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8.1 �� �
��������  (Stodola (1945), Hawthorne and Olson (1960), Horlock 

(1973), Dixon (1978), Cohen et al (1972), Boyce (2002)) 

 

� �������o� ��� o �� !�"��#� �$v �%&'�ov$v �"��o���o�(�$v "(v��, $� "!( �o 

!�"(��ov, �)ov��#�  o�*#� ��� �� �����+ �o�� ")���# ��� *�(vov��� ��o �'# � 8.1. 

���o o �� !�"��#� ��o ��� o �������o� �!o�"�o%v��� �!� ,v�- ���. � ��. (/$v 

(stages). � �+." ��. (/� !"���� �+v"�  �� �"��+ !"�����"*� "v$v !�"��&($v (blades), 

!�o�/"/" ,v$v "!+v$ ��o /(��o (disc) # �o �% !�vo (drum), ���  �� �"��+ ��(v0�$v 

!�"��&($v !�o�/"/" ,v$v ��o /�+*��& � (diaphragm). �� /(��o� # �o �% !�vo ��v/,ov��� 

 " �ov +)ov�, o o!o(o� ��0�(1"��� �" /�o �o��+'���ov ,/��v� (bearings). � +)ov�� (shaft) 

"(v�� "(�" �� !�&#� "(�" �o(�o�. ��v#.$� �o �% !�vo ,'"�  o�*# +)ov�  "  "&+�0 /�+ "��o 

!o� �!o�"�"(��� �!� �"!�� �,��*o�. �"��)% �$v +��$v �o� /��*�+& ��o� ��� �o� 

�� !+vo� (/(��$v) �o!o."�o%v��� "������,� ��*+�"�"� (!��" �%� ��� - seals), ��v#.$� 

�%!o� ���%��v.o� (labyrinth). 

��0 ��. (/� �o� (�)ov��o%) �� !�"��# 0 �"��+ "(v�� ���o��� (rotor)-��+�o��� (stator). 

�!"�/# /", 0 !�2�0 �"��+ !�"��&($v "(v�� ��(v0�0 (��v#.$�) ���# �!o�"�"( "�/��# 

���0&o�(� !�"��&($v, �� o/0&+ !�"�%&�� (Inlet Guide Vanes - I.G.V.). 

��0 ��. (/� �o� (�)ov��o%) �������o� 0 �"��+ "(v�� ��+�o��� (stator-S) - ���o��� 

(rotor-R). �"  "���o%� �������o��,  "�+ �o �"�"���(o ���o*"(o �!+�'"� �"��+ ��(v0�$v 

!�"��&($v, �� !�"�%&�� "�.�&�+  ��0� �o#� (flow straightening blades). 

��o �� !�"��#, ���($� ��o � # � �30�#� !("�0�, �!+�'"� "�/��� �%��0 � 

�v����*0�0� �,��  " ����(/� "�,&'o� �0� !��4'#� (bleed valve). �o  "&��%�"�o !o�o��� 

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

�������o�. 

 

 

8.2 �����	� ��	 ��	�	 ������	 (Stodola (1945), Hawthorne and 

Olson (1960), Horlock (1973), Dixon (1978), Cohen et al (1972), Boyce (2002)) 
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� !�o �!�#  ,.o/o� �v+���0�  ��� ��. (/�� �������o�/�� !�"��# "(v�� ���# �0� 

 ,�0� &��  #� (Mean Line 0 Pitch Line Flow Analysis, �!$� ,'"� !�o�v�*"�."( ��� 

�"*+���� 5 ��� 6). �/2 &�v"��� 0 �����# �!�."�0 ��� o� ��v.#�"� �o#� !o� �!+�'o�v ��o 

 ,�o %3o�, rm ,�$v !�"��&($v "(v�� � o�"�  " ���,� �" ��4 �4  #�4� �0� ���(-��. � �!�."�0 

���# !�o�"&&(1"� �,���� �0v !��& ������0�� &��  ���,� �� ,� �o� ��&o� (h�/rm), �!o� hB 

"(v�� �o %3o� �$v !�"��&($v ��� rm 0 ���(v� ��o  ,�o %3o� �$v !�"��&($v. � ��'��# ���# 

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

��� �o ��. � �v�(/���0� �0� ��. (/��. 

