x150mm at bottom.

T |
o o
cgl —F
=t
—
Image 5 - Section area of the tested plates - D1-D3 and D4
Plate D1 Plate D4
70 16
60 HO—— 14 L6
=~ A
~ = 10 Ay
— 40 P
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o .
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>
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o
0 0
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Image 6 - Comparison of experimental and nonlinear numerical analysis of plates

3 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 (22) 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.
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AVG ELEMENT SOLUTICN AVG ELEMENT SOLUTICN
JUN 10 2014 Juy 10 2014
STEP=1 18:00:13 STEP=1 19:16:30
SUB =1 LOT NO. 4 SUB =24 NO. 4
TIME=1 TIME=1
SIN TOP  (AVG) SIN TOP  (AVG)
TOP TOP
DMX =.054951 DMK =.057471
SMY =.03283 SMN =.03283
SMX -86.41 SMX —2.58652
— = — | — E—
.03283 19.2277 38.4227 57.6176 76.8125 .03283 .600317 1.1678 1.73529 2.30278
9.63029 28.8252 48.0201 67.215 86.41 316574 88406 1.45155 2.01%03 2.58652
1.EMO34 * NPP Hard Accident IOCA (p=0.25MPa, T=1500C) * B 1.EMO34 * NPP Hard Accident LOCA(p=0.25MPa, T=1500C) * E-P

Image 7 - Stress intensity from the linear analysis Image 8 - Stress intensity from the nonlinear
analysis

AVG ELEMENT SCLUTICN AVG ELEMENT SOLUTICN
ity JUN 10 2014 JUN 10 2014

18:00:12 19:16:29
SUB =1 PLOT NO. & SUB =24 PLOT NO. 8

TIME=1

EIN TOP (AVG)
P

DMX =.054951

SMY =,122E-05
SMX =.001497

DMX =.057471
SMN =.122E-05
SMX =.003301

B — | — I —
.122E-05 .334E-03 .666E-03 .998E-03 .001331 .122E-05 \734E-03 001468 .002201 002934

34 1
.167E-03 .500E-03 .832E-03 .001164 .001497 .368E-03 .001101 .001834 .002568 .003301
1.EMO34 * NEP Hard Accident IOCA (p=0.25MPa, T=1500C) * E 1.EMD34 * NFP Hard Accident LOCA(p=0.25MPa, T-1500C) * E-P

Image 9 - Strain intensity from the linear analysis Image 10 - Strain intensity from the nonlinear
analysis

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 stress intensity from the linear and nonlinear solution is
compared in Images 7 and 8 and the strain intensity in Images 9 and 10. The strain
increase and the stress decrease in the nonlinear solution in comparison with the linear
solution.

4 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 and Mahadevan, 2000; Cajka, R. Krejsa,M., 2013; Kala, Z.
2011; Kralik, 2009, 2013; Melchers,R.E., 1999; Vejvoda, S. et al. 2003 ). A great attention
should be paid to using the probabilistic approach in an analysis of the reliability of
structures (Bazant et al., 2007; Kala, 2011; Novak et al, 2003).

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 fg(e).
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The probabilistic definition of the reliability condition is of the form
RF=g(RE)=R-E=20 (23)
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] (24)

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,y X)) (25)

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

P, = 21 a(x)<0] (26)

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 full probabilistic method was not
applied because the various simulations have problems with the convergence of the
nonlinear solution.

5 Uncertainities of the input data

The previous design analyses of the containment failure determine the critical area
of the containment. The semi probabilistic method were applied for the probabilistic
analysis of the containment failure in this paper. The probability of the containment failure
were 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 Y o [%0]
Dead load Gy Ovar N 1 10
Live load Qx Ovar Beta 0.643 22.6
Pressure Py Pvar N 1 8
Temper. T tvar Beta 0.933 14.1
Model Ey €var N 1 5
Resist. Ry Tvar N 1 5

The action effect E were calculated considering the uncertainties of the input data
E :Gkgvar +quvar + Pk pvar +Tktvar (27)
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and the resistance R we have in the form
R=Rf,, (28)

6 Probability of containment failure

The probability of containment failure is calculated from the probability of the
reliability function RF in the form,

P, =P (RF <0) (29)

where the reliability condition RF is defined depending on a concrete failure condition (30)
RF =1-F, (1,;3,,:&,) (30)

where the failure function F, () was considered in the form (22).
The strain vector in the failure function (22) can be expressed in FEM following

{eh=[B){r}, and {1}, =[K(ce), ] '{F}, (31)

where {¢}, is the strain vector for the k - combination of load, [B] is the shape matrix of
the strian for element, { }k is the vector of the deformation parameters of the element. The
load vector of the element for the k-combination is

{Fh=[x].{F}, O e=ing, (32)

where [X] is the matrix of the k-combination and e-load effect for ny,q cases. The matrix
of the comBination [X] is defined in the form

{A =[x].{a}, and {a}, =[x] {A}.. (33)

where {a}_present the input parameters of various effects and {3}, is the vector of the
output parameters depended on the load combination. Therefore we have following

{ }e _[B]{ }e and { }e =[X]ke{ }k ) (34)
The strain vector {5}e for the various load effects {F}e is used in Monte Carlo simulation
depend on the uncertainties of the input data.

For the probability analysis of the containment failure the program FReET was
used (Novak, D. et al. 2003.). The density of the reliability function RF was calculated
using direct Monte Carlo simulation in various critical area of the hermetic zone.

RF
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Image - 15 Density of the reliability function RF at bottom level of the BT plate at level +50.6m
under overpressure Ap=275,5kPa, T; =150°C and external temperature T, = -28°C, probability
P¢ = 0.050422906.

7 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

http://aum.svsfem.cz

111



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014 SVSFEM s.r.o

static equilibrium considering the geometric and material nonlinearities of the reinforced
concrete shell layered elements. The nonlinear analyses were performed in the CRACK
program, which was developed by the author and implemented into the ANSYS system
(Kralik, 2009, 2013). 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). The reliability function RF was defined in dependency on the

failure function F, (I S ) for requirements of the PSA analysis in the form (23). The

1Y e2'%u
probability of the loss of the concrete containment integrity is less than 10° for the original
structural model. The containment failure is equal to 0.050422906 for the overpressure
275.5 kPa. The theory of the nonlinear probabilistic analysis was developed in the
framework of the VEGA grant project (Kralik, 2009, 2013).

References

ACI 349-90, 1990. “Code Requirements for Nuclear Safety Related Concrete Structures”,
Amerlcan Concrete Institute, Detroit.

BAZANT, Z. P. PANG, S. D. VORECHOVSKY, M. AND NOVAK. D. 2007. Energetic-
statistical size effect simulated by SFEM with stratified sampling and crack band model.
International Journal for Numerical Methods in Engineering (Wiley), 71(11):1297-1320,
Rep. Dept. of Civil Eng., Northwestern University, Evanston, lllinois.

BNSI, 2006. Requirements for the study of PSA, BNSI.4.2.

CEB- FIP Model Code 1990, Design Code, Thomas Telford, ISBN 0727716964

CERVENKA, V.,1985. Constitutive Model for Cracked Reinforced Concrete, ACI Journal
82, 877.

CAJKA R. KREJSA,M., 2013, Measured Data Processing in Civil Structure Using the
DOProC, Method, Advanced Materials Research Vol. 859, p. 114-121, DOI
10.4028/www.scientific.net/ AMR.859.114, December, 2013 .

ENV 1992-1-1. Eurocode 2: Design of Concrete Structures, Part 1, Brussels: CEN 1992,

ENV 1992-1-2. Eurocode 2: Design of Concrete Structures - Part 1-2 Fire Résistance of
Concrete Structures, CEN 1997.

HALDAR, A. MAHADEVAN, S., 2000, Probability, Reliability and Statistical Methods in
Engineering Design, John Wiley & Sons, New York.

IAEA-SSG-4, 2010. Development and Application of Level 2 - Probabilistic Safety
Assessment for Nuclear Power Plants. IAEA Vienna.

JCSS 2011. JCSS Probabilistic Model Code. Zurich: Joint Committee on Structural
Safety. <www.jcss.byg.dtu.dk>.

JERGA, J. KRIZMA, M., 2006. Assessment of Concrete Damage, Building Research
Journal 54, p.211.

KALA, Z. 2011, Sensitivity analysis of steel plane frames with initial imperfections,
Engineering Structures, 33, 8, pp.2342-2349.

KOHNKE, P., 2008. ANSYS, Theory, SAS IP Inc. Canonsburg..

KOLMAR, W. 1986 Beschreibung der Kraftuebertragung ueber Risse in nichtlinearen
Finite- Element- Berechnungen von Stahlbeton-tragwerken, T.H. Darmstadt, Darmstadt.

KRALIK,J., 2009. Safety and Reliability of Nuclear Power Buildings in Slovakia.
Earthquake-Impact-Eprosion. Monograph. Published by STU Bratislava, 307pp. ISBN
978-80-227-3112-6

KRALIK,J., 2009, Reliability Analysis of Structures Using Stochastic Finite Element
Method Edition STU Bratislava, pp.138.

KRALIK,J.,2013. Nonlinear Probabilistic Analysis of the Reinforced Concrete Structure
Failure of a Nuclear Power Plant Considering Degradation Effects. In: Applied
Mechanics and Materials Vols. 249-250 (2013) pp 1087-1098, © Trans Tech
Publications, Switzerland, doi:10.4028/www. scientific.net /AMM.249-250.1087.

KUPFER,H., HILSDORF, H. K. & RUESCH, H.. Behavior of Concrete Under Biaxial
Stresses, Journal ACI, Proc.V.66, N0.8, 1969, pp.656-666.

KWAK,H,G, FILIPPOU,F.C. 1990, Finite Element Analysis of Reinforced Concrete
Structures under Monotonic Loads, No. UCB/SEMM-90/14, University of California
Berkeley, California.

MELCHERS,R.E. 1999 Structural Reliability: Analysis and Prediction, John Wiley & Sons,
Chichester, U.K..

http://aum.svsfem.cz

112



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014 SVSFEM s.r.o

MUSMAR, M. A. RJOUB, M. |. ABDEL HADI, M. A. 2014, Nonlinear Finite Element
Analysis of Shallow Reinforced Concrete Beams using SOLID65 Element, ARPN
Journal of Engineering and Applied Sciences, Vol. 9, No. 2, February.

NOVAK, D. VORECHOVSKY, M. RUSINA, R., 2003. Small-sample Probabilistic
Assessment — software FReET, ICASP 9, 9th Inter. Conf. on Applications of Statistics
and Probability in Civil Engineering, San Francisco, USA, July 6-9, pp. 91-96

SCHNEIDER,U., 1985, Properties of Materials at High Temperatures, Concrete, RILEM-
U, Kassel, p. 21-27._ i

SUCHARDA,0. BROZOVSKY,J., 2012, Verified Non-linear Model for Reinforced
Concrete Beams. Advances in Remote Sensing, Finite Differences and Information
Security: Proceedings of the 5th WSEAS International Conference on Finite
Differences - Finite Elements - Finite Volumes - Boundary Elements, Praha, WSEAS
Press, 2012, p. 27-32. i i

VEJVODA, S., KERSNER, Z., NOVAK, D. & TEPLY, B. 2003, Probabilistic Safety
Assessment of the Steam Generator Cover, In Proc. of the 17th International
Conference on Structural Mechanics in Reactor Technology (SMIRT 17), Prague,
Czech Republic, August 17-22, in CD, M04-4, 10 pp.

WILLIAM,K.J. WARNKE, E.D. 1975, Constitutive model for triaxial behaviour of concrete,
in: Proceedings of the International Association for Bridge and Structural Engineering,
ISMES, Bergamo, Italy, 1975, pp.19/1-30.

WILLIAM K. TANABE, T.A. 2001. Finite Element Analysis of Reinforced Concrete
Structures. American Concrete Institute, Farmington Hills, MI.

Acknowledgement

This paper was created with the support of the Ministry of Education, Science, Research
and Sport of the Slovak Republic within the Research and Development Operational
Programme for the project "University Science Park of STU Bratislava", ITMS
26240220084, co-funded by the European Regional Development Fund and with support
of Grant Agency of the Slovak Republic (VEGA) (grant VEGA No. 1/1039/12).

Contact address:

Prof.Ing.Juraj Kralik,CSc. , Authorized Civil Engineer
Faculty of Civil Engineering, STU Bratislava, Radlinského 11, 813 68 Bratislava, Slovak Republic

http://aum.svsfem.cz

113



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014 SVSFEM s.r.o

REMOVING HEAT FROM THERMAL SOURCE TO HEAT SINK THRO UGH PRINTED
CIRCUIT BOARD

ZBYNEK MAKKI, MARCEL JANDA

Brno University of Technology, Automotive Lighting s.r.o.

Abstract: The paper is focused on showing the possibility of an efficient heat removal
from a thermal source to a heat sink via printed circuit board (PCB). Each solution can be
described by hand calculation and simulation by Ansys Icepak software with using thermal
resistance.

Keywords : Ansys Icepak, PCB (Printed circuit board), Heat conduction, Heat spread

1 Heat conduction

Conduction is heat transfer due to molecule activity. Energy is transformed from
more energetic to less energetic particles due to energy gradient. Conduction is one of
ways how is possible spread heat by solid materials. Empirical relation for conduction is
Fourier's law. This law describes empirical relationship between conduction rate in
a material and the temperature gradient in the direction of energy flow. Conduction occurs
in the direction of decreasing temperature and the minus sign confirms this
thermodynamic axiom.

g, =—Algrad t (20)

Where the vector G, is heat flux [W.m?] in the positive x-direction, grad t is

temperature gradient [K.m™] and the proportionality constant A is the thermal conductivity
of the material (W/mK).

grad t = dt (2
dx

Heat transfer is better through some materials, because we can describe each of
used materials for PCB construction by thermal conductivity (their conduction rate)
A [W/m.K]. In our case we speak about materials which are used for construction classical
PCBs as their carrying material — FR4 with thermal conductivity 0.35 W/m.K and pure
copper with thermal conductivity 385.6 W/m.K used for layer for electrical paths and for
heat spreading by top and bottom layer.

