
-



���� ���	
��
�� ����� �)��
��� ������ �(

��	
�������� 
���� !

���� ���	���
 ���
 �����

��"# $��$
��	

��� ����������� �� ���� ����
� � ������ �� !� "���# $

%��
��


���%&
� ��&�

�&�!�% �����

 ��'� ���() *+�� ,��-

���'�()*+,



  

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

                                                                                                                                            ������ :.....................................  

                                                                                                                             	��
�                        ��
� 	��
�.........................  

  

  

  

  
 �������	 
��:��
����   

  
 
�� :����  

  
������ ����������:  ٨�١٢٩٠٠١  

������ ������  
    

 ������� :
��� 
��� ����   
 �!"���� :�#$ ��%    

 �&��'( )��� : *+�
� �#$ ��% ��!�,�
)��!�
.�&/(  

1����  
2	�� ��
34 5+
(�� �� )&�� ������ 6 7����� 8�!1 9�:�3�  

  

  

  

  Numerical Study on Ignition and Flame Spread in Fuel Droplet Array   Title :  

 ��������%��  
  

 �������	 
�� :21��/ ;.�(  
  


��  :<��  

�6��� �����  
  

 �������	 
�� :  
  

 
�� :  
  

)�������  
  

  ���������    !���          �  �
���                 �                                                   
  

�&��'( 7��:     =>?=@                  
  

  
  �A6
B C��  

  
 D�
.����D����.         �   D� )���(        �    D
E�        �  

 

D
%�F ������ 

  

��'G  ��!�(:  

HIH  

 


+��( :�  

 

76!/ :�  

 

������  :�  

 

)�J�  :�  

 

�A�6 )��� :�  

;/�
� ��!�(:  

KL  

MN��O ��!�(  :� 
P  

  
Q�� ��.R  
  

 
  S���$�  ST�&���              � 

  
�!�"U  

 
  S���$�                         ST�&����  

  

2����+   ��
�$ V�:��BW$ 2"T+�     �    


�G� �(   

����$ �A�6 !�&�  )&�� ������ X7����� X2	�� ��
34 5+
(�� S�R6 S. Y+�
� X2	�� 2+��
$ X  

Q�(Z �A�6 !�&�  

 
 
 
 
 

Droplet Array, Ignition, Flame Propagation, Fuel Volatility,  Microgravity  
 
   

  

  

 

 

������� ������ �� �����  

��������� � 
���  !����  

"#������� ����$% 

 



.

./01�

 /���0� 1��2 3�4�5� 67 �8�9 :;<�� %� 6��0 %�	�
� < =�� 1� ! %� 6�>���� ?> � @��5A B#����

?�� ��0 . D�#% �4� 3#�� �7 1��7<� 
�����E� �F G# % H�� I#�7MAC J8�K� 1(�� 6�''" L<% < 

��K��� �<�E� M�
 /�� (� N���9� ��#��� 1(�'4�� 1��7 I��O&! P��0 6��� �<�E�?�� ��0 �. %� 

 6��
 ��#�� I#� /<� $Q7 R#��0 %� /���
 ���S! ?> � @��5A B#���� %� 6��0 $Q� 1��2 6�4�5�

R�E� T��Q� 1��� %� 

(< 
7UVV WXVV < YXVIZ ��  1��7 < S/d0 (�* �� + 6� S  I�7 6���� 

 < @��5Ad0?�� ��0 [�\
� �0�7 
� ��
] 6�4<� �5A  . �7 6��0 $Q� 1�!���^���S/d0 ��� < 
� ���^�

��� . 67 
�	�	� @%��9 /�_�
� I���" �H
 %� < ���7 $���< /�� (� ���K�����
#��
 67 �% J��9 `# `

7�\�
�a
 #� ���
��� . W��5A 67 R�E� @%��9 /�_�
� $#�a�� J�4� 67 < R�E� @%��9 6b%� $#�a�� �7 

��0� J7�A (�" 6#c < 6��% �� c�7 ��5A d5� 1��� 1��� %� 6��0 %�	�
� M�
 6\��
 %� �7�# 
� 6�� � /�

�7�# 
� $#�a�� R�E� ��c�7 . %� D! < 6��0 $Q� �� %� D! 1���� $_
 R�E� 1��� 6� ?K" �� � 
�

�%�� 6��0 $Q� M�
. . �!� 
� ��	
 ?�� 6���" [�\
� 
7�\� `#��
 < 1��2 `#��
 I�7 6� 1� 6'#�_�

7 <� I#� I�7 
K�� 67�	� 6�?�� %��A � . [<� $Q7 %� B#���� /���0� ?> � @��5A =�� 1� ! %� <

 ��e��I#� �7 T��Q� 1���> � ?#%���4�5� /���0� �?�� ��0 6. %� ��	
 
��A 
7�\� @��4�5� ��0

 1�!%���% 6F ?�� =�� 1� ! %� ?> � @��5A B#���� /���0� %� ?> � ?#%��� 1�(� 67 
K��Q�

�%�� � b< I#� (� f�! < I�>�� I0<% %�F�0�7 
� 1��2 J9 6���< 67 �!%���% I#� . % H�� I#�7 J9

 1��2 �5A �7 ?> � @��5A B#����) (� T��Q� 1�! 6���� < ��&���� g �� )g ��&����  ?> � 1��7

 1��� %� /���
 ��F��a�! < /���
 �����hgi 1��� %� /���
 ���S! ?> � 1��7 < I# �F hjg I# �F 

@��4�5� k7�5� 
7�\� \
��?��" [. 6F �!� 
� ��	
 `#��
 /���0� ���( %� @��5A 6���� ���F DF �7

 B#�����> � 1��7 ��b ��5A (� �� ��� F %��� 1�� $!�F �7<�7�# 
� $#�a�� /���0� ���( 6���� ��	�7.

 
#���> � 1��7�7?#%���  ��F��a�! ��
�� DF $#�a�� �7 lF /���0� ���(!�F @��5A 6�����7�# 
� $.

 ��
�� /�� � ��7 �7 < �%�� 
K�F k7�5� 
7�\� 1�!%�F �7 6���9 `#��
 �
<% m	�	� �� &
 6��8� <

D# 0 
� ��n#�a
 
7�\� `#��
 67 �����F 
#��&�0 G����� (� ���K���.%� /���0� ���( 6n��4�9 B#����

 @��5A (� �0�7 ��&F ��b ��5A /���0� ���(��� 1���> � 1��7 
��# %��� 1�!% �
�F 6F �!� 
� ��	
 

 /���0� ��n�
�� 6�� �� D�7 @% � 67 < @��5A 1c�7 %� B#���� %�� %����� �?��. �7 1���> � 1��7 

 DF ?#%��� /���0� ��n�(� ��#� 
#���> �  J�4� 67 6n�#� ��Q�� f�� �] /���0� ���( ��	�7 ?&'A

 ?> � 1�! ��5A ��0 ��c�7�0�7 
�.



-

������ �:


�� � 

��� �......



o


����# � �.���


� p�� � > �71( '4� W@�&9( (� �� D
��
#�&�!�% < �!�A] -��b 
���" ����� 1�!1 N��� ��F� 

m7��1%�# 6
�( '4� �;<�� I#� [�\
� < T#��� %� 6F ?2�&b < 6�0�� �% 

��%�A < �n	� /�&F W�
� &
 [�

> [���9� q����[%�� (��7� �% � .

?#�&9 < @�&9( (��A] 1�!#�� r���� #���0 %�0�Wr������ �
���� �
��� r���� W1��b 
W

 r����A��s��2 ���9
W7 r����� �t#��4��
 W r�����2
A��� 

 �! �O
 D�!��7� r���� W

 1� \� < r����	� �7�7� < �
�a#a2 3���
7 6� 
 %���>� %� �% $# > @��7�\� ?�� %��A q
�\�#�

 k�� � ���� �
<��> (� < 6�0�� �% 

��%�A < �n	� /�&F W�
� 7 I� %<�# < %�# �;<�� I#� [�\
� %� < ����

D
�!� > �% ��	#� �<a�� (<% .

� � > 3K�u< a�
 ��#�� %�
 (� 6� D
�� < %�����" %���
 [a#a2 :�� 
�> <  [��"%a7 %���7 �� sQ�

 a#a2 1���4� ?#�&9 �7 6��� 7 I� N 	� I#���7 � > 3
�( ' W�
� <[��4� 1%��9 6Kv�2 D
�> ��	� <


��%�A
D#�&
 .

