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Abstract  
The size and the axial/radial velocity distributions of electrically controlled droplets generated from Taylor cone operating in the 
stable cone-jet regime are simulated by numerical modeling of electrosprays. To achieve these goals, a numerical code in 
FORTRAN is developed. Electrospray droplet dynamics considered the diluted two-phase flow and used Lagrangian method for 
tracking of a single drop and in the simulation the effect of still air around drops is taking to account in one direction. Also, a new 
model is used to determine the primary breakup process of jet to calculate the initial droplet diameter and breakup space. A model is 
formulated as function of liquid flow rate, needle-to-counter electrode distance, applied voltage, and electrical conductivity and 
surface tension of the liquid in a DC electric field is presented with a 2D electrohydrodynamic model. The droplet size reduction can 
be explained by evaporation and/or Coulomb explosion. Results show that moving downstream, the average velocity of droplets 
decreases monotonically. This paper reports a numerical study of the effects of an externally applied electric field on the dynamics of 
drop formation from a vertical metal capillary. The fluid issuing out of the capillary is a viscous liquid, the surrounding ambient fluid 
is air, and the electric field is generated by establishing a potential difference between the capillary and a horizontal, electrode placed 
downstream of the capillary outlet. The Primary jet Break-up and droplet transport and evaporation of electrohydrodynamic sprays is 
investigated by modeling of droplet size and velocity distribution in spray cones and a series of drop migrations under the influence 
of an electric field were carried out and the results are in good agreement with other theoretical and experimental studies. 
Keywords: Electrohydrodynamic, Electrospray, Primary Break-up, charged droplets, Rayleigh Limit.  
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O� mH, -� ����7� ��:F� 
,� G���J ��6 S���� 89	�� �  

)12(  �{�� = − A12 �1� + 1� + 1 + 2 ln �1 + �� 
 2� �� ��� = ��  �� mH, �� �	� �MB�   �A  �� �� 
,� 	����: 
4�X

 ����K�10^=�  ��10^>� .
,� S�9 ]16[  

    ����� F� G�	HI ���F �
��� �MB�  �4 �?�� �4�� jO1� ��h� �4 � -

�� 2�	� W)^ ]4�I � ���4 7�e�� q�������� 8�	�� 	�X�� �� ��6.�6�4  
  

2 -7- ) ��	;�)�+&()�*+ 1&(	�7�(  

    G�	HI 2��4 �����4 �4 �?�� �4 	4 	X�� 8�:�	�� =�	
[.� F� ��� �

]4�d
� E � 8�	�� �G�	HI �� t��[: 8�:��4 2���I �4 �?�� �4 �� ��6�4

�Hd� ��4 �� F� -� 	: 	4 ���� 8�	�� �~[M� 8��
  ���  �MB�  �� ��
W�	 

:�4 	4�	4 ��� �
 	/ ��	I `: F�  

)13(  
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�>  

 �� =��	4��4 .��4 �:��@ ��4 �� ]B�� L@ ���
�� �� 7�� �	�� =�� ���
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 �4 ���1 � -�N  G�	HI F� -� 	:	4 ���� �����
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2���� F� �� ��
�:�� ���� 2��	? �4 `
��, W�	<� fM
O� 8�: .���6

�� �:�	�� =�� �� � ���	
��� 8�:�	�� ��1��	/ 8�:�	�� ]��6 ������

.��6�4 ���<��\� 8�:�	��  
  

2 -8 -1 -  �,�+(6 1&(	� )7�(  

     �� �1��	/ 8�	�� F� -�	: �4 =��F �45�? 2���� �� ��C^ ]��� �4

�� 	X� G�	HI:�4 
,� 	4�	4 ���  

)15(  �) = �
� 
  

2-8-2- ) ��	���$%&��	' &()�*+ 1&(	�7� (  

    �� ��	I �?��@ ���	
��� 2���� 	X� 
K� F� �� 2��	? �� ����F �	�/

 �4 �����4 G��5 (������������:�	
��� ���1 � �����)���	
��� 8�	�� ��* �

�� �?���:�4 
,� 	4�	4 �	�� =�� �� ���6  

)16(  �� = �� − 12�>�� + � �12�> h � ?i¡� 
 2� �� ��� �����4 �	HI L,�� ��6 ][^ ��4 ��  ���	
��� 2���� G�6

