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A Balde to Balde Inviscid Transonic Flow Analysis of Nucleating Steam in a Turbine
Cascade  by the Jameson’s Time – Marching Scheme Using Body Fitted Grid

A.R. Teymourtash          M.R. Mahpeykar            

Abstract During the course of expansion in turbines, the steam at first supercools and then nucleated 
to become a two-phase mixture. This is an area where greater understanding can lead to improved 
design. This paper describes a numerical method for the solution of two-dimensional two-phase flow of 
steam in a cascade of turbine blading; The unsteady Euler equations governing the overall behaviour of 
compressible inviscid flow are combined with equations describing droplet behaviour and treated by the 
Jameson′s time marching scheme which modified to allow for two-phase effects. The results are discussed 
in the light of knowledge of actual surface pressure distributions and some predictions of two-phase 
effects in blade cascades are also presented.

Key Words Cascade, Condensing flow, Inviscid, Jameson, Nucleating, Supercooling, Time Marching, 
Turbine.
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)TT(c)TT(b)TT(avv

SC
3/1

SC

4
SCSC

3/1
SCC

L
−+−+

−+−+−+
=

)��(

  �'vC     � �$D � ��K        ��pR� �p���I! �p6)�

3.1975 cm3/g � TC   ��pR� �p���I! ;�� 647.27 °K

Y�� 1 �$!:

a = - 0.3151548 b = -1.203374*10-5 

c = 7.48908*10-13 d = 0.1342489

e = -3.946263*10-3 in  SI units

         ��p6E ;�p� � d. �$Dp � �0M�3�� w���# )TL(    �p! �

�� �1.�! ��9 �6!�� 9� d$76� HEH�� �:

)�� (hL= cL (TL – TD)

  (��pp*A "pp�� �TD     �pp! �pp!��! 1 �pp�*� ;�pp� 

273.15°K��  ���! .

         �pM�R� ��� ! 9�& ;��! ��O3�� �$� HM�K �M�R�

H�� �$! t1 y��# �% �����1 HM�K�

) �o        (P = ρG RTG(1+BρG)

      �M�R� `��� �! ��JV�! 1V�!     9� Y�� �� ! ��$J 

    ��p� �1.�! �*���� W!�1� �p��.        1 �1� "���$pE \p�O7% 9� 

        �� :-'�� W!�1� 9� ��O3�� �! 1 8�����$��% t1  ?�$p%

 �' � ?�
�:

)��(
PG

G
GG

TG

G

T
v

Tv
P
h

G









∂
∂

−=







∂
∂

���n3�� �! ���� V�! �6!�� 9� ;��<:

∫ +



















∂
∂

−= )T(FdP
T
v

Tvh Gh
PG

G
GGG

)�|(

    9� ��O3�� �!         ;��p! ���p�� (��p*A �HpM�K �M�R�

�� � ��9 :	� �! 8
J �� ! �0M�3�� ��.:

)T(F
dT
dB

B
T11

RT
PB41

2
RTh Gh

G

G

G

G
G +








−










−+=

)��(

�� � ?�
� ?�$%:

( ) −++= 2
GGGGh cTbTTlnaTF

)i�(.constTfeTTd 5
G

4
G

3
G +−+

 �':

a = 46.0     b = 1.47276 c = 0.419465*10-3 

d = 7.33297*10-8                 e = 6.16548*10-11

f = 1.94063*10-14 const. = 1782.24  in SI units

         �&�p' ?���4 ?���� ���
% ;��! 2$& (V�R� �A$���

������!.
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� XYM ��Z 1 S%$_ �[< ?���4 :�7I%              ...

8/�� <$.�= 9 8&�� �9
 >$�1	

      :	p� � �%�*��I� �	*�)� (        9� ��p� ��Yp! ;�p�� 1

    ��$�� ?��M� 8�   (�$p_ �p!ABCD     :	p� � )| (  �p!

    Hp�� ��p�.� s���� .          ;�p�*� �p! ;�pA :pK �p��.�&

 ���pn3��       �pp! d$-p�� ��p�U �p*%�� ;�p%$' ep��� ;�p�<

 ! ?$-��4$   �$p��& `�p�� �! �' �   �M$7p� `a� ;�p�!

H�� ��� �� W-!.�$��& v$� "�� �  ����B3� �;��!

 :	��	*� s���� 1 �%�*��I� ?���� ;��9�� �?���4 ����� �

9�� �! \*6�� ��� ��M$%

 :	�|��$��  ?��M� 9� ;�������E�! >�9$% �$I� 1 �%�*��I� ;�� ��

�	*� ,�)� �!

  ?��M� `$C� �     �p� ��p�Jz �p� ��$p�.     ?$pU ���p))I� 

  �7��%���[15]    8p� �[16]          :�0p�� �� 1 ?$p� ?�� $p� �

[17]  �3�� ���@�     �$p��& �p' ���    M$7p� `a� ;�p�!  � �

  �$��& �! �-��)�     �� �!� �����Y� �M$7� Y'�� ;��!�  9� 

            �p	% �p	% �$7p� ]$6� ;1� ����B3� ?$U �	�. �7�4

  �� ��& �6J �$��& ���$�       >p6E �M$7p� `a� ;�p�!

  �! 9� �r�           ���$pJ�! 1 �p*%�� HpE 9� �	*p� �<�A�E

��pp�Jz ��JV�pp! 1 $!�pp��$J `a� � �pp���B3� ;9�pp�

 �� �$7�   �! �! 9��� ?1      ;�p�9�� ;1� 8�%�3�� ��
& �!��

               ���pE ��O3p�� �$p� t$p3��$� �pM�R� :pK � �' ���4

��   �� �O3�� �� ��<9�� .  ]�+ ��� ��   �'     �p! �p�9 �

         p! d$76� �3E �! 1 >��� ����3� ��� ���
% ��D3J� �

�� H�H�� .

            �%�*p��I� ,�p)� � �p���B3� $p�� �*p��I� ;��!

��   �B% ?�Y�� 9� H-��!         ?�p�M� �p� � ���p)! ;����B3� ��

  $p� ��O3��.  p! c��        �pM�R� �$pr�� "p�� )� (   �$p+ �p!

    ! ?��M� �� ;��! ���<��4  �  �H�� �3&� ��'?�$�A �!  ��p{� 

A

H

B

G

C

F D

0.25R(i,j-1) 0.25R(i,j)

0.25R(i-1,j-1) 0.25R(i-1,j)

CB

D
A

i

j

E
12 x 115 Body Fitted Grid
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%  �#��7A� P�%�$�– �x�5 �� �#���I� �

 "3&�pp<�r� � �pp!�pp� /pp�^& XYppM��Z ;FC 1 GC � 

             Hp��� H�p� ��3�-p�� :p{� ���)! ��B3� 8� �! ,�*%��

 �n3�$�5 �M�R�(�$_ �!�� �1.�! ��9  $�:

)��()dx)(ijGdy)(ijF(
ij

1)(ijR ρ−ρ
Ω

−=ρ ∫

�'?. � F(ρ) = ρ VX 1 G(ρ) = ρ VY�� ��p��!.

