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Plynulé odlévani oceli

* Pred rokem 1950
— Nehospodarnost
vyroby
— Neefektivnost

* Poroce 1950
— Zvyseni kvality
— Pres 95%




Plynulé odlévani oceli

* Produktem je tzv. predlitek (polotovar)
* Déleni podle profilu — Brama
— Sochor
* Déleni podle geometrie stroje — vertikalni
: ,.;. =@ — radialni

f ,
g { — horizontalni




Plynulé odlévani oceli
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Plynulé odlévani oceli

* Snaha
— Zvyseni kvality predlitku
— Eliminace vyrobnich vad
— Zvyseni produktivity a hospodarnosti
* Financ¢ni nakladnost experimentu
* Nové efektivni matematické metody

— Numerické modely teplotnich poli
— Optimalizacni modely

— Statistické vyvhodnocovani vyrobnich dat




Model teplotniho pole

* Fourier-Kirchoffova rovnice
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Model teplot

* Fazova preména
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* Pristup entalpie
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Model teplotniho pole
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Model teplotniho pole

Pokrocily model teplotniho pole podle realného ZPO
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Model teplotniho pole

'uCaster QD.
2D Continuous Casting Model
—— Time setup Steel — Input parameters
Final Time [s] | 4000 ' htc 1 [Aime2K] | 2500 hitc 4 [k | 1800 hto 7 [Wine2K] | 1000 hite 10 [Vim~24] £00 bt 13 2k 500
Time Steps | 4000 =olid temperature [*C) hic2[AUMY2K] | 2000 | hicSpAMM'2K] | 1400 | HcBQAMAZK] | SO0 | b1 pvmt2€] | 700
1457 53
» » hic & [AmA2K] | 2000 | ko6 [Gneak] | 12000 | hic O [Veimt2k] | 700 hitc 12 Wi 2i)] 00 Casting Speed [mimin] | 0.8
Initial Condition .@.
Enthalpy Mould 5eg0 Seql Seq2 Segd Segd Segs Segb Seq7 Seqs Segd  Seple Seqll
g a 5| o (10|
n L] & m 1)
|Surface and core temperature [v] 2
— Output
Surface and core temperatures
1600 T T T ] hetslurgical lenght [m] 11.3355
Final temperature: field
1400 15500e+003 1.5129e+003 1.5092e+003 1.5038e+003 [A
1.5000e+003 15477e+003 1.5455e+003 1.5431e+003
1200 1.5500e+003 1.54599e+003 1.5486e+003 1.5492e+003
1.5500e+003 1.5500e+003 1.5500e+003 1.249%e+003
1000 15500e+003 15500e+003 1.5500e+003 1.5500e+003
1.55000e+003 1.5500e+003 1.5500e+003 1.5500e+003
800 1.5500e+003 1.5500e+003 1.5500e+003 1.2500e+003
1.5500e+003 1.5500e+003 1.5500e+003 1.2500e+003
B0 1.5500e+003 15500e+003 1.5500e+003 1.8500e+003
1.55000e+003 1.5500e+003 1.5500e+003 1.5500e+003
a 1.5500e+003 1.5500e+003 1.5500e+003 1.2500e+003
B 1 11.5800e+003 1.5500e+003 1.5500e+003  1.54959e+003
1.5500e+003 154992+003 1.5496e+003 1.84892e+003
200 - - |1.5500e+003 15477e+003 1.5455e+003 1.5431e+003
1.5500e+003 1.5129e+003 1.5082e+003 1.203%9e+003 e
] | | |
i 10 15 20 < (2]
Calculate ‘ ‘ Reset Mumber of terations 2118
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Optimalizace procesu

e Zvyseni kvality predlitku
e Zvyseni produktivity procesu
* Problém optimalniho rizeni

56 7

* Vstupni parametry:
— Lici rychlost Vz
— Koeficient prestupu tepla  htc1 — htc13
* Vystupni parametry
— Teplotni pole (pole entalpii) Tijk Hi,jk
— Metalurgicka délka M




Optimalizacni metody

Optimalizace = hledani nejlepsich vysledkl pod vlivem urcitych okolnosti
Neexistuje jediny optimalizacni algoritmus, ktery by resil vSechny ulohy efektivné

Matematické programovani VS Heuristické metody

— Metody operacniho vyzkumu — Metody hledani ,,dobrych”
1909 reseni
— Hledani vazanych extrému funkci — Vypocetni naro¢nost exaktnich
vice proménnych metod
— Exaktni metoda — Casto zaloZeny na evoluéni
min{f(x);g(x) <0.h(x)=0,x € X} biologii (Genetic algorithm, Ant

‘ algorithm, Firefly algorithm)

fix}

Globalni optimum  Lokalni optimum




Optimalizacni metody

Ucelova funkce Z = min {klilfnj{\ {Thi — Thrpsr ) — ’Uz}
Omezeni Ux min S Y K Voo

htc,m < h’tf‘,???-a;l‘?.?n m = l oo 13
I = To Vi, j. k

H!., = Hg Vi, j. k

Tij.ﬁgmm E T:jk E Tfj,k.-nm;r pro 1*'}"}}1'211][:;. '?J k
My, < MY < M,
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Nelinearni nekonvexni model!




