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KEY WORD: MATHEMATICAL MODEL / HEAT TRANSFER / SOLIDIFICATION / WHEEL/BELT
CONTINUOUS CASTER / FINITE DIFFERENCE METHOD
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CASTER. THESIS ADVISOR : MAWIN SUPRADIST NA AYUDHAYA, Ph.D., THESIS
CO-ADVISOR : PROF. TAKATERU UMEDA, D.Eng., 78 pp. ISBN 974-53-2808-1.

A three dimensional transient heat transfer model has been developed to investigate
heat transfer and solidification characteristics of the near net shape wheel/belt type
aluminum continuous casting and continuous casting of other non-ferrous metals. The
transient heat conduction equation was discritized by using explicit finite difference scheme
and the program code was developed using C programming language. Treating of the
latent heat evolved during solidification was done using the equivalent specific heat and the
temperature recovery method. The model has been validated by comparing with the results
found in the literatures which were previously confirmed by experiments. The calculation
results were also compared to the measured data from the wheel/belt continuous casting
process. Good agreement were obtained for both comparisons. Temperature profile and
progress of solidification were calculated by varying important process parameters such as
casting speed, cooling condition and pouring temperature for studying the effect of these
parameters. Calculation of the model are divided into four cases; case 1: simulating the
condition of twin roll caster and direct chill caster, case 2: simulating the case of wheel/belt
continuous caster, case 3: simulating the wheel/belt continuous caster by using the actual
operating data of the process and case 4: simulating-the un-symmetry mold case of
wheel/belt continuous caster. The calculation results yield conclusions that the casting
speed and the cooling condition in the mold affect the pool depth. The cooling condition in
the mold have stronger effect on the pool depth and shift downward the starting point of

solidified shell from the meniscus than the casting speed does.
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Qy 3 o 1% 09.:’ =2 g v o < 1 9 ~
Tumsdugamsudsaivedlane aviuduiludnmuaanuiirlumivas  Tagazdoalnaiuu
~ ) Y = Y ' ' £ 1 9 (=} 1
MBINOTIMTUNTAIANUI 0UDIN 19NANVDIUNINNiAD Famsmamanuiou luieaaiu
v 1
Mivuanaanagaga (Maximum productivity) m1iu uadaimansenudonanmued largnii
a 9 1 Q‘ d' [ a d‘a
MINaAAE  laomwizodeguneanunisnaseouaniing  (Surface cracks) wazsoouannielu
(Internal cracks) riosnIndmIndmanenuiaueenyn lavigluoanngunuliziinadilding
[ o 1 < [V ] 1 [
AUIAT IALTIAIINMTVOEANAZHAAD TUTEHIIMsudenIvedlare  tazdedananon1s Inved
a [ I 9 [ as.t‘ 1 9 1 1 A (=1 1 9 a =
HARNMNONA8 AU IUMIAeNANLT o UYBINTHABLDUADLLDY JuieAIZADINITUINTA

4
anudouesnnlangnaoumaainil uATIAe T uIiNnuNNUDINAANUNAIY

2.4 AUMINUFIUVDINMIHABIVUADINBY (Governing Equation)

aumsoyWusuaanuFuRusveIguunInAwnia1eq Tunszuiunisainisn

9
v A

wasanldeglugiing l1dasi

0 0
,Ocp{—T-i-U'VT} =kV*T —vpC, ol
TagR U fe A lumslmavesiihlavy
v Ao anusalumsaeruau
Fath lifannivesms mavewiiTane oz 1daumsiily
oT oT
— =kV?*T —vpC_— (2.5)
PCs ot e 0z

o p A AIANHUILLUYEY lane

Cp ip AANYAINTUY
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2.5 suideuIsHamaauHeuUTAUd (Explicit Finite Difference Method)
ﬁ"lﬁ%}l]lLUUﬁ'la@\‘]ﬂ']\?ﬂiﬁﬁﬁ'lﬁﬁ{ﬁﬂgﬁ%']\iéﬁulﬁ@ﬁ']ﬂ'ﬁﬁﬂy'lﬂ'lid'lmﬂﬂj'lﬂ%jﬂumﬂ\‘]