   ���.�& ���A� ��� ��           9� ��3-p�� �p! �p)! (V�pR� �! 

�M$pp�R� :�-pp���O� (V�ppR���pp�9 :	pp� �pp! � �pp��� 

���<.

)��()(R)
t ijij ω=

∂
ω∂

  �')ω(ijR  ������E�! "�*�  H��  . D% ���!   $p�� ���

 ������E�! �'      � ���)! ;����B3� ;��! ��� �*��I� ;��ω  � 

       �! ,$!�� � ���	% �� � �� �$7�  �� �%�*��I� ; ���$�

 �M�K �          �pM�3�' ,�p)� � H-��! �� ����B3� ���)� �'

      ������E�! "���!��! ����< 91� �! 1 �C���      �p! �4$% �! �� ��

    C� �! �M$7� `a� ]�+$  ` �� �$7�  � ���A�  �$p� �p��.

            �p! ,$!�� ;�� ������E�! ��-)% �! 1 �<�� �! :�A "��

           ?� ��Dp3J� 1 ;1�-p� �$+ �! ���-�� �$7� ���U

     ��3
� `a� �! ���3�A    :	� \!�6� )| (   �p3&�< t����

;�$+ �! �H�� �' :

)(j,1iR)(ijR[25.0)(AR ω−+ω=ω

)��    ()](1j,1iR)(1j,iR ω−−+ω−+

    � ]�+ y�%�% "�� �!       � �p_�J ?��)% 9� �r� �$

     1 ��� ���$J�! ��&  ���3��      ;��p! ��DpO�� (V�R� 

 �#�& �6)�A(�$_ �!  H�� ���.� ��9 :

)o�()(AD)(AR
At

ω+ω=







∂
ω∂

    2$& (��*A �DA(w)    H�� �A$�D� �^I�#� 

      s����	�� 1 ?$-��4 W�$% �'[18]   ?���
�1�& ;��! 

;�����5��     �p&�R� ;�A ;��   Hp�� ��p� . �+�pJ ?�
p�

�� �  9�            �p' � ��O3p�� �$p�  �A$�Dp� �^I�p#�

     9� �)�O7% ��� "�1�% �� t�%        ��p�U �3p�� 1 1 �3�� ;

           �! �' H�� ��
& ��C$� 8� ����� �! ���)! ;����B3� 9�

          �^I�p#� ���K�� �� � ��
& ?����< (����B% �! �4$%

�� ��R& �� y����9��.

  1t������   �M�R� )o�  (      ��p�U ]�+ 9� ��O3�� �!

�7K�� e��� ;�     ���pn3�� �?��9 �! H*-� �%$'    ��p� ;�p�<

 � H��   ���.�& "�� �� t�%       "�pM1� � Wp)& �^I�#� ;

  ��� �*��I� �7K��         �3p��n�� Hp!�F �R! �7K�� �� � 1 

������ .       t�p< � ����B3� ?�'91�! ���.�& ,�*%�� "�� �

  ����9n+1  �< � t$7R� ���)� 9�  ����9 tn  (�$p_ �p!

H�� �$! ��9:

ω° = ωn

)DR(t1
0001 +∆α+ω=ω
01

2
02 DR(t +∆α+ω=ω

)DR(t 02
3

03 +∆α+ω=ω

)DR(t 03
4

04 +∆α+ω=ω

)o�(4ω = +1nω

    2$& W!�1� �∆t   ��pA� ��7I� ?��9 t�< 1 �2 �3

 14    1 �ppp%$' eppp��� ]�ppp+ ���ppp�� :pppK��� "�ppp*� 

  y���#α1   � α2 � α3 1 α4  yp�%�% �!1/4  �1/3  �1/2   1 1

������!.  ]�+ ��� ��       9� 1 ?��9 � ���U �*%�� HE 9� 

H�� ���$J�! ��& � 1 �3�� HE.

     :	� �! �R4��� �!)� (        ;9�p� ,�p� v$p� ��p�U

    Hp�� q�p_$% :!�E:   ;1�1 9�p� AH   �p41�J 9�p� �

DE���$pp� �  y7pp_ ;�pp�BC 1 GF  ;�pp�9�� Ypp�� 1 

  8�$��5AB �CD �HG 1FE  1 ;1�1 ;9�p� W���� 

            �!�p��1�! 1 �%�Dp 
� v$p� 9� �RM�6� "�� � �41�J

  ��� d$-I� ���$���� .      �p��! ($_ ?1�� ?���4 �<�

   8pp� 1 ;1�1 �Dpp 
� �pp� ;1�1 9�pp� �pp�K�� �

     9�p� � H�R#1 "�� /	A 1 $4$� �41�J �D 
�

   �� �$D% :!�E �41�J���! .      ;�$p�% `�p�� �! "���!��!

 "	�� �%�D 
�          1 ;1�1 � ;9�p� ,�p� �� H�� 
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� XYM ��Z 1 S%$_ �[< ?���4 :�7I%              ...

           �� W���� ���� 1 t$7R� �41�J � ;9�� ,�� 8� �!

�7��1        1 :�-p���O� (V�pR� :K    (�$p_ �p!   ;�pA 

 $�� "��R% .   ;1�1 H�-E � ��� t$7R� ;9�� W����

   � ?$	p� ��
&P0     � ?$	p� ;�p� �T0      ?�p��4 �p�1�9 1 �

 � ;1�1θ0 �$! �         9� ;�pA :pK �p! 8�%�3�� ��
& 1 ���

        ��p� �!�p��1�! ;1�1 ?���4 �! �7J� ,�)�     �p�� 1 �p��

           �$p! 8�%�3p�� ��
& ��41�J 9�� � ��� "��R% ,��

                �p�1�9 1 :p' ;�p� �:p' ��
p& HM�K "�� � �' H��

           �!�p��1�! �p7J� ,�)� 9� ;�A :K �! ?���4 �41�J

����<���.

    �B�% ]$6� ?��� y7_ ;��9�� �� ��    �p' ��p��!

