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�� �	3 ��120000Re=  HV�W� K�� �6 .�-� �	) �-��6
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6 \���� .�-� �	) 1�(�� ,	*6 �� 2��+ ���) 0� �	�� �-�,0�-Z" �6�(� � ,�	3 ,�" .	���� Z" �6 �6�W ����W�-��6 \���� F�%� �� 	"� �� ���]� ��*C�� 7� 

�D�0 0� ^�� 9�6 �6 �'- ���! �� 8��!��� _3�6 `��/!� X��@ ��� 	"��W � 	) `��/!� ����0 /�� �O'A �B� 7��D�0 �� 	�	%� �� 	
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Abstract 

The formation of ice on the surface of a wing is a common phenomenon when airplanes flies at high 
altitudes. In this study, the effect of ice position on the surface of a NACA 0015 airfoil on the flow field around 
it have been investigated by using numerical and experimental methods. For this purpose, a model of ice was 
placed on the surface of the airfoil at various positions and the wake of airfoil was investigated at four angles of 
attack 0, 5, 10, 15 at Re =120000. Drag coefficient has been achieved by using the momentum difference method 
by hotwire measurements.  Furthermore, two-dimensional numerical simulations were performed with Fluent 
software. The numerical result was found in good agreement with the experimental results. The results show that 
the position of ice from leading to trailing edge will increase the drag coefficient and growing angle of attack 
amplifies the effect of ice. Flow visualization is revealed that the flow separates and vortices are occurred at ice 
positions where the vortices in the downstream of ice generate low pressure fields. The dissimilarity between the 
upstraem high-pressure and the downstream low pressure of the ice causes extra drag. 
 
Keywords: Icing, Drag Coefficient, Airfoil, Vortex, Hot Wire, Visualization, Numerical simulation with Fluent. 
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1 - ���=�   

0���� 1�$
" �'����" �� 2�3�4���  ���02��;C �"�6� 8W�� d� 

�4+ ��0 ,��� �6 �6 ���W�6 �6 9�6 �'����" _3�6 ��(�� 7� �6 ��, 

:;- 9�6 �� �)��	 �6 M�� �	�	� 7� �D�0 9�6 ��4D �� ��). 

7� �D�0 �6 F���J H��I� 8��!��� � ����� �B� ��)�eD � _3�6 

���]� X��@ ��� 	"��W )	. 0� ��D	�� �'O3 �-��6 M�� �	�	� 

��'"� ����� ���0 �	�	� 7� �D�0 �6 ���O'3 ��������
��� 9�6 

�B� �eD��) � �� 	���� �Df�� ,�" F���J �� ���]� 	"�.  

�	�	� 7� �D�0 8�%�  ,	J�� 2��O'3 ,0����  d��A �6

�� 	��. ��	�� 7� �� 	����  _3�6��Bg� 	�	) �6 #���
�� 0���� 

�	) � XJ�� h�>- F� .��) �I 9�- ,�" 1998 -2007 ��$��� 

����	� 8'A  � 8>� ����"� 319 ���� �?��- � ��$��� ���� �-�� 

730 ���� AB��� 7� �D�0 �� �'����" ,�" ,��(� m�/6 � 

#Q��  ��K��/D 	���� ]1.[  

�� �>�>?� �� p-�� ���0��� � F�%�����'" ]3�2[ �6 ��, 

9	�  8��!���NLF0414 1�(�� �	) \���� ,�	3 � �6�(� 

F�%� ����	�� �� 7��D�0 X- ���]� ������ �������
���� 9�6 

�� ��). 7� 8��%�  �	) �� �� �O'A _3�6 `"�� ,���� ,��6 

�
�%�6� `��/!� ,���� ���� `"�� ����0 �D	����� � `��/!� 

2�)�*��� �� 9�6 � �'����" �� �	) M�� ��� XJ�� M���� F	�� 

F�/�� 9��
� �'����" �	) �� �;W ,	J ,��6 0���� �-�.  

