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����I� ����	
����� 

 

 

6.1    ������� ��� ����	
���� (Stodola (1945), Hawthorne and Olson 

(1960), Horlock (1973), AFAPL-TR-78-52, Dixon (1978), Cohen et al (1972), Boyce (2002)) 

 

���� �v������� � !"o ��o�#o$%�vo  ��&'�(o � �v&')!� "o) ��*+o) �o�� !"o 

*(& �vo %�"�,$) *$o �"��)#+�v ,� (v& %� "�v )�-��!� o"( �)"- %�o��+ v� ��'o�o(���+ !� 

*$o ��(%.�/)� ��+��*�. �� ��+��*� �)"& o�+0ov"�( ��- �o1 .� #��%%.�, -��� ��+v�"�( !"o 

!2�%� 6.1, #(� �,ov( � !"�o3('/%�2�v�. 

�� ��(��*� S1 o�(0o)v "o ��*(o �o�� %�"�,$ *$o *(�*o2( 4v ���o"o%4v !"�v +*(� 

"!"�����" � "+v�  �( "� ��+��*� S2 o�+0o)v "o ��*+o �o�� !"o %�!�%3�(v- ��+��*o, #(� 

 &�o(� #�v+� � = �o = !"�����, %�"�,$ "�v �!�  �( �,� & ��v "o) �"��)#+o). 

�"�v ��&,� 3.3�(� "� "��+��*�" S1  �( S2 �+v�(  �%�$'�� ��(�&v�(��, -��� ��+v�"�( 

!"/ �5�".�� !2�%�. �� %(� ��4"�, -%�� ��4��!� "� ����o$%� ��+��*�. � ����+� "�v 

�"��)#4!��v (cascade theory) ��/!*(/�+0�( '$!�(� #(� "o ��*+o �o�� !� %(� ��(�&v�(� S1, 

-"�v �)"- �v��")2��+ !� %(� !�(�& ���o"o%4v, -��� ��(+v�"�( !"o !2�%� 6.2. � �v&')!� 

�)"� 2��!(%o�o(�+"�(  )�+�� !"(� �,ov( .� !"�o3('o%�2�v.�. 

� ")�( � #��%�"�+�, o( �v"+!"o(2o( ���&%�"�o(  �( � ovo%�"o'o#+� "�� �"��$#�!�� 

��+v�"�( !"o !2�%� 6.3. 

�( ���&%�"�o( 'o(�-v "�� �"��$#�!�� �+v�( : 

(i) � ��-!"�!� (s) %�"�,$ *$o *(�*o2( 4v ���o"o%4v �o) ovo%&0�"�(  �( *(& �vo 

(pitch). 

(ii) � 2o�*� (chord), c, �o) �+v�( � �)��+� #��%%� %�"�,$ "�v *$o & ��v "�� ���o"o%��. 

(iii) � #��%%�  �%�)'-"�"�� (camber line), �o) �+v�( �  �%�$'� #��%%�, !� +!� ��-!"�!� 

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

(iv) �  �"�vo%� "o) �&2o)� (thickness) "�� ���o"o%�� �� ��o� "�v #��%%�  �%�)'-"�"��. 

(v) � #�v+� �'�)�+!%�"o� (stagger angle), #, �o) !2�%�"+0�( � 2o�*� %� "�v �,ov( � 

 �"�$�)v!� "�� �o�� (�*4 �+v�( �  �"�$�)v!� �). 

(vi) � #�v+� �(!-*o) "�� ���o"o%�� ( 1�� ), �o) !2�%�"+0�( �  �"�$�)v!� � %� "�v 

����"-%�v� "�� #��%%��  �%�)'-"�"�� !"o 2�+'o� ��o!3o'��. 

(vii) � #�v+� �,-*o) "�� ���o"o%�� ( 2�� ), �v"+!"o(2� !"o 2�+'o� � �)#��. 

(viii) � #�v+�  �%�)'-"�"�� (camber) �, -�o): 
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 21 �������  [6.1] 

(ix) � #�v+� �(!�#�#�� "o) ��)!"o$ (inlet flow angle) �1, %�"�,$ "o) *(�v$!%�"o� 1u
�

 (� 

C1)  �( "��  �"�$�)v!�� �. 

(x) � #�v+� �,-*o) "o) ��)!"o$, �2, %�"�,) "o) 2u
�

(� C2)  �( "�� �. 

(xi) � #�v+� ��-!�"�!�� (incidence angle), i, -�o): 

 11i �����  [6.2] 

(xii) �( #�v+�� ��- '(!�� (deviation angle), *, -�o): 

 22 ������  [6.3] 

        �( � "�o���, �, -�o): 

 21 �����  [6.4] 

 

�"� ���(!"���-%�v� �"��$#(�, .2o)%�  �( "(� !2�"( .� #�v+�� (31, 32) �o) !2�%�"+0o)v 

"� �v"+(!"o(2� *(�v$!%�"� "�v !2�"( 4v "�2)"�"�v � 	21 w,w
��

 %� "�v  �"�$�)v!� �. 

 � �v&')!� "�v *)v&%��v �o) �! �+ � �o� !"(� ���o"o%.� %�o��+ v� #+v�( %� "�v 

3o���(� "o) !2�%�"o� 6.4. 

��o "ov 2o v-%o "o) ��$"�v�, .2o)%�: 

 

� 	 sPPF 12x 
��    [6.5] 

 

 �( 

 

� 	2y1yxy CCCsF �


��   [6.6] 

 

�''&, � 	 � 	 2x1x2211 CCcosCcosC ���
��
  ()�o�."ov"�� "� �o� !2�*-v 

�!)%�+�!"�).  

 

6�� : � 	 � 	� 21

2

xy tantanCsF ���


��   [6.7] 

 

�( �v"+!"o(2o( !)v"�'�!".� �$,�!�� "�� �+�!�� (Cp)  �( ����"o%�v( �� *$v�%�� (Cf) 

o�+0ov"�( : 
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  [6.8]

 

 

 �( 

� 	 � 	� 21
2

x

y

p tantan2

sC
2

1

F
C ���
�



�

�   [6.9] 

 

�v #(� %(� o�(!%.v� %�"�3o'� !� !"�"( � �+�!�, .2o)%� ��4'�(�� !"�v o'( � �+�!�, 

"-"� o�+0o)%� "o)� !)v"�'�!".� 0 � � , -�o) : 

 

2

x

0201

C
2

1

PP


�


�
��

  [6.10]

 

 

 �( 
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  [6.11]

 

 

	"!( 'o(�-v .2o)%� ���(*� � 	2

2

2

1
210 CC

2

1PPP
�
�

�
�

�
�

�
  �( 

� 	 � 	 � 	 � 	 � 	��
������� 2y1y2y1y

2

x

2

2y

2

x

2

1y

2

2

2

1 CCCCCCCCCC  

 

� 	� 	
myx

0 tanFF
s

1P
�
��



�
�

�

�
�   [6.12] 

 

� 	 ���
� mfp tanCC
  [6.13]

 

 

-�o) : 
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� 	 � 	 � 	� 	21m tantan
2

1
tan ���
��   [6.14] 

 

� &v"�!� (L)  �( � o�(!�.' o)!� (D) �o) �! o$v"�( !"�v ���o"o%�, �� ��o� "� %.!� 

"�2$"�"� (Cm), ��+vov"�( !"o !2�%� 6.5. 

� %.!� "�2$"�"� Cm, o�+0�"�(: 

 

� 	m

x
m

cos

C
C

�
�

  [6.15]

 

 

 

 

72o)%�, *� : 

 

� 	 � 	mymx cosFsinFL �
��
�  [6.16] 

 

� 	 � 	 � 	 � 	� ���

���
��
� xmymmxmy FtanFcoscosFsinFD  

� 	 � 0201m PPcoss �
�
�  [6.17] 

 

 

	�+!��: 

 

�  ��
��
�
��
� mym0my cosFsinPstanFL  

������ m0my sinPssecF  

�  m0m21

2

x sinPssectantansC ���������  [6.18] 

 

-�o) : 02010 PPP ���     [6.19] 

 

�( �v"+!"o(2o( !)v"�'�!".� &v"�!�� (CL)  �( o�(!�.' o)!�� (CD) o�+0ov"�(: 

 

2

m

L

Cc
2

1

L
C



�

�   �( 

2

m

D

Cc
2

1

D
C



�

�   [6.20] 
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6��: 
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2
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C �
�
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�

�   [6.21] 

 �(  

 

�  ��
����
�
�
�

�
�
�

�
� mD21mL tanCtantancos
c

s
2C  

� 	
��

�
��

� �


��
�
�

�

�
�
�

��
2

2sin
Ccos

c

s m
fm   [6.22] 

 