      �p! �O_ /'^& ,��          Yp�� 1 Hp�� ��p� ��p�A� �p��.�

         1 H�V�! � ;9�� ?���4 ,$6J �! 8�$��5 W����

  �B�% H� "���5�� ,$!�� ����$� .    �p��! �$p� "p�� �

?�Az�   $��               �p! �p�3*� �pB�% �p! �pB�% (�*p��I� � �'

�$��&      ?�p��4 �p' �6���p� HpI% 1 �M$7� `a� ;��!

    1 H!$+� 9� ;��A(�$_ �!  ��p�A� ��p��! H�� �5$� 

             � ��$pJ t�p�% "3p��n�� ;1�-� �! �r� �$� W����

    ;1� �@��3� ,�)�   c�p�9��   ��p� �p�      �p*M Hp�V�! � 

          Hp�� ��4� :!�E �<�� �! ���& �*M H� "���5 1 �7�K .

            ?. 9� ���& �*M H� "���5 � P1� "�� ���A� ���< ���

      Y�� 1 s	� �6� 9� �B�% ;��3�� �! ����� ���� �' H!�!

  � ����� ����          �� ���-p	� �p��.�& �
p��� ��
p& �6� 9

 ��� �+�������   �� Y�n���! ��$�� $�.  ��{� ?�$�A �!  � 

            �%$p_ �[p< 1 9�& 8% ?���4 � �$� $41 (�$_

  �B�% Q���5 :J���� ��$< ?���        �����3p�� ?$p3� � �p' 

[19]  ��1.             1� "p�� 9� 1 :p' ��
p& Hp&� �Hp�� ����

       �pO3� s	� �6� ;1� �! ��$J ���)�    ���p)� 9� (1

         $p! �p���$J ��
p& �6p� �! ,$!�� .     � v$p#$� "p��

   ;�4 HM�K �
M�nU ?���4 �� ;�%�!��.     9� �p�$�� 8� 

  �$p� ;$nM�           ��<�[p< :pJ� �
pM�nU ?�p��4 � �p�

�B�%   "�!�$% ;�� �$+ �!     :	� � 8�%��� )� (  �prK^�

��  $�[20]            sp	� �6p� 9� ���p& �*M �! ����� ���� �

 ���$4 wV$�R� 9              9� ���p�� ���p� �p	�. ��pK 1 ��p� �

      Hp�� 8
pJ 1 �� 2$& 9$�� ��
& �6�.  ?�p��4 � 

         (1�O3� s	� �6� ��3�� � H!$+� �-' Y�� d$+��

       �p� ��
& �6� � ?. ?�Y�� 9�    1 �p��!  �p��3� �   ���p� 

       $p! �p���$J (1�pO3� Y�� ��$J .     �6���p� "�p�U �

        � ;9�p� ?���4 ,$6J �' H�� �$! ?. �)6�� ��&

�5            ;��p! ��
p& ���p)� Wp)& 1 ;9�$� ���& �*M H� "��

 $� �3��n�� ;1�-� ���. ;1� �@��3� ,�)�[12].

 :	���B�% "�! ��'$� ;$nM� �
M�nU ?���4 8� � "�!�$% ;��

/�( ?	 ��@�0 
& A@ �9


                Hp�� ���p� 9�p& �p��B% ��p ! �p' ?���4 9� �3�-E �

      O_ H!$+� �-' 1 9�& 8% ?���4   �p� �)7% � �p<.  9� 

 1� "���   � �$D � �0M�3�� h      �p! ;1�-p� �hG1   �3�-p�� 

�:'ρ     �! ;1�-� � ρG       �p7J� ;Q��� 1 �$!    (�$p_ �p!

�� "��R% ��9$�:

)oo  (e = hG – P/ρG                                                                    

        ;Q�p�� 1 �3�-�� �;�A ]�+ �     9� :p' �p7J�

   1 ��9 t�< ���.�&  S%��p*A �!          �p! ��p)! (V�pR� :pK 9� 

 �� H�      �<�p� �p! �$Dp � �p7J� ;Q�p�� 1 ���.

�� "��R% �<�$+ �!;�':

Tracing of schlieren
photograph presented by Ikeda & Suzuki (1973),[19]

Aerodynamic
Shock (S1, S2, S′′′′1)

Condensation
shock

Flow
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%  �#��7A� P�%�$�– �x�5 �� �#���I� �

)o�(
2

2
yV

2
xV

0ee
+

−=

   � ��
& �*��I� ;��!P      � �� 1 � TG        �p4$% �! t�< �� �  

     � ;Q�p�� t$7R� ���)� �!e    � �3�-p�� 1 �ρ  � P1� �  "%$p�

     H�� �3&�< ���E ��O3�� �$� ?$-&���      (�$p_ "p�� �! 

                 ;�p� 8p� 1 �3�-p�� t$p7R� ���p)� 9� ��O3p�� �p! �'

      HM�K �M�R� \��+ 9� ���K)�o  (   ��
& ;��! ;���)�

    1 ��. �� H� �!          �p6!�� 9� �0M�p3�� `��� "�� �! )��  (

   �M�R� 9� �7J� ;Q��� w�*E�R3� 1)oo (�� �*��I� �p< .

  �     ���)� �����U ��K "��   ��p�. H� �!     ;Q�p�� ;��p! 

      �M�R� 9� ��� �*��I� ���)� �! �7J�)o� (     9� e3p�� �p'

             �p��K ;�p� ��p��*� ;1�-p� � H�� ��9 t�< ���.�&

   �� ���E ]^_� �$���<.     �6J >!�% �$r�� "�� ;��!   �p!

(�$_  H�� ��� �3&�< �r�� ��9 :

)o|()
G

P
Gh()

2

2
YV

2
XV

0e()GT(F ρ
−−

+
−=

1 "�� 9��1�  �� ��ID%   (�$p_ �p!  �-p�� �p�9  ��p��<

H��.

)o�(
GdT/)GT(dF

)GT(F
GT

−
=∆

 "�� �!��!:

)o�(GT)old(GT)new(GT ∆+=

� ��
& ����� ���)� ?�� t$7R� �I� �!P   � �p� � TG

    � �0M�3�� 1hG            :E��pK �p! 1 �*p��I� �p��9 ���$4 u�� �

   �� �' ��	�� ���)� �� ?�$%      �$Dp% 9�p& 8% �� ?���4 9$

   �p� �-p��)� $p�� $p�.   \p�)I% "p�� � Jmin= 10 18

Nuclei/Kg.secH�� ��� �$r�� .

8/�( 9& ��@�0 
& A@ �9


  ?���4 ����! �          �p! ���p)! ;�p���B3� ��
pM�nU ;�p�

      1 �3�� HMV �� ! 1 >��� ,$7 �  �1� "�� 9�  (V�R� 

  ��)! ��$< ?���       '�pK 9�p& 8p% ��K�� �! �'  �p� �  ��p��!

