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PEVNOSTNi KONTROLA RADIALNIHO KOMPRESOROVEHO KOLA POMOCNE
ENERGETICKE JEDNOTKY

MIROSLAV SVOBODA, MARTIN TUMA
Prvni brnénska strojirna Velka Bites, a. s.

Abstract: The auxiliary power unit (APU) Safir 5K/G Z8, developed by PBS Velka Bites,
a. s. (C2), is an independent source of the electrical energy for a helicopter. The APU
consists of an electric and gas generator. The gas generator is small-size gas turbine, where
radial impeller, annular combustion chamber and double stage axial turbine are assembled.
This paper deals with computational analysis of integral radial impeller, which is made of
wrought high strength aluminum alloy. The static structural, modal, harmonic and life
analyses were performed for EASA certification program by using ANSYS Workbench.
Harmonic analysis was performed only informatively.

Keywords: Impeller, Stress Analysis, Low Cycle Fatigue, Natural Frequency, Resonance.

1 Uvod

Pomocna energeticka jednotka (zkracené PEJ) Safir 5K/G Z8, z produkce Prvni
brnénske strojirny ve Velké Bitesi, je pouzivana jako autonomni zdroj energie pro vrtulniky.
Primarnim ucelem je pohon generatoru pro dodavku elektrické energie pfi predletové
pripravé, pro startovani hlavnich motord nebo pfi vypadku hlavnich zdroji za letu. Dale
muze byt vyuZita pro dodavku stla¢eného vzduchu pro klimatizacni systém letounu. Sklada
se z generatoru elektrické energie a generatoru plynd, coz je maly turbinovy motor
s prstencovou spalovaci komorou, dvoustupriovou axialni turbinou a jednostupriovym
radialnim kompresorem.

Za ucelem plInéni certifikaCnich pozadavku, stanovenymi Evropskou agenturou pro
bezpecnost letectvi (EASA), byly provedeny pfislusné pevnostni analyzy. Nasledujici
prispévék se zabyva strukturalni, modalni a orientacni harmonickou analyzou
kompresorového kola, v&etné hodnoceni jeho Zivotnosti. Integralni, radialni kolo
kompresoru je vyrabéno z pokrocilé hlinikové slitiny, ur¢ené pro vysoce namahané dilce.
Pro zvySeni korozni odolnosti a odolnosti proti abrazivnimu poSkozovani od pevnych ¢astic
je povrch kola elektrochemicky upraven anodickou oxidaci (tzv. chromeloxem). Disponuje
12 lopatkami a 12 mezilopatkami, viz obrazek 1. Pohanéno je dvojici axialnich turbin,
ulozenych na spole¢né hfideli s kompresorem.
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Obrazek 1 — Vlevo: Pomocna energeticka jednotka; Vpravo: kompresorové kolo.

2 Vypocétové modely

Numerické analyzy byly provedeny na samostatném prostorovém modelu
kompresorového kola. Modalni a strukturalni analyza (s navazujicim analytickym
hodnocenim nizkocyklové uUnavy) byla provedena na periodickém segmentu s jednou
lopatkou a jednou mezilopatkou. Harmonicka analyza byla provedena na celém
prostorovém modelu. Viz obrazek 2.

™

Obrazek 2 — Model geometrie kompresoroveho kola (vlevo periodicky segment).

Strukturalni analyza

Jedna se o zakladni pevnostni analyzu kola, zatizeného pouze odstfedivymi silami
od rotace pfi maximalnich provoznich otackach PEJ, s pouzitim linearniho modelu
materialu. Vysledkem vypoltu je hodnoceni napjatosti a deformace kola od
nejdominantnéjSiho zatizeni. Ziskana napéti jsou dale pouzita pfi hodnoceni nizkocyklové
unavy, zalozené na tzv. Neuberové koncepci redistribuce napéti. Tato teorie umoznuje
s technicky pfijatelnou pfesnosti stanovit z linearniho vypoé&tu pruzné-plastickou deformaci
(odpovidajici cyklickému chovani) ve vrubu. Je zaloZzena na predpokladu proprocionalniho
zatézovani a pracuje se standardnimi nizkocyklovymi parametry materialu, ziskanych
z normalizovanych unavovych zkouSek. Hodnoceni vysokocyklové unavy bylo FeSeno
prostfednictvim dynamiky lopatek, resp. patficnym rozborem odpovidajicich rezonanénich
stavu (viz dale).

Vypoctovy model byl diskretizovan volnou siti, pfiblizné o 74 tis. tetraedrickych
elementech (SOLID 187). V oCekavanych kritickych oblastech byla sit dostate¢né
zjemnéna. Okrajové podminky byly aplikovany tak, ze v jednom z uzld na zadni strané
disku (pobliz centralniho otvoru) bylo zamezeno nato€eni a axialnimu posuvu. Na rovinach
fezu segmentu byla pfedepsana cyklickd symetrie. Samotny vypocCet byl realizovan
v jednom zatézném kroku. V pfipadé hodnoceni Zivotnosti byl uvazovan harmonicky cyklus,
reprezentujici spusténi a vypnuti PEJ. Tomu odpovida mijivé zatézovani do tahu,
s konstantni amplitudou a stfednim napétim. Vliv stfedniho napéti byl zahrnut
prostfednictvim modifikované Manson-Coffinovy kfivky dle teorie Morrow. Maximalni
zatizeni cyklu odpovida maximalnim provoznim ota¢kam kompresoru.
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Obrazek 3 — Vlevo: Neuberova koncepce redistribuce napéti; Vpravo: Zatézny cyklus kompresoru.
Modalni analyza

Pro potfeby vyhodnoceni modalnich vlastnosti byly vytvofeny dva vypocCtové
modely. Jeden pro popis vetknutych lopatek, druhy pro popis vazaného kmitani disku a
lopatek (tzv. olopatkovany disk). V obou pfipadech byl pouzit stejny periodicky segment
kola s jednou celistvou lopatkou a mezilopatkou, na kterém byla vytvofena homogenni sit'.
Rozdil spoc€ival v aplikovanych okrajovych podminkach, kdy v pfipadé vetknutych lopatek
je na rovinach fezu zamezeno posuvu, zatimco u olopatkovaného disku byla pouZita
cyklicka symetrie. Zde bylo zamezeno posuvu v jednom z uzld na zadni strané disku.

Analyza vetknuté lopatky je analyzou pomocnou. Slouzi pfedevSim k naladéni
modelu s experimentalné naméfenymi frekvencemi pomoci vysokofrekvenéniho mikrofonu
a budiciho kladivka (viz obrazek 4). Také pomaha s rozlisenim jednotlivych vlastnich tvart
kmitani lopatky, mezilopatky a disku. Analyza celé sestavy lopatek a disku (ij.
olopatkovaného disku) poskytuje nejvérohodnéjsi modalni vlastnosti obézného kola. Byly
spocitany vlastni frekvence (cca do 20 kHz) pro vSechny uzlové priméry kcn, jejichz
maximalni pocet je dan vztahem

,
kep=lcr—h-s| < 2 )
on r2_1 (pro r liché)

(pro r sudé)
(1)

kde h je harmonicky nasobek, r je poCet lopatek rotoru a s polet lopatek statoru. Konstanta
c(c=0,1,2,...) reprezentuje rotujici tvar. Dale je uvazovan pfipad nulovych (analyza bez
pfedpéti) a maximalnich (s predpétim) otaCek. Ziskané frekvence jsou nasledné
zpracovany do tzv. Campbellovych diagramd (napf. viz obrazek 8), znichz jsou
vyhodnoceny rezonanéni stavy, odpovidajici aerodynamickému buzeni (interakce proudu
vzduchu s lopatkami statoru a rotoru).

Obrazek 4 — Vlevo: Experimentalni méfeni viastnich frekvenci; Vpravo: Vystup z méfeni.

Harmonicka analyza

http://aum.svsfem.cz



27th SVSFEM ANSYS Users' Group Meeting and Conference 2019 SVSFEM s.r.o

V pfipadé harmonické analyzy byl pouzit cely prostorovy model kompresoru, na
kterém byly aplikovany jednotkové budici sily, s fazovym posunutim ¢ dle vztahu

d)m,n:n'(ps_m'(pr- (2)

Symbol ¢s, resp. ¢, znaci uhel mezi lopatkami statoru, resp. rotoru. Rovnice (2) pfedstavuje
fazovy rozdil mezi impulsem od n-té lopatky statoru, pasobicim na m-tou lopatku rotoru.
Byly pfitom uvazovany dva pfipady vynuceného kmitani (resp. dvé kombinace rotorovych
a statorovych lopatek), oznacené jako vstupni a vystupni strana kompresorového kola.
V obou pfipadech byly budici sily aplikovany tangencialné, vzdy do uzlu na pfislusnou
Spicku lopatky, resp. mezilopatky (viz obrazek 5). Hodnota proporcionalniho tlumeni byla
zvolena na 0,1 %.

Obrazek 5 — Definice budicich sil harmonické analyzy: vstupni (vlevo) a vystupni (vpravo) strana
kompresorového kola.

Snahou harmonické analyzy bylo posoudit vliv buzeni lopatek kompresorového kola
na vynucené kmitani od poctu lopatek difuzoru nebo Zeber v sani. Vystupem vypoctu jsou
frekvenéné-amplitudova spektra (napf. viz obrazek 9), pfiéemz hlavni oblasti zajmu byly
provozni a stabilizaéni (stabilizace hofeni pfi startu) otacky PEJ. Vypocty byly provedeny
s homogenni siti, metodou Mode Superposition, bez pfedpéti a s linearnim frekven&nim
krokem.

3 Vyhodnoceni

Prostfednictvim elastické strukturalni analyzy bylo hodnoceno ekvivalentni napéti
ve tfech kritickych oblastech kola. Konkrétné na lopatce, v centralnim otvoru a
v pfechodovém radiu na zadni strané disku. Ve vSech tfech pfipadech nepfesahla hodnota
stanovena na lopatce, viz obrazek 6. Dale byly hodnoceny radialni a axialni deformace,
pfedevSim na vné&jSim meridianu lopatek. Z vysledku vyplyva, Zze béhem provozu nehrozi
riziko vymezeni navrzenych vili mezi rotorem a statorem. Z hlediska statické pevnosti bylo
kompresorové kolo shledano jako vyhovuijici.

Jak jiz bylo popsano vyse, Zivotnost je posuzovana prostfednictvim vypoctového
odhadu nizkocyklové unavy, ktera je porovnavana s jinymi, podobnymi aplikacemi.
Duvodem jsou predevsim zjednodusSujici predpoklady analytického vypoctu a dosavadni
absence jeho relevantnich verifikaci. ZkuSenosti i dlouhodobé zkouSky totiZ potvrzuji, Ze
zivotnost PEJ jako celku je zpravidla omezena jinymi soucastmi, resp. konstrukcnimi celky.
U zde posuzovaného kola byla pro vyse definovany cyklus stanovena nejnizsi vypoctova
zivotnost 24 000 cykll na pfechodovém radiu zadni strany disku (technickou specifikaci
PEJ je pozadovano min. 6 000 startl). Pro dany produkt se jedna o hodnotu v bézné
pocitanych mezich. V centralnim otvoru byl zjiStén o dva fady vysSi pocCet a na lopatce
vznika vlivem deformace napéti tlakové.

http://aum.svsfem.cz
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Obrazek 6 — Vlevo a uprostfed: Vyhodnoceni ekvivalentniho napéti; Vpravo: Vyhodnoceni radialni
deformace.

Prostfednictvim modalni analyzy vetknuté lopatky byly identifikovany a roztfidény
vlastni tvary kmitani lopatky a mezilopatky od kmitani disku (viz obrazek 7), ktery neni
prostfednictvim aerodynamického buzeni realné vybuditelny. Pocet skute¢né vybuditelnych
tvard (tzn. uzlovych pramérd k.n) je dale omezen kombinaci statorovych a rotorovych
lopatek podle rovnice (1). Standardné se uvazuje prvni a druhy harmonicky nasobek h pro
tfi rotujici tvary (tfi konstanty c, nejblizSi poméru s/r). U hodnoceného kola vychazi dva, tfi
a pét uzlovych pramérd (opét jsou uvazovany kombinace lopatek pro vstupni a vystupni
stranu kompresoru).

Vypoctené frekvence, které pfislusi vySe uréenym uzlovym praméram, byly
zpracovany do Campbellovych digramU (napf. viz obrazek 8), zobrazujici zavislost vlastni
frekvence na otackach. Pravdépodobné rezonanéni stavy jsou nasledné identifikovany
praseCikem vlastni frekvence a tzv. nabéhové pfimky, ktera je h-s nasobkem otackové
frekvence. Snahou je vyhnout se témto rezonancim v blizkosti provoznich (a jinych
dilezitych) otacek PEJ. V opacném pfipadé dochazi k ulomeni lopatek vlivem vycCerpani
vysokocyklové zivotnosti. U hodnoceného kola byly posuzovany provozni a stabilizani
otaCky (stabilizace hofeni pfi startu), v jejichz bezprostfedné blizkém okoli nebyly
rezonance nalezeny. Kolo je z hlediska modalnich vlastnosti vyhovujici.

A

Obrazek 7 — Ukazka vlastnich tvard kmitani: disk (vlevo), lopatka (uprostfed), mezilopatka (vpravo)

http://aum.svsfem.cz



27th SVSFEM ANSYS Users' Group Meeting and Conference 2019 SVSFEM s.r.o

Olopatkovany disk, k., =5;r=12;s =17

20
19 ¢ 29 000 RPM| {49 074 RPM

18 £ |

flkHz]

TD\EH

15 |
14 | ,/
13 | ﬁ/
12 £ P

F //
11 £

E P
10 £ /)U

4

0 10 20 30 40 50 60
n - 10° [RPM]

Obrazek 8 — Campbelldv rezonanéni diagram (pét uzlovych pramérd, vystupni strana kompresoru).