Because we are speaking about steady-state analysis therefore we can write
equation (1) as steady-state heat transfer

Q=4 EItZ(hot) _tl(oold) n (3)
X

Equation (3) describes heat spread by one direction across area A [m? with
material thickness x [m]. And Q is heat through material [W]. For our simplification we can
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say that Q (heat) is P (power dissipation) because J is W.s and we are speaking about
steady-state analysis, therefore J is equivalent for W.

Heat or heat flow is equivalent for electrical current and such as electrical
resistance we can describe for his equivalent thermal resistance.

X

Rth:/]m

(4)

Where Ry, is thermal resistance [K/W]. Because in this paper are used VIAs for
some PCB construction, therefore we can use equation (4), but as area we must imagine
circle area with hole inside.

In the end from equation (3) and (4) we can write simple equation which is most
important for this paper

ooty ~ Leoiay = P LRy (5)

Now we to know every equations what we need for calculations describes in this
paper.

2 Introduction for calculation

As was wrote for thermal spread exist several ways how is possible spread heat
from heat source to Heat sink, but we are thinking only about heat conduction from LED
(light emitting diode) through PCB to heat sink (we speak about heat spread in one
direction only). Thermal source inside LED is junction temperature with power dissipation
1W which is value used for calculations in this paper.

/

Rin Lep
LED ——> :|:

R
PCB 5 Q th_PCB

Junction ————> l

Heat sink —> v Rin Hs

From Image 1 you can see that each of parts we can describe their thermal
resistance. For bigger simplification is possible to say that does not matter on LED and
Heat sink properties, but we are interesting only about PCB construction and his
materials. Therefore as thermal source is used area with dimension 1.05%10°m?
(3x3.5mm) which describes LED thermal pad.

Image 22 — Heat transfer from thermal source to heat sink

For simple comparison were chosen several solution PCB constructions. As first
simple two layer board, second is two layer board with capped and filled VIAs, third is
three layer board with micro and buried VIAs, fourth is four layer board with micro and
buried VIAs and last (fifth) is IMS (insulated metal substrate) board.
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For cases which are used for construction we must use for hand calculation serial-
parallel combinations of thermal resistance as shows Image 2. For IMS board is the same
combination as for two layer board, but instead FR4 material is use some material with
better thermal conductivity (around 3K/W) and smaller thickness (around 0.035mm) than
for variant with FR4.

Rtthu
Rin_cu Rin Fra Rin vias

Rin_cu Rinh_cu Rin_Fra Rin_vias Rin_cu

Rin Fra R R R R

_ th_FR4 th_VIAs th_Cu th_FR4 R vins

Rin cu Rin_cu Rin Fra Rin vias Rin_cu
Rin cu Rih Fra Rin vias

a) b)
Rth_Cu
c) d)

Image 2 — Combination for each of serial-parallel combination thermal resistance used for PCBs
construction, a) two layer board, b) two layer with capped and filled VIAs, c) three layer board with
micro and buried VIAs and d) four layer board with micro and buried VIAs

And layouts show Image 3.

. D)H

Image 3 — Layouts for each of used PCBs construction, a) two layer board, b) two
layer with capped and filled VIAs, c) three layer board with micro and buried VIAs and d)
four layer board with micro and buried VIAs

3 Results

For each of PCB construction was calculated thermal resistance. First calculation
was by Ansys Icepak and second by hand with equation (4) and (5).

KZWimK| KZWimK)
21

289.654 209.526

193.103 193.017

96,5515

a) oonmn b) ogonone

96.5085

K2 Winrk]
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6022 —

37.762
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K_ZWimK|

zzzzzz

e)

Image 4 —Thermal conductivity across each of used PCBs construction, a) two
layer board, b) two layer with capped and filled VIAs, c) three layer board with micro and
buried VIAs and d) four layer board with micro and buried VIAs and d) IMS board

Image 4 describes how big influence has thermal conductivity for spread
temperature od heat through PCBs. Blue parts means parts represent FR4 material with
small number of thermal conductivity and red parts means parts represent Copper
material used for layer used for thermal conductivity. Image 4 shows how big influence
have thermal VIAs for thermal spreading across dielectric material (FR4).

3.1 Calculation by Ansys Icepak

Results for thermal resistance are inside Table 1.

Table 15 Thermal resistance calculated by Ansys Icepak

PCB construction First Second Third Fourth Fifth
AT ¢y Top [K] ]0.0262 0.0182 0.0069 0.0147 0.0147
AT rra innert [K] |- - 1.1470 1.1860 1.1177

AT Cu Inner 1 [K] - - 00137 0.0149 -
AT Fr4 Base [K] [272.0838 |3.8113 3.5350 2.5486 -
AT Cu_Inner 2 [K] - - - 0.0149 -
AT rra innerz K] |- - - 1.1118 -
AT ¢y Bottom [K] 10.0384 0.0389 0.0137 0.0149 0.6184
Rin [K/W]|272.1408 |3.8684 4.7460 4.9049 1.7508

In Table 1 layers Inner 1 and Inner 2 represent dielectric materials inside PCB.
3.2 Calculation by hand

Results for thermal resistance are inside Table 2.

Table 2 Thermal resistance calculated by hand calculation

PCB construction First Second Third Fourth Fifth
AT ¢y Top [K] 10.0160 0.0199 0.0146 0.0146 0.0138
AT Fra innert K] |- - 0.9311 0.9311 1.1111

AT Cu Inner 1 [K] - - 0.0179 0.0179 -
AT rra Base [K] [272.1088 |3.8824 3.0983 2.4098 -
AT cy inner2 K] |- - - 0.0179 -
AT rr4 inner2 K] |- - - 0.9311 -
AT ¢y Bottom [K] [0.0160 0.0199 0.0179 0.0146 0.6184
Rin [K/W]|272.1408 |3.9221 4.0781 4.3257 1.7433

For better view are results compared for both of calculations in column graph —
Imagine 4.
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4.5 +

3.5 A

2.5 A

M Calculation by hand

1.5 A B Calculation by Icepak

Thermal resistance [K/W]

0.5 4

Two layer Three layer Four layer IMS board
board with board with board with
capped and micro and micro and

filled VIAs buried VIAs buried VIAs

Image 5 — Thermal resistance comparison between calculation by hand and calculation by Ansys
Icepak (without results for first construction variant)

4 Conclusion

The worst thermal resistance has two layers PCB which is described as first case
what was chosen for comparison in this paper. From Table 1 and 2 we can see that
thermal resistance for this solution is more than 68x higher than solution with two layer
board with capped and filled VIAs. Therefore it is useful using PCBs with VIAs for thermal
spread from thermal source directly to heat sink.

Differences between calculations by hand and by Ansys Icepak depend on mesh
guality and on pattern of VIAs. The main influence have pattern of VIAs because we
cannot say that VIAs are equally distribute across whole PCB, therefore results between
hand calculation and Icepak calculation are little bit different. But for estimation of thermal
resistance results are still good.
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PILOTOVE ZAKLADY A VRSTEVNATE PODLOZIE

LUBOMIR PREKOP
Stavebnd fakulta STU v Bratislave, Katedra stavebnej nechaniky

Abstract: This paper deals with the foundation of building structures on a layered subsoil
using the pile structures. The attention is paid to the contact between a pile and the
layered subsoil while the pile is in its head loaded by a horizontal force. Particular subsoil
layers have different physical characteristics. Results are presented as the analysis of
displacements and state of stress of the pile.

Keywords : Bended Pile, Layered Subsoil, Interaction

1 Uvod

Zakladanie na pilothch sa pouZiva, ak je podloZie stavebného objektu malo
inosné resp. zemina je silno stlagitelna pri hibke Gnosnej vrstvy nad 4,0 m. Méalo Gnosnou
zeminou sU najCastejSie makké ily, raSelinité pddy a nezhnutnené nasypy, ktorych
sadanie je vacsie, ako su pripustné hodnoty sadnutia stavby. Opreté piloty zaistia nizke
hodnoty zvislého zataZenia. Pri zakladani na pilothch sa preto nevyskytuju vacsie
diferencie pri sadnuti objektu.

Pilotovy zéklad patri medzi najrozsirenejSie hibkové zakladania. V porovnani
s ploSnym zakladom sa zniZuje hmotnost zakladu, rozsah vykopu, vyluCuje sa debnenie
avelky spatny zasyp. Betonové piloty sa vyhotovuju z prostého betonu alebo
Zelezobeténu. Tvar piloty byva najcastejSie kruhovy, Stvorcovy alebo mnohouholnikovy.
Rozmery pilot sa liSia podla pouZitej technolégie a st vrozsahu od 0,3m do 2,0 m.
Druhov pilot je velké mnoZstvo. Vo vSeobecnosti m6zeme rozdelit’ piloty podla réznych
kritérii, univerzalne piloty pre vSetky mozné pripady neexistuja.

Zavaznym problémom pri projektovani pilot je stanovenie potrebnej dizky pilot.
Preto su pre spravny navrh potrebné €o najpresnejSie vysledky inZiniersko-geologického
prieskumu, najméa pod péatou piloty. Potrebna dizka pilot byva casto premenliva, nakolko
povrch Unosnej vrstvy byva zvineny alebo Sikmy.

2 Zelezobetdnové piloty

Pre vystuzovanie pilot je dbéleZité ich spravne pddorysné rozmiestnenie v pilotovom
zaéklade. Piloty sa rozmiestnia tak, aby zataZenie pilotového zakladu bolo ¢o najblizSie
dostrednému zataZeniu. Do beténového prierezu sa podfa spésobu naméhania navrhne
nosna vystuz. Pri ndvrhu vystuze je potrebné zvazit' aj Stadud, ktoré vzniknu poc€as vyroby
pilot a ich dopravy na miesto pouZzitia.

Rozmiestnenie vystuZe piloty v prieénom reze je v zasade symetrické. PozdiZna vystuz sa
umiestriuje v rohoch piloty alebo pri kruhovom pddoryse rovnomerne po obvode a voli sa
s priemerom [ =18-32 mm. V pripade potreby sa dopifia medzilahlo umiestnenou
vystuzou s priemerom O =14 - 22 mm. Krytie vystuZe je aspon 35 mm, v pripade pilot
vhananych cez zeminy s agresivnou vodou sa krytie vystuze zvySuje na 50 az 80 mm.
Vystuz v 3pici piloty sa dopifia konstrukénou vystuZou. Rovnako pod hlavou piloty sa
vystuz upravuje kvoli zvacSeniu tuhosti piloty pri baraneni.

Smykova vystuz sa navrhuje v tvare skrutkovice, pripadne v tvare uzavretych strmefov
s priemerom 5,5 az 8 mm. VySka zavitu skrutkovice alebo vzdialenost’ strmeriov je po
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vyske piloty rozdielna. V spodnej a hornej €asti je po 50 az 100 mm, v strednej Casti piloty
do 200 mm.

Monolitické piloty sa vystuZzuju pomocou vystuznych koSov, ktoré sa spustaju do
vyrobeného otvoru. KéS musi byt upraveny tak, aby sa do otvoru mohla spustit
beténovacia rara. Vystuzné koSe sa stykuju presahom.

3 Unosnos t podlozia

Ulohou je ¢o najpresnejSie stanovenie hrubok jednotlivych vrstiev podlozia,
zostrojenie geologického modelu prostrednictvom profilov a podrobné stanovenie
vlastnosti zemin. K najdélezZitejSim patria pevnostné a deformacné charakteristiky,
pomocou ktorych sa vypocita inosnost a sadanie zakladovej pody.

4 Vodorovna unosnos t piloty

PrieCne zataZené piloty sa navrhuju podla viacerych vypoctovych modeloch.
Obvykle su piloty situované zvislo a musia prenasat’ vodorovné zatazenie. V pripade, ak
postacuje poznat orientacne vodorvnu unosnost, sa pouZziju tabulkové hodnoty Unosnosti,
aby sa splnila podmienka:

Uh,tab 2 Hd ' (1)

kde Uy je tabulkova hodnota vodorovnej Ginosnosti podla CSN 73 1004,

Hq — vodorovna zloZka extrémneho vypoctového zataZenia.

Pri vypoctovom modeli sa pilota povaZuje za nosnik votknuty do pruznoplastického
prostredia, ktory sa pre urCity obor deformacii moze rieSit ako nosnik na pruznom
podklade. Vychadza sa z predpokladu linearneho vztahu medzi napatim a deformaciou
podla Winklerovej hypotézy
o=k,y, 2
kde ki, je modul horizontalnej stlagitelnosti [kN.m™],

y — vodorovny posun piloty.

Velkost modulu k;, zavisi od typu zeminy a priebeh deformécie pozdiz piloty mdze
mat rézny priebeh. Pri vodorovhom namahani sa pilota méze spravat ako tuha (nastane
iba jej posun alebo pootolenie) alebo ako poddajna (po zataZzeni sa ohne) (Turcek, P.,
Slavik, 1., 2002).

5 Vrstevnatos t’ podloZia

ZloZenie podloZia pod z&akladovou konStrukciou je zvy€ajne nehomogénne, tzn.
sklad& sa z dvoch alebo viacerych vrstiev. Zohladnenie vrstevnatosti pri modelovani nam
umozni vytvorit model, ktory lepSie vystihuje realnu konStrukciu a nasledne ziskat
presnejSie vysledky deformécii a napati.

6 Model konStrukcie

RieSena bola pilota dizky |=8,0m. Kruhového prieéneho rezu s priemerom
0 = 0,42 m. Pilota bola vyroben& zo Zelezobeténu. Modul pruznosti je E = 20000 MPa.
Podlozie predstavuje malo Unosné prostredie s modulom pruznosti E = 1,0 MPa.
Poissonovo c¢islo pre zeminu malo hodnotu v =0,35. Pre vypocet boli pouZité dva
zataZovacie stavy, reprezentujuce vodorvné namahanie piloty: v prvom je pilota v hlave
zatazena vodorovne pdsobiacou silou F, =100 kN, v druhom pripade je pilota v hlave
zatazena momentom M, = 100 kNm. Pre tuto pilotu v homogénnom zloZeni podlozia bolo
k dispozicii analytické rieSenie (Kollar, P., Mistrikova, Z., 1985).

V dalSom kroku bola ta ista pilota umiestnena vo vrstevnatom podloZi, ktorého
ZloZenie a fyzikalno-materialové charakteristiky su zrejmé z obr. 1. PodrobnejSie sa
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otdzkam vrstevnatého podloZzia a modelovaniu kontaktu piloty a okolitého prostredia
venuje prispevok (Kuzma, Hrustinec, 2002).

