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Abstract 
Aeroelasticity is the main source of instability in structures under the influence of aerodynamic forces. One 

of the most important type of instabilities is coupled bending-torsional vibration, which is called flutter. In this 
paper, the aeroelastic stability of a composite wind turbine blade has been studied. Geometry, layup, and loading 
of the composite turbine blade have been compared with other structures. To study the phenomenon of the blade 
flutter, two numerical and analytical methods have been used. Finite Element Method (FEM), and JAR23 
standard have been used in the numerical studies. Three-dimensional dynamic analysis of the blade loading has 
been carried out; the flutter phenomenon has been investigated in turbine blade by using the FEM that includes 
torsion and bending modes. Two-dimensional classical method of analytical analysis has been used to estimate 
flutter speed. Results of the numerical method provide safety factors of 4 and 1.39 for stress analysis and 
aeroelastic stability, respectively. Also, the analytical method gives the safety factor of 1.38 for aeroelastic 
stability, which has good agreement with the results of numerical method. 
 
Keywords: Aeroelastic, Wind turbine, Composite blade, Flutter, Analytical solution, Finite element method 
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1 Joint Aviation Requirements (JAR)   
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2 Modified Strip Theory (MST) 
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�� W�&� (� W�&. � ���������&�'  �&��� ��*��6 #�I=� .
��6

 �5��n, )�!�9 &+� �� ��D. � �����	�&�z ��*�&�� 
���1*

 ���� 
&� 
(�	 #6 W�� ��,�� )�F &��\, (� ���� ��&�� � ��6

�� ��&.� 
��6 W�E�� ���$6 #� � 

1G ��*��6 &6�&6 ��  ��E ��

�*�&��.
��$* ���� u�E :6�� W�&� (� W�&. � ��������&�' �  


(�B ����,��	� :� -, (� J�  ���� 7�, � ���L6�F ��*

 ���<� ��	� &6 �W 5 ^
� �� Q�&N, .)	� #�5&. ��&� �	�&6

�� 7�,-  ����1C� Q�&P � #�5&. ��&� �6��(�� ���� J$���

 u� $,96/1 6#  0�&���6 0��81* .)	� 

�' )	� ���L6�F

&6�&6 �W 5 
&� 3/2  &����  ^�C �6 #$��@� �� #� 
��621  �&��

 
&�&����6  ^��<� �I��3/6 �� 
&� t�� �� W�9 #F��  .
��6 ��

#�% ���
�E #�% 0�5&.��&� 
�-� ���(�A��� ��* #��. #6 �*  ��

#�% ��
<, 0�&���6 #� )	�   �W 5 ^
� � !� �����, )�F ��

�� ��&� 6 .
�&�.#�% 
�4<  � ���� 7�, #F�� &3! ��*

�� :1-, �&���6 ����5 #�% #��=�B �� �
���  ��*45  #F��

�� :1-, �&���6 ��&6 �����,  .
���1� :��4  
&� ���L6�F

 :�� � 
���� ��*�&�� &+� ��5  7�, s�(�,5��- (W���  �� ��

 
&� �W 5�� ���� .
*�  

  

  

  
 -
	4 - 
���� ��*�&�� &+� �� �W 5 
&� ���L6�F  
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 -
	5- �� 7�, s�(�,- �W 5 
&� �� J$���  

  

