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Ph.D.Dissertation of Northeastern University Abstract

Studying and Application of the Mathematical Models
for the Plate Products During Cooling

ABSTRACT

Based on the studying of the project “process control model and artificial
intelligerice control” of the national important technology equipment development
“the core technology and the key equipment development of Capital Steel Co.
3500mm plate roller” , on the ground of the building of Capital Steel Co. 3500mm
plate roller, aiming at the control cooling process system of plate works, after analysis
and comparison the cooling model at home and abroad, this paper builds the control
cooling mathematical model with finite difference method under the heat transfer
theory of cooling process, analyzes the variation rule of the thermal parameters, gives
the corresponding control strategies to keep uniform temperature distribution for the
plate, and based on the practical situation of the plate works of Capital Steel Co.,
composed the control cooling process model program. After the application of the
program and control strategies in the works, the products quality is proved obviously.

The main studied content and the conclusions are showed as the following:

(1) The control cooling process model was built after the cooling process
studying with finite difference method. This system is integrated control cooling
model setting system, which was at the first time built by ourselves at home in the
field of the plate cooling. It concludes the function of preset calculation, correcting
calculation, and on-line self-learning calculation, which establishes the model setting
basis for the plate control cooling in the future.

(2) Heat transfer coefficient model of air cooling and water cooling are built. The
radiation factor, which is about 0.7~0.85, was deduced with the measured data. The
air cooling heat transfer model is precise for the deviation between the difference
algorithm and the Stefen-boltzman law is less than 5°C, which proved the model is
precise. The water cooling heat transfer coefficient effects the cooling process
seriously. The temperature grads along the thickness is increased with the thickness
when air cooling; the thinner the plate, the short the back-redding time, the more the
surface temperature adding rate, the more the cooling rate at center and average
thickness. The effect factors of the water cooling heat transfer coefficient are: the

more water flow, the bigger the heat transfer coefficient, but it is not line relation, it
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has a limit value; the higher the plate temperature, the smaller the heat transfer

coefficient, but in different areas, the values are different; the smaller the water

temperature, the bigger the heat transfer coefficient, but its effect is small.

(3) Aiming at the heat conduction rule and the variation rule of the specific heat
and the thermal-conductivity with the temperature and carbon content, the weight
model with the temperature and carbon content as the independent variable based on
the interpolation method was built. The effect of the specific heat, thermal-
conductivity, heat transfer coefficient, water temperature, plate temperature on the
temperature distribution along the thickness was analyzed. The simulation results
showed that @) if the carbon content is high, the temperature is easy to transfer, so the
temperature falls rapid; @) if the thermal-conductivity is high, the heat quantity is easy
to transfer, so the inner temperature difference is small; @ if the specific heat is small,
the inner temperature is easy to transfer; @ if the water flow is big, the temperature
grads along the thickness is big; & if the heat transfer coefficient big, the temperature
difference between the inner and surface is big. The analysis result gave the theory

guide for the uniform temperature control.

(4) The uniform temperature control of the plate is the key to guarantee the
product quality.( aiming at the temperature variation trend along the width when the
plate is cooled, the strategies of convexity mask was given, and on-line application
was realized at first at home; @ aiming at the temperature trend along the thickness,
the jet was arranged as big-small-big jet at first at home, which can meet the
requirement of cooling rate and reduce the temperature grads along the thickness; €)]
aiming at the temperature trend along the length when cooled, based on the
temperature of the head and tail and the temperature grads of the body of the plate, the
subsection treatment of the plate, fine tracking and the acceleration control were
brought out.

(5) Based on the actual working conditions of Capital Steel Co., the rounded
control cooling mathematical models for the plate products process control system are
developed und the on-line automatic control of the cooling process is realized. This
working completed the studying “process control model and artificial intelligence
control” of the national important technology equipment development project “the
core technology and the key equipment development of Capital Steel Co. 3500mm
plate roller” , the rounded plate control cooling model and the software are built,
which has the autonomic knowledge property right, the full automatic control of the
plate cooling process is first realized. This set of control models and software are now
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applied on the plate works of Capital Steel Co. and Nangjing Steel Co., which owes
the positive promoter action to improve the plate control cooling level and to
improve the quality of the plate.

Key words: medium plate, control cooling, mathematical model, temperature
field, thermal parameter, cooling equipment
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1.1 BRI HNERE

BRHEFNBHANIZEIARNABETUIRENBREEERERZ —,
ASTM M JIS BEERE—TEFIAET, SLABERLETE (TMCP,
Thermo-Mechanical Control Process) !, TMCP MM £ E B HH 4 T ERT
i3, EHF—REHBEATE. TMCP BEERFTE AT MHEETEURMR
BIAEHESHBITEERE, B EFHBALAN™R. BEifi, /A MCP
A, ERAZHEMESPRA T, TURAARESTZ&4NEZENREHIEY
%A, BRAMNEE, BERE, E-HAERRSFMENERE,

BHNRRERSSRANLERSREBERITN, MXEEER. BRRKE
BRERMBEAEREATEN. EAEIRIHARETLEREHNR TR
EHUR, SEHERAMERMEMA, BEREIRE Mn/C t, BERER
HATEAABESENEREAEHNN OPE. B—SER, MILRE. KA
kT MR AR A, BRE Tl A B E KR B SRS R b A,
RPN RS, XRB T RARSERNERAER. DEHERSRERER
H&MRRE, T 1958 EHIL T HFIEEEN REASLRERKBRERT U,
20 4R 60 FARAEFILBMERT & Nb S LRERBEE. 1969 &
EEAENENN KRB RAERLEH X65 FLR. 20 14 70 LUK,
BHEABABRRSHEN, HEEEFERTIERAN flnEEE
R AR LR 2 &7 60% . TAERE S HT B AT ER AR B EA B REZL
ERWit, #ARTEARBEARESRENNELRREHERS, NGRS
EIEBE, WERMEBABATIEER, AFrHERRRAEMHHR.