=20 MPa; v=0,35; y=19 kN.m™>
2,0m F1
il E=8 MPq; ¥=0,42; y=20,5 kN.ni>
6,0m F8 [
G2 F=200 MPay =0,2; y=20 kN.m™>
[T

Obrazok 23 - Zlozenie vrstiev podlozia

Vo vypocte bola pouZita pilota s volnou patou, opretd v pate do vrstvy Unosnej zeminy.
Model konstrukcie bol vytvoreny ako priestorovy v programe ANSYS. Zelezobetdnova
pilota bola modelovana pomocou prvkov SOLID65 a okolity zemny masiv prvkami
SOLID45. Tymto prvkom boli postupne priradené vlastnosti vrstiev podloZia podla obr. 1.
Kontakt piloty azemného masivu bol modelovany pomocou kontaktnych prvkov
TARGE170 a CONTA173 (ANSYS® User's Manual, 2011). PodrobnejSie sa otazkam
modelovania kontaktu piloty a okolitého prostredia venuje prispevok (Kuzma, Hrustinec,
2003).

ELEMENTS
MAT  NUM

Obrazok 2 - 3D model a rez modelom
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Na nasledujucom obrazku, grafe a tabulke sU uvedené vysledky a porovnanie
vodorovnych priehybov piloty vo vrstevnatom podloZzi.

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

Ux (AVG)
RSYS=0

DMX =.002996
SMN =-.928E-03
SMX =.002872

-.928E-03 -.B33E-04 . 761E-03 Sy . 001605 . 00245
-.505E-03 +3392E-03 . 001183 .oozozs .ooze7rz

Obrazok 3 - Vodorovné deformacie piloty vo vrstevnatom podlozi

3 /, ///
| /|

e

Pilota [m]

LEGENDA

C— Hom ogenne podlozie ||
—\/IStevnate podlozie

4 2 0 2 4 6 8 10 12
Deformacie [mm]

Obrazok 4 - Vodorovné deformécie po vyske piloty

Na vysledkoch, uvedenych na obr. 3 a obr. 4 je zrejmé, ze vodorovné deformacie piloty v
homogénnom prostredi nesudrznej zeminy su radovo vacéSie ako deformacie piloty vo
vrstevnatom prostredi. Vyplyva to z nizkej hodnoty modulu pruznosti nesudrznej zeminy
a tym padom je menSi odpor nesudrznej zeminy voci zatlaCeniu tuhej konStrukcie piloty do
zemného masivu.
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Tabulka 16 Vodorovné deforméacie po vyske piloty

Vzd.od paty Deformécia [m] Deformécia [m]
Bod modelu
[m] vrstevnaté podlozie homogénne podlozie
3 8.0 0.11260E-01 0.28295E-02
403 7.6 0.85929E-02 0.15315E-02
803 7.2 0.63376E-02 0.62735E-03
1203 6.8 0.43816E-02 -0.26820E-04
1603 6.4 0.27509E-02 -0.44052E-03
2003 6.0 0.13982E-02 -0.68882E-03
2403 5.6 0.30497E-03 -0.80727E-03
2803 5.2 -0.56185E-03 -0.83535E-03
3203 4.8 -0.12291E-02 -0.80037E-03
3603 4.4 -0.17253E-02 -0.72655E-03
4003 4.0 -0.20763E-02 -0.63161E-03
4403 3.6 -0.23065E-02 -0.52925E-03
4803 3.2 -0.24380E-02 -0.42882E-03
5203 2.8 -0.24906E-02 -0.33650E-03
5603 2.4 -0.24820E-02 -0.25564E-03
6003 2.0 -0.24273E-02 -0.18745E-03
6403 1.6 -0.23394E-02 -0.13146E-03
6803 1.2 -0.22290E-02 -0.86162E-04
7203 0.8 -0.21045E-02 -0.49475E-04
7603 0.4 -0.19727E-02 -0.18091E-04
8003 0.0 -0.18379E-02 0.74792E-05
7 Zaver

Modelovanie vrstevnatého podloZia spolu s kontaktom piloty a okolitych vrstiev
zeminy podstatne lepSie vystihuje skuto¢né pdsobenie piloty v zemnom masive. Ziskané
vysledky sa priblizuju k readlnym podmienkam na stavenisku. Vrstevnatost podloZia je
beznym javom, s ktorym sa stretAvame na akomkolvek stavenisku. Preto je vhodné
venovat mu nalezZitd pozornost. V dalSich vypoctoch by bolo vhodné venovat sa ostatnym
spdsobom podopretia péaty piloty (kibové podopretie resp. votknutie paty piloty)
a zmenenym rozloZeniam vrstiev podloZia.
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PROPOJENI SYSTEMU STRENGTH SE SYSTEMEM ANSYS
ZDENEK RAMIK, STANISLAV VEJVODA

VITKOVICE UAM a.s., Mezirka 775/1, 602 00 Brno

Abstract: STRENGTH software developed in VITKOVICE UAM Company enables
engineers to perform simple strength assessment and fatigue life assessment. System
STRENGTH is based both on the theoretical background and the whole life experiences
in Nuclear and Classic Power Plant pressure vessel components assessment of professor
Vejvoda. This paper deals with the data exchange between FEM system ANSYS and
STRENGTH. Nodal temperatures and stress or strain tensors computed in ANSYS are
possible to import to both STRENGTH engines FatigueV and MonotonV. Total cumulative
damage calculated for mesh nodes up to 32 thousand in STRENGTH version 7.04 may
be exported directly into ANSYS for display.

Keywords : Fatigue, STRENGTH, ANSYS

1 Uvod

Vychozim stavem pro rozvoj programového systému STRENGTH jsou teoretické
prace pana prof. Ing. Stanislava Vejvody CSc. Systém STRENGTH ideové navazuje na
predchozi systtmy HOROTE a STATES, jejichZ autorem a vedoucim feSitelského tymu
byl také pan Vejvoda.

STRENGTH je zaméfen zejména na posuzovani meznich stavl pevnosti
tlakovych nadob, potrubi a aparatl. Hodnoceni na prostou pevnost se provadi ve
zvolenych fezech kolmych na stfednici stény nadob nebo potrubi. Na Gnavu se posuzuji
vybrané body leZici na povrchu. VétSina norem predpokladd hodnoceni napéti nebo
pomérnych deformaci vypoctenych za predpokladu platnosti elastického stavu v celém
rozsahu zatéZovani. V takovém pfipadé programy systému STRENGTH pro pfiblizny
vypocet pomérnych deformaci a napéti pro naméahani v pruzné plastickém stavu pouZziji
princip Neubera.

Mezi nékteré soucasné moznosti systému STRENGTH patfi volba posouzeni na
nizkokmitovou Unavu, vysokokmitovou Unavu a dvoufrekvencni zatéZzovani. Volba kfivky
Zivotnosti: Langer, Manson-Coffin, Wéhler a volba chovani materiélu: stress-strain kfivka,
material typu Ramberg-Osgood , material se zpevnénim nebo material bez zpevnéni.

2 Struktura systému STRENGTH

Pohled na prostfedi systtmu STRENGTH po spusténi je ukazan na obréazku 1.
Napovéda je realizovana hypertextovymi helpy.

Vstupni data se ve verzi 7.04 pfipravuji pomoci libovolného textového editoru napf.
notepadu. Alternativni zadavani uZzivatelskych vstupnich dat pomoci dialogl roletovych
menu se pfipravuje v dalsi verzi. UZivatelské zadani pro posouzeni statické pevnosti a pro
posouzeni na Unavu je kontrolovano z hlediska Uplnosti a formalni spravnosti. Pfevodnik
U2l.exe data nasledné prevede do interniho formatu pro zpracovani ve vykonné ¢asti.

Vykonna ¢&ast systému STRENGTH tj. motory  (enginy) FatigueV.exe a
MonotonV.exe i pfevodniky jsou realizované jako tzv. konzolové aplikace. To umozZiuje,
aby kromé interaktivniho prostfedi STRENGTH mohly byt motory pfimo spustény z
prostfedi ANSYSu. VesSkera hlaSeni o béhu vykonné c&asti a prevodnikd vcetné
pfipadnych varovani a chyb se zapisuji na konec textového souboru Strength.err.
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Vysledky se zapisuji rovnéz do textovych souborl. MoZnost spousténi modull vykonné
¢asti v¢etné “run-string” parametra pfikazové fadky nebo davky usnadriuje automatické
testovani systému STRENGTH.

Testovaci pfiklady systtmu STRENGTH jsou autorizovany a postupné
doplfiovany, kazda nova revize vykonnych modull musi v mezich zaokrouhlovaci chyby a

s ws

formatu zobrazeni Cisel Uspé&3né projit vSemi testy.

B STRE_W74
zmena Edit Pohled okna Prevod Teplot | Unava Statika Okna Napovéda

M Graphicl ufivatelska date *.fxt

21
@
VITKOVICE FatigueV
VITKOVICE UAM a.s. o wysledky *.0UT
4 vysledky * TAB
protokol *.err

Running

Input pending in Graphicl

Obrazek 24 — Interaktivni prostfedi systému STRENGTH

3 PouZiti systétmu STRENGTH

Z dilen vitkovického Energetického strojirenstvi byly pro Kalininskou jadernou
elektrarnu v Rusku dodany v roce 2013 vysokotlaké ohfivaky uréené k ohfevu napajeci
vody v systému regenerace pary turbinového okruhu. Na obrazku 2 je ukazan vysokotlaky
ohfivdk o hmotnosti 110 tun béhem expedice.

Systém STRENGTH byl ve spole¢nosti VITKOVICE UAM a.s. pouzit pfi posouzeni
statické pevnosti a zivotnosti vysokotlakych ohfivaki a pro posouzeni kumulace
poskozeni materialu jeho trubkového svazku pfi dvoufrekvenénim zatéZovani vlivem
provoznich zmén tlaku a teploty v€etné dynamickych G€inkd vysokofrekvenéniho kmitani

trubek.
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Obréazek 25 — Vysokotlaky ohfivak napajeci vody

4 Vstupni data

UZivatelska vstupni data STRENGTH byla navrZzena s ohledem na obsahovou
srozumitelnost z hlediska pojmu Unavové pevnosti a aby byla uZivatelsky jednoducha a
vhodnd z hlediska pfenosu dat z MKP systému ANSYS. Data je moZné pfipravit pomoci
textového editoru. Vstupni data jsou zapsany v textovém souboru, délka jednotlivych
fadku nepresahuje 80 znaku. Na fadcich oznacenych v prvnim sloupci vykfi¢nikem jsou
komentéafe. Vkladat komentafe je mozné na zaCatku souboru a mezi ukonéené prikazy.
Vysvétlujici text je mozné pridat také za pfikaz *end. U nékterych pfikaz( Ize po zadani
parametrd pfikazu za lomitko uvést dalSi vysveétlivky.

Klicova slova ve vstupnich datech jsou rozpoznany vétSinou dle prvnich péti
znakd. Pro lepsi Citelnost Ize uzit kombinace malych a velkych pismen a pfidat dalSi
znaky. Textové fetézce jsou ohraniéeny jednoduchymi uvozovkami (alt 39). Ciselné
hodnoty v zadani jsou zapsany volnym formatem, oddélovacem cisel je jedna nebo vice
mezer. Textovy soubor ukazany v tabulce 1 obsahuje UpIné zadani pro vypocet

nizkocyklové Unavy.

Tabulka 17 Uzivatelska vstupni data STRENGTH pro Unavu

I* 10 20 30 40 50 60 70

1¥2345678901234567890123456789012345678901234567890 1234567890123456789012

| *hkkkkkkkkkkhkhkhkhkkkx

I* programovy system STRENGTH verse 7.03 03.07.2013 *

'* (c) prof.Vejvoda a kol. *
_____________________ *

'* U_VTO7_2.fxt (uzivatelska vstupni data, pre vodnik: U2l.exe) *

=>interni vstupni data pro eng ine: FatigueV.exe *

'* Last UpDate Z.R. verse 7.03 04.07.2013  *
*hkkkkkkkkkkhkhkhkhkkkx

l

' Charakteristika ulohy: Nizko-kmitova unava, Neube r,2 materialy, 13 bodu

! pro VTO-7, prevod dat dle Pavel & Martin Rysavy

! teploty a napeti pres INCL UDE

!
*STRENGTH 7.03
!

*TITLE
'vto7"' / nazev ulohy
|
*FatigueV
'NKU' / nebo: 'VKU','DFZ'
'MaxTau' / nebo: 'Tresca’, 'Mises'
'‘Neuber' / nebo: 'Wekv'
‘Langer’ / nebo: 'Manson-Coffin', ('Woh ler')
‘zpevneni' / nebo: 'Ramberg-Osgood', 'bez _zpeV'
‘3D’ / nebo: '‘Axisym’, ‘Plane’,'Sin gle-axis'
'Stress' / nebo: 'Strain’
'bez_konc' / nebo: 'Koncentrace-souc'
'ZS konc' / nebo: 'JZ_nomin'
'SI' / nebo: 'USA'

'InterAtomEnergo’ / nebo: "
!
*PARAmetry zadani a vypoctu

'F_VTO7_2' | max. 8 znaku ,default 'Fatigue7"
/'pocet JZ
/ pocet ZS
/ pocet teplotnich poli (vypoctenych)

- (konstantnich)

/ pocet Zateznych Bloku
/ pocet druhu materialu
/ pocet bodu
/ pocet bodu se zadanou koncentraci n apeti
/ pocet superponovanych kmitu

oogmmomoo

|

*MATErial

15'08Ch18N10T"

‘Teplota Rk Rm E Z
20 196 491 205000 40
100 186 456 200000 40
200 176 417 190000 40
300 162 358 180000 40
350 157 333 175000 40
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25"22K'

‘Teplota Rk Rm E Z
20 215 430 200000 35
100 196 392 195000 35
200 186 392 190000 33
300 186 353 180000 31
350 177 343 175000 31

!

*BLOCKs

7g

'‘Bl. Opak. PocetZS
1 1

1

2 2 5
3 20 9
4 39 1
5 632 59

arwNRE
RPRRRO
=
D

*TENZor
INCLUDE 'napeti2.ixt'
!
*TEMPerature
INCLUDE ‘'teploty2.ixt'
!
*FACTors
'safety’ 2 10 /' n_Sig, n_N
fiw' 1.0 / default
2 'zmen' / pokud beze zmen,tento rad ek a dalsi zadani odpada
‘c. bodu fiw'
1 0.6
13 0.6
*MISCellaneous
'EN' 200000.0
'I_MAT" 2
1 'zmen' / pokud beze zmen,tento rade k a dalsi zadani odpada
‘c. bodu c. materialu’
1
*FORM
0 01
!