	��(*� !"� !)v��� �$�� '�("o)�#+�� o( "(%.� "o) CD �+v�( �o'$ %( �-"���� ��- "o CL 

 �( � �m < 60
o
 , � �o!-"�"� � 	mD tanC �
  !)v���� ���'o+��"�(. ����  �( #(� "o)� *(�2$"�� 

� "� � �o�$!(� ."!(  �( #(� "(� �"��)#4!�(� o�+0�"�( � �*(�3�"( � ��-*o!� D� ��: 

 

� 	 � 	mL

D

2

2

2

1

12
D

2sinC

C2
1

CC
2

1

PP

�





��

�
�


�
��  [6.23] 

 

 

6.2 	�O�O
���O� �O	 ����O	 �O�� �� ��� ����	
��� 

 

� )�o'o#(!%-� "o) ��*+o) �o�� !� %(� �"��$#�!� #+v�"�( #(� *$o ! o�o$� (Stodola 

(1945), Hawthorne and Olson (1960), Horlock (1973), AFAPL-TR-78-52, Dixon (1978), 

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

(i) �"�v �+v�( #v�!"� � #��%�"�+� "�� �"��$#�!��  �( ���("�+"�( v� #v��+!o)%� "o 

��*+o "�v "�2)"�"�v ( �( �)!( & "�v �(.!��v). �o ��-3'�%� �)"- �+5�( #v�!"- 

�� "o &%�!o ��-3'�%� (Direct problem). 

(ii) �"�v �+5�( #v�!"� �  �"�vo%� "�� "�2$"�"�� (� �)!( & "�� !"�"( �� �+�!�� � 

"o) ��(�%o$ Mach) #$�� ��- "�v �,�"��( � ��(�&v�(� "�� ���o"o%��  �( ��.��( 

v� )�o'o#+!o)%� "�v #��%�"�+� "�� ���o"o%��. �o ��-3'�%� �)"- �+5�( #v�!"- 

!�v .%%�!o (Indirect). 

�"o ����'�-v �v��"$2�� �v *(&�o��� )�o'o#(!"( .� %.�o*o(  �( #(� "� *$o 
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��o3'�%�"�. �"� �'�+!(� "�v !$#2�ov�v %��o*o'o#(4v o )�o'o#(!%-� "�� �o�� !"(� 

�"��)#4!�(� -���  �( !"� &''� "%�%�"� "o) ���(o!"�o3+'o) ��(")#2&v�"�( %� "�v 

��(�%�"( � ��+')!� "�v �,(!4!��v Navier-Stokes, %�0( %� "� 2��!� ")�34*�v %ov".''�v 

 �( ��&v� !�  �"&''�'� �'.#%�"� -��� ��+v�"�( !"o !2�%� 6.6. 	*4 �� ���(#���o$v 

%��( .� ��'o$!"���� ����*o!(� .� �%(�%��(�( .� %.�o*o( ��2( o$ !2�*(�!%o$. 

 

 

6.3 ��������� ����	�� ����	
����V ��O���O	 �	������� 

(Horlock (1973), AFAPL-TR-78-52, Dixon (1978), Cohen et al (1972), Boyce (2002)) 

  

 � �v&�"),� �v-� !)%�(�!"�, !� ��4"� "o)'&2(!"ov !"&*(�, #+v�"�( %� 3&!� "(� 

*(&�o��� !2.!�(� �o) .2o)v �5��")2��+ ��- �%��(�( & *�*/%.5� �/) ��/. )8�5 ��- 

��(��%�"( .� %�"��!�(� �"��)#4!��5 !� ���/!���##�  �( )�o'o#+0o)v !)v����, *$o 

���&%�"�o)�, "�v #�v+� �,-*o) (�2) "�� �o�� (� "�v #�v+� ��- '(!�� *)  �( "ov !)v"�'�!"� 

���'�(45 (0 � � ). �"�5 *(&"�,� "/) !2�%�"/� 6.2 %�"�45"�( �.2. /( �(.!�(�  �( /( "�2$"�"�� 

�5&5"(,  �"&5"(  �( !"(� *$/ �'�)�.� %(�� ���/"/%�� #(� *�*/%.5� #�5+�  �%�)'-"�"�� (�), 

2/�*� (c)  �( *(& �5/ (s), %�"�3&''/5"�� "�5 #�5+� �'�)�+!%�"/� (#). 

 �( �%��(�( .� !2.!�(�, !)v����, ���("o$v  &�o(� #v4!� "�v 2��� "��(!"( 4v "�v 

���o"o%4v  �( "�� �"��$#�!��. � #��%�"�+� "�v ���o"o%4v %�o��+ v� ��o!*(o�(!"�+ �+"� 

%� "o v�  ��o�+!o)%� "�v  �"�vo%� "�� "�2$"�"�� #$�� ��- "�v ���o"o%� �+"� v�  &vo)%� 

2��!� %(�� #�v( �� o( o#.v�(�� ���o"o%4v. �( �(o #v�!".� o( o#.v�(�� �+5�( o( ���""�v( .� 

(%� #��%%�  �%�)'-"�"��  ) '( � � ����3o'( �)  �( o( �%��( &v( �� NACA-��(�� 65, 

�+5� �� 6.1. 

 �"� ���""�v( � !�(�& ���o"o%4v, 2��!(%o�o(o$%� "o #�&%%� C #(� v� 

��o!*(o�+!o)%� "�v 3�!( �  �"�vo%� �&2o)� (t/c) �� ��o� "�v  #��%%�  �%�)'-"�"��. 7"!( 

.2o)%� o( o#.v�(�� C1, C2, C3, C4  '�. �v � #��%%�  �%�)'-"�"�� �+5�( "-,o �v-�  $ 'o), 

"-"�: 

 

� 	21
2

1
�����
�  , 21 �������  [6.24] 

 

�v4 �v �+5�( "-,o  &�o(�� ����3o'( ��  �%�$'�� .2o)%�: 

 

21 �������   [6.25] 
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 �(  
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�
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�
��




������

�
��

�
��




���� ��

c4

b4
tan

c4

b4
tan 1

2

1

1  [6.26] 

 

-�o):  

� = ��%�+o ��( "�� 2o�*�� -�o) � #��%%�  �%�)'-"�"�� ��.2�( "� %.#(!"� ��-!"�!� 

��- "�v 2o�*�. 

b = �� o� "�� %.#(!"�� ��-!"�!��, -��� ��+v�"�( !"o !2�%� 6.7. 

�  �"�vo%� "o) '-#o) (t/c) ��+v�"�( !"ov �+v� � 6.1 #(� "�v o( o#.v�(� C1,  �( "�v 

!�+�� NACA-65. �"(� �%��( &v( �� ���o"o%.� "�� NACA � "-� ��- "�v  �"�vo%� "o) 

�&2o)� (t/c) o�+0�"�(  �( � #��%%�  �%�)'-"�"��. 
�&�2o)v %(� !�(�& ��- #��%%.� 

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

(CL0) �o) �� �+2� � ���o"o%� %-v� "��. 7"!(, #(� ���&*�(#%� o�+0o)%� "�v ���o"o%� 

 

NACA - (12) 10 

 

�o) %�� '.�( -"( : 

�) ���!(%o�o(��� � �  �"�vo%� �&2o)� NACA-65  

B) � �v"+!"o(2� "(%� "o) CL0 = 12/10 = 1.2 

�) � %.#(!"� "(%� "o) o'( o$ �&2o)� (= 2 t/c) �"�v 10% 

 

�  �"�vo%� "o) �&2o)�  �( "�� #��%%��  �%�)'-"�"�� #(� CL0 = 1 *+vov"�( !"ov 

�+v� � 6.1. �(� &''�� "(%.� "o) CL0 � #��%%�  �%�)'-"�"�� �),o%�(4v�"�( �v�'o#( & (*�'. 

�  �"�vo%� �),&v�"�( %� "ov 'o#o [CL/CL0 = 1]). 

 � !2.!� %�"�,$ "�� #�v+��  �%�)'-"�"�� (�)  �( "o) CL0 "�� !�(��� NACA-65 

��+v�"�( !"o !2�%� 6.8. 

	v #.v�( � ��-*o!� "�� !�(�&� C1 %�  ) '( � #��%%�  �%�)'-"�"�� �+5�( ����%����� 

%� "�v �v"+!"o(2� "�� NACA-65. 

� )�o'o#(!%-� "�� �2 (� "�� *)  �( "o) 0 (� "o) � ) !)v���� #+v�"�( %� %(� ��- "(� �(o 

#v�!".� %��-*o)� "o) Howell � "o) Lieblein � "/) de Haller, (Horlock (1973), AFAPL-TR-

78-52, Dixon (1978), Cohen et al (1972), Boyce (2002)). 