��!��,�  o�*,� ���&2v$v ��'��#�$v &�� ��. (/"� �������o� ��� �� !�"��#,  " ��� 

�v�(��o�'"� ovo ��o�o&("�, *�(vov��� ��o �'# � 8.2. 5!$� *�(v"��� ��� ��o �'# � ����, 

��o �������o o� ��v.#�"� 1 ��� 2 �*o�o%v �� ��(v0�� !�"�%&�� ��� o� 2-3 �� ��v0�+. ��� �o 

�� !�"��#, �v�(."��, o� 1-2 �*o�o%v �� ��v0�+ !�"�%&�� ��� o� 2-3 �� ��(v0��. �� &$v("� � 

"(v�� o� �!����"� (���,� /0��/#  "��)% �0� �!����0� ��'%�0��� C
�

 (# �$v ��v���$�2v �0�) 

��� �0� �)ov��#� /�"%.�v�0�), "v2 o� &$v("� � "(v�� o� �'"���,� (/0��/#  "��)% �0� �'"���#� 

��'%�0��� w
�

 (# �$v ��v���$�2v �0�) ��� �0� �)ov��#� /�"%.�v�0�). �/2, .� !�,!"� v� 

�0 "�$."( ��� ��0v �v+���0 �0�  ,�0� &��  #� ��v0.(1"��� 0 ��'%�0�� �o� �"���o% v� 

�� �o�(1"���  " �o &�+  � C  " ��v���2�"� Cx, Cy ��o�� +)ov"� x, y. �v &,v"�, 

'�0�� o!o�o% " �0 �',�0 C1x = C2x = C3x = w1' = w2' = w3' �!4� �!o�(."��� ��� 0 �)ov��# 

��v���2�� �0� ��'%�0��� !��� ,v"� ���."�#. 

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

��v�"�"��#� �v�(/���0� (degree of reaction # reaction ratio # reaction coefficient) R. 

��� �0v ovo ��o�o&(� �o� �������o�, o ��. �� �v�(/���0� o�(1"��� $� ")#� :  

 

h-h

h-h
 = R

31

32

 [8.1] 

  

 

/0��/# "(v�� o ��&o� �0� !�2�0� �0� ������#� "v.��!(�� ��� !�"�%&�� �o� ���o*"(o� 

�" �',�0  " �0v o���# !�2�0 �0� ������#� "v.��!(�� ��0 ��. (/�. �" ��v+��0�0  " ��� 

��'%�0�"� ��� ��� &$v("� "'o� ": 
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)w - w(
2

1
 = h - h (    

)C + C(U2

w - w
=             

    

   

             )C = C (           
H - H

h - h
 = R

2
2rel

2
3rel32

y3y2p

2
2rel

2
3rel

31

31

32

����

��

 [8.2] 

                                                                   

�v /", �!o.,�o� " ��� 0 Cx "(-�� ���."�# ��� �v��%�4� " �0 /��*o�+ �$v 

�"���&2v$v ,'o� " ���: 

 

� �

� � � �

2 2
3 22 3 3 2

01 03 2 3

3 2 3 2

22

    = tan tan tan tan
2 2

y yrel rel

PP y y

x

P

W Wh h W W
R

h h UU C C

C

U
� � � �

		 	

 
 


	 �

�
	 
 	

           [8.3] 

 

�� �v�(��o�'"� �',�"�� &�� �0v ovo ��o�o&(� �o� �� !�"��# ,'o�v $� ")#�: 

 

)C = C (     
1)C-2C(U2

w-w
 =

h-h

h-h
 = R

31

yyp

2
2rel

2
1rel

13

12


��
  [8.4]

 

 

# 

� �
� �� �

� �

� � � �

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
� � � �

� 		
� 


	 	


 	 � 
 �

         

[8.5]

 

 

� "!(/���0 �o� ��. o% �v�(/���0� ��� !�"�%&�� �� !�"��# ��� ���o�(�o�, &�� R = 0, 

0.5 ��� 1 *�(v"��� ��o �'# � 8.3. 

