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|m} R}i pOt l} Q=DWwv u}= QO "OwW|t O}rwD |U}]=vet =} |U}]=vet=Q=B |xO=t l}
xQ=W= OQwt QDU@ "CU= xOW x�=Q= p=ai |U}]=vet V}=tQU sDU}U l} R= |QDU@ |=Q@

wO '|R=UxO=U |=Q@ w CU= |Q=H u; uwQO CQ=QL p=kDv= p=}U xm CU= pNrNDt |Ot=H
sm =L CqO=at &Ov=xOW |R=UpOt Q=wHsy |=RHt |x}q wO CQwYx@ p=}U w Ot=H \}Lt
pL |=Q@ "Ov=xDU@=w sy x@ |SQv= |xrO=at wO pt=W xm xOW u} wOD |Oa@l} CQwYx@ R}v
\}Lt Qy QO =tO `} RwD w xOW xDiQo CtON x@ Q=QmD VwQ 'p=Yiv= R= pY=L CqO=at
w |W}=tQU Q=@ pFt sDU}U |=yQDt=Q=B Q}=U "CU= xOW pY=L xNQJ R= xQwO l} |]
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"OQmrta ?} Q[
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=Q |OQmrta C=}�RH xm |OQ@ Q=m |=ypOt Ow@tm 'OvDUy =yxNQJ |m}t=v}OwtQD
p=}U ?=NDv= w 'OQmrta ?} Q[ '|}=tQU Q=@ C=@U=Lt Ovv=t |rta |W}=tQU QO
|=ypOt 2003 =D 1991 |=yp=U QO "OwW|t T=UL= 'OQ}o@ Q_v QO ?U=vt
|U}]=vet V}=tQU Ov}=Qi |R=Ux}@W |=Q@ �l}Ow} QB Q}e� u=tR R= pkDUt |OOa
xDU@=w w |Oa@l} |rOt 2006 =D 1984 |=yp=U QO u}vJty [8�5]"OW x�=Q=
[10w9]"OyO|t Q=Qk Q_v Ot =Q CQ=QL p=kDv= pt=a p=}U \ki xm OW x�=Q= u=tR x@
=@ hrDNt |=yS=}r; R= pmWDt |x}qOvJ |U}]=vet |=yQDU@ |=Q@ CWQ@rov=
pL QDU@ Q@ sm =L |}=tO |xOwOLt s=tD QO '?U=vt |U}]=vet=tQo C}Y=N
wO pOt l} 2007 p=U QO uUQDB C}=yv QO [11]"CU= xOQm x�=Q= |Oa@l} |OOa
|U}]=vet |xO=t CND |=yx}q R= pmWDt =Q O} Q@D QDU@ xm AMRR |=Q@ |Oa@
[12]"CU= xOQm |iQat xDiQo Q_v QO �|}xLiY pOt� CQ=QL p=kDv= pt=a p=}U w
R} Q C=Qm R= w CU= pNrNDt Q_v OQwt |U}]=vet O} Q@D QDU@ Q[=L j}kLD QO
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u=} QH ZQat QO |U}]=vet |xO=t l} R= pNrNDt |QDU@ sDU}U u}= QO xm CU=
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|U}]=vet Cr=L R= GwQN swU Ov}=Qi "Ov=OQo|tR=@ x}rw= Cr=L x@ =Q QDU@ |=tO w
C}=yv QO "OQ}o|t Q=Qk x}rw= Cr=L R= QDu}}=B =tO p}iwQB Ov}=Qi u}= QO xm CU=
w Ovm|t ?PH =Q QDU@ R= xOWO=H}= |}=tQU *Q=@ 'sQo `@vt R= pt=a p=}U u=} QH
p}iwQB C=Q}}eD |xQ=wKQ] "Ov=OQo|tR=@ xNQJ |}=OD@= Cr=L x@ =Q u; |=tO `} RwD

"CU= xOW xO=O u=Wv 1 pmW QO =tO
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QO "Ovvm|t Qw@a |U}]=vet u=O}t R= ?}DQDx@ =yQDU@ u}= "CU= xOW x}@aD u; |wQ
"CU= xOW |R=Ux}@W |Oa@l} CQwYx@ QwmPt |=yQDU@ R= l} Qy Q[=L j}kLD
CU= |O=} R lJwm |=yx=oQPo pt=W pNrNDt sUH l} u=wvax@ QDU@ |xUOvy
QDU@ |xO=t =@ CQ=QL p=kDv= w |}=tQo T=tD QO uOW|Q=H u=mt= pt=a p=}U x@ xm
'QDU@ *QB x@ |r=N |=[i sHL OYQO |va} �"� pNrND =@ QDU@ |xUOvy "OyO|t =Q
p=kDv= K]U KqY= |=Q@ K]U |r=oJ "OwW|t XNWt �as� K]U |r=oJ R}v w
u=tr= sHL QO u; ?Q[ pY=L xm ?}DQDu}O@ &OwQ|t Q=m x@ QDU@ uwQO CQ=QL
R= pmWDt =yQDU@ j}kLD u}= QO "OyO|t u=Wv =Q |ak=w CQ=QL p=kDv= K]U 'QDU@
Q]k R= |a@=D CQwYx@ K]U |r=oJ u}=Q@=v@ w 'Ov=xOW ZQi xOQWi syx@ |=yxQm
pOt 'Q[=L j}kLD QO xm CU= QmP x@ sRq "CU= h} QaD p@=k =yxQm |m}rwQO}y
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"OvQ=O =Q xYNWt Kw]U u=ty
QwLt C@Ft CyH QO u=} QH OW=@ C@Ft p=}U |@O |Dkw 2 pmW j@=]t

