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Abstract 
In this paper, a polymer membrane fuel cell using a one-dimensional, steady and homogeneous model has 

been studied. The governing equations of bipolar plate and gas diffusion layer are derived initially and ohmic 
losses and the rate of oxygen transfer are modeled. The oxygen transfer rate in the cathode layer is modeled 
using a homogeneous method. Differential governing equations of cathode catalyst layer are solved using a 
MATLAB code. The ohmic loss in the membrane polymer and also the concentration loss are modeled using 
some engineering assumptions. Finally, using all losses, the total voltage of fuel cell is calculated and voltage 
curves are plotted. comparison of obtained results with the experimental results show the validity of the model. 
Also, parametric studies to consider the effect of parameters such as, porosity coefficient of gas diffusion layer, 
saturation of gas layer, gas diffusion layer thickness, the amount of platinum mass on the surface of cathode 
layer, the degree of membrane penetration in catalyst layer, and the degree of saturation at the cathode catalyst 
layer on the fuel cell performance and its efficiency have been conducted. The results show that the degree of 
saturation in the cathode catalyst layer has the most effect on the activation losses of fuel cell and its 
performance. 

Keywords: Bipolar plate, Gas diffusion layer, Cathode catalyst layer, Polymer membrane, Activation loss, 
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1. Activation Losses 
2. Ohmic Losses 
3. Concentration Losses� 
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Ã�Y|¿YÄ�z�»�¾ËY�Ä¯�{Â¼¿�Ã{Z¨f�Y�{�Y|¿�¶Ìa�¶yY{��{�É�Ì³���ZÅ
»Ê�|¿YÂe�|À�Z]� ¶Ìa� ÊmÁ�y� ½YÂe� ZË� �Zf·Á��� d¼�«� ¾ËY� �{�Ä]

�Â�À»��Â�y� �{� µ|»� �Y� ¶�Zu� lËZf¿� ,µ|»� ÊnÀ�� dv�
�Á�Ê¸¿ZÌ�Ìe�Ê]�ne�lËZf¿� Z]�¶Ìa�ÊmÁ�y��Zf·Á�¿Y�Z°¼Å[18]�

Ä�ËZ¬»�Ê»��Ä]�ÄmÂe�Z]�¶�Zu�Ê]�ne�lËZf¿�Ä¯�,{Â��Ë{Z¬»��ÄËZa
Á|m� �{� µ��d�Y� Ã|Ë{�³� ¶�Zu���½{�¯� µZ¼�Y� Ä]� ÄmÂe� Z]
��Ë{Z¬»�ÄËZaÊ¸¿ZÌ�Ìe���{Ã|��Äf§�³���¿��{��Ë{Z¬»��{��µ|»�¾ËY

�µÁ|m��{�Ä¯���d�Y�Ã|��Ã�Z�Y�½M�Ä]��Y�¶�Zu�lËZf¿��,��µ|»
Ê»�Ä�ËZ¬»�Ê¸¿Z�Ìe�Ê]�ne�lËZf¿�Z]�{Â����

�µÁ|m���{Z¬»�Ë�Ê¸¿ZÌ�Ìe�µ|»��{�Äf§���Z°]�ÄËZa[18]� �
�f»Y�Za� �{Z¼¿���Y|¬»��|uYÁ��

�¶Ìa�É�Z¯��Z�§�H2/o2���P 3.5 atm 

¶Ìa��Z¯�ÉZ»{��T 357.15 K 

t���|uYÁ��{�{ÂmÂ»�¾ÌeÔa��mpt 0.0035 Kg.m-2 

�f»Y�Za��f 0.1�����

µÁ|m�����¶Ìa�ÉZÅ�Ä�z�»��ËZ��Á�Ê°Ë�Ì§��YÂy��Ë{Z¬»
ÊfyÂ��������Á������ �

�f»Y�Za |uYÁ �Y|¬» �f»Y�Za |uYÁ �Y|¬» 

