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THERMO-HYDRAULIC FLOW SIMULATION OF SPENT FUEL STORAGE POOL

GABRIEL GALIK, VLADIMIR KUTIS, JURAJ PAULECH, JAKUB JAKUBEC

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

Abstract: The article deals with modelling of coolant flow within the spent fuel storage
pool of a VVER 440 reactor. The spent fuel storage pool is modelled in a state of standard
reactor operation. The coolant heating from the remaining thermal power of stored spent
fuel assemblies was also included.

Keywords: Thermo-hydraulics, Storage- pool, VVER, CFD

1 Introduction

The spent fuel storage pool is used for long term storage and cooling of spent fuel
assemblies of a VVER 440 reactor. The aim of this paper is to model the steady state
coolant flow within the storage pool. Computational Fluid Dynamics solutions (Todreas
2011, Versteeg 2007) were calculated using ANSYS CFX.

2 Geometric model

The spent fuel storage pool consists of the main pool, two inlet pipelines located at
the bottom of the storage pool, two outlet pipe lines located at the top, including the
submerged reserve and storage grids and their support structures. The storage grid
contains hexagonal absorbers around every fuel assembly storage location..The model
contains spent fuel assemblies stored in all storage locations, 290 in total. Heat transfer
through the solid walls of absorbers and fuel assembly shroud was not modelled.

Although, the physical models describing the processes within the storage pool are
relatively simple, the structures submerged within the pool are of highly complex design
and geometry. Significant simplifications were necessary to save computing power and to
speed up solution times. The reserve grid was removed from the model together with its
supporting structure, as it is not present during standard operation. A number of details
were simplified on the remaining structures that were deemed to have insignificant impact
on flow profiles. Simplified fuel assemblies were used, where individual fuel rods in fuel
assemblies were represented by an equivalent assembly model.

Image 1— Section of the final coolant volume model with a detailed view of fuel
assemblies
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Qutlet 1

Thermal power

Image 2— Model and boundary conditions

3 Boundary conditions

Boundary conditions were set based on standard operational data. The total
coolant level was 14.7m above the reactor zero reference level. Nominal pump properties
were set for total inlet mass flow (Inlet 1 and Inlet 2) values at 85.5 kg/s. While the inlet
coolant was injected at a constant temperature of 35 °C. The total remaining thermal
power of all stored fuel assemblies was 1.9MW1 this power represents the thermal loading
after reactor refuelling. All remaining faces were set to a "No Slip Wall" boundary
condition, except the top horizontal face, which was set to "Free Slip Wall* condition to
simulate the properties of free surface.

4 Model discretization and numerical mesh

The geometrical model was divided into multiple parts to ease the discretisation
process. The resulting divided model is shown in Image 3.

Image 3— Geometrical model division, location of parts A and B

The resulting parts were subsequently individually discretised using different
meshing methods and elements. Two examples are marked in Image 3 as A and B. Part
A was meshed with tetra elements using Quick Delaunay method and it is shown Image 4.

http://aum.svsfem.cz
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Image 4— Detailed view of part A Image 5- Detail view of part B

Part B was meshed with hexagonal elements using multi-zone blocking method
and it is shown in Image 4. The total number of elements in the discretised model was
app. 63.7mil., while the total number of nodes was app. 54.9 mil.

5 CFD simulation

The goal of the CFD simulation is to determine the steady-state coolant flow in the
spent fuel storage pool. Shear stress transport (SST) turbulent model was used during the
solution process. The settled mean value of average outlet fluid temperature was used as
the condition for steady-state solution. This condition was fulfilled after 2145 iterations.

6 Simulation results

The distribution of temperature and flow velocities were calculated for the whole
fluid domain. However, for clarity, three different section planes were used through rows
1, 6 and 13 (as shown in Image 6), to represent the spatial distribution of given flow
properties. Additionally, outlet streamlines of 7 selected fuel assemblies were analysed to
characterise the fluid flow structure within the storage pool.
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Image 6— Visualisation section planes and selected assemblies

Image 7 shows the distribution of inlet streamlines with mapped flow velocities at
the bottom of the pool. The mapped velocities show the approximate maximum flow
velocity at the pool bottom to be 0.86m/s. Additionally, the distribution of streamlines
characterises the induced vortices during flow interaction.
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Image 7— Inlet streamlines with mapped flow Velocity and Time

Time on streamline can be calculated using the length and shape of a streamline
together with flow velocities. This property represents the time required for the fluid to
travel along the streamline to the given location as shown in Image 8. Image 9 shows
streamlines originating from the 7 selected assemblies (shown in Image 6), together with
mapped Time on stream line property. As the mapped Time data shows, coolant exiting
the selected assemblies remains within the storage pool for a relatively long time (2000s)
before it enters the drain pipelines. The figure also shows streamlines that are part of a
recirculation flow.

Time on PKoutstream
PKoutstream

2130.16
1597.62
1065.08

532.54

[s]

Image 8— Streamlines originating from 7 selected assemblies with mapped Time
on streamline

http://aum.svsfem.cz



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

T t 0 C : o
Temperature o ° ) o o) 5 o o o ‘ [ o o o
54.245 | = = - | - = = | ; 8 5 3 — =
I /
! | '
/
49.436 [
| I | | il
1| 44628 Al
f
39819 [
| o - e et
i 1 LRy 1

i Lk 0 34300 i LI 5 i i 1
+ -
|
|

sl i W
I e

Image 9- Distribution of temperatures in the vertical section planes through stored
assembly rows(1st 6th and 13th) with a detailed view of an equivalent fuel rod

Image 9 shows the distribution of coolant temperature in the vertical section planes
through rows 1, 6 and 13 (shown in Image 6). Despite the equally distributed thermal
power, the coolant temperature in stored assemblies is non-uniform. This is caused by
different mass flow rates through individual assemblies. Local temperature maximums are
formed in layers that are in direct contact with the equivalent fuel rods, as shown in the
detailed view of Image 9.

7 Conclusion

Forced flow and buoyancy effects create comparatively low flow velocities. Such
low flow velocities result in relatively large eddies, which cause the recirculation and
mixing of the coolant fluid through fuel assemblies.
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CFD MODEL FOR BYPASS STUDY OF VVER440 FUEL ASSEMBLY
JAKUB JAKUBEC, VLADIMIT KUTIS, GABRIEL GALIK, JURAJ PAULECH
Department of Applied Mechanics and Mechatronics, Institute of Automotive

Mechatronics, Faculty of Electrical Engineering and Information Technology, Slovak
University of Technology in Bratislava. llkovicova 3, Bratislava, Slovak Republic

Abstract: The article deals with CFD modelling and simulating of coolant flow in nuclear
reactor VVER 440 fuel assembly. The influence of coolant flow in bypass on the
temperature distribution at the outlet of fuel assembly and pressure drop is investigated.
Only steady-state analyses are performed. Boundary conditions are based on the
operating conditions.

Keywords: CFD analysis, ANSYS CFX, Fuel assembly, VVER 440, thermal-hydraulics

1 Introduction

In nuclear reactor safety, thermo-hydraulics is very important subject (Todreas,
2011). Thermo-hydraulics as multi-physical domain has influence not only on thermal
conditions of nuclear fuel, but also influences on distribution of neutron flux in reactor
core, thermal and pressure loading of reactor pressure vessel and sets up critical value of
heat flux. Many years thermo-hydraulics of nuclear reactors has been investigated only by
specialized system codes, like RELAP and ATHLET. In the last decade, computational
fluid dynamics - CFD (Versteeg, 2007) emerged as very useful alternative tool to analyze
thermo-hydraulics, where real 3D geometry can be considered. The paper presents the
application of CFD on investigation of bypass flow influence on coolant temperature
distribution in fuel assembly head.

2 Geometric model and discretization

To perform thermo-hydraulic analysis of fuel assembly of reactor VVER440, it is
necessary to create 3D geometric model of coolant in the fuel assembly (FA). Creating of
geometric model of coolant is divided into three steps (Imagel).

In the first step, very accurate geometric model of fuel assembly with all details is
created. This model also includes part of protective tube unit called fixator, where the
thermocouple housing for thermocouple is placed. This 3D geometric model represents
real geometry of FA, which also can be used for structural analysis.

Imagel shows fully detailed 3D CAD model of fuel assembly. In the Imagel there
is bypass outlet from fuel assembly in the bottom and bypass inlet in top, marked with
blue circle.

Second step, detailed geometric model of fuel assembly is simplified because of
the future mesh generation and computational hardware limitations. Simplifications are
performed on input and also on output parts of fuel assembly. Those modifications won't
have significant influence on the coolant flow (Imagel).

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

Final geometry model of coolant in fuel assembly is shown in Imagel (3" step).
The final geometry model of coolant also contains central tube, thermocouple housing and
schroud modelled as a solid part.

http://aum.svsfem.cz
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1st step 2nd step 3rd step

Image 10-3D CAD model of Fuel assembly (1st step), simplifications in particular areas (2nd step)
and geometry model of coolant in fuel assembly (3rd step)

To solve Reynolds Averaged Navier-Stokes equations (RANS) by Finite Volume
Method (FVM), division of the geometry of coolant into small cells is necessary. The
process of discretization was performed in mesh tool ANSYS ICEM CFD where blocking
strategy was mostly used. In order to use this strategy the whole geometry of coolant was
divided into parts to provide better and easier way to create suitable mesh (see Image2).

Image3 shows example of the most complicated part of the mesh created in the
fuel rods area, which includes spacer grids and central tube.

h) l ") elements
a 1081584
9 ‘ b 110088 T
f c 115764
d 343356
e 57159784
e) x ) f 1218528
' g 2723870
h 1648320
:)) : K) i 68040
b) @ i 203504
k 44928
4 l total 64807845 WS 4
Image 2—Mesh parts with element counts Image 3—Mesh part (Image2 - e): (a) - geometry

of the part, (b) — central tube perforations detail,
(c) — detail of boundary layer

All meshed parts were connected by GGI connection in ANSYS CFX. The
discretized model of fuel assembly coolant contains approximately 70 millions of nodes
and 65 millions of elements (Image2). These numbers represents the limit of our hardware
and software configuration, which was used for CFD computations.

http://aum.svsfem.cz
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3 CFD simulations and obtained results

Very important parameter, which plays crucial role in heat removal from FA is
mass flow of coolant, which flows through individual fuel assemblies. Not entire mass of
the coolant which enters FA flows through fuel rods. Minor part of the coolant leaves FA in
lower part (still under the fuel rods) and enters so called inner FA space, flows along FA
and back enters to its head above fuel rods and mixing grid. It is called FA bypass.
Bypass coolant mass flow at the inlet to bypass and at the outlet from bypass could be
uneven based on different hydraulic losses of nearby FAs.

Used boundary conditions were based on the Russian experiment (Oleksyuk,
2006). This experiment was used for validating used CFD model in our previous
researches (Jakubec, 20015). Test facility is basically fuel assembly equipped with electric
heated fuel rods replacing rods with fissile material, where each rod could have its own
thermal performance. In the upper part there are 69 thermocouples placed in order to
monitor coolant temperature distribution.

Bypass coolant mass flow was considered in range 0% - 4% of nominal coolant
mass flow at the FA inlet and 0% - 5% at the bypass outlet. Coolant temperature at the
bypass outlet was considered as coolant temperature at the inlet to FA + 10°C gain.
Those bypass parameters were chosen to be able to examine its influence on FA output
parameters. It means they don’t have to fit real operational conditions.

Boundary conditions (Image 4):
* nominal inlet mass flow: 24.5kg/s

* inlet temperature: 268°C i R
* output pressure: 12.25MPa L o % '
Bypass parameters: 3 outlet 0%e%
* inlet mass flow: 0-4% of FA nominal 1| ,70‘ % .
mass flow i) ®e o.)
* outlet mass flow: 0-5% of FA nominal T ¢} [¢]
mass flow i : :
* outlet temperature: 278°C (FA inlet temp. 1|
. ) @ €] o
+10°C gain) P
— o, e}
Turbulent model: AR\ s % e 0®
. SST (" inlet .
. . . . . inlet Mo
Prescribed thermal power distribution: Image 4: Boundary conditions — left, radial power
* total thermal power = 5.77MW distribution in fuel rods — right
* prescribed as the heat flux for each fuel
rod

All simulations were performed as steady state, ANSYS CFX was chosen as CFD
tool for all simulations. The model contains two domains: fluid and solid. Solid domain is
used for modelling heat transfer across the central tube wall and thermocouple housing.
The connection between individual mesh parts is realized by GGI connection. Material
parameters of coolant (water) were defined by ANSYS CFX material library IAPWS-1F97.

Image5 shows upper part of FA with highest chosen values of bypass mass flow.
As it is obvious bottom part of fixator increases coolant velocity by diameter decrease up
to 10 m/s. Higher coolant flow velocities remains in the fixator tube centre and considering
imperfect coolant mixing in FA head (Image®6), it is expected the influence of this flow on
coolant temperature measurement by thermocouple comparing to the average coolant
temperature at the FA outlet. Right side of Image5 shows where bypass enters FA head
by velocity streamlines and how it is forced by the main stream to the fixator tube walls.

Detailed coolant temperature distribution in upper part of FA is shown in Image6 by
contours. All 3 cross-sections show how main hot coolant stream is forced to centre of

http://aum.svsfem.cz
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fixator tube by the bypass and even by the geometry. They also show great influence on
the thermocouple housing since it is placed in the centre of fixator tube. The effect of main

hot stream is even bigger considering weighting of the coolant flow velocities from
Image5.

Velocity

\ |

N

[ fhidd
| b| a b c
Image 5: Coolant velocity distribution at the Image 6: Coolant temperature distribution:
upper part of FA, left and middle — velocity left — along whole FA, right — in FA upper part in
distribution by contour in different views, right — cross-sections

velocity streamlines from bypass

313.0 : e beonmcniniiiiias R

. T U e LU

teplota [°C]

vystup z PK: —
termodlanok: - - -

312.0 ; : : N —

31151

0 1 2 3 1 5
bypass v hlavici PK [%]
Image 7: outlet coolant temperature and thermocouple dependence on bypass parameters

Image 7 represents temperature (FA outlet and thermocouple) dependence on
bypass mass flow parameters. Average coolant temperature at the FA outlet function and
thermocouple temperature function are linear to bypass outlet mass flow parameters, but
thermocouple temperature function has lower slope compared to outlet temperature
function. It is caused by forcing main hot stream to the coolant flow centre, closer to the
thermocouple by the bypass mass flow at the inlet to upper part of FA

4 Conclusions

The article presents CFD modelling and simulation of coolant flow in fuel assembly
of nuclear reactor VVER 440. Goal was to investigate influence of bypass mass flow on
the coolant mixing processes and temperatures in FA upper area. It is obvious that the FA
bypass has significant influence on the coolant flow profile and coolant temperatures

registered by the thermocouple compared to average coolant temperature at the FA
outlet.

http://aum.svsfem.cz
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Even coolant flow from the central tube may affect measured coolant temperature
by the thermocouple registered by the thermocouple. This is the reason why to determine
all possible influences which causes differences in coolant temperature mesurement
especially by current projected thermal power increase of nuclear power reactor
VVER440.
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VYUZITi KOMERCNIHO FEM SOFTWARU K VYVOJI PUVODNICH VYPOCTOVYCH
METOD

JIRI PODESVA

VSB - Technicka univerzita Ostrava, Fakulta strojni, Katedra aplikované mechaniky

Abstract: The commercial FEM based software have implemented the numerical
methods and approaches verified, reliable and steady. Except of these the new methods
are developed every hour. These are tested on benchmarks usually out of the commercial
software. Only after long verifying such can be implemented into commercial software. But
the commercial software can be used to support the testing of the new methods. The
paper deals with how the Ansys software cen help with the use of the newly developed
numerical method.

Keywords: finite element method, static condensation, superelements, modal synthesis

1 Uvod

Pro feSeni konkrétnich technickych problém( cestou pocitatového modelovani
byva pouzit komercéni software, zalozeny na metodé konecnych prvku. Takovy software
obvykle obsahuje mnohokrat ovéfené metody a postupy numerického feSeni. Kromé toho
jsou prubézné vyvijeny nové a nové numerické metody. Ty musi byt nasledné testovany a
obvykle trva delsi dobu, nez mohou byt pouzity v komerénim softwaru.

Nastroje, obsazené v komerénim softwaru, mohou v8ak byt pouzity nestandardni
zpusobem jako podpora pro testovani novych vypoctovych metod.

Nasledujici text se zabyvy technikami rozkladu modelované konstrukce na tzv.
“substruktury” (substructures, substructuring). Tyto metody jsou dnes Siroce rozvijeny
zejména s ohledem na pouziti na mnohaprocesorovych pocitacich.

V nasledujicim textu bude popsana standardni metoda statické kondenzace,
implementovana v Ansysu a jeji nestandardni pouziti pro podporu pouZiti originalni
metody modalni syntézy.

2 Statickad kondenzace

Metoda statické kondenzace je jednou z nejstar§ich metod rozkladu konstrukce na
substruktury (matematickou terminologii se mluvi o rozkladu oblasti na podoblasti)
(Przemieniecki, 1968).

Zakladni soustava pohybovych rovnic konzervativni soustavy ma tvar :

M-g+K-q=f (2.1)
kde M - matice hmot,
K - matice tuhosti,
q - sloupcova matice (vektor) posunuti,
g - sloupcovéa matice (vektor) zrychleni,
f - sloupcova matice (vektor) pasobicich vnéjSich sil.

http://aum.svsfem.cz
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Celkem n stupriti volnosti neredukovaného systému rozdélime do dvou skupin na
m (m«n) stupid volnosti vyznamnych (tzv. ,master”, index m) a n-m stupfid volnosti
nevyznamnych (tzv. ,slave”, index s). (Nékdy se uziva oznaceni ,nehmotny stupen
volnosti”. Ve skutecnosti jde o stupné volnosti, jejichz malou hmotnost zanedbavame.)
Pohybové rovnice konzervativni soustavy pak Ize psat ve tvaru

Mo, 0) Jiu] [ Ko Koo Jau] [, (2.2)
0 o i, | |K, K.|la] o |

Blokovou gaussovou eliminaci lze tuto soustavu upravit na tvar :
Mmm '(‘jm +Kmm'qm +Kms 'qS =f

m (2.3)
K, q,+K;-q, =0

Vyjadfime-li z druhé rovnice :

qS = _Kssil ' Ksm ’ qll’l (2'4)

dostdvdme po dosazeni do prvni rovnice soustavu m pohybovych rovnic pro
.,master” stupné volnosti ve tvaru :

M, i, +(K,.— K. K. K, )q, =f (2.5)

m

PouZzijeme-li substituce :

M:M]nm
~ G (2.6)
K=Kmln_KmS.KSS .Ksln

resp. :
'\7| = I\/Imm - Mms ’ Kss_1 ’ I<sm - Kms ’ Kss_1 ’ I\/Ism + Kms ’ l<ss_1 ’ Mss : Kss_l ’ Ksm (2 7)
:Fm:fm_Kms'Kss_l'fs .

maji pohybové rovnice soustavy, redukované na ,hmotné” stupné volnosti, tvar :

~

M4, +K-q, =f (2.8)

m

Typickou aplikaci metody statické kondenzace je situace, kdy globalni strukturu Ize
pfirozené rozdélit na substruktury, jez jsou navzajem provazany co nejmensim pocétem
stupnd volnosti.

Obr. 2.1 - Zakladni struktura, rozdélena na tfi substruktury
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Aplikace v Ansysu ma tfi faze :

1. Generation pass - jsou vytvofeny modely jednotlivych substruktur. Dle (2.6)
resp. (2.7) jsou vypoéteny matice hmot a matice tuhosti téchto substruktur, jimz se v
Ansysu Fika “super-prvky”.

2. Use pass - dle (2.8) jsou vypoctena posunuti “master” stuprid volnosti.

3. Expansion pass - dle (2.4) jsou vypoétena posunuti “slave” stuprit volnosti.

3 Modalni syntéza

Tato metoda byla formulovana pracovniky katedry mechaniky ZapadocCeské
univerzity v Plzni pod nazvem ,modalni syntéza” (Slavik, 1997). Nabizi zajimavé feSeni
rliznych problémd mechaniky kontinua na strukture, kterou Ize definovat jako sloZzenou z
nékolika substruktur, spojenych navzajem pruznymi (eventuelné pruzné tlumicimi)
vazbami.

A

A ]
Obr. 3.1 - Struktura rozlozena na dvé substruktury

Celd soustava je rozdélena do N oblasti j = 1 ... N. Pohybové rovnice j-té
podoblasti jsou :
| E
M; Q) +B; - Ay +K; - Ay =iy + Ty (3.1)

kde M;, B; a K; jsou matice hmot, tlumeni a tuhosti j-t¢ podoblasti, f; je vektor
vnitfnich vazbovych ucinkl, pfenasSenych z okolnich podoblasti pruznymi vazbami,
konecné fF je vektor vngjsich budicich aginkd.

Déle A, je spektralni matice a V; je modalni matice (normovana podle matice hmot)
j-té volné konzervativni podoblasti :

M;-Qj +K; -0y =0 (3.2)
pro néz plati :
Vi M-V =1 (3.3)
; .
Vj -KJ. -Vj :AJ-
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Spektralni matice A; jakoz i jednotkova matice 1; je Ctvercova fadu mxm, modalni
matice V; je obdélnikova fadu nxm, kde n je pocet stupfiti volnosti volné podoblasti, m je

podoblasti.

Po provedeni modalni transformace :

i = Vi X (3.4)

a po vynasobeni zleva matici V;', dostavame pohybové rovnice j-tého subsystému
pro modalni (hlavni) soufadnice :

1%, +A,-x; = VT -(f +£F) (3.5)

Seskupime-li pak pod sebe takto vytvofené pohybové rovnice, dostaneme
soustavu :

1-X+A-X:VT-(f'+fE) (3.6)

kde A=diag(A;) a V=diag(V;) jsou diagonalni spektralni resp. blokové diagonalni
modalni matice, f'={f;'} a f*={f;"} jsou sloupcové matice (vektory) vnitfnich vazbovych
ucinkd a vnéjSich budicich sil, a kone¢né x={x;} je globalni vektor modalnich soufadnic.

Vyjadiime-li dale vektor vazbovych u¢&ink({ jako :

f! :_Kv.q (3.7)

kde K" je matice tuhosti vazeb. Opét pouZijeme modalni transformaci a po
vynasobeni zleva matici V', dostdvame pohybové rovnice pro modalni soufadnice ve
tvaru :

1-x+(A+VT-KY.V).x=VT.f¢ (3.8)

Soustavu pohybovych rovnic systému, redukovaného na modalni soufadnice, Ize
psat ve tvaru :

M-x+K-x=f (3.9)
kde

2

=1 je (jednotkova) matice hmot,
K=A+V".-K"Y .V je matice tuhosti,
f=VT.fF je vektor budicich uginkd v modalnim prostoru.
Pfi feSeni problému vlastnich frekvenci maji pohybové rovnice tvar :
M-x+K-x=0 (3.10)

Vlastni kruhové frekvence Q redukovaného systému jsou pfimo vlastnimi
kruhovymi frekvencemi zakladniho systému. Vlastni tvary redukovaného systému v,
které jsou feSenim zobecnéného problému vlastnich €isel redukovaného systému :

(K-Q*-M)-v, =0 (3.11)
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a které jsou normovany podle matice hmot :

v, -M-v, =1 (3.12)

X

musi byt transformovany na originalni soufadnice :

vV, =V-v, (3.13)

PFi praktické aplikaci na realné Uloze mlze byt problém sestaveni matice tuhosti
vazeb KY. Zde mGze byt ndpomocna technika “superprvk(”, implementovana v Ansysu.
Obvykla aplikace této techniky spociva v tom, ze jako tzv. “superprvky” jsou definovany
jednotlivé substruktury.

Mame-li model, tvofeny nékolika substrukturami, spojenymi pruznymi vazbami (viz
obr. 3.1), mGzeme jako tzv. “superprvek” nadefinovat systém spojovacich pruznych ¢lena.

Dle (2.6) spoéteme matici tuhosti substruktury K , jeZ je pravé matici tuhosti vazeb K"
dle (3.7)

4 Zavér

Jak bylo ukazano, ovéfené matematické postupy, implementované v komerénim
softwaru (Ansys), lze pouzit jako vypoctovy “servis” pro aplikaci nové vyvinutych
numerickych postupl, jez samy o sobé v zadném komerénim softwaru implementované
nejsou.
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STUDIE DEFORMACI ZLABU
JOZEF HRABOVSKY, JAROSLAV HORSKY

Heat transfer and fluid flow laboratory, Brno University of Technology

Abstract: The issue of the drainage channel deformation is important for producers of the
channels and also for customers and users of the drainage channels. Deformation of
drainage channels leads to damage of bond between channel and environs (concrete).
Studies of drainage channels deformation will be performed in two phases. The first phase
is focused on preparation of the numerical model of the selected drainage channel. The
goal of this phase is to create a functional numerical model to define critical locations and
determine the relative values of deformation of drainage channel. On the basis of the
calculations the second phase of the project will be prepared. In this phase the selected
drainage channel will be subjected to experimental measurements. Measurements will be
focused on describing the temperature field and simultaneously measuring the
deformations. For measuring the temperature field temperature sensors will be installed at
selected locations. For the measurement of deformations an optical method will be used,
that is capable of detecting deformation of sufficient resolution. The comparison and
correlation between measured and calculated deformations were carried out.

Keywords: drainage channel, optical deformation measurement, numerical model

1 Uvod

Uvolhovani odvodiiovacich Zlabl ze zakladu je komlexni problematika, ktera je
ovlivnéna mnoha faktory. Jednim z faktort je napfiklad vnéjSi mechanické zatizeni nebo
deformace samotného zlabu. Deformace mlze byt zpisobena Spatnym uchycenim nebo
provoznim zatizenim (stfidavym napousténim horké a studené vody). Tato prace je
zaméfena na studium a analyzu deformace Zlabu zpisobenych pravé napousténim horké
vody. Deformace odvodnovacich Zlabu muze vést k poskozeni vazby mezi Zlabem a jeho
okolim. Pro zkoumani deformaci byl zvolen jeden z béznych Zlabl. Postup zkoumani
deformaci Zlabu byl proveden tak, ze v prvnim kroku byla vytvofena numericka simulace
referencniho stavu. Tato simulace zahrnovala proces napousténi horké vody. Pro simulaci
napousténi vody byl pouzit program Ansys CFX. Vysledkem této simulace bylo teplotni a
tlakové zatizeni daného Zlabu. Teplotni a tlakove pole bylo aplikovano ve druhém kroku,
ktery byl zaméfen na vypocCet deformaci Zlabu. Do strukturalni analyzy byl aplikovan
Casovy zaznam rozlozZeni teplot a tlakl na vnitfnim povrchu Zlabu. Na zakladé takto
aplikovaného vstupniho zatiZzeni byly vypoc€itany vysledné deformace Zlabu a byla
odhalena kriticka mista (mista s nejvétSimi deformacemi).

Data a informace o moznych kritickych mistech Zlabu byly pouZity pro pfipravu
experimentalniho méreni. Pro méfeni deformaci byl zvolen opticky méfici pfistroj
“Pontos”. Pro méfeni teplot bylo aplikovano nékolik termoclanku. V definovanych mistech
byly intalovany ter¢iky pro optické méfeni deformaci a termoclanky pro méreni teplot. Na
zakladé zmérenych dat byla provedena korelace vypoctového modelu s experimentalnim
méfenim. Takto pfipraveny numericky model bylo mozné pouzit pro hledani vhdnych
geometrickych Uprav, které by vedly k eliminaci deformaci zlabu. Timto pfistupem bylo
mozné navrhnout Upravy minimalizujici poSkozeni Zlabu a jeho vazby s okolim.
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2 Vypoctovy model

Vypod&tovy model byl vytvofen kombinaci CFD modelu a strukturalniho modelu. Jako prvni
byl vytvofen CFD model pro simulaci napousténi horké vody do Zlabu. Vysledkem
simulace bylo teplotni a tlakové pole plsobici na Zlab. Druhy model byl strukturalni. Ten
byl vytvofen pro vypoc&et deformaci zlabu vlivem teplotniho a tlakového pole spocteného
pomoci CFD modelu. Vysledkem strukturalniho modelu byla deformace Zlabu a odhaleni
kritickych mist.

2.1 CFD model

Proudova doména pro CFD (Computational Fluid Dynamics) analyzu Zlabu byla
pfipravena jako inverzni objem vnitfniho prostoru zvoleného Zzlabu. Inverzni objem
predstavuje prostor, do kterého je napousténa voda (Obrdzek 1). Na tomto objemu byla
vytvofena sit’ (viz Obrazek 2). Na plochach, které jsou v kontaktu se sténou Zlabu, byla
vytvofena zhusténa vrstva elementu (tzv. Inflation layer) pro popis rychlostniho profilu a
zachyceni mezni vrstvy. Kvalita popisu mezni vrstvy je definovdna hodnotou Y+, ta
dosahovala maxialni hodnoty 3.5.

Obrazek 11 — Model Zlabu (vlevo), inverzni objem vnitfniho prostoru Zlabu (vpravo)

Obrazek 12 — Sit pro CFD model s detailem na sténu modelu

CFD model byl pfipraven jako multi-fazovy. Obsahoval plynnou, kapalnou i pevnou
fazi. Plynna faze byla reprezentovana vzduchem, ktery na pocatku vypoctu vyplioval
proudovou doménu. Kapalna faze byla realizovana prostfednictvim vody, kter4 byla
napousténa do prostoru zlabu. Pevna faze byla zastoupena oceli, kterou je
charakterizovan strukturalni model. Strukturalni model byl pouzit pro simulaci
skute€ného prenosu tepla mezi proudovym a strukturalnim modelem. Spojeni mezi
proudovym a strukturalnim modelem bylo provedeno pfes definovanou vazbu (tzv.
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Interface). Pro proudovou doménu byly aplikovany materidlové vlastnosti vzduchu a vody
pfi atmosferickych podminkach. Pro vzduch byly pouzity bézné fyzikalni hodnoty
definované v programu CFX, proto nejsou nize uvedeny. Pro strukturalni doménu byly
pouzity termo-fyzikalni vlastnosti oceli, ze které je zlab vyroben. Materialové vlastnosti
pouzité v CFD modelu jsou uvedeny v Tabulce 1. Pro analyzu byl zvolen SST turbulentni
model proudéni. Teorie a rovnice popisujici pfenos tepla aplikované prostfednictvim CFD
modelu jsou uvedeny v [1], [4].

Tabulka 1 Materidlové vlastnosti vody (vlevo), oceli Zlabu (vpravo)

Hustota 997,00 kg.m’

Tepelna roztaznost |2,57e-4 K*

Tepelna kapacita  |4181,70 J.kg™>.K Hustota 7900,00 kg.m™
! Tepelna roztaznost |1,16e-5 K™

Dynamicka 8,899%e-4 Pa.s Tepelna kapacita | 434,00 J.kg™*.K™*

viskozita Tepelna vodivost 60,50 W.mt1.K*

Molarni hmotnost | 18,02 kg.kmol™

Popis, pozice a hodnoty okrajovych podminek, které byly pouzity pro simulaci
napous$téni zlabu, jsou uvedeny na Obrazku 3. Pro simulaci nebyl uvazovan pfimy vytok
vody, Zlab byl pouze napoustén. Vypoc€tova simulace byla uvazovana jako transientni.
Délka simulace byla stanovena na hodnotu 19,5s.

Proudova doména

Strukturalni doména

LD
Obrazek 13 — Popis CFD modelu a okrajovych podminek

2.2 Strukturalni model

Strukturalni model byl vytvofen v nékolika krocich. V prvnim kroku byla na
definované geometrii Zlabu vygenerovana sit v odpovidajici kvalité (viz Obrazek 4). Z
divodu komplikované topologie byla sit vytvofena za pomoci kvadratickych (tetrahedral)
elementd. V druhém kroku pfipravy strukturalniho modelu byly aplikovany mechanické
vlastnosti zlabu, které jsou uvedeny v Tabulce 2. DalSi krok spocCival v zadani okrajovych
podminek a definici zatizeni. Zvolené okrajové podminky a zatizeni aplikované na
strukturalni model jsou uvedeny na Obrazku 5. ZatiZeni bylo realizovano prostfednictvim
teplotniho a tlakového pole ziskaného z pfechozi CFD analyzy.

Tabulka 2 Mechanické vlastnosti oceli Zlabu
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Teplota 20°C 100°C
Modul pruznosti 2,00ell Pa 1,94ell Pa
Poissnlv pomér 0,240 0,256

Obrazek 14 — Sit pro strukturalni model

Jak bylo uvedeno v pfedchozi kapitole, CFD model byl feSen jako transientni
uloha. Pro strukturni model byla pouzita staticka uloha. To znamena, zZe zatiZzeni spoctené
v CFD analyze bylo aplikovano jako samostatné zatézné kroky ve statické strukturalni
uloze. Celkovy pocet kroku v této uloze bylo 21.