 �¡ 
,��� .
,� �MK� ��4 F� 	X�
� U�4 ����A� �� �M[? =���� �M[? �

 �	�� ���:� 2�1� t�� ��HI 8�	�� �� 
,� �:��)/ G�	��\� ]��� �4

8F�, )Polarization force( �� �����@ F� �6�� t�, �M[? � ��6

 8�	�� 2���J �4 �� 
,� ���	
��� 2���� G�6 2��4 =0[:	�o

���	
��� ��������K� )electro-strictive force (�� ������.��6  =��

 8�	�� �4 �	��EHD � ���d� � 
,� W�	A� �4 
,� 	4�	4 2 8�:�	��

EHD  S��, -� �� ����6 8�	� �	HI 	4 	X��8� -� �� 	0�� -�	
���

�� ��,�K� 7�� G��B �4 � 
,� ���	
��� 2����:��	/  
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�� ��,�K� 	�F G��B �4 � 
,� �M[? �, ]��6 ��:��	/  

•  ��1  �M[?EHD  ��M�£* �	HI 	4 	X�� � 

)18(  

£* = 32 f�¤(�� − �¤)�� + 2�¤ j �¤> 									+16 ¥(��(�¤/��) + 2)(�¤ ��⁄ − 1)¨�¤> 
•  �-���� �	
��� �D���J*=: �	HI 	4 	X�� � 

)19(  J*= = ?*��� = h 3�¤2�¤ + ��i?*��¤ 
•  �-���� �	
��� 8� �D���J*> :�	HI 	4 ��6 S�[J� � 

)20(  J*> = £. ∇�¤ = ¥(�� − �¤)��¨. ∇�¤ = 32 f�¤(�� − �¤)�� + 2�¤ j ∇�¤> 
 ���6 S�[J� ���	
��� 2���� =��	4��4�¤ ����	
��� 2���� E4	� ��¤> �

 ����	
��� 2���� E4	� 2����	/∇�¤>�D��� 2���� 
,�4 ��Q�� �4 � 8�:

EHD  .���	/ ��,�K� �
���4 8�	� �	HI 	4 	X��  

tFU �D��� �� 
,� 8�	�� 8�:EHD  U�4 �� �� �	HI 	4 	X��

 �	�� ���0e G��B �4 ���� 
,�4(©/��)  2��4 �	HI `3^ ��,� 	4

��6 �� �	�� ���0e c	CMB�^ �4 
,� 	4�	4 �M� 8�	�� =��	4��4 ����

.�	HI `3^  
  

2 -8 -3 - ) �4	Q��R� 1�'&(	�7ª(  

    �� ���^ q�<��\� �4 
��� �� ����5 ����6�4 {	A� �� 	/� �

�� S�[J� �.�� 	4 ���<��\� 8�	�� ���	�/ ��	I ���<��\� 2���� -� -

:�4 
,� 	4�	4 �� ��	/  

)21 (  �+ = «:d¬� 
 2� �� ��¬� �_@ �� ���<��\� ��6 ���0e �« ~HI ���A� S�[6 8�:

 �:d  ��U�4 �����,� ���<��\� ���� ~Mo� .
,� ���� ���� n<��\�

 � ������)� �� ���<��\� ���� �� �����
,��	
��� G�	X� F�`1e 2��� -

.��[� �6��  


�	^ �F���� � �:�	�� ]� �� 2���� -� �� �����4 ��5 	4 �� ���:

�� ���� ���<��\��	
�����@ ��4 ]��� �4 �� 
,� ���.�� ]��6 ���6 �j

 ��HI �� � ���	
��� 2���� �� (�Z�d�� �� �[Z��) ���	
��� ��HI ��

 ����� ��?� �Z�d�� ���	
��� 2���� �� ���<��\�]17[.  

