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xO=iDU= 11uUO)v OOa s=vx@ |Oa@|@ QDt=Q=B R= 'hrDNt |=ys} SQ x@ QD *Q=N@ u=} QH

%R= CU= CQ=@a h} QaD T=U=Q@ '(Kn) uUOv OOa "OwW|t

Kn = l
2r (7)

|=Q=O u=} QH 'uUOv OOa Q=Okt x@ xDU@ "CU= |rwmrwt O=R; u}ov=}t pw] l u; QO xm
|x} Q_v R= xO=iDU= =@ "Ow@ Oy=wN O=R; |rwmrwt =} =QPo '|WRer 'xDUw}B |=ys} SQ
sQH x@ |}xQ]k OWQ MQv O=O u=Wv u=wD|t |SQv= w sQH Tvq=@ w =yR=o |W@vH
|r}Uv=Qi}O CqO=at uDWwv =@ "Q}N@D w Vr=oJ MQv u}@ hqDN= =@ CU= Q@=Q@ mr

R= |Q}op=QoDv= w |L=wv u}= R= l} Qy QO |SQv= p=kDv= w |tQH OWQ MQv x@ \w@ Qt
"OwW|t x@U=Lt xQ]k |=tO w `=aW '=yv;
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"""X
=wN

wC
r=L

Cq
O=at

Q}F- =D
|r}

rLD
|U

QQ@Q=N@ R=i M=t OOa |mtm |xrO=at "3"4"2
%OwW|t xO=iDU= Q=N@ R=i M=t OOa QwPHt R= |Q@H C=}rta |DL=Q |=Q@

Z = Ma2 = u2�

P
�G

� (19)

%19 |x]@=Q R= |Q}op}Uv=Qi}O =@
dZ
Z

= 2dMa
Ma

= 2du
u

+ d�G
�G
� dP

P
(20)

swDvtwt |xrO=at "4"4"2

AdP + Af�Gu2

2De dx = �d (WGu+WLu) (21)

"p=v=m l =m]Y= ?} Q[ w |m}rwQO}y Q]k R= Ov=CQ=@a ?}DQDx@ f w De u; QO
|SQv= |xrO=at "5"4"2

d
�
WG

�
hG + u2

2
�

+WL

�
hL + u2

2
��

= 0 (22)

hG � hL |=Hx@ L R}v w 'WG |=Hx@ W �WL uDWwv w |R=UxO=U R= TB
%CWwv u=wD|t WCPTG Q@ x]@=Q u}iQ] s}UkD TBU w

dhG
CPTG

� d (WLL)
WCPTG

+
�

1�WL

W

�
u2

CPTG
du
u

+WL

W
u2

CPTG
du
u

=0
(23)

%CU= xOW u=}@ u}vJ dhG u; QO xm

dhG = CpdTG +
�
VG � TG

�
@VG
@TG

�
P

�
dP (24)

%O=O u=Wv u=wD|t 25 Cr=L |xrO=at R= xO=iDU= =@ u}vJty�
VG � TG

�
@VG
@TG

�
P

�
= 1
�G

�
1� Y

X

�
(25)

CQ=@a R= |WwBsWJ =@ w '23 |x]@=Q QO 25 w 24 CqO=at |Q=Po =H =@
%R= Ow@ Oy=wN CQ=@a |SQv= |xrO=at ,=D}=yv '�uOw@ lJwm p}rOx@� (WL=W )dL

dTG
TG

+ P
�GCPTG

�
1� Y

X

�
dP
P

+ u2

CPTG
du
u
� L
CPTG

dWL

W
=0
(26)

'pkDUt |=yQ}eDt u=wvax@ dWL=W w f:dx=De 'dA=A uDiQo Q_v QO =@
'd�G=�G pwyHt GvB pL |=Q@ 26 w '21 '20 '16 '15 |xrO=at GvB R= u=wD|t
13|mWN QUm |iQat =@ "OQm xO=iDU= dTG=TG w du=u 'dZ=Z 'dP=P
d�G=�G w dTG=TG 'dZ=Z |=Q@ xHDvt C=Q=@a '� = WG=W CQwYx@

"=k@ CqO=at uOQw; CUO x@ |=Q@ p=v=m QwLt pw] QO |[=} Q pQDvm sHL "2 pmW

|R=iwO u=} QH R=o l}t=v}O CqO=at "4"2
u}= |=Q@ w CU= R=ilD u=} QH x@ \w@ Qt \@=wQ VQDUo =v=ty |R=iwO u=} QH p}rLD
xO=iDU= hrDNt |=y|R=UxO=U R}v w |SQv= w swDvtwt 'sQH |=k@ CqO=at R= Qw_vt
w Q}eDt `]kt K]U =@ p=v=m l} R= dx pw] x@ |[=} Q u=tr= 2 pmW QO "OwW|t
Q=N@ |Oa@l} w l}D=@=}O; 'CN=wvm} u=} QH xm xOW xO=O u=Wv l =m]Y= =@ x=Qty
OQ=Ov OwHw R=i wO u}@ |@Uv CaQU OwW|t ZQi "OyO|t Qw@a OwN R= =Q `}=t �
Qo = "CU= Z=te= p@=k Q=N@ R=i =@ xU}=kt QO `}=t R=i |xr}Uwx@ xOW p=eW= sHL w
Q=N@ R=i CQ=QL xHQO 'Q=N@ |r=oJ w Q=Wi 'u=} QH `]kt K]U 'dx |xrY=i QO
'TL 'TG '�G 'P 'A %R= ?}DQDx@ Q=N@ CaQU w '`}=t w Q=N@ |tQH |@O '`}=t w
'TL+dTL 'TG+dTG '�G+d�G 'P +dP 'A+dA %x@ u wWL 'WG

u=} QH |r}Uv=Qi}O CqO=at 'Ovm Q}}eD u+ du w WL + dWL 'WG + dWG

%OvwW xDWwv Ovv=wD|t Q} R CQwYx@
|oDUw}B |xrO=at "1"4"2

W = WL +A�Gu = constant (14)