 ���%&
� ��&�

 2(3+45



�

���36"���7� � � 89:�


#���" $Q� q#�8sma /2?7�e %�	� %� w sQ� 1���"kkgkJc p ./

��5A �5Amd$Q� q#�8smD /2

J��	� w sQ� 1���"kgkJh /��Q�� ���
 
��"kgkJL /

%�	�atmP
2��0 ?�bmr

@��5A x��0mR@��5A I�7 6����mS

���(st���kT

?2��smu /
��b abY

1% E� ?�bmz
#���" $
��% q#�8kmW ./λ


4��y3/ mkgρ$���< M�
smKmol ./ 3ω&

�3;��
�:

?> �fL b 65_
b

m#�� (��l�ab�i

��5A d5�s
2��0 ?�br

6�4<� R#��001% E� ?�bz



=���� ���36

��� >76

���?�......................................................................................................................................................................................A

z {z@��5A �(��
� I���� ..............................................................................................................................................................,

B�� >76

1��# �'�C � D����E � �0F%� ��!G�...................................................................................................................................H

| {z��5A ��Q��.........................................................................................................................................................................)i

| {|�_� /�� %� ��Q�� < $#���" ��5A 1<�� �%.......................................................................................................................)*

| {| {z
#��&�0 $�F�< .......................................................................................................................................................zX

| {U
#�\7�b ��#�b %� ��5A ��Q��..........................................................................................................................................),

| {U {z(�" (�� 1(�� 6#c 
��&Q� J��E� ............................................................................................................................|z

| {U {|m#�� (�� ��#�b 
��&Q� J��E� .................................................................................................................................||

| {U {U�e � $
��% /�� .....................................................................................................................................................|U

| {U {}
��&Q� J��E� `#��
 
�%�7 .....................................................................................................................................|X

| {}?> � ��K�� ��5A 1��7 /���0� ���( 
�%�7 ....................................................................................................................j~

| {X@��5A �<�" < B#���� ......................................................................................................................................................j+

| {X {z@��5A B#���� %� ��Q�� < $#���" ........................................................................................................................UV

| {Y?> � @��5A B#���� %� 6��0 %�	�
� .............................................................................................................................*+

| {�@��5A 
!<�" N���9� < ��Q�� ..........................................................................................................................................�~

��� ���
��!G� ���..........................................................................................................................................................................IJ

U {z
�#a�� /�� .......................................................................................................................................................................gj

U {z {z@��8�� ...................................................................................................................................................................XU

U {|D��9 @c���� ...................................................................................................................................................................gg

U {| {z1(�� R#��0 ............................................................................................................................................................XY

U {| {z{z(�"< ���b (�� I�7 1(�� R#��0 ..........................................................................................................................X�

��	
� ���
���� K��.........................................................................................................................................................................IH

} {z1(�� ��7 
7 .....................................................................................................................................................................,i

} {|6��0 ��4 � ........................................................................................................................................................................,j

} {| {z��E�� 6��0 ...........................................................................................................................................................YY

} {| {|6��0 ��4 � L<% .....................................................................................................................................................Y�

} {UL<% %�	� < ?2�� ��%<] ?��7...................................................................................................................................~)



j

} {U-z1� 6#�� ��^�� � ��c ��� 1��7 %�	� � ��< � 64���� ................................................................................................�|

} {U-|%�	� 1(�� R#��0 ....................................................................................................................................................�}

} {}@c���� J9 D�#% �4� ........................................................................................................................................................~�

} {} {zm#�� < (�" (�� @c���� J9 q���� ..........................................................................................................................�X

} {} {|(�" < m#�� (�� ���	� (�� %� �!��^�� ��%<] ?��7 J9��� ....................................................................................�Y

} {X@c���� 1(����b L<%...................................................................................................................................................~~

} {Ym#�� < (�" (�� w� >.......................................................................................................................................................~+

} {Y {z
S4��
] < �t#< 1���" ...............................................................................................................................................��

} {Y {|$Q� q#�8 ...........................................................................................................................................................��

} {Y {U6�#( �'#< ...............................................................................................................................................................�V

} {Y {U
#���" 
#�
��% .......................................................................................................................................................�z

} {Y {}m#�� (�� w� > .......................................................................................................................................................�z

} {Y {X
#��&�0 $���< /�� ................................................................................................................................................�|

�
�� ���
� !� "���# $����� �� ���� ����
� ���� L���
.............................................................................................................4M

g {)6��_� .................................................................................................................................................................................+g

g {j6��0 %�	�
� T��Q� 1�!�� ...............................................................................................................................................+,

X {| {z� �Q� $�� 6��0 %�	�
� �� ....................................................................................................................................��

X {| {|/<� �� .....................................................................................................................................................................�z

X {| {U[<� �� .....................................................................................................................................................................�U

X {| {}[ � �� ....................................................................................................................................................................�Y

g {*��0 %�	�
� M�
 6.................................................................................................................................................................hh

g {�6\��
 1��"......................................................................................................................................................................)i)

