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1 UvoD

Habilitacni prace obsahuje prehled vysledk(l autorovi prace ziskanych v letech 2008-2018.
Pfevaina vétsina byla publikovana v ¢lancich, jeden byl patentovany a zbylé jsou obsahem
smluvniho vyzkumu pro prlimyslové partnery nebo grantovych projektd. Prace se zaméfuje zejména
na inverzni Ulohy vedeni tepla a jejich vyuZiti v hutnim pramyslu.

PfestoZze vypocet prenosu tepla dosahl vysoké Urovné a muZe byt velmi uZitecny v mnoha
strojirenskych a praimyslovych aplikacich, stale je zapotrebi komplexniho vyzkumu v oblasti pfenosu
tepla, kde se setkavdme s modelovdnim dvoufdazového proudéni. V této préaci je pozornost
zamérena na hledani okrajovych podminek popisujicich pfenos tepla v technickych aplikacich pfi
chlazeni oceli a to i pro velmi vysoké teploty chlazeného povrchu. Podle teploty chlazeného
materiadlu probihaji na povrchu velmi odlisné zplsoby chlazeni. Nejlépe popsany pfenos tepla je pro
nizké povrchové teploty, kde dochdzi ke smaceni povrchu a chladici kapalina proudi po povrchu. Pro
vySsi teploty ale zacne dochdazet na povrchu k varu, ktery vede k velmi intenzivnimu odvodu tepla.
PFi dalSim zvySovani povrchové teploty prestava kapalina postupné smacet povrch a zacne se
vytvaret parni vrstva, kterd zacne oddélovat kapalinu od chlazeného povrchu. Pro velmi vysoké
teploty je parni vrstva natolik silnd, Ze se kapalina nedostane do kontaktu s povrchem v kapalném
stavu. Intenzita chlazeni je zavisla na mnoha parametrech, jako jsou napf. teplota, drsnost a
smacivost povrchu, teplota, velikost a rychlost kapek, rychlost pohybu povrchu a doba v chladici
sekci. Jednd se tedy o velmi komplexni problematiku. Typickymi prlimyslovymi aplikacemi jsou
sekundarni chlazeni pfi kontinudlnim odlévani kov(, odkujovani, tepelné zpracovani, valcovani za
tepla a za studena, kde se setkavdme s komplexnim dvoufdzovym prodénim na povrchu
voda-vzduch.

Numerické modely pro navrh a fizeni v metalurgickém primyslu vyZaduji pfesny popis prenosu
tepla na povrchu chlazeného télesa. Komplexni informace o prenosu tepla nejsou doposud k
dispozici pro chlazeni horkych pohyblivych ploch pomoci vodnich spreji nebo laminarnich proudd.
Proto je nutné potiebné okrajové podminky ziskat experimentalné, coz vede pfi vyhodnocovani k
feSeni Spatné podminénych inverznich uloh vedeni tepla.

Inverzni Uloha vedeni tepla je obtizna zejména kvili vysoké citlivosti na chyby méfeni. V pfimé
nestacionarni Uloze, kde se pocitaji teploty uvnitf télesa, dochazi k dtlumu vychylek okrajovych
podminek, kdeZto u inverzni Glohy je tomu naopak. Sum v zaznamenané teplotni historii méfené
uvnitt télesa vede pti vypoctu okrajovych podminek ke znacnému zesileni a ¢asto dochazi az k
divergenci vypoctu. Proto je potieba zavadét rlzné typy regularizace, ¢i jiné zpUsoby stabilizaci,
které Casto vedou k velmi naro¢nym vypoctim.

V nestacionarni pfimé Uloze vedeni tepla, kterad se pouziva pfi simulacich a v on-line fizeni, se na
zakladé znamych okrajovych podminek, geometrie, materidlovych vlastnosti a zndmého
pocatecniho rozlozeni teplot podita rozlozeni teplot jako funkce ¢asu. V inverzni Uloze, kterou se
budeme zejména zabyvat, se na zdkladé zméreného priibéhu teplot v jednom nebo ve vice bodech
uvnitt télesa vypocita ¢asovy pribéh okrajovych podminek. Vyhodou tohoto pfistupu oproti méreni
pfimo povrchové teploty je ten, Ze se nezméni parametry povrchu instalaci povrchového cidla.
Mimo to existuji jeSté dalsi tfi typy inverznich uloh: uréeni materidlovych vlastnosti z namérenych
prabéhd teplot, uréeni geometrie télesa a urceni pocatecnich teplot.



1.1 MOTIVACE A CILE PRACE

Habilitacni prace se zaméruje na urcovani okrajovych podminek pfi rznych typech chlazeni pfi
pouziti dvoufazového prodéni voda-vzduch s vyuZitim experimentalnich technik. Tato problematika
je spojena s nutnosti feSeni dalSich typd inverznich uloh, jako je urcovani vnitfni geometrie i
materialovych vlastnosti. Jedna se tak o komplexni problematiku zahrnujici feSeni nékolika dil¢ich
ukold. Zvladnuti, zoptimalizovani a vylepSeni této problematiky umozni ziskani presnéjsich
okrajovych podminek, lepSimu pochopeni chlazeni pomoci dvoufdzového média voda-vzduch,
presnéjsim simulacim vyrobnich procesu a nasledné k jejich lepsi optimalizaci a to jak z hlediska
produktivity, tak z hlediska kvality, ¢i energetické a materialni naro¢nosti.

Inverzni vypocty jsou vétSinou také velmi casové narocné. Proto je pozornost zamérena také na
akceleraci vypoctl napf. s vyuzitim vykonnych grafickych karet. Nové ziskané poznatky mohou byt
také vyuzity v on-line fizeni, kde je kladen velky pozadavek na rychlost vypoctu. Rychlejsi vypocty
umozni v omezeném Case zpracovat detailnéjSi modely, prozkoumat vétsi mnoZinu
predpoklddanych situaci a zoptimalizovat tak Iépe vyrobu, ¢i efektivnéji reagovat na vyjimecné ci
havarijni stavy.

To vSe by mélo ve vysledku vést k moznostem lepsiho zefektivnéni priimyslovych aplikaci, k vyssi
produktivité nejen hutniho prlimyslu, Uspofe energie a nerostnych surovin. Vysledky shrnuté v této
habilitacni praci by tak méli prfispét k celkovému zlepseni v primyslu tak i ke snizeni dopadu
pramyslové vyroby na Zivotni prostredi.



2 ROZVOJ INVERZNICH METOD VEDENI TEPLA

V této kapitole jsou popsany nové pristupy pfi reseni tfi typd inverznich uloh, kde viechna jsou
navazana na experimentalni méreni. Nejvétsi ¢ast se zaobird inverzni Ulohou, kde se na zakladé
zmérené teplotni historie poditaji okrajové podminky, které jsou proménné v case. Jsou zde
popsané dva nové pfistupy, kdy prvni se zamétuje na pfipady, kdy je pomoci inverzni Ulohy nutné
pocitat pfimo soucinitel prestupu tepla. Druhy se pak zaméruje na pfipady, kdy se zkoumaji velmi
dynamické okrajové podminky a pfitom se jedna o dlouhé zdznamy dat. Na tyto pfistupy navazuje
patentovany pfistup pro urceni vnitfni geometrie zabudovanych teplotnich Cidel v télese a novy
pfistup pfi zabudovavani teplotnich senzorli do zkoumanych téles s wvyuZitim primyslové
tomografie. Poslednim typem nové inverzni Ulohy popsané v této kapitole je urcovani
termofyzikalnich vlastnosti oxidickych vrstev na povrchu oceli bez nutnosti oddélovat tuto vrstvu od
substratu. Protoze se vSechny tyto Ulohy vyznacuji velkou vypoctovou narocnosti, vénuje se
posledni kapitola akceleraci vypoétli vedeni tepla na grafickych kartach.

2.1  SEKVENCNI IDENTIFIKACE PRO VYPOCET CASOVE PROMENNYCH OKRAJOVYCH
PODMINEK

Efektivni, pfesné a stabilni numerické metody pro feseni inverznich problém( pfenosu tepla maji
velky vyznam v mnoha aplikacich. Tyto vypoctové metody jsou Casto doplinkem experimentalniho
vyzkum{. PrestoZe vypocet prenosu tepla dosahl uréité Urovné a mizZe byt velmi uZite¢ny v mnoha
strojirenskych a prdmyslovych aplikacich, je stale potfebny komplexni vyzkum pfi uréovani
okrajovych podminek, zejména soucinitele prestupu tepla. Situace na povrchu je ¢asto nevhodna
pro instalaci snimace ptfimo na zkoumany povrch. Velmi ¢asto je snazsi mérit teplotu jako funkci
Casu uvnitf zkoumaného télesa. KdyzZ se okrajové podminky maji urcit ze zaznamenaného pribéhu
teplot v jednom nebo v nékolika bodech zkoumaného télesa, je nutné pouzit inverzni Glohu vedeni
tepla. Pfi méfeni je impuls na povrchu télesa rozptylen v zaznamenanych datech v casovém sméru.
Kdyz porovname obtiznost pfimého problému a inverzni dlohu, je mnohem obtiznéjsi vyresit
inverzni ulohu. Tyto ulohy jsou extrémné citlivé na chyby méreni a mald chyba ve vstupnich datech
zpUsobuje obvykle velké chyby ve vysledcich.

Pro feSeni tohoto typu inverznich dloh byly publikovany mnohé techniky, ovsem zadné z nich
nejsou zcela obecné pouZitelné a to bud z dlvodu danych predpokladd, za kterych byly
formulovany, nebo pro jejich velkou vypoctovou ndarocnost. Pro sniZeni citlivosti Spatné
podminénych problémi na chyby méreni zavedl Tikhonov metodu regularizace [1]. Techniky
dekompozice jedné hodnoty [2] jsou matematické techniky pro feSeni soustavy Spatné
podminénych algebraickych rovnic, které mohou byt také pouzity pro inverzni ulohy vedeni tepla.
Pfistup pouZivajici Duhamelovu vétu, kterd je ovsem omezena na problémy popsané soustavou
linearnich rovnic, je mozné také poutzit [3]. Nékteré techniky pouZivaji Laplaceovy transformace, ale
ty jsou také omezeny pouze na linedrni soustavy [4]. Numerické postupy, u nichZ je pouZito
konecnych diferenci [5] nebo konecnych prvkl [6], jsou vyuZivany v inverznich ulohach, kvili jejich
schopnosti fesit slozZité systémy. Fourierova regularizacni metoda byla porovnana se zjednodu$enou
Tikhonovovou metodou na obecné parabolické rovnici Fuem [7]. Metoda Downhill Simplex byla
Uspésné poutzita pro feseni dvourozmérného inverzniho problému pro vypocet soucinitell prestupu
tepla pfi presném odlévani hliniku [8]. Kombinovany pftistup, ktery pouZiva sekvenéni pfistup a



aproximaci pomoci funkce, je popsan v [9]. Metody umélé inteligence jako je geneticky algoritmus
[10] a neuronové sité [11], [12] byly také Uspésné pouZity k vypoctu okrajovych podminek z
naméreného probéhu teploty v blizkosti povrchu. Liu teSil nelinedrni parabolické parcialni
diferencidlni rovnice pomoci identifikace koeficientl [13]. Numericky algoritmus zaloZeny na
metodé prediktor-korektor byl popsan a testovdan Dengem [14].

Pro méfeni, kde instalovany termoclanek uvnitf vysetfovaného télesa muZe narusovat
homogenitu povrchové teploty, protoze je velmi blizko zkoumaného povrchu a kde je povrchova
teplota blizka teploté chladici vody, musi byt soucinitel pfestupu tepla vypocitan pfimo inverzni
metodou. Studium intenzity chlazeni béhem technologie valcovani za studena a za tepla [15], [16] je
jednou z typickych aplikaci, kdy je zapotfebi inverzni vypocet soucinitel prestupu tepla na povrchu z
namérené teploty v chladicim téle. Klasicky a velmi Géinny sekvencéni pfistup s vyuZzitim regularizace
navrzeny Beckem [17], ktery pocita tepelny tok namisto soucinitele prestupu tepla, nelze v tomto
pfipadé pouiit, jak je pozdéji ukdzano. Proto byla vyvinuta nova metoda zaloZena na Sekvencni
identifikaci [18], kterda m{ze byt pouZita pro feSeni téchto probléma.

2.1.1 Princip udréovani ¢asové zavislych okrajovych podminek

Pro zjednoduseni bude uvazovano tuhé téleso, které md na pocatku konstantni nebo jiné zndmé
rozloZeni teploty. Termofyzikalni materidlové vlastnosti (obvykle teplotné zavislé) a geometrie je
také znama. Jeden povrch je ochlazovan nebo ohfivan a ostatni jsou izolovany (viz obr. 1). Intenzita
chlazeni nebo ohfevu mlze byt proménnd v case. Termoclanek je instalovan v blizkosti
chlazeného/ohfivaného povrchu uvnitf pevného materidlu. Termoclanek méfi teplotni odezvu na
zménu okrajovych podminek a historie teploty se zaznamendva pomoci systému pro pfesny zdznam
dat. Casové proménné okrajové podminky (tepelny tok, soucinitel pfestupu tepla a povrchova
teplota) jsou vypocteny pomoci inverzniho vypoctu z naméreného zdznamu teploty. Priklad z
realného méreni je zndzornén na obr. 2, kde byl vzorek vystaven chlazeni, které bylo proménné v
Case. Neizolovany povrch vzorku by mél byt dostate¢né maly, bylo mozné pfedpokladat, Ze intenzita
chlazeni nebo ohfevu je stejna na celém neizolovaném povrchu. Pokud bude zkoumano vice ploch
nebo pokud intenzita chlazeni / ohfevu neni homogenni na povrchu, musi se pouzit vice
termoclankl a inverzni tloha se stava obtiznéjsi — mluvime o vicerozmérném inverznim problému.

Chlazeni nebo ohrev
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Obr. 1 Chlazeny nebo ohfdty vzorek s nainstalovanym termocldnkem
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Obr. 2  Priklad zmérené teploty T, pod chlazenym povrchem; vypocitané povrchové teploty Ts a
vypocitaného soucinitele prestupu tepla h. V grafu je také zaznamenand poloha chlazené desky
(teplotniho cidla) vici chladici sekci.

2.1.2 Sekvencni identifikace - obecna inverzni metoda pro vypocty Casové proménnych
okrajovych podminek

Tento nové navrieny pristup pocitd soucinitele pfestupu tepla krok za krokem (¢asovy krok) na
zkoumaném povrchu s vyuzitim namérené teploty v chlazeném nebo ohfivaném pevném télese.
Tato metoda vsak muZe byt velmi snadno zménéna, aby bylo moZné vypocitat jakykoli druh
okrajovych podminek, napf. hustotu tepelného toku. Metoda je zaloZena na postupném odhadu
Casové proménnych okrajovych podminek a vyuziva data z nasledujicich ¢asovych krok( k stabilizaci
Spatné podminéného inverzniho vypoctu [19]. K uréeni soucinitele pfestupu tepla v konkrétnim case
t,, jsou namérené teplotni odezvy T,y porovnavany s vypocitanou teplotou T,,, z pfimého vypoctu
vedeni tepla pomoci n dopfednych ¢asovych kroki

m+n

SSE = Z (T —T))>. (1)

i=m+1

MuizZe byt pouZit jakykoli pfimy vypocet vedeni tepla napf. metoda konecnych objemU popsana
Patankarem [20]. VypocCtovy model by mél zahrnovat vrtany otvor, celou vnitfni strukturu
vloZzeného termoclanku a teplotné zavislé materialové vlastnosti.

Na pocatku, kdy je ve vzorku homogenni teplota, je predpoklddan nulovy tepelny tok a tudiz i
nulovy soucinitel prestupu tepla na vSech povrsich. V opacném pripadé nemuize byt teplota
homogenni. Homogenni teplotu lze nastavit napf. ohfevem v peci po dostate¢né dlouhém case.
Neni-li poc¢atecni teplota homogenni, je nutné provést modifikaci algoritmu pro prvni ¢asovy krok.



Algoritmus zacind v ¢asovém indexu nula, kdyZ je soucinitel prestupu tepla roven nule (viz obr.
3). Algoritmus pouZzivd primy vypocet vedeni tepla a pocitd teplotni odezvu v termoclanku pro
linearné se ménici soucinitel prestupu tepla (viz hl a T1 vypoctend na obr. 3) v nékolika ¢asovych
krocich. Tyto ¢asové kroky se nazyvaji dopredné ¢asové kroky a pét z nich se pouZiva na obr. 3 a obr.
4. Minimalni pocet nezbytnych doprednych casovych krokl pro stabilizaci sekvencniho algoritmu je
nutné zjistit zvlast pro kazdou ulohu. Rozdil mezi vypoétenym a naméfenym pribéhem teplot se
vyhodnocuje pomoci kriterialni rovnice (1), stejné jako pro sekvenéni Becklv pfistup. Smérnice v,
linearné se méniciho soucinitele prestupu tepla h, definované jako

dh

== (2)

v
kde i je ¢asovy krok, by méla byt ménéna, dokud nebude nalezeno minimum kriterialni funkce SSE
v rovnici (1). Pro nalezené minimum plati, Ze vypocteny prlbéh teploty se nejlépe shoduje s
namérenou teplotni historii, pravé pfi pouZiti daného linedrné se méniciho soucinitele prestupu
tepla béhem n doprednych ¢asovych krok.
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Obr. 3 Namérend teplotni historie a dvé vypoctené teplotni historie s pouZitim dvou riznych
smérnic soucinitele prestupu tepla h pro n doprednych ¢asovych krokd

Kdyz je nalezen nejlepsi sklon soucinitele pfestupu tepla, pouZije se pfimy vypocet vedeni tepla k
vypoctu teplotniho pole v nasledujicim casovém kroku s pouzitim vypocitanych okrajovych
podminek. Algoritmus se opakuje pro dalsi ¢asové kroky aZ do konce zaznamenané teploty (viz obr.
4). Pro k casovych krokd je mozné vypocitat okrajové podminky pouze pro k — n ¢asovych krok( z
dlvodu pouziti doprednych casovych krokl. Tato metoda funguje velmi dobfe, kdyZ je skutecny
prabéh soucinitele prestupu tepla témér linearni. Pokud se smérnice nahle méni, vypocteny pribéh
soucinitele prestupu tepla je néco hladsi nez skutecny pribéh; ¢im vice dopfednych ¢asovych krok
je pouZito, tim hladsi je prlbéh vypocteného soucinitele prestupu tepla (vétsi rozdil mezi
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vypoctenym a skutecnym soucinitel prestupu tepla). Na druhou stranu je inverzni metoda

stabilnéjsi.
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Obr. 4  Skutecny pribéh soucinitele prestupu tepla a sest optimdlnich smérnic ze Sesti po sobé
ndsledujicich ¢asovych kroki

Vypocet optimdini smérnice soucinitele prestupu tepla

Kriteridlni funkce popsana rovnici (1) ma pouze jedno minimum a zdavisi pouze na jedné
proménné — smérnici soucinitele prestupu tepla (viz rovnice (2)). Prabéh této kriteridlni funkce je
blizky prabéhu parabolické funkci v blizkosti hledaného minima, protoZe je definovana jako soucet
druhych mocnin teplotnich rozdil(. Brentova optimalizacni metoda [21], kterd vyuZivd inverzni
parabolickou interpolaci, je dokonalym kandiddtem pro nalezeni minima kriteridlni funkce SSE
popsané rovnici (1).

Brentova optimaliza¢ni metoda je zaloZzena na parabolické interpolaci a zlatém fezu. Hledané
minimum musi byt mezi dvéma body 1 a 2 (viz obr. 5). Konvergence k minimu je ziskano inverzni
parabolickou interpolaci. Funkéni hodnoty funkce SSE se vypocitaji pouze v nékolika bodech.
Parabola (prerusovana c¢ara) je proloZena pres tfi plvodni body 1, 3, 2 na funkci SSE (plna cara).
Funkce SSE je vyhodnocena na minimu paraboly v bodé 4. Ten ndsledné nahradi bod 1. Nova
parabola (teckovana cara) je proloZzena body 3, 4, 2. Algoritmus se opakuje, dokud se nedosahne
minima s pozadovanou presnosti. Pokud jsou tfi body kolinedrni, pouzije se namisto parabolické
interpolace metoda zlatého rezu [21].

Urychleni vypoctu vyuZitim predikce

Brentova metoda muZe byt vyrazné urychlena implementaci predikce. Smérnice soucinitele
prestupu tepla se vétsinou nezméni nahle od jednoho casového kroku k druhému (viz obr. 4).
Rozsah dany body 1 a 2, v némZ musi byt minimum, muzZe byt vyznamné zmensen, coZ vyrazné
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urychli celkovy vypocet. Pokud je vzdalenost mezi body 1 a 2 definovano jako 100%, nové pocatecni
body 1' a 2' mohou byt vzdaleny napf. pouze 1% od smérnice nalezené pro predchozi ¢asovy krok.
Pokud je hodnota funkce SSE v bodé 3 mezi 1' a 2' niZsi nez hodnota funkce SSE v bodech 1'a 2/,
muUzeme pokracovat s Brentovou metodou pomoci bod(l 1', 3 a 2'. V opacném pripadé by mély byt
pouzity body 1, 1', 3 pro pfipad Ze je 1'<2' nebo body 3, 2', 2 pro pfipad Ze je 1'>2'. Pokud je
odhadovany rozsah 1' az 2' prili§ maly, optimalizace s predikci se neuplatni a vypocetni rychlost
bude pfiblizné stejna jako u pdvodni Brentovy metody.

Pouziti predpovédi ma jesté jednu vyhodu - vyhybd se vypoctu vedeni tepla pro extrémni
okrajové podminky (smérnice soucinitele prestupu tepla pro body 1 a 2). V takovych pfipadech
miUZe trvat vypocet vedeni tepla velmi dlouho nebo muizZe dokonce divergovat. | v pfipadé, Ze je
rozsah predikce pfili§ uzky, nemusi se pocitat jedna hodnota funkce pro extrémni okrajové
podminky (bod 1 nebo 2). Brentova metoda s predpovédi funguje velmi dobfe a primérny pocet
pouzitych iteraci je obvykle pouze 10 pro dosazeni soucinitele prestupu tepla s presnosti 0,001%. To
znamend, Ze musi byt provedeno 10 pfimych vypoctd vedeni tepla pro 10 rlznych smeérnic
soucinitele prestupu tepla s cilem najit nejlepsi smérnici s presnosti 0,001%. Z toho vyplyva, Ze je
rychlost metody Sekvencni identifikace 3 aZ 5 krat pomalejsi nez sekvenéni Beckuv pfistup [17].

A T
! — S SE
|

SSE

— -parabola skrze 1, 3, 2

|
i === parabola skrze 3, 4, 2

smérnice h

Obr. 5 Hleddni minima kriteridlni funkce pomoci inverzni parabolické interpolace

2.1.3 Porovnani Sekvenéni identifikace a sekvenéniho Beckova pfistupu pfi feseni iverznich
problému

Sekvenéni Becklv pfistup je omezen na linedrni problémy; mizZe se vsak rozsitit na nelinearni
pfipady (napf. mirné teploté zavislé materidlové vlastnosti). Modifikace postupu zahrnuje vnéjsi
iteracni smycku, ktera pokracuje, dokud se méni pocitana hustota tepelného toku a teplotni pole.
Vzhledem k zavislosti termofyzikalnich vlastnosti na teplotnim poli je tfeba pocitat koeficienty
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citlivosti pro kazdou iteraci. Nelinearita vyZaduje iterace pouze pro urceni soucasné hodnoty
hustoty tepelného toku, zatimco vypocty pro urceni povrchové teploty a soucinitele prestupu tepla
je tfeba provést pouze jednou pro kazdy ¢asovy krok.

