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���� ���� ������ �! "#o $��%&��' 2, o (�"�$)� $*$&'� Brayton ����&�+(%��� ,-' 

,���.�"!�� +�#�#�'�/� ����.���� +� #0v ����.�./ /��'��)�0"0 +0����$'* ��.'-, $�#% #0 

"-+�!�"0 $�� #0v �$#)��"0. �� ��#!"#'��� �1��#/+�#� �o- ���.+�#'�'�'*� #�� ,���.�"!�� 

�-#��, $�#% $*��' &o.o, �!��� o "-+���"#/� (compressor) $�� o "#�)(�&'� (turbine), (Stodola 

(1945), Hawthorne and Olson (1960), Horlock (1973), Dixon (1978), Cohen et al (1972), 

Boyce (2002)). 

	#'-� "0+����'*� ����'"#�)(�&'-�  #o"o o "-+���"#/�, o"o $�� o "#�)(�&'� �!��� 

����"#���)+��� (.*�� ��o $%�'�'� %1'��)  �1��#/+�#�. 

 

 

5.1 � �������� ��������� 
����� ���	���	� (ROTOR) ��� 

�����	� 

 

� ,���.�"!� #0� ��#�&&�./� ����.���� +�#�1* #�v �#��-.!�� #o- "#�'��!'- $�� #o- 

��-"#'*, "� o&� #� �!,0 #�v "#�'(�&'+0���2� �!��� ,-��+�$/, ,0&�,/ ���#-.�%��#�� +�"2 

#0� +�#�('&/� �� ��'� #o ��)�', #0� #�+/� #�v ����+�#��� �o- �- +!3'-� #0v $�#%"#�"0 

#o- ��-"#'* (,0&�,/ �!�"0, �-$�)#0#�,  ��+'$��"!� $&�) (Horlock 1973), Dixon (1978), 

Cohen et al (1972), Boyce (2002)). 

�v �1�#%"'-+� �v� "#'����2,0 ).$' �&�.�'- o o�o�o� ����$&�!�� +�� '��"+��0 

�'")#0#� ��-"#'*, #o ��2#' �1!�+� #0�  ��+',-��+�$/�  +�� &�.�� o#� 

,� = ,Q – P,(1/�)   [5.1] 

��o- :   �   = �"�#���$/ ����.��� 

            W  = ��.' �o- ���%.�#�� P,(1/�) 

            Q  = ���&&�"")+��0  ��+)#0#� 

	#�� "#�'(�&'+0�����, �v .����, o� #��*#0#�� �!��� -40&�� $�� #� �o"�  ��+)#0#�� �o- 

+�'�'*� v� +�#���� '*� ��o/��'� #�� ,�%�'��� ����%����� �'&* +�$�% (#0� #%10� #o- 1% 

#0� ����.���� #o- ��-"#'*). ��� #o &).' �-#) ,Q � 0, ,0&�,/ 0 )&0 ,���.�"!� "-+�!�"0� / 

�$#)��"0� �!��� ("��,)�) �,��(�#�$/. 5�� ��'-+� : 

                  

1
D

DE
p

Dt Dt

�
� �
� �
� �	 
    [5.2] 

)�'- :  
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( )
dV

F m
dt

d
F Vdm

dt

�	

� 	 


�
�

� �
 

V
�

= %�-"+� #0� #��*#0#�� 

� = � / (1/�) 

��o #o 2o �)+' #o- ��*#���, .�� +0 "-��$#�$/ �o0, ��'-+� : 

 

DV
P

Dt
� 	 
�

�

 [5.3] 

 

(,0&�,/ #0� �1!"�"0 '�+/� #'- ��-"#'*, Euler) 

/ 
DV

V V P
Dt

� 	 
 �

�
� �

   [5.4]             

 

/ 

2

( )
2

V
D

V P
Dt

� 	 
 �
�

  [5.5]          

 

��o #'� '��"+) #0� �� �&�!��, ��'-+� : 

 

h = E + P / � 

 

'�)#�, 0 �1!"�"0 "� ,���'��$/ +'��/ +�� ,�v�� : 

1
( )

1
D

DE Dh DP
P

Dt Dt Dt Dt

�
�

	 
 
   [5.6] 

 

H �1!"�"0 #0� ����.���� (1°  ��+',-��+�$) �1!�+�) +�� ,!��� #)#� : 

 

� �Dh DP P
V P

Dt Dt t

�
�

�
	 	 � �

�
  [5.7] 

 

��)#�, "� "-�,-�"+) +� #0v �1!"�"0 #0� '�+/�, ��'-+� : 
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2

2

V
D h

DH P

Dt Dt t

�
� �

�

� �
�� �

� � 	 	   [5.8] 

 

)�'- :             

� = '&�$/ �� �&�!� = 
2 2

0
2 2

P P

V V
h C T C T� 	 � 	  $��  T0 = '&�$/  ��+'$��"!� 

� �����%�� �1!"�"0 +�� &�.�� o#�: 

 

«�
 
v� ������, �� �
����� ������� ���� 
������ �
� ��!, � ����" �
������ #� (��� 


$���%&' ��� � ����" $#
 �) �o� �
� ��! �$��
# v� �
������
# ��%� �v ���� �$� �
# ��$��� 

� ���" (�� ��%���)  ��$#
 � (�!(� � �o� p) 
���%& � (�
#& � �o� p).» 

