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Abstract  
In Polymer Electrolyte Membrane Fuel Cell (PEMFC), heat and water are generated as a side-production. The accumulated water 
leads to a decrease in PEMFCs efficiency; therefore, water has to be removed and flooding has to be prevented. In this study, by an 
experimental model and implementation of transparent Gas-Diffusion Layer (GDL), water transport in PEMFC is visualized and the 
fingering mechanisms in GDL are studied. The effect of added Micro Porous Layer (MPL) on water flooding in GDL has been also 
examined. Results show the characteristics of the two-phase regime in GDL are similar to the capillary fingering. Moreover; the 
fingers inside the GDL are generated by the capillary forces. In addition, it is observed that lateral flow on the Catalyst Layer (CL) 
leads to an increase in water flooding in GDL in which PEMFC efficiency is decreased. 
Keywords: Polymer electrolyte membrane fuel cell, Gas-diffusion layer, Capillary fingering, Water transport, Micro porous layer. 
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12 Ex Situ 
13 In Situ 
14 Direct visualization 
15 Neutron imaging 
16 Fluorescence microscopy 
17 Gas Chanel 
18 Fuorescence microscopy 
19 Upside-down tree 
20 X-ray micro-tomography 
21 Confocal microscope 
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� ��Q ) ��

 (T�� G���K� K����� �1�- /�5 ��- ���S
.� /� 
.�U�� I��W;5 .  /�	B

?�� /K�.  K�4 ��1
�� ��Q �B K���2� ��Q /  ����
B �� 
.� R�S-

��� 9���;� �� �
�	@ ���	��z���k�� I��B  � ���Q I�� /�	B  K����� /�5 

5���� �]�2 �S
.���- �� 
.� . �
O����� I�� �5 �� ��	O A� 9��� ��	�4 

�5�7 ��	� A)D �� A� ��> 9K� 	B�	BK� �  A�f��-� ��- � A� U�	4 

�� ���- � ����� �- ?�<. �� I
 	4 ��	O /�1  .��
�5 /��B ��k�� 

 
B�X��8� I
-�� ����  /�5����5��] ����- � ���> �A� �� ��3  .��
�5

 2� K�(���� ��- ���S
.� ��> 
.�.  

 �B (���� I�� ���4 �
>�. /�  ��-�
18�� ����
B ��  Q�B �B �� ���5

���.�  �B�1� I��W;5 .��� :N
�� K�4 ��1
�� a�F� K� 9�	�B �B �� ���

��� �B�<� /�1= �
>�. :�� �� K�4 ?� /�� 	B �	VO :��1� 9���� /	;

��- \5�	  ��Q I�� yV. 
.� . /�5	
����� �.��5�. ��	 g�EP1� 

��Q  /�5���S
.�����  ?��D �� G���K� I�� ��1 �^��� ��- .
.�   

  

2 -1-  .���M7��+9  

  A� K� M�NF� I�� ���B 9���C  ?��.�B�D ��-�D  ���S
.� (����K)

��- 
.� ���@��� ��  ��5 �6O�� /	;�<� /�1= �
>�. :�� ���B 9���C 

 ?��.�B�D ��-�D  �?��. 2� K� � .
.��B 9���C  ?��.x�S�	4 

)�B�D ����-�D��- ���S
.� ( 
.� ���@��� �� :�� ��  /�1= �
>�.

