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Metodika aplikace optimaliza¢niho nastroje Adjoint Solver pri
proudéni zpétnou klapkou

BOJKO Marian, KOZUBKOVA Milada, HRUZIK Lumir

Zkoumani charakteristik zpétnych klapek Ize pomoci experimentalnich
a matematickych metod. V pripadech, které jsou obtizné teoreticky
Fesitelné, nebo dokonce zatim nereSitelné, je mozno ziskat
charakteristiky = pomoci  experimentu  pripadné  numerickym
modelovanim. Navic optimalizacni metodou Ize upravovat konstrukcni
navrhy za ucelem zlepseni parametru. V tomto prispevku je definovana
metodika aplikace optimalizacni metody na zpétnou klapku.
Vyhodnoceni metody Adjoint Solver je na zdaklade snizeni odporu.

Kli¢ova slova: numerické modelovani, odpor zpétné klapky, Adjoint Solver

Uvod

K optimalizaci hydraulickych komponentl a systému je mozné pouzit dvé metody. Klasickou
metodou je metoda experimentalni. V hydraulickych laboratofich se zkoumaji rizné modely
soucasti a zafizeni za ucelem poznani jejich zikladnich vlastnosti, ovéfeni navrhovanych
domnének, ptipadné uprav odvozenych teoretickych rovnic na rovnice, které se blize ptiblizuji
skute¢nosti apod. Piiklady experimentalnich méfeni jsou obsahem ptispévku [1], [2], [3]. V
nekterych ptipadech, jenz jsou jen velmi obtizné teoreticky feSitelné, nebo dokonce zatim
netesitelné, je mozno ziskat potfebné hodnoty pouze pomoci experimentu. OvSem ne vSechny
jevy jdou vypozorovat prostiednictvim modelii. Zde nachéazi uplatnéni matematicko-fyzikalni
modelovani, pii kterém pomoci matematickych modeld zaloZzenych na aplikaci fyzikalnich
zakont a jevu lze dospét k potiebnym vysledkiim. Tyto matematické modely spocivaji v definici
rovnic popisujici dané dé€je, které je nutné fesit prostiednictvim numerickych metod. K feseni se
pouzivaji vypocetni softwary typu Fluent, CFX apod.

V ramci funkce téchto softwarli lze provadét simulace, coz umoznuje v kratkém casovém
intervalu vyhodnotit rizné promeénné, optimalizovat konstrukci prvku tak, aby vyhovoval dané
aplikaci apod. Predpokladem ovSem zlstava kontrola dosazenych vysledki experimentalni
metodou. Optimalizace parametrl a tvarti vyrobki a zatizeni je jiz nedilnou soucésti navrhového
procesu. Dosahnout zlepSeni tvaru vyrobku, aniz by se muselo vyrabét mnozstvi prototypd, Ize
vytvofenim mnozstvi variant a provedenim simulaci pro rizné¢ podminky. To znamena usporu
Casu a financi za soucasného dosahnuti kvalitativniho zlepSeni.

2. Konstrukce zpétnych klapek

Zpétné klapky jsou armatury slouzici k fizeni prutoku pracovniho média v jednom sméru a
zamezeni pritoku média ve sméru druhém. Zpétné klapky se pouzivaji tam, kde je nezadouci
zpétné proudéni. Tedy jako ochrana Cerpadel, ventilator apod. Lze je montovat do potrubi
vodorovnych, svislych a v nékterych piipadech i Sikmych. Smér proudéni u svislych musi byt
vzdy nahoru. Pracovnim médiem mutize byt voda (motska, pitnd), para, ropa, vzduch, plyny atd.
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[4]. Vyuzivaji se pfedevSim v chemickém primyslu, energetice, vodarenstvi, plynarenstvi apod.
Jsou dilezitym prvkem v jadernych elektrarnach, ropovodech, plynovodech a parovodech.
Konstrukce zpétnych klapek se sklada z télesa, talite, hiidele (ptipadné Cepil), vika a tésnéni.
Fungovani klapek je samocinné, nebot’ k otevirani/zavirani klapky dochazi vlivem samotné vahy
talife a ptisobenim silovych u¢inkt proudici tekutiny na tento talif. Ve chvili, kdy jsou dynamické
ucinky média na talif v rovnovaze s gravitaci talite (pfipadné také pakou), dochazi k uplnému
otevieni. Jsou-li ale tyto silové ucinky malé, dojde k pfivieni klapky nebo k jejimu tplnému
zavieni. V piipad¢, Ze se v potrubi se zpétnou klapkou objevi proudéni v opa¢ném sméru, které
je vetsi, dochazi k zavieni klapky. Za normalniho provozu jsou klapky plné oteviené s
pozadavkem na co nejmensi pritokovy odpor [4], [5]. Dil¢i polohy klapky jsou znazornén na
Obr. 1.

Uzaviena poloha
zpétné klapky

S ——
T

Oteviena poloha
zpétné klapky

Obr. 1: Schematické zobrazeni klapky v uzaviené a plné oteviené poloze [6]

Zakladni charakteristikou klapky je zavislost tlakového spadu Ap, na prutoku Q. Tato
charakteristika se sklada z dil¢ich charakteristik, které jsou naméfeny pro rtizné thly pootevieni
talite klapky g (Obr. 2). Ztratovy soucinitel {"je ptimo zavisly na uhlu otevieni talite S (Obr. 2),
pricemz plati, Ze pti plném otevieni talife je ztratovy soucinitel nejmensi.

TéméF uzaviena klapka

4y}

Ap [Pa]

-p

PIné oteviena klapka

Q[ms] B I
Obr. 2: Ap-Q charakteristika zpétné klapky a zobrazeni zavislosti ztratového soucinitele na hlu otevieni
talife klapky [7]

3. Charakteristika optimalizace s gradientovou metodou

Existuje mnoho optimaliza¢nich metod, jejichz vhodnost pro kazdy ptipad je definovana ¢asovou
narocnosti tlohy a efektivnosti pfi manipulaci mnoha konstrukénich proménnych. Gradientova
metoda je nejznaméjs$i metodou, ktera je schopna pracovat s velkym mnozstvim konstrukénich
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proménnych. Tato metoda je feSena prostfednictvim vypocetnich schémat jako je schéma
kone¢nych diferenci a adjungovand metoda. Na rozdil od schématu kone¢nych diferenci je
adjungovand metoda méné cCasové narocnd pii odvozovani gradientu nakladové funkce,
predevsim kviili nutnosti provést vypocet pouze jedenkrat, pficemz je nezavisla na konstrukénich
proménnych.

Adjunovana metoda umoziuje fesit tlohy dvéma pfistupy - kontinualnim a diskrétnim. Oba
pristupy jsou odlisné, ale slouzi pro vypocet stejné citlivosti dat. U kontinualniho pfistupu jsou
adjungované rovnice pro vypocet analyticky odvozeny z diferencialnich stavovych rovnic, které
jsou posléze diskretizovany. Pii diskrétnim piistupu jsou diferencialni stavové rovnice
diskretizovany a az poté se pocitaji adjungované rovnice. V obou pfipadech jsou vysledkem
diskrétni adjungované rovnice. Problematika této ulohy je feSena pomoci diskrétniho pfistupu, na
jehoz principu pracuje ANSYS Fluent, potazmo jeho optimalizacni nastroj Adjoint Solver. [8],
[9]. Pokud se zméni né&jaky parametr definujici dany problém, pak miize dojit ke zméné vysledku
vypoctu. Mira zmény vysledku zavisi na citlivosti proudéni viici zménénému parametru. Derivace
vysledku podle zménéného parametru kvantifikuje citlivost prvniho fadu. Stanoveni téchto
derivaci je definici citlivostni analyzy.

Citlivost tekutinového systému stanoveného prostiednictvim Adjoint Solveru uspokoji potieby v
optimalizaci tvaru na bazi gradientu. Tim je tento feSitel jedinecnym a silnym inzenyrskym
nastrojem pro navrhovani optimalizace tvaru. Zplsob vypoctu piipomina vypocet standardniho
proudéni v mnoha ohledech. Je definovana metoda feSeni a monitorovani residualt, poté
provedena inicializace fesitele, ktery nasledné prochazi posloupnosti iteraci ke konvergenci.
Vyznamnym rozdilem je, ze se voli pozorovani skalarni hodnoty pfed zahajenim vypoctu. Jakmile
adjungované feSeni zkonverguje, je k dispozici derivace sledované proménné vzhledem k pozici
kazdého bodu na povrchu geometrie a 1ze nalézt citlivost sledované proménné pro konkrétni
nastaveni okrajové podminky. Je tedy k dispozici velké mnozstvi derivovanych dat, které mohou
byt pouzity ke konstrukénim upravam systému. Tyto upravy mohou byt velmi efektivni (nebot’
citlivostni soubor poskytuje mapu povrchu geometrie) pokud se aplikuji na oblasti s vysokou
citlivosti, protoze malé¢ zmény budou mit velky vliv na "vykonnost" systému [8]. Na Obr. 3 je
zobrazena metodologie feSeni pii pouziti modulu Adjoint Solver. [8] 9]

Obtaining
shape
sensitivity

AN /

Evaluate New
| optimized
results geometry

Obr. 3: Metodologie feseni Adjoint Solver [9]

K dispozici je nékolik proménnych slouzicich jako zaklad pro specifikaci kvantity, ktera je
cilem vypoctu. Zakladni sledované proménné jsou:

e sila: aerodynamicka sila v uréeném sméru na jedné nebo vice sténach

e moment sily: aerodynamicky moment o ur¢itém centru a ose momentu
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swirl (vir): moment hmotnostniho priitoku vzhledem k ose definované bodem a smérem

o tlakovy spad mezi vstupem (pfipadné skupinou vstupll) a vystupem (pfipadné skupinou
vystupil)

e pevna hodnota: jednoducha pevna hodnota miize byt specifikovana a pouzita v soustave
sledovanych proménnych

e povrchovy integral: rizné povrchové integraly mohou byt konstruovany pro urcité pole
proménnych v souboru ploch vybranych uzivatelem

3. Kritéria pouziti Adjoint solveru
Adjungovany fesitel je metoda, ktera ma urcité omezeni a je realizovana na nasledujicim zakladé:

e Stav proudéni je definovan pro trvale nestlacitelné jednofazové proudéni, které je bud’
laminarni, nebo turbulentni lezici v inercialni vztazné soustave.

e Zakladni proudéni je nutno fesit pro takové okrajové podminky, aby tiloha dobte a rychle
konvergovala (tj. aby nebyla siln¢ turbulentni, aby nevznikaly virové cesty z diivodu
obtékani prekazek, aby byl v zdjmové oblasti dostatecny tlakovy spad), protoze pak bude
dobfe konvergovat adjungovany fesitel.

e Pro turbulentni proudéni je pouzit predpoklad zmrazené turbulence, ve kterém se vliv
zmeén stavu turbulence nebude brat v tvahu pfi vypoctu citlivosti.

o U turbulentniho proudéni jsou standardni sténové funkce pouzity na vSech sténach.

e Adjungovany teSitel vyuziva metod, které jsou ve vychozim nastaveni prvniho fadu
presnosti v prostoru.

e (Okrajové podminky jsou pouze nasledujiciho typu: sténa, vstupni rychlost, vystupni tlak,
symetrie, rotacni a translacni periodické podminky.

Je dilezité si uvédomit, Ze tyto omezeni se nevztahuji na standardni vypocet proudéni, ale pouze
na Adjoint Solver. KdyZ je Adjoint Solver inicializovan nebo jsou vyhodnoceny sledované
proménné, pak jest¢ predtim, nez se provede samotny vypocet, se provadi mnozstvi kontrol za
ucelem stanoveni vhodnosti stavajiciho nastaveni feSeni pro analyzu adjungovanym fesitelem. V
ptipad¢, Ze je pii kontrole nalezena nepodporovana konfigurace feseni, je v nékterych ptipadech
mozné vypocet provést, avsak kvalita dat adjungovaného feseni bude horsi v disledku nesouladu.
Muze nastat také ptipad, kdy je nastaveni neslucitelné s vypocétem a je nutné provést zmény v
konfiguraci [10].

4. Charakteristika matematického modelu

Cilem prace je optimalizace konstrukce zpétné klapky za ucelem snizeni ztratového soucinitele
za pomoci adjungovaného fesitele v softwaru ANSYS Fluent - Adjoint Solver. V prvni fazi je
definovan matematicky model zakladniho proudéni zpétnou klapkou. Nasledné je aplikovan
optimalizacni nastroj Adjoint Solver.

Obecna charakteristika trojrozmérného matematického modelu [11] pro zakladni proudéni
klapkou:

e Obecné 3D jednofazové proudéni vody s konstantnimi fyzikalnimi vlastnostmi

e Turbulentni k-¢ standardni model se standardni sténovou funkci

e Izotermni proudéni
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e Nestlacitelné a casove ustalené proudéni vody

Nejdiive byly vytvoreny 3D modely klapky pro maximalni otevieni a sklopeni klapky o 25°
véetné vypocetni sité s naslednym definovanim matematického modelu k vypoctu zakladniho
proudéni. 3D modely byly ziskany upravou zdrojovych modelli zpétné klapky. Ukazka
zdrojového modelu pro maximalni otevieni klapky je patrna z Obr. 4. Na vstupu a vystupu z
armatury bylo dodate¢né vytvorené potrubi z divodu ustaleni proudéni. Vstupni délka byla 2,5m
a vystupni délka potrubi 8m.

000 1000, 200000 (mm) 00 100000 21|Iwu (mm)
I h I  —

500,00 150000 50000 1500,00

Obr. 4: Zdrojova geometrie zpétné klapky [12]

Nasledné byl aplikovan zakladni matematicky model. Vstupni okrajovd podminka byla
definovéna jako ,,velocity inlet“ s definovanou rychlosti u=5m.s'. Vystupni tlakova podminka
s nulovou hodnotou pietlaku. Zbylé stény modelu byly definovany jako pevné stény typu ,,wall®.
Na Obr. 5 a Obr. 6 jsou znazornény zékladni proudoveé veliciny (u, p) pomoci vyplnénych kontur.
Z vyhodnoceného rychlostniho pole jsou patrné mista ve kterych dochéazi ke zpétnému proudéni.
Zejména je to prostor za talitem klapky, kde je predpokladana nejvetsi citlivost tlakového spadu
na geometrii, viz Obr. 5.

Obr. 5: Kontury velikosti rychlosti u [m.s™']
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Obr. 6: Kontury absolutniho tlaku p [Pa]

5. Aplikace optimaliza¢ni metody, vyhodnoceni ztratového soucinitele

Jak jiz bylo uvedeno, cilem této prace je optimalizace konstrukce zpétné klapky za uc¢elem snizeni
ztratového soucinitele za pomoci adjungovaného fesitele v softwaru ANSYS Fluent - Adjoint
Solver. Sledovanou proménnou optimaliza¢niho nastroje Adjoint Solver byl definovan tlakovy
spad mezi vstupem a vystupem. S ohledem na citlivost adjungovaného feSeni v pfipad¢ proudéni
v okoli klapky, kde se vyskytuji oblasti se zpétnym proudénim, nebylo dosazeno konvergentni
teSeni. Proto byla geometrie modifikovana tim zpiisobem, Ze z modelu byla odstranéna samotna
klapka, viz Obr. 7.

[} 204003 464003 (mm)
— —— ]

1e+003 3e003

Obr. 7: Upravena geometrie bez talife klapky

Nejdiive byl proveden vypocet zakladniho proudového pole a nasledné nékolik optimaliza¢nich
kroki, viz Obr. 8. Kromé toho jsou na Obr. 8 oznacené oblasti, kde dochazelo k deformaci.

Obr. 8: Porovnani piivodniho a upraveného tvaru po jednotlivych optimaliza¢nich krocich

10
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Ztratovy soucinitel je vyhodnocen dle rovnice 1. Hodnoty totalniho tlaku na vstupu a vystupu a
dynamického tlaku na vystupu jsou vyhodnoceny jako stfedni hodnoty pomoci plosnych
integrald.

( - PTOT-vstup —PTOT-vystup (1)

PDYN-vystup

Ztratovy soucinitel byl vyhodnocen pro varianty geometrie s talitem klapky, bez talie klapky a
pro tii optimaliza¢ni kroky geometrie bez talife klapky. Pfislusné hodnoty totalniho tlaku na
vstupu, vystupu, dynamického tlaku na vystupu a ztratovych souciniteld jsou uvedené v Tab. 1.

Tab. 1: Vyhodnoceni ztratovych souciniteli

S talifem klapky

Bez taliie Optimalizace
klapky Krok 1 | Krok2 | Krok3
prorwsup | 23743,30 | 74362,34 | 22107,66 |20385,33120294,49 |20186,21
Prorwsap | 12547,33 | 12554,79 | 12628,49 |12603,00|12601,49|12595,92| [Pa]
Poww-wsap | 12546,29 | 1255256 | 12628,16 |12602,60 | 12600,45 | 12595,52
¢ 0,8924 4,9239 0,7506 0,6175 | 0,6105 | 0,6026 [1]

Otevieny | Pootevieny

Daéle v Tab. 2 je zaznamenan procentudlni rozdil ztratovych soucinitell mezi geometrii bez talite

klapky a optimalizovanymi geometriemi pro jednotlivé optimaliza¢ni kroky.

Tab. 2: Procentudlni rozdil ztratovych soucinitell

Bez talite klapky Krok 1 | Krok 2 | Krok 3
¢ 0,7506 0,6175 | 0,6105 | 0,6026 [1]

Rozdil - 17,73 18,66 | 19,72 [%]

7. Zavér

Teoreticka ¢ast prace byla predev§im zamétena na teorii optimalizace s vyuzitim gradientové
metody. Byl vysvétlen princip fungovani adjungovaného fesitele, metodologie a kritéria pouZiti.
Dale je definovan matematicky model proudéni jednofazové tekutiny. V praktické ¢asti byl
nejdiive popsan postup tvorby geometrie a sité, s naslednym definovanim matematického modelu
uréeného pro standardni vypocet proudéni ve zpétné klapce. Dale se piikrocilo k aplikaci Adjoint
Solveru. Vlivem zpétné¢ho proudéni a vifeni v klapce vsak nebylo mozné provést adjungovany
vypodet a optimalizovat geometrii. ReSenim se ukéazalo odstranéni talife klapky (jehoz geometrie
je povazovana za neménnou a do optimalizace nevstupuje) a vyrazné snizeni poctu bunc€k
vypocetni sité. Jednalo se o naprosto nutny ustupek, bez n¢hoz by nebylo mozné ulohu dale fesit.
Nasledné byly vyhodnoceny tlakové spady a ztrdtové soucinitele pro jednotlivé optimalizacni
kroky s geometrii bez taliie klapky. Byly porovnany ztratové soucinitele po tfetim optimalizacnim
kroku, kdy se dosahlo snizeni ztratového soucinitele az o 19,7%. Adjoint Solver je stéle jesté novy
nastroj, ktery vyzaduje dalS$i vyvoj. Protoze neni schopen pracovat se zpétnym a vifivym
proudénim, je vhodny pouze pro jednoduché geometrie. Pies vSechny nevyhody se ale jedna o
silny inZenyrsky nastroj pro navrhovani optimalizace tvaru.

Literatura

[1] Tabrizi, A.S., Asadi, M., XIE, G., Lorenzini,G., Biserni, C. Computational Fluid-Dynamics-
Based Analysis of a Ball Valve Performance in the Presence of Cavitation. Journal of
Engineering Thermophysics,2014, Vol. 23, No. 1, pp. 27-38.

11



BOJKO Marian, KOZUBKOVA Milada, HRUZIK Lumir

[2] ZHANG, S. C., ZHANG, Y. L. FANG, Z. M. Numerical simulation and analysis of ball
valve three-dimensional flow based on CFD. 26th IAHR Symposium on Hydraulic
Machinery and Systems. 2012, pp. 1-5.

[3] AZAD, A., BARANWAL, D., ARYA, R., DIWAKAR, N. Flow Analysis of Butterfly Valve
Using CFD. International. Journal Of Modern Engineering Research. 2014, vol. 4, Iss. 6.
pp- 50-56.

[4] MIKULA, Julius a kol.. Potrubi a armatury. Praha: STNL - Nakladatelstvi technické
literatury, 1969, pp. 440.

[5] ARMATURY GROUP. Zpétné armatury. 2015. Dostupné Z:
http://www.armaturygroup.cz/soubory/Produktove%20katalogy%20CZ%20EN/klapky-
zpetne_dle-en_cz_final mensi.pdf

[6] REEF AQUARIUM. 2017. Dostupné z: http:/www.reefaquarium.com/2013/aquarium-
plumbing-valves/

[7] JABLONSKA, J., KOZUBKOVA, M. Flow characteristics of control valve for different
strokes. EPJ Web of Conferences, 2016, vol. 114, pp. 5.

[8] ANSYS FLUENT Manual. ANSYS FLUENT Adjoint Solver. Version 16.2. ANSYS, Inc.,
2013. pp. 86.

[9] TZANAKIS, Athanasios. Duct optimization using CFD software "ANSYS Fluent Adjoint
Solver'. Goteborg, Svédsko, 2014. Diplomova prace. Chalmers University of Technology in
Goteborg. pp. 42.

[10] ANSYS FLUENT Manual. ANSYS FLUENT Advanced Add-On Modules Version 16.2.
ANSYS, Inc., 2015. pp. 474.

[11] KOZUBKOVA, Milada. Modelovdni proudeéni tekutin: FLUENT, CFX [online]. 1. Ostrava:
VSB - Technicka univerzita Ostrava, 2008, pp. 153.

[12] SOLTYS, David. Optimization of Flow Passage of the Check Valve L10: diploma
thesis,VSB — Technical University of Ostrava, 2017, pp. 64.

Podékovani

Prace byla finan¢né podpofena v ramci projekti SP2018/157 (Modelovani a experimentalni
ovefeni dynamickych jevll v tekutinovych a vakuovych systémech) a Evropskym fondem pro
regionalni rozvoj (ERDF) v ramci projektu Centrum vyzkumu pokrocilych mechatronickych
systémul, registra¢ni ¢islo projektu CZ.02.1.01/0.0/0.0/16_019/0000867, realizovaného v ramci
Operacniho programu Vyzkum, vyvoj a vzdélavani.

doc. Ing. Ph.D Bojko Marian, VSB-TU Ostrava, Katedra Hydromechaniky a hydraulickych
zafizeni, 17 listopadu 15, Ostrava-Poruba, 708 33, CR, 597 324 385, marian.bojko@vsb.cz
prof. RNDr. CSc. Kozubkova Milada, VSB-TU Ostrava, Katedra Hydromechaniky a
hydraulickych zafizeni, 17 listopadu 15, Ostrava-Poruba, 708 33, CR, 597 323 342,
milada.kozubkova@vsb.cz

doc. Dr. Ing. Hruzik Lumir, VSB-TU Ostrava, Katedra Hydromechaniky a hydraulickych
zafizeni, 17 listopadu 15, Ostrava-Poruba, 708 33, CR, 597 324 384, lumir.hruzik@vsb.cz

12


http://www.reefaquarium.com/2013/aquarium-plumbing-valves/
http://www.reefaquarium.com/2013/aquarium-plumbing-valves/
mailto:marian.bojko@vsb.cz
mailto:milada.kozubkova@vsb.cz
mailto:lumir.hruzik@vsb.cz

37. STRETNUTIE KATEDIER MECHANIKY

TEKUTIN A TERMOMECHANIKY
Technicka univerzita vo Zvolene

27.-30. jin 2018, Starovo, Slovenska republika rers sl inaygsreave 2voLENE

THE USE OF THE PELTIER MODULES FOR THE THERMAL
MANAGEMENT OF A METAL HYDRIDE TANK

BRESTOVIC Tomas, LAZAR Marian, JASMINSKA Natalia, DOBAKOVA
Romana

The present article deals with a possibility of using metal hydride
materials for the hydrogen compression and points out the necessity for
the interim hydrogen storage when changing the temperature of a pair
of tanks containing the LayssCeo.1sNis alloy in a tandem arrangement.
For the purpose of the required heating and cooling, the tank is
equipped with a pair of the Peltier modules with water cooling. The
analysis of the measured operational parameters facilitated obtaining
the thermal, output, and kinetic parameters of the thermal field
balancing necessary for the operation of a hydrogen compressor.

Keywords: hydrogen, Peltier module, metal hydride

Introduction

The efforts to establish the application of hydrogen technologies in the energetics require
extensive research in the field of hydrogen production, storage, and combustion. The application
of high-pressure and cryogenic hydrogen storage methods is associated with the considerable
consumption of the energy required to increase the pressure or reduce the temperature. The efforts
aimed at the elimination of such drawback with the concurrent gas pressure reduction lead to the
application of the absorption storage method. With this method, the gas is stored in the internal
structure of an appropriate metal alloy [1,2,3,4,5,6]. The gas absorption is accompanied with the
heat release and the gas desorption, by contrast, is characterised with the heat absorption [7,8,9].
A fundamental property of intermetallic metal hydride alloys is a large pressure gradient
dependent on the temperature [10,11]. Such property may be used when designing a compressor
that uses particularly the metal hydride (MH) materials for the hydrogen compression. A
prototype of the designed compressor contains two tandem-arranged tanks, MH1 and MH2 (Fig.
1), containing the LagssCeo,15sNis alloy, in which the hydrogen absorption and desorption alternate.

Fig. 1: Scheme of a hydrogen compressor using the MH tanks

The heat is transported between the tanks by a heat pump which is used, in addition to covering
the demand for the heat required for the absorption and the desorption, also to change the
temperature of the tanks.
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The tank in which the absorption takes place must be heated in order to increase the temperature;
this will also increase the gas pressure. By contrast, the tank from which hydrogen was desorbed
must be cooled down to reduce the pressure. While changing the temperature of the MH tanks, it
is not possible to add or remove hydrogen. To ensure the continuous compressor operation, it is
necessary to remove hydrogen from the inlet even while changing the temperature of the MH1
and MH2 tanks. For this purpose, the compressor is supplemented with the MH3 tank containing
the same alloy as the MH1 and MH2 tandem pair. The purpose of the MH3 tank is the interim
hydrogen absorption at the time when the tandem pair is not able to remove hydrogen from the
inlet into the compressor. The hydrogen desorption from the MH3 is possible after its pressure is
increased above the absorption pressure of one of the tandem tanks - the one in which absorption
takes place. It is thus required to ensure the thermal management of the interim MH3 tank to
promptly respond to the required pressure changes by adjusting the tank’s mean temperature.

2. Proposed thermal management of the MH tank
The MH tank of the HBond 500 type containing the Lag 3sCeo.15Nis alloy, weighing 3.125 kg, was
used for the interim tank. The total tank weight is 6.6 kg.

Hbond 500,
MH3 tank

Peltier module ’g

Temperature sensor

Water cooler

Aluminium heat
exchanger

Fig. 2: Model of the MH3 tank with the thermal management and temperature sensors

An aluminium heat exchanger was placed on the tank surface while the thermal conductive paste
was spread over the contact surface to reduce the thermal contact resistance. The heat transfer
from the heat exchanger surface is facilitated by two Peltier modules of the TEC1-12708 type.
The Peltier modules (PM) facilitate tank heating as well as cooling, depending on the polarity of
the supply voltage on the terminals. The PM cooling capacity is determined by the characteristics
provided by the manufacturer; it depends on the supply current and the temperature gradient
between the PM hot and cold sides. On the opposite side of the PM the “Silent Loop 360 mm”
water cooling is installed to ensure supplying the heat input from the surrounding environment
into the PM when the tank is heated; when the MH tank is cooled down, it dissipates heat into the
surrounding environment. The thermal field measurements were carried out using the DS18B20
1-wire electronic temperature sensors with the range from -55 to +125°C and with the
measurement accuracy of £ 0.5 °C. The scanning and the data recording were carried out using
the Raspberry pi computer with the Raspbian operating system. In total, 8 temperature sensors
were placed on the tank surface along its periphery, 2 sensors were placed on the aluminium heat
exchangers near the Peltier modules, 2 sensors were scanning the mean temperature on the heat-
transfer surface of the water coolers, and 1 sensor was scanning the ambient temperature. Prior to
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the measurement, the MH tank was insulated using the synthetic foam rubber with the thickness
of 10 mm with the elimination of the radiative heat flux.

3. Measurement of the MH tank’s operating parameters

The heating and cooling measurements were carried out to identify the development of
temperatures on the MH tank surface at the average electric power input into a single PM of 72
W. Fig. 2 presents the curves of temperatures on the PM’s hot and cold sides. The figure clearly
shows that the temperature gradient between the PM’s ceramic plates gradually increases with
time; this results in a decrease in the thermal output with time from the maximum value of 155 W
down to 86 W (Fig. 3).
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Fig. 2: Curves of the temperatures on the cold and Fig. 3: Curves of the heat rates and the electric
hot sides of the Peltier module during the heating power of the PM, showing the COP during the
heating

Fig. 3 presents also the descending curve of the electrical input power; this facilitates
identification of not only the heating power but also the COP of heating. During the heating, the
COP has favourable values ranging between 1.4 and 1.8. The measurements of the thermal field
on the MH tank surface facilitate monitoring of heating delays along the tank’s axis on the top
and bottom sides, as compared to the average surface temperature (Fig. 4). The graph represents
the total average surface temperature of the tank and the average temperature on its cylindrical
surface. The measured temperature changes may be used to identify the delay in the heating of
the end parts of the MH material as approximately 900 seconds due to the low thermal
conductivity of the alloy. The temperature changes during the tank cooling are shown in Fig. 5.
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Fig. 4: Comparison of the average surface Fig. 5: Comparison of the average surface
temperatures and the temperatures along the tank temperatures and the temperatures along the tank
axis during the heating axis during the cooling
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The cooling using the PM facilitates reduction of the MH tank temperature below the ambient
temperature while maintaining the sufficient cooling kinetics.

The delay between the mean temperature of the MH tank and the surface temperature along the
tank axis is a little longer during the cooling, approximately 950 seconds. It is caused by the lower
cooling capacity, with the corresponding lower COPcqoling With the mean value of 0.6. With regard
to the fact that the interim tank will be used in the compressor only for a limited period of time
while the tandem-arranged main MH tanks will be switching, such value is acceptable. Moreover,
it is compensated with a higher COP value while the tank is heated. The measurements of the
operating parameters for the heating and for the cooling, carried out using the PM, indicate that
the cooling capacity represents on average only a half of the heating power; this corresponds to
approximately a double time required for cooling down the MH tank at a comparable temperature
interval.

Conclusion

The use of the Peltier modules for the thermal management of the metal hydride tanks represents
an efficient method facilitating heating the alloy with a rather high average COP of 1.6 as well as
cooling down the alloy to the temperature more than 20 °C below the ambient temperature; this
facilitates achieving the low relative hydrogen pressure. However, during the cooling, the COP
is substantially reduced and the value of 0.96 has not been exceeded throughout the measurement
and the average COP value was 0.6.

The delay required to balance the thermal field on the tank surface ranges between 850 and 900
seconds. However, in the real operation of the interim hydrogen storage in the tandem MH
compressor it is not necessary to respect the required time intervals to balance the thermal field.
As the heating and the cooling are carried out through the cylindrical surface of the MH tank,
hydrogen absorption and desorption will take place mostly in the alloy that is very near the
external cylindrical surface.

Acknowledgments

This paper was written with the financial support of the granting agency APPV within the project
solution No. APVV-15-0202, of the granting agency VEGA within the project solution No.
1/0752/16 and of the granting agency KEGA within the project solution No. 005TUKE-4/2016.

References

[1] A. Sarkar, R. Benerjee, International journal of hydrogen energy, ( 2005)

[2] S. Bouaricha, J. Huot, D. Guay, R. Schulz, Hydrogen Energy 27, 9 (2002)

[3] W. Grochala, P. Edwards, Chem Rev 104, (2004)

[4] H. Imamura, K. Masanrik, M. Kosuhara, H. Katsumoto et. all, J Alloys Compds (2005)

[5] A.Kapjor, T. Gressak, J. Huzvar, AIP Conference Proceedings (2014)

[6] M. Vantuch, J. Huzvar, A. Kapjor, EPJ Web of Conferences 67 (2014)

[7] G. Popeneciu, V. Almasan, I. Coldea, D. Lupu et all, Journal of Physics 182, (2009)

[8] P.Mlynar, M. Masaryk, BME Budapest (2012)

[9] K. Ferstl, M. Masaryk, Prenos tepla (Heat transfer) (2011)M. V. Lototskyy, V. A. Yartys, B.
G. Bollet, Boweman R. C, International journal of hydrogen energy, (2014)

[10] N. Jasminska, T. Brestovic, . Bednarova, M. Lazar, R. Dobakova, International Journal of
Engineering Research and Science 3, 9 (2017)

[11] L. Bednarova, N. Jasminska, T. Brestovi¢, M. Lazar, R. Dobakova, International Research
Journal of Advanced Engineering and Science 2, 4 (2017)

16



37. STRETNUTIE KATEDIER MECHANIKY

TEKUTIN A TERMOMECHANIKY
Technicka univerzita vo Zvolene

YHYDRO/TERMOA 27.-30. jin 2018, Starovo, Slovenska republika rers sl inaygsreave 2voLENE

MIXED CONVECTION HEAT AND MASS TRANSFER IN
HORIZONTAL CHANNEL HEATED FROM BELOW: RADIATION
INFLUENCE

DEVERA Jakub, KASTRATI Shkurte, KALINAY Radomir, HYHLiK Toma§

This paper present first results of numerical and experimental study of
mixed convection in the horizontal channel with hot fluid film at bottom
surface. Based on comparison with experimental data is numerically
estimated the radiation influence on thermal field in the channel. The
results of comparison show that the radiation has significant effect on
the fluid temperature even during normal temperature flows (AT =
35°C).

Keywords: heat transfer, mixed convection, radiation, numerical simulation, CFD, experiment

Introduction

In nature and many engineering applications such as heat exchangers, chemical vapor deposition
reactors, food processing or atmospheric flows is observed combination of forced and natural
convection, mixed convection, of simultaneous heat and mass transfer. In this work is examined
mixed convection flow in horizontal channel with hot water film at bottom wall. Bottom hot water
film induces buoyancy driven secondary transverse flow, which alters the velocity field and
temperature field. Only few papers combine both experimental measurement and numerical
simulations. Talukdar et al. [8] used heat and mass transfer analogy and compared CFD analysis
of Nusselt and Sherwood number with experiment of laminar flow over water pan. In previous
work of Kastrati et al. [5] was compared numerical model, where the water film is treated as
Dirichlet boundary condition, and the results of evaporation rate were compared with
experimental data from ref. [2]. The numerical model [5] is based on work of Petronio and
Sosnowski [7]. Recently they expanded their model and included also radiative heat transfer [1].
Combined convective (mainly natural convection) and radiative heat transfer and can be found
several papers related to this problem from past two years [4, 6, 9]. Combined convective and
radiative heat transfer is studied in this paper and effect of radiation is discussed based on
comparison with experimentally measured thermal fields (the measurement was in detailed
described in ref. [3], where was studied the effect of mass transfer (evaporation) on thermal field
due to enhancing the moist air flow by hot water vapour). This study aims to low-temperature
applications where the surface (water film in this case) has temperature in range 45-60°C.

2. Description of the problem

The experiments are performed in low speed wind tunnel, where at the bottom of the test section
is placed heated water film, therefore the mass and heat transfer occurs at the bottom of the test
section. The test apparatus allows to control the temperature of the film and also to set desired
mass flow rate. It is shown schematically in fig. 1. At the inlet section of the test rig is a nozzle,
which straightens the flow. Experiments were performed in 300mm x 300mm square horizontal
test section. The test section is 1000mm long and the top and side walls are made from 8mm thick
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plexiglass and insulated by 25mm mirelon plates. At the bottom of the test section is water tank
containing heated water for maintaining stable conditions. An aluminium plate, equipped with 18
temperature sensors (digital thermometers Dallas Ds18b20) to monitor plate’s temperature and
its uniformity, is dipped in the tank. The temperature gradient in the water film is neglected, the
film is therefore assumed to be at the plate temperature. The air mass flow rate through the test
section is measured by orifice plate. Differential pressure transducer Setra 265 with range +125Pa
is used for measuring the orifice pressure difference. The mass flow rate is evaluated according
to standard CSN EN ISO 5176-2. Specific humidity is measured by psychrometers, each one
consists of two sheathed RTD probes (PT1000) - wet and dry thermometer. The wet thermometer
is wrapped by a moisten sock (by distilled water). Two psychrometers are put in outlet pipe for
measurement of the outlet specific humidity. Psychrometer measuring inlet specific humidity is
located above the entrance of the nozzle.

TEST SECTION

—~——

=
NOZZLE

ALUMINIUM PLATE / WATER FILM

CONTRACTION

FAN  ORIFICE PLATE
A

i
Fig. 1: Schematic of the experimental apparatus

2.1 Measurement of temperature field

The test facility was designed for measurement convective mass transfer from water film and
evaluate mass transfer coefficient and evaporation rate [2]. Further temperature field
measurements were conducted in streamwise central vertical plane [3]. Local fluid temperature
was measured by means of K-type thermocouples. The data are gathered by Matlab. As hardware,
NI ¢cDAQ-9174 chassis with four NI 9211 modules which include cold junction compensation, is
used. A horizontal traverser unit was prepared to be able to capture whole test section area (which
is 1000mm long). The measurement area also included 300mm in front of the water film and
100mm behind to cover entrance end outflow effects. In total 15 horizontal positions were
traversed to obtain one single thermal field (horizontal distance between positions is 100mm).
Vertical distance between probes is 31mm, the bottom thermocouple is at height of 10mm (see
fig. 2). Data from each position are during the processing time-averaged and then interpolated on
the measurement grid. Due to the traversing, only averaged temperature field is obtained, any
instantaneous behaviour is not captured.