Sekvencni Beckuv pristup - inverzni metoda pro vypocet hustoty tepelného toku na povrchu

Beck prokazal, Ze metody odhadu funkce a regularizace mohou byt implementovany sekvencnim
zplUsobem [17] a Ze v nékterych pfipadech davaji témér stejné vysledky jako celodoménové metody.
Navic sekvencni pfistup je vypocetné mnohem uUspornéjsi. Teplotni historie zaznamenana béhem
experimentu (viz obr. 2) se pouziva pro vypocet Casové zavislé hustoty tepelného toku. Hustota
tepelného toku se vypocitd pomoci sekvenéniho odhadu ¢asové se ménicich okrajovych podminek.
Metoda také pouzivd doprednych casovych krok( k stabilizaci Spatné podminéného inverzniho
problému. Namérené priabéhy teplot se porovnavaji s vypocitanou teplotou pomoci kriterialni
rovnice (1). PouZitim teorie linedrni optimalizace je hodnota hustoty tepelného toku, kterd
minimalizuje rovnici (1), rovna

m+n
z (Ti* T qm—o)gi
0, ==t 3)

S f

i=m+1

kde Tj ‘ 0jsou teploty v misté termoclank( vypoctené pomoci pfimého vypoctu vedeni tepla s
Om =
vyuzitim vSech doposud vypoctenych hodnot hustot tepelnych tokd, ale bez aktualniho g,,. Symbol
¢; je citlivost teplotniho ¢idla v ¢ase t; k impulsu hustoty tepelného toku v case t . Tyto citlivostni
koeficienty jsou derivacemi vypocteného teplotniho pole pro impuls hustoty tepelného toku. V
tomto pripadé fyzikdlné reprezentuji narlst teploty v misté teplotniho ¢idla pro jednotkovou
hustotu tepelného toku na povrchu. Citlivostni koeficient je definovan jako
B T,
o,

Cm (4)

Jakmile se pro Cas 1 zjisti hustota tepelného toku, mizZe se vypocitat odpovidajici povrchova

teplota Tnz;OWCh pomoci pfimého vypoctu vedeni tepla. KdyZ jsou hustota tepelného toku Q, a

povrch
Tm

povrchova teplota znamy a kdyZ jsou konstantni na zkoumaném povrchu (nezavislé na

poloze), soucinitel prestupu tepla mizZe byt pro dany ¢asovy krok m vypocten jako

A

dm
m = Tokoli _ TPOVTCh' (5)
m m

Jakmile se vypocita hustota tepelného toku v ¢asovém okamzZiku, casovy index m se zvysi o jeden
a postup se opakuje pro dalsi ¢asovy krok. Stejné jako pro metodu Sekvencni identifikace i zde Ize
vypocitat hustotu tepelného toku pouze pro k — n casovych krokl pro k namérenych teplot, kvali
pouziti doprednych krok( jako stabiliza¢niho pfistupu.

Sekvencni Becklv pristup nemUzZe byt jednoduse zménén tak, aby pfimo vypocital soucinitel
prestupu tepla. Algoritmus predpoklada, Ze koeficient citlivosti £; neni zavisly na teploté télesa. V
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opacném pripadé neni feseny problém popsan soustavou linearnich rovnic, coz je hlavni predpoklad
algoritmu. Pokud stanovime koeficient citlivosti jako
— aTm

oh

Cn (6)

m

tento predpoklad neni splnén. Takovy citlivostni koeficient silné zavisi na povrchové teploté (viz
rovnice (5) a (6)), zejména kdyzZ se teplota povrchu blizi teploté okoli.

Spravnost inverzni dlohy pri nehomogenni povrchoveé teploté

Skuteény vzorek ma zabudovany termoclanek pod zkoumanym povrchem. Takovy termoclanek
vyrazné narusuje teplotni profil (viz obr. 6) a to v€etné povrchové teploty. To je hlavni divod, proc
nelze pouzit sekvencni Becklv pfistup. Beck uplatiuje konstantni hustotu tepelného toku (nezavislé
na poloze), ale z teorie konvekce [22] pro vnéjsi proudéni, napt. pro proudéni vzduchu nebo vody
pro teploty pod teplotou varu, neni soucinitel prestupu tepla témér zavisly na teploté povrchu a tim
neni zavisly na poloze na povrchu vzorku. ProtoZe tepelny tok zavisi na teploté povrchu

G = hyn (TR = THT" () ) (7)

a teplota neni na povrchu vSude stejna, tepelny tok nemuze byt na povrchu konstantni a zavisi na
poloze.

Obr. 6 Deformace teplotniho profilu instalaci termoéldnku pod povrch (prirfez vzorku)

Data ze skutecnych experimentll byla pouZita k prokazani rozdilu mezi aplikaci konstantniho
soucinitele prestupu tepla a konstantni hustoty tepelného toku. Bylo pouZito intenzivni vodni
chlazeni, kdy rychlost vody stfikajici z trysky dosahovala rychlosti 150 m/s. Namérena teplota uvnitf
ochlazeného vzorku je zndzornéna na obr. 7. Teploty povrchu byly vypocteny pomoci sekvencéniho
Beckova pfistupu (q) a také pomoci nové metody Sekvencni identifikace (h) popsané v prechozich
kapitolach. Sekvencni Becklv pristup pouZil casové zavislou hustotu tepelného toku, ktera oviem
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nebyla zavisla na poloze na povrchu. V daném c¢asovém kroku byla stejna pro cely povrch. Naproti
tomu metoda Sekvencni identifikace pouZivala soucinitel prestupu tepla nezavisly na pozici — to
znamend, Ze v daném casovém kroku byla stejny pro cely povrch. Obr. 7 ukazuje vypoctené
povrchové teploty tésné nad zabudovanym termoclankem TpO a na povrchu daleko od termoclanku
TpN. Teplota povrchu nad termoclankem je nizsi, protoze termoclanek umistény ve vyvrtané dife se
chova jako tepelna izolace a zabrariuje priniku tepla z vnittku vzorku na povrch. Je vidét, Ze rozdil
mezi TpO a TpN je mnohem vyssi, kdyZ se pouziva konstantni hustota tepelného toku (sekvencni
Becklv pfistup) ve srovnani s pouzitim konstantniho soucinitele prestupu tepla (Sekvenéni
identifikace).

400 .
--------- Téidlo
350 —Tpo(h)
300 — -TpN ()
& ——TpO (@)
= 250
2 ———-TPN ()
o 200 -
I3
150
100
50 |
0 ! T T T
25 25.1 25.2 25.3 25.4 25.5
Cas [s]

Obr. 7  Srovndni vypoctené povrchové teploty nad &idlem TpO a daleko od senzoru TpN pomoci
konstantniho soucinitele prestupu tepla (h) a konstantni hustoty tepelného toku (q)
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Obr. 8 Srovndni vypocéitaného teplotniho profilu na povrchu Tp za pouZziti konstantniho
soucinitele prestupu tepla (h) a konstantni hustoty tepelného toku (q)
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Vypoctené povrchové teplotni profily v ¢ase 25.24 s jsou znazornény na obr. 8 pro oba pfistupy -
konstantni hustota tepelného toku a konstantni soucinitel prestupu tepla. Stinény neuzemnény
termodlanek K o prdmeéru 0,5 mm byl umistén 0,5 mm pod povrchem v poloze 0 mm v otvoru, ktery
byl vyvrtan z izolované strany (dira je rovnobézna s chlazenym povrchem). Vypocitané teploty v
misté termoclanku se témér dokonale shoduji s namérenymi teplotami. Pfi vypoctu byla
modelovana cela vnitfni struktura termocldnku a vyvrtané diry. Rozdil mezi vypoctenymi a
namérenymi teplotami je mensi nez 0,15 ° C. Profil povrchové teploty vypocditan za pouziti
konstantni hustoty tepelného toku Tp(q) je vyrazné deformovan nad termoclankem (poloha 0 mm
na povrchu). Povrchova teplota dokonce klesa i pod teplotu okoli, coz ve skute¢nosti neni mozné.
Pfi pouZiti konstantniho soucinitele prestupu tepla (viz Tp(h)) je povrch také mirné podchlazen v
blizkosti instalovaného termoclanku, ale rozdil neni tak vyznamny a povrchova teplota se nikdy
nedostane pod teplotu chladici vody. PouZiti konstantni hustoty tepelného toku na povrchu
zpUsobuje extrémni podchlazeni povrchu nad vrtanym termoclankem. Na druhou stranu, kdyz se
pouziva koncepce konstantniho soucinitele prestupu tepla, teplo se vede zevnitf télesa na plose
vzdalenéjsi od termoclanku, kde je rozdil mezi teplotou povrchu a teplotou chladici vody vétsi.
Tepelny tok vypocteny pomoci sekvenéniho Beckova pfistupu je porovnan s tokem vypoctenym
pomoci Sekvencni identifikace a procentni rozdil je zndzornén na obr. 8 jako chyba v hustoté
tepelného toku.

Bylo prokazano, Ze sekvencni Becklv pfistup, ktery pocita pfimo hustotu tepelného toku na
povrchu, neni vhodny pro pfipady, kdy je povrchova teplota blizkd okolni teploté a kdyz
nainstalovany termoclanek porusi homogenni teplotni pole na povrchu. Ve srovnani s Beckovym
pfistupem je Sekvencni identifikace, ktera pocitd pfimo soucinitel prestupu tepla jako ¢asoveé zavislé
hodnoty, je mnohem vhodnéjsi inverzni metodou pro vypocet okrajovych podminek z tohoto typu

méreni.
2.1.4 Problematika poctu doprednych krokl v sekvencnich inverznich metodach

Sekvencni inverzni metody nelze pouZit pro zkoumani extrémné rychlych zmén na povrchu
télesa kvali zpozdéni, se kterym se informace z povrchu dostane k teplotnimu ¢idlu [19]. Cim
vzdalenéjsi je snimac od povrchu, tim pomalej$i zmény mohou byt zkoumany.

Pro jednoduchost pfedpokldadejme, Ze Zzhava ocelovd deska o teploté 1000 °C se chladi vodou o
teploté 0 °C. Rychlost ocelové desky je 1 m/s a chladici impuls trvd 0,01 s. To odpovida pfipadu pfi
hydraulickém odstrafiovani okuji pfi kontinudlnim valcovani za tepla. Pouzité okrajové podminky,
vypocétend povrchovd teplota a vypoctena teplota 2 mm pod ochlazenym povrchem pomoci
numerické simulace jsou zndzornény na obr. 9. Je zfejmé, Ze teplota 2 mm pod ochlazenym
povrchem zacne znatelnéji klesat teprve 0,05 s po zacatku chladiciho impulsu. V konkrétnim
modelovém pripadé odstrafiovani okuji by to znamenalo, Ze teplota zacne klesat, kdyz je méfici
snimac jiz 40 mm za hydraulickym ostfikem. Situace se jesté zhorsi, pokud pouzijeme digitalni
zaznamnik dat, jak je zndzornéno na modelovém pfipadu na obr. 10.

Casové zpozdéni zmény teploty pod chlazenym povrchem mQzZeme vypoéitat pomoci analytické
rovnice [22]

T(x,2)-T. _ 4s5inT, [ - “QJ, ot :"} ) (8)
= eXp|—————1rcoslL,; X|
To- T. 4,20, +sin(2C, P\~ 12 | '™
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kde tloustka desky je L. Tloustka musi byt mald vzhledem k Sifce a vysce stény. V tomto pfipadé
mUzeme predpokladat, Ze vedeni probiha pouze ve sméru x. Sténa ma na pocatku rovnomérnou
teplotu Ty a nahle je vystavena konstantni hodnoté soucinitel prestupu tepla h a konstantni teploté
okoli T,. Diskrétni hodnoty {,, jsou pozitivnimi kofeny transcendentdlni rovnice

i L
T, tanC, =—
n n i ' (9)
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Obr. 9 Vypoctend teplotni historie pro povrchovou teplotu a teplotu 2 mm pod chlazenym

povrchem
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Obr. 10 Degradovany zdznam teploty uvnitf télesa (T uvniti) desetibitovym digitdlnim
zdznamnikem dat s rozliSovaci schopnosti 1 °C
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Doba propagace teplotniho impuzlu z povrchu k cidlu

Vypoctena Casova prodleva, za kterou se projevi zména teploty na povrchu také v misté
teplotniho cidla, je pro nerezovou ocel shrnutd na obr. 11 a obr. 12. Teplotni prah 0,01 °C na obr. 11
je zvolen jako bézna pfesnost primych uloh vedeni tepla. Nyni pfedpokladejme méfici zafizeni, které
nam umozni méfit teplotni rozsah 0-1000 ° C s rozliSenim 12 bitl. To znamend, Ze maximalni
presnost (teplotni krok) je 0,25 °C. Casové prodlevy pro tento teplotni prah jsou shrnuty na obr. 12.

T mezni =0.01°C
0.09

——h=100W/m2.K 3 !
0o+ T e e

—h=1000W/m2.K

o7 | AR AR
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Obr. 11 Vypoctené ¢asové zpoZdéni teplotniho impulzu pro prahovou hodnotu teploty 0,01 °C a tfi
hodnoty soucinitele prestupu tepla jako funkce hloubky
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Obr. 12 Vypoctené Easové zpoZdéni teplotniho impulzu pro prahovou hodnotu teploty 0,25 °C a tfi
hodnoty soucinitele prestupu tepla jako funkce hloubky
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Obr. 13 Porovndni skutecné okrajové podminky s okrajovymi podminkami vypoctenymi sekvencni
inverzni ulohou s pouZitim riizného poctu doprednych casovych krokt (prepocitanych na cas -
parametr R) pro krdtky konstantni impuls soucinitele prestupu tepla
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Obr. 14 Porovndni skutecné okrajové podminky s okrajovymi podminkami vypoctenymi sekvencni
inverzni tulohou stejné, jak je zndzornéno na obr. 13, ale historie vstupni teploty byla
predpokidaddna z digitdlniho zaznamniku s rozlisenim 12 bitu
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Obr. 15 Porovndni skutecné okrajové podminky s okrajovymi podminkami vypoctenymi sekvencni
inverzni ulohou s pouZitim riizného poctu doprednych casovych kroki (prepocitanych na cas -
parametr R) pro krdtky trojuhelnikovy impuls soucinitele prestupu tepla
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Obr. 16 Porovndni skutecné okrajové podminky s okrajovymi podminkami vypoctenymi sekvencni
inverzni tlohou stejné, jak je zndzornéno na obr. 15, ale historie vstupni teploty byla
predpokidaddna z digitdlniho zaznamniku s rozlisenim 12 bitd
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Odhad nezbytného poctu doprednych casovych kroku

Pocet doprednych casovych krok( lze odhadnout z obr. 11. Napriklad pokud se poufZije
vzorkovaci kmitocet 1000 Hz, musi byt pocet dopfednych krok(i nejméné 40 (0,04 s) pro senzor v
hloubce 2 mm, aby se zabranilo divergenci inverzniho algoritmus (viz obr. 13 a obr. 15). Jeli nutné
zabranit vyraznému podkmitu soucinitele prestupu tepla, je tfeba zvysit ¢islo na 80-100 (0,08-0,1 s).

Pokud se pouziva méfici zafizeni s rozliSenim 12 bitll, bude muset byt pocet doprednych krok
jesté vyssi. Z obr. 12 je vidét, Ze minimalni pocet se zvysi na 60 (0,06 s) a optimalni cislo se blizi 180
doprednych casovych krokd (0,18 s). Samoziejmé, Ze takové vysoké Cislo neni optimalni pro
rekonstrukci Uzkého impulsu soucinitele prestupu tepla (viz obr. 14 a obr. 16). Je vSak mozné pouZzit
grafy na obr. 11 a obr. 12 pro nalezeni maximalni vzdalenosti teplotniho Cidla od ochlazeného
povrchu, ve které se ma Cidlo zabudovat.

Odhad maximaini pripustné vzdalenosti teplotniho cidla od zkoumaného povrchu

Nejprve je nutné pouzit vzorkovaci frekvenci pro zaznam teplot, kterd je dostatec¢né jemna. Pro
nas pripad je vhodna vzorkovaci frekvenci nejméné 1000 Hz, abych bylo 10 vzorkd na jeden impuls
soucinitele prestupu tepla (viz obr. 17). Pro rekonstrukci chladiciho impulsu je nutné zmensit pocet
doprednych krok( tak, aby byl vyznamné kratsi neZz doba chladiciho impulzu. To jest alespon 0,005
s, coZ je polovina doby chladiciho impulzu. Nyni je moZné z obr. 11 vycist, Ze maximalni vzdalenost
teplotniho cidla od ochlazeného povrchu by méla byt pfiblizné 0,2 mm. Rekonstruovany impuls
soucinitele prestupu tepla pro teplotni ¢idlo 0,2 mm pod povrchem je zndzornén na obr. 17. Pokud
bychom potrebovali presnéjsi rekonstrukci chladiciho impulzu, je nutné umistit teplotni ¢idlo jesté
bliZze a pokud by bylo pouZito méfici zafizeni s rozlisSenim 12 bit(, vzdalenost musi byt jesté mensi.
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Obr. 17 Porovndni skute¢né okrajové podminky s okrajovou podminkou vypoctenou sekvenéni
inverzni dlohou pomoci dat z termoclanku umisténého 0,2 mm pod zkoumanym povrchem
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Vypoctové experimenty ukazaly, Ze rovnici (8) Ize pouzit pro odhad poctu doprednych ¢asovych
krokd pro sekvencni inverzni algoritmy i pro vypocet maximalni vzdalenosti teplotniho cidla od
zkoumaného povrchu. Samo-adaptacni navrh vypocdetnich modelll a znalost presnosti vypocitanych
vysledk(l jsou nezbytné. Popsané pristupy umoznuji vytvaret realistictéjsi matematické modely
fyzikalnich proces(.

Problematice doprednych krok( se také vénuje nasledujici ¢lanek [23], kde prvni autor je
doktorand, kterého vede autor této habilitacni prace jako Skolitel specialista. Tento ¢lanek popisuje
dvé metody vypoctu doporucenych poctl doprednych krok( pro modely nelinearniho vedeni tepla,
kde se pouzivaji teplotné zdvislé materidlové vlastnosti. Prvni metoda je zalozena na sledovani
citlivosti (ve vnitfrnim bodé méreni) na Diraklv puls hustoty tepelného toku na povrchu. Druhd
metoda urcuje pocet doprednych krok( z rezidudlni funkce vypoctené z hustoty tepelnych tokd
ziskanych z inverzniho vypoctu. V ¢lanku je porovnan vliv Sumu a stability u téchto metod. Vysledky
ukdzaly, Ze prvni metoda je mnohem méné vypocetné narocna a poskytuje mirné vyssi hodnotu
poctu doprednych krokl nez druha metoda.
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Direct heat-conduction problems are those whose boundary conditions, initial state and material properties are known and the
entire temperature field in a model can be computed. In contrast, an inverse problem is defined as the determination of the
unknown causes based on the observation of their effects. The inverse heat-conduction method is often used for problems where
the boundary conditions cannot be measured directly but are computed from the recorded temperature history inside the model.
A very effective method for solving this difficult problem is the sequential Beck approach. To stabilize this inverse problem, a
proper regularization parameter must be used. For this method, the regularization parameter is the number of the forward time
steps that stabilize the inverse computation. This paper describes two methods for computing the number of the recommended
forward time steps for nonlinear heat-conduction models with temperature-dependent material properties. The first method is
based on tracking the sensitivity (at the interior point of a measurement) to the Dirac heat-flux pulse on the surface. The second
method determines the number of the forward time steps from the residual function computed from the heat fluxes obtained
from the inverse computation. The stability and noise (in the results) of several variants of these methods are compared. The
results showed that the first method is much less computationally intensive and gives a slightly higher value of the number of
forward time steps than the second method.

Keywords: inverse heat-conduction problem, Beck approach, number of forward time steps

Neposredni problemi prevajanja toplote so tisti pri katerih so poznani robni pogoji, zafetno stanje in lastnosti materiala ter
moZnost izratuna temperaturnega polja znotraj modela. Nasprotno pa je inverzni problem definiran kot dolo¢anje nepoznanih
vzrokov na osnovi opazovanja njihovih vplivov. Metoda inverznega prevajanja toplote se pogosto uporabi pri problemih, kjer se
robni pogoji ne morejo neposredno izmeriti, temved se jih izratuna iz zabeleZenega poteka temperature znotraj modela. Zelo
u¢inkovita metoda za reSevanje tovrsinega problema je sekvencni Beckov priblizek. Za stabilizacijo takinega inverznega
problema se mora uporabiti ustrezen regulirni parameter. Pri tej metodi je regulirni parameter Stevilo priporocenih ¢asovnih
korakov, ki stabilizirajo inverzni izratun. Clanek opisuje dve metodi za izracun 3tevila priporocenih ¢asovnih korakov za
nelinearni model prenosa toplote, s temperaturno odvisnimi lastnostmi materiala. Prva metoda temelji na iskanju obZutljivosti,
na notranji to¢ki merjenja, do Dirac utripa toplotnega toka na povriini. Druga metoda dolo¢a itevilo vnaprejénjih ¢asovnih
korakov iz preostale funkcije izradunane iz toplotnih tokov, ki so dobljeni z inverznim izrafunom. V rezultatih je primerjana
stabilnost Suma pri ve& variantah teh metod. Rezultati so pokazali, da je prva metoda mnogo manj rafunsko intenzivna in daje
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rahlo vedjo vrednost Stevila predhodnih €asovnih korakov kot druga metoda.
Kljuéne besede: problem inverzne toplotne prevodnosti, Beckov pribliZek, Stevilo vnaprejinjih ¢asovnih korakov

1 INTRODUCTION

Heat-conduction problems are often solved in engi-
neering applications during simulations. The problem is
well known as a direct task. The effect (the temperature
field in time) is computed from the causes (the known
initial and boundary conditions). Complex direct prob-
lems can be solved using many numerical methods such
as FDM,' FVM,? FEM.” The situation is opposite for an
inverse heat-conduction problem and it is a much more
complicated problem. The causes (e.g.. the boundary
conditions) are determined from the observation of the
effects (the temperature record in several points). There
are some computational methods dealing with this in-
verse problem, including the Beck approach,* Tikhonov

Materiali in tehnologije / Materials and technology 50 (2016) 2, 207-210

regularization® and neural networks.® We focus on the
sequential Beck approach in this paper.

The basic idea of the sequential approach is to solve
the entire task step by step in time. The measured
temperature at an interior point at times f,, fy-1,...fuar 18
used to compute the heat flux on the boundary at time ¢,
where Ny is the number of forward time steps (the regu-
larization parameter). A computation of Ny temperature
fields using a direct task is performed for two different
values of constant heat fluxes in each time step. The
temperature responses from these two direct tasks are
compared to the measured temperature. The new value
of the heat flux at time ¢, is computed. The choice of an
appropriate value for Ny is essential for practical compu-
tations. A small value leads to instability and a large
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value smoothes sudden changes in the boundary condi-
tions. Thus, the appropriate value of this parameter is
essential.

2 IMPACT OF THE NUMBER OF FORWARD
TIME STEPS ON THE COMPUTED RESULTS

The main function of parameter N;is to guarantee the
stability of the computation of this difficult problem. The
stability increases with an increasing value of N;. In Fig-
ure 1, three results for Ny = 13, 20, 30 are compared to
the correct heat-flux record, which was used to generate
the input temperature record for the inverse task. The
noise was also added to this temperature record (a stan-
dard deviation of 0.05 °C). A large oscillation of the
computed heat flux for a low value of N; is obvious. This
is mainly due to the added noise in the input data. The
noise reduction in the input data is more effective for
larger values of Ny (Figure 1). This effect indicates that
the use of a large N; is recommended. Unfortunately,
increasing N; has two effects. First, the computation cost
is proportional to N;. A higher value of N; results in a
longer computational time. Second, a large N; value
smoothes the computed results. Abrupt changes as well
as the maximum values of the ideal heat flux (Figure 1)
are significantly reduced when N; increases. For N; =30,
the computed maximum heat flux is less than 50 % of
the ideal heat flux for this test case.

