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YAZAR ADI: ÖZGÜN YÜCEL

�2' 0�  ' �1&+&>� �24?%��  ' �1&+&>� 1 �# �"%$�  ' �1&� *+�� ?&8&� .%,'%.$%�-' son 

,-$$%�3%� ? $&0#&�&$" +&' � !%##%� ./$$%'-$"%+-'%� �%@" '� 8/� .%,'%.$%�3%'�  $3 �  3&$ '�

 ' �1&>�%�#%'�&!#&,%A-�.%�0-$%"%.�.�'/+/'3%�, # �+&4�.%$"%.#%3-���
�'�,-$$%�3%�,%5-$%'�

%�%0#-�"%$ar # "&4� * � , '&$ ' 8&$ '�  ' �1&�  $3 �  3&$" +&'3 �  ' �1&� #%0-,-A-� �$%�%.

./$$%'-$%'�!&3��1 '&'�/"/#�*%%#� 3&A&��$3/@/'/�?B+# �" .# 3&���Bu nedenle üretimi, 

#%0-'"%+->� 3 5�$%'"%+-� * � ./$$%'-$"%+-'%� &$&0.&'� # .'�$�1&$ �&'� ? $&0#&�&$" +&� &7&'�

32',%3%�.%5+%"$-�7%$-0"%$%��,2�2#2$" .# 3&���

��@%$�?%43%'� !&3��1 '�2� #&"&�?2'2"24 �.%3%�� '�7�.�./$$%'-$%'� '32+#�&, $�

yöntemdir. ��@%$?%4�&+ �8B$? + $��$%�%.�3 @&0" .$ �8 �%8 �>�82,2.���%'3%�" #%'�* �

3%!%�%4� #%'>�82#%'>�5��5%'�* �.%�8�'3&�.+&## '��$/0"%.#%3-���� #%'>�3�@%+-�? � @&�

��+&$�,%.-#$%��&7 �&+&'3 � '�,2.+ .��&3��1 ';	%�8�'�9�;C:���%'-'%�+%!&5#&���� #%'3%'�

!&3��1 '�2� #&"&�� ���"&'?�� %.+&,�'$%�-�&$ �,%5-$"%.#%3-����/�� %.+&,�'$%�D�" #%'-'>�

!&3��1 '� * � 3&@ �� 3 @ �$&� .&",%+%$$%�%� 3B'20#2�2$" +&'3 � &$.� * �  '� B' "$&� %3-"-�

# 0.&$� #" .# 3&��

�/� # 4&'� .�'/+/D� � #%'� ?%4-'3%'� 8/!%�� � ���"ing yöntemiyle hidrojen 

üretiminin matematiksel olarak modellenmesidir. � 4� .%5+%"-'3%>� ? � .� +%8&#�

,%#%.$-� � %.#B�$ �� &7&'� ? � .+ � 3 � %.-0.%'� ,%#%.$-� " "8�%'� � %.#B�$ �$ �

./$$%'-$%8&$ A .� ? ' $� 8&��"�3 $� �$/0#/�/$"/0#/��� �%�.$-� 7%$-0"%�.�0/$$%�-'3%� ,%.-#�

&0$ "A&+&� &7 �&+&'3 .& denge halindeki .�'+%'#�%+,�'$%�� * � +-A%.$-.$%�� %'%$&4�

 3&$"&0#&���Sonuçlar, ,%.-#�&0$ "A&$ �&'&'�* �&"&'&'>�,2.+ .�!%*%-,%.-#�* �8/!%�-,%.-#�

��%'$%�-� &7&'� 3%!%� �%4$%� �$3/@/'/� ?B+# �"&0#&��� � "8�%'� � %.#B�$ �&'� ? $ ' .+ $�

,%.-#�&0$ "cilerine oranla çok daha verimli �$3/@/�?B+# �&$"&0#&��
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SUMMARY

TITLE OF THE THESIS: MODELLING OF HYDROGEN PRODUCTION 

FROM METHANE

AUTHOR: ÖZGÜN YÜCEL

In recent years, even though use and development of resources such as solar 

energy, wind energy, geothermal energy, etc. increased; these resources are 

inadequate in meeting the increasing demand. According to recent research,

hydrogen is used as an energy carrier that shows promise in generating clean and 

renewable energy. For this reason, comprehensive studies are carried out worldwide

for the development of hydrogen production, transportation, storage and use of

technology.

Hydrogen production from natural gas to the present day is the most widely 

used industrial method. Although natural gas production rate changes by region,

natural gas contains mainly methane and less ethane, butane, propane and carbon 

dioxide. Methane has the highest hydrogen/carbon (H/C) ratio among the fossil fuels. 

Hydrogen production from methane is carried out by reforming reaction. These 

reactions represent the first and most important step for converting natural gas to 

methane, hydrogen and other valuable chemicals.

The topic of this thesis is: mathematical modeling of hydrogen production form 

methane by steam reforming method. In this thesis, mathematical model was 

developed for both fixed-bed reactors and fluidized-bed membrane reactors. In fuel 

processors, equilibrium temperature and concentrations were analyzed at different 

working conditions. The results show that, fuel processor efficiency is high at high 

air-fuel and steam-fuel ratios. The use of membrane reactors compared to 

conventional fuel processors have been shown to be much more efficient.
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�%0$%"-0� �$3/@/"� 8/� ,�$3%�  '� 8%0-'3%'� +�'/'%� 3 . engin bilgi ve 

# A�28 $ �&'&�  +&�? " , '>� 4��$/.$%�3%� ,-$"%"%,-� B@� # � .� B�' .� �$%'>�

deneyimlerini * � 4%"%'-'-� 8 '&"$ � 5%,$%0an de@erli 3%'-0"%'-"� 
%,-'� Prof. Dr.

Mehmet �$%&##&'���
��
�LU’ na

	-+-#$-� 4%"%'$%�-'%� �%@" '>� # 4� 12�&� 2, $&@&� &7&'� 4%"%'� %,-�%'� 3 @ �$&�

!�A%$%�-"���7�������%+%'�
���	
��(�* ���7��������A%'������	6� 

Uzakta da olsa h%,%#-"-'� ! �� %'-'3%� ,%'-"3%��$3/@/'/� !&++ ##&� '>� bugüne 

.%3%�� !&78&�� 3 +# @&'&�  +&�? " , ' ve sonsuz güveniyle beni tamamlayan annem 

Emine AKIN’ a
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�$"%3-@-"-�!&++ ##&� '>� 0&"��%$&" ���C��6e
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Simge ���� !"!

A ,%#%@-'�. +&#�%$%'-

ATR ototermal reforming

b ,%.-#�&0$ "A&+& 3/*%�$%�-'-'�.%$-'$-@-�9":

Ci &�?%4-'-'�"�$���%'-

cpb, cpg, cpp ,%#%@-'>�?%4-'�* �.%#%$&4B�2'�-+-�.%5%+&# +&�9��.?-1 K-1)

Csi katalist yüzeyindeki &�?%4-'-'�"�$���%'-

D,Di,Dij ?%4$%�-'���#%$%"%�3&�24,�'�.%#+%,-+->�&�?%4-'-'�3&�24,�'�.%#+%,-+->�&�

?%4-'-'�1 ?%4-�&7 �&+&'3 �&.&$&�3&�24,�'�.%#+%,-+-�9"2 s-1)

d0 ,%#%@-'�3-0�7%5- (m)

Dga,Dgr %.+&,%$�* ��%3,%$�?%4�3%@-$-"�.%#+%,-+-�(m2 s-1)

di ,%#%@-'�&7�7%5-�9":

dp 5%�#&.2$�7%5-�9":

Ej j reaksiyonunun aktivasyon enerjisi (kJ kmol-1)

f partikül paketleri #%�%�-'3%'�.%5$-�3/*%����%'-

Fi &�?%4-'-'�%.-0���%'-�9."�$�+%%#-1)

g yerçekimsel ivme (m s-2)

Gs 5%�#&.2$�%.-+-�(kg m-2 s-1)

hD .2#$ �#�%'+� ��.%#+%,-+-�9H�"-2 K-1)

hd,hpg,hwi,hwo ?%4�&$ �,%#%.�%�%+-'3%.&�* �?%4�&$ �5%�#&.2$�%�%+-'3%.&>�,%#%@-'�&7�* �

3-0�3/*%�$%�-'3%.&�-+-�#�%'+� ��.%#+%,-+-�9H�"-2 K-1)

i ?%4-'�#2�2

J %.-�9"�$�"-2 saat-1)

j reaksiyon indeksi

ka, kg, kp, kpp çevre hava'-'>�?%4-'>�.%#%$&4B�2'�-+-�&$ #&"�.%#+%,-+-�* �5%�#&.2$$ ��

%�%+-� #.&'�-+-�&$ #&"�.%#+%,-+-�9H�"-1 K-1)

Ki,Kj

N #�5$%"�?%4�+%,-+-

&�?%4-'-'�%3+��8+&,�'�+%8&#&>�1�� %.+&,�'/'/'�3 '? �+%8&#&

L ,%#%@-'�/4/'$/@/�9":

M molar küt le
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Nu �/++ $#�+%,-+-

P 8%+-'7�9.�%:

Pe � A$ #�+%,-+-

Pi .-+"&�8%+-'7�9.�%:

POX .-+"&��.+&3%+,�'

Pr ��%'3#$�+%,-+-

R evrensel gaz sabiti (kJ kmol-1 K-1)

q -+-�%.-+-�9H�"-2)

r, z silindirik koordinatlar (m)

Ra Rayleigh +%,-+-

Re � ,'�$3�+%,-+-

Rj � %.+&,�'�!-4-�9."�$�.?A%#-1 saat-1)

Sc 
A!"&3#�+%,-+-

Sh katalist hacmi ba0-'%�320 '�-+-�#�%'+� ��%$%'-�9"2 m-3)

Sh 
! �I��3�+%,-+-

SR buhar reformingi

t zaman (s)

T,Ta,Tg,Two .%#- �%4-'>�7 *� �!%*%'-'>�?%4-'�* �,%#%@-'�3-0�3/*%�$%�-'-'

+-A%.$-@-�9	:

Tc .�&#&.�+-A%.$-.�9	:

u ?%4�!-4-�9";+:

Vc kritik hacim

yi "�$%��?%4���%'-

JHj 1�� %.+&,�'/'/'�-+-+-�(kJ kmol-1

��2 !&3��1 '�? 7&�? '�5%$%3,/"�" "8�%'$%�-'�.%$-'$-@-�9":

K ,%#%@-'�3/*%�-'3%'�&7 �&, �#�5$%"�-+-�#�%'+� ��.%#+%,-+-�(W m

)

L partiküller ile yatak %�%+-'3%.&�8/$/'%'�8�0$/.�9":

-1 K-1)

M çevre !%*%+-'-'�termal genl 0" �.%#+%,-+-

N ,%#%@-'�8�0$/.���%'-

O ,%.-#�&0$ "A&+& 3/*%�$%�-'- -+-�&$ #&"�.%#+%,-+-

�g gaz ka�-0-"-'-�3&'%"&.�*&+.�4&# +&

Pa çevre hava'-'�.&' #&.�*&+.�4&# +&

�b, �c, �g ,%#%@-'>�.%#%$&4B�2'�* �?%4-'�,�@/'$/@/�9.?�"-3)
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1. G����

�' �1&�#2. #&"&'&'�" 3 '&, #�?B+# �? +&��$3/@/�?2'2"243 �&'+%'$-.�./$$%'3-@-�

 ' �1&� "&.#%�-'-� %�##-�-�. '� %,'-� 4%"%'3a kendi sonunu da !%4-�$%"%� 7 $&0.&+&�

içindedir. 	%#$%'%�%.� %�#%'�  ' �1&� &!,%A-'%� .%�0-$-.� " *A/#�  ' �1&� ./$$%'-"-'-'�

%95‘&'&��$/0#/�%'� ��+&$�,%.-#$%��%,'-�!-4$%� #2. '" .# 3&����/�3/�/"� &'+%'$-@-'�! "�

temiz hem tükenmeyen, yani yenilenebilir bir enerji kay'%@-'%� &!#&,%A-� �$3/@/'/�

%7-.7%�?B+# �" .# 3&��

�2' 0�  ' �1&+&>� �24?%��  ' �1&+&> 1 �# �"%$�  ' �1&� *+�� ?&8&� .%,'%.$%�-'� +�'�

,-$$%�3%� ? $&0#&�&$" +&' � !%##%� ./$$%'-$"%+-'%� �%@" '� 8/� .%,'%.$%�3%'�  $3 �  3&$ '�

 ' �1&>� %�#%'� &!#&,%A-�.%�0-$%"%.�.�'/+/'3%� , # �+&4�.%$"%.#%3-����,'-�4%"%'3%� 8/�

.%,'%.$%�3%'� $3 � 3&$ '� ' �1&�#%0-#$%rda direk ./$$%'-"%�/,?/'�3 @&$3&��

So'� ,-$$%�3%� ,%5-$%'� %�%0#-�"%$%�> temiz ve yenilenebilen enerji elde 

 3&$" +&'3 �  ' �1&� #%0-,-A-� �$%�%.� ./$$%'-$%'� !&3��1 '&'� /"/#� *%%#  3&A&� �$3/@/'/�

göstermektedir. �/�' 3 '$ �2� #&"&>�#%0-'"%+->�3 5�$%'"%+-�* �./$$%'-$"%+-'%�&$&0.&'�

# .'�$�1&$ �&'� ? $&0#&�&$" +&� &7&'� 32',%3%� .%5+%"$-� 7%$-0"%$%�� ,2�2#2$" .# 3&���

�&3��1 '&'� ./$$%'-"� %$%'$%�-'-� ,%.-'� 8&�� ? $ A .# � ,%.-#� !2A� +&� +&+# "$ �&�

�$/0#/�%A%.#-�� �%.%#�!&3��1 '�8&�&'A&$�  ' �1&�.%,'%@-��$"%3-@-'3%'>�./$$%'-$%8&$" +&�

için ba0.%�.%,'%.$%�3%'�8&�7�.�&0$ "3 '�? 7&�&$ � .� $3 � 3&$" .# 3&�����/�&0$ "$ ��

&+ � !&3��1 '&� ��+&$� ,%.-#$%�$%� "/.%, + �  3&$ " , A .� .%3%�� 5%!%$-� .-$"%.#%3-���

�2'2"24� .�0/$$%�-'3%� !&3��1 '&'� 3&@ �� ,%.-#$%�3%'� ,%.$%0-.� 27� .%#� 5%!%$-� �$"%+-�

' 3 '&,$ � ,%,?-'� 8&�  ' �1&� .%,'%@-� �$%�%.� ./$$%'-"-� !&3��1 '� 2� #&"&'3 � "%$&, #�

3202�2A2�# .'�$�1&.�? $&0" $ � �8%@$-��$%A%.#-��

��@%$�?%43%'�!&3��1 '�2� #&"&> ?2'2"24 �.%3%�� '�7�.�./$$%'-$%'� '32+#�&, $�

yöntemdir. Do@algaz &7 �&@&� &+ � 8B$? + $� �$%�%.� 3 @&0" .$ � 8 �%8 �> büyük oranda 

metan ve daha az etan, bütan, propan ve karbondioksitten �$/0"%.#%3-��� Metan,

3�@%+-� ? � @&� ��+&$� ,%.-#$%�� &7 �&+&'3 �  '� ,2.+ .� �&3��1 ';	%�8�'� 9�;C:� ��%'-'%�

sahiptir. � #%'3%'� !&3��1 '� 2� #&"&� � ���"&'?� � %.+&,�'$%�-� &$ ,%5-$"%.#%3-��� �/�

reaksiyonlar " #%'-'>� !&3��1 '� * �3&@ ��3 @ �$&� .&",%+%$$%�%�3B'20#2�2$" +&'3 � &$.�

* � '�B' "$&�%3-"-�# 0.&$� #" .# 3&���G�' @&' buhar reformingi, kimya endüstrisinde
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amonyak sentezi, metanol sentezi, okso sentezi (Hydroformylation) ve Fisher-

���5+A!� + '# 4&� ?&8&� B' "$&� 8&�7�.� +2� 7# � &$.� %3-"3-��� �/'%� .%�0-'� 8/?2'� &7&'�

/,?/$%'%'�#&A%�&�� ���"&'?�5��+ +$ �&��$3/.7%�5%!%$-�* � ' �1&�? � .+&'&"&�,2.+ .#&��

�/� ' 3 '$ � " #%'� � ���"&'?&'&'� &,&$ 0#&�&$" +&>� ! "�  $3 �  3&$ '� !&3��1 '&'� ,%.-t

