2 i 2]

ol AV0 dia saials

Evaluation of Heat Transfer Coefficient
. during Quenching of

| Steels

| A thesis

| Submitted to the Departmentlectromechanical Engineering/
University of Technology in a partiélifiment of the requirements for the
ldegree of Doctor gbhilosophy in Metanical Engineering

"HEHIYoHPEH " H(H']

September 2009



Failure is the opportunity tdoegin again morantelligently.

Henry Ford



I
!
To my family

With my all respect, appreciation, and love.



Acknowledgement

"IH$Y&' &()*1+(,-. . $1./)*.0(-1 $11$, 463! . $!*41,*--1531-(26*,*1.0/2)-!
[2'0 111,%6(/.($2! .$! 7,$+8! 9/,3! :0/*-0(/;! 7,$+8! </&/&! =8! </&(&;! /211N
=,81=/.0%#H 71531 -9%1* >(-$,-1(2!.0% 22(>* -(.3 $+! @/5A, ('B*;1 2C;1/2"!
0% 22(>* -(.3! $+ D*62$&$B3;! /B0 +$,! 0% *46+8&*2.! -%11$,.! /2
BY%('/26*1.0*310/>*IB(>*2!5*1.0,$%BO0! 5B*-(-1#$,);1.0*310/>*| A**210*& 1 +%5 &
[2'1B*2*% $%-1#(.01.0%(, . (5*1/2'1%41*, (- *I.$1%>/&%/ . *I53!.0%-(-8!"1#$%6&'1&()*!
S *4.%2' 531 /11,*6(/.($2! .$! E--.! 7,$+8! =$0/55*'1 <8! C/'0(5! +$,! O(-!
>/8%/A&16$55+2.-1(21.04,.15+1.0(-1-.%'3811!!

" /51 %4, *5*&3! B[ +%&! .$! =(2(-.,3! $+! 9(BO*,! F'%6/.($2! /2" .$!
F&*6.,$5%60/2(6/&! F2B(2**,(2B! G*1/,.3! (2! .0%1 22(>*,-(.3! $+! D*602$&$B3!
+$,1B(>(2B!5*.0%1$11$,.%2(.3!. $!1* +B3L.0*-(-1#$,)1 (21 6$&&/AS,/.($21#(.0!
G*1/,.5%2.1 $+! =/.* (/&) HB(*26* /2"l =*/8&&%,B3! (2! .0% 22(>*-(.3! $+!
@/5A,('B*8!!

"1[51%4. *5*&31 B,/ *+%&! .$!9/,,3 :0/*-0(/;! G*1/,.5+2.1 $+! =/.* (/&
HB(*26%1/2' =*/8&&%,B3! 11 22(>*,-(.3%! @/5A,('B*;11,(.(-01 22(>*,~(.(*-1",/J!
@$2-$,.(%5;! 12' =%, /3! F'#],-! @$&&/B*! +$,! .0* +(2/26(/&! -%11$,.! #0(60!
1,$>(*-15%1.0%1$11$,.9%2(.3!.$! 1%,-%*1*/,60! /.| @/5A, ('B*!'%,(2B! .0*! &/-.!
.0,%*13%/,-8

"I #(-0! .$!.0/2)! /&&! 5*5A* -1 $+10%1 70/-*1 D,/2-+$,5/.($2! K,$%1! +$,!
0%(,1 6$2.(2%$%-1 0*&11/2'1 +,(*2'-0(@! 1/,.(6%&/,! =/.0%#; E5(,;! H.L10/2*;]
[2'1/&-$!.$.0%1- [++11(21.0%1 &(A,/,30% &IAS, .S, (*-;1/2' O #3,)-0$1! (2! .0*!
*1/,5%2.1 $+1 5/.% (/&1 -6(*26*! /2"l  5*/8&&%,B3! (2! @/5A,(B* *-1*6(/&&3!
C*>(21+$,1.0%(,16$2.(2%$%-10*&18!

"L#(-01 $1*41,*-1531.0/2)-1 .$! /&&I53! +,(*2'-1 #(.0 -1*6(/&! .0/2)-! .$!
F&*/2$,:1HY%/"; | E-**&;1=$0/55*"; | E2#/,;|E)**&;H/&/5;IM%O0/; | E5,$:17/$&/:]
H/5* /:1D0$,/3/1/2'1H%0/&8!!

"l /51 B,*.&3! (2*AX1 .$1 531 +/5 (&3! +$,! .0%(,! -YL! *>$.($2! /2']
062'* -./2'(2B!.0,$%B0Y/&&!53!1&(+*8! !



Abstract

I"#$ %8&' () &*$ &+$ ,(HH#*S$ - #'%"['0$ "HER'3#, (/0L (#4$ /'S (", $,(.45$ 25%
4348603 1$6"5,/%121584$ 71 ("HT1(/%1*$ 784S ("#$ %8 () &*$ 3&*. T#S
TH("&ABS(&S,/7 *L(HS("HS- #'%"'0$6)SBUHS(&S6)HAIYo(S(HS(/THO(HT6#)L()HS
"/ (8&)58$ - #%"$ +19%(&)8$ 1'4$ 1,9#4D6"1)4H,, S :%%.)L(HS 6)#4/%(/&'S
V- DS <&=*HAOHS &+$ ("#$ 2&.'41V6R'4/(/&' 8% 1'4$ ("#S "#L(S O1,+H)$
Yolett++1%/H# ($="1%"$/ $("HS<ABLBINLE)S- #'%"'0$,/7 *1(/&',:$

I"H$ "HL($ ()1, +#)S Yo&H++%/H (SHR)B 1,S 18 +.'%(/&'S &+$ (HT6#)1()HS
=HHS&2 (L' #AS25$AH3H* &6/ 0S1S, IR VHTH ($6)82#$>&("$*. T6#AS #1($
%161%/(5$7>/&($'. 728)D:ABS1'4$/'3#) #$S " #1($%8&'4.%(/& ST&AH* S=H)HS.(I*/ #4
I'S("HSA#,10S &+$ (HS 6)&2HS A/ TH FRCSTTS A1THH)BSA@S T7$*#0("B:$ "#$
(ITHIHTEH#)L()HS "], (8)55 =1, JHYESAHDS 1$ AS 77$ DI(56H#S ("#)78%8&.6*#$
I #)(HAS! S ("HSOH&TH() %S Yot (S QABTAF Y0 1*$6)&2HES ("#,#SAL(1S=H)#S$. #4$
(&$%1%% *L(HS("#S"#1(BIFRO8&H++%/H# ($1, 515+ LFEDOH) L()#:SFICS, (#1°$
6)&2#,$ =/("$ Al++H)H($ Y HTI%1*$ URLGEH)HS . #4S (&S I'3#,(/0L(H#S ("#$
O#'#) 1%/ (5$8+$("HSTH("&4:$

SH@IC@S$ 77$ ,(##°$ , 176%4$ =1,%. (88 4#7&' ) 1(#S ("#S$ 784#**'0$
(#%" - #$ 1'4$ (&5 1,.#,$ ("#S 166*/%1B/R4D ("#$ %1*%.*1(#4$ "#1($ ()1, +#)3
Yolctt++/%/# ($(&B1'&("H)S, 1 76 HS=HEPMSAITH /& . $I&&KASL0)##TH# ($=1,%
+&.'AS 2H(=HH'S (HS Y, (S +&)S YBRI.)3H,S 1'4$ "1)AH, $ 4/,0/2.(&'$
&2(1#4$ +)&TS$ ("H#$ -H#%"1'0$ &#,$ T&AMH/'0$ 6)&0)17$ 1'4$ (“#S$
HGBH)TH# (L5 TH#1, ) HASBER0$Y%.) 34, $1'4$ " 1)4'H,,:$

I"HS6H)+8) TL'UHS &+$1$".72#)$ &+86"# (,$/'$31)5/'0$%& 4/(/&' $=1,$
1% &$/'3#, (/0L (#48$ 1'4$ AHIOHAS 6)824S=1,$ . #4$ (&S /., L(H#S ("HS #++#%($ &
- H%"['0$61) 1 THH),$2- #%" 1 ($(56#$1'4$- #%" 1 ($(H76#)1(.) #BS&'$%&&*'0$



I"HS%0& 'S H(HI")+BI& ,-$BIHU& 103), & +" #-10%6EA MRS #. 2" H#$1& "*(/03), $1&
"1)$+* 384 BISHOSH* &' -GRHEH D& HEHI")+$I & B "1S&BIS #50& ++$ #$1&
108 #'$& /0$),"H& T""2$#$1*& 6'.'& J50$),$& #'$& /0$),'& +" #-1& ")1& #$&
2$,").,"5&TI- TSI $*&-+&H $&*"275$3&

4'$12"58& -)10,#.;#9& *& "5*-& "& .27-WH")H& -0)1"19& -)1.#.-)& +-1&
* 205"#.)88#'$&/03$),".) 88 71$**38 <&)$0!"58) $#6-2=B$5& 6"+& +-1205"#$1&H#-&
.2 HS&H'S&H'BI2"5& -)10,#.; HOKSPR G "*& "& +0) #.-) & —+& #$2TSI"#0I$& ") 1&
'$2.,"5&,-27-* #.-) 38> H &#' *&2-1$588H* & T-** :5$&H-&*. 205" #$&H $&/03),".)8&
71- $%& +-18 ")9& *H$$5E& I"#'$I& #") 8EID) 2 #HS1& #-& -) 5IBGHD #'& ;" 5" 5$&
1"#"38 PH& *& "5%-8"&)$,$*"19& #- BEIRE B8 1$*.8)& -+& H$$5+& ") L& #'$& '$"#8
HIS H2B)HET- $**38.&

&

&



1

Contents

INTRODUCTION AND LITERATURE REVIEW
" $%&()*+&, (%! ! ! I

"#-1 ,&I'0&*N/1,/2! ! ! I 3!

! "#-#"1  405+*50&,(%!(6!7/0&!&'0%86/'+(/66,+,/%&! ! I 9l
! "#-#-1 */%+7160+&('10%05;8,8! ! "<
"#<l =>7/+&,1/1(6!&7/18&*);!!! ! ! '@
"#A! B/8/0'+7!12('C!50;(*&! ! ! '@

|
THEORETICAL BACKGROUND
-#"l *[%+7,%D!0%)!E*/%+7,%D!8&0D/8! ! "ol
! -#'#"l F&OD/GH!7/0&!'/1(105! ! -J!
! -#"'#-1 F&OD/GK!7/0&!"/1(105! ! -1l
! -#'#<! F&O0D/G4!7/0&!"/I(105! ! -

#-1 4((5,%D!+*1/10%05:8,8! |1 <

| ##" L66/+&!(6'E*/%+7,%DIMO'01/&/'8! (%!+((5,%D! <
+51 []

| #-#] L8&,10&,%DI08IE*EFT)%/88!(6!88//516'(I! ! -3!

+((5,%D!+*'1/!
#<! */%+7,%D!08!0! QR %86/ IM'(+/88! ! <J!



| HSHYL &()F+,-1()+)HL ) )+ (0! ! $1!

! "HEH' 2*%+)1)/+'(0%/',3/4'5!63*'7.4'5)! ! $%!

! "HEHS! 8%)*/94'+)4:'1:01.*+))/+'(0*/17:*00474*")! ! $"
3(4'5!4"*/(*19%).:,!

"H<) =+)¥4+>1? (4T+>12[:2%)4%(! ! $@!

! "H<#%! A?*TA047!.*+)17+?2+74)-! ! $@!

| "B<#'l B.¥9+>17:,37)4:4)-! ! $C!

"HD! B [¥)4T+>1+ FEX/49%)+>14"%()45+)4:'] ! $F!

| "HD#%! GE?*/49%)+>14"*()45+)4:" ! $F!

! "#D#"l B.*:/*)AT7T+>17+>73>+)4:" ! <1!

I "#D#S$! H,;+")+5*(1:017:923)*/19:,*>1::*/! I <1!
*E?*/49%)(!

"H@! =+).*9+)4T+>1 X(7/42)4:'1:0163%7.4'512/:7%((! ! <1!

! "H@#%! [:")/:>11:>39*1K:/93>+)4.] ! <%!

! "H@#A"! =+).*9+)47+>10:/93>+)4: 1+ LX) IL+>+'7*] ! <%!

! "H@#$! M'A)4+>17"4)4:" 1+ IN:Z /-1 (! ! <D!

! "H@#<! Of:5/+9!*(7/4?)4:" ! D<!

NEURAL NETWORK MODEL FO R PREDICTION OF THERMAL
CONDUCTIVITY OF STEELS

$#%! M")/:,37)4:! ! ! D@!

$H'l =1, 5>>4'517:92>*E12/:2%/)4%(! DP!

$H$! B.*/9+>17:",37)4:4)-! DC!

I SHSH! B.HO+>17:,37)4:4)-14 x>*T7)[4T+>] | DC!
1%(4()4:4)-!

I $#H$H#" GO00*7)1:01)*92%/+)3/*] ! DF!



LY $%068 ()%l ++) /! !

"#21 3* &4-*1.&56%+!.&(7)684!

L goRkl <&6%-((-./)(=&!>) P %!.&56%+!.&(7)68! !
| "HOH@! A)-4&1*.215&6(*-.(-&4! !

"#0! C6)'&?56&4!

"#91 D)?&+IE6&?-'(-).4! !

"4BI CB&?-'(-<&*F-+-(,! !

L "HBH#! H.A&&.I*(HT7-(=-)(=&16%./&1)%!>) P& +! !
!

EXPERIMENTAL WORK

2#:1 1.(6)?5'(-).! ! !
2#@! J5&.'=-./'4,4(&>1?&4-/.1

! 2H@#:! K=&!%56.*'&! !
! 2H@#@! J5&.'=!(*.8! !
! 2#@#"! K=&!(=&6>)")5E+&! !
| 2#@#2! L*(*1*M5-4-(-).!4,4(&>! !
! 2H@#0N K=&!EB)F&! !
2#"1 C6)F&IE6&E*6*(-).1*.?!(&4(/E6)'&?568&!

2#21 L*(*1*.*+,4-4! ! !
2#0! $OE&6->&.(*+IE+*.! !
I 2#0#:) L-%%&6&.(14(&&+!)>E)4-(-).4!

| 2HOH@' L-%9%&6&.(IMBRERH*.2IM5&.'=* (! !
(&>E&6*(56&4!

! 2#0#"! P*4&14(57,! !
!

01!

99!
oB!
91!
B2!
G1!
G1!

10!
10!
1G!
1G!
1G!
‘NN
‘NN

‘N2
‘N2

‘N2

:NO



5 RESULTS AND DISCUSSION

| Ml %6&'()&*+,-1./1(..+,-10&*128, 3141&*1%0&,2/10! (. 1//+(+1,¥2  $78
1.013+//101,*1(.56.2+*+.,12¥11'2!

I "#9! :15.,2*0&*+.,1./15.31'!! $9%

L1 "HOHS! 31"+ -1¥1(4,+<)1! $9%

I "H#O#9! =>610+51,*&'+,212*+-&*+.,! ! $@9

Fol "HOH#@! %.56&0+2.7811,!*4115.31"+,-1&,3! I $@C
1>610+51,*&'012)"*2!

rol "#O#D! %.56&0+2.,W811,!*41!51&2)013!! I $@E

&,3!6013+(*13!4&03,122)B+//101,*!160.A12!
!

I "#@! =//1(*1./'<)1,(4&,*1*15610&M)D,!141&*1*0&,2/10!./12*11'2!+,!  $D7
B&*10F!AO+,1!&,3!.+']

L1 H@HS! %..'+,-1()0?121B)(..'+,-10&*121012)"*2!! $D7
I 1 "#@#9! G)1,(4V&(*.084&03,1221012)*2!! ! $C$
I 1 "H@H#@! %.5680+2'BA1,1*411<)1,(4&,*2! I $CC

!
6 CONCLUSION AND FUTURE WORK

| CHS$! %.,()2+.,! ! ! ! $8%

| CH#9! H)--12%+.,21/.01*411/)*)01!B.0l! ! $8@

REFERENCES $8D
!



Chapter 1

Introduction and Literature review

1.1 Introduction

! ! "HE! %&'()F+,*-1 $)'&/S! %.1('$SO(! 1#,2#! 3)4P(! H#3! (&2#!
(&22%((.&0! $*-,*$$/,*-1 3)'$/,)0(! ,(! '#$! )5,0,'6! '%! )+7&(#$! 3$2#)*,2)0!
8/%83/',$(1%9%/)!1,+$!/)*-$!&(;¥2%*'/%00$+!#$)":'/$) '35> (;!

! "#$! 3%("! '#$/3%+6*)3,2)006! .)9%&+! ($$0! (/&2'&(! )/$! 8/%+&2$+!
1#S*I(SP0!, (1#P) $+!'%0'#S!#,-#1"$38PR/P) &('F*,'B! ()'$!)*+!(0%106!2%%0%+;!
"#,(1'1$)'35*"1 8/%+&2%$(1 )! (1&2'&/$! '#)' #)(1 )! 0%1! 0$9$0! %.! /$(,+&)0! ('/$((!
0%243+!1,'#,*I'#$! ('$$0;! <%1SOSAH/$*-'#!,(1)2#,$9%+! &(&)006!56!/)8,+!
2%9%00,*-! '%! .%/3! )! 5),*"2! %/! FF(,',2! 3,2/%('1&2'&/$;! "#3$! 2%%0,*-!
2%*+,",%*(1 )/ 'HE*! *%*&*,.%/3! )*+! '#,0%5)+(! '%! '‘#P! $OYVR! %.! ! (/B(($(!
1#,2#13)6!58!+$'/,3%*)0!'00%$!0,.$!%.!'#$!12%38%*$*';!