Test section wall

10.5

9 x 31

10 x Thermocouple \ Traversing

unit
e

Ls
LU

Fig. 2: Traverser unit with attached thermocouples
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3. Numerical modelling

Based on described geometry of the experimental set-up, CFD simulations are performed. The
gas phase is governed by the incompressible Navier—Stokes equations with Boussinesq
approximation to account for buoyancy effects [7] with following assumptions: The flow in the
channel is considered as steady. Viscous dissipation and compressibility effects in the energy
equation are neglected. The water film is assumed to be thin so it is possible to treat it as a
Dirichlet boundary condition.

3.1 Governing equations

Continuity
Ui _ (1)
axi
Momentum
d(ww)) 1 ap 02y, X,z directionjOO ()
=—-———+VvV— - , . .
0x; po0x;  0x;0x; y direction : Eg
Energy
o(uT, 02T,
W (a’ D g e 3)
Xj axjaxj
Concentration
0 (ujwg) 02w, 4)
— =«
ax]' @ axjax]
The term pﬁ is calculated using Boussinesq approximation
0
p
p_ =1—Br(T —Tp) — Buw(w — wy), ®)
0

u is the fluid velocity, p is pressure, T is temperature, p is space variable density in the fluid flow,
w is water vapour concentration. The turbulence modelling is based on the constant value of
turbulent Prandtl number and turbulent Schmidt number. The zero subscript denotes the inlet

value of the corresponding variable. The vapour concentration is defined as:
mU

W= (6)

m, + m,’

in which m,, and m, are the vapour and air masses, respectively. Temperature and vapour
concentration in the fluid medium are both modelled as active scalars. They are diffused and
transported by air according to the advection-diffusion equations.

3.2 Air-fluid film interface definition

At air-fluid film interface is assumed a thin saturated layer of moist air above the fluid film, in
which moist air and a liquid film are in thermodynamic equilibrium. The interfacial concentration
of water vapour can be evaluated as follows [4]

_M, py (Tw)e
Ma [patm - (1 - %_Z) p{;’ (Tw)] (7)

where M, = 28.97 g/mol and M,, = 18.02 g /mol are the values of molar mass of air and water
vapour respectively; pgsm and py, are the vapour atmospheric pressure at actual and at saturation

w.
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condition, respectively; ¢ is relative humidity which equals unity at the water-air interface; Ty ¢
is the temperature at the air-water film interface.

3.3. Solution procedure

Simulations are carried out using the commercial CFD code Star-CCM+ using Rhie-and-Chow
type pressure-velocity coupling combined with a SIMPLE type algorithm. Simulations were
conducted as three dimensional. The continuum is assumed as non-reacting. The flow is modelled
as turbulent using Realisable k-& Two-Layer turbulence model with Buoyancy Driven Two-Layer
Type model correlating the turbulence parameters (turbulent kinetic energy k and turbulent
dissipation rate ¢) for flows where buoyancy forces dominate.

The simulations were run in two variants: with and without radiation to test the how the radiative
heat transfer affects the thermal field above the fluid film of relatively low temperatures. The film
temperature was during the measurements in range (45°C; 60°C). It is assumed that moist air is
not saturated and it do not participate in radiative heat transfer, therefore radiation Surface-to-
Surface model is used. Radiation properties of surfaces are considered same for all wavelengths,
the Gray Thermal Radiation model is used.

3.4. Boundary conditions

The boundary conditions described are in table. 1.Even though the test rig is insulated, heat losses
through the walls are still considered and based on the experimental data, heat transfer coefficient
is set on the walls to close the boundary conditions to the experimental measurement, since the
conditions affects the thermal field in the simulation.

Name of the boundary Boundary condition
Inlet Mass flow inlet
Walls Non-adiabatic wall (heat transfer coefficient)
Fluid film Wall of static temperature and species sources
Outlet Pressure outlet

Table. 1: Boundary conditions

The water film area in the CFD code STAR-CCM+ is defined as a Dirichlet boundary condition
via eq. 7. The water vapour mass fraction is used to define a species source on the area of the
fluid film, the water vapour mass flux is evaluated according to STAR-CCM+ field function
Boundary Species Flux.

4. Evaluating dimensionless numbers

To identify the regime of the flow, it is necessary to evaluate dimensionless criteria from the inlet
and boundary conditions, the Reynolds number is calculated according to
u Dy, ®)

Re = —,
v

where u is the mean velocity in the test section based on the mass flow rate, v is kinematic
viscosity evaluated based on inlet conditions, D, is hydraulic diameter. Grashof number is
calculated as
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g AT B D} ©)
Gr =———,
v
here AT = T,, — Ty and f is the coefficient of thermal expansion, calculated as
B (To + TW)'1 (10)
= > )
Richardson number (ratio of buoyancy and inertia forces) is calculated as follows
- a
~ Re?

5. Results and discussion

In this section are presented results of measurement and simulation for conditions: AT =T,, —
Ty = 35°C. The value of Reynolds number is 2050, Grashof number 1.3 - 108 and Richardson
number is 31. All temperature fields were normalized according

T+ = T—-T, . (12)
TW - TO

The thermal fields from numerical simulation are interpolated on the same grid as in experiment
(15x10 points).

5.1. Experimentally measured thermal field

In the thermal field obtained by experimental measurement (fig. 3) is visible a thermal boundary
layer at horizontal coordinate x/Ly;;,, = 0 (the start of the fluid film) to approximately x/Lgm =

0.5. Behind that region, the thermal boundary layer disappears due to buoyancy forces. Since
Ri > 1, buoyancy forces prevail over inertia forces and the natural convection is dominant and
induces secondary flow. The interaction of forced and buoyancy induced secondary flow causes
hot region below the top desk of the test section. From fig. 3 is visible that to hot region continuous
toward the inlet of the nozzle. This is consequence of flow reversal along the top surface.

5.2. Effect of radiative heat transfer

Similar thermal fields are obtained also from numerical simulation with solver settings discussed
above. In the case of no radiative heat transfer (fig. 4), the thermal field has similar character
(effect of buoyancy forces is visible), however the fluid is significantly colder, but the flow
reversal along the top surface is still visible. When Surface to surface radiation model is included
in the simulation (fig. 5), the fluid temperature is predicted more accurately. Main differences
between the experiment and simulation (with radiation) is in the thermal boundary layer and
below the top surface. The simulated thermal boundary layer is almost invisible from x/Lg;;, =

0 to x/Lgiyym = 0.3. Above the fluid film (Dl ~ (0; 0,2)) is in the experiment is saturated moist
h

air (fog air), which is participating in the radiative transfer and therefore, the fluid is hotter in the
measurement. Opposite situation is in the top region, where the simulation predicts hotter fluid
than the measurement. This discrepancy can be caused due to incorrect setting of emissivity of
the fluid film but also it can be the property of the model, tendency to overestimate radiative heat
transfer effect is reported in ref. [1]. From the macroscopic view, the radiation model enhances
the transverse flow and enhanced the convective heat transfer from the downstream fluid and
enhance transverse flow.
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Experimental measurement T = (T-T ) =T
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Fig. 3: Contours of normalized temperature (eq. 12), central vertical streamwise plane, experimental
measurement

Simulation: Without radiation || T = (T- ToJi[Tw -Tn)
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Fig. 4: Contours of normalized temperature (eq. 12), central vertical streamwise plane, simulation without

radiation
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Fig. 5: Contours of normalized temperature (eq. 12), central vertical streamwise plane, simulation including
Surface to surface radiation model

Conclusion

In this study is presented a numerical investigation of radiation heat transfer during low
temperature (AT =T, — Top = 35°C) mixed convection horizontal channel flow. The study is
based on comparison of numerical results with experimental measurement. The numerical
simulations were realized in two variants: at first without radiation and secondly was included
radiation Surface to surface model. The fluid’s temperature is colder in simulations without
radiative heat transfer. More accurate prediction is achieved in the simulation with Surface to
surface radiation model, even though the model tends to overestimate the radiation heat transfer
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and the fluid below the top surface reaches higher temperature than in the experiment. But the
match between simulation and experiment is very good. In the future is planned to make
sensitivity analysis of the surface radiation properties (emissivity, reflectivity) to see the impact
on thermal field.

Literature

[1] CINTOLESI, C.; NILSSON, H.; PETRONIO, A.; ARMENIO, V. Numerical simulation of
conjugate heat transfer and surface radiative heat transfer using the P; thermal radiation
model: Parametric study in benchmark cases. International Journal of Heat and Mass
Transfer, vol. 107, (2017).

[2] DEVERA, J. Experimental investigation of evaporation from horizontal water films.
Studentska tvaréi ginnost: sbornik 2017. V Praze: Fakulta strojni CVUT, 2017.

[3] DEVERA,IJ,; HYHLIK, T. The effect of mixed convection on the thermal field of horizontal
channel flow. Experimental Fluid Mechanics 2017.

[4] KARATAS, H; DERBENTLI, T. Natural convection in rectangular cavities with one active
vertical wall. International Journal of Heat and Mass Transfer, vol. 105, (2017).

[5] KASTRATI, S HYHLIK, T.; KALINAY, R.: Modelling of Evaporation from Thin
Horizontal Liquid Film. Topical Problems of Fluid Mechanics 2018. Prague, 2018.

[6] KOGAWA, T.; OKAJIMA, J.; SAKURALI, A.; KOMIYA, A.; MARUYAMA, S. Influence
of radiation effect on turbulent natural convection in cubic cavity at normal temperature
atmospheric gas. International Journal of Heat and Mass Transfer, vol. 104, (2017).

[71 SOSNOWSKI, P.; PETRONIO, A.; ARMENIO, V. Numerical model for thin film with
evaporation and condensation on solid surfaces in systems with conjugated heat transfer.
International Journal of Heat and Mass Transfer, vol. 66, (2013).

[8] TALUKDAR, P.; ISKRA, C. R.; SIMONSON, C. J. Combined heat and mass transfer for
laminar flow of moist air in a 3D rectangular duct: CFD simulation and validation with
experimental data. International Journal of Heat and Mass Transfer, vol. 51, (2008).

[9] YUIIA, S.; XIAOBING, Z.; HOWELL, J. R. Combined natural convection and non-gray
radiation heat transfer in a horizontal annulus. Journal of Quantitative Spectroscopy and
Radiative Transfer, vol. 206, (2018).

Acknowledgment

This work was supported by the Grant Agency of the Czech Technical University in Prague, grant
No. SGS18/124/OHK2/2T/12.

Ing. DEVERA Jakub, CTU in Prague, Department of Fluid Dynamics and Thermodynamics,
FME, Technicka 4, 166 07 Praha 6, Jakub.Devera@fs.cvut.cz

Ing. KASTRATI Shkurte, CTU in Prague, Department of Fluid Dynamics and Thermodynamics,
FME, Technicka 4, 166 07 Praha 6, Shkurte.Kastrati@fs.cvut.cz

Ing. KALINAY Radomir, CTU in Prague, Department of Fluid Dynamics and Thermodynamics,
FME, Technicka 4, 166 07 Praha 6, Radomir.Kalinay@fs.cvut.cz

Doc. Ing. HYHLIK Tomas, Ph.D., CTU in Prague, Department of Fluid Dynamics and
Thermodynamics, FME, Technicka 4, 166 07 Praha 6, Tomas.Hyhlik@fs.cvut.cz

23






37. STRETNUTIE KATEDIER MECHANIKY

TEKUTIN A TERMOMECHANIKY
Technicka univerzita vo Zvolene

27.-30. jin 2018, Starovo, Slovenska republika rers sl inaygsreave 2voLENE

PIV OF AIR FLOW OVER A STEP AND DISCUSSION OF
FLUCTUATION DECOMPOSITIONS

DUDA Daniel, URUBA Viaclav

The experimental method of PIV (Particle image velocimetry) is used
to study the air flow over a forward facing step creating shear layer
between the outer flow and the recirculation bubble. This layer decays
into vortices, which are highlighted by using Reynolds (temporal)
decomposition or Agrawal (spatial) decomposition. The later can be
tuned to different-sized structures, and, additionally, their energies
roughly follow the Kolmogorov -5/3 law.

Keywords: PIV, fluctuating component, Agrawal decomposition, Energy spectrum

Introduction

The well-studied case of a flow over a forward-facing step is used as an example case for discuss
the decomposition to a fluctuating velocity field. The fluctuating component is often ignored in
both, experimental and numerical studies, but it contains the key component of turbulence —
vortices and other coherent structures [1].

The approach to describing turbulence via individual coherent structures seems to be important
especially in the light of recent discoveries in superfluid helium, which is a quantum liquid driven
microscopically by totally different laws, but displaying the same macroscopic behavior as the
classical fluids [2]. And, what are common for both, are the vortices.

2. Experimental setup

The geometry of the step and the studied fields of view (FoV) are depicted in Fig. 1. FoV is
located above a positive step of height /=35 mm situated perpendicularly to the axis of the wind
tunnel of square cross-section 125 x 125 mm. The air velocity U = 7.5 m/s, which corresponds to
Reynolds number Re = U-H/v = 1.8-10*.

T 7.5m/s

35 mm <

Fig. 1: Sketch of the obstacle (gray) and field of view (light green) positioning. The size of field of view is
43.1 x 43.1 mm for the case I and 20.5 x 20.5 mm for the case II.

The measurement method Particle Image Velocimetry (PIV) with double pulse timing [3] is used
in air and with oil droplets. The size of the Interrogation Area (IA) in current study is 0.67 mm
for the FoV 1, and it is 0.32 mm for the smaller studied FoV II. The corresponding time between
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two consecutive frames is 50 or 25 ps respectively. The PIV method averages the velocity under
the scale of 1 IA, therefore, taking into account the noise and errors, the size of the smallest
trustworthy structures is about 2 IA.

3. Mean velocity field

The average over 100 samples of the velocity is shown in Fig. 2. Together with the standard
deviation sd(v), sd*(v) = «v® - «w»?, where v is the velocity vector and <-> means the time averaging.
We can see that the plane of maximum fluctuations lies above the plane of zero velocity, which,
in the mean flow field, separates the recirculation bubble. In individual realizations, the velocity
is definitely not zero there; it is just the effect of averaging, as we can judge from one example
shown in Fig. 3.

The smaller field of view (referred as FoV II) is chosen in order to show the “wild” part of the
flow field with already developed turbulent shear layer. Its size is the minimum possible with the
current lens, because, due to symmetry, we prefer to keep the studied plane in the middle of the
wind tunnel.
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Fig. 2: Average velocity field for both cases. The color corresponds to the standard deviation of local
velocity vector calculated from the set of 100 realizations. The black square in the left figure shows the
relative position of the second figure. The dashed line in left Fig. highlights the position of zero velocity
separating the recirculation bubble.
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4. Fluctuating velocity fields

The time-fluctuating component v’ is obtained by the so-called Reynolds decomposition, which
shows only that, what is different from the mean:

V(% 1) = v (%, 1) = (v (X))p M

The Reynolds decomposition assumes that the local advection velocity, which deforms the image
of the vortex in the instantaneous velocity field v, is equal to the local time-averaged velocity [4].
See the example in the left panel of Fig. 3.

On the other hand, the spatial-fluctuating component v, also referred as the Agrawal
decomposition, is calculated with using single instantaneous velocity field v as the convolution
with the band-pass filter [5]:
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Ve (,t) = v (6 £ P () = [V ix—y.) P(y)dy ®

where P is the band-pass filter defined as a difference of two Gaussians G with widths 67 and 6,
P(x)=GloL] (|x]) — Glou] (|x]) = \/%7 (éer/%i _ iexz/zo?{) .

The main assumption of the Agrawal decomposition is that the local advection velocity is equal

to the mean velocity of the surroundings of size 6, which is determined by structures larger than

on. See one example in the right panel of Fig. 3.

Reynolds (time) decomposition
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Fig. 3: Left: an example of the instantaneous Reynolds-decomposed velocity field (1) smoothed with
Gaussian of width 6 =1 IA = 0.32 mm. Right: the Agrawal decomposition (2) of the same realization with
using 6z = 1.3 mm and o; = 0.32 mm. Color corresponds to gor defined in the text.
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While the Reynolds decomposition subtracts also the structures, which repeat — e.g. the shear
layer, the Agrawal decomposition removes the extensive uniformly moving masses of fluid,
which are a type of coherent structures as well, and which carry significant part of energy of
fluctuations. For example, individual cy-sized vortices are better visible by using the Agrawal
decomposition, while the oscillations of entire shear layer can be studied in the temporal
fluctuating velocity fields.

Important vortices are observable by using both approaches, which is depicted if Fig. 3 by the
oriented squareroot of Q plotted in Fig. 3 and defined as g, = (Q")"*'signw, where w is the
vorticity and Q" is the positive part of O-invariant of the local velocity gradient tensor, Q = (w*-
s2)/2 where s is the shear.

5. Energy spectrum

The Agrawal decomposition typically describes less energy of the flow field, but it offers more
manipulation space by selecting the scale of interest. The energy content of different scales of
spatially fluctuating velocity field follows the famous Ko/mogorov law for homogenous isotropic
turbulence although this case is turbulence in decaying shear layer, see Fig. 4. The range of scales
is limited from one side by the size of one IA, from the other by the appropriate fraction of the
size of FoV. This quite strong limitation causes that only a short part of cascade is visible. The
drop at higher & is probably caused artificially by the 1 IA smoothing, which is different for two
discussed FoVs and hence cannot be identified with the dissipative scale.
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Fig. 4: The energy content of the Agrawal decomposed velocity fields plotted as a function of the wave-
number k = 657!, The o is kept constant 1 1A, i.e. 0.67 mm in FoV I and 0.32 mm in FoV II. Right panels
show two examples of marked velocity fields at the same space and time location.

Conclusion

We compared two possible decompositions to fluctuating velocity component. The first one is the
standard temporal decomposition referred as Reynolds decomposition, the second is a less used
spatial Agrawal decomposition based on subtracting local large-scale structures, which allows us
to focus to a specific-sized structures. This approach seems to be a key to decompose the velocity
field into a set of individual vortices, which are overlapped hiding each other. Surprisingly, just
the energies of different-width Agrawal decompositions without any vortex identification can
follow the Kolmogorov spectrum of vortex cascade.
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MODIFIKACIE FARBY DREVA
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Abstract. V prispevku je analyzovany vplyv vihkosti agdatového reziva
h = 32 mm na spotrebu tepla v procesoch farebnej modifikacie
agdtového dreva sytou vodnou parou s teplotou t = 137 + 2,5 °C po
dobu t = 7,5 hod v autoklave APDZ 240. Zvysenie vihkosti 1 m®
agatového dreva o Aw = 10 % v interval w = 40 — 100 % sa premieta
v zvySeni spotreby tepla v procese modifikacie farby dreva o AQmz =
43MJI.m2.  Z analyzy zavislosti  spotreby tepla v  priebehu
technologického procesu plynie, Ze 99 — 99.5% tepla sa do autokldavu
privadza na pociatku technologického procesu pocas ohrevu autoklavu
a agatového dreva na technologicku teplotu.

Keywords: agat biely, rezivo, termicka uprava, teplo, syta vodna para,

Uvod

Drevo umiestnené do prostredia hortcej vody, sytej vodnej pary ¢i nasyteného vlhkého
vzduchu sa nahrieva a meni svoje fyzikalne, mechanické a chemické vlastnosti. Uvedené
skutocnosti sa vyuzivaju v drevarskych technologiach varenia a parenia dreva vo vyrobe dyh a
preglejok, ohybaného nabytku, ¢i lisovaného dreva.

Termicka Uprava dreva — parenie reziva sa uskutoéiiuje v pariacich komorach, alebo v
pariacich zvonoch prostrednictvom nasyteného vlhkého vzduchu pri atmosférickom tlaku a
teplotach t= 80+ 95 °C pre 1= 14 +~ 48 hodin [1-2], alebo prostrednictvom sytej pary v tlakovych
autoklavoch pri teplotach t = 105 + 135 °C pre © = 6 = 18 hodin [3-7].

Procesy termickej Upravy dreva parenim dreva sytou vodnou parou si okrem cielenych
fyzikalno-mechanickych a chemickych zmien dreva st sprevadzané aj zmenou farby. Kym,
v minulosti sa farebné zmeny stmavnutia v technologickom procese parenia dreva vyuzivali na
odstranenie neziaducich farebnych rozdielov medzi svetlou belou atmavym jadrom, ¢i
odstranenie neziaducich farebnych Skvin vzniknutych zaparenim, zahnednutim ¢i zaplesnenim,
tak v ostatnom cCase je problematike cielenej zmeny farby dreva jednotlivych drevin venovana
zvySena pozornost’ [8 - 11]. Termicka modifikacia dreva za i¢elom zmeny farby sa vykonavana
pri vihkosti w > 40%. ZvySena vlhkost’ dreva sa nepremieta len vo vzraste hmotnosti dreva, ale
aj vo zvysenej potrebe tepla na realizaciu technologického procesu a produkcii kondenzatu [ 7,
12, 13].

Cielom danej prace je analyzovanie vplyvu vlhkosti nad medzou hygroskopicity agatového
reziva hrabky h = 32 mm na spotrebu tepla v procese modifikacie farby dreva vodnou parou s
teplotou t =137 + 2,5 °C po dobu t = 7,5 hod v autoklave APDZ 240.

Vypocet spotreby tepla a tepelného prikonu autoklavu v procese modifikacie farby
reziva

Pohl'ad na autoklavu s rezivom a vyznacenim jednotlivych spotrieb tepla pre realizaciu tech-
nologického procesu farebnej modifikacie reziva je na obr. 1. Rezim pre farebni modifikaciu
reziva sytou vodnou parou v tlakovom autoklave je zobrazuje obr. 2.
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Zdrojom tepla pre realizaciu procesu farebnej modifikacie dreva je kondenzacné teplo sytej
vodnej pary. Jednou zalternativ stanovenia spotreby tepla je bilancia spotrieb tepla
technologického procesu [2, 6, 11, 14]:

Qha =Qnw +Qht +Quit + Qe + Qhy + Quew [kJ] (1)

A

Imax = 140 °C

Imin=135°C

13 =100°C |-

8

25

5o

L=

23

£.g

L 1

=0 =15[n)] 7, =4.0 [h] 1, =2.0 [h]

0 >
Duration of steaming [hours]
Obr. 1. Rez tlakovym autoklavom Obr 2. Rezim pre farebni modifikaciu agatového

reziva h =32 mm sytou vodnou parou
Jednotlivé spotreby tepla v technologickom procese popisuju rovnice:

Qnw - teplo potrebné na ohrev farebne modifikovaného dreva pri vlhkosti w > 30%:

W c
Qhw :VD |:10R (1"' mﬂﬁ(ﬂ _tD )1 [kJ] (2)
Qnr - Teplo potrebné na ohrev konstrukéného materialu avtoklava:
Qi =MACa [t4 _tA]’ [k‘]] (3)
Qnil - Teplo potrebné na ohrev izolacie avtoklava:
t, +t
Quir = mlcl(%_tAi] ) [kJ] 4)

Qre - Tepelna strata z povrchu tepelnej izolacie tlakového autoklava do atmosféry:
Qe =36-a 7(D+2-h)L+2(D+2-h P lt, ~t Wee —7,),  [KJ] ©)

Qniv- Tepelna strata tlakového autoklava odvedenou sytou vodnou parou nachadzajucou sa
V nezaplnenom pracovnom priestore autoklava pri jeho vyprazdiovani.

Qun :{”'4[’2 -L—VD]h—:I, k] (6)

V"

Qnew - Tepelna strata tlakového avtoklava odvedenym kondenzatu na konci technologického
procesu:

Qrew = mK(hl —higo ): Oy Ot + Qn + e (h‘ - tho) [k‘]] (7)

r
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Vplyv vlhkosti agatového reziva na spotrebu tepla a tepelny prikon autoklavu v procese
modifikacie farby dreva

Specificka spotrebu tepla na farebnti modifikaciu 1 m? dreva uvadza rovnica:

+Qnr+0pi1+0ne+ +
ng _ QrwtQnr thl(z)s.Q‘;l; QnfvtQncw [M\].m.g,] (8)

Proces farebnej modifikacie dreva je typickym diskontinudlnym procesom vyznacujicim sa
S nerovnomernou spotrebou tepla. Z analyzy spotrieb tepla technologického procesu plynie, Ze
najvacsia spotreba tepla je na zaciatku technologického procesu v Case 1o = 1,5 hod, kedy
teplo kondenzujucej vodnej pary je vyuzivané na ohrev modifikovaného dreva a ohrev autoklavu.
Nasledne je teplo kondenzujlicej sytej pary vyuzivané na krytie tepelnych strat autoklavu.
V druhej faze technologického procesu 12 sa syta para do autoklavu neprivadza, tepelné straty
autoklavu su pokryté teplom z izochorického ochladzovania sytej pary nachadzajucej sa
v autoklave ateplom z ochladzovania kon$trukéného materialu autoklavu. Tepelny prikon
autoklavu pocas ohrevu modifikovaného dreva a autoklavu 1o a 1. fazy technologického procesu
T1 popisuju rovnice:

_ Qnw*Qns+QnittQnfvtQncw
Qry = oo [kw] (©)
_ Qhe
O = g [kw] (10)
Vysledky a diskusia

Zavislost’ spotreby tepla na vihkosti dreva nad medzou hygroskopicity v intervale hodnot w =
40 — 100 % v proces farebnej modifikacie agatového reziva hribky h = 32 mm sytou vodnou
parou v tlakovom autoklave APDZ 240 uvadza obr. 3.

700
650 é:
™ Qm3= 4,3.w+ 243
_ 630
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=
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Obr. 3. Zavislosti spotreby tepla na vlhkosti agatového reziva h = 32 mm v technologickom procese
farebnej modifikacie.

Na obr. 4 je prezentovana zavislost’ tepelného prikonu autoklavu APDZ 240 naplnenom objemom
Vp = 16 m® agatového reziva h = 32 mm v priebehu technologického procesu farebnej
modifikacie drevnej hmoty pre vlhkosti agatového reziva w =40 % az w = 100 %.
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Tepelny prikon autokldvu v priebehu termického procesu [kw]
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Obr. 4. Zavislost tepelného prikonu autoklavu APDZ 240 v priebehu technologického procesu farebnej
modifikicie Vp = 16 m® agatového reziva h =32 mm.

Zvyseny podiel vol'nej vody nachadzajicej sa v limenoch agatového dreva nad hodnotou vlhkosti
w > 40 % sa premieta vo zvySovani spotreby tepla vo forme sytej vodnej pary na realizéciu
technologického procesu. Vzrast vlhkosti 1 m® agatového reziva nad medzou hygroskopicity o
Aw = 10 % zvySuje hmotnosti agatového dreva o hmotnost’ Am = 60 kg. Uvedena skuto¢nost’ sa
premieta vo zvySeni priemernej spotreby tepla v procese termickej modifikacie farby agatového
dreva 0 AQms = 43 MJ.m?3, Ak z technologického aspektu je pozadovana vlhkost farebne
modifikovaného dreva w = 40 %, tak z tepelného hl'adiska zvySend vlhkost nad uvedenou
hodnotou je stratou a neefektivnou spotrebou tepla na realizaciu technologického procesu.
Druhou negativnou skutoénostou vyssej vlhkosti agatového reziva nad odporacanou
technologickou vlhkost'ou w =40 % je 1,6 nasobné zvysenie spotreby tepla v pripade modifikacie
farby agatového reziva s vlhkostou w = 100 %.

Analyza zavislosti tepelného prikonu Vv priebehu technologického procesu uvadza, ze spotreba
tepla je nerovnomerna. Na pociatku technologického procesu v ¢ase 10~ 1,5 hod, je spotrebované
99 — 99,5 % z celkovej spotreby tepla spotrebovaného na realizaciu technologického procesu.
Uvedené konStatovanie sa negativne premieta ina prevadzke tepelného zdroja — formou
kratkodobého enormného zvyseného tepelného vykonu.

Zvysena spotreba tepla vo forme sytej pary na realizaciu technologického procesu farebnej
modifikacie agatového reziva vysSej vlhkosti ma okrem uvedenych negativnych skuto¢nosti
i pozitivnu stranku, ktorou je zniZenie koncentracie hydrolyznych produktov v kondenzate
Vv pripade jeho Gpravy (Cistenia) na CistiCke odpadovych vod pred jeho vypustanim do recipientu.

Zaver

V prispevku st prezentované vysledky analyz vplyvu vlhkosti agatového reziva h = 32 mm na
spotrebu tepla v procesoch farebnej modifikacie drevnej hmoty sytou vodnou parou o teplote t =
137 £2,5 °C po dobu 1= 7,5 hod. Vzrastom vlhkosti agatového dreva nad medzou hygroskopicity
o Aw =10 % sa zvysuje spotreba tepla v procese modifikécie farby dreva 0 AQms = 43 MJ.m?,
Z analyzy zavislosti spotreby sytej pary na priebehu technologického procesu plynie, Ze az 99-
99,5% z celkovej spotreby tepla sa spotrebovava na pociatku technologického procesu v trvani
0~ 1,5 hod.
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Vplyv vlhkosti agatového reziva na spotrebu tepla a tepelny prikon autoklavu v procese
modifikacie farby dreva

Symboly:
D - priemer tlakového autokladvu bez izolacie, m;
L - dlzka valcovej Casti tlakového autoklavu, m;

Vp - objem farebne modifikovaného dreva v tlakovom autoklave, m?;

Qne — teplo potrebné na ohrev konstrukéného materialu autoklavu;

Qnw — teplo potrebné na ohrev farebného modifikovaného dreva, kJ;

Qnil — teplo potrebné na ohrev izolacie autoklavu, kJ;

Qnew — teplo extrahované kondenzatom z tlakového autoklavu, kJ;

Qniv — teplo extrahované nasytenou parou po otvoreni autoklavu, kJ;

Qnc — teplo potrebné na pokrytie tepelnych strat z povrchu tlakového autoklavu, kJ;

ca - stredna hodnota Specifickej tepelnej kapacity materialu tlakového autoklavu. telo, kI .kgt.K;

c1 - stredna hodnota Specifickej tepelnej kapacity izolatného materialu kJ.kgt.K'%;
h; — hrabka izolaénej vrstvy telesa tlakovych autoklav, m;

h”  — entalpia nasytenej vody (kondenzatu) na konci technologického procesu, kJ.kg;
h" — entalpia nasytenej pary v autoklave na konci technologického procesu,kJ.kg?;

hrzo — entalpia vody pouzivanej na vyrobu nasytenej pary; kJ.kg™;

ma — hmotnost’ telesa tlakového autoklavu, kg;

m: — hmotnost’ izolacného materialu, kg;

My — hmotnost’ vriacej vody - kondenzované nasytené vypary pocas technologického procesu, kg;

r  —kondenza¢né teplo nasytenych par pouzité v procese farebnej homogenizacie; kJ.kg™;
ta  —teplota materidlu telesa tlakového autoklédvu na zaciatku technologického procesu, © C;
tai —teplota izolacie autoklavu pred ohrevom, °C;

to —teplota dreva na zaciatku farebnej homogenizacie, °C;

t1  —teplota telesa autoklavu pocas technologického procesu, °C;

to  —teplota na vonkajSom povrchu izoldcie autoklavu pocas technologického procesu, °C;
ts  —teplota nasytenej pary a telesa autoklavu na konci technologického procesu, °C;

V" —3pecificky objem nasytenej pary v autoklave na konci technologického procesu m3.kg™;
w  — absolutna vlhkost’ farebného modifikovaného dreva, %;

ax — koeficient prestupu tepla povrchu autoklavu,, W.m?. K1

A —koeficient tepelnej vodivosti izolaéného materidlu tlakového autoklavu; W.m*.K2;

pr  — redukovand hustota dreva, kg.m3;

To — Cas ohrevu, h;

71 —Cas 1 fazy technologického procesu, h.
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VPLYV GEOMETRICKYCH PARAMETROV DREVA NA
PRODUKCIU TUHYCH ZNECISTUJUCICH LATOK
V KRBOVEJ VLOZKE

HOLUBCIK Michal, JANDACKA Jozef, KANTOVA Nikola

Proces spalovania biomasy ovplyviiuje viacero aspektov, ako napr.
viastnosti paliva, mnozstvo a prerozdelenie spalovacieho vzduchu a
iné. Jednym z tychto aspektov je geometricky tvar, resp. tvaru davky
paliva. V praci sa rieSil vplyv geometrického tvaru davky paliva v
malom lokalnom zdroji tepla. Ako experimentalny zdroj tepla bola
pouzita krbova viozka s menovitym tepelnym vykonom 13 kW.
Experiment pozostaval v spalovacich skuskach 4 roznych alternativ
davky paliva, pricom sa stanovoval tepelny vykon a ucinnost’ krbovej
viozky, obsah kyslika a oxidu uhlic¢itého v spalinach, produkcia
plynnych emisii oxidu uholnatého, oxidov dusika, organickych
plynnych uhlovodikov a produkcia tuhych znecistujucich latok. V
prvom pripade bola davka umiestnena do spalovacej komory ako 1 kus
dreva, v druhom pripade ako 2 kusy dreva, v tretom pripade ako 3 kusy
dreva a v stvrtom pripade ako 4 kusy dreva, pricom vsetky davky paliva
mali priblizne rovnaku hmotnost, pricom ostatné parametre boli
rovnaké. Vysledky poukdazali na fakt, Ze najvyssi tepelny vykon a
ucinnost' sa dosiahla pri spalovani davky paliva vo forme 1 kusu.
Najnizsia produkcia emisii bola zaznamenana pri spalovani davky
paliva vo forme 1, resp. 2 kusov. Z dosiahnutych vysledkov vyplyva, ze
geometricky tvar davky paliva ma vyznamny vplyv na vykonové a
emisné parametre zdroja tepla.

UvVoD

Jednou z najbeznejsich foriem ziskavania tepelnej energie z biomasy je jej priame spal’ovanie.
Existuje moznost’ spal’ovat’ drevo vo forme gul'atiny, kusového dreva, drevnej Stiepky, brikiet a
peliet. V sG¢asnosti sa vSak ¢oraz CastejSie vyuzivaju aj iné formy biomasy, napr. slamy obilnin
a olejnatych semien, energetickych rastlin v réznych formach, ako su brikety a pelety [4]. Tieto
paliva pozostavaju z horlaviny a balastu (popola a vody). Horlavinu tvori ta Cast’ paliva, ktorej
oxidaciou sa uvolnuje teplo, t.j. chemicky viazana energia v palive. Jedna ¢ast’ horlaviny sa
sklada z prvkov uhlika (C), vodika (H) a pripadne siry (S). S to tzv. aktivne latky horlaviny, pri
oxidacii ktorych vznika teplo [1]. Druha ¢ast’ horlaviny predstavuju tzv. pasivne latky, ktoré
nedodavaju teplo, ale st viazané na organickd hmotu. Pasivnymi latkami horlaviny st kyslik (O2)
a dusik (N»), ktoré pri chemickej reakcii neuvoltiuju teplo, resp. pre ich priebeh je nevyhnutné
dodanie tepla. Horlavina sa d’alej deli na neprchavi a prchavi zlozku [2]. Biomasa vSeobecne
obsahuje velké mnozZstvo prchavej horlaviny. BeZzne sa pohybuje okolo 75 %. Najviac jej
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obsahuje drevo, a to spdsobuje, Ze drevo nehori v kurenisku, ale v priestore medzi kireniskom a
kominom. Casto sa hovori o tzv. dlhom plameni dreva a biopaliv [3].

Spalovanie paliva z biomasy ako zdroja obnovitelnej energie automaticky neposkytuje

najlepSie mozné vyuzitie svojho energetického obsahu s nizkymi emisiami [5]. Spal'ovanie
biomasy so zlym nastavenim podmienok spalovania moze byt neefektivne a s vysokou
produkciou emisii.
Efektivne vyuzivanie biomasy prostrednictvom vyroby s nizkymi emisiami si vyzaduje pouzitie
vysoko kvalitnych technologii a ich spravnu prevadzku [6]. Spalovanie biomasy v zdroji tepla je
ovplyvnené nickolkymi aspektmi, napr. typ a vlastnosti paliva, mnozstvo a prerozdelenie
spal’ovacieho vzduchu, sposob spalovania, navrh a reguldcia spalovacieho zariadenia atd’. [7].
Vsetky tieto aspekty ovplyviuji vykonové a emisné parametre zdroja tepla. Emisie st
znecistujuce latky vznikajuce z spalovania biomasy rozptyleného vo vzduchu. Zakladnymi
emisiami su oxid uhol'naty (CO), oxidy dusika (NOx), nespalené produkty zname ako organické
plynné uhlovodiky (OGC) a tuhé znecistujuce latky (TZL) [8 a 9]. Na zachovanie
environmentalnej vhodnosti biomasy Staty vydavaju opatrenia vo forme limitov emisii, ktoré je
potrebné respektovat’ [10].

Clanok pojednava o vplyve jedného z aspektov, konkrétne geometrického tvaru, resp. tvaru
davky paliva na vykonové a emisné parametre malého lokalneho zdroja tepla — krbovej vliozky.

POUZITE MATERIALY

Ako palivo bolo pouzité bukové drevo roznych geometrickych tvarov, resp. pocte kusov (Obr. 1):

e« vzorka 1 - vzduchosuché bukové drevo s relativnou vlhkostou 7,58 % uskladnené vo
vykurovanom priestore v interiéri v jednom kuse dreva,

e vzorka 2 - vzduchosuché bukové drevo s relativnou vlhkostou 7,58 % uskladnené vo
vykurovanom priestore v interiéri v dvoch kusoch dreva,

 vzorka 3 - vzduchosuché bukové drevo s relativnou vlhkostou 7,58 % uskladnené vo
vykurovanom priestore v interiéri v troch kusoch dreva,

* vzorka 4 - vzduchosuché bukové drevo s relativnou vlhkostou 7,58 % uskladnené vo
vykurovanom priestore v interiéri v Styroch kusoch dreva,

DiZka jednotlivych merani bola zavisla od dohorenia naloZenej davky paliva. Pre tdely
porovnania vysledkov bolo vybranych 61 mint od priloZenia paliva. Velkost davky paliva bola
zvolend na 3500 + 50 g, pricom bola rovnaka pocas vSetkych skusok. Palivo bolo vlozené do
spal'ovacej komory vo forme nastiepanych priblizne rovnakych kusov dreva dizky priblizne 35
cm za rovnakych podmienok — rovnaka pociato¢na zakladna vrstva, resp. pahreba, rovnaka
pociatoéna kominova teplota (180 °C) a rovnaké umiestnenie v spalovacej komore.