  

	� "#� ���� +'���� "-+�!�"0� 0 �$#)��"0� (��o ,���*#�� / �$�'�*"��) ,� +�'��! v� 

-�%�1�� +�#��'�% ��.'-. ��&'�, 0 ����.��� #o- ��-"#'* +�'��! v� �-10 �! +)�' o#�v 

�-10 �! $�� 0 �!�"0 (,0& )#�� 0
P

t

�
�

�
). 	#�� "#�'(�&'+0����� ("-+���"#�� / "#�'(!&'-�) #� 

,�%$��� +�#�1* #�v �#��-.!�� "�0+�#!3'-� ,���*#�� / �$�'�*"��. �).� ,� #0� 

����"#�'�/� #�v �#��-.!�� �-#2�, 0 �o0 +�"� ��o �-#% �!��� �"#� /� "-���2� ���%.�#�� 

/ ��'��'�%#�� ��.'. 

 

 

5.2 � ������� �O� EULER 

 

�v �1�#%"'-+� �v� -&�$) "0+�!' +%3�� ,m �o- $���!#�� "� �v� �1'�'"-++�#��$) 

"*"#0+� �1)��� (r,  , z), o��� ��!��#�� "#o "�/+� 5.1, ��'-+� o#� (Horlock 1973), Dixon 

(1978)): 

 

( )
dV

F m
dt

�	

�
�

 / 
d

F Vdm
dt

� 	 

� �

  [5.9] 

 

)�'- :  F
�

 = �1�#���$/ ,*��+0 �o- �"$�!#�� "#o "�+�#!,�'                   

                         V
�

 = #' %�-"+� #0� "-��"#�+��0� #��*#0#�� 

 

���&*'�#�� #0 ,*��+0 F
�

 $�� #0v #��*#0#� V
�

 "#�� ��#!"#'���� "-��"#2"�� ��'-+� : 
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ˆˆ ˆ
r zF rF F zF��	 � �

�
  [5.10] 

$�� 

U z + W  + V r = V ˆˆˆ �
�

   [5.11] 

)�'- z  ,  ,r ˆˆˆ �  = +'��,��!� ,���*"+�#� "#�� $�#�- *�"��� (r,  , z) ��#!"#'���. ����,/, 

,�, 

ˆ ˆdr d

dt dt

�
�	  $�� 

ˆ
ˆ

d d
r

dt dt

� �
	 
  

 

)#�� #o "*"#0+� ����"#����#�� �� ��'� #'� %1'�� z, ��'-+� 

 

r

z

dV d
F m W

dt dt

dW d
F m V

dt dt

dU
F m

dt

�

�
�

�
�

�

� �	 
� �� �

� �	 �� �� �

� �	 � �� �

  [5.12] 

5��  

dW d
r F m r Vr

dt dt
�

�
� � �� 	 �� �� �

   [5.13] 

 

$�� ����,/, V = dr/dt, W = r (d /dt), ��'-+� 

� �d
rF m r W

dt
� �	 �   [5.14] 

  

�' .��)+��' rF  �!��� 0 �'�/ "#��40� (torque) # �o- �"$�!#�� "#o "�+�#!,�' �� ��'� 

#'� %1'�� z.  

 ��  ���/"'-+� #o ��-"#) v� ����#!3�#�� ��o �v� % �'�"+� #�#'��� "�+�#�,!��, 0 

'&�$/ �'�/ "#��40� � #'- ��-"#'* ,!��#�� ��o #0 "��"0 : 

 

� � � �
 

 
 
� ������������	 	
� A

dAn̂VWrdWr
dt

d
T

�
 [5.15]  
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)�'- #� '&'$&0�2+�#� .!�'�#�� �� ��'� #'� ).$' $�� #0� �1�#���$/ ����%���� #o- 

).$'- �&�.�'-. 

 �v  ���/"'-+� #0 ���'�/ +%3�� #o- ��-"#'* "#� ��/, 0 +�"0 #�+/ #0� �'�/� 

"#��40� �!���: 

 

� �
 
 ������	
A

m dAn̂VWrT
�

 [5.16]  

��o- 0 )&0 �o0 �!��� +�v ����',�$/ �&&% +� �'&* +�.%&0 "-��)#0#�. 

� #-��$/ +'��/ #o- ).$'- �&�.�'- +��� "#�'(�&'+0���/� ��!��#�� "#o "�/+� 5.2. 

	-���2� 0 �'�/ "#��40� �!��� !"0 +� : 

 

� � � �
2 1mT m r W r W� �	 � 
 �� �    [5.17]  

 

� �"�*� �o- +�#�����#�� ��'� /��)  #o ��-"#) �$��%3�#�� ��: 

 

e mW !	 �"   

 

)�'-: � = .����$/ #��*#0#� ����"#�'�/� #�v �#��-.!�� o�o- ����+)3�#�� 0 �'�/ 

"#��40� �m. 5��, #o ��,�$) �!���: 

 

� � � �
2 1

e
e

W
W r W r W

m
! � �# 	 	 � 
 �� �  

2 2 1 1p pU W U W	 � 
 �   [5.18] 

 

��o-: Up = � r  = ����"#�'��$/ #��*#0#� #�� �#��-.!��. 

� �1!"�"0 �-#/ �!��� .��"#/ "�v �1!"�"0 #o- Euler. �#�� 6W > 0 ��'-+� "-+�!�"0 

$�� )#�v 6W < 0 ��'-+� �$#)��"0. 
0����$/ &'��)�, �"�*� +�'��! v� ��#�&&�� �! +�#�1* 

�#��-.!�� $�� ��-"#'* �!#� &).� �-1'+�!�"0� #0� Up (,0&�,/ #0� �$#!��� r) �!#� &).� 

�-1'+�!�"0� #0� W. �#�� 0 ,���.�"!� .!��#�� +� r = r 12  0 "#�'(�&'+0���/ ��'$�&�!#�� 

�1'��$/. �#�� r   r 12 $  ��'$�&�!#�� �-.'$��#��$/. 
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5.3 � ������� ��� ���	���	
�
���� 

 

� ��%&-"0 )&�� #�v "#�'(�&'+0���2� (�"!3�#�� "� ,-' "#'���!� (Horlock 1973), 

Dixon (1978)): 

(�) 	#0 (� +!,�, 0 '�'!� ��'#�&�! $�� #0v ��o ��&/ $�� (�"�$/ +'��/ +��� 

"#�'(�&'+0���/�.. 

