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USING FEM FOR BUTTON ACTUATING OF AUTOMOTIVE KEY

MATEJ BARTECKY', MICHAL SOFER?
5 'Continental Automotive Czech Republic s.r.o
2\/SB-TU Ostrava, Fakulta strojni, Katedra pruznosti a pevnosti, michal.sofer@vsb.cz

Abstract:

The subject of this paper is solving the proces of pressing button of automotive key in
enviroment of software ANSYS. Physical model includes hyperelastic material, nonlinear spring
and prescribed boundery condition of structural analysis. The main reason of this work was to
obtain actuating forces of automotive key and also stress and strain level of ruber membrane.

Keywords: Ansys,FEM, hyperelasticity, automotive key

1 Uvod

Jednim z kritérii pfi vyvoji automobilniho kli¢e je sila potfebna pro aktivaci jednotlivych
tlacitek. Vysledna sila je pro kazdé tlaCitko zamérné rozdilna, pfi¢emz musi byt dostate¢né
velka, aby nemohlo dojit k samovolné aktivaci nebo naopak aby uZivatel nemusel kli¢ aktivovat
pFilis vysokou silou. Tuto vlastnost Ize znaéné ovlivnit konstrukci klice stejné jako pouzitymi
materialy. Nejvyznaméji v8ak tuto vlastnost ovliviiuje pravé pryZova membrana umisténa pod
pohledovym tlagitkem. Z tohoto divodu je vhodné analyzu zaméfit pravé na tuto membranu a
na jeji deformaéni chovani.

2 Material a metodika

Uloha stanoveni reakénich sil spole¢né s prislusnou sktrukturalni analyzou byla fe$ena
vytvofenim koneénoprvkového modelu zalozeného na 3D geometrii, ktera byla zpracovana
v pfislusném CAD software. Geometrie byla podrobena uritym zjednousenim, zejména
v oblasti plastového tlacitka, které slouzi pouze k pfenosu sily na pryzovou membranu. Tlacitko
bylo diskretizovano skofepinovymi prvky shell181 s linearni bazovou funkci a Sesti stupni
volnosti v kazdém uzlu. U pryZové membrany je snaha vytvofit co nejregulérnéj§i mapovanou
sit tvofenou prvkem solid185 taktéz s linearni bazovou funkci a zakladnimi tfemi stupni volnosti
v kazdém uzlu. Pro feSeni nestladiteiného materialu, jaky je pouzit pravé u této membrany,
pfibyva dalsi stupen volnosti, konkrétné hydrostaticky tlak, ktery je zaveden do internich uzlt
elementt. Element formulace ,mixed u-p“ feSi potize s objemovou nestladitelnosti tedy
poissonova konstanta blizka nebo rovna 0,5. Kde finalni matice tuhosti ma tvar:

(31 »

Kde:

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

Au = pfirtstek posuvu

AF  =pfirstek hydrostatického tlaku

Posledni ¢asti systému je elektronicky spinaé, jez je popsan rovnéz skofepinovymi prvky
shell181, které pouze reprezentuji pozici a kontaktni plochu spinace. Tuhost sepnuti je feSena
separatné pomoci combin39 elementl. V tomto pfipadé reprezentuji nelinearni chovani sepnuti
spinace. Viz. graf 1.

silovd reakce [N]

.~

0 T T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45

svisly posuv [mm)]

Graf 1 zavislost sily na posuvu spinace

Material spinace a tlacitka byl definovan jako linearni izotropni. Viz tab 1.

vlastnost | hodnota | jednotky
hustota 2900 | kg/ m*

E 4600 | MPa

M 03| -—--

Tab. 1 Materialové vlastnosti pouzité pro spinag, tlacitko

Materidl membrany je hyperelasticky a ztohoto duvodu bylo nutné stanoveni vhodného
kostitutivniho vztahu a jemu pfislusnych koeficientd. Vzhledem k naméfenym infomacim a
povaze ulohy (pfedpokladané maximalni pomérné prodlouzeni 100%) byly spocéteny konstanty
pro 2 parametricky Mooney-Rivlin a pro Yeoh model.
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2 parametricky Mooney-Rivlin

il Cz _
o= =2{c+2) -1 2)

Kde:

(oF - konstanta

C, - konstanta

A - prvni hlavni pomérné protazeni

Yeoh

2
—2.{x =213 IS T AN N T AN
5=2 ( 1‘3) [cm+2 Can (Al+ﬁi 3)+3-Cap (,11 tr 3)] A3)

Kde:

Ciw - konstanta

Cao - konstanta

Cs - konstanta

A1 - prvni hlavni pomérné protazeni
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—rméienad data

1 1 2 3 4 Mooney-Rivlin

Napét_i [MPa]
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Yeoh

--..___-‘.
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prvni hlavni pomérné protazeni

Graf 2 priibéh napéti na pomérném protazeni
Vzhledem k omezenym naméfenym informacim pouze tahova, tlakova zkouska ANSYS
doporucuje pouziti Yeoh modelu.

Tab . 2 konstanty konstitutivniho vztahu Yeoh C10,C20,C30
C10 C20 c30

0.255887 -0.00265 4.06E-05

Stanoveni okrajovych podminek feseni odpovida realnému umisténi v kompletu kliCe tak, ze
membrana je po svém obvodu vetknuta a tlacitko kona vertikani pohyb smérem do kontaktu
s membranou, nasledné celou membranu deformuje az do kontaktu se spinaem. Nasledné se
cely systém posouva (membrana deformuje) proti sile pruziny az do koneéného sepnuti
spinace, které je znazornéno na grafu 1 prudkym poklesem reakéni sily (posunuti spinace
0,2mm).

http://aum.svsfem.cz
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0,000 4,500 9,000 {rm}
I a0

2,250 .73l
Obr.1 3D geometrie + okrajové podminky

3 Vysledky

Nasledujici graf uvadi pribéh deformaci v zadaném rozsahu posuvu tlacitka spolu
s prubéhem sily nutnym pro aktivaci spinace.

14 Faze 4 L Faze 5 -

Faze 1 Faze 2 Faze 3 7

g )
/

; 4
e

4 /

, pd

0 T T T T T 1
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Reakéni sila [N]

posuv tlaé¢itka [mm]

Graf 3 priibéh napéti na pomérném protazeni
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Prubéh Ize rozdélt do 5 fazi. V prvni fazi se tlacitko posouva do kontaktu s membranou a
reakéni slozka je nulova po kontaktu je vidét témér linearni narust sily (Faze 2) do okamziku
kontaktu membrany s tlaitkem, kdy je membrana stlatovana mezi spinatem a tlacitkem a
zaroven dochazi k posuvu (Faze 3) az do sepnuti spinace, které se projevi nahlym poklesem
zatizeni (Faze 4) dale pak roste reakéni sila az do poskozeni (spinate, PCB, membrany,
tlacitka).

Equivalent Stress
Type: Equivalent {von-Mises) Stress
Urit: MPa
Time: 1,92

2.4612 Max
21878

1.9143

1.6408

1.3674

1.0939

0.52041

0.54694

0.27347
3.6609e-11 Min

0.000 4.000 8,000 {mm}
[ Eaaaaaa— ES——
2.000 &,000

Obr. 2 deformovany tvar a HMH napéti v okamziku sepnuti spinace

Equivalent Elastic Strain

Type: Equivalent Elastic Strain
Unit: mmymm

Timne: 2.4

0.99646 Max
0.68574

0.77502

0.66431

0.55359

0.44257

0.33215

0.22144

0.1107z
7.5469e-14 Min

0,000 4.000 8,000 {mm)
[ e Se—m|

2.000 6.000

Obr. 3 deformovany tvar a HMH prodlouzZeni na konci testu
4 Zaver
Byla provedena nelinearni struktuarni analyza €asti konstrukce automobilového klice.
Vysledkem je prabéh reakéni sily nutné pro sepnuti spinace. Popsan je zaroven prubéh spinani
spinale automobilového klic¢e a jeho duvody feSeni. DalSim smérem vyvoje by méla byt
optimalizace tvaru pryzové membrany za uéelem snizit hodnoty pomeérnych prodlouzeni a tim
zamezit kontaktu samotné membrany se sebou.

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

Literatura:

[11 ANSYS release 14 documentation
[2] Li Q, Zhao J C, Zhao B 2009 Fatigue life prediction of a rubber mount based on test of

material properties and finite element analysis Engineering Failure Analysis 16: 2304-2310

[3] www.polymerfem.com

Kontakt:
Kopanska 1713;74401;Frenstat pod Radhostém

Podékovani:
Tento &lanek byl vytvofen s podporou Centra excellence — IT4lnnovations reg. €. CZ.1.05/1.1.00/02.0070

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

VIBRATION ANALYSIS OF COOLING FAN GRID ON BOBCAT TELEHANDLER

VLADISLAV DROBNY
Doosan Bobcat Engineering s.r.o.

Abstract: The paper deals with vibration analysis of a fan grid, where during development
testing several cracks have been observed. Ansys Random vibration analysis was performed to
locate problematic areas and to analyze current design with suggestions for improvements.
Model was tuned to match full experimental measurements on real machine.

Keywords: Random vibration fatigue, PSD, Model validation by experiment

1 Machine introduction

Tested machine was Bobcat Telehandler with 130HP engine as showed in Image 1. The
blue arrow points out to the fan grid location in the machine.

Image 1 — Bobcat Telehandler

The fan grid is placed in the top front section of the engine basket and is mounted with 4
x M8 screws to the fan shroud. The subassembly is mounted with 6 x M8 screws to the cooler
body, details see in the Image 2.

http://aum.svsfem.cz
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Image 2 — Detail of cooling fan grid
2 Measurement

2.1 PSD profile measurement

Measurement was performed on running engine without hydraulic load, where RPM
sweep from low idle to high idle was measured. Pulse LanXl module with 3-axis accelerometer
was used for data acquisition. Image 3 shows measuring point located on the bolted connection
between shroud and cooler body. To get PSD data from the sweep, several postprocessing
operations had to be applied. To obtain one composite profile, final averaged response was
divided into RPM bins and each of them was multiplied by statistically evaluated participation of
particular engine RPM range.

Then raw PSD data were reduced to decrease number of sampling points and prepared
as separate XML file that was directly loaded into Ansys using PSD tabular data import. The
PSD tabular data import provides simple way to define PSD points for all three measured
directions from one file. It hardly saves time spent defining PSD profile and allows quick switch
to another PSD profile.

On Image 4 there is a collection of reduced PSD profiles (black line) together with
original measured PSD data (red line) in all 3 measured directions.

s 75\"“‘"%, >
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Image 3 — PSD data gathering, measurement on fixation screw (left),
accelerometer axes orientation (right)
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Image 4 — PSD profile for accelerometer’s x, y, z axes

2.2 Modal behavior measurement

To get the best vibrational correlation with measured data, Ansys model was tuned to
match the experimental modal analysis results. Correlation between measured and calculated
eigenfrequencies is summarised in Table 1.

Table 1 Correlated modal frequencies and measured modal damping

Eigenmodes
measured data 21 357 695 78 905 110 115
frequency [Hz]
damping [%] | 5.2 5 63 | 09 | 07 | 07 | 18
Ansysmodel | 51 16 | 3064 | 69.68 | 80.58 | 872 | 108.13 | 118.75
frequency [Hz]

Postprocessing software MEscopeVES was used for evaluation of the mode shapes and
to find modal damping coefficients (Image 5). Due to mode dependency of the experimentally
examined damping coefficients, it was preferable to use Ansys APDL command mdamp in
Random vibration. Appropriate damping coeffitients on observed modes were set up based on
results from Table 1. Modal properties were identified upto 120 Hz. Modes on higher
frequencies were taken into account with constant damping of 1%. Except damping defined by
mdamp command, all other damping coefficients available in Ansys were set to zero value.

http://aum.svsfem.cz
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View: Y View [Complex] View: Z View [Complex]
SHP: Shape Table 1 - mode indicator SHP: Shape Table 1 - mode indicator
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e -] -
- - Bl
a i
»
e Y
o8 I
3 < w 0 1,
o i
e e i
L o 1l
© 2 = f ot
o 1
- <
e I
° ay
s ]
& o ©~
X X
£ = : o t
z Y-

Image 5 — Mode identification in MEscopeVES

3 Ansys model

Ansys Workbench environment was used to solve the project. In the early stage there
was started with linebody model of the grid and with shroud plate modelled by shell elements.

3.1 Linebody model of the grid

This element type was chosen because it was promising simple wire modelling in Design
Modeler with significantly low number of elements. The modal behavior was tuned on this
model, where sufficient correlation with measured data was obtained as shows Table 1.

Ansys unfortunatelly does not offer direct possibility to get stresses from linebodies in
Random vibration analysis, as it is possible for static structural analysis using Beam tool. The
procedure to obtain this information seemed to be too complicated because of the necessity of
data extraction from /AUX3 results file. | decided to solve the grid modelled by solid elements
even though it led to dramatic increase of computing time and disc space requirements.

3.2 Solid model of the grid

To sucesfully mesh the grid with solid elements, there was selected Advanced size
Function on Curvature with min. element size of 1.5 mm. This settings provided satisfactory
mesh made from tetrahedrons. The shroud was meshed using shell elements with element size
of 8 mm. Both linebody model and solid model results produced the same response as
measured data.

http://aum.svsfem.cz
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Image 6 — First mode on 21 Hz for linebody model (left) and for solid model (right)

4 Random vibration

Random vibration module in Ansys allows to insert the PSD load only in global
coordinate system. The original global coordinate system was located to follow the machine’s
main directions. It had to be transformed to align the axis coordinate system of testing
accelerometer. Additionally, two coordinate systems had to be created for inserting the loads.
First coordinate system oriented in new global axis represents fan motor mass point location.
Second coordinate system with directions of original machine coordinate system is used for
gravity preload.

The vibration calculation chain in Workbench consists of static structural block with
gravity preload, modal analysis and random analysis. The random analysis is excited in all three
directions and is damped using above described mdamp command. The modal analysis was set
up to include modes up to 515 Hz, so 75 modes were found and solved.

5 Results

Based on real wire cracks during the field durability tests, design changes of current fan
grid concept were initiated. Although the cracks are mostly influenced by the welding technique,
there were found vibrational issues, which had to be also eliminated. Image 7 shows damage on
fan grid after durability test.

The FEA results highlighted two locations that represent areas with high stress
concentration. The area with the highest stress exactly corresponds to cracked area in durability
test. Focused areas are following:

1. Radial wire - area where real cracks during durability test occured

2. Double wire - bent edge on main supporting double wire

http://aum.svsfem.cz
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Image 7 — Wire damage location during Durability test

5.1 Radial wire

The stress map in this detail together with Response PSD graph is shown on Image 8.
There are three resonance peaks in the range between 70 — 80 Hz. This is the most used
engine excitation frequency during machine operation as it is very close to high idle RPM. The
all known engine and fan excitation frequencies are:

= Engine excitation frequencies: 30 — 80 Hz
= Fan excitation frequencies: 180 — 420 Hz

The fan excitation frequencies are negligable compared to the engine excitation in this
case. The Response PSD curve is plotted only up to 100 Hz for better clarity.

Image 8 — Response PSD on radial wire

The Equivalent stress maximum is located on the weld, thus stress estimation method
Structural Hot Spot Stress (Hobbacher, 2007) was used. The value of 1-sigma Random
vibration von-Mises stress assessed using hot spot method in selected critical area is 90.3 MPa.

To improve this detail, the grid resonance should be removed from engine excitation
frequency. This could be primary done by stiffening the construction around the radial wires.

5.2 Double wire

The second detailed area (Image 9) with high stress shows significantly lower stress
compared to radial wire. The dominant frequency on this response is under the engine low idle.
Moreover the stress resistance on parent material is higher compared to the welds. For these
reasons, discussed detail doesn’t apparently affect the life of this component. The value of 1-
sigma Random vibration von-Mises stress in critical area is about 75 MPa.

This mode has to be taken into account when tuning the structure. By stiffening
the structure, this mode could be excited by low idle frequencies.

http://aum.svsfem.cz
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Image 9 — Response PSD on double wire

1 Conclusion

There were performed detailed modal and random vibration analyses together with the
real structure tests. In the machine development phase, the FE analysis helped to confirm
insuffitient durability robustness of the fan grid. The analysis explained that the low life level is
caused by structural resonance excited by engine high idle firing frequency. The final summary
shows the values of 1-sigma Random vibration von-Mises stresses.

Table 2 1-sigma von-Mises stress values

location von-Mises stress | ierial detail
[MPa]
Radial wire 90.3 weld
Double wire 75 parent material

In order to fullfil the Bobcat durability requirements, stress levels of the welded details
have to be reduced. Assuming that the real structure behavior follows the same Woehler curve
as analysed design, the structural hot spot stress in the weld should be less than 43 MPa. This
assumption is valid for the same excitation frequency which is the highest 1** order one.
Depending on the dominant excitation frequency in the new design, the maximum allowable
stress level should be corrected.
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PARAMETRIC STUDY OF A CAVITATING VALVE FOR CONTROL OF OXIDIZER FLOW IN
A HYBRID ROCKET ENGINE

PETR DVORAK?*, ROB TIJSTERMAN**
*Institute of Aerospace Engineering, Brno University of Technology, **Moog Bradford of The
Netherlands

Abstract: Part of a collaborative European effort to advance throttleable hybrid rocket
technology, Bradford Engineering is developing a cavitating flow control valve. In order to
improve performance of the valve Brno University of Technology has performed extensive
numerical simulation campaign resulting in new valve design. The paper describes design
considerations of the cavitating valve as well as characterization of the valve performance by
experimental and numerical means. Furthermore, numerical parametric study is performed
together with experimental evaluation of the optimized design.

Keywords: cavitation, control valve, oxidizer, hybrid engine

5 Introduction

Both unmanned and manned missions to extra-terrestrial bodies require reliable means
to perform soft and precise landing on the surface of a planet. One of the few concepts to allow
for deceleration and controlled soft landing is a hybrid rocket engine (Ball, 2007). Unfortunately,
such a technology has not been available within Europe so far (Parissenti, 2011).

To develop a deeply-throttleable hybrid engine is the primary objective of FP7 European
Commission funded project SPARTAN (SPAce exploration Research for Throttleable Advanced
eNgine). This effort is in agreement with International Space Exploration Coordination Group
and ESA development guidelines (Wilson, 2005; ISECG, 2009). The three-year long project has
commenced 1st March 2011. It is coordinated by Thales Alenia Space ltalia S.p.A. and
incorporates both commercial and academic partners from seven European countries.

During course of the project, hybrid propulsion technology based on HTPB (hydroxyl-
terminated polybutadiene) solid propellant fed by hydrogen peroxide as an oxidiser has been
selected. Outcome of the project, the SPARTAN demonstrator is going to employ four of these
rocket engines ensuring vertical deceleration from 30m/s to 2m/s , which is considered to be a
nominal landing condition. The demonstration mission profile is designed so as to reproduce the
Mars landing dynamic requirements. To achieve this goal, the engines need to be capable of
operation with 10:1 thrust ratio.

In hybrid engine, modulation of thrust is achieved by controlling the oxidizer inflow to the
combustion chamber. The standard valves with a flow characteristic dependent on the pressure
drop over the valve are not adequate for this application: a rocket engine firing downstream of
the valve not only produces combustion-induced oscillations in the oxidizer pressure, it also has
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to be reliably controlled during the start-up transient phase. This implies a back-pressure
independent valve — cavitating venturi solution was therefore developed, fulfilling this criteria.

This approach is not new. In fact, cavitating valve designs have been used in
throttleable rocket engines at least since the Apollo program, where they were used for thrust
modulation of the Lunar Module Descent Engine (Cherne, 1967). Most recently, cavitating
valves were used in the Mars Science Laboratory SkyCrane (Udomkesmalee, 2005).

The major design issue for the cavitating valve was limiting the pressure drop over the
valve. Initial development tests were immensely successful, but for the issue of pressure
recovery. This necessitated the need to look into the design of the venturi section in detail and
consequently Institute of Aerospace Engineering, Brno University of Technology, was invited to
provide numerical simulation support of the process.

The paper describes both experimental and numerical characterization of the most
promising initial design. This step is used for validation of the numerical setup as well.
Subsequently, numerical parametric study is performed to identify better-performing design in
terms of pressure drop across the valve needed for it to operate in fully cavitating mode. Finally,
the best candidate design is manufactured and characterized experimentally, thereby providing
further validation of the numerical code.

1 Valve design overview

The valve is based on a pintle in nozzle configuration, whereby a moveable pintle is
inserted into a venturi nozzle. The mass flow through the valve is directly controlled by variation
of the pintle position with respect to the nozzle.

By applying Bernoulli’'s principle for incompressible flow between valve inlet and valve
throat, the basic performance relation of a cavitating venturi is obtained:

m = cq Arsart(2 p (pi— py)) (1)

where A; stands for throat area [m?], c, for coefficient of discharge [-], m for mass flow
rate [kg/s], p; for inlet pressure [Pa], p, denotes outlet pressure [Pa] and p is for density [kg/m®].
For the above relation to hold true, the pressure at the valve outlet must be sufficiently low to
ensure that the liquid is cavitating in the valve throat.

Modulation of mass flow rate is achieved through variation of throat area. In contrast to
non-cavitating valves, where mass flow rate is a function of pressure drop over the valve, for a
cavitating venturi the mass flow rate is a function of the square root of the difference in pressure
at valve inlet and vapour pressure of the liquid medium. Given that the temperature of the liquid
remains relatively constant, so does the vapour pressure. The mass flow rate through a
cavitating valve in a particular configuration is effectively a function of the inlet pressure.

The baseline oxidizer, hydrogen peroxide, was deemed too troublesome to handle for
development test purposes. Instead, water was selected for testing. From a theoretical
performance viewpoint, influence of the medium on the performance of the valve is governed by
the density and vapour pressure.

The influence of vapour pressure is minor. For hydrogen peroxide 87.5 % at 20 °C
vapour pressure is ~400 Pa (van Laar, 1910), compared to ~2350 Pa (Wagner, 1993) for water.
At the nominal operating pressure of 65 bar, this results in myz02 / My2o = sqrt((6500000 — 400) /
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(6500000 — 2350)) = 1.00015, or a change of 0.015 % in the mass flow rate. This is effectively
negligible.

The density has a significant effect on the performance of the valve however. With a
density of 1376 kg/m?® at 20 °C for hydrogen peroxide against 998 kg/m® of water (Linstrom), the
mass flow rate will increase sqrt(1376 / 998) = 1.17 or 17 % with respect to that measured in a
water based test.

The valve is designed such that pintles and nozzles are easily exchangeable. This offers
flexibility in flow control range by modifying the throat diameter. It also allows modification of
flow rate control ability by altering pintle shape.

Initially, a pair of pintles was produced, as depicted in Figure 1. One of the pintles was
manufactured with a conical tip with half-angle 10 °, while the other featured a parabolic
contour. The latter was expected to give a desirable linear control characteristic.

A pair of nozzles was also produced (Figure 2). One of the nozzles was manufactured
with a strictly converging-diverging section. Both nozzles have a convergent half-angle of 22 °
and converge to a throat 2.6 mm in diameter. The divergent for nozzle 1 has a half-angle of 15 °
and immediately follows the convergent. The divergent for nozzle 2 has a half-angle of 20 ° and
is separated from the convergent by an 8.2 mm long straight section. Both nozzles were
equipped with pressure ports to enable pressure measurements on different locations inside the
nozzles.

J
Pintle 1 3mm 20°

Y

Y r(x) = 0.5 \x
Pintle 2 3mm X

Y

Figure 1 Pintle geometry comparison
A

Nozzle 1 10.9 mm 10.2 mm
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Figure 2 Nozzle geometry comparison

The operational scenario for the valve foresees cavitation over the entire flow range.

1 Experimental setup
The test setup consists of a 25 litre pressurized water reservoir feeding a test section
i

Nozzle 2 10.9 mm 2.6 mm 40° 10.2 mm

A Y
containing the device under test. Pressure is supplied in the form of nitrogen from a standard
200bar 501 gas cylinder. The pressure is regulated before being supplied to the reservoir. Water
is discharged into a container which is open to atmosphere. The facility is sized based on a flow
rate of 0.6 kg/s to be maintained over 30 seconds at a nominal supply pressure of 65 bar.
Monitoring equipment consists of upstream and downstream pressure transmitters and inline
Coriolis flow meter upstream of the test section. The test setup schematic is given in Figure 3.

Y s

Gas bottle vent Reservoir ﬁll, vent,
< drain »
FINT2 V15 V14 FINT3
RV1 :
PG2
%\ Reservoir
5 V=25L
8 E.’, P=-1..70bar
% Py § Medium = DI water + pressurant
o
®S E )
(L) 2 _% Reservoir fill and
g < |>-‘|’_<: - :>-f<;
> FINT4 V6 U \A Vs
Ar
%
g ]
MFM1 §>
[ ]
PT2
Bucket °
Outlet FINT1
- b P
Y
V8 ¥
8
il
I
| V4

78

Figure 3 Schematic of the test setup
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The test procedure consists of setting the valve stroke to a specific value, then
pressurizing the valve, with back pressure controlled by a downstream valve, and enabling flow
through the valve. This procedure is performed for pintle positions of 0.70 mm, 1.75 mm, 3.50
mm, 5.25 mm, and 7.00 mm open as illustrated in Figure 6. For each pintle position, flow rates
and pressures have been measured and recorded for a number of back pressures ranging from
2 to 60 bar. Data points have been gathered in the direction of increasing pintle position starting
from the smallest pintle position. Hysteresis from the pintle drive mechanism is thereby
eliminated.

2 Numerical setup

Initial definition of the problem contained four combinations of boundary condition
geometries (pintle with conical and parabolic contours combined with two convergent divergent
nozzle variants) with five blockage configurations each, totalling in 20 required simulation
combinations. For each combination, study of behaviour based on differing pressure drop
across the valve was required.

Therefore, the simulation was decided to be treated as 2D, axi-symmetric problem to
allow for rapid solution turnaround and swift reaction to Bradford Engineering requirements.
Furthermore, the baseline computations were treated as steady-state to mimic the real
stabilised flow at constant boundary conditions.

Spatial discretization of the domain was performed within the Ansys ICEM environment
to obtain fully structured meshes for the respective geometry configurations. Typically the mesh
(Figure 4) consists of approximately 150 000 cells. Compared to the first simulation campaign
(Dvorak, 2012; 2013), the near-wall modelling was improved, aiming for y+ lower than 5 to
support the Enhanced Wall Treatment of the k-epsilon turbulence model. However, no
significant deviation of results has been observed compared to the original unrefined meshes
(y+ up to 80).

Figure 4 Fully structured computational grid

During the simulation, incompressible Reynolds-Averaged Navier-Stokes equations are
solved in their steady state form in the frame of Ansys Fluent 14.5 pressure-based solver. The
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partial differential equations are treated by finite-volume method. Coupled iterative approach to
solve the system of algebraic equations is deployed. Second order upwind scheme is selected
to discretize the convective as well as diffusion terms of the governing equations. Green-Gauss
Node Based method is used to treat the gradient data.

The simulation is isothermal at 293.15K. The cavitating multiphase flow is modelled by a
mixture model of water and water vapour. Computations with hydrogen peroxide are part of the
on-going work as a support to further stages of experimental characterization of the valve.
Comparison of the material properties for the considered temperature is given in Table 1.

Table 1 Material properties used in CFD code

Material Liquid density | Liquid viscosity | Vapour density | Vapour viscosity
[kg/m’] [kg/m-s] [kg/m’] [kg/m-s]
H,0 998 0.001003 0.0256 1.26e-06
H,0, 87.5% 1376 0.001300 0.0030 9.40e-06

To consider the cavitation phenomena, mass transfer mechanism is defined from water-
liquid phase to water vapour phase. The code is modelling bubble dynamics with generalized
form of Rayleigh-Plesset equation (Brennen, 1995; Franc, 2007), deploying Schnerr-Sauer
(Schnerr, 2001) cavitation model with the parameters set as detailed in Table 2. Parameters for
hydrogen peroxide are given for reference only and are not considered in the frame of this
setup.

Table 2 Schnerr-Sauer cavitation model parameters

Material Vaporisation pressure [Pa] Bubble Number Density [-]
H,0 2350 le+13
H,0, 87.5% 400 le+13

Turbulence is accounted for by standard k-¢ model with Enhanced wall treatment
deployed as recommended by (Ansys, 2010) in favour of widely used RNG k-¢& formulation
(Blejchar, 2006; Frélich, 2010; Rautova among others). Stability of the deployed model proved
to be superior to other models for the given application.

Surfaces of the pintle and nozzle are modelled by no-slip wall boundary condition. The
domain is fed by pressure-inlet boundary condition with constant value of absolute pressure (62
bar) to account for pressure regulator droop and piping pressure losses of the experimental
setup (Tijsterman, 2012). Outlet is modelled as pressure-outlet with defined constant value of
gauge pressure. The computational cases are initialized gradually with outlet pressure values
ranging from 60 bar to 24 bar in steps not higher than 2 bar. The axisymmetric computational
domain with boundary condition specification is depicted in Figure 5. Five various valve
openings were simulated, representing the pintle strokes used during the experimental
investigation as given in Figure 6.
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pressure inlet

Figure 5 Simulation domain boundary condition assignment

Mass-flow-rate at the outlet as well as the pressures averaged across inlet and outlet
boundaries are monitored during the computation in addition to the residual values in order to
assess the stability and convergence of the computation.

Flow variables across the domain are initialized with the hybrid routine and solved.
Typically, the solution arrives at a stable state within 5000 iterations.

Following a check of convergence and stability of the solution, parameters of each
simulated case are extracted. Several cases with higher pressure drops across the domain
displayed instabilities/oscillations in the outlet pressure values, however mass flow rate was not
affected by this. The oscillatory behaviour seems to be in agreement with observations of (Bily,
2011) and is also mentioned by (Oprea, 2011). Switching the simulation code into double
precision mode did not affect this phenomena, it is therefore probably result of the physics-
modelling rather than round-off error. However this issue concerns only minority of the cases
and the integral values of interest are not affected, therefore no further attention was paid to the
phenomena.
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Figure 6 Respective geometrical variants: valve pintle stroke

3 Results and discussion

This chapter contains description of the succesive steps taken during redesign of the
original geometry as detailed in section 1. It features comparison of experimental and numerical
results for the original nozzle and the nozzle after redesign.