! >8',3,()",%*1%.!'#$! ?&$*2#,*-18/%2H&(&)006!/$?&,/$(!'#$! ($0$2',%*!%.!
2%9%00,*-1/)'$(1.) (! $*%&-#I'ES/3," '#B! +$(,/$+! 3)/'$* (,',2! 3,2/%('/&2'&/F! %!
0/31"%0'#$!/$7?&,/$+!+$8'H#! 5&' (0% &*#!'%0! 3,*,3, @ B! /$(,+&)O! (/S (($(!)*+!
+,(%/", %*IA.,-&/$!B:BC; I"#$I 2&$*2# Wt '612)* 1551 2#)*-$+15619)/6  *-I'#$!
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DB:EF;!!

! G&$*2#,*-1 ,(1)*1,38%/")*! (‘'$8! ,*! 8/%+&2,*-1 3)*6! 3$2#)*,2)0! )*+!
)&'%3%',9%!8)/'(H!,'1,(1%.'$*I'#$130M2%*%3,2) 0! 1)6!'%!) 2#,$9$I#,-#1('/$*-'#!
)<+ +*$((;1138/%8$/!12%* %01 %. 1 28$*2#,*-12)*12) &($!+,('% /', %*1%/12/) 24, *-;!
JHESHI'H,(1#)88%*(1'%12%38%*$*'(I'#)1#)9$!)0/$) +6!-%*$!"#/% &-#1)1*&35%/1%.!
8/$9,%&(18/%2%$(($(=! $OSBES+!8)/'1/$8/$($*'(1)(,-*,.,2)*'1 3%*$")/6! 0%((!
DK=ILF;11*1.)2'=! //$8/%+&2,50%! /$(&MHP36! &*2%*'/%A0BG*2#,*-1 ,(1%*$!
%.! '#$! 3)7%/! 2)&($(! %.! /$7$2'$-BBIIS* (<! 8/%+&I*! 0%((B(! )*+! '#$!
8/%+8&2',%*1%.12%38%*$* ('t +$%!5$!/$1%/4$+! DM=INF!

! 0%*'/%0! %.! (‘$30! 3)4,*-=1 3)*& ) 2:&AL! )*+! 8/%2F((,*-! (&2#! )(1 #$)'!
'$)'3%*1 (! 5$,*-! 2%*',*&)006! ,*9$(',-)'$+! )*+!)880,$+;! "#,(! 2)*! 5$("! 53!
)2#,$9$+156!'#$1+$9$0%83%$*'196.1)18#6(,2)006!5)($+!3) #$3)',2)0!3%+$0! DPF; ! I*!
%l+$/1'%! &($! (&2#!)! 3%+$0=!"#$! 9)0&$! 846(,2)0! 9)/,)D$(! /$0)'$+!'%! '#$!
8#$* %33+ %! 1#,2#! (1 /$8/$($*$+! & 5! 4*%1*;! "#S! #$)' N)*(.$/!
2%$..,2,$*1 (! %*$! %.! '#$! 3%(' ,38%MWb.! H#B($! .)2'%/(! *1 '#$! 2%*'$Q"! %.!
28$*2#,*-IDBRF;!

! "#$! '#$/3)0! 206*+&2',9,'6! (1 )O(UH! (,-*,.,2)*'1 )2'%/! *I ‘#$! #$)']

'I$) 35 1) *+1'HB1&($!96.1('$S0(;!"$38S) ' &/S!-/)+,$*' (1 +&/,*-12%%0,*-1 2)*10$) +!
‘%! 3,2/%('1&2'&/)0! -N)+,$*'(1 )*+! '%! [$+&)0! (/$(($(! ,*! ($3$0! 2%38%*$*'(;!
"#$/3)01'/)*(,$*'(12)*1,*.0&$*2$!'#$!+$9$0%83$*'1%.! (/S(($(1/$+&2,*-1($/9,2$!
0,.$!)*+!().$'6!DBB=!BSF;!!!

! T$0,)508!8/$+,2',%*1%.!'#$!",3$:'SIB&/S! #,('%/6=!3,2/%('/&2'&/! )*+!
)(:28$*2#$+! 8/%8$/,$(! %.! (‘$$0! /$RE )22&/)'$! +))! %.! #$! 5%&*+)/6!
2%*+,",%*(! .%/! '#3$! 8/%2%((! (,3&0),!9D&//$*'06=! %*$! %.! '#$! -/$)'$("
,38%+,3$*'(1'%! )! .&00! 8/$+,23! 2&$*2#! (,3&0)",%*! 0! (! '#$! ,*)5,0,'6! ‘%!
2#))2'$/, @$!'#$!(&/1.)2$1#$) 1M(.$/12%$..,2,$* | DBU=IBEF;!
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Coolingrate
I dT/dt
I 1 2
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| ) 5 Volume changes and
: Phase transformation _ resulting stresses
|

; M “ /

[ Metallographic Deformation and J
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properties

Figure 1-1: Coupling effect between cooling rate, phase
! transformation and stresses, ad their influence on material
properties.

| 1: Temperature dependent phase transformations.
! 2: Thermal stress.

! 3: Latent heat.

! 4: Heat of deformation.

5: Transformation strain.

6: Stress-induced transformation.
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"#$! 3)7%/1 -%)0! %.! '#,(1 1%/41 K1) )228&/)'S! $(,3)',.%*! %.! #$! #$)'
NS 2%$..,2,571 %/ ($SO(1 )T B! )25 5S LSS HS! ($S0! )*+! HS!
28$*2#,*-13%+,&31)(1)!.&*2",%*1%.1'$38%/)'&/$=15)($+! %6*I #$! 2%%0,*-1 2&/9%(!
065'),*$+I561 28524, *-1)|B5S!, ¥ Vol HEI2&$+2H)*"!

"#$106'#$/1),31, (1'% +$9$0%68! ) *S&IL%6/4! 3%-+$0!'%! 8/%69,+$!'#$/3)O!
2%*+82',9,'6! 9)0&$(!I %.! #$! (SSO-BR(S+! )*+! #%1! I 2#)%-$(! 1,'#!
'$38%$/)' &/SI+$8S + *-106*1(12#$3,2)012%638%(,', %*!

%1 )++," 96*=1 %, (1 8/%7$2" %6288 '#$! $Q8$/,3$*)006! +$'$/3,*$+!
5$#)9,%8&/ %.! +,.$/$*1 2&$*2#)*'(1 Y26+ *-1 '%! '#S$,/! 8#6(,2)0! 8/%8$/,$(!
A'$38$/)'&I$1)*+19,(2%(,'6C;1"#$! 296UAB/9$! 1) (133) (&/$+!56! H$! +$(,-*$+!
8/965$! )<+ &($+!'%! 2)02&0)'$! '#$! 2&YHY;! ¥ HS! 8/$($*'! 1%/41)14,*$' 2!
8/%-/)3!13&2-NUIDBKF!1)(1&($+!'%!%5H$1$2&)', %*'#)'1+$(2/, 55 '#$!", 35
'$38$/)'&/$:/)*(.%/3)',%* A"CI28/9$!.%/!"#00%6! (‘$$0!%.!, *$/$('1'%!)9%, +!
HSISSH! 06/ HS $28&)',%6%1 206+ (') ¥ (| LERISS/S($1 #$! 3),* 8/%650$3! ¥ #$!
060+1)88/%6) 24! *1+$'$/3 ] #$1 28$+2#1.)2'%/|AGVC;]
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1.2 Literature review

"#$18/,3)/6!.8*2",%6*1%.1)1 28&$*2#)*'1, ['%! 296* /%01 HSI#S$) ') *(.$/1/)'$!
J9%31 V¥ %5732 +&/,*-1 'HS! 28$*2#B8/%2$((! )*+! ‘%! 8/%+&2$! 'HS! +$(,/$+!
29635, %)',%6*196.1#)/+*$((=! (/$*-H=1 )68 #+$((;"HS! 28&:$*2#)*'| (#%8&0+1)0(%!
3,%,3,@$!+,('%/", %*1+&$! %! #$! +SOSHHBB. /$(,+&)0! (/$(($(!56!8/%3%',*-!
HBI&*,.%/3,'61%.12%%0,*-1%69%/| HYARIV6.| #$! 2%638%*$+;1"#$! 3$2#)*,2)0!
8/%8$/", (! %5'),*$+! )/$! (,-*,.,2)*'06! 1$2'$+! 56! '#$! 296%0,*-! /)'$(1 )"), *+!
+&/,*-178$*2# *-IDBL:BNF;!

0%%0,*-1 2&/9%! Y)06(,(! ,(! '#$! 3%&($.&0! '%%0! *I ($0$2'*-1 '#S!
)88/%8/,)'$! 28$*2#,*-1 3%+,&3! .%6/! '#$! #5'/$)'3$*'! %.1 ($$0! 8)/'(;! "#$!
'$2#* 2851 $9)0&) 'S (1 H#$! 296960, *-1 SRASA&S*2#,*-1 38+, 56! 35)(&/, *-'#$!
#$/3)01/$(8%*($1%.1)!8/%5$=1(&,") SUBLISH'$+! 1, HI'H#$/3%2%8&80$(! 1#, 2#!
YS! &(S+! 0)'$S/! '%! $(,3)'S! 2&$+2#! UB/,'61 )*+1 2&$+2#! )2'%/; "H#S! 3% (!
20633%*18/%5$! 206*.,-&/)',%*! (1)1 260, *+AB)OL, #1)1 0$*-'#! '#)'1,(1)'10$)("!
Y681, 35("HS!+,)3$'$/1'%613,* 3, @$!$*2%6%0,*-1$..$2'(IA. -&/$(!B:SI'%!B:KC;IW!
'#$/3%2%&80$! , (1 &(&)006! 0%2)'$+LBUASS, 2! 25+/$! %.1 #$! 8/%5$;! X/%5%(!
1,'#! 3&0',80$! '#$/3%2%&80%(! $35$+}$+)0(%! &($+! ,*! %/+$/! '%! 33)(&/$!
%$/3)01-/)+,$* (IDBM:SBF;!

G&S$*2#,*-1 8/9%5%( )/$! &(&)006! 208 LB+ ./%3! 3)'$/,)0(! '#)'! +%! *%%'!
$QH#,5,'1)*6! 8#)($!'1)*(.%/3)", %o*! +&/,*-1 286*2#,*-=1 (&2#!) (! *2%*$0! LRR! DBP=!
SS:SEF=!(,09$/!DBP=!1SS=ISKF!%)/! ((RES),PEL: SMF=!"%!)00%1!'#3$!/$(&0'(1'%!
531 *$/8/$'$+! 1,'%%&" #$! 29380,2)1%.! $QUHS/3,2! '/)*(.%/3)',%*;! I*

)+, 061 &(, -1 (&2#13)'$/,)0(1$0,3, KB (I'#$! +)*-$/1%.12/) 24, *-1%.1'#$! 8/%5$H!
$(8%$2,)006!,*I'#$13%/$!($95/5!2&$*2#13%+,);!
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W!19)/,$'61%.1, *(/&3$*'$+18/%5$(!(, @HE)8S(=13$")0(!)*+1+))1)*)06(, (!
(1)'$-,$(1 #)9$! 5SS+ &($+!.%/1 2%%0R2EII$! )*)06(, (! 1, '#! 9)/,%& (! +$-/$$(! %.!
(&22%$((! DBP:UBF;! "#$/$! #)9$! 5$$38'8 '%! ()*+)/+,@$! 8/%5$! +$(,-*! ,*!
%6/+$/1'%1.)2,0,") $I'#$12%38)/, (%1984 1 28/9%1+)'):1Y %63$1%. IHS! () *+)/+(!
+$9$0%68$+!  *208+$H!'H#$! Z)8)*S($! ()*+)/+!(,09$/18/%5$! )*+1 '#$! J%0. (%*! 8/%659
1#,2#1 (1 2%*(/8&2'$+! /%3 *29%*$0! LRR;! ")50$! B:B! (#%1(! )! 2%38)/,(%*! %.!
296960, *-12&/9$! (") *+)/+(;!

")-)6)! )*+1 ")3&/)! +$9$0%8$+! '#$! ZB)*$($! *+&(1,)0! ()*+)/+! AZIYC!
DUS=IUUF!.%/12%%0,*-12&/9$!)2?&., (@F*1#260,*+/,2)049%$/!18/%5$! 1, #1)!
'#$/3%2%&80$! )(($3506! (8$2,.,2)006/RIBH+H! '%6! +$'$/3,*$! #S$! 2#)*-$! *!
(&/.)2%$!'$38$/)'&/B! 1,'#!", 3! +&/,*-1 2&$*2#,*-I A. -&/$! B:SC;! "#$! 260,*+/,2)0!
(,09$/!8/%5$!1)(1)+%8'$+ILHB! Z1Y!3$H%+!5$2) &ML, (1#,-#12%6*+&2',9,'6=!
HBD5($*2$1%.18#)($!')*(.%/3)', %*=HH1*061(&/.)2$1%Q, +,@)', %*H!'#,(13$)*(!, !
#)(1)! #,-#1 ($*(,",9,'61 )*+1 $Q2$00$*'| /$86+&2,5,0,'6! %.! I$(&0'(;! <%1$9%/=! (!
#$/3)012%*+&2',9,'6!, (178, '$)..$/$*1./%31'#)"1%.1('$SOI')0(%6!#) (1) 1#,#12%(!
%.13)*&.)2'&/ *-=1)*+1 ', (1+,..,280"%! 8/$8)/$! +$0,2) @/.)2%$! '#$/3%2%&80$!
)($350,$(=!5$2)&($!(,095I3$2#)*,2)006!1$)4:!

BS;K!331+,)3%'$/ILR13310$*-'#!1*2%*$QUIRR!8/%5%;!"#, (18/%5%!,(1(8$2,.,$+! *!
HS!1Y>! 3$'#%+! A.,-&/$! B:UC! DBNEBJMBEB! 5$2)&($! %.! ,'(! $Q2$00$*!
3$2#)*,2)0! 8/%8%/", $(;! <%1$9$/! (! ($*(,, B! ,(! 0B((! #)*1 #)'1 %.1 '#$! (,09$/!
8/%5$;IWO(%=""#$! (&/.) 25! 2%6*+,' %6*1% SBIHBS! (1961 ()50$!+&/,*-1,*,')O!
H#$)' *-=11#,08!'#)"1%.1'#$! (,09$/1 8/%5BD1)6(! ()50$;!"#$! 1*2%6*$0!1 8/%65$!#) (!
)I'#$/3)01 206%+82',9,'6! 1#,2#1 (1 3&2#! 2006 '#)'1%.1 (‘SO '#)*! (1'#$! 2) (3!
1,'#1(,098/;1)0(%!+%8$76'1$Q#, 5, ') *618#) ($!'))*(.%/3)', %*(IDBP=!SS:SEF;!



NOTE: All dimensions
are in mm.

Fibure 1-2: JIS Silver

probe [18].

)
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Table 1-1: Comparison of prole specifications standards.
ISO AFNOR Proposed
) JISK 2242 | ZBE 45003-88
Variable 9950:1995(E) NFT-60778 ) ASTM
) (Japan) (China) }
(International) (France) (United State)
Y,09%/=! Y,09%/=!
Y,09%/=!PP;PL][|
Probe 1*2%*$0!LRR! PP;PPP[! PP;PP[! 88/3 1*2%*$0!LRR!
8&/$! 8&/$! '
Probe
dimensions,
) BS;K! ILR! BL!'IEN! BR! UR! BR! UR! BSKILR!
Diameter!
Length, mm
Probe
quenching NKR\IK! NRR\IK! NBR\IK! NBR\IK! NKR\IK
emperature, jC
|
12,5 mm
’/ s
,/ l
Z7
0 Q
. |
n
] U
0 ) £
— ;
Z Z E =
Z f E;-_ K \l
2 i~ e
B — -—5 \\ Jh
o E N
E N
A NN
= N
(=] o A8
(RS N\
= — i_ L\
5 —-—1L6°'| 3 |- = \
+ E
2 R
'
—]10+01 |-—

Figure 1-3: Inconel 600
probe [18].
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1)'$( )%+ "%"$*! DUKF! #)9%$! &($¥1! )0&3,*,&3! 8/%5$! 1,#! 3&0',809!
'#$/3%2%&80$(1A. -&/$! B:EC!"%! 3SKBBHY)'&/$!-/)+,$*'(11#,0$! 2%6%0, *-1,*!
9)/,%8&(! 2&$*2#,*-13%+,);! "#$! 3)Q,3&3! +,..$/$*2$! I '$38%/)'&/$! 5$' 1SS!
B! (&).) 251 )<+ H#S1 25+ /B10b#S! 8/%5$! 2)*1 55! &($+1B6,3)'$! #$!8/%8%$*(, 6!
SICIB((1.%/3) YoH 1) +1+ (ol Yo*1+&/ *-12&$* 24 *-1

<,*$(1 )*+! A&$00$/! DBNF! 2%38)/$6! 8%/.%6/3)*2$! %.! SK_BRR! 33!
260,*+/,2)0!WIYI!BKEL!('$$0!AR;EL!O*BL BRI *+!'68$IURE! ("), *0$((!(‘$$0!
8/%5$(1A. -&/$IB:KC;I"#$,/!/$(&0'(| $WH) '#$10%11#)$*)5,0,'6!WIY 1 BKEL!
8/%5$! 2%*(,('$*'06! 8/%+&2%+! 0%*-$/10)BIBIK)-$! ', 3! '#)* '#$!'68%$! URE!
8/%5$=15%'#! %6.! 1#, 24! 198 2#S+! %! #$! ()3B$+,&3;! "#,(155#)9,%8&/!
1)(1)",5&'$+! %! '#$! $QU'HS/3,2! 8#) (F)*(.%/3)',%*1 %.1)&('$*,'S! '%! .$//,'$!
)*+18$)/0,'$!, *I'#$IWIYBKEL! ('$$0;! Y, 3,0)/!/$(&0'(V$$%5'), *$+! &(, *- I WIYI!
KBLR!('$$0!8/%5$!AR;LIQRRMNN*:R:SUY,!1'[C;!!