`1e �4��HI �� G�	X� F� �6�� 8�	�� t�� �4 �� ���	�� ����<��\� 8�:

����7
 )Lorentz Force( �� �
@��6 -� �� �� �����4 ��5 	4 ���6

 2������ 
�	^ ���<��\��	
����� ���� ���:�4 
,� 	4�	4 �� ��6  

)22(  �*+ = �(� + ; × ¬) + ∇(®�. �) 
 2� �� ��®� 8� ���� 8�	4 �� 
,� ��HI �� 
�	^ �F���� �4 -�	
���

:
,� 	�F G��B  

)23(  ¯° = �2 �d − 1�d − 2�
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 2� �� ���  � �:��)/�d 8� ~�	h �� ���� �:��)/.
,� -�	
���  

	h�^ n:�;� �� ���d� ����d�� ���<��\� 2���� ��?� t�J ]��� �4 �

± = 0 �� ���� ��	I ����� ]��� �4 =��}[: .��6�  �� ��6 {	  
4�X

 �M[? �3�
�∇(¯°. �)  8�	�� �.�� �)� �6 �:��@ 	DB 7��

.
,� ���	
��� 2���� 8�	�� �����4 �	HI 	4 ���� ���<��\��	
���  

 �4 F� -�	: 
�[:� =
 	/ 	Q� �� 7�� � �6 �
D/ �� �}�� �4 �?��

�M[?) ����A� 8�:1�� ( 8F�, ���, 	�F G��B �4 �� ����A� =�� 2���

:��[�  
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�,
��
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7�� �  ��������� = ������ 
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  ��	HI 	HI ?�  � �	HI ���0e?) W�	<� F�/ ���0e �� .�6�4���E��  2���� ���	4

 ��?��@ ���	
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  ���  G��5 ���	
��� ��4�-t�  �³ -t� q���	�F � -
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�� �� 	�O�� �� 	�F G��B �4 �6�4
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,�  

)25(  
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 2� �� ��D
  �	HI i�A6�-t�  �´  �4 �0
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,� S_^ 	�O�� r	�
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 n�����[: � �M���]18[ �� f�	A� 	�F G��B �4 �� 
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∗·�?DD
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¡
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)27(  
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 2� �� ��µ{  ~�	hnO� �Å t	? E[3� ~�	h )mass 

accommodation coefficient(  ��̅Ç  �E��� =�0���� ������� 
J	, ∆  ��	HI mH, F� ��F� n��� ���^ �� �MB� Á)  �����,�����	/ �«) 

 ����0e ��JÈÉ  
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 � �H�K�Å�  E[3� ~�	h����	/ )thermal accommodation 

coefficient( .��
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)30(  ��� = −∇Ê 

7?Z E?	� �� ���	
��� 2���� 8��J ]^ G��]18[ .
,� ��6 �����   

  

5- 
(/0 �	*&+ �
��&(- 
     SF�� F� �?�	@ S��,:�| �	HI G��>4 ��
4� F� 8	P,��	
��� 8�: 	

 ���QK� S��, .�6 ��:��O� G��>4 V��7� F� q��J�[3� � �
,��� 8�

 �� �������� �J�[3� =�� �SF�� i�� �4 �
�4 .�6 �:��@ ���� ��������

8��1  8�:��
�;��- SF�� �� � S��, G�KDB G��>4 �1@	e -� 8�:

 � S��, �KH, n1� G�	X� .��4 �:��@ S��, 
? G��B �4 �@���,

8�������� F�	4 �`: ���� �� ��: W	< F� ���[J� 8���	4 �� �:  �KDB 8��
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? ��3�
� �� .���� � 
��6 ����1� =�� 8
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 � u�D�� �6���	 

�K� �� 8	P,� �6���	  �L �� 	�F f�	A� �� �� �� 8F�/ =��, 2���

 �	� �B_@]21[:  

:�	*&+ �
��&(- 8	P,� �� � �KDB �6���	  �8��1  8�: 
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���0�� t�� �4 	�7�� 	B��J �4 S��,1  
��6 ������ �� � (S��, ����)

�� ����� �6���	  �� 8�	� G�	HI �4 	B��J =��.����/  

 :�$<��U �
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��6
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S�0e2 S�� �M�,� �4 �< F� q� .�6 �:��@ t�3�� ����� �6���	  8�:

S�� -[� �4 8	P,� V�I� ��^�� ��MB�  =�� �� � �����X �6���	  8�:
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���� �4 E��� 
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	4� ��J .�	�3
 �	�� 
��� G��B �4 ��J ��KH, n1� �4 �,	��� 8�:
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�� E��� � (2��d
���) �,���, a�� G��B �4 �M� �
,� �� .���6

��6 �
@��6 (2��d
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,���

 8F	� L��	6 �2��d
��� � 2��d
� a�� �� 8�	4 �� 
6�� 
I� ���4

 �,��:π @ W_
@� `: �4 2����� E4��� ]^ �4 
��.� �� .
6�� ��:��

 ��J F� �A4�� G��B �4 �,���, a�� 8�	4 	�F �H4�� �2��	? � ]����
�

�� 
,�4 =��e a��:���  Ò>¥tanh	(ÁÌ) + Õ¨ + ¥4x@Á>tanh	(ÁÌ) + 2�ÕÁ;¨Ò+ 4x@Áb tanh	(ÁÌ)−4Öx@>Á� tanh	(ÖÌ)−Õ;>Á> + ×Á�?@ = 0 
)32(  

 �� ��2� Õ  � S��, �4 F�/ ���0e 
���Ö> = Á> + ÏØÙ ��.��6�4  

x

y

-h

h
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 ����A�32 a�� 8�	4 ����A� =�� �� 	/� .
,� ���� 
,�4 �,���, 8�:

�M[? 8�:tanh	(ÁÌ)  �tanh	(ÖÌ)  �4 ~��	� �4 ��coth	(ÁÌ)  � coth	(ÖÌ) a�� 8�	4 ���� 
,�4 �H4�� �`��� ]�����B F������ 8�: u�

 �
��� U�4 �H4�� .��4 �:��@ 8�:	�\
� �� ����B �� �)� �
,� ]�dX

 �H4�� F� �� �?7� L��	�)32( :���, �H4�� `��� W)^  

)33(  Ò>¥tanh(ÁÌ) + Õ¨ + Ò2�	ÕÁ; − Õ;>Á> + ×Á�?@ = 0 
 � 2��d
� a�� 8�	4  

)34(  Ò>¥coth	(ÁÌ) + Õ¨ + Ò2�	ÕÁ; − Õ;>Á> + ×Á�?@ = 0 
 a�� 8�	4 �6_� �H4�� u�  GU��A� ]^ �4 .��� �:��@ 
,�4 2��d
���

 �a�� ��J F� �A4�� G��B �4 F������ � �,���, a���� 8�	4 ~��	� �4

�� 
,�4 	�F G��B �4 a7� 	�o 2��	? 8�	4:���  

)35(  Ò> = wtanh	(ÁÌ)Õ;>Á> − ×Á
� ?@k ¥tanh	(ÁÌ) + Õ¨tanh	(ÁÌ) + Õ  

�  

)36(  Ò> = wcoth	(ÁÌ)Õ;>Á> − ×Á� ?@k ¥coth	(ÁÌ) + Õ¨coth	(ÁÌ) + Õ  


�[6� ]23 [�4 8��J G��B �4 �� �6� r	� G�	��\� ��J ]4�d� �� �A4

 a��ÁÌ  	: 8�F� �4 ���1�4 �6� r	� �� ��[� ��:�1� � �	� �,�	4

�� u�D�� �,���, a�� 8�	4 �	4� ��Jn�� =��e 	0�� G���J �4 .�
 � -

�� ���4S���� 2��d
� a�� �� ��6  F� .
,� S��, G�KDB 
��6

�� ����� �,���, �� 2��d
� a���� �4 �� ��@ ��� �� =��.`�:�  

     8F�, ���, a�� 8�	4 ���� 
,�4 �H4�� ���� �� 8	
1�4 8�:

�� �,���,	Q� �� �4 .�	� S�[J� 2��� 8�	4 ��M4 a�� S�< {	  8	�/

 �2��d
� a��tanh(ÁÌ) ≈ ÁÌ ) �H4�� �� ���4 ��35 F� .�	� ���� (

 F� 	
[� ����4 E��� �4 F�/ ���0e 
��� 2�e � 	<ÁÌ  �� =�� F� �
,�

 �H4�� ���M4 a�� S�< 8�	4 =��	4��4 .
,� 	Q� 	B ]4�I 7�� �M[? =��

�� �B_@ 	�F G��B �4 �6_�:��6  

)37(  Òd = wÕ;>Á> − ×Á
� ?@kÁÌ  

 �M[? ���4 7�� ����� a�� S�< {	  S�[J� 8�	4tanh(ÁÌ)  ��J �4 ��

) �H4�� =��	4��4 .�	� =�70��? -�4 -6 S��, � ����� a�� S�< 8�	4 (

�� �B_@ 	�F G��B �4 a7� 	�o:��6  

)38(  Òd = wÕ;>Á> − ×Á� ?@k  

 
d�d^ �� .�6 ]Z�I �
����K� ���4 G��h	  =�� F� ���D
,� 8�	4 ���

�M4 a�� S�< {	  F� ���D
,� 8�	4 �� �H��	6 ���4 .�	� f�	A� ����� �� �

) L4��� 2��� ��	I 8���� �437) � (38�� 	�F �3�
� �4 (:`�,�  

)39(  Òd,�ÝÞ� = √ÁÌ	Òd,Öß«� 
       ��/ 	: EI�� ��ÁÌ  {	  ��0�� ���6 -� F� 	
/�74 u�  �H4�� ��

�� �� S�d
�� ���A� =�� � 	< F� .q�J	4 � 
,� u��B ����� a�� S�< -

 �4 2����4 8��J G��B 8�	4 .�	� f�	A� 	4� ��J ����� ��[M� � �A4

 �H4�� �� 	: 8�	4 �� ���1�4 �6� r	� �4 	|��
� a�� ��J ��Q�� =��

)37) � (38�� 
,�4 (8F�, ���, F� q� .`���� S�< 8�	4 �h��� 8�:

 ���1�4 �6� r	� ���M4 a��Ω �� ���� N����� 	4� ��J �4 	�F V�	< F� -

.���  

)40(  
fΩÌ; j@Þ�)	���à�É�
Þ� =

12wÕ	áE) 

:
6�� `�:��@ �4�1� G��B �4 7�� ����� a�� S�< 8�	4  

)41(  
fΩÌ; j�ÝÞd�	���à�É�
Þ� =

23áE)�Õ3 
) �H4�� �� 8���� 
,�� 
[, 	/� S�^40) � (41 ��	I 	4�	4 `: �4 �� (

 S��A� ���	K4 	4� ��J �`�:�1.6875  
,�4	4� ��J ��/	: .��� �:��@ 

 ��/	: � ����� a�� S�< �� S��, �KDB ��6�4 ���d� =�� F� 	
/�74 8F�/

 .
��6 �:��@ ��M4 a�� S�< �� �KDB ��6�4 ���d� =�� F� 	
[�  

 ����� �4 ��M4 a�� S�< F� S�d
�� L��	6 � ���	K4 	4� ��J �� 2����

�
 �� ��) �H4�� �4 ����3� �`��32��, 8�	4 (	4 a7� S�� �H4�� �� .`��	/

�� t�3�� ��[J 8F�, ���, �� ���)�:`�:�  

• �M[? F��� 	Q� 	B �������� 
?7� t�� ���	� 8�: .`��� 

•  �3�� F�Õ  ���	� F� ��10^� ��
��.� �
, �� �	� {	  2���

 ��Õ ≪ 1	a�� 8�	4 �6_� �H4�� 
��.� �� ~��	� =��4 � 

a7� S��, �KDB 8�� 8��? �,���,  �B_@ 	�F G��B �4

��:��6 

Òd = 1tanh(ÁÌ) + Õ ä−2xÖÁ2tanh(ÁÌ) 
			+�4xÖ2Á4tanh2	(ÁÌ) − Õ2;2Á2 − ¥tanh(ÁÌ) +Õ¨(−Õ;2Á2) + ×Á3?Ö åæç