6.1 Initial characterization

The following nozzle-pintle combinations were subjected to both experimental and
numerical evaluation:

e Nozzle 1 + Pintle 1
e Nozzle 1 + Pintle 2
e Nozzle 2 + Pintle 2

The Nozzle 2 + Pintle 1 combination was not measured, nor simulated, while it was
apparent during the tests that Pintle 2 provides better performance — most importantly it
provides the linear stroke-mass flow rate behaviour.

As the nozzle 2 / pintle 2 configuration clearly outperformed all other variants in all
aspects (Tijsterman, 2012), only data characterizing this combination are presented further.
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Mass flow rate of the nozzle 2 / pintle 2 combination as a dependency of pressure drop
over the valve is presented in Figure 7, from both experiment and numerical study.
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Figure 7 Nozzle 2/Pintle 2 performance as provided by CFD and experiment

The results display very good agreement in qualitative terms. Quantitatively, numerical
simulation predicts the valve to enter the cavitating mode of operation at slightly more
favourable values than measured experimentally, however the difference is tolerable and
consistent across the whole simulation space. The discrepancy might be caused both by
simplifications in simulation domain and numerical code as well as by inaccuracies during the
measurement and manufacturing of the physical components.

Comparison of the obtained numerical results with computation performed by Lazzarin
(Lazzarin, 2012) at the University of Padua seems to be favourable. The code used was Ansys
CFX and for the two evaluated configurations (100% and 50% opening) differences in forces
acting on pintle were 3.5% for both cases. Differences in mass flow rates were 4% and 9%,
respectively. This is considered a good agreement between the numerical codes.

The pressure drop required to achieve back-pressure independence is larger than
initially expected — approximately 30 bar for the 7mm stroke case compared to 10 bar
anticipation. Given the differences between nozzle 1 and nozzle 2 this is most likely a nozzle
design issue. In particular, the changes in flow direction are smaller for nozzle 2 than for nozzle
1, due to the inclusion of a straight section in nozzle 2. Therefore, the current effort to minimize

pressure drop needed for the valve to operate in cavitating mode is aimed at redesign of nozzle
2.

6.2 Parametric study
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During the initial experimental and numerical characterization (section 6.1) the two
original nozzle designs were found to provide unsatisfactory performance with respect to
pressure drop needed for the valve operation in fully cavitating mode. To facilitate the redesign
process, numerical parametric study was requested to explore the available design space,
optimizing the geometric design of the valve within the constraints imposed by an acceptable
valve envelope.

This approach proved advantageous in terms of resources and time scale, while
enabling to evaluate far more designs than physical experimentation would.

Nozzle 2 + pintle 2 combination was considered the baseline for the study. Opening of
the valve was selected to be 100% = 7mm nominal pintle stroke according to Figure 6.

The parametric study considered three basic parameters:
e nozzle divergence angle
e nozzle straight section length
e nozzle divergence section transition radii

The design space was explored by decoupled approach - “One parameter at a time” —
primarily due to the fact that objective function (minimization of pressure drop for the valve to
operate in cavitation mode) could not be easily fed into a more sophisticated optimization
routine.

5.2.1 Nozzle divergence angle

First parameter to be studied was the divergence angle. Nine geometry variants were
prepared to study the response of the flow to the varying nozzle divergence. Figure 8 depicts
several significant variants.

130,07

——04deg —w—12ceg 20 deg 22 deg 28deg —8—36ceg ——40deg-haselne ——44dep —e—352deg

Figure 8 Nozzle divergence angle study geometry variants

For illustration, overall valve length as a consequence of the divergence angle is
compared to the baseline value (33,6mm). Default radii (5mm) were used where applicable. 22
degrees divergence angle case was designed so as to minimize the divergence angle while
being able to fit into the original nozzle outer dimensions (when attached directly to the
convergent section).
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Figure 9 Nozzle divergence angle study results

As illustrated by Figure 9, there is a strong correlation between the divergence angle and
pressure recovery of the valve. Performance of the original nozzle could be clearly increased by
lowering the divergence angle. However, lowering the divergence angle has a limit — pressure
recovery improves till about 10°, for smaller angles the recovery decreases.

5.2.2 Nozzle straight section length

Second investigated parameter is the length of the straight section. Three lengths of
straight section were simulated for each of the three nozzle divergence angles (4, 22 and the
original 40 degrees), thus 9 geometry configurations in total.

- % =04 deg-3,5 mm

_____________—-————-———-—-—--—-—--'---}‘ et (04 deg baseline
|

soedgeee 04 deg - 7,0 mm
22 deg baseline

22 deg-3,5 mm
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 22deg-7,0 mm
41,20 -7,00 = 34,20 —+— 40 deg baseline

= ¢ =40deg-3,5 mm

- 41 ’20 - 3’50 = 37’70 - -0 40 deg - 7,0 mm

41,20

Figure 10 Straight section length study illustration

In Figure 10 , the cases are denoted by change of the straight section length as
compared to the baseline nozzle 2. Default radii (5mm) were used where applicable.
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Figure 11 Straight section length study results

Benefit of the shortened straight section is most evident for the higher divergence angles
and less pronounced for small angles. Nozzle with 22deg divergence angle and short
(negligible) straight section outperforms other candidates.

5.2.3 Nozzle divergence section transition radii

The third considered parameter was the transition radius between different nozzle
sections. Three different radii were investigated for each of the three nozzle divergence angles
(4, 22 and the original 40 degrees).
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Figure 12 Straight section length study illustration
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Figure 13 Transition radii study results

Again, radii influence is most pronounced for the 40deg divergence angle, whereas it is
negligible in case of the 4deg nozzle. Nozzle with 22deg divergence angle and 80mm transition
radii outperforms other candidates.

5.2.4 Parametric study best candidate

The performed study brings insight into sensitivity of the nozzle design to variation of
three basic parameters. All investigated parameters were found to have significant impact on
the nozzle performance. Among the investigated configurations, the 22deg divergence nozzle
design with eliminated straight section requires the lowest pressure drop to operate in cavitation
mode as illustrated by Figure 14.
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Figure 14 Parametric study best results comparison

The selected best candidate most probably does not represent the global optimum
available in the whole design space. Slightly lower divergence angle in combination with
eliminated straight section and possibly increased transition radii might perform better.
However, the difference is anticipated to be marginal. Furthermore, such a solution would
require the valve envelope dimensions to be elongated.

It was found that the pressure drop for the valve to operate in fully cavitating mode is in
strong correlation with the mass flow rate through the valve in non-cavitating mode. Therefore in
future investigations this parameter could be used as an objective function. This brings
considerable computational and post/pre-processing time savings, as only one computation is
needed to evaluate each design in contrast to the present 12+ computations. The
aforementioned objective function formulation would also enable deployment of automated
optimization routine.

5.2.5 Practical implementation

Due to the practical considerations of a new valve design, the proposed parametric study
best candidate geometry was further modified. Two variants were promoted into the test phase,
Nozzle 3 and Nozzle 4, as compared in Figure 15.

Figure 15 Comparison of geometry: Nozzle 3 (black) vs. Nozzle 4 (blue)
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Both of the variants were subjected to numerical evaluation. These results are compared
to the parametric study best candidate (22deg — 7mm) and the baseline nozzle 2 design in

Figure 16.
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Figure 16 Nozzle design performance comparison

The best performing design, Nozzle 4 is compared to the baseline Nozzle 2 for all pintle
strokes in Figure 17.
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Figure 17 Nozzle 4 vs. Nozzle 2 performance comparison
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The simulation foresees improvement of pressure drop needed for the valve to cavitate
of nearly 20 bar for the fully opened valve. The nozzle 4 is predicted to perform slightly worse
for the small openings however.

6.3 Final comparison

Nozzle 4 has been subjected to the experimental test procedure as described in section
3 and initial data have been extracted. The data are sparse, therefore it is hard to draw definitive
conclusion on the valve performance and fidelity of the numerical simulation. However, the
valve seems to have improved approximately by the values predicted numerically, as can be
seen from Figure 18.
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Figure 18 Pintle 2/Nozzle 4: numerical and experimental evaluation

4 Conclusion

Flow control valve has been designed to modulate oxidizer flow for hybrid rocket engine.
The cavitating venturi concept of the valve proved to fulfil the challenging requirements of the
application. This has been confirmed both by experimental and numerical evaluation of the
various geometry configurations considered.

Reasonable agreement between the experiment and numerical simulation has been
found, enabling the CFD to be used during optimization of the valve geometry, in order to lower
the pressure drop needed for the valve to operate in fully cavitating mode.

The first experimental results of the optimized nozzle seem to be favourable, however
more detailed investigation is needed to perform conclusive comparison with the numerical
setup and with the baseline nozzle.

As part of the future work, experimental and numerical characterization of the valve with
hydrogen peroxide as a working media will be performed to enable the valve to be flight tested
in the Spartan lander demonstrator.
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STOCHASTIC NUMERICAL MODEL OF ELECTRODYNAMICS AND APPLICATION ON HV
TEST

PAVEL FIALA, MICHAEL HANZELKA, IVO BEHUNEK

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

Abstract: The article presents the transient task numerical modelling of the electrodynamic
process in gas with a pulsed electric field. Within the numerical model, non-linear electric
properties of gas are respected and, by the help of a non-deterministic stochastic model, the
possibility of an electric charge generation is analyzed. The authors examine the problem of
electric charge probability evaluation on 3-D spark gap model; on the basis of testing the tip-tip
disposition, a comparison of individual instances of the probability function evaluation is
provided. The model was appliyed on the high voltage (HV) apparatus test.

Keywords: Numerical modelling, stochastic, non-linear, material, discharge, electric field,
probabilistic function, HV test, PCB design.

1 INTRODUCTION

The origins of research in the field of single-shot processes modelling date back deep
into the past century. Then, the related problems were solved through the use of experimental
methods as applied by Nikola Tesla, the Nestor of electrical engineering www', www?. For the
solution of the pulse process in an electromagnetic field, models based on the conversion of a
physical model into a mathematical one can be classified as stochastic. From the perspective of
a macroscopic physical model, the concerned tasks mostly involve a high number of relations of
the system elements, with the possibility of description comprising only several external
parameters and functions of the system. The models can be further solved as stochastic or
deterministic. For numerical models based on finitary methods, it is easier to utilize the
stochastic approach Enokizono M., Tsutsumi H.,1994 in the first approximation. This article
uses the example of a 2-D model to present the algorithm and parameters of a stochastic model
of a discharge generation in an air spark gap, Figure 1. The related experiments on a test circuit
are indicated in Fig. 2.
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E [Vim]

Figure 1. A simple electrical spark gap, 3-D model
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Figure. 2 A HV test PCB circuits for a electrodanamic test, 3D analysis

2 STOCHASTISATION OF THE MODEL: THE STOCHASTIC/DETERMINISTIC
APPROACHES

One of the many techniques of "stochastisation" is focused on the change of input
parameters of a deterministic model consisting of the stochastic (probabilistic) processes. The
solution of the final model has a random process character (stochastic approach). A simple
differential equation can be written in the form

%:a(x,...z,t). (1)

Stochastic form of the equation with the member added to the right-hand side can be
written as b(t,X(t),....Z(t)) &t)
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%X(r) =a(X (1), Z (1)) +b(X (1), Z(1),1) £(1), (2)

where the symbol x(t) describes the stochastic process of the main function change. The
solution of this equation will include the stochastic process X(t). Another stochastisation
technique is based on deterministic solution of the relation (2) for the non-trivial function with
discontinuities in the time domain. Modification of the model (2) is performed by changing

dX (1) =a(X (), Z(1),t)dt +b(X (£),..Z(1),1) E(¢)dr (3)

and, after that, the part 5(;) dt

dw (1) = &()dr- (4)

where dW(t) is known as the Wiener process WAt) incrementation. The function can be

explained as Brown movement. Then, the model changes the formula. Then, the stochastic
differential equation from relation (3) can be writen as

dX (1)=a(X (t),Z(t),t)dt +b(X (1), Z(1),1) dW (1)’ (®)
and the next step for the description of the time domain is in the form
T T
X()=X, + [ a(X(t),mZ(t),0)dt+ [ b(X(1),0nZ(1),t) AWV, (6)
I Ty

The above-stated model (6) can be further solved by means of well-known methods.
One of the promising techniques is based on utilizing cognitive functions and system in solving
the stochastic system of partial differential equations. In the following sections of this study, the
stochastic approach tested within article P.Fiala, M. Friedl will be analyzed.

3 THE NUMERICAL MODEL

As it was already discussed in study Enokizono M., Tsutsumi H.,1994, the model is
formulated for a quasi-stationary electric field from reduced Maxwell’s equations Stratton J.A. |
1961,

dive E =g¢q, diVJz—ﬁ (7)
ot
. 0q
diviy E)=—— 8
v(rE)=-2 (8)

where E is the electric field intensity, J is the current density vector, ¢ is the permittivity,
ythe conductivity, and q the electric charge. After modification, the equations from (7) become

. d(¢ E) B
d1V(7/E+—at j—O (9)

If the formulation of electric intensity vector by the help of potential ¢ is respected,
E =—gradg (10)

then the model according to expression (9) can be written as
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div(ygrad(p + Mj 0

(11)
In expression (11), the partial derivative includes the formulation egrad ¢. If we assume

time independence of the environment macroscopic characteristic — permittivity ¢, the form can
be written in a manner consistent with paper Enokizono M., Tsutsumi H.,1994

div ( ygrade + & grad %—f}

0

(12)

This form, in the dynamical modelling of an electric field shock wave, does not include
the effect of permittivity variation. Conversely, conductivity 7 or electrical resistivity p as its
reversed value, is shown in Figure 3.

Air characteristic u
2,
w, Epmax
2,202,
/boooooqoo X—K—)é(—)(—)é(—\‘\x
w20 %
T
%% &
.g ’f%goo A Air resistivit chu
= %% N y
o %
b ,%2 \)‘
{’00 L
4 % 2, 2, 2 2 2, % 7
@ @ % %, 00000 000000 0000000
E [VIim]

Figure 3. Characteristics of the electrical resistivity dependence on electric field intensity

If we assumed the dependence of electrical permittivity £ on time variation and the

module of electric intensity E, model (5) could be employed to describe more exactly the
processes related to an electric discharge. The time behaviour of electric potential variation was
preset with parameters of 1.2/50 us, Figure 3.
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Emax

1.2 [ps] t[s]
Figure 4. The electric potential time behaviour in model (11)

4 A 3-D stochastic model

If we apply the probabilistic function for the 2-D stochastic model based on relation (12)

n
P :( £ J (13)
" Ebrmax

where Ej is the electric intensity module of the numerical model element solved by
means of the finite element method (FEM), 7 relates the growth probability with the local electric
field, Epmax is the electric intensity module of the electric discharge. The time behaviour of
electric potential ¢ or electric module intensity E according to Figure 4, in which we tested the
model behaviour for Ena1=3kV/cm, Enax2=100 kV/ecm. The probability function (13) consists of
two basic functions and is indicated in Fig. 5.

For example, for entering the waveform of intensity of electric field E (electric potential ¢)
P. Fiala, 2003, P. Fiala, 2007, from the behaviour described in Figure 3 Ep max=30kV/cm for the
normal electric strenght, E,.max=300/cm for the tangential electric strenght. The 3D test model
distribution of electric field E for the non-uniform mesh of the 3-D spark gap model elements is
shown in Figure 6.

The distribution of changed characteristics of conductivity y in the 3-D stochastic model
based on the transient process modelling is showen in Figure 6. Figure 7 shows probability P
distribution in the PCB tested model as a function of electric field E intensity according to the
characteristics from Figure 5. Thus, the entire transient process was modelled according to the
time behaviour of the exciting electric intensity £ from Figure 4. Also, it was determined that the
described probabilistic function from Enokizono M.; Tsutsumi H.,1994 has certain drawbacks for
the 3-D numerical model; therefore, we used (for example) the double Gauss probabilistic
function, Figure 5. This algorithm of stochastic model solution reveal oneself as a powerfull tool.
Figures 8 and 9 shows probability P distribution in the PCB HV test model in different scale of
displaying a function of electric field E intensity distribution. Figure 10 indicates the model
complemented with a known value of specific conductivity .
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Fig.7 The distribution of probability P, t= 0.2us
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Fig.8 The distribution of the probability function P, = 0.2us: the probability function P at the start of the
electric discharge
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Fig.9 The distribution of the probability function P, = 0.2us: the probability function P at the start of the
electric discharge
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Fig.10 The distribution of conductivity y , t=0.2us

5 CONCLUSION

The tests conducted by the help of a 3-D numerical model designed for the modelling of
the HV electric discharge stochastic process PCB electronic design proved that the quality of
the assembled numerical model, uniform distribution, and boundary conditions setting are
aspects of fundamental importance to the modelling procedure, Kikuchi H., 2001. The stochastic
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model algorithm was tested on the design of a preliminary module having an architecture of
intermediate complexity. We selected one probability function and applied it to the tested
stochastic model of the electronic module.
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STRESS ANALYSIS PERFORMED BY FINITE ELEMENT SIMULATION OF THE STRAIN
GAUGE MEASUREMENT IN ANSYS

VLADIMIR GOGA
Institute of Power and Applied Electrical Engineering, Faculty of Electrical Engineering and
Information Technology, Slovak University of Technology, llkoviova 3, 81219 Bratislava

Abstract: This article presents finite element simulation of how the strain gauge works during
stress analysis. Principle of strain gauge measurement was simulated for solid body loaded in
tension. Strain gauge was modeled as solid part with mechanical and electrical properties.
Model of strain gauge was supplemented with special elements to create Wheatstone bridge.
Other simulation presents the measurement with strain gauge rosette to determine the state of
plane stress in thin solid structure. Results from plane stress simulations were compared with
experimental measurement. All finite element simulations were performed using software
ANSYS.

Keywords: finite element simulation, strain gauge, stress analysis, plane stress

1 Introduction

Strain gauge is device used to measure the mechanical strains of solid bodies. Principle
of strain gauge measurement is a change of the electrical resistance of the material due its
deformation. Strain gauge is actually an electric wire of negligible cross section compared to its
length and therefore the deformation is most pronounced precisely along its length (sensitive
direction). Uniaxial strain gauge is shown in Image 1a.

Carrier material Measuring grid

li 1 Resistor
R
Ins._an51t}vlfy {} - = Connections
direction g
Excitation —— u B X/
I Voltage —— ~¢ Voltage
Effective grid R,
length

C
<>
Sensitive direction
a) b)
Image 10 — Strain gauge: a) uniaxial gauge, b) quarter Wheatstone bridge

Metallic foil strain gauges are commonly used. This type of strain gauge consists of a
grid of wire filament (resistor) of approximately 25 um thickness, bonded directly to the strained
surface by a thin layer of epoxy resin. Typical material for wire filament is a constantan (copper-
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nickel alloy). Strain gauge is attached to the surface of the measured structure with special glue,
so that the surface deformation is transferred on the strain gauge. Surface deformation causes
a very small change of the strain gauge resistance. To measure resistance change, the strain
gauge is connected to the Wheatstone bridge.

Wheatstone bridge is an electrical circuit used to measure an unknown electrical
resistance. Image 1b shows the quarter bridge which is used for measurement with single strain
gauge. Excitation voltage U, of the Wheatstone bridge is 1-10 V. Output voltage U is zero if
gauge resistance Ry is equal to the resistance of others resistors R (resistors R;, R, R; have
the same resistance R). Resistance change AR, due to gauge deformation caused nonzero
output voltage (Hoffman, 1989):

UzlGF-Ue-g > g=2U (1)
4 GF-U

e

where U — is output voltage [V], U, — is excitation voltage [V], € — is strain [-] and GF — is gauge
factor [-].

This resistance change AR, is related to the strain by the quantity known as the gauge factor
GF. Gauge factor for metallic strain gauge is typically around 2 and nominal resistance of
resistors and strain gauge is 120 or 350 Q. Gauge factor is defined as follows (Hoffman, 1989):

FZARg/Rg=ARg/Rg 2)
AL/ L €

where AR, — is gauge resistance change [Q], R, — is nominal gauge resistance [Q], AL —is
change in length [m] and L — is original length [m].

Finally, uniaxial tension/compression stress o in elastic region of deformation is calculated by
using Hooke’s law (where E — is Young’s modulus [Pa])):

4.U
GF-U

e

c=F-¢ = o=F

3)

The accuracy of the strain gauge measurement is affected by several factors of which
the most unfavorable is temperature sensitivity. Therefore half and full bridge is used instead
quarter bridge (Hoffman, 1989). Half and full bridge can also increase value of output voltage.

2 Finite element model of the strain gauge

Geometry model of the strain gauge is represented just by solid wire filament with
square cross section area (S = 20x20 um) and mid-length 42,6 mm (effective grid length is 3
mm). Wire was meshed with element SOLID5. This element has a 3-D magnetic, thermal,
electric, piezoelectric, and structural field capability with limited coupling between the fields
(ANSYS, 2012). Material of the strain gauge wire is constantan with properties: Young’s
modulus 162 GPa, Poisson’s ratio 0,33 and resistivity pc = 500 nQ-m (Hoffman, 1989). Desired
resistance R for strain gauge is 120 Q. For resistivity pc = 500 nQ-m, the length of constantan
wire L was calculated from:
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R=p.—c = L(,=/)'S=96mm (4)
;

But length of our model is just L = 42,6 mm. Therefore new resistivity for the model had to be
determined:

p=¥=1126,76n9~m (5)

Ratio of lengths and resistivities must be equal: 96/42,6 =1126,76 /500 =2,2535.

a. Resistivity of the strain gauge

New resistivity p was controlled by electric simulation. Boundary condition at the ending
surfaces was voltage 0 V and 5V (U, = 5 V). Current / passes through the wire is from Ohm’s
law (resistance of the wire R = 120 Q):

I=%=0,041667A (6)

Voltage distribution along the wire is shown in Image 2. For resistivity p = 1126,76 nQ-m was
current 0,04121 A, what means wire resistance was 121,33 Q. Resistivity has been modified to
p = 11145 nQ-m when current was 0,041665 A. Resistivity of the wire is then 120,005 Q. Final
resistivity for other simulations was therefore chosen p = 1114,5 nQ-m.

J

0 1.11111 2.22222 3.33333 4.44444
.555556 1.66667 2.77778 3.88889 5

Image 2 — Voltage result [V] in strain gauge model (U, = 5 V)

Next control of the strain gauge finite element model was simulated the Wheatstone
quarter bridge connection. Three resistors were created from element CIRCU124 (ANSYS,
2012) with nominal resistance 120 Q. Wheatstone bridge circuit is shown in Image 3. Excitation
voltage in circuit was 2,5 V. Wire resistance was not exactly 120 Q (but 120,005 Q) therefore
measured output voltage was not zero, but 0,03 mV, see Image 3. This value must be
subtracted from measured output voltage in next simulations. This value of voltage can be
considered as zero balance value U,.
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1.25 .300E-04

0 -1.25

Image 3 — Output voltage [V] for unloaded strain gauge finite element model (quarter bridge)

b. Simulation of the strain gauge measurement

Strain gauge measurement was simulated for tensile test. Sample was loaded by
uniaxial pressure p from 0 to 100 MPa. Applied pressure represents tensile stress in the
sample. Dimensions of the sample: 23x2x1 mm. Sample material was steel with Young’s
modulus E = 210 GPa and Poisson’s ratio 0,3. Wire of strain gauge has no significant influence
on the strength of the sample therefore the Young’s modulus of wire was 1 Pa and Poisson’s
ratio 0,499. Resistivity of wire was p = 1114,5 nQ-m. Volume of tension sample was meshed
with element SOLID285 (ANSYS, 2012). Complex finite element model is shown in Image 4.

For every load case structural analysis was performed first. Geometry of the finite
element model was then updated to deformed configuration and electric analysis was done.
Excitation voltage was U, = 2,5 V and zero balance voltage was U, = 0,03 mV. Observed
variable was measured voltage U, Longitudinal strain and stress was calculated from output
voltage U = U,, — U, using Eqv. (1) and (3). Results are in Table1. Gauge factor was considered
GF; = 2. Image 5 shows plot results of longitudinal stress and strain for load case p = 40 MPa.

<=

Pressure

=>

Pressure

Image 4 — Finite element model of the tensile sample with strain gauge
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Image 5 — Longitudinal stress and strain for load case p = 40 MPa (GF, = 2)

Table 3 Results from simulation: voltage, strain and stress (GF; = 2)

p[MPa] | Un[mV] | U[mV] | ex107]-] | o[MPa] | Ac[MPa] | Ac[%]
0 0,03000 0 0 0 0 0
20 0,14706 | 0,11706 | 0,09365 19,7 0,3 17
40 0,26412 | 0,23412 | 0,18730 | 39,3 0,7 1,7
60 0,38118 | 0,35118 | 0,28094 | 59,0 1,0 1,7
80 0,49824 | 0,46824 | 0,37459 | 78,7 1,3 1,7
100 0,61531 | 0,58531 | 0,46825 | 98,3 1,7 1,7

Percentage difference between applied pressure and stress result for each load case
was 1,7 %. This error was caused by gauge factor GF;. If the stresses are equal to applied
pressure it is possible to calculate new gauge factor GF from Eqv. (3). New gauge factor GF =
1,967, see Table 2.

Table 2 Gauge factor GF for equal stress and applied pressure
p [MPa] 20 40 60 80 100

o[MPa] | 20 40 60 80 100
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U[mV] | 0,11706 | 0,23412 | 0,35118 | 0,46824 | 0,58531

GF [-] 1,967 1,967 1,967 1,967 1,967

3 Plane stress analysis

Plane stress is a special case of general three-dimensional stress state at a point of
structure under mechanical loading. Plane stress is typical in many engineering problems where
the stresses are induced in a thin plate or on the free surface of a structural element. A point of
thin-walled structure can be represented as a rectangular planar element in the x-y plane. This
element in the state of plane stress has three nonzero stress components: two normal stresses
ox, o0y, and one shear stress g, (from static equilibrium 7, = 7,) as shown in Image 6a. Stress
components oy, o, and 7, change with the angle ¢ of rotation of the element into new
coordinate system. In new coordinate system, there are maximum o; and minimum o, normal
stresses called principal stresses and zero shear stress in the element, see Image 6b. Principal
stresses lie in principal directions. Maximum shear stress 7,.,x occurs when the element is
rotated from principal directions about angle 45°, see Image 6¢. For this orientation of element,
there are except maximum shear stress 7. also two nonzero normal stresses with the same
average stress value o,... More detail about plane stress can be found in (Bauchau, 2009 and
Ugural, 2011).

0_‘ l“( f",“\ O-“
i (&
I \/}//(\’\\\\\
KA’
—b o \\ /‘
/-"
l Tave. Tv o-m‘(',
: O_: RIILX
..-@-"' @=10° p=45° <
e
a) b) c)

Image 6 — Element in the state of plane stress:
a) x-y coordinate system, b) principal directions, c) direction of maximum shear stress

Three stress components in plane stress state produce in x-y plane deformation given by
extensional strains & and ¢, and shear strain j%,. Relation between stress and strain in elastic
region of deformation is given by generalized Hooke’s law (where E is Young’s modulus and vis
Poisson’s ratio):
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£, 1 -v 0 o, o, E v 0 e

g, |=—=|-v 1 0 ol e o =AY L0 | e (7)
-V

Y 0 0 2 (1 + v) 7, 7, 0 0 I_TV Vs

To determine the state of plane stress, it is necessary measure not only two extensional
strains, but also shear strain, with respect to some given x-y coordinate system. However, there
is not direct way to measure the shear strain (Bauchau, 2009). The solution of this problem is to
make three independent measurements of extensional strains at a point on the surface of
structure. The most obvious approach is to place three strain gauges together in a rosette with
each gauge oriented in a different direction and with all of them located as close together as
possible to approximate a measurement at a point (Bauchau, 2009). Strain gauges in rosette
are typically oriented at fixed angle 45° (rectangular rosette) or 60° (delta rosette) with respect
to each other.

Image 7 shows measurement with rectangular strain gauge rosette. Gauge A is rotated
relative to the principal axis 1 of the angle ¢. Directions of gauges A and C represents x-y
coordinate system of the element. From measured strains ¢4, €5, & we can determine strain
components for element in x-y coordinate system (Hoffman, 1989):

&, =&y 5 8,78 5 7xy:253_5A_5<r (8)

Now, it is possible calculate stresses in the element in x-y coordinate system using
generalized Hooke’s law using Eqv. (7). Principal stresses o7, maximum shear stress z,, and
angle ¢ between principal directions and x-y coordinate system and the equivalent von Mises
stress oyises are then calculated from:

S (9)
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principal axis 2

9
[N

principal axis 1

(o)

gauge A

o2
&4

Image 7 — Rectangular strain gauge rosette

X

a. Testing specimen

Plane stress was investigated in the center of specimen shown in Image 8a. Specimen
was loaded in tension by force F as shown in Image 8b. Parameters for plane stress test:

shape and dimensions (in millimeters) of the specimen are shown in Image 8a;
thickness of the specimen: t =1 mm;

material: aluminum (E =70 GPa, v= 0.33);

applied force: F =200, 400, 600 N.

F
|
‘ Clamped area
25
\ H
| o
@ é Ol
0 10 ‘ 30 P Z 92
8 g+ — — <T» — 1T« 1 "I—_—I principal axis 2|
\ ‘LUJ
| |
|
‘ Clamped area
} i

; N

a) b)

Image 8 — Specimen: a) shape with dimensions,
b) loaded of the specimen and expected state of stress
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b. Standard static structural analysis

The first simulation was performed standard static structural analysis. Results from
simulation for applied load F = 400 N are shown in Image 9. All results are in Table 3.