5��v R = 0 0 ��. (/� �!o���"(��� ��� ��. (/� 2�0� (Impulse stage). �/2, ��0 0 
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!�2�0 �" ������# "v.��!(� " *�-(1"��� ��� ��(v0�� !�"�%&��. ��� !�"�%&�� �o� ���o*"(o� 

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

���',���0 �$v /��v�� +�$v �$v ��'��#�$v ��� 0 �v�(��o�'0  o�*# �4� �'"���4% 

/��&�+  ��4� Mollier (�-S) *�(v4-��� ��o �'# � 8.4. �/2, ,'"� �!o�"."( ��� �2 = �3. �� 

�v�(��o�'� /��&�+  ��� &�� ��. (/� �������o�  " R = 0.5 ��� R = 1.0 *�(vov��� ��o �'# � 

8.5. � �+�0 �$v  "���o�2v ��� ��(&$v� ��'��#�$v �" ��. (/� �� !�"��# &%�$ �!� �0v 

�� #  R = 0.5 *�(v"��� ��o �'# � 8.6. 

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

/(v"� ��� !����+�$ �%�"��: 

(�) ��� ���������� 

�" !�"��&2�"��  " �!o0'0���# �o# 0 !�o ��v#.0� �� # "(v�� 0.5�R�0.6 ��0v ���(v� 

�o�  ,�o� %3o��. �" !�"��&2�"��  " /�0'0���# # �!"�0'0���# �o# o ��. �� �v�(/���0� ,'"� 

�+!$�  "&��%�"�0 �� #. 

(�) ��� ��� ��!o�� 

� !�o ��v#.0� �%�0 "(v�� R 6 0.5 ��0v ���(v� �o�  ,�o� %3o��. 

 

 

8.3 �����	� ����	 	������ 	�����	��� 

 

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

�'"/��� o% (design point), "(v��  "&+�0� �!o�/����0���, �/($� &�� �o�� �"�o!o���o%� 

��v0�#�"� !o� "�&+1ov��� �"  "&+�4 "%�4� ��v.0�2-. 

� !�o �!�# "��( 0�0 �0� �!�/o�0� "���� �0 "(o� �'"/��� o% (off-design 

performance) ,'"� /o."( �!� �o- Horlock (1973). � �+�0 �0�  ".�/o� ���#� ,&�"���� ��o 

&"&ov�� ��� �� !"��� ����+ ��o�'"(� �$v !�"��&2�"$v  �� �,&o�v ��� o� &$v("� ")�/o� 

���2v /"v "!0�"+1ov��� /������+ (�o��+'���ov &��  �� "��"(� !"��o'#) �!� ���  "���o�,� 

�0� &$v(�� !���!�$�0�. ��0v ovo ��o�o&(� �o� �� !�"��# ���� �0 �(v"� ��� 

 ������������   =   t     + 
2 3 � tan tan . �2��, �v ovo +�o� " �o�� ��v�"�"��,� �o#� 7 (flow 

coefficient) ��� *�����0� ��. (/�� 8 (stage loading coefficient) $�: 

 

� �0, 2 103 01
2 12 2

2
 tan tan

0.5 0.5 0.5

p stage y y x

P P P P

x

P

c T C Ch h C

U U U U

C

U

� �

���

� 		
� 
 
 
 
 	

� � �

� 

   [8.6]
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,'o� " : 

 

� �1 28=1-7 tan tan� ��   [8.7] 

 

���+, ��v#.$�  �1 = �3 , o!��": 

 

� � � �1 2 3 28=1-7 tan tan =1-7 tan tan =1-7 t� � � �� � �  [8.8] 

 

�v 3d, *d "(v�� o� �v�(��o�'"� �� ,� ��o �0 "(o �'"/��� o%, ���" ,'o� ": 

 

]
-1

[-
1

 = 
d

d

ddd
�
�

�
�

��
�

   [8.9] 

 

� �',�0 ���# *�(v"��� ��o �'# � 8.7. 

��� ��. (/"�, �o�!�v,  "  "&+�0 *�����0 1)(
d
�� 0 *�����0 3  "���+��"��� ,v�ov� 

 " ���  "���o�,� �4� *. �o �v�(."�o �� ��(v"� &�� "��*�+ *o���� ,v"� ��. (/"�. ��!��,� 

�� ,� �o� 3d "(v�� &%�$ ��o 0.3 � 3d � 0.4. 