Zamezeni posuvll
ux,uy,uz=0

Obréazek 15 — Popis okrajovych podminek ve strukturalnim modelu

2.3 Vysledky vypoétového modelovani

Vysledky vypoctového modelovani jsou rozdéleny do dvou casti. Prvni €ast je
vénovana vysledkim z CFD simulace napousténi Zlabu. Vysledky z této analyzy jsou
uvedeny na Obrazku 6, 7 a 8. Na Obrazku 6 je uvedeno tlakové zatizeni Zlabu pfi procesu
napousténi. Na Obrazku 7. jsou v levém sloupci uvedené proudnice s konturami teploty
vody. V pravém sloupci je zobrazen podil vody v zavislosti na Case, zvyraznény konturami
teploty vody. Na Obrazku 8 je uvedeno rozlozeni teplot Zlabu v pribéhu &asu. Toto
teplotni rozlozeni bylo vstupnim zatiZenim do strukturalni analyzy. Druha ¢ast obrazku je
vénovana vysledkum ze strukturalni analyzy. Na zakladé zadaného teplotniho a tlakového
zatizeni bylo spocteno deformacni pole zlabu. Vysledky ziskanych deformaci pro vybrané
Casy jsou uvedeny na Obrazku 9. Z prezentovanych vysledku teplot a deformaci byly
vytipované pozice pro instalaci méficich znacek.
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0.5s 2.0s

Pressure Pressure
Contour 5 Contour 5
2.623e+003 2.722e+003
2.427e+003 2.540e+003
2.232e+003 2.358e+003
2.037e+003 2.176e+003
1.842e+003 1.993e+003
1.647e+003 1.811e+003
1.452e+003 1.629e+003
1.257e+003 1.447e+003
1.062e+003 1.265¢+003
8.668e+002 1.082e+003
6.717e+002 9.001e+002
4.766e+002 7.179e+002
2.816e+002 5.356e+002
8.647e+001 3.534e+002
-1.086e+002 1.712e+002
-3.037e+002 -1.104e+001
[Pa] [Pa]
. . o Cexo o
Obrazek 16 — Rozlozeni tlaku pfi procesu napousténi
S
8.538e+001
o
6.905e+001 /} 9.003e+001
5.272e+001 . ! ) e !
WAL Wi
3 - 5.917e+001
3.639e+001
2.006e+001 4.374e+001
[}
2.831e+001
1
B s
8.990e+001
o i
7.245e+001 9.003e+001
5.501e+001 7.364e+001
3.757e+001 812 L
2.012e+001 4.085e+001
(O]
2.446e+001
1
19,5
g
8.994e+00
! wﬁgrmwmn
9.001e+001
7 335e4001
5.676e+001 S !
4.018e+001 6.149e+001
238004001 4.722e+001

€1

Obrazek 17 — Proudnice s konturami teplot (vlevo), podil vody v pribé&hu napousténi s konturami
teploty (vpravo)

0.5s 2.0s

Temperature
&mﬁ:ﬂmw Contguer a4
4.341e+001 8.268e+001
4.185e+001 7.848e+001
4.028e+001 7.427e+001
3.872e+001 7.007e+001
3.716e+001 6.586e+001
3.560e+001 6.166e+001
3.403e+001 5.745e+001
3.247e+001 5.325e+001
3.091e+001 4.905e+001
2.934e+001 4.484e+001
2.778e+001 4.064e+001
2.622e+001 3.643e+001
2.465e+001 3.223e+001
2.309e+001 2.802e+001
2.153e+001 2.382¢+001
1.996e+001 1.961e+001
€] €]

10.0s 19.5s

http://aum.svsfem.cz

23



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

Temperature Temperature

Contour 4 Contour 4
8.990e+001 8.984e+001
8.524e+001 8.518e+001
8.058e+001 8.053e+001
7.592e+001
7.126e+001
6.660e+001
6.194e+001
5.728e+001
5.262e+001
4.795e+001
4.329e+001
3.863e+001
3.397e+001
2.931e+001
2.465e+001
1.999e+001

] €]

Obréazek 18 — Teplotni pole Zlabu v pribé&hu ¢asu

7.587e+001
| 7.122e+001
| 6.656e+001
6.191e+001

3.397e+001
2.932e+001
2.466e+001
2.000e+001

0.5s 2.0s

Obrazek 19 — Deformace Zlabu v prabéhu ¢asu

3 Experimentalni méreni

Jak bylo jiZz uvedeno, analyza deformace Zlabu byla provedena ve dvou fazich.
Prvni faze byla zaméfena na pfipravu numerického modelu zvoleného Zlabu. Na zakladé
vypoCtl byla pfipravena druha faze, kdy byl Zlab podroben experimentalnimu méreni.
Mé&rFeni bylo zaméfeno na popis teplotniho pole a zaroven deformaci Zlabu. Pro méfeni
teplotniho pole byla ve vytipovanych mistech instalovana teplotni €idla (viz Obrazek 10).
Pro méfeni deformaci byla pouZita opticka metoda, ktera je schopna detekovat deformace
s dostateCnym rozliSenim. Cilem méfeni byl popis deformaci a teplotniho pole Zlabu
vlivem teplotniho zatizeni a vlastni tihy zvolené kapaliny. Zméfena data byla aplikovana
pfi korelaci vypoctového modelu a méfenych dat.
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Yvyyvy
AA A

2!
30mm 130m:

130mm

@ Pozice pro méreni deformaci
@ Pozice pro méreni teplot
Obrazek 20 — Poloha méfenych bodu

Pro méfeni deformaci bylo zvoleno optické zafizeni “Pontos”. Timto zafizenim
disponuje Letecky ustav VUT v Brné, se kterym bylo experimentalni méfeni realizovano.
Pontos je mobilni opticky systém pro dynamické méfeni pohybu diskrétnich bodu, vibraci
a deformaci (viz Obradzek 11). Pontos je vybaven dvéma kamerami, které jsou
synchronizovany a zaznamenavaji snimky ve stereo nastaveni. V téchto snimcich jsou
zachyceny a graficky zobrazeny 3D soufadnice referenénich znacek a jejich posunuti v
riznych deformacnich stavech béhem zatizeni objektu. Tento systém je vyuzivan
predevSim v leteckém a automobilovém pramyslu. Metoda méfeni je zaloZzena na principu
optické triangulace. Triangulace je v sou€asnosti nejpouzivangjsi technikou optického
méfeni. Systém Pontos vyuzZiva tzv. pasivni triangulaci. Pasivni triangulaéni techniky
zahrnuji v podstaté rizné formy digitalni fotogrametrie. "Pasivni, znamena, Ze neni
uvazovano geometrické uspofadani osvétleni. BlizSi popis optické metody a digitalni
fotogrametrie je mozné najit napf. v publikacich [2] a [3].

Obrazek 21 — Optické zafizeni “Pontos”

Princip méfeni pomoci zafizeni Pontos je nasledujici: na méfeny objekt se
nejdfive pfipevni body, které bude systém snimat (poCet bodu je neomezeny a nezavisly
na snimkovaci frekvenci). Déale je kamerovy systém upevnén na stativu pfed méfenym
objektem. Systém podle zvolené frekvence vytvofi zabéry, ze kterych vypocita prostorové
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soufadnice, posunuti a deformace jednotlivych bodl. Nakonec probéhne samotna
analyza. Pfipravené experimentalni zafizeni se Zlabem osazenym méficimi body a
termoclanky je uvedeno na Obrazku 12 a 13.

L omeama v : e
g i ' . e B e\ B
| G £ - /

Obrazek 22 — Usporadani experimentalniho méfeni

Obrazek 23 — Uspofadani méfici techniky

Mérfeni teplot Zlabu v definovanych mistech bylo provedeno pomoci osmi
termoclankl. Termoclanek €.9 byl pouzit pro zaznam vstupni teploty vody. Zaznam teplot
z instalovanych termoclanku byl realizovan prostfednictvim vicekanalového datalogeru.
Vzorkovaci frekvence obou méfenych veli€in byla 1 Hz. Méfeni probihalo pfi stejnych
podminkych jaké byly aplikovany pfi numerickych vypocCtech. Teplota napousténé vody
byla 90,2°C, pratok byl 0,96 I/s a délka napousténi byla 25s.

3.4 Vysledky méreni

Vysledkem experimentalniho méfeni byly deformace a teploty Zlabu v zavislosti na
Case. Hodnoty deformaci zlabu béhem napousténi vody dosahovaly maximalnich hodnot
+3.55 az -1.33 mm (ve vertikalnim sméru). Kladna hodnota pfedstavovala prohnuti Zlabu.
Hodnoty deformaci byly ovlivnény jak teplotou vody (teplotnim zatizenim), tak viastni
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tihou vody. Napousténa voda zlistavala ve Zlabu a tim pfispivala k celkovym deformacim
Zlabu. Zmérena data jsou vedena na Obrazku 14 a 15.
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Obréazek 24 — Zméiené posuvy v jednotlivych bodech
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Obrazek 25 — Zmérené teploty v jednotlivych bodech

4 Zhodnoceni dosazenych vysledkui

Studie deformaci Zlabu spocivala v numerické simulaci a realizaci experimentalniho
méreni. Numericka simulace kombinovala CFD a strukturalni analyzu, tuto kombinaci je
mozné definovat jako jednocestné ,fluid structure interaction. Tato metoda umozZhiuje
provazat vysledky ziskané z proudové analyzy (CFD) na strukturdlni analyzu. Tim je
mozné modelovat vérohodné chovani struktury. Vysledky numerické simulace byly
srovnany s méfenymi daty.

Srovnani zméfenych a vypoctenych deformaci i navzdory nékterym odchylkam je v dobré
shodé a je jasné vidét zachyceni spravné tendence i maximalnich hodnot deformaci
pomoci numerické simulace. Rozdily mezi zméfenymi a vypoctenymi hodnotami jsou v

http://aum.svsfem.cz

27



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

nékterych mistech vyrazné. Je to zplsobeno nékolika faktory. Jednim z faktorl byla
poloha méfenych bodu, ktera neodpovidala pfesné poloze bodl ve vypoctu, a to z dlivodu
nepresnosti pfi instalaci méficich terik(. Nékteré terCiky v pribéhu méreni odpadly z
dlvodu narustu teploty. DalSim faktorem byla zbytkova napjatost v materialu zlabu, ktera
nebyla v numerické simulaci uvazovana. Srovnani mezi vypo¢tem a méfenim je uvedeno
na Obrazku 16.
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Obréazek 26 — Srovnani zméfenych a vypoc¢tenych hodnot, posuvy (vlevo), teploty (vpravo)

5 Zavér

Tato prace byla zaméfena na studium a analyzu deformaci Zlabu vlivem teplotniho
zatézovani. Cilem analyzy deformaci bylo pfipravit funkéni model s jehoz pomoci bude
mozné provést konstrukéni upravy, které povedou ke snizeni deformaci a eliminaci
posSkozovani vazby mezi Zlabem a okolim. Pro splnéni tohoto cile byla provedena
vypoctova analyza napousténi Zlabu a jeho nasledna deformace. Na zakladé téchto
vysledkd bylo pfipraveno experimentalni méfeni deformaci. Z porovnani vypoctenych a
zméfenych dat je patrné, Ze pfipraveny postup feSeni deformaci zlabu je pouzitelny. Vyse
popsanym postupem bude mozné provést dalSi numerické analyzy geometrickych Uprav
Zlabu a najit vhodné feSeni popsané problematiky.
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NONLINEAR DYNAMIC ANALYSIS OF NUCLEAR POWER BUILDING SAFETY
UNDER THE AIRCRAFT IMPACT

JURAJ KRALIK, JURAJ KRALIK,Jr.

Abstract: The paper presents the nonlinear analysis of the reinforced concrete buildings
of nuclear power plant under the aircraft attack. The response from the nonlinear analysis
was considered taken the deterministic calculation procedures. The dynamic load is
defined in time on base of the airplane impact simulations considering the real stiffness,
masses, direction and velocity of the flight. The dynamic response is calculated in the
system ANSY'S using the transient nonlinear analysis solution method. The damage of the
concrete wall is evaluated in accordance with the standard NDRC considering the
spalling, scabbing and perforation effects. The simple and detailed calculations of the wall
damage are compared.

Keywords: Nonlinear, Aircraft impact, Nuclear power plant, Safety, ANSYS

1 Introduction

Recent accidents of the NPP in Chernobyl and Fukushima give us the new
inspiration to verify the safety level of the NPP structures (Krélik — 2015, NEA/CNRA/R12
— 2011, Salajka et al. - 2012). The International Atomic Energy Agency set up a program
(IAEA TECDOC/1487 — 2006) to give guidance to its member states on the many aspects
of the safety of nuclear power reactors. One of the safety risks of NPP structures is the
possibility of the aircraft attack to the NPP structures (Adamik - 2013, Bangash - 2006,
DOE STD3014 — 2006, ERIN — 2013, IAEA TECDOC 1487 — 2006, Kala — 2016, Kralik —
2009, 2014, 2015, NEI 07/13 - 2011, Némec et al. — 2012, Riera — 1982, Siefert, Henkel —
2011, Sugano —1993).

Image 1 - Calculation model of NPP building

In the case of the possibility of the aircraft impact one has to consider the
probability of the aircraft attack (Kralik — 2009, 2015, DOE STD3014 — 2006, ERIN —
2003, IAEA TECDOC/1487 - 2006), the definition of the impact load in dependency of the
plane type (Adamik - 2013, Bangash - 2006, Kala, Husek — 2016, Némec et al. — 2012,
Riera — 1982, Siefert, Henkel — 2011, Sugano — 1993), the behavior of the reinforced
concrete structures under the high strain speed (Antucheviciene et al. - 2013, Bangash -
2006, Bazant et al. — 2007, ERIN — 2013, Hradil, Kala — 2014, Jerga, Krizma — 2009, Kala,
Husek — 2016, Krélik — 2009, Monotti — 2004, Sucharda et al. - 2014) and the effective
methods to solve the probability of failure (Antucheviciene et al. - 2013, Bazant et al. —

http://aum.svsfem.cz

30



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

2007, Kréalik — 2009, 2015). The NPP WWER 440 building consists of six objects (Image
1) - reactor building (RB), box of steam generator (BSG), bubbler tower (BT), air-
conditioning center (ACC), turbine building (TB), and lengthwise side electrical building
(LSEB) and cross side electrical building (CSEB) (Krélik — 2009). The calculation model of
the NPP buildings (Krélik — 2009) contains the beam, shell and solid elements. The FEM
model consists of 20 681 elements with 91 890 degrees of freedom (Kralik — 2009, 2015).

2 Model of aircraft impact

The aircraft impact of the military plane JAS 39 Gripen was assumed. The plane
JAS 39 Gripen is a light single-engine multirole fighter aircraft manufactured by the
Swedish aerospace company Saab (Image 2). The total length of plane is 14.8 m, the
height of fuselage is 4.5m. The nominal weight of plane is 6,8tons and the maximal
weight with the equipment is 12 tons, flight velocity is 400-450 m/s and full controllability is
in angle range 75° - 85°. Breaking of the wings and the loss of the fuel is assumed in the
case of the flight through the NPP hall steel structures.

Image 2 - Airplane JAS 39 Gripen

The critical sections of the NPP structures were estimated on the base of the
previous static analysis and the course of the flight was defined following the technical
data from the manufacturer. The two critical points were defined: LC1 - the plane attack to
the BT roof, LC2 - the plane attack to the plate of the box of steam generator. In the case
of the load cases LC2 the impact energy is damped by the plastic deformations of the
steel structure of the reactor hall. All accidents were analyzed for the flight direction of

75”-85° (Image 3).
LC1 /
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Image 3 - Scheme of the aircraft attack to the NPP box of steam generator and the bubbler tower

The load functions in the time were determined in agreement with the standard
DOE (DOE STD3014 - 2006) in the calculation program Riera Code (Riera — 1968, 1982)
[16 and 17] based on the technical parameters of the plane JAS 39 Gripen (geometry,
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stiffness, fuselage mass, flight velocity in the moment of impact, operating possibilities
and others).

Buckling force is by DOE (DOE STD3014 - 2006) defined from the best estimate
by comparative study using data available from the aircraft manufacturers, for so-called

reference aircraft. The buckling force of the fuselage of particular aircraft K, can be
determined from the relation

Fr :IB(X)'FRL 1 (1)
where F., is the buckling force of the reference aircraft, #(x) is the similarity coefficient,
for which it is valid

/B(X) = (tTL (X)dTL (X)GTL )/(tRL (X)dRL (X)O-RL)’ (2)

where t(x) is the thickness of a fuselage, d (x) is the diameter of fuselage in point x and
oy (or oy, ) is the ultimate stress of the particular aircraft (or the reference aircraft) during
the breaking of fuselage material.

If we have'nt the detailed informations about the thickness of the plane corps and
its material properties the coefficient ﬂ(x) can be determined by the comparison with the
reference plane as follows [1]

ﬂ(x):ATL/ARL 3)
The force impact can be determined as follows
Fo = (ATL/ARL )'FRL (4)

The relation (4) is correct in the case when the ratio between the diameter and the
thickness of the plane corps is constant.

We considered two following load cases :

LC1 - Impact of JAS 39 Gripen to BT plate on area 2m? (the plane total mass 12 ton,
impact velocity 400 ms™ for the flay direction 75° — 85°) (Image 4).

LC2 - Impact JAS 39 Gripen to SG plate on area 2m? through the hall steel structures
under SG (the plane total mass 7.96 ton, impact velocity 403 ms™ for the flay direction 75°
— 85° (Image 5).

JAS-39 GRIPEN - 400 m/s Curve Id
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Image 4 - Impact loads: Gripen, 12 t — velocity 400 m.s™, Riera_Code (curve A), idealized curve B
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Table 1 - Load function for aircraft of JAS 39 Gripen

LC1. Directly impact Time [ms] 0.0 19 25 35
Force impulse [MN] 0.0 235.0 235.0 0.0
LC2. Dumped impact Time [ms] 0.0 12.0 27.5 39.0
Force impulse [MN] 0.0 120 120 0.0
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Image 5 - Impact loads: Gripen, 7.96 t / velocity 403 m.s™, Riera_Code(curve A), idealized curve B

3 Penetration of the RC wall

For assessment of the reinforced walls or plates resistance, some simplified
relations for the calculation of missile penetration or perforation of the wall according to
(ERIN - 2003) can be used based on the results of experimental tests.

The penetration depth (x;) of the crushed mass of the engine casing is given by
the modified NDRC equation for the missiles :

X, = ac\j4KWND(V /(1000D))",  for  x./{a.D}<2, (5)

where X, is the crushed casing penetration depth in inches, V is the engine velocity in
ft/sec, D is the average outer diameter of the engine casing in inches, W is the total
engine weight (in lbs), K =180/(f.)1/2 , N = 0.72 (flat-nose missile), f." is the concrete
strength in psi, and a. = 0.5 is the penetration reduction factor considering the missile
deformability as recommended in [4].

Spalling

(a) Spalling (b) Target scabbing (c) Perforation
Image 6 - Scheme of the wall penetration by missile - spalling, scabbing, perforation

The wall thickness required to prevent scabbing (ts) can be computed using the
reduced Chang formula

t, = @,1.84(200V )" (MV?)" (1/(D/12)"7 ) (¥ (1441, )"*), (6)

where M = W/g and g = 32.2 ft/sec?. The factors 12 and 144 used in equation (2) are used
to convert the units of casing diameter (inches) and concrete compressive strength (psi) to
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the units (ft, psf) used in the empirical Chang formula. The recommended value for as is
0.55. The reduced Degen formula (DOE STD3014 - 2006) is used to calculate wall
thickness able to resist perforation (t,) :

t = apD(Z.Z(XC/aCD)—O.3(xc/aCD)2), for X/ {acD}<1.52 (7)

The recommended value for a, is 0.6. The exit velocity of the engine may be
estimated using the relationship cited by Kar (DOE STD3014 - 2006) and attributed to
CEA-EDF:

va =(vi —vf,)/(1+(WCp/W )), for v, >v,, (8)

where vr is the residual velocity of the engine after wall perforation, v;, is the initial impact
velocity of the engine prior to wall impact, and v, is the engine velocity that just initiates
perforation, W, represents the weight of the concrete plug ejected by the perforating
engine with weight, W. The target wall thickness for the engine attack to the reinforced
concrete structures are determined in the Table 2 on the base of the standard
requirements (DOE STD3014 - 2006).

Table 2 - Target concrete wall thickness for the missile penetration ( f. = 30MPa )

JAS 39 Gripen Wall thickness [m]
Mass [kg] Spalling - xs[m] Scabbing - t;[m] | Perforation - t, [m]
12000 0.246 0.192 0.612
6800 0.185 0.153 0.466

The previous analysis shows us that the safe thickness of the reinforced concrete
wall or plate in the case of the impact of the plane JAS 39 Gripen is equal 0.612m.

4 Nonlinear dynamic analysis of the RC structure

FEM model consists of layered shell elements SOLID181 with the concrete and
steel layers. The material model takes into account the orientation of the cracks and the
reinforcements in the NPP plates and walls. The non-linear dynamic equilibrium equations
in semi-discrete form is given by

Mi, +Cr +p(r,.f,) =f,, 9)
where M and C are matrices of mass and damping, p (rn,r'n) is vector of internal resisting
forces, 1. ,r,,r, are the vectors of acceleration, velocity and displacement and f, is the

n*’'n’’'n

vector of external forces in the time t,. The internal forces p(r,.f,) are evaluated as
p,=[B,/o,dQ and o,=DBr, (10)
Q

ep—n'n?

where the elastic-plastic matrix D, is based on the Hill anisotropy theory and the bilinear

kinetic hardening material model and the strain-displacement matrix B, is defined for the
theory of the large rotations.

The elastic-plastic behaviour of the anisotropic materials is described by the Hill
potential theory using the HMH yield criterion.

The stress-strain relations are obtained from the following relations
Ao =D, (Ae-Ae, ) =D, (Aa - A/l(a%o)) or  AG=D_At, (11)

where D, is the elastic-plastic matrix in the form
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D, (a%o)(aFao)T Dy (12)

Dep Del - T
A+(2g) Pa (o)

The hardening parameter A depends on the yield function and model of hardening
(isotropic or kinematic). Huber-Mises-Hencky (HMH) define the yield function in the form

F(0)=vJo'Mo - o, (sep) , (13)
where o, (sep) is the reference yield stress, €, is the equivalent plastic strain and the

matrix M is defined on dependency of the material anisotropy properties in the three
orthogonal planes of symmetry (Kohnke - 2008).

On the base of the Hill potential theory the extreme strain and stress of the critical
structures of the BT and SG structures were calculated. The nonlinear analysis

considering the anisotropic material properties was made for the layered shell elements
SHELL181 in the FEM model.

Table 3 - The strain intensity in the RC structure under aircraft impact in FEM model

Structural Elastic strain of shell element [%0] Elastic-plastic Str[il/ior]] of shell element
segment Bottom Middle Top Bottom Middle Top

Plate BT 0.31016 | 0.053111 | 0.12357 1.87030 0.51934 0.58650
Plate BSG 0.11355 | 0.010816 | 0.05683 0.44055 0.44899 0.22030

Note: BT - Bubbler Tower, BPG - Box of Steam Generator

Table 4 - The maximum principal strain in the RC structure under aircraft impact in FEM model

Structural Elastic strain of shell element [%] Elastic-plastic Str[il/ior]] of shell element
segment Bottom Middle Top Bottom Middle Top
Plate BT 0.24408 | 0.007203 | 0.097796 | 0.73105 0.25312 0.21245
Plate BSG 0.09131 | 0.006878 | 0.046174 | 0.16844 0.28040 0.08723
Note: BT - Bubbler Tower, BPG - Box of Steam Generator
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Image 7 - The behavior of the strain intensity for the load case LCL1 - linear and nonlinear analysis
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Image 8 - The behavior of the strain intensity for the load case LC2- linear and nonlinear analysis

The elastic and the elastic-plastic transient analysis of the NPP structures under
two scenarios of the aircraft impact were solved in program ANSYS considering
nonlinearity. The geometry nonlinearity is based on theory of the large rotations. The
comparison of the linear and nonlinear analyses is presented in the tab. 2 and 3. In the
nonlinear analysis the strain intensity in the critical places increase from 1.4 to 4.9 times in
comparison with the linear solution. The maximum strain intensity ¢ =1.87%

(resp. & =O.52%) is at the bottom of plate of the bubbler tower structure (see tab.1 and
2). The ultimate compressive strain of concrete is equal ¢, =0.35% and the ultimate
tension strain of steel reinforcement is equal &, =1.0%. The shear stiffness of the
concrete layer is limited by strain value ¢, =0.5%.

5 Conclusion

This paper presented the results from the linear and nonlinear dynamic analysis of
the reinforced concrete building of nuclear power plant under the aircraft impact. The
accident scenario assumes the aircraft impact in three critical points (plate BT and plate
BSG). The load function was determined in the program Riera_Code on the base of the
comparison study with the reference aircraft. The dynamic response was calculated in the
system ANSYS using the transient nonlinear method. In the nonlinear analysis the strain
intensity in the critical places increases from 1.4 to 4.9 times in comparison with the linear
solution. The wall or plate of the NPP reinforced concrete structure may be locally cracked
after the aircraft impact, but the integrity of the containment structure will be safe and
reliable. The reinforced concrete wall or plate with the thickness higher than 60 cm is
resistant to the impact of the plane JAS 39 Gripen in accordance with the international
standards (DOE STD3014 — 2006, ERIN — 2013, IAEA TECDOC/1487 — 2006). The
criteria of the damage of a concrete wall in the standard NDRC are more conservative
than the results from the nonlinear analysis of the aircraft impact. The detailed nonlinear
analysis gives us more accurate results.
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Abstract: The paper presents the numerical simulation of thermo-hydraulic behaviour of
coolant in nuclear reactor VVER-440 under major outage conditions. Heating-up and the
flow of coolant between the reactor pressure vessel and spent fuel storage pool are
discussed.

Keywords: ANSYS CFX, CFD analysis, Nuclear Reactor, VVER-440, outage

1 Introduction

Thermo-hydraulic conditions in nuclear reactors are important not only in operation
mode but also under refuelling and outage conditions. During outage several components
of nuclear reactor system (NR) are flooded by coolant (Todreas, 2011). These
interconnected components are reactor vessel (RV), reactor pool (RP) and spent fuel
storage pool (SFSP). Values of pressure and temperature are significantly lower than in
operation mode, because the system is operated under atmospheric pressure conditions.
For thermal behaviour only residual heat of fuel assemblies is considered. But the thermo-
hydraulic conditions are important also for outage conditions, because:

e reactor vessel is interconnected with reactor pool and spent fuel storage pool
(flooded by coolant)

o fuel assemblies with their residual heat are situated only in spent fuel storage pool
(there are no fuel assemblies in the reactor vessel because of the major outage
conditions)

e thermal and hydraulic influence between reactor vessel and pools occurs

e transfer of impurities may occurs

The paper presents thermo-hydraulic conditions calculated using Computational
Fluid Dynamics - CFD code (Versteeg, 2007) ANSYS CFX in nuclear reactor VVER-440
during major outage conditions where the above mentioned phenomena are discussed.

2 CFD analysis

The CFD analysis was performed considering the geometric model, see Image27,
that represents volume of coolant in the system during major outage conditions.
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reactor
pool

spent fuel storage pool

reactor vessel

Image 28 — Geometric model of the system during major outage conditions

The fuel assemblies with their residual heat were situated only in SFSP. There was
no residual heat in RV because of the major outage, therefore no natural convection
between RV and steam generators occurred. Forced convection was considered only in
SFSP represented by two inlets and two outlets, which mass flow was approx. 85 kg/s in
sum and inlet temperature was 35 °C, Image29. Residual heat in fuel assemblies in SFSP
had value of approx. 1.9 MW, in sum. This part of the system was not modelled in detail
but it was modelled as one component with porous properties. This approach was
necessary because of the complexity of the computational intensive model.

outlet 2

outlet 1

residual heat

” inlet 1

inlet 2

Image 30 — Boundary conditions of the model
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The model was discretized to approx. 3.7 mil. elements, Image31.

Image 32 — Model mesh

The parameters of the simulations were:

steady-state analysis

shear stress transport turbulent model (Wilcox, 2006)
1 second physical timescale for fluid

convergence control by value 1x10™ residual RMS

The analysis was calculated using iterative method where thousands of iterations
were necessary to achieve convergent solution. Obtained results are show in Image 33,
34 and 35. Image36 shows the temperature distribution at the cross-section of the model.
Image37 shows the streamlines of the coolant with time mapped on them. Image 38
combines data and shows streamlines with mapped temperature.
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Image 39 — Temperature distribution at cross-section

Time on timestreamin
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Image 40 — Streamlineéﬁ\}vith mapped time
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Image 41 — Streamlines with mapped temperature

As it can be seen from these results the flow of coolant is relatively slow and
mixing of coolant between SFSP, RP and RV is gentle.

3 Discussion of results

The results show that mutual influence between RV, RP and SFSP is evident
especially in coolant temperature distribution, but the flow of coolant is relatively slow
across the whole system.

4 Conclusions

The paper presented computational analysis of the thermo-hydraulic conditions of
coolant during major outage. The results show that flow of coolant under these conditions
is relatively slow and mixing of coolant between the individual components of the
interconnected system is not significant.
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Abstract: Optimization is essential part of modern engineering and product design. The
aim of this project is to provide basic information about the options and possibilities that
are offered by the program optiSLang in the field of optimization and sensitivity analyses.
There is a simple example to show that even a fresh user of optiSLang can solve their
own sensitivity analysis and optimize design of their product according to their needs.
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1 Introduction

Those days when product design was based only on experience of engineers have
passed. To make a quality, safe and most of all competitive products nowadays means
something more. It means optimization of parameters of the products. For this purpose
program optiSLang can be conveniently used. Due to its user-friendly environment the
program allows even an unskilled user to perform their own analysis and obtain valuable
results.

2 OptiSLang in general

OptiSLang offers wide variety of analyses such as sensitivity analysis,
optimization, reliability analysis, robustness evaluation, robustness optimization and
others. In most cases optiSLang is used in combination with another program (ANSYS,
Matlab, Excel, Python, Abaqus, LS-DYNA, etc.) in which certain parametrized procedure
is performed. The task for optiSLang is to create sets of values of input parameters, send
them to parametrized procedure, collect result values and perform mentioned analyses
based on the data. This approach makes optiSLang incredibly flexible tool. While creating
sets of values (e.g. sensitivity analysis) it can be chosen from several stochastic sampling
methods such as Monte Carlo and Latin Hypercube Sampling or deterministic methods
such as Koshal Linear, Quadratic and other. As an optimization algorithm user can
choose from response surface method, evolutionary algorithm, particle swarm, gradient
method and others.

3 Example of sensitivity analysis and optimization

To demonstrate work with optiSLang there was a simple example of sensitivity
analysis and optimization performed. Both analyses were set by using wizards. Object of
the analyses was cantilever beam with two different cross-sections loaded with two
moments.
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M:

Image 42 — Object of sensitivity analysis and optimization

The solution of the problem was obtained from FEM calculation performed in
Ansys APDL. Input file for the calculation was written as parametric APDL macro. Outputs
of the calculation were maximum equivalent stress (von Mises) and maximum rotation on
the object. Based on these values there were two functions describing occurrence of the
limit states calculated (see eqg. 1, 2).

=

Gs = Re — Smax 1)

Gror = Pdov — Pmax (2)

where R, represents yield stress, Snax iS maximum equivalent stress (von Mises),
Q4ov IS allowed rotation and @« is maximum rotation.

The sensitivity analysis compared influence of various geometric and material
parameters on the functions Gs and Ggror. Based on comparison of Pearson correlation
coefficient between inputs and outputs it was found that the radius R, has the most
significant effect on the occurrence of limit states (coefficient of linear correlation with Gs:
lcs = 0,822 and with GROT: fGrOT = 0,771)
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Image 2 — Extended correlation matrix
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This analysis was followed by optimization. To set a bit challenging task for the
optimization the definition of the problem was altered. The limit state of unacceptable
rotation was not checked this time. On the contrary the goal of the optimization was to
achieve the rotation as large as possible. This meant to minimize function Ggor.
Constraint of the optimization was set to keep Gs higher than 200. This meant that
maximum equivalent stress must be less than R, - 200 MPa. Only four the most significant
parameters (based on the sensitivity analysis) were chosen as input parameters that were
allowed to be variable within certain boundaries. Evolutionary method was used to find the
best design. The optimization reduced the Ggor function from -0,019 to -0,152 (maximum
rotation was increased from 5,09° to 13,72° - 270%) while keeping maximum equivalent
stress under preset limit and input parameters within their boundaries.
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Image 3 — Optimization results

4 Conclusion

OptiSLang is a strong tool for probability analyses (sensitivity, optimization, etc.).
Some of the greatest benefits of using optiSLang are its flexibility - it can be used in
combination with almost any solver (ANSYS, Matlab, Excel, etc.) and its user-friendly
environment - even an unskilled user can perform their own valuable analyses.
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Abstract: Progress in hardware and software capabilities in last years enables solving of
significantly higher level in quality of numerical simulations. The main difference from
previous results is in precisely detailed and realistic model of vehicle and analyzed object
as well. This analysis presents results of numerical simulation of crash test of road
restrained systems defined in CSN EN 1317-2. The object of this test was a mobile noise
barrier designed in cooperation of company ZPSV a.s. and MC Velox Praha.

Keywords: Numerical simulation, Crash test, LS-DYNA, Parallel computing, Mobile noise
barrier

1 Uvod

Rychly vyvoj softwarovych i hardwarovych mozZnosti dnesni doby nabizi stale vy3si
stupen v kvalité i schopnostech numerickych simulaci. Simulace narazové zkousky nyni
muze byt dnes feSena i na bézném hardwaru béhem nékolika dni. Tento text poskytuje
strucny popis nékolika simulaci narazovych zkousek silni¢nich zadrznych systému, které
byly v posledni dobé provadény v brnénské firmé SVS FEM s.r.o. Posuzovanym objektem
zkou$ky byla pfedevSim mobilni protihlukova sténa (MPHS), navrzena konsorciem firem
ZPSV a.s. a MC VELOX Praha s.r.o. Tento vyrobek slouzici pfed provedenim narazovych
zkouSek jako mobilni protihlukova sténa byl po uspé&dném provedeni narazovych zkousek
zafazen mezi svodidla schvalend, kdy souc€asné pini i ulohu protihlukové stény.