æè
 

)42(  

 ��? �H4�� �� �4 ��6 t�3�� a7� 	�o S��, 8�	4 �}�� �4�1� �H4�� =��

�� �
��6:
6�� `�:��@ ��M4 a�� S�< 8�	4 .��6  

)43(  
Òd = −2x@ᴥÁ> +�4x@ᴥ>Áb + Õ;>ÁÌ − ×Á>?ᴥÌ 

:`���� ����� a�� S�< 8�	4 �4�1� G��B �4  

)44(  
Òd = −2x@ᴥÁ> +�4x@ᴥ>Áb + Õ>;>Á> − ×Á�?ᴥ  

�� �G�K�h�� =�� �4 � ���1�4 �6� r	� �V��7� fM
O� L��	6 8�	4 2���

) L4��� F� ��� qP, .�	� =��A� �� 	|��
� a�� ��J4-14 �� ()4 -15 (

�4 ���� ��� ���1�4 �6� r	�  �� `�	4Ω  L��	6 =�� 
K� .`��� =��A� ��

 �4 a�� �� 8� �QK� �� S��, 
?êë ��H4�� ��,�	4 � �
��6 ��,�� 

)31�� f�	A� G��B �4 �6���	  2��F (:��6  

)45(  ~ = 	 1
Ω
	ln ìêeê0í 

     �� �< S��, �KDB �� 
,� ����F �6���	  ����F �� ��� 
��^ F�

�	HI �
��/ 
��^ �4 �
,��� �� �6���	  S�< ��,� =�� 	4 .�,	4 8�

 �MB�  =�[:�< ) �H4�� G��B �4 
,� ��646�� � 	A� (:��6  

)46(  Àî = ;~ = ;
Ω
ln ìêeê0í 

     u�  �H4�� ��ln hêeê0i  	��: � ��� �	���� 8�:��� ��,� 	4]24[ 

) ����A�41�� �
 	/ 	Q� �� ( �MB�  S��, �KDB ����� F� q� .��6Àî 

�� ]���� 
���0� �4 ��[�� ���� ����� a�� S�< ���� �� .��	/ 2���

�� ]��1� 
���0�� -� a�� S�< 	: 8�F� �4 S��, �� ��[� {	  .�:�

:t	? 8�d4 2���I F� 
���0�� =�� 	HI  

)47(  
�ï =	�16ÌÁ�  
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�� 
,�4 8�	4 �H4�� =�[: �4�1� � ��� ��,�K� ]4�I 7�� ��M4 a�� S�<

�� {	  
��^ =�� �� �� G��D� =�� �4 
,� S�< 	: 8�F� �4 S��, ��6

�� ]��1� 
���0�� �� a��) �H4�� =��	4��4 .�:�47 �4 ��M4 a�� 8�	4 (

�� f�	A� 	�F G��B:��6  

)48(  
�ï =	�8ÌÁ�  

 U�4 L4��� ��Á�  F� q� .
,� ���1�4 �6� r	� �4 	|��
� a�� ��J 2�[:

 ���� �� S��, mH, 8��	4 ��?�� �KH, n1� �S��, 8�:���� ]��1�

 G�	HI �4 ���� =�� 
��6 ~?�� �2� W�	<� �� ��?�� ��1  2����

�� 	�7�� S��, -���4 8�:���� 8�	4 �t	? 8�d4 2���I F� ���D
,� �4 .��	/

 8�	4 	4� �� �3��
� ��� ����� 
,�4 S��, ����
,� �6���	  �3�
� 2���

�� ��,�K� 	�F G��B �4 ���.� �	HI L,�
� 	HI �� 
 	/:��	/  

)49(  µ� = 1.88	�ï(1 + 3	ðÌ)= gk  

 �H4�� =�� ��ðÌ = ñï�òÙ�Ùó .
,� ��7�� ��J  

  

5-2-\$3<; \�+<;  