EREHRAEARMFIRSNART 20 HE 70 FRY, KBEFIABER N
B2 “ER” CNE” MERRHE, RERS. BR. A9, 29, LW=T
Las WK RE. RibRY, ERMRAFFEXFRARN&F &
#TT 16Mn 1. & Nb MEBWABATEMNFAM LML, FEF “LR”
R R ZE 4R 2450mm FARELAL R T RES —FITHLEALET R KEHBTA
RS BHAN T ERE XERFTERT T REARFIHRBTHEZ AR,
RN ASERNEHERONAFTERATRASNE, BRHURARERA
ERWMAEARE, HEMLTEHRAREREREGRET, EAEAIKNR

R o



LEIS %o S— Tl B

1.2 B ERNER

BAIANFR @S A TRA R, BASRSS, AONETE
. 1957 FE—K ‘B $HALE LS REARTRBSTR, HRATE
EATRRTIUR 432mm FHAANIO L, KA SR EHTH SRS,
WE, LFSEASMNIMNEYE LEBETAH RS, HEE 20 #4 80 £
BT, HREAIURT 16mm LT ROBRE0D, % MFIEE 254mm A IRETE
S5 B E TR T — 48 2286mm HARELYL LRI, 15 FF, FREHS
H A R i B AR A T LB, B 1980 4E7EIE L B B S — 2 ER
IEAHEE (OLAC) HBAMA. 1983 EFELE. EAER. #5801
BEIE BT NG T BRI R, FR, XKW EE S B
YRH.

RET 1985 FEERALEH BEENE —EXERNERE HhTIHER
BHAHRKKERR, AHMEAIFRE, #HANS, BAEFRERNER. B
i, BTEE 1995 SR BUEE BRI KRR R BURARR B, 20 142 90 £4,
R WPER AR T EA TR KRS RN, W, 0
W, FRAT SN HETEHRARE, BXE KOEARFTLTATT
HEHEEESRERTES, —RIENKTHENRARHRELTERE.
B 2002 ERIEAEHAFZERREL AL ERERIRERAERERE “1
7 BREAEETHTE BEWN 3500mm BRI OHBIERTIXRTE
BB DR, BREATRERAXLIOBRARHRESR, WP RERES
BN EN TR, SHREN EEBRE. BERNEHREI A BB F,
BATT K BRI RATR A, RIBHHEIFR DS ELE R REREHAH
HERHER RSN — AR P ERERA RS, FERELRTERW LR
R EEH, B TEAESESEHANRAKEZS. B, LEEERs
HESHLHA R EENFER BRAHREEERRT. WRERHKXT
B LR R ETR TSR A A PR EENR Y. BHART 3T
FURISHIA AR, A E RS EAR R RETTET E.

A2 U A I W H B LR 1.1, BRHIKFIT R 1.2, REMNFITE L

BHBENAROEAGENER. NE—TBRAESHEARR, E—ER
& FEEATDURAIEEA B, XALRARRS R, WHF)GRE LT
K& ERLNAAGFEN . AEEHR O IRMES RS, SRHERSH
EENEEREAANEE, BTUANEH, BTUANPER, mAFH
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Nakayama Steel Works!™!,

£ 1.1 BRARBHRH MRS HREN
Table 1.1 Typical accelerated cooling installations of plates in Japan
A NSC NSC NKK &2 KSC ISk SMIER &R KSL ¥ dsk
FHE/ B~ FHKE®R A#lT AFKE  ATERS AFmENT
B LW FEERAH ERMELH TRNEAH SHENESH BHNEAD

BEEK

CLC CLC OLAC MACS' DAC KCL
R, m  4.8x155 4.7x19.8 4.5x44 5.35x40 4.7x27 4.7x44
L R g ) U % HEF K U RE
T L) wEa L) E) Lt gt it
AR ok 7 E# L£# & £#
B‘?:;wml 79.8 26 19 25 53

fir & HPBIE  ATPEIE  ATFEAN RTESIUERT SCPENAT RTENN

# 1.2 RH RS IR R A
Table 1.2 Typical accelerated cooling installations of plates in Europe

LS e WAl BAR YEE B

Hh K SRS Clabecq Italsider Usinor POSCO
MRW - - } ,

T4 N EE E2H ¥HRE IR

MEAHR  FAENS EANT ARG T

R % MACOS # MULPIC % ACP ¥ ADCO FILAC
R+ m 5x12 2.8x12 4.7x26 46X28
=] e .3 EE® K E W B
L K HE&wE KEE w5t B
LR T EE5TF

frE BTRNE AT PRI ATFENNT RS

% 13 RE—-SHRANNRHAHEE
Table 1.3 Control cooling equipment of plate rolling mill in china

T4 BERAS REAEST BRIER O ERST HETHR

EkAe KHE My TER BRR i@

FRAR  KE 3 BER REHRE  (RERE

SAEHh R EL S RUTRAT AL S B RT LS S0 BRRT LIS AT WAL Uy
1.3 EEIR AR R

SR M 20 4 60 R LA FHNBEEKRET AL, REMERER
WHRKEAH. FEE, EAWREAE. FhAH. B dl. RREAE. K-
S ESIEA . EEE KPS M T AR T RS HNA.