] F����'" � F���64 [ #� ��5�6 :;- ,�� �6 F���J F�	��

 8��!���GLC-305 �� �.�� .	���� �-��6  ��W �-��6 ��

8�) NO�P� ,�"9	�.	���� ���4�-� �� 7� ,�" �0�	�� ,��D

 �D�/6 �6�A `��	J �� A �8��!��� :;- ,�� �6 �3�- ,�"

M���� �� ���� 	���� 7� �-�
�
.	  

Z�� � m��6 ]5[ � F���6 � m��6 ]6[ 2�>�>?� �*�-� �6 

,�� �B� 7��D�0 8��!����" 1�(�� ����.	�� �� M�� 2�>�>?� �	�6� 

8�) 7� 9	� ,0�- �	) � rs- �B� ����P@ ��*C�� � ,/�� 

^�� 7� �6 ,�� 9	�,�" 8��!��� NACA 23012 � NACA 

3415 �NLF0414 �� ��	3� 0	��
�� � t�� NO�P� �6�-� 

�	) .�-� �� M�� �-��6�" ��Bg� 8���3 ���e� �6 X��@ ���� ��6 

� X��@ ,��6 �%�6�
 �*��;� �	) � F�%� ����	�� �� �� 9	� 

8��!��� NACA 23012  �NLF0414 \���� �.6�%� 	���� � 

M�
['" �� \���� F� �" ��Bg� ���]� ,�"������� NO�P� 7� �D�0 

�6 �6�W 86�C �	"�%� �-�.  

] m��6 � ���6��D7 ,�� �6 �� F��0 �6 ���6�� ��%! &�0�� [

 8��!��� #� :;-NACA 0012 7�  \���� .	���� �-��6 ��0

 ��%! ,� �L?� \���� �� ��� F�%� �.��)������! �@�A( 

r����!�
*� ,�" ,��� �� ���6�� F	��Q F��� ����/� ��

�� F�%� 9	� :;- �6 F���J��!�D �(��� �.�� .	"� �6 �� 	��

�� K�� M�� �6 �� 8��!��� :;- ,�� �6 F���J `��	J �0�6 F���

��*� �'� 2��+.��� M  

u
�� � �-���	W ]8[  �
��0 �� �	) 1�(�� ��)eD ,�"���

 ��0 7� 8��!��� #���
������	���� ���� �.�� .�6 �-��6 ��Bg� 

,�"������� 7� �D�0 �6 ,���� ��6 � ,��� 9�6 	
�W����.  

F	
)� � `�����'" ]9[ `���0� �" ,0���� ,���0 �� ,��6 �-��6 

��Bg� p���) NO�P� 7� �D�0 �6 ������ ��'����" 1�(�� 	����. 

\���� F� �" F�%� ��� �� F���6 /�� 7� ���0 M���	�	) �!� ������ 

�� �� �'����" XJ�� �� ��).  

���!� F���J �� ��A�� ����� #��/� �6 9	� �g��B 6 ����/- 

�� ��@�X �������
���� #� Z�J .���� 0� M�� �� �W�
) M�� 

��A�� � ���W�- �$�4)� F� �,��� ��'"� .�-� 0� �(�� �� 

�0�	��, ��$�4) �6 �0�	�� ��A�� ����� �#��/� &�0�� ��3�- 

&�0�� ��%! � ,���� ,��� ����� �6 1��J� ��Bg� ����� �-��6 

2�)�%�v� F���J �� M�� ��A�� /�� ��'"� ,���0 ����. �� M�� 

`"�f� ,��6 �*��;� �	�	� , 7� �D�0 � ��Bg� F� �6 X��@ ���� 

,�$�� F���J �� ��A�� ����� 9	� �� ,����0 �O'A NO�P� �6 

K�� ,�" �6�(� � ,�	3 �-��6 �	) �-�.  