LS-DYNA user input

Contours of Effective Stress (v-m)
inner shell surface

min=0, at elem# 816308
max=0.154617, at elem# 816870

AVZIOX 3 ZPSV

OHL GROUP

Obrazek 43 — Narazova zkouska vozidla TB81 dle CSN EN 1317-2
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Numericka simulace v souasné dobé sice nedokaze plné nahradit skuteénou
narazovou zkousku, ale provedeni takovéto simulace pfed skuteCnym testem je velmi
uzite¢né, napfiklad pro porovnani mnoha vyvojovych variant testovaného vyrobku. Dalsi
neméné vyznamnou aplikaci numerickych simulaci je posouzeni lokalnich uprav silni¢nich
zadrznych systém(, jako jsou unikové vychody, ukonéeni svodidel, nebo napfiklad
konkrétni tvarové provedeni protihlukové stény podle konkrétnich mistnich podminek
zastavby.

Mimo jiné kazda neprovedena narazova zkouska pfedstavuje vyraznou finanéni i
¢asovou Usporu v procesu vyvoje silniénich zadrznych systému.

Narazova zkouska je obecné velmi rychly déj. Z toho divodu je vhodné pouzit pro
feSeni tzv. explicitni analyzu. Tento typ vypoctu je vhodny pro dynamické ulohy obsahujici
slozity stav kontaktu mnoha téles sou€asné pfi predpokladaném poruseni téchto téles.
Dal$i vyhodou je rozsahla nabidka materidlovych modell téles, z kterych je sestaveno
vozidlo i protihlukova sténa. Kompletni explicitni feSeni nabizi napfiklad systém ANSYS
LS-DYNA a to v€etné prace s CAD geometrii, tvorby sité i zpracovani vysledkd analyzy.
Silnou strankou explicitniho feSi¢e LS-DYNA je navic stabilita vypoctu i pro velmi rozsahlé
sestavy mnoha téles.

Dullezitym divodem pro numerickou simulaci je také to, ze spravné provedena
simulace nam odkryva prabéhy veliin, jako jsou napéti, pfetvorfeni, rychlosti atd., na
kterékoli ¢asti modelu v jakémkoli Case. Tyto hodnoty je velice obtizné sledovat v pribéhu
realného testu. Diky tomu jsme schopni dopfedu urcit potencialni problémy spojené s
testem a podniknout takova opatfeni, aby skuteéna narazova zkouska mohla byt uspésné
provedena napoprveé.

2 Svodidlo s integrovanou protihlukovou sténou MPHS

Analyzovana mobilni protihlukova sténa byla podrobena narazovym zkouskam dle
normy CSN EN 1317-2 a to az do nejvy$si Urovné zadrzeni H4b. B&hem této zkousky
musi sténa odolat narazu pIlné naloZzeného nakladniho vozu o celkové vaze 38 tun pfi
rychlosti ndrazu 65 km/h. Vyznamnou roli pfedstavuje fakt, Ze sténa neni ukotvena k
podlozi, ale pouze zatiZeni vlastni vahou brani pruniku vozidla do normou vymezeného
prostoru. Samotna vySka analyzované stény 10 metru je velkou vyzvou pfi navrhu celé
sestavy z pohledu stability.

Obréazek 44 — Svodidlo s integrovanou protihlukovou sténou MPHS

Z davodu co nejpresnéjsiho popisu procesu, které se béhem testu odehravaji, bylo
potfeba vyfesit dva hlavni Ukoly. Nejprve bylo nutné vytvofit piné funkéni model 38-mi
tunového nakladniho vozu. V idedlnim pfipadé se geometricky model tvofi na zakladé
konkrétnich technickych vykresl, v tomto pfipadé byl model vytvofen modifikaci
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pfedchozich ovéfenych CAE modell podle miry opotfebeni skute€nych vozidel pouzitych
pfi zkouskach. Druhym kliG¢ovym ukolem bylo vytvofeni modelu protihlukové stény. Zde
bylo s vyhodou vyuzito modelu vyztuzeného betonu, ktery je k dispozici v knihovné
materiall systému LS-DYNA.

Vytvofit realistickou simulaci znamena zahrnout do vypoltu vSechny c¢asti
analyzovaného objektu a vztahy mezi nimi, které jsou podstatné béhem daného déje. Na
druhou stranu snahou pfi tvorbé& jakékoliv numerické simulace je maximalni mozné
zjednoduSeni modelu z davodu snizeni nutného vypocetniho €asu. To plati zvlasté pro
explicitni analyzy kdy €asovy krok jednotlivych iteraci vypoctu je strikiné dan velikosti
nejmensiho prvku v modelu. Mnoho dili proto bylo zjednodu$eno (napf. pruziny,
tlumice,...), mnoho dili nebylo do modelu vibec zahrnuto. Nakonec se podafilo
dosdhnout vhodné rovnovahy mezi presnosti vypoCtu a kratkym vypocetnim Casem.
Presnost vypocltu byla posuzovana pomoci porovnani zaznamu drahy vybranych bod
vozidla a stény. Dosazeny celkovy vypocetni €as celé simulace se podafilo snizit na
pfiblizné tfi dny pfi pouziti 8 CPU pracovni stanice SVS-MAMUT.

Obézek 45 — Vysledek zkouSky kategorie zadrZzeni H4b

3 Vlastnosti materialu

Vyznamnou roli v podobném typu vypodtu hraji materialové vlastnosti jednotlivych
dili vozidla i stény. Jednim ze zplsobu zjisténi materidlovych vlastnosti pro zadanou
rychlost narazu je méfeni pomoci Hopkinsonovy délené mérné tyce, tzv. SHPB test.
Materidlové vlastnosti podstatnych dili vozidla byly méfeny sérii testl jednotlivych
komponent, ostatni materialy potom byly navrzeny podle materiald bézné uzivanych v
automobilovém primyslu.

Stress [GPa]

Strain [-]

0 0.05 0.1 0.15 0.2 0.25 03

Obrazek 46 — Méreni vlastnosti materiald
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Vysledkem pfechozi prace je model vozidla dle specifikace TB81 pfislusné normy,
jehoz chovani odpovida stavu zjisténému pfi skuteéné zkouSce. Odolnost mobilni
protihlukové stény byla simulovana i pro niz8i urovné zadrzeni dle vySe zminéné normy.
PFislusné modely vozidel byly vyuzity z dfive provedenych analyz.

4 Zaveér

Pouziti numerickych simulaci pfi navrhu silniénich zadrznych systém( nabizi
moznost odpovédi na otazky, které je technicky obtizné posoudit pfi skute¢né narazové
zkouSce. Nejvétsi prekazka pfi vyuziti numerickych simulaci je v prvotnim nastaveni
velice komplexnich a naro¢nych virtualnich modeld. Casto tato &innost zabere i nékolik
mésicu prace. Naopak v dalSich fazich vyvoje numericka simulace nabizi rychlé a
efektivni vysledky pfi posuzovani moznych modifikaci a zlepSeni zadrznych systému.
Naklady na skute¢nou narazovou zkousku napfiklad pro uroven zadrzeni H4b dle normy
CSN EN 1317 mohou dosahovat az 100 000 €. Tyto naklady mohou byt vyrazné snizeny
a uSetfena Castka muze byt pouzita napfiklad k inovaci produktu ¢i snizeni ceny.

Kontaktni adresa:
Ing. Miloslav Popovi¢, mpopovic@svsfem.cz
SVS FEM s.r.o., Skrochova 42, Brno 615 00
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EXPERIMENTAL AND NUMERICAL EVALUATION OF THE EXTERNAL PRESSURE
COEFFICIENTS ON THE ELLIPTIC CYLINDER

MICHAL FRANEK, LENKA KONECNA, MAREK MACAK

Slovak University of Technology in Bratislava, Faculty of Civil Engineering,
Radlinského 11, 810 05 Bratislava

Abstract: Evaluation of the wind loads on structures with Computational Fluid Dynamics
is complex task. The problems in simulation of the atmospheric boundary layer are
unintended streamwise gradients in the vertical mean wind speed and turbulence intensity
through the computational domain. Accurate simulation of the atmospheric boundary layer
is essential for wind engineering. This paper deals with experiment in Boundary Layer
Wind Tunnel and comparison with Computational Fluid Dynamics simulation. Aim of the
article is compare two types of mesh and calibration of the simulation with the correct
turbulence model and the boundary layer. Results are external pressure coefficient on
high rise building with elliptic shape. This research will be background for future work of
the interference effects.

Keywords: external pressure coefficient, elliptic cylinder, computational fluid dynamics,
atmospheric boundary layer, turbulence model

1 Introduction

Computational Wind Engineering (CWE) is based on Computational Fluid
Dynamics (CFD). Principles are making the numerical evaluation of the wind loads on the
structures. CFD is being used to study properties of natural wind in the lower part of the
atmospheric boundary layer (ABL) (0 — 200 m). Decisive parameter during flow in
boundary layer on the surrounded surface is Reynolds number. At the certain value
occurs to turbulence. Correct definition of the turbulence is difficult. Better express of
turbulence is as a list of properties and attributes. It contains randomness, diffusivity,
vorticity, scale spectrum, 3D structure, dissipation and non — linearity. Comprehensive
reviews have been published (Stathopoulos, 1997; Reichrath and Davies, 2002; Blocken
and Carmeliet, 2004).

Correct simulation is obtained with accurate and reliable predictions of
atmospheric processes. Flow profiles are characterized by mean wind speed and
turbulence quantities at the inlet plane of the computational domain. These profiles can be
representative of the roughness characteristics of the upstream terrain that is not included
in the computational domain. There are some mathematical. We use Navier — Stokes
equation for solving these problems. In general there are three methods for solving
N — S equations. First is the Direct Numerical Simulation (DNS), when it is solved a
problem in space and time, second Reynolds Averaged N — S (RANS) and last a
combination of both methods, when it is simulated large vortices and model small
structures with the help of Reynolds equations. It is termed Large Eddy Simulation (LES).

Aim of the article is analyze of the results from the experiment with the chosen
k—¢ and k — w models. It was evaluated external pressure coefficients on the elliptic
cylinder.
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2 Applied equation and turbulence models for simulation
For this purpose were used four turbulence models. Namelly:

a. RNG k —&gmodel

The main assumption for this model is fully developed turbulent viscosity. Effect of
the molecular viscosity is negligible. So this model is useful only at high Reynolds number.
It has excessive diffusion for many circumstances: a big curving of the flow, eddies,
rotation, separation of the flow and lower Reynolds numbers. It is derived from these
transport equations (Wilcox, 2006)

0 0 0 4, | ok
—(pk )+ —(pku )= —|| g+ |=—|+G, +G, —pe—Y,, +S,, 2
8’[( ) axi( |) 8Xj I:(,U ijaxj:l K b —PE Ty K (2)

0 0 0 MU, | O¢ &g*
oo 2o 2l (e )2 a0, 00,0 -Cup R4S, (@
where u mean wind speed in m/s, t is time in s, k is turbulent kinetic energy in
m?/s?, ¢ is turbulent dissipation rate in m?/s®, y is turbulent dynamic viscosity in kg/m-s, Gy
is generation of the kinetic turbulence energy due to the mean speed gradient, G, is
generation of the kinetic turbulence energy due to the lift, Yy, is increase from fluctuation in
compressible turbulent flow to overall dissipation, Cy,, C,, Cs are constants, oy and g, are
Prandtl numbers for k and €, Sy, S; and R, are user terms.

It is similar with standard model, but it includes the several enhancements. It has
additional term R, in Eq. 2. This term increases the accuracy at high deformation speed. It
includes the effect of the vortex turbulence and increases accuracy for turbulent flow
(Wilcox, 2006).

b. Realizable k — £ model

This model is the latest from k — ¢ models. It has two important differences
compared to the standard model. It contains a different formulation for turbulent viscosity
and modifies transport equation (Wilcox, 2006). Transport equations are formulated as

0 0 0 ok

a(pk)+87(pkuj)287|:(ﬂ+g—;j87}+6k +Gb _pg_YM +Sk’ (3)
J J J

0 0 0 U, | Os & &

9 (pe)+—L(peu )= || ur 2|8 h s -0, —5 4, 2C,G, +5, (4

~ (o2) ax,.(p ) anHﬂ ajale PCS. = Pt 7=+ Cu  CoGy +5,.(4)

c. Standard k — w model

This model is a modification of the Wilcox for low Reynolds number,
compressibility and shear flow. It is quite accurate in the vicinity of the wall and with
distance of the wall the accurace decreases (Wilcox, 2008). It is based on the solution of
transport equations for turbulence kinetic energy k and specific energy dissipation w ~ €/k.

0 0 0 ok
—(pk)+—(oku )=—| T, — |+G, =Y, +S,, 5
at(P )+8Xi( Ul) 8Xj|: kan:|+ K~ Yt ox (5)
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0 0 0 ow
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where G, is generation of the dissipation energy, Y, and Y, is the dissipation due
to turbulence, S, is user term, ', and I, are effective diffusivities.

d. Shear — Stress Transport (SST) k — w model

It is formed by converting k — € model to k — w formulation. It was achieved higher
accuracy in the vicinity of the wall and it work better in the free flow from the wall
(Menter, 2004). Eg. 5 and 6 has additional terms generation of the turbulent kinetic energy
derived from G,. It is G and lateral diffusion D,,.

3 Experiment in wind tunnel

Pressure measurements were carried out in BLWT of Slovak University of
Technology in Bratislava. This tunnel is termed low speed wind tunnel with open circuit
and works on negative pressure principle. The test section is 2.6 m wide, 1.6 m height and
26.3 m length.

e. Characteristics of boundary layer, model and measuring devices

Boundary layer in BLWT was characterized by the mean wind speed, turbulence
intensity and power spectral density. In Image 5 is illustrated mean wind speed profile for
this experiment. Properties of boundary layer are represented for an urban exposure.
Category of terrain is between Ill and IV according to ST EN 1991-1-4 (2007).
Aerodynamic height z, is equal 0.7 m. During measurement was temperature in the
laboratory around 27 °C. Atmospheric pressure was around 99 510 Pa. Air density was
around 1.14996 kg/m®. Properties of the approach wind were slightly modulated depend
on atmospheric pressure and temperature in the laboratory. The mean velocity at the roof
height of model was 13.76 m/s. Mean velocity was represented by frequency 33 Hz of the
fans.

Model of the ellipsoid for research was modeled in scale 1:390 from plexiglass.
The ratio between width, length and height is 1:2.5:2.7; 64:162:175 mm. This ratio was
derived from geometry of the existing building in Bratislava. Model contains 16 holes and
pressure taps in middle level. Model and arrangement of the measure taps are illustrated
in Image 1.

4 5 6
3 7
= 2 8
=
L0 “ 1 9 3
167 10
14 13 12 M
% 162
Og

Image 1 — Geometry of the elliptic cylinder
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Measuring device for the reference velocity was used Almemo, type MA25902 with
thermos — anemometer probe, type FVA935TH5K2. Pressure measurement was recorded
by pressure transducers, type Scanivalve DSA3217 with 16 temperature compensated
piezoresistive pressure sensors with a pneumatic calibration valve. Measurement devices
were controlled by Labview system design software.

f. Methodology of measurement

Measurement for this study contains external pressure coefficient in the middle of
the model for wind direction 0°. External pressure coefficients are characterized as

_ p- ps

Cpe - 1 ) ! (7)

—pu

5 P

where C,. is external pressure coefficient (-), p is local mean surface pressure in
Pa, ps is free stream static or atmospheric pressure in Pa, p is density of air in kg/m?, u is
stream velocity at the top of the building. Positive value represents pressure and negative
represents lift.

Methodology during experiment was recording the properties of the boundary
layer. Next step was measured the reference value of wind speed before it was applied
model. Recording time was 30 s for every elevation. Pressure measurement recorded the
differential pressures for rotation 0°. Local pressures was recorded in measure taps in
model, reference pressure was recorded from Pitot static tube in front of measurement
place. Recording time was 20 s, frequency 25 Hz and 500 frames for each pressure taps
per scan. External pressure coefficients were evaluated by Eq.7.

4 Simulation

For this analyze was used simulation program ANSYS Fluent 17.0 Workbench.

a. Characteristics of the computational domain

It was selected elliptic cylinder. It represents high rise building. Geometry and
location of the pressure taps is illustrated in Image 1. Geometry of the model was created
similar with the experiment. Size of the computational domain was 2.6 m wide, 1.6 m
height and 3 m length and object was placed 1 m behind inlet face. The length of the
domain was chosen to allow any inlet effects to dissipate and to ensure a developed flow
towards the outlet end of the fetch. Side and top boundary conditions are named
symmetry. At this condition all normal velocity components are set to zero and scalar
variable gradients normal to the boundary are also set to zero. Approach terrain is
characterized as wall with no slip condition and without roughness. Around object is
created subdomain where it will be soft meshing for accurate calculation. Domain is
illustrated in Image 2.
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Two types of mesh where created. First mesh was generated using cutcell
elements. Element size on surface of the elliptic cylinder object was 0.005 m, advanced
size function was on curvature, with fine relevance center and high smoothing. All other
settings were left on default. Generated were 542 642 elements with 571 923 nodes.

Meshing
Mesh type is illustrated in Image 3. Second mesh was generated using tetrahedron and

had on surface of the elliptic cylinder object element size 0.005 m, advanced size function
was on curvature and with fine relevance center and high smoothing. All other settings

were left on default. Generated were 1 540 471 elements with 277 595 nodes. Finally,
mesh was converted to polyhedral mesh type with 283 980 polyhedral cells with

1 583 586 nodes. Mesh type

b.

56

Cutcell elements meshing method

Image 3
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meshing method

c. Simulation setup

For developed atmospheric boundary profile it was used four turbulence model,
exactly k — € RNG, Realizable, k — w standard and SST. For all models was used same
mean velocity profile derived from reference wind speed. Reference wind speed at the top
of the model was 13.76 m/s. This profile is defined as user defined function and
interpreted using UDF function. Mean wind speed profile is illustrated in Image 5. Because
the height of computational domain is often lower than the ABL height, these profiles are
generally implified by assuming a constant shear stress with height (Richards and Hoxey,
1993). Logarithmic function is defined as

u, Z+12
Uy = e jp 220 (8)
K z,
*2
u
Ky = 2=, (©)
*3
u
= — 22—, (10)
k(Z+2,)
&
60(2) ~ E , (11)

where u’ is shear velocity in m/s, z is elevation in m, z, is aerodynamic roughness
height in m, k is von Karman constant (-), C, constant in k — € model (-)
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Image 5 — Mean wind speed profile in simulation and wind tunnel

As it was previously mentioned it was used four turbulent models. They will be
compared with experiment. Results of this analyzes will be selection of the appropriate
model for following work. For each simulation was used transient state. Step size, time
step, number of time steps and iterations are in Table 1. Boundary conditions are
illustrated in Image 2. Short description of the boundaries is in capture 4.1. In the
simulation were used same conditions how it was during the experimental measurement.
It means that temperature, atmospheric pressure and density of air were similar.

Table 3 Turbulence models specifications

Model Details Steps/Size/lterations
k-€ RNG, Enchanged wall function 200/0.005/ 20
k-€ Realizable, Enchanged wall function 200/0.005/20
k-w Standard 200/0.005/ 20
K-w SST 200/0.005/ 20

5 Results and comparison of the methods

There are obtained results from the experiment in BLWT and simulation program
ANSYS Fluent 17.0. It was evaluated and measured 16 external pressure coeffcient in the
middle of the model at elevation 0.087 m. Location of the pressure taps and wind direction
are illustrated in Image 1. There were used 2 types of meshing and 4 turbulence model.
These results are formed to the Table 2 and 3, where it is derived errors from experiment
for each turbulent model and meshing. In the tables are errors for each pressure taps and
average error and in conclusion they are compared. In the Image 6 external pressure
coefficient are illustrated to the graph.
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Table 2 Average erros for different turbulence models computed using Cutcell mesh

N.o. | Mean value of k-€ models k-w models
sensor Coe RNG Realizable Standard SST
1 0.665733 40.29% 48.54% 171.27% 28.78%
2 -0.19189 32.09% 41.19% 141.84% 23.88%
3 -0.45384 6.83% 8.97% 17.39% 6.68%
4 -0.50598 0.64% 1.67% 0.59% 0.82%
5 -0.51185 2.73% 1.82% 6.65% 2.85%
6 -0.41255 20.03% 20.12% 29.54% 21.10%
7 -0.37292 2.16% 4.53% 21.96% 1.49%
8 -0.09497 36.48% 63.77% 84.24% 53.30%
9 0.011708 14.64% 38.08% 366.20% 801.01%
10 -0.09497 36.41% 63.70% 84.03% 53.32%
11 -0.37292 2.29% 4.30% 22.01% 1.49%
12 -0.41255 20.20% 19.84% 29.56% 21.09%
13 -0.51185 2.58% 2.04% 6.63% 2.87%
14 -0.50598 0.50% 1.89% 0.58% 0.84%
15 -0.45384 6.71% 9.23% 17.40% 6.73%
16 -0.19189 32.05% 42.04% 141.93% 24.13%
Averageerror |  16.04% |  23.23% 7136% |  65.65%

Table 3 Average errors for different turbulence models computed using Polyhedra mesh

k- models

k-w models

N.o. | Mean value of
sensor Cpe RNG Realizable Standard SST
1 0.665733 38.13% 44.98% 217.62% 21.92%
2 -0.19189 34.09% 39.70% 183.72% 28.43%
3 -0.45384 8.33% 10.60% 17.97% 10.84%
4 -0.50598 1.49% 3.25% 5.16% 4.62%
5 -0.51185 0.66% 0.47% 16.00% 1.89%
6 -0.41255 18.09% 17.66% 43.91% 16.53%
7 -0.37292 4.11% 1.09% 37.59% 0.34%
8 -0.09497 26.44% 49.86% 102.01% 70.37%
9 0.011708 65.09% 24.82% 176.02% 1001.86%
10 -0.09497 27.76% 53.84% 97.85% 67.73%
11 -0.37292 4.04% 1.33% 38.89% 0.45%
12 -0.41255 17.36% 16.84% 44.21% 16.10%
13 -0.51185 1.18% 0.08% 15.84% 1.56%
14 -0.50598 2.17% 3.87% 4.97% 5.08%
15 -0.45384 8.70% 10.79% 18.00% 10.99%
16 -0.19189 35.88% 41.17% 185.74% 29.54%
Average error 18.34% 20.02% 75.34% 80.52%
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6 Conclusion and future work

Results show for some turbulence models adequate similarity. Determination of
the optimal turbulence factor is difficult way. It matters on the point of view. Optimal
meshing method is cutcell elements. When the assasment factor is avarage error,
favorable turbulence model is RNG k — € model. When we look on the result for each
sensor, more accurate method is SST. Error points for this method are on leeward face,
points 8 — 10. These errors can be caused by lower Reynolds number and similarity of the
flow. Minimum Re number for cylindrical shape is in excess 10°. For future work it will has
to analyze this number with increase the reference wind speed or make rougher surface
of the model. This work will realize in simulation and experimental measurement.

This research will be the foundation for interference effects and impact of adjacent
building with same elliptic shape.
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PROPERTIES OF WINDOWS - THEORETICAL CALCULATION OF THERMAL
TRANSMITTANCE
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Abstract: The article is focused on the thermal properties of plastic windows. One
important part of the window, which is needed to be improved, is a frame profile.
Assessment of newly proposed window profile system is realised based on currently
effective technical norms and regulations. The main aim of the theoretical assessment
and computer simulation is to define the coefficient of passage of heat of the frame
construction of a new plastic profile system.

Keywords: windows, thermal transmittance, simulation

1 Introduction

Based on decrease of resources of fossil fuels, it is permanently pointed to the
need of more massive usage of renewable resources of energy. The member states of
European Union are bind to increase percentage of renewable resources of energy by
2020 to 20% of total consumption of energy. Building industry, which constitutes a high
proportion from a total amount of energy consumption, must have a great deal of
contribution to this ambitious plan. The highest proportion of energy consumption in
building is due to heating. Heating consumes more than 50% of the total amount of
energy consumption. High energy consumption in buildings is caused mostly by a weak
thermo-protection of older buildings. Based on this inconvenient situation, requirements
for new buildings are stricter but also requirements for reconstructed buildings are stricter,
moreover, from 2020, only buildings with almost no energy consumption can be built in
Slovakia. From the point of heat loss window constructions are the weakest element of a
building facade. New profile systems are needed to be developed for reaching stated
goals.

2 Description of Parameters

There is a scheme of assessed profile system in Picture 1. Some parts of
foundation detail must have been changed due to defining the coefficient of passage of
heat of the frame construction “Uf’ and parallel following the methods of norm STN ISO
10077-2. The main change is replacement of glazing unit (thermo-insulating triple glass)
by thermo-insulating panel. Plastic extension profile is a component of window mounting
in the part of a window sill and according to the methods it is not included in a computer
model.

Physical parameters of the majority parts were used from the norm STN EN I1SO
10077-2. Figures for coefficient of thermo- conductivity were used as follows: thermal
insulator in the cavity (A=0,031 W/(m.K)), thermal insulating panel (A=0,035 W/(m.K)),
plastic window profile (A=0,17 W/(m.K)), rubber seal (EPDM) (A=0,25 W/(m.K)), steel
reinforcement (A=50 W/(m.K)).

Exterior edge condition is determined by the reference temperature of exterior air
0. = 0°C. The temperature of interior air 8, = 20°C (given temperature are in compliance
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with requirement of norm STN EN ISO 10077-2). Resistance at heat transfer at profiles
(horizontal thermal flow) for common surface are: exterior Rg. = 0.04 m?.K/W and interior
Rs = 0.13 m.K/W.

3 Geometric and Physical Parameters of Computer Simulation

Computer simulation was made as surface thermal field using the finite element
method as a 2D task (ANSYS). The computer model is based on abovementioned
geometrical and physical parameters. Division of computer model to the finite elements is
shown in Figure 1. The edge conditions are shown in Figure 2.

0,100 0,000 0,035 0,070 (m)
I .

0,050 0,150 0018 0,053

Figure 48 — Geometry and Mashing of Model
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Figure 2 — Boundary Conditions of Simulation Model

4 Geometric and Physical Parameters of Computer Simulation

The results of computer simulation are shown in surface thermal fields and surface
temperatures of interior and exterior surface. In Graph 1, there is shown the development
of surface temperatures on exterior surface with the start in the place of width according to
Figure 4. In Graph 2, there is shown the development of surface temperatures on interior
surface with the start in the place of width according to Figure 5A then B, C to C.

0,000 0,035

0,018 0,053

Figure 3 — Surface Temperature
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Graf 1 — External surface temperature [° C]
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Figure 5 — The Surface Temperature of the Inner Surface
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Graf 2 — Interior surface temperature [° C]

5 Conclusions

The two-dimensional thermal conductance Lf*°, of the section shown in Figure 6.
Consisting of frame and insulation panel is calculated. The value of the thermal
transmittance of the frame, Us is defined by:

20
e L ==l b,
b
@

where

Us is the thermal transmittance of the frame section, expressed in W/(m?.K),

L#®  is the thermal conductance of the section, expressed in W/(m.K),

Up is the thermal transmittance of the central area of the panel, expressed in

W/(m?.K),
by is the projected width of the frame section, expressed in m,
b, is the visible width of the panel, expressed in m.
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Figure 6 — Schematic of profile section with insulation panel istalled
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WIND TUNNEL STUBA - ATMOSPHERIC BOUNDARY LAYER MODELLING
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Abstract: The best way to study wind and its effects is nowadays considered to be a
simulation on scaled model with exactly defined properties. There are many wind tunnel
that are used for this kind of studies. For experiments in the wind tunnel the surface
roughness is simulated by different segmentation of the tunnel base such as cubes,
blocks or truncated cone etc. The aim of the paper was to model different type and size of
shapes and compare the calculations with the calculations with table specified
roughness.The boundary layer is designed for use in external aerodynamics of buildings
(part of the urban structure) for selected sites occurring in the territory of the Slovak
Republic.

Keywords: Wind, atmospheric boundary layer, surface roughness.

1 Introduction

The best way to study wind and its effects is nowadays considered to be a
simulation on scaled model with exactly defined properties. There are many wind tunnel
that are used for this kind of studies. For experiments in the wind tunnel the surface
roughness is simulated by different segmentation of the tunnel base such as cubes,
blocks or truncated cone etc. The aim of this thesis was to model different type and size of
shapes and compare the calculations with the calculations with table specified roughness.

Calculations were done on a model with dimensions corresponding to the
dimensions of the wind tunnel of the Slovak University of Technology in Bratislava -
Trnavka. Since the tunnel is relatively large, we have simplified the model and modelled
only part, in which the boundary layer develops. Modelled length was a little less than 15,8
m, height ranged from 1,55 to 1,6 m. Given the fact that the ceiling of the tunnel is
adjustable, we used the settings as Lobotka [1] in his paper. The width depended on the
modelled roughness geometry, because we adjusted it to take the advantage of symmetry
on both sides of the tunnel. Inside the tunnel at the distance 0.7 m from the entrance
section is installed the barrier with the height of 0.15 m, which have significant impact on
the quality of simulated boundary layer turbulence.

Boundary conditions were set on the inlet section with the pressure of 0 Pa and on
the outlet section to 12 m/s speed. Consequential velocity profiles were measured in 21
sections spaces 0.27255 m from each other, placed at distance of 1.331 to 6.782 m from
outlet section. The distance 6.782 represents the location of Prandl probe, which is
installed to measure the velocity.

We solved seven problems with different surface roughness modeled by the foil
with the truncated cones of 2 cm and 0.8 cm height, placed at the 45 degree angle along
the tunnel base from the barrier up to the outlet section. Other variants were cubes of
edge 3 and 5 cm, and the block with square base with a size of 5 cm and 10cm height.
The last variants were inspired by material for roof with wavy profile. The first wave profile
had the regular waves with height of 2.7 cm and the second one with wave height of 1 cm
that are remote from each other 10 cm. The last geometry is the one with smooth base,
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where we defined surface roughness from the tabular value for roughness length in range
0.1to 1.5m.

2 Comparison of modelled roughness and tabulated roughness constant

Given the tabular values of roughness we could choose the geometry and compare the
result for the velocity development. The geometry of the wind tunnel is displayed in the
Figure 1.

)

Figure 1 — Wind tunnel geometry

On the left hand side there is side view of the tunnel and on the right hand side there is
the rotated model, where we can see the setting of the tunnel ceiling. We processed
comparisons for seven different geometries. We evaluated the measurements in 21
sections (yellow lines in the Figure 1. on the left right hand side) by residual sum of
squares. According to the results, we evaluated which model with tabular value of
roughness describes the velocity profile for the model with modelled roughness and
subsequently we visualize the results in section that correspond to the place of were the
effects of the flow are measured. For each model we display the figure, where the top left
picture shows the modelled roughness, top right picture displays the velocity profiles,
bottom left picture displays the boundary layer development for the modelled roughness
and the bottom right picture shows the boundary development for the attributable tabular
roughness.

3 Results evaluation
model no. 1 (Figure 2)

The foil with the truncated cones of 2 cm height. The base centers of the truncated
cones were remote in x- and y-direction 7 cm and in the 45 degree angle 5 cm. According
to calculations, model no. 1 is best fitted with tabular roughness 0.3, with variance equal
to 7.22532.Given

model no. 2 (Figure 3)

The foil with the truncated cones, but with different height, which was 0,8 cm . The
base centers of the truncated cones were remote in x- and y-direction 3.5 cm and in the
45 degree angle 2.5 cm. According to calculations, model no. 2 is best fitted with tabular
roughness 0.1, with variance equal to 6.69381.

model no. 3 (Figure 4)

The cube with the edge length of 3 cm. The base centers of the cubes were
remote in x- and y-direction 10 cm and in the 45 degree angle 7 cm and the side of the
cube was positioned perpendicularly to the wind direction. According to calculations,
model no. 3 is best fitted with tabular roughness 0.1, with variance equal to 8.42867.
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model no. 4 (Figure 5)

The cube with the edge length of 5 cm. The base centers of the cubes were
remote in x- and y-direction 18 cm and in the 45 degree angle 13 cm, and the side of the
cube was positioned perpendicularly to the wind direction. According to calculations,
model no. 4 is best fitted with tabular roughness 0.4, with variance equal to 9.37711.

model no. 5 (Figure 6)

The block with the base edge length of 5 cm and 10 cm height. The base centers
of the cubes were remote in x- and y-direction 120 cm and in the 45 degree angle 85 cm,
and the side of the block was positioned in 45 degree angle to the wind direction.
According to calculations, model no. 5 is best fitted with tabular roughness 0.1, with
variance equal to 22.2589.

model no. 6 (Figure 7)

The regular wave profile with approximately height of 2.7 cm. The waves were
facing the wind direction perpendicularly. According to calculations, model no. 6 is best
fitted with tabular roughness 0.2, with variance equal to 8.25093.

model no. 7 (Figure 8)

The wave profile with wave height of 1 cm and the waves were spaced 10 cm
apart The waves were also facing the wind direction perpendicularly. According to
calculations, model no. 7 is best fitted with tabular roughness 0.1, with variance equal to
6.23831.