-3



R e ———————— AL I

Nakayama Steel Works!™!,

£ 1.1 BRARBHRH MRS HREN
Table 1.1 Typical accelerated cooling installations of plates in Japan
A NSC NSC NKK &2 KSC ISk SMIER &R KSL ¥ dsk
FHE/ B~ FHKE®R A#lT AFKE  ATERS AFmENT
B LW FEERAH ERMELH TRNEAH SHENESH BHNEAD

BEEK

CLC CLC OLAC MACS' DAC KCL
R, m  4.8x155 4.7x19.8 4.5x44 5.35x40 4.7x27 4.7x44
L R g ) U % HEF K U RE
T L) wEa L) E) Lt gt it
AR ok 7 E# L£# & £#
B‘?:;wml 79.8 26 19 25 53

fir & HPBIE  ATPEIE  ATFEAN RTESIUERT SCPENAT RTENN

# 1.2 RH RS IR R A
Table 1.2 Typical accelerated cooling installations of plates in Europe

LS e WAl BAR YEE B

Hh K SRS Clabecq Italsider Usinor POSCO
MRW - - } ,

T4 N EE E2H ¥HRE IR

MEAHR  FAENS EANT ARG T

R % MACOS # MULPIC % ACP ¥ ADCO FILAC
R+ m 5x12 2.8x12 4.7x26 46X28
=] e .3 EE® K E W B
L K HE&wE KEE w5t B
LR T EE5TF

frE BTRNE AT PRI ATFENNT RS

% 13 RE—-SHRANNRHAHEE
Table 1.3 Control cooling equipment of plate rolling mill in china

T4 BERAS REAEST BRIER O ERST HETHR

EkAe KHE My TER BRR i@

FRAR  KE 3 BER REHRE  (RERE

SAEHh R EL S RUTRAT AL S B RT LS S0 BRRT LIS AT WAL Uy
1.3 EEIR AR R

SR M 20 4 60 R LA FHNBEEKRET AL, REMERER
WHRKEAH. FEE, EAWREAE. FhAH. B dl. RREAE. K-
S ESIEA . EEE KPS M T AR T RS HNA.

-3



e

BRI EERIE), Rk, RENELEERIEANTRABHRA
BRGHFRFKEA DT, REMASERATHEAN. REEEER
AHREERXAANTR. BREHHAAKELNTARLAHERR. ¥)E
HAMRE. TEAE. BEREFHAMZIESHRLWARE, B4EHH

HRMEERRES.
R 14 JURNS 17 R 04 P
Table 1.4 Features of cooling mode
wihs R B EAKE
e A AEER, BEEBARE  WHERIE $HRERE; ARF AN PERE
Wi EFRSHFINEER: TN AEKEEX KPNXMFE ¥ ERYEEFWERT
HMEAUOREL A ETR 5785 KANEREN,  KRBEENITE.
EW I EARE. WM ERIEE. KRR A RBE.
i Ho AR ARERER PUEKERK. EE¥2EF-E ERESH, DHRILERY
RE, THRARBASHARS:  MEK, ARHERSESS: Q4.
LETRE. HA%ENY, KRR BEREN, HREDH
B, #&RR EFREXER
$#.
e H s iR, RAERRR U4 L TRE. BIASEAY FENATFEYARY
R, AHEER, SYEEER N THTHANEEERER REESd, AERE
@, HKBERERTS, BEP. . ELAMEEALD, F
WHEEER N 1230CHs B B4 IE 72 B 95 0% A 75 e
BT AL 80°C /5. BERERHH L,
BAH FANENZEAERARERE BEHRAUKARREL. BE ERETAZRAFEK
AHERIR, B9, BHEE NRBEER. BFEX HES SRENSHENER,
WEHEA, TXHAMFAY. FAERTH: EANFARK, RAERERMERH K9
TR R REBBZW. .
BEHAH  ACHRNK, BREREGE MEQRNESD, AWSNES BWLARD.
RS, LR IRRY  EEA, AENERRR.
Wis, AHEHEE.
R ABERNSREBEAKDE SHEERNENERS KRR BWEARD.
it TS 1, HAEEE K,
BT 30T /5o
K-S0 WERSHANERNEE, T BSERRMKRYE REER. EATRERIEAR
FHE RS QIR B (IEF 600PMa), &
#a BH IR HERERBRAS/ K
HERMAR.
EEgk AHEmmt APRAEEK  ERARER AP, B ERTRAGEE (BT

FhrREETERTULE
FRERIREL: MHERAME, X8
AR RERRERINE.

FHEABIE Dmm BT, &
TERAE t7E 30mm BLF .

600PMad, AF MEAEM
OEEBHAS,




R R ——————————

ERRANTAHTREANRANGRAE, RESREL4. RERFHEE
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W& AT R R T B, R, EESRHAEE. WBILYR T, KE
SHENAKE GRAIRRS) HATIEH. WRENHEEBERENE LTINS
B BRI, ML, BRAME. S8R, APFLEE, FRTEH
T4 [ e o e

WS AN B R — R TR R W AR A AR, SRS h, B
B RE KB E RIS

1.3.2 BE B A

ERR AN HETERRD, EEXERERE, RS |AEAEN
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37]
o

1.3.3 BiRAH
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B 11 BRAHRERENER

Fig.1.1 Equipment of laminar cooling system
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SR, Bt H¥EIMGE, WTUMEEHIREL R BE T EON R s
WER. SRSEA¥IMHEHEEINKHAEY. SHEEIHENT RN
te%, ATHAIASHRSEBE, 2IRNSREAHBREANSEE A
FF—RAMEL. KEE%IEE ok (—HRIK S0 RUE) F—FERMM
R, ATABRRMLGKPSEEE. ¥IEHSRETUEREMBRRLNS
K1E.