��� ���
2'�� N�� ��!O �� � !� "���# $����� �� ������ ���� L���
...................................................................................JPA

, {)6��_� ..............................................................................................................................................................................)i�

, {j���( q'9 �7(�" (�� 1��� ............................................................................................................................................)ig

, {*���( q'9 �7 @��5A d5� 1��� ..................................................................................................................................)i+

, {�@��5A I�7 6���� q'9 �7 /���0� ���( ........................................................................................................................))i

, {g/���0� ���( %� ?> � 
��b ab < ��� % �
�� ..............................................................................................................))g

, {,1��" 6\��
 .....................................................................................................................................................................)j*

���� ���
��' ����� ��3	��.................................................................................................................................................................JQM

mb���.....................................................................................................................................................................................)j~



*

��� >76

���?�



�

 �(<���� 6�4�5�#����G� �< @c���#�S�� %� /�_�
� ��14� 67 �! �&!� J� /�9 %� �] ��<��� ?

?�� L��'" .% ��1�S�� 1( ��7%�F#��1� %��W�! 6
��	�%��9 �! /���
%<��� < 1�%�� �� �  . 6b � �7

�] ��7%�� 67�� %����� 6# Wm�S��1<  @��5A�
 �
� � ��e�( �#��1< ��s�A� %� ��'#��H
 J
��  6�0

�0�7.��4���1�!% � � J��0 �] 1� #�� �� %� /a��! JW7% ���! I1(�" 1�!% ���
; < 1
 ��!��7%�F< <�1

���
#?�� .�E���S�� J17 �] %� @��5A ��7%�F < ���7 ��	1�� #�! ?> � %� N���9� ��1�� # m

� ��� ?�� ��0 [�\
�#<��� 67 x 8 � I%1�! /��� W�� � 1�%��9 
W�
% ] ��a1� 5�  %� $0 �

 W?���4 ���! $F ��	9 < [ &� �
 �� � 7�� a
� 0  .'
�����! J1( #��1��7 1 ��n�&2 � ��7 

a! $!�F<#4 �< �! 6���b @c sE� �#��%�� � b<  .�! Ll� 1
�<���
��7 1�F� /���F (� ���K��� �  

�7 %�� 6�(��1�S��1� L��'"< �! ; 4 �n1�� [�\
� /�9 %� �] (� ���K��� ?.

�S��1#n
�b x� 
� (� #(�� <� ��1�� (�� �] %� 6F ?�� # m ) @��5A (G���'� (�� �� �2 67)# �

� (�� �� �2 67 (�" < ��b�?�� 6��  ._� %���S�� %� ��5A �(��
� r�1���'� 
c ��
�� #(�� 61>< �Laj

4� 67��'
 ?F�9 J
7 � (�" < ��5A I $���v�� ��5�
� 0  .��#�! ��1� 6�'7�< #��1
 � a��
��

�>�� L��"
4� 67 ��5A �0�7 $�� J
�b W#Q�� �2�7 6F ��K��� ���< �#� ��� ���
���
 W� 0 #%��1

^� < @��5A��< ��
] Jn0 �#'_� ��4�&�9� D
< �] #'
c 7% � %��>�� �7 @��5A J7�_� �
��5� 

�
� 0 [1] .

_� %���"%a7 r�� ��O�"�
�! 
#;�
� < [ ��&� < [�b /���� �% � %� 17 �( ����� I#��1 < @��5A(� 

�b#�%�� � b< (�" �� .�#��'7�< qb � 6��'� I
�0 # 67 �!����%�� �#�n#?�� ��0 �� .!�"] �<�7
 (� 

1 disperse
2 Wake



g

�ab�_� %� @��% r�#&
 a
�� �� � # �! ��1;�
� [ ��&� W[�b /�_�
� 1_� %� �% ��%�7 ��"%a7 r�
��F  .

�! ��7%�F %�1�&2 
_� ��! r�1K��Q� 
� ���K��� 
�
 6F � 0 ���4�� �] 6\1( #� 6n�0 �1?�� .

�A<
Q�� M�
 6F ��a�� �#� $
#��'7�< �7�
7 ��a�� (�� <� I#� $
#��7 < ��5A �&2 <�7�
� # ��

�! �Q	�  (�1
��( 
� $!�F 
#� %� < �7�#�! 6sQ	� ?4�9 I1&!� �%�" �� ?�� ��
���F  . M�


Q���E� %� ���! R1(�" 1��� �7 1 �<�9 %� zVVV �F #� D�� c�7 67 < I
 ?> � N���9� 6F � 0 

��#���7 m#��7 /��� I1� #?�� ?4�9 I . %�E��R�!1���" ���( �(��
� 67 ��5A �&2 =�� #�>�� $
 ��� F 

�
� 0 .�S�� N���9�1� %� #&�2 ��E4 (� �%� � I
�E� J��'� < ��
 < ��21�S�� 67 ?�'
 1 %� 

�!���1�� �#� I�O�?�� �� ��[1]                 .