  

(i) ��o�o� �o� Howell 

� %.�o*o� "o) Howell 3�!+0�"�( !� .v� %�#&'o ��(�%- ��(��%�"( 4v *�*o%.v�v #(� 
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*(��o��"( .� #��%�"�+�� �"��)#4!��v ��#�0-%�v�v )�- !2�"( & 2�%�'.� "�2$"�"�� �o��. 

�� *�*o%.v� �)"& *�+2vov"�( !"o !2�%� 6.9 �� � ��&!�(� �v-� !)v"�'�!"o$ ���'�(4v 

1
0

1

2
P C� � ��� � 
 
� �

� �
 �( %(�� #�v+�� � "�o��� � = �1 – �2 !)v��"�!�( "�� #�v+�� 

��-!�"�!�� 11i ����� . 	+5�( �%��v.� ��- "o *(&#��%%� �)"-o o"( �.��v %(�� "(%�� "o) i 

)�&�2�( %(� *��%�"( � �$,�!� "�v ���'�(4v �+�!�� '-#� ��o -''�!�� "�� �o�� !"�v 

�'�)�& )�o�+�!�� "�� �"��$#�!�� (suction surface). � ��o!*(o�(!%-� "�� � �(3o$� "(%�� 

�)"o$ "o) i = is -�o) .2o)%� ��o -''�!�  �( ��4'�(� !"��(,�� �+5�( �)!( & *$! o'o�  �( 

"o !�%�+o ��o -''�!��  �( ��4'�(�� !"��(,��  (stall point)  ��o�+0�"�( !�v "o !�%�+o �o) 

�v"(!"o(2�+ !"� is  �( �s � �+5� -�o) .2o)%� ��4'�(�� o'( �� �+�!�� *(�'&!(�� ��- "(� 

�'&2(!"�� "��  �%�$'�� "o) *(�#�&%%�"o�. 7"!( %�o�o$%� v� !2�*(&0o)%� "�v �"��$#�!� 

%�� #(� %(� ��o ��o�(!%.v� '�("o)�#( � !)%���(�o�& !� %(� ��o��('�#%.v� ovo%�!"( � 

(nominal) !)v�� � '�("o)�#+��. 

 �� 3&!� "� !"o(2�+� �)"& o Howell ��o"�+v�( %(� %.�o*o !2�*(�!%o$ �"��)#4!��v 

!)%�(�!"o$ 3�!(!%.v� !� '�("o)�#+� )�- o5o%�!"( � #�v+� i ("�v i
*
) "."o(� �o) v� %�� 

*+v�( #�v+� � "�o��� � ("�v *� ) ."!( 4!"� � *

2

*

1

* �����  v� �+5�( +!� %� "o 80% "�� �s. 

	�('.#ov"�� s

* 8.0 �
��  #(� '�("o)�#+� !"(� !)v�� �� !2�*(�!%o$ (design point conditions) 

�+5�( %(� ��('o#� %�"�,$ � ��+�v ���(�"4!��v (i �o'$ %( �- � �o'$ %�#&'o). �� * 

!�%�(4vo)%� "(� �o!-"�"�� !"(� !)v�� �� !2�*(�!%o$). 9)!( & � �"��$#�!� �� 

'�("o)�#�!�(  �( )�- *(��o��"( .� !)v�� �� (off-design)  �"& "ov �'���  $ 'o �"�!��  �( 

#(' �)"- �� ��.��( !)v���� v� �'.#,o)%� "� 2��� "��(!"( & '�("o)�#( �� ��-*o!�� #(� -'o 

"o �$�o� "�v �v�%�v-%�v�v !)v�� 4v (#(� %(� !�(�& �.2. ��o i). � Howell *�, *(��+!"�!� 

o"( � *� !)!2�"+0�"�( #(� .v� %�#&'o ��(�%- �"��)#4!��v  �( �o4v ��:  

 

�
�

�
�
�

� ��� Re,,
c

s
f *

2

*
 [6.27] 

 

 �( o �v�".�� !)!2�"(!%-� �+5�( o)!(�!"( & �v�,&�"�"o� "o) � !� %(� %�#&'� ���(o2� 

#�5(45, 20
o 

< � < 40
o
 , -��� !)v���� ��('.#�"�( #(� !)%�(�!".�. �(� ��(�%- Re > 3x10

5
 o 

Howell 3�� � &v� ��'- !)!2�"(!%- "�v *

1� , *

2�   �( s/c : 

 

c

s
5.11

55.1
tantan *

2

*

1


�
����   -"�5  0 ! *

2�  ! 40 [6.28] 
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��- "�v o�o+� %�o�o$%� v� ��o!*(o�+!o)%� "� #��%�"�+� "�� �"��$#�!�� (#, s/c  �( 

�) '�%3&vov"�� )�’ -8� %��  �( "(� ���� &"� ����"���!�(�. 	�(�'.ov o"�v � �1 �+5�( 

"."o(� 4!"� � � = �1 - �2 v� �+5�( +!� %� "�v *� , � #�v+� ��- '(!�� * �o) "�� �v"(!"o(2�+ (� 

*� , -�o) *

2 2
a� � �� � ) *+v�"�( ��- "� !2.!�:  

 

� 	n* csm 
�
��  [6.29] 

  

-�o) : 

n " 1.0 #(� "� ��4"� (o*�#&) �"��$#(� �v-� !)%�(�!"� 

n " 0.5 #(� "� )�-'o(�� �"��$#(� 

  

�(� "� !"����& m o Constant (Dixon (1978)) .2�( ��o"�+v�( m = 0.26, �''& o Howell 

��o"�+v�( "� !2.!�:  

 

2 *

2
2 a

0.23 0.1
50

m
c

�
 ����� 
 � 
� � ��� � � �
 [6.30] 

 

-�o) :   

a  = ��o!"&!� (��( "�� 2o�*��) ��- "o 2�+'o� ��o!3o'�� "�� ���o"o%�� -�o) 

.2o)%� "� %.#(!"� ��- '(!� "�� #��%%��  �%�)'-"�"�� 

*

2� =  � "(%� "�� �2 �o) �v"(!"o(2�+ !"�v *�   

 

�-"�, �)!( & : 

*

2

*

2 ������   [6.31] 

 

� Carter *+v�( "�v "(%� "o) m !�v !)v&�"�!� "o) # #(� ���o"o%.� %� #��%%� 

 �%�)'-"�"��  ) '( & � ����3o'( & "-,� , -��� ��+v�"�( !"o !2�%� 6.10. 

 � "(%� "�� *�  %�o��+ ��+!�� v� )�o'o#(!��+  �( !)v��"�!�( "�v s/c, Re  �( *

2�  ��- 

#�v( -"��� *(�#�&%%�"�. 
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�.2. "o !2�%� 6.11�. *+v�( "�v !2.!�: 

 

� 	*

2

*

f ��
#
$

�
 [6.32] 

 

-�o) o( ���&%�"�o( 9  �( : )�o*�'45/)5 "�v ��+*��!� "o) Re  �( "o) '-#o) (s/c) 

�v"+!"o(2�. 

��'�*�: 

 

� 	
� 	5*

*

103Re

Re


�
�

�

�$  [6.33] 

 

 �( 

 

� 	
� 	1cs

cs
*

*

�
�


�
�#  [6.34] 

 

�(  �%�$'�� 9  �( : ��+vov"�( !"� !2�%�"� 6.113  �( 6.11# �v"+!"o(2�. �-"�, �v 

#v��+0o)%� "�v *� )�o'o#+0o)%�  �( "�v *i (�o) "�� �v"(!"o(2�+) ��o "�v !2.!�: 

 

� 	 1

**

21

*

1

*i ������������  [6.35] 

 

�v � ���#%�"( � #�v+� ��-!�"�!�� (i) �+5�( *(��o��"( � ��- "�v *i , "-"� o( 

���#%�"( .� "(%.� "�v �  �( CD� %�o�o$v v� )�o'o#(!�o$v ��- "o !2�%� 6.12. -�o) 

*+vov"�( o( !2.!�(�: 

 

�
�

�
�
�

�

�
�

�
�
�

*

*

*

ii
f  [6.36] 

 

 �(  

 

�
�

�
�
�

�

�
�

�
*

*

DP

ii
fC   [6.37] 
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� !)v"�'�!"�� 0 *+v�"�( ��- "�v !2.!�: 

 

� 	m

3

D

2

0201

cos
c

s

C

C
2

1

PP

�
�
�

�
�
�

�
�


�


�
��

�%&'

 [6.38] 

  

��- "�v ���#%�"( � �, 'o(�-v, )�o'o#+0�"�(  �( � ���#%�"( � �2  .'.�. 