B: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

0,0088813 Max
0,0078949
0,0069084
0,0059219
0,0049354
0,003949
0,0029625
0,001976
0,00098954
3,0658e-6 Min

24,378 Max
21,67

18,961

16,253

13,544

10,835

8,1268

5,4182

2,7096
0,0010721 Min

von Mises stress

Unit: MPa

14229 Max 12,287 Max -1.2008 Max
13,761 11,782 L5335

13,003 11,207 L8663 7,4107
12,024 [1322¢ 3 10,600 [tLe5s 21991 . 7,165
12,356 10,306 e X
11,080 94105 28646
11,610 93151 3074
10,851 38198 35900
10,483 83004 3862
10,015Min 7,829 Min -41956 Min 5.6424Min

7.9276 Max
76131

von Mises stress Maximum principal stress Minimum principal stress Maximum shear stress

Image 9 — Plot results for load case F =400 N

c. Simulation of strain gauge rosette measurement

Rectangular strain gauge rosette was modeled in the center of specimen to determine
three individual extensional strains. Orientation of the rosette is shown in Image 10. Gauge A is
rotated from principal axis 2 about angle ¢ = —20°. Specimen was modeled as three-
dimensional body and each gauge was modeled as individual shell element with own local
coordinate system (dimensions 1x0.5 mm, thickness 0.001 mm). Results of this simulation were
extensional strains of individual gauges ¢,, €, &c (strain in X axis of local coordinate system, see
Image 10). Stress quantities were calculated from the strain results using Eqv. (7), (8) and (9).
All results are presented in Table 3.
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principal axis 1

\ o2 Y principal axis 2
\e principal axis
N S

Image 10 — Model and orientation of the strain gauges

d. Experimental measurement

Real specimen was subjected to testing. Three gauges were attached on the specimen.
Orientation of gauges is the same as in previous finite element simulation, see Image 11.
Measured strains and calculated stresses are in Table 3. Devices used for experimental
measurements: universal tensile testing machine, load cell, strain gauges, measuring amplifier,
PC with software to acquisition and visualization of measuring data.

Image 11 — Experimental measurement: specimen with strain gauges
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Table 3 Results from simulations and measurements

F £A &8 £c Ox oy Tay o1 o2 Tmax OMises ]
[N] | [um/m] | [um/m] | [um/m] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [°]
Static structural analysis

200 - - - - - - 5.0 -2.0 4.0 71 -
400 - - - - - - 117 | 42 7.9 14.2 -
600 - - - - - - 175 | 6.3 119 | 213 -
FEA of strain gauge rosette measurement
200 | -39.6 65.7 74.9 -1.2 49 25 5.8 -2.1 3.9 71 -20
400 | -79.1 1314 | 1498 | -2.3 9.7 5.1 116 | 4.2 7.9 14.1 -20
600 | -118.7 | 197.1 | 224.7 | -35 14.6 7.6 173 | 6.3 118 | 212 | -20
Experimental measurement

200 | -40.4 61.6 68.6 -1.4 43 25 5.3 -2.3 3.8 6.8 | -20.5
400 | -80.8 | 1232 | 137.2 | -2.8 8.7 5.0 106 | 4.7 7.6 13.5 | -20.5
600 | -121.2 | 184.8 | 2058 | -4.2 13.0 7.5 158 | -7.0 114 | 20.3 | -20.5

4 Conclusion

Simulation of strain gauge measurement was performed using finite element method in
software ANSYS. Strain gauge was modeled as a wire and its resistivity was calculated and
adjusted according to the simulation. Finite element model of tensile sample with strain gauge
was created and loaded by uniaxial pressure. Results from simulations were output voltage in
quarter Wheatstone bridge and strains and stresses in the sample were then calculated. Finite
element method was also used for simulation of measurement with strain gauge rosette to
determine the state of plane stress. Percentage errors of von Mises stress results from the
simulations are less than 6 % in view of the experimental measurement.
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FULLWAVE ELEKTROMAGNETICKA ANALYZA UHLIKOVYCH KOMPOZITU S OHLEDEM
NA JEJICH MIKROSTRUKTURU A ANIZOTRORPII

STANISLAV GONA

FAI UTB Zlin, Nad Stranémi 4511, 760 05 Zlin

Abstract: This paper describes FEM high frequency electromagnetic analysis of composite
materials consisting from the epoxy and long carbon fibers with respect to their anizotropy. The
result of the analysis is the transmission coefficient (resp. shielding effectiveness) of the
composite for the plane electromagnetic wave with linear polarization in the frequency range
100 MHz to 18 GHz. Main concern of the paper is focused to the transformation of
electromagnetic material properties (namely tenzor of high frequency conductivity) from the
local system connected with fibers to the global Cartesian system. An example of the high
frequency electromagnetic analysis for two composite samples having different structure and
orientation of carbon fibers is given in the paper. Shielding effectiveness of these samples is
compared with an analytical model, which is valid at the low frequency region.

Keywords: carbon fiber composites, high frequency conductivity, anizotropy, shielding
effectiveness

1 Uvod

Vysokofrekvenéni elektromagneticka analyza kompoziti byla v minulosti nejCastéji
provadéna pomoci momentové metody (Chin,1998) nebo analytickych pfistupl pfipodobnuijici
uhlikovy kompozit k pfenosovému vedeni (Holloway,2006), a to z duvodu limitaci paméti a
vypocetniho vykonu stolnich pocitacl. V poslednich 10 letech je prakticky mozné provadét
vysokofrekvenéni analyzu uhlikovych kompoziti také pomoci komeréné dostupnych fullwave
simulaénich nastroju (Ansys, Cst microwave studio pfipadné dalSich), a to i na béznych stolnich
PC s paméti fadové do 4 GB.

V programu Ansys je pfitom mozna analyza vysokofrekvenénich vlastnosti kompozitu s
uvazovanim jejich anizotropie od verze Ansys 11 (z roku 2007). Pfedchozi verze byly omezeny
na izotropni vysokofrekvenéni materialové modely.

Tento pfispévek popisuje fullwave elektromagnetickou analyzu vlastnosti uhlikovych
kompozitt CFC (Carbon Fiber Composites) s dlouhymi uhlikovymi vlakny. Tyto kompozity
nachazeji nejCastéji uplatnéni v leteckém prumyslu jako potahové materialy semikompozitnich
letount. Novéji se objevuji také v automobilovém primyslu. Kazdy kompozit se sestava z rfady
vrstev (v angli¢tiné oznacovanych jako plies) s tloustkou cca. 100 az 150 mikrometr(. V kazdé
vrstvé jsou vlakna orientovana bud jednim smérem (Obr. 1) nebo jsou provedeny ve formé
struktury utkané ve formé mfizky (Obr. 2). Druhé provedeni je CastéjSi nebot zaruluje
potfebnou mechanickou stabilitu. Nicméné pro zjednoduseni analyzy je v praxi dostateéné
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uvazovat nahradu struktury z Obr. 2 pomoci dvou vrstev (plies) orientovanych ve sméru 0 a 90
stupnd.

/ dlouha uhlikova viakna

O O epoxid
I
//
/

OO
OQ
OQ

S ... separace mezi vlakny
d ... primér mezi vliakny

125um

Obrazek 11 - Jedna vrstva (ply) uhlikového kompozitu s vlakny orientovanymi v jednom
sméru (unidirectional carbon fiber composite with long carbon fibers)

svazek s vertikalne
QOOO//umistenymi viakny

OO

O O | svazek s horizontalne
O O/ umistenymi vlakny

" OO

(8itkaw = cca. 2 mm

j w tloustka t = 125 mikrometri) 125Hm 125|Jm

% " Jeden plochy svazek
bl uhlikovych viaken

Obrazek 2 - Vievo) Jedna vrstva (ply) uhlikového kompozitu s viakny orientovanymi ve
tvaru mrizky. Vpravo) Nahrada takovéto vrstvy pomoci dvojce vrstev

CFC kompozity pouzivané v praxi maji vétSinou alespon 8 vrstev s typickou tloustkou okolo 125
mikrometrl. Orientace vlaken v jednotlivych vrstvach pfitom ovliviuje vyslednou dosazitelnou
stinici u€innost (Mehdipour,2008). Pfiklad takového kompozitu, ktery je také dale analyzovan
v tomto ¢lanku je uveden v Obr. 3.
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Obrazek 3 - Priklad CFC kompozitu s 8 vrstvami a rozdilnou orientaci viaken v
jednotlivych vrstvach. Vlevo 00,90,90,0,90,90,0,90 stupnu. Vpravo 00,90,45,-45,-45,45,90,0.
Pocet viaken je zmenSen oproti realité. Objemy jsou barevné odliSeny (zelena = epoxid,
¢ervena = vzduch, ostatni bravy pfedstavuji uhlikva vliakna v jednotlivych vrstvach)

2 Material a metody

Vysokofreveéni elektromagneticka analyza v programu Ansys pokryva fadu problému
z oblasti mikrovinné techniky, antén a problém0 tykajicich se vedeni ¢&i vyzarovani
elektromagnetickych vin, a to pfi uziti elementd HF118, 119 nebo HF120. Urcitou specialni ¢asti
této oblasti je analyza periodiickych struktur, tj. struktur které maji 1D, 2D nebo 3D periodicitu.
V tomto pfipadé probiha analyza na ohrani¢ené oblasti, tzv. zakladni peridické bunce. Viz.
Obr.4. Hranice této bunky jsou pfitom na souradnicich <-a/2;a/2> pro smér x, a <-a/2;a/2> pro
smér y. Na hranicich bunky je nutné pomoci pfikazu CPCYC aplikovat tzv. Periodickou
okrajovou podminku. Tato podminka se aplikuje na stupen volnosti AX, ktery ma pro
vysokofrekvenéni problémy vyznam slozky Hertzova vektoru (na rozdil od nizkofrekvenéniho
elektromagnetismu, kde ma AX vyznam magnetického vektrorového potencialu.

YL ocAL YeLosaL X, 0CAL

uhlikove

/// vlakno

// XGLoBAL

a

Obrazek 4 - Zakladni burika kompozitu (2D pohled, fez jednim z vlaken)
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Uvniti peridociké buriky se nachazi uhlikové vlakno danou oreintaci vzhledem k ose
Xgopa. Uhlikové viakno ma relativni permitivitu [¢,] a [7], kde [¢,] a [7] jsou tensory relativni

permitivity a vysokofrekveéni vodivosti viakna. Celkové Ize vlakno popsat jedinym materialovym
parametrem, a to komplexni permitivitou

[8,C(Wx]=[«9r]—jﬂ (1)

weE,
. O 0
[gr_L()(,'AL]= 0 ¢, O (2)
0 0 gr:z
V. O 0
[yiLO(,'AL ]: O )/yy O (3)
0 0 7.

Pro zjednoduseni budeme pfedpokladat, Ze permitivita uhlikového vlakna je izotropni, to
jest ¢,=¢,, =¢,, =¢,..=33. Naopak vlakna budou anizotropni, kde y, =y_.=0.1S/ma

7. =17000S/m jsou slozky vodivosti vlakna v lokalnim soufadném systému.

Vysokofrekvenéni analyza vlastnosti kompozitnich materiall se vétSinou omezuje na vypocet
koeficeintu odrazu a koeficientu prostupu dané periodické strutury. Napfiklad kompozitu
uvedenych v Obr. 3. V takovém pfipadé je vzorek kompozitu umistén v tzv. TEM vinovodu,
ktery je buzen zjedné strany mikrovinny port &islo 1, a na druhé strané je vyhodnocovan
komplexni pfenos S»; do pfizpusobeného portu Cislo 2. Cely TEM vinovod je z obou stran
ukonc&en tzv. pfizisobenou vrstvou PML. Cela situace je schematicky zachycena na Obr. 5.
Vzdalenost portt 1 a 2 od testované struktury by méla byt takova, aby bylo mozné
prfedpokladat, Ze na portu 1 a 2 existuje pouze rovinna elektromagneticka vina, a vysSi
spektralni slozky elektrické intezity dopadajici viny je mozné zanedbat. Vzhledem k tomu, Ze
zakladni periodicka bunka analyzovanych kompozitl ma velmi maly rozmér (fadové jednotky
mikrometru), tak je nutné jenom velmi mala separace mezi portem a strukturou (fadové desitky
mikrometr(). V pfikladech uvedenych dale je pouzita hodnota h,y=100 mikrometra.

Co se tyka vrstvy PML, tak jeji tloustka je vétSinou volena jako 0.25 vinové délky ve vzduchu.
Nicméné na nizkych kmitoctech by mél TEM vinovod v ¢asti PML pfili§ extrémni stranovy
pomeér (aspect ratio,a tak je mozné veliksot této vrstvy zmensSit az na cca. 0.01 vinové délky ve
vzduchu) pfi zachovani stability a spravnosti vypoétenych koeficientd Sy; a S,;.
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Kompozitni
PML P PML a
vzorek
1909.9,9.9.0.9.0.9.9.90.0.0.9.9.9.0.9.0.9.0.9,
et
9,.9.0.0.9.9.9.9.9.9.9.9.9.9.9.9.9.0.9.9.9
B RIS a
hoy = 0.1 %, d=1000pm h,,g=100um

Obrazek 5 — TEM vinovod s analyzovanym kompozitnim vzorkem

Model na Obr. 5 je buzen pomoci planewave portl, schematicky zobrazenych v Obr. 5
Cisly 1 a 2. Na portu &islo jedna byla uplatnéna vertikalni polarizace, tj. vektor elektrické
intenzity dopadajici viny mél orientaci ve svislém sméru. Pfedmétem analyzy byl vypocet
vykonového koeficientu pifenosu (power transmission coefficient) T v decibelech.

P
T[dB]=10log,, (—2]
P,

(4)

kde P; a P, jsou €inné vykony dodané do portu 1 a absorbované v portu 2. SE je vykonova
stinici ucinnost kompozitniho materialu (viozny utlum) platna pro buzeni kompozitu rovinnou
elektromagnetickou vinou.

Samotna analyza probiha pomoci standardni harmonické vysokofrekvenéni analyzy v prostiedi
Ansys Classic (tj. ANTYPE,HARMIC) pro pozadovany rozsah frekvenci. Nasledny vypocet
koeficientu odrazu a prostupu je realizovan volanim makra FSSPARM.MAC.

3 Teorie — transformace vodivosti

V oblasti elektromagnetismu, jak nizkofrekvencniho tak vysokofrekvenéniho maji Maxwellovy
rovince formalné stejny star ve v8ech soufadnych systémech. Nicméné pfi pfechodu z jednoho
soufadného sytému do jiného se odpovidajicim zpusobem (Johnosn, 2010) transformuji
materialové vlastnosti prostredi, tj. permitivita a permebilita.
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[gGLOBAL ] = [Jac][gL()(TAL ][Jac]T (5)

kde Jac je Jakobian zobrazeni, v nasem pfipadé transformace soufadnic z lokalnich na
globalni.

X GropaL cos(p) —sin(@) O x, 50,
Yorosa, | =] sin(@)  cos(@) 0| v, ocu (6)
ZGLoBAL 0 0 L z10car

Po aplikaci vztahu (4) dostaneme nasledujici maticovy soucin

—sin(¢p) —cos(p) Ofe,., O 0 || —sin(¢) —cos(p) O !

e, ionn |=| cost@) =sin(p) 0] 0 &, 0 | costp) -sin@) 0| ()
0 0 I{ O 0 e 0 0 1

rzz

ZjednoduSenim a aplikaci na tensor vodivosti Ize psat

cos’(@)y,, +sin’(@)y,,  sin(@)cos(@)(y,, —7») O

[}/]GLOBAL = sin(@) cos(@)(71; — 7») sin’ @y, + cos’ @yy 0 (8)
0 0 V33

kde 71, Y2 73 jsou slozky tenzoru vodivosti v lokalnim soufadném systému, tj. systému

spojeném s vlakny. Vodivost 711 je podélna vodivost ve sméru osy vlakna. Vodivosti 722a V3
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jsou vodivosti ve sméru kolmém na osu vlakna. Uhel ¢ udava pooto&eni lokalniho soufadného
systému (pooto€eni vliakna) vzhledem k globalnimu systému CSYS,0.

4 Vysledky

V ramci tohoto ¢lanku byla provedena vysokofrekvenéni elektromagneticka analyza dvou
kompozitnich vzorkl, schematicky vyobrazenych v obrazku 3. Celkova tloustka kompozitu byla
h = 1 mm. Kompozit se skladal z osmi vrstev. Kazda vrstva s tloustkou h1 = 125 mikrometru
byla tvofena 16 vlakny. Priamér viakna byl d = 6.75 mikrometru (hodnota zméfena optickym
mikroskopem Leica). Separace mezi vlakny byla s = 1.06 mikrometru. Kombinace prumér
vlakna a separace odpovidala objemové koncentraci vliaken p = 58.7 %.

d?
g
P=a+sy

(9)

Model kompozitu z Obr. 3, je zobrazen v Obr. 6. Tento model byl vytvofen pomoci v jazyce
APDL v prostiedi Ansys Classic. Sitovani modelu bylo provedeno &aste¢né lokalné pomoci
LESIZE (vrstva PML) a cCasteéné globalné pomoci ESIZE. Hustota sité v oblasti vliaken a
epoxidu byla pfitom ESIZE,d/6,6 kde d je prumér viakna. Jako typ elementl byl pouzit
tetrahedralni element HF119 s linearni aproximaci. Cely model se sestaval zhruba z 400 000
elementl. Pobliz prvni a posledni vrstvy (ply) se nachazel pomocny objem s vétsi hustotou sité,
aby byly spravné modelovany vyssi spektralni slozky intezity elektrického pole.
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WOLUME S
MAT NUM

ELEMENTS
MAT NUM

Obr. 6 Detail &asti geometrického a FEM modelu kompozitu 00,90,90,0,90,90,0,90 v prostfedi
Ansys Classic (¢ervena odpovida vzduchu, zelena epoxidu, ostatni barvy odpovidaji uhlikovym
vlaknum v pfislusnych vrstvach)

Pro model z Obr. 6 byla volanim makra FSSPARM.MAC vypoctena stinici u€innost pro pasmo
100 MHz az 18 GHz. Vysledky tohoto vypoctu jsou uvedeny v Obr. 7. Na nizkych kmito¢tech
tato stinici u€innost dosahuje hodnoty okolo 62dB. Pro vy$si kmitolty fadové nad 1GHz stinici
u€innost monoténné roste a na nejvyssim kmitotu 18 GHz dosahuje hodnoty okolo 190 dB.
Mezi LF aproximaci a FEM modelem je na nejvy$Sim pracovnim kmito¢tu 18 GHz velmi maly
rozdil, nebot’ perioda buriky kompozitu je mnohem mensi nez je délka viny.
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CFC kompozit (0,90,90,0,90,90,0,90) stupnu
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Obr. 7 Srovnani stinici ucinnosti vypoctené pomoci program Ansys (FEM model, HF) a
homogennniho modelu (kfivka LF aproximace) pro kompozit s orientaci vlaken
0,90,90,0,90,90,0,90.

Druhy analyzovany vzorek kompozitu je schematicky vyobrazen v Obr. 3 vpravo. Tento vzorek
se setaval z 8 vrstvev (plies). Kazda vrstva méla tloustku 125 mikronu a obsahovala celkem
Nz=16 vlaken s primérem d= 6.75 mikrometru. Objemova koncentrace viaken byla zvolena o
néco mensSi nez u prvniho vzorku a €inila p = 46.7 %.

Fyzicka podélna vodivost uhlikovych vlaken tak byla o néco vétsi, a to 21413 S/m.

Vytvareni solid modelu tohoto 8 vrstvého kompozitu bylo provedeno opét v prostiedi Ansys
Classic, kde byl pro tento ucel napsan skript pro vytvofeni odpovidajici geometrie. Pfiklad
takového modelu je ve zjednodusené podobé uveden v Obr. 8. Je vidét, ze ve vrstvach Sikmo
orientovanych, se v periodické bunce nachazi jedno celé viakno spoleéné s malymi vyfezy,
dvou vlaken které zasahuji z bunék okolnich.
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Koneéné v poslednim obrazku je uvedeno srovnani vypoc&tené stinici u€innosti tohoto vzoru
(00,90,45,-45,-45,45,90) s nizkofrekvenénim modelem. Podobné jako u prvniho vzorku je shoda

velmi dobra. Diky jiné skladbé vrstev je vSak vysledna stinici u€innost mensi a na kmitoc¢tu 18
GHz dosahuje asi 160 dB.

o

Obr. 8 Detail ¢asti geometrického a FEM modelu kompozitu 00,90,45,-45,-45,45,90, v prostiedi
Ansys Classic zobrazujici objemy odpovidajici uhlikovym viaknim. Pro ucely zobrazemi byl
model zjednodusen, kde misto plného poétu viaken ve vrsvtvé jsou zobrazena pouze 2 vlakna
v kazdé vrstvé s cilem prezentovat objemvy, které odpovidaly jednotlivym vlaknim pro dané

vrstvy. Sitovani model bylo provedeno s hustotou cca. ESIZE,d/6,6, tj. 6 elementll HF119 na
primér vlakna.
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Obr. 9 Srovnani stinici ucinnosti vypoctené pomoci program Ansys (FEM model, HF) a
homogennniho modelu (kfivka LF aproximace) pro kompozit s orientaci vliaken 00,90,45,-45,-
45,45,90.

5 Zaver

Tento pfispévek prezentoval vypoétené vysledky stinici uéinnosti dvou v praxi se vyskuticich
kompozitnich materialt s 8 vrstvami a celkovou tloustkou 1 mm. Vysledky vypoctené pomoci
fullwave elektromagnetické analyzy byly srovnany s nizkofrekvenénim modelem (tzv.
homogennim ekvivalentem). Diky malému rozméru peridociké buriky ve srovnani s délkou viny
je shoda obou modell velmi dobra i nejvy§Sim pracovnim kmitoétu18 GHz.

Celé modelovani téchto kompozitu v prostiedi Ansys Classic vyzadovalo peclivou pfipravu
skriptu pro vytvofeni geometrie, a korektni modelovani vysokofrekveéni vodivosti pro jednotlivé
vrstvy kompozititniho materialu. Tato vysokofrekvenéni vodivost byla vypodétena podle
teroretickych vztahu uvedenych vtomto pfispévku, které predstavuji transformaci tenzoru
vodivosti z lokalniho systému spojeného s vlakny do globalniho kartzského soufadného
systému.
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Spravnost uvedené transformace byla ovéfena srovnanim s vysledky uvedenymi v jiném

prispévku, ktery vSak byl limitovan na tzv. homogenni ekvivalent kompozitu, platny pifesné pro
nizké kmitocty.
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INCREASING THE RESISTANCE TO INTERNAL EXPLOSION OF THE STRUCTURE OF A
BROWN COAL TRAY

PETR HORYL, PETR JAHN
VSB - Technical University of Ostrava, Varroc Lighting Systems s.r.o.

Abstract: This article deals with increasing the resistance of the steel structure of a brown coal
tray to internal explosion. The steel tray is welded to the supporting structure of the heating
plant. The paper focuses on changing the existing design to increase its resistance to internal
explosion. Because internal explosion of brown coal dust takes only a few milliseconds, an
explicit method was used. The explicit dynamic module from ANSYS Workbench 13 was used
for the solution of this difficult nonlinear dynamic problem.

Keywords: Brown Coal Tray, Internal Explosion, Explicit Dynamic Module

1 Introduction

The subject is a concrete solution tray which is welded to the structure of the plant. The
length is 11 m, width is 6 m and depth is 9.6 m, with a volume of 400 m® of brown coal. The
mass of the silo is 43,500 kg. The silo is welded on the top circuit to the supporting construction
(see Image 1). The aim of computer modeling was to determine whether an internal explosion of
coal dust causes this weld to break, followed by tearing of the container structure and its
collapse.

The tank walls have a thickness of 10 mm and are reinforced by rolled profiles of type I,
U and sheets. The tray is reinforced by a collar all around the upper and middle part welded
from two 1180 profiles.
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Image 12 — Tray structure

Because internal explosion of brown coal dust takes only a few milliseconds, an explicit
method was used. Explicit time integration is more accurate and efficient for simulations
involving large deformations, large strains and material nonlinear behavior. The explicit method
is conditionally stable. There must be some limit on the maximum size of the time step. Ansys
[ANSYS Explicit STR, 2009] recommends the Courant-Friedrichs-Levy condition for the size of
the time step. This condition implies that the time step will be limited such that a stress wave
cannot travel further than the smallest characteristic element dimension in the mesh, in a single
step. The time step criterion for solution stability is

At < f(ﬁj | (1)

c

where At is the time increment, f is the stability time step factor (0.9 by default), h is the
characteristic dimension of an element and c is the local material sound speed in an element.
The element characteristic dimension, h, is calculated as follows in Table 1.

Table 4 Elements characteristic dimensions
Type of element | Characteristic dimension, h,

Quad shell The square root of the shell area

Tri shell The minimum distance of any node

to its opposing element edge
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Beam The length of the element

2 Loading from Eurocode 1

According to Eurocode 1 — Actions on structure (CSN EN 1991-1-7, 2007), the stack was
assessed as a construction, which falls within the class consequence CC3, as when the coal-
dust explodes, there can be subsequent failures. This refers to the risk to persons from the
falling tank or damage to other equipment and great material damage. A crucial parameter for
evaluating explosion pressure is an index Ksr — the deflagration index dust cloud. This is
determined experimentally and gives the behavior of the explosion in a limited space. Larger
deflagration index values mean internal explosions with higher pressures and shorter time
waveforms. The deflagration index value Ksg; for brown coal is 18,000 kN/m?.m/s. For this index
value we obtained from the Eurocode standard a maximum load pressure pmax = 0.8 MPa. The
highest values of dust explosion pressure are achieved within a time span of 20 ms to 50 ms.

3 Computer model

A stack model for dynamic simulation of the internal explosion was created using the
drawings in the Ansys Workbench 13.0 (see Image 2).

The body model consists of areas that are reinforced by straight lines defined by the
properties of objects by type and size of reinforcements. The computer model is designed from
630 parts.

For the modeling of a coal-dust explosion in a coal storage, procedures were used
according to Eurocode 1 — Actions on structure (CSN EN 1991-1-7, 2007). The aim is to verify
the design using nonlinear dynamic analysis in the "Explicit Dynamics" ANSYS Workbench
13.0. The worst case load condition occurs when pouring coal into the tray. The assumption is
that when pouring is complete, with eight full hoppers of brown coal, the coal dust concentration
will be enough to cause a blast. In this case the pressure wave reaches the largest possible
area and causes the greatest damage. The pressure load acts on the inner surface reservoir.
The course load is plotted in Image 3.
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Image 2 — Computer model created in Ansys Design Modeler
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Image 3 — The course of the pressure load
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6.4 Mesh

The mesh consists of the shell and the beam elements. Shell elements were used for
creating the sheath. Profiles that stiffen the sheath container, beam elements are formed
elements. The mesh is made up of 21,627 elements, containing 28,376 nodes. The maximum
size of the shell elements is 160 mm. The generated mesh is shown in Image 4. The mesh
quality was verified by a quality metric system. The quality of the mesh elements is plotted in
Image 5. The x-axis describes the quality elements and the y-axis plots the percentage of these
elements. The quality of the elements is in the range from 0 to 1 and is determined by the ratio
of volume to the edge length of the element. A value of 1 reflects a perfect cube or square, while
a value of 0 means that the element has zero volume [Ansys Explicit, 2009]. In our case, the
quality elements in all parts of the tank are very good and we can expect good results.
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Image 4 — Silo mesh
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Image 5 — Mesh quality

6.5 Boundary conditions, contact

The computer model was applied to the following boundary conditions. The tray is
welded to the perimeter of the structure. Therefore, the model is loaded into a special part. This
simply replaced the bearing structure of the building. The welded joint has been replaced by a
"bonded - breakable" type contact [ANSYS, 2010]. So there is hard contact with the possibility
of a breach. Breach of contact is limited to a maximum value of normal and shear stresses in
contact elements. Our case was set to stress the ultimate strength of the material CSN 11523 to
510 MPa for the maximum normal stress, and 335 MPa for the maximum shear stress. Breach
of contact occurs when these values are exceeded and this will result in the tearing of the tray
from the structure. Another boundary condition is the pressure load from the blast. This load,
with a maximum pressure of 0.8 MPa and the process shown in Figure 3, was applied to all the
internal walls in addition to the hoppers. The boundary condition is evident from Image 7. The
influence of the tray’s own weight has been taken into account. This influence is not negligible,
because the entire stack mass is 43,500 kg.

Image 6 —Fixed connection on upper part of silo jacket
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Image 7 — Pressure loading on internal walls, red areas

6.6 Material properties

All parts of the tray are made of material CSN 11 523, which is normally steel with
higher carbon content. The material properties are in Table 2.

Table 2 Material properties

Yield stress | Ultimate stress | Young's modulus | Poisson's ratio
Material CSN

[MPa] [MPa] [GPa] [1
11523 355 510 200 0.3

To calculate this dynamic task we used the Johnson Cook material model [Ozel, 2007].
This is a material model which describes the stress as a result of deformation, strain rate and
thermal effects. The following equation expresses the stress flow.

5 = [4 +B(5)7] [1 + c'sn(sgi)] [1 _ (T'Tc'n)m] (2) where

T —
parameter A is initial yield stress, B hardening constant. The equivalent plastic strain speed :z is

normalized to a reference strain speed, 7 ,To is room temperature, T, is melting temperature,
and the temperature values are constants. While the parameter n is the hardening exponent,
parameter m is the thermal softening exponent and C is the reference strain rate. The Johnson
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Cook model [Ozel, 2007] is a numerically robust constitutive material model, which is often used
in computer simulations. Table 3 shows the constants needed for the Johnson Cook model.

Table 3 Description of Johnson Cook material model [Varmint, 2012]

Initial yield stress A 250 [MPa]
Hardening constant B 712 [MPa]
Reference strain rate C 0.01 [1]
Hardening exponent, parameter n 0.196 [1]
Thermal softening exponent m 1.1164 [1]
Melting temperature Tm 1500 deg

4 Results

First, a calculation was performed on the resistance of the original tray design against an
internal explosion of coal dust. It was found that the tearing supporting weld is already carrying
a pressure value p1 = 0.6 MPa at the time of 0.015 s, i.e. before reaching the maximum
pressure value. At the moment of tear, we observed extreme values of permanent plastic
deformation, as shown in Image 8. The original design is not able to withstand the full explosion,
so we proceeded to make design changes.