(() 	#' ,������"+) #o- ��,!'- �o0� (�o- �!��� #��",�%"#�#'o) "� ,-' ��&'*"#��� 

��!��,�, �v� $-&��,��$) (z,  ) $�� �v� +�"0+(���) (r, z). �o ��2#', +�#�1* ,-' �#��-.!�� 

�!��� "��,)� ,�,�%"#�#' $�� #o ,�*#��' �$��'"���! #0 "+�"0" �o0 +�#�1* ,-' �#��-.!��. � 

,������"+)� �-#)�, �!��� ��'"�..�"#�$)� $�� -�%��'-� ,�%�'�� ��!��,� �'&-�&'$)#0#�� 

"#0 ��'"�..�"0. 6-' ���&*"��� �o- ��0"�+'�'�'*�#�� "-��% �!��� o� ���&*"��� #�v 

�#��-.2"��� "#0v +�"0 .��++/ $�� +�"� #0� ��&/� �$#���$/� �"'��'�!��. 

� (� +!,�, &'��)�, ��'#�&�! #0v ��o ��&/ +'��/ "#�'(�&'+0���/�. ��'#�&�!#�� ��v#� 

��o +�� "���% �$!�0#�� �#��-.!��, #'�' �#0+���� "#' ,�%���.+� (�o- +� #0 "���% #o- 

��'",���#�� "#o �1�#���$) $�&-�'�, $��%&��' 8.1) $�� +�� "���% ����"#���)+���� 

�#��-.!�� #'�' �#0+���� "� ,!"$' (�o- ��'",���#�� "#'� %1'��). � ��2#0 "���% ����#!3�� 

#o "#%#'��. (Stator-S) $�� 0 %&&0 #o �)#'�� (Rotor-R). 

� ��%&-"0 #0� ,���.�"!�� "-+�!�"0� 0 �$#)��"0�, "� +�� (� +!,�, "� ,�%.��++� 

Mollier, H-S .!��#�� +� #0 ('/ ��� ,-' ���2�: 

(i) � ��2#0 ���/ +�� &�.�� o#� 0 '&�$/ �� �&�!� (�) ,� +�#�(%&&�#�� "#� �$!�0#� 

�#��*.��, ,0&. �1 = �2 

(ii) � ,�*#��0 ���/ +�� &�.�� o#� 0 �' �&�!� ,� +�#�(%&&�#�� "#� ����"#���)+��� 

�#��*.��. � �' �&�!� (I-rotational enthalpy) '�!3�#�� �� 0 �'")#0#�. 

 

21

2
P PI h V U W H U W	 � 
 � 	 
 �

�
   [5.19]  

$�� ��',��$�*�#�� o#�, ����,/ �"�*�� :  

 

2 2 1 1 2 1
e

P P

W
W U W U W H H

m
# 	 	 � 
 � 	 
   [5.20] 

 

+�'�'*+� v� .�%4'-+� : 1 2 1 1 2 2P PH H U W U W
 	 � 
 �   [5.21] 

/ 

1 1 1 1 2 2 2 2P PI H U W H U W I	 
 � 	 
 � 	   [5.22] 
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H "��#�$/ #��*#0#� #o- ��-"#'* relW
�

 (�� ��'� #� �#��*.��) '�!3�#�� ��o #0v $%#� � 

,���-"+�#�$/ ,���'�% #��-#/#�� 

rel ) ) pW V U�%&' (& ) %�&*+ !, - �	 

� � �

   [5.23] 

/ 

. / . /, , , ,rel r z ! ! P !W W W W V W U U� �%&' ( �%&' ( �%&' (	 	 

�

  [5.24]  
 

7� ������ v� -�'"0+��� �! o#� o#�v ���&*'-+� #0v �o0 +�"� +��� "#�'(�&'+0���/� "#0 

"+�"0 .��++/" (mean line 0 pitch line flow analysis), ,0&�,/ "� �v� ��!��,' z-  (.�� r=ct) 

-�' �#'�#�� ,�,�%"#�#0 �o0, "-�0 !3�#�� v� ��0"�+'�'��!#�� o "-+('&�"+)� C
�

 .�� #0v 

���#��� ��)&-#0 #��*#0#� V
�

 #'- ��-"#'* $�� #' "*"#0+� �1)��� r-x ��#! r-z o��� "#' 

"�/+� 5.3� (!,� $�� $��%&��' 8.2) ,0&�,/:    

" ) ) pW C U'0% +1 �%&' (& ) %�&*+ !,- �	 

�� �

                    [5.23’]

  / 

. / . /, * , * , *, , ,  - ,  rel r x r P xW W W W C C U C� �%&' ( � �%&' ( �%&' (	 	
�

 

�&&% (�(��� �,2 -�' �#'-+� ,�,�%"#�#0 �'/ "#' r-  ��!��,' $�� )#� Cr = 0. 

��) #'� '��"+) #0� �' �&�!�� ��'-+� : 

  

  

� �

2

2 2 2

2 22 2

2

1

2

1

2

1

2

1

2

P

P

P P

rel P

I h V U W

h V W U U W

h V W U U U

h W U

	 � 


� �	 � � � 
� �

� �	 � � 
 � 
� �

� �	 � 
� �

�

� �

   [5.25] 

 

5��, ��'* I1 = I2 , ��'-+� : 

 

2 2 2 2

1 1 1 2 2 2

1 1 1 1

2 2 2 2
rel p rel ph W U h W U� 
 	 � 

� �

  [5.26] 

/ 

2 2

1 2 1 2

1

2
r r p pH H U U� �
 	 
� �    [5.27] 
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)�'- �1r $�� �2r �!��� o� "��#�$�� '&�$�� �� �&�!��. �#�� 0 "#�'(�&'+0���/ �!��� 

�1'��$/, #)#�   U1 = U2 ,    '�)#� �1r = H2r.  