Figures below displays the output for each model, the top left picture shows the
simulated roughness, top right picture displays the progress of velocity at selected section
of the model (red) along with the velocity profile of best fitted roughness (blue). The
bottom pictures display the development of boundary layer, the left one is for the model
and the right one if for the fitted of model.

z[m]

0.000e+000

[ms™1)

Velocity [m/s]

° 2 5000 (m) . o 20
— — — —
! o

Figure 2 — Output for model no. 1
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z[m]

Velocity [m/s]

B
Figure 3 — Output for model no. 2
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Figure 4 — Output for model no. 3
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Velocity [m/s]

Velocity [m/s]

Figure 6 — Output for model no. 5
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Velocity [m/s]

Figure 7 — Output for model no. 6

Velocity [m/s]

Figure 8 — Output for model no. 7

4 Comparison of modelled roughness with engineering standards

There are comparisons of our results with speed defined by [2] in following figures.
Colored lined numbered O-1V represent the standard values for terrain category O-1V.
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Black dashed line represents our results for each model and red dashed line represents
the regression line translated through our data in in form (Fig.9 — Fig.12):
Y = ALn(X) + B D)

z[m]
100}

I _ /i I
! / 0 __/0
-.- % i -—;r’/,;vemy R 0 £ = Vet i
Figure 9 — Output for model no. 1 (left side) and no.2 (right site)
z[m] z[m]

100F - 100}
>
-
80 i 80|
60 60F E.
w0l s ,'. -
I s I
2F 7 21 Y
— 0
. - -—|°———'/J Velocity [m/s] ‘;"“ —— - - T‘—/zs\’elocity [mys]
Figure 10 — Output for model no. 3 (left side) and no.4 (right site)
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Figure 11 — Output for model no. 5 (left side) and no.6 (right site)
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Figure 12 — Output for model no. 7
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5 Conclusions

The results of our comparison are also satisfactory. Our models come either outside or
pass through several categories at once. In this thesis we focused on using the software
ANSYS to compute the wind behavior in the boundary layer. We chose seven different
shapes to simulate the surface roughness and results were compared with calculations for
the models with defined tabular value of roughness. We compared velocity profiles on 21
selected sections in the measurement area of wind tunnel. Using the least squares
method we evaluate the similarity of the waveforms modelled to tabular roughness.
Variance ranged from 6.2 -22.2%.
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Abstract: The paper deals with moisture penetration through gap in wooden windows.
The condensate generation in functional gap is not described neither limited by the
standards nor regulations. Considering the wooden window structures the degradation of
surface finish occur and its thermal characteristics change. The moisture transport
through gap between casement and window frame at condensation temperature is the
main cause of condensation of water vapor. The transport causes air pressure differences
(taking water vapor) — infiltration, exfiltration and diffusion of water vapor (different
saturation of water vapor in exterior and indoor air).

Keywords: wooden window, water vapor, condensate, ice coating

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, Prof. Ing. FrantiSek Mrlik, DrSc. has
dealt with research and moisture transmission in gaps of building envelopes [6]. Prof.
Dr.Ing Gerd Hauser dealt with the similar problem area: moisture transmission through
gaps, mainly for wooden houses in Germany [3] . 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% [2]. 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 [13]. 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, Dipl. Ing.
Konrad Huber 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 [5].

The condensate generation in functional gap (see Figure 1 and Figure 2) is not
described neither limited by the standards nor regulations. Seriousness of the problem
varies depending on the material base. Considering the wooden window structures the
degradation of surface finish occur and its thermal characteristics change.

The moisture transport through gap between casement and window frame at
condensation temperature is the main cause of condensation of water 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).
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Figure 49 — Demonstration of ice coating and condensation in gap between casement and window
frame at exfiltration and 200Pa pressure difference (lower part) [7]

Figure 2 — Demonstration of condensation in gap between casement and window frame at
exfiltration and 200Pa pressure difference (upper part) [7]

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/m? of vapour, but the air with -11 °C can have only 1,96
g/m? of moisture. Interactive accumulation of infiltration or exfiltration and diffusion of
water vapour leads to condensate or ice coating in winter period [2], [4], [12].

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 Figure 3 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/mzK). 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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Figure 3 — Scheme of laboratory equipment of big climatic chamber [10],

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 [11],.

The measurements were performed on completed panel having real windows.
Such panel having four windows with dimensions 540x695 mm, is illustrated in Figure 4.
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,

1180

MIRADOR 662

1490

Figure 4 — 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 Figure 5. 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 Figure 5 for MIRADOR 923 profile the placement of SHT 75 sensors on the
left side and PT 100 on the right side are shown.
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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 Figure 6.

MIRADORl 923

Figure 5 — Geometric parameters of window profiles and placement of measurement
sensors

Figure 6 — 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
vapor and ice coating condensate was found out after each completed measurement
phase. The internal surface temperatures and air temperature including relative air
humidity in gap measurement points (see Figure 5) belonged into the second valuation
data group. The measured values are presented in Graphs 1 and 2.
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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 Figure
7 and Figure 8.

Course of surface temperature in time for the pressure difference Ap=0,200,-200,100,-100,-75,75 Pa, 923
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Graph 1 — Course of surface temperature in time for the pressure difference (MIRADOR
923)
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Graph 2 — Temperatures and relative humidity in time for the pressure difference
(MIRADOR 923)

http://aum.svsfem.cz

80



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

0.070 (m)

Figure 7 — Surface temperature fields and surface temperatures in investigated points (°C) of
MIRADOR 923 window (upper part)

0.070 (m)

Figure 8 — Surface temperature fields and surface temperatures in investigated points (°C) of
MIRADOR 923 window (lower part)
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4 Conclusions

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.
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FEM-BASED NUMERICAL MODELS OF GRAPHENE COAXIAL LINES: A
COMPARISON OF RELEVANT ANALYSES

P. DREXLER, P. FIALA, M.STEINBAUER, T. KRIZ

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

Abstract: The aim of this paper is to present the particulars of new research in special
numerical models of structures used for nano-applications. These models can be
advantageously used in the evaluation of electromagnetic parameters, thus helping
researchers and designers to solve problems related to nanoelements and
nanotechnology. The proposed basic numerical model of a large periodic structure is
designed to test electromagnetic wave propagation in a graphene composite structure. In
the given context, we compared the analyses of two diverse, geometrically different
graphene coaxial lines exhibiting the periodicity rate of 100%, evaluating the contribution
of the actual graphene structure noise to the signal transmitted by the lines.

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

1 Introduction

According to the research presented in related papers, van Vlaenderen,K. J. and
Waser, A., 2004 and van Vlaenderen,K. J., 1999, the periodic structure of graphene
exhibits certain interesting electrical and electromagnetic properties regarding the
propagation of an electromagnetic wave. Thus, new horizons could be opened for the use
of graphene in electrical engineering (electromagnetics) and electronics.

In a more recent study, FIALA, P.; NESPOR, D.; DREXLER, P.; STEINBAUER, M.
2016, an attempt was made to describe the behaviour of a signal in a coaxial line
exploiting a full (100%) periodicity, undisrupted graphene structure. The relevant analysis
then concluded that, in an extreme coaxial line design, the large influence of the actual
oscillation of the structure elements will be superposed to the transmitted signal, thus
contributing in the form of noise. An example is provided in Fig. 1, which shows a more
complex application of such structure, embodied in the given model of a coaxial,
symmetric electric line comprising two polymer systems formed on a graphene basis as it
is known from the macroscopic domain. In the present article, the authors expand upon
their previous investigation of the problem to create a model of different coaxial lines and
to propose detailed analyses of these lines.

The sections below compare the analyses focused on the numerical models of two
geometrically different coaxial line designs; the aim of such comparison consists in
monitoring the contribution of the actual graphene structure oscillation to the transmitted
signal, said oscillation being in the form of noise. The lines differ fundamentally in the ratio
of the radii Ry/R..

2 Models of a periodic structure

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

internal structure

external structure

Figure 1. A geometrical model of surface wave propagation: a) a coaxial line from a periodic
structure; b) a macroscopic model of the coaxial line.

external structure

internal structure

2" IT £ =IMHz-100 GHz
Hydrogen bonds

Figure 2. A geometrical model of surface wave propagation related to a coaxial line from a periodic
structure exhibiting a large radius Ry, of the outer shell.

Similarly to the approach adopted in FIALA, P.; NESPOR, D.; DREXLER, P:;
STEINBAUER, M., 2016 and Bartusek, K.; Drexler, P.; Fiala, P.; 2010, Fiala, P.; Jirku, T.;
Drexler, P.; et al., 2010, the analysis of the structure was based on models for the solution
of the telegrapher’s equation (1). For any case of analysis of transient processes in the
quantum physics the transient processes of dynamically assumed particles, Kikuchi, H.,
2001:

2
Au=C, a—21+Ctla—u+ct2u +Cys
ot ot _ 1)
The proposed numerical model is based on the formulation of partial differential equations
for the electromagnetic field, known as reduced Maxwell’'s equations; according to

Heaviside’s notation, we have the following formula for the magnetic field intensities and
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flux densities:

rotE=-28 rot(vxB) rotH=J; 40P, rot(vx D)
ot ot 2)
divB = O divD = P 3)
where H is the magnetic field intensity, B denotes the magnetlc field flux density, Jt is the
total current density, D represents the electric flux density, E is the electric field intensity, p
is the electric charge volume density, and v denotes the instantaneous velocity of the
moving element. Respecting the continuity equation

divy, —=-%
a, (4)
the vector functions are expressed by means of the scalar electric potential ¢ and the
vector magnetic potential A, and, after Coulomb calibration, Stratton, J.A., 1966, ANSYS,
1994-2015, Fiala, P., Drexler, P., Nespor, D., 2013, we proceed to the foIIowing steps.
Considering the velocity of moving electrically charged particles v in the magnetic field,
the total current density J from formula (2) is
J; = 7(E+vx B)—L(g E)+ [mdv +lv+ k_[vdtJ
ot gl dt ®)
where m is the particle mass, mq is the quiescent mass of the partlcle (7), (8), q is the
electric charge of the moving particle, yis the specific conductivity of the environment from
the macroscopic perspective, | is the damping coefficient, and k is the stiffness coefficient
of the surrounding environment. The material electromagnetic relations for the
macroscopic part of the model are represented by the terms of symbolically isotropic
properties
B=,uo,urH’D=50£rE, ©6)
where the quantity indexes of the permeabilities and permittivities r denote the relative
quantity value and O denotes the value of the quantity for vacuum. The relationship
between the macroscopic and the microscopic parts of the model (particle dynamics in the
electromagnetic field), Fiala, P., Drexler, P., Nespor, D., 2014, Fiala, P., Machag, J.,
Polivka, J., 2011, Steinbauer, M., Fiala, P., Szabd, Z., BartusSek, K., 2008, Fiala, P.;
Drexler, P., 2012, is described by the formulas defining the force acting on individual
electrically charged particles of the electromagnetic field in their gravity centre, and the
effect is considered of the motion of the electrically charged particles on the surrounding
electromagnetic field:
md—v+lv+k vdt=q(E+vxB)-3 dcE)
dt y ot @)
The relationship between the macroscopic model of the geometrlcal part of the
electromagnetic field and the quantum-mechanical model of bound particles is expressed
via the application of current density (5) and by the above formula (2) as follows:

vi) 2

o(eE mo[l Zj dv 5
rotH=y(E+vxB)- (¢ )+Z ¢ +Iv+kjvdt +a—+rot(v><D)
ot q dt ot

(8)

With respect to the fact that the model comprises not only the electric and magnetic
components of the electromagnetic wave but also the space of the motion of the
electrically charged particles, including the action of interacting forces, it is necessary to
solve the model as a designed system (1) characterized by the telegrapher’s equations.
By applying the Galerkin method to find the functional minimum (as described in, for
example, the reference paper E. W. Weisstein, 2015) and considering the boundary
conditions, we obtain the numerical model as a system of non-linear equations to be
solved by standard methods. The model is designed for the ANSYS software, where the
solution is carried out with finite numerical methods, ANSYS, 1994-2016.
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3 Detailed geometry of the proposed models

The design of the geometrical models, Figs. 1 and 2, can be characterized in
greater detail as suggested in this section of the paper. Generally, the fundamental
element of a graphene-based periodic structure is a “benzene” core; from the perspective
of the stochastic distribution of the instantaneous position and arrangement of carbon C
valence electrons, the fundamental element is schematically described in FIALA, P.;
NESPOR, D.; DREXLER, P.; STEINBAUER, M. 2016. The structure of the symmetrical
configuration of graphene-based polymer tubes is then presented in Fig. 3 below.

In the original model, the diameter difference between both tubes corresponds to
AD=1nm, assuming the inner tube diameter of D;=5nm. Within this paper, the relevant
figures indicate hydrogen bonds in the examined polymer structure. In the configured
model with the stochastic presence of the instantaneous position of electron bonds, Fig. 5,
we have to evaluate the power flux along the polymer tubes, observing the power flux
magnitude, direction, and time variation. The other model, having global dimensions as
shown in Fig. 2 (D;=5nm, D,= 150nm), was set up with respect to the previous model, Fig.
4 a, b; subsequently, we analysed the specific power flux and the Poynting vector
distribution.The direction and distribution of the power flux density 17 [W/m?] can be
utilized to clearly determine whether the graphene basis carries any differencies related to
both models. Fig. 4 shows a geometrical model to evaluate the power density
propagation, with the instantaneous value of the Poynting vector expressed within the
formula

II(t)=E(t)<H(t) ©)
It is obvious from eq. (9) that the resulting values of the Poynting vector depend on the

instantaneous values of the electromagnetic field components, namely (for a non-
stationary EMG wave) on the intensities of the electric and magnetic fields E(t) and H(t).

Figure 3. A geometrical model of the basic structure element with a probabilistic distribution of the
valence electrons.

environment — without @
an electric charge —
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Figure 4. A coaxial line model tested for the passage of the active power flux density I7.
a) Ry/R; minimal=1.4, b) R,/R;=30

The elementary structure according to Fig. 1 and Fig. 2 was chosen and solved as the
basis of the numerical model introduced in the above formula (8); the model analysis was
processed in the batch mode. The geometry of a large system incompatible in both its
dimensions and the number of included elements is solved with the known condition of
periodicity and also as a partially stochastic model. The mathematical-numerical model
consists of basic elements characterising the ANSYS software, nhamely SOLID122, 123
and SOLID236, SOLID237, ANSYS 1994-2016 and others, and it is complemented with
the proper code of the model according to formulas (6), (7), (8), and (9).

The geometrical distribution of the modelled cores of carbon C and hydrogen H (bond) in
the geometrical model from Fig.3, with periodicity setting in one section (which is
repeated, and then applied in Fig. 4), can be utilized to formulate the boundary and initial
conditions, current excitation, and model of the electric charge stochastic distribution at
the level of electrons. If we aimed to apply the evaluation of the Poynting vector to a
microscopic model of the designed periodic, graphene polymer structure, we would have
to accept the instantaneous values and their spatial distribution in a quantum mechanical
model (Fig.4), as described in detail within FIALA, P.; NESPOR, D.; DREXLER, P
STEINBAUER, M. 2016. We can propose and examine a hypothesis, deriving the
assumption that the Poynting vector may exhibit a shape where the components of the
magnetic intensity H, and electric intensity E;, E, manifest themselves in the indicated
formation; these components will therefore affect the resulting shapes of the
electromagnetic field distribution and the Poynting vector IZ; at the ends of the structure,
thus influencing the shape of the signal of the applied periodic structure.

4 Setting the boundary conditions

In order to design the geometry of the model of the investigated graphene-based
polymer structure (Figs. 1 and 2), it is necessary to define the initial and boundary
conditions of this model and the sources of the electromagnetic field. The basic formation
(an element of the periodic structure) can be simply described by the atom bonds, namely
the motion of the valence electrons (Fig. 5). Another step in setting the conditions of the
model consists in evaluating the electric field E intensity vector of components in both the
radial and the tangential direction, E,;, E;, In order to facilitate simple estimation of the
order of magnitude of the intensities, we can — for the hydrogen atom H bound to carbon
C and one binding electron for the middle electrodes of the coaxial arrangement of the
internal structure (Fig. 5) - evaluate the radial electric field intensity from the single bond
C-Has

=t % 1 1,602:10%  1.1,602
©o4me, R v Tt 478856107 1,14-10°  47-8,856-1,14

10° =0,01263-10°V / m (10)

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

where jﬁfis the specific conductance tensor. Upon loading the line with the impedance of

50 O, we can determine a number of conditions and expected (limit) values of the
gquantities; then, the evaluated components of the flux density J in directions of the axes z,
¢ and bonds C-C, C-H are determined. For the purposes of comparison, the boundary
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and initial conditions in both models were set for such a case where the line carries an
electric current having the magnitude of

| =1pA o, =12,7.10°A/ m*. (12)

Figure 5. A model of the basic element of the periodic structure: defining the positions of coupled
electrons C and H.

5 Results of the numerical model

The results of the analysis of the numerical model of the graphene structure
according to Fig. 4a and Fig. 4b are shown as the distribution of the intensities and flow of
the electric and magnetic quantities, Fig. 8, Fig.11; further, the results are also indicated
as the distribution of the instantaneous Poynting vector components (Fig. 9, Fig. 10, Fig.
12, Fig. 13) along the curves 1 to 4 from Figs. 9 and 10 and the curves 1 to 7 from Figs.
12 and 13. In selected parts of the structure, the behaviour was analyzed of the module of
the active power specific density; thus, we obtained a basis enabling us to estimate
properties of the modelled task. Further, we present an analysis of the Poynting vector
I1t) module for current excitation in an electric line i(t)=I*(t), where I=1pA..
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Position 2

Position 3

Position 1

Position 4

Figure 6. A geometrical model with the minimum ratio of R./Rp, and curves 1, 2, 3 and 4 for the Poynting

vector evaluation.

i

Position 1\\ Pos\ X Position 7

Position 2 Position 4 Position 6

Figure 7. A geometrical model with the ratio of Ra/R, =30 and curves from 1 to 7 for the Poynting vector

evaluation.
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Figure 8. A model with the minimum ratio of Ra/Rp. The distribution of a): the electric field intensity module E(t)
[V/um], t1= 1 ps, and b): the magnetic flux density module B(t) [pT], ti= 1 ps.
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Figure 9. A model with the minimum ratio of Ra/R;,. The behaviour of the distribution of the power specific density
module 77(t) [pW/um?], t,= 1 ps; a): along curve 1, b): along curve 2, ¢): along curve 3, and d): along curve 4.

c) d)
Figure 10. A model with the minimum ratio of Ra/R,. The behaviour of the distribution of the power specific
density module 7Z(t) [pW/um?], t,= 81 ps; a): along curve 1, b): along curve 2, c): along curve 3, and d): along
curve 4.
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b) b)
Figure 11. A model with the ratio of Ra/R, =30. The distribution of a): the electric field intensity module E(t)
[V/m], 1= 1 ps, and b): the magnetic flux density module B(t) [T], t1= 1 ps.

c) d)
Figure 12. A model with the ratio of R/R, =30. The behaviour of the distribution of the power specific

density module 71(t) [pW/pmz], t1= 1 ps; a): along curve 1, b): along curve 3, c¢): along curve 5, d): along
curve 7.
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Figure 13. A model with the ratio of R/R, =30. The behaviour of the distribution of the power specific
density module 71(t) [pW/me], t1= 81 ps; a): along curve 1, b): along curve 3, c): along curve 5, d): along
curve 7.

6 Conclusion

We designed geometrical models of a nanostructure exhibiting the periodicity rate
of 100%. Two coaxial line models with different R,/R;, ratios were compared; these ratios
corresponded to min. R,/Ry=1.4 in one and R./R, =30 in the other model. The comparison
showed that increasing the ratio Ry, of the outer structure is beneficial in the sense of
decreasing the superposition of the EMG field produced by the actual nanostructure, or,
by extension, the superposition of graphene to the transmitted signal. While it remains
true that this geometrical configuration involves a change of the transmitted signal, it also
has to be noted that, unlike the structure model with min R./Rp,=1.4, such a change does
not alter in time. Based on the previous description, we can claim that increasing the ratio
of RJ/Ry, facilitates a decrease by an order of magnitude in the effect of a transmission
structure having a coaxial configuration on the superposition to a transmitted signal.
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FOLDING TABLE AND SAFETY IN RAILWAY TRAFFIC
PAVEL MARSALEK, PETR HORYL, TOMAS KARASEK, PETR FERFECKI

VSB — Technicka Univerzita Ostrava, IT4Innovations Narodni superpogitadové centrum

Abstract: Safety of passengers is one of the key issues of transport industry. In
automotive industry the design of safe vehicles is a must and it is governed by many
standards. Surprisingly, it does not apply for railways although millions of people commute
by trains every day. There are no standards for crash test similar to in automotive, except
for UK, where very strict rules defined by GM/RT2100 [GM/RT2100 2012] apply.

Keywords: Injury Prevention Tests, Folding Table, Crash Test

1 Injury Prevention Tests in Railway Traffic

For each type or design of seat used in a vehicle (first class, standard class) is
necessary to test seats for dynamic structural integrity and injury potential caused by a
specific impulse of acceleration, see Image 1. The both tests are applied in rearward and
forward projection of movement. Integrity tests determine the strength of the seat structure
that must be very stiff, while injury potential tests define safety of seat - seat structure
must be very flexible too. These two requirements are in conflict and depend on
manufacturers how to solve this problem.

The classical tests can be modified by including the folding seat back table. Then
each type of the folding table shall be dynamically tested in both situations - the fully
deployed and fully stowed positions of the table. The main problem is the contact of the
open folding table with abdomen/chest of passengers.
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Image 50 — Test impulse
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2 Forward Injury Prevention Test - table up

Our goal is to analyze and simulate the laboratory experiments with dummies so
as to meet all the injury criteria, Image 2. The experimental crash tests then will be
performed (with high probability) only once. These numerical simulations save costs of
manufacturers. For implementing these demanding simulations, we use ANSYS LS-Dyna
solver module on IT4lnnovations National Supercomputing Centre, Salomon cluster.

Image 2 — Computer model — table up

For determining the safety of seats with folding table up, the worst thing is to the
meet with limits of the Head injury criterion (HIC) specified as

..

1
HIC = {[(tz_t) !

where t; and t, are starting and ending time an interval acceleration ||X||, , during which
the criterion of HIC reaches its maximum value.

dt]z'5 (ty, — tl)} , 1)

max

Comparison of experiment results [PAYNE T. HARPER C. 2016a] and computer
simulation shows in Image 3 and injury criteria in Table 1.

Image 3 — Kinematic frames comparison — table up
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Table 4 Injury criteria — table up

MIRA IT4l Safety
Head Test Simulation | Limit
Peak Resultant
Acceleration 96,49 91,99 )
HIC 15 176 183 500
Neck
Peak Bending Moment 72 Nm 105 Nm | 310 Nm
Femur
Peak Femur Force -3.15 kN -3.1 kN -4.3 kKN

3 Forward Injury Prevention Test - table down

As is apparent from Image 4, at the moment of contact edge of table with the
dummy abdomen/chest (t = 105 ms), there is significant compression of human body. In
experimental practice, a cube made from thin aluminum plates, which is measured after
test, is placed to dummy.

Image 4 — Kinematic frames comparison — table down

Comparison of experiment results [PAYNE T. HARPER C. 2016b] and computer
simulation shows in Image 5 and injury criteria in Table 2.
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Image 5 — Head resultant acceleration, Chest resultant acceleration and Femur force — table down

Table 2 Injury criteria — table down

Head MIRA T4l Safety
Test Simulation | Limit

Peak Resultant

Acceleration 629 g .

HIC 15 638 123 500

Neck

Peak Bending Moment 77 Nm 76 Nm 310 Nm

Chest

Peak Compression - -22mm | -63 mm

4 Conclusion

In case that the geometry and stiffness of the folding table is sufficiently low
(according to the standard), we know that the fully open table is not dangerous for
humans and also reduces the risk of head injuries. According to the available parametric
studies, the results show that the size of abdominal compression does not significantly
affect the increase seat pitch as is the case with other injury criteria.
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STUDIE VLIVU REDUKCE NAVRHOVEHO VEKTORU NA VYSLEDKY INVERZNI
IDENTIFIKACE PARAMETRU NELINEARNIHO MATERIALOVEHO MODELU BETONU

PETR KRAL, PETR HRADIL

Vysoké uceni technické v Brné, Fakulta stavebni, Vevefi 331/95, 602 00 Brno

Abstract: The problem of current complex nonlinear material models of concrete is that
they very often contain a large number of material parameters which is difficult to define
without the specialized tests of concrete or without the perfect knowledge of the material
models theory. These parametrs are, however, often very important for the correct
function of the material models. The mentioned problem can be currently solved by
performing the inverse analysis. The inverse analysis allows to find such values of the
identified material model's parameters at which the data obtained from the numerical
simulation provide very good approximation of the experimental data. The aim of this
paper is to perform the inverse identification of the parameters of nonlinear concrete
material model with and without the reduction of the initial design vector which contains
the identified material parameters and subsequent comparison of the results.

Keywords: inverse identification, sensitivity analysis, optimization, nonlinear numerical
analysis, experiment

1 Uvod

Stalé a rozsahlé vyuzivani betonu za ucelem vystavby novych konstrukci vede v
soucasnosti ke snaham o zpfesnovani jejich navrhu prostfednictvim numerickych simulaci
vyhodnéjSich betonovych konstrukci nicméné vyzaduji zapojeni prvk( pokrocilé
numerické analyzy, kterymi je mysleno pfedevsim uvazeni nelinearniho chovani betonu v
ramci numerickych simulaci slouzicich pro analyzu a navrh betonovych konstrukci.
Soucasné vypocetni systémy zalozené na metodé konecnych prvkl(, mezi které patfi
napf. ANSYS [1] a LS-Dyna [2], nabizeji pomérné velké mnozstvi materialovych modell
vhodnych pro popis nelinearniho chovani betonu. Tyto modely mohou nalézt vyuziti jak v
ramci numerickych simulaci statické povahy, tak v rdmci numerickych simulaci dynamické
povahy a jejich popisu a aplikaci je vénovana cela fada publikaci [3, 4, 5, 6]. NejvétSim
problémem pfi pouzivani téchto materidlovych modelt je v8ak Casto neschopnost
korektné definovat hodnoty jejich materialovych parametrl, jelikoz ty je mozné Casto
ziskat pouze na zakladé specialnich zkouSek betonu. Nékteré prarametry maji zase
pouze ryze matematicky vyznam a definovani jejich hodnot tudiz také neni zcela snadné.
Korektni zadani hodnot parametrl pouzivaného materialového modelu je pfitom velmi
dilezité pro spravny popis chovani betonu v ramci pogitaové simulace. ReSeni
zminéného problému v souCasnosti nabizi tzv. inverzni analyza.

Inverzni analyza neboli inverzni identifikace umozZiuje nalezeni takovych hodnot
parametrl pouzivaného nelinearniho modelu betonu, pfi kterych je vysledna odezva
konstrukce ziskana z pocitaCové simulace velmi podobna experimentalné namérené
odezvé betonové Kkonstrukce. Jeji princip spoCiva v kombinaci numerické a
experimentalni analyzy s optimalizaCnimi algoritmy, metodami &i procedurami. Aktualné
nejpouzivanégjSimi metodami pro ucely inverzni identifikace parametrd nelienarnich
modell jsou metody zaloZené na cvi€eni umélych neuronovych siti [7]. Velmi silnym
néstrojem v oblasti inverzni analyzy je také program optiSLang [8], ktery zahrnuje celou
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fadu optimalizacnich algoritmd vhodnych pro ucely inverzni identifikace materialovych
parametr( [9].

Tento pfispévek se zaméfuje na provedeni inverzni identifikace materialovych
parametrl nelinearniho modelu betonu, ktery je znam pod nazvem Karagozian & Case (K
& C) Concrete model - Release Ill, s uvazenim neredukovaného (pocatecniho) a
redukovaného navrhového vektoru, ktery zahrnuje identifikované materialové parametry,
a na nasledné srovnani ziskanych vysledku. V ramci celého procesu inverzni analyzy je
vyuzita kombinace nelinearnich numerickych simulaci provadénych ve vypocetnim
systtmu LS-Dyna, ve kterém je zvoleny materidlovy model implementovan, s
optimalizaénimi algoritmy programu optiSLang. Experimentalni data jsou v procesu
inverzni analyzy zastoupena zatézovaci kfivkou naméfenou ze zkouSek valcové pevnosti
betonu v tfiosém tlaku.

2 Experimentalni data

Zakladnimi vstupnimi daty nutnymi pro uskute€néni procesu inverzni identifikace
materialovych parametrd jsou obecné data experimentalni. Pro Ucely tohoto pFispévku
byla experimentalni data reprezentovana zatéZovaci kfivkou naméfenou ze zkousek
valcové pevnosti betonu v tfiosém tlaku. Tyto zkouSky byly provedeny v ramci
experimentalniho vySetfovani betonu provedeného autory Joy a Moxley [10]. Betonové
zkuSebni valce pouzité v ramci zkousek mély vysku 304,8 mm a primér podstavy 152,4
mm. Naméfena pevnost betonu v jednoosém tlaku méla u téchto valci hodnotu 45,4
MPa. Valce byly v pribéhu zatézovani stlatovany konstantni rychlosti, pficemz
zatéZzovani mélo kvazi-statickou povahu. Reprezentativni zatézovaci kfivka
charakterizujici odezvu betonového valce na tfiosy tlak s v €ase konstantnim pficnym
tlakem 7 MPa je znazornéna na obr. 1. Tato kfivka zastupovala experimentalni data v
procesu inverzni analyzy.

Z obr. 1 je patrné elato-plastické chovani betonového valce se zmék&ovanim po
dosazeni mezni pevnosti betonu v tfiosém tlaku, ktera odpovidala v ¢ase konstantnimu
bo¢nimu tlaku 7 MPa. Odezva betonového valce na ftfiosy tlak je nicméné, vlivem
pusobeni boc¢niho tlaku, pomérné duktilni.

1800 -
1600 -

= 1400 1 VAR

=.1200 - R SN

1000 - Py

800 - #

600 { |

400 -

200 4/
0+ . , . ;

o 05 1 15 2 25 3 35
Osové stlaceni valce [mm]

ZatézZovaci sila

T T T

H

45
Obrazek 51 - Experimentélni data
3 Proces inverzni analyzy

Cely proces inverzni analyzy byl zaloZzen na interakci nelinearnich numerickych
simulaci s experimentalnimi daty a optimalizanimi algoritmy.
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3.1 Nelinearni numerické simulace

Numerické simulace byly pro Ucely inverzni identifikace materialovych parametr(
provadény prostfednictvim vypocetniho systému LS-Dyna, coz je software vyuzivajici
explicitni metodu kone¢nych prvkl. Nelinearni chovani betonu bylo v ramci numerickych
simulaci popsano prostfednictvim nalinearniho materialového modelu s nazvem K & C
Concrete model - Release lll, jenz je v programu LS-Dyna implementovan. VeSkera
nastaveneni zahrnujici pfedevSim parametry vypoctového modelu, hodnoty parametr(
materidlového modelu a parametry vypoétu byla zapsana do vstupniho souboru programu
LS-Dyna, ktery tvofil spole¢né s experimentalnimi daty vstupni data pro program
optiSLang, prostfednictvim kterého byly hodnoty parametrli zvoleného materialového
modelu identifikovany.

1) Vypocétovy model zkousky valcové pevnosti betonu v tfiosém tlaku

Okrajové podminky byly v ramci vypoctového modelu oproti realné zkouSce
valcové pevnosti betonu v tfiosém tlaku zjednoduSeny. Zasadni zjednodu$eni spocCivalo v
tom, Ze byl modelovan pouze zkusebni valec bez tlatnych desek. ZkuSebni valec byl
modelovan pomoci explicitnich 3-D strukturalnich koneénych prvkl. Uzly spodni podstavy
konecnoprvkového modelu valce meély predepsany nulové hodnoty posunl jak ve
smérech v roviné podstavy, tak ve sméru kolmo na rovinu podstavy. Uzly horni podstavy
modelu valce mély pfedepsany nulové hodnoty posund ve smérech v roviné podstavy a
linearné narustajici hodnoty posunll v ¢ase ve sméru kolmo na rovinu podstavy, které
simulovaly stlaCovani valce konstantni rychlosti. Na plast modelu valce byl explicitné
aplikovan v ¢ase konstantni pfi¢ny tlak o hodnoté 7 MPa. Vypoctovy model zkousky
valcoveé pevnosti betonu v tfiosém tlaku je znazornén na obr. 2.

Zminéné zjednoduSeni okrajovych podminek bylo korektni, jelikoz poc&atecni
tuhost valce zjisténa z numerickych simulaci odpovidala tuhosti skute¢ného valce, jez
byla zjisténa z experimentalnich dat. Chovani modelu valce pfi tlakovém namahani bylo
popsano prostfednictvim K & C Concrete modelu - Release llI.

: Uzly horni podstavy
Plast modelu valce Nulové hodnoty posunti
V Case konstantni ve smérech v roviné
pricny tlak podstavy

Linearné narGstajici
hodnoty posunt v ¢ase
ve smeéru kolmo na
rovinu podstavy

Uzly spodni podstavy

Nulové hodnoty posunt
ve vSech smérech

Obréazek 52 - Vypoctovy model zkousky valcové pevnosti betonu v tfiosém tlaku

i) Materiadlovy model

Nelinearni chovani betonu bylo v ramci numerickych simulaci popsano
prostfednictvim Karagozian & Case Concrete modelu - Release IIl [11, 12]. Tento
nelinearni materidlovy model je definovan jako tfi invariantni konstitutivni model zalozeny
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na tfech plochach smykového poruseni. Témito plochami jsou plocha smykového
poruSeni na mezi vzniku plastickych deformaci, plocha smykového poru$eni na mezi
maximalni pevnosti a plocha smykového poruseni na mezi rezidualni pevnosti. VSechny
tfi plochy smyskového poruSeni jsou vzajemné nezavislé a jejich matematicka formulace
je ve zobecnéné formé nasledujici [13]:

F(p) =a, +L (3)
a; +a,p

Index 1 znaci y (plocha smykového poruseni na mezi vzniku plastickych deformaci), m

(plocha smykového poruseni na mezi maximalni pevnosti) a r (plocha smykového
porudeni na mezi rezidudlni pevnosti). p je tlak zavisly na prvnim invariantu tenzoru

napéti (p=-1,/3)a a; (j=0, 1, 2) jsou parametry, které je mozné urcit na zakladé

specialnich zkousek betonu. Vysledna plocha poruseni je v ramci teorie materialového
modelu vZdy interpolovana bud mezi plochou smykového poruseni na mezi maximalni
pevnosti a plochou smykového porusSeni na mezi vzniku plastickych deformaci, nebo mezi
plochou smykového poruSeni na mezi maximalni pevnosti a plochou smyskového
poruseni na mezi rezidualni pevnosti. Ze zminéného vyplyvaji nasledujici vztahy:

F(1,35,35) =r(J)[n(A(F,(p) - F,(P) + F,(p)] pro A<4, (4)
F(1,,3,,35) =r(Q)n(A(F, () -F (p) + F.(p)] pro 4> 4, ()

ve kterych |, je prvni invariant tenzoru napéti, J, je druhy invariant deviatorické Casti
tenzoru napéti, J, je tfeti invariant deviatorické ¢asti tenzoru napéti, 4 je modifikovana
efektivni plasticka deformace nebo také interni parametr poruseni, 7n(1) je funkce
modifikované efektivni plastické deformace A a r(J,) je faktor méfitka ve formé William-
Warnkeho rovnice [14].

