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SPOJENI ANSYS CLASSIC S AUTODESK MOLDFLOW

MATEJ BARTECKY

Continetal automotive systems s.r.o.

Abstract:

The paper solves base simulation of mechanical loading on exported data from numerical
simulation of Moldflow. Inputs were finite element mesh include aproximetly 9 milion
decrease of freedom and 1,5 milion definition of material parameters with residual stresses.
The inputs were made by AUTODESK Moldflow.

Keywords : Ansys, autodesk moldflow, drop test,

1 Uvod

Jednou velkou nejistotou v oblasti kalkulaci plastovych dilct je vzdy material. V
mnoha pfipadech se uvaZuje isotropni elasticky model, ktery mnohdy s realitou nema nic
spole¢ného. Za téchto a mnoha dalSi ddvodu je vhodné nejprve proveést kalkulaci zatékani
plastové hmoty ve formé a jeji nasledné chladnuti, kterd odhali slaba mista jako jsou lunkry,
studené spoje, orientaci a distribuci skelnych vlaken. Néasledné Ize optimalizovat jak tvar
soucasti, tak i parametry vstfikovaciho procesu, které znacné ovliviiuji mechanickou
odolnost dilce. NiZe blize specifikovany pfipad je cely zaloZzen na exportovanych datech z
AUTODESK Moldflow. Kompletni model je diskretizovan pfiblizné 1,5 milionem linearnich
elementl s 6 stupni volnosti v kazdém uzlu s obecnou definici materialu pro kazdy z nich.
Dale je pouzito pfiblizné 15 000 kontaktnich elementl zajiStujicich interakci mezi jednotlivym
télesy. Numerickym modelem je feSen pfipad narazu na pevnou prekazku popsanou
skofepinovymi prvky shell181.
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ELEMENTS ANSYS 14.0
TYPE NUM

Rutodesk Moldflow to ANSYS

Obrazek 1 — importovana sit kone¢nych prvkua

2 Material metodika

Exportem z moldflow vzniknou soubory:

. .cdb
. .mts
. st
. .db
Input.cdb obsahuje informace:
. Pozice
uzl, element
y Typ

pouzitych prvku

. Priraze
ni materidlového ¢&isla k elementiim

. Pfifaze
ni lokalnich soufadnych systému elementim

Zajimavy muze byt napfiklad dnes jiZ nepodporovany linearni element solid72, ktery ma v
uzlovych bodech kromé standartnich stupnd volnosti v posunuti také i rotace. Tento element
se ale v pribéhu nacitani scriptu zméni na standartni solid187 a nasledné jsou i pfidany
mezi-uzly. Nicméné po par jednoduchych testech bylo zvazeno, zda-li je vibec nutné tato
zména. V pfipadé dostate¢ného déleni je mozno zaloZit numerickou analyzu i na téchto
linearnich elementech bez vyrazné ztraty presnosti. Ziskem je mnohem rychlejSi béh
vypoctu, naopak nevyhodou je chybéjici dokumentace. Neméné dilezité jsou lokalni
soufadné systémy elementd, které definuji sméry pro anisotropni materialovy model tedy
pocet materialovych modelld se musi rovnat po¢tu soufadnych systémda.
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Input.mts obsahuje informace o materialu. V pribéhu scriptu jsou nacteny anisotropni
parametry pro kazdy element sité a sto¢eny dle pfislusného lokalniho soufadného systému.

1

ELEMENTS ANSYS 14.0.3
Mp, Ex 2

4511.34 5686.65 6861.897 8037.28 9z21z.6
50899 6274.31 7449.63 8624.94 9864.21

Obrazek 2 — rozlozeni materialovych vlastnosti E,

Input.ist nasledné pfifadi zbytkova napéti do integracnich bodd elmentd a z nich jsou
nasledné zkopirovany do uzld.
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NODAL SOLUTION ANSYS 14.0.3

0 6.5625 13.125 19.6875 26.25
3.28125 9.84375 le.4062 22.9688 30

Obrézek 3 — residudlni napéti fez sténou - HMH

Poslednim krokem je vypocet, tim zapsani zbytkovych napéti do databéaze.

3 Vysledky

Tyto vstupni informace byly doplnény o dalSi dily, které mohou vyrazné ovlivnit
vysledky analyzovaného dilce a cely model je zamérné natoCen tak, aby zatiZeni bylo
koncentrovdno na nejslab3i misto produktu. Pro druhy dily jsou nastaveny standardni
podminky a to linearni isotropni material, popsany solid185 elementy.

Kontakt mezi télesy je proveden pomoci contal73 elementd vyuZivajicich pure
penality algoritmus s detekci na gaussovych bodech. Tuhost téchto kontaktu byla postupné
zpfresinovana na finalni hodnotu penetrace 5e-3. Kde se jiz vyrazné neménily hodnoty napéti
a kontaktnich tlaku.

Oda dilce jsou ve své horni ¢asti drzeny okrajovou podminkou, kter4 posouva komplenti
sestavu do narazu na betonovou podlahu. Ta je uvaZovana jako dokonale tuha a je
diskretizovana pomoci linearnich skofepinovych elementld shelll81 zaloZzenych na
mindlinové teorii. Konec¢né zatiZeni je zvoleno podle vypoctu podobného dilce zpracovaného
jiz v minulosti v ANSYS explicit a potrvzeno jednoduchym analytickym vypoctem zaloZenym
na momemntu hybnosti a impulzu sily.

m-Av=F-t (1)

Pro vypocCet byl pouzit distribuovany pfimy FeSi¢ SPARSE spole¢né s Newton -
raphsonovou iteracni procedurou. Criteria pro iterani proces byla ponechana pivodni. Celé



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

feSeni probihalo na 14 jadrech a ve Spi¢ce potfebovalo okolo 53Gb RAM. Doba feSeni
jednoho substepu a zaloven loadstepu byla pfiblizné 15min.

Obrézek 4 — model pro vypocet

Na analyzovanych dilcich je sledovano pomérné mnoho veli¢in zejména vSak velikosti
slozek napéti na kritickém misté silné nepfiznivé ovlivnéném vyrobnim procesem. Pro toto

MiLview s

z nich je deformacni chovani béhem narazu, kde Ize snadno pozorovat, které oblasti béhem
testu doSly do kontaktu a kde naopak k dotykim vibec nedoSlo, a tedy je nutné je dale
optimalizovat.

10
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NODAL SOLUTION

=330

20T B2

-185.625

-113.438

~41.2%

130.9375

103.125

1F5-81:2

247.5

330

STEP=1

SUB = [ L,
TIME=2.2

s1 (BVE)

Obrazek 5 — prvni hlavni napéti

NODAL SOLUTION

0
41.5625
183.125
1124. 588
166.25
1207.812
249.375

290.938

332.5

380
STEP=1 Zgh_x

SUB =1
TIME=2.2
SEQV (BVG)

Obrazek 6 — ekvivalentni napéti

11
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4 Zaveér

Znacnym ziskem tohoto spojeni je velmi pfesny materialovy popis produktu, ktery
respektuje rozlozeni a smér skelnych vlaken spolu s uvazovanim vmeéstkl a studenych
spoju viz. Obrazek 2. VSechny tyto defekty jsou zahrnuty v koneénych hodnotach modult
pruznosti a poissonovych konstant v jednotlivych smérech. BEéhem FeSeni tohoto pfipadu se
autor setkal s znaénymi potiZzemi, ohledné nemoznosti nacist spocteny vysledkovy soubor,
poZadavek na velikost paméti RAM byl mnohonasobné vy3Si nez limit pouzité stanice HP
7820 s 128GB RAM. Z tohoto davodu byly nastaveny podminky vypoctu tak Ze loadstep =
substep a pfi kazdém loadstepu byla vytvofena separatni databaze, kter4 obsahovala ony
vysledky.

Na zékladé vySe uvedenych dat bylo mozné rozhodnout zda-li produkt vyhovi
specifikaci s moznosti snadno a lehce model virtualné modifikovat.

Pod ékovani

Zejména Ing. Laszlo Ivanovi, Ph.D a Doc. Petru Konasovi, Ph.D z firmy SVSFEM s.r.o. za
podporu pfi praci na tomto projektu.

Literatura:

ANSYS release 14 documentation

Kontakt:
Kopanska 1713;74401;Frenstat pod Radhostém
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CRACK GROWTH SIMULATION IN THE COURSE
OF INDUSTRIAL EQUIPMENT LIFE EXTENSION

) JIRI BEHAL, KIRILL SOLODYANKIN
CKD Kompresory, a.s., Kle¢akova 347, Prague, Czech Republic

Abstract: Fatigue crack growth is simulated. For general 3-D object, a stress intensity factor for
given crack-tip position is determined by a finite element method in the ANSYS system. Calculated
parameters for samples of simple geometry are compared to published empirical values. After
appropriate methodology development, a fatigue life of reciprocate compressor could be extended.

Keywords: Finite Element Method, Stress Intensity Factor, J-integral, Fatigue Crack Growth,
Damage Tolerance Approach, Operation Mechanical Reliability

1 Introduction

Mechanical structures had been used to design as “safe life” in the history. It means
that during operation period there is no danger of fatigue cracking of structural parts.
However, it leads to termination of a machine operation relatively early because of
an uncertainty of crack initiation.

Advanced concepts, such as a damage tolerance approach, took place in modern
design. A common feature of these efforts is to allow fatigue degradation as an inherent
feature of material, but it shall be detected till the critical configuration is reached. It is
obvious that a crack growth period should be known very well for a reliability demonstration.
The crack growth rate is described for a lot of standard objects, such as plates or rods. For
general 3-D objects, the critical point as well as crack growth itself may be investigated
experimentally or by a finite element method (FEM).

A specific task is to extend a service life of an old design structure by scheduling of
periodical inspections (NDT - nondestructive testing). It allows operating the specific
structure further using its real value. The final life may be usually a multiple of the original
one. However, costs for inspections or health monitoring should not exceed economical
benefits.

A failure of operated reciprocating compressor occurred after 40 years of full service.
Others compressors, Fig. 1, also exceeding design life, were shut-down immediately till
safety operation is proven. A question of a life extension had been raised as there is no
replacement for multiple machines in technology available immediately.

13
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Fig. 1 — Reciprocating compressors operated in chemical industry facility

2 Fracture Mechanics
For simulation of fatigue crack growth, Fig. 2, following knowledge is demanded:

data source
load cycle / load sequence operation / design
stress intensity factor on the crack tip analytical / FEM simulation
fatigue crack growth curve (C, m, Ky, Kc) experiment / reference

Fig. 2 - Example of fatigue crack in cyclically loaded lug, bushing is still in place

According to the theory of a linear fracture mechanics, a stress intensity factor (K) on the crack tip
can be expressed by nominal load (¢) and a crack length (a):

K = o Q/7@|MPai®]. 1)
The finite dimension of the object and cross-section shape is introduced by a corrective function (Y):

K=c@d/m@al. (2

For standard geometries, the Y functions are published. For direct calculation of K values, especially
in general objects, several local approaches have been developed, e.g. so called J-integral or the
energy release rate (G). The J-integral is based on a closed loop independent of the path. Thus the

14
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singular point on a sharp crack tip can be excluded and a numerical solution is very suitable for FEM
implementation. The J-integral value correlates with K value, e.g. for plane strain:

J:é-@—vﬂjK5+Kﬂ+@+uﬁKﬁl 3)

where E and v are material constants and | to lll refer to fracture modes, Fig. 3.

v

Fig. 3 — Unified modes of crack loading results in specific direction of crack propagation

3 Numerical Simulation

When K value along the crack tip is known, crack growth rate can be calculated based on
material characteristics. There is no necessity to consider a crack length itself or shape of tip front
anymore. Each 4o load cycle produces 4K on a crack tip. It is used to consider a load sequence, cycle
asymmetry etc. If simple Paris' law is supposed:

da clak), (4)

dN
a simple linear curve in log-log transformation is obtained, Fig. 4. For small cracks, the situation is
more complex and it is hard to predict crack behaviour. Fortunately, this region is usually related to
undetectable crack sizes and it is not necessary to study it for the purpose of an inspection interval
definition. On the other hand, the growth rate curve is more progressive close to a failure. The crack
growth rate is usually relatively fast here and it means a short time-period of the investigated
interval. For the purpose of this study, the curve is approximated by Paris' law in a whole range with

respect to the K¢ critical value. This K¢ value is usually available from material proof testing.

15
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——short crack zone
0,01 1 —— near-to failure zone
= Paris' law
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0,00001 -
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Crack Growth Rate [mm/cycle]

0,0000001 +

0,00000001 T 1
1 Kth 10 K|c 100

Stress Intensity Factor [MPa mY?]

Fig. 4 — Crack Growth Curve

More complex formulas have been developed for experimental data regression, such as
modified Forman equation [ 1 ]:

da _ C(AK)"[{AK - AK,, )P
dN~ (@-R)K, -aK)

(5)

The crack growth rate for a single cycle is very small. It is useful to evaluate increases
in a block of cycles for given 4K value, or consider a simplified increasing of the rate with
increased crack size (an equivalent crack size should be estimated here).

If a crack shape and sizes are available e.g. coming from already failed structure,
considering any detail information about "milestones”, in the means of both crack size and
shape, significantly improves result of simulation. Calculated crack parameters can be
corrected when a known parameter value is reached improving confidence level.

4  ANSYS Contribution

4.1 Fracture Mechanic Parameters

Assessment of the K value for given crack tip position is much more complicated
because of mixing physical models of material and mathematical behaviour of elements.
A special "crack" element type, popular in the history, has been replaced by J-integral
calculation over regular elements. A potential of X-FEM approach, where general mesh is
cut by crack surface and supplemental virtual nodes are generated allowing a crack opening
under load application, is also interesting.

In the ANSYS system, there are 3 ways to calculate the K values implemented today:

method physics switch of CINT command
K stress intensity factor SIFS - K1, K2 or K3
J J-integral JINT
G energy release rate VCCT

16
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The ANSYS official examples are freely available, see [2]or [ 3 ].

The J-integral value can be calculated via ANSYS for each node on selected crack-tip. The linear
analysis of a loaded object is required for input of stress distribution around a crack tip. The J-
integral value can be easily calculated based on stress-strain distribution in the crack-tip region, see
Fig. 5:

3= d—Udy+[TX@ 1, +Tza—Wjds, ©)
. dv ox ox ox
UYT : _'=::§Iastic

tic

plastic

Z0ne

Fig. 5 — Stress and strain field on the crack tip and integration path of “J” method

4.2 Static Analysis

A fatigue crack initiation is expected in the high tension areas for common industrial
structures under cyclic loading. Investigation of these areas as well as static analysis of the
object is a routine application of strength modules of FEM systems and it is not discussed
here.

4.3 Methodology Development on Samples

A flat tension samples with central or edge crack were simulated. An empirical
calculation using corrective function, partially validated by experiments, has been considered
as a reference. A multi-parameter study was performed in the means of:

» circle pattern diameter (related to plastic zone size)
» circle pattern division

» outside element type (hexa- vs. tetrahedron)

* outside element size

A well-known circular pattern [5], Fig. 6, has been kept. The results were analysed
externally in spread-sheet, Fig. 7.

17
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Fig. 6 — Investigation of stress map in the crack tip region

AL (LA DL SOl A lane
C_HL ALCMG CEATK FROBL -0l CHACK D 2 - pl —e—contl
stress

/ —=—cont2
s

cont3

—%— cont4

—e— cont5.

—+— conté

Stress Intensity Factor [MPa m¥?]

=aTI 0
3191 -10

. I o o 5o 1.9
Lo 2am 5 oo 0

depth under surface  [mm]

iR A1 —-Atatic SremraT (AT

Fig. 7 — Stress Intensity Factor value investigated along the crack-tip

cint,new, 1 ci nt,new, 2 outres,cint,all

cint,ctnc, Sel ection ci nt,ctnc, Sel ection

cint,type,jint cint,type sifs csys, 12

cint,normal, 12,1 cint,normal, 12, 1

ci nt, ncon, 12 ci nt,ncon, 12 nlist, Sel ecti on,,, Coord, ,,,

Fig. 8 -Commands for calculation of ,J* and ,K“ methods, result output and identification

4.4 Evaluation

The "K" method is apparently the most flexible because of direct evaluation of each
fracture mode separately. Unfortunately, results calculated by ANSYS are not easy to
interpret because of strong dependence on a contour order. Although some trends of
correlation between FEM and empirical solutions are obvious, an appropriate data correction
in general application is not revealed.

The “J” method calculation seems to be much more robust as expected. Even the first
contour misses the desired value completely, every other fits very well. Out of structured
mesh with circular pattern (when path order exceeds a pattern division), a divergence
appears. The calculated results are almost independent of mesh pattern diameter and
number of divisions as well as of the type and size of elements outside.

The values calculated on samples were compared with analytical solution, see Fig. 9
and Fig. 10. When a contour order exceeds circular pattern of the mesh, the result seems to
be chaotic. A result of “K” method strongly depends on contour order, or element size
respectively. Superior stability of the “J” method is obvious. In some cases, the “J” method

18



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

provided acceptable values even on tetrahedrons, e.g. Fig. 10. The “G” method behaviour
has not been evaluated.

——1 ——1
0,30 4 60 \
=2 |2
3 3
tetral0, B/2=5, a=2,5, d=2 50 4
—*—4 tetral0, B/2=5, a=2,5, d=2 —*—4
-0,35 4 —e—5 —e—5
~. 6 40 1 6
~_ o /= —
- - 5
E 040 & 8 £ 30 N
- \~ e S 9 M 9
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14 14
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12 12
Fig. 9 - Fracture mechanic parameters calculated for small crack growth rate
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Fig. 10 — Fracture mechanic parameters calculated for large crack growth rate

5 Application

A fatigue crack in a lug of connection rod was identified as the cause of in-service
failure. The crack origin is situated on an inner surface and it growths through one side of the
lug and nearly a half of opposite one. Because of time pressure, a brief estimation of crack
growth period had been done with a standard solution of cracking lug using empirical
formulas [ 6 ]. The object was simplified to the 2-D body and crack symmetry in the means of
critical cross-section was supposed. Almost eight thousand service hours were calculated for
the time period between a detectable crack size and the critical one. However, a large safety
factor shall be used because of rough simplification of the geometrical situation and a stress
map.

A FEM simulation of crack growth in 3-D object was performed consequently, Fig. 11,
for the purpose of a reduction of safety factor value. Even the estimated crack-growth period
slightly decreases, Fig. 12, the period of NDT inspections was set to acceptable couple of
months after a confidence level improvement.
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Normal Stress
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Fig. 11 — Fatigue crack propagating through a lug of connection rod
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Fig. 12 — Simulated crack growth curves
6 Discussion

6.1 Experience

In the course of damage tolerance approach, a FEM application provides us with
answers to 2 fundamentals questions:

e critical area location;
» stress intensity factor value along given crack tip.

The ANSYS system seems to be a very strong tool for solution of traditional as well as
emerging tasks. Basic functions for crack growth simulations are already available in an
actual Release (rl13 or rl4 respectively). However, the calculated results should be
interpreted carefully as a large and systematic error may be produced.
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The WorkBench shell is easy to use for simple operations. The meshing of at least
topologically recognised shapes is impressive. However, the traditional tools such a node
merging control (both joining and doubling) are not available anymore. Large automation of
routine steps leads to reduction of flexibility in special tasks. A lot of time has been spent by
"how to define" steps instead of reasonable "how to calculate" here.

For the CIF command, the crack-plane normal or at least a direction of crack propagation shall
be defined. Definition of a crack-plane normal can be difficult in the case of a general 3D shape,
however it is task of geometry modelling. A crack propagation direction cannot be supposed a-

priory, as it depends on mixing of load modes. Unfortunately, the “J” method doesn’t distinguish
propagation direction. For direction estimation in general application, a direction should be

investigated via “K” or “G” methods.

6.2 Future Development

Basic tools, such as several methods of fracture mechanics parameters on crack tip,
are available now. For future improvement of a methodology, implemented physics should
be extended in the means of:

» shear mode near to object surface (plain stress vs. plain strain)

« all 3 fracture modes calculated together (3-D propagation)

» cycle-by-cycle sequence internal processing (load sequence or randomised
spectrum)

» crack growth rate curve of general shape including small crack region deviations
(real dimension of the body)

» availability of another criteria for fracture mechanics study or an experimental
validation, e.g. a crack tip opening displacement

Discarding of special crack element allows mass usage of crack growth simulations. However, when a

circle pattern on crack tip, see KSCON and KCALC commands in [ 7 ], should be defined in every case,
some kind of automated tool or mesh-processor function seems to be appropriate for general 3D
object especially in popular WorkBench shell. The commands of K values calculation should be
supplemented by user defined quantities in an open library allowing a crack increment calculation
using advanced material characteristics and physical models.

7  Conclusion

The ANSYS system simulation has been tested on known samples. Fracture mechanic
parameters calculated by some methods correlate with expected values based on empirical solution
very well. The crack growth itself was simulated in an external spread sheet processor because of
data processing and post-processing flexibility.

Developed methodology has been applied on a structural item of a real machine
consequently. A linear model of material is sufficient in presented approaches. A multibody part,
their assembly, free contact between them even an overlap, Fig. 13, can be simulated and calculated
using ANSYS in the course of crack growth rate investigation.
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Fig. 13 — Assembly of multibody parts including contacts, both free and overlap
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STRESS ANALYSIS OF VALVES FOR NUCLEAR POWER PLANTS
LINA BRYUKHOVA*, JIRi TABORSKY

KRALOVOPOLSKA STRESS ANALYSIS GROUP, s.r.0.

Abstract: Valves are very important pieces of equipment on nuclear power plants. Their
detailed stress and tightness analyses have to be carried out for the valve manufacturer to
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be granted a permission to install valves on power plants. The article describes the
procedure of stress and tightness analyses performed using ANSYS Workbench v.14.0.

Keywords : valve, gasket pressure, fatigue assessment

5 Introduction

As piping valves are widely used to control all thermal processes on nuclear power
plants, they are very important and accountable pieces of nuclear power plants equipment.
Valve failure may lead to the nuclear power plant or its systems shutdown, that is why
valves’ reliability contributes significantly to the reliability of the whole plant. The valves have
to fulfill major requirements to their strength, tightness, failure-free performance and service
lifetime.

6 Valve description

Check valves normally allow medium to flow only in one direction. A lift-check valve is
a check valve in which the disc, sometimes called a lift, can be lifted up off its seat by higher
pressure of inlet or upstream fluid to allow flow to the outlet or downstream side. A guide
keeps motion of the disc on a vertical line, so the valve can later reseat properly. When the
pressure is no longer higher, gravity or higher downstream pressure will cause the disc to
lower onto its seat, shutting the valve to stop reverse flow. All horizontal check valves for
nuclear application are welded to the piping, while vertical check valves are connected to
piping by flange joints.

1 Body-assembly
2 Disc

3 Cover

4 | Lift-assembly
5

6

Pivot
Bolt M24

7 Expansion bush
8 | BoltM48

9 Nut M48

10 Gasket

11 Nut M24

12 Stud

Image 2 - Analyzed check valve

For the valves to be used in nuclear power plants their strength, tightness and
lifetimes assessment have to be done according to relevant standards and corresponding
reports supporting the results have to be presented. Hence, it was necessary to elaborate
reports clearly demonstrating strength reliability of the valve elements (body, cover, bolts,
etc.), tightness of the body-cover flange joint at all operating regimes and sufficient lifetime
including all the operating, test and emergency conditions in the numbers required. Detailed
requirements towards valves are given in the Technical conditions [[1]. In order to meet
these requirements the calculations were carried out according to NTD A.S.l. Section Il [[2]
standard using ANSYS Workbench v.14.0 software.

This article gives a description of the check valve analysis shown in the [3]. Body and
cover material is austenitic stainless steel, bolts are of low-alloyed steel. The body-cover
flange joint is sealed by a spiral wound gasket.
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7 The procedure of analysis

Firstly, the initial *.iges model was adopted in ANSYS Design Modeller in such a way
that small, unnecessary and otherwise not influencing results elements were either deleted
or simplified.

Next, materials characteristics were input in Engineering data. It is worth noting that
ANSYS Workbench v.14.0 does not support transient-thermal analysis with gasket
characteristics data input through Engineering data. In order to overcome this, measured
gasket compression curve and unloading curves were input through Commands in
Mechanical Simulation, which is quite an inconvenience since doing so demands certain
knowledge of commands which is often not mastered by users acquainted with ANSYS
Workbench only and unfamiliar with ANSYS APDL. The process of gasket characteristics
data input is shown in the Image 3.

Comprenilon curve
PORERgathet 140,7¢115,1313 456 mm
Tert number: 11-032

&

gamt nmﬂ [MPa]

e

o oz o4 os os 1 12
eomprantlon et mm]

Image 3 - Gasket characteristics ianjt

The model was then meshed as shown in the Image 4.

Image 4 - Meshed valve model

The thermal transient analysis was carried out to determine thermal fields distribution
during thermal shocks. Medium flowing rates were taken from the Technical Conditions [[1].
Based on these rates heat transfer coefficients were determined as according to [[3]. Having
input heat transfer coefficients and temperatures of flowing medium, non-uniform thermal
fields distributions were determined. The distributions were non-uniform both along the body
of the valve and through its thickness. The resultant thermal fields distributions are shown in
the Image 6.
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The boundary conditions and loads were applied as shown in the Image 5. The
forces and moments on the nozzles were taken from the Technical Conditions [[1] based on
the nominal diameter of the valve, pressure in the valve body and material of connected
piping. It was necessary to determine such tightening forces that from one side the flange
joint would be tight and from another side bolts could still bear applied forced. To do this, an
iterative approach had to be used.

Image 5 - The loads applied to the valve model

Nonlinear contacts between the cover, the gasket and the body were considered.
Contacts stiffness had to be chosen carefully since too low a stiffness allowing for better
convergence influenced gasket pressure results significantly. Though more desired, higher
contact stiffness on the other hand caused worse convergence.

8 Results assessment

Temperature fields distribution is shown in the Image 6.

Image 6 - Thermal fields distribution during the thermal shock at emergency conditions
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9 Stress intensities distribution is shown in the

Stress Intensity
Type: Stress Intensity
Unit MPa
ime:
Custom
Max: 1797,2
Min: 1,5544

1797.2
1597,7
13982
119838
999,26
799,77
600,28
400,78
201,29
1799

Image 7. The results for the model as shown in the Image 5 showed that even with
maximum tightening forces that bolts could still bear the body-cover flange joint would not be
tight. This happened due to “opening” of the flange joint under non-uniform thermal fields.
During the thermal shock the body and the cover deform in such a way that the gasket
ceases to be compressed along its internal diameter and is compressed only slightly along
its external diameter. Thus, required minimum gasket pressure is not achieved. Since gasket
elements were used in the calculation, direct output of values of gasket pressure was
possible for these elements. Application of heavy duty disc springs proved to help in this

case.

Stress Intensity
Type: Stress Intensity
Unit MPa

Stress Intensity

Time: 1 Type: Stress Intensity

Custom M

Max 5384

Min: 637479
e
31104
a2l

Min: 0,37479

349,88
311,04
21,21
23338
194,54
15571
116,88
78,042
39,209
0,37479

Stress Intensity
Type: Stress Intensity
Unit: MPa

Time: 1
Custom
Max 1797,2
Min: 1,544

1797,2
1507,7
13982
11988
999,26
79977
600,28
400,78
20129
1799

Image 7 - Stress intensities distribution in the valve body

10 Stresses in the valve were assessed by stress categorization method
according to NTD A.S.1. Section Il [[2] and fatigue assessment was carried out. Low-
cycle fatigue assessment was done according to [[2]. The results of fatigue
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assessment showed that too high an accumulation is in the groove under the saddle

Stress Intensity g
Type: Stress Intensity

Unit: MPa

Time: 1
Custom
Max 1797,2
Min: 1,544

as is seen in the

Image 7. It was not only the non-uniform field distribution through the thickness of the
body that caused these stresses, but the presense of shape discontinuity in a form of the
groove contributed to the high stresses significantly. Such high stresses in calculation
considering only elastic behavior of material were not acceptable.

(100 Pal

Stress

0 00005 0001 00015 0002 00025 0003 00033 0004 00085
Strain [mm-~-1]

Image 8 - Bilinear material characteristics with hardening

Using elastic model of material behaviour from the one hand decreases time of the
calculation, but on the other hand has proved to be too conservative and unacceptable. NTD
A.S.1. Section Ill, chapter 8.5.6 allows for application of elastic-plastic behavior of material in
the calculation. Hence, more precise calculation accounting for elastic-plastic behavior of
material was used. Material characteristics considered in the calculation are shown in the
Image 9. The values of equivalent plastic strain are shown in the Image 9. The highest
contribution towards accummulation of the plastic strain was in the first load cycle, further
load cycles contributed to that accummulation less significantly. Idially all load cycles should
have been calculated. But since the calculation using elastic-plastic behaviour of material is
highly time demanding, it was decided that 3 cycles were sufficient to describe the nature of
plastic strain accummulation.
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0 00, 0, 120 160 000 300
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Image 9 - Equivalent plastic strain during 3 steps of analysis

11 Modifications adopted

Certain changes had to be adopted since required gasket pressure could not be
achieved. Disc springs help significantly in preserving tightening forces in the bolts and
sufficient gasket pressure during thermal shocks. Thickness of disc springs, their number
and combination (parallel or in series) was chosen so that sufficient gasket pressure would
still be present during thermal shocks. Location of the disc springs is shown in the Image 10.
The disc springs were substituted by springs in the analysis with longitudinal stiffness of the
disc spring shown in the Image 11. It is generally advised that disc springs are used in the
area of linear stiffness behavior which corresponds to a half of maximum flattening value.

Image 10 - Disc springs location

PIND
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137976
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—>
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Image 11 - Axial stiffness characteristics of a disc spring

12 Conclusion

The procedure described above allows to design valves meeting the requirements to
the valves for nuclear power plants. Design of the valves can be improved and modified
based on the results of the calculations in such a way that the valve is satisfactory from
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stress and strain state point of view. Tightening forces can be chosen based on the results of
the gasket pressure achieved during the calculation. Although less demanding in time,
purely elastic behaviour of material may turn out to be too conservative and more detailed
and at the same time demanding elastic-plastic behaviour of material is to be considered.

aks

Expression: gksx*(-1;
Time: 2

Custom

209,55 Max
186,27
152,98

1397

L1642
93133
63749
45,565
23,283
-le-5 Min

Image 11 - Gasket pressure distribution after adopted modifications to the design
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ELECTROHYDRODYNAMICS AND RELATIVISTIC THEORY IN ACC URATE
NUMERICAL MODELING

PAVEL FIALA

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

Abstract : The author investigates the problem of utilizing a magnetic field coupled
model and analyzes conductive area motion in a magnetic field. The analysis shows that, for
exact evaluation of the influence of all effects, it is necessary to consider the phenomena
related to the movement of one system relatively to the other. It is shown that related
distinctive effects affect the resultant electromagnetic field distribution from the relative
velocity of vo= 1m-s™. This paper examines the problem of utilisation of the coupled
magnetic field model and the subject of the conductive/dielectric area motion in a magnetic
field. The model is dealt with per partes: The first aspect solved is a stationary model of a
magnetic field, the following aspect consists in a quasi-stationary model for the assumed
motion of elements of the task, and the last part constitutes a model respecting the
relativistic principle in electromagnetic field modelling Stratton J.A., 1985.

Keywords : numerical model, accuracy, relative, moving object, moving system, magnetic
field, electromagnetic field, wave propagation.

1 Introduction

From the first moments of its application Maxwell J.C.,1873, Dédek L., Dédkova J.,
2000, Stratton J.A., 1985, Hanka L., 1971, electromagnetic theory has included the static,
guasi-static and non-stationary parts of description of the electromagnetic field, in addition to
electrodynamics and relativistics. Sources describing the theoretical part of applied
electrodynamics and relativistics are exemplified by Stratton J.A., 1985, Harka L., 1971,
Kikuchi H., 2001.

At present, the modeling and simulation of technical systems constitutes a substantial
part of the entire network of modeled problems. Among the currently modeled tasks there
are various problems related to fields with the fastest pace of both the development and the
application of modeling, namely to energetics, mechanical engineering, metallurgy, electrical
engineering, space and nuclear technologies Kune$ J., Vavroch O., Franta O., 1989, Ansys,
1994-2012. This paper examines the problem of utilization of the coupled hybrid magnetic
field model and the subject of conductive area motion in a magnetic field. The model is dealt
with per partes: the first aspect solved is a stationary model of a magnetic field, the following
aspect consists in a quasi-stationary model for the assumed motion of elements of the
problem, and the last part constitutes a model respecting the relativistic principle in
electromagnetic field modeling Stratton J.A., 1985. Let us consider an example of conductor
movement in a stationary or non-stationary magnetic field. This appears to be a trivial
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problem with a straightforward solution; however, for an exact evaluation of the influence of
all effects, the phenomena related to the movement of one system relatively to the other
must not be neglected. As shown in Harka L., 1971, this distinctive effect affects the
resultant electromagnetic field distribution from the relative velocity of vo= 1m-s™.

2 Description of the Model

The physical model is based on the solution of the reduced Maxwell equations
Stratton J.A., 1985; the stationary magnetic/electric field can be described as

rotH =J (1)
rote=0, (2)
divB=0 3)
divd =0 @
divD=0, ()

where H, J, E, D, B are the vectors of magnetic field intensity, current density,
electric field intensity, electric flux density, magnetic flux density, respectively. The material
relations are represented by the expressions

A
z A

X Q

Figure1. Basic model of the A system in the Cartesian coordinate system, motion of the area part at

velocity v.
B=ou H , (6)
J,=VE, (7)
D=¢e£ E. (8)

where &, y, yare the permittivity, permeability, conductivity of the environment. Vector
functions of the electric and the magnetic fields E, B are expressed by the help of the scalar
electric potential ¢ and the vector magnetic potential A; for the stationary, quasi-static,
guasi-statitionary, non-stationary task, figurel, in the relation for the electric field intensity,
the time derivation of the vector magnetic potential is zero
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E =-grad ¢, —%—f‘
, (©)

B=rot A. (10)
The resulting current density J from relation (4) is formed by the exciting current

density Js =pv with the specific density of electric charge p and the current density caused
by eddy currents

dp
J ==Cdl. 11
Yoot (1)

where dl is the element of length of the trajectory on which the eddy currents close.
Motion effect for the instantaneous velocity vector v is respected in the model by current
density

I =y(vx B). (12)
Then, in respecting eddy currents (11),
J=J,+J+J,,. (13)
The electromagnetic field distribution is formulated using expressions (1) to (13).
rotH =J in the entire region of model Q. (14)
rotkE = _O_B

ot (15)

For the individual parts of model Q there holds QUQ,[1Qg, where Q, is the area with
dominant eddy currents which behave according to relation (7), and Qs is the area with the
known distribution of current density Js. In the assumed model there holds

Q.09Q, . (16)

These basic relations were complemented with boundary and initial conditions and,
using the finite element method, the physical model was transferred to the mathematical.
The mathematical model is a system of non-linear, time-variable equations; reference Fiala
P.,1999 provides a complete derivation of the model. The finite element method (FEM)
Ansys, 1994-2012 program system enabled us to perform a complete analysis; the FEM
program was modified using suitably selected boundary conditions in order to respect the
model characteristics described in relations (11) to (13), Fiala P., 1999.

According to reference Hanka L., 1971, in any investigation into electro-dynamic
systems it is necessary to respect the relativistic approach to electrodynamics. The entire
problem begins at the moment when the vector of intensities of both the electric and the
magnetic fields of the moving system is relative .

3 Relativity effect in the model
In the example provided by reference Harnka L., 1971, current density in the A system
isdJ =pV, for mutually moving A-A” systems in the component form

J = u+Ju+Ju+jou (17)

The continuity equation can be formulated as
divJ, =0 (18)
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After applying the Lorentz transformation for the simplicity of the moving systems in
the direction of x, current density (17) can be written in the form

RV v, g
g o' ——>J
J=—L—u+Ju+Ju+j—S—u; (19)
2
_(”V”j (”"”)
c
%,—/ %,—/
C D

From expression (19), for the instantaneous velocity of the moving system A" in
relation to observer A (Figure 1), at v<<c, the component part C is negligible; then, the
simplification of relations (21) and (22) can be written as

J; e
J=—r—u U+ Ut ———u, (20)
"
c c
(] D

This relation, or component C from expression (20), is well-known from
electromagnetodynamics in respecting the ratio of velocities v/ic. However, the second part,
or component D in expression (19), is nonnegligible and has a character relative with respect
to systems A-A’, component D in expression (20). The first part of the relation, C, from
expression (20) is based on electrodynamics at v<<c conventional current. The second
relation, or D, (20) is for the magnitude of electric charge density ©=0 unknown in
electrodynamics and is typical of the relativistic description of behavior of two mutually
moving systems. Then, we can easily formulate

VvV .
p=—J,
¢ (21)
In the non-dynamic system, the model is shown in relations (1) and (8). In order to

eliminate possible errors, it is suitable to include in relation (14) the term which respects
Faraday’s law of induction

0B
rot E=-=—+rot(vxB). (22)
ot
and for the magnetic field relation (13)
0D
rotH :JS+Jm+E+rot(Vx D). (23)
where p is the volume density of electric charge. The complete Maxwell equations
are covariant in all the systems; therefore, it is not important to specify the system within
which the observer moves, because the described relations always hold true. After the
derivation of the four-vector and respecting the Lorentz transformation, Kikuchi H., 2001, for
the moving electric charge with density p from the viewpoint of two individual systems

relatively moving at the velocity of v A and A", the source current density is written in the
form

s .
JSD:pE-'-JCput' (24)
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and where s is the position vector of a material point in the coordinate system. Then,
the interface between the dielectric with electric permittivity £ and the conductive material
having conductivity y(22), (23)

rot(E+(J5+JCpu‘)J:—aB+rot(v>< B). (25)
y ot
. oD
rotH =J.+J .+ joout —=+ rot(vx D). (26)
rotE=—%—?+rot(vx B)—J—l/rot(,ov+jc,0 u). (27)
. oD
rotH =pv+y(vx B) + jcp U+ rot(vx D). (28)

where j is the symbol of the imaginary component of the quantity complex shape, c is
the velocity of light module in the vacuum, s is the position vector of the relative system and
the system, Figure 1., of the moving electric charge in axis x of the Cartesian coordinate
system with electric charge density p. For the continuity equation (4) there holds

div(J,)=0. (29)

In order to facilitate simplification, if we assume the motion of one reference system
as ()" (for example, in the x axis of the Cartesian coordinate system), Figure 2 , the four-
vector of current density can be written, after application of the Lorentz transformation, in the
(invariant) form (19) and the electric charge volume density in the reference system is, after
transformation, written as

A
z

Figure2. Relation of two moving systems with the object A and A", moving mutually at velocity v.

Ve \"
P _72‘Jx 10_72‘]x
p= C , O'= C . (30)

Yo,
2 2
(MY (M
c C
Applying Maxwell's equation for the electric charge presence in the modeled area,

Figure 2.
p=divD (32)
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the expression for the current density J can be written in the form for the interface

between the dielectric and the conductive layer.
4, A

C% ) :

Figure 3.Approximation of conditions on the dielectric/metal interface for the relativistic approach in

the model.
J! —v div iJ’
X X V A
J = u+J u

, Cdl\{y j ?X .
(1)
J —vdlv[V(J'u+“Lu+;u)J Cd'{y”“* Ju+ gu)] Yoy
(MY (MY
o o

Then for the unabbreviated expression, respecting the motion at velocity v in all
directions, current density in relation to the moving system A-A " can be written as

J;—vxdiv[gJ’AJ J;—vydi\{g\]'AJ 4—ydi{£J;J
J. = VZ u,+ 4 u,+ 4 u

\/1_{”Z”J Jl("Z"J | \/1{”2"} | (34)

+J U+ ]

J. = u+Jou+Jout]

The expression for current density in the area of conductive material with conductivity
ycan be written from relation (21) in the form assuming zero value of electric charge pin the
electrically conductive material (metal)

u+Jyu+ J ut | (35)
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J! J; J

E:\/l_[ﬂznjz UX+\/1—[”Z”]2 y \/1‘(”3 : \/1_E”\cﬂj . (36)

)
¢ (37)

o= ° (38)

J

For the relationship within one system A the relations are known and written in the
form

rotHA:JA+aa[t)A +rot(v,xD,). (39)

rotE, =- a;’“ +rot(v,x B, ). (40)

and the expression of current density J within two mutually moving systems A-A” is

0 oH, oH, —jc%
0X, 0%, 0X,
_0H, oH, _J.CaD2
0 0 0X
7o ; o : oD. @D
H,  _oH, e
0x, 0x, 0X,
ic oD, ic dD, ic oD, 0
0%, 0%, 0%

There is no problem obtaining, by means of reversal in the sign of velocity,
transformed quantities of the opposite system (which is moving) for the above-expressed
transformed quantities. Let us have a simple geometric task, Figure 4.

4 Example of the relativity effect on the simply mo  del

The author of Harika® has shown that a simple model can be used to demonstrate
the critical velocity at which the relativistic effect described in the current density J. relation
(34) will appear. The model, whose scheme is presented in fig. 4, is a magnetic circuit
composed of pole extensions and an exciting coil. A very long (“infinite”) conductive strip of
finite thickness passes through an air gap in the magnetic circuit; in relation to the circucit,
this strip moves at an instantaneous velocity with the component in the x-axis of the
Cartesian coordinate system, v,= 1ms™t.It is evident from both source Harka L., 1971 and
the example according to Figure 4 that there only figures the normal component of the
electric field intensity E, in the boundary of conductor/air in the magnetic circuit air gap. For
the first approximation, the component is perpendicular to the velocity vector v, of the
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moving conductive strip. According to Ohm'’s law, flowlines on the surface of the conductive
strip ought to be perpendicular to the velocity vector, which is inconsistent with both the
experiment and the model. The resulting form of the flow lines is shaped by, among other
aspects, electric charge density p in relation (19). Even though, at first sight, the electric
charge density p may appear as a very small value, it will induce the excitation of electric
intensity and current density, which in superposition with the exciting value of electric
intensity and current density create a deformed magnetic field. However, there remains the
guestion of the value of instantaneous velocity v at which the effect will show itself.

The problem can be described as follows: For the formation of current density,
J = 1Amm?, therefore J=1.10° A.m™ with the electrical conductivity of }=100MS m™, the
electric field intensity is E = Jy* , E= 0.01V.m™. Let us assume a plane unlimited problem
and therefore the electric field intensity function depending on the distance from the plate
E,=k . x; then, for simplicity, we may write relation (31) as

p=div(£E) (42)
then
div(E)=£ (43)
£
: dE
div(E) O—= 44
(E) 0, (44)
In the comparison of (43) with (44) there holds
dE, _p (45)
dx ¢

and, therefore, for approximation &=8.8[10"* F.m™ the electric charge volume
density is in the distance of x=10" m
dE,

dX (46)

p=¢

102 ]
,o=8.8E1cr12F c.m?

From expression (30) we can obtain the relation for the value of instantaneous
velocity in moving systems A-A" respecting the relativistic effect of the system
electrodynamics

p -
C

velocity module from relation (21) is

, Which for the assumed problem and the low value of instantaneous

1.2

_pPC
V. = 47
= (1)
2 1 2
p'c? _8.8010™( am0) .
For the above-quoted problem v, = 7 = 100 J0.79 m.s™.
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Now, with respect to the relation (47), for the non-moving system A, in which the
instantaneous velocity value without accepting the relativistic effect (11), we can calculate
different value

o 10
8.8010"

Thus, in relations (47) and (48) can be traced the diametral difference of results with
comparable values of electric field intensity and at instantaneous motion velocity value of the
moving strip.

[0°1.136°m.s™. (48)

There follows an example of the representation of changes in the electromagnetic
field distribution for the given model of problem (Figure 4); for simplicity, the velocity of the
moving strip is assumed to be v,=1m.s™.

In the numerical analysis, the simple model in Figure 4, is used for the demonstration
of influence of the relativistic approach on the model (34), (36) creation on the analysis
results. The physical model is based on the solution of the reduced Maxwell equations
Stratton J.A., 1985, Fiala P., 2010. The resulting current density J is formed by the exciting
current density Js =pv with the specific density of electric charge p and the current density
caused by eddy currents J,. Motion effect for the instantaneous velocity vector v is
respected in the model by current density J,,. The Finite element method (FEM) program
was modified using suitably selected boundary conditions in order to respect the model
characteristics described in Fiala P., 1999, Fiala P., 2010. The entire problem begins at the
moment when the vector of intensities of both the electric and the magnetic fields of the
moving system is relative. The complete Maxwell equations are covariant in all the systems;
therefore, it is not important to specify the system within which the observer moves as the
described relations always hold true. After the derivation of the four-vector and respecting
the Lorentz transformation, the current density is written in the form (41).

There is no problem in obtaining, by means of reversal in the sign of velocity,
transformed quantities of the opposite system (which is moving) for the above-expressed
transformed quantities. Let us have a simple geometric task, figure 4. The model example
consists of a conductive strip in the air gap which is a part of the magnetic circuit. The
distribution of magnetic field in the system is evaluated for a different case of the strip
movement and for the non-relativistic and relativistic approaches.

. Exciting
Magr\et!C’———» winding; stable
ci rcurt§ current|
ﬂ\\ /
Airgap—"
conductve
strip , stable
motion

velocity vy z
(a) . L (b)

Figure 4. A simple geometry for the verificationtbé relativistic approach of electrodynamics (&) és
numerical model (b).

Numerical analysis of the above-mentioned example provided by the author of Harika
L., 1971 is realized for the assumption of linear material environment by means of the
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superposition method. In this context, several consecutive operations within the
electromagnetic field analysis are carried out.

Generally, the first step consists in an elementary analysis of the magnetic field
without the moving strip, relations (1) to (5), the second step embodies an analysis of the
magnetic field with steady motion of the conductive strip and the effect of eddy currents (21),
and the third action involves the evaluation of current density in the moving strip with
electrodynamic and relativistic effects according to relations (34) to (41).

These analyses were performed using the program providing FEM analysis with
magnetic vector potential, and the related verification was realized through an analysis of the
model with magnetic scalar potential Ansys, 1994-2012 (program in the APDL language for
ANSYS).

In the case of the above-mentioned first step, the results of the realized evaluation of
magnetic induction B module distribution correspond in both models to the assumed
theoretical results for the stationary magnetic field, Figures. 5 and 6.
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Figure5. Magnetostatic problem analysis: Distribution of the magnetic flux density B vector module
(a), magnetic circuit evaluation (b).
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Figure 6.Magnetostatic problem analysis: Distribution of the magnetic flux density B vector module,
analysed through a vector magnetic potential formulation.