Q���� (� �#�! 6�<�� ��10 $�F�< < �l�>� ��
�� N���9� �&��
#
c v 
�
 %� ?�� ���� 6\


�S�� %� �0�7 ��5� ����F /���F ����%�� �� �2 67 �
� �1�%� � 1�A (� ����" J# ��
�n�
���" W���# ��

H���>�� L��" < ?
�'&! %� @��5A J7�_�< @��5A %� #�
� �7 D! �O�"�
� x 8 � 
�a��# �.

��#�� (�" (�� %� /�_�
� ��# (� �� m��� (�#?�� m .� ��y �<�9 %� @��5A �5A��� �� ��y �� ��&

��?�� ���<�n ._���%�7 �% � r�
��7 1���" #�! ��1� @��5A J>�� 
� �<�9 %� �
� � �< ���<�n# �

�9
% �] (� #�0�7 ��a .�
 %��Q�� /�� 6\�( �#� 6n�0 �1��7 1� %� J9 #
 �% � J��'� 6
 " I�?�� (� .

�lF � �� %��
 �] I�> � J��0 6F ��5A �% � %� G�� a
Q�� � 0 � �#E� %� ��5A G� %� IF�� R

?�� ��0 6���" �H
.� %�#�� /�� I# (� m#F�� G�0 q�&��
##n	� ��'n�?�� ��0 J.��0 # (�" R

( f��v�#
��E7 �
Q�� < ?�� ��� ?4�9 %� �#[�\
� %���
� 0.��
 %� # x��0 m7�� 6���9 `# ��5A �5A �

5> @% s7 ���( ?0�" �7
� < $!�F #4� 67 I�� J#I� ��b $Q� 6F ?�
�%��9 < 
� /���F # I



,

 �% 6�<�� %�� 6F �
%�� ?��#� 
�A %���% Id2?�� .��
 #__E� `�_E� %� I��b @�_#( 6���� �#��1 �7 

�#��
 I#�%�� `[1].

JRJ�� 00"���# 1S��
� 2

4� 67�� J#� %� 6��#_E� I��%�7 �% � @��5A N���9� k
� %��A 
" ��� ���� �(��
� I&!� (� ��
]� ?

��>
?�� %��% > �7  .&�� % �F�� ��5A Jn0 < �(��
�
?�� �] %���% �7 657�% %�  .E5� $��


&!�?�b %� 6	&F ��
 %� 6F ?�� �Q	� D\9 67 ?�'
 d5� ?9�'� ���F 6�� 6\<�� ��5A1� 


� 0 . %�#�S�� G1�� #�!a1�%�� � b< ��5A T��Q�  .Q���� < �� < @��5A �% >�7 W���#'_� �� �] D

7 @��5A 67�^� �2�7 ��	��?�� @��5A %� �(��
� � .�S�� %�1( � m7�� (� #��7 ��5A m1��7 
 %���% 

�S��1�� � ���K�
� 0  .�# %� �% @��5A ����� m7�� I#� w sQ� �5A G
� �!� ��
�� @��5A �5A I

mnd( @% � 67 #?�� �:

( )

( )

)/(1

0

0

nm

n

m

mn

ddddf

ddddf
d

−

∞

∞





















=

∫

∫
)z {z(

J&2 %�f(d)� m7�� �
 6�� �?' .��7 ���1(�'4�� 1�S�� 1� �! 
� �� � #� �% m7�� I�p�� 6��  � &
 

#�� � R� �� �5A (� /��� � d32�� D\9 J� ?�'
 6� ?�� #�S��%� m1 � 5� ?9�'� J� 67 

�S�� %� @��5A1?�� [2].


