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%(()/'*!.(?$0!;.!#(!QQZ!I!?/#&!),0*$!JdD!7;.!#(!FS8!2(0!'(!#$1.$0,#;0$!

-.,'9! M(?$4$0! #&$! $22/%/$'%+! 1$,-;0$1$'#-! 3/3! '(#! /'%(0.(0,#$! #&$!

1$%&,'/%,)!/'$22/%/$'%/$-!(2!1(#(0-!,'3!.;1.-![FQ\9!!

!

#XJNWA(0TSVAJNX('ASAVAGTJQG(

E(0!1(-#!%('#$1.(0,0+!1,#$0/,)-<! #&$!5JH! /-!1(3$-#! $4$'!'$,0! #&$!

#0,'-/#/('! #$1.$0,#;0$X! ,! 1,#$0/,)! ?/#&! ,'! ,3/,:,#/%! #$1.$0,#;0$! %&,'*$!

),0*$0! #&,'!Q!Rb=!/-!;';-;,)9!E(0!$>,1.)$<!,!-,1.)$!(2!*,3()/'/;1!'$,0!

0((1!#$1.$0,#;0$!?/))!$>&/:/#!,!#$1.$0,#;0$!%&,'*$!(2!,..0(>/1,#$)+!FZ!

R!?/#&!#&$!,..)/%,#/('!(2!,!U!=!1,*'$#/%!2/$)39!Y,3()/'/;1!/-!%('-/3$0$3!

('$!(2!#&$!:$-#!1,*'$#(%,)(0/%!1,#$0/,)-9!G#!/-!3/22/%;)#!#(!.0(3;%$!,!;-$2;)!

#$1.$0,#;0$! -.,'!:,-$3!('! ,!J,0'(#! %+%)$!?&$'! #&$! $22$%#/4$! /-$'#0(./%!

#$1.$0,#;0$!%&,'*$!/-!-1,))9!Y/4$'!#&$!,:(4$!%('-#0,/'#<!('$!%,'!-$$!#&$!

,##0,%#/('!(2!#&$!,%#/4$!1,*'$#/%!0$*$'$0,#(0!7"568!%+%)$![F\9!"!.,--/4$!

0$*$'$0,#(0! /-!,!&/*&)+!$22$%#/4$! 0$%;.$0,#/4$!&$,#!$>%&,'*$0!?(0C/'*! /'!

%('e;'%#/('!?/#&!,!-/'*)$!.;)-,#/'*!2);/3!-#0$,19!G2!#&$!.,--/4$<!&/*&!&$,#!

%,.,%/#+<!1,#$0/,)!/-!0$.),%$3!?/#&!,'!,%#/4$!1,*'$#/%!1,#$0/,)<!,'!"56!

/-!(:#,/'$39!!"%#/'*!,-!,!0$*$'$0,#(0!,-!?$))!,-!#&$!1$,'-!(2!?(0C!/'.;#<!

?/#&! #&$! ,..0(.0/,#$! -+'%&0('/O,#/('! (2! ,! .;)-,#/'*! 2);/3! ,'3! 1,*'$#/%!
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2/$)3<! #&$!"56!/'%0$,-$-! #&$! #$1.$0,#;0$!-.,'!1,'+!#/1$-! #&$!,3/,:,#/%!

#$1.$0,#;0$!%&,'*$!,-!%,'!:$!-$$'!/'!E/*;0$!FWS9!

!

!
Figure 1-3 !=&$!"56!#$1.$0,#;0$!.0(2/)$!,#!.$0/(3/%!-#$,3+!-#,#$![F\9!

!

A/C$! ,'+! 0$20/*$0,#(0<! ,'! "56! (.$0,#/'*! ,#! .$0/(3/%! -#$,3+W-#,#$!

.0(3;%$-!,!'$#!2)(?!(2!&$,#!20(1!,!%()3!-(;0%$!#(!,!&(#!-/'C9!M(?$4$0<!,!

;'/@;$! 2$,#;0$! (2! ,'!"56! %+%)$! /-! #&,#! ,#! $4$0+! -$%#/('! (2! #&$! :$3! #&$!

0$20/*$0,'#! /-! ;'3$0*(/'*! /#-! (?'! ;'/@;$! )(%,)! %+%)$9! ")#&(;*&<! #&$! '$#!

&$,#! #0,'-2$0!%+%)$!(%%;0-!:$#?$$'!0$-$04(/0-!,#! CT !,'3! HT <! #&$!:;)C!(2!

#&$! ?(0C/'*! 1,#$0/,)! 3($-! '(#! &,4$! #(! /'#$0,%#! ?/#&! #&$-$! 0$-$04(/0-!

3/0$%#)+9! =&/-! /-! %('%$.#;,))+! -/1/),0! #(! ,! %,-%,3$! -+-#$1! (2! ,! ),0*$!

';1:$0!(2!1,*'$#/%!0$20/*$0,#(0-9!

=&$0$! &,-! :$$'! ,! -;:-#,'#/,)! ,1(;'#! (2! ?(0C! 0$*,03/'*! #&$!

3$4$)(.1$'#! (2! 1,#$0/,)-! #&,#! -&(;)3! 1,C$! 2(0! *((3! 1,*'$#/%!

0$20/*$0,'#-9! =&$! ,--$--1$'#! (2! #&$! -;/#,:/)/#+! (2! #&$-$! 1,#$0/,)-! &,-!

),0*$)+! 0$-#$3! ;.('! %&,0,%#$0/O,#/('! (2! C$+! #&$01(3+',1/%! .0(.$0#/$-!

-;%&! ,-! 1,*'$#/%! $'#0(.+! %&,'*$<! &$,#! %,.,%/#+<! ,'3! ,3/,:,#/%!

#$1.$0,#;0$! %&,'*$9! G#! /-! :$%(1/'*! %)$,0! #&,#! #&$-$! .0(.$0#/$-! ,)('$! ,0$!

/'-;22/%/$'#! /'! /3$'#/2+/'*! 1,#$0/,)-! #&,#! .$02(01! ?$))! /'! "56! %+%)$-9!

G--;$-! -;%&! ,-! &+-#$0$-/-<! %(-#<! .;0/#+<! $,-$! (2! 0$*$'$0,#(0!1,';2,%#;0$<!

,'3! 0$),>,#/('! 0,#$! ,))! /'2);$'%$! #&$! 3$-/*'! ,'3! .$02(01,'%$! (2! "56!

%(()$0-9! 5(-#! /1.(0#,'#)+<! #&$0$! &,-! :$$'! )/##)$! /'2(01,#/('! 0$.(0#$3!

%('%$0'/'*! #&$! 3+',1/%! %&,0,%#$0/O,#/('! (2! "56-! ,'3! 3$1('-#0,#/'*!

,%#;,)!%(()/'*!.(?$0-!,'3!#$1.$0,#;0$!-.,'-9!P+-#$1,#/%!/'4$-#/*,#/('!(2!

1,#$0/,)-! /'! "56! %+%)$-! /-! '$$3$3! #(! ,/3! /'! #&$! 3$4$)(.1$'#! (2! #&/-!

#$%&'()(*+![FS\9!
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!

1.2.1 Key Parameters 

"! ),0*$! ';1:$0! (2! .,0,1$#$0-! ,22$%#! #&$! :$&,4/(0! ,'3! #&$!

.$02(01,'%$!(2!,'!"56!,-! /));-#0,#$3! /'! 9!=&$-$!.,0,1$#$0-!

%,'!:$!%,#$*(0/O$3!,-!*$(1$#0/%<!1,*'$#/%<! #&$01(2);/3<!(0!(.$0,#/(',)9!

G#! /-! ,! %&,))$'*/'*! ,'3! )$'*#&+! #,-C! #(! $>.$0/1$'#,))+! #$-#! #&$! -+-#$1!

-$'-/#/4/#+! 2(0! $,%&! 4,0/,:)$9! E;0#&$01(0$! ';1$0/%,)!1(3$)/'*! &,-! '(#!

:$$'! %('-/-#$'#)+! 0$)/,:)$<! ),0*$)+! 3;$! #(! #&$! %(1.)$>/#+! ,'3! #&$! '('W

)/'$,0/#+! (2! #&$! .0(:)$1! ,-! ?$))! ,-! ;'%$0#,/'#/$-! ,--(%/,#$3! ?/#&! #&$!

1,#$0/,)!.0(.$0#/$-9  

!
Table 1-1.!N,0/,:)$-!/'!,'!"56!-+-#$19!

Geometric Magnetic Thermofluid/Operational

D(0(-/#+! E/$)3!/'#$'-/#+! M$,#!#0,'-2$0!2);/3!

6$*$'$0,#(0!-&,.$! "56!1,#$0/,)! a#/)/O,#/('<! !

6$*$'$0,#(0!,-.$%#!0,#/(! E/$)3!3/-#0/:;#/('! E0$@;$'%+!

D,0#/%)$!-/O$! E);>!-&/11/'*! D0$--;0$!

! ! M$,#!-/'C!#$1.$0,#;0$!

! ! J(()/'*!

! ! D&,-/'*!

!

!

1.2.2 Temperature Profile and Cooling Power 

Y/4$'!,'!"56!,'3!,!-$#!(2!.,0,1$#$0-!,-!3$2/'$3! /'! <! #&$!

/'#$0$-#! /-! #(! ./'.(/'#! #&$! .$02(01,'%$! ,'3! #(! ;'3$0-#,'3! #&$! .&+-/%-!

;'3$0)+/'*!#&$!.&$'(1$'('9!D$02(01,'%$!%,'!:$!@;,'#/2/$3!:+!$4,);,#/'*!

%(()/'*! .(?$0<! #$1.$0,#;0$! -.,'! :$#?$$'! &(#! ,'3! %()3! $'3<! ,'3!

-$'-/#/4/#+! #(! &$,#! )(,39! G'! ,33/#/('<! ;'3$0-#,'3/'*! "56! :$&,4/(0!

0$@;/0$-! C'(?)$3*$! (2! /#-! #&$01(3+',1/%! .0(.$0#/$-! 3;0/'*! (.$0,#/('!

?&/%&! %,'! :$! 3$0/4$3! 20(1! #&$! "56! #$1.$0,#;0$! 3/-#0/:;#/('9! =&;-<!

C'(?/'*!#&$!#$1.$0,#;0$!3/-#0/:;#/('!,))(?-!2(0!#&$!$4,);,#/('!(2!%(()/'*!

.(?$0<! #$1.$0,#;0$! -.,'<! &$,#! )(,3! -$'-/#/4/#+<! ,'3! #&$01(W1,*'$#/%!

.0(.$0#/$-!(2!#&$!-+-#$19!!
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"! .0,%#/%,)! $>.$0/1$'#,)! 3/22/%;)#+! /-! 1$,-;0/'*! #&$! #$1.$0,#;0$!

3/-#0/:;#/('!#&0(;*&(;#!,'!"56!/'!(.$0,#/('9!d')+!,!2$?!-#0,#$*/%!.(/'#-!

,)('*!#&$!"56!:$3!,0$!1('/#(0$3!/'!#&$!"56="9!Y/4$'!#&$!0$*$'$0,#(0!

%+)/'30/%,)! *$(1$#0+<! ,3/,:,#/%! ?,))-<! ,'3! ,..0(>/1,#$! ;'/2(01! %0(--W

-$%#/(',)!4$)(%/#+!.0(2/)$!(2!#&$!2);/3<!#&$!"56!%,'!:$!,..0(>/1,#$3!,-!,!

FWL!-+-#$1<!-/1.)/2+/'*!#&$!#,-C!(2!1,../'*!#&$!#$1.$0,#;0$!3/-#0/:;#/('<!

?&/%&!%,'!:$!%('3$'-$3!#(!,!#$1.$0,#;0$!7FWL8!.0(2/)$9!G#!/-!$>.$%#$3!#&,#!

,!FWL!,..0(>/1,#/('!/-!1(-#!,%%;0,#$!2(0!&/*&!,-.$%#!0,#/(!0$*$'$0,#(0-9!!

!

1.2.3 Layering 

"!*$'$0,)!-%,)/'*!0$),#/('-&/.!*/4/'*!#&$!/3$,)!5JH!,-!,!2;'%#/('!(2!

#$1.$0,#;0$!/-![S\<!!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Z9F8!!!!!!!

!!!!!!!!!!!

?&$0$! %GAL!/-!#&$!5JH!,#!,!-.$%/2/$3!0$2$0$'%$!#$1.$0,#;0$<!%GAL<!,'3! !/-!

,!.,0,1$#$0!3$-%0/:/'*!#&$!%,.,%/#+!0,#/(!(2!#&$!2);/3!2);>!2(0!#&$!)(?!,'3!

&/*&!2/$)3!2)(?-9!E(0!#&$!:,-/%!"56!%+%)$<! !/-!$@;,)!#(!('$9!G'!#&/-!%,-$<!

#&$!/3$,)!5JH!-%,)$-!)/'$,0)+!?/#&!#$1.$0,#;0$!,-<!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Z9Q8!

!

G2!#&$!0$2$0$'%$!#$1.$0,#;0$!/-!-$#!#(!:$!#&$!&$,#!0$e$%#/('!#$1.$0,#;0$!

%"<! #&$'! %GAL! /-! #&$! 5JH! (2! #&$! 0$20/*$0,'#! ,#! %"9! "--;1/'*! #&$!

0$20/*$0,'#! /-! *,3()/'/;1! ,'3! #&$! 0$2$0$'%$! #$1.$0,#;0$! /-! $@;,)! #(! #&$!

J;0/$! .(/'#<! #&$! /3$,)! 5JH! %,'! :$! .)(##$3! ,-! -&(?'! /'! E/*;0$! FWT9!

J)$,0)+<!,-!#&$!#$1.$0,#;0$!1(4$-!,?,+!20(1!#&$!J;0/$!.(/'#!(2!Y3<!#&$!

0$,)!5JH!/-!-/*'/2/%,'#)+!)$--!#&,'!/3$,)!5JH9!=&;-<!#&$!#$1.$0,#;0$!-.,'!

.0(3;%$! :+! ,! 0$,)! 1,#$0/,)! /-! 1;%&! )$--! #&,'! %,'! #&$(0$#/%,))+! :$!

-;..(0#$3!(.$0,#/'*!?/#&!,!&$,#!0$e$%#/('!#$1.$0,#;0$!7%"8!'$,0!#&$!J;0/$!

#$1.$0,#;0$9!
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!
Figure 1-4:! =&$! /3$,)! 5JH! ,-! %(1.,0$3! #(! *,3()/'/;1! ?/#&! ,! ZWQ! =! 2/$)3! %&,'*$!

75,#$0/,)!"8<!,'3!,'(#&$0!1,#$0/,)!?/#&!,!J;0/$!#$1.$0,#;0$!'$,0!QVU!R!75,#$0/,)!B89!