3 METHODS

The appropriate value of forward time steps is diffe-
rent for each computational model. Two types of me-
thods are described in this article to determine its
amount. The first, newly proposed, method is based on
the temperature response. The idea is to compare two
temperature responses at an interior location (usually a

T |
.l i‘ « N.=30
T __'aLI.Hh.tM_M W
“ ¢ T -
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Figure 1: Influence of N¢ on the inverse heat-conduction problem
Slika 1: Vpliv Ny na problem inverzne toplotne prevodnosti
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Figure 2: Heat-flux pulses in the subsequent time steps
Slika 2: Sunki toplotnega toka v poznejsih ¢asovnih korakih
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Figure 3: Temperature response
Slika 3: Temperaturni odziv

thermocouple position) to two Dirac pulses of heat flux
that are the same but shifted in time by one time step
(Figures 2 and 3). The first temperature response is com-
puted for the Dirac pulse applied from time step zero to
time step one and the second temperature response is
computed for the Dirac pulse applied from time step one
to time step two. The computed difference between these
two temperature responses is shown in Figure 4. The
computed curve provides an idea of how the information
about the changes in the boundary condition is delayed
from time step zero to time step two and spread over the
time. This curve shows the distribution of the informa-
tion about the temperature response. This is the informa-
tion about what happened at the beginning of the
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Figure 4: Difference between temperature responses
Slika 4: Razlika med temperaturnimi odzivi
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simulation (from time step zero to time step two) at the
boundary of the computational model.

For practical computations, it should be noted that
both temperature responses are the same except for the
time shift, which is one time step. In addition, the tem-
perature response difference AT, = T, — T, corresponds
to the numerical derivation except for the multiplication
by constant ¢ (Equation (1)):

T,-T,,

=c-dT=¢c-—( (D

TJ! - Tnf] At

where ¢ = At.

The shape of the temperature response to the Dirac
pulse depends on many parameters. The most important
are the material properties (density, thermal conductivity
and thermal capacity), the distance of the thermocouple
from the boundary, the thermocouple type, the material,
and the thermal resistance between the thermocouple and
the material.

The number of forward time steps (forward time t,
respectively) is taken from the derivation of the tempe-
rature response D(#) so that D(f) meets a certain criterion.

For example, fpmax 1s the time when D(fy.,) i1s maxi-
mal. fpnaxpse and fpmape2 are the times when the deri-
vation of the temperature response reaches p % of its
maximum. An example for p = 60 % is shown in
Figure 5.

The second estimation method for determining the
number of forward time steps can be done with a
repeated computation of the inverse heat-conduction
problem by changing N;. The sum of the residuals
R = Z(Q’; — Q) is evaluated from each inverse task
where Q; is the computed heat flux and Q°; is the correct
heat flux from the test task. An example of how R is
dependent on Ny is shown in Figure 6 and the N; ., value
(Nf when R is minimal) can be found here. The value of
N; (slightly larger than Ngni) is taken as an estimate for
the number of forward time steps. The Ny, value is not
used due to the risk that a small shift of the estimated N;
value to the left (to a smaller value) can rapidly increase
the R value (Figure 6). An analogical application of the
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Figure 5: Example of rpmax and fpmax 60%,1-2
Slika 5: Primer za fpmax in Dmax,60%,1-2
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Figure 6: Residual chart for Ny values
Slika 6: Grafikon ostankov za vrednosti Ny

search for the optimum regularization parameter in a
Tikhonov digital filter is described by Woodbury.”

4 DISCUSSION

The first method described is much less computa-
tionally intensive than the second one because the first
method needs only one direct computation instead of
many inverse (and therefore much more complicated)
computations. Each method provides a different value of
forward time steps N;. It is not easy to say which value is
better. Generally, this depends on what is more essential
for each application. The larger value of N;smoothes the
results but the average values for certain time intervals
are correct. A small value of N;can result in heat fluxes
that better fit true values, but the results include more
oscillation than would be expected in reality. The choice
of the appropriate testing function in the second method
also significantly influences the computed value of Ni.
Two examples of the testing functions and the obtained
N value are shown in Figure 7.

The comparison of the inverse computations per-
formed with Nipuax = 37, Nipmaxcow2 = 65 (from the first
method) and Ny, = 24, N;, = 18 (from the second
method) is shown in Figure 8. The curve for
Nipmaxcow1 = 23 is not plotted because it is almost the
same as that for Ng; = 24. These inverse computations

12){‘10
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F Rectangle test function
= : TN ’
5 6 :
=
w 4r 1
€O
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O L
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Figure 7: Two examples of testing functions and obtained Ny min,
using the second method

Slika 7: Dva primera preizkusnih funkcij in dobljen Nf i, pri uporabi
druge metode
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Figure 8: Results of the heat flux for four different values of Ny and
the measured temperature

Slika 8: Rezultati toplotnega toka za S§tiri razli¢ne vrednosti Ny in
izmerjena temperatura

were made for the 1D inverse heat-conduction problem
with thermally dependent material properties. The tem-
perature record from the real measurements was used.
Therefore, the correct heat-flux function is unknown.
The heat-conduction problem is described with diffe-
rential Equation (2):
T _Lor @)
ax’  a o
where T is the temperature, ¢ is the time and x is the
coordinate. The boundary conditions for (Equation (3))

cooled and insulated surfaces are:*
ka—T =q(t); ka—T =0 3
o =q() axl T 3)

x=0 x=l

The test sample was made from a thick stainless-steel
plate (L = 10 mm). One side (x = 0) of the sample was
cooled down by water and the other side (x = L) was
insulated. A thermocouple was placed under the cooled
surface (x = 2 mm).

The curves for Ny = 37 and N; = 24 (Figure 8) appear
to be acceptable. The curve for Ny = 65 is too smooth.
The curve for N; = 18 begins to be unstable and the com-
puted heat flux is less than zero for some points, which is
physically impossible in this experiment.
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5 CONCLUSION

Two methods for determining the number of forward
time steps N; for the sequential Beck approach were
described. The first method (based on the derivation of
the temperature response to the Dirac heat-flux pulse) is
computationally much less intensive. The choice of
Nr = Nipmay is acceptable for most applications. For some
similar tasks, it may be better to use Nipmaxps With the
same suitable value of p.

The second method, which is computationally very
intensive, can be useful when the shape of the heat-flux
curve is known and the appropriate testing function can
be used. The obtained values of N; were smaller than
those computed using the first method and the computed
heat fluxes showed more oscillation.
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2.2 ZPUSOB A ZARIZEN{ KE STANOVENI POLOHY TEPLOTNIHO CIDLA

Télesa se zabudovanym teplotnim cidlem se pouZivaji k nepfimému méfeni okrajovych
podminek vedeni tepla (povrchové teploty, tepelného toku, soucinitele prestupu tepla) tam, kde
neni mozné meéfit tyto okrajové podminky pfimo na povrchu. Teplotni Cidlo zméri ¢asové zavislou
teplotni odezvu na aplikovanou okrajovou podminku a pomoci inverzni metody se pak z
naméreného pribéhu teplot vypoditaji Casové zavislé okrajové podminky vedeni tepla. Protoze je
inverzni metoda Spatné podminénd, malé chyby ve vstupnich ddajich zplsobuji velké chyby ve
vysledcich. Jednim z podstatnych Udajl je presna vzdalenost teplotniho ¢idla od povrchu.

Proto byl vyvinut a patentovan zplsob a zafizeni ke stanoveni polohy teplotniho cidla [24].
Zatizeni slouZi k nedestruktivnimu urceni vzdalenosti teplotniho Cidla zabudovaného v télese od
povrchu tohoto télesa. Zafizeni je vhodné zejména pro teplotni ¢idla zabudované v desce a v
télesech s velkym polomérem zakfiveni povrchu.

Zaklaani princip

Celkové schéma experimentalniho zafizeni je na obr. 18—obr. 20. Na studenou desku (20) se
zabudovanym teplotnim cidlem (12, D5) se postavi nadoba s vodou tak, aby stfed nadoby byl nad
teplotnim ¢idlem (12, D5). V nddobé se ohfeje voda na predepsanou teplotu (obvykle 85°C) pomoci
topného okruhu (18). Ve spodni ¢asti nadoby se otevie klapka (A4, B3) a na desku zacne vytékat z
nadoby tepld voda (11, B4). Teplota vody zmérend teplotnim Cidlem (8, B6) uvnitf nddoby a ohiev
teplotniho cidla (12, D5) v desce (20) se zaznamena do zafizeni pro sbér dat (19). Priklad
naméreného pribéhu teplot je zobrazen na obr. 23. Pomoci inverzni metody Sekvencni identifikace
[18] a detailniho matematického modelu teplotniho ¢idla se vypocitad pribéh soucinitele prestupu
tepla. Na obr. 24 je vidét, jak se hodnota soucinitele prestupu tepla ustali po 3 sekunddch na
spravné hodnoté 16000 W/m?2.K pro brouseny povrch a pro austenitickou nerezovou desku. Pokud
by se hodnota ustdlila na jiné hodnoté soucinitele prestupu tepla, je nutné zménit vzddlenost
teplotniho cidla od ohfivaného povrchu desky ve vypoctovém modelu tak, aby se hodnota
soucinitele prestupu tepla ustdlila na spravné hodnoté. Pro nalezeni spravné vzdalenosti ve
vypoctovém modelu je mozné pouzit naptiklad iteraéni metodu zaloZzenou na linedrni interpolaci. Z
vypoctového modelu je pak mozné odecist presnou vzdalenost teplotniho ¢idla od povrchu desky.

Popis nadoby

Nadoba (viz obr. 18) a potrubi je tepelné zaizolovano (1, 2, Al), aby nedochazelo k ochlazovani
vody (4) béhem ohrevu. Vyska hladiny vody uvnitf nadoby se udrzuje pomoci prepadu (3), kudy
nadbytecnad voda odtece (napf. béhem ohrevu, kdy se voda rozpind). Ke stabilizaci a usmérnéni
proudéni slouzi polypropylenovd porézni hmota (5), vertikdlni rovnobéiny systém
polypropylenovych trubicek (6) s tenkou sténou, ktery lezi na nerezovém situ (7a), pod kterym je
umisténé druhé nerezové sito (7b) ve tvaru polokoule. Nadoba je na dné uzaviena tenkou klapkou
(A4, B3), ktera leZi na tésnicich krouZcich (A10, B1). Klapka se mUiZe otacet aZ k dorazecim kolikim
(A2, A9, B2). Klapka se ovlada z venci pomoci packy (9, A5). Pokud je klapka doraZzena na kolik A2 je
vytok z nadoby uzavien a pokud je dorazena na kolik A9 je vytok z nadoby otevien a voda (11, B4)
proudi ven skrze otvor v klapce (A3) a trysku (A6, B5).
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Obr. 18 Schéma kalibra¢ni nddoby postavené na desce se zabudovanym teplotnim Cidlem
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Obr. 19 Pohled A-A na vnitini klapku uzavirajici trysku v kalibracni nddobé

Obr. 20 Detail B v kalibra¢ni nddobé — tryska
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Tryska je kruhovy otvor uprostfed dna nadoby, ktery se smérem ven rozsifuje (viz obr. 20) a ktery
ma velmi ostrou hranu (B5), diky které ma vytékajici proud vody konstantni rychlostni profil.
Nadoba je opatfena nohami (10, A8). Nedilnou soucasti nddoby je topny okruh (18), pomoci kterého
se voda uvnitf nadoby jak ohFivda, tak homogenizuje teplota vody. Voda je hnana topnym okruhem
pomoci ¢erpadla (16). Voda vstupuje do topného okruhu (18) na dné nadoby. Poté protéka zpétnym
ventilem (17), ktery zajistuje, aby voda nevtékala do nadoby z topného okruhu pfi vypousténi
nadoby tryskou (A6, B5). Voda se v topném okruhu ohfivd pomoci topeni (15), které je regulovano
regulatorem (14) na zakladé zadané teploty vody a skutec¢né teploty vody (13) zmérené po pritoku
topenim.

Popis modelu teplotniho cidla

Matematicky model musi co nejpresnéji popisovat skutecné teplotni ¢idlo zabudované v desce
(C1). Proto je zapotrebi, aby tfirozmérny numericky model pouZival také teplotné zavislé
materidlové vlastnosti a veskeré Casti, ze kterych se Cidlo a deska sklada. Priklad zabudovani
teplotniho ¢idla v desce je znazornén na obr. 21 a obr. 22. Plastovy neuzemnény termoclanek (C3) je
zasunut do diry ve Spuntu (C2, D1), kterd je rovnobézna s povrchem, a poté vyveden skrze Spunt ven
z desky. Je nutné, aby matematicky model obsahoval vyvrtanou diru (D2), plast termoclanku (D3),
elektrickou izolaci (D4), termoclankové draty (D6) a termoclankovy spoj (D5).

Popis inverzni metody k vypoctu soucinitele prestupu tepla

Jedna se o sekvencni inverzni algoritmus popsany detailné v kapitole "Sekvencni identifikace ...".
To znamen3, Ze je nejdfive nalezena hodnota soucinitele prestupu tepla mezi ¢asovym krokem 0O a
1, s tim, Ze v casovém kroku 0 je hodnota soucinitele pfestupu tepla rovna nule, protoZe je soustava
v ustaleném stavu (nulovy tepelny tok na povrchu). Jakmile je znama hodnota soucinitele prestupu
tepla mezi casovym krokem 0 a 1, je proveden pfimy vypocet vedeni tepla v desce se zabudovanym
teplotnim cidlem, aby se ziskalo nové rozlozeni teplot v ¢asovém kroku 1. Po té je nalezena hodnota
soucinitele prestupu tepla mezi ¢asovym krokem 1 a 2, ktera se vzapéti pouzije pro pfimy vypocet
vedeni tepla a celd operace je neustdle opakovana, aZ jsou postupné vypocteny hodnoty soucinitele
prestupu tepla pro cely ¢asovy usek.

Hodnota soucinitele prestupu tepla pro jednotlivé Useky je hledana na zadkladé shody namérené
teploty v teplotnim cidle a vypoctené teploty pomoci numerického modelu v misté teplotniho cidla.
Pokud je pouzitd hodnota soucinitele prestupu tepla v numerickém modelu spravna, teploty se
shoduji. Spravna hodnota soucinitele prestupu tepla je hleddna pomoci Brentovi optimaliza¢ni
metody [25], kdy optimalizovanou hodnotou je smérnice soucinitele prestupu tepla a kriterialni
funkce je soucet kvadrati z rozdilll mezi namérenou a vypoctenou teplotou v misté teplotniho cidla.
Vypoctené teploty jsou ziskany tak, Ze je proveden pfimy vypocet vedeni tepla, pficemz hodnota
soucinitele prestupu tepla je aplikovdna tak, Ze je zvolena jeji smérnice a vychazi z posledni zndmé
hodnoty soucinitele prestupu tepla. Optimalni smérnice je nalezena pomoci optimalizaéni metody.
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Nalezeni spravné vzdalenosti teplotniho Cidla od povrchu ve vypoctovém modelu

Pribéh soucinitele prestupu tepla vypocitany z naméreného pribéhu teplot pomoci inverzni
metody a detailniho matematického modelu teplotniho Cidla je sloZen ze tfi Usek’ U1 az U3 (viz obr.
24). V Useku U1 jesté deska s teplotnim ¢idlem nebyla oh¥ivana. Usek U2 je pfechodovy stav, kdy
voda zacinad ohfivat desku s cidlem, postupné je smdacen povrch a soucinitel prestupu tepla se
ustaluje na maximalni teploté. V uUsek U3 je soucinitel pfestupu tepla ustdleny a kmitd kolem
prdmérné hodnoty. Kmitani je zplsobené Sumem v namérenych teplotnich datech. Pravé primérna
hodnota soucinitel prestupu tepla v Useku U3 je pro nalezeni spravné vzddalenosti teplotniho ¢idla
od povrchu nejdulezitéjsi.

Pokud je zménéna vzdalenost teplotniho Cidla od povrchu ve vypoctovém modelu, zméni se i
tato primeérna hodnota soucinitel prestupu tepla v Useku U3. Cilem je nastavit takovou vzdalenost
teplotniho cidla od povrchu ve vypoctovém modelu aby se hodnota soucinitel prestupu tepla v
useku U3 ustalila na poZadované hodnoté. Pfiklady poZadovanych hodnot jsou uvedeny nize v
kapitole "Hodnoty soucinitele pfestupu tepla". Pokud je teplotni ¢idlo ve vypoctovém modelu od
povrchu déle nez ve skutecnosti, bude vypoctena priimérna hodnota soucinitel pfestupu tepla v
Useku U3 vyssi nez pozadovana a pokud je teplotni ¢idlo ve vypoctovém modelu u povrchu blize nez
ve skutecnosti, bude vypocétenad primérna hodnota soucinitel prestupu tepla v Useku U3 nizsi nez
pozadovana. Tak je mozné zjistit, zda je teplotni Cidlo ve vypoftovém modelu dale nebo blize u
povrchu, nez je tomu ve skutecnosti.

Pro nalezené spravné vzdalenosti teplotniho ¢idla od povrchu je postup ndsledovny:

1. Je proveden vypocet primérné hodnoty soucinitel pfestupu tepla v Useku U3 @, a @, pro
dvé rGzné vzdalenosti teplotniho cidla od povrchu ve vypoltovém modelu h; a h,.
Vzdalenosti h; a h, je vhodné volit tak, aby skuteéna vzdalenost leZela mezi témito
hodnotami.

2. Pomoci linearni interpolace je urCen novy zpresnény odhad skutecné vzdalenosti hg =
(a@a—ay)-(hy, —hy)/(a, —a,) + hy, kde @ je pozadovana hodnota soucinitele prestupu
tepla v Useku U3.

3. Pro vzdalenost hs je vypoctena primérna hodnota soucinitele prestupu tepla v Useku U3

as.

4. Dvojice h; a a; pro kterou je nejvétsi odchylka ¢ = |a; — al, kde i = {1;2;3}, je
odstranéna a zbylé dvé dvojice jsou precislovany na 1 a 2.
5. Pokud je |h, — hy| mensi neZ poZadovana presnost vzdalenosti teplotniho ¢idla od povrchu,

je nalezena skutecna vzdalenost s poZzadovanou presnosti. V opaéném pripadé se pokracuje
opét od bodu 2.

6. Pro skutecnou vzdalenost teplotniho ¢idla od povrchu s poZzadovanou presnosti je pouZito
to h;, pro které je mensi odchylka ¢; = |a; — al, kde i = {1;2}.
Presnost metody

P¥i pouziti plastového termoclanku o prdméru 0,5 mm umisténého 0,6 mm pod povrchem je
citlivost soucinitele prestupu tepla vétsi nez 3000 W/m?2.K na vzdalenost 0,1 mm pro austenitickou
nerezovou ocel. Primérna odchylka soucinitele pfestupu tepla je méné nez 130 W/m2.K. Z toho

32



plyne, Ze rozliSovaci presnost metody je lepsi nez 0,005 mm. Se zvysujici se teplotni vodivosti
materialu desky se presnost metody sniZuje.
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Obr. 23 Naméreny pribéh teplot pfi kalibraci teplotniho ¢idla
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Obr. 24 Vypocteny soucinitel prestupu tepla z dat ziskanych béhem kalibrace teplotniho &idla
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Hodnoty soucinitele prestupu tepla pri kalibraci

Brouseny povrch pro austenitickou nerezovou ocel ma 16000 W/m2.K a valcovany povrch pro
austenitickou nerezovou ocel ma 19500 W/m?2.K pro pramér nadoby 200 mm, vysku vodni hladiny
500 mm, pramér trysky 12 mm a vzdalenost trysky od desky 100 mm. Pro ostatni pfipady se
doporucuje provést vypocCet spravného soucinitele prestupu tepla s pouZitim modelu, jehoz
parametry mohou byt urceny napfiklad z primyslového tomografu (obr. 25).

Obr. 25 Detail uzemnéného pldastového termocldnku (nahofe) a vyfezaného teplotniho cidla se
Spatné zapdjenym neuzemnénym termocldnkem (dole) z priimyslového tomografu
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2.3 VYVOJ INVERZNI SUB-DOMENOVE METODY PRO VYPOCET OKRAJOVYCH PODMINEK
VEDENI TEPLA

V prlmyslovych aplikacich, jako je napftiklad hydraulické odstrafnovani okuji, dochazi k extrémné
rychlym zménam okrajovych podminek. Béhem nékolika milisekund se hodnota soucinitele
prestupu tepla méni o vice nez 50000W/m?2.K. Pro presnéjsi vypocet okrajovych podminek z
naméreného pribéhu teplot se mlze jevit jako vhodnéjsi pouzit inverzni metodu pro vypocet celé
domény oproti sekvenénim metoddm. V dnesni dobé je ovsem pouzivanéjsi sekvenéni metoda, coz
Ize pfisuzovat zejména jeji vypocetni efektivité. Diky vypoctu krok po kroku a pouziti pouze nékolika
dopredenych krok( jsou doby vypoctu neporovnatelné kratsi oproti metodé pro vypocet celé
domény. Jeji slabinou je velka nepfesnost pokud se okrajové podminky rychle méni. Oproti tomu
metoda pro vypocet celé domény neni vhodna pro vypocet, kde je velké mnoZstvi namérenych dat.
Uloha pak vede na nestabilni a vypoctové naro¢nou Ulohu velké inverzni matice. Z hlediska
vypoctové narocnosti se mize jevit pro praxi jako zcela nevyuZitelnd, pokud je nutné zpracovavat
dlouhy teplotni zaznam.

Proto byla navrZena nova inverzni metoda, kterd kombinuje vyhody sekvenéni metody a metody
pro vypocet celé domény. V sub-doménové metodé dochazi k vyzdvizeni vyhod a naopak potlaceni
nevyhod obou zminénych metod. Novd metoda byla testovana, jak na uméle vygenerovanych
datech, tak na datech z redlnych méreni. Byla zkoumana a porovnavana jak vypoctova ndrocnost,
tak presnost s jakou je metoda schopna vypocitat okrajové podminky. Ddle byla tato nova metoda
porovnavana s obéma znamymi metodami, a to jak vzhledem k pfesnosti vysledku, tak i vzhledem k
vypoctové ndrocnosti. V soucasné dobé je pfipravovan ¢lanek o této nové metodé pro impaktovany
¢asopis.

2.3.1 Celodoménova metoda s regularizaci

Regulariza¢ni metody slouzi k modifikaci plvodnich pfistupl, predevsim k zajisténi stability
Spatné podminénych uloh. Regularizace maji mnoho podob a forem a v praxi jsou velmi dullezité.
Vétsina publikaci se vSak zabyva regularizacni metodou pouze pro celodoménovou podobu inverzni
ulohy vedeni tepla, zatimco regularizace pro sekvencni pfistup je v literatufe popsdna jen
minimalné.