�� ,��.�%++�#� Mollier, (�-S) $�� o� -�'&'.�"+'! #�v �,��(�#�$2� ��',)"��� .�� #�� 

�1'��$�� $�� �-.'$��#��$�� "#�'(�&'+0����� ��'-� ��  �1/� (Horlock 1973), Dixon (1978), 

Cohen et al (1972)): 

 

(�) �������� ����� !"#� 

�,2 ("�/+� 5.3) ��'-+� �*10"0 #0� '&�$/� �� �&�!�� $�� #0� '&�$/� �!�"0� ��o #0v 

P01 (�!"','� (� +!,��) "#0v P03 (�1o,o� (� +!,��). � ,���.�"!� 01 - 03ss �!��� �"��#�'��$/ 

(�,���$/) $�� 0 01 - 03 0 ���.+�#�$/. ��� #�� �� �&�!�� ��'-+�: 

 

h02 = h03        "#%#'��� (stator) 

h01rel = h02rel   �)#'��� (rotor) 

(�,2 h0 = H) 

 

�o �&%��"#' ��#�"#���#) ��.' "-+�!�"0� (6Wmin) "-"��#!3�#�� +� #o ���.+�#�$) 

(6Wc) �� �1/� ("�/+� 5.3) 

� � � � � �

� � � �

min 03 01

03 01 03 03 03 03

03 03
2 2 3 3

2 3

ss

s ss s

c s s

W h h

h h h h h h

T T
W h h h h

T T

# 	 


	 
 
 
 
 


2 # 
 
 
 


   [5.28] 

 

��'* h T S# � #  $�� 
� �
� �

03 3 303 03

2 2 2 2 2

S SSs ss

s S

T S Sh h

h h T S S




	


 

  [5.29] 

 


�  S3s-S3ss=S2-S2s ("�/+� 5.3) 

����&�'� 0  ��+'$��"��$/ �*10"0 "� +�� (� +!,� "-+���"#/ �!��� +�$�) +)�' 

$&%"+� #0� ����$/�  ��+'$��"!�� $�� "-���2� +�� �����#��� $�&/ ��'"�..�"0  � /#�� 0 : 

 

� � � �min 2 2 3 3c s sW W h h h h# � # 
 
 
 
    [5.30] 

 

� ��'"�..�"0 �-#/ �"�*�� +)�' .�� +�� (� +!,� )�'- "-�/ �� 0 "-+�!�"0 �!��� +�$�/ 

'*#�� 2"#�, o� &o.o� #�v  ��+'$��"�2� $�� #�v �-$�'#/#�� v� #�!�'-� ��'� #0 +'�%,�. 

8#"� +�'�'*+� v�  ���/"'-+� "��,)� �"-+�!�"#0 �o0 $�� v� ��0"�+'�'�/"'-+� +�� +�"0 
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�-$�)#0#�. 

��!"0�, ��'-+� h02 = h03 ("#o "#%#'��) : 

 

� �
� � � �

2 2

3 2 2 3

02 2 03 3

1

2
h h C C

P P P P

�


 	 



 
 

�

  [5.31] 

(��o- .�� "��,)� �"-+�!�"#0 �o0   2

0

1

2
P P C�
 	  ) 

�2��, "� �"��#�'��$/ ,���.�"!� �ds = 0 = dh - (1/�) dp $�� $�#% +/$'� #0� 

�"��#�'��$/� .��++/� 2-3s ("�/+� 5.3) 
� �3 2

3 2s

P P
h h

�




 	   [5.32] 

$�� ��'+���� �����2�#�� #�� ,-' �����%�� "��"��� ��'-+�: 

 

� �02 03
3 3 0

1
s

P P
h h P

� � �"3"453

� �


 	 	 #� �

� �
  [5.33] 

  

�+'!��, .�� #o �)#'�� : 

 

� �01 02
2 2 0

1rel rel
s

P P
h h P

� � 54"453

� �


 	 	 #� �

� �
  [5.34] 

  

5��, o (� +)� ��o,o"0� ('&�$)� ��'� '&�$), o��� &�.�#��-total to total) .�� #0 

(� +!,�  �!���: 

   

� � � �

� � � �
� �

2 2 3 3min

03 01

0 0

03 01

1

1

s s

tt

C

h h h hW
n

W h h

P P

h h�
�"3" 54"


 � 
#
	 2 


# 


# � #
2 





�

  [5.35] 

  

� ���#��� �$���"0 ���� ��' �- �!�� ����+'./ $�� "#�� ��#&!�� $�� "#'-� ���+�"#/���, 

"-.$�!��#� #0 ,� +� #0v �$���"0 .�� #0v �"��#�'��$/ ��o,o"0 #o- $���&�!'- 2 $�� '� ,*' 

,� �-#�� ��',)"��� "-�,�'-� #�� .��!�� #0� �#��*.�"0� +� #0� �*10"0 #0� �!�"0� "#0� 

�#��*.�"0 )��� ,�!���#�� $�#�#���. 

� (� +)� / &o.o� ��#!,��"0� R (degree of reaction / reaction ratio) '�!3�#�� ��) #o 



�� ���������	
��� 
��� 

- 5.12 - 

&).o:  

 

2 1

3 1

h h
R

h h



	



   [5.36]      

 

.�� "-+���"#/ $�� ����#!"#���#0 �o0 /  

 

2 1

3 1

P P
R

P P



	



   [5.37]    

 

.�� �"-+�!�"#0 $�� ����#!"#���#0 �o/  

 

$�� "-+('&!3�� #o &o.o #0� �*10"0� #0� "#�#�$/� �� �&�!�� "#o "#�'��!' ��'� #0v 

�*10"0 #0� "#�#�$/� �� �&�!�� "#0 (� +!,�. 