The first change (Image 9, red lines) strengthens the walls under the weld with two new
rings created from profile 2 x U180. The tray was also reinforced inside, doubling the existing
internal reinforcement. In this case, there was an increase in the marginal value of the pressure
to p2 = 0.7 MPa.

The second change (Image 10, red lines) consisted in changing the internal stiffeners
formed from profiles of type 1160. For this structure, the longitudinal and transverse
reinforcements were taken away and moved into the center of the tray with a spacing of 1 m.
The pressure load which led to a structural collapse was now down to p3 = 0.58 MPa.

2123,7 Max
I 18137
1503,7

11937
833,74
573,75
63,77
46,21
-356,19
-666,18
-976,16
-1286,1
-1596,1
-1906,1
-2216,1 Min

[ I
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Image 8 — Permanent plastic deformation of silo jacket [mm]

Image 10 — The second design modification, red lines

The third treatment consisted of a structural change in the wall thickness by increasing it
from 10 mm to 14 mm. The value of the pressure load which led to a structural collapse fell to
p4 = 0.62 MPa. Calculations showed that the coal tray was not able to withstand the full value of
the pressure from the blast without a full collapse. Standard Eurocode 1 in this case requires the
building of a safety exhaust system with a defined cross-section and defined activation
pressure. An exhaust system was designed with an area of 10.5 m? with an activation pressure
of 40 kN/m?. Based on these facts, the calculation was carried out for a control tank pressure of
50 kN/m? load, i.e. 0.05 MPa. The level of safety of the so-called partial load factor yF = 50/40 =
1.25. The results of the last calculation showed that maximum displacement during the dynamic
action does not exceed the elastic limit. The maximum displacement is only 38 mm and after
dynamic action this completely disappeared (see Image 11). In the supporting weld the yield
stress was not exceeded at any point.
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Image 11 — Maximum elastic deflection in [mm]

5 Conclusion

Calculations have shown that the structure of a brown coal tray, even after design
modifications, is not able to transfer the full value of the pressure from the explosion of coal
dust. A new exhaust system with a construction area of about 10.5 m? and the activation
pressure of 40 kN/m? must be added. Final dynamic calculations showed that, for the maximum
value of the internal pressure of the exhaust system, which is expected to be around 50 kN/m?,
the designed tray complies. This is achieved only when the elastic deformation and stress do
not exceed the maximum allowed value.
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ZKOUSKY NELINEARNICH MATERIALOVYCH MODELU BETONU V PROSTREDI

SYSTEMU LS-DYNA

HRADIL P. , SALAJKA V.

Abstrakt: Hlavnim ucelem provedeni zkousSek na Zelezobetonovych prvcich bylo kalibrovani
nelinedrnich materidlovych modell betonu pfi velmi rychlém narustu zatizeni. Tento pfipad
namahani (konstrukci) se uplatiiuje napfiklad pfi narazu vozidel do pilifti mostnich konstrukci
nebo do zachytnych systému, které se na vozovky umistuji z divodu zvysSeni bezpecénosti a
pomahaji chranit u€astniky silni€éniho provozu. Zachytné systémy jsou instalovany na krajnici
nebo ve stfednim délicim pasu. Ukolem zachytnych systému je zadrzet na komunikaci a
pfesmérovat neovladané vozidlo pfi zajisténi pfiméfené bezpelnosti cestujicich a dalSich
uzivateli komunikace. Byl navrzen zkusebni experiment, ktery sledoval pfirtstek napéti v Case
az do porusSeni betonového prvku. Vypoclet slouzi k provedeni zkouSek na skutecnych
betonovych prvcich, které jsou zatézovany nahle pfilozenym zatizenim. Ke kalibrovani zkousky
betonovych vzorkl byl pouzit program LS-DYNA a materidlovy model CSCM, ktery byl
specialné vytvofen k modelovani zachytnych systému.

TEST OF CONCRETE SPECIMEN
Time = 0.78
Contours of Z-stress

min=-48.8024, at elem# 725
max=-0.0778674, at elem# 17
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Obr. 1 Normalové napéti v betonovém prvku
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TEST OF CONCRETE SPECIMEN

Node lds
0.4 A A Comb. Z-force
| \ 257,258,259,260,261,262,263

264 265,266,267,268,269,270
271,272,273,274,275,276,277
278,279,280,281,282,283,284
285,286,287,288,289,290,291
0.2 202 293 294, 295,296,297,298
298 300,301,302,30%,304,305
306,307,308,308,310,311,312
0.1 \ 313,314,315,316,317,318,319

0.3 L

E+6)

force (E
T

z

320,321,322,323,324,325,326
327,328,329,330,331,332,333
334,335,336,337,338,339,340
- 341,342,343,344,345,346,347
0.1 348,349,350,351,352,353,354
0 0.2 0.4 0.6 0.8 355,356,357,358,359,360,361
362,363,364,365,366,367,368
; Time 369,370,371,372,373,374.375

Obr. 2 Casovy pfirlstek normalové sily v betonovém vzorku
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ANALYZA OCELOVYCH NADRZi
NORBERT JENDZELOVSKY, LUBOMIR BALAZ

Katedra stavebnej mechaniky,Stavebna fakulta, STU v Bratislave

Abstract: This article presents the comparison of a numerical calculation and experimental
measurement relating a cylindrical water tank.

Keywords: numerical analysis, cylindrical tank, FEM, ANSYS, experiment

1 Uvod

V tomto prispevku sa venujeme porovnaniu vypocétového modelu ocefovej valcovej
nadrze vytvoreného pomocou MKP a vysledkom experimentalneho vyskumu, ktory sme urobili
na nasom pracovisku.

2 Numericky model

Valcova Skrupina (ocelova nadrz na vodu) bola modelovana pomocou MKP v systéme
ANSYS. Vzhladom k vzorke konS$trukcie ktori sme experimentalne merali bol vytvoreny model,
ktory nezohladnuje prelisy na plasti valca.

Parametre modelu podla experimentalnej vzorky (ocefovy sud):

Vyska: 870 mm

Priemer: 560 mm

Hrubka steny a dna: 1,1 mm

Material: ocel (E= 210GPa)

Napl#: voda (y=10 kN/m®)

Predstavena vzorka bola skusana v troch krokoch:
1. Prazdny sud
2. Sud naplneny do polovice svojej vySky
3. Piny sud

V programe ANSYS sme vytvorili koneénoprvkovy model valcovej nadrze (plechového
suda) podla preddefinovanych parametrov realnej vzorky, ktori sme mali moznost skusat.
Priestorovy model sme vytvorili ako 3D teleso rovnakych rozmerov ako je skutoény plechovy
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barel. Na modelovanie steny a dna valcovej Skrupiny sme pouzili Skrupinovy prvok SHELL43.
Objem kvapalinovej oblasti je vytvoreny osemuzlovym koneénym prvkom FLUID30.

SHELLA43 je Stvoruzlovy, trojrozmerny prvok, ktory umoznuje v kazdom uzle definovat
posuny a pootoCenia UX, UY, UZ, ROTX, ROTY, ROTZ. Prvok je ureny na namahanie
plastické s dotvarovanim ana velké deformacie. Vdaka svojim dobrym ohybovym a
membranovym vlastnostiam je predovSetkym vhodny na modelovanie tenkostennych
konstrukcii.

FLUID30 je osemuzlovy priestorovy prvok v tvare Seststenu, ktory sluzi na modelovanie
tekutiny. Prvok existuje v dvoch variantoch. V zakladnom variante ide o prvok, ktory ma v
kazdom uzle len jeden parameter, a to tlak p. Tento prvok sa vyuziva na modelovanie kvapaliny
bez kontaktu s poddajnym telesom. V pripade interakcie s poddajnym telesom musime pouzit
variant prvku majuci v kazdom uzle Styri stupne volnosti, a to tlak p a posunutia UX, UY, UZ. V
kontaktnych uzloch, na rozhrani kvapalina — teleso, musime zviazat ich stupne volnosti -
posunutia. V uzloch, ktoré nie su v kontakte s poddajnym telesom, sa stupne volnosti
odpovedajuce posunutiam odoberu. Pre zadanie vlastnosti kvapaliny je dostadujuce zadat
hustotu kvapaliny p a rychlost’ Sirenia zvuku v kvapaline c, ktoré su ovplyviiovane mnozstvom
obsiahnutého vzduchu v kvapaline.

Dno nadrze je po obvode kibovo podopreté, plocha dna bola volna.

2.1 Model €. 1 — Prazdny sud

Obrazok 13 — Axonometria a pohlad z boku
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2.2 Model €. 2 — Sud naplneny do polovice vysky

Obrazok 2—Axonometria a pohlad z boku

2.3 Model €. 3 — PIny sud
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Obrazok 3 — Axonometria a pohlad z boku

3 Experimentalne overenie vysledkov analyzy

Pri merani sme pouzili prenosni meraciu aparatiru (obr. 4 az 7). Tato meracia
aparatura pozostava z hardvéru a zo softvérového vyhodnocovacieho zariadenia. Na meranie
zmien zrychleni, vyuzitim zotrvaénych vlastnosti konstrukcie, sme pouzili pat’ piezoelektrickych
akcelerometrov od spolo¢nosti Briel & Kjaer. Pri meraniach sme pouzili 16-kanalovy A/D
prevodnik. VSetky akcelerometere mali nastavenu rovnaku vzorkovaciu frekvenciu - 10 000
vzoriek za 1 sekundu, pri¢om dizka meraného &asového zaznamu bola 5 sekund.
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Obr. 4-Vzorka pre experiment

-

r, L
Obr. 6-Detail akcelerometra Obr. 7 — zosilovac¢

Na vyhodnotenie vysledkov sme pouzili licencovany program LabVIEW. Tento program funguje
na principe vytvorenia virtualneho zariadenia pomocou vlastného programu s poZzadovanymi
vlastnostami a nastaveniami, ktorym sme schopni vyhodnotit’ Udaje z experimentalnych merani.
Merania boli robené na troch modeloch M1 az M3 podla mnozstva vody. V kazdom modeli bolo
urobenych 7 merani. Na nasledujucich obrazkoch (obr 8 a 9) uvadzame zaznam zrychlenia
v Ease a spektrum zrychleni. Zdrojom udajov bol biely akcelerometer.
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4 Normovy vypocet

Pomocou vztahu (1) z americkej normy je mozné ziskat vlastnu periédu valcovych
nadrzi. Nim sme porovnavali dosiahnuté hodnoty frekvencii z numerického vypodtu
a z experimentu.

T=C.(h)i )

kde: T = periéda kmitania v sekundach
h, = vySka konstrukcie v metroch
C: = sucinitel konstrukcie (C; = 0,02 - 0,0448)

3 :
T=C,(h,)1 ~0,0448-(0,85) ~0,0432 = VYHOVUJE - PREDPOKLAD U

1

Vypocet vlastnej frekvencie:

1
"7 () @

Podla vztahu (2) vieme prepogitat peridodu T kmitania na vlastnu frekvenciu.

5 Zhodnotenie vysledkov

V tabulke uvadzame porovnanie hodnét prvych vlastnych frekvencii resp. period
kmitania skumaného modelu valcovej Skrupiny.

Tabulka 5Porovnanie vysledkov numerickych a experimentalnych modelov
ANSYS EXPERIMENT | VYPOCET

frekvencia frekvencia frekvencia
(Hz) (Hz) (Hz)
M1 20,99 21,80 23,14
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M2 35,64 30,80 32,89

M3 41,48 40,40 56,49

Literatura

SOKOL M., TVRDA K., 2011. Dynamika stavebnych konStrukcii. Bratislava: Vydavatelstvo STU,
212 stran. ISBN 978-80-227-3587-2

SMERDA Z., 1974. Vlypoéty Zelezobeténovych nédrzi a zésobniku. Praha: SNTL

\{YSKOC E., MISTRIKOVA ~Z., 2001 POROVNANIE VYPOCTOVYCH METOD
ZELEZOBETONOVEJ KRUHOVEJ NADRZE. Konferencia s medzinarodnou uéastou - Vysoké
Tatry

Uniform building code — 1630.2.2 Structure period, 1997

Pod'akovanie 5
Tento prispevok vznikol za finanénej podpory grantovej agentury MS SR, ako projekt
VEGA01/0629/12.

Kontaktna adresa:

Prof. Ing. Norbert Jendzelovsky,PhD., Katedra stavebnej mechaniky, Stavebné fakulta Slovenska
technicka univerzita v Bratislave, Radlinského 11, 813 68 Bratislava.
e-mail:norbert.jendzelovsky@stuba.sk

Ing. Lubomir Balaz, Katedra stavebnej mechaniky, Stavebna fakulta
Slovenska technicka univerzita v Bratislave, Radlinského 11, 813 68 Bratislava.
e-mail:lubomir.balaz@stuba.sk

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

MODELOVANIE VODOJEMOU POMOCOU MKP

NORBERT JENDZELOVSKY
Katedra stavebnej mechaniky, Stavebna fakulta, STU v Bratislave

Abstract: This paper presents practical experience in the modeling of water tanks, in particular
reinforced concrete water reservoirs and water towers. FLUID type elements are used for
analisys interaction of water with the structure.

Keywords: numerical analysis, cylindrical tank, FEM, ANSYS

6 Uvod

V tomto prispevku sa venujeme modelovaniu Zelezobeténovych konstrukcii na uskladnenie vody. Jedna
sa o vodojemy, ktoré su umiestnené tesne na zemi, ide o valcové rotaéne symetrické skrupiny. TieZ

o vezové vodojemy, kde samotna nadrz je v urcitej vyske nad terénom. Riesenim statiky a dynamiky
takychto konstrukcii sa zaoberali viaceri autori, spomerime aspon (Kotrasovd, 2009) a (Salajka —
Mrdzek,2007).

7 Zakladné predpoklady

Specifikom tejto ulohy je interakcia vody s konstrukciou a modelovanie naplne vodojemu pomocou
konecnych prvkov. Pre dynamické rieSenie stavebnych konstrukcii MKP mame k dispozicii: maticu
hmotnosti M, maticu tuhosti K a maticu timenia C. Matica hmotnosti sa sklada z hmotnosti konstrukcie a
hmotnosti kvapaliny. Matica pridavnej hmotnosti kvapaliny ma najvyraznejsi vplyv na kmitanie
analyzovanej konstrukcie.

Na modelovanie kvapaliny je mozné v systéme Ansys zvolit pre 2D Ulohy koneéné prvky FLUID29 a
FLUID79. Pre priestorové ulohy s ktorymi sa zaoberame v ¢lanku sa pouZivaju priestorové prvky FLUID30
a FLUIDS8O. Pristup k rieSeniu moze byt Lagrangeovsky alebo Eulerovsky. Ako uvadzaju autori (Salajka —
Mrdézek, 2007) pri Lagrangeovskom pristupe sa vyuZziva prvok FLUID80, kde v modalnej analyze je velké
mnozstvo vlastnych tvarov a autori doporucuju pri dynamickych ulohach pouzit radsej prvok FLUID30.
Pri statickom rieSeni vychadzaju vysledky Uplne zhodné bez ohladu na pouzity typ prvku FLUID. Na
zaklade tychto odporucéani sme sa viac venovali prvku typu FLUID30. Tento vychadza z Eulerovského
pricipu a z diferencidlnej akustickej rovnice (1).
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1 6%
o VP ®

Kde c je rychlost Sirenia zvuku vo vode a p je tlak.

Pri diskretizacii rovnice pre danu kvapalinovu oblast a po zavedeni vazby medzi kvapalinou

a konstrukciou dostavame rovnicu, kde je nesymetricka matica hmotnosti. Pri rieSeni vlastnych Cisel,
preto nie je mozné pouzit metddu iteracie podpriestoru, alebo Lancsosovu metddu, je potrebné zvolit
parameter ,, unsymetric”.

Pri vystavbe modelu Zelezobetdnovej konstrukcie pouzivame rézne prvky z kniznice Ansys. Pre
modelovanie Skrupinovych stien vodojemu ide najcastejSie o prvok SHELL43 a SHELL63. Prvok SHELL43 je
$tvoruholnikovy. M3 Sest stupriov volnosti v kazdom uzle: posuny v smere x,y,z a rotacie okolo osi x,y,z.
(obr.1) Vyuziva sa na modelovanie stien v kontakte s kvapalinou. Prvok SHELL63 je taktieZ
Stvoruholnikovy a vyuZiva sa na modelovanie dosiek, ktoré su v z jednej strany v kontakte s kvapalinou a
z druhej st uloZené na zakladovej pode. V realnych vlastnostiach prvku je mozné zadat elasticki tuhost
podloZia (EFS). Ma zhodnu geometriu a stupne volnosti ako SHELL43.

& SX(TOP}
SX{MID)
SX(BOT)

KL

B

Hy J

Tli'ar:gu%ar Opfion
Obr. 14 — Element SHELL43

FLUID30 je trojrozmerny prvok pozostdvajuci z 8 uzlov, pricom kazdy z nich ma 4 stupne volnosti:
premiestnenie vsmere X, y, z a tlak p (obr. 2). Premiestnenia sa vsak daju aplikovat iba na prvky, ktoré su
na kontakte s poddajnym telesom, kde treba tieto posuny prepojit s premiestneniami telesa. Pre
priradenie vlastnosti vody sta¢i zadat hustotu vody p a rychlost Sirenia zvuku vo vode c. V principe
existuje prvok v dvoch variantoch - prvy je taky, Ze ma za uzlovy parameter iba tlak kvapaliny. Tento
variant sa pouziva na modelovanie objemu vo vnutri kvapaliny. Na okraji kvapaliny v mieste interakcie s
okolitou konstrukciou sa vyuziva druhy variant, ked' uzlové parametre su: tlak kvapaliny a 3 posuny ux,
uy, uz.
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Obr. 2 — Element FLUID30

8 Statické rieSenie nadrzi

Prvym krokom v statickej analyze bol vypocet vnutornych sil nadrze s votknutym dnom. Tento vypocet
sme realizovali tromi spésobmi: analyticky, pomocou modelu v programe ANSYS vyuZitim
hydrostatického trojuholnika a nakoniec v programe ANSYS vyuzitim prvkov FLUID30.

Pri analytickom sp6sobe rieSenia valcovej Skrupiny sme vychadzali zo znamej zakladnej diferencialnej
rovnice 4. radu s konstantnymi koeficientmi a pravou stranou:
d*w r2
+4xw =—1vy(h—Xx). (2)
dx* /"%

Riesenim diferencialnej rovnice, dostdvame funkcie pre vypocet priehybu w:

W=t Tn, - ey) 3)
TEt’ Et 1 an2
normalovych sil: N=ry(h—x)-ryh(g, - %@2) (4)
- o vh
prieénych sil: V= 7 (5)
2028, - E@)
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a pre vypocet ohybovych momentov: M

vh

(@2)(6s — )

(6)

SVSFEM s.r.0

Vysledky tychto troch vypodétovych modelov sme porovnali, ¢im sme si overili spravnost

jednotlivych rieSeni. Porovnanie bolo urobené na kruhovej rotacne symetrickej nadrzi zo Zelezobetdnu,
kde sme uvazovali dokonalé votknutie stien do spodnej dosky. Polomer nadrze bol 16 metrov vyska
nadrze 8m, hradbka stien t = 180mm. Modul pruznosti betonu sme uvaZovali E, = 30 GPa a Poissonovo

¢islov, =0,2.

Na obr. 3 a 4 su vykreslené grafy jednotlivych veli¢in po vyske steny. Je zrejmé, Ze doslo

k relativnej zhode vysledkov medzi analytickym riesenim (zelena), riesenim MKP zataZenie tlakom
(modra) a riesenim MKP s pouZitim prvkov FLUID (Cervena).
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Obr. 3 — Priebeh priehybov a priebeh obvodovych tahov pri porovnani 3 riedeni
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Obr. 4 — Priebeh ohybovych momentov a priebeh prieénych sil pri porovnani 3 riedeni

9 Dynamika nadrzi

Vyuzitie prvkov FLUID v dynamike vodojemov prezentujeme na dvoch vezZovych
vodojemoch, kde sa uc€inky hmoty, ktora je v uritej vysSke, lepSie prejavia. Modelovanie
zelezobetdnovej konstrukcie prvého vodojemu bolo urobené na zaklade projektu vodojemu.
Tento projekt je najlepSie zdokumentovany v literature (Havelka 1956), odkial je aj prebrany rez
uvedeny na obr. 5. Zaklady vodojemu tvori kruhova doska priemeru 30,0m s rebrami. Zo
zakladov vyrasta $est mohutnych Zelezobeténovych stipov. Tieto sU po vy$ke zviazané
skruzami — zelezobeténovymi medzikruhovymi doskami. Po vyske stredom medzi stipmi ide
valcova konstrukcia, ktorej vnutro slizi na komunikaciu. Su v nej umiestnené tocité schody a
technologické potrubie pre dopravu vody. Na stipoch je umiestnena kruhova doska so
zosilujucimi rebrami, ktora drzi samotnu nadrz. Nadrz je dvojkomorova. Objem vodojemu je
1200 m® a maximalna vy$ka konstrukcie je 65 m nad terénom.

s -
'’
i
[ I
B
;"

Obr. 5 — Zvisly rez a model podnoze vezoveho vodojemu

Modelovanie spodnej Casti zelezobetdnovej konstrukcie bolo bez problémov, pozri obrazok 5.
Ako najzlozitejSiu Cast konstrukcie na modelovanie méZzeme oznadit dvojkomorovu nadrz. Na
jej modelovanie bol pouzity prvok SHELL43. Hrubka plasta aj dna nadrze je 300 mm, stredna
stena medzi nadrzami je hrubky 180 mm. Z geometrického hladiska bolo naroéné modelovanie
kénického dna nadrze. (obr. 6)

V dalSej Casti modelovania sa prikro€ilo k modelovaniu kvapaliny t.j. vyplnili sme fAou objem
dvojkomorovej nadrze. Kvapalina bola modelovana prvkom FLUID30. Bolo pouzitych 3888
prvkov pre kvapalinu a celkovo sa model skladal z 37450 elementov.
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Obr, 6 — Modelovanie nadrze a naplne

Na obrazku 7 je vysledny model konstrukcie na ktorom sme zistovali vlastné tvary a vlastné
frekvencie.Prvy vlastny tvar prazdneho vodojemu bol 0,788 Hz, pri plnom vodojeme je viastna
frekvencia 0,905 Hz.

RSYS=
DMK =.663E-03
MK =.663E-03

Taee-Gh T Do G ke Blop 05 Bad-0d

Obr. 7 — Vysledny model veZzového vodojemu a prvy viastny tvar

Druhym vezovym vodojemom bol novsi zelezobeténovy vodojem. Na obr. 8 je jeho
silueta a geometria nadrze. Vyska konstrukcie nad terénom je 58 m. Nadrz vodojemu
v tvare obrateného kuzela je na 1000 m® vody. Zakladova $kara je 5m pod terénom.
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Priemer zakladovej dosky je 20,4m, jej hrubka je 1500 mm a je vystuzena 10 rebrami.
Duty pilier je mierne kénicky, dole s priemerom 4,8 m a hrabkou steny 600, ktora sa po
vyske meni. V strednej €asti je priemer 4,08 m hrubka steny 250mm. Priemer kuzela
nadrze je 21700 mm, konicka vyska je 56 400 mm, nasleduje zvisla ¢ast’ 900mm. (obr.8)
Z beténovych panelov je strecha v sklone, ktora je klbovo uluzena po obvovde a na
stredovy pilier. Vo vnutri piliera si schody a vodarenska technolégia.

B i

—
. 2578 , 5400/ 900

Obr. 8 — Silueta vezového vodojemu a geometria nadrze

Obr. 9 —Hornd ¢ast modelu - nadri
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Modelovali sme vezovy vodojem prazdny, s napliiou 250 m® a s plnou nadrzou vody.

Z bezpeénostneho hfadiska (poziarna voda) je minimalne mnozstvo 250 m®. Na obrazku
10 uvadzame vlastné tvary konstrukcie pri plnej nadrzi. Frekvencie su nasledovné: f, =
0,27 Hz, f, = 2,49 Hz, f; = 5,96. Pri prazdnom vodojeme vlastné frekvencie nadobudaju
hodnoty: f; = 0,38 Hz, f, = 2,95 Hz, f; = 6,20 Hz.

Obr. 10 — Vlastné tvary konstrukcie vodojemu pri plnej nadrzi

10 Zaver

V sulade so zavermi ¢lanku [4] mézeme potvrdit’ vefmi dobru zhodu vysledkov

v statickom rieseni. K tejto zhode dochadza pri porovnavani analytického rieSenia s
klasickym zat'azenim hydrostatickym trojuholnikom, pripadne ked’ pouzijeme prvky
FLUID30 a FLUID80. V dynamickej oblasti pri modelovani vezovych vodojemov bol
vyuzity len prvok FLUID30.
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COMPARISON OF ACCURACY OF THE MODELS FOR ANALYSIS OF
ELECTROMAGNETIC WAVES PROPAGATION IN MULTILAYER MATERIAL

RADIM KADLEC, PAVEL FIALA, MICHAEL HANZELKA
Brno university of technology, Faculty of electrical engineering and communication, Department
of theoretical and experimental electrical engineering, Czech Republic

Abstract: The authors report on an analytical solution of the propagation, reflection and
refraction of broadband electromagnetic signals within multilayer optical materials. The
presented solution is processed in the Matlab program, which is suitable for a specifically
oriented detailed analysis of a general problem. The paper includes a theoretical analysis and
references to the generated algorithms. Comparison of the parameter changes is supported by
graphical outputs of the algorithms. Algorithms created in the Matlab environment are verified by
means of programs based on the finite element method (FEM), namely the ANSYS program.
Inhomogeneities and regions with different parameters generally appear even in the cleanest
materials. During the electromagnetic wave passage through a material there occurs an
amplitude decrease and a wave phase shift; these phenomena are due to the material
characteristics such as conductivity, permittivity, or permeability. Any incidence of a wave on an
inhomogeneity results in a change in its propagation. The change manifests itself in two forms,
namely in the reflection and refraction. In addition to this process, polarization and interference
may appear in these waves. The methods described in this paper are well-suited for the
analysis of beam refraction to the other side from the perpendicular line during the passage
through the boundary. This phenomenon occurs in metamaterials.

Keywords: Numerical modelling, accuracy analysis, electromagnetic waves propagation,
metamaterial, reflection, refraction, layer, complex model.

11 Introduction

Generally, inhomogeneities and regions with different parameters appear even in the
cleanest materials. During the electromagnetic wave passage through a material there occur an
amplitude decrease and a wave phase shift, owing to the material characteristics such as
conductivity, permittivity, or permeability. If a wave impinges on an inhomogeneity, a change of
its propagation there occurs. This change materializes in two forms, namely in reflection and
refraction. In addition to this process, polarization and interference may appear in the waves. It
should be notify that in terms of the general theory is the frequency interval from 0 to 100 GHz
(the area that deals with electricity and magnetism) and the interval 0.1 to 10 THz PHZ (studied
in optics) no principled difference. The idea of a solid as the atomic structure of the opposite
assumption connection environment, it is necessary to understand the material properties that
describe the response of the environment, such as mean values of a sufficient number of
atoms.

In the Matlab program, algorithms were created that simulate reflection and refraction in
a lossy environment on the boundary between two dielectrics. The reflection and refraction are
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in accordance with Snell's law for electromagnetic waves as shown in Fig. 1. a). The form of
Snell’s law is as follows Stratton J.A., 1961:

Siﬂ@o _ﬁ:\/jwﬂz'(%"'ngz) ’
k1 \/jwM'(71+jw81) ( )

sin@,

where k is the wave number, yis the conductivity, ¢the permittivity, 1 the permeability, 6,
angle of incidence and 0, angle of refraction. Relation (1) is defining for the boundary line
between the dielectrics medium. Interpretation of the Fresnel equations and Snell’s laws is
simple in the case of the refraction on boundary line between the dielectrics medium. In case of
refraction in a lossy medium, according to relation (1), angle 6, depends on wave numbers k; a
k., which are generally complex; then, in medium 2 an inhomogeneous wave is propagated.

This complicates the physical nature of the phenomena and brings qualitatively new
phenomena. Areas of constant phase generally do not merge with areas of constant amplitude,
then wave is not completely transverse. Areas of constant amplitude are parallel to the
interface, but the same areas of phases are generally oblique to it. The resulting EMG waves
are propagated in the coordinate system in the direction u,,. An electromagnetic wave is
understood as the electric field strength and the magnetic field strength.

nti0
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boundary 0 Ewu

X Hm H; 4 |-|[20
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nto
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K"Ym % Vﬂao
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w
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KME % H)m% 7
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a) b)

Figure 1: Reflection and refraction of the electromagnetic waves on a layered
medium for the TE wave: a) layout, b) in Matlab for 5000 cycles.