�  ,.o/o� ���# ,'"� "!"���."( �!� �o- Horlock (1973)  " �+�0 ��� �/,"� �o� Mellor. 

��0v "!,����0 ���# ."$�o% " �ov �� !�"��# ��� �!���(1"��� �!� ,v� +.�o�� �  ���2v 

"!� ,�4�� �� !�"��2v !o� "!�*,�o�v ,v�  ���� !o�o��� �%)0�0� ��0v !("�0 ��� ��0 

."� o����(� �o� "�&�1� "vo� �"���o%. �v d� "(v�� 0 �%)0�0 �0� ."� o����(��, ���": 

 

U

U

C

C
]

-1
[-

1
 =

= ]
-1

[-
1

 = 
dT

dT
)

U

U
( = 

p

pd

xd

x

d

d

d

dd

d

dd

2

p

pd

d

�
�

�

�
�

�
�

��
�

  [8.10] 

 

�v, �o�!�v, o ��&o� �$v !"�����o*��2v ��'��#�$v  (Up/Upd)  ��� �$v  �1��2v 

!��o'2v,  1 1/ /x x d
ad

m m C C
� � , !�o�/�o�(1ov���, (�o �0 "(o 1 �!o/0�2-"� ��v.#�"� ��0v 
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"(�o/o �o� �� !�"��#) ,'o� ": 

 

 �������� �������� A C   =   A 1 C        , A C   =      A 1d C x 1d 1 x d xd 1d 1 x   [8.11] 

��� 

 

1

1 1

x x
d

x x d

C C

C C

�
�


 �   [8.12] 

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

�!�/o�0� (0p) ,'o� ": 

 

�





�
�
� �

p

dd
1-

 =       ,)
T

T
( = 

  [8.13]

 

 

��� 

 

)
T

T
(

m

m
=

C

C d

dxd

x �

�

�   [8.14] 

 

�2��, �!� �0v ��'��# �',�0, ,'o� ": 

 

)
T

T
B( +A = 

dT

dT nd

d

p

  [8.15]

 

 

�!o�: 

 

)
U

U
(

1
 = A

2

pd

p

d
�

  [8.16]

 

 

��� 
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) 

U 

U 
)( 

m 

 m  
(  ] 

1 - 
[   =   B 

pd 

p 

d d 

d 

��

��

��
��

�   [8.17] 

 

�v o ��&o� �/�d "(v��  �����,  !o�o% " v� .,�o� " � / �d = 1 + " ��� 

o�o��0�2vov��� �0v !���!+v$ ")(�$�0 v� !+�o� " �o ��&o : 

 

� 2

2d

2
+1 = 

T

T

  [8.18] 

 

�!o�  �2  "(v�� 0 ."� o����(� ��0v ,)o/o �o� �� !�"��#. :'o� " ���": 

 

 

 
) + )(1 

T 

T (   =   ) 
T 

T ( ) 
T 

T (   =   
T 

T 
2 

1 

2d 

1 

2d 

2d 

2 

1 

2 �  
  [8.19] 

 

 

��� "*��4- 0 /�"�&��(� "(v�� �/�������#  !4�4% " -� "�*�+�4� " �o v,o ��&o 

!�,�"$v $�: 

 
) + (1 r   =   ) + (1 

P 

P   =   
P 

P   =   r 
+ 1 

2 cd 
+ 1 

2 
1 

2d 

1 

2 
c 

� � 
� �  

  [8.20] 

 

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

��o �'# � 8.8. 

 

 

8.4 	��������	 ����	 �
� ����
� ��������
� 

  

� ��v#.0� /��/����(� �'"/��� o%  ��� ��. (/�� �� !�"��# # ���4�(�o� !"���� �+v"� 

/�+*o�� ��+/��. �� !�o '�����0������+ �!� ���+ "(v��: 

 

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

!("�0�, ."� o����(��,  �1��#� !��o'#� ��!. 
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 (�) �v+���0 " ,�0� &��  #�", &�� �ov �!o�o&�� � �$v ��'��#�$v ��o  ,�o %3o� 

�$v !�"��&($v 

 (&) �v+���0 �o��2v &��  2v (streamline analysis), &�� �ov �!o�o&�� � �$v !"/($v 

�o#� ��o  "�0 ���v� "!(!"/o ��� ���� /�+*o�"� !�"��&2�"�� 

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

���/�� o%�, !4���0��  0'�vo��&��#� "!")"�&��(�� ����2v ��!. 