2 -5- �����< �*' �. �4  ������*�12��3  

 J�F (� ���(�A��� 
&�#���  K�5 �6 
�&1* �$���� /

 �B�&C�o�><�� � u�NP K�5 .)	� 

  &�D� 
��6 ���, �

) ��&6 �����,xzτ  �yzτ�� :1-, �� (  .
�� #6 #F�, �6

#�% � K�5 (� �I	��� ���
�E �=�1G� ��*��6  ����&,�,�� ��*

 ^�
F �� �' ;�nN�� #� �$���� /#���4  )	� 

� ���6

]13[ � �G&5 � � !� &�, :��� 
&� ` �N� ����1$� �� �

 .
��&. �B�&C �#�	�� 0��81* � !� &�, �B�&C ���  �G&5

#�% (� ���(�A��� 
&� #��F �, ��*  &�, ^�6 �� �#�% (�  ��*

#�% � 

� #�5�6  K�5 ��* ��&�, ��F  
��3�	� .)	� 

�

 )�(�A��� #�% &* )��NP3/0  K�5 )��NP � &�1� ��3 

�� &�1� �� .
��6  

6:�=� #  ^�n,� :-� (� ��19 �����1� � 
���� ��*��6 7*��

 �� ��$�� )��NP |3B #6 �F���B� �
&� t�� �, #��� #6

�1� � !� &�, ^�C &	�&	  #6 )��NP 0�� 7*�� � 
��6

# �	� � #�% ��
<, 7*��  �(� 7*�� )�F ����(�A��� ��*

^
� �(�	 #���6 � 
(�	� �� &_� #6 ���&P  .
	� 0��&6��6

 K���*#�% 7���' 0��<,  #� )	� ���&P #��� 0�� #6 #F�, �*

#3�}� &�, ^�6 � #3�}� &�, ��F � ��19 ��*�&�� :1-, � 

���� 

�G &6 �� ��&6 ��&�� ^�@�����_�� 0�1* #6 . #�%  ��*



�*� :���, �  &�, �=�C ��-� #6 )I$� &3! #���( �6 &�, ^�6

#�% � � !� 

�*� :���, ��* � 6 &�, ��F #���( �45± #F��

 ��&��� 
��� 
��� ��9 W�� �W 5 ^
� :� -, (� :!�B O���� .



��� 
���, �  Q >� 0�� .
��6 �� �� � !� �����, )�F

#�% ���
�E )�F ��W 5 ^
�  ���� �� ���(�A��� 
&� �� �*

�� 
*� ^�6 �� �
&� �W 5 ^
� :� -, �� � !� �����, )�F .

 ���	�� #�	�� � &�, ��F �� � 
��6 �=�C ���	�� &�,45  #F��

�� 
��6 . #�	�� ���
�E]45//45[ 55 ±± c � 
��6 

 �' )��NP6  � � !� &�, ���
�E ;�nN�� .)	� &�1� ��

 ^�
F �� �G&55 .)	� 

� 
��� ����  

  

2 -6 -  -�� %��*�12��3 �&� �
�%���(  

 
��6 �=�1G� ��*��6 &6�&6 �� 
(�	 ���6 01�� (� ����1C� ��&6

 �6 � 
��� ��&� #<=�>� ���� ` �N� ;��F �� �� 7�&� � 7�,

 �B�&C ����1C� Q�&P �Q	��� )$�� ���<� (� 
��3�	�

 �� 7�, ����f, 
�.
�� (� .��1� #I	�-� �� 
(�	 ���,��	�

#��� �  � �(� ��&�� ����������&�' ��*�&�� (� &+��� #� 
&�

 .)	� &���6 
&� v�@� &��	 (� �)	� ��19 �����. &g��
B

#�% )�!�9 #6 #F�, �6 0��81*  )	� K(% �����(�A��� ���6 ��

#�% �� 7�, ������   #6 )$�� ^�1�B� �' �� #� ���&-6

�� 
(�	 :� �� ��9 ��
@� 0�&���6 >� ���� �
	� ��&� #<=�

 7*�r� 0�� �� :�=� 0�1* #6 .�&�. �o��=� )�F �� 7�,

 ��&6 7�, � o��=� &6 ��1G )�F �� 7�, ���� �
&� #��� ��

 #�5&. ��&� :� -,�  .)	� 

� e�&N�	� �' ���&-6 &���@�

 :��6  :�� � o��=� ���	�� �� ��19 7�, ������7  ��

% �� � &�, #��� �� �o��=� &6 ��1G ���	��#�  �
G #� ��

�� ���� �� �)	� u1�W��� )$�� .
*�  �� 7�, #����6

 :�� �� o��=� ���	��6  ��
B49  ���	�� �� � ^��	�����

 :�� �� o��=� &6 ��1G7  ��
B8 �� ^��	����� .
��6  

  