%|Q}op}Uv=Qi}O =@ "CU= pm |tQH |@O W u; QO xm
d�G
�G

+ dA
A

+ du
u

+ dWL

W �WL
= 0 (15)

Q=N@ |=Q@ Cr=L |xrO=at "2"4"2
16 |x]@=Q x@ O}=@ 'OQ}o Q=Qk xO=iDU= OQwt Q=N@ |=Q@ xm |ak=w Cr=L |xrO=at Qy

%OwW|t p}O@D
dP
P
�X d�G

�G
� Y dTG

TG
= 0 (16)

|xrO=at x@ xHwD =@ xm Ov=|r}Uv=Qi}O Cr=L |xrO=at ?}=Q[ Y w X u; QO xm
%=@ OvQ@=Q@ 18 w 17 \@=wQ R= Cr=L

X = �G
P

�
@P
@�G

�
TG

(17)

w

Y = TG
P

�
@P
@TG

�
�G

(18)
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Qm}B
xt=

[Q
OtL

tw
|�=U

=}=t
}v

"=yv; x@ \w@ Qt CqO=at w xv=oGvB |L=wv |xOwOLt "3 pmW

|xrO=at ?=Dm u}= QO "CU= xOQm |Qw;OQo [11]�?; Q=N@ |=Q@ ASME |rrtr=u}@
VWm �|m} R}iwtQD w �"""w|B wQDv; '|Br=Dv;�|m}t=v}OwtQD X=wN CqO=at wCr=L
Qw]x@ OQU jwi=t w sQo jwi=t C}a[w wO QO ?; Q=N@ �"""w |wQu=Qo '|L]U
"CU}v |@=}uwQ@ x@ |R=}v =Pr w CU= xOW x�=Q= `=@W= X=wN x=Qty x@ w pkDUt
u=} QH |r}Uv=Qi}O CqO=at pL QO \@=wQ u}= R= Q=@ u}rw= |=Q@ Q[=L Q=DWwv QO

"CU= xOW xO=iDU= |R=iwO

j@] ?; Q=N@ |m} R}iwtQD w |m}t=v}OwtQD X=wN CqO=at "6"2
2006 p=U ASME Q=N@ pwOH

wO R= |a@=wD CQwYx@ ?; OQ@ Q=mQB w syt |m} R}iwtQD w |m}t=v}OwtQD X=wN
j@=]t |Y=N |Q=Wi w |}=tO |xOwOLt w xv=oGvB |L=wv QO pkDUt C}Y=N
x@ \w@ Qt 2 |x}L=v 'sm =QDt `}=t x@ \w@ Qt 1 |x}L=v "CU= xOW x�=Q= 3 pmW
`}=t � Q=N@ `=@W= |x}L=v 4 |x}L=v '|v=QL@ |x}L=v 3 |x}L=v 'sQo jwi=t Q=N@

"CUq=@=tO Q=N@ x@ \w@ Qt 5 |x}L=v xQNq=@ w
X=wN w OQU jwi=t 'sQo jwi=t Q=N@ |m}t=v}OwtQD X=wN "1"6"2

[11]`=@W=
|xrO=at l} 'OQU jwi=t =} sQo jwi=t Q=N@ X=wN x@ \w@ Qt `@=wD u=}@ R= p@k
=@ |Oa@ `@=wD xm OwW|t |iQat Oa@|@ T@}o `@=D ?ULQ@ �|rY= |xrO=at� x}=B

%O};|t CUO x@ u; R= |Q}ojDWt
g(P; T )
RT

= 
(�; �) = 
0(�; �) + 
r(�; �) (31)

Q@=Q@ w ?; Q=N@ x@ \w@ Qt R=o |xS} w C@=F R '�kJ/kg ?ULQ@� T@}o `@=D g
?ULQ@ Q=Wi P 'K ?ULQ@ =tO T 'R = 0 461526 kJ/(kg0K) =@ CU=

r w [11]p;xO}= R=o Oa@|@ CQ=@a 
0 u}vJty 'Oa@ uwO@ T@}o `@=D 
 'MPa

u=wvax@ "OwW|t pY=L xv=o =OH \@=wQ R= xm OvDUy [11]xOv=t|k=@ Oa@|@ CQ=@a
%OQU jwi=t Q=N@ |=Q@ p=Ft


0 = ln� +
9X
i=1

n0
i�
J0
i (32)


r =
13X
i=1

ni�Ii(� � 0 5)Ji (33)

%OwW|t s}_vD 29 =D 27 \@=wQ j@=]t
dZ
Z

= 1
1� �Z/�

��
1 + (1� �) (
 �X)/Y

�
���


 �X
Y

�
(
Z + 1) + 
 + 1

�
fZdx
2De

+
�

1 + 
Z
�

�
Y L

XCPTG
dWL

W

�
�

2 + Z
�

�
(
 � 1)� (1� �)