The second step is analyzed in Figure 7. Here, the description shows the evaluated
module of current density vector in a quasi-stationary model of the problem; the conductor
moves in the direction of axis x at the velocity of v=1m.s™. The reactionary magnetic field
with the distribution of the magnetic flux density B vector module B, is described in Figure 8.
This result is then inserted in the model from the first step (the magnetostatic part) and
complemented with an analysis of the superposed magnetic field, Figure 9. This figure
demonstrates the fact that the influence upon the basic magnetic field with magnetic flux
density B is of a lower order when we perform the analysis excluding the effect of relativistic
electrodynamics.
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Figure7. Magnetostatic problem analysis: Distribution of the current density J vector module.

40



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

AN AVGE ELEMENT SOLUTION
STEP=1

BSUMYV (AVG)
.GZ28E-08
SME =.150E-05
.B28E-08
.927E-07
-150E-086
.208E-08
.266E-06
.323E-086
-381E-06
-433E-08
-496E-0%
-5954E-06
-611E-08
.668E-0B
.127E-06
.784E-08
.842E-06
-900E-08
.957E-06
-101E-05
-107E-05
.113E-05
-113E-05
-125E-05
-130E-05
-136E-05
-142E-05
-150E-05

|
]
|
=
=
/|
|
|
/|
=
=
/|
=
[
[
[
[
|
[
[
|
|
=
=

Figure 8. Analysis of the quasi-stationary magnetic field: Distribution of the reaction magnetic flux
density B, vector module, vector magnetic potential.
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Figure 9. Analysis of the quasi-stationary magnetic field: Distribution of the superposed magnetic flux
density B vector module (a), (b).

According to relations (34) and (36) within the third step, we evaluated the vector of
current density Jre, Jima in both the real and the imaginary component (Figure 10.). This value
was superposed in relation to the elementary component of current density J, and an
analysis of the magnetic field was carried out for the set conditions (respecting the motion
and its dynamic and relativistic character).

The magnetic field excitation for this simple problem and its approximation was
executed only by the real component of the resulting current density J... The resulting
distribution of the magnetic field and the real component module of the magnetic induction
Be vector are shown in Figure 11; naturally, it is possible to perform the analysis also for the
imaginary part of current density component Jna.
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Figure11. Analysis of the relativistic field: Distribution of the superposed magnetic flux density B,

5 Example of the relativity effect on the experimen  tal model

The numerical model of ballistic projectile velocity measurement is shown in
Figurel2. There are electric coils for excitation of basic magnetic flux density B, Figurel3.
The secondary magnetic flux density are dependent on the effects on move projectile on the
its surface. The effects depend on eddy currents and relativistic theory. The final vector
magnetic flux density is measured with classical sensors, Figure.1l4a. It can be shown real
and imaginary components of current density module, Figure 14b, and results of relativistic
contribution of magnetic flux density modul, B, Bin, Figure 15.

\

the electric coils- for base

magnetic flux density
= I
excitation

Figure 12. The electrodynamic magnetic field analysis: model of simple ballistic projectile velocity
measurement
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Figure 13. The electrodynamic magnetic field analysis:a) the basic magnetic flux density vector
module B distribution, b) the final magnetic flux density vector module B distribution
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Figure 14. The electrodynamic magnetic field analysis: the real component current density J,. vector
module distribution, the imaginary component current density J;, vector module distribution
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Figure 15. The electrodynamic magnetic field analysis: the real component of magnetic flux density
B, the imaginary component of magnetic flux density B, .
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6 Conclusion

The model makes apparent the distinction by order of the individual phenomena. It is
evident that the relativistic electro-magneto-dynamic principle is indispensable and
introduces substantial changes into the original non-dynamic conception of this type of
simple task analysis. The effect is apparent of motion on the magnetic field imbalance. A
higher value of an elementary magnetic field combines with a decrease in relative magnitude
of the electro-magneto-dynamic field influence.

Between the numerical values we may point to B,,,,=0.277 [10°T for quasi-stationary
task and Bae=0.42700™T for electrodynamic model. Relations (32) to (38) ought to be
considered and respected in the process of designing dynamic and electromechanical
systems such as rotary electrical machines; in the same manner, the relations should be
utilized in electromagnetic and electromechanical systems with moving elements designed
for velocity in the order of 1 ms™. It can be assumed that, due to the disrespect of results
flowing from this interpretation of the electromagnetic field of dynamic systems, inaccuracies
occur within the modeling and simulation that supports the actual design and realization of
the systems.
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NMR DIAGNOSTICS AND BRAIN CANCER TREATMENT, NUMERIC AL MODEL

PAVEL FIALA, KAREL BARTUSEK, MICHAEL HANZELKA

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

Abstract: Brain cancer can be treated by several therapies. One of the methods available is
the elimination of cancer cells in the tumor targeted volume through the influence of heat. In
the case of this technique, it is necessary to know the location and distribution of the tumor
volume in the surrounding tissue. Correct and precise tumor localization is one of the crucial
parts of the brain tumor local hyperthermia, which is necessary for the corresponding
adjustment of the local hyperthermia system. This method of cancer treatment requires the
observance of temperature distribution in the treated tissue. In this article, the authors focus
on local hyperthermia for local increase of the tumor tissue temperature and on the
minimization of the treatment influence on the healthy tissue. The paper includes simulations
of the tumor tissue heating method based on the utilization of the complex permeability and
complex permittivity of the heated tissue. The authors also discuss the adjustment of the
local hyperthermia system, mainly the time of exposition needed to achieve the required
temperature distribution in the tumor volume.

Keywords : Nuclear magnetic resonance, tumor, head, numerical modeling, hyperthermia,
treatment, tissue, exposition.

1 Introduction

This article analyzes the possibilities of use of local hyperthermia as a method of
cancer treatment. Local hyperthermia is used together with other methods of cancer
treatment. This technique is based on the effect of temperatures up to 42°C, which cause
elimination of the cells in the targeted volume Wust P, Hildebrandt B, et al. ,2002. Effect of
the heat is also shown in radiation therapy and chemotherapeutic drugs Bull IMC. ,1984,
Urano M, Kuroda M, Nishimura Y. ,1999.

Systems for local hyperthermia of non-surface tumors are based on arrays of
antennas emitting microwaves or radiowaves delivering the required power density in W/kg.
Commercially used antennas are designed with regard to the size of the heated area. These
antennas could be designed as a whole body, regional or local, in dependence on the size of
the heated area and the required therapeutic depth. All hyperthermia system also require a
system for the heated area temperature monitoring.

1.1 Whole body hyperthermia

This method is used in the case of metastatic malignant tumors where the use of
local or regional hyperthermia is not feasible because of a higher number of tumors in
different areas of the body. The whole body hyperthermia utilizes lower temperatures (less
than 42°C) to prevent any damage to the healthy tissue.
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1.2 Regional hyperthermia

The method of regional hyperthermia is used for deep localized tumors or in the case
of a higher number of tumors in the same area. This method requires a sophisticated system
for the planning of the heating process. Three-dimensional antenna systems are used for the
controlling of power distribution in the heated area.

13 Local hyperthermia

If the tumor is close to the body surface, it is possible to use the local hyperthermia
system. In this way, the adjustment of the local hyperthermia system is crucial for achieving
a high temperature only in the tumor volume.

2 MR Methods of brain cancer localization

MRI is a constantly developing field of medicine suitable for the study of soft tissues,
KUBASEK R., BARTUSEK K., FIALA P.,2010. The current methodologies for obtaining
images weighted by relaxation times provide us not only with information about the
distribution of soft tissues, but also with an image insight into the function of the tissue. The
localization of brain cancer is a necessary precondition for further treatment. In the case of
radiation therapy, precise localization of the tumor and the surrounding tissues constitutes a
crucial element.

Many MR sequences are used for imaging the tumor and the peritumoral region area
with the aim to achieve an image with a higher contrast. Figure 1 shows an example of the
T1 weighted (T1W), T2 weighted (T2W), and perfusion weighted (PWI) images. The T1W
and T2W images show anatomical information about the tissue in the slice volume. These
images are acquired in a higher spatial resolution, such as 512x512, pixel size 0,4x0,4 mm.
PWI images are used for investigation into the function of the tissue. A PWI image could be
a T1 or T2 weighted. Spatial resolution is 64x64 and pixel size 3,4x3,4 mm, Figurel. C).

A) B) C)
Figure 1. Imaging examples: Tumor and the peritumoral region area

3 Optimum Mode of the Hyperthermic Method

Optimal progress of the hyperthermic process depends on the method of heating the
target material group, Wust P, Hildebrandt B, et al. ,2002. In this paper, the authors describe
the method of tissue heating by the help of an antenna and tissue temperature monitoring,
Figure 2. According to the applied source, a patient can participate in magnetic resonance
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(MR) tomography diagnostics, MIKULKA J., GESCHEIDTOVA E., BARTUSEK K.,2011,
while the therapy is in progress. Here, the proposed method of electromagnetic heating can
be affected by problems related to the stability and accuracy of an MR tomograph (MRT) as
a diagnostic instrument for the monitoring of tissue heating. The frequency of an
electromagnetic wave excitation ranges within 100-150 MHz. As a rule, there occurs the
heating of surrounding tissue that is not being/not to be subject to therapy; in this tissue,
contrariwise, non-reversible damage may be incurred MARCON P., BARTUSEK K.,
BURDKOVA M., DOKOUPIL Z.,2011. Using the MRT, we can nevertheless arrive at another
progressive solution. Viewed from macroscopic description of the electromagnetic field, the
tissue of carcinomes shows peculiar characteristics, which holds true even in respect of the
dependence on temperature and frequency. In the case of the described model of heating by
means of an electromagnetic wave, it is possible to formulate the electromagnetic wave in
this environment using the diffusion equation for function u and parameters C Kadlec R.,
Kroutilova E., Nespor D. and Fiala P., 2011, Drexler P., Jirku T., Szabo Z. et al.,2007.

Antenna tapplicator)
EBolus

Thermistor in a
closad-and catheter

Figure 2. Scheme of a system for local hyperthermia. The applicator position and power output may
vary until a clinically satisfactory adjustment is achieved Wust P, Hildebrandt B, et al. ,2002
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Water bolus

Cervical carcinoma

Figure 3. Non-invasive measurement of temperature distribution in the hybrid hyperthermia applicator
Wust P, Hildebrandt B, et al. ,2002.

0%u ou
e —+ Gut+ G 1)

The electric component incident wave, according to Figure 4, is according to formula

du=C,

(1):
E; =Eqe 1Ko, )
where Kk is the complex wave number

k=\jwully+jae), (3)

boundary line

H; Up2

Figure 4: The reflection and refraction of light [9]

where yis the conductivity, £the permittivity and y the permeability. Relation (1) is
defining for the boundary line between the dielectrics medium. Generally, k; and k; is
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complex; then angle 6 is complex. The propagation of the electromagnetic wave is
understood as the propagation of electric field strength and magnetic field strength.

Er - Ele‘lklunlm, Et - Eze-lkzunzm, (4)

where E, is the amplitude of electric field strength on the boundary line, r is the
positional vector and up, is the unit vector of the direction of propagation. For numerical
modelling, there is a suitable relation in the form of

£ = HokiCOsto~ Uy k5 - ki sirf & E o ikiung
r= 0 '
Lok, COSBo + i K2 - K sirf 6,

E, = 2445k; coy E, @—szunzm_

,uzleOSHO + H k22 - kf SII? 6’0 (5)

In view of the given problem, it is important to remain within the model of
electromagnetic wave propagation (5) respecting the complex character of magnetic
permeability 4 and electric permittivity €. However, these material parameters of the
environment are the functions of temperature and frequency MARCON P., BARTUSEK K.,
BURDKOVA M., DOKOUPIL Z.,2011, MARCON P., BARTUSEK K., CAP M.,2011,
KUBASEK R., BARTUSEK K., FIALA P.,2010.

e=£(T.f), u=A(T,f) . (6)

In respect of these forms of material characteristics, an optimum heating method can
be proposed for a small increase in temperature as already applied in the field of
hyperthermic therapy. These characteristics were respected in the emulsion microwave
heating with a phase change of materials Drexler P., Jirku T., Szabo Z. et al.,2007.

4 Heating Test in the Numerical Model

The described model (1) having the given characteristics (6) was tested in the
numerical model using the finite element method. The geometrical model was simplified to a
phantom according to Figure 5.

Figure 5: A phantom of the human head- numerical model
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Figure 6. A phantom of the human head — the non-homogeneity position
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Figure 7. A phantom of the human head - result , distribution of the electric intensity E
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Figure 12. A phantom of the human head — result , distribution of the joule heat generation Jy,
module , max=6THz

The analysis of numerical modeling, results evaluation of field distribution are shown
in Figures 7 -12.

5 Conclusion

Using the inversion problem method, the numerical model reconstructs such signal
and electromagnetic pulse shape that will only provide for local heating of the carcinoma
tissue, with the surrounding tissue not subject to heating by the source of the
electromagnetic wave. This shape of the electromagnetic field can be applied, without any
spurious effects resulting from hyperthermia, to specific conditions of individual tissue
disorder cases.
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NUMERICAL MODELING, SENSORS AND EXPERIMENTAL MODEL DEVELOPMENT
FOR PARTIAL DISCHARGE LOCALIZATION IN HIGH VOLTAGE TRANSFORMERS

PETR DREXLER, PAVEL FIALA, ZOLTAN SZABO, MICHAEL HANZELKA

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

Abstract: The aim of this paper is to present an antenna-based sensors which have been
designed numerical analysed and built for partial discharge (PD) detection. PD is
characterized by the electromagnetic wave radiation in ultra high frequency (UHF) band. The
sensors have been designed to meet the frequency requirements for PD detection and the
frequency dependence of SWR is presented for three types of sensor.For the experimental
verification of localization method a model setup has been built. The model setup is equipped with
antenna sensors, RF amplifiers and data acquisition unit. The model setup is described in the paper
as a following step of the research. The result of the measurement which has been performed up to
the present are presented also.

Keywords : Numerical modelling, noice, non-linear, permitivity, oil, dielectric, electric
discharge, electromagnetic field, signal, impulse, wave.

1 INTRODUCTION

One of the problematic phenomena in the field of high-voltage technology, is the
occurrence of partial discharge (PD). Several other effects have combined with this notion
over time Fiala P.,1999. In consequence of these effects there emerge short electromagnetic
pulses with a defined and measurable spectrum in the characteristic frequency band Sarathi
R., Reid A.J., Judd M.D.,2008.. The group of end products attributable to the emergence of
interfering signals involves, for example, displacement current in a dielectric, pulse current
on the interface between dielectrics, or the dielectric/metal interface owing to high electric
field intensity and structure of the dielectric.

In HV and VHV transformers the dielectric is mineral or synthetic oil. Due to the
increase in PD activity in transformer oil free atoms of carbon, hydrogen and oxygen develop
from hydrocarbons, and there also generates a certain percentage of water and other
organic compounds. All of these elements decrease the quality of the dielectric. In addition
to that, rapid increase in pulse activity may cause the formation of a hazardous explosive
compound of oxygen and hydrogen. Then, this situation may result in explosion and damage
to the device.

In order to prevent the transformer failure the observation of pulse activity is
necessary. The occurrence of discharge with substantial charge transport level can be
localized in critical areas of the transformers. Having a possibility to localize the increased
discharge activity in some of the critical areas allows us to undertake precautions in order to
avoid the critical transformer failure. The discharge activity localization can be determined on
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the basis of processing of signals from suitable installed sensors. The evaluation of the
discharge location utilizes the model of wave propagation inside the transformer, which has
been presented in early work Fiala P., Drexler P., Jirku T.,2010.

2 NUMERICAL MODEL

The results of research in the field of PD activity detection are presented in this paper
as subsequent steps in the PD detection concept development. In the previous work the
analysis of electromagnetic field inside the transformers dielectric parts has been performed
Fiala P., Jirku T., Drexler P., 2009. For the analysis purposes the finite element method
(FEM) has been used. The geometric model of high voltage power transformer was built and
the FEM representation of the model is shown in Figure 1.

1.500 3,000 (m)

2.0|00 (m)

[ I
0,750 2,250 0.500 1.500
Figure 1. The geometrical/FEM model of the transformer

The critical increase in the PD activity can be evaluated as minimum required signal
level on selected discrete frequencies in the output signal spectrum. For the detection of PD
activity in the UHF band suitable sensors has to be chosen. The frequency characteristic of
sensors should be accordant with radiated PD signal spectrum.

3 UHF SENSING

The sensors of electromagnetic field which can be used for PD detection has been
described in report Fiala P., Jirku T., Drexler P., 2009. According to their properties and
according to required frequency range suitable sensors have been chosen for verification on
experimental setup. The general experimental setup is shown in Figure 2. This setup has
been used by Kaneiwa H., Suzuoki Y. and Mizutan T., 2001 or Sarathi R., Reid A.J., Judd
M.D.,2008.
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Figure 2. The experimental setup for sensor verification in PD detection system.

4 MATHEMATICAL MODEL

It is possible to carry out an analysis of an MG model as a numerical solution by
means of the Finite element method (FEM). The electromagnetic part of the model is based
on the solution of full Maxwell’s equations. The results of the FEM analysis of the
transformers ,Fiala P., Jirku T., Drexler P., 2009, have been utilized for the verification of
sensors emplacement convenience. Suggested sensors emplacement is shown in Figure 3
and example of numerical model analysis electric intensity attenuation, results and its
interpretation are shown in Figure 4- Figure 13.

Primary power wiring Block of transformer

Secondary power wiring

core

Figure 3. The geometrical transformer model

Transformer magnetic

Primary and secondary
coils
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5 MEASUREMENT MODEL SETUP

For the evaluation of PD detection and localization the measurement model has been
designed and built. The model is based on the oil filled metal tank which is box-shaped. The
tests tank contains 230 | of transformer oil. Four inserts are assembled on the wall of the
tank. The inserts are in the form of cylinder cavity and they allows to put the antennas inside
in order to be able to collect PD radiated RF energy. The oil tank is shown in the left of the
Figure 14. In the uper of Figure 14 the antennas positions in the tests tank with their labels
are shown also. The tank is equipped with the metal cover which can be removed to insert
additional objects with specified material properties &y
M and y,, inside the tank. The insertion of additional objects allows to observe changes in
signal time relations which are caused by the additional reflections on the walls and different
propagation velocities in the objects and at their boundaries.

inserted Al A2 Al A2
object Pl
A3 &1 Mra, Ve Ad A3 A4
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Figure 14. Tank with inserts for antennas (up), position of antennas with labels (left), PD occurence
areas (right).

The presence of objects with properties different to the oil environment (left of
Figure 14) causes the propagation of waves with different wave numbers Kk, in compare to
the primary wave number ki

k== jas (v + jwe): kn == jau,(r+ime,) M)

Considering the known configuration of the model (or the HV transformer) there is a
possibility to determine the probability areas of PD occurence by means of the numerical
model evaluation. The example of probabilities P, ..., P, areas are shown in the right part of
Figure 14 for P, and P».

The basic properties of proposed antenna sensors have been presented in [3]. From
these sensors the cone-type antenna and the Vivaldi-type antenna has been chosen for
further experiments in oil tank. In order to get an idea about the wave propagation inside the
oil filled tank with regard to spectral characteristic of this model the measurement of insertion
loss has been performed. The measurement has been performed for various positions of
transmitting (TX) antenna and the receiving (RX) antenna in the inserts. For example, the TX
antenna was placed in insert A1 and the insertion loss has been measured for the position of
RX antenna in insert A2, A3 and A4. In the next step the TX antenna has been moved into
the insert A2 etc. Special attention was given to the Vivaldi antenna. The Vivaldi-type
antenna belongs to linear polarization antennas. Hence a various mutual positions of
antennas polarization planes were examined. The polarization planes have been placing to
horizontal and to vertical positions during the experiment. The results of this measurement
show that there is no distinctive effect of the TX and RX antennas position, eventually the
mutual polarizations orientation, on spectral characteristic of the tank oil environment
insertion loss. The character of the results is probably caused by the presence of multiple
wave reflections on the tank walls. The example of the insertion loss frequency characteristic
for the TX cone-type antenna in position A1 and the RX cone-type antenna in position A4 is
shown in Figure 15. It should be noted that the insertion loss characteristic contains the
frequency characteristics of both antennas also.

-80

-100

0.5 1 1.5 2 2.5 F[GHz] 3

Figure 15. The example of insertion loss frequency characteristic of the measurement model.

6 TIME DOMAIN MEASUREMENT

We can localize the area of the PD activity by evaluating the time relation of the
signal received on antennas. The verification of the time-of-arrival difference in different
receiving channels has been made by means of short testing pulse. The testing pulse was
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applied on the TX antenna and the signals on the remaining RX antennas were captured.
The positions of the antennas in the measurement model have been designed in the way
that the distances of three RX antennas to the TX antenna are mutually different. TX
antenna has been placed in the position A1l. RX antennas have occupied positions A2, A3
and A4 in Figure 14.A negative short pulse of electrical voltage with the peak level of approx.
-6 V was fed in TX antenna in position Al. The pulse was supplied by the pulse generator
based on the avalanche effect in the RF transistor in the transition from saturation into the
off-state. The pulse fall time is t; = 370 ps, rise time is t, = 880 ps and the pulse width is
ty = 650 ps. The pulse waveform is shown in the left part of Figure 3. In order to preserve the
time-of-arrival differences the cables between the RX antennas and the acquiring device
were of the same length. The signals on the receiving antennas were captured by the digital
storage oscilloscope with the sampling rate 2 GSa/s and with the analog bandwidth of
1 GHz. The captured waveforms are shown in the right part of Figure 16.
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Figure 16. The pulse waveform for the time-of-arrival difference verification (left) and captured
waveforms of signals at the RX antennas (right).

In channel 1 (the top waveform) a waveform of excitation pulse is shown. The output
signals of RX antennas are shown in the rest of the channels. Due to the propagation in
cavity with conducting walls a considerable amount of multiple reflections can be observed in
the RX channels. However, for the signals time relations evaluation the occurrence of the
first remarkable transient has to be watched. The details of the front-end transients in the RX
channels are shown in Figure 17. The received pulse signal is represented by the negative
going transients, whose time of occurrence difference is in order of nanoseconds. The time
difference is a function of the propagation velocity which can be calculated for the oil
environment with defined dielectric constant. The sequence of the front-end transients is in
agreement with the distances between the TX antenna and RX antennas.
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Figure 17. Detail of front-end transients for time-of-arrival evaluation.

It should be noted the even in the case of a small dimensions of the measurement
model the time differences between the signals are measurable. In the target application the
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dimensions of the transformer to be watched are much greater which results in greater time
differences also. A substantial is the fact the in the real application the direct visibility
between the area of PD occurrence and the receiving point is not guaranteed. This
fundamental issue causes that remarkable transient can be received after a number of
reflections. This can introduce a several delay even if the PD occurrence area is close to the
receiving antenna. The solution of the PD occurrence location can be evaluated by means of
the numerical model which has been presented in previous work [3]. This effect can be
modeled by inserting of additional walls into the oil tank which is the goal of further research.

7 MEASUREMENT OF SIMULATED PARTIAL DISCHARGE

In order to test the designed detection system in the measurement model a need for
suitable discharge source occurs. A spark-gap with low breakdown voltage has been
proposed. Due to the low level of charge transport during the PD activity in order of 10™° C
the low breakdown voltage is required in order to get the similar charge transport level. The
spark-gap consists in two tungsten electrodes of sharp-tip shape to maximize the field
intensity in the gap. The gap distance, Figure 18., has been set to 0,1 mm.

Uvn

|||—<

a) b)
Figure 18. a)Spark-gap construction and b)schematic diagraspafk-gap

The spark-gap has been placed in the oil tank and the electromagnetic radiation of
the discharge has been captured by means of four antenna sensors. The waveform and the
spectrum of the spark-gap discharge should approximate the characteristic of the partial
discharge. The waveform and the spectrum of the PD radiation is shown in Figure 19. The
signal has been obtained by measurement on real high voltage transformer during the PD.
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Figure 19. Waveform (left) and spectrum (right) of the PD radiated signal.
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Figure 20. Waveform (left) and spectrum (right) of the spark-gap discharge radiated signal.

The characteristics obtained by measurement of the spark-gap discharge in the oil
tank are shown in Figure 20. The differences in the characteristics in Figure 19 and
Figure 20 are obvious. The PD waveform has longer time duration in compare to spark-gap
discharge waveform. The next difference is the content of harmonic components. The most
of the power is carried by the harmonic components on frequencies in range 10 — 200 MHz.
While the waveform of the spark-gap discharge has shorter time duration and the frequency
content is also different. The most of the signal power is carried by frequencies of hundreds
of MHz. Components with frequencies up to 2 GHz are present also.

8 EXPERIMENTAL TIME DOMAIN MEASUREMENT

We can localize the area of the PD activity by evaluating the time relation of the
signal received on antennas inside a transformer. The measuring was realized in nuclear
power plant Czech Republic, as can be seen on Figure. 21.

Figure 21 Measuring setup in nuclear power plant

A negative short pulse of electrical voltage with the peak level of approx. -6 V was fed
in TX antenna. The pulse fall time is t; = 370 ps, rise time is t. = 880 ps and the pulse width is
ty = 650 ps. The captured waveforms are shown in the right part of Figure 22.

68



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

0.02

Upv]
<

-0.02

0.01 : : : : ; ; ;

UIV]
(e

-0.005
-0.01

0.01

0.005

Uv]
(e

-0.005

01k i a i i i i i i
0 10 20 30 40 50 60 70 80 90 100
t[ns]

Figure 22. The captured waveforms from RX antennas

The ground of scanning channels was connected to the body of transformer. Due to
the propagation in cavity with conducting walls a considerable amount of multiple reflections
can be observed in the RX channels. However, for the signals time relations evaluation the
occurrence of the first remarkable transient has to be watched.

The solution of the PD occurrence location can be evaluated by means of the
numerical model which has been presented in previous work Fiala P., Drexler P., Jirku
T.,2010. This effect can be modeled by inserting of additional walls into the oil tank which is
the goal of further research.

9 CONCLUSIONS

The description of the numerical analysis and measurement model for PD detection
and localization method evaluation is presented in the paper. The spectral transmission
characteristic of the model equipped with antenna sensor is shown further. In order to
demonstrate the ability of transients time-of-arrival resolving the time domain measurement
has been performed. Simulated discharge is compared to the real PD acquisition. Regarding
to differences another discharge source should be intended which is a part of further
research. The designed circuitry for RF signal processing is a point of subsequent
publication.
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NUMERICAL MODEL OF A SOLAR ELEMENT WITH CONTROLLED EFFICIENCY

PAVEL FIALA, DUSAN NESPOR, MICHAEL HANZELKA

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

Abstract: The authors propose an analysis of a model solar element based on the principle
of a resonance system facilitating the transformation of the external form of impinging energy
into electric energy. A similar principle provides the basis for harvesters designed to operate
at lower frequencies Jirku T., Fiala P. and Kluge M.,2010, Wen J.L., Wen Z., Wong P.K.,
2000 in these harvesters, the efficiency of the energy form transformation can be controlled
from the frequency spectrum of an external source.)

Keywords : Solar, element, harvester, energy, tuned, periodical structure, controlled
efficiency.

1 INTRODUCTION

Initial research studies in the field of mini- and microgenerators conceived as
harvesters ,Stratton J.A. , 1961, mainly examined the problem of exploiting a form of energy
from the mechanical motion of a system, with special regard paid to possible utilization of the
energy for feeding the electronic components of the moving system.

The central issue in the part of the research related to this paper and chiefly solved in
the WISE project (6-FP EU) was to develop an independent energy source for a temperature
sensor (or other sensor types). The sensor has been applied in an NH-90 helicopter
EUROCOPTER. From all the investigated solutions, the Vibration Micro-Generator (MG)
was chosen as the independent energy source for the sensor. The MG can provide energy
proportionally to the helicopter vibration on a specific resonant frequency Jirkt T., Fiala P.
and Kluge M.,2010, Wen J.L., Wen Z., Wong P.K., 2000.

2 TUNED STRUCTURES: The active part of a generator

Tuned structures were partially analyzed and developed in research study Jirkd T.,
Fiala P. and Kluge M.,2010. Utilizing the semiconductor technology, the authors designed a
resonant element (Fig. 1), Fiala P. and Jirku T., 2008, which satisfied the basic requirements
for resonance (Fig. 2) on the wavelength of the impinging electromagnetic wave. Further
conditions for function Jirka T., Fiala P. and Kluge M.,2010, Patent ,2006, no. PV-2006-571,
Patent ,2006, no. PUV-2006-18391, Patent ,2007, no. PV 2007-331, Patent ,2011, no.
PCT/CZ2011/000076 can be formulated as follows: In the course of impingement of an
externally generated electromagnetic wave there must not emerge a stationary
electromagnetic wave. The elementary resonator (Fig. 3) must pass into a resonant state
and reach a multiple amplitude in desired parts of the resonant circuit: the transforming
element, Fig. 3. The criterion must be met of the spectrum bandwidth of the impinging
electromagnetic wave in order for the structure to be kept in the resonant state under the
desired multiple of the impinging amplitude. The principle of the resonant circuit (Fig. 4) as a
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method of converting electromagnetic field components to a processible level was already
tested Fiala P. and Jirku T., 2008.

The principle of a resonance generator (RG) operation is based on the utilization of
external vibrations. The basic conception of energy transformation can be described by
means of Faraday’s law Kikuchir H., 2001, Stratton J.A. , 1961, Patent ,2006, no. PV-2006-
571, Patent ,2006, no. PUV-2006-18391, Patent ,2007, no. PV 2007-331, Patent ,2011, no.
PCT/CZ2011/000076. The required output power depends on the type of output load,
namely on the used impedance. The basic arrangement of the RG is provided in Fig. 4. The
generator was conceived on the basis of magnetic field variations owing to mechanical
vibrations, and the non-stationary electromagnetic field was excited through the variation of
magnetic field in the preset magnetic circuit. The vibrational generator (VG) body is tightly
connected with the vibration source; for us, for example in an airplane fuselage and in
association with the oscillation of the whole system, the VG core starts moving with respect
to the fuselage activity. The mechanical part of the VG is designed in such a manner that the
VG core driven by external vibrations performs non-damped oscillations. The design of the
VG enables the oscillations of the VG core to fit within a comparatively wide spectrum of
external oscillation frequencies. The operation of the VG is based on Faraday’s law. The
core, which contains ferromagnetic parts and permanent magnets (with a high density of the
stored energy, e.g. FeNdB, SmCo), moves with respect to the winding connected to the shell
and induces a voltage in it. In relation to this, the connected external current starts carrying
a core-braking current. Both the induced voltage and the current in the external circuit are
generally complex functions of time.

3 THE STRUCTURE MODEL

The basic model was built in a system based on the finite element method, namely in
the ANSYS system, in order to facilitate the retrieval of the basic resonant circuit with
maximum efficiency. As the elementary structure basis, the type according to Fig. 1, Fig.2
was chosen and solved as the model Fiala P. and Jirku T., 2008. There occur several points
in the design and solution of the model. The first of these points consists in the solution of
impedance matching of the structure and in the possibility of emergence of reflected
electromagnetic waves, another one lies in the state of propagation and damping of
electromagnetic waves in the space behind the mask, and still another one is the designing
of the basic geometry with respect to the required utilization of both the electric and the
magnetic components of the electromagnetic wave. In Fig. 2 the design is presented of the
basic elementary structure as a resonant circuit with the aim to obtain the maximum
component of electric field on the detector electrodes.
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the detector electrode

a transmitted linear ‘
polarized electromagnetic
wave, frequency f,

the resonant circuit

Figure 1. Instances of the basic elements of resonator

Figure 3, figure 5 presents schematically the arrangement of the periodic structure of
resonators with their connectivity. The numerical model was analyzed in such a manner that
we reached the above-described input conditions of the RG function. Figure 6, 7 and 8
shows the distribution of the module of the electric intensity E and magnetic intensity
components. The model in Figures. 2, 3, 5 was designed for the frequency of 100 THz. The
dimension is x = 9 um. The intensity module of an electromagnetic wave impinging on the
structure is E;,=0.1 V/m, the wave orientation is in the direction of the y axis, and the wave
was modeled as linearly polarized. It follows from the analysis that, within the range of
excited frequencies, there may occur even a 21-fold amplification of the signal. However,
this signal is already processible by means of currently available technologies.

X

-

the dielectric
terial

Figure 2. A geometrical model of the resonant circuit basic element

In Fig. 4, a basic schematic expression is provided of a modelled RG including
components for shaping the ulilizable form of energy. In order to enable correct functioning
of the generator, electric and magnetic field analysis in figure 6, 7, 8 we have to embed
controlling electronics, Fiala P. and Drexler P., 2011, between the electrical load and the
junction components of the RG. The electronics will ensure that, at any condition on the
output of the device, the VG generator is loaded with constant impedance Z in the junction
points. This type of connection can be realized, for example, according to the diagram in
Figure 9 (power management circuit); in practice, it was already tested on the mini- and
microharvesters, and the simulated behaviour from Figure 10 corresponds to the measured
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values. These tests, which were easily measurable and realizable using the generators,
enabled us to produce the basic power management circuit design for the RG.

-U

the junction

the elementary resonator
component +U y

the transformational
element

-U

the connecting
element of basic
resonators

the relative electrode —» </

.

the junction

components

Figure 3. A geometrical model of the resonant circuit structure

74



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012

SVSFEM s.r.o

The electric current or voltage source
from electromagnetic wave induction +U

The power management

>F—o

() "
-,

‘ —

I [

) o
)

TZe rectifying  The connecting

The relative ~ The elementary element element

elektrode resonator

|

electronics
The electric
/ louad,
Z impedance

Figure 4. The resonance circuit structure of the generator
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Figure 10. Simulated waveforms for the PFC power management circuit.
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Figure 11. Experimental structure of harvester.

4 CONCLUSION
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The experimental VG on a solar element is currently in the process of testing. The
applied research of the numerical model periodical structures has brought a considerable
sum of experience in the resonant mode modeling; the results of the related analysis are
utilized for the manufacturing technology, fig.11 proposals concerning the RGs and their
experimental operation.
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Brno university of technology, Faculty of electrical engineering and communication,
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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.

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

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.

E [V/m]

$=0V

Figure 1. A simple electrical spark gap, 3-D model
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2 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,

diveE =q, divJ :_dq

1

P 1)

, oq
diviyE)=-— 2
VE)=-7 2

where E is the electric field intensity, J is the current density vector, ¢ is the

permittivity, ythe conductivity, and g the electric charge. After modification, the equations

from (1) become

div(yE+$) =0

(3)
If the formulation of electric intensity vector by the help of potential ¢ is respected,
E = —-gradg (4)
then the model according to expression (3) can be written as
div(ygrad¢+@j =0 (5)

In expression (5), the partial derivative includes the formulation sgrad ¢. 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(ygrad;/b + Egrad%J =0 (6)

This form, in the dynamical modelling of an electric field shock wave, does not
include the effect of permittivity variation. Conversely, conductivity y; or electrical resistivity p
as its reversed value, is shown in Figure 2.

Air characteristic
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Figure 2. Characteristics of the electrical resistivity dependence on electric field intensity
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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 0.1/50 us, Figure 3.

AE[VIm]

E max

v

0.1 [us] t[s]
Figure 3. The electric potential time behaviour in model (5)

3 A comparison of the 2-D and 3-D models

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

n
R, = (S—j 7)

where E;j 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. The time behaviour of electric potential ¢ according to Figure 2, in which we
tested the model behaviour for E,5,=3kV/cm, 100 kV/cm, is shown in Figure 3.

(6)
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Figure 4. The module distribution of electric intensity E, t= 0.4us

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
Enax=3kV/cm, the distribution of electric field E for the non-uniform mesh of the 3-D model
elements is shown in Figure 4. However, for the process described in paper Enokizono M.;
Tsutsumi H.,1994 and the evaluation of probabilistic function (7), probability distribution P in
the quasi-stationary 3-D model (6) is shown in Figure 5. Figure 6 describes, based on the
transient process modelling, the distribution of changed characteristics of conductivity yin
the 3-D stochastic model. Figure 7 shows conductivity y distribution in the 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
quantity from Figure 3. 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 Laplace probabilistic function, double Gauss
probabilistic function , Figure 9. and brought it under testing, from Figure 10 to 20.

L, =2—F|J3e[ E BE ]+12_—Cpe[ E BEm J

where p [0<0,1>, B, C>0.

(8)

TIME=. 400E-0
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SME =.062495
0
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Figure 5. The distribution of probability P, t= 0.4us
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Figure 6. The distribution of the electric conductivity changed characteristics y, t= 0.4us
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Figure 7. The distribution of electric conductivity y; t= 0.4us
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Figure 11. The module distribution of electric intensity E, t= 0.8us
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Figure 12. The module distribution of electric intensity E, t= 1.2us
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Figure 13. The module distribution of electric intensity E, t= 1.6 us
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Figure 14. The module distribution of electric intensity E, t= 2.0us
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Figure 15. The module distribution of electric intensity E, t= 2.4us
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Figure 16. The module distribution of electric intensity E, t= 2.8us
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Figure 17. The module distribution of electric intensity E, t= 4.0us
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Figure 18. The module distribution of electric intensity E, t= 4.8us
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Figure 19. The module distribution of electric intensity E, t= 5.2us
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Figure 20. The module distribution of electric intensity E, t= 6.0us

4 CONCLUSION
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The tests conducted by the help of a 3-D numerical model designed for the modelling
of the electric discharge stochastic process 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. As several
probabilistic functions were tested, it is possible to conduct a discussion related to forms that
are more suitable for faster convergence of the stochastic model.
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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

Ats f[hj @
c min

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 1 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

Beam The length of the element

2 Loading from Eurocode 1
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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 Ks; 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
3.1 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
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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

3.2 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
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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

3.3 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.

F=[4+BE"[1+Cm (;)] [1- (T'T°Jm] @)

Tim—
where parameter A is initial yield stress, B hardening constant. The equivalent plastic strain
speed z is normalized to a reference strain speed, z; ,To is room temperature, Ty, 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 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]
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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 pl = 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
1813,7
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 T T T 7 1T

Image 8 — Permanent plastic deformation of silo jacket [mm]
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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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34374
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5,701
71484
17,187
12,89

85435
4,2068
0 Min

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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BALLISTIC RESISTANCE OF THE TRANSPORT AIRPLANE FUSE LAGE TO IMPACT OF
9 MM ACTION 5 PISTOL BULLET

JURAJ HUB', JAN KOMENDA?
'University of Defence, Department of Aircraft and Rocket Technologies, 2University of
Defence, Department of Weapons and Ammunition

Abstract: The article presents an experimental and numerical approach to estimate ballistic
limits of the pistol hollow point bullet Action 5 penetrating the target representing the
transport airplane fuselage. The target containing the composite sidewall, the insulation
glass wool layer and the duralumin skin plate is penetrated in two ways — directly and using
forward obstacle in form of substitute biological material (ballistic gel) to achieve the
conditions of firing on-board. Expansion ability of the bullet Action 5 causes a different effect
on the target in case of perforation of the substitute material first. The simulation using Finite
Element Method system Ansys Autodyn v.14 presents 2D model based on experimental
shooting. The simulation introduces the estimation of the substitute material thickness to
achieve the ballistic limit for particular parts of the target.

Keywords : Action 5, hollow point bullet, ballistic limit, aircraft fuselage, FEM

1 Introduction

Rating the ballistic resistance of airliner airframe in case of firing on-board is
important to assess the behavior of the aircraft structure in order to avoid catastrophic
consequences. Shooting on-board occur in case of service procedure done by armed escort,
which is usually armed with a gun and expansion ammunition.

Conditions of bullet fired on-board and penetrating the plane’s fuselage can be very
diverse. If the standard pistol bullet strikes the fuselage wall directly at angles close to the
value of 90° without any forward obstacle, a smooth penetration occurs with the surplus of
energy with high velocity of the range 300 m/s to 400 m/s. Such penetration has no
significant effect on the functionality of the fuselage as the pressurized vessel.

However, if the bullet penetrates another target before impacting of the fuselage, e.
g. human body, which is the primary target and the fuselage is the secondary target, the
effect of the bullet may be radically different with unfavorable consequences. Such a bullet is
not only reduced in velocity, but also usually a large deformation occurs, so called
expansion. If the loss of energy of the bullet is higher, the perforation of the fuselage is not
performed or finished. The deformed bullet with higher impact energy may cause more
serious damage of the outer duralumin fuselage skin in conditions close to the limit velocity
in the region of low bullet velocity of 100 m/s to 200 m/s. The damage in those conditions
could be more serious and can cause an irregular hole after perforating the skin with the
potential for the propagation of fatigue cracks, which is not favorable. However, it is
supposed, that this kind of damage is dangerous in terms of longer aircraft operation than
the time needed to complete the flight.
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1.4 Action 5 ammunition characteristics

Ballistic resistance analysis made in this article is related to the service cartridge
Action 5. It is a cartridge of caliber 9 mm Luger with homogeneous brass bullet with front
expansion cavity covered with plastic cap, see Image 1. Basic ballistic characteristics of the
cartridge important for the target effecting, are shown in Table 1.

Image 13 — The cartridge Action 5 and its parts — from the left the cartridge Action 5, two times the
bullet of caliber 9 mm, the cartridge case with primer, the cut view of the whole cartridge Action 5

Table 2 Ballistic characteristics of the cartridge Action 5

Weight of the bullet my, [g] 6.1
Initial bullet velocity v, [M/s] 460
Initial momentum of the bullet Hq [kg Cim/s] 2.8
Initial bullet energy Eo [J] 645
Initial specific bullet energy e, [MJ/m?] 10.1/4.1*

Note: *The values of the specific energy are valid for the bullet before deformation /
after standard deformation in the substitute material. The cross section area of the front part
of the bullet increases due to the expansion deformation from the original undeformed value
64 mm? to the value 156 mm? corresponding to the deformation diameter of the front part
14.1 mm, that means an increase of the cross section area of the value 145 %.

1.5 Mechanism of deformation of Action 5

The mechanism of deformation of the bullet is various in different target materials. In
tissues of live targets or their substitutions is the behavior of the bullet as follows. The front
plastic cap is first pressed deeper into the bullet cavity after the penetration into the surface
layer of the tissue or block of substitute material. This opens a cavity partially and the cavity
is afterwards filled by target material. At high velocities of penetration exceeding the value
400 m/s the front part of the bullet begins to deform due to the hydrodynamic effect of the
target material and increases its front radial dimension. Penetration of the fuselage directly
causes pressing of the cap into the bullet cavity as well, but the bullet does not expand, as
there is no hydrodynamic effect of the soft target. Conversely the bullet Action 5 may deform
the front part of its body in inside direction, which prevents expansion.
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The deformed bullet is shown in Image 2. A significant increase of the front area
increases the level of energy transmitted into the target and thus increases the wound
potential of the bullet. On the other hand, the ability of the bullet to penetrate solid obstacles
decreases. Wound potential and piercing potential of the bullet are intertwined.

1.6 Article objectives and methods

One aim of the article is setting the limit velocities of undeformed and deformed
bullets with respect to the interest targets that are the gel block as the primary target and the
fuselage structure as the secondary target. Knowing those limits is important for
understanding the mechanism of interaction between the bullet and the obstacle and also in
order to assess the extent of damage of the outer aircraft surface by penetrating bullet.

a) b) c)
Image 2 — Deformed bullet Action 5 after standard expansion in ballistic gel: profile (a), top axial view
(b) and bottom axial view (c)

Ballistic resistance of barriers with respect to bullets fired by small arms can be
evaluated both theoretically and experimentally. The experimental method is firing that
needs repeated shots to find desired results. Among theoretical methods of solving the
interaction of bullets and obstacles is irreplaceable the Finite Element Method (FEM)
simulation with possibility to change parameters and firing conditions that significantly
reduces the costs compared to experiments. However, FEM simulations demands for correct
representation of the behavior of investigated subject including material characteristics.

In order to achieve the objective of the article it is necessary to perform the firing
experiments first and then to create a simulation model of the bullet, the gel block as the
substitution of live targets and the fuselage structure based on experiments. A limit velocity
of the bullet was estimated using simulation model and the corresponding thickness of the
gel block. The velocity limits of the bullet can be estimated for both the complete fuselage
structure assembly and for its particular parts, namely sidewall or sidewall and insulation
layer.

There is possible to achieve three cases for impacting the substitution of living tissue
first:

Case 1: Penetration of the fuselage structure completely at minimum residual velocity
of the bullet.

Case 2: Penetration of both the inner sidewall and the insulation layer, when the
bullet is stopped by the duralumin skin.

Case 3: Penetration of the inner sidewall solely and the bullet is stopped by the
insulation layer.

Last two cases do not affect the integrity of the fuselage skin that could be important
to prevent the leak of air pressure. However, it is supposed that the single penetration of the
fuselage structure by the pistol bullet does no effect the decompression of the fuselage and
risk to passengers.
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2 Firing experiments

Shooting experiments were performed by the ammunition Action 5 using ballistic
measure device of caliber 9 mm Luger of the length 150 mm and universal ballistic breech
UZ 2002, producer Prototypa-ZM, Ltd. Brno. Two kinds of targets were used and one shot
into each target was conducted at the distance 5 m from the muzzle of the measuring
device, see Image 3. The velocity of the bullet v;,, was measured using non-contact optical
gates LS-06 with the base 1 m. The process of penetration was captured by two high-speed
cameras Redlake HG-100K and MotionXtra N4 in order to estimate the impact and residual
velocities of the bullet. The temperature of used ammunition and gel block was 20°C and the
temperature of the shooting range Prototypa, Inc., Brno, was 18°C.

ballistic optical gates  composite sidewall —, insulation layer
measuring ___— duralumin
. v v V. %
device 3”"1%/3 $ 3m.2 $ imp fesé T 35 mm sheet metal
m
260 mm late
gel block } | 60mm P
140 mm H’T I B
220 mm
50 mm|| 1.1 mm
200mm = l

1 mm
LJ 0.8 mm

- >

Image 3 — Scheme of experiment

2.1 Target description

The target of the first experiment was the assembly representing the commercial
transport aircraft fuselage structure consisting of three parts — glass-epoxy composite
sidewall of the thickness 1.2 mm, insulation glass wool layer of the thickness 35 mm and
duralumin sheet metal plate of the thickness 0.8 mm. The insulation layer consists of
lightweight, flexible thermal insulating glass wool blanket Microlite AA of the density 9.6
kg/m?® packed in plastic bag reinforced by fibers. The sheet metal plate used for outer skin of
fuselage is of the material Al 2024T3 ALCLAD. The sheet metal plate has the rectangular
dimension of 250 mm x 250 mm upon (German Police Technical Guideline, 2001). The
geometry of the particular parts of fuselage structure is shown in Image 3. The process of
mounting particular parts of the fuselage assembly is shown in Image 4. The experimental
shooting represents firing on-board at the angle of 90° towards the front plane of the
assembly, so the bullet aims out of the aircraft fuselage. The position of the fuselage
assembly before shooting experiment is shown in Image 5a.

a) b) c)
Image 4 — Scheme of mounting of fuselage structure assembly: sheet metal plate (a), insulation layer
and the cut of layer (b) and composite sidewall (c)
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The target of the second experiment consisted of two parts. The first part was the gel
block Kraton 15% of the prismatic shape with length 200 mm and rectangle cross-section of
dimensions 200 mm x 140 mm. The second part was the same assembly representing the
fuselage structure used in the first experiment. The experimental shooting represents firing
on-board at the angle of 90° towards the front plane of gel block first and in case of complete
penetrating of the block the bullet hits the front plane of the fuselage assembly, so the bullet
aims out of the aircraft fuselage as well.