��	���� �6O�� a��	- �� /	;�<�  A��B 9���C  ?��.�B�D ����-�D .
.� 

 ?��.x�S�	4  ���B ��>�B ���4 �/ �1� �V��	- �� ��- �
>�. :�� �B �B

���� ��0�� �� �6O�� �
>�. I��  ���C� 
��� 9�	� 
��C� �B �B�1�

�B �6B �� ��0��  ���C� ���-�B �6B G���K� I�� ��   ��C ���	� �B

�8��^��4 � ���B ��C �
��� /�	��	45 
.�.  ����. 
>�. R�5 |�

 
.����C� I�� �4�UB ���	� ��� ��  �B ?��. I�� � 	` K� � .��� �Z��

���1� p�<P� A�6  � �-�BK�  �� K� �U0�  ��C .��� ��0�� �� \5

�8��^�� �4�UB ���	� �� � 2c�� ����B �6O�� �
>�. :�� ��10�� 

�-�� �� �
.�  ��U������ ��Q �� x�S� I���� ����B 
C	. K�

)���� 	 1.9µ
/�( G���K� �� �� ��- 9��B �
�� I�� .
.�   ��C ��

�8��^��  �4�UB ���	� K�10�� � �� �
.�2 ���	� ��UB  ��C K� 	�

�8��^��  ��� �
.� �6O�� �
>�. :�� ���B �K����  
.� 2c�� � �� /

 g�	X� ���8��^��  g�	X� 9�	� \� � ���B ��C �Z�� /�	B .�-�B ���=

�B 	4x�S� ?��. ���8c �1��	4 I�� ��) �-�B 	B�	B A� ���8c �B ��

G��c K� ��� .(
.� ��- l	  �@�� 2� ���8c R_
>� G���K�  /�5

 .��B A� ���8c �B 9���� ���8c �B ����. I
>�. G���K� I�� �<7�

�B ���C� �G���K� T�0�� a��	-  ?��D �� ?��. ���> � �6B2 �^��� ��- 

.
.�  

                                                             
2 Hydrogel beads 
3 Neutrally buoyant 
4 Capillary number 
5 Viscosity ratio 
6 Iimiscible 



 

 

30  

.�
	B

� 
B	

0�
� 

K�.
���

-�
 �

/ 
Q 

��
 A

� ?
�N


��
�� 

��
1


��
 ...

 

 .&��1- �42 & 
���% (�%+0�1���  8L�L0� (�%�3��0�13�7�  E4��)* �3  

 /	�E@ R���� g��7�E> �B �D�� �B (h��)�
 �B ��-.  

 (A)� ��E� 9����c /�	B ��- l	  	���N�]15[.  

 (L)�VB�� K� �p 	 �2ɛ��/�3�1 � ɛ��   I�;P���K ��- 
.� ]15[.  

  

 ?��. 
>�. /�	Bx�S�	4  K����� ��  �B���8c  ���S
.� g��S
� /�5

��- �
.�  ���I�8�. 	�  ��� �2�. 	�  9�	� ���	� �B �� A� K�

9� �5  ���8c �B	k�����  �� .\��� ���� 
.��G���K� I��  ��	<��	
� K�

I=�� � IB	� ��- ���S
.� ?��. 
>�. /�	B 
.� �7�� ���B |� .

 �� ?��. ���K�. ���� �;0@�B ���4 �/ \�����B 
.�B �� ��3����
 

 ?��.�
>�. ��- \5 ��8c� A� �B  �0@ /�5�7�� I�� I
 �� .�-�B

 K� ���
P. I�	� 
;�O /�5  2c /�	B .
.� ���B G���K� I�� T�0��

 9�	���I ��  ?��. ����
>�. ��-  ��� �� 
.� 	B�	B A� ���8c �B

 ?��. K� ���	VO�
>�. ��-  M��U� v�	. a.�� A� R	� 9��� ���

 ��	O I��. � M<6� A� 9��� g�	VO 	4� ���	� ?���� �� �0�
� � ��	�

��  ���
 	4o���	N� �� 9���  ?��. �� 
 	4 �� �0�
� I���
>�. ��- 

 
.���
>�. ��- �	VO 	4� g��7 I�� 	�= �� .
.� I��� �� � Q�B �B g

 ?��. ���� 
�	@�
>�. ��-  ���8c	k�����  T�0�� /�	B � ����� ��

 �.��� G���K���
�� �� I��W;5 . ���8c 9�	� 2c 	B ��_C �3
�

�B 	
������ K� ���S
.� �B �� ?��. ���8c �;1c (��1  Q�B 
O� �B

�� ��.�F� 	���N� �� 	��z� ����� �B 
��3��� .\��� /	k�  �B M ��

 ?��. 
>�.	k�����  .\��-���0��K� ���K�. ���� �� 	5   ?��.B� v�� 

 ?��. 9�- 9���;� /�	B ��
�5x�S�	4  I�� �/K�.���-� a�F� ��

v�� 2� �B �� p�<P�2  ��� v�� ��>��- 
.�.  