 

����,/ � �2 2

3 1 1 2

1

2
rel relh h W W
 	 
  $�� ("-�/ �� C1= C3) ��0"�+'�'�2�#�� #o "-+('&�"+) 

#��-#/#�� #o- "�/+�#'� 5.3, &�+(%�'-+� .�� #' ��.' #'- "-+���"#/: 6wc = h3 - h1 = h03 - h01 

= UP(Cy2 - Cy1). 8�'-+� ,� .�� �#��*.�� +�$�'* *4'-� +� '+'�)+'��0 #��*#0#� "#� ��!��,� 

��"),'- / �1),'- $�� ��) #0� #��.��'+�#�!� #'- "�/+�#'� 5.3: 

 

 

 

 

 

��&�$% $%�'�#�� ��/"0 #�� #��.2��� #��-#/#�� #'- "�/+�#'� 5.3 +� Wy1,2 = #0 

"��#�$/ #��*#0#� "#0   ,��* -�"0 &�+(%�'-+� #�� �$��%"���: 

 

6Wc = h3 - h1 = h03 - h01 = cp(T03-T01) = UP(Cy2 - Cy1)=  UPCx(tan�1-tan�2) [5.38] 

 

� �
� �� �

� �

� � � �

2 2
1 2 1 21 2

2 1 2 1

2 1 1 2

  0
2 2

1 tan tan tan tan
2 2

y y y yrel rel

P y y P y y

x x

P P

W W W WW W
R

U C C U C C

C C
R

U U
6 6 7 7

� 


� 	


 


	 
 � 	 �

  [5.39] 

1 1

2 2

1 1 1 1

2 2 2 2 1 2 3

1 1 2 2 2 1 1 2

tan tan

tan tan    $�� +�    ��'-+�

tan tan tan tan tan - tan tan - tan

y y

y y

C W

P x x

P x x x x x x

C W

U C C

U C C C C C C

6 7

6 7

6 7 6 7 6 6 7 7

	 �

	 � 8 	 	 	

� 	 � 9 	

����� �����

��	�
 ��	�
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� #�+/ #o- R &�+(%��#�� "-�/ �� (o�� )+�� �����!#0#�) .*�� "#o 0.5. � �)�#�"0 #0� 

(� +!,�� (9 - stage loading factor) $�� ' "-�#�&�"#/� �'/� (� – flow coefficient) '�!3'�#�� 

��: 

 

� �

� �

0, 2 103 01
2 12 2

1 2

2
 tan tan

0.5 0.5 0.5

   9=1-� tan tan

p stage y y x

P P P P

x

P

c T C Ch h C

U U U U

C

U

6 6

16+

:% 6 7

# 


; 	 	 	 	 


� � �

< 	

�

  [5.40] 

 

$�� ��0"�+'�'�'*�#�� "#0v �$#!+0"0 #0� &��#'-�.!�� #0� "#�'(�&'+0���/� �$#)� 

"-� 0$2� "��,��"+'* (off-design operation). �%� 6T0stage �!��� 0  ��+'$��"��$/ �*10"0 

"#0� (� +!,� $�� 
Stage

= ' (� +)� ��),'"0� #0� (� +!,�� (' �'&-#�'��$)�) #)#� 0 

���#-.���)+��0 "-+�!�"0 "#0� (� +!,� �!���: 

1
0, 03

 

01 01

1
stage stage

stage

stage

TP
r

P T

*
*= 
� #� �� �

	 	 �� �� �
� �� �

 

 

 

($) �������� �"%�$�&�� 

�,2 ("�/+�#� 5.4 $�� 5.5) ��'-+� +�!�"0 #0� '&�$/� �� �&�!�� $�� #0� '&�$/� �!�"0� 

(��o P01 "� P03). � �,���$/ (�"��#�'��$/) ,���.�"!� �!��� 0 01-03ss �v� 0 ���.+�#�$/ �!��� 0 

01-03. 	#�� (� +!,�� #�v "#�'(!&�� ($�� ��#! �#� ��) )#� "-+(�!��� "#'-� "-+���"#��) o 

"#%#'��� ��'0.�!#�� #o- �)#'��. �,2, &'��)� ��'-+� : 

h01 = h02 "#%#'��� / �$�'�*"�' (stator / nozzle) 

$�� 

h02rel = h03rel  �)#'��� 

�� ,���.�"!�� (1-2s) $�� (2-3s) ��o�o-v #�� ��#!"#'���� "� $% � �.�.) ,�� +�"'- #�v 

�#��-.!��, �� �%� �-#% &��#'-�.'*"�� "�� ��&% �$�'�*"��. �' ��'"���)+��' ��.' �!��� : 

 

� �01 03 2 3t P y yW h h U C C# 	 
 	 �   [5.41] 

 

� ��o,o"0 #0� (� +!,�� '�!3�#�� : 
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01 03

01 03ss

h h
n

h h



	



  [5.42] 

 

��� #�� "-�/ ��� �����#2"���, o�o- C1 = C3 $�� Cx1 = Cx2 = Cx3 = Cx, ,0&�,/ o#�v 0 

�1'��$/ #��*#0#� ����+���� "#� ��/ $�� 0 ��)&-#0 #��*#0#� ,� +�#�(%&&�#�� ,��+�"'- #0� 

(� +!,�� $�� -�' �#'�#�� o#� C3ss � C3, ��'-+� : 

 

� � � � � �
1 3 1 3

1 3 1 3 3 3 3 3

tt

ss s s ss

h h h h
n

h h h h h h h h


 

	 	


 
 � 
 � 
� �� �
  [5.43] 

 