The scheme of the experiment with the second target is shown in Image 5b.

a) b)
Image 5 — Scheme of firing experiment: fuselage structure assembly (a) and fuselage structure
assembly with forward gel block representing the live target hit first (b)

2.2 Experimental results

The experimental results of bullet velocities and energies of the bullet are shown in
Table 2.

Table 2 Results of experimental shooting
NO- Of V3m,1 V3m,,2 V3m Vimp Vres Ek,imp Ek,res AEk AEk,reI
shot

m/s m/s m/s m/s m/s J J J %

1 442.7 | 442.8 |442.75| 436 414 580 523 57 10

2 457.8 | 457.9 |457.85| 451 92 620 26 595 96

In the first experiment the bullet penetrated the fuselage assembly as the secondary
target with surplus of energy of the value Ey.s = 523 J. The character of the hollows is
shown in Image 6. The penetration of the composite sidewall shown in Image 6a and 6d
caused cylindrical hollow of the diameter 6.2 mm with torn fibers. It is visible at the back side
of the composite sidewall a delamination process of the size approx. 35 mm x 35 mm, see
Image 6d. The penetration of the insulation layer shown in Image 6b and 6e caused irregular
hollow of the diameter approx. 6.9 mm with torn plastic bag and fibers and the dimension
and shape of both hollows is very similar. The penetration of the duralumin sheet metal plate
shown in Image 6¢c and 6f created a regular cylindrical hollow of the diameter 8.6 mm with
relatively small plastic deformation around the hollow with teared rim. The character of
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hollow proves that the bullet lacks the expansion; i. e. the deformed front part of the bullet
did not exceed the caliber of the bullet.

The deformed bullet was not found after the shooting, so the exact character of the
bullet expansion is not known. It is supposed, that the bullet is slightly deformed on its front
part and shorten in length without the expansion as it is documented on similar experiment
presented in (Hub, 2011).

In the second experiment the bullet penetrated the gel block as the primary target
causing the temporary cavity in it and having reduced residual kinetic energy of the value
Exres = 26 J. Such energy was not sufficient to penetrate even the first part of the secondary
target and the bullet was bounced off the composite layer leaving behind small damage on
the surface, see Image 7a. On the back side of the composite sidewall it is slightly visible
delamination area of the dimension approx. 25 mm x 25 mm, see Image 7b. The shape of
deformed bullet is shown in Image 7c. The bullet is expanded after penetration of the gel
block, therefore the front area of the bullet is increased, see Table 1, and the bullet needs
more energy to penetrate the following obstacle.

d) e) )

Image 6 — Results of the 1** experiment - hollows in parts of the secondary target: front side of the
composite sidewall (a), front side of the insulation layer (b), front side of duralumin skin (c), back side
of the composite sidewall (d), back side of the insulation layer (e), back side of the duralumin skin (f)
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a) b) c)
Image 7 — Results of the 2 experiment — damaged surface of the front part of the composite sidewall
(a), the back side of the composite sidewall (b) and deformed bullet (c)

The amount of energy given to the target is described through kinetic energy of the
bullet. The kinetic energy of the bullet is generally described as the sum of translation and
rotation energies upon equation

1 > 1
==mVv+=1 1
k 2rnbV+2x ()

where m, represents the weight of the bullet, v is the bullet translation velocity, I, is
inertia moment of the bullet and wis angular velocity of the bullet caused by barrel bore of
ballistic measuring device. The last part of the equation (1) is considered to be neglected
and therefore the kinetic energy of the bullet corresponds to the first part of the equation (1).

The difference between impact and residual kinetic energies of the bullet 4E, means
the energy consumed during the perforation of the gel block and the same parameter in
percentual units AEy . can be determined upon the equation

E, -E
JE, . =—m ke 1090 2)

krel
kimp

The values 4E in Table 2 show, that the bullet of the first experiment shooting the
fuselage structure solely transmits just the small part of its energy into the target of the value
10 %. A different situation is with the second experiment, when the bullet hits the gel block
first. In this case the bullet transmitts into the gel block 96 % of its energy and therefore just
the limited ability to penetrate the secondary target is left.

3 Finite Element Method simulation

The Finite Element Method simulation is presented in order to find a numerical model
based on performed experiments of the bullet Action 5 penetrating the two kinds of target
and using this model to find limit velocities for particular parts of the fuselage structure.
Therefore an explicit nonlinear transient hydrocode Ansys Autodyn v 14.0 was used.

3.1 Simulation model
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The model of the bullet and both the targets were created using 2D axial symmetry,
therefore only a half parts of all components were modeled. The simulation methodology is
based on (Hazell, 2009, Hub, 2011).

The geometry of the bullet is based on real dimensions and a little bit simplified in
order to create a suitable mesh for the FEM analysis. The bullet uses the mesh-based
Lagrangian method. The density of the bullet corresponds to the goal to meet the same total
weight of the real and simulation bullets. The initial condition for the bullet is impact velocity
Vimp €qual to the experimental velocity; see Table 2. The velocity leads the bullet in
perpendicular direction with respect to the sheet metal plate plane. The rotation of the bullet
by barrel bore and air drag are not considered.

The fuselage structure contains three parts upon experiment — the composite
sidewall, the insulation layer and the duralumin sheet metal plate. All parts have thicknesses
upon experimental parts and have a rectangular shape in 2D projection that creates a disc
using axial symmetry. The distance between parts follows the real geometry in aircraft
structure. The periphery of all discs is clamped.

The simulation gel block is used in order to simulate the second experiment. The gel
block shape does not follow the real prismatic geometry due to the axial symmetry used with
FEM model. The shape of the simulation gel block is of cylindrical shape with diameter of
140 mm and length of 200 mm. The gel block uses the mesh-free particle based Smooth
Particle Hydrodynamics (SPH) method and the size of particles is 1 mm.

The character and discretization of the simulation model of the bullet Action 5 and
both the targets is shown in Image 8.

duralumin
sheet metal

plate
\

bullet Action 5 gel block composite sidewall

isolation layer

Image 8 — Character and discretization of 2D simulation model

The main parameter for validating the simulation model is residual velocity of the
bullet when penetrating particular parts of target. In the case of the second experiment the
next parameter is represented by the geometry of deformed bullet as well.

3.2 Material characteristics

The gel block as the primary target is represented by retrieved and modified model
WATER taken from Autodyn library due to the limited published data available on the
dynamic material properties of used materials. This model uses shock equation of state
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relating hydrodynamic pressure with parameters p = 760 kg/m®, C, = 1647 m " and S; =
1.921.

The fuselage structure as the secondary target consists of three parts.

The composite sidewall uses also retrieved model taken from Autodyn library
GLASS-EPXY with density p = 1840 kg/m?>. This model uses Puff equation of state covering
the behavior of material from cold shocked regions to hot, highly expanded regions, with
following parameters: A; = 12130 MPa, A, = 17980 MPa, Gruneisen coefficient 0.15,
expansion coefficient 0.25 and sublimation energy 2 MJ/kg. Next the composite sidewall
uses von Mises strength constitutive model premising that the yield stress has a constant
value with shear modulus 4000 MPa and vyield stress 143.1 MPa. The tensile pressure
failure model of composite sidewall allows a maximum hydrodynamic tensile limit to be
specified and has the value of -159 MPa. Also erosion is introduced in form of instantaneous
geometric strain of the value 2.

The insulation layer is simplified and it is considered to be of one homogenous
material without dividing between the glass wool blanket and reinforced plastic bag. Dynamic
behavior of the insulation layer is described using easy linear equation of state and erosion
failure model in form of instantaneous geometric strain of the value 2. Bulk modulus is
considered of the value 1 kPa

A sheet metal plate made of aluminum alloy ASTM 2024-T3 is to some extend
available in the Autodyn library. The equivalent designation of used material is upon 1SO
AlCu4Mgl, DIN AlCuMg2 and ASME SB211. The hydrodynamic shock equation of state of
the alloy 2024-T3 relating hydrodynamic pressure, the local density and local specific energy
is in Gruneisen form (Steinberg, 1996):

p=p,+/  ple-e) 3)

where p is hydrostatic pressure, py is Hugoniot pressure, /~ = 2.0 is Gruneisen
Gamma, p = 2780 kg/m? is density of the alloy, e is internal energy, ey is Hugoniot energy.
The pressure is based on a linear Hugoniot relation between shock velocity us and particle
velocity up

l"Is:CO-'-ﬁup, (4)

where C, = 5328 m/s is initial sound speed and S; = 1.338 is Hugoniot slope
coefficient.

The constitutive model expressing the relation between the shear stress and strain
uses for the alloy 2024-T3 a Johnson-Cook model representing the strength behavior of
materials subjected to large strains, high strain rates and high temperatures as it is the
solving high-speed impact. The empirical Johnson-Cook model (Johnson, 1983) decouples
the effect of strain, strain rate and temperature for the von Mises flow stress

o=|a+Beircing i-mm| (5)
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where ¢is the equivalent plastic strain, & =¢l &,is the dimensionless plastic strain

rate for £, = 1.0 s and T~ is the homologous temperature. The five material constants are

as follows: A = 368.5 MPa is the yield uniaxial stress, B = 683.9 MPa is the strain hardening
coefficient, n = 0.73 is the strain hardening exponent, C = 0.0083 is the strain hardening
coefficient and m = 1.7 is the thermal softening exponent. The actual values of the
constitutive constant used for the material 2024-T3 are set according to (DOT, 2003,
Doubrava, 2009).

The failure criterion describes the damage behavior and for the alloy 2024-T3 it is
used a convenient model proposed by Johnson-Cook (Johnson, 1985). This model assumes
that damage accumulates in the material element during plastic straining and that the
material breaks when the damage reaches a critical value. This model is constructed in a
very similar way to the Johnson-Cook strength model in that it consists of three independent
terms that define the dynamic fracture strain as a function of pressure, strain rate and
temperature

£ = [D1 +D,e>? ][1+ D, Injé \][1+ D] (6)

The damage variable D takes values between 0 and 1. D = 0 corresponds to the
undamaged material and D = 1 corresponds to the fully broken material. The evolution of D
is given by the accumulated incremental effective plastic strain divided by the current strain
at fracture

A
D=3 5% @)

The actual values for the fracture Johnson-Cook material model of 2024-T3 alloy
according (DOT, 2003, Doubrava, 2009) are following: D, = 0.112, D, = 0,123, D3 = 1.5, D, =
0.007, Ds = 0.

The bullet Action 5 used in simulation is described through various models.

The gilding metal jacket uses a shock equation of state with values: p = 7985 kg/m?®,
[ =2.0, Co=3958 m/s and S; = 1.497. The constitutive model of modified COPPER model
retrieved from Autodyn library uses the Piecewise Johnson-Cook model. This model is a
modification of the Johnson-Cook model, where the dependence on effective plastic strain
represented by the term (A + B.£") in equation 5 is replaced by a piecewise linear function of
yield stress Y versus effective plastic strain &. The strain rate dependence and thermal
softening term remain the same as in the Johnson-Cook model. The parameters used in
gilding metal jacket simulation: G = 68800 MPa, Y, = 120 MPa, &; = 0.3, Y; = 450 MPa, Y,
=450 MPa, m = 1.

The plastic cap of the bullet considers the polyurethane material POLYURETH
retrieved from Autodyn library as well. This model uses the simplest shock equation of state
that can be determined by assuming that the pressure is independent of the internal energy
and that changes in the material density are small and reversible. Expressing the pressure
as a Taylor series in the density and retaining only the linear terms leads to the linear
equation of state

plo) =Ky ®)
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where K = 2000 MPa is the bulk modulus and ¢ = o/ — 1 is the compression
(Autodyn, 2006), where o/, = 1265 kg/m®.

Strength model of the plastic cap as expressing the resistance of given material to
shearing forces uses simple elastic form and failure model uses the maximum value of
principal stress. The shear modulus has the value of 5 MPa.

3.3 Simulation model validation

The simulation using FEM follows the goal to reach as good correspondence as
possible for two experimental and simulation penetration process parameters — the bullet
velocity and the deformation character both of the bullet and the target. The results are
shown in Table 3.

Table 3 Comparison of experimental and simulation velocities of the bullet

No. of Vimp Vres Vres,sim WNVres
shot
m/s m/s m/s %
1 436 414 419 1
2 451 92 89 3

The expression Vs sim Means residual velocity of the bullet obtained by simulation.
The expression 4v,,s means the deviation of experimental and simulation results estimated
as the relation between the difference of both experimental and simulation residual velocities
with respect to the lower value of both residual velocities.

When comparing the experimental and simulation results, the correspondence
between both velocities is very good.

The Image 9 shows the simulation results for the first shot, when the bullet
penetrated the fuselage structure directly without any forward obstacle. The simulation
composite sidewall is distorted in its plane and in the area of the hollow as well. Those
deformations do not correspond to the real experiment due to the fact that the experimental
sidewall remains in the whole plane flat. The material model of the sidewall should be
corrected and needed are particular experiments done on the composite sidewall solely.

composite sidewall .
P ~i duralumin

sheet metal

insulation layer :
\ L plate \

bullet Action 5 after the penetration

Image 9 — Character and discretization of 2D simulation model of penetrating the fuselage structure
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The simulation of the insulation layer follows the general behavior of the experimental
one with one exception. The bullet caused the hollow of higher diameter in the simulation
insulation layer than in experiment. Also the simulation model of the insulation layer should
be corrected.

The behavior of simulation sheet metal plate follows the behavior of experimental
plate quite good with two exceptions. Firstly, the diameter of the hollow made by bullet is
higher with simulation than with experiment. The simulation value is 9.7 mm and
experimental value is 8.6 mm. And secondly, the height of the rim around the hollow has the
value 3.2 mm for the simulation and the value 4.4 mm for the experiment. Those differences
can be a result of making just a one shot on experiment, next by simplifying simulation
model with respect to the experiment, eq. neglecting the rotation of the bullet and using 2D
model that cannot meet the crack propagation on the rim of the sheet metal plate hollow.

Image 9 shows also the shape of deformed bullet. The expansion process occurs just
slightly on the front part, which agrees with the presumption made in chapter 2.2. The
diameter of the front part does not exceed the bullet caliber and therefore the piercing ability
of the bullet remains standard. The plastic cap is pushed inside of the bullet cavity.

The shot No. 2 when the bullet penetrates the gel block first is shown in Image 10.

The interaction of the bullet and the gel block causes the deformation of the bullet in
form of expansion and the deformation of the gel block in form of temporary cavity. The
volume of the cavity depends on the level of bullet expansion and the bullet expansion
depends on the bullet velocity. Higher velocity of the bullet causes higher expansion and
larger volume of the temporary cavity (Hub, 2012). The bullet fired by standard velocity used
in this experiment expresses almost the highest level of expansion and the expansion is
finished in very short distance of the depth 31 mm after impacting the front face of the gel
block. The expansion process changes geometrical shape of the bullet Action 5 and
therefore it has a radically different effect on the secondary target. The bullet with expanded
larger front area demands for higher energy to penetrate the secondary target.

deformed origin shape of gel block composite sidewall
gel block

\ insulation layer

duralumin
sheet metal

plate
\

[ T~ deformed bullet —

\

Image 10 — Character and discretization of 2D simulation model of penetrating the gel block and the
fuselage structure by the bullet Action 5

The bullet penetrated the gel block with surplus of energy but not sufficient to
penetrate even the first part of the secondary target — composite sidewall. The bullet was
bounced back causing just plastic deformation on the sidewall surface and pressing a most
of the center area of the sidewall towards the insulation layer located 1 mm behind the
sidewall.
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The course of the velocities of the bullet penetrating the fuselage structure is shown
in Image 1l1a. The first downwards quasi-linear slope starting at the time approx. 0.01 ms
shows the process of penetration of the composite sidewall, the velocity reduction is approx.
13 m/s and represents the most resistant part of the target upon simulation. The next slight
slope starting at the time approx. 0.04 ms shows the penetration process of insulation layer,
the velocity reduction is approx. 1 m/s. Finally the last nonlinear course starting at the time
approx. 0.23 ms shows the penetration process of duralumin sheet metal, the velocity
reduction is approx. 8 m/s. Both graphs are taken from Autodyn.
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Image 11 — The course of bullet velocities: penetrating the fuselage structure solely (a) and
penetrating the gel block and the fuselage structure

The course of the velocities of the bullet penetrating the gel block first and
consequently the fuselage structure is shown in Image 11b. The first nonlinear downwards
course shows the process of penetration of the gel block. The velocity reduction has the
value 362 m/s and represents the most resistant part of all targets presented in this article.
Next nonlinear downward course starting at the time approx. 1.58 ms shows the process of
impact of the bullet into the first part of the fuselage structure that is composite sidewall. The
energy of expanded bullet travelling at the velocity of 89 m/s is not sufficient to penetrate the
sidewall and the bullet is bounced back following the experimental behavior.

The simulation of this second shot enables to compare also the shape of deformed
bullet taken from experiment and simulation. The Table 4 presents the main dimensions of
both bullets and Image 12 shows their graphical comparison. The parameter D means the
diameter of front expanded part of the bullet; Dn, is the minimum value, Dy is the
maximum value and D, is the average value. The parameter L means the length of the
deformed bullet; L., means the overall length of the bullet with plastic cap, Ly, means the
minimum value without considering the plastic cap, Lyax means the maximum value without
considering the plastic cap and L.,y means the average value without considering the plastic
cap. The deviation is considered as as the relation between the difference of both
experimental and simulation values with respect to the lower value of both values.

Table 4 Comparing the experimental and simulation bullet dimensions
BU”et type Dmin Dmax Davg I—cap I—min I—max Lavg

mm mm mm Mm mm mm mm

Experiment | 14.0 14.2 14.1 13.1 12.0 12.2 12.1
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Simulation 12.4 12.4

Deviation - - 14 % 6 % - - 2%
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a) b)
Image 12 — Comparison of the character of deformed bullet: experimental (a) and simulation (b)

The simulation dimensions of the bullet reflect the experimental bullet to some extent.
The simulation bullet has eroded its plastic cap, see Image 10, therefore it is compared also
the length of experimental bullet without its plastic cap. Such length of the bullet is in a good
agreement. The diameter of the front part of the bullet has the deviation of 14 % and do not
fit the real behavior completely due to the nature of 2D model that is simplified and cannot
meet all aspects of real behavior, e.g. tearing process on the rim of the expanded part of the
bullet that increases its diameter. Comparison of the shape and dimensions of expanded
bullet will be reasonable for the 3D simulation that is supposed to be able to cover also the
complexity of tearing process.

In order to validate particular parts of the fuselage structure, additional experiments
were made upon the composite sidewall and insulation layer to investigate the
correspondence between the experiments and simulation models of mentioned parts solely.
The results of the experiment are shown in Table 5. There were used two kinds of velocities
using delaboration of the cartridge in order to reduce the amount of propellant and to change
the bullet velocity for better matching the correspondence. The impact velocity is equal for
both the experiment and the simulation. The differences 4 are set as the difference between
the residual experimental and simulation bullet velocities.

Table 5 Comparing the experimental and simulation bullet dimensions

Target type Vimpexp | Vres.exp Loy Vimpsim | Vres,sim A,
m/s m/s m/s m/s m/s m/s
Composite sidewall 449 436 13 449 438 11
465 454 11 465 452 13
262 251 11 262 248 14

Insulation layer 456 448 8 456 455 1
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267 262 5 267 267 0

When comparing the differences 4, we can see very good correspondence with
composite sidewall but poor results with the insulation layer. The model for the insulation
layer should be improved.

The simulation model presented here is considered to be validated and it will be used
for finding the ballistic limits of the secondary target.

4 Ballistic limits estimation

The validated simulation model will be used for estimation of the ballistic limits of the
fuselage structure defined in chapter 1.3 when firing the gel block first in form of three cases.
Therefore the various thickness of the gel block Lg was introduced to investigate the
penetration abilities of the bullet Action 5 for the firing velocity of v; = Vim, = 451 m/s.

The velocities on particular positions of the target are defined in Image 13.

J7Vl V2J7 V:% | 47V4
insulation
— Lg H layer
gel block . —— duralumin
. . sheet metal
composite sidewall plate

Image 13 — Definition of velocities

The results of the simulation using various gel block thickness are presented in Table
6 and graphical course of particular velocities with respect to the gel block thickness is
shown in Image 14a.

Analysis of ballistic limit cases:

Case 1: Penetration of the fuselage structure completely at minimum residual velocity
of the bullet — the ballistic limit falls into the range of the thicknesses of the gel block from
130 mm to 140 mm. In the Table 5 we can see, that for the thickness of 120 mm the bullet
penetrates the whole fuselage structure with residual velocity of 126 m/s. The thickness of
the gel block of 140 mm caused full penetration of the sheet metal plate but in spite of this
the bullet was stopped by the plate. Therefore the ballistic limit for penetrating the whole
fuselage structure with minimum bullet velocity is estimated to be of the value 135 mm for
the gel block thickness.

Table 6 Simulation results of the bullet velocity in particular positions of the target

Gel thickness Lg Vi Vs V3 7
mm m/s m/s m/s m/s
0 451 451 440 434

117



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

20 392 375 359
40 335 312 294
60 290 270 244
80 255 225 209
100 212 183 160
120 186 154 126
130 167 128 82
140 154 111 0
160 133 96 -
180 107 13 -
190 106 - -
200 89 - -
500 w . 500
2
4 v, =0.0055L 5 - 2.86L 5 + 447 vy=1.14v, - 84.85
g 400 \\\ R? = 0.999 = = 400 ——  R®=0.9991 //
z N \ S 300
8 2
T 200 \&\"\ N 8 /
5 XSQZ‘%\ 2 200
2\ m 100
0 .
0 50 100 150 200 0
Gel block thickness L ; [mm] 0 200 400 600
- e ‘ Bullet velocity v, [m/s]
a) b)

Image 14 — Course of bullet velocities versus gel block thickness (a) and relation between impact
velocity of the bullet v, into the fuselage structure and the bullet residual v, velocity (b)

Case 2: Penetration of both the inner sidewall and the insulation layer and the bullet
is stopped by the duralumin skin - the ballistic limit falls into the range of the thicknesses of
the gel block from 140 mm to 160 mm. In the Table 5 we can see, that the thickness of the
gel block of 140 mm caused full penetration of the sheet metal plate and stopping the bullet.
The thickness of the gel block of 160 mm reduced the bullet velocity to the value not
sufficient to penetrate the sheet metal plate although some deformation with the sheet metal
plate occurred. Therefore the ballistic limit for penetrating the composite sidewall and
insulation layer but stopping the bullet by the sheet metal plate is estimated to be of the
value 150 mm for the gel block thickness.
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Case 3: Penetration of the inner sidewall solely and the bullet is stopped by the
insulation layer — this case is difficult to achieve due to the very low resistance of the
insulation layer against penetration by the bullet Action 5. Anyway, the ballistic limit falls into
the range of the thicknesses of the gel block from 180 mm to 190 mm. The Table 5 shows
that the thickness of the gel block of 180 mm enables for the bullet to penetrate the
insulation layer with residual velocity of 13 m/s. The thickness of the gel block of 200 mm
reduces the bullet velocity to the value not sufficient to penetrate the first part of the fuselage
structure — composite sidewall. Therefore the ballistic limit for penetrating the composite
sidewall but stopping the bullet by the insulation layer is estimated to be of the value 185
mm for the gel block thickness.

The course of velocity v, impacting the fuselage structure after penetrating the gel
block is fitted with polynomial approximation of the second order, see graph in Image 14a.
This approximation enables to estimate the residual velocity of the bullet with respect to the
gel block thickness Lg; the thickness Lz is set in [mm], the velocities in [m/s]:

v, = 0.0055L% - 286.L, + 447 9)

The graph in Image 14b shows the relation between the residual velocity leaving the
fuselage structure v, with respect to the velocity v, impacting the fuselage structure for the
region of gel block thickness of 0 mm to 120 mm only. In this region the bullet penetrates the
both the gel block and the fuselage structure completely with surplus of energy. The value
130 mm cannot be taken into account even having the complete penetration of the bullet due
to the nonlinear character of dependence of the velocity v, with respect to the velocity v,. A
proposed linear approximation enables to estimate the residual velocity v, depending on the
impact velocity v, in form:

v, = 114v, — 8485 (10)

Using both equations 9 and 10 is possible to estimate the residual velocity of the
bullet penetrating both the gel block and fuselage structure v, with respect to the gel block
thickness Lg. Proposed procedure is valid only for the region of gel block thickness from the
value 0 mm to 120 mm.

5 Discussion

The investigated fuselage structure expresses just a little ballistic resistance upon
performed FEM simulation when facing the impact of Action 5 projectile. One of the most
probably impacted airplane structures is in case of firing on-board the fuselage structure as
the largest are of the airplane with very poor ballistic resistance. The bullet Action 5 is able to
penetrate the fuselage structure when impacting the structure directly with surplus of energy.

In case of impacting the substitute material first, the geometry of the bullet changes
due to the expansion and piercing ability decreases. In spite of this, the bullet is able to
penetrate the fuselage structure to large extend of the gel block thickness up to the value
approx. 130 mm. Exceeding this value the bullet damages the sheet metal skin in form of
incomplete penetration up to the value of 150 mm. The damage of the outer sheet metal
plate should not occur exceeding the gel block thickness of 190 mm.

The bullet Action 5 proved also its expansion ability during penetration the soft target.
The expansion does not progress in case of penetrating the hard target representing by the
fuselage structure when firing directly.
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From the point of view of damage of the outer skin of the airplane is the penetration
of the expanded bullet travelling at low velocity much more dangerous than penetration by
the same bullet but travelling at high velocity without expansion.

However, the most common transport airplane structure is of semimonocoque type
and such structure is able to distribute the load easily to adjacent parts in case of damage.
Therefore the effect of skin damage due to isolated or even the multiple complete
penetration of the Action 5 bullet on airframe strength and stiffness is supposed to be
negligible (Hub, 2009). The danger of damaging the inner systems by the bullet with more
serious consequences remains to be occurred.

1 Conclusion

Experiments and simulations done upon the gel block and the fuselage structure
targets have shown a significant difference in piercing ability of the bullet Action 5 under
various target conditions. In case of firing directly to the secondary target that is fuselage
structure, the bullet penetrates all parts of the fuselage structure easily with high surplus of
energy. After the simulated penetration of thin and thick parts of the human body that can be
represented by the arm above the elbow and thighs of the leg, penetration ability of the bullet
decreases significantly partly due to the expansion of the bullet and increasing the cross
section of the bullet and partly due to lower velocity of the bullet impact as a result of
deceleration in the test gel block. When considering a possible damage of the fuselage skin,
the least favourable situation corresponds to the firing through gel block of the thickness less
than 150 mm. In this case a large damage could occurr due to tear of the skin caused by low
impact energy and expanded bullet, which could have negative consequences in real flight.

A numerical model has been developed upon firing experiments that simulates the
penetration of the substitute material and subsequent perforation of fuselage structure used
in airplane structures by bullet of mentioned projectile.

The FEM simulation results have shown:

e a good possibility to use the software Ansys Autodyn for modelling the
penetration process, to consider the boundary conditions and to take an
advantage of implemented material models with the possibility of modification
to meet the real behaviour of the simulated objects,

e a good correlation between the experimental and simulation results in terms
of comparison the residual velocities after penetration of the bullet through the
both targets,

e a crucial influence of material characteristics for simulation the experimental
shooting,

* a methodology for evaluating the residual velocity of the bullet penetrating
both targets with respect to the gel block thickness,

« a limited ballistic resistance of investigated fuselage structure facing the
impact of the projectile Action-5,

* higher relevance of the results demands for wider extent of experimental
shooting especially for particular parts of the taregt and performing the 3D
FEM simulation.
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MODEL OF RADIATION HEATING OF SLUSH MOULDING TECHNO LOGY
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Abstract: The technology for the manufacturing of softened automotive accessories used in
company Magna Exteriors & Interiors Bohemia, s.r.o is called Slush moulding. The
technology is mainly suitable for the manufactoring of artificial leather, for example for the
dashboards. It is a method of radiation heating of shell moulds witch supplies the suitable
shape, thickness and design relief to the final product. Infrared emitters are placed around
the mould by the numerical model, simulating the whole process of radiation heating. For the
purposes of the preparation of the model and the application of boundary conditions is
IREviewBlender application suggested. The final temperatures are solved in the software
ANSYS. The linkage of these information tools enables simulation of the whole process of
transient heating with the application of temperature regulation.

Keywords : Slush moulding, shell mould, infrared emitter, transient heating, heat flux

1 Introduction

The company Magna Exteriors & Interiors Bohemia, s.r.o has been dealing with the Slush
moulding tenology used in the manufacturing of softened automotive accessories for several
years. This technology is less energetically demanding and takes up much less space on the
manufacturing floor in comparison with other technologies used in the same manufacturing
processes.

It was clear from the very beginning that this unique technology cannot be
implemented without some necessary software which enables the simulation of
technological processes in the manufacturing.

The present article deals with one of these technological processes and mentions a
possibility of simulation of heating of shell moulds. In this case the link betwen commercial
software ANSYS and freeware software Blender with addition of new customised functions
suitable for the preparation of the model proved to be effective.

2 Slush moulding technology and used simulation met hod

The base of this method of manufacturing is a shell mould. Thermoplastic powder based on
PVC or PU is applied on inner surface of the shell mould. Its outer surface is heated by
infrared emitters up to the temperature of approximately 220 °C. The powder melts and
when the mould is cooled down by water, it becomes a compact mass representing artificial
leather. The inner face of the mould has to be formed so that it gives the corresponding
shape and suitable surface relief to the final product. The final leather is subjected to the
strict quality control when removed from the mould. In case of the artificial leather thickness
check-up, for example the airbag area is particularly watched, bound to fulfill the prescribed
dimensions.
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Infrared emitters allowing heating of the mould are clamped into a special structure
located above the mould. The quantity of the used emitters is usualy counted in tens and is
defined by the size and compoundness of the surface of the mould. If a two-cavity mould is
used for simultaneous manufacturing of two artificial skins for a dashboard, the number of
applied emitters reached almost two hundred pieces.

The whole process of heating is carried out under the temperature regulation. There
are thermocouples placed on the outer surface of the heated mould. Each thermocouple
regulates one emitter or a group of emitters by two-state control. Due to the complexity of
the used moulds it is not possible to achieve even temperature distribution in the range of 20
°C without any teperature regulation.

2.1 Process of design of transient heating of mould S

The process of design of heating shown in the fig. 1 is divided into two main parts. It is the
virtual heating and the heating itself on a test production line or a production line. The virtual
heating phase begins in IREviewBlender. With the use of the appropriate functions, the
emitters are placed around a model of the mould and heat flux loading of the surface is
simulated. After that the FEM analysis in ANSYS follows in order to calculate the final
temperature dependant on time. In case of a positive result, the necessary data are
exported, mainly the transformation matrix determining the positions of the emitters in
relation to the given coordinate point for physical installation into the production line. The
phase of the real heating process begins with the installation of the emitters holder in the
production line by a robotic arm. Correctness of the installed heating is tested on the first
samples of the artificial leather. The samples are then checked for burns or unsufficiently
heated patches. If the defects are small, they are corrected on the spot by redirection of a
specific emitter, otherwise the design process goes back to the phase of the virtual heating.
If everything is in order, the heating is released into batch production [1, 2, 3].

Virtual heating Heating on a real line

1
1
'
'
. . | :
—» simulations Export ofemitters || process

1
1
: !_ayou_t of emitters FEM ves Data Installation Test of the heating
| including
1 simulation of X
|| radiation of the o _
1 mould no : 1

"l 1
: ™ I
1 I

1

! no

Production
Release

Fig. 14 — Scheme of the design process of heating

2.2 Software IREviewBlender as a pre-processor

The application can simulate heat flux loading of the mould by individual emitters or by the
whole groups, see fig. 2. However, the problem of radiation is not solved by this aplication,
but the corresponding heat flux density obtained from the database of the characteristics of
different types of emitters is assigned to the individual elements of the mesh. This database
was created by means of experimental measurements. Heat flux characteristics consider
both the distance of an element center from an emitter and their mutual rotation. For
continuous distribution of the heat flux boundary condition it is possibile to interpolate the
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values. The required types of emitters are selected by the user from the database of
emitters, see fig. 3. The figure shows various types of emitters. There are single emitters or
double emitters with or without reflectors. The most used emitters are those of 1.6 kW and
2kw.

For assembly of the model of heating in the IREviewBlender aplication it is possible
to import some important parts for heating, e.g. the frame of the mould or the frame structure
for placing the emitters. The user can thus verify the feasibility of placing the emitters in the
production line and non-collision of the emitters with other objects. The user can work in
several work scenes and thus compare individual variants of the emitters placing. Having
finished the model preprocessing, the placing of the thermocouples and their pairing with
the emitters follows. For thermal analysis in ANSYS the user does the appropriate settings
and data exports [1, 2, 3].

Fig. 3 - Database of emitters — IREviewBlender
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2.3 Calculation of the temperature in the sw ANS  YS

It is possible to calculate the final temperatures on the mould surface in the sw ANSYS by
means of special exports from the sw IREviewBlender. The user has the possibility to
calculate the final temperature on the basis of the heat flux density loading given by the
simulation of the IREviewBlender, see fig.4, or wheter he wants to solve the task by the
radiation computation, see fig.5.

It is clear from the figures, that the temperature field in the first case reaches higher
local maxima, as the thermal radiation is more oriented in the space under the emitter. In the
second case the thermal radiation is more dispersed and reaches lower values.

The real behaviour of the radiation heating in the Slush moulding technology
corresponds better to the fig.4, where the most thermal radiation is oriented into the space
under the emitter. This behaviour is caused by the characteristics of the sheet metal reflector
and characteristics of the reflection layer of the glass tube of the emitter.

0,00 350,00 700,00 {rmm) X/L v
]

175,00 525,00

Fig. 4 - Resulting temperature, loading from IREviewBlender

22,002 Min

0,00 350,00 700,00 {rmm) X/L v
]

175,00 525,00

Fig. 5 — Resulting temperature, radiation computation
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2.4 Possibility of simulation of regulated heati ng

The real heating in the line works with the temperature regulation, otherwise it would not be
possible to reach uniform temperature distribution. Suitable combination of sw ANSYS and
IREviewBlender allows to realize fully automatic regulated heating. For this purpose it is
necessary to place thermocouples in the model. They are most offen placed perpendicularly
to the emitter tube or the mould edge closer to the emitter. In the model they are
represented by the balls placed on the mould surface, see fig.2.

The regulation setup is executed in the application IREviewBlende where the user
enters the simulation time, time steps of temperature scan, required temperature and other
setup such as regulation deviations from the required temperature. Having started the
simulation in the application IREviewBlender, the sw ANSYS starts in the batch mode. It
waits for getting the text file with the values of the heat flux density and then computes
temperatures. ANSYS then gives back to IREviewBlender the valueas of temperatures on
the thermocouples in the textfile. On the basis of these data IREviewBlender switches on
and off the emitters. It is two-step regulation where the emitter is either on or off.

The following figure 6 shows the regulated temperature behaviour on several
selected thermocouples. The regulation was done around the slush temperature
corresponding to the value of 220°C. Fig.7 illustrates the same heating without applied
temperature regulation. This state would not be suitable for the production of the artificial
leather.

Temperature [C]

o 36 T2 108 144 180
18 54 =11] 126 162

Heat Flux = IREviewBlender Time [s]

Fig. 6 - Regulated heating
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Temperature [C]

18 54 90 126 162
Heat Flux = IREviewBlender Time [=]

Fig. 7 — Unregulated heating

3 Conclusion

The method os simulation of the non-stationary heating of the shell moulds for production of
artificial leathers presented in the present paper takes advantage of design of heating in the
test and batch production lines. It is the method making use of combination of the softwares
ANSYS and IREviewBlender. For simulation it is necessary to have data acquired from the
experimental of production devices. They are, for example, measured power characteristics
of the applied infrared emitters or of test measurements of the slush mould to get
temperature dependencies at individual thermocouples. The data acquired from these
measurements allwo calibration of the model and specification of the boundary conditions.

The necessitiy of this modelling proved in a number of practical tasks solved in the
company Magnha Exteriors & Interiors Bohemia, s.r.o in collaboration with the company
LENAM, s.r.o.
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Abstract: The article deals with the issue of modelling of fundamental dynamic calculations
in ANSYS Workbench environment. There are shown discrepancies in the modal analysis
calculation of bodies system using an unstructured grid. It is pointed out correct choice of
function for the contact surface. Furthermore, the article highlights the problem of preload
modal analysis. There is shown the influence of the function "Bolt Pretension” on the results
of a modal analysis.

Keywords : modal analysis, rotor, preload

1 Introduction

This article deals with the issue of modelling of fundamental dynamic calculations in
the ANSYS Workbench environment. Under the term basic dynamic characteristics are
understood modal properties such as natural frequencies and eigenmodes of the system.
These basic dynamic characteristics are obtained for rotor system of free turbine consisting
of 13 parts. The reason for the identification of modal parameters is their subsequent use in
the optimization of the main and distributor gear set.
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Fig. 14 Construction of rotor system

Modal properties of above mentioned rotor system were solved in the software Ansys
Workbench environment. There was placed emphasis mainly on torsion modes of system
whose dynamic characteristics have the greatest influence on the dynamics of gearing. Free
free modal analysis of the system was calculated, thus excluding boundary conditions of
rotor system. It was also taken into consideration the mounting requirements and examined
the effect of rotor system preload. Preload of the rotor system was modelled using multi-
bodies and contact functions instead of using one bond solid from a CAD system.

2 Modeling of preload

As mentioned in the introduction, the rotor assembly is preloaded in the axial
direction of the axial force. This preload is given by torque union nut, which fixed the rotor
system of the rotor shaft in the axial direction. Shift of natural frequencies of the rotor system
was investigated with respect to the axial preload.

The task was solved by two successive analysis: static one followed by modal one
with delegated stiffness matrix from the previous calculation. Preload of rotor shaft was
solved with the help of "Bolt Pretension" function which was applied to the in the halfway
cross-section of the shaft between the bearings. The results of structural analysis of rotor
system with preload are shown in Fig.2. The nominal value of normal stress is 48MPa in the
shaft.
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Fig. 15 Normal stress in rotor system from preload

The subsequently performed comparison between modal analyses with and without
pretension proved that the preloading has a negligible effect on the natural frequencies shift
with respect to torsion and bending modes. The frequency increase for these modes was
very small. The only natural frequencies of axial modes were markedly affected (frequency
shift was about 30%). Preload had the opposite effect for the modes (the natural frequencies
were reduced).

As shown in Fig.3, the substantial decrease of the axial natural frequency values is mainly
caused by the elements in a spot, where the "Bolt Pretension" function was applied to. The
,Bolt Pretension“ function was applied in the form of input load.

Application of preload using either thermal boundary conditions or the “Bolt Pretension”
function in the form of displacement or shifts in contacts could prevent unwanted changes of
natural frequencies in the axial direction at preload modal analysis.
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Fig. 16 Axial nature frequency

When comparing the eigenmodes of multi-body system with and without preload applied it
was found that the first six rigid modes do not have zero values of natural frequencies. The
frequency values are 155Hz, 155Hz and 285Hz for the rotating modes for the given rotor set.

.

Fig. 17 The first torsion nature frequency mode

Tab. 1 Natural frequencies (number 7-10 are the bending modes, 11 is first torsion mode and 12 is
the axial mode)
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Preload Without preload

0.55776 4.26E-03

0.55809 6.07E-03

0.55812 6.28E-03

155 154

156 155

212 212

739 739

742 742

2020 2019

2023 2022

2850 2853

3893 5037

3 Rigid modes issues

As already mentioned in the previous chapter, Ansys Workbench environment in
"standard setting" computes the non-zero rigid modes for the analysis of the system of
bodies connected by contact functions with unstructured mesh.

Another finding was the discrepancy in the values of the natural frequencies for the system

imported into Ansys environment as a single body and for system imported in Ansys as an
assembly and afterwards connected by contact functions in Ansys/DesignModeler
environment. When using the contact function "Bonded-Pure Penalty" the difference was
about 5% w.r.t. single body model. The latter value also roughly corresponds to the value of
the frequency shift of rigid modes. In case of the first two bending modes and torsion mode
the differences were 18% and 12%, respectively.
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Fig. 18 The rigid rotation modes

As recommended by representatives of Ansys software, MPC method was used for
contacts. Using such a contact the natural frequencies differences changed from 18% to 5%
and from 15% to 2% for the first two bending modes and the first torsion mode, respectively.
The frequency shift was equal about 5% for all other modes. There was also a significant
decrease in the frequency values of the rotating rigid modes - from about 285Hz to about
25Hz.
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Tab. 2 Comparison of natural frequencies for contact functions Pure Penalty, Augmented lagrange
and MPC (number 7-10 are the bending modes, 11 is first torsion mode and 12 is the axial mode

One-body Multi-body system
system

Pure Penalty Augmented lagrange MPC

Frequency Frequency Shift | Frequency Shift | Frequency

[HZ] [HZ] [%] [Hz] [%] [HZ]

4 Displacement in the gear tooth

In the introduction it was mentioned that the several dynamic variables are needed to
optimize the gearbox. One of the dynamic variables is the average tangential displacement
of the diametral pitch for torsion mode.

The path along the tooth could not be defined by two points for this type of gear because of

helical gearing. Deviation from a straight line is small, but the resulting tangential
displacement values are significantly different.
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Fig. 19 Diagram of tangential displacement along the gear tooth for torsion mode

The curves showing tangential displacement values along the length of the tooth for different
contact function are compared in the Fig. 19. The graph shows that the curve shape does not
change for different contact functions. The curves are only shifted. In addition, the difference
is negligible.

Tab. 3 Comparison of mean value of tangential displacement among contact functions
Body (Contact functions) Mean value of tangential disp. Difference

[m]
[%]

One body (no contact function)

Multi-body (,Pure Penalty*)

Multi-body (,Lagrange®)

Multi-body( ,MPC*)

5 Conclusion

In our case the preload has no effect on the natural frequency of the torsion mode but
it can affect the frequency shift of axial modes for particular contact function used. Only if
"Bolt Pretension” in the form of load input is used the frequencies decrease significantly for
all axial modes. This undesirable effect can be avoided by application of preload using either
thermal boundary conditions or the “Bolt Pretension” function in the form of displacement or
shifts in contacts.

In case of modal analysis calculation of multi-body system (where contact function have to

be used), MPC contact function should be used to minimize the shift of natural frequencies
and to bring the natural frequencies of rigid modes near to zero. Then the frequency
deviations are also relatively small compared to one-body system. The nonzero rigid modes
issue does not exist when structured mesh is used.
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ANALYZA VRSTEVNATEJ DOSKY
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STU Bratislava, Stavebna fakulta

Abstract: This paper analyses a reinforced concrete slab. There are individual layers
required for the ice area on the concrete slab (a sandwich construction). Statics and modal
analysis of the construction is carried out in sequence. Eigenvalue and eigenfrequency of
the slab are tested by experimental measuring. Consequently the concrete slab is analysed
under a dynamic load)

Keywords : FEM, reinforced concrete slab

1 Uvod
Clanok prezentuje ¢ast analyzy vrstevnatej doskovej konstrukcie. Ide o konstrukciu

Zelezobetdnovej dosky, na ktorej je uloZzena ladova plocha. SendviCova doska je sucastou
konStrukcie zimného Stadiéna. Skumana konStrukcia sa po hrubke sklada: z nosnej
Zelezobetdnovej dosky hrabky 350 mm, na nej su uloZzené vSetky nevyhnutné vrstvy, ktoré
spolu tvoria ,skladbu” fadovej plochy: betbnova mazanina s rdrkami kdrenia, tepelna izolacia
a horna betdénova doska srozvodom chladenia. Schéma a popis jednotlivych vrstiev su
uvedené na obrazku 1.

+ horna beténova doska (B30) s chladiacimi trubkami,
vystuzena pri oboch povrchoch sietovionou

- izolaCna félia

+ tepelna izolacia penové sklo - dosky FOMAGLAS T4
+ beténova mazanina (B25) s trubkami kurenia
- nosna betdnova konstrukcia

S S T F U p)

50 90
140

160
230

60

720

50
350

Obrazok 1 — Skladba podlahy
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Vlastnosti jednotlivych betonov, ktoré boli pouZzité v konstrukcii, sa uvaZovali podfla
prislusnych noriem [3]. PouZité penové sklo Fomaglas (typ FOMAGLAS T4) je vhodné na
izolaciu fadovych pléch. Jeho fyzikalne vlastnosti st prevzaté z vyrobného listu: hustota p =
120 kg/m®, modul pruznosti E =800 MPa, pevnost v tlaku o = 0,7 MPa.

Samostatnou dilataénou Castou konstrukcie zimného Stadiéna je nosna konstrukcia

ladovej plochy. P6dorysné rozmery analyzovanej konstrukcie su 69,10 x 42,60 m. Zvislé
nosné prvky st vytvorené Zelezobeténovymi stipmi 400 x 400 mm a maju vy3ku 3,6 m. Na
vacsine podorysnej plochy su stipy v modulovom rastri 7,5 x 5,0 m. Po obvode st stenové
piliere hrubky 250 mm a Sirky 2,0 m. Rozmiestnenie nosnych konstrukcii je zrejmé z obrazku
2. Na zvislych nosnych prvkoch je uloZena uz zmienena Zelezobetonova doska hrubky 350
mm. ObdiZnikova doska je v rohoch skosena na dizke 2,7 m pod uhlom 45 stupfiov.
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Obrazok 2 — Schéma objektu

Plocha dosky je 2 925,5 m® Na podoryse dosky je v prevaznej miere uloZena ladova
plocha s rozlohou 1 750 m?. Priestor za mantinelmi, kde st umiestnené mobilné triblny, ma
celkov( rozlohu 1 175,5 m?.

Konstrukcia sendvicovej dosky bola podrobena statickej a neskér aj dynamickej

analyze.

Staticky vypocet celej konStrukcie v ramci realizaného projektu zadefinoval
nahodilé zataZenie q = 5,0 kN/m® Konstrukcia bola na toto zataZenie projektovana
a zrealizovana.