äc m 5×10-5 W � 0.0707 

ñpt Kg. m-3 21500 L m 0.0707 

ñc Kg. m-3 2000 hp m 0.002 

ác � 1 hc m 0.002 

áa � 0.5 wc m 0.002 

CH
+ mol.m-3 1200 ws m 0.002 

km 
-1�Ù.m� 17 ng � 12 

ks 
-1�Ù.m� 7.27×10-4 ñR,p Ù.m 6×10-5 

æm � 0.4 ñR,e Ù.m 6×10-5 

äm m 1.64×10-4 äe m 2.5×10-4 

Kp m2 1.8×10-18 åg � 0.4 

KE m2 7.18×10-20 æg � 0.1 

DO2-gas Cm2.s-1 2.585×10-1��DO2-H2O Cm2.s-1 9.19×10-5 

g
 � 0.7 mpt Kg. m-2 0.005 

c - 1 mc Kg. m-2 0.045 

T K 353 P atm 1 

�¶°���Y�Ä¯��Â�¿Z¼Å���µ|»��Y�¶�Zu�lËZf¿�,d�Y��z�»
�Ê]�ne�lËZf¿�ÁºÅ�¿YÂy{�Y{�Ê]Ây�Ê�Á�-¥ÔfyY�{ÂmÁ�d¸��ÉZÅ� �

½ZË�m� Ê·Z´q� �{� Ä¯� ÊW�m�d¸�� Ä]� ,d�Y��Â�v»� ÓZ]� ÉZÅ�
�ÊfyÂ�� ¶Ìa� ÊuY��� �{� �iR»� ÉZÅ�f»Y�Za� �ËZ�� �{� ¥ÔfyY

Ê»�|�Z]��]�ÄÉ�Â���ÄmÂe�Z]�Ê¼ÅY�d§Y��Y|¬»�ªÌ¬ve�¾ËY��{�Ä¯
¶Ìa� ÊuY���ÉZÅ�f»Y�Za� Ä],�� Ê¼ÅY�d§Y� ¶»Z�� Ä¯�{��cZv¨�

Ê»� Z�£� Á� {Á�f°·Y� ,�Z³�µZ¬f¿Y�|�Z],�Ê»�d�|]��¾ÌÀr¼Å� Á� |ËM
ºÌ¯�Ê]�ne��Á�� �Y�d�¸£�d§Y�Ê»� Ä^�Zv»{Â���¥ÔfyY� Ä¯
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°��¶����iPeÌ���Zf·Á��]��Z³�}Â¨¿�ÄËÓ�¶z¸ze�\Ë���Á��d§Y

µZ §É�Z���ÊfyÂ��¶Ìa� �
��

°�� ¶��iPe�Ì�� ½Y�Ì»Ê³|�� �Z^�Y��Z³� }Â¨¿� ÄËÓ�gĳ����]
�Zf·Á�Á���ËZ¼¿�Y��É�Z�·Z §�d§Y»Ê�|Å{���½Z�¿�lËZf¿»Ê�|Å{��Ä¯
Y� Z]� �ËY�§gĳ��ÅZ¯� �b�� Á� �ËY�§Y� ¶Ìa� ÊmÁ�y� �Zf·Á� ,
»Ê�|]ZË����]YÁ��Ä]�ÄmÂe�Z]�����,������Á�����gĳ�»�Ze�½Y�Ì����

R»� }Â¨¿� \Ë��� �ËY�§Y� \^���Z³� }Â¨¿� ÄËÓ� �{� ½�Ì�¯Y� �i
»Ê�{{�³� Á� -� Ä�]Y�� ª^�����,����»� �{�É{Á�Á� ½�Ì�¯Y�d�¸£

�Z³� }Â¨¿� ÄËÓ�� �f�Ì]� d�Ì·ZeZ¯� ÄËÓ»Ê�{{�³� Á� -Y� ¾ËY��ËY�§
�d�¸£�Â��½Z¼Å���Y�Ä¯°��¶���d§Y��ÅZ¯�h�Z]�d�Y��z�»

� ½M� {�°¸¼�� {Â^Æ]� Á� ¶Ìa� É�Z�·Z §»Ê�{{�³� ��½Y�Ì»� �³Y� Ê·Á
Ê³|���Z^�Y��\Ë��� ,{{�³� �f�Ì]� �Y|¬»�¾ËY� �Y� �Z³� }Â¨¿� ÄËÓ