�

 �X
Y

���
�
dA
A

+ dWL

W �WL

��
(27)

dTG
TG

= 1
1� �Z/�

��
1 + (1� �) (
 �X)/Y

�
��


 �X
Y 2

�
(X � Y � 
Z) fZdx2De

+
�

1� 
Z
�X

�
L

CPTG
dWL

W

+ Z
�

 �X
Y 2

��
X + Y �X

�

� �
dA
A

+ dWL

W �WL

��
(28)

d�G
�G

= 1
1� �Z/�

��
1 + (1� �) (
 �X)/Y

�
��
�Z
Y

�
(
 �X + Y ) fdx2De �

Y L
XCPTG

dWL

W

+ Z
�

�
1 + (1� �)

�

 �X
Y

�� �
dA
A

+ dWL

W �WL

��
(29)

"OQ=O OwHw dWL w WL 'f 'dA=A pkDUt Q}eDt Q=yJ xOWO=} CqO=at QO
"OvwW|t ZQi swrat w xOw@ p=v=m l =m]Y= w pmW Qou=Wv f w dA=A C=Q=@a
j} Q] R= xm CW=O Oy=wN |oDU@ dWL wWL |x@U=Lt x@ jwi CqO=at pL =Pr

"O};|t CUO x@ C=Q]k OWQ w |}=Rxv=wH |x@U=Lt

Cr=L |xrO=at "5"2
"CU= Cr=L |xrO=at '|R=iwO u=} QH EL@ QO R}ov=Q@Vr=J C=aw[wt R= |m}
|xrO=at uDi=} =Pr 'OwW|t O}rwD OQU jwi=t Q=N@ |R=iwO u=} QH QO xm =Hv; R=
|v}@V}B |rO=aDQ}e \}=QW u}vJ QO =Q ?; Q=N@ X=wN Ov=wD@ xm |@U=vt Cr=L
xO=iDU= ?; Q=N@ |=Q@ [10]I} w)r=m)w |r=} Q} w |xrO=at R= uwvm =D "O@=}|t C}ty= 'Ovm
jwi=t Q=N@ OQwtQO w CU= j}kO sQo jwi=t Q=N@ |=Q@ xrO=at u}= =t= 'CU= xOW

%CU= O}OQD OQwt |@=}uwQ@ u}= CkO w Ovm|t xO=iDU= |@=}uwQ@ R= OQU
P

�GRTG
= 1 +B1�G +B2�2

G +B3�3
G (30)

xHQO R= |a@=D w xOw@ hwQat |r=oJ p=} Q} w ?}=Q[ x@ B3 w B2 'B1 ?}=Q[
"OvQ=N@ CQ=QL

X=wN R= |rt=m |xawtHt 2006 p=U QO =m} Qt; l}v=mt u}UOvyt utHv=
pw=OH� s=vx@ |@=Dm QO =Q ?; Q=N@ w ?; |m} R}iwtQD w |m}t=v}OwtQD '`=@W=
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"""X
=wN

wC
r=L

Cq
O=at

Q}F- =D
|r}

rLD
|U

QQ@"=yv; C=kDWt w 
r w 
0 |=ysQD w |m}t=v}OwtQD X=wN u}@ \@=wQ "1 pwOH
C}Y=N x]@=Q

Speci�c volume
v(�; �) p

RT = �(
0
�+
r�

)
v = (@g=@p)T

Speci�c enthalpy h(�;�)
RT = �(
0

� + 
r� )
h = g � T (@g=@T )p

Speci�c internal energy u(�;�)
RT = �(
0

� + 
r� )� �(
0
� + 
r�)

u = g � T (@g=@T )p � p(@g=@p)T
Speci�c entropy s(�;�)

R = �(
0
� + 
r� )� (
0 + 
� )

s = �(@g=@T )p

Speci�c isobaric heat capacity cp(�;�)
R = ��2(
0

�� + 
r�� )
cp = (@h=@T )p

Speci�c isochoric heat capacity cv(�;�)
R = ��2(
0

�� + 
r�� )� (1+�
r����
r�� )2
1��2
r��cv = (@u=@T )v

Speed of sound w2(�;�)
RT

1+2�
r�+�2
r2
�

(1��2
r��)+ (1+�
r����
r�� )2
�2(
0

��+
r�� )w = v (�(@p=@v)s)0 5

Isobaric cubic expansion coe�cient
�v(�; �)T = 1+�
2

����
r��1+�
r��v = v�1(@v=@T )p

Isothermal compressibility
�T (�; �)p = 1��2
r��1+�
r��T = �v�1(@v=@p)T


r� =
�
@
r
@�

�
�
; 
r�� =

�
@2
r
@�2

�
�
; 
r� =

�
@
r
@�

�
�
; 
r�� =

�
@2
r
@�2

�
�
;


r�� =
�
@2
r
@�@�

�
; 
0

� =
�
@
0
@�

�
�
; 
0

�� =
�
@2
0
@�2

�
�

`=@W= \N |xrO=at "OwW|t pY=L 3 pmW QO `=@W= \N x@ \w@ Qt swO xHQO
%R= CU= CQ=@a

�2�2 + n1�2� + n2�2 + n3��2 + n4�� + n5� + n6�2

+n7� + n8 = 0 (36)

%u; QO xm

� =
�
Ps
P �
� 14

; P � = 1MPa (37)

� = Ts
T � + n9� Ts

T�
�� n10

; T� = 1K (38)