Neskdr sa pristapilo k dynamickej analyze konStrukcie vzhladom na to, Ze
prevazkovatel zimného Stadiéna okrem ladovej plochy chcel na ploche robit koncerty,
diskotéky a iné spoloenské aktivity. Najvacsi vplyv na dynamické naméhanie konStrukcie
maju kultarne akcie typu rockovych koncertov a diskoték, kde sa na ploche pohybuje
v uréitom rytme mnoZstvo osob.
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2 Vypo €étovy model konStrukcie

Popis konStrukcie. V programe ANSYS bol vytvoreny model analyzovanej
konstrukcie. PouZité boli pratové prvky na modelovanie stipov, dalej plosné konegné prvky
na modelovanie stien a samotnej dosky. Materialno - fyzikalne vlastnosti boli uvazované
podla prislusnych noriem (betén C25/30). Stipy asteny boli votknuté do zakladovej
konstrukcie. Na obrazku 3 je pohlad na vypoc&tovy model konStrukcie.

Obrazok 3 — Axonometricky pohlad na model konStrukcie

V prvej Casti analyzy bolo zataZzenie jednotlivymi vrstvami podlahy (mazanina,
penové sklo a horn& Zb. doska - obr.1) modelované ako pridana hmota k nosnej konstrukcii
dosky (510 kg/m?). Modalnou analyzou boli spoéitané vlastné tvary a vlastné frekvencie
konstrukcie. RieSenie rovnic pre vypocet vlastnych tvarov sa uskuto€nilo za pomoci
iteraénych postupov Lanczosovej metédy.

V nasledujucej Casti s uvedené jednotlivé viastné frekvencie a tvary kmitania v
smeroch X, Y a Z. (0os X je vodorovna os pozdiz dlhsej strany dosky os Z je zvisla pozri obr.
4). Prvy vlastny tvar vo vodorovnom smere - v smere menSieho rozmeru konstrukcie (smer
y) mé hodnotu frekvencie f1 = 6,027 Hz. Tvar je na obrazku 4.
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Obrazok 4 — Vlastny tvar v smere y - f1 = 6,027 Hz

Druhy vlastny tvar vo vodorovnom smere - v smere vacSieho rozmeru konstrukcie
(smer x) ma hodnotu frekvencie f5 = 10,534 Hz. Tvar je na obrazku 5.

Obrazok 5 — Vlastny tvar v smere x - f5 =10,534 Hz

Pri ostatnych tvaroch kmitania prevlada kmitanie vo zvislom smere, ale vzdy len v
urcitej Casti dosky (nikdy nie celej plochy). Tieto frekvencie su z intervalu 9,524 az 13,5 Hz
(viac tvarov nebolo pocitanych, nakolko nepredpokladame dynamické zatazenie takych
vysokych frekvencii). Tvary kmitania dosky su na nasledujucich obrazkoch (obr. 6, 7).
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Obrazok 6 — Tvary pri frekvenciach f2 = 9.524 a f3 = 10,105 Hz

Obrazok 7 — Tvar pri frekvencii f14 = 14.77 Hz — kmité najviac hmoty vo zvislom smere

V druhej casti analyzy sme sa venovali modelovaniu dosky ako sendvicovej
konstrukcii. V tejto analyze sme upravili prvy model konstrukcie tak, Ze na nosnu beténovu
dosku sme doplnili vo vypoétovom modeli izolaéni medzivrstvu z penového skla a hornu
beténovu dosku. Medzivrstva ma hrabku 150mm, z vyrobného listu Fomaglas T4 je prevzaty
modul pruznosti E = 800 MPa. Detail konStrukcie je na obr. 8.
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Obrazok 8 — Vrstevnata doska

Vysledky z rieSenia uvadzame niZSie, zanedbatefne sa zmenili hodnoty frekvencii.
Prvé dva tvary su vodorovné v smere y (mensi rozmer) a v smere x (dIhSi rozmer). V tabulke
1 st uvedené vlastné frekvencie z prvého a druhého modelu dosky.

Tabulka 1 — Hodnoty frekvencii

1.model 2.model
smer X 10.534 Hz 10.826 Hz
SmerY 6.027 Hz 6.231 Hz
smer Z 9.524 Hz 11.658 Hz

Tretou Castou, ktora je prezentovana v tomto prispevku, je statick&d analyza kontaktu
tepelnej izolacie s vrchnou beténovou doskou. Pri statickom zataZeni vrstevnatej dosky bola
vrchn& doska zataZena nahodilym zataZenim q = 5 kN/m?® Vysledky st uvedené pre
izolaénl medzivrstvu penového skla (obr. 9). Zvislé napétie v izolacnej vrstve je maximalne
nad stipmi a m& hodnotou 208,8 kPa, o je menej ako 233kPa = 700/3 ako uvadza vyrobca
pre pevnost v tlaku izola¢nych dosiek Fomaglas T4.

RieSenie hornej Zelezobeténovej dosky, v ktorej je rozvod chladenia: tato doska ma
merné ohybové momenty uvedené na obrazku 10. Tieto momenty v oboch smeroch pri
oboch povrchoch su vintervale od -2,75 po 4,95 kNm/m. Podla posudenia dosky podla
unosnosti beténu neddjde k poruseniu hornej dosky.
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Obrazok 9 — Zvislé tlakové napatie (kPa) v izolacnej vrstve

Pri statickom zataZzeni hodnoty mernych ohybovych momentov v hornej doske
ukazuju, Ze tato je dostato€ne vystuzena dvojicou vystuznych sieti pri dolnom aj hornom
povrchu. Tepelno - izolaéna vrstva taktieZ vyhovela na zvislé tlakové namahanie aj pri
zohladneni prislusnych dynamickych koeficientov, ktoré nadobddaju hodnoty blizke
k jednotke, t.j. dynamické efekty aj pri rezonanénom zataZeni od pripadného skékania fudi
na ploche st malé a konstrukcia vyhovuje.

B0 san o o P g ey 2B 4 L e

Obrazok 10 — Priebeh mernych ohybovych momentov m, (kNm/m)
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Obrazok 11 — Priebeh mernych ohybovych momentov my (kNm/m)

3 Zaver
Numerické vysledky vlastnych frekvencii boli potvrdené aj experimentalnymi

meraniami. NajniZSia hodnota frekvencie je 6,03 Hz pre vodorovny tvar kmitania v kratSom
vodorovnom smere konstrukcie, v druhom vodorovnom smere je hodnota frekvencie 10,5
Hz.

Podra literatary (Flesch 1993) aktivity taneéného charakteru sa z intervalu 1,5 az 3,5
Hz. Z uskutoCnenych experimentalnych vysledkov na zimnom Stadiéne vyplyva, Ze
frekvencia kmitania konstrukcie vo zvislom smere je od 10 Hz vySSie.

Pohybujlace sa osoby spbsobia len také kmitanie, ktoré nerozkmita konstrukciu ako celok ani
jej jednotlivé Casti.
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A RSM Method for Nonlinear Analysis of Fire Resista  nce of Technology Support
Structures in Accordance with Eurocode
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Abstract: This paper presents the methodology of the reliability analysis of the fire
resistance of the steel structure of the cable way in NPP. The elastic and plastic solution of
the steel structure under fire loads is discussed. The deterministic and probability analysis of
the fire resistance of the steel structures are considered. The executed fire resistance
analysis of the steel structures is investigated as the influence of temperature, permanent
and variable loads. The Response Surface Method (RSM) for the nonlinear analysis of the
fire structure reliability was used on program ANSYS. The advantages and disadvantages
of the deterministic and probabilistic analysis of the fire safety are discussed.

Keywords : ANSYS, RSM, Fire, Probability, Nonlinearity, Safety, Reliability

1 Introduction

In consequence of the economic and life lost due to fire accident the new regulation
was created in European countries [1, 3 and 4]. Those regulations specified :

o the escape ways by prescribing the number of emergency exits, the characteristics of
the exit signs, the number of staircases and the width of the doors,

2 the prevention of fire spread by referring to the concepts of “fire resistance” and
“reaction to fire ”,

< the fire resistance of the structure in terms of 1ISO-fire resistance period, R30, 60, 90,
or 120,

the conditions for smoke and heat exhaust,

0O o0

the implementation of active fire fighting measures such as the number of hand
extinguishers, smoke detectors and sprinklers,

2 the access conditions for the fire brigade.

Each country defined its regulations generally based on its own perception of the fire
safety problems [3, 4].

The objective of this paper is to describe a performance based more realistic and
credible approach to the analysis of structural safety in case of fire, which takes also account
of structural models, which should be as realistic as possible.

The objective of this paper is to describe a performance based more realistic and
credible approach to the analysis of structural safety in case of fire, which takes also account
of structural models, which should be as realistic as possible. The behavior of a structure in
the fire situation may be performed either as a global structural analysis dealing with the
entire structure, which should take into account the relevant failure mode under fire, the
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temperature dependent material properties, or as an analysis of parts of the structure, or as
a member analysis (see fig.1). In the case also the support and restraint conditions of the
member, applicable at time t=0, may generally by assumed to remain unchanged throughout
the fire exposure. According to EN1992-1-2, EN1993-1-2 and EN 1994-1-2 the assessment
of structural behavior in a fire design situation shall be based on one of the following
permitted design procedures:

2 recognized design situations on the base of the tabulated data,
2 simple calculation models for specific type of structural members,
< advanced calculation models able to deal with any kind of the structural model.

6 Safety assessment of fire resistance

Experiences from fire cases and their consequences are the main reasons for the
developing of the fire safety standards [1, 2, 3, 4, 5, 7, 13, 14 and 17]. A list of codes,
standards, and other legal documents being used to achieve this aim are based on the
simple numerical methods. However, it is possible to solve fire resistance in another way [4].
This paper particularly shows the possibility of solution the fire resistance problem. The fire
resistance of the structure could be verified by simplified or exact computational model [4, 9,
10 and 11]. This paper particularly shows the possibility of solution the fire resistance
problem.

The fire resistance of the structure could be verified by simplified or exact
computational model [4, 11 and 17]. From the structural behavior point of view we consider
elastic or a plastic computational model. While using the elastic model, the static
consideration is made of the linear elastic model and the critical intersection is tested with
bending moment. Usage of the plastic model investigates the fire safety resistance of the
structure until collapse. Fire safety of the structures can be solved by the deterministic or
probabilistic method.

Simplified computational methods along with empirical formulations are widely used
in daily design work [4]. Their main advantage is the simple formulation of critical
temperature in the basis of which the stress of the structure is considered. The definition of
the material properties, as well as the load condition, can be defined by deterministic or
probabilistic access. In the case of deterministic access the conditions are established by the
factors of load and structure resistance. In the case of probabilistic access the conditions are
established by variable load factors and material properties of the structure [3, 4, 5, 6, 7, 8,
9, 10, 11, 12 and 16]. The probabilistic method describes the load and material property by
histograms [4 and 11]. Fire resistance of the structure is evaluated by discrete histogram
obtained from the probabilistic analysis.

7 Reliability of structures

Most problems concerning the reliability of building structures are defined today as a
comparison of two stochastic values, action effects E and the resistance R, depending on
the variable material and geometric characteristics of the structural element [11]. The
deterministic definition of the reliability condition depend on design values of action effect Eg4
and resistance Ry in form

Ry 2 E (1)
and in the case of the probabilistic approach, it has the form
RF=R- E>0 (2)

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

RF=g(X, %, X)) (3)
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The failure function g(X) represents the condition (reserve) of the reliability, which
can either be an explicit or implicit function of the stochastic parameters and can be single
(defined on one cross-section) or complex (defined on several cross-sections, e.g., on a
complex finite element model).

Table 1 Target values for the reliability index d and probability of failure pd by Eurocode 1990

Limit state Life time - 55 years For 1 year

it Pd B Pd
Structural safety 3,8 7,23.10° 47 1,30.10°
Serviceability 1,5 6,70.10” 3,0 1,35.10°

The most general form of the probabilistic reliability condition is given as follows:
p; = P(R- E<0)= R R 0)< p (4)

where pq is the so-called design (“allowed” or “acceptable”) value of the probability of failure.
The reliability criteria are defined in the Eurocode [3] in dependency on reliability index £,
what is adequate to target level of failure probability (Table 1). In the case of the stochastic
approach, various forms of analyses (statistical analysis, sensitivity analysis, probabilistic
analysis) can be performed considering the probabilistic procedures, Eurocode 1990
recommends a 3-level reliability analysis. The approximation methods [11] - RSM was
applied with nonlinear solution of fire response. Roux W.J. at 1998 has defined this method
as follow : ,Response surface method is a method for constructing global approximations to
system behavior based on results calculated at various points in the design space”.

Black Boxed
Systen m—

q
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Figure 1 Concept of Response Surface Method

This method is based on the assumption that it is possible to define the dependency
between the variable input and the output data through the approximation functions in the

following form:
N-1 N

YEGHR X XD f KK ©)

i=1j3
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where co is the index of the constant member; ci are the indices of the linear member and cij
the indices of the quadratic member, which are given for predetermined schemes for the
optimal distribution of the variables or for using regression analysis after calculating the
response [11]. The concept of this method is described in fig.1. Approximate polynomial
coefficients are given from the condition of the error minimum, usually by the "Central
Composite Design Sampling” (CCD) method.

8 Fire resistance of the electrical cable way structures

On a base of the requirements of the IAEA [5], US NRC [14], Eurocodes [3, 4] and
national standards [15] the fire resistance of electrical cable way structures in nuclear power
plants were considered. These structures are made from the steel perforate plate placed on
steel console of U8 profile and fixed on ceiling with hanger of U8 profile and steel bar. There
are analyzed four type of cable troughs - RSU 60.100 OV, RSU 60.200 OV, RSU 60.300
OV, RSU 60.400 OV and the cable shaft RDV 100, 200, 300, 400 with various width (100,
200, 300 and 400mm). The modulus of support is equal 1500mm. The fire resistance of the
cable way supported structures RSU without the shaft was established by experiment in the
laboratory TU Braunschweig [13]. The aim of the numerical analysis was to prove the fire
resistance of the cable way supported structures with the shat RDV.

Figure 2 Experimental test of the cable way structures in TU laboratory Braunschweig [13]

The calculation model of the electrical cable way support system (fig.2) was made from
the shell elements SHELL43, beam elements BEAM181 and link elements LINK8 in program
ANSYS. Four models were created — RSU130, RSU230, RSU330 and RSU430 for various
widths of cable troughs (100, 200, 300 and 400mm).

The consider structures are exposed to next loading inputs: permanent load (G),
variable load (Q) involves the load of the electrical cables the uniform value of the
temperature (T) and the characteristic value of the material properties reduced due to fire
action. Those values are specified in codes and standards.

In the deterministic analysis there is the design value of effect of actions E4 and
resistance Ry defined in accordance with the Eurocode (EN 1991-1-1. 2002) follow

151



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

E = .Gt 60.Qc+ 1. Tk and Ry =Tyl (6)

where )6, o, i are the partial factors of actions (Js=)o=K=)=1), Gk, Qx Tk are the
characteristic values of the defined actions and fy.

In the probabilistic analysis there is the value of effect of actions E defined in
accordance with the JCSS code [7] (EN 1991-1-1. 2002) follow

E= evar-(gvar-G‘k + qvar-Qk + tvar-Tk) and R= r'var-kvar-fvar-fyk (7)
where eyar, Qvars Qvars tvar fvar Kvar, fvar @re the variable functions defined in form of histogram.

ELEMENTS ELEMENTS
MAY 5 2011 MAY 5 2011
REAL NOM 00:13:25 REAL M 00:13:59
FLOT NO. 1 ELOT NO. 1
1. Poziarna analyza odolnosti zlabu RSU 60.400 OV s krytam EDV 400 * T30 1. Foziarma analyza odolnosti zlabu RSU 60.400 OV s krytcm ROV 400 * T30
ELEVATS ELFMENTS
" M S 2011 - MEY 5 2011
FFAT T M A FCAL M OC:15:55
ELJT 10, FLCT G, -
1. Pomama analyra sdelnoshi plamn B ECLS00 CF 8 brymem ROT 400 * TG 1. Sowrarma analyra sdoloesti zlalan RSO ACLACD OF 8 krytom OV 430 % T30

Figure 3 FEM model of cable way structure RS430 (RSU 60.400 OV and RDV400)
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1 Temperature loading

The fire load depends on fire scenario and the requirements of standards [2 and 3] to
the fire safety of the electrical cable ways in NPP. There are defined the temperature-time
curves and reduction factors for material properties. The temperature-time curve (Fig.5) for
the electrical cable ways in the NPP was defined from the experimental test in fire chamber
(table 2). The standards for the NPP structures [5] require the fire resistance of the cable
way equal to 30min (E30).

Stress G a,0 ‘_
fay,0 ; (m
| [ Ellipse
fap,e ) I \ v
| .
E g0~ "o \
oLp \ Strain €5 o
A - '
i A Cau,0 €ae0

|
€apo Cay0=002

Figure 4 The stress-strain relationships for the steel by EN 1993-1-2
The critical temperature for the time 30min is defined on the base of the temperature
curve. The reduced coefficients for the strength and Young modulus is obtained from the EN
1993-1-2 [2] as follow (fig.4) —
E30: T,=841,8°C
E30: k:9=0,081 Ep=16,925GPa
E30: kys= 0,045 dps= 10,522MPa o= 0,089 §y6= 20,939MPa

Table 2 The temperature values versus time determined by experiment in fire chamber

Time Temperature ['C] Variation|Pres.[Pa]
timinlf Td1 | Td2 | Td3 | Tda | 7d5 | Tde | Td7 | Td8 [Tave [ ™o To | e l%] p
0 351 498 458 52,3 35,2 46,2 & 463 51,0 45,2 20,0 19,3 0,0 5,6
5 | 503,0 | 5971 | 626,4 | 565,6 | 517.2 | 582,0 | 586,8 | 5761 | 568,5 | 5764 | 19,3 | -13.8 13,4
10 | 671,9 | 6834 | 696,0 | 667,2 | 648,4 | 677,0 | 668,3 | 6644 | 6771 | 6764 | 164 52 143
15 | 7318 | 7455 [ 7441 | 7135 [ 7052 | 7333 | 7256 | 7130 [ 7265 [ 7386 | 194 | -36 14,1
20 | 7386 | 740,8 | 757,09 | 7450 | 738,1 | 746,6 | 749,7 | 762,09 | 7475 | 7814 | 194 | =1 145
25 | 767,3 | 763,4 | 787,7 | 783,09 | 774,5 | 782,7 | 7842 | 8083 [ 781,5 | 8146 J194 | -3¢ 17,7
30 | 802,51 8265 | 856,5 | 8386 | 812,3 | 8436 | 852,5 | 8620 | 836,8 | 8418 [ 188 | -3.7 17,1
35 | 8189 | 838,3 | 867,68 | 856,8 | 828,9 | 862,7 | 869,1 | 6801 | 852,8 | 864,8 | 1886 | -3.1 17,4
40 | 8552 | 876,3 | 900,0 | 875,0 | 866,4 | 906,2 | 918,0 | 911,0 | 8886 | 884,7 | 190 | -2.6 184
45 | 877,0 | 8955 | 924,6 | 905,9 | 891,53 | 9244 | 924,9 | 9348 | 909,8 [ 9023 [ 15,1 | -2,2 17,7
50 8976 | 916,1 | 948,0 | 9294 | 9126 | 9429 | 940,3 | 950,1 | 9296 | 918,1 | 19,4 -1,8 18,3
55 | 9154 [ 932,9 | 9624 | 9456 | 5287 | 956,2 | 954,59 | 9683 [ 9461 | 9323 [ 198§ -1.5 17,5
B0 | 9344 | 9488 | 970,1 | 956,7 | 9464 | 9724 | 967,7 | 966,3 | 9584 | 9453 | 190 -1,2 17,2
65 | 941,3 | 9457 [ 973,3 | 962,4 | 0468 | 9655 | 963,90 | 9678 [ 9583 | 9573 [202 | -1.0 15,9
70 | 9465 | 9466 | 9784 | 980,4 | 9525 | 970,2 | 9650 | 9787 | 964,8 | 9684 [206 [ -1,0 15,4
75 | 9554 | 955,1 | 985,1 | 980,5 | 959,8 [ 977,0 | 973,6 |1000,0] 9733 | 9787 (20,7 | -0,9 18,1
B0 | 9635 | 9646 | 989,6 | 985,9 | 972,1 | 991,3 | 984,0 | 1006,0] 982,1 | 986,4 [ 208 -0,9 16,5
85 | 9852 | 975,7 | 1002,0]1000,0 | 985,0 [1001,0 | 996,3 |1020,0 | 995,7 | 997,4 [ 21,3 -0,9 14,8
90 | 999.6 | 990,7 [1015,0|1017,0] 998,3 | 1012,0 [1005,0 [1037,0 [1009,3 |10059 21,1 | -08 15,7
91 | 1001.0[.992.7 | 1016,0| 1016,0| 1000,0| 1017,0| 1012,0| 10350 1011,2| 1007.6] 21.2| -0.8 145
92 | 1003,0| 995,3 | 1017,0| 1018,0| 1002,0| 1079,0[ 1012,0| 10350 1012,6 | 1009,2( 21,3 | -0.8 15,7
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Figure 5 The thermal curve for the electrical support structures by laboratory test

9 Nonlinear material and geometric solution

The action of the high temperature due to fire effect can by analyzed using elastic or
elastic-plastic solution. The elastic solution gives us the conservative results in comparison
with the experimental results in the fire laboratory [17]. The elastic-plastic solution of the high
temperature effect lead on to more real results. The plastic deformation of the structure
results to the large strain. These deformations can no longer be neglected. The solution of
the nonlinear (geometric and material) equations is solved on the base of the Newton-
Raphson method [11] in the increment of the displacement

{du} =[N]{ d}, 8)
where {du} the vector of increment of displacement on element is, [N] is the matrix of

shape functions, {dr} is the increment of unknown nodal displacement parameters. The

increment vector of large strain {dr} is defined following
{de} =((B]+[B]){ d} ©
where [BL] (resp[ B\,L]) is the vector of linear (resp. nonlinear) deformation shape.

The material equations for the incremental theory of plasticity is defined in form
o) 545
(el

where {dE} is the strain vector increment, {da} is the stress vector increment, g(o) is the

{do} =[ D, [{de}.  [D,]=[D]-

(10)

yield function, who is considered by Von Mises for the isotropic theory of plasticity in form

154



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

1

1 2 2 212
9(0)=1-0, /0,520, O =(§[(0'1‘02) +(oy - 03) +(o3-0,)°||". (11)
where o is the effective (equivalent) stress, g, is the ultimate value of the stress
depended on temperature due to fire.

On the base of the Lagrangian formulation in FEM the equilibrium equation for the i"
step and the increment vector of forces {AFO} is following

(K ){an} ={arF,} -{F"}, (12)
where the tangent matrix has the form
[KTi] =[KEP.i] +[KG.i] . (13)

[KEP_i] is the elastic-plastic stiffness matrix
[Keni] = [[B][Per][B] a0, (14)
Q

where [B,] is the strain-displacement matrix in terms of current geometry and the current
elastic-plastic material matrix [DEP_i]

[KG.i] is the geometric stiffness (stress stiffness) contribution

[Kei] =£[Be_i][s][ B, @, (15)

where [S] iIs a matrix of the current Cauchy (true) stresses {Ui} in the global Cartesian
system. The Newton-Raphson restoring force vector is :

{ENR}:i[B]T{G}dQ (16)

A

nelfp===g===

2 3
F,
® Fael Tl Ten

~

Figure 6 The Newton-Raphson method

The Newton-Raphson method is the most rapidly convergent process for solutions of
problems in which only one evaluation of {ENR} is made in each iteration. Of course, this

assumes that the initial solution is within the zone of attraction and, thus, divergence does
not occur. Indeed, the Newton-Raphson method is the only process described here in which
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the asymptotic rate of convergence is quadratic. The method is sometimes simply called
Newton’s method but it appears to have been simultaneously derived by Raphson, and the
interesting history of its origins is given in [11].

10 Uncertainties of input variables

Reality is more complex than deterministic design situation, as the number of
variables as well on the side of actions as on the side of resistance is often quite large.
Table 3 Probabilistic model of input parameters [6]

Name | Quantity Charact. | Variable | Histogram | Mean | Standard [ Min. | Max.
value deviation | value | value
paramet.

Material| Young's modulus = Myar Lognormal | 1,100 0,066 0,000 | 1,299
Stress yield Ty fuar Lognormal | 1,100 0,066 0,000 | 1,299
Reduction factor ky Kyar Lognormal | 1,000 0,050 0,000 | 1,149

Load Permanent Gy Ovar Normal 1,000 0,030 0,916 | 1,084
Variable Qx Ovar GamaT.l | 0,600 0,215 0,000 | 1,378
Fire- temperature Ty tyar GamaT.l | 0,822 0,246 0,000 | 1,684

Model |[Model uncertainties & €var Lognormal | 1,000 0,050 0,000 | 1,149
Resistance uncertaint. & Tvar Lognormal | 1,000 0,050 0,000 | 1,149

Hence the use of probabilistic procedures gets very quickly time consuming for
everyday'’s practical engineering. The variability of input parameters are described in table 3
on the base of the literature requirements [4, 7 and 11].

11 Reliability criteria for fire resistance

Reliability of the foundation structures is analyzed in accordance of national and
Eurocode standard requirements [3 and 4] for serviceability and ultimate limit state. The
serviceability of structure is limited by equivalent strain and the ultimate limit state by
equivalent stress in dependency on fire temperature.

The failure function of the equivalent strain and stress is defined in the form
g(‘g):l_gef.E/gayH.RZO’ g(a)zl_aef.E/Ja)B.RZO (17)

where &y ¢, Oy is the equivalent strain and stress of action and €,,x,0,,r are the

5]

ultimate strain and stress depending on fire temperature.

1 Sensitivity analysis

Sensitivity analysis of the influence of the variable input parameters to the reliability
of the structures depends on the statistical independency between input and output
parameters.
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Figure 7 Sensitivity analysis of the equivalent strain and stress versus input variables
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Figure 8 Sensitivity analysis of the reliability functions RE and RS versus input variables

The matrix of correlation coefficients of the input and output parameters is defined by
Spearman [11].

> (RR)(EH)

==L (18)
D=2 [ —=\2
>(RR)/2(5H
i=1 =1

where R; is rank of input parameters within the set of observations [x]", E; is rank of output

parameters within the set of observations [y]", R, E are average ranks of the parameters R;
and E; respectively.

I's

The variability of three input quantities (variable load, model and resistance
uncertainties) is important to the equivalent strain and stress of cable way structures.

12 Comparison of deterministic and probabilistic an alyses

The probabilistic part of the assessment is performed by the software ANSYS. The
task is to consider the members of the cable way structures exposed to permanent, variable
and temperature load due to fire effect (probability of fire is Py = 0,002).
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Figure 9 The equivalent strain and stress of the cable way structure
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Figure 10 The deflection and Mises strain of the cable way structure — RSU 100, 200, 300 and 400

The deflection and the Mises strain of the cable way structures for various widths of
cable troughs (100, 200, 300 and 400mm) and fire resistance (30, 60 and 90 min) is

compared in fig.10.
Table 4 Results of probabilistic analyses of the cable way structures
Model Equivalent strain (Von Mises) Equivalent stress (Von Mises) [MPa]
Fractile Mean Fractile | Failure | Fractile Mean Fractile | Failure
5% 50% 95% Prob. 5% 50% 95% Prob.
RS130 (-0,0009980|0,0014791|0,0049955| <1,0E-6 | 10,2530 | 12,4512 | 15,1045 |1,867E-5
RS230 |0,0001994 |0,0008968|0,0012104 | <1,0E-6 | 5,1410 | 10,9167 | 14,1988 | <1,0E-6
RS330 |0,0002112 |0,0005266|0,0008183| <1,0E-6 | 3,6180 | 8,7368 | 13,1579 | <1,0E-6
RS430 |0,0006762 |0,0007590|0,0008790| <1,0E-6 | 10,1603 | 11,5931 | 13,0782 | <1,0E-6
Table 5 Results of deterministic analyses of the cable way structures
Model Equivalent strain (Von Mises) Equivalent stress (Von Mises)

Maximum action

[]

Resistance

[%]

Maximum action
[MPa]

Resistance

[%]
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RS130 0,0077235 38,618 14,329 68,43
RS230 0,0022362 11,181 11,388 54,39
RS330 0,0009144 4,457 13,473 64,34
RS430 0,0008993 4,497 10,977 52,42

Reliability of the foundation structures is analyzed in accordance of national and
Eurocode standard requirements [3 and 4] for serviceability and ultimate limit state. The
serviceability of structure is limited by equivalent strain and the ultimate limit state by
equivalent stress in dependency on fire temperature.

Histogram AN Histogram AN
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MIN 0_40720E+00
[LEN4 0_11552E+01
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Figure 11 Histogram of the reliability functions RE and RS

The comparison of deterministic and probabilistic solution of the safety and reliability
of the fire resistance of cable way structures is documented in the table 4 and 5. The
histogram of reliability function RF(¢) (failure function of the equivalent strain) are presented
in fig.11. The differences between deter-ministic and probabilistic results are equal about to
2,3-45,9% (or 2,3-19,1%) for 95% equivalent strain fractile (or stress fractile) values.

13 Conclusions

This paper deals with the possibility of the deterministic and probabilistic analysis of
the reliability of the cable way support structures depending on variability of the load,
material and model characteristics. The analysis of the fire resistance of four types of cable
way structures by deterministic as well as probabilistic calculation is shown in this paper.
The fire resistance of the cable way structures are limited by the ultimate Mises strain & =
0,02. The 49 simulations using approximate method RSM for four cases were calculated in
the real time on PC (max CPU = 728sec). The nonlinear solution was running in max 191
steps. The output quantities were determined from 10° Monte Carlo simulations. The
probabilistic method shows that the probability of the failure of all structures is less than
target probability ps = 7,23.10°. However, the probabilistic calculation provides us with
possibility of sensibility analysis, on the base of which the extreme load conditions on the
cable way structures can be identified or also modified.
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COMPARISON OF PROBABILISTIC METHODS TO ANALYSE PROB ABILITY OF
STRUCTURAL FAILURE USING ANSYS

JURAJ KRALIK, JURAJ KRALIK,jr.

Faculty of Civil Engineering STU Bratislava

Abstract: This paper describes some experiences from the deterministic and probabilistic
analysis of building structure reliability and safety. There are presented the methods and
requirements of Eurocode EN 1990, standard 1SO 2394 and JCSS. On the example of the
probability analysis of the reliability of the high rise building is demonstrated the affectivity of
the probability design of structures using FEM.

Keywords : ANSYS, FEM, RSM, LHS, probability, reliability, safety, high rise building

1 Introduction

Recent advances and the general accessibility of information technologies and
computing technigues give rise to assumptions concerning the wider use of the probabilistic
assessment of the reliability of structures through the use of simulation methods [3, 7, 9, 11,
12, 14, 15, 17, 18, 19, 20, 21 and 23]. Much attention should be paid to using the
probabilistic approach in an analysis of the reliability of structures [3, 21].

Most problems concerning the reliability of building structures are defined today as a
comparison of two stochastic values, loading effects E and the resistance R, depending on
the variable material and geometric characteristics of the structural element. The variability
of those parameters is characterized by the corresponding functions of the probability
density fr(r) and fz(e). In the case of a deterministic approach to a design, the deterministic
(nominal) attributes of those parameters Ry and E4 are compared.

The deterministic definition of the reliability condition has the form
R, 2E, (1)

and in the case of the probabilistic approach, it has the form
RF=R-E=0 (2)

where RF is the reliability function, which can be expressed generally as a function of the
stochastic parameters X;, X, to X,, used in the calculation of R and E.
RF =g(X, X, X)) )

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

The most general form of the probabilistic reliability condition is given as follows:
p =P(R-E <0)=P(RF <0) <p, (4)

where py is the so-called design (“allowed"” or “acceptable”) value of the probability of failure.
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The reliability function RF can be expressed generally as a function of the stochastic
parameters X3, X, to X, used in the calculation of R and E.
RF =g(X, X, X)) (5)

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

For a system limit state defined by g(Xy,..., Xm) = 0, where X; are the basic variables,
the failure probability is computed as the integral over the failure domain (g(X) < 0) of the
joint probability density function of X. In general, the failure of any system can be expressed
as a union and/or intersection of events. The failure of an ideal series (or weakest link)
system (Kralik,J. 2009b) may be expressed following
F =R UOFR0O..OF, (6)

in which 0 denotes the Boolean OR operator.

The probability of the failure can be defined on the base of analytical relations using
the probabilistic density functions f,(r) and f_(e) and the distribution functions ®_(x) and

@, (x) . Therefore the probability of the failure can be expressed as follow
P = pof = TfE(X)CDR (x)dx = T . (X)f, (x)dx (7)

Besides the probability of failure p, the reliability index gSis frequently taken as the
reliability meassure. The reliability index [ is defined on the base of linearisation of the
failure function g(X). In the case of normal (or. lognormal) distribution function we have

p=Ltee (8)

Oge

where .. and o,. are the mean value and the standard deviation of reliability function in
form

Hep = Hr — He s Uéané-"aé 9

2 Models and methods of reliability analysis

The reliability analyses of the structures are differentiated from the point of view of
design quantities as the deterministic and stochastic analyses. On the base of stochastic
methodology the following analyses can be realized [11, 18]:
< Stochastic analysis — the mean values and the standard deviation of the variable
guantities are calculated analytically or numerically using Monte Carlo simulation, which
gives us the more accurate results than deterministic values,

< Sensitivity analysis — the dominant impact to the output quantities is calculated using the
sensitivity analysis,

< Probabilistic analysis — the probability of the failure is defined in comparison with the
simulated quantities.

On the base of the evaluated input quantities the methodologies can by divided following:

< Method of the allowed stresses (comparison of the maximum stresses),
> Method of the safety factor (capacity is defined by one factor),
2 Method of the partial factor (action and capacity are defined by more factors).

In the present the method of the partial factor is favorable in the practice. The Eurocode [3,
6] recommends the use of three levels of the reliability analysis:
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I. level - all base input quantities X; are taken in the calculation by one (design) value. This
guantity is calculated from its characteristic value and partial factors,

Il. level - all base input quantities X; are described by two statistical parameters (usually
mean value and standard deviation). The probability of failure Ps (using the method FORM or
SORM) can be used for comparison. The level Il methods make use of certain well defined
approximations and lead to results which for most structural applications can be considered
sufficiently accurate.

lll. level — all base input quantities X; are calculated using the theoretical model of the
probabilistic density. Value P; is determined by calculation using simulation methods on the
Monte Carlo base. Full probabilistic methods give in principle correct answers to the
reliability problem as stated. Level Ill methods are seldom used in the calibration of design
codes because of the frequent lack of statistical data.

Empirical methods Level Il Level llI
<—
Calibration Calibration Calibration
Level |

\%;> Partial factor methods <:£/

Figure 1 Overview of reliability methods by Eurocode 1990

In both the Level Il and Level Il methods the measure of reliability should be
identified with the survival probability Ps = (1 - Py), where P is the failure probability for the
considered failure mode and within an appropriate reference period. If the calculated failure
probability is larger than a preset target value P,, then the structure should be considered to

be unsafe.
Table 1 Target probability and reliability index by Eurocode 1990 [4]

Limit state Target reliability index 4

50 years 1 year
Ultimate 3,8 (pr =10 4,7 (ps=10°)
Fatigue 1,5-3,8” (pr=10"+10™ -
Serviceability 1,5 (p; =107 3,0 (pi =109

The measure of reliability in Eurocode 1990 [4] is defined by the reliability index
(Table 1). The reliability index depends on the criterion of the limited state. The standard
JCSS [8] required the measure of reliability in dependency on the safety level (Table 1).

The measure of reliability depends on the lifetime of the structure and its importance
(Table 2). In the case of the normal distribution of the probability failure the relation between
the probability and the reliability index is defined in the form

p=®(-4) (10)
Table 2 Target probability and reliability index by JCSS [8]
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Target reliability index £
Costs Minor consequences Moderate Large consequences
consequences
(A) Large 3,1 (p;=107%) 3,3 (p;=5.10) 3,7 (pr=1.10%)
(B)  Normal 3,7 (p =107 4.2 (p=1.107) 4,4 (p; =5.10°)
(C)  Small 4,2 (p;=107%) 4.4 (p; =5.10°) 4,7 (p;=1.10°)

When the main uncertainty comes from actions that have statistically independent
maxima in each year, the values of £ for a different reference period can be calculated using
the following expression

p,=1-(1-p,)"  and o(8,)=[®(-8)] (11)

where S, is the reliability index for a reference period of n years, £ is the reliability index for
one year.
Table 3 Indicative design working life by ENV 1990 [4]

Design Indicative design workin
working life : 9 9 Object
life Tq (years)
category
10 Temporary structures
5 10 10 25 Replaceable _structural parts, e.g. gantry
girders, bearings
3 1510 30 Agricultural and similar structures
4 50 Building structures and other common
structures

5 100 and more Monumental bglldmg structures, bridges,

and other civil engineering structures

3 Simulation methods for reliability analysis

In the case of simulation methods the failure probability is calculated from the
evaluation of the statistical parameters and theoretical model of the probability distribution of
the reliability function Z= g(X). The failure probability is defined as the best estimation on the
base of numerical simulations in the form [18]

P, =$ZI [9(x,)<0] (12)

where N in the number of simulations, g(.) is the failure function, I[.] is the function with value
1, if the condition in the square bracket is fulfilled, otherwise is equal to 0.

Variation of the failure function can be defined by Melchers [20] in the form
. 1 J1[&, [1 i
s> _(N_l){N[él [g(Xi)sOﬂ {Ng[g(xi)soﬂ (13)

The various forms of analyses (statistical analysis, sensitivity analysis, probabilistic
analysis) can be performed. Most of these methods are based on the integration of Monte
Carlo (MC) simulations. Three categories of methods have been presently realized:

< Direct methods (Importance Sampling - 1S, Adaptive Sampling - AS,
Direct Sampling - DS)

< Modified methods (Conditional, Latin Hypercube Sampling - LHS)

< Approximation methods  (Response Surface Method - RSM)

A) The direct Monte Carlo Simulation (MCS) method is based on generation of sets of
realizations of the random variables in the limit state function (with the assumed known
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probability distributions) and to record the number of times the resulting limit state function is
less than zero (i.e., failure). The estimate of the probability of failure (P;) then is simply the
number of failures divided by the total number of simulations (N). Clearly, the accuracy of
this estimate increases as N increases, and a larger number of simulations are required to
reliably estimate smaller failure probabilities. The generation of random variables is a
relatively simple task (provided the random variables may be assumed independent) and
requires only (1) that the relevant CDF is invertible (or in the case of normal and lognormal
variants, numerical approximations exist for the inverse CDF), and (2) that a uniform random
number generator is available. The generation of correlated varieties is not described here,
but information may be found in the literature [11, 18].

The accuracy of this method is depended on the number of the simulations and it is
defined by the variation coefficient

v, == (14)

Pr \/N_pf

where N is the number of simulations. When the target probability of failure is p; = 10, thus
the variation factor is equal to 10% for the number of simulations N=10°, what is acceptable.

The failure probability for the case of a single limit state function can be extended
directly to that for series and parallel systems. For example, the indicator function in
Equation (12) for series system becomes

n 1 if 1[.] is true
I (x)<0|= 15
[Qg'( ) } 0 otherwise (13)
The difference in the application of importance sampling technique in this case is that

the presence of numerous limit state functions complicates the choice of hx(x). A simple
solution is to consider a multimodal sampling function given by

hx(x):iwihm(x) where iwizl (16)

and hy(x) is the sampling distribution determined based on the i"" limit state function and w; is

the weight, which is inversely proportional to 3.
Advantages of the method:

< the final values of the reliability reserves can be continuously displayed in the form of
a histogram or cumulative function; the simulations are independent,
« the method is easily understandable and transparent,
« the method enables the estimation of the statistical discrepancy of the estimation on
a particular relevance level.
Drawbacks of the method:

« large number of simulations for small probability values,
e slow calculations of complex problems (for Finite Element Method models, the
calculations are expensive and ineffective).

B) The Modified LHS method is based on the simulations of the function g(X) so thus MC
method, but the definition domain of the distribution function @(X;) is divided to N intervals
with the identical probability 1/N. Characteristic values of the simulations as calculated
randomly on the base of the permutation integer number 1,2,...N. The reliability function g(X)
must be determined from the N simulation. The interval of the random simple is used one
time only.

LHS method is based on the range of N values for each from K input parameters X;, X,, Xs,
in the next steps :
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* Therange of each X is divided into N non-overlapping intervals of equal marginal
probability 1/N;

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

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

This method gives us the best estimation of the statistical parameters of the structure in the
comparison with MC method. The result of the LHS analysis is the parameter of the failure

function — mean value Z , standard deviation ¢,, skew coefficient a,, kurtosis coefficient e,
versus empirical cumulative distribution function.

C) Approximation methods - Response Surface Methods are based on the assumption that it
is possible to define the dependency between the variable input and the output data through
the approximation functions in the following form:

Y:co+§:cixi +ic“xf+§icuxixj (17)
i=1 i=1 i=1 j>i

where ¢, is the index of the constant member; c; are the indices of the linear member and c;;
the indices of the quadratic member, which are given for predetermined schemes for the
optimal distribution of the variables (Montgomery, Myers [18]) or for using regression
analysis after calculating the response (Neter [18]).

Approximate polynomial coefficients are given from the condition of the error
minimum, usually by the "Central Composite Design Sampling" (CCD) method or the "Box-
Behnken Matrix Sampling" (BBM) method.

X2 A
i - ‘
& - ‘ X1
................................. [ — S
C S e
~ D)
X3 .7
f 3
a) Central Composite Design Bbx-Behnken Matrix

Figure 2 Distribution schemes of stochastic numbers of RSM method for three input variables

Advantages of the method:

» considerably less number of simulations than with the straight Monte Carlo method,

e it is possible to define dependencies using the "design experiments" method or
regression analysis from the defined points in the case of improper approximation
functions,

» particular simulations are independent from each other — parallel calculations can be
used here.

Drawbacks of the method:
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» the number of simulations depends on the number of variable input parameters; in the
case of a large number of input parameters, the method is ineffective,

» the method is unsuitable in the case of discontinuous changes in the dependencies
between the input and output values (e.g., the method is not suitable for resolving the

stability of ideal elasto-plastic materials beyond the failure limit...).
Table 4 Summary of the stochastic numbers depending on the number of stochastic input variables

Central Composit Design Box-Behnken Design

Number of Number of | Number of | Number of | Number of | Number of
stochastic quadratic factorials f | stochastic quadratic stochastic
variables function coef. numbers |function coef.| numbers

1 3 N/A N/A - N/A

2 6 0 9 6 N/A

3 10 0 15 10 12

4 15 0 25 15 25

5 21 1 27 21 41

6 28 1 45 28 49

7 36 1 79 36 57

8 45 2 81 45 65

9 55 2 147 55 121

10 66 3 149 66 161

4  Probabilistic postpocessor in ANSYS program

For reliability analysis of the complicated structures the displacement-based FEM is
favorable to use with the one from defined simulation methods. In this work the licensed
program ANSYS [18] with probabilistic postprocessor was utilized for probability analysis of
the reliability of NPP structures for various action effects.

The ANSYS Program belongs among the complex programs for solving potential
problems. It contains a postprocessor, which enables the execution of the probabilistic
analysis of structures.

In Figure 3, the procedural diagram sequence is presented from the structure of the
model through the calculations, up to an evaluation of the probability of structural failure.

The postprocessor for the probabilistic design of structures enables the definition of
random variables using standard distribution functions (normal, lognormal, exponential, beta,
gamma, weibull, etc.), or externally (user-defined sampling) using other statistical programs
like AntHILL or FReET. The probabilistic calculation procedures are based on Monte Carlo
simulations (DS, LHS, user-defined sampling) and "Response Surface Analysis Methods
(RSM)" (CCD, BBM, user-defined sampling).

The statistical postprocessor compiles the results numerically and graphically in the
form of histograms and cumulative distributional functions. The sensibility postprocessor
processes the data numerically and graphically and provides information about the
sensitivity of the variables and about the correlation matrices.
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Figure 3 Procedural diagram of probabilistic ckltians using the ANSYS software system

5 Probability analysis of high rise building using ANSYS

In the case of the design of high rise buildings in active seismic areas and the
complicated geological conditions the uncertainties =
of the input data are very important from the point of T
view the optimal design of the structures [1, 2, 13,
14, 15 and 16]. The uncertainties of the variable
loads grow by addition with the number of the floors.
This efect has the importance role in the resistance
of the structural elements. The locality of the
Bratislava is well-known as the are with the
complicated hydrogeo-logical conditions and the
seismic risk level (acceleration design ag = K.a
=1,1.0,41= 0,451ms'2). One from the important
object is the building of the national slovak bank
(NBS). On example of the seismic resistance of the
national slovak bank building will be presented the
effect of the probabilistic analysis of the seismic  Figure 4 Calculation model of NBS
resistance.

The high rise building of NBS has 32 floors and the hight of 98,3m. The building is in the
form of the circle quarter in plane with the radius 41,5m. This building has the 3 underground
floors wihth the foundation level at -11,5 m. The structural walls are in the form of L in plane.
The systém is symetrically about the diagonal axis. The NBS structure consists two
conjugate reinforced concrete (RC) walls, RC ceiling without girder and the RC columns in
space. The building is based on the RC Foundation plate of thickness 2,3m. The calculation
FE model consists beam elements (BEAM44), shell elements (SHELL43) and solid elemnts
(SOLID45) — number of elements is 5580 and nodes 3464 (Fig.4).
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6 Loading and load combination

The loading and load combination in the case of the deterministic as well as the
probability calculation is different due to require-ments of Eurocode 1990 [4] and JCSS 2000
[8], too.

The seismic load was taken in accordance with ENV 1998 [5] as a design
acceleration response spectrum for B type of soil and design acceleration ag = 0,451ms™. In
the case of deterministic calculation and the ultimate limit state of the structure the load
combination is considered according to ENV 1990 as follows:

D1) Permanent and variable load state

Ed = yGG + yQQk + ywwowwk (18)

alternatively states are
Ey = VoG + VoloeQu + VilboW,  8IEDO By =& +1,Q, + Ko Wi

D2) Seismic design situation

B, =G +¢,,Qt Ay (19)

where Gy is the characteristic value of the permanent loads, Q- the characteristic value of
the variable loading, W, - characteristic value of wind load, Agq (=)4 Acx) - the design value of
the seismic loading, Aegx - the characteristic design value of the seismic loading, y —
importance factor (of the building structure), ) - parcialny sucinitel pre stale zatazenie, j —
partial factor of variable load, ¢.w (¢.0, ¢o) — combination factors ENV 1990 [4] (¢ko =
0,3).

In the case of probabilistic calculation and the ultimate limit state of the structure the
load combination we take following:

P1) Permanent and variable load state

E :G +Q +W = gvaer + qvaer +aner (20)

P2) Seismic design situation

E=G +Q + AE = gvaer + qvaer + avarAE,k (21)

where Qvar, Qvar, 8var are the variable parameters defined in the form of the histogram
calibrated to the load combination in compliance with Eurocode [4].