	#�� �"'(���!� ,���.�"!�� (p = "#� ��)o) ��'-+� 6h = �ds, $�� ��'+���� : 

h3s - h3ss � T3 (S3s - S3ss) 

$�� 

h2 - h2s � T2 (S2 - S2s) 

�&&% S2 - S2s = S3s - S3ss (��) "�/+� 5.4) $�� ��'+���� h3s - h3ss � (T3/T2)(h2 - h2s) 

�� ��"%.'-+� #'-� "-�#�&�"#�� ���&��2� 3 (-�%��'-� $�� %&&�� �$��%"��� .�� #'-� 

"-�#�&�"#�� ���&��2�, o���  � ,'*+� "#� ��)+��� $��%&���), .�� #� �#��*.�� #o- "#%#'�� 

(�o- $�&�!#�� $�� �$�'�*"�' (nozzle), 3�) $�� #o- �)#'�� (3R) �� �$'&'* ��: 

 

  

2 2
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3 3

21
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h h
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h h
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  [5.44] 

 

��'-+� .�� #0v �,��(�#�$/ ��o,o"0 ('&�$/ ��'� '&�$/) #0v �$���"0 : 

  

� �
� �

2 2
3 2 3 2

1 3

1

/
1

2

tt
relR N

n
W C T T

h h

> >
	

�
�




   [5.45] 

  

�#�� 0 $��0#�$/ ����.��� "#0v �1o,o #0� (� +!,�� ,�v ��0"�+'�'��!#�� ���&�+� 0 

$�#%&&0&0 �$���"0 .�� #0v �,��(�#�$/ ��o,o"0 �!��� 0 '&�$/ ��'� "#�#�$/ �,��(�#�$/ 

��o,o"0 (total to static), 0ts, /#'�:  
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� �
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01 3 2 2 23
3 2 1

2

1 3

1

1
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ss

R rel N

h h
n

h h T
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T

h h

> >



	 	


 � �� �
� �� �� �

� �� ��
� �

� �
� �� �

  [5.46]  

 

+� 1 3C C�  

	#'� ����$) "��,��"+) $�� o#�v 0 "#�#�$/ �#2"0 �!�"0� ,�v �!��� +�.%&0, o &o.o� 

�3/�2 #! �#�� !"'� +� #0v +'�%,� ��&'�'�2�#�� #'-� -�'&'.�"+'*� $�� #�� ���#��� 

�$��%"���. �,2 ��!"0� (&��'-+� o#� ���� -�'&'.�" �! 0 ��o,o"0 #0� (� +!,�� ����%3�#�� o 

-�'&'.�"+)� #�v "-�#�&�"#2� ���&��2� �!�"0� +� +�� ��o #�� +� ),'-� #o- $���&�!'- 6. 

 5&&�� �$��%"��� �o- ��0"�+'�'�'*�#�� .�� #'-� "-�#�&�"#�� ���&��2� #�v 

�1'��$2� "#�'(!&�� �!��� o� $%#� �: 

 

2 2
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s
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h h
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	 ,  3 3
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2

s
R

rel

h h
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	  ( )? >@  [5.47] 
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 [5.48] 

$�� ���)+'�� .�� #'� �)#'��. 

��!"0� ��0"�+'�'��!#�� $�� 0 ���%+�#�'�:  

 

� �
1

2
01 032

P P
is

is
ss

U U

C
h h

' 	 	
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   [5.49] 

 

$�� 0 "��"0 #'- "-�#�&�"/ �)�#�"0�, � �0,

2 32
2

2
 tan tan

12

2

p stagett x

is P
P

c Tn C

U
U

7 7
'

#
; 	 	 	 � ,  

$�� #'- "-�#�&�"#/ �'/�, x

P

C

U
< 	 , .�� "��,��"+) +� #0v ('/ ��� ,��.��++%#�� 9-�. �"�*�� 

,� )#�  � �2 3
9  2 tan tan7 7	 < � . 

� (� +)� ��#!,��"0� R "-+('&!3�� #' "��#�$) �'") �$#)��"0� "#' "#�'��!' $�� 



�� ���������	
��� 
��� 

- 5.16 - 

,!,�#�� ��o #0 "��"0: 

 

2 3

1 3

h h
R

h h



	



  [5.50] 

 

�#�� C1 = C3 #)#� ' (� +)� ��#!,��"0�, R, $�� #' ��.', 6Wt , ,�,'�#�� ��: 

 

� �

� � � �

2 2
3 22 3 3 2

01 03 2 3

3 2 3 2
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    = tan tan tan tan
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y yrel rel
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  [5.51] 

$�� 

 

� � � �
� � � �

01 03 2 3 2 2 3 3

2 2 3 3 2 3

= tan tan

       = tan tan = tan tan

t P y y P x x

P x x P x

W h h U C C U C C

U C C U C

6 6

6 6 6 6

# 	 
 	 � �

� �
 

 

$�� +�"� #0� #��.��'+�#�!�� #'- "�/+�#'� 5.4, )�'- 

� � � �2 3 2 3tan tan = tan tan6 6 7 7� �  ��'-+�: 

 

� �0, 01 0301 03 2 3( - ) tan tanp stage pt P xW h h c T c T T U C 7 7# 	 
 	 # 	 	 �  [5.52] 

 

�-#/ ,� 0 "��"0 "-�,��� #�� .��!�� #0� ���'#'+/� +� #0�  ��+'$��"��$/ �#2"0 "#0� 

(� +!,�.  