K & C Concrete model - Release Ill umoznuje zohlednit vliv rychlosti deformace na
stav napjatosti. Tato schopnost nicméné mize byt v ramci formulace modelu zanedbana.
Materialovy model je tedy mozné pouzit jak v numerickych simulacich dynamické povahy,
tak také v numerickych simulacich kvazi-statické povahy. Této skutecnosti bylo v ramci
tohoto pfispévku vyuzito.

Vyznamnou vlastnosti materidlového modelu je jeho schopnost generovat hodnoty
svych materialovych parametri na zakladé empirickych vztahu zaloZenych vyhradné na
definované hodnoté kvazi-statické pevnosti materialu v jednoosém tlaku. V pfipadé, kdy
se pocita s vyuzitim generace hodnot materialovyh parametrt, je nutné pro zajisténi
funkEnosti materidlového modelu definovat pouze 5 hodnot jeho parametrl. V opaéném
pfipadé je nutné definovat hodnoty vSech jeho parametrid (celkem 49) spole¢né s
hodnotami parametr( stavové rovnice [12], které je nutné pfi nevyuziti schopnosti modelu
generovat parametry také definovat (celkem 34 parametrd). Pro ucely tohoto pfispévku
byla k inverzni identifikaci urCena pouze omezena mnozina parametri materialového
modelu tak, aby byla dostacujici pro popis elasto-plastického chovani betonu a aby byla
vyuzita schopnost modelu generovat parametry. Tato mnoZina zahrnovala celkem 5
parametru [12], jejichZ pfehled je spole€né s pouzivanymi jednotkami uveden v tab. 1.

Tabulka 5 Materialové parametry K & C Concrete modelu - Release Ill uréené k identifikaci

Parametr | Jednotka Popis
RO [Mg/mm®] | Hustota materialu (objemova hmotnost).
PR [] Poissonovo Eislo.
FT [MPa] Kvazi-staticka pevnost materialu v jednoosém tahu.
Z&aporné hodnota kvazi-statické pevnosti materialu v
A0 [MPa] : . . .
jednoosém tlaku, -f, — aktivace generace parametru.
LOCWID [mm] Trojnésobek maximalniho prdméru zrna kameniva.
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3.2 Identifikace materialovych parametr

Proces inverzni identifikace materidlovych parametrd provedeny v programu
optiSLang sestaval ze dvou krokd. V prvnim kroku byla provedena analyza citlivosti
identifikovanych parametri na definovanou referenéni odezvu za ucelem vymezeni
rozsahu redukovaného navrhového vektoru. Ve druhém kroku byla provedena globalni
optimalizace materialovych parametrd s uvazenim jak neredukovaného (pocatec¢niho), tak
redukovaného navrhového vektoru.

1) Analyza citlivosti

Jak jiz bylo zminéno, analyza citlivosti [15] tvofila prvni krok procesu inverzni
identifikace materialovych parametrd. V ramci tohoto prvniho kroku byla analyzovana
citlivost jednotlivych vstupnich proménnych parametri na definovanou referenéni odezvu.
Vstupni proménné parametry byly tvofeny materidlovymi parametry K & C Concrete
modelu - Release Il ur¢enymi k identifikaci a referen¢ni odezva byla tvofena jednotlivymi
body definujicimi tvar experimentalné naméfené zatéZovaci kfivky (viz obr. 1 a 3).
Vysledkem analyzy citlivosti bylo ur€eni nutného minimalniho poc¢tu (rozsahu)
identifikovanych parametrd v navrhovém vektoru (redukce navrhového vektoru) a
modifikace rozsahu variability jednotlivych vstupnich proménnych parametrd. Pocatecni
rozsah variability jednotlivych identifikovanych parametrd je graficky znazornén na obr. 3.
Na tomto obrazku je mozné vidét zatézovaci kfivky ziskané z numerickych simulaci pro
okrajové hodnoty identifikovanych parametrd z jejich pocatecniho rozsahu variability,
které byly ziskany na zakladé testovacich vypoctu. Z obr. 3 je zfejmé, ze tyto kfivky tvofily
horni a spodni mez navrhového prostoru, tudiz obklopovaly experimentalné ziskanou
zatézovaci kfivku.

1800 -
1600 -

Zatézovaci
[e)]
o
o

0 0,5 1 1.5 2 25 3 3.5 4 4,5
Osové stlaceni valce [mm]

-+-Experimentalni data —Hornimez —Spodni mez
Obrazek 53 - Zatézovaci kfivky vymezujici navrhovy prostor

Pro ucCely provedeni analyzy citlivosti byla pouzita statistickd metoda ALHS [16]
(Advanced Latin Hypercube Sampling), na zakladé které bylo vygenerovano celkem 200
nahodnych realizaci navrhového vektoru, které zcela uspokojivé pokryly vymezeny
navrhovy prostor. Vysledky analyzy citlivosti ukazaly, Ze z celkovych 5 identifikovanych
materidlovych parametrl pouze 3 vyznamné ovliviiovaly vysledny pribéh zatéZovaci
kfivky. Pogateéni navrhovy vektor ve tvaru:

X ={RO,PR,FT, A0, LOCWID}' (6)
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mohl byt v tom dUsledku pro naslednou optimalizaci parametri redukovan do tvaru:

X ecaovany = | PR, A0, LOCWID}' (7)
Redukovany navrhovy vektor Xequkovany jiZ Obsahoval pouze zminéné 3 parametry, které
vyznamné ovliviiovaly vysledky numerickych simulaci.

V tab. 2 jsou uvedeny hodnoty pfedoptimalizovanych materialovych parametri
ziskané z nejlepsi nahodné realizace analyzy citlivosti spolecné s pfisluSnou minimalni
hodnotou objektivni funkce (MNC).

i) Globalni optimalizace

Globalni optimalizace byla druhym krokem provedenym v rdmci procesu inverzni
identifikace materialovych parametr(i. Cilem tohoto druhého kroku bylo hledani takovych
hodnot identifikovanych materialovych parametr(l, pfi kterych by numericky simulavana
zatéZovaci kfivka vykazovala co nejmensi odchylku od referenéni experimentalné
naméfené zatézovaci kfivky neboli pfi kterych by cilova objektivni funkce nabyla co
nejmensi hodnoty. Z uvedeného vyplyva, Ze proces globalni optimalizace byl zaloZzen na
vyhodnocovéani hodnoty objektivni funkce, ktera byla minimalizovana. Objektivni funkce
pouzita v ramci tohoto pfispévku byla formulovana jako suma Cctvercl, tudiz jeji
minimalizaci byla hledana suma nejmensich d&tvercl. Tento zplsob minimalizace
objektivni funkce je v anglickém pfekladu nazyvan jako Least Squares Minimization [17] a
Ize jej formulovat nasledujicim vztahem:

I\/INC%:i(yi,so_yi,ro)2 — min (8)

i=1
Za vy, byly v ramci procesu inverzni identifikace materialovych parametrt dosazovany

hodnoty zatéZovaci sily, jez byly odecitany z numericky simulovanych zatéZovacich kfivek
pfi danych deformacich, a za y, = byly dosazovany hodnoty zatéZovaci sily odecitane z

experimentalné namérené zatéZovaci kfivky pfi stejnych deformacich.

Globalni optimalizace materidlovych parametrd byla provedena jak s uvazenim
pocate€niho neredukovaného navrhového vektoru X, tak s pouzitim redukovaného
navrhového vektoru Xregukovany- V€ druhém piipadé byly parametry vyseparované z
navrhového vektoru definovany konstantnimi hodnotami z jejich pocate¢niho rozsahu
variability. Pro ucely provedeni globalni optimalizace byl pouZit optimaliza¢ni algoritmus,
ktery je obecné znam pod nazvem Evolucni Algoritmus (EA), konkrétné jeho forma urCena
pro globalni optimalizaci [8]. Jedna se o algoritmus vyuZzivajici mechanizmy inspirované
biologickou evoluci. Z téchto mechanizml Ize jmenovat napf. reprodukci, mutaci Ci
rekombinaci. Jako startovaci bod pro tento algoritmus vzdy poslouzilo 10 nejlepSich
realizaci navrhového vektoru z analyzy citlivosti. Hodnoty vyslednych naidentifikovanych
parametrt vybraného materialového modelu ziskané vzdy z nejlepSi generace Evolu¢niho
Algoritmu, jak pro neredukovany, tak pro redukovany navrhovy vektor, jsou spole¢né s
pFisludnymi minimalnimi hodnotami objektivni funkce uvedeny v tab. 2.

Tabulka 6 Vysledné hodnoty naidentifikovanych materidlovych parametr(

Parametr | Jednotka | Analyza citlivosti EA - neredukovany | EA - redukovany
navrhovy vektor | navrhovy vektor
MNC [kN?] 16198,5 14400,6 14525,4
RO [Mg/mm®] 2,165.10" 2,152.10° 2,4.10”
PR [] 0,1657 0,16 0,1619
FT [MPa] 3,3579 3,291 3,36
A0 [MPa] -43,485 -43,481 -43,663
LOCWID [mm] 70,98 72,7749 73,3654
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4 Vysledky

Pfi pohledu na vysledné hodnoty objektivni funkce uvedené v tab. 2 pro
neredukovany a redukovany navrhovy vektor je zfejmé, ze se prakticky nelisi. Z toho
vyplyva, Zze redukce navrhového vektoru ma minimalni vliv na pozadovanou pfresnost
ziskanych vysledk(, a tudiz ji Ize s vyhodou pouzit. Vyhodou této skutec¢nosti je, ze pfi
vyuziti redukce navrhového vektoru je pozadovany vypocCetni €as nutny pro uskutecnéni
celého procesu globalni optimalizace kratsi, nez v pfipadé vyuzZiti neredukovaného
navrhoveého vektoru, jelikoz nutny poCet generaci Evolu¢niho Algoritmu je nizSi, a zaroven
pozadavky na volné misto na pevném disku klesaji s redukci navrhového vektoru.

Na obr. 4 je znazornéno srovnani vysledki numerickych simulaci pro
optimalizované hodnoty materialovych parametri K & C Concrete modelu - Release Il pfi
neredukovaném a redukovaném navrhovém vektoru s experimentalnimi daty. Grafické
srovnani vysledkd numerickych simulaci potvrzuje zminény fakt, Ze redukci navrhového
vektoru Ize pfi identifikaci materialovych parametrd s vyhodou pouzit, jelikoz ma minimalni
vliv na pozadovanou pfesnost ziskanych vysledkl (kfivky se prekryvaji). Z obr. 4 je déale
zfejmé, ze parametry vybraného materialového modelu byly naidentifikovany velmi
presné, jelikoZz vysledky numerickych simulaci poskytuji velmi dobrou aproximaci
experimentalnich dat. Pro srovnani je na obr. 4 znazornéna také zatéZovaci kfivka
ziskana z numerické simulace, ve které byla vyuzita pouze schopnost materialového
modelu generovat parametry zalozena na hodnoté kvazi-statické pevnosti betonu v
jednoosém tlaku 45,4 MPa, ktera odpovidala experimentalni datim. Tato zatéZovaci
kfivka nicméné aproximuje experimentalni data pomérné nepresné, pfiemz je vidét, ze
simulovana odezva betonu je mnohem duktilngjSi nez experimentalni odezva betonu.
Kombinace inverzni identifikace s generaci materialovych parametri se tedy u K & C
Concrete modelu- Release Il jevi jako velmi vhodna pro ucely co nejpfesnéjSiho vystizeni
chovani realného betonu v tfiosém tlaku.

1800 -
=1600 - |
=,1400 - 7
S 1200 - /

-
o
]
o
1
N\

800 -

600 -

400 -

200 -

0 T T T T

0 0,5 1 1,5 2 2,5 3 35
Osové stlaceni valce [mm]

Zatézovaci s

T T T

F S

4,5

-+-Experimentalni data

—Generace parametrQ
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Obrazek 54 - Srovnani vysledkd numerickych simulaci s experimentalnimi daty

5 Zaveér

Cilem tohoto pfispévku bylo provést inverzni identifikaci materialovych parametrd
Karagozian & Case Concrete modelu - Release Ill s uvazenim jak pocatecniho
neredukovaného navrhového vektoru, tak redukovaného navrhového vektoru. Inverzni
identifikace parametr( byla provedena na zakladé experimentalné naméfené zatézovaci
kfivky popisujici odezvu zkuSebniho betonového valce na tfiosy tlak, pficemz byla
identifikovana pouze omezena mnozina parametri tak, aby byla dostadujici pro popis
elasto-plastického chovani betonu a aby byla vyuzita schopnost materialového modelu
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generovat parametry. Vysledky inverzni analyzy jednoznacné prokazaly, ze kombinace
inverzni identifikace s generaci materialovych parametri je u K & C Concrete modelu -
Release Ill velmi vhodna pro Ucely co nejpresnéjsiho vystizeni chovani realného betonu v
tfiosém tlaku. Dukazem tohoto tvrzeni byla velmi pfesna aproximace experimentalnich dat
numerickymi simulacemi, pfi kterych byly aplikovany optimalizované hodnoty parametrt
vybraného materialového modelu, at' uz se jednalo o optimalizované parametry pfi pouziti
neredukovaného navrhového vektoru, nebo o optimalizované parametry pfi pouZiti
redukovaného navrhového vektoru. Z vysledkd inverzni analyzy bylo dale ziejmé, Ze
redukce navrhového vektoru muze byt pfi procesu globalni optimalizace s vyhodou
pouzita, jelikoz vyznamné nezhorSuje pfesnost pozadovanych vysledku.
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A PARAMETRIC MODEL OF A PUMP SUCTION
TOMAS KRATKY, LUKAS ZAVADIL, LUDEK BARTONEK

Faculty of Science, Palacky University of Olomouc
Centre of Hydraulic Research

Abstract: One of the key parts of a shape optimization process is a valid parametric
model of the solved problem. Ideally, for any combination of input parameters, the
numerical simulation should be converged and the numbers independent on
computational mesh. While very simple in principle, creating a working parametric model
can prove challenging in reality. Multiple problems with geometry creation, mesh
generation and solution can (and usually do) arise. In this paper, this is shown on a
relatively simple parametric model of a pump suction. The problems and challenges are
shown and discussed. CFD computations and mesh dependency tests results are shown.
In conclusion, some results of the optimization are also shown and discussed.

Keywords: Shape optimization, parametric model, CFD, ANSYS CFX.

1 The original model

The pump is radial with horizontally mounted shaft and spiral casing; shrouded
impeller has six blades. The specific speed is ng = 135. The original goal was developing
an inducer for improving the cavitational performance of the pump. For this purpose, an
ANSYS CFX was utilized, and a computational model was assembled. The outlet and inlet
part were modeled with respect to the numerical stability. The mesh was created using
ANSYS TurboGrid and ICEM, with 1.76 million nodes in total. The boundary conditions
were standard for cavitational analysis — pressure head at the inlet, and mass flow rate at
the outlet.

ROTOR-STATOR

INTERFACES

Image 1 - Original CFX model and suction detail.

Designing an inducer (and impeller as well) assumes the fluid enters in an ideal
way. Of course, this can never really happen in reality. But in this particular case, the CFD
analysis showed quite big velocity variation in front of the inducer inlet part of the inducer.

Based on this defficiency of the design, it was decided optimization of the suction
part could improve the pump performance. A parametric model of the suction part was
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prepared. The aim was reducing the pressure losses in the suction as muc as possible,
and making the velocity field at the outlet more homegenous.

Image 2 - Velocity profile at the inlet to the inducer. Red or blue colour shows bigger than 10%
difference from the average velocity.

2 The parametric model

The geometry of the suction was created as fully parametric in ANSYS
Workbench, using DesignModeler. The hydraulic design and parameters choice was
mostly based on recommendations in [1]. There were 18 parameters in total: Total
diameter, hub and shroud radiuses, wall dimensions and angles, and blades thickness
and positions. For the sake of simplicity, all blades were considered to be the same and
rotated symmetricaly around the axis.
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Image 3 - Graphical illustration of selected parameters.

Parameter ranges were allowed from a wide interval, to cover as much geometry
variants as possible. Testing all possible parameter combinations for 18 variables
manually is not possible. An automated way utilizing a Design-of-Experimet (DOE) table
creation was used instead. In ANSYS Response Surface, a DOE with 100 samples was
generated. Then, based on a Workbench script (whjn) template, for each sample in the
DOE a new script was generated. Calling Workbench in a batch mode then generates
geometry in DesignModeler, updates mesh in Meshing and CFX model, and saves def file
for each script. Using another set of scripts, def file is opened in CFD-Post and geometry /
mesh info and screenshots are exported. This scripting approach allows overcoming of
ANSYS limits and gives much better control over the optimization workflow.

From the 100 samples in the DOE, only 57 was created successfully. The others
failed mostly due to geometry errors. The geometry was fixed, and the DOE generation
process was repeated. The failure rate remained high, though — this time caused by the
mesh generation and quality related problems.

ANSYS

R16.2

Academic

Image 4 - Geometry error (left) and mesh error (right).
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After polishing the geometry and mesh generation, the DOE generation was
repeated once again. This time, 88 of 100 samples was generated successfully, and the
analysis has shown no errors. Thus, the geometry and mesh generation was decided to
be acceptable.

3 CFD analysis

Since there are no moving or rotating parts in the suction, the analysis was chosen
as a steady one. Straight sections were added to the inlet and the outlet. Mass flow rate
was set at the inlet, and average total pressure at the outlet. SST k- model was used as
the turbulence model, and both total pressure loss (denoted as H) and outlet velocity
uniformity (denoted as v) were selected as output parameters.

Unfortunately, this particular numerical simulation proved to be very “unstable” and
convergence could not be reached. Different timescales, turbulence models and mesh
sizes did not help, neither did adding the inducer and even both the inducer and impeller
to the pump. A stationary model with frozen rotor-stator interfaces was still unstable. While
there is always a possibility of a physically unstable flow, with multiple possible states,
analysing the results showed the results were different from each other. This shows that
at least part of the instability is caused by numerical errors and intrinsic limits of the
numerical simulations of fluid dynamics.

z 3 m

Image 5 - Four different mesh sized used for the analyses.
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To analyze the mesh dependancy of the numerical solution, four different mesh
settings were considered. The number of nodes ranged from ca. 100 thousands to more

than 2 million.

AT

Image 6 — Results for different solver settings (top) and mesh sizes (bottom) for one design point.
The blue lines show H values for last 1000 iterations, red lines an average over last 200 values.

Fully transient analysis of the whole pump would give better results, but for the
purposes of shape optimization, it was too costly. Thus, a different approach was chosen.
A smaller DOE (32 samples) was created a computed for all the four solver settings, using
a HPC cluster. The resulting data were extracted using CFX batch commands and custom

scripts, and analyzed in Excel.

Table 1 Normalized values of H (left) and v (right) for each of the DOE samples.
Solver setting
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Sample vi1

1

W oo N U N WN

NNNNRRRRRRRRRR
W NROLWONO® UL AN WNRKRDO

1.00
0.77
0.60
0.63
0.67
0.46
0.53
0.49
0.31
0.61
0.48
0.50
0.21
0.21
0.41
0.15
0.18
0.15
0.39
0.30
0.18
0.35
0.19

v2
1.00
0.79
0.63
0.74
0.68
0.52
0.58
0.51
0.31
0.66
0.53
0.50
0.22
0.26
0.44
0.16
0.18
0.15
0.39
0.31
0.18
0.36
0.20

v3
1.00
0.83
0.64
0.70
0.76
0.53
0.59
0.54
0.37
0.67
0.54
0.55
0.25
0.23
0.49
0.20
0.21
0.19
0.44
0.33
0.19
0.42
0.22

v4
1.00
0.84
0.68
0.83
0.73
0.58
0.62
0.56
0.32
0.74
0.54
0.58
0.26
0.25
0.47
0.21
0.22
0.19
0.39
0.38
0.22
0.39
0.24

Solver setting

vl
0.74
0.37
0.35
0.18
0.59
0.67
0.24
0.02
0.56
0.21
1.00
0.34
0.01
0.47
0.45
0.10
0.11
0.00
0.51
0.19
0.34
0.45
0.07

v2
0.89
1.00
0.27
0.79
0.93
0.79
0.03
0.00
0.37
0.31
0.72
0.59
0.00
0.40
0.04
0.43
0.15
0.04
0.33
0.37
0.47
0.43
0.04

v3
0.37
0.38
0.39
0.09
0.21
0.38
0.22
0.04
0.71
0.48
0.71
1.00
0.00
0.41
0.33
0.29
0.11
0.00
0.75
0.38
0.25
0.31
0.21

v4
0.27
0.31
0.12
0.76
0.78
0.20
0.27
0.08
0.69
0.05
0.39
0.91
0.00
1.00
0.13
0.50
0.12
0.02
0.44
0.20
0.77
0.67
0.12
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While the absolute values differ, when normalized to (0,1) interval, the relative
differences between the samples are very similar — as can by seen by the table colours.
And, more importantly, the lowest values are always reached for the same sample. In
other words, the objective function values do not differ much when chosing a different
solver setting. Thus, the optimization process should always yield similar results, no
matter what setting is chosen, and it is safe to use to use this model for optimization with

24
25
26
27
28
29
30
31

respect to the H and v.

The second setting (v2) has shown the fastest stabilization of the solution, and was
thus chosen for further computations. The tests were also done with respect to the mesh
dependancy. All 32 DOE samples were computed with the four different mesh sizing,

described above.

0.19
0.32
0.27
0.35
0.14
0.29
0.00
0.02

0.21
0.33
0.28
0.36
0.13
0.29
0.00
0.03

0.22
0.37
0.32
0.41
0.16
0.33
0.00
0.06

0.25
0.36
0.32
0.40
0.17
0.35
0.00
0.11

0.79
0.17
0.29
0.51
0.47
0.18
0.33
0.72

0.74
0.20
0.34
0.68
0.10
0.11
0.07
0.18

0.44
0.56
0.25
0.65
0.20
0.28
0.10
0.16

0.69
0.20
0.33
0.81
0.43
0.23
0.31
0.36

Table 2 Normalized values of H (left) and v (right) for each of the DOE samples.

Mesh size
Sample rough medium fine
1 1.00 1.00 1.00
2 0.76 0.83 0.82
3 0.43 0.64 0.55
4 0.61 0.70 0.68
5 0.68 0.76 0.77
6 0.38 0.53 0.37
7 0.50 0.59 0.56
8 0.40 0.54 0.57
9 0.43 0.37 0.45
10 0.42 0.67 0.64
11 0.41 0.54 0.57
12 0.57 0.55 0.54
13 0.24 0.25 0.30
14 0.17 0.23 0.25
15 0.30 0.49 0.46
16 0.18 0.20 0.14
17 0.19 0.21 0.23
18 0.18 0.19 0.24
19 0.59 0.44 0.48
20 0.17 0.33 041
21 0.14 0.19 0.23
22 0.38 0.42 0.37
23 0.14 0.22 043
24 0.24 0.22 0.13
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finer
1.00
0.87
0.66
0.78
0.75
0.56
0.69
0.63
0.39
0.78
0.62
0.57
0.24
0.18
0.55
0.37
0.16
0.11
0.49
0.40
0.21
0.47
0.25
0.25

Mesh size
rough medium fine
0.45 0.56 0.54
0.80 0.73 0.70
0.76 0.57 0.57
1.00 095 0.94
0.95 093 0.70
0.33 0.58 0.42
0.84 0.64 0.67
0.81 0.57 1.00
0.51 0.30 0.22
0.34 0.13 0.11
0.85 0.61 0.40
0.71 0.43 0.37
0.31 0.25 0.20
0.52 0.53 0.25
0.73 1.00 0.51
0.36 0.28 0.13
0.55 0.37 0.29
0.71 0.40 043
0.37 0.40 0.36
0.80 0.41 0.26
0.28 0.12 0.02
0.31 0.33 0.32
0.36 0.08 0.14
0.48 0.50 0.27

finer
0.65
0.88
0.65
0.87
1.00
0.37
0.82
0.57
0.33
0.07
0.63
0.43
0.20
0.27
0.55
0.03
0.14
0.35
0.35
0.24
0.05
0.36
0.08
0.52
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25 032 037 051 036 | 000 000 000 022

26 043 032 036 031 018 034 0.4 0.06
27 027 041 043 039 051 027 012 0.29
28 009 016 010 011 054 034 003 0.0
29 013 033 033 035 089 042 0.5 0.69
30 0.05 054 053 048 0.23
31 0.06 019 032 036 011 0.00
32 014 019 037 020 038 044 |0.07 034

For H, the conclusion from the previous section is still valid. Unfortunately velocity
uniformity shows notable mesh dependency. This means its usage as part of the objective
function can not be justified. Based on this results, only the pressure loss was selected as
the criterion and considered for the optimization.

The objective function was created using Python codes. The solution data were
extracted from CFX, and average values over 200 iterations were computed and read by
the optimization code.

4 The optimization

The so-called Stochastic RBF method, described in [2] was chosen as the best
option. It is a modern surrogates-based metod based method for expensive black box
functions global optimization, and can use the already computed DOE table as a starting
point. The automatization of model creation and results evaluation was accomplished
using various custom scripts and Python codes.

29000
Objective function values
27000 &
\
‘* --o--DOE
25000 3
\
& —e— Optimization
23000 *.\
21000 L S
.t‘.-. ______________ ®
19000 \
\
\
17000 best DOE ’ e
best reached value
15000
0 10 20 40 50 60

30
Computed samples
Image 7 - Results of the optimization.

The resulting geometry was then included in the original model of the whole pump,
and computed as fully transient.
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Image 8 - Impact of the suction geometry on the pump performance.

The influence of the suction geometry on the whole pump performance can be
observed, but the difference is very small. Without experimental evidence, any of these
three variants can not be decided as the best one.

sample, optimized geometry.

5 Conclusion

Shape optimization and the related problems, such as creating a parametric
model, evaluating its robustness, selecting the right objective function and evaluating
results, poses a very challenging problem. In this particular case, convergence problems
limited the options for the objective function, and the overall results, measured by
improving the whole pump performance, are not very convincing.

On top of that, optimizing a pump for a single flow rate is not a good idea. Ideally,
the objective function should consider multiple conflicting criteria (for example combination
of pressure loss and velocity uniformity) in multiple flow rates. Using multiobjective
optimization techniques is necessary in such a case. Running the simulations as fully-
transient would also improve accuracy. Unfortunately, this is currently not possible with
the computational resources available.
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Nevertheless, the accomplished results can easily serve as a sufficient starting
point for more advanced studies.

References

[1] Gdlich, J. H., 2008. Centrifugal Pumps Second Edition. Springer-Verlag Berlin
Heidelberg, 640 pages. ISBN 9780872012004.

[2] Regis, R. G., Shoemaker, Ch. A., 2009. Parallel Stochastic Global Optimization Using
Radial Basis Functions. INFORMS Journal on Computing, pp 411 — 426. DOI doi
10.1287/ijoc.1060.0182

[3] ANSYS 16.2 manual (electronic source).

Acknowledgement

Computational resources were supplied by the Ministry of Education, Youth and Sports of
the Czech Republic under the Projects CESNET (Project No. LM2015042) and CERIT-
Scientific Cloud (Project No. LM2015085) provided within the program Projects of Large
Research, Development and Innovations Infrastructures.

Contact address:
Mgr. Tomas Kratky, Doc. Ing. Ludék Bartonék, Ph.D.
Faculty of Science, Palacky University of Olomouc, 17. listopadu 1192/12, 771 46 Olomouc

Ing. Lukas Zavadil, Ph.D.
Centre of Hydraulic Research, Jana Sigmunda 313, 783 49 Lutin

http://aum.svsfem.cz

118



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

NUMERICAL MODELLING OF LIGHT SOURCES
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Abstract: Paper presents usage of the R-FEM method in the CFX environment.
The R-FEM method was used for modeling of special light sources and to compute
lighting of surfaces from these sources with very good results. Basic description of the R-
FEM method is described below. For modeling of the light sources in the CFX
environment was used combination of the Finite Volume Method and the radiation method
which are included with the CFX (The Discrete Transfer Model and The Monte Carlo
Model). Numerical results are presented by models with basic optical geometry (parabolic
surface with light source placed in focus point and reflecting surfaces with different
angular displacement). There are presented numerical results for mirrored reflecting
surfaces and diffusion reflecting surfaces with different degrees of diffusion.

Keywords: R-FEM, Light Source, Ray-Tracing, Sensitivity analysis

1 Introduction

Various software tools for lighting systems design are available presently. These
tools are focused to specific part of lighting systems problematic unfortunately. These
programs are suitable for lamps calculation for interiors calculation or exterior calculation
solely. Different numerical methods are used for the calculations in these programs.

There are used these methods for numerical modeling of lighting systems: Ray-
Tracing, Radiosity, Flow method, Point method and Elementary transformation method.
Ray-Tracing and Radiosity methods are most widely used methods in lighting systems.
We can get realistic projection with this method. This methods are often used for project
the 3D scenes and lighting calculation. It enables modeling of indirect lighting, shadows
and color transition, by this we can manage realistic projection of the scene. Elementary
transformation method is used for lighting calculation from lamp shield or calculation of
light source with shield based on requirement on surface light. Flow and Point methods
are intended to lighting calculation of room interior based on initial conditions (number of
light sources and their shapes). The Point method is the simplified Flow method. There
are used point light sources in Point method.

The disadvantage of the described methods is limited usability for close area in
lighting system computation or their high computational time-consuming for good results
resolution.

We are trying to find numerical method which enables the solving of the light from
all areas of lighting systems. One possibility is usage of sophisticated numerical method
together with finite volume method, for example the ANSYS CFX program. The ANSYS
CFX program uses standard program tools such as modeling, discretization into a net of
elements, solvers, evaluation, and interpretation of the results. The basic idea of problem
is in the transformation of thermal field quantities into optical quantities. This can be done
using the general rules described in [4]. In the following text the basics of modeling the
primitive light problem are described.

2 The R-FEM method
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The R-FEM method is a new way in the modeling of lighting systems. It utilizes the
similarity between physical models. This paragraph demonstrates the usage of analogy
between different physical models for the modeling of light problems. The R-FEM method
is able to solve tasks that fulfill the condition As << max (D) A As< 10 . max (D), where As
is the source of light wavelength and D is one of the geometrical dimensions of the
modeling task. It can be used for models with more complicated physical structures than
the methods mentioned up to now. An example of a more complicated physical problem,
which we can solve by the R-FEM method, is the modeling of light intensity distribution in
interior or exterior spaces with non-homogeneous environment, where the light has
passed through some impure air (e.g. filled with smoke, fog, mist, vapour, dust, etc.) [3, 4].

3 THE Use OF The R-FEM method in ANSYS CFX environment

ANSYS CFX environment can be exploited for lighting system computation when
we use analogy between thermal field quantities and optical quantities [3]. There are three
basic principles for heat propagation by conduction, convection or radiation. Main principle
of heat propagation for lighting system computation is heat transfer by radiation. There are
four methods for calculation of heat propagation by radiation (Rosseland Model, P1
Model, Discrete Transfer Model and Monte Carlo Model) in ANSYS CFX, but only
Discrete Transfer method and Monte Carlo method can be used for calculation of lighting
systems with mirror surfaces.

Monte Carlo Model Principle

Monte Carlo model principle is based on interaction between photons and
environment. The photons are emitted from a source through the model until their mass
decreases to minimum. When the photons drop on surface they are reflected or absorbed.
The photons sources are chosen by the emitted energy. In gas environment the part of
photon energy is absorbed. Each volume element affects the absorption and scattering.
Heat transfer is described by equation (1). This method allows calculation of heat transfer
independently of spectrum or performs calculation in the range of chosen frequencies. It is
described in [6].

Discrete Transfer Model Principle

This method is based on tracing of the beam of rays which are emitted from the
surface. The beam of rays is discretized on the particular volume elements. The beam of
rays is tracked in the whole path during the passing by the domain. This Discrete Transfer
model uses the same advance as the Monte Carlo model. It is described in [6].

dlud(g’S) = _(Kau + KSU)IU(r’S)+ Kaulb(V’T)+ }ZSU Idlu(r’sl)q)(s.sl)dgl—l_s’ (1)
T 4n

where v is frequency, r is position vector, s is direction vector, s is path length, K,
is absorption coefficient, Ks is scattering coefficient, I, is Blackbody emission intensity, |,
is Spectral radiation intensity which depends on position (r) and direction (s), T = local
absolute temperature, Q2 is solid angle, @ is in-scattering phase function and S = radiation
intensity source term [6].

The described methods we can use for the numerical modeling of lighting systems.
The radiation approach can be used for modeling of heat transfer between surfaces only
with or without reflecting the environment properties. It is possible to simulate various
impurities in air (e.g. filled with smoke, fog, mist, vapour, dust, etc.). ANSYS CFX
environment is useful to create the numerical model independent on radiation spectrum or
numerical model for specific spectrum. With numerical model which depends on
frequency we can obtain the results for various colors.
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4 ILLUSTARTIVE EXAMPLES

There are results from two illustrative models created in ANSYS CFX environment
in this part. First example is reflecting parabolic surface with light source placed in focus
point. Model dimensions are shown in left side of image 1. Numerical model is composed
of 165 875 nodes and of 945 186 elements. There is an air surround around solid parts in
the model. The mesh cross-section is shown in the right side of image 1. There were
created three versions of model by the Monte Carlo method. In all model versions were
set the emissivity of parabolic surface to value 0.1. In the first version is the reflecting
surface set up as mirror surface (without scattering). The results for this version are
shown in image 2. There is the Wall Irradiation Flux (incoming radiative flux) distribution
on parabolic surface shown in image 2 (left) and the Wall Irradiation Flux distribution on
observed surface is shown in image 2 (right). For the second model version was the
surface diffusion on parabolic surface set to value 1. The Wall Irradiation Flux distribution
on observed surface is shown in image 3 (left). For the third model version was set the
surface diffusion on parabolic surface to value 0.3. The Wall Irradiation Flux distribution on
observed surface is shown in image 3 (right).