Pivodni celodoménova metoda je zaloZena na minimalizaci souctu ctverct odchylek mezi
namérenymi a odhadovanymi teplotami v misté senzoru. Regularizace pro zajisténi stability a
jednoznacnosti reseni vklada do tohoto souctu jeden nebo vice ¢len(. Obecné Ize celodoménovou
metodu s regularizaci zapsat ve tvaru

n n n-1 n-2
= Z(Yi ST 4 a Z qf + oy 2(%}1 —q)* + ay 2(qi+2 —2qi41 + g%+ (10)
i=1 i=1 i=1 i=1

kde a4, a,, a a3 jsou tzv. regularizacni parametry. Velikost téchto parametrli ma vyznamny vliv na
feseni. Existuje mnoho metod, jak hodnoty téchto parametr( vhodné zvolit, nékolik z nich Ize najit
napf. v [B26]. Jednotlivé komponenty g;,i = 1,...,n mohou byt v jednotlivych ¢asovych krocich
stejné jako u klasické celodoménové metody konstantni (obr. 26), linedrni (obr. 27), atd.
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Obr. 27 Po &dstech linedrni aproximace pribéhu hustoty tepelného toku q(t)
Jestlize je v rovnici (10) ag # 0,21 = a, = 0, pak byva minimalizace S nazyvana regularizaci
nultého rddu. Podobné pfi a; # 0,2y = a, = 0 jde o regularizaci prvniho fddu. Obdobné je mozné

pokracovat i do Fadud vyssich. Nejcastéji je vSak pouZivana regularizace nultého radu, ktera na rozdil
od vyssich fadd nevyZaduje Zadné diferencovani, viz [B17]. Regularizace nultého radu zahrnuje

n n
S=Z(Yi—Ti)2+aOZqi2 (11)
i=1 i=1

vzhledem ke g;,i = 1, ..., n. Volbou ay = 0 dochdzi ke ztraté regularizacniho ¢lenu. Naopak

minimalizaci funkce

pro velké a;, je hustota tepelného toku zredukovana limitné az na q; = 0,i = 1, ..., n. Obdobné pfi
regularizaci prvniho radu

n n-—1
S= ) =T+ a5 ) @rer -4 (12
i=1 i=1

volba vysokého a; zpusobi q; = konst.,i =1, ...,n, kde konstantou muze byt jakdkoli kladna i
zaporna hodnota.

Tikhonovova regularizace nultého radu

U¢elovou funkci pro Tikhonovovu regularizaci nultého radu je moZno napsat v maticovém tvaru
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S={X-TI(Y-T)+asq"q. (13)

Pfi minimalizaci vzhledem k nezndmému vektoru hustoty tepelného toku je teplotni pole T
vyjadreno rovnici

T =Xq+T,1 (14)

a hledany odhad hustoty tepelného toku lze vyjadfit jako
G =X"X+a,D)™IXT(Y - Ty1) = F(Y = Ty1); F = (XTX + a,)71XT. (15)

Matice F byva nazyvana Tikhonov(v filtr a ma nékolik zajimavych vlastnosti. Symbolicky ji Ize zapsat

[ f[] f 1 f 2 e f‘z n fl n 1
i fo faa o o fon
po| B h e "

: : e fa e
fn—? fu—ii e fl f[} f—l
L fn-—1 fn-—‘Z e f‘Z fl fU J

Jde o Toeplitzovu matici, tedy matici, kterd je konstantni podél kazdé své diagonaly. Specidlné
matice nxn je pak Toeplitzova pravé tehdy, kdyZ pro vSechna 1 < i, j < n plati fi; = fi1j1.
Toeplitzova matice navic patfi do tfidy tzv. persymetrickych matic, které jsou symetrické podle
vedlejsi diagonaly, neboli fij = frjiin-is1, pro i, j =1, ..., n. [26]. V sub-doménové metodé je pouzita
Tikhonovova regularizace nultého fadu a pfi vypoctech je voleno pevné a, = @?, kde @, je prvni
koeficient citlivosti, coZ nezarucuje naprosto nejlepsi reSeni pro vSechny pfipady, ale pro uvedené
piiklady je tato regularizace dostacujici. Podrobnéjsi popis Ize nalézt v [1].

2.3.2 Sekvencni metoda s regularizaci

Zakladni myslenkou sekvencni metody vypoctu inverzni Ulohy vedeni tepla, jak byla popsana v
kapitole 2.1.3, je feseni krok po kroku. Pro zjisténi odhadu hustoty tepelného toku §,, v Case t,,
jsou poufzity teploty T,, namérené v odpovidajicich ¢asech, kde n je pocet tzv. doprednych krok.
Pro tuto metodu hraje roli regularizacniho parametru pravé pocet dopredenych krokd, ktery Spatné
podminénou ulohu stabilizuje. Volba vhodného parametru n je v praktickych dlohach zdsadni, viz
kapitola 2.1.4. S rostouci hodnotou parametru n roste stabilita feseni, zatimco mald hodnota tohoto
parametru muze vést k nestabilité a prudce oscilujicimu Feseni. Velkd hodnota naopak muze vést k
nezadoucimu prehlazeni feseni. Tyto zavéry lze pozorovat na obr. 28, kde jsou porovnany vysledky
vypoctl se tfemi rznymi hodnotami parametru (n = 4, 8 a 20 krokl) a skute¢ny pribéh hustoty
tepelného toku, ktery byl pouzZit pro generovani pribéhu teplot pouZitych jako vstup do inverznich
uloh. V prikladu je uvaZovana nerezova deska o tloustce 10 mm s termoclankem zabudovanym
2 mm pod povrchem. Silnd oscilace ve vypoctené hustoté tepelného toku pro malé n = 4 je zifejma3,
je tedy nutné pouzit vyssi hodnotu. Zvysujici se n s sebou vsak prinasi dvé nevyhody:

1. S rostoucim n pfirozené stoupad i vypoctova narocnost, a tim roste ¢as potrebny k dosazeni
feseni.
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2. ZvysSovanim parametru n dochdzi k vétsimu vyhlazovani teSeni, prudké zmény jsou
rozmazany v ¢ase a vysoké hodnoty hustoty tepelného toku jsou vyrazné utlumeny. Pro 20
doprednych krokl je dokonce vypoétené maximum hustoty tepelného toku jen asi ve 25 %
skute¢né hodnoty.

Z uvedeného prikladu jasné plyne, Ze neni mozné stanovit konkrétni hodnotu n tak, aby vyhovovala
vSem situacim. Potfebny pocet dopredenych krokl se bude lisit s kazdym vypoétovym modelem.
Obecné tento pocet zavisi na mnoha parametrech, zejména pak na materidlovych vlastnostech,
vzddlenosti senzoru od povrchu a vzorkovaci frekvenci. Zakladni idea pro volbu vhodného poctu
dopredenych kroki je takova, Ze je potfeba nastavit n dostatecné velké tak, aby bylo zabranéno
nezadoucim oscilacim v feSeni a aby bylo zaruceno, Zze zména v hustoté tepelného toku na povrchu
bude mit dostatek ¢asu k tomu, aby se projevila v teplotni odezvé v misté senzoru. Zaroven je vsak
tfeba nevolit zbytecné velky pocet doprednych krok(, aby reseni nebylo oproti skute¢nosti vyrazné
utlumeno. Detailnéji se této problematice vénuje kapitola 2.1.4.
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Obr. 28 Viliv poctu dopredenych kroku v sekvencni Beckoveé metodé

2.3.3  Porovnani celodoménové a sekvenéni metody

V dnesni dobé je pouZivanéjsi sekvencéni metoda, coZ lze pfisuzovat zejména jeji vypocetni
efektivité. Diky vypoctu krok po kroku a pouZiti pouze nékolika dopfednych casu jsou doby vypoctu
vyrazné kratsi oproti celodoménové metodé. Celodoménovd metoda se v mnoha pfipadech muze z
hlediska vypoctové narocnosti jevit pro praxi zcela nevyuZitelnou. DalSim, pro praxi casto
dllezZitéjsim faktorem, je presnost vypocétu. Na obr. 29 je porovnani vypoctené hustoty tepelného
toku pomoci obou metod s predpokladanou skute¢nou hustotou tepelného toku. Data odpovidaji
experimentu s deskou z austenitické nerezové oceli o tloustce 25mm a s termocdlankem
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zabudovanym 0,7 mm pod povrchem. Na prvni pohled je z obrazku viditelné, Ze z hlediska presnosti
muze celodoménova metoda dosahovat vyrazné lepsich vysledk(. Sekvenéni metoda nedokaze tak
dobfe zachytit zpoZdéni v teplotni odezve a tlumici efekt jako to dokaze celodoménova. Cim vic se
sekvenéni metoda snazi tyto problematické vlivy do vypoctu zahrnout, tim roste pocet pouZitych
doprednych krokl. Pak ovSsem dochdzi k velkému vyhlazeni prudkych zmén skutec¢né hustoty
tepelného toku v ¢ase. Tato vyhlazeni vyusti ve velké chyby ve vypocteném teplotnim poli v télese
oproti realité. V dusledku vySe popsanych skutecnosti se pro praxi jevi vyuZitelnéjsi celodoménova
metoda. Vypoctové Casy jsou ale ve velké mife extrémné dlouhé. Priklad na obr. 29 je slozen z 2100
vzorkd s vzorkovaci frekvenci 320 Hz, co? odpovidd zaznamu dlouhému pfiblizné 6,5 s. Cas potiebny
k vypoctu sekvenéni metodou byl 3,8 s. Cas potiebny pro celodoménovou metodu &inil 247,4 s, tedy
65 krat déle. Skute¢nd méreni probihaji mnohem déle. Typické experimenty v Laboratofi pfenosu
tepla a proudéni simulujici déje pfi kontinualnim zpracovani oceli se pohybuji v fadech jednotek az
desitek minut. Vypoctovd narocnost celodoménové metody je v takovych ptipadech extrémné
velikd a nelze ji pouzit.

—Skutecna

Sekvencni
29 A , ;
Celodoménova

q [MWm-?]
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1170 1180 1190 1200 1210 1220 1230 1240 1250 1260
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Obr. 29 Porovndni sekvenéni a celodoménové metody

2.3.4 Sub-doménova metoda

Myslenka sub-doménové metody vznikla z dlvodu hledani mozZnosti, jak efektivné vyuZzit
presnéjsi celodoménovou metodu pfi vypoctech, kde je nutné zpracovat dlouhy teplotni zaznam
vznikly pfi prudkych zméndach okrajovych podminek, a snizit pfitom vypoctovou naroc¢nost. Zakladni
ideou této metody je vypocet hustoty tepelného toku celodoménovou metodou pouze nad urcitym
poctem vzorkd, tj. nad oknem urcité velikosti, které je posouvano ve sméru ¢asové osy.
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Prvnim problémem, ktery bylo nutné prekonat, byla homogenita teplotniho pole v télese v
pocatecnim cCase, se kterou celodoménovda metoda pocitd. Takovd homogenita v pripadé
sub-doménové metody nastava pouze v prvnim okné. V dalSich oknech je jiz vypocet posunut do
Casl, pred kterymi jiz néjaka vyména tepla probéhla, a teplotni pole v télese bylo zménéno.

Jednou z mozZnosti, jak vypocet upravit, bylo ponechat rovnici (15) a misto pocatecni teploty T
dosazovat namérenou teplotu na pocdtku daného okna. V tomto ptipadé bylo nutné opétovné
pocitat koeficient citlivosti na zacatku vypoctu kazdého okna za predpokladu nehomogenniho
teplotniho pole vypocteného z predchoziho okna, coZ nastava témér vidy. Ukazalo se, Ze tento
pfistup neni dostatecné efektivni, zejména vzhledem k nutnosti sloZitého pfepocitdvani citlivostnich
koeficientll, a navic nedosahuje pozadovanych vysledk(l. Mnohem efektivnéjsi je upraveni rovnice
(15) do tvaru

= (X"X+ D)X (Y - T|q=0), (17)

kde X je matice koeficientu citlivosti, ay regularizac¢ni parametr, I jednotkovd matice, Y vektor
namérenych teplot a clen T|q=0 predstavuje vektor teplot, které odpovidaji nulové hustoté

tepelného toku béhem celého pocitaného okna. Takto vypoctené teploty zachycuji vliv hustoty
tepelného toku z minulosti. Jejich odectenim od teplot naméfenych je tedy odstranéna
nehomogenita, koeficienty citlivosti je v takovém pfipadé nutné pocitat pouze jednou a vyuZit v
kazdém okn& b&hem vypoétu. Rady matic a pocty sloiek vektorli v rovnici (17) odpovidaji
zvolenému poctu vzorkl v okné.

Podle [26] a z provedenych vypoctl Ize odvodit, Ze v nékolika malo krocich na zacatku a konci
dané casové domény muze vzniknout nestabilita. Kdyby byla tato nestabilita zahrnuta do vypoctu, s
kazdym dalsim oknem by narlstala chyba a nesrovnalost mezi namérenymi a vypoctenymi
teplotami v misté senzoru a v celém teplotnim poli v télese oproti skute¢nosti. Z tohoto dlivodu je
vyhodné, aby doslo k urcitému prekryvu jednotlivych oken. Diky prekryvu dojde k prepsani
nestabilnich hodnot na zacatku a konci kazdého okna. Ke stanoveni velikosti prekryvu oken byl
pouzit postup podobny metodé hledani poc¢tu dopfedenych krokd v sekvenéni metodé. Na zacatku
vypoctu jsou pro danou velikost okna vypocteny koeficienty citlivosti. Mezi nimi lze nalézt
maximalni hodnotu, resp. maximalini odchylku od nuly. Pofadi vzorku i udava pocet krokd, které je
nezadouci v prekryvu prepsat hodnotami z dalSiho okna. Proto je mozné uvazovat velikost prekryvu
p danou vztahem

p=2(i+2). (18)

Pri¢itani hodnoty 2 je pouZito pouze pro vétsi bezpecnost, Ze maximalni hodnota bude obsazena, a
nasobeni dvéma umozZnuje vyplnit prvni polovinu vysledného vektoru hustoty tepelného toku v
¢asovych krocich odpovidajicich prekryvu hodnotami z prvniho okna a druhou polovinu hodnotami z
druhého okna. Pro sub-doménovou metodu je duleZitd i volba velikosti okna. Z hlediska presnosti
jsou rozdily vysledku pro rtzné délky okna zanedbatelné, ale z hlediska vypoctovych ¢ast je vhodna
volba podtu vzork( v okné zasadni.

Algoritmus sub-doménové metody Ize pak shrnout do téchto kroka:

1. Nastaveni velikosti okna.

2. Vypocteni koeficient( citlivosti.
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3. Vypocet velikosti prekryvu a poctu oken.

4. Vlastni vypocet hustoty tepelného toku: v prvnim okné klasickou celodoménovou metodou,
pro kazdé dalsi okno je nutné nejprve vratit vypocet o velikost prekryvu zpét, vypocitat
teplotni profil v télese v tomto kroku a od néj zacit dalsi okno, kde je hustota tepelného
toku vypoctena dle vzorce (17).

5. Do vysledného vektoru hustoty tepelného toku jsou zapsany hodnoty vypoctené pro
odpovidajici ¢asové kroky, pfiCemZ v misté prekryvu je prvni polovina prekryvu vyplnéna
hodnotami vypocftenymi z prvniho okna a druhd polovina hodnotami vypocétenymi z
druhého okna.

Sub-doménovd metoda byla testovdna na datech ziskanych simulovanim ¢&asti realného
experimentu. PFi experimentu byla pouzita deska z austenitické nerezové oceli 1.4828. Tloustka
desky byla 25 mm a termoclanek byl zabudovdn 0,7 mm pod povrchem. Pred zacatkem
experimentu byla deska ohrata v elektrické peci na teplotu 865 °C. Po té deska projela skrze
vysokotlaky vodni ostfik, ktery zpUsobil velmi kratké, ale velmi intenzivni ochlazeni. Vzorkovaci
frekvence pro zaznam teplot a polohy desky byla 320 Hz pf¥i rychlosti posuvu desky 2 m/s.

Vypoctené hodnoty hustoty tepelného toku jsou znazornény pro riizné metody na obr. 30. Pfi
nahlé zméné hustoty tepelného toku ma velky vyznam tlumici efekt, ktery sekvenéni metoda neni
schopna plné kompenzovat. Pfimo z grafu lze pozorovat, Ze sekvencni metoda dava vysledky velmi
vyhlazené v ¢ase a maximalni hodnota hustoty tepelného toku dosahuje pouze asi 50 % skutecné
hodnoty. V tomto pfipadé bylo mozné pouzit obycejnou neregularizovanou celodoménovou
metodu, kterd pro tento konkrétni pfipad dosahuje nejpresnéjsich vysledkd. V jinych pripadech
ovSsem dochazi k vyraznéjsim oscilacim, a proto ji nelze obecné pouzit. Sub-doménova metoda se
prekryvd s celodoménovou metodou s regularizaci. Pfi jejim pouziti dochazi k chybam oproti
skutecnosti, i kdyZz podstatné mensim nez u metody sekvencni. Je ale nutné zdlraznit, ze byl
regularizacni parametr nastaven pevné. Zavedenim nékteré z metod, ktera najde vhodny
regularizani parametr pfed samotnym vypoctem, by doslo k dalSimu vylepseni vysledku. Okamzita
vychylka muZe byt zplsobena pouze tim, Ze sub-doménova metoda nezareaguje na prudkou zménu
naprosto presné a hodnoty hustoty tepelného toku jsou velmi odlisné i ve dvou po sobé jdoucich
casovych krocich. DuleZité je, Ze pfi pouZiti sub-doménové metody nedochazi k rozmazani
informace v cCase kvli tlumicimu efektu a Ze nedochazi k vyraznému snizeni maximalni hodnoty
hustoty tepelného toku, coZ bylo cilem vyvoje této metody.

Na obr. 31 jsou znazornény odchylky ve vypoctenych pribézich teplot. Pro lepsi ndzornost je do
grafu pfidana druha osa pro prlibéh skutecné hustoty tepelného toku, aby bylo patrné, v které fazi
dochazi k nejvétSim chybam. Je zde jasné zfetelnd nepresnost sekvenéni metody, ktera v
podstatnych fazich pribéhu chlazeni dava vysledky aZz o nékolik stupnd odlisSné od méreni. Odchylky
celodoménovych i sub-doménové metody jsou pouze v setindch az desetindch stupné, coz je
srovnatelné s citlivosti teplotnich senzord.
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Obr. 31 Rozdil mezi skute¢nymi a vypoctenymi teplotami pomoci inverznich tloh



Velmi dulezitym parametrem praktické pouzitelnosti metody je i rychlost vypoctu. Jak bylo
uvedeno, sub-doménova metoda dosahuje stejné presnosti jako celodoménova metoda s
regularizaci, kterou oviem neni mozné v praxi vyuZivat pro vsechny vypocty z divodu jeji vysoké
vypoctové ndrocnosti. Napf. vypocétovy cas celodoménové metody s regularizaci, tedy pro
experiment trvajici cca 7 sekund, Cinil pfiblizné 5 minut. Vypocet pomoci sub-doménové metody s
oknem délky 100, ktera dosahla stejnych vysledkd, trval uz jen 3,2 s, coZ je dokonce o 0,7 s méné

nez vypocet pomoci sekvenéni metody.

Tab. 1 Tabulka vypoctovych ¢asu pro riizné metody inverznich vypocti

Metoda Okno [vz]|Cas [s]
Sekvencni - 3,59
Celodoménova - 7,93
Celodoménova s regularizaci - 261,08
Sub-doménova 50 4,01
100 3,23
200 3,99
400 6,66
800 29,87

Soucasna sub-doménovd metoda je zatim omezena na modely, které jsou popsany soustavou
linedrnich rovnic. V redlnych situacich jsou materidlové vlastnosti teplotné zavislé a to vede na
soustavu nelinearnich rovnic. Proto je zapotfebi sub-doménovou metodu zobecnit tak, aby byla
pouzitelnd i pro nelinedrni modely a byla tak pouzitelna v bézné praxi.

2.4 INVERZN[ ULOHA PRO STANOVEN( TERMOFYZIKALNICH VLASTNOSTI OKUJI NA
SUBSTRATU ZA ZVYSENYCH TEPLOT

Dalsi typ inverzni ulohy, ktery byl vyvinut, se tykd urceni termofyzikdlnich materidlovych
vlastnosti okuji prichycenych na svém plvodnim substratu [27]. Spoluautor je studentem
magisterského studia, ktery v rdmci své bakaldrské prace zpracovdval data z téchto méreni pod
vedenim autora této habilitacni prace. V literatufe jsou jen velice omezené informace o
vlastnostech okuji, které se navic témér vzdy tykaji okuji v sintrovaném stavu. P¥i zpracovani oceli za
vysokych teplot se oviem v takovém stavu okuje nevyskytuji. Okuje jsou vyrazné porézni, coz
diametrdlné méni jejich vlastnosti. Struktura se mUZe vyrazné lisit a zavisi na mnoha faktorech, jako
jsou teplota oxidace, doba oxidace, chemické slozeni oceli a sloZeni okolni atmosféry. Ndsledujici
¢lanek popisuje techniku, pomoci které je moiné meérit vlastnosti okuji pfi zachovani jejich
struktury.
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ABSTRACT

Ferrite oxide layers called scales are formed on steel’s surface when processing steel at high temperatures. Scale
layer’s chemical composition, density and thickness is dependent on various factors, e.g. heating time, temperature
and surrounding atmosphere. Determination of thermophysical properties of scale layer such as thermal diffusivity
and thermal conductivity is essential for optimizing spray cooling process in steel manufacturing industry. However,
scales are also fragile and cannot be detached from the steel substrate without breakage. An adapted flash method
was used to measure the thermophysical properties of scale layers directly on a steel substrate. Complex, two-
dimensional, rotationally symmetrical numerical model of the measurement device was then used in a least-squares
fitting problem to compute the thermophysical properties of scale layer on a steel substrate. The computationally
obtained thermophysical properties of a scale layer formed on high silicon steel are presented and compared with
data published in past papers.

Keywords: scales, oxides, steel, thermal diffusivity, thermal conductivity, laser flash method

1. INTRODUCTION

Most steel is processed at very high temperatures. The hot steel surface is in contact with the surrounding
atmosphere and reacts with the oxygen contained in it, forming ferrite oxides on the surface of the steel. These
oxides are called scales. Scales form a very complex layer on the steel's surface. Scales are mostly porous and
composed of various oxides, including wiistite (FeO), hematite (Fe»0;) and magnetite (Fe3O4). Different steel grades
contain various additives, and one of the most common is silicon, which forms fayalite (Fe;Si04). Other additives,
such as aluminum, chrome, nickel, or molybdenum, form even more complex scales.

Although these scales form a relatively thin layer on the surface, studies have confirmed that they should be
included in simulations as they can significantly affect the cooling rate due to the Leidenfrost effect during spray
water cooling [1]. A scale layer can significantly influence the heat treatment of steel during spray cooling [2].
Another difficulty which arises with oxide scales' unavoidable formation is related to heating process during steel
production. Since a scale layer formed on steel slab surface in a heating furnace acts as insulation layer, this can
cause considerable extension of required heating time. In the optimal case, such undesirable phenomena can be
significantly diminished if the thermophysical properties of scales are well-known.

However, in practice it is difficult to obtain the scales’ thermophysical properties which are needed for effective
optimization of aforementioned steel production processes. Commercial software, such as the Material library for
COMSOL Multiphysics®, does not include information about thermal diffusivity and thermal conductivity. Only a
limited number of publications describe the thermophysical properties of scales. Krzyzanowski lists the properties of
a complete scale layer for the temperature range between 600°C and 1100°C [3], the thermal conductivity of
magnetite and hematite can be found in Geneve as values not dependent on temperature [4], and Colas adds
information for wistite [5]. The temperature-dependent thermal conductivity of sintered wiistite, hematite,
magnetite, and fayalite can be found in Takeda |6], while Nelson published the thermophysical properties of nickel
ferrite (NiFe,04) [7]. However, most of these material properties are for solid or nearly solid materials. The scale
layer formed on steel during steel processing is porous, and the porosity depends on many factors, such as oxidizing
atmosphere (combustion or electrical furnace), steel grade, oxidizing temperature and time. Due to these scales'
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varied porosity, which significantly changes their thermophysical properties, the real properties of these scales need
to be measured to provide accurate data for numerical simulations.