!2A� $ �&'3 �./$$%'-$%8&$&�$&@&'&�* �,%,?-'$%0"%+-'-�"2".2'�.-$%A%.�! "�3 �B' "$&�

 '32+#�&, $�.&",%+%$$%�-'�2� #&"�"%$&, #$ �&'&'�320" +&' �' 3 '��$%A%.#-��
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2. ��������������

Bu bölümde +&+# "3 �./$$%'-$%'�3�@%$�?%4>�!&3��1 '>�� ���"&'?� # .'�$�1&+&�* �

uy?/$%"%$%�-�!%..-'3% ? ' $�8&$?&$ ��* �&$"&0#&��

2.1. Hidrojen

�&3��1 '� &$.� �$%�%.� �+*&7� $&� .&",%A-� �%�%A $+/+� #%�%�-'3%'�  $3 �  3&$"&0#&����

1766‘3%��'?&$&4�.&",%A-�� '�,�C%* '3&+!�&+ �!&3��1 '&'�3&@ ��?%4$%�3%'�%,�-�8&��?%4�

�$3/@/'/� 8 $&�$ "&0� * � ,�@/'$/@/'/� B$7"20#2��� �&3��1 '� %3-� &+ � RYVR63 � ��%'+-4�

.&",%A-� �'#�&' -�%/� '#� �%*�&+& �� #%�%�-'3%'� * �&$"&0#&��� William Robert Grove, 

!&3��1 '3 '� $ .#�&.� ' �1&+&'&�2� # '�,%.-#�5&$&'&�,%5"-0#-�� Bu . 0&��!&3��1 '�?%4-'-'�

B' "&'&� %�##-�"-0#-��� RV<=6$ �3 � !&3��1 'in yenilenebilir bir enerji kayna@-� �$%�%.�

./$$%'-$"%+-� &$ � &$?&$&� 3202'A $ �� ��#%,%� 7-."-0� * � ,%.-#� �$%�%. ./$$%'-$"%+-� �&.�&�

!%,%#%�? 7&�&$" , �7%$-0-$"-0#-��

��@%3%� !&3��1 '&'� U� &4�#�5/� *%�3-��� �/'$%�: protiyum, döteryum ve 

trityum’dur. Standart hidrojen atomu protiyum olarak bilinir. Bir atom hidrojen 

,%$'-4A%�8&��5��#�'�* �8&�� $ .#��'3%'�" ,3%'%�? $&����4�#�5$%�-'%��%�.$-�&+&"�* �&$ '�

tek element hidrojendir. Hidrojen en hafif elementtir. Renksiz ve kokusuz bir 

element olan hidroj '&'�"�$ .2$�%@-�$-@-�2,016 kg/kmol’dür. Hidrojenin havaya göre 

,�@/'$/@/ ise 0,07’dir 9+#%'3%�#� +-A%.$-.� * � 8%+-'7#%� =>=VUYX� .?;"3'tür). Hidrojen 

molekülü (H2

�&3��1 '� "�$ .2$2'2� �$/0#/�%'� %#�"$%�-'� 8&�8&�$ �&' � �$%'� /4%.$-.$%�-� =>75 

A

:� &.&�%,�-� 0 .&$3 � 8/$/'/����2.$  �� +5&'$ �&� %,'-� ,B'$2� &+ ���#�>�.%r0-#�

yönlü ise para hidrojen �$%�%.�%3$%'3-�-$-���� ��&.&�0 .&$3 �%,'-�.&",%+%$�B4 $$&.$ � �

+%!&5#&���
3%�+-A%.$-@-'3%�8/$/'%'�!&3��1 '&'�ZYT6&���#�- ve %25’i para-hidrojendir.

o’3-����#�"$%��%�%+-'3%� $ .#��' ��#%.$%0"%+-'%�3%,%'%'�8%@, "�$ .2$2�7�.�.%�%�$-�

.-$%����/�.%�%�$-$-.�&+ �,2.+ .�%,�-0"%� ' �1&+&�%'$%"-'%�? $" .# 3&�� Hidrojen birim 

.2#$ � 8%0-'%�  '� ,2.+ .�  ' �1&� ,�@/'$/@/'% sahip elementtir. �+-$� 3 @ �& 141,9 

��;.?[3-r ve 8/�3 @ ��?%4�$&'&'�-+-$�3 @ �&'3 '�U�.%#��%4$%3-� 9	%3-�?%'>�<==R:�
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Hidrojen, s-A%.#%�,%�3%�.%#%$&4B�$ �� 0$&@&'3 �5 .�7�.�# 5.&" , �?&� ���� @ �$&�

8&��  $ " '#� �$"%+-� ' 3 '&,$ � 7�.� 8 $&�?&'�  $ .#��5�4&#&�� 8&�� B4 $$&.� #%0-��� 
�#%�

kuvvette bir indirgendir, alkali metal oksitler (Al2O3:� ?&8&� 7�.� .%�%�$-� 8&$ 0&.$ �&�

indirgeyemez. Bununla birlikte NiO, CuO, vb. pek çok metal oksidi indirger. Bu 

,�$$%�.%#%$&4B���$%�%.�./$$%'-$%'�7�.�/�%$#-$"-0�" #%$$ �� $3 � 3&$&����&3��1 '�%$.%$&�* �

#�5�%.� %$.%$&� " #%$$ �3 � �$3/@/� ?&8&� %" #%$$ �&'� 7�@/,$%� 3%� 3�@�/3%'� 8&�$ 0&���

Halojenlerin dördüyle de tepkimeye girerek hidrasitleri verir. Fl��3%'� &,�3%� 3�@�/�

?&##&.7 � ! "� # 5.&" � !-4-'3%� ! "� 3 � %7-@%� 7-.%'� -+-� "&.#%�-'3%� %4%$"%� ?B�2$2���


.+&1 '$ �.-4-$�3 � A 3 � ,%�3%�3202.� +-A%.$-.#%�8&��.%#%$&4B�� 0$&@&'3 �8&�$ 0 � .� +/�

* �&����%*&�8&��%$ *$ �,%'%���	2.2�#$ �<T=�\C63 �8&�$ 0&�>�%4�#$%�,2.+ .�8%+-'7#%>�8&��

.%#%$&4B�� 0$&@&'3 � 8&�$ 0 � .�%"�',%.� $3 � 3&$" +&'&� +%@$%���	/�0/'� * � 8%.-��?&8&�

3 @ �$&�" #%$$ �&'��.+&#$ �&'&� &'3&�? ���� "&��* �3 "&� �,%.-'�" #%llerin oksitleriyle 

# �+&'&�� # 5.&" $ �� * �&��� �,�-A%� .%�8�' monoksiti de indirger. �0$ "&'�

? �7 .$ 0#&�&$3&@&�.�0/$$%�%�/,?/'��$%�%.�9+-A%.$-.>�8%+-'7>�.%#%$&4B�:�3 @&0&.�2�2'$ ��

�$/0#/�/� 9�/"/�#%A-�* �%�.>�<==<:.

�&3��1 '&'�,%'"%+-�+�'/A/'3%�+/��$/0"%.#%3-�>�3�$%,-+-,$%�!&3��1 '�#%"%" '�

temiz ve çevreye zarar * �" , '�8&��,%.-##-�. �&3��1 '&'�,%.-#��$%�%.�./$$%'-$"%+-'3%�

,%�%�� +%@$%,%A%.�  '� B' "$&� B4 $$&.$ �3 '� 8&�&+& de, hidrojenin çok fakir 

.%�-0-"$%�3%'>� 7�.� 4 '?&'� .%�-0-"$%�%� .%3%�� /4%'%'� ? '&0� !%*%-,%.-#� .%�-0-"���%'-�

%�%$-@-�&7 �&+&'3 �#/#/0%8&$&���$"%+-3-����&3��1 '>�!%*%�&7 �&+&'3 �ZS�&$ �ZYT���%'$%�-�

%�%+-'3% 8/$/'3/@/'3%�#/#/0%8&$" .# 3&���� '4&'-hava .%�-0-"$%�-'3%>�!%*%� �%4$%$-.�

.%#+%,-+-'-'�=>U-R>Y�3 @ �$ �& %�%+-'3%�%# 0$ " +%@$%'%8&$" .# � iken, hidrojen-hava

.%�-0-"$%�-� &7&'� 8/� +-'-�� =>RS – 4,UT� 3 @ �$ �&' � /$%0"%.#%3-� (Kahraman ve ark. 

2007). Hidrojen-!%*%�.%�-0-"$%�-'-�%# 0$ " .�&7&'�? � .$&�"&'&"/"� ' �1&�"&.#%�-�3%�

3&@ �� ,%.-#$%�%� ��%'$%� 3%!%� 3202.#2�� Bu !&3��1 '&'� 3%!%� !-4$-� ,%'3-@-� ama erken 

%# 0$ " � # !$&. +&� #%0-3-@-'-� ?B+# �&�� �&3��1 '&'� 3202.� ,�@/'$/@/� * � 3202.�

*&+.�4&# +&>� &7&'3 � 8/$/'3/@/� ��#%"-'� 7 5 �$ �&'3 .&� 7�. küçük çatlak veya 

%7-.$-.$%�3%'� 3-0%�-� +-4%8&$" +&' � �$%'%.� +%@$%"%.#%3-��� �&3��1 '&'� #%0-#$%�3%� ,%.-#�

olarak kul$%'-$"%+-� &7&'� B' "$&� %*%'#%1$%�-� �$+%� 3% ,%,?-'$%0"%+-� &7&'� 3%!%� 7�.�

%�%0#-�"%�,%5-$"%$-3-��
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2.2. Fosil �!��% !&�'��#()&"$'*$

��@%$� ?%4� ?&8&� ��+&$� ,%.-#$%�3%'� !&3��1 '� * � 3&@ �� 3 @ �$&� .&",%+%$� 2�2'$ �&'�

 $3 � 3&$" +&�� ���"&'?��$%�%.�#%'-"$%'-���� ���"&'?�!&3rojen end2+#�&+&'3 �+-.$-.$%�

./$$%'-$"%.#%3-�����+&$�,%.-#lardan hidrojen üretimi en eski ve halen en ucuz hidrojen 

üretim yöntemleridir. �&3��1 '�2� #&"&�?2'2"243 �3�@%$?%43%'�ZSV>�5 #��$3 '�ZU=�

* � .B"2�3 '� ZRV� ��%'$%�-'3%� +%@$%'"%.#%3-�� Reforming hidroj '&'� ,%'-� +-�%�

%"�',%.�* �" #%'�$�?&8&�3 @ �$&�.&",%+%$$%�-'�+ '# 4&'3 �3 �./$$%'-$"%.#%3-���

2.2.1. �+� �Bozunma

Hidrokarbonlar-' -+-� *%+-#%+-,$%� !&3��1 '� * � .%�8�'%� %,�-0#-�-$ma+- yöntemi 

termal bozun"%��$%�%.�%3$%'3-�-$-���� ' $�3 '.$ "�%0%@-3%.&�0 .&$3 �gösterilir;

CnHm ] nC + ½mH2

�/�3 '.$ "3 �./$$%'-$%'�!&3��.%�8�'/'�" #%'��$"%+-�3/�/"/'3%�� %.+&,�'�

2�2'2��$%�%.�.%�8�'�"�'�.+&#� * �.%�8�'�3&�.+&#� �$/0/"/�?B4$ '" 4���&3��1 '� # .�

8%+%"%.#%�  $3 �  3&$ A @&'3 '� .%�8�'� "�'�.+&#�  "&+,�'/'/� 3202�" .� &7&'� %�%�

basamaklara ihtiyaç duyulmaz.

CH4 ]C�^�<�2      JHo
298

Reaksiyon basittir, -+-$� 8�4/'"%� � %.+&,�'/'%� 3%,%$-� � %.#B�$ �� çok yer 

kaplamazlar * �,%.-#� +' .$&@&' �+%!&5#&�ler. Bu metot gelecek için ümit verici olsa 

bile çözülmesi gereken ciddi +��/'$%�-� *%�3-�� � %.+&,�'/'�  '3�# �"&.� �$"%+-�

nedeniyle yüksek enerji gerektirir. Reaksiyon yü.+ .� +-A%.$-.$%�3%� ? �7 .$ 0&��

[" #%'� ?%4-� &7&'� RXYU� 	� 9�/�%3�*> 2003)]�� �2.+ .� +-A%.$-.>� ./$$%'-$%'� "%$4 " �

+ 7&"&'&� 4��$%0#-�"%.#%� * � .%�8�'� �$/0/"/� ,242'3 '� .%#%$&4B�2'� %.#&*&# +&'&�

.%,8 #" +&' �' 3 '��$"%.#%3-���Reaksiyon sonucu reak#B�3 �8&�&. '�.%�8�'>�,%.-#-'

kesilip reak#B� � !%*%� ?B'3 �&$" +&,$ � ,%.-$%8&$&��� �+-$� 8�4/nma reaksiyonunun 

= 74,8 kJ/mol 
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kontrolü çok dikkatli ,%5-$"%$->� ,�.+%� 7�.� �%4$%� "&.#%�3%� .%�8�'� 8&�&.mesi,

.%#%$&4B�3 �? �&�3B'202��$"%,%'�!%+%�$%�% yol açabilir.

2.2.2. Buhar Reformingi

�&3��.%�8�'$%�-'�8/!%��&$ �� ���"&'?&>�B4 $$&.$ �82,2.�B$7 .# �!&3��1 '�2� #&"&�

için kull%'-$%'�  '� ,%,?-'� " #�##/��� Buhar reforminginin 3%,%'3-@-� temel prensip; 

!&3��1 '� &7 � '� ,%.-#$%�-' '&. $� 8%4$-� 8&�� .%#%$&4B�� * � 8/!%�-'� *%�$-@-'3%� %,�-0%�%.�

hidrojen ve karbon mono.+&#� .%�-0-"-� " ,3%'%� ? #&�" +&3&��� � %.+&,�'� %0%@-3%.&�

gibidir;

CnHm + nH2O ]�'C
�^�9_"^':�2

�/!%�� � ���"&'?&� &7&'� /A/4� * � .%�%�$-� �$%'� �&� 8%4$-� .%#%$&4B�$ �� ./$$%'-$-���

�'#%$5&'&'� 5�4&#&�� �$"%+->� � %.+&,�'/'�  '3�# �"&.� �$3/@/'/>� ' ?%#&�� �$"%+-� &+ �

ekzotermik �$3/@/'/�?B+# �&�� � %.+&,�'/'� '3�# �"&.��$"%+->�"%.+&"/"�3B'202"�

 3 �  3&$" +&� &7&'� ,2.+ .� +-A%.$-@%� &!#&,%7� var demektir. Reaksiyonun devam 

 3 8&$" +&� &7&'� +2� .$&� 8&�� -+-� .%,'%@-� ? � .$&3&���Bu -+-� +&+# " �3-0%�-3%'� +%@$%'-�;

%,�-A%�,2.+ .�"&.#%�3%�.%#%$&4B��,2.$ " +&�,%5-$-����/�' 3 '$ �� %.#B��%@-��* �82,2.�

�$%�%.� #%+%�$%'-��� �/!%�� � ���"&'?&� .272.� B$7 .# � !&3��1 '� 2� #&"&� &7&'� /,?/'�

3 @&$3&�.

Günümüzde hidrojen  '�/A/4�0 .&$3 3�@%$�?%4-' buharla reaksiyonu ile elde 

edilmektedir. � %.+&,�'� &.&� .%�%�$-� "�$ .2$� �$%'� +/� * � " #%'� %�%+-'3%�

? �7 .$ 0" .# 3&�����@%$�?%4-'�8/!%��� ���"&'?�+-�%+-'3%�8&��"�$�" #%'�&$ �8&��"�$�

+/,%� .%�0-$-.� U� "�$� !&3��1 '� * � 8&�� "�$� .%�8�'� "�'�.+&#� %$-'"%.#%3-��� �/!%��

� ���"&'?&�+-�%+-'3%�R�"�$�" #%'�?%4-'-'�<�"�$�+/�&$ �� %.+&,�'/�3%�"2".2'32��

CH4 + H2O ] CO + 3H2 JHo
298 = 206,2 kJ/mol

CH4 + 2H2O ] CO2 + 4H2 JHo
298 = 164,9 kJ/mol
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� #%'3%'� 8/!%�� � ���"&'?&� &$ � !&3��1 '�  $3 �  3&$" +&� +-�%+-'3%� � %.#B��

&7 �&+&'3 .&� .%�8�'� �$/0/"/'%� 3&..%#�  3&$" $&3&��� 	%�8�'� �$/0/"/� .%#%$&4B�

aktivitesinin yitirmesine ve reaktörün ciddi biçimde hasar görmesine neden olabilir. 