Thermocouples

i i
|| L
| | Wanumon
: Weld- ]
M;L123! | |
' Riuizs D - ‘ |
| " BK;SI23! 1
! | |
!
| ! -
lee1 1/2"
! U;NI23!
Figure 1-4: Multiple thermocouples Figure 1-5: Hines-Mueller type

'probe [18]. 304 stainless steel probe [18].
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1.2.mCalculation of heat transfer coefficient

| G&$*2#,*-1) 1 #9%'1%57$2'941)1 0,28, +1 3$+,&3! ,*99%609%(!)! 2%6380$Q! #$)'!
N(.$/181%28((;1<$) 1$Q) 2", %1 /%3HS! (&/.)25!% . HSI%57$2'1 %228/ (1'% &-#!
($9$/)01+,.. SIS :#S) I/ *(.$/1382#)*%,( 3(1)*+! 41+, *2'1'$38$/)'&/$!/)*-$(;!

"H#S ()-$(1 )/$! .%/3)',%*! %.! 9)8%&/50)*4$'" .,03=! *&203$)'$! 5%,0,*-=! )*+!
2%+9$2',%* 2%%0,*-1 ()-$;! T$0,)5BR0),%*1 %.! '#$! 2&$*2#,*-! 8/%2%((!
1$2&,1$(1)228&/)'$1+)") U6 HSI5Y6&*+)/61296*+," 9o+ (HEHEPN' /) *(.$/12%$..,2,$*'
('HSI3%('1,38%/)*'18)/)3$'S/1+&/, -1 YI2&$ 24, *-18/%2B((IDUL:UMF=1)*+1,"#)(!!
)I-I$)'1 * 0&$*2$! &8%*'HS!+B$IS0%835+39B/%6('/&:2' &/B!)*+1/$(, +&) 0! (/B(($(!
F1($$0! 8)'(;L I (1 #S! 436! 8)/)3F'S/1 ,*1 *&3$/,2)0! (,3&0)",%*(! %.! #$!
2&$*2#,*-18/%2%$((\DBL=!SP=IUN:EUF;!

| *13&2#1%.1'H#$!8/$9,%&(1/S($)/2#S! (&/.) 281 #$) 1 I)*(.$/1 2%$..,2,$*(!
#)9%! &(&)006! 5$$*1 /$)'$+1 ) (! 2%*()H(*! /$)0,'6=! 2%6$..,2,$*(1 )/$! *%6*0,*$)/!
&*2' %% (1 %.] 'H#S$! '$38S/)'&/$! )<+ 'HIY0&3S! ./)2',%*(! %.! '#S$! 8#)($(! DEUF;!
"H$/$1#)9$15$$*1)"$38'(1'0%6!$9)0&)'$! 26,2,$*' (1) (1)!.&*2',%*1%.1'$38%$/)'&/$!

6/ (SSO(+&/, *-IHSI2%6&/($1%.1 28+ 24, *-; !

L HSIS(,3),%% %.1 HSI #$)'1)*(.$/ 1 2%83..,2,$*'1 (1 2%380,2)'$+! 56! #$!
0)'$*1#$) 1/$0$) ($+1+&/, *BH) ($I'/)*(.%/3)', %* (1) + +,' Uo*=I"HSIHS) 1/ *(.$/!
2%$..,2,$%1 +&/,*-1 28$*2#,*-1 %.! 33)DES8*+(! *%'! %*06! %o*! 'H#$! 28$*24)*'|
)2'%/! 58" )0(%! %*! 19%/4:8,$2$! )@ U&R2#! )(! ,'(! +,35*(,%*! )*+! (&/.)23$!

206*+," %*;10%*($2&$+'06=1)*1$(,3)', YoF Bl 2%6$.., 2, $*'(1./%31 2%%0, *-1 2&/99!
+))! %65"),*$+1 &(,*-1 HS! ()*+)/+! BI%65S! (1 %.'$*! 206%+&2'$+;1 1$2)&($! 1 (!
+,..,280''%! +,/$2'06! 3$)(&/$! '#$! 29%BR(IB! %o*! HS! (&/.)2$! %.1)! 28$* 24+
8/9%5$=!"#$! *9%/($! 2)02&86),35#%+! %.1 #$)'1 )*(.$/! 2%$..,2,$*'15$2%63$(!)!
3)7%/! 33'#%+1 . %/1 (%09, *-!'#$!)5%9$ EWHBU=! SS=! UM=! EE:KSF;!V,-&/$! B:l
HOL('HS!(&).)2$1HS) M) (.$/12%$..,2, 30 (). &*2',%*1%.1(&/.) 23! $38$/)'&/$!
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%5"),*$+! &(,*-1 +,..$/$*'1 8/%5%$(! 3)'$/,)0=! '#$! 8/%5%(! +,3%*(,%*(! )/$! UR_PR!
331260,*+$/1?&$*2#3$+!,*11)'$/1)' | BNHO=!"#3$!8/%53(!3)+3$!./%3!*,24$0=!0/b,:
(‘$P0=1)*+!11*2%*$0! LRR;! "#$! .,-&/S( BOMB:P! (#%01! '#$! $..$2'1 %.! 2&$*2#)*'|
8)/)3%'S/(1%*I'#S!#SP) ') *(.$/12%$..,2,$*(=!1#,2#!1,00!58WB0), *$+!,*12#)8'$/!
U;!

S*Bl 0.0 HS! /(1 )"$38'(1 %! +$9,($! )! 3$'H%+! %.! $Q8%/,3%+)0!
3$)(&/$3$*'! %.! %9$/)00! #$)'! /)*G/! 2%$..,2,$*(! 1)(! 56! C)35$/'1 )*+!
d296*%63%8%&0% (! DUMBBIESEH!, *9%09$+!"H#$!, */%641%21%.1)18/%5$!, *(,+$!
HB! $%9,/06*3$%'1 *O$(,-)'S+! A/SHS)*-1 .&/*)2$=! 28$*2#,*-! B)#C! 1#,0$!
1$2%]+ *-1'#$!", 35:'$38F/) &/B! 2&/9$! )1, 0$*1 8%, *'1 ¥ 'HS$! 8/%5F;! W*+! 'H#S!
%69$/)001#$) )*(.$/12%$..,2,$* (| L$/$! 286+ %6+ '#$! 5)(, (1 %.! $Q8%/,3$+)0!
1$(80'(=1&(,*-1)1*&3$/,2)0! (%08&, %6+ 1%L DS/ ($1#3) 1 206*+ 82", %6*18/%50$3=!"H#S!
8/9%5$(11$/$!13)+$!./%31"1%!+,..$/$*'13)'$/,)0(=1*,24$01)*+13,0+1('$$0;!

1
=

-2

Heat transfer coefficients / kW m =~ K~

10 f il

8t /' Nickel " Inconel 600
¥ 3 N
6| /i CrNi-steel
: %
\

BN

Tk iy N,
S S

0 100 200 300 400 500 600 700 800 900

! Surface temperature / °c

!
Figure 1-6: Heat-transfer coefficents as a function of temperature

during quenching of cylindrical probe with 30 90 mm dimensions [18].
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Heat transfer coefficients 10>/ W m™~2 K|

20 T T T T T
10/ . _
~.a
5
0 1 1 1 1 1
0 5 10 15 20 25

Temperature / °C

Figure 1-7: Effect of quenchantcomposition on the heat-transfer
coefficients [18].

22

Heat transfer coefficients / W m ~ K'1

1600

1400

1200

1000

800

600

400

a-NaCl b-NaOH
T T bl a T
4 %,
I y,
/ AN
I AN ]
/ \\\
Y
0 100 200 300 400 500 600 700

Temperature / °C

Figure 1-8: Heat-transfer coefficierts as a function of temperature
during quenching in variousviscosity oil quenching [18]:

a- 113.9 1¢° m?s?
c- 31.1! 10° m? st

b- 68.3 10° m?s?
d-22.9 10° m?<?
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800

700 |

-1

600 |
500 | A
400 | ]
300 |

Cooling rate / K s

200 |
100 / —

0 — —
800 700 600 500 400 300 200 100 O

Temperature / °c

g Figure 1-9: Cooling rates as a faction of temperature obtained
using silver ball with 20 mm diameter quenched in a different
! temperatures still water [1].

! N)*BI'$24* 2&$(1#) 9B 5SS+ +SISBH+! . %6/I'H$!, *9B/($1)*)06(, (135 #Y%o+!
‘%! 2%38&'S! (&/.)28! #$)' /)*(.$/! 2%R,$*'! +,(/,5&',%*! ./%3! $Q8$/,3$*)0!
+)):1HS! *8& (1'% HE!)¥)06(,(1)/B! HS$! 8/%5$! -$%IB=! 3)'$/,)0! 8/%8$/", $(=!
)e+1HS! 38)(&/S+! '$38F/) &I #, (Y6l S(r+! 'HS! %&'BE&! ,(HS! #S)' /)*(.$/!
2%6$..,2,$*|DBU=IEE:ENF;!

| b))@)4,!et all DEPF! (&+,$+!'#$! *. 0&$RSHS! )228/)26! %.! 'H#$! #3)'!
NS 2%$..,2,$ (1 %6+ '#S! (,3&0)%6*! %.! 2&$*2#, *-! 82H((! %.! ($$0;! "#$6!
D6&*+!'#)'| 'HS! 2)02&0)'$+! 296%0,*-! 2ROB( 'HS! #$)' 'N)*($/! 2%8..,2,$*!
1#,2#1,(15(',3) $+!56!'#$1 296960, *-1 2&/9EMY6. I H$1 ZI Y 1(,09%/!8/%5$1 %6/ #$! 1Y >!
1*2%+*$0! 8/%5$=! 1$/$! ,*1 /$)(%*)508H3$*'! 1,# #$! 33)(&/$+! 2%%0,*-!
2&/9B(1+&/,*-11)'$/1 2824, *-=1 1#, 0!'#88)'1')*(.$/1 2%$..,2,$*',*18%063$/!
285 2#, *-| (H%&0+! 53! 3%+, | B! #$! 20690, *-1 28&/9$! +))! %.! ($$0! (852, 3%*;!
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"HS61)0(%! 206%. 138+ 'HS!S..$2'(1%.1 JERE&/)'$I8/$+,2' %6*1%.1 HSI#S) ) *(.$/!
2%6$..,2,$*'1%*'#$1 2)028&0)'$+1 3)/'$* (LB %6/3)', %6+ <+ H#$18)/'1 +, (%ol %*!
&(,*-I"#$1(,380)', %135 #Y%+(;!

V&*))*,! et all DSSF!',$+!'%! 20)/,.6! H#MB! %.! '#$! (#)8$=! (,@$! )*+!
3)'$/,)0! %.! 8/%5$(! %*! 'H#S$! /$(&0'1 9BN296%60,*-1 2&/93!'$('1 .%/! %,0(=! 1)'$/! )*+!
8960633$/! (%60&', %6+ (;| "#$6! .%6&*+1"#)' (|GPEES(1 #)9$! 5$"$/! ($*(,',9,'6! '#)*!
HY($13)+$1%.11¥206*$0=!)*+1- 9$13%/$! &($.&0!+)"). %/ '#$!13$) (&/$3$*'1%.1#$)'!
N($12%$..,2,$;]

e,.$/$*12%33$/2,)0! 2%38&'$/! 5)($! ,*(/&3F* (1 +$(,-*$+1.%/1'$(,*-!

P8 2H,*-1 3%+ H1 )2206/+)*28! 1,1 (S! ()*+)+(1 )/$! )9),0)50%;! V%!
$Q)380$=! IfV! 28$*2#! '$('=! (,*2$! BPBKRF! )*+=! [fV/! (3)/'1 2&$*2#! (6($3=!
(,*2$! SRRU! DKBF=! 1#,2#! *208&+$$28%)/6! 29%38&'$/! (%.'1)/$;! "#,(!
F(1&3$*'1)00%L(1 '#$! 3)(&/S3$*'! %.1 /)1 '1)*(.$/! 2%8..,2,$*' A%/ 'H$! 1Y >!
PPKR!8/9%5$C! 56! '#$!  *O$/(HBH H! '#S! #5)''/)*(.$2%S..,2,$*'1 2)* '#$*I 53!
&($+! .%/! 2)02&0)',%*! %.1 '#S! 3, 2/%G/ER 296*(','&S*' (1 Y<+1 'HS! #)/+*$((!
8/%.,0$1%.1260,*+/,2)0!()380$(1%.1)/5,'/)/6!+,)3$'$/\DKSF; !

g*,0! %0611 8/9%5$(! +,3%%(,%*(! %.(($#)*! BR! 33! )/$! *06'1 %6.'$*! &($+!
5$2)&($! %.!'#$! +,..,2&0'6! %.! 'SISSPRI*1%60! +&/,*-1 HS!')*(.$/! ./%3! HS!
&[%)281'%! #$! 78S+ 24 Sy 1#,2#1 3)4$! '19%/6! +,..,2&0''%! 2#)/)2'$/, @$! 'H#S!
)1.&00!8/$+,2', 9$12&$*2#1(,3&0)',%6*1'%%0; !

1.2.2mQuench factor analysis

G&)™,.6,%-12&$+2# *-1)*+1'#$1 206960, *-152'1%.1 28$*24#)*' (1#) 9! 5$$*!
(&+,$+ $Q'S*(,9506;! >*$! 35 #Y%o+!'#) P&, $(! #$! 28$*2#18)'#1)*+13)'$/,) 0!
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4,%$' 218/%8$/", $(!,(12)00$+ GRS+ 2#1.) 2'%f)*+11) (1+$(2/,5$+1%/,- *)006!56!
Y')0$6!)*+d9)*2#%=15)($+1%*'"#$IWO/)3,134#4,',9,'6 &0$!IDKE:KKF;!

<,('%/,2)006! #S )-$1 2&:$*2#1/)'$1#) (15$$+1&($+1'%61 8/$+,2'18/%8%/, $(!
)*+13,2/%('182'&I$!). $/1 2&$*2#, *-=158 (1% (&..,2,$*'1'%! 8/%9,+$1)22&/)'$!
8/%68$/'61+))=!)*+1($/9S)[18/$+,2', 95!'%%0; ! *) OCRYH#S! 285241 .)2'%/1 1) (!
+$9$0%68%+!'%128&)*' "), 9B+, 2'18/%8$/" $(IDKLF; !

Y, 28! (1 +$9$0%683%+'=! G&$*2#! )R)BHD6(, (! #)(! 5$$*! )880,$+! '%! )!
1,+$1/)%-$1%.1)0&3,* &31) D%6!)*+! (‘$$0(1'%! 8/$+, ZEBS/, $(!)*+h%/1%8",3,($!
F+&('1)0! 285 2# *-1 8/9%62%+&IS(=! )+ {EFSSH! [$20%-*,($+1 )(!1 )*!,38%/)*!

'$2#* 28$!.%/13%+$00,*-18/%8S$/ 61 QWe}! +8&/,*-1206*' *&%&(12%%0, *- DSM=IKM:
LBF;!

S 8/%2$+&/S(1 %/ +$9$0%8,*$! R&S 2! )2'%/! #)9$! 5$$!
+062&3$*S+H! HS! /S(&0'(! 2)*1 5S! &($+! ,*1)*1)88/%8/,)'S! 35 #Yo+! '%%! 8/$+,2'!
'$*(,08! 8/%8$/", $(=! #)/+*$((1)*+! 2%+ 4£Q26=15&'1 'l (1. %6&*+! '#)'I '#$! 28$*2#!
)2'%0! 2%&0+! *%'l 53! &($+! %! BYEO%*-)',%*! 5$2)&($! %.! (I (/%*-!
+$8$*+$%261%6*1-/),*1(, @$!DKKF;!