� %.�o*o� "o) Howell %�o��+ !)v��4� v� 2��!(%o�o(���+ %� *$o "�-�o)�: 

(�) �"�v #v��+0o)%� "o Re  �( "(� �1, �2, "-"� %�o�o$%� v� �.!o)%� *

11 ��� , 

*

22 ��� . �)"- �� %�� *4!�( "ov '-#o s/c. � "(%� "o) �  ��o�+0�"�( ��- "� 

!2.!�: 

� 	n* csm 
�
��  

(�) �"�v #v��+0o)%� "ov '-#o (s/c) "-"� �+"� *(�'.#o)%� *

11 ��� , �+"� �."o)%� i = 0 

!"�v !)v�� � !2�*(�!%o$ (design point), �+"� '�%3&vo)%� !)v���� 0i5 !!� .  

   

� ��+*��!� "o) ��(�%o$ Mach �,��"&"�( ��- "ov ��(�%- Mach !"�v �+!o*o �o) �� 

*4!�(  �"&!"�!� !"��##�'(!%o$ (*�'. "o�( - ��(�%- Mach = 1) !"ov '�(%- (throat) "�� 

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

��(v "ov Mm � "(%� "o) 0 �� ��2+!�( v� �),&v�"�(,  �( (*+�� �&v� ��- %(� o�(!%.v� "(%�, 

"ov  �+!(%o ��(�%- Mach �+!o*o), "ov Mc. �$%��v� %� "ov Howell, o( Mm  �( Mc , #(� %(� 

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

���o"o%4v), �+5�( !)v��"�!�(� "�� #�v+�� ��-!�"�!�� -��� ��+v�"�( !"o !2�%� 6.13�. 

 � %�"�3o'� "�� #�v+�� � "�o��� �, (!� !2.!� %� "�v �v"+!"o(2� !"�v !)v�� � 

!"��##�'(!%o$)  �( "o) 3��%o$ ��-*o!�� �, -�o): 

 

mf tanC
1

�

�

���   [6.39] 

 

 �(  

 

� 	21f tantan2C ���
�  [6.40] 

 

�� ��o� "o '-#o: 
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cm

c

MM �

(�(
 [6.41] 

 

*+vov"�( !"o !2�%� 6.133. 

 

(ii) ��o�o� �o� Lieblein 

� %.�o*o� �)"� �v�'$�( "(� ��4'�(�� !� o'( � �+�!� ��- �'�)�&� o�(� o$ !"�4%�"o� 

�&v� ��- %(� ���o"o%�. �o o�(� - !"�4%� �+5�( !)v&�"�!� "��  �"�vo%�� �+�!�� (� 

"�2$"�"�� � ��(�%o$ Mach) #$�� ��- %(� ���o"o%�. �(� ")�( �  �"�vo%� "�2$"�"�� 

��+v�"�( !"o !2�%� 6.14�. 

 �� *$o o�(� & !"�4%�"� �&v� !"(� *$o �'�)�.� "�� ���o"o%�� !)# '+vo)v !"o 

2�+'o� � �)#��  �( *�%(o)�#o$)v "o ��-��)%�. �( ��4'�(�� !� o'( � �+�!� � ��&0ov"�( 

%.!� "o) �&2o)� o�%�� (momentum thickness), � , "o) ��o��$%�"o�. �o �&2o� �)"- 

� ��&0�( "(� ��4'�(�� !�  (v�"( � �v.�#�(� (*�'. "�2$"�"�)  �( o�+0�"�( ��: 

 

1
s

p

V V
dy

V V

�

�
�

) )

��
� � ��

� �
*  [6.42] 

 

�o %.#��o� "o) � �,��"&"�( &%�!� ��- "ov �)�%- �o) %�"�3&''�"�( � "�2$"�"� �&v� 

��- "�v ���o"o%�  �( (*(�+"��� !"o  )�"- %.�o� (suction side). �"�v �%��v+0�"�( .v"ov� 

��(3�&*)v!� (deceleration) "�� "�2$"�"��, � "(%� "o) � �),&v�"�( #��#o��  �( )�&�2�( 

 &�o(o -�(o ��(3�&*)v!�� #(�"+ %�"& ��.�2�"�( ���/*)5�%( � ��o -''�!� (separation)  �( 

���/*)5�%( � ��4'�(� !"��(,�� (stall). 

� Lieblein ����"���!� -"( "o � !)!2."(0�"�(, #(� "(� ���o"o%.� NACA-65  �( "(� 

���""�v( .� "$�o) C4, %� .v� !)v"�'�!"� *(&2)!�� (Diffusion factor, D). � !2.!� ��+v�"�( 

 �( !"o !2�%� 6.15. 

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

 

� 	Dln17.11

004.0

c 
�
�

�
 [6.43] 

 

-�o): 
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�&+�%,�,�,�-
.�+,�,�,�- /0,�1

��
- $

)�& ��"�  !"�5 $ .

C

C
D

2

smax,
 [6.44] 

  

-�o) o( Cmax,s  �( C2 o�+0ov"�( !"o !2�%� 6.14�. 

�o �&2o� � � ��&0�( "(� ��4'�(�� %.!� "�v !2.!��v: 

 

� 	
� 	

2

101 02

3
2

2
1

cos
2

1 cos

2

P P c

c s
C

��
�

��

� � �� �� � 
 
 
� � � �
� �� �
 


 [6.45] 

 

 �( : 

 

� 	
01 02

3
2

2

1
2

1cos

2
x

c P P

c s
C

�
�

� �

�� �� �� 
 
 
 �� � � �
� �� � 
 


 [6.46] 

 

	��(*� � "(%� "�� "�2$"�"�� Cmax,s *�v �+5�( &%�!� #v�!"�, o Lieblein �v"+ #(� "ov 

'-#o D 2��!(%o�o(�+ .v�v (!o*$v�%o '-#o (Deq). 

 �"� #�v+� ��-!�"�!�� �v��o�&� (i = iref), o( ��4'�(�� �+5�( �'&2(!"��  �( o '-#o� 

Deq *+v�"�( ��- "�v !2.!�: 

 

� 	 � 	�
�

�
�
�

�
���
�
�

�

�
�
�

�
�

�

�
� 211

2

1

2 tantancos
c

s
61.012.1

cos

cos
Deq  [6.47] 

 

�� *(��o��"( .� #�v+�� ��-!�"�!�� .2o)%�: 

 

� 	 � 	 � 	�
�

�
�
�

�
���
�
�

�

�
�
�

�
��
2�

�
�

� 211

243.1

ret

1

2 tantancos
c

s
61.0ii12.1

cos

cos
Deq  [6.48] 

  

-�o) :  

  = 0.0117 #(� NACA-65  �(  

  = 0.007  #(� "$�o) C4 %� #��%%�  �%�)'-"�"�� "-,o  $ 'o) 

 

�(�,  &��� *(��o��"( �, . ���!� "�v ���'�(4v %�� *+v�"�( -"�v 2��!(%o�o(�!o)%� 
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"ov !)v"�'�!"� *(&2)!�� D1, -�o) ('�%3&5/5"�� )�’-8(5 "�5 !"���-%�5� �"��$#�!�): 

 

� �

2 12 12 2 2

1

1 1 1 1 1
1

(tan tan )
1 1  1  

2 2
2

xy y y

� �
de Haller de Haller

C C CW W s W C a a s
D

cW W W c W W c
W

s ��/�1 3 ��/�1 3

� � �
� � � � � � 
 � � � 


��
 
� �
� �

 [6.49] 

�-"�, � !2.!� �/c = f (D1) *+v�"�( !"o !2�%� 6.16. ��5( & / ���&#�5 *(&2)!�� D1 

��.��( 5� �+5�( <0.4 #(� "/ & �/ "/) !"�/��+/)  �( <0.6 #(� "� 3&!� "/) !"�/��+/)  �( "/) 

!"&"/�� #(� ��/�)#� ���/*)5�%( �� ��4'�(�� !"��(,��. 

 

	*4 o !)v"�'�!"�� ���'�(4v 1�  �+5�(: 

 

101

201

2

1
PP

PP

cos

1

s

c

c �
�



�


�
�

�
�
�

�
�
�

�
�
�

� ���  [6.50] 

 

	v #.v�(, !� %(� �"��$#�!� !)%�(�!"� �� ��.��( v� .2o)%� : 6.0D1 !  

� !)v"�'�!"�� 1�  %�o��+ v� %�"�"����+ !"� %o��� : 

�
�

�
�
�

� �

�


�
�

�
�
�

�
��
�

�
��
�

�

�

�
��

ccos

1

s

c

cos

cos

2

2

2

1
1  [6.51] 

 �( � !2.!� : 

� 	1

2

1

22
1 Df

cos

cos

s2

cos
���

�

�
��
�

�

�

�

�

�

�
�
�

�



�

�  

��+v�"�( !"o !2�%� 6.16.  