HESIHRTIERFBTABEST. KAAED. UNERRAFN. kBER
BHEST. KBLAES. MEFAEY. HPTABEINKABETEERER
BAREFRERSTERMENRE, NRARGHITBE. ETRKREAES
SEERNTRIEAR L FAANSSE, RrsEREAR L TREORE, X
ETAREHITBIE. BER S % RREAEEN ERREBE, XKL
WEMEEITERNBE. X TREGREKREY R EHREYIE, BRENL
BRSNEARE, SRS RREHITEEN.

3.5.17KABE¥E

KA E % S R A B R AR 2 AR K AR M S S E R BE AR E, 3
R R AR R AR RBRATRE. #IREWNT:

T
o = axlms (3-8)
AT,

ca

Hh, AT, =717, -58CT,, , AT =T7,4=S8CTy

BTERERE ST, BRI HMANAEIRYE, FREEIADMRSE
IR B2 S BRI E . BX - HRa BRSBTS R S RTAR AR B
¥R,

BRI EAAR TSR G, hHMEERY) MEIRNE, AAEIED
T

TImea = (T7[0]+T7[1]+T72 +...... +T7[n-2] + T7[n-1]) /n

SCTmea = (T6[0] + T6[1] + T6[2] +...... + T6[n-2] + T6[n-1]) /n

ATmea = SCTmea ~ T7mea

ATcal = SCTeal — T7cal
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TRy e I LR ISP L R

APHSTO =ATmea /ATcal

RIERTAATLHE, EHE, R E 2T IR, SAEAN LIRS
%% WPHSTO. WPHST1. WPHST2. ¥{— sl @@t 77 &, %3
M= NRREREFTENSINE MR, SFIRTEN S LR
AFHAR, ERFIREHETE, LRSI, Bt A R,

EXEET, BEHAAIRAE LA 75410, BEFEAKTE (4
#) FFISH 1, HEEUTRANUETITE:

OFER AT REIEATLE, BB E MR ERT A%,
QR ELAFFERA T OB B Sr BOALE, BUEHN A T f&.

@EE— IR ERERR, ERERNE.

@ B2 A RYE T RS PR E B E KT H51E.

ARRO Y EEIREET L RANKPF B LI RENFRBHEE
A REAERECEIRLE, 0 REFERRM LA ERRBRCHES R REB%
g%, KMEIRPBETHEAEEIRY.

3.52 FHB¥EY

v B T E A RIE AR AT R SR MR SR ERT EE R RE, o
BRSO RERPUETRIE. F3REBNT:

a =ax£ﬁ¢_ﬂ. (3-9)
AT,

cdi

frh, AT, = FRT,, - SCT,.,

AT, = FRT, - SCT;

cal cal

BATHEE IR, BRI EEIRY, FRECIADNRELRE
SR B ] REEE . 13X SRR IR IR E R H # X
R

Bt E— RN K BRI RENERMRER Q2 R EREE
B8, EEIARMRNEREEIRY.

=55



TRy e I LR ISP L R

APHSTO =ATmea /ATcal

RIERTAATLHE, EHE, R E 2T IR, SAEAN LIRS
%% WPHSTO. WPHST1. WPHST2. ¥{— sl @@t 77 &, %3
M= NRREREFTENSINE MR, SFIRTEN S LR
AFHAR, ERFIREHETE, LRSI, Bt A R,

EXEET, BEHAAIRAE LA 75410, BEFEAKTE (4
#) FFISH 1, HEEUTRANUETITE:

OFER AT REIEATLE, BB E MR ERT A%,
QR ELAFFERA T OB B Sr BOALE, BUEHN A T f&.

@EE— IR ERERR, ERERNE.

@ B2 A RYE T RS PR E B E KT H51E.

ARRO Y EEIREET L RANKPF B LI RENFRBHEE
A REAERECEIRLE, 0 REFERRM LA ERRBRCHES R REB%
g%, KMEIRPBETHEAEEIRY.

3.52 FHB¥EY

v B T E A RIE AR AT R SR MR SR ERT EE R RE, o
BRSO RERPUETRIE. F3REBNT:

a =ax£ﬁ¢_ﬂ. (3-9)
AT,

cdi

frh, AT, = FRT,, - SCT,.,

AT, = FRT, - SCT;

cal cal

BATHEE IR, BRI EEIRY, FRECIADNRELRE
SR B ] REEE . 13X SRR IR IR E R H # X
R

Bt E— RN K BRI RENERMRER Q2 R EREE
B8, EEIARMRNEREEIRY.

=55



FAAFWLEERL B3 ¥ FELOL D 65

3.6 AFE/H
(1D KREEAHRB

AELHRELAETHERRR P, BERBRRRNTHELBMER 1.2-16Ths;
RELEKABRMER 2.6-34Cls; KABEFLERTMBREAZEN 151C: BLRTF
DEREEZEN 130C.