?} Q[ C=Q}}eD 'QDU@ QO =tO |}xQwO `} RwD Ovv=t �� sDU}U syt |=yQDt=Q=B '=tO R=
|Oa@l} |OOa pL j} Q] R= �� pt=a p=}U |@O ?ULQ@ O} Q@D C}iQ_ w OQmrta
xOWx}yD pOt R= pY=L G}=Dv ,=vt[ "Ov=xDiQo Q=Qk |Q}oxH}Dv w EL@ OQwt w pY=L
O=a@= =@ pNrNDt O} Q@D QDU@ l} w �xO=U l@Wt� pNrNDtQ}e O} Q@D QDU@ l} |=Q@

"Ov=xDiQo Q=Qk xU}=kt OQwt u=Um} |r=N |=[i OYQO w |UOvy

p=ai |U}]=vet V}=tQU |xNQJ |iQat "2
sy x@ =tO R= |}=yxQDUo QO O=wt R= |[a@ |U}]=vet w |m}t=v}OwtQD X=wN-qwY=
"OwW|t Q}PBu=mt= |SQv= p}O@D |=ysDU}U QO =yv; R= xO=iDU= xH}DvQO w Ov=xDU@=w
Ovm|t Q}}eD CQ=QL p=kDv= w Q=m Crax@ |m}t=v}OwtQD |xO=t l} |rN=O |SQv=

%xm |Qw]x@
dU = T:dS � PdV (1)

=tO "OQ=O xQ=W= Q=m x@ swO CQ=@a w CQ=QL p=kDv= x@ jwi |xrO=at pw= CQ=@a
p=kDv= u}@t xm OvyO|t p}mWD =Q xDU@=w GwR l} l}t=v}OwtQD QO |B wQDv; w
xJv=vJ "Ovvm|t |a=OD =Q Q=m xm OvDUy |Qo}O GwR R}v sHL w Q=Wi "Ov=CQ=QL
|=Q@ T}]=vet QO x@=Wt |HwR h} QaD u=mt= s}vm Q_vhQY T} RQDU}y C=irD R=
|U}]=vet Qw=DWoM w |r=ta= u=O}t �0H Qo = &OQ=O OwHw |U}]=vet Q=m h} QaD

[13]%x=ov; 'OvW=@
dU = T:dS + �0H:d(M) (2)

Qw=DWo w Q=Wi x@=Wt |U}]=vet u=O}t xm OR=U|t Q=mW; =Q C}ak=w u}= 2 |xrO=at
V}=Ri= |m} R}i Qw]x@ "Ovvm|t Vkv |=i}= 1 |xrO=at QO sHL x@=Wt |U}]=vet
Ea=@ OwN xm OwW|t |U}]=vet |=y|@]kwO |}=DU=Qsy x@ QHvt |r=ta= u=O}t
=Q |B wQDv; w OQ=O Q=m x@ R=}v |}=DU=Qsy Ov}=Qi "OwW|t |U}]=vet Cr=L V}=Ri=
Vy=m ?Hwt Q=Wi V}=Ri= 'sm =QD p@=k |xO=t l} QO x@=Wt Qw]x@ "OyO|t Vy=m
j} Q] u}= R= w xDW=O G=}DL= Q=m x@ sHL Vy=m w OwW|t =ypwmrwt u}@ |=[i

"O@=}|t Vy=m |B wQDv;
w |m}t=v}OwtQD |=vW; G}=Dv |Q}oQ=mx@ u=mt= 'jwi |xU}=kt R= xO=iDU= =@
|U}]=vet |xO=t l} |=Q@ sm =QD p@=k |xO=t l} QO xO=iDU= OQwt C=YNWt
\=@DQ= Qou=}@ xm pwUm =t \@=wQ Ovv=t |]@=wQ 'Qo}O CQ=@ax@ "OwW|t O=H}= R}v
Qou=}@ xm Cr=L |xrO=at Ovv=t |}x]@=Q R}v w 'Ov=X=wN |�RH C=kDWt u}@
Q=Owtv =DU=Q u}= QO "O};|t CUO x@ 'CU= u=O}t w =tO ?ULQ@ |oOWT}]=vet
Q=Wi |=Hx@ C@=F |U}]=vet u=O}t \w]N pt=W |U}]=vet |xO=t Qy QO T-S

=wy pFt |O=wt |=Q@ xm CU= |Qo}O T-S Q=Owtv Qy x@=Wt Q=Owtv u}= "CU= C@=F
"CU= xOW x�=Q= |Qo}O sm =QD p@=k p=}U Qy =}

CU=|U}]=vet |xO=tl} |=tOVy=m =}V}=Ri=|U}]=vetV}=tQU T=U=
|U}]=vet=tQo QF= xO}OB u}= &OwW|t O=H}= xOWp=ta= |U}]=vet u=O}t Q}}eD QF=Q@ xm
l} QO \ki w OQ=O |oDU@ xO=t |x}rw= |=tO x@ QF= u}= "OwW|t xO}t=v 2�MCE�
=tQo QF= u} QDW}@ u; QO xm |}=tO "OyO|t MQ u; Q=Okt u} QDW}@ OwOLt |xQDUo