75� � -%� ��'-  �("��(/ �/) 2��!(%/�/(�+"�( #(� .'�#2/ "�� ���/*)5�%( � ��4'�(�� 

!"��(,�� %(�� ���/"/%�� �"��$#�!�� !)%�(�!"� �+5�( "/  �("��(/ "/) de Haller ((*.  �( 

!2.!� 6.49) �/) )��#/��$�( ��'& -"( ��.��( 5� (!2$�(: 

 

2 1

1 2

0.72  (��(�%-� de Haller)    1.428
W W

W W
4 � !                                                  [6.52] 

 

-�/) W �+5�( � !2�"( � "�2$"�"� "�� ���/"/%�� !"�5 !"���-%�5� �"��$#�!� (!2�%� 

5.3). 
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6.4   ���������� ������ 
�� ����	
����� (��O���O	) ���O���O	  

   

���� !"�v ���+�"�!� "o) !)%�(�!"�, ."!(  �( #(� "o)� !"�o3+'o)� .2o)v �v��")2��+ 

�%��(�( .� !2.!�(� �o) %�� *+vo)v "�v ��- '(!� (*)  �( "ov !)v"�'�!"� ���'�(4v. 	�+!�� 

.2o)v �v��")2��+ o( o#.v�(�� ���o"o%4v -��� o( ���""�v( .� C4  �( T6  �( o( 

�%��( &v( �� "�� NACA. 

 �� 3�!( & ��o�+' #(� "(� ���""�v( .� ���o"o%.� C4  �( T6 ��+vov"�( !"ov �+v� � 

6.2 %�0+ %� %(� ���( -v(!� �)"4v #(� �)��+�  �v"�( � #��%%�. �.�� ��- "�v  �"�vo%� "o) 

�&2o)� (t/c) *+vov"�( o( � "+v�� "�v  $ '�v �o) *+vo)v "o 2�+'o� ��o!3o'�� (leading edge) 

 �( "o 2�+'o� � �)#�� (trailing edge) !� � �"o!"& "o) 0.1c. 

 � NACA .2�( �v��"$,�(  �( �)"� *$o !�(�.� ���o"o%4v "�v �3�7  �( "�v �1	1�1. � 

��4"� .2�( �v��")2��+ #(� �"��)#4!�(� �v"+*��!�� (reaction), -�o) .2o)%� ��("&2)v!� "�� 

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

� "�o��� (�) !"o ��2( - %.�o� "o) *(& �vo) %�"�,$ *$o ���o"o%4v, -�o)  �( o ��(�%-� 

Mach �+5�( %( �-�. � *�$"��� !�(�& 2��!(%o�o(�+"�( !� �"��)#4!�(� %� !2�*-v %�*�v( � 

�v"+*��!�, %� �(o o%o(-%o���  �"�vo%� �-�"(!��  �"& %� o� "�� 2o�*��  �( %� %( �-"��o 

«%.!o» ��(�%- Mach !"o -'o *(& �vo. �� 2��� "��(!"( & "�v ���o"o%4v �3�7  �( �1	1�1 

��+vov"�( !"ov �+v� � 6.3. 

 �( #��%%.�  �%�)'-"�"�� (#(� CL = 1)  �( o(  �"�vo%.� �&2o)� ��+vov"�( !"o !2�%� 

6.17. ����  �( !"�v ���+�"�!� "�v ���o"o%4v NACA-65, -"�v ���("���+ %(� *(��o��"( � 

"(%� "o) CL, "-"� #(� "�v +*(� "(%� "o) Xc, 3&0o)%� : 

 

L1C,CC Cyy
L


� �  [6.53] 

 

-�o) � 1C,C L
y �  

*+v�"�( !"o)� �����&v� �+v� ��. 

�"(� �"��)#4!�(� "�v !"�o3+'�v, �v #.v�(, � � "�o�� "�� �o��  �( o( �vo%o(o%o��+�� 

"�� �o�� !"�v .,o*o �+5�( �(!��"& %�#�'$"���� ��- "�v ���+�"�!� "�v !)%�(�!"4v. 

 7"!(, � %.!� #�v+� �,-*o) (�2)  �( � �v"+!"o(2� ��4'�(� !� o'( � �+�!� o�+0ov"�( �� 

� o'o$���: 

 

*
*


�



�
��

dy C

d CC
tan

2

x

yyx

2  [6.54] 

 

 �(: 
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� 	

*
*




�

�
��

s

0
x

s

0
0201x

0

ds C�

ds PPC
P  [6.55] 

 

���( .� �o�.�, ���(*� o ��(�%-� Mach �+5�( !)v���� )8�'-�, �v"+ #(� "ov o�o 

2

1C
2

1

�
   �

�

�
�
�

� 
�
 2

xC
2

1
 �  2��!(%o�o(o$%� "o)� -�o)� � 	101 PP �  � � 	202 PP �  #(� v� 

�*(�!"�"o�o(�!o)%� "(� ��4'�(��. 

 

�( ")�( .� %�"�3o'.� "�� �2  �( "o) !)v"�'�!"� ���'�(4v : 

 

��
�

�
��
�

�

�

�

202

0201

PP

PP
 [6.56] 

 

��+vov"�( !"o !2�%� 6.18. 

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

!)%3�+v�(  �( %� "ov !)v"�'�!"� ���'�(4v, %.2�(  &�o(� "(%� "�� #�v+�� ��-!�"�!��, 

-�o) ��2+0�( v� �),&v�( �o'$ #��#o��. 	�+!�� o( �"��)#4!�(� �v"+*��!�� �%��v+0o)v, �v 

#.v�(, %�#�'$"���� ��4'�(�� ��- "(� �"��)#4!�(� 4!�� (impulse, *�'. %�*�v( �� 

�v"+*��!��). 

�( �%��(�( .� !2.�!�(� �+5�( "�(4v �(*4v : 

 

(i) ������� ��� �� ��v�� �������� 

	*4 o(  $�(�� %�"�3'�".� �+5�( �  �%�)'-"�"� "�� #��%%��  �%�)'-"�"��  �( o 

��(�%-� Mach M2. 

�v � #��%%�  �%�)'-"�"�� �+5�( �)��+� #��%%� %�"�,$ "o) '�(%o$ (throat)  �( 

"o) 2�+'o)� � �)#��  �( #(� 0 < �2 < 0.5, )�&�2�( %�"�,$ "�� �2  �( "�� 

�o!-"�"�� � 	socos 1�  � !2.!� �o) ��+v�"�( !"o !2�%� 6.19�. 

�v � #��%%�  �%�)'-"�"�� !"�v ���(o2� �)"� �+5�( "-,o  $ 'o) %� � "+v� (e), 

#(� 0 ! �2 ! 0.5 .2o)%� : 

 

� 	 �
�

�
�
�

�
����
e

s
4e *

22  [6.57] 
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(�2 !� %o+���), -�o) *

2�  �+5�( � �v"+!"o(2� "(%� "�� �2 #(� )5e  , -��� 

��+v�"�( !"o !2�%� 6.19  �( "o e )�o'o#+0�"�( ��- !2.�!�(� �o) *+(*ov"�( 

���� &"�. 

�(� )5e ,  �( #(� �2 = 1.0 � �2 *+v�"�( ��- "�v !2.!� : 

 

� 	socos 1

2

���  [6.58] 

 

�v4 #(� �����&!%�v� � "+v� e, .2o)%� : 

 

� 	 � 	sosinfsocos 11

2

�� 
���  [6.59] 

 

-�o) � ���&%�"�o� f �+5�( !)v&�"�!� "o) (s/e)  �( *+v�"�( #���( & !"o !2�%� 

6.19. 

�(� "(%.� "o) �2 %�"�,$ 0.5  �( 1.0, � "(%� "�� #�v+�� �2 �)�+! �"�( %� #��%%( � 

����%3o'� %�"�,$ "�v �v"+!"o(2�v "(%4v -"�v �2 = 0.5  �( �2 = 1.0 

�(� &''� %.�o*o� �+5�( �)"� "o) Carter �o) !)v�v"�!�%�  �( !"o)� !)%�(�!".� 

( �( �o) (!2$�( #(� �!)%�+�!"� �o��) -�o) %�� *+v�"�( � #�v+� ��- '(!�� (*) 

%.!� "�� !2.!�� : 

 

csm 
�
��  [6.60] 

 

%� :  

 

������ 22  [6.61] 

 

 �( "� %�"�3'�"� (m) "�v ��+�vo)%� ��o "o !2�%� 6.20,  !)v��"�!�( "�� #�v+�� 

�'�)�+!%�"o� (stagger angle) #. 