Obr. 1 Testované vzorky paliv

METODIKA EXPERIMENTOV

Experimentadlne merania na urCenie vplyvu geometrick¢ého tvaru davky paliva boli
uskutocnené na lokalnom zdroji tepla — krbovej vlozke s menovitym tepelnym vykonom 13 kW
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v sulade s normou STN EN 13 229 ,Spotrebice na tuhé palivd na vykurovanie obytnych
priestorov. Poziadavky a skiiSobné metody.*

Kazda vzorka bola spalovana trikrat za sebou a nizSie uvedené vysledky st aritmetickym
priemerom tychto merani. Spalovanie kazdej vzorky prebiehalo za rovnakych podmienok —
rovnaké nastavenie privodu a prerozdelenia spal'ovacieho vzduchu, rovnaky kominovy tah (12 +
2 Pa), priblizne rovnaka teplota (21 + 2 °C) a relativna vlhkost’ (40 £ 2 %) okolitého vzduchu.

Tepelny vykon a t€innost’ krbovej vlozky bola uréend vypoctom nepriamou metdédou v stilade
s normou STN EN 13 229. Meranie plynnych emisii, konkrétne oxidu uhol'natého (CO), oxidov
dusika (NOX), organickych plynnych uhl'ovodikov (OGC), oxidu uhli¢itého (CO») a kyslika (O»)
boli merané pomocou analyzatora emisii s NDIR fotometrickym senzorom. Hodnoty produkcie
emisii boli prepocitané na normované podmienky (0 °C, 101325 Pa a 13 % obsah kyslika v
spalinach). Produkcia tuhych znecistujucich latok bola stanovena gravimetrickou metdédou v
sulade s normou STN ISO 9096 za podmienky dodrzania izokinetického odberu spalin.
Kominova teplota a teplota okolia bola stanovena pomocou termoclanku typu K (NiCr-Ni).
Konstantny kominovy t'ah bol zabezpeceny ventilatorom pre odvod spalin, ktorého otacky boli
regulované frekvencnym menicom.

VYSLEDKY EXPERIMENTOV

V Tab. 1 st uvedené priemerné hodnoty meranych parametrov pocas experimentov. Priemerny
tepelny vykon krbovych vloziek bol najvyssi pri spalovani vzorky, kde sa spaloval 1 kus dreva.
Priblizne o 1 kW niZsi priemerny tepelny vykon sa dosiahol pri spalovani vzorky 2. Néasledne pri
spal’ovani vzorky 3 a 4 bol priemerny tepelny vykon vyrazne nizsi, konkrétne 6,8 kW a 7,1 kW.
Uginnost’ spalovania korespondovala s tepelnym vykonom, pri¢om najvyssia dosiahnuta bola
pocas spal’ovania vzorky 1. Koncentracia kyslika v spalinach bola vysoka vzhl'adom na velkost’
spal’ovacej komory, nakol’ko palivo horelo len v malom objeme. Tomu zodpoveda aj koncentracia
oxidu uhli¢itého. Najnizsia priemerna produkcia oxidu uholnatého bola zaznamenana pri
rozdeleni davky paliva na 2 kusy, priCom podobné vysledky sa zaznamenali aj pri spalovani 1
kusu dreva. Koncentracia oxidov dusika zodpovedala intenzite spalovania, resp. teplotam v
spal’ovacej komore, priCom najniz$ia priemerna koncentracia bola zaznamenana pri spal’ovani
vzorky 4. Priemerna koncentracia organickych plynnych uhl'ovodikov sa pohybovala v rozsahu
34,2 — 52,6 mg.m>, pri¢om najniZzSia bola zaznamenan4 pocas spalovania 2 kusov dreva.

“TAB. 1,” Vysledky experimentov — tepelny vykon, i€innost’, koncentracia O,, CO,, CO,
NOx a OGC pocas spalovania réznych vzoriek paliva
Vzorka 1 Vzorka 2 Vzorka 3 Vzorka 4

Parameter Jednotka (1 kus) (2 kusy) (3 kusy) (4 kusy)
Tepelny vykon (kW] 10.5 9.5 6.8 7.1
Ucinnost [%] 65.3 58.5 44.1 43.1
Koncentracia O, [%] 16.6 17.0 17.2 17.4
Koncentracia CO, [%] 4.4 4.0 3.7 3.6
Koncentracia CO [mg.m™] 2622.3 2569.7 3967.3 3330.8
Koncentracia NOx [mg.m™] 78.2 86.3 61.8 45.2
Koncentracia OGC [mg.m™] 34.3 34.2 52.6 43.5

Na obr. 2 je znazornena priemerna koncentracia tuhych znecistujicich latok (TZL) v spalinach
pri spal’ovani jednotlivych vzoriek. Najniz$ia produkcia TZL bola zaznamenana pocas spal’ovania
vzorky 1 a vzorky 2 a najvyssia pri spal’ovani vzorky 3. Vo vSetkych pripadoch Castice do vel'kosti
2,5 um tvorili priblizne 80 % vSetkych produkovanych tuhych Castic.
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181.8

£ 160 147.9

= 120

54.5
43.1

Produkcia TZL (m

10.8
20 9.5
48 6.9 0.8 26 4.5 2.0

Vzorka

EmTZLnad 10um: ®WTZL2.5-10pm: ®WTZLdo 2.5um:

Obr. 2 Priemerna koncentracia tuhych znecistujucich latok v spalinach pri spal'ovani
jednotlivych vzoriek

ZAVER

Tvar davky paliva pomerne vyznamne ovplyviuje vykonové a emisné parametre lokalneho
zdroja tepla. Zo ziskanych vysledkov vyplyva, Ze v danej krbovej vlozke je vhodnejsie spal’ovat’
davku paliva vo forme jedného resp. dvoch kusov, kedy je priemerny tepelny vykon, G¢innost’
spal’ovania najvyssia a produkcia emisii najniz$ia. V pripade rozdrobenia davky kusového dreva
na 3 a viac kusov dochadza k prudkému zapaleniu a vyharaniu paliva v ivodnej faze, ¢o vedie k
vysSiemu tepelnému vykonu priblizne v prvej polovici doby spal’ovania, ale nizkemu tepelnému
vykonu a u¢innosti v druhej polovici doby spal’ovania, ¢o ma za nasledok aj na vysSej koncentracii
oxidu uholnatého a organickych plynnych uhlovodikov. Vysledky produkcie tuhych
znecistujucich latok taktiez na vyhodnost’ spal’ovania davky paliva vo forme jedného, resp. dvoch
kusov dreva.
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DETERMINATION OF NATURAL DRAFT WET-COOLING
TOWER LOSS COEFFICIENT

HYHLIK Tomas

Based on the characteristics of the natural draft wet-cooling tower
represented by Merkel number dependence on gas to liquid ratio and
known parameters of flowing water is determined tower loss
coefficient. The simple algebraic draft equation has been used. The
density above the fill zone is predicted both by the assumption of
saturated air above the fill zone and by using energy equation, where
the change in water mass flow rate is taken into account. Results are
compared with the more general quasi-one-dimensional model based
on the system of four partial differential equations describing moist
air flow. The system of equations for moist air flow is coupled with

two ordinary differential equations describing heat and mass transfer
in the fill zone.

Keywords: Merkel Model, Wet-Cooling Tower, Draft Equation

Introduction

The prediction of heat and mass transfer in cooling towers can be done using classical Merkel
model [1], which is widely used by the cooling tower industry. The natural draft can be
calculated using an algebraic draft equation, see eg. [1, 2]. Merkel model is based on non-
dimensional Merkel number [1, 3]

Aa t Cpwdt
M — “m dA wi pw=w
€= f fwo (M xw)=h14x)’

(1)

where a,, is mass transfer coefficient, m,, is water mass flow rate, dA is infinitesimal contact
area, t,,, is outlet water temperature, t,,; is inlet water temperature, hi',,(t,,) is saturated moist
air enthalpy at water temperature and h;,, is most air enthalpy which can be calculated using
simplified energy equation [3]

Ahiyx _ My dty 2
dA ~ PWoan, da” @)

One of simplest forms of draft equation [2] is
2
—Pave = 2gH(p; = po), 3)

where v is the velocity of air, { is tower loss coefficient, g is gravity acceleration, H is an
effective height of the cooling tower, p; is inlet density, p, is density above the fill zone and
averaged density based on reference [1]is
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Fig. 1 Distribution temperature ¢ and adiabatic saturation temperature #,; in the natural draft cooling
tower

Pave = ﬁ (4)
Pi Po
Known value of moist air enthalpy and assumption of saturated moist air allows determination
of the outflow parameters of moist air from the Merkel model or it is possible to use the
equation of energy, where a change in water mass flow rate is taken into account [4]

mgydh, 4, = my,dh,, — h,m.dx, (5)
where dx is specific humidity change.

Test case

Characteristic of natural draft wet-cooling tower [5] is
g \11
Me = 2.2 (m—w) . (6)
Rotational hyperboloid shaped cooling tower with cross section [5]

A(z) =2 (0.0069772% — 1.2764z + 131.61)? (7)

is selected. The water inlet mass flow rate is 71, = 17099.5kgs ™! Inlet water temperature is
twi = 34.9°C. Outlet water temperature based on the reference [5] is t,,, = 20°C. Air inlet
temperature is 15.7°Cand adiabatic saturation temperature is 11.84°C. The atmospheric
pressure is 98100Pa Tower is 150mhigh with fill zone placed at height 12.5m. Based on
prescribed parameters is possible to use equations (1-7) a by simple bisection algorithm can find
velocity in the fill zone, which is 1.466ms ™. Predicted Merkel number is Me = 2.33. Dry air
mass flow rate is 18036.5kgs™1. Based on equation (3) is possible to determine tower loss
coefficient which is ¢ = 66.93if moist air is assumed to be saturated above the fill zone. Tower
loss coefficient is ¢ = 68.55if equation (5) is taken into account.
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Fig. 2 Pressure distribution in the natural draft cooling tower

Quasi-one-dimensional model

This section partly describes a more general model of flow, heat and mass transfer in natural
draft wet-cooling tower based on reference [6]. The system of governing equations describing
the flow of the homogeneous mixture of dry air and water vapour in the case of quasi one
dimensional flow [6] is

o(wa) | 9(FA)

o T 5, = ¢ (8)
where W is the vector of conservative variables and F'is the vector of fluxes [6]
p pv
| ev | pv*+p
W=1ow, | | opvw, ©)
pe v(pe +p)

The vector of sources [6] is

A(2)o, (Z) ®)

[ A(z)av (2) ]
_|P A(Z) Py + p |

L A@)(0gmoder(@) + pgv) |
The first equation is overall continuity equation, the second equation is momentum equation, the
third equation is water vapour continuity equation and the last equation is equation of energy.
Parameters of water in the fill zone are based on the ordinary differential equations for change
in water mass flow rate [6]

43



HYHLIK Tomés

Fig. 3 Distribution of specific humidity x and specific humidity of saturated moist air x"’ in the natural
draft cooling tower

dmw

dz Me/hflll mw(x (tw) —x) (10)
and water temperature change [6]
dt, M /h ; .
é Me/hgin [L pr(t ta) + (x (tw) — x)l(tw)]_ (11)

Source terms in the fill zone are calculated as [6]

Me/hflll

Oy = ( )mw(x”(tw) - X) (12)
and
Ogmodel = Ogs + 273.15¢,,0y, (13)
where
Me/hrip .
Ogs = Lef — T, cp (6 = ta) + 0y [1(t) = 1(t)]: (14)
Results

Results of numerical computation based on equations (8-14) are shown in figures 1-4. The
numerical computation is taking into account Merkel number and loss coefficient predicted by
the simplified model of the flow, heat and mass transfer. The value of used Merkel number is
Me = 2.33and loss coefficient is ¢ = 66.93. The water inlet mass flow rate is m,, =
17099.5kgs™1 Inlet water temperature is t,; = 34.9°C. Air inlet temperature is
15. 7°Cand adiabatic saturation temperature is 11. 84°C. The model predicts the value of dry
air mass flow rate of 17070. 7kgs~land the temperature of cooled water t,,, = 19. 2°C.
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Fig. 4 Velocity distribution in the natural draft cooling tower

The distribution of moist air temperature and adiabatic saturation temperature in figure 1
indicates that moist air above the fill zone is saturated or supersaturated. There is an unphysical
peak in temperature distribution in the fill zone. The pressure distribution in figure 2 documents
pressure decrease inside cooling tower, where biggest slope in the fill zone is connected with
tower loss coefficient. There is a comparison of specific humidity and saturated specific
humidity at moist air temperature in figure 3. It is possible to observe that the moist air above
fill zone is supersaturated. Velocity distribution in figure 4 reflects the shape of the cooling
tower, but an increase in velocity in the fill zone can be observed. This increase in connected
with the humidity decrease.

Conclusion

The article presents simple approach of natural draft wet-cooling tower loss coefficient
prediction based on the characteristic of the fill zone and measured water temperature decrease.
It has been shown that loss coefficient is dependent on the evaluation of moist air humidity
above the fill zone. Predicted loss coefficient and Merkel number have been used in the more
general model of the flow, heat and mass transfer of natural draft wet-cooling tower. It is seen
that more general model predicts lover dry air mass flow rate and also lower outlet water
temperature. It looks that the more general draft equation should be used to predict cooling
tower loss coefficient. Another test data should be used to identify the source of imperfections
in the cooling tower model.
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A COMPARISON OF TWO WAYS OF MODELLING FREE-SLIP
BOUNDARY CONDITION IN THE SPH METHOD

JANCIK Petr, HYHLIK Tomas

In this paper, two ways of modelling free-slip boundary conditions in
the smoothed particle hydrodynamics method are presented and
compared. The comparison is performed on a two-dimensional dam
break problem. Similarities and differences in the results are
discussed, as well as advantages and disadvantages of the presented
approaches. The results of the simulations are also compared with
experimental data available in the literature.

Keywords: SPH, free-slip boundary condition, dam break

Introduction

The smoothed particle hydrodynamics (SPH) method is a mesh-free particle method, which is
suitable for CFD simulations. In traditional CFD methods, which usually originate from the
Eulerian description of continuum and employ computational mesh for spatial discretization,
imposing a wall boundary condition is relatively straightforward. In contrast with that, applying
a wall boundary condition in particle methods might be cumbersome. Different methods can
also lead to different results.

A number of possible approaches have been proposed, and they can be divided into three
groups. Probably the simplest way is to place a layer of repulsive particles directly on the
boundary [9], [10]. Another way is to create a mirror image of the fluid particles; these so-called
ghost particles prevent the fluid particles from penetrating the boundary [4]. This approach may
be complicated for complex boundaries because it requires the knowledge of surface normal in
the every point of the surface. It is also possible to form a wall using dummy particles; these
particles remain fixed in space and variables, e.g., density, pressure, or velocity, are transferred
from fluid particles [1], [6]. A combination of repulsive and dummy approach has been
proposed as well [5].

In this work, two different methods of modelling free-slip boundary condition were used. The
first uses repulsive particles [9], and the other is dummy particle method, modified [1]. A dam
break problem was solved using these methods and results are thoroughly discussed.

2. Method

It is suitable to have the continuity and momentum equations in the Lagrangian form:
Do
— =—9V-v, 1
pe - ¢ W
bv_ _1 Vp + 2
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Variables p, p, v, and f denote density, pressure, velocity, and force field intensity respectively.
Fluid is modelled compressible and inviscid. The spatial derivatives in these equations are
approximated using SPH techniques, which transforms the equations into ordinary differential
equations. There are more options how to carry out this transformation. In this work, the
governing equations are in the form:

Dt =0 m]( i ]) ij (3)
j

Dv; pi  DPj
J

Indices i and j serve for particle identification. Variable m denotes mass, Wj is so-called
smoothing function, and IT; stands for artificial viscosity. It is necessary to implement artificial
viscosity term for a solution to be numerically stable. For more information about the method,
see for example [4].

The ordinary differential equations (3) and (4) can be solved using an explicit integration
scheme; in this work, the leap-frog algorithm was employed [4]. Explicit integration schemes
are conditionally stable. The Courant-Friedrichs-Levi condition

4

h;
At = 0.25 min (C—‘) (5)
i

was utilized to estimate the maximal allowed time step length. The parameter 4 is so-called
smoothing length, which determines the domain of influence of each particle, and c is the speed
of sound.

Since a flow is considered to be compressible, an equation of state is needed. The Tait equation

p=2[(L) ~1]+p, ©)

is often utilized to approximate non-compressible liquids as weakly compressible. The
numerical speed of sound cis chosen approximately ten times higher than the maximal expected
flow velocity occurring in the problem, and the parameter y is taken 7 for liquids [9]. This
choice keeps variation in density sufficiently low while a time step length in an explicit
numerical scheme can be relatively large.

3. Boundary conditions

The first used way of enforcing wall boundary conditions is the repulsive particle method
proposed in [9]. This method is hereinafter called the repulsive particle method. The other
method is a modification of the dummy particle method proposed in [1]. This method is
hereinafter called the dummy particle method.

In the repulsive particle method, walls are formed by a single layer of particles. These particles
do not take part in the summations in equations (3) and (4); they only generate a repulsive force
field around themselves, which prevents the fluid particles from wall penetration. The repulsive
force field is in the Lennard-Jones potential form
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e i NP (1172 i .
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! 0 0 |51

0, otherwise.

Parameter D determines magnitude of the generated force field, the cut-off distance ry is the
same as the initial spacing of the fluid particles, and the exponents have to meet the condition
p1>p2. The distance between wall particles is half the fluid particle spacing.

In the repulsive particle method, the fluid particles that are close to the wall are not surrounded
by neighbouring particles uniformly from all sides. This particle deficiency causes that field
variables, e. g., pressure, are not evaluated correctly in the vicinity of a wall.

Three layers of particles form a wall in the dummy particle method. These particles are taken
into account while evaluating equations in (3) and (4). Dummy particle pressure is evaluated
using formula

_ 2P War + 25 Fre Xwr o Ws
" X Wy '

where indices w and fdenote wall and fluid particles respectively. Dummy particle density is
calculated from the inverse form of the equation of state (6). One difference from the originally
suggested method is that dummy particle velocities are always zero. The other distinction is in
the artificial viscosity. In the original method, the artificial viscosity is omitted in the interaction
between fluid and wall particles. In the herein presented problem, artificial viscosity is kept
active for all particles, although it is set ten times weaker for fluid-wall interaction.

(®)

In this method, the particles close to a wall are uniformly surrounded by neighbouring particles,
fluid or dummy. Thus the field variables should be evaluated correctly.

A number of particles needed for a wall representation is an important parameter since the total
number of particles present in a simulation affects the computational performance. In two
dimensions, the number of particles needed to model a wall is lower for the repulsive particle
method (approximately 2:3). However, this ratio turns in favour of the dummy particle method
in three dimensions (approximately 3:4).

4. Dam break problem

The described methods were used to simulate a dam break problem in two dimensions. The dam
break is a free surface flow problem; it is frequently used for validations of CFD programs. The
initial configuration of the particular case is in Fig. 1. The highlighted particles are the particles
which reach above the original column height throughout the simulation. The particle tracking
is performed easily thanks to Lagrangian nature of the method.

All numerical parameters, e.g., time step, artificial viscosity, or numerical speed of sound, are
set identically in both cases.

In the second case, the highlighted particle domain in the second case is larger overall, and more
highlighted particles appear closer to the bottom of the column. This is a consequence of the
fact that the dummy particle method is closer to a true free-slip condition.

In the initial phase of the simulation, the surge front moved towards the right wall (Fig. 2). In
the repulsive particle case, it is clearly visible that some of the particles adjacent to the left wall
were disrupted. This disruption was caused by the imperfection of the boundary condition; the
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resultant repulsive force is not exactly perpendicular to the wall, and the particles stick to it. In

the dummy particle case, some particles clung to the left wall, but no disruption occurred.

3t 3
fluid particles = fluid particles
25¢ highlighted particles 251 highlighted particles
boundary particles ' boundary particles
2r 2
Eis 1E 13
B =
I 1
0.5 0.5
0t 0
0 1 2 3 4 0 1 2 3 4
x (m) x (m)

Fig. 1: The initial configuration of the dam break problem. The highlighted particles are the particles which reach

above the original column height throughout the simulation. Left: the repulsive particle method; right: the dummy
particle method.

2 2 1
fluid particles fluid particles
L5y highlighted particles 15§ highlighted particles
= boundary particles = i boundary particles
i 1 = 1 |
0.5 0.5
0L o
0 1 2 3 4 0 1 2 3 4

x (m) x (m)

Fig. 2: The initial phase of the dam break problem. Time ¢ = 0.5 s. Left: the repulsive particle method; right: the
dummy particle method.

Also, the propagation of the surge front was monitored. Both cases are evaluated and compared
with some experimental data from literature in Fig.3.

4
‘_,."210
==== Repulsive particle method ,,;76 A
RIRH i PR Dummy particle method ".':E'é
O Experiment (Martin 1952) Pr-te}
3+ | &  Experiment (Koshizuka 1996) j’,.-;'g'ﬁ A
0 Experiment (Hu 2010) ,z'(‘j
_ S0 A
Z 25 | ;,;_/
= __r,:.;:er
2 0 -"".‘; O
L e
0.t O
---- =70
L1 Jere 3
_ ol
‘*\lb
s
11’3—“""‘I"'A9L I I | | \ 1
0 0.5 1 1.5 2 2.5 3
(1)

Fig. 3: Dimensionless surge front position as a function of dimensionless time. Martin 1952 [7],
Koshizuka 1996 [3], Hu 2010 [2].

The data are displayed in dimensionless parameters because scales of the experiments were
different. The dimensionless parameters are defined:
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X:i T=t2—g 9)

o’ o
The variable ¢ denotes the surge front position, ¢ stands for the initial column width, and g is
the gravitational field magnitude.

The surge front in the repulsive particle method lagged slightly behind the one in the dummy
particle method. It is caused by stronger tangential forces acting on the bottom liquid layer in
comparison with the dummy particle method. Both simulations are in a good agreement with the
presented experimental data.

After the surge front impacts the right wall, a vertical jet was formed (Fig. 4). Small groups of
particles separated from the main body and were ejected high above the vertical walls; most of
them fell back into the tank later. The jet was stronger in the dummy particle case, and the
separated particles reached greater height.

4 1 4f . ]
fluid particles - fluid particles .
3.5 - highlighted particles 1 35¢ - highlighted particles
- boundary particles - boundary particles
3 4
2.5
E
=
1.5
1
0.5
0
0 1 2 3 + 0 1 2 3 -
x (m) x (m)

Fig. 4: The vertical jet and detached particles. Time ¢ = 1.7 s. Left: the repulsive particle method; right: the dummy
particle method.

When the jet lost its momentum, a rolling wave emerged in both cases (Fig. 5). The rolling
waves differ in their shape and size slightly. It is noticeable that the liquid layer on the bottom
of the tank is thinner in the dummy particle case; that leaves more liquid to form the rolling
wave.

2r ' ' ' ': 2
-+ fluid particles - fluid particles
1.5  highlighted particles i 1.5 - highlighted particles
e - boundary particles T boundary particles
~ 1 [ S~ 1
= =
057 0.5
0t 0
0 1 2 3 4 2
x (m) x (m)

Fig. 5: The rolling wave. Time ¢ = 1.85 s. Left: the repulsive particle method; right: the dummy particle method.
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The rolling wave impacted the liquid surface. The fluid rebounded and created horizontal jets
(Fig. 6 and Fig. 7). It is noticeable that in the dummy particle method the jet is larger and it
reaches further towards the left wall. The hollow near the right wall was caused by the
collapsing vertical jet.

2 I 2 f
- fluid particles . fluid particles M
LS5t - highlighted particles } 1.5 1 - highlighted particles i
2 - boundary particles 5 boundary particles
— 1 [ —
= =
0.5
ol
0 1 2 3 4 0 1 2 3 4
x (m) x (m)

Fig. 6: The rolling wave after impact — early phase. Time ¢ = 2.1 s. Left: the repulsive particle method; right: the
dummy particle method.

2 f ‘ ' ' [ 2]
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L5}  highlighted particles 1 L5 - highlighted particles
= boundary particles g boundary particles
g ! 1& 1
=3 1 BN
0.5t
0 . -
0 1 2 3 4 0 1 2 3 -+

x (m) x (m)
Fig. 7: The rolling wave after impact — later phase. Time ¢ = 2.4 s. Left: the repulsive particle method; right: the
dummy particle method.

The moving fluid body impacted the left wall in both cases (Fig. 8). However, the outcome is
not as similar as it was in the previous phases of the simulation. In the dummy particle case, the
overall fluid momentum was greater, and the impact was strongly affected by the horizontal jet.
As a result, a noticeable vortex emerged in the bottom left corner of the tank, as well as a
tongue-like structure above the surface near the left wall.

2 [ 2
fluid particles - fluid particles
LS5 1 la - highlighted particles 1.5 flame, - highlighted particles
g boundary particles

- - boundary particles

y (m)

y(m)

x (m) x (m)

Fig. 8: The situation after the left wall impact — early phase. Time ¢ = 3.1 s. Left: the repulsive particle method; right:
the dummy particle method.

A simple gravity wave formed in the repulsive particle case, while slightly more complicated
phenomena appeared in the other one, as the tongue-like structure fell back into the tank (Fig.9).
Finally, the violent fluid motion was dampened in both cases.
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Fig. 9: The situation after the left wall impact — later phase. Time ¢ = 3.5's. Left: the repulsive particle method; right:
the dummy particle method.

Conclusion

In this work, a comparison between two ways of enforcing free-slip boundary condition in the
SPH method was conducted. A two-dimensional dam break problem was used for this purpose.

Both methods lead to similar results, especially in the beginning of the simulation. However,
even in the initial phase, it is clear that the dummy particle method represents a free-slip
condition more precisely. Moreover, no particle disruption occurred near the left wall as the
liquid descended by it. Another advantage of the dummy particle method is that it can be easily
modified to a no-slip boundary condition for viscous flow.

Due to less dissipation in the dummy particle method, the rolling wave kept more momentum
and the impact on the left wall happened to be more intensive and even qualitatively different
from the one occurring when employing the repulsive particle method.

Both methods seem robust and can represent geometrically complex boundaries. However, for
example pressure, which is a key variable for evaluation of forces acting on walls, is determined
incorrectly in the repulsive particle method due to particle deficiency. The dummy particle
method yields better results from this point of view. However, the pressure field is still quite
noisy; it is a usual issue in weakly compressible approach of modelling incompressible fluids.
The noise could be reduced by employing an artificial diffusive term [8]. The ability to assess
forces acting on the walls correctly would lead to new computational program applications.
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ZNIZOVANIE ULETU TUHYCH ZNECISTUJUCICH LATOK V
ZAVISLOSTI OD POLOHY PREPAZOK V SPALINOVOM
TRAKTE

KANTOVA Nikola, JANDACKA Jozef, HOLUBCIK Michal, CAJA Alexander

Tuhym znecistujucim latkam je potrebné venovat pozornost hlavne
kvoli ich negativnym ucinkom na ludské zdravie. Do ovzduSia sa
dostavaju v podobe castic pevneho a kvapalného materialu z réznych
mobilnych, ako aj stacionarnych zdrojov, medzi ktoré patri aj
spalovanie. Mnozstvo vyprodukovanych tuhych znecistujucich latok
zavisi od viacerych faktorov. Prispevok sa zaoberda moznostami
znizovania uletu tuhych znecistujucich latok. Na zachytdavanie tychto
Castic boli navrhnuté prepazky do spalinového traktu krbovej viozky a
nasledne pomocou CFD simulacii sa pozorovalo ich prudenie v
zavislosti od polohy prepazok.

UvVoD

Tuhé znecistujuce latky (TZL) v ovzdusi predstavuji zmes latok pozostdvajucu z uhlika,
prachu a aerosolov. Do ovzdusia sa dostavaju z roznych zdrojov, ktoré je mozné rozdelit’ do troch
zakladnych kategorii, a to stacionarne, mobilné a zdroje znecistenia vnitorného ovzdusia. Medzi
staciondrne zdroje patria aj spalovne a lokdlne kureniskid. Okrem uvedenych antropogénnych
zdrojov, sa na znecist'ovani ovzdusia podiel’aju aj prirodzené zdroje [1].

Tuhé znecistujuce latky predstavuju vyznamnu zlozku znecistenia atmosféry, ktora sa
podiela na Skodlivom pdsobeni na 'udské zdravie. S velkost'ou castic a ich zloZzenim suvisia i
G¢inky &astic na ludské zdravie a mozné rizikd. Cim su &astice mensie, tym st pre Zivy
organizmus nebezpecnejsie. Najjemnejsie frakcie TZL su povaZované za pri¢inu najvacSieho
poskodzovania Tudského zdravia. Castice tejto frakcie sa usadzuju v placach a blokuju
reprodukciu buniek. Tym moéZzu vznikat vhodné podmienky pre rozvoj virusovych a
bakterialnych respiracnych infekcii, ako aj postupny prechod akutnych zapalovych zmien do
chronickej fazy za vzniku chronickej bronchitidy [1, 2].

Znizovanie mnozstva TZL v ovzdu$i mozno docielit’ primarne alebo sekundarne pouzitim
odlucovacov. Prispevok sa zaobera primarnym opatrenim pomocou prepazok na zachytavanie
tychto Castic. Prepazky st umiestnené v spalinovom trakte krbovej vlozky, pricom st pozorované
a porovnané tri rozne varianty ich polohy v programe Ansys pomocou CFD simulacii pridenia
TZL prepazkami. V stcasnosti ma CFD modelovanie Siroké vyuzitie kvoli detailnych
informaciam o spravani sa danej tekutiny, rychlosti a znizenym nakladom, vyvoju technologii,
skiimaniu a odstranovaniu pri¢in neziaduceho chovania procesov a pod. [3].

MATEMATICKA SIMULACIA

Za u¢elom pozorovania pridenia TZL bol zostrojeny 3D model s dizkou kazdej hrany 400 mm
predstavujuci spalinovy trakt krbovej vlozky. Na zachytavanie TZL sluzili prepazky v pocte
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kusov 3 a v 3 r6znych variantoch, ¢o je mozné vidiet' na Obrazku 1. V prvom variante sa prepazky
realizovali kolmo voci zvislej rovine, nasledne v druhom variante boli prepazky pootocené o uhol
-20° od horizontalnej roviny a v poslednom variante boli prepazky taktiez pootocené o uhol
+20°0d horizontélnej roviny, pricom vzajomne su rovnobezné.

D.TOO(m) 0,000

0,700(m)
- ]

-
0175 0525 (i 455

(b) (c)
OBRAZOK 1. 3D modely spalinového traktu s prepazkami (a) Variant &. 1, (b) Variant &. 2, (c) Variant &. 3

0700(m) 0000
]

Na obrazku 2 st znazornené siete jednotlivych variantov. V prvom variante mala siet’ 194787
elementov, v druhom variante 255921 elementov a v poslednom tretom variante 171848
elementov. Siet’ bola prevazne kvadraticka, vo vsetkych pripadoch bol Aspect Ratio mensi ako
10.

0350

0700(m) 000 0700(m) 080 0700 (m)

(a) (b) (©)

OBRAZOK 2. Siete 3D modelov (a) Variant &. 1, (b) Variant & 2, (¢) Variant & 3

Pradenie TZL v spalinach predstavuje dvojfazové pradenie. Navier - Stokesove rovnice za

predpokladu nestlacitelnosti tekutiny popisuju pradenie vzduchu v simulécii. Priidenie TZL bolo
realizované pomocou Lagrangian referencného ramcu, ktory predpoveda trajektoriu Castic
diskrétnej fazy integraciou rovnovahy sily na Casticu [4, 5]. Tieto Castice sa do programu Ansys
vkladaju ako prachové Castice sadze s uvazovanym gul'atym priemerom. Ich priemer vsak nie je
rovnaky, a preto sa pouzil Rosin - Rammlerov model rozdelenia velkosti Castic. Bol uvazovany
vplyv turbulencie na Castice.
Simulécia prebehla s uvazovanim ustaleného pradenia v Case, gravitatného pdsobenia s pouzitim
modelu k-¢ realizable s funkciou steny a bez vplyvu teploty. Pre vypocet hmotnostného toku na
vstupe do spalinového traktu boli pouzité stechiometrické vypoéty. Hmotnostny tok na vstupe
modelu sa stanovil na 0,0168 kg. s™. Po nastaveniach vypo&tu prebehla hybridna inicializacia
a vypocet skonvergoval.
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trakte
VYSLEDKY SIMULACIE
Na zaklade vypoctu poctu Castic a vypoctu hmotnostného toku v programe Ansys su
spracované vysledky ucinku prepazok do Tabulky 1.
TABULKA 1. Vysledky u¢inku prepazok
Variant & PodPa poctu Castic PodPa hmotnostného toku
) % zachytenych % zachytenych
1 52 17
2 35 11
3 55 19

Vysledky simulacie su spracované do Obrazku 3, kde je znazornené rozlozenie rychlosti
v jednotlivych variantoch v rozmedzi od 0 m.s' do 5 m.s!. Najnizsie rychlosti sa dosahovali vo
variante ¢. 3. Najvicsia dosiahnuta rychlost’ bola v druhom variante, kde nadobudla maximalnu
hodnotu 3,9 m.s' po prechode prvou prepazkou. V zizenych miestach dochddza k néarastu
rychlosti TZL, preto sa tymto miestam treba vyhnut pri ich realizacii.

275
250

225
200
| 175
150
125
1.00
075
050
025

0.00
Rychlost’
(m/s)

(2) (b) (©)

OBRAZOK 3. (a) RozloZenie rychlosti vo Variante & 1, (b) RozloZenie rychlosti vo Variante &. 2, (c) RozloZenie
rychlosti vo Variante €. 3

Z vysledkov vyplyva, Ze najucinnejsi variant usporiadanie prepazok je variant ¢. 3. Avsak aj
napriek tomuto usporiadaniu prepazok, vel'ké cast’ menSich Castic unikne v spalinach. V pripade
vécsich Castic je véacsia polovica zachytena uz prvou prepazkou.

ZAVER

Prispevok sa zaobera tuhymi znecistujucimi latkami v oblasti ich zniZovania pomocou
prepazok umiestnenych v spalinovom trakte krbovej vlozky, priCom boli skimané tri rdzne
varianty ich polohy. Znizovaniu TZL je potrebné sa venovat’ najmi kvoli ich negativnemu t¢inku
na ludské zdravie. Na pozorovanie pradenia TZL prepazkami bol pouzity program Ansys.
Najucinnejsi variant ich polohy bol v pripade ich pootocenia o uhol £20°0d horizontalnej roviny,
pri¢om st vzajomne rovnobezné. Vicsina vacsich Castic bola zachytena prepazkami, avSak vel'ka
¢ast’ mensich Castic unikla v spalinach.
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The solidification and cooling of ductile-cast-iron roller is a very
complicated problem of heat and mass transfer with a phase and
structural changes. An original application of ANSYS simulated the
forming of the temperature field of the entire system. Experimental
research and temperature measurement must be conducted
simultaneously with numerical calculation in order to make the model
more accurate and to verify it.

Kli¢ova slova: solidification, numerical model, measurement

1. Introduction

Steel and ductile cast-iron rollers, between which train rails (with a hardness of 300 HB) are
rolled, are cast into cylindrical iron moulds. Each producer uses their own production
technology that must meet the increasingly more demanding requirements concerning length of
operational life on the railway — i.e. greater hardness. This means that it is necessary to cast
rollers with significantly improved utility properties, mainly high wear-resistance and optimal
mechanical and structural properties. It is therefore necessary to find and ensure optimal
relationships between the matrix structure and the resultant values of the mechanical properties
of the rollers in order to maximize the length of life. The requirements introduced here cannot
be met without perfect knowledge of the course of solidification, cooling and heat treatment of
the cast rollers as well as the kinetics of the temperature field of the casting and mould [1].

The solidification and cooling of these rollers — partly inside a sand mould and partly inside an
iron mould — is a very complicated problem of heat and mass transfer with a phase and
structural change. The investigation into the temperature field, which can be described by the
3D Fourier equation, is not possible without the engagement of a numerical model of the
temperature field of the entire system — comprising the casting, the mould and ambient [2]. An
original application of ANSYS simulated the forming of the temperature field of the entire
system. The introduced 3D model of the temperature field is based on the numerical finite-
element method. Experimental research and temperature measurement must be conducted
simultaneously with numerical calculation in order to make the model more accurate and to
verify it [3].

2. The assignment and preparation of the investigation

The assignment focused on investigating the transient 3D temperature field of a system
comprising a casting, the mould and ambient, using a numerical model [1-3]. The dimensions of
the cylindrical casting and of the iron mould are given in Fig. 1, the diameter of the actual roller
is 1180 mm and height 2100 mm. This figure illustrates the entire set-up comprising two parts
of the sand mould for the upper and lower spindle ends and the iron mould. The working
surface of the iron mould is covered with a separating layer — hereafter “separator” (which is a
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special lubricant applied in various thicknesses to the inside walls of the iron mould and kiln-
hardened at 180 °C prior to casting). The initial temperature of the mould was 20 °C. The
pouring temperature of the melt was 1336 °C. The casting was performed from underneath with
tangential in-flow. The total time of casting of the ductile cast-iron was 175 seconds.