     
,� �4 ����� �6���	  b��
� F� L,�
� 	HI ����� F� q� ����

 �4 .���6 V��7� L�K� �4 ��4	3� b��
� �4 ��/F�, ����B �4 ���4 G�	HI

 S��, G�KDB 
��6 ]K� �� 
4�X 	HI -� W	B � 	A� 	0�� G���J

 =�� 	4 �A�F�� 
,� tFU �� =�� F� .
,� �I��� �� �M��� -�7�  �4

�	
�/ �� ��6 ��F L,�
� 	���d�.��	/ f�	A� G�	HI F� E�,� �
��� 8�  

��=�F�� 8�	4��� E�F-	M��� )Rosin-Rammler(  f�	A� ����F =�� ��

  .
,� ��6=�F�� E�F�� E4��- �4 
��^ =�� �� �[3^ E�F�� E4�� �4 	M���

�� �Z��� 	�F G��B:��	/  

)50(  ∀= 1 − expì−hµµöi
½í 

 	�\
� u�  �H4�� �� ��Å 	Q� ���� �	4��� 8�	4 � ���� t�� E�F�� 	�\
� �

5/3  	Q� ���� �
 	/ ��6]24[.  

 	�\
�µ �
�4 ]@�� G�	HI 	HI 7�� ���4 �M�MK� G��B �4 � 
,�:

 .��6 ��,�K�µö  	�F G��B �4 � 
,� �>O1� L,�
� 	HI 2�[: 7��

�� ��,�K�:��	/  

)51(  µö = � Γ(1 − Å)^= 

     U�4 �H4�� ���  ) �H4�� F� � ���4 G�	HI L,�
� 	HI49 8�	4 (

�� ��,�K� ����� �6���	  .��6Γ   �h��� E?�	� F� � 
,� ���/ E4�� 7��

 �� 
6�� G�	HI ���A� �� 
,� jO1� _��� .
,� �4��
,� ]4�I

=�F�� E�F��- 	M���(RR) =�F�� E�F�� 	0�� G���J �4 �
,� 	
[�- 	M���

[� W�	K�� �4 �� G�	HI 	HI�� =�[O� L,�
� 	HI �4 
��� 8	
 .��F

 L,�
� 	HI ��,�K� �� �H@ ~�, �.�� �� G�	HI 2��4 
6�� EI�� ��

�� 8	P,� ]@�� G�	HI 8U�4 t�
���� ]��� �4 �� 8	P,� 5�D� ��M4 ���6

�� n��7 � �G�	HI =�� �6���	  8�	4 	�@� V�dK� �� �� =�� F� .�:�

=�F�� E�F�� �����-���D
,� 	M���  �4 N�4	� G��,�K� F� q� .
,� ��6

 jO1� �6���	  S�< � �6���	  2��F �L,�
� 	HI ������ �6���	 

���� ��,� =�� 	4 .��	/ L,�
� 	HI 8�� 	4 �A�F�� ��
4� 
���4

.���	/ =�A� ����� G�	HI 8�:	HI �� ���6 ��F ���)�  

  

  

  

6 -  �*�4� W$(H;.+(/0 �	���$% 1%�2 ?9  

       V�< ��
4��� ��6 �Z��� 8��J (�� E?	� ]19[ F� �Hd� 	: �� �

 � ���� 
,�4 �?��@ ���	
��� 2���� G�6 ���	4 
.? � ���d� 2����

.
,� ��6 ���� G�	HI -������ ]^ �� =�A� �M[? G��B �4  8�	4 S�^

 ��4 ������ 
J	, �	HI �M[? F� �	HI ����� L��	6 =��A� ]^ �����

 .
,� 8��	h G�	HI ����� q���	  7�� � 2� ����� 
�AI�� � ���	
���

 ��Q�� =��4�6���	  �MB�  � G�	HI ����� 	HI�  �� ��6 �Z��� S�� F�

�� ��,�K� ����� �6���	  
[�I��? =�� 2�6 ���7�  8�	4 .��	/c��: 