!

=(! %(1.$'-,#$! 2(0! '('W/3$,)! 1,#$0/,)! .0(.$0#/$-<! #&$! %0$,#/('! (2! ,!

-/'*)$!"56!1,3$!;.!(2!1(0$! #&,'!('$!1,#$0/,)!&,-!:$$'!.0(.(-$39!B+!

),+$0/'*! #&$!"56!?/#&!1,*'$#/%! 0$20/*$0,'#-! #&,#!&,4$! /'%0$,-/'*!J;0/$!

#$1.$0,#;0$-<!/#!1,+!:$!.(--/:)$!#(!1(0$!%)(-$)+!1,#%&!#&$!/3$,)!5JH!,#!

3/22$0$'#! )(%,#/('-! /'! #&$! "569! "'! $>,1.)$! (2! %('%$.#! /-! -&(?'! /'!

9!!

!

1.3 Thesis Objective 

J;00$'#! 1,*'$#/%! 0$20/*$0,#/('! 0$),+-! ('! #&$! "%#/4$! 5,*'$#/%!

6$*$'$0,#(0! .0/'%/.)$<! ?&/%&! .$02(01,'%$! 3$.$'3-! ('! #&$!5JH! (2! #&$!

1,#$0/,)<! ,'3! #&$! #&$01(2);/3! .0(.$0#/$-! (2! #&$! 0$*$'$0,#(0! 1,#0/>9! =&$!

0$-$,0%&! 0$,))+! :(/)-! 3(?'! #(! /1.0(4/'*! #&$!5JH! ,'3! #&$! 1,#0/>! &$,#!

#0,'-2$0<!0$3;%/'*!&+30,;)/%!)(--$-<!,'3!$22$%#/4$)+!/1.)$1$'#/'*!1,#$0/,)!

),+$0/'*9! G#! :,-/%,))+! :0,'%&$-! /'#(! #&0$$! -#;3+! %,#$*(0/$-X! -#0/%#)+!

1,#$0/,)-! -%/$'%$! -#;3+! 75JH! 1,>/1/O,#/('8<! -#0/%#)+! &$,#! #0,'-2$0! ,'3!
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2);/3! #0,'-.(0#! -#;3+! 70$*$'$0,#/('8<! ,'3! ,! &+:0/3! -#;3+! #&,#! %(;.)$-! #&$!

.0$4/(;-!#?(!2(0!#&$!),+$0/'*!.0(%$--9!

"!4,-#! ,1(;'#! (2! )/#$0,#;0$! $>/-#! #&,#! 3$,)-!?/#&! #&$! (.#/1/O,#/('!(2!

.,--/4$! 0$*$'$0,#(0-! ;-$3! /'! *,-! %(1.0$--/('! 3$4/%$-9! N$0+! 2$?<!

&(?$4$0<!3$,)!?/#&!&$,#! #0,'-2$0!;'3$0!(-%/)),#/'*! 2)(?!%('3/#/('-!;-/'*!

?,#$0! ,-! ,! &$,#! #0,'-2$0! 2);/3! ,-! /'! #&$! .0$-$'#!?(0C9!d2#$'! #&$! .,%C/'*!

*$(1$#0+!#(!:$!%&,0,%#$0/O$3!/-!0,'3(1)+!3/-#0/:;#$3!7-;%&!,-!/'!.,0#/%)$!

(0!%0;-&$3!.,0#/%)$!:$3-8!1,C/'*!3/0$%#!-/1;),#/('!2(0!$>#0,%#/('!(2!&$,#!

#0,'-2$0!3,#,!3/22/%;)#9!!

=&/-! ?(0C! ,/1-! #(! $-#,:)/-&/'*! ,! %)$,0! $>.$0/1$'#,)! ,'3! #&$(0$#/%,)!

1$#&(3()(*+! #(! $>#0,%#! $22$%#/4$! &+30,;)/%! ,'3! #&$01,)! #0,'-.(0#!

.0(.$0#/$-9!=&/-!(:e$%#/4$!0$@;/0$-!#&$!2())(?/'*!,%#/4/#/$-X!

F9! H>.$0/1$'#,#/('9! =&/-! /'4()4$-! ,'! ,..,0,#;-! 3$4$)(.1$'#<! 3,#,!

,%@;/-/#/('!&,'3)/'*<!,'3!!3,#,!%())$%#/('!:+!4,0+/'*!(.$0,#/'*!.,0,1$#$0-!

,-! 20$@;$'%+<! -#0(C$<! &$,#$0! ,'3! %(()/'*! )(,3! ;-/'*! ,!1/%0(%&,''$)! ,'3!

-.&$0$-!0$*$'$0,#(09!!

Q9! D,0,1$#$0! $>#0,%#/('! 7];--$)#! ';1:$0! ,'3! 20/%#/('! 2,%#(08! (2!

$>.$0/1$'#,)!3,#,!;-/'*!-/1.)/2/$3!1,%0(-%(./%!#&$01(3+',1/%!1(3$)-9!!

S9! N,)/3,#/('!(2!$>.$0/1$'#,))+!2(;'3!.,0,1$#$0-!?/#&! #&$!,4,/),:)$!

)/#$0,#;0$9!!

!



 

Chapter 2 

Magnetic Refrigeration Theory 

2.1 The Magnetocaloric Effect 

5,*'$#/%! 0$20/*$0,#/('! $>.)(/#-! ,! .0(.$0#+! 3/-.),+$3! :+! %$0#,/'!

1,*'$#/%!1,#$0/,)-X!#&$!1,*'$#(%,)(0/%!$22$%#!75JH89!G'!#&$-$!1,#$0/,)-<!

,! -/*'/2/%,'#! %&,'*$! /'! $'#0(.+! %,'! :$! $22$%#$3! :+! #&$! ,..)/%,#/('! (0!

0$1(4,)! (2! ,! 1,*'$#/%! 2/$)3<!"9! E(0!1,#$0/,)-! ?/#&! ,! -/1.)$! ! 1,*'$#/%!

?(0C!1(3$<! #&$!5JH! 3$.$'3-! (')+! ('! #&$! ,:-();#$! #$1.$0,#;0$! (2! #&$!

1,#$0/,)<! %! ,'3! #&$! 1,*'$#/%! 2/$)3! %&,'*$<! "! 7?&/%&! $>.0$--$-! #&$!

3/22$0$'%$!"L( W"N8! [FT\9! =&$!5JH! %,'! :$! /'#$0.0$#$3! ,-! #&$! /-(#&$01,)!

$'#0(.+! %&,'*$! (0! ,3/,:,#/%! #$1.$0,#;0$! %&,'*$! ,-! /#! /-! 3$2/'$3! /'! #&$!

2())(?/'*!$>.0$--/('-X!

!

!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9F8!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9Q8!!!!

!!!!!!!!!!!!!!!!!!!!

H@;,#/('-! 7Q9F8! ,'3! 7Q9Q8! ,0$! *0,.&/%,))+! /));-#0,#$3! /'! E/*;0$! QWF7,8<!

?&$0$!#&$!4$0#/%,)!)/'$!/-!#&$!/-(#&$01,)!$'#0(.+!%&,'*$!,'3!#&$!&(0/O('#,)!

)/'$!/-!#&$!/-$'#0(./%!7,3/,:,#/%8!#$1.$0,#;0$!%&,'*$9!B(#&!#0,'-2(01,#/('-!

(%%;0!:$#?$$'!#&$!-,1$!6Z%H"[(%;04$-9!!!

!

!
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!
Figure 2-1. Y0,.&/%,)!0$.0$-$'#,#/('!(2!#&$!5JH![FT\9!

!

E/*;0$!QWF7:8!/));-#0,#$-! MS !,'3! adT !2(0!,!0,'*$!(2!#$1.$0,#;0$-!/'!#&$!

.0(>/1/#+!(2!#&$!J;0/$!#$1.$0,#;0$<!%!MGNA!2(0! f iH H H 9!G'!*$'$0,)< iH

/-!-$#!#(!O$0(9!")-(!,!%(00$),#/('!:$#?$$'!#&$!5JH!,'3!1,*'$#/O,#/('!%,'!

:$! 3$0/4$39! B+! 4,0+/'*! #&$! 1,*'$#/%! 2/$)3<! ?(0C! /-! .$02(01$3! ,'3! #&$!

/'#$0',)! $'$0*+! (2! #&$! -+-#$1! %&,'*$-9! =&;-<! ,! 3/22$0$'#/,)! 4,0/,#/('! /'!

/'#$0',)!$'$0*+!%,'!:$!,%%(1.)/-&$3!:+!,!1,*'$#/%!?(0C!/'#$0,%#/('!*/4$'!

:+! #&$! .0(3;%#! (2! #&$! ,..)/$3! 1,*'$#/%! 2/$)3<! "<! ,'3! #&$! 4,0/,#/('! /'!

1,*'$#/O,#/('<!E![S\X!
!!

!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9S8!
!!

P/'%$!2(0!,!1,#$0/,)!#&,#!&,-!,!-/1.)$!1,*'$#/%!?(0C!1(3$<!I(\(IZ%H"[<!,!

3/22$0$'#/,)!%&,'*$!/'!$'#0(.+!%,'!:$!?0/##$'!,-X!

!

!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9T8!

!
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?&$0$!I!/-!#&$!$'#0(.+!.$0!;'/#!1,--9!a-/'*!#&$!3$2/'/#/('!(2!&$,#!%,.,%/#+<!

#&$!,:(4$!%,'!:$!0$?0/##$'!,-<!

!

!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9U8!

!

G2!,'!/-$'#0(./%!2/$)3!%&,'*$!/-!.0(3;%$3<!#&$!#$1.$0,#;0$!%&,'*$!/-X!

!

!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9V8!

!

,'3! ;-/'*! 5,>?$))c-! 0$),#/('-! 2(0! #&$! $@;/4,)$'%$! (2! #&$! -$%('3!

3$0/4,#/4$-!

!

!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9_8!

!

E0(1!#&/-!-/1.)$!$>.),',#/('<!('$!%,'!3$3;%$!#&,#!,!1,#$0/,)!?/#&!'(!

-/*'/2/%,'#!?(0C!1(3$-!(#&$0! #&,'!1,*'$#/%! -&(;)3!&,4$!,!&/*&! 0,#/(!(2!

1,*'$#/%! $'#0(.+! %&,'*$! #(! #(#,)! $'#0(.+! #(! .0(3;%$! ,! ),0*$! ,3/,:,#/%!

#$1.$0,#;0$!%&,'*$9!=&$!5JH!2(0!,!%&,'*$!/'!1,*'$#/%!2/$)3!20(1!Z!#(!"!

/-!0$),#$3!#(!H@;,#/('!7Q9_8!:+!

!

!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9`8!

2.2 Materials 

")#&(;*&! ,! :0(,3! 0,'*$! (2!1,#$0/,)-! #&,#! 3/-.),+! ,! -/*'/2/%,'#!5JH!

2(0! ,! ?/3$! -.$%#0;1! (2! #$1.$0,#;0$-! ,0$! ,4,/),:)$<! 0$-$,0%&! ('! #&$!

3$4$)(.1$'#!(2!'$?!1,#$0/,)-!/-!-#/))!1(0$!,%#/4$!#&,'!0$-$,0%&!('!"56!

%+%)$-9! "! *((3! 0$20/*$0,'#! '$$3-! #(! 2$,#;0$! ,! ';1:$0! (2! .0(.$0#/$-! #(!

.$02(01!-,#/-2,%#(0/)+!/'!,'!"56![T\X!

,9 "'!5JH!,-! ),0*$! ,-! .(--/:)$<! (4$0! ,! :0(,3! #$1.$0,#;0$! 0,'*$!
,))(?-! ),0*$! %(()/'*! .(?$0! ,'3! #$1.$0,#;0$! -.,'<! ?/#&! )(?!

-$'-/#/4/#+!#(!&$,#!0$e$%#/('!#$1.$0,#;0$9!
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:9 5/'/1,)!1,*'$#/%!,'3!#&$01,)!&+-#$0$-/-!,))(?-!&/*&!(.$0,#/'*!
20$@;$'%+!,'3<!%('-$@;$'#)+<!),0*$!%(()/'*!.(?$09!

%9 M/*&!-.$%/2/%!&$,#!/1.0(4$-!.(?$0!3$'-/#+9!

39 M/*&!#&$01,)!%('3;%#/4/#+!/1.0(4$-!0$*$'$0,#(0!$22$%#/4$'$--9!

$9 A,0*$!$)$%#0/%,)!0$-/-#,'%$!1/'/1/O$-!$33+!%;00$'#-9!

29 Y((3!1$%&,'/%,)!.0(.$0#/$-!-/1.)/2+!1,';2,%#;0/'*!.0(%$--9!

*9 A(?!1,#$0/,)!%(-#!/-!'$%$--,0+!2(0!,!%(11$0%/,)!4/,:/)/#+9!

J;00$'#)+<! 2/0-#! (03$0! .&,-$! #0,'-/#/('!1,#$0/,)-! -$$1! /1.0,%#/%,)! 2(0!

1,*'$#/%! 0$20/*$0,#/('!$4$'! /2! #&$+!3/-.),+!,!4$0+! ),0*$!5JH9!=&/-!1,+!

:$!3;$!#(!&+-#$0$-/-!/'!#&$!.&,-$!#0,'-2(01,#/('!,'3!',00(?!5JH!%;04$-!

/'! #&$! %!MGNA! 4/%/'/#+9! Y,3()/'/;1! ,))(+-! ,0$! .0$-$'#)+! #&$! .0(#(#+.$!

1,#$0/,)-! 2(0! 0((1! #$1.$0,#;0$! 1,*'$#/%! 0$20/*$0,#/('! :$%,;-$! (2! #&$/0!

*((3! #&$01(W1,*'$#/%! .0(.$0#/$-! ,'3! -/'%$! #&$+! ,0$! :$-#! %&,0,%#$0/O$3!

1,#$0/,)-![S\!/'!#$01-!(2!1,*'$#/O,#/('<!&$,#!%,.,%/#+<!,'3!1,*'$#(%,)(0/%!

$22$%#9!!

!

2.3 AMR Theory 

=&$!-+-#$1!;'3$0!%('-/3$0,#/('!/-!-&(?'!-%&$1,#/%,))+!/'!E/*;0$!QWQ9!

=&$!$'4$)(.$!(2!,'!"56!:$3!/-!-&(?'!?/#&!,!3,-&$3!)/'$!?&/)$!,!-$%#/('!

(2!/'2/'/#$-/1,)!#&/%C'$--!/-!30,?'!?/#&!,!-()/3!)/'$9!=&$!:$3!/-!1,3$!;.!