"CU= xDiQo s=v �xO=t |Qwm |=tO� OwW|t pY=L |U}]=vet
|R=Uxv}y@ CQwYQO xm CU= u} Ro}=H |Qw=:vi l} |U}]=vet V}=tQU
"OW=@C@=kQ p@=k |tm =QD O} Q@D |=ysDU}U =@ Ov=wD|t O=wt |U}]=vet=tQoC}Y=N
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Q}ra %Ov=xOW h} QaD 7 |x]@=Q CQwYx@ w pNrND ?ULQ@ f0 w �0 u; QO xm
f0 = 0 8 + 0 1 "
log �0 =�4 898" 0 � " � 0 0827
log �0 =�0 405�3 154("�0 0827) 0 0827 � " � 0 298
log �0 =�1 084�6 778("�0 298) 0 298 � " � 0 580

(7)

[17]%CU= xOW O=yvW}B 8 |x]@=Q D0 ?} Q[ |=Q@ u}vJty
D0 = 3=4 "Pef Pef � 1 (8)

sw}@ Q= � sw}v}rwO=o S=}r; j}kLD u}= QO xO=iDU= OQwt |U}]=vet=tQo |xO=t
p=U QO ?} Q[ u}= "CU= 10 W/m.�K C}=Oy ?} Q[ =@ �Gd0 94-Er0 06�

[19]"CU= xOW |Q}oxR=Ov= 2004

|RQt \}=QW w sm =L CqO=at "4
|}=yv |HwQN 'Tf (x; t) 'pt=a p=}U |=tO `} RwD w 'Tr(x; t) 'QDU@ |=tO `} RwD
|tQH u=} QH MQv w =tO `} RwD x@ xHwD =@ "OvQ=O}=B |xNQJ l} QO xOWu} wOD pOt
pL =@ =tO C=Q}}eD "OQm u}}aD =Q Q_v OQwt |U}]=vet CQOk w |}=tQU Q=@ u=wD|t
QDU@ |wQ pw= uwv=k uDWwv R= xm xDU@=w syx@ |�RH p}Uv=Qi}O CqO=at x=oDUO l}
|r}Uv=Qi}O CtUk l} 3 pmW "Ov};|t CUOx@ 'xOW GDvt pt=a p=}U w Ot=H
|xrO=at "OyO|t u=Wv u; =@ \@DQt |SQv= |=yCQ=@a x=Qty x@ =Q pt=a p=}U R=

%OwW|t pO@ 9 |x]@=Q x@ |R=UxO=U R= Oa@ p=}U |=Q@ |SQv= pO=@D
_m(t) @

@x
[cf (Tf )Tf ] + Nuf (Ref ;Prf )kf (Tf )

dh
asAc (Tf � Tr)

+�fAc"
@
@t

[cf (Tf )Tf ] =
���� @p@x _m(t)

�f

���� (9)

syx@ |wQm C=QP R= pmWDt pNrNDt QDU@ |m}rwQO}y Q]k dh '9 |xrO=at QO
|SQv= Qou=Wv 9 |xrO=at QO swU |xrtH "CU= QDt 0 0002 pO=at w xO}@UJ

\@DQt |SQv= |=yCQ=@a x=Qty x@ QDU@ QO pt=a p=}U R= |r}Uv=Qi}O u=tr= "3 pmW
"u; =@

"|[Qi |Oa@l} |m} R}i pOt w |ak=w |m} R}i pOt |xQ=wKQ] "2 pmW

|ivt p=}U |@O |Dkw =t= OwW|t OQ=w QDU@ sQo |=yDv= R= u=} QH TB 'CU=yx

?}DQDx@ OQU w sQo `@=vt R= u=} QH |=tO "OwW|t OQ=w OQU |=yDv= R= p=}U CU=
"CU= xOW |krD TC =} TH

C}iQ_ '|r=oJ R= CU= CQ=@a xOWx�=Q= CqO=at QO p=}U R=}v OQwt X=wN
X=wN u}= |OOa pOt QO xm 'OvW=@|t |DQ=QL C}=Oy ?} Q[ w |wQu=Qo '|}=tQo
ROrwv} Q OOa R= |a@=D u=wvax@ l =m]Y= ?} Q[ "Ov=xOW xDiQo Q_v QO =tO `@=D

[15]%CU= xOW u=}@ QDU@ pNrND w pt=a p=}U

f = 300 (1� ")2

"3:Ref
+ 3 751� "

"3 (3)

[16]%CU= p=}U pDv=QB OOa w |rLt ROrwv} Q R= |a@=D CQ=QL p=kDv= CrU=v OOa

Nuf = 2 + 1 8Re0 5
f Pr0 34

f (4)

?} Q[ l} *p=ta= CQwYx@ 'pt=a p=}U QO |QwLt C}=Oy xm CW=O xHwD O}=@
?} Q[ "CU= xOW ^=Lr Ot=H VN@ Q@ sm =L *|SQv= |xrO=at QO QF-wt C}=Oy

[17]%CU= xOW u=}@ u}vJ QF-wt C}=Oy

keff = kstatic + kfD0 (5)

?} Q[ kf "CU= p=}UCrmB OOa R=|a@=D w |oOvm =QB Oa@|@ ?} Q[D0 u; QO xm
OwHw |v=} QH xvwoI}y xm CU= |v=tR QO QDU@ QF-wt C}=Oy kstatic w p=}U C}=Oy
u=}@ 6 |x]@=Q " < 0 58 =@ pNrNDt \}Lt l} QO l}D=DU= C}=Oy |=Q@ "OQ=Ov