1 1 A dy 9 = am v A A F o dy 9
ﬂigﬂﬂuﬂﬁ“ﬁﬁ’i]!,L‘]J‘]Jﬁ’E)m’ENufﬂ%l‘lﬁ?%!‘ﬂEJ‘]J?‘EWQ@NETULH?NNﬂ%iL!ﬂﬁﬂTLl”Jm Iﬂﬂﬁlum’ﬂﬂ@ufﬂ%

[

’q ¥ = an J = d‘ [ O O aa o Aana
LL?KS’Nf‘lﬁﬂigfgﬂﬁi%’ﬁgmfJ’]JTﬁN’dﬂNﬁ‘ULu@QL!UU%@LL%QﬂUﬂﬂJ‘H"Iclu 1 4e an iﬂﬂﬂ]uﬁﬂu 2 ypiag 3

aa d o I YV Y ] = o
5a nensoimsdszgndlalaluanyazifednu

=1

o [ a o 1 Aaa o [ a Aan [ -
dwmsumsiangdiammsaomanudeulu 1 Ia dwmsvuSnanliiduduen (Finite
- % <3 [y 1 o b4
region) 0 < x < L aslianuernilusgeziiiny L aunsonaasedlugiluesaumsaail
oT o°T
—=a—, O<x<L, t>0 (2.6)
ot OX
M o g & - @ o a s & P
Tudunsniuszey 0< x < L azgnuiieonilueamudgosy 1w M oawud g 1d
VAV AUNY (Mesh size) AHvHIAMINLY
L

AX = — 2.
X=4 (2.7)

v Jo o ! % 4 { ]
e auwu‘ﬁauﬂuﬁwﬁmazau UFTOUAUNA DY fﬂll"liﬂﬂigi]"lfl’f]i’]ﬂﬁﬂﬂgcluglléll@\iﬂ"li

9
2

Uszanauionazii lilFluduna ladat as

0T 1

LIAT TN AT 2.8
8X2 (AX)Z [ i-1 i + |+1] ( )
oT 1
T | -Tl4T A 2.9
ot (At)[ T ] (29)

& A = = P
FUVUDUITUNITIN 2.8 LAY 2.9 ”lﬂ!,mu“lummmn 2.6 ﬁ]gllﬂ
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L[_Tit+Tit+At]:ﬁ[Tit_l_2Tit_’_Tiil] (2.10)

(at)

Tit+At _ 7Tit—1 +(1_ 2}/)Tit + ]/TAt (2.11)

i+1

A
e y=

~ ~ Aa ] o Y o Y
NNAUNIIN 2.11 Li']ﬁ"]ll']'iﬂ“l/lﬂZﬁTQﬂlﬁﬂuuﬂluGﬁﬂQLUﬁTﬂﬂlrlﬂllﬂiﬂﬂﬂ']ﬁﬂ”lﬂ'lﬂm']ﬂ"llﬂlluasllﬂﬂ

AA v 9 v W A A Y o ' Y 1
Qmwgumm”|‘umuminﬂnmﬂ%ﬁguumu’dﬂﬂugﬂﬂ 2.4 LW'F]ElWﬁllﬂ']iﬁ"m"lﬁﬂ‘ﬂ"luﬁlﬂlﬂ"lulﬂ@fﬂﬂ
9 ]

gndodtazuiudl A1y A39zegluya

U

1
OSySE (2.12)
THH
i nkn l
t+A N o unknown values
| known values
t — : .&.—L : i
T--l T.- T-'+:

Ax Ax

A Y o Y =~ ad 1 A A v v
gﬂ“l/] 2.4 !Lﬁﬂﬂiﬂiﬁﬁﬂ\iﬂﬁﬂ'lu’)il!ﬂ]ﬂi&l]ﬂﬂ?lﬁNEIG]N?(ULHENLUU‘U“]MLHN

£ Y o [ 1 I ) ' A 9 [ A Y
Fadermuaninanziudithuadives Ax uaz At ezl luduaiioniugndes

sazanuuiui lumsannavesllsunsudwanslugdn 2.5
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T(x,t)