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

���vo!o�#�"� ��� ")��2�"�� �0�  0'�v��#� ��� �0� ."� o/�v� ��#�, �*"�,�o� � $�, "(v�� 

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

"!0�"+1o�v + "�� �0 �"��4��&��# �!�/o�0 ��� �� !"��*4�+ �o� ����# ��o�. �� !�o 

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

�# "�� o� ������"����,� ��v0�#�$v, &�� �� !�"��,� ��� �������o��, ,'o�v $� ")#� : 

 

(i) ��������	
 

�� ��v#."�� "�"%."�"�  "����0�,� "(v��: 

 

(�) �� "���#�$�����#% �&v ���o�o�'v 

� ��&o� ( ,&���o� !+'o��)/( #�4�� 'o�/#�) "(v��  0.1�t/c�0.15  ��� �-�*,�"��� 

!"�(!4� ��o 30% �4�  #�4�� �0� 'o�/#� (�!� �o '"(�o� !�o��o�#�). ��� �!"�0'0���,� 

�"�o�o ,� '�0�� o!o�o%v��� /�o ������+ ��)� &�� �0v ����# ��� �0v �4(�0 !�"��+. 

� .,�0  ,&���0� �!�����0� �0�  ,�0� &��  #� �� !����0��� �!� �0 &��  # �0� 

'o�/#� �� �+-"���  "��)%  40% ��� 60% �4�  #�4�� �0� 'o�/#� (�!� �o '"(�o� !�o��o�#�). 

� �� # ���# �o� ��&o� (�/c) "!0�"+1"� + "�� ��� �!2�"�"� ��&$ !+'4�� o����o% ���2 ��o�. 

���  �/c � 0.4  �� !�"�%&�� �*(���v���  �����"�0 "!���o# �!� ���  "���o�,� ��0 &$v(� 

!���!�$�0� ��� ,'o�v  "&��%�"�o /�+�"vo ��o "��� �" ���, "!o ,v$�, "!���,!o�v v� 

!"�+�"�  "&��%�"�0  �1��# !��o'#, �+�� !o� $*"�"( �0 �4# ���� "!� "-"� ��. (/"�. ���  �/c 

�0.6 ,'o� " �30���"�4 3 ��� ���. � Mach "���&$&#�, �+�� !o� $*"�"( ��� !�2�"� ��. (/"�. 

 

(�) 
 ��(� � �v�)*���$� 

�(v�� ��v#.$� &%�$ ��o 0.5, �o��+'���o- ��0  ,�0 &��  #. 

 

(+) 
 ! +o� �#���%����o� (hB/c)                             

��� -� ,'4� "  "&+�o ��&o +v�$�0� !�o� o!��.,��o��� ��o !�"�%&�o .� !�,!"� v� 

,'o� " hB/c>3. �!"�/# � $�  ��  "&+�0 �� # �o� ��&o� ���o% /0 �o��&"( !�4��# ���  " �0 

�����o*# �$v !�"��&($v ���+ �4 %34� (�/($� &�� ����vo ,� "�"%."�0� /(v0�) ��� "!(�0� 
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" *�v(1"� �+�"�� &�� !�"��&�� � (flutter), ��o�� �%&'�4-4�� �)ov��o%� �� !�"��,� ��v#."�� 

�� ,� �o� ��&o� ���4% "(v�� 1.0 < hB/c < 2.5. ��vo ��� !�"�%&�� �o� �v" ���#�� o ��&o� 

*�+v"� �o 4.0. 