100 800
1000

Image 1 - Model dimensions (left), mesh (right)

The second model was created with plane source, two mirrors and observed
surface by Discrete Transfer method. Model dimensions are shown in image 4 (left). The
numerical model is composed of 578 655 nodes and of 555 080 elements. There is an air
surround around solid parts in the model. There was set the emissivity to value 0.1 and
surfaces diffusion to zero on reflecting surfaces. The Wall Irradiation Flux distribution on
observed surface is shown in image 4 (right).

The both models were computed independent on surrounding environment. The
conversion to light units was described in [3].
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Wall Irradiation Flux Wall Irradiation Flux
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| 9.145e+004 3.978e+004
8.482e+004 3.675e+004
7.819e+004 3.372e+004
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! 4 504e+004 - 1.855e+004
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1

Image 2 - The Wall Irradiation flux distribution on parabolic mirror surface and on
observed surface
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| 4.461e+003 1.137e+004
| 4218e+003 1.059¢+004
| 3.975e+003 9.806e+003
3732e+003 9.023e+003
3.490e+003 8.240e+003
3247e+003 | 7.4566+003
ot s
8906+
2.518e+003 | 230604003
% gggwggg 4.3236+003
o+

T 9856+003 5 7a8e1003
1.546€+003 1.9736+003
1.303e+003 1.190e+003

W m*-2] W m*-2]

Image 3 - The Irradiation Flux Distribution on observed surface for diffusion = 1
and diffusion = 0.3

5 Advantages of the R-FEM method

One of the biggest advantages of this method is the wide spectrum of its usage.
We can design the interior and also exterior scenes with its specifications in the materials
quality, climatic dissimilarities and geometrical dimension varieties. We can use all types
of sources of light with their diversity of the color distribution in the light spectrum. The
designers are not limited by the geometrical dimension varieties, color distribution in the
light spectrum, material qualities or climatic dissimilarities. The other advantage is that the
method is very accurate. The degree of accuracy depends on the choosing of the method
of generating nets of elements and the solution algorithm because all this is provided by
the ANSYS CFX standard program tools.
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o 0100 0.200 (m)
T — )
0.050 0.150

Image 4 - Model dimensions and results

6 Sensitivity analysis and results

The utilization of sensitivity analysis and numerical results from ANSYS CFX
environment is described in this part. Sensitivity analysis was used for improvement of
head-lamp numerical model. Head-lamp is in image 5 (left). To obtain the geometric
model a 3D scanner has been used. Geometry from 3D scanner is shown the right part of
image 5. This geometrical model has been used to create the numerical model in ANSYS
CFX environment. The numerical model consists of 329 856 nodes and 425 818
elements. The numerical model of reflector had used the Monte Carlo method. The
emissivity of parabolic surfaces has been set to value 0.1 (without scattering) in the
model. The numerical results represents the lighting level on area in 1 m distance from
head-lamp. If the 3D scanner was used to obtain the geometrical model the position of
light bulb was scanned with an error. To improve the geometrical model obtained by
means of 3D scanner the sensitivity analysis has been used. Six numerical modes for
sensitivity analysis has been. These simulations were created for each position of fibre
(fibore was shift from original position about 1 mm in all directions (X, +y, +z)). The
influence of fibre shift was tested by sensitivity analysis. In this paper were used Two
ways to obtain resulting equations (2) and (3) has been used. equation (2) uses the least
square method with respect to position of fibre parameter S(x,y,z). Numerical results were
compared with measured values (right values) image 6 (left). Differences between node
values were multiplied by weight matrix. Weight matrix is in image 6 (right). Weight matrix
was used for forcing of desired lighting. Results calculated by equation (2) are in table 1
column NC. If the differences in node values are small it is better to use equation (3).
Results calculated by equation (2) are in table 1 column E.

Image 5 - Model dimensions (left), mesh (right)

We can use results from sensitivity analysis to calculate (in order to correct the
results) the fiber position and to obtain desired lighting on observed surface. To correction
calculation equation (4) has been used.
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¢ 2 S(x,Y,2)
where RR; is matrix of measured values, RS; is matrix of result from fibre shift and

S(x,y,2) is vector of fibre shift.
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L L
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200

Image 6 - Measured results and weight matrix

I fmm]

20 14 10 a

20 15 10 5 * a0 55

Image 7 - Numerical results for left and right shift

C=(R,-FK,)S(x,y,2) @

where C is calculated correction, Fs; and Fs, are results from sensitivity analysis and

S(x,y,2) is shift vector.

http://aum.svsfem.cz

124



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

Table 1 Sensitivity analysis results

Shift NC E
Bottom 0,7100 0,67005
Top 0,6893 0,5711
Left 0,3396 0,3812
Right 0,3630 0,3597
Front 0,9771 0,9367

Back 1 1

7 Conclusion

In this paper was shown the usage of R-FEM method in the ANSYS CFX
environment. There were presented the results for two different models with several
settings created in the ANSYS CFX environment. There was shown a possibility of the
lighting systems modeling with different optical properties by various settings of the model
parameters. It is possible to compute the lighting systems with mirror surfaces and
diffusion surfaces or combination of them.

Utilization of sensitivity analysis for improvement of numerical model to obtain
desired lighting in ANSYS CFX environment has been used. Two ways of sensitivity
analysis has been presented. Equation (2) gives good results for sizeable nodes value.
Equation (3) gives good results when differences between nodes values are very small.
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DEFORMACNE-NAPETOVA ANALYZA POTRUBI OHYBANEHO VLIVEM TEPLOTNI
DILATACE KOTLE

ING. TOMAS OPLT

Vitkovice UAM a. s.

Abstract: In heating plant occurs noticeable bending of filling pipeline due to thermal
expansion of the boiler. There is in the bending area a pair of stop valves, tee reducer and
conical reducer between pipes of two different diameters. Visual check during shutdown
detected several positions with excentric connection of these parts and pipeline. The
excentricity cause in cooperation with forced displacement observable pipeline bending.
Technical expertise of the pipeline was performed using Gross Plastic Deformation
Design Check (GPD-DC) in accordance with CSN EN 13445-3.

Keywords: plasticity, nonlinear material, bending, pipeline

1 Uvod

Jednou z moznosti kontroly provozovaného potrubi je posouzeni va&i meznimu
stavu plastické unosnosti. V kotelné teplarny dochazi k vynucenému ohybu plniciho
potrubi vlivem teplotni dilatace kotle. Potrubi je kromé& ohybu zatiZzeno také vnitfnim
pretlakem a teplotou. Uvedena zatizeni maji za nasledek viditelné ,.zlomeni* potrubi.

Misto zlomu je pfeduréeno excentrickym napojenim potrubnich tras v mistech
uzaviracich ventild, natrubku a kuzelového pfechodu mezi dvéma priméry potrubi.
Nesouosost byla stanovena zméfenim vzdalenosti od podlahy ve tfech referencnich
bodech (obrazek 1), nejprve pfi odstavce, poté pfi plném provozu kotle.

Méreni tloustky stén odhalilo korozni Uubytek materialu na nékterych mistech az
1 mm.

Obrazek 1 - Referen¢ni body pro méreni teplotni dilatace

Tabulka 1 - Svisly posuv referen¢nich bodU, zplsobeny zahfatim kotle
misto A misto B misto C
svisly posuv 155 mm 138 mm 123 mm
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2 Vypocétovy model

Pro GPC-DC je predepsané pouziti linearné elastického-idealné plastického
materialu spole¢né s kritériem maximalniho smykového napéti (Tresca). Je také moznost
pouzit kritérium dle Von Misese, s podminkou vynasobeni vypocltové meze kluzu

hodnotou ? ANSYS 15.0 nabizi pouze kritérium dle Von Misese.

3D model potrubi byl vyhotoven po v8echny podstatné vazby. Potrubi bylo
vymodelovano s vyrobni nepfesnosti (excentricitou) a tloustkou stén minimalnich
namérenych hodnot.

2.1 Materiadlovy model

Potrubi je vyrobeno 2z molybdenové oceli 15020.1. Uvedené materialové
charakteristiky (tabulka 2) v jsou vypsany z materialového listu pro teplotu 240 °C.
Hodnota meze kluzu je jiz vynasobena bezpeénostnimi koeficienty a pfevedena pro
pouziti Von Misesova kritéria.

Tabulka 2 - Mechanické a fyzikalni vlastnosti oceli 15 020.1 Invalid source specified. pfi teploté
240 °C

Youngtv modul pruznosti E 192 GPa
Poissonovo ¢islo 1) 0,3

mez kluzu Re 166 MPa
soucinitel teplotni roztaznosti o 13,3e-6 K?!

Materidlovy model byl zvolen bilinearni model s isotropnim zpevnénim.
Tangencialni modul pruznosti byl z dGvodu leps$i konvergence zadan jako E/10000.

o

R 4

e

e

Obrazek 2 - Linearné elasticky-idealné plasticky materialovy model

2.2 Vypocétova sit’

Na modelu potrubi byla vytvofena vypoctova sit konecnych prvka SOLID 185
s linearnimi bazovymi funkcemi, vzdy s minimalné 3 vrstvami prvk( po tloustce.
V mistech, kde Ize oCekavat nejvétsi zatizeni byl pak pocet vrstev zvySen na 5 (kuzelovy
prechod), respektive 9 (natrubek).
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Obrazek 3 - Detailni pohled na sit koneénych prvkl v mistech zajmu — natrubek (nahore), kuzelovy
prechod(dole)

2.3 Okrajové podminky

Potrubi je v redlném provozu pevné uchyceno mezi dva pary dvou ocelovych ty¢i,
které kromé vynuceného pohybu smérem dold zamezuji pohyb v ostatnich smérech.
Model deformacniho zatizeni je vytvofen pfedepsanim posuvu u,=155 mm uzllm na
jedné linii ve sméru osy z. Jednomu uzlu na Celni ploSe byl zamezeny posuv u,=u,=0
(obrazek 5). Takto pfedepsané okrajové podminky simuluji realné chovani realné vazby
pod kotlem.

Objimka je nahrazena ukotvenim uzlG na lince ve smérech x a y (potrubi @ 57,
stoupajici smérem nahoru - obrazek 6). Za timto Usekem se nachazi T-spoj a rozdvojené
potrubi je dale pravdépodobné jen podepiené. Tato Cast potrubi nebyla pfistupna, byla
zakryta izolaci a nebylo mozné zjistit detailni vlastnosti vazby. S jistotou Ize vSak prohlasit,
Ze posuv konce svislého potrubi tésné pfed spojenim s vodorovnym potrubim bude ve
sméru osy z minimalni. Pfedepsanim nulového posuvu v osovém sméru uzlu na konci
potrubi zlstane zachované realné chovani potrubi, zejména moznost dilatace vlivem
teploty v osovém sméru.
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Podobné je vyfeSena vazba trubky @ 22,2 , kde je zamezen posuv uzlim na svislé
linii ve smérech osy x a y a dale zamezen posuv ve sméru osy z uzlim na ¢elni plose
trubky.

Obréazek 4 - Celkovy pohled na MKP model potrubi se znazornénymi okrajovymi podminkami

Obrazek 5 - Detailni pohled na ¢ast potrubi pod kotlem
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Obrazek 6 - Detailni pohled na model objimek na obou vétvich potrubi

Kromé vazebnych okrajovych podminek byly predepsany zatéZovaci okrajové
podminky. Cely model byl zatiZzen teplotou 240 °C, jiZ zminénym posuvem o 155 mm a
dale vnitinim pretlakem vypoctovym, respektive zkuSebnim. Hodnoty pretlaki byly
uvazovany navrhové (dle pivodni vykresové dokumentace) a realné provozni (na zakladé
sdéleni pracovnikl teplarny). Odfiznuté Celni plochy potrubi byly zatizeny pfisluSnym
zapornym tlakem tak, aby zlstala zachovana silova rovnovaha.

Tabulka 3 - Hodnoty =zatizeni pfi navrhovych a provoznich podminkach po vynasobeni
bezpelnostnimi koeficienty

druh zatiZeni navrhové zatiZzeni provozni zatiZeni
pretlak po 27,6 MPa 16,8 MPa
pietlak Po,test 36,2 MPa 20 MPa
posuv vlivem dilatace uz 155 mm 155 mm
teplota Ttest 240 °C 240 °C

3  Vypocet

Hodnoticim kritériem pfipustnosti je podle normy Invalid source specified.
velikost celkového pfetvofeni. U vypoc¢tového zatiZzeni nesmi pfetvofeni pfesahnout 5 %,
u zkuSebniho zatizeni je povolena maximalni hodnota 7 %.

Zatézovani modelu probiha soufasné v8emi druhy zatiZzeni, proporcionalné
z vychoziho nezatizeného stavu (faktor zatizeni 0) az do pIného zatizeni (faktor
zatiZeni 1).

3.1 Vypoétové zatizeni (navrhové)

Obrazek 7 ukazuje hodnoty redukovaného napéti HMH na celém modelu, meze
kluzu je dosazeno ve dvou oblastech. Prvni oblast vykazujici plasticitu rozsahlych
rozmeérl je mezi natrubkem a kuzelovym pfechodem, druha oblast je v kolenu.
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.83201 L5317 82.23 .9 .
4.8320 24.1818 43.531 62.8815 82.2313 101.581 120.931 140,781 166.081

Obréazek 7 - Pohled na cely model — redukované napéti (HMH)

Oblast mezi vyraznymi diskontinuitami (natrubkem a kuzelovym pfechodem) na
potrubi @ 57 vykazuje vyrazné plastické pretvoreni. Celkové pretvoreni vétSiny této oblasti
je okolo 1,5%, maximalni hodnota 3,3% je ve spodni casti potrubi, ve které
nejvyznamnéji k namahani pfispiva kromé pretlaku a teploty pravé ohybové zatizeni
(obréazek 8).

Nebezpeénym mistem je souCasné oblast natrubku, ve kterém dosahuje
pfetvoreni lokalnich hodnot 3,1 % (obrazek 9). V tomto misté je nejmensi tloustka stény
4 mm (naméfena na trubce & 22.2).

| -
.977E-04 008135 016172 - .024209 . .033585
) .004116 P .012153 .02019 028227
potrubi (scucasny stav)-vypoctove zatizeni

Obrazek 8 - Detail kuzelového pfechodu a natrubku — celkové pfetvofeni (HMH)
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6
007695 e T .0317
4o76% .011485 st 019066 RS -026646 :

pot.rubi

Obrazek 9 - V oblasti natrubku dosahuje celkové pfetvoreni hodnoty 3,1 %

y stav zatizeni

Tretim mistem s vyskytem vy3Siho celkového pfetvofeni je Cast potrubi @ 57
v blizkosti kolen (obrazek 10). Maximalni pfetvofeni zde dosahuje pouze 0,2 %, které lze
s ohledem na stav v pfedchozich oblastech zanedbat.

69E—-0 - 651E-0 00 001615 002177
- 169F—03 651E-03 p 232 T ;
A3 yomo3 B gommg3 13 o013 ' .001856

potrubi (soucasny stav)-vypoctove zatizeni

Obrazek 10 - V oblasti kolen je celkové pretvoreni (HMH) zanedbatelné

3.2 ZkusSebni zatizeni (navrhové)

PFi zkuSebnim zatiZzeni dochazi k pfekro€eni mezniho stavu plastické Uunosnosti.
Potrubi vykazuje plastické pretvofeni enormnich rozméra (pfi plném zatizeni az 48 %). P¥i
vyskytu velkych plastickych deformaci neni konvergence feSeni snadna, vypocet vyZzaduje
velmi maly krok — pfi malé zméné zatizeni dochazi k mnohonasobné vétSimu pretvoreni
(pomérove). Hodnota pretvoreni 48 % tedy nemusi byt nutné zcela pfesna. Vypovidajici je
vSak fakt, Zze je celkové pretvofeni mnohonasobné za povolenou hodnotou a dochazi
k plastickému kolapsu.
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.184E-03 . .115411 .230637 " .345863 .480294
) ~ .057798 s .173024 .28825 2 .403476 o
potrubi (soucasny stav)-zkusebni zatizeni

Obrazek 11 - Celkové pretvoreni (HMH) pfi zkuSebnim zatizeni pfesahuje daleko za hranice
maximalni povolené hodnoty

230649

.480281
.057827 .288257 03471
}—zkusebni zat

Obrézék 12 - Detailni pohled na vnitini stranu natrubku - celkové pretvoieni (HMH)

3.3 Vypoctové zatizeni (realné provozni)

Snizeni pretlaku ma velmi pozitivni vliv na Ubytek plastické deformace v potrubi.
Maximalni hodnota celkového pretvoreni pfi provoznim zatizeni je pouze 1,3 %. Nejvice
zatizenymi oblastmi je opét okoli geometrickych diskontinuit, tedy natrubku a kuzelového
pfechodu. Zajimavé je, ze v pfedeSlych pfipadech bylo misto s nejvétSim celkovym
pretvofenim vétSinou na vnitfni &asti natrubku, v tomto pfipadé to je jeho vnéjsi Cast
(obrazek 12). To je zplsobené zménou dominantnosti zatizeni, vnitini pretlak jiz neni tak
vysoky a dominantnim se zde stava ohyb v kombinaci s teplotnim zatizenim.
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L496E-04 . “‘ .003176 U .006302 i .009429 . .013076
3 .001613 < ! .004739 .007866 .010992
potrubi (soucasny stav)-vypoctove zatizeni
Obréazek 13 - Detail kuzelového pfechodu a natrubku — celkové pretvoreni (HMH) pfi provoznich
podminkach

.003129 .006208 .009287 e .012879
.0 : .004668 .007747 .010827
y stav)-vypoctove zatizeni

Obréazek 14 - V oblasti natrubku dosahuje celkové pretvoreni hodnoty 1,3 %, na rozdil od
predeslych vypoctl je ale na vnéjsi strané

potrubi (souca

3.4 ZkusSebni zatizeni (realné)

PFi zkuSebnim zatizeni pretlakem 20 MPa dochazi k celkovému pretvofeni 1,8 %
na kuzelovém prechodu (obrazek 15). V misté natrubku je pretvofeni nizSi, maximalné
1,5 % (obrazek 16).
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N |

.591E-04 004335 ~ .008612 — 012888 N .017877
5 .002197 | 3 ¥ .006474 .01075 .015026
potrubi (soucasny stav)-zkusebni zatizeni

Obréazek 15 - Detailni pohled na vnitfni sténu natrubku - celkové pretvoreni (HMH) pfi realném
zkuSebnim zatizeni je 1,8 %

00376/ S011173
001911 -003764 005616 .00932 .013025
pot rubi ( /) -zkusebni zatizeni

Obréazek 16 - Detailni pohled na kuzelovy pfechod - celkové pretvoreni (HMH) pfi realném
zkuSebnim zatiZzeni

4 Shrnuti vysledkt

Analyzované potrubi je jiz téméF 20 let v provozu. Za tuto dobu doSlo mimo jinych
opotrebeni k ubytku materialu vlivem koroze. Méfeni tloustky stény ultrazvukem odhalilo
ubytek materialu az 1 mm.

Posouzeni deformaéné-napétového stavu potrubi pod kotlem bylo vyhotoveno
vsouladu snormou CSN EN 13445-3 Invalid source specified.. ZatiZzeni byla
aplikovana na modely v nezatizeném stavu a zatéZzovani probihalo proporcionalné az do
stavu plného zatizeni. Model potrubi byl podroben sou€asné vnitinimu pietlaku,
teplotnimu zatizeni a deformacnimu posuvu vlivem teplotni dilatace kotle. Byl uvaZzovan
linearné elasticky — idealné plasticky materialovy model dle poZzadavkd normy. Pro splnéni
pozadavkl normy je nutné, aby bylo celkové pretvofeni maximalné 5 % vlivem
vypoctového zatiZzeni, respektive 7 % vlivem zku$ebniho zatizeni.
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4.1 Navrhové zatizeni potrubi

e

hodnotou tloustky stény. Hodnoty zatizeni (tabulka 4 a tabulka 5), jsou jiz vynasobené
normovanym bezpeénostnim koeficientem.

Celkové pretvoreni v kritickém misté potrubi pfi vypocétovém zatizeni je 3,3 %.
Tato hodnota spliuje pfedpis normy. PFi zkuSebnim zatizeni potrubi vS8ak dochazi ke
ztraté plastické unosnosti, celkové pFetvofeni ma exponencialni charakter a maximaini
hodnota dosahuje 48 %. Tento stav neni sluCitelny s pozadavkem normy a bezpecnym
provozem. Z grafu prubéhu zatizeni (obrazek 17) Ize vycist, Ze hodnota povolenych 7 %
celkového pretvoreni je pfekroCena pfi cca 85 % zatizeni (pfetlak cca 30 MPa).

Korozni ubytek na sténach potrubi je za dobu provozu jiz pfilis velky a provozovani
pfi zatizeni navrhovymi hodnotami zatizeni neni bezpecné.

Vyvoj celkového pretvoreni v zavislosti na zatiZzeni (navrhové)
vypoctové zkusebni

50.0% -

40.0% -

30.0% -

20.0% -

celkkové pretvoreni

10.0%

0.0%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
zatéZovaci faktor

Obrazek 17 - Graf rozvoje celkového pfetvoreni vlivem navrhového vypoctového a zkusebniho
zatizeni modelu potrubi

Tabulka 4 - Vysledky vypoctt provedenych na modelu potrubi zatizenym navrhovym zatizenim

vnitini teplota  posuv  celkové

pretlak p T u; pretvoreni
vypoctové 27,6 MPa 240 °C 155 3,3% spIlnéno
zatiZeni mm
zkuSebni 36,2 MPa 240 °C 155 48 % nesplnén
zatiZeni mm 0

pozn. Hodnoty zatizeni jsou vyndasobené bezpecnostnim koeficientem

4.2 Redalné zatizeni potrubi

Jmenovité podminky pfi realném provozu jsou vyrazné nizSi nez vypoctové a
zku$ebni zatizeni dle puvodni vykresové dokumentace. Skute€ny provozni pretlak je
13,8 MPa a skute€ny zkuSebni pretlak 18,9 MPa. Vypocet byl proto proveden také pro
pfipad potrubi v sou€asném stavu (s koroznim ubytkem) a zatizeni dle realnych
provoznich, respektive zkusebnich hodnot zatizeni.

Vypoctové zatizeni (skute€¢né provozni) zpusobi celkové pretvoreni 1,3 % a pfi
zkuSebnim zatiZzeni (skute¢na tlakova zkouska) dojde k celkovému pretvofeni maximalné
1,8 %. Obé hodnoty bezpecné spliuji poZadavky normy.
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Vyvoj celkového pretvoreni v zavislosti na zatiZzeni (rediné)

vypoctové

zkuSebni

2.0% -

1.5% -

1.0% -

0.5%

celkkové pretvoreni

0.0%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
zatézovaci faktor

Obrazek 18 - Graf rozvoje celkového pfetvoreni vlivem realného vypoctového a zkuSebniho
zatizeni modelu potrubi

Tabulka 5 - Vysledky vypoc¢tla provedenych na modelu potrubi zatizenym realnym zatizenim
vnitini pietlak  teplota  posuv  celkove

p T u; pietvoieni
vypoctové 16,8 MPa 240 °C 155 1,3% splnéno
zatiZeni mm
zkuSebni 20 MPa 240 °C 155 1,8 % splnéno
zatiZeni mm

pozn. Hodnoty zatizeni jsou vynasobené bezpecnostnim koeficientem

5 Zaveér
Potrubi ve stavajicim stavu (s koroznim uUbytkem materidlu) pod kotlem je
vystaveno ohybovému zatiZzeni vlivem teplotni dilatace kotle o 155 mm, teplotnimu

zatizeni 240 °C a provoznimu pretlaku 13,8 MPa, respektive zkuSebnimu pretlaku
18,9 MPa.

PFi vypoctu celkového pretvofeni vlivem kombinaci téchto zatizeni je maximalni
hodnota celkového pretvofeni pfi vypoltovém zatiZzeni (realném provoznim) 1,3 %,
celkové pretvoreni pfi zkuSebnim zatizeni (readlném) dosahuje hodnoty 1,8 %. Potrubi
vyhovuje na posouzeni vi&i meznimu stavu plastické Unosnosti (GPC-DC) dle normy
CSN EN 13 445-3.

Vypocty byly provedeny také pro pfipad zatizeni podle puvodni navrhové
dokumentace, a to posuvem vlivem dilatace kotle o 155 mm, teplotou 240 °C a
vypocCtovym pretlakem 23 MPa. respektive zkuSebnim pretlakem 34,5 MPa. Celkové
pretvoreni pfi vypoctovém zatizeni je 3,3 % a pozadavkim normy vyhovuje. Celkové
pretvofeni pfi zkuSebnim zatizeni je 48 %, dochazi ke ztraté plastické unosnosti a
pozadavkim normy nevyhovuje.
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STRESS ANALYSIS USING ANSYS MODEL OF THE STRAIN GAUGE ROSETTE
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Abstract: This paper presents finite element analysis (FEA) of the measurement using
the strain gauge rosette. This type of the measurement is used to determine the plane
stress state in mechanical structures. Structure with strain gauge rosette and Wheatstone
bridges were modeled using software ANSYS. Simulation outcomes were voltages
indicated in the individual Wheatstone bridges due to structure and gauges deformations.
Stress state was then calculated using generalized Hooke’s Law and Mohr’s circle. These
results were compared with experimental measurement.

Keywords: strain gauge, gauge rosette, Wheatstone bridge, plane stress

1 Introduction

Very small strains in loaded mechanical structures are commonly measured with
metallic foil strain gauges, Image 55(left). This type of strain gauge consists of a grid of
wire filament (resistor) bonded directly to the strained surface by a thin layer of epoxy
resin. Surface deformation causes gauge tension or compression, what is represents by a
very small change of the gauge wire resistance. This resistance change is measured
using a Wheatstone bridge connected to the gauge. Image 55 (right) shows quarter
Wheatstone bridge with one gauge and three resistors. When the gauge is not stretched
the resistances of all four components are the same (Ry = Ry,3). Bridge is supplied with
excitation voltage U, and in this case the measured output voltage U is equal to zero.
Axial strain ¢ in stretched gauge (Ry # R1,3) causes nonzero output voltage as follows
(Hoffmann, 1989):

u-leru,s = s-2Y 9)
4 GF-U

e

where GF is gauge factor (for the metallic strain gauge: GF ~ 2). Finally, uniaxial
tension/compression stress o in elastic deformation region is calculated using Hooke’s
law:

oc=E-¢ = o=E 4V (10)
GF-U

e

where E is Young’'s modulus.
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Image 55 - Strain gauge (left), quarter Wheatstone bridge (right)

Single strain gauge can be used just for the measuring of the axial strains. To
determine the plane stress state, it is necessary to use three gauges oriented in a different
directions and located as close together as possible to approximate a measurement at a
point of structure. This configuration of three gauges is called a rosette, Image 56 .
Gauges in rosette are typically oriented at fixed angle 45° (rectangular rosette) or 60°
(delta rosette) with respect to each other (Bauchau, 2009).

Image 56 - Strain gauge rosette: rectangular (left), delta (right)

Image 57 shows measurement with rectangular strain gauge rosette. Gauge A is
rotated by an angle ¢ relative to the principal axis 1. Directions of gauges A and C
represents x-y coordinate system of the element. From measured strains &, &, & we can
determine strain components in the element's x-y coordinate system as follows
(Hoffmann, 1989):

E ZEn, EyTEc, V=285 —Ep—&; (11)

y

~gauge C
Ec
gauch
I SPTE "

principal axis 1

o,
| ' ?
o2 /
A I 4

gauge
&4 o

Image 57 - Orientation of the rectangular rosette

principal axis 2

q
L%

From known strains &, &, %y can be calculated stress components in the element’s
X-y coordinate system o, oy, 7y Using generalized Hooke's law:

o, 1 v 0 &,

o, |= v 1 0 |leg (12)
-v

Ty 00 1-v |y,

where E is Young's modulus and vis Poisson's ratio.
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Principal stresses o;,, maximum shear stress 7., average stress oue, angle ¢
between principal directions and x-y coordinate system and the equivalent von Mises
stress ouises Can be calculated using equations resulting from the stress transformation
using Mohr’s circle (Ugural, 2011):

s :(O-XZO—Y)i (ngayj _H.ny (13)
L R (14)
max 2 Xy max 2
(o+0,)
ol (15)
tan (20) :02% (16)
Oviises = \lo-l2 — 0,0, -"O-Z2 (17)

Software ANSYS was used to perform the finite element analysis (FEA) of the
mentioned strain gauge rosette measurement principle. Results from FEA were compared
with experimental measurement.

2 Finite element model of the strain gauge

Simple geometrical model of the strain gauge wire is represented by solid block
with square cross section with dimensions: 20x20 um and length: 0,5 mm. Block was
meshed with element type SOLID5. This element has a 3-D magnetic, thermal, electric,
piezoelectric, and structural field capability with limited coupling between the fields.
Material of the strain gauge wire is constantan with properties: Young’'s modulus 162 GPa,
Poisson’s ratio 0.33 and resistivity 500 nQ-m (Hoffmann, 1989).

For desired gauge resistance R = 120 Q, cross section area A = 400 pm? and
constantan resistivity o = 500 nQ-m, the length L of the wire have to be calculated as
follows:

R=pt = =R A_g5mm (18)

However, gauge model length was just Lyneger = 0.5 mm, therefore the resistivity for the
model pmeger had to be determined:

R-A 96000 n2-m (29)

‘model

Prmodel =

There are four nodes with voltage degree of freedom at front and rear surface,
which were coupled. Model was connected to three 120 Q resistors using element type
CIRCU124, which represents quarter Wheatstone bridge, Image 58. This complex gauge
model was stretched by displacement 0.005 mm what is equivalent to the strain &= 0.01.
After updating geometry, the voltage 2.5 V and -2.5 V (excitation voltage U, =5 V) was
applied to the diagonal bridge nodes. Electrical solution was then performed and voltage
difference was measured on the other bridge diagonal nodes. Output voltage at bridge
was U = 0.020627 V. Gauge factor for the model was then calculated using (1) as follows:

GF = 4'3 =  GF =165016 (20)
.

e
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o 0.56 111 1.67 222 2.78 3.33 3.89 4.44 5

Image 58 - Finite element model of the strain gauge connected into quarter Wheatstone bridge
(¢6=0.01, U, =5V, U =0.0206 V)

AL [um]

3 Stress analysis using model of the strain gauge rosette

The target of this simulation was to determine the stress state in the centre point of
thin aluminium specimen loaded as shown in Image 59.
Specimen parameters:

e shape and dimensions (in millimetres): Image 59;
e thickness:t=1 mm;
e material: aluminium (E = 70 GPa, v=0.33);
e applied force: F = 200, 400, 600 N.
F
i
| Clamped area
25
| %
| H
| ® / 5|ot
w0 W) 30 a2 a2
g1 1t — T8« 41— Uit
| \ Lm
| \
|
| Clamped area
|
|
40 F
105

Image 59 - Specimen: shape, dimensions (mm) and applied force

Model of the specimen was supplemented by three gauges and three Wheatstone
bridges located around the specimen’s centre point, Image 60. Gauges were arranged in
rectangular rosette as shown in Image 57.

Gauges parameters:

square cross section: 20x20 pm;

length: 0.5 mm;

material properties: E; = 162 GPa, vy, = 0.33, p; = 96 000 nQ2.m,
gauge factor: GF = 1.65;

excitation voltage: U =5 V.
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von Mises stress
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54598.6

I.TOOE+O7
.138E+08

.209E+08
.27BE+08
I.345E+OE
-417E+08
-4BTE+0B

.556E+08

I.626E+OE

Structural and electrical analysis was performed and voltage results in Wheatstone bridges are
presented in Table 7. These voltage results were inputs to equation (1) and strain components

Detail

Support
Image 60 — Simulation model with detail view of the rosette in the middle of specimen

ﬁ Force: 200 N

Detail view

were calculated. After that, the stress components were calculated using equation (3-6, 8, 9),

Table 8. Experimental measurement was also performed, Image 61. Results are presented in

Table 8.
Table 7 - Voltage results in the Wheatstone bridges

F [N] Ua [V] Us [V] Uc [V]

200 -0.085346 0.13321 0.15238

400 -0.17069 0.26641 0.30475

600 -0.256 0.3996 0.45711

Table 8 - Strain and stress components
F €n & & 9, o, Ty g9, 9, Tnax Oises ¢
[N] | [um/m] | [um/m] | [um/m] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] [°]
FEA of the rosette
200 | -41.38 | 6458 | 73.88 | -1.34 | 473 | 254 | 566 | -226 | 3.96 | 7.06 | -20.0
400 | -82.75 | 129.16 | 147.75 | -2.67 | 9.46 | 5.09 | 11.31 | -4.52 | 7.92 | 14.13 | -20.0
600 | -124.11 | 193.73 | 221.62 | -4.00 | 14.19 | 7.63 | 16.97 | -6.78 | 11.87 | 21.19 | -20.0
Experimental measurement

200 | -40.4 61.6 68.6 -1.4 4.3 2.5 53 -2.3 3.8 6.8 | -20.5
400 | -80.8 1232 | 1372 | -2.8 8.7 5.0 106 | -4.7 7.6 135 | -20.5
600 | -121.2 | 184.8 | 2058 | -4.2 13.0 7.5 158 | -7.0 | 11.4 | 203 | -205
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4 Conclusion

Plane stress state in the centre point of aluminium specimen was determined by
simple finite element model of the strain gauge rosette. Results from simulations (FEA)
were output voltages in quarter Wheatstone bridges. Strain and stress components in the
specimen were then calculated. Simulation results were in good agreement with
experimental measurement. Strain differences were less than 10 % and von Mises stress
differences were less than 5 %, Table 9.