(2! ,! .(0(;-! -()/3! 1,#$0/,)! #&,#! /-! #&$! 1,*'$#/%! 0$20/*$0,'#! ,'3! ,! 2);/3!

?/#&/'!#&$!.(0$-!,%#-!,-!#&$!&$,#!#0,'-2$0!1$3/;19!=&$!2);/3!#0,'-2$0-!&$,#!

:$#?$$'!,!%()3!&$,#!$>%&,'*$0<!#&$!0$20/*$0,'#<!,'3!,!&(#!&$,#!$>%&,'*$09!

=&$!%,.,%/#+!0,#$-!(2!#&$!2);/3!,0$!-&(?'!,-! 7?&$0$! !i! pmc 89!d4$0!,!

%(1.)$#$! %+%)$<! &$,#! /-! ,:-(0:$3! ,#! #&$! %()3! $'3! ,'3! 0$e$%#$3! ,#! #&$!&(#!

$'39!=&$!"56!-&(;)3!:$!0$%(*'/O$3!,-!#&$!%(1:/'$3!-()/3W2);/3!-+-#$1!

[S\9!
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!
Figure 2-2.!!"!-%&$1,#/%!0$.0$-$'#,#/('!(2!,'!"56!-&(?/'*!#&$!'$#!?(0C!,'3!&$,#!2);>!

,#!,!3/22$0$'#/,)!-$%#/('![S\9!

!

5(-#!"56!3$4/%$-!:;/)#!,'3!#$-#$3!#(!3,#$!&,4$!1/1/%C$3!,!0$4$0-$!

1,*'$#/%!B0,+#('! %+%)$! /'! $,%&! -$%#/('!(2! #&$! 0$*$'$0,#(0! :$3!:+!;-/'*!

2(;0!3/-#/'%#!-#$.-!0$.0$-$'#$3!/'!E/*;0$!QWSX!!

,9 =&$! :$3! /-! /'! ,! 3$1,*'$#/O$3! -#,#$9! E);/3! 2)(?-! #&0(;*&! #&$!
0$*$'$0,#(0!$'#$0/'*!#&$!:$3!,#!,!#$1.$0,#;0$!%"9!"-!#&$!2);/3!2)(?-!

#&0(;*&! #&$! :$3! /#! $>%&,'*$-! &$,#! ?/#&! #&$! -()/3! 0$20/*$0,'#! ,'3!

$>/#-!#&$!:$3!,#!%!!

:9 =&$!:$3!/-!$>.(-$3!#(!,!&/*&!1,*'$#/%!2/$)3!,'3!#&$!#$1.$0,#;0$!(2!
#&$!0$20/*$0,'#!/'%0$,-$-!3;$!#(!#&$!1,*'$#(%,)(0/%!$22$%#!:+! %Z%[!

%9 "2#$0!,:-(0:/'*!,!&$,#!)(,3!,'3!/'%0$,-/'*!/#-!#$1.$0,#;0$!:+! %!H!
#&$! 2);/3!$'#$0-! #&$!%()3!$'3!(2! #&$! 0$*$'$0,#(0<!,:-(0:-!&$,#! 20(1!

#&$!-()/3!,'3!$>/#-!#&$!"56!,#!,!#$1.$0,#;0$!%] %"!

39 =&$!"56! /-! 3$1,*'$#/O$3<! #&$! #$1.$0,#;0$! 3$%0$,-$-! 3;$! #(! #&$!
1,*'$#(%,)(0/%!$22$%#<!,'3!#&$!%+%)$!0$.$,#-!

!

E/*;0$! QWS! -&(?-! #&$! ,--;1$3! 0$20/*$0,'#! %+%)$! (%%;00/'*! /'! #&$!

3/22$0$'#/,)!-$%#/('!,#!-(1$!)(%,#/('!/'!#&$!"569!=&$!%+%)$!,-!3$-%0/:$3!

,:(4$! /-! $@;/4,)$'#! #(! #&$! .0(%$--! -#,0#/'*! ,#! .(/'#! jTc! ,'3! .0(%$$3/'*!

,).&,:$#/%,))+!#(!0$#;0'!#(!#&$!-#,0#/'*!.(/'#9!!
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!
Figure 2-3.!M+.(#&$#/%,)!%+%)$!2(0!#&$!1,*'$#/%!0$20/*$0,'#!,#!-(1$!%0(--W-$%#/('!(2!#&$!

"56![S\9!

!

G#! /-! ,--;1$3! #&,#! #&$!1,*'/#;3$! (2! #&$!5JH! 2(0! #&$! .0(%$--! :W%! /-!

3$-%0/:$3! :+! ,! 2/0-#! (03$0! =,+)(0! -$0/$-! ,..0(>/1,#/('! /'! 0$2$0$'%$! #(!

.(/'#!,9!G'!#&$!0$4$0-/:)$!%,-$<!#&$!0$-;)#/'*!,0$,!?/#&/'!#&$!=W-!3/,*0,1!/-!

$@;/4,)$'#!#(!#&$!1,*'$#/%!?(0C!/'.;#!.$0!;'/#!1,--!2(0!,!%(1.)$#$!%+%)$9!!

G2! #&$! 3$#,/)-! (2! #&$! "56! ,0$! /*'(0$3! ,'3! ('$! 2(%;-$-! ('! #&$!

,:-(0.#/('! (2! &$,#! :+! #&$! 2);/3! 2)(?/'*! #&0(;*&! #&$! %()3! 0$-$04(/0<! #&$!

%(()/'*!.(?$0!%,'!:$!3$#$01/'$3!20(1<!

!

!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9^8!

!

?&$0$! ( )fm t /-!#&$!2);/3!1,--!2)(?!0,#$!,-!,!2;'%#/('!(2!#/1$<!XF!/-!#&$!2);/3!

&$,#!%,.,%/#+<!,'3!%L!/-!#&$!2);/3!#$1.$0,#;0$!,#!#&$!$>/#!(2!#&$!"569!E(0!,!

%(1.)$#$!%+%)$!#&$!/'#$*0,)!%,'!:$!?0/##$'!,-<!
!

!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FZ8!

!

?&$0$( %2! /-! #&$! $22$%#/4$! #$1.$0,#;0$! %&,'*$! (2! #&$! 2);/3! ,-! /#! 2)(?-!

#&0(;*&! #&$! %()3! &$,#! $>%&,'*$0<! ,'3!EL! /-! #&$!1,--! (2! 2);/3! #&,#! 2)(?-!

#&0(;*&!#&$!"56!?&$'!/#! /-!3$1,*'$#/O$39!G2!#&$!0$*$'$0,#(0!&,-!,!4$0+!

&/*&!';1:$0!(2!#&$01,)!#0,'-2$0!;'/#-!7]=a8<!#&$!#$1.$0,#;0$!(2!#&$!2);/3!

$>/#/'*! #&$! "56! ?/))! %)(-$)+! 1,#%&! #&$! #$1.$0,#;0$! (2! #&$! -()/3!

0$20/*$0,'#! ,#! #&$! %()3! $'39! G'! ,33/#/('<! /2! #&$! #&$01,)! 1,--! (2! #&$!
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0$20/*$0,'#!/-!1;%&!*0$,#$0!#&,'!#&$!#&$01,)!%,.,%/#+!(2!#&$!#(#,)!2);/3!2);>!

#&0(;*&! #&$! 0$*$'$0,#(0<! #&$! #$1.$0,#;0$! (2! #&$! -()/3! ?/))! '(#! %&,'*$!

1;%&9! =&$! 0,#/(! (2! #&$! 2);/3! #&$01,)! %,.,%/#+! #(! #&$! 0$*$'$0,#(0! #&$01,)!

1,--!/-!%,))$3!#&$!;#/)/O,#/('!,'3!/-!3$2/'$3!,-<!

!

!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FF8!

!

?&$0$(0!/-!#&$!1,--!(2!0$20/*$0,'#!/'!#&$!0$*$'$0,#(0!,'3!X8!/-!#&$!&$,#!

%,.,%/#+!(2!#&$!0$20/*$0,'#!#,C$'!,#!,!0$2$0$'%$!.(/'#!7(2#$'!,#!%XMGNAH("\^89!

G'! #&$! )/1/#! (2! 4$0+! -1,))! ;#/)/O,#/('! ,'3! ),0*$! ]=a<! ,'3! ,--;1/'*!

.,0,-/#/%!&$,#! )$,C-!,0$!/'-/*'/2/%,'#<! #&$! #$1.$0,#;0$!%&,'*$!(2! #&$!2);/3!

,-! /#! ,:-(0:-! &$,#! #&0(;*&! #&$! %()3! &$,#! $>%&,'*$0! /-! $@;,)! #(! #&$!

1,*'$#(%,)(0/%!$22$%#!(2!#&$!0$20/*$0,'#!,#!#&$!%()3!$'3!(2!#&$!0$*$'$0,#(0<!

%L(\( %!9!G'!#$01-!(2!.,--/4$!0$*$'$0,#(0-<! /-!-(1$#/1$-!0$2$00$3!#(!,-!

#&$!1,#0/>!%,.,%/#+!0,#$! 0,#/(!,'3!4,0/$-! )/##)$! #&0(;*&(;#! #&$!0$*$'$0,#(0!

2(0! %('-#,'#! 2);/3! &$,#! %,.,%/#+9! E(0! ,'!"56<! #&$! )(%,)! ;#/)/O,#/('! /-! ,!

2;'%#/('!(2!2/$)3!,'3!#$1.$0,#;0$!,'3<!/'!*$'$0,)<!/-!.(-/#/('!3$.$'3$'#9!

G2! #&$!"56!%+%)$! /-! ,! 0$4$0-/:)$!.0(%$--<!'(!$'#0(.+! /-!*$'$0,#$3! /'!

#&$! 0$*$'$0,#(0<! ,'3! #&$0$2(0$! #&$! -,1$! ,1(;'#! (2! $'#0(.+! 2)(?-! /'! ,'3!

(;#9! G'! ,33/#/('<! /2! #&$! 0$*$'$0,#(0! /-! ,--;1$3! #(! :$&,4$! ,-! ,! %,-%,3$!

-+-#$1! (2! ,'! /'2/'/#$! ';1:$0! (2! 1,*'$#/%! 0$20/*$0,#(0-! #&$! 2())(?/'*!

0$),#/('!/-!#0;$!#&0(;*&(;#!#&$!0$*$'$0,#(0!)$'*#&![F_\X!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FQ8!

!

?&$0$! S ! ,'3! Q ! ,0$! #&$! $'#0(.+! ,'3! &$,#! 2)(?! 0,#$! ,'3! T ! /-! #&$!

,:-();#$! #$1.$0,#;0$<! ,))! ,#! #&$! -,1$! ,>/,)! )(%,#/('! O_! E;0#&$01(0$<! #&$!

:(;'3,0+!%('3/#/('-!,#!#&$!&(#!,'3!%()3!$'3!,0$X!

!

!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FS8!

!

!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FT8!

!

=&;-<!-;:-#/#;#/'*!7Q9FS8!,'3!7Q9FT8!/'#(!7Q9FQ8!?$!(:#,/'!

!
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!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FU8!

!

!A,-#)+<! /2!?$! %('-/3$0! #&$! #$1.$0,#;0$! (2! #&$! &(#! $'3! #&$! 0$2$0$'%$!

#$1.$0,#;0$<!#&$!,:(4$!$>.0$--/('!-;**$-#-!#&,#!#&$!1,*'$#(%,)(0/%!$22$%#!

1;-#!-%,)$!?/#&!#$1.$0,#;0$!,%%(03/'*!#(!#&$!2())(?/'*!0$),#/('X!

!

!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7Q9FV8!

?&$0$!!! /-!#&$!/3$,)!5JH!,#!#$1.$0,#;0$!%(<!
ref
T !/-!#&$!5JH!,#!

#&$!&(#!$'3!(2!#&$!"56<!,'3!=0$2!/-!#&$!#$1.$0,#;0$!(2!#&$!"56!,#!#&$!&(#!

$'3! /'! #&$! )(?! 1,*'$#/%! 2/$)39! H@;,#/('! 7Q9FV8! -#,#$-! #&$! /3$,)!

1,*'$#(%,)(0/%! $22$%#! -&(;)3! :$! ,! )/'$,0)+! /'%0$,-/'*! 2;'%#/('! (2!

#$1.$0,#;0$9!G2!%(00$%#<!#&/-!$>.0$--/('!/1.)/$-!#&,#!/2!#&$!1,*'$#(%,)(0/%!

$22$%#!,#!#&$!%()3!$'3!(2!#&$!"56!$>%$$3-!#&,#!,#!#&$!&(#!$'3<!#&$!-$%('3!

),?! (2! #&$01(3+',1/%-! ?/))! :$! 3$2/$3! [S\9! =&/-! %('-#0,/'#! &,-! )$3!

0$-$,0%&$0-! #(! -$,0%&! 2(0! 1,*'$#/%! 0$20/*$0,'#-! #&,#! 1,#%&! #&/-! )/'$,0!

$>.0$--/('!2(0!5JH9!!

G#!&,-!:$$'!,0*;$3!#&,#!$4$'!#&(;*&!%(1.,0/'*!,'!"56!#(!,!%,-%,3$!

(2!0$20/*$0,#(0-!&$).-!/'!;'3$0-#,'3/'*!#&$!"56!%+%)$<! #&$!,',)(*+!3($-!

'(#! -#0/%#)+! ,..)+! [F_\9! 5(0$! -.$%/2/%,))+<! #&$! /'#$0,%#/('-! ,1('*! #&$!

/'2/'/#$-/1,)! "56! ),+$0-! ,0$! %(1.)$><! '(')/'$,0! ,'3! 1,0*/',))+!

;'3$0-#((39! "-! ,! %('-$@;$'%$! #&$! 4,)/3/#+! (2! H@;,#/('! 7Q9FV8! /-!

@;$-#/(',:)$<!,'3!/#!%,'!(')+!:$!;-$3!,-!,!*;/3$)/'$9!!

B$%,;-$! #&$! ,3/,:,#/%! #$1.$0,#;0$! %&,'*$! /-! #$1.$0,#;0$! 3$.$'3,'#<!

#&$!5JH!/-!,!2;'%#/('!(2!.(-/#/('!/'!,!0$*$'$0,#(09!J('-$@;$'#)+!/'!(03$0!

#(!.0$3/%#! #&$!,3/,:,#/%! #$1.$0,#;0$! %&,'*$!,#! ,! -.$%/2/%! )(%,#/('!O<! /#! /-!

'$%$--,0+! #(! C'(?! #&$! #$1.$0,#;0$! ,#! #&/-! )(%,#/('9! E(0! .,--/4$!

