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T w � = �
�cr

'u}vJty "OvDUy |ak=w R=o Q=DiQ w p;xO}=
'dr;k 'nr;k '�id;k 'nid;k 'u}vJty "OvDUy p=}U |xDi=} Vy=m |=tO Tma w
w �r�r '�r� '�r�� '�o�� '5 |x]@=Q QO "Ov=C@=F |@}=Q[ R� w R 'cr;k 'tr;k

"OvDUy � w � x@ C@Uv �r w �o C=kDWt �r��
?} Q[ w 6 |x]@=Q |DQ=QL C}=Oy ?} Q[ pt=W p=kDv= X=wN u}vJty

%R= Ov=CQ=@a 7 |x]@=Q CHRr
k(�; �) = k0(�) + �k(�; �) + kc(�; �) (6)

� = �0(�) + �f (�; �) (7)

�k 'CHRr hQat �f 'j}kQ R=o |xOwOLt QO `} RwD hQat �0 w k0 u; QO xm
Q}O=kt x@ l}ORv |L=wv QO |v=QL@ Q}}eD hQat kc w u=Dt R=o uOw@ |ak=w hQat

"CU= |v=QL@
sHL |wQ Q@ sm =L CqO=at |}=k@ sQi R= OwOLt sHL |R=UxDUUo VwQ QO
'�1 |x]@=Q� |r}Uv=Qi}O CqO=at |R=UxDUUo |=Q@ "OwW|t |Q}op=QoDv= pQDvm

%s}vm|t h} QaD =Q |}=Hx@=H w |Pwiv |=yQ=W ẁtHt =OD@=
Ii = �Ui� � ��

@�
@Xi

(8)

%CWwv u=wD|t Two |x}[k R= xO=iDU= w 1 |xrO=at QO 8 |x]@=Q uO=O Q=Qk =@
@
@t

Z
Cy:

��d8+
Z
C:S

~I:d ~A =
Z
Cy:

S�d8 (9)
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CmQ
Lp

=kDv=
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Oa
|R=

Ux}
@W

MTPuwtR; "5
s=v x@|@ QHD|=yuwtR; R=|}xawtHt =}r=D}=|=[i=wyC=k}kLD RmQt 'Q}N=|=yp=UQO
|L=Q]|v=QL@ jwi\}=QW QO u=Dt Q=DiQ =@ x]@=Q QO|D=aq]= |Qw;OQo |=Q@ =Q MTP

�GlidCop r
AL�15�Tt S=}r;TvH R= |mwr@ MTP pOt "CU= xOQm =QH= w
|r}]DUt |Q=mlvN p=v=m � p=}U |x}L=v wO pt=W ' 2 pmW x@ xHwD =@ xm CU=
pOt pw] "CU= �p=v=m h=Q]=� Ot=H w �QDt|r}t 1 |=vyB w QDt|r}t 3 `=iDQ= x@
10 'Ot=H |x}L=v QO "CU= QDt|r}t 125 pOt |x}=B |=vyB w QDt|r}t 316
CQOk u} QDW}@ =@� |m} QDmr= G} QDQ=m 10 =yv; uwQO xm xOW xDiQo Q_v QO M=QwU

"CU= xOW x}@aD p=v=m |=yxQ=w}O x@ =tQo C}=Oy Qw_vt x@ �12kW
u=Dt Q=DiQ w xOW |R=Ux}@W MTP uwtR; xU \}=QW 'Q[=L VywSB QO
wO w OQU uwtR; |OQmrta \}=QW "CU= xOW |UQQ@ =yv; G}=Dv R= xO=iDU= =@
|=Q@ MTP pOt QO hrDNt |=yQoUL "CU= xOW xOQw; 2 pwOH QO sQo uwtR;
Q[=L VywSB QO "CU= xOW xDiQo Q_v QO |m}t=v}OwtQD |=yQDt=Q=B |Q}oxR=Ov=
14 w 2 `=iDQ=� Ot=H |x}L=v QO `k=w QoUL h}OQ wO R= G}=Dv |HvUQ=@Da= |=Q@
�|r}]DUt p=v=m |HwQN w |OwQw� p=}U |x}L=v QO `k=w QoUL wO w �|QDt|r}t
C@Uv MTP pOt uQ=kD p}rO x@ "CU= xOy=Wt p@=k 3 pmW QO xm xOW xO=iDU=
|RQt \}=QW "CU= xOW |R=Ux}@W pL OvwQ QO pOt R= |t}v y� z |xLiY x@