"H$! 28$*2#! )2'%/! 2)*B$! 2)02&0)'$+! /$0)',888)(,06! ./%3! *,3$! il
'$38$/)'&/$! 28/9(1 ) +! 'HS! $?&),%* +$(2/,5,%1 #$! ',3$:'$38%/)'&/$:
1)*(.%13)',%*1 2&/9%I A™™1 2&/9BC! +$/,95+! . %6/1 HOB! %.! FS/S(; ! "HS! "I
28&/9%!,(18(&)006!+$(2/,5$+!, *I'#$!.%/3IDSM=IKKF !

- _6 -
%:6: L Fs 18’ 5'6:'78?: 5 C ;tﬁ—gépl
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1#$/$°!

%:6; L'#$12/,,2)0!",38!/$2&,/$+!'%! %6FB2%*(')*1)3%&*'1%.1) 1 *$118#)($!
06/!/$+&2B! HS! #)/+*$((| HB(8S2,.,$+1)3%6&*;| A"HS! A8(1%.1'#$1 2/,',2)0!", 38!
9)0&S$(!)(!)!.&*2',%*1%./'$38PR/B!. %6/3$+!HS!""128/9;C!

S5l 206*%(C)F1 1#,2# $2&)0(! '#$! *)'&N0! 0%-)/,'#3! %.! '#$! /)2 %*!
&' 1)*(.%6/3$+1+&/ ¥ 12&$* 24 *-;!

- 6 11296*(")*'1/$0)'$+!'%!'#%1/$2,8/%2)01%. ' #$!*& 35$/1%.1*&20%)', %*1(,'$(;!
- 7 J129%6*(")*'1/$0) $+"% ' #SI$*$B!/$ &, /$+!'%0! . %/3!)1*& 20$& ;!

- 5 j1296*(")*'1/$0)'$+!'%! #$! (%09&(!'$38%/)'&/$;!

- 9 [12%*()*'1/$0)'$+!'%!'#$1)29)", %*1$*$/-61%. 1+, .. &(,%*;!
RIj!N;UBEU!ZHB%(F:!

T1j'$38%/)'&/$hlaO;!

"HBI2%*()F(! 5 A g A 7 Ag-=J @ !+$. S4B (#)8$1%. 'S 128/9%;!

JH#,08! 28$*2#! )2'%/! )¥)06(,(! )88$Y! ‘%! 53! )*! $Q2$00$*! '$2#* 2&$! %.!
2%//$0)',*-1 206960, *-1 2&/9$(! 1, #! 3$')OMRO! /$(8%*($=!," (&..$/(! ./%3!)1 0)24!
%.1)9),0)5,0,'6! %.1$#29%*()* (! .%/! '#$1%! .&*2'%*=! )00! %.! '#$3! 3&('! 53!
3$)(&/$+ DBM=!KKF;
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1.3 Objective of the study
"#$!13),*1%57$2',9$(1%.'#$!(&+6!)/$’!

B; "%! ,*9$(,-)'S! )+ &*+$I()+! HS! /%0$! %.! ‘H! P2&$*2H#)*'! '68F! )*+]
28$*2H)*) '$38$/)'&IS! %X HS! 2%%DA'S! Y+ HS! #S)'! (. S/!
2%$..,2,$'=1 Y5+1 206%($2&$*! $.(5Z6* ‘#$! 3,2/%(1&2'&/$! Y:+! HS!
8/%8$/", $(1%.1('$$0;!

S; "%!+$9$0%8!)!/$0,)50$! 8/%5$! +$(+B'$43,*,*-'#$1)228&/)'$! (&/.)2$!
#S)')*($129%8$..,2,$*'1.%/! ($S0(1)0!.&*2',%*1%.! (&/.)2%! '$38%/)' &/$=!
&(,*-133)(&/$+!'$38%/)'&/$!8/%.,05(;!

U; "%!,*9$(,-)'S!"#$!1$..$2'1%.1 285+ 21 8)/) 35'$/(1 %o+ '#$! 2&$*2#! ) 2'%/!
P+ HSYS(&O' *- 1) ++$((;!

E; "%!+$9$0%8!)!*$&/)01*$'1%/4! 3UHBOIS+,2''#$! '#$/3)0! 296*+&2',9,'6!
%.1('$$0(1)(1)!.&*2", %*1%.1'$38%/)' Bt1)0%*-1 1, #1 3)* *-.&0! $(',3)'$(!
%.1'%$1)228&/)261%.IH$18/$+,2' %6*(;!

K: "%! +$9$0%8!)! 296388 $/! 8/%-/)3*&(#S$! 2%6*'/%0! 9%0&3$! 3$#%+! '%!
(,3&0)'$! '#$! 2&$*2#,*-1 8/9%2$((! )*42)02&0)'$! '#$! '$38%/)'&/$! 8/%.,08$!
F(ASIHS($S0;1"HSI5%68*+)/6! 208206 (1.%6/1 HS$! 3%+$00,*-18/%-/)31)/$!
B S(,3)'SH HB)'T NS 2%$..,2, 851 Y+ HS 8IS+ 2'$+! #$/3)0!
2%*+&2',9,'6;

1.4 Research work layout
"#B/S(B)/2#11%/418/$* $+!,*1'#, (I'#S(, (1, (1, *1($9S*12#)8'S/(;!

O#)8'$/| B=! 1#, 2#1#)(15$$*1)0/$)+6YFo+8&2$+=! (1)*],*/%+&2", %*1 )*+1)!
H%/%&-#1/$9,$11%.1'H$/$0$9)*'10, $HIF+18/$9,%& (1 LU6I4%6*$! *I'#$! . $0+!
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06.128$%2#,*-1"#$10,'$/)'&/$1/$9, 1. U(BRY6*1 296%60, *-128/9F0B(, (1)(!)'%%%60!
‘%! $9)0&)'$! '#$! 206%0,*-1 8%1$/! YERBRS=! )*+! %+ '#$! '68$! %.! 8/%65%(!
)9),0)50%$!'%!3%$)(&/$!2%%0,*-12&/9$(;!!

O#)8'$/! S +$)0(! 1,'#! '#$! 28$*2#F819%2$((1 )+ ,'(1 ()-$(=! )*+! '#$!
3$2#)%,(3(1%.1H$) 1) *(.B/1+&/ *-I'#S(B! ()-$(=!)*+I'#$18)/)3$'$/(1#)')..$2']
#B($1 3524)*,(3(1 Y'Y 511, 1 #S1/S0$ 9)*'10,'$/)'&/B! )+ (H%1,*- 1 #%11 #S$!
4%910$+-$! 2)*1 53! &($+! '%! +$SI$0%RIEEE0(=! #, (1 2#)8'$/! )0(%6! +$(2/,5%(!
3)'$/,)018#6(,2)0!8/%8%$/ $(IA(8$2,. B)H)*+1#%$)'120%6*+&2',9,'6C1) (1)!.&*2",%*!
0%.'$38$/)'&/$!)+1"H#$13) #$3)',2)01+$(2/,8', %6*1%. 128+ 24, *-18/%62%((;!

O#)8'$/1U!,(1)*1%9$/9,$1!1%.! #88/3)0! 2%6*+&2',9,'61 )*+1'#$18/%650$3 (!
%.! 3%+$00,*-! 2%6380$Q! 8/%8%$/",$(! AN 5H(! '#$! 5)6S(,)*! *$&/)0! *$'1%/4!
3%+$0!.%/1'#$/3)012%6%+&2',9,'6!.%/! (BBOES! +)) 1 &($+!,*1,'(12/$)', %6*1)*+!
)0(%!,'(18/$+,2',931)5,0,'6:!

11 2#)8'$/! E=! '#$! $Q8%/,35+)0! 1%6/4=1 '#$! +$(,-* %.1 )! 8/%65$! )*+!
28$5*2#,*-1(6('$3!'%!3$) (&/SHS) ') *(.$/12%$..,2,$*' (1+$(2/,5$+=1)0%*-11, #!
$QB8$/,3$*)0! +$),0(! (&2#! )(! '#$! BI5$S! 8/$8)/)', %*! )*+! H$! 35'H%+(! .%/!
)¥)06(,*-I'#$120600$2'$+1+)");!

%1 2#)8'$/! K! '#$! /$(&0'(! %.! '#$! 8, 35*)0! 1%/41 Y+ )((%2,)'$+!
+,(2&((,%6*1)/$18/$($*'$+; I"#S!/S(&0'(!, 0D HY6 1I'HS! *OB/($! 3 H# Yo+, (1&($+!
%61 2)028&0)'$!'H#S #3)'1')*(.$/! 2%$.52) &(,*-! 8/%5$! '$2#* 283! .%/! +,..$/$*'
($$0(1)*+1.9%/1)!1 9)/,$'6! %.! 2&$*2#)* (1 +,..$/$*'1 '$38%/)'&/S(;! "#$! /$(&O'(!
)O(%! ,00&(/)'$! #$! $..$2'1 %.1 28$*2HGBS! )<+ 28$*2#)*'1 '$38$/)'&/$! %*!
2%960,%-1 [)$=! #$)"'1)*($/! 2%S$.., 28 2&$*2#! )2'%/=1 )*+! $(,3)'$+! )(:
&S 2HS+ H)+HS(() W 2)($! (&+6! (! SEB(S+! %! +$3%*(/)'$! '#$! 3%+$00, *-!
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'$2#* 2&$! +$(2/,5+! 1 2#)8'$/! E! )*436! )(($((! '#$! )880,2)5,0,'6! %.! #S$!
2)028&0)'$+HS) 1) (.$/12%S.., 2, $* 19EHS/1()380S(11, #1+,..$/$*1+ 3$+(, %*(:!

O#)8'$/1 L1, *208&+$(1 2%*20&(, YBRIBBIF*+)', %*(!1)*+! (&--$(',%*(! .%/!
H$1.8'&/B11%1/4;)



Chapter 2

Theoretical background

2.1 Quenching and quenching stages

2,-$9%(-(3(%)! *1,.04-(.%! -*$2-(%) ! -$A8*$!1 4-5/(&2005! +*. 11 6(-'(%! -'$!*2%) $!
H178O1-17:1<=1+ %1 -$$0>! #++(&($IRABD5!-.12@.(?!-'$!+.512-(.%! .+ #&']

C$rG+ ABIPBH(%$2!12, - Bl &.%-*.00$?! SAIREH! $2-Al-'$1 4(12%5! +#%&-(.%! . +!
“$1 [#$%8'2%-! BS(%)! -.1%:*.0! -'$! '$2-1 206, +$2L$,! +*.11 -'$! /2*-1 2%7

[* 2HE&S!-'$! 28, (*$21'2*2%$, Al -*$%2%7?! - #)'%$,,G! H'S! 1#$%&'2%-1 ' #07!
20,.11(%(1(3$!2(,-.*-(.%!2%21%$, (?#28!,$,1 B51$%,#*(%) 1 #%(+.*1(-5!. @$*1-'$!
6'.0$!.+!-'$!, 21/0$G! H'$!/'5,(&20! /*./$*-($,!.B-2(%$2+$! 2(*$&-05!*$02-$7! - !
&..0(%)1*2-$,GI"#$%& '2%-, IBREMI#(?A!,.0(?Al.*1)2,ICDKFG!

B$I2(@(?$7!(%-.!-6.1B*.27182-$) . *($$1296(&20!2%7!-'$*120GH'$! 1$&'2%(&20!
[*.&$2#*$,] #,#2005! $1/0.5! '2%2%6$,,! TEH*$1$%-,! 5 $-&'(%)! /*.&$?#*$,!
2//0($7!-.1 1#$%&' (%)! /2% GIH'S,$! 1$-'.2,1 2$-$*1(%$!-'$! 2$/-'1 .+1 12%-$%, (-$!
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H0&™() ‘() &%) &++-) (AH(H) &) OL+(F(2) 1(/+#) &%(I%H/'3+)
(18 (,4) 5 +HSY%-) &+ F(01+,) (6"-6+) $4%6, 1#(2) &*+) &'S+) #+O1'H+/) &") ")
T+8&8++(),0+." 1) &+SO+HUBE &S ((2) &*+) #%&+) ") .""-'(2)'() %) , &Y% (/%H])
O SHC) I (2)T;),"$+)" &+ &*+5%-)$+%(,) &*+) %7 '-'&;) ") 01+(.*%(&)&")
+<&#9%.8)*+%6&)=>?@4)

NMIN)))5*+)+<%$ (%&™ ()"0 1+( 2YO+#"#$%(.+)7:).""-'(2). 1#6+)%(%-:,")',)
7+."$(2) ' (#+%,'(2-;) 9"91-%#) %(/) 9+89,) &*+) $",&) '("#$%& 6+) $+&*"/) ")
6. &+#'3'(2) %) 01+(.*%6(&4) 5*4R)L1#6+) O#"/1.+/) 8*+() %) ."$9" (+(&)
(&%) %8&) %) &+$I+HI&LH#+) B+E&IIHTBYR) 9"'(&) ") &*+) 01+(*%(&:) ")
(&L (&) &*+) ~01')) ")) $1.%) $"#+) ."$9-+<) &*0() &*%&) ,122+,&+]) T})
A+8&"(B,) -%8) "1) .""-'(2C) *+06&) &HHN\1) ."(&H"--+]) T;) I'I+#+(&) .""-'(2)
$+.49%6(',$,)=>)DE@)%,),*"8()'()!'2 14+ FAI5*+)$%<'$1$)*+%68) &HU6(, 1 +#)".. 1#,)
J1#(2)&*+)(1.-+%&%Y (2),8%2+4))

2.1.1 Stage-A Heat Removal

MNN))))5*+) I'#,&) ,&%2+) HIJ)™(R2)") .*%6o#%.&+#'3+/) 7;) &*+) "#3$%&"'() "!) %)
01+(.*%(&G6%9"1#) 7-%(K+&) Yo#" L (/1 Y Q& *+) *" &) , & ++-) '#,&) +(."L(&+#,)
&*+) -'01'}) 6%9"1#) 7177-+,) %o#+) (XLF%E) 2#"8:) %&) &*+) *"&) '(&+#1%.+4)
L('&'%--;:) &*+) (1.-+%&"™ () %(/) 2#"8&*) BoH&T,)) *'2*) &*%&) &*+) ,1#!%.+) ") &*+)
&++-)"))."6+#+/)8'&*)%) &((1"1,)6%9"1#)!'-$)=DM@4)

MND)))5*+) 6%9"T#)(K+&) ') $%'(&%'(+/) 8*&F)) ,199-;) ") *+%&) I#"F) &*+)
(&HEH) M) &*+) OUHE) &") &*+) | 1#194:K) &&+) %$"1(&) ") *+%&) (++/+]) &")
+6969"#96&+) &*+) 01+(.*%(8&4) N+-%&)BE=Y2)8.. 1#,) [1#(2) &*,) 9+#"/)
7+.%1,+) &*+) 6%9"1#) +(6+-"9+) %.&H(PHL-%&" #:\/Ya"-(2) "..1#,)
OH'('9%--) 7;) #%/'%&™() &*#"12*) &%P"1#) I'-$4) 5*§+$9+#%&1#+) %7"6+)
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:
I"H$"% &% '(&)% *&+(,-% .)8H0H2% 3&H/'&H#I14% V2% $&Y6 $"&-&$'1-H#2'H$%
'13+1-&',-1%(5%" 1%)#6,#47%8&) 2 (R0 UIBIHA1/5-(2'%'13+1-&' - 1%9::7%: <=>0
06%%%6%%%6%%6%?" 1% *&-+(,- T JE/O 298 D8I 192D Yo #/% +&-'2% 6,1/$"14%
86,1(,2%2(), (/2% (/' &/ @Y% 3(- 196 S¥BBR6! CY (5% &/ Yo (/#$%3&' 1-#8)%2,$'
82% +('&22#,3%$") (-HAL17% H""#, 3VTYORAAIZY "Ad-(DHALTY (-%2,)+",-H#$% &SH
E"1/%"1%2&' -&'14%28&) %$-A2'&) DU AD L4 31'€)% &-1%"18&'14% . A% " 1%31'
1&'1-% 12$&+12% 5-(3% "13% .A%(BH#HEYRED+)(24(/2% "1-1.A% .-1&0#/@% "1
*8+(,-%.)&101'% &/ 4% SE&SH)H & HI@% " 1%/,$) 1&'#(I% (5%*&+(,-%.,..) 12>% F2%
"1964,-&'#(1% (5% " 1% *&+(,-%.)&/01' UPBRAALL1 A% (-% 2(31'#312% " #2%2'& @
4(12%I('%($$,-%& % &)) %6 &/A%H 2% THIF) AR IOB & @ 1 % GFH>%I (/*1-21)A7%
- &/251-%#/% @&2%6,1/$"&/ 2% 2, BB BV 8% @E212% ($$,-2% 1D$), 24* 1) A%.
*8+(,-%.)&/01'%31$"&/#23%9:7%II=>%

2.1.2 Stage-B Heat Removal

%%%%% %% Y% YREW PO Yo" & @PUX S, - Vo /%0 P Bo@IPH YA &' 1%. (H)# @ %2'&@ 1>
F2%"1%2'11)% $(()27% "'1% -&'1 9% (B8 /B8 - (1" % (5% "'1% *&+(,-% .,..)12%
1$(312%23&))1-7% &/47% " 1/% &% To@EBIE(D(,-% .- 1%E2(3% "'1% 2,-5&$1%
141-%"1%.,(A&/SA%S(-$1 2952 MPHo %" 1 %) #6 , #) #BGBAPREAY/62! 1 +' %% (%™ 19
-1@#(1%# % ($F, +#14>% 2"#2% $() S0)RBI #5612 & 29 YOHH) 1 @Yo +(#/'% &14%
*&+(,-%.1@#/2%" (% 5(-3% & @ &H#/L Yo 1 @6 REMS1-' &% 2HM1 7% " #2%.,..)1% .-
5-11>% ?"1% +-($122% #2% -1+1&'14%6.1$2B12E&@1% "1% $()41-% )#6,#49
$(/2'&1NA% .-(,@"" % #'(Yo $(/'&$'% 1 #1% " ('% 2,-5&$1% &/4% *&+(-#2147% 1% 2"
$(02%"1%5&2'12'7%&/4%"# D S HEBIM2%&-1%&$" " #1*14%9:7%J;=>%

%

%
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2.1.3 Stage-C Heat Removal

#86788$#28&! +0! #.8/! -#&w&! 8&$/.&-! $! 7+()#! S&RY12(3! /+)*&IH#(+)! (-
-200(/(&)# #+ 9&& 7! (HIUBHR)%0:! : &, +5! #.(-| #&EIBSH#28&<! 4+(,()%! -#+7-1$)3!
[++,0% #$98-1 7, $/&1 4= +)32/#(+) | $)BYF &/t (+)! )1+ 1#.&1128&)/.$)#<!$) 31 #.&!
8$#&!+01/++,()%! $%$()! 38/8&$-&-:1 >, QUABSHE-! ()| # BV &I $8&! 3&7&)3&)#!
)&V (-+-(H=1+01#.&1 12&).$)#:1 2, | 88! 0$/#+8-148()%! &12%, < /++,()%! BSH&-!
3&/8&$-&!I5(#.1()/8&$-() %! * (-/+-(#=:]

/++,()%!8$#&-!#+!$*+(3!#.&!7&$8,(#&!&m§(+)!8&%(+)!$)3!6()(6$,! 1-#$%&!
[++,()%! 8SHE&-148/$2-& \H)RBHE=10+813(-#-+8#(+)!$) BUB() %! (-16+88&!,(9&, =1+
$T78)! () #.8! #&67&B$H288&-1 5.&88H$ERK,)-(#&.! -#82/#28&! /$)! 0+86&3! BCD<!
EDF:!