Since this is a case of rotational symmetry, it was sufficient to investigate the temperature field
of one half of the axial section. The coefficients of heat transfer by radiation and convection in
all planes bordering the system into the ambient were defined. Ideal physical contact was
presumed between the sand mould and the casting.

sand

F 500

section Il ko
. N [}
section Il s 5 o
S il
section | by @ 1180

Fig. 1: The set-up of a vertically cast roller
2.1 Numerical model of the temperature field of the roller

The mathematical model for the simulation of the temperature field of the roller-mould system
was created by ANSYS. The element Plane 55 was selected for the calculation. It has 4 nodes
with one unknown — the temperature. The simulation of the release of the latent heats of phase
or structural changes is carried out by introducing the thermodynamic enthalpy function [2,3].
The model enables the evaluation of the temperature field within the actual casting and mould at
any point in time within the process of solidification and cooling using contour lines (i.e. so-
called iso-lines and iso-zones) or temperature-time curves for any nodal point of the system. It
is possible to use all sophisticated sub-programs of ANSY'S, such as automatic mesh generation,
pre-processing and post-processing. The program also considers the non-linearity of the task,
ie.:

e The dependence of the thermophysical properties of all materials entering the system, and

e The dependence of the heat-transfer coefficients (on all boundaries of the system) on the

temperature of the surface — of the casting and mould.

The stability and accuracy of the numerical solution, when applying the explicit method, is
sensitive to the size of element of the mesh and the time step. Fig. 2 shows the network for the
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original casting, riser and mould. The initial time step was 107's, the minimum step in the
following course of the calculation was selected as 10 s and the maximum step was 120 s
[1.4].

Fig. 2: The mesh for the numerical model of the temperature field

A series of experimental temperature measurements was conducted for the verification of the
model and the closer determining of the boundary conditions of the numerical solution of the
temperature field. Results from experimental measurements were used for verification of the
model and correction of the boundary conditions of the numerical solution of the temperature
field. The calculation of the temperature field dealt mainly with the effect of the separator
between the casting and the iron mould on the solidification of the roller.

2.2 The results of the simulation of the temperature field in dependence on the
separator thickness

The thickness of the separator [1] — for individual simulations of solidification and cooling of
the roller — was gradually 0, 5, 10 and 15 mm. The point where the melt solidifies last is the
centre — 2100 mm from the base of the iron mould. The centre of the body of the roller is on the
axis at a distance of 1050 mm from the same base. Table 1 contains the solidification times of
the entire roller (including its centre), which are calculated from the simulation.

Figs. 3 to 6 illustrate the temperature field along the longitudinal axis of the system for all four
thicknesses after 7.845 h, i.e. at the time when the centre of the roller solidifies with a separator
of a mean thickness of 10 mm (Table 1). The area where the maximum temperature occurs is in
the riser after 7.845 hours (see the red area) for the no-separator and 5 mm-separator variants
(Figs. 3 and 4). The variants with the 10 mm and 15 mm separators seem to demonstrate
directed solidification around the geometric and heat axis (Figs. 5 and 6).
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Tab. 1: Solidification times for various separator thicknesses

Separator Solidification time
thickness Centre of roller Entire roller
(mm) hours seconds hours seconds
15 8.187 29473 8.783 31618
10 7.845 28242 8.124 29246
5 7.030 25310 7.531 27111
0 6.510 23437 6.554 23593

NODAL SOLUTICH AN TCDAL SCLUTIAN
%28242@%) %25242@%)
RSYS-0 RSYS-0
SMY =20 SMN =20
SMK =1128 SMX =1073 P
| — E— - — -
2 143.131 2%0%% 399 303 71257 G35 650 77 g1 916 1% 1108 0 157000 275 71,011 0 605,018 740 g39.06 70 Pors
Fig. 3:. The temperature field along the Fig. 4: The temperature field along the
longitudinal section (without the separator) longitudinal section (with a 5 mm separator)
NCDAL SOLOTIGN AN NODAL SOLUTICN ﬂ
TIME=28242 TIW28242
TEMP (BVG)
RSYs=0 RS 5=0
SMN =20 SMN =20
SMX =1131 SMX =1135
[ — | —
20 153362 2% 390,385 2 637,300 107 ges0ns O 113 2 13,001 27 % 50150 515 ¥ 30,206 1" 0g5.900 1011 1135
Fig. 5: The temperature field along the Fig. 6: The temperature field along the

longitudinal section (with a 10 mm separator)  longitudinal section (with a 15 mm separator)

It is possible to observe an enlargement of the above-mentioned red area along the vertical axis
with an increasing thickness of separator. Fig. 7 shows the dependence of the total solidification
time of the centre of the roller and entire roller on the separator thickness. The relationship
between the separator thickness and the solidification time can be described in relatively great
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detail by the linear function — as the reliability coefficient values in Fig. 7 indicate for both
straight lines. The separator has proven to be a good insulator. The solidification time of the
roller inside the mould with a 15 mm separator increases by up to 26% compared to that without
the separator.

2.3 Experimental measurement of the temperatures inside the iron mould and on the
surface of the roller

The distribution of temperatures along the height of the iron mould and roller was measured in
three horizontal planes, 100 mm (section I), 1000 mm (section II) and 1950 mm (section III)
from the bottom edge of the iron mould (Fig. 1). Figs. 8 and 9 show a more detailed diagram of
the positioning of the hot junction of the thermocouple.
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Fig. 7: The influence of the separator thickness on the total solidification time

The temperatures of the iron mould were taken beneath the inner surface (at depths of 5 and
10 mm) and outer surface (at a depth of 5 mm). The sensors for measuring the temperature of
the roller took the temperatures at a depth of 5 mm beneath the surface in the same horizontal
planes as the temperatures of the iron mould. The temperature was measured in a total number
of 14 points where 3 were on the surface of the roller, 7 on the inner surface of the iron mould
and 4 points on the outer surface of the iron mould. The thermocouples were interconnected
using the compensation leads of the 12-bit GRANT 1250 and 1203 measurement stations
with 87 and 46 KB of memory respectively.

3. Calculated versus measured temperatures

Section III (Figs. 1, 8 and 9 — detail A and D), where thermocouples recorded the temperatures
the longest — specifically point 9 (the inner surface of the iron mould) and point 13 (the outer
surface of the iron mould) — had been selected for the comparison of the temperatures from the
numerical simulation with the experimentally obtained temperatures from inside the iron mould.
The results of this comparison are illustrated in Figs. 10 and 11. The interruption of the
measurement of the temperatures after 85 hours was caused by the changing of the measurement
equipment and, furthermore, the thermocouple in point 13 did not resume work.
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The maximum values of the linear density of the heat flow were found to be in section II —
based on the temperatures ts and ts. On average, they are 100 kW.m™"' higher than those of
section III and section I. The intensity of the heat transfer influenced the formation of the
pouring structure monitored on the samples taken from sections I and III (see part 3 of this
article). The boundary conditions obtained experimentally were successively used to verify the

mathematical model.
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Fig. 8: Layout of measurement points Fig. 9: Positions of the thermocouples
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Fig. 10: Calculated versus measured temperatures (point 9)
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Figs. 10 and 11 confirm a very close similarity of the calculated and measured temperatures
of the iron mould. It appears that the absolute values and histories of experimental and
calculated temperatures in the points of the cylindrical casting and iron mould, which had
been selected for comparison, are very similar. The determined relationship between the
solidification time (of the entire casting or its geometrical centre) and the thickness of the
separator applies. The simulation of the temperature field of the roller and the mould (using
ANSYS) can therefore be considered successful.
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Fig. 11: Calculated versus measured temperatures (point 13)

The results of the mathematical model indicate that the distribution of temperatures and the
course of solidification in the vertical direction is quite uneven, which affects the internal
quality of the casting. While the body of the roller is solidified along the entire height, the
temperatures are still high in the lower spindle and could be the cause of shrinkage porosity in
the point where the spindle enters the roller. That is why the lower spindle should solidify in a
mould with a higher heat accumulation, i.e. in a mould made of CT-CrMg or in an iron
mould. Sooner topping-up of the upper spindle should ensure replenishing of the mould with
melt into the body of the roller in order to achieve increased quality [5].

4. Conclusion

The quality of the working rollers used for rolling rails of different profiles is determined by the
chemical and structural composition of the material of the rollers and the production
technology. It is necessary to cast rollers with significantly improved utility properties, mainly
high wear-resistance and optimal mechanical and structural properties. It is therefore necessary
to find and ensure optimal relationships between the matrix structure and the resultant values of
the mechanical properties of the rollers in order to maximize the length of life. The requirements
introduced here cannot be ensured without perfect knowledge of the course of solidification,
cooling and heat treatment of the cast rollers as well as the kinetics of the temperature field of
the casting and mould.

In the experimental part of the investigation, an original methodology for the measurement of
the distribution of temperatures and heat flows in the roller-mould system had been developed
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and verified in the operation. In the design of the original procedure, there were a number of
problems connected with the great size of the roller and mould, uneven dilatation of the
solidifying roller and mould, the installation and insulation of the thermocouples, the wiring of
the thermocouple system — from the measurement points of the thermocouples to the central
computer, etc.

The findings regarding the kinetics of the temperature field of the roller and mould, obtained
from experimental research, were used for determining the boundary conditions and for the
verification of the numerical simulation program. The calculation of the temperature field
focused on the analysis of the effect of the mould separator on the course of solidification of the
roller. The results of the mathematical modelling indicate that the distribution of temperatures
and the solidification in the vertical direction is significantly uneven — this has an effect on the
internal quality of the casting.

The kinetics of the solidification has a measurable and non-negligible influence on the chemical
and structural heterogeneity of the investigated type of cast-iron. Tying on to the results of the
model of the temperature field of the cast rollers, an original methodology was developed for
the measurement of chemical microheterogeneity.
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EXPERIMENTAL AND ACOUSTIC MODAL ANALYSIS OF THE
SUBMERGED STEEL PLATE IN WATER

KURECKA Jan, HABAN Vladimir

The immersed body has different natural frequencies compared to body
in vacuum or air. This is one of added effects of fluid on submerged
solid. In this work this is studied on steel plate both experimentally and
in simulation. Comparison between these methods is given and ability
of ANSYS Acoustic to predict frequency change with reasonable
accuracy is presented. Frequency change as well as change of order of
mode types correlates with experimental measurement. Difference in
measurement for submerged and partially submerged body is discussed.

Keywords: Eigen frequency, immersed body, acoustic simulation

Introduction

Eigen frequency of immersed body is different from eigen frequency of that body in air or in
vacuum. This has been object of interest in previous experimental and computational focused
studies and for turbine runners this natural frequency change is about 20% for first mode shape
[1], [2]. Prediction of natural frequency is important for a non-failure operating lifecycle of
hydraulic machines.

Similar study to this paper but combined with analytical approach instead of finite element
analysis simulation, was performed[3]. In this study first six mode shapes and their frequency is
evaluated in experiment and simulation. Damping properties were not subject of this contribution.

2. Experimental setup

In experimental modal analysis the response of body to impulse is recorder and from this time
dependence the dominant frequencies are obtained with Fourier transform. Experimental setup
consisted from steel plate (length, width, thickness, 550, 80, 6 mm) hanged lengthwise on a rope
fixed in upper corners and two accelerometers attached by screw mounting in 10 mm distance
from two longer sides. Position of sensors was chosen with intention to be able spot different
mode shapes from phase difference of response in these two points. Installation positions of
acceleration sensors is depicted on Fig 1.

O O

O O

Fig. 1: Screw mount positions of acceleration sensors

The steel plate was excited with a hit of a hammer and this was repeated in several locations so
all of the mode shapes in frequency interval between zero and 2 kHz were measured. On Fig. 2

67



KURECKA Jan, HABAN Vladimir

shapes of first six modes are depicted. The order is for measurement of submerged steel plate and
in case of steel plate surrounded by air the second torsion mode shape is in the fifth place. That is
because the frequency change caused by water and air external medium is not constant for every
mode. For immersed body measurement, cylindrical container was used. Size of this container
was a bit smaller compared to size of box of surrounding media in simulation.

Ay

Fig. 2: First six mode shapes (3™ and 6 are torsion modes)

3. Computational simulation

Acoustic modal analysis simulation was performed using finite element method in ANSYS
Mechanical with Acoustics extension. Geometry was similar to experimental measurement but
without minor details like omission of the chamfer of plate edges and holes for rope ends and
screw mounts. Parameters for water were density 1000 kg-m=, speed of sound 1500 m-s™ and
parameters of structural part were Young’s modulus 214 GPa and Poisson’s ratio 0,3.

After set of simulations geometry of surrounding media and required mesh density was settled.
Size of surrounding media for simulation of submerged body was chosen as a box with each side
800 mm long. Number of quadratic elements required to obtain acceptable results was 50 000
HEX20 elements.

FSI interface was defined between solid and fluid part. On outer faces of box ANSYS Acoustic
default condition of rigid wall was kept. Radiation boundary is sometimes used in other studies
concerning modal analysis of submerged body. In this case such boundary acting as infinite space
did not cause any substantial change, so the default boundary condition was used in further
simulations.

4. Initial result comparison

On Fig. 2 natural frequencies of steel plate are apparent as well as comparison of these frequencies
for two different surrounding media.
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Fig. 3: Measured frequency spectrum of plate in different conditions
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These results are compared to simulation in Table 1. (the order of frequencies in water is modified
so the corresponding modes are compared to each other) and ratios of experiment to simulation
and water to air frequency change are evaluated. Mode shapes in experiment were identified by a
phase difference between acceleration sensors. For bending modes, the phase is zero and torsional
modes have phase difference in sensor response equal to 7 (pi).

There are noticeable differences between experiment and simulation, possible causes are material
properties of steel differ between real material used and parameters used in simulation. To address
this issue and to achieve better results, slight modification of Young’s modulus in simulation was
performed. This was supposed to compensate for unknown exact value of material properties.
Young’s modulus was altered so the modal analysis of not immersed steel plate was as accurate
as possible.

Table 1. Natural frequencies and ratios of measured and simulated values (change of order in bold)

Frequency [Hz] Ratio [-]

air water exp. sim. air water
Mode | exp. sim. exp. sim. | water/air | water/air | exp./sim. | exp./sim
105,9 | 106,53 79,00 72,83 0,7459 0,6836 0,9940 1,0847
292,8 | 294,22 | 216,20 | 204,16 0,7383 0,6938 0,9951 1,0589
4352 | 431,98 | 361,80 | 345,79 0,8313 0,8004 1,0074 1,0463
575,3 | 578,04 | 425,75 | 408,65 0,7400 0,7069 0,9952 1,0418
883,5 | 876,52 | 734,00 | 703,25 0,8070 0,8023 1,0079 1,0437
952,6 | 957,30 | 713,00 | 690,18 0,7705 0,7209 0,9950 1,0330

AN N[ |W|IN|—

5. Results after experiment and simulation modification

Due to differences in experimental and computational results, steps were taken to obtain better
correlation between them. In previous measurements accelerometers without waterproof cabling
were used and so called submerged steel plate was sticking up about 5 cm over free surface. To
investigate whether it is not a source of error waterproof sensor was used in another set of
experimental measurement.

Table 2. Natural frequencies and ratios of measured and simulated values (change of order in bold)

Frequency [Hz] Ratio [-]

air water exp. sim. air water
Mode | exp. sim. exp. sim. | water/air | water/air | exp./sim. | exp./sim
105,9 | 106,53 74,11 72,83 0,6998 0,6836 0,9940 1,0175
292,8 | 294,22 | 208,00 | 204,16 0,7103 0,6938 0,9951 1,0188
4352 | 431,98 | 353,95 | 345,79 0,8133 0,8004 1,0074 1,0236
575,3 | 578,04 | 416,30 | 408,65 0,7236 0,7069 0,9952 1,0187
883,5 | 876,52 | 720,40 | 703,25 0,7952 0,8023 1,0079 1,0243
952,6 | 957,30 | 702,60 | 690,18 0,7562 0,7209 0,9950 1,0179

N[N [P |W|IN|—

In Table 2. are results of different approach to experimental measurement. It made few percentage
point difference between experiment and simulation. For first six modes investigated the ratio
shows about 2 percent higher frequency for experiment, which is up to six percentage points down
from previous method.
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Conclusion

In this work experimental and computational modal analysis were performed on a steel plate first
hanged in air and then submerged in water. Data from both methods show similar trends for
different media and also change of order of modes — in water the fifth mode shape is torsional and
in air the corresponding mode is sixth. Another point to note is trend of frequency change for
different modes, torsional modes are less influenced by a change of surrounding media. Ratios of
experimental to simulation data show few percentage differences which are caused by
simplifications used in simulation and small differences between material properties.

Aim of this work was comparison of acoustic simulation to experimental modal analysis and their
relative accuracy. Methods applied will be used in future as a basis for more complex geometries
and problems. One of points to note is use of waterproof acceleration sensor and so measurement
of fully submerged body compared to partially immersed steel plate. This way better correlation
between measurement and simulation was obtained. Future points of study could be correlation
between measured and simulated damping properties of investigated object.
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CHLADENIE RUR PO INDUKCNOM OHREVE
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V prispevku je ukdzané pouZitie niekolkych programov v prostredi
Ansys Workbench rieSiacich indukcny ohrev a chladenie. V prostredi
Ansys Workbench sa prepojili programy pre elektromagnetizmus
Maxwell a program Fluent pre prudenie. V programe Maxwell bola
vykonana simuldcia indukcéného ohrevu, pri ktorom boli ziskané
vysledky o rozlozZeni elektromagnetického pola v ohrievanej rure a tie
boli prenesené do programu Fluent, v ktorom sa vykonala simulacia
chladenia pomocou prudenia chladiacich tekutin. Chladenie sa
realizovalo pomocou tlakového vzduchu a chladiacej vody.

Kraéova slova: numericka simulacia, ohrev, indukény ohrev

Uvod

Indukény ohrev je jednou z variantov tepelného ohrevu, ktorého principy sa vyuzivaji najma
v priemyselnych aplikaciach, akymi s napr. tavenie, tvarnenie, kalenie, zihanie materidlov,
ale aj v domacnostiach v podobe indukénych varicov a varnych platni. Princip indukéného
ohrevu rury z feromagnetickej oceli je taktiez dokumentovany na Obr. 1.
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magnetické pole

AAA

>
«

s cievke

-

Indukovany prid prud

e

N — — — — — o—

Obr. 1: Princip indukéného ohrevu steny ocel'ovej rury [3]

Indukény ohrev vyuziva princip posobenia elektromagnetického pola popisaného
Maxwellovymi rovnicami na feromagneticky material. Elektricky vodivy predmet sa pri
indukénom ohreve vklada do striedavého -elektromagnetického pol'a indukénej cievky,
ktorou prechadza striedavy prad. V dosledku elektromagnetickej indukcie sa v ohrievanom
predmete indukuju virivé prady, ktoré maju opa¢nu orientaciu ako prad v indukénej cievke.
K ohrevu dochadza vplyvom odporovych a hysteréznych strat, priCom podiel elektrickej
a magnetickej zlozky zavisi od elektrickych a magnetickych vlastnosti ohrievaného materialu.
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Teplo je generované priamo vo vnutri materialu, pricom ohrievany predmet a induktor nie su
v ziadnom mechanickom kontakte.

Zdrojom elektromagnetického Ziarenia je kazdy vodi¢, ktorym prechadza striedavy elektricky
prud. Pri indukénych ohrevoch sa vodi¢ vzhl'adom k ohrievanému predmetu spravidla upravuje
do vhodného tvaru, aby sa zabezpecila dostato¢na ucinnost’ prenosu energie zo ziariCa
do ohrievaného predmetu a pozadované parametre ohrevu (hibka a rozsah ohriatej vrstvy,
teplota, ...) [3].

Indukény ohrev je teda principidlne zaloZeny na troch zakladnych fyzikalnych javoch a to na
elektro-magnetickej indukcii, skin efekte a prenose tepla.

V dosledku skin efektu dochadza k wvytlaCaniu pradu do povrchovych oblasti vodica.
Indukovany prad teda teCie len malou povrchovou castou celkovej prierezovej plochy
ohrievaného predmetu. Prudovd hustota smerom od povrchu vodica exponencidlne klesa.
Vzdialenost od povrchu vodi¢a, pozdiz ktorej pradova hustota exponencialne poklesne
na hodnotu 1/e = 0,368 hustoty pradu na povrchu vodiéa, sa oznaGuje ako hibka vniku. V tejto
vrstve sa koncentruje priblizne 63 % indukovaného prudu a 87 % generovaného tepla.
Hibka vniku zavisi od elektrickych a magnetickych vlastnosti materialu a tiez od frekvencie
pradu v indukénej cievke podla vztahu [1].

5: pe/ ,
T, 1 f (1)

kde, po — Specificky elektricky odpor (Q.m), up — permeabilita vakua (H/m), u, — relativna
permeabilita prostredia (-), fje frekvencia pradu (Hz).

Zo vztahu (1) vyplyva, ze hibka vniku okrem iného zavisi na frekvencii. Vzhl'adom na
skutoénost, ze elektricky odpor a najmi permeabilita sa vyrazne menia s teplotou, zavisi hibka
vniku taktiez od teploty. Pri nizkych teplotich st vodivé materidly silne feromagneticke,
hibka vniku je mald, v dosledku &oho dochadza k rychlemu ohrevu povrchu telesa.
Po prekroceni Curieho teploty vsak relativna permeabilita poklesne na hodnotu p, = 1 a zaroven
sa zvysi hodnota $pecifického elektrického odporu, &im hibka vniku vzrastie. Hibka vniku rastie
taktiez s rastucou intenzitou magnetického pola.

V naSom pripade sa simuloval induk¢ny ohrev hrubostennej rary priemeru 1 000 mm a jej
chladenie po vykonani jej ohrevu, vzduchom a vodou.

1. Modelovanie indukéného ohrevu

Jednou z metdd optimalizacie indukéného ohrevu je aj modelovanie elektro-tepelnych dejov
pri rdznych aplikaciach. Pre tieto Ucely slizi simula¢ny program Maxwell. Vzhl'adom na to,
Ze ohrev steny rury je osovo symetricky problém, bol v programe Maxwell z preddefinovaného
modelu vytvoreny zjednoduseny 2D model (Obr. 2). Jedna sa o model indukéného ohrevu
s definovanymi elektrickymi parametrami hrubostennej rary s geometrickymi parametrami
podl’a Obr. 3.
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Obr. 2: Situovanie ohrevu
a chladenia rary

Obr. 3: Hranice modelu

V programe Maxwell boli zadefinované materidlové poziadavky pre jednotlivé domény
nasledovne:

- pre okolity priestor bol navoleny material vzduch,

- pre doménu prezentujucu raru sa zvolil material ocel’,
- pre doménu prezentujucu cievku bol zvoleny material med’.

VoI'ba modelu a okrajové podmienky

V programe Maxwell 2D bol zvoleny model Cartesian, X,Y s nastavenim Eddy Current.
Bola pridelena okrajova podmienka Balloon pre hranice okolitého priestoru a priradeny matrix
parameter pre Cast’ modelu ktory reprezentuje cievku a bude pocitat’ impedanciu. Pre excitaciu
bola nastavena pociato¢na velkost’ pradu v cievke 9 kA. V nastaveni analyzy sa pocitalo
s maximalne 15 prepoctami s 1 % chybovostou. V riesi¢i sa nastavila velkost’ frekvencie
na400 Hz a 0,0001 pre nelinearne rezidud. Tvorba siete bola ponechand automaticka

ta postacovala na tieto simulacie.

Vysledok simulicie v Maxwell
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Obr. 4: Vysledok rozloZenia intenzity magnetického pol'a v stene rury

Takto ziskané vysledky zo simulécie boli prepojene s rieSicom Fluent.
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2. Nastavenie programu Fluent

Vytvoreny model v programe Maxwell bol transformovany do design modeleru, kde bol model
doplneny o geometriu, ktora je potrebnd pri rieSeni chladenia rar po indukénom ohreve.
Domodelovany bol priestor pre chladiaci vzduch a pozicia induktora. Samozrejme priestor
chladiacej vody nebolo nutné¢ modelovat’, nakol’ko plocha, na ktort redlne dopada chladiaca
voda, je pozdiz chladiacej Gasti nahradena zavislostou suéinitela prestupu na teplote steny,
resp. na vzdialenosti od miesta ohrevu (Obr. 5).
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Obr. 5: Zavislost’ sucinitel’a prestupu tepla a teploty povrchu rury na vzdialenosti od ohrevu

V programe Fluent boli nastavené pozadované okrajové podmienky pre jednotlivé domény,
ako je vstupna rychlost’ chladiaceho vzduchu po indukénom ohreve ¢o bolo 223 m/s a teplota
vzduchu bola 20 °C, zaroven bol na stenu na ktort dopadé chladiaca voda prideleny SPT -
sucinitel’ prestupu tepla (Obr. 5). Po nastaveni okrajovych podmienok bolo nutné pridelit
ziskané rozloZenie elektromagnetického pol'a z programu Maxwell konkrétnej doméne a to
pomocou funkcie EM mapping, ktorou po vybrati konkrétnej zony sa priradilo pozadované
elektromagnetické pole. Takto pripraveny model bol spusteny ako ¢asovo zavisli model najprv
len s rovnicou energie a radidciu ¢o poslazilo na ziskanie vysledného rozlozenia teplotného pol'a
po indukénom ohreve, ktoré sa mohlo nasledne zacat’ chladit’. Po kazdej d’alSej dopocitanej
zmene bol prideleny novy SPT (Obr. 5). Vysledné rozlozenia teplotného pol'a po indukénom
ohreve je mozne vidiet' na Obr. 6 a Obr. 7 vysledok po ustaleni teplot s chladenim. Vysledky

rozlozenia teplotného pol'a po chladeni a po poslednom prepocte elektromagnetického pola.
Temperature [C]

Obr. 6: Vysledky rozlozenia teplotného pol'a po indukénom ohreve
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Chladenie rur po induké¢nom ohreve

Obr. 7: Vysledky rozloZenia teplotného pol'a po poslednom nastaveni chladenia

Zaver

Numerickd simuldcia zmeny teplotného pol'a v stene rary po indukénom ohreve rury, miernej
deformacii a chladeni radidciou a ostrekom vody wukazala, Ze tento fyzikalny,
resp. technologicky proces je mozné numericky modelovat. To umozni navrhnut’ aj také
spOsoby zniZovania teploty steny po indukénom ohreve, ktoré zabezpelia zachovanie
mechanickych parametrov materidlu rary aj po vykonani potrebnych technologickych
indukénych ohrevoch.
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V prispevku su uvedené mozné sposoby vyuZitia akumuldcie energie
ako aj jednotlivé technologie umozZiiujuce akumuldciu energie.
Prispevok sa zaoberd popisom hydrdtov zemného plynu, ktoré tvoria
zaujimavu funkciu v oblasti uskladnenia energie, ako aj konstrukcnym
navrhom vysokotlakového experimentdlneho zariadenia na vyrobu
a rozklad hydratov plynu.

Kracové slova: akumulacia, technologie, hydraty

Uvod

V minulosti boli zdroje umoziujice akumulaciu energie inStalované predovsetkym za tcelom
vyuzitia kolisania dopytu po energiach. Aktualne zvySeny doraz na dekarbonizaciu
energetického sektora poukazuje na vyuzitie tychto zdrojov pre zvySovanie uCinnosti
energetickych procesov (napriklad vyuzitie odpadového tepla prostrednictvom tepelnej
akumulacie) a pre podporenie rozvoja elektrarni vyuzivajicich obnovitelné zdroje energie
(OZE) s kolisavou vyrobou — fotovoltaickych a veternych elektrarni. V ostatnom case hlavne
v stvislosti s va¢sim vyuzivanim OZE sa otazka akumulacie r6znych druhov energie stava viac
a viac aktudlnou pre zabezpecenie stabilnych a bezpecnych dodavok. Dokonca Medzinarodna
energeticka agentira (International Energy Agency — IEA) vypracovala v roku 2014
Technologicky plan pre oblast’ akumulacie energie (Technology Roadmap: Energy Storage)
hladajuci odpovede na otazku, aku ulohu bude hrat' akumulacia energie pri prebichajucej
premene energetickych ststav. Technoldgia pre akumulaciu energie absorbuje energiu, uloZi ju
a po urcitej dobe zaisti jej spatni dodavku do sustavy alebo priamo konecnému spotrebitelovi.
Tento proces tak umoznuje prekonat casové alebo geografické rozdiely medzi vyrobou
a spotrebou, a to ako vo velkom, tak v malom meradle. Vyuzitie pokryva Sirokt oblast’
energetickych systémov od centralizovanych ststav az po autondmne oblasti a objekty.

1. Vyuzitie akumulicie energie

Akumulacia energie je vyuzivand naprie¢ celym energetickym sektorom — v elektrizacnej
sustave, v sustavach centralneho zasobovania teplom a chladom, v rozptylenych a autonémnych
(off-grid) aplikaciach.

Akumulaciu mozeme podl'a principu rozdelit’ na tri Casti: akumulaciu chemicki, akumulaciu
fyzikalnu a akumulaciu elektricki. Do chemickej akumulicie sa riadia r6zne batérie,
akumulatory alebo palivovy ¢lanok. Kde je elektrickd energia uloZzena v podobe chemickych
reakcii, ktoré prebiehaju na kladnej a zapornej elektrode. Do skupiny fyzikalnej akumulacie
patria preCerpavacie elektrarne, kde sa vyuziva energia vody na vyrobu elektriny. Patri sem
aj akumulacia energie v podobe stlaceného vzduchu, nevyhodou tohto spdsobu je, Ze asi
o tretinu energie sa pride vd’aka tepelnym stratdm spdsobenym chladenim stlaceného plynu.
Existuju vSak uz Stidie a projekty, ktoré sa snazia tito technologiu vylepsit’ a teplo stlaceného
plynu uskladnit. Teplo by potom bolo vyuZzité na ohrev vzduchu pre turbinu. U plynovych
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turbin sa az dve tretiny energie vyuziju pre pohon kompresora, preto sa stlaci vzduch dopredu
do roznych tlakovych nddob, alebo do podzemnej kaverny, aby potom v case Spicky bola
vyuzita plynova turbina na maximalnu u¢innost’ vyroby elektrickej energie — uz sa nestracaju
dve tretiny energie pre pohon kompresora. Do tejto skupiny patria tiez zotrvacniky, kde je
elektrina uloZend v podobe kinetickej energie rotujiceho rotora. Akumulécia elektricka nastava
u superkondenzatorov, kde je elektrickd energia uskladnena v podobe naboja. Alebo u
supravodivych indukénych akumulatorov, kde sa cievka podchladi na vel'mi nizku teplotu tak,
aby vznikol supravodi¢. U supravodivého materialu nie je takmer ziadny odpor a elektrony
moézu cievkou prechadzat’ stale dookola vel'mi dlho [1].

Kategorie pouZitia akumuldcie energie

* Sezonne uskladnenie — vyuzitie schopnosti uskladnit’ energiu na dni, tyZdne alebo mesiace
pre Ucely kompenzacie preruSovanych dodavok energie alebo kvoli premenlivej dodavke
a spotrebe dan¢ho druhu energie z dlhodobého hl'adiska (napriklad uskladnenie tepla v lete jeho
nasledné pouzitie v zime za pomoci podzemného uskladnenia tepelnej energie).

* Obchodovanie s uskladnenou energiou — uskladnenie lacnej energie v obdobi nizkeho dopytu
a jej nasledny predaj za vyssiu cenu v obdobi zvySeného dopytu spravidla na dennej baze.

* Reguldcia frekvencie — automatické vyrovnavanie bilancie vyroby a spotreby elektriny
za ucelom udrzania frekvencie v ur¢enom pasme.

* Regulacia napdtia — absorpcie alebo injekcie jalového vykonu z / do prenosovej a distribucnej
sustavy za uc¢elom udrzania pozadovanej vel'kosti napétia.

« Start z tmy — pri zlyhani vietkych podpornych mechanizmov, po ktorom spravidla nasleduje
tzv. Blackout (rozpad elektrizacnej sustavy), zabezpecuje schopnost’ Startu z tmy, schopnost’
nabehnutia bloku, dosiahnutia daného napétia a moznost' pripojenia k sieti bez podpory
externého zdroja.

» Odlahcenie prenosovej a distribucnej sustavy / odlozenie investicii do infrastruktury — vyuzitie
Casového a / alebo geografického presunu vyroby alebo spotreby za ucelom odlahcenia
prenosove] a distribu¢nej ststavy alebo za ucelom odlozenia potreby velkych investicii
do infrastruktary.

* Presun spotreby a zniZenie Spickového zatazZenia — zmena doby, kedy je vykondvana urcita
aktivita (napr. vykurovanie alebo ohrev vody).

* Spotreba nepripojend k sustave (off-grid) — spotrebitelia nepripojeni k sustave casto vyuzivaju
fosilne a intermitentné obnovitelné zdroje na ziskavanie tepelnej a elektrickej energie.
Akumulécia energie zaistuje moznost’ ekonomickej a nepretrzitej dodavky energie.

 Integrdcia intermitentnych zdrojov energie — pouZitie energetickej akumulacie na zmenu
a optimalizaciu vykonu intermitentnych zdrojov (napr. slnko, vietor), na potlaCanie nahlych
a tiez sezonnych zmien vykonu, na riadenie bilancie vyroby a spotreby energie.

* Vyuzitie odpadového tepla — vyuZitie technoldgii umoznujucich akumuldciu energie
pre Casové a geografické oddelenie tepelnej vyroby (napr. kogeneraCnej elektrarne,
kondenzac¢né elektrarne) a spotreby (napriklad v ststavach centralneho zasobovania teplom).

» Kombinovana vyroba elektriny a tepla — uskladnenie elektrickej a tepelnej energie za ucelom
preklenutia rozdielu medzi dobou vyroby a dobou spotreby elektriny a tepla.

2. Umiestnenie akumulacie energie

Rozvoj v oblasti skladovania energie je ocakavany vo vsetkych oblastiach energetickej ststavy
— vyroba, prenos a distribucia, spotreba. Optimalne umiestnenie konkrétnej technoldgie zavisi
od sluzieb, ktor¢ bude dand technologia poskytovat. Hypoteticky rozvoj jednotlivych
technologii je zobrazeny na Obr. 1.
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Obr. 1: Hypoteticky rozvoj jednotlivych technologii [2]

3. Technoldgie akumulacie energie

V plane rozvoja technoldgii umoznujucich akumuldciu energie st rozliSované dva druhy
technologii akumulacie v zavislosti od druhu vystupnej energie — elektriny a tepla. V sucasnosti
sa jednotlivé technologie nachddzaju v roznych Stadiach vyvoja, od ranych faz vyvoja
a po technologie zavedené. Na Obr. 2 su zobrazené klicové technologie pri zohl'adneni vysky
investi¢nych nakladov a technologického rizika a sucasne aktualnej fazy rozvoja technologie.
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Obr. 2: Technologie akumulacie energie [2]

* Precerpavacie vodné elektrarne (PSH / PVE) — vyuzivaju ulozenie elektrickej energie v Case
malej spotreby vo forme potencialnej energie vody pre vyuzitie v Case Spickovej spotreby.
Voda je Cerpana zo spodnej nadrze do hornej nadrze, priCom dochadza k spotrebe elektricke;j
energie. Nasledne je v Case $picky voda vpustena do privodnych potrubi a pohananim turbiny,
ktora je hriadel'om spojena s generatorom, sa generuje elektricky vykon.

* Podzemné uskladnenie tepelnej energie (UTES) — Cerpadlom pohanany systém ukladania
ohriatej alebo vychladenej vody do podzemného zasobnika pre neskorSie pouzitie.
Zasobniky mézu byt umelo vytvorené alebo prirodné.
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» Akumulacia do stlaceného vzduchu (CAES) — vyuzitie elektrickej energie v Case nizkej
spotreby na stlacenie vzduchu a néslednému ulozeniu v podzemnych kavernach
alebo zasobnikoch. Stlateny vzduch je v Spicke vyuzivany pri spalovani v plynovej turbine
pri vyrobe elektriny (Obr. 3).

BaSs

V'\_Q P NN
Obr. 3: Schéma CAES systému
1 — kompresor, 2 — motor / generator, 3 — plynova turbina, 4 — jaskyna

» Akumulacia tepelnej energie v jame (Pit Storage System) — vyuzitie hlbokej jamy vyplnené
vacsinou zmesou vody a zeminy a zakryté vrstvou izolacnych materidlov. Voda je vhanana /
Cerpana do / z jamy pri poskytovani vykurovania alebo chladenia.

» Akumuldcia v roztavenych soliach (Molten Salt) — pouzivané soli maju pevné skupenstvo
pri normalnych teplotach a atmosférickom tlaku. Po zahriati (napriklad v solarnej elektrarni
s centralnou vezou) je roztavena sol’ vyuzitad na produkciu vodnej pary, ktora pohana turbinu
pri vyrobe elektriny, alebo je uskladnena v kvapalnom skupenstve pre neskorsie vyuzitie.

* Batérie — pri nabijani vyvola prechadzajuci prad vratné chemické zmeny, ktoré sa prejavia
rozdielnym potencidlom na elektrodach. Tento rozdiel potencidlov (napétie) mozno v rezime
vybijania vyuzit’ na Cerpanie elektrickej energie z batérie (napriklad litium-ion, litium-polymér,
sodik-sira, olovo-kyslého).

» Termochemické uskladnenie (Termochemical Storage) — vratné chemické reakcie, pri ktorych
je energia absorbovana a uvolnovana pri rozbiti alebo znovu vytvoreni molekularnych vézieb.

» Akumulacia vo vodika (Hydrogen) — vyuzitie vodika, ziskaného napriklad elektrolyzou,
ako nositel’a energie. Elektrina je premenend, uloZend a nasledne vyuzitad v pozadovanej forme —
napriklad elektrina, teplo, kvapalné palivo.

» Zotrvacniky (Flywheels) — mechanické zariadenia otacajuce sa vysokou rychlostou, v ktorych
je v nich ukladana elektricka energia vo forme rotacné (kinetickej) energie. Ulozena energia
je neskor spitne vyuzita pri spomaleni zotrvacnika. Proces vyroby elektriny je charakterizovany
vysokym vykonom a kratkou dobou trvania.