�&�24 �&'3 ��$/0%8&$ A . .%�8�'��$/0/"/ asil metallere (Rh, Pt, Pd, Ru) oranla daha 

yüksek#&��� 	%�8�'� �$/0/"/� ,2.+ .� +-A%.$-.$%�3%� ��#%,%� 7-."%.#%3-��� 	%�8�'�

�$/0/"/'/�  'gellemek için buhar-.%�8�'� ��%'-� ,2.+ .� #/#/$"%$-3-��� Karbon 

�$/0/"/'/�%4%$#"%'-' di@ ��,�$$%�-� &+ Ni  +%+$-�katalizörlerin destek malzemesinin 

�?>� 	� ?&8&� .%#.-$%�$%� ?27$ '3&�&$" +&� * ,%� C 
2 gibi .%#%$&4B��  #.&'$&@&'&� �$/"$/�

,B'3 �? $&0#&� '�#%0-,-A-�"%lzemenin seçimidir (Trimm, 1999).

	-+"&� �.+&3%+,�'� * � �#�termal reformingli ,%.-#� &0$ "A&$ �&'&' (reformer) 

7-.-0-'3%�./�/�8%43%�ZS=-50 hidrojen bulunurken, buhar reformingili ,%.-#�&0$ "A&+&�

7-.-0-'3% ZV=` � .%3%�� !&3��1 '� %$-'"%+-� "2".2'32�� (Ming et al., 2002). Buhar 

� ���"&'?&�+-�%+-'3%�+/-?%4�? 7&0�� %.+&,�'/�3%�? �7 .$ 0" .# >�&+# '" , '�8&��2�2'�

�$%'�.%�8�'�"�'�.+&#�"&.#%�-'-�%4%$#%�%.>�+&+# "&'�!&3��1 '�* �&"&'&�%�##-�"%.#%3-�a

CO + H2O ] CO2 + H2 JHo
298

2.2.3. 	�+"$�Oksidasyon

= -41,2 kJ/mol

� #%'� ?%4-'-'� 8/!%�� � ���"&'?&� +-�%+-'3%.&� !%A&"+ $� ? '$ 0" (birer mol 

" #%'� * � +/� "�$ .2$2' � .%�0-$-.� R� "�$� .%�8�'� "�'�.+&#� * � U� "�$� !&3��1 '�

üretilmesi), buhar reforminginin � �C!%# $& �� 5� '+&8&' � ?B� � 3202.� 8%+-'7#%� 3%!%�

verimli �$3/@/'/� ?B+# �" .# 3&��� �/'%� .%�0-$-.� +/-?%4� ? 7&0� � %.+&,�'/� 7%$-0"%�

8%+-'A-'3%'� #.&$ '" " .# 3&����%.+&"/"�!&3��1 '�3B'202"2'2'�+%@$%'"%+-� &7&';

buhar reformingi ,2.+ .� +-A%.$-.>� ,2.+ .� 8/!%�-" #%'� ��%'-� * � 3202.� 8%+-'7#%�

yürütülmelidir.

Günümüzde en önemli endüstriyel hidrojen üretim prosesi olan buhar 

reformingi, 7�.�,%,?-'��$"%+-'%��%@" '�,2.+ .�  ' �1&� &!#&,%A- ciddi bir dezavantaj 

�$/0#/�"%.#%3-��� �/!%�� � ���"&'?& ,-$$%�3-�� ./$$%'-$"%+-'%� �%@" '� !%$%� ,2.+ .�

,%#-�-"� * � &0$ #" � "%$&, #&' � +%!&5#&��� �,�-A%� 8/!%�� � ���"&'?&'&'> 8%0$%'?-7�
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karakteristi@&� ,%*%0� �$"%.$%� 8 �%8 �>� %'$-.� isteklere yeterli sürede cevap 

verememektedir���/�' 3 '$ >�B4 $$&.$ �%'$-.� &+# .$ � �A *%5�* �" +&�? � . '�"�8&$�

/,?/$%"%$%�3%>�.-+"&��.+&3asyon ve ototermal reaksiyonlar%�3%,%$-� +&+# "$ � tercih 

edili��� 	-+"&� �.+&3%+,�'� * � �#�# �"%$� � ���"&'?� ,B'# "$ �&' � 3%,%$-� ,%.-#�

&0$ "A&$ �&�8%0$%#-$3-@-'3%>� ' �1&�&!#&,%A-�3/,"%3%'�7%$-0"%$%�-'-�+2�32� 8&$&���	-+"&�

�.+&3%+,�'� &7&'�?&�&0# � +&+# " �!&3��1 'A �4 '?&'�,%.-#$%�8 �%8 ��!%*%�* ,%��.+&1 '�

verilir. Buhar ./$$%'-$"%"%+-� +&+# "&'� 3%!%� 8%+&#� �$"%+-'- +%@$%� ve sistemin daha 

küçük boyutlu uygulamalarda ./$$%'-$"%+-'% �$%'%.� #%'-�. Buhar reforminginin 

tersine, %0%@-3%� * �&$ '� .-+"&� �.+&3%+,�'%� 3%,%$-� ,%.-#� &0$ "A&$ �&� !-4$-� 8&�� 0 .&$3 �

3 *� , �%$-'%8&$&�>�+&ste"&'�A *%5$%"%�+2� +&�.-+%3-�a

CH4 + ½ O2 ] 2CO + 2H2 JHo
298 = -247 kJ/mol

�&3��.%�8�'$%�-'� ,%'"%+-� &$ � !&3��1 '� * � .%�8�'� "�'�.+&## '� �$/0%'� ,%5%,�

?%4�  $3 �  3&$" +&� 3&� .� .-+"&� �.+&3%+,�'� " .%'&4"%+-� �$%�%.� #%'-"$%'-�� 	-+"&�

�.+&3%+,�'�-+-�2� ##&@&�&7&'�,2.+ .�+-A%.$-.#%�7%$-0-��* �� %.+&,�'�+�'�3 � A �!-4$-3-���

Fakat her 1 mol metan için 2 mol hidrojen üretimi, buhar reformingine göre bir 

3 4%*%'#%13-����,�-A%�8/!%��� ���"&'?&' �3%,%$-� +&# "$ �3 �,%.-#�5&$&'3 �2� #&$ '� -+-�

,%.-#� &0$ "A&+&'3 � ./$$%'-$%8&$&�>� 8/� ' 3 '$ � 8/!%�� � ���"&'?&' � 3%,%$-� +&# "$ �&'�

toplam verimi daha yüksektir.

D�$%,$-� .-+"&� �.+&3%+,�'� &+ � 8/!%�� � ���"ingi ile tam oksidasyonun 

8&�$ 0&"&'&� &fade etmektedir. �%.-#� &0$ "A&+&� &7 �&+&'3 > egzotermik tam oksidasyon 

ile endotermik buhar reformingi 8&�� %�%3%� ? �7 .$ 0#&�&$&��� �%.-#-'� #%"� ,%'"%+-�

+�'/A/'3%>�.%�8�'�3&�.+&#�* �+/�8/!%�-'-'�,%'-�+-�%�-+-�3%���#%,%�7-.%�� Bu -+->�8/!%��

reformingi ve su-?%4�? 7&0� � %.+&,�'$%�-'-'� ? �7 .$ 0" +&� &7&' ? � .$&� -+-�  'erjisini 

+%@$%�a

CH4 + 2O2 ] CO2 + 2H2O JHo
298 = -802 kJ/mol

CH4 + H2O ] CO + 3H2 JHo
298 = 206,2 kJ/mol
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CH4 + 2H2O ] CO2 + 4H2 JHo
298 = 164,9 kJ/mol

CO + H2O ] CO2 + H2 JHo
298 = -41,2 kJ/mol

� %.#B�� &7 �+&'3 .&� .�'#%.� 4%"%'-� � %.+&,�'/'� 3&� .� * ,% 3�$%,$- yolu 

&4$ " +&'&�+%@$%,%8&$&����/�+2� �&7 �+&'3 �3 �./�/�� ���"ing görülmesi mümkündür. 

Kuru reforming veya karbon dioksit reforming>� !&3��.%�8�'$%�-'� .%�8�'3&�.+&#� &$ �

� %.+&,�'/� +�'/A/'3%� !&3��1 '�  $3 �  3&$" +&3&�>� ,2.+ .�  ' �1&� &!#&,%A-� &$ � 8/!%��

reformingine alternatiftir (Larentis et al., 2001):

CH4 + CO2 ] 2CO + 2H2 JHo
298

2.2.4. Ototermal Reforming

= 247 kJ/mol

Direk veya d�$%,$-� .-+"&� �.+&3%+,�'� +-�%+-'3%� ?&�&0# '� ,%.-#$%� 8 �%8 �� 8&��

miktar hava verilir. �&� .� �$"%,%'� .-+"&� �.+&3%+,�' +-�%+-'3%� 2� #&$ '� +/, buhar 

reformingi ve su-?%4�? 7&0�� %.+&,�'/'/�.%�0-$%"%,%8&$&����,�-A%�reaktör içerisindeki 

8/!%��.�'+%'#�%+,�'/'/'�%4��$"%+-�.%�8�'��$/0/"/'%�' 3 '��$/��

D�$%,$-�.-+"&��.+&3%+,�'�+2� +&'A � ,%.-#-'� ,%'"%+-� &$ � $3 � 3&$ '�+/� 8/!%�-,

+-A%.$-. kontrolü v � � %.#B�3 .&� .%�8�'� �$/0/"/'/'�  '? $$ '" +&� &7&'� , # �$&�

3 @&$3&���
#�# �"%$�� ���"ingde ,%.-#�&0$ "A&+&�?&�&0&' >�!&3��.%�8�'$%rla beraber, bir 

"&.#%�� +/� 8/!%�-� * � �.+&1 '� ?B'3 �&$&��� 
#�# �"%$� � ���"ing, buhar reforming ve 

.-+"&� �.+&3%+,�'� ,B'# "&'&'� 8&�$ 0&"&� �$%�%.� #%�&��  3&$&��� �/� ,B'# "3 � ! �� &.&�

reaksiyon da bir arada ilerler. ��$%,$-� .-+"&� �.+&3%+,�'3%� �$3/@/� ?&8&> buhar 

reformingi &7&'�? � .$&�-+-�!&3��1 'A �4 '?&'�,%.-#-'�#%"�,%'"%+-�&$ � $3 � 3&$&�a

CH4 + 2O2 ]�C
2 + 2H2O J�o
298 = -802 kJ/mol

CH4 + H2O ]�C
�^�U�2 J�o
298

CH

= 206,2 kJ/mol

4 + 2H2O ]�C
2 + 4H2 J�o
298 = 164,9 kJ/mol
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CH4 + CO2 ]�<C
�^�<�2 J�o
298 = 247 kJ/mol

H2O + CO ]�C
2 + H2 J�o
298 = -41,2 kJ/mol

Endotermi.� � %.+&,�'$%�� &7&'� ? � .$&� -+- #%"� ,%'"%'-'� ? �7 .$ 0" +&� &$ �

+%@$%'-�. ', #%"�,%'"%'-'�? �7 .$ 0" +&�&7&'3 �? � .$&�0%�#$%� �$/0#/�/$"%$-3-����%"�

,%'"%'-'� 8%0$%#-$"%+-� &7&'� %# 0$ " � +-A%.$-@-'%� /$%0-$"%+-� ? � .&��� �# 0$ " �

+-A%.$-@->� ,%.-#-'�ZR=6$/.� .-+"-'-'� ,%'%�%.� 3B'20" +&� &7&'� ? � .$&� +-A%.$-.� �$%�%.�

#%'-"$%'-�>� ./$$%'-$%'� .%#%$&4B� � 8%@$-� �$%�%.� � %.#B�� ?&�&0&'3 .&� ,%.-#/!%*%� ��%'-'%�

?B� � 3 @&0" .# 3&��� �%�&�� !&3��.%�8�'$%�-'� �.+&3%+,�'/'3%� Pt  +%+$-� .%#%$&4B�$ �>�

'&. $ ���%'$%�3%!%� #.&$&3&����%"�,%'"%�� %.+&,�'/� &7&'�.%#%$&4B�� #.&'$&@&�82,2.# '�

.272@ � 3�@�/��3�b��#�b��!�olarak gösterilebilir (Aryafar and Zaera, 1997). Tablo

2.1’de Pt/Al2O3

Tablo 2.1 �%�.$- +-A%.$-.$%�3%�" #%'-'��.+&1 '$ �,%'"%���%'-

ka#%$&4B����#%"-'3%>��%�.$-�,%.-#-hava oranlar-�&7&'�%# 0$ " �+-A%.$-@-�

* �&$"&0#&� (Ma et al., 1996).

CH4/O �%#, #"#�+�-!� �.��/	02

0,27 724

0,9 641

2,53 623

5,04 589

Ototermal reformingde endotermik ve ekzotermik reaksiyonlar birlikte 

? �7 .$ 0#&.$ �&'3 '>� -+-� 8 +$ '" +&� * ,%� -+-� /4%.$%0#-�-$"%+-� &7&'� &$%* � +&+# "$ � �

? � .��$"%4���/��%�.$-$-.>��#�# �"%$�* �.-+"&��.+&3%+,�'�,B'# "$ �&' �%@-�$-.>�!%A&"�

* � � %.+&,�'� !-4-� ?&8&� %*%'#%1$%�� +%@$ar. CH4/O2/H2
� ��%'$%�-� 3 @&0#&�&$ � .� 2�2'�

8&$ 0&"&� 324 '$ ' 8&$" .# 3&�� ��%#&.� /,?/$%"%+-'-'� ? �7 .$ 0#&�&$" +&� 3/�/"/'3%�

buhar � ���"&'?&' �.-,%+$%� ' �1&�? � .+&'&"&'3 �ZR=-RT�* �,%#-�-"�"%$&, #&'3 �3 �

%25-U=���%'$%�-'3%�32020�B'?B�2$" .# 3&��9�!%�%3I%,�and Schmidt, 1995). �,�-A%�
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+&+# "&'� !-4$-� 8&�� 0 .&$3 � 3 *� , � %$-'%8&$&�� * � A *%5$%"%� +2� +&'&'� 8/!%��

reformingine ?B� � .-+%� �$"%+-� ���� ,%.-#� !2A� $ �&� &7&'� !&3��1 '� 2� # '� ,%.-#�

&0$ "A&$ �&'3 , ototermal reforming # .'�$�1&+&'&'� ./$$%'-$"%+-'-'�  '�  .�'�"&.�

7B42"��$%�%.�?B�2'" +&'&�+%@$%"%.#%3-��

2.3. Endüstriyel �#()&"$'*�12*3 !"! !&�

�"�',%.>�!&3��1 '�* �" #%'�$�?&8&�3 @ �$&�.&",%+%$$%�-'�2� #&$" +&' �,B' $&.�

modern tesislerde, buhar reforming ilk ve en önemli süreçtir. 
-A%.$-.�* �8/!%�-,%.-#�

��%'-� ?&8&� 7%$-0"%� 5%�%" #� $ �&� &+# ' '� .&",%+%$%� ?B� � 3 @&0&.$&.� ?B+# �" .# 3&���

�&�&'A&$�� ���"&'?��$%�%.�%3$%'3-�-$%'�8/�.-+-"3%'�B'A �3�@%l gaz içersindeki H2S, 

CS2, RSH, COS, RSRc, RS2Rcc kükürt 8&$ 0&.$ �&� 8/!%�� � ���"&'?� � %.+&,�'$%�-�

+-�%+-'3%� ./$$%'-$%'� .%#%$&4B� � 4%�%�� * �" , A .� + *&, $ � � &'3&�&$&��� �%0$-A%� 8/!%��

� ���"&'?�/,?/$%"%$%�-�� .&$�<�R�3 �?B+# �&$"&0#&��9�3�&+>�RWWS:�

� .&$�2.1 �/!%��� ���"&'?�/,?/$%"%$%�-
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2.3.1. Amonyak Sentezi

	2.2�## '� %�-'3-�-$%'� 3�@%$� ?%43%'� 8/!%�� � ���"&'?� &$ � !&3��1 '� 2� #&$&���

Birincil reformi'?��$%�%.�%3$%'3-�-$%'�8/�.-+-"3%�7%$-0"%�+-A%.$-@-�? ' $$&.$ �V==�0C

A&*%�-'3%>�8/!%��.%�8�'���%'-�&+ �U>T�– S>=�%�%+-'3%�3 @&0" .# 3&���

� ���" �� 7-.-0-'3%� � %.+&,�'%� ?&�" "&0� 8&�� "&.#%�� " #%'� 8/$/'/��� �&�&'A&$�

� ���"&'?�+�'�%+-'3%>�8&���#�# �"%$� � ���"&'?�2'&# +&� , ��%$-���
#�# �"%$� � ��rming 