� ��4"� %.�o*o� �+5�(, -%��, �(o *(�*�*o%.v�  �( (!2$�(  �( #(� 

�"%o!"�o3+'o)�. �(�  &��� *(��o��"( � . ���!� "�� %��-*o) �)"�� *+v�"�( 

��- "o)� Ainley-Mathieson, -�o) #(�  0 ! �2 ! 0.5 .2o)%�: 

 

� 	� 	 � 	es4socosF 1

2 
�
�� �  [!� %/+���] [6.62] 

 

%� 
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� 	� 	 � 	socos154.115.11socosF 11 �� 
���
  [6.63] 

 

� 	z8

j
e

2



�  [6.64] 

 

-�o) "� j, z o�+0ov"�( !"o !2�%� 6.19 

�(� �2 = 1.0, .2o)%�: 

 

��
�

�
��
�

�
�� �

2n

11

2
A

A
cos  [6.65] 

-�o) :   

�t  = �%3�*-v "o) �vo+#%�"o� %�"�,$ *$o �"��)#+�v !"o ��+��*o "o) '�(%o$ 

�n2 = �v"+!"o(2o �%3�*-v !"�v .,o*o 

 

(ii) ����� ��� �ov �� ����o  o�o (s/c) 

� !2.!� �)"� %�� *+v�"�( ��- "o  �("��(o "o) Zweifel. 

�$%��v� %� "o  �("��(o �)"- ��.��( v� (!2$�(: 

 

� 	 � 	 � 	 8.0tantancosbs2 212

2 ����
�

  [6.66] 

 

-�o) :   

b = �,ov( � 2o�*� 

c = b/cos(#) [# = #�v+� �'�)�+!%�"o�] 

��- "�v ��&,�, �&v"��, .2�( 3����+ -"( "o  �("��(o �)"- *+v�( -v"�� "ov 

3.'"(!"o '-#o (s/c) %-vo -"�v 60° ! �2 ! 70°. 

 

(iii)   ������� ��� �ov �!o o���"� �o� ��v�� ���# �!� ��$v 

�(� "ov )�o'o#(!%- "�v ���'�(4v .2o)v �v��")2��+ *(&�o�o( %.�o*o( -��� "o) 

Soderberg, "�v Ainley  �( Mathieson, "o) Traupel, "�v Craig  �( Cox,  '�. �( 

%.�o*o( �)"o+ .2o)v �v��")2��+ %� 3&!� "(� ��(��%�"( .� %�"��!�(� !� !�(�.� 

�"��)#4!��v �o) 2��!(%o�o(o$!� �  &�� o%&*�  �( � � �+3�(� "�v %��-*�v �� 

��.��( v� �����+"�(  �'� %-vov #(� "(� �"��)#4!�(� �o) 2��!(%o�o(��� �v #(� 

"�v �v&�"),� "o)�. 

���� &"� �� #+v�( ���o)!+�!� "�v %��-*�v "�v Ainley-Mathieson  �( "o) 
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����� 
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Soderberg. 

	v #.v�( o( o'( .� ��4'�(�� 2��+0ov"�( !� "��+� )�o���(�"4!�(� : 

� ��4'�(�� '-#� ��(��v�(� 4v ��(*��%( 4v "�(34v (profile losses). 

� ��4'�(�� '-#� *�)"��o#�v4v �o4v !"o *(& �vo %�"�,$ *$o �"��)#+�v 

(secondary losses). 

� ��4'�(�� '-#� *(���o4v !"� & �� "o) �"��)#+o) (Tip leakage losses). 

	*4 �� �,�"&!o)%� "�v ��4"� )�o���+�"�!�. �( &''�� *$o �� �v�')�o$v !"�v 

���&#���o ���+ *�)"��o#�v4v �o4v. 

�( Ainley  �( Mathieson 2��!(%o�o(o$v "ov !)v"�'�!"� ���'�(4v : 

 

202

0201

p
PP

PP
Y

�

�
�  [6.67] 

 

��� *+vo)v *� *$o !)!2�"+!�(� "o) 
p = 
p( ) -"�v � #�v+� ��-!�"�!�� (i) �+5�( 

+!� %� "o %�*.v (i = 0). � ��4"� %�� *+v�( "�v !2.!�: 

 

� 	2pp � , csYY �  #(� �1 = 0 [6.68] 

 

 �( � *�$"��� "�v !2.!�: 

 

� 	2pp � , csYY �  #(� �1 = �2 [6.69] 

 

�� *(�#�&%%�"� "�v !2.!��v �)"4v ��+vov"�( !"o !2�%� 6.21 

�(  �%�$'�� �)".� (!2$o)v #(� (t���/c) = 0.2, Re = 2 x 10
5
  �(  M2 < 0.6 o�o) t��� 

�+5�( "o �&2o� "�� ���o"o%��. 

�(� -'o)� "o)� &''o)� !)v*)�!%o$� "�v #�v(4v �1, �2 (�''& %� "ov +*(o '-#o 

s/c)  �( #(� #�v+� ��-!�"�!�� %�*�v( � (i = 0) .2o)%� : 

 

� 
21

1211 2.0

t
YYYY

c

)0(p)(p

2

2

1
)0(p)0i(p

��

���
��������

6
7
8

9
:
;



<6

<
7
8

<9

<
:
;

�
��
�

�
��
�

�

�
�

��  [6.70] 

    

� �,(!4!� �)"� (!2$�( #(� "�v ���(o2� 0.15 ! t/c ! 0.25. 	&v "o t/c �+5�( 
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%�#�'$"��o � %( �-"��o ��- "(� o�(� .� "(%.� o Ainley !)v(!"& "o 
p(i=0) v� 

)�o'o#+0�"�( !"o -�(o (*�'. %� t/c = 0.15 � 0.25), -�o) "� 

 )(p )0(p 211
Y ,Y ����� ��o�o$v "�v +*(� #�v+� �2 -���  �( � )�-8� �"��$#�!�. �(� 

�"��$#(� �-"o�� �."o)%� 32 5 �1  �( 33 5 �2 .   

�(� "�v ���(�"4!� �o) � #�v+� ��-!�"�!�� (i) *�v �+5�( %�*�v( � 

2��!(%o�o(�+"�( � *(-���!� "o) !2�%�"o� 6.22�. 

� #�v+� ��-!�"�!�� is !"o !2�%� �)"- �+5�( � #�v+� -�o) .2o)%� ��4'�(� 

!"��(,�� "�� ���o"o%�� !"�v �"��$#�!�. ��+0�"�( *� !�v "�v #�v+� i -�o) 

.2o)%� '-#o !)v"�'�!"4v ���'�(4v : 

 

0.2YY )0i(p)i(p ��  [6.71] 

 

� "(%� "�� is !"�v %.�o*o �)"� )�o'o#+0�"�( �� �,�� : 

� ��4"� )�o'o#+0o)%� "�v is #(� (!o*$v�%� �"��$#�!� %� "(� +*(�� �1, �2 

�''& #(� s/c = 0.75 ��- "o !2�%� 6.223. 

� ��- "o !2�%� 6.22# )�o'o#+0o)%� "�v : � 	75.0csii ssis
����  

 

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

� �)#�� �+5�( 2 % "�� 2o�*��. �(� *(��o��"( - �&2o� o '-#o�  

 

)02.0  cte(p

p

Y

Y

�

  [6.72] 

 

*+v�"�( ��- "o !2�%� 6.23. 

 

 

�  �%�$'� �)"� ��o!�##+0�"�(  �( ��o "�v �,+!�!� : 

 

�
�

�
�
�

�
�
�

�
�
�

� �
�
� � 02.0
c

t
71YY te

)02.0  ct(pp te
 [6.73] 

    

�(� &''� . ���!� #(� "�v *(-���!� �)"� �+5�( "o) Markov -�o) : 
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2

ee

)tete(pp
coss

tt
4.0 o

o �


�

�%�% �  [6.74] 

    

%� : 

 

2

x

s22

p

C
2

1

hh




�
�%  [6.75] 

 

�(� "�v ��+*��!� "o) ��(�%o$ Mach �2, o( Kacker  �( Okapuu ��o"�+vo)v "�v 

*(-���!� "�� "(%�� "�v Ainley-Mathieson �� : 

 

� 	
�
�
�

�

�
�
�

�
�
��

�

�
��
�

�
�

� � 1

2

2

1
MAp K1

M

M
1Y

3

2
Y  [6.76] 

 

-�o) o !)v"�'�!"�� �1 %�"�3&''�"�( #��%%( & %�"�,$ 1 (#(� �2 = 0.2)  �( 0 (#(� 

�2 = 1.0). 