(2) ZFRERBHA

B TR RAREOER, HEI LR B EOR R R RYE 0.7-0.85
2.1l 27 I AR R 7 1R LR R P R R B T 3R K s IR ALY, AR,
BN ARG, RERE DA RERSK, POMER L P ERRA,

(3) KABRARENFR

KRB, RAREWE, BERRERRR, MEFTRRE: NREEHE
m, KSRBEMERD, BETHHEERAEERMIZEE: SRARYBEKE
FETAD, EXKBRRELNRARBHEREE .

(4) BF¥EIEBTR

H¥IHNABEES BN, KA BEEY. UHERRESY. LRERER
23], KB EES. MEEEEY . RESHREATERENRE, UEE
BEH TSR EFA.
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B4 BB YOEN R RIS

EE_EFRNEEN AT SRR TR, B TENES S XRIEEESE
fre A 22 (] SRS 0 RO E A ZEHUR Rk RTTE H AR BRI, &
ETRMENRRES. RARELBHNEFA REDRAKBESE—MBHE
TR, XAAEEN—BIBORILAENE. DHELE. RELFTLREHT. £
R R R E T REN Y% S SRR E S AR W R R AT .

4.1 S HEER

PSRRI RN ADBEE RN ZE. ADUSHETHHFE, —KE
EYrsY. ISEFAREEFRESYEHRY,. BAEMHENRARTAR (%
WA, B—RREYESH, EXREDHERRARTGEL, RITAEYERE
PRI EARMAEL (FRE.

BENHEETENIEFERBLA. HERE, EREYESY, X&S
ARG TERETEN, REHHSE®, BRI T H e B Ax R T35 218
. K, aRESRME RN ERER, TH R KRB D,
L ¥ 7800kg/m’ X —FE EEP,

4.1.1 Y S AL
R — B SHRTELE, RQ)TEN

or @& or

P'C‘E=a[l'gx’) 4-1)
RE-AESUHFE, BERME ERERY, HIEEERT AFRERY RAH,
P T R ATE R

dV:de 42)

k, B EAEERE T, B RARY, ARU4-2)BE

or _ov o _k T

o oT & k, Of

=l

ax?  Sx\ or
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I 4 LY Fi¥ AMMERLEREBEBEHF

Yo
o _1ov (4-3)

?&x—l a or
ARESNREFRITE, WEEBELAKERE, N—BWA, TRIESHEY
B, Behd-DAEERERET.

KB AEMENRT, RSB S RS R AR,
4.1.2 EE RS I R B X M By R

4121 RARMMBE

F 41 7B T RARRERMOLRE, REE 4.1 RIBIRBES LLAKS
BxERMK, WHE 41 PRGEMRITR.

4.1 ERE (kIkeK)

Table 4.1 Specific heat
BECT BB 0.06%C HHEHN 0.08%C KB 0.23%C PHRM04%C  §;-M,
400-450 0.627 0.627 0.627 0.61028 0.627
450-500 0.66044 0.66044 0.66044 0.65208 0.6688
500-550 0.70224 0.69388 0.70224 0.68552 0.70224
550-600 0.7524 0.74404 0.74404 0.7106 0.7524
600-650 0.80256 0.78584 0.78584 0.72732 0.70224
650-700 0.86108 0.85272 0.84436 0.76912 0.82764
700-750 1.10352 1.13696 1.42956 1.58004 0.90288
750-800 0.86108 0.9614 0.95304 0.61864 1.36268
800-850 0.80256 0.86108 0.74404 0.50996 0.61028
850-500 0.836 0.81092 0.64372 0.5434 0.627
900-956 0.66044 0.65208 0.65208 0.627 0.627
950-1000 0.6688 0.65208 0.64372 0.61864 0.63536

1000-1050 0.6683 0.66044 0.65208 0.63536 0.64372
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Fig.4.1 Specific heat curves of different steel grade

BEXEHSSEP LARMLRERSREBEMEHRET RNABE, MENH
SN TERMBEEGN, TRAZLFEENRENIHEBE. HTHERE
HEHNEE, RITUER 41 FEHEAEAEMBT LHRHBN, BRENIRE
b WEGENSHREBE, HSEHAMHBLAENTHBREDABEZE, B4
m. n, BRESHERBEZHEN m. n INERY: RENELECREESE
iR (AT R, RO IFAFERRRE T M AE.

DABRBENARE, TEIHNTEMRERSHRENERR.

[1] SEBEET 0.06%H8H, AR HASEHEN 0.06%8 MMM E, B
ME RS E SRR 0.06%MRHMNEN 1.

[2] EHENT 0.06 ~0.08%HTHFH RS B A LR S BB 0.06 71 0.08% B HAAF
Z TR, MEREN: -

weight = -50 X c% +4.

[3] SHEAT 0.08 ~0.23%HIERA XS L LA S BB % 0.08 W 0.23% K #ATH
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LEE S ik i —
Z RERITRMRRE, WERECH:
weight =-(20.0/3) * ¢% +23.0/15,

[4] STRENT 0.23 ~0.4%H4RFP TS A L AEE SRR B0 0.23 1 0,40% 405
2 MHATRMEEE, WEREN:

weight =-(100/32.0) ¥ ¢% +1.25.

[5] EHEBXT 04%MBF LB HER[1].