"OvwW|t pY=L x]w@ Qt pwOH R= w Ov=C@=F Q}O=kt n10 =D n1 ?}=Q[
jwi=t� Q=N@ Cr=L |xrO=at xm CU= u; CW=O xHwD u; x@ O}=@ xm |}xDmv =t=
u}= R= =D O};QO 16 |r}Uv=Qi}O sQi x@ O}=@ 35 |x]@=Q ,qFt '�OQU jwi=t =} sQo
Cr=L |xrO=at "OQ=Po@ Q}F-=D �29 =D 27 CqO=at� u=} QH |U=U= CqO=at Q@ j} Q]
l} QO P =Q} R 'OwW|t p}O@D 16 |xrO=at x@ |DL=Qx@ �30 |xrO=at� |r=} Q} w
|Q}op}Uv=Qi}O l} =@ =Pr w OvQ=O Q=Qk xrO=at Qo}O hQ] QO T w � w xrO=at hQ]
|vt[ |x]@=Q l} 35 |x]@=Q =t= "Ci=} CUO 16 |xrO=at x@ u=wD|t xO=U

%jwi \@=wQ QO

� = P
P � ; P � = 1MPa

� = T �
T
; T � = 540K (34)

\w@ Qt pw=OH R= w Ov=C@=F O=Oa= Ji w Ii 'J0
i |=yu=wD u}vJty w ni w n0

i ?}=Q[
"OvwW|t x@U=Lt OwN x@

=yv; C=kDWt w 
r; 
0 C=Q=@a w |m}t=v}OwtQD X=wN u}@ \@=wQ 1 pwOH QO
"CU= xOW xOQw;

Q=N@ XwYNt sHL x@ uO}UQ |=Q@ 31 |x]@=Q R= ?U=vt |Q}ojDWt =@
x@ OQU jwi=t Q=N@ Cr=L |xrO=at '|R=UxO=U pL=Qt s=Hv= R= TB w OQU jwi=t

%O};|t CUO

P = �RT

"
1 +

13X
i=1

niIi(
P
P � )Ii(T

�
T
� 0 5)Ji

#
(35)

C=kDWt p=ta*= =@ R}v OQU jwi=t =} sQo jwi=t Q=N@ |m}t=v}OwtQD X=wN Qo}O
X=wN u}vJty "Ov};|t CUO x@ |R=UxO=U pL=Qt s=Hv= w 31 |x]@=Q Q@ x]w@ Qt
|xrO=at pL =@ �Tmar=@ w `=@W= |=tO ?ULQ@ `=@W= Q=Wi� ?; Q=N@ `=@W=
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Qm}B
xt=

[Q
OtL

tw
|�=U

=}=t
}v

pL |rm VwQ "7"2
CqO=at w |}=Rxv=wH |x} Q_v R= u=tr= Qy QO xOW p}mWD `}=t Q=Okt |x@U=Lt |=Q@
xDiQo Q_v QO xQ]k xDUO wO Qw_vtu}O@ "OwW|t xO=iDU= xQ]k CQ=QL xHQO w OWQ
'V}=O}B j}kO pLt x@ xHwD =@ w xOR xv=wH u=tr= pN=O QO xm |D=Q]k �hr= %OwW|t
xv=wH u=tr= CUOq=@ QO xm |D=Q]k �? &Ovvm|t OWQ |Dw=iDt Q=Okt x@ GwQN QO
"OvwW|t nQR@ w xOQm OWQ x@=Wt w xO=U Qw]x@ u=tr= R= Qw@a ut[ xDUO u}= &Ov=xOR
'u=} QH |rY= CqO=at QO =yv; uO=O Q=Qk w dWL w WL uOW swrat =@ ?}DQDu}O@
Qy |wQ Q=yJ x@DQt |=Dwm � nv=Q |OOa OQ=Ov=DU= VwQ x@ 29 =D 27 CqO=at
u=wvax@ w u=tr= Qy R= GwQN QO u=} QH |=yQDt=Q=B w OwW|t |Q}op=QoDv= u=tr=

"OwW|t x@U=Lt |Oa@ u=tr= x@ |OwQw \}=QW

G}=Dv |UQQ@ w EL@ "8"2
OQwt G}=Dv '|R=iwO u=} QH pL QO xOW xO=O KQW CqO=at |t=tD |Q}oQ=mx@ R= TB
=@ |Q_v G}=Dv 'QDj}kO |Q}oxH}Dv w QDy@ |HvUQ=@Da= |=Q@ "CU= xOW G=QNDU= Q_v
xO}HvU �OwHwt|y=oW}=tR; |=yxO=O s=tD ,=@} QkD�|y=oW}=tR; |xO=O xawtHt 29
R= Qw_vtu}O@ "CU= xOW x�=Q= xvwtv u=wvax@ xt=O= QO =yv; R= |OwOLt O=OaD xm xOW
xO=iDU= [2]Qwt pR=v R}v w B 'A |=ys=v x@ uwo =vwo |=yxUOvy =@ hrDNt pR=v xU

"CU= xOW
pR=v QwLt pw] QO |OwQw uwmU Q=Wi x@ Q=N@ Q=Wi C@Uv `} RwD 4 pmW QO
pwOH R= xO=iDU= =@ I} w)r=m)w|r=} Q} wCr=L CqO=at '|y=oW}=tR;Cr=L xU |=Q@A
ASME Q=N@ pwOH T=U=Q@ Q=N@ X=wN w Cr=L CqO=at w 'R}m � u=v}m Q=N@
Cr=L CqO=at uDt xt=O= QO '|R=UxO=U Qw_vtx@ "CU= xOW xO=O u=Wv �2006�
CqO=at w '�|r=} Q} w Cr=L� ,=Lq]Y= I} w)r=m)w Q=N@ pwOH R= xO=iDU= =@ |r=} Q} w
pwOH� ,=Lq]Y= �2006� ASME Q=N@ pwOH R= Q=N@ X=wN CqO=at w Cr=L
|OwQw uwmU |=tO w Q=Wi OwW|t x_Lqt xm u=vJ "OwW|t xO}t=v �ASME

u=} QH w ODi=|tv j=iD= |}x_Lqt p@=k |}=Rxv=wH xm CU= |}xvwox@ OQwt u}= QO
G}=Dv |]}=QW u}vJ QO "Ov=t|t |k=@ lWN =} R=ilD p=v=m pw] pm QO ,=@} QkD