Cooling rate, °F/s

! 0 20 40 60 80 100 120 140 160 180 200 220
[ I [ I | I | |

Cooling rate, *C/s

10 20 30 40 50 &0 70 BO 90 w00 10 120
¢ _ 1600

| | | T . | l

8OO ‘ i
| | 1200 "
sl ] A stage »
q; @ — VBDOF blanket g E
i B
E Ll
u’ =
T . _ L e
s Nucleate boiling ‘l'B stags 2

|

Cnnvectlve -
“ I — cooling H C stage  — 400
| | | |
a |
1] 40 80 120 160 200 240

Time, s

Figure 2-1:1Cooling curve and cooling ratecurve at the catre of a 25 mm
diameter probe quenched with 95C water flowing at 0.25 m se¢[17].
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2.2 Cooling curve analysis

&*18)$4/#24512' (&! 1$9$+&6!-1/&&AHQAFI*&O0! (#$! 8)$4/#245!%$12)%! )41$0!
184(08++$1! 18&412(284"! ;! 18&&+245) (BOSRY6)+-($'! /&412(284" &*! -/()-+!

188+2451241-1($'(1625/$1&*1(#S!'-Yo$I0BB(#2/#! (#$!6-0(12'(&!3$!%-1$!1)0245!
8)$4/#245! 24(&! (#S! ($'(1 %$12)%: ! "#$! “2:H&H! (#$! 0$')+(245! /&&+245!/)09$!
2$+118)-4(2(-(2931#$-(1(0BD! 1-(-1-'1-1%)4/(2841&*1($%6$0-()0$!<=>?1 @ @A !!

"#$!6-0-%$($0'1&3(-24$11*0&%!/&&+245!/)09%'!-0$B!

[ "H$1%-72%)%!/&&+245!0-($¢DB!
IE")-++.12(12'11$'20-3+$!*&0! (£$1(&! &//)0!-(1($%6$0)0$! 24! (#$!0$528.4!
& (#$!1*$002($!-4116$-0+2($! (0-42BOIOS5 284! 2*1%-72%) %! #-014$"1 2!
1$'20$121'24/$!(#2'1$4") 0$' (HHADBD2'-(28418*1*$002($!-4116$-0+2($:!
|

[ "#$1/88&+245!0-($!-(1-3&) ((FGG!HIDB!
18&&+245!0-($'! 24! (#$! 0$5284! #PEHI2($! (0-4'*&0%! 24(&! %-0($4'2($
'#8)+113$1%242%2J$1! (&! 0$1)/BA$H (2-+1%&01/0-/K245!-41112'(&0(2&4!

<=?1=LA:!

2.2.1 Effect of quenchig parameters on cooling curve

#$-(1$7(0-/(245!684(R-+1&*18)$4/#2451+28)21?124/+) 1245B!
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2.2.1.1 Quenchant type

2$+/11 3('4! %03$.$5! "#S$! +6%$! (*1, &P &)ST #/)! /1 7'/2/+0.1 $++$.+1 (-]
((10-8!'/+$5!9/-61 2/+$'0/1)! /-71)(L&+0(-) #/:$!:$$-1 &)$7! /)1, &$- #/-+)!
*('1)+$$1)5! "HS! *)+$)+ &S-#! [+B)B! (;+/0-$7! &)0-8! 3/+$'! (! '0-$!
<3/+$'=)/1+! )(1&+0(->5! ?1(3$'@! THHN.7:&$-.#/-+)! 0-.1&7$! +#$! 3/+$"!
)$71%(162$")@! (01!/-7!)/1+)5! A$'63)1((10-8! /-1 :$! (;+/0-$7!0-1/0'@!
0-$'+18/)!/+2()%#$'$)!!:/.&&2!BC@!CDES5!

2.2.1.2 Quenchant temperature

$F+/.+1#$/+5! G(3$:$'@! 0+! 0)! -(+BN3/&$! +#/+1 /1 .(17$" ,&$-.#/-+1 3011!
80:$! */)+$'l $F+/.+0(-5! H/+$'1 1()$)!0¢(10-8! %(3$'1 /)! 0+!/%%'(/.#$)! O+)!
;(010-8!%(0-+@!;&+!+#0)!0)!- (+!+HB(OH® ! 3#0.#!;$.(29)!1$))!:0).(&)!/)!
+#$! +$290$'/+&'$! 0-.'$/)$75! "#$! '$7& M :0).()0+6! (**)$+)! /-6!'$7&.$7!
,&$-.#0-8!/;,010+6!./&)$ B! +#$!+$2%$'/+&'$!'0)$5!

HINI- "$/)0-8! +#$! +$206$/+&@ +#$! 3('4! %0$.$! #/)! '$1/+0:$16! 10++1$!
$*4G.+1(-104)1/:010+61+(1+'/-) S 1HGHHS!, &$- #0-812$70&2!;$./&) ! (1 +#S!
1/8$! +$2%$/+&'S! 70°$'$-.$! 30+#$! ,&$-.#0-8! 2$70&25! "#$! 2()+!
S(+0.$/;1$) #/-8510-1/;,010+61+(1+'/-)4BS/+19%'(;/:161.(25) 1+ (21 +#$1 2('$!

'1%07! (FO7/+0(-! (*! +#$! +$)+! %0OBHS' +$2%$'/+&'$)J! +#0)! /- S0+#$'!
0-'$)$! (1 7$.$NS! +#$! #$/+! +1)*$1 /%/:010+6@" 7$%$-70-8! (-1 +#S$!
+#0.4-$))! (*1+#$!(FO7$!7$:$1(%$7'BCD@!KLES5!



2 Theoretical background 25

2.2.1.3 Quenchant agitation

$(H.,(+,1'(1 0,&%! %)&(2*,)4! 5%! +&.212885,)! 3,+0&($+&¢$2).6%$'(! '*1 %0,
7&6'.)! 8/&(9,%! $(! 2%&H#, (-1 6)'-.+,21 23&/1,):1 3),1%),1.,(%/;! - %&=+0,-!
7&6'.)18.88/,2! - )$(#! 29%6&H#,! <41 5%! + AR ($+&//;1-$2).6%! ) -$2/'-#,1#,/2!
&(-12'/$-21%)'31960,12.)*&+,1"*19%60,1%, 2%! BB%0'2,12.26, (-, -1&%6!1%0,!,-#,!!
9%0,! 7&6'.)! 8/&(9,%:! %60. 2L 6 (#! *&2%,)! 0,8%! %6)REXt 2%68#, =41 "#$%8%$'(!
&I2'1+$)+./1&%, 2! +"/1/$1.$-1%'1 ), 6/840,! 0,8%,-1/$1.$-12.))'.(-$(#! %0,! >)9!

635, +,4! "#$%&%S (! +8(188:+'36/$20,-! 8;! 3,+08&($&//;! 3TS(#! %0,! 6&)%2!
9%0)" #0! %0,! 8&%0:! 6.36$(#! %'l ),+&W, %0,! 1.,(+0&(%! )! 3,+0&($+&//;!
8HSYEIS(#1960,1*/.$-17@: | ABCA!

!
2.2.2 Estimating as quenchebardness of steel from cooling curve

HIID. , (+0!*&+%")! &(&/;2$2!6 3362190, !-$),+%! +")(/&%P,! 20&6,!*1%0,!
+"'/$(#!+.)7,1>$%0! %0,! &66)'6)$&%,! 6P6;! +.)7,!-,7,/'6,-1 *)!1 %0,! 2%, /! **!
$(%,),2%4!

$2'%60,)3&/! %)&(2*)38%$'(! 9$(,%$+2UBB38&%,! %)&(2*)3&%$'(! 8,0&7$".)!
S)SHH (%S 21+ BHA<;1),6),2,(%$ (#! &! 1., (+OS(#! +.)7,1 &2! &!12,)$,21 ]
+'(2,+.%$7,1$2'%0,)38/1%) &(2*) 3&%$ (62! &(-! &--$(#!%'#,%0,)! %0, &3".(%!
%6)&(2*)3,-! -)$(#! ,&+0! $2'%0,)38/2%,6:! %0,! ,** +%! *1 %, 36,)&%.),! (!
06)&(2*)3&%S$'(! )&%.,! +&(! 8,1 Y& KEH+'.(%! *)! 7$)%.&//: &(:! 2%,66,-!
1., (+0S(H! ) +(%$(..2! +"/$(#! %0,)3&/! 68%604! ='(2,1.,(%/;:! %0,! ,** +%p! **I
1.,(+01)&%.,1'(16)'6,)%$,2! +&(18,! 3"~ //, -13.40!3"),! &++.)&%.,/;! %60&(! $*! &(!
&7,)&%#,11.,(+0,21)&%,! &66)'&+0! $2! YoM (42,11 $2'060,) 3&/! -&%6&! %'1 3&9, !
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"#$%"&' () *+,- &)+1%.")*+&$"!- /)(0$1&$ '$0- 02(- &"- 31'($,- +!0- 45)+*$- 6789-
1<~

---------- =2(11"- +1&"H+,>%%$%-/)"5$0(%- +- %$!?, (- 12*@(PO$1'- ) (,+&(%0- &'(-

1" $1?-)+&(- B!- +- /+)&- +10- &'(- &) +RH&P"- B$!(&$1%-".- &'(- /+)&P12,+)- +,,">-
@($!?- C2(11'(0<- D"$!?- )+&(%- 2%(0- $!- &'(- +!+,>%%$%- *+>- @(- (E/)$*('&+,,>-
*(+%2)(0-")-1+,12,+&(0-.)"*-"(+&-&) +1%.()-0+&+<-

---------- 4,,">-"+)0(1$!?2-1'+)+18&(8%4%-+)(-0(%1)$@ (0- @>-&'(-&$*(- F-&(*/()+&2)(
F-8&)+1%.")*+&$"-GHHHI-12)5(<-

---------- H'(- @+%$1- '>/"&' (%390 @($C2(11'- +1&")- 1T1(/& $%- &'+&- &'(-
+)0(1$1?- @ (+5$"2)- " - %&((,- 02)$!24&%$12"2%- 1" $1?- 1+]- @(-/)(0$1&(0- @>-
0$5$0$!12- +- 1™ $12- 12)5(&$! 0$%1)(&(- &(*/()+&2)(- F- &$*(- $11)(*(1&%- +10-
O(&()*IBI2-&'(-)+&S"-" - &' (- +*"21&-" .- &F*(- &' (- Y& ((,-A+%o-+& (+1'-&(*/()+&2)(-
0$5$0(0- @>- &'(- +*"21&- ".- &$*(- )(QRHY"- "@&+$!- +- %/(1$.$(0- +*"21&- ".-
&)+1%.") +&$"I- +&- & #E)&E2)(<-H'(-9%62*-" - &' (-1 1) (*(1&+,-C2(11"- . +18&")-
5+,2(%-"5()-&'(-&)+1%.")*+&$"1-)+12(- @ (&A((!- 8(+10-&'(- | | &(*1()+&2)(%-
$%-&'(-C2(11'"- +1&1)F-&'$%- +//)"+1'-$%- 2%2+(HO( &"- +%- &' (- 45)+*$-")-
+00$&$5(,>-)2, (<-

---------- =2(11'- +1&")%- 1+!- @412, +&(0- )(,+&$5(,>- (+%$,>- )"*- 0$2$&+,,>-
)(1")0(0- &$*(- &(*/()+&2)(- 12)5(%- GBI?- 12)5(I- "@&+$!(0- $!- $1%8&)2*(1&(0-
14)8%-+10-&' (-HHH#12)5(-. )& ">-" -$!&() (% &-6K7:<-

--------- HHH-12)5(%-A()(-1+,12, +&(0-.")-%&((,-".- 1"*/"V{E&S2B 7 - DH#M<87-3$#
M<7N-O!-A&P-2%$!?-04Q#3HRRS#OTORISP2) (-WHWI-.")-&'(-*"0(,,$!?-".-
&)+1%.")+&$"1%-$1- %&((,%<- H'$%- A" P%- 1+,12, +&$"1%- " .- B$! (&$1%-.")-&'(-
%" $0- %&+&(- [+96(- &)+1%6.")*+&$"1%6+2PB&(1$&(- &"- *+)&(1%$&(9- @+$!$&(
X$0*+1%6& Y &&(1-.()) $&,(%8)$"")/'$1-.()) $&(T#%:-68K; <-
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IHIHSI 068" () 1 +,-.&.1.1,01/1 ,123+4)5$.1)$6)$.$-/&! /#S$! &-&/&'/&,-1,0!
1)-.0,)¥1&,-T" "#$! #&(# $)! /$*6$)/4)$! 28+4)5$! &.! 0,)! )$+,-./)4+/&5%!
9%&004.&,-";1)$'+/&,-.| A+#" 1" )&, )6#&+10$))&/$!'-%! 6$):&/$71"#3$!:, 1$)!
23+4)5$1&.10,)!%&.6:'+&5$)$'+/&, - AHBRY6*- /=//$-1 0$))&/B! -%6! >'&-&/$!
)'+&+4:)108))&/$7! <#$-1¥2&-(I' @ASH# 0'+/,) +":+4:'/&,-Al - &-+)$*$-/":!
@A$-+#1 0'+/,)AD,)! $'+#! 1&*$! /$6! ¢, F&-! [H#S$! 1)'-.0,)*/&,-! )'-($! &.! 0&)./!
+:+4.'1$%!4.&-(1/#%'0,::,1&-(1$@4'/&,-'BCDAICEFG!

11#$)$G!!

Ry LI#S!I+)&/I&+:1/&*$NS@48&)$%! /], >/'&-1 /#$10&) /1 %$/$+/'>:$1™* 4-/1 010$))&/A
63):&/BA! )1 >'&-&/$! /16&+":11J7C! ) ITHESB! : +4.1 O /HS! Q/&+":1 /&*S) &.1 [#S!
IYL0UY-.0,)%/&,-1  23+4)5$; 711

¢ RLU#S&*$!./$614.$%!&-1%' 1"+ @4&.&/&,-T!

1)'-.0,)%1&,-1)-($!>$/1$%-! H1-961 £ 1,16), %4+ HSI+4%4:' 1853 @A$-+#!

0'+/,)AT Al'++)%&-(!/,/#$1$@4'/&,-G !

3 A JEhu OHTH;
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and C-Curve for Fe-0.16 C-016 Si-0.67 Mn wt% steel.
!