� !)v"�'�!"�� (2/3) *�v ��o�& "ov ��(�%- Mach !"�v *(-���!� �)"� �''& 

�v"( �"o�"�+0�( "o #�#ov-� -"( o( !$#2�ov�� ���o"o%.� "�v �"��)#4!��v 

!"�o3+'o) .2o)v %( �-"���� ��4'�(�� �o) �+5�( "�� "&,�� "�v *$o-"�+"�v �)"4v 

�o) )�/'-#(0�v o( Ainley  �( Mathieson. M(� &''� %o��� "�� *(-���!�� �)"�� 

�+5�( �� � o'o$��� : 

 

� 	� 2

M-A pp 1M601YY �
�
�  [6.77] 

 

-�o) o �ach )�o'o#+0�"�( #(� "o �-"o�� %� "�v "�2$"�"� w3rel  �( #(� "o 

!"&"o�� %� "�v "�2$"�"� C2. 

�(� "�v ��+*��!� "o) ��(�%o$ Reynolds, o( �-� ��o"�+vo)v v� '����+ �)"- 

)�-8� %-vo !"o)� )�o'o#(!%o$� "o) 3��%o$ ��-*o!�� -'�� "�� 3��%+*��. 

�( �����&v� )�o'o#(!%o+ ��o�o$v "�v ���+�"�!� -�o) 5102Re 
�   �( : 

 

2Re
�

C c

�% �&+'



�  [6.78]  
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�(� 5102Re 
= ��o"�+vo)v : 

 

2.0

oo Re

Re

1

1
�

��
�

�
��
�

�
�

��
��

, 5

o 102Re 
�  [6.79] 

 

�(� &''� %.�o*o� )�o'o#(!%o$ "�v ���'�(4v �+5�( �)"� "o) Soderberg. �(� �"��$#(� 

�o) '�("o)�#o$v %� "ov 3.'"(!"o '-#o s/c ( �"& Zweifel) !� 5102Re 
�   �( '-#o 

� ��"&!%�"o� 3bh B �  o ovo%�!"( -� !)v"�'�!"�� ���'�(4v *�  (';0) �+5�( !)v&�"�!� 

"�� #�v+�� ��- '(!�� 21 �����  �( %�  2.0
c

t max >  .2/)%�:   

 

2

*

100
06.004.0 �

�

�
�
�

� �

���  ((!2$�( #(� � ! 120?) [6.80] 

 

�(� 3
b

h B =  � �5�".�� . ���!� *(/��45�"�( �� �,�� : 

 

�(� !"&"/�� :             � 	*

1

cos
1 1 0.993 0.021

Bh

 
� � ��� � � 
 � 
� �

� �
 [6.81] 

 

�(� �-"/�� :               � 	*

1

cos
1 1 0.975 0.075

Bh

 
� � ��� � � 
 � 
� �

� �
  [6.82] 

 

�(� 5102Re 
= %(� ����(".�� *(-���!� �+5�(: 

 

1

4

1

5

2
Re

10
�
��

�

�
��
�

�
��  [6.83] 

 

-�/): 

 

2 2
Re Bh

C D�

1


 

�   �( 

� 	
2

2

2 cos

cosB

B

h
B

s h
D

s h

�
�


 
 

�


 �
 [6.84] 
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�(� &''� . ���!� "/) !)5"�'�!"� ���'�(4v �+5�(:     

 

5

1/ 410
( )  [(1 )(0.975+0.075/�R)-1]

Re
B i�� � �� � 
                                                       [6.80’]   

 

-�/) AR=(hB/c), ��  �( �i �+5�( ���&#/5"�� ���'�(45 '-#� #��%�"�+��  �( #�5+�� 

��-!�"�!�� (��- !2�%� 6.23)  �( Re=C3Dn/5 , -�/) Dn=(2AR s sin�2)/(c/s sin�2+AR) 

  

6.5 ��	���O
����� �O�� ��� �O���� �������� (Horlock (1973), 

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

 

�o ���#%�"( - ��*+o �o�� !"o *(& �vo %�"�,$ *$o �"��)#+�v �v-� !"�o3+'o) � �v-� 

!)%�(�!"� *�v �+5�( ��'4� � !$v��!� "�v �"��)#4!��v -'�v "�v ���o"o%4v �o) 

����"+0o)v "� �"��$#(�. �"�v ��&,� �%��v+0ov"�(  �( !"�o3('(!%o+, �o) o��+'ov"�( �+"� 

!"�v ���o)!+� 0�v4v (,4*o)� �o�� �+"� !"�v "&!� "�� �o�� v� ���v& ��- "�v ���(o2� 

)8�'�� �+�!�� !"�v �v"+!"o(2� 2�%�'�� �+�!�� !"o & �o "o) �"��)#+o). 

�� ��(v-%�v� �o�� '-#� "�� �%�&v(!�� !"�o3('(!%4v .v� � "�� (,4*o)� �o�� 

��o �'o$v"�( *�)"��o#�v� (secondary). 	��(*� *�, o( !"�o3('(!%o+ �)"o+ �v� �"�"&!!o)v 

"(�  �"�)�$v!�(� "�� �o�� *(��o��"( & ��- -"( )�.��!� � ��'� ����+� "�v �"��)#4!��v, 

�%��v+0�"�( !)v���� %�+�!� !"�v ��-*o!� "�� 3��%+*��. �( ��4'�(�� �)".� ��o �'o$v"�( 

*�)"��o#�v�+� ��4'�(�� (secondary losses). 

�( !"�o3('(!%o+ �)"o+ ��o.�2ov"�v  )�+�� ��- "�v !)!"�o�� "�� �# &�!(�� 

!)v(!"4!�� (�1) "o) *(�v$!%�"o� "�� !"�o3('-"�"�� �
�

(!2�%� 6.24). � !)!"�o�� �)"� 

!"�v .,o*o "o) *(� .vo) *�%(o)�#�+ !)v(!"4!� !"�o3('-"�"�� ���&''�'� ��o� "� �o� (�s). 

��v �+5�( 3.3�(� ��'� � -'� !)!"�o��, �''&,  �"& ��o!.##(!�, ����o$%� -"( *�%(o)�#�+"�( 

.v� !$!"�%� ��- *$o !"�o3('(!%o$� (*+v��), -��� ��+v�"�( !"o !2�%� 6.24. 

��"& ��o!.##(!�: 

 

z

u1
1 @

@
��  [6.85] 

 

-�o) z �+5�( � ��-!"�!� ��- "o "o+2�%�. 

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

.2o)%� : 
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dz

du
2 1

s 
�
���  [6.86] 

 

� !"�o3('-"�"� �)"� ��(�.��( %�"�3o'� !"�v #�v+� �,-*o) �2. �(� ")�( � %o��� "�� 

%�"�3o'�� �)"�� ��+v�"�( !"o !2�%� 6.25. 

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

�)"- !� !2.!� %� "�v #�v+� �o) ��o3'.��( � ����+� "�v �"��)#4!��v. � )���3o'( � 

!)!"�o�� �+5�( !)v���� ���&#ov"�� �o) ��("�2$v�( "�v ��4'�(� !"��(,�� "�v �"��)#+�v. 

 �"�v !)v(!"4!� �s �� ��.��( ��+!�� v� ��o!"���+  �( � !"�o3('-"�"� "o) 2�+'o)� 

� �)#�� (trailing edge shed vorticity) ��o��2-%�v�  �( �)"� �  "�� ��"�'o�(*o$� *+v�� 

(horseshoe vortex), -��� ��+v�"�( !"o !2�%� 6.26. 

72o)v ��o"���+ *(&�o��� %.�o*o( )�o'o#(!%o$ "�� �s %� �%�('�#-%�v� ��(")2+�, (*+�� 

!� %�#&'�� "(%.� "�� #�v+�� � "�o��� �. 

�."o(�� !2.!�(� �+5�( #(� ���&*�(#%� (Horlock (1973), Dixon (1978), Cohen et al 

(1972)): 

 

(�) Squire  �( Winter 

 

� 	
dz

du
2

dz

du
2 1

21
1

s 
���
�
�
��  [6.87] 

 

 (3) Hawthorne 

 

* �
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� �
���
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��
�

� � 33
d

u

1PV
2

uu 2

0

12

 [6.88] 

  

(#) Lakshminarayana  �( Horlock 

 

� 	 � 	 � 	
dz

du

2

2sin2sin

coscos

1 121
21

21

s 
��

�
��

� �
��

����


�
�
��  [6.89] 

 

�"�v � "+%�!� "�v ���'�(4v o'( �� �+�!��, -��� #(� "(� ��4'�(�� '-#� "o) o�(� o$ 

!"�4%�"o� !"�v ��(�&v�(� "�v ���o"o%4v ."!(  �( #(� "(� *�)"��o#�v�+� �o.� .2o)v 

�v��")2��+  �( *(&�o��� %.�o*o( (�%��(�( ��) � "+%�!�� �)"4v. 
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(�) �(� "o)� !)%�(�!".� 

� Howell ��o"�+v�( : 

 

2

LDs C018.0C 
�  [6.90] 

-�o) : 

� 	
� 	

� 	m

3

1

2

m

3

D cos
c

s

cos

cos

c

s
C �
�

�

�
�
�

�
��
�

�

�

�

�
�
�

�
��  [6.91] 

 

CL = !)5"�'�!"�� &5"�!�� "�� ���/"/%�� 

 

(3) �(� "o)� !"�o3+'o)� 

�( Ainley-Mathieson *+vo)v : 

 

zYs 
.�     ,    
� 	
� 	m

3

2

2
2

L

cos

cos

cs

C
z

�
�


�
�

�
�
�

�
�  (#(� �-"/��) [6.92] 

 

-�o) : 

 

� 	
� 	

2

2 1

1
h t

A A
f

D D
.