For simplicity, we will analyse separately the E vector parallel to the boundary (also
known as TE wave) as indicated in Fig. 1.a) and the H vector parallel to the boundary (also
known as TM wave). For the TE wave, electric field strength of the reflection and transmission
beams is expressed according to the equation

— e Jkupxr — Fae Jkouppxr
El‘ —Ele N Et —EZe R (2)
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where E; is calculated from the intensity on boundary line Ey and reflection coefficient o,
and E, is calculated from the intensity on boundary line Ey and transmission factor z=. For
numerical modelling, there is a suitable relation in the form:

ky cosBy — k3 - k7 sin” 6, :
E=ﬂ21 SU) — M\ Ko -k S 0 g .ok

r 0°¢
tirky cos 6 + K3 - k7 sin? 6,

©)

2ﬂ2k1 COS@O

E, e Ik2
2 42 2
ﬂzk] COSHO +ﬂ1\/k2 'kl sin 00

Etz

These relations are calculated from the basic variable and they facilitate an acceleration
of the calculation process. We use atypical formulas for calculating the magnetic components:

2 K 1c0s 6y -y k3 -ksin26,
yz E

H,=-- 20 it
Hrcosb, +ﬂ«/k% -klzsinzé?o @
ki (4)
H,= 2k,cos 6, Ey ot
1

Hrcosb +§\/k% -klzsinzeo
1

12 FEM MODEL OF MULTILAYR MATERIAL SAMPLE

In order to verify the properties of analytical model of an accurate evaluation of wave
propagation in layered environment another model has been used. This numerical model
utilizes finite element method (FEM) and following material properties: material 1 [&=1, =1
and y = 1.10° S/m], material 2 [5=81, 1 =0.999991 and y = 1.10° S/m]. Layer thickness was
x,=20 mm and the frequency of the incident electromagnetic wave was f=1GHz. As a mathematical
model, the enhanced wave equation for lossy environment has been used

2
V2u+f%+g%— C(x,y,z,t):O,Vg(x,y,z):&O,Vf(x,y,z);tO inQ )

where u is the searched functional, f is a function of electromagnetic wave damping, g is a function of

electromagnetic wave excitation, f. is a function of lossy environment, Q is the defining domain of
variables and functions. The distribution of the material in layers is shown in Figure 2.
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Figure 2. Material and geometrical model, dimensions in mm

The numerical method FEM with defined boundary conditions is applied on equation (5)
and there is defined an incident electromagnetic wave also. The distribution of electric field E
and its phase ¢ was evaluated within the model analysis. Figures 3a-3d show the distribution of
the electric field magnitude E in dependence on the initial angle of electromagnetic wave
incidence. For similar incidence angles of electromagnetic wave, the magnitude of electric field
and phase of electric field are shown in Figures 4a-4d. The characteristics in Figures 4a-4d
correspond to direction of axis perpendicular to layer plane.
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Figure 3a. Distribution of electric field magnitude E (left) and electric field phase (right) for g= 10°
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Figure 3b. Distribution of electric field magnitude E (A) and electric field phase (B) for ¢= 20°
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Figure 3c. Distribution of electric field magnitude E (A) and electric field phase (B) for g= 30°
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Figure 3d. Distribution of electric field magnitude E (A) and electric field phase (B) for ¢= 40°
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A) B)
Figure 4a. Distribution of electric field magnitude E (A) and electric field phase (B) for ¢= 10°
in direction of axis perpendicular to layer plane

AN

A) B)
Figure 4b. Distribution of electric field magnitude E (A) and electric field phase (B) for ¢= 20°
in direction of axis perpendicular to layer plane
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Figure 4c. Distribution of electric field magnitude E (A) and electric field phase (B) for ¢= 30°
in direction of axis perpendicular to layer plane

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

AN PLOT NO. AN

A) B)
Figure 4d. Distribution of electric field magnitude E (A) and electric field phase (B) for ¢= 40°
in direction of axis perpendicular to layer plane

13 Conclusion

Two approaches to analysis of wave propagation in layered material structure has been
presented. One of them is based on analytical model of the propagation (3),(4) and has been
solved by means of Matlab. The second approach utilizes finite element method applied on
relation (5). The finite element method has been enabled by Ansys system. The comparison of
the results of both approaches isn't possible to perform directly. Complex form of the angle of
reflection and refraction is considered in case of analytical approach, which allows accurate
determination of the size and intensity of backward traveling waves. In order to determine the
direction of constant phase propagation in lossy medium, there are considered real parts of
wave number only

By numerical modeling using the wave equation and ANSYS, the source of
electromagnetic waves is continuous. The interference effects arises on materials interface for
forward and backward propagating waves. Moreover, into the interference process enters also
the time-delayed waves from source and interface reflections. It should be noted that the
propagation velocity isn't equal for different layers. Analytical solution and its algorithms process
the time-varying phenomena of (pulsed) excitation source. The analytical solution includes the
effect of time-dependent propagation of electromagnetic waves in a heterogeneous media and it
results the distribution of electromagnetic field at the interfaces in certain time instants.

. PFi analytickém feSeni ¢asové proménného (impulzniho) zdroje elektromagnetickych
vin je na rozhrani vrstev heterogennich prostfedi faze intenzity elektromagnetického pole
rovnomeérné rozlozena.

The results of ANSYS analysis of electromagnetic waves propagation in material in time-
domain corresponds to the resulting distribution of superimposed field intensities on individual
interfaces of analytical model for frequencies of the excitation signal. In case of evaluation of
impulse phenomenon and its instantaneous electromagnetic quantities in heterogenous
structures (with mutliple interferences and different wave velocities) the behaviour of phase
change is non-uniform. Therefore, it can be concluded that ANSYS method is advantageous for
above mentioned analysis. In contrast, the solution of field distribution by means of analytical
model gives expectable results, since the behaviour of phase change is uniform.

Methods describe in this paper are suitable for accurate analysis of beam refraction to
the other side from the perpendicular line during the passage through the interface. This
phenomenon occurs in metamaterials.
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FAST NPSH3 ANALYSIS USING TBR AND BATCH PROCESSING

TOMAS KRATKY”, MILAN SEDLAR”, LUDEK BARTONEK®
ACentre of Hydraulic Research, BFaculty of Science, Palacky University of Olomouc

Abstract: Using ANSYS CFX software, it is possible to model cavitation effects in a pump and
evaluate the degradation of the pump performance. The most common task required for
hydraulic design is computing the NPSH3 curve. It requires computation of multiple head-drop
curves, each of them typically consisting of ten to twenty CFD pump simulations, and thus is
very demanding performance-wise. This article shows how to do the NPSH3 computation in an
efficient and semi-automated way, using Transient Blade Row and Command Line capabilities
of ANSYS.

Keywords: cavitation, CFD, Transient Blade Row

1 Introduction

Cavitation is an important phenomenon influencing pumps. Once the pressure in the
blade passage reaches vapour pressure, the fluid vaporizes and cavitation caverns filled only
with the vapour are formed. These caverns behave as an obstacle to flow and as a result, head
decreases as the suction head decreases. This dependency is shown as a head-drop curve
(Image 1 - NPSH is an abbreviation for Net Positive Suction Head).
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Image 1 — Head-drop curve

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

The important parameter for hydraulic design is NPSH3 — defined as the NPSH required
for 3% drop of the total head of the pump (Gulich, 2010).

[ (E——

| 1 i i 1
i i i i i ]
| H 1 1 i i ]

NPSH3 [m]

120 140 160 180 200 220 240 260 260 300 320 340 360

Q[lis]
Image2 — NPSH3 curve

For obtaining a NPSH3 curve, multiple head-drop curves need to be computed. Each of
them typically requires solving ten to twenty CFD tasks, so the total number of CFD simulations
can easily exceed one hundred. That makes the numerical computation of NPSH3 curve very
performance demanding, thus doing the single step of CFD simulation as simple as possible is
crucial.

2 CFD modelling of cavitation

Employing multiphase models (fluid + vapour) allows modelling of cavitation caverns and
the results have proven to be close enough to experimental data over time. The numerical
realization does not differ much from “standard” Q-H analysis. The geometry and boundary
conditions remain the same, what is new is the vapour fraction.

As an example, a NPSH3 analysis of a diagonal pump with diffuser is shown.
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Rotating
Wall

Counter-Rotating
Wall

Stator-Rotor
Interface

Inlet Outlet
Image 3 — CFD model (full geometry)

The impeller has six blades, the stator includes a diffuser with eleven blades. The mesh
was created with ANSYS ICEM software, structured with hexa for impeller and stator and

unstructured with tetra/prism for the elbow.

Image 4 — Computational mesh (full geometry)
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For dynamic effects of cavitation, the complete geometry is necessary. But if the NPSH3
curve is our only concern, it is possible to use Transient Blade Row (TBR) model offered by
CFX. Only the minimal number of blades to match the different numbers in impeller and diffuser
is required. In our case, it is one blade of the impeller and two blades of the diffuser.

For proper use of TBR model, the whole model needs to be rotationally symmetric —
which is obviously not true for the elbow. Fortunately, thanks to the nature of the cavitation
phenomenon, it is usually not a big problem. The cavitation appears first at the leading edge of
the impeller and as the NPSH goes down, it fills more and more volume and progresses further
into the stator (Brennen, 1994). Thus, the elbow can be replaced by a pipe. The parameters
change a bit, but the dependency of head on NPSH remains very similar to the original
geometry until the point where the whole pump is filled with cavitation caverns — but the pump
cannot work under these conditions anyway.

Rotational-Symmetry Wall

Rotational-Symmetry Wall

Image 5 — CFD model (TBR)
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Image 6 — Computational mesh (TBR)

In this sample case, one blade passage in the impeller and two in the diffuser are
required. The number of nodes goes down from 1.7 million to 320 thousands and solution time
lowered more than five times.

3 Batch processing

Cavitation simulations are numerically very problematic. Due to the nature of the multi-
phase model, the solution can easily end up in an “all vapour no fluid” state for low NPSH. To
prevent this, the time-proven method is to start at high enough NPSH, lower it slowly and use
the previous result file for each step. Too big change in NPSH can once again result in
numerical problems and this is the main reason why head-drop curve computation requires
relatively many steps.

Thus, computing a NPSH3 curve requires following steps:

Choosing
Q.

Deciding a
fitting starting NPSH - based on expected results and previous experiences with
similar pumps.

Running
the task in steady mode and using the result file as the starting one.

Running
the task in TBR mode with the starting result file.

Lowering

NPSH until a point where H drops below the limit.
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- Repeating
for other Qs.

Geometry and mesh remain the same, only Q and H need to be set for each step.
Manual generation of so many files would be too time-consuming, thus a different approach —
employing ANSYS command-line capabilities and Excel macros — has been chosen.

Instead of changing the Q and H values one-by-one, an Excel table is given:

Table 6 Q and H values for head-drop curve

Q [is] H [Pa]
300 300000
300 250000
300 205000
300 150000
300 100000
300 70000
300 60000
300 52000
300 41000
300 35000
300 31000
300 28000
300 25000

H is set as Inlet pressure, Q remains the same for the whole head-drop curve. In CFX-
Pre, a session for changing Q and H and def file generation is recorded, and then this template
is substituted with the Excel data using VBA macro. As a result, session files (one for each H)
are generated and run through a cfx5pre —batch [session file name] command.

This way, the def files for ANSYS CFX are generated and subsequently run in batch
mode. The batch file has a form

cfxbsolve -def [file 1] -ini [results O] -par-local -partition [number of partitions]
cfxbsolve -def [file 2] -ini [results 1] -par-local -partition [number of partitions]
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Because of the periodic nature of the transient simulation, the last value is not sufficient.
Instead, an average of the last period(s) needs to be taken. Unfortunately, CFD-Post cannot
load the data for each time-step, only from trn files — and storing trn files would require too much
disc space. Also, processing these files takes too long. This can be solved by setting an
average of last N time-steps as a variable in CFX-Pre, but since N needs to be fixed prior to the
computation, it is not really helpful once we decide that the average needs to be taken for
different number of periods.

Thus, Excel and batch processing were once again employed. Cfxbdmondata utility can
extract the variables data into a text file

cfxbmondata -res [result file] -output [csv file] -varlist "USER POINT,H"

These text files are loaded into Excel and last N values are averaged, using VBA
macros. But this time, N can be changed anytime.

4 Results and conclusion

The pump was also tested in hydraulic laboratory and the comparison of numerical
simulations and experimental results was made.
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Thanks to the cavitation analysis specific nature, employing TBR, batch processing and
geometry simplification can save great deal of both computing and assembling time. Further,
creating an automatic NPSH decreasing algorithm is a future goal. Another problem worth
exploring is the possibility of computing the whole NPSH3 in steady mode. Anyway, even in its
current state, this method of NPSH3 analysis has been proven as a fast one — the complete
NPSH3 computation usually takes around a week on a four core Xeon processor. Also, the
results are in a good agreement with experimental data.
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FEM MODEL OF SURFACE ACOUSTIC WAVE SENSOR WITH SENSITIVE LAYER
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Abstract: The paper is focused on modelling and simulation of surface acoustic wave devices
using finite element method, especially by code ANSYS. Investigated sensor is made of
piezoelectric GaN layer placed on SiC substrate. In the model, there is considered not only
sensitive layer made of palladium but also input and output interdigital transducers made of
nickel and gold. Only 2D model of sensor is investigated. Two different analyses are performed:
modal and full transient. Modal analysis is performed to determine the interdigital transducer
eigenfrequency, which is used in next transient analysis as electric frequency of excitation. In
transient analysis, the influence of sensitive layer mass density change on output induced
electric signal is investigated.

Keywords: MEMS, SAW, Piezoelectric material, Modal Analysis, Transient Analysis, ANSYS

1 Introduction

Surface acoustic wave (SAW) devices typically generate mechanical waves, which
propagate on surface of piezoelectric layer. The waves are also called Rayleigh waves (Mayers,
1994). The velocity of waves depends on density and elasticity material properties and the
velocity is very sensitive on change of surface layer mechanical parameters (e.g. density), as
well. This sensitivity is the reason why SAW devices are so popular as sensor devices (Fraden,
2003), e.g. sensors of concentration of chemical compounds (Nimal, 2006). Rayleigh wave can
be generated in piezoelectric material using interdigital transducer - IDT (Datta, 1986). It is
basically comb-like structure with fingers connected to electric terminals.

The paper is focused on modelling and simulation of SAW device using finite element
method (Burnett, 1987), specially by code ANSYS (ANSYS, 2013). Two different analysis types
are investigated - modal and transient. Both analyses are only 2D. Modal analysis, is used to
determine the frequency of SAW, which is used in following transient analysis. In transient
analysis, wave propagation and the influence of density change of sensitive layer is
investigated.

2 SAW piezoelectric sensor

Image 1 shows SAW sensor investigated in this article. SAW sensor is based on GaN
piezoelectric layer, that is placed on SiC substrate. Only 2D model is investigated. The
thickness of GaN layer is hg,y=2 um and the thickness of SiC is hsic=5 um. The position of IDT

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

and sensitive layer is shown in Image 1 - Top view. The distance between each pair of IDT is
half of wave length A=4 um, the distance between input IDT and output IDT is 20 um. The
length of sensitive layer is 18 um. Detail of one IDT pair with materials is shown in Image 2.

IDT
3D view
z RS Z
i S Qs /i
M GaN - piezolayer
4
g h
sic SiC - substrate
N
7 pairs of IDT
input IDT / sensitive layer output IDT
Top view /
20
18

\
A2 1 pair of IDT

Image 15 — Geometry model of SAW sensor
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Gold — IDT pair
Nleel - . ’/ 7N \
GaN -
SiC —_

A

Image 16 — Detail of one IDT pair with materials

Material properties, which have to be considered in piezoelectric analysis of SAW
sensor, belong to three categories: mechanical, electrical and piezoelectrical. Mechanical
properties have to be defined for all five materials, Gold (electrodes), Nickel (electrodes),
Palladium (sensitive layer), GaN (piezolayer) and SiC (substrate), but electrical and
piezoelectrical properties have to be defined only for GaN layer. Constitutive law for mechanical
behaviour can be written in matrix form as

o=Ce 4)

where o is stress tensor, ¢is strain tensor and C is elasticity matrix. Constitutive law for
piezoelectric behaviour can be written in matrix form as

c=Cle—¢E

)

D=e£+ef,E

where E is vector of electric intensity, D is vector of electric displacement, €% is
permitivity matrix on condition constant strain & CF is elasticity matrix on condition constant
electric intensity E and e is matrix of piezoelectric properties. Matrices C, e°, and e for
transversally isotropic material with polarization in z direction have following forms

¢y ¢2 ¢z 0 0 0 0 0 ey
cq; ¢3 0 0 O B 0 0 0 0 ey
11
¢ 0 0 0 r 0 0 e
C= 33 =1 0 e, 0 e= 33 (6)
s cy 0 0 0o 0 0
y €y O 0 0 em 0 e
L m Co6 le;s 0 0|
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Considered material parameters for GaN and SiC are shown in Table 1. Density of GaN
is 6150 kg/m® and density of SiC is 2329 kg/m®. Material properties of other materials used in
simulations are: Gold: Young modulus 78 GPa, Poisson ratio 0.44 and density 19300 kg/m?,
Nickel: Young modulus 200 GPa, Poisson ratio 0.31 and density 8600 kg/m®, Palladium: Young
modulus 121 GPa, Poisson ratio 0.39 and density 12023 kg/m°.

Table 7 Material parameters for GaN and SiC

mechanical prop. perm. | piezoelectric prop.
material [GPa] [-] [pC/um?]
C11 C12 Ci3 C33 Cyg Ces €p11 €13 €33 €15

GaN 390 145 103 405 105 123 89 | -0.51|0.375| 0.67

SiC 166 64 C12 C11 79.6 Cuq - - - -

3 Modal analysis of SAW sensor

The goal of modal analysis is to determine the eigenfrequency of SAW sensor, that can
be used as frequency of input signal in transient analysis. Because the geometry of SAW
sensor under IDT is periodic, we can model only 2D small part of SAW device with length equal
wave length A - see Image 2. Boundary conditions have to enable periodic deformation of the
model. The conditions are satisfied by coupling of individual degree of freedom on left and right
side of the model. Bottom of the model is fixed and the top is free. To perform modal analysis,
piezoelectric 2D element PLANE223 and structural 2D element PLANE183 of code ANSYS are
used. Block Lanczos method is used to compute eigenfrequencies and eigenmodes of the
system. Obtained eigenmode and eigenfrequency of Rayleigh wave are shown in Image 3.
Eigenfrequency of the periodic model is =1.295 GHz.
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Image 17 — Eigenmode of periodic part of SAW sensor

4 Transient analysis of SAW sensor

Also transient analysis of SAW sensor with sensitive layer is modeled as 2D system. In
order to propagated waves do not interfer with reflected waves from the material interface,
damping region in GaN and SiC is included in the model - see Image 4.

Image 18 — 2D model for transient analysis

Loading of the SAW sensor is harmonic electric voltage on input IDT with amplitude 1 V
and with frequency equal to the eigenfrequency computed in modal analysis f=1.295 GHz - see
Image 7 - blue curve. SAW sensor is fixed at the bottom of substrate. The goal of the simulation
is to investigate wave propagation on the surface of SAW sensor as well as induced voltage on
output IDT.
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The first simulation is performed with original density of sensitive layer. Image 5 shows
wave propagation in system at the beginning of simulation - top image, and also at the end of
simulation (time 1.5x10® s) - bottom image. As we can see from both deformations, dominant
direction of wave propagation is from input IDT to the output IDT. Detail deformation of the
system in vicinity of output IDT is shown in Image 6, at the beginning of simulation - top image,
and also at the end of simulation (time 1.5x10® s) - bottom image.

I I
.Z76E-11 .Z0ZE-05 .405E-05 .607E-05 .803E-05
.101E-05 .304E-05 .508E-05 .708E-05 .911E-05

(a)

.411E-08 -184E-05% -367E-05 .551E-05S -T34E-05

(b)

Image 19 — Wave propagation in sensor, top - at the beginning of deformation, bottom - at the end of
deformation

-Z278E-11 -137E-05 -27T4E-05 -411E-05 -545E-05
-E86E-0& -2068E-05 -343E-05 .450E-05 .817E-05

(a)

I I
.438E-08 -TEIE-0& .153E-05 .Z30E-05 -306E-05
.3B7E-08 .115E-05 .192E-05 .Z68E-05 .344E-05

(b)

Image 20 — Wave propagation in sensor output part, top - at the beginning of deformation, bottom - at the
end of deformation
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Input and output electrical signal on IDT is shown in Image 7. As we can see from this
figure, wave needs approximately 3.5 ns to propagate form input to the output IDT (red color).

Next analysis was performed with change of sensitive layer density. The change of
density is set from 1% to 5% of original density of Palladium and this density change represents
the process of chemical absorption in sensitive layer. The shift of wave is shown in Image 8.
Detial of the wave shift is shown on the right side in Image 8.

voltage[ V] - - B - |
AR ===
i |
Il
| |
ok, UU U U UQUOU i uu(u)u AR

timef[s]
Image 21 — Signal at input and output IDT for original sensitive layer mass density
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Image 22 — Output signal for different change of sensitive layer mass density

5 Conclusion

The paper deals with modeling and simulation of surface acoustic waves sensor using
finite element method - FEM code ANSYS is used. Two different analysis types were performed
- modal and transient. Only 2D model was considered in both analyses. Modal analysis is used
to determine eigenfrequency of the system. The frequency determined by modal analysis is
used as input frequency of electric signal in transient piezoelectric analysis. In transient
analysis with harmonic loading wave propagation and the influence of sensitive layer density
change is investigated.
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SOLAR PANEL FOR PARKING SPOT - COUPLED CFD AND STRUCTURAL STUDY

JURAJ PAULECH, JAKUB JAKUBEC, VLADIMIR KUTIS, EMIL MOJTO
Fakulta elektrotechniky a informatiky STU v Bratislave

Abstract: This contribution deals with coupled CFD-structural analysis of solar panel parking
spot for electromobiles. Critical states of wind load on the construction will be studied.

Keywords: Solar panel, CFD, Structural analysis, Wind load, ANSYS

1 Introduction

This contribution deals with coupled CFD-structural analysis of solar panel for parking
spot primary designed for electromobiles. As Solar panels are outdoor constructions they are
extensively loaded by mechanical and thermal forces under various weather conditions. We will
deal with critical states of wind load on the construction of solar panel parking spot in this paper.

2 Geometry specifications

Geometry of our model is based on real solar panel parking spot [1], see Image 23. Main
dimensions of the parking spot are:

o length:
L=38m

. width:
W =5m

° height:
H=3Zm

The parking spot is designed for two cars — especially electromobiles, due to possibility
for charging the batteries during parking period.
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Solar panel itself includes 12 solar cell units, its dimensions are length | = 3,96 m, width

w = 492 m and thickness ¢ = 0.1 m. Inclination of the panel is 18 degrees (detached to the
horizontal plane). Solar panel was modeled as one continuous part considering some
simplifications. Mechanical material properties of the solar panel were simplified according to
fractions of individual components from that the panel consists of (solar cells, steel
reinforcement, bottom metal cover and top transparent cover material, air), so artificial Young

modulus of the solar panel was E; = 3.5 GPa, Poisson ratio vzp= 0.3 and artificial density
Pep = 350kgm™.

Support for the solar panel is ensured by three main legs. These legs are made of thin-
walled steel profile with thickness t....; = 0.01 m. Mechanical properties of used steel are:
Young modulus E....; = 210 GPa, Poisson ratio v.;.e; = 0.3 and p....; = 7850 kgm™.

Geometry of the solar panel for parking spot was created in software SolidWorks [2] and
is shown in Image 24.
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Image 24 — Geometry of the solar parking spot created in SW SolidWorks

3 Finite mesh of the model

We studied influence of direction and strength of the wind on our construction. Under
these conditions, coupled CFD — structural analysis is needed. So we needed to create two
different finite meshes: for CFD analysis of the air that flow off the solar panel parking spot, and
structural mesh for the construction of the parking spot itself.

CFD mesh was created in software ANSYS ICEM CFD [3]. Air region was considered as
a box with dimensions 50x25x15 m (length x width x height). As it is in all cases of CFD studies
based on Finite Volume Elements (FVM) method, all near-wall regions were modeled in detail.
The CFD mesh consists of more than 3.5 million elements. Detail of the mesh is shown in
Image 25.

The construction of parking spot was meshed in ANSYS Workbench [3]. High number of
solid elements was needed because of thin-walled profile of the construction and because of
high demands on mesh quality in the regions where maximum mechanical stress are expected.
Total number of solid elements for all three legs is more than 570 000. Detail of the
construction’s mesh is shown in Image 26.
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Image 25 — Detail of the mesh |n air reglon
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300,00 (mrm)

Image 26 — Detail of the construction’s mesh

4 Boundary conditions of the model and solution process

The analysis was performed in ANSYS Workbench environment as one-way coupled
CFD - structural analysis. The mesh of air region was interconnected with the structural mesh
by general connection.

Two horizontal directions of the wind (case “A” and “B”, wind direction is changed from
inlet to outlet and vice versa, see Image 27) and two wind intensities were considered. So
boundary conditions of the model were:

o wind

120 kmh'

. wind
intensity 2: 12, = 150 kmh'™

intensity 1: 1y

The construction was fixed to the ground. Effect of solar panel parking spot self-weight
was also considered.
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Image 27 — Boundary conditions of the model, case A of the wind direction

The task was solved using cluster computer: 15xCPU@4.0 GHz, 7 GB of RAM
occupied, and solution of one case took 10 hours.

5 Obtained results

Results for mechanical deformation for individual load-cases are shown in Image 28.
Image 29 shows results for mechanical stresses of the construction. Comparing the obtained

results with the critical value for mechanical loading of used type of steel (s, = 150 MPa), we
can see that the solar panel parking spot mechanically resists the applied wind loading. Wind
speed around 150 kmh™ can be considered as limiting value under our climatic conditions.
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Image 28 — Deformation for a) case A, 120 kmh™ b) case A, 150 kmh™ c) case B, 120 kmh™ d)
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Image 29 — Mechanical stress for a) case A, 120 kmh™ b) case A, 150 kmh™ ¢) case B, 120 kmh™
d) case B, 150 kmh™

1 Conclusion

In this paper there was presented one-way coupled CFD — structural computer analysis
of the solar panel parking spot under critical wind loading. Direction of the wind and wind
intensity were studied. Influence of construction’s self-weight was included. Obtained results
show that construction of the solar panel parking spot resists the critical wind loading for all
considered load cases.
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SIMULATION OF MOTORCYCLE HELMET IMPACT BY ECE 22-05
JAN POPL, JAN VYCICHL, MICHAL MICKA, JITKA JIROVA

Czech Technical University in Prague, Faculty of Transport Sciences,
Department of Mechanics and Materials

Abstract: The aim of this work was to develop a numerical model of motorcycle helmet
simulating the impact of motorcycle helmet to the planar surce at different angles. A 3D
handheld scanner was created to obtain the geometrical model of motorcycle helmet. The MKP
model was created from the geometric model in ANSYS ICEM CFD. Material properties to this
model were assigned in the LS-PrePost. Simulation of drop test was realised in LS-DYNA
solver. The problems of motorcycle helmets testing in Europe is adjusted by the ECE 22-05
standard. The standard primarily determines how to make drop tests. This project was
performed within the scope of the institutional research plan, identification code
MSM6840770043 and Grant of Czech Technical University, Student's Grant Competition SGS
12/163/OHK2/2T/16.

Keywords: motorcycle helmet, 3D scanner, MKP model, LS-DYNA, droptest, simulation

2 Introduction

Testing of motorcycle helmets by experiments is very expensive. Therefore, in the
process of motorcycle helmets development and innovation numerical modeling is suitable. Use
the finite element method represents one of the possibilities. Numerical modeling allows tests
that cannot be performed by any experiment.
This work is based on creation of a motorcycle helmet geometric model and a head scale
model. The model was used at the drop test simulation by help of the LS-Dyna software. In
terms of geometry, the model had to match a real motorcycle helmet as perfectly as possible.
For maximization the model accuracy t3D scanning by the hand-held 3D scanner was used.
The boundary conditions and material properties were assigned to the model by the FEM
software. The model was developed and solved in the LS-PREPOST application. The analysis
was carried out by the LS-Dyna software.
The aim was to obtain the acceleration of the headform gravity headform. HIC factors were
determined by the acceleration values. The simulation drop test was performed in several
versions with different angles of the impact pads.

6.7 ECE 22-05 standard

The ECE 22-05 standard is the most widely used standard in the world. Standard does
not define any motorcycle helmets production procedure. The standard specifies the test
methods and parameters that motorcycle helmets must fulfill. The standard specifies the exact
test procedure for the drop test. The helmet is attached to a dummy head. A headform with the
attached helmet is inserted into the falling dart. The helmet is dropped on the pad from height of
2.85 meters. The accelerometer measures the resulting acceleration of the headform during
impact. The accelerometer must be located in the head gravity center. According to the
standard, the resultant acceleration must not exceed the value of 275 G. The drop test
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simulation was performed according to the criteria specified in the Standard.

6.8 HIC — Head Injury Criteria

Creation of one head injury criterion for different skull and brain dynamic properties is a
very difficult job. Brain and skull injuries are very diverse. There are several criteria for a head
injury evaluation. For this work there was selected the HIC criterion. The HIC criterion is based
on acceleration absorbed by a human head. The HIC criterion seems to be very suitable for
evaluating the results of this work.

Calculation of the HIC criteria is performed according to the equation (1). The result is
determined by the size acceleration and action duration. The limited value of max HIC=1860 at
which fatality most probably occurs was determined on the tests basis.

1
(t2-t1)

HIC = {(tz —t))[ fff a(t)dt]Z-S}max, 1)

In Equation (1) t1 indicates the beginning and t2 indicates end of the interval. In this interval, the
HIC reaches its maximum. The value of a (t) is the resultant acceleration expressed in "g".

3 Creation of model

The numerical model of the motorcycle helmet drop test consists of three main parts:
motorcycle helmet volumetric model , headform model rigid surface model, and impact plate flat
rigid surface model. The rigid headform surface model was created from a solid headform
model used in previous works. As a template for the helmet model, we used a helmet with the
thermoplastic shell whose inner part was made of polystyrene foam (EPS). The helmet
geometric model was created by 3D scanning with help of the VIU-scan hand-held scanner. The
plate on which the helmet crashed during the tests was created in the LS-PREPOST
application.

a. Making headform model

At creation of the headform geometric model we worked with the existing model used by
the Department K618. The headform model was made according to the CSN EN 960 standard
addressing the issue of headforms for protective helmets testing. The used headform model and
headf size-copy are shown in Fig. 4.
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Fig. 4. Geometric headform model and head size-copy

b. Motorcycle helmet modelling

The motorcycle helmets geometric model basis was created by 3D scanning with the handy
scanner. The VIU-scan handheld laser scanner was used. This technology allows touchless 3D
scanning. This scanner allows relative movement of the scanner and a scanned object during
scanning process. Further, the model was modified in several applications up to the final
application form.
While scanning, the helmet was covered with positional targets allowing the scanner spatial
orientation. The Fig. 2. depicts the motorcycle helmet covered with all targets and the model
during scanning.
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Fig. 2. Motorcycle helmet, model during scanning process

The scanned model was saved under *.stl file format. Fine errors during scanning were
modified in the Blender application. The adjusted geometric model was loaded into the
ANSYS ICEM CFD application. ANSYS ICEM CFD is very suitable for creating of FEM mesh
models obtained from various CAD software or * stl files. A network was set up on a geometrical
model. We obtained a *.k (k-file) that was opened in the LS-PREPOST application and then it
became a part of the source code in the LS-DYNA solver. In the LS-PREPOST, the volumetric
FEM helmet model was assigned with material properties of polystyrene foam (Tab. 2). The
shell was formed with the thickness of 3 mm on the outer model surface. The material
properties of thermoplastic foam (Tab.2) were assigned to the shell. Both parts of helmet are
non-contact and form one body. For illustration, they are shown separately in Fig. 3.
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Tab. 2. Used materials properties

the inner part of helmet (foam) EPS outer part of the helmet (shell) ABS
Yioung's modulus 62,73 MPa Yioung's modulus 3Gpa
density 85 kg/m3 density 1040 kg/m3
Poisson's ratio 0,01 Poisson's ratio 04
maximum tensile stress 1,3 MPa Yield stress 60 MPa
Damping coefficient 02 ultimate strength 70 MPa
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Obr. 3. Outer and inner helmet parts

c. Model compilating in LS-PrePost
For the drop test the non-deformable rigid base in the LS-PREPOST was created. At the
rigid plate, all degrees of freedom (rotations and shifts) were fixed. The model was assembled in
the LS-PREPOST application. The helmet was mounted on the headform so that it may
correspond to reality (Fig.5) The headform with the helmet was placed above the impact pad.