 

(*) 
 ! +o� ��&����#,� ��o� �-&����#, �#�)v�  ( rh / rt ) 

��-#.$� �� �+-"���  "��)% 0.4 ��� 0.6. ����,� �� ,� "!���,!o�v �+!$�  �����"�0 

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

%3o��. ��� !o���+. �o�� �� !�"��,�, ��0v !�2�0 ��. (/� o ��&o� "(v�� !"�(!o� 0.5 �v ��� 

�" ��. (/"� �v" ���#�$v  !o�"( v�  "�$."( ��� ��o 0.3. 
�o� �0v ,)o/o �o� �� !�"��# o 

��&o� *.+v"� �o !o�% �o 0.92 �v ��� 0.85 "(v�� !�o !���*o�0 �%�0. 

   

(�) 
 �+&+ � �o� ��������, 

	�&$ �-+!��)0� 4����2- ���$ +�$- ��� ��-"'4%� !��� ��*$�0� �4� !�4*(� �0� 

�)4-��#� ��'%�0��� ���+  #�4� �4� �&$&4% �4� �� !�"��# /"-  !4�4% " -� !+�4� " 

!"������"�4 ,�&4  ,�$ �%)0�0� �0� �4#�-�)4-��#� ��'%�0���, Cx, /0��/#:  

 

� � � �
� �
2 1 1 2

1 2

tan tan tan tan

tan tan

c x
P x x P P x

c
P P x

W mU C C mU U C C

W mU U C

� � � �

� �

� 
 	 
 � 	 	 �  ! "

� 
 � 	 � �! "
      [8.21] 

 

���� �4 �� �+-4� " �!’�3�-  ��  ,�$ "-�� " !"����4% ��-�"�"��#, !, !4� 4-4 +1"��� 

��-�"�"��#� �!4/�/� "-4� ,�&4� (work done factor) $� ")#�: 

 

� �02 01 1 2
( ) tan tanc

p P x
W c T T U C# � �� 
 	 
 � � 	          [8.22] 

 

�!(�0� !����+�$ /(/"���  �� &"-��#  ".4/4�4&(� &�� �4- �!4�4&�� � �$- ��'��2- 

/����+�"$- �4� /������4"�/4%� �&$&4% �4� �� !�"��# &�� !.'.  �� ��. (/�.  
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1

1
1 

1 T

2

1

p

(&+1)
-
2(&-1)

01 2

1 1

01 1

C
Y!4.,�$-��� ��'%�0�� "���/4�, C , "��� 4% " �4- M =    "���/4� 

C
&R 288-

2c

��� �!� ��� �',�"�� �0� �� !�"��#� �4#� (�"*. 4), !.'.

m RT &-1
= &M 1+ M  ,  �!4�4&(14

P A 2

$%
&'' &

( )

$%
' &
( )

�����

* +

1

2

2 h

1 1 x1 1 t x12

t

A

1

1 x1 t 2

r

2

t

� " �0- "!�*�-"�� �4� �&$&4% A .

r
����!�- �!� �0- ��-,'"��, m=� A C =� ! r 1- C , 

r

A
���  " C = '$�(� 4/0&+ !�"�%&��, IGV =C , "��� 4% " �4 r =

r
! 1-

r

(�!4.,�$-���

� �$%
, -&'
( )! "

� �$%
, -&'
( )! "

������	

h/ t
pt t

m pt

c,

 r r  »0.5) ��� �� �+-4� " �0- U =2!×r , ���  �0  ,�0 ���(-� 

r =U /2!�, �!4.,�$-��� /" ��� ���4*,�, �=rpm, ,'4� " ��� /����+�"�� �4� 

�&$&4% ��0 "(�4/4.


!4.,�$-��� !4����4!��# �!�/4�0 0 =0.9 �!4�4.

c,

exit

1 &-1

0 &

02

02 01 1 x exit

01

exit 0,exitexit

exit exit exiT

0,exit

2

exit

p

&(14� " �� ��4�'"(� �0� 

P
�4� �&$&4% ��0- ")�/4,  !.'.,  T =T ,        "   C =C =C

P

m RTC &-1
M =       = &M 1+ M

P A 2

C
&R 452.5-

2c

.$%
&'

( )

 

$%
&'' &

( )

�������

� �� � � � � �

(&+1)
-
2(&-1)

2

t

, +

2 2

, 

   

��� ��-"!2� �� �+-4� " �0-  A . :'4� " /" ���:  

2 2     
2

�� �+-4� " �4 %34� �4� /���,-4� �

B
m

exit

t h
h

exit % tot root t h t t h t h B m

h
r

r r
A A A r r r r r r r r h r

/� ����

/� ���� 0 0 0 0 0

$%
' &
( )

�

 	 
 	 
 	 � 
 	 


��	
����	

�0 ,)4/4. ��-#.$� �!4�(."��� �'"/��� ��

 " ���."�#  ,�0 ���(-�. 