      �p� Y�� ;9�&1 H�-E ��K :��� ��$p�.    �p! � "���!�p�! 

    :	� �! �4$%)� (     ;Q�p�� 1 �3�-p�� ?�p'91�! :K���

  �%�*��I� �6)� �D           9�p&1 1 9�p& 8p% H�Rp#1 ;��! 

 H�� ?�-	� .            ���p)� 9� �p� 1 ��
p& �*p��I� �$I� ���

           ŵ ��' 9�& 8% ��K�� �! �-��)� � ;Q��� 1 �3�-�� t$7R�

O3� �� (1�  ����!�U� ��     1 W���p� � (�*p��I� "p�� 

    � H!$+� �-' �! ;9�&w  �      (V�R� :K �! 1 �$! ��<�

        ��� Hp!$+� ?�Yp�� "��R% 1 ��6E ���   �p� �p��9 ��p��! .

  S� ?�
� �+�J9��        (��p6E �p�� �! ,$!�� (�*��I� 

         �p� 1 �$p! �p	3� T���<V ��<�� �!     ��p3�� � H-p��!

   ?���4 ,$6J    ��$p� t����    �1� "p�� 9� 1     ?�p��4 WpJ 

QD     �6)� 9� �' D ��       $p� N 
p� �p��! ��[< .  "p��

              ?�p��4 WpJ �pM�R� 1 HA�p� ���)� �! �4$% �! :�A

?�	��           W���p� ?$p! t$7R� �! (�$_ "�� � �H�� ��[5

   ��n3-�� �BAE    p! ŵ *E �'   �  ��p� 91�     � W���p� ��p��

  �6)�Q            ?��p�� ;��p! t9V ?�p�9 1 �$p! �!������ :!�E 

 �6)� �! (��6ED ��R� δt$! ���$J �*��I� :!�E �.
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�� XYM ��Z 1 S%$_ �[< ?���4 :�7I%              ...

 � (��6E v�R�rQ� � t�4 �K�1 � (��6E ��R% 1 

NQ      �6)� �  � Q ?�$p�A �!    �*p��I� � v1�p� W���p� 

         ��p3�� � (��p6E �p�� u��QD    �p� �p3&��[5  ��$p�.

  ���)�  ��p� ��       ?�p� ;9�p&1 v1�p� �p7K�� � �p<� 

            1 ��p� �9 �p��$4 (��6E ����I! v�R� �6!�� 9� ����!

    ���$4 ��M$% u�� �6!�� Y��   5 � �' ��  H�$�   ���p� ��1.

 �� �*��I�    ��Z � ����< (�$_ "���     1 ��� W!�1� 9� 

      �7*E :K��� � (��6E ����  ��� H� �! �p��..     �p� �

��K� �$+ �!  ��p ! ;�p� `�K �! (�*��I� �7'  �TG �

  � ��6E ;��TL�           ��p ! ��
p& �! �@��3� v�*�� ;�� Y�� 1 

  ��R�TS(P)   ?�$p�A �!       � :)3-p� ;�p���B3� D   v1�p� 

��$�.       ��r� ���� ��$J y�%�% "��! ρL  �ρG   � hG  1 

  ������< y��)% \��+ 9� ��6E v�R� "�� % Y��)  �p6!��

��  $�5 � H� ( �� �-��$� .         :pK �p��.�&  ?. 9� /p5

     ��6E ��� �*��I� ;��! �$+ �!     ���n3�� W�$% 1 ���� 

       ��p� ���
% H�$�5 � �' ���. \!�6� ;��<�  (�$p_ 

����[5.         ���pn3�� �p7K�� ;�p�3�� � �p����U    9� ;�p�<

        �p�M1� �p��� % ���p)� 1 H!$+� t�% ���6E ��� �M�R�

 �pp6)� ;��pp!D `�ppK ���$
pp� ��pp#��  ;��pp! ;�pp��4

 �� ;����     �3&�< �r� � ���<      ���p	% 2$& ���.�& 1 ���

���<.

             ��p6E v�Rp� 1 �3�-p�� �;Q�p�� ���p)� :�A �

    �)! (V�R� ���A� 9� �����         ���p�9 �p�9 t�p< ���.�& 1 

  ��R�e′D   � ρ′D  1r′D      ;���� `��� �! ���� % ���)� �!

   �-��)� �#�&  ����<    ���. }^3J� 1  �$p_ �!(   >p!�$% 

F1 �F2 1 F3��� ?��! ���:

( ) DLGDD1 ePwhhw1eeF ′−
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ρ
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)o�(DD3 rrF ′−=

 ��R� ���K ;���� ���)� � t9V ���B%∆TG � ∆TL 1 

∆TS(P)         >p!�$% \��+ 9� 1 ?$-&�� "%$�� P1� 8�' �! 

 ��� ��   (�$_ �3&�< �p��.     p� ,�p*%�� "p�� � \3
  ;�p�

      ��r� t9V �CY4∂F1/∂TG   � ∂F1/∂TL   � ∂F1/∂TS(P)  �' 

            �p� ��p' �p! ?$-p&�� "%$p�� ���	% ���.�& � �p��.�  �p!

(�$_    �p7�7I%  �*p��I�     Yp�� 1 ��p� �      �p' �RE�$p� � 

     �$! `�-K (��6E ��� 1 :�	
% u�� � (����B%  �p��

   "�! ��-�Q   1 D ��-)% y���� �7_�& ��9 ;��R% �! �� 

  �& 1 �$��             t�p��� �p��<��4 8p� �p� ;��p! ���p	% ���.

 H�� �3&�<.   �    (�$p_ "p��     ;Q�p�� 1 �3�-p�� >p�9$% 

  ��-� ��3�� � ,1� � �7J�QD   ��p< 1 ��p& �6J 

  �%�    ��� �$r�� �7_�& ��9  H�� .      9� �3�� "�� ;��3�� � 

           �0M�p3�� 1 �p� ���
& :��� ���� ��$J t��% (�*��I�

   �6)� �D      ��9 t�< :K 1 ��� 91�!    :��	% ;��! ����9 

 ���� t9V ;�����	%H�� �3&��.

B�� 9 C$�D0 -�
��

     �9���� 9� ���� $4$� �!��% e��3�;��<    �p' ��3-p� ���p�

            "�!�$p% 9� ��	-p' 8p� �	7�A �D 
� "��R% �$r�� �!

   pp! t�pn����! ��n
pp�� 8p���	� ?�pp�%��5 � ��p ! t�pp��� �

�� ������[10]  . �! ��E $4$� (�Y���%  2$p& �� ! ��M$%

    �� Y�� 1 �$! v�*��      H���5$p� ŵ ��p' W���p� HI% ����$%

 �pp����� :p�A.  ?�pp��4 �p���! ?�pp	�� ypp�%�% "��p!  ;�pp�

�B�% ��<�[< 9� d$+�� 1 8
J ����& ��H�� ���.