*END uzivatelska data pro FatigueV, verze 7.03
!

5 Napéti a teploty exportované z ANSYSu

Data zatézovacich stavl( (pfipadné jednotlivych zatiZzeni) jsou Cislovana. Pocet
sloZzek tenzoru napéti odpovida volbé 3D, viz tabulka 1. Prvni €islo na fadku oznaduje
¢islo uzlu sité MKP, pro ktery byly hodnoty vypoc&teny. VSechny c&islelné hodnoty mohou
byt zapsany ve volném formatu.

Tabulka 18 Vkladany soubor napeti2.ixt (zkraceno)

'ZS'1

64246 0.000 0.000 0.000 0.000 0.000 0.000
1647529 0.000 0.000 0.000 0.000 0.000 0.000
1648802 0.000 0.000 0.000 0.000 0.000 0.000
1648812 0.000 0.000 0.000 0.000 0.000 0.000
1650656 0.000 0.000 0.000 0.000 0.000 0.000
1650899 0.000 0.000 0.000 0.000 0.000 0.000
1662603 0.000 0.000 0.000 0.000 0.000 0.000
1663238 0.000 0.000 0.000 0.000 0.000 0.000
1750828 0.000 0.000 0.000 0.000 0.000 0.000
1796157 0.000 0.000 0.000 0.000 0.000 0.000
2173569 0.000 0.000 0.000 0.000 0.000 0.000
2174184 0.000 0.000 0.000 0.000 0.000 0.000
3028645 0.000 0.000 0.000 0.000 0.000 0.000
'ZS'2

64246 -56.874 -15.212 -200.25 -0.692 49 -1.5014  13.208
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1647529 -27.266 -11.613  420.78 9.09 77 0.16827 0.81166
1648802 250.55 604.25 111.00 351. 85 -1.1650 -0.67466
1648812 5.7426 -171.94 40.859 21.0 63 -0.20146 0.29608
1650656 236.08 564.94 91.451 -330. 64 -1.4029 0.64340
1650899 -50.141 -188.50 23.366 -89.5 50 -0.86695 -0.23593
1662603 27.888 -188.16 -49.754 0.221 66 -88.943 0.15383
1663238 111.04 595.13 260.14 1.09 31 -353.94 -0.74193
1750828 62.375 -8.2798 60.696 -0.548 64E-01 3.1780 -0.11560E-01
1796157 293.84 -10.714 27.724 21.8 36 15089 130.66
2173569 -0.66796 0.11541 22.311 0.136 11 -0.36468 1.1964
2174184 -0.57467  7.6481 3.0142 0.333 03 -0.27395E-01 0.56244
3028645 267.59 6.8812 116.78 -0.403 18 6.8837 -1.0216
'ZS'3

64246 23.684 -0.78046  113.64 -0.947 67E-01 1.1293 -7.5691
1647529 -0.16489 -0.19891  7.8793 0.254 30 0.76821E-01-0.13556
1648802 -46.577 -94.293 0.71433E-02 -57.2 59 0.37246 0.15215
1648812 -9.3922  320.07 41.378 -39.7 40 -0.26463 0.11893
1650656 -45.334 -91.886 -0.76131E-01 55.7 20 0.34697 -0.18577
1650899 84.144 350.69 78.914  164. 34 0.44110 0.10167E-01
'ZS'4

'ZS'5

'ZS' 6

'ZS'7

'ZS'8

'ZS'9

64246 -29.454 -10.427 -136.51 0.581 36 -3.6348 7.0534
1647529 5.2698 5.7644 36.590 1.72 85 0.35804 0.59892E-01
1648802 -1.4327 -21.464 -7.0820 -10.3 09 0.54682 0.83608E-01
1648812 6.0997 147.34 86.529 -16.4 88 0.53012 0.16133
1650656 -9.1987 -39.482 10.642 24.2 14 0.37285 -0.12350
1650899 45.362 167.12 100.01 74.2 57 0.60355 -0.14280
1662603 90.532  136.37 37.634 -0.409 37 59.700 0.21987
1663238 2.3256 -25.726 -6.1489 -12.1 16 14809 6.3239
1750828 22.478  7.5424  22.491 -3.09 02 0.73710E-01 0.89881E-01
1796157 34.281 5.9981 10.076  2.97 62 -0.63260 12.519
2173569 -3.2977 -1.5891  185.07 -0.149 95 -1.3706 2.1652
2174184 -1.2680 39.390 96.998 0.490 79E-01 0.90520E-01 1.5068
3028645 46.772 16.260 -39.890 -2.80 68 20.906 -3.0345

Tabulka 19 Vkladany soubor teploty?2.ixt (zkraceno)

‘TE'1

'konst' 20.0
'TE' 2

'konst' 40.0
‘TE'3

'konst' 40.0
'TE' 4

'konst' 40.0
‘TE'5

'konst' 40.0
'TE' 6

64246 183.54
1647529  194.38
1648802  186.69
1648812 191.12
1650656 169.15
1650899  190.28
1662603  190.46
1663238 178.26
1750828 181.92
1796157  194.40
2173569  193.27
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2174184  192.88
3028645 176.96
‘TE'7

'TE'8

'TE'9
64246 159.24

1647529 169.48
1648802 170.41
1648812 117.80
1650656 154.55
1650899 118.29
1662603 118.38
1663238 162.17
1750828 162.00
1796157 169.47
2173569 115.86
2174184 116.10
3028645 149.22

6 Zobrazeni vysledk G v ANSYSu

V tabulce 4 je uveden vypis vysledkd STRENGTH ve formatu uréeném pro import
do ANSYSu. Stejny format byl pouZzit pfi posouzeni 7723 povrchovych bodl sité MKP
modelu VTO-K-7 vstupniho natrubku na nizkocyklovou uUnavu, jak je ukdzano na
obrézcich 3 a 4.

Podrobné posouzeni bodu s nejvy3si vypoc¢tenou kumulaci poSkozeni s €iselnymi
hodnotami v€etné zadanych vstupnich napéti se zapisuje do samostatného vysledkového
textového souboru.

Tabulka 20 Vypoctené celkové kumulace poSkozeni, format pro ANSYS

*

STRENGTH verse 7.04 2014 *

VITKOVICE UAM a.s

L T

E

UNAVA-ETAPA INICIACE DEFEKTU

PROGRAM STANDARDISOVAN KOMISI C.5 NA CSKAE PRAHA POD C. 523 DNE 15.3.1991

vto7 05.03.2014, 10:04

POUZITE VYPOCETNI POSTUPY:

- JEDNOTKY ..oiiiiiiiiiiiieeeiiieeee e MPa, mm, stupen C
- TEORIE PEVNOSTI ....oooviiiiiiiiciicene MAX. SMYKOVYCH NAPETI
- KONCEPCE VYPOCTU PRUZNE
PLASTICKE DEFORMACE ..........cccoevneene NEUBER
- ZAVISLOST NAPETI-DEFORMACE ................... SE ZPEVNENIM
- KRIVKA ZIVOTNOSTI (NKU) ..o typ LANGER
- KRIVKA ZIVOTNOSTI A HYPOTEZA
KUMULACE POSKOZENI (VKU) .......cccuc... NTD INTERATOMENERGO

VSTUPNI DATA JSOU ULOZENA V SOUBORU: F_VTO7_2.DA T (F_VTO7_2.DAU)
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!
!
!
!'VYSLEDKY VYPOCTU
!
BF, 64246, TEMP, 0.25456 ! Kumulace posk ozeniv bode c. INTE: 1
BF, 1647529, TEMP, 0.01117 I Kumulace posk ozeniv bode c. INTE: 2
BF, 1648802, TEMP, 0.30309 I Kumulace posk ozeniv bode c. INTE: 3
BF, 1648812, TEMP, 0.00799 I Kumulace posk ozeniv bode c. INTE: 4
BF, 1650656, TEMP, 0.19429 I Kumulace posk ozeniv bode c. INTE: 5
BF, 1650899, TEMP, 0.02551 I Kumulace posk ozeniv bode c. INTE: 6
BF, 1662603, TEMP, 0.01732 I Kumulace posk ozeniv bode c. INTE: 7
BF, 1663238, TEMP, 0.25271 I Kumulace posk ozeniv bode c. INTE: 8
BF, 1750828, TEMP, 0.00179 I Kumulace posk ozeniv bode c. INTE: 9
BF, 1796157, TEMP, 0.00471 I Kumulace posk ozeni v bode c. INTE: 10
BF, 2173569, TEMP, 0.00349 I Kumulace posk ozeni v bode c. INTE: 11
BF, 2174184, TEMP, 0.00180 I Kumulace posk ozeniv bode c. INTE: 12
BF, 3028645, TEMP, 0.12640 I Kumulace posk ozeniv bode c. INTE: 13
!
!
I NEJVYSSI VYSLEDNA KUMULACE POSKOZENI D= 0.30309 JEV BODE: 3
1
I KONEC VYPISU VYSLEDKU PROGRAMU FatigueV verze 7. 04
VITKOVICE UAM AN
ELEMENTS a.s.
High Pressure Heater VTO-K-7 APR 8 2013
TEMPERATURES input nozzle A 13:04:31
TMIN=0
TMAX=.05308
0
.005898
.011796
.017693
.023591
N
i 029489
L
; 035387
.041284
.047182 l
> 05308
x|
total cumulative damage ) ) .
Model vio-k-7 assessment: STRENGTH, engine FatigueV, version 7.02

Obrazek 26 - Vypoctené kumulace poSkozeni vstupniho natrubku
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ANSYS 13.0SP2
ELEMENTS
TEMPERATURES
TMIN=0
TMAX=.04773

0

.005303
.010607
.01591
.021213
.026517
.03182
.037123
.042427
.04773

B0CCEECEN

Obrazek 27 - Vypoctené kumulace poskozeni, detall

7 Zavér
Alternativni zadavani vstupnich dat systému STRENGTH pomoci dialogl
roletovych menu v interaktivni ¢asti systému se pfipravuje v dalsi verzi.

V systému STRENGTH bude postupné naprogramovano také posouzeni na Unavu
podle nasledujicich norem a predpisd: CSN EN 1993-1-9 (Navrhovani ocelovych
konstrukci — Unava), CSN 27 7008 (Navrhovani ocelovych konstrukci rypadel, naklada&t
a zakladagd), CSN EN 12952-3 (Vodotrubné kotle a pomocna zafizeni, PFiloha B).

Po realizaci nabidky spoluprace s SVS FEM v oblasti pfipravy a pfenosu dat
Zz ANSYSu do STRENGTH se usnadni pfenos vypoctenych teplot, slozek napéti a
deformaci (jednotlivé ,LOAD-CASE" nebo ,LOAD-STEP*) a zadani vstupnich dat pro
STRENGTH i vykresleni vysledk( bude mozné z nabidkovych menu prostfedi Classic i
WorkBench.
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DESIGN OPTIMIZATION OF FOUNDATION SLAB IN INTERACTI ON WITH SUBSOIL

MARTIN STIGLIC

Slovak University of Technology in Bratislava
Faculty of Civil Engineering

Abstract: The paper is aimed at design optimization of foundation slab, which interacts
with elastic subsoil. Examines the impact of cave in to the base plate. Skeleton of high-
rise building, foundation slab and subsoil are modeled using finite element software
ANSYS and optimization analysis is performed by ANSYS Workbench extension Design
Exploration.

Keywords : FEM, optimization, subsoil, foundation slab

1 Introduction

The interaction between subsoil and foundation slab belongs to nonlinear
problems, which appear in construction practice. Slab bends down or buckles out of the
plane and comes into contact with the subsoil. Operators appearing in the control
equations are nonlinear and of fourth order. When modeling unilateral bond, we consider
nonsmooth analysis with various inequalities and in optimization with constraints in the
form of inequalities. However, when modeling the slab on subsoil, the applied load cause
the effect of penetration or unsticking and it is necessary to take care how the unilateral
bond should be modeled. Software ANSYS has lot of algorithms and offers several
possibilities how modeling the contact of two adjacent bodies.

One of the problems related to unilateral bond and subsoil-structure interaction is
interaction when cave in occurs. This situation can occur anywhere in the world where
mining operations finished. Old mining shafts kept in some regions the ground with old
underground corridors. These may be disrupted and unstable corridors, deep ground dips,
flooded areas. Around them the subsoil could be unstable and cave in could occurs. The
hole remains under the foundation slab when cave in occurs and it can damage the entire
structure. The task of this study is to investigate the impact of cave in of the area under
each support columns and then optimize the foundation slab for the worst case.

2 Case study
2.1 Model

The three-storey structure is built on a concrete slab Img. 1 with dimensions of 32
x 17.6 x 0.7 m and stored on an elastic foundation with dimensions of 42 x 27.6 x 5 m.
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Image 28 — Foundation slab plan

2.2 Finite element model

The frame structure is modeled using BEAM188 elements. SHELL181 element
with a thickness of 0.2 m was used for the storey plate. The same element with a
thickness of 0.7 m was also used for the foundation slab. Subsoil was considered as
elastic half-space and modeled using SOLID186 elements. Elements CONTA174 and
TARGE170 were used to modeling the interaction of subsoil and foundation slab.

Material for each part of the structure is considered as linear elastic material with
properties shown in the Tbl.1.

Table 21 Linear elastic materials properties

Young’'s modulus | Poisson ratio v Density

E (MPa) (kg/m®)
Slab 30000 0,18 2300
Subsoll 80 0,3 2000
Frame 30000 0,18 2300

Img. 2 shows the space structure and its mesh. Regular square grid was chosen
for better and faster solutions convergence. Element edge length 0.8 m was set for the
foundation plate, to ensure better interconnection with beam elements and regular square
grid.

noe 1 L L 2]
R 7
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Image 2 — Space structure mesh

Each floor was loaded with the value of 20 kN/m?. Slab was anchored at one point
to avoid displacement in the X-axis and Y-axis. Subsoil was fixed around perimeter and at
the bottom avoiding all displacements. The calculation takes into account the construction
and subsoil self-weight. Gravitational acceleration was set up to the value 9.81 m/s®.
Cave-in was modeled as a displacement 2 m of square against Z-axis direction.