Finite difference

solution with r = 3

Exact solution
ot ‘Q Dots show finite difference
i

l solution with r = {5

N X

1 2.5 naAIHaNsENUYRINITINADS ¥ ApAINYNABIUBIHAMIAIUINAIBsHIToUITHAA

u

A A o Y
AUIUDILUUBALLD

A ) A
2.6 o luisudutazdouluva ua
Tumsudaumsnemsmamanyseusududoadinmsiruatou luSudu taziou'ly

VOUUANIHINL AL
A A 9 ' 9 A A A 9 Ao = =
Roulusudnlunszuiunmsmemanuion Ao guugl o nausuduiaulidn &

pziilumasinioaglugduesilafuidaunlsvesdmmisszoz g (Space variable)

T=0u50 T=Tyxyz) @ t=0 (2.13)
d‘ 1 9 = v [ dyd
[oulvveualunszuiumsaamanuioudl 4 Yszannany dail fe

(1) fMmuaguuqi (Prescribed temperature)

T=Tb°i7i X=X, (2.14)

4 " a 4 . <
e Tp A gUHQUAIN IAsNIMUUANVRUIUA (X = Xp)

) SMvuandndaudon (Prescribed heat flux)

oT
-k—|,., = 2.15
OX X=Xy qb ( )
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Y d A ' v
mgﬂuizummmmaummﬁumgﬂﬂmazmmaau, Qo = 0

) Y
(3) MHUUANITNIANUITDU

k@T

ol =nh(T, -T,) (2.16)

A A 1T o a 4 9
Wo h fe mdudszansmininnuseu

Tr Ao quuinivowod lua

Ada 12

Ts ﬂ’f) PUNNUNHIVDIIAG

U Q

4 ﬁmmmnm%ﬁﬁmmseu

oT
ox

=hr(Tsurr _Ts) (2.17)

A A a a Y
110 Tour D QUMYUYBIAAULIANDY
= 1w a d To A Y
h, Ain AMaNsEENFTNITUHNTIAANT DU
Tav h, =eo(T,, +T, T2, +T7)

surr surr

2.7 M3nannNITo Ut NIV

yJ A 9 Ao 1 A A A
ANUIOULN AD ﬂ’ﬂiﬁﬂuﬂ’)ﬁﬂﬂm@@ﬂuﬂuﬁ%ﬁ'JN‘VILﬂﬂﬂﬁ!ﬂﬂEluﬁﬂ1u$iﬂﬂ"ll@\‘lmﬂ’ﬂﬂ

< d 24 a0 To4 o & a s A A a & o A
LﬂWU’ENLL"lN G]N*llu@EJﬂ‘]JDTJETﬂuuLﬂHIﬂﬁ%Uﬁﬁﬂﬁﬁi@Taﬂzwﬁw Lu@ﬂﬁnﬂiaﬁ%ﬂiqm‘ﬁ%zll"u\‘]ﬁ"]ﬂ

U Qq
1
=

a3 o { 1 z S o ' @ { g 1 a ll
QUUNNUAIRIANANT U Tarenauiumsuiaavzegludanyusnilurisvesguugl  Taged
senINguugianiaa- (Liquidus temperature) tazgugilwdna (Solidus temperature) @4

1 dy = Aa < @ < 1 Y ~ ' o A
TugrstzlTangnvaomzluvoaradnuveduaegrauny 380wy lyy  (Mushy zone)

sy lanzpauaumsnneIvosnuausouudsa s anaas ldasanms

8f

pC——kV (2.18)

p(C—L%jz%:szT (2.19)
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%
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a Aa ' A an YA A A Ay A A
MAUANITEN TEWIVITMINAUYMYYN (Temperature recovery method) [4] (He91nUVYDA AD

[

7 o o ] o o Ao o ¢
ﬁ"]if]iﬂﬂigtﬂﬂﬁsl%mlﬁlﬂUﬂ'ﬁﬁ]Tﬁ’ﬂ\?ﬂ'lﬁllmQ@]jm@Qﬂqjﬁﬂﬂuﬂ'ﬁﬁa@ﬂJﬁ'Jll‘UUﬂ’f]uﬂEl@uﬂ