F� �6 �
D/ 7�� 	
1�� �� ��H��[: �� ���D
,� 	M��� =�F�� E�F�� .��6

�� =��A� 8���� �4� � t	? �0
���� F� 7�� �	HI 	: ]��1� 2��F -

 .��	/ E?	� V4�H�]19[  	HI �4 ��F�� �4 8	P,��	
��� -�8  � 	
[�M��

 S�<6  �MB�  �� �� 	
[�M��34  	/ ��	I =�	�F �KDB F� 8	
[�M�� �


 �4 7�� S���M/ =M��� .
,� ����	/ Y�K� 8��J ]^ �,��: 2���J �4

 �4� 8�	4 .
,� ��6 ���D
,� ]��J S��, 2���J5.56	 ×	10^�	m�/s 

 ���[J� 9�
�� �4.8	Áo � ]B�^ 
? 	HI15.4μm  
,� ��6 ��,�K�

 ���6� ���d� 2���I F� 	/� S�^ .���� 
d4�H� _��� �4	3� b��
� �4 ��

2� �� ��6  	HI �4 7��, -� �	HI ��	/ ���D
,� E?	�29.1μm  
,�4

�� 	
/�74 ��01���F� �� ��6 8	�/ �F���� G�	HI =�0���� 	HI F� �� ���

�4 �� ���^ �� 
,� �	  �� ��6 �Z��� (�� F� ���D
,� ���d� ����� �6��

 =�0���� 	HI28.2μm ��� E�F�� �- ���A� W�	K�� �4 S��	�4 Y�K� %

 �� 
,� ��6 .���� �4	3� 8�: ���� �4 8	
1�4 
KB =�0���� 
J	,

 ��	HI �F���� � �0
,��� ����A� F� ���D
,� �4) �	HI20.9 m/s ���0e (

 ���	
��� ��4)67.2C/m>  �4 (�6���	  S�<) ����� �6���	  �Hd� �

�� G�	HI -������ ]^ ���� ��6 ��,�K� ���	
��� 2���� ��	[:.��	/   

  

7 - ]$�)�  

      �MB�  ��2.6 cm  
J	, � �	HI =�0���� 	HI �G�	HI 8���� F	� F�

 b��
� � S�� 8�	4 8	P,� 7�	� F� �MB�  	4�	4 �� =�0���� 8��K�

]�6 �� ~��	� �4 �:�01���F� 8�:2  �3  ]���4 .
,� ��6 ����d�

 �)� ����� 8	
/�74 ���d� 	
�e�� G�	HI �� `3^ �4 mH, 
��� �����

HI �� 	�O�� r	� S�� b��
� .
6�� �:��@ 8	
1�4 
J	, 	
�e�� �	

�
 �� �4 ����d� �� �� � 
,� �����@	4 �4�@ 
d4�H� F� �:�01���F� 8�:

 ���^ �	HI �F����7 	x���^ 
J	, ���d� �� � %10 2�1� �� W_
@� %

�� ����[: 8��J S�� �� ��6 ��,�K� 
J	, ��?� =�� �4 .�:�

4	3� 	���d� F� 	
/�74 8���d��� ���
@� �
J	, �� W_
@� =�� � ��� -

�� 7�� 	
1�4 �	�U�4 8�: 2��, {	  ]��� �4 7��[� =�� ���6 � ��	/

 W�	<� 8��: �4 ���d
�� t�
���� G�	X� =
 	0� 	Q� �� � W�	<� 8��:

.�6�4 �	HI   

      ]�6 ��4 �QK� 	��>�) 8�Snap Shot �� G�	HI �MK� E�F�� F� (

8	P,��	
��� N�	O�  N�d� F� -� 	: 2� �� �� �
,� ������ n��[� �4

�� �	HI -� �����[� ���:� 2�1� �QK� =�� �� b��
� .�6�43520  �	HI

�� ���� 
��^ ���� ���� ��h� �4 .��6�4 ]4�d
� E � 8�	�� �� ��6

`: �����4 G�	HI F� =
 	/ �MB�  �4 8	P,� ��	
�/ nO� �4 	3�� t��

�� �6���	  �Hd� ��	/ �� 8	P,� 	
e �� 
,� 2� F� ���^ 	�� =�� ��

8	P,��	
���8	P,� �4 
��� �:=.� � 	
/�74 S���
� 8�: .
,� 	�  
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