%R= Ov= CQ=@a 'CU= xOW xO=O u=Wv 3 pmW QO xm pOt x@ xOW p=ta=
&Ot=H |x}L=v |v}}=B K]U x@ (qw) C@=F |DQ=QL Q=W ��
&Ot=H |x}L=v |vwQ}@ |=yCtUk QO l}D=@=}O; Kw]U ��

"|D=@U=Lt |xm@W w MTP uwtR; |[Qa `]kt "2 pmW

uwtR; xU |=Q@ [16�14w9�7]u}W}B C=ar=]t QO xOW x�=Q= |@ QHD |=yxO=O "2 pwOH
"Q[=L VywSB QO xOW |R=Ux}@W

uwtR; _m Tin Tout Pin Pout q

[g=s] [K] [K] [MPa] [MPa] [kW ]

OQU |=yuwtR;
0A 15 72 133 135 8 572 8 3 0

sQo |=yuwtR;
2 20 87 137 244 6 11 2 10 3 10 7
4 20 57 141 262 8 12 9 12 06 11

Q=Wi u=O}t K}LYD |=Q@ |}xrO=at '|oDUw}B |xrO=at QO 12 |x]@=Q uO=O Q=Qk =@
%O};|t CUO x@ Oa@ l} QO�

��8
aP

~A:~rP 0
�
w
�
�
��8
aP

~A:~rP 0
�
e

+m0�
e �m0�

w = 0 (13)

pL R= TB "CU= p@k Q=QmD R= Q}eDt Q=Okt |xOvyOu=Wv (�) T} wvq=@ u; QO xm
OwW|t K}LYD|oDUw}B |xrO=at |=[Q= |=Q@CaQU w Q=Wi u=O}t '13 |xrO=at

"OW Oy=wN Q=QmD O}OH Q=Wi u=O}t =@ VwQ '|}=Qoty x@ uO}UQv CQwY QO w

Q}PBsm =QD u=} QH |=Q@ VwQ s}taD "2"4
Ca}@] w xOt; CUO x@ |r=oJ w Q=Wi u=O}t \=@DQ= sOa ZQi =@ 13 |x]@=Q
'Q=Wi u}@ \=@DQ= |iQat x@ R=}v Q}PBsm =QD u=} QH x@ VwQ s}taD |=Q@ "OQ=O |w[}@
xO=iDU= [10]Q=mv=D=B w |mQ=m KQ] R= Q=m u}= |=Q@ "CU= jwi |xrO=at QO |r=oJ
OQ=w Q=Wi K}LYD |xrO=at QO |vt[ Qw] x@ |r=oJ Q}}eD QF= u; QO xm CU= xOW
?}DQD u}O@ "OwW|t x@U=Lt CUOq=@ ?} QkD =@ =yRQt |wQ |r=oJ Q=Okt w xOW

%CWwv u}vJ u=wD|t =Q 1 pmW QO e RQt |wQ |tQH Q=W
m0
e = m0�

e +m00
e = m0�

e + (�� ~A:~u0)e

+(�0 ~A: ~u�)e + (�0 ~A:~u0)e (14)