ünitesi ideal H2/N2

2.3.2. Hidrojen Sentezi

9UaR:�?%4�.%�-0-"-� $3 � #" .�&7&'�, # �&�.%3%��!%*%�&$ �8 +$ '&���

�$3 �  3&$ '� %4�#� * � !&3��1 '� .%�-0-"-� B' "$&�"&.#%�3%� .%�8�'�"�'�.+&#� * � .%�8�'�

dioksit içerir. Karbon monoksit su-?%4�? 7&0�� %.#B�2�&$ �.%�8�'�3&�.+&#�* �!&3��1 ne 

3B'20#2�2$2��� 	%�8�'� 3&�.+&#� &+ � +-*-�  #!%'�$%"&'� 7B4 $#&+&'3 � %8+��8 �  3&$&�� * ,%�

PSA (pressure swing adsorber) ile adsorbe edilir. Amonyak sentezinden önceki son 

%0%"%3%>�.%$%'�%4�"&.#%�3%.&�.%�8�'�"�'�.+&#�* �.%�8�'�3&�.+&#�" #%'%+,�'�98/!%��

reformin?�� %.+&,�'$%�-'-'�# �+&:�� %.+&,�'$%�-�&$ �#2. #&$&��

�&3��1 '�2� #&"&�&7&'�8/!%��� ��"&'?&�+-�%+-'3%>�+-A%.$-.�* �8/!%��.%�8�'���%'-�

%"�',%.�+ '# 4&'&'�8&�&'A&$�� ���"&'?�%0%"%+-'3%'�3%!%�,2.+ .#&����.&'A&$�� ���" ��

bulunmaz. Birincil re���" �� +�'�%+-'3%.&� %0%"%$%�� &+# '&$ '� !&3��1 '� +%�$-@-'%�?B� �

3 @&0&��� � ���"&'?� +&+# "&'3 �  $3 �  3&$ '� ,%5%,� ?%4� .%�-0-"->� !&3��1 '� &$e birlikte 

8 $$&�"&.#%�$%�3%�.%�8�'�3&�.+&#>�" #%'>�+/�8/!%�->�.%�8�'�"�'�.+&#�içerir. 	/$$%'-$%'�

,%.-#�ve katalizöre ba@$-��$%�%.>�8/!%�� � ���"&'?&' �3%,%$-� ,%.-#� &0$ "A&+&�7-.-0-'3%

hacimce %8-11 324 ,&'3 >� �#�# �"%$� � ���"&'?� � %.#B�2� 7-.-0-'3% ise %6-8

324 ,&'3 � C
� 8/$/'"%.#%3-�. �/� ?%4� .%�-0-"-'-'� 3202.� +-A%.$-.� ,%.-#� 5&$&' �

beslenebilmesi için ilk olarak karbon monoksitten %�-'3-�-$"%+-� ? � .&��� G�' @&'>�

���� ,%.-#� !2A� +&'&'� �#� 8%4$-� %'�#� .%#%$&4B�2'2� 4 !&�$ " " +& &7&'� C
� &7 �&@&'&'�

10-50 ppm 324 ,&' � &'3&�&$" +&� ? � ." .# 3&�� 9G'+%'>� <==Y:�� �/� %,�-0"%� +/-gaz 

? 7&0� � %.#B�$ �&� * � + 7&A&��.+&3%+,�'� � %.#B�$ �&� &$ �? �7 .$ 0#&�&$&����%.-#� &0$ "A&+&�



13

7-.-0-'3%.&�CO "&.#%�-'-'�B' "$&�8&��.-+"-�+/-?%4�� %.#B�$ �&�./$$%'-$%�%.�3202�2$2���

�2.+ .� +-A%.$-.� (573-723 K) su-?%4� ? 7&0&� � %.#B�$ �&'3 � ,%5%,� ?%4-'� &7 �3&@&�C
�

��%'- %3-4 düzeyine indirilirken 3202.-+-A%.$-.�9SYU-573 K) su-?%4-�? 7&0�� %.#B�$ �&�

ile %0,5-1 düzeyine indirilir.

Karbon dioksit adsorbsiyonu +�'�%+-'3%� .%$%'� %4�"&.#%�3%.&�CO metanasyon 

reaksiyonu ile giderilebilir. Kalan karbon monoksidin seçici oksidasyon 

� %.#B�$ �&'3 � 3B'20#2�2$" +&� 3 � "2".2'32��� 
 7&ci CO oksidasyonu 373-423 K 

%�%+-'3a ? �7 .$ 0&�>� C
� &7 �&@&'&'� R=-50 ppm düzeyine indirilmesi için etkin 

yöntemlerden biridir (Trimm, 2005; Ruettinger, 2003). � �&�.%$%'�+%�+-4$-.$%��&7&'�&+ �

PSA ./$$%'-$-�>��
��&$ �ZWW�WW�+%�$-.#%�H2

2.3.3. Metanol Sentezi

elde etmek mümkündür (Balthasar,1984). 

� #%'�$� + '# 4&� &7&'� + '# 4� ?%4-� &7 �&+&'3 .&� �2

2.3.4. Okso Sentezi

;C
� ��%'-� <>T� A&*%�-'3%�

�$"%$-3-����/�3/�/"/'�+%@$%'"%+-�&7&'�,%.-#�&0$ "A&+&�?&�&0&'3 .&��;C���%'- ,%.$%0-.�

<>=��$"%$-3-�; 3�@%$�?%4� * ,%� !%�&�� !&3��.%�8�'$%�� &7&'� 8/���%'��$3/.7%�4����$3/@/�

&7&'� .%�8�'� 3&�.+&#� * ,%� %#-.� ?%4� , '&3 '� ,%.-#� &0$ "A&+&� ?&�&0&' � * �&$&��� �%.-#�

&0$ "A&+& ?&�&0&'3 .&� .%�8�'� 3 �&0&"&'&'� ,2.+ .� �$"%+-� &+ � .%�8�'� 8&�&.&"&� * �

katalizörde e#.&'$&.�.%,8-'%�,�$�%7"%.#%3-��

Okso sentezi alkenlerden aldehitlerin üretilmesinde önemli bir endüstriyel 

süreçtir. 
.+�� + '# 4&� &7&'� + '# 4� ?%4-� &7 �&+&'3 .&� �2;C
� ��%'-� R>=� A&*%�-'3%�

�$"%$-3-����/���%'-n #/##/�/$"%+-� &7&'� 7-.-0#%.&�.%�8�'�3&�.+&#&'� #%"%"-'-'�yeniden 

?&�&0 � * �&$" +&� , # �$&� ? $" 4>� 3�$%,-+-,$%� ,%� 3-0%�-3%'� CO2 beslenir ya da

!&3��1 '&'�8&��.-+"-�%#-$-��9�����%'3�H%'?>�RWV7).
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2.3.5. Karbon Monoksit Sentezi

	%�8�'�"�'�.+&#�2� #&"&'3 >�,%.-#� &0$ "A&+&�7-.-0-'-�krayojen (cryogenic) CO

%,�-0#-�"%�+2� A&�&4$ �>�+2� 7�&.&�%'%�8%+%"%.#%'��$/0/�D ilki +-*-$%0#-�"%�&0$ "&3&�>�8/�

%0%"%3%�.%�8�'�3&�.+&#�%,�-0#-�-$-����.&'A&�%0%"%3% " #%'�+%�+-4$-.$%�-�?&3 �&$&��
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3. ��	��� �����4������ ��� ����������

�������
�

3.1. Geleneksel �!��%��, #"-$ #&$�ve 	�+�% !"! !&�

Hidrokarbonlardan reforming yoluyla yapay gazlar elde edilmesi için kurulan 

� %.#B�$ �� ,%.-#� &0$ "A&+&� �$%�%.� #%'-"$%'"%.#%3-��� � #%'� * � 3&@ �� !&3��.%�8�'�

,%.-#$%�3%'�!&3��1 '� $3 � 3&$" +&�&7&'�./$$%'-$%'�27�temel termo-kimyasal reforming

# .'&@&� ./$$%'-$"%.#%3-��� �/� � %.+&,�'$%� +-�%+-,$%D� 8/!%�� � ���"&'?& (SR)>� .-+"&�

oksidasyon (POX) ve ototermal reforming 9���:��$%�%.�%3$%'3-�-$-���
�� '32+#�&, $�

7%5#%�  '� 7�.� ./$$%'-$%'� " #�##/��� �&�7�.� ,%.-#� &0$ "A&+&� 8/!%�� � ���"&'? için 

tas%�$%'"%.#%3-����/!%��� ���"&'? � %.+&,�'$%�->��-�-'�&7 �&+&' �, �$ 0#&�&$"&0�,2.+ .�

m #%$� %$%0-"$-� #25$ �3 � ? �7 .$ 0#&�&$" .# 3&��� 
#�# �"%$� ,%.-#� &0$ "A&$ �&� &se 

endotermik buhar reformingi &7&'� ? � .$&� -+-,-� �.+&3%+,�'� � a.+&,�'$%�-� &$ �

.%�0-$%"%+-'3%'� 3�$%,-� ! �!%'?&� 8&�� -+-� 3 @&0#&�&A&+&' � &!#&,aç yoktur. Ototermal 

reforming * � .-+"&� �.+&3%+,�'%� 3%,%$-� ,%.-#� &0$ "A&$ �&� .�"5%.#� 8&�� #%+%�-"%�

+%!&5#&����&5&.� 8&�� ,%.-#� &0$ "A&+&� S=� &$ � S==� %�%+-� #25� &7 �" .# 3&��� �-�-'� #&5&' � * �

/,?/$%"%�%$%'-'%�?B� �3 @&0&.$&.�?B+# �+ �3 >�? ' $$&.$ �X�&$%�R<�" #� �/4/'$/@/'3%�

#25$ �� ./$$%'-$"%.#%3-��� �2pler, HK.40 (Cr %25, Ni %20, Co %4) ve IN519 (Cr 

Z<S>� �&� Z<S>� �8� ZR>T>� C�� ZU:� ?&8&� 5%!%$-� '&. $� .��"� %$%0-"$-� 7 $&.$ �3 '�

,%5-$"%.#%3-����25$ �&'� &7�7%5-�Y=�– RX=�""�%�%+-'3%��$/5>�3/*%��.%$-'$-@-�R=�– 20

""�%�%+-'3%�3 @&0"ektedir (Rostrup-Nielsen,1984).

Buhar reformingine 3%,%$-�,%.-#�&0$ "A&$ �&�&7&'>�?2'2"243 �+-.$-.$%�./$$%'-$%'�

S� #&5� �-�-'� *%�3-�>� 8/'$%�D� �%3,%'#� 3/*%�>� # �%+� 3/*%�>� %0%@-� %# 0$ " $&� * � ,/.%�-�

%# 0$ " $&3&����/.%�-�%# 0$ " $&� �-�-'$%�>� ,2.+ .�.%5%+&# >�3202.�"%$&, #�* �3%!%�%4�

yer ihtiy%A-� ' 3 '&,$ � 5%4%�-  $&'3 � #/#"%.#%3-��� �%'-A-� ?%4� ? ' $$&.$ � ,/.%�-3%'�

%# 0$ '" .# >� %0%@-� .-+-"3%'� %$-'"%.#%3-��� �+-'-'� 7�@/� �%3,%+,�'$%� &$ #&$" .# 3&��

9�A	 ##%>� RWWY:�� �%.-A-$%�� �-�-'-'� %$#� .-+"-'%� 3%� , �$ 0#&�&$ 8&$&��� �%�.$-� %# 0$ " �

5�4&+,�'$%�->� ,%.-#� &0$ "A&+&'3 � �%�.$-� +-A%.$-.� 5���&$$ �&� ,%�%#"%.#%3-��� 
#�# �"%$�

reforming * �.-+"&��.+&3%+,�'�" #�#$%�-� ,%'"%� � %.+&,�'$%�-� &7 �" .# 3&����%'"%�

� %.+&,�'$%�-� +�'� 3 � A � !-4$-� * �  .4�# �"&.#&��� �/� 3/�/"� ,%.-#� &0$ "A&+&� 24 �&'3 �
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(termal  @&"� * � +-A%.� '�kta) +-A%.$-.� �%�.-� �$/0#/�"%.#%>� +-A%.� , � $� 8B$? $ ��

�$/0#/�"%.#%3-��� �%.-#� &0$ "A&$ �&'3 � ./$$%'-$%'� � ���"&'? #25$ �&'&'� 7%$-0"%�

B"�2'2'� /4/'� �$"%+->� # �"%$� .%�%�$-$-@-'%� 8%@$-3-��� �/� ' 3 '$ � 5%!%$-� "%$4 " $ ��

./$$%'-$"%.#%3-��� �2.+ .� %$%0-"$-� � ���"&'g #25$ �&>� ,%.-#� &0$ "A&+&� "%$&, #&'&'�

B' "$&�8&��.-+"-'-��$/0#/�"%.#%3-��

3.1.1. Partikül ��$�� #%$"�	�+�% !"! !&�

Reforming � %.+&,�'$%�-'-'� !-4$%�-� .2#$ � #�%'+� �&� &$ � .%�0-$%0#-�-$3-@-'3%� +�'�

3 � A � !-4$-3-����%4-'� .%#%$&4B�� &7 �&+&'3 .&�gözeneklerden difüzy�'� !-4- reforming 

+2� A&'&�+-'-�$%'3-�%' faktörlerdendir. Partikül içi difüzyon di� 'A&'&'�,2.+ .��$"%+->�

3202.� .%#%$&4B��  #.&'$&.� .%#+%,-+-� (10-3,10-2

3.1.2. �+��� #%$"�	�+�% !"! !&�

) getirmektedir (de Deken et al., 1982; 

Soliman et al., RWVV:�� �.&� 7%$-0"%� 3%� %.#&*&# '&'� 3-0� ,24 ,� %$%'- &$ � 3�@�/� ��%'#-$-�

�$3/@/'/>� .%#%$&4B�� ,24 ,� %$%'-'-'�  '� %4� ZWT6&'3 '� ,%�%�� +%@$%'"%3-@-'-�

?B+# �" .# 3&���	%#%$&4B��5%�#&.2$$ �&'&'�.272$#2$ � .�./$$%'-$"%+-�&+ �,2.+ .�8%+-'7�

3202"2' � ' 3 '� �$"%.#%3-��� �%+-'7� 3202"2� &$ � 5%�#&.2$� &7&� .2#$ � &$ #&"&>� 5%�#&kül 

boyutunun alt ve üst limitlerini belirlemektedir.