* Superkapacitorov (Supercapacitors) — elektrina je akumulovana v elektrostatickom poli medzi
dvoma elektrodami. Tato technoldgia umoznuje rychle ukladanie a vypustenie elektrickej
energie.

* Supravodivé cievky (SMES) — uskladnenie elektrickej energie v magnetickom poli, ktoré je
vytvorené prechodom jednosmerného prudu supravodivou cievkou. Supravodivost je
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dosiahnuta silnym schladenim vodi¢a na teplotu, kedy material vykazuje takmer nulovy odpor,
¢o umoziuje dlhodoby priechod pradu pri takmer nulovych stratdch energie.

» Akumuldcia do pevného média — ulozZenie energie pre neskorsie pouZitie v oblasti zdsobovania
teplom a chladom. V mnohych krajinach obsahuju elektrické ohrievace pevne médium
(napr. beton alebo tehly) na ucely riadenia spotreby elektriny.

» Akumulacia v lade (Ice Storage) — uskladnenie vo forme latentného tepla, pri ktorom material
meni svoje skupenstvo a na zaklade tychto zmien uklada alebo uvolnuje energiu.

* Nadrze s teplou alebo studenou vodou — su vyuzivané na uspokojenie potreby tepla a chladu.
Bezny priklad pouzitia st izolované nadrze s horticou vodou v domovych instalaciach
ako stcast’ kotla [2].

V nasledujucej tabulke (Tab. 1) st uvedené niektoré zakladné charakteristiky opisanych
technologii akumulacie energie [2].

Tab. 1 Zakladné charakteristiky opisanych technolégii akumulacie energie [2]

, . r e R Investi¢né A
Technologia Umiestnenie \;);lset;l[)il;a Uczlz/n;) st naklady Hlj‘:‘% tlil:el
& ° (USD/KW) y
PVE Vjroba | Elektricki | 50-85 | 500-460p | Dihodob¢/demne
uskladnenie
, . Dlhodobé
UTES Vyroba Tepelna 50-90 3400 -4 500 uskladnenie
CAES Vjroba | Elektricka | 27-70 | 5001500 | Dihodob¢/demne
uskladnenie
Aplikacia
Akumulacia v , , v rozmedzi
izolovanej jame Vyroba Tepelnd 5090 100-300 strednych teplot
(10— 250 °C)
Vysokoteplotné
Roztavené soli Vyroba Tepelna 40 -93 400 —7 400 aplikacie
(> 250 °C)
Autondémne
L Vyroba, o B B systémy (off-
Batérie Spotreba Elektricka 75-95 300 -3 500 arid), kratkodobé
uskladnenie
Aplikacie
Viroba v nizkych,
Termochemické Y ’ Tepelna 80-99 1 000 — 3 000 strednych
Spotreba . ,
i vysokych
teplotach
, Vyroba, Elektricka, Dlhodobé
Vodik Spotreba Tepelna 22-50 >00-750 uskladnenie
Zotrvaéniky Prenos Elektrickd | 90— 95 130 — 500 Krtkodobe
a distribucia uskladnenie
) Prenos s, Kratkodobé
Superkapacitory a distriblicia Elektricka 90 - 95 130 -515 uskladnenie
P 4 r
SMES NS | Elektrickd | 9095 130515 Kritkodobé
a distribucia uskladnenie
Do pevného Aplikdcie
pevt Spotreba Tepelna 50-90 500 -3 000 v oblasti
média , A
strednych teplot
Aplikacie
Do l'adu Spotreba Tepelna 75-90 6 000 - 15000 | v oblasti nizkych
teplot
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4. Aktualne inStalovany vykon

Hoci existuju data, ktoré kvantifikuji globalnu akumulaciu energie, pokusy o detailné
vycislenie celkového instalovaného vykonu v oblasti akumulacie energie sa stretavaju
s problémami typu nedostatku dostupnych dat, konfliktu definicii vztahujucich sa na
akumulaciu energie a dalSie. Data, ktoré su dohladatelné a je mozné ich pouzit
ako vychodiskovy bod, je celkovy svetovy instalovany vykon v akumulacii elektrickej energie.
T4 ukazuje, Ze najmenej 140 GW inStalovaného vykonu je sucastou elektrickych sieti.
Majoritnou vyuzivanou technologiou s PVE (99 %). Zvysné jedno percento zastavaju batérie,
CAES, zotrvac¢niky a akumulacie vo vodika. Graficky su tieto data spracované v Obr. 4.
(Hodnoty uvedené v MW) [2].

Lithium-ion 100

Lead-acid 70
~Nickel-cadmium 27
Sodium-sulphur 3 Flywheel 25

304
PSH 140 000 "“\_Redox-flow 10

Obr. 4: Sucasna celosvetovo inStalovana sietova kapacita pripojena k sieti (MW) [2]
Vizia pre rozvoj do roku 2050

V §tadii su predstavené 3 scenare mozného rozvoja v oblasti akumulécie elektrickej energie
do roku 2050:

1. Scenar 2 °C (2DS) — predpoklad vysky nakladov technologii umozitujucich denné
akumuléciu na Grovni dne$ného najlacnejsieho zdroja — PVE.

2. Scenar prielom (Breakthrough) — predpoklad vyrazného zniZenia nakladov tychto technologii
a nasledny vyznamny rozvoj akumulacie energie.

3. Scenar elektromobilita (EV) — presuvanie $pickového zat'azenia pomocou stratégii v oblasti
nabijania elektrickych automobilov a tym zniZenie potreby inStalacie zdrojov umoziujucich
akumulaciu energie v rozsahu 6 az 8§ hodin.

V nasledujicom Obr. 5 je zobrazené porovnanie sicasnej a planovanej hodnoty inStalovaného
vykonu zdrojov umoziiujiicich dennt akumulaciu pre Cinu, Indiu, Eurépsku tniu a USA
podla jednotlivych scenarov [2].
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Obr. 5: Hodnoty instalovaného vykonu zdrojov [2]
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Problém nasadenia u¢inného akumula¢ného systému je v niekol’kych oblastiach. Ak sa budeme
bavit o dlhodobom akumulaénym systému, ktory bude "vediet" uskladnit’ stovky kW
az jednotky GW po dobu minimalne hodin, tak jediné systémy su precerpavacie vodné
elektrarne, pripadne technoldgie vyuzitia stlaceného vzduchu. Oba tieto systémy maja
Specifické poziadavky. Ide o horné a dolné nadrze, resp. vytazené ale pritom nepriepustné
podzemné priestory a nemalé finan¢né naroky. Ak sa budeme bavit o strednodobom,
¢i kratkodobom akumula¢nom systéme prichddzaji na rad vsetky ostatné systémy, vratane uz
spominanych akumulatorov. Tu je problém jednak v zivotnosti a samozrejme opit’ v cene.
Kazdopadne nasadenie akéhokol'vek akumula¢ného systému prinesie so sebou zvySenie ceny
zdroja elektrickej energie ako celku. Ako uz bolo publikované, dodato¢né naklady v najlepSom
pripade potom zodpovedaju navysenie asi o 0,09 € na 1 kWh.

5. Akumulacia energie do hydratov
Jeden zo spdsoboch ako akumulovat’ energiu je akumulovat’ ju do hydratov.

Hydraty patria do skupiny zlucenin zndmych pod nazvom klatraty (z latinského slova clatratus,
zamrezovany). Klatraty su nestechiometrické, tzn., nemaji presne dané chemické zlozenie.
Mnozstvo zachytenych molekial metdnu zavisi na tvare kryStalickej mriezky. Metan nie je
chemicky viazany, ale len ,,uvdzneny“ v krystalickej mriezke vody. Znamymi klatratmi su
fullerény (sférické molekuly) usporiadané do pétuholnikov alebo Sestuholnikov,
ktoré predstavuju tretiu prvkovi modifikaciu uhlika, (vedla diamantu a grafitu) a ktorych
zakladom je molekula C60 tvorena 60 atomami uhlika. Tvar fullerénov je podobny tvaru
futbalovej lopte. Do fullerénov je mozné dostat’ cudzi atom alebo atomy, ¢im sa zmenia ich
vlastnosti. Hydrat zemného plynu je klatrat tvoreny molekulami vody, priCom v dutine je
uvédznena molekula niektorého z uhl'ovodikov zemného plynu. Prevlada metan CH4, vyskytuje
sa tam aj etan C2H6, propan C3HS8 a butan C4H10. Vseobecne pri hydratoch je ,hostitelom*
krystalicka mriezka molekul vody a ,,hostom™ naj€astejSie niektora z malych molekul (mensich
ako 0,6 nm) oxidu uhli¢itého, dusika a niektorych z uhlovodikovych plynov. ,,Hostia®“ su
obklopeni molekulami vody, ¢o im znemoziuje pohybovat sa alebo im to pohyb znacne
redukuje. Pritomnost’ ,hostujucich® molekul v dostatocne vysokej koncentracii v kvapaline
alebo plyne obklopujucich hydrat je kriticka vzhl'adom k tvorbe a zotrvaniu hydratov. Na Obr. 6
sa nachadza ukazka horiacej vzorky hydratu metanu. V plynovodoch je vSak pritomnost
hydratov zemného plynu neziaduca. Hydraty zemného plynu predstavuju v potrubne;j sieti riziko
a je snahou ich vyskyt eliminovat’, pretoze tvoria prekazky v pradeni plynu plynovodom.

Obr. 6: Horiaca vzorka metanu hydratu l'adu
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Popis akumulacie do klatrdtov vody

Hydraty zemného plynu tvoria vodny lad, obsahujuci znacné mnozstvo metanu viazaného
vo forme klatratov — v dutinach krystalickej mriezky. Meter kubicky pevného hydratu obsahuje
v priemere asi 164 m> metanu v plynnej forme. Perspektivnou moZnostou je akumulovat
Standardny zemny plyn do formy umelo vytvorenych hydratov, kde by bol skladovany
a v pripadoch potreby pokrytia energetickych Spic¢iek by mohol byt uvolneny. Skladovat’ plyn
v takejto forme je mozné pri relativne vysokych teplotach (0 °C a vyssich) a nizkych tlakoch
(cca od 9 MPa vyssie) v porovnani s inymi technologiami skladovania plynnych uhlovodikov
ako napr. CNG, ktoré vyzaduje vyssie tlaky alebo LNG, kde st vyzadované nizke teploty.
Je navrhované vysokotlakové experimentalne zariadenie na vyrobu a rozklad hydratov plynu,
v ktorom by sa udrziavali potrebné stavové veliCiny pre urCenie vhodnych parametrov
na kumulovanie plynu do Struktar hydratu s projektovanym tlakom do 25 MPa. Na zaklade
realizovaného zariadenia, by bolo mozné urcovat’ mernu spotrebu energie na tvorbu hydratov.

Experimentdlne zariadenie

Na Obr. 7 je popisané vysokotlakové experimentalne zariadenie na vyrobu a rozklad hydratov
plynu, ktoré bolo navrhnuté, a v ktorom by sa udrziavali potrebné stavové veliCiny pre urcenie
vhodnych parametrov na kumulovanie plynu do Struktir hydratu s projektovanym tlakom
25 MPa. Na vysokotlakovych nadobach su osadené zafirové priezory, pre moznost’ pozorovania
zmien vo vnutri nadob a tvorby hydratu. Sklada sa zo ststavy chladenia, privodu vody
a zemného plynu, regulacnych a uzatvaracich Casti. Na Obr. 8 je znazornené experimentalne
zariadenie umiestnené v laboratérnych podmienkach.
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Obr. 7: Schéma experimentalneho zariadenia
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Obr. 8: Experimentalne zariadenie

Na Obr. 9 je mozno vidiet' vytvoreny hydrat vo vysokotlakovej nadobe, nasnimany cez zafirové
priezory.

Perspektivnym rieSenim je akumulédcia Standardného zemného plynu do formy umelo
vytvorenych hydratov, kde by bol skladovany a v pripadoch potreby pokrytia energetickych
Spiciek by mohol byt uvolneny. Uskladnenie plynu vo forme hydratov je mozné pri relativne
vysokych teplotach a nizkych tlakoch v porovnani s inymi technoldgiami skladovania plynnych
uhlovodikov. VysSie uvedené experimentalne zariadenie sa momentalne nachadza v §tadiu
vylepSovania a d’alSou viziou tohto experimentu by mohlo byt stanovenie podmienok vyroby
hydratov pri najmensich energetickych vstupov.
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SOLAR AIR-CONDITION BY EJECTOR COOLING

MASARYK Michal, MLYNAR Peter

Keywords: solar air-conditioning, ejector cooling, Fresnel solar collectors

1. Introduction

The presented contribution is focused on a new system of solar air-conditioning of larger
buildings — typically — production halls, large administrative buildings, business centers etc. The
powering energy in this system is solar heat (in fact solar radiation), the useful output is cool
for air-conditioning purpose (in fact cold water). An output can be also the solar heat itself. The
article deals with fundamentals of design as well as with crucial calculations on a development of
such system. This system can provide an important part of air-conditioning cold demand (or even
the whole cold demand) during summer solar radiation period.

2. Fundamentals

Pre Air-conditioning of indoor rooms in modern buildings is recently ,,a must* function -
without massive air-condition are most of the buildings obviously dysfunctional. Air-
conditioning systems in larger buildings belong to major electric power consuming equipment
with cooling performance from few hundreds kW to few MW in hot summer months. These
amounts of energy causes a high load for electric power grid and also — a high financial load for
building users.

Therefore, it makes sense to utilize solar radiation for direct production of cold for air-
conditioning purposes.

2.1. One of the methods to reach the aim — ejector cooling

Heat instead of electric power is used as powering energy in two kinds of cooling machines
— in well known (but complicated and expensive) absorption cooling machines and in ejector
(jet) cooling systems combined with Fresnel solar panels.

Ejector cooling machines are simple, reliable and cheap systems — without expensive
mechanical parts as compressors are. They are an excellent alternative for production of air-
conditioning cold — if there is relatively enough space for installation and plenty of heat (even a
low temperature heat). Such a suitable places are usually roofs of buildings. Ejector cooling in
combination with Fresnel solar collectors is a cheap and effective method how to concentrate a
solar radiation (without expensive concentric parabolas) and to transform this radiation directly
into cold. Amount of this cold can be big enough to cover the whole cold demand of an air-
conditioning system in building.

2.2. Equipment and its solar geometry

The equipment consists of two main parts :

* Fresnel solar collectors — source of heat
¢ Ejector cooling system — it makes cold from heat
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The presented system is not complicated :

The basic component of Fresnel solar collectors are reflexive planar metal plates placed
horizontally — they can rotate around their longer horizontal axe. (see the Figure 1) A control of
their rotation is relatively simple as well (just axis rotation according sun position). The thermal
absorber is a ,,glass* pipe.

Ejector cooling equipment consists predominantly of three common plate heat exchangers.
The only demanding component is ejector itself (nozzle), but even this component is possible to
make on common machine tools like lathe or miller (we have know-how concerning the nozzle
dimensions).

As it is known, the key component in such systems is a nozzle. In the nozzle, there is made
sub-pressure at side suction by Venturi effect. By this way, we can make pressure difference
(which is needed in every cooling machine) by nozzle and not by compressor. The needed
»powering main flow of working fluid through the nozzle is boosted by heating it in generator
and moving it by small liquid pump.

Figure 1: Fresnel solar collector. The thermoabsorber is a glass pipe placed in a reflective V-shield
above

STORAGE I I EJECTOR
TANK I :
SOLAR ! Q
COLLECTOR . 0 :
O < Q. .
— g EVAPORATOR
GENERATOR THROTTLING CONDENSER
@ VALVE
PUMP
Liquid line
————— Gas line

Figure 2: Schema of ejector cooling system. The powering energy is heat from Solar radiation or other
source
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2.3. Calculations

The most fundamental parts in the research is a calculation and design of the nozzle, solar
geometry and control of Fresnel mirrors. Choosing the right refrigerant in circuits is another
important task in our research.

2.3.1 Solar geometry of Fresnel collectors

Exact calculation of position of Fresnel mirrors is a key parameter at their design. The
problem here is obvious — the position of sun and thus angles of reflective mirrors is constantly
changing during the day and during the year period, so it must be always re-calculated in mirror
positioning control system.

The well known solar system parameters as Earth declination J, time parameters, sun
elevation h and sun azimuth a are outgoing parameters even for Fresnel mirror positioning
calculation.

First of all, there is needed to determine the angle between solar vector and its projection to
lateral level 6
6; = arcsin(sin a tan(90° — h))

,then the angle between zenith axe and sun vector projected to longitudinal level
6,; = arctan(cos a tan(90° — h))

as well as then the angle between zenith axe and sun vector projected to lateral level 6,
6, = arctan(sin a tan(90° — h))

Figure 3 : Focal distance f;

Another needed calculated parameter is a distance of mirrors center from center axe of
Fresnel solar collector (see the Figure 3 above, specifically for every mirror)

s w
X, =—+—

2 2
Xy, =X, +5+W
M

X=X, +S+Ww

where s is the gap between mirror rows and w is the width of mirror
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Figure 5: Angles needed for calculation of mirrors positioning

Thus, so called focal distance f; (Figure 4) then is :

f; :Jxl.2 +0?

An important angle is also @;, which is the angle between reflected sunbeam and vertical
axe of Fresnel collector. This angle is constant for every mirror

Xi
¢; = arctan (?)
The angle v is angular deflection of so called primary mirror. It depends on time (see
Figure 5). The angle wpi is an expression for mirrors on right side of Fresnel:

- ¢i -0 i
Yp,= > =
The same for mirrors on left side :
_ ¢1 B ‘9¢,i
Vi 5

2.3.2 Thermal gains and cooling outputs

Thermal gain of Fresnels was calculated by common radiation heat transfer equations in
dependency of sun position and time. The reflected solar radiation from mirrors is absorbed by
absorber which is a dark metal pipe inside of covering glas pipe. This “pipe inside of pipe”
absorber is placed under reflexive V shield. The energy balance of the absorber is :

4 4
insk = Qabs - Qstmty Qstmty = Subsw ('Tst - T'okolia)

Where Qs is real thermal gain of absorber, Qabs is theoretical thermal gain by calculated by
Stefan-Boltzman equation and Qstraty 1S thermal loss of absorber. The S is absorber surface, ¢ is
emisivity and § is Stefan Boltzman constant.

Quantitavely, in ideal weather conditions in mid August, 1 m? of polished stainless mirror is
able to provide approximately 10 kW of thermal output at temperature 250°C given to liquid
inside of absorber pipe. Such thermal performance is usable e.g. either for heating in industrial
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applications, for preparation of hot water as powering energy for ejector cooling or even for
absorption cooling or air-conditioning.

In presented application i.e. in ejector cooling, we can reach appr. COP = 0,4. Thus 4 kW of
cooling output is possible to reach in A/C ejector cooling unit (evaporation temperature 3°C) from
1m? of collector flat. Concerning working fluids, water or isobutane R600 is in game, recently a
new eco refrigerant R1234ze is widely discussed for this type of cooling machines. Hydrocarbon
refrigerants needs much lower powering temperatures (from 65°C only), but they are flammable
and expensive. Water is cheap and it has zero environmental impact.

3. Conclusion

Ejector cooling in combination with Fresnel collector presents an interesting chance how to
make cool for air-conditioning purposes directly from sun or from other waste heat sources. This
system could be suitable especially for buildings with large flat roofs. A solar geometry for
Fresnels and calculation of nozzles are probably the most demanding parts of the equipment
design.
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The article deals with the design of a new reduction station for backup
heating of the hot water heaters of the hot water heating network of the
Ledvice power plant. Back-up heating of heating water heaters is being
developed in connection with the expansion of heat demand by 1.5 MWt.
The source of heat will be the existing fluid block and the new
supercritical block with a granulation boiler that burns brown coal.
Described is a new reduction station for a steam reduction steam
reduction station for heating a hot-water circuit.

Klicova slova: kogenerace, regulacni stanice, tepelna sit’, regulacni ventil

Uvod

Jak je uvedeno v [1], je nezbytnou podminkou pro rozvoj lidstva dostatek energie. Rist potfeby
elektrické energie a tepla ve svété vede ovSem k negativnim vliviim na Zivotni prostfedi. Jednou
z cest pro omezeni téchto vlivi je i zefektivnéni zdroji vyrabéjicich elektrickou energii a teplo.
Vysoce efektivni je vyuzivani odpadniho tepla z klasickych tepelnych elektraren jak k
technologickym uc¢eltim, tak i k vytapéni. Takové spojeni vede ke zvySeni ucinnosti tepelného
zdroje, odstranéni nebo snizeni poctu lokalnich zdrojl tepla a ve svém diisledku i ke snizeni emisi.
Jednou z cest zefektivnéni provozu elektrarny Ledvice je, mimo realizace nadkritického bloku, i
roz§ifeni odbéru tepla z tohoto zdroje. V soucasné dobé¢ jsou v elektrarné provozovany 2 zdroje
tepla - fluidni kotel s turbinou 110 MW a nadkriticky granulacni kotel s vykonem 660 MW
(turbina 600 MW), tento blok umozfiuje odbér pary ve vysi 227 t.h! pro teplarenské ugely. Oba
zdroje umoziuji i teplarensky provoz, tzn., ze je mozné z nich odebirat paru k technologickym a
topnym ucelim. Mimo to je v elektrarné provozovan zalozni plynovy zdroj s kotlem o parnim
vykonu 160 t.h!. Elektrarna Ledvice je zdrojem tepla pro oblast Bilina a Teplice, soucasné
dodavky jsou asi 1 000 TJ (tepelny vykon 150 MW), elektrarna v§ak mize dodavat vice tepla -
asi 380 MW, chemické upravna vody vsak v souCasné dobé umoziuje dodavky jen ve vysi 270
MW. V souvislosti s roz§ifenim odbéru tepla pro obec Ledvice o 1,5 MW, které¢ bude odebirano
ze stavajici mistni horkovodni tepelné sit€ 130/80 °C z jeji vyuzitelné rezervy.

2. Navrh feSeni

Elektrarna pracuje v kogenera¢nim rezimu, coz je z energetického hlediska vyhodné. Nové
instalovany nadkriticky blok vyrazné ptispél k vyznamnému snizeni uletu Skodlivin z elektrarny
(provozovany jsou jen nadkriticky blok a blok s fluidnim kotlem). Elektrarna je dnes
nejmodernéjsi uhelnou elektrarnou ve sttedni Evropé.

Dodavky tepla je vyhodnéjsi realizovat v horké vodeé [1, 2]. Elektrarna ma realizovan systém na
vyrobu horké vody do topné horkovodni sit€¢ 130/80 °C, pro vlastni potfebu a externi odbératele.
Ohiev vody zajistuji 2 ohfivaky topné vody pfipojené na odbér z bloku fluidniho kotle o
celkovém vykonu 15 MWt.
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Schéma technologie ohievu horké vody pro topnou horkovodni sit’ z bloku fluidniho kotle je na
obr. 1.

Vzhledem k tomu, Ze je nutné fesit zvySeni vykonu ohievu horké vody je v systému ohfevu
umistén dalsi ohiivak o vykonu 17 MWt. Zdrojem pary o parametrech 600/610 °C/28 MPa je
novy nadkriticky blok spalujici hnédé uhli. Parni turbina je ctyitélesova o vykonu 660 MW s
ptihfivakem za VT dilem. Odbér pary pro redukéni stanici (RS) umozni zdsobovani ze stavajiciho
parniho tepelného napajece 1,2 + 2,0 MPa/250 °C a bude zasobovat sbérnu cizi pary o tlaku 0,6
MPa. Tato RS bude v trvale v teplé zaloze a bude provozovana pouze pti soucasné odstavce obou
bloki - nadkritického i fluidniho a pfi poruchach blokovych redukénich stanic, slouzicich pro
zasobovani sbémy cizi pary. Zadana hodnota tlaku bude nastavena vzdy o néco niZe, neZ na
ptislusnych blokovych redukcnich stanicich (pfedbézné o cca 0,2 MPa).
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Obr. 1: Schéma odbéru pary pro ohfev horké vody z fluidniho bloku

t1 - teplota pary na vystupu z kotle (535 °C), # - teplota chladici vody na vstupu (20 °C), ¢, teplota prehiaté pary na

vstupu do turbiny (530 °C), Ok - mnozstvi odebrané pary (223 t.h™), OTV Q - mnozstvi pary z odbéru ST dilu, POV

QO - mnozstvi pary z vystupu ST dilu, CP Q - mnozstvi pary z vystupu VT dilu
Pro novou redukéni stanici (kterd bude slouzit jako zaskokova - viz vySe) byla navrzena nova,
automaticka regulace tlaku pary. Novy systém umozni, v ptipadé vypadku obou blokl a odb&ru
pary z ciziho zdroje (plynovy kotel), rychlé a spolehlivé najeti obou bloki a tim obnoveni ¢innosti
zakladnich ohtivakl zasobovanych parou z odbért turbin. Tato reduk¢ni stanice bude pracovat v
plné automatizovaném provoznim rezimu a bude regulovana od tlaku pary ve sbérné cizi pary.

Nova redukéni stanice bude instalovana v objektu v mezistrojovné na podlazi + 21,5 m
nadkritického bloku, vedle redukéni stanice cizi pary (RS CP) — schéma stanice (sbérny) je na
obr. 2.

Sbérna slouzi pro dodavku teplarenské pary ostatnich blokl pro zasobovani parou objektt
napojenych na dodavku pary z ELE. Z hlavniho parovodu je zaskokova RS napojena pies
ptivodni parovod @ 323,9%7,1 do tfifadé reduk¢ni stanice. Maximalni pritok pary pies tuto RS je
60 t.h'l. Dvé& ze tfi fad slouzi jako regula¢ni s max. pritokem 2x40 % vykonu RS. Ve tieti vétvi
je clona, ktera zajisti 20 % vykonu RS.
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Obr. 2: Celkova sestava zaskokové RS a RS CP 0,6MPa - schéma

Redukéni stanice je tvofena jednosedlovymi regula¢nimi ventily stavebnicové konstrukce.
Tlakovée odlehceny, vicestupiiovy Skrtici systém je fesen pro eliminaci vysokych tlakovych spadi
na ventilu, s vysokou odolnosti proti opotfebeni vlivem proudéni a u€¢inklim expandujici pary a s
nizkou hlu¢nosti. Chladici voda je vstfikovana do vystupni pary specialni tryskou s proménnym
pritokem az za hlavnim Skrticim systémem. Ventily jsou ovladany pfimymi tédhlovymi
servopohony, pfipojeni je uzptisobeno pro pouziti tuzemskych i zahrani¢nich pohond.

Pro regulaci byl navrzen novy redukéni ventil. Navrh a vypocet regula¢niho ventilu byl proveden
analyticky a ovéfen ve vypoctovém programu "Ventily" (autor LDM spol. s 1. 0.).

3. Vypocet redukéniho ventilu

Prakticky vypocet se provadi s pfihlédnutim ke stavu regulacniho okruhu a pracovnich podminek
latky. Regulacni ventil musi byt navrzZen tak, aby byl schopen regulovat maximalni pritok pii
danych provoznich podminkach. Pfitom je nutné kontrolovat, jestli nejmensi regulovany pritok
je jesté regulovatelny.

Z dtivodu mozné minusové tolerance 10% hodnoty K, proti K, a poZzadavku na moznost regulace

v oblasti maximalniho priitoku (snizovani i zvySovani priitoku) vyrobce doporucuje volit hodnotu
K, regulacniho ventilu vEétsi neZ maximalni provozni hodnotu X,

Kys= (1,2 -~ 1,3) K,

kde K, — prutokovy soucinitel za jednotkovych podminek pritoku (stanoveni je zavislé na
velikosti tlakové ztraty ve vztahu k tlaku piehfaté pary na vstupu), Kys jmenovity pratokovy
souCinitel armatury.

V navrzeném regula¢nim ventilu bude nadkriticky tlakovy spad. Byla navrZzena tfistupiiova
redukce tlaku. Poloha vlozek redukéniho ventilu pii jedno-, dvou- a tiistupiiové redukei tlaku je
schematicky nazna¢ena na obr. 3.
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Obr. 3: Sedla ventilovych vlozek - schéma

%= Vypocet regulacniho ventilu

Voda | Syté amoked para DRI el Jind kapalina | Pn |
TENEIE G asas s e S s et e e s e s e e Rt S e R e
ﬁlmma.! [stav 1] M [stav 2] W [stav 3]
loZit
Tlak na vstupu Py [1,7 | |1,7'7 ] |1,2 | MPa v
Iﬂak na vystupy p2 ﬂ IUS I |U,? ] |U,? | MPa ¥
Pritok @ : [40 | [40 | [20 | fwh hd
Teplatat: [250 | [250 | [250 | It hé
<204,5°C .. 1000°C> <204,5°C .. 1000°C> <188,14°C .. 1000°C>
Kontrola vstupnich dat : [Vstupni data jsou v pofadku a viipodet byl proveden. | Vipoet
RS R R e T S S S e e s e e S i s
[stav 1] [stav 2] [stav 3] Prostav:1] ~
; Vo 0251894 [m3/kg]
Pozadované Ky [m=/h]: [ 224,781 | [ 224781 | 162,616 | p: 3,969929 [kg/m3]
Zdvih [%]: [ 8372 | [8972 ] 6433 | to: 236,44 ['C]
Pog 0,918 [MPa)
Charakteristika : | Linearni | Zménit I Tlak sytjch par ps  3.976204 [MPa] )
Cv [US galon/min]: [ 289 | Zvol K 31 |50 v -
TRyl bl: Requlaéni pomérr=2: 1
T O R e T S e e e S o e e S S e e
Préimér potrubi na vstupu [mm] :IZUU > clm/sh [ 47.03 |[stav2] Max doporu.[m/s]: 81,17
Priimér potrubi ha vistupu [mm] :ISIJD v clm/sh [ 51,39 |[stav2] Max doporué m/s]: 81,91
Kontrola rychlosti - detaily
Kontrola rychlosti :|Rychlosl proudéni vyhovuije ve vstupnim | vjstupnim potrubi. |
Kontrola tak. spadu :|Db|ast kritického tlakového spadul l
Kontrola parametr navizeného ventilu | Tisk. | X Cancel | S Nawh

Obr. 4: Vstupni okno pro zadani hodnot vypoctu redukéniho ventilu

Pro vypocet ventilu pii riznych provoznich rezimech a jednotlivych charakteristikach byl pouzit
vypoctovy program ,,VENTILY* od LDM, spol. s r.0. Program slouzi ke kompletnimu navrhu
armatury od vypoctu soucinitele K, az po urCeni konkrétniho typu armatur véetné pohonu.
Vstupni okno programu je na obr. 4.
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Tab. 1 Vystupni hodnoty vypoctu redukéniho ventilu

Ukazatel Oznaceni | Jednotka Provozni stav

Stav 1 Stav 2 Stav 3
Teplota pary na vstupu t °C 250 250 250
Pratok 0 t.h! 40 40 40
Mérny objem vstup Vi m’kg! 0,132967 0,132967 0,132967
Mérny objem vystup V2 m’kg! 0,251894 0,251894 0,251894
Tlak vstup pi MPa 1,7 1,7 1,2
Tlak vystup D2 MPa 0,9 0,7 0,7
Provozni prut. soucinitel K, m3.h! 224,781 224,781 162,616
Zvoleny prit. soucinitel Kys m’.h'! 250 250 250
Charakteristika ventilu linearni
Priimér potrubi vstup d mm 200
Primér potrubi vystup d> mm 300
Teoret. tlak. spad 100% Ap MPa 0,47
Rychlost proudéni vstup 1 m.s™! 47,03
Rychlost proudéni vystup I m.s™! 51,39

Na obr. 5 je fez navrzenym redukénim ventilem. Jedna se o ventil s litinovym télesem, ktery bude
ptipojen k automatizované regulacni soustavé elektrarny.

Obr. 5: Rez redukénim ventilem — schéma

L — délka ventilu, H — zdvih ventilu, D — pfipojovaci prumér, t — tloustka stény ventilu.

Zavér

V préci je popsana Uprava parniho hospodaistvi a ohtivakl vody v elektrarné Ledvice, které maji
za cil zvySeni odbéru tepla v horké vodé. Tyto Gpravy si vyzadaly realizaci nové redukéni stanici

97



SKOCILASOVA Blanka, KLIMENDA Frantisek, SOUKUP Josef, JIRAVA Petr

pary odebirané zturbin elektrarny. Elektrarna pracuje v kogenera¢nim rezimu coz zvySuje
celkovou ucinnost elektrarny. V ramci Gprav byl rovnéz do rozvodu implementovan novy
redukéni ventil, ktery byl spoc¢itan pomoci SW firmy LDM.

Byla navrzena tiistupiiova regulace tlaku pary, ktera omezi nebo zcela odstrani kavitaci.
Regulacni pomér byl stanoven tak, zZe nejmensi regulovatelny pritok je vzdy vetsi nez 0.
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PROBLEMATIKA LITI PISTU DO KOKIL

SKOCILASOVA Blanka, PETRENKO Alena, ZMINDAK Milan, SOUKUP Josef

The article deals with the casting of the pistons of combustion engines
into the molds and their cooling in view of the acceleration of the casting
cycle. Form and core molds made of steel are cooled by water. This
results in uneven cooling, especially the core, which is thermally non-
uniformly loaded due to non-uniform cooling. As a result, there are high
voltages in the core that cause it to crack and thus reduce its life span.

Kli¢ova slova: hlinikova slitina, pist, jadro, kokila

Uvod

Pti odlévani pistd spalovacich motori a kompresort z hlinikovych slitin se pouzivaji kovové
formy (kokily) s kovovymi jadry. Formy vcetné jader jsou zhotoveny z uhlikové nastrojové oceli,
jadro je povrchoveé upraveno. K liti se pouzivaji gravitaéni lici stroje, v nékterych piipadech se
vyuziva i nékterd z metod tlakového liti. Snaha o zefektivnéni vyroby vede k urychleni procesu
chladnuti tak, Ze jak forma, tak i jadro se chladi, nej¢astéji vodou.

U odlitku pisti se klade velky diraz na jeho materialové vlastnosti, které jsou zdsadnim zptisobem
ovlivilovany pfi jeho chladnuti, je tedy nutné cely proces krystalizace fidit. Krystalizace,
respektive jeji rychlost, je dana mnoha faktory, zejména rychlosti chladnuti odlitku coz zavisi na
odvodu tepla z formy a jadra — jedna se o komplikovany problém nestacionarniho prostorového
sdileni tepla. Sestavena forma (kokila) pro odlévani pistu s vlozenym jadrem je na obr. 1. Vlastni
jadro je t¥idilné.

Obr. 1: Oteviena kokila s vlozenymi jadry v licim stroji Obr. 2: Ocelové jadro kokily [1]
(1]

Béhem tuhnuti odlitku dochazi ke vzniku nestejnorodosti, které jsou nejcastéjsi pricinou vad a
nedostatkd odlitkd pistl. Jak jiz bylo uvedeno, odlévani pistt do kokil s kovovymi jadry sebou
nese nektera specifika, vyplyvajici jednak ze samotného procesu, jednak ze skutecnosti, Ze cely
proces je nutné urychlit — vyuziva se chlazeni. Pfitom dochazi k nestejnému ochlazovani jak
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odlitku, tak i formy a jadra. Vlivem nestacionarniho ohiivéani jadra a jeho chlazeni vodou vznika
vlivem rozdilu teplot v jadie napéti, které zptisobuje jeho praskani.

2. Proces liti

Vlastni liti probiha na automatizovanych licich gravita¢nich strojich (lici robot). Na kazdém stroji
jsou umistény 2 ocelové dvoudilné kokily (liti 2 pisti soucasn¢€) chlazené vodou — viz obr. 1. Pfi
liti je hlinikova slitina ockovana dratem TiB5 vlozeném do proudu kovu ve vtokovém otvoru do
kokily. Teplota slitiny pfi v udrzovaci peci je 775 - 785 °C, do liciho stroje je pfivadéna
gravitacné. V kokile je vlozeno ocelové jadro (obr. 2), které je po vlozeni do kokily nahiato
plamenem. Jadro je masivni ocelovy vykovek, ktery je povrchové nitridovan. Chlazeni jadra
vodou bylo provedeno dodate¢né navrtanim otvoru na spodni stran€, pfi odlévani je do otvoru
vstiikovana voda. Kokila je pfed zahdjenim liti ohfatd na min. 160 °C (max. teplota neni
pfedepsana) nalitim slitiny do kokily (2 naliti), v pribéhu liti je forma (kokila) chlazena a plast
je udrzovan na teploté kolem 200 °C, k separaci odlitku dochézi pfi teplote 220 °C.

Cely lici cyklus pistu trva 85 s, vlastni doba plnéni formy je 2,5 — 4,5 s. K otevieni dna formy
dojde po 60 s, plasté kokily po 62 s od zah4jeni liti. Kokila véetn€ jadra jsou pfi liti chlazeny
vodou a vzduchem. Chladnuti pistu po vyjmuti z formy probihé volné€ na vzduchu mimo lici stroj.
Normalni Zivotnost kokil 1 jader je asi 100 az 120 tis. odlitkd. V soucasné dob¢ je vlivem
nerovnomérného ohfevu a chladnuti jadra jeho Zivotnost oproti technologické specifikaci
podstatné zkracena (asi na 5 - 15 tis. odlitkll), dochazi k tvorbé povrchovych trhlin jednak ve
stiedni Casti jadra, kde se predléva otvor pro pistni ¢ep, jednak ve vrcholové partii jadra. Jak je
vyse uvedeno, jadro se pied zahdjenim liti ohfiva plamenem plynového hotaku, ohtev je vzhledem
k rizné tloustce materialu jadra nerovnomérny. Pfi liti dochazi k dalSimu nerovnomérnému
ohievu, béhem liti se jadro chladi vstiikovanim studené vody dovniti jadra vyvrtanym otvorem.
Po otevieni formy pfi vyjimani pistu se jadro dostate¢né nedochladi vzduchem a jeho teplota se
behem liti zvySuje. Béhem piestavek v liti se teplota udrzuje pomoci plynovych horaki. V
disledku vyse uvedeného dochazi k piilis vysokym teplotnim zménam.