��!<�1�<��] #����n
�� 67 ��5A �7 �%�< #��'7 �] [�b 67 ����v < �] a
�
%��  .�
 %��% @��5A 6\# a

�� ��#� -��0 ���
" � < �
�#� $!�� ��	�2�� �
#�7�.���" ���( #Q�� < $�
 ��
]�� �!� > ��!�� � a

� 7.��71� �7 $��
 %���% #�� %� ?A� ��5A ���( � I#%��b� �] �(��
� m1� 
�0�7  .�b#�� ��#%a� m# k



~

E� %� ��0�(�" R1��0 %� #���
 T��Q� R# ?�� %��#�
�!����%�� (� 16� ?�� �7< ��2 D�� 7  6

 @% � 64����z{|��� #� T
� 0 :

z {|
σ

ρ LUWe
2∆

=

6�ρ4��y 
(�" WU∆�'
 ?2�� 
WL�b ���7� 6sQ	� #��< σ�8 #E5� $�� q
?��  .�# I


 ?�'
 ��2��!<�1�<��] #����n

 67  %�	� 67 � 7�� �<�1E5� $�� 
?��  .�b J�0 r��� �7# W��

^����b %� �# ?'�0 < �� ��5A7 %����_� (� ��	
��E7 %
� N�K�� �7< ��2 
����  .��_� %�#( �#
��E7 �



�<�1E5� $�� 

 �7 ��!<�1�<��] #����n
^� �<�7 ��5A < �
%�� 6��� ��A�7 J�0 �
� 
4< �
�� 
 %� 

7�� (� ��	#
 %��_� I��!<�1E5� $�� 
^� < ���� 6��� ��'_� < J�0 ��% @��5A 67 D#� N�K�� ��a
 ���� 

� �7 6�# 6�<�� I&�����a�� 6�K" � 
� 0 [2].

�#'_� I��� @% � 67 @��5A D1� N�K�� %�_
] 
( %��_� 67 �7< ��2 �� ���� #
��E7 �
���7  . %�

�&2 �%� �
��0<% 1K��Q� 
��7 1�% �
��E7 %��_� 67 ��
 ?�� (� �!% ��t
� %� �%�� � b< �7< ��2 

��� %�	�
%� %� #K� B��71�% � @��5A [(c ?2�� 67 ��� ���K���
 < � 0 #�b (� �#�&� ��
 � ! )�# �

?�l7 (� %�#� ���K��� �%� � I
� 0  .
��E7 %��_�
�'
 ?2�� 67 �7< ��2 
7 ��� I#��'7 (�" < m


��7 %� 6� �%��
�! ��� (� �!% ��t
� (� 1��7 ����" 1��<a����&� 6K4�� 
?2�� �
 %� < ��a�� 6\# $

�'
 ?2��
� ���K��� 
� (� � 0 #� ��0<% ��
�� 67 �� � ��!% �l1� � 
 < #� � N � �

 W��!<�1

����� <���4���
 < #%a� �#�� -��9 k# �%�0� @����F.

 L<% 6�� &2
��7 1�� ���� I#�% �%�� � b< @��5A a#�� `#7�\� R7�<% L<% I
 L<% ?�� 

�#<�
 @c���� J9 ��#� { B� ��� <#<� 64���� �#��7 ��1� �7 $��
'_� �D�b #�� ��#?�� m . [ � L<%



+

W[�b �_7 @c���� J9;�
� < [ ��&�1( � m7�� 6��8� 67 #a��� J�� 6� ��5A �(��
� m#�<��
� D&
 �8%� �% 

�0�7 ����[1].



h

B�� >76

�!G��F%� 0���E � �� �'�C � D

1��#



)i

� %�# I Js��7 67%�
Q�� � �� �2 67 ��5A �#D�� 6�<�� �� @��5A N���9� %� 
(���� #D .4� 67� J

�#Q�� 6�������� �#�� ?> � N���9� %� 6�<�� I#�� I�> � M�
 ?�� m
�� �% ��� I
���  ./�� $0

�E���
��� 67 ��a�� r��� �7 q#� $�O�"�
7 �� ��
� 0 .� @<�K�# ?A� %� ��4�� I]�0 %� ��
�(�� 61

���#��Q�����
�0�7 .��71�a
 #7 ��0 ��0 6�(�� 61#�S�� N���9� �1
 ��%�7 67 (�
 67 @��5A 

���� @% �#'
!<�" < 
�
� 6� �0�7#� 6���� %� x 8 � I#?�� ��0 ��5� Js� I.

QRJF%�01��# �

�Q�� 6��'�� D�� ��E4 <� (� ��5A �
�0�7 . /<� ?�b (�� #����� ���� < @c�# 67 6�'7�< /�_�
� ��

���"#Q�� < $���5A �W [<� �#�7 6��#��4�� �1���" #Q�� < $�% v �% ��5A ?��9 < �1 6�� �  ����

�
 0��� �(��
� 67 6� 
A� ��E� %� �� ��0�7 ���� < k��S�� J1( ����� J��0 6� #��1� ��5A 
 � 0

�
 0 ���K���.