�%.-#� &0$ "A&+&'&'� #2�2' � ?B� � -+-� &$ #&"&,$ � &$?&$&� +��/'$%�� 3 @&0&.$&.�

göstermektedir. Buhar reformingi +B4�.�'/+/��$3/@/'3%>� '3�# �"&.�� %.+&,�'$%�-'�

? �7 .$ 0" +&�* �� %.#B��+-A%.$-@-'-'�%�##-�-$"%+-�&7&'�-+-�? � ." .# 3&����+-�3�@%$�?%4�

* ,%���+&$�,%.-#$%�-'�,%.-$"%+-� &$ �+%@$%'"%.#%3-����+- #�%'+� �&'&'�' � 3 ,+ �#%"%"-

radyasyonla �$"%.#%3-� (>%95). �%'"%3%'�  $3 �  3&$ '� -+-'-'� ,%.$%0-.� ZT=� +&�

� ���" �� 3/*%�-'3%'� &$ #&$ � .�  '3�# �"&.� � %.+&,�'$%�-'� ? �7 .$ 0" +&� +-�%+-'3%�

 "&$" .# 3&��� � �/� 3/�/"� � ���" �� #25$ �&'&'� ,2.+ .� +-A%.$-.$%�3%� * � 7�.� ,2.+ .�

+-A%.$-.�* �8%+-'7��%�.-'3%�7%$-0"%+-'-�? � .#&�" .# 3&����+-�#�%'+� �&�3%,%'-$%8&$ A .�

"%.+&"/"� -+-� %.+-� &$ � .-+-#$anmaktad-��� �/!%�� � ���"&'?&' 3%,%$-� "�3 �'� ,%.-#�

&0$ "A&$ �&'&'� "%�/4� .%$3-@-� ��#%$%"%� -+-� %.-+-� Y=� .H;"2 A&*%�-'3%3-�� 9�,8.1% �>�

1995; Olivieri and Veglio, <==V:���%$'-4�"%.+&"/"�-+-�%.-+-�* �, � $�,2.+ .�+-A%.$-.�

'�.#%$%�-� ,%.-#� &0$ "A&+&� &7&'� 3%!%� .�&#&.� 8&�� öneme sahiptir. Duvar yüzeyindeki 
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"%.+&"/"� +-A%.$-.#%� �$/0%A%.� �$%+-� /�%.� 3 @&0&"$ �� � ���" �� #25$ �&'&'� B"�2'2�

A&33&�0 .&$3 �%4%$#"%.#%3-���� '4 ��-+-�&$ #&"�+��/'$%�-��#�# �"%$�� ���"&'? * �.-+"&�

�.+&3%+,�'�" #�#$%�-'3%�3%�?B�2$" .# 3&���	-+"&��.+&3%+,�' +-�%+-'3%��$/0%'�+ 7&A&�

�$"%,%'� ,%'"%� � %.+&,�'$%�-� +�'� 3 � A �  .4�# �"&.� �$"%+-'3%'� 3�$%,-� .%#%$&4B��

+-A%.$-@-'-'� %�#"%+-'%� + 8 5� �$"%.#%3-��� Bu ise .%#%$&#&.� "%$4 " '&'� .%�%�$-$-@-'-�

bozan bir etkendir (de Smet et al., 1999). Ototermal reaksiyonlara day%$-� ,%.-#�

&0$ "A&$ �&'3 �  .4�# �"&.� * �  '3�# �"&.� � %.+&,�'$%�-'� 8&�� %�%3%� �$/0/� ' 3 '&,$ �

, � $� +-A%.$-.� �%�.$-$-.$%�-� �%4$%3-��� 
#�# �"%$� � %.+&,�'$%�-'� ,B'� * �3&@&� %3,%8%#&.�

,%.-#�&0$ "A&$ �&'3 �# �"%$� @&"&' �%4$%��$"%+->�"%$4 " �+ 7&"&'&�4��$%0#-�"%.#%3-���


-A%.$-@-'�%�#"%+-�! ��' �.%3%��.&' #&.�� %.+&,�'$%��24 �&'3 �olumlu etkide bulunsa 

3%>�! "�,%.-#�&0$ "A&+&'&'�! "�3 �.%#%$&4B�2'�B"�2'2�%4%$#"%.#%3-��

3.1.3. Termodinamik �#'*#�	�+�% !"!+�

Reforming � %.+&,�'$%�-'-'� !-4$-� ? �7 .$ 0" +&� +%, +&'3 >� , # �$&� sürede gaz-

.%#-� temas- +%@$%'"%+-� &$ � ?%4� .%�-0-"-� termodinamik dengeye gelir, k%�-0-"-�

�$/0#/�%'�?%4$%��� %.+&,�'�!-4-�+-�-���$%A%.�0 .&$3 >�+#�.yometrik oranlarda bulunur.

� '? � 3/�/"/'3%.&� .%�-0-"� �&88+� + �8 +#�  ' �1&� "&'&"&4%+,�'/� &$ � 8/$/'%8&$&���

Term�3&'%"&.� 3 '? � 3/�/"/�.%#%$&4B�� %.#&*&# +&'3 '� 8%@-"+-43-��� 
-A%.$-.>� 8%+-'7�

ve gaz besleme kompozisyonu termodinamik dengeyi belirleyen faktörlerdir. Yüksek 

+-A%.$-.>� 3B'202"� ��%'-'-� %�##-�"%.#%>� � %.+&,�'$%�-� !-4$%'3-�"%.#%3-��� �%$'-4� 7�.�

,2.+ .� +-A%.$-. * � ,2.+ .� -+-� %.-+-� � %.#B�3 �./$$%'-$%'�"%$4 " '&'� * �.%#%$&4B�2'�

4%�%�� ?B�" +&' � * � .%�8�'� �$/0/"/'%� ' 3 '� �$"%.#%3-�, bu da ,%.-#� &0$ "A&+&'&'�

3 ���"%+,�'/'%� ' 3 '� �$%'� 8%0.%� 8&�� .-+-#$%"%3-��� E%$-0"%� 8%+-'A-'-'� 3B'202"�

� %.+&,�'$%�-'%� #.&+&�' ?%#&���$"%.$%�8 �%8 ��,2.+ .�8%+-'7�%,'-�!%A&"3 �3%!%�7�.�

2�2'�%$-'"%+-'-�+%@$%"%.#%3-����2.+ .�7%$-0"%�8%+-'A-�%,'-�,%#-�-"$%�3%!%��%4%�2�2'�

%$-'"%+-'-� +%@$%3-@-� ?&8&>� -+-� .%4%'-"-'- .�$%,$%0#-�"%.#%� * � � ���"&'? +�'�%+-�

%"�',%.� * � " #%'�$� 2� #&"� +2� 7$ �&'3 � "%$&, #� 3202�2A2�  #.&3 � 8/$/'"%.#%3-���

Gaz besleme kompozisyonunda buhar-.%�8�'���%'-'-'�%�##-�-$"%+-�!&3��1 '�2� #&"&'&�

%�##-�"%.#%3-����/���%'-' %�##-�-$"%+-� 8&�&"�"%$&, #&� %�##-�-�. '>� .%�8�'��$/0/"/'/'�

en? $$ '" +&� &7&'�8 $&�$&�8&��"&.#%��8/!%��"/#$%.%�+&+# " �* �&$" $&3&����,�-A%�7-.-0�

?%4-'-'� ./$$%'-"� %$%'-'%� ?B� >� 8/!%�-.%�8�'� ��%'-� ,2.+ $#&$ � .� ,2.+ .� .%�8�'�

"�'�.+&#�.%�8�'�3&�.+&#���%'-�%$-'"%.�&+# ' 8&$&���E%$-0"%�+-A%.$-@->�7%$-0"%�8%+-'A-�
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ve buhar-.%�8�'���%'-�# �"�3&'%"&.�3 '? '&'�.�'/"/'/�8 $&�$ , � .>�+#%'3%�#�,%.-#�

&0$ "A&+&'3 '�  $3 �  3&$ 8&$ A .� !&3��1 '� .%4%'A-'-� 8 $&�$ " .# 3&��� �%$'-4� 8/�

5%�%" #� $ �� +%3 A � # �"�3&'%"&.� 3 '? ,&� 3 @&$>� ,%.-#� &0$ "A&+&'&'� ./�/$/"� * �

&0$ #&"�"%$&, #$ �&' �3 � tki etmektedir.

3.1.4. Karbon 
 3,3"3

Kar8�'��$/0/"/�8/!%��� ���"&'?&' 3%,%$-� '32+#�&, $�,%.-#�&0$ "A&$ �&'&'�%'%�

problemlerinden biridir. �&3��.%�8�'$%�-'� 8/!%�� � ���"&'?&� +-�%+-'3%� XYU� 	�

24 �&'3 .&� +-A%.$-.$%�>� .%#%$&4B��  #.&'$&.� .%,8-'%� ' 3 '� �$"%.#%3-�� (Reuse et al.,

2004). 	%�8�'� �$/0/"/'/� +%3 A � .%#%$&4B��  #.&'$&@&'&'� .%,8�$"%+-'% 3 @&$� -+-'-'�

!�"�1 '��$%�%.�3%@-$"%"%+-'%�* �#25$ �&'�8�4/$"%+-'%�+ 8 5��$"%.#%3-���
#�# �"%$�

� %.+&,�'$%�� &7&'� 3 � %,'-� 5��8$ "� +B4� .�'/+/3/�D� .%�8�'� �$/0/"/>� ?&�&0# .&� ?%4�

k�"5�4&+,�'/>� +-A%.$-.>� 8%+-'7� * � #%+%�-"%� 8%@$-3-��� G4 $$&.$ � 8/!%�� * � !&3��1 '�

.�'+%'#�%+,�'$%�-�8 $&�$&�$&"&#$ �&'�%$#-'%�320#2@2'3 �.%�8�'��$/0/"/�.%7-'-$"%43-��

	%�8�'��$/0/"/�.&' #&.�3 '.$ "$ ��./$$%'-$%�%.�! +%5$%'%8&$&���� �"�3&'%"&.�

hesaplara göre, buhar reformingine 3%,%$-� 8&�� ,%.-#� &0$ "A&+&'3 � W==� o

3.2. �2$ #,%$&"#��! �,"! !&��ve Literatür Özeti

C’de buhar-

.%�8�'� ��%'-� R’&'� 2+#2'3 � &+ � .%�8�'� �$/0/"/� ?B4$ '" " $&� &. '� 3 ' ,�

+�'/7$%�-'3%� .%�8�'� �$/0/"/� ?B4$ "$ '" " +& için buhar-.%�8�'� ��%'-'-'� R>U6ün 

2+#2'3 � �$"%+-� ? � .#&@&� ?B�2$"20#2�� 9�%$�/mbis and Peterson, 1982). Karbon 

�$/0/"/'/'� ,%.-#� &0$ "A&+&' � * � 5 ����"%'+-'%� * �3&@&� 4%�%�$%�>� 8/!%�-karbon 

��%'-'%>�7%$-0"%�+-A%.$-@-'%�* �8%+-'A-'%�8 $&�$&�.-+-#$%"%$%��? #&�" .# 3&��

� $ ' .+ $� +%8&#� ,%#%.$-� ,%.-#� &0$ "A&$ �&'&'� +%!&5��$3/@/� .-+-#$%"%$%�% .%�0-'�

8&�7�.� &,&$ 0#&�" � 3 ' " +&� ,%5-$"-0#-��� � ' " $ �� &.& ana 8%0$-.� !%$&'3 �

özetlenebilir; 1- .%#%$&4B�� 5 ����"%'+-'-'� %�##-�-$"%+->� <- � %.#B�� 5 ����"%'+-'-�

%�##-�%A%.� "%$4 " $ �&'� ,%� 3%� .�'�&?2�%+,�'$%�-'� 8/$/'"%+-3-��� � � ' " $ ��

+�'�%+-'3%� ��#%,%� 7-.%'�  '� B' "$&� &,&$ 0#&�" $ �>� %.-0.%'� ,%#%.� * � " "8�%'�
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# .'�$�1&+&'3 '� ,%�%�$%'-$"%+-� �$"/0#/��� �.-0.%'� ,%#%.� -+-� * � .2#$ � &$ #&"&�

.�'/+/'3%>�+%8&#�,%#%.$-�,%.-#�&0$ "A&$ �&' �?B� �7�.�3%!%�2+#2'32���

3.2.1. ���,�!n �!%!� ���#!�%5& #&

�.-0.%'� ,%#%.#%� � %.#B�� &7 �&+&'3 � +%@$%'%'� 3%!%� &,&� .%�-0-">� +-A%.$-@-'� 3%!%�

&,&�3%@-$"%+-'-� * �.�'#��$ünü +%@$%"%.#%3-���E&�#� �%4$-� %.-0�.%*�%"-� * � &$.�%.-0.%'�

� %.#B��"�3 $&�RWT=�$&�,-$$%�3%'�8%0$%"%.#%3-����/ ��& �&�9RWY=:�5atent ç%$-0"%+-'3%�

buhar reformingi &7&'� &$.� 3 �%� %.-0.%'� ,%#%.� ./$$%'-$"%+-'-� B' �"&0#&��� E%$-0"%3%�

.%#%$&4B�$ �� -+-� �3%+-'3%� -+-#-$%�%.� ,%.-#� &0$ "A&+&' � gönderilmektedir böylece 

 '3�# �"&.�� %.+&,�'$%�-'�-+-�&!#&,%A-�.%�0-$%'"%,%�7%$-0-$"%.#%3-���

Calderbank * � ����� 9RWYR:� +&+# "$ �&'�  #.&$ 0&"$ �&' � ?B� � '%+-$�

"�3 $$ ' 8&$ A @&' � 3%&�� 7%$-0"-0$%�3-��� G�' @&'>� !-4$-� � %.+&,�'$%�-'� ?%4$%�-'�

.%�-0-"-� &$ � #%'-"$%'"%+-�? � .&�. '>� ,%*%0� � %.+&,�'�+&+# "$ �&'&'� 8%+&#�8&��C
���

?&8&� "�3 $$ ' 8&$ A @&'&� ?B+# �"&0$ �3&��� �$3 �  ##&.$ �&� %'%$&#&.� 3 '.$ "$ � � 3%,%$-�

"�3 $3 �.%�-0"%,%�,B' $&.��%�.$-�.%8/$$ �&�3 �3%!&$� #"&0$ �3&����%4�3 @&0&"&>�?%4-'�

 #.&$ 0" 3 '� ? 7&0&>� .%8%�A-.� 8�,/#/� * � 8&�$ 0" +&'&'� � %.#B�� 5 ����"%'+-'-�

etkil , '�.&$&#��%.#B�$ ���$3/@/'/�?B+# �"&0$ �3&r.

� $3%�#� 9RWYU:� `-'� �%�.$-�.%#-�5%�#&.2$$ �&'&� &'A $ " +&'&� � � �%'+�%$%'�� $3%�#�

* � �8�%!%"+�'� 9RWYV:� %.-0.%'� ,%#%.$%�3%� ./$$%'-$%'� .%#-$%�-� �>� �>� C>� �� 0 .$&'3 �

+-'-�$%'3-�"-0$%�3-���

�%�&��* �H '� 9RWYY:� &$.�3 �%�7&�#� �%4$-� * �U�3 '� �%4$%�%,%�$%'%8&$&� deneysel 

5%�%" #� '&'�8/$/'3/@/�8&��"�3 $�B' �"&0$ �3&����&'&"/"�%.-0.%'$-.�!-4-'-'�8&�.%7�

.%#� 2+#2'3 � 7%$-0-$3-@-'3%>� ,�@/'� �%4-'� #�5$%"� ?%4� %.-0-'-'� /�%.� 8&�� .-+"-'-�

 #.&$ 3&@&'&�B' �"&0$ �3&��

Reichel and Lippert (1984) %.-0.%'�,%#%.�,%.-#�&0$ "A&+&'&�-+-�8��/$%�-�&$ ��-�-'%�

8%@$%'3-@-� .�'�&?2�%+,�'/� B' �"&0$ �3&��� � �" #&.� �$%�%.� .%5%#-$"-0� 8��/$%��
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+�3,/"� &7 �" .# 3&����+-�8��/$%�-'3%.&� +�3,/"��-�-'�8B$? +&'3 �8/!%�$%0-5>�%.-0.%'�

,%#%.#%�,�@/'$%0%�%.�8/!%��� ���"&'?&�� %.+&,�'$%�-�&7&'�?&4$&�-+-+-'-�* rmektedir.