. - ) o A <Y 1 1 a :;I
(Congruently melting material) tazdwsuTangnaunumsuiadiod usguuYianIge 59099
[ I 9o o ~q ¥ o ~ ax 1 A A as d a 4
faansa 1y lanuuuuiraesnldmsdialassafiouitnaawduiios tagdisms W ludeamud

(Finite element method) &3veiivanmanase Ui

a o

= ad YA 1 Y 9y 1 1 ~ 1
‘igL‘UEI“]J’JﬁﬂTiQﬂl.!Qﬂ!‘l’iﬂﬂﬂ%ﬂ?ﬂﬁLLﬂﬁ\?ﬂWﬂ’ﬂiﬁfJ‘L!!LPJ\TGl‘ﬁﬂgﬁluzﬂﬂlﬂiﬂ1ﬂ\1ﬁ1mﬂﬂm1

QU

(Equivalent number of degrees) ﬁ'wmsmsfhﬂam%'amwhﬁmfhmmgmm%’au (Specific heat)
as.t‘ o 4 [ A A a <Y QaJ‘ A ) o [l

Tagvunoumssiuanlotngguvgdisumnamudeaniy  szsududiemaiimssiuan lagla

a 1 Y 4 ) ' Y A Y % 0

AAMIAINIDULRY T2 1FAUMTAIBNAINIDUNUEAIU A1 15 Tuns AU

pC%:kVZT (2.20)

v
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9 1 (% o 1 1 [ ] ]
pazd MWD NMenasn M luigaz sranane lligungiaadiaslieglugas

U
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3 o = Yy A v a Y o
m@ﬂﬂTi!Lm@ﬁ’)ﬂl@ﬂIﬁﬂ%cﬁ\iﬂzGl’E'JQiJﬂ'liﬂ'lElﬂ’ﬂlliE]uLWh’t’)ﬂﬂiﬂ i]%llﬂ1§QQﬂ!°ﬂﬂ3Jﬂa‘UIﬂfJ‘V]'Iﬂ1§°]fﬂL"leJ

U

=
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mmiauamﬂuwaﬁmﬁmmmﬂmimﬂmmiauiummmmmmaﬂam HIVENINTTVALBYANINUY
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5@‘Llhlﬂi]uﬂ§$‘ﬂ\1ﬂ?il!ﬂlﬁ@]?ﬁﬂ@:ﬂﬁﬂﬁ fs =1.0 I@]ﬂﬂﬁﬂﬂﬂi)ﬁﬁﬂuuﬂﬂ (AQL) CADAANADINUNIT

invUveIdadIHve e (Solid fraction : Afy) Tuaaanan At Tae

AQ, = pCVAT = pQ VAT, (221)
Tasil f, = D Af,

[3 a < :1' [ A oazl A ~
Tumsanaezinsandy 2 dupeu dwdadlugln 2.6 Tagdupaun 1 szuaainsdl
A . & a J 09/’ dy = ) 9 9y a 9 !
iow (Imaginary case) #4msdiAsIeH utuaeutzimahnnuieuruiinnaals  aiu
o = ady myo v Y A y A

Juaouil 2 sznaaensdin bilahawdeoundadunga  Tasszamnsonaasanudeuiignae
E4
ponuIieglugdvesaumsasil
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AnIYVUROUN 1
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=

tZ aT TZ TZ afs
Quo = |, PO AL+AQ, = [* pCdT - [ * pL—2dT
dmsutuaoud 2

t, oT Ty
Qupe = |, PC S dt= [ pCdT

TEMPERATURE_
Gl
. .
| |
- |
S S L0 |
ro= R |
| |
| |
_—I— _Z
_ 14
| &S
LAN
— I
- I
. |
S| |

t1 t2 t t2 t1 t2
TIME

(a) (b) (c)

10 2.6 naasszifionasmsgauguugil [4]

o 9y 9 A 1 3 ~ Y QBII ~ 9
ﬂﬂ”il'lﬂcl‘l’iﬂ’JWNi@uﬂﬂafJﬂﬂ@ﬂNﬂumuﬁﬂu‘ﬂ 1 imnuvuanaun 251]3‘1@