Pro posouzeni vlivu buzeni lopatek kompresoru byla provedena harmonicka
analyza. Prubéhy vychylek a napéti byly zjiStovany na tfech po sobé jdoucich lopatkach a
mezilopatkach. Vysledkem jsou frekvenéné-amplitudové charakteristiky, viz obrazek 9
(vystupni strana kola). Z grafli je patrnych pét potencialnich rezonanci, pfiemz pouze ffi
jsou pomérové vyraznéjsi. Absolutni hodnotu amplitudy nelze v tomto pfipadé uvazovat.
Duvodem je napf. neznalost realné budici sily, ktera byla mj. ve vypoctech uvazovana
konstantni v celém frekvenénim spektru. Také skute¢na hodnota tlumeni neni znama.

U obou uvazovanych variant, tzn. vstupni i vystupni strany kompresoru, bylo
identifikovano nékolik vyraznych rezonanci, vyskytujicich se mimo dulezité otackoveé
hladiny PEJ. Ty jsou pfi jejim startu rychle pfejizdény, tudiz nepfedstavuji zasadni riziko.
V oblasti stabilizace hofeni nebo provozu kompresorového kola nebyly nalezeny
rezonance, které by mély ohrozit jeho provozuschopnost.
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Obrazek 9 — Frekvenéné-amplitudové charakteristiky pro pfipad vystupni strany kompresoru.
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4 Zavér
V kratkosti byla pFedstavena pevnostni numerickd kontrola radialniho
kompresorového kola, rozdélena do tfi zakladnich oblasti. S nejbé&znéjsi statickou kontrolou
nejsou vétsinou velké potize. Hodnocené kolo zpravidla vychazi z ovéfeného navrhu, ktery
je modifikovan zménou lopatkovani, jak z pohledu geometrie (tloustky, zakfiveni, apod.),
tak z pohledu poctu lopatek. Takové zmény maji zasadni vliv pfedevS§im na dynamicke
chovani, tudiz této oblasti je vénovana vétsi pozornost.

Dynamicka kontrola byla feSena skrze aerodynamické buzeni, vznikajici interakci
proudu vzduchu s lopatkami statoru a rotoru. Z modalni analyzy bylo ziskano pomérné
velké mnozstvi vlastnich frekvenci a vlastnich tvarl kmitani. Realné je vSak vybuditelna
pouze Cast, pfitom nékteré jsou vice a nékteré méné nebezpecné. Z tohoto diuvodu byla
provedena harmonicka analyza, jejiz snahou bylo porovnat velikosti amplitud jednotlivych
potencialnich rezonancnich stavd. Vysledkem analyz je zavér, Zze v oblasti dllezitych
otatek PEJ se nenachazi nebezpelné rezonance. Toto tvrzeni je samoziejmé patficné
ovéfovano nalezitymi zkouskami celé PEJ.

Dale bylo kolo hodnoceno z pohledu nizkocyklové unavy, prostfednictvim znamych
a dostupnych teoretickych vztahd. Odhadovany pocet cyklu byl stanoven nékolikanasobné
nad ramec garantovanych pocta starta PEJ.

Ve vysledku bylo kompresorové kolo shledano jako vyhovujici. V sou¢asné dobé
bylo vyrobeno 80 kusl. Prezentované analyzy byly pouzity pro pInéni certifikacnich
pazadavkl civilniho letectvi podle CS-APU 300 (Vibrace) a CS-APU 310 (Omezeni
Zivotnosti).
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INFLUENCE OF THE TEMPERATURE IN THE VENTILATED DOUBLE-SKIN
TRANSPARENT FACADE

MAREK MACAK?, BORIS BIELEK?

!Department of Mathematics and Descriptive Geometry, Slovak University of Technology
in Bratislava, Faculty of Civil Engineering, Radlinského 11, 810 05 Bratislava
2Department of Building Construction, Slovak University of Technology in Bratislava,
Faculty of Civil Engineering, Radlinského 11, 810 05 Bratislava

Abstract: The paper deals with the Computational Fluid Dynamics (CFD) modelling of the
double-skin transparent fagade. In CFD simulation of double-skin transparent facade we
study the change in air temperature from external influences like as radiation. The air
momentum is defined by suction power of the air heat pump. In our study we have
performed simulation for a cavity of a 4-storey double-skin transparent facade.

Keywords: computational fluid dynamics, double-skin transparent fagade, Realizable k — ¢
model, solar energy

1. Introduction

The technology of building facades is determined by architectural trends and the
development of technology itself, societal requirements and other factors. The design of
modern wall claddings is driven by climate-specific contexts on one hand and on the other
in response to regulatory and social aspects governing the quality of work environments.
Ecological, low-energy architecture with automated control systems for environmental,
energy, security, transport, communication and information processes is also finding a
home in facade technology that uses environmentally-friendly renewable energy sources
that are in line with the concept of sustainable development of the European construction
industry.

The double-skin transparent fagcade concept is one of the types of the facade
technology of buildings that uses environmentally-clean alternative source of solar energy;
although the concept is not completely new, the growing tendency to use these facades in
architectural design, especially in Europe, cannot be denied (Bielek, 2002). In addition,
double-skin facades, historically speaking, have been used more often in European
architecture than in the United States. This is probably due to significantly higher energy
prices in Europe and a traditionally higher concern for ecology and the enviroment.

From a technical point of view, development of modern double-skin transparent
facades is based on the physical theory of cavities, which allows for a wide range of
maodifications, e.g., in cavity geometry or in the types of glazing systems used (Bielek, 2002).

This paper presents computational fluid dynamics (CFD) for double-skin transparent
fagade concept modeling efects of radiation and air flow due to air pump. First, in Section
2 we describe equations for temperature and turbulent model. Section 3 deals with the CFD
simulation, computational domain, mesh setting and boundary conditions. In Section 4, we
present obtained results. Finally, Section 5 concludes the paper.

2. Applied equation for simulations
These assumptions were considered: steady-state flow, Newtonian fluid,

incompressible turbulent flow, constant physical properties and sun radiation. This
assumptions leads to these equations. Namely:

Continuity equations:
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V.pu=0, (1)

Momentum equations:
p(u.Vu) = —Vp + uV?u, (2)

Energy equations:
pc,(w.VT) = AV2T,  (3)

where u is velocity [m/s], p is density [kg/m?], u is viscosity [Pa.s], ¢, is specific heat
[J/kg.K], 1 is thermal conductivity [W/m.K] and T is temperature[°C].

Form turbulence modelling we use the two-equation Realizable k — € model (Wilcox,
2006) with transport equations formulated as:

V.[pku—(u+g—;)Vk] =P, +P,—pe—Yy +Si, (5)

V. [peu— (i +4) Ve| = pCiS, — Copiim = 1o CacPy + S 6)
p u o = plq1o¢ 2pk+x/v_s 1e 3, L3¢l &

where k is turbulent kinetic energy in [m %/s?], € is turbulent dissipation rate in [m?%/s?],
Uz is turbulent dynamic viscosity in [kg/m.s], P, is generation of the kinetic turbulence energy
due to the mean speed gradient, P is generation of the kinetic turbulence energy due to the
lift, Y, is increase from fluctuation in compressible turbulent flow to overall dissipation, C; =

max [0.43 n"?] C,, C1¢, C3. are model constants, g, and g, are Prandtl numbers for k and
g, S, and S, are user-defined source term.

All equations were integrated using a commotional CFD package ANSYS Fluent
(Ansys, 2018) which use finite volume method (Eymard, 2001).

3 Numerical simulation
For the simulations we have used program ANSYS Fluent (Ansys, 2018).

3.1 Computational domain and mesh

In our simulation of double-skin transparent facade we chose a model with the
thickness of the cavity of 800 mm, and the length of a section of the fagade 6 x 1250 mm =
7500 mm. The height of the model corresponds to 4 storeys (4 x 3450 mm), as shown in
Image 1.

The exterior glazing of the double-skin fagade, which influences the energy gains of
the fagade most significantly, is modelled as a simple tempered glass with the thickness of
12 mm. Material properties was 4 thermal conductivity 1 [W/m.K], absorption 34% and total
solar energy transmittance 70%. The inner transparent wall consists of aluminium windows
with triple glazing. Material properties was A thermal conductivity 0.7 [W/m.K], absorption
20% and total solar energy transmittance 45%. The opaque wall of the building was modled
with concrete parapet wall 4 = 1.5 [W/m.K] ,thermal izolation A 0.03 [W/m.K] and aluminium
sheet cassette (4 = 202.4 [W/m.K]). At the level of each floor, the aluminium floor grid (1 =
202.4 [W/m.K]) with an effective area of 70% is mounted along the entire fagade.
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Mesh was generated using CutCell elements. The maximal element size was set 2
cm. All other settings were left on default. Generated was 2 492 692 elements with 2 933
091 nodes.

1900
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7500

Image 1 — Design of the double-skin transparent fagade.

3.2 Boundary conditions

Our computations include fluid and thermal simulations. Therefore, we explain each
case individually.

2.3.1 Fluid conditions

At the construction is an air intake opening at the bottom of the cavity. On this area
we set mass flow inlet as boundary condition. At the highest level of the cavity in the centre
there is an air outlet through an opening with the dimensions 700 x 355 mm and the area
of approximately 0.25 m2. On this area we set mass flow outflow as boundary condition. We
are investigated in these air flows rates 50, 100, 150, and 200 m*/min (real air flow rates for
heat pumps with primary energy of air).

3.2.2 Thermal conditions

For whole model we prescribe intensity of solar radiation at four levels of 150, 300,
450 and 600 W/m?accodring to climate data in area of Bratislava. On the interior rooms
behind the facade we set temperature of +20.0°C with heat transfer coefficient 4 W/m?2K.
The outside boundary condition of the facade we set temperature of the exterior air -11.0°C
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with heat transfer coefficient 25 W/m?K. Solar boundary conditions (absorptivity,
transmissivity) was set according to material properties describer in section 3.1.

3.3.3 Solution setting

All simulations ran as pressure-based, steady, without production limiter and
curvature correction. From solution methods there was used SIMPLE pressure-velocity
coupling scheme with the second order spatial discretization. Solution was initialized with
the hybrid initialization. The simulations were done when scaled residuals reached the
minimum values: 10* all quantities. The simulations were performed using parallel
processing on a desktop computer with one Intel Core i7-8700K 3.7 GHz processor and 64
GB DDR4 memory.

4 Results and discussion

We have performed computations for every radiation intensity and flows rates. We
presented results for the mean temperature in air outlet through an opening with the
dimensions 700 x 355 mm at the highest level of the cavity. In Table 1 we can see values
of mean air temperature in the outflow of double-skin transparent facade for different
intensity of radiation and air flow. For better illustration we present results also in graph, see
Image 2. In Image 3 we can see illustration of stream lines for different air flow and radiation
intensity. We can see that the air temperature in outlet increases by rise of intensity of
radiation and decreases by the higher rate of change of air in cavity. These results fulfilled
our expectations but to confirm these values we have to do experimental measurement in
situ.

Table 1 The mean air temperature in the outflow of double-skin transparent facade as
a function of the intensity of the solar radiation and the air flow through the cavity.

Air flow Radiation (W/m2)
(m3/min) 150 150 150 150
50 -4,38 0,73 5,84 10,99
100 -7,24 -4,31 -1,36 1,62
150 -8,30 -6,19 -4,05 -1,90
200 -8,91 -7,25 -5,59 -3,88
14,0
~12,0
£.10,0
L 8,0
}3’5 6,0
o 4,0
g' 2,0
L o0
‘T 2,0
G -4,0
6,0
X g0
10,0 50 75 100 125 150 175 280

Air flow through the cavity (m3/min)

Image 2 — The mean air temperature in the outflow of double-skin transparent facade as a function
of the intensity of the solar radiation and the air flow through the cavity
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a) b)

Image 3 — lllustration of streamlines a) Radiation 150 (W/m2) and air flow 50 (m3/min), a) Radiation
450 (W/m2) and air flow 150 (m3/min).

5 Conclusion

We have presented a study of concept of a two-stage system to utilize solar energy
to preheat the primary air for an air heat pump. The computer simulations have shown that
by thermal conditioning of the outside air in the cavity of a double-skin facade it is possible
to substantially increase the temperature of the primary air for the heat pump. The difference
between the temperature of fresh outside air and the temperature of thermally conditioned
air at the outlet from the cavity was ranging from 4 °C up to 23 °C depending on air speed
and radiation intensity.
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Image 4 — lllustration of air temperature a) Radiation 150 (W/m2) and air flow 50 (m3/min), a)
Radiation 450 (W/m2) and air flow 150 (m3/min).
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Abstract: Evaluation and quantification of the wind effect on the real urban structures is
very complex challenge. It has to be taking into account the approaching wind conditions,
surroundings structures and geometrical accuracy of the testing model. The present article
focuses on the solving this issue with an integrated numerical and experimental approach.
Calibrated numerical model based on Computational Fluid Dynamics (CFD) help us to
understand the wind effects and critical areas, which were solved closely with experiment.
Experimental part was planned in Boundary Layer Wind Tunnel (BLWT) in Bratislava at a
reduced scale models including the surroundings topography and buildings.

Keywords: computational fluid dynamics, boundary layer wind tunnel, case wind study,
external pressure coefficient, ansys fluent

1 Introduction

For complex understanding and quantification of wind effects on structures it is
offered various approaches. It could be used the in Situ measurement, experimental or
numerical approach. Each has advantages and disadvantages. Using only one approach
can cause the underestimation or failure. Therefore it is necessary to use the integrated
approach. It must be pointed out that each of them is evolving, expecially the numerical
simulations. Development of simulation models work hand in hand with accurate
experimental tests. Field of research that deal with development of numerical simulations
of wind effects on Civil Engineering is called Computational Wind Engineering (CWE). It is
based on Computational Fluid Dynamics (CFD). CWE study properties of natural wind in
the lower part of the atmospheric boundary layer (ABL) (0 — 200 m) where occurs to
turbulence. Correct definition of the turbulence is difficult. Better express of turbulence is as
a list of properties and attributes. It contains diffusivity, vorticity, randomness, scale
spectrum, 3D structure, dissipation and non — linearity. Comprehensive reviews have been
published (Stathopoulos, 1997; Reichrath and Davies, 2002; Blocken and Carmeliet, 2004).