Pfi feSeni tohoto problému bylo v prvni fazi provedeno méteni teploty forem, véetné jader pred
zahajenim liti a pfi otevieni forem béhem liti a vyjimani odlitkii. Méfeni bylo provedeno
termokamerou Flir P620, rozliseni 640x480, teplotni rozsah termokamery -40° az +2000° C se
softwarem TermaCAM Reporter 8.3 Profesional a TermaCam Researche Professional 2.9.
Vlhkost prostiedi béhem méfeni byla kolem 30%, hodnocena byla zména teploty na Case.

Na obr. 3 a 4 je ukazka termogramu jader, vyhodnoceni je v tab. 1.

Obr. 3: Termogram jader po ohtati plynovymi Obr. 4: Termogram jader po prvnim naliti a
hotaky - lici stroj 1 vyjmuti odlitkti — lici stroj 1
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Tab. 1 Teplota jader

Jadro Arl | Jadro Ar2 | Jadro Arl | Jadro Ar2
Ukazatel Jednotka " = . — :
Po ohtevu hotakem Po prvnim naliti taveniny
Cas hod. 10:41:33 10:43:24
Maximalni teplota °C 461,1 404.,4 231,4 225,0
Minimalni teplota °C 405,5 367,2 148.8 175,0
Stiedni teplota °C 433,0 384,1 187,2 197,3

Z termografie jader (obr. 3) po ohievu plynovym hofakem (provadi se ru¢n¢, vliv obsluhy) plyne,
7e ohfev je zna¢n¢ nerovnomérny, piredni jadro (v tab. 1 oznaceno Arl) je vyssi teplota nez u
jadra Ar2 (vzadu). Primérna teplota se li§i o vice nez 49 °C. Vzhledem k hmotnosti jader lze
usuzovat, ze jadra nejsou po ohfevu uvniti dostate¢né prohiata. Obdobna situace je u jader i po
naliti kovu do kokily a vyjmuti odlitku, zde je vyssi teplota jadra 2 (Ar2) asi o 10 °C. Z toho Ize
usuzovat, ze i vstiikovani vody do jader neni zcela bez problémi (rozdiln¢ vedené otvory,
rozdilna mnozstvi, apod.). Z priibéhu teplot jader po prvnim naliti je ziejmy rychly pokles teplot,
ktera pii dalsim liti opét roste, na konci liciho cyklu se teplota jader pohybovala u Arl na 306,5
°C, u jadra Ar2 na 302,8 °C. Po konci liciho cyklu (asi 74 min.) nasleduje 2 min. dochlazovani
pii oteviené formé, kdy teplota klesla na 248,0 °C a 245,4 °C (tj. asi 0 20 %), teploty po otevieni
mohou byt ovlivnény i polohou liciho stroje ve vyrobni hale. Poté nasleduje dalsi cyklus s
ohievem jader na pocatku. Obdobné vysledky vykazuje i lici stroj 2

3. ReSeni

Pro sledovani procesu odlévani a chladnuti bylo vyuzito pfedevsim zjednodusujicich feseni, ktera
vychazeji z analytickych metod. Tyto metody jsou zaméfeny piedevSim na stanoveni doby
tuhnuti, korekce ziskanych vysledki jsou zalozeny na provoznich zkuSenostech a vysledcich
experimentd. Analytické metody fesi obvykle jednorozmérné teplotni pole v soustavé forma —
odlitek. Podle Chvorinova [1] je doba tuhnuti

r=fIK, M) [s] (1

kde 7- doba tuhnuti, K — konstanta zavisla na tepelnych vlastnostech odlévané¢ho materialu (kovu)
a formy, M — relativni tlouStka (modul) odlitku. Tyto metody obecné pfijimaji platnost
parabolického zakona tuhnuti

E=krlh [m] )

kde ¢ - tloustka kovu, £ — konstanta tuhnuti, 7- doba tuhnuti. Parabolicky zakon pro tuhnuti plati
jen v téch ¢astech odlitku, kde dochazi k vyraznému jednorozmérnému odvodu tepla z roviny
tuhnuti [2].

Obecné je nutné pro ztuhnuti odvést z odlitku teplo
dQ = ¢.S.dr 7] 3)
kde dQ — odvedené teplo, g — tepelny tok, z- Cas.

Neumannovo feSeni termokinetiky tuhnuti pfedpoklada, ze pii ochlazovani odlitku dochazi
k vedeni tepla pouze ve sméru osy x. V Case 7= 0 je teplotni pole popsano

pro x=0 = t,=0
pro x>0 = to =t 0

kde to =t > 0 °C, t, = 0 °C je teplota povrchové roviny po poklesu teploty.
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Schwarz rozsitil Neumannovo feseni i na jednorozmérnou analyzu teplotniho pole ve formé, v niz
odlitek tuhne [3]. Schwarzova rovnice byla dale upravovana a zpfesfiovana, zejména
Chvorinovem [1], ktery zavedl tloustkovy ekvivalent Re

R, =keyf7e [-] (4)

kde kcnw — Chvorinova konstanta tuhnuti, zc — ¢as Uplného ztuhnuti. Tato uprava umoziuje
aplikovat Schwarzovu rovnici pro desku na jakykoliv tvar odlitku.

Pro feSeni tuhnuti odlitkti a analyzu napéti v jadru kokily pii liti pistd se pouziva cela fada
numerickych a simula¢nich metod nestacionarniho vedeni tepla. V naSem ptipadé jsme pouzili
ANSYS Polyflow.

Pro vypocet v programu ANSYS Polyflow jsme pouzili materidlové vlastnosti z databaze
ProCast, pro jadro - ocel H13, pro taveninu AlSi7Cus.

4. Vysledky a diskuse

Cilem prace bylo stanovit tepelné a zejména mechanické namahani jadra kokily pfi liti pistd a
provést prostorovou analyzu napéti v jadfe. ReSeni bylo provedeno v programu ANSYS
Polyflow. Geometrie formy a jadra byla zjednoduSena z divodl snizeni poctu prvki sité a
minimalizaci chyb pii vypoctu.

Predpokladali se velké deformace vlivem velkych tepelnych spadd, proto byla pouzita adaptivni
sit’. V ostrych rozich formy byla velikost elementi zmenSena a zvysil se jejich pocet (jemngjsi
sit’). Reseni bylo provedeno 2-mi metodami. Prvni metoda vychézela z vysledkd simulace teploty
jadra a slouzila k pochopeni principu interakci proudici taveniny s formou. Druha metoda
vychazela ze zadani teploty na celém povrchu jadra, ktery prichazi do styku s taveninou. Teplota
taveniny byla zadana jako konstantni. Jadro je symetrické ke stfedové roviné (obr. 2), z toho
divodu byla analyza napéti provedena pro polovinu jadra.

Na obr. 5 je schematicky znazornéna stfedni ¢ast jadra s chladicim otvorem a vyzna¢enymi body
stanoveni napéti, na obr. 6 je rozlozené 3-dilné jadro pistu

Obr. 5: Schéma stfedni ¢asti jadra pistu pro Obr. 6: Ttidilné jadro pistu
stanoveni napéti (6 vodorovnych rovin)
Na dal$ich obrazcich jsou uvedeny né€které vysledky napéti stfedni ¢asti jadra pistu. Napéti jsou
vyvolana rozdilnym teplotami.
Vypocet v program ANSYS Polyflow potvrdil pfedpoklad, ze i pfes chlazeni jadra dochazi

k nejvétsimu ohfevu jadra v mistech jeho nejdelSiho kontaktu s taveninou a to i pfes intenzivni
chlazeni jadra vodou. RozloZeni teploty povrchu jadra po 2 sekundach je znacné€ nerovnomérné a
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tyto rozdily teplot jsou pficinou vnitinich pnuti v ocelovém jadru (druhd metoda vykazuje

e

v prvnim pfiblizeni vy$si hodnoty napéti, neni to vSak vyznamné).
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Obr. 7: Napéti stfedni ¢asti jadra v jednotlivych fezech na zacatku liti
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Obr. 9: Napéti stiedni ¢asti jadra v jednotlivych fezech pred otevienim formy
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Vyse uvedené vysledky jsou dale uptesnovany. Na zakladé tepelného namahani bylo stanoveno
napéti, véetné rychlosti jeho zmény. Na zakladé zmén teploty v jednotlivych ¢astech jadra byly
stanoveny ,.kritické body*.

Je ziejmé, ze délené jadro snizuje vysledné mechanické napéti, v misté déleni jsou preruseny
silové toky. Proto byly stanoveny teploty i pro jadro pétidilné. Bylo porovnano tepelné zatizeni,
respektive rozde€leni teplot tfidilného a pétidilného jadra (obr. 10)

Tool temperatures: 3 quer vs. 5 MS

p— Linescan temperature @ center core

123°C  286°C  188°C  163°C

———292°CE =—
== 171°C &

=

G

soe [ win | Max [ avg | aT

1715€712927€ | 1 243°:€ | 121°C

Improved homogenity of temperature profile due to 5SMS core!

Obr. 10: Porovnani teplot povrchu tfidilného a pétidilného jadra

Uvedené porovnani teplot tii- a pétidilného jadra ukazuje, Ze rozlozeni je rovnomérnéjsi u
pétidilného jadra, rozdil maximalni a minimalni teploty je podstatn€ mensi (121 °C u pétidilného
jédra oproti 163 °C u tfidilného jadra), to se projevi i snizenim mechanického namahani jadra.
Zavér

Clanek piinasi informace zfeSeni problematiky praskani ocelovych jader pfi odlévani pistil
z hlinikove slitiny do kokily. Liti je gravitacni a probihd pii teplotdich kolem 770 °C na
automatizovaném licim stroji. Z provedenych vypoctl vyplynulo, Ze i pfes intenzivni chlazeni
jédra i kokily vodou dochazi k jeho nejvétsimu ohfevu v mistech, kde je nejdelsi styk s taveninou
(pomalé tuhnuti). Rozlozeni teploty po 2 s po naliti taveniny je znacn€ nerovnomérné a tyto
rozdily v teploté jsou pticinou vysokych vnitinich pnuti v ocelovém jadru (obr. 8). Na zakladé
tepelného namahani byla stanovena napéti v jednotlivych ¢astech jadra a tzv. ,kritické body*,
v nichz mtze dochézet k poruseni celistvosti jadra.

V prvnim pfibliZzeni byla provedena i simulace liti pfi déleni jadra na pét dild. Bylo provedeno
porovnani rozlozeni teplot u tfidilného a pétidilného jadra z néhoz vyplynulo, Ze pétidilné jadro
vykazuje homogennéjsi rozlozeni teploty. D4 se tedy oc¢ekavat i mensi mechanické namahani.
Tato skute¢nost naznacuje i smer dal§tho vyzkumu. Jednak bude posouzen a optimalizovan
postup pii ohfevu jadra pied litim, jednak i moznost rozd€leni jadra na vice dili a tim zajistit
snizeni tepelnych deformaci a tedy i napéti.
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ROZSIRENI TEPLARENSKEHO ODBERU ELEKTRARNY

SOUKUP Josef, KLIMENDA FrantiSek, SKOCILASOVA Blanka,
JIRAVA Petr

The article deals with the issue of extending the heat production from
the Ledvice power plant. This extension will allow the shutting down of
existing obsolete gas boilers and is conditional upon the construction of
a central steam / hot water transfer station and the construction of a
new local hot-water network with pressure-independent connection of
consumers through the hot water / hot water supply stations. This
solution will optimize the operation of the fluid power block. The article
deals with the concept and basic calculation of the new solution.

Kli¢ova slova: kogenerace, odpadni teplo, para, vymenik tepla, vytapéni

Uvod

Elektrarna Ledvice byla postavena v letech 1966-1969 s 5-ti elektrarenskymi bloky. Vyznacovala
se tim, Ze zde byl instalovan prvni 200 MW blok v Ceskoslovensku (vyrobce Skoda Plzeit). Mimo
to zde byly realizovany 4 bloky 110 MW, celkovy vykon byl 640 MW. Elektrarna od pocatku
spalovala hnédé uhli o vyhfevnosti 11 - 13 MJ.kg" [1].

Elektrarna byla v pribéhu let rekonstruovana, blok 200 MW a 1 x 110 MW byly odstaveny v
poloving devadesatych let, dalsi dva bloky 110 MW byly vybaveny odsifenim a u jednoho 110
MW bloku byl koncem devadesatych let ptivodni granula¢ni kotel nahrazen kotlem s fluidnim
spalovanim. U tohoto kotle byla v r. 2007 vyménéna turbina o vykonu 110 MW za novou o
stejném vykonu, ktera byla optimalizovana pro teplarenskych provoz. Kotel bude po navrzenych
upravach provozovan v kogenera¢nim rezimu, tim dojde ke zvySeni ucinnosti kotle a jeho
optimalizaci.

V souvislosti s vystavbou nového nadkritického bloku o vykonu 660 MW, (parametry kotle
1677,5 t.h'! piehraté pary o teploté 600 °C, tlak 27,204 MPa) byly dal3i dva staré bloky 110 MW
odstaveny, tieti blok s fluidnim kotlem o vykonu 110 MW je i nadéale v provozu. Po uvedeni
nového nadkritického bloku do provozu je nyni elektrarna Ledvice nejmodernéjsi klasickou
elektrarnou ve stfedni Evropé [1]. Vzhledem k tomu, Ze elektrarna slouzi i k vytapéni ptilehlé
oblasti je jeji soucasti i zalozni plynovy zdroj o parnim vykonu 160 t.h'.

V soucasné dobé¢ je Elektrarna Ledvice zdkladnim energetickym zdrojem pro vytapéni v oblasti
meést Teplice a Bilina, fluidni kotel pracuje v kogenera¢nim rezimu [2]. Celkova ro¢ni dodavka
tepla odbératelim je asi 1 000 TJ, pfi maximalnim tepelném vykonu 150 MW. Instalovany vykon
umoziuje dodavat odbératelim 380 MW tepla. ZvySeni odbéru tepla nad stavajicich 150 MW
umozni zvysit efektivitu zdroje. Navrh koncepce zvySeni odbéru tepla a zakladni vypocet je
predmétem tohoto ¢lanku.

Dodavky tepla pro mésto Bilina, které lezi v tésné blizkosti elektrarny, kryji jen Cast spotieby
meésta, ve m&sté je dalSich 9 plynovych kotelen. Tyto kotelny budou zruseny nebo pievedeny do
studené zalohy, teplo pro mésto bude dodavano z ELE.
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2. Stavajici systém zasobovani mésta

Centralizované zdsobovani mésta je v soucasné dobég zajisténo parnim systémem, ktery je tvoren
parovodem, vychazejicim z rozdélovace v elektrdrné Ledvice nadzemnim dalkovym tepelnym
napéjecem DN 400 do rozvadéciho uzlu, kondenzatni vratné potrubi je DN 150.

Na tzemi mésta provozuje CEZ Teplarenské a.s. dva, relativné velké samostatné systémy CZT,
ptedstavované plynovymi vytopnami oznacenymi PP1 a PP2. Teplovodni vytopna PP1 byla na
pocatku 90-tych let rekonstruovéna z olejové na plynovou, sit’ je provozovana s parametry vody
90/70 °C, tlak 0,4 MPa, je v ni instalovano 5 kotli, celkovy vykon 8,68 MW. Teplovodni vytopna
PP2 byla rovnéz rekonstruovana z olejové na plynovou, celkovy vykon 6,52 MW, parametry vody
a tlaku jsou stejné. Ob¢ kotelny je nutné do r. 2020 rekonstruovat, nebo nahradit odbérem tepla z
centrdlniho zdroje. Mimo tyto zdroje jsou na izemi mésta provozovany i dalsi plynové kotelny
cizich provozovatelt (nepatii CEZ) o celkovém vykonu 1 750 kW.

Es Policie CR |
S Za Chlumg | Vs 24 | | Pradelna
6; RS -1,60,7 MPa ,,,_@_‘

EC. Libmeéricka
[Byvali kotelna S . * *
Za Chlumem W

| VS26 | Vs 25

RS- 1,6/0,7 MPa E

=

Technologie PVS v majetku odbératele

Vétev
Bilina - zapad Techmologie PVS
I:I v majetku CEZ a.s. teplirenskd

Odbérové misto odpojeno

Vétev Bilina - mésto

ELE i
e I !

235°C

SuNN
CPS

Hradlo CD | | D |

Obr.1 Schéma tepelného napajece mésta Bilina

Vytapéci soustava meésta je tvofena vicestupiovym tepelnym systémem, kde zakladni
teplonosnou latkou je para, systém je vybaven vracenim kondenzatu. Na trase napajeCe je k
parovodu pfipojen vyznamny prumyslovy odbératel pary pro technologické i topné ucely. V
rozvadécim uzlu se primarni tepelny napaje¢ déli do dvou vétvi.

Vétev Bilina - zapad, pfechazi pies feku Bilinu a podchazi vyznamnou komunikaci 1/13 vede
teplo do sidlist’ na trase. K této vétvi jsou pfipojeni dalsi ptimi odbératelé s vlastnim predavacimi
stanicemi. Vytapéni sidlisté je zajisténo z parni vymenikové stanice teplovodnim systémem se
sekundarni tepelnou siti. Problémem zde je skutecnost, Ze para z parniho systému ELE musela
byt redukovana na parametry puvodni uhelné vytopny, byly tedy v minulosti na parovodu
redukéni stanice pro pfipojeni do stavajiciho systému. Jednotlivé sidlistni tepelné oblasti jsou
napajeny z vétve redukované pary pfimo, nebo ptes vlastni parni vyménikové stanice (napft. Skola)
nebo pies vymenikové stanice para — tepla voda se sekundarni tepelnou siti.
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Druha vétev Bilina - mésto je vedena z rozvadéciho uzlu jiznim smérem nadzemnim vedenim
podél feky k nadrazi ,CD a dale do sidlist¢ U nového nadrazi. Sidlisté jsou zde napojena pres
vyménikovou stanici para/tepla voda teplovodni tepelnou siti.

- = ! 4 A\
. 125 - mimo mapu (ELE) w - mimo mapu (VS Splintex)

il

Obr. 2 Schéma stavajici tepelné sit€¢ mesta Bilina
Legenda: @ - vyménikova stanice
@ © - napojené objekty
® - redukéni stanice

vy

Navrh na rozsifeni odbéru tepla z centralniho zdroje v Bilin€ vychazi z toho, Ze vSechny plynové
kotelny na tizemi mésta budou odstaveny (s vyjimkou kotelen v rodinnych domech) a elektrarna
Ledvice bude vyhradnim dodavatelem tepla.

3. Navrh reSeni

N

Rozsifeni soustavy centralizovaného zasobovani teplem (SCZT) pro Bilinu byla navrzena ve
variantach. Po jejich vyhodnoceni byla vybrana varianta, ktera predpoklada prepojeni stavajicich
plynovych vytopen a kotelen (2 ve vlastnictvi CEZ a. s. Teplarenska, 7 cizich). Soudasné s tim
bude realizovana nova centralni prfedavaci stanice para/horka voda napojena na stavajici primarni
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parni tepelnou sit. Noveé bude realizovdna nova horkovodni tepelna sit’ s tlakové nezavislym
ptipojenim jednotlivych odbérateld prostiednictvim novych odbératelskych preddvacich stanic
hork4 voda/tepla voda. Jedninym zdrojem tepla pro mésto se tak stane elektrarna Ledvice (s
vyjimkou vytadpéni rodinnych domk.

Teplo z elektrarny bude dodavéno z vysoce ucinné kogeneracni jednotky s fluidnim kotlem.
Zjednodusené schéma odbéru pary je na obr. 3

1, tl,pt

\/

. ! top

' RCHSZ

&
ST

PG |y VT dil — T dil —]
—
RCHE L /\
Ok
Quwr, tw
OTY POV

v =] .

shéma CFP 0,6 MPa L |

Obr.3 Schéma odbéru pary pro redukéné chladici stanici (RCHS)

Legenda: VT, ST — vysokotlaky, sttedotlaky prehiivak, RCHS Z, RCHS-L — redukén¢ chladici stanice
— zimni, letni provoz, Qw, tw — odvadéné teplo a teplota v chladici vodé¢ (kondenzator), G —
generator, PG — parogenerator (kotel), POV — parni ohiivak, OTV — ohftivak topné vody, CP
0,6 MPa — sbérna cizi pary.

Novy systém se sklada z fady provoznich soubori, zakladnim prvkem je nova centralni predavaci
stanice para/horkd voda na niZ navazuje nova horkovodni sit. K této siti budou ptipojeny
jednotlivé predavaci stanice horkd/tepld voda. Cely systém bude vybaven systémem
automatického fizeni, v€etn€ méfeni.

4. Parametry vyméniki tepla a tepelné sité

Pro dimenzovani centralni pfedavaci stanice byl zpracovan odbérovy diagram, ktery vychazi
z realnych potieb s tim, Ze bude dostatecna rezerva pro dal$i rozvoj mésta i primyslu. Byly
provedeny bilan¢ni vypocty, stanovena teplosménna plocha jednotlivych vyméniku tepla, tj. jak
centrdlni predavaci stanice, tak i predavacich stanic horka/teplda voda. Vyméniky tepla
v jednotlivych objektech nebyly v této fazi feSeny.

Centralni predavaci stanice

Na zéklad¢ predbéznych vypocti byl stanoven tepelny vykon CPS — 12 MW,, parametry pary
(konstrukeni tlak 2 200 kPa, teplota 230 °C, provozni tlak 1 300 kPa, teplota 200 °C). jmenovity
pritok pary 17 th!, provozni 15 t.h™"). Parametry na strané topné vody jsou — konstrukéni tlak 1
600 kPa, jmenovity tepelny spad na stran¢ horké vody 130/65 °C, provozni pritok ohfivané vody
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se uvazuje 140 t.h!, jmenovity pak 160 t.h™!. Provozni pietlak na vstupu do CPS (ve vratné vodg)
400 kPa.

Uvazuje se protiproudy vymeénik para-voda s dochlazovacem.
DOCHLAZOVAC . i
1.3MPa ' 2808 kJ kg =>200 °C

ttv=76"C

0.6 \Pa 2808kIke=>1814°C

w2 =65°C vl =130°C
'/\ A
—— \/— , >

'k =180°C=> ikp = cv.tsp = 4,19.180 = 754 kJ/kg

O 80°C => | =cv.tp2 = 4,19 . 80 = 335 kJ/kg

Obr.3 Schéma odbéru pary pro redukéné chladici stanici (RCHS)
Pro dany tepelny vykon byly stanoveny nasledujici hodnoty

- vykon kondenza¢niho ohtivaku

Qkond =m, (ip - ikp)ﬂo = 9996 MW
kde Qkona — vykon kondenza¢niho ohiivéku, i, — entalpie pary, ix, entalpie kondenzatu, 7 —
ucinnost ohtivaku.

- vykon dochlazovace stanovime obdobné. Vykon je Quocr = 2,03 MW.

Teplota topné vody za dochlazovagem je 11 °C, teplosménna plocha dochlazovace je 98 m?,
teplosménna plocha dochlazovace kondenzatoru je 61 m?, teplota kondenzatu je 80 °C.

Horkovodni sit’ je navrzena jako dvou trubkova teplota z prefabrikovanych predizolovanych dila
ukladanych pfimo do zemée. Celkem bude poloZeno 3 175 m horkovodni tepelné sité.

2x DN 50 CKV, VI 2xDN 125 PP 2
cea 555 kWt | cca3234 kWt
DN 20 2xDN 150 2x DN 150
CPS 2% X o) X lL
CK L III, IV CK I PP 1 a CK VII
cca 252 kWt cca 405 kWt cca 6 034 kWt

Obr. 4 Blokové schéma horkovodni tepelné sité

Legenda: CPS — centrélni pfedavaci stanice, PP — plynova kotelna, CK — cizi kotelny

111



SOUKUP Josef, KLIMENDA Frantisek, SKOCILASOVA Blanka, JIRAVA Petr

V jednotlivych koncovych bodech horkovodni tepelné sit€¢ budou realizovany tlakové nezavislé
predavaci stanice horka/tepld voda. V maximalni mozné mife budou vyuzity ptivodni zatizeni
kotelen (Cerpadla, dopliiovani a uprava vody, atd.). Navrhuje se, aby jako koncové odbératelské
pfedavaci stanice horké/tepla voda byly vyuzity deskové vyméniky (malé rozméry, vysoka
ucinnost). Tyto vymeéniky byly rovnéz navrzeny a vypocteny jejich rozméry.

Zavér

V ¢lanku je popséano vyuziti kogeneracni jednotky v elektrarné Ledvice ke zvySeni odbéru tepla
pro mésto Bilina. Navrh ptedpokladd odstaveni stavajicich 11 plynovych kotelen a jejich
nahrazeni novym zdrojem, fluidnim kotlem, ktery bude provozovan v kogeneracnim rezimu.

Bude realizovana nova centralni piedavaci stanice para/horka voda, nova horkovodni tepelna sit’
a nové predavaci stanice horka/tepla voda pro koncové odbératele.

Na zaklad¢ vyse uvedeného byly stanoveny potfebné vykony a néklady na vystavbu a provoz.
Investi¢ni naklady se pohybuji na urovni kolem 82 mil. K¢, zvysi se odbér tepla asi o 9 GJ za rok.
Pfi predpokladané ndvratnosti investice 8 let se vyznamné se snizi ndklady na 1 GJ tepla
z dnesnich 529,2 K&.GJ! na 297,5 K&.GJ! (bez zapocteni zisku). Bude-li se teplo prodavat za
cenu obvyklou (500 K¢&.GJ ) dojde k navratu investice za 3,5 roku.
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TEKUTIN A TERMOMECHANIKY
Technicka univerzita vo Zvolene
27.-30. jun 2018, Stirovo, Slovenska republika

TECHNICKA UNIVERZITA VO ZVOLENE

POSLEDNI NiZKOTLAKOVE STUPNE PARNICH TURBIN
S TRANSSONICKYM A SUPERSONICKYM PROUDEM PARY

SYNAC Jaroslav

Posledni nizkotlakové stupné jsou obtékany transsonickym nebo i
supersonickym proudem mokré pracovni pary. V prispévku jsou
uvedeny hlavni druhy ztrat pri pritoku lopatkovymi profilovymi
mrizemi. V dalSim se prispévek se zabyvad zvySenim vykonu modernizaci
pritocnych casti parnich turbin jadernych elektraren Dukovany a
Temelin se zamérenim na posledni stupné parnich turbin. Jsou uvedené
celkové prinosy na vykonu parnich turbin.

Kli¢ova slova: transsonika, supersonika, turbina

Uvod

ZapadocCeska univerzita v Plzni, Fakulta strojni, Katedra energetickych stroji a zafizeni
dlouhodobé spolupracuje na vyvoji vysokotlakovych stupnti s plzeniskym vyrobcem parnich
turbin Doosan Skoda Power. V poslednim obdobi se jednalo napiiklad o spolupraci pti vyvoji
novych ptetlakovych vysokotlakovych lopatkovych turbinovych stupnid. Pro obézné lopatky
poslednich stupiii v nizkotlakovych dil parnich turbin. Aktualné se jedna o spolupraci v oblasti
aeroelasticity - interakce lopatky a proudu pracovni latky.

V laboratotich ~ ZCU/FST/KKE  jsou &=
instalovany stendy, naptiklad vzduchova '
turbina, nebo aerodynamicky tunel, Obr. 1,
ktery je vybaveny zafizenim pro snimani
dat pro vyhodnoceni interakce lopatky a
proudu pracovni latky. Usp&sné vyieseni
vSech negativnich vzajemnych silovych
ucinkt proudu na obézné lopatky je nutnym |
predpokladem na zakazniky pozadovany
dlouhodoby provoz poslednich lopatek,
tedy i parnich turbin. Sou¢asné musi byt |
profilovy list obézné lopatky navrzen i pro |
dosazeni co nejvyssi ucinnosti.

| = e h WPV X ““X / '
Obr. 1: Aerodynamicky tunel pro vyzkum aeroelasticity

Na obrazku Obr. 2 je soucasna kolekce obéznych lopatek pro otacky rotoru 50 Hz. Titanova
ob&zna lopatka, ktera je na obrazku vpravo patii svoji délkou pracovniho listu do skupiny ultra-
dlouhych supersonickych lopatek ,ultra-long buckets“. Lopatka je vyrobena z vykovku
frézovanim, v rotoru je upevnéna piimou stromeckovou nozkou, proti dynamickym silovym
ucinkim je tlumena vazbou na listu (typu tie-boss) a na Spi¢ce bandazi s jednim té€snicim bfitem
VUCi statoru.
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Obr. 2: Portfolio obéznych lopatek pro 3000 oticek Doosan Skody Power
1. Volné a vazané obéZné lopatky

Spole¢nost Doosan Skoda Power s.r.o. je vedle industrialnich parnich turbin také vyrobcem
kondenzacnich parnich turbin velkého vykonu pro energetiku. Vzhledem k tomu, Ze je
exportérem i do zemi s frekvenci sit¢ 60 Hz, dodava turbiny pro frekvence sité¢ nejen 50 Hz, ale
také 60 Hz. Posledni (koncové) stupné parnich turbin rozhodujicim zplisobem ovliviiuji velikost
a ucinnost turbiny a samoziejmé tedy cenu parni turbiny. Na Obr. 1.1 je patrné, ze vymena
obéznych lopatek o délce 840 mm za posledni lopatky 1220 mm umoznila zjednodusit
konstruk¢ni feseni. Plivodni feseni se 3 dily véetné dvouproudového NT dilu je nahrazeno pouze
2 dily parni turbiny s jednoproudovym kombinovanym ST a NT dilem.

- —

2x340mm 1x1220m

Obr. 1.1: Viiv zamény posledni obézné lopatky 840 mm za lopatku 1220 mm

Pro vysokou termodynamickou ucinnost je nutné tispé$neé navrhnout aerodynamiku posledniho
stupn€, u obéznych lopatek s ¢asto omezujicimi mechanickymi vlivy. Mechanické vlastnosti
obéznych lopatek, jejich statické a dynamické namahani urcuji jejich nizkocyklovou tinavu -
pocty najeti a dlouhodobou provozovatelnost. Dosazeni pozadovanych mechanickych vlastnosti
obéznych lopatek ovliviiuje celkovy tvar listu lopatky a jejiho zavésu. Volna obézna lopatka
posledniho stupné s délkou 840 mm byla navrzena jako tuha. ProtoZe jeji vlastni frekvence byly
vysoké, jeji dynamické odladéni od nasobku otackovych frekvenci nebylo obtizné. Pouziti tlumici
vazby listu lopatky nebylo nutné. Dusledkem vsak byla relativné vysok4 hmota a velké odstedivé
sily. Z tohoto diivodu maji nasledné vyvijené posledni stupné s delSimi a StihlejSimi ob&znymi
lopatkami tlumicimi vazbami.

Pokud porovname vyhody a nevyhody volnych a vazanych lopatek, pak vyhody volnych lopatek
jsou v jejich levnéjsi vyrobe, jednodussi montazi a v naladéni tuhé lopatky do bezpecného pasma
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dynamickych ucinkli nasobkd otackovych frekvenci i v aplikaci pasivni ochrany listu lopatky
proti GCinkiim eroze kapek mokré pracovni pary a neexistence vazeb generujicich ztraty
obtékanim listu lopatky. Vyhodou vazanych lopatek je pak snizeni hmoty lopatky aplikaci
Stihlejsiho pracovniho listu a tim sniZeni napjatosti zavésu lopatky v rotoru. Pouziti bandaze na
Spiéce definuje a radidlni mezeru ke statoru a moznost zatésnéni bfitem. Nevyhodou je
komplikovangj$i vyroba a nutnost precizni montaze. Rovnéz aplikace protieroznich vrstev je
obtizna vzhledem ke komplikovanému tvaru bandaze na Spicce. Stiedové vazby, jak vy¢nélkova
,»tie-boss®, je na Obr. 1.2, nebo prevlecna ,,nub end sleeve* jsou vzdy piekazkou proudu pracovni
pary a generuji vazebni ztratu kinetické energie. Dynamické odladéni je komplikované,
v porovnani s tuhymi lopatka od nasobé vice nasobki otackovych frekvenci.

\

Obr. 1.1: Tlumici vazby na Spicce a stiedu listu lopatky pri montazi

2. Transsonické a supersonické obézné lopatky

Transsonickou obéznou lopatkou se rozumi lopatka obtékand proudem pracovni pary se vstupni
podzvukovou a nadzvukovou vystupni relativni rychlosti. ObéZzna lopatka 1220 mm (48*) je jeste
lopatkou, kde se podafilo zachovat transsonické obtékani jeji SpiCky. Supersonicka ob&zna
lopatky je obtékana nadzvukovym proudem. Supersonické obtékani pracovni pary se objevuje
nejvyraznéji u Spicky listu lopatky. Obézna lopatka s délkou listu 1375 mm (54°) ma asi 12%
délky pracovniho listu od $picky obtékanou supersonickym proudem.

Nabézna hrana profilu generuje
v supersonickém proudu celni razovou vinu.
Jeji Cast, mistn€ pfisluSnd k nabézné hrané, je
kolma, ptestoze jeji vétve jsou Sikmé. Za
vstupni kolmou razovou vlnou pied nabéznou
hranou profilu zac¢ind jen mald kompresni
oblast, ktera ,,obaluje* nabéznou hranu profilu.
Na Obr. 2.1 je tato oblast, kde mistni Machovo
¢islo proudu je subsonické, zobrazena zelené.
Energeticky ztratovy soucinitel kolmé razové
vlny v procentech je uveden pro vzduch a
mokrou paru na diagramu Obr. 2.3 v zavislosti
na vstupnim Machovu ¢islu.

v profilové mrizi
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Soucasné poznani o charakteru a vlivu obtékani supersonického proudu pracovni mokré pary na
profily deskového typu v lopatkovych strojich neni ani ve svété¢ ukoncené. Multidisciplinarni
navrh geometrie takového profilu musi zahrnout ¢asto protichtidné pozadavky. Plocha profili je
limitovana, protoze je urCujici pro objem a tedy vahu listu lopatky. I kdyz byl u obézné lopatky
s délkou listu 1375 mm (54%) pouzit titan s vyznamné mensi mérnou hmotou oproti oceli, jsou
napjatosti nejen v zavesu lopatky ale i v listu mezni.

Piesto, ze ultra-dlouha obézna lopatka je

20
18 18 / navrzena se dvéma tlumicimi vazbami a je
16 1; - ,/  dynamicky odladéna do 8. harmonické
10 ! ’ otackové frekvence, je navic nutné vySetfit

14 08 4 T i i/ Y 1z s ,
06 i) am A jeji namahani flutterem. Deskové profily na
12 g; z — % $picce jsou ndchylné na zhorSené obtékani
10 0o s vlivem zmény incidence do zapornych uhlt
I ! ’ Loz .y . oo
100 110 120 130 140 P / pracovni mokré pary. Generuji nestacionarni
8 ' ' T / viry doprovazené dynamickymi silovymi
6 d zménami, které mezné¢ mohou zpusobit i
zménu smyslu vztlaku, silového ucinku
4 - — = 1%5 vobvodovém  sméru.  Nestacionarita,
2 | i L proménlivost v Case, je charakteristickou

- I.lP . =[] 1[]1 1 4 b rkr r . kr
____..,-F"'" P2/ Fo vlastnostt  obtekani  transsonickym a
0

supersonickym proudem. Ke ztraté kinetické
10 1.1 1.2 13 14 15 16 17 18 13 20  energie prichodu proudu pracovni latky
kolmou rdzovou vlnou na vstupu,
generovanou nabéznou hranou profilu, se
Obr. 2.3: Energeticky ztratovy soucinitel pridavaji dalsi ztréty.
kolmé razove viny
Jednd se zejména o energeticky vyznamngjs$i ztraty interakci rdzovymi vlnami s meznimi
vrstvami na profilech, Obr. 2.4. Negativnim ucinkiim interagujici razové viny lépe odolava
turbulentni mezni vrstva, interakce razové viny s laminarni mezni vrstvou jsou komplikovangjsi.
Laminarni mezni vrstva je mén€ adhezivni a je tedy vice nachylna k odtrzeni mezni vrstvy od
profilu listu lopatky. OdtrZzeni mezni vrstvy bez jejiho opétovného pfilnuti neni ptipustné.
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Obr. 2.4: Schéma supersonického priitoku turbinovou mrizi
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3. ObéZné lopatky poslednich stupiid v turbinach jadernych elektraren

Prvni jaderna elektrarna postavena na Ceském uzemi, Dukovany (EDU) Obr. 3.1, byla
postavena zhruba 30 km od Ttebice. Prvni blok jaderné elektrarny zacal dodavat elektrickou
energii do sité v roce 1985. Dukovanska elektrarna je dnes druhou nejvétsi elektrarnou v Ceské
republice, hned po Temeling. V soucasnosti elektrarna disponuje instalovanym vykonem 2040
MW a s produkei presahujici 14 TWh ro¢né pokryva zhruba 20% z celkové spotieby elektiiny
v CR, coz odpovida spotiebé viech Eeskych domécnosti.

Obr. 3.1:
Jaderna elektrarna Dukovany

V EDU pracuje celkem 8 parnich turbin vyrobenych v plzenské Skodovce s pivodnim
nominalnim vykonem 220 MW jedné turbiny. Turbiny pracuji se sytou vodni parou a jsou
v uspotadani vysokotlakového a 2 dvouproudovych nizkotlakovych dilt, s otdckami rotoru
3000 za minutu. Pohled do uspofadani turbin a synchronnich generatorti je na obrazku
Obr. 3.2.