7 Uncertainties of input variables

The uncertainties of action effects and structural resistance were considered in
accordance of the Eurocode 1990 [4] and JCSS [8] using calibration methods to define the
variable parameters (see tab.4). A soil stiffness variability in the vertical direction is defined
by the characteristic stiffness value K, from the geological measurement and the variable
factor k,.o. The variability of the solil stiffness in plane is defined by variable rotation of soll
stifness in the form of the rotation Ku.va, Ky.va. The action effects are taken with
characteristic values Gy, Qx, Aepx, Wk and variable factors Quvar, Quar, @var and Wy,

The random distribution of the solil stiffness under foundation plate is approximated
with bilinear function on the slab plane in dependency on three parameters K, yar, Kexvar, Kyy.var

L

k(x,y) ={ kl-var"'zw Kyy vart 2( Y= ) kxx.va} ks, (22)
X y

170



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

where k., is characteristic value of soil stiffness, X,, Yy, are coordinates of foundation
structure gravity centre, L, and L, are the plane dimensions of the slabs in directions x and y.
The variability of input parameters are described in table 5 and 6.

The random distribution of the live load is approximated with bilinear function on the
slab plane in dependency on three parameters q,_var, g_var, gy,_var

X=X, Y-y,
q (Xa y) = {qz.var + Z(L—)qyy.var + 2qux.var} ’ (23)
« Ly
where qy is characteristic value of live load (gx = 1kN/m?), X, Y, are coordinates of building
slab gravity centre, L, and L, are the plane dimensions of the slabs in directions x and y.
Table 5 Probabilistic model of the input data

Soll Loads
Characteristics Stiffness PE:;:?- Variable Extrem
Displ. Z | Rot. X | Rot. Y Dead Live Wind Earthquake
Charact. value kz,k kxx,k kyy,k Gk le Wk AEd,.k
Variable factor Kz_var Ko var | Kyy_var J_var 0_var W_yar a_yvar

Histogram type | Normal | Normal | Normal | Normal | Beta(T.l) |Weibul (T.III)| Beta (T.I)

Mean value 1 1 1 1 0,57 0,37 0,67
Standard dev. | 0,200 0,033 0,033 | 0,033 0,28 0,18 0,142
Min. value 0,451 0,851 0,853 0,569 0,858 0,021 0,419
Max. value 1,490 1,163 1,135 1,385 1,127 1,335 1,032
Table 6 Probabilistic model of the input data
Continuous load Structural Model
Characteristics Load intensity uncertainties

Vertical Z Rot. X Rot. Y Modulus Action Resistance
Charact. value Ozk Ok Clyy Ex & &
Variable factor Ky var Kyx_var Kyy_var € var F var MU_yar
Histogram type Uniform Uniform | Uniform | LogNorm Normal Normal
Mean value 0,5 0 0 1,0 1 1
Standard dev. 0,29 0,580 0,580 0,120 0,100 0,100
Min. value 0,0 -1 -1 0,645 0,875 0,875
Max. value 1,0 1 1 1,293 1,135 1,135
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The spectrum response analysis was taken for the calculate the response from the
seismic excitation in the form of the acceleration design spectrum due to Eurocode
requirements of the high rise building.

The variability of the stiffness and damping characteristics of the building structure
and soil lead to variability of the modal characteristc of the systém. The modal analysis of
the systém show us that the dominant frequencies in direction X (or Y) are in the interval
from 0,50HZ to 0,78Hz. This interval has the partially influency to the intensity of the seizmic
excitation on the slope line of the acceleration design spectrum below 2Hz.

8 Sensitivity analysis

Sensitivity analysis of the influence of the variable input parameters to the systém
soil-structure interaction is based on the statistical dependence of the output parameters to
the input parameters. The matrix of correlation coeficients was calculated by Spearman. The
sensitivity of the interstorey drift and the shear resitance on the variability of the input data is
imagined on figures 4 and 5 for the model RSM2 a LHS2 in the case of the seismic
excitation. The variabilikty of the seimsic load is dominant. The influancy of the other
parameters is diferent for the probabilisit analysis RSM and LHS. In the case of the RSM
method the additional influency has the variability of stiffness (E,o;) and masses (Gyy) toO
maximum displacement. Otherwise the soil stiffness (K,var) is dominant in the method LHS.
Analogously the sensitivity of the sher resistance is diferent in RSM and LHS method.

Significamm Significamm
-2 — 2_BER . 2_BER

- | Insignificant: 7
XZ_RER 1 Insigrd ficamt:
UE_RR UE_VER
—_— _RR 1 _RR
VR E_RE
] TR_ER 1 TR_ER
cance lewe

2. Viyskous budous KBS * LC1S 2. Viyskous budous KBS * LC1S

L

Figure 4 The results of the sensitivity analysis of Dy and Vpax for model RSM2

i
|

W

2. mskonm budma HES F 015 2. ipskonm hodms KBS # LelS

Figure 5 The results of the sensitivity analysis of Dy.x and V.« for model LHS2

The sensitivity analysis gives the valuable information about the influence of
uncertainties of input variables (load, material, model and other) to engineer for optimal
design of the structures.
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1 Comparison of deterministic and probabilistic ana lyses

The deterministic calculation of the seismic resistance of the NBS high rise building
was realized on the three models with diferent soil stiffness (with ratio: 0,75/1/1,5). The
probabilistic analysis was considered for two methods RSM and LHS. The diferent number
of input data was taken in three calculation models - RSM1, LHS1 (5 var.v. - k;, Gy, Qk, A«

6, ), RSM2, LHS2 (8 var.v. - k;, ke, kyy, Gk, Qi Ay, &k, &) and RSM3, LHS3 (10 and 11

var.v. - K, K, Ky, Gk, Ax, Exs Oz Oucks Qyyk» 6k, &). The deviation of the response data and
the time calculation were considered depending on calulation methods and models.

The comparison of the deterministic and probabilistic analysis is summarized in tab.5.
The mean values of the interstorey drift from the probabilistic analysis are lower than the
mean values obtained from the deterministic analysis, but the maximum values of the
interstorey drift histogram are higher than the maximum values obtained from the
deterministic analysis. The kvantil values for 81% probability of noexcedanc
(median+sigma) of the interstorey drift are near to the maximum values obtained from the
deterministic analysis. The range of scatter of interstorey drift values is higher with the
number of the variable input data. The results from the RSM method with 81 and 149
simulations are near the results from the LHS method with 100 simulations. The RSM
method is more effective than LHS method from the point of view of the demands to the
computer memory and the calculation time (see tab.7).

Table 7 Comparison of the deterministic and probabilistic analysis

Extreme interstorey drift [mm] Number | Number of CPU
Model Min | Mean | Max | St.dev | of simple | simulations | [sec]
Deterministic analysis
MKP | 572 | 5713 | 574 | - | - | 3 | 147
Probabilistic analysis — RSM

RSM1 2,14 2,19 3,92 0,83 5 27 891

RSM2 1,79 3,99 7,28 0,86 8 81 2670

RSM3 1,79 4,08 7,46 0,88 10 149 4805
Probabilistic analysis — LHS

LHS1 2,90 4,40 7,01 0,89 5 100 3145

LHS2 2,80 4,32 6,89 0,88 8 100 4852

LHS3 2,50 4,08 6,38 0,86 11 100 4965
Probabilistic analysis — MC

MC2 | 272 | 421 | 621 | 090 | 8 | 100 | 2777

The performance and demands of the probabilistic methods are compared in tab.8.
From this comparison follows that the computer time grow rapidly with the number of input
data up 8 quantities in the case of RSM method. The computer time for LHS method is
higher in comparison with the MC method for the same number of the simulations. The
maximum diference between LHS and MC method is 2,5% in values of interstorey drift if the
number of simulation is the same. The value of the output quantity has changed about 15%
for LHS method and 11% for MC method if the number of simulation is increased four time
(see tab.8). The most effectiv probabilistic methods is RSM if the number of variable input
data is lower as 8 simple. The efectivness of the RSM method lies in analytical definition of
the histograms. If the inpud data are defined in the form of the discrete histograms from the
experimental test of the material and geometric characterstics of the structural element, than
the MC method is the most accurate method to verifiy the probability of structural failure.

Table 8 Comparison of the efficiency of deterministic and probabilistic methods

Extreme interstorey drift [mm] Number Number of CPU

Model Min | Mean | Max |St.dev of simple | simulations | [sec]
Deterministic analysis

MKP | 572 | 573 | 574 | - | - | 3 | 147
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Probabilistic analysis — RSM
RSM2 | 179 | 399 | 728 | 086 | 8 | 81 | 2670
Probabilistic analysis — LHS
LHS2a 2,80 4,32 6,89 0,88 8 100 4852
LHS2b 2,22 3,68 6,76 0,82 8 200 15243
LHS2c 2,00 3,68 5,43 0,80 8 400 30403
Probabilistic analysis — MC
MC2a 2,72 4,21 6,21 0,90 8 100 2777
MC2b 2,16 3,59 6,21 0,85 8 200 8741
MC2c 2,08 3,75 7,55 0,83 8 400 17567

The advantage of the simulation methods is that it give us the detailed infromations
about the sensitivity of the pursue output quantities in relation to the variability of input data.
The simulation of the structure behaviour depending on variability input data give to
engineers the posibility of the structural failure. According to these infomations it is posible to
established that the probabilistic analysis of the reliability and sensitivity of the structures
give us the better resource of the influnces of input data variability (action efect, impact of
environs, material and geometric characteristics and strucctural resistance) to the behaviour
of the structural elements.

9 Conlusion

This paper presented the methodology of the deterministic and probabilistic
assessment to control the reliability of the large structures using finite element method. The
advantages and drawbacks of various probabilistic methods to probabilistic analysis of the
large structures. This analysis was realized on the example of the high rise building of NBS
in Bratislava. The efectivity of the probabilistic methods MC, LHS and RSM in comparison
with the deterministic methods was considered on example of the sensitivity analysis of NBS
building. The sensitivity analysis of the uncertainties of the soil and structure properties and
action efects using program ANSYS was considered. The most effectiv probabilistic
methods is RSM if the number of variable input data is lower as 8 simple. The efectivness of
the RSM method lies in analytical definition of the histograms. If the input data are defined in
the form of the discrete histograms from the experimental test of the material and geometric
characterstics of the structural element, than the MC method is the most accurate method to
verifiy the probability of structural failure. The significance of the RSM method is well-known
in the publications in scientific journal in the world. Application of the RSM method is
determined by the analytical formulation of the histograms of the input data and the continual
load effect (it is not acceptable for not continuous and buckling problems). If the inpud data
are defined in the form of the discrete histograms, than the MC method is the most accurate
method to verifiy the probability of structural failure.
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CFD ANALYSIS OF COOLANT HOMOGENIZATION IN NUCLEAR R EACTOR VVER440

EMIL MOJTO”, VLADIMIR KUTIS", JURAJ PAULECH"

AFaculty of Electrical Engineering and Information Technology, STU Bratislava, llkoviova 3,
Bratislava 81219, Slovakia

Abstract: The paper is focused on CFD analysis of coolant homogenization in nuclear
reactor VVER 440. Investigation area start at cold inlets and finished at the entrance to fuel
assemblies. Difference of temperatures at inlet nozzles of the pressure vessel is considered.
Influence of these different temperatures is also evaluated in point of distribution of
temperature on output part of the model that is right before the entrance to the fuel
assemblies. In the model, there is considered also the flow in protectivde tubes for control
rods.

Keywords : CFD, ANSYS CFX, reactor, coolant, turbulent model

1 Introduction

During the phase of considering safety aspects of the nuclear power plant, one of the
fundamental criterions rests in determination of the thermal-hydraulic conditions in the active
zone of the nuclear reactor. In reactor VVER440, there are 6 inlet parts for cold coolant
water at the reactor pressure vessel. In nominal operation of reactor the difference between
temperatures of coolant at these inlet parts should occur and it could be caused by several
reasons. The most common reasons are: different length and segmentation of steam
pipings, shut down of the one of steam generators (SG), unequal area of heat transfer
surfaces of SG (Zdrazil, 1980).

The paper deals with the influence of coolant mixing and homogenizing in the mixing
part of reactor vessel in respect to the temperature difference at inlet parts of the reactor
vessel. The inlet nozzle of fuel assembly is set up as output region of the simulation model
(Kuti§, 2011). In CFD model, the flow in protectivde tubes for control rods is also considered.
Ratio of the homogenization process is evaluated at the inlet nozzles of the fuel assemblies.

2 Geometry model of reactor

To performed CFD simulation, the geometry of reactor had to be created. Because
only a part of the nuclear reactor VVER 440 is investigated by CFD, only three geometry
parts were created, namely pressure vessel, reactor shaft core barrel and bottom of reactor
shaft core barrel - see Image 1. In this Image, there is shown also the geometry model of
assembly of all three components. All these components were created with all geometry
details, but for CFD simulations, some of the details were simplified - e.g. in reactor shaft
core barrel there was simplified outer shape, where surveillance channels were removed.
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a b c d

Image 1 - Geometry of model: a)pressure vessel, b) reactor shaft core barrel c) bottom of reactor
shaft core barrel, d) assembly of components

3 CFD model and its discretization

After creating of geometry model of reactor negative geometry model, which
represents volume of coolant, had to be created. In our simulation we also considered the
flow in 37 protectivde tubes for control rods. The flow across 37 protectivde tubes can play
important role (White, 1999) in distribution of velocities as well as temperatures at the output
of our model that represents input nozzles of fuel assemblies. Volume of coolant was divided
in 7 smaller volumes (in Image 7 each volume has different color), that were meshed
separately.

Image 2 - Geometry model of the coolant with protectivde tubes

ANSYS specialized mesh tool ICEM CFD was used to create structured hexahedral
mesh also for complicated parts of the model, see Image 3. In common, hexahedral mesh in
comparison with tetrahedral mesh provides numerically more accurate results and the
number of elements is significantly smaller.
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Image 3 - Geometric model of the coolant

In Image 3 we can see the details of the discretized model. The total number of
elements is 51 737 086 and the number of nodes is 33 540 130. The only part which was not
meshed by ICEM CFD was elliptical bottom part that is very geometrically complicated. For
mesh of this part ANSYS Meshing was used and tetrahedral elements were created.
Individual mesh regions were connected in ANSYS CFX using GGI connections (ANSYS,
2011).

3.1 Boundary conditions and setup of analysis

The simulation was calculated as steady-state flow of coolant in ANSYS CFX
software. The temperatures at six inlet parts of the reactor pressure vessel were set
according to Table 1 and Image 4. Velocity of coolant was set to value 9.2 m/s for all six
inlets and this value was derived from total mass flow of coolant through the nuclear reactor
pressure vessel.

Material properties of coolant (water) were set according to material model in material
library IAPWS IF97. Based on our computational experiences in the previous model we
chose SST turbulent model (Wilcox, 1993) for all following simulations presented in this
paper. Boundary condition at the outlet region of the model was set as pressure condition
with constant value 12.2 MPa.
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Table 1 - Temperatures at inlet parts

Simulation | Temperature [°C] Inlet No.
267,14 1
1
268,73 2,3,4,5,6
267,14 2
2
268,73 1,3,4,56

Image 4 - Boundary condition in the model

4  The results of simulations

Image 5 compares results from both simulations (setup 1 is on the left and 2 on
the right side). These results show that cooler water set up on the inlet part No. 1 (“marginal
inlet”) mixes only partially with the rest of coolant, the stream is crowded out from its vertical
flow direction and the core temperature of the stream remains untouched.

180



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

Temperature

268.730 Temperature
268.616 268.730
+268.503 268.616

J 268.389 268.503

L 268.276 268.389
268.162 268.276
~268.049 268.162
267.935 268.049
267.821 267.935

~ 267.708 267.821
267.594 267.708
267.481 267.59
267.367 267.481
267.254 267.367
267.140 267.254
[C] 267.140

[C]

- i

5.000 (m)
il

[ 2500 5000 (m)

1250 3750

1.250 3.750

Image 5 - Mixing of coolant, front view

Setup No. 2 (cooler water on “central inlet”) shows that the influence of adjacent inlets is
accentuated, mixing of coolant is more intensive and the stream direction of the flow remains
vertical.

Temperature
268.730
268.616
268.503

©268.389
© 268.276
268.162

Temperature

268.049
267.935
267.821
267.708
267.594
267.481
267.367
267.254
267.140
[c1
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— ]

Image 6 - a) Temperature distribution, simulation No.1, b) Temperature distribution, simulation
No.2

Image 6a shows the distribution of the temperature and influenced region for simulation
No. 1 (top view). As was mentioned before, the stream of coolant is crowded out into the
“free” region near the inlet No. 6. Image 6b shows similar situation for simulation No. 2 but
cooler coolant remains in its vertical direction and the stream is significantly influenced by
adjacent inlets No. 1 and 3.
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Image 7 - Mixing of coolant, cross section views

Image 7 shows flow of coolant across the reactor pressure vessel in cross section
views, simulation No. 1 is on the left and simulation No. 2 on the right side. The model is cut
through centre of inlets with cooler water - black line in small pictures on top left. In Image 7
there can be seen larger inhomogeneity in process of coolant mixing.

5 Conclusion

The presented paper dealt with modelling of thermal-hydraulic conditions in the
nuclear reactor VVER-440 pressure vessel. Area of interest was the bottom part of reactor
vessel where the coolant from six inlets is mixing together. The goal was to investigate the
level of coolant temperature homogenization at the input nozzles of the fuel assemblies. Inlet
temperature and the generated power in the fuel assemblies influence the outer temperature
which is one of the limiting parameters in operation of the nuclear reactor. This is the reason
why it is necessary to determine temperature distribution in the individual fuel assembly input
nozzles.
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Abstract: The modeling and simulation of piezoelectric MEMS pressure sensor which is
AlGaN/GaN based circular high electron mobility transistor (C-HEMT) structure is presented
in the paper. The influence of the residual stress plays an important role in correct modeling
of MEMS piezoelectric pressure sensor. Residual stresses which were measured by micro-
Raman spectroscopy are included in the model using initial stress state of the membrane.
Two different geometries of MEMS piezoelectric pressure sensor are considered - circular
and ring. Piezoelectric analysis of the MEMS sensor is performed by FEM code ANSYS. 2D
simplified axisymmetric FEM model, which is very effective from computational time
viewpoint, is verified by full 3D FEM model. The influence of position of electrode is
investigated in verified 2D simplified axisymmetric FEM model.

Keywords : FEM analysis, piezoelectric analysis, MEMS pressure sensor, residual stress

1 Introduction

Micro-Electro-Mechanical Systems (MEMS) promises drive to the next technological
revolution. MEMS devices can quite replace bulky actuators and sensors with microscale
devices. Pressure sensor presented in this article is based on C-HEMT structure defined on
AlGaN/GaN heterostructure. It is well known that the 111-V nitrides (especially gallium nitride,
GaN) propose tremendous potential for microelectronic device application due to their high
mechanical and physical stability and high thermal stability (Strite, 1992). Also their excellent
piezoelectric properties can be used in pressure and strain sensor applications. Compared
with other commonly used piezoelectric materials, they have some important advantages
such as direct compatibility with high electron mobility transistors (HEMTSs), high
biocompatibility, possibility to be operated at high temperatures and harsh environments.
Piezoelectric polarization in the nitride layer can be changed by an external action and it
means the change in the density of the two dimensional electron gas (2DEG) located at the
AlGaN/GaN interface. As a result, the HEMT conductivity can be influenced by external
strain. Piezoelectric response of AlGaN/GaN devices integrated on membrane structures
also have been reported (Kang, 2004). Investigation of AlGaN/GaN-based circular HEMT
was first presented and these structures can be potentially applied in new devices for
dynamic pressure and stress sensing. The process technology and piezoelectric
performance analysis of C-HEMT devices were presented as well (Lalinsky, Drzik, 2011).

To design the piezoelectric pressure sensor with optimal properties, FEM analysis of
individual design proposal need to be investigated. The goal of the presented paper is to
performed piezoelectric analysis of membrane, which is initially stressed due to lattice
mismatch and thermal expansion coefficient (TEC) mismatch. The influence of electrode
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location is also investigated. Two different design of pressure sensor are presented, where
2D and also 3D FEM models are used.

2 Pressure sensor design

2.1 Circular and ring design of pressure sensor

Image 1 shows two different designs of presented MEMS piezoelectric pressure
sensor. In both designs the working layers AlGaN/GaN are placed on Si substrate and
between substrate and GaN layer is AIN layer used as a nucleation layer that helps reduce
the intrinsic stress of the structure. This AIN layer is not included in our FEM models
because it is very thin.

Image l1a and 1b represent circular and ring design, respectively. In both images
inner part of Si substrate is etching. Image shows also transistor electrodes — drain, gate and
source. Ohmic drain and source contacts were deposited by electron beam evaporation, lift-
off technique and rapid thermal annealing at high temperature and the Schottky gate
electrode was deposited by the same technique but annealing at lower temperature. Only
gate electrode is included in our 2D and 3D FEM models.

Circular

a) Drain ring Gate ring Source Gate ring Drain ring
el - =
AlGal
GaN
AIN
Si {} Si
substrate substrate
etching of Si
substrate
Circular
Drain ring Gate ring Source Gate ring Drain ring
el g =
b) AlGaN

GaN

AN

5 -1 5 o

etching of Si etching of Si
substrate substrate

Image 15 — Design of piezoelectric MEMS pressure sensor, a) circular design, b) ring design

Image 2 shows the photos of fabricated membrane structure: (a) circular electrodes
of HEMT can be seen on top surface of the membrane (blue color — membrane, lightest part
- electrode), (b) membrane is created by substrate etching from backside, (c) another type of
membrane — with central pillar.

Membrane /

Image 2 — Membrane structure: a) top side, b) backside of circular membrane, c) backside of ring
membrane

2.2 Residual stress in AlIGaN/GaN layers

The large lattice mismatch and the difference in thermal expansion coefficients
between GaN and substrate leads to the formation of cracks or stress generation (Liu,
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2002). The effect of the AIN buffers on the optical and crystal quality of GaN films and values
of intrinsic stress on Si (Wu, 2004) and stress on other substrates (Guziewicz, 2008,
Barghout, 2004) has been investigated.

To investigate residual stress in AlGaN/GaN layers micro-Raman spectroscopy has
been used. The residual biaxial stress was evaluated from the shift of GaN Raman peak by
back-side mapping (from the substrate side) (Lalinsky, Hudek, 2011). Image 3 shows
obtained measured tensile biaxial stress distribution in ring design on AlGaN/GaN layers. As
we can see from the image, the electrode metallization plays the role in residual stress
distribution. The tensile stress in AlGaN/GaN layers is between 280 to 300MPa. Biaxial
residual stress value 300MPa is taken as an initial stress state of the membrane in FEM
simulation. Effect of electrode metallization on stress distribution is not taken into account in
FEM model.

—O0— Back-side stress u-Raman measurement
Stress measurement data fitting

Tensile stress (MPa)

-— P -

1 sisubstrate Auring gate Si pillar

— 7T 7T T T
-40 0 40 80 120 160 200

P osition {um }

Image 3 — Distribution of the residual stress in membrane measured by p-Raman scattering technique
3 Piezoelectric analysis of pressure sensor

3.1 Simplified geometry models

Because residual stress in AlGaN/GaN layers is caused by two different physical
phenomena, namely lattice mismatch and TEC mismatch, it is inevitable to use measured
data to set initial stress conditions in FEM model. Measured residual stress represents initial
stress state in AlGaN/GaN layers and this fact is used in geometry simplification of models -
Si substrate can be avoided and the influence of substrate can be represented by boundary
conditions. Image 4 shows simplified geometry, where only piezoelectric layer AlGaN and
structural layer GaN is considered.

Geometry parameters of both designs are:

« outer radius: R,=240um

« inner radius (only ring design): R;=60um

« location of top electrode is defined by parameters Rg; and Rg»
« thickness of AlGaN layer: hagan=28nm

« thickness of GaN layer: hgan=1.9um

3.2 Material properties of pressure sensor
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Material properties, which have to be considered in piezoelectric analysis of pressure
sensor, belong to three categories: mechanical, electrical and piezoelectrical. Mechanical
properties have to be defined for both GaN and AlGaN layer, but electrical and
piezoelectrical properties have to be defined only for AlGaN layer. Both layers show
transversally isotropic behavior.

AlGaN
— GaN

R
; substrate ‘

Simplified
geometry !

L.v.s
L.v.s

electrode

Image 4 — Simplified circular and ring geometry of pressure sensor

Constitutive law for mechanical behavior (only GaN layer) can be written in matrix
form as

o=Ce¢ (2)

where ¢ is stress vector, € is strain vector and C is elasticity matrix and for
transversally isotropic material can have form

Gi G, G O 0 O
Gy G 0 0 0

= c; 0 0 O )
S ¢, 0 O
y Cu O
| m Ces

Constitutive law for piezoelectric behavior (only AlGaN layer) can be written in matrix
form as

o=CFe-eE

3)

D:e£+egE
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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. For polarization in z (number 3
in numerical labeling) direction, elasticity matrix C* has form (2), permitivity matrix €', has
form

en 0 O
e€=| 0 e, O (4)
0 0 ey

0 0 g
0 0 e,
o= 0 0 e )
0O 0 O
0O e O
l&s 0 0]

Mechanical properties of AlIGaN and GaN layers are summarized in Table 1 and
electric and piezoelectric properties of AlGaN are summarized in Table 2.

Table 3 Mechanical properties of GaN and AlGaN

Elasticity GaN AlGaN
constants [GPa]

C13 390 395
C12 145 146
Ci13 103 104
Cs3 405 386
Cug 105 110
Ces 123 125

Table 2 Electric and piezoelectric properties of AlGaN
Relative permitivity piezoelectric properties

[PC/um?]
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[-]

€p1:=8.9 e;3=-0.51

- e33=0.375

- e;s=0.67

3.3 Analysis of ring design

Ring design of piezoelectric pressure sensor was analyzed by FEM code ANSYS
(ANSYS, 2011) in order to determine optimal size of electrode. Because nonlinear analysis
had to be used, the computational time is very sensitive to the number of nodes of FEM
model. This was the reason why 2D analysis was chosen in the analysis, where the location
of electrode was changed. To verified 2D numerical model, 3D FEM model (with simplified
geometry) was also calculated. In 2D analysis, coupled field element PLANE223 and
structural element PLANE183 were used. 2D axisymmetric model contained 7224 elements.
Boundary conditions were set according Image 4, the tensile residual stress 300MPa was
set as initial stress state of the system and material properties were defined in accordance
with Chapter 3.2. In 3D analysis, residual stress, material properties as well as boundary
conditions were the same as in 2D analysis, only element types were changed, coupled
field element SOLID226 and structural element SOLID186 were used. Total number of 3D
elements was 12250. Both models were loaded by outer pressure 10kPa.

For verification calculation, location of top electrode was chosen as follows:
Reg:=70um and Rg»=230um. Obtained transversal deformations are shown in Image 5 and
maximal deflection and induced charge are summarized in Table 3.

deflection [um]

3D FEM model

0.03
2D FEM model

0.02

0.01

ohe R[um] — = —

: 00851 . 01702 13404
5 AT

100 150 200 L0042 L1278 cmizrs P pogras .03
Image 5 — Verification of 2D axisymmetric model of ring design - deflection of membrane

8295

Table 3 Comparison of 2D and 3D ring model results - deflection and induced charge

2D model 3D model
max. deflection [um] 0.038 0.038
induced charge [pC] |0.509 0.494

As we can see from Image 5 as well as from Table 3, obtained results for 2D FEM
and 3D FEM model are almost identical, the small difference in induced charge is caused
the fact, that in 2D analysis not full piezoelectric matrix (5) as well as elasticity matrix (2) are
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included in the computation. Based on the obtained results, we can claim that 2D FEM
model of piezoelectric pressure sensor is verified and we can use it in next computations.

Our next step was to determine the location and size of electrode, where the induced
charge is the largest in order to have the best sensor sensitivity. We chose the width of the
top electrode 5um (i.e. Re>-Rg1) and in sequence we changed the central radius of electrode
Re21=(Re2+Rg1)/2. Obtained dependence of induced charge on central radius of electrode
Re21 is shown on Image 6.

induced charge [pC]
0.15

0.10

0.05

0.00

—-0.05

R, .[pm]
100 150 200
Image 6 — Dependence of induced charge on central radius of electrode Rg,; for ring design, width of

electrode is 5um

As is shown in Image 6, the sign of induced charge is changed in dependence on
central radius of electrode. If the electrode cross the red lines in Image 6, the total charge
would be decreasing because the sign of charge. The optimal size and location of electrode
is determined by changing the sign of charge. As a result, the optimal location and size of
electrode for prescribed loading and boundary conditions are determined by red lines in
Image 6, i.e. Rg;=95um and Rg»=210um. For these parameters of top electrode, we obtained
total induced charge 0.794pC.

3.4 Analysis of circular design

In similar way, as was described above for ring design, we analyzed circular design
of piezoelectric pressure sensor. Material parameters are the same as in ring design,
boundary conditions were set according Image 4, residual stress was in the same level as in
ring design. The model was loaded by outer pressure 10kPa.

Verification comparison is performed on the same location of electrode as was used
for verification calculation in ring design. Maximal deflection and induced charge are
summarized in Table 4.

Table 4 Comparison of 2D and 3D circular model results - deflection and induced charge

2D model 3D model
max. deflection [um] 0.214 0.216
induced charge [pC] 0.565 0.543
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As we can see from Table 4, obtained results for 2D FEM and 3D FEM model are
almost identical and we can considered 2D FEM model of piezoelectric pressure sensor as
verified.

Similar to analysis of ring design, our goal was to set optimal location and size of the
top electrode. We used the same procedure with the same width of electrode (5um), but we
started from inner electrode radius Rg;=5um. Obtained dependence of induced charge on
central radius of electrode Rg,; is shown on Image 7.

induced charge [pC]
0.06
0.04
0.02
0.00
-0.02

-0.04

-0.06 R, [um]
50 100 200

0 150
Image 7 — Dependence of induced charge on central radius of electrode Rg»; for circular design, width
of electrode is 5um

As a result for analysis of circular design of pressure sensor, the optimal location and
size of electrode for prescribed loading and boundary conditions is determined by only one
red line in Image 7, i.e. Re,=202um. For these parameters of top electrode, we obtained total
induced charge 1.271pC.

4  Conclusion

The paper deals with piezoelectric MEMS pressure sensor, which is made as
membrane AlGaN/GaN C-HEMT structure with two different designs - circular and ring. The
focus has been put on FEM piezoelectric simulations, that was performed by code ANSYS.
2D and 3D models have been performed in order to verify simpler 2D FEM model loaded by
external pressure. Residual stress caused by large lattice mismatch and the difference in
thermal expansion coefficients has been included into the model by prescribing the initial
stress state of membrane. After verification of initially stressed 2D FEM piezoelectric model,
the model has been used to investigate the influence of location and size of electrode. For
both designs, optimum size and location of electrode has been derived. In our next research
all these calculations will be compared with measured data, which will be performed on both
designs.
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AERODYNAMIC CHARACTERISTICS OF A DOUBLE SKIN FACADE

MILAN PALKO

SLOVAK UNIVERSITY OF TECHNOLOGY IN BRATISLAVA, Faculty of Civil Engineering,

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

Keywords : double skin facade, aerodynamic blinds, aerodynamic resistance

1 Introduction

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

2 Material and methods

The calculation was performed as 2D task. The calculation domain is illustrated in
Image 1. The model consists of approximately 28 thousand nodes and 54 thousand
elements. The element FLUID 141 (Image 2) was used as the flow continuum model. That is
the plane three-node element. The model for incompressible fluid with the turbulent flow was
applied for the task. There are four discretion levels in each node: the velocity in direction
“x”, in direction “y”, the pressure and the temperature.
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Image 16 Schema for computer simulation with support CFD for velocity 1,5 m/s
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Image 17 The mash for the research region of inlet channel of double skin facade

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

194



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

physical properties of incompressible air. The network density has been done following the
iterative calculation and its right solution convergence (Image 1).

3 Results of velocity calculations in entry channel of double skin facade

The whole simulation of the entry channel of buffer zone of double transparent
facade has been carried out during 8500 iterative cycles, within which the total error
converged. The velocities of air movement in the entry channel are required for further
calculation of aerodynamic coefficient of local resistance. The choice of the measuring points
has been precisely made according to the experimental measurement (Image 3). The
accurate values in the individual points are presented in Table 1 and Image 4.
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Image 18 Arrangement of detecting element for scanning velocity of air flow
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Image 19 Velocity in point according to Fig. 3(m/s)

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

Table 4 Results of computer simulation on inlet channel of the intermediate space for velocity 1,5

m/s.
Measuring point 1.1 1.2 1.3 1.4 1.5 mean 1
Velocity (m/s) 0,4361 | 0,3098 0,2938 0,2632 | 0,2016 | 0,3009
Measuring point 2.1 2.2 2.3 24 2.5 mean 2
Velocity (m/s) 0,6165 | 0,6264 0,5803 0,4839 | 0,3930 |0,5383
Measuring point 3.1 3.2 3.3 3.4 3.5 mean 3
Velocity (m/s) 0,2104 | 0,6098 0,5679 0,4706 | 0,4729 | 0,4663
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4  Conclusion

Image 20 Velocity field of vectors for velocity 1,5 m/s
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Due to immense development of the computer programs and, dominantly, the
operative speed, it is possible to describe numerically the issue regarding the aerodynamics
of a buffer zone of a double skin facade. Comparing the results of the aerodynamic
coefficients of local resistance obtained from the experimental measurements and by the
computer simulation, it can be stated that they are approaching, for example:

Ez—experimem

=070

El—experiment -

=032a031 a

a El—simulation: 0’68

fz—simulation = 03 ]'a 03 l

Table 5 Aerodynamic coefficients of local resistance (A - On ventilation blind, B - On the net counter

to insects)
A B
Velocity v(m/s)
3 ¢
2 _\2 2 2 2 _\,2 2
= v, —V, ‘ V, -V, = V; —Vv; +EV
1 2 2 2 2~ 2
v, Vi, Vs
0,2 0,72 0,28 0,28
0,4 0,60 0,31 0,31
0,7 0,67 0,34 0,34
1,0 0,7 0,32 0,32
1,5 0,7 0,30 0,30
2,0 0,7 0,31 0,31
mean 0,68 0,31 0,31
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POSITION THE WINDOW IN THE WALL OF PASSIVE HOUSE

MILAN PALKO

SLOVAK UNIVERSITY OF TECHNOLOGY IN BRATISLAVA, Faculty of Civil Engineering,

Abstract: Windows are in terms of heat loss of the weakest element of the facade. The
thermal transmittance of the window is five to eight times worse than other parts of the heat
exchange surface of the building. In type buildings with the need to minimize heat loss is
necessary to optimize the window geometry, material and construction with regard to the
surrounding structures and environment.

Keywords : window, heat loss, passive house

1 Introduction

Window as transparent building element is a significant design and architecture,
resistance to forced entry, the effect of sun, heat, wind, cold, rain, or the ability to resist
mechanical loads, fire, acoustic and so on. Currently the window, as part of the heat-
exchange jacket design packaging important element of the energy concept of the building
(especially for passive house). When designing the location and size of glazed surfaces is
important to look beyond the avoidance of heat and solar gain. It would be misleading to
believe that the transparent parts of the building envelope interaction internal environment -
outdoor climate affects only the size of the glazed area. An important feature of quality
window is the correct solution of structural parts of the window and its incorporation into the
envelope.

Passive house is building, to ensure that thermal comfort does not need conventional
power supplying system. To achieve this, we must have this house heat energy demand
than conventional house reduced by 90%. This density heat demand (kWh / (m2.year)) is
the normal modern house about 100, in an old apartment building in an average of 200, low
energy house in under 50, in a passive house below 15 kWh/m2.rok. Specific heat demand
below 15 is an essential characteristic of the passive house and shows her calculation.

2 Material and methods
Thermal properties of windows are characterized by two variables. Heat transfer

coefficient (W / m2. K) and the inner surface temperature (° C). These values can be
obtained by measurement or calculation. Measurement of the window construction (frieze
frame and sash, glass system, glass-frame contact system) determine the declared value of
the coefficient of heat transfer around windows, the boundary conditions of the internal air
temperature, outside air temperature and relative humidity. For the measuring procedure is
EN ISO 12567-1 - Thermal performance of windows and doors. Determination of thermal
transmittance hot box method. By means of guarded hot box temperature creates a steady
state to be on the basis of equation (1) characterized by a transparent product specific
dimensions.
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U, :w (3)

U is the coefficient of heat transfer window (W / (m2. K)),
) is the heat flow through window (W),

A is the total window area (m2)

6,6, are the air temperature in indoor and outdoor (° C).

The new approach towards the quantification of thermal characteristics of opening
constructions used in European standards included in the Slovak technical standards system
(e.g. STN EN ISO 10077-1 Thermal characteristics of windows, doors and shutters.
Calculation of heat transfer coefficient) enable designers to show the value of heat transfer
coefficient for each window construction based on the values declared by an accredited
company using the following equation:

_UfAf +U9AJ +L|Jg|9

U, A A (4)
where:

U, heat transfer coefficient of window (W / (m2. K)),

U, heat transfer coefficient of frame and sash (W / (m2. K)),

U, heat transfer coefficient of glazing (W / (m?. K)),

Y linear loss coefficient (W / (m. K)),

«

perimeter of glazing in the wing (m)
opague parts of the area (m2)

glazed area (m2).

& P

For windows it is relevant what kind of thermal characteristics and geometry the material
used in joint glazing — casement has, as the joint influences the additional thermal flow,
which has significant impact on indoor surface temperature (condensation and mould is
possible), heat losses through window. Uy value (W/(m? . K)) is determined for a concrete
glazing system — without taking into consideration the edge influence (Ugnep<1,1
W/(m? . K)). Similarly, also the U; value (W/(m? . K)) is determined for frame without glazing.
Linear thermal transmittance g, (W/(m . K)) expresses the impact of joint glazing — casement
on frame thermal flow, that is the deformation of temperature field by additional thermal flow.
Ygis a function of the used glazing system, frame material and spacer system. It is
necessary to consider the linear thermal transmittance is not a material constant factor, but
is dependant on specification of joint frame — glazing. From the above stated it follows that
the frame as well as glazing systems have constant declared calculation values unlike
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"characteristics" of glazing edge. The same material of spacer will have different additional
thermal flow in wooden, PVC or aluminium frame depending on combination frame —
glazing, and, consequently, it will have an impact on U, value and, thus, also the energy
balance. Using the glazing with improved spacer system — warm edge opposite to aluminium
one, the effect of direct dependence of additional thermal flow formation is significantly
pressed decrease of Yy value. STN EN ISO 10077-2 Thermal performance of windows,
doors and shutters. Calculation of thermal transmittance. Part 2: Numerical method for
frames, describes the way of determination of linear thermal transmittance also in joint of
glazing as follows:

LPg - LiD —Ufbf —Ugbg (5)

where;:

b is linear thermal transmittance (W/(m.K)),

L2® s linear thermal coupling coefficient (W/(m.K)),
U.b, is thermal coupling of frame(W/(m.K))

U_b. s thermal coupling of glass (W/(m.K))

Good material characteristics of window frame and glazing system are not the only decisive
factors in energy balance. From the previous chapter it is obvious that other structural elements of
window construction in building envelope cannot be omitted. The following figures illustrate
examples of windows of good quality used in low-energy and passive buildings.

As already mentioned in properly designed passive house is necessary to place emphasis on
segmental parts (such as stocking location window in the outer wall). Cladding passive houses may
have variants (light wooden structure and thermal insulator, heavy and monolithic thermal
insulator). Of these variants also receives the correct type of window recess in the outer wall. In this
paper elaborates on the shoulder in a simplified box (homogenized) outer wall for two types of
frame friezes.

Geometry window is determined by five window locations in the outer wall in relation
interior and exterior. Models are two alternatives EUROPROFIL 78 mm and 92 mm (Image
1).
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Image 21 EUROPROFIL 78 mm and 92 mm
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Glazing has been used as thermal triple the same building and physical quantification of

both systems. Position of installation of the windows are shown in Image 2
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3 Results
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Image 22 Position of the window recess
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Image 23 The temperatures for the models' Euro 78 with a recess 78-1,78-2,78-3,78-4,78-5
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Image 24 The temperatures for the models' Euro 92 with age®2-1, 92-2, 92-3, 92-4, 92-5

4 Conclusion

Increased thermo-technical quantification fragment walls and window elements
eliminates the problems of surface temperatures. For this reason, is limited to a stocking
location in terms of minimizing heat loss. The most appropriate location of the installation of
windows in terms of minimizing losses is a model 78-3 and 92-3. Given the characteristics of
segments of the outer wall are very small differences, to be negligible. Can essentially rule
the argument that in a simplified homogeneous wall can be fitted with a window in terms of
heat loss in any place..
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WATER VAPOR IN THE FUNCTIONAL GAP OF WINDOW

MILAN PALKO

SLOVAK UNIVERSITY OF TECHNOLOGY IN BRATISLAVA, Faculty of Civil Engineering,

Abstract: The paper deals with thermal-moisture performance of a wooden window in
standard external and indoor climate conditions in a gap between casement and window
frame. Condensation or ice coating in the gap is the main problem of wooden windows.
Thus, destructive processes on the wood surface finish causing the moisture penetration into
the wood occur. The surface condensation is sufficiently covered by the requirements in
currently valid standards. The condensate generation in the gap is not described neither
limited by the standards nor regulations. The frequent problem occurrence in practice is to
be dealt with and solved. The experimental and computing investigation was carried out
using four types of MIRADOR 682, 682T, 783, 923 euro-profiles. For computing investigation
the ANSYS programme was applied.

Keywords : window, condensation, water vapor

1 Introduction

The problem of moisture transmission in gaps (leakages) in building envelopes is not
a newly discovered issue. The moisture penetration through leakages in building envelopes
has been investigated mainly in relation to slab blocks development. The leakages due to
imperfect structural design and materials applied in roof envelopes formed another area for
investigation. In our country, Mrlik (1986) has dealt with research and moisture transmission
in gaps of building envelopes Hauser (2005) dealt with the similar problem area: moisture
transmission through gaps, mainly for wooden houses in Germany (Hauser and Kempkes
2005). While solving these problems the window structures were at a relatively low
development level and had high leakage in terms of air infiltration and exfiltration. Due to
these window characteristics as well as low requirements in energy efficiency field the
relative humidity in buildings used to be approximately 30% (Chmurny 2003)). By improving
the thermal characteristics of building structures in relation to energy the relative air humidity
has increased up to 50%, which is also given in STN 73 0540:2002. Taking into
consideration the change of boundary conditions and characteristics of window structures
the problem of water vapour condensation in functional gap between casement and window
frame has occurred. Nowadays, Huber (2009) from IFT Rosenheim has been dealing with
the problem. He analyzed the effect of the type of seal in the case of condensation in the
functional joint (Huber 2009).

Thermal-moisture performance of a window in external and indoor climate conditions
is a subject of our investigation. Water vapour condensation on surface of window structure
is not desirable phenomena. The condensate generation in functional gap is not described
neither limited by the standards nor regulations. Seriousness of the problem varies
depending on the material base. Considering the wooden window structures the degradation
of surface finish occur and its thermal characteristics change.

Generally, there are five condensation types occurring in different intensities:
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- indoor glazing condensation,

- glazing joint condensation,

- functional gap condensation,

- external glazing condensation,

- supplementary elements condensation (shutters).

The moisture transport through gap between casement and window frame at
condensation temperature is the main cause of condensation of water vapour. The transport
causes:

- air pressure differences (taking water vapour),
- infiltration a exfiltration,

- diffusion of water vapour (different saturation of water vapour in exterior and indoor
air).

Infiltration and exfiltration are basically permeability of window structure towards
indoor or outdoor. The airflow through window structure is a function of pressure differences
and window structure design and its shoulder into building structure. The phenomena
causing the infiltration or exfiltration can be divided into the following groups:

- wind impact (building exterior aerodynamics),
- air temperature impact (due to gravity),

- forced ventilation (building services),

- combination of the above given phenomena.

Wind impact — if there is an obstacle on the airflow path, the airflow on windward is
stopped, on both sides is accelerated and there is turbulence on leeward. The pressure on
windward is, therefore, positive and on all other sides the pressure is negative (suction). The
building modifies the airflow in its environment not only due to its shape, but also by surface
structures, geometry of elements overhanging the facade as well as physical characteristics
of its envelope and partitions (air permeability). The infiltration or exfiltration occurs due to
inequality of pressure distribution on building envelope and building tightness (including
indoor partitions).

Air temperature impact — at different pressure due to various air temperatures the air
flows using the natural convection principle. The pressure difference values due to natural
convection of warm air are from 0 to 18 Pa, depending on the thermal difference and the
distance, on which the pressure difference occurs. The distance is the height between input
and output apertures. Considering a multi-floor building the principle is, to a large extent,
applied by staircase hall or elevator shaft. The case makes worse the air quality chiefly on
upper floors, where mainly the exfiltration occur. The polluted infiltrated air is coming from
lower floors.

Forced ventilation — building services (pipes and ducts) are applied at force
ventilation. Certainly, central air conditioning is not considered (air offtake and intake), but
only local venting of polluted or used air by forced ventilation (fan). The air is carried away,
for example, from bathrooms, toilets and kitchens. In such cases there is a vacuum at
exhaustion, which is compensated by infiltration through openings. The air intake for
combustion in fireplaces is the other partly similar way (if the air intake is not provided by a
pipe connected to the exterior).

Combination — all the above given reasons are relevant at infiltration or exfiltration
impact. The particular factors play different roles and they can be summed up or balanced
out.
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Condensation of water vapour — phenomena for balancing water vapour partial
pressure by interaction of molecules. The diffusing water vapours are moving from places
having higher pressure to places with lower pressure. The indoor water vapour partial
pressure (20°C and air humidity 50%) is calculated by:

__ PiPaeti _ 50.2337
Pai= "1 1w 11685 Pa ©)

where:
ba is indoor water vapour partial pressure in Pa,
;IS relative humidity of indoor air in %,
P=a:i IS Saturated water vapour partial pressure of indoor air in Pa.
The outdoor water vapour partial pressure ((-11°C and air humidity 83%) is

calculated as follows:

_ Yebaate 93237
Pda. = w1 196,7 Pa )

where;:

Pas IS outdoor water vapour partial pressure in Pa,
¢, Is relative humidity of outdoor air in %,
Pzat, » IS Sa@turated water vapour partial pressure of outdoor air in Pa.

It follows from the above given that the pressure difference between interior and exterior is
971,8 Pa. The warmer air can contain more water vapour as the cooler one, e.g. the air with
20 °C can contain up to 17,25 g/m2 of vapour, but the air with -11 °C can have only 1,96
g/m2 of moisture. Interactive accumulation of infiltration or exfiltration and diffusion of water
vapour leads to condensate or ice coating in winter period.