[18]%CU= xOW

kstatic = kf

24 (1� �0) f0"+kf=kr(1�f0")
1�"(1�f0)+kf=kr"(1�f0) +

�0 2(kf=kr)2(1�")+(1+2")kf=kr
(2+")kf=kr+1�"

35 (6)
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QQ@OW xQ=W= q=@ QO xm u=vJ '�9 |xrO=at R= swU |xrtH� xOWxQ}NP |SQv= CQ=@a
[20]"CU= xOW xOwRi= 13 |xrO=at x@

Nuf (Ref ; P rf )kf (Tf )
dh

asAc (Tf � Tr) + keffAc
@2Tr
@x2 =

�rAc(1� ")
�
@ur
@t
� �0H

@(vrM)
@t

�
+ �fAc"

@
@t

[cf (Tr)Tr]

(14)

C=Q}}eD `tH pY=L 2 |x]@=Q j@] 14 |xrO=at CU=Q CtU QO pw= |xrtH
?U=vDt |B wQDv; Q}}eD =@ xm CU= |U}]=vet Q=m p=kDv= w |rN=O |SQv= |r}Uv=Qi}O

%CWwv u}vJ u=wD|t =Q 14 |xrO=at u}=Q@=v@ "CU=
Nuf (Ref ; P rf )kf (Tf )

dh
asAc (Tf � Tr) + keffAc

@2Tr
@x2 =

�rAc(1� ")@sr@t + �fAc" cf (Tr)
@Tr
@t

(15)

u=O}t R= |W=v C=Q}}eD R}v w =tO R= |W=v C=Q}}eD pt=W QDU@ |B wQDv; C=Q}}eD
16 |x]@=Q CQwYx@ QDU@ Q@ sm =L |SQv= |xrO=at ?}DQDu}O@ w CU= |U}]=vet

%O};|tQO
Nuf (Ref ; P rf )kf (Tf )

dh
asAc (Tf � Tr) + keffAc

@2Tr
@x2 =

�rAc(1� ") @sr
@�0H

:@�0H
@t

+

Ac [�f" cf (Tr) + (1� ")�rc�0H ] @Tr
@t

(16)

xDiQo Q_v QO Q@=Q@ |}=tQo `@=vt |=tO =@ |OwQw p=}U |=tO '|RQt \}=QW u=wvax@
%CU= xOW

Tf (0; t) = TH ; Tf (l; t) = TC (17)

%CU= |t=Rr= R}v Q} R \QW xH}DvQO xm Ovm|t |] =Q xDU@ |xNQJ l} QDU@
Tr(x; t = 0) = Tr(x; t = �) (18)

|OOa pL sD} Qwor= "5
CqO=at x=oDUO l} |xOvyOp}mWD |SQv= pO=aD R= |W=v |r=Yiv= CqO=at
p=}U |=Q@ |D=@U=Lt |=yxm@W "OvDUy Ot=H QDU@ w pt=a p=}U |=Q@ |r}Uv=Qi}O
\=kv |}=Hx@=H "OvwW|t xOy=Wt 6 w 5 |=ypmW QO Ot=H QDU@ R}v w pt=a
CtUk w p=}U u}@ =tQo pO=@D QO Q}N-=D p}rOx@ |m} R}i TL <=[Q= Qw_vtx@ xm@W
xm =tO |x}rw= `} RwD x@ xHwD =@ xOWP=ND= |OOa pL QO "CU= xOW Qw_vt Ot=H
|=tO uDi=} Qw_vtx@ u=} QH |wU x@ xDU@ p=}U VN@ |xrO=at 'xOW ZQi |]N
pL �|Q]kxU� T=twD sD} Qwor= R= (j + 1) u=tR |=Q@ 'Tf(i) p=}U |yQo \=kv

"OwW|t
CqO=at u}= QO xm Ot=H CtUk x@ \w@ Qt |yQo |=y=tO xm CU= QmP x@ sRq
VN@ CqO=at pL QO "OvwW|t xDiQo Q=mx@ �j� |r@k u=tR Q}O=kt R= Ov=xOW Qy=_
xO=iDU= 'Ov=xOW RwQx@ w x@U=Lt lv}= xm p=}U VN@ |=tO Q}O=kt R= R}v Ot=H
u=tR |=Q@ T=twD sD} Qwor= =@ Ot=H CtUk |yQo \=kv |=tO ?}DQDu}O@ "OwW|t

CqO=at 'QDU@ |}=tQo C}iQ_ =@ xrtH u}= ?}mQD ut[ "CU= p=}U |xOWxQ}NP
|xrO=at R= QwmPt |xrtH u}=Q@=v@ "OwW|t Q=O}=B |OOa pL w xOW QDu=U; sm =L
|@U=vt VwQ xD@r= "CU= xOW xOwRi= QDU@ |SQv= |xrO=at x@ w hPL p=}U |SQv=
xOW x�=Q= �xOQWi |DQ=QL C}iQ_ pOt� u=wva CLD ?} QkD u}= K}LYD |=Q@
QO jwi\@=wQ R= pY=L p=}U |}=Hx@=H CQ=QL p=kDv=?} Q[ xm |Qw]x@ [20]CU=
|a@=D |@ QHD ?} Q[ u}= &OwW|t KqY= w ?Q[ |O=yvW}B *|@ QHD ?} Q[ l}
%xm |Qw]x@ 'CU= pt=a p=}U w Ot=H |xO=t \}Lt wO |}=tQo C}iQ_ C@Uv R=
correction factor = (1 + 1 7640R+ 1 0064R2)