G}=Dv =@ ASME pwOH w |r=} Q}w Cr=L Q=Wi C@Uv G}=Dv |xU}=kt "4 pmW
"A pR=v QO |y=oW}=tR;

|QOk =Q |Q}op}Uv=Qi}O pta u}ty w OQ=O OwHw xrO=at hQ] wO Qy QO P w CU=
l} s=Hv= R= TB |r}Uv=Qi}O Cr=L |xrO=at ?}=Q[ ?}DQDu}O@ "Ovm|t xO}J}B

%OwW|t pY=L OQU jwi=t Q=N@ |=Q@ |[=} Q C=}rta |QU
X = 1

1�A (hr=39)

w
Y = 1 +B

1�A (?39)

%OvwW|t h} QaD u}vJ B w A u; QO xm

A =

13P
i=1

niI2
i
� P
P�
�Ii �T�

T � 0 5
�Ji

1 +
13P
i=1

niIi
� P
P�
�Ii �T�

T � 0 5�Ji (hr=40)

B =

13P
i=1

niIi
� P
P�
�Ii Ji ��T�T ��T�T � 0 5

�Ji�1

1 +
13P
i=1

niIi
� P
P�
�Ii �T�

T � 0 5�Ji (?40)

Q=Qk xO=iDU= OQwt |R=iwO u=} QH CqO=at pL QO xOt; CUO x@ Y w X ?}=Q[
"O};|t CUO x@ x@=Wt Qw]x@ R}v sQo jwi=t Q=N@ x@ \w@ Qt ?}=Q[ "OQ}o|t

[11]|m} R}iwtQD X=wN CqO=at "2"6"2
?; |r=kDv= =} |m} R}iwtQD X=wN |=Q@ O}OH \@=wQ '|m}t=v}OwtQD X=wN Q@ xwqa
u=} QH pL QO �� |}=tQo C}=Oy ?} Q[ w |wQu=Qo '|L]U VWm Q}_v �� Q=N@ w
[11]|}=tQo C}=Oy ?} Q[ |=Q@ 41 |xrO=at R= p=Ft |=Q@ "OW xDiQo Q=m x@ |R=iwO

%OwW|t xO=iDU= ?; Q=N@
� = �0(T ) + �1(�) + �2(T ; �) (41)

%u; QO xm
� = �

�� ; T = T
T � ; � = �

�� (42)

w 'K ?ULQ@ =tO T 'W/(m0K) ?ULQ@ ?; Q=N@ |}=tQo C}=Oy ?} Q[ �

'�0 w Ov=C@=F O=Oa= �� w T � '�� u}vJty "CU= kg/m3 ?ULQ@ |r=oJ �

%�Ov=C@=F ?}=Q[ =yak� OwW|t x@U=Lt 44 w 43 \@=wQ R= R}v �2 w �1

�0(T ) = T 0 5 3X
k=0

akT
k (43)

�1(�) = b0 + b1�+ b2 exp
h
B1(�+B2)2i (44)

"OvwW|t pY=L x]w@ Qt pw=OH R= w Ov=C@=F O=Oa= Bi w bi ?}=Q[
�2(T ; �) =(d1T

�10 + d2)�1 8 exp
h
C1(1� �2 8)

i
+ d3S�Q exp

��
Q

1 +Q

��
1� �1+Q

��
+ d4 exp

�
C2T

1 5 + C3��5� (45)

"Ov};|t CUO x@ xv=o =OH \@=wQ R= R}v S wQ w Ov=C@=F ?}=Q[ =yCiw di u; QO xm
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"""X
=wN

wC
r=L

Cq
O=at

Q}F- =D
|r}

rLD
|U

QQ@

G}=Dv =@ ASME pwOH w |r=} Q}w Cr=L Q=Wi C@Uv G}=Dv |xU}=kt "6 pmW
"�|}=Rxv=wH |x}L=v QO� B pR=v QO |y=oW}=tR;

G}=Dv =@ ASME pwOH w |r=} Q} w Cr=L xQ]k `=aW G}=Dv u}@ xU}=kt "7 pmW
"Qwt pR=v QO |y=oW}=tR;

sUQ xr=kt uDt |=ypmW Q}=U R= QDnQR@ =ypmW VwQ wO OwOLt Cw=iD Crax@
QO xm xOW xOQw; R}v p=m} R}iwtQD X=wN u}@ xU}=kt 2 pwOH QO "CU= xOW

"CU= QDW}@ |OwOL =D =yCw=iD |}=Rxv=wH |xk]vt
Cr=L G}=Dv |xU}=kt =@ \ki w '|y=oW}=tR; G}=Dv Ow@v QO 11 w 10 |=ypmW
pw] QO M=t OOa `} RwD 10 pmW QO "CU= xOW s}UQD ASME pwOH w |r=} Q} w
x_Lqt xm u=vJ "CU= xOW xO=O u=Wv xOW |}=tvnQR@ CQwYx@ B pR=v QwLt
|x}L=v QO =yvD w Ov=l}ORv sy x@ Q=}U@ pY=L G}=Dv 'OW xDio sy ,q@k w OwW|t
u}ty =@ 'pR=v u}= QO xm =Hv; R= =t= "OQ=O OwHw hqDN= =yv; u}@ xv}W}@ |}=Rxv=wH
G}=Dv =Hv; QO w CW=O OwHw |y=oW}=tR; G}=Dv Q=Wi C@Uv |=Q@ '�5 pmW� \}=QW
QO ,q=tDL= 'CW=O |QDy@ j=@]v= |y=oW}=tR; G}=Dv =@ ASME pwOH R= pY=L