One well-known and accurate method for measuring thermophysical properties is the flash method [8]. Cowan
extended this method to high temperatures [9], and Clark has studied radiation heat loss in more detail on an
experimental basis at high temperatures |10]. Azumi has studied the effect of the the heating pulse profile in more
detail |11], Baba dealt with the uniformity of the heating pulse using an optical fibre [12], and Hay investigated
uncertainties of the flash method [13]. Lee has used laser flash apparatus to measure thermal diffusivity in both
cross-plane and in-plane directions [14], and Moskal published a modified flash method where the measurement of
the temperature response is done on the same side as the heat is applied [15].

However, these methods were only used for samples made from one material. In addition to laser flash method,
investigations on composite materials usually require utilizing other research tools, e.g. numerical or analytical
models of studied phenomena. Pietrak supplemented flash method with numerical approach to determine interfacial
thermal resistance in composite materials [16].

Also in the presented study, experiments using laser flash apparatus need to be carried out with a multilayered
sample, since the oxide scales studied here are fragile and cannot be detached from the steel substrate. This
contribution describes an improved flash method for measuring the thermophysical properties of the scale layer on a
steel substrate, namely thermal diffusivity, thermal conductivity, and product of mass density and specific heat. A
scale-covered steel sample was heated by laser pulse on one side and a dimensionless temperature response was
measured using a very sensitive infrared sensor on the opposite side. Similar measurements were taken by Taylor
[17]; however, that evaluation cannot be used solely with a dimensionless temperature response due to the unknown
emissivity and reflectivity of the sample and problems with radiation heat losses, which occur when the
measurement is taken at high temperature. This fact went unmentioned in that article.

2. MEASUREMENT AND EVALUATION

Prior to measurement, a steel disc was manufactured from 54SiCr6 grade steel and oxidized in an electric
furnace with a normal atmosphere. The oxidizing temperature was 950°C and the oxidizing time was 80 min. The
scale layer formed on the sample is shown in Fig. 1. The sample was 12.45 mm in diameter and its thickness was
2.69 mm. The diameter of the sample was given by the holder in the furnace (see Fig. 2. Diagram of
measurement apparatus.). The thickness of the sample can vary and it is recommended by the manufacturer of
the instrument to be within a 2 mm to 4 mm range for this machine. The maximum thickness is for samples with

SINGLE-COLUMN FITTING IN

s Steel substrate

Fig. 1. Scale layer prepared on 54S51Cr6 grade steel. The average thickness is 0.18 mm.

high thermal diffusivity such as copper and the minimum 1s for samples with a small thermal diffusivity, such as
plastic. The prepared sample was covered with a graphite layer on the upper and lower side. The thickness of the
layers was 0.01 mm. These layers ensured a good absorptivity of the heating laser pulse on the upper side and a
good emissivity for the lower surface, which aided the surface temperature measurement by the infrared sensor. The
upper graphite layer also absorbed the initial heat pulse and protected the scale layer from cracking. As the scale
layer is fragile, non-uniform heating can break this layer.
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Fig. 2. Diagram of measurement apparatus.

The prepared sample was put into the holder in an electric furnace. The furnace was filled with an inert argon
atmosphere and heated to 800°C. When the temperature of the furnace and sample was homogenized, the upper side
of the sample was heated by a short laser pulse. The duration of the pulse was 0.4 ms and the energy was
approximately 25 J. The temperature history of the lower side was measured by an infrared detector and recorded
using a data acquisition system with a sampling frequency of 15 kHz to the computer, together with the laser pulse
measurement. The recorded temperature is dimensionless due to the filters used between the sample and the infrared
detector. There is also an issue with reflection of the temperature from the surrounding walls of the furnace and
holder, which makes it impossible to measure the absolute surface temperature of the sample using the infrared
sensor.

The full experiment was simulated using a complex 2D rotationally-symmetric numerical model (see Fig. 3.
Numerical model at time instant 0.2 s. Space dimensions are in mm.). The model includes the
surrounding walls, holder, steel sample with scale and graphite layers. The physics used simulates the heat
conduction in solids and fluids, surface to surface radiation, and the natural conve>OUBLE-COLUMN FITTING IMAGEZ t0
heat expansion. The thermophysical properties of 54SiCr6 grade steel were measured for a model previously using
the standard flash method. The holder for the sample was made of molybdenum, for which the thermophysical
properties are well known. The thermophysical properties of the graphite layer are also well known. The model was
verified using data from measurements taken with homogeneous reference samples for which the thermophysical
properties are known.

The unknown parameters for the computational model for scales on steel were the thermal diffusivity a and

Fiiiaes Inert atmaosphere
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Fig. 3. Numerical model at time instant 0.2 s. Space dimensions are in mm.
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thermal conductivity k of the scale layer. An iterative numeric minimization algorithm was used to find the solution
of a least squares curve-fitting problem to obtain the unknown parameters. In the present study the Levenberg-
Marquardt algorithm was used, which is a very suitable candidate for such problems [18]. The objective of the
problem is to minimize the criterion function f:

n
2
f@ k) =Y (¥ - T@h)’ (1)
t=0
where Y is the measured dimensionless temperature history, T is the dimensionless temperature history from the

simulation, ¢ is the time index, and » is the number of time steps to be compared. Time zero represents the time
instant when the sample was heated by the laser and n = ¢, where the function ¥, has its maximum. The parameters to
be optimized were the thermal diffusivity a and the thermal conductivity k. The criterion function f represents the
difference between measurement and the simulation. When the minimum of the criterion function is found the
thermal diffusivity and thermal conductivity of the scale layer are also found.

3. RESULTS AND DISCUSSION

The recorded dimensionless temperature history of the lower side of a hot sample with oxides whose upper side
was heated by pulse laser is shown in 0. The minimum of the criterion function fin Eq. (1) was found for the
following thermophysical properties of scale layer: thermal diffusivity & =0.42 mm?®/s and thermal conductivity
k=12 W/mK. The mass density of the scale layer pox scale = 3242 kg/m* was computed using data measured at
room temperature, obtained namely by weighing and measuring the scale thickness after cutting the sample. This
value is smaller than the mass density available in the Material library for COMSOL Multiphysics® (ppeg = 5679
keg/m?, prezog = 5149 kg/m’, Prezoz = 5182 kg/m?) or the value published by either Colas (Pgpeg = 7750 kg/m?) [5]
or Krzyzanowski (poy scale = 5700 kg/m?) [3]. This is due to the high porosity of the scales shown in 0, which were
prepared in an oxygen-rich atmosphere. The published values of thermal conductivity for sintered scales range from
1.4 W/mK (fayalite) to 6 W/m.K (wiistite) for a temperature of 800°C [5]. The thermal conductivity of the
examined scale layer shown in 0 is lower due to its high porosity. Pores in the scale layer act as a thermal insulator
and significantly decrease the overall thermal conductivity of the scale layer. It was estimated using the density of
solid oxides and the density of our oxides that pores account for 37% of the volume of the scale layer. This
corresponds to the photo in 0.
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Fig. 4. Dimensionless temperature record from measurement and numerical simulation.
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2.5 VYUZITI PARALELIZACE NA GRAFICKYCH KARTACH

Pokud jsou v inverznich ulohach pouZity vicerozmérné numerické modely vedeni tepla, vyrazné
je prodlouZena doba vypoctu, kterd pak mlze byt i v fddech nékolika dnl. Proto je dllezZité tyto
numerické vypocty urychlit. BEhem nékolika poslednich let prekonaly grafické karty svym vykonem
nékolikanasobné centralni procesorové jednotky (CPU) a také se staly jejich vypoctové jednotky
mnohem univerzalné pouzitelnéjsi. V aplikacich, kde se podarilo akcelerovat vypocéty pomoci
grafickych karet je vidét vyrazné zrychleni vypocltu a v nékterych pripadek dokonce
nékolikanasobné. MozZnosti akcelerace vypoctu vedeni tepla na grafickych kartach se zabyva
nasledujici ¢lanek [28]. Spoluautorkou ¢lanku byla doktorandka, kterda se ve své dizertaéni praci
zabyvala toto problematikou pod vedenim autora této habilitacni prace, ktery byl jeji Skolitel
specialista. V ¢lanku je popsan nové navrzeny zplsob vypoctu vedeni tepla, ktery vychazi z principu
superpozice vedeni tepla a je modifikovany tak, aby byl vhodny pro paralelizovany vypocet, coz je
vyZadovano pri akceleraci na grafickych kartach. Z uvedenych srovnani dob vypoctl vyplyva, Ze pro
velké modely mliZe byt dosazeno aZ desetindsobného zrychleni s vyuzitim grafickych karet.
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Analytical solutions are much less computationally intensive than numerical ones, and moreover, they are more accurate
because they do not contain numerical errors: however, they can only describe a small group of simple heat-conduction prob-
lems. A numerical simulation of heat conduction is often used as it is able to describe complex problems, but its computational
time is much longer, especially for unsteady multidimensional models with temperature-dependent material properties. After a
discretization using the implicit scheme, the heat-conduction problem can be described with N non-lincar equations, where N is
the large number of the elements of the discretized model. This set of equations can be efficiently solved with an iteration of the
ling-by-line method, based on the heat-flux superposition, although the computational procedure is strictly serial. This means
that no parallel computation can be done, which is strictly required when a graphics card is used to accelerate the computation.
This paper describes a multidimensional numerical model of unsteady heat conduction solved with the line-by-line method and
a modification of this method for a highly parallel computation. An enormous increase in the speed is demonstrated for the
maodified line-by-line method accelerated on the graphics card, and the durations of the computations for various mesh sizes are
compared with the original line-by-line method.

Keywords: heat conduction, numerical simulation, multidimensional numerical model algorithm, acceleration, parallelization,
graphics card

Analiti¢ne resitve so mnogo manj racunsko intenzivne kot numeriéne, poleg tega pa so bolj natanéne, ker ne vsebujejo nume-
ri¢nih napak, vendar pa lahko opisujejo samo majhno skupino enostavnih problemov prevajanja toplote. Numeri¢na simulacija
prevajanja toplote se pogosto uporablja, ker je sposobna opisati kompleksne probleme, vendar pa je Cas izrauna mnogo dalji,
Se posebno pri nestabilnih ve¢dimenzijskih modelih, z lastnostmi materiala, odvisnimi od temperature. Po diskretizaciji z
uporabo implicitne sheme je mogoce problem prevajanja toplote opisati z N nelinearnimi enacbami, kjer je N veliko 3tevilo
clementov diskretiziranega modela. Ta sklop enacb je mogoée uéinkovito rediti s priblizkom metode vrsta za vrsto, ki temelji na
predpostavki toka toplote, ¢eprav izracun poteka serijsko. To pomeni, da ni mogo¢ vzporedni izracun, kar je strikina zahteva,
kadar se uporablja grafi¢no Kkartico za pohitritev izratuna. Ta Clanek opisuje vecdimenzijski numericni model nestabilnega
prevajanja toplote, kar je hilo refeno z metodo vrsta za vrsto in s pospeditvijo modifikacije te metode na grafi¢ni kartici. Trajanje
izraduna je primerjano z osnovno metodo vrsta za vrsto pri razliénih dimenzijah mreze.

Kljuéne besede: prevajanje toplote, numeriéna simulacija, ve¢dimenzijski model algoritma, pospeditev, paralelizacija, grafiéna
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1 INTRODUCTION

Although the computational power of modern
computers continues to rapidly increase year by year,
numerical simulations can last several hours or days for
detailed numerical models where high accuracy is
required. The computational time becomes even longer
when the models are used for inverse computations,
where thousands of direct-heat-conduction computations
can be required. Computations of the boundary
conditions (such as the surface temperature, the heat
flux, and the heat-transfer coefficient) for continuous
casting'", heat treatment®, hot rolling*® and different
types of spray cooling’ using ill-posed inverse methods®*
are typical applications.
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Many very fast algorithms have been developed, but
they are often used strictly in a serial fashion'®!'" and
cannot be efficiently used by modern multicore pro-
cessors, as they require parallel processing. It has been
shown that a seemingly lesser algorithm can be much
more efficient because it allows parallel processing!'>1s
that is absolutely necessary for the use of the maximum
computational power of modern processors, where
thousands of tasks can be computed at the same time.
The time when a personal computer’s central processing
unit (CPU) was able to compute only one thread at a
time is over. Today, CPUs often compute from 4 to 16
threads at the same time.'®!” New graphics processing
units (GPUs)'™®!1 allow scientific computing in double
precision, which is necessary for numerical heat-con-
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duction computations and the GPUs can run more than
2800 threads at the same time. When looking at the
computational power, a GPU has over 2500 Giga FLoat-
ing-point OPerations per Second (GFLOPS) in double
precision, while a CPU has only 70 GFLOPS. However,
to use all of the computational power of a GPU a highly
parallel computational algorithm is required.

After the discretization of a heat-conduction problem
(HCP) using the implicit scheme, the HCP can be des-
cribed with a set of linear equations A-T = B for constant
material properties where 7 is the unknown temperature
in the model and A is a very large sparse square matrix
for large models. The A matrix has dimensions of N-N
where N is the number of the nodes in the entire model.
For example, a 3D model with 100 nodes in each dimen-
sion has an A matrix of 10° times 10° consisting of 102
values. It i1s necessary to compute the huge inverse
matrix A-' and store this inverse matrix in the computer
memory to compute the 7 vector. Furthermore, for a
temperature-dependent model, the computation must be
iterated because matrix A and vector B change with a
better estimate of the final 7 vector. However, there is a
different approach, often called the line-by-line method,
which requires much less computer memory, although
the computation procedure is strictly serial'® and does
not allow for parallel processing.

2 LINE-BY-LINE METHOD FOR HCP

A two-dimensional (2D) problem can be discretized
into an orthogonal mesh.?® One equation is necessary for
each control volume represented by one temperature. An

Patankar'® described an approach called the line-by-
line method to overcome the problem with an inverse
matrix. This method uses the principle of the heat-flux
superposition. The domain is solved by iterating two
steps for a 2D model and by iterating three steps for a 3D
model. The 2D model is partitioned into lines in the first
step and into columns in the second step (Figure 1). The
first line is solved separately, then the second one and so
on until all the lines are finished. Each line j (where j =
1..M) is solved using an implicit scheme and the most
up-to-date temperatures for lines j—1 and j+1 are used to
include vertical heat fluxes for line j to ensure the fastest
convergence to the final solution. This means that the
temperatures for line j—1 are those only computed for
this line and the temperatures for line j+1 are those com-
puted during the previous iteration. A similar process is
performed with columns in the second step. This
approach leads to M matrices C;T; = D; and N matrices
ET; = F; where C; and E; are tridiagonal matrices. This
set of equations can be solved very fast using the direct
TDMA method." These two steps (computations of rows
and columns) are repeated until the desired accuracy of
the computed temperature field is attained.

The problem with the original line-by-line method is
that line j can only be computed when line j-1 has
already been finished. Neither does the TDMA method'!
allow parallel processing, which is strictly required by a
GPU. However, parallel processing can be enabled with
a simple modification. The temperatures from the pre-
vious iterations for both line j—1 and j+1 can be used

- 2
explicit, implicit, or Crank-Nicholson differencing sche- - qwr f(t) Y;‘”m o £
me for the time domain can be used. The focus here is on o o ) o - =
the implicit scheme because the explicit one is condi- 0+ t t } t
tionally stable. When writing the heat-flux equation for ; ;
each control volume, all the equations can be rearranged 024 i 1 e —
. . . - 0 I
into the matrix form of A-T = B where T is the vector of !
nodal temperatures. The inverse matrix A" must be =14 N
computed to solve this set of equations.”’ This approach §0-4 ' g
is very inefficient and unstable for the models with many ~ = 3 =
control volumes. The stability problem arises from the ©qg g =4 : — ] °
rounding of the values during a large number of ope- ::I,- : = Py ==t o~ I
rations because the computers use only a limited number 08 ! o
of decimal places to store these values. : I [ |
| 5 |
+ : --_.;//\,/
j-1
. 25
] mm q=0W/m?
j+1 Figure 2: Structure of the 2D model used for testing and non-uniform
discretization: 1) silver solder Ag40, 2) thermocouple shield Inconel
600, 3) eletrical insulation MgO, 4) K-thermocouple, 5) stainless steel
1.4301
M i—=1 1 i+1 N Slika 2: Zgradba 2D modela, uporabljenega za preizkus in spremen-
ljiva diskretizacija: 1) srebrova spajka Ag40, 2) termoelement Inconel
Figure 1: Line-by-line method for a 2D problem 600, 3) elektri¢na izolacija MgO, 4) K-termoelement, 5) nerjavno jek-
Slika 1: Metoda vrsta za vrsto za 2D problem lo 1.4301
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when line j is being computed. However, this modifica-
tion significantly slows down the speed of convergence.

3 EXAMPLE OF PARALLEL PROCESSING

GPU acceleration was tested on a 2D computational
model (Figure 2) which is often used for the inverse
computation of boundary conditions (the cooling inten-
sity of a spraying header on a work roll during hot roll-
ing).® This represents a cut of a shielded K-thermocouple
soldered with a silver solder in a slot made on the surface
of stainless steel. The actual circular geometry of the
shielded thermocouple is simplified in this example to
the equivalent square geometry so that the model can be
easily refined by dividing the control volumes. Because
the geomeiry is symmetrical, only one half is used for
the model. All sides are insulated except for the upper
one, where a time-dependent heat flux is applied (Figure
3). The applied heat flux represents the heat flux from
the real cooling measurement during one rotation of a
heated roll. The roll is hollow with an outer perimeter of
2 m and a wall thickness of 25 mm. The velocity of the
outer surface of the roll during the rotation is 2 m/s. One
rotation lasts for 1 s. The sampling frequency is 300 Hz.
The starting temperature is 400 °C. The temperatures
computed on the surface and in the center of the ther-
mocouple are shown in Figure 3.

When the computation is accelerated, the GPU is
used as a co-processor. Only the most computationally
intensive sections that can be processed in parallel are
run on the GPU, rather than the whole program. The
main program is run on the CPU and the most compu-
tationally intensive tasks are sent to the GPU using Open
Computing Language (OpenCL).?? In this case, three
procedures are accelerated on the GPU: 1) the comput-
ing-material properties for the actual temperature; 2) the
TDMA method for solving a set of equations; 3) the
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Figure 3: Computed temperature history for the thermocouple, for the
surface above the thermocouple (corner (0:;0)) and the used heat flux
Slika 3: IzraGunana zgodovina temperature v termoelementu, na po-
vriini nad termoelementom (vogal (0;0)) in uporabljeni tok toplote

Materiali in tehnologije / Materials and technology 50 (2016) 2, 183-187

52

estimation of the attained accuracy of the computed
temperature field. The first and the third functions are
well suited for parallelization. Each node can be com-
puted in a separate thread. This means that the total
number of nodes determines the maximum number of
parallel threads. Function 2 is not as well suited for
parallelization. The maximum number of parallel threads
is the number of rows M in the first stage and the number
of columns N in the second stage.

The durations of the computations for functions 1
and 2 are listed in Table 1 for different numbers of
nodes. These are the net values without the time required
for preparing the tasks, data, and for launching. Table 2
includes the results from the entire simulation of one
rotation during the roll cooling. The values for the CPU
were obtained using the original line-by-line method,
computed in one thread, while the values for the GPU
were obtained using the modified line-by-line method,
accelerated on the GPU. The desired accuracy was 1 °C
for the whole simulation in all the nodes. An Intel Core
i5-2500K** was used for the CPU and an AMD Radeon
HD 7970* was used for the GPU.

Table 1: Computations on CPU and GPU for one iteration
Tabela 1: Izracunana CPU in GPU za eno ponovitev

Nodes Mat. properties (us)) TDMA M+N(ms)
X Y CPU GPU CPU GPU
32 107 51 19 5 1.1
92 107 147 20 17 1.5
182 212 605 24 72 3.1
362 422 2532 57 203 6.4
722 842 10220 191 1152 12.3
1442 1682 41479 726 4611 16.0
4 DISCUSSION

The test example showed that the GPU acceleration
makes sense for the models with many nodes (the more
nodes the better). For a very fine mesh (800 rows and
800 columns), results can be obtained almost 11 times
faster when using the GPU acceleration. For a very small
number of nodes, the original method used only by the
CPU can be even faster. This is caused by a relatively
slow communication between the CPU and GPU, which
is necessary for the acceleration on the GPU. An explicit
scheme was also tested because it is more suitable for
parallel processing. However, it was found that it is 164
times slower on the CPU than an implicit scheme due to
its conditional stability, which requires a 6000x higher
sampling frequency.

The numbers of iterations for steps 1 and 2 of the
line-by-line method for 2D are listed in Table 2. It is
clear that the original method (the CPU column) needs
approximately half the number of iterations required by
the modified method (the GPU column) to reach the
same 1 °C accuracy. However, the model introduced here
has a very slow convergence rate because the silver
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Table 2: Computing times on CPU and with GPU acceleration for the increasing number of nodes. M is the number of rows and N is the number

of columns.

Tabela 2: Casi izralunov na CPU in z GPU pospeSitvijo pri nara¢ajotem Stevilu vozlisé. M je Stevilo vrst in N je $tevilo stolpcev.

. - Time/ Time/

Nodes Iterations Time (s) Speed-up | (lter*(M+N) (ss) (lter. *M*N) (us)
Rows Col. CPU GPU CPU GPU CPU GPU CPU GPU
107 32 33596 101445 22 0.4 4.71 3.76 0.19 0.15
107 92 128624 | 241864 253 1.4 9.88 3.64 0.20 0.07
212 182 492610 | 970922 3873 1451 2.7 19.95 3.79 0.20 0.04
422 362 1928762 | 3804033 61256 11826 5.2 40.51 397 0.21 0.02
842 722 7664187 | 14338003 | 988219 90617 10.9 82.44 4.04 0.21 0.01

solder used has an approximately five-time higher
thermal conductivity than stainless steel. In the models
where materials with similar thermal conductivities are
used, the number of the necessary iterations is much
smaller.

The computational time required for one node in one
iteration for the CPU is almost independent of the
number of nodes and lasts for about 0.2 ps. The situation
is completely different for the acceleration using the
GPU (it decreases). However, the total time divided by
the product of the number of iterations and the sum of
lines and columns is almost constant (3.8 ps). A similar
situation exists for the TDMA M+N function in Table 1
because this function is the longest during the compu-
tation. The time/(iter.*(M+N)) is almost constant because
there are not enough parallel threads to fully utilize the
GPU. There are only about 800 threads and the GPU can
process over 2000 threads. The increase in TDMA M+N
for a higher number of nodes is caused by a larger
tridiagonal matrix to be solved but not by a higher
number of tridiagonal matrices to be solved.