Grace (1986a:�%.-0.%'�,%#%.�./$$%'-"-'-'� 9+-A%.$-@-'� 0&#�3%@-$-"->�,2.+ .� -+-�

#�%'+� �&>�.%#-� #/#"%�.%5%+&# +&>�3202.�8%+-'7�3202"2>�8�,/#$%'3-�"%�.�$%,$-@-�?&8&:�

.&$&#� %*%'#%1$%�-'-� * � 9? �&�.%�-0"%>�.%�-0"%3%'�? 7" >�%0-'"%�* �.%�"%0-.$-.�?&8i) 

3 4%*%'#%1$%�-'-� #%'-"$%"-0#-��� �%4-� 5�52$ �� "�3 $$ �&'� %'%� .%�%.# �&+#&.$ �&' �

,B' $&.�&'A $ " $ ��,%5-$"-0#-��

��%A � 9RWVX8:� .%,'%"%$-� %.-0.%'� ,%#%.$%�-'3%'� 3�$%0-"$-� %.-0.%'� ,%#%.$%�%�

.%3%�>� 8�,/#+/4� ?%4� !-4-'%� 8%@$-� �$%�%.� � $3%�#� #&5&� .%#-$%�� &7&'� beklenen gaz-.%#-�

.�'#%.�� 1&"&�+/'"/0>�?%4-.%#-�+&+# "$ �&'&'�3%*�%'-0$%�-'-�?B+# � '�? ' $�8&��!%�&#%�

!%4-�$%"-0#-���

�� #+A!� 9RWVW:� �#�# �"%$� %.-0.%'� ,%#%.� � %.#B�3 � " #%'� ?%4-'-'� .%#%$&#&.�

.-+"&��.+&3%+,�'/� &$ � + '# 4�?%4-�2� #&$" +&� &7&'� #%+%�-"�B' �"&0$ �3&����%+%�-"3%>�

%.-0.%'�,%#%.#%�" #%'��.+&1 '�* �+/�8/!%�-� &$ �'&. $�.%#%$&4B�$2���#%"3%�� %.+&,�'%�

?&�" .# 3&��� � %.+&,�'/'� %�3-'3%'� +-A%.$-.� 7�.� !-4$-� 8&�� 0 .&$3 � 3202�2$ � .>�

� %.+&,�'$%�-'�? �&, �3B'" +&�* �.%�8�'��$/0/"/� '? $$ '" .# 3&����B,$ A 3202.�

8/!%�;.%�8�'���%'$%�-'3%�7%$-0-$"%+-�"2".2'32��

Kunii & Levenspiel (1997:�3�$%0-"$-�%.-0.%'� ,%#%.$%�� &7&'���%A � 9RWVX8:� `&'�

!%4-�$%3-@-� ?%4-.%#-� .�'#%.� "�3 $&'&� ? $&0#&� � .>� #2�82$%'#>� !-4$-� %.-0.%'� * �

pünomatik transport gaz-.%#-�.�'#%.�� 1&"$ �&�&7&'�8�,/#+/4�?%4�!-4-'%�8%@$-�? ' $�8&��

!%�&#%�+/'"/0$%�3-���

��� 9<==U:� � %.#B�� "�3 $$ �&'&>� 3 ' ,+ $� %�%0#-�"%$%�$%� 8 �%8 �� ? ' $� 8&��

?B43 '�? 7&�" , �#%8&� #/#"/0�* �� %.#B��"�3 $$ �&'&�9!�"�1 ' �,%.-'>�7&�#� �%4$-�* �

çoklu-%$%'� ?&8&:� +-'-�$%'3-�"-0#-��� E%$-0"%3%� 82#2'� 3/�/"$%�%� /,?/$%'%8&$ A .� 8&��

"�3 $&'��$"%3-@-�?B+# �&$"&0#&��
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Mahecha-Botero (2009) �%�.$-� ? �" #�&$ �3 � 93202.� ,�@/'$/.� �%4->� ,2.+ .�

,�@/'$/.��%4->��&�&8��3�* �" "8�%'�8B$? +&�?&8&:�7�.$/��%4$%�-�* �8B$? $ �&�.%5+%,%'�

homojen � ,%.-' �8 &�� "�3 $� ? $&0#&�"&0#&��� �,�-A%� .%8/$� ?B� '� %.-0.%'� ,%#%.�

"�3 $$ �&'&�%'%$&4� #"&0#&��

�+-� #�%'+� �&'&'� B' "$&� �$3/@/�3/�/"$%�3%>� +-A%.$-@-'�  0� 3%@-$-"-� * � .�'#��$2�

&+# '&,��+%� %.-0.%'� ,%#%.� ./$$%'-$-��� �.-0.%'� .%#-� .%#%$&4B�� 5%�#&.2$$ �&� ,%#%.�

&7 �&+&'3 � -+-'-'� #%0-'"%+-'-� * � +-A%.$-@-'� 324?2'� 3%@-$"%+-'-� +%@$%"%.#%3-���

�.-0.%'� ,%#%.#%� .%#%$&#&.� ,%'"%� !�"�1 '� ,%'"%� &$ � .%�0-$%0#-�-$3-@-'3%� 7 0&#$&�

2+#2'$2.$ � � +%!&5#&��� 	%#%$&4B�� ,24 ,&'3 .&� ! # ��1 '� 5%�$%"%� +-A%.$-@-� !�"�1 '�

5%�$%"%�+-A%.$-@-'3%'� 7�.�3%!%�3202.#2�����$%,-+-,$%� ,%'"%�3%!%�3202.� +-A%.$-.#%�

? �7 .$ 0#&�&$&��� �24 ,&'� #/#/0"%� $&"&#&� 7�.� 3%!%� ? '&0#&��� �.-0.%'� ,%#%.#%� ,%'"%�

? $ ' .+ $� !�"�1 '� #/#/0"%� $&"&#$ �&'3 '� 7�.� 3%!%� %$#� + *&, $ �3 � ? �7 .$ 0&���

�B,$ A � %.-0.%'� ,%#%.#%� ./$$%'-$%'� "%$4 " '&'� $&"&#$ �&� ? '&0$ " .# >� /A/4� " #%$�

%$%0-"$%�-'� ./$$%'-$%8&$mekt 3&��� �,�-A%� %.-0.%'� ,%#%.� ,%.-#� &0$ "A&$ �&� +%8&#� ,%#%.�

&$ � %,'-� .�0/$$%�3%� 7%$-0#-@-'3%� 8&$ � 3%!%� %4� .%�8�'� �$/0/"/� ?B4$ '&��� 	%#-�

5%�7%A-.$%�-'� !%� . #&� +&�.2$%+,�'� +%@$%,%�%.>� .%�8�'� .%5$%nm-0� .%#%$&4B�2� �.+&1 '�

4 '?&'� %$%'$%�%� #%0-,%�%.� .%�8�'� �$/0/"/'/� .-+-#$%��� �.-0.%'� ,%#%.$-� � %.#B�$ �3 �

sürekli veya periyodik olarak katalizörler yenilenebilir.

3.2.2. Membran Reaktörler

� "8�%'� &.&� �%4�%�%+-'3%.&� + 7&A&�? 7&�? '� #%8%.%3-���� "8�%'$%�3%� #%0-'-">

" "8�%'-'� &.&� ,24 ,&� %+-'3%.& .�'+%'#�%+,�'>� +-A%.$-.>� 8%+-'7� * �  $ .#�&.+ $�

5�#%'+&, $��%�.$%�-'3%'�.%,'%.$%'%8&$&����B,$ A �" "8�%'-'�? 7&�? '$&.�!-4-�.�'#��$�

edilebilir. Membranlar 7�@/'$/.$%� %,-�"%� &0$ "$ �&'3 istenilen yönde kütle 

#�%'+� �&'&� +%@$%"%.� %"%A-,$%� ./$$%'-$"%.#%3-��� G4 $$&.$ � 3 '? � � %.+&,�'$%�-'3%,

3 '? �3B'202"2'2�%�#-�"%.�&7&'�8&��* ,%�8&�3 '��%4$%�� %.+&,�'�2�2'2'2'�" "8�%'�

*%+-#%+-,$%� ��#%"3%' /4%.$%0#-�-$"%+-� 3 '? '&'� 3%!%� ,2.+ .� 3B'202"� ��%'$%�-'3%�

te.�%��./�/$"%+-'-�+%@$%��

Buhar reforming ve ototermal reforming süreçleri tersinir reaksiyonlar 

&7 �3&@&'3 '�� %.+&,�'$%��8&��'�.#%3%'�+�'�%�3 '? �!%$&' �? $ � .>�3/�"%.#%3-����/�
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# �"�3&'%"&.� 3B'202"� 8%�&, �&'&'� %0-$"%+-� &7&'>�  $3 �  3&$ '� !&3��1 '&'� ��#%"3%'�

7 .&$" +&�, # �$&3&����@ ��8&��" "8�%'�*%+-#%+-� &$ �!&3��1 '�+2� .$&��$%�%.���#%"3%'�

7 .&$&�+ >�3 '? �3%!%��%4$%�!&3��1 '�.%4%'A-'3%�# .�%��./�/$%A%.#-����,�-A%�membran 

./$$%'-$"%+-� &$ 3%!%� 3202.� +-A%.$-.$%�3%� 3%!%� ,2.+ .� !&3��1 '� 7-.-0-� * � 3B'202"�

��%'-�+%@$%'%8&$&��(Adris et al., 1997).

�&3��1 '&'�" #%$&.�" "8�%'$%�3%'�? 7&0&�+�$2+,�'-3&�24,�'/�" .%'&4"%+-�&$ �

? �7 .$ 0&��� 
 7&A&� ? 7&�? '� " #%$� !&3��1 'A � 4 '?&'� * � �%.&�� �$%'� &.&� .-+"-�

8&�8&�&'3 '�%,-�3-@-'3%�&.&�.-+-"�%�%+-'3%.&�!&3��1 '&'�.-+"-�8%+-'A-�3 '? , �!%$&' �

gelene kadar 3&�24,�'� 3 *%"�  3 ��� �&�24,�'� " .%'&4"%+-� 8 0� %3-"3%�

? �7 .$ 0" .# 3&��9�%�� �>�RWTR:��

1. �&3��1 '� "�$ .2$$ �&'&'� " #%$� ,24 ,&'&'� !&3��1 'A � 4 '?&'� �$%'� #%�%�-'3%�

adsorbe olur,

2. �3+��8 � �$%'� !&3��1 '� "�$ .2$$ �&� " #%$� ,24 ,&'3 � %#�"$%�%� %,�-$-��

(Dissociation),

3. �&3��1 '�%#�"$%�-�.�'+%'#�%+,�'��%�.-�&$ �" #%$�&7 �+&'3 �3&�24� 3 �>

4. �&�24,�'�  3 '� %#�"$%�� " #%$� ,24 ,&'3 � !&3��1 '� "�$ .2$$ �&'&� �$/0#/�/��

(Reassiocation),

5. �&3��1 '�"�$ .2$$ �&�,24 ,3 '�%,�-$%�%.�?%4��%4-'%�? 7 ��9� +��5#&�':�

�%4-�3/�/"$%�3%�!&3��1 ' "�$ .2$$ �&'&'�%#�"$%�-'%�%,�-0"%+-�&$ �%3+��8+&,�'/�

%,'-� %'3%� ? �7 .$ 0&�� 93&� A#� 3&++�A&%#&* � A! "&+��5#&�':�� �%$%3,/">��&,�8,/"� * �

�&. $�?&8&�? 7&0�" #%$$ �&'3 �!&3��1 '�? 7&0&�8/�" .%'&4"%�&$ �? �7 .$ 0&��9� C$%&� >�

1983; Athayde et al., 1994).  Hidrojen paladyumda hem çok kolay adsore olur, hem 

3 �5%$%3,/"�$%#&+&'3 �!&3��1 '�%#�"$%�-'-'�3&�24,�'/�7�.�!-4$-3-���
%��5%$%3,/"��3%�

+-A%.$-@-'3%�. '3&�!%A"&'&'�X==�.%#-�!&3��1 '�%8+��8� 3 8&$&��9�%�#&'?#�'>�RWTS:�
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Membranlar, reaktantlardan birinin, reaktör &7 �&+&' � 3%@-#-$"%+-� için de 

./$$%'-$%8&$" .# 3&��� �&3��.%�8�'$%�-'� �.+&3%+,�'$%�-� 8/� /,?/$%"%� &7&'�  '� iyi

örnektir. Böylece oksidasyon gibi ekzotermik � %.+&,�'$%�� &$ � +-A%.$-.� .�'#��$2�

,%5-$%8&$&��� G�' @&'� �#�# �"%$� .�0/$%�� %$#-'3%� 7%$-0%'� ,%.-#� &0$ "Ailerinde 

� %.+&,�'$%�-'� * � 7%$-0"%� +-A%.$-@-'-'>� " "8�%'� *%+-#%+-,$%� �.+&3%'#� 8 +$ ' � .�

kontrol edilmesi mümkündür.

� "8�%'$%�-'� ' �1&�? � .+&'&"&'&'�3202.� * � istenilen boyutta elde edilebilir 

�$"%+->� 3%!%� .272.� B$7 .# � +%�� !&3��1 '�  $3 �  3&$" +&'&� 3 � .�$%,$%0#-�"%.#%3-���

� "8�%'-'�+ 7&A&�? 7&�? '�B4 $$&@&�+%, +&'3 >�� ���"&'?�+-�%+-'3%�!&3��1 '���#%"3%'�

saf olarak çekilebilir. �B,$ $&.$ �" "8�%'�./$$%'-"-�&$ �!&3��1 '�2� #&"&�+-�%+-'3%>� .�

"%$&, #�? #&� '�* ��$3/.7%�, ��.%5$%,%'�+%�$%0#-�"%�+2� 7$ �&' ��lan ihtiyaç ortadan 

.%$3-�-$"-0� �$/���� �!%'?&� 8&��  .� +&+# " � &!#&,%7� �$"%3%'>� %,'-� %'da reaksiyon ve 

%,-�"%�&0$ "leri yürütülebilir.

�&�� " "8�%'-'� +%!&5� �$"%+-� ? � . '� B4 $$&.$ �: # �"%$� .%�%�$-$-.>� .&",%+%$�

3&� '7>� &,&� -+-� &$ #&"&>� ? 7&�? '$&.� * � + 7&A&$&.#&��� � "8�%'-'� ? 7&�? '$&@&� birim 

" "8�%'� %$%'-'3%'� ? 7 '� ?%4�"&.#%�-� �$%�%.� #%'-"$%'"%.#%3-�. Geçirgenlik küçük 

�$3/@/�4%"%'>�" "8�%'�,24 ,�%$%'-n büyütülmesi veya " "8�%'-'�3&@ �� #%�%�-'3%�

geçirilen süpürücü gaz-' %.-0� !-4-'-'� ,2.+ $#&$" +&> ? 7&�? '$&@&'� %�##-�-$"%+-� &7&'�

k/$$%'-$"%.#%3-��

Metal membranlar, Pd, Pt, Ag veya 8/�" #%$$ �3 '�  '� %4� 8&�&'&� &7 � '� �%�.$-�

%$%0-"$%�3%'� ,%5-$"%.#%3-�� �3>� �#� * � 8/'$%�-'� %$%0-"$%�-� B4 $$&.$ � !&3��1 '� %,-�"%�

&0$ "$ �&'3 � ./$$%'-$-�. '>� �?� �.+&1 '� %,-�"%� &0$ "$ �&'3 ./$$%'-$"%.#%3-�� Pd

!&3��1 '�? 7&�? '$&@&� * �3&@ ��?%4$%�%�.%�0-�? 7&�? '��$"%"%+-� ' 3 '&,$ �" "8�%'�

7%$-0"%$%�-'3%� +-.$-.$%� ./$$%'-$"%.#%3-��� �d " "8�%'$%�-'� 3%� 3 4%*%'#%1$%�- *%�3-�D�

B�' @&'>� +%�� 5%$%3,/"un sürekli hidrojen adsorpsiyon ve desorpsiyon çevrimine 

"%�/4� .%$"%+-� +�'/A/'3%, � 3%.+&,�'� ? �7 .$ 0" .# 3&��� �/� ' 3 '$ � 5%ladyum 

%$%0-"$%�-� +%�� 5%$%3,/"%� # �A&!�  3&$" .# 3&��� �,�-A%� 8%4-� %$%0-"$%�-'� .%#%$&#&.�

aktivitesi ve hidroj '�? 7&�? '$&@&�3%!%�,2.+ .#&��
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Niyobyum, tantal, zirkonyum ve vanadyum, paladyumdan daha iyi hidrojen 

? 7&�? '$&@&' � +%!&5#&�� 9�/d8%/"� %'3� 	&'' ,>� RWWX:�� �,�-A%� 8/� " #%$$ ��

5%$%3,/"3%'�3%!%��%4$%�3%,%'-.$-�* �/A/43/�>�8/�" #%$$ �&'�&'A �3/*%��" "8�%'$%�-�

8&$ �, # �$&�# �"%$�* �" .%'&.�"/.%* " # �+%!&5#&����.-, " "8�%'�.%$-'$-@-� &$ �# �+�

��%'#-$-3-��� �'A � 3/*%�� " "8�%'� 2� #&"&� &$ � 5%$%3,/"3%'� 7�.� 3%!%� �%4$%� !&3��1 '�

%.-+-�  $3 �  #" .� "2".2'32��� �2.+ .� +-A%.$-.$%�3%� !&3��1 '� !%�&7� !&78&�� ?%4�

geçirmezler. Yine 3 �!&3��1 '�%,-�"%�&0$ "$ �&'3 �./$$%'-$"%4$%�. Çünkü bu metaller 

!&3��1 '� ?%4-� %,�-$"%+-� &7&'� # ��&.� �$%�%.� 8 .$ ' '3 '� 3%!%� %4� #�%'+� �� !-4-'%�

sahiptirler, yüzey gerilimleri>� !&3��1 '&'� "%$4 " , � ?&�&0� * � 7-.-0$%�-'-� ,%*%0$%#-���

Yüzey gerilimi ve +-.-� �.+&#� &'A � #%8%.%� *%�$-@-� hidrojen adsorpsiyonunu

engellemektedir. � #%$$ �&'�,24 ,�3&� 'A&'&�%4%$#"%.�&7&'�7 0&#$&�# .'&.$ ��" *A/##/���

Bu metallerin yüzeyi paladyum kaplanarak>� 8%0.%� 8&�� 3 ,&0$ � .�"5�4&#� " "bran 

kullanarak, yüzeydeki hidrojen %,�-0"% * �8&�$ 0" �� %.+&,�'$%�-�.%#%$&4$ ' 8&$&��* �

hidrojen atomu adsorpsiyonunda transfer engelini a4%$#-�. �@ �� ,24 ,� 3&� 'A&�

%4%$#-$-�+%>� 5%$%3,/"� * � %$%0-"$%�-'3%'� 3%!%� ,2.+ .� ? 7&�? '$&.>� 3%!%� /A/4%�

+%@$%'"-0��$/���E2'.2�'&,�8,/">�#%'#%$�* �4&�.�',/"�&$ �.%�0-$%0#-�-$3-@-'3%�3%!%�%4�

3%,%'-.$-� �$%'� �%$%3,/"63%' +%�� �$%�%.� " "8�%'� 2� #&$3&@&'3 >� " "8�%'� .%$-'$-@-�

3%!%� �%4$%� �$"%$-3-��� 	%$-'� �%$%3,/"� " "8�%'$%�� ! "� 3%!%� %4� ? 7&�? '� ! "� 3 

 .�'�"&.�%7-3%'�7�.�daha 5%!%$-3-��

3.2.3. ���,�!'��!%!� ���#"6&!'��#!ktörler

�.-0.%'�,%#%.�&$ �" "8�%'�# .'�$�1&'&'�8&�$ 0#&�&$ � .�./$$%'-$"%+->�? $ ' .+ $�

,B'# "$ �3 � .%�0-$%0-$%'� 8&�7�.� .-+-#$%"%'-'� %0-$"%+-'-� +%@$%"%.#%3-��� �.-0.%'�

,%#%.$-� � %.#B�$ �3 �.2#$ � * � -+-� &$ #&"&�3%!%� &,&�? �7 .$ 0" .# 3&����.-0.%'� ,%#%.$-�

rea.#B�$ �� 8%+-'7� 3202"2� * � +-A%.$-.� �%�.$%�-� %7-+-'3%'� +%8&#� ,%#%.$-� � %.#B�$ �3 '�

daha üstündür. �,�-A%� %.-0.%'� ,%#%.� &7 �+&'3 � +-A%.$-@-'� 324?2'� 3%@-$"%+->�

" "8�%'-'�.%�%�$-$-@-'-�* �B"�2'2�5�4&#&��,B'3 � #.&$ " .# 3&���� "8�%'�./$$%'-"-�

sayesinde de denge � %.+&,�'$%�-'3%� # �"�3&'%"&.� 3 '? � 8%�&, �&� %0-$%�%.>� 3%!%�

3202.�+-A%.$-.$%�3%�3%!%�,2.+ .�* �&"� $3 � 3&$ 8&$" .# 3&�� Bu özellikler, güvenli 

* �* �&"$&�� %.#B��/,?/$%"%$%�-'%��$%'%.�+%@$%"%.#%3-��
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� "8�%'� *%+-#%+-� &$ � � ���"&'?� +-�%+-'3%�H2 ortamdan saf olarak çekilebilir

veya ortama oksidant ilave edilebilir���.-0.%'�,%#%.�* �" "8�%'�# .'�$�1&$ �&'&'�8&��

%�%3%� ./$$%'-$"%+-� &$ � �$/0#/�/$%'>� �#�# �"%$� .�0/$$%�3%� 7%$-0%A%.� H2 seçici 

" "8�%'$-� %.-0.%'� ,%#%.$-� � %.#B�$ �� 3%!%� .�"5%.#� * � * �&"$&� 0 .&$3 � +%��H2 elde 

 3&$" +&'&� +%@$%,%8&$&��� H2 + 7&A&� " "8�%'$-� %.-0.%'� ,%#%.$-� ,%.-#� &0$ "A&$ �&�

#&A%�&$ 0meye 8%0$%"-0#-� (www.membranereactor.com). Elde edilen H, yüksek 

+%�$-.#%�H2 ? � .#&� '�����#&5&�,%.-# hücre+&'&'�7%$-0"%+-�&7&'�./$$%'-$%8&$&��
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4. ��������	
����
�������

� �&"$&� !&3��1 '� 2� #&"&'&'� +%@$%'"%+-� &7&'� ? $ ' .+ $� +%8&#� ,%#%.$-� ,%.-#�

&0$ "A&$ �&'&�S alanda yenilenmesi gereklidir.

1. �2.+ .� * � .%�%�$-� .%#%$&4B�� %.#&*&# +&'&� +%@$%,%A%.� * � 5%�#&.2$� &7&� iletim 

.-+-#$%"%$%�-'-'�2+# +&'3 '�? $ A .�, '&�.%#%$&4B�$ �&'�? $&0#&�&$" +&>

2. �&3��1 '&'�" "8�%'� *%+-#%+-,$%���#%"3%'�7 .&$" +&� &le termodinamik limitlerin 

%0-$"%+->

3. � %.#B��7%$-0"%�0 .$&'&'�+%8&#�,%#%.�, �&' �%.-0.%'�,%#%.��$%�%.�3 @&0#&�&$" +&>

4. �%.-#� &0$ "A&+&�#25$ �&'&'� �-�-'� &$ � -+-#-$"%+-�, �&' ��.+&1 '�* ,%�!%*%�8 +$ ' � .�

3�@�/3%'�-+-#"%�+%@$%'"%+-�

�/�7%$-0"%3%�"%# "%#&.+ $�"�3 $$ " �+-�%+-'3%�* �&"$&�!&3��1 '�2� #&"&� &7&'�

%.-0.%'� ,%#%.$-� " "8�%'� ./$$%'-$"%+-� B'?B�2$"20>�"�3 $$ " � +-�%+-'3%� ./$$%'-lan 

3 '.$ "$ �� * � *%�+%,-"$%�� ? $ ' .+ $� ,%.-#� &0$ "A&$ �&� , �&' � %.-0.%'� ,%#%.$-�

" "8�%'�� %.#B�$ �&'�5 ����"%'+-'-�&'A $ " .�&7&'�+ 7&$"&0#&��


&+# "&'� 8%+&#$ 0#&�&$" +&� &7&'� "�3 $$ " � +-�%+-'3%� ./$$%'-$%'� *%�+%,-"$%�� * �

.%8/$$ ��%0%@-3%�8 $&�#&$"&0#&��

1. � %.#B�3 .&�?%4$%��&3 %$�?%4�.%'/'/'%�/,%A%.�0 .&$3 �.%8/$� 3&$"&0#&��

2. S&+# "3 .&�?%4�* �.%#-��%4-'�!-4$%�-� 0&#�.%8/$� 3&$"&0#&��

3. � %.#B�� &7 �&+&'3 .&� .%#-� �%4-'� ��%'-� �%3,%$� * � %.+&,%$� ,B'$ �3 � +%8&#� �$%�%.�
%$-'"-0#-��

4. � "8�%'$%�-'�+%3 A �!&3��1 '�? 7&�3&@&�*%�+%,-$"-0#-��

5. �2.+ .�.2#$ �%.-+-'3%'�3�$%,-�.%#%$&4B��%.#&*&# +&'&'�%4%$"%+-�* �5%�#&.2$� &7&�
&$ #&"�.-+-#$%"%$%�-�&!"%$� 3&$ 8&$&��324 ,3 3&��

6. � �"%$��%3,%+,�'�&!"%$� 3&$"&0#&��

7. �&+.�4�-+-#"%�&!"%$� 3&$"&0#&��
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4.1. ���,�!'��!%!���$7&)7$'!"$.$

Modell " � ,%5-$"%3%'� B'A � ?%4-.%#-� .�'#%.� � 1&"&'&'>� .%8%�A-.$-� %.-0.%'�

,%#%.>� #2�82$%'+� %.-0.%'� ,%#%.>� !-4$-� %.-0.%'� ,%#%.� * ,%� 52'�"%#&.� #�%'+5��#� ?&8&�

� 1&"$ �3 '� !%'?&+&� �$3/@/� #%'-"$%'"%$-3-��� �%4� .%#-� .�'#%.� � 1&"&'&'� 8/$/'m%+-�

&7&'�8�,/#+/4�5%�#&.2$�7%5-�* �?%4�!-4-�! +%5$%'-�D

��� = �� �	
 �	� 
 	
 �
�2 �1/3
(4.1)

�� = �� � 	
2��	� 
 	
 �
���
1/3

(4.2)

A.-0.%'� ,%#%.� � 1&"$ �&'&'� 8�,/#+/4� ?%4� !-4-� * � 5%�#&.2$� 7%5-'%� ?B� � !%�&#%+-�

� .&$�4.1 ‘de ?B+# �&$"&0#&��(Kunii and Levenspiel, 1997).
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� .&$�4.1 �.-0.%' yatakta gaz-.%#-�.�'#%.�� 1&"$ �&

4.1.1. �$'$"3"�!��,�!' ���8�9�

�@ ��.%#- partiküller 320 ,�+&$&'3&�&.�8&��.%5� içine konulur ve silindirik kaptan 

.%#-� 5%�#&.2$$ �3 '� dah%� 3202.� ,�@/'$/.#%� 8&�� %.-0.%'� ? 7&�&$ � .>� 5%�#&.2$$ �&'

,/.%�-� 3�@�/� !%� . #&� +%@$%'-�+%> .%#- partiküllerin %.-0.%'$%0"%,%� 8%0$%3-@-�

gözlenir. �/�3/�/"�8%+-'7�3202"2'2'�.%#-�5%�#&.2$$ �&'�%@-�$-@-'-�? 7#&@&'&D�3&@ ��8&��

3 ,&0$ >� ?%4� !-4-'-'>� "&'&"/"� %.-0.%'$-.� !-4-'-� ? 7#&@&'&� ?B+# �&� (Kunii and 

Levenspiel, 1997):
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150�1 
 ��� ����3 ���� + 1.75���3 ����� �2��� = (��� )2 (4.3)

�&'&"/"�%.-0.%'$-.� !-4-'-'� %$#-'3%, � %.#B�� +%8&#� ,%#%.� ?&8&� 3%*�%'"%.#%3-�>�

8/�!-4 ? 7&$3&@&'3 � &+ �.%#-� faz %.-0.%'�?&8&�!%� . #� #" , �8%0$%�>�� %.#B��? '&0$ ��

ve partiküller ? '&0$ "&0� .%�-0-"� &7&'3 � 3%@-$-�$%� (Gelperin and Einstein, 1971).

�.-0.%'�,%#%.�� 1&"$ �&�"&'&"/"�%.-0.%'$-.�!-4-'-'�2+#2'3 �#%'-"$%'-�.

4.1.2. �#&"$'! �8�9

	%8%�A-.$-� %.-0.%'� ,%#%.$%�� "&'&"/"� %.-0.%'$-.� !-4-'-'� ! " '� 24 �&'3 �

7%$-0-��� �.-0� !-4-� %�##-.7%�gaz>� .%#-� 5%�#&.2$$ � � 3%!%� �%4$%� ./** #� /,?/$%�� * � ,%#%.�

içerisinde su k%,'%"%+-'%� 8 '4 �� 8&�� 3/�/"� ?B�2$2�>� !%*%� .%8%�A-.$%�-� �$/0/���


&�.2$%+,�'$/� %.-0.%'� ,%#%.� � 1&"$ �&>� # �"&'%$� !-4%� /$%0-$"%+-,$%� 8%0$%��� �.-0.%'�

,%#%.� &7 �&+&'3 � ?%4� !-4->� %0%@-3%� * �&$ '� # �"&'%$� !-4-'-� ? 7#&@&� 4%"%'� .%#-�

5%�#&.2$$ ��,/.%�-�3�@�/�#%0-'%�%.>�,%#%@-�# �.� 3 ��9�%&3 ��%'3�� * '+5& $>�1989):

��� = � 18(��� )2 + 0.591(��� )1/2�
1
(4.4)

��� = � 18(��� )2 + 2.335 
 1.744��(��� )1/2 �
1
(4.5)
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4.1.3. :!&%$�; �7!<&!'�, !&�

�%5-$%'� 8&�7�.� 3 ' ,� +�'�%+-'3%� %.-0.%'$%0%8&$ '� 5%�#&.2$$ � � .&$� 4.1 de 

?B�2$32@2�?&8& �>�>C� * ����$"%.� 24 � � S� ?�/5� �$%�%.� +-'-�$%'3-�-$"-0#-�� 9� $3%�#>�

1973; Geldart and Abrahamson, 1978; Kunii and Levenspiel, 1997). Son derece iyi 

8&��,%5-,%�+%!&5��$%'�<=-U=�"&.��'�%�%+-'3%.&�5%�#&.2$$ ��C�#&5&��$%�%.�+-'-�$%'3-�-$-���

�%�#&.2$$ �� %�%+-� ./** #>� 5%�#&.2$$ �&�  #.&$ , '� , �7 .&"&� ./** #&� &$ � %,'-�

" �# 8 3 3&��� �/� 5%�#&.2$$ �&� %.-0.%'$%0#-�"%.� 4��3/��� �.-0.%'$%0#-�-lmaya 

7%$-0-$3-@-'3%� .%'%$$%"%� ?B4$ '&��� �.-0.%'$%0#-�"%� &0$ "&� &7&'� .%�-0#-�"%�  #.&+&�

* � 8&$ A .�3-0�./** # � &!#&,%7�*%�3-�����#&5&�5%�#&.2$$ ��<=-R==�"&.��'�%�%+-'3%3-���

�/� 5%�#&.2$$ �� �%!%#� %.-0.%'$%0-��� �%$'-4� "&'&"/"� %.-0.%'$-.� !-4-� ? 7&$3&@&'3 >�

kab%�A-.$%� ?B�2$" 3 '�B'A >� ,%#%.�A&33&���%'3%� ? '$ 0&����� #&5&�5%�#&.2$$ ��S=-500 

"&.��'� %�%+-'3%3-��� �/nlar �%!%#� %.-0.%'$%0-�� * � "&'&"/"� %.-0.%'$-.� !-4-� ? 7&$&��

geçilmez .%8%�A-.$%��?B�2$2����.-0.%'� ,%#%.� � %.#B�$ �&'�7�@/��� #&5&�5%�#&.2$$ �� &$ �

7%$-0-��� �.-0.%'� ,%#%.$-� � %.#B�$ �3 � ./$$%'-$%'� X==�"&.��'3%'� 82,2.�5%�#&.2$$ ����

#&5&3&����.-0.%'$%0#-�"%.�&7&'�3%!%��%4$%�!-4�? � .#&�&���� ' $$&.$ �.%8%�A-.$-�%.-0.%'�

,%#%.$-�� %.#B�$ �de ��#&5&�5%�#&.2$$ ��./$$%'-$-�.

� .&$�4.2 �.-0.%' ,%#%.#%�./$$%'-$%'�5%�#&.2$$ �&'�� $3%�#�+-'-�$%'3-�-$"%+-
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4.2. �!��%��, #"-$+$'$'��)7#  #'"#+$

�%.-#� &0$ "A&+&� +&$&'3&�� 0 .$&'3 , 2 8�,/#$/� �$%�%.� "�3 $$ '"&0#&��� �%.-#�

&0$ "A&+&'&'� 7%$-0"%� 5� '+&8&' � ?B� � 8 $&�$ ' '� ?%4� .%�-0-"-� -+-#-$%�%.� * �

.%�-0#-�-$%�%.>� � %.#B�� ?&�&0&' � * �&$" .# 3&��� �%4� .%�-0-"->� .%#%$&4B�� %.#&�� %$%'%�

?&�" 3 '�B'A >�#%"�? $&0"&0�#%5%�%.-0�* ,%� 0�!-4�3%@-$-"-�,%.%$%'-����%.-#�&0$ "A&+&�

içerisine giren gaz, katalizör etkisiyle, hidrojen vermek üzere tepkimeye girer. 

��3 $&'� 8%+&#$ 0#&�&$" +&� &7&'� � %.#B�� ?&�&0&'3 .&� ?%4� %.-0-� * � ?%4-'� B4 $$&.$ �&� %,'-

.%8/$� 3&$"&0#&��

�%4��%4-'3%�.2#$ �* � ' �1&�8%$%'+$%�-D

� ����� = �� ��2����2 + 1� ����� + �2����2  
 � ����� + !�� "� (��� 
 �� ) (4.6)

�	
 ��
 �#
�� = 
�	
 ��
 �#
�� + "! !�
 �# 
 #
 � (4.7)

	%#-��%43%�.2#$ �* � ' �1&�8%$%'+$%�-D

	� �� $	
 = !�� "�%� (��� 
 �� ) (4.8)

	& ��& �#�� = '�� ��2#��2 + 1� �#�� + �2#��2  + "! !�
 �#
 
 #� + 	� * 
,�- 6- :-
4

- =1 (4.9)

Denklemlerde &�?%4-'�#2�2'2D�j reaksiyon indeksi; �g, �c ve �b (kg/m3:�+-�%+-,$%�

?%4>�.%#%$&4B��* �,%#%@-'-'�,�@/'$/.$%�-D�cpg ve cpb 9�;.?�	:�+-�%+-,$%�?%4�* �.%#%$&zör

,%#%@-'� özgün -+-$%�-D� N� .%#%$&zör ,%#%@-� gözenek fraksiyonu; hDi(m/s) i gaz 

8&$ 0 '&'&'� .2#$ � #�%'+� �� .%#+%,-+-D� �h (W/m2	:� -+-� #�%'+� �� .%#+%,-+-D T ve Tg (K) 

+-�%+-,$%�.%#-�* �?%4��%4-'�+-A%.$-.$%�-; Csi ve Ci +-�%+-,$%�.%#%$&4B� yüzeyinde ve gaz 
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fazdaki gaz türlerinin mol fraksiyonu; r ve z (m) silindirik koordinat$%�-D�Sh (m2/m3)

katalizör yatak hacmi 8%0-'%�320 '� -+-� #�%'+� ��%$%'-D�Hj

�;�� = 
 150�
 (1 
 �& )2
��2�&3 � 
 1.75(1 
 �& )	
�� �&3 �2

9�;"�$:� 1� � %.+&,�'� -+-+-; u

(m/s) ?%4�!-4-3-�.