I"H$1 068 &()*+,$!-&$.%6#1 )%*01! 1$/(SIBHEB)*1 $3*1)%*+0.1%6#) 1) %*$1+2*+9621) 2!
/&.%*+0.1 O/t *#3$! -8&$.%#).* *A5$6.98#).* )7+%)*+0.6! ).8 -&$.%H#).*]
*$'5$1)*&1$10,$1144#$1%1).2/01)*+0.1 1). KB *#$!1 2*$$(195+.71-&$. %6#$8:1"#$2$!
N%*012! +.9%(&8$! 2$%*+0.! *#+06: $2PBIGI B! 281/)%S! /+.+2#! $//$%+2! 0.!
0600(+.7! 1)*$1)2! <$((1)2! *#$! ¥1).2/0D)FE)*$! O/ *#$! )((04:1 "#S$! %6)(%&()*+0.!
510%$22!+21+((8&2*1)* §BIDHHUA! +.1/+ 7&1$1=>=

*L L *uaE *a0s F Lost&-30MmmnnmnG=:+i
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N"#$%$&!

*LUHS!(%$)*+'S)1#,%)-$. /!
* 5 66 LIHS$10,1*0201#,%)-$..134%! 5546170,%'S$-. *'$!1#,%)-$..8/!
* 5 1 s LIHSI0%-*0201#,%)-$..134% !, 5543$%%6*' $9($, %5+ $1#,%)-$..8/1!

S LHSI+4- 1 $:2, 5.HS! - '2%, 51 54;,%*#0! 431'#$! <45208! 3%, +'*4-!
2SS -4'1'% - 34%08)! ,=4<S! HSY |1)20%6*-;1 +445*-;>1 #* 21 H$! 3%, +'%4-]
)$3*-$)1=6'#$! @9+2%<$H,666!5-1A/BBC!DI9A/AACAE!

3 1#$:2$-+#13,+'4%)!

3,+'4%.! =2'1 0%-*020! :2$-+#*-;1 '%$.$.! %6$! 4="*-$)! "I #:#l 2$-+#
3,+'4%./1 G*-+020! %6$.4)2,51 '%68... )1 )% 406*4-1 +4- % 1§ "F 411 1 : 2G4
3,+'4%!* 1H2."|=$5#%!+%*"*+,5!<,52%/!

) 2$-+#4-1 < 06* =5$.21 )1 554" $O(* %o*+,5! (%$)*+*4-.1'41 =$1 0,)$! =42
#,96)-8..1,)1.'06$-;# 1%-1.($+*3*+] 5546.1 ). ($+*B54+,*4- 1%-1(,%' /I]-+$!
:2$-+#1 3,+'4%] *.| $.' =5*#$)! '#,'] *55] (%A<*)$! 'H$! %$:2*%$)! #,%)-$..! -)!
%S #/1 I 2%+ #425)1 =31 $5S+S))! 2.5)1 %1 2441 1" 61'#, "1 '#$%0,5!
%6$..1, - HBI'S-)$-+6134%61)% A% *4-)1: 25+ 1+ 0, +K*-; 1% 10*-*0*L$) 1!
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2.3 Quenching as deat transfer process
2.3.1 Unsteady state heat transfer

The heat transfer is unsteady when a temperature at any given location

in a system changes with time.

The phenomenon of unsteady state heat transfer occurs often in
industrial processes, such as quenching of metals. In these applications, heat

transfer is a dynamic, time dependent process.

The unsteady problems are formulated according to !" #$%&or !"
O0*+(,$*-").)*-%"1/I#.)() . Convective heat transfer through boundaries is
important in the formulation and solution of conduction problems. The
dimensionless form of the boundary condition yields the Biot
number, $ Blich is the ratio of the external conductance to internal
conductance [69].

$E Eioui L Ul ©4; L (U p— (2.4)

foUa P P

0'= heat transfer coefficient / W m™°C ™.
G Thermal conductivity of the quenched part / W m™ °C ™.
. ¢ L Characteristic length for the part / m.
#, L Surface area of the part being quenched / m’.
8'L Volume of the part / m’.

When the internal resistance is negligible (or when the external
conductance is large), 1"2"¢: ' and $y 0 this case corresponds to a small

3"or large 1, and permits the omission of the spatial temperature variation
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IHISY0& () -+, "+ - ($YHHO+ F18SRB+-$%0&, &-$4+,.(3+&, +) FUBHEH"
)Y+ I¥)-)."

+H+++++++45."8+ '+ &S "HEOF Yo+ #"3&3,*$"3+ T-#+ -$%(',*$"8+ *#'+
QU ) | M 2 S )+ [-($UAHO+ SR, &-$+ *$P-,+ /'+ 3&9!)&; &%+ *$%+ ,."+
1#-1)"9+ 9(3,+ /"+ 3-)1"%+ &$+ ,"#O3# &3+ -$%&,&-$<+ =.&3+ "*3"+ HHH(&H"3+
(40-15+(")) 061820213

+++++H++H++="1 F)' ()5, &S+ - FES A &'&$,34 L A-(2.+ .+ (3" -+ M+
)(9""%+3(9+9-%")+9*?"+ &, +1-33&/)"+,-+"3,&9*,"+,."+*9-($,+-;+,&9"+*+ 303,"9+
"3+, -+ 43,"*000+3,*,"+'-$% &, &-$3+ @AB:+CDE<+

2.3.2 Heat trarsfer during quenching

+++++H++H+HE + #19-19)+ IBOAHES2+ >("E.&P2+ *$+ '+ 9*,."9* &'*))0+
%Il3l#&/ll%+&$+’Il#93+_;+’.ll+ll;;lll’&#l;_*_l&$ll*’+’#*$3I’J#+l_ll;;&I&II$’<+

++++++++++G+ >("$ 4G, + 9(3,+ & RS, )0+ .&2.+ &P, "#F+ [+ #4E3H+
S &I&NS -+ H-%0(M FR-)&$2+ #1)M LF + H&)) B8R&IM+ #7$3;-#9*,&-$+ -+
*(3,"$&,"+ -+ "HH&, "+ -H+ ") &, "+ * Bt 0& Y0 " 3&# Yo+ *O-($,+ -+ OFH#,"$3&, "+ -H+
[*&$&,"<+

= &S, S RS, + &3+ YB3+ @ CD:+CIEK+

a

D ! . i A‘? i® ;IllllllllllllIIlllllllllllllllllllllllllllllllllllll|l|l|l7l':l<M8
H."#"K+
MEN+E™ ) -H+ - Ok 1o+ 4> ("5 55, <+

A+N+O*H#, +3#"*<+
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6 I"#$%6" & ()"*+(,-%")%.8% (") +(%o/"
6y !"#$%"%012(30.%0)")%.8&% (") +(%/"

m———C 06" 20)%(,'-%" $%')" ) CBYHAR2%0)" +04%(" -3042)230*" 3," 20)%(%*)" -'C
5%" 49%)%(.20%4" 56" (B73(4338207" -+(1%" +*20BY5(.3-3+&8%" 83-')%4" 20"
)$%" -%60)(%" 3," -68204@*B"&(35%*" 92)$" &' ()Z-4B%0*230%/" #$%" -338207"
()%" -'0" 5%" 4%)%(.20%4" 31%(" " &{()26+8%(")+(%" (07%" ,(3.")$%" -338207"
+(1%:")3" 9%%)2.)%" )$%[, 28)95%")" ) (0%, %(" -3%2260)/" #$')" &(3124%*" )$%"
%,,%-)21%" 20)%:(,%" $H.Y5[( -3%,,2-2%0)" 3)946" )%.&%()+(%" (07%" 3,"
20)%(%*)/"

m———_—C0/£6" 5060%,2)" 3," ;039207" 3(" %<&%(2.%0)'886" 4%)%(.20207" 20)%(,
)('0*,%("-3%, ,2-2%60)*"&(34-+-% 4" BB 2*R."=+%0-$'0) 406 (":0390"-3042) 230*"

24" )$')" )$%6*06" 1'8+%*" -'0" 5%" +*%BE2Y60-%" 20" ,202)%" %8%.%0)" 3(" ,202
42, %(%0-%"$%")") ('0%, % ("-'8-+8') 23BAUB") $%")$%(.'8"5%$' 123+("3,"&'()*"3("
-3.&30%0)*" )$)" $'1%" 03)" -)+'886%%0" 20*)(+.960)%4/" #$%*%" -'8-+8")%4"
-338207"-+(1%*"-'0")$%0" 5%" +*%64 B YFH2 *>=+%60-$%4"$ (40%**" 20")$%*%"
83-1230%/"

2.3.3 Determination of heat trasfer coefficient using inverse method

"5 O S0/ 0+.96(2-'8"+2. +89230%0-$207" &(3-%**:")$%" ) %.8%6 (') (%", 2%E
2+ +%1'886" 496)%(.20%4" YSROBY')" ) ('0*,%(" %=+") 2BW*")$%0" 0%-%**(6")3"
039" )$%" 1'(23+*" -3%,,2-29%60)*:"5$864'(6" -3042)230*:" '04" )$%" 202)2'8"
-3042)230:"20"3(4%(")3" (9% *38+)230/" @%"838)20%", 3(")$%" (%6*&30*%"
3,")$%"*6%)%."92)$"":0390"202)2'8") % 4&%6(,2%684") 3")$%"$%") ") ('0*, % ("82.2) %4
56" ;0390" 53+04'(6" -3042)230%/" #$%"2%(’ $%')" ) ('0*,%(" -3%,,2-2%0)" 2*" )$%"
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|
"#$% &!"($)*$%+",*-)(.%/"*-&S&"*%Y501.%")()! 151 (% 2" (% '("/1##% #&!,3)$& %
4567%89::%

06%6%%6%%%%%%<$% &HY )3H"% "HH&+31T% =">171(7% $"% (1?1(#1% $-
'("+311% &% -1 2&*1-% JHRAYE BA&/=% $=1% #" A=$&ETIB 1% $=1% ?)3,1% $"% -
~1$1(1&*1-%8#% ,*)$$) 8F)+F-&(1/$% 1C' 1 (&SHTUB, #&"*#Yo/"*/1 (*&*A%
$=1&(%/=)()/$L(&HSE/H%)(1%-()>* % Z'SBIEBHNR)H#, (111*$#%"2%") )1 1$1 (#:%
@=1% +",*-)(.% /"*-&$S&"#% "2% =1)AYBB BB #" A=$% &*% $=1% &*?1(#1% !1%
ADE:;% @=1%"("/1##% 1221/$#% /)*& ¥1:% -1 $4$=1% $1(1OH=)*A1#% )$% )%
"&*$%3"/)$1-%)$% $=1% A 1" 1$(&/YRYEB(AHT%>=1(1%$=1%"("+1%-& 1 *#&"*
1)*%+1%-1$1(18*1-9%A86$=1%3,!'1-%/)')/&$)*/1%$=1"(.%4D57%D8:;%

%9%6%9%6%%6%%%% @ 11'1()$, (1% =88%6 QU0 (V8)#%) % &* $%$"%)* % &* 21 (#:
["- 198" % 1"-13% $'% 1#$&!)$1% $=186)=1I$0% /"1228/8&1*$% )$% $=1% !1$
FG,1%/=)*$%&*$1(2)/1;% @=1%*"*H3FT V@B S()*#2 1PBRI& 1*$#% &*/3,-1%
$=1%/",'31-%1221/$#%+1$>11*% #RLYBB()*%)*-%$1!'1()$, (1%45E7%D9:;

2.3.3.1 LumpedCapacitance Models

06%%%%%%%%%%<*% )% G,1*/=8&*A% '("I1##% =1)$% $()*#21(% &#% )% -.
'(T1##,%1=17% $=1%$=1(1)3%'(" 1 (SRASLAD +"-. % ,*- 1 (% &* 2 1#HS&A) $&"*% ) *-%$
$=1(1)3%/"*-&$E&"*#%" 2% &$HY#, (2)/ PAGH) SBHS=1 % S (NS H#&-1%$=1%+"-.%
2)(&1#%,*&2"(13.% &% SRUTIAT Vo +"- % &H%) $%6)* BU) A" #$%6&#"$=1(1)37%$=1%
3,I'1-%/))/&$)*/ 1% 1$="-% &*% $=8#% #L6 )% /"*?1*&1*$T% #&'31%)*-%)//,()$]
$"'3%"2%$=1(1)3%)*)3. HEREANE) ($Y0&H Y& 1 HA DOSEH0) Yo/ " 3&*A%23,&-%>&S
6% §% $=1% $1I'1()$,(K8-B $=1% +"6804) -1/(1)#1#% #"'$=3.% )*-%
g #3 796$"0)/=%121*$,)33. %BS RB&+(&,1%?)R6L Y86
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*(.319%,#1 - +119%.1% #1"1((. 1) &) 4! *51&+! (HH(2.&(6! 71 %, #! %, #(3$5! (# &'%$)0#! .
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2.3.3.2 Applicability of lumped capacity analysis

I #1 &'(30! 0:1 (! 34(#&U'85047)5(31#@! &HBIV(0! (H! HAH&A'E!
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2.4  Material physical properties

O$&N*! &&-1 $#! 5&! &63'€228&-! )PU. +$/#,! #4! $&(3&)$.'&! 1,7 $%&!
8.8,+ %0/, 713 H+8&22!/ -8Bt/ + &) 2&I$Y6&)) ++. WA $Y6&1+)*+ *)$/#, 20!

0)'/)$/#, 1HA$210# . (&)-. &ISHI&EDIH, -, 71$%&!8.&, +%!/212()*CDDE!=DF9!

2.4.1 Specific heat capacity

3)'$/+.%)'1 /S $&,-21 $#1 206#H! ) #()*#.25%/7%! 0)*.&2! &)1 $%&! $&(38)$.'&2!)$!
HY6/+%! ()7,&$/+1 $'), 24# ()$/#,2] #++.'Ob&) 3#2/S/#,1 #4! $%&! 38)@2! -.&! $#! $%&
%/7%! 0)*.&2! #4! $%/2! IH3&'SR,1&3H,! $%&! $&(3&)$.'&! )$! HYb/+%!
$),24# () $/#, 1#++ . 1C=JEI=>FO!

$H#! 3'&-/1+$! $%8&! &8./4/5'1.(1 3%)28&! 4)BhT.'&! NAI B<!),-! $#! &2%/()$&! $%&!
238+/4/+1%&)$!#41 O&AJIDP! QAISBRIGHRIER)! 4. +$/#, 1#41$&(38)$.'&9!
L.7,7! $%&! +)*+ ¥)$/#,] SH#! +#,-/$/#,2) H&'R&-E! 4/'2$E! #,*11).2$&,/$&! H)2!
PHHHE-ISH186/2$9!:9681-)$) 14 1SV RUABERHEI +), |58 4/ SSE&- IS 1#, &) 3H* 1 #(/)*!
&8.)$/#, $#! +#08'1 $%&! &, $/'&! $&(3&Y57&!)2! 2%#H,1/,14/7.'& NA!S!;DNIJ!
TQIULTUNITQ<9!:%/2! &8.)$/#, | H) 2! BEHH)*+ *)$&! $%&! 2.'4) +&! %&)$! $'),24&. !
HHEAM+I&,$) -, 71 $%&! 8.80AT 3'H+&22! A $% &) THBIO/+90! /2! &638+$&-! $#!
'&(),1)21).2%&,/$&)., $/*1$% & HB&(3&)$. &!/21'&)+%6&-O!
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Figure 2-3: Evolution of equilibrium phase fraction using MTDATA
calculation for Fe- 0.16 C- 0.16 Si0.67 Mn wt% steel. Only ferrite,
austenite, cementite were allowed to exist.
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Figure 2-4: Calculated specific heatapacity of Fe- 0.16 C- 0.16 Si-0.67
Mn wt% steel as a functionof temperature using MTDATA.

2.4.2 Thermal conductivity

*31 #$! &' $%/'(5! 6.1 7$+$%'((1! ,$)%05R292 . $&4$%' - %R . $+/.$! #2! #$!
(*8$2.1 Y*+,-)./0/.11 ::<=5! >/7-%$! 2@24*82! #$! $4$+,$+)1! *31 #$%&(!
)*+,-).J01. 11+ $84$%' -%$!'214%$, /). $2/+ 71" +$-%'(1+$.8*%BI&* $(1:CD=!"2!
8/((' ES! SFA(/+$,! [+ #'4.$%! GH! 8#JJ#! ES! 2-&8'%/1$,! E1! 'l #/%,! *%, $%!
AH(LH*&S (1 ST+ M+ ) S HSI 0T %/ S *31 #$%&! (1) +,-)./0/.1! 8/ 4!
$&ASY' -%$BI2! $I-' [++1)*0$%2! #! S&ASI6S! Yo'+ TSI 2#+8+! [+] #$! 3/7-%S$!
KLMMMINO!P!"IPIMNOQS5!

G6; L wsayx ‘e FzwhwsUSsr

7< GUInIBNREs XS @ikipinmnnnK25LGQ!



2 Theoretical background 39

gy, ]
S WHHHHmHHUHH .
L

30

Thermal conductivity / W m! oc’!

0 100 200 300 400 500 600 700 800 900

Temperature / °C

Figure 2-5: Calculated thermal condutivity for Fe- 0.16 C- 0.16 Si-
0.67 Mn wt% steel as a functiorof temperature using the thermal
conductivity neural network model.

2.5 Theoretical andexperimental investigation

*+0H& I+ #(4371$8295)%*$&, +91%& S &L&A #$()$,%0+9!0+90.9+,%(&!; <=>7!