[6] Si-Mn IR BN ILIRE EMBERTHE, HERAM L SIS TFHIT
BE.
4.1.2.2 HFHE R W R B

ERARBEOMFEREF B —EHRENARR Y LR, LRANSHEASE
¥*, TAMREAILTE L. PRSI EE R B R, R
A g RIE L ABER BT, RIEEBEARNEENAMES REREY, B
RERERE FRES, RAFEHEERY R,

BE— BRI AR KA R LR, B

Faik ﬁ%ﬁ%&ﬁ*&ﬁ@ﬁﬁ?f

c=cy +k(T-T,)

HitE
T=T,+< ;“’ (4-4)
BEFHEREQ=a-5 (T, -T) 15
dr
p-c-h-;—a-(Tm—Tw) 4-5)
7=0,T=T,
H(4-N@E-5), B
d ¢ c—Cq
preh—)=a -1~ s
t=0, c=gc,
MAE-HBERE
cde 2_.dr @-7)

k-(T,-T)-(c—¢)) p-h
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Rt k¥ bR FA¥ B ARARABEGGHH
YT T S S R e

NAGNFSHLRRS, RSN L TRATREG-OREOVBE4HRE, BES
B _

_ ¢ +k(T,-T,) .o
L(H(c—co)—k-(Tm —To))dc—[p-h dt

SRAFLF MR HRARGRE

—%c—%)+ku+kﬂ;-TDHn

T

=c)-k-(L,-T)|_ @
-kT.-T) | pk

BHEA

I WY T ' L
Cy c, T, -T, p-c-h

R, o, BMERENT, ML, CRiE—EEE

1%, __a

——1 Doy, o gy - - :
o= )+ Sl =
é9= T To ’ B}\U
w Lo
a C [
- r=2In(1-# 2 _Ne - 4-
it R ) “8)
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Fig.4.2 Effect of specific heat on temperature response curve

EHHGERE R, WS LR, At AR B E (A i e
PR MR, HHAMREMMEETE, MAREANITETR, HEREHED
MiahAiRER. WE 42 EARDES, o HEMRTHOEREL b HEER, W o
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LSS A S

S e RS M AT AB IS ST
EiEFRMIT R b HE TN,

ELRERT, SWREHMTESR, ABETEORRER(r), X, RE

75 L, im, BF I S o) B ARk A SR A L BB A BV AR AL R R, 7SR AR I BE RT (R AR AL IR R
B, BRESREYEEEATNE, SHEEFROTE, ERETEPNF
.

4.1.3 BER RBHIIEEL

SRR IHHEE, B—ERESETRMNFEVER LETHRAR,
Bk WimK). BREEANEHERREN, REEREMEELMERES
BRENYESE, NIRRERDANETRE, HA-HyitR.

i Fourier E1E78 1=|q|/gradT , EYBR X ETBEHA P AF —E—FE
A, EEET AFPEAEL, AFECKEREERNH—ARARN, LANERE
EERARERORE. BIRM RSN, JESEH A A EHERTENERS
%, RWESARNERNE. E428HTARANNALIRYE RIER42
BIHAERRENERME, WE 43 FEE BN,

# 42 BESRYER (WimK)
Table 4.2 Thermal-conductivity coefficient

VT HRERN 0.06%C BN 0.08%C BN 0.23%C PP 04%C  Si-MnH

400 46.52 44,7755 42.6821 41.868 30,9358
450 43.4962 42.3332 41.0539 40.2398 30.9358
500 41.0539 40.2398 39.3094 38.1464 30.9358
550 39.3094 38.1464 37.6812 36.053 30.5869
600 37.6812 36.053 35.5878 33.95%6 30.1217
650 36.053 33.9596 33.9596 322151 29.3076
700 33.95%6 31.8662 31.8662 jo.1217 28.0283
750 31.8662 29.7728 28.4935 27.2142 26.4001
800 30.1217 28,4935 25.9349 24.6556 25.1208
850 27.6794 27.2142 25.9349 24.6556 25,1208
900 27.2142 26.749 26.4001 25.586 25.586
950 27.2142 27.2142 26.749 25.9349 25.9349

1000 27.6794 27.6794 27.2142 26.749 26.4001
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basic_ratio—$7Ki - - ) ’ 22, KEXR 2.5;

a—KRAS, MEN 022, KEXRE 0.15;

xo—HAKE, KMEHBME 60, 90m*h;

b—EERY, B{EN 0.01;
yo—EAXERE, B4EA 10mm;

c—EEHAFLRE, WEN 0.035,

R R A SR

[1] ZEE—EEAA, KEEEKEMNTSN, BH%EE KBERE,
2] EE-GEA, ARLEEEMNmRN: EH%EE, KELTE,

(3] KBRS RXRRTAR, HRAEHKRLEA,

A B R R KR NEE R, B H BEEANK, KEMHINK
B, ARBEEMIVKELEN. —BER, ARENKBLE 2427 20,
N R K RELTE 2.0~2.3 218, # 54 A% 5.5 FIH TERAHNMAFADTAT

Kk B HAE.
% 5.4 BB HATRE L TARE
Table5.4 Water ratio for continuous cooling
o EE WE  AREK SEEK AHET RET
mm ms  Hm'm #o'h EkEH kB
1 12 1.5 90 75 2.50 2.31
2 20 1 100 80 2.56 2.36
3 30 1 100 85 2.56 2.40
4 40 0.8 120 90 2.64 2.44
5 50 0.8 140 90 271 2.44
# 5.5 WA G THRE LTRREL
Table5.5 Water ratio for interval cooling
B OEE EE  A#TK MMEK XBEET NRET
2  mm m/s En’h #En'h EAKEHR  EXEWL
1 12 1.5 90 75 2.56 2.37
2 20 1 100 80 2.62 2.42
3 30 1 100 85 2.63 2.46
4 40 0.8 120 S0 2.71 2.50
5 50 0.8 140 90 2.78 2.50
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Fig.5.12 Measured cooling curves
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Fig.5.15 Diagram of plate acceleration calculation in cooling zone