Aim of this contribution was to used numerical simulation as prediction method to
localize the critical pressure zones which are important due to the design of fagade system.
Pedestrian comfort was evaluated too. Simulation show us zones where the wind effect is
major and reduce the measuring time and probes in wind tunnel.
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2 Numerical simulation

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 zone of the computational domain. These profiles are represented by the
roughness characteristics of the upstream terrain. Roughness of the approach terrain is
included in the computational domain for better catch of the ABL. For accurate results from
simulation it is necessary to achieve the similarity of the ABL and measuring models. Our
study is focused on using the calibrated numerical model (Franek et al., 2016) as a
preliminary wind analysis.

It was chosen the finite volume method implemented under program ANSYS Fluent
(Ansys, 2017). There are several turbulence models in Fluent. All computations were ran
as pressure — based, steady, without production limiter. From solution methods was used
SIMPLE pressure-velocity coupling scheme with second order spatial discretization, for
transient formulation was used second order implicit method. Solution was initialized with
hybrid initialization with default setting.

2.1 Turbulence model

For our computation it was chosen RANS Realizable k — € model. It is two equations
model where the solution of the turbulent dynamic viscosity in the Bussinesque hypothesis
is solved with two separated transport equations and it can determine the turbulent kinetic
energy k and turbulent dissipation . The first transported variable is turbulent kinetic energy
k. The equation for solving is formulated as
0 0 0 M, | ok
ot (Pk)"' ox, (pkuu) X, Kﬂ"‘ oy ] X, :l"' Pe+R —pe =Yy +5,. 3)

The second transported variable is the turbulent dissipation €. The equation is characterized
as

0 0 0 y7A £
—(pe eu, + + C,-C,P+S, (2
Slpebe tom) < s 222 s, e feum s, @

&

where u is the wind speed [m/s], t is time [s], k is the turbulent kinetic energy [m?/s?],
¢ is turbulent dissipation [m?/s®], p is the density [kg/m?], u: is the turbulent dynamic viscosity
[kg/m-s], v is the kinematic viscosity [m?/s], o is the turbulent Prandtl number [-], P« is
generation of the turbulent kinetic energy k due to the gradient of mean velocity [-], Py is
generation of the turbulent kinetic energy k due to the drag forces [-], Y is the addition of
turbulent dilatation [-], C1¢, C2, Cse are empirical constants [-], Sk and S, are the user defined
values.

2.2 Computational domain

The size of the computational domain was created according to maximum value of
blockage ratio, which is maximum 3 % (Franke et al., 2007; Tominaga et al., 2008). In our
case it was 2.65 x 1.6 x 0.6 km® (L x W x H). The distance from the investigated models to
the inlet, sides and top of domain boundaries is at least eleven times bigger as the
characteristic length, according to Franke et al. (2007) and Tominaga et al. (2008).

In our computational domain, generally three different region can be significant as it
is illustrated in Image 1. First zone is central where the actual obstacles (buildings,
construction, etc.) are modelled explicitly with their geometrical shapes. Second and third
zones are the upstream and downstream region, where the obstacles are modelled
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implicitly, their geometry is not included but their effect on flow is modelled in terms of
roughness (Blocken et al., 2007).
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Image 1 — Computational domain with boundary conditions
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2.3 Computational grid (Mesh)

Mesh was created with size function set on a distance using polyedral elements.
The element size on surface of the investigated building was 0.3 m with soft behaviour using
curvature function. Inflation for these surfaces was applied with 5 layers with the height of
the first layer 0.4 m. The element size on surfaces of the surrounding buildings was 3 m
with soft behaviour using curvature function. The element size on another surfaces was 10
m with soft behaviour using distance and curvature function. On bottom boundary was
applied inflation with 5 layers with the height of the first layer 0.4 m according to Blocken et
al., (2007). It was generated 4 845 975 nodes. Computational grid is illustrated in Image 2.

2.4 Boundary conditions
The inlet boundary conditions of the domain are defined by the vertical profiles

V' o741z
v(2) = ;In . 0
0 3)
V* _ VrefK
Z..+1Z
In ref 0
Z, (4)

where v(z) is mean wind velocity at height z, v" is shear velocity, zo is aerodynamic
roughness length (zo = 0.7), k is von Karman constant (k = 0.42), v is the reference wind
speed, which for external pressure evaluation was chosen according to the Eurocode with
National Annex (STN EN 1991-1-4, 2007) 25 m/s in reference height 10 m. For pedestrian
comfort it was 10 m/s in reference height 100 m.

http://aum.svsfem.cz

20



27th SVSFEM ANSYS Users' Group Meeting and Conference 2019 SVSFEM s.r.o

Turbulence in the inlet area in computational domain was derived from equations
k=—— (5)

*3

e(z) = (6)

K(z+12,)

where C, = 0.09. These boundary conditions fullfil the similarity of the mean velocity
and turbulence profile with BLWT Bratislava (Hubova and Lobotka, 2014) and urban
exposure terrain in location of investigated building.

On the surface of approach terrain and models it was applied the roughness. Due
to the fact that real buildings and structures are rough and the approach terrain too.
Application of the roughness on the approach terrain is important for fully developed ABL
and generation of the adequate turbulence. The equation of roughness height is defined as

9,793 z
k=0 (7)
CS
where ks is equivalent sand-grain roughness height [m], Cs is roughness
constant [m]. For our case of simulation it is recommended to use Cs equal to 1.0
(Blocken et al., 2007).

Conditions on the boundaries are illustrated in Image 1. In the inlet part was used
the similarity with ABL profile, outlet area was modelled as pressure outflow and on the side
walls it was used symmetry conditions with zero gradient.

Image 2 — lllustration of the coumputational grid

2.5 Results from simulation

Because of many simulations during the case study, the results are summarized in
Table 1. Only maximum and minimum value of pressure for various wind directions are
shown. As you can see from Table 1, the major effect has the minimum value of pressure.
It meas that the wind load which building is subjected, has the negative value. This suction
has to be consider for design of the fagade system. Minimum pressure was obtained on the
roof part, especially near the parapet and on the corner zone where the separation of
vortices occur. lllustration of pressure distribution for wind direction 330 ° is in Image 3.
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Table 2 Maximum and minimum value of pressure from simulation

Wind Max. pressure Min. pressure max ¢, min ¢
direction P P pe pe
] [Pa] [Pa] [] []

0 219.04 -728.15 0.21 -0.69
30 78.87 -172.85 0.08 -0.16
60 631.37 -890.27 0.60 -0.85
90 799.72 -774.93 0.76 -0.74

-738.40 -0.70
-815.47 -0.78
-1123.13

210 764.80

240 445.57 -1018.86 0.42 -0.97

255 463.24 -942.84 0.44 -0.90

270 396.49 -901.53 0.38 -0.86

285 161.73 -438.16 0.15 -0.42

300 429.49 -991.61 0.41 -0.94

330 611.39 0.58 | 133 |

611.391
H 410.187
| 208.984

7.781

l -193.423
-394.626
-595.830

' -797.033
-998.237
-1199.440

-1400.643
(Pa]

L]
&
]
)
e
N
€]

Image 3 — Pressure distribution for wind direction 330 °

3 Experimental measurement

After numerical case study the tunnel test campaign was planned on the reduced
scale of 1/300™" model including the surrounding topology. Taking into account the numerical
results and critical areas it was identified the zones where probes and tubes were located
on model and interested areas. Tests were carried out in a Boundary Layer Wind Tunnel of
Slovak University of Technology in Bratislava. It is named Low Speed Boundary Layer Wind
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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. ABL is generated by barrier and uniformly
roughness field. Height of the barrier was 150 mm. For this study, the ABL in the wind tunnel
was interpreted as a geometrical scale of approximately 1:300.

The pressure transducer was used for pressure measurement. This device was
conducted with plastic tube system to the investigated scale model. Transducer recorded
the differential pressure between the reference point in free stream area and the point on
the model. Then the pressure coefficient were defined as

P
cC. =— 8
® 1/2-pV? ®
where p is differencial pressure between local pressure on model and free stream
static pressure in reference height [Pa], V is the free stream reference velocity on the
reference height [m/s].

lllustration of the arrangement of models and topography during measurement in
wind tunnel is in Image 4.

Image 4 — Arrangement during tests in BLWT Bratislava

4 Conclusions

Numerical simulation shows us the overall view on the flow field around complex
buildings because it was not possible to expect the flow pattern as for isolated simple
building. Use of the calibrated and verified numerical model helps us for more accurate wind
analysis. This approach is appropriate for localization of critical zone. But the quantification
of loads and velocities is not very accurate. Values from simulations are slightly higher than
from experiment. Therefore the simulation was used as base and preliminary study. For
future works we will work to improve the simulation model for better catch with the wind
tunnel experiment.
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UTILIZATION OF OPTIMIZATION METHODS AND THEIR PRACTICAL APPLICATION
IN HYDRAULICS

MATEJ PETROVIC, MICHAL MASNY, JOZEF MICIETA
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Abstract: Various optimization methods and tools might significantly influence the product
development in hydraulics and create the added value of the time spending on the
optimization vs. the performance of the components. The article brings an overview of
optimization methods which were applied on hydraulics components in real cases. The
cases have been used for our product developments or component improvements. The
optimizations in these cases affected the designs and functions of hydraulic components.
Final designs have been physically tested and they are used in real applications.

Keywords: Optimization, Parametric, Non-parametric, Hydraulics

1 Introduction

THE AIM of the article is to describe the adoption of optimization methods in the
designing, developing and improving hydraulic components. The optimization processes
and best practices are included in the paper.

Optimization methods adoption and the components where they were applied to:
- topology optimization - plastic plug,

- parametric optimization - workpiece clamping,

- adjoint optimization - spool.

2 Topology optimization of the plastic plug

GENERALY SPOKEN, topology optimization (also known as a non-parametric
optimization) changes a material layout in defined design space with respect to boundary
conditions. The aim of the optimization is to maximize the efficiency of the system
(WIKIPEDIA, 2019). The ANSYS software uses the SIMP (Solid Isotropic Material
with Penalization method) gradient-based method (GUNWANT, 2012).

An exemplary topology optimization was applied on a plastic cover
made from polyamide Durethan T40ZS - injection molded material with non-reinforced
structure. The objective was to optimize the design regarding the strengths of the material.
It was required to not increase tensile yield strength over 90 MPa and flexural ultimate
strength over 130 MPa. The topology optimization played a key role to meet
the requirements.
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Plug

O-ring

Housing

Image 2 — Geometry of plastic plug — cross-section view

The plug load is caused due to the press fit of the O-ring, deformed between
the plug and the housing (Image 1). The maximum load is on the level of 210 N.
The most loaded region of the plug is close to the interaction of the hooks with housing.
They fix the plug in the housing.

One quarter-symmetric model including one complete hook was used
for the FE-analysis. The initial plug was verified using the loading described above.
The maximum principal stress is 137.33 MPa, which is 5.6 % over the flexural ultimate
strength and 52.6 % over the tensile yield strength. The maximum principal stress was
reduced to 100 MPa with geometry modifications (bigger radiuses, additional structures),
which is still on non-acceptable level (it is over the tensile yield strength).

1. |Initial plug 2. Topology optimization results
[ Remove (0.0t0 04)
D Marginal (0.4 to 0.6)
. Keep (0.6t0 1.0)

3. Topology optimized plug 4. Final tuned plug

Maximum principal strength
max

Flexural Ultimate Strength
Tensile Yield Strength

0
Image 3 — Optimization phases
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The second step was to use the topology optimization. The area of the hook was
modified — changed based on the topology sub-results within several phases to accept the
space possibilities, results are summarized in the Image 2 and the Table 1.
The next Topology optimized plug was designed with respect to the results. The maximum
principal stress decreased to 89.45 MPa. The reduction of the maximum principal stress
of the optimized plug was 35 % in comparison to the initial plug.

The outcome was presented to a team of design engineers, which made the next
final design-tuned plug. This was the final design, because the stress level was reduced
by additional 8.5 %. The maximum principal stress was 77.75 MPa and the plug is going
to be tested. Prototypes from 3D printed material are currently verified and real parts are
going to be available in a few months later.

Table 3 Maximum principal stress comparison, green: the darker the better;
red: the lighter the better

Maximum principal Tensile yield
stress (MPa) strength (%o)
Requirement - Target 90.00 100.0 %
Initial design 137.33 152.6 %
Topology optimized design 89.45 99.4 %
Final tuning 77.75 | 864% |

3 Parametric optimization of the workpiece clamping

A PARAMETRIC OPTIMIZATION at defined input variables finds extremes,
minimum or maximum of output parameters according to respect any goal function.
This type of optimization is usable if a simulation engineer knows all limitations
of the structure. Every input is defined as a parameter with limits. The number
of combinations of the input parameters (design points) defines the size of the optimization
(JEKINS, 2014). Generally, a parametric optimization optimizes an investigated area
(the most loaded area, spring shapes, etc.).

The aim of this particular case is to find the best position of the support pins
for a clamping mechanism. This is another way how to utilize the parametric optimization
tools. The support pins influence the precision of the machined housing after the machining
process.

Input parameters for the optimization process are the positions of the support pins.
The limits of each parameter were defined with a respect to the support pins
of the workpiece. The deformations of the machined functional holes were considered
as output parameters. The parametric optimization was done in the application
ANSYS Design Xplorer. 240 design optimization loops were done to reach the optimal
position of support pins.
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Pressure arms

Workpiece

Machined holes

Support pins

Image 4 — Clamping mechanism of workpiece

The outcomes of the parametric optimization were discussed with the production
team and the new configuration of the support pins is going to be tested. Calculated radial
deformations of the holes improved in the range of 7 — 31 %. The optimization shown
nonuniform loading of the support pins in the initial setup. Two-times higher loading comes
from preload bolt forces on the side with the two pressure arms (see Image 3), which can
generate unstable clamping. Two support pins near the side with two bolts (left side) were
overloaded in the original configuration. This effect has been eliminated
in the new configuration of the support pins (see Table 2).

Table 4 Radial deformation improvement, the darker green is the better it is

Radlal adefo atlo Origina Op e Difterence to
0 guratio 0 guratio e Origina
Hole 1 ng_imum 3.67 2.53
Minimum -6.67 -4.96 -26 %
Hole 2 Mfix_imum 12.25 11.45 -1%
Minimum | -20.50 -16.65 -19 %

4 Adjoint optimization of the spool

ADJOINT OPTIMIZATION is a type of non-parametric optimization. Adjoint Solver
and Morpher are special tools of Fluent which can extend the scope of standard flow
analyses. Adjoint Solver provides sensitivity data in respect to desired objective (pressure
drop, flow force etc.) The sensitivity data are used by Morpher for modification
of the geometry (LI, 2011).