 I�� ��M�NF� 80 �<��  ?��. 	
��x�S�	4  �B� �B40 �<��  	
�� 	B


C�.  g�� �B2  
C�.?�� ��  9� 9��B � �	��� :P<P
� ��Q �B

��- M��U�  ?��. �������� ��
 � ���- �.�	B K�4 ��1
�� ��Q �� 
.�. 

��Q �� 	k� ���� /�5 9�;5 ��`  �� ������@	`  9�1����� ��-  
.�

��/ \5 ���� ��	O  �|� 9�K�  A� K� �� ?�<.��	�	�  � K�=� �� G���K� �

 f�	-�B |�C �� ����� I�� K� /���	B  .\���  

 

3 -  N4�0�O�� &  

�B 
;�O I�� G���K� K� :7�@ [��
� :�<F� � �.�	B  �5  �
>��	�

��- 
.� 9��	D \�]� �<� �.�	B �B 
.� TKQ ��
B� �� .K�  ��  �
>��	�

��- ?��. ���U�  g��7�E> �B �D�� �B .x�S�	4  ���C� ��B �6B  
.�B

 /�� K� ����9� �5.� �B �����;� K� ���S
 �^��� ��- ������� a.��   �

 G�����;5]16[ 9��	D \�]� ?��.�� �P1� �� \���.  

 

                                                             
1 Pycnometer 
2 Dye 

  
 8
�3-  ;�4+� P4C�)�: &3]16[. 

 
 :�- �B �D�� �B3  �VN� :F�v��U�	O  �� 9��	D \�]� f��

�� �P1�  �
18�� ��@�� �� �� ���^���8��  \�]� |� .\���� ��	O

 �
18�� �/K� �� 9��	D�8��^��  /�	1�� K�4 ��1
�� ��Q �� .
.�

 ?��.x�S�	4 o�F�D	�  K��	S@ �5  
;. �B 2c���	S@ �5  �B��4�<4 /�5 

��UB �� g��7	�  ��	�4�	  ����� �� ��0��81/�	�� ��
   :��C �<7�

 /�	�� 
�	@�8��^�� 
.�]8[.   
  

3 -1- &+
�� 8L�L0� �42 ;&�� )�9 ��$0�1 �42 .��  

 :�-4  ?��. e�K��x�S�	4  �
>�. :�� ?�� �K�4 ��1
�� ��Q ��

�� 9�1� �� /	;�<� /�1= �
18�� /���K ����B ���6� .�5�  2c�� /�5

 ?��.x�S�	4 �� :��1� ��U������ ��Q yV. /�� K� .���- �
18��  /�5

�
18�� �B � ��	� �-� ?��. M��U� �B 2c��  /�5��UB 	�  :����

�� ����- �
18�� �b6B �� ��
�5 \5 �5 �B� :@�	� 9�;5 � ����


 G���K�hO�
� ��- �;� �-� �  :�- �B �D�� �B .����4  ��5�1�

��   �� ��-�
18�� ���6�  ��U������ ��Q /�� K� ���� 9�	�B /�59� ��O 

 �� 
.� ���Ko���	N�  ?��. a.�� ��U������ ��Q yV. T�;� /��x�S�	4 

 f�S��� �� � �
.� ��- ���-��1 �
��. V. K� 	
� ��U������ ��Q y

�
18��  �5:B�O P1��� .��
��� 

�42  ��06��  8L�L,  H1�M I4��(mm)  H1+�@ +TU (mm)  V��LW   ��� .���� ;17�X  

�$�� K��Y1  (1(+�Z@  ����
.� /�  )�h�( 7/0  )h��( 1/0  -  (mm)5  ��U������ ��Q  

��13  (�%
YC &���%  /�	�  )A( 4/0  10  )L( 44/4  7(cm) K�4 ��1
�� ��Q  

��13 �$�� (�% (1  /�	�   (A)4/0  3   (L)33/1  1(cm) �	��� :P<P
� ��Q  
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 .&��2-  31�X1 �
[U1& 8�� 3+A��A \41+� �
%�F$4��)* \41+� �.��� ]176
� �[�  