WHRERESD SREKETFALNRESTA
T(x)=To+bx (5-4)
b, b AR S A BRI A LA AR TR .
B LRI A R R R S
vi=vgtat (5-5)
IR EE LB x JE A B AR 5 LR ER
AT=bAx (5-6)
WA A EIE RS CR, TUIi%I8 2 0t 7 K ¥4 0 ek 18]
A=AT/CR=bAX/CR (5-7)
B AZAWMHIE A QB HEEE R

Voo =2X 4V} (5-8)
A. B BiA%-#IX O R HEE 5 A4
Va2l (5-9)
Vo =+[2aL, 20K+ v}
WA, B AEIRHEMNRSEIN 0 b M

J2alAvi-v,

a
J2aL,H2ax +vE - \2ax v
r a (5-10)
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bAX/CR *1_cor = 1f2aLn-:va ~Vo ‘/2aLo+2ax +;1,, —.\/Zax-i-vo (5-12)
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Fig.5.16 Measured cooling curves
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BHINHRENEESHWT:

AT R~ 3200 mm x28000 mm

AHER R (6~50) mm x (1500~ 3200) mmx max36000mm
WELEBTEE: 1.5—50C/ks; I F>20mm AR, “HIEERKN 20Cs
BHEAHFIRRE: 930C~750T

BEMMAWRE: 650T~500T

BHmA: - T& 284 (SAMETEHRMMNERRL)
HIEMEE: 1.0m

AHKBEABNKE: 8000m3/h

REKEES: 4000 m*/h

ETFKEH: 1. 153

AHKBRE: <38C

WEEERE: 02~2.5m/s

WIS A <2s, MARUATIAEAT 0.2s

AAABHAER: 150m’

BAKFERE: 12m

AKEEPHEE: BAKRE 40~100%

B4, B FRASENEN. ASMERE. SHANE NSRRI,

PR AR R BB, RUAER BB AT,
7.2 FRRTRRS AW

7= G RAE Ha

o PWMAE: 6~50mm

o HIBFEE: 1500~3200mm
o HHRKE: Max 36000mm
o MAKEE: Max10.6M

ERRHRETL
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TSl a ot S

et WA RN ERER

£711 =RXRA
Table.7.1 Preduct scheme
F5  ERAEM KR =R

1 ERREHR ABD,AH32,AH36DH32,DH36  $~40X 1500~ 3200 X 25000~ 36060
2 EHRAYE X60,X65,X70 8~25 X 1500~3200 X 25000~ 36000
3 EKEKER 09SiVL,16MnL,16MnREL 8~-12X 1500~~3200 X 25000~~36000
4 HRKR 169,Q235q,16Mng,15MnVq 8~40X 1500~3200 X 25000~36000
5 i 16Mng,22g,20g,15MnVg 8~40X 1500~3200 X 25000~ 36000
6 EHEBER 16MnR,15MnVR,20R 8~-40 1500~ 3200 X 25000~ 36000
7 WM TRER KQ450,HJ58 8~-40X 1500~3200 X 25000~ 36000
8 Z [ 715,725 8~40X 1500~3200% 25000~ 36000
9 RGP Q235A,Q235B,Q235C,Q235D 6~50X 1500~ 3200 25000~ 36000

345A,Q345B,Q345C,Q345D,Q345E,
10 REEHE %390 A,((22390B%390C,(%390D,%390E 6~~50X 1500~3200 25000~ 36000

7.3 BREMPRYITSME

EANRESIRE RENRERE. SR PDI 28, FREABIEUER
BEW AR, DB A3 EAEESIE, NN ANRETRE
ME%y, REKERHAESZRERT.2

#1712 ABEGAE
Table7.2 The typical cooling schedule
ERE THE
“% .
B o AERT Do A% RS ok ke swmmws S5 ome DL wm oam
=1 mm ©C 'l fm T GU=F 0=X) BE m/s® %) (m¥/h) (m*h)
(KN ity
1010101611111 9500/ 23275/
1 Q345D 10X2660 930 3500 30 22 223 10000000000000 1.5 0.0100 245220 7000 154.00
00000000010161 102,68/ 25157/
2 Q345D 10X2660 750 650 30 22 223 qoeoooiccecp 13 00100 245220 el ey
- 10101010111121 101.92/ 254.80/
3 Q345D 20x2660 930 500 20 22 223 1111100000000 1.0 0.0080 2.50/2.25 ‘8192 18432
10100000011000 100.00/ 250.00/
4 Q345D 20X2660 750 650 20 22 223 goocooneinaeg 10 00080 250225 “gono’ Tarng
1111111111111 111.92/ 296.59/
5 Q345D 40X2660 930 500 10 22 223 [ iiijpeocopn 08 00040 265230 oo’ e
10000006011011 110.00/ 291.50/
6 Q345D 40x2660 750 650 20 22 223 0100000000000 0.8 0.0040 2.65/2.30 80.00  184.00

BT ENRELARAN. BE. SLEFRES BIRRE. AHEEIKRS
SEHBTIA N AR ENAHKAR. A, SRETEE. SFFRA%
e MRE AR BN 1 LA AR EhIseg, WLMERE. KR, LRER
B. mEE. MRFRE, EE—HIIITER.
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7.4 HEEDSH THIRIEE MR I AN R

7.4.1 A BEFRAR

AEMMREBRAKARERE. ARERE. RKREZHER ST T
fekr, BANLEK 7.3 F1K 74.