          ��
& 1 s	� ]$6� ;1� ��
& �!��% 1 ;�$�% >�9$%

          1 ($p_ 2$&�� �41�J �! H���5$� ?���4 ;��! �B�%

Y��� ;��!            �p! ($p_ 2$&�p� �41�J �! d$+�� ?���4 

:	� � y�%�% ;��)� 1 � ( ��� �-��)����.

       9�p� Sp� ?�
� �+�J        � ��p� �� ?�
p� :pK

  :	�)� ( ?�$�A �!    ��M1� W����   ,$!��    d$p+�� :K �!

 �� �&�R�$� .   ��$�� �! �4$% �! :x� )�(  s��Yp&� 1 �

         �p� �prK^� sp	� �6p� ;1� ��
& $p� .  "�3-p �

�Y&���
& s�� ;1� ���& �*M �$� 9� ���� p& �6p��
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%  �#��7A� P�%�$�– �x�5 �� �#���I� ��

Boundary Conditions:
Dry Flow –  Supersonic Outlet 

 :	���9���� ;����
& 1 ��� �*��I� ;����
& >�9$%  �B�% ]$6� ;1� ��� ;��<

)H���5$� �� ! ?���4��%$_��& �41�J (

              9� /p5 1 ��p� �
p3�� ��<�[< ��A � �' H�� �B�%

     �� d�%9�! s	� �6� �! �$J�!�����.  �Yp&�    ��
p& s�

    s	� �6� ;1� ���& �*M � �$� :�	
% 9� ���� t1

H�� .

   d$+�� ?���4 HM�K ��       :	p� �! �4$% �! )�( �

     �7_�& � 1 s	� �6� ;1� �! �n� ��
& s��Y&� 8�

74%      �� �
U �! �B�% �%1 9� �$J.      ��
p& s��Yp&� "�� 

             ?�p�� ;�p��< ?�p� �9. 1 �� ! ����<�� ��6)% 9� ����

  ! "�# ��6)%          �M�pR% W���p� �p! ��p ! W���� H
<9�

     ;�$�% :K � y�%�% "��! �H��  �p� S<T�1   ?�p��4 ;

 �$+ �!����'��#�� ��� ��$n
�5 ;���� .    HpE �p�' �p!

 �� �rK^�          ?�p��4 :pK 9� ���� ����
& >�9$% �' $�

             9� :p*E �p% sp	� �6� ;1� d$+�� ?���4 1 8
J

 ���$4 ��K��           ?. 9� /p5 1 �n��p	� �! ��*� ���9  >p�9$%

  ��
&     d$+�� ?���4 �! ,$!�� �$+ �!   �prK^� :!�E  ;�

�� 8
J ?���4 � ��
& >�9$% 9� �%V�!���!.

         �� ! ?���4 ;��! �B�% ]$6� ;1� �! u�� >�9$%

 � ypp�%�% �pp! ��pp ! �
ppM�nU ?�pp��4 Ypp�� 1 8
ppJ

:	pp� ;�pp�)� 1 �� ( ��pp� �3pp��[< s��pp�� �pp!�pp��.

        � �pB�% ]$6p� ;1� �! u�� (����B%      ?�p��4 v$p� 1 

�� ���G% �!$J �! �� 2$& yM�6������.

         � H���5$p� ?�p��4 ;��! H!�F u�� ;���$3��'

  :	�)�� (       :	� � �
M�nU ?���4 ;��! 1)�o ( �C���

������.

S�3O<            �p! ���p�<�� �p�6)% �p�K�� Hp�RE$� H�� 

          "���5 � 1 H�� �3-!�1 ;1�1 �� ! ;�� 2$& �4�

   ��K�� H� ��� �� �   �$� ��$�A ;���    ���p& �*M ;��

        ! $4$� }^3J� 1 H�� 8
J ?���4 �! �!�
� �+�J �

   �� u�� ��A� (1�O%        w�3*-p� d$p+�� ?���4 � �' ���!

���3�'.
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Boundary 
Condensing Flow - Supersonic 

 :	���9���� ;����
& 1 ��� �*��I� ;����
& >�9$%  �B�% ]$6� ;1� ��� ;��<

)�
M�nU ?���4��%$_��& �41�J (

 :	���B�% ]$6� ;1� u�� >�9$%  )H���5$� �� ! ?���4��%$_��& �41�J (
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 :	����B�% ]$6� ;1�  u�� >�9$%  )�
M�nU ?���4��%$_��& �41�J (

 :	���!�F u�� ,$6J   H���5$� �� !  ?���4 :K 9� ���� H

�B�% ��<�[< ���

 :	��o �� ! �
M�nU ?���4 :K 9� ���� H!�F u�� ,$6J  
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�| XYM ��Z 1 S%$_ �[< ?���4 :�7I%              ...

         ?�p��4 1 8
J �� ! ?���4 � u�� ;���$3��' �-��)�

    �n���! d$+�� �� !  �� H�� ?.  ?���4 �<T�1   ;��  �p�

���       ��p<$7< Hp�V�! � )       ?�p��4 � u�p� �p' ���p4

   ��� �K�1 �! �!��! 8
J ( �p�� ���n��	� �! ��*� w�*��)%�

        �� t$7R� �
M�nU ?���4 :K � HE ��' �!   �p' $�

           "���p5 �! ��' ��<$7< H�RE$� �! �-��)� � �%$_ WJ

   �p3�' �	�Y�& ��<$7< � u�� 1 ��� :)3�� ?���4 H�

  �� 8� 9�  �� /5 ����!      ?���4 �' H&�< ���3� ?�$% ��

���     Hp�� ���p�� �nOJ �! ($_ 9� �3�' �3A�� �  .

             � d$p+�� ?�p��4 (�p�CY4 ��p<$7< Hp� "���5 �

  1 H�� ��� (1�O3� H�� �5$� ?���4 �! �-��)�  ?�p��

��$<     (1�O% "�� ���< ����� �'    u�p� s��' 9� ���� ��

   ! d$+�� ?���4 �  ��+�J    % ?��� ;���< ?���9.  ��6)

H��.

:	� ;��)�� 1 �| ( ���$4 u�� (����B%�4� 1 ���9

]$6pp� ;1� �� �
ppM�nU ?�pp��4 � ��pp ! ;�pp� 2$pp&

    ��
& 1 s	�  ������ S� �C��� .      ��p ! ;�� 2$& �4�  �p!