  

2- �'I-J� 	>�K<3���7 ( �1!� L���- M3���7�>  

2 -1-  I-J��' 	>�K<3���7  

��0�� ̀�", �O+� �0�	��,��D ����� 9	� �� 8��� ��6 ��	� 

���6 ��$%��� ��*
+ #��� ��)� F�.4+� 1�(��  �	)  ��-. M�� 

8��� ��6 ,����  �
�%�6F��� M!  KW32 � �3�- m/s40 

�� 	)�6. w��� F��0� M�� 8��� ��6 ,���� :;- &;>�  

 mm2 280×380 � 9�I F� mm 700 �� 	)�6. w��� F��0� 

M�� 8��� ��6 ,���� �� ��(
� 0� �%�) ���O� H�4) �-�. ,��6 

,��D�OJ 0� 8W�	� ��5 ,0�� ,�" ���(� �	) p-�� �����,�" 

����J M�6 �� ����� �)�D���" �6 ����0 °45 Xy� �	) �-�. 

�0�	�� M�� �)�D�" �� ��	��� w��� F��0� #Q�� �� ��) � M�� 

_3�6 m�/6 F	) :;- &;>� w��� F��0� �	) � �� ,��	A �B� 

`"�� ��%! ,���
) ���I �� ��	��� w��� F��0� �� 0� M�6 

�� ��6. ���'� ��0��`�" �� �3�- m/s 12 1�(��  �	) 	��. 

2	) 2�)�%�v� �� M�� �3�- ��	A %2/0 �� 	)�6. �� 9�	J 

1 ��	>� p-��� ,�"������� F���J �� /��� w��� F��0� 8��� ��6 

����� �	) .�-�  

`���0��a�� ,�" ,��'3 ��� 8��� #� �� ��� �6 F���J ,0�-

 F��0� w��� ��*6� �6 �	
��mm3 100× 180× 500  �	) 1�(��

 ��(�� 8�a�0�D ��P6 0� ���4�-� �6 X-�
� ��� 8��� M�� �� .�-�

�� 90�� �J��W ,��" F���J ���� �� ��� �J��W d��� .��)

.���� ���C 8��� M��  
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N(�� 1- ��	>� p-��� ,�"������� NO�P� F���J �� /��� w��� 

F��0�  

�������  ��	>�   

2	) �$�4)�  2/0 	+��  

]�2���� �3�- ��� �6 ��	>� 

p-��� 8� &;>�  

2/0 	+��  

2����]� ��%! ��� �6 ��	>� 

M�$���� 8� &;>�  

05/0 �� 	+  

2����]� ����0 F���J  4/0 ± �J��  

  

d��� �J��W ��� �6 2��+ pW �����J �A��I �	) �� 

M���'� K�%�v� �� �� F���J ��" ��(�� .	
� �3�- F���J 

,��" M�� 8��� ��� �|��	A m/s 5 ���6 � M���%�6 2	) 

K�%�v� F���J F� �6 %7/0 ��.	-�  

�0�	��,��D �3�- �6 ���4�-� 0� ��$�-� F���J \
- Z�- 

Y�� ��� �6�B � #� d��� #� ,	*6 1�(�� �	) .�-� M�� ��$�-� 

���C �-� �4��� �3�- �� �.J �>!� �� �6 2��+ �L?�,� 

�0�	�� ,��D .	��'� `�� 0� }��) `���0���" F���J \
- Z�- 

Y�� ������ �	) .�-� `���0� M�� �� ,����6 ���� r����! �"

kHz 2  �L� ����!�D  �	)  �;>� �" �� ,����6 ���� F��0 �7 

.�-� ���6 ����B �� F��0 1�(�� `���0��"� ����>� ��%! � ,��� 

��$%���0� �6 X����  mm Hg248 � C°34 ���6 �-�. 8��!��� 

�� M�� `���0��" NACA 0015 �� ,	*6 �6 9�I ��� mm 

150 �O�� ��� � 0� r
J #��-V� ���%! �� .	)�6  �	3

��0	��
  ��	>� �6��6 8��!��� ��� ��-� �6 F���J120000Re= 

��  .	)�6�� 8�) 1 ����A�I ,� 0� ��?� ���C M�4D ���d F���J 

\
- Z�- Y�� � 8��!��� ��� �6 F���J ,����  w��� 8W��

 F��0�F�%� ���� �	) .�-� �6 8��!��� 2��+  w��� 8W�� �>!�

 ���� �� �� F��0� w��� ~�3 8� F� ��� � ��!�D ���C F��0�

 .�-�F�'"��I �� �� 8�) 1 F�%� ���� �	) �-�. ���d 

F���J \
- Z�- Y�� �� ,��-�� ,��'3 ,��-��)  ��?�Y �(

pW ,��,�" X �6�B (6�J� ���� � �	) ,����6�� �O+�!,�" 

mm 2 1�(�� �	) .�-�  �C��� �	
"� 9�>��� ��$�-��d  

 mm 01/0 �� 	)�6.  