|Oa@ CQ=@a wCaQU K}LYD x@ \w@ Qt 14 |x]@=QCU=QCtU QO CQ=@a u}twO
[10]Q=mv=D=B w |mQ=m w xOw@ R}J=v CQ=@a u} QN; QF= "CU= |r=oJ K}LYD R= |W=v
Q_v QO xm O=O u=Wv |OOa |x@ QHD 'Q[=L VywSB QO "Ov=xOQm Q_vhQY u; R=
'q=@ |D=@U=Lt |=yxv} Ry x@ xHwD =@ Q=Wi K}LYD |xrO=at QO CQ=@a u}= uDiQo
xm CU= [11]Vv=Q=mty w |=W |xOy=Wt hqN xH}Dv u}= "OQ=Ov |yHwD p@=k Q}F-=D
"Ov=xOQm x}YwD pL |}=Qo =w R= |Q}owrH |=Q@ x}rw= |=yQ=QmD QO =Q u; uDiQo Q_v QO
|r=oJ Q@ Q=Wi QF= "OQm \@DQt p0 x@ =Q �0 O}=@ 14 |x]@=Q |=yxrtH |x@U=Lt |=Q@

%CU= xOW xDiQo Q_v QO 15 |x]@=Q CQwY x@
�0 = @�0

@p0 p
0 = Kp0 (15)

'Qvo =w w Rv=m Cr=L |xrO=at x@ \w@ Qt [22]xOW x�=Q= \@=wQ j} Q] R= K u; QO xm
QO |v} Ro}=H w 14 |x]@=Q QO 15 w 12 \@=wQ |Q=Po}=H =@ "CU= xOW x@U=Lt
Q@ |Q}F-=D K Q=Okt "OwW|t pY=L Q=Wi K}LYD |xrO=at '|oDUw}B |xrO=at
Q=}U@ Q=Wi K}LYD |xrtH Q=Okt '|}=Qoty x@ uO}UQ =@ =Q} R OQ=Ov |}=yv ?=wH

"CU= Q=PoQF= |}=Qoty MQv Q@ \ki Q=Okt u}= &OW Oy=wN lJwm

pQDvm sHL Kw]U |wQ =yQ=Okt ?} QkD "3"4
Q}F-=D pQDvm sHL Kw]U |wQ =yQ=Okt OQw;Q@ |ovwoJ OwOLt sHL |=yVwQ QO
CUOq=@?} QkD R= Q[=LVywSB QO "OvQ=O =yVwQ|}=Qoty MQv w |Q=O}=B QO |O=} R
QO |r=oJ |=Q@ |RmQt |@=}u=}t ?} QkD w |r=oJ K}LYD CQ=@a |x@U=Lt |=Q@
R= Pwiv |=yCQ=@a |w[}@ C}y=t p}rO x@ "CU= xOW xO=iDU= swDvtwt CqO=at
'xwqa x@ "CU= xOW xO=iDU= =yv; |R=UxDUUo |=Q@ |RmQt |@=}u=}t ?} QkD VwQ
xOW s=Hv= �|RmQt � CUOq=@� |@}mQD VwQ R= |}=Hx@=H |=yCQ=@a |R=UxDUUo
Q=Wi |=yu=Uwv R= |Q}owrH |=Q@ |D=@U=Lt |xm@W uOw@ u=mtsy x@ xHwD =@ "CU=
� |=Q |@=}u=}t VwQ R= OyO|t MQ CaQU w Q=Wi u=O}t \=@DQ= sOa CQwY QO xm
"CU= xOWxO=iDU=|D=@U=Lt|=ypQDvmsHL|=yRQt|wQCaQUu}}aD|=Q@ [20]wJ
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2|
xQ=t

W3
5�3

|xQ
wO�

13
98

R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt "Q[=L VywSB R= pY=L G}=Dv xYqN "4 pwOH
uwtR; Tin Tout ��T

Pin pout ��P
[K] [K] [MPa] [MPa]

OQU uwtR;
0A 133 133 �� 8 571 8 3 ��

sQo |=yuwtR;
2 137 246 6 0 6 11 1 10 3 �0 9
4 141 263 0 3 12 85 12 06 �0 4

"2 uwtR; |=Q@ Ot=H |x}L=v QO xQ=w}O |=tO `} RwD "4 pmW

"4 uwtR; |=Q@ Ot=H |x}L=v QO xQ=w}O |=tO `} RwD "5 pmW
xU u}= |R=Ux}@W R= pY=L G}=Dv |xYqN "CU= xOW s=Hv= �3 pwOH�|D=@U=Lt
|HwQN QO Q=Wi w |OwQw QO =tO xm u}= x@ xHwD =@ "Ov=xOW x�=Q= 4 pwOH QO uwtR;
w �T Q}O=kt 'OvwW|t |yOQ=Okt QorL QO |RQt \QW u=wva x@ |r}]DUt p=v=m
|=yxO=O =@ |R=Ux}@W |OwQw Q=Wi hqDN= w |HwQN |=tO hqDN= hQat �P