Table 9 - Percentage differences: strains and von Mises stress

F [N] Aéa [%] Ags [%] Agc [%] AGises [%]

200 2.4 4.8 7.7 4.4

400 2.4 4.8 7.7 4.4

600 2.4 4.8 7.7 4.4
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COOLANT MASS FLOW DISTRIBUTION AT INLET FUEL ASSEMBLY NOZZLES OF
NUCLEAR REACTOR VVER 440
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Abstract: The paper is focused on CFD analyses of coolant flow in nuclear reactor VVER
440. The goal of analyses is to investigate the influence of orifice diameter on mass flow
through individual fuel assemblies in reactor core. Diameter of orifice can be change
during the operation of nuclear power plant. Considered boundary conditions are based
on operation condition of nuclear reactor.

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

1 Introduction

In nuclear reactor safety, thermo-hydraulics is very important subject (Todreas,
2011). Thermo-hydraulics as multiphysical domain has influence not only on thermal
conditions of nuclear fuel, but also influences on distribution of neutron flux in reactor
core, thermal and pressure loading of reactor pressure vessel and sets up critical value of
heat flux. Many years thermo-hydraulics of nuclear reactors has been investigated only by
specialized system codes, like RELAP and ATHLET. In the last decade, computational
fluid dynamics - CFD (Versteeg, 2007) emerged as very useful alternative tool to analyze
thermo-hydraulics, where real 3D geometry can be considered.

During the phase of considering safety aspects of the nuclear power plant, one of
the fundamental criterions rests in determination of the thermo-hydraulic conditions in the
active zone (core) of the nuclear reactor. In reactor VVER440, there are 6 inlet nozzles
for cold coolant water at the reactor pressure vessel (RPV). The paper deals with the
influence of nuclear reactor components design on coolant mass flow distribution during
operation conditions and with the influence of orifice diameter change on coolant mass
flow distribution in individual fuel assemblies. The inlet nozzles of fuel assemblies and
control rods are set up as output region of the simulation model. In CFD model, the flow in
protective tubes for control rods is also considered.

2 Geometry discretized model of reactor

To performed CFD simulation (Hirsch, 2007), the geometry of reactor had to be
created. Because only downcomer of the nuclear reactor VVER 440 is investigated by
CFD, only three geometry parts were created, namely reactor pressure vessel (RPV),
reactor shaft core barrel and bottom of reactor shaft core barrel - see Image 62. In this
picture, you can see the assembly of all three componets but you can also see three
different details of created geometry model.
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Image 63 — Geometry model of RPV, reactor shaft core barrel and bottom of reactor shaft core
barrel with details

All components were created with all design details. For CFD simulations, some of
the design details can be simplified - e.g. in reactor shaft core barrel there was simplified
outer shape, where surveillance channels were removed. Image 2 shows negative volume
of geometry model, which represents volume of coolant in downcomer of reactor.

Image 2 — Negative volume of reactor - volume of coolant in downcomer
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Specialized mesh tool ANSYS ICEM CFD was used to create structured
hexahedral and unstructured tetrahedral mesh - Image 3. In common, hexahedral mesh
in comparison with tetrahedral mesh provides numerically more accurate results and the
number of elements is significantly smaller. Total number of elements was
approximately 24 million of elements and 26 million of nodes. Image 4 shows discretized
coolant in one outlet of investigated region - orifice.

N
@ -

Image 64 — Discretization of coolant volume in downcomer

c

Image 4 — Discretization of coolant volume in one orifice

3 CFD simulation of downcomer

In presented CFD analyses of coolant flow in downcomer of nuclear reactor VVER
440, operation conditions are considered. They can be described as steady-state
conditions with following parameters:

e coolant mass flow in each loop - see Image 5 - left
e coolant temperature in each loop - see Image 5 - right
e average coolant bypass of core: 6.11%

e coolant output pressure: 12.25 MPa

http://aum.svsfem.cz
148



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

min. temp.

min. flow

max. flow

Image 5 — Average coolant temperature and mass flow in individual inlet nozzles (left) and location
of investigated orifices (right)

Average coolant temperature and mass flow at the individual inlet nozzles in RPV
with their minimal and maximal values are shown in Image 5 - left. All boundary conditions
of CFD model were set up according to the steady-state operation conditions.

The simulation was calculated by CFD code ANSYS CFX, where following
parameters were set up to CFD model:

e type of analysis: steady-state

e material properties of coolant: water — properties were set according to
material model in material library IAPWS IF97

e turbulent model (Wilcox, 2006): SST

e advection scheme selection: high resolution
¢ heat transfer option: isothermal

e solver precision: single

The goal of the CFD analyses is to determine the distribution of coolant mass flow
at the individual inlet fuel assembly nozzles (i.e. orifices) and to investigate the influence
of orifice diameter change on mass flow distribution through individual orifices.
Investigated orifices are shown in Image 5 - right.

Image 6 shows the distribution of coolant mass flow at the outlet of investigated
region, when diameter of all orifices has nominal value 50 mm. Individual orifices also
represents inlet into the fuel assemblies nozzles. There are shown only 312 orifices of fuel
assemblies, but in CFD calculation the flow through protecting tubes for control rods were
considered. Image 6a shows the distribution of coolant mass flow in individual orifices of
fuel assembly inlet nozzles. In this picture we can see that mass flow of coolant is in range
from 23.80 kg/s to 24.50 kg/s. This coolant mass flow difference has value 0.70 kg/s and it
represents 2.85% from maximal coolant mass flow value. Image 6b shows average
coolant mass flow in individual orifices when 1/6 symmetry of active zone is considered.
The difference between actual coolant mass flow in individual orifice and average value of
correspondent 6 orifices is shown in Image 6c¢. In Image 6d, there is shown maximal
difference of correspondent orifices expressed in percentage. As we can see from these
last two figures, the difference between actual and average value of correspondent 6
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orifices is in range -0.18 kg/s to 0.20 kg/s and their maximal percentage difference is in
range from 0.38 % to 1.42 %. But most of coolant mass flow percentage difference i

considering 1/6 symmetry is below 1 %.

massFlow
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Image 6 — Distribution of coolant mass flow at the outlet of investigated region

The influence of orifice diameter change on mass flow distribution through

individual orifices was investigated in 2 cases:

e change of diameter in range 47 to 50.5 mm of only one orifice in central

region - FA174 (see Image 5 right)

e change of diameter in range 47 to 50.5 mm of 7 orifices near orifice FA151

were changed at the same time (see Image 5 right)

Image 7 shows the dependence of coolant mass flow through orifice FA174 on the

orifice diameter. As we can see from this figure, the dependence is almost linear.

25 Fr

b2
™
T

mass flow [kg/s]
2

b2
[

47.0 47.5 48.0

485 49.0
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495

w

i

Mass flow
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47 20.53
48 21.75
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49.5 23.76
50 24.37
50.5 2494

Image 7 — Dependence of coolant mass flow on diameter of orifice FA174
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Image 8 shows coolant mass flow distribution in individual orifices when diameter
of all 7 investigated orifices near orifice PK151 was 47 mm (Image 11 - left) and 50 mm
(Image 11 - right), respectively.
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24.50 33.50 24.50 33.50
H 2445 = = waz | B 2eas 33.42
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24.13 i 24.13 2
24.08 3287 24.08 s287
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Image 8 — Coolant mass flow distribution in individual orifices, diameter of all 7 investigated orifices
was 47 mm (left) and 50 mm (right)

From obtained results we can observe, that decreasing of diameter in all 7 orifices
about 3 mm causes decreasing of mass flow about 26.36 kg/s summarily in all 7
investigated orifices. Small part of this mass flow (3.87 kg/s) flows to control rods (HRK),
the rest of this mass flow (22.49 kg/s) is redistributed in the all others orifices - Image 9.

"
—_
556 223
2759 EI
= v
< =~
b 7558 o 1222
E )
=
£} 2
3755' = 1221
= z
]
E =
7556 @ 1220
= 4
g £
Ejrj_is. . 1219 .
47.0 475 48.0 485 490 495 50.0 50.5 470 475 48.0 485 490 495 50.0 505
diametr of orifices near PK151 [mm] diametr of orifices near PK151 [mm]

Image 9 — Mass flow distribution between fuel assemblies and control rods as function of diameter
of selected orifices

4 Conclusion

The presented paper dealt with modeling of thermo-hydraulic conditions in
downcomer and fuel assembly of nuclear reactor VVER 440. Operation conditions were
considered as boundary conditions of CFD models. The area of interest was the fuel
assemblies’ inlet region where distribution of mass flow of coolant were investigated. This
CFD analysis can be considered as introductory CFD analysis of real conditions in fuel
assembly inlet nozzles. In our next research we will focused on influence of generated
heat in individual fuel assemblies on coolant mass flow distribution in individual orifices.
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ANALYZA CHOVANI ZARAZEDEL €D

VLASTISLAV SALAJKA, PETR HRADIL, OTTO PLASEK
Vysoké uceni technické v Brné, Fakulta stavebni

Abstract: With respect to the possibility of crash accidents of trains due to delayed
stopping in dead track, tracks are provided with buffer stops. Nowadays the majority of
buffer stops is designed according to CD Z 9 code (Ceské drahy, 2002). Accidents in
recent years indicate that those buffer stops are not in conformance with up-to date
railway service with respect to transport safety. Means to improve the security of buffer
stops use are investigated. In orders to assess the resistance properties of code-
conforming buffer stops, there have been performed analyses considering train of wagons
crashing with specified velocity into buffer stop. The range of buffer capabilities during the
impact has been investigated. Analyses have been performed using ANSYS and LS-Dyna
program packages..

Keywords: dead track, fixed buffer stop, finite element method, ANSYS, LS-Dyna

1 Uvod

V souvislosti s moznosti havarie v pfipadé opozdéného zastaveni vliaku je kusa
kolej opatfena zarazedlem. Predpoklada se, Ze zarazedlo je navrZzeno a provedeno tak,
ze je schopno vyhovét fadé pozadavki. Jedna se bud o pozadavek, ze pfi narazu
nenastane poskozeni kolejového vozidla ¢i poskozeni samotného zarazedla. Dale
0 pozadavek na bezpeCnost osob pfi narazu. Toto se tyka jak cestujicich ve vilaku,
strojvedouciho a vlakového personalu, tak i osob pohybujicich se v okoli zarazedla.
Konstrukéni usporadani zarazedel v Ceské republice je vénovan predpis CD Z 9
Zarazedla. Dokument obsahuje popis Ctyf typu pevnych zarazedel a jejich vzorové listy.
Jedna se zemni zarazedlo, kolejnicové, betonové typ SUDOP a betonové typ DSB.
Odolnost téchto zarazedel byla uréena statickym vypoc¢tem. Jedna se pouze o teoretické
hodnoty pfipustnych narazZecich rychlosti vozidel, viz tabulka 1. Zemni zaraZedlo nebylo
posuzovano, timto neni v tabulce zahrnuto.

Tabulka 1 Odolnost pevnych zarazedel podle CD 9 Z

Typ zarazedla 6 vozl po 15t 1viz 80t
Kolejnicové 1,0 km/h 1,6 km/h
Betonové typ SUDOP 0,7 km/h 1,1 km/h
Betonové typ DSB 1,0 km/h 1,6 km/h

Uvedené hodnoty ukazuji na nizkou uroven odolnosti. Toto se ukazalo béhem
havarie vloni na Masarykové nadrazi v Praze, kdy vlak vjel az na nastupisté. Podobna
nehoda se stala pfedloni na Smichovském nadrazi. Strojvedouci tehdy pfi vjezdu
do stanice nestacCil zastavit pfed navéstidlem zakazujicim dalSi jizdu a narazil
do betonového zarazedla. Pfi havariich doSlo k rozsahlym Skodam a ke zranéni osob.

Ukazuje se, ze zarazedla jiz neodpovidaji sou€asnému stavu zelezni¢ni dopravy
z hlediska poZadavku na bezpec¢nost dopravy. Vznikl pozadavek na prepocet uvedenych
zarazedel a na vypracovani doporuceni pro dalSi zvySeni bezpecnosti na kusych kolejich
(napf. provazanim se zabezpefovacim zafizenim nebo osazenim modernich robustnich
zarazedel). Jako zakladni navrhové parametry, kterym by mélo kazdé ukonéeni kusé
koleje vyhovovat, muZzeme uvazovat narazovou rychlost a hmotnost pohybujiciho
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se kolejového vozidla, tedy schopnost zarazedla absorbovat kinetickou energii a kolejové
vozidlo zastavit. Rychlost narazu je definovana jako maximaini dovolena rychlost vlaku pfi
narazu do zarazedla. Napfiklad podle izraelského predpisu Railway buffer stops (Israel
railways Ltd., 2009) a obdobné& v Rakousku a Némecku se uvazuje s kolizni rychlosti
podle typu vlaku v mezich od 10 do 15 km.h™. Tyto hodnoty vyrazné prevysuji Udaje
v tabulce 1. Hmotnost vozidla se odviji od typu viaku.

a) Masarykovo nadrazi b) Smichovské nadrazi

Obr. 1 Havérie na koncové koleji

PfepoCet odolnosti zarazedel je tentokrat, veden jako dynamicka uloha, kdy
soustava vozll s predepsanou rychlosti narazi do zarazedla. Zkouma se, co se stane
se zarazedlem z hlediska rozsahu poskozeni a jakou mé schopnost absorbovat energii
pfi narazu. Pro feSeni byl zvolen postup vyuzivajici metodu koneénych prvki
implementovanou v programu ANSYS a LS-Dyna.

2 Modely Zarazedel

2.1 Zarazedlo kolejnicové

Vzorovy list zarazedla kolejnicového je uveden na obrazku 1 a 2. Uvadi se,
Ze kolejnicové zarazedlo vykazuje stejnou odolnost jako betonové zarazedlo typu DSB
a lze jej pouzit na vSech kusych kolejich. Vzhledem k malé Sifce je zarazedlo vhodné i pro
koleje s malymi osovymi vzdalenostmi.

Zakladni Cast zarazedla tvofi dva opérmé ramy ve tvaru rovnoramenného
pravouhlého trojuhelnika s prodlouzenou predponou, které se vyrobi ze dvou ohnutych
a jedné pfimé kolejnice. Obé ohnuté kolejnice jsou navzajem i se spodni pfimou kolejnici
pevné spojeny Srouby M16. Spodni kolejnice ram(, obracené hlavou doll, se pfipevni
k dfevénym prazcum pomoci uhelnikd 110 x 110 x 10, Sroubl M24 a vrtuli S2.
Tyto prazce se osadi do snizené polohy podle vykresu. Oba opérné ramy zarazedla se
navzajem spoji naraznikovym tramcem rozméru 2400 x 300 x 150 mm, ktery se pfipevni
ke kolejnicim ahelniky 110 x 110 x 30 - 300 a Srouby M 24. Zarazedlo se pfipoji ke konci
kusé koleje spojkami.

Kolejnicové zarazedlo je opatfeno narazniky. Vyska stfedU naraznikd je 1,05 m
nad temenem kolejnice, rozte¢ naraznikl je 1,75 m.

Kolejnicové zarazedlo se obvykle buduje na stavajici koleji, na jejimz konci
je nutno nejprve odmontovat 4,10 m koleje, snizit a upravit kolejové loze a osadit dfevéné
prazce v predepsané poloze. Zfizuje-li se zarazedlo az za koncem kusé koleje, je nutno
usek 4,10 m upravit nové s kolejovym lozem a prazci podle vykresu. Na prazce
se pfipevni dovezené dva ramy kolejnicového zarazedla, spoji se naraznikovym tramcem
a opatfi narazniky.
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Obr. 1 Kolejnicové zarazedlo z kolejnic tvaru S49 — podélny fez
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Obr. 2 Kolejnicové zarazedlo z kolejnic tvaru S49 — pudorys

2.2 Vypoctovy model kolejnicového zarazedla

Vypoctovy model kolejnicového zarazedla je sestaven v souladu s vzorovym listem
a doplnén o oblast zahrnujici postaveni vozidla (lokomotivy) a o ¢asti modelujici ulozeni.
Komplexnost a rozsah modelu ilustruje obrazek 3. Mechanické vlastnosti kolejnice
odpovidaji bilinearnimu materialovému s kinematickym zpevnénim materialu.

http://aum.svsfem.cz

155



24th SVSFEM ANSYS Users' Group Meeting and Conference 2016 SVSFEM s.r.o

Obr. 3 Zarazedlo kolejnicové — déleni na koneéné prvky

2.3 Zarazedlo betonové typ SUDOP

Vzorovy list zarazedla typu SUDOP je uveden na obrazcich 4 a 5. Betonové
zarazedlo typu SUDOP Ize pouzit na v8ech kusych kolejich. Rozmérové vyhovuje
i pro malé osové vzdalenosti.
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Obr. 4 Zarazedlo betonové typ SUDOP —-fez 1 — 1

Zarazedlo je samostatné stojici Zelezobetonova konstrukce z betonu C 16/20
a betonarské vyztuze. Pod zakladovou sparou je zhutnény Stérkopiskovy polStar.
Zarazedlo musi byt vzdy opatfeno narazniky 30 kJ s prstencovou zpruhou. Narazniky jsou
upevnény k zarazedlu ocelovymi kotvami profilu 24 mm a délce 400 mm.
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Obr. 6 Zarazedlo typ SUDOP — déleni na koneéné prvky

2.4 Zarazedlo betonové typ DSB

Vzorovy list zarazedla typ DSB je uveden na obrazku 7 a 8. Betonové zarazedlo
typ DSB ma vySSi odolnost nez typ SUDOP a Ize jej pouzit na vSech kusych kolejich.
Pfi vétSim poSkozeni je jeho odstranéni obtizné a obnova nakladna. Zaklady a Celni
i bo¢ni zidky zarazedla jsou z betonu C 16/20 a betonarské oceli. Pod zakladovou spéarou
je zhutnény Stérkopiskovy polstaf. Zarazedlo musi byt vzdy opatfeno narazniky 30 kJ
s prstencovou zpruhou. Narazniky jsou pfipevnény k naraznikovému tramci Srouby.
Betonaz zarazedla se provede bez pracovnich spar. Zasyp mezi bo¢nimi kfidly zarazedla
a za nimi je proveden ze zhutnéné nenamrzavé zeminy.
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Obr. 7 Priklad betonového zarazedla typ DSB — pudorysny pohled

2.5 Vypocétovy model zarazedla typ DSB

Vypocétovy model zarazedla typ DSB je sestaven v souladu s vzorovym listem
a doplnén o oblast zahrnujici postaveni vozidla a o &asti modelujici uloZeni. Pouzita sit
prvku je patrna z obr. 8.
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a) Model zarazedla a okoli b) Model betonového bloku

Obr. 8 Zarazedlo typ DSB — déleni na kone¢né prvky

3 Modely vozidel

Modely vozidel jsou znaCné zjednoduSené a predstavuji zvolené seskupeni
vozidel. Modely zahrnuji vlastnosti naraznik( (tuhost a utlum) a odhadnuté vlastnosti
podélné tuhosti jednotlivych seskupenych vozidel liSicich se hmotnosti. Jednalo
se 0 motorovou jednotku fady 814 ,Regionova“ (55 Mg), téZkou lokomotivu f. 380 typ
109E (100 Mg), elektrickou dvoupodlazni jednotku City Elefant (dva trakéni vozy se tfemi
vlozenymi vozy — 180 Mg) a jednotku odpovidajici hmotnostni Fadé 680 (Ctyfi trakéni vozy
a mezi nimi vlozené vozy — 385 Mg). Ve vypodtech bylo uvazovano sedm rychlosti
pohybu vozidel pfed narazem 0,7, 1,0, 1,6, 3,0 a 5,0 km.h™*. Vlastnosti narazniku
odpovidaji vyrabénym naraznikim od firmy Axtone.

4 Vypocty a vysledky vypoctu

Celkem bylo provedeno 28 vypoctd v programu LS-Dyna pro ¢asovou oblast 2 s.
Vysledkem FeSeni jsou pole posunuti, deformaci a napéti. Vyznamnym vysledkem
je bilance energii — postupna prfeména kinetické energie na energii akumulovanou pfi
deformaci konstrukénich prvkd zarazedla a ulozeni v€etné disipace energie pfi plastizaci
materialu a stlaceni naraznika.

Obr. 9 Pole slozky posunuti uy

Jako pfiklad se uvadéji vysledky pro pfipad kolejnicového zarazedla pfi narazu
seskupeni vozidel o hmotnosti 385 Mg pii pogateéni rychlosti 5 km.h™. V tomto pfipadé
nastava kolaps (ztrata stability) nosné konstrukce, viz obr. 9. Nevyhovi vSechny
sledované spoje. Prubéh zmén energii je zobrazen na obr. 10. ,Interni energie”
pFedstavuje Cast pfeménéné kinetické energie bez disipativni energie Gtlumu.
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Obr. 10 Zména energii — 385 Mg

Tabulka 2 Extrémni posuny v zavislosti na po¢atecni rychlosti — hmotnost 385 Mg

Rychlost Epergie Tréfnv Nérf';lvznl’k Naraznik Viak
narazu narazu zarazedla zarazedla viaku
[km.h™] [kJ] [mm] [mm] [mm] [mm]

0,7 7,357 4.4 11,4 42,7 449
1,0 15,015 5,7 21,3 55,8 51,0
1.6 38,439 13,0 46,0 75,1 65,4
3,0 135,138 26,2 50,6 94,4 102,0
5,0 375,385 160,0 185,0 374,0 378,0

V tabulce 2 se uvadi hodnoty extrémnich posuni v zavislosti na rychlosti
pfi narazu. Dale byly zkoumany hodnoty poklesu rychlosti vozidel, velikosti zrychleni
jednotlivych ¢&asti zarazedla a vozidla. Bylo provedeno podrobné posouzeni vsech
nosnych prvkd véetné jednotlivych Sroubovych spoji. Ukazalo se, Ze pfipoje vyhovi
do rychlosti 1 km.h™, vyjma dfevéného tramce, ktery se zlomi jiz pfi rychlosti 0,7 km.h™,
V hypotetickém pfipadé pfi posileni spojli, napfiklad svafenim jednotlivych ¢asti z vypoctl
vyplynulo, Ze zarazedlo je schopno zadrzet véechna vozidla i pfi rychlosti 3 km.h™.

Obdobnym zpusobem byly vyhodnoceny Zelezobetonova zarazedla. Vypocty jsou
silné ovlivnény okrajovymi podminkami — uloZzenim betonového bloku v zemnim télese.
Uvadi se vysledky zarazedla SUDOP, kdy spolupusobeni zeminy nad zakladovou sparou
se neuvazuje, soucinitel tfeni mezi zeminou a zarazedlem je zaveden do vypoctu
hodnotou 0,3 a zemina pod zarazedlem je uvazovana jako izotropni kontinuum
s jednotnym modulem pruznosti 20 MPa. PFi narazu seskupeni vozidel o hmotnosti
385 Mg a rychlosti 5 km.h™ se zaraZzedlo se posune o 320 mm, vznikne sila mezi vozidlem
a blokem 1022 kN. Pfi€emz narazniky zarazedla nejsou schopny takovou silu prenést.

V pfipadé zarazedla DSB, kdy je uvaZzovan zasyp mezi a za bocnimi kfidly
se zarazedlo posune pouze o 303 mm, ale sila mezi vozidlem a blokem vzroste na 1446
kN. Narazniky zarazedla budou trvale poskozeny.
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5 Zaver
Pomoci vypodtl metodou koneénych prvkd byla uréena odolnost pevnych
zarazedel. Jednalo se o zarazedlo kolejnicové, zarazedlo betonové typ SUDOP

a zarazedlo betonove typ DSB, kdy reSeni zarazedel odpovida dokumentu Ceskych drah
Z 9 Zelezni¢ni spodek — Zarazedla, 2002.

Metodou koneénych prvka byly sestaveny tfi prostorové modely zarazedel
a provedeny vypocty v programu LS-DYNA pro rizné rychlosti pohybu seskupeni vozidel
(0,7, 1,0, 1,6, 3,0 a 5,0 km/h). Vybér seskupeni vozidel odpovida zatiZzeni pfi narazu
motorové jednotce fady 814 ,Regionova“, tézké lokomotivé F. 380 typ 109E, elektrické
dvoupodlazni jednotce City Elefant a jednotce odpovidajici hmotnostné fadé 680.

Z analyzy vypoctu vyplynulo, Ze zarazedlo kolejnicové z hlediska unosnosti
ocelovych prvkl (kolejnice) je schopno zadrzet prakticky vSechny seskupeni vyjma
pfipadu seskupeni s hmotnosti 385 Mg pfi rychlosti 5 km.h™, kdy nastane stabilitni kolaps
konstrukce. NejslabSim prvkem je dfevény tramec, u kterého nastane prakticky ve vSech
pfipadech poruSeni. Dale Ize konstatovat, Zze spoje jednotlivych ¢&asti a prvkud
kolejnicového zarazedla jsou nevyhovujici. Nékteré spoje vyhovi pouze do rychlosti
1 km/hod v€etné pro seskupeni vozidel do hmotnosti 55 Mg. PFi seskupeni vozidel
o hmotnosti 100 Mg spoje prakticky nevyhovi pro vdechny zvolené rychlosti.

Pfi vyhodnoceni chovani Zelezobetonovych zarazedel se ukazalo, Zze vypocty jsou
silné ovlivnény okrajovymi podminkami — ulozenim betonového bloku v zemnim télese.
Napfiklad Ize uvést, ze zarazedlo typ SUDOP, kdy spoluptsobeni zeminy nad zakladovou
sparou se neuvazuje, soucinitel tfeni mezi zeminou a zarazedlem je zvolen 0,3 a zemina
pod zarazedlem je charakterizovana modulem pruznosti 20 MPa pfi narazu seskupenim
vozidel o hmotnosti 385 Mg a rychlosti 5 km.h"* se posune o 320 mm. Tomuto stavu
odpovida sila mezi vozidlem a betonovym blokem 1022 kN. V tomto pfipadé narazniky
zarazedla nejsou schopny takovou silu pfenést a mize nastat vykolejeni.

V pfipadé zarazedla DSB, kdy je uvaZzovan zasyp mezi a za boCnimi kfidly
se zarazedlo posune pouze o 303 mm, ale sila mezi vozidlem a blokem vzroste na 1446
kN. Narazniky zarazedla budou trvale poskozena.

Lze konstatovat Zze, uvedené odolnosti pevnych zarazedel uvedenych
v dokumentu Ceskych drah jsou v mezich hodnot ziskanymi dynamickymi vypodty.
Vypocty odhalily slaba mista zarazedel, napfiklad nevhodnost konstrukéniho uspofadani
dfevéného tramu vuci koleji a narazniktm.

Vypocty by bylo mozné zpresnit s uvazenim modell vozidel s doplnénymi udaiji
o tuhostech, utlumu vozidel, rozmisténi hmot soustroji, podvozku apod poskytnutymi
vyrobci.
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ANALYZA NARAZU PTAKA DO KRIiDLA LETOUNU

HUB JURAJ, ZELINKA PATRIK
Univerzita obrany Brno, Ceska republika

Abstract: Paper deals with a bird strike on a military aircraft. The simulation using SW
ANSYS 17.0 Workbench and Autodyn follows the real bird strike event on airplane, when
a vulture hit the end part of wing during the flight and caused a partial damage, yet
enabling safely landing. The simulation model of the part of the wing is of shell and line
bodies nature and the bird uses both Lagrange and SPH mesh, respectively. The aim of
presented paper is to find simulation parameters in order to meet the impact event.
Results show sufficient correspondence with the real damaged wing. Recommendations
for the future work are proposed.

Keywords: bird strike, SPH, Lagrange, simulation, airplane, wing, bird

2 Uvod

Naraz ptaka na letadlo je jednim z moznych poSkozeni letadla za letu a
pfedstavuje vazné bezpecnostni a ekonomické riziko. Naraz ptaka (bird strike) je jakykoliv
kontakt mezi leticim letadlem a ptakem, pfipadné létajicim savcem a vyskytuje se od
pocatku letectvi (Hedayati, 2016). Dasledek tohoto kontaktu je pro ptaka obycejné fatalni.
Pro letadlo jsou rozsah a nasledky poskozeni urCeny velikosti ptaka, vzajemnou rychlosti
a provadénym manévrem — od stop ptaka na povrchu letadla, pfes poskozeni nebo otvor
v misté narazu, az po vazné poskozeni letadla nebo katastrofické dusledky, které mohou
vzniknout napf. pfi nasati ptaka motorem. Kromé motorll byva zasazena pfid letadla, ¢elni
Stitek, nabézné casti kfidel a ocasnich ploch nebo listdl rotor(l vrtulniku anebo rGzné
antény a systémy na povrchu letadla. K narazu ptaka dochazi vétSinou v nizkych vyskach
do 1500 m, kde vétSina ptaku léta (Sodhi, 2002). | kdyz vétSina stfetl letadla s ptakem
nema katastrofické nasledky, statistiky uvadéji v obdobi let 1912 az 2002 v civilnim
letectvi 41 katastrofickych nehod s 231 obétmi na Zivotech a uvadi, Ze naraz ptaka
zpUsobi smrt &lovéka jednou za 10° letovych hodin (Thorpe, 2003).

U vojenskych letadel se v obdobi let 1950 az 1999 vyskytlo ve 32 zemich svéta
286 vaznych nehod spojenych s narazem ptaka, pficemz 63 bylo fatalnich se 141 obé&tmi
na zivotech (Sodhi, 2002). Vlastnimu stfetu ve vétSiné pfipadl nelze predejit, ale také
jsou znamé pripady havarii v dusledku snahy pilota se stfetu s ptaky vyhnout (Thorpe,
2003). NejCastéjSim druhem ptaka, ktery se za letu stfetne s letadlem je racek, primérna
hodnota hmotnosti ptaka zpusobujiciho zranéni nebo umrti na palubé letadla je 5,1 kg;
nékteré druhy ptakd jsou schopny se mnohem Iépe vyhybat stietu s letadly. Cetnost stfetu
s ptakem zavisi také na denni nebo ro¢ni dobé, na pocfasi a také to, zda létaji solové
nebo v hejnu (Sodhi, 2002). Piloti a personal letisté maji urcité moznosti k potlaeni rizika
stfetu s ptdkem zejména v nejvice kritickych fazich letu - pfi startu nebo pfistani letadla,
ale i za letu. Cetnost stFetll s ptaky se zvySuje s narlistem leteckého provozu.

V roce 2015 dos$lo ve Spanélsku k narazu ptaka do kfidla ¢eského vojenského
letounu (évancara, 2015, iDNES.cz, 2015). Zaznam uvadi zasazeni koncové c¢asti
pravého kfidla supem o hmotnosti pfiblizné 10 kg pfi vodorovném letu s rychlosti letounu
pfiblizné 600 km/h, pficemz se pilotovi podafilo bezpecné s letounem pfistat. PoSkozeni
nabézné Casti kFidla tvofi otvor o rozmérech pfiblizné 300 x 350 mm (Sifka x hloubka), viz
obrazek 1. VySe uvedena hmotnost supa odpovida napf¥. druhu Cinereous Vulture, ktery
se v dané oblasti vyskytuje (Cinereous, 2016) a je zaroven nejvétsim dravcem v Evropé s
maximalni hmotnosti 12,5 kg a rozpétim kfidel do 2,95 m.
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Obrazek 65 — Nabézna ¢ast kfidla po narazu ptaka: a — poSkozené kfidlo tésné u kfidlové nadrze,
b - poskozené kFidlo ze spodu bez pridavné nadrze (a -
http://www.armadninoviny.cz/domains/0023-armadninoviny_cz/useruploads/images/Zavazné
poskozeni kfidla L-159.jpg, b - autor)

Clanek predklada simuladni model narazu ptaka vztazeny k této udalosti jako
interakci kfidla letounu a ptaka na zakladé rozboru situace, za jaké ke stfetu doSlo.
Simulaéni model kfidla a ptaka Ize vyuZit pro podporu analyz takto poSkozené konstrukce,
napf. pro analyzu narazu ptaka na jina mista na kfidle s cilem predikce mozného
poskozeni nebo nasledkl pro provozuschopnost letounu.

Numerické nastroje se pro fedeni narazu ptaka vyuzivaji vice nez ftficet let
(Heimbs, 2011). Vyhodou numerickych metod jsou vzhledem k analytickym metodam
moznost postihnout komplexni geometrii i slozZité materidlové modely, vzhledem k
experimentalnim metodam niz8i naklady, rychlejdi vysledky a moznost variability
parametrl vystupujicich v FfeSené uloze. Naopak nevyhodou je velkd zavislost na
presnosti vstupnich parametrl a pouzitém zplsobu feSeni, které zasadnim zpusobem
ovliviiuje pfesnost a hodnovérnost numerickych vypoctld. PFi narazu ptaka jako mékkého
impaktoru na tuhou konstrukci dochazi k velkym deformacim, k velkym rychlostem
deformace a k nelinearnimu chovani materialu. Pfi velkych rychlostech narazu pfevysuje
zatizeni pusobici na mékké tkané ptaka vyrazné pevnost této tkdné a material se pak
chova jako tekutina. To vyzaduje odpovidajici materialové modely a sit numerického
modelu. Nejpouzivangjsi druhy sité pro modely s vyskorychlostnim zatéZovanim jsou
Lagrange, Euler, Arbitrary Lagrange-Euler (ALE) a Smooth Particle Hydrodynamics (SPH)
(Hedayati, 2016, Hub, 2013). Pro Fedni téchto uloh se vyuZivaji tzv. hydrokddy, napf. LS-
DYNA, Pam-Crash a ANSYS Autodyn, které umoziuji FeSit zakladni vSeobecnou
pohybovou dynamickou rovnici télesa s vlivem tlumeni se znamou geometrii, zatizenim a
vazbami k okoli (Zukas, 2004):

MU+ [ClU J+ KU = {F )}, (21)

kde [M] je matice hmotnosti, [C] je matice tlumeni, [K] je matice tuhosti, {U} je
vektor véech neznamych premisténi prvku, U | je sloupcovy vektor vSech neznamych

rychlosti prvku, {U} je sloupcovy vektor vSech neznamych zrychleni prvku, {F(t)} je
sloupcovy vektor €asové proménneého vnéjsiho zatizeni.