�,2 0  Cy2 = wy2 + UP  $�� Cy3 = wy3 – UP , ,0&. 0 UP �!��� ��#! �#0 #0� Cy2 n Cy3 $�� '� 

�1'��$�� #��*#0#�� Cx -�'#! ��#�� "#� ���� ,�� +�"'- #0� (� +!,�� (.�� #'-� "-+('&�"+'*� 

#�v #��-#/#�� ������ �!#� "#� "�/+�#� 5.3 $�� 5.4). � "*.��'�0 ���$#�$/ "-��"#% #�� 

�$)&'- �� #�+�� #�� ����+�#���:  0.8 1.0,   3.0 5.0,   0.5R- < - - ; - � . 

 

(') 	 ��'�� �"%���� ����� !"#� 

�� $*��� �1��#/+�#� #o- �-.'$��#��$'* "-+���"#/ �!��� (o��� ,�!��'�#�� "#o "�/+� 

5.6), 0 �#���#/ (impeller), o ,�%�-#0� �1o,o-, #o "#o+�o �����)�0"0�, #o "+%#�" ��"),'- #0� 

�#���#/�, #o "����'��,�� $�&-�'� (scroll / volute), #o #*+���' (0 $�+�*&0 ����%���� a-b) 

$�� #o ���!(&0+� (c-d). �,2  � ,' �! +�� ����&0�#�$/ +)�' ����.���/ #o- -�'&'.�"+'* $�� 

#�v +�.� 2� &��#'-�.!�� #o- �-.'$��#��$'* "-+���"#/ (Horlock 1973), Dixon (1978), 
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Cohen et al (1972)). 

 

�
����� ��' ��' ���!����'  �o «����» 
� �*�� ��' $�
�&�"'. 

� #��*#0#� �����)�0"0� #o- ��-"#'* "#0 ,��#'+/ a-c ("�/+� 5.5) �!��� +�� $�!"�+0 

���%+�#�'� "��,��"+'* &).� -���('&�$2� ���&��2� '&�$/� �!�"0� $�� &).� 

"-+���"#)#0#�� "� -40&'*� �- +'*� �����)�0"0�. � (�&#�"#'� "-�#�&�"#/� �o0� � "#o 

"0+�!' �-#) �-�!"$�#�� o#� �!��� : 

1

2
1

1 2

X

PS

C K

U

� �< 	 	 � �
� �

   [5.53]  

 

)�'- 

2

1

1

1 h

s

r
K

r

� �
	 
 � �

� �
$�� 1 1PS sU r!	  

)�'- h $�� s ������'�#�� "#� "0+�!� a $�� c "#0 ,��#'+/ ��"),'- #0� �#���#/� �!��� 

,� "-�/ �� 0.3Arh1/rs1A0.6. 

� ��!#�-10 -40&2� ��',)"��� "� -40&'*� &).'-� ���"��� ����'�!3�� $�� #o "��#�$) 

��� +) Mach "#o «+%#�». ��!3'�#�� ,� #� +�.� 0 (�!,� $�� "�/+� 5.5) : 

��)&-#'� ��� +)� Mach, 1
1

1

XC
M

a
	  $�� "��#�$)� ��� +)� Mach,  

 

1

cos
rl

sl

M
M

7
	   ( 1 1rels rlW M a	 ) 

 

� ���#��� ����'��"+)� +�'��! v� �$���" �! ��o #0v �1!"�"0 : 

 

0

2

P

h

U'
#

; 	   [5.54] 

 

+�"� #0� '�'!�� #� +�.� 0 o��� ���'�/ $�� ,�%+�#�'� +�'�'*� v� "-"��#�" '*� 

$�#%&&0&� .�� +�.�"#0 ��o,o"0. 

 

�����&% ��# �� �' (slip factor) 


� #'� ���%.'�#�  '&!" 0"0� �$��%3'-+� �'"'#�$% #�� ��2&���� �o- ��'���'�#�� �$ 

#0� �,-��+!�� #0� �o0� v� ���'��#�-#�! ��o #o %$�' (tip) #�v �#��-.!��v ("0+�!' d, "�/+� 

5.5) ��'� #'� ,���*#0 +� ����������$/ "-��"#2"� #��*#0#�� !"0 +� #0v ����"#�'��$/ 



�� ���������	
��� 
��� 

- 5.18 - 

#��*#0#� #o- �#��-.!'-. �,2 .�� ��&'*"#�-"0 #0�  �2�0"0� -�'#! �#�� �$#���$/ �#���#/, 

,0&�,/ o�o- 0 (2 (#�!.��� #��-#/#��v "�/+�#'� 5.5) #0� �#���#/� �!��� +0,��. 60&�,/ 

'&!" 0"0 ��'-+� o#�v UC p2 A�  $�� (2 #0� �o0� ,�v �!��� +0,��. � '&!" 0"0 �-#/ 

�&�##2��#�� +� �*10"0 #o- ��� +'* #�v �#��-.!��v. 
�� ��2#0 �$#!+0"0 #o- ���%.'�#� 

'&!" 0"0�, ", �!��� 0 �$���"0 #o- Stanitz )�o- : 

 

2 2

0.63

1
1 tan

z

)

'
7

	 

B
<

  [5.55] 

 

)�'- z = ��� +)� �#��-.!��. 

 

��� �$#���$�� �#��-.2"��� 0 �1!"�"0 �-#/ .!��#�� "=1-0.63�/z #o ,� " .�� "*.��'��� 

$�#�"$�-�� "-�/ �� &�+(%��#�� ���!�'- 0.9. 

	#'-� �-.'$��#��$'*� "-+���"#�� ��0"�+'�'��!#�� ��!"0� $�� o ���%.�� �"�*'� 

��"),'- �o- '�!3�#�� �� : 0

2

P

h

U'
#

; 	   [5.56] 

 

+���' $�� 
&% ��� �����' �$�*� �' 

���� (&��'-+� "#o "�/+� 5.5 ��'-+� �*10"0 #0� �� �&�!�� $�� #0� '&�$/� �!�"0� 

(��o P01 "� P03). � ,���.�"!� 00-01 ��'�% #o ,���*#0 "#0v �!"',' #0� +0���/� o#�v o 

"-+���"#/� �!��� +'�'(% +�'� (+�� �'&* "-�/ 0� ���!�#�"0 �-.'$��#��$2� "-+���"#2�). 