2 Material and methods
The experimental measurements were carried out in heat engineering laboratories at

the Faculty of Civil Engineering. Measurement models represent real window structures. The
big climatic chamber illustrated in Image 1 was used at measurements. The chamber A
represents exterior climate (outdoor temperature - 11°C, pressure difference between
exterior and interior from 0 to 2000 Pa, heat transfer coefficient 25 W/m?K, relative humidity
50%). The chamber B represents balancing chamber for HOT-BOX and simulate the indoor
climate (indoor temperature + 20°C, relative humidity 50%). The HOT-BOX is used for
measurement of heat transmission using measured element simulating the indoor conditions
(indoor temperature + 20°C, relative humidity 50%, heat transfer coefficient 7,7 W/m°K). Part
D is a masking panel, in which the measured window structure is imbedded. In case of our
measurement the HOT-BOX was not used as the conditions with infiltration or exfiltration
were to be investigated.
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Image 25 Scheme of laboratory equipment of big climatic chamber

Thermal and humidity parameters for ambient conditions are constant for all models.
The indoor air temperature is 20°C and the relative air humidity is 50 %. The outdoor air
temperature is -11°C and the relative air humidity is 83%. The pressure differences are 200,
100, 75, 50, 25, 10, 5, and 0 Pa for infiltration and the similar pressure differences are also
for exfiltration.

The measurements were performed on completed panel having real windows. Such
panel having four windows with dimensions 540x695 mm, is illustrated in Image 2. The
MIRADOR 682 with no external sealing is window No. 1, MIRADOR 682 with external
sealing is window No. MIRADOR 783 is window No. 3 and MIRADOR 923 is window No. 4.

209



20th ANSYS Conference and SVSFEM/CADFEM User's meeting 2012 SVSFEM s.r.o

1180
S0 540 540 50
3
8
=
:ﬂ_l'
8
R

Image 26 Geometric parameters of window set ups in masking panel

Measurement sensors are divided into two groups. The first group measures the
surface temperatures (PT 100). The second one measures the temperatures and relative air
humidity (SHT 75). The sensors distribution is presented in Image 3. For windows No. 1, 2,
3 the temperatures and relative air humidity are measured (SHT 75). For window No. 4 the
surface temperatures (PT 100), temperatures and relative air humidity are measured (SHT
75). In Image 3 for MIRADOR 923 profile the placement of SHT 75 sensors on the left side
and PT 100 on the right side are shown.

Computer simulation was carried out for MIRADOR 923 profile that is used mostly at
low-energy and passive building construction. The geometry of computer model is identical
with the measured window. Boundary conditions and material characteristics are also
compatible with the experimental model in such a way that the comparison can be done. For
the calculation the ANSYS programme was used. Geometry and netting of MIRADOR 923
window computer model is given in Image 4.
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Image 27 Geometric parameters of window profiles and placement of measurement sensors

Image 28 Geometry and netting of MIRADOR 923 window computer model
3 Results and discussion

The measurement and computer models results are classified into two groups. At
experimental measurements in big climatic chamber the occurrence and amount of water
vapour and ice coating condensate was found out after each completed measurement
phase. Their occurrence is illustrated in Image 5. The internal surface temperatures and air
temperature including relative air humidity in gap measurement points (see Image 3)
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belonged into the second valuation data group. The measured values are presented in
graphs on Image 7 and Image 8.

Considering the fact that it is not possible to distribute the sensors in ideal positions
in gap the computer model was established. The computer simulation results show more
detailed temperature distribution and enable more thorough investigation of condensation
possibility in required positions. The simulation results are shown in Image 6
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Image 29 Condensate and ice coating occurrence after exfiltration (200Pa) and infiltration
(200Pa)

Table 1 presents the comparison of the results gained from experimental measurement and
computer simulation. The surface temperature results in investigated gap in identical points
for simulation and experiment are evaluated. It can be seen from the numerical difference in
the last column that the values for both methods are comparable.

Table 2 gives the evaluation of water vapour condensation risk in the gaps and the
comparison with the real condition found out in the experimental measurement on
MIRADOR 923 window profile. The first column presents the pressure difference between
the interior and exterior with a note whether infiltration or exfiltration is considered. The
second column gives the cavity identification according to Image 3 as well as the number of
sensor measuring the temperature and relative air humidity in the gap between casement
and window frame. The third column defines the relative humidity value for the particular
cavity. For some points two different values are given: a maximum and a minimum value.

Table 6 Comparison of measured and calculated surface temperature values for MIRADOR
923

Identification

Measured values

(°C)

Simulation values

(°C)

Difference

(K)
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6s1 -10,67 -10,379 0,29
6s2 -2,69 -2,7371 0,05
6s3 2,27 2,0896 0,18
0s4 12,77 12,67 0,10
0s5 18,37 18,371 0,00
Bs6 -9,92 -9,9901 0,07
0s7 -4,39 -4,2127 0,18
6s8 7,05 6,6085 0,44
6s9 19,16 19,011 0,15
6510 -10,00 -10,083 0,08
6s11 -6,29 -5,8594 0,43
0s12 5,69 5,4255 0,26
6513 18,84 18,914 0,07
6s14 -10,06 -9,8648 0,20
0515 -5,89 -5,8935 0,00
6516 0,14 0,22193 0,08
0517 10,36 11,695 1,34
6518 17,03 17,305 0,28
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Image 30 Surface temperature fields and surface temperatures in investigated points (°C) of
MIRADOR 923 window (lower part)

Table 7 Assessment of possible condensation in gap for MIRADOR 923 profile

Pressure | Measurement ) 0 Bdp | Osminsim | Condensation | Condensation

difference point . . (°C) risk experiment
(%) (°C) (°C)

5 68,50 -2,28 -6,72 -7,95 yes yes

68,50 | -2,28 | -6,72

O Pa 6 58,70 | -6,50 | -12,52 | -10,20 yes yes
without 56,20 | -6,50 | -13,00
pressure
difference 7 48,80 | 13,18 2,65 0,34 yes yes

48,80 | 13,18 2,65

8 51,50 11,09 1,48 -0,72 yes yes

51,50 | 11,09 1,48

5 67,27 | -2,76 | -7,39 -7,95 yes no

65,24 | -2,76 | -7,75
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58,13 | -6,44 | -12,57 | -10,20 no no
100 Pa 55,40 | -6,44 | -13,10
infiltration 36,90 | 12,95 | -1,25 0,34 no no
3492 | 12,95 | -1,91
47,17 | 10,98 0,16 -0,72 yes no
46,11 | 10,98 | -0,13
77,19 -2,23 -5,29 -7,95 yes yes
77,19 | -2,23 | -5,29
61,73 -6,30 | -11,77 | -10,20 yes yes
100 Pa 58,71 | -6,30 | -12,33
exfiltration 51,94 | 13,16 | 3,52 0,34 yes yes
51,94 | 13,16 3,52
50,58 11,15 1,29 -0,72 yes yes
50,58 | 11,15 | 1,29
67,64 -2,92 -7,49 -7,95 yes no
67,64 | -2,92 | -7,49
59,13 -6,54 | -12,48 | -10,20 no no
75 Pa 56,38 -6,54 -13
infiltration 32,94 | 12,86 | -2,68 0,34 yes yes
30,92 | 12,86 | -3,43
50,00 10,96 0,95 -0,72 yes yes
50,00 | 10,96 0,95
75,80 -2,10 -5,37 -7,95 yes yes
75,80 | -2,10 | -5,37
60,67 | -6,40 | -12,06 | -10,20 no no
75 Pa 58,05 | -6,40 | -12,55
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exfiltration 7 51,51 | 13,14 3,38 0,34 yes yes

51,51 | 13,14 3,38

8 50,44 | 11,13 1,23 -0,72 yes yes

50,44 | 11,13 | 1,23

In the forth column the cavity air temperature, at which the relative air humidity is measured,
is given. The fifth column defines the dew point temperature for measured temperature and
relative air humidity for the cavities.The sixth column presents the lowest surface
temperature of wooden wing or frame reached in the cavity. Due to the fact that it was not
possible to use PT100 sensor at the position with the lowest possible assumed temperature
for measurement of surface temperature, the surface temperature was subtracted from the
computer model. The seventh column gives a verbal evaluation whether assumption for
water vapour condensation for given air temperature, relative air humidity and the lowest
surface temperature in a cavity is or is not fulfilled. In the last column in Table 2 the
information on the condensate formation in case of experimental measurement for the
cavities is given. The evaluations in the last two columns are mostly compatible. The
incompatible ones are marked in red. These cases can be explained by error of the
measurement and the mathematic modelling. In these cases the dew point temperature
values and the lowest surface temperatures are quantitatively very close to each other.

Course of surface temperature in time for the pressure difference Ap=0,200,-200,100,-100,-75,75 Pa, 923
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Image 31 Course of surface temperature in time for the pressure difference (MIRADOR
923)

Temperatures and relative humidity in time for theﬂpressure difference Ap=0,200,-200,100,-100,-75,75 Pa
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Image 32 Temperatures and relative humidity in time for the pressure difference
(MIRADOR 923)

4  Conclusion

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

The detailed computer simulation of the investigated problem is enormously
demanding and the further investigation is needed. Although the mathematic algorithms for
moisture transport are relatively well handled in ANSYS programme, it is not possible to
continue in simulation without knowing the characteristics of used sealing materials. In order
to succeed in this area it is inevitable to know the air permeability of sealing and window
structure connection, diffusion constant of sealing and window frame connection. The air
permeability has been already surveyed, but the diffusion constant of sealing for windows
has not been investigated so far. The thermal model, which was compared with the
experimental measurements in the previous chapter, has been authentically calibrated in the
ANSYS programme. The total temperature distribution on the window frame was obtained by
the simulation.

References
Chmarny I.: Thermal protection of buildings. Publishers Jaga group, v.o.s., Bratislava, 2003

Hauser, G. — Kempkes, Ch.: Der Einfluss von windinduzierten Druckschwankungen auf
das thermisch-hygrische Verhalten von durchstromten Leckagen. Kassel, 2005

217



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

Hens, H.: Building Physics — Heat, Air and Moisture. Fundamentals and Engineering
Methods with Examples and Exercises. Berlin:Ernst &Sohn A Wiley Company, 2007. ISBN
978-3-433-01841-5

Palko, M.,- Durinova, A.: Effect of airflow on the thermal-technical properties of building
envelope. In:  31. International Scientific Conference departments and institutes civil
engineering conference. Celadna, 2007

Palkova, A., Palko, M. Condensation of water vapor in the window structure In: Zbornik z
ANSYS konference 2010, Frymburk, 2010 , ISBN: 978-80-254-8388-6

Palkova,A., Palko,M.: Condensation of water vapor in the inner cavity window. In:
Proceedings of the Conference ANSYS 2009, Plzen 23.-25.9.2009,

ISBN:978-80-254-5437-4

Palkova, A., Palko, M., Puskar, A. Window and water vapor condensation. In: Proceedings
of the 5. international conference. Buildings and environment 2010. Brno, p.204-209, ISBN:
978-80-214-4155-2

Acknowledgement
The authors express their thanks to the project VEGA agency for financial support of the
project No. 1/0281/12

Contact address:

Ing.arch. Ing.Milan Palko, PhD.

SLOVAK UNIVERSITY OF TECHNOLOGY IN BRATISLAVA, Faculty of Civil Engineering,
Department of Building Structures, Radlinského 11 813 68 Bratislava, milan_palko@stuba.sk

218



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

NUMERICKY MODEL TESTOVAN{ FIXACE SEGMENTALNIHO DEFE KTU
PRASECIHO FEMURU S 4,5 MM LCP Z CP-Ti GRADE 4
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Abstract: Z in vivo studii fixaci femuru miniaturniho prasete, v jehoz diafyze byl vytvofen
segmentalni defekt, vyplyva, Ze je vhodnéjSi vyuzit pétidérovou 4,5mm LCP, nez
Sestidérovou 3,5mm LCP [1]. Ktomuto zjiSténi vedlo nékolik pfipadl selhani fixace.
Mechanické ovéreni ziskaného zavéru je velice asové a materialové naro¢né. Z uvedeného
byla celd problematika pfevedena do roviny numerického modelovani s vyuZzitim FEM a
systému ANSYS. Numerické ovéfeni umoZznilo sou¢asné se snizenim Casové narocnosti
odstranit i jeden z nedostatk( testovani, tj. moznost predefinovani pusobici sily. Pfi testovani
by kazda zména sméru plsobici sily vyzadovala vytvoreni nékolika vzork( kosti s defektem
stabilizovanych pomoci LCP, ale také vytvofeni nového upinaciho zafizeni. V pfipadé
pouziti numerickych model( toto odpada.

Keywords : fixace defektu, porucha implantatu, femur, LCP, FEA

1 Uvod

Pfedlohou pro vytvofeni vypoctového modelu fixace segmentalniho defektu femuru
byly realné vzorky pravych femurl miniaturnich prasat srovnatelného stari (8-10 mésicul)
pouzitych ve studii hojeni segmentélniho defektu levého femuru transplantaci MSCs (projekt
NPV Il 2B06130), a jednak trojrozmérné reforméaty konstrukce kost-implantat vytvorené
computerovou tomografii na Oddéleni zobrazovacich metod FVL VFU Brno. Femury byly
vypreparovany po lege artis eutanazii miniaturnich prasat. Kosti byly zbaveny okolnich
meékkych tkani a v jejich diafyze byl vytvofen segmentalni ostektomicky defekt, ktery byl
nasledné pfemostén pétidérovou titanovou 4,5 mm LCP, ktera byla fixovana pomoci &tyf
Sroubl (prostfedni dira nebyla vyplnéna Sroubem).

2 Vypo étovy model

Definice geometrii systému fixace segmentalniho defektu femuru 4,5 mm LCP byly
vyuZity vystupy dat z CT vySetfeni ve formé rastrovych objemovych dat, digitalnich obraz
tvofenych matici bodu [2]. Po provedeni segmentace, vektorizace a vyhlazeni tkani byl 3D
geometricky vektorovy model importovan do 3D CAD systému Rhinoceros, kde byl pomoci
NURBS ploch vytvofen uzavieny objemovy 3D geometricky model kosti, v€etné vnitfnich
anatomickych struktur femuru. Model byl doplnén o titanovou pétidérovou 4,5 mm LCP,
Srouby 05 mm a soustavu uchyceni kosti modelujici laboratorni experiment zatéZovani
femuru (Obr. 1). Fixace LCP byla provedena ve dvou proximalnich a distalnich otvorech
ploténky celkové 4 ks Sroubu. Stfedni otvor byl ponechan bez vyplnéni Sroubem. Pfi
modelovani NURBS ploch byl pouzit specialni plugin systému Rhinoceros T- Splines.
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Vytvoreni prostorovy geometricky CAD model (Obr. 2) byl importovan pomoci SAT
forméatu do vypodtového systému ANSYS. V tomto systému byla nasledné provedena
Uprava geometrie vCetné vytvorfeni konecnych objem( s vyuZitim v systému nabizenych
logickych operaci.

L
Obrazek 1 — Realny vzorek Obréazek 2 — 3D objemovy model systému fixace
systému fixace segmentalniho segmentalniho defektu femuru 4,5 mm LCP v CAD systému
defektu femuru 4,5 mm LCP (bez Rhinoceros; déleni femuru na kortikalnii (vnéjsi) a
soustavy uchyceni kosti s sponzidzni (vnitfni) tkan
duracrylem)

b) c) SOLID186

SOLID185

SOLID187
— duracryl PMMA

Obrazek 3 — Vypoctovy koneéné prvkovy model systému ve vypoctovém systému ANSYS;
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(), (b) ¢elni a bo&ni pohled, (c) axonometricky pohled na dolni ¢ast

S ohledem na obecnou geometrii analyzovaného systému byly pfi diskretizaci
problému, tedy vytvareni sité konecnych prvkd, pouzity pro vSechny €asti modelu kromé
soustavy uchyceni kosti kvadratické prostorové kone¢né prvky typu SOLID186 ve tvaru
Sestisténu a jejich redukovanych tvara (femur - kortikélni i spongiozni tkén, Srouby, PMMA) a
SOLID187 ve tvaru pyramid (titanova pétidérova 4,5 mm LCP).

Pro soustavu uchyceni kosti byly pouZity linearni prostorové konecné prvky typu
SOLID185. Pri vytvareni sité konecnych prvkd byla pouzita u objemiU s jednoduchou

geometrii metoda mapované sité (soustava uchyceni kosti), u obecnych objemu byla pouzita
metoda volné sité. Pohledy na vypoc¢tovy model jsou uvedeny na Obr. 3.

Tabulka 8 Typy pouzitych prvka.

SOLID185 SOLID186 SOLID187
SOLID185 sOLID187 SOLID186
3-D 8-Node Structural Solid 3-D 10-Node Tetrahedral Structural Solid 3-D 20-Node Structural Solid
8 nodes 3-D space 10 nodes 3-D space 20 nodes 3-D space
DOF: UX, UY, UZ DOF: UX, UY, UZ DOF: UX, UY, UZ
Q . 0

Ay

Analyza chovani systému tvofeného titanovou pétidérovou 4,5 mm LCP a Srouby,
byly zohlednény velké deformace, kdy byly podminky rovnovahy sestavovany na
deformované konstrukci. Pfi vypoctech bylo také uvazovano materialové nelinearni chovani
¢asti systému (Srouby, titanova pétidérova 4,5 mm LCP), kdy po dosaZeni hodnoty napéti na
mezi kluzu bylo uvaZzovano, Ze vznikaji nevratné plastické deformace materialu. Popis
nelinearniho chovani materidld vybranych &asti systému byl proveden pomoci vhodnych
materidlovych modeld, tj. podminky plasticity, zakona plastického pretvafeni a kritéria
zpevnéni.

Materialové chovani Sroubu, které jsou vyrobeny z materidlu Ti-6Al-7Nb a LCP
vyrobeného z materidlu CP-Ti grade 4 [3] bylo modelovdno pouZzitim bilinearniho
pruznoplastického materialového modelu s von Misesovou podminkou plasticity a
s izotropnim kritériem zpevnéni BISO (Obr. 4). K popisu pouZzitého materiadlového modelu
byly pouZity materialové charakteristiky uvedené v Tab. 2 prevzaté z [3] a [4], kde E je
pocate¢ni modul pruznosti, Ey modul pruznosti vétve zpevnéni, p Poissonudv soucinitel a oy
je mez kluzu. Modul pruznosti vétve zpevnéni byl uvazovan jako 1/20 pocate¢niho modulu
pruznosti (E4 = E/20).
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Obrazek 4 — Bilinearni pruznoplasticky materialovy model Sroubt (a) a LCP (b).

Materialové chovani ostatnich ¢asti vypoctového modelu (soustava uchyceni kosti,

duractyl PMMA, Kkortikalni

a spongiézni

tkan) bylo popsano pomoci

izotropniho

materidlového modelu 1SO, u kterého vznikaji pouze vratné pruzné deformace, a ktery byl
popsan pomoci pocate¢niho modulu pruznosti E a Poissonova soucinitele p (Tab. 2).

Tabulka 2 Materidlové charakteristiky pouzitych materialovych modeld.

Model E [MPa] En [MPa] o, [MPa] U [-]
soustava uchyceni kosti — S235 ISO 210 000 - - 0,30
duractyl PMMA - 1SO ISO 3000 - - 0,40
kortikalni tkan ISO 15 230 - - 0,30
spongiézni tkan ISO 225 - - 0,30
Srouby (Ti-6Al-7Nb) BISO 112 500 5625 800 0,35
LCP (CP-Ti grade 4) BISO 105 000 5250 480 0,37

Okrajové podminky vypoctového modelu (Obr. 5) byly na analyzovaném systému

vytvofeny tak, aby modelovaly okrajové podminky jako u redlné zatéZzové zkousky. Proto
byla analyzovana konstrukce na proximalnim a distalnim konci femuru opatfena bloky
duracrylu, polymethylmetakrylatu (PMMA) umoZnujicimi jeji upnuti do zkuSebniho stroje [5],
(Obr. 3). V dolni ¢asti soustavy uchyceni byla uvazovana cylindricka okrajova podminka,
umoznujici volné pootaceni okolo osy kruznicového oblouku. Okrajova podminka na horni
¢asti soustavy byla definovana tak, aby dochazelo pouze ke svislym posundm, tj. posundm
paralelné s osou kosti.
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Obrazek 5 — Okrajové podminky, smér plsobiciho zatizeni.

3 Postup vypo €tu

Vypoctovy model byl v rdmci provadénych analyz zatiZzen silovym zatizenim , tj.
osameéloou silou F plsobici na horni okraj soustavy uchyceni kosti. Smér puasobeni sily byl
uvazovan paralelni s osou kosti (Obr. 5). S ohledem na typ analyz, které byly geometricky a
materialové nelinearni, probihal vlastni vypocet pfirGstkové v iteraénim procesu. Velikost
aplikovaného zatiZzeni pusobiciho v ramci jednoho pfiristku (zatézovaciho kroku) byl po
pfedbéznych analyzach zvoleno o velikosti 30 N.

4 Vysledky

Vystupem FeSeni analyzovaného systému provedené vypoctovym systémem ANSYS
bylo obecné pole posunuti {u}, pole deformaci {€} a pole napéti {o}.

Pfi vyhodnoceni analyz byly sledovany pro porovnani vysledka ziskanych
mechanickym testovanim a numerickou analyzou pro cely systém pole posunuti ve vSech
smérech (UX, UY, UZ) i celkova vektorové sloZzena posunuti (USUM). Pro dokumentaci
vystupll je na Obr. 6 zobrazeno celkové vektorové posunuti USUM analyzovaného systému
pfi pusobeni zatizeni 1.05 kN. Na Obr. 7 je grafické vyjadfeni zavislosti svislého posunuti
horni ¢asti soustavy uchyceni (UZ) a svislého (LCP-UZ), pficného (LCP-UY) a podélného
posunuti (LCP-UX) 4,5 mm LCP na velikosti pasobiciho zatizeni v intervalu aplikovanych
prirastkd.
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Obrazek 6 — Celkové vektorové posunuti USUM [mm] (a) a ekvivalentni napéti SEQV [MPa]
pfi pusobeni zatizeni 1.05 kN.
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Obrazek 7 — Graf vyjadfujici zavislost svislého posunuti horni ¢asti soustavy uchyceni UZ a
podélného LCP-UX, pficéného LCP-UY a svislého LCP-UZ posunuti bodu A na 4,5 mm LCP v misté
volného otvoru na velikosti plsobiciho zatizeni v intervalu aplikovanych pfirtstka.

Pribéh postupného plastizovani 4,5 mm LCP byl sledovdn pomoci ekvivalentniho
von Misesovo napéti oeqy [MPa)]. Proces plastizovani prufezu byl téZ monitorovan pomoci
ekvivalentni von Misesovy plastické deformace g,

Pomoci matematického modelovani byla vytvofena studie pribéhu ekvivalentniho
von Misesova napéti ogqv Na 4,5 mm LCP. Ze studie bylo uréeno zatizeni, pfi kterem
dochazi ke vzniku nevratnych plastickych deformaci materialu. K nevratnym plastickym
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deformacim, resp. pfekroCeni napéti na mezi kluzu oy na 4,5 mm LCP, doslo pfi uvazovane
geometrii kosti v oblasti stfedniho otvoru 4,5 mm LCP, ktery nebyl vyplnén SSroubem pfi
pusobeni 12 pfirastka zatiZeni, tj. pfi pusobeni svislé sily o velikosti 360 N (Obr. 8). Po
prekro¢eni tého hodnoty zatizeni dochazi k postupnému plastizovani prifezu 4,5 mm LCP.
Z (Obr. 8) je patrné, Ze plastizovani priifezu probiha relativné soumérné na obé strany od
stfedniho otvoru.

IAC0COONEREANNN

Obréazek 8 — Ekvivalentni von Misesovo napéti ogqy [MPa] v 4,5 mm LCP
(plastizovani prazezu) pfi pusobeni zatizeni o velikosti 360 N (a), 480 N (b),
600 N (c), 720 N (d), 840 N (e) a 1200 N (f) zobrazené v intervalu 0 az 480 MPa. V oblastech
vyznacenych Sedé doslo k prekro¢eni napéti na mezi kluzu oy.

5 Zhodnoceni a diskuze

Nevyhodou mechanického testovani je &asova a materidlova narocnost. S
materidlovou néaro€nosti je soucCasné tésné spjata i narocnost financni. Na kaZdou
mechanickou zkouSku je tfeba pouZzit nové fixacni zafizeni, ale také novy vzorek kosti.
Kazdou zménu v nastaveni pusobici sily je z ddvodu prokazatelnosti nutné testovat na sadé
nékolika vtorkd.

Cilem predstaveného FeSeni je prezentace nahrazeni mechanickych testd
matematickym modelovanim. Nahrazeni machanického testovani neni zcela mozné, jelikoz
pro vystiznost matematického modelovani je nutné porvést kalibraci matamatického modelu
pomoci mechanickych testl s jednoznacné definovanymi okrajovymi podminkami a pusbici
zatizeni.

Na verifokovaném matematickém modelu Ize oproti mechanickému testovani
pomeérné snadnym zpusobem meénit vstupni parametry (geometrii, okrajové podminky, smeér
a velikost vyslednice pusobici sily atp.). Sou€asné lze oproti mechanickkému testovani
zkombinovat plsobeni puasobicich sil najednou, ke kterému in vivo dochéazi, avSak pfi
testovani realnych vzorkl tyto kombinace zatézovani jsou problematicky dosazitelné.

V prezentovany zpusob zatizeni slouzil pro kalibraci a Upravu matematického
modelu, ktery bude dale pouzit pfi analyzdch naméhani systému fixace segmentalniho
defektu femuru 4,5 mm LCP pfi postaveni femuru a jeho namahani, ke kterému in vivo
dochézi. Upraveny matematicky model je zobrazen na (Obr. 9).
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Obrazek 9 — Upraveny matematicky model uvaZzujici in vivo postaveni femuru a jeho
namahani.
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PARAMETRICKA STUDIE PR UBEHU RYCHLOSTI PROUDENI V PULTOVE
DVOUPLAS TOVE PROVETRAVANE STRESE NA VSTUPNI RYCHLOSTI

TOMAS BARTOS, JAN PENCIK
Vysoké uceni technické v Brné, Fakulta stavebni, Vevefi 331/95, 602 00 Brno

Abstract:  Studium proudéni a jeho modelovani je zaméfeno predevSim na navrh
dvouplastovych provétravanych stfech, které jsou v ¢eskych norméach doporu€ovany pro
budovy s vihkym provozem. Pro modelovani je vyuZzit program ANSYS [1], ktery vyuZiva
metodu CFD. Z&kladnim problémem navrhu provétrdvanych dvouplastovych stfech je
navrzeni optimalni tloustky vzduchové mezery. Z prvnich modelu bylo zjisténo, Zze minimalni
vySka pfivadéciho otvoru je 0,3 m, pfi mensi vySce proud vzduchu nepronikne do vzduchoveé
mezery, ale odrazi se od atiky a stoCi se nad stfechu. Ze studie vyplyva, Ze rychlost
proudéni v bodé uprostfed vzduchové mezery je v drtivé vétSiné mensi, nez v pfivadécich a
odvadécich otvorech. V tomto bodé také rychlost pomérné kolisa, oproti bodim v otvorech,
v nichZ je zavislost rychlosti proudéni na rychlosti vétru pomérné stabilngjsi, viz Graf.1.
Maximum rychlosti ve vzduchové mezefe nastava pro rychlost 14 m.s™, ato 12.75 m.s™.

Keywords : dvouplastové stiechy, metoda CFD, rychlost proudéni, vétrana mezera

1 Uvod

Studium proudéni a jeho modelovani je zaméfeno na néavrh dvouplaStovych
provétravanych stfech, které jsou v normach doporucovany pro budovy s vihkym provozem.
Pro modelovani je vyuZzit program ANSYS [1], ktery pro analyzu vyuziva metodu CFD.

Zakladnim problémem navrhu provétravanych dvouplastovych stfech je navrzeni
optimélni tloustky vzduchové mezery. Napfiklad v eské normé& CSN 73 1901:1999
.Navrhovani stech - Z&kladni ustanoveni" je uvedeno, Ze minimnigka wtrané
vzduchové vrstvy, gené pro odvod vodni pary difundujici doesini konstrukce, jerp
sklonu steSniho plagt do 5° (8.75%) minimath100 mm pro $echu s délkou do 10 m. Pro
odvod vody technologické a zabudované do konstijekoenimalni tlouska vrstvy 250 mm
pro st'echu do 10 m délky. Tytorqupoklady zahrnuji vliv tepelntechnickych vlastnosti
dolniho pla&, atiky a horniho plast stechy. Tudiz &trani probiha i za bezt i diky
kominovému efektu. Plochaiyadecich otvor: by n¥la odpovidat minimakh 1/400 plochy
strechy, odvaéci otvory pak o 10%&sSi.

2 Vypo étovy model

Pro studii zavislosti rychlosti proudéni vzduchu ve vzduchové mezefe dvouplastové
stfechy byla zvolena pultova stfecha; zkoumané body byly umistény do pfivadéciho otvoru
(bod A), do stfedu vzduchové mezery (bod B) a do odvadéciho otvoru (bod C, viz. Obr.2.).
Smér proudéni vzduchu probiha Y kladném sméru souradnicové
osy x, a nabyva hodnot 1 m.s* az 20 m.s™, tj. 3.6 km.h* az 72 km.h*. Vysledny model
pevné prekazky (tedy zkoumaného objektu) ma celkovou vySku 11.3 m a délku 16 m.

Okrajové podminky byly zvoleny tak, Ze na vstupni strané (inlet) m& vitr pocatec¢ni
rychlost 0 az 20 m.s®, na horni strané vypoétového modelu je nulova rychlost ve sméru
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souradnicové osy y, na vystupni strané (outlet) je nulovy tlak, a na spodni hrané a vSech
obvodovych liniich pfekazky jsou rychlosti V, a V, nulove.

K popisu proudéni je pouZzit standardni k-¢ model turbulence, pfi vypoctu byly
uvazovany materidlové charakteristiky vzduchu: hustota p=1,205 kg.m?, kinematicka
vazkost v=15.0-10° m?.s™.
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Obrazek 1 - Vypoctovy model a okrajové podminky
f ) 6500 }ﬂ
B
16020
(=} =]
3 kf/”—{ 2 a
R I 2y 2
S 7 ———
N ] - ;
/
\ g
A —
A 2 ¢ g C
S g
- B

Obrazek 2 - Umisténi bodd, ve kterych je zjiStovana rychlost proudéni vzduchu
3 Postup vypo €tu
Prvni studie, zjisténi minimalni tloustky vzduchové mezery, byla nejprve provedena

pro vy3ku pfivadéciho otvoru 200 mm, posléze pro 300 mm. Pro tuto studii byly zvoleny
rychlosti vzduchu 5, 10, 15, 20 m.s™.
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Druha parametricka studie - analyza metodou CFD byla provedena pro rychlosti 1 az
20 m.s™, vzdy s krokem 1 m.s™. Analyzy byly provedeny pro objekt s vyskou vétrané mezery
300 mm. Z kazdé jednotlivé analyzy byly uréeny a zaznamenany tfi hodnoty rychlosti (viz.
Tab.1.).

4  Vysledky

Po provedeni simulaci prabéhu proudéni byly zjiStény tfi hodnoty rychlosti ve
sledovanych  bodech (pevné  stanovenych  uzlech) pro kazdou  vstupni
rychlost 1 az 20 m.s™. V tabulce jsou barevné zvyraznény maximalni a minimalni hodnoty.
Na obrazcich 4 aZ 9 je porovnan pribéh rychlosti Vgm pro rychlosti V,= 5 a 17 m.s™. Tyto
rychlosti byly vybrany z divodu nazornosti polohy maxima Vgm.

AN
PLOT NO. 1

NCDAL SOLUTION
TEP=1
UB —1
o0l (BVG)

MK =10.6264

I e

I
0 2.36142 4.72284 7.08426 9.44568
1.18071 3.54213 5.90355 8.26497 10.6264

Obrazek 4 - Pribéh rychlosti Vg, pro vstupni rychlost V,= 5 m.s*

=

S

|

Obrazek 5 — Prabéh proudéni v misté pfivadéciho a odvadéciho otvoru
(pro vstupni rychlost V,= 5 m.s™)
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NODAL SOLUTION

STEP=3

SUB =1

VSUM (AVG)
RSYS=0

SMX =32.7004

7.26675 14.5335 21.8002 29.067
3.63337 10.2001 18.1669 25.4336 32.7004

Obrazek 6 — Priibéh rychlosti Vsum pro vstupni rychlost V,= 17 m.s™

'

Obrazek 7 - Priibéh proudéni v misté pfivadéciho a odvadéciho otvoru
(pro vstupni rychlost V,= 17 m.s™)

Obrazky 4 a 6 dokumentuji vliv vstupni rychlosti na rozloZeni pole rychlosti vzduchu
Vam. Z Obrazku 4 vyplyva, ze oblast s maximalni rychlosti se pohybuje nad okrajem horniho

plasté na strané privadéciho otvoru, pfi vysSich rychlostech se maximum pohybuje smérem
k odvadécimu otvoru (Obrazek 6).

5 Zhodnoceni

Z prvnich modell bylo zjisténo, Ze minimalni vySka pfivadéciho otvoru je 0,3 m, pfi
mensi vySce proud vzduchu zplsobeny vétrem nepronikne do vzduchové mezery, ale odrazi
se od atiky a stoCi se nad stfechu.

Ze studie vyplyva, Ze rychlost proudéni v bodé uprostfed vzduchové mezery je v
drtivé vétSiné mensi, nez v privadécich a odvadécich otvorech. V tomto bodé také rychlost
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pomeérné kolisa, oproti bodim v otvorech, v nichz je zavislost rychlosti proudéni na rychlosti
vétru pomérné stabilngjsi, viz Graf 1. Maximum rychlosti ve vzduchové mezefe nastava pro
rychlost 14 m.s™, ato 12,75 m.s™.

T

~FLOW TRACE
sTEP=1

_wsuH
sHK =11.2128

7.33243
3.66621 1. 3386

14,6643
18.3311

21.3373 29.3297
25.6635 32.9353

9.97312
8.72648 11.21%8

Obrazek 8 - Porovnani proudnic uvnitf vzduchové mezery pfi 5 m.s™ a 17 m.s™

Z analyzy vyplynuly tfi kombinace popsané v Tabulka 1 jako I, II, lll. Nejastéji se
vyskytujici je kombinace |, konkrétné v 15-ti pfipadech. V této kombinaci nabyva rychlost
maximalnich hodnot v odvadécim otvoru. Minimélni hodnoty rychlosti jsou pak v bodé
uprostfed dutiny. Ve tfech pfipadech (1) ma rychlost maximalni hodnoty v pfivadécim otvoru
a minimalni v mezefe. Pouze ve dvou pripadech (lll) je rychlost vzduchu v mezefe vétsi, nez
v pfivadécim otvoru.

Tabulka 1 Vysledky

rychlost V, [m.s™] rychlost Veum
privadéci otvor bod v mezefe odvadéci otvor
1 0,75317 |
’ 1,60415 I
3 4,60814 |
4 557763 |
5 6,66012 |
6 7,31886 |
7 8,65146 |
8 8,88524 |
10 7,08890 |
1 8,08725 |
12 8,50415 |
13 9,47239 |
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14 12,75146 1]
15 12,72782 1]
16 13,97538 |
17 13,22359 |
18 15,17159 |
19 14,83043 |
20 18,11052 1l

Graf 1 Vysledky
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THE NON-LINEAR STATIC ANALYSIS OF THE TEXTILE BAG

5 JIRI PODESVA, ZDENEK PORUBA, ONDREJ FRANTISEK
VSB - Technical University of Ostrava, 17. listopadu 15, 708 33 Ostrava, Czech Republic, e-
mail: jiri.podesva@vsb.cz

Abstract: The fabric material represents the anisotropic non-linear continuum. The
deformation under pressure is large and represents the geometric non-linearity - large
deflection. The subject of modeling is the stress state in the fabric membrane, deformation of
the planar continuum and the total volume of full bag. To build the correct finite element
model it is necessary to use the element coordinate system and define the different material
properties in both warp and weft direction. To solve non-linearity it is necessary to use the
iteration approach (Newton-Raphson). Finally the solution brings the specific problem - the
first iteration problem. In the initial geometry configuration the membrane has zero stiffness
and this does not allow to pass the first iteration step. The finite element model must be
modified in certain way.

Keywords : The textile material, iterative solution, large deflection, planar continuum

1 Introduction

The partial differential equations of the planar continuum (see fig. 1) under in-plane
tension and perpendicular pressure are:

2 2
u u
e AL AL @)
0x ay
where 1, and 1, are the in-plane tension forces in x and y direction, p is a
perpendicular pressure and u represents the displacement under pressure.

The fabric material has no bending stiffness. The resistance against deformation
results from the deformation, when the in-plane tension forces have the perpendicular
component (see fig. 1).
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Fig. 1 — The planar continuum under 2 axis in-plane tension and perpendicular pressure

After deformation the tension forces 1, and 1, are not really perpendicular to the
pressure. The component of the tension forces, perpendicular to the x-y plane, is in
equilibrium with pressure p. This gives the mathematical description in the form of partial
differential equation (1).

If the tension forces 1, and 1, in the x and y direction are equal (1 = 1, = 1), then the
equation (1) is simplified to :
2 2
0 u+6 u —)\—Bz pressure

X ay? T  tension

)

where the relative loading A represents the ratio between pressure and tension. The
solution of the equation (1) or (2) then depends on the area Q, on which it is solved. In
technical application the area Q means the hole covered by the fabric (see fig. 2). The zero
displacement on the hole edges are the boundary conditions.

N i P e
‘e:‘a‘\'g%%?f&e.
P e

Fig. 2 — The planar continuum, discretized to the finite element mesh

For the circular area Q of the radius R the solution of (2) is :

u=10fx® +y? -R?) 3
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Fig. 3 — The planar continuum, the displacement solution

The results of the computer modeling (see fig. 2 and fig. 3) can be compared with the

exact solution (3).

2 The Material Model

The fabric material represents the anisotropic material (Peng), characterized as the
structure of perpendicular threads (see fig. 4). The threads in the direction of the long stripe
of fabric are called warp, while these perpendicular to the warp threads are weft threads.

The material stiffness was measured in both warp and weft direction.

The behavior under loading is not linear, but not strongly. The tension-deformation
curve was linearized (see fig. 4) and the Young modulus E, and E, for both directions was

determined.
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Fig. 4 — The stripe of fabric, the warp-weft structure, the tension test record
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the non-linear case
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Fig. 5 — The stiffness results from deformation. The non-linear load - deflection behavior
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3 The Large Deformation Approach

As written in the Introduction the resistance against pressure, the stiffness, as the
ratio between loading and deformation, depends on the deformed shape. This is the typical
example of so called “geometric non-linearity” (see fig. 5) (Crisfield).

The resistance against loading is given by the component of the in-plane tension in
the direction of pressure.

The commercial software has the tools for the iterative solution of non-linear
problems. The common approach is the Newton-Raphson method (see fig. 5). The idea is to
solve the non-linear task in subsequent iterations during which the stiffness matrix is re-
calculated in every solution step.

But in the solution process to solve the first iteration becomes to be a problem. The
described procedure fails in the case of planar membrane. If the area is initially flat, then the
structure has zero stiffness in the first iteration and no first approximation can be found. The
additional stiffness can be added to every node of the structure just to solve the first solution
step. In that case the first iteration solution is found, what is the gate for subsequent solution.
Depending on the value of the additional stiffness the first approximation can be near to or
far from the final deformed shape. In subsequent solution steps this additional stiffness is not
taken in account and correct final deformed shape is found.

Once, when even the first approximation of the deformed shape is found, the
subsequent solution can be performed using standard non-linear algorithms.

tension l l l l l tension

the flat membrane with additional stiffness
Fig. 6 — The additional stiffness for the first step

The additional stiffness can be realized through real spring elements (see fig. 6). The
specific feature of the shell63 element type can be used. The element has the system switch
to have or not to have bending stiffness. This switch can be turned on in first solution step
and switched off in subsequent.

4 The Application

The textile material is used for flat bag (see fig. 7). The bag contains either bulk
material (such as sand) or typically liquid. Under internal pressure the bag sides are
deformed. For the bag design both deformation and stress state are important. It can be the
subject of the computer modeling, using finite element method. The results of such modeling
are deformation and stress state and, for instance, the final volume of the bag - the storage
capacity.

The above described methodology was used to investigate the deformation and
planar stress state of the real fabric bag. The bag is exposed to the internal hydrostatic
pressure due to the weight of the enclosed liquid.

To create the finite element model the membrane triangular elements were used for
the bag walls(Bijian, Eischen).
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Fig. . —he flat fabric bag

The walls of the bag are exposed to the internal pressure, which increases
downward. In case of flat bag it is rather complicated to define the pressure. The two
horizontal walls are initially planar, on the same height, so it has the same pressure across
the whole area. In the process of deformation the initially flat walls are warped, the bag
begins to have the 3D shape and the pressure varies across the wall (see fig. 8, 9).

Fig. 8 — The flat fabric bag, the pressure, increasing downward

The pressure than must be redefined in each iteration cycle to be higher on element
moving down and to be lower on elements moving up (see fig. 8, 9).

the lower pressure on the top fabric wall the higher pressure on the bottom fabric wall

Fig. 9 — The pressure distribution across the top and bottom bag wall

Fig. 10 — The flat bag deformation, the warp threads tension stress
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the top wall the bottom wall the resulting volume

"o TN -

Fig. 11 — The volume calculation

The results of the solution are the deformation of the bag and the stress state (see
fig. 10). To calculate the bag volume, the vertical displacement of each node must be taken
into account. The total volume is calculated as the difference between height of upper wall
and lower wall (see fig. 11).

1 Conclusion

The modeling of the fabric bags, the deformation and the stress state, is the case of
the finite element method modeling. We use the generally defined element types, such as
the shell element (the membrane element) and spring element.

The modeling brings the problems. Some of them (the geometric non-linearity) can
be solved using the routines, built in the software (Newton-Raphson method). But some of
them (the first step problem) are specific and the software has not the built in tools. To solve
this the specific methodology was developed.

Also the post-processing has some specific features, we mean the volume
calculation. To solve this the deep insight into the software is necessary and the special
macros have to be developed.
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MODELOVANIE KONTAKTU PILOTA — ZEMNY MASIV.
PREKOP LUBOMIR

Stavebna fakulta STU, Katedra stavebnej mechaniky

Abstract: The paper deals with an analysis of the pile subjected to the bending and its
synergy with the surrounding natural massif. The greatest emphasis is devoted to the
modeling of the contact on a pile and soil. Finally some achieved results and their comparing
with an analytic solution as well are presented in graphic form.

Keywords : pile, the interaction with the surrounding, modeling of a contact

1 Uvod

Pilotovy zaklad patri medzi najrozsirenejSie hibkové zakladania. V porovnani
s ploSnym zékladom sa zniZuje hmotnost zakladu, rozsah vykopu, vyluCuje sa debnenie
a velky spatny zasyp.

Betdnové piloty sa vyhotovujua z prostého beténu alebo Zelezobetonu. Tvar piloty
byva najCastejSie kruhovy, Stvorcovy alebo mnohouholnikovy. Rozmery pilot sa liSia podfa
pouZzitej technoldgie a su v rozsahu od 0,3 m do 2,0 m. Druhov pilot je velké mnoZstvo. Vo
vSeobecnosti m6Zzeme rozdelit’ piloty podfa réznych kritérii, univerzalne piloty pre vsetky
mozné pripady neexistuja.

2 Zelezobet6nové piloty

Pre vystuZovanie pilot je d6lezité ich spravne pddorysné rozmiestnenie v pilotovom zaklade.
Piloty sa rozmiestnia tak, aby zataZenie pilotového zakladu bolo ¢o najblizSie dostrednému
zataZeniu. Do betdnového prierezu sa podla sp6sobu naméhania navrhne nosna vystuz. Pri
navrhu vystuze je potrebné zvazit aj Stadud, ktoré vznikna po€as vyroby pilot a ich dopravy
na miesto pouZzitia.

Rozmiestnenie vystuZe piloty v prienom reze je v zasade symetrické. PozdiZzna vystuZ sa
umiestriuje v rohoch piloty alebo pri kruhovom pddoryse rovnomerne po obvode a voli sa s
priemerom 0 = 18 - 32 mm. V pripade potreby sa dopifa medzilahlo umiestnenou vystuzou
s priemerom O = 14 - 22 mm. Krytie vystuzZe je asporfi 35 mm, v pripade pilot vhananych cez
zeminy s agresivnou vodou sa krytie vystuze zvySuje na 50 az 80 mm. Vystuz v Spici piloty
sa dopifia konstrukénou vystuzou. Rovnako pod hlavou piloty sa vystuZ upravuje kvoli
zvacSeniu tuhosti piloty pri baraneni.

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

Monolitické piloty sa vystuZuju pomocou vystuznych koSov, ktoré sa spustaju do vyrobeného
otvoru. K65 musi byt upraveny tak, aby sa do otvoru mohla spustit beténovacia rura.
Vystuzné koSe sa stykuju presahom.
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3 Model konStrukcie

RieSend bola pilota dizky 1=8,0m kruhového prieéneho rezu s priemerom
0 =0,42 m. Pilota bola vyrobena z materialu, ktorého vlastnosti charakterizuje Yougov
modul pruznosti Ep = 2,1.107 kPa. PodloZie predstavuje méalo unosné prostredie s modulom
pruznosti Ep = 1000 kPa. Poissonovo ¢islo pre zeminu malo hodnotu p = 0,35. Pre vypocet
boli pouZzité dva zataZzovacie stavy: v prvom pripade je pilota v hlave zataZzend vodorovne
posobiacou silou Fx =100 kN, v druhom pripade je pilota v hlave zatazena momentom
My = 100 KNm.

ELEMENTS
TYPE NUM

Obrazok 1 — Model konstrukcie

Vo vypocéte boli pouZité rézne spdsoby podopretia péty piloty: volny koniec, kibové
podopretie a votknutie.