Q�� 6��'�� � ��5A#�
��7 $4�y 6��'� ��� 6� ?�� a
� W[�b < ���" /�_�
� J��0 �
� � #���� �

��4��� < @c��0 ?�&��
#)�
� &2 ?4�9 %� �0�7
�'
 ?��9 
7 �E� I� �%�� � b< ��5A < f��v� R

� %�#�! 6sQ	� �\�1�<��] #����n
���" J��0 #c W%�	� ��#(�� 61< #��b < ( �'#�b $#> < ��� La

�b %�#<% (�" ��1�� @��5A #� �
] #� .% ��2#�'
 ?2�� r��� �7 (�4 �
< ��5A �5A W  (�" w� > 

(�6sQ	��!1�� ���b x 
 ����� I#?�� (�" �� .4� 67 ��5A J>�� L��"�
 J�<�1E5� L�7 
#�


�#� %� D�� @�2 8 � (� ���#���� ��?�� ��5A @c�.

1 Chemical kinetics



))

� s>��b @�#e�� ���'7 ��&�� %�
�� �7 #;�
� < [ ��&� W[�b /�_�
� ��17 ��� < (�" (�� I# �%�� m

Q�� �%� � %� 6y� 6y �� �%� � %��Q�� ���1 .�%� � 6��4�1Q�� ��
] %� 6� �4� 67 �%�� � b< �� � b< J

c#(�� 61� ��5A ��0 �y � < �O�?�� �� �� .

Q�� /�� $0��a�� r��� �7 ��5A �#� $�O�"�
( @% � 67 #� �
�0�7 [1]:

z ( � 
�A ��&! 6� ?7�e ��� ��5A /��d2?�� 

| (�8 /��#7 q
��
 #�5A W$
��% ? � ���^�� ��� ?7�e� ���( �7 �

U (��5A �<�E� $
��% /��.

} (�e�� $
��% /��)

X (B��%< /��

Y (<�
 @c���� J9#�{��� B�

�#���<�K� ��4�� I
#���� 6��'� ��� �
%�� D! �7 
���" �7 �% >�7 x 
 #�� (�� $# J��2 6F ?�� m

�� ����F /���� < �e��#Q�� ���E� %� ��� sQ� ����51?�� =��   .�#� %� �! /�� I#8 � ?&'A I� d

�0 ��!� > ����.

�� 6�0 @% � 67 (�" (�� W /<� /�� `�� %� #� 6���" �H
 %� %��
 ?��9 /<� /�� 6� %� < � 0 

�'

7 �0��" ?��9 < �%��
 � b< f��v� (�" < ��5A I

 ��5A J>�� �&
 6���" �H
 %� a
 ��� � 0 

�
��% /�� %�
# %� < �e�� � �>] /��#� ��%<] @����E� %� L��" x 
 I
� 0 .

1 Effective Conductivity



)j

4� 67�� J#Q�� 6�������� �#�� ?> � N���9� %� 6�<�� I#�� I�> � M�
 ?�� m
�� �% ��� I
 ���

&!� 67 6��Q�� x 8 � ?�� ��5A �
�a�� #� .% �� %�#��1�l� �Q�� ��� ��� ?> � ��5A I�> � < �1

E� %� �%�_���(�" R1" �H
 %� J�0 � 6���
� 0  .� %�#�'
 ?��9 /�� I
7 ��� < (�" I# ��&! m

�\7�b
#2��0 
4� 67 �Q�� J�� �
�0�7  .�#�4�9 /�� I
�0 �% �(�� 61� 
 J>�� %� ��5A 6� ��� 

 ?2�� �7 < (�" ���&! 67 N���9� 6HKE�#?�� ?��9 /�9 %� ��'� .�#��7 p�� I1 �y � @��5A 

) (� ��&�UV� ��<�� (�
�%� �
� � �0�7 ? .4� 67�
 J�<�17 ?2�� �%� �� $!�� (�� <� I
#�7� .�# I

��"#��7 %� $
�a�� �7 �%� � #4� 67 ?2�� $����" J# < %�	� ��#��	�� �1< #� 6��� ( �'
���  . %�

�#� ��"%a7 @��5A �%� � I#���
7 ���	1�
%��  .�'
 ?2��
�a�� �2�7 #���" M�
 $#Q�� < $� %� �

c#(�� 61 �b 15A � ��
� 0  .�#c I#(�� 61
 ��5A ?	� �� �� 6���� a
#% %� �7�#�!(�4 �1 c�7  