Obr. 3.2: Strojovna jaderné
elektrarny Dukovany

V roce 2000 byla provedena modernizace kondenzatorii a v nedavné dob¢é pak modernizace
vysokotlakych a nizkotlakovych dili turbiny. Tyto modernizace provedl dodavatel ptivodni
technologie — soucasna plzefiska Doosan Skoda Power. U poslednich nizkotlakovych stupiit,
kde plivodné pracovala obéZzna lopatka s 2 tlumicimi vazbami pravle¢nym dratem, byla
nahrazena novou volnou ob&znou lopatkou s modernimi transsonickymi profily. Podobny
zpusob profilovani byl pouzit i pro rozvadéci lopatky posledniho stupné a pro piedposledni
stupeni. Doslo ke stabilizaci meznich vrstev na pracovnich listech lopatek pii interakci rdzovych
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vIn transsonického proudu pracovni mokré pary s disledkem zadouciho snizeni energetickych
ztrat. ProtoZze kazda turbina v EDU ma 2 nizkotlakové dily se dvéma proudy pary, jedna ma
tedy 4 vystupni prifezy urCenymi délkou posledni obézné lopatky na jejim patnim priméru.
Piivodni provedeni obézné lopatky se 2 otvory pro pravlak tlumicimi draty je na Obr. 3.3, volna
ob¢zna lopatka je na Obr. 3.4.

Obr. 3. 3: Obr. 3. 4:
Pivodni  obézna  lopatka Nova obézna lopatka
posledniho stupné posledniho stupné

V tabulce Tab. 3.1 jsou uvedeny ptinosy modernizace parnich turbin EDU. Piestoze doslo
k navyseni tepelného vykonu reaktoru, vyznamnym piinosem byla modernizace pritoc¢né ¢asti
parni turbiny, jejiho vysokotlakového a nizkotlakovych dilti. Novy olopatkovany rotor parni
turbina Skoda je na obrazku Obr. 3.5. Posledni stupné pracuji nejdelimi lopatkami a jejich
ucinnost je rozhodujici pro ucinnost celé parni turbiny.

Tab. 3.1 Zvyseni vykonu reaktoru a parnich turbin v EDU

Tepelny vykon reaktoru Puvodni 1375 MWt
Navyseny +5 %
1444 MWt
Meérna spotieba tepla Ptvodni 11,150 G/MWh
Snizena 10,580 GJ/MWh
ZlepSeni 5,1 %
Elektricky vykon Po modernizaci 248,6 MW
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Temelin leZi v jiznich Cechach ptiblizng 25 km od Ceskych Budgjovic a 5 km od Tyna nad
Vltavou. Dva vyrobni bloky elektrarny s reaktory typu VVER 1000 zajistuji kazdorocné
produkci kolem 15 TWh energie. To d&la z Temelina zdroj vice nez pétiny v Cesku
spotfebované elektiiny. Podle puvodniho planu méla elektrarna mit 4 vyrobni bloky.
V devadesatych letech bylo rozhodnuto o vystavbé pouze dvou blokl. Elektfinu zacala
elektrarna dodéavat do sit€¢ 21. prosince 2000. ETE je dvouokruhova jaderna elektrarna, na
rozdil od EDU je monoblokova - ke kazdému reaktoru je pfirazena jedna turbina V ETE tedy
pracuji 2 parni turbiny vyrobené v plzeniské Skodovce s pivodnim nominalnim vykonem
1000 MW jedné turbiny. Turbiny pracuji se sytou vodni parou a jsou v usporadani
dvouproudového vysokotlakového a 3 dvouproudovych nizkotlakovych dild, s otackami rotoru
3000 za minutu.

Obr. 3.5:
Jaderna elektrdarna Temelin

Pohled do usporadani turbin a synchronnich generatord je na obrazku Obr. 3.6. V roce 2014
byla provedena modernizace vysokotlakych a nizkotlakovych dild turbiny. Tyto modernizace
provedl, podobné jako v EDU, dodavatel pivodni technologie — soucasna plzeniska Doosan
Skoda Power.
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Obr. 3.6:
Strojovna s turbinou v ETE

U poslednich nizkotlakovych stupnii, kde plivodné pracovala volna obézna lopatka bez
tlumicich vazeb, byla nahrazena nové vyvinutou lopatkou s délkou pracovniho listu 1220 mm
(48). Pivodni obézna lopatka posledniho stupné vyvinuta pro parni turbinu Temelin o vykonu
1000 MW byla navrzena podle poslednich poznatkti 80 let minulého stoleti. Byla vysledkem
spoluprace mnoha vyzkumnych a védeckych organizaci napiiklad Ustavu termomechaniky
AVCR, Vyzkumného tstavu v Béchovicich SVUSS nebo Ustiedniho vyzkumného tstavu
$koda UVZU. U kdyz byla relativné §tihla, volna bez tlumicich vazeb, pracovala bez poruch az
do modernizace nizkotlakovych dilti. Jednalo se opét o tzv. transsonickou lopatku, Obr. 3.7,
vté dobé s mezni délkou pracovniho listu 1085 mm, odpovidajici mensi vystupni prifez
s vysokymi rychlostmi generoval pomérné velkou vystupni ztratu. Proto bylo rozhodnuto o
vyvoji nové obézné lopatky s délkou pracovniho listu 1220 mm (48), Obr. 3.8. Tato lopatka
je tlumena 2 tlumicimi vazbami, stfedovou vy¢nélkovou vazbou a bandazi na Spicce
pracovniho listu. Radialni vtle je definovana viili mezi tésnicim bfitem bandaze a statorem.

Obr. 3. 7: Obr. 3. 8:
Pivodni obézna lopatka Novad obézna lopatka
posledniho stupné posledniho stupné

Soucasné byla piepracovana priutocna cast nizkotlakového dilu. Pivodné 4 stupné v kazdém
proudu byly nahrazeny 5 stupfiovym uspofadanim s novymi ob&znymi i rozvadécimi lopatkami.
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Tim doslo k Zadoucimu snizeni entalpickych spadu na jednotlivé stupné. VSechny ob&zné lopatky
byly opatfeny bandaZzemi na Spicce a zatésnény, Obr. 3.9. Nahrada delSi obéznou lopatkou
posledniho stupné pfinesla snizeni vystupni ztraty. Také tyto piinosy vedly k tomu, Ze v inoru
roku 2016, pii nizké teploté chladici vody a odpovidajicimu nizkému tlaku v kondenzatoru,
dosahla parni turbina rekordniho vykonu 1100 MW.

77 ¢ - . 1 = '- . Obr. 3.9:
‘ ,’/ o f ‘ 5 Novy olopatkovany
,’/ e\l - s | ,
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V tabulce Tab. 3.2 jsou uvedeny pfinosy modernizace parnich turbin ETE. Piestoze doslo
k navySeni tepelného vykonu reaktoru, vyznamnym piinosem byla modernizace prutocné Casti
parni turbiny, jejich a nizkotlakovych dila.

Tab. 3.2 Zvyseni vykonu reaktoru a parnich turbin v ETE

Tepelny vykon reaktoru Pivodni 3012 MWt
NavySeny +4 %
3132 MWt
Meérna spotieba tepla Ptvodni 10,800 GJ/MWh
Snizena 10,440 GJ/MWh
Zlepseni 3.3%
Elektricky vykon Po modernizaci 1080,5 MW
Zavér

Jsou uvedeny, v tabulce Tab. 3.3, pfinosy modernizaci parnich turbin jadernych elektraren
Dukovany a Temelin se zaméfenim na modernizaci nizkotlakovych dild. Celkovy narist vykonu
0 381 MW je vyznamnym zvySenim vyrobni kapacity elektrické energie Ceské republiky.
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Tab. 3.3: Celkovy prinos modernizaci

NavySeni modernizaci Celkem
Dukovany 8 x 29 MW 232 MW
Temelin 2x 74,5 MW 149 /MW
Celkem 381 MW

Literatura
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FLOW OF NEWTONIAN AND NON-NEWTONIAN FLUID
THROUGH PIPE WITH FLEXIBLE WALL

SEDIVY Dominik, FIALOVA Simona, JASIKOVA Darina

This paper solves fluid-structure interaction between flexible wall and
two types of fluid. Wall was considered as aorta and was described as
hyperelastic material by 5-parameters Mooney-Rivlin model. Fluids
and structure were set as incompressible. First fluid was Newtonian
and has dynamic viscosity of the blood. Second was non-Newtonian
and its viscosity was defined with Carreau rheology model. The aim of
this paper is to show a comparison between Newtonian and non-
Newtonian fluid flow in pliable vessel.

Keywords: fluid-structure interaction, non-Newtonian fluid, hyperelastic material

Introduction

Cardiovascular diseases are one of lifestyle diseases and therefore cardiovascular system has to
be explored. A general description of blood flow through blood vessels is not simple. Blood is
heterogeneous fluid and material of blood vessels shows high elastic deformations. Many ways
exist to solve this problem and one of them is numerical fluid-structure interaction (FSI), which
couples computational fluid dynamic (CFD) and finite element method (FEM). This approach is
young but it allows work with real parameters of cardiovascular system, which cannot be
contained in experiments. [1]

Blood rheology is described as non-Newtonian fluid, however some works [2] still solve this
problem with Newtonian rheology model of blood. The objective of this research is to discover
differences between FSI simulation with Newtonian and non-Newtonian fluid.

2. Numerical simulations

Commercial software (ANSYS) was used for numerical calculation of FSI. Transient structural
was used as solver of FEM and a fluid domain was solved by Fluent (software for CFD). Both
of the software were connected with System coupling. Whole domain was simplified, because
numerical solution of FSI is time consuming process. Cross-section of domain was only quarter
circle (see Fig. 1). The length of fluid domain was 270 mm and its radius was equal to 10 mm.
The geometry of structural domain had length 70 mm and was put 100 mm from fluid domains
inlet. Inner radius was equal to fluid domain radius and its thickness was 2 mm. Symmetry
boundary condition was used in fluid domain and Frictionless support boundary condition was
applied on structural domain.

Meshes of fluid and structural domains were made up of hexahedral elements. Mesh of the
structural domain had 4 200 quadratic elements. 3 elements were defined in radial direction, 20
elements were set in tangential direction and 70 elements were used in axial direction. Mesh of
fluid domain had 25 elements in radial and 20 in tangential direction and 270 in axial direction.
Fluid part was constituted by 108 000 elements. Maximal skewness of elements was 0.67 for
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fluid domain and 0.03 for structural domain. Maximum aspect ratio was 6.87 for fluid domain
and 1.52 for structural domain.

Wall deforming

Data transfer

e’“d
<«

) . L

) Fluid-Solid interface

Fig. 1: Geometry and boundary conditions

X
W

Both solutions were calculated as transient. The size of time step was 0.005 s. Flow in tube was
considered as turbulent. Therefore k-omega STT turbulent model was used. The Geometry of
both domains was changing during FSI calculation and therefore dynamic mesh was applied.
Boundary conditions for inlet and outlet (Fig. 2) were taken from pathological data [3].
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Fig. 2: Boundary conditions for pressure inlet and pressure outlet

Both fluids and material of vessel were considered as incompressible. Fluid density for both
cases was 1050 kg'm?>. The density of blood vessel material was equal to 1120 kg'm™.
The material of structural domain was defined by 5-parameters Mooney-Rivlin model (1),
and its parameters were used from work [3].

W = Cyo(I; = 3) + Co1 (I, = 3) + Cpo(I; — 3)* + €1 (I, —3)(U; — 3) + Cop(I; —3)* (1)

124



Flow of Newtonian and non-Newtonian Fluid through Pipe with Flexible Wall

Two types of liquid were used for modelling of blood flow. The first model described blood as
Newtonian fluid, which means blood had constant viscosity. The value of dynamic viscosity for
Newtonian fluid was 3.45 mPa-s. The other model was more precise and considered blood as
non-Newtonian fluid. This model is called Carreau and it is described by (2). Parameters
of Carreau rheology model were used from paper [4].

n—1
2

n=1ew+ Mo — M)+ D] 2 (2)
&0
50
w
E'?. 30
.E. Newton
= 9. Carresu
10
) 0 20 40 &0 &0 10:0
y [s71]
Fig. 3: Comparison of Newton and Carreau rheology models
TABLEI
MATERIALS PROPERTIES
Symbol Quantity SI units Value
w Strain energy potencial Pa
Cio Material constants Pa 9267
Cor Pa 3508
Cyo Pa 305463
Ci1 Pa 1183007
Coz Pa 504507
L First deviatoric strain invariant
I, Second deviatoric strain invariant
n Dynamic viscosity Pas
y Shear rate s
Noo Dynamic viscosity for infinity shear rate Pas 0.00345
Mo Dynamic viscosity for zero shear rate Pas 0.056
A Time constant s 3.31
n Carreau fluid coeficient 0.375
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3. Results

Results showed that impact of axial non-Newtonian fluid flow through straight pipe was not as
high as it could have been expected. Radial strain was almost the same as in case of Newtonian
fluid flow (see Fig. 4). Maximal values of radial strain were for both cases about 11%, which
corresponded with strain of artery with stenosis.

0,125
0,123 \
0,121 -\

0,119

Newton

Strain [-]

0,117

Carreau
0,115

0,113

0,111
1,8 2,0 2,2 2,4 2,6

t[s]

Fig. 4: Comparison of elastic equivalent strain for both fluids

These values fit great with used material model, whose parameters were gained from artery
stenosis. Also other parameters, which were related with deformation (e.g. radial stress), were
similar to the case with Newtonian fluid. In Fig. 5 are shown velocity profiles for both cases in
two different time steps. Values of velocity profiles were taken from the middle of domain part
with flexible wall (0.135 m behind the inlet). The velocity profiles were a little bit different, but
not as much as it could have been expected.

0,012
0,01 \
0,008
= Newton (t=2.6s)
E 0,006
= Carreau (t=2.6s)
0,004 Newton (t=2.2's)
Carreau (t=2.2s)
0,002
0
0 0,5 1 1,5 2
v [m/s]

Fig. 5: Axial velocity profiles
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This access to solution of biomechanics showed that use of non-Newtonian fluid had an impact
on wall shear stress (WSS), which is displayed in Fig. 6. The magnitude of wall shear stress was
negatively connected with artery resistance. The maximum values of wall shear stress differed
about 2.5%. Nevertheless the average of values of the wall shear stress varied much more.
Maximal difference of average values of wall shear stress was about 5% higher for the case of
non-Newtonian fluid.
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a) b)
Fig. 6: a) Maximum values of wall shear stress, b) average value of wall shear stress
Conclusion

Numerical solutions of fluid-structure interaction of flow through straight blood vessel were
done for two different blood rheology models. Comparison of both solutions showed that an
application of non-Newtonian fluid had negligible impact on radial deformations. Velocity
profiles were a little bit different. The application of blood rheology model had especially an
impact on wall shear stress of the flexible wall. Nevertheless, these solutions were done for
turbulent flow and there could be possibility that use of non-Newtonian fluid could have bigger
impact in case of laminar flow or in case of more complicated shapes of computational domains.

Literature

[1] QUARTERONI, A., A. VENEZIANI a C. VERGARA. Geometric multiscale modelling of
the cardiovascular system, between theory and practice. Computer Methods in Applied
Mechanics and Engineering [online]. 2016, 302, 193-252 [cit. 2018-03-26]. DOI:
10.1016/j.cma.2016.01.007. ISSN 00457825.

[2] PAIL Raghuvir, S. M. Abdul KHADER, Anurag AYACHIT, K. A. AHMAD, M. ZUBAIR,
V. R. K. RAO a S. Ganesh KAMATH. Fluid-Structure Interaction Study of Stenotic Flow
in Subject Specific Carotid Bifurcation—A Case Study. Journal of Medical Imaging and
Health Informatics [online]. 2016, 6(6), 1494-1499 [cit. 2018-03-26]. DOI:
10.1166/jmihi.2016.1837. ISSN 2156-7018.

[3] TENG, Zhongzhao, Jianmin YUAN, Jiaxuan FENG, Yongxue ZHANG, Adam J.
BROWN, Shuo WANG, Qingsheng LU a Jonathan H. GILLARD. The influence of

127



SEDIVY Dominik, FIALOVA Simona, JASIKOVA Darina

constitutive law choice used to characterise atherosclerotic tissue material properties on
computing stress values in human carotid plaques. Journal of Biomechanics [online]. 2015,
48(14), 3912-3921 [cit. 2018-03-26]. DOI: 10.1016/j.jbiomech.2015.09.023. ISSN
00219290.

Barbara M., Peter R. JOHNSTON, Stuart CORNEY a David KILPATRICK. Non-
Newtonian blood flow in human right coronary arteries: steady state simulations. Journal
of Biomechanics [online]. 2004, 37(5), 709-720 [cit. 2018-03-26]. DOL:
10.1016/j.jbiomech.2003.09.016. ISSN 00219290.

Acknowledgment

Grant Agency of Czech Republic, within the project GA101/17-19444S is gratefully
acknowledged for support of this work.

Ing. SEDIVY Dominik, Faculty of Mechanical Engineering, BUT, Energy institute Technické
2, 616 69 Brno, Dominik.Sedivy@vutbr.cz

doc. Ing. FIALOVA Simona, Ph.D., Faculty of Mechanical Engineering, BUT, Energy institute
Technicka 2, 616 69 Brno, fialova@fme.vutbr.cz

Ing. JASIKOVA Darina, Ph.D., Faculty of Mechatronics, Informatics and Interdisciplinary
Studies, TUL, Institute of New Technologies and Applied Informatics, Studentska 2, 461 17
Liberec 1, darina.jasikova@tul.cz

128



37. STRETNUTIE KATEDIER MECHANIKY

TEKUTIN A TERMOMECHANIKY
Technicka univerzita vo Zvolene

27.-30. jin 2018, Starovo, Slovenska republika rers sl inaygsreave 2voLENE

BEHAVIOUR OF A NATURAL CIRCULATION HELIUM LOOP IN
A STEADY STATE

VILAGI FrantiSek, KNIZAT Branislav, URBAN Franti§ek, RIDZON Franti§ek

Keywords: natural circulation, helium loop, steady state, decay heat removal

1. Introduction

Nuclear energy is one of the cheapest and most efficient source of energy. At present, nuclear
power plants generate about 17% of the world's electricity. However, one of the weaknesses of
nuclear energy is its security, which depends on a constant electrical supply, what has proved to
be insufficent in the past. Therefore, one of the goals is to minimize the dependency on the
electrical supply.

Recently, passive safety features that are based only on simple natural forces are being
considered. In a typical water-cooled nuclear reactor, during the reactor shutdown, the fuel cells
continue to heat up and generate residual heat, which is approximately 1-2% of the previous
reactor power. The role of passive safety system is to remove the decay heat produced during the
shutdown. Passive safety systems have been proven as features, which could make significant
contribution to simplifying and potentially improving the economy of new nuclear power plants
[1]. Their most prominent advantages are:

Elimination of pumps

The character of the cooling power (the flow increases with increasing heat input)

Safety (due to the absence of moving parts, the system is less prone to fail)

Simplicity (the system consists of simple piping compositions, which has its manufacturing
benefits)

Due to their numerous advantages, passive systems can be found in many other conventional
engineering applications [1]. Some of the most used applications are solar water heaters,
transformer cooling, geothermal energy extraction, combustion engine cooling, permafrost
protection, and even new computer cooling applications. Research in this area is therefore very
promising.

2. Loop desription

Generally, a natural circulation system (also known as thermosiphon or cooling by natural
convection) consists of a heat source, a heat sink, and tubes that connect them in such a way that
they form a continuous loop with a circulating fluid. In such a system, the flow starts
automatically when the heat source is activated. The flow is generated due to the difference
between densities in cold and hot piping branch. The fluid will continue to flow as long as the
heat source and cooler are available without the help of any additional machines to generate the
fluid flow [2].

As a substitution to the real helium loop designed for the decay heat removal, first an
experimental model has been built to conduct an research of helium flow characteristics at various
conditions. The experimental facility is located in Trnava, in the areal of company Energomont
s.r.0. It consists of two main elements, the GFR (reactor substitution) and the DHR (heat sink),
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along with two piping branches [3]. The basic diagram of the facility layout is on fig.1. The facility
has an advanced measuring system, which can monitor parameters such pressure, pressure
difference on the exchangers, helium temperatures, surface temperatures, water flow, inlet power
and velocities in real time at several locations.

The measurement starts with filling the loop with helium, then after the system is pressurized,
the GFR performance is slowly increased. At the same time, the pump’s engine operating speed
is increased, which pumps the cooling water into the DHR. Depending on the goal of the specific
measurement, either the steady state or the maximum performance of the GFR is achieved. The
measurement itself is executed through a measuring program that can easily track each operating
parameter and conveniently adjust the performance of the GFR and DHR device. At the end of
the measurement it is necessary to wait for at least 24 hours in order to let the helium cool down
for subsequent storage in the pressure tanks.
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Fig. 1 Basic diagram of the facility layout

3. Parameters of flow in a steady state

If a steady state is considered, the density difference between branches stays constant. As the
flow cannot accelerate or decelerate all of the gained energy from the density difference must be
equal to the sum of pressure losses across the loop, plus the energy required for flow. A numerical
model of flow has been developed [4]. The model needs the temperature distribution across the
loop as input, as well as the total operating pressure at one point.

In Fig.2 the temperature distributions during steady state are shown from four measurements.
The first point is immediatelly before the heater, therefore the temperature quickly raises (inside
GFR). The next temperature sensor is at the exit from the heater at 2.77m total length. The hot
piping branch is considered isothermal, this assumption is not perfectly true, but the error is
neglectable. The entrance point to the cooler is at 9.66m and the exit at 10.9m. The cold piping
branch closes the loop at 22.136m total length.
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Fig. 2 The distribution of temperatures along the loop for four selected measurements

The operating pressure during the steady state depends on many factors, such as the starting
pressure, the heater and cooler thermal output, the duration from start-up to reaching the steady
state. As mentioned before the pressure changes along the loop. However, during calculations of
helium state properties, constant pressure has been assumed, due to very small changes along the
loop.

4. Hydraulic model of flow

At steady state flow, the sum of pressure change must be zero [2], [3]. For the sake of
simplicity we assume four points at which we measure the pressure (i.e., 1-2-3-4-1):

> P, =pin)+(ps—p)=0 (1)

i=l1
The relation for calculation of pressure change between two points is used several times in the
method [3].

2
D; L zRT o[ e -1
) — _i_ mean 2
Pin =y A G| e )
2glhig—h;
o= g( J+l j) 3)

zRT

where p; — pressure at the inlet to pipe; Qm — mass flow, v — mean velocity; z — compressibility
factor; h;, hj+1 — height at the inlet and outlet of pipe, respectively; A — cross-sectional surface.
This method serves to observe the effect of pressure loss on the mass flow during the operation.
The mass flow Qn and the pressure at the next point p;+ are dependent on each other which means,
that the equation (2) can be calculated only iteratively [3].

First, the pressure p;+1 is calculated with equation (2) from the pressure at the previous point.
In order to do that, the initial value of mass flow is chosen in the order close to the predicted
value. Also the starting operating pressure - pimeas iS needed, which is either chosen as the
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condition at which we want to calculate the velocity or in our case, this is the measured pressure
at point 1. The equation (2) is then applied several times until the pressures at all control points
are calculated. The last pressure is calculated at the starting point 1 with signature picac. The
whole process can be described as follows:
Hot Branch DHR Cold Branch GFR
pl,meas > p2 > pS > p4 > pl,calc (4)
As this method relies on pressure losses, special attention had to be given to the local pressure
losses inside the GFR and DHR elements. The evaluation of local loss coefficient is described in
chapter 3.2, the main idea is to express the friction factor A by local losses coefficient &. Relying
on equation (1) we can write:

f(Qm ) = pl,calc _pl,meas = 0 (5)
Equation (5) can be iteratively calculated by the Newton method (6). As input we need to

know the operating pressure and the temperature distribution along the loop. The new mass flow
rate after each iteration is determined as:

" " f '(Qm) (6)
and the derivation of the function is numerically calculated by:

f'(Qm) _ f(Qm,h )h_ f(Qm) (7)

Then, the pressure pix is calculated the same way as pi,caic only with increased mass flow by a
differential value: Qmy = Qu' +h where h=107. A new function is defined as:

f(Qm,h) = pl,h - pl,meas (8)

When the stop condition is reached (Qu'*! - Qu' < &, where & = 10), it means that the true
value of mass flow has been calculated and the velocity can be obtained from the continuity
equation:

Qm

V. =—

L P4

4.1 Pressure losses due to friction

During calculations of pressure losses caused by friction in the piping branches, an available
method from the literature was used. This method is known as the McKeon relation:

1 1.930log(Re/2)-0.537

V2 (10
Currently the McKeon method is considered as the most accurate, but the author emphasize
that the equation (10) can be used only for fully developed flow in smooth pipes [6]. Concerning
deviations, a maximum error of 1.25% is stated for low Reynolds numbers in range of 0 < Re >
310.10° and 0.5% for the range of 310.10° < Re > 18.10°. Unless we count the facility start-up,
the Reynolds numbers are approximately in the range of 15,000 to 37,000 for our measurements.

4.1 Pressure losses due to friction

The largest hydraulic losses in the loop occurs in the heater (GFR) and in the cooler (DHR).
In order to include the local pressure losses into the equation (2), the friction factor is expressed
in relation to local loss coefficient.
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L

A= gDHR/GFR E (11)

The local loss coefficient had to be calculated for both elements, which was achieved by
adjusting the well-known equation for pressure losses [2]:

Jp =4 [@v} (12)

As the mean velocity and density change in both elements, the local loss coefficient £ had to
be related to the averaged values of the changing parameters vi, and pi, [2]. The pressure loss
inside the elements is a sum of three pressure losses, the loss from sudden expansion at the inlet,
the loss from reduction at the outlet and finally the pressure loss from the geometry of the devices,
which has been calculated by the Bell-Delaware method for each measurement. The Bell-
Delaware method is considered as sufficiently accurate. Equation (12) represents a straight line

with \/E being its slope. By data regression, it was possible to determine the local loss coefficients

Epnr and Egrr.

5. Results

Since the experimental facility was built, many measurements has been made. For most of

measurements, the duration was more than 6 hours. During this time a stready-state was
considered as achieved, therefore only this period is presented in the article.
Four Pitot probes measure the dynamic pressure from which the velocity is being calculated. Two
at the entrance and exit of the heater and two at the entrance and exit of the cooler. During
calculations, the velocity obtained from the probe at the exit from the heater is considered as the
most accurate, due to higher dynamic pressure values.

Fig.3 represents a comparison of results between measurements and two calculations. Blue
line is the measurement of velocity at one point on the loop, red line is the calculation with the
presented numerical model. The green line represents a calculation with a currently available
model. Two measurements are presented, first measurement at averaged operating pressure of
4.992MPa (left) and second at 3.423MPa (right).
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Fig. 3 Comparison of measured velocity with calculated values

The available model is based on the works of P.K.Vijayan [7]. The method is derived from
conservation laws that apply for the flow of fluid through the pipeline, and from the equations for
heat transfer processes. The author introduces dimensionless variables and gradually converts the
equations into dimensionless shape so that the flow can be expressed by Grashof and Reynolds
number. Thus, the Reynolds number can be calculated and consequently the velocity.

6. Conclusion

The article describes a functional experimental facility built in Trnava. The facility serves for
a continuous research of helium flow in a natural circulation loop. The article focuses on
describing a numerical model of flow. This model is described as hydraulic, because the
temperature distribution along the loop is needed as input, along with the operating pressure at
one of the control points. The numerical model relies on the calculations of pressure losses along
the loop. The largest pressure losses occur in the heater (GFR) and in the cooler (DHR). Therefore,
their estimation was crucial. These pressure losses were calculated by the well-known Bell-
Delaware method and compared with one of the pressure loss measurement. The measurement
was in conformity with the calculation. The duration of two presented measurements were more
than 22000 seconds, however only the part considered as steady state flow is presented. The
Reynolds numbers during measurements were approximately in the range of 15,000 to 37,000
which is considered as turbulent regime of flow. The results of the calculations with numerical
model is also presented in the article, it turns out that a one-dimensional model can describe the
flow in such a facility with sufficient accuracy. The second calculation with the available
numerical model is also presented, the author of this model introduces dimensionless variables
and gradually converts the fundamental equations into dimensionless shape so that the flow can
be expressed by Grashof and Reynolds number. Both of the models show very good results with
mean deviations of 4.45% to 6.31% for the first model and 7.53% to 14.94% for the second model
during the presented measurements at considered steady state. The deviations may be caused due
to the assumption of achieving the steady state during measurements, what may not be correct.
Another reason could be that the one-dimensional model calculates the flow only to the z-axis
which is along the pipe length and completelly ignores any flows and swirls to the x and y-axis,
in the cross-sectional area of pipe. The model also does not consider the backflows that almost
certainly occur when helium enters the DHR. Concerning the backflow problem, CFD simulations
are planned to examine the flow behaviour specifically at the inlet of DHR. Currently
unsatisfatory is the requirement of temperature distribution as input, therefore the numerical
model is planned to be enchanced with heat transfer equations and upgraded into an
thermodynamic model. The accuracy of the enhanced model is expected to be worse due to
deviations in temperature calculations.
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MOZNOSTI VYUZITIA CERPADIEL V SYSTEMOCH
PRE MIMORIADNE SITUACIE
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The paper deals with the possibilities of high capacity pumping
systems. It is based on numerical modelling in hydrodynamic pump
with the output for mathematics software. Design of pumping circuits
with using different types of drivers for booster pumps are presented
(hydraulic, hydrodynamic, electrical driver). Their mutual interaction
to ensure the effective operating pumping work is analysed.

Kruéové slova: systém pre mimoriadne situacie, podavacie Cerpadlo, cerpadlova turbina

Uvod

V hasi¢skych zachrannych zboroch a brigadach je mozné pozorovat’ vyuzitie Cerpacej
techniky pri katastrofach r6zneho rozsahu a velkosti. Vyuzivaju sa predovsetkym podavacie
Cerpadla so spalovacim agregatom a integrované Cerpacie systémy Vv cisternovych
automobilovych striekackach. Existuju ale aj Specialne zachranné systémy uréené na extrémne
podmienky. K takymto zariadeniam mozno zaradit vysokokapacitné moduly cerpania pre
mimoriadne situdcie. Vyznacuju sa schopnostou cCerpania velkého objemu kvapaliny pri
prekonani spravidla vyssej sacej vySky a dopravovanej vzdialenosti.

Clanok analyzuje doterajsie zariadenia, ktoré sa pouZivajii na mimoriadne situacie
v dosledku povodni alebo poziarov. Momentalne sa na trhu vyskytuje vel'mi obmedzené ponuka
zariadeni pre mimoriadne situdcie. V hasi¢skych zachrannych zboroch sa uplatnil najmi systém
zalozeny na hydrostatickom obvode, kde sa cCerpanie kvapaliny uskutoCiiuje za pomoci
hydraulického generatora a motora. Naskytuje sa aj moznost rieSenia Cerpacieho systému
zalozeného na spolocnej praci viacerych Cerpadiel za iCelom zvladnutia extrémnych podmienok
[1]. Pri vyuziti viacerych Cerpacich jednotiek v systéme je nutné pocitat’ s ich vzajomnou
interakciou a s naslednou optimalizaciou celého Cerpacieho systému. Pre takato optimalizaciu je
potrebné poznat’ charakteristiky jednotlivych hydraulickych strojov, ktoré je mozné ziskat
meranim, popripade ich predikovat s vyuzitim numerického modelovania. Na postudenie
hydraulickych vlastnosti podavacieho Cerpadla pre vysokokapacitny cerpaci modul bol vyuzity
prave pristup numerického modelovania.

2. CFD analyza v priestore navrhovaného ¢erpadla

Model Cerpadla, v ktorom prebehla simulacia prudenia kvapaliny zahfiial sacie potrubie,
obezné koleso, Spiralu a Cast’ potrubia umiestnen¢ho za Spirdlou. Vypoctova siet vstupného
sacicho potrubia a Spirdly bola neStruktirovaného typu a obsahovala Stvorstenové elementy.
Obezné koleso bolo opatrené Struktirovanou sietou so Seststenovymi elementami. Oblasti
v blizkosti stien lopatiek obezného kolesa, stien diskov, sacej rury alebo $piraly boli v dosledku
vyraznych zmien fyzikdlnych veli¢in opatrené jemnejSou sietou. Naopak v miestach, kde
nedochadza k tymto gradientom fyzikalnych veli¢in bolo mozné pouzit’ hrubsiu siet’. [2]
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Obr. 1 Vypoctova siet saciecho potrubia, obezného kolesa a $piraly

Vypodtova siet’ celého modelu obsahovala priblizne 4 000 000 elementov. Uloha bola
rieSend ako Casovo nezavisla s podmienkou hmotnostného prietoku na vystupe a celkového
tlaku na vstupe. Bol uplatneny model s rotujucim obeznym kolesom a stacionarnou cast'ou
Spiraly s prisluSnym rozhranim.

Numericka simuléacia vychadzala z turbulentného matematického modelu zalozeného na
principe casového stredovania zdkladnych bilanénych rovnic. Tento matematicky model
popisuje lokalny stav turbulencie virovou turbulentnou viskozitou pomocou Boussinesquovej
hypotézy. V CFD simulécii bol uplatneny dvojrovnicovy model k- SST, ktory vyuziva vyhody
k-¢ a k-0 modelu. Rozhranie medzi sacim potrubim a obeznym kolesom rovnako ako medzi
obeznym kolesom a piralou bol nastaveny ako Transient Rotor-Stator. Casovy krok sa zvolil
tak, aby jednej hodnote prislichalo otoCenie rotora o 2,25°. Obezné koleso odstredivého
cerpadla ma 4 lopatky. Pootocenie lopatky o 90° bolo rozdelené na 40 casti. Jednej otacke teda
prislicha rozdelenie na 160 Casti.

outlet

Spirala

sacia rura

interface
rotor-stator

inlet

obezné rotating wall

koleso

Obr. 2 Model ¢erpadla a jeho okrajové podmienky v CFD simulécii

Optimélny rezim bol predpokladany pri prietoku 250 Ls™'. Vypo&et bol realizovany s
krokom 0,1 nasobku optimalneho prietoku pri hodnote otd¢ok 1850 min™!. Ciel'om CFD analyzy
bolo zistenie vykonovych charakteristik odstredivého Cerpadla, ato zavislost dopravovanej
vysky, prikonu a G¢innosti pri zadanom prietoku. Tieto charakteristiky sa d’alej pouzili na navrh
hydraulického obvodu a obvodu so zapojenim viacerych Cerpadiel.
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Obr. 3 Vykonové charakteristiky cerpadla

3. Hydrostaticky pohon odstredivého hydrodynamického ¢erpadla

Navrh hydrostatického pohonu pre hydrodynamické odstredivé Cerpadlo si vyzaduje
kompletny navrh hydraulického obvodu s jednotlivymi prvkami. Na obrazku 3 je zobrazena
schéma otvoreného hydraulického obvodu, kde sa kvapalina po vykonani prace vracia naspat’
do nadrze. Regulacny hydrogenerator tla¢i kvapalinu do hydraulického okruhu, ktoru v tlakovej
vetve na zaklade polohy rozvadzaca je mozné priviest’ na sériu hydraulickych motorov uréenych
na rozvin hadic. Hydrostaticky pohon bol navrhnuty na ziklade vysledkov znumerickej
simulacie odstredivého cCerpadla. Vypocet sa realizoval pomocou VBA procedury
s jednoduchym grafickym rozhranim a volitelnou databdzou prvkov. Grafické uzivatelské
rozhranie bolo rozdelené na vypocet hydraulického motora, volbu spalovacieho agregatu,
vypocet hydraulického Cerpadla a navrh vedenia systému.
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Obr. 4 Schéma obvodu s hydrostaticky pohananym odstredivym ¢erpadlom
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Obr. 5 Navrhované prvky - hydraulické cerpadlo, hydraulicky motor, spalovaci agregat

4. Hydrodynamicky pohon odstredivého hydrodynamického ¢erpadla

Hydrodynamicky pohon predstavuje d’al§iu moznost’ z pohonov pre potreby rozbehu
hydrodynamického Cerpadla. V zisade sa jedna o Cerpadlo, ktoré pracuje v turbinovom rezime
prevadzky. Tato prevadzka sa vyznacuje tym, Ze kvapalina pradi opatnym smerom ako
v erpadle pri normalnom rezime. Uplne charakteristiky hydrodynamického stroja ukazuju
zavislost medzi parametrami Q,Y,n,P,M. V danej problematike je mozné sa stretnut
s nasledovnym diagramom, ktory zndzoriuje prevadzkové oblasti odstredivého Cerpadla.[3]

| 1

+n A @ +n A IE'

Obr. 6 Uplne charakteristiky a prevadzkové rezimy odstredivého &erpadla
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Alternativou k obvodu s hydrostaticky pohéananym cerpadlom je vyuzitie hydrodynamicky
riadenej podavacej jednotky za ucelom zlepSenia nasdvacej schopnosti hlavného silového
Cerpadla. Tato alternativa ale vyzaduje pritomnost’ podavacieho elektrického cerpadla na
pociatocny rozbeh systému. Navrhovany systém je zobrazeny na schéme 7.
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Obr. 7 Systém pre mimoriadne situdcie s vyuzitim hydrodynamicky riadenej jednotky

Systém pozostava z troch Cerpacich jednotieck. Pomocna elektricka a hydrodynamicka
podavacia jednotka (HDP a EP) umozZiiujii optimalnu pracu silového &erpadla (SC). Cely obvod
je mozné simulovat’ na zaklade matematického softvéru a sledovat’ potrebné parametre tlaku
a prietoku. Na vystupe zo silového Cerpadla sa ¢ast’ kvapaliny odobera v rozvadzaci kvapaliny
(R) za tcelom pohonu cerpadlovej turbiny. Nastavenie systému zavisi od polohy pomocnych
podavacich jednotiek vzhl'adom k osi silového agregatu, od otacok vsetkych tocivych strojov
a od nastavenia rozvadzaca kvapaliny.
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Obr. 8 Sacia siet’ silového cerpacieho systému
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Obr. 9 Vytla¢na siet’ silového Cerpacicho systému
5. Zaver

Clanok poukazuje na aktualne moZnosti pouzZitia erpacej techniky v systémoch pre
mimoriadne situacie. Boli vytvorené dva typy obvodov s podavacimi ¢erpacimi jednotkami
pohanané hydraulickym motorom, elektromotorom a Cerpadlovou turbinou. Kazdy z tychto
pohonov ma svoje vyhody aj nevyhody. Pri hydrodynamicky riadenom ¢erpadle je problém brat
do tvahy v matematickom modeli jednotnu hydraulicku vazbu. K d’alSiemu skiimaniu systému
bude nutné vyriesit’ tento problém. Pre jednoduchsi navrh bol vytvoreny VBA vypocet na navrh
prvkov hydraulického obvodu.