�%+0�1���   (��3 �3 E4��)*(C°)25   (��3 �3 
[U1& 
067� 8��(C°)70  

 .���M7��+9 ���7$� ^�6  


Y�FB 



����43 V�IY  

IB	� ��	<��	
� � I=�� �8�� p�<P�  

1027 (kg/m3) 
 (h��)033/0  (pa.s) 

e��� A� 

977/8 (kg/m3) 

000404/0  (pa.s) 

���� .��� ���7� ^�6(����))�����  


Y�FB  



����43 V�IY  

e��� A�  

1025 (kg/m3) 

0/001 (pa.s) 

f��-� /��5  

0/914 (kg/m3) 

0/0000176  (pa.s) 


�T� =�� H���7Z6  

 E$A
�T�  

a��, �4&1)  

  
 (L)056/0  (N/m) 

180°  (L)  

  

0/064 (N/m) 

120° 

M7�� VX+�  1/42 (µm/s) 1/9 (µm/s) 

�+�@ \�70� +TU  4/44 (mm) 20 (µm) 

�[� ;&�� (�%+0�1��� 

 3�X
F��b7� (Ca=µinvV inv /σcosϑ)  

V�IY Vc>� (M=µ inv/µdef) 

���� 3�X (Bo=∆ρgdp
2/σcosϑ)    

� 

8/36×10-7 

33 

3/45×10-  (�)3  

� 

2/4×10-8 

23 

5/9×10-5 

 (h��) 
DU���.�F� ��- ��8
.� a.�� ) DV-E/LV BROOKFIELD  (.��	5�- �
6�7 ��81��� ���� � 2���	. ��81���K� ��  

 (A)��.�F� ��-  �VB�� K�σ 	 σ��� + σ��� � 2∅�σ���σ���
  �B l	  ∅ 	 0.5 ]17[ ./��� �� A� �FV. G1� ° C 25  �B 	B�	Bσ��� 	 0.072�"/
� G1� �

 ?��. �FV.x�S�	4 �B 
.� 	B�	B ��5 �B 
���  σ��� 	 0.034�"/
� �K����  �� ��- /	�4 ��81���K�/K�.���-�� ��	5�- �
6�7 ��81���.  

 (L) ���N� I����.� 	B  I�B �� A� K� ��K�� \<� ?] ����5 .
.� ��- l	  ���� ��D� ����1� |�> ?��. �  

 (�)��.�F� ��- I�� l	  �B ���8c R_
>� ��= 1kg/m3) ρ∆( .باشد

      

�
18��  �� /�5o���	N� �
��. 2� K� 	
1�B f�S��� �B  ��Q /�� K� 	
�

 ��U����������Q�B ��� �
18�� 9�;5 �� �����X /�5 �
18�� I�� .��-�B  �5

 :�- ��4 ���;- /��)4 ��- ��� .�
18�� �5  �B f�	- g�3D ���;� ��

�� 
�	@ � �-� I���� 
;. �B ������ /�5 
3D�� �
@ �����]16[ .

G���K� [��
� �� 9�1� �� �B	0� /�5  K� �b6B /�	1�� �� �5�

�
18�� �5 /����-��0 �� g��7 (I���� �B ��) ������ 
3D ��  �	�4

�4r�� K� ��� 	8���B ��> ��  �
18�� \�]� /�5�8��^��  ��� .
.�

 K� 	8���4r�� /�5 � �
18�� \�]�8��^��  �B ���5	��� 9�	� A�P
��

�	S@ �5 /��UB 	�  ?��. a.��x�S�	4  �� ����� I�� �� 
.� I��

G5�r� ��5�1� ��-  .
.��5�81���K� g��5�1�  ?��. �� ��� 9�1�

x�S�	4  
>�� M�	` K��8��^�� �;� ���� ?�N
�� �	8;5 ���  e�K�� �

 ?��.x�S�	4 K�4 ��1
�� ��Q ��� �1� :�- �� 	���E� �B �B4 
.�.  