2.3 Analysis and results

Cave in can occur at any place under the foundation slab. This case study is
focused on cave in simulated with square surface with dimensions 3.2 m x 3.2 m in
places, where columns of construction are associated with base plate. Maximum slab
penetration/unstick and maximum tension in the slab layers (top, middle, bottom) was
examined for each location under a column. The results are summarized in Tab. 2 and
shown in the graph on Img. 3 and Img. 4

Table 2 Results for each case of cave in

Max. Max. Max. Max. Max.

Susg?rt penetration | unstick sttrgzss r?ir;oflz bs(t)rtf(f;
[mm] [mm] [MPa] | [MPa] | [MPa]
1 27,28 1,71| 8,9982| 4,8432| 9,0197
2 18,53 5,93110,0550( 5,0627 (10,1330
3 16,93 1,64 9,0503| 4,9041| 9,0706
4 18,75 5,92110,0920( 5,1473(10,1710
5 28,66 1,70( 9,4429| 4,8593| 9,4657
6 21,36 6,09]11,2590( 5,3082 (11,3660
7 16,30 8,44115,3290( 5,1949 (15,3970
8 15,30 3,65|14,3940( 5,2580 ( 14,4480
9 16,26 8,43]15,3180( 5,1233( 15,3860
10 22,00 5,76]111,3340( 5,2455(11,4420
11 28,46 1,61 9,3154| 4,8580| 9,3398
12 19,62 5,64]10,2170( 5,1966 | 10,2970
13 17,72 1,42| 9,1850| 5,0524| 9,2062
14 19,17 5,63]10,2080( 5,1996 | 10,2880
15 31,56 1,30 9,9581| 5,3520| 9,9871

From graphs, it can be seen, that on slab can be considered with symmetry and
also that anchor on one slab point has little influence on results.
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Image 3 — Maximum slab penetration and unnstick

Stress in slab layers [MPa]
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Image 4 — Maximum stress in slab layers

2.4 Design optimization

10.00 /v\v = / \v /-\v > Gl

11 12 13 14 15

Max. napatie spodok

The worst case from analysis was chosen for the optimization. When looking at graph of
stress Img. 4 it can be seen, that the greatest tension on the bottom slab layer is, when
cave in occurs under a column number 7 and 9. Column number 7 was chosen to
optimization. On Img. 5 are shown the places, at which occur the maximum penetration

(on the left) and maximum stress (on the right).
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L. | L.

Image 5 — Maximum penetration (left) and maximum stress (right) in slab

Foundation slab thickness was optimized. The conditions were minimize slab volume and
do not exceed the maximum tension stress. When considering a thickness of 0.7 m then
critical damage occurs. Ideal slab thickness 2.46 m for critical case of cave-in was found
by optimization analysis. At this value, the stress on the lower layer is close to 2.2 MPa.

3 Conclusion

The aim of the study was to investigate the effects of cave in under different structure
columns and for the worst case optimize the thickness of the foundation slab with
condition for maximum tension stress of concrete. In designed slab thickness, the
concrete failure would occur in any case of cave-in and would be the most critical in case
of No. 7 and No. 9. Slab thickness 2.46 m was determined by optimization and satisfy all
conditions. In this case, the slab reinforcement was not taken into account and it was
considered only with pure concrete slab. The question is, whether it is better/cheaper to
use more concrete or use reinforcement. Also could be considered with solid finite
elements for foundation slab because thickness 2.46 m is for shell element very large.

References

ARORA, J. , 2007 Optimization of Structural and Mechanical Systems, World Scientific
Pub. Co. Inc, 595 s. ISBN 9812569626

KIKUCHI, N. — ODEN, J. T., 1995 Contact Problems in Elasticit. Philadelphia : SIAM, 495
s. ISBN: 0898714680

CHRISTENSEN, P. W. — Klarbring, A., 2009, An Introduction to Structural Optimization.
Springer, 214 s. ISBN 978-1-4020-8666-3

JENDZELOVSKY, N., 2009, Modelovanie zékladovych konstrukcii v MKP. Bratislava, 94
s. ISBN 978-80-227-3025-9

ANSYS Help, Theory Reference for the Mechanical APDL and Mechanical Applications
(ANSYS manual)

Acknowledgement
This paper was supported by Grant Agency VEGA, projects No. 01/0629/12.

Contact aeress:

Ing. Martin Stiglic

Slovenska technicka univerzita v Bratislave, Stavebna fakulta, KSME, Radlinského 11, 813 68
Bratislava

http://aum.svsfem.cz
138



22nd SVSFEM ANSYS Users' Group Meeting and Conference 2014 SVSFEM s.r.o

OPTIMALIZACIA DOSKY NA PRUZNOM PODLO Zi

KATARINA TVRDA
Slovak University of Technology Bratislava, Department of Structural Mechanics

Abstract: This paper deals with an problem on thickness of a plate using the first
order method, while maintaining different restrictive conditions. The optimization analysis
is based on a reduction of the thickness in the individual points. The aim is to obtain a
minimum volume of the plate. Finally some results of optimal design are presented.

Keywords : static analysis, optimization, finete element method, plate, Winkler foundation

1 Uvod

Vyznam optimalizacie niektorych parametrov konstrukcii sa v celosvetovom
meradle neustale zvySuje. Zaoberaju sa nou popredné univerzity vo svete hlavne pri
rieSeni konkrétnych dloh pre prax najma v odvetvi letectva, lodnej vystavby ako
automobilovy priemysel. Vyznam optimalizacie tuhosti konStrukcie rastie aj stavebnictve.
Najvacsi vyznam nadobuda optimalizacia konstrukcii uloZzenych na podlozi. Hrubka dosky
na Winklerovom podlozi sa zmenSuje aZz po minimélnu predpisanu hrabku v zavislosti od
cielovej funkciea optimalizaCnych parametrov, ktoré sa stanovia v optimalizacnej analyze.
Pri vypocte mbéZzeme vyuzit celd radu komerénych softwarovych balikov, ak mame k nim
pristup, alebo si tim odbornikov vypracuje vliastny balik programov.

RieSenie kazdej hornej stavby je nutné uvaZovat vzdy v kontakte s podlozim.
RieSenim tychto konstrukcii sa venuje pomerne vela autorov. Z nich spomeniem najma
JendZelovsky (2009), Mistrikova (2007), FrydrySek (2006), Jan¢o (2013), Kollar (2000),
Eisenberger, Yankelevsky a dalsi. PodloZie predstavuje neohrani¢enu oblast, v kontakte
s konstrukciou vSak uvaZzujeme urcitl ohrani¢enud Cast. Dodnes najrozSirenejSim a najviac
pouzivanym je jednoparametricky Winklerov model podloZia. Pasternakov a Vlasovov
model patria medzi dvojparametrické modely podlozia, ktoré zavadzaju aj vplyv okolia
zékladu pomocou Smykovych sil. Patria sem aj modely Filonenko-Boroditsch, Hetényi a
dalsi. Potom pristapili modely zaloZené na teérii pruzného polpriestoru. Najznamejsi je
Boussinesque vztah pre deforméciu pruzného polpriestoru. Dnes sa najviac pouziva pri
rieSeni uloh MKP.

2 Optimaliza ény proces

V optimalizatnom procese vo vSeobecnosti vystupuju tri typy parametrov, ktoré
charakterizuju navrhovy proces: navrhové premenné, stavové premenné a cielova
funkcia. Nezavislymi parametrami v optimalizanej analyze sU navrhové premenné.
Vektor ndvrhovych premennych mozno zapisat v tvare:

x ={x, X, X5---X, } 1)

Navrhové premenné musia vyhovovat n obmedzeniam s hornou a dolnhou
hranicou, ktoré su:

X, < X, <X, (i=1,2,3,..,n), (2
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kde n je po€et ndvrhovych parametrov, premennych.

Obmedzenia (hranice) navrhovych premennych su &asto nazyvané hrani¢nymi
podmienkami a definuju tzv. pripustny priestor. Optimalizaéna Glohu mozno formulovat
takto:

Minimalizujme

f=f(x) 3)

s podmienkami

of (X) < ﬁi (i=2123---,m) (4)

h <h(x) (i=123-,m,) (5)

W< w(x)<w (i=123,--,m,) (6)
kde

f je ciefova (Ucelova) funkcia,

g, hi, w; sU stavové premenné, predstavujice dolné a horné hranice,

my+ my+ ms je pocet stavovych premennych sréznymi hornymi a dolnymi

limitnymi hodnotami.

Rovnice (3) az (6) predstavuju optimalizaény problém s obmedzeniami, ktorého
cielom je minimalizovat cielovu funkciu f pod obmedzeniami predpisanymi rovnicami (2),

(4), (®) a (6).

a. Aproxima €éna metéda

Tato metdédu mozno charakterizovat ako zdokonalent optimalizacni metédu
nultého radu, ktora vyZaduje iba velkosti zavislych premennych (u¢elova - ciefova funkcia
a stavové parametre) anie ich derivacie. Zavislé premenné sU najprv aproximované
metoddou najmensich Stvorcov a problém minimalizacie s obmedzeniami sa konvertuje do
podoby neviazaného problému pouZzitim penalizaénych funkcii. Ich minimalizacia potom
prebieha iteracnym postupom, pokial nie je dosiahnuta konvergencia alebo je
signalizované ukoncenie. Pri tejto metdéde kazda iteracia je ekvivalentnd jednému
kompletnému cyklu analyzy.

Aproximacie funkcie

Prvy krok v minimalizatnom probléme s obmedzeniami vyjadrenymi rovnicami (3)
az (6) spociva v aproximacii kazdej zavislej premennej, oznacenej symbolom ~. Pre
cielova funkciu, a podobne aj pre stavové parametre, plati

f(x)=f(X)+A, (7)
g(x)=g(x)+A4, (8)
h (x) =h(x)+A4, 9)
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W(X) =w(X) +A, (10)

kde: A je chyba.

KomplexnejSou formou aproximacie je Uplna kvadraticka reprezentacia
s diagonalnymi ¢lenmi, napr.:

1?:a0+zn“a1xi +Zn:zn:bij X, X, (11)
i i j

V programe ANSYS sa aktualna hodnota kaZzdej premennej v prislusnej iter4cii
vytvara pomocou programu, pricom uzivatel ma k dispozicii urcité kontroly. Na urCenie
koeficientov & a bj; v rovnici (11) je pouzith metéda nahradnych Stvorcov. Druha mocnina
chyby cielovej funkcie ma tvar

Ny . .
E? = (D(j)(f (N — f (1) )2 (12)
kde:
@Y je vaha prislichajica navrhovej mnoZine j
Ny je aktuélny pocet navrhovych mnozin.

b. Optimaliza éna metdda prvého radu

Tato optimalizatna metdéda vyuZiva druhotné (sekundarne) informacie.
Podmieneny problém je transformovany do nepodmieneného problému cez penalizacné
funkcie. Vytvaraju sa aj derivacie cielovej funkcie a penalizaénych funkcii stavovych
parametrov, potrebné na najdenie smeru v navrhovom priestore. V kazdom iteranom
kroku sa hladaju zostupné smery hladania cielovej funkcie dovtedy, kym nie je
dosiahnuta konvergencia. Kazda iteracia je zloZzené z poditeracii, ktoré obsahuju hfadanie
smeru a gradientu hfadanych funkcii. Inymi slovami, kazda iteracia optimalizacnej metody
obsahuje niekoflko iteracnych cyklov. V porovhani s podproblémovou aproximaénou
metddou tato metdda je Casto vypoctovo naroCnd, ale presnejsia.

Nepodmienené cie lPové funkcie

Nepodmienend verzia problému je formulovana nasledovne:

f n m m, My

Q(x,q) =f—+ZPx(Xi) +q (Z P,(g))+ 2 R.(h) +ZPW(Wi)] (13)
0 i=1 i=1 i=1 i=1

kde:

Q je bezrozmerna, nepodmienena ciefova funkcia,

P, Pn, Pg, Pw su penalizané funkcie aplikované na viazany podmieneny navrh a stavove

premenné,
fo je referenénd hodnota cielove] funkcie, ktord je vybratd z aktudlnej

navrhovej mnoziny.
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Pri navrhovych parametroch sa pouZivaju externé penalizatné funkcie (Py). Na
obmedzenia stavovych parametrov su pouzité penalizacné funkcie (Py, Py, Py), napr. pre
obmedzenia stavovych parametrov s hornou hranicou, penaliza¢na funkcia ma tvar:

g 24
P (g)= i 14
RS ¥
kde:
A je velké celé dislo, takZze funkcia bude velmi velkd, ak je prekroCené

obmedzenie a velmi mald, ak nie je prekro€ena obmedzujuca podmienka.

3 Optimalizacia hrabky dosky v jednotlivych bodoch

V tejto Casti je uvedeny priklad optimalizacie dosky vyuZitim metédy prvého radu
(kap.2), vyuzitim softwéru ANSYS, ktora okrem neznamej funkcie vyuZiva ja jej prva
derivaciu na rozdiel od aproximacnej metddy alebo nultého radu (kap.2).

Ide o z&kladovu dosku objektu, ktory m& 7 nadzemnych ajedno podzemné
podlazie. Doska je vyrobena z betdnu triedy C25/30 a je uloZzena na stredne uleZzanych
Strkoch a pieskoch. Materidlové charakteristiky boli uvazované nasledovne: E, = 31 e°
kPa, v = 0.2 a modul pruznosti podloZia ¢ = 7 e* kN/m°.
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1
VOLUMES

H4

Optimalizacia hrubky na zakladovej doske

Obrazok 1 Vytvorenie statického modelu — definovanie objemov

Z&kladova konstrukcia moéZze byt modelovana z r6znych prvkov, ktoré ponuka
kniznica programu Ansys. Tak isto je mozné uvaZovat rézne prvky, ktorymi je mozné
modelovat kontakt s podlozim. BliZSie v pracach Hrustinec (2003), JendZelovsky (2009),
Prekop (2012).
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Obrazok 2 Modelovanie prvkov a definovanie zataZenia

NODAL SOLUTION
STEP=1
SUB =1

ME=1
Uz (AVG)
5=0

SMY =.006445
SIX =—.601E-03

—.006445 005796 —.005146
Optimalizacia hrubky na iaklaégvej doske

™

—.004497

—.003848

Uz = 0,0006 m

—.002549
—.003198 —-.0019

—.001251

—.601E-03

Obrazok 3 Zvislé posuny v smere z
* Modelovanie podlozia je mozné robit aj pomocou polpriestoru, priradi sa mu modul
pruznosti zeminy a vytvoria sa pevné prepojenia (couplingy), teda na doske

a podloZi sa v bodoch pod sebou priradia rovnaké zvislé deformécie uz.
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* Iny spdsob modelovania podloZia je pomocou kontaktnych prvkov CONTA 173

a TARGE 170.