»�}Â¨¿RµZ §�d§Y��ËY�§Y�\^��Á�Äf§ZË��ÅZ¯�½�Ì�¯Y��i�É�Z�
»Ê�{{�³���

°��¶��iPe�Ì��}Â¨¿�ÄËÓ�d»Zz���Z³�eį���Y�Y�Z¯��]ÊË��¶Ìa
��ËZ¼¿� Y�� ÊfyÂ�»Ê�|Å{� �� Ä�]Y�� Ä]� ÄmÂe� Z]���� ���ËY�§Y� Z]

�}Â¨¿�ÄËÓ���»��{�É{Á�Á�½�Ì�¯Y�d�¸£�,�Z³�}Â¨¿�ÄËÓ�d»Zz�
�Z³���ÅZ¯�d�Ì·ZeZ¯� ÄËÓ»Ê�|]ZË� -�d§Y��ËY�§Y�h�Z]� �»Y�¾ËY
µZ §�d�Ì·ZeZ¯� ÄËÓ� �{�É�Z�|eZ¯�»Ê�{{�³� Á� -�d§Y��ËY�§Y� Z]
µZ §�� �ÅZ¯� ¶Ìa� ÊmÁ�y� �Zf·Á� ,É�Z»Ê�|]ZË� ��Z]� Ê§��� �Y

�ËY�§Y�d»Zz��ÄËÓ�}Â¨¿��Ä�]Y��ª^���Z³������Ê¼ÅY�d»ÁZ¬»
�Ä]� ÄmÂe� Z]� {Á�f°·Y� �{�Ê¼ÅY�d§Y� ÄnÌf¿� �{� Á��ÅZ¯� {Á�f°·Y

� Ä�]Y����� �� �ÅZ¯� �Ì¿»Ê�|]ZË���ÌqZ¿� �ZÌ�]� �ÅZ¯� ¾ËY� Ä¯
»Ê�|�Z]� Y~·� -� �f»Y�Za� Á{� ©Â§� tÌ�Âe� ª^�ohmic,eȘ�� ÁactȘ��Z]

��ËY�§Yeį�¶¼�� �´Ë|°Ë�¥Ôy��]� ,»Ê�|ÀÀ¯��dËZÆ¿� �{� ÁiPe�Ì�
��»Y�¾ËY�Á�Ã{Â]�\·Z£�Ê¼ÅY�d§Y��ÅZ¯��]�É�Z�·Z §�d§Y��ËY�§Y
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°�¶���iPeÌ��ÄËÓ�d»Zz��}Â¨¿��Z³��]��Zf·Á�Á�µZ §�d§YÉ�Z��

�ÊfyÂ��¶Ìa� �
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°��¶��iPe�Ì��¾ÌeÔa�Ê»�m�É�Y~³�Z]�½Y�Ì»�mpt����{�ÄËÓ
� d�Ì·ZeZ¯|eZ¯�� Y�� ÊmÁ�y� �Zf·Á� �]� ½Z�¿»Ê�|Å{����ËY�§Y� Z]

�m�É�Y~³�Z]� ½Y�Ì»�É�Y~³�Z]� ½Y�Ì»� ½|¿Z»�d]Zi� Á� ¾ÌeÔa� Ê»
�Y|¬»� ,¾]�¯� Ê»�mf�� Ä�]Y�� ª^����� ���ËY�§Y»Ê�|]ZË� ��Z]� Ä¯

��Y|¬»�Ä]�ÄmÂempt��,f���Ë{Z¬»�ÉY�Y{�\Ìe�e�Ä]���,�����,����
»Ê�|�Z]� ���ËY�§Y� Z]f�� Ze�����Â�v»�ÊmÁ�y� �Zf·Á��ËY�§Y� ,

�{|n»��ËY�§Y�Z]�Á�,d�Yf��Ze����]�ÊmÁ�y��Zf·Á��ËY�§Y��ZÌ�
��ÌqZ¿»Ê�|�Z]� ��½Y�Ì»� Ä°¿M� ��Zy�Ä]f��ÊËY�Z¯� �]�ªË��� Ä�� �Y