M2.5.1 Experimental investigation

.51 +0,.+91 *$+3.)$*$&,?! @&! $82$)%48.%8&:$3,%1+,%(&! %&:(9:%&1!'.99! 30+
$/.9%2*$&.,! %3! 2)(#%-%,%:$95! $826&8D6; $E.! %*2(33%-9$7! "H#S$! +9,$)&+,%:$!
H3&! %31 (1 2$)'0*! $82$)%*$&,3! @H99! 30+9$! *(4$93?! "#$! )$3.9,%8&1!
%&'()*+,%(&T1H#(6$:$) 7!*.3,1-$B,)+2(9+,$4!,(19+) 1$!30+9$?!
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2.5.2 Theoretical calculation

59%-$+6! &FHS&! Hr.| HYL! Yod! DFE) HTL()*+! 5%-$+8! 9%&! '#$! 32$.)#(.:!
&%6)$11$11%4! ('S&SL I HERSBHSE* ()*+15%-$+!5+(.+71)%.1(1'1!%4!*1 1$'1%4!
(44383, (*+1$32* (%.18!

2.5.3 Advantages of computer model over experiments

(5,981 %-<* "*:$1 06411965, 2 (%.*+!  &$-()'(%.! (1! (1! +%/1)%1' (.1 5%1"!
* +)*(%.1=1"#$!)%1' %41 *1)%5, 2'SQUIEDS*. 7! %&-$&IbA! 5+:.(12-$! +%/$&!
e H1%41%15$%1 2&$53$. '8!

1)95,2'$&!11%+2'(%.1%41*!, &%>+$5IRIHS*(+$-1*.-1)%65, +$'$!(.4%8&5*(%.8!
21)*1 8Y<(-$ HB <H 2B F+1HPI E+F<H | <K& (*>+LI HEY62:#! HS! -%65*(1 %4
('$8$1'8! @><(%21+76A,S&ES.*+! 1'2-71)*.1 >$! $A.$)'$-! '%6! 5$*128&$! '#$!
S(L'&(>2'(%.1! %A4! *++] <*&(*>+$1! YSKBISHBI5*(.8! 9%&! '#(1! &$*1%.6! $<$.!
[#$5.1 % $A,$&(5$."T (1! ,$&A%ES5S-GEBES! (1! *! :&$*! <*+23! (1 %o>*(.(.2! *!
)%5,*.(%.! )%5,2'$&! 1%+2'(%.! '%! 125%% '#$! $A, $&(5$.*+! (.4%&5*(%.!
BCDES

2.6 Mathematical descmption of quenching process

(A4SES. (F+IHSF 1 >* 4% )$1 06<B&I * 12(WIOLIS.! 15%++ <06+253! $+$5$.'1 (.| '#$!
171'$58! @.$! %4! #$! 'H&S$! )%55%.! )%%E&-(*'$! 171'$S51IFHS! &$)'™*.:2+*&
G*&'SL(*.6! #S$! )7+(-&()*+! Yo +*&6I#S! 1 #$&()*+! ,%+*&! 5+7! >$! 1$+$)'$-!
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|
"HSI0SE (#)$' " &"),"*-96./0" 1+/#" )2 *+™ 3)14' %S’ 5+%.+' )$I(.%)$')-"
19622(1%)$')2'+"/*%1'*/6%$& #0/." 789:;

2.6.1 ControlVolume Formulation

L 31106, 061" )2 5+ )$*-) 0'=)0(,"" 2)-,(0/496)$ %61 /14" ) ($!"-14/$!

I$!' 0"/11' %*1"02' *)' 19%-" * #+41%./0"H$*/*%)$;' <+" ./0.(0/*%)$' 1),/%$ %1'
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-"1(0%9%%$&'1)0(*%)$'5) (0 Ve HB/* *+" %S & BB 1"-=/*06)$') 2'> (/$*%*%"1' 1 (.+'
/1'/117"),"$*(, 2 /$!"$"-&4'% 1" @/ %0 4'1/*%12%"1")="-"/$4'&-)(#)2".)$*-)0"
=)0(,"1/$12')2'.)(-1"2)="-*+"5+)0  "./0.(0/%)$'1),/%$;" <+%1'.+/-/.*"-%1*%."
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2.6.2 Mathematical fomulation and heat balance

T 4096$1-9%./0° #)0/- ))-1%$/" 141x) +/11 3™ (1M1 2) K+
S %.10" 2)-,(0P96)$; <+ 4)% " )2' K+ ))-1%6$/" 1@ ISI 4+
40%$1-%./0'3)!14' %1 1+)5$ %$' 2%&(JODICEASS %$ *+" 1/, 206&(-" %1 *+"
1,/00'/$$(0/-" .40%3$!-%./0'"0","$* ) 2" -/196(Lt 2 *+9%6.6$ 112" +"%6&+4" 3!
#)0/-' 1$&0" ¢ $<+" +"* 3/0/$." +/1' 3™$ ¥/ 6"$')="-'*+%1' 1,/00'"0","$*;
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Figure 2-6: 3 he volume element for the clndrical coordinate system$
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A = the area in the south direction = r,,, AQAr
A, = the area in the north direction = r,,, AQAr
A, = the area in the east direction = ArAz

A,, = the area in the west direction = ArAz

Ar
A; = the area in the rear direction = (rm + 7) AQAz

Ar

5 ) AQAz

A, = the area in the front direction = (rm

AV = volume elements = r,,, AQArAz!

qs = "HSUOI&!() &Y+ (1+(1% #4001 + #E&Yo+ (1% H#1(JHO

dT kA
G5 = kAy S =22 (T gy = TE ;) IIIIMININ1 20345

@ =""HSY61& ()*&Yo+ (1+(1%, #1(" B H&Yo+'(I'1%,#1(')#O!

dT _ kAn
N Az - Az

q, = kA
q. ="#3%!&'()*&%+'(1+ (19618 %!)+.#&%+'(1"/'% #! ()#0

_ dT kA,
qe = kA, TmAD  TmAD

Gy, =""HS%I& ()*&Yo+ (1+(1%, #18#-061)+ #&Yo+ (1'% #1('}#O!

dT kA,
Qw = kAy —0 = %—AQ(T(’?_LJ.,,{) — T(; j o) MM 1 20295

qr =""H$%!&'()*&Yo+ (1+(1%, 8. B+ #&%+(1'/1% #1()#O

dT _ kA,

qt =kAtE—F
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2.6.3 Initial condtion and boundary nodes
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Figure 2-7: The cylindrical shape of the part and the boaundary node
distributio n, nodes ypes are abelled 1 18!

2.6.3.1 Initial condition

"#1 SHSBA 5(#)SYeB ) $5YBY86>28/82.&%-. 2. $%68! Jo.$- %65 ES%>Bi 2!
' O)*1&96H2.(1%$627!

I"#$% %% PR (V6% % Yo Q4 FH AR L% T68% Y0 %0
%% Tinitial temperature 76~ 2#5>$#W692.&%02 P60
2.6.3.2 Boundary conditions

,(-#)& . *1#()28!892530* ! B%62692. & 28! &% RH#)&. $28!12#58#1!%>R)*!
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Figure 2-8: Temperature profile program flowchart.




Chapter 3

Neural Network Model for Prediction of

Thermal Conductivity of Steels

!
3.1 Introduction
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A neural network can be regarded as a general form of regression,
providing an approach by which a quantitative prediction may be made in
situations when the complexity of the problem makes a !"#$%&'((#) *%+,-*,-$)
treatment difficult. However, the technique can become .'/"0.'/%&'((#)
*%+,-*,-$)when developed in a Bayesian framework, since the relevance of

each datum and each variable can then be inferred automatically.

3.2 Modelling Complex Properties

There are material properties that can be modelled simply and
analytically, such as crystallization kinetics or the tensile properties of
composite materials. However, in some cases the property arises from many
interacting effects, not all of which are well understood. Even if the
mechanisms are known it may not be clear how they work together, and
simplification of the problem may be unacceptable from an engineering point
of view. The yield stress of a metal for example, cannot be calculated from
first principles, although the dependence on variables such as grain size,

dislocation density, etc, is understood.

In cases like these, properties can be estimated based on models that
have been fitted to the available empirical data. A neural network can make
the best use of existing complex, multi-dimensional data even when the data
are sparse, not uniformly distributed in the variable space, or both. The
purpose of the data-fitting is to assess the contribution of each input parameter
to the output, and to make quantitative, rather than merely qualitative,
predictions. This approach has been demonstrated as a powerful tool to aid the

creation of new materials [82-83].
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3.3 Thermal conductivity
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3.3.1 Thermal conductiviy and electrical resistivity
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3.3.2 Effect of temperature
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3.3.3 Effect of alloying
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3.4 Bayesian Neural Networks
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Figure 3-1: Variation of thermal conductivities of iron
and steels with temperature [88].

a-Iron. b- Carbon steel.

c- Alloy steels. d- High alloy steels.
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Fégure 3-2: An example of three layeneural network with four inputs
and five hidden units.
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3.4.1 Overfitting the model of neural network
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3.4.2 Noise and uncertainties
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Figure 3-3: Variations in the test and training errors as a function of
model complexity, for noiy data in a case whergy should vary with x°.

The filled points were used to createhe models (training data), and the
circles constitute tre test data [102].

(a) A linear function which is too simple.

(b) A cubic polynomial with optimum representation of both the training
and test data.

(c) A fifth order polynomial which generalizes poorly.

(d) Schematic illustration of the variaton in the test and training errors

as a function of the model complexity.
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Y
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Figure 3-4: Schematic illustrationof the uncertainty in defining a
fitting function in regions where dataare sparse (B) orwhere there is
scatter (A).The thinner lines represent error bounds due to

uncertainties in determining the weights [102].

3.5 Procedures
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Tablég‘S—l: Summary ofthe database of steel thermal conductivities,
all el@ments are in wt%.

Input Minimum Maximu m Average Standard
Deviation
18<'=8&& >97>@&& ABB&& >C9DD&& A?9DE&
F&<'=&& B9B&& A9DD&& BODC&& B9D?&&
G"&<'=&& B9B&& AH9B&& BO@I& A9DE&&
J+&<'=&& B9B&& ?HI9B&& HOED&& >OH>&&
G0&<'=&& B9B&& 19>B&& BOHH& B9>D&&
K&<'=&& BI9B&& HI9BB&& BIB@& BOHA&
F%&<'=&& B9B&& HBYIB&& H9>D&& 29>?8&
F$&<'=&& B9B&& B9?7C&& B9BH& B9A&
L/&<'=&& B9B&& AA9BB&& BY9AH& A9AI&&
J6&<'=8&& BI9B&& HO9BB&& BI9B?& BOHH&
+8<'=&& B9B&& HOEB&& BOD@& BII@&
M&<'=&& B9B&& A>9EB&& BII>&& DI@?&
N+&<'=&& B9B&& A9IB&& BI9BAE& BOAA&
FO&<'=&& B9B&& EE9C&& BOCH& ?9BE&&
N!.,!196)'$%!&F&& PDBB&& AE@A&& H>I9HI&&  HHD&
FO"2$*+-+7&0&M&™ %4 ABIC&& SHO>A&E HHIEC&& AA9?>&&

&
&
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Figure 3-5: Distribution of data.



3 Neural Network Model for Prediction of Thermal Conductivity of Steels 73

significance
L

TR T

Percieved
0 H M

Fe C Mn Ni Mo V Cr Cu Al Nb 5i W Ti Co P 3 T
|

EFigure 3-6: Significanceof each input in each sub-model used to build
ithe committee model, T is the temperature.

"H$Y6&Y6&' ()1 *+,-.(/01*12%34!, 032 0DGE/16 714%//08.1+8%3*1$&/1+*%6&18!
1%))0#0&3! #$&/(.1 00/ #0*+130/! BIEHST (/0L *+::0%%)+11;! 3#$%6&O0/ J#(.!
667!/%))0#08&3! %8%3%$1! :(8&/%3% @41 (396801 .(/01*! :$=$,%61%3%0*! 3(!
=#0/%:3! 340! +&*00&! 30* B H(Q0/1 1 #$&>%&'1 ;1 340! 1('1=#0/%: 3%20! O (#<!
:(..%33001.(/01!()!340!,0%31*9%Al.(/01* 2$1*010:30/1*%6&:0134%*1#0*+130/1%&) 34
1(20%31:(.,%&0/130* 31O (#<!

BY%'+#0! 9CD! *4(2*! 340! *%'&%)% &R0 ({)! 340! %&=+3! 2$#%S$, 10*! $*!
=0#:0%70/1,:1 340! &0+#$1! &O32(#)106B&IEE."| 340! 340#.$1! :(&/+:3%72%3;E! 340
$'8%3+/01()! 340! %' &%) %:$&:0! %*! SOMF'I40! 0A308:3! 3(124%: 41 $1 =$#3%: + 1 $#
06&=+310A=1$%8&*1340! ?$#%6$3%6{ & (@& 3UCHHA3; <! "40! (/01! =0#:0%720*1 1 (2!
*0b'8&96)%:$&:0! )(#! F+E! F#E! @1E! GIEYIGEISE/! HE! 34%*1 .$;1 .0$&! 340!
#01$3%(&*4%=!%*1 20#;1*%.=10E! \HH10AG0$H! 34#(+'4(+3! 340! #$8'0! ()! %&=+3F
(# 34$3! 340#0! %*! $! 1(2! :(##018326@&! 340*0! %&=+3*! $&/! 340! 340#.$1!
(&/+:3%7%3;<!K3!$1*(1.%'43!,0! 3484$30840*0! 010.0&870!,00&.! :(+&30/!

)(#! 34#(+'41 340! LBOL! %8&=+3<! F$H0GMIG# *%'&%)%:$&3! 34$&! 340%0!010.0&3
M%))0#0&3! *+,C.(/01* $**%'&0/! /OQF#%6'&%)%: $&:0* 3(! N&E! GY%E! N(E! O! $&
F(124%:4! *(.03%.0*! 4$/! %' &%) %: SRAY6 1$#! 3(! :$#, (&! $&/1 *(.03%.0*! 4$/!



3 Neural Network Model for Prediction of Thermal Conductivity of Steels 74

I"#$%& 'Yo($)*+,& -%6./%H *0#%& "12& “JURYD0& %1% .%1*+8& 56%7 & '%#%& #38(
1%#:%(;%28&*38&8%8&+($1(4(:"1*&(1/0%+,&

&
3.6 Modé predictions

6(P0#%& <=>& +)3'+& "& :3./"H(+31&%RBIX *)%& /#%2(:*%2& *)%#."&
:3120:*(;(*9&0+(1$& 1%0#" 1 & 1%*'3#?& . ZR/YBR*"#$%0* & 2"*" & 4#3.&*) %0 & *%0+*&
-)%#%& (+& $332& "$H%%.%1*& 8WE@%R1Y()& (12(:"*%+& 3/*(.0.&
1%#43#."1:%&43#8&*)%&.32%!,&

6($0HY&<=A&+)3+&*)%& (14! 09HIRSRASRL Do /Yot 01 &I L&) Y& ) Voit."
:3120:%(;(*9& 34& (H31& "VRE/RHY1*& +*%%!& :3./3+(*(31+,& B":)& :3./3+(*(31& )"
2(44%##%1*&*)%#."18:3120:*(; (*9& ; HOB& 9./ Yot *0#%, & C+&*) %6 & *%o. /Yot "+ OHC
(+& (L:H#%"+%2 @& )31318& +:"** 0ot (THR2B B 4%, "12& *)%E& .%"1& 4#%%& ")
#9620:%+&'(*) &(1:#%" + (LRI DHY @ &" 128"+ &) ($) &Y./ YoH" *0#Yo+8&5"0+*% 1 (*0
4(%1278 %)%& *)%#."1& :3120:*(;(*O& (& &AB:Y & 2%/%12%1*& 318 *)%& /O#(*9& 34
+" /19%8:8%:"0+%&"11&*)%&%!%.%&* I RIB (31 @RIHR: 31;%64#$%, &

6($0#%+8& 4#3.8 <=D& *38 <=<E &F)Yb*)1& :3120:*(;(*9& 2%:#%"+%+& 43#
%"1)& %1%.%1*& "+& "I139(1$& (L:HYR-TFHBDENRE 4#3.8& %G0"(31& <,E,& -)°
"H3#(*9& 34& *)%& %! VR Y HH8F V68 *)%68& *)Vo#. " &H{AFAB) %18 "22%628 83%)&
+38 J0#%& (#318& "12& |,J& "#B31& +*%oTHl: B[R 36948, /#31301:9628& "+& 13'%6#
*0b./%H *0HY%+,& K"1"2(0.8813//%#& "#%& 83%)& BEA@E (*& (+& !(?%!19& *)%
OOF/I"1"*(31& (+& *)"*& *)%+%& % IPOAR11BEE $%1%#"119& (1& +31(2& +310%(:
K"1"2(0.8'(118#%.3;%&:"#831&4#3 & +3UB{3&43#.8:"#8(2%+ @& 12&:3//%#& (!
43#.8 :3/1%H#8& I#%:(/(*"*%+@& ") ()& JI: 388 ($)%6#8& :3120:*(;(*9& *)"1& (#31,&
L(.("#19&*(*"1(0.&:"1&8%& +%%1 & *3& VA& (18X H8B DA% %!&5") %o %68&
-(M& '(11& 43#.7& 80*& (1*%#%+*(1$!BE¥JBR/ (Y68 (#31,8 BA4%:*& 34& (1:#%'
:3120:%(;(*9& 43#&;"1"2(0.8 "22(* (31 AHBRE (#31& 54($0#%6& <=J>T& (+&/#38"819



3 Neural Network Model for Prediction of Thermal Conductivity of Steels 75

IHSYOI&H () #$' +,-5./' CIL2$ #+$ +13,"(#4' %' -1#"$' 06, " 2#$$.2' 5&,)# () ()6'
&!1"0,)78'

WO
=

=

L0 20 30 40 50 60 70 a0 90
Measured Thermal Conductivity / Wm' !