3 Simulaéni model narazu ptaka

Simulaéni model se sklada ze dvou C&asti — kfidla letounu a ptaka. Nejdfive je
vytvofeny geometricky model obou ¢asti véetné vzajemné polohy ptaka vuci kfidlu pfi
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narazu, dale je zvolena sit, zadany okrajové podminky, pfifazeny materialové
charakteristiky, proveden vypocet a analyzy vysledkl. Cilem predkladaného modelu je
nalézt takové podminky simulace, které odpovidaji poskozeni skutecného letounu.

Geometrie jedné poloviny nosnikové poloskofepiny simulovaného kfidla je
vytvofena na zakladé realné konstrukce v prostiedi Autodesk Inventor 2016
zjednodu$ené jako 3D skofepinovy model ¢asti kfidla a v pfedkladané simulaci je vyuzita
pouze Cast mezi zebry 12 a 14 o Sifce 0,59 m (pfiblizné 1/12 polorozpéti kfidla), viz
obrazek 2a. Zde plosné elementy reprezentuji potah, stojiny a zebra (z) a Carové
elementy pasnice nosnikll a podélné vyztuhy (v). Pasnice a stojiny tvofi nosniky (n). V
simulaénim prostfedi ANSYS 17.0 Workbench jsou prvkim v modulu Explicit Dynamics
pfifazeny pfislusné tloustky, prifezy a materialové charakteristiky, viz obrazek 2b.
Rozméry simulovaného uUseku kfidla jsou dostate¢né, protoze poSkozeni se nachazi mezi
Zebry 13 a 14 do hloubky vyztuh v2 (odpovida hodnoté 34 % hloubky kfidla od nabé&zné
Casti), vedle Zzebra 14 je demontovatelna pfidavna nadrz a poskozeni neni za zebrem 12
smérem ke trupu viditelné. Jev narazu ptaka pfi uvedené rychlosti se predpoklada
dostatecné rychly, aby naraz pfenesla pouze nejblizSi konstrukce, ktera pfisla do kontaktu
s ptakem; tento pfedpoklad podporuje i tenkosténny charakter konstrukce kfidla, ktera je
pfi intenzivnim lokalnim zatiZzeni poddajna.

m

a) b)

Obrazek 2 — Model kfidla: a — model kfidla vytvofeny v prostfedi Autodesk Inventor 2016, b —
simulacni model kfidla a ptaka v prostfedi ANSYS 17.0 Workbench

Sit modelu kfidla je vytvofena rovnéz v prostfedi ANSYS 17.0 Workbench se
zjemnénim v oblasti poSkozeni kfidla, viz obrazek 3a. Sit ptadka je vytvofena
kombinované; sit Lagrange v prostfedi ANSYS 17.0 Workbench, modul Explicit Dynamics
a sit SPH v modulu ANSYS 17.0 Autodyn.

om ] 600,00 (mm) )\ |

150,00 45000

a) b)

Obrazek 3 — Model kfidla: a — sit kfidla a ptaka (Lagrange) ANSYS 17.0 Workbench, b — sit’ kfidla
a ptaka (SPH) ANSYS 17.0 Autodyn
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Okrajovou podminkou modelu kfidla je vetknuti v mistech koncovych Zeber 12 a
14, resp. pfifazeni nulové rychlosti na obé tato zebra.

Material konstrukce kfidla je uvazovan z duralu AL2024-T3. Popis materialu pro
vysokorychlostni zatéZzovani obsahuje stavovou rovnici (EOS, Equation of State),
pevnostni materialovy model (Strength) a materialovy model poruseni (Failure).

Material AL2024-T3 je prevzat z knihovny modulu Autodyn a modifikovan. Mérna
hmotnost materialu je 2770 kg/m®. Tento material vyuZiva linearni stavovou rovnici s
objemovym modulem pruznosti o hodnoté 58330 MPa a smykovym modulem 27820 MPa.

Fenomenologicky pevnostni model Johnson-Cook popisuje pevnostni chovani
material vystavenych velkym pretvofenim, velkym rychlostem pomérné deformace a
vysokym teplotam. Deformacni napéti ma tvar (Johnson, 1983):

o=f(eeT)=|A+B-e"l+C e -1, )

kde ¢ je ekvivalentni plastické pretvoreni, & =&/ &, je bezrozmeérova rychlost

plastického pretvoreni pro &, =1,0s™a T~ je homologovana teplota (Buchar, 2003):

T = -~ 3)

kde T je okamzita teplota ve stupnich K, T, je referencni teplota (T, = 300 K) a T,
je teplota tani. P&t materialovych konstant jsou: A = 368,9 MPa je mez kluzu pfi jednoosé
napjatosti, B = 683,9 MPa je koeficient zpevnéni pFetvofeni, n = 0,73 je exponent
zpevneéni pretvofeni, C = 0,0083 je koeficient zpevnéni rychlosti pfetvofeni a m = 1,7 je
exponent teplotniho méknuti.

Model poruseni je zvolen zplsobem, Ze se material porusi, pokud v ném hlavni
tahové napéti nebo pretvofeni dosahne stanovenou hodnotu (Principal Stress/Strain).
Mezni tahové napéti ma hodnotu 600 MPa a mezni pretvoieni 0,16.

Pro tvorbu simulaéniho modelu ptaka je dllezité nejdfive stanovit miru podobnosti
se skuteCnycm ptakem. Model je uréen tvarem, rozméry a jednotlivymi stavebnimi ¢astmi
téla ptaka anebo se zvoli zjednoduSeny tvar z nékolika malo nebo jen z jednoho druhu
materialu bez wvnitfni struktury. V pfipadé zjednoduSené nahrady, ktera je pouzita v
predkladaném modelu, je dale potfeba stanovit tvar reprezentujici ptédka, jeho pozici
vzhledem ke kfidlu v okamziku narazu, charakter sité a materiadlovy model.

Tvar zjednoduSeného modelu ptaka vyuziva elipsoid, valec se zaoblenymi konci,
valec nebo koule (Hedayati, 2016). V prezentovaném simulacnim modelu je pouzit
rotané symetricky elipsoid s pomérem délek polos 2:1 z jednoho druhu materialu.
Velikost elipsoidu je zvolena s ohledem na hmotnost skuteéného ptaka.

Pozice ptaka vléi kfidlu v okamziku narazu jsou dané situaci, ktera se simuluje. V
pfipadé elipsoidu je tfeba stanovit orientaci elipsoidu pfi narazu s ohledem na manévr
letounu a ptaka, dale misto narazu a pfipadné smér narazu. Obecné muize byt orientace
elipsoidu vaci kfidlu libovolna, zakladni polohy pouzitého rotaéné symetrického elipsodiu
jsou nasledujici — hlavni osa elipsoidu je rovnobézna se smérem vzajemného pohybu
pfed narazem, resp. se smérem letu letounu anebo je na ni kolma dvéma zplsoby — bud
je vodorovna vzhledem ke sméru letu letounu nebo svisla. Na zakladé zaznamu stfetu s
ptakem (iDNES.cz, 2015) neni jednoznaéné zietelna poloha ptadka v okamziku narazu,
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proto je v prezentované simulaci pouZita varianta rovnobézné hlavni osy elipsoidu se
smérem letu, viz obrazek 3a, 3b. V okamziku narazu letél letoun vodorovnym letem.

Misto narazu ptaka do kfidla je dana polohou ve sméru rozpéti kfidla mezi zebry
13 a 14, pficemZ Zebro 13a bylo narazem uplné odstranéno a svislou polohou vzhledem k
nabézné hrané kfidla (nabézna hrana kfidla je misto, kde dojde pfi letu k prvnimu
kontaktu vzduchu s kfidlem). Misto narazu ptaka opét neni jednoznacné znamé.
Simulaéné byly zkouSeny rizné mista ve sméru rozpéti i svislém sméru a s ohledem na
rozsah poSkozeni bylo misto narazu stanoveno ve sméru rozpéti uprostfed mezi zebry 13
a 14 a ve svislém sméru v poloze 0,1 m pod nabéznou hranou.

Smér narazu ptaka do kfidla letounu je dany smérem letu ptaka a letounu a na
zakladé (iDNES.cz, 2015) se jevi, Ze nedochazi k €elnimu stfetu ptaka s letadlem, kdy by
se rychlosti letadla a ptaka secetly, ale ptak nalétava ze strany, coz podporuje i poSkozeni
nabézné Casti kfidla mezi zebry 12 a 13, viz obrazek 1a. Nicméné v této simulaci neni
stranovy pohyb ptaka zohlednén, protoze je povazovan za zanedbatelny vzhledem k
dopfednému vodorovnému pohybu letadla.

Okrajovou podminkou modelu ptaka je rychlost narazu do kfidla, kterou je
uvazovana pouze rychlost letadla 600 km/h (166,7 m/s) a rychlost ptaka je zanedbana.

Pro provnani feSeni jsou zvoleny dva druhy sité pro model ptaka — Lagrange a
SPH, pfiemz je pouzivanéjsi pravé SPH (Hedayati, 2016). Velikost elementl byla rovnéz
variovana, zvolena hodnota je v obou pfipadech 15 mm, viz obrazek 3. Kone¢na faze
vypoctu probihala v prostfedi ANSYS 17.0 Autodyn s ohledem na materiél a prvky SPH.

Materialovy model ptdka vyuziva model WATER z materialové knihovny modulu
Autodyn a je modifikovan. M&rna hmotnost materialu je 800 kg/m?®, takZe elipsoid ma s
danymi rozméry hmotnost 8 kg, coz je menS$i hodnota, nez zaznamenana hodnota 10 kg.
Je zde zohlednéno, Ze ptak nemusel zasahnout konstrukci kfidla v misté nabézné hrany
celym svym télem a napf. kfidla byla mimo centralni ¢ast téla ptaka, resp. elipsoidu.

Hydrodynamicka stavova razova rovnice (Shock) popisuje vztah mezi napétim,
deformaci a vnitini energii a ma Gruneissenovu podobu (Steinberg, 1986):

p=py+C-ple—e,), 4)

kde p je hydrostaticky tlak, py je Hugoniotlv tlak, 7" je Gruneissenovo gama, p je
hustota materialu, e je vnitfni energie a ey je Hugoniotova energie. Tlak je vyjadfen
linearnim Hugoniotovym vztahem mezi rychlosti narazu us a rychlosti ¢astic u:

u,=C,+S,-u,, (5)

kde C, = 1483 m/s je pocatecni rychlost zvuku a S; = 0,28 je Hugoniotuv koeficient
smérnice. Tato stavova rovnice je pro obé diskretizace Lagrange i SPH stejna.

Pevnostni model je odliSny — pro sit Lagrange je zvolen pevnostni model von
Mises, ktery pfedpoklada konstantni mez kluzu. PFi pouZiti tohoto modelu nejsou
zanedbany ucinky potfebné pro zménu tvaru materidlu (napf. smykové) (ANSYS, 2016):

2 2 2
(0,~0,) +(0,—0,) +(0y —a,) =22, (6)
kde o1, 02, o3 jsou hlavni napéti v materialu a Y je mez kluzu materialu.
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V pripadé diskretizace SPH neni pevnostni model uvazovan, takze je chovani
materialu hydrodynamické. Zde je pouze uvazovam model poruseni ve formé stanoveni
minimalniho hydrostatického tlaku (Hydro Pmin) o hodnoté 0 MPa, pfi kterém dojde k
oddéleni €astic, resp. k poruseni modelu.

4 Vysledky simulace a diskuze

Vysledky simulace jsou znazornény na obrazku 4 pro obé varianty diskretizace,
pficemz validaénim parametrem simulaéniho reSeni je rozsah a tvar poskozeni.

Obrazek 4 — Vysledky simulace: a, b — pohled na poSkozenou konstrukci kfidla od narazu
ptaka (foto autor), ¢, d — simulacni vysledky s modelem ptaka Lagrange, e, f — simulacni vysledky s
modelem ptadka SPH
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Vysledky simulaci zobrazeny na obrazku 4 ukazuji na pomérné dobrou shodu s
realnym poskozenim (obrazek 4a, 4b). Obé simulacni poSkozeni maji podobny rozsah i
tvar, nachazeji se mezi zebry 13 a 14 a maji hloubku po vyztuhu v2. V pfipadé sité
Lagrange (obrazek 4c, 4d) vice odpovida posSkozeni spodni ¢asti kfidla a v pfipadé SPH
(4e, 4f) naopak horni. U obou simula¢nich modelt doslo k vétsi deformaci (zvinéni
potahu) v oblasti hlavniho nosniku (n2 na obrazku 2a, obrazek 4c, 4d, 4e, 4f); je to dano
kinetickou energii ¢asti modelu ptaka, kterou zachytava pro prirazu potahu, Zzebra z 13a,
nosniku n1 a vyztuh v1 pravé hlavni nosnik n2. Ve skute¢nosti doslo zhora i ze spodu
kfidla k oddéleni potahu od pasnic nosniku n2 porusenim nytového spoje, viz obrazek 4a,
4b, které zjednoduSeny model kfidla nedokaze postihnout.

Prvky modelu ptéka typu Lagrange na obrazku 4c, 4d nejsou viditeIné s ohledem
na nastaveni modelu poru$eni, kdy dochazi k vypadavani elementud. Presto tento model
poskytuje relevantni vysledky pro simulovani poSkozeni konstrukce. V pfipadé modelu
SPH na obrazku 4e, 4f jsou Castice viditelné.

5 Zaveér

Vyrobci a provozovatelé letecké techniky a statni dohlizeci organy vyviji usili s
cilem redukovat naklady spojené s riziky narazu ptaka na letadlo. Realizuje se to dvéma
zakladnimi sméry — jednak snizenim pravdépodobnosti stfetu letadla a ptakem (ptaky),
jednak zajisténim provozuschopnosti letadla i po stfetu s ptakem (ptaky). Clanek pfispiva
k tomuto usili a pfedklada simulaéni model realné situace narazu ptaka do kfidla letounu.
Poskozeni nastalo na konci kfidla, pfi€emz nedoS$lo k druhotnym poskozenim klicovych
organu jako fizeni, pfivodu paliva a primarni konstrukce kfidla (nosniky), takze se letounu
podafilo bezpedné pristat a kfidlo Ize opravit.

Predkladany model kfidla i ptaka vykazuje pfes fadu zjednodusni dobrou shodu
simulace s realitou pro dva druhy sité pouzité pro simulovani ptaka — Lagrange SPH.
Obé varianty poskytuji dobré vysledky, ale je potfeba peclivé nastavit materidlové modely.
Pfesto se doporuéuje zpfesnéni modelu v oblasti geometrie kfidla a jeho &asti, uvazeni
dalSich tvard nahradniho modelu ptaka a jeho pozice v okamZziku narazu, pfipadné

Clanek prispiva k rozvoji simulaénich metod, jako jednoho z nastroji pro analyzu
provozuschopnosti letadla poSkozeného narazem ptaka. Simulaéni model Ize vyuzit pro
dalSi analyzy konstrukce kfidla letounu, napf. pro analyzy jinych variant zasazeni ptakem,
analyzy zmén tuhostnich a pevnostnich charakteristik kfidla pfi poskozeni, zmén
aerodynamického zatiZzeni, zmén aeroelastickych charakteristik (flutter) anebo pro
podporu oprav takto poskozenych leteckych konstrukci.
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NUMERICAL ANALYSIS OF A STATIC MAGNETIC FIELD IN TESTING THE
CHARACTER OF A QUANTUM MECHANICAL MODEL OF MATTER

ELISKA VLACHOVA-HUTOVA, KAREL BARTUSEK, PAVEL FIALA

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

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

Keywords: Tissue, external magnetic field, time flux density.
6 Introduction

The authors describe and verify the growth characteristics of simple tissue structures in
relation to a present external magnetic field; the results of the research are to clarify the
effects of magnetic (geomagnetic) field changes upon such cultures. Although the first
biological experiments showed that, in the given sense, magnetic fields do exhibit certain
statistically significant influence, the question remained of what tools and model
parameters are applicable for the description of a complex system embodied in, for
example, a very simple tissue structure. The referenced papers present various
approaches to and aims of the investigation of an external magnetic field on the
surrounding environment. A relevant study, RODA, O., GARZON, |., CARRIEL, V., 2011,
described the very specific influence of a stationary magnetic (50 mT) and an
electromagnetic (6 mT, 50 Hz) fields on animal tissues as regards their ability to stimulate
or restrain antioxidative enzymes. The effects of stationary gradient magnetic fields (4.3
T/m) on the growth of eukaryotic organisms are discussed in within the article ELAHEE, K.
B., POINAPEN, D., 2006; the related experiments showed that although the speed and
growth phase of the exposed population of Paramecium caudatum do not differ
significantly from those observed in populations, a major negative decrease (by 10.5% to
12.2%) occurs in both the time necessary for the maximum growth of the organism and
the number of individuals in a colony (10.2% - 15.1%). The above-mentioned paper
RODA, O., GARZON, |.,, CARRIEL, V., 2011 presents the conclusions obtained from
experiments targeting the influence of a pulse magnetic field (10uT and 100 Hz, with the
duty cycle of 2:1 and period of 1s) on fertilized eggs of domestic fowl (Gallus domesticus).
After 15 days of the experimental cycle, the exposed embryos exhibited a higher somatic
weight and a more advanced stage of development than their control counterparts; at 21
days into the experiment, the somatic weight and stage of development were lower in the
exposed embryos than in the control ones. The difference is not discernible in embryos
that have been exposed to a magnetic field with a harmonic waveform of the frequency of
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50 Hz. The experiment shown within RODA, O., GARZON, I. and CARRIEL, V. et al.,
2011, proposes that a magnetic field (480 mT) acting on samples of maize (Zea mays L.)
sown in a substrate increases the growability, growth in percent, and weight of the dry
sample; however, under action of the magnetic field, the growth of the given type of seed
differs depending on its genetic variability.

According to an earlier study, DOMINGUEZ, P. A., HERNANDEZ, A. C., CRUZ, O. A,, et
al., 2010, a strong external magnetic field introduces a basic anisotropy into
incompressible magneto-hydrodynamic turbulence. The conclusion is reached that the
turbulent spectrum splits into two parts: an essentially two-dimensional spectrum with both
the velocity field and magnetic fluctuations perpendicular to the magnetic field, and a
generally weaker and more nearly isotropic spectrum of Alfven waves. The discussed
paper DOMINGUEZ, P. A., HERNANDEZ, A. C., CRUZ, O. A,, et al., 2010 comprises an
elementary evaluation of the properties of a dynamic environment; the influence of an
external magnetic field on a biological system including nanoparticles is then analyzed,
together with the activation of such a system, in the article Montgomery, D Turner,
L.,1981. In this context, let us note that activated platelets play a pivotal role in
cardiovascular diseases, such as atherothrombosis. Thus, strategies enabling activated
platelet molecular imaging are of great interest; herein, a chemical protocol was
investigated to coat superparamagnetic iron oxide nanoparticles with low molecular weight
fucoidan, a ligand of P-selectin expressed on the surface of activated platelets. The
physico-chemical characterization of the obtained product demonstrated successful
fucoidan coating and its potential as a T2 MRI contrast agent. The specificity and the
strength of the interaction between fucoidan-coated iron oxide nanoparticles and human
activated platelets was demonstrated by flow cytometry. Micromagnetophoresis
experiments revealed that the platelets experience magnetically induced motion in the
presence of a magnetic field gradient created by a micromagnet. Altogether, these results
indicate that superparamagnetic iron oxide nanoparticles coated with low molecular
weight fucoidan may represent a promising molecular imaging tool for activated platelets
in investigating human diseases.

The results of the research into the influence of external magnetic fields are presented
within a large number of sources, such as those that discuss the modeling of matter
based on quantum theory, Laure Bachelet-Violette, at al., 2014. The referenced article
investigates the thermal entanglement in the two-qubit Heisenberg XY model with a non-
uniform magnetic field, and the authors find that the entanglement and the critical
temperature TC may be enhanced under a non-uniform magnetic field. The paper Yang
Sun, Yuguang Chen, and Hong Chen, 2003 then attempts to clarify the mechanism of the
influence of an external magnetic field on radical-pair (RP) recombination from the
perspective of a chemical model for the description of the sample properties. Magnetic
field effects on the rate of RP recombination are the most widely understood mechanism
by which magnetic fields interact with biological systems. However, the health-related
relevance of this mechanism of magnetic field sensitivity is uncertain because the best-
known effects only become significant at moderate magnetic flux densities above 1 - 10
mT. The authors of the study also summarize the theory of magnetic field effects on
radical pair recombination and discuss the results obtained by investigating the
photosynthetic reaction center and enzymes with RP intermediates.

Similarly to our previous experiments, Charles B. Grissom, 1995, we tested the proposed
numerical model and measured the material heating speed; further, a method was
designed for accurate verification of the heating speed changes depending on the external
magnetic field. The present paper also proposes a very detailed analysis of the influence
of a magnetic field upon inanimate objects.

Within the designed experiment, we measured the temperature change of a copper
sensor in a stationary homogeneous and gradient magnetic field. Up to 10 times, the
given sample was cooled down to the nitrogen boiling point (-195.80°C to 77.35 K); the
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sample was then removed at the pre-selected time and subsequently heated in another
area to the temperature of -20 °C. Using the measuring apparatus and 3 temperature
sensors (1 sensor measuring the temperature of the sample and 2 others to measure the
ambient temperature), we recorded the temperature change in the sample and the
required heating time. This experiment was repeated with four magnetic fields.

7 MODEL: the electromagnetic field and particles

For a model with distributed parameters of the electromagnetic field, it is possible
to use partial differential equations based on electromagnetic field theory to formulate a
coupled model with concentrated parameters (in our case, particles), Charles B. Grissom,
1995. The details of the model are analyzed in this paper. The forces acting on a moving
electric charge in the electromagnetic field can be expressed by means of the formula

fo = p(E+VxB) inQ, (1)

where B is the magnetic flux density vector in the space of a moving electrically
charged particle with the volume density p, v is the mean velocity of the particle, v=ds/dt,
s is the position vector from the beginning of the coordinate system o, t is the time, E is
the electric intensity vector, and Q is the definition region of the independent variables and
functions. The properties of the area Q are described by the mutual relationship between
the intensities and inductions as defined by

rOtE:—%+I’Ot(VXB)- rotH=J +%+rot(v><D) (2

divB =0, divD = p, 3)

where H is the magnetic field intensity vector, J the current density vector, and D the
electric flux density vector. The material relationships for the macroscopic part of the
model are represented by the formulas

B=,uo,urH , D=goer ) (4)

where u represents the quantity indexes of the permeabilities and permittivities, r denotes
the quantity of the relative value, and 0 is the value of the quantity for vacuum. The
relationship between the macroscopic and the microscopic (dynamics of particles in the
electromagnetic field) parts of the model is described by the relations of force action on
the individual electrically charged particles in the electromagnetic field, and the effect is
respected of the movement of electrically charged particles on the surrounding
electromagnetic field according to Hutova, E., Bartusek, K., Fiala, P., 2013:

m_dv
rOtE:—ﬁ+rOt(VxB)—EI’Ot pv+ijuI+J+L —&  4lv+kfvdt
ot 14 ge \ dt t

d
rotH=yE +pv+ y(vx B)+y(me vk dtj+jc,out+@+rot(vx D). (5)
qp  dt t ot
The coupling of both models is formulated using both equation (5) and the formula

m_dv
q (E+va)+q—e[pv+ijut7@j:ei+lv +k[vdt. (6)
€ 7 i dt t
The effect of the behavior of the macroscopic model describing the mass with the
quantum mechanical model of elements of the system can be observed using the fluxes of
gquantities. The known quantities are magnetic flux ¢, current flux I, and electric flux having
the magnitude q:

¢=[[B-ds. 1=[[3-dS. g=[[D-dS. -
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where S is the vector of the oriented boundary (in a 3D model of the plane), and T’
denotes the boundary of the area Q , in which the flux is evaluated. If there is a moving
element of the system in the model with a scale difference expressed in orders, it is easier
to describe the state and effect of the superposed electromagnetic field by expressing the
time flux density z. The time flux can be different or inhomogeneous in parts of the area Q.
It is then possible to write

t=”r-d8- 8

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

ro—t u+—t u+—1t g (9)
v (t)dx v (t)dy 7 v, (t)dz *

where uy, uy, U, are the base vectors of the coordinate system. The time density depends
on the instantaneous velocity of the particle motion in the quantum mechanical model and
on the element of length d¢. Then, for the motion of the electrically charged particle along
the element of the closed curve d¢ (according to the microscopic interpretation), it is
possible to write

qu€:(r‘l><B) inQ. (10)
Generally, if an electrically charged particle moves in a magnetic field having a magnetic
flux density B, and if the dimensions of the area 2 are many times larger than the
electrically charged particle or groups of particles, it is necessary to consider the question
of how the motion of the particle is influenced and what the observable oscillation changes
are, namely, the time flux density changes in parts of the area Q. In the quantum-
mechanical model of matter, the particles move in a nuclear structure, and their motion
dynamics are changed by an external magnetic (static/quasi-stationary) field. Thus, a
simple material heating test can be carried out to demonstrate the influence of an external
magnetic field on the elementary model of matter. We tested three basic variants of the
state of the macroscopically interpreted distribution of the external magnetic field having a
magnetic flux density B, Hutova, E., Bartusek, K., Fiala, P., 2013. Using the results
obtained from the first experiments, RODA, O., GARZON, I.,, CARRIEL, V.,2011, we
designed an exact technique for measuring the temperature change in the examined
copper sample, Fig.1.

The conditions for the setting of the external magnetic field were taken over from the first
experiment, and they were extended with a fourth setup:

1. The external magnetic field exhibits low values-A of magnetic flux density B,
and its distribution is homogeneous on the microscopic scale. We then have B = min
(Earth's magnetic field), 0Bx/ox = 0, dBy/dy = 0, and dBz/dz = 0 in at least one direction of
the coordinate system and respecting the curl character of the field.

2. The external magnetic field exhibits higher values-B of magnetic flux density B,
and its distribution is homogeneous on the microscopic scale. We then have B = max,
dBx/ox = 0, dBy/dy = 0, and dBz/dz = 0 in at least one direction of the coordinate system
and respecting the curl character of the field.

3. The external magnetic field is inhomogeneous-C on the macroscopic scale.
We then have dBx/ox # 0, dBy/dy # 0, and dBz/dz # 0, respecting the curl character of the
field.
4. The external magnetic field exhibits higher values and gradient-D on the
macroscopic scale. We then have B = max, dBx/ox # 0, dBy/dy # 0, and oBz/oz # O,
respecting the curl character of the field.
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8 Numerical model analysis

In accordance with Hutova, E., Bartusek, K., Fiala, P., 2013, we used a simple analysis of
the applied FeNdB permanent magnet blocks having the dimensions of 10x25x50 mm,
surface magnetic flux density of B, = 1.1 - 1.2 T, and intensity of Hy,, = 750 — 1350 KA/m.
During the experiment, an element evaluating the observed macroscopic behavior of
matter was inserted in the inhomogeneous magnetic field areas. The analysis was carried
out with the ANSYS FEM tool and solved as a stationary electromagnetic problem. Figs. 1
- 4 show the configuration and evaluation of vector magnetic flux density B with the
minimum and, in a certain part, homog?neous magnetlc fleld
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Fig. 2. Permanent magnet configuration: an inhomogeneous-C magnetic field.
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9 Experiments

The verification of the difference in the properties of the microscopic model of matter
under the pre-defined condition of the external magnetic field was performed using a
copper element (cube) having the dimensions of 10x10x10 mm, Fig. 5. A stainless steel
wire of 1 mm in diameter attached to the cube facilitated all types of mechanical
manipulation with the object. The temperature of the examined Cu cube was measured
with a PT100 sensor (Heraeus MR828) of 3 mm in diameter placed inside the element.
First, the cube was cooled down to -193°C; subsequently, after the temperature had
stabilized, we heated the object to the ambient temperature of 20°C. The heating period
was measured repeatedly, starting from -185°C and gradually rising to +10°C.
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Teflon band Cu plate, 200x200x20 mm FeNeBo permanent magnet Opening to hold the measured Cu
Cube , 10x10x10 mm

Fig. 6. Detailed configuration of the experiment.

Bores of 10x10 mm and 74x12 mm were made in the Cu plate to allow for the insertion of
the cube and the permanent magnets, respectively, with the distance of 18 mm between
the bores (Fig. 6). In our experiments, we used FeNdB permanent magnet blocks having
the dimensions of 10x25x50 mm and exhibiting the surface magnetic flux density of B, =
1.2 T and intensity of H,, = 850 kA/m. The seating of the permanent magnets in the Cu
block grooves (Fig. 6) facilitated the formation of three types of magnetic field with a flux
density B and angle ¢ (the angle ¢ is found between B and the axis dividing the magnets).
The magnetic fields were as follows: a) a homogeneous field of the first type, exhibiting
the intensity of 270 mT and ¢ = 90°; b) a homogeneous field of the second type, exhibiting
the intensity of 250 mT and ¢ = 64°; and c) a gradient field having the maximum gradient
of 19 mT/m and ¢ = 69°. The detailed configuration of the fields is shown in Fig. 7, and the
results of the numerical analyses are presented in Figs. 1 to 4. The Cu block heating was
monitored by two PT100 sensors; while the first one was placed at 60 mm from the cube
on the axis passing between the magnets, the second one was located at 60 mm on the
axis perpendicular to the magnets and passing through the centre of the cube. The cube
and block temperatures were sensed by the three temperature probes and recorded via
an HP54070A data acquisition/switch unit. The aim of the experiment was to repeat the
previous measurement, Hutova, E., Bartusek, K., Fiala, P., 2013, and to verify its results.

| FeNdB magnet

FeNdB magnet

| FeNdB magnet

NI

N| N|

B
Cu T Cu B Cu G
cube cube 2 N cube E N

7

S
| FeNdB magnet | FeNdB magnet

Gradient magnetic field

FeNdB magnet

Homogeneous magnetic field | Homogeneous magnetic field 11 RPN
(270 mT, $=90°) (250 mT, $=64°) (19 mT/m, $=69°7)
Setup B Setup D Setup C
a)
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Fig. 7. a) Detailed configuration of the magnetic fields; b) Results of the numerical analyses: vector
magnetic flux density B.

10 Evaluation of the experiments

The Cu cube was immersed in liquid nitrogen and cooled until its temperature stabilized;
subsequently, the cube was mechanically transferred to the Cu block, and the
temperatures were measured continuously during the process. The heat flow from the
block warmed the cube, increasing its temperature until the temperatures levelled off. At
this point, the measurement was completed. An example of temperature waveforms
during one measurement cycle is presented in Fig. 8. The four-terminal impedance
measurement (PT100) is repeated ten times for the configurations without a magnetic
field, with homogeneous magnetic fields of the first (setup B) and the second (setup D)
types, and with a gradient field (setup C), Fig. 7. To evaluate the heating speed in the Cu
cube, we selected two impedance levels for the Pt sensor, namely 25 Q (-185 °C) and 104
Q (+10 °C), and set the heating times between these levels. The exact times were
recorded together with the temperatures measured by the three sensors.

11 Conclusion

It follows from the experiments that the homogeneous magnetic field of the second type
(setup D) with the magnetic flux density of B= 250mT exhibits the lowest time flux density
7. In the gradient magnetic field (setup C) exhibiting the magnetic flux gradient of
dB/dx =19 T/m, the time flux density z is higher compared to the setup D. The
homogeneous magnetic field of the first type (setup B; B=270 mT), perpendicular to the
heat flow direction, provides a higher time flux density r compared to the magnitude
observed in Earth’s magnetic field, B=50 uT (setup A). Tab. 1 comprises the values
measured during the experiment. The experiment was repeated multiple times under
identical conditions, providing identical results. The results obtained within the previous
measurement, RODA, O., GARZON, I, CARRIEL, V.,2011, in which the process of
heating and cooling the Cu sample differed to a certain extent, were comparable. In the
actual experiment, the heat flow warming the Cu cube should arrive only from the Cu
block, not from the top and bottom sides of the cube; for this purpose, these sides of the
cube are to be surrounded by air to reduce heat flow from undesired directions.
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Fig. 4. Examples of temperature waveforms during one measurement cycle: 1 — Cu cube; 2 —
temperature of the Cu block between the magnets at the distance of 60 mm from the centers of the
magnets; 3 — temperature of the Cu block at a point located 60 mm (and in a perpendicular
direction) from the central section between the magnets.

Tab. 1: Data obtained from a comparison of the different settings

Measurement Time Difference / s
No Field Homogeneous Field |  Gradient Field Homogeneous Field 1l
1 36,64928955 37,71446887 34,48015863 22,82040233
2 38,06576586 41,62355197 36,4855295 28,36592113
3 39,7085593 38,67162785 39,54154481 29,79942564
4 41,18051012 40,20475581 37,88963473 31,49956476
> 42,77172513 38,4903284 38,57823307 33,26028898
6 41,03824944 38,19525093 38,49898872 33,13491397
7 44,16877291 38,91989879 39,23681201 34,11134567
8 45, 44665016 37,31208691 38,8054958 33,56003627
9 42,74964147 39,09137363 38,70252762 34,34513303
10 4526375993 41,99884713 44,30902191 34,38462373
Mean Value 41,70429239 39,22221903 38,65279468 31,21078131
Standard Deviation 2,801316176 1,495505043 2,36366684 3,482702384
Decrease [%] 0 -5,6 -7,317 -24.4
Setup A B C D
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