0$*$'$0,#(0-! #&$! #$1.$0,#;0$! .0(2/)$! /-! '$,0)+! )/'$,0<! ?/#&! ,! -1,))!

3$4/,#/('! ,#! #&$! $'3-! [F_\9! =&$! -,1$! %,''(#! :$! ,--;1$3! 2(0! "56-<!

$-.$%/,))+!/2!,!&/*&!;#/)/O,#/('!2,%#(0!/-!;-$39!!

J;00$'#! 1;)#/W1,#$0/,)! "56! 3,#,! ,)-(! -&(?-! #&,#! #&$! #$1.$0,#;0$!

.0(2/)$!%,'!-/*'/2/%,'#)+!3$4/,#$!20(1!)/'$,0!3$.$'3/'*!('!(.$0,#/'*!&$,#!

0$e$%#/('!#$1.$0,#;0$<!;'3$0)+/'*!#&$!%(1.)$>/#+!(2!#&$!/'#$0,%#/('!(2!#&$!

#$1.$0,#;0$!.0(2/)$!?/#&! #&$! )(%,)!5JH9!P;%&! /'#$03$.$'3$'%+! -;**$-#-!

,'(#&$0! .(--/:)$! /--;$!?/#&!1;)#/W1,#$0/,)! 0$*$'$0,#(0-X! /'/#/,)! %('3/#/('!

-$'-/#/4/#+9! "--;1/'*! #&,#! ,'! "56! -#,0#-! (.$0,#/'*! ?/#&! ,! ;'/2(01!
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#$1.$0,#;0$! (2! %( \( %"<! /#! ?/))! $4$'#;,))+! 0$,%&! ,! .-$;3(! -#$,3+! -#,#$!

#$1.$0,#;0$! 3/-#0/:;#/('9! "#! #&$! :$*/''/'*! (2! #&$! .0(%$--<! %(()/'*! /-!

,)1(-#!$'#/0$)+!.$02(01$3!:+!#&$!&(#!$'3!),+$0<!?&/%&!/-!,)0$,3+!?/#&/'!/#-!

5JH! (.$0,#/'*! #$1.$0,#;0$! 0,'*$! 7,--;1/'*! #&,#! #&$! 1,#$0/,)-! &,4$!
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Chapter 3  

Thermal Regenerators 
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3.1 Thermohydraulic Optimization of Regenerators 
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Chapter 4 

Macroscopic Balance Equations  

4.1 Regenerator Disposition 
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4.2 Length Scales and Volume Averages 
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!

4.3 Macroscopic Balance Equations 
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!

4.3.1  Macroscopic Thermal Energy Balance 
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!

!
Figure 4-3: M(#!,'3!%()3!:)(?!2(0!,'!/3$,)!0$*$'$0,#(09!
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!
Figure 4-4: M(#!,'3!%()3!:)(?!2(0!,!0$,)!0$*$'$0,#(09!
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! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9FZ8!
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4.3.2 Fluid Velocities 
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4.3.3 Macroscopic Momentum Balance 
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(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((7T9F^8!

(

=&$! #(#,)! 4();1$! 2)(?! 0,#$! ! /-! #&$! .0(3;%#! (2! #&$! .$01$,:/)/#+! D<! #&$!

%0(--! -$%#/(',)! ,0$,! (2! #&$! 2)(?!#! ,'3! #&$! .0$--;0$! 30(.! <! ,'3! /#! /-!

/'4$0-$)+!.0(.(0#/(',)!#(!#&$!4/-%(-/#+! 9!!"!1(0$!*$'$0,)!'(#,#/('!/-X!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QZ8!

!

I&$0$!WF!/-!#&$!.(0$!4$)(%/#+!,'3! !/-!#&$!.0$--;0$!*0,3/$'#9!!
!

4.3.4 Dimensionless Parameters  

P#,'3,03!#&$01(W&+30,;)/%!*0(;./'*-!,0$!.0$-$'#$3!/'!#&/-!-$%#/('!#&,#!

)$,3! #(! -;/#,:)$! -#,'3,03/O,#/('! (2! $>.$0/1$'#,)! 3,#,! ,'3! #&$! *(4$0'/'*!

$@;,#/('-9!

=&$!&+30,;)/%!3/,1$#$0!-#,'3,03/O$-!#&$!2)(?!/'!,'!,0:/#0,0+!3;%#9!=&$!

&+30,;)/%! 0,3/;-! /-! .0(.(0#/(',)! #(! #&$! 0,#/(! (2! 20$$! 2)(?! %0(--! -$%#/(',)!

,0$,! ! ,'3! ?$##$3! .$0/1$#$0! 9! =&/-! 0,#/(! %,'! :$! $>#$'3$3! #(! ,!

4();1$#0/%! 0,#/(<! ',1$)+! #&$! 0,#/(! (2! $'#0,/'$3! 2);/3! 4();1$! ! /'! #&$!

.(0$-!#(!/'#$02,%/,)!-;02,%$!,0$,!7 8!,4,/),:)$!2(0!&$,#!#0,'-2$09!!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QF8!

!

!P/1/),0)+<!#&$!%&,0,%#$0/-#/%!)$'*#&!?/#&!0$-.$%#!#(!#&$!.,%C/'*!1,#$0/,)!/-!

3$2/'$3!,-!!!
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! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QQ8!

!

!=&$! 0,#/(! (2! &+30,;)/%! 0,3/;-! ,'3! %&,0,%#$0/-#/%! )$'*#&! /-! ,! 2;'%#/('! (2!

.(0(-/#+!(')+!!!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QS8!

!

!=&$! 0,#/(! (2! (0/*/',)! %((03/',#$! #(! &+30,;)/%! 3/,1$#$0! /-! %&(-$'! ,-!

3/1$'-/(')$--!)$'*#&!!!

!

!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QT8!

!

!=&$!3/1$'-/(')$--!#/1$!/-!-%,)$3!?/#&!#&$!,'*;),0!20$@;$'%+!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QU8!

!

!=&$!/'-#,'#,'$(;-!4$)(%/#+!/-!-%,)$3!?/#&!#&$!.$,C!.(0$!4$)(%/#+!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9QV8!

!

!?&$0$! !/-!#&$!.$,C!.(0$!4$)(%/#+9!=&$!.0$--;0$!/-!'('W3/1$'-/(',)/O$3!

?/#&!0$-.$%#!#(!3+',1/%!.0$--;0$<!/9$9!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9Q_8!

!

!=&$!.0$--;0$!*0,3/$'#!/-!,%%(03/'*)+<!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9Q`8!

!

!=&$! 20/%#/('! 2,%#(0! 0$),#$-! #&$! .0$--;0$! )(--! (2! ,! .(0(;-!1$3/;1! #(! #&$!

,4$0,*$!4$)(%/#+9!=&$!L,0%/,'!20/%#/('!2,%#(0!/-!*/4$'!:+!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9Q^8!



5,%0(-%(./%!B,),'%$!H@;,#/('-! 39

!=&$!20/%#/('!2,%#(0!/-!#?/%$!#&$!3/1$'-/(')$--!.0$--;0$!*0,3/$'#!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9SZ8!

!

!=&$!.$,C!6$+'()3-!';1:$0!:,-$3!('!&+30,;)/%!3/,1$#$0! 0$),#$-! /'$0#/,)!

2(0%$-!,'3!4/-%(;-!2(0%$-!!!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9SF8!

!

!?&$0$! !/-!#&$!.(0$!4$)(%/#+!#(!2/0-#!(03$0!7/9$9!#&$!.$,C!.(0$!4$)(%/#+89!

=&$! .$,C! 4$)(%/#+! %,'! 0$,%&! #&$! -,1$! 4,);$! 2(0! ,! )(?! 20$@;$'%+b! &/*&!

-#0(C$!,'3!&/*&!20$@;$'%+b)(?!-#0(C$!%('2/*;0,#/('9!=&$!C/'$#/%!6$+'()3-!

';1:$0!/-!,!3/1$'-/(')$--!$>.0$--/('!2(0!#&$!(-%/)),#/'*!/'$0#/,)!2(0%$-!/'!

0$),#/('!#(!4/-%(;-!2(0%$-9!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9SQ8!

!

!5(0$! %(11(')+! ;-$3! 2(0! #&$! 3$-%0/.#/('! (2! (-%/)),#/'*! 2)(?! /-! #&$!

I(1$0-)$+! ';1:$0! 9!a'3$0! &/*&$0! 20$@;$'%/$-!?&$0$! !

,'3! !,0$!),0*$<!4/-%(;-!2(0%$-!:$%(1$!)$--!/1.(0#,'#!0$-;)#/'*!/'!.);*!

)/C$!2)(?9!a'3$0!-1,))!20$@;$'%/$-!#&$!2)(?!1/*&#!3$4/,#$!20(1!#&$!.);*!

.0(2/)$! -/'%$! #&$! 2)(?!&,-! #/1$! #(!3$4$)(.!,! 2)(?!.0(2/)$!?/#&/'!,!%+%)$9!

=&$! C/'$#/%! 6$+'()3-! ';1:$0! %,'! ,)-(! :$! %('-/3$0$3! ,-! ,! '('!

3/1$'-/(',)!20$@;$'%+9!B$-/3$!20$@;$'%+<!#&$!-#0(C$!(2!#&$!3/-.),%$0!%,'!

,)-(! :$! %('#0())$39! =&$! '('! 3/1$'-/(',)! 3/-.),%$1$'#! /-! */4$'! :+! #&$!

0,#/(!(2!-#0(C$! !,'3!&+30,;)/%!3/,1$#$09!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9SS8!

!

!M$0$!#&$!$22$%#/4$!-#0(C$! #,C$-! /'#(!,%%(;'#! #&$!3/22$0$'#!%0(--!-$%#/(',)!

,0$,-! (2! 3/-.),%$0! ! ,'3! #&$! 0$*$'$0,#(0! 9!a-/'*! #&$-$! 3$2/'/#/('-!

#&$! .$,C! 6$+'()3-! ';1:$0<! C/'$#/%! 6$+'()3-! ';1:$0! ,'3! '('!

3/1$'-/(',)!,1.)/#;3$!0$),#$!#(!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9ST8!
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!

!=&$!];--)$#!';1:$0!/-!#&$!0,#/(!(2!%('4$%#/4$!#&$01,)!$'$0*+!#0,'-2$0!#(!

%('3;%#/4$!$'$0*+!#0,'-.(0#!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9SU8!

!

!P/1/),0)+<! #&$!&$,#! #0,'-2$0!%($22/%/$'#!%,'!:$!'('W3/1$'-/(',)/O$3!?/#&!

0$-.$%#!#(!%('3;%#/4$!$'$0*+!#0,'-.(0#!/'!#&$!.,%C/'*!1,#$0/,)<!C'(?'!,-!

B/(#!';1:$0!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9SV8!

!=&$!D0,'3#)!';1:$0!/-!#&$!0,#/(!(2!4/-%(;-!3/22;-/('!#(!#&$01,)!3/22;-/('9!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9S_8!

!

!=&$!E(;0/$0!';1:$0!/-!%('%$.#;,))+!#&$!0,#/(!(2!#&$!&$,#!%('3;%#/('!0,#$!

#(! #&$! 0,#$! (2! #&$01,)! $'$0*+! -#(0,*$<! /9$9! <! ?&$0$! ! /-! ,!

%&,0,%#$0/-#/%! #/1$! -%,)$9! G'! (-%/)),#/'*! 2)(?! /#! /-! 0$,-(',:)$! #(! ./%C!

9!=&$!E(;0/$0!';1:$0!/-!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9S`8!

!

!=&$!0,#/(!(2!#&$!/'#0/'-/%!#&$01,)!%('3;%#/4/#/$-!(2!:(#&!.&,-$-!/-!3$2/'$3!

,-!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9S^8!

!

!=&$!0,#/(!2(0!2);/3!#(!-()/3!#&$01,)!1,--!/-!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9TZ8!

!

!=&$! #&$01,)! 1,--! 0,#/(! %,'! :$! 0$),#$3! #(! ,! %(1:/',#/('! (2! #&$! .0$-$'#!

*0(;./'*-!,-!!!

!
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! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9TF8!

!

!=&$!0,#/(!(2!];--$)#!#(!B/(#!';1:$0!/-!!!

!

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7T9TQ8



 

!

Chapter 5  

Heat Transfer Coefficient Determination 

5.1 Analytical Model 

=&$! :,-/%! $@;,#/('-! 2(0! #&$! 1(3$)! %('-/3$0! #&$! 2/0-#W),?! $'$0*+!

:,),'%$!('!,'!/'2/'/#$)+!),0*$!-),:!(2!,!.(0(;-!1$3/;1!?/#&!,!#&/%C'$--!(2!

5! 7$@;,)! #(! #&$! 0$*$'$0,#(0! )$'*#&89!=&$! 2);/3!,#! $,%&!-/3$!(2! #&$! -),:! /-!

1,/'#,/'$3! ,#! &/*&! ,'3! )(?! #$1.$0,#;0$-<! 0$-.$%#/4$)+<! /1.)$1$'#$3! 2(0!

#&$!D6="!:+!#&$!&(#!,'3!%()3!&$,#!$>%&,'*$0-9!=&$!2);/3!2)(?!(-%/)),#$-!

:,%C! ,'3! 2(0#&! #&0(;*&! #&$! .(0(;-! -),:! ,'3! #0,'-2$0-! &$,#! :$#?$$'! :(#&!

$'3-!,'3!#&$!2);/3!,'3!-()/3!.&,-$9!=&$!$'$0*+!$@;,#/('!2(0!$,%&!.&,-$!2(0!

,!FWL!0$.0$-$'#,#/('!(2!#&$!0$*$'$0,#(0!?&$'!#&$!,>/,)!#&$01,)!%('3;%#/('!

/-!,%%(;'#$3!2(0!%,'!:$!?0/##$'!,-!7H@;,#/('-!T9FF!,'3!T9FQ8X!

E);/3!.&,-$X!

!

       7U9F8  

!

P()/3!.&,-$X!

!

!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9Q8!!!

!

=&$!$'$0*+!1$%&,'/-1-!,0$!,-!2())(?-X!

 H'$0*+! ,:-(0:$3! :+! #&$! 2);/3! ! ,'3! -()/3!

<!0$-.$%#/4$)+<!?&$0$! !/-!#&$!3$'-/#+<!XF!#&$!-.$%/2/%!

&$,#!%,.,%/#+<! !#&$!.(0(-/#+!(2!#&$!0$*$'$0,#(0!%!#&$!#$1.$0,#;0$!

,'3!J!#&$!#/1$9!

 H'$0*+! #0,'-2$00$3! 20(1! #&$! 2);/3! :$%,;-$! (2! 1(#/('! :+!

<!?&$0$!WF! /-! #&$! .(0$! 2);/3! 2)(?!4$)(%/#+! (2! #&$!