"CU= QDl}ORv C}ak=w x@ ASME pwOH R= pY=L G}=Dv R}v =Hv}=
�� =Qo =w CtUk �� B pR=v QwLt pw] QO C@ w]Q OYQO `} RwD 11 pmW QO

G}=Dv =@ ASME pwOH w |r=} Q} w Cr=L Q=Wi C@Uv G}=Dv |xU}=kt "5 pmW
"�|}=Rxv=wH |x}L=v QO� B pR=v QO |y=oW}=tR;

=@ =yv; wO Qy w OwW|t j@]vt sy Q@ ASME pwOH w |r=} Q} w Cr=L R= pY=L
"OvQ=O Ck@=]t |@ wNx@ |y=oW}=tR; G}=Dv

QwmPt Cr=L xU |=Q@ B pR=v QwLt pw] QO Q=Wi C@Uv `} RwD 5 pmW QO
|=yQ=Owtv 'OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O u=Wv xOW|}=tvnQR@ CQwYx@
|x}L=v QO =yvD w Ov=l}ORv sy x@ Q=}U@ ASME pwOH w |r=} Q} w Cr=L x@ \w@ Qt
u}ty |R=UpOt ,=U=U= xm =Hv; R= =t= "CUy hqDN= =yv;u}@ 'xv}W}@ *|}=Rxv=wH
OwOLt Cr=L wO hqDN= OvJQy 'CU= xr�Ut u} QDsyt |R=iwO u=} QH QO x}L=v
ASME pwOH R= Q=N@ X=wN w Cr=L |xrO=at R= xO=iDU= |O=yvW}B VwQ OW=@

"CU= QDj}kO xOW xO=O Q=N@ \}=QW |=Q@ �2006�
|}=Rxv=wH =@ w |}=Rxv=wH uwO@ |}=yxvwtv u; QO xm xOt; CUO x@ G}=Dv |UQQ@
uwmU |=tO w uwmU Q=Wi QO xm Ov=UQ|t |Ov@`tH u}= x@ =Q =t 'CU= xOW xOQw;
T=U=Q@ Q=N@ X=wN w Cr=L CqO=at 'u} wrm xHQO 400 w Q=@ 1 5 R= QDsm |OwQw
'OyO|t u=Wv OwN R= C}ak=w =@ |QDy@ j@=]D �2006� ASME Q=N@ pwOH
|}xS} w C}ty= R= u=a}t lwW Q}NUD u; QO xm |}=Rxv=wH |xk]vt QO Qo}O CQ=@ax@
QO =t= "OQ=O |y=oW}=tR; G}=Dv =@ |QDW}@ Ck@=]t |O=yvW}B VwQ 'CU= Q=OQwNQ@
�|}=Rxv=wH |x}L=v QO� BpR=v QwLt pw] QO Q=Wi C@Uv `} RwD sy R=@ xm 6 pmW
I} wr=mw |r=} Q} w Cr=L CqO=at Q=@u}= |va} "CU= Cw=iDt xH}Dv 'xOW xO=O u=Wv
QO xm CU= u}= p@k pmW =@ syt Cw=iD "CU= QD?U=vt u; Q=N@ pwOH x=Qty x@
"CU= u} wrm xHQO 400 w Q=@ 1 5 R= QDW}@ |OwQw uwmU |=tO w Q=Wi pmW u}=
xO=O u=Wv Qwt pR=v QwLt pw] QO C=Q]k `=aW `} RwD 7 pmW QO u}vJty
x@ ASME pwOH T=U=Q@ C=Q]k `=aW OwW|t xOy=Wt xm u=vJ "CU= xOW
Ow@y@ |y=oW}=tR; G}=Dv =@ xU}=kt QO |r=} Q} w Cr=L x@ C@Uv OYQO 2 5 u=R}t
'pR=v u}= QO uwmU |=tO w Q=Wi |va} '|OwQw \}=QW xm CW=O xHwD O}=@ "O@=}|t
"CU= |r@k G}=Dv =@ wUsy ẁ[wt u}= w CU= u} wrm xHQO 400 w Q=@ 1 5 R= QDsm
u; |D=@U=Lt w xQ]k `=aW xOW |Q}oxR=Ov= Q}O=kt u}@ hqDN= xm OwW|t Qw;O=}

[13w12]"OwW|t xOy=Wt R}v hrDNt `H=Qt QO
QwmPt VwQ wO |xU}=kt R= |W=v G}=Dv 'xOW KQ]t EL=@t p}tmD Qw_vtx@
"CU= xOW x�=Q= 9 w 8 |=ypmW QO C@ w]Q QUm OYQO w |}=Rxv=wH MQv |=Q@
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Qm}B
xt=

[Q
OtL

tw
|�=U

=}=t
}v "xOW QmP |OwQw \}=QW =@ [11w10]`HQt wO R= ?; Q=N@ p=m} R}iwtQD X=wN u}@ xU}=kt "2 pwOH

R= xrY=i [10]|r=} Q} w CqO=at [11] ASME

x=owro sHL |Br=Dv; VWm xD} RwmU}w C}=Oy ?} Q[ sHL |Br=Dv; VWm xD} RwmU} w C}=Oy ?} Q[
x