4 Simulation

Fall simulations were carried out in several variants. The impact on the flat surface was
simulated as the first. Further, another falls were simulated on the pad turned at the angles of 15
and 30 degrees to the helmet face and of 15 and 30 degrees to the helmet nape (Fig. 6). The
last simulated falls were performed on the pad turned by 15 and 30 degrees to one side to the
temple (Fig. 7). The rotation was performed only in left side because the model is symmetrical
and the results would be identical.
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Fig. 5 Set-up model and real situation

30

Fig. 6. Impact pad turning angles Fig. 7. Impact pad turning angles

According to the standard, the helmet hits the surface from the height of 2.85 m. From
the physical equations the impact velocity of 7.5 m/s was determined. The impact speed was
assigned to the headform model and motorcycle helmet model.

The acceleometr is located in the headform gravity center during the drop test. A reference
point was created in the model for corresponding with the headform gravity center. The
acceleration was measured in the gravity center . This acceleration was measured within the
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time periods of 0.001 seconds

General contacts of the Automat c type — Surface to Surface — were defined on the system. The
first contact was defined between the headform and helmet while the second one between the
helmet and impact plate.

5 Results

The results were obtained after the simulation in solver LS-DYNA. LS-DYNA provides
many types of advanced analysis of the results and their software modifications. The helmet fall
to the pad was paced at the period of 0.2 ms with total of 42 steps. The picture enclosure 1
shows the loading shells progress. Three selected steps before the point of maximum
acceleration condition, maximum acceleration state, and three selected steps after maximum
acceleration are shown. The maximum tension is reached at the contact surface between the
model helmets and impact plate. The maximum voltage value is 6.04 MPa. On the picture
enclosure 2., seven-step course load inside of the helmet are shown. Again, the maximum
tension was reached between the model helmets and impact plate. Its value was 2.13 MPa.

a. Impact on horizontal surface
The helmet model hit on the rigid horizontal surface by speed of 7.5 m/s. The velocity

and acceleration courses were measured at the headform model gravity center. The HIC factor
was determined according to the procedure specified by the manufacturer shown in Graph 1.

Graph 1. HIC 36

HIC on the basis of the resultant acceleration

300 | T
final
“ acceleration
250~ B _HIC36
HIC = 2868
200 - wdsz =36ms
t1 =1,517 ms
= t2 =5104
— dt = (),0009998
s HIC (d) = 2330
i
e
v
& 100-
-]

4 6
time [ms]
The HIC 36 factor was used. The HIC36 calculation factor is performed in the range of
36 ms. This range is positioned on the time axis so that the HIC may become as high as
possible of the whole process. Graph 1., shows the resultant acceleration course and surface
representing the resulting HIC 36. The legend contains more important information to the HIC
36 criterion. Maximum stress on shell and on inert part are shown at Fig. 8.
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b. Impact to rotated pads

Fall simulations to the turned pad were made similarly as the falls to the horizontal
surface. The falls on the turned pad verified different acceleration values acting on the headform
at different incidence angles. The supreme acceleration value was achieved at the impact on
the horizontal surface. The individual HIC values are shown in Table 3.

Tab. 3. individual HIC values
HIC factors for impact to rotation pad (by Fig. 6.)

rotation angle [°] HIC [-]
-30 1440

-15 2018

0 2330

15 2028

30 1443

HIC factors for impact to rotation pad (by Fig. 7.)

rotation angle [°] HIC [-]
0 2330
15 2101
30 1553

Fig.
_ 8.
marginal levels of stress ma
X.
2.131e-03
1.913943- stre
1.705e-03 _| SS
1.492e-03 _ on
1.279e-03 _ .
1.066e-03 Iner
8.533e-04_| t
6.403e-04 _ part
4.274e-04 __
2.144e-04 and
1.422¢-06 | on
shel
inert part shell |
valuation
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The work successfully validated the methodology of modeling motorcycle helmets.
Procedures for drop test simulations were verified. Value of the resultant acceleration were
obtained for several types of impact. Size of criteria HIC were determined from the measured
acceleration values. The results show that, the helmet does not comply requirements of the
standard. This finding was expected. The construction of helmet is an old type. At the time of
manufacture that helmet was different evaluation criteria of safety. To verify the results, would be
useful to realized drop test. Continuation of the work is planned. Simulation on new types of
helmets will be made. On new types of helmets will be realized drop tests. It is planned to create
a proven methodology for testing motorcycle helmets in the future.
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ZTRATA STABILITY OCELOVE KONSTRUKCE

ZPENEK PORUBA, JAN SZWEDA
VSB — Technicka univerzita Ostrava

Abstract: The presented contribution deals and describes the possibilities of linear and
nonlinear stability loss simulation of steel structure loaded by its weight in addition with bending
moment caused by climatic events. The commonly used approach for linear stability loss
simulation, i.e. without assumption of initial imperfections, is presented. Subsequently, the
simulation of nonlinear stability loss with assumption of imperfections resulting from linear
stability loss analysis is introduced. Both presented approaches are compared and their results
are presented in the final phase.

Keywords: stability loss, finite element method, bucling, non-linear analysis

1 Uvod

Pfi posuzovani spolehlivosti a bezpeénosti provozu ocelové konstrukce ma posouzeni
konstrukce na ztratu stability nezanedbatelny vyznam. Tento vyznam je umocnén u vysokych
stihlych konstrukci, u nichZz namahani vlastni tihou v kombinaci s pfidavnym ohybem od
klimatickych vlivl dava pfedpoklady pro kolaps konstrukce pravé ztratou stability.

Obvyklym zpusobem posouzeni konstrukce na ztratu stability je provedeni postupu
pfedepsaného normou. Tento postup pfedpoklada analyzu ztraty stability s uvazenim
geometrickych a vyrobnich nepfesnosti, jejichz zaneseni do vypoétového modelu je pro obecné
zamérfené vypoctové programy velice komplikované. Predlozeny pfispévek prezentuje postup
posouzeni ztraty stability ocelové konstrukce pomoci buckling analyzy pro idealni geometrii a
pomoci navazujici nelinearni analyzy pro vychozi geometrii s uvazenim imperfekce v podobé
deformace dle vysledku piedchozi analyzy buckling.

2 MKP fesSeni

K feSeni ulohy ztraty stability I1ze z pohledu MKP pfistoupit nékolika zpusoby: vychozi
geometrietlinearni analyza ztraty stability (linear buckling), vychozi geometrie+nelinearni
staticka analyza a nebo geometrie upravena o imperfekce+nelinearni staticka analyza.

2.1 Analyza linearni ztraty stability

Reseni Ulohy ztraty stability tvaru vychazi z rovnic rovnovahy vnéjsich a vnittnich sil s
uvazenim deformaci, které tyto silové ucinky vyvolaji. Za pfedpokladu malych deformaci,
linearniho materialového modelu a absence osttanich zdroju nelinearit, napf. kontaktni pary,
vede tato uloha na feseni problému vlastnich €isel dle vztahu
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K+4-S)w =o, )

kde K znadi matici tuhosti, S znadi matici geometrické tuhosti, y; znadi tvar deformace a 4;
znaci nasobitel U¢inkl zpusobeného geometrickou matici tuhosti (ANSYS, 2013). Vyznam
veli¢iny A je ovlivnén zpusobem, jakym byla ziskana matice geometrické tuhosti, tzn. je-li matice
geometrické tuhosti ziskana pro navrhové zatizeni konstrukce, pak nasobitel A ma vyznam
koeficientu bezpecnosti linearniho vzpéru vici tomuto zatéZovacimu stavu. Vyhodou této
analyzy je relativné jednoduchy postup a jednoducha interpretace vysledku, zatimco nevyhodou
je skute€nost, ze vysledky jsou ziskany pro silné idealizovany modelovy stav exploatace
konstrukce, tj. obvykle riziko ztraty stability tvaru podhodnocuiji.

2.2 Nelinearni analyza ztraty stability

Nevyhody linearni analyzy ztraty stability jsou pfirozené odstranény provedenim
nelinearni statické analyzy nastavené tak, aby byla zji§téna maximalni pfetizeni konstrukce, pfi
kterém nastane jeji selhani. Tato analyza je feSena dle rovnice statické rovnovahy vnitfnich a
vnéjSich sil s uvazenim nelinearit, zejména geometrické a materidlové, ale pfipadné také
nelinerity z titulu kontaktnich para. MKP rovnice fesené ulohy Ize zapsat ve tvaru

Ku)-u=f(u), (8)

kde K(u) znali matici tuhosti zavislou na hodnoté okamzité deformace, u znaci vektor
deformacénich parametri a f(u) znaci zatézujici ucinky obecné zavislé na hodnoté okamzité
deformace (ANSYS, 2013). Tato analyza zahrnuje vlivy poZzadovanych nelinearnich vlastnosti
chovani konstrukce a dovoluje také zahrnout simulaci po€ate¢nich imperfekci, napf. Upravou
geometrie na zakladé vysledkl pfedchazejici analyzy. Nevyhoda tohoto druhu analyzy je
zpusob zatézovani konstrukce a zpusob nasledného vyhodnoceni ztraty stability. Nabizi se dvé
varinaty, a to deformacéni zatéZzovani nebo zatézovani silové. U deformacniho zatéZovani je
konstrukci vnucovan zpusob, tvar kolapsu ovéem okamzik tohoto kolapsu je pomérné dobre
zjistitelny napf. z prubéhu reakéni sily. U silového zatézovani je vyhodou moznost ovlivnéni
poméru silovych uc&inka, které kolaps zpusobi a sou€asné neni ovliviiovan tvar kolapsu
konstrukce, ovéem podstatnou nevyhodou je fakt, Ze za okamzik kolapsu je povazovan stav,
kdy Newton-Raphsonuv iteréni proces feseni nelinearni rovnice (2) diverguije.

2.3 Realizovany MKP postup rfeseni

Realizovana analyza ztraty stability byla provedena etapovité, kdy jednotlivé etapy na
sebe navazovaly sdilenim vysledku s cilem ovéfit vliv nelinearniho chovani konstrukce a vliv
uvazeni pocate¢ni imperfekce geometrie modelu.

Linenarni analyza ztraty stability navazana na statickou analyzu pro plnou kombinaci
navrhového zatiZzeni konstrukce. Vysledkem je koeficient bezpecnosti vuéi uvazovanému
zatizeni, ale také tvar ztraty stability.

Nelinearni analyza ztraty stability pro vypoétovou geometrii zohledriujici imperfekci
v podobé vysledku deformace ztraty stability z pfedchozi analyzy. ZatéZovani je provedeno
silové s pfedem zvolenou kombinaci pretizeni dil€ich zatézovacich uginku.
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Postup realizace a analyza ziskanych vysledkl v prostfedi ANSYS Workbench jsou
prezentovany v dalSi ¢asti pfispévku.

3 Linearni ztrata stability

Tato kapitola popisuje postup vypoctu pro analyzu linearni ztraty stability.
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3.1 Vypoctovy model

Geometricky model byl vytvofen na zakladé vykresové dokumentace konstrukce a je
vyobrazen na obr. 1. Kromé samotné konstrukce kominu zahrnuje model i ¢ast potrubi, které na
komin navazuje v jeho dolni €asti. DUvodem zahrnuti tohoto uzlu je jeho pfedpokladany velky
vliv na chovani konstrukce pfi analyze ztraty. Vliv zbylé €asti tohoto potrubi bude nahrazen
vhodnou okrajovou podminkou popsanou v dal$i ¢asti pfispévku. Cela geometrie byla vytvofena
jako tenkosténna konstrukce, kdy tloustka jednotlivych dili bude ve vypoctu uvazovana jako
parametr. Geometrie byla doplnéna o plochy potfebné pro aplikovani okrajovych podminek.

0 004 264004 (mrm) 0.00 100000 2000.00 ()
I . I ..

Se+103 1.5e+004 500.00 1500.00

Obrazek 30 — Geometrie konstrukce: celek (vlevo), detail patky (vpravo)

Koneénoprvkovy model pro linearni stabilitni vypocet (bez imperfekci) byl vytvoren z
geometrie popsané v predchazejicim kroku. Byla vytvofena kone&noprvkova struktura
obsahujici 27739 uzll 27484 skofepinovych elementu a je vyobrazena na obr. 2.
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Mesh
6/10£2013 2:40 PM

Obrazek 31 — MKP sit: detail patky (vlevo), detail pfipoje potrubi (vpravo)

Materidlem uvazované ocelové konstrukce je bé&Zzna konstrukéni ocel. Byly uvaZzovany
nasledujici (linearni) materialové vlastnosti: modul pruznosti v tahu E=21e5MPa a
Poissonovo €islo y = 0,3.

3.2 Okrajové podminky a zatizeni

Prvnim krokem pfi vypoétu linearni ztraty stability je linearni staticka analyza zatizené
konstrukce. Vysledky provedené linearni statické analyzy tvofi vstupni hodnoty (pfedpéti) pro
samotnou analyzu ztraty stability. Oba jmenované typy na sebe bezprostiedné navazuji a sdileji
tyto okrajové podminky a zatiZzeni:

Tihové zrychleni - na celou konstrukci byl aplikovan vliv tihového zrychleni ve svislém
sméru o velikosti g = 9,81 m-s?,

Cela ocelova konstrukce je realné uchycena Srouby k podloZce, v koneénoprvkovém
modelu je na spodnim okraji konstrukce znemoznén pohyb ve sméru vSech tfi sourfadnicovych
os. Aplikovana okrajova podminka je na obr. 3,

ZatiZzeni vétrem — hodnoty zatizeni vétrem jsou specifikovany normou CSN EN 1991-1-
4. Hodnoty zatizeni urCené dle zminé&né normy byly pfepoditany na silu ve sméru vétru, ktera
byla dale aplikovana na pfedem vytvofené plochy na jednotlivych segmentech ocelové
konstrukce. Hodnoty sil byly uréeny takto: segment A: 3000 N, segment B: 2800 N, segment C:
2600 N, segment D: 2300 N. Posledni (nejniz§i) segment neni vétrem zatiZzen, jelikoz je
umistén uvnitf budovy vyrobni haly. Zatizeni vétrem je znazornéno na obr. 4,

Zahrnuti hmotnosti inspekéniho zebfiku — témér po celé vySce ocelové konstrukce je na
jeji vnéjsi strané umistén inspekéni Zebfik o nezanedbatelné hmotnosti. Jeho vliv je
koneénoprvkovém modelu zahrnut umisténim hmotnych bodl v misté tézisté Zebfiku.
Jednotlivé hmotné body jsou matematicky svazany s plochami na jednotlivych segmentech,
které zaroven slouzi k aplikaci sil pfedstavujicich zatizeni vétrem. Poloha hmotnych bodu je
patrna rovnéz z obr. 4,

Vliv pfivodniho potrubi v dolni €asti konstrukce — v dolni €asti ocelové konstrukce
kominu je nutné uvazit vliv tuhosti pfivodniho potrubi. Ze znamé geometrie pfivodniho potrubi
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(svétlost, tloustka stény, délka, materidlové vlastnosti) byly analyticky dopoéteny tuhosti potrubi
v radialnim a axialnim sméru. V misté ukonéeni ponechané pfivodni €asti byly nasledné
vytvofeny tfi pruziny (2 v radialnim sméru a 1 v axialnim sméru) o vypocitanych tuhostech.
Umisténi vytvofenych pruzin je na obr. 5.

AA: Copy of podelna dira vitr 25m/s_bez lidi_vyztuhy
Farce 4

Tirme: L s
6/10/2013 4:45 PM

[ Force: 3000, N

[B Force 2:2600. 8
[8 Force 3:2600. N
[B Force 4:2300.N

f
[
!
|

,"l
.ﬂlﬁ\ni%

Obrazek 32 — Vetknuti na podstavé Obrazek 33 — Zatizeni vétrem Obrazek 34 — Vliv potrubi
3.3 Vypoctové analyzy pro simulaci linearni ztraty stability

Jak jiz bylo zminéno, je analyza pro simulaci linearni ztraty stability tvaru provadéna ve
dvou krocich — linearni staticky vypocet (prfedpéti) a vlastni vypocet linearni ztraty stability tvaru.
Linearni staticky vypocet byl proveden z divodU nepfitomnosti nelinearit proveden v jednom
vypocetnim kroku. Nasledna analyza linearni ztraty stability tvaru byla provedena s uvazenim
vysledkll predchazejici statické analyzy s cilem zjistit koeficient zatizeni pro linearni ztratu
stability tvaru.

Vysledky linearni statické simulace jako vstupnich hodnot pro vypocet linearni ztraty
stability jsou na obr. 6. Vysledek simulace linearni ztraty stability je na obr. 7. Z vypoltenych
hodnot je zfejmy soucinitel linearni ztraty stability tvaru roven hodnoté 20 a tvar, ktery u této
ztraty stability nastane.
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AA: Copy of podelna dira vitr 25mis_bez lidi_vyztuhy
Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom - La
Unit: MPa

Time: L

B/10/2013 5:54 PM

AA: Copy of podelna dira vitr 25mis_bez lidi_vyztuhy
Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer b
Unit: MPa

Tirne: L

B/L0/2013 5:54 PM

186.26 Max

186.26 Max

165.56 165,56
144,87 144,87
12417 12417
103.48 103.48
82781 82781
62.085 62.085
41391 41391
20,695 20,695
0 Min r 0Min

Obrazek 35 - Rozlozeni redukovaného napéti dle HMH v nejvice exponovanych mistech

AB: Linear Buckling
Total Deformation
Type: Total Deformation
Load Multiplier: 20.082
Unit:

B/10/2013 5:55 PM

AB: Linear Buckling
Total Deformation
Type: Total Deformation
Losd Multiplier: 20,002
Unit: mrm

6,/10/2013 5:55 PM

1.027 Max

1.027 Max
0.6 0.
0.525 0,525
045 0.45
0.375 0.375
0.3 0.3
0225 0225
0.15 0.15
0.075 0.075
0Min

0 Min

-
Obréazek 36 - Pole deformaci a soucinitel zatizeni jako vysledek simulace linearni ztraty stability

4 Nelinearni ztrata stability
Tato kapitola popisuje postup vypoctu pro fe$eni nelinearni ztraty stability.
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4.1 Vypoctovy model

Pro pfipad simulace nelinearni ztraty stability tvaru byla geometrie vypoctového modelu
upravena na zakladé vysledkl simulace linearni ztraty stability tvaru. V nové statické analyze
byla pomoci pfikazu ,UPGEOM® vytvofena geometrie reflektujici tvar odpovidajici linearni ztraté
stability tvaru. Srovnani pavodni a nové vytvofené geometrie je na obr. 8.

Obrazek 37 - PUvodni a nové vytvorfena geometrie pro vypocet nelinearni ztraty stability

Koneénoprvkovy model pro linearni stabilitni vypoéet (bez imperfekci) byl vytvoren
z geometrie popsané v predchazejicim kroku. Byla vytvofena koneénoprvkova struktura
obsahujici 27739 uzll 27484 skofepinovych elementu a je vyobrazena na obr. 9.

Obrazek 38 - Koneénoprvkova sit’ po Upravé geometrie
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Materidlem uvazované ocelové konstrukce je bézna konstrukéni ocel. Byly uvazovany
nasledujici materialové vlastnosti: modul pruznosti v tahu E = 2.1e5 MPa a Poissonovo cislo
U = 0,3. a bilinearni materiadlovy model s te€nym modulem Er = 1e4 MPa.

4.2 Okrajové podminky

V pfipadé simulace nelinearni ztraty stability tvaru byly okrajové podminky obdobné jako
v pfipadé linearni ztraty stability tvaru. Na zakladé vysledku pfedchozi simulace bylo jako
dominantni vyhodnoceno zatizeni silou vétru. Velikost tohoto zatizeni byla pro pfipad simulace
nelinearni ztraty stability tvaru vynasobena soucinitelem zatizeni pro linearni ztratu stability
tvaru, tedy dvacetkrat. Zadané okrajové podminky jsou nasledujici:

Tihové zrychleni - na celou konstrukci byl aplikovan vliv tihového zrychleni ve svislém
sméru o velikosti g = 9,81 m-s?,

Cela ocelova konstrukce je realné uchycena Srouby k podloZce, v koneénoprvkovém
modelu je na spodnim okraji konstrukce znemoznén pohyb ve sméru vSech tfi soufadnicovych
0s,

Zatizeni vétrem — hodnoty zatizeni vétrem jsou specifikovany normou CSN EN 1991-1-
4. Hodnoty zatizeni urCené dle zminéné normy byly pfepoditany na silu ve sméru vétru, ktera
byla dale aplikovana na prfedem vytvofené plochy na jednotlivych segmentech ocelové
konstrukce a vynasobena soucinitelem zatiZeni pro linearni ztratu stability tvaru. Hodnoty sil
byly uréeny takto: segment A: 60000 N, segment B: 56000 N, segment C: 52000 N, segment

vyrobni haly,

Zahrnuti hmotnosti inspekéniho Zzebfiku — témér po celé vySce ocelové konstrukce je na
jeji vnéjsi strané umistén inspekéni Zebfik o nezanedbatelné hmotnosti. Jeho vliv je
konecnoprvkovém modelu zahrnut umisténim hmotnych bodu v misté tézisté Zzebfiku.
Jednotlivé hmotné body jsou matematicky svazany s plochami na jednotlivych segmentech,
které zaroven slouzi k aplikaci sil pfedstavujicich zatizeni vétrem,

Vliv pfivodniho potrubi v dolni €asti konstrukce — v dolni &asti ocelové konstrukce
kominu je nutné uvazit vliv tuhosti pfivodniho potrubi. Ze znamé geometrie pfivodniho potrubi
(svétlost, tloustka stény, délka, materialové vlastnosti) byly analyticky dopocteny tuhosti potrubi
v radialnim a axialnim sméru. V misté& ukonceni ponechané pfivodni €asti byly nasledné
vytvoreny tfi pruziny (2 v radialnim sméru a 1 v axialnim sméru) o vypocitanych tuhostech.

4.3 Vypoctové analyzy pro simulaci nelinearni ztraty stability

Analyza pro simulaci linearni ztraty stability tvaru byla rovnéz provadéna jako staticka.
Na rozdil od pfedchozi linearni analyzy byl pouzit bilinearni materialovy model (viz vySe) a
vypoCet s uvazenim velkych deformaci. Cely vypoétovy béh byl rozdélen na 40 krokl -
substepu. Okamzik ztraty stability tvaru byl nasledné uvaZovan jako moment, kdy dojde k
divergenci celé ulohy. Vhodnym rozdélenim na jednotlivé substepy lze poté snadno urcit
nasobitel puvodniho zatizeni pro nelinearni ztratu stability tvaru a srovnat vysledky linearni a
nelinearni simulace ztraty stability tvaru.

Jako vysledek ztraty stability tvaru byl oznafen okamzik, kdy dojde k divergenci
simulace s uvazenim materialovych i geometrickych nelinearit, véetné imperfekci. Jak je patrno
z obr. 10, k divergenci ulohy dojde pfi dosazeni 87 % aplikovaného (20 x navySeného) zatizeni.
Vzhledem ke zpusobu zatéZovani v nelinearni analyze ztraty stability, tj. pretizeni aplikovano
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pouze na zatizeni vétrem, |ze konstatovat, Ze pfi neménnych stalych zatizenich vykazuje
konstrukce 17.4 nasobnou bezpecnost vUci zatizeni vétru. Grafické znazornéni deformace je

0.875

patrné z obr. 11 a 12.
12742 f____‘__fa
10000
., 7500,
£
£
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2500,
0.
0. 01325 0.25 0.375 0.5 0.625 0.75 0.875 1.
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Obrazek 39 - Okamzik divergence ulohy — nelinearni ztrata stability

AC: NonLinBuckling FROM podelna dira vitr 25m/s_bez lidi_vyztuhy

idi_vyztuhy
Total Deformation
Type: Total Deformation
Unit: mm

Tirne: 0,875
6/10/2013 6:10 PM

AC: NonLinBuckling FROM podelna dira vitr 25m/

Total Defarmation
Type: Total Deformation

Unit: mm
Tirne: 0,675
6/10/2013 6:08 PM
11992 Max 11992 Max
10659 10659
9326.8 9326.8
79844 79944
6662 6662
53206 53206
3997.2 39972
2664.8 26648
13324 13324
0Min 0 Min

_—'a\\\\mlA

Obréazek 40 - Deformace pfi ztraté stability tvaru
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AC: NonLinBuckling FROM podelna dira vitr 25m/s_bex lidi_vyztuhy

AC: NonLinBuckling FROM podelna dira vitr 25m/s 4
Total Defarmation

Total Deformation

Type: Total Deformation . Type: Total Deformation
Unit: mm 3 Unit: mm
Time: 0.875 Time: 0.675

6/10/2013 6:10 PM 6/10/2013 6:10 PM

11992 Max 11992 Max
10658 10658
93268 93268
0044 - o044

62 ’ ‘ f!’f’?’fﬂfﬁ’!’fffc 562

AN WA N 53206
g 2 E 39972
25608
13324
0Min

Obrazek 41 - Deformace pfi ztraté stability tvaru
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5 Zaveér
Predlozeny ¢lanek prezentuje dva pfistupy k feSeni ztraty stability: linearni analyzyu
ztraty stability a nelinearni statickou analyzu s uvazenim imperfekce dle vysledki deformace

ziskané linearni analyzou ztraty stability. Pfedmétna problematika je feSena na jednoduché
valcové ocelové konstrukci, pro niz bylo zatizeni stanoveno na zakladé norem CSN ISO.

Vysledkem linearni analyzy ztraty stability byla mimo jiné hodnota nasobitele zatiZeni,
ktera pro tuto analyzu Cinila 20. Navazujici nelinearni analyza ztraty stability byla realizovana
pro kombinaci zatizeni, kde nejvice nepfiznivé zatizeni (zatizeni vétrem) bylo nasobeno
ziskanou hodnotou nasobitele zatiZzeni. Nasledna analyza ukazala, Ze ke ztraté stability na
nelinearnim modelu dojde pfi 87 % toho zatizeni. Ziskany vysledek nelinearni analyzy je
relativné blizko vysledku analyzy linearni, coz dovoluje usuzovat na skute¢nost, Ze uvazena
imperfekce geometrie a plastické vlastnosti materialu v tomto pfipadé neovliviiuji vyrazné
odolnost konstrukce na kolaps ztratou stability.
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ANALYZA PONORENYCH PILOT
LUBOMIR PREKOP

Stavebna fakulta STU, Katedra stavebnej mechaniky

Abstract: The subject of this paper is the analysis and modeling of the buried piles. Analytical
solution has been briefly described and the created model of the buried pile using the software
ANSYS has been presented. The obtained results of displacements and stresses have been
compared with the results of an analytical solution.

Keywords: Foundations, Pile, Nonlinear Analysis, FEM, ANSYS

2 Zakladanie na pilotach

Jednou z efektivnych metdéd zakladania na malo unosnych podloZiach je zakladanie na
pilotach. Pri rychlom rozvoji vrinej techniky sa postupne zvadésuju aj priemery pilot, ¢&im sa
podstatne zvysuje ich Unosnost a zarover hospodarnost.

Prispevok sa zaobera vyluéne uc¢inkami vodorovne zatazenych pilot. RieSenie je zavislé
od zvoleného modelu piloty, od modelu podlozia a vzajomnej interakcie piloty a podlozia.
NajCastejSie sa ohybom namahané piloty vySetruju ako pruzné pruty, spolupdsobiace s
pruznym a homogénnym podloZim alebo po dizke pilot premennym podiozim Winklerovho typu
pri obojstrannej vazbe piloty a podlozia. Winklerov model pomerne dobre popisuje pracu
nesudrznych podlozi. Neumoziuje vSak roznos zataZzenia v pddnom masive a vy$etrovanie tej
istej piloty od inych uc€inkov. Iné u€inky su reprezentované najma pdsobenim zvislého
zatazenia, centricky pdsobiacimi silami alebo pritazenim povrchu podlozia v okoli piloty.

Aby sa odstranili nedostatky doteraz pouzivanych modelov podiozZia a bolo mozné
vySetrovat’ piloty od vSetkych uU€inkov jednotnym spdsobom, zaviedol sa model pruzného
polpriestoru. Pouzitie pruzného polpriestoru pre ohybom namahané piloty je mozné v podstate
dvomi spésobmi:

e podlozZie sa chape ako pruzné a homogénne prostredie a pri vzajomnom uc&inku piloty a
podlozia sa vychydza zo vzorcov R.Mindlina,

e pouzije sa model nehomogénneho podlozia a kontaktna uloha piloty a podlozia sa rieSi
pomocou metddy konecénych prvkov.

V obidvoch pripadoch sa analyza vykonava diskrétnymi metédami.