Model konstrukcie bol vytvoreny ako priestorovy. Pilota bola modelovand pomocou prvkov
SOLID65 a okolity zemny masiv prvkami SOLID45. Z hladiska kontaktu boli vytvorené
3 rozne modely:

Tabulka 1 — Popis modelov konStrukcie

Model konstr. Typ kontaktu Kontaktné prvky

A bez kontaktu -

B bod — bod CONTAC52

C plocha — plocha TARGE170
CONTA173

Na nasledujucich obrazkoch su pre ilustraciu uvedené vysledky priehybov a napati

pre model C, zataZenie vodorovnou silou v hlave piloty a volny koniec paty piloty.
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NODAL SOLUTION ELEMENT SOLUTION
SUB =1 SUB =1
TIME=1 TIME=1

(AVG) SZ (NOAVG)
RSYS=0 RSYS=0
DMX =.063868 DMX =.063868
SMN =-.012088 SMN =-13246
SMX =.063657 SMX =13306

-.012088 L004744 021577 1038405 055241 -13246 71346 -1445 4485 10356
-.003672 .013161 .025933 .046825 .063657 -1029¢6 -4395 1 7406 13306
Obrazok 2 — Priebeh priehybov a napati pri zataZzeni vodorovnou silou

NODAL SOLUTION ELEMENT SOLUTION
STEP=1 STEP=1
SUB =1 SUB =1
TIME=1 TIME=1
ux (BVG) SZ (NOAVG)
RSYS=0 RSYS=0

DMX =.011383
SMN =-.002572

DMX =.011383

SMN =-30005
SMX =.011272 SMX =13665
-.002572 .5048-03 003581 006657 009734 -30005 =20301, -10596 Z851.516
-.001034 .002043 005119 .008196 011272 -25153 -15449 -5744 3960 13665

Obrazok 3 — Priebeh priehybov a napéti pri zatazeni momentom

Vysledky rieSenia jednotlivych zatazovacich stavov, réznych spdsobov podopretia
aréznych modelov kontaktu su prezentované v nasledujuacich grafoch. V pripadoch, ked
bolo k dispozicii analytické rieSenie ulohy, je toto uvedené v grafickych priebehoch priehybov
a ohybovych momentov po vyske piloty.
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ostatné dva pripady podpretia paty piloty je zrejmé, Ze rieSenie pomocou modelovania
kontaktu dosahuje oproti modelu bez kontaktu vacSie hodnoty. Pre pripad zataZenie
momentom prakticky nie su rozdiely v priehyboch pre modely kontaktu.
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A STUDY OF THE CENTRIFUGAL COMPRESSOR DISCHARGE PIP ELINE
CONSTRAINED OSCILLATION

KIRILL SOLODYANKIN*, JIRi BEHAL
CKD KOMPRESORY, a.s.

Abstract: The paper presents a solution of a pipeline constrained oscillation that appeared
on a natural gas compression plant. The station operator complained about a problem after
installation of new higher efficiency impellers. Series of pipeline modifications were
suggested for the problem solution. The structural modifications were simulated by the Finite
Elements Method in ANSYS Workbench v.13.0. The numerical calculation results were
compared to the each single modification and were verified by experimental measurements
of the discharge pipeline shell oscillation.

Keywords : oscillation, pulsation, discharge pipeline, blade pass frequency, harmonic
analysis

1 Introduction

Vibration of the mechanical systems is a well-known technical term and a widely
analyzed phenomenon. Vibration problems appear in the whole range of machines with
reciprocating and rotation parts movement. In addition, the mechanical vibration problem can
be observed in machines which are exposed to external or internal excitation pulses.
Coherent process technology influencing can be a good example of an external excitation
force. The forces from unbalanced rotor parts, flowing medium turbulence or operating
environment pulsation are typical internal excitation forces.

Mechanical vibrations are common for compressor machinery applications. In certain
circumstances vibration complicates a safe operation. An agreement between the natural
frequency of the system and an excitation frequency can lead to a resonance state of a
mechanical system and cause an incident or failure.

CKD Kompresory, a.s. is a traditional manufacturer of industrial compressors of both
turbo- and reciprocating design. Three centrifugal compressors were renovated on a natural
gas compression plant in 2011. Retrofit mainly covered modernization of the stator inserts
and impellers with higher nominal parameters. Increased vibration of a discharge piping was
reported after the first compressor proof test. Moreover, break-downs of measurement
sensors, like temperature and pressure gages, were detected after the next short-time
operating. Although compressor pipelines are commonly designed for particular compressor
machines and not vice versa, compressor manufacturer offered a qualified technical
assistance in vibration eliminating solution.
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2 Vibration operating measurements
2.1 Technical parameters of the structure

With regard to the subject of retrofit, it is supposed, that higher discharge pressure
pulsation can cause higher pipeline vibration. Moreover, the phenomenon of the system
resonance state must be taken into account.

Compressor discharge pipeline design has following parameters:

- outer diameter 1020 mm,

- wall thickness 22 mm,

- pipeline material L41508B steel.
Centrifugal compressor has following nominal parameters:

- hominal rotation speed 3600 rpm,

- number of impeller vanes 14 pcs,

- pressure on the suction 4,85 MPa,

- pressure on the discharge 7,45 MPa,

- temperature on the suction 23°C

- temperature on the discharge 60 °C

The centrifugal compressor is driven by a synchronous electric motor with variable
speed range between 2700 rpm and 3900 rpm.

2.2 Operating measurements

Two peak frequencies of the compressor discharge pipeline shell were identified
experimentally after vibration operating measurements were provided by an external
company. The first pulsation peak is located near the frequency 1640 Hz. The second one is
located near the frequency 2450 Hz. The amplitude-frequency response of the
measurements is shown in the Diagram 1. These peak frequencies are located almost
exactly in 2x and 3x blade pass frequency. The blade pass frequency (BPF) equals the
product of the running rotor speed and the number of impeller vanes. This confirms the
suspicion about compressor discharging pipeline shell resonance state. In other words, a
clear system constrained oscillation phenomenon appears.
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1 500 1000 1500 2000 2500 200
Frequency [Hz]

Diagram 1 - The amplitude-frequency measurement response

3 Numerical simulation of current discharge pipelin e
3.1 Model for modal and harmonic analysis

Numerical simulation was done in several steps. First of all, it was necessary to
confirm the peak pulsation frequency values and compressor discharge pipeline resonance
state. Geometric model of the compressor set was simulated for the numerical calculations.
Model consisted of compressor casing part and discharge pipeline part. Compressor casing
part was derived from inner surface of the casing. The discharge pipeline was defined from
compressor discharge branch to the second ell included. The model is in Image 33.

Geometry

0.000 1.000 2.000 (m) Y

0.500 1.500
Image 33 — Geometric model for analysis

Mathematical model for modal and harmonic analysis was modelled by SHELL181
element type [1] in this step of simulation. Numerical model consisted of approximately
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35 000 elements and 35 000 calculating nodes (Image 34). Compressor casing part was
bound by Fixed Support on the side edges. Boundary conditions were the same for modal
and harmonic analysis.

Numerical model for harmonic analysis was loaded by pressure pulsation, medium
weight and deformations from omitted discharge pipeline part behind the second ell.
Pressure pulsation was applied on an inner cylindrical surface of the discharge pipeline on 1
m length from compressor discharge branch. Loaded pipeline length and pressure pulsation
value were determined from previous transient CFD simulation, which is not a subject of this
paper. Deformations from omitted discharge pipeline were applied on the second ell cross-
section. Values of directional deformations and rotation angles applied on the cross-section
area were the output data form an external static analysis of discharge main and are not a
subject of this paper. Constant damping ratio value was considered equal to 1%.

Mesh

0.000 1.000 2.000 (m) ¥
]

0.500 1.500
Image 34 — Numerical model with finite element mesh

3.2 Results of the current discharge pipeline harmo  nic analysis

Results of the modal analysis showed that a great number of shell mode piping
natural frequencies is between 1500 Hz and 3000 Hz. But it doesn’t mean that all of these
modes can be excited. Resonance states of discharge pipeline and their shapes can be
found out using the harmonic analysis. The Diagram 2 represents the harmonic response of
discharge pipeline along 2.5 m length from compressor discharge branch. Analyzed length
was determined with regards to temperature and pressure gages disposition on the pipeline.
Harmonic amplitude-frequency response was calculated in frequency range between 0 Hz
and 3000 Hz. Since exciting force value is unknown, calculated results might be used only
for consequent comparison.
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Acceleration amplitude

1 500 1000 1500 2000 2500 200
Frequency [Hz]

Diagram 2 — The ampitude-frequency calculated response

The first peak of frequency resonance state lies around the frequency 1630 Hz.
Corresponding discharge pipeline shell shape mode is in Image 35. The second peak of
frequency resonance state range was not determined in FEM simulation. It can be explained
in several ways. Firstly, value of the constant damping ratio may be inappropriate. And
secondly, it can be due to an unknown value and exciting force behavior. However, next
adjusting of the numerical model was not carried out. It wasn’'t done because the maximum
amplitude response at frequency around 1630 Hz is much higher than amplitude response at
frequency 2450 Hz. It was supposed that damping of the first resonance response range
would solve the problem of discharge pipeline constrained oscillation.

Total Deformation
Type: Total Deformation
Frequency: 1628. Hz
Phase Angle: 73.496 °
Unit: mm

0.019469 Max
M 0016
Il 0.014

0.00 1000.00 2000.00 (mm)

500,00 1500.00
Image 35 — Mode shape of the current discharge pipeline at frequency 1630 Hz

4 Damping using an external system
4.1 External damping system design

252



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

According to operating mesurements, discharge pipeline oscillation decreases
significantly with the distance along pipeline. Therefore, discharge pipeline damping drafts
were aimed at the first pipe section along 2.5 m length between discharge compressor
branch and the first ell.

The first modification draft included damping by an external vibration absorber.
Vibration absorber consisted of elastic metal cushions and supporting structure for the
positioning and fixing on the discharge pipeline shell. The damping draft drawing is in Image
36. The cushions are formed from knitted wire mesh with elastic properties. Damping by
cushions is caused by friction between the individual wire windings. More information about
metal cushions can be found on the manufacturer's web-site [4].

300 500 500

Image 36 — Vibration absorber design

i

4.2 Harmonic analysis of the first damping draft

Geometrical model form previous analysis was complemented by damping absorber
model. Damping metal cushions were modelled by finite element COMBIN14 [1]. Stiffness
and damping values were specified in compliance with manufacturer's data. Damping
assisting system construction was modelled by finite element SOLID186. The mathematical
model of pipeline, boundary conditions and loads remained the same as in previous
analysis.

Results of the first damping draft numerical simulation showed a significant vibration
damping of the first pipeline section. Oscillation amplitude decreased to 50%.

4.3 Realization and operating measurement of the fi ~ rst damping draft

External damping absorber was manufactured and installed on the compressor
discharge pipeline. After that, the vibration operating mesurement was provided.
Unfortunately, vibration declination of the discharge pipeline shell was low. The Diagram 3
shows comparison between the operating measurement results for pipeline with and without
external damping absorber.
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—— Pipeline without absorber
—— Pipeline with ahsorber

Acceleration amplitude

1 500 1000 1500 2000 00 200
Frequency [Hz]

Diagram 3 — Ampitude-frequency measurement respose comparison between pipeline with and
without damping absorber

Mismatch of calculated and measured results can be explained by several
circumstances. Firstly, metal cushions damping efficiency depends on the normal to cushion
displacement magnitude. The value of the normal dispacement of discharge pipeline shell is
aproximetly 20 ym. Probably, this value is too low to develop appropriate friction between
the individual wire windings. Secondly, dapming absorber has six metal cushions. It is very
difficult to set the same assembling conditions for each cushion during installation in
practice. Possibly, the initial compression of each cushion can be different. And finally, the
contact surface between metal cushions and pipeline shell was unsufficient for effective
oscillation damping.
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5 Damping using a wall thickness increasing
5.1 Stiffness increasing design

The second vibration damping draft included stiffness increasing of the pipeline shell.
The simpliest way how to do this is increase the pipeline wall thickness. It was supposed that
the first section pipeline with 22 mm wall thickness is replaced by another with 45 mm wall
thickness. The substituting pipeline length is approximately 2.5 m long. Decreasing of the
resonance state shell amplitude maximum values was expected. Additionally, it is possible to
shift the resonance frequency of pipeline shell out of the resonance frequency range by
stiffness changing.

5.2 Harmonic analysis of the second damping draft

Harmonic analysis of the pipeline design with increased stiffness was simulated for
the efficiency and operating safety confirmation. Geometrical model of current pipeline was
modified by the first section wall thickness increasing from 22 mm to 45 mm. Pipeline
geometry was also complemented by detailed models of the welds between the new pipeline
section and discharge compressor branch or the first ell respectively. The rest of geometrical
model didn’'t change. Detailed welded conections were modelled by SOLID186 and are
shown in the Image 37a and Image 37b. Boundary conditions and loads remained the same
as in harmonic analysis of original pipeline.

Mesh Mesh

B
=
=

a b
Image 37 — Welded connections on new pipeline section
a — on compressor discharge branch side
b — on first pipeline ell side

According to the analysis results, the maximum value of amplitude-frequency
response decreased by 70%. The Diagram 4 shows comparison of the calculated results for
original pipeline and discharge pipeline with increased stiffness. Image 38 shows the
calculated shell mode shape of discharge pipeline at 1636 Hz frequency value. The mode
shape of the pipeline with increased stiffness is nearly the same as for current pipeline
shape form.
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= YWall thickness 22 mm

il thickness 45 mm

Acceleration amplitude

1200 1300 1400 1500 1600 1700 1800 1900 2000
Frequency [Hz]

Diagram 4 — Ampitude-frequency calculated respose comparison for pipeline with 22 mm and 45 mm
wall thicknesses

Total Deformation
Type: Total Deformation
Frequency: 1636. Hz
Phase Angle: 86.403 °©
Unit: mm

0.006207 Max
0.0056
0.0049
0.0042
0.0035
0.0028
0.0021
0.0014
0.0007
0 Min

0.00 1000.00 2000.00 (mm)

50000  1500.00
Image 38 — Mode shape of the discharge pipeline with 45 mm wall thickness at frequency 1636 Hz

The maximum equivalent stress values were calculated in discharge pipeline
harmonic analysis. Their locations are on welds between the new pipeline section and
discharge compressor branch or the first ell respectively. The first maximum equivalent
stress value is equal to 4 MPa and is located on the welded connection between discharge
compressor branch and new pipeline section. The second maximum equivalent stress value
2 MPa is on the welded connection between new pipeline section and first ell. These values
are considered as amplitudes superposed on nominal stress distribution. Image 39 and
Image 40 show the equivalent stress distribution from harmonic loading for both welded
connections.
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I: Potrubi t=45mm
Equivalent Stress
Type: Equivalent (von-Mises) Stress

Unit: MPa

3.3617 Max
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Image 39 — Equivalent stress distribution in the first welded connection

I: Potrubi t=45mm
Equivalent Stress
Type: Equivalent (von-Mises) Stress

Unit: MPa
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Image 40 - Equivalent stress distribution in the second welded connection
5.3 Strength analysis of the second damping draft

Strength analysis was done in order to confirm the safety of long-term operation of
compressor discharge pipeline. Moreover, it was important to analyze the static stress from
operation loads in new welded connections. Two critical zones with maximum equivalent
stress values on the new welded connections were chosen. Image 41a and Image 41b show
the stress distribution in the new welded connections from the static loading. The maximum
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equivalent stress value in the first welded connection is 171 MPa, in the second welded

connection is 234 MPa.

G: Potrubi t=45

Equivalent Stress

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

Time: 1

170.47 Max
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125
100

70
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T O S e S e e e
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G: Potrubi t=45

Equivalent Stress

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

Time: 1
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150
125
100
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e kN8 M
B N e e e e <

)

0.00 4500 90.00 (mm)
— —
22,50 67.50

b

Image 41 — Equivalent stress distribution in the new pipeline section welded connections
a — on compressor discharge branch side
b — on first pipeline ell side

The stress analysis of the discharge pipeline shell was done according to the
European Standard [2]. The resultant stress o, shall be compared with allowable stress gy.
The standard allows using HMH stress for the analysis. The HMH stress can be calculated in
accordance with equation (1), or can be taken directly from the FEM analysis.

— 2 2 2 2 2 2
Ovm —\/O'X to,+o,-o,l0,-0,Wb, -0, b, +3Ur, +1,+71;) (1)

where 0,,0,,0, — principal normal stresses, [MPa];

r.,r,,T

x1tyrtz

— principal shear stresses, [MPa].

The allowable stress gy is calculated in accordance with equation (2):

0, = 072[R s

(2)

where R ;s —minimum 0.5% proof strength, [MPa].

The resultant stress o, is determined by the sum of stress values from static and
dynamic loadings in accordance with equation (3).

Jv = Jst + den

3)

where o - stress from static loading [MPa];

T4, — Stress from dynamic loading [MPa].

Mechanical properties of discharge pipeline material are in the Table 1. The
mechanical properties are given in accordance with the European Standard [3].

Table 1 L415QB mechanical properties
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p [kg'm™] v E [MPa] Rws [MPa] | R, [MPa]

7 850 0.3 210000 415 520

Resultant stresses for the first and the second critical places are:

o, =171+ 4 =175 [MPa] (4)

o) =234+2=236 [MPa] (5)

The allowable stress is:
o, = 0/721415= 2988 [MPa] (6)

By comparing result stresses for the first and second welded connections with
allowable stress the following can be received:

o, =175MPa < 2988MPa=0, - satisfactory (7)

o) =236MPa< 2988MPa=0, - satisfactory (8)

The design with increased stiffness of the compressor discharge pipeline satisfies the
European Standard requirements.

6 Conclusion

The constrained oscillation of the centrifugal compressor discharge pipeline was
analyzed by FEM and was compared to operating measurements. Two design
improvements were offered to solve the resonance state of the compressor discharge
pipeline.

The first improvement was damping by the external vibration absorber with elastic
metal cushions. This draft was analyzed and experimentally validated. The first draft was
rejected after the operation measurement because of low efficiency.

Damping by pipeline wall thickness increasing was the second improvement draft. It
was supposed that stiffness is increased by replacing the first discharge pipeline section 2.5
m long with the new one. The new pipeline section has 45 mm wall thickness compered to
the 22 mm wall thickness of original one. The second draft was analyzed by FEM and
evaluated according to European Standards. Practical realization of the second impovement
will have been done by the end of 2012.
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PARAMETRIZACE DYNAMICKEHO ZATIZENi OB EZNYCH KOL RADIALNICH
KOMPRESORU

OTO STEPANIK*, KIRILL SOLODYANKIN, JIRi BEHAL
CKD KOMPRESORY, a.s.

Abstract: The article is focused on dynamic loading of radial compressor impeller.
Calculated data evaluation of common impeller types is shown in this paper. Data are
parameterized and critical curves of tip speed are developed. The methodology and results
will be used for elimination of impeller vibration risk in the course of design of compressor
flow channel.

Keywords : Modal analysis, Impeller, Dynamic load, Vibration, Cyclic sector

1 Uvod

Maximalni dovolena obvodova rychlost obézného kola, nebo maximalni dovolené
provozni otacky kola, jsou limitovany hlavné pevnosti materialu kola. Zaroven je také
pevnost kola ovlivnéna statickym zatizenim od odstfedivych sil a dynamickym zatizenim od
nerovnomérnosti tlakového pole stlatovaného media. Tento ClAnek se primarné zabyva
vypocty dynamického namahéani obéznych kol a omezenim obvodové rychlosti z hlediska
dynamického zatizeni.

2 Re3ena problematika dynamického zatizeni

Nerovnomérnosti tlakového pole vybuzuji vynucené kmitani mechanické struktury
obéZného kola. Nejvice nachylnym konstruk&nim prvkem na vynucené kmitani obézného
kola je oblast mezilopatkovych segmentd kryciho a nosného kotouce. Kmitani
mezilopatkovych segmentu [2] hrozi poruchou obé&Zného kola a odstavenim stroje, pfipadné
zastavenim celé technologie spojené s velkymi materialnimi naklady. ProtoZe se jedna o
vysokofrekvenéni  kmitdni, primarnim mechanizmem poruSeni kola je poruseni
vysokocyklovou Unavou.

Vzhledem k pomérné komplikovanému termodynamickému vypoctu proudéni media
prito¢nou ¢asti uvnitf kola, a také vzhledem k naro¢né nestacionarni simulaci interakce
mezi konstrukénimi prvky obé&zného kola se statorovymi soucastmi kompresoru, prakticky
neni mozné napocitat velikosti budicich sil od nerovnomérnosti tlakového pole. Z toho
davodu se posouzeni dynamického zatizeni obézného kola muselo zjednodusit pouze na
hodnoceni vlastnich tvar a frekvenci kmitani struktury kola. Timto zplisobem hodnoceni je
moZzné se s dostatecnou presnosti vyhnout rezonanénim stavam konstrukce.

Pro hlubSi pochopeni problematiky poruseni obézného kola vlivem
vysokofrekvenéniho kmitani mezilopatkovych segmentd je nutné se seznamit s geometrii
samotného kola. Na Obr. 1 je zndzornéno bézné konstrukéni provedeni obé&zného kola
radialniho kompresoru. V mistech koncentrace napéti se stfidavym cyklem zatiZzeni bé&éhem
vynuceného kmitani hrozi iniciace a Sifeni unavové trhliny. Nej¢astéji se Unavova trhlina
iniciuje v oblasti pfechodovych radiust mezi lopatkou obézného kola a krycim nebo nosnym
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kotou¢em z vnéjSi strany pruméru kola. Na Obr. 2 je znazornén pfipad Unavového poruseni
obé&zného kola radialniho kompresoru.

Hlavnim cilem feSeni problematiky dynamického zatizeni obé&Znych kol bylo
dosahnout vyhovujicich dynamickych vlastnosti celé fady obéznych kol bézné vyrabénych
v CKD Kompresory, a to v celém rozsahu béznych provoznich otacek kompresoru.

Obr. 1 - Model prostorového obézného kola radialniho kompresoru.

Obr. 2 — llustrace vyskytu ulomeni mezilopatkovych segmentd obézného kola.

3 Simulace pomoci metody kone €nych prvk G
3.1 Modalni analyza

PFfi modalni analyze jsou vlastni frekvence Q; a vlastni tvary kmitu u; vypocteny z
rovnice:

262



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

(k]-o7M]u}=0 ®)

kde K je matice tuhosti soustavy a M je matice hmotnosti soustavy [6]. Pfi vypoctu se predpoklada:

e linearni chovani materialu,

e poufiti teorie malych deformaci a posuvd.

e Neni pocitano s tlumenim soustavy a

e systém neni buzen vnéjsim zatiZenim (prava strana rovnice je rovna nule).

U vlastnich tvar(l u; nezname jejich absolutni hodnoty, ale pouze poméry jednotlivych
tvard. V programu ANSYS jsou pro modalni analyzu podporovany vSechny typy geometrie
téles: objemova, skofepinova i prutova télesa.

PFi vypoctu byla pouzita metoda Block Lanczos.

3.2 Cyklicka symetrie

V pfipadé rotacné periodickych struktur lze vyuZit jejich cyklické symetrie a rozdélit
danou strukturu na cyklicky se opakujici segmenty, Obr. 3. Tento pfistup fadové sniZuje
pocet elementd, resp. uzld kone€néprvkové sité, a tim i naroky na vypocetni vykon a ¢as, pfi
dosazeni stejnych vysledkud jako u pouZiti pavodni pIné struktury.

Cyklickda symetrie byla zadavana pomoci prfikazd ANSYS Parametric Design
Language (APDL). Hlavnim pfikazem, ktery pfedepisuje pouZiti cyklické symetrie v analyze,
je pfikaz ,CYCLIC" [1]. U spravné vytvofené sité na plochach cyklické symetrie (,Match
Control“ viz. 5), neni potfeba zadavat dalSi parametry a v pribéhu vypoctu bude automaticky
stanoven Uhel vyseCe segmentu a také jejich pocet. U nekompatibilni sit€ na plochach
cyklické symetrie Ize zadat cyklickou symetrii také ,ru¢né”. Pfikaz ,CYCLIC" pak obsahuje
dalSi parametry definujici cyklickou symetrii struktury. Jednotlivé parametry jsou oddélovany
¢arkou a poradi jejich zadavani je pevné dano. Pofadi, v jakém se parametry definuiji, je
nésleduijici:

e Pocet cyklickych segmentt

* Uhel vysete segmentu (ve stupnich)

+ Cislo cylindrického soufadného systému

e Nazev ploch cyklické symetrie segmentu

e Pocet parl ploch cyklické symetrie segmentu

Pro nastaveni analyzy s pouzitim cyklické symetrie Ize pouZit pfikaz ,CYCOPT". PFi
vypoétech byla pouzivana moZnost nastaveni vybéru vyhodnocovanych harmonickych
indextt pomoci pfikazu ,HINDEX". Kompletni seznam vSech moZnosti nastaveni je uveden
v manualu k programu ANSYS [1].

PFi vyhodnocovani vysledkl byl pouzit pfikaz ,/CYCEXPAND*, ktery graficky rozvine
cyklicky symetricky segment do puvodni plné struktury. Tento pfikaz také slouzi pro lepsi
posouzeni vypoctenych posuva, napéti a pfetvofeni v cyklickém segmentu.
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Cyklicky segment

Obr. 3 - Princip tvorby cyklického segmentu [1].

3.3 Geometricky model

Geometrické modely pro vypocty byly ziskany na zakladé parametrickych modelQ
obéZznych kol. Vzhledem k tomu, Ze obézné kolo obsahuje celou fadu konstrukénich
parametrd, které ovliviiuji velikost vlastnich frekvenci (napf. vystupni Sifka kola, tloustka
kryciho a nosného kotouce, tloustka lopatek apod.), neni prakticky mozné ru¢né pfipravovat

geometrii kazdého kola pro vypocty dynamického namahani.

Samotny geometricky model pro vypocet dynamického zatiZzeni predstavuje cyklicky
segment rotacné periodické struktury obé&zného kola kompresoru a cyklicky segment hfidele,
Obr. 4, na kterém je kolo nasazeno. Doplnéni geometrického modelu kola modelem hfidele
je nezbytny pro zjisténi zbytkové Sifky kontaktu mezi ndbojem kola a hfidelem bé&hem
simulace roztaCeni soustavy pro ruzné vypocetni otaCky. Zbyla Sifka kontaktu hfidele s
ndbojem kola ovliviuje vlastni frekvenci obé&zného kola, a proto musi byt do vypoctu

zahrnuta.

: K’, T

Obr. 4 - Cyklicky segment obézného kola a hfidele.

3.4 Matematicky vypo ¢€etni model

Jak bylo jiz uvedeno vySe, velikost kontaktni plochy mezi nabojem obé&zného kola a
hrideli, ale také mezi nezavarenymi konci lopatek se méni s velikosti provoznich otacek
stroje. Proto musi byt nejdfive provedena staticka analyza pro zjisténi velikosti dotyku
kontaktnich ploch a také pro vyztuzeni struktury obé&zného kola vlivem odstfedivych sil.
Tento predepnuty model obé&zného kola pak slouzi jako vstupni vypocetni model pro
naslednou modalni analyzu.

Pro statickou analyzu byl na kontaktnich plochach vypocetniho modelu definovan
tfeci nelinearni kontakt typu ,Frictional* s algoritmem ,,Augmented Lagrange”, Obr. 5 a Obr.
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6. Koeficient tfeni byl zadan konstantou 0,12. V kontaktni ploSe mezi nabojem obé&zného
kola a hfidelem byl navic simulovan pfesah nalisovani s hodnotou odpovidajici
technologickym pfedpisim CKD Kompresory [2]. V navazujici modalni analyze byl
nelineérni typ kontaktu transformovan do linearniho kontaktu typu ,Bonded" a veSkeré
kontaktni plochy s hodnotami kontaktniho tlaku vétSimi nez 0 MPa byly slepeny. Timto

v~ 7

zpusobem se simuloval stav obézného kola pfi zatizeni provoznimi otackami.

V samotné modalni analyze byl proveden vypocet viastnich tvaru a frekvenci kmitani
obéZného kola pro nasledné sestaveni meznich kfivek obvodovych rychlosti z hlediska
dynamického zatiZeni.

Obr. 6 - Kontakt typu ,Frictional* mezi ndbojem kola a hfidelem.

4  Materidlové charakteristiky

Obéznéa kola se v CKD Kompresory tradiéné vyrabi z ocelovych materialt nebo z
titanovych slitin. Pro modalni analyzu jsou dostacujicimi materialovymi parametry pouze
Younglv modul pruznosti v tahu E, Poissonlv pomér v a hustota materialu p. Typické
hodnoty téchto parametrd jsou uvedeny v Tabulce 9.

Tabulka 1 Materidlové parametry.
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typ materialu priklad material E[MPa] vi-] p [ kg/m?]
ocel X3CrNiMo13-4 2,00-10° 0,30 7700
titanov4 slitina TiAl6V4 1,14-10° 0,36 4480

5 Okrajové podminky a zatizeni vypo €etniho modelu

Okrajova podminka ,Cylindrical support® byla aplikovana na cylindrickou plochu
hfidele, Obr. 7, ktera byla vytvofena pouze z divodu modelovani cyklického segmentu.
Posuv plochy byl zamezen v tangencialnim, radialnim i axialnim sméru.

Obr. 7 - Detail ¢asti plochy, na kterou byla aplikovana okrajova podminka.

Model byl pfi statické analyze zatézovan uhlovou rychlosti, Obr. 8, ktera byla
vypoctena z obvodové rychlosti kola. Pro analyzu byly pouZity mezni hodnoty intervalu
bézné pouzivanych obvodovych rychlosti obéznych kol v CKD Kompresory.

V modalni analyze byly vlastni tvary a frekvence pocitany ve frekvenénim pasmu
uréeném pravé z meznich hodnot obvodovych rychlosti. Vysledné frekvenéni pasmo se
ziskd soucinem otackové frekvence (odpovidajici dané obvodové rychlosti) a poctem
lopatek difuzoru.
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Obr. 8 - Zatizeni modelu thlovou rychlosti.
5 Vypoéetnisit
Pro tvorbu sité kone¢nych prvkd byly u kotou€e pouZzity kvadratické ctyfsténné
elementy typu SOLID187, u hfidele pak kvadratické Sestisténné elementy typu SOLID186,

Obr. 9. Vypocetni sit byla relativné hruba rovnomérna [5], Obr. 10, s mirnym zahusténim v
mistech kontaktl a v pfechodovych radiusech mezi lopatkou a nosnym i krycim kotou¢em.

Na plochy cyklické symetrie segmentu rotacné periodické struktury obé&zného kola
byla aplikovana funkce ,Match Control“. Tato funkce zajisti, Ze vytvofena konecnéprvkova
sit na plochéch cyklické symetrie bude shodna.

Obr. 9 - Vlevo element SOLID187, vpravo element SOLID186 [1].

Obr. 10 - Vypocetni sit modelu.
6 Metodika hodnoceni vysledk @ vypo étua

6.1 ObéZna kola otev fena (bez kryciho kotou ¢€e)

U obéznych kol bez kryciho kotou€e se kontroluje prvni vlastni frekvence lopatky,
ktera musi byt vySSi nez soucin otackové frekvence a parametru k. Parametr k je celé €islo,
jehoz velikost se uréuje v zavislosti na hustoté proudiciho plynu dle interniho dokumentu [3].
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Obr. 11 - Oteviené obézné kolo radialniho kompresoru

6.2 ObéZzna kola zav fena (s krycim kotou €em)

U zavfenych obéznych kol se zjiStuji vlastni frekvence kmitani mezilopatkovych
segmentld na obvodu kola, které nesmi leZet v oblasti souc¢inu otackové frekvence a poctu
difuzorovych lopatek.

Pro lepSi ndzornost posouzeni dynamického zatizeni obé&zného kola Ize vlastni
frekvence vyjadfit pomoci obvodovych rychlosti, pfi kterych se mohou vybudit nebezpeéné
vlastni tvary kmitu odpovidajici dané vlastni frekvenci.

Obr. 12 - Zaviené obézné kolo radialniho kompresoru

6.3 Ziskani vlastni frekvence z vypo ¢&tu

PFi vypoctu vlastnich frekvenci byly pouZzity mezni hodnoty rychlosti zatéZzovani a
mezni hodnoty Sifek kanalu. Hodnoty meznich Sifek kanalu jsou rozdilné pro kazdou fadu
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obéZznych kol. K ziskéani vlastni frekvence pro rychlost a Sifku kanalu nachazejici se
uprostfed obou intervalt se pouZije linearni interpolace.

Pomoci této prace lze urlit nebezpecné pasmo frekvenci, resp. rychlosti, pro
libovolny pramér obézného kola, Sifku kanalu a provozni rychlost. Kontrola na dynamické
zatizeni se provadi pouze v pfipadé, Ze obézné kolo spada do oblasti se zvySenym
dynamickym zatiZzenim z hlediska vlivu hustoty stlatovaného media [7]. To plati pro kola z
ocelovych i titanovych slitin.

7 Souhrn vysledk 0 vypo étu

7.1 Obézna kola zav fena

Obr. 13Na Obr. 13 jsou zobrazeny prabéhy rychlosti odpovidajici nebezpeénym
tvardm kmitu pro typ kola skrycim kotou¢em. Vyhodnoceno bylo celkem deset
nebezpecnych tvard kmitu. Prab&hy zobrazuji pfipad, kdy velikost vlastnich frekvenci (a tedy

s v

1
¢ 2
\0 _ 3
° = —— e —1
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Obr. 13 - Prubéh nebezpecnych rychlosti v zavieném typu kola 571.
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Obr. 14 - Ukazka nebezpeéného tvaru kmitu mezilopatkovych segmenta.

7.2 Obézna kola otev fena

Zatimco u zavienych kol byly sledovany vSechny nebezpecné tvary kmitu
mezilopatkovych segmentu, u otevienych kol byl sledovan pouze prvni vlastni tvar kmitu
lopatky ve vSech harmonickych indexech. Cisla v legend& na Obr. 15 (0 aZ 8) oznaduji
pribéhy rychlosti odpovidajici vlastnim frekvencim prvniho tvaru kmitu lopatky pro jednotlivé
harmonické indexy.

rychlost [m/s]
[ ]
o N o o0k WN PP O

'%‘ﬁ ﬁﬂ?‘
| |
: ]
|
]
|

Obr. 15 - Prubéh nebezpecnych rychlosti v otevieném typu kola 571.

270



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

Obr. 16 - Ukdzka nebezpecného tvaru kmitu lopatky.

8 Metodika vypo €tu vlastni frekvence a jejiho p Fepo&tu na obvodovou rychlost

Vstupni parametry

e tabulka vypoctenych frekvenci (z MKP) f [Hz]

e primér obézného kola D, [m]

o $itka kanalu L5 [m]

e provozni rychlost v [m/s]
Postup vypocltu

e linearné interpolovat frekvence v zavislosti na rychlosti

nové vyjadrené (vypoctené) frekvence linearné interpolovat v zavislosti na poméru l,,/D,
[%]
e vyslednou frekvenci

f =1(D,l,q.V) (9)

prepocitat na rychlost pomoci vzorce

— (10)
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kde p je pocet lopatek difuzoru

e urcit hodnoty na hranici pasma £5%

V_g, = 095[Vv (11)
V, g, = 1050V (12)
¢ body na hranici intervall aproximovat polynomem 3. fadu

Vystup

Pasmo rychlosti, ve kterém se mohou vybudit nebezpe&né vlastni tvary kmitu
mezilopatkovych segmentl, Obr. 16.

Q)
=
= = +5%
S
= = -5%
[S]
P

D2 [m]

Obr. 16 - Grafické interpretace toleranéniho pasma kritickych rychlosti

9 Zavér a diskuze

PFi automatizovaném navrhu primyslového kompresoru jsou pouzivany softwarové
aplikace. Implementované fyzikalni vztahy z oblasti termodynamiky tocivych stroju je pro
praktické pouzivani tfeba doplnit meznimi hodnotami, které je realné fyzicky provozovat.
Zohlednéna by méla byt i bezpecnost vyrobku, ktery je €asto provozovan v technologii
nékolik desitek let.
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Tradiénim omezenim je staticka pevnost materialu rotujiciho kola. V predloZené praci
bylo odvozeno kriterium dynamického namahani obéznych kol. Pro vyhodnoceni byly
vybrany vlastni tvary obézného kola, kdy dochazi ke kmitani mezilopatkovych segmentd u
kola s krycim kotou€em, a kmitani lopatky u kola bez kryciho kotou¢e. Navrzenou metodikou
byly dopog&itany mezni kfivky pro fady typt ob&znych kol z produkce CKD. Kritické hodnoty,
resp. kfivky budou nésledné zahrnuty do navrhu pratoéné ¢asti radialniho kompresoru.
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ANALYSIS OF 3-D LATTICE PLATE USING FEM

MARTIN STIGLIC, KATARINA TVRDA

STU BA, Slovak University of Technology, Department of Structural Mechanics

Abstract: This paper deals with design optimization, static and modal analysis of simplified
space truss, which was used to cover festival square. Design optimization was used to
achieve the best parameters for steel tubes. The results from two optimization methods were
compared and modal analysis was performed with best parameters and gives the own
shapes and own frequencies. The analysis and optimization was calculated in the software
ANSYS.

Keywords : optimization, modal analysis, finite element method

1 Introduction

FEM is robust method that can be used to a wide range of engineering problems.
The main idea is dividing a very complicated problem into small elements that can be solved
in relation to each other. One of the most popular software based on this method is ANSYS.
It offers lot of options from defining element type, material properties, real constant etc. to
setting up the type of analysis. There are many types of analysis and chosen were two of
them — static and modal. Advantage of ANSYS is that offers lot of modules, which are
specialized to specific problems. Optimization tool is one of them and is very useful in finding
the best parameters for construction. The condition is to declare optimization variables, that
is, specify which parameters are design variables (DVs), which ones are state variables
(SVs), and which ones is the objective function.

2 FEM model

Finite element model (Image 2) was created with some modification from real
structure, which was used to cover festival square in Osaka, in 1970 (Image 1). The
dimensions of space truss are 291.6 m x 108 m x 7.637 m. The whole structure has 2160
elements created from element LINK180. Each of upper chord nodes, has own load
calculated from general load 2 kN/m?. The construction is supported by 6 supports where
each support covers six nodes with appropriate degree of freedom.
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Image 1 - Space truss for the ‘Symbol Zone’, Festival Plaza Expo '70, Osaka, Japan

E-N

F

R R R

R B R R R e N
TN TS S ES
N e R R Fe e
I T - TN T
e R B e B R R

TR R

T CSENEN:

o I e R R R

X -

X b R o e
-

EXPO ‘70 Priestorova priehradova konstrukcia

R R R R

R e e

W WY

R R R E R R R E

AN

MAY 7 2011
10:45:50
PLOT NO.

e e T I

R R R RER

I W
M BT ETETR S

TR ER

1

Image 2 — Space truss 3D model

3 Optimization

ANSYS offers lot of optimization method. In this case were used two of them. First
one was subproblem approximation method. This is an advanced zero-order method, which
uses approximations to all dependent variables (state variables and the objective function). It
can be applied efficiently to a wide range of engineering problems. Next one was first order
method. This method uses derivative information, that is, gradients of the dependent
variables with respect to the design variables. It is highly accurate and works well for
problems having dependent variables that vary widely over a large range of design space.

The goal of optimization was to find best thickness for chord and diagonal steel tubes
and construction deep to obtain smallest volume. Condition was that the tensile stress could
not be higher than yield strength and compressive stress could not be higher than allowed
stress. So the objective function was the construction volume, design variables (Table 1)
were the thicknesses and deep. State variables were tension and compression stress.

Table 1 Range for DVs

Parameter

Min. value [m]

Max. value [m]
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DEEP 7,000 9,000
THICKNESS1 | 0,016 0,030
THICKNESS2 | 0,0079 0,015

In the table 2 are the best results from each optimization method. It can be seen that
there are not big differences between them.

Table 2 Optimization results

Subproblem method First Order method
Min. normal stress | [kPa] | -0.23382*10° -0.23001*10°
Max. normal stress | [kPa] | 0.11130*10° 0.10953*10°
Thickness 1 [m] 0.0160 0.0160
Thickness 2 [m] 0.0089 0.0090
Deep [m] 7.5562 7.6370
Volume 392.49 396.03

4 Modal analysis

Modal analysis is very useful when diagnosing structural vibrations. Results are own
shapes and frequencies. They give general information about dynamic response of
structure. We used best parameters from first order method to perform modal analysis. In
table 3 are shown firs ten own frequencies.

Table 3 Own frequencies

Frequency [Hz]

2.4272

2.4811

2.6672

2.6859

2.8383

3.0522

3.2694

3.2697

3.3199

B|O(® (NG A WM

3.5455

Following five images (Image 3 — Image 7) shove first five own shapes. The view is

set up on X-Z plane.

Image 3 First own shape
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Image 4 Second own shape

Image 5 Third own shape

Image 7 Fifth own shape

5 Conclusion
At this time, when everybody wants to save money and build construction with

minimum expense is good question, how to do it? One opportunity is to use optimization
tools, which are implemented in various softwares. In this article were compared two
optimization methods — subproblem and the first order method. The results were not same
but very similar and results from first order method were the same values that were used for
the construction. Optimization can be useful to get an overview about parameters which
indicates what can be reduced, modified or eliminated from structure but the final decision is
on engineer to assess whether it can be. Calculation on optimization and modal analysis
sampling is concerned with a number of authors ( Kormanikova 2010, Frankovsky 2011).
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A NEW SOFTWARE TOOL FOR PARALLEL COMPUTING WITH ANS YS

JINDRICH SUSEN, JAROSLAV SINDLER, MATEJ SULITKA
Czech Technical University in Prague, Faculty of Mechanical Engineering, Research Center
of Manufacturing Technology

Abstract: Parallel computing strategy can advantageously be employed for solving large
computational problems. A typical example is an optimization problem, in which the
response for each design point has to be calculated. A new scheduling manager has been
developed for effective control of parallel running of large optimization problems using
ANSYS solver. Three main aspects of the scheduling manager functionality are: optimized
load balancing, flexibility and scriptability. The paper describes the structure of the
scheduling manager and the function of all its components. Load-balancing and resource
management mechanisms implemented in the software are introduced as well. Features of
the system are discussed along with an example of the application of the new scheduling
manager.

Keywords : Ansys, parallel computing, Python

1 Introduction

It is often needed to evaluate a large number of versions (design points) of one
problem. Optimization is a typical case when the number of design points reaches hundreds
or thousands and the total time required to evaluate them can be several days or weeks. It is
beneficial in such a case to split the calculation among several computers and to reduce
thus significantly the total computing time. This paper focuses on structural optimization with
ANSYS and discusses in detail one of the possible ways to parallelize the computation.

ANSYS provides its own tool for parallel computing called RSM (Remote Solve
Manager) [1], [2]. It can be run directly from Workbench, which makes it easy to use. It is
relatively easy to set up and it doesn’t require any additional license (so it actually doesn't
cost anything). On the other hand, the RSM has some drawbacks, the most important of
which are:

- No load
balancing - Big jobs can make the host computer useless for other users. There
is an option to run jobs in a specified time interval only. But the computer can still
be overloaded and useless for work if a user connects during this time in a
remote session (from home or business trip...). Moreover, the time interval can
be difficult to establish in case of flexible working hours.

- No
resource monitoring — There is no way of monitoring which resources are in use.
If a local user decides to run his own analysis on his machine overnight, in the
Ansys implemented RSM, it is not possible to specify such an intention and the
RSM will send jobs to the workstation immediately anyway. Moreover, it is not
possible to check which workstations are the most appropriate ones for a given
job. This means that a job which could be solved quite fast on one computer in-
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core can be sent to another computer with less physical memory, resulting in
longer solution time.

- File
transfer is slow and the RSM does not provide the opportunity of delivering just
some specified parts of the solution information. The need for copying a whole
project to all workstations and then copying all the results back to the computer
running the RSM significantly slows down the computation. That is a problem
especially in optimization tasks, where only the objective function values are of
interest and a lot of jobs have to be calculated.

Another option is to use more sophisticated scheduling tools like: PBS (Portable
Batch System) [3], LSF (Load Sharing Facility) [4], or Microsoft Compute Cluster. These
have more options than the RSM, but they are difficult to configure and maintain. They may
also cost some extra money.

The need for scripting and customizing a scheduling tool for running a large number
of separate computational tasks with ANSYS, such as an optimization problem, was a
motivation for developing a new software tool. Its application is, however, not limited to
communicating with ANSYS only, it can cooperate with any other software.

The new scheduling manager is written in Python. Python is a modern object-
oriented, interpreted programming language, which is becoming increasingly popular. Its
popularity brought with it a wide range of modules, which make it relatively easy to build
complicated applications.

2 Scheduling manager written in Python

This section describes the basic structure and working mechanisms of the new
scheduling manager.

2.1 The
basic structure

As mentioned before, the new scheduling manager is written in Python with extensive
use of open source modules, which provide lots of important functions. The most important
module is Pyro. This module provides the whole communication between the computers in
the network. It enables the Python processes running on different computers to exchange
variables and call each other's methods. In order for Pyro to work properly, two kinds of
objects are set up. The first one is passive. It doesn’t do anything by itself; instead it stores
methods which can be called by other objects on the same or remote computer. The second
type is active. It can call methods of a passive object and exchange variables with it.

The basic structure of the scheduler can be seen in Figure 1. Roles of the individual
components are as follows:

. Client —
supplies work to dispatcher and collects results

. Dispatc
her — stores work, results and other important information

. Worker
— gets work form dispatcher and returns results

. Dispatc
her controller — manages (wakes and kills) the workers.
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Worker 1 Worker 2
Loop: Loop:
Dispatcher.WorkerReport() Dispatcher. WorkerReport()
Dispatcher.GetWark() Dispatcher.GetWork(}

Processltem()
Dispatcher.PutResult()

Processltem(}
Dispatcher.PutResult()

Processing variables
Client methods g Waorker Methods

WoarkQueue
ClientReport() 3 | o it WorkerFI{(eport()
rocessinglis
PutWork() 1 el tg (PSEt:VorI()
I—) esultlis
GetResult() utResult()

Management variables
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Control methods

ResreshWorkerOnlineList(}
RefreshClientsOnlinelist()

CheckOnlineWorkers() =
| KillWorkers()

Client Dispatcher controller

DpsToltems()
Dispatcher.PutWork()

Loop:
Dispatcher.RefreshWarkersOnlineList()

Dispatcher.RefreshClientsOnlinelist(}
Loop: Dispatcher.CheckWorkersOnline()
Dispatcher.ClienReport() If no work:
Dispatcher.GetResult() Dispatcher.KillAllwWorkers()

ResultsToMat()

Passive object - dispatcher Dispatcher’'s methods Dispatcher’s variables

Active objects Active objects’ (local} methods

Figure 1 — Basic structure of the scheduling manager

2.2 Descri
ption of the system components

The components of the scheduling system shown in Figure 1 will be described in
more detail in the following section.

. Client
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The client is an active object which transforms supplied design points into a special
data structure called item. Each item stores all relevant information about its corresponding
design point:

- input — information characterizing a given design point (values of design
variables)

- results — values of objective functions
- item id — unique item identificator
- client id — unique client identificator used by clients to identify their items
- ANSYS return code — for quick identification of errors
- problem type — small or big, determines which workstation can process the item
- timeout — maximum time the computation can take
- input script
etc.

The input script is of particular importance since it defines how to process the input
and how to extract the results. A typical input script contains instructions for running Ansys in
batch mode and executing some APDL script with the input. The input doesn’t have to be
just a vector of design variables. It can also be a whole APDL script, a model stored in a file
(*.cdb, *.inp, *.dat) or anything that can be processed to get results. The flexible definition of
the input means that the scheduler can work with any program, not just ANSYS. The only
thing required to change it is a small modification of the input script.