  

  
:�� 1- ����A�I  ,���C ,��D d��� � 8��!��� ��� �6 F���J 

,����  

  

�� 8�) 2 9	� 7� � �� 8�) 3 ��*C��,�" NO�P� 7� �6 ,�� 

:;- 8��!��� �6 `��'� �� �	�� .�-�  �*��;� �6 F�D	
����

 ,�" =�>?� p��� ,�"������� �	) ���)� ����� �O'J 0� ��)eD

 �6 9	� �0�	�� 7��� �@�A `"�f� ��-� �6 ] &J��5���D �6 [ -

 ,� d�P����-� �	) �� 9	� 0�-, 7�  F���� �[�� �6 �J�� �6

���� ��J� �*C�� 0���� �� F�M��*� .��) d�P��� �  7� 9	� ��*6�

�	) �a��� 	*6 F�	6 ,�" ��� �6 �J�� �6 ] &J�� ��5 ��*6� � [

`���0� M�� �� �6�P��� 8��!��� .�-� ���6 �"�� M�� 9	�,0�- 

�*- �	) �-� �� �B�  8��%� F���7�  H��I� F���J F�	�� �6

 9	��-��6 .��)  0� ��� �*��;� ,��6 �	) d�P��� 9	�

9	� �� &J��� �� �	) �a��� ,�" ,�" 7� ,0���	� 0� �� 	)�6 

 9�6 �6 �	) 8��%��� .	)�6  

  

  
:�� 2- 9	� ,0�- �)8 7�  

  

  
:��  3- ����A�I ,� 0� ��*C�� 7� �D�0 �6 ,�� :;- 8��!���  

  

2 -2- �1!� L���- M3���7�>  

 Y�� Z�- \
- F���J ��$�-� �6�3�- �L?� ,� F���J 

u(t) �0�	�� ,��D �	) � rs-  ��	>�p-��� �3�- �6 ���4�-� 

0� �;6�� )1( 6 ��-� ��	��. �� ��M �;6�� N ��	*� ���'� ,�" 

�0�	�� ,��D �	) ��.	)�6 ��	>� H��?�� ���*� �3�- urms 0� 

�;6�� )2( � 2	) K�%�v�,�" �3�- /�� 0� �;6�� )3(  ���P�-�

����). 105 �6 :�@�� �-� �� urms � u(t) ��� �6 �3�- 

p-��� � �'" ��*6� ���I ��� �6 ��� 8��!��� �6 	*6 �	) �	�.  

  

)1(  ( )
=

=

= ∑
1

1
n N

n

U u n
N
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)2(  ( )
=

=

 
= −  − 

∑
0.5

2

1

1

1

n N

rms

n

u u U
N

 

)3(  ( ) =% *100rms
u

TI
U

 

�6 �0�	�� ,��D HV�W� 1��
��� F���J �-�5�6 � M�����-� 

9	� ��F��� ��	>� X��@ ��� #� Z�J �� �� F���J 9��- 

�-�?� ���. �� M�� =�>?�  ���� X��@ �-�?� �.J /��

�
���1� �� �-�5�6 � M���� �-� 9	� �����) (Z�J 

�0�	�� ,��D �	) � �6 M��*� HV�W� ��.� ,���� ��� �-�?� �	) 

�-�.  