CU= OYQO 1 R= QDtm sQo |=yuwtR; QO Q}O=kt u}= "CU= MTP uwtR; |@ QHD
|=ypmW QO u}vJty "CU= Q[=L |R=Ux}@W G}=Dv ?wN CkO |xOvyOu=Wv xm
w (y = 2mm) Ot=H |x}L=v R= C}akwt wO |=Q@ p=v=m pw] QO =tO `} RwD 5 w 4
xOW xU}=kt MTP [16�14w9�7] uwtR; |@ QHD |=yxO=O =@ w sUQ (y = 14mm)

|=yxO=O Q}O=kt =@ |@ wN j@=]D 4 w 2 uwtR; wO Qy QO xQ=w}O |=tO Q}O=kt "CU=
"OvQ=O |@ QHD

"MTP uwtR; |RQt \}=QW "3 pmW

"|D=@U=Lt |xm@W x@ |OOa pL |HvU C}U=UL "3 pwOH
0A uwtR;

xm@W =yxQo O=OaD Pin Pout ��P

�uw}r}t� [MPa] [MPa] [wrtExp]

CWQO 2 1 8 563 8 3 �3 3
R} Q 4 2 8 570 8 3 �0 7

R} Q |r}N 8 4 8 571 8 3 �0 4
2 uwtR;

xm@W =yxQo O=OaD �P Tw;av[K] Tw;av[K]

�uw}r}t� [MPa] p=v=m u}}=B QO p=v=m |q=@ QO
CWQO 2 1 0 803 317 2 244 5
R} Q 4 2 0 807 319 246 7

R} Q |r}N 8 4 0 806 320 7 246 6

&y � z |xLiY x@ C@Uv uQ=kD ��
&p=v=m |OwQw QO u=Dt (Ti) |=tO w ( _m) |@O ��

"p=v=m |HwQN QO (pe) u=Dt Q=Wi ��
Q_v QO 14=5�m '[16�14w9�7]xOW x�=Q= C=}�RH j@] |r}]DUt p=v=m |Q@ R
?} Q[ '=tOV}=Ri= =@Tt|DQ=QLC}=Oy?} Q[Vy=m x@ xHwD =@ "CU= xOW xDiQo
QO� kw = 325W=mK R= |]N CQwY x@ Ot=H |x}L=v QO |DQ=QL C}=Oy
xOW xDiQo Q_v QO �T = 298K QO� kw = 365W=mK =D �T = 650K
hrDNt |D=@U=Lt |=yxm@W |=Q@ =Q 2 w 0A uwtR; wO |OOa G}=Dv 3 pwOH "CU=
52� 124� 390 R}=U =@ \UwDt |xm@W 'pwOH u}= T=U= Q@ "OyO|t u=Wv
xv}y@ |xm@W u=wva x@ Ot=H |x}L=v QO 35� 124� 390 w p=}U |x}L=v QO
x@ y+ w xQ=w}O l}ORv |D=@U=Lt |=ypwrU u}rw= |xrY=i "CU= xOW ?=NDv=

"CU= 0 7 w QDtwQm}t 0 14 R= QDsm ?}DQD

|HvUQ=@Da= "6
|R=Ux}@W "CU= xOW x�=Q= xOW xO=O xaUwD QorL |HvUQ=@Da= G}=Dv CtUk u}= QO
|xm@W |HvUC}U=UL w |r}]DUt p=v=m |Q@ R Q=Okt |UQQ@ Qw_vt x@ OQU uwtR;
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"|r}]DUt p=v=m pw] QO u=Dt |r=oJ w |}=tQo C}iQ_ `} RwD "8 pmW