: : . o,
EpCdT =jTT1 pCdT—_E pL_ T

(2.22)

(2.23)

(2.24)
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[ v F4
daulunsal (b) oz () Mueaaded i 2.6 Tuamnsoudaseonulugdvesnimduiug

dwsunsal (b)
T, q T, q T, %d
JtI—Liq w T - Jtl—Liq w T B '[rLiq pL aT T

dmsunsdl (c)

(2.25)
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jTTf pCdT = jTT pCdT — jTT oL %dT (2.26)
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. < Steel belt

Wheel mold

Mold cavity

Cross-section of the wheel
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L ocation Case la Case 1b
high Hm low Hm
Qmotd = Hm(T — Tw)
Mold T>T,; Hyn=1673.6 Omotd=Hm(T-Tw)
T<T<T,; H, = 1046 Hn=418.4
T<Ts; Hn=836.8
q=h(T-Ty) g=h(T-Tyw)
Spray zone h = 20920 h = 20920
Air cooling q=h(T = Tar) q=h(T — Tair)
zone h=4184 h=418.4
*Effective heat transfer coefficient (h): Wm™ K™ [10,11]
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L ocation Case 2a Case 2b
high Hm low Hm
qmold = Hm(T - Tw)
T<T<T, ; Hn = 1046 Hn=418.4
T<Ts; Hn=2836.8
q="h(T-Tu) q=h(T-Ty)
Spray zone h=836.8 h =836.8
Air cooling q=h(T =Ta) q=h(T — Tair)
zone h'=209.2 h =209.2
*Effective heat transfer coefficient (h): Wm™ K™ [10,11]
Thermal insulated Steel belt
nozzle system /
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L ocation Case 3a Case 3b Case 3c
high Hm high Hm, low Hs low Hm, low Hs
Qmold = Hm(T — Tw) Qmold = Hm(T — Tw)
Mold T>T,; H,=1673.6 T>T,;H,=1673.6 Omotd=Hm(T-Tw)
T<T<T,; Hy = 1046 T<T<T,; Hy = 1046 Hn=418.4
T<Ts; Hn=836.8 T<Ts;H,=836.8
Spray zone h=836.8 h =209.2 h = 209.2
Air cooling q=h(T —Tap) q=h(T = Tair) q=h(T - Tair)
zone h =209.2 h=41.84 h =209.2
*Effective heat transfer coefficient (h): Wm™ K™ [10,11]
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Case 4
Location Wheel side Belt side
high Hm low Hm

Qmold = Hm(T -~ Tw)
T>T,; Hn=1673.6

=Hn(T-T
Mold T<T<T1; Hm = 1046 roi=Fin(T - Tu)

Hm =418.4
T<Ts; Hn,=836.8

q=h(T-Tyw) g=h(T-Tyw)

Spray zone h=209.2 h = 209.2
Air cooling q=h(T - Tw) q=h(T-Tyw)

zone h=41.84 h=41.84

*Effective heat transfer coefficient (h): Wm™“K™ [10,11]
Thermal insulated Steel belt
nozzle system /

Metal strip
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¢t water spray zone
Air cooling zone oy
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Properties Values
The”(“vf\"/' r‘;‘?{‘f(‘?f)“"ity 110, T =Ty 170, To< T < T,: 234, T< T,
Specific heat (Jkg'K™) 900
Density (kg m™) 2390, T>T; 2705, T<T,
Temperature (°C) Liquidus T, 660, Solidus Ts 659
Latent heat (kJ kg™) 398
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Quepz = E PC%Idt +AQ, = .|.TT1 " pCdT - ITTI pL%dT (3.25)
fmualiinnudeufidosesnnluduaeud 1 niiutuaoud 2 114
ITé PCdT = ITZ PCdT — j " pLa—deT (3.26)
T, T, T, aT
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LT:I pCdT =LT:,0CEO|T (3.28)
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pC(TZ _Tl):pCE(TZ _Tl) (3.29)

pT1CT1
pT' CE

2

x(T, -T,) (3.30)
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Width direction, X (cm)
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(e) At 18 cm from meniscus
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