R = �f cf "
�r cr(1� ") (10)

'Q=Wi u=}O=Qo |=Q@ l =m]Y= ?} Q[ |v} Ro}=H w 9 |xrO=at C=kDWt \U@ =@
%O};|t CUOx@ 11 |xrO=at

_m(t)
�
cf (Tf ) + Tf

@cf (Tf )
@x

�
@Tf
@x

+

Nuf (Ref ;Prf )kf (Tf )
dh

asAc (Tf � Tr) =

�����ff (Ref ) _m(t)
2�2
fA2

cdh

����� (11)

pw= |xrtH QO =tO x@ C@Uv |}=tQo C}iQ_ |�RH jDWt QO =tO ?Q[ pY=L
|xrO=at 'xH}DvQO w CU= |rt=a p=}U ẁv Qy |=Q@ |}=tQo C}iQ_ R= QDsm |r}N

%OwW|t QDxO=U 12 |xrO=at ?r=k QO 11

_m(t)cf (Tf )@Tf
@x

+

Nuf (Ref ;Prf )kf (Tf )
dh

asAc (Tf � Tr) =

�����ff (Ref ) _m(t)
2�2
fA2

cdh

�����
(12)

|=y|SQv= =@ |U}]=vet QDU@ |xO=t R= |r}Uv=Qi}O CtUk l} x@ 4 pmW
%CU= u}vJ 4 pmW R= xOt; CUOx@ |SQv= |xvR=wt "Ovm|t xQ=W= \@DQt

Nuf (Ref ; P rf )kf (Tf )
dh

asAc (Tf � Tr)+

Ac(1� ")�0H
@M
@t

+ keffAc
@2Tr
@x2 = �rAc(1� ")@ur@t (13)

|=yCQ=@a x=Qtyx@ |U}]=vet Ot=H QDU@ |xO=t R= |r}Uv=Qi}O u=tr= l} "4 pmW
"u; =@ \@DQt |SQv=
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=DQwt
}D=[

Q}ra

"QDU@ pw] QO hrDNt \=kv |=Q@ |B wQDv; � =tO Q=Owtv "7 pmW

"QDU@ xv=}t QO x=wNrO |}x]kv |=Q@ |B wQDv; � =tO Q=Owtv "8 pmW

|=yOv}=Qi xm CU= xHwD p@=k xDmv u}= wCU= |oOW T}]=vet Ov}=Qi 1�2 Ov}=Qi
'�3�4 w 1�2 |=yOv}=Qi� u; |oOW T}]=vet R=GwQN w QDU@ |oOW T}]=vet
Vy=m 'Ov=xOW ZQi Q}PBCWoR=@ Ov}=Qi wOu}=xm u}= =@ "OwW|t |B wQDv; Q}}eDx@ QHvt

"OwW|t xOy=Wt QwmPt |=yOv}=Qi QO |B wQDv; V}=Ri= =}
QDOQU p=}U w T}]=vet |xO=t u}@ xmCU= \@DQt C}ak=w u}= =@xr�Ut u}=
u=O}t V}=Ri= R=|W=v R}v QDU@ OwN |=tO V}=Ri= ,=trUt "OQ=O OwHw |DQ=QL p=kDv=
OQU |=yDv= R= u=} QH 2�3 Ov}=Qi QO "�|U}]=vet =tQo C}Y=N� CU= |U}]=vet
R= GwQN |va} '1�2 Ov}=Qi Tma 3�4 Ov}=Qi "OwW|t Q=QkQ@ =tQo `iO |=Q@ sQo x@
xOW Q=QkQ@ OQU x@ sQo |=yDv= R= u=} QH 1�4 Ov}=Qi QO "CU= |U}]=vet Cr=L

"OwW|t O=H}= |}=tQU Q=@ xrLQt u}= QOxm

CLY |UQQ@ w |y=oW}=tR; G}=Dv =@ |OOa G}=Dv |xU}=kt "2"6
=yv;

=@ �|y=oW}=tR;� |@ QHDCr=L QO O} Q@D QDU@ uwQO pt=a p=}Uu=} QH VN@ u}= QO
OwHwt *|y=oW}=tR;G}=Dv QO xm =Hv; R= "OwW|t xU}=kt xOWu} wOD pOt R=pY=LG}=Dv
QO|U}]=vetu=O}tx@ \w@ Qt|=yQDt=Q=B uOQm QiY =@ 'OQ=Ov OwHw |U}]=vet u=O}t

"O=O s=Hv= =Q xOWO=} |xU}=kt u=wD|t |OOa pOt
pmW w 1 pwOH QO O}OH |D=@U=Lt G}=Dv R}v w [10]u}W}B |@ QHD G}=Dv
p;xO}= pOt l} xm CW=O xHwD O}=@ QwmPt pmW x@ xHwD =@ "Ov=xOW xYqN 9
"OyO|t u=Wv 'OQPo|t <=O@t R=xm 1 ?}W =@ |]N |wQ =Q G}=Dv pt=m w