 C)��4- �$���� /#��� ����&,�,�� #�% ;�nN��  

( )sE GPa ( )yE GPa ( )xE GPa 

17/7 3/10 76 

(%)fV  3
( / )kg mρ ( )xy GPaυ 

60  2/1 28/0 

  

 )$�� ���<� (� ���,��	� �B�&C ����1C� Q�&P #<=�>� ��&6

Tsai-Wu  )	� 

� 
��3�	� &�( :�� #6]13[ .  

)3(  
1

2222

=++

+++

yyxx

yxxysssyyyxxx

FF

FFFF

σσ
σσσσσ

  

#�% ��&6 #� �)$�� ���<� 0�� ��  
��3�	� ���&,�,�� ��*

�� P ����& Q��xxF ،yyF ،xyF ،ssF ،xF  وyF  s6�,

 
��6 
��� J�F �^�
F ��6 

� ���6  .
��� #3=��  7�, ��*

 )=�B �� W��on-axis �� 
��3�	� .
���  

 &6�&6 ���&-6 #�% �� Q�&N, ��&6 ����1C� Q�&P 0�&�1�4 

#6 �� )	�  
&� ���L6�F 0�&���6 .
�'4/1  #� )	� &��#���( 

 t�� W�9
&�  &6�&6 �� #��� #6 )I$�81/3 �� ���� #F�� .
*�  
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C)��5-  
&� �G&5 � � !�&�, ��&6 �* #�% �B�&C660 ;��� ��  

���� ��� �� ������ ��� ��� �� ������ 
 ��� �����

)mm(  

 �� ������

��� !�" 

 !�" �����

)mm(  

 �� ���� #� ���$%�� �&'(7 �%�  ]45//45[ 1010 ±± c  9  
46]0[  8/13  

 #� ����� �&'(7  ��14 �%�  ]45//45[ 99 ±± c  4/8  
36]0[  8/10  

 #� ����%"� �&'(14  ��21 �%�  ]45//45[ 88 ±± c  8/7  
20]0[  6  

�.�/ ��� �� ������  !�0 �"10 �%�  ]45//45[ 77 ±± c  2/7  
20]0[  6  

  

  
 -
	6 - � !� &�, �� o��=� ���	�� �� 7�, 

  

  
 -
	7 - � !� &�, �� o��=� &6 ��1G ���	�� �� 7�, 

  

 :�� ��8  

� 
��� ���� 
&� ^�C �� v�@� ���L6�F ����1�

 .)	�  

 C)��6- #��� ���&,�,�� 
��� )$�� Q��&P �$���� /   
2)( −GPaFxy

 2)( −GPaFyy
 2)( −GPaFxx

 

27/10 - 3/273 543/1  
1)( −GPaFy

  1)( −GPaFx
 2)( −GPaFss

 

78/23  697/0- 9/192 

  

 
2 -7- ���� C(.1� G�A��+ ) �	�@%�( -�� %: 