Modelované cerpadlo ma zvladnut' vytlacit' priblizne 250 1/s objemového prietoku
kvapaliny do vysky 25-30m. Pomocné elektromotorom pohanané cerpadlo ma slizit' na prvotny
rozbeh silového agregatu, pricom cast’ kvapaliny sa vedie pomocou vratnej vetvy na rozbeh
Cerpadla v turbinovej prevadzke. Prevadzkovy rezim ma zabezpecit' stibezni pracu oboch
podavacich Cerpadiel.
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Podiel prachovej frakcie v odsavanych trieskach z procesu frézovania
dubového dreva na CNC obrabacom centre

KMINIAK Richard

Prispevok pojedndva o tvorbe triesok v procese frézovania dubovych
prirezov na CNC obrabacom centre a Strukturou zrnitosti odsdvanej
triesky. Su v nom prezentované vysledky experimentu v ktorom bol
simulovany proces frézovania dubovych prirezov stopkovou frézou s
Jjednou vymenitelnou Ziletkou pri Standardnych podmienkach: posuvnej
rychlosti vf = 3 m.min™ a iibere e = 3 mm.

Z granulometrickej analyzy odsdavanych triesok plynie, Ze viac ako 65
% vytvorenej triesky je hruba frakcia tvorend plochymi trieskami s
rozmermi nad 2 mm. Frakcie triesok v intervale zrnitosti 0,5 + 2 mm su
vidknité triesky tj. trieska je vyrazne predlZend v jednom smere.
Prachoveé frakcie pod 500 um tvorili izometrické zrna t.j. triesky majiice
vo vSetkych troch smeroch priblizne rovnaké rozmery. Inhalovatelné
prachové castice pod 100 um tvoria v priemere 1,39 % tejto triesky.
Triesky pod 32 um neboli namerané a tak mozno konstatovat’ ze nie su
tvorené ani respirabilné prachové castice s rozmermi pod > 10 um.

Z rozboru zrmitosti triesok vyplyva ze, latkové filtre s medzou
odlucivosti textilii MO > 10 um postacuju pre odlucenie triesky od
dopravného vzduchu vo vzduchotechnickych zariadeniach.

Kruaéové slova: frézovanie na CNC obrdbacom stroji, prasnost’, granulometrické zlozenie
triesky, prachova frakcia, dychatelné Castice.

Uvod

CNC technologie sa stali neoddelitenou sucastou drevospracujuceho priemyslu, ¢i sa jedna o
kusovu alebo velkosériovi vyrobu. Spektrum pouzivanych CNC strojov je Siroké a medzi tie
najpouzivanejsie patria CNC obrabacie centra (Siklienka et al., 2017).

Pocas frézovania oddel'ované triesky sa formujua do pradu rotujiceho vzduchu. Zmes rotujiiceho
vzduchu a triesok ma tak velka energiu, Ze jeho vyznamna Cast’ nie je strhnutd odsavanym
vzduchom, naraza na steny odsavacieho krytu a pada do pracovného priestoru zakapotovaného
CNC stroja.

Odsavana trieska je polydisperzna sypka hmota pozostavajica z hrubych, stredne hrubych
a prachovych frakcii. Drevny prach so zrnitostou v intervale 1 + 500 um (Hejma et al., 1981,
Hordk, 1996, Ockajova a Banski, 2013 Dzurenda et al., 2010) je hygroskopicka, malo abrazivna,
vybusna sypka hmota. Podiel prachovych castic zavisi od vlastnosti spracovavanej suroviny,
parametrov nastroja ako aj technicko-technologickych parametrov procesu obrabania, (Dzurenda,
2002, Kucerka, 2010, Palmqvist a Gustafsson, 1999, Kopecky a Rousek, 2006).
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Z fyziologického hladiska a podla konvencii v zmysle medzindrodnej harmonizacii (USA -
ACGIH, EPA a Europa - ISO, CEN, BMRC) frakcie prachu pod 100 um Turekova (2012) Cleneni
nasledovne:

e vdychovatel'na (inhalovatel'na) hmotnostna frakcia < 100 um,

e thorakalna 5~ 10 um,

e tracheobronchialna (respirabilna hmotnostna frakcia) 2,5 + Sum,
e vysoko respirabilnd hmotnostna frakcia < 2,5 ym.

Castice prachovej frakcie (> 10 pm), ako uvadza Buchancova (2003), v pracovnom prostredi
rychlo nesedimentuju a v pripade nechranenia dychacich ciest su ¢lovekom vdychované.
Zachytavaju sa v hornych Castiach dychacich ciest a spolu s hlienom a ¢innost'ou riasinkového
epitelu postuvaju hore do nosohltana, odkial sa moézu dostat’ do traviaceho traktu alebo sa
eliminovat’ z organizmu kasl'om. Problematické su najméd mensSie Castice (0 < 5 um) — tzv.
respirabilna frakcia. Prenikaji az do plicnych alveol, kde su fagocytované alveolarnymi
makrofagmi. Tu moézu ostat’” deponované a vyvolavat’ lokalne biologické c¢inky, alebo mo6zu
preniknat’ do krvi a lymfy.

Drevny prach z buka a duba, ako uvadza Ockajovai a Kucerka (2017) je povaZzovany za toxicky
a je zaradeny medzi karcinogény 1. kategorie. Prach s karcinogénnym a mutagénnym uc¢inkom
podla NV SR ¢&. 83/2015 Z.z., ktorym sa meni a dopliia NV SR ¢. 356/2006 Z.z. o ochrane zdravia
zamestnancov pred rizikami suvisiacimi s expoziciou karcinogénnym a mutagénnym faktorom
pri praci v zneni NV SR €. 301/2007 Z.z. a koncentracia toxickej zlozky aerosélu nesmie
prekrocit’ technické smerné hodnoty pre dany faktor (5 mg/m3 ) (NV SR ¢. 301/2007 Z.z.; NV
SR €. 471//2011 Z.z).

Ciel'om prace je stanovenie granulometrického zlozenia odsavanych triesok z procesu frézovania
dubovych prirezov na CNC obrabacom centre v rozsahu bezne pouzivanych kombinacii
technicko-technologickych parametrov a posudenie miery odlu¢ovania odsavanych triesok vo
filtra¢nej technike.

Metodika

Charakteristika pouzitého materialu:

V experimente boli pouzité nabytkarske prirezy nasledovnych parametrov:
e drevina: Dub letny (Quercus robur),
e textura: tangencialne rezivo,

e rozmery: hrabka h =20 mm (% 0,5 mm), §irka § = 80 mm (+ 0,5mm), dizka 1 =500 mm
(£ 1 mm),

e vlhkost: w=10% (£ 2%).

Charakteristika pouzitého strojového zariadenia:

Experiment prebiehal na 5 osom CNC obrabacom centre SCM Tech Z5 (Obrdzok 1) dodaného
firmou SCM — group, Rimini, Taliansko. Zakladné technicko-technologické parametre udavané
vyrobcom poskytuje Tabulka 1. Pri experimente bola pouzita jednonozova stopkova fréza s
typovym oznacenim KARNED 4451 od vyrobcu Karned Tools s.r.o0., Praha, Ceska republika. V
stopkovej fréze bol osadeny reverzibilny n6z HW 49,5/9/1,5 zo spekaného karbidu T10MG.
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Obr. 1: CNC obrabacie centrum SCM Tech Z5

Tab. 1: Technicko-technologické parametre CNC obrabacieho centra SCM Tech Z5

technické parametre CNC obrabacieho centra SCM tech 25

uzito¢na pracovna plocha

x=3050mm , y=1300mm, z=300mm

rychlost v osi X

0+70 m.min™

rychlost v osi Y

0+ 40 m.min™

rychlost v osi Z

0+ 15 m.min™

vektorova rychlost

0+83m.min™

parametre hlavného vretena

elektrické vreteno s pripojenim HSK F63

rotacia osi C

640°

rotacia osi B

320°

otacky 600 + 24 000 ot.min™"
, 11 kW pri 2415 000 ot.min-1
vykon X
7,5kW 10 000 ot.min-1
D =160 mmm
maximalny rozmer nastroja L=180 mm

Priebeh experimentu:

Obrobok bol frézovany stopkovou frézou KARNED 4451 pri nasledovnych
podmienkach: uber € = 3 mm, otacky frézy n =20 000 .min"'. posuvna rychlost vf=3 m
.min’!. Pre kazda kombinaciu parametrov bolo odfrézovanych 6 vzoriek.

Vzorky pre granulometricki analyzu drevného prachu boli odoberané izokineticky z
odsavacieho potrubia CNC drevoobrabacieho centra v sulade s STN 9096 (83 4610):
»Manualne stanovenie hmotnostnej koncentracie tuhych znecistujicich latok™.

Granulometrické zloZenie triesky bolo zistované sitovanim. Na tento ucel bola pouzita
§pecialne stiprav nad sebou zoradenych sit (2 mm, 1 mm, 0,5 mm, 0,25 mm, 0,125 mm,
0,063 mm, 0,032 mm a dno) umiestnenych na vibra¢nom stojane sitovacieho stroja
Retsch AS 200c od firmy Retsh GmbH, Haan, Nemecko. Parametre sitovania boli v
sulade s STN 153105 a STN ISO 3310-1, frekvencia preruSenia sitovania 20 sektnd,
amplitida vychylenia sit 2 mm.g"', ¢as sitovania T = 15 minat, navazok 50 g.
Granulometrické zloZenie bolo ziskané zvazenim podielov zostavajucich na sitach po
sitovani na elektrickej laboratornej vahe Radwag 510/C/2 od firmy Radwag Balances and
Scales, Radom, Polsko, s presnostou vazenia 0,001 g. Sitovanie bolo vykonané na troch
vzorkach pre kazdu kombinaciu parametrov
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Vysledky a diskusia

V ramci experimentu boli simulované podmienky benej vyrobnej praxe. Uber bol stanoveni na
3 mm ¢o predstavuje bezny pridavok na kone¢né opracovanie nabytkarskych prirezov. A posuvna
rychlost’ na 3 m.min™! ¢o predstavuje bezne pouzivant posuvnu rychlost’ pri opracovavani rastlého
dreva. Ziskané vysledky su prezentované v tabulke 2.

Tab. 2: Granulometrické zloZenie triesky z procesu frézovania na CNC obrabacom centre.

Rozmery oka | Oznacenie Zastipenie frakcii v suchej dubovej piline [%]
sita [mm] frakcie vzorka I. | vzorka Il. | vzorka IlIl. | priemer
2mm , 65,02 64,42 64,87 64,77
hruba
Imm 16,09 15,83 15,93 15,95
500pm 9,32 8,62 9,42 9,12
250pum stredne hruba 4,94 421 4,08 441
125pm 4,6 4,36 4,12 4,36
63um 1,24 1,03 1,12 1,13
32um jemna 0,31 0,25 0,22 0,26
>32um 0 0 0 0

Majoritny 2/3 podiel odsavanych triesok su triesky frakcie s rozmermi nad 2 mm. Tieto triesky
patria do kategorie plochych (listkovych) triesok t.j. dizka a $irka triesky vyrazne prevysujd jej
hrabku. Trieska ma tvar zrezavanej vrstvy frézovaného dreva. Pri nizSich posuvnych rychlostiach
bola trieska celistva bez zalomeni. So zvySujucou posuvnou rychlostou sa intenzita zalomeni
zvySovala. Triesky frakcii zrnitosti od 2 mm do 500 um patria k tzv. vlaknitym trieskam t.j. k
trieskam z vyraznym prediZzenim v jednom smere. Frakcie pod 500 um mozno charakterizovat’
ako izometrické triesky t.j. triesky majuce vo vSetkych troch smeroch priblizne rovnaké rozmery.
Inhalovatel'na prachova frakcia triesok s rozmermi pod 63 pm je tvorena 1,39 % podielom.
Triesky s rozmermi pod 32 um neboli namerané, z ¢oho vyplyva CNC obrabacie centrum
neprodukuje frakcie respirabilné frakcie s rozmermi pod 10 pm.

Zaver
Na zaklade vykonanych experimentov mézeme vyvodit’ nasledovné zavery:

e Majoritny = 65 % podiel odsavanych triesok st triesky frakcie s rozmermi nad 2 mm.

e Prachové Castice s rozmermi pod 500 pum tvoria v priemere 10,16 % odsavanej triesky
vyniknutej v procese frézovania na CNC obrabacom centre.

e Inhalovatel'né prachové Castice (> 100 um) tvoria v priemere 1,39 % tejto triesky.
e Vyskyt Casti mensich ako 32 um a teda aj respirabilnych Castic nebol preukazany.

Na zaklade vykonanych granulometrickych analyz mozno konstatovat’, ze latkové filtre s medzou
odlucivosti textilii MO > 10 um, akymi je napr. FINET PES 4 plne postacuje na odlucenie triesky
od dopravného vzduchu vo vzduchotechnickych filtracnych zariadeniach.
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va) FLUID MECHANICS SYSTEMS

Planar and volume measurements

FAMILY OF PARTICLE IMAGE VELOCIMETRY (PIV) SYSTEMS:

* Micro PIV- Measurements of flow in micro channels smaller than 500 nm
* Time resolved PIV- Measure flow field evolution with high repletion rate
* Combustion PLIF PIV- Measures flow velocity and global scalar property fields such as
temperature profile and concentration of the species in the flame
* Global Sizing Velocimetery (GSV) PIV- Simultaneous measurements of droplet size and
velocity in multi-phase flows

Time-Resolved PIV Micro-Scale PIV

VOLUMETRIC VELOCIMETRY SYSTEMS (V3V AND V3V FLEX)

* Measures real three components of the velocity in large scale volumes
* Fixed or flexible arrangement




'a) FLUID MECHANICS SYSTEMS

Point measurements

LASER DOPPLER VELOCIMETRY SYSTEMS (LDV)

* 1D,2D or 3D point non-contact velocity measurements and its fluctuations up to 175 MHz

Velocity 1 Histogram
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PHASE DOPPLER PARTICLE ANALYZER (PDPA)

* 1D,2D or 3D point non-contact velocity measurements and its fluctuations up to 175 MHz
* Measurements of droplet size and concentration makes it ideal for multi phase flows

Velocity 1 Realtime Diameter Histogram
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Cerpaci systémy s
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Definice davkovace

Davkovac lze definovat jako hydraulicky stroj,
ktery ma schopnost transformovat tlak jedné
kapaliny na stejny pripadné i jiny tlak jiné
kapaliny, a to jak z mensSiho tlaku na vétsi tak i
naopak, pri cemz objemovy prutok nebo teplota
obou kapalin jsou stejné nebo i rozdilné.
Davkovac je mozné si také predstavit jako
hydrostaticky hydraulicky stroj pripominajici
pistové Cerpadlo s velmi malym poc¢tem zdvihu

Transformace tlaku se uskuteCniuje s vysokou
celkovou ucinnosti ktera dosahuje velikosti n — 1.



Princip cinnosti davkovace
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Komora je opatiena 4 armaturami

Komora je stridavé plnéna a proplachovana kapalinou

Stridavym plnénim a proplachovanim je dosaZeno transformace tlaku
Davkova¢ musi mit dvé Cerpadla pro plnéni a proplachovani komory
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Aplikace davkovacu

. Centralni klimatizace dolu

. Odsolovani morskeé vody

. Hydraulicka doprava

. Doprava kontejneru

. Jiné aplikace



Vsechny
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Provedeni davkovacu

Provedeni davkovacCe - souproudé
- protiproude
Armatury davkovace - vSechny Frizené
- dvé nerizené — zpét.ventil
Obtokové arm. davkovace - TKD s obtokem
- TKD bez obtoku

Existuje 24 kombinaci TKD s obtokem,
vSechny varianty vSak nejsou realné,
dulezité je zda plnici tlak je menSi nez
tlak pri proplachovani komory a naopak.



Optimalni délka komory TKD

S prihlédnutim na cenu potrubi

a vzhledem Kk cené a zivotnosti
armatur, l1ze definovat
optimalni délku
nebo objem
komory.



Armatury pro TKD

ARMATURY :

A — Kulovy kohut

B — Valcovy kohout
D-G — Soupatko

H — Zpétna klapka

J — Zpétny ventil

K — Valcové Soupatko




Sériové razeni TKD

@ Bez ukumulacni nadrze

Dopravni potrubi Dopravni potrubi

e
Pinéni DAVKOVAE 1  Froplachovani Plnént b 4 vkovaé 2

Proplachovani

Dopravni potrubi Dopravni potrubi

Komora

h 4 h 4
Py =
4 . S——— —————
=== " " =5 " - ropiacnovani
PInéni DAVKOVAE 1 | roplachovani g DAVKOVAE 2 .

Akumulaéni
nadrz

Protiproudé provedeni TKD



Paralelni razeni TKD

Protiproudé provedeni

o
Proplachovanl ;
Komora 1 £
' Dopravni
I‘: i) potrubi
PInéni DAVKOVAC 1
oo
Proplachovani i
Komora 1 . I

Komora

h 4 7.
OMmora .
Pinéeni DAVKOVAC 2

Protlproude provedeni TKD



Komora TKD

Komora TKD - vodorovna
- svisla

Prumér komory - stejny jako dopr. potrubi
- v€tsi jako dopr. potrubi



Zpusoby pinéni komory TKD

@ PInéni komory PKD z gravitaéni nadrze

Ve e - Vysokotlaké
PInéni komory Cerpadlem cerpadio
Smeér proudéni D
D on A& C -~ _suspenze
| SERRR. s ——
- — - o trub| e KOMORA
otr i
- ‘;%‘- p )
KOMORA
Odpadni 3
potrubi |
ODPAD

PInéni komory PKD stlaéenym vzduchem

Pfivod stla¢. vzduchu
Regilaéni ventil

Pneumaticky Vysokotlakeé
davkovac cerpadlo

Smér prou #ni
suspenz

A) Gravitacni
B) Stlacenym vzduchem
C) Cerpadlem S

Odpadni ;
potrubi | |




Staticka prutocna charakteristika
davkovacu

Komora 2

P a P,
g N o A omora B
Vypocet: J{’E SN n

A) analytické reSeni |

B) s vyuzitim hydraulickych odporu
Tvar charakteristiky zavisi na:

1) pouzité armature
2) zavislosti ztratového soucinitele armatury na zdvihu

3) ¢asovy diagram



Staticka prutocéna char. davkovace
— reseni pomoci R,H,D odporiu

Staticka prutoéna charakteristika TKD

1,10
Q s
- : P —
q % 1,00 { =z %
Qmax 5 [ e e
5 095 A, ol
£ N A
’g 0,90 — Soupatko
o \ / — Ventil
N 0,85 —— Kohout k=1,55|
\ / Kohout k=1,75
0,80 — Kohout k=2 |-
0,00 0,25 0,50 0,75 1,00

Zdvih -Z



Dynamika davkovace

&p+pa'2 Q_, P, piQ
o S ox 0 ox S

+R|QQ=0

T2 1 |

1 1 D)|?2 PA  R-= =
_ R = p
. _p(EFJrES sj 2DS? 2 S(2h,t)

Vypocet velikosti tlakovych pulzaci — hydr. razu
pri prestavovani armatur u TKD se da provest

numerickym resenim vinové rovnice pro dané
okrajové podminky.




Rizeni armatur divkovade

Rizeni davkovace :
- od koncovych poloh armatur
- od polohy oddélovaciho elementu
- od teploty kapalin

Ovladani armatur :
- hydraulicky valec
- pneumaticky valec
- el. servopohon



Doprava studene
vody pro
centralni

klimatizaci dolu



1.

Centralni klimatizace dolu

Pro doly s hloubkou 1000 m a vice je
nutna klimatizace

Klimatizac¢ni jednotku velkého vykonu
nelze postavit v dole —
neni kam odvest odpadni teplo

Vykon klimatizace - 10 az 50 MW i vice
Zpusoby Cerpani studené vody

a) vysokotlaky vyménik

b) turbina

¢) davkovac



Centralni klimatizace dolit - VYMENIK

I » ==
| I
Mgl ED | s
| |25%
POVRCH L | |
L T e =
! e — = 1 1
] ) 1 1
a o )
Y /_—’\ 1 5 i o
»/ 19,5°C '
7 7
\ 2
HEE Studena voda
B Teplavoda
~| B Vzduch
Y Z 4 6
19°C Vyménik / / 4.5 OC \/
oc— N
1,5°C o5 O/ VZDUCH
DUL T

Teplotni rozdil pro
dalnich vétru

t=15,5 oC

Ucinnost cca

100%

Velka hmotnost
vyméniku —
obtizna doprava
do dolu.



Centralni klimatizace dolu
TURBINA a CERPADLO

[nc= nMM= 0,75] | ww 1

oW @ | twsee  Teplotni rozdil pro

| NES e
L M chlazeni dilnich

* D [ )|( )|( vatri
Y 1 5 P

@ 19,5°C - t = 17,5 OC

Z7 | 2/
B Studena voda
-] i i U¢innost cca 80%
| N 4 6

V



Centrdlni klimatizace dolit - DAVKOVAC

| W i y32,5cC°
@i b, | Teplotni rozdil na

e N 21 chladici diilnich
¥, ‘\1 5Q> )()|( vétru

@19,5%: B = t=17,50C
2

BB Studena voda UéinnOSt CCa

JAMA BN Teplavoda
-] B Vzduch 1 00 (y
0.

4 6
19°c : Komora 1 ;4 / 2¢ \
i Komora 2 i » —_—
ﬂ Komora 3 4|_4 5 (—\ .
1,5°C - 19,5C O/ T VZDUCH

! /
DAVKOVAC ' ?
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Centralni klimatizace dolit — schema a
casovy diagram davkovace

Schéma davkovace

Studena voda Tepla
e | L] I R z povrchu il
0 |[1]3]2 povrch
3[2[1]3 a
Higla 2 |1 c Chladi¢
( KOMORA C
I Studen i @E
B Tepla VOd ; Obé&hové terp.
v dole
B Studeny vzduch

Casovy diagram

t

0

3

Casovy diagram

—» Cas |

KOMORA 3 | KOMORA 2 | KOMORA 1
nanuu:hjunn-)nun-:-

ol

B Studend voda - obtok

I Studena voda
B Tepl vada

cas -t [s]

t-[s]

12

Otevira

Zavira

Pouzité armatury:
Hlavni armatury - ventil

Obtok - Soupatko deskové



Centralni klimatizace doli —
dva seriove razene davkovace
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Centralni klimatizace dolu - TKD

Komora TKD:

Vodorovna — pro doly je tato varianta
vyhodnéjsi
Prumér komory - obvykle vétsi nez

prumér dopravniho potrubi v jamé



Centralni klimatizace dolu —
FOTO davkovace

Centralni klimatizace dolu
TKD fa SIEMAG



Centralni klimatizace dolu - TKD

Pro centralni klimatizaci
dolu Ize pouzit i suspenzi
voda — led.

Vyrazné se snizi prutok a
prumér dopr. potrubi.



Rekuperace tlaku
pri odsolovani
morske vody



Osmoza a reverzni osmoza

VODA - PERMEAT

Tlak v&tsi
B soLANKA nez osmoticky

Osmoticky tlak
s

MENBRANA MENBRANA

MENBRANA

OSMOZA ROVNOVAZNY STAV REVERSNi OSMOZzZA



Reverzni osmoza

Pomeér mezi objemem permeatu a koncentratu se
oznacuje jako vytéeznost a vyjadruje se v procentech.
Vyteznost se pohybuje v rozmezi zhruba 20 - 70%

(t]. 20 - 70% ) objemu vstupni kapaliny ziskame

na vystupu jako permeaiat).

Teplota vstupni vody

Optimum je cca 25 °C, maximalni teplota je obvykle 30 °C,
pak se snizuje kvalita upravené vody.

Pri mensi teploté klesa i vykon zarizeni,

za spodni limit se povazuje 5 °C,

kdy produkce permeatu muze klesnout az na polovinu.



Reverzni osmoza

Reverzni osmoéza umozni odstranéni castice tak
malé jako jednotlivé ionty. Pory v membraneé
reverzni osmozy jsou jen o velikosti 0,0005 mikronu
(bakterie jsou od 0,2 do 1 mikronu,

viry jsou o velikosti 0,02 do 0,4 mikron)

Energeticka narocnost: 2 — 3 kWh/m3
Naklady : cca 0,5 US Dolar
Tlak . 3—-10 MPa

Velikost rekuperovaného vykonu:
- Tlak — p = 8 Mpa
- Kapacita odsolovani - Q =1 mil m3/den = 11,575m3/s

- Rekuperovany vyon -P=p.Q = 185,2 MW



Reverzni osmoza

Polopropustna menbrana



Reverzni osmoza

Reverzni osmoéza Vysokotlaké

“—| 40 &erpadlo
0

I u

Nadrz odsolené

- -

. Morska voda
vody - permeat '
60% Solanka
B Koncentrat p= 8 MPa
B Solanka ;
Koncentrat

Y Odpad




Reverzni osmoza

Nadrz odsolené

vody - permeat Reverzni osméza Vysokotlaké
4_1 cerpadlo
. - @
Morska voda
Turbina * ' Solanka
B Koncentrat : Motor
B Solanka N
l Cerpadlo -
Koncentrat
Odpad Celkova uc€innost systému cca 80%

Rekuperace energie-Cerpadlo a turbina



Reverzni osmoza

Rotaéni davkovac

Vysokotlaké

Reverzni osmoéza

Cerpadlo

Morska voda

Obé&hové Solanka
Cerpadlo

|

| Nadrz odsolené
v vody - permeat

DAVKOVAC

B Koncentrat
HE Solanka

Koncentrat
Odpad
Celkova uéinnost systému cca 99,5%



Reverzni osmoze

Nadrz odsolené
vody - permeat Reverzni osmoéza Vysokotlakeé

.
I Koncentrat
BN Solanka ¥ Obéhové

Moriska voda
Solanka

| gerpadio +

A ' t,

Otevira

T2 A - -
KOMORA [‘:Qc - Y / \ . [
c

< Odpad
D tlE | d 1k
\ "

’_ /1 B 2 3 . Al ("k DI i Di o

\ B T8l 2|13 ' JE
— 21 3 | 2| 1

- - ' 0 1 2 3
Davkovac€ - 3 komory t -ls]

Casovy diagram

Trikomorovy davkovac s vodorovnou komorou



Reverzni osmoze

Reverzni osmoéza Vysokotlaké

| v | I ¢erpadlo ‘ |
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DAVKOVAC
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Odpad

Trikomorovy davkovac s vodorovnou komorou
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]
Nadrz odsolené
vody - permeat

Reverzni osmoze

Reverzni osmoéza

Vysokotlaké
Cerpadlo

|l —

B Koncentrat Y Yalco’ve
Soupatko
I Solanka
Komora 1
Pl N
=M
[><] Komora 2
Koncentrat Komora 1
Odpad L] P—
<=7 — -

Komora 2

Komora 1

Komora 2

o imi

Moiska voda

’ Solanka

Obéhové
Cerpadlo

Tri dvoukomorové davkovace - paralelni



Reverzni osmoza

‘ 117
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3 dvoukomorove davkovace razené paralelné



Reverzni osmoza

Izrael-zavod na odsolovani m. vody



Davkovace pro
hydraulicka dopravu



TKD - Hydraulicka doprava

Davkovac se Zasobnik
svislou
komorou. Y

Obvykle ma
dvé nebo tri
komory.

/ |

Vysokotlaké
cerpadlo

Dopravovany @
material v

suchy nebo |
odvodnény

%
, * E & ;
< Dopravni Il Shekovy
potrubi vynasec




TKD - Hydraulicka doprava

Tri komory — ¢asovy diagram

Schéma davkovace

I VODA
B SUSPENZE

D ’
Q. opravni

Schéma davkovace

"~ potrubi
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l / Qpl Odpad
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TKD - Hydraulicka doprava

\

Roztok % C C A a3
NaOH
5
(1. komora b )
2. plovak

3. armatura 6 ks )
4. zpétny ventil 6 ks //
5. propl. cerpadlo r i 1
6. plnici ¢erpadlo

7. snimac polohy 6 ks

8. dopravni potrubi
. J

2

Suspenze 6

bauxitu \
ve vodé

Tri komorovy davkovac pro dopravu bauxitu-
Komory svislé s plovakem, dvé arm. nerizené



TKD - Hydraulicka doprava

4 Char.¢erpadl Char.cerpadla Pracovni oblast Char.potrubi
Y pro vodu / pro suspenzi piniciho cerp. pPro suspenzi
Y=f(Q) - \\ | \
kgl T — ——— —— =
cﬁ\-

Konec pinéni_
komory "

Zacatek pInéni-
komory

-

¢ Q

Spoluprace plniciho cerpadla s davkovacem



TKD - Hydraulicka doprava

H A , Pracovni oblast
d Char. potrubi gerpadia

pro suspenzi

Char. cerpadla

H=f(Q
(@ "
= 2V . v ‘.
Char.potrubi i Zacatek proplachovani
pro vodu
B¢ i “Konec proplachovani
A
-
) Q.
Icn. L
¥ Dopravni
] potrubi
X ; i
Q,

Spoluprace proplachovaciho odsf. ¢erp. a davkovace



Hydraulicka doprava
kontejneru

Davkovani kontejneru
do potrubi



Hydraulicka doprava kontejnerii

etk L -t AL >

Tvary kontejneru



Hydraulicka doprava kontejneru

@ Souproudé provedeni
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TKD - vodorovna komora, gravita¢ni plnéni
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Hydraulicka doprava kontejnerii
@ Souproudé provedeni

Odpadni potrubi £ o
B Ll d Propla- mm= Pinici
l Kontejner | = —

mm— Pinici / zarizeni
e — wr .
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TKD - vodorovna komora, mechanické plnéni
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Hydraulicka doprava kontejnerii

@ Souproudé provedeni Protiproudé provedeni

I Kontejner I Kontejner
o Proplachovani
Plnici P ” Plnici
Zafizeni 5 zarizeni Dopravni
potrubi
J
~| o] » 7 B [
ol ol o ol Bl &
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El gl £ 5| 5| §
| S| S Davkovaé x| x| ¥
I / \ ' Propladtiovin
h 4
Odpad Do ravni Odpad ’:\ '
: potrubl L 4

TKD - svisla komora, jedno plnici zarizeni



Hydraulicka doprava kontejnerii

® Souproudé provedeni Protiproudé provedeni

I Kontejner

I Kontejner

/ |

zpaln?ilzc;ni | i Pinici | i
! | Proplachovani £anzenl ! |
| I . ¥ | S em—
opravni
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Proplachovani
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Davkova¢

Davkovac

TKD - svisla komora,

kazda komora samostatné plnici zarizeni, poCet komor 3 a vice



Davkovace pro
jiné aplikace



DAVKOVAC pro transformaci
tlaku mezi dvema kapalinami

® © © ®

__ |

.

U varianty D, E, F Ize jeden nebo i
oba pisty nahradit plunZrem

EEEEEE

Mozna provedeni komory



DAVKOVAC pro transformaci
tlaku mezi dvema kapalinami

Nizkotlaky
akumulator

oY

Ruéni
—===.  regulace
] | otacek HM
‘ I Skrcenim

Uzaviraci
armatura

Schéma PKD pro transformaci tlaku — emulze - olej



DAVKOVAC pro transformaci
tlaku mezi dvema kapalinami

Casovy diagram
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Davkovac pro transformaci tlaku
mezl dvema kapalinami

KOMORA 1 - plnéna tlakovou vodou KOMORA 1 - proplachovana chladici vodou
| I \ KOMORA 2 - proplachovana chladici vodou | I | KOMORA 2 - plnéna tlakovou vodou
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Re — ma fyzikalni vyznam ?
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Definice Re

Stacionarni proudéni NS 2« _,

fOu_ Lo Ou O

¢ 0x, p Ox, 0x,0x, R I

. U-L p-U-L

Reynoldsovo islo  Re = =

Rychlost 4 H

Geometricky rozmer (meritko)

Vazkost tekutiny

Hustota tekutiny
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Smysluplnost Re
no U L_pU-L

Proudeni U =#0 Vv U
L ,vhodné® ™

 SMYKOVA OBLAST

ou

Smykové napéti 7= #7 7 0
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Reynoldsovo cislo

Globalni Re
Bezrozmerova rychlost pro danou ulohu
Podobnost
jednoznacny fyzikalni vyznam
Lokalni Re
Charakteristika proudeni v daném miste
Fyzikalni vyznam !
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Globalni Re

Pro libovolneé proudeni vazke tekutiny
Parametr dane ulohy (o.p., p.p.)
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Transformace N-S
Du.  0Ou, ou, 1 op o’u,

— +u, =————+V
Dt ot Ox, P Ox, Ox,0x,
proménné UY;, P, X;, 1
e relevantni veliciny L, V, p, v
bezrozmérove veliCiny (transformace) t
: : V
Xizﬁa Ui:&, r= p2’ )
L 4 oV /5
Bezrozmérovy tvar N-S rice
1 oU, oU, oP 1 0,
——L4+U, —Lt=— -
Re Ot o0X, 0X, ReodX, 0X, Re — LV
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Smykova oblast
Mezni vrstva
Volna smykova oblast

Rychlost
Rozdil na hranicich

Vazkost
Déelkovy rozmer
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Procesy r r/zene Re

Stabilita
Prechod do turbulence =
Odtrzeni MV

Konvekce x Difuze —
Konvekce ve virech >>> turbulence

28.6.2018 , ' 12
¥HYDRO/TERMOZ




Institute of Thermomechanics
. A g yRRSITY
ooooooooooooo

SILY V DYNAMICE TEKUTIN
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Navierovy-Stokesovy rovnice

mistni s.S. tlakova sil
setrvacna s11a S e

BODED »

konvektivni s.s. tieci sila

setrvacna sila = tlakova sila + treci sila
dale uvazujeme stacionarni proudeni
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Paralelni procesy
Konvekce
Difuze hybnosti

. - P C=491 99%
Prandtlovy rice p oy 1.72 posinovaci

setrvacna sila = tlakova sila + treci sila 0.664 impulsova
tlakova sila = 0!!!

e, = ;
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Velikost Re

,Malé" Re
RGE =N -]

L=1m
v=1,5-10"m?/s

Srovnej — Beafortova stupnice sily vétru: vanek 0.3-1.5 m/s

\Velké" Re Re>>1=L>0

Zanedbatelna velikost MV, mozno pouzit Eulerovy rice
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Bez odtrzen

Nestacionarni odtrrent. von Karmanova virova stezka
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Turb MV, Turb tplav (azky)
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Hladka koule
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D = 0.1m, vzduch
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Prestup tepla

Obecné
Nu = f(Re,Pr)

Lokalni Nu v laminarni MV na desce

Nu_=0.322 Re”* Pr'’ = 0'222 Re, Pr'?
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Prouden/ v kanale

Nevazké (potencialni) Vyvinuty
Rostouc: jadro MV se proﬁl rychlosti

L. -
5"POJUJ1 ) —; = |_]|_'_iﬁ REE- /

Vstupni délka L, »L Zcela vyvinuté

Oblast vyvoje profilu rychlosti I proudéni

Oblast vyvoje — MV stacionarni ptipad

L =xnebo o JRYEINIRE

Vyvinuteé proudeni
L=d=20

setrvacna sila = 0!!!
Globalni Re tlakova sila = treci sila
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DIFUZE
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Difuze x Konvekce

alternativni procesy

9 9 SC S Pr = K
Molekularni transport -7 K
DO Y. A0 r
i - e
= 2D VO T 7z = (e 2’
Konvekce T
.

(turbulentni transport ve virech)
D=210"m?/s, u=01m/s

Lu
1.3s 5s 8m20s 14h 350h  1400h T >
0.05s 0.1s 1s 10s 50s 100s
25 50 500 5000 25000 50000
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FYZIKALNI INTERPRETACE RE
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Reynoldsovo cislo

Pomer delkovych meritek
L/6 nebo (L/6)? — laminarni MV!

Pomer casovych meritek
T,/T, — molekularni/konvektivni transport
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RE A TURBULENCE

Do
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Turbulence

Vazka smykova napeti
zanedbatelna B
Uloha molekularni |
vazkosti v T:
Vazka podvrstva u M
Kolmogorovovy viry
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Regenerace turbulence

Self-sustaining proces

quasi-stream-wise
vortices
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ReaTl

Lighthill: Re je pomer P/D

S , ,6J U?
Merneé produkce TKE P=-u’— ~—
Oox , L
N 1 (ou ou \ou ou 2
Rychlosti disipace D =—v| % & ] S G VO
2 \(ox, ox, )\ Ox, Ox, L

A, UL
D LvU* v

L velikost nejvétSich ,,energetickych® viru
U jejich obvodova rychlost (,,fluktuace*)
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Zaver

Re urcCujici parametr DT
Globalni
Neni jednoznacny fyzikalni vyznam
Lokalni

Stabilita laminarniho proudéni
Molekularni difuze

Laminarni proudeni
Pomér délkovych méfitek
Pomeér Casovych meritek

Turbulentni proudeni
Kolmogorovovy viry
Disipace
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Pomer setrvacnych a vazkych sil

NS rice ‘ —la—p'
0 Ox

ou

Setrvacnes. 4 —

Ox, - T
1% 14 1% L
Vazke s. ox,.0x, O’

2
x v~ 2 _Re. 2 =Re, 2| =11
Pomér SIV = ;=R 7 R"'L(L) :
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Podekovani

« TACR, EPSILON programme, projekt
THQ2020057
 GACR, projekt 17-01088S

Dekuji za pozornost
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