Objective of this example was to eliminate the pressure drop over the spool.
The spool is as a barrier for oil flow and a key for the valve function as well.
Each modification which decreases the pressure drop results in increasing the valve
efficiency.

At first, the geometry of the valve cavities was modified for calculation
in the ANSYS Fluent software. For this type of FEA simulations, the model was prepared
only for one position of the spool. This position is probably the most frequent work stroke
of the spool for the selected dimensions at defined mass flow rate.

In the next step the first model for the calculation of the current geometry
was set up. The optimization process is described in the Image 4. All calculations were
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solved with a steady — state turbulent flow model for the same position of the compensator
spool in the cavity of the spool valve. Defined boundary conditions were the velocity
at the inlet and the pressure at the outlet. The inlet velocity was calculated
for the maximal value of the flow rate of 220 I/min and with the outlet pressure equals zero
in all calculations. The adjoint solver offers many types of observables of interest
such as force, moment of force, swirl ... (EIGGENSPIELER, 2011).

Initial geometry

CFD simulation (Fluent)

Optimization
(Adjoint solver)

Image 5 — Process of the optimization

Adjoint solver modifies the surfaces within the requirements and keeps a respect
for minimization of the pressure drop between the inlet and outlet (ANSYS, 2013).
Here is possible to check current value during the setting of studied parameter.
In Adjoint solution control, the stabilized scheme of the advancement controls was checked.
The convergence criteria were set up in the next step. If all necessary options are set,
the solution of the optimization calculation starts. After the calculation many sensitivity
parameters of the geometry could be compared. Design modifications were evaluated
in this case. The morphing control was used for the geometry editing. The modified
geometry was exported for the next analysis. Image 5 shows the modified design versus
the initial one. The diameter of the spool neck was changed and the opposite wall
to the flow angle direction is under 53°. This value resulted from the geometry configuration
and the boundary conditions. The velocity streamlines show how the spool shape impacts
to the oil flow through the valve. This influence is evaluated with the radial forces.

min max
[ -

Image 6 — Velocity streamlines of the initial design (left), the initial versus the recommended
optimized design (middle), velocity streamlines of the optimized design (right)

The spool was validated in the test lab in an open hydraulic circuit shown
in Image 6. In this simple hydraulic scheme, no measuring accessories are shown.
The spool (2) was tested in the two modifications — initial and optimized design.
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Both variants were tested with a pressure ramp from 0 to 300 bar with the flow rate of 220
I/min by the orifice (3).

Image 7 — Hydraulic scheme of the tested valve without the measuring accessories:
1 - Pump, 2 - Tested spool and 3 - Orifice

The outcome (see Table 3) is a 7 % smaller pressure drop and it was achieved
for oil flow through the valve. The spool modification has a significant influence
on radial forces, it means 50 % increase. This impact can be reduced by the next cavity
modification. Moreover, this modification came up to another 2 % improvement
of the pressure drop.

Table 5 Adjoint optimization results comparison, green: the darker the better;
red: the lighter the better

Geometry Delta pressure Delta Radial force to
reduction [%0] the reference [%]

Initial spool reference
Optimized spool -7 %
Optimized cavities -9 %

5 Conclusion

THE PAPER presents three types of optimizations: parametric optimization
and two non-parametric optimizations — topology (structures) and adjoint (fluid domains).
They have been applied in exemplary hydrostatic components. In general, optimizations
have a strong valuable impact on product/component design development
or its improvement. Deployment of optimization methods into the simulation-based design
with systematic optimization tools, no trial and error method - based on “by experience”,
speed up the development within 20-30 %.

As nothing comes for free, one key prerequisite is knowing the toolset
and its capabilities, otherwise this might need a lot of time and decrease the value
of the outcome.
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NUMERICAL INVESTIGATION OF A MULTISTAGE CENTRIFUGAL RADIAL PUMP

PROKOP MORAVEC!, LUKAS ZAVADIL?, JAKUB STARECEK?, TOMAS KRATKY*
! Centre of Hydraulic Research

Abstract: The paper is focusing on numerical simulations of both, CFD and structural
analysis of the multistage centrifugal radial pump CNE 2.2/5. Three types of a balance
piston are investigated to uncover their possible advantages or disadvantages for
a pump operation.

Keywords: Multistage centrifugal radial pump, balance piston, CFD, FSI, ANSYS CFX.

1 Multistage pumps

In general, the main attributes of a single stage centrifugal radial pump are
characterized by a type (shape/dimensions) of the impeller, operating conditions, and its
RPM. If a performance exceeding single limitation (RPM, size, etc.), exploitation of the
several impellers arranged in series is a fitting solution, where each stage contributes with
the same volumetric flow rate, but the heads add up to the total pump head (GULICH, 2014)
—see Image 1.

Image 1 — Multistage pump with the balance piston CNE 2.2/5

1.1 Balance pistons

Pressures created by the centrifugal radial pump cause axial forces on rotary and
stationary parts (Image 2). Proper design of these parts can help, but the remaining forces
need to be counterbalanced additionally (KARASSIK, 2008).
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Image 2 — Pressure distribution and axial forces on the impeller (KARASSIK, 2008)

For the single-suction impellers of the multistage pump, where all are oriented in the
same direction (Image 1), the total theoretical hydraulic axial thrust is computed as
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a sum of the individual impeller thrusts. A direction of such total theoretical axial thrust is
towards the suction part of the multistage pump. A part of this force must be balanced by
some form of hydraulic balancing device, such as a balancing disk or the balance piston, to
achieve the proper stability of the rotating parts of the pump (GULICH, 2014), (KARASSIK,
2008).

Balance piston induces a force, which acts in the opposite way than the axial thrust
and has several advantages/disadvantages (GULICH, 2014):

¢ Robust design
¢ High reliability in operation

e Higher leakage

1.1.1. Physical phenomena affecting the piston

The force, which acts in the radial direction, is in the annular seal established by the
direct stiffness. A significant pressure difference is created between the wide and narrow
gap, due to the higher magnitude of the inlet loss on the side with the narrow gap. Such
pressure difference causes a creation of a force, which centers the rotor (acts in the
opposite way, then the rotor radial displacement). This phenomenon is called the Lomakin
effect (GULICH, 2014) — see Image 3 a.

In the other way goes the Bernoulli effect with a de-centering impact (Image 3 b).
A circumferential velocity cy is in the annular seal maximal on the side of the narrow gap.
With the maximal magnitude of the velocity goes hand in hand the minimal value of the
pressure (Bernoulli equation). As a result, a force component F;g acts from the wide to the
narrow gap, such fact is captured in Image 3 b (GULICH, 2014).

Y11,

! Cu,min

Resulting force Pmax

proportional to area

a Inlet Qutlet b
Image 3 — Radial forces in annular seal: a Lomakin effect; b Bernoulli effect (GULICH, 2014)

It must be noted that a proper design of the balance piston should equalize both, the
Lomakin and the Bernoulli effect, to achieve the proper stability of the rotating parts of the

pump.

1.2 Piston modifications

Three modifications of the balance piston were created and afterwards examined
with CFD simulations, namely: the balance piston with flow channels in the rotor (Grooved
rotor, Image 4 a), the balance piston with flow channels in stator (Grooved stator, Image 4
b) and the balance piston with flow channels in stator together with a swirl brake (Grooved
stator + SB, Image 4 c).
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Image 4 — Types of the balance piston

The swirl brake (Image 4 c) is portrayed in the third modification by the red color and
in the fluid model is characterized by 36 rectangular chambers equally distributed at the
beginning of the balance piston.

When creating the presented modification, several key attributes of the balance
piston were pursued:

Change of the pressure field
Change of the velocity profile
Circumferential velocity decrease
Retaining volume losses

Inlet fluid pre-rotation suppression

Change of the resultant radial force acting on the piston

2 CFD simulation

Transient numerical simulations with ANSYS CFX were extensively utilized in
a process of capturing flow inside the multistage centrifugal pump and afterwards for
pressure distributions on the rotational and stationary walls, which were exploited in the
fluid-structure interaction analysis. The fluid model was created according to a CAD model,
in which all requested pump domains were present (Image 5). As a proper initialization for
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the mentioned transient calculations served stationary simulations, which estimated the
velocity and pressure fields in all flow domains.

=
Image 5 — Fluid domain

The SST k-w model of turbulence was chosen in all created CFD pump cases with
a timestep value that represented 2 degrees of the rotor revolution. Each transient pump
case included 117 expressions for capturing hydraulic attributes of the CNE 2.2/5.

2.1 Computational domains

The complete CFD fluid model had 37 partial domains separated from each other
with either, GGI (green), or transient rotor-stator (red) types of interfaces (Image 6). The
transient rotor-stator interfaces were employed between rotating and stationary domains to
ensure correct flow patterns inside the pump.

INLET

OUTLET

GGl INTERFACE

N

TRANSIENT ROTOR-STATOR
4 5
i
/

6a INTERFACE
1st STAGE

3

5th STAGE

Image 6 — Computational domains for CFD
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Pressure from an auxiliary pump served as an inlet boundary condition — in Image
6 is this fact characterized by a dark blue color in domain 1. On the other hand, the outlet
boundary condition was located in domain 8 and was portrayed by a mass flow rate, which
corresponded to the chosen volumetric flow rates characteristic for the multistage pump
CNE 2.2/5.

2.2 Computational mesh

The computational mesh of the multistage pump CNE 2.2/5 utilized hexahedral
elements (for impellers, side-walls, balance piston) and tetrahedral types of elements (for
inflow domain, outflow domain, diffusers, transfer tube, space behind piston) with high
resolution near the walls (Image 7). The hexahedral mesh was created primarily in
ICEM CFD, on the other hand, the tetrahedral computational grids were prepared in ANSYS
Meshing.

Image 7 — Computational mesh

With approximately 38 million nodes (58 million elements), the CFD simulations of
the CNE 2.2/5 pump were the largest project ever made in the Centre of the Hydraulic
Research..

2.3 CFD results

All performance characteristics of the pump were evaluated. However, the CFD
analysis was primarily focused on the flow inside the three modified types of the balance
piston (Image 6; domain 9), at first mostly on the absolute static pressure (Image 9) together
with the axial (Image 10) and the circumferential velocity (Image 11), which were examined
on a line located in the middle of the piston radial height (Image 8).

..

Image 8 — Position of the evaluation line (detail)
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Image 9 illustratavely shows gradual progress (decrease) of the absolute static
pressure at the optimal flow rate of the pump from the highest to the lowest magnitude
across the length of the balance piston. The length of the balancing device is expressed by
an axial position z (mm), where the beginning of each piston lies is in the axial position
z =613 mm and the end in 763 mm.

25

Grooved rotor

Grooved stator

N
o

Grooved stator + SB

= =
o w1

Absolute static pressure p (MPa)
ol

0
600 620 640 660 680 700 720 740 760 780

Axial position z (mm)

Image 9 — Absolute static pressure (optimal Q)

The balance piston with the grooved stator together with the swirl brake (green color,
Image 9) is distinguished by higher magnitudes of the absolute static pressure at the
beginning of its length. On the other hand, the absolute static pressure located at the end
of both modification with the grooved stator is significantly lower than in the modification
with the grooved rotor and even drops down to values close to the water vapour pressure.
It means that cavitation could possibly develop in these areas.
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Image 10 — Axial velocity (optimal Q)
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Images 10 and 11 capture specific (selected) velocities across the length of the
balance pistons. First (Image 10), the circumferential velocity in the optimal flow rate of the
multistage centrifugal radial pump is depicted on the line, which is positioned in the 50% of
the piston clearance.
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Image 11 — Circumferential velocity (optimal Q)

The axial and circumferential velocity decrease is obvious from Images 10-11 in the
balance piston case with the grooved stator together with the swirl brake (portrayed by the
green color). Such significant velocity change is caused by the rectangular chambers of the
swirl brake located in the front part of the device, where the current fluid flow is substantially
decelerated.

Images 10 and 11 also clearly reveal, how a change (enlargement) of the outlet area
of the balance piston, which is captured in detail in Image b, c, affected the examined axial
and circumferential velocities — the magnitude reduction of those mentioned velocities is
perceptible.

5,95

59 m Grooved rotor
B Grooved stator

5,85 Grooved stator + SB

Mass flow rate Qp, piston (K9/S)
9
(63}

5,6

5,55
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Image 12 — Mass flow rate in the balance piston (optimal Q)
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Image 13 — Radial force acting on the balance piston (optimal Q)

The last two images in this section (Image 12, 13) compare the mass flow rates
through the modifications of the balancing devices and afterward the radial forces acting on
the walls of the balance pistons. The highest mass flow rate has the modification with the
grooved stator together with swirl brake, on the other hand, the modification with grooved
rotor possesses the lowest mass flow rate through the piston (the difference is
approximately 0.2 kg/s). The walls of the piston modification with the grooved stator together
with the swirl brake exert the higher radial force (Image 13) than the other investigated types
of the balance piston, but the difference between the results is not significant.

3 FSl analysis (Static structural analysis)

Another crucial outcome from the transient CFD simulations was pressure
distribution, which acted on solid walls during the fluid flow across the pump domains. Such
pressure was imported on a solid model of the investigated multistage pump and afterwards

utilized in the static structural analysis — Image 14 illustratively shows pressure import on
the rotor of the pump.

Image 14 — Pressure import - rotor (structural analysis, Optimal Q, Grooved stator)

The static structural analysis employed a coarse mesh (Image 15) formed in ANSYS
Meshing (approximately 1.6 million nodes / 9 million elements), the pressure from one
timestep of the transient CFD simulation was used for both the static and rotating parts of
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the pump and a half of a clutch (yellow body — left side; Image 15), which simulated a proper
mounting of the multistage pump in a test circuit.