 ) G #6 ���6 0�6��, KW����� �� �������� ;�&+���	��� 

���6  
(�	 �� �	�� .)	� #F�, :6�� ���������&�' ��*��6

 Q��&, ]&� #6 ���	%��*���� ��<,��� J���&5 #�  ��*

 ���� K�� ^����� �� #6 W 
�E �� �� i	�, M����� ��&�� s6�,

�N�� ���<,�� �	
�* ���=�� � #���  :��  
������ 
 ��� �

���$6   .����  

  
 -
	8-  � v�@� ���L6�F ���(�A��� 
&� t�� &�9  

 
���	%��&�' :� -, ��&6� 

�
� ���� K
G (� ����1C� � � 

 � #�5&. ��&� ^���� :� -, ���� ���(�A��� 
(�	 �&,45

J���&5 :�� ��� 
�&1* #6 u�$�	 �<�IC ��*  �	�&6 �' ��*

 �, ��
-� ��1=� H�� #6 
(�	 ^���� :� -, O���� .)	� 

�

10  ^�
F �� �<�IC J���&57  .)	� 

� ���6  

J���&5 &���@� 0�5�� �6  � ��19 ��*��� 
��6 ��<�IC ��*

J���&5 0�� #6 v�6&� ��8��  ?6�>� � ��� 
��� ��N�, �*


(�	 ���
���	� �6 �*� ��*�� � ��19 �=���� ��� �� 
�.&* �


� �
��� ?I>�� u* &6 ��8���

 � �� ]� &,45  0��&6��6 .
*�

 ��19 �=���� ��� �� )I$� �6 &6�&6 �
&� &,45 ����1C� Q�&P
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(�	 :� -, �� .��6 
*��9 
&� �<�IC ��8�� �  � @� 
&� ��


P�� #I	�-� &�( ;��! #6 ����1C� Q�& :
��� 

)4(  1.39
10.63
14.82

ω

ω
n

θ

b
1 ===  

' ����1C� Q�&P��	%��&��� ) 
(�	1n �� 0�6 ��F�� )I$� (

) 719 �=���� ���bω) 78�� � (
θ

ω�� (  .
��6 :��9 ���

 :�� � 
(�	 ��8��10  ��8�� ��� (� J� ��19 ���


(�	 � �� ���� �� ���(�A��� 
&�  Q�&P ����
���	� ?6�>� .
*�

 ���
��� (� ���� � 
��6 ^�I� :6�� 

�' )	� #6 ����1C�

���	%��&�'�  .���� ��
-� ��1=� H�� #6 �'  
  

 C)��7- J���&5 &���@� ���(�A��� 
&� �<�IC ��*  (W,&*)  

��� 
��1�  1  2  3  4  5  

�<�IC J���&5  89/0  52/2  98/2  44/5  51/8  

��� 
��1�  6  7  8  9  10  

�<�IC J���&5  41/9  63/10  82/14  72/15  35/16  

  
  

  
 -
	9- ���(�A��� 
&� 
(�	 ��8�� ���  

  
  

  
 -
	10- ���(�A��� 
&� 
(�	 78�� (� J� ��19 ���  

3 - ����'()&*+ ,�(�*�� ���� % -7  


&� ���	%��&�' � � -, #<=�>� 7N6 0�� �� �  ���(�A���

#6 �6�9 Q�&@, �6 ���6 0�6��,   #F�� �� �
<6 �� ^
� ;��!

 :�� �� � 

� K�L�� ���('11  #6 v�6&� ��*&������ :��5&��

6�N���� <� #��1� :��5&�� �� ��� �0�6��, 
&�� .)	� 

� 0

���� &�5 �� �6 
&� ��19 )���@� :� -, -  #6 ����5

 ��N	 Q�&Phk  �6 ��8�� &�5 �6 
(�	 ��8�� )���@� �

 ��N	 Q�&Pθk ^
�  

� �(�	  #>@� ^
� 0�� �� .)	�C 

 #>@� �:��5&�� K&F W�&�Q  #>@� � ���������&�' W�&�T  &6�&6

75 ����( )�1*� ^�6 sC�@� ���f, �� #� �)	� &,� ^�C (� %

 �:�� �� 

� �N�� ��*&������ #6 #F�, �6 .����θx  #�

6�sF&� #>@� # !�5 &��� P � ���������&�' W�&� (��  �
��6#6 

;��! &�( `�&<, �� ���: 