0� K�� �0�	�� ,��D 1��
��� �� F��� ,��6 M��*� ,���� ��� 

�� ���A �� ,	*6 � �- ,	*6 ���4�-� .��'� 9�+� ,�L� M�� 

K�� �� &C�� F�'" F���C 1�� M���� �-�. F���C  ,�������

1��
��� F��6 �� 	
� ��  �
"����W ���]� 1��
��� 9��- 

,��3 0� #� Z(A 9��
� �6��6 �6 }�'(� ���'� ���"��, 

�J��W �-� �� �6 Z(A 9��
� 9�'3� �� .	��) ��M F���C �6 

2��+ ��0 F��6 �� .��)  

)4(  ( )∂= +
∂ ∫∫∫∑ ∫∫e t

ccv

x
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��*C�� 0s/c= �6 ��*C�� 7� �$�� ,�"  �D�0�� 9�>���.	6��   

  

  
 :��9- 7� F�	6 8��!��� �%� �3�- &�0�� �D�0  

  

  

  
 :��10- 7� F�	6 9	� �%� 2�)�%�v� 2	) �D�0  

  

HV�W� �$�� �"����'� �� `��/!� ����0 �O'A �� 	)�6� ���]� 

����0 �O'A �B� 7� �D�0 �� ��	�	) �� 	
�.  ����0 `��/!� �6

 �O'AF�/�� K�%�v��" ��  ��A������� ��%�6 �	) � 9�6 �6 

2��+ #� ��	6 �P@Z�� �� F���J ��C� �� D���. M�
['" 

`��/!� ����0 �O'A _3�6 `��/!� F�����D ��%! � �`"� F�/�� 

�3�- F���J �� 8�!��� ����� �� ��). �� �(��� ���$
" �� 

9�6 �� ����0 ,�" �O'A M���� ���C ���� � HV�W� ��%! �� ��A�� 

����� ���0 ����� HV�W� �3�- �6 ��I �-��?� ��'� .�-� 

��� �6 `��/!� ����0 �O'A F�����D ��%! ��	�	) �	) � F�/�� 

�3�- `"�� ,��%�6 �W	"� �)�� .�� h�>� ,/��� ���A� 

����� M�� 2����]� ����6 ��	�	) 0� h�>� �$�� �� 	)�6. 

M�
['" �	"�%� �� ��) �� �� ����0 �O'A �4+ �J�� M���'� 

`��	J t� �� 	"�. 2��4� 8�!��� ����0 �4+ �6 ����0 �O'A °10 

/�� :@�� �-���� �O��� �6 M�� ���!� .�-�  

�6 ����>� ,�"����'� ����� � 2	) K�%�v��" ��M ���D 

h�
�-� �� ��) �� ���$
" �� 7� �� ^�� 9�6 8��%� 
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)0s/c=( �� ��) `��	J F���J  ,����0 �� 8��!��� ,�� �6

 �O'A�O�W �?� ��Bg�  7����C �'� ���D � F�����D ��%! ��'� 

	"��W ��6� ��� �����$
" �� 7� �6 �'- ���.��� 9	� ���A 

���	
� `��	J  ,��'� �O'A ����0 �� F���Jt� ��	"� � 

���D�F� ��%! /�� ���]� 	"��W ��� � �6���D ,�" �C, ��, �6 

��J� �� 	
�� � ����, ��� ��%�6 	"��W .	)  

  
  

  
 :��11- 7� 9	� 	*6 �6 �3�- 8�!��� ��*C�� �� ��0  NO�P� ,�"

7� F�	6 ���A �6 �J�� �4+ �O'A ����0 �� �D�0  

  
  

  
 :��12  - 7� 9	� 	*6 �6 �3�- 8�!��� ��*C�� �� ��0  NO�P� ,�"

7� F�	6 ���A �6  �O'A ����0 �� �D�0°10  

  
  

  
 :��13-  2	) 8�!����$�4)� 7� 9	� ��*C�� �� ��0  NO�P� ,�"

7� F�	6 ���A �6 �J�� �4+ �O'A ����0 �� �D�0  

  

  
 :��14 -  2	) 8�!����$�4)� 7� 9	� ��*C�� �� ��0 �6 NO�P� ,�"  ���A

7� F�	6  �O'A �O'A ����0 �� �D�0°10  

  

�� A 7� �6 ,�� :;- 8��!��� _3�6 ��(�� `��	J ��0 

1�$
" � ����	 �6���D 	"��W 	).  �� A�6���D _3�6 ��(�� �� 

��A�� , Z� ��%! � �� ��%! �� �� H�I �'�C 7� �D�0 �� ��) .