��b#
 $�� M% a
�!�  .4� 67 ��5A d5� ?��9 �v�> 67���b WL�7 J#��b �7 ��5A %� $# ��� %� $

� N�� ���b
���  .��b 65_
 �7 �K� $�� 65_
 /��� �� �2 67# $#�

 �� ���b ��� %� ��� ?'# <� I

 65_
#�
���'!  . �<�9 %� ��� x 
 <� �! %� �K� $�� 65_
zzV �� zUV 6b%� N�K�� � �� 65_
 (�

�
��b 65_
 ��� ���� #� (� ��7 ��5A %� $#?�� 65_
 I.

0�7 $��
�� d5� %� ?��9 �2�7 ��5A d5� %� #� m
� � 0 # ���] � b 7 �2�7 �����9 I

0��" ?��9
� ��5A J>�� %� 
 � 0  )6� % 5
�&!���&'A %� 1��7 1!� > �� �#� (�#�� I# / v ��

���" ���( < 6sQ	�#��b $Q� < $
�� (�� #� $!�� �% m
�!�  .7� %� 67��b @��e�
�! 1 �7 c�7 

<%1'� �e�� ��5A ��&�� @��
^� �%��
 ��E5� $�� @��
4� 67 ��5A �^� J����� @��1
 d5� � D�� a

&

0�7 $�� �l� ��� �0�7 
 >�7 d5� %� �� �%#� (�" �7 m�� 6���" �H
 %� 6�� 
� 0 [1].



)*

% ���2� %�# c�7 (�4 �)�� ��y �<�9 %� (e���� @��#���
7 �e�� (� ��	�E5� $�� @��
 < ?�� 

'_� ���y � @��5A 67 @��5A�� D
% @��5A 6� �
 0 #% ��a#��&� (�4 �1�
%��  .

�'
 ?2�� 6� �<�E� �%� � %�
7 ��
 � b< (�" < ��5A I<�� �%�_� �%�1��7 1 < ��5A f��v� (�" 

�%�� � b< ��5A � > .�'
 ?2�� �"�
�y � 
�� #] �#� ��5A ���!�� -��0 �e� �7 �#�� ?2�� I# ���

� �K�
�'
 ?2�� B� � 0 
^�� ?2�� � b< �7 ��5A �?�� �K� (�" � .� �7#� ?2�� p�� I� /�

�\7�b 67
#2��0 ?�b %� ��K��� 
� $!�� �� ��
��� .

QRQ���E�F%� � D0��' ���?� ��� �� ��1��# 

� ��5A1� ��� 1�7 �H
 %� �% �2��0 ?�b %� 6� ��
Q�� /�9 %� �?�� (�" (�� %� � .�# 67 %�Q7 I

�\7�b @% �
#� ��� �% ��5A d5� $Q� < 
���  .� 67 6�#�\7�b I
#�\7�b �% 
#� ��K��� 
 " #�� .

� %���\7�b %�0 ���
#K�� ��K��� 
?�� .���" $
��%
#�\7�b fl> �7 
#?�� ��5A a��� ?�b %�  .

���"1^� f�� ��5A d5� %� (�" (�� ���� (�� �#���" < m#�v (� ��5A J>�� $#� $
��% k
� 0  .

��� I��% c�7 �2�7 ��5A J>�� $
��%1� �] 
� 0 .��7 %� 
 ��5A f��v� (�" �7 %�Q7 �%� � (� 

� �(���" $���< < ��0 � �Q�#��\� 
���  .�#;�
� m��� I1Q�� ����"< �#� � ��7 �% ��5A $
�	Q7  .

�#�% � %� $���< I
� N�K�� 
�0�7 ��&� %�Q7 $Q� ���( (� $���< ���( 6� ���� .

� %�#! ��5A a��� /�� I��'
 ?��9 6
 �O
Q�� �e� %� ��5A d5� ��� �%��
 �� $!�� �
# %� W�7�

�
���0 6\#(�� R1�\7�b �<�7 
#�� ���'! ��E .� %�#� 67 � 7�� @c���� ?&'A I#� 6��%� /�� I


�� 6�0 p�� ���"#��7 %��1� 67 (�" (�� #4� I��� (�" (�� %� [�b < ���" $Q� 6� ?�� J# (�� (� ���

��#?�� m .�#�a
 �7 p�� I#
��E7 %�	� 67 ��0 �
�8 �� ��] %���
 < T
� 0 [3].