0$*$'$0,#(0!,'3!O!#&$!.(-/#/('!/'!)$'*#&!3/0$%#/('9!
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 M$,#! #0,'-2$00$3! :+! %('3;%#/('! #&0(;*&! #&$! 2);/3! ! ,'3!

-()/3! <!0$-.$%#/4$)+<!?&$0$!D!/-!#&$!#&$01,)!%('3;%#/4/#+9!

 M$,#! #0,'-2$00$3! :+! %('4$%#/('! #(! #&$! 2);/3! ! ,'3!

-()/3! ! 0$-.$%#/4$)+<! ?&$0$! C! /-! #&$! &$,#! #0,'-2$0!

%($22/%/$'#!,'3! !#&$!/'#$02,%/,)!,0$,!.$0!;'/#!4();1$!(2!.(0(;-!

1$3/,!:$%,;-$!#&$!0$*$'$0,#(0!/-!#0$,#$3!,-!,!4();1$!1,3$!;.!(2!

4(/3! -.,%$! ,'3! -()/3<! #&$0$2(0$<! &$,#! #0,'-2$0! /-! ,! 2;'%#/('! (2!

-;02,%$!,0$,<!,'3!.(0(;-!.,%C$3!:$3-!,0$!3$-%0/:$3!/'!#$01-!(2!

?$##$3!-;02,%$!,0$,!.$0!;'/#!4();1$9!

!

5.1.1 Solution Model 

=&$!&$,#!%('3;%#/('!#$01!/-!,--;1$3!#(!:$!'$*)/*/:)$!/'!#&$!*(4$0'/'*!

$@;,#/('-! 7P%&;1,''! 1(3$)89! =&/-! ,--;1.#/('! /-! .&+-/%,))+! e;-#/2/$3!

:,-$3!('!#&$!-1,))! #$1.$0,#;0$!-.,'-!:$/'*!;-$3!/'!#&$!$>.$0/1$'#-!,'3!

#&$!-1,))!4,);$-!?$!$>.$%#!2(0!#&$!%('3;%#/4/#/$-9!=&$0$2(0$<!#&$!$@;,#/('-!

,0$!,-!2())(?-X!

!E);/3!.&,-$X!

!

!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!7U9S8!!

!

P()/3!.&,-$X!

!

!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9T8!

!

E(0!#&$!1(3$)!,!&,01('/%!-$0/$-!,',)+-/-! /-!,..)/$3!#(!+/$)3! #&$!-();#/('!

[SU\9!"!E(;0/$0!-$0/$-!?/#&!/
VB
!(03$0!/-!,--;1$3!,'3!&/*&$0!&,01('/%-!,0$!

#&$0$2(0$!'$*)$%#$3<!#&/-!)$,3-!#(X!

!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9U8!

!

?&$0$!'A[! \! /'3/%,#$-! #&,#! #&$! 0$,)! .,0#! (2! #&$! 2;'%#/('! /-! ;-$39!E(0! #&/-!

0$,-('!%)!%,'!:$!%(1.)$>!?&/%&!/'3/%,#$-!#&$!,1.)/#;3$!,'3!.&,-$9!%^ZO[!
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/-! ?0/##$'! ,-!%^H! ,'3!%)ZO[! ,-!%)! ?&$0$! /#! /-! /1.)/$3! #&,#!%^! ,'3!%)! ,0$!

2;'%#/('-!(2!.(-/#/('!(')+X!

!

!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9V8!

!

=&$!#$1.(0,)!,'3!-.,#/,)!3$0/4,#/4$!%,'!:$!$>.0$--$3!:+X!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9_8!

!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9`8!

!

G'!#$01-!(2!#&$!-$0/$-!$>.,'-/('!,..0(,%&<!#&$!.(0$!2);/3!2)(?!4$)(%/#+!(2!

#&$!0$*$'$0,#(0!/-!0$?0/##$'!,-X!

!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9^8!!

!

?/#&!#&$!2())(?/'*!3$2/'/#/('-X!

!

!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9FZ8!!

!

?&$0$!5IR!3$2/'$-!#&$!-%,)$3!-?$.#!3/-#,'%$9!G'-$0#!#&$!-;:-#/#;#$3!4$)(%/#+!

WFZJ[<! #&$! ,--;1$3! -();#/('! ,'3! #&$! 3$0/4,#/4$-! 2(0! %L! ,'3! %I! /'! #&$!

*(4$0'/'*!$@;,#/('!2(0!#&$!2);/3!)$,3-!#(X!!!!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9FF8!

!

=&/-! $@;,#/('! .0(4/3$-! /'2(01,#/('! :$%,;-$! )/'$,0)+! /'3$.$'3$'#!

%(1.('$'#-!1;-#!:,),'%$!$,%&!(#&$0X!

!

 ^
JC
! (03$0X <! #&$! ,4$0,*$!

#$1.$0,#;0$-!(2!-()/3!,'3!2);/3!,0$!#&$!-,1$9!
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 /
VB
!(03$0X <!=&$!,1.)/#;3$!

(2!#&$!2);/3!?,4$2(01!/-!/'3$.$'3$'#!(2!.(-/#/('9!

 )
IJ
!(03$0!)$,3-!#(!#&$!*(4$0'/'*!$@;,#/('!2(0!#&$!2);/3!.&,-$X!

!!!!!!! !!!!!!!!!!!!!7U9FQ8!

!

G'-$0#/'*! #&$! ,--;1$3! -();#/('! ,'3! #&$! 3$0/4,#/4$-! 2(0!%L! ,'3! %I! /'! #&$!

*(4$0'/'*!$@;,#/('!2(0!#&$!-()/3!.&,-$!)$,3-!#(X!

!

!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9FS8!!!

!!!!!!!!!!!!!!!!!!!

=&$! %(1:/',#/('! (2! #&$! $@;,#/('! 2(0! #&$! 2);/3! ,'3! -()/3! .&,-$! $>#0,%#-!

2;0#&$0! /'2(01,#/('9! %I)! /-! ,! )/'$,0! 2;'%#/('! (2! %L)! ,'3! :(#&! ,0$! '(#! ,!

2;'%#/('! (2! .(-/#/('<! #&$0$2(0$<! #&$! 2/'3/'*! (2! #&$! 2);/3! ,'3! -()/3! .&,-$!

$@;,#/('!/-!#&,#! !/-!'(#!,!2;'%#/('!(2!.(-/#/('9!E0(1!#&/-!/#!2())(?-!#&,#!

#&$! ,4$0,*$! -()/3! ,'3! 2);/3! #$1.$0,#;0$! *0,3/$'#! /-! %('-#,'#! 7$9*9<! )/'$,0!

4,0/,#/('89!!

J('-/3$0/'*!#&$!)/'$,0!#$1.$0,#;0$!*0,3/$'#!#&0(;*&!#&$!0$*$'$0,#(0<!,!

'('W3/1$'-/(',)!#$1.$0,#;0$!%,'!:$!3$2/'$3!,-!2())(?-X!

!

!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9FT8!!

!

?&$0$! %( a%^( \( %)! ,'3! -(! #&$! ,1.)/#;3$! (2! #&$! #$1.$0,#;0$! %,'! :$!

$>.0$--$3!:+X!

!

!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9FU8!

!

a-/'*! ! /'!H@;,#/('-!U9FQ!,'3!U9FS!1,C$-! #&$! 2);/3!,'3!-()/3!$@;,#/('-!

'('W3/1$'-/(',)X!E);/3!.&,-$X!

!

!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9FV8!

!

!
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P()/3!.&,-$X!

!

!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9F_8!

!

=?(!'('W3/1$'-/(',)!.,0,1$#$0-!%,'!:$!2(;'3X!

!

!!!!!!!!!!! !<!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9F`8!

!

=&$!.,0,1$#$0!1!/-!%(1.,0,:)$!?/#&!,!2(01!(2!+%.!7];1:$0!(2!=0,'-2$0!

a'/#-8!,'3!0$.0$-$'#-!#&$!0,#/(!(2!#&$!&$,#!#0,'-2$0!:$#?$$'!#&$!.&,-$-!#(!

#&$! 2);/3! #&$01,)! %,.,%/#+9! =&$! .,0,1$#$0! b! $>.0$--$-! #&$! $'#0,/'$3!

#&$01,)! 1,--! 0,#/(! :$#?$$'! #&$! -()/3! ,'3! 2);/3! .&,-$9! G'-$0#/'*! #&$!

.,0,1$#$0-!1!,'3!b!/'#(!H@;,#/('!U9FV!,'3!U9F_!+/$)3!#&$!2/',)!$@;,#/('-9!

E(0!#&$!-()/3!.&,-$X!

!

!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9F^8!

!

,'3<!(;#!(2!/#<!2(0!#&$!2);/3!.&,-$X!

!

!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9QZ8!

!

5.2 Determination of the Heat Transfer Coefficient 

5.2.1  Model combined with Experiment 

=&$!$>.$0/1$'#,)!/'!%(1:/',#/('!?/#&!#&$!,',)+#/%,)!1(3$)!%,'!-()4$!

H@;,#/('! U9QZ! ,'3! #&$! &$,#! #0,'-2$0! %($22/%/$'#! %,'! :$! 3$#$01/'$39! =&$!

,:-();#$!4,);$!(2! L)!/-!#&$0$2(0$!%,)%;),#$3!?/#&!#&$!$>.$0/1$'#,)!3,#,!:+!

70$2$0!#(!H@;,#/('!U9FU8X!

!

!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9QF8!!

!
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?&$0$!%L)! /-! #&$! #$1.$0,#;0$!,1.)/#;3$!(2! #&$! #$1.$0,#;0$! -/*',)-!(2! #&$!

0$*$'$0,#(0! 3;0/'*! %+%)/%! $@;/)/:0/;1<( ( ! /-! #&$! -%,)$3! -?$.#!

3/-#,'%$!,'3! !/-!#&$!#$1.$0,#;0$!*0,3/$'#!#&0(;*&!#&$!0$*$'$0,#(09!=&$!

.,0,1$#$0!b!/-!3$#$01/'$3!?/#&!#&$!.&+-/%,)!.0(.$0#/$-!2(0!#&$!0$*$'$0,#(0!

#$-#$39!6$-;)#,'#!20(1!H@;,#/('!U9QZ!#&$!.,0,1$#$0!1!/-!#&$'!%(1.;#,:)$!

,'3!#&$!(')+!;'C'(?'!4,0/,:)$<!&$,#!#0,'-2$0!%($22/%/$'#<!/-!3$#$01/'$3!:+!

-()4/'*!H@;,#/('!U9F`!2(0!#&$!.,0,1$#$0!19!
!

5.2.2 Assumptions and Parameters 

=&$!,--;1.#/('-!2(0!#&$!3$#$01/',#/('!(2!#&$!&$,#!#0,'-2$0!%($22/%/$'#!

,0$!-;11,0/O$3!:$)(?X!

 =&$01,)!%('3;%#/('!(2!#&$!2);/3!,'3!-()/3!,0$!/'-/*'/2/%,'#9!

 E);/3! 2)(?! $22$%#-! )/C$! 1/>/'*! (0! ?,))! %&,''$)/'*! /-! '(#!

%('-/3$0$39!

 =&$! #$1.$0,#;0$! ,1.)/#;3$! #&0(;*&(;#! #&$! 0$*$'$0,#(0! /-! #&$!

-,1$9!

 =&$!#$1.$0,#;0$!*0,3/$'#!#&0(;*&(;#!#&$!0$*$'$0,#(0!/-!)/'$,09!

 =&$!&$,#!#0,'-2$0!#(!#&$!0$*$'$0,#(0!%&,1:$0!?,))!/-!O$0(9!!

 =&$!,4$0,*$!#$1.$0,#;0$-!(2!#&$!-()/3!,'3!2);/3!,0$!#&$!-,1$9!

=&$!2())(?/'*!.,0,1$#$0-!,0$!,--;1$3!#(!:$!%('-#,'#!72/>$3!.,0,1$#$0-8X!

3$'-/#+! ,'3! -.$%/2/%! &$,#! %,.,%/#+! (2! #&$! 2);/3! ,'3! -()/3<! &$,#! #0,'-2$0!

-;02,%$!,0$,!.$0!0$*$'$0,#(0!4();1$<!.(0(-/#+<! )$'*#&!,'3!%0(--W-$%#/(',)!

,0$,! (2! #&$! 0$*$'$0,#(0! ,'3! #&$! %0(--! -$%#/(',)! ,0$,! (2! #&$! 3/-.),%$09! G'!

%('#0,-#! #&$! .,0,1$#$0-! 20$@;$'%+<! -#0(C$<! #$1.$0,#;0$! ,1.)/#;3$! ,'3!

#$1.$0,#;0$!*0,3/$'#!,0$!4,0/,:)$9!!

5.2.3 Extreme Cases Model 

B,-$3!;.('!#&$!,',)+#/%!-();#/('!2(0!#&$!2);/3!#$1.$0,#;0$!,1.)/#;3$<!

#?(!$>#0$1$!4,);$-!

%,'!:$!/3$'#/2/$39!"!)(?$0!)/1/#!%,'!:$!3$#$01/'$3!:+X!!!

!!!!
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!!!!!!!!!!!!!!!!!!!!!!7U9QQ8!

!

,'3!,'!;..$0!)/1/#!:+X!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7U9QS8!

!

=&$!;..$0!)/1/#!/-!#&$0$2(0$!%,;-$3!1,#&$1,#/%,))+!,'3!#&$!)(?$0!)/1/#!/-!

,22$%#$3!:+!#&$!.&+-/%,)!.0(.$0#/$-!2(0!#&$!0$*$'$0,#(09!

P;%&!)/1/#-!'$$3!#(!:$!,%%(;'#$3!2(0!,-!#&$+!0$.0$-$'#!,'!;..$0!,'!)(?$0!

:(;'3,0+!2(0!$>.$0/1$'#,)!3,#,!#&,#!%,'!:$!;-$3!:+!#&$!,',)+#/%,)!1(3$)!

0$-;)#/'*!?/#&!,!1$,'/'*2;)!(;#.;#9!



 

!

Chapter 6 

Test Apparatus and Experimental Results 

6.1 Test Apparatus 

=&/-! %&,.#$0! */4$-! ,'! (4$04/$?! (2! #&$! $>.$0/1$'#,)! -$#;.! (2! #&$!

D,--/4$! 6$*$'$0,#(0! =$-#! "..,0,#;-! 7D6="89! "))! %(1.('$'#-! ,0$!

3/-%;--$3!/'!3$#,/)9!=$-#!0$-;)#-!,0$!.0$-$'#$3!,#!#&$!$'3!(2!#&/-!%&,.#$09!