R 1.3 Witk ARRR R LA MR IER

Table 7.3 Comparison of design and measure

T¥ RS SBRBMELRR

Fg WH Wi pd Ay
1 EHRE, C <20 <20
2 FREGPR, % <20 <20
3 RREZE o0, <25C <25T
4 HHIERERE <60 4+ M <160 43
5 B 172 e 7 e ) <2s <25
6 MR {E) 2 <0.2s <028
7 EEMMIT A, ms 30-100 30-100
8 KRR IR +20Cdr 95% +20°C 5 98%
9 —WRHREAEER >99.5% >99.5%
10 REMHHEN. PLCRANETE =99.9% 99,9%
#1714 HRBEEHR

_ Fig. 7.4 Data for finishing cooling temperatare
BE FFARE RELAY FH%A LNEE RREBEE RREER

FR MR n  C BEC  BET  BEC  SBE%  AKREY%
1 790.67 672.00 679.31 +1.32 1.000 1.00
2 20 833.57 672.00 670.23 -1.77 1,000 1.00
3 Q235B 817.62 672.00 676.16 +4,16 1.000 1.00
4 837.63 650.00 652.60 +2.60 1.000 1.00
5 40 84023 650.00 658.82 +8.82 0.960 1.00
6 820.23 650.00 642.06 -7.94 0.980 1.00
7 865.45 666.00 662.07 -3.93 1.000 1.00
B 20 911.25 666.00 659.22 -6.78 0.970 1.00
9 345B 814,09 666.00 676.60 +10.60 0.988 1.00
10 834.44 655.00 655.53 +0.53 1.000 1.00
11 40 845.74 655.00 664.83 +9.83 0.976 1.00
12 840.23 655.00 646.78 8.22 0.986 1.00

7.4.2 SR E B iR KB HRE

Bk LR 1 T A R R R RO, IR Sl £
BMEINHBNETE, BHANRENZKHF: KWEE. HERANHNE
HAOEAEEMPENER, MR 74 Fir, SHEEREE 10CUA,
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Fig7.3 Measured start and finishing temperature
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R 3 B X d £ 7F¥ EadpRB Ay aR
Wik ST e ER,

# 1.5 Q345 MR TSR
Table7.5 Performance data for Q345
WF  REREE JRERSRE MPa HLH B MPa HKE% v (0B, 1D

Hiz 345 470~630 22 34
<16 EHE 381 532 28 144
ERE 36 62 6 110

Bz 325 470~630 22 34
>16~<35 FyE 379 526 26 147
Ba 54 56 4 113

QB43C B5 295 470~630 2 34
>35~<50 EHE 370 530 29 150
R 75 60 7 116

EiF 275 470~630 22 14
>50~5100 FIH{E 365 525 27 138
ERE 90 55 5 104

53] 345 470~630 22 34
<16 FH{E 380 534 28 119

BEEE 35 64 6 85

E#R 325 470~630 22 34
Q345D >16~<35 FiyE 383 537 26 123
BERE 58 67 4 89

B 205 470~630 22 34
>35~50 FHME 365 532 29 114

ERE 70 62 7 80

B 5 345 470~630 22 27

<16 R 379 538 28 71

-0 3 34 68 6 44

Q343E B 325 470~630 22 27
>16~<535 EHE 374 525 27 89

ERE 49 55 5 62

£ 7.6 Q460 KT AL R
Table?.6 Performance data for Q345
M B mm JEFBERA MPa B R MPa 1P KE% Wik OF, D

B 5 460 550~-720 17 34

€16 FHfE 501 630 21 96

BERE 41 80 4 62

Qus0c H#r 440 550~720 17 34
>16~<35 FE 4757 620 20.1 93.7

ERE 35.7 70 3.1 59.7
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LETS ok s 2 S

£ 1.7 BEAMRRT R
Table7.7 Performance data for ship plat

S R mm B ARIESE MPa FiPr 3B MPa (%% whii (0 B, 1D
Eir 235 400~-520 22 -
A 6~350 THE 316 464 32
ERE 82 64 9.7
Etr 235 400~-520 22 27
B 6~50 Ral] 324 467 32 156
ERl 89 &7 10 129
E iR 235 400~520 22 27
D 6~50 TiyE 343 478 30 148
ExE 108 78 3 121
B 315 440~-570 22 31
A32 6~50 EHE 378 520 28 176
ERE 63 80 6 145
HiF 315 440~570 22 31
D32 6~50 EHE 377 513 29 185
I-F 0. 3 62 73 7 154
Bz 355 490~630 21 34
A36 6~~50 THME 423 553 27 200
ERE 67 63 6 166
H: A. B. D. A32. A36 HMERRBE N 0C: D32, D36 MmiT AR EE k20T,
7.5 XM/|E

(1) BATFTR GG FR A N R AR H R RS ALK, &
EBITRIT, HEREERE, SRIATR A TH R R B FBI7E £ 20°C IR RBUE 95
%Ak, KAEMEIR, RERE, RSPREXTPEY/PDT 4nm, HRFE
B R,

(2) B34 3 T 200 & B S SRR 2 5 v 1 SRR, AR OB AR SB R
EAMTERET 30%0 L, BEMRAT 20%L L, AHEEEETXEER
B, BAEEEE T ERPAENER,
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ERE 67 63 6 166
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