5 CONCLUSION

It was found that for the models with a high number
of computational elements the acceleration on a GPU
card can speed up 2D heat-conduction calculations by
almost eleven times. For a model with a small number of
nodes, it is better to use a CPU and the original line-
by-line method. The AMD 7970 starts to be fully utilized
when there are more than 32,000 threads. The GPU
acceleration will be even more useful for 3D models
where there may be more parallel threads for the TDMA
function.
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3 APLIKACE INVERZNICH METOD VEDENI TEPLA

3.1 KONTINUALN{ TEPELNE ZPRACOVANI

Vypocet vedeni tepla je hojné vyuzivan pfi ndvrhu a fizeni tepelného zpracovani oceli. Pro
simulace jsou potfebné okrajové podminky, které jsou casto ziskavany z experimentalniho méreni s
vyuzitim inverznich Uloh vedeni tepla. Nasledujici kapitola, ktera byla publikovana v knize Heat
Treatment: Conventional and Novel Applications [18], se detailné zabyva touto problematikou. Je v
ni popsana strategie navrhu a problematika Leidenfrostovi teploty, ktera vyrazné ztéZzuje vyuZiti
chlazeni vodou za vysokych teplot. Dale pak pojednava o vlivu rychlosti na soucinitel prestupu tepla,
pfiemzZ tyto Udaje byly ziskany pravé s vyuZitim inverznich Uloh vedeni tepla. Popisuje také
problematiku vypoctu vedeni tepla, fazovych zmén a reSeni pomoci inverznich uloh. Nakonec se
zabyva zpracovanim dat ziskanych inverznimi Ulohami a jejich vyuZiti pfi numerické simulaci
tepelného pracovani. Autor této habilitacni prace se zde podilel zejména na problematice spojené s
inverznimi vypocty, numerickymi simulacemi a zpracovanim dat.
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Chapter 1

Design of Cooling Units
for Heat Treatment

Michal Pohanka and Petr Kotrbacek

Additional information is available at the end of the chapter

http:/dx.doi.org/10.5772/50492

1. Introduction

Microstructure and nature of grains, grain size and composition determine the overall
mechanical behavior of steel. Heat treatment provides an efficient way to manipulate the
properties of steel by controlling the cooling rate. The way of heat treatment depends on
many aspects. One of the most important parameter is the amount of production. Another
important parameter is the size of products. We focus here on large production such as
interstand [1] and run-out table cooling of hot rolled strip, run-out table cooling of sheets
and plates, cooling of long products at the exit from a rolling mill, cooling of rails, tubes and
special profiles [2], continuous hardening and heat treatment lines for steel strips. Such a
treatment is called in-line heat treatment of materials and has become frequently used by
hot rolling plants. This method achieves the required material structure without the
necessity of reheating. In-line heat treatment is characterized by running of hot material
through the cooling section. However, many of discussed topics can be applied on smaller
production as well.

The design procedure of cooling sections for obtaining the demanded structure and
mechanical properties is iterative research involving several important steps. We begin with
the Continuous Cooling Transformation (CCT) diagram for the selected material. Numerical
simulation of cooling follows to find appropriate cooling intensity and its duration.
Knowing the desired cooling intensity new cooling section is designed and tested under the
laboratory conditions [3]. From the laboratory experiments boundary conditions are
obtained and tested using a numerical model. When the best solution is found it is tested on
the real sample and the result structure is studied. In most cases the process must be
repeated as the CCT diagram is aimed at a different size of the sample and the cooling rate
in the designed section is not constant.

© 2012 Pohanka and Kotrbacek, licensee InTech. This is an open access chapter distributed under the terms
I NTE H of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits

open science | open minds unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Strategy of design

When preparing a design of the cooling system for the continuous heat treatment, we should
know the optimum cooling regime for the material and the product. Any continuous heat
treatment process needs to vary the cooling intensity with time. Moreover, the practice has
shown that the results obtained by using small samples (usually for the CCT diagram) are
usually different from the results achieved when using real products of a large cross-section
because it is not possible to achieve the identical temperature regimes in the whole volume
due to the low diffusivity. We cannot expect same behavior on product as on the small sample.

Next considerations focus on technical means that can be used to achieve the demanded
temperature mode. There are varieties of technical methods for hot steel cooling; one of them
uses the spray cooling. The cooling section should ensure reaching a required temperature
history in the cooled piece prescribed by the metallurgists. The nozzles applied allow
controlling the cooling over a wide range. The cooling intensity of groups of the nozzles must
be measured and then the results obtained can be used in a numerical model of the
temperature field in the cooled material.

2.1. Leidenfrost effect and its impact

It should be understand that intensity of cooling strongly depends on the surface
temperature. So called Leidenfrost effect can be observed above certain temperature. During
this effect a liquid, which is near significantly hotter object than the liquid's boiling point,
produces vapor layer which insulates the liquid from the hot object and keeps out that liquid
from rapid boiling. This is because of the fact that at temperatures above the Leidenfrost
point, the part of the water, which is near hot surface, vaporizes immediately on contact with
the hot plate and the generated gas keeps out the rest of the liquid water, preventing any
further direct contact between the liquid water and the hot plate. The temperature at which
the Leidenfrost effect begins to occur is not easy to predict. It depends on many aspects. Ones
of them are velocity and size of droplets. As a rough estimate, the Leidenfrost point might
occur for quite low temperatures such as 200 °C. On the other hand for high water velocity
the Leidenfrost point can be even above 1000 °C. Fig. 1 shows measured heat transfer
coefficients (HTC) for water-air mist nozzle. Graph shows three measurements for same
nozzle using varying water and air parameters. Three regimes can be found. The first one is
for low temperatures when the HTC is relatively high and decreasing slowly. This part is
below Leidenfrost point. From certain temperature HTC decreases rapidly. This is a transient
regime in which some droplets are above Leidenfrost point and some are below that point.
For the last regime HTC is relatively low and is constant or may be increasing due to the
increasing radiation with the increasing surface temperature. Designed cooling section
should work in the first regime for low temperatures or in the third regime with almost
constant HTC. It is strongly recommended to avoid the second transient regime as the
product surface temperature is not usually at uniform temperature. Due to the strong
dependency of HTC on surface temperature non homogeneous cooling is achieved and
causes distortion of the product.
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Figure 1. Moving Leidenfrost point for water-air mist nozzle and various water and air conditions.

2.2. Nozzle types and controllability

Nozzle produces usually one of three typical sprays: flat-jet, full-cone, and solid-jet (see Fig.
2). However, other shapes can be found such as hollow-cone, square, spiral etc. An
important parameter is controllability of the cooling section and intensity of cooling. The
water-air mist nozzles can be used for a soft cooling and a wide controllability range (see
Fig. 3). The HTC can vary from several hundreds of W/m2K up to several thousand of
W/m2 K. Water-air mist nozzles are not the cheapest ones and also the pressurized air is
expensive in terms of power consumption. Water-only nozzles can often provide a lower
cost solution. Small full-cone nozzles with high pressure and bigger distance from surface
can provide also very soft cooling. On the other hand with high pressure flat-jet or solid-jet
nozzles at small distances HTC over 50000 W/m2.K can be obtained even for high surface
temperatures (see Fig. 4). This results in enormous heat flux above 50 MW/m?2. The distance
of the nozzle form surface is very important in this case for flat-jet nozzles because for
100 mm the HTC can be 50000 W/m2.K but for 1000 mm it can be similar to water-air mist
nozzle. As conclusion we can say that for soft cooling air-mist or full-cone water only
nozzles can be used and for hard cooling flat-jet nozzles with small distances are used. In
some cases solid-jet nozzles are used for hard cooling but there are often two major
problems: large amount of water generates a water layer on the product and the spray spot
is small which causes non homogenous cooling. On the other hand, clogging is not big
problem for solid-jet nozzles.
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Figure 3. Controllability of water-air mist nozzle for surface temperatures 1000 °C

2.3. Influence of product velocity on heat transfer coefficient

Three measurements are compared when the only different parameter is the casting speed.
The first experiment was stationary with no movement, the second experiment used a
velocity of 2m/s and the last experiment was done for a velocity of 5 m/s. These three
experiments used the identical water-air mist nozzle, and the same pressure settings were
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Figure 4. Distribution of HTC under spray for high pressure flat-jet nozzles for surface temperature
1000 °C.

used in all experiments - water pressure of 2 bar, air pressure of 2 bar. Fig. 5 shows the
distribution of heat transfer coefficient in experimental group with a variation of velocity.
HTC for the stationary case (not possible in mill) is symmetrical and the peak is narrow. The
cooling intensity decreases with the increasing velocity. Heat transfer coefficient distribution
is more non-symmetrical when product speed increases. The observed effect is caused by
the flow on the surface and different vapor forming conditions in front and behind the
impinging jet.

3. Cooling intensity and numerical models

In order to design a cooling section, knowledge of the cooling intensity is required for a group
of nozzles and nozzle headers. Exact knowledge of the heat transfer coefficient as a function of
spray parameters and surface temperature is the key problem for any design work. The
cooling intensity is a function of several parameters, mainly, nozzle types, chosen pressures
and flow rates, surface temperature of a material, and velocity of a material movement whilst
under spray. There is no function available which describes cooling intensity using all the
mentioned parameters. This is the reason why real measurement is absolutely necessary.

3.1. Experimental procedure

During the in-line heat treatment the product is moving so our testing sample should be also
moving through the cooling section. Fig. 6 shows schematically a suitable experiment used
for obtaining boundary conditions for a numerical simulation. The hot sample is moving at
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prescribed velocity which is similar to real conditions. The sample passes under spray
which cools down the hot sample. For a simple shape like plate it is recommended to
insulate all surfaces excluding the one on which the cooling intensity is investigated. One or
more thermocouples are embedded in the sample and measure temperature during the
experiment. The installed thermocouples should not disturb the cooled surface. This is the
reason why they should be installed inside the sample, not on the investigated surface. In
principle when all surfaces are insulated except the one which is investigated one
thermocouple is enough. However, this thermocouple should be as close to the investigated
surface as possible. Otherwise the resolution of description of boundary conditions will be
degraded. After the measurement an inverse algorithm is used to compute boundary
conditions on the investigated surface from the measured temperature history inside the
sample. An example of recorded temperature history is shown in Fig. 7.

1000 50000
900 ™= I 45000
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E
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] [ §
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w
p— O
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2. 500 -|e==T measured 25000 .
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Figure 7. Example of recorded temperature history by one thermocouple inside the sample, computed
surface temperature above the installed thermocouple, recorded position of the thermocouple in the
cooling section, and computed heat transfer coefficient. Cooling section equipped with five rows of
flat-jet nozzles.

Heat transfer test bench presented in [4] is designed so that it enables progression of
samples up to the weight of 50 kg with infinitely adjustable speed from 0.1 to 6 m/s (see Fig.
7). On the supporting frame there is a carriage moving, on which the sample under
examination with embedded temperature sensors and measuring system is fixed (see Fig. 9).
The carriage's progression is provided by a hauling rope through a drive pulley and a motor
with a gearbox. The motor is power supplied by a frequency converter with the possibility
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Figure 9. Examples of boundary conditions measurements on steel plate, rail, and pipe.

63



Design of Cooling Units for Heat Treatment

of a smooth change of speed. The direction of the carriage can be reversed and passages
repeated in a requiring number. The whole cycle is programmed and controlled through the
superior PC. There is a spraying section in the central sector where arbitrary jets
configuration can be arranged when distribution of heat transfer coefficients or heat fluxes
must be measured. The sample is equipped with thermocouples connected to the data
logger. The thermocouples are calibrated before use and the results of calibration are used to
eliminate dynamic error in measurement of highly transient thermal processes. Before the
actual experiment the carriage with the sample is positioned to the electric heater and it is
heated to the required temperature inside the furnace. After the temperature in the sample
is stabilized, the heating device is removed, the stand is turned to spraying position, the
pump for the water gets going and the carriage's runs through the cooling section. The
position of the cooled surface can be horizontal with spraying upper or bottom surfaces or
vertical. Signals from the sensors are read by the data logger which moves together along
with the sample. At the same time, the signal indicating the actual carriage's position is
recorded as well. After performing the required number of passes through cooling zone,
data are exported from data logger's internal memory into the computer for further
processing.

3.2. Inverse computation of boundary conditions and numerical models

Information from temperature histories in a particular depth under the investigated surface
are used as entry parameters for the thermal conduction's inverse task. Inverse task outputs
are surface temperature histories, heat flows, and heat transfer coefficients (HTC) as
function of time and position. Most often, in mathematical models the boundary condition
of the 3'd type is used where heat flow is specified by the HTC value and the cooling water
temperature.

If the boundary conditions of asolid must be determined from transient temperature
measurements at one or more interior locations, it is an inverse heat conduction problem
(IHCP) during which the dispersed impulse on boundary must be found. The IHCP is much
more difficult to solve than the direct problem. Such problems are extremely sensitive to
measurement errors. There are number of procedures that have been advanced for the
solution of ill-posed problems in general. Tikhonov has introduced the regularization
method [5] to reduce the sensitivity of ill-posed problems to measurement errors. The
mathematical techniques for solving sets of ill-conditioned algebraic equations, called
single-value decomposition techniques, can also be used for the IHCP [6]. There were
extremely varied approaches to the IHCP. These included the use of Duhamel’s theorem (or
convolution integral) which is restricted to linear problems [7]. Numerical procedures such
as finite differences [8][9][10] and finite elements [11] were also employed, due to their
inherent ability to treat non-linear problems. Exact solution techniques were proposed by
Burggaf [12], Imber and Khan [13], Langford [14], and others. Some techniques used Laplace
transforms but these are limited to linear cases [15]. Combined approach is also described in
[16]. The improvement in artificial intelligence has brought new approaches, such as genetic
algorithm [17] and neural networks [18][19][20].
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All the mentioned algorithms need a precise mathematical model of the tested sample for
computing the direct heat conduction problem. Analytical methods may be used, in certain
cases, for exact mathematical solutions of conduction problems. These solutions have been
obtained for many simplified geometries and boundary conditions and are well
documented in the literature [21][22][23]. However, more often than not, geometries and
boundary conditions preclude such a solution. In these cases, the best alternative is the one
using a numerical technique. For situations where no analytical solution is available, the
numerical method can be used. Nowadays there are several methods that enable us to solve
numerically the governing equations of heat transfer problems. These include: the finite
difference method (FDM), finite volume method (FVM), finite element method (FEM),
boundary element method (BEM), and others. For one-dimensional model with constant
material properties there exists nice similarity. All of the FDM, FVM, and FEM with tent
weighting function equations can be put in a similar form:

d —a n(t)
E(ﬂT1+7Tz)=§(T1-Tz)+pLAx' )
d - a
il Tt 28T T )= (T =T )+ (T 4T @
ATy +BTy) =Ty - T )+9N(t), 3)
gp\ AN N) T A VN TN oA

where f and p have the values listed in Tab. 1. Equations (1-3) are restricted to
temperature-independent thermal properties but the concepts can be extended to T-variable
cases. In general for multidimensional models and temperature dependent material
properties the simplest equations are obtained for FDM while the complexity of equation for
FVM and FEM is several times higher.

B 4 B+y
FDM 1/2 0 1/2
FVM 3/8 1/8 1/2
FEM 2/6 1/6 12

Table 1. Values of the f and ¥ of Eq. (1-3)

3.3. Phase change implementation

Physical processes, such as solid/liquid and solid state transformations, involve phase
changes. The numerical treatment of this non-linear phenomenon involves many problems.
Methods for solving the phase change usually use a total enthalpy H , an apparent specific
heat coefficient ¢, , or a heat source g .

The nature of a solidification phase change can take many forms. The classification is based
on the matter in the phase change region. The most common cases follow:
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a. Distinct: The phase change region consists of solid and liquid phases separated by
a smooth continuous front — freezing of water or rapid solidification of pure metal.

b. Alloy: The phase change region has a crystalline structure consisting of grains and
solid/liquid interface has a complex shape — most metal alloys.

c.  Continuous: The liquid and solid phases are fully dispersed throughout the phase
change region and there is no distinct interface between the solid and liquid phase -
polymers or glasses.

In a distinct phase change, the state is characterized by the position of the interface. In such
cases the class of the so called front tracking methods is usually used. However, in cases b)
and c) the models use the phase fraction.

The phase change process can be described by a single enthalpy equation

oH
%?+v-(gdesd+g,H,s,)=v-(kVT) 4)

where g is the phase volume fraction, s is the phase velocity, and subscript d and [ refer
to solid and liquid phases (or structure A and structure B), respectively [24]. The k is (in this
case) a mixture conductivity defined as

k= gk + 8k ©)
and H is the mixture enthalpy
T T
H=g | p;c,AT+g, | pcdT+pc,L (6)
Tref Tref

where Tref is an arbitrary reference temperature. To overcome the problem of the
non-linear (discontinuity) coefficient of a specific heat a non-linear source term is used. The
term 6H/ét can be expanded as

0
oH_. T, sy )
ot ot ot

Neglecting convection effects in Eq. (4) and substituting Eq. (7) results in

oT
¢ —=V-(kVT)+g 8
vol ot ( ) q ( )
where
5]
j=-sHZSL )

ot

Eq. (4) is non-linear and it contains two related but unknown variables H and T . It is
convenient to reformulate this equation in terms of asingle unknown variable with
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non-linear latent heat. Song [25] and [26] Comini uses so called Apparent heat capacity. The
apparent specific heat can be defined as

dH d
ea= et aH%ﬂ (10)

where
Cool = 8aPuCa T 81P(C)

T
0H = _[ (pie, = pye,)dT + p)L.
Tref

(11)

Neglecting convection effects and substituting into Eq. (4) yields apparent heat capacity
equation

aT
cAazv-(kVT). (12)

Another approach is total enthalpy. From Eq. (6) it can be written

VT =VH/c,,-6HV g/c,, . (13)
Substitution in Eq. (4) will result in a total enthalpy equation
H_ ol X vh v i(SHVg, . (14)
ot Conl wvol

3.4. Sequential identification inverse method

For measurements where installed thermocouple inside the investigated body disturbs also
surface temperature as it is very close to investigated surface HTC must be computed
directly by an inverse method. Classical and very efficient sequential estimation proposed
by Beck [27], which computes heat flux instead of HTC, has several limitations. Thus new
sequential identification method was developed by Pohanka to solve such inverse problems.
The basic principle of time-dependent boundary conditions determination (heat flux, HTC,
and surface temperature) from measured transient temperature history is based on cooling
(or heating) of heated (or cold) sample with thermocouple installed inside (see Figure 6). Let
us assume one-dimensional inverse problem with 3D model involving installed
thermocouple for simplicity:

¢ Known dimensions of the sample.

¢  Known thermal temperature-dependent material properties of the sample.

¢  Known temperature profile at the beginning of the cooling (usually constant).
e  All surfaces are insulated except the cooled one.

¢ HTC is not dependent on position.
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The sample is heated before starting the measurement. Cooling is applied on one surface and
temperature response inside the sample is recorded. Time-dependent boundary conditions
are computed using inverse technique from the measured temperature history (see Fig. 7).
Cooling of more surfaces can also be investigated when more thermocouples is used.

This new proposed approach computes step by step (time step) heat transfer coefficients
(HTC) on the investigated surface using measured temperature history inside the cooled or
heated solid body. However, this method can be very easily changed to compute any kind
of boundary conditions, e. g. heat flux. The method uses sequential estimation of the time
varying boundary conditions and uses future time steps data to stabilize the ill-posed
inverse problem [28]. To determine the unknown surface HTC at the current time ¢, the
measured temperature responses T:I are compared with the computed temperature T
from the forward solver using n future times steps

SSE= i (1 - Tf _ (15)

i=m+1

Any forward solver can be used e. g. finite volume method described by Patankar [29]. The
computational model should include drilled hole, whole internal structure of the embedded
thermocouple, and temperature dependent material properties.

At time zero homogeneous temperature is in the sample and thereby zero heat flux and
thereby zero HTC on all surfaces is assumed. Otherwise there cannot be homogeneous
temperature. This can be done e. g. by heating in furnace after enough long time. If the
initial temperature is not homogeneous some modification of the algorithm is necessary for
the first time step.

The algorithm starts at time index zero when the HTC is equal to zero (see Fig. 10). The
algorithm uses forward solver and it computes temperature response at thermocouple
position for linearly changing (increasing or decreasing) HTC (see HTC1 and T1 computed
in Fig. 10) over few time steps. These time steps are called future time steps n and five of
them are used in Fig. 10-Fig. 11. Determination of minimum number of necessary future
time steps to stabilize sequential algorithm is described in [28]. The computed and measured
temperatures histories are compared using Eq. (15) the same one as for sequential Beck
approach. The slope of linearly changing HTC defined as

ok

U*E (16)

should be changed until the minimum of SSE function in Eq. (15) is found. Such a minimum
says that the computed temperature history matches the measured temperature history the
best for used linearly changing HTC during n future time steps.

When the best slope of HTC is found the forward solver is used to compute temperature field
in the next time step using the computed boundary conditions. The algorithm is repeated for
next time steps until the end of recorded temperature history is reached (see Fig. 11). For k

68



- Heat Treatment — Conventional and Novel Applications

120 6000
T measured
100 B e AR ———-T1 computed| 5000
T e T2 computed
80 1 — — HTC1 -+ 4000
5 P 7N . - - - - HTC2
2. 60 1 / - 3000
= o/
40 - Y Optimum is - 2000
Vs somewhere here
20+ L - 1000
/o aemenTT
0 e =" T T T T T T T 1 T 0

Time index

HTC [W/im2.K]

Figure 10. Measured temperature history and two computed temperature histories using two different
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Figure 11. Real HTC and six optimum linearly changing HTC.

measured time steps only k—#n time steps can be computed owing to the use of future data. This
method works perfectly when real HTC is almost linear in time. When the slope is abruptly
changing the computed HTC curve is slightly smoother than the real one; the more future time
steps are used the smoother is the computed curve of HTC (bigger difference between

computed and real HTC) but the sequential identification inverse algorithm is more stable.
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The SSE function described by Eq. (15) has only one minimum and is dependent only on one
variable — slope of HTC (see Eq. 16). Even more the function is very close to parabolic
function near the searched minimum because it is sum of square of temperature differences.
Brent’s optimization method [30], which uses inverse parabolic interpolation, is perfect
candidate for finding the minimum of the SSE function in Eq. (15).

Brent’s optimization method is based on parabolic interpolation and golden section. The
searched minimum must be between two given points 1 and 2 (see Fig. 12). Convergence to
a minimum is gained by inverse parabolic interpolation. Function values of the SSE function
are computed only in few points. A parabola (dashed line) is drawn through the three
original points 1, 3, 2 on the SSE function (solid line). The function is evaluated at the
parabola’s minimum, 4, which replaces point 1. A new parabola (dotted line) is drawn
through points 3, 4, 2. The algorithm is repeated until the minimum with desired accuracy
is found. If the three points are collinear the golden section [30] is used instead of parabolic
interpolation.

A

SSE

— SSE
— — parabola through 1, 3, 2
- - - .parabola through 3, 4, 2

B
>

slope of HTC

Figure 12. Convergence to a minimum by inverse parabolic interpolation.

3.5. Evaluation of boundary conditions

To demonstrate the procedure a real measurement is used. The cooling section consists of five
rows of flat-jet nozzles. The heated sample passes repeatedly under the spraying nozzles.
Several thermocouples in one row, which is perpendicular to the sample movement
direction, were installed in the sample to be able to investigate also the cooling homogeneity
across the sample. For simplicity we focus now on only one thermocouple, however, it is easy
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to do the procedure for all thermocouples. Temperature record from such measurement is
shown in Figure 7. Recorded position (zigzag line) of the thermocouple is shown as well and
demonstrates the repeated passes through cooling section. Using the inverse method
boundary conditions were computed: surface temperature and HTC. All the shown lines are
function of time; however, for numerical simulation we need HTC as function of position and
surface temperature. We start with surface temperature from the measurement. See Figure 13
with shown surface temperature drawn using green line as function of position. The green
lines represents surface temperatures through which the plate pass during experiment. In the
place where the green line is shown we also know HTC from the measurement. HTC values
are shown using the color scale. HTC values between green lines are interpolated. This chart
shows HTC distribution as a function of surface temperature and position and is the key
point for accurate numerical simulation. HTC values above the most top green line are
extrapolated and are not accurate as there are no data available from measurement. We
should avoid usage of these values during numerical simulation.
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Figure 13. Prepared boundary conditions for numerical simulation from measurement shown in Fig. 7.
Chart shows HTC as function dependent on position in cooling section in the direction of sample
movement and on surface temperature of the cooled sample.