(�$_ (TS(P) – TG)  �p'TS(P)     �p! �@�p�3� v�*p�� ;�p� 

    1 �'�K ��
&TG      �p� ��p ! �RE�1 ;��  �p��!.  �p���! 9� 

:	�  ;�� ��� ��  �� t$7R�       w�*E�R3� 1 ���9 ���$4 �' $�

              ��
p& �6p� 9� �p%19 sp	� �6� ;1� �! (��6E ���

   ��� :_�K  �'            �p! ,�-p*�� u�p� ?$p! �3
�! 9� t�)% "��

     H�� ��� ���� s	� �6� ;1�.         HpE �p�' �p! w���p# 

 $� S� ��x�.  8p� �!  ?���� 9� /5 ���9 ���$4 u�� �' 

 ��' �7E ��� �3 H�� .         Hp�RE$� �p' �p' ?�
� �+�J ���! 

  �7E  �! ��� ��           ]$6p� ;1� ��
p& >p�9$% ;�p�I�� ���B% 

    �� \*6�� ��
& 1 s	����!.       �p4� (��p��B% ����! �! 

  �� ;�� 2$&      ?�Yp�� ,�-p*�� �p��� �p! �p' H&��� ?�$%

        �! ?���� �% �� ! ;�� 2$& �4�   ��	�� ���)� �{'��K

9� /5 1 �3&�� s��Y&�����<�� sM�nU "3�$�5 v$E1 �! �

 :	����� (����B% u ���9 ���$4 ) �
M�nU ?���4– ($_ 2$&�� �41�J (
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  9�         �3p��' �M�R% H�R#1 �! �� ! :���% "�# P���)�

 H�� ���.              �pO�� ;�p� 2$p& �p' Hp�� �p4$% ���! 

     �� ?���4 9� �
 ! �! ,$!��       ��pIM �p! ��p ! �p' $�

   �$� 91�! ��r� ?���4 �! �'�K W����    t�p< 2$p& � �p�

 �! (��6E �7I� �� *% 1 ���H�� �3�$�5 v$E1.

�E�D0 9 �FGH 8��I

       �p��$4 �p! ta$% ?���4 H�_$DJ "��3���    �p��� �p��9

             ?�p� �9. w�p*E�R3� 1 ��p ! � ���� ;�� 2$& �4�

  ! ?��� ;���< �+�J �           �!�p# �p! ta$p% 1 ���p�<�� �p�6)%

      �p! �3-p�� H
p<9�! yp4$� �' H�� sM�nU HpM�K 

  �� �	�����$��% ��R%$� .�� ���.�&  "�p!  (���K ��)3

             ��[p5�� H
p<9�! }��p+� ��p ! 1 ��p� :�	
% (��6E

 �� �)7%       �p� �	���p��$��% H&� LA�! 1 $� �p< . 9�

  �&�+ ��$< ?���  ��p3&� ����9. ;���< �� �rK^� �' 

      �B�% }��+� � ?���4 ;$nM� 1 �	�����1�C.   HI% �� ��

  �� ���E ��FG%  Y�� 1 ���  % u��       ,$p6J � ��
p& (����B

       ;��! �� �%1�O3� �	�����$��% ;����-� ?���4 q73 �

    �p� ���� :��A ���� �p���� .      e��p3� "�p! \p&�$% Hp�O�'

  ;�A!  � ���. H�      $4$� ���n
���9. e��3� 1   ?�
p�

���� �� H�� ?.!  ���'    bp��U��� ���p% P1� "3&�p<

�$pp��& �pp! �pp�3*� ?$-pp��4 ;��pp! �M$7pp� `a� ;�pp�!

��I�     �B�% � �� ! �
M�nU ?���4 �* "�!�$% ;���  e��3� 

 ����& �� ;��3A� :!�E 1 d$J w�3*-����1..

  J����)K�LM 
�D(
(

  N+. : �0.�� 8
�P	-$./      � �p���I! (��p6E :�	
%

   NM�J �� !�!    �p��$4 ;�$p�%    �p��9 "pn��     ��p� ?�p�! 

H��][21-24. �$+ �!        Yp*�< �9. ;Q�p�� ���B% �_^J 

 :	��| ;�� 2$& �4� (����B% ) �
M�nU ?���4– ($_ 2$&�� �41�J (
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��!       ��
p& � ��p ! 9� �$% 8� ;P  ;�p� 1 TG  "�p# 

       :p{� ����Y'�p� �p6)� ;��� d. ��p6E 8� �! sM�nU

(∆G*)   �! ��R� ��6E 9� �A�R� � �' H�� (r*)  �p! �' 

    H�� t$�$� ��6E ����I! v�R��   �� v$E1 �! ��$�5 .  �p!

!  �       �� t1 y��# �% �����1 HM�K �M�R� ?�!��'  ?�$p%

 �' � ?�
�:

[ ] [ ]{ }GGSGGSGL )T(B2/)T(lnRT
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ρ−ρ+ρρρ
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=

)o�(

)��(σπ=∆ 2** r
3
4G

   ��I�� �7E∆G     v�R� y-K �! ?�$�A �! �' �R��� 

    �� ��)� �� 9�& ���B%   H�� ��� �3J��� �9�� .   1 ;�$p�%

            2$p& H*-p� s��Yp&� �p' �p��. �n���! 1 �� (����
�

 v�*pp�� (S=P/PS(TG)) ?���pp*�! u�pp� s��Ypp&� ypp4$�

    s��p' ��M$	M$�r*   1   ��p%$' w�p*E�R3�   �p7E ?�p�∆G  �p! 

�9���� �� ;�        ;��R% �	�. ���3K� W���� "�� � �' $�

     ����I! ��9 (��6E 9�  �$p+ �p!     2$p& �9��p�� �p% �E�pO%� 

     �p� 8p� �! ������ ��� ����I!    HpM�K "p�� � 1 �p��

���$4  ���9"n��      9�p& :��p*% 1 ��p� �F�� ;���.�&   �p!

v$E1��  ��$�5[22].

 �)I% �   ���$4 u�� �#�K \ ���9 ?�$p�A �!  ��pR% 

           � 1 ���p� ��K �K�1 � ��� :�	
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ρ
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q   H�� ��6)% y��# .  ��p� �C��� e��3� �! �4$% �! 

     :�� 1 ��^5 W�$%[25]        ;��p! �I6p� s
p' y��# 

��$J       Hp % �6� �! ,$!�� ���)� �! d. �M$	M$� ;��

              8p� sM�pnU y��p# 1 ��p� �p3&�< ���E ��R� >���

          e��p3� 2$p& y���p# 9� yp�'�% "p�� Hp�� ��� ��&

 W���� � �� �!$J�� ��! �! q73 ��1..