"4 uwtR; |=Q@ u=Dt |}=tQo C}iQ_ QwDv=m "9 pmW

"4 uwtR; |=Q@ u=Dt |r=oJ QwDv=m "10 pmW

'CU= |Q=mlvN p=v=m |v}}=B |xQ=w}O |m}ORv QO QDt=Q=B wO u}= `} RwD |xOvyOu=Wv
xDi=} Vy=m u; |r=oJ 'p=v=m pw] QO u=Dt uOW QDsQo =@ xm OwW |t xOy=Wt
|}=tQo C}iQ_ '�2 uwtR;� QDt|r}t 200 w �4 uwtR;� 160 |=yC}akwt QO w
u=Dt s} SQ Q}}eD |xOwOLt |xOvyOu=Wv =yC}akwt u}= "CU= xv}W}@ Q=Okt |=Q=O

"CU=
|[Qa `]=kt QO u=Dt |r=oJ w |}=tQo C}iQ_ QwDv=m 10 w 9 |=ypmW QO
C}iQ_ |=yQwDv=m QO "CU= xOW xO=O u=Wv p=v=m pw] QOCmQL =@ |Q=mlvN p=v=m

"4 uwtR; QO p=}U w Ot=H |x}L=v |=tO QwDv=m "6 pmW

"4 uwtR; QO p=}U |x}L=v |=tO QwDv=m "7 pmW

u=Dt |DQ=QL Q=DiQ |UQQ@ "7
|v=Dt xOvvmlvN u=} QH pL |=Q@ Q[=L QorL OQ@ Q=m R= pY=L G}=DvCtUk u}= QO
p=ta= |DQ=QL Q=WVNB OvwQ |xOy=Wt |=Q@ "CU= xOW x�=Q= |v=QL@  jwi Q=Wi QO
p=}U w Ot=H |L=wv |=tO `} RwD '�3 pmW� Ot=H |x}L=v *|v}}=B |xQ=w}O x@ xOW
|WN@ 'p=v=m pw] QO CmQL =@ "CU= xOW x�=Q= 7 w 6 |=ypmW QO 4 uwtR; |=Q@
u=Dt \UwD Qo}O |WN@ w xOW VNB Ot=H |x}L=v C=yH s=tD QO |DQ=QL Q=W R=
p}rO x@ xm OwW|t xOy=Wt 6 pmW QO "OwW|t ?PH |r}]DUt p=v=m R= |Qw@a
QO =tQo RmQtD u=R}t 'MTP pOt |x}=B CU=Q CtU QO Ot=H |x}L=v sm Ct=N[
AJCtU QO xDi=} p=kDv= |=tQo `k=w QO "CU= x}=BAJCtU R= QDW}@C}akwt u}=
Ca}@] Qou=}@ xO}OB u}= "CU= xOW ?PH |r}]DUt p=v=m R= |Qw@a u=Dt\UwD x}=B
=@ "CU=yu=QW}B |Q=mlvN Ov}=Qi QO =yv; |}=Q=m w |@=} R=@ |Q=mlvN |=yp=v=m
'|v}}=B |xQ=w}O� CyH xU R= |DQ=QL Q=W xm OwW|t xOy=Wt =tO QwDv=m x@ xHwD
u=Dt |=tO 'u}=Q@=v@ "Ovm|t sQo =Q u=Dt w xOW |Q=mlvN p=v=m OQ=w �|}q=@ w |@v=H
OwHw |xOvyOu=Wv Qt= u}= `k=w QO xm xOw@ p=v=m\Uw R= QDW}@ xQ=w}O xU u}=l}ORv
"CU= xOW QDsQo u=Dt R}v p=v=m pw] QO CmQL =@ "CU= p=v=m QO |DQ=QL |Ov@x}q
C}iQ_ 'p=v=m pw] QO xOvvmlvN u=} QH s} SQ Q}}eD |xwLv |UQQ@ |=Q@
xm 9 pmW QO "CU= xOW |UQQ@ 10 =D 8 |=ypmW QO u=Dt |r=oJ w |}=tQo
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W3
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l}

v=mt
|U

Ovyt |DQ=QLC}=Oy?} Q[ wCHRr xmCU= |}x}L=v =@?U=vDt u; |xv}W}@ |xOwOLt
QO xm CU= |}x}L=v =@ ?U=vDt u; |xv}W}@ |xOwOLt w OQ=O O}OW |Wy=m OvwQ