3.6. Numerical simulation

Having prepared boundary conditions we can do numerical simulation of cooling of
products of various material properties and of various thicknesses. By repeating the
boundary conditions we can simulate long cooling section with more rows of cooling
nozzles. An example of such simulation is shown in Fig. 14 and is drawn in CCT. You can
see computed temperature at the surface and at the center of the material. It is obvious that
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the cooling rate for the surface temperature is higher than in the center. The results are
drawn in CCT diagram, however, you should not that the cooling rate is far away from
constant. This is very important because the CCT diagram is only informative and the final
structure has to be verified by experimental measurement. There are three major reasons
why cooling rate is not constant. One is caused by passing product under separate row of
nozzles. The passes are obvious from T surface curve in Fig. 14. You can see drops of
temperature when the product is passing under spray followed by reheating due to the
internal capacity of the heat in the product. The second reason is mentioned Leidenfrost
point. You can see low cooling rate in the center up to 20 s as the surface temperature is
above Leidenfrost point and after that cooling rate is increasing and reaching maximum
which is almost triple in comparison to value above Leidenfrost point. Decreasing of cooling
rate is followed as the surface temperature is getting closer to the temperature of water. The
third reason is low diffusivity for big products. The product cannot be cooled down at the
same cooling rate on the surface as in the center. The lower is the diffusivity and the bigger
is the product the bigger difference is between the cooling rate on the surface and in the

center.
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Figure 14. Simulation of cooling in the CCT diagram.

4. Verification conducted at pilot test bench

It is important to understand that cooling rate in cooling section in industrial application is
far away from constant value using which CCT diagrams are obtained. Verification
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functionality of a newly designed cooling system prior to its plant implementation is
essential. The design obtained by using the numerical model must be verified and fine-
tuned by further full-scale cooling tests. Pieces of tube, rail, wire or plate of real dimensions
with implemented thermocouples are tested in the designed cooling section. The length of a
laboratory test bench shown in Fig. 8 and Fig. 9 is limited, hence the sample must be
accelerated prior entering the cooling section, to a velocity normally used in a plant, and
after pass through cooling section, the direction of movement is reversed. In this way, the
sample moves several times under the cooling sections. This cooling process is controlled by
computer to simulate running under the long cooling section used normally in the plant.
Nozzles, pressures, and header configurations are tested. The design of the cooling and the
pressures used are modified until the demanded temperature regime and final structure is
obtained. The full-scale material samples are then cut for the tests of material properties and
structure.

When heat treatment is performed on larger product such as rail, mainly its head, it is not
possible to achieve same cooling rate at surface and in the center of rail head. The cooling
rate near surface are much faster and even more reheating can appear and can cause very
different material properties (see Fig. 15). As the rail head passed under the spray the
surface temperature dropped fast and was followed by reheating due to the heat stored
inside the head. The reheating caused lower hardness near the surface as shown in Fig. 14.
The center of the head is harder because no reheating occurred in the bigger depth. To avoid
this problem the cooling section should be modified. One solution is to use more row of
nozzles with smaller row pitch and also nozzles with lower HTC. This can be achieved by
smaller pressure or smaller nozzles. Also replacement of flat-jet nozzle by full-cone nozzles
can be considered. The Leidenfrost temperature should be also considered. We should be
above Leidenfrost temperature or below but definitely not near to avoid big different
cooling rates for small changes in surface temperature.

: 450 |
...................... L3 ‘ I F——— 400 L BT .

350 Gt 7‘———- -
..--I"
—300 -

200
150
100
50
0

0 100 200 300 0 10 20 30
Time [s] Depth [mm]

N
¥
(=

Temperature [°C]

Hardness HV 0.3

Figure 15. Measured temperature histories in a rail head in two depths and measured micro-hardness
in rail head after heat treatment.
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5. Concluding remarks

The design of cooling sections used for in-line heat treatment for hot rolling plants is very
extensive work. It utilizes laboratory measurement, numerical modeling, inverse
computations, and also pilot mill tests. The first step is the search of the best cooling regime
for steels for which this is not yet known. The second step is to obtain a selection of technical
means in order to guarantee obtaining the prescribed cooling rates. Nozzle configurations
and cooling parameters are selected and controllability of the cooling section is checked. The
final step of the design is a laboratory test using a full size sample simulating plant cooling.

Design based on laboratory measurement therefore minimizes the amount of expensive
experimentation performed directly on the plant. Elimination of potential errors and
enabling adjustment of control models in the plant is possible after the cooling process is
tested in laboratory conditions.
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3.2 EFEKT NEHOMOGENNIHO CHLAZENI NA VYSLEDNOU MIKROSTRUKTURU OCELI

Inverzni Uloha vedeni tepla byla pouZita pfi zkoumani homogennosti chlazeni pfi kontinualnim
tepelném zpracovani oceli [29]. Pfi laboratornim méreni bylo zjisténo, Ze nevhodné navrieny
chladici kolektor muZe zplsobovat vyrazné odlisné chlazeni po Sife produktu. Pomoci
experimentalné ziskanych dat s vyuzitim inverzni Ulohy vedeni tepla bylo na zakladé numerické
simulace zjiSténo, Ze vysledny produkt mlize mit po Sifce zcela odlisSnou vyslednou mikrostrukturu.
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NONHOMOGENEOUS COOLING EFFECT ON
METALLURGICAL STRUCTURE OF MATERIAL

ONDROUSKOVA Jana, POHANKA Michal

The article describes the experiment with nonhomogeneous cooling of
flat steel product. The measured data are processed and boundary
conditions such as heat transfer coefficient, heat flux, and surface
temperature are computed using inverse method. The data from the
experiments are used for the simulations of the cooling in real plant.
The simulation describes intensive cooling under the nozzles and less
intensive cooling between nozzles. Different cooling rates lead to
different metallurgical structures of the final product.

Keywords: Heat transfer, nonhomogeneous, cooling, metallurgical structure.

Introduction

For the optimal cooling of the material it is important to keep a basic condition which is
homogenous cooling breadthwise. The nonhomogeneous cooling can bring some deformation of
the material or heterogeneous metallurgical structure of the material. The deformation of the
material “only” complicates manufacturing process but the heterogeneous metallurgical
structure is hidden problem which can leads to cracks and to the dangerous damage of a
component made from this material.

This paper describes example of experiment with the nonhomogeneous cooling rather
nonhomogeneous cooling of flat steel product. From the measured data are computed boundary
conditions by inverse method. The boundary conditions are surface temperature, heat flux and
heat transfer coefficient. The measured data are used for the simulation of the cooling with two
different intension of cooling.

2. Experiment

We did the experiments with the test plate with thickness of 25 mm. It was cooling of bottom
side by fifty solid jet nozzles with diameter of 5 mm. They were arranged in diagonal rows and
their distance from the surface of the plate was 50 mm. The flow rate of the water was 3 1/s and
the speed of the plate was 1 m/s. The starting temperature of test plate was 900°C. In the first
experiment sensors with thermocouples were in positions of the nozzles axes. Then we
measured experiments with the same configuration as the first one, only sensors with
thermocouples were in position between the nozzles. You can see the cooling effect of solid jet
nozzles in Fig. 1.

The experimental procedure starts with heating of the steel plate with embedded thermocouples.
When the plate is heated the spray is started. When the cooling conditions are adjusted the
data-logger starts to record temperatures in sensors and the plate mounted on trolley is passing
under the cooling header repeatedly. When the plated is cooled down the recorded data are
transferred to computer and processed to evaluation.
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Fig. 1: The cooling of the plate.

In Fig. 2 you can see detail of the sensor with the thermocouple. Thermocouple is fixed in the
sensor which is fixed in the plate. Five sensors were embedded in the template in one row.

Insulatlon

Thermocouple wires

5~ Gap
Main body

Fig. 2: Detall of the sensor with thermocouple.

3. Calculating of boundary conditions

After measurement the inverse heat conduction problem was used to compute time dependent
boundary conditions: heat transfer coefficient and surface temperature. Beck’s sequential
approach is used for it [1]. This method uses sequential estimation of the time varying boundary
conditions and future time steps. First the sum of squares error is computed using f future time
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steps when the measured temperatures T; are compared with the computed temperatures T; at

the current time m:

SSE =y™/

i=m+1

(T = T)?

(

Temperatures T; are computed from forward solver e.g. FDM, FEM, FVM. Then surface heat
flux g in time m is calculate by minimizing equation (1) using the linear minimization theory

where T;|,m— are the temperatures in the thermocouple, which have been embedded in
the sensor, and computed from the forward solver using all previously computed heat
fluxes without g™. {; is the sensitivity of the sensor with thermocouple at time index i
to the heat flux pulse at time m. These sensitivity coefficients physically indicate
increase of temperature in the thermocouple per unit of heat flux at the surface.
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The heat transfer coefficient can be computed when surface temperatures Tg" and surface heat

fluxes g™ are known:

TZ' is ambient temperature.

4. Results
From the measurement we obtained data with temperature in the sensors depending on
the time. We used these data as input for inverse heat conduction problem and we calculated
surface temperatures, heat fluxes and heat transfer coefficients.
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Fig. 3: Measured temperature depending on the time.
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Figure 3 shows surface temperature depending on the time for two experiments. Each
experiment was measured with five sensors fixed in the plate. First set of sensors measured
temperature under the axis of the nozzles and second set of sensors was between two nozzles
during measuring. We can see that under the axis of the nozzles there was more intensive

cooling than between nozzles.
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Fig. 5: HTC for cooling with sensors between two nozzles.

Fig. 4 and Fig. 5 show computed heat transfer coefficient depending on the surface temperature
and position. We used these calculated heat transfer coefficients as boundary conditions for the
simulating of cooling. There are nineteen collectors with distance of 4 m. Thickness of the test
plate is 10 mm and initial temperature is 950 °C. The coolant is water and its temperature is
20 °C.
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Fig. 6: Simulation of cooling in the CCT diagram.
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Fig. 7: Continuous Cooling Transformation diagram [1][3].

Figure 8 shows temperature profile in time of 30 s. In the axis Height the null is in the centre of
the test plate and 5 means cooled surface. In the axis Surface 15 means position under the
nozzle and 0 is centre between two nozzles (i.e. distance between two axes of nozzles is
30 mm).

80



ONDROUSKOVA Jana, POHANKA Michal

671.956 4

640
620
600 =
580 —
560 -

Fig. 8: Temperature profile in the test plate.

Conclusion

Experiments and simulation showed that there is nonhomogeneous cooling breadthwise. It
affects the metallurgical structure and the hardness of the test plate. The area of the test plate
under the axis of the nozzles has hardness about 916 HV and the area between two nozzles has
hardness about 475 HV. The metallurgical structure under the axis of the nozzle is pearlite —
bainite and between two nozzles it is pearlite structure.
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3.3 PRECHLAZENI V MISTE PREKRYVU VODNICH PAPRSKU BEHEM HYDRAULICKEHO
ODSTRANOVANI okuJl

Pfi kontinudlnim hydraulickém odstrafiovani okuji za tepla je obvykle pouzivana fada
vysokotlakych trysek s velmi plochym paprskem. Aby bylo dosazeno odstranéni okuji po celé Sifce
produktu, vodni paprsky ze sousedicich trysek se navzajem prekryvaji. Nasledujici ¢ldnek pojedndva
0 vyrazné intenzivnéjSim nezddoucim chlazeni v misté prekryvu [30]. Spoluautorka c¢lanku je
doktorandkou, kterd se pod vedenim autora této habilitaCni prace zaméfuje na optimalizaci
hydraulického odstranovani okuji. Na zakladé méreni byla autorem habilitacni prace navrzena nova
konfigurace, kterd vyrazné snizuje efekt pfechlazeni v misté prekryvu. V ¢lanku jsou prezentovany
vysledky ziskané pomoci inverzni Ulohy vedeni tepla a ziskané vysledky jsou verifikovany pomoci
fadkového infracerveného skeneru, pomoci kterého byly méreny povrchové teploty experimentalni
desky za odkujovaci sekci.
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The production and processing of high-quality grades of steel are connected with the oxidation at high temperatures. Unwanted
scales are formed on the steel surface, which is usually heated to over 900 °C. These scales are often removed by hydraulic
descaling during the production. In most cases where long, flat products are produced, one row of descaling nozzles is used. As
these flat jet nozzles are arranged in a row, the water spray from one nozzle interferes with the spray from the neighboring
nozeles. This zone is called an overlap area and often even more scales remain here after the descaling process. An increased
amount of the scales left behind results in a lower quality of a final product. A typical configuration with an inclination and twist
angle of 15° was studied. Heat-transfer coefficients (HTC) and surface temperatures were measured in the overlap area and
compared with the values obtained from undisturbed areas. It was found that the overlap area is grossly overcooled. The results
were compared with a new configuration, where the twist angle was changed to 0°, and it was found that the overcooling was
significantly reduced. The temperature measurement showed that an increased thickness of the scales in the overlap area can
also be caused by surface overcooling because the scales change the material properties with the temperature, and they are
therefore more difficult to remove. The new configuration with the twist angle of 0° seems promising for improving the quality
of hydraulic descaling.

Keywords: scales, steel, water, hydraulic descaling, overlapping, temperature, heat-transfer coefficient, surface

Proizvodnja in predelava visoko kvalitetnih jekel je povezana z oksidacijo pri visokih temperaturah. NezaZeljene Skaje nastajajo
na povriini jekla, ki se ga obi¢ajno segreva nad 900 °C. Te fkaje se med proizvodnjo pogosto odstranjujejo s hidravli¢nim
razikajanjem. V vedini primerov, ko se proizvaja dolge, ploi¢ate proizvode, se uporablja ena vrsta razikajevalnih Sob. Ker so
Sobe s plodCatim curkom razporejene v vrsti, vodni curek iz ene Sobe vpliva na vodni curek sosednjih Sob. To podrodje se
imenuje podrodje prekrivanja in pogosto na tem podrodju ostane ved ikaje po odikajanju. Povefan dele? preostale Skaje pa
povzrofa slabfo kvaliteto konénega proizvoda. Analizirana je bila znadilna postavitev z naklonom in kotom zasuka 15°. Na
podrogju prekrivanja je bil izmerjen koeficient prenosa toplote (HTC) in temperatura povriine ter primerjava s podatki iz
neprizadetih podroéij. Ugotovljeno je, da so podrodja prekrivanja mocno podhlajena. Rezultati so bili primerjani z novo konfi-
guracijo, kjer je bil kot zasuka 0° in ugotovljeno je, da se je podhladitev mo¢no zmanjala. Meritve temperature so pokazale, da
je povecana debelina Skaje v podrodju prekrivanja lahko tudi posledica podhladitve povriine, ker $kaja s temperaturo spreminja
lastnosti materiala in se jo zato tudi teZje odstrani. Zdi se, da bo nova postavitev, s kotom zasuka 0°, omogodéila izbolj3anje
kvalitete hidravliénega razSkajanja.

Kljuéne besede: 3kaja, jeklo, voda, hidravlika, razikajanje, prekrivanje, temperatura, koeficient prenosa toplote, povriina
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1 INTRODUCTION

Hydraulic descaling (also called high-pressure water
descaling) is a very common and effective way to
remove unwanted scales on steel products before the
hot-rolling process. However, this process is coupled
with intense cooling."” The intense cooling can also
influence the final microstructure.* J. W. Choi* studied
the correlation of the heat-transfer coefficient (HTC)
with the impact pressure within a pressure range of
0.48-0.8 MPa and found the following relationship:

h=(44.265xIP+73670)x10" (D

where / is the convective HTC (Wm K-!) and IP is the
impact pressure (MPa).

Published heat-transfer simulations assume a con-
stant HTC across the width of a sprayed product.”*® How-
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ever, high-pressure flat-jet descaling nozzles are
arranged in one or more rows because the product to be
descaled is usually wider than the spray width of a single
nozzle, and a more intense cooling occurs in the arcas
where the surface is sprayed with the water from more
than one nozzle.”® This area is called the overlap arca as
water streams from two adjacent nozzles, overlapping in
the direction parallel to the product movement. The over-
lap area is often problematic and it is the first place
where more remaining scale can be found after descal-
ing. This area is also overcooled. This paper focuses on
overcooling in the overlap area for a typical descaling-
nozzle configuration and compares the results with a new
configuration. Measured surface-temperature inhomo-
geneities are presented as well as convective HTCs in
both the undisturbed and overlap areas.
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Figure 1: Experimental stand used for experiments
Slika 1: Stojalo uporabljeno pri preizkusih

2 MEASUREMENTS

The main purpose of the experiments was to simulate
real descaling conditions with more than one spray
nozzle and to obtain boundary conditions for numerical
simulations.

The experiments were carried out on the experi-
mental stand® shown in Figure 1. An austenitic test plate
of (320 x 300 x 25) mm was attached to a moving
carriage and heated with an electric heater to over 900 °C.
The feed-water pressure was adjusted and the heated test
plate moved under the spray nozzles. The velocity of the
movement was 0.5 m/s. The temperature history inside
the test plate, the surface temperatures, and the infor-
mation about the carriage position were recorded during
the motion. The surface temperatures were measured
using a Raytek RAYTMPS0IM line infrared scanner lo-
cated 350 mm behind the spray nozzles. The tempe-
ratures inside the test plate were measured with shielded
ungrounded type-K thermocouples. The outer diameter
of the shield was 0.52 mm. They were placed in the
holes drilled parallel with the surface. The distance of
the measurement points from the cooled surface was
0.6 mm. Three thermocouples were installed in the test
plate as shown in Figure 2. The thermocouple pitch was
25 mm and the middle one was in the overlap area.

Water from
nozzles

Test plate
25 mm

/
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Figure 2: Thermocouple positions for HTC measurements
Slika 2: PoloZaji termoelementov pri HTC meritvah
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The measured temperature history from each thermo-
couple is an input to the inverse computation.'” Com-
puted results are the time-dependent HTC and the
surface temperature of the cooled side of a test plate. The
computed HTC is matched with the position information.

Two high-pressure descaling nozzles at a spray angle
of 45° were used during the measurements. The water-
flow rate for each nozzle was 58 L/min at 40 MPa. The
spray height was 55 mm and the nozzle pitch was
43 mm. Two configurations were tested. The first one
was with a 15° twist angle (Figure 3) and the second one
was with a 0° twist angle (Figure 4).

3 RESULTS

It was found that the overlap arca is extremely over-
cooled compared to the region cooled by only one spray
nozzle. The computed maximum HTC rose from
21 kWm= K to 37 kWm™? K-! in the overlap area for
the 15° twist angle (Figure 5). The removed heat is even
higher, by 99 %, at the T2 thermocouple position com-

Figure 3: Visualization of the nozzle configuration with the 157 twist
angle. The spray width of each nozzle is 47 mm and the overlap is
4 mm. The arrow indicates the plate movement direction.

Slika 3: Prikaz postavitve $ob s kotom zasuka 15°. Sirina curka je 47
mm pri eni $obi in prekrivanje je 4 mm. Pus¢ica kaZe smer gibanja
plodZe.
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Figure 4: Visualization of the nozzle configuration with the 0° twist
angle. The spray width of each nozzle is 49 mm and the overlap is
6 mm. The arrow indicates the plate movement direction.

Slika 4: Prikaz postavitve $ob s kotom zasuka 0°. Sirina curka je 49
mm pri eni Sobi in prekrivanje je 6 mm. Puicica kaZe smer gibanja
plosce.

pared to thermocouple positions T1 and T3. It is also
clear that the HTC for T1 is not aligned with the HTC
for T3. This is because T1 and T2 are not exactly under
the spray nozzles (Figure 2) and a non-zero twist angle
is used. T1 first passes through the spray on the left,
from the left spray nozzle (see the 3D view on Figure 3)
and T3 later passes on the right, through the spray from
the right nozzle. The HTC peak is much wider for T2.
This is because it passes through two sprays from both
nozzles in the overlap area. We should see two peaks in
the HTC curve but, due to the limitation of the sequential
inverse method for computing the HTC from the tempe-
ratures measured inside the test plate, the HTC curve is
smoothed and these two peaks merge into one peak.
The computed HTC curves for the 0° twist angle are
shown in Figure 6. The curves for T1 and T3 are almost
equal to the curves for T1 and T3 from the experiment
with the 15° twist angle. The only difference is that they
are not shifted because of the 0° twist angle. The HTC
curve for T2 is also aligned with the HTC curves for T1
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Figure 5: Measured HTC distribution for the 15° twist angle
Slika 5: Izmerjena razporeditev HTC pri kotu zasuka 15°
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Figure 6: Measured HTC distribution for the 0° twist angle
Slika 6: Izmerjena razporeditev HTC pri kotu zasuka 0°

and T3 but it is higher by 52 %. The removed heat is
higher by only 34 % for the T2 thermocouple position,
compared to thermocouple positions T1 and T3.

Surface-temperature measurements for both configu-
rations are compared in Figure 7. It is clear that the
temperature drop for both configurations is almost the
same at the T1 and T3 thermocouple positions. The tem-
perature drop is approximately 40°C. The major diffe-
rence is found in the overlap area where the temperature
dropped by 79 °C for the 15° twist angle and by only
55 °C for the 0° twist angle. The measured temperature
profile is slightly smoothed by the relatively large
measuring point because the minimum diameter of the
area measured with the line infrared scanner is about
10 mm.

4 CONCLUSION

Two descaling configurations were measured: a typi-
cal configuration with a 15° twist angle and one with a
0° twist angle. Heat-transfer coefficients for both undis-
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Figure 7: Measured surface temperature across the test plate, 350 mm
behind descaling nozzles

Slika 7: [zmerjena temperatura povrine preko ploscée, 350 mm za raz-
§kajevalno Sobo
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3.4 EFEKT RYCHLOSTI POHYBU POVRCHU A IMPAKTNIHO TLAKU NA CHLAZENI PRI ODKUJENI

Pfi kontinudlnim hydraulickém odstranovani okuji dochazi k nezadoucimu intenzivnimu chlazeni
produktu. V rdmci evropského projektu "High performance hot rolling process through steel grade-
dependent influencing of the scale formation and flexible descaling control" sponzorovaného z
"Research Programme of the Research Fund for Coal and Steel" byl provdadén vyzkum intenzity
chlazeni pfi hydraulickém odkujovani v zavislosti na rychlosti pohybu provalku a na impaktnim tlaku.
Autor habilitacni prace koordinoval tu ¢ast projektu, kterd byla feSena na VUT v Brné a je autorem
nasledujici ¢asti findlni zpravy popisujici vysledky z tohoto vyzkumu. Zprdva bude po obhdjeni
projektu k dispozici Siroké verejnosti.
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The dependence of heat transfer coefficient on impact pressure distribution

Over 40 measurements of heat transfer coefficient were already carried out in the laboratory.
Nozzle configurations were selected correspondingly with the impact pressure distribution
measurements. Speed of descaling was added as a new parameter. The speed varied from
0.1 m/s up to 2 m/s. Speeds at 0.1 m/s and 0.3 m/s served only for the research purposes
since this speed is considered inefficient for manufacturing purposes. Cooling at this speeds
is very intensive (see Fig. 14). The main peak of the HTC curve is followed by a slow descent
and corresponds to an intensive evaporation of the water in area behind the spray. This
phenomenon was described in connection with the impact pressure measurements in last
year report.
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Fig. 14 The HTC curve as a position dependent value. Nozzle spray spot is situated at
position 0 mm.