CLUTCH

\

L 7

Image 15 — Structural mesh

Image 16 compares a total deformation of a pump shaft for all investigated
modifications of the balance piston. Black lines in Image 16 show the position of the

balancing device.
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Image 16 — Shaft deformation

All the examined modifications display similar shaft total deformation at the axial
location of the balance piston (in a range approximately between 0.1 — 0.2 mm). Such
deformations did not exceed a total gap between the stationary and rotating part of the
balance piston. It must be noted that the total deformations were evaluated from one
timestep of the transient CFD simulation and on the centered rotor, which was rotated to a
specific position to properly fit and subsequently utilized the pressure fields on solid bodies.
This computational approach overestimated the total deformations and should be
substituted by the two-way FSI analysis, where the flow in the deformed piston is taken into

account.
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4 Conclusion and future outlook

The transient CFD simulations of the multistage centrifugal radial pump CNE 2.2/5
were performed for several RPM values and flow rates using turbomachinery-focused
ANSYS CFX. With almost 38 million nodes, this project was the largest numerical simulation
ever performed/executed by the Centre of the Hydraulic Research. Presented numerical
simulations were focused on the flow investigation in the area of the balance piston. The
balance piston is the device, mainly used in the centrifugal pump machinery to
counterbalance some of the axial force acting on the pump rotor. Proper dimensions and
overall shape of the piston play a crucial role in the correct behavior of this balancing device,
where two effects (Lomakin and Bernoulli) strongly influence the rotor stability. Three
modifications of the balance piston (with the grooved rotor, grooved stator and grooved
stator together with the swirl brake) were created, simulated and subsequently compared
on the flow and static structural basis. The flow analysis examined the static pressure, the
axial and circumferential velocities along the length of the piston in the 50% of its height
(see Image 8). From the CFD results is noticeable that the rectangular chambers of the swirl
brake strongly decelerated the fluid flow, which is projected in the axial/circumferential
velocity decrease and the static pressure increase at the front part of the piston. It must be
noted that the modifications with the grooved stator show lower overall values of the static
pressure in the rear section of the balance piston. This fact could be potentially problematic
due to the possible cavitation development. The static structural analysis was also
performed on all examined modifications of the balance piston. The total gap between the
stationary and rotary parts of the piston was not surpassed, but the results of this analysis
showed to be insufficient and the two-way FSI analysis will take place in the future work. In
short, the future outlook includes:

e Two-way FSI analysis
e Physical measurement

e Comparison between the measurement and the two-way FSI analysis

References

GULICH, J. F. Centrifugal pumps. 3rd edition. Heidelberg: Springer, 2014, xli, 1116 p.
ISBN 978-3-642-40113-8

KARASSIK, I. J. Pump handbook. 4th edition. New York: McGraw-Hill, 2008, 1102 p.
ISBN 978-0-07-146044-6.

Acknowledgement

The work was performed with support of Ministry of Industry and Trade project FV20134
Research and development of high-speed, high-pressure pumps.

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:

Ing. Prokop Moravec (p.moravec@sigma.cz), Ing. Lukas Zavadil, Ph.D., Ing. Jakub Starecek,
Mgr. Tomas$ Kratky

Centre of Hydraulic Research, Jana Sigmunda 313, 783 49 Lutin

http://aum.svsfem.cz



27th SVSFEM ANSYS Users' Group Meeting and Conference 2019 SVSFEM s.r.o

ON OWN CONSTITUTIVE MODELS IMPLEMENTATION INTO ANSYS
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Abstract: The main aim of this contribution is to help other researchers to implement
advanced constitutive equations into the FE program ANSYS. The basic procedure for user
programmable features is described. Then, the improvement of distributed UPF subroutine
is shown in 1D for the kinematic hardening rules of Prager and Chaboche. An implicit
numerical stress integration algorithm is used for the implementation task. Finally, some
interesting results of strain accumulation prediction based on own constitutive equations
are presented.

Keywords: FEM, plasticity, small strain analysis, material model implementation

1 Introduction

The phenomenological approach in constitutive modeling has been extensively
developed in last two decades. However, the material models available in commercial FE
codes are not up to date, because there are too many applications and it is difficult to find
out material models, which can help engineers with constitutive modeling. Too many
parameters and too difficult calibration procedure are two main reasons of the current
situation. There is no “universal”’ plasticity model even for materials with the same
microstructure, i.e. metals, elastomers, concrete etc. Each phenomenological model is
suitable for certain small group of materials, for instance austenitic stainless steels or
aluminum alloys. That is why the possibility of own constitutive material model
implementation is an important feature of FE codes. The main aim of this work is to describe
the way of own constitutive model implementation and application in ANSYS. Some
interesting results for MAKOC model with memory described in (HALAMA R., FUSEK M.,
SOFER M., PORUBA Z., MATUSEK P., FAJKOS R., 2015) are presented for asymmetric
multiaxial loading with emphasize on ratcheting description. The implementation for Prager
bilinear kinematic hardening rule, Chaboche nonlinear kinematic hardening rule and own
robust material model with a memory surface will be described briefly during the
presentation of contribution on the conference.

2 General information about user subroutines in ANSYS

2.1 User subroutines

ANSYS supports implementation of own constitutive equations via subroutines
written in FORTRAN or C++ (ANSYS, 2019). ANSYS distribution already provides
templates of user subroutines. In the case of plasticity or viscoplasticity, USERMAT.F and
USERPL.F can be modified according to the hardening model considered. Each subroutine
works with particular types of finite elements. Several elements linked to USERPL.F are not
available from GUI anymore (ANSYS, 2019). On the other hand, major part of them can be
activated using the ANSYS script language APDL (ANSYS Parametric Design Language),
thus the possibility of its usage is still available. New types of elements supports the
subroutine named USERMAT.F. Uniaxial version of constitutive models can be
implemented for 1D element LINK180 via subroutine USERMAT1D.F. The 3-dimensional
case corresponds to the subroutine USERMAT3D.F.
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2.2 Basic steps

By linking in own FORTRAN/C++ routine, a custom site-specific version of the
ANSYS program is created and can be subsequently used in a FE analysis. Depending on
the operating system a correct version of the Fortran and C ++ compilers must be installed
on the computer. In the case of ANSYS 2019 R1, Microsoft Visual Studio Professional 2015
update 3 (including the MS C++ compiler), Intel C++ 17.0.4 compiler and Intel Visual
FORTRAN 17.0.4 compilers are required. Before compiling, Customization Tools must be
installed from the ANSYS installation menu. The code can be compiled in following steps:

o First, itis recommended to correctly set the system variables in the operating system
e Creating a USERMAT.F file and copying it to the folder:
DISC:\Program Files\ANSYS Inc\vXXX\ansys\custom\user\platform

e Runthe ANSCUST.bat batch file, which will compile all * .F and * .C files in the folder
defined in the previous step. A new ANSYS.exe executable is created in the same
directory.

In the case of 64bit Windows operation system, the platform is winx64. The new
version of ANSYS.exe can be used by setting the path to the custom executable file in the
ANSYS APDL Product Luncher.

3 Small strain plasticity implementation

In this chapter, small strain case is considered for the general form of kinematic
hardening rule according to (KOBAYASHI M., OHNO N., 2002). During implementation, all
equations could be rewritten to the matrix form as eplained in the conference paper
(HALAMA R., FUSEK M., 2005). The MAKOC model with memory implementation is
described in more details in the paper (HALAMA R., MARKOPOULOS A., JANCO R.,
BARTECKY M., 2017).

3.1 Incremental theory of plasticity

The rate-independent material’'s behavior model includes the additive rule for the
total strain tensor

€=¢€°+é€P, 4)

with Hook's law assumption for elastic strain

o = D¢:ef = D% (e — €P), (5)
where €P is the plastic strain tensor and D¢is the elastic stiffness matrix. The symbol :
denotes contraction, ie. using Einstain's summing rule d = b: ¢ = b;jc;;. According to yield
surface concept, von Mises yield function is considered

fzg(s—a):(s—a) — Y2Y =0y +R, (6)

where s is the deviatoric part of stress tensor a, a is the deviatoric part of back-stress a,
which states the centre position for the yield surface, Y corresponds to the radius of the
yield surface with the initial size g, and R is the isotropic variable. When a point
characterising the current stress state lays on the yield surface, it is supposed, that it does
not leave the yield surface. Therefore, so called consistency condition must be satisfied f =
0. In the case of active loading (f=0 and f = 0), the associated plastic flow rule is often used
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0
dep, = \E dA EC’ (7)

whereas from the equation (3) goes

of _ |3s-a
dc 2 Y

The plastic multiplierdAin eq. (4) corresponds to the equivalent plastic strain
increment. Generally, combined hardening model can be assumed, so the model consists
of a kinematic hardening rule
da = g(a, €, de,, dp,n,etc.) (9)

and an isotropic hardening rule

dY = h(R,dp,0,a,€,,etc.). (10)

3.2 Radial return alorithm application

The group of cyclic plasticity models of Chaboche type is considered in this work.
Therefore, the backstress is decomposed to M parts

a=%1 a®, (11)
where each part is defined by its own evolution equation, mostly of Armstrong-Frederick
type

da® = ECl-dep —y,a®Pdp® (12)

where except material parameters C;, y; and plastic strain increment de,, the plastic strain

increment dp® appears, which caused dynamic recovery of a¥. The quantity dp® may
acquire a maximum value of the accumulated equivalent plastic strain, ie. dp® = dp =

2
/gdep:dep.

After Euler backward discretization it is possible to rewrite kinematic hardening rule

. N . .
a7(‘l,l-)’rl = ag) + gciﬂezﬂ - Viagﬁ)qﬂpr(llﬁ)q (13)
to this form

. . N9
a1(114)-1 = 91521 (a,(;) + gCiAfﬁﬂ)’ (14)
where

@ _ 1

@) < 1. Now, it is important to ensure the yield condition

fulfills the condition 0 < 6,7, <

3
fne1 = E(Sn+1 —Api1):(Spp1 — Apyq) — Ynz+1 =0, Y41 =0y + Ryya. (16)
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In each time-step the elastic trial stress tensor ¢}, is calculated from quantities
known and from chosen 4e,.4, i.e.

On+1 = 0p +D¢: A€, (17)
Therefore, the trial yield condition

* 3 * *
fre1 = E(Sn+1 — ap):(Spe1 — Ay) — er =0 (18)

is checked, if the loading is active. If it is true, the nonlinear scalar equation must be solved

T
_ J%(S?m —an) :(She1=An)~Yn+1

Appyq = I
@
36+¥M, 0,1,

The derivation of this equation was described by (KOBAYASHI M., OHNO N., 2002). For
the bilinear kinematic hardening (M =1) without assumption of isotropic hardening, when
Yo41 = Y, = oy the equation (16) can be solved directly, because 9,(1?1 = 1. In other cases
the solution can be found by an iterative algorithm, see Fig. 1.

(19)

START
/ c’.'l""-'.h:ll'E.'l'ElI pl }rl

|
T: ﬁ E.'H-I

U:u

— . _ T — passive :
{:h;__-_'{-'“_li_[j,_--'f-- p > A p-’lfl :D‘Unfl :U.lu-l
1 + active END
| EI;IJ"II = 1'- F.ll +1 = F.u

H;:fll d }:JI"'|

e

—~ Successive substitufion |

——Convergence —
--\-\_\_\-""‘——_\_\_\_\__ _____:-'—"'_---f
1

i T +
/ E.:.:fl 'G.'lfl 'a-':"l /

END

Fig. 8 — Stress integration scheme, see (HALAMA R., MARKOPOULOS A. et al, 2017)
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3.3 Radial return alorithm application

The need of tangent modulus calculation in each integration point was explained in
the paper (HALAMA R., PORUBA Z., 2009). In order to reach parabolic convergence of the
Newton-Raphson method in solution of global equilibrium equation, it is necessary to use
the tangent modulus consistent with applied integration scheme. For simple hardening
rules, for example Chaboche model, it is possible to determine the consistent tangent
modulus in analytical way, see (KOBAYASHI M., OHNO N., 2002). In cases of more robust
phenomenological models, it is sometimes necessary to use an approximation approach.
For the MAKOC model with memory, the approximation approach proposed in (HALAMA
R., PORUBA Z., 2009) has been applied.

4 MAKOC model with memory

The model based on AbdelKarim-Ohno (ABDEL-KARIM M., OHNO N., 2000)
kinematic hardening rule was extended in the contribution (HALAMA R., FUSEK M.,
SOFER M., PORUBA Z., MATUSEK P., FAJKOS R., 2015) by a stress based memory
surface to take into account influence of stress amplitude on ratcheting of Class C steel
(railroad wheel material). Only a comparison of predictions by Chaboche model (available
in ANSYS) and MAKOC model with memory for an out of phase loading path are presented
on the Fig.2.
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004 NEEY Proposed
] 5, ©O CASE1
i N B O CASE2
£ 0,03
= & CASE3
w
s A
=
w

o
o
N

-
-
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- - - -——-—

0 20 40 60 80 100
Number of cycles
Fig. 9 — Multiaxial ratcheting prediction of Class C steel by Chaboche and MAKOC models, see
(HALAMA R., SMACH J. et al, 2018)

5 Conclusions

Basic steps of the implementation procedure are specified in this paper. More
detailed description can be found for instance in papers (HALAMA R., FUSEK M., 2005)
and (HALAMA R., MARKOPOULOS A., JANCO R., BARTECKY M., 2017). Bilinear
kinematic hardening rule do not require additional iterations in integration points in contrast
with a nonlinear kinematic hardening rule. On the other hand, more robust cyclic plasticity
models enable correct description of Non-Masing behavior, ratcheting, mean stress
relaxation, additional hardening due to nonproportional loading and many other effects. The
USERMAT.F subrutine can be used for a visoplastic model implementation too. Then, there
is a possibility of creep — plasticity interaction description and so on.

The model MAKOC with memory based on AbdelKarim-Ohno kinematic hardening
rule, which was proposed by author of paper, was also applied in less complex version in
paper (HALAMA R., BARTECKA J., GAL P., in press). All previously mentioned effects of
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cyclic plasticity can be described by the new model, which is important for many applications
in industry.
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Simulace spalovani hnédého uhli ve fluidnim kotli

PAVEL FERKL, JINDRA KOSPRDOVA, PAVEL STRASAK
ENGINN EFFECT s.r.0.