"QDU@ Ot=H CtUk |U}]=vet |xO=t |D=@U=Lt |xm@W "5 pmW

"CQ=QL p=kDv= pt=a p=}U |D=@U=Lt |xm@W "6 pmW

p=}U CtUk Q@ sm =L CqO=at x@ xrY=L Q}O=kt "OvwW|t x@U=Lt �j + 1�
u}@ Q=QmD u}= &OwW KqY= j + 1 u=tR |=Q@ Tf(i) Q}O=kt =D OwW|t xOv=OQoR=@
Q}O=kt QO |v=OvJ Q}}eD =D OQ}o|t CQwY Q=@ u}OvJ Ot=H w p=}U VN@ CqO=at
=tO |v} Ro}=H w Q=QmD =@ ?}DQD u}=x@ "OwWv xOy=Wt p=}U w Ot=H |xRwL QO =tO
j + 1 u=tR QO =y=tO w p}tmD |v=tR s=o l} p=}U w Ot=H CtUk CqO=at u}@
|xNQJ uOWpt=m =D ?}DQD u}tyx@ |Oa@ |v=tR s=o ?}DQDu}O@ "OvwW|t |}=yv
|v=tR s=o Qy QO w QDU@ pw] QO =tO `} RwD u=wD|t j} Q] u}= R= "OwQ|t V}B |v=tR

"OQw; CUO x@ =Q

pL CLY |=yXN=W |UQQ@ "6
|BwQDv; � =tO Q=Owtv|UQQ@ "1"6

QO Q=O}=B Cr=L |xNQJl} QO |U}]=vet|xO=t |=Q@|B wQDv; � =tO Q=Owtv|UQQ@
Q=@Da= |UQQ@ |=Q@ pw= Q=my=Q u=wvax@ u=wD|t =Q QDU@pw] QO?NDvt wx=wNrO \=kv
QwmPt Q=Owtv 'xOWxO=Ou=Wv 8 w 7 |=ypmW QOxm Qw]u=ty "CiQo Q=mx@ pL
swyit O}=@ Qo}OCQ=@ax@ "OW=@xDU@ CQwYx@ xNQJl} |] Q=oR=UpOtl} QO O}=@

"OwW \=@vDU= Q=Owtv |xOy=Wts=ovy Ov}=Qi *uOw@|}xNQJ
8 pmW QO "OQmsUQ QDU@ R=x=wNrO |x]kv Qy |=Q@ u=wD|t =Q T-S Q=Owtv
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QQ@

OwHwt |OOa G}=Dv =@ |UQQ@ "3"6
'xOWpL 3xOvm =QB |=yT} QD=t |x} RHD VwQ x@ xm [10]CWQ@rov= Q=m R= Q=Owtv wO
|U}]=vet V}=tQU |xNQJ OQmrta ?} Q[ w V}=tQU C}iQ_ |oDU@=w pt=W
11 w 10 |=ypmW QO Q[=L pOt G}=Dv =@ XNWt \}=QW QO pt=a p=}U |@O x@
|xOa=k CL=Ut 'QDt 0 015 pw] =@ |QDU@ C=@U=Lt u}= QO "Ov=xOW xU}=kt
TvH '284 KOQU `@vt |=tO '303 K sQo `@vt |=tO '`@ Qt QDt 0 000499
xDiQo Q_v QO OOa 6 MQJ Qy |xOvyOp}mWD |=yQDU@ O=OaD w ?; 'pt=a p=}U
C=@U=Lt G}=Dv =@ |@ wN ,=D@Uv j@=]D C=Q}}eD OvwQ xm OwW|t x_Lqt "CU= xOW
?} Q[ OQwtQO w �8 7 OwOL V}=tQU C}iQ_ OQwtQO =]N |xv}W}@ "OvQ=O |rai

"CU= x_Lqt p@=k �7 2 OQmrta

[10]CWQ@rov=|OOapLR=|W=vpt=ap=}U|@O?ULQ@V}=tQUC}iQ_"10pmW
"Q[=L |OOa pL w

"|y=oW}=t; G}=Dv ?ULQ@ xDi=}Ow@y@ w xOQWi C}iQ_ |=ypOt G}=Dv "9 pmW

xOQWi |DQ=QL C}iQ_ Q@ |vD@t xOW u} wOD pOt OwQ|t Q=_Dv=xm Qw]u=ty
\=}DL= R=|m =L xDmv u}= &CU= xOQm |v}@V}B |@ QHD G}=Dv R= QDW}@ =Q �Qh�
|y=oW}=tR; OL R= QDu}�=B OQmrta ?} Q[ |v}@V}B Ea=@ w CU= pOt u}=

"OwW|t
Q}O=kt %R= Ov=CQ=@a ?}DQD x@ Qh;num2 w Qh;num1 'Qh;exp 1 pwOH QO
"Q[=L |OOa G}=Dv w [10]u}W}B |OOa Q}O=kt 'sQo `@vt x@ xOWxO=O CQ=QL |@ QHD
|v=tR OYQO� dwell |=yC@Uv QOQ[=L |D=@U=Lt pOt xm OwW|t x_Lqt
QDq=@ u=} QH |=yMQv w QDu}�=B �CU= hkwDt pt=a p=}U u=} QH xm xNQJ pm R=
|=yMQv w q=@ dwell |=yC@Uv QO "CU= xOQm|v}@V}B |QDy@ CkO =@ =Q OQmrta
|y=oW}=tR; G}=Dv =@ |@ wN |r}N j@=]D Q_v OQwt C=@U=Lt u}�=B |r}N u=} QH
sm =L \}=QW CLD q=@ CkO x@ R=}v w C}a]k sOa ẁ[wt u}= Cra O}=W &OQ=Ov