�ÊfyÂ��¶ÌaiPe�Ì�»Ê�{�Y~³���ËY�§Y�Z]�Â��®Ë��Yf���É�Y~´ËZm�Á
� Ä�]Y�� �{� ½M���� ��¹�m� |uYÁ� �{��À¯YÁ� ¹Zn¿Y� t��� Äq�³Y

eÔa¾Ì� ,As�� �ÅZ¯»Ê�|]ZË� Ä�]Y�� Ä]� ÄmÂe� Z]� Ê·Á� ,���� ��Á
��ËY�§Ympt»�t���,R�À¯YÁ�¹Zn¿Y��i�,Av��d§Y�Á�Äf§ZË��ËY�§Y
µZ §��ÅZ¯�Y��É�Z�»Ê�|Å{��{Â^Æ]�Y��¶Ìa�{�°¸¼��Á»Ê�|�z]��

��ËY�§Y� Z]�¾ÌÀr¼Åf����Y|¬»�½{Â]�d]Zi� Z]� Ámc�cY�}�½Y�Ì»� ,
��ËY�§Y�d�Ì·ZeZ¯�ÄËÓ�|»Zm��z]��{�{ÂmÂ»»Ê�|]ZË� Á� -�ª^�

� Ä�]Y������ÄËÓ� ¶z¸ze� \Ë��� ½Y�Ì»� �{� �ÅZ¯� h�Z]� ,
�,d�Ì·ZeZ¯cİ�»Ê�{Â���Ä�]Y��Ä]�ÄmÂe�Z]�ÄnÌf¿��{�Á�������Y|¬»

R»�Ê¿Á�f°·Y�dËY|Å��ËY�§Y�d�Ì·ZeZ¯�ÄËÓ��i»Ê�|]ZË���Ì¿�¾ËY�Ä¯
µZ §�d§Y��ÅZ¯�h�Z]�É�Z�»Ê�{{�³� ���ÅZ¯� Z]��´Ë{�¥����Y

cİ»� \Ë��� ,R,½�Ì�¯Y� }Â¨¿� �ieff
CLOD

2
� �ÅZ¯»Ê�|]ZË� ��¾ËY

µZ §� d§Y� �ËY�§Y� h�Z]� ¶»Z��ÅZ¯� Á� É�Z���¶Ìa� {�°¸¼�
� ÊfyÂ�»Ê�{Â�� Y~·� -�f»Y�ZaÉZÅ�Av�� ÁKs

eff��¥Ôy� �]
�f»Y�Zaeff

CLOD
2

�� ¶¼�»Ê�|ÀÀ¯��dËZÆ¿� �{� ÁiPe�Ì���f»Y�Za� Á{
Av�� ÁKs

eff�»�\Ë��� �]R�h�Z]� Á� Ã{Â]�\·Z£� ½�Ì�¯Y� }Â¨¿� �i
»Ê�{Â��µZ §�d§Y�Ze�ÊfyÂ��¶Ìa�É�Z��Â��½Z¼Å��Ä¯��Y°��¶
����ËY�§Y� ,d�Y��z�»mpt�Z]��ÅZ¯�¾ËY� Ä¯� |]ZË��ÅZ¯� ,

��f�Ì]��ËY�§Ympt�¥ÔfyY�Ä°¿M�Ä]�ÄmÂe�Z]�,iPe�Ì���f»Y�Za�Á{Av�
� ÁKs

eff�� Z]eff
CLOD

2
�h�Z]� ,Äf§ZË��ÅZ¯»Ê�{Â���d§Y��ÅZ¯

µZ §{{�³� �f¼¯� É�Z���� �f�Ì]��ËY�§Ympt� ,iPe�Ì���{� É�f¼¯
�Zf·Á�Ë{Á|v»� Á� ½{Â]� ½Y�³� Ä]� ÄmÂe� Z]� Á� {�Y{� ¶Ìa��]ZÀ»� d

�d�Ì·ZeZ¯�ÄËÓ��{�¾ÌeÔa�ÄÀÌÆ]�¥��»�½Y�Ì»�|ËZ]�,¾ÌeÔa|eZ¯�
{{�³�É�Y~³�Z]���

°��¶���iPe�d�Ì·ZeZ¯� ÄËÓ� �{� LZ�£� }Â¨¿� ½Y�Ì»� �Ì�|eZ¯
�mȗ����Y�Y�Z¯��]��ËZ¼¿�ÊfyÂ��¶Ìa�ÊË»Ê�|Å{����Y�Ê°ËÃY��ZÅ�É