  Q :  K�LM �=
 56&�7�    :���% ����I! 2$& (��6E

     �% ���� ?�'��� �!  �7��1 "�� �!       Yp*�< �9. ;Q�p�� �! 

��ppR3���$pp� 8pp�Y� ;�pp% . 9� :pp_�K ?�pp�� ;�pp��<

  sM�nU �� �$xM$�         1 ���p@ (��6E ?1� �1� �7�1 � 

 ! /0�  �         9� �3�-pE W�I� 1 ��6E ;�� }^3J� �6��1

    �� :)3�� �� ! �! ?.�< .     ��6E ��� u�� �*��I� ;��!

��        :pK ?�p�Y�� t�4 1 (���K ��)3�� (V�R� H-��!

H�� �3�K9�5 ��' ;�A �r� �6)� 9� �' ��$�.

  (�*pp��I� �pp�K "3pp��' ;��pp! �pp#�K \pp�)I% �

   ������< y��)%[26]          W*%�p� sA�Rp� �! �� ��6E ;�� �' 

��9���&�<���E ��O3�� �$�H�� �3�!�$+;�':

)��([ ] 









−−=

r
rT)P(T)P(TT
*

GSSL

          1 �I6p� s
' y��# ���B% 9� 2$& y��)% �

     �9�! � �� *% �0M�3��TL  �%TG �3��n�� �����  H�� ���  .

 �pp!S�$0�
ppU \pp��+ 9� 1 ��pp6E �pp%���K �pp����� 9� 

  �� ;Q��� /�V�!    �� ��6E ��� u�� ?�$%(�$_ �!  �p�9 

H&�< ���3�:

)�|(( )
( )LGL

GL

hh
TT

dt
dr

−ρ
−α

=

   2$& �6!�� �α  �6p� "�! (���K ��)3�� y��# 

    H�� }��+� �� ! 1 ��6E.      � ��M1� ��� :�	
% (��6E 

Archive of SID

www.SID.ir



%  �#��7A� P�%�$�– �x�5 �� �#���I� ��

      �9. s�$5 ��-� �! �-��)��$xM$���     �p�	U$' ��p ! ;

    �p� ?�'��� "�# �M1  ?. 9� �p���$%�3<�Y! ��$p�. � 

      �' ��9 (��*A �6!�� "��    t��% H�� d$-�� ������< �!

  �9�! ��� ��  �� ��    ��O3�� �$� ��' "�� � �[M 1 ����$5

 H�� �3&�< ���E:

)��(
)Kn18.31(r +

λ
=α

 2$& �M�R� �kn = l/2r�� "�$� �A ���!.

    �p6!�� 9� ��O3�� �! c�p�) �� (  1)�� (    �$pr�� �p!

 }[KTL 1 α �6!�� 9� )�| (�� ���3� �' $�:

)��(







−
−

ρ+
λ

=
LG

GL

L hh
TT

)l59.1r(dt
dr

    �� ! W���� �<� ?�$�A �!       �3p��n�� Hp!�F �W�pI� 

          2$p& �M�R� � H��� H�� ;����B3� ���% $�r   � TL

  1hL   $p! ����$J  .   �p����UhL       y-pK �p! �� TL   ?�p�! 

�pppM�R� 1 ����ppp��) �� ( ���Yn��ppp4 ;��ppp! ��TL� 

�6!��)�� (    p� ���E ��O3�� �$����      �� �7p_�K (��p*A 

��        �! �7�7I% ;��< ���n3�� 9� /5 ?�$%:x�    �pC��� ��9 

 �':

)��(t.d
rr
rrlnc)rr(b)rr(

2
a

*
1

*

1
2
1

2 δ=










−
−

+−+−

 (��pp*A "pp�� �r1 � v�Rpp� �pp�M1� ���pp)� t=t11 

δt = t-t1 1 TD ��R� ��*� ;�� 273.15°K�� Y�� 1 ���!:

[ ]DSLG T)P(Tcha −−=

( ) [ ]{ }DSLG
* T)P(Tchl59.1rb −−+=

[ ]GS
*

L T)P(Trc −+

( ) ( )[ ]DGLG
** TTchl59.1rrc −−+=

)��([ ]GT)P(ST
L

d −
ρ

λ
=















  �M�R�)�� (        w�3*-p� �� ?��9 �! ��6E v�R� (����B%

  �� �1.�! d$J  �7A 1 9��    p! H�� �7�7I% �	�. �Z� �

    �� ��3���nM t�% $41 H7A  + 9� H-��! :K ���	% \��

$� [27].

  ) : #�4D�� R$�4	        9� H�-pE ?. ;��! \�)I% "�� �

  Hp�V�! H!$+� �_� �' �%�*��I� �9$K)w > 1% ( 

  ��� y��)% 9�          ��O3p�� ��p6E �p�� �*p��I� ;��! ;�%

 H�� ���.   (��p6E �p�� HM�K "�� �  �p��  9� 1 ��p� 

  1� "��TL 1 �  ���3� �hL�� ��    ��p� �p����� ?�$p% W�

   ��r� �� !TG   1 hG      H��n�� H!�F �%�*��I� t�< ;1�  .

pp!� � �ppM�R� ypp�%�% "pp�)�� ( �$pp+ �pp! :pp!�E ��)3-pp� 

�� ;��< ���n3�� $��$+ �!;�' :

)��(δ








−
−

ρ
λ

=−+−
LG

GL

L
1

2
1

2

hh
TT

)rr()l59.1()rr(
2
1

     ��6E v�R� ��JV�! 1 )r (         X�� 3p�� �p�9 (�$p_ �p!

 H�� ���:

t
hh
TT

)l59.1(2r[r)l59.1(
l59.1r

LG

GL

L

11
2

δ







−
−

ρ
λ

+++
+−=

)|�(

  �!!  �   �6E v�R� ?��. H��      � ?. ;��[pn��4 1 

 ������< y��)%� � �6!� )�� (       p! ��p6E ;�p� �  �  Hp�

����.. ;�R! �7K�� � �� "��   ?�$p�A �p!   Hp!�F ;�p� 

H�� ��� �$r�� t�< ;1�.

Archive of SID

www.SID.ir



�� XYM ��Z 1 S%$_ �[< ?���4 :�7I%              ...