"CU= xv}W}@ xS} w |}=tQo C}iQ_ u;

|v=QL@ x@W |=tO |x]@=Q G=QNDU= "8
xv}W}@ p=}U u; CP u; QO xm CU= |}=tO p=}U l} (Tps) |v=QL@ x@W |=tO
`k=w QO &CU= Cw=iDt Q=Wi Qy QO Cp |xv}W}@ C}akwt w TpsQ=Okt "CU=
xm u=Dt |m}t=v}OwtQD |=yxO=O x@ xHwD =@ "CU= Q=Wi R= |a@=D xm Cio u=wD|t
|]@=wQ 'xOW x�=Q= �NIST� =m} Qt; |=yOQ=Ov=DU= w |Qw=:vi |rt |xUU-wt \UwD
pY=L \@=wQ "�13 pmW� CU= xOW O=yvW}B Q=Wi ?ULQ@ Tps u}tND |=Q@
\UwD xOW x�=Q= Q}O=kt x@ C@Uv x]@=Q Qy |=]N OYQO w |vLvt VR=Q@ VwQ R=
u} QDW}@ 'OwW|t xOy=Wt xm Qw] u=ty "CU= xOW xOQw; 5 pwOH QONIST

x@DQt |}xrtHOvJ |x]@=Q x@ \w@ Qt =]N u} QDtm w |v=wD |x]@=Q x@ \w@ Qt =]N
CkO R= w xOw@ OYQO 0 5 R= QDtm x]@=Q 4 Qy |=]N pm QO |rw CU= 3
xOW G=QNDU= p=mU=B=ot 30 =D 4 6 |xOwOLt |=Q@ \@=wQ u}= "OvQ=OQwNQ@ |@ wN

"CU=

CrU=v \@=wQ KqY= w |UQQ@ "9
QO xQ=w}O |=tO ?} QkD |=Q@ |}=Hx@=H CQ=QL p=kDv= ?} Q[ Q=Okt u}tND

"Q=Wi ?ULQ@ u=Dt |v=QL@ x@W |=tO Q=Owtv "13 pmW
x]@=Q Qy |=]N OYQO w Q=Wi ?UL Q@ u=Dt |v=QL@ x@W |=tO \@=wQ "5 pwOH

"NIST Q}O=kt x@ C@Uv
x]@=Q s=v x]@=Q ���=]N
|}xrtHOvJ Tps = 0=0036P 3 � 0=2769P 2

0 18xU xHQO +8=2136P + 159=59
|}xrtHOvJ Tps = �0=0893P 2 + 5=2926P 0 46wO xHQO +172=41
|tD} Q=or Tps = 33=399InP + 140=84 0 31
|v=wD Tps = 154=43P 0=1481 0 54

|r=oJ 'p=v=m pw] QO u=Dt uOW sQo =@ xm OwW|t xOy=Wt u=Dt |r=oJ w |}=tQo
|xQ=w}O xU R= =tQo ?PH p}rO x@ "CU= xDi=} V}=Ri= |}=tQo C}iQ_ w Vy=m
j=iD= |v=QL@ x@W |=tO QO xm |}=tQoC}iQ_ |xv}W}@ C=Q}}eDC}akwt 'p=v=m h=Q]=
=@ 'u}vJty "CU=yxQ=w}O l}ORv 'CU= u=Dt s} SQ Q}}eD |xOwOLt hQat w xO=Di=
=yxQ=w}O |m}ORv QO =tQo RmQtD p}rO x@ xm OwW|t xOy=Wt |r=oJ QwDv=m x@ xHwD
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