; 8< <
� : 7

� ��< <� �9 6
 [6.93] 

 

-��� ��+v�"�( !"o !2�%� 6.27. 

  

	*4 �1, �2 �+5�( "� �%3�*& "�v ��(�.*�v �(!-*o)/�,-*o) "o) *(& �vo) "�v 

�"��)#+�v,  &��"� ��o� "(� "�2$"�"�� C1 , C2  �( Dh , Dt �+5�( o( *(&%�"�o( "�� 3&!��  �( "o) 

& �o) "�v �"��)#+�v. 

�( Dunham  �( Came *(-���!�v "�v �����&v� !2.!� ."!( 4!"� v� *+v�( 

( �vo�o(�"( & ��o"�'.!%�"�  �( #(� �"��$#(� %( �o$ $8o)�, *+vov"�� "�v !2.!� : 

 

z
cos

cos

h

c
0334.0Y

1

2

B

s 
��
�

�
��
�

�

�
�


��
�

�
��
�

�

�  [6.94] 

 

-�o) : hB = $8/� "�5 �"��)#+�5 
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� %�"�3o'� "�� z %� "(� #�v+�� �1 , �2 ��+v�"�( !"o !2�%� 6.28. 

� &''� %�#&'� ��#� ���'�(4v �+5�( "o *(& �vo %�"�,$ "�v �"��)#+�v  �( "o) 

 �'$�o)� �o) ���(3&'�( �)"&. �"�v ���+�"�!� "�v  (v�"4v �"��)#+�v "o *(& �vo �)"- 

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

� +v�"� �"��$#(� �+5�( !"� 3&!� "o) �"��)#+o). 

 �v&'o#� 'o(�-v %� "o �+*o� "�� %�2�v�� o( �%��(�( .� !2.!�(� �o) .2o)v �v��")2��+  

�+5�( (Horlock (1973), Dixon (1978), Cohen et al (1972)): 

 

(�) �(� "o)� !)%�(�!".� 

 

� 	 23

LDC C
c

k
29.0C 
�

�

�
�
�

�
�  [6.95] 

 

k = �&2/� *(� .5/) %�"�,$ �"��)#+/)  �(  �'$�/)�, !2�%� 6.24. 

 

	*4 !)v���� ��(��o!"+��v"�(  �( o( ��4'�(�� '-#� o�(� o$ !"�4%�"o� !"o 

 .')�o�  �( !"o "$%��vo (annulus drag), !2�%� 6.24. 

 

��
�
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��
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�

B

DA
h

s
02.0C  [6.96] 

 

(3) �(� "o)� !"�o3+'o)� 

�( Ainley-Mathieson *+vo)v: 

 

z
c

k

h

c
BY

78.0

B


�
�

�
�
�

�
��
�

�
��
�

�

�2  [6.97] 

 

-�o) : 

� = 0.5 #(� ��'- *(& �5/ (!2�%� 6.26) 

 = 0.25 -"�5 "� & �� "�5 �"��)#+�5 �(!.�2/5"�( !� �!/2� 
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�2�%� 6.1 �(�2��(!%-� "/) ��*+/) �/�� !� ��+��*� �5&')!�� 

�2�%� 6.2 �)�( .� �"��)#4!�(� !"�/3('/%�2�545  �( � %."��!� 

"/)� !� ���/!���##� 
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�2�%� 6.3 �( !)%3/'(!%/+  �( � #��%�"�+� "�� �"��$#�!�� 

�2�%� 6.4 �( *)5&%�(� �/) �! /$5"�( !� %(� �"��$#�!� 

�2�%� 6.5 � &5"�!�  �( /�(!�.' /)!� 
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�2�%� 6.6  �$#2�/5/� )�/'/#(!%-� "/) ��*+/) �/�� !� "%�%�"� 

���(/!"�/3+'�5 %.!� ��+')!�� "�5 �,(!4!��5 Navier-Stokes !� 

 �"&''�'� �'.#%�"� 
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�2�%� 6.6 (�)5�2+0�"�() 
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�2�%� 6.7 ���/"/%� ����3/'( �� #��%%��  �%�)'-"�"�� 

�2�%� 6.8 � !2.!� <=<(CL0) #(� ���/"/%.� !�(�&� NACA-65 
 

������� 6.1 ���%�"�( & 2��� "��(!"( & ���/"/%45 !)%�(�!"�, 

!�(�.� NACA-65, C1 
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�2�%� 6.9 �)�( & 2��� "��(!"( & '�("/)�#+�� �"��$#�!�� !)%�(�!"� 

�2�%� 6.10 � !2.!� m=f(#) "/)  Carter 

�2�%� 6.11 � !)5&�"�!� �*=f(Re, s/c, �*2) 
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�2�%� 6.12 �)�( & 2��� "��(!"( & �"��$#�!�� !)%�(�!"� #(� 

'�("/)�#+� � "-� !�%�+/) !2�*(�!%/$ �* , CD=f((i-i*)/�) 
 

�2�%� 6.13  � ��+*��!� "/) ��(�%/$ Mach !"� 

'�("/)�#+� �"��$#�!�� !)%�(�!"� 
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�2�%� 6.14 �  �"�5/%� "�2$"�"�� ��(�&5�(��  �( "/ 

��-��)%� !� ���/"/%� �"��$#�!�� !)%�(�!"� 

�2�%� 6.15 � !2.!� "/) Lieblein 

 



������ ����	
����� 

- 6.37 - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�2�%� 6.16 3 � !2.!� </c=f(D) 
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������� 6.2 ���%�"�( & 2��� "��(!"( & ���/"/%45 !"�/3+'/)-!�(�.� C4,T6 
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P(5� �� 6.3 ���%�"�( & 2��� "��(!"( & ���/"/%45 !"�/3+'/) –!�(�.� �3�7, �1	1�1 

�2�%� 6.17 ���/"/%.� NACA  !�(�.� �3�7  �( �1	1�1 
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�2�%� 6.18 �)�( � %�"�3/'� "�� #�5+�� 

�,-*/) (�2)  �( "/) !)5"�'�!"� ���'�(45 

/'( �� �+�!�� (
p) !)5��"�!�( "�� #�5+�� 

��-!�"�!�� (i) #(� �"��$#�!� !"�/3+'/) 
 

�2�%� 6.19 �2.!�(� )�/'/#(!%/$ 

"�� #�5+�� �,�#�#�� �2 
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�2�%� 6.20 � %�"�3/'� m=f(#) "/) Carter 

�2�%� 6.21 �( !2.!�(� 
p=
p(s/c, �2) #(� %�*�5( � #�5+� ��-!�"�!�(� 
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�2�%� 6.22 � *(-���!� "/) !)5"�'�!"� ���'�(45 
p #(� %� %�*�5( � 

#�5+� ��-!�"�!�� 
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�2�%� 6.23  ���&#/5".� *(-���!�� "/) !)5"�'�!"� ���'�(45, 
p 

'-#� ��+*��!�� "/) 2�+'/)� � �)#��,  �( "/) 0� (��  �( �i) 
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�2�%� 6.24 ��-!��"�� ��4'�(�� !"(� �"��)#4!�(�  �( � *�)"��/#�5�� !"�/3('-"�"� 
 

�2�%� 6.25 � ��+*��!� "�� *�)"��/#�5/$� !"�/3('-"�"�� !"� #�5+� �,-*/) �2 
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�2�%� 6.27 � !"����& ' #(� "/5 )�/'/#(!%- "�5 *�)"��/#�545 ���'�(45 !� 

�"��$#�!� !"�/3+'/) 
 

�2�%� 6.26 ��-!��"/( ���&#/5"�� �,/5( �� !"�/3('-"�"�� 
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�2�%� 6.28  � !2.!� z=z(�1, �2) %� �1, �2=(90-�1) , (90-�2) 
 