* Shell63 — prvok ma priamo zabudované zadavanie podloZia.
* Pomocou prvkov LINK11, ktorym sa priradia vlastnosti pruziny k.

« |né.

Vtomto pripade, pri modelovani zakladovej konStrukcie boli pouZzité prvky
SOLID185 pre modelovanie dosky apre modelovanie podlozia prvky SURF154
s tuhostou podloZia. Prvok SOLID185 sa vyberal kvéli optimalizanej procedure (vyhodny
pre optimalizaciu objemu). Optimalizicia zakladove] dosky je prevedend na statickom

modeli uvedenom na Obrazok 1.

NODAL SOLUTION
STEP=1

SUB =1

TIME=1

SEQV (AVG)
DMX =.006512
SMN =697.93
SMX =28209.9

Oeq. = 28209 kPa

AN

JUL 8 2013
20:45:49

PLOT NO.

69793 . 6811.71 12975:5
. . . 3754.82 . 9868.6
Optimalizacia hrubky na zakladove]j doske

15982.4 1905953 22096.2 20153 28209.9

1

Obrazok 4 Priebeh Von Misesove napétia

Optimalizacia je rieSend programom Ansys, minimalizoval sa objem zakladovej

konstrukcie a to v jednotlivych hrabkach ako je to dané na Obrazok 1 a to v poziciach H.

Hrabka dosky v jednotlivych bodoch oznadenych pismenom H sa menila od 0.5 m

do 1.5 m, pricom napr. v bodoch oznagenych H4 bola rovnaka hrabka. Ako obmedzujuce
parametre bolo nastavené von Misesove napdtie stanovené na 25 MPa.

Pre optimalizaciu sa pouZila metéda prvého rada (First order method), ktora

pouziva pri vypocte aj prva derivaciu funkcie. Pocet cyklov bol stanoveny na 16. Po
optimalizacnej procedure, ktora vyuziva aj statickl analyzu bol vybraty optimalizacny
navrh 16.
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VOLUMES AN
TY2E N H4=0.5

H101=0.813

1201

H105=0.674

1205

H109=0.71

H104=0.78

H108=0.682

H112=0.934

H4

H4=0.5

Optimalizacia hrubky na zakladovej doske

Obrazok 5 Vysledny navrh hrabok v desiatich optimalizovanych bodoch — navrh 1

Tabulka 1 Tabulka vyslednych hrabok

parameter oznac€enie | Navrh 1/set 16 Navrh 2/set 19
STRS — napétie /kPa/ SV 24755 24939
DEFL — priehyb /m/ SV 7.866 e° 7.723 "

H1- hrabka /m/ DV 0.530 0.500
H2 DV 0.500 0.509

H3 DV 0.532 0.500

H4 DV 0.500 0.500

H6 DV 0.500 0.723

H7 DV 0.500 0.675

H8 DV 0.500 0.712

H9 DV 0.500 0.774

H101 DV 0.814 0.866

H104 DV 0.780 0.814

H105 DV 0.674 0.578

H108 DV 0.682 0.682

H109 DV 0.709 v633

H112 DV 0.934 0.907
TVOL -objem OBJ 303.03 306.22

Vysledny navrh hribok je zobrazeny na Obrazok 4 a je spracovany aj v Tabulke 1.
T4 istd doska bola optimalizovand na max. von Misesovo napétie 25 MPa, ale oproti
optimaliza¢nej analyze na Obrazok 4 pribudli dalSie 4 hribky v mieste mimo zatazenia
a vypocet prebehol pre 14 optimalizacnych hrabok (Obrazok 6).

NajlepSie bolo vytvorené rieSenie v 19 iteracnom kroku. Vysledky su spracované v
Tabulka 1 a na Obrazku 6.
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VOLUMES AN D Lt
e H4=0.5

H6=0.723
1006

H101=0.866

1201

H105=0.578

1205

H109=0.633

H9=0.774

H104=0.814

H108=0.682

H112=0.907

H4=0.5

Optimalizacia hrubky na zakladove]j doske

Obrazok 6 Vysledny navrh hribok v Strnastich optimalizovanych bodoch — navrh 2

Hrabka dosky 950 mm
Plny prierez

Hrdbka dosky 950 mm
Vylah&eny prierez COBIAX

'

Obrazok 7 Vysledny navrh hribky dosky navrhnuty projektantom
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Cobiax teleso & 45 cm

500

. P30

o —oon

|- I
1 2580 !

U
= o —
e}

Obrazok 8 Rez zakladovou doskou navrhnutou projektantom

Hrabka dosky je 950 mm pozostava z dvoch vrstiev (Obrdzok 7). Prva vrstva hr.
350 mm je vybetonovana skor. Na tdto sa polozia gule Cobiax priemeru ¢ = 450 mm, ¢im
sa vytvori druha vrstva hribky 600 mm. V oblasti blizko stlpov je doska plna (Obrazok 8).

4  Zaver

Zaverom mbézeme povedat, Ze ku kazdej optimalizacnej analyze treba pristupovat
citlivo a zhodnotit kazdu konstrukciu pred samotnou optimalizaciou. Niekedy nie je mozné
zapocitat' aj vlastnu tiaz konStrukcie, pretoZze vypocet diverguje vzhladom k zniZovaniu
hribky v jednotlivych bodoch. Pri optimalizacii hrubky dosky na zéklade objemu, ako
obmedzujicu podmienku mézeme dat okrem napétia napr. aj priehyb, a pod. Takymito
postupmi je mozné ziskat’ konkrétne navrhy konstrukcii.
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EXPERIMENTS WITH the influence of a Magnetic Field on the Speed of Temperature
Change

ELISKA VLACHOVA-HUTOVA, KAREL BARTUSEK, PAVEL FIALA

Department of Theoretical and Experimental Electrical Engineering,
Brno University of Technology, Czech Republic

Abstract: The paper presents the micro/nanoscopic model of a material inserted in a
magnetic field. The model accepts the time component of an electromagnetic field from
the perspective of the relative motion of systems. The relatively moving systems were
derived and tested , Fiala P., 2011, and the influence of the motion on the superposed
electromagnetic field was proved to exist already at relative motion speeds in the order of
units of ms™. In micro- and nanoscopic objects such as biological tissues, the effect of an
external magnetic field on the growth and behaviour of the biological system needs to be
evaluated. We designed the model based on a description using Maxwell's equations of
the electromagnetic field, and we also extended the monitored quantities to include the
various flux densities; moreover, the time flux density 7(t) was monitored as a quantity.
This quantity was then experimentally examined on the physical problem of the speed of
heating a defined volume of a homogeneous material in relation to the magnitude and
type of the surrounding magnetic field. Experiments were conducted with growth
properties of simple biological samples in pre-set external magnetic fields

Keywords : Tissue, external magnetic field, time flux density
1 Introduction

When the temperature in animal cells and organisms containing water drops below 0+C,
the water will freeze, resulting in the death of the living structures. Experiments performed
on living organisms show that a magnetic field reduces the effects of hypothermia
affecting the cells of these living organisms and decreases the mortality in the cells. This
fact is caused by a large number of influences, which include the effect of an external
magnetic field, its form, and distribution over the space in which the microscopically
conceived system is located. Due to the effect of the external magnetic field, the
hypothetical particles of the model of the system (a homogeneous material, a
heterogeneous structure — biological units — a cell,...) change their dynamics, thus
changing the entire microscopically interpreted system.

This paper analyzes the influence of a magnetic field on inanimate objects. Using physical
parameters, we created a mathematical model which describes the rate of temperature
change in the defined material sample. Experimental measurement of the temperature
change of a copper sensor in a stationary homogeneous and gradient magnetic field was
performed. Up to 10 times, the sample was cooled down to the nitrogen boiling point (-
195:80+C to 77.35 K); at the pre-selected time, the sample was then removed and placed
in an area where it was heated to the temperature of -20£C. Using the measuring centre
and 4 temperature sensors (2 sensors measuring the temperature of the sample and 2
others for the measurement of the ambient temperature), we recorded the temperature
change in the sample and the time required to heat it. This experiment was repeated in
the presence of two magnetic fields. The results of the experiment were consistent with
the mathematical model and contribute to the description of physical processes during the
cooling of the biological tissues.
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2 MODEL: the electromagnetic field and particles

For a model with distributed parameters of the electromagnetic field, it is possible
to use partial differential equations based on the theory of the electromagnetic field to
formulate a coupled model with concentrated parameters (in our case, particles). The
model scale at the level of nanometers was also determined using the partial differential
equations. The forces acting on a moving electric charge in the electromagnetic field can
be expressed by means of the formula

fo :p(E+V><B) in Q, 1)

where B is the magnetic flux density vector in the space of a moving electrically
charged patrticle with the volume density p, v is the mean velocity of the particle, v=ds/dt,
s is the position vector from the beginning of the coordinate system o, t is the time, E is
the electric intensity vector, and Q is the definition region of the independent variables and
functions. Then the specific force acting on the moving electrically charged particles with
the charge ge, number N, and — in the monitored area — volume V is

Q
jfidv =(E+vxB) in Q. 2)
0 qe
For the quantum mechanical model described by the concentrated parameters,
this force will initiate a change of the charged particle energy W, thus causing a change

of particle oscillation frequency «w The process can be written in the form

Jw
A = AW, , 3
“o owg e (3

where «y is the oscillation frequency of the electrically charged particle, Awy is the
change of the particle oscillation frequency, AW, is the change of the energy of the
electrically charged particle. The change of the oscillation frequency of the electrically
charged particle can be directed upwards in the damping of the electric charge movement
or downwards during its acceleration. The dependence of an electrically charged particle
frequency on the steady-state values of the electromagnetic field can be expressed as

|qe (E+VXB)|
MeS

: (4)

where s is the characteristic mean distance of the oscillation of a particle with the
electric charge g. which moves at a steady-state velocity v, m, is the mass of an
electrically charged particle in the magnetic field with magnetic flux density B. The
numerical model in Q is based on the formulation of the electromagnetic field equations
for the quantities of the intensities and inductions

rotE=—%—?+rot(va). rotH=J +%—?+rot(v><D) (5)
divB =0, divD = p, (6)

where H is the magnetic field intensity vector, J the current density vector, and D the
electric flux density vector. Respecting the continuity equation

. _ 0p :
div ‘]T = _E where J,=J +pv +jcau,, (7)

where j is the symbol of the imaginary component of the quantity complex shape
and c is the velocity of light module in the vacuum, the above-written formulas (5) will
assume the form
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rotE=—%—?+rot(v><B)—Tl/rot(pv +jcou, +J ),
rotH:yE+pv+y(VXB)+jcput+%—|t3+rot6/><D)- (8)

Here, yis the conductivity of the environment from the macroscopic point of view.
After connecting the macroscopic concept of the EMHD model with the microscopic
approach, the coupling with the moving particle and its dynamics will manifest itself in the
current flux J+ from the expression (7):

y medv
Jp =JE +pv+jopu +— +v +kfvdt |, (9)
e dt t
where m, is the quantity of the model with concentrated parameters — the particle mass
which is given by the formula
1

2

m, =m, [l—zz] ) (10)

where | is the damping coefficient, and k is the coefficient of stiffness of the ambient
environment. The material relations for the macroscopic part of the model are represented
by the expressions

B=iy#H , D=£y,E | (11)
where the indexes of the quantities of the permeabilities and permittivities r denote the
gquantity of the relative value and the 0 value of the quantity for the vacuum. The linkage
between the macroscopic and the microscopic (dynamics of particles in the
electromagnetic field) parts of the model is described by the relations of force action on
the individual electrically charged particles in the electromagnetic field, and the effect is
respected of the movement of the electrically charged particles on the surrounding
electromagnetic field from (8).

d
roth—a—B+rot(v><B)—1ro{pv +jcou, +J +y[me Y +1v+k|v dtn
ot 1% q dt t

e

d
rotH:yE+,ov+y(v><B)+y(me L iveklv dt]+jc,wt+%—?+rot6/ D ). (12)
t

e dt

The coupling of both models is formulated using equation(9) and the formula

m_dv
q (E+v><B)+q—e[pv +jcmt—@J:L+lv +k|vdt. (13)
€ y ot dt t
The effect of the behaviour of the macroscopic model describing the mass with the
guantum mechanical model of elements of the system can be observed using the fluxes of
gquantities. The known quantities are magnetic flux ¢ current flux I, and electric flux having
the magnitude q:

g=[[BMES . I1=[[3mds . g=[[DW@S. (14)

where S is the vector of the oriented boundary (in a 3D model of the plane), and I is the
boundary of the area Q , in which the flux is evaluated. If there is a moving element of the
system in the model with a scale difference expressed in orders, it is easier to describe
the state and effect of the superposed electromagnetic field by expressing the time flux
density 7. The time flux can be different or inhomogeneous in parts of the area Q. It is then
possible to write
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t:H 7S - (15)

After expanding the expression with the time flux density for the Cartesian coordinate
system o, X, Y, z, we have

tzjrjg—; 1 Haxxdy), (16)

v, (t)

where v(t) is the instantaneous velocity vector, v(t) is the module of the instantaneous
velocity vector, and dx, dy, dz are the vectors of differences in the coordinate system.
Then the time flux density in the direction of the z-axis is
r=—1 _u, (17)
v, (t)dz

where u, is the base vector of the applicable coordinate system. To respect the other
directions, we can write
1 1 1

= 1 u., 18
vx(t)dxuervy (t)dydervz(t)dz‘JZ (18)

where u, , uy are the base vectors of the coordinate system. Time density depends on the
instantaneous velocity of the particle motion in the quantum mechanical model and on the
element of length. If there occur regions with different instantaneous velocities at
elementary sections within the area Q of the system described by the quantum
mechanical model (atoms, molecules etc.), then the space is characterized by an uneven
time flux density according to the expression (18). The relation between the time flux
density 7 and the quantities of the electromagnetic field of the model of the system (12) is
evident. The impact of a specific force on the moving electric charge ge can be defined
according to the above-shown formulas (1) and (13). To evaluate the effect of the
properties of the distribution of the magnetic field having a magnetic flux density B and to
assess the influence of the electric charge g. moving at the instantaneous velocity v in this
field, the expressions (1), (2) for the area Q can be formulated as
E=q,(vxB) in Q. (29)

Then, for the motion of the electrically charged particle along the element of the closed
curve d/ (according to the microscopic interpretation), it is possible to rewrite the above
formula (19) as

Ed¢=q,(vd¢xB) in Q, and after modification from the formulas (17), (18) we have

que =(r*xB) in Q. (20)

If an electrically charged particle moves in the magnetic field having a magnetic flux
density B, and if the dimensions of the area Q are multiply larger than the electrically
charged particle or groups of particles, it is necessary to consider the questions of how the
motion of the particle is influenced and what the observable oscillation changes are,
namely the time flux density changes in parts of the area Q. According to formula (3),
respecting the conservation of the external energies (heat; motion), it is possible to say
that the properties of the charged particles depend on the characteristics of the external
magnetic field. There are three basic variants of the state of the macroscopically
interpreted distribution of the external magnetic field having a magnetic flux density B:

1. The external magnetic field exhibits low values of magnetic flux density B, and its
distribution is homogeneous on the microscopic scale. We then have B=min, 4B, /ox =0,

0B, /dy =0,0B,/0z =0 or, in at least one direction of the coordinate system and respecting
the curl character of the field, formula (6).
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2. The external magnetic field exhibits higher values of magnetic flux density B, and
its distribution is homogeneous on the microscopic scale. Then we have B=max,
0B,/0x =0, 0B, /dy =0,0B,/0z =0 or, in at least one direction of the coordinate system

and respecting the curl character of the field, formula (6).
3. The external magnetic field in inhomogeneous on the macroscopic scale. Then we
have dB, /ox # 0, 0B, /dy #0,0B,/dz #0 and, respecting the curl character of the field, (6).