"OW=@ |y=oW}=tR; |=yVwQ Q@
"u; =@ Q_=vDt |OOa G}=Dv w V}=tR; G}=Dv |xYqN "1 pwOH

u=} QH |@O pm}U u=tR hkwD u=tR C@Uv Tc Th Qh;exp Qh;num1 Qh;num2
�kg/s� �s� ��� p=}U �K� �K� �W� �W) �W�
0 0088 2 027 33 5 297 2 317 1 13 1 6 4 11 2
0 0179 1 024 33 8 297 4 317 2 22 0 16 9 22 82
0 0352 0 522 33 8 297 3 316 9 34 3 46 9 43 33
0 009 4 036 33 4 297 6 317 4 16 2 7 3 10 61
0 0177 2 049 33 1 297 5 317 7 24 8 19 7 20 32
0 0352 1 026 33 7 297 4 317 2 45 0 51 5 39 81
0 0088 2 028 33 5 297 1 306 8 5 1 3 1 10 58
0 0176 1 024 33 7 297 1 306 8 9 1 8 3 10 91
0 0342 0 523 33 8 297 1 306 8 17 7 22 2 38 35
0 0182 1 024 33 8 297 2 317 3 18 4 18 0 23 57
0 0147 1 025 17 3 297 2 317 2 16 8 16 5 19 72
0 0130 1 024 9 3 297 2 317 1 15 0 14 8 16 56
0 0176 1 024 33 7 297 3 317 2 18 3 17 0 21 87
0 0143 1 025 17 3 297 2 317 3 15 8 15 9 18 76
0 0131 1 024 9 2 297 2 317 1 14 9 15 2 16 93
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Q}ra OOQoR=@ x}rw= Cr=L x@ =tO `} RwD xQ=@ wO =D xOW xO=DUQi sQo x@ OQU `@vt R= u=} QH
GQ=N u; R= QDU@ |=tO R= QDW}@ |}=tO =@ p=}U Ov}=Qi u}= |=yDv= QO "�3 p}iwQB�
QO w O@=}|t Vy=m =tO =Pr w xOW `]k |U}]=vet u=O}t swU Ov}=Qi QO "OwW|t
Ov}=Qi� |}=yDv= Ov}=Qi QO xQNq=@ w �4 p}iwQB� OQ}o|t Q=Qk x}rw= Cr=L R= QDsm |Dr=L
OQ=w �� sQo `@vt |=tO =@ |va} �� |r@k p}iwQB R= QDV}@ |}=tO =@ p=}U '�sQ=yJ
QO "�5 p}iwQB� OwW|t GQ=N u; R= OQU `@vt |=tO R= QDsm |}=tO =@ w xOW QDU@

"OwW|t O=H}= Q_v OQwt |}=tQU Q=@ xm CU= xrLQt u}=

OQmrta ?} Q[ "2"7
Cio u=wD|t "OwW|t xO}O 13 pmW |=y|vLvt QO OQmrta ?} Q[ C=Q}}eD OvwQ
u}= "O@=}|t Vy=m QDU@ OQmrta ?} Q[ pt=a p=}U |@O V}=Ri= =@ s=a Qw]x@ xm
AtB Q=m w |U}]=vet Q=m pt=W |OwQw Q=m ẁtHt x@ |}=tQU Q=@ C@Uv R= ?} Q[

%O};|t CUOx@

COP =
_QL

_Wmag + _Wpump
(19)

?} Q[ x@ xHwD =@ w O} Q@D QDU@ R= Qw@a ut[ pt=a p=}U Q=Wi Ci= \UwD AtB Q=m
'ROrwv} Q OOa `@=D xm pNrNDt \}Lt |=Q@ 3 |x]@=Q QO xOW |iQat l =m]Y=
j@=]t |U}]=vet Q=m R}v w x@U=Lt 'CU= QDU@ |m}rwQO}y Q]k w pNrND ?} Q[

%OwW|t x@U=Lt 20 |x]@=Q

Magnetic Work Transfer = �Ac(1� ")�0H
@M
@t

dx (20)

u}= QO "CU= xOW GQO �13 |xrO=at� Ot=H CtUk |SQv= Tvq=@ QO 20 |x]@=Q
M w |U}]=vet u=O}t �0H 'pNrND ?} Q[ " 'QDU@ `]kt K]U Ac CQ=@a
pw= uwv=k O=vDU=x@ |U}]=vet Q=m 'xOWu} wOD pOt QO =t= "CU= |U}]=vet Qw=DWo
|m}t=v}OwtQD sDU}U l} u=wvax@ |U}]=vet QDU@ pm uDiQo Q_v QO w l}t=v}OwtQD

%CU= xOW x@U=Lt 21 |x]@=Q j@=]t |}xNQJ QO
_Wmag = _Qrejected � _Qrefrigeration

_Qrefrigeration = _m:hf (x = l)

_Qrejected = _m:hf (x = 0) (21)

|=y=tO QO CQ=QL p=kDv= p=}U |tQH |@O x@ OQmrta ?} Q[ |oDU@=w "13 pmW
"sQo `@vt hrDNt