 �� !�o ��v0."�� �%�"�� *�(vov��� ��o �'# � 8.9. � �%�0 (a) "!���,!"� �0  ,&���0 

&$v���# ��'%�0�� ���+ ,'"� !�o��# ���  " �o ��&o   rh / rt, !o�  " �0 �"��+ �o� /0 �o��&"( 

!�o��# ���  " �o  ,&���o ��&o �� !("�0�. � �%�0 (c) "(v�� �v�(���o*� !�o��0 ����# �!o 

!�"��+� &$v���#� ��'%�0��� ( �vo ��0v !�2�0 ��. (/� "� "����"�� ���" !�#�$� �0 

 ,&���0 �v�o'# �o� ����o%) ���+ "!���,!"�  "&+�o rc. �� Denning ��� Jordan (Horlock 

(1973)) �v,����v �� '�����0������+ �$v ���2v �&$&2v �!o.,�4v��� ��� 0 �� # �o� 

�)ov��o% ���. o% Mach  "�2v"��� �!� 0.5 �" 0.25 (��&$ �%)0�0� �0� ."� o����(��) ��� o 
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��&o�  rh / rt = 0.92 ��0v ,)o/o. ��� ��� ��v.#�"� ���,�, o�  ,&���"� �� ,�  �o� rc &�� ��� 

/�� o�*2�"�� (a), (b), (c) #��v 14, 24 ��� 50 �v�(��o�'�. 

 

(��) ���(� � Mach 

�  ,&���4� ���. �� Mach ��-#.$� " *�-(1"��� ��4 +��4 (tip) �4� !�"�%&(4�. 


!4.,�$-��� ���."�# �)4-��# ��'%�0�� ,'4� " &�� �4- ���. � Mach, Mrel,tip,  ��4 +��4: 

2

2 2 1

1 01 1 rel, tip
,  ,  ,  M /

2
t pt t

p

C
V C U T T a RT V a

c


 � 
 	 
 
                                     [8.23] 

� �)ov���� ���. �� Mach "(v�� &%�$ ��o 0.4 ��o�� !"������"�4�� �� !�"��,� �v ��� 

 !o�"( v� �v,�"� ��o 0.6 &�� turbofan  " /�0'0���,� �"�o�o ,� �!o� 0  ,&���0 �� # �o� 

�'"���o% ���. o% Mach (/0��/# $� !�o� �0 �'"���# ��'%�0�� ��o ���o*"(o) *.+v"� ��� �o 

 ,&���4 "!���"!� "-4 1.8. ��� ��!��,� (�30�,�) �� ,�: C=200m/s, Up� = 450 m/s  => Mrel,tip = 

1.5. 

 

(.) ���(� � ��(�)*&/ 


!4.,�4-��� �4- !4����4!��� ��. � �!�/4�0� �!$� !���!+-$ �� �+-4� " �0- 

"!�/�$�� "-0 ��-4���# ."� 4�������# �%)0�0, ��0,c , ��4 �� !�"��#. :-�� �4&���� ��� 

��-#.0� "!� "��� �� ���#� "(-�� 10-30
0
C �" �+." ��. (/�. 
!4�4&(14-��� ��� "�,&'4-��� 

��� &$-("�  �� �!� �� �"*. 5, 6 ��� 7 �� �+-4� " �0- ."� 4�������# �%)0�0, ��0s , ��0 

��. (/�. 