=&$!3$-/*'!(2! #&$!D,--/4$!6$*$'$0,#(0!=$-#!"..,0,#;-! 7D6="8!,/1-!

2(0! 0$)/,:)$! %('#0()! (2! #&$! 4();1$#0/%! 2);/3! 2)(?! ,'3! #$1.$0,#;0$! -.,'!

,%0(--!#&$!0$*$'$0,#(0!#$-#!-$%#/('9!"!-/1.)$!1$#&(3!2(0!,%&/$4/'*!#&/-!/-!

%&(-$'X!,!./-#('W%+)/'3$0!#+.$!2);/3!3/-.),%$0<!30/4$'!:+!,!4,0/,:)$!-.$$3!

LJ!1(#(0<! 2(0%$-!,!%('#0())$3!4();1$!(2! 2);/3!:,%C!,'3! 2(0#&! #&0(;*&!,!

%)(-$3! )((.! %/0%;/#9! "! %0,'C! ,01! 1$%&,'/-1! %('4$0#-! #&$! 0(#,#/(',)!

1(#/('! .0(3;%$3! :+! #&$! LJ! 1(#(0! /'#(! ,! )/'$,0! ./-#('! 1(#/('9! =&/-!

,--;0$-!-/';-(/3,)!?,4$2(01!(4$0!#/1$!,#!,!*/4$'!0(#,#/(',)!-.$$3!(2!#&$!

1(#(09! =&$! 0$*$'$0,#(0! /-! -/#;,#$3! :$#?$$'! #?(! -&$))! ,'3! #;:$! &$,#!

$>%&,'*$0-!7MHn8!,-!-&(?'!/'!E/*;0$!VWF9!=&$!&$,#!$>%&,'*$0-!,0$!1,3$!

;.!(2! -#0,/*&#! ,);1/';1! #;:$-! (2! 3/,1$#$0! F9_!11! ,'3! ,! )$'*#&! (2! QTZ!

119!=&$!&(;-/'*!/''$0!3/,1$#$0!(2!#&$!MHn!/-!SF!11!?&/%&!/-!$@;,)!#(!

#&$! 3/,1$#$0! (2! #&$! 0$*$'$0,#(0! &(;-/'*9! =&$! .(0(-/#+! (2! #&$! MHn! /-!

$-#/1,#$3! #(! :$! "&=! i! Z9QU9! =&$! &$,#! $>%&,'*$0-! ,0$! &((C$3! ;.! #(! ,!

%&/))$0! ,'3! &$,#$0! ;'/#<! 0$-.$%#/4$)+9! =&$! %&/))$0! ;'/#! &,-! ,! %(()/'*!

%,.,%/#+! (2!F9Q!CI!?/#&! ,'! (.$0,#/'*! 0,'*$!:$#?$$'! WQU! mJ! ,'3!`Z! mJ9!

=&$!1,>/1;1! 2)(?! 0,#$! (2! #&$! %&/))$0! ;'/#! /-! Q`!A/#$0-b1/'9!=&$!&$,#$0!

;'/#!/-!,)-(!,!%&/))$0!?/#&!,'!(.$0,#/'*!0,'*$!:$#?$$'!WTZ!mJ!,'3!QZZ!mJ<!

?/#&! 1,>/1;1! &$,#/'*! ,'3! 2)(?! 0,#$! (2! ! Z9`! CI! ,'3! FU! A/#$0-b1/'<!

0$-.$%#/4$)+9! B(#&! ;'/#-! ,0$! (.$0,#$3! ;-/'*! 3/-#/))$3!?,#$0! ,'3! %,'! #&;-!

'(#!:$!-$#!:$)(?!#&$!20$$O/'*!.(/'#9!
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!
Figure 6-1: H>.$0/1$'#,)!,..,0,#;-!

!

"!%/0%;),0!#;:$!?/#&!3/,1$#$0!BG!i!SF9_!11!,'3!)$'*#&!5G!i!_F9Q!11!

1,3$! (2! .),-#/%! 7D()+/>+1$#&+)$'$8! /-! ;-$3! ,-! 0$*$'$0,#(0! &(;-/'*! ,'3!

-/#;,#$3!:$#?$$'!&(#!,'3!%()3!MHn!,-!-&(?'!/'!E/*;0$!VWF9!=&$!-&$))!%,'!

,%%(11(3,#$! 3/22$0$'#! 0$*$'$0,#(0! *$(1$#0/$-! -;%&! ,-! ?/0$! 1$-&/'*<!

.,%C$3!.,0#/%)$-<!.$02(0,#$3!.),#$-<! .,0,))$)! %&,''$)-<! .),#$-! (0! #;:$-9!"#!

$,%&!$'3-!(2!#&$!0$*$'$0,#(0!#?(!2/'$!#/.<!#+.$WH!#&$01(%(;.)$-!73/,1$#$0!

Z9U! 118! ,0$! ;-$3! #(! 1$,-;0$! #$1.$0,#;0$9! =&$! 0$-.('-$! #/1$! (2! #&$-$!

#&$01(%(;.)$-!/-!('!#&$!(03$0!(2!FZ!1-!,'3!1;%&!-1,))$0!#&,'!#&$!,%#;,)!

.&+-/%,)! %+%)$! #/1$9! E/4$! ,33/#/(',)! #&$01(%(;.)$-! %,'! :$! .),%$3! ,#!

$@;/3/-#,'#! ,>/,)! .(-/#/('-! /'-/3$! #&$! 0$*$'$0,#(09! =&$/0! 0,3/,)! .(-/#/('!

3$.$'3-! ('! #&$! 0$*$'$0,#(0! *$(1$#0+! #(! :$! #$-#$39! "'! ,33/#/(',)! #?(!

#&$01(%(;.)$-! %,'! :$! .),%$3! :$#?$$'! #&$! #?(! &$,#! $>%&,'*$0-! ,'3! #&$!

3/-.),%$0!#(!1$,-;0$!#$1.$0,#;0$!3/22$0$'%$!,%0(--!#&$!&$,#!$>%&,'*$0-9!"!

.(#$'#/(1$#$0! /-! .),%$3! ('! #(.! (2! #&$! 3/-.),%$0! #(! 0$-()4$! 3/-.),%$0!

.(-/#/('!,-! ,! 2;'%#/('!(2! #/1$9!=&$!.0$--;0$!30(.! ,%0(--! #&$! 0$*$'$0,#(0!

%,'! :$! 1$,-;0$3! ?/#&! #&$! #?(! .0$--;0$! #0,'-3;%$0-! ,#! $,%&! $'3! (2! #&$!
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0$*$'$0,#(09!G'!,33/#/('<!,'(#&$0!.0$--;0$!#0,'-3;%$0!/-!.),%$3!:$#?$$'!#&$!

MMHn!,'3! #&$!3/-.),%$0! #(!1$,-;0$!.0$--;0$!30(.!,%0(--! #&$!MMHn9!"!

-%&$1,#/%! 0$.0$-$'#,#/('! (2! #&$! D6="! /-! -&(?'! /'! E/*;0$! VWQ9! "))!

1$,-;0$3! @;,'#/#/$-! 7/'! #(#,)! FF! #$1.$0,#;0$<! S! .0$--;0$! ,'3! F!

.(#$'#/(1$#$0!0$,3/'*-8!,0$!,)-(!-&(?'!/'!E/*;0$!VWQ9!

!

!
!

Figure 6-2: P%&$1,#/%!(2!D6=" 

6.2 Test Section 

=&$! .0$-$'#! ?(0C! 3$,)-! ?/#&! #?(! 0$*$'$0,#(0! *$(1$#0/$-X! ,!

1/%0(%&,''$)!0$*$'$0,#(0!,'3!,!.,%C$3!.,0#/%)$!:$3!0$*$'$0,#(0!1,3$!(2!

-.&$0/%,)! .,0#/%)$-9! =&$! 1/%0(%&,''$)! 0$*$'$0,#(0! /-! 1,3$! ;.! (2! #&0$$!

:0('O$! .;%C-! 7-$$! E/*;0$! VWS8! ,'3! ?,-! .0(3;%$3! ;-/'*! ),-$0! -/'#$0/'*!

#$%&'()(*+!,#!#&$!a'/4$0-/#+!(2!P,)$0'(!/'!G#,)+9!!
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!
Figure 6-3: D&(#(*0,.&!(2!,!-/'#$0$3!1/%0(!%&,''$)!.;%C!,'3!-.&$0$- 

!

=&$!%&,''$)!&$/*&#!/-!CX!i!Z9_!11!,'3!#&$!?,))!#&/%C'$--!CR!i!Z9U!11!

0$-;)#/'*!/'!,!&+30,;)/%!3/,1$#$0!$@;,)!#(!#&$!%&,''$)!&$/*&#!BC(\(CX9!=&$!

-;02,%$! 2/'/-&! /-! 2,/0)+! 0(;*&! ,'3! /-! $-#/1,#$3! #(! :$! ('$! (03$0! (2!

1,*'/#;3$!-1,))$0!#&,'!#&$!&+30,;)/%!3/,1$#$09!=&$!.(0(-/#+!/-! i!Z9SQ9!

!
Table 6-1: 6$*$'$0,#(0!1,#0/>!*$(1$#0/%,)!.0(.$0#/$-!

!
!

=&$!-#,/')$--!-#$$)!-.&$0$-!&,4$!,!3/,1$#$0!(2!BF!i!F119!=&$!.(0(-/#+!

(2!#&$!-.&$0$-!/-!3$#$01/'$3!:+!1$,-;0/'*!#&$!1,--!(2!#&$!-.&$0$-!,2#$0!/#!

/-! .,%C$3! /'! #&$! 0$*$'$0,#(09! =&$! .(0(-/#+<! &+30,;)/%! 3/,1$#$0! ,'3! #&$!

-.$%/2/%!/'#$02,%/,)!-;02,%$!,0$,!,0$!%(1.,0$3!/'!=,:)$!VWF9!G#!%,'!:$!-$$'!

#&,#! #&$! .(0(-/#+! (2! #&$! #?(! 0$*$'$0,#(0-! /-! -)/*&#)+! 3/22$0$'#9! =&$!

&+30,;)/%! 3/,1$#$0-! ,0$! /'! #&$! -,1$! (03$0! (2! 1,*'/#;3$9! M(?$4$0! #&$!

-.$%/2/%!-;02,%$!,0$,!(2!#&$!-.&$0$-!/-!,:(;#!#&0$$!#/1$-!,-!),0*$!%(1.,0$3!

#(!#&$!1/%0(%&,''$)-9!

=&$!0$*$'$0,#(0-!,)-(!3/22$0! /'! #$01-!(2! #&$01,)!.0(.$0#/$-9!=&$+!,0$!

-;11,0/O$3!/'!=,:)$!VWT9!
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Table 6-2: 6$*$'$0,#(0!1,#0/>!#&$01,)!.0(.$0#/$- 

 
!

I&/)$! #&$!&$,#! %,.,%/#/$-!(2! #&$! #?(! 0$*$'$0,#(0-! ,0$! -/1/),0<! #&/-! /-!'(#!

#&$! %,-$! 2(0! #&$! #&$01,)! %('3;%#/4/#+9! B0('O$! -&(?-! ,! ),0*$0! #&$01,)!

%('3;%#/4/#+!7:+!,!2,%#(0!(2!#?(8!#&,'!-#,/')$--!-#$$)9!G#!1;-#!:$!'(#$3!#&,#!

#&$-$! ,0$! /'#0/'-/%! 4,);$-! ,'3! '(#! $22$%#/4$! 4,);$-9! L;$! #(! #&$! -.(0,3/%!

%('#,%#!(2!#&$!-.&$0$-!/#!%,'!:$!$>.$%#$3!#&,#! #&$!*$(1$#0/%,))+!$22$%#/4$!

#&$01,)!%('3;%#/4/#+!(2!#&$!-.&$0$-!/-!$4$'!-1,))$0!#&,'!/#-!/'#0/'-/%!4,);$9!!!

=&$! 1/%0(%&,''$)! *$(1$#0+! /-! ?$))! -;/#$3! 2(0! :(#&! $>.$0/1$'#,)! ,'3!

#&$(0$#/%,)! 3$#$01/',#/('! (2! &$,#! #0,'-2$0! ,'3! .0$--;0$! 30(.!

%&,0,%#$0/-#/%-9!=&$!&(1(*$'$/#+!/'!#&$!,>/,)!3/0$%#/('!,'3!#&$!0$%#,'*;),0!

20('#! 2,%$! 1,C$-! #&/-! #+.$! (2! 0$*$'$0,#(0! ,! ?$))! -;/#$3! %,'3/3,#$! 2(0!

';1$0/%,)! -/1;),#/('! (2! &$,#! #0,'-2$0! ,'3! .0$--;0$! 30(.! %&,0,%#$0/-#/%-!

#&,#!%,'!:$!4,)/3,#$3!,*,/'-#!$>.$0/1$'#,)!0$-;)#-9!

!

6.3 Experimental Procedure 

=&$0$! ,0$! #&0$$! 3$*0$$-! (2! 20$$3(1! #&,#! %,'! :$! %('#0())$3! :+! #&$!

$>.$0/1$'#,)/-#X!

F9 =&$! -#0(C$<! 5I<! %('#0()-! #&$! ,1(;'#! (2! 2);/3! #&,#! /-! 3/-.),%$3!
3;0/'*! ('$! %+%)$9! =&$! -#0(C$! %,'! :$! ,3e;-#$3! :+! %&,'*/'*! #&$!

)$'*#&!(2!#&$!%0,'C!,01(0!#&$!-/O$!(2!#&$!3/-.),%$09!

Q9 =&$! 20$@;$'%+! 3$#$01/'$-! #&$! 3;0,#/('! (2! #&$! %+%)$! ,'3! %,'! :$!
%('#0())$3!:+!#&$!4()#,*$!-;..)/$3!#(!#&$!LJ!5(#(09!

S9 =&$!#/1$!,4$0,*$3!#$1.$0,#;0$!-.,'!%(\(%X^( (%C^!%,'!:$!/1.(-$3!
:+!%&,'*/'*!#&$!%&/))$0!,'3!&$,#$0!-$##/'*-9!

G'!*$'$0,)!$,%&!$>.$0/1$'#!/-!%&,0,%#$0/O$3!:+!-#0(C$<!20$@;$'%+!,'3!

#/1$!,4$0,*$3!#$1.$0,#;0$!-.,'9!d'%$!#&$!-+-#$1!/-!/'!%+%)/%!-#$,3+!-#,#$!

,!';1:$0!(2!%+%)$-!,0$!0$%(03$39!H,%&!-/*',)!7#$1.$0,#;0$-<!.0$--;0$!,'3!