5.1 Ponorené piloty

Casto pouzivanym kotevnym systémom pri zakladani stavieb st ponorené piloty. Tieto
pomahaju prenasat zemny tlak posobiaci na pazenie do zakladovej pody. Uplathuju sa hlavne
pri kotveni Stetovnicovych, pilotovych a podzemnych stien do okolitého zemného masivu.
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Dal$imi moznostami pouzitia si oporné a nabrezné mury, ochranné steny proti podomletiu,
brehové opevnenia, vzduvacie zariadenia lodnych kotvist a podobne. Kotevny systém tvori
tahadlo, ktoré je jednym koncom pripevnené o pazenie a druhym koncom o kotviacu pilotu.
Kotviaca pilota ponorena do podlozia je v flubovolnom bode drieku namahana sustredenou silou
(obrazok 1).

9 _

hladina vody
tahadlo

kotviaca pilota

paZiaca stena

Obrazok 42 — Kotevny systém nabrezného pazenia a ponorenej piloty

Ulohou je najst velkost a spésob rozdelenia napati na dotyku piloty a podlozia tak, aby
boli pod kontrolou dodato¢né pretvorenia a vnutorné sily v pilote. Hlava ponorenych pilot je
zvyéajne volna apata méze byt podla spdsobu ulozenia volna, kibovo podopreta alebo
dokonale votknuta. Otazkam ponorenych pilot je v literatire venovana pomerne mala
pozornost. Ideovy postup rieSenia vypracoval B.N.Zemockin aprvé konkrétnme rieSenie
podzemnych kotiev situovanych horizontalne s rovinou ohraniujucou polpriestor pochadza od
D.J.Douglasa a E.H.Davisa.

Prispevok sa pridrziava upraveného Zemockinovho postupu. Pritom sa predpoklada, ze
podlozie predstavuje prostredie, ktoré opisuju rovnice pre Boussinesquov polpriestor.

5.2 Pilota v hlave aj v péte vofna

Hlava piloty ponorenej v polpriestore, ktora je v hlave aj v pate uplne volna, sa nachadza
v hibke h pod rovinou, ohraniéujicou okraj polpriestoru. Pilota je v lubovolnom bode drieku
zatazena sustredenou silou P. Nezname dotykové napétia sa uréia z podmienok rovnovahy
piloty ako celku a z deformaénej podmienky piloty a podlozia. Podrobny popis analytického
rieSenia je uvedeny v (Kollar P., Mistrikova Z., 1987).

3 Model ponorenej piloty

Model ponorenej piloty namahanej ohybom bol vytvoreny v programe ANSYS a
nasledne boli dosiahnuté vysledky porovnané s analytickym rieSenim. RieSenie bolo vykonané
na pilote s dizkou /=6,0 m. Pilota mala priemer @=370 mm, Youngov modul pruznosti
Ep,= 2,1.10" kPa a bola ponorena pod povrchom terénu do hibky h=2,0 m. Sustredena sila,
reprezentujuca silu v tahadle pésobila vo vzdialenosti 2,0 m od hlavy piloty. Vo vypoéte boli
pouzité tri rozne druhy podlozia s nasledujucimi deforma&nymi modulmi E, = 1000 kPa (model
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A), E,=5000kPa (model B) a E,=50000kPa (model C), Poissonovo ¢&islo u,=0,35.
Zatazovacia schéma a rozmery modelovanej piloty su na obrazku 2.

Bol vytvoreny priestorovy model ponorenej piloty. Na modelovanie piloty bol pouzity
prvok SOLID65, okolity zemny masiv bol vytvoreny pomocou prvkov SOLID45 a kontakt typu
plocha—plocha pomocou kontaktnych prvkov TARGE170 a CONTA173.

ot

20§

N
40m DLZ’OmDLh

[ | VA

Obrazok 2 — Ponorena pilota, rozmery a zatazenie

Priebeh priehybov po vyske piloty je znazorneny na nasledujucich obrazkoch.
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Obrazok 3 — Model A — priehyby a kontaktné napatia
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Obrazok 5 — Model C — priehyby a kontaktné napéatia

Pilota po vyske [m]
|
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Obrazok 6 — Porovnanie priehybov pre vdetky modely
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Obrazok 7 — Porovnanie kontaktnych napati pre vSetky modely

Z vysledkov porovnania pre vSetky modely konstrukcie je zrejmé, Ze vlastnosti podlozia
v podstatnej miere ovplyviuju rozdelenie napati a hodnoty priehybov po vyske piloty a v
podstatne mensej miere ovplyvnuju vnutorné sily (ohybové momenty a prie€ne sily). Na zaver je
mozné konStatovat, Ze pouzity spdésob modelovania kontaktu ponorenej piloty s okolitym
zemnym masivom velmi dobre popisuje spravanie sa konstrukcie od zatazenia a je mozné ho
pouzit' pri dalSich vypoctoch tohto typu konstrukcie.
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DESIGN OPTIMIZATION OF RECIPROCATING COMPRESSOR PULSATION SUPPRESION
DEVICE IN ACCORDANCE WITH API 618

KIRILL SOLODYANKIN*, JIRi BEHAL
CKD KOMPRESORY as.

Abstract: Industrial reciprocating compressors are provided with pulsation suppression devices.
Its design optimization is presented. Submitted modification was aimed at a mechanical stress
reduction in the support system elements and it was done in accordance with APl 618. Finite
element analysis of complex structure dynamic behaviour and mathematical modelling were
applied. An improved structural geometry is the result of analysis. The new design has been
validated in the course of performed modification of an operated machine.

Keywords: Reciprocating compressor, Dynamic analysis, Pulsation suppression device, API
618

1 Introduction

Reciprocating compressors are widely used equipment in petroleum, chemical and gas
industry services. In most cases, they must satisfy the requirements of commonly used API 618
practice. This study shows which type of technical problems can be met in some set of
circumstances, in spite of the fact that original equipment design had passed all standard
specifications.

A support structure is necessary in some cases of pulsation suppression devices. Static
loading, acoustic shaking forces and mechanical responses shall be considered in support
elements design. Several criteria related to dynamic or vibration limitation are applied to a
compressor, pulsation suppression devices and piping system [1]. All of these requirements
were granted in the design of 3 MW compressor. Nevertheless, fatigue cracks were detected on
support system elements approximately after a year of routine operation.

Some modification of piping system configuration was done after compressor equipment
installation. Understanding of structural modifications or boundary conditions which caused the
system dynamic behaviour changes was crucial. The dynamic response of suction pulsation
suppression device on the first compressor stage has been identified as the piping system
reconfiguration consequence. Modal and harmonic analyses were done for the purpose of
failure process simulation and design of safety measures.

2 Methods

An industrial compressor of a new design was installed in the difficultly accessible
location. The customer asked the compressor manufacturer for safe operation guarantee.
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Because of the remote operator destination, well prepared intervention was the must. The task
of object optimisation was defined. According to available tools, a workflow proposal was
developed consisting of consequent sessions:

a. vibration amplitudes measured on real structure in the course of its operation;
b. simulation of the structure behaviour using technical drawings and FEM,;

c. identification of possible sources of the energy input;

d. calculation of the structure response to the nominal input for individual source;
e

variation of the input amplitudes for the best fitting of the measured vibration
amplitudes;

f. analysis of the energy transmission path from the source to the high vibrating
areas;

g. design of alternative structural modifications of the elements along the paths with
respect to stress distribution/concentration and desired toughness shift;

h. simulation of the modified structure behaviour using FEM and the same
combination of inputs;

i. evaluation of the alternative modifications for the critical area stress reduction;
j.  manufacture of the modified parts for the best design;
k. measurement of the vibration amplitudes in the course of mounted new parts;

|. evaluation of the confidence of the simulated data and the ones measured on the
modified structure.

The measurement in-situ was done by an external local organisation. Chosen locations
were investigated in multi-axis directions. The analyser allowed measurement of the single
channel in a time providing the maximal amplitude.

The drawings were available from the machine production in past. An ANSYS system
was used for the FEM analysis. The possible energy inputs were proposed according to
machine architecture and operation concept.

A spreadsheet processor was used for the evaluation of the best-fitting input
combination. Harmonic oscillation of the input amplitude was supposed. Both vibration
amplitudes and time phases in all measured locations were considered simultaneously. Logical
input channel relatives were implemented in the mathematical model such as phase of the
pistons connected to the common crank shaft.

3 Numerical Dynamic Simulation

First of all, the modal analysis of assembly was done. The simulation model of the first
stage section is in Figure 19. There are three cylinders with piston-rod guides, discharge and
suction pulsation suppression devices with supporting system, and first stage suction pipeline.
Fixed support boundary condition was applied to marked surfaces. Appropriate material
properties were defined for the each model part.

The modal analysis identified the suction suppression device natural frequency located
nearby the 3x rate speed of compressor shaft. The related mode shape is illustrated in Figure
20. The suction pulsation suppression device oscillation can be observed. Suction pipeline isn’t
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shown in the figure. There is only 7 % separation margin between 3x rate speed and natural
frequency of the device. This value of separation margin does not satisfy the requirement of the
standard. In accordance to standard, the predicted mechanical natural frequency shall be
designed to be separated from significant excitation frequencies by at least 10 %.

Figure 19 Simulation model

Frequency: 46.206 Hz

=

Figure 20 Mode shape of the original structure
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4 Harmonic Analysis

The second step was a harmonic analysis of the dynamic system. The previous
calculating model was complemented by exciting forces. The exciting forces were applied to the
free end of each cylinder and suction device flange. Applied forces simulated oscillating
pressure in cylinders under operating conditions. The values of exciting forces weren’t essential
in this phase of analysis. The forces values calibration will be shown further. The calculating
model for harmonic analysis is represented in the Figure 21. Suction pipeline isn’t shown in this
figure. Amplitude frequency response of a suction device shell is illustrated in Figure 22. The 1x,
2x and 3x rate shaft speed with 10 % separation margins are also shown in the figure.

Figure 21 Calculating model for harmonic analysis
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Figure 22 Amplitude frequency response of suction device shell with original design support

Quantification of the exciting forces values was provided in the next step of the analysis.
Calibration was based on experimentally measured two axes directional displacement values in
horizontal plane in 10 points on compressor cylinders, supporting system parts and suction
suppression device flange. Scheme of measuring points is illustrated in Figure 23. Maximum
likelihood estimation method was used for an appropriate exciting forces simulation. Description
of mathematical modelling exceeds this paper scope. Quantified excitation was added to FEM
model. Calculated results of tracking directional displacement points were compared with
measured values. Figure 24 shows a comparative graph of calculated and measured values in
measured points.

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

Figure 23 Scheme of measuring points
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Figure 24 Comparison of measured and calculated displacement values
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Equivalent stress distribution in the course of dynamic operation loading was obtained.
The stress levels in device support system are illustrated in Figure 25 and Figure 26. The

location of maximum stress areas is compared with observed cracking in Figure 27 and Figure
28.

Type: Equivalent (von-Mises) Stress

Frequency: Hz

Phase Angle: ° Type: . "
wa ype: Equivalent (von-Mises) Stress

Unit: MPa Frequency: Hz

Phase Angle:

77 Unit: MPa

/ -
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Frequency: Hz

Phase Angle:

Unit: MPa

Type: Equivalent (von-Mises) Stress
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Phase Angle:
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Figure 26 Equivalent stress distribution in lateral support part

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

Figure 28 Stress distribution and crack comparison in lateral support part

5 Structural Modification Design
Fatigue cracking of support system parts appeared namely due to:
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o the support system was cyclically loaded with pressure suppression device
oscillation due to nearly resonance state of dynamic system;

e the beams are too stiff to carry suppression device wall displacements resulting
in high stress levels;

o the critical areas appeared in the rough weld seams with large stress
concentrations.

These factors were considered in the new support system parts design. The new
geometry is illustrated in Figure 29.

Figure 29 New support system design

The natural frequency of followed mode shapes shifted from 46.2 Hz to 39.7 Hz. The
new separation margin is 19 % between followed frequency on 2x rate shaft speed, and 20 %

on 3x rate shaft speed respectively. These values fully satisfy the standard requirements.
Related mode shape is shown in Figure 30.
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Frequency: 39.453 Hz

Figure 30 Mode shape of the new structure

It was supposed that values of exciting forces were not affected by supporting system
stiffness changes. New model of dynamic system for harmonic analysis was loaded with the
same excitation forces. Equivalent stress distribution and amplitude frequency response were
obtained and optimised. Equivalent stress distribution in the new support design is illustrated in
Figure 31. The maximum equivalent stress level decreases nearly 50 % compared to the
original one. Amplitude frequency response analysis of modified structure is illustrated in Figure
32.

Type: Equivalent (von-Mises) Stress
Frequency: Hz
Phase Angle: °
Unit: MPa

Figure 31 Equivalent stress distribution in the new design support part
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Figure 32 Amplitude frequency response of suction device shell with new design support

6 Modification Performance

The submitted modification has been applied on an operator site. Repetitive vibration
measurements were done in the same points as in case of the original structure. The reduction
of vibrations has been confirmed by an experiment. Figure 33 illustrates the comparison of
measured displacement values in followed measuring points of structure with the new and the
original supporting system design.

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

E Criginal design

—{OMNew design -

Displacement
1
1

1 r
Wy IR 3 I & 4 &Y 8Y 6 6Y WOFY &M 8y ax 4y 10 10Y

Measuring points

Figure 33 Displacement comparison of structure with the new and the original support

7 Conclusion

Case study of a structural geometry optimisation is presented. The structure of
reciprocating compressor machine is loaded by high frequencies and the mechanical vibrations
have been investigated. 3D object properties, assembly behaviour and the system response
have been simulated by a finite element method.

The new optimized pressure suppression device support system of reciprocating
compressor is the result of performed analysis. Standard requirements of APl 618 are met in the
new design. Design optimization was done in several steps, including amplitude vibration
measurement in-situ. Efficiency of optimized design has been confirmed in the course of
practical application.
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ANALYSIS THE CEILING PLATE COBIAX

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

Abstract: This paper deals with static and probability analysis of the ceiling boards, made of the
Cobiax-system. The ceiling plate Cobiax is made of cobiax balls with a diameter of 27cm, where
place around columns are not located at the site of cobiax balls, but the full-system. Probability
analysis of Monte-Carlo method in software Ansys is presented. Input parameters are changing
according to Gauss or triangular distribution.

Keywords: probability, static analysis, finite element method, Monte Carlo

1 Introduction

One of the possible solutions of static analysis and expertise is also an assessment of
the reliability of structures. Ansys software allows to assess the structure of a safety or a failure
based on probability analysis using Monte Carlo methods. A number of papers dealing with
probability analysis may be found in works of authors (Marek, 2003), (Kralik, 2009),
(Kormanikova, 2010), (FrydrySek, 2010). Such calculations can better contribute to the safety of
the structures.

2 Spot ceiling plate supported
2.1 Static analysis of the plate

We will deal with the static analysis of the ceiling plate loaded by uniformly distributed
load q = 6.5 kN/m? (Image 1). The plate is made of concrete B30/37 class with a modulus of
elasticity E = 33 GPa. The thickness of this plate is h = 0.4 m.

| = bz
I 10m L 10m | 10 m L
4 7 g 7

Image 43 — Spot ceiling plate cobiax supported
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Results of the static analysis, displacements, as well as internal forces of the plate are
shown in the following Figures (Images 2-3).

From the next figure, it is clear that the maximum deflection is in the outer fields and its
value is 2,196 mm. This plate was calculated without dead load.

HEY 25 2013
11:31:48

—.oolez —veE-0% T2aE-Gz
7777777 -.976m-0% - 488E-03

Image 3 — Specific moments mx and my

2.2 Static analysis of the cobiax plate

Ceiling plate is made of the same materials as referred to in paragraph 2.1, of the same
thickness (h = 0.4 m) and of the same concrete B30/37 class with a modulus of elasticity E = 33
GPa. In this case we are considering (Fig. 4) with dead load as well. Random load is 1.5 kN/m?,
still load 5 kN/m® Dead load of 0.4*25 kN/m® = 10 kN/m? was in columns location compared
with dead load 0.4*25 kN/m*- 2.86 = 7.14 kN/m? at location of balls with a diameter of 27cm.
Manufacturer of the Cobiax prescribed in this case to reduce the flexibility of the modulus on Ey
=0.92 * 33 GPa = 30.366 GPa. The static scheme is in Image 5.
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Image 5 — Static scheme

The following figures referre to the resulting stress, strain and

ceiling plate Cobiax.

internal forces of the

NODAL soDTION AV ELEVENT SOLDTION AN
s =
TIVE-T TIVE-T PLOTNO. 1
& o " wo
g5

. -.003987 S -.00299 S -.001993 — -.997E-03 - 0 — -35.183 R ~14.78 e 5.624 e 26.027 0.2 46.431
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Image 8 — Specific moments mx at path A

1120 2042 2894 3747 4599

1616 2468 3320 4173 5025

Image 9 — Stress along the section A
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Image 10 — Specific moments mx along the section B
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Image 11 — Stress along the section B

3 Probability analysis

As we know, any building structure is subjected to certain specified tolerances in the
manufacture of the construction of dimension proportions. We can also specify the load,
modulus, which may be randomly changed. This analysis, which deals with all these
uncertainties and the variation, is called the probability analysis.

The method used for this purpose was the Monte Carlo method with a direct sampling
and number of cycles was set to 10000. In this case it was set 5-output parameters as the
maximum deflection (PRIEH), maximum specific moment mx (MAX_MX), maximum specific
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force (MAX_Vxz), Misses stress (NAP), reliability (CO), which varied depending on the four
input parameter. The input parameters were: modulus of elasticity for the Cobiax plate (E_kob),
for full plate (E_), uniformly distrebuted load (q_), and the thickness of the plate (h_).

Type and distribution of some inputs are given in the following Table 1 and Images. 12,
13. From Image 12 it is clear, that input variable E_kob has a Gauss distribution, and input
variable H_ has triangular distribution.

Distribution of Input Variable AN
E_HCEB
1

TYPE = TGAU

PARM1 0.303€EE+08
BARMZ 0.15182E+07
SERRMZ 0. 25811E+08

DARME 0.248

STDEV 0.1487SE+07

Loore L
o
—

{ MEAN  0.203€€E+08

B MIN 0.25821E+08

/ \ ( Mwax 0. 3ss2iE+0s
Teooz b
e
Theoe 1
= I |
- AR
L v I |
- I / H

T7sE-0E . 3EEEeas
E] e

Image 12 — Distribution and histogram of input variable E_kob

Table 8 Table of Input Variables

Variable Distribution Min Max
E_kob TGAU 0.05*30366e3 |0.85*30366e3
E_ TGAU 0.05*33e6 0.85*33¢6
a_ TGAU 0.05*13.64 0.85*13.64
h_, TRIA 0.35 0.45

Distribution Dﬁ_lnp.lt Variable AN

\ . e o oo

T [l ] s e

1 [ s

\ = / i
V. / | i
ol T | HH

: Al AN

Image 13 — Distribution and histogram of input variable H_
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Image 14 — Simulation sample values max displacement and history of mean values of max PRIEH
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Image 15 — Histogram of output variable PRIEH and CDF max. deflection PRIEH

Simulation sample values maximum displacement (PRIEH) and history of mean values
of maximum displacement (PRIEH) are given in Image 14. The blue curve (medium) in Image
14 converges, implying that number of cycles was sufficient and the maximum deflection is
moved in the range of -0.007548 to -0.0026775.

According to the CDF (cumulative distribution function, Image 15) we can determine
probability of the corresponding parameter PRIEH (the maximum value of deflection).

Frobability Result of Response Paraneter FRIEH

Solution Set Label = UWSL_HONTECARLO

Sinulat ion Hathod = Honte Carlo with Divect Sanpling
Hunber of Sanples = 10000

Heat (Averaga) Malue = -4.5585664e-003

Standard Dewiation = 7.2781813-004

Skeuness Coefficient = -4.715064%-001

Kurtosis Coefficient = -2.2264096e+103

Hininun Sanple Yalue = -7.5488392-003

Haxinun Sanple Yalue = -2.6775103«-003

Tha probability that PRIEH iz snaller than -7.0000000=-003 is:

Probability [ Lousr Bound, Upper Bound]
1.50635e-003 [ 8.60498e-004, 2.39734e-003]

HOTE: The confidence bounds are ewaluated with a confidence level of 85.000%.
The probability iz interpalated betueen:

FRIEH=-7.0051668e-003 uhich has vank 15 out of 10000 sanples
PRIEH=-6.9921200e-003 uhich haz vank 16 out of 10000 sanples
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The output shows the probability that max deflection is less than -0.007 m, representing
that the design is at 0.15% is unreliable.

Rank-Crder Correlation Sensitivities AN
Result Set VYSL_MONTECARLO

Rank-Order Correlation Sensitivities AN
Result Set VYSL_MONTECARLO

Output Parameter MAX MK Output Parameter FRIEH

Image 16 — Rank-order correlation sensitivities of output variable MaX_MX and PRIEH

Sensitivity analysis in Image 16 showed that the input parameter E_ module of elasticity
most affects on the output PRIEH-deflection of the plates or parameter Q_ uniformly distributed
load on the output parameter Max_Mx — specific bending moment.

4 Conclution

The aim of this analysis was to determine the probability of failure of structures, and then
to determine its reliability depending on the input parameters. In our case, there has been a
failure (0,15 %), if we have exceeded the limit deflection -0.007 m.
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NUMERICAL MODELING OF THE BEHAVIOUR OF A FLEXIBLE CLAMP AT GRIPPING OF
A RAIL

TADEAS VOLF, JAN VYCICHL

Czech Technical University in Prague, Faculty of Transport Sciences,

Department of Mechanics and Materials

Abstract: This work is focused on the elastic fastening rail to the sleeper, the definitions of used
types, their usage in the Czech republic, main advantages and disadvantages, the comparison
of the most popular systems on the SZDC site and the summary of the requirements for the
fastening. The practical part of the work is focused on the creation on a model in the ANSYS
Workbench software. There are four simulations of the load, which correspond with the real
situations. The results from each situation have been analyzated (the equivalent stress, the total
deformation) and have been compared among themselves. The other parts of the rail truck were
analysed too.

Keywords: rail fastening, tension clamp, Vossloh W 14, finite element method, ANSYS
Workbench

1 Introduction

The fixation between rail and sleeper is a very important parametr of the whole rail track
construction. The suitable type of the fastening can reduce costs of the rail-track servicing, the
trains operate more quietly and more comfortably, the vibration and noise is lower. Nowadays
almost exclusively,it is used the flexbile fastening systems, where the tension clamp causes the
elastic characteristic.

This article describes the stress analysis of the rail fastening. It was created the system
Vossloh W 14 with the tension clamp Skl 14, because it is the most commonly used system in
the Czech Republic. The model was designed in the ANSYS Workbench software. The type of
the rail sleeper is B91/S, the rail UIC 60, the rubber pad under the rail is WU-7 and the angled
guide plate Wfp 14. These parts can be used in the rail tracks in the Czech repubilic.
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Image 44 - The Vossloh W 14 System

2 Virtual model
a. Geometrical model

The geometrical model corresponds to a real situation. The model was simplified in not
importing parts (the sleeper, the rubber pad), this simplification is not very important for getting
the good results. The tension clamp was created in the software Autodesk Inventor, because
Autodesk Inventor is more suitable for designing the complicated geometrical parts. Then it was
imported to the ANSYS Workbench. It was possible to create only a quarter of the whole model,
the rest of the model was achieved with mirroring. The length of the rail in the model is 600 mm.
It's half of the length between two sleepers. The geometrical model is in the next picture, but
there is showed the whole model, for better understanding.

Geometry

Image 45 - The geometrical model
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b. Finite-element model

It was necessery to modify the finite element mesh. We need the most fine mesh for the
good results, but on the other hand, the computer hardward and the ANSYS license were
limited. . | used the face sizing, contact sizing and body sizing of the mesh in my model.The
finest mesh is located in the contact areas, especially between the tension clamp and the
angled guide plate or rail. These parts are very important in this model. The largest element size
is on the sleeper, but not in the contact areas. The model contains 36 266 elements and 135

407 nodes.

Image 46 - The Finite-elements Model

c. Initial conditions

The lower part of the sleeper is supposed to be fixed supported, there are removed 6
degress of freedom in the 3D space. The moving of the free end rail is allowed only in the one,
vertical direction. It was used two symetry regions because of the reduction counts of the

elements. The contact areas are defined in the next table:

Table 3 — Type of elements

Part no.1 Part no.2 Type of COF Max. size of elements
the
contact
rail rubber pad frictional | 0,8 3,0 mm
rail angled guide plate | frictional | 0,1 2,0 mm
temsion clamp angled guide plate | frictional | 0,1 1,5 mm
rail tension clamp frictional | 0,2 1,5 mm
rubber pad angled guide plate | frictional | 0,1 3,0 mm
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rubber pad sleeper bounded 8,0 mm (on the sleeper)

angled guide plate | sleeper bounded 8,0 mm (on the sleeper)

All contacts have the behaviour type Adjust to touch. The other possibilities of behaviour
have the default settings. | used the standard earth gravity in the whole model.

d. Material properties

The materials in the model corresponds to the real situation. But it was not able to find
the material properties of some parts, so | used the most similiar material. All used materials are
from the basic material library in ANSYS Workbench and all materials are linear and isotropical.
The basic properties are in the next table:

Table 4 . Material propeties

Part Young's modulus Poisson's ratio Density [kg.m™]
[MPa]
rail 210 000 0,30 7 580
concrete sleeper 32 000 0,18 2 300
angled guide plate 2 500 0,39 1140
rubber pad 2,15 0,48 2 000
tension clamp 210 000 0,30 7 580
bolt 210 000 0,30 7 580

3 The solving cases

The calculation of the model runs in the five steps each in one second. The prestression
grows up linerarly. The deformation of the clamp is big and the results needn't be correct in only
one step.

3.1 The unloaded railway - Situation no.1

The tension clamp is tightened by the prescribed torque. The clamp is deformated
elastically and both endings press the rail with the required force to the sleepers. The nose of
the tension clamp has to touch the part of the angled guide plate, but the nose must not touch
the rail. This behaviour of the tension clamp is supposed in all solved situations, too.

3.2 Loaded rail in the straight line — Situation no.2

The railway is located in the straight direction, without curves. The rail is loaded by the
force of the rail wheel in the vertcal direction. The typical locomotives weight ca. 88 tons, so it is
11 tons for one wheel. This force loads the railway over the sleeper. The contact area between
wheel and rail is 1 mm?Z.

3.3 The loaded canted railway in the curved track with cant deficiency — Situation no.3
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The size of the transverze force can be eliminated by the cant in the railway. But it isn't
possible to design the theroretical size of the cant, because the trains have different speed. So
we designed the recommended size of the cant.

In this situation the train has a higher speed in the curve and the train has the cant
deficiency. The centrifugal force has effect for the train. The size of the centrifugal force is 65 kN
for one wheel. This force is the maximal size of the centrigugal forces according to the UIC law.
This force loads the railway over the sleeper.

3.4 The loaded canted railway in the curved track with excess of cant — Situation no. 4

The slow ride of the trains in the curve causes the big weight on the inside rail. The
maximal size is 145 kN for one wheel, this size is in the UIC (518) law. So | used this force as a
wheel force, the centrifugal force is 6 kN for one wheel.

4 Results
4.1 Equivalent stress in clamps

It was found out the values of the equivalent stress and its grafical representation on the
parts of the model. The grafical results look for examlpe like this:

B: Static Structural . TR )
Equivalent Stress 2 i ‘F \J—: % \927§\
Type: Equivalent (van-Mises) I L)
Unit: Pa el 2

Tirme: 5
13.8.201210:00

2,3319e9 Max
2.073ed
1.8141e4
1,5952e9
1,2863e4
1,037 4e8
7,7855¢8
5,1966e8
2,6076ed
1,8698e6 Min

]
0,000 0,040 (m) 2
e —

0,020

Image 47 — An equivalent stress in the clamp

There are shown the results for each simulation in the next table. The values are the
maximum equivalent stress in every situation.

Table 5 — The results of the equivalent stress in clamps

Tension clamp | Situation no.1 Situation no.2 | Situation no.3 | Situation no.4
[.10°Pa] [.10°Pa] [.10°Pa] [.10°Pa]
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inside 2,3319 2,2808 2,3361 2,2210

outside 2,3223 2,2915 2,2666 2,2120

It's obvious, that the max. value is in the Situation no.3 - The loaded canted railway in
the curved track with cant deficiency. The train in the curve causes the big force on the outside
rail. The inside clamp forestalls the moving or rotating of the rail. On the other hand, the
smallest values we can find in the situation no.4. It's because the big vertical force presses the
rail down and the stress in the clamps is reduced.

4.2 The analysis of the rubber pad

The rubber pads under the rail is weighed by a big force from the trains. The rubber pad
is easy to misshape, because it's made from a very elastic material. This deformation is possible
to see in a real scale, but | choose 5,5x bigger scale for a better presentation of the deformation.
The next picture shows the model from the 4™ situation, because there are big vertical forces on
the rail.

B: Static Structural En
Total Deformation i
Type: Total Deformation £

: \NSYS

Time: 10
13.8.2012 16:54

0,0018117 Max
0,0016136
00014155
000121745
00010194
000082134
000082328
000042522
000022714

=

%
0,000 0,060 (m)
e — =

0,030

Image 48- A deformation of the the rubber pad

The equivalent stress in the rubber pad is the biggest on the lower edge, the value of the
maximum equivalent stress is 9,753 MPa. For comparison, the biggest equivalent stress in the
4" situation is 5,6034 MPa.
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Image 49 - An equivalent stress in the rubber pad

5 Conclusion

The aim of the project was finding the stress results in the tension clamps, because the
clamps are very important for the rail fastening. The biggest stress values were found in the 3™
situation (trains in the curve with cant deficiency). That was suggested before the simulation.
But the diferences between the situations aren't very high. So the values of the average loads
haven't big influences on the clamps.