�ÉZ�§��Y�Ê�z]�ªË����Y��À¯YÁ�¹Zn¿Y�¶v»�Ä]�½�Ì�¯Y�µZ¬f¿Y
� Z]� Ä¯�Ê·Zy� ,d�Y� Ã|���a� �Z³� ZË��ËZ»�[M»Ê�|�Z]����ËY�§Y� Z]

mȗ�,cİ��Ä�]Y��ª^�������ÅZ¯�,»Ê�|]ZË����ÅZ¯�Z]�ÄnÌf¿��{cİ�
»� }Â¨¿� \Ë��R�ÉZ�§� ªË��� �Y� d�Ì·ZeZ¯� ÄËÓ� �{� ½�Ì�¯Y� �i
��ÅZ¯�Ê·Zy»Ê�|]ZË� Á� -� �Y� �´Ë{�Ê°Ë�¾ÌÀr¼ÅÃY��ZÅ�µZ¬f¿Y�É

LZ�£��Y�Ê�z]�ªË����Y��À¯YÁ�¹Zn¿Y�¶v»�Ä]�½�Ì�¯Y���{�Ä¯
� d�Ì·ZeZ¯� ÄËÓ|eZ¯�� ,d�Y� Ã{�¯� }Â¨¿»Ê�|�Z]� ��Ä]� ÄmÂe� Z]

� �ËY�§Ymȗ��Y� d�Ì·ZeZ¯� ÄËÓ� �{� ½�Ì�¯Y� �iÂ»� }Â¨¿� \Ë��� ,
��ËY�§Y� Ã{�¯�}Â¨¿� Z�£�ªË��»Ê�|]ZË� ��©Â§��f»Y�Za� Á{�¾ËY�]ZÀ]

�¶¼���´Ë|°Ë�¥Ôy�]»Ê�|ÀÀ¯���dËZÆ¿��{iPe��iÂ»�}Â¨¿�\Ë����Ì
�Y� d�Ì·ZeZ¯� ÄËÓ� �{� ½�Ì�¯Y�� �]� Ã{�¯� }Â¨¿� Z�£� ªË��iPe��Ì

R»� }Â¨¿� \Ë���ÉZ�§� ªË��� �Y� d�Ì·ZeZ¯� ÄËÓ� �{� ½�Ì�¯Y� �i
»�}Â¨¿�\Ë����ËY�§Y�h�Z]�Á�Ã{Â]�\·Z£�Ê·ZyR�,¶¯�½�Ì�¯Y��i

eff
CLOD

2
�d�Ì·ZeZ¯�ÄËÓ��{»Ê�{Â��Á�-µZ §�d§Y��ÅZ¯�h�Z]��

�¶Ìa�ÊËY�Z¯��ËY�§Y�Á�É�Z�»Ê�{{�³����
§Y� Z]� �´Ë{� ¥��� �Y� �ËY�mȗ»� Ê¿Âe�a� dËY|Å� ,R�ÄËÓ� �i

� ,d�Ì·ZeZ¯Km
eff�� Ä�]Y�� ª^����� ���ËY�§Y»Ê�|]ZË� ��¾ËY�]ZÀ]

��ÅZ¯�h�Z]�Á�Äf§ZË��ÅZ¯��»Â¿ÂË�Z�£��z]�Ê¿ÂeÁ�a�d»ÁZ¬»
µZ §�d§Y��ËY�§Y�Á�É�Z�]�f�Ì�Y�Z¯�¶Ìa�ÊË»Ê�{{�³���
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�d�Ì·ZeZ¯�ÄËÓ�t��|eZ¯�Z�·Z §�d§Y�Á��Zf·Á��]É��¶Ìa
ÊfyÂ���
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°��¶����iPeÌ���d�Ì·ZeZ¯�ÄËÓ��{�LZ�£�}Â¨¿�½Y�Ì»|eZ¯���]

�Zf·Á��ÁµZ §�d§YÉ�Z��ÊfyÂ��¶Ìa� �
��

°�� ¶���iPe�Ì�� ½Y�Ì»Ê³|�� �Z^�Y�� d�Ì·ZeZ¯� ÄËÓ|eZ¯�
�cĳ� �� Á�É�Z�·Z §�d§Y� ,�Zf·Á� �]�Z]¶Ìa� Ã{���z�»� Y�»Ê�|À¯��

� ,�À¯YÁ�¹Zn¿Y�¶v»�Ä]�½|Ì���ÉY�]�½�Ì�¯Y»Ê�|¿YÂe��ªË����Y
�Ä¯�d�Ì·ZeZ¯�ÄËÓ��{�Ê·Zy�ÉZÅZ�§�Á�Ä]Ä¸Ì���a��Z³�ZË��ËZ»�[M

|À¯�}Â¨¿�d�Y�Ã|����Â��½Z¼Å�°���Y�Ä¯�¶����d�Y��z�»
�½Y�Ì»��ÅZ¯�Z]Ê³|���Z^�Y��[M��Zz]��ËY�§Y�Á�d�Ì·ZeZ¯�ÄËÓ
Y� ,É�Z³� �Z§� �{��ÅZ¯�ÊÆmÂe�¶]Z«� �Y|¬»� Ä]�ÊfyÂ��¶Ìa�d§

»Ê�|]ZË���ËY�§Y�¶Ìa�ÊmÁ�y��Zf·Á�Á»Ê�|]ZË���{ÂmÁ���§�Z]�Y�Ë�
�\Ë���,d�Ì·ZeZ¯�ÄËÓ�¶yY{��{��Z³�Á��ËZ»��Z§�Á{�c�Â��Ä]�[M
��ËZ»��{�½�Ì�¯Y�}Â¨¿�\Ë����]Y�]��Y�Å�Ã{��Z³��{�½�Ì�¯Y�}Â¨¿

»Ê�|�Z]»�}Â¨¿�\Ë���ÄnÌf¿��{�,RÓ��{�½�Ì�¯Y��i�,d�Ì·ZeZ¯�ÄË
µZ §�d§Y��ÅZ¯�\^��Á�Äf§ZË��ËY�§Y�ÊËY�Z¯��ËY�§Y� Á�É�Z�

�ÊfyÂ��¶Ìa»Ê�{{�³����
��

��
°�¶����iPeÌ���½Y�Ì»Ê³|���Z^�Y��d�Ì·ZeZ¯�ÄËÓ�]�Zf·Á�Á�

µZ §�d§YÉ�Z��ÊfyÂ��¶Ìa� �
��
��É�Ì³�ÄnÌf¿��

¶Ìa� {�°¸¼��dve�c|��Ä]�ÊfyÂ��ÉZÅiPe�Ì�d§Y�ZÅÉ�µZ §��

�Z��Y�Éd��µZ §�d§Y��Y|¬»»�t����ËY�§Y�Z]�É�Z�R��À¯YÁ��i
»�}Â¨¿�\Ë���ÁR��ÅZ¯�½�Ì�¯Y��i»Ê�|]ZË� ���{��Ì¿�d�¸£�d§Y
½ZË�m� Ê·Z´q2.7000  mAI� Y|Ìa� dÌ¼ÅY»Ê�|À¯���lËZf¿

� ½Z�¿»Ê�|Å{���Y� {Á|v»� Ã�Z]�®Ë� �{� ¶Ìa� ÊËY�Z¯� ¾Ë�fÆ]� Ä¯
��Ë{Z¬»mPt��w�»Ê�Å{�Y~·�-|�Y��Ì]��ËY�§Y���Y|¬»�|umPt���{

{�Y|¿�É{Z�f«Y� Á�Ê¼¸��ÄÌmÂe�d�Ì·ZeZ¯� ÄËÓ�¶yY{� ��¾ÌÀr¼Å
� �{� ¶Ìa� ÊËY�Z¯� ½Y�Ì»� ¾Ë�fÆ]%30f� w�»Ê�|Å{�Äf^·Y� ,

iPe�ÌmPt�Y�Z¯� �]ÊË�� �Ë{Z¬»� �{� ÊfyÂ�� ¶Ìa%30f��Ä]
� Á� Ã{Â¼¿�d§Y� c|��¬e0Z^Ë�]Ê�� �iY»Ê�{Â�� ��Ì·ZeZ¯� ÄËÓ� �{��d

|eZ¯� ,iPe�Ì��ÉZÅ�f»Y�ZauY��Ã|��Ê���]�Ê,��\Ë����f»Y�Za� �{
d�Ì·ZeZ¯�ÄËÓ�¶z¸ze,c��{�YÁ»Ê�|¿Â����Ê¸¯�d·Zu��{»Ê�½YÂe�
� Ê¿ZÌ»� �f»Y�Za� ¾ËYc��ÄËÓ� �{� Ê¸�Y� Á� É|Ì¸¯� �f»Y�Za� Y�

�¿Y{�d�Ì·ZeZ¯d���Za� ¾ËY� �Y|¬»� �{��ËY�§Y�h�Z]� �f»Y��ËY�§Y
� Á�½�Ì�¯Y�}Â¨¿�\Ë���¶Ìa�ÊËY�Z¯�{Â^Æ]»Ê�{Â�� ��½{Â]��Z^�Y
�h�Z]�d�Ì·ZeZ¯�ÄËÓ»Ê�{Â���Ê «YÁ��Y|¬»� �Y� �f¼¯�¶Ìa�ÊËY�Z¯

�Ìa�½M���ËZ»�[M��{�½�Ì�¯Y�}Â¨¿�\Ë���Y�Ë��,{Â��ÊÀÌ]�¬e0Z^Ë�
d�Y� �[M� �Zz]� �{�½M�}Â¨¿�\Ë����Y� �f¼¯��]Y�]� �Y�Å� Ã{���¾ËY

�dÌ¼ÅY�Ä¸X�»�d�Ì·ZeZ¯�ÄËÓ��{�É|Ì·Âe��ËZ»�[M�½{�¯�k�Zy
|eZ¯��½Z�¿�Y���À¯YÁ�¹Zn¿Y�¶v»��Y»Ê�|Å{�����Âe�[M�¾ËY�\¸£Y

�¶¬fÀ»�½Á�Ì]�Ä]�YÂÅ�½ZË�m»Ê�{Â��YÂÅ�½ZË�m�c|��ÄnÌf¿��{�,
|�Z]�[M�µZ¬f¿Y�Ä]��{Z«�|ËZ]����Y��´Ë{�Ê°Ë�Á��ZÅÉ��[M�µZ¬f¿Y

� d�Ì·ZeZ¯� ÄËÓ� �Y� �ËZ»|eZ¯�ÄËÓ� �Y� Ã{Z¨f�Y��ÄËÓ� ZË� �Ë�³� [M
�¾Ë�Ë�»Ê�|�Z]���

� �
� �
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ZÅ{Z¼¿��
DO2-H2O� �[M��{�½�Ì�¯Y�}Â¨¿�\Ë����
DO2-gas���~§ZÀ»��{�½�Ì�¯Y�}Â¨¿�\Ë��

�Z³��Â^���
DO2-m���½�Ì�¯Y�}Â¨¿�\Ë����{LZ�£��
åg��É�Z³�}Â¨¿�ÄËÓ�¶z¸ze�\Ë����
åc��d�Ì·ZeZ¯�ÄËÓ�¶z¸ze�\Ë����
äe���Z³�}Â¨¿�ÄËÓ�d»Zz���
äc��d�Ì·ZeZ¯�ÄËÓ�d»Zz���
äm��»Zz��dLZ�£��
F

 É{Y�Z§�d]Zi��

Racell ÊfyÂ��¶Ìa�Ã{�Z]��

æm ��{�Ã{�¯�}Â¨¿�LZ�£�Ê¼nu�d^�¿
½M�ºnu�¶¯�Ä]�d�Ì·ZeZ¯�ÄËÓ��

æg �}Â¨¿�ÄËÓ�{YÂ»�Ê¼nu�d^�¿
�Ä]�d�Ì·ZeZ¯�ÄËÓ��{�É}Â¨¿�É�Z³

½M�ºnu�¶¯��
g (1 )g 

 
�ÄËÓ�|»Zm�d¼�«�Ê¼nu�d^�¿

�d�Ì·ZeZ¯�ÄËÓ��{��Z³�}Â¨¿|eZ¯�
½M�ºnu�¶¯�Ä]��

2

eff CL
oD ���¶¯��{�½�Ì�¯Y��iÂ»�}Â¨¿�\Ë��

dÌ�·ZeZ¯�ÄËÓ��
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