Predicted Thermal Conductivity / wm K
I
o

=

Figure 3-7: Comparison of pedicted against the measured

thermal conductivity for the final committee.
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Figure 3-8: predicted influenceof temperature on the thermal
conductivity of iron and diff erent compositions steels.
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Figure 3-9: Predicted influence of carbon addition to pure iron
at different test temperatures.
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Figure 3-10: Predicted influence oftarbon addition to 0.1C-1.5Mn
steel at differenttest temperatures.
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Figure 3-11: Predicted influence manganese addition to pure
iron at different test temperatures.
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Figure 3-12: Predicted influence ofnanganese additiorto 0.1C-1.5Mn
steel at different test temperatures.
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Figure 3-13: Predicted influence ohickel addition to pure iron
at different test temperatures.
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Figure 3-14: Predicted influence of nickel addition to 0.1C-
1.5Mn steel at different test temperatures.
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Figure 3-15: Predicted influen@ of molybdenum addition to
pure iron at different test temperatures.
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Figure 3-16: Predicted influence of mtybdenum addition to 0.1C-1.5Mn
steel at differenttest temperatures.
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Figure 3-17: Predicted influenceof vanadium addition to pure
iron at different test temperatures.
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Figure 3-18: Predicted influence ofvanadium addition to 0.1C-1.5Mn
steel at different test temperatures.
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Figure 3-19: Predicted influenceof chromium addition to pure
iron at different test temperatures.
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Figure 3-20: Predicted influence othromium addition to 0.1C-1.5Mn
steel at different test temperatures.
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Figure 3-21: Predicted influence of copper addition to pure iron
at different test temperatures.
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Figure 3-22: Predicted influence of copper addition to 0.1C-1.5Mn
steel at different test temperatures.
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Figure 3-23: Predicted influen@ of niobium addition to pure
iron at different test temperatures.
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Figure 3-24: Predicted influence ohiobium addition to 0.1C-1.5Mn
steel at different test temperatures.
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Figure 3-25: Predicted influenceof aluminum addition to pure
iron at different test temperatures.
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Figure 3-26: Predicted influenceof aluminum addition to 0.1C-
1.5Mn steel at different test temperatures.



3 Neural Network Model for Prediction of Thermal Conductivity of Steels 85

200 . . : :
e
S 150 .
=
5
g loo
=
=]
=]
&
g 50 f |
E L E & t :* ': t :
= Tox

D 1 1 1 I

0 1 2 3 4 5 )

Si/ wi%
23 400°C 600°C = 1100°C

Figure 3-27: Predicted influence ofilicon addition to pure iron
at different test temperatures.
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Figure 3-28: Predicted influenceof silicon addition to 0.1C-
1.5Mn steel at different test temperatures.



3 Neural Network Model for Prediction of Thermal Conductivity of Steels

86

200 . : :
-
S 150 ¢ .
2
‘5
g loo
=
B
=]
4]
= 30 . . 1
o ® _* b
E f L ¥ ¥ 4

D i i i I

0 5 10 15

W wt e
23 400°C 600°C = 1100°C

Figure 3-29: Predicted influenceof tungsten addition to pure

iron at different test temperatures.
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Figure 3-30: Predicted influence otungsten addition to 0.1C-1.5Mn

steel at different test temperatures.
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Figure 3-32: Predicted influenceof titanium addition to 0.1C-

0.5 1 1.5
Ti/ wi\%
400°C 600°C ¢ 1100°C

1.5Mn steel at different test temperatures.

=t



3 Neural Network Model for Prediction of Thermal Conductivity of Steels

88

200 . . . :
-
S 150 ¢ . .
2z i ;
5 i i
g loo 5 5
= | |
[ =] | |
=] | |
-
e 50 ¢ g g |
g I i i
o i ' 8 % % ¥ : :
= : ' !
D 1 H 1 1 1
0 10 20 30 40 50
Co/ witte
23°%C 400°C 600°C = 1100°C

Figure 3-33: Predicted influence oftobalt addition to pure iron
at different test temperatures.
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Figure 3-34: Predicted influenceof cobalt addition to 0.1C-
1.5Mn steel at different test temperatures.
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3.7 Predictive ability
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3.7.1 Unseen data within the range of model
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g Table 3-3: Compositions for the steelased to test predctive capability.

Steel C Mn  Ni Mo V Cr Cu Al Nb Si W Ti Co
Fe-18Cr-8Ni ~ D9>@)) D9;@) B)) D)) D)) =>B)) D)) D)) D) D) D) D) D)
Fe-0.5C D9@)) D9@)) D)) D) D) D) D) D) D) DIC@) D) D)
Fe-1C >) D9@)) D)) D) D) D) D) D) D) DC@)D) D) D
Fe-1.5C >9@)) D9@)) D)) D)) D) D) D) D) D) DOC@) D) D)

Ferritic steel D9C) D9C) D9@) > D9@ >C) D) D) D) D9oC@) D9@) D)
Austenitic steel D9D=) C) >@9@ C) D) >9@ D) D) D) D9E@) D) DoC@

N—r N N N NS

Table 3-4: The prediction ability of the model against the unseen data.

Data set Perceived error Root mean squared error

Unseen data within the range of model. @9@) A9>)
Data beyond range of model. BC9;) @D9B)

)
)

)
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Summary
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Chapter 4

Experimental work

4.1 Introduction

A calculation of the heat transfer ¢beient needs accurate data for the
temperature history withithe sample. In this chapter, the design of the probe
and the quenching system used to gdredtee necessary data (cooling curves)
for steels is described. Experimentidtails such as the preparation of the
probe and the method for analysing ttalected data are also described.
Figure 4-1 shows the details of th@perimental work as a flow chart,
showing the factors considered ihe design of the experiments and

summarising the test conditions.

4.2 Quenching system design

Previous researchers hauglised a multitude ofrobe techniques to
predict the heat transfer coefficieds discussed in chapter 1), but probe
dimensions of less than 10 mm are oftén used because of the difficulty of

temperature control duringehransfer from the furnace to the quench bath.
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[Quenching system ]

Design
Y A 4 h 4 . Y Y Y
. Data
ﬁ?r)r(li[e — Q::;n]fh —tThermocouple]— Probe |— acquisition|— Stand
system
Probe Desi Probe
et M "| Preperation
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Probe Shape Material Clean  je—» No gap
Probe Probe Surface Fixed M N Good
Dimensions finish Thermocouple contact
Quenching Test
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v
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Time-temperature data

— |
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Y Y Y
Effect of probe Effect of Effect of
material quenchant type quenchants
temperatures
Steel A Steel B Water 0il 0°C L1 1 930C
Steel C Steel D Brine 40°c H 60°c
Steel E Steel F 75°C  H—-  100°C

Figure 4-1: Flow chart details for the experimental work.
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Probe

Frame

Furnace

Hotplate

Figure 4-2: The Quenching system.

In this work, a controlled quenching system was designed to ensure that
the probe is not excessively cooled in air during the transfer from the furnace

to the quenchant tank. Figu4-2 illustrate the experimental arrangement.

The system consists of a data- asdign system, a small axial furnace,
0.25 litre beaker for the quenchant and-type thermocoupl inserted in to
the geometric centre oféhprobe where it is heloh place by a 35 cm steel
tube. This allowed temperatudata to be taken atetlyeometric centre of the
probe. The tube also acts to guide tin@vement of the probe as it is dropped,
and increases the probe transfer dpéem inside the furnace to the

quenchant tank using gravity.
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All components were held in place bBystand to guide the probe as it is
traversed from the middle of the furnacethe middle of the quench tank, as

shown in figure 4-2.

42.1 The furnace

Carbolite axial furnace with maxium operating temperature 1000;C,
inside diameter is 2.5 cm, and healexdgth 13 cm is placed in the frame as
shown in figure 4-2 to allow the prolie transfer from the furnace to the

guench tank.

4.2.2 Quench tank

A 0.25 litre glass beaker issed as a quench tank.iJkize of beaker is
enough to keep the quenchant tempeeatith no significant change during

the quenching process.

4.2.3 The thermocouple

A 1 mm diameter, 1 m long K-tygaconel 600 sheathed thermocouple
is used for time-temperature data meliog. The thermocouple is inserted to
the geometric centre of the probe thgbwa side hole at the upper end (figure

4-3). And a screw is used fix it in position.

The response time of the therrmaple used is sufficiently short in

order to register the chandaring quenching of the probe.
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A

Figure 4-3: The arrangementof probe, thermocouple and
guide shaft. The 1 mm shieldedhermocouple passes through

centre of guide shaft and into the probe.
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4.2.4 Data acquisition system
National instruments SCXI-1000-1328 data acquisition system with a

Virtual bench-logger software and cowmer was used tecollect the time-
temperature data from the thermocoupkde the probe during the quenching

process.

The thermocouple is connected te tonnector box which is connected
to the computer via Natnal Instrument DAG cardd036E. The connector can
accommodate a maximum of 4 thewgoaple connections. Data were

collected every 0.001 s.

4.2.5 The probe
4.25.1 Probe materials
The probe was made from differentogl steels (table 4-1) in order to

characterise its cooling ratend the heat transferefbcients and to ensure

that the coupling of heat flow and sttural transformatios can be obtained.

Table 4-1: Chemical composition in wt%.

Steel C Si Mn  Ni Mo Cr Al Co Cu \ Pb Ti Sb P S

A 0.16 0.16 0.67 0.08 0.02 0.06

B 015 119 15 0.08 0.31 119 0.02 - 0.136

C 0.78 1.6 202 - 0.25 101 137 3.87

D 055 022 0.77 0.15 0.05 0.2 - - - 0.001
E 054 0.2 0.74 0.17 0.05 0.2 - - - 0.001

F 0.16 0.22 0.3 293 0.389 147 0.28 - 0.01 0.004 0.001 0.003 0.001 0.013 0.011
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4.2.5.2 Probe dimensions

The probe was designed using thenped heat capacity method (as
discussed in chapter 2) to be ablgustify an assumption of uniform probe
temperature during the cooling procesfie dimensional quantity plays an
important role in assessing the hApgbility of the lumped capacitance
method. Essentially, with# "#3$%é&he results arexpected to yield reasonable

estimates within about 5%.
$E Sl (2.4)

The thermal conductivityalues for the steels @arabout 50 W/ m jC
[17] while the maximum heat transferetficient value expected is 10000
W/ m? iC for quenching in agitated watdBy using the above values foand
(, and 0.1 for the" number in equation 2.4, it gossible to calculate the
appropriate dimensions for the peobfor measuring the heat transfer

coefficient for steels in differemfuenching conditions (figure 4-4).

The length of the probe is 5 times dmmeter in order to neglect heat
extraction through the endsd the cylinder, consist¢ with the supposition

that at the half length gss-section only a radial-symmetrical heat flow exists.

Because the objective of cooling caranalysis is to measure the ability
of the quenchant to attenuate heat transfer under various conditions, it is
desirable that the experiment is nmdrturbed by the measurement process

itself; therefore, a probe with OsemiiriiteO dimensions is usually selected.
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4.25.3 Probe surface finish

The surface finish of the probe is kept standard by machining and
grinding all the probes surface in the sawvay before quencdhg, in order to

avoid any additional effect for the surface roughness.

10 mm 4mm
gy y o Lra
2 e e E E
E L J padatntinioak ool bt b ey _______i-i _______ I E E
o et b
e
< 15mmé@
5mm

Figure 4-4: The design and tle dimensions of the probe,
showing positioning of thermocouple within the probe,
and details of fixture.
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4.3

1.

Probe preparation and test procedure

The probe was cleaned using aftradonic cleaner for 30 min before
quenching in order to avoid dace contamination between the
thermocouple and the probe surfaceinsure good contact to measure
the necessary temperature.

A small amount of fine graphite moler was used in order to attain
better contact between the thnercouple tip and the probe.

Alumina paste was used to sdéhk gap between the probe and the
thermocouple in order to avoid tieakage of the quenchant solution
into the thermocouple, idh can cause the thercmuple to cool faster
than the probe and result inr@meous readings. The alumina was
applied and furnace hardsshfor 8 h at 200;C.

The furnace was set to 850;C and h#Hdre for 10 min, which is the
time needed to reach 850;C.

The probe and guide shaft was insdrthrough the guide hole holding
the thermocouple in the centre oktfurnace for 4 min, this period of
time is enough to reach tkesigned gquenching temperature.

The thermocouple is connected te tthata logging system and the data
logging is started witlscan rate 1000 scan/s.

The probe and guide shaft assemblyeleased and falls under gravity
until the probe enterthe quenching tank when the stopping flange
reaches the guide halethe holding frame.

The data logging system was shied off after the thermocouple
reading reached the gnchant temperature.

The used probe was removed from &mel of the guide shaft, replaced

with an unused probe for the next test.
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4.4  Data analysis

A minimum of three quenching experinte were performed to test the
repeatability of probe for each condiidn each experiment, many thousands
of data points were collected; to avdide effect of noise, the data were
smoothed using a rolling average of 11lmeibefore plotting or using in the
analysis. The smoothed data were usedaloulate the cooling rate which is
the first derivative as a function of temptmre. The cooling rate is then used
as an input in the inverse heat conduttmodel to estimate the heat transfer

coefficient at the metallgenchant interface.

4.5 Experimental plan

4.5.1 Different steel compositions
The quench test was repeated maimyes using probes made from

different steels to show tlteependence of the heat tséer coefficient on steel

composition.

4.5.2 Different quenchant type and quenchant temperatures
Different quenchant type and different quenchant temperatures were

used to determined the effect of ttype and the temperake on the results,

table 4-2 shows the testing conditiahging the experimental work.

Table 4-2: Quenching test conditions.

Quenchant type Quenchant temperature / jC

Water 0 23 42 60 75 100
Oil 20 85 150
Brine 20 70 100
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4.5.3 Case study

A cylindrical sample was used tdemonstrate the validity of the
calculated heat transfer coefficiensing the modelling techniques and to
assess its applicabilitip different dimensionsThe sample was with 52 mm
diameter and 20 mm length, and withetl K-type thermocouples inserted as
illustrated in figure 4-5 (geometric ceetmidpoint betweethe centre and the
surface D1 mm from theréace). The thermocouplasere connected to the
data logger to record the cooling cesvduring the queing process. The
cooling curves were theanalysed to predict the hardness profile in the

sample.

Figure 4-5: The cylindrical sample with three inserted
thermocouples.
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Chapter 6

Conclusions and future work

6.1 Conclusions

1. A probe has been developed to detemthre heat transfer coefficient of
steel. The probe dimensions were @x®y ensuring an appropriate Biot
number so that the probe temperatoan be as uniform as possible

during the course dhe experiments.

2. The latent heat of transformationegoaffect the temperature field and
transformation through thermal tsients extending throughout the

body of the sample, even atgitons away from the quenchant.

3. A general neural network model hasen developedyhich is capable

to predict thermal conductivity.
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4. The confidence in the measured heansfer coefficients is supported
by the fact that reasonable predioBacould be made of the cooling

curves when applied to a steel séamuch larger than the probes.

5. The heatbtransfer coefficients wiembined with calculated cooling
and timeb temperaturebtransformatiorves, can with the help of the
guench factor method able the estimation of hardness variation as a

function of distance.

6. It has been demonstrated that $keel probe, which replicates phase
transformations during the coursecobling, is the best for determining

the heatbtransfer coefficients.

7. The heat transfer properties greatly affected by the quenchant

parameters.
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6.2 Suggestions for the future work

1. Improving the mathematical model mcluding the latent heat in the
calculations, in this case the equationheat transfer coefficient should
represent always the maximum veguve observed for different

compositions steels.

2. Study the effect of the other gjuching parameters (agitation and
surface roughness) on cooling rdteat transfer coefficient and

mechanical properties for steels.

3. Repeat the same experiments in ia@mosphere to evadte the effect

of surface oxide layer on &etransfer properties.

4. The thermal conductivity odel could be enhanced by:
1. Including calculation of physally meaningful parameters.
For example the equilibriuvolume fraction of austenite,
cementite and ferrite could lrecluded to attempt to
distinguish the effect of thefterent components as they vary

as a function of temperature.

2. It seems likely that any signifant improvement to the model
would require new experiments to be performed to measure
the effect of microstructurewhich is required to model
thermal conductivity changes as a function of time and

temperature.
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