XwYNt
h

|L]U
�

|DQ=QL XwYNt
h

|L]U
�

|DQ=QL
(cm)

V
(kJ/kg)

�
(kg/m.s)

� V
(kJ/kg)

�
(kg/m.s)

�

(m3/kg) (N/m) (kW/m-K) (m3/kg) (N/m) (kW/m-K)

1 02 4 6820 2551 0 7 1020E�2 9 9959E�6 1 858E�5 4 6846 2546 8 7 0916E�2 1 0008E�5 1 935E�5
1 30 4 9390 2541 6 7 1691E�2 9 8725E�6 1 827E�5 4 9473 2536 3 7 1669E�2 9 8674E�6 1 902E�5
1 52 4 8441 2557 4 6 7094E�2 1 0746E�5 2 042E�5 4 9410 2548 8 6 8363E�2 1 0500E�5 2 033E�5
1 78 5 0017 2556 0 6 5878E�2 1 0980E�5 2 096E�5 4 9909 2555 0 6 5842E�2 1 0987E�5 2 139E�5
2 03 5 2623 2548 1 6 6020E�2 1 0955E�5 2 090E�5 5 2520 2547 2 6 5956E�2 1 0967E�5 2 132E�5
2 29 5 5068 2541 2 6 6106E�2 1 0940E�5 2 086E�5 5 5023 2539 9 6 6101E�2 1 0941E�5 2 124E�5
2 54 5 7462 2534 5 6 6242E�2 1 0915E�5 2 080E�5 5 7431 2533 2 6 6241E�2 1 0915E�5 2 117E�5
2 79 5 9784 2528 4 6 6371E�2 1 0892E�5 2 074E�5 5 9769 2527 0 6 6374E�2 1 0891E�5 2 110E�5
3 05 6 2062 2522 7 6 6500E�2 1 0868E�5 2 068E�5 6 2054 2521 1 6 6502E�2 1 0867E�5 2 104E�5
3 30 6 4299 2517 2 6 6621E�2 1 0846E�5 2 063E�5 6 4299 2515 6 6 6625E�2 1 0845E�5 2 097E�5

BpR=v QO ASME pwOH w |r=} Q} w Cr=L M=t OOa G}=Dv u}@ xU}=kt "10 pmW
"�|}=Rxv=wH |x}L=v QO�

QO ASME pwOH w |r=} Q}w Cr=L C@w]Q OYQO G}=Dv u}@ xU}=kt "11 pmW
"�C=Q]k OWQ |x}L=v QO� B pR=v

xO=iDU= Cr=L wO QO B xQwB}W QwLt pw] QO Q=N@ |}=Rxv=wH MQv `} RwD "8 pmW
"QD *Q=N@ u=} QH QO ASME w |r=} Q}w CqO=at R=

xO=iDU= Cr=L wO QOB xQwB}W QwLt pw] QO Q=N@ |OQU jwi xHQO `} RwD "9 pmW
"QD *Q=N@ u=} QH QO ASME w |r=} Q}w CqO=at R=
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"""X
=wN

wC
r=L

Cq
O=at

Q}F- =D
|r}

rLD
|U

QQ@pwOH p=m} R}iwtQD X=wN w Cr=L CqO=at R= xO=iDU= 'pL VwQ |=]N uOw@
|r}rLD VwQ x@ |R=iwO u=} QH |R=UpOt QO Q=@ u}rw= |=Q@ xm �2006� ASME

"OwW G}=Dv Ow@y@ Ea=@ Ov=wD|t 'xOW xO=iDU= j}kLD u}= QO

s�qa CUQyi
(J) 'xQ]k l} p}mWD s=ovy T@}o O=R; |SQv= QO Q}}eD %�G

(m3.sec)�1 'sHL OL=w Q@ |}=Rxv=wH MQv %J
(J/0K) 'utRDrw@ C@=F %K

(kg) 'pwmrwt l} sQH %M
Q}]kD ?} Q[ %qc

(J/(kg-K)) '?; Q=N@ |=Q@ |R=o C@=F %R

|v=vw} s�qa
(N/m) '|L]U VWm %�

(W/(m2 0K)) 'Q=N@ w xQ]k u}@ |}=H@=H CQ=QL p=kDv= ?} Q[ %�
xS} w |=y=tQo C@Uv %


T}wv q=@
|v=QL@ \}=QW %�

T}wv Q} R
Q=N@ R=i %G
`}=t R=i %L

r `=aW x@ |}xQ]k %r
`=@W= Cr=L %s

xm =Hv; R= "CU= xOW xO=O u=Wv C=Q]k OWQ |x}L=v QO xOW |}=tvnQR@ CQwYx@
ẁQW =Qo =w CtUk R= C=Q]k p}mWD w |}=Rxv=wH CwY jwi=t |R=iwO u=} QH QO
|iqDN= R= TB "OW Oy=wN x@U=Lt CtUk u}ty QO =yvD C@ w]Q OYQO 'OwW|t
x@ �xv}W}@ |}=Rxv=wH |x}L=v� C@ w]Q `} QU OWQ |x}L=v QO pY=L G}=Dv u}@ xm
=@ C@ w]Q w OwW|t hkwDt ,=@} QkD |}=Rxv=wH C=Q]k OWQ |x}L=v QO 'O};|t OwHw
^iL u=}=B =D hqDN= u}= w O@=}|t V}=Ri= Q=N@ u=a}t j} Q] R= =yvD QDs}qt ?}W