8�'-+� &'��)� :  

I1 = I2  (rotor) 

$�� 

h03 = h02  (stator) 

(o �)#'��� ��'0.�!#�� #'- "#%#'��) 

$�� �-"�$% U2p > U1p  ( r2>r1 ). 

 

�o ��'"���)+��' ��.' �!��� :  02 01 2 2C PW h h U C�# 	 
 	�   [5.57] 

 

� (� +)� ��o,o"0� (total to total) '�!3�#�� �� : 
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)#��   U2p >> U1p 

� '&�$)� &).'� ���"��� .�� �$#���$/ �#���#/ �o- ��0"�+'�'��!#�� "� -40&/� 

��o,o"0� "-+���"#�� ,!,�#�� ��o #0v �$���"0 : 

 

� �
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  [5.59]  

 

)�'- :  01 01RT6 *	  $�� 9 o ���%.�� �"�*'� ��"),'-. 

��&'� #o "����'��,�� $�&-�'� +�'��! v� -�'&'.�" �! +�"2 -�) �"0� %#��(0� �o0� +� 

"#� ��/ .����$/ '�+/. 	*+���� +� #o "�/+� 5.5 0 ,��#'+/ �7 "� ,�%�'��� .��!�� 7 

,!,�#�� ��o #0v �$���"0 : 

  

22m

A
V

r C r)
C

C

C
	   [5.60] 

 

��'-   rm   �!��� 0 �$#!�� "#' $��#�' (%�'-� #0� ,��#'+/� $�� V 0 ���'�/ ).$'-. 

 

(() 	 ��'�� �"%���� �"%�$�&�� 

� ��o ,0+'��&/� #*�'� �-.'$��#��$'* "#�'(!&'- �!��� �-#)� #0� �$#���$/� ��"�'/� 

(inward-flow radial, IFR)  / "#�)(�&'� Francis �o- ,�!���#�� "#o "�/+� 5.6 .�� �$#���$/ �o0 

90
o 
, (Horlock (1973), Dixon (1978), Cohen et al (1972)). 

�,2 ��'-+� +�!�"0 #0� '&�$/� �� �&�!�� $�� #0� '&�$/� �!�"0� ��o h01 "� h03 $�� ��o 

P01 "� P03 ��#!"#'���. � �)#'��� �,2 ���#�� #o- "#%#'��, o��� $�� "#'� �1'��$) "#�)(�&'. 

8�'-+� &'��)� : 

h01 = h02 

$�� 

I2 = I3 

$�� �-"�$% 

U1p > U2p 

�o ��,�$) ��.' �o- ��'"����#�� ��o #o ��-"#) "#o "#�'��!' �!��� : 
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6Wt = h01 - h03 = U2p C 2 - U3p C 3.  [5.61]  

 

����,/  h01 = h02 

 

6Wt = h02 - h03 = h2 - h3 + 1/2(C
2

2 - C
2

3) =  

 

= 1/2 [(U
2

2p - U
2

3p) - (w
2
2rel - w

2
3rel) + (C

2
2 - C

2
3)]  [5.62]    

  

� ��o,o"0 ('&�$/ ��'� "#�#�$/) #o- �-.'$��#��$'* "#�'(!&'- .�� &��#'-�.!� ���!� 

,���*#0 �!��� : 
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  [5.63] 

 

/ ����,/ h3 - h3s = 1/2 w
2
3rel 3R  $�� h3s - h3ss = 1/2C

2
23N(T3/T2) +�'��! �� .���#�! : 

 

� �2 2 2 3
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   [5.64] 

 

$�� �,2 o &o.o� �3/�2 ���� +�$�/ ��!,��"0 $�� +�'��! �� �.�'0 �!. 
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	�/+� 5.1  �' ����"#���)+��' "#'����2,�� #+/+� +%3�� $�� 0 +�"0 .��++/ 

"#�'(�&'+0���/� 

	�/+� 5.2 � #-��$)� ).$'� �&�.�'- +��� "#�'(�&'+0���/�. �� 

#��*#0#�� #'- ��-"#'* "#' "*"#0+� "-�#�#�.+���� (z 0 x, r,  ) 

"-+('&!3'�#�� �!#� +� U, V, W �!#� +� (Cx , Cr , Cw �!#� +� Uz , Ur , U  
 

V 

U 

W 

rs 
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	�/+� 5.3 6��+)���"0 �1'��$'* "-+���"#/, #�!.��� #��-#/#�� $�� ,�%.��++� Mollier 

.�� #-��$/ (� +!,� �1'��$'* "-+���"#/ 
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	�/+� 5.4 6��+)���"0 �1'��$'* "#�'(!&'-, #�!.��� #��-#/#�� $�� 

,�%.��++� Mollier .�� #-��$/ (� +!,� �1'��$'* "#�'(!&'- 
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	�/+� 5.5 �-��$/ �#��*.�"0 "#�'(!&'-, �'�$/ ,��+)���"0 $�� $�#��'+/ �!�"0� .*�� 

��) �#��*.�' "#�'(!&'- 
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	�/+� 5.6 6��+'��2"��� �-.'$��#��$'* "-+���"#/  $�� #�!.��� #��-#/#�� $�� 

,�%.��++� Mollier .�� #0� (� +!,� �-.'$��#��$'* "-+���"#/ 
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	�/+� 5.7 6��+'��2"��� �-.'$��#��$2� "#�'(!&�� $�� #�!.��� #��-#/#�� $�� ,�%.��++� 

Mollier .�� #0� (� +!,� �-.'$��#��$'* "#�'(�&'- 