3/-.),%$1$'#! 20(1! .(#$'#/(1$#$08! /-! ?0/##$'! /'! 2(01! (2! ,! 3/-%0$#$! #/1$!

-$0/$-!#(!,!2/)$9!=&$!$>.$0/1$'#!/-!0$.$,#$3!;-/'*!,'!/'%0$1$'#,)!%&,'*$!/'!
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20$@;$'%+9! G#! /-! '(#! '$%$--,0+! #(! 1,/'#,/'! #&$! #$1.$0,#;0$! -.,'! ,#! ,!

%('-#,'#! 4,);$K! &(?$4$0<! ,! ),0*$! #$1.$0,#;0$! -.,'! /-! 3$-/0,:)$! -/'%$! /#!

/'%0$,-$-! #&$! ,%%;0,%+! #(! 1$,-;0$! #$1.$0,#;0$! (-%/)),#/('-! 7),0*$!

#$1.$0,#;0$! -.,'-! ?/))! 0$-;)#! /'! ),0*$0! #$1.$0,#;0$! (-%/)),#/('-89! =&$!

#&$01,)! (-%/)),#/('-! ,0$! (2! .,0#/%;),0! /'#$0$-#! 2(0! #&$! $>#0,%#/('! (2! &$,#!

#0,'-2$0!3,#,9!=&/-!.0(%$3;0$!/-!0$.$,#$3!2(0!3/22$0$'#!-#0(C$!4,);$-9!

!
Table 6-3: d.$0,#/'*!0,'*$!(2!D6=" 

!
!

=,:)$! VWS! -&(?-! #&$! (.$0,#/'*! 0,'*$! (2! #&$! D6="9! =&$! 1,>/1;1!

(.$0,#/'*!20$@;$'%+!3$%0$,-$-!?/#&!/'%0$,-/'*!-#0(C$!:$%,;-$!#&$!20/%#/('!

(2!#&$!./-#('!,*,/'-#!#&$!%+)/'3$0!?,))!/'%0$,-$-9!G'!,33/#/('!#&$!/'%0$,-$3!

.0$--;0$!30(.!(2!#&$!-.&$0$-!,#!&/*&$0!20$@;$'%+!,)-(!)/1/#-!#&$!1,>/1;1!

20$@;$'%+9!

!

6.4 Data Processing 

=&$! 3,#,! /-! .0(%$--$3! ;-/'*! ,! 3/-%0$#$! E(;0/$0! #0,'-2(01! 7LE=89!

6$%#,'*;),0! ?/'3(?-! ,0$! ,..)/$3! 1,#%&/'*! :$*/''/'*! ,'3! $'3! (2! #&$!

-/*',)! #(!,--;0$!-&,0.!-.$%#0,)!0$-();#/('9!=&$!-.$%#0,)!:0$,C3(?'!(2!#&$!

3/-.),%$1$'#! -/*',)! ,'3! #&$! 0$%('-#0;%#$3! -/*',)! 20(1! #&$! -.$%#0,! /-!

-&(?'!/'!E/*;0$!VWT9!G#!/-!%)$,0)+!(:-$04,:)$!#&,#!#&$!./-#('!1(#/('!/-!?$))!

,..0(>/1,#$3!:+!,!.;0$!-/';-(/3!?/#&!20$@;$'%+!L!i!F9T!MO!,'3!'$*)/*/:)$!

&/*&$0!&,01('/%!%('#$'#9!
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!
Figure 6-4X!P.$%#0,!(2!3/-.),%$1$'#!-/*',)!

!

=&$!-.$%#0,!2(0!&(#!-/3$!#$1.$0,#;0$!2(0!1/%0(%&,''$)-!,'3!-.&$0$-!/-!

-&(?'! /'! E/*;0$! VWU! ,'3! E/*;0$! VWV<! 0$-.$%#/4$)+9! =&$! #$1.$0,#;0$!

0$,3/'*! /'! #&$!1/%0(%&,''$)! $>.$0/1$'#! /-!?$))! ,..0(>/1,#$3!:+! ,!.;0$!

-/';-(/39! =&$! #$1.$0,#;0$! 0$,3/'*! ;-/'*! #&$! -.&$0$-! *$(1$#0+! -&(?-!

-/*'/2/%,'#! &/*&$0! &,01('/%! %('#$'#9! =&$! (:-$04,#/('! (2! 1;)#/.)$!

20$@;$'%/$-! /-! ,! %('-$@;$'%$! (2! #&$! #/1$! 3$.$'3$'%+! (2! #0,'-.(0#!

.0(.$0#/$-! 7-;%&! ,-! 3/-.$0-/('8! (0! *$'$0,)! '('! )/'$,0/#/$-! 7#$1.$0,#;0$!

3$.$'3$'%+! (2! 4/-%(-/#+89! ")-(! -.&$0$-! /'3;%$! ,:(;#! ('$! (03$0! (2!

1,*'/#;3$!),0*$0!.0$--;0$!30(.<!%,;-/'*!),0*$0!;':,),'%$3!#(0@;$-!#(!#&$!

3/-.),%$0!30/4$9! G'#$0$-#/'*)+! #&$!&/*&$0!(03$0! 20$@;$'%/$-! ,0$! ,!1;)#/.)$!

(2!#&$!3(1/','#!20$@;$'%+9!=&$!-.$%#0,!(2!#&$!&(#!-/3$!0$,3/'*!/'!E/*;0$!

VWV!&,-!,!3(1/','#!20$@;$'%+!(2!L)( !Z9`!MO<!#&$!-$%('3!20$@;$'%+!L/! !F9V!

MO!,'3!#&$!#&/03!L4! !Q9T!MO9!
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!
Figure 6-5:!P.$%#0,!(2!&(#!-/3$!#$1.$0,#;0$!-/*',)!;-/'*!1/%0(%&,''$)-!

!

=&$!-.$%#0,!(2! #&$!.0$--;0$!30(.!-/*',)!F(\(FXZJ[( (FCZJ[! /-!-&(?'!/'!

E/*;0$! VW_9! =&$! .0$--;0$! 30(.! #&0(;*&! #&$! 1/%0(%&,''$)! 0$*$'$0,#(0! /-!

$>.$%#$3! #(! :$! -1,))<! 0$-;)#/'*! /'! ,! 0,#&$0! '(/-+! 1$,-;0$1$'#! (2! #&$!

.0$--;0$!30(.!-/*',)9!")-(! #&/-! -/*',)! -&(?-!&/*&$0!&,01('/%!%('#$'#9! G#!

1;-#! :$! $1.&,-/O$3! #&,#! #&$! #&$(0+! .0$-$'#$3! /'! $,0)/$0! %&,.#$0-! (')+!

,..)/$-! #(! #&$! 3(1/','#! (-%/)),#/('-! (2! ,))! -/*',)-<! #&$0$2(0$<! /'! ?&,#!

2())(?-<!&/*&$0!(03$0!&,01('/%-!,0$!'$*)$%#$39!H,%&!$>.$0/1$'#!%('-/-#-!

(2!FU!#/1$!-$0/$-!7#$1.$0,#;0$<!.0$--;0$!,'3!)/'$,0!.(#!-/*',)-8!0$-;)#/'*!/'!

0(;*&)+!_ZZ!#/1$!-$0/$-!2(0!,))!$>.$0/1$'#-!%('3;%#$39!!



=$-#!"..,0,#;-!,'3!H>.$0/1$'#,)!6$-;)#-! 57

!
Figure 6-6:!P.$%#0,!(2!&(#!-/3$!#$1.$0,#;0$!-/*',)!;-/'*!-.&$0$-!

!

!
Figure 6-7:!P.$%#0,!(2!.0$--;0$!30(.!2(0!,!1/%0(%&,''$)!$>.$0/1$'#!
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!

!

6.5 Experimental Results 

=&$! $>.$0/1$'#,)! 0$-;)#-! (2! #$1.$0,#;0$! ,'3! .0$--;0$! 0$,3/'*-! ,0$!

.0$-$'#$3! (4$0! #&$! $'#/0$! 20$@;$'%+! ,'3! -#0(C$! 0,'*$! #&,#! /-! %(4$0$3!

$>.$0/1$'#,))+9! E/0-#<! #&$! #/1$! ,4$0,*$3! #$1.$0,#;0$! -.,'! 2(0! :(#&!

*$(1$#0/$-! /-! %('-/3$0$39! E/*;0$! 7`9`8! -&(?-! #&$! 1$,'! #$1.$0,#;0$!

3/22$0$'%$! :$#?$$'! &(#! ,'3! %()3! -/3$! 2(0! ,))! -#0(C$-! ,'3! 20$@;$'%/$-!

0$%(03$39!

!
Figure 6-8:!=/1$!,4$0,*$3!#$1.$0,#;0$!3/22$0$'%$!:$#?$$'!&(#!,'3!%()3!-/3$!2(0!:(#&!

*$(1$#0/$-9!

!

=&$!1/%0(%&,''$)-!-&(?!0$3;%$3!#$1.$0,#;0$!-.,'-!,-!#&$!20$@;$'%+!

/-!/'%0$,-$3!1,/')+!3;$!#(!&$,#!#0,'-2$0!)/1/#,#/('-!/'!:(#&!&$,#!$>%&,'*$0!

,'3! 0$*$'$0,#(0! ,-! #&$! 20$@;$'%+! /'%0$,-$-9! =&$! #$1.$0,#;0$! -.,'! ,)-(!

%('-/-#$'#)+!30(.-!,-!#&$!-#0(C$!/-!/'%0$,-$39!"!&/*&$0!-#0(C$!?/))!/'%0$,-$!

#&$! 4$)(%/#+! /'! #&$! 0$*$'$0,#(0! ,'3! #&;-! )/1/#! #&$! &$,#! #0,'-2$09! =&$!

-/#;,#/('! 2(0! #&$! %(00$-.('3/'*! $>.$0/1$'#! ;-/'*! -.&$0$-! -&(?-! #&$!

0$4$0-$! $22$%#! ,#! -1,))! 20$@;$'%/$-9! E(0! -#0(C$-! 5I! i! oF`<! SVp11! #&$!

#$1.$0,#;0$! -.,'! /'%0$,-$-! 2/0-#! ?/#&! 20$@;$'%+! ;'#/)! /#! 0$,%&$-! ,!

1,>/1;1! 4,);$! ,'3! 30(.-! ,*,/'9!"#! #&$! &/*&$-#! -#0(C$! #&$! #$1.$0,#;0$!
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-.,'!/-!1,>/1,)!/'!#&$!)(?!20$@;$'%+!)/1/#!,'3!3$%0$,-$-!1('(#('/%,))+!

?/#&! 20$@;$'%+9! G#! /-! -;-.$%#$3! #&,#! ,#! )(?! 20$@;$'%+!(#&$0!&$,#! #0,'-2$0!

$22$%#-! )(?$0! #&$! 0$*$'$0,#/('! .0(%$--9! L/-.$0-/('! /-! C'(?'! #(! :$!

-/*'/2/%,'#!,#!)(?!20$@;$'%+!2(0!,!.,%C$3!.,0#/%)$!:$3!*$(1$#0+![QU\!,'3!

1/*&#! :$! 0$-.('-/:)$! 2(0! -/*'/2/%,'#! 3/22;-/('! /'! #&$! 0$*$'$0,#(09!"-! #&$!

20$@;$'%+! /'%0$,-$-! ,'3! -#0(C$! /'%0$,-$-! ,34$%#/('! /-! $>.$%#$3! #(! :$!

,1.)/2/$3! -;%&! #&,#! 3/22;-/('! $22$%#-! :$%(1$! '$*)/*/:)$9! =&/-! ?(;)3!

$>.),/'! #&$! 1('(#('/%,))+! 30(../'*! #$1.$0,#;0$! -.,'! 2(0! #&$! ),0*$-#!

-#0(C$!5I!i!UT119!

!G'! *$'$0,)! #&$! #$1.$0,#;0$! -.,'-! ;-/'*! -.&$0$-! ,0$! ),0*$0! #&,'!

%(00$-.('3/'*! -.,'-! 2(0! #&$!1/%0(%&,''$)-! ,#! #&$! -,1$! %&/))$0! -/'C! ,'3!

&$,#$0! -(;0%$! #$1.$0,#;0$9!=&/-! /'3/%,#$-! #&,#! #&$! -.&$0$-! ,%#! ,-! ,!1(0$!

$22$%#/4$!0$*$'$0,#(09!!

=&$! #$1.$0,#;0$! ,1.)/#;3$-! 2(0! #&$! 1/%0(! %&,''$)! ,'3! -.&$0$!

*$(1$#0+! ,0$! -&(?'! /'! E/*;0$! VW^! ,'3! E/*;0$! VWFZ<! 0$-.$%#/4$)+9! G'!

*$'$0,)! #&$! %()3! -/3$! ,1.)/#;3$-! ,0$! -)/*&#)+! ),0*$0! #&,'! #&$! &(#! -/3$!

,1.)/#;3$-9!=&$!,1.)/#;3$-!,#!-#0(C$!A-!i!F`!11!0$1,/'!2,/0)+!%('-#,'#!

(4$0! 20$@;$'%+! :;#! ,0$! ),0*$-#! ,#! /'#$01$3/,#$! 20$@;$'%/$-9! "*,/'<! #&/-!

1/*&#! :$! ,'! /'3/%,#(0! 2(0! #0,'-.(0#! 1(3$-! )/C$! 3/-.$0-/('! #&,#! ,0$!

.0('(;'%$3! ,#! )(?! 20$@;$'%/$-9!"#!&/*&$0! -#0(C$-<! ,1.)/#;3$-!30(.!?/#&!

/'%0$,-/'*! 20$@;$'%+9! =&$! ,1.)/#;3$-! ,0$! ,! 2;'%#/('! (2! :(#&! #&$! &$,#!

#0,'-2$0! @;,)/#+! ,'3! #&$! #$1.$0,#;0$! -.,'! 7:$%,;-$! #&$0$! %,'! '(#! :$!

#&$01,)! (-%/)),#/('! ?/#&(;#! #&$! .0$-$'%$! (2! ,! #$1.$0,#;0$! 3/22$0$'%$!

:$#?$$'!&(#!,'3!%()3!$'389!=&$0$2(0$!#&$!3$%0$,-/'*!,1.)/#;3$-!,#!&/*&$0!

20$@;$'%/$-!%,'!:$!;'3$0-#((3!,-!,'!/'3/%,#(0!2(0!/'%0$,-$3!&$,#!#0,'-2$09!

G#! /-! /'#$0$-#/'*! #(! '(#$! #&,#! #&$! /'#$01$3/,#$! -#0(C$! 4,);$! -&(?-! &/*&$0!

,1.)/#;3$-!7/'!#&$!%(00$-.('3/'*!20$@;$'%+!0,'*$8!#&,'!#&$!&/*&$-#!-#0(C$!