The rubber pad under the rail was analysed too. The deformation of the rubber pad is
obvious in the real scale, the values of the deformation is high. The equivalent stress in the pad
is different too, the maximum value is in the 4th situation.
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THE OBTAINING OF BICYCLE HELMET’S MODEL FOR NUMERICAL ANALYSIS
JAN VYCICHL, ONDREJ KRUPICKA, MARTIN SUDRICH

Czech Technical University in Prague, Faculty of Transportation Sciences, Konviktska 20,
110 00 Prague 1

Department of Mechanics and Materials

Abstract: The main aim of this study is to obtain a new virtual model of a bicycle helmet, using
reverse engineering. The real bicycle helmet was transferred to the virtual model using 3D
scanning equipment. The virtual surface model was subsequently modified in several software
products, which supports application of reverse engineering. Using multiple editing software
aims to determine the most appropriate option obtaining accurate computer models for the
future. The resulting model will be applied to optimize the drop test in LS-DYNA. The numerical
calculation will be compared with the measured data obtained from the real tests. This project
was done within the framework of the institutional researchplan, identification code
MSM6840770043 and Czech Technical University Student’s Grant Competition, identification
code SGS12/163/OHK2/2T/16.

Keywords: 3D-scanner, Helmet, Reverse ingeneering

1 Uvod

Cilem studie bylo zavedeni a vyzkouseni postupu zpétného inzenyrstvi pro ziskavani
virtualnich modelu vhodnych k vypocétovym zkouskam ve FEM software LS-DYNA, tak aby
mohly byt porovnany vysledky realnych padovych zkousek cyklistickych pfileb s vypoctovymi.
Postup by mél byt co nejuniverzalnéjSi a aplikovatelny na vSechny typy testovanych pfileb na
padostroji.

Postup spociva v pfipravé predlohové pfilby pfed snimanim, 3D skenovanim télesa a v
nasledné upravé v software, vhodném pro zpracovani povrchi. Nakonec je z vysledného
virtualniho modelu vytvofena koneéné-prvkova sit vhodna pro import do LS-DYNA.

2 Priprava prilby pred skenovanim

Jako model byla vybrana cyklisticka pfilba zna¢ky Giro. Pfed vlastnim skenovanim
povrchu skute€né pfilby bylo potfeba udélat nékteré upravy. Nejdfive bylo nutné odstranit vnitini
vystelky a zafizeni slouZici k doladéni velikosti pfilby na jednotlivce. Nasledovalo odstranéni
&elniho stitku. Upravy byly provadény tak, aby bylo mozné pozdé&iji na realnou padovou zkoudku
opét uvést pfilbu do puvodniho stavu. Z tohoto duvodu nebyly odstranény feminky se
zapinanim pod bradou uchycovaciho systému, protoZze by pfi demontazi jiz nemohla byt
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zaruéena jejich funkénost. Poutaci feminky vysledny virtualni model nijak neovlivnily a nejsou
ani jeho soucasti.

DalSi uprava se tyka povrchu pfilby, hlavné polymerové skoifepiny. Samotna
polystyrenova péna, tvofici u vétsSiny dnesnich pfileb vice jak polovinu celého povrchu, ma
strukturu svého povrchu témér idealni pro snimani 3D skenovacim zafizenim. Polymerova
skorfepina je v8ak u mnoha pfileb v lesklém mddnim provedeni, které je pro aplikaci skenovani
naprosto nevhodna. V pfipadé zkoumané pfilby byl povrch v matové Upravé s drsnéjSim
povrchem. Presto v8ak po konzultaci s operatorem skenovaciho zafizeni, byla tato ¢ast povrchu
prelakovana matnym lakem za vyuziti techniky airbrush. Byl pouzit japonsky lak od firmy Gunze
Sangyo, naneseny ve dvou rovhomeérnych tenkych vrstvach.

9.1 Referencni body na povrchu pfilby

Pro orientaci 3D skenovaciho zafizeni bylo nutné po celém povrchu, jak vnitfnim tak
vnéjsim, umistit referenéni bilé terCiky. Kladeni referen¢nich teréiki ma sva pravidla. Nemaiji se
umistovat do blizkosti, €i pfimo na hrany povrchu. Dale neni vhodné symetrické rozlozeni po
dvou stranach zpracovavaného objektu. Pro dosazeni co nejvyssi presnosti ziskaného modelu
je vhodné klast terCiky na mista s co nejmensi kfivosti povrchu. Bohuzel, u skenované
cyklistické pfilby, neni velikd moznost k vybrani vhodnych nesymetrickych a plochych mist. Po
skenovani virtualni model obsahoval patrné stopy, které naznacuji, kde se referen¢ni body pfi
skenovani nachazely a bylo nutné je v dalSich softwarech odstranit.

Pro znaénou slozitost povrchu snimaného objektu, byl umistén pomérné velky pocet
referenénich bodl. Je vhodné umistit co nejvice bodl ke spodni ¢asti prilby, aby skener
zaznamenaval pfi pfechodu z vnéjsiho povrchu do vnitfniho a naopak jejich dostateény pocet.
Toto opatfeni neni nutné v pfipadé, Ze je skenovana vnitini &ast pfilby a vnéjsi &ast pfilby zviast
ve dvou samostatnych souborech. Objekt pifed snimanim je patrny na Obr. 1.

Obrazek 50 — Cyklisticka pfilba pfipravena pro snimani 3D ruénim skenerem

3 Snimani povrchu laserovym skenerem

Pfiprava pfed méfenim zacina vytvofenim bodového pole tak, abychom urcili body v
prostoru. Nasleduje vlastni skenovani, které probiha automaticky bez zasahu lidského faktoru.
Principem tohoto druhu skenovani je vyuziti laserového paprsku, ktery je vyslan kolmo proti
skenovanému predmétu, odrazi se od néj a vrati se zpét do skenovaciho zafizeni. Rozhodujici
je Casovy usek, ktery uplyne od vyslani do navraceni paprsku. Tak je ziskana informace o
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rozméru pfedmétu ve sméru letu paprsku. Informaci o zakfiveni povrchu je obdrzena z uhlu,
pod jakym se paprsek vraci zpét do zafizeni. Spojenim téchto dvou zakladnich informaci skener
obdrzi pfesnou polohu bodu, kterou odesle do pocitace.

Vystupem je mraéno bodl. Toto mraéno je zpracovavano softwarem tak, ze jsou
odstranény zbyte€né body a minimalizovany odchylky. Dale jsou jednotliva &asti mraéna
nahrazena polygony, které definuji geometrii povrchu télesa. Timto zpusobem je vytvofen 3D
model, ktery mize byt importovan do CAD systému.

Kvalita vysledného modelu je dana hustotou, s jakou laserovy paprsek pokryl plochu
realného objektu. Soucasti zafizeni byva i barevna kamera, ktera pfi samotném skenovani
snima barevnou informaci. Kamera pracuje na stejném principu jako optické skenery. Diky ni
muze mit virtualni ploSny model i stejnou barvu povrchu jako snimany objekt.

Laserové skenery jsou vyhodné diky jejich vysoké presnosti a nenaro¢nosti na obsluhu
béhem skenovani. Maji nejlepsi pfedpoklady pro Siroké vyuziti v praxi. Jejich pouzivani je rychlé
a vystupy jsou kvalitni. Nevyhodou muze byt jejich cena, ktera je v porovnani s ostatnimi
skenery mnohonasobné vys$si.

Laserové 3D skenovani je zastoupeno nejvice a vyuziva se v mnoha oblastech. Jednou
z nich je stavebnictvi, kde je tento zpusob tvofeni 3D modelu nejvice vyuzivany. Je vhodny pro
zameérovani skuteéného stavu budov, slozitych konstrukci, mostl, podjezdu, hrazi nebo pro
ziskani podkladu pro stavbu zaméfenim profilu terénu a naslednym vytvofenim 3D modelu.
Dobrym pomocnikem je i v pfipadech méreni tézko dostupnych mist jako jsou kamenolomy,
jeskyné, doly a potrubni systémy. Tohoto zplsobu prevadéni realnych téles do trojrozmérnych
modelu vyuzivaji také pamatkari pfi rekonstrukci a dokumentaci pamatek.

10.1 Pouzité skenovaci zafizeni

CVUT Fakulta dopravni vlastni laserové skenovaci zafizeni Handyscan 3D. Tento
skener byl vyuzit pro ziskavani virtualniho modelu cyklistické pfilby. Jedna se o rucni skener,
ktery patfi do skupiny laserovych zafizeni, je samo polohovaci a bezkontaktni. Na zakladé
reflexnich znacek umi zjistit zménu polohy snimaného objektu a automaticky tak navazat
polygonovou sit na spravném miste.

Na rozdil od tradiénich skeneru tento bezkontaktni ruéni laserovy skener nepotfebuje
zadné dalSi zafizeni pro uréeni polohy vi&i snimanému objektu, jako jsou napfiklad externi
sledovaci zafizeni CMM nebo pohybliva ramena k uréeni vlastni polohy nebo polohy
snimaného objektu. Neni tedy nutné skenovany pfedmét vuci skeneru fixovat.

Pomoci dvou zabudovanych kamer skener snima laserovy kfiz na télese. Béhem
snimani se v realném C€ase na obrazovce pocitae zobrazuje obraz snimani. Diky této
schopnosti mlze uzivatel vidét, jakou ¢ast ma jiz nasnimanou, a zda je tfeba v nékterém misté
ziskat vice informaci.

Ke skeneru byl pofizen i ovladaci software VxElements, ktery byl vyvinuty pfimo pro
tento ruéni skener. Tento program je kompatibilni s OS Microsoft Windows, je velmi intuitivni,
béhem skenovani zobrazuje aktualné nasnimanou sit a obsahuje algoritmus na optimalizaci
vysledné sité. VxElements automaticky vytvafi z nasnimanych dat (mraku bodu) pfimo
polygonovou sit. Umoznuje vysoce vykonné snimani s riznym rozliSenim povrchu i snimani
textury. Software umoznuje export objektl ve formatu STL, €ehoz bylo v tomto pfipadé vyuzito.

10.2 Proces snimani realné prilby
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Pfed prvnim skenovacim procesem byla provedena kalibrace zafizeni. Nasledovala
konfigurace na jednotlivé povrchy. Jak pro polystyrenovou pénu, tak pro polymerovou skofapku
pfilby byla nastavena jina hodnota zavérky. Pro vnéjsi povrch bylo zvoleno 10,5 ms a pro vnitini
33,3 ms.

RozliSeni povrchu bylo nastaveno na 0,5 mm. | kdyz skener nabizi moznost nastaveni i
vétSiho rozliSeni povrchu (az 0,2 mm), zvolena hodnota se zdala optimalni.

V prubéhu skenovani byly ziskany dva zakladni modely. Nejdfive skenovani probihalo z
vhitfniho povrchu a nasledné skener snimal vnéjsi povrch. V tomto pfipadé byl vSak znaény
rozdil v poétu chybnych mist. Pokud skenovaci proces byl zapo€at na vnitfnim povrchu pfilby,
byla tato ¢ast modelu bez vyraznych chybnych mist, avSak vnéjSi povrch obsahoval vétsi pocet
otvoru. Pokud se skenovaci proces obratil, byl vnéjsi povrch mnohem kvalitnéj$i na ukor
vnitfniho povrchu. Vysledek snimani je patrny na Obr. 2, kde je mozné vidét i néktera Spatné
oskenovana mista (otvory Sedé barvy).

Obrazek 2 — Vysledny model prilby v software Geomagic Studio 2012

Vysledek byl exportovan v STL formatu ze software VxElements. Pfed exportem
probéhlo jesté nastaveni pocatku soufadného systému do té€zisté modelu. Kladna ¢ast osy x
sméfuje do prfedni ¢asti, osa y mifi do boku a osa z k vrchni €asti pfilby.

4 Upravy modelu po nasnimani

Po nasnimani bylo nutné povrchovy model ve formatu STL upravit, protoZze povrch
nebyl, vzhledem ke svému tvaru, nasniman kompletné. Byly pouZzity dva pocitaCové programy:
Dassault CATIA V5R18, Geomagic Studio 2012. Upravy ve vyjmenovanych programech
probihali paralelné, s cilem dosahnout optimalniho postupu.
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Kazdy z téchto programul je specificky a ma odlisné ovladani a funkce. Pro potieby
upravy STL modelu do podoby ,vodotésného” (watertight) povrchu poslouzi oba uvedené.

10.3 Vyuziti software Dassault CATIA

Prace se soubory STL v software CATIA V5R18 byla provadéna v modulu Digitized
Shape Editor, ktery je vhodny pro Upravy ploSnych modelt a ma mnoho uziteénych funkci.

Nejdfive byl model celé pfilby naéten pomoci funkce Import STL. Pro zjednodu$eni
budouciho vypocéetniho modelu byly funkci Remove vyfezany montazni a upevnovaci otvory,
slouzici na plvodni pfilbé k upevnéni €elniho stitku a vnitfniho vybaveni.

Obrazek 3 — Vysledny model prilby v software CATIA V5R18

Nasledné bylo potfeba zacelit chyby povrchu vzniklé snimanim a vyfezem. Za
nékolikanasobného vyuziti funkce Fill Holes se povedlo zacelit cely povrch. Nové vytvofené
plochy jsou vSak skladany z vétSich trojuhelniki nez plvodni a nanavazuji na plvodni povrch
se stejnou kfivosti. Pro kontrolu je mozné vyuzit funkci Mesh Cleaner. Tato funkce analyzuje
cely povrch vybraného modelu a urli po€et posSkozenych, duplikovanych a inkonzistentnich
trojuhelniku, zakladnich prvkd povrchu. Dokaze také odhalit trojuhelniky povrchu s atypicky
dlouhou hranou a tzv. Non-manifold trojuhelniky. Po kontrole bylo znovu potfeba zaplnit nové
vzniklé otvory v povrchu. Procedura byla nékolikrat opakovana dokud nebylo dosazeno modelu,
jehoz povrch byl bezchybny.

Nasledovalo vyhlazeni pfilby Mesh Smoothing s nastavenim koeficientu 1 a maximalni
odchylkou zmény povrchu do 2 mm. Nasledné probéhlo porovnani importovano STL modelu
s pfilbou po upravach, v CATIl toto lze provést pomoci funkce Deviation Analysis. Rozdily
samoziejmé byly patrné v mistech kde doslo k odstranéni montaznich otvort a v mistech kde
nebylo mozné povrch spravné nasnimat. Maximalné vSak byla zaznamenana odchylka o
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velikosti 1,1 mm, a primérna odchylka o velikosti 0,37 mm, coz je pomeérové k velikosti celé
pfilby zanedbatelna hodnota. Vysledny model je znazornén na Obr. 3.

10.4 Vyuziti software Geomagic Studio

Gemagic Studio je sofware pfimo navrzeny pro potfeby reversniho inZenyrstvi. Je velice
snadno ovladatelné a intuitivnéjsi nez vySe zminéna CATIA.

Po naéteni STL modelu vzniklého ze snimani byl povrch nejdfive zkontrolovan funkci
Oprava Polygonu. Byly tak odebrany hroty, vysoce sloZzené okraje, nerozlozené hrany,
pruseciky protinajici sama sebe a malé otvory. Pomoci funkce Vybér uzivatelské oblasti byly
oznaceny montazni a upeviovaci otvory. Nasledné byly tyto vybrané oblasti odstranény.

DalSi upravy zahrnovali zaplnéni vSech otvort funkci Vyplnit vSe, pfi€emz byl nastaven
parametr, kdy se nové tvofeny povrch navazuje na stavajici stejnou kfivosti. Tako funkce je
zfejmé nejlepsi ze vSech tfi pouzitych programl, na modelu vytvari vyplnéni otvorl, které je
pohledové velmi pfirozené. Je také mozné volit napojeni novych povrchl jako te¢né, avSak
vysledek nebyl presvédCivy. Nasledovala samostatna funkce odstranéni hrotu, ¢imz byly body
uréujici vrcholy trojuhelniki posunuty do statisticky vhodnéjSich oblasti. Nakonec pfislo
vyhlazeni celého povrchu s dirazem na zachovani tvaru, kdy maximalni odchylka po vyhlazeni
nepfesahovala 1,5 mm. Vysledny model je vyobrazen na Obr. 4.

| zde byla provedena analyza odchylky importovaného souboru a vysledného. Primérna
odchylka byla zjist&na na 0,36 mm. Maximalni odchylka byla fadové vétsi, 5y7 mm, avSak byla
na misté zaceleného montazniho otvoru. Zajimavosti je Zze CATIA tento rozdil vibec
nezaznamenala, a€ se u obou programu vychazelo ze stejného zakladniho modelu ziskaného
ze snimani.

L]

Obrazek 4 — Vysledny model prilby v software Geomagic Studio 2012
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Oba vysledné modely byly nasledné v programu Geomagic Studio porovnany. Primérna
odchylka mezi modely byla 0,06 mm, maximalni pak 1,2 mm. Maximalni odchylka byly
naméfena v misté hrany vétraciho otvoru, kde informace o povrchu ze skeneru upIné chybéla a
povrch byl dotvafen nové programy. Celkové vsak byl rozdil Upravenych modeld minimaini.
Nelze tedy s jistotou Fici, ktery z obou programu je pro takto specifickou funkci vhodnéjsi. Dale
bylo pracovano s modelem vychazejicim z Geomagic Studio.

5 Vytvoreni sité elementu

Upraveny model pfilby byl importovan do prostfedi ICEM CFD 14.5, ktery je soucasti
baliku ANSYS. Zde byla vytvofena koneéné-prvkova sit elementl, kterou Ize bez obtizi
importovat do programu LS-PrePost. Pfilbu tak bude mozné zaménit za aktualné testovany typ.

Pomoci funkce Global Mesh Setup byla vytvofena sit elementu. Typ byl nastaven na
Cartesian metodou Body-Fitted. Vzniklo tak 152 112 uzlovych bodu a 179 123 elementu.
Vysledek je zobrazen na Obr. 5. Nakonec byla sit exportovana pomoci funkce Export Mesh To
LS-DYNA.

Obrazek 5 — FEM model cyklistické pfilby

1 Zavér
Byl provéfen postup ziskavani modell pro vypocétové simulace. Do budoucna feSitelsky
tym pocita s testovanim rozliénych cyklisticky pfileb a probéhlo tak ovérfeni, ze k realnym testim
nebude problém vytvofit geometricky velice piesny virtualni obraz. Po odladéni vypoc&tu padové

zkousky bude mozné pomérné snadné vymenovat jednotlivé typy testovanych pfileb dle
potieby.
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INVESTIGATION OF HYDRODYNAMIC PUMP PARAMETERS WITH APPLICATION OF THE
PARTIAL WETTABILITY BOUNDARY CONDITION

LUKAS ZAVADIL, SYLVA DRABKOVA

Abstract: The influence of the partial surface wetting on the flow field in the hydrodynamic
pump was investigated using numerical modeling. Wall boundary conditions were modified to
account for partial wettability based on the theoretical assumptions proposed by Pochyly for the
general curved surface (Pochyly, 2006). ANSYS FLUENT software was used for modeling of
flow in the interior of the hydrodynamic pump. The results obtained by numerical modeling in
which modified boundary conditions were used, are compared with the results with no slip
boundary condition.

Keywords: pump, CFD, wetting, parameters

12 Introduction

Probably all branches of industry are aimed for reduction of power consumption and
increasing the energy efficiency. For pumps, which take the second place in energy
consumption, just behind the electric motors, the efficiency is really important. One way how to
improve the efficiency of a pump is to optimize the shape of hydraulic surfaces. Another way
leads to improvement of properties of the materials used for manufacturing of surfaces inside
the pump, which are in contact with a delivered liquid. The specific properties of materials may
serve for innovations in the design and production of the pumps. One of these properties is a
partial wettability which causes that the liquid which is in contact with the inner surface “slips” on
this surface.

13 Theoretical approach

The definition of boundary condition for the generally curved surface, which is partially
wettable, applies following assumptions: if the fluid is slipping on the surface with the velocity ¢,
the adhesive shear stress vector o, lays in the plane defined by the outer normal vector n to the
surface and the velocity vector ¢ (Image 1). The adhesive shear stress vector o, tangentional to
the surface can be defined as follows:

o, =(Oxn)xn=-k-c (1)

where k is adhesive coefficient (Pa-s-m™).
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X;

Image 51 — Shear stress on general curved surface

The theory of mathematical definition of partially wettable surface by means of adhesion
coefficient k was introduced by Pochyly (Pochyly, 2006). This approach will be further applied
on the selected surfaces in the interior of a hydrodynamic pump. But at first the modified
boundary condition was used for steady laminar isothermal flow of incompressible fluid in a tube
with circular cross section. In that case, the theory with no slip condition on the walls is well
known and the results for the no slip case and the partially wettable case can be compared.

13.1 Theoretical assumptions for laminar flow in pipe with circular cross section

The shear stress is proportional to the rate of the shear strain according to the Newton's
law of viscosity:

rrrrrrrrrrrrrrrrrrrrrrrrr

rrrrrr

Image 2 — Straight pipe section with velocity distribution in case of fully wettable wall (no slip)

The velocity distribution in the cylindrical coordinate system can be defined as a function
of the distance from the center of the pipe:

c=j7’7’/(R2—r2) (3)

The pressure drop in a fluid flowing through a long cylindrical pipe can be calculated
from the Hagen—Poiseuille law:
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Now let's account for a slip of the fluid on the wall. In this case the outer surface of the
control volume moves with the slip velocity defined as:
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Image 3 — Velocity profile for partially wettable surface of the tube

The velocity profile is modified according to the following formula:

2 2
Czﬂ(RZ_rZ)Jr%:& RE R I (6)
4l ok~ 20\2p Tk 2

The pressure drop Ap can be again calculated based on the flow rate Q:

8l
Ap=_ 8MQ (7)

7zR4(1 + 477)
Rk

13.2 Comparison of theoretical assumptions with CFD results

Standard fully wettable surfaces exhibit zero velocity, which is connected with the noslip
boundary condition on the wall. In Fluent the no-slip condition is applied by default, but it is
possible to define a tangential velocity component in terms of the translational or rotational
motion of the wall boundary, or to model a "slip" wall by specifying a certain value of shear.
Such definition may cause a problem in a complex geometry where the velocity may differ in
various parts in which the flow is modelled. That is why a different approach was applied based
on (Pochyly, 2006) and the UDF (User Defined Function) was assembled, that enables to define
the wall shear stress according to (1). The fluid flow was solved as a 2D axisymmetric problem
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as well as in full 3D geometry. Results shown in following Images were obtained from 3D
solution.

This approach is more precisely defined in (Zavadil, 2011). The results shown and
described in this article are aimed to demonstrate only how the created UDF can modify
parameters of the flow.

Comparison of velocity profiles for noslip and partially wettable conditions

0,22
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0,12
b
E
<
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0,01 -0,008 -0,006 -0,004 -0,002 0 0,002 0,004 0006 0,008 0,01
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Noslip theory Rel500 ——k0.8 theory Rel500 ——k0.01 theory Rel500
— = Noslip FLUENT Rel500— — k0.8 FLUENT Rel500 - — k0.01 FLUENT Rel500

Image 4 — Comparison of velocity profiles obtained from theory and FLUENT simulation

Pressure drop in the pipe for Reynolds number 1500
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Image 5 — Comparison of pressure drop for wettable (no slip) and partially wettable (slip)
boundary conditions on the pipe wall for Re = 1500
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The first Image (Image 4) shows changes of velocity profile for different values of
adhession coefficient k. Results from the numerical solution are in a good agreement with the
result given by theory.

In Image 5 we can observe the exponential dependency of the pressure drop on the
adhesion coefficient k. The adhesion coefficient should theoretically vary from near zero to
infinity. But it can be seen, that only a small range of k brings significantly lower value of the
pressure drop. When a certain limit of k is reached, the pressure drop is approaching the value
of the no slip condition. The difference between the theoretical and numerical predictions is
within 5%.

Comparison of shear stress through cross section in the pipe
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(=]
2
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0,01

0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008
7 [m]

—Noslip —k0,8 k0,01
Image 6 — Shear stress profile in dependence on k

Last Image 6 ilustrates how the created UDF modified a value of the shear stress
through the cross section in the pipe at laminar flow.

14 Numerical modeling of flow in centrifugal pump

The viscous fluid flow can be described by the partial differential equations that must be
solved by numerical methods. Using this approach, it is possible to solve in an appropriate
manner the 3D Navier-Stokes equations in complex geometries.

ANSYS FLUENT release 13 was applied to model numerically the flow through a volute
pump. The incompressible steady flow was modeled in a complex 3D geometry. The problem
involves multiple moving parts as well as stationary surfaces. In Fluent, two approaches can be
applied for the modeling of such cases:

e Multiple Rotating Reference Frames
o Multiple Reference Frame model (MRF)
o Mixing Plane Model (MPM)

Both the MRF and MPM approaches are steady-state approximations, and differ
primarily in the manner in which conditions at the interfaces are treated. In this case results are
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given for one position of blades of the impeller against the volute. Such simulations are less
time demanding but the dynamic effects of flow are neglected in this approach.

The turbulence model k-o SST was applied as it is recommended for the modeling of

flow in rotating geometries. This model employs the k- model in the core flow, the k- model
near the wall and it modifies the relation for the eddy viscosity.

Using numerical methods (mostly finite volume method), the partial differential equations
are converted into algebraic equations and solved by different algorithms which differ in
convergence, accuracy and time of computation. The convergence of the steady solution can be
observed by evaluation of residuals and also by monitoring the value of the outlet pressure.
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14.1 Design paramegters of modeled centrifugal pump

Numerical modeling has been used to investigate the flow in a single-stage centrifugal
pump with horizontally mounted shaft and twisted blades. The design parameters are specified
in table1.

Table 9 Design parameters of modeled centrifugal pump
Head H=| 80.9 | [m] Outlet diameter | D, = | 244 | [mm]

Flow rate Q= 7 [dm®s'] | Numberofblades | z= |5

Rotational speed | n= | 2900 | [min™]

As can be seen from design parameters, the pump provides high head and low flow rate,
which yields a low value of non-dimensional specific speed.

Q°® 2900  0.007°°

n,=n = :
° Y™ 60 (80.9-9.81)°7°

~0.0263 (8)

where n, is specific speed (1), n is rotational speed (s), Qy is flow rate (m*s™), Yis
specific energy (J-kg™).

The obtained value of specific speed is very low and it is below the specific speed range
considered for the radial type of impeller. It is caused by the high values of the head in
connection with the low values of the flow rate. Such parameters can be reached by twisting the
blades of the impeller, as it was designed at the Victor Kaplan Department of Fluid Engineering,
Energy Institute, Brno University of Technology.

14.2 Definition of the computational geometry

At the beginning of the numerical modelling, a 3-dimensional geometric model of the
pump components must be created which describes the calculation domain by coordinates. This
calculation domain is then subdivided into a large number of cells, i.e. a grid is generated, the
quality of which is essential for the reliable numerical solution. Large number of cells brings
better accuracy but also higher demands on computational time. Geometry is presented in
Image 7.
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Image 7 — Geometry with impeller casing

The geometry (Image 7) was divided into six volumes (inlet part, impeller, volute with
impeller sidewall gaps, clearances between impeller and casing on the front and rear side and
the space behind the rear shroud under the annular seal. The number of cells in created mesh
was about 4.3 mil.

14.3 Application of the partial wettability boundary condition on selected surfeces of
the pump

For application of partial wettability boundary condition the volute surface and surfaces
on impeller discs were selected. The fluid which is closed between rotating discs and stationary
parts of the pump increases the amount of torgue which is acting on the rotor. It is caused by
the shear between the fluid and the rotating impeller. But if the outer surfaces of the impeller will
be partial wettable, the fluid will slip on the surface and the amount of torgue will be lower. The
amount of shear depends on the adhession coefficient k. Application of a wettable coating on
the inner surface of volute can lower losses caused by the friction of fluid on this surface.
Surfaces for which the partial wettability boundary condition was used are shown in Image 8.

Image 8 — Surfaces which were selected as partial wettable (Impeller casing, volute)

Finally four studies were solved. In the first one the noslip condition was selected for all
surfaces. The second applied wettable surfaces for the discs of the impeller. In third case the
impeller discs and the volute surfaces were solved as partial wettable. In the last case the
partial wettability was set only for the volute surfaces.
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14.4 Q-H curve of the pump with partial wettability boundary condition

Using numerical methods, the basic power curves were set. One of them is the Q-H
curve, which represents the dependency between the flow rate through a pump and the delivery
head. The partial wettability can significantly improve the Q-H curve, but the improvement
depends directly on the value of adhesion coefficient k of coating, which is used. Higher values
of adhesion coefficient k mean, that the resulted head will be closer to results obtained with the
noslip boundary condition.
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Image 9 — Q-H curves for computed cases

14.5 Q-P curve of the pump with partial wettability boundary condition

The power input of a pump is directly proportional to the torgue, which is acting on the
rotor of the pump. This torgue is caused by the pressure which is acting on the blades and by
the shear of fluid on the impeller surface. The amount of torgue which is caused by the shear of
fluid on discs of impeller can be reduced with using a partial wettable coating. In Image 10 we
can see how the adhession coefficient influence the amount of shear torgue.

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

12
1

0.8
E -
206 7
= -

[ g
P -~
0.4 -
P ~
»
-
-
0.2 e - Noslip Condition B
-
L~
— )
- -« — =Partially Wettable Surface of the Shroud
0 o—o————"""
0 3 6 9 12 15
k (Pa-s-m-?)

Image 10 — Amount of shear torgue on Shroud of the Impeller casing for different values k

Predicted Q-P curves for all computed cases are shown on Image 11. In all cases where
the partiall wettability was set, the power consumption is lower then in the case with noslip
condition. Best results were obtained when the volute and the impeller casing are partiall
wettable.
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Image 11 — Q-P Curves for Computed Cases

http://aum.svsfem.cz



XXI. ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2013 SVSFEM s.r.o

14.6 Q-n curve of the pump with partial wettability boundary condition
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Image 12 — Q- Curves for Computed Cases

Efficiency of the pump can be significantly improved using partial wettable materials. The
efficiency is higher in all range of the flow rate for cases with partiall wettability boundary
condition. Again the best results were obtained when the volute and the impeller casing are
partiall wettable.

15 Conclusion

Data which were obtained by numerical modelling show that the partially wettable
materials or coatings can significantly influence parameters of the hydrodynamic pump.
Nevertheless the results depend on the value of the adhesion coefficient k. There are many
hydrophobic materials but these materials must be suitable for application in interiors of
hydrodynamic pumps. It means that this materials need to have a good abrasion resistance and
must be acid resistant to guarantee a long working life.
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