"OwW|t
C@ w]Q `} RwD |awv x@ wO Qy� 7 pmW Q=Owtv =@ Q=Owtv u}= Cy@=Wt x@ xHwD =@
Cr=L R= QDq=@ ,=D}=yv ASME pwOH R= pY=L G}=Dv wO Qy QO &OvyO|t u=Wv =Q
pwOH R= pY=L G}=Dv 7 pmW QO xm u}= x@ xHwD =@ R}v w �CU= xDiQo Q=Qk |r=} Q} w
11 pmW QO CiQo xH}Dv u=wD|t 'OQ=O |y=oW}=tR; G}=Dv =@ |QDy@ j@=]D ASME

"CU= QDl}ORv C}ak=w x@ ASME pwOH R= pY=L G}=Dv R}v

|Q}oxH}Dv "3
w u; ?; Q=N@ pwOH x=Qtyx@ I} wr=mw |r=} Q} w CqO=at 'lWN Q=N@ u=} QH QO
jwi=t |R=iwO u=} QH |R=UpOt QO �2006� ASME Q=N@ pwOH T=U=Q@ CqO=at
|@ QHD G}=Dv =@ |@ wN j@=]D =yv; R= pY=L G}=Dv w Ovvm|t pta u=Um} CwY

"OQ=O
Q=Wi� sm |OwQw uwmU |=tO w Q=Wi QO '|rO=aD Q}e QD *Q=N@ u=} QH QO
Q=N@ pwOH T=U=Q@ CqO=at '�u} wrm xHQO 400 R= QDsm |=tO w Q=@ 1 5 OwOL
,=YwYN 'C}ak=w R= |QDj}kO |R=Ux}@W w Ovm|t pta QDy@ 2006 p=U ASME

QDW}@ Q=Wi QO xm CU= |r=L QO u}= "OyO|t u=Wv OwN R= '|}=Rxv=wH |xk]vt QO
Cr=L CqO=at 'u} wrm xHQO 600 =D u} wrm xHQO 400 R= QDq=@ |=tO w Q=@ 1 5 R=

"OyO|t MU=B QDy@ |w x@ xDU@=w Q=N@ pwOH x=Qtyx@ I} wr=mw
R}J=v Q=}U@ w CU= |[=} Q =} j}kO VwQ ẁv R= xm u=} QH pL VwQ x@ xHwD =@

=yCWwv=B
1. supersaturated vapor
2. supercooled vapor
3. superheated vapor
4. transport properties
5. Wilson point
6. homogeneous nucleation
7. latent heat
8. condensation shock
9. wet line
10. nucleation zone
11. Knudsen number
12. Schmidt number
13. dryness fraction

�References� `@=vt
1. Bakhtar, F., Young, J.B., White, A.J. and Simpson, D.A.

\Classical nucleation theory and its application to con-
densing steam 
ow calculations", J. Mechanical Engi-
neering Science IMechE, 219, part C, pp. 1315-1333
(2005).

2. Mahpeykar, M.R. and Teymourtash A.R. \The e�ects of
friction factor and inlet stagnation conditions on the self
condensation of steam in a supersonic nozzle", Scientia
Iranica, 11(4), pp. 269-284 (2004).

3. Keenan, J.H., Keyes, F.G., Hill, P.G. and Moore, J.G.,
Steam Tables, Thermodynamic Properties of Water In-
cluding Vapor, Liquid and Solid Phases, John Wiley and
Sons, Inc (1969).

12



Qm}B
xt=

[Q
OtL

tw
|�=U

=}=t
}v

4. Mahpeykar, M.R., Lakzian, E. and Amirirad, E. \Reduc-
tion of thermodynamic losses in a supersonic nucleating
steam nozzle by spraying water droplets", Scientia Iran-
ica, 16(3), pp. 253-262 (2009).

5. Mahpeykar, M.R. and Amirirad, E. \Suppression of con-
densation shock in wet steam 
ow by injection of water
droplet in di�erent regions of a Laval nozzle", Scientia
Iranica, 17(5), pp. 337-347 (2010).

6. Mahpeykar, M.R., Teymourtash, A.R. and Amirirad, E.
\Reducing entropy generation by volumetric heat trans-
fer in a supersonic two-phase steam 
ow in a Laval noz-
zle", Int. J. Exergy, 9(1), pp.21-39 (2011).

7. Mc Donald, J.E. \Homogeneous nucleating of vapour
condensation. Thermodynamic aspects", Am. J. Phys.,
30, pp. 870-877 (1962).

8. Gyarmathy, G. \Basis for a theory for wet steam tur-
bines", Bull. No. 6, Inst. Thermal. Turbomachines in
Fed. Tech. Univ. Zurich, pp. 125-141 (1962).

9. Bakhtar, F. and Zidi, K. \On the self-di�usion of water
vapour", Proc. Instn. Mech. Engrs., 199, pp. 159-164
(1985).

10. Vukalovich, A., Thermodynamic Properties of Water and
Steam, 6th edition, Mashgis, Moscow (1958).

11. Parry, W.T., Bellows, J.C., Gallagher, J.S. and Harvey,
A.H., ASME International Steam Tables for Industrial
Use, New york: ASME Press (2006).

12. Gerber, A.G. and Kermani, M.J. \A pressure based
Eulerian-Lagrangian multi-phase model for non-
equilibrium condensation in transonic steam 
ow", Int.
J. Heat and Mass Transfer, 47(10-11), pp. 2217-2231
(2004).

13. Mahpeykar, M.R., Teymourtash, A.R. and Lakzian, E.
\The e�ects of viscosity on pressure distribution and
droplet size in transonic steam 
ow through a turbine
cascade", Iranian Journal of Mechanical Engineering
Transaction of the ISME, 2(17), pp. 6-29 (2010).

13