Abstract:

Energy from burning of coal is still in widespread use in Czech Republic for heating
of buildings and generation of electricity. From the process viewpoint, there are several
challenges for operating a fluidized bed boiler. First, air inlets of boiler have to be designed
to reduce local spots with high temperature as much as possible. High temperature leads
to softening of the coal and its aggregation on boiler walls, which then leads to reduced
boiler efficiency or unplanned shutdowns. Second, fluidized bed combustion processes
often suffer from high amount of unburned carbon in flue, which lowers the overall efficiency.
We developed a simulation procedure, which is detailed enough to capture important
physical processes of coal combustion and at the same time it requires reasonable
computing time. We primarily focused on analysis of flow field a tracking of particles of coal
in the boiler. Finally, based on the simulation results, we proposed structural and operational
changes, which should lead to higher efficiency and smoother operation.

Keywords: CFD, combustion, fluidised bed

1 Uvod

Spalovani hnédého uhli je celosvétové stale velmi vyuzivany zpusob produkce
energie, at’ uz pro vyrobu elektfiny ¢€i uzitného tepla. Existuje nékolik druhd technologii pro
spalovani uhli. Mezi nejpouzivangjsi patfi roStové spalovani, praskové spalovani, fluidni
spalovani a zplynovani. Tento pfispévek se zaméfuje na numerické simulace fluidniho
spalovani.U fluidniho spalovani se pfedem rozemleté palivo dostava nad fluidni rost. Zde
je proudem primarni plynné smési udrzovano ve vznosu, v tzv. fluidni vrsté. Fluidni vrstvu
pak mimo paliva typicky tvofi je5té dalSi aditiva jako vapenec pro odsifeni a pisek pro
zvySeni stability fluidni vrstvy. Mezi hlavni vyhody tohoto zpUsobu spalovani patfi

e Relativné nizké teploty ve fluidni vrstvé, a tedy snizena produkce oxidu dusiku.

e Moznost pfidavku dalSich tuhych paliv jako biomasy nebo nékterych druht odpadu.

e Postupné davkovani spalovaciho vzduchu zpUsobuje nizkou koncentraci kysliku ve
vétSiné spalovaci komory a sniZzuje produkci oxid dusiku.

o MozZnost davkovani vapence pro ¢astecné odsifeni spalin.

o Typicky menSi velikost zafizeni potfebna k dosazeni stejného vykonu oproti jinym
technologiim.

Mezi nevyhody pak patfi zvySena citlivost na granulometrii paliva, zvySené emise
polyaromatickych uhlovodikd a relativné dlouhé startovaci €asy. Pod fluidni rosty je
pfivadéno jen omezené mnozstvi vzduchu. V horni &asti fluidni vrstvy tak dochazi
predevSim k odparu vody a tékavych organickych slozek. V dolni ¢asti pak probiha reakce
uhliku na oxid uhelnaty. Navic tim dochazi k omezeni uletu velkych popelovych &astic.
K dospaleni plynnych reaktantd (oxidu uhelnatého a organickych sloZek) pak dochazi
predevsim v horni ¢asti spalovaci komory.
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Z navrhového a provozniho hlediska je zajimavé mit znalost o proudovém poli ve
spalovaci komore. Tato informace muze pomoci pro vhodné umisténi a rozvazeni
vzduchovych vstupu, tak aby dochazelo k dobrému promichani plynnych reaktantl a
zaroven nedochazelo ke vzniku lokalnach mist s extrémné vysokou teplotou, ktera by
mohla vést k méknuti popela a jeho napékani na stény spalovaci komory.Za timto u¢elem
se v poslednich letech s uspéchem pouziva CFD simulaci, které jsou schopné predikovat
pole rychlosti, teplot a koncentraci hlavnich slozek. Druhou ¢asti modelu je pak simulace
pohybu a odhofivani diskrétnich &astic uhli, kterd dava cennou informaci o uletu a
pfipadném nedopalu Castic.Zbytek této zpravy je organizovan nasledovné. Nejprve je
pfedstaven numericky model, a vysvétleny jeho hlavni pfedpoklady. Nasledné jsou
predstaveny typické vysledky simulaci a okomentovany z nich plynouci dusledky. Zavérem
jsou pak shrnuty hlavni pfinosy a limitace prezentovaného pfistupu.

2 Metodika

Spalovani uhli je relativné slozity proces. Sestava se z nékolika kroku a ¢asti, které
je tfeba zohlednit, pokud chceme vytvofit smysluplny model, jeZz bude popisovat realné
chovani fluidniho kotle. Cely model Ize rozdélit na popis chovani tfi ¢asti — plynné faze,
fluidniho loze a palivové &astice.

2.1 Plynna faze

Proudové chovani je modelovano pomoci Navierovych-Stokesovych, realizable k-
epsilon (RKE) turbulentniho modelu a sténovych funkci. Pfi sdileni tepla jsou zahrnuty
tepelné toky vedenim, proudénim i salanim. Typicky je znama teplota ve vyparniku a
prehfivaku pary. Spolu s tloustkou stén pak tyto informace slouzi k formulaci okrajovych
podminek na sténach spalovaci komory. Jako radiaéni model je zvolena P1-aproximace
[1], ktera pFfedstavuje dobry kompromis mezi pfesnosti a vypocetni naroénosti.

U téchto typu simulaci je vzdy dulezité zvolit vhodny spalovaci model a reakéni
mechanismus. Mezi nejCastéji pouzivané turbulentni spalovaci modely patfi Eddy-breakup
(EBU) [2], Eddy-dissipation model (EDM) [3], Eddy-dissipation concept (EDC) [4] a Partially
stirred reactor (PaSR) [5]. Z téchto modell EB a EDM jsou zalozené na principu co je
smiSené, to se spali (limitace turbulentnim miSenim). Naopak EDC a PaSR navic
zohlednuji i limitaci chemickou kinetikou. Lze pak vyuZit jiz dfive publikovanych detailnich
reakénich mechanisml [6]-[8]. Pro prvotni vypocty zafizeni Ize doporucit EDM, ktery
s nizkym vypocetnim nakladem relativné pfesné popisuje turbulentni difuzni plameny.

2.2 Fluidni loze

Fluidni loZze je disperzni systém pevnych ¢astic v proudu plynné smési.
Z vypocetniho hlediska neni schiidné simulovat kazdou Castici zvlast v€etné jeji interakce
s proudovym polem, sténami zafizeni a ostatnimi ¢asticemi. V realité dochazi diky témto
interakcim a zménam velikosti Castic (rozpadem, agregaci, odhofivanim, odparem,
bobtnanim apod.) kjejich pomérné slozitému pohybu [9]. Ve velkych pramyslovych
zafizenich je nutné tento proces zjednodusit a divat se na fluidni loze jako porézni médium,
které predstavuje odpor vici proudu plynné smési. Vzhledem ke geometrii spalovacich
komor se Casto setkdvame s fluidnimi lozZi typu fontdna. To Ize zohlednit nastavenim
anizotropniho odporu ve fluidnim lozi, tak aby odpor ve sméru normaly ke fluidnimu rostu
byl mensi nez odpor v pficnych smérech.

2.3 Palivové c¢astice

V simulacich jsou &astice uhli modelovany pomoci tzv. diskrétnich &astic. Jedna
Castice v simulaci pfedstavuje mnoho realnych €astic uhli, které se pak v simulaci pohybuji
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jednotné. Tim se vyrazné snizi poCet Castic, jejichz trajektorie je nutné predikovat a tim se
snizi i vypoCetni naroky.

Pfedpokladame, ze Castice uhli se skladaji ze tfi hlavnich slozek — vody, t€kavych
organickych latek a pevnych latek, a ze pfi spalovani podstupuji nékolik po sobé jdoucich
déju [10]. Nejprve dochazi k odparu vody. K odparu dochazi, jakmile se teplota Castice
v simulaci zvySi nad urCitou mezni hodnotu. Poté, co €astice neobsahuje zadnou vodu,
zacinaji se z Castice odparovat tékavé organické latky. Realné uhli obsahuje Sirokou Skalu
rliznych tékavych organickych latek. V modelu jsou tyto latky nahrazeny jednou pseudo-
sloZkou, jejiz molarni hmotnost a spalné teplo je nastaveno tak, aby vyhfevnost modelové
Castice odpovidala vyhievnosti uhli. Pokud Castice neobsahuje Zadnou vodu ani tékavé
organické latky, dochazi k povrchové reakci uhliku s kyslikem. Vzhledem ktomu, ze
neuvazujeme zpétné reakce ani redukci uhliku s oxidem uhliitym, pfedpokladame, Ze
produktem reakce je oxid uhelnaty.

3 Vysledky

Rychlostni pole ve spalovaci komofe s fluidnim lozem muze vypadat jako na Obr. 1.
Vzduch je do kotle davkovan z nékolika vstup(l. Pod fluidni rost je pfivadéna primarni smés
vzduchu a recirkulacnich spalin. Celkové mnozZstvi plynu musi byt dostatecné pro udrzeni
paliva ve vznosu, aviak ne pfilis vysoké, aby nedochazelo k nadmérnému uletu Castic.
Smés navic musi obsahovat dostatek kysliku pro spaleni veSkerého pevného uhliku
z paliva na oxid uhelnaty, ale ne o mnoho vice, aby nedochazelo k nadmérné vysokym
teplotam ve fluidni vrstvé. DalSi vzduch je poté pfivadén sekundarnimi a tercialnimi dyzami
pro uplné spaleni oxidu uhelnatého a organickych tékavych latek.

Pokud je kotel provozovan jako na Obr. 1, pak je znacné mnozstvi vzduchu
pfivadéno az v horni &asti spalovaci komory. Jednim z rizik tohoto pfistupu je, Zze velmi
vysoké vystupni rychlosti z tercialnich dyz mohou vytvofit velky recirkulacni vir, ktery se
muze zatahnout az do dolni ¢asti spalovaci komory a zpUsobit tam neocekavané lokalni
zvySeni teploty. Druhym problémem pak muze byt nestabilita viru v oblasti styku silnych
proudu z tercialnich dyz, ktera muze negativné ovlivnit hladky provoz kotle. Dal§im rizikem
pak je relativné kratka vzdalenost od tercialnich dyz ke konci prvniho tahu, coz mize vést
na nedokonalé promiSeni a vznik nehomogenniho koncentracniho pole slozek.
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Obr. 1: Kontury rychlosti v pfiéném (Rez A) a pfiéném (Rez B) Fezu.

Problém recirkulaéniho proudu je zfetelné vidét na konturach teploty v Obr. 2. V levé
dolni &asti fezu A je vidét snizena teplota vlivem odparu vody z malych &astic uhli, které
jsou zahy po vstupu do kotle unaseny vzhlru proudem plynu. Naopak v pravé dolni ¢asti
fezu A je vidét zvySena teplota zplsobena recirkulaCnim proudem z tercialnich dyz, ktery
v této Casti zpusobuje lokalni zvySeni koncentrace kysliku, a tedy intenzitu hofeni. P¥Fi
teplotach nad 1100 °C pak dochazi k méknuti popelu a jeho napékani na stény spalovaci

komory.
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Obr. 2: Kontury teploty v pfiéném (Rez A) a pfiéném (Rez B) Fezu.

Druhou ¢€asti simulace je poté analyza trajektorii ¢astic uhli (viz. Obr. 3). Pomoci této
simulace je mozné urcit, jak velké Castice mohou ze spalovaci komory uletét a alespor
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pfiblizné predikovat nedopal v téchto Casticich. Nejmensi ¢astice (pod 100 um) jsou ihned
po vstupu unaseny do spalovaci komory, kde postupné ztraci vihkost, organické tékavé
latky a odhofivaji. Velké Castice (nad 1 mm) padaji do fluidni loze, kde dochazi k jejich
pomalému odhofivani a pfipadné rozpadu. NejvétSi riziko z hlediska nedopalu tak
predstavuji stfedné velké Castice, které podléhaji riziku uletu, ale zaroven jsou pfilis velké
na to, aby doslo k odhofeni veSkerého pevného uhliku.

§ \

e

Velikost ¢astic 0,63 mm Velikost ¢astic 1 mm

Obr. 3: Trajektorie ¢astic obarvené hmotnosti ¢astic.

4 Zavéry

Fluidni spalovani s sebou nese fadu vyhod, jako napf. flexibilitu ve vybéru paliva,
moznost ¢astecného odsifeni ve fluidnim lozi a relativné nizké teploty ve spalovaci komofre,
a tedy nizkou produkci oxidu dusik(. Technologie vSak s sebou nese i jista rizika, jako napf.
vznik recirkulaénich proudd, lokalni vyvoj velmi vysokych teplot a zvySeni nedopalu v uletu.
Numerickymi simulacemi lze predikovat jak rychlostni, teplotni a koncentracni pole ve
spalovaci komore, tak pohyb palivovych Castic za provoznich podminek a tim pfipadné
problémy odhalit. S podporou vypoctl pak Ize navrhnout Upravy vedouci k optimalizaci
celého procesu.
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PROBABILISTIC ASSESSMENT TO ANALYSE OF THE SSI EFFECTS
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Abstract: This paper presents the results of the probabilistic and sensitivity analysis of the
safety of the foundation plate considering the variability of the soil stiffness, structure
geometry, permanent and variable masses. The advantages and disadvantages of the
deterministic and probabilistic analysis of the foundation plate resistance are discussed.
The sensitivity analysis of the foundations to the variability of the soil properties provides
the important information for designers. The affectivity of the probabilistic design
methodology is presented on the example of building foundation plate. The response
surface method (RSM) for the analysis of the foundation plate reliability was used in
program ANSYS. The probabilistic analysis gives us more complex information about the
soil-foundation-structure interaction as the deterministic analysis.

Keywords: Soil-Structure Interaction, Probability, Sensitivity, RSM, ANSYS

1 Introduction

The requirements to design of the plate foundation increased due to development
of calculation method and computer tools. The calculation model and resistance
uncertainties determine the optimal design of the foundation plate. During the structural
design process, an engineer has to consider problems of the soil-foundation and
foundation-structure interaction in the point of view safety, reliability and durability of the
structures. In the case of the high-rise buildings, the design of the foundation has the
significant effect to safety of buildings.