 � �0,
02 01 1 2

( ) tan tan
x

P
s s

p

U C
T T T

c
# � �

�
� 
 	 
 � 	      [8.24] 

�!4�, !, "(-�� 4 ��-�"�"��#� �!4/�/� "-4� ,�&4� (work done factor) 4 4!4(4� 

 "�2-"��� ��.2� !�4'$�4% " ���� ���+-�� ��. (/"�. ��-"!2� 4 ���. �� �$- ��. (/$- 

�!4�4&(1"��� $�, �stages= ��0,c/ ��0,s. 7����+ 4 �'"/��� �� !"�-+"� �!� ��� �� ��+/�� �4� 

"!�-"�,&'4�, &$-�2-, �!4����0�0� �.�.!. 

 

 

(ii) ����
��o
 

�� ��v#."�� "�"%."�"�  "����0�,� "/2 "(v��: 

  

(�) 
 ���(�o� �&v ��(�)*&v 

� ���. �� ����� ")���+��� �!� �ov o���� ��. � "���v$�0�. �" ���4���4��-0�#�"�, 0 

�� # �o� rt "(v�� ���.0�+  �����"�0 �!o �0v �v�(��o�'0 �o� rc, &���( �0 �v���� !o�o��� 

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

rt>3 ��v#.$� '�0�� o!o�o%v��� !+v$ �!� /�o ��. (/"�. �"���,� *o�,� ��0v !�2�0 

��. (/�  !o�"( v� '�0�� o!o�0."( ��� rt = 4.0 ��&$ �o� �30�o% ����o�� �$v !�"��&($v  " 

"�$�"���o%� �&$&o%� 3%)0�. 

  

(�) ����vo�, ��+o� �v% ��(�)*� 

�� ��v#."�� ����vo ,� �" �������o�� 2, 3 0 4 ��. (/$v "(v��:  

&�� 2 : 48% 0 !�2�0, 52% 0 /"%�"�0  

&�� 3 : 30 / 36 / 34% 

&�� 4 : 21 / 26 / 28 / 25%. 

  

(+) �+&+ � ��� ��!o� 

I�'%o�v �� �v�(."��  " �o�� �&$&o%� �o� �� !�"��#. 5�o ��)+v"� �o "�!,��� � 

(/0��/# �o hB) ���o  "�2v"��� 0 �)ov��# ��'%�0�� ��� o �)ov���� ���. �� Mach. ��� 

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

,��� 2��" 0 &$v(� " v�  0v �!"��"( ��� 1051 �o��+'���o- ��0  ,�0 &��  #. 

  

(*) ��(� � �v�)*���$� 

��v#.$� �� �+-"��� &%�$ ��o 0.5. 

  

(�) �,#o� "o�*,� 

5'� �+�$ �!� 1cm �o��+'���ov 0 �)ov��# 'o�/# (b). ��v#.$� "(v��  "��)% 2-5cm. 

��+'���o !+'o� '"(�o�� "�*�&#� "(v�� 0.5mm, &��  0 3�'� "v� !�"�%&��, ��� 1.8mm, &�� 

3�'� "v�. 

 

 

 

 

 

 

 

 

 

 

 



�������� �	
���
� ���
���
� / ��������
� 

- 8.15 - 
  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�'# � 8.1  �%��� ")���# ��� �)4-��2- ���4���4 0'�-2- 

�������4� 

�� !�"��#� 

 

�'# � 8.1  �%��� ")���# ��� �)4-��2- ���4���4 0'�-2- 
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��. (/� �� !�"��# 
 

��. (/� ���4�(�4� 

�'# � 8.2  �� ��(&$-� �$- �)4-��2- ��. (/$- �� !�"��#/���4�(�4� 
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�'# � 8.4  ��. (/� ���4�(�4�  " R=0 

�'# � 8.5  ��. (/"� ���4�(�4�  " R=0.5 ��� R=1.0 
 

�'# � 8.3  � "!(/���0 �4� ��. 4% �-�(/���0� ��� !�"�%&�� �� !�"��#/���4�(�4� 
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�'# � 8.7  � �',�0 3=f(*) $� !�4� �4 �0 "(4 �'"/��� 4% 
 

�'# � 8.8  ��!��# �%&����0 �0�  ".�/4� �!4�4&�� 4% �"��4��&(�� "���� �0 "(4� �'"/��� 4% 

�4� Horlock  " !"��� ����+ ��4�'"(� 
 

�'# � 8.9 ����+)"�� �&$&2- �� !�"��# 
 