A selected nozzle with spray angle 45° and 41 I/ min water flow at 20 MPa was used for the
following experiments. The height was set to 93 mm and the inclination angle was 15°. Twist
angle was 0°. This configuration was fixed and only speed of the specimen was varied. The
results are in Fig. 15. As it was said, the speed of 0.1 m/s represents extreme case with very
intensive cooling. The measurements showed that the HTC curve can be described as a
single peak value function that is almost symmetrical for speeds from 0.5 m/s up to 2 m/s. As
the speed of the specimen rises, less values are collected in the experiment due to the fixed
sampling rate and the cooling of the specimen takes place in a shorter time. This causes
blurring of the information of the HTC value in position. This problem was compensated by
taking an average value of the HTC in certain section. An average value of HTC was
computed for areas “under the nozzle" and “outside the nozzle”. The procedure is described
in the Appendix of this report.
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HTC [W/m2.k]
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Fig. 15 The HTC curve as a position dependent value. Nozzle spray spot corrected for all
experiments and is situated at position 3512 mm.
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Fig. 16 The average HTC in section “under the nozzle” with respect to speed of the
specimen.

An average value of HTC in section “under the nozzle” descends with the increasing speed
of the specimen (see Fig. 16). The descend is rapid for the speeds up to 0.5 m/s. The value
descends by 15% when the speed is changed from 0.5 m/s to 1 m/s and by 5% for change
from 1 m/s to 2 m/s. The change is therefore gradual for speeds from 1 m/s up to 2 m/s.
Similar change was observed for 4 different types of nozzles, regardless of their spray angle

or water flow.

The average value of HTC in the section “outside the nozzle” remains approximately the

same for all measured experiments (see Fig. 17).
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Fig. 17 The average HTC value in section “outside the nozzle” for all experiments with
respect to the average impact of the corresponding nozzle.

The Fig. 18 shows the average value of HTC in the section “under the nozzle” for speed 2
m/s and its dependency on the average impact. The values are sorted by colors that
represents the uniformity of the measured impact pressure distribution by the coefficient of
variation. The higher the coefficient of variation is the less trustworthy is the result of the

average impact. Results with the coefficient of variation above 3% are displayed but very

unreliable since the HTC value is measured only for one perpendicular cut of the distribution.
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Fig. 18 The average HTC value in section “under the nozzle” for all experiments at 2 m/s
with respect to the average impact of the corresponding nozzle.

The disadvantage of high coefficient of variation can be compensated by defining more
robust variable such as total force of the spray. Spray force accounts width and depth of the
spray and provides better comparison among all measurements. The spray force is divided
by the width of the spray thus the nozzle spray angle and height of the nozzle are considered
in the new variable. Due to the robustness of this variable, correlation of the experiment
outcomes is improved. The unit of the variable is in N/'mm (MPa), the same as the average

impact.
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Fig. 19 The average HTC value in section “outside the nozzle” for all experiments at 2 m/s
with respect to the average impact of the corresponding nozzle.

The results show that the dependence can be considered linear form 0.5 up to 2.5 N/mm and
constant from 2.5 to 6 N/mm. The first section can be modeled with regression equation

Heat transfer coefficient [W/m?K] = 1215 * force/spray width [N/mm] + 2569.

Coefficient of determination of this regression is 0.77. The second section has average
constant value of 5374 [W/m?K].

3.5 VLIV TEPLOTY VODY NA INTENZITU CHLAZENI PRI HYDRAULICKEM ODSTRANOVANI
OKUJI

V ramci spole¢ného vyzkumného projektu s firmou POSCO byl zkoumdn vliv teploty vody na
intenzitu chlazeni pti hydraulickém odstranovani okuji a ziskané vysledky byly publikovany v
OpenAccess Casopisu [31]. Ukazalo se, Ze pokud je zvySena teplota vody z béznych 20 °C na 50 °C,
dojde k poklesu intenzity chlazeni o vice nez 13%. Detailni informace jsou obsaZeny v ndsledujicim
¢lanku, ktery vznikl na zdkladé spoluprace s korejskym partnerem koordinované autorem této
habilitacni prace. Ziskané poznatky velmi dobfe korelovali s provoznimi zkusenostmi na valcovaci
trati v korejské firmé POSCO.
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THE EFFECT OF WATER TEMPERATURE ON COOLING
DURING HIGH PRESSURE WATER DESCALING

Michal POHANKA“', Helena VOTAVOVA “, Miroslav RAUDENSKY °,
Jong Yeon HWANG®, Jong Woo YOU®, Sang Hyeon LEE"
“ Heat Transfer and Fluid Flow Laboratory, Faculty of Mechanical Engineering,
Brno University of Technology, Brno, Czech Republic
" Email: Michal . Pohanka@vut.cz
 POSCO Gwangyang Work, Gwangyang-si, Jeonnam, Korea

Production of hot rolled steel plates is connected with high temperatures at
which steel reacts with oxygen in the atmosphere and oxide layers (scales)
are formed on the surface. Scales affect the surface quality of the product
and must be eliminated before the product enters any further rolling
operations. The scales are usually removed by high pressure flat jet water
nozzles in a process called hydraulic descaling. One side effect of this form
of descaling is intense cooling of the product, which runs counter to the
purpose of descaling. One way to decrease this effect is to use water at
higher temperatures. Laboratory experiments were performed in order to
determine the degree of influence of water temperature on the intensity of
cooling. Temperature measurements were used as an input for inverse
algorithm calculations and heat transfer coefficient determinations. The
variables were computed as a function of time and position. The results were
compared and significant decrease in the cooling intensity was observed.
The findings are discussed in detail.

Key words: nozzle, high pressure, descaling, water temperature, cooling,
heat transfer coefficient

1. Introduction

Steel production in continuous rolling mills is a major method of steel production. Usually,
the semi-finished casting product (slab, bloom or ingot) is heated to a high temperature and fed into
the rolling mill. Due to the high temperature and surrounding atmosphere, oxides are formed on the
surface of the product and are generally called scales. These scales are mainly wiirstite (FeO), hematite
(Fe;0;3) and magnetite (FeO . Fe,0;). Scales form a thin layer on the surface of the product and
significantly affect the quality of the rolled material [1]. To properly fabricate the hot rolled product all
of the scales must be eliminated from the surface before the product enters rolling operations [2].

One of the most promising and widely used technologies for scale removal is a descaling box,
which 1s basically a row of flat jet high pressure nozzles [3]. The nozzles are arranged on spray
headers. The descaler usually uses a working pressure between 8 to 45 MPa. The nozzles are usually
designed so that the descaling operation 1s optimal from a descaling point of view. One important side
effect of this design is that it causes intense cooling of the product. A heat flux of over 20 MWm ™~ can
be created very casily [4]. Optimal conditions for hot rolled steel exist when the product maintains a
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stable, homogeneous temperature along the steel strip. The temperature shock caused by the water
from the nozzles is in most cases undesirable and must be effectively suppressed.

In recent years, developments and new trends in high pressure water descaling have focused
on the reduction of the nozzle sizes and has allowed for the distance between the nozzles and the
heated product to be lowered. High pressure flat jet nozzles can reach a spray depth from 1.5 to 3 mm
at a nozzle standoff below 100 mm, which leads to a concentration of energy in a smaller area and
results in higher descaling efficiency [5]. This improves the effectiveness of the descaler and more
attention can be paid to the reduction of the cooling of the product.

Industry and research teams usually identify several parameters that can affect descaling
performance, including several angles and nozzle distances [6] or nanoparticles presented in water [7].
Even the structure of the oxidized surface plays important role in the process [9]. Yet every study
assumes the temperature of sprayed water as a fixed variable. Our study examines this aspect for a
given descaling nozzle with a widely used configuration that is believed to be close to an optimal
setting. Nine measurements were taken for water temperatures between 20 °C and 50 °C.

45° 15°
55 mm
T T I
direction
of rolling
3
‘ i direction
of rolling

Fig. 1. Tested configuration

2. Experiments

The configuration of nozzle is illustrated in fig. 1. Nozzle is producing 58 1/min at 40 MPa and has a 45°
spray angle. Tested configuration was as follows:

e 55 mm spray height,

e 40 MPa water pressure,

e 15° offset angle,

¢ 15°inclination angle.

The nozzle has a theoretical footprint approximately 47 mm long.



The experiments were performed on a laboratory experiment stand that is used for tests with
moving samples. The stand is illustrated in fig. 2. The sample was a stainless steel (1.4828) plate
which was 25 mm thick. A thermocouple was installed inside the plate 0.6 mm under the surface and
the thermocouple wire was placed parallel to the descaled surface. The details of the built-in
thermocouple are described in [10]. The tested sample was installed on a moving carriage and
insulated from the uncooled side. The tested sample was heated in an electric heater for a given time
to 950 °C in a non-oxidizing (nitrogen) atmosphere. When the temperature in the specimen reached
the desired value, the data logger began to record the temperature from the thermocouple and the
corresponding position of the carriage. The hot sample was placed into the upper position and then
moved along the support frame under the spray nozzles at 0.5 m/s. Built-in thermocouple passed
directly under the spraying nozzle. Data from the experiment was collected from the data logger after
the experiment was complete.

Spraying nozzles

Tested sample

Supporting frame

Motor with

Moving carriage

Electric heater

Fig. 2. Experimental stand used for tests with moving samples

There were 9 experiments in total. The plan of the experiments is summarized in the Tab. 1.
The water temperature was set from 20 °C up to 50 °C with equidistant step of 10 °C. Measurement
was repeated three times for the lowest water temperature and two times for elevated temperature
levels.

Tab. 1. Experiment plan

Experiment El E2 E3 E4 ES E6 E7 E8 E9

Water temperature [°C] 20 20 20 30 30 40 40 50 50

3. Evaluation of boundary conditions

The main step in the evaluation of the measured data is the inverse heat conduction task. The
temperature distribution inside the tested specimen follows the heat diffusion equation (1) (parabolic
partial differential equation) together with the initial condition (2), the boundary condition at the free
surface (3) and boundary condition at the insulated built-in surfaces (4) [11].
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where T is the temperature of the specimen as a function of space coordinates X, y, z and time t, k is
for the thermal conductivity of the specimen, ¢ is for the thermal capacity of the specimen and p is for
the density of the specimen. Set £ is the domain where the problem is set and 0L is its boundary
(surface of the specimen), which is divided into 30y, where the convective heat flux occurs, and 9(Q,,
where the insulation around the specimen is placed. Vector n is the unit normal vector at the
boundary 8. Function f(x.,y,z) defines the initial state at initial time t;. Temperature Te defines the
temperature of the sprayed water.

The heat equation can be solved analytically only for a very limited range of initial and
boundary conditions. Nevertheless, the solution can be approached numerically with sufficient
precision [12]. Inverse problems represent a task of an order of magnitude harder than directly solving
the equation. The objective is to compute the boundary condition (3) from a given set of
measurements of thermocouples inside the domain, more specifically by computing the heat transfer
coefficient as a position and time dependent variable. As a byproduct of the computation, surface

temperatures and transferred heat are computed.
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Fig. 3. Typical outcome of the experiment: measured temperature by the thermocouple,
computed temperature at the surface and corresponding heat transfer coefficient.



The inverse heat conduction task is a mathematically ill-posed problem and can sometimes be
very sensitive to errors in input data. The values of heat transfer coefficient on the surface above the
thermocouple are computed iteratively with respect to time. The sequential identification inverse
method is used to stabilize the computation, which is described in detail in [13] and which is based on
sequential estimates of the time varying boundary condition and usage of future time steps. The
algorithm uses forward solver of the heat transfer problem and computes the response temperature at
the thermocouple position for linearly changing heat transfer coefficient in several time steps. To
determine the boundary condition and heat transfer coefficient for given position, the measured
temperatures from the thermocouple are compared with computed temperatures from the model. The
slope of linearly changing heat transfer coefficient is changed until the mean square error of the
temperatures in the computed section of the time steps is minimized. When the optimal slope of heat
transfer coefficient is found the forward solver is used to compute temperature field in the next time step
using the computed boundary conditions. A typical outcome of the experiment is shown in fig. 3.

Due to the limited speed of propagation of the information of the cooling impulse in the
specimen, the temperature change is measured at the thermocouple with some delay (see fig. 3). This
causes blurring of the information of the surface temperature and also blurring of the heat transfer
coefficient with respect to the time scale. This in practice means that the peak of the heat transfer
coefficient as a function of time tends to be underestimated and the lap of intensive cooling impulse
tends to be overestimated. The algorithm compensates for this blurring by the second peak in the
outgoing area. [t is important to note that this second peak has no physical meaning. Due to this bias
of outcomes it is not appropriate to compare the results coming from these experiments with
numerical simulations, however it is possible to compare the results among the experiments.

The numerical simulations can report an average heat transfer coefficient in range from
10 kWm K ' up to 110 kWm K ' [14]. The experimental work of rescarch teams can report values from
17.65 kWm K ' to 19.9 kWm *K "' [15], but also from 270 kWm K" to 430 kWm K" [16] for similar
rolling conditions and similar configurations. This illustrates the variability of the outcomes from different

research teams.

4. Results of the experiments and discussion

Corresponding heat transfer coefficients were computed for all configurations as a position
dependent variable where the position is in the direction of plate movement. The measured
temperatures are presented in fig. 4. Computed temperatures for position at the surface of the
specimen are shown in fig. 5. The profiles of the outcomes are compared in fig. 6 and in detail in fig.
7. The highest peak is located at value 0 (i.e. right in the middle of the direct impact of the water
stream). All the position dependent heat transfer coefficients show more or less the same dependency on
the position. The biggest difference was observed under the nozzle in the vicinity of the zero value. The
computed maximum of all the experiments reached values from 20 kWm *K ' up to 25 kWm °K .

For each profile the average value of heat transfer coefficient under direct impact and heat
transfer coefficient outside direct impact was computed. Average heat transfer coefficient under direct
impact is computed as an arithmetic average value of the curve of heat transfer coefficient from
position -50 mm to position 50 mm, average heat transfer coefficient outside the dircct impact is
computed as an average value of the curve of heat transfer coeflicient for the positions from -150 mm
to -50 mm.
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Fig. 4. Measured temperatures by the thermocouple
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The values of heat transfer coefficient under the direct impact and outside the direct impact
are for each experiment summarized in tab. 2. Linear regression was used for the data analysis and the
significance level of the statistical tests was set to 0.05. The corresponding p-value for the linear
cocfficient was computed to be 0.50. Because the p-value is greater than the significance level, it
suggests that the observed data is not linearly dependent and the water temperature had no significant

cffect on the cooling intensity in the arca before direct impact of the water jet on the surface.

Tab. 2. List of heat transfer coefficient tests and the average heat transfer coefficients measured
for various water temperatures

Water Average heat transfer Average heat transfer
Experiment temperature cocfficient under direct impact | coefficient outside direct impact
[°C] [Wm K] [Wm~K™"
El 20 6124 420
E2 20 6168 455
E3 20 6049 361
E4 30 5905 395
E5 30 6024 352
E6 40 5652 375
E7 40 5479 386
E8 50 5368 371
E9 50 5278 413
7
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On the other hand, the cooling intensity under the nozzle was significantly affected by the

water temperature. The regression equation was computed to be
h= =2723-T+ 6691 (5)

with heat transfer coefficient h set in [Wm “K '] and water temperature in [°C]. The coefficient of
determination was 0.93. The dependence is illustrated in fig. with the corresponding measured points
and with 95% confidence intervals and a 95% prediction interval. A 95% confidence interval shows
the range in which the estimated mean heat transfer coefficient for a given temperature is expected to
fall with 95% probability. A 95% prediction interval is the range in which the predicted heat transfer
coefficient for a new observation is expected to fall with 95% probability. The function shows that by
increasing the water temperature from 20 °C to 50 °C the average heat transfer coefficient under the
nozzle can be reduced by up to 13.3%.

Linear regression function
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Fig. 8. Graph of the regression function with confidence interval and prediction interval.

5. Conclusion

The experiments were designed in order to prove whether water temperature plays an
important role in the cooling intensity in hydraulic descaling. The water temperature varied from
20 °C to 50 °C. The position dependent heat transfer coefficient was represented by the average value
in an area of =50 mm around the nozzle. These average values were used for the linear regression
model. The dependency was significant and the estimated decrease was approximately 27.23 Wm “K™'
for a 1 °C increase in water temperature. The function shows that by increasing the water temperature
from 20 °C to 50 °C the average heat transfer coefficient under the nozzle can be reduced by up to
13.3%. The dependency of the average heat transfer coefficient outside the direct impact area was not
significant on the water temperature. This fact is supported by the fact that the dominant cooling
mechanism in this area is the evaporation of small water droplets. The heating of the water from the
set temperature to the boiling point occurs in the arca of direct impact rather than in the arca outside
the direct impact.
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Nomenclature

c Thermal capacity, [Jkg 'K ']

h Heat transfer coefficient, [Wm 'EK”']
k Thermal conductivity, [Wm 'K ']

n Unit normal, []

t Time, [s]

to Initial time, [s]

T Temperature, [°C]

T, Water temperature, [°C]

Greek symbols

p Density, [kgm ']

Q Domain, [mxmxm]

a0 Boundary of the domain (), [m»xm]

d(l;  Boundary of the domain (2, free surface [mxm]

00,  Boundary of the domain £, insulated surface [m>m]
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4 ZAVER

Inverzni ulohy jsou dulleZité pro ziskavani dat, které jsou nasledné pouZity pfi navrzich a
optimalizacich pramyslovych aplikacich, ¢i finalnich produktid. Tato prace je zamérena zejména na
inverzni Ulohy vedeni tepla, jejichz vysledky jsou aplikovany v hutnim prdmyslu pfi kontinudlnim
zpracovani oceli. Prace byla rozdélena na dvé hlavni ¢asti, pfiCemz prvni je zamérfena na rozvoj
inverznich metod vedeni tepla a v druhé ¢asti byly popsany aplikace inverznich metod vedeni tepla
pfi kontinualnim zpracovani oceli.

Jak bylo ukdzano, inverzni metody vedeni tepla spadaji do Spatné podminénych uloh. To je
zpUsobeno tim, Ze mald zména vstupnich hodnot zplsobi velkou zménu ve vypoctenych datech.
Pfevaina cast uvedenych inverznich uloh byla zamérena na vypocet okrajovych podminek pfi
nestacionarnich déjich. V téchto Ulohach dochazi k vyraznému utlumeni signdlu v misté teplotniho
¢idla, které je zabudované uvnitf télesa a snima zmény béhem méreni, od plsobiciho podmétu na
povrchu télesa. Také dochazi ke zpozdéni signdlu a rozmazani informace v Case. Pro feSeni téchto
uloh byly popsany dva hlavni pfistupy: sekvencni a celodoménovy. Bylo vysvétleno, pro¢ nezle v
mnoha aplikacich pouZit velmi rozsitenou sekvenéni Beckovu metodu z ddvodu rdznorodé
povrchové teploty zplsobené zabudovanim teplotniho cidla do zkoumaného télesa. Z tohoto
dlvodu byla vypracovana nova metoda Sekvencni identifikace, kterd je velmi univerzalni. Lze ji
pouzit jak pro vypocet soucinitel prestupu tepla, tak hustoty tepelného toku. Navic ji Ize pouZit i pro
nelinedrni modely, pod které spadaji i modely s teplotné zavislymi materidlovymi vlastnostmi.
Vypocty bylo zjisténo, Ze rychlost Sekvencni identifikace je pfiblizné Ctyfikrat nizsi nez rychlost
sekvencéni Beckovi metody, pficemZ pokud byla novd metoda pouzita na stejnou ulohu jako
Beckova, presnost obou metod byla srovnatelna. Nova metoda Sekvencni identifikace byla Uspésné
pouzita pro kalibraci vypoctovych modelll. Zafizeni a postup pouzité k této kalibraci byly
patentovany.

Pro dulohy, kde se velice rychle méni okrajové podminky, muize byt vhodné pouZit
celodoménovou metodu, protoZe dava presnéjsi vysledky, ale v pripadé Ze ma uloha na vstupu vétsi
teplotni zaznam, vypoctové Casy dosahuji extrémnich hodnot a stabilita vypoctu je taktéz zhorSena
diky zaokrouhlovacim chybam. Proto byla vyvinuta sub-doménova metoda, ktera spojuje vyhody
sekvencéni metody (rychlost) a celodoménové metody (presnost). Ukazalo se, Ze pfi vhodné velikosti
vypoctového okna sub-doménové metody muze byt rychlost vypoctu srovnatelna se sekvencni
metodou, pficemzZ presnost vypoctu je srovnatelnd s celodoménovou metodou. Nevyhodou této
metody zatim z(stava to, Ze je omezena na linedrni modely, a proto bude nutné tuto metodu dale
vyvijet, aby byla univerzalné pouzitelna.

Mezi dalsi nové inverzni metody, které byly v praci popsany, patfi inverzni metoda pro stanoveni
termofyzikalnich vlastnosti povrchové vrstvy na substratu (napriklad okuji) za zvySenych teplot.
Vypocty potvrdily, Ze tepelnd vodivost poréznich okuji je vyrazné nizsi nez vodivost sintrovanych
okuji. Pro urychleni naroc¢nych inverznich vypoctd byl navrZen novy algoritmus vyuZivajici principu
superpozice a ten byl Uspésné akcelerovan na vykonnych grafickych kartach. Tim doslo v nékterych
pfipadech az k desetindsobnému urychleni vypoctu.

Nové inverzni metody byly uspésné aplikovany v radé vyzkumnych projektech. Mezi né patfi
kontinudlni tepelné zpracovani, efekt nehomogenniho chlazeni na vyslednou mikrostrukturu oceli,
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nadmérné chlazeni v misté prekryvu vodnich paprsk(, vliv rychlosti pohybu chlazeného povrchu a
impaktniho tlaku od vodniho paprsku na intenzitu a ¢asovy pribéh chlazeni. Inverzni metody byly
taktéZ Uspésné pouzity pfi zkoumani vlivu teploty vody na intenzitu chlazeni pfi hydraulickém
odstranovani okuji.

Prestoze inverzni Ulohy vedeni tepla prosli velkym vyvojem, jsou zde stale problémy, které je
nutné do budoucna vyfesit. Velice slibnd je naptiklad nova sub-doménova metoda, kterou je oviem
nutné zobecnit aby byla pouzitelnd i na nelinearni modely a mohla byt pouzita tam, kde jsou
pouzivany teplotné =zdvislé materidlové vlastnosti. Nové navrzena metoda pro méfeni
termofyzikalnich vlastnosti okuji na oceli nedava vysledky s velkou pfesnosti a je extrémné citliva na
chybu ve vstupnich datech. Stdle je tedy co zlepSovat a nové ziskané poznatky oteviraji moznosti pro
dalsi vyzkum v této problematice.
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ABSTRACT

This work focuses mainly on the inverse tasks of heat conduction and their use in the
metallurgical industry such as applications for continuous heat treatment, roll cooling and
descaling. Numerical models for design and control in the metallurgical industry require a precise
description of the heat transfer on the surface of the cooled material. Comprehensive heat transfer
information is not yet available for cooling of hot surfaces by water sprays or laminar jets.
Therefore, the necessary boundary conditions must be obtained experimentally, which leads to
ill-posed inverse heat conduction problems. In the non-stationary direct heat conduction task used
in simulations and in on-line control, temperature distribution as a function of time is calculated
based on known boundary conditions, geometry, material properties, and known initial
temperature distributions. In the inverse task that we are dealing with, the time dependent
boundary conditions are calculated based on the measured temperature history at one or more
points within the body. There are also three other types of inverse tasks: determination of material
properties from measured temperature history, determination of body geometry and
determination of initial temperatures. To solve these problems, two main approaches are
described: sequential and whole-domain. This works deals with both of these approaches and
introduces new ones. New Sequential identification approach is described and it is shown that it is
more universal than widely used Sequential Beck's approach. Another new Sub-domain method for
linear models is also described. This new method uses benefits from both approaches: the speed
from sequential approach and accuracy from whole-domain approach. For determination of
thermophysical properties of scale layer on steel new approach is described. This method is based
on flash method and uses complex heat transfer and fluid flow model of measuring apparatus. The
speed-up approach using acceleration on GPU is described and results shows that the
computational time of heat conduction can be significantly shorten. The usage of new approaches is
presented in research projects.
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