Randomness in the loading and the environmental effects, the variability of the
material and geometric characteristics of structures and many other "uncertainties" affecting
errors in the computing model lead to a situation where the actual behavior of a structure is
different from the modeled one (Rosovsky, 1995, US Army, 1995) .

Recent advances and the general accessibility of information technologies and
computing technigues give rise to assumptions concerning the wider use of the probabilistic
assessment of the reliability of structures using simulation methods (Baecher, 2003, Cajka,
2014, Janas, 2006, Kersner, 2006, Kralik, 2006, 2009, Krejsa, 2016, Sykora, 2013). Much
attention should be paid to using the probabilistic approach in an analysis of the reliability
of structures (Rosovsky, 1995, Baecher, 2003, Cajka, 2014, Handbook 2, 2005, Kralik,
2009)

The deterministic definition of the reliability condition has the form

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

where RF is the reliability function, which can be expressed generally as a function of the
stochastic parameters X1, X2 to Xn, used in the calculation of R and E.
RF =g(X, X,,..., X,) )

The probability of failure is calculated as best estimation of the statistical parameters
and theoretical model of the probability distribution of the reliability function Z= g(X).
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The probability of failure is defined as best estimation of the numerical simulations
in the form

pfzﬁiZ:l[g(Xi)SOJ (4)

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

2 Calculation Model of the Foundation Plates

The resistance of the foundation plates of high rise buildings were investigated using
the deterministic and probabilistic analyses. The considered building are 20 storey
overground and 3 storey underground with storey height of 3m. The three types of the high
rise building were considered. First model “D1” consists two cores and columns system, the
foundation plate with dimension 21x36m and 1,5m thickness. Second model “D2” consists
two central cores and columns system, the foundation plate dimension is 21x30m.

Image 1 Calculation models of foundation plate — D1, D2 and D3

All columns in these buildings are 600/600mm in cross-section. The thickness of
floor reinforced concrete plate is 220mm. All floor slabs have a permanent load of 0.5kN/m2
and variable load of 2,0kN/m2. The material properties of this concrete building are Young’s
modulus, E = 30GPa and Poisson’s ratio ¢ = 0.2.

The walls and foundation plate was modeled in software ANSYS using shell
elements SHELL43, the Winkler subsoil by element SURFACE154 and the solid subsoil by
element SOLID45. There are 544 shell, 13260 solid and 416 surface elements.

3 Soil-Foundation Interaction

The consideration of SSI effects is very important during the design process of the
high rise building (Kralik, 2006). The influence of the variability of the soil stiffness
characteristic to the structure are not negligible (Baecher, 2003, Kotrasova, 2015, Kralik,
2009, Krejci, 2006, Melcer, 2016, Sucharda, 2018). The subsoil was considered as the
layered medium typical to the environs of the City Bratislava (Table 1). The stiffness of the
original subsoil is poor for the foundation of the high rise buildings usually. Hence the
technology of the soil upgrading is used. The system KELLER propose the effective
technology [Kralik, 2006] of the soil upgrading (Table 1). The subsoil can be modeled by 3D
FEM model or simple 1D Winkler model. In this paper the influence of the accuracy of these
soil models to design of the foundation plate are considered. The most popular is the simple
Winkler or Winkler-Pasternak model of the subsoil in practice (Kralik, 2009, Kotrasova,
2015). These models are based on the theory of the 1D soil columns. Winkler constant C
can be defined in the form (Baecher, 2003)

Table 1 The mechanical characteristic of the layered subsaoil

| Original subsoil Strengthened subsoil
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Lpoin Soil Soil
hi ¥ Edet v | Ce | o y Edet v | Ce | o
kNm kNm"
typ | [m] [3]'“ kpa] | - |[kPa]|[deg]| typ [3]”‘ kPa] | - | [kPa] | [deg]

1 G227 | 20 | 15330 {043 | O 31 | G2+ 23 | 75735 |020] 10 | 31

2 |[CH[35] 19 | 17810 [ 042 | 10 | 16 | CH+ 23 | 33747 1042 | 10 16

Soilcre
3 |ML 10| 23 | 12728 | 0.46 18 25 t 25 1900000 | 0.20| 80 20
Soilcre
4 | ML 28| 19 | 11142 | 0.30 18 22 t 25 1900000 | 0.20| 80 20
51SC|95| 19 | 10266 | 0.40 | 10 28 SC 19 10266 [0.40| 10 28
6 ([CH|45| 19 | 18692 | 0.35 | 10 16 CH 19 18692 (0.35| 10 16
7 |SC|40| 19 | 14953 [ 0.35| 10 28 SC 19 14953 | 0.35( 10 28
8 |CH|10| 19 | 19938 | 0.35| 10 16 CH 19 19938 | 0.35( 10 16
9 [SC|50| 19 | 16200 | 0.35| 10 28 SC 19 16200 [ 0.35| 10 28
h 2
dy o,
C = v(')-Eoed.k (Ej dz ~ W (5)

where Eqeq IS the mean oedometric modulus, w is the shape function of the settlement
along the depth of sail, o is the contact stress from the building under the foundation, w is
the settlement of the foundation. In the case of the layered soil the settlement may be
calculated by STN 1001 using the following formula

c O-z,i - rnio-or,i h (6)
= E .

oed,i

W =

where oz, is the vertical stress in the middle of soil layer under foundation, m; is the correct
factor dependent on soil type, oo is the original geostatic stress in the middle of soil layer,
hi is the layer thickness, Eoeq, is the oedometric modulus of i soil layer.

The Winkler subsoil can be modeled using surface elements SURF154 in the system
ANSYS. These elements can be defined around of plate area to consider the effect of the
soil resistance. The size of the boundary area Ly is determined as follow

L, =(h, /2).tan(g,,) (7)

4 Loading and Load Combination

The loading and load combination in the case of the deterministic as well as the
probability calculation is different due to requirements of Eurocode 1990 (Handbook 2,
2005) and JCSS 2000 (JCSS, 2001), too. In the case of deterministic calculation of the
structure the load combination is considered according to ENV 1990 as follows:

® Fundamental combination — deterministic method
Eq =7Gc +7Qc + 7WosSy (8)
where G is the characteristic value of the permanent loads, Qx - the characteristic value of
the variable loading, Sk - the characteristic value of the snow loading, yos - the combination
factor according to ENV 1990 (wos = 0,6). The load factors g, 7, and j are considered for
the ultimate limit state ( g = 1,35; 55 = 1,5; 55 = 1,5) and serviceability limit state ( 5 =
1,0; 15 =1,0; % = 1,0) in accordance with requirements of ENV 1990.

In the case of probabilistic calculation of the structure the load combination we
take following:

@ Fundamental combination— probabilistic method
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E=G+Q+S=g,G, +0,.,Q, +5.,5 9

var —m

where Gn, is the mean value of the permanent loads, Qm - the mean value of the variable
loading, S - the mean value of the snow loading, Qvar, Qvar, Svar are the variable parameters
defined in the form of the histogram calibrated to the load combination in compliance with
Eurocode.

5 Uncertainties of Input Variables

The effect of soil-structure interaction can be investigated in the case of probabilistic
assessment by sensitivity analysis of the influence of variable properties of soil (US Army,
1995, Baecher, 2003). A soil stiffness variability in the vertical direction is defined by the
mean stiffness value kix from the geological measurement and the variable factor ki_var.
The stiffness of the structure is determined with the mean value of Young’s modulus En,
and variable factor e_var. A load is taken with mean values Gm, Qm, Sm and variable factors
O_var, Q_var and S_var

The uncertainties of the calculation model are considered by variable model factor
0, and variable load factor g, for Gauss's normal distribution. In view of the uncertainties
of calculation soil model and mechanical soil properties the various stiffness of soil are
requirement to design foundation plate. In the deterministic analysis are used three values
of the soil stiffness (Low-Medium-High), which values are determined from the median and
lower and upper two quantile of this stiffness. These values of the quantile k, can be defined
for the normal distribution as follow
Ky =Ky-(12u, K, ) (10)

where kp is the quantil of the soil stiffness (for probability P=0.05 and P=0.95), kn is the
mean value of the soil stiffness, kw is the value of the soil stiffness variation (kw=Ko/km), Up
is the normalized of the quantil values. On the base of the requirements (US Army, 1995)
the standard deviation can be considered by 30% of mean value. The deterministic factors
of the soil stiffness are utilized by values 0.5/1/1.5 (Low/Medium/High).

The random distribution of the input variables are considered on the base of the
requirements ENV 1990. These values are calibrated to the ultimate limited state.

Table 2 Probabilistic model of input parameters

Name Quantity Mean | Variable | Histogram | Mean | Stand. | Min. | Max.
value | paramet. deviation | value | value
Soil Layer stiffness Ki,m Ki_var Normal 100 | 0.300 | 0.574 | 1.433
Material | Young’s modul. Em €_var Normal | 1.00 | 0.100 | 0.526 | 1.407

Action |Permanent Gm g_var Normal 1.00 0.100 | 0.526 | 1.407
Variable Qm1 Q_var Gama 0.60 | 0.350 | 0.005 | 4.073
Snow Sm S var Gama 0.35 0.245 | 0.003 | 1.953
Model |Action uncertaint O € var Normal 1.00 0.100 | 0.526 | 1.407
Resist. uncertaint Or I var Normal 1.00 0.100 | 0.526 | 1.407

6 Reliability Criteria for Seismic Resistance of Structure

Reliability of the bearing structures is designed in accordance of standard requirements
ENV 1992 for ultimate and serviceability limit state. The foundation reinforced concrete plate
is designed on the bending and shear loads for ultimate limit state function as follow (Kralik,
2009)

g(M):l—ME/MRZO, g(\/):l_VE/\/RZO (11)
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where Mg, VE are design bending moment and design shear force of the action and Mg, Vr
are resistance bending moment and resistance shear force of the structure element.

The settlement we of the building is determined by the limit settlement wr in
accordance with ENV 1997 in the form (Kralik, 2009)

g(W)zl_WE/WR 20 (12)
where we is the vertical displacement, wr is the limit value of building settlement.

7 Sensitivity Analysis

Sensitivity analysis of the influence of the variable input parameters to the reliability of the
structures depends on the statistical independency between input and output parameters.
Matrix of correlation coefficients of the input and output parameters is defined by
Spearman (Kralik, 2009).

The results of the sensitivity analysis of the settlement and bending moment of
action of the foundation plate to the fundamental load combination in the model D2c are
presented in the Image 2. These pictures present, that the variability of the input parameters
Qvar, Qvar and Svar have the significant influence on the settlement and parameters Qvar, Qvar,
evar, Svar and Ka.ar are important for the bending moment my. The uncertainties of the
variable load is first important parameter for the settlement and the bending moment and
the variability of the permanent load for the shear forces. The ratio of the variability of
input parameters is different in the model of foundation plate D1, D2 and D3. The
configuration of the building walls and the columns impact to the behavior of the internal
forces of the foundation plate.

NN
Linear Correlation Sengitivities
EBesult Set DT RSM
significant:
_VER:
W GVFR
E_VFE
-4 SRR
Insignificant:
-2 1
¥I_vFR
F2 VTR
_al Al
¥4 VAR
FEVAR
-4 FEVFE.
FIFR
_cl FEWER
N ] K3 VFR
¥ PR
~ 9 ————] ificance level:
FRATES
-7 e —
-8 I—
-4 I—
Cutput Parameter W MK
Die. Reinforved Cancrets Fowdation Plate * Lol
AN

Linear Correlation Sengitivities
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DZe, Rednforved concrets Fomdation Plate * LGl

Image 2 Sensitivity analysis of the foundation plate settlement w and bending moment mx
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Image 3 Sensitivity analysis of the shear SVx and bending SMx safety function of plate

In the case of the shear and bending resistance sensitivity analysis of the plate, the
most important variable parameters are the resistance rvar and Quar, Qvar, Kavar @lso. The
sensitivity of the safety function on shear resistance and bending resistance is presented in
the Image 3. The sensitivity analysis gives the valuable information about the influence of
uncertainties of input variables (load, material, model,) to engineer for optimal design of the
structures.

8 Comparison of Deterministic and Probabilistic Analyses

Deterministic calculation of the resistance of the foundation plate for three type of wall and
columns configuration was realized on the models D1, D2 and D3. The calculation model
of the subsoil was considered as a) Winkler under plate area, b) Winkler under plate area
and around strip, ¢) Solid under and around of plate area. The stiffness of Winkler
constants are calculated from the equation (10). In the case of the soil model (b) the full
and reduced stiffness (br) were considered.

Table 3 Comparison of deterministic analyses of the foundation plate

Model Wmax Mmax Vmax
[mm] [%] [kNm] [%] [kN] [%]
D1 a -136,09 118 304.45 116 640.30 83
b -116.89 101 152.44 58 648.27 84
br -161.39 140 221.21 84 824.33 107
C -115.48 100 262.67 100 767.73 100
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D2 a -90.83 54 97.09 113 541.46 88
b -89.04 53 115.59 42 521.32 62
br -132.42 78 163.89 50 718.06 60
C -169.23 100 233.48 100 871.13 100
D3 a -73.15 71 223.16 57 416.67 77
b -38.05 37 103.88 82 354.79 65
br -59.65 58 164.47 78 458.95 84
C -102.85 100 285.51 100 543.16 100
Note: Winkler model = a). b). br); Solid model = ¢)
Table 4 Comparison of the deterministic and probabilistic analyses
Model Wmax [mm Mmax [KNm Vmax [KN]
min mean max min mean max min | mean | max
Dic|D| -202.95 | -115.48 | -100.82 | 189.97 | 262.67 | 418.37 |659.09 | 767.73 | 927.90
P|-111.18 | -86.24 | -66.41 | 191.23 | 228.16 | 265.89 |453.57 | 554.16 | 668.88
D2c | D | -223.89 | -169.23 | -139.10 | 190.65 | 233.48 | 328.09 |746.72 | 871.13 | 1059.00
P | -148.60 | -107.92 | -78.82 | 154.02 | 184.69 | 217.06 |530.07|642.01 | 765.17
D3c|D| -192.32 | -102.85 | -71.06 | 205.95 | 285.51 | 458.77 |453.43|543.16 | 711.09
Pl -264.95 | -126.52 | -85.12 | 211.29 | 252.28 | 294.20 |341.18|411.50 | 487.56

Note: D = deterministic, P = probabilistic analysis; min and max values are defined for
the 5 and 95% probability to noexceedence

The reduction is defined by the ratio of the plate area and total subsoil area
kred:Ap/(Ap"'As)’ (13)
where Ay is plate area, As is the subsoil area around of foundation plate. The results from
the deterministic analysis with the different soil model (see Table 3) show us that the
maximal difference is equal 63% of the settlement in the model D3, 68% of the bending
moment in the model D2, and 38% of the shear forces in model D2. The scatter of the
values of the output quantities is dependent on the structural system too.