Optimalizacni metody

Testovano na zjednoduseném 2D modelu (10 x 30 bunék x 1000 ¢asovych
iteraci)

M - metalurgicka délka

Main

N\,

cca 00:30 —24:50 minut
Vypocet byl proveden na 64 bit PC 2,5GHz 8GB RAM <
cca 160 sec (15 x 200)

MAUDER, T.; NOVOTNY, J. TWO MATHEMATICAL APPROACHES FOR OPTIMAL
CONTROL OF THE CONTINUOUS SLAB CASTING PROCESS. In Mendel 2010 - 16th
International Conference on Soft Computing. Brno, Brno University of Technologys
2010. p. 395 - 400. ISBN 978-80-214-4120-0.
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Optimalizacni metody

Black-box pFistup

Tijk, M

Y

Vz, htci,...,htc13

Heuristicky algoritmus
(ucelova funkce + omezeni)

A

Tij,k, M

/’I Numericky model teplotniho pole

-7

Numericky model teplotniho pole

~>

Numericky model teplotniho pole

\l Numericky model teplotniho pole

Python

ATLAS




Optimalizacni metody

Firefly algorithm

lics chlost: 1 O F
hte — [LOOQO, 2S00, FOS, 412, 408, IS 7, F51, L 7. I1la, Z085, 1a. 149491, La3S, ]
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Mauder, T.; Sandera, C.; Stetina, J.; Seda, M. Optimization of Quality of _
Continuously Cast Steel Slabs by Using Firefly Algorithm, Conference on
Materials and Technology, Materiali in Tehnologije, Portoroz, Slovenia
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Smeér vyvoje prace

Vyvoj 3D modelu s respektem celé
geometrie ZPO

Inverzni ulohy

Re-mesh pro urychleni numerického
vypoctu

Porovnani rtiznych heuristik

Stochasticka optimalizace na 3D
modelu
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Smeér vyvoje pr