M�� HV�W� ��%! M�6 �� ��A��� ��� ,	�	) �6 8��!��� 8�'?� 

�� .	
�  

�� 8�) �", 15 � 16 ,�"������ ��%! � �3�- ,��6 ����0 

�O'A °10 ����� �	) .�-� F�'" ��I �� ��  M��8�) �	"�%� 

�� ��) �6 ���]� ��*C�� 7� � `��/!� ����0 �O'A� �6���D , 

�%��8 �	) �%� 7� m�/6 �� �	) � ��%! �%� 7� �!� ,���0 

	"��W �)�� �O3 M�� }�@�� �� �� F��� �� `��/!� ���y� 

,��'3 7� ������ `��/!� ���y� ,��'3 ��	��� ,��%�6 �� 

�.J F���J �� _3�6 �� .��) M�� XO;� �� 9��)� w�! �6 �6�W 

86�C �	"�%� �-�.  
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:�� 15- ������ �3�- �� ��*@� ,�" NO�P� ,��D���C 7� �� 

����0 �O'A °10  

  

	��� "��` ��%! �%� 7� �� ����0 �O'A °10 ���A 0� M�� 

�-� �� �6 ,�0� �" ���]� �� ��*C�� 7�� ��%! �6 F�/�� 

pa100 �!� �� 	
� � �6 ]���� ����0 �O'A 	��� `"�� ��%! 

����>� �6 2��+ M�$���� pa120 �� 	)�6. HV�W�  M�6�� 

��A�� Z� ��%! � �� ��%! � `��/!� ,�� �6 9	� ���y� :;- 

F���J �6 ��'3 &;>� :;- �� 25�A NO�P� _3�6 `��/!� 

,���� ��� 	"��W .	) �6 �J�� �6 X��;� ��4D  �	) �� F��� �B� 

�� 8��3 ���]� ��*C�� 7� � �/!��` ����0 �O'A �� 0� 8���3 �B� 

��eD �� X��@ ��� �.���� �" �Q 7� �6 �'- X>3 8��!��� 

���A 	
� �;>� `��	J �� �6 ��W (6�J� �� �	
� �6 Wg��� 

`��	J ����( �	) p-�� 7� ��%! �� ��A�� ,����� ��W �� 

�6��0�6 �� 	
� � `��/!� F�����D ��%! � �3�- �� ��A�� �%� 

����� �� �� �6 	"��W �)��. &�0�� ��%! �6 :;- 8��!��� /�� 

���]� �� 	
�. M�� �	�	� �)�� 0� 8��%� �6���D  �%� ��A�� ��

 7��� 	)�6 .�6���D M��  K/�� � ���6 �6�B ��W F��� ��
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�,�"������ ��  �	�� �� `��'� �6 �6���D M�� �3�-

.�-�  
  

 

  

  

  

  
  

:��  16- ������ ��%! �� ,�" ��*C�� NO�P� 7�  �� ����0 

�O'A °10  
  

 8�) ��17  �6���D �%� ��%! �!� �6 7� ��*C�� �B�)Pv (

 .�-� �	�� �� `��'� �6 ���� F�%� 8�) M�� �� �� ���$��'"

7� F��� �O+�! `��/!� �6 ��-� �	) ��	>� �8��!��� ^�� 0� �D�0

�� �	�� `"�� ��%�6 �6���D /��� �� ��%! ����0 `��/!� .	
�

.	) 	"��W �6���D /��� �� ��%! ��%�6 �!� _3�6 /�� �O'A  
  

  

  
 :��17- �6���D /��� �� ��%! ��]� �B� �� 7� �%� ,7� ��*C�� � 
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�� ����� �6 \���� �a�� ,0�- ��Bg� �7 D�0� �6 �J�F� 9��- 