[10]CWQ@rov=|OOapL R=|W=vpt=ap=}U|@O?ULQ@ OQmrta?} Q["11pmW
"Q[=L |OOa pL w

G}=Dv |UQQ@ "7
=tO |=yp}iwQB "1"7

Ot=H QDU@� w �CQ=QL p=kDv= pt=a p=}U� CtUk wO QO =tO `} RwD pOt |HwQN
w xOt; CUO x@ u=WQ=Okt |r=wDt |=yu=tR QO xm OwW|t pt=W =Q �|U}]=vet
=@ pL R= xrLQt Qy QO CQ=QL p=kDv= =} |B wQDv; Ovv=t =y|HwQN Q}=U "Ov=xOW sUQ
O};|tQ@ u}vJ QDU@ |m} R}i OQmrta R= "Ov};|t CUO x@ =tO |=yp}iwQB R= xO=iDU=
x@ =Q OQU w sQo `@=vt xm � |v=}t p}iwQB l} x@ C@Uv =tO p}iwQB x_LrQy QO xm
|=y|OwQw C=YNWt "CU= u}�=B =} q=@ x@ u=mt Q}}eD p=L QO �Ovm|t pYDt sy
'0 07 kg/s =@ Q@=Q@ pt=a p=}U u=wvax@ ?; |tQH |@O %R= CU= CQ=@a pOt
=@ 0 1 m QDU@ pw] '299 5 K OQU `@vt |=tO '308 5 K sQo `@vt |=tO

"OvDUy 0 0005 m2 `]kt K]U
p}iwQB xU Ot=H QDU@ |}=tO `} RwD QO 'xOW |Q=Pos=v 12 pmW QO xm u=vJ
QiY u=tR x@ \w@ Qt =yp}iwQB u}= "OvwW|t xO}O u}�=B w q=@ QO p}iwQB wO w |v=}t
R= xNQJ Qo = "OvDUy � w 3�=4 '�=2 '�=4 CQwYx@ xNQJ u=tR R= |}=yQUm w
Ov}=Qi u}= QO xm �� |U}]=vet u=O}t p=ta= R= TB 'OwW ẁQW 1 xQ=tW p}iwQB
|U}]=vet=tQo C}Y=N QF= Q@ w �� OQ=Ov OwHw pNrNDt QDU@ QO pt=a p=}U u=} QH
swO Ov}=Qi QO "�2 p}iwQB� Ot; Oy=wN OwHw x@ =tO V}=Ri= Ot=H QDU@ QU=DQU QO

0 1 pw] QO xNQJ |=ysQ=yJ l} QO =tO |}=yDv= w |v=}t |=yp}iwQB "12 pmW
u}wrm xHQO 299 5 OQU `@vt |=tO w u}wrm xHQO 308 5 sQo `@vt |=tO w QDt

"�x}v=F 0 2 xNQJ u=tR�
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"XNWt |@O QO QDU@ sHL x@ OQmrta ?} Q[ |oDU@=w |UQQ@ "15 pmW

"XNWt |@O QO QDU@ sHL x@ V}=tQU C}iQ_ |oDU@=w |UQQ@ "16 pmW

"|}xrwrOvJ pOt =@ l@Wt QDU@ |xQ=wKQ] "17 pmW

VQ=Ro OQwtwO Qy QO xOWu} wOD |OOa pOt R= pY=L G}=Dv Qw_vtu}= x@ "CU=
"OwW|t xOy=Wt 17 pmW QO xO=U l@Wt QDU@ |xQ=wKQ] "CU= xOW

OvJ CQwYx@ pt=a p=}U Q}Ut O};|tQ@ l@Wt QDU@ xQ=wKQ] R= xm xvwou=ty
|=[i C@Uv� u; pNrND ?} Q[ R}v w 'QDU@ Q]k 'pw] "CU= xOW Qw_vt |}xrwr
QO "Ov=xOW ?=NDv= u=Um} 'xU}=kt OQwt pNrNDt QDU@ =@ �=[i pm x@ QDU@ |r=N

%O};|t CUO x@ 22 |x]@=Q R= pNrND ?} Q[ OQwt u}=

" = n( d
D

)2 (22)

0 025m pO=at QDU@ Q]kD w 0 0005m pO=at |Q=Ht Q]k Qou=}@ d u; QO xm
CUOx@ OOa 900 |Q=Ht O=OaD " = 0 36 ZQi =@ "CU= |Q=Ht O=OaD n w
xDiQo Q=Qk xO=iDU= OQwt 23 |x]@=Q CQwYx@ Cr=L u}= QO CrU=v OOa "O};|t

p=}U xS} w |=tQo R= xO=iDU= =@ |Br=Dv; w CU= pt=a p=}U |@O Qou=}@ _m u; QO xm
C=irD u=R}t '|@O V}=Ri= =@ |rm Qw]x@ "O};|t CUOx@ p=}U |}=tO `} RwD w pt=a
x@ QHvt xm O@=}|t V}=Ri= AtB Q=m u=R}t xH}DvQO w OwW|t O=} R QDU@ pw] QO

"OwW|t OQmrta ?} Q[ u=R}t Vy=m

|}=tQU C}iQ_ "3"7
|OwaY OvwQ =OD@= p=}U |@O ?ULQ@ |}=tQU C}iQ_ C=Q}}eD '14 pmW j@=]t
QO xm Qw]u=ty "Ovm|t |] =Q |rwRv OvwQ Gw= |x]kv x@ uO}UQ R= TB w OQ=O
OQmrta ?} Q[ |=Q@ Q_=vDt Q=Okt l} |@O Qy |=R=x@ OwW|t xOy=Wt 13 pmW
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1. active magnetic regenerative refrigeration (AMRR)
2. magneto caloric e�ect (MCE)
3. disperse matrix
4. over load
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