)5(  aex −=θ  

 �6 )	� &6�&6 ��I�F � :�$���� �z&�� &���@� w�5 u�$�	 ��

]15[:  

  

  
 -
	11- ^
�  �� �6 � �
<6 �� ;��! #6 
(�	 ���	%��&�' �(�	

���(' #F��  

  

 )6(  
22

22

2
1

2
1

2
1

2
1

θ

θθ

ɺ
cc

h

ImvK

khkP

+=

+=
  

� �� %�6 #>6�C  � K&F W�&��� � ��1��	&��  K&F W�&� ^�B

��  i6��� (� 
��3�	� �6 .
��6)6( #=��<� �1� #6 � �  �r��&.%

� #���� &�( ;��! #6 u�$�	 )�&B #=��<�� :���  

)7(  
LabkhmbxI

Lhkbxhm

P

h

)5.0(

)(

+=++

−=++

θθ
θ

θθ

θ

ɺɺ

ɺɺɺɺ

  

 &������ �� �' �� #�L  ��� #6 � `�&<, &�( :��� :
���  

)8(  

22
θxmbII cP +=  

θπρ 22 bUL ∞=  
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��	 ��_�� #6 �����  #=��<� �(�	)6( 
��$6 �� �IC�<� (� �� &

�6 &������ ���E 
�&1* #6 �� &_� �� 
<6 :u�&�.  

)9(  

h

θ

ωσ
ω

=  
2

2

mb

I
r P=  

m

kh
h =ω  

U
V

b θω
=  

2

m

b
µ

ρ π∞

=  
PI

kθ
θω =  

 %�6 #>6�� ��r 6 ��<�� z 
<6�	�&� #>@� ^�B 
&� ��P  � 
��6

σ ��$���&5 )I$�� ��l 719 � 78� �:���&µ  )I$�

��* K&F #6 K&F 
<6 ��
6� � o�&C���5&� � :V  )G&	

 7*��� #�5��&F )G&	 )I$� ��� ��* ��(' ���  #F�, �6 .
��6

 &������ ���E 0�� #6�6 :)��� u�*��9 
<6  

)10(  













=





































+−+

++

0

0

)
2

1
(

2

2

2
2222

2
222

θµ

µ
σ

θ

θ
b

h

a
V

rrsxs

V
xss

 
 #=��<� 
���	� :B ��&6)8(�&,� ���&P ������$� �� Q�  &3!

� �� � 
��� ��&�� &������ i �N� #�S #6  :��

θω
)( 2,12,1

2,1

Ω±Γ= i
s � #�5&. &_� ���  .��� ��
@�

Γ  � ��-! )1$�Ω  J���&5 � M��F ���*�� )1$�

.)	� 
&� �<�IC J���&5 &��\, ����1� 
���'   7��W5� Q$B &6

 7*�� )G&	�#�5��  -, �����	&, .)5&. 
*��9 ��&� :� u

 &������ ���*�� )1$�S  &������ �@�@B )1$� �6V  �� ��

 ����1�<, �������� u*�&5 �� &,45 )G&	 0�  
��]16[ .  

� ���@-, 0� �6 ?� ��� #6 #F�,��5&�6��, 
&� :���@� ��6 0� &

24.0,20,1.0,2.0 2 ==== rea µ  ��
@� �σ 
 -, (�� ;%��<� ?6�>� .)	� 

�' )	� #6 ��
-� ��1=� :

J���&5 &��\, ����1� �

� #����  #6 ��6 )G&	 7��W5� � �*

�*&������ ;��!� �6 �� �� �� 
<6� 12  �13 	&,� 

� u

)	�. �1� �@5� ��-���6 &������&��� ���1G ��-� � )G&	 
<6 

6 ���*�� )1$��  &������ 
<6S ��  .
��6  

 :�� ��12 	&, K�� � ^�� J���&5� :�� �� � 

� u13 
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