8��!��� _?6 ���)� � ��Bg� ������� ��*C�� 7� � ���]� ����0 

�O'A �6 F���J 9��- H��I� 8��!��� ��W���� �� .��)  �	�	�

�7 D�0� 8?� �`��	J ����0 `��	J F���J � ���P@ �B�� 

8��!��� �� ���]� �� .	"�  

 8�) ��18  �19  H��I� F���J ���W�- �6 7� ��*C�� �B�

 �O'A ,����0 �� X���� �6 8��!���°5  �°10  �	) ���� F�%�

� .�-�7 D�0 `��	J _3�6 ���0 1�$
" �� �6���D 	���� �  .��)

 �6���D�%��8  �	)  �� F���J �����m�/6 �� ��  � 	
���Bg� 

�� �L� �6 Z�P@ Z�J #� 	
��'" 8��!���  .	-���� �� �(

�� `��/!� ��� X��@ F�/�� 8�) �� ����>� �6 .	6��18  �19 

�� �	�� /�� �O'A ����0 `��/!� �� ��)��Bg�  �6 �D�0 7�

	�	) �6���D 8��%� � F���J `��	J�� ��	
�. ���P@ �B�� 

�O+�! ,� �-� �� h�;W F���J �?� ��Bg� 8��!��� �-� K�W 

F���J ,�" �6���D �� �).� �� 8�) 20 !) �B�� �O+�T ����0 � (

) F���J `��	Jθs ���� F�%� 7� F��� �� (�	) .�-� �6 ���]� 

��*C�� 7� F�/�� ��eD�B�, 7� �6 ���W�- F���J ��%�6 �� ��). 

�� 8�) 21 � 22 F���� ��Bg� 7� �6 ����0 `��	J F���J  ��

7� F��� �D�0� ���P@ �B�� �6 2��+ ����'� F��6 �	) .�-� 

����>� θs � T/C �6 X���� 6�F� �	

� ����0 `��	J F���J  �6

 �J�� X�A�  	*6 �6 8��!��� ��� 9�I �6 �B�� ���P@

�� 	
)�6.  
  

 
 :��18 - ��Bg� � ��*C��7 D�0 �O'A ����0 �� F���J ���W�- �6 �5 

�J��  
  

 
 :��19- ��Bg� � ��*C��7 D�0�O'A ����0 �� F���J ���W�- �6 � 

°10 

  
�� :20- 7� 8?� �� F���J `��	J ����0 � �B�� ���P@�D�0  

  

  
 :��21- � ��*C�� �B�7 D�0 ����0 �6 NO�P� �O'A ,����0 �� �

F���J `��	J  

  

  
 :��22 - ��*C�� �� �O'A ����0 �B� � NO�P� ,�"7 D�0 �6 �

�B�� ���P@  

  

�6 ���]� ��%! �6 :;- 8��!��� ,���� ��� `��/!� �� 	6�� �� 

M�� `P6 \���� X��@ ���, 8A ,�	3 �6 \���� �6�(� ����>� 

�	)	�� � �?+ \���� ,�	3 �-��6 �	) �-�. �� 8�) ,�" 23 

� 24 �B� ���]� ��*C�� 7� �6 X��@ ��� �� ,����0 �O'A 

NO�P�  X���� �6 0� 8+�A�6�(� � ,�	3 8A \���� ����� �	) 

.�-� F�'" ��I �� �� 8�) �" �	�� �� ��)� ����0 �O'A � 

��*C�� 7� �D�0 8���3 �B�� �6 ���]� X��@ ��� 	
��". ���]� 

��*C�� 7� 0� ��A�� ,�OJ 8��!��� �6 �'- ���.��� �'�C F� 
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 `��/!� _3�6X��@ ��� ����) � 8��!��� �� �?� ,���� ���, 

��%�6 ���C �� .	"� 8��3 M�� 2	) 2����]� 	�	) F�����D ��%! 

� �3�- �-�.  