Once all the inputs are converted to items, these are forwarded to the dispatcher.
Consequently, a loop is run in the client, asking the dispatcher to provinde the results.The
loop finishes when all the items are returned back. Processed items are then exported to
the output file for further use. Several clients can communicate with a dispatcher at one time.
They may be running on a server or one of the workstations in the cluster as well, which
makes it easy for individual users to submit their own jobs.

. Dispatc
her

The dispatcher is a passive object which stores information about items, workers and
clients. It also provides methods to exchange items with clients and workers and to kill and
wake workers. When the dispatcher receives an item from a client, it stores the item in the
work queue. The work queue is a special data structure which enables prioritization of items.
Therefore, when a worker asks for work, it will get the item with the highest priority.

A dispatcher can be running on a server or a regular workstation. The disadvantage
of running the dispatcher on a regular workstation is that it can be slowed down when the
workstation processes a big item which requires a lot of physical memory. Another problem
would arise when a user restarts the workstation. The dispatcher is a critical part of the
system and all the items are lost when it crushes.

. Worker

The worker runs in an infinite loop in which it asks the dispatcher for work. When it
gets an item, it takes the item’s input script and executes it. The script produces some output
and stores it as the item’s results. Other information like ANSYS return code is also written
to the item. The whole item is then sent back to the dispatcher where it waits for the client to
pick it up.

One worker runs on each workstation in the cluster. More workers can run on a
single workstation, if it is powerfull enough.
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« Dispatcher controller

The last component of the system is the dispatcher controller. Its role is to manage
workers and clients. Just like the worker, it also runs in an infinite loop. In this loop it checks
whether all workers are online. If a worker fails to report itself, it will be restarted. Workers
which are busy processing an item do not have to report (they cannot because their loop is
stopped). However, if a worker doesn't finish the job in a defined time (item’s timeout), it will
be assumed to have crushed. In such a case the worker is restarted and the item it was
processing is sent back to the work queue. Another worker can thus try to process the item.
If an item cannot be processed even the second time, it is marked as erroneous? and sent to
the result queue.

The controller also wakes workers when the dispatcher receives work from a client.
And kills them when all the work is done.

2.3 System preventing the workstation from overload ing

In order for the whole system to function properly, it is important that the workstations
in the cluster (workers) receive only "small” jobs when their respective users work on them.
A small model would be a FEM with a small number of elements so that its solution would
not affect the host performance if a user works e.g. with a text editor or a CAD system. The
definition of a small item is dependent on the particular workstation, of course. Models with
less than 10° elements can usually be classified as "small”. Since it is often possible to use
small models in optimization tasks ( relative comparison of design points being more
important than accuracy of particular results), the computers in the cluster can be used quite
effectively.

The situation is more complex in case of "big” models. Such a model can only be
solved if the workstation CPU is not loaded by any other application. The reason for that is
obviously the impact on computer's performance. The mechanism of preventing the
workstation from being overloaded when in use is based on W tasks.

First of all, a special user account has to be created by the network administrator.
This worker account can have administrator privilegies on all computers (in order to run
Windows tasks properly) and its password can be known to the network administrator only.
Afterwards two windows tasks are created on each computer. The starter-task informs the
dispatcher and the worker that the workstation is not used anymore. The killer-task, on the
contrary, kills all the processes running under the worker account and provides the
dispatcher with the information if any other application is not running on the workstation.
Consequently, the item is processed on the workstation returned to the work queue and the
worker script is restarted. The killer task kills all the processes of the worker account, so it
does not matter whether the worker is running ANSYS or any other program; the workstation
is ready to be used. The task does not kill small jobs, of course, as they shouldn’t affect the
computer’s performance.

Windows allows to configure tasks to run on specified events. The starter task is run
every time a user locks the computer, logs off, or terminates a remote session. The Killer
task runs when somebody logs on, unlocks the computer or starts a remote session. This
means that if somebody logs on to a computer which processes an item, all solution
progress is lost and the item has to be processed on another computer from scratch.
However, this system is intended for solving large numbers of relatively small jobs, so
repeating the solution process of one job is not a big issue.
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Figure 2- Possible statuses of workstations

Since the performance of available workstations as well as performance
requirements of programs run on them by their users usually differ, it is often difficult to
define what is a "small” job. For this reason the users have the possibility of temporarily
removing their workstation from the cluster. This is done in a dialog box which tells the user
whether his computer is in the cluster and which job is running (if any). Removing the
workstation from the cluster and killing any running job can be easily accomplished by
clicking a specific button. If a big model, not suitable for this kind of parallel computing,
needs to be computed on one of the workstations (in ANSYS for instance), the workstation
can be manually removed from the cluster. The model can be submitted to ANSYS using an
APDL script in a batch run and the last line of the script returns the workstation to the cluster
(/SYS,’AddWsToCluster.py’).

An automatic removal of the wokstation from the cluster when a specified program
iS running can also be easily implemented. This can be usefull especially to CAD users who
need high workstation performance. An overview of the possible workstation statuses can be
seen in Figure 2.

System preventing the workstation from overloading

Appropriate workstations should be added to the cluster whenever a user runs a
client and submits jobs to the dispatcher. The appropriate workstation should have enough
HDD space, RAM (to be able to run the particular job in-core) etc. It is also important to be
able to monitor the workstations as they process items. A GUI shown in Figure 3 has been
designed for these purposes.

The Worker management utility has two tabs. The first one contains functions to add
and remove workstations from the cluster and to run start/kill tasks. The buttons for running
the start/kill tasks are intended for debugging only as the tasks run automatically on
logon/logoff etc. The "Disp. Info” button runs the information update. A special task is run on
every workstation to find out its actual status, free HDD space, RAM and other information if
necessary.

284



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

Worker Management Dispatcher info

Selection

Filters
[ AL

sed

In clusker
Processing
small job
‘ark HOD
HOC size

[7] Mon servers

oo
[
oo

=

[7] 1nverse selection

=]
—
=]
m

[7] ws40
[7] wsso
[T HPC

[7] wssz
[T ws54
[7] wsss
[ wsss
[7] wss3
[F] wses
] wses
[] wssa

[l el o e e R e )

o O e e e
cooomora T on
coocooocoo
ommomomo:s=m

Actions

Add to dluster Dispatcher online: YES
Remove from duster

Figure 3 - Worker management utility

The secont tab displays information about the dispatcher. These include for example:
work queue size, result queue size, connected clients etc.

Another workstation monitoring feature is e-mailing. An e-mail is sent to the defined
e-mail address on a number of events which indicate problems. These include:

- license problems - a workstation repeatedly reports a missing license
- timeouts - item computation takes longer that the defined time

- unexpected errors - anything that makes the workstation return items with errors
or prevents worker script from proper running

the inner part of helmet (foam) EPS outer part of the helmet (shell) ABS
Yioung's 62,73 MPa Yioung's 3 Gpa
modulus modulus
density 85 kg/m3 density 1040 kg/m3
Poisson's 0.01 Poisson's 0.4
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ratio ratio
maximum 1,3 MPa Yield stress 60 MPa
tensile stress
Damping 0.2 ultimate 70 MPa
coefficient strength

An Example of Optimization Loop with Parallel Computing

An optimization loop with the scheduling manager can be seen in Figure 4. The
optimization process is driven by Matlab script which uses optimization algorithm NSGA II.
The Matlab script generates a population to be evaluated and writes it to a file. The file is
read by Worbench which generates an APDL input file for each design point and submits the
files to the scheduler. The scheduler then sends the results back to Matlab, thus closing the

loop.
MATLAB
Script running NSGA Il genetic
optimization algorithm
Desigﬁ ;;oints
Generated models
v NANSYS KAl
NX
Parametric model of the structure Python script generating APDL input

Design points

APDL input
files

Objective results

# python

7 TN

ANSYS ANSYS

Figure 4 - Data flow in the optimization process, Ansys runs on all work stations

’
B

Y 4

This setup represents one of several possibilities of using the scheduling manager. In
the loop presented in Figure 4, NX as an external CAD system is employed for creating the
parametric models of the structure to be optimized. Using the NX makes creating the
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parametric geometrical models much easier then writing an APDL script for building the
model geometry. However, a certain disadvantage is that emloying an additional
communication with NX slows down the model update.

An example of the solution time reduction achieved by the optimization loop
presented in Figure 4, and solution times on a single computer can be seen in Figure 5. The
optimization process run on a single computer was using the same way of connecting
Matlab, ANSYS and NX. However, the FE solution was performed directly in ANSYS
Workbench.

One workstation
One design point takes approx. 5:50

One Parallel time time
computer computing reduction reduction [%]

one design point 5:50 2:40 3:10 x

one generation 1. 1o .

(50 design points) 4:51:40 2:13:20 2:38:20 54% - f

i
whole fl n‘

4 1 2 e |

optimization (20 days day days " C»

; 1lhour 20hours Shours
generations) Model creation

O A

~' -
solution solution solution
3:10 3:10 3:10

Parallel computing
=> One design point takes approx. 2:40

Figure 5 - Comparison of the solution times on a single computer and the solution with scheduling
manager

It can be seen that the time to create the model (i.e. to update a design point in
ANSYS Workbench and NX) is 2 minutes and 40 seconds. The average time to solve the
generated APDL model is 3 minutes and 10 seconds. The total evaluation time of one
design point is therefore 5 minutes and 50 seconds provided the update and solution is
performed on a single workstation. However, splitting the procedure into creating the model
on one computer and solving it using several other computers results in average evaluation
time of just 2 minutes and 40 seconds.

The figure and summary table in Figure 5. show that the solution time has been
reduced by 54 % using the parallel computing strategy and a new scheduling manager. This
means that the whole optimization process time was reduced from four to two days.

The "bottle neck” of the presented optimization loop is the model update because it
was done on the server directly. The time of solving the optimization problem could have
been reduced even more if more workstations had been used for the model update. The
solution would be even faster considering an APDL parametric model instead of the
combination of NX and ANSYS Workbench.

287



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

EA

MATLAB
Script running NSGA Il genetic
optimization algorithm

Design points

M

Generated models

SIEMENS
v, ANSYS g
NX
Parametric model of the column Python script generating APDL input

Design points

APDL input
files

Objective results

s python

Scheduling manager

T o

A AN A

o> (o

-
Open source Open source Open source Open source
solver solver solver solver

Figure 6 - Data flow in the optimization process, alternative setup with open source solvers

Another issue connected with parallel computing with ANSYS in general is the need
for higher number of licenses. It is obvious that every workstation running ANSYS needs an
appropriate license. The total number of required licenses can be relatively high, especially
for large problems with many workstations involved. An alternative approach Figure 6 would
employ Ansys only as generator of system matrices (stiffness matrix for linear static
analysis, mass and stiffness matrix for modal analysis, conductivity and specific heat matrix
for transient thermal etc.) and some solver to solve the problem resulting from FE
discretization. Assembling system matrix is of at least order faster than solution of the
system and therefore only one or a few licences of ANSYS are needed in order to keep pace
of flow in the processes. Assembled system matrices are then distributed to workers where
sparse solver solves the system of equations or sparse eigen solver solves for eigenvalues
and eigenvectors. In case of transient analysis ODE timestepping solvers are employed.
Various opensource solvers are available to use with the scheduler : MUMPS [5] is massive
parrarel sparse solver, SuiteSparse [6] is another sparse solver package, PETSc [7]
package interface many iterative sparse solvers with precondicioning, BLOPEX [8] or SLEPc
[9] provides eigensolvers. Many other available packages are available to solve the problem.
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MATLAB may be used to solve the problem as well. Many of mentioned packages also
provide python interface which makes the cooperation with the scheduler easier.

3 Conclusion

The paper presents an alternative approach to parallel computing with ANSYS. The
newly developed software represents a low cost alternative to RSM with improved
functionality.

The new scheduling manager can avoid workstation overloading and ensure high
utilization of computing performance of the workstations in the network. The amount of data
transferred among computers is minimized as well as the time needed to distribute jobs and
collect results. The main advantage of the new scheduling manager is high flexibility and
scriptability. The high flexibility means that it is possible to use it not only for ANSYS, but for
any other program or combination of the programs. This allows to use open source solvers
and reduce thus number of required licenses.

The goals for future development include adaptation to computing servers. These are
machines with lots of processors and a lot of physical memory. Their properties make them
perfect for running several jobs simultaneously. The high amount of physical memory makes
it possible to substitute hard diks with RAM disks. In this approach, a RAM disk can be
converted to a virtual hard drive created in physical memory. Such a virtual hard drive
provides response several times faster than a classic hard drive or SSD.

Another goal is the ability to automatically select the most suitable workstation for
each job. The workstation will be selected not only based on hardware, but also on its actual
free capacities. This means that no job from the scheduler would be sent to the workstation if
another local analysis is run on it. And also the "weaker” workstations wouldn'’t receive big
jobs.
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VYPOCET NiZKOCYKLOVE UNAVY JADERNE ARMATURY DLE NORMY NT D A.S.I.
SEKCE IlI

~ JIRI TABORSKY*, LINA BRYUKHOVA
KRALOVOPOLSKA STRESS ANALYSIS GROUP, s.r.o.

Abstract: Alternative fatigue calculation according to NTD A.S.l. Section Ill. Comparison of
different calculation approaches to fatigue assessment of the body of the valve for nuclear
application. Comparison of cumulative usage factors determined using elastic and elastic-
plastic material behaviour in FEM calculation.

Keywords : valve, elastic-plastic calculation, fatigue

1 Popis armatury

Jednd& se o zpétnou klapku, samoc&innou (bez pohonu), jednosmérnou armaturu. Talif
je otevirdn hydrodynamickym ucinkem protékajici pracovni latky, pfi zastaveni proudéni
dojde k jeho samovolnému zavfeni. Téleso je provedeno z vykovku, talif a viko z plechu
nebo vykovku. Materidlové provedeni téchto &asti je z nerezové oceli. Kontrolovana
armatura muZe mit vice rozmérd pfivafovacich koncu, které jsou i s pfisluSnym zatizenim
definovany v Technickych podminkach [2. Utésnéni Sroubového spoje télesol/viko je
realizovano spiralovym grafitovym vinutym tésnénim v hlavnim silovém toku.

Body-assembly
Disc

| Cowver

| Lift-assembly

| Pivot
EBoltM24
Expansion bush

| Bolt M42

| Nutmag

10 | Gasket

11 | NuthM24

12 Stud

kb ERER P

W0 00 |~ B |

Obrazek 1 — Posuzovana armatura

2 Vypo ¢et Unavy t élesa armatury dle normy NTD A.S.l. Sekce Il
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Vypocet kumulace poSkozeni uvedeny v této kapitole vychazi z elastického vypoctu
napjatosti MKP a néasledného ur€eni amplitudy celkové (elastické a plastické) deformace
pomoci Hookova zékona.

2.1 Popis modelu

Model pouzity ve vypoctu je zobrazen na Obrazku 2. Provadénd analyza se tykala
jenom télesa armatury, proto talif, viko, Srouby a tésnéni nebyly v modelu uvazovany. V
misté prFivareni sedla k télesu se uvazoval kontakt typu “bonded”. V misté nasazeni sedla do
télesa se uvazoval kontakt typu “frictionless”.

Obrazek 2 — Sit télesa armatury. Detail sité v oblasti zapichu.

Q: 247-60C47,4C/s
Convection
Time: 80,5

I Convection: 60, °C, 1,531e-002 W/mm™<C RO eiv Al
Time: L s

@ Standard Earth Gravity: 9806,6 mm/s®
B Pressure: 34 MPa

[ Displacement

D] Frictionless Support

. F_pretiak: 72610 N

B Mr: 1,025¢+008 N-mm

. Fr:45300 N

. Force: 1,1384e+005 N P

Obrazek 3 — Teplotni OP a mechanicka zatizeni realizovana na modelu
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Vypocet byl proveden pro vypoctové parametry uvedené v nasledujici tabulce. Pro
jednoduchost byl uvazovan pouze jeden z mnoha moZnych pracovnich rezim( dané
armatury. Tento havarijni rezim se vyznacuje rychlou zménu teploty média (ochlazovani
vnitiniho prostoru armatury) a to rychlosti 47,4°C/s z 247°C na 60°C.

Tabulka 1 Vypoctové parametry havarijniho pracovniho rezimu
Teplotni zména,

Pretlak [MPa] | Pocet opakovéani rezimu
rychlost zmény teploty

247°C N =41
N\ 47.4 °C/s 3,4 havarijnich cyklu
60°C typu LOCA

Tabulka 2 Materidlové charakteristiky télesa armatury

Material 08Ch18N10T
T [°C] 20 250
Rpoz2" [MPa] 196 167
R’ [MPa] 491 382
E [GPa] 205 185
a [1/K] 16,4-10° 17,2-10°

2.2 Popis vypo ¢tu unavy

Kontrola na Unavu byla provedena dle normy NTD A.S.l. Sekce 1ll [1. Byla spocitana

diléi unavova posSkozeni a provedla se kontrola jejich soudtu, celkového (navového
poskozeni:

n N.
D=)—4<100 (13)
=0
N. Y o s
kde I - pocet cyklu i-tého typu

[Ni] - dovoleny pocet cykll i-tého typu.
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2.3 Vysledky vypo €tu

Vzhledem k

rychlé zméné teploty pracovniho média armatury bylo téleso

nerovnomérné ochlazeno po tloustce. RozloZeni teplot pfi Soku viz Obrazek 4. Nejvyssi
napéti pfitom vznikala v bodé 1 (viz Obrazek 5) a to v misté zapichu pod sedlem.

Q: 247-60C47.4C/s

Temperature
Type: Temperature
Unit; °C

Time: 80

247 Max
226,22
20545
184,67
163,89
143,12
122,34
101,56
80,787
60,011 Min

Obrazek 4 — Rozlozeni teplot v 80 [s] teplotniho Soku

analysed point

Obrazek 5 — Bod s nejvysSi hodnotou napéti

Hodnota napjartosti v bodé 1 pfi uvaZzovani elastického chovani materidlu je
znazornéna viz Obrazek 6. Pro ureni kumulace poskozeni (uréeni napjatosti v bodé 1) byl
pouzit elasticky model chovani materialu.

Tabulka 3 Slozky napéti v bodé 1 v 80 [s] teplotniho Soku pfi elastickém chovani materialu

Ox [MPa]

Oy [MPa]

Oz [M Pa]

Txy [M Pa]

Tyz [MPa]

Txz [MPa]

670,8

498,0

884,8

-65,1

-481,1

468,4
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R: 247-60; 47,4C/s - finemesh;80s
Stress Intensity 2
Type: Stress Intensity
Unit: MPa
Time: 1
Custom
Maw 13756
Min: 30,801

13756
1226,2
1076,8
927,36
777,95
628,54
474,13
329,72
180,31
30,801

Obrazek 6 — Napéti v zapichu pfi uvazovani elastického chovani materialu.

Tabulka 4 Kumulace poSkozeni v bodé 1 pfi elastickém chovani materilu

Posuzovany bod Kumulace poskozeni D [-] Posouzeni

1 4,086 > 1 NEVYHOVUJE

Vypoc¢tem bylo prokdzano, Ze vysledna kumulace poskozeni D > 1 a tedy pro elasticky
model chovani materialu armatura na tnavu NEVYHOVUJE!

Vzhledem k tomu, Ze predpoklad elastického chovani materialu je pfilis konzervativni,
dale se provedla analyza s uvazovanim elasto-plastického chovani materialu.
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3 Alternativni vypo ¢&et unavy dle normy NTD A.S.I. Sekce Il

Vypocet kumulace poSkozeni uvedeny v této kapitole vychazi z elasto-plastického
vypoctu napjatosti MKP a pfimého uréeni amplitudy plastické deformace.

3.1 Popis modelu

Model pouZzity v tomto vypoctu byl shodny s kap.2, pouze se zménil materialovy model
(Bilinear Isotropic Hardening) dle Obrazek 7.

Temperaturel 100] s

(.10 [Pa]

Stress

o 0.,0005 0,001 0,0015 0,002 0,0025 0,003 0,0035 0,004 0,0045
Strain [m m~-1]

Obrazek 7 — Bilinearni model chovani materialu

3.2 Popis vypo ¢tu unavy

Upravou vzorce (10.1) z normy NTD A.S.l. Sekce Ill [1 (druhou &ast vzorce Ize pro
zjednoduSeni pro nizkocyklovou Unavu zanedbat):

[o.r] _ E e, N O /
@ (4 Ny [No])m (4 . ])1 1+ Is
rG
(14)
g
[ EF] e

PouZijeme-li pak vyjadreni dostaneme nasledujici vztah pro dovolenou

amplitudu plastické deformace:

(15)
Z této rovnice po Upraveé dostaneme dovoleny pocet cykli do tnavového lomu:

(16)
kde:

Eapl _ je skute€na amplituda plastické deformace uréend z MKP (uréeni EPPLEQV viz
Obr.8)
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E — je soucinitel sniZzeni Unavové pevnosti svaru (pro téleso armatury je ¢S: 1)

My — je soucinitel bezpec€nosti vici poctu cykll (bere se roven 10).
m — je exponent kFivky Zivotnosti dle Tab.10.1
& _ je charakteristika plasticity dana vztahem viz vzorec (10.3), kde druha &ast zohledriuje

predchozi plastické deformace soucasti napf. z pfedchoziho zatéZzovani nebo z vyroby (Ize
opét pro zjednoduSeni druhou ¢ast vzorce zanedbat):

eC:LISIOg{ 0 }—05 B P02

100 - Z,

(17)

Provede se elasto-plasticky vypocet MKP — ur€i se prubéh EPPLEQV (Ekvivalent
Plastic Strain = rozkmit plastické deformace) pro jednotlivé zatéZovaci stavy. Amlituda
plastické deformace je pak poloviéni.

Urci se [Ni] pro vSechny amplitudy plastické deformace.

D:Z%

Vycisli se kumulace po3kozeni:

3.3 Vysledky vypo €tu

Proved!| se kumulovany vypocet tfi po sobé nasledujicich “studenych” Sokl (viz Tab.1)
jehoz vysledkem bylo uréeni rozkmitu plastické deformace mezi jednotlivymi kroky. Mezi
jednotlivymi kroky nésledoval pomaly ohfev na vychozi teplotu 247°C pfi zachovéani ,paméti*
materialu.

1,326¢-2

[m/m]

5es krok 1 krok 2 krok 3

0, 4000, 5000, 12000 16000 20000 23000

Obrazek 8 — Pribéh EPPLEQV b&hem n = 3 zatéovacich kroku
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Tabulka 5 Vysledky elasto-plastického vypoctu

Rozkmit plastické Amplituda plastické Dovoleny pocet
Krok deformace EPPLEQV et aes Cad cykld [N]
1-2 0,010388 0,005194 60
2-3 0,00356 0,001780 514

Vysledna kumulace poskozeni pro elasto-plasticky model chovani materialu pak bude
dana souctem pomeéru jednotlivych dovolenych poctd cykll pro jednotlivé zatéZovaci kroky:

D=+

=[]

kde N

5 1 5o 1 N-1
i v nasem pfipadé bude platit: [Nl] [Nz]

- pocet zatézovacich krok

N . pozadovany pocet cykla (N =41

[Ni] - dovoleny pocet cykla i-tého typu.

Tabulka 6 Kumulace poSkozeni v bodé 1 pfi elasto-plastickém chovani materialu

Posuzovany bod Kumulace poskozeni D [-] Posouzeni

1 0,0945<1 VYHOVUJE

Vypoctem bylo prokazano, Ze vysledna kumulace posSkozeni D < 1 a tedy pro elasto-
plasticky model chovani materialu armatura na tnavu VYHOVUJE!

4 Zaveér
Vypocet kumulace poSkozeni pfi uvazovani elastického chovani materialu mize v
fadé pripadu vést k pfilis konzervativnim vysledkim. Vyhodou vypoctu a posouzeni stavu

sy s

v orvs

vSak vysledky bliz8i skute€nému chovani materialu.
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COMPARATIVE ANALYSIS OF DIFFERENT APPROACHS TO MODE L TRABECULAR
AND COMPACT BONE IN LONG BONES

PETR VOSYNEK, DAVID NECAS, TOMAS NAVRAT

Abstract: The contribution presents the context of the need to address biomechanical
problems in human society. Some hip joint dysfunctions are solved by replacing the bone
contact surfaces with implants (TEP, hip resurfacing, Proxima DePuy). With the aid of
computer modeling, we can predict the behavior of implants in the human body with a
certain degree of simplification. Especially the model of material plays big role in these
simulations. Our comparative analysis is aimed on the different approach to simulate the
material used in finite element model additionally with experimental verification. We used
computer tomography to get the material data from tested bone. Because of the
experimental device prototype and easier manipulation (also less biohazard) we used dried
bone. Measured response variables were strain on the bone surface.

Keywords : hip joint, FEM, experiment, comparative analysis.

1 Introduction

The need for biomechanical problems is obvious from the well-known phenomena
such as extending the active life of the human population, increasing numbers of trauma and
unilaterally oriented way of life leading to unbalanced mental and physical activity. For
solving the biomechanical problems we can use experimental and computational modeling.

In this paper we consider a finite element simulation made parallel with experimental
loading of the femur. The whole analysis is aimed on the different approach to simulate the
material used in finite element model. The comparative output from solution is surface strain
of the femoral neck. The neck itself is the most critical usually for older patients when
inappropriate loading will occur or could be also result of osteoporosis.

Based on biomechanics problem we need appropriate simulation of material used in
computational model. Our analysis covers the gap between using the rough level — linear,
homogenous, elastic and isotropic model of material used for two volumes of bone (compact
and trabecular) and fine level — using the same model but in each element different material
constant (E) based on computer tomography. The best level is to involve the geometry of
trabeculas but for the most application it is still impossible to use that.

2 Materials and methods

2.1 Experimental modeling

The physiological loading analysis assumes free body diagram of the femur bone.
The significant interactions are between the proximal femoral head and the pelvic
acetabulum, than the trochanteric protrusion of the femur and ischium muscle group. In the
opposite side (distal side of femur) we could consider the transposed contact force acting on
the lower surface of the foot to the knee (image 1). Where we use the following description:
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g - gravitational acceleration; Fs — force reaction from sitting system of muscles, F; - force
acting from the acetabulum socket, Fr — given force from the pad, Mp - the moment as result
of shifting the force Fp horizontaly, distance x.

Image 42 — Free body diagram of the femur bone

Realization of 3D supports is shown in the picture. Possible moves for the
establishment of the device are shown on image 2. Description of the supports:

-Spherical support: the femoral head fits into the load system socket. Required load
is applied by downward movement of the socket, which is done by rotating the load screw.
Alignment of the socket against to the femoral head is corresponding to the physiological
condition of the hip - anteverse 15°, 45° inclination (Cihak, 2001).

-Link support. The proximal part of the bone is anchored by steel wires. The other
ends of the wires are mounted in loading system, which allows us to set the preload of each
wire.

-Sliding support allows us to control the rotation of the distal end of the bone by
adjustable screws in directions Rx, Ry, while Rz is fixed. Furthermore, it allows free
displacement in the x-axis, the other are fixed. With these degrees of freedom will be the end
of the distal femur loaded by force and force couple. The design includes force sensors so
that each sensor transmits only axial load.

™ Consola Loading system ==

vl
?‘—T\:? =1

Socket { Wire

Sample
Sliding support
4._.‘-—‘&
1 -~ )
o - - - -
- ‘ -‘._.-1 - AP =
Base = (' e

Image 43 — Description of the loading device and its real finish
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Measuring chain is consist of three force sensors (HBM C9B/1 kN), strain rossete
(HBM RY11-3/120 ohm), signal evaluation complete module (National Instruments - NI
9237, chasis NI cDAQ 9174) and signal processing (NI LabVIEW Signal Expres software).

2.2. Computational modeling

The computational model consists of different types of model. First is the model of
geometry. Because the bone itself has complicated geometry it could not be drawn by the
classic way compared with classical machine part. We choose the following way: build the
volumetric model from 2D outer lines of many cross sections given from computer
tomography (CT). Usually we can distinguish between compact and trabecular bone. We
used Amira (its free module) software for segmentation the CT slices - image 3, and Catia
for creation the volumetric model.

/d

Image 44 — Surface model of bone in Amira software (left: compact bone, right: trabecular bone)

The basic model of geometry has to be modified for further usage in ANSYS
Workbench simulations. Modifications were done directly in ANSYS Workbench Design
modeler and they are: simplifying the number of surfaces on the bone (virtual topology),
preparing the geometry for part connection, dividing (cutting) the bone body into several
volumes and finally for adding and alignment the geometry of loading device — see image 4.

1
2
3
e
X
5
[ ;';] _.._; ”
SEE
0,00 40,00 80,00 (rmrm)
I 000

_I? 20,00 60,00

Image 45 — From left to right: model of geometry, dividing the trabecular bone in proximal femur

Second is the model of material. We used linear, homogenous, elastic and isotropic
continuum. So we need two characteristic, Young modulus and Poisson ratio (for whole

analysis in each model we use u = 0.3). For trabecular bone we used several equations to
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transfer the pixel degree of shade thru Houndsfield unit to Young modulus of elasticity. And
then apply these data to subdivision of trabecular and cortical bone. Equation 1 is for variant
B, equation 2 is for variant C and so on.

E = —38,644 + 1,3665 - CT* (Ciarelli, 1991) (18)
E = 1949 - p,p,, " (Cody, 2000) (19)
E = 1912 - py,,, 3 (Keyak, 1994) (20)
E = —34,7 + 3230 - py7(Kopperdahl, 2002) (21)

Different variants were done and they are summarized in table 1 and 2. Variant A has
a uniform material data in compact bone and in trabecular bone.

Table 10 Material data for variant A

Bone Young modulus of elasticity [MPa]
Compact 170 000
Trabecular 750

Table 11 Material data for trabecular bone of variant B, C, D and E

Young modulus of elasticity [MPa]
Slice number
Variant B Variant C Variant D Variant E
1 1054 2718 1188 3894
2 942 2129 1065 3498
3 984 2340 1111 3646
4 933 2083 1054 3465
5 861 1754 976 3210
6 774 1400 882 2 902
7 754 1326 861 2832
8 738 1267 843 2774
9 739 1273 845 2780
10 721 1206 825 2713
11 752 1319 858 2 825
12 782 1431 890 2931
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13 785 1441 893 2940
14 833 1637 946 3112
15 695 1119 797 2622
16 596 819 693 2272
17 463 499 555 1798
18 303 234 395 1233
19 184 109 281 811

The second type of bone — compact bone, was divided into six parts with different
values of Young modulus based on CT data with use of equation 4. These data are the
same in variant B, C, D and E.

E = (1078 . gU%™)/10% [MPa] (Snyder, 1991) (22)
&— E=15GPa
y ™ E=17GPa
¥ .
"\ E=16GPa
—~ E=22GPa
.~ E=18GPa
" - E=15GPa

=y

Image 46 — Material data for compact bone of variant B, C, D and E

In the model two muscles are present. They are simulating musculus gluteus
muscles group and they are added by command line between trochanter major and locking
screw device on loading system (image 2). Young modulus of the muscles is E = 100 GPa.
There is also interaction between femoral head and socket which was simulated by
nonlinear contact with friction coefficient f =0.1.

Finally there have to be defined last characteristic for structural steel (E = 210 GPa)
and for aluminum alloy — dural (E = 70 GPa).

Finite element mesh was generated with following types of element: SOLID 187,
CONTA 174, TARGE 170 and for muscles LINK 10. Element and nodes quantity is
summarized in table 1.

Table 12 Elements and nodes quantity
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Nodes 209 910

Elements 135 158

To complete the computational model boundary conditions has to be added. Three
forces are involved with magnitudes — image 6: Fo = Fg = 317 N, Fc = 200 N. The forces
were evaluated from static equilibrium. Supports are ploted in image 7 where displacement
in z axes are equal to zero (red colour flag B).

. Fixed Support
. Displacement

Image 48 — Boundary conditions: displacement

3 Results

First of all total deformation was shown to ensure the right formulation of the
boundary conditions image 8 and table 4. Following variables was strain in the neck area
were the comparation could be done — strain rossete placement, image 9 and table 5.
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Image 49 — Total deformation

Table 13 Total deformation in variants

Variant A Variant B Variant C Variant D Variant E
Total deformation [mm] 31.9 29.2 28.5 29.1 27.9
Image 50 — Distribution of Equivalent strain (von-Mises) on bottom side
Table 14 Equivalent strain (von-Mises) in variants
Variant A Variant B Variant C Variant D Variant E
Eaterr [J'Jﬂ'l ' m_i]
590 505 395 483 308
FEM
Eare - m1] 416
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experiment

Error 42% 21% 5% 16% 26%

4 Conclusion

The paper presents the results of work in the field of biomechanical problems related
to the hip joint. The work is focused on the comparison analysis between variants of
computational model with validation by experimental modeling. The tight bone (femur) was
loaded by forces equivalent to steady standing on single lower extremity (limb). Results can
be organized into the following points of conclusion:

- Comput
ational model was created based on the computer tomography data.

- Experi
mental validation was performed on loading device.

- Up to

now evaluation of the discrete outputs were done. Mean values of the
material data — Young modulus, and mean values of strain output. The
Variant A shows that modeling the compact bone and trabecular bone by
distinguishing between two Young modulus is not quite precise (42% error)
compared to other quite simple method which is dividing the bones into
several more parts with different Young modulus (5% to 26% error).

Further view on this problem will be the probabilistic computation and evaluation of
the outputs variables.
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ANALYZA SMYKOVEHO PORUSENI ZELEZOBETONOVE ST ENY

LUBOMIR JURASEK!, PETR HRADIL!, PETR VYMLATIL?
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Abstract : This paper proposes 3D computational FE model of the shear wall test including
the concrete slab with the test device. Finite Element Analysis software ANSYS with material
model for concrete from material library multiPlas was used for this highly nonlinear problem.
Simulation results are compared to measured data.

Keywords : shear wall test, nonlinear concrete model, ANSYS, multiPlas

1 Uvod

Smykové naméahani rovinnych Zelezobetonovych prvkd nastava u fady stavebnich
konstrukci. Typickym pfikladem jsou komorové nebo dvoutrdmové prafezy pouzivané v
mostnim stavitelstvi. U téchto prafezli je deska mostovky namahana deskosténovymi
vnitfnimi silami, tedy kombinaci smyku a ohybu. Neni jasné, do jaké miry vzdoruje element
poruseny ohybem sténovym G¢€inkim a jaka je jeho vysledna smykova tuhost. Zkoumani
tohoto problému bylo pfedmétem prace (Martinec, 2003). Zde je popsano navrzené
zkuSebni zafizeni pro provadéni smykovych zkouSek sténovych elementi a jsou
zdokumentovéany vysledky provedenych meéfeni na elementech poruSenych i neporusenych
ohybem.

Prispévek popisuje numerickou simulaci smykové zkousky neporuseného sténového
elementu. Pro vypocCet byl v programu ANSYS sestaven prostorovy vypocétovy model
zkuSebniho zafizeni a Zelezobetonového elementu. Pro popis nelinearniho chovani betonu
byl pouzit materidlovy model z knihovny elasto-plastickych materialovych modelt multiPlas.
Vysledky simulaci jsou porovnany s naméfenymi hodnotami.

2 Testovaci za Fizeni, zkuSebni element a pr abéh smykoveé zkouSky

Navrzené zku3ebni zafizeni je tvofeno masivnim tuhym ocelovym ramem, ktery
simuluje podobné podminky jako pfi umisténi zkuSebniho vzorku v konstrukci, viz Obr. 17.
ZkuSebnim vzorkem je Zelezobetonova sténa o rozmérech 1000 mm x 1000 mm x 80 mm.
Sténa je vyztuZzena Kkari siti pfi obou povrSich. V ramci zkuSebniho programu byla stanovena
smykova unosnost Zelezobetonovych prvkd porusenych ohybovymi trhlinami i bez trhlin.

Hlavnim prvkem zkuSebniho zafizeni je uzavieny ocelovy rdm, tvofeny HEB profily.
Ramové rohy jsou spojeny vysokopevnostnimi Srouby. Ocelovy ram je uloZen na
roznasSecich ocelovych deskéach a je vertikalné stabilizovan.

Leva strana zkuSebniho vzorku je pfipojena k ramu tak, aby byl zajistén pfenos
horizontalnich sil. To je zajisténo pfilepenim ocelové desky k betonovému povrchu a
zakotvenim presahujici vyztuze. Ocelova deska je po vySce pfipojena k rAmu pomaoci prvkd,
které pfenasi pouze horizontélni sily. Celkové vertikalni sila je pfenasena z dolni ¢asti desky
do ramu. Prava strana vzorku je vuci ramu uloZzena kluzné. Zde je pouzita teflonova vrstva
minimalizujici vertikalni tfeni, ktera je vsazena do ocelové desky pfipojené rektifikacnimi
Srouby k rdmu.
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Zatizeni vyvolava hydraulicky rozpérny lis, ktery vnasi zatizeni do horni ¢asti ramu a
pFes roznaSeci rameno do zkuSebniho vzorku. ZatéZovani probihalo v nékolika zatéZovacich
a odlehovacich cyklech.

STEEL FRAME

X X X X X N XXX X
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Obr. 17 - Fotografie a schéma zkuSebniho zafizeni

Z experimentt byly vyhodnoceny dvé skupiny dat — Udaje o zkoseni sténového
elementu a o silovych ucincich elementu na zkuSebni zafizeni. Na Obr. 18 (vlevo) jsou
zobrazeny body pro méfeni svislych posunuti elementu, kter4 byla pouzita pro vypocet
celkového zkoseni. Tato svisla posunuti jsou méfena jako zmeéna vySky dolnich roh(
sténového elementu a proto celkové zkoseni zahrnuje nejen zkoseni vlastniho elementu ale
i rotaci elementu zpusobenou deformaci ocelového rdmu zkuSebniho zafizeni. Déle bylo
méreno zkoseni monitorovanych oblasti, rozméru 0.2 m x 0.2 m, definovanych na povrchu
sténového elementu, viz Obr. 18 (uprostfed). Tato zkoseni jsou vyhodnocovana ze zmeén
délek vertikaly, horizontdly a diagondly na kazdé monitorované oblasti a proto vyjadfuji
smykova pretvoreni bez vlivu deformaci ramu. Uginky st&nového elementu na ocelovy ram
byly méfeny pomoci silomérd a jsou reprezentovany horizontalnimi silami H1, H2,...,H8 a
vertikalni silou R (celkovéa sila pfenesena ze zkuSebniho elementu do ramu), viz Obr. 18
(vpravo).
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Obr. 18 — Smykova deformace (zkoseni) sténového elementu (vlevo), schéma monitorovanych oblasti
na povrchu sténového elementu (uprostied), silové G¢inky elementu na ram (vpravo)
3 Nelinearni model betonu

Pro modelovani nelinearniho chovani betonu byl pouZit model z materialové
knihovny multiPlas. Tato knihovha je rozSifenim programu ANSYS a zaméfuje se na
materialové modely pouZivané ve stavebnictvi (beton, zdivo, dfevo) a geotechnice (isotropni
a anisotropni Mohr-Coulombiv a Drucker-Prageriv model). Tyto elasto-plastické modely
jsou zaloZzeny na podmince plasticity s asociativnim nebo neasociativnim zakonem teceni.
Pro FEM-analyzy v programu ANSYS mé& multiPlas efektivni a robustni algoritmus pro
materidlové modely s jednou plochou plasticity (single surface) i vice plochami plasticity
(multi surface). To je Casto vyuzivano u modell, které zahrnuji isotropni i anisotropni
podminky plasticity. Knihovna je vyvijena némeckou firmou DYNARDO Gmbh (multiPlas -
User's manual, 2011).

Pro modelovani Zelezobetonové desky byl pouZit modifikovany elasto-plasticky
materidlovy model. Podminka plasticity se sklada ze dvou kritérii, kterymi lze realisticky
popsat pevnost betonu v tlaku, tahu i smyku. Podminka plasticity je zobrazena na Obr. 19.

Model chovani betonu v tahu je zaloZzen na nelinearni lomové mechanice
v kombinaci s metodou Sifky pasu trhlin a konceptem rozetfenych trhlin. Zméké&eni v tahu je
definovano exponencialni funkci a lomovou energii, viz Obr. 20. Funkce zmékceni je
stanovena individualné pro kazdy konecny prvek, aby byl zachovan vztah pro Sifku otevieni
trhliny a zajiSténa nezavislost na siti kone€nych prvkd. Pfi popisu chovani betonu
v jednoosém tlaku model uvazuje nelinearni zavislost mezi napétim a pFetvofenim se
zmeékcenim podle Obr. 20 (vlevo).

Toct 4+ ¢
t-t ’
R, / 7

.- Drucker-Prager like
model

\\_'___ .

= Om

4

Obr. 19 — Modifikovana Drucker-Prager podminka plasticity v oktaedrické roviné (vlevo) a v prostoru
(vpravo)

311



20th ANSYS Conference and SVSFEM/CADFEM User’'s meeting 2012 SVSFEM s.r.o

0,4 f
‘ n_gc/gcl

k=- 1’1Ecm ) Ecl//;
|

|
Eﬂu

arctan £,

|

|

| 7</f‘f7—r72>
I 1+(k-2)n
| mit

|

|

|

|

|

E[( < 0) Eml Eu €r €

Obr. 20 — Nelinearni model betonu — pracovni diagram betonu v tlaku (vlevo) a v tahu (vpravo)

4 Vypo étovy model a vysledky simulace

Pro simulaci smykové zatéZovaci zkousky byl vytvofen prostorovy konecné prvkovy
model sténového elementu a zkuSebniho zafizeni, ktery korektné popisuje nelinearni
chovani Zelezobetonového prvku a tuhost zkuSebniho zafizeni v€etné jejich vzdjemné
interakce. Pro vypocCet byla vyuZita konfigurace sténového elementu neporuseného
ohybovymi trhlinami.

Prostorova geometrie sténového elementu je tvofena prvky typu SOLID45 s
nelinearnim materialovym modelem betonu, viz kap. 3. Vyztuz Zelezobetonové stény je
idealizovana prvky typu LINK8 s multilinearnim elasto-plastickym materialovym model oceli.

Ocelovy ram tvofeny HEB profily je diskretizovan prostorovymi prvky SOLSH190.
V rozich ramu jsou modelovany vysokopevnostni Srouby pomoci prvkd LINK8 s pfedpétim.
Na styénych plochach HEB profill jsou modelovany kontaktni prvky prenaSejici pouze tlak.
Ram je uloZen na podkladnich ocelovych podlozkach, na jejichZ styku je definovan kontakt.

Na levé strané (pevné uchyceni) je ke zkuSebnimu prvku pfipojena ocelova
roznaSeci deska. Spojeni této desky s ocelovym ramem je modelovano prutovymi prvky
LINKS, které pfenasi pouze horizontalni sily. Vertikalni sila z rozna3eci desky je pfenasena
pfes tuhou vazbu do spodni &asti ocelového rdmu. Kluzné uloZeni na pravé strané je
modelovano prvky SOLSH190, které tvoii ocelové deska a vrstvu teflonového pasu. Mezi
elementy ocelové desky a teflonového pasu je definovan nelinearni kontakt bez treni.
Materidlovy model teflonové vrstvy je popsan elasto-plastickym pracovnim diagramem.
PFipojeni tohoto kluzného uloZeni k rdmu je modelovano prutovymi prvky, které prendsi
pouze tlak.

Rameno pro roznos zatiZzeni je diskretizovano prvky SOLSH190. Kloubové uloZeni
ramene je modelovano prutovym prvkem BEAM4 a linearnimi vazebnimi rovnicemi.

Pfi provadéni zkuSebniho testu bylo aplikovano cyklické zatizeni se stanovenou
délkou Casového kroku pfi kazdém pfitizeni €i odtizeni. Vzhledem k tomu, Ze numericky
vypoCet nezahrnuje reologické jevy, byl skuteCny prab&h cyklického zatéZovani

zjednodusen, viz Obr. 21. ZatiZeni je zadano silami na roznaSeci rameno a horni ¢ast ramu,
tak jak na konstrukci plsobi rozpérny lis.
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——NUMERICKA ANALYZA 4

———EXPERIMENT

Obr. 21 — Schéma cyklického zatizeni
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Obr. 22 — Kone¢né prvkovy model zkuSebniho zafizeni

Pouzity prostorovy vypoctovy model poskytuje detailni informace o chovani
zkouSeného vzorku i zkuSebniho zafizeni. Na Obr. 22 jsou zobrazena maximalni hlavni
plasticka pretvoreni sténového elementu v jednotlivych zatéZovacich krocich. Posunuti ramu
ve vodorovném a svislém smeéru jsou zobrazeny na Obr. 24.
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Obr. 23 — Maximalni hlavni plasticka pfetvofeni sténového elementu
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Obr. 24 — Horizontalni posunuti ocelového ramu (vlevo), vertikalni posunuti (vpravo)
[zvétSeno 100x]

5 Porovnani vysledk U s experimentem

Vysledky ziskané znumerické simulace vykazuji velmi dobrou shodu
s experimentalné méfenymi daty. Maximalni vypoctena sila pfenesena vzorkem (558 kN)
odpovida naméfené hodnoté (561 kN). Vypodteny prabéh celkového zkoseni elementu
v zavislosti na zatéZovaci sile je porovndm s méfenim na Obr. 25. Vypoctené zkoseni je
niz§i uexperimentu. To muZe souviset srozdily ve vypoltenych a naméfenych
horizontalnich silach mezi zkuSebnim vzorkem a ramem, zejména sila H6 (viz. Obr. 26)
muze vyrazné ovlivnit celkové zkoseni sténového elementu. Odchylky mezi naméfenymi a
vypoctenymi silami je mozné pfisoudit nestejnomérnému nastaveni rektifikacnich Sroubu.
Vypocet prokézal také vyrazny vliv tuhosti rAmu na velikost celkového zkoseni. Z Obr. 25 je
zfejmé, Ze se rotace elementu zplsobena deformaci zkuSebniho zafizeni podili na
celkovém zkoseni z vice jak 50%. Dobrou shodu s méfenim vykazuji zkoseni méFi¢skych
vyseku na Obr. 27.
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Obr. 25 — Zavislost zatéZujici sily na celkovém zkoseni sténového elementu
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Obr. 26 — Zaznami okrajovych horizontalnich sil vzavislosti na zatizeni
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Obr. 27 — Zavislost zatéZujici sily na zkoseni méficského vyseku ¢€.4 (vlevo) a €.5 (vpravo)

6 Zaver

Prezentované vysledky numerickych vypoctl prokazaly dobrou shodu s méfenim.
Prispévek prokazuje vyznam detailnich matematickych modeld u naro¢nych a slozitych
experimentd a to zejména v pfipadé, kdy se jedna o netypicky prototyp zkuSebniho zafizeni.
VyuZziti vypoctové podpory pfi provadéni slozitych experimentd je opodstatnéné jiz béhem
pfipravné faze. Numerické simulace predikuji, zda zkuSebni zafizeni vyvola ve zkuSebnim
prvku poZadovany stav napjatosti a deformace.
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