3-2 - V$F�1 dI���
� 
�)   

       (eY1) 
0$F�1 E41��� & �7�f ��@+� �3 ���� eU7,  :�%

 ?��.x�S�	4 �� K�4 ��1
�� ��Q ���� ��U������ ��Q K� ���C K� |�  .��-

��
B� ��  ?��. ��b@ /x�S�	4 �B g��7  ��Q �� 2c�� ����B g�	VO

�� ���� ��b@ K�4 ��1
�� �
18�� I�� K� /���K ����B ���6� ��� .���  �5

�<@	� 9�;5 ��  ����� /G�����  K�4 ��1
�� ��Q ��hO�
� ��- ���6� .

:F� K� /���K ����B  �5����/  ?��. �� ���� ��D� ��U������ ��Q

M��U� ��- :F� 9� K� 
�� ��Q ���� �5�� K�4 ��1  G���K� I�� �� ����-

 I�� ���6�:F� �5 9� ��O  ��U������ ��Q yV. /�� �� 
.� ���K�B ��` 

�� ����-�� :���  ?��. K� �;<�  ����� � ��-x�S�	4  ��Q /��

�� ��	O ��U������ �
18�� I�� K� /���K ����B ���6� ��� .�	�4 �5   9�;5 ��

 ��K 
18�� ?�� �<@	�hO�
� ��- �
18�� �B �  :���� �����X /�5

�;�  K� � ����-��U0� :�<F�� 9� �5 R	7 	k� ��  .\����
18�� I��  �5

 G��U � HC�B(��	�  /�1= �
>�. :�� �	�<;C G5�� HC�B � A�

�� /	;�<� .���- 

(-) ��@+� �3 ��� eU7,  :�47��g 
0$F�1 3�	41 (

�
18��  
-)4 K� |� �����X /�5g�� ���K� �b@ K� ��Q �� 9�-�

 �K�4 ��1
��hO�
� ��- �;� ����� ��> �-� �B 	8�� �  I�� �� .��5�

�
18�� G���K� ���;- 1  K� |�15 �<�� 	
��
18�� ����;- � 2  |�

 K�35  �
18�� � ���;-3  K� |�25 �<��  M��U� 	
���� hO�
� ��-.  �

�3����
 �
18��  /�5 ���;-4  K� |�55 �<��  M��U� 	
�� �� � hO�
�

 �� G���K� /�3
��80 �<�� 18�� I�� ��
>�. M��U� 	
��
�  � 
B�X �5

�� �O�B 
�	@ 9��B  :�- .����4 �
18�� ��
 � I�� 9�1� �� �5 

��  .�5� �
18��hO�
� ��-   ?��. ?�N
�� ����	  ��x�S�	4  ?���� �B

�;� 
�	- K�4 ���  ?��. �x�S�	4  
�	@ /�	B �� 	��� I�� 	8��

��;� A�P
� �
18�� I�� � ���   G��U � HC�B aN (��	�  ��Q �� A�

�� K�4 ��1
�� �- �B � �� g��7 I��	�XY� :�� �	�<;C �� �S��  �
>�.

�� /	;�<� /�1= ���)4. 
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(eY1) 5 
��� h4�I, +0�Y  

 
(-) 10 
��� h4�I, +0�Y  

 
(i) 15 
��� h4�I, +0�Y  

 
(3) 20 
��� h4�I, +0�Y  

 
(�) 25 
��� h4�I, +0�Y  

 
(&) 30 
��� h4�I, +0�Y  

 
()) 35 
��� h4�I, +0�Y  

 
(j) 40 
��� h4�I, +0�Y  

 
(l) 45 
��� h4�I, +0�Y  

 
(() 50 
��� h4�I, +0�Y  
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(m) 55 
��� h4�I, +0�Y  

 
(.) 60 
��� h4�I, +0�Y  

 
(d) 65 
��� h4�I, +0�Y  

 
(;) 70 
��� h4�I, +0�Y  

 
(a) 75 
��� h4�I, +0�Y  

 
(n) 80 
��� h4�I, +0�Y  

 8
�4-  +4&�Z,�0:+9 ���  )1���  .���M7��+9  )�9 ��$0�1 �42 �3
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