  

  
:�� 23- �\��� ,�	3 X��@ ��� �� �B� ���]� ��*C��  

  

  
 :��24-  \���� �6�(� X��@��� ��*C�� ���]� �B� ��  

  

5- ����� 4�%) 
7� �D�0 �	�	� 0�  �� 8��!��� ,�� �� �-� �����;W ,�"

 2�3�4��� 5�6�� t�  105 2���	C� 	��6 � 	"���  F� ,��$%��

7� ���D�" .��) 1�(�� �8��!��� :;- �6 �D�0  9��- F���J

 �?� �� 8��!��� H��I���Bg� �� ���C  �� F���J ����� � 	"�

�����D �� �� .	
�  

7� ��*C�� �B� =�>?� M�� �� �Df�� �6 �D�0 F���J ,�"

8��!��� #� H��I� .�-� �	) �-��6 �6�(� � ,�	3 2��+ �6 

 �	) ����� ����� �� ��� ���� 2��+ �6 �@�A =�>?� 8+�A \����

.�-� 

• �� �6�(� \�� =�>?� M���� F�%� ,�� �6 7� �� A �� 	
"�

�� ��� X��@ `��/!� _3�6 8��!��� :;- �6 M�
['" � ��)

 ��O'A ����0 `��/!� �� 8��!��� �O'A �� 0� 7� �O+�! `��/!�

�g7� ��B  ��� X��@ � �	) ��%�6 8��!��� H��I� F���J �6 �D�0

�� `��/!�.	6��  

•  �B� ,�	3 �-��6 \����7� 9	� H��I� F���J F�	�� �6 �D�0

�� F�%� �� 	"�7� �%��8  �	) �� �� A�O'� �0��& ��%! � 

&�0�� �3�- �6 :;- ��5�6 � �
���� 8��!��� �� ���]� �� .	"� 

7� �D�0 _3�6 `��	J ��0 1�$
" � 	���� �6���D �� ���D. �Q�" 

��*C�� 7� 0� ^�� 8��!��� �O+�! ,��%�6 ��)�� 	)�6 	C2� 

�6���D ��%�6 �	) � ��%! �� /��� �6���D �!� ,��%�6 	"��W 

�)�� . M�
['" ���B�� �� �D�0 7� �B� �O'A ����0 ���]�

�� 	
�.  

• �� F�%� 9	� H��I� F���J ,0�- �a�� \���� �� 	"��7 D�0 �

 `��	J _3�6��0 1�$
" �� �6���D 	���� �  �6���D .��)�%��8  

�	)  �� F���J �����m�/6 �� ��  � 	
��g��B  #� 	
��'" 8��!���

�� �L� �6 Z�P@ Z�J  `��/!� ��� X��@ F�/�� �(��� �� .	-�

�� .	6��  

•  ����>�\����  ��)eD ,�"��� �6 (�6�(� � ,�	3) �@�A =�>?�

�� F�%� M�
['" .	
��" �����W�6 105 �C� 0� \���� �� 	"�

,�"��� �6 �6�W �>!��� �	) 1�(�� ,�	3 ,�"���  M�� �6�(�

.	���� =�>?�  

  

STU+ .
%;  

AoA  �O'A ����0)degree(  

C )8��!��� ��� 9�Im(  

Cd  X��@���  

F ) ����
2

kg .m

s
  

T  ) �B�� ���P@m(  

K  ) 7� }�4���m(  

l  9�I 	*6)m(  

N ���� ��	*��"  

P  ��%!)kgm-1s-2(  

Pv  �6���D /��� ��%!)kgm-1s-2(  

r  *) ,�
?�� }�) 7� ^��m(  

q  �����
�� ��%!)kgm-1s-2(  

Re 0	��
�� �	3  

s  9	� ^�� 0� 7� �O+�! )m(  

TI ) K�%�v� 2	)%(  

U  p-��� �3�-)ms-1(  

u �L?� �3�- ,�)ms-1(  

V  �3�- ����6)ms-1(  

w  ) 7� ~�3m(  

x   ��� ,��-�� �� 2�y�P� ,�"��?�

 9	�)m(  



  

  

F�
>"

� 
�

�
(�

 
,

	�
*-

 �
O3

 �
 �

��;
O-

 �
4;

y
� 

�,
��

%

�

 
��f

�
 

45  

y �6 ��'3 2�y�P� ,�"��?�  ���

9	�)m(  

	���13 S3U+  

θs ) `��	J ����0degree(  

µ  �����
�� �J/�)kgm-1s-1(  

ρ  ���$Q)kgm-3(  

V31�%3��>   

rms � H��?�� ��	>�*���  
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