�0�10 J��S(�%
B �����1 t1 y��# r ��6E v�R�

C �T�1 ;���< t ?��9

FC , GC R� � ��� ;�����! �M�)�( T ��

G ��*�< �9. ;Q��� TS(P)  ��
& � v�*�� ;��P

h �$D � �0M�3�� v �$D � ��K

j t�4 �K�1 � (��6E :�	
% u�� VX , VY �OM�� (��4 � HA�� ;��X 1 Y

Kn "�$� �A w H!$+� H*-�

l  �9. s�$5 ��-��� �$xM$� x , y "�Y%��' (�D3 �

L  ?��� ;���< d. ��6)% α (���K ��)3�� y��#

N  ��R%�� �$xM$����� t�4 �K�1 � λ �%���K H���� H�7!�E

N ���� t�4 �K�1 � (��6E ��R% ρ �3�-��

P ��
& ρS(T)  ;�� � v�*�� �� ! �3�-��T

PS(TG)  ;�� � �� ! v�*�� ��
&TG σ �I6� s
' y��#

Q sM�nU y��# ω �B3� ���!���)! ;���

R d. �� ! ;��! 9�< H!�F Ω �%�*��I� �$7� HK�-�

*  �������I! ���)� T$�0�$/ �%

O ?$	� W����

G �� ! 9�&

L >��� 9�&

r ��6Ev�R� �! ;�

s v�*��

 U�.��

1. Haller, B.R., Unsworth, R.G., Walters, P.T., and Lord, M.J., "Wetness measurement in a model 

multistage low pressure steam turbine", Proceeding of BNES Conference on Technology of Turbine 

Plant Operating with Wet Steam, (British Nuclear Energy Society, London), pp. 137-145, (1989). 

2. Walters, P., " Wetness and efficiency measurement in L.P. turbines with an optical probe as an aid to 

improving performance",  ASME  paper 85-JPGC-GT-9, (1985).

Archive of SID

www.SID.ir



%  �#��7A� P�%�$�– �x�5 �� �#���I� ��

3. Kleitz, A., Laali, A.R., and Courant, J.J., "Fog droplet size measurement and calculation in steam 

turbines", Proceeding of BNES/IMechE Conference on Technology of Turbine Plant Operating with 

Wet Steam, (British Nuclear Energy Society, London), pp. 177-188, (1988). 

4. Tanuma, T., and Sakamoto, T., "The removal of water from steam turbine stationary blades by suction 

slots", In proceeding of IMechE Conference on Turbomachinery, Mechanical Engineering 

Publication, London, Vol. 3, paper C423/022, pp. 179-189, (1991).

5. Dibelius, G.H., Mertens, K., Pitt, R.V., and Strauf, E.,  " Investigation of wet steam flow in turbines",

In proceeding of IMechE Conference on Turbomachinery – Efficiency Prediction and Improvement, 

Cambridge, (Mechanical Engineering Publication, London), C271/87, pp. 135-143, (1986).

6. Bakhtar, F., and Mohammadi Tochai, M.T., "An investigation of two – dimensional flows of 

nucleating and wet steam by the time – marching method", Int. J. Heat and Fluid Flow, pp.5-18,

(1980).

7. Bakhtar, F., and  Bamkole, B.O., "An examination of the throughflow of steam in a turbine stage by a 

time – marching method",  Proc. Instn Mech. Engrs, Part A, pp. 233-243, (1989).

8. Yeoh, C.C., and Young, J.B., "Non-equilibrium throughflow analysis of low-pressure wet steam 

turbines",  Trans. ASME, J. Engng for Gas Turbines and power, pp. 716-724,  (1984).

9. Young, J.B.,  "Two – dimensional Non-equilibrium wet steam calculations for nozzles and turbines 

cascades", Trans. ASME, J. Turbomachinery, pp. 569-579, (1992).

10. Bakhtar, F., Mahpeykar, M.R., and Abbas, K.K., "An investigation of  nucleating flows of steam in a 

cascade of turbine blading - theoretical treatment", Transactions of the ASME. Vol.117, (1995). 

11. Bakhtar, F., and Mahpeykar, M.R., "On the performance of a cascade of turbine rotor tip section 

blading in nucleating steam",  ImechE ,vol. 211, part C , (1997).

12.Moheban, M., and Young, J.B.,  "A time – marching method for the calculation of blade – to – blade 

non – equilibrium wet steam flows in turbine cascades", C76/84  ImechE,  (1984).

13. Subramanina, S.V., and Bozzola, R., "Application of Runge Kutta time marching scheme for the 

computation of transonic flows in turbomachines", AIAA, propulsion conference, Monterey 

California,  July (1985).

14. Keenan, J.H. , Keyes, F.G. , Hill, P.G. and Moore, J.G., " Steam tables, thermodynamic properties of 

water including vapour, liquid and solid phases", John Wiley and Sons, Inc, (1978).

15.Martinelli, L., "Calculations of viscous flows with a multigrid method", Ph.D. Thesis, Princeton 

University, (1987).

16.  Dick, E., "Introduction to finite volume techniques", V.K.I Lecture series, (1990).

Archive of SID

www.SID.ir



o� XYM ��Z 1 S%$_ �[< ?���4 :�7I%              ...

17. Swanson, R.C., and Radespiel, R., "Cell center and cell vertex multigrid scheme for the Navier Stokes 

equations", AIAA Journal, May (1991).

18. Jameson, A., Schmidt, W., and Turkel, E., "Numerical solution of Euler equations by finite volume 

method using Runge Kutta time-stepping scheme", AIAA Journal, 81: 1259-1265, June (1981).

19.Gostelow, J.P.,  "Cascade aerodynamics", Pergamon, (1984).

20. Skillings, S.A., "Condensation phenomena in a turbine blade passage", J. Fluid Mech. vol. 200, pp. 

409 – 424, (1989).

21. Frenkel, J., "Kinetic theory of liquids", (Oxford University Press), (1946).

22.MacDonald, J.E., "Homogeneous nucleation of vapour condensation", Am. J. Phys. pp. 817-870, 

(1962-63).

23. Courtney, W. A., "Remarks on homogeneous nucleation", J.Chem. Phys., 35: 2249-2260, (1961). 

24.Kantrowitz, A., "Nucleation in very rapid vapour expansion", J.Chem. Phys. , 19(9): 1097-1100, 

(1951).

25. Plummer, P.L.M., and Hale, B.N., "Molecular models for prenucleation water clusters", J.Chem. 

Phys., 56(9):4329- 4334, (1972). 

26. Gyarmathy, G., "Zur Wachstumsgeschwindigkeit Kleiner Flussigkeitstropfem in einer Ubersattigtm –

Atmosphere",  ZAMP, 14, 280, (1963). 

27. Teymourtash, A.R., and Mahpeykar, M.R. , "An investigation of two dimensional , two – pahse flow 

of steam in a cascade of turbine blading by the time – marching method", Amirkabir J. of science & 

technology, Vol.14. 56 – C , (2003).  

Archive of SID

www.SID.ir