c D E F [ H 1 J K i M N o P R s T v v | w x Y z AR AR A
Interval  Odlita del Tavba Hiadina TI TIH TiD T2H T2D T3H T30 TaH TaD TSH TEH TED T™H 70 TEH T80 T9H TSD T10H T100 T1IH ™o
. . , 23:4842 388770 10529 120.1 15351321 1214 1364 1210 955 732 1012 873 98§ 955 836 974 %00 %84 831 1019 %05 1058 937 1035 658
23:49:02  388.9%0 10529 1204 15351327 1214 1362 1214 574 757 1017 864 990 955 876 966 8722 977 856 1014 678 1050 836 1036 BG4
Statistické e et | e i m m mm o m S = o o o e e o
23:49:32 389610 10529 118.1 15351325 1190 1365 1216 966 7Ll 1012 854 987 955 81 971 853 973 873 1011 864 1046 921 1036 869
, , 2349552 389610 10529 1192 15351327 1200 1359 1194 951 746 1012 872 995 9.1 870 971 87 9.1 826 1010 883 1047 901 1035  BA7
390.010 10529 119.4 1535 132.6 121.3 1357 175 95.2 68.9 1009 85.8 99.4 96.4 88.1 97.2 839 97.1 87.2 1010 889 104.9 93.1 103.3 84.2
vy O n O C Ova n I 390.220 10529 120.5 1535 134.0 1204 1358 15.7 96.0 T2 102.2 85.1 99.5 96.3 88.1 97.0 Ba6 96.4 817 1004 87.7 104.2 90.1 103.0 BAS
390450 10528 1205 15351340 1204 1358 1157 960 72 1022 891 995 93 881 970 846 %64 827 1004 877 1042 901 1030  BAS
390.660 10529 120.3 15351324 1186 1364 143 854 715 1025 884 1008 978 883 974 833 975 881 1007 691 1047 909 1026 B33
390.870 10529 119.9 1535 130.5 119.6 136.7 1225 95.3 713 103.2 85.7 101.8 98.6 88.5 98.4 82.6 8.4 83.4 1016 89.8 105.0 9.7 102.9 B4.6
a t 391.310 10529 119.9 1535 130.7 120.3 136.0 123.0 96.4 T4 103.4 83.0 102.1 98.7 88.3 98.5 829 8.7 8.7 1021 856 104.9 9%0.7 1028 83.3
391310 10529 1192 15351313 1202 1387 176 960 724 1036 844 1020 9.1 889 984 829 %83 885 1022 897 1050 915 1035 6Ll
91740 10528 120.7 15351294 1200 1357 181 S81 740 1032 868 1022 996 887 987 825 983 886 1026 901 1057 871 1036  BO6
391960 10529 119.7 15051278 1192 1357 187 %61 765 1033 841 1032 999 882 993 830 994 880 1033 895 1060 889 1035  B21
392.170 10529 120.8 1535 127.8 119.2 135.7 18.7 96.1 765 103.9 841 103.2 99.9 88.2 99.3 83.0 99.4 83.0 103.3 889 106.0 88.9 1035 821
392.380 10529 120.8 1535 127.8 175 1355 121.6 95.9 7 104.8 90.9 1044 100.7 87.9 99.5 83.0 9.1 834 1038 50.0 106.4 91.3 103.7 B2.7
392610 10529 1213 15351289 1171 1369 1231 976 735 1047 916 1045 1007 883 997 846 %97 834 1042 905 1066 894 1036 821
393.040 10529 1194 15351208 1206 1361 142 959 7.6 1056 857 1046 1011 886 997 844 1000 845 1038 898 1065 893 1040  B29
393.260 10529 118.8 1535 1315 123.0 136.0 121.6 9.3 733 105.9 87.1 105.7 10L5 88.1 100.3 86.4 99.8 89.0 104.6 92.0 106.6 89.2 103.9 824
393.480 10529 120.5 1535 132.9 1243 1365 1221 96.9 s 105.4 88.7 106.0 1014 88.0 100.5 87.4 99.8 883 104.83 924 106.9 90.3 1039 B2.5
393630 10529 1184 15351384 1265 1374 182 974 766 1065 690 1059 915  10L0 886 1008 839 1000 545 1050 936 1074 900 1036 837
393910 10528 1194 15351344 1265 1374 182 974 766 1065 890 1059 915 1010 886 1008 839 1000 845 1050 936 1074 900 1036 837
2 334130 10529 119.9 15351360 1247 1404 1324 98.1 800 106.7 88.7 1064 914 10: T T T T T T T T T T
2 394350 10528 120.0 15351343 1226 1390 1300 957 756 1063 889 1058 912 100
2 394.560 10529 120.1 1536 130.8 120.0 139.0 128.3 96.4 783 106.7 87.9 106.2 91.0 100 1
27| 8.7.2008 23:35:52 2 394.9%0 10529 120.1 1536 131.2 17.7 1386 123.2 9.8 746 105.9 88.1 105.6 9%0.7 1w T
28| 8.7.2008 23:56:12 2: 354.950 10529 118.9 1536 132.1 121.2 1371 1248 9.7 740 106.7 875 106.0 89.9 100 1
b7} 2 395420 10528 120.0 15361322 1265 1389 1219 970 748 1073 659 1063 892 100
30 2 395.630 10529 120.0 15361356 1269 1405 1256 969 71 1076 680 1069 892 10 1
31 8.7.2008 23:57.02 23:57:02 395.860 10529 120.0 1536 135.6 126.9 140.5 125.6 9.9 731 107.6 88.0 106.9 9.2 1w T
32| 8.7.2008 23:57:22 2 2 396.070 10529 118.6 1536 136.2 122.1 140.1 1221 97.1 740 108.0 86.0 107.3 89.6 10 b
33| 8.7.2008 235742 235742 396290 105291196 1581332 1214 1397 121 979 785 1075 671 1071 896 10
34| 8.7.2008 2357:52 235752 396710 105291196 15361341 1192 1374 1216 %66 7.2 1081 893 1068 897 10 1
118.0 1394 1238 974 75.7 107.8 87.0 106.3 89.2 w0 T
114.9 1433 129.2 9.4 752 108.3 86.9 106.2 889 100 b
1235 145.0 1373 96.0 713 1083 88.8 107.1 8%.0 100
1321 1462 1358 93 712 1081 918 1069 890 10 1
1345 1456 140 965 734 1075 871 1067 894 10 N
133.3 145.1 138.9 94.5 736 107.9 85.7 106.4 9.1
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Smeér vyvoje prace

Technika scénarového pristupu pro stochastickou optimalizaci (progressive hedging

d IgO rlth m) Stage 1 (Root) Stage 2 (t=1) Stage 3 (t=2) Scen. # Probability
1 D.06
2 015
3 D.09
4 D.12
5 D.16
53 D12

7 D.12
o4
22 (199, 160] g D12
o2

9 D.06

KLIMES, L.; POPELA, P. An Implementation of Progressive Hedging Algorithm
for Engineering Problems. In MENDEL 2010 - 16th International Conferenc
on Soft Computing. Brno, BUT. 2010. p. 459 - 464. ISBN 978-80-214-4120g€
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Zhodnoceni

Porovnani optimalizacnich algoritmu na
zjednoduseném modelu

Pouziti stochastické optimalizace na
zjednoduseném modelu

Byl vyvinut 2D model teplotniho pole
podle realné geometrie ZPO

Heuristicka optimalizace na pokrocilém
modelu (Firefly)
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Dékuji za pozornost

GACR106/08/0606 - Modelovani pfenosu tepla a hmoty pfi tuhnuti rozmérnych
systémU hmotnych kovovych materidld,

GACR106/09/0940 - Numericky a stochasticky model plynule odlévanych ocelovych
predlitkd obdélnikového profilu,

BUT BD13002 - Matematické modelovani a optimalizace v pridmyslovych aplikacich.
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