3 Numerical model analysis

We performed a simple analysis of FeNdB permanent magnet blocks having the
dimensions of 15x10x40 mm, surface magnetic flux density of B,=1.2 T, and intensity of
H.,=850 kA/m. The analysis was carried out with the ANSYS FEM tool and solved as a
stationary electromagnetic task.

Fig. 1 shows a configuration with the minimum and, in a certain part, homogeneous
magnetic field. The setup for an inhomogeneous magnetic field with a high gradient
distribution is presented in Fig. 2.

P B
)

AT

= -2

Fig. 1. Permanent magnet configuration: a weakly homogeneous field.
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Fig. 2. Permanent magnet configuration: a strong magnetic
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A similar analysis related to a different type of FeNdB permanent magnet blocks having
the dimensions of 24x5x25 mm, surface magnetic flux density of B,=1.02 T, and intensity
of H,,=720 kA/m is shown in Fig.3, Fig. 4 and Fig.5.

X
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Fig. 3. Permanent magnet configuration: a weakly homogeneous field. The parameters are as
follows: surface magnetic flux density B,=1.02 T, and intensity H.,=720 kA/m; distribution of
magnetic flux density B[T].
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Fig. 4. Permanent magnet configuration: a weakly homogeneous field. The parameters are as

follows: surface magnetic flux density B,=1.02 T, and intensity H,,=720 kA/m; distribution of vector
magnetic flux density B[T].

During the experiment, an element evaluating the observed macroscopic behaviour of
mass was inserted in the red-marked areas.

4  Expriments

The verification of the difference in the properties of the microscopic model of mass under
the pre-defined condition of the external magnetic field was performed using a copper
element having the dimensions of 10x10x10 mm. We used FeNdB permanent magnet
blocks with the following parameters: dimensions of 15x10x40 mm; surface magnetic flux
density of B,=1.2 T; and intensity of H.,=850 kA/m.
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Fig. 5. Permanent magnet configuration: a magnetic field with a high gradient. The parameters
are as follows: surface magnetic flux density B,=1.02 T, and intensity H.,=720 kA/m; distribution of
vector magnetic flux density B[T].
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Fig. 6. Permanent magnet configuration: a strong magnetic field with a high gradient. The
parameters are as follows: surface magnetic flux density B,=1.02 T, and intensity H,,=720 kA/m;
distribution of vector magnetic flux density B[T].

The copper element was cooled down to -193°C and then heated at the ambient
temperature of 20°C. The heating period was measured repeatedly, starting from -180°C
and proceeding to -20°C. These limits had been chosen with respect to suppressing the
systematic measurement error in the experiment; the actual experiment is shown in Fig. 7.
The aim of the experiment was to compare three different settings of the external
magnetic field according to the section 2 above and to indicate their impact on the speed
of heating. If, in any of the cases, under repeated measurement in the given space there
occurs a decrease of the statistically significant deviation of the heating period with
respect to the reference measurement, it is possible to assume according to formula (16)
that a lower time density was reached in the sample than in the reference measurement.
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Conversely, with a significantly longer heating time there occurs an increase of the time
density in the measured sample as compared to the reference measurement.

Fig. 7. Configuration of the permanent magnets during the experiment

5 Comparison of the analysis

It follows from the conducted experiments that, in a strong magnetic field with a high
gradient character of the magnetic flux density B , dB/dx1200 Tm™ is the lowest density of
the time flux 7 (setting 3, section 2). A higher value of the time flux density 7 can be found
in a magnetic homogeneous field with a low magnetic flux density B, BO2uT (setting 1,
section 2), and the highest value is detected in a homogeneous magnetic field with the
magnitude of the Earth’s field -BO50uT. (setting 2, section 2) .

6 Conclusion

A model of the macroscopic setting of a magnetic field was formulated, and the time flux
density rwas observed within the microscopic concept of the quantum mechanical model
of mass. Time flux density is a quantity introduced to monitor the influence of an external
magnetic field on the behaviour of elements of mass or their groups at the level of atoms.
The experiment showed a simple task of evaluating the behaviour of anorganic mass
during changes in the energy of the sample. The aim of the research was to prepare the
already built-up model for use in classifying the behaviour of simple biological materials in
an externally defined magnetic field.

Tab. 1: Data of the comparison of the different settings

Homogeneous field Gradient field No external field

Measurment : Measurment . Measurment :

o min S no. min S no. min S
10 0:06:20 380 10 0:06:15 [375 10 0:06:30 | 390
9 0:06:11390 9 0:05:21[321 9 0:06:16 376
8 0:06:12[390 8 0:05:02 1302 8 0:06:13 (373
7 0:06:10 376 7 0:05:10310 7 0:06:11 [ 371
6 0:06:21 (373 6 0:05:15(315 6 0:06:06 | 366
5 0:06:18 371 5 0:05:07 307 5 0:05:54 | 354
4 0:06:12 |366 4 0:04:47 (287 4 0:05:50 | 350
3 0:06:14 [354 3 0:04:431283 3 0:06:25 | 385
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2 0:06:24 1350 2 0:04:02 242 2 0:06:25 | 385

1 0:06:16 385 1 0:03:44 (224 1 0:06:16 | 376
Average: 0:06:16 (373,5 Average: 0:04:57[296,6 Average: 0:06:13 | 372,6
Median: 0:06:15 [374,5 Median: 0:05:02(304,5 Median: 0:06:13 |374,5
Standard 5,25E- |13,1167| [Standard 4,22E- [39,9078 Standard 1,31E- 12,3951
deviation: 05 8 deviation: 04 9 deviation: 04 6
Maximum: 0:06:24 [390 Maximum: 0:06:15 375 Maximum: 0:06:30 {390
Minimum: 0:06:10 350 Minimum: 0:03:44 224 Minimum: 0:05:50 {350
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MODELOVANIE VY LAHCENYCH DOSIEK V PROGRAME ANSYS
NORBERT JENDZELOVSKY, KRISTINA VRABLOVA

Stavebnd fakulta STU, Katedra stavebnej mechaniky, Radlinského 11, 813 68 Bratislava
Slovenska republika

Abstract: This article deals with modeling of biaxial voided flat slabs in ANSYS softwere.
Slab have been voided by plastic hollow spheres. Slabs have been modeled by 3D
elements SOLID 187. Bending moments and z-direction displacements of biaxial voided
slab and solid slab have been compared.

Keywords : biaxial voided slab, sphere voiders, FEM modeling, ANSYS

1 Uvod

Stropné konstrukcie sU neoddelitelnou sucastou nosnych konStrukcii budov.
V sucasnej dobe poZiadavky na velkosti ich rozpétia narastaju a s nimi aj potreba novych
a nekonvenénych rieSeni. Vyznamnu zloZku zatazenia konStrukcii tvori vlastna tiaz
a preto masivne Zelezobeténové dosky pri potrebe velkych rozpati nahradzaju prave
vylah€ené dosky. Vylahcenie stropnych konstrukcii ma pozitivny vplyv nielen na samotnu
konStrukciu stropu, ale aj na cell stavbu, pretoZe zniZuje jej hmotnost, zniZuje aj néklady
na konstrukciu zvislych nosnych konstrukcii a zakladovych konstrukcii.

2 Sue€asné typy vy lahéenych dosiek

Moderna doba priniesla rieSenie obojsmerne vylahCenych stropnych dosiek, kde je
vylah€enie realizované plastovymi prvkami réznych tvarov. Medzi hlavné vyhody
vylah€enych dosiek patri:

» Pri priblizne rovnakej tuhosti dosky jej hmotnost' nizSia o 30%.
«  20% Uspora betonu pri nosnych prvkoch (stipy, zaklady...)

* ZniZenie objemu, alebo Uplne vyli€enie pouZitia prievliakov.

* UmozZnenie vacSich rozpéti.

* MenSie priehyby.

» MenSie zotrvacné sily pri seizmickej analyze.

V tomto ¢lanku sa venujeme doskdm obojstranne vylah&enymi plastovymi gufami,
systém Bubbledeck a Cobiax. Medzi systémy, ktoré umozfiuju vylah&enia aj inymi tvarmi
plastovych prvkov, patria systémy BeePlate alebo U-Boot.

BubbleDeck

Tato technolégia bola vyndjdend vroku 1990 Jorgenom Breuningom. Duté
plastové gule, resp. elipsoidy, su uloZzené medzi spodnu a hornu vystuz dosky, ¢o vytvara
bunkovl Struktdru, spravajucu sa ako plna monolitickd doska. Medzi prvé aplikacie
BubbleDeck patri Millennium Tower, 35-poschodova budova v Holandsku dostavana
v roku 2000 (Obr.1).
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Obrazok 29 - Millennium Tower, Holandsko

BubbleDeck sa dodava vtroch variantoch: filigrdnova doska s poukladanymi
plastovymi gulami, ktoré sa uz iba zalievaju bez potreby spodného debnenia. Dalej ako
vystuzné koSe s plastovymi gufami, ktoré sa ukladaju do pripraveného debnenia. Treti
variant je plne prefabrikovana vylahcena doska.

Cobiax

Cobiax Technologies je dcérskou spolo¢nostou singapurskej spolo€nosti Tiong
Seng Holdings Limited so sidlom vo Svajiarsku a pobogkami v Nemecku a Rakusku.
Hlavnou c¢innostou skupiny Cobiax je vyskum avyvoj bi-axidlnych plochych dutych
dosiek, hodnotoveé inZinierstvo a predaj produktov pre medzinarodné projekty. Podobne
ako pri systéme BubbleDeck, komponenty Cobiax su plastové duté gule, resp. rotacné
elipsoidy, ktoré vytvoria prédzdny priestor. Tieto plastové prvky sd umiestnené medzi
vrchnl a spodnud vrstvu beténovej dosky a slizia ako nahrada za, z hladiska statiky,
nepotrebnu ¢ast beténu. (Obr.2)

Obréazok 2 - Systém Cobiax

Typy dodavanych vylahCovacich prvkov, odporuc¢ané hrubky dosiek a redukcia
hmotnosti na Stvorcovy meter su uvedené v Tabulke 1, prevzatej z firemnej literatary (2).
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Tabulka 1: Typy vylahCovacich prvkov Cobiax

Ty Hrabka dosky Priemer gule hmo?ne:sli:(ﬁ:lmz

mm mm kN/m2
CBCM-S-100 200 100 1,30
CBCM-S-180 300 180 1,91
CBCM-E-225 350 225 2,38
CBCM-E-270 400 270 2,68
CBCM-E-315 450 315 3,34
CBCM-E-360 500 360 3,82
CBCM-E-405 550 405 4,29
CBCM-E-450 600 450 4,77

3 Modelovanie vy ahéenych dosiek

Modelovanie vylahCenych dosiek je mozné dvomi r6znymi spésobmi. Vylahéenu
dosku mdéZeme modelovat ako pInu dosku so zniZzenou tuhostou a redukovanou vlastnou
tiazou, za pomoci plosnych doskovych konecnych prvkov (2D plocha) alebo vytvorit 3D
model dosky priamo s geometrickymi tvarmi vylah&ovacich prvkov. Pre naSe Ucely je
vhodnejSie modelovat dosku priamo s vylah€ovacimi prvami. Pre porovnanie sme vytvorili
aj model plnej dosky, bez vylahovacich prvkov, s rovnakymi rozmermi a okrajovymi
podmienkami

Parametre modelu

RieSen& konstrukcia bola Zelezobetonova doska Stvorcového pédorysu s rozmermi
8x8 m. Hrubka dosky bola 350 mm a bola vylah&ena prvkami tvaru gule priemeru 225 mm
s osovou vzdialenostou gal 250 mm (Obr.3). Okrajové podmienky modelovanej dosky boli
na dvoch okrajoch podopreta, tj. na favom okraji zabranené posunom uy, uy, U, ana
pravom okraji bolo zabranené posunom u, au, Druhé dve strany dosky boli
nepodoprené. Druhy model bola plnd doska, ktord mala rovnaké rozmery aj okrajové
podmienky.