The comparison of the deterministic and probabilistic analyses on the same soil
model D3c (Table 4) show us that the maximal difference between the 95% quantile and
mean deterministic value of the output quantity is equal 83% of the settlement in the model
D3, 7% of the bending moment in the model D2, 13% of the shear forces in model D1. The
scatter of the values of the internal forces from the deterministic and probabilistic analysis
on the same soil model is lower as the difference between various soil models. The
probabilistic results give us the less conservative values than the deterministic analysis.

9 Conclusions

This paper presented the results of the probabilistic and sensitivity analysis of the
safety of the foundation plate considering the variability of the soil stiffness, structure
geometry, permanent and variable masses. The advantages and disadvantages of the
deterministic and probabilistic analysis of the foundation plate resistance were analysed [9].
On the example of three type of the high rise buildings the affectivity of the probabilistic
design methodology was presented. The approximation method RSM of simulation for the
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analysis of the foundation plate reliability was used on program ANSYS. The comparison
of the deterministic and probabilistic analyses on the same soil model D3c show us that the
maximal difference between the 95% quantil and mean deterministic values of the internal
forces are minor as 13%. The scatter of the output quantities between Winkler simple model
and solid soil model is higher than the differences between the deterministic and
probabilistic analysis in the same soil model. The probabilistic analysis gives us more
complex information about the soil-structure interaction than the deterministic analysis [9].
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CFD CALULATION OF AIRFLOW DISTRIBUTION IN GENERATOR
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Abstract: The purpose of this project was to develop the calculation methodology
for the air cooled turbo-generators using Computational Fluid Dynamics (CFD). This method
focuses especially on a complex ventilation design calculations of the rotating machines. It
is needed at the stage of prototype designing as well as at the stage of increasing power of
currently manufactured generators (very often requested on smaller machines which are
used on trailers). With this method it is possible to design well balanced cooling multi-
compartment system, improve basic ventilation system and reduce or even eliminate hot
spots.

The main focus of this project was to investigate limitations in air distribution design,
verification of the new calculation method with testing on manufactured machine and
improving the ventilation system of the machines wherever needed and possible.

[BRUSH]

TRUST. WELL EARNED.

DAX 7-290 Introduction

Output 50-60MW
Frequency 50/60Hz

> 300 units already manufactured

H 2500 mm w/o cooler
W 2600 mm
L5100 mm

Image 1 — Brush generator DAX 7-290
Keywords: CFD, ventilation, turbo generator, rotating machine

1 Description of Brush Generators‘ Ventilation

Brush generators are cooled by air either in open circuit, filter ventilated or closed
water cooled configuration. The generators internal air system is similar in all cases. Cooling
air is forced around the generator by means of two axial fans mounted on the rotor shaft.
The air is distributed into 3 main ventilation branches behind the fan.

One branch leads air across the stator endwinding to transfer duct which ends in
cooling compartment. Second branch leads air into the rotor and the third branch leads air
into the gap between stator and rotor where the air is mixed by the air from other branches.
Such a mixed air is going through the stator radial ducts to the generator exhaust to ambient
atmosphere or to the cooler depends on the configuration.

The rotor cooling air is flowing under the rotor endcap and is split into next 3
ventilation branches- one for cooling the endwinding and exhaust from the rotor endcap.
Next two branches lead air for cooling the rotor body through the subslots beneath the
winding slot and through interslots between the winding slots. The cooling air escapes from
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the subslots through radial exhaust ducts along the length of the winding while the exhausts
from interslots are positioned in the center of the rotor.

O 4 R R RR 0 R B OROH R R R RN R RN R H UK

........................

Image 2 — Scheme of generator ventilation system
2 Project Workflow

2.3 Geometry

The geometry was created in CAD system Autodesk Inventor and later simplified for
further CFD use in ANSYS SpaceClaim. The original 3D model was created for the
production of the real generator so a lot of modifications, simplifications and changes were
needed. Anyway all of the modifications should have no impact on CFD calculation of airflow
distribution inside the machine. The main goal was to create CFD model as close as
possible to the real model to get the results which correspond to data from the real testing.
After the model was simplified inverse volume of air was created and split to several smaller
regions for meshing purposes.

2.3 Mesh

Calculation mesh was created in ICEM CFD software. This was the most time
consuming stage of the whole project. The model is very complex with a lot of detailed parts
on the order of millimeters combined with generator which spans to the order of meters.
Bottom-up approach was used for mesh creation. In ICEM it is possible to create high quality
mesh with lot of geometry details and low HW demands.

With the dimensions of the whole machine approx. 2500 x 2600 x 5100 mm and for
example stator radial ducts approx. 10 x 460 mm, rotor subslot and interslot length 1450
mm with cross section in the range of millimeters and hundreds of small gaps and openings,
creating the high quality mesh was a challenge.

Non-conformal boundary interface was used at the stator-rotor connection. The
center of air gap was defined as the position of that interface which is in agreement with the
calculation of rotational models theory.
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Active core of rotor and stator were meshed separately and later joined into one grid
in Fluent solver. The computational grid consists of approx. 100 mil cells with the lowest
orthogonal quality 0.57.

Rotor endwinding, stator endwinding and fan suction area were also meshed
separately. Its surface mesh was created in ANSYS ICEM CFD, imported into Fluent
Meshing and meshed with native polyhedral cells. Total cell count was 17.5 million with
maximal skewness 0.79.

Total 139 181 897 cells,
88 126 464 hexaelements, 51 055 433 polyhedral elements

Fluent 2019 R1 1 " ; : TSN
Image 3 — Example of calculation mesh in ICEM CFD (L) and Fluent (R)

2.3 CFD Calculation

ANSYS Fluent was used as primary solver. All the calculations were performed on
single computer — processing station.

2.3.1 Calculation Settings and Boundary Conditions

Boundary condition of the model was set based on previous calculations. To achieve
required flow rate the inlet was set to type Mass Flow Inlet and two outlets to type Pressure
Outlet. This combination enhances the numerical stability of the solution. Walls were set to
no-slip conditions. Since the Moving Reference Frame (MRF) procedure was used the
rotational speed for the rotor part was set to 3000 rpm (50 Hz). Coupled solver was used
with pseudo-transient approach. Spatial discretization was set to second-order upwind
scheme, but the turbulence quantities which were set to First Order Upwind. Turbulence
was modelled with realizable k-epsilon model and Enhanced Wall Treatment wall function.
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Pressure outlet |

Mass flow inlet

‘ Pressure outlet

Rotor speed
3000 RPM

Symmetry

Image 4 — Boundary conditions setup on external faces

2.3.2 Used Hardware

All calculation was performed on processing station equipped with 745 GB RAM and
Intel® Xeon® Gold 6154 CPU @ 3.00GHz processor.

RAM demands: Single precision — 276 GB, Double precision - 408 GB
Total wall clock time required for 1 iteration was 81 seconds with 32 cores.

3.1 CFD Results

The main output from CFD analysis was airflow distribution inside turbogenerator.
A total of 420 different locations were monitored and evaluated for its air flow rate and
ventilation effect. Monitoring was automatized through journal script with enhanced
reporting capabilities.

Image 5 — Contours of velocity magnitude
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Image 6 — Pathlines coloured by velocity magnitude

3 Validation of CFD Results

3.1 Ventilation Measurement on Real Machine

To validate all air flow calculations it is necessary to compare the calculation results
with ventilation measurement. Measuring on a rotating rotor is practically impossible.
Therefore Brush proposed the measurement on a non-rotating rotor fed by two, identical,
external fans. Distribution of air flow in such a static rotor is almost identical to distribution
in rotating rotor.

On the other way, it is possible to measure stator ventilation on the completed
machine during standard tests.

Stator

The machine without connected electrical supplies ran at full speed until air
temperature stabilizes. Data were taken from many thermocouples, RTDs and air pressure
tubes.

Bottom / top transfer duct, inlet / outlet:

Prandtl tube, fixed on a rod, was moved uniformly across the left or right half of the
cross-section of the ducts or the auxiliary duct. It was positioned at the openings of
machine’s inlet/outlet.

Stator ducts:

Prandtl tubes were inserted into the outlet of the duct. The position was in the middle
of its width, 60 mm before the duct end. Only ducts accessible through outlet openings on
the upper wall of the machine (inspection panels) were measured. There were 2 measuring
points in each duct — on the left and right side, 550 mm from the vertical plane of symmetry,
measured on the circumference of stator yoke.

http://aum.svsfem.cz

67



27th SVSFEM ANSYS Users' Group Meeting and Conference 2019 SVSFEM s.r.o

TRUST. WELL EARNED.

VENTILATION TEST- DAX 7-290

Photos: _ il

[
L]

il

Image 7 — Stator ventilation measurement
Rotor

Measurement of the axial air flow distribution was conducted on a non-rotating
(stationary) production rotor. Two radial fans were connected via chambers and channels
to the rotor. The air flow rate supplied by fans and consequently the pressure in chambers
was adjustable. Total air flow rate was measured by two Thomas cylinders attached to the
fan inlet.

Special gadget was used to measure flow rate in subslot. It was placed step by step
on groups of holes in wedges. The anemometer probe was connected to the output pipe of
the gadget and the air velocity in the extension vas measured.

To measure flow rate in interslot, Brush used the auxiliary air channel shown, which
was put step by step on the exhaust of the interslot. The mean velocity on the channel
output was determined by an integration of the velocity profile by means of the anemometer
probe.

To measure flow rate in endwinding under the rotor end cap Brush used the
anemometer probe applied directly on the gap output. To make measuring easier, we
divided the gap into 4 equal sectors on the rotor circumference. The mean velocity on the
sector outputs was acquired by an integration of the velocity profile using anemometer.

TRUST. WELL EARNED.

VENTILATION TEST- DAX 7-290

Photos:

Image 8 — Test stand when assembly is completed.
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3.2 CFD Model Sensitivity

How the CFD model is behaving when geometry is changed was compared to test
on real machine. Transfer duct were blocked on the machine and the same way simulated
by CFD. The modifications which were tested consisted of fully open and partially blocked
ducts. Partial blockage was 50 %, 75 % and 90 % of the original cross section.

[BRUSH]

TRUST. WELL EARNED.

VENTILATION TEST- DAX 7-290

Photos:

Image 9 — Transfer ducts blocking by using woody covers with appropriate cross section holes
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Image 10 — Comparison of the airflow quantity in stator radial ducts along the machine in different
modification of machine's ventilation configuration.
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3.3 Comparative Study of Using ANSYS CFX/Fluent

Comparison was conducted to validate simulations by another tool. The aim was to
investigate benefits and drawbacks of each software. The CFX focuses on rotating
machines, while Fluent is more general CFD software. There was a little difference in setup
procedure and resulting velocity field. Since Fluent can benefit from direct connection to
Fluent Meshing it was chosen as primary tool for following simulations.

F

Fluent 2019 R1

Image 11 — Comparison of the velocity contours reached by Ansys Fluent (L) and Ansys
CFX (R).

3.4 CFD Transient Solution Compared to Steady Solution

While the steady state solution took 3 days of calculation the transient solution took
14 days for 1 real rotor turn.

The results from transient solution confirms accuracy of steady solution using
Moving reference frame/ frozen rotor approach.
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Axial distance from the central axis of machine (L) to end of stator core (R)

Image 12 — Comparison of the airflow quantity in stator radial ducts along the machine for steady
and transient setting of calculation
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3.5 Analytical Calculation

Brush’s in-house code for analytical calculation is based on ventilation resistance
network according to image 13.

Air flow distribution of the generator is calculated as follows:

* Ventilation calculation of rotor separately was done by the program “TBRv_4". The
slot part was solved like channel with branches, the end part of winding as thermo-siphon
effect.

* Ventilation calculation of stator separately, was done by the program “TBSk_5” as
preliminary one. The method of calculation is similar to the “TBRv_4”, the slot part.

* The complete ventilation calculation of generator was done in the program
“DOC1_1k2”. The air flow in branches of one half of generator (ventilation symmetry) were
solved as matrix of square and linear equations.

Image 13 — Example of the ventilation resistance network

4 Summary

Comparison of CFD predictions and analytical calculations with ventilation
measurement was accomplished.

The calculations were done on half of the rotor due to symmetry. The velocities in
the slot part were taken from the punched slits. Comparison between calculation and
measurement has been done for identical cross section of channels — see below.

The measured values are the mean values in appropriate channels and cross
sections.
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Generator air flow distribution
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Image 14 — Generator airflow distribution. Transfer duct inlet (A), total airflow across the fan (B),
air flow into airgap between stator and rotor (C), airflow into the rotor (D).
Note: (C) and (D) not possible to measure therefor measurement from nonrotating rotor was taken
for the comparison and is shown in image 15.

Rotor air flow distribution

M Analytic
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m CFD

A B C D

Image 15 — Rotor airflow distribution. Total airflow to rotor (A), airflow from radial exit of rotor
endcap (B), subslot radial flow (C), interslot radial flow (D)
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Rotor radial duct airflow
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Image 16 — Subslot airflow distribution along the rotor

Stator radial duct air flow
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Image 17 — Stator radial duct airflow distribution along the stator

5 Conclusion and Planned Future Activities

Values and trends from CFD are confirmed by the ventilation measurement on the
real machine even on different design configuration. Methodology of using the steady state
solution was confirmed by comparison to the transient calculation. Analytical calculations
provide good results in comparison to CFD. Nevertheless, it is not able to capture all details
which are currently needed by the market with increasing demand for higher power density
of each machine.

Future activities: Temperature distribution calculation
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