,1.)/#;3$-9!
!

!
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!
Figure 6-9: =$1.$0,#;0$!,1.)/#;3$!2(0!1/%0(%&,''$)!$>.$0/1$'#-9!

!

"! -/1/),0! :$&,4/(0! %,'! :$! (:-$04$3! 2(0! #&$! -.&$0$! $>.$0/1$'#9! =&$!

3/22$0$'%$! /-! #&,#! #&$! ,1.)/#;3$-! ,0$! /'! *$'$0,)! -1,))$0! ,#! &/*&$0!

20$@;$'%/$-!%(1.,0$3!#(!#&$!1/%0(%&,''$)!$>.$0/1$'#9!=&/-!:$&,4/(0!/#!#(!

:$!$>.$%#$3!,-!#&$!.,%C$3!-.&$0$-!-&(;)3!,))(?!,!:$##$0!&$,#!#0,'-2$09!!

!

!
Figure 6-10: =$1.$0,#;0$!,1.)/#;3$!2(0!.,%C$3!.,0#/%)$!:$3!$>.$0/1$'#-9!!

!

=&$! .0$--;0$! 30(.-! ,%0(--! #&$! &$,#! $>%&,'*$0<! #&$! 1/%0(%&,''$)!

0$*$'$0,#(0! ,'3! #&$! -.&$0$-! 0$*$'$0,#(0! ,0$! -&(?'! /'! E/*;0$! VWFF9! "))!

.0$--;0$!30(.!1,*'/#;3$-!/'%0$,-$!?/#&!20$@;$'%+!,'3!-#0(C$!7,-!,!0$-;)#!

(2! /'%0$,-$3! 2);/3!4$)(%/#/$-89!"-!$>.$%#$3<! #&$! -.&$0$-! -&(?! #&$! ),0*$-#!

.0$--;0$! 30(.9! =&$! &$,#! $>%&,'*$0-! -&(?! #&$! )(?$-#! .0$--;0$! 30(.!

:$%,;-$! (2! #&$! )(?! .(0(-/#+<! ,'3! /#! /-! /'! #&$! -,1$! (03$0! (2! #&$! &$,#!

1/%0(%&,''$)!-#0;%#;0$9!!
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!
!

Figure 6-11: D0$--;0$!30(.!(2!&$,#!$>%&,'*$0<!1/%0(%&,''$)-!,'3!-.&$0$-!*$(1$#0+9 

!

6.6 The microchannel regenerator and the internal axial temperature 

gradient 

M$,#!#0,'-2$0!/'!,!.,0,))$)!.),#$!#+.$!(2!3$-/*'!/-!),0*$)+!)/1/#$3!:+!#&$!

),1/',0! ',#;0$! (2! #&$! 2);/3! 2)(?9! =&$0$2(0$<! /'! (03$0! #(! (:#,/'! ,!

-,#/-2,%#(0+! &$,#! #0,'-2$0! ! #&$! :(;'3,0+! ),+$0! '$$3-! #(! 2/))! ,-! 1;%&! ,-!

.(--/:)$!#&$!%0(--!-$%#/(',)!,0$,!(2!#&$!*,.!:$#?$$'!#&$!.),#$-9!E(0!#+./%,)!

2)(?!0,#$-!/'!1,*'$#/%!0$20/*$0,#(0-!-1((#&!.,0,))$)!.),#$!3$-/*'!.$02(01-!

.((0)+!/2!#&$!*,.!/-!),0*$0!#&,'!Z9F!119!G2!#&$!0$20/*$0,#(0!(.$0,#$-!,#!&/*&!

20$@;$'%/$-! 7TWU! MO! .$0! 0$*$'$0,#(08! #&$! *,.! '$$3-! #(! :$! -;:-#,'#/,))+!

-1,))$0! 7Z9ZQWZ9ZU! 1189! G#! /-! ,! #$%&'()(*/%,)! %&,))$'*$! .0(#(#+./'*!

0$*$'$0,#(0-! ?/#&! -;%&! -1,))! 2$,#;0$-! ?&/)$! $'-;0/'*! ,! %('-/-#$'#!

&+30,;)/%! 3/,1$#$09! ")#$0',#/4$! 1,#0/>! .,##$0'-! %(;)3! 1,#%&! #&$!

.$02(01,'%$!?/#&! -/*'/2/%,'#)+! ),0*$0! *$(1$#0/%,)! 2$,#;0$-9! E(0! /'-#,'%$!

E/*;0$! VWFQ! %(1.,0$-! #&$! #$1.$0,#;0$! 3/-#0/:;#/('! /'! #&$! *,.! :$#?$$'!

.,0,))$)! .),#$-! ,'3! /'! ,! -@;,0$3! -#0,/*&#! %&,''$)! ?&/%&! -/3$-! ,0$! (2! #&$!

-,1$! -/O$! (2! #&$! *,.! :$#?$$'! #&$! .),#$-9! E(0! #&$! -,1$! *,.! -/O$! ,'3!

.(0(-/#+<!#&$!1/%0(W%&,''$)!(.#/('!(22$0-!_Zq!1(0$!-;02,%$!%('#,%#<!,'3!,!

),0*$0!:(;'3,0+!),+$0!3;$!#(!#&$!1(0$!%('4();#$3!*$(1$#0+9!!

!!
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!
!

Figure 6-12:!D,0,))$)!.),#$!,'3!-@;,0$!%&,''$)!%(1.,0$3X!2);/3!#$1.$0,#;0$!

3/-#0/:;#/('9!

!

I$!?$0$!)((C/'*!2(0!,!-/1.)$!,'3!$22$%#/4$!?,+!(2!.0(3;%/'*!,!'('W

.,0#/%)$! :,-$3! .,--/4$! 0$*$'$0,#(0! 1,#0/>9! =&$! #$%&'()(*+! '$$3$3! #(!

*$'$0,#$! ,! *$(1$#0/%,)! .,##$0'! %('-/-#$'#)+! ,'3! %&$,.)+<! ,'3! #(! :$!

%(1.,#/:)$! ?/#&! ,! -;/#,:)$! 0$*$'$0,#(0! 1,#$0/,)9! =&$! 5$%&,'/%,)!

H'*/'$$0/'*! L$.,0#1$'#! ,#! #&$! a'/4$0-/#,c! 3/! P,)$0'(<! G#,)+<! 1,3$!

,4,/),:)$! ,! ),-$0! -/'#$0/'*! ;'/#! -$#! ;.! 2(0! :0('O$! 0,./3! .0(#(#+./'*9!

")#&(;*&! #&/-! #$%&'()(*+! 3($-! '(#! @;/#$! .0(3;%$! 2$,#;0$-! ,-! -1,))! ,-!

-.$%/2/$3! 7rZ9Q! 118<! /#! $>%$$3$3! #&$! -.$%/2/%,#/('-! 2(0! ,))! (#&$0!

0$@;/0$1$'#-9! G#! ,)-(! %0$,#$3! .,0#-! ?/#&! 0$),#/4$)+! %(,0-$! -;02,%$! 2/'/-&!

7Z9ZU!118<!?&/%&! /-!3$-/0,:)$! 2(0! /'%0$,-/'*! #&$!-;02,%$!%('#,%#! ,'3! 2(0!

/'3;%/'*! 2)(?! #;0:;)$'%$9! ! G'! ,33/#/('<! :0('O$! &,-! ,3$@;,#$!

#&$01(3+',1/%! .0(.$0#/$-! ,-! ,! .,--/4$! 0$*$'$0,#(0! 1,#$0/,)<! (22$0/'*! ,!

0$),#/4$)+!),0*$!3$'-/#+<!&$,#!%('3;%#/('!%($22/%/$'#<!,'3!-.$%/2/%!&$,#9!G'!

,33/#/('!/#!3($-!'(#!0$,%#!?/#&!?,#$0<!?&/%&!/-!;-$3!,-!&$,#!#0,'-2$0!2);/39!

=&$!%&(-$'!*$(1$#0+!?,-!:,-$3!('!,!.,##$0'!(2!-@;,0$3!%&,''$)-!Z9_!

>!Z9_!11!$@;,))+!-.,%$3!?/#&!,!?,))! #&/%C'$--!(2!Z9U!119!=&$!%&,''$)!

-/O$! ?,-! %&(-$'! :,-$3! #&$! -1,))$-#! 3/,1$#$0! 0$%(11$'3,:)$! 2(0!

0$1(4/'*!#&$!)((-$!.(?3$0!.,0#/%)$-!)$2#! /'!#&$!*,.-!/'!#&$!2/',)!-#,*$!(2!

#&$! 1,';2,%#;0/'*! .0(%$--<! ?&/)$! #&$! ?,))! #&/%C'$--! ?,-! %&(-$'! 2(0!

$'-;0/'*!SZWSU!q!.(0(-/#+9!=&$!%&(/%$!(2!#&$!.(0(-/#+!?,-!:,-$3!('! #&$!

2,%#! #&,#! -.&$0$-! #+./%,))+! .,%#! #(! SVq! .(0(-/#+! -(! ,! 3/0$%#! %(1.,0/-('!

%(;)3! :$! 1,3$9! =&$! 0$*$'$0,#(0! 0$-;)#$3! /'! ,! .(0(-/#+! (2! SQq! ?&$'!
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/'%);3/'*!#&$!.$0/.&$0,)!?,))9!G'!,33/#/('<!0$*$'$0,#(0-!?$0$!1,';2,%#;0$3!

/'!QS9U!11!)$'*#&!.;%C-<!?&/%&!/-!('$!#&/03!(2!#&$!%,4/#+!3$.#&!,4,/),:)$!

/'!#&$!,..,0,#;-!0$*$'$0,#(0!-&$))9!P&(0#!.;%C-!,0$!3$-/0,:)$!2(0!,!';1:$0!

(2! 2,%#(0-X! $,-/$0! ,'3! 1(0$! ,%%;0,#$! 1,';2,%#;0,:/)/#+<! $,-$! (2! .(?3$0!

0$1(4,)! 20(1! #&$! 1/%0(W%&,''$)-<! 1(3;),0/#+! /'! #&$! $>.$0/1$'#,#/('<!

?&/)$! /'#$'#/(',))+! :0$,C/'*! 3(?'! ,>/,)! #&$01,)! )(--$-! 7.(/'#! %('#,%#!

%('3;%#/('! :$#?$$'! .;%C-89! =&$! 2())(?/'*! #,:)$! -;11,0/O$-! #&$!

.0(.$0#/$-!(2!$,%&!0$*$'$0,#(0!.;%C9!!

!
Table 6-4.!6$*$'$0,#(0!D0(.$0#/$-!

Specification Value unit 

6$*$'$0,#(0!L/,1$#$0! SF9_U! 11!

6$*$'$0,#(0!.;%C!)$'*#&! QS9U! 11!

J&,''$)!!%0(--!-$%#/('! -@;,0$3! !

J&,''$)!%0(--!-$%#/('!-/3$! Z9_! 11!

];1:$0!(2!%&,''$)-!.$0!.;%C! _SQ! !

I,))!#&/%C'$--! Z9U! 11!

6$*$'$0,#(0!.(0(-/#+! SQq! !

6$*$'$0,#(0!1,--! FZZ! *!

J&,''$)!!%0(--!-$%#/('! -@;,0$3! !

6$*$'$0,#(0!1,#$0/,)! L/0$%#5$#,)!QZ!7:0('O$8

!

6.6.1 The instrumentation 

!!G'! (03$0! #(! 1$,-;0$! #&$! 2);/3! #$1.$0,#;0$! /'! ('$! (2! #&$! 1/%0(W

%&,''$)-!,!E/:$0!B0,**!Y0,#/'*!7EBY8!?,-!/1.)$1$'#$3!?/#&!U!*0,#/'*-!

$@;,))+!-.,%$3!,#!FV9_U!11!2(0!,'!(4$0,))!-.,'!(2!V_!119!=&$0$2(0$!#&$!

2/0-#! ,'3! ),-#! *0,#/'*-! ,0$! )(%,#$3! ,..0(>/1,#$)+! Q! 11! /'-/3$! 20(1! #&$!

0$-.$%#/4$!0$*$'$0,#(0!$'39!=&$!),+(;#!/-!-&(?$3!/'!#&$!2())(?/'*!E/*;0$!
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Figure 6-14:! 7,8! EBY! ?,4$)$'*#&! 2/)#$0/'*! 1$%&,'/-1! 7?/C/8! ,'3! 7:8! D6="! 2/:$0!
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!
Figure 6-15:! H>,1.)$! (2! %,)/:0,#/('! %;04$! 2(0! 2/0-#! *0,#/'*! ?,4$)$'*#&! 0$2)$%#/('!
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Chapter 7 

Experimental Evaluation 

7.1 Friction Factor 
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!
Figure 7-1:!5/%0(%&,''$)!20/%#/('!2,%#(0!
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!
Figure 7-2: E0/%#/('!2,%#(0!(2!-.&$0$!*$(1$#0+!

!

G#! 1;-#! :$! '(#$3! #&,#! #&$! .0$--;0$! -/*',)-! ,0$! 4$0+! '(/-+! $-.$%/,))+!

?&$'! %(1.('$'#-! ?/#&! -1,))! .0$--;0$! 30(.-! ,0$! 1$,-;0$39! P#/))<! #&$!

20/%#/('! 2,%#(0-! ,*0$$! ?/#&! #&$! $>.$0/1$'#,)! 3,#,! ?/#&/'! ,'! ,%%$.#,:)$!

)/1/#9!M(?$4$0<!#&$!*(,)!(2!#&/-!-$%#/('!/-!'(#!#(!2/'3!,!.$02$%#!1(3$)!#&,#!

,%%;0,#$)+! 0$.0(3;%$-! #&$! $>.$0/1$'#,)! 3,#,9! =&$! 1(3$)-! ,0$! ;-$3! #(!

%&$%C!?&$#&$0! #&$!$>.$0/1$'#,)!3,#,! /-!-;22/%/$'#)+!%)(-$! #(!?/3$)+!;-$3!

%(00$),#/('-!,'3!1(3$)-!:,-$3!('!2/0-#!.0/'%/.)$-!,'3!/'3/%,#$-!#&,#!#&$!#$-#!

,..,0,#;-!@;,)/#,#/4$)+!(.$0,#$-!,-!$>.$%#$39!

!

7.2 Nusselt Number 
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!
Figure 7-3: H>.$0/1$'#,))+!(:#,/'$3!];--$)#!';1:$0-!2(0!1/%0(%&,''$)!*$(1$#0+!
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!
Figure 7-4: ];!,-!2;'%#/('!(2!'ABC!2(0!-@;,0$!%&,''$)-!
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Nu for squared duct, thermally developing laminar flow, Muzychka
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