350
AN

L 8000 V

Obrazok 3 - Rozmery dosky

Modelovanie vy Fah€&enej dosky v programe ANSYS

Na numerické rieSenie problému pomocou MKP sme zvolili systém ANSYS.
V programe ANSYS sme vytvarali model z 3D kone¢nych prvkov SOLID 187. Model bol
vytvoreny iba z beténu bez uvazenia vystuzovacich prvkov tak, Ze sme zadali materialové
vlastnosti Zelezobeténu C20/25: modul pruznosti E= 30GPa, poissonove ¢islo v=0.2
a objemovu tiaZ y= 24kN/m?.
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Model sme konStruovali vytvaranim objemov tak, Ze sme najskor vytvorili jeden
zékladny kvader velkosti 250x250x350 mm, od ktorého sme odg¢itali objem vylah&ujuceho
telesa- gule priemeru 225 mm. Dalej sme vytvorili hardpointy, presne definované body,
ktoré sa vyuZivaju pre meshovanie, pretoze sme potrebovali hodnoty napéti a priehybov
prave v tychto bodoch dosky. Tento modul (Obr.4) sme vymeshovali z kone€nych prvkov
SOLID 187 a nasledne kopirovali v dvoch vodorovnych smeroch, aby sme vyplnili rozmer
dosky 8 x 8m.

Obrazok 4 - Vymeshovany modul

Pre spravne spolupdsobenie modelu sme museli zjednotit body s rovnakymi
suradnicami. Nasledne sme zadali okrajové podmienky. Dosku sme zataZovali dvomi
zataZovacimi stavmi: vlastnou tiaZou a rovhomernym spojitym zataZenim 3 kN/m?. Ako
bolo vysSie spomenuté, vytvorili sme aj jednoduchsi model plnej dosky. Na oboch
modeloch sme analyzovali vysledky priehybov a normélovych napati. Tieto vysledky sa
analyzovali zvlast pre zataZenie vlastnou tiazou azvlaSt pre rovnomerné spojité
zatazenie. Vysledky sme analyzovali v reze vedenom stredom dosky od jednej podopretej
hrany k druhej. Zaujimali nas vysledky v spodnej ¢asti dosky.

Pre jednoduchost modelovania dosky v buducnosti sme si pripravili makro pre
parametrické modelovanie dosky. Vo vstupoch staci zadat: hrabku dosky, priemer
vylah€ovacej gule, rozpatie dosky a osovu vzdialenost vylahCovacich prvkov. Nasledne
staci makro spustit v prikazovom riadku.

4 Porovnanie priehybov dosky

Vysledky su rozdelené do 4 skupin: vlastna tiaz plnej dosky (VLT-P), vilastna tiaz
vylah€enej dosky (VLT-V), plna doska zatazena rovnomernym spojitym zatazenim (Q-P)
a vylah¢ena doska zatazena rovnomerny spojitym zatazenim (Q-V).
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Obrazok 5 - Priehyby dosiek

Z vysledkov zvislych deformacii mézeme vidiet, Ze ak je spojité zataZenie iba
3 kN/m? rozhodujlice zataZenie bude tvorit vlastna tiaz. Priehyb vylahéenej dosky od
vlastnej tiaze bol 0 17,67% mensi ako pri plnej doske. Pri spojitom zatazeni sa prejavila
mens3ia tuhost’ vylahCenej dosky a priehyb bol va¢si o 10,67%. V tomto pripade (spojité
zataZenie 3 kN/m? a vlastna tiaZ spolu) je Gspora v priehyboch vylah&enej dosky 10,36%.

5 Vysledky ohybovych momentov

Pri analyze vysledkov ohybovych momentov v doske sme narazili na mensi
problém, pretoZze ANSYS pre 3D prvok SOLID 187 takéto vysledky neposkytuje. Vieme
vSak ziskat hodnoty napéti v jednotlivych bodoch dosky. KedZe napétie pocitame zo
znameho vzorca tedrie pruznosti:
o= %.2, (1)
kde M- ohybovy moment na doske, I-moment zotrvanosti dosky a z- je
vzdialenost' od taziska. Po Uprave vztahu (1) ohybovy moment méZzeme vypocitat ako:

M=21 2

Problém nastava pri pocitani momentu zotrvacnosti vyfah¢enej dosky. Ako sme uz
popisovali v predchadzajlcej €asti, pri meshovani modulu sme vytvorili hardpointy, tieto
hardpointy sme umiestnili na hornu a dolnu podstavu kvadra do taziska a stredu hran. Pre
vypoCet momentov zotrvacnosti sme vytvorili makro v programe MathCad, kde sme
prierez rozdelili, podla toho, v ktorych miestach pozname hodnoty napéti a pocitali sme
so zjednoduSenymi prierezmi. Do momentu zotrvacnosti prierezu sme zapocitavali
vySrafované plochy, ktoré st zndzornené na obrazku 6.
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Obrazok 6 - ZjednoduSenie prierezu dosky pre vypocet momentov zotrvacnosti

Momenty zotrvacnosti, vypocCitané v programe MathCad sme zoradili do tabufky
v programe Excel aj s prislusSnymi hodnotami normalovych napéti, prevzatych z ANSYSu
a podfa vzorca (2) sme dopocitali hodnoty ohybovych momentov. Vinovkovity priebeh
ohybovych momentov vylah&enej dosky je zapri€ineny pravidelnym striedanim sa hodnoty
momentu zotrvacnosti v mieste plného prierezu a mieste, kde ju umiestneny vylah&ovaci
prvok. Pri porovnani plnej a vylah¢enej dosky mézeme sledovat rovnaky trend ako pri
priebehu priehybov, pricom UGspora vylahCenej dosky v porovnani maximalnych
ohybovych momentov je 14,12%.

Ohybové momenty [KNm/m]
0.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000

——VLT-P =—Q-P VLT-V =——Q-V

Obrazok 7 — Priebeh ohybovych momentov

6 Zaver

Podarilo sa nam vytvorit makro v programe ANSYS pre rychle vytvaranie modelu
vylah€enych dosiek, ¢o ndm v budicnosti znane ufah&i pracu. Taktiez sme vytvorili
makro na vypocet ohybovych momentov, ktoré su v praxi nevyhnutné pre navrh vystuze.

V zavere sme vtabulke porovnali hodnoty maximalnych priehybov, napati
a ohybovych momentov na oboch doskéch. Z tabulky je zrejmé, Ze ohybové momenty od
rovnhomerného spojitého zataZzenia su takmer zhodné (rozdiel 6 %), ¢o potvrdzuje, Ze
vylahéené dosky sU schopné preniest rovnaké zataZenie ako plné dosky. Rozdiely
v priehyboch su trochu vacsie, ¢o je spésobené men3ou tuhostou vylahéenej dosky, na
druhej strane Uspora vyfah&enych dosiek je vo vlastnej tiaZi.
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Tabulka 2 Porovnanie ohybovych momentov, napéti a priehybov plnej a vylahéenej dosky

Priehyb Napatie Ohyboveé

momenty

[m] [kPa] [KNm/m]

Vlastna tiaz -0,00422 3456,3 -70,566

PIn& doska g= 3 kN/m2 -0,00145 1185,0 -24,194
Spolu -0,00567 4641,3 -94,760

Vlastna tiaz -0,00348 28115 -55,652

VylPahéena doska |g= 3 kN/m2 -0,00161 1299,6 -25,725
Spolu -0,00508 4111,1 -81,376
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AXIAL DIFFUSER DEVELOPMENT USING ANSYS SOFTWARE TOO LS

LUKAS ZAVADIL!, TOMAS KRATKY?, VIT DOUBRAVA?

Centre of Hydraulic Research, 2SIGMA Research & Development Institute

Abstract: This article describes development of an axial diffuser for a diagonal pump.
Based on an older design, a parametric model was created, using DesignModeler and
BladeModeler. Then a sensitivity analysis was performed with Design Exploration module.
As a result, better hydraulic parameters were achieved.
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1 Introduction

Hydraulic design of an axial diffuser for a centrifugal pump is relatively complicated
task. To support the impeller's characteristics, it has to meet multiple criteria. First, the
diffuser should guarantee sustaining a wide operational range, especially in the case of a
semi-axial pump with variable pitch impeller. Further, the diffuser needs to transform as
much of the circumferential velocity component as possible into axial one to function
properly. Otherwise the radial velocity increases friction losses in the outlet pipe with
elbow and influences pump performance negatively. There is also a choice between
constant-thickness and profiled blade and the manufacturing price vs. hydraulic
performance trade-off. Theoretical analysis about axial diffusers design is not a purpose of
this article, though. Instead, it focuses on showing practical aspects of such hydraulic
design realization in ANSYS software tool environment.

2 Axial diffuser design using a parametric model

2.1 Original pump geometry

As an original design, a semi-axial pump with variable pitch impeller and with
welded segmented outlet elbow has been chosen. The diagonal-type eight-blade impeller
is followed by the axial diffuser with nine constant-thicknes blades and six-segment elbow.
At the end of the elbow, the fluid leaves the pump in a direction perpendicular to the axis
of rotation. The meridian of the original pump leaves no other choice than making a
diffuser by casting.

Image 30 — Original pump geometry
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2.2 Goal of the new axial diffuser design

Apart from “mere” increased efficiency, another reason for a new design was
simplified shape allowing for a lower manufacturing cost. To accomplish this, placing
blades between two coaxial cylinders has been chosen as the best option. Meridional
dimensions are based on the impeller outlet dimensions and the aim was finding a
simplified design while maintaining or improving the hydraulic parameters.

Image 31 — The pump with a new diffuser design

2.3 Parametric model of the axial diffuser

Using ANSYS DesignModeler and ANSYS BladeModeler modules, a parametric
model of the meridional cross-section and blades was created. Leading edge and trailing
edge positions and theta reference angle were driven by parameters. Blade was defined
as a constant-thickness one, on two camberlines, with three values of £ angle on each
(where [ represens the angle between...). In total, there were 13 parameters — a
compromise between precise shape variations and computational demands. The mesh
was generated in ANSYS Turbogrid and ICEM. Most parts of the mesh remained fixed,
only diffuser domain had to be remeshed for each geometry change.
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Image 32 — ANSYS Workbench project scheme
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2.4 Boundary conditions and solver settings

The boundary conditions can be seen in Image 4. The ,Total Pressure* condition
was set for the inlet, outlet was defined by the mass flow rate. For modelling the non-
stationary interaction between the stator and rotor parts of the pump, two stator/rotor
interfaces were placed in the assembled geometry. One interface is between the inlet part
and the impeller passage and the second one between the impeller and diffuser
passages. The impeller casing was modelled as a counter-rotating wall in the rotating
frame.

To reduce computing time as much as possible, only an axisymmetric variant of
the original geometry was considered. It was sufficient for different diffuser geometries
comparison and allowed for employing the TBR (Transient Blade Row) method offered by
CFX. Thanks to this it was possible to consider only one passage — a dramatical reduction
in computing time. The periodic boundary conditions had to be set as well.

OUTLET

Image 33 — Selected boundary conditions

The whole analysis was performed as fully transient. Timestep was chosen with
respect to count of impeller and diffuser blades. It should also represent rotation from 1° to
4°. In our case (8 blades on impeller, 9 blades on Difusser) 8.9.2 = 144 timesteps per a
rotation meet these criterion — one timestep represents 2.5° and has this value:

At =- 1 _ 1060 =0.00141729s) (21)
ith(p 18[294[8

with p (1) being the impeller blades count, i (1) being the numer of timesteps per
passage and n (rpm) the rotor rotation speed.

As a turbulence model, SST (Shear Stress Transport) model has been chosen. It
was described by Menter and based on two-equation k-cw model. In general, SST is the
recommended choice for modelling fluids in geometries containing rotating parts.

3 Hydraulic design in ANSYS

The parametric model allows for easy design changes. The best approach to
utilize this advantage is to compute enough samples for performing sensitivity analysis.
After deciding importance of individual design parameters, the model can be “fine-tuned”
with the most important ones.
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3.1 Generating samples

For generating optimal samples distribution, DOE (Design Of Experiment) part of
ANSYS Response Surface Optimization was used. To utilize our limited number of
licences better, we opted for bypassing Workbench. DOE table was used for wbjn scripts
and with runwb2 command, def files were generated. This way it was easier to prepare
the run at once and avoid reserving meshing and CFX-Pre licences for longer than
necessary.

3.2 Computation and results evaluation

Cfx5solve command was employed for running the generated def files. For all of
them the same initial res file was used. Some settings were done with ccl files. With
cfx5mondata command, the monitored expressions values were extracted from the results

in a form of csv files. Then it was easy to load them in Excel and compute two-periods
averages.

These average values were then inserted back into Response Surface
Optimization and sensitivity analysis could be performed.

4 Computed variants and results

Based on experiences and estimations, the range for parameters was set and a
first sample table was generated. After computing the samples, it became obvious that the
“optimal” area lied outside of the selected range. Only one of the samples lying on the
borders showed good results.
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Image 5 — DOE results

Thus, based on the sensitivity analysis results, a better range was selected and
another DOE table was generated and computed. This time, the results improved quite a
bit. From these results, the best variant has been chosen as a “candidate model”.

Also, just for the sake of comparison, the vast computing capacity of CERIT
cluster, only available for non-commercial use, has been employed for comparing data
obtained by sensitivity analysis with the “real” computed results. As it can be seen in the
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following figures, with sub-optimal area choice the efficiency-dependance-on parameters
can differ a lot from the statistically estimated values.
Estimation vs Computed Data
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Image 6 — Sensitivity analysis of efficiency/selected parameters dependancy vs computed data

5 Results obtained by numerical simulations

To verify results obtained by the simplified axisymmetric model, the full geometry,
including the elbow and suction bell, was assembled for the chosen candidate. The same
configuration was used for the original axial diffuser geometry computations, thus it was
suitable for a mutual comparison. As can be seen from the results, the goal was met. The
optimized diffuser showed better performance then the original one. The improvement
was accomplished mostly thanks to decreasing the radial velocity component, which
resulted in lower performance losses in both the diffuser and the elbow.
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Image 9 — Q-Efficiency characteristics comparison

6 Conclusions

The achieved results clearly show that hydraulic design using ANSYS software
tools can be very effective and proficient. Even with our limited experiences in this area
we managed to improve the original design in a few weeks. Especially the increased
efficiency plays a big role for pumps exceeding 5 MW of power input. There are still many
questions left for the future, though. Especially defining the right parameters for the
hydraulic design and correct evaluation of the pump performance (cavitation properties,
characteristics over wide range of flow rate Q) certainly represent a major challenge.
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