Momentumun korunumu, Ergu'�3 '.$ "&�&$ �&�%3 � 3&$"&0#&�a

(4.10)

�%.-#� &0$ "A&+&� &7 �&+&'3 .&� ?%4-'� ,�@/'$/@/� 9	
:� +-A%.$-.� * � 8%+-'A%� 8%@$-�
�$%�%.�&3 %$�?%4�.%'/'/�&$ �3 @&0" .# 3&����,�-A%�#�5$%"�%.-0�!-4-'3%.& ? '$ 0" �* �

+-.-0"%,%�8%@$-�3 @&0&"$ ��&deal gaz kanunu ile ifade ed&$"&0#&�D

� = :#;< * >�
?

�=1 (4.11)

�%4-'� "�$ .2$ �� difüzyon .%#+%,-+-'-� ! +%5$%"%.� &7&'� H&$. � " #�3/�

./$$%'-$"-0#-��9H&$. >�RWT=:��H&$. �" #�3/'3%�3&�24,�'�.%#+%,-+-�! +%5$%'-�. '>�?%4�

.%�-0-"-'-��$/0#/�%'�?%4$%�-'�&.&$&�98&'%�,:�3&�24,�'�.%#+%,-$%�-�./$$%'-$"%.#%3-�a

�� = (1 
 @� )/ * � @���-  ?�

- =�- A�
(4.12)

Burada D i (m2;+:� &�?%4-'-'� "�$ .2$ ��3&�24,�'�.%#+%,-+-'->� ,i &� ?%4-'-'�"�$�

��%'-'-�?B+# �" .# 3&���Dij &�* �1�?%4$%�-'3%'��$/0%'�&.&$&�+&+# "$ ��&7&'�?%4�3&�24,�'�

.%#+%,-3-�>�
$%## �,�* ��&�3�" #�3/�&$ �! +%5$%'-��9
$%## �,>�RWTT; Slattery and Bird, 

1958):
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��- = 0,01498#1,81 C 1$D + 1$E F0,5

;(#�� #�- )0,1405 GH��0,4 + H�-0,4I2 (4.13)

4.2.1. 
�'�&��!&% !&��v#��!, !'*���	),3  !&�

�%0$%'?-7�.�0/$/>�

t = 0            # =  #0; �� =  ��0; (4.14)

� %.#B�2'�?&�&0�,24 ,&'3 �+-'-��0%�#$%�->�

z = 0          #
 =  #
�L ;  �� =  ���L ;  ; =  ;�L ; ��L = :#�L
;�L < M >��L?�=1 (4.15)

� %.#B�2'�7-.-0�,24 ,&'3 �+-'-��0%�#$%�->�

z = L          ����� = 0; �#
�� = 0 (4.16)

� %.#B�2'�" �. 4&'3 �+-'-��0%�#$%�->�

r = 0            ����� = 0; �#
�� = 0 (4.17)

� %.#B��" �. 4&'3 �+-'-��0%�#$%�-'-'�.2#$ * � ' �1&�8%$%'+-'%�/,?/$%'-0-D

� ����� = �� �2 �2����2 + �2����2  
 � ����� + !�� + "� (��� 
 �� ) (4.18)
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	& ��& �#�� = '�� �2 �2#��2 + �2#��2  + "! !�
 �#
 
 #� + 	� * 
,�- 6- :-
4

- =1 (4.19)

� %.#B�2'�3-0�,24 ,&'3 �+-'-��0%�#$%�->�

r = R       Hidrojen hariç tüm gazlar için; ����� = 0 (4.20)

r = R       Hidrojen ?%4-�&7&'D �!2 ��!2�� = E�2 (4.21)

�%.-#� &0$ "A&+&� &$ � ./$$%'-"� &7&'� ,�@/'� 5%$%3,/"� " "8�%'� + 7&$"&0#&�>�

" "8�%'�? 7&�? '$&@&�+-A%.$-@%�?B� �3 @&0" .# 3&����/�7%$-0"%3%�"embran-' sadece 

H2

E�2 = 
 7,21 10
2��2  NO� P
15700:# Q ×  �R	�2,� 
 R	�2,�     �ST�2!

? 7&�? '� �$3/@/� *%�+%,-$"-0#-��� ��@/'�Pd membranlar için geçirgenlik (Shu et 

al., 1994);

(4.22)

4.2.2. �+��v#�	;% #��&!'+(#&�	!%+!2� !&�

�%4-'�B4�-+-+->�# �"%$�&$ #. '$&@&�* �"�$ .2$ ��3&�24,�'�.%#+%,-$%�-�?%4�.%�-0-"-�

ve 8 +$ " � +-A%.$-@-'%� 8%@$-� �$%�%.� B'A 3 '� ! +%5$%'%�%.� 5��?�%"%� 3-0%�-3%'�

?&�&$" .# 3&���EB42"2'�8%+&#$ 0#&�&$" +&� &7&'>� -+-�* �.2#$ �#�%'+� ��.%#+%,-$%�-�� %.#B��

&7 �&+&'3 .&� ?%4$%�� &7&'� %,�-� %,�-� 3 @&$, ?%4� .%�-0-"-� &7&'� "�$� ��%.+&,�'$%�-'%� ?B� �

hesaplanm%.#%3-���
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� = * �� @�
?

�=1 (4.23)

4.2.2.1. Homojen Bir Gaz-Partikül Sistemi i�$'�	;% #��&!'+(#&�	!%+!2�+�

	2#$ �#�%'+� ��.%#+%,-+-�Jung–La Nauze’s denklemi &$ �! +%5$%'"%.#%3-� (Jung

and La Nauze, 1982);

"! = 2� + 0.69 ����� 	
��
  1/2 "�1/3 (4.24)

Sh, Sherwood ve Sc, Schmidt 8�,/#+/4�.%#+%,-$%�-'-�?B+# �" .# 3&�D

"! = !���� (4.25)

"� = �
	
 � (4.26)

Sherwood ve Sch"&3#� 8�,/#+/4� +%,-$%�-� , �&' � .�'/$arak kütle transfer 

.%#+%,-+-�! +%5$%'-�;

!� = 2�� ��� + 0.69 ��� ����� 	
��
  1/2 ���
 �
'
  1/3
(4.27)
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4.2.2.2. Homojen Bir Gaz-:!&%$�; �
$+%#"$�$�$'��+���&!'+(#&�	!%+!2�+�

��I �* �%�.%3%0$%�-�9RWXT:�-+-�* �.2#$ �#�%'+� �&�%'%$�1&+&'3 '�,�$%�7-.%�%.>�-+-�

transferi için Jung–�%��%/4 �3 '.$ "&' �7�.�8 '4 �� -+-� #�%'+� ��.%#+%,-+-�3 '.$ "&�

B' �"&0#&�D

?� = 2� + 0.69 ����� 	
��
  1/2 ;�1/3 (4.28)

Burada Nu, Nusselt ve ��>���%'3#$�8�,/#+/4�+%,-$%�-3-�;

?� = !�
 ��'
 (4.29)

;� = ��
 �
'
 (4.30)

Nusselt ve ��%'3#$� 8�,/#+/4� +%,-$%�-� , �&' � .�'/$%�%.� -+-� #�%'+� �� .%#+%,-+-�

! +%5$%'-�;

!�
 = 2�� '
�� + 0.69 '
�� ����� 	
��
  1/2 ���
 �
'
  1/3
(4.31)

4.2.2.3. Partikülden :!&%$�; #��+���&!'+(#&�	!%+!2�+�

�%�#&.2$$ �� %�%+-� -+-� #�%'+� �&� ! "� 5%�#&.2$$ �&'� &$ #. '$&@&' � ! "� 3 � %�%3%.&�

?%4-'�&$ #. '$&@&' �8%@$-��$%�%.�3 @&0&�D

'�� = (1 
 �)2'� + �2'
 (4.32)
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Burada '�� >�5%�#&.2$3 '�5%�#&.2$ � -+-� &$ #&"�.%#+%,-+-'-�?B+# �&�. 'D�.c ve kg

4.2.2.4. Çevreden �#!�%5&#��+���&!'+(#&�	!%+!2�+�=

9H;"	:� +-�%+-,$%� .%#%$izör partiküllerinin * � ?%4-'� -+-� &$ #&"� .%#+%,-+-'-�

göstermektedir.

Çevreden reaktöre 3�@�/��$%'�-+-�%.-+-�&$ �� %.#B��&7 �&+&'3 .&�&$ #&"�&$ �#%0-'%'

-+-� %.-+-'-'�  0&#$&@&'3 '� �%,3%$%'-$%�%.>� 7 *� � 0%�#$%�-'-'� � %.#B� �  #.&+&�

! +%5$%'"%.#%3-��

�'�� + '
 � �#�� =V (# 
 #% ) (4.33)

Burada Ta reaktörün 3-0-'3%.& 7 *� � +-A%.$-@-D� � ,%.-#� &0$ "A&+& 3/*%�$%�-�

8�,/'A%�? ' $�-+-�#�%'+� ��.%#+%,-+-D�kpp ve kg

1W = 1!X� + &Y + 1!X0

9H;"	:�+-�%+-,$%�.%#%$&zör partikül ve 

?%4-'�-+-�&$ #&"�.%#+%,-+-'-�?B+# �" .# 3&�� � %.#B��3-0�,24 ,&'3 �#�5$%"�-+-�#�%'+� ��

.%#+%,-+-D

(4.34)

Denklemde b ,%.-#� &0$ "A&+& 3/*%�$%�-'-'� .%$-'$-@-, hwi (W/m2K) iç duvardan 

reaktöre -+- #�%'+� ��.%#+%,-+-, hwo (W/m2

!X� = �!� + (1 
 �)!�

K) duvar-'�3-0-'3%.&�-+- #�%'+� ��.%#+%,-+->�O�

(W/mK) ,%.-#�&0$ "A&+& 3/*%�$%�-'-n -+-�&$ #&"�.%#+%,-+-3-��

�/*%�3%'�,%#%@%� -+-� #�%'+� �&� &7&'�27�# " $�" #�#�./$$%'-$"%.#%3-��8/'$%�D� # .�

partikül modeli, küme modeli ve sürekli film modelidir (Xie, 2001). Küme 

"�3 $&'3 � %.-0.%'� ,%#%@-'�5%�#&.2$� ,�@/'�* �+ ,� $#&.��$"%.�24 � � &.&� �%4� &7 �3&@&�

3202'2$" .# 3&���

(4.35)
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��5$%"� -+-� #�%'+� �&>� partikül paketleri #%�%�-'3%'� .%5$-� 3/*%�� ��%'-, f, ile 

! +%5$%'"%.#%3-� (Dutta and Basu, 2004).

� = 1 
 ZO� �
4300(1 
 �)1.39 P��[ Q0.22� (4.36)

	2" �"�3 $&'3 � 3/*%�3%'� ,%#%@%� -+-� #�%'+� �&� "�3 $$ '&�. '� 5%�#&.2$� ,�@/'�

�%4-'�&7 �&+&'3 .&�5%�#&.2$$ �&'�&$ #&"&�* �%.-0.%'-'�.�'* .+&,�'/�# " $�" .%'&4"%,-�

�$/0#/�"%.#%3-���Homojen bir sistemde f =1 olarak kabul edilmektedir. �/�7%$-0"%3%�

%.-0-'� !�"�1 '� �$3/@/� *%�+%,-$"-0>� .2" � "�3 $&� � � �%'+� %$-'%�%.� !�"�1 '� 8&��

+&+# "�&7&'�-+-�#�%'+� ��.%#+%,-$%�-�! +%5$%'"-0#-���

�.-0.%'� ,%#%.� &7 �&+&'3 .&� 5%�#&.2$$ �� 3/*%�� &$ � temas halinde bulunmazlar, 

%�%$%�-'3%�"/#$%.%�8&��?%4�.%#"%'-�8/$/'/����/�#%8%.%�5%�#&.2$�?%4�.2" +&�&$ �3/*%��

%�%+-'3%�3&� '7��$/0#/�/����%+.%.�*�9RWXS:�3/*%�%�,%.-'�5%�#&.2$$ �&'�3%@-$-"-'3%'�

.%,'%.$%'%'� 3/*%�� 3&� 'A&'&>� 3/*%�� &$ � .2" � %�%+-'3%.&� 8�,/#+/4� ?%4� %�%$-@-� 9L:�

cinsinden ! +%5$%"-0#-��

:X = !�X
1 = ���'
 (4.37)

Mickley ve Fairbanks (1955) \ süresi boyunca duvarda bulunan ve periyodik 

�$%�%.� -+-� #�%'+� �� ,24 ,&'3 � !%� . #�  3 '� 5%�#&.2$� 5%. #$ �&� &7&'� 3 '.$ "ler 

#2� #"&0#&�a

] = ,#^'�� ��� 	�_\ (4.38)

!�N = ^'�� ��� 	�_\ (4.39)
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�%�#&.2$� .2" $ �&'&'� 3/*%�3%� 8/$/'"%� 4%"%'->� 5%�#&.2$� 5%. #$ �&'&'� !-4-� 9/c

\ = [� = 0.75R	�	
 
��
0.0178	�0.596

)

ve ,%#%@-' /4/'$/@/� 9�:� A&'+&'3 '� ! +%5$%'%8&$&�� 9��," �� and Glikcsmann, 2000; 

Wu et al., 1989):

(4.40)

Gaz .%�-0-"-'3%'� .%,'%.$%'%' .�'* .+&,�'� " .%'&4"%+-� �&##/+-Boelter 

denklemi ile ifade edilmi0#&��9�&##/+�%'3��� $# �>RWU=::

!� = 0.023 '
�� :N�0.8;�0.3 (4.41)

Homojen 5%�#&.2$� 5%. #$ �&'&'� -+-� #�%'+� �&>� .�'#%.� 3&� 'A&>� 4%"%'%� 8%@$-�

5%�#&.2$�&$ #&"&�* �?%4�.�'* .+&,�'�" .%'&4"%$%�-�&$ �#%'-"$%'"%.#%3-r:

!X� = � C 1!�X + 1!�N F
1 + (1 
 �)!� (4.42)

!X� = � `���'
 + ^ _\'�� ��� �� (1 
 �)a

1

+ (1 
 �)0.023 '
�� :N�0.8;�0.3 (4.43)

� %.#B��3/*%�-'-'�3-0�. +&"$ �&'3 .&� -+-�#�%'+� ��.%#+%,-$%�- (Hoang and Chan, 

2004);

!X0 = '%�0 �0.6 + 0.387:%1/6[1 + (0.559/;�)9/16]8/27 2
(4.44)

�%4�.%�-0-"-'-'�3&'%"&.�*&+.�4&# +&>��%,$ &?!�'/"8 �;
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:% = �03
d(#X0 
 #% )e%2 ;� (4.45)

�+-�#�%'+� ��.%#+%,-$%�-'-'�! +%5$%'"%+-'3%�./$$%'-$%'�3 '.$ "$ �3 > �g (kg/ms)

?%4� .%�-0-"-'-n dinamik viskozitesi, uz (m/s) z-,B'2'3 .&� ?%4� !-4-> di ve d0 

� ���" �-'� &7� * �3-0�7%5-, Two ve Ta (K) 3-0�3/*%�$%�-'� * �7 *� � +-A%.$-@-, g (m/s2)

yerçekimsel ivmelenme, ka çevre hava'-'� -+-� &$ #&"� .%#+%,-+->� �a

4.2.3. Etkin �!.� �"�	!%+!2�+�

çevre hava'-'�

kinetik viskozitesi, M�7 *� �!%*%'-'�# �"%$�? '$ 0" �.%#+%,-+-3-�.

�%4� 3%@-$-"� .%#+%,-$%�-� &4$ ,&A&� " #�3/� (tracer) &$ � 7-.%�-$"%.#%>� .%#+%,-$%��

izleyicilerin radyal ve aksiyal pr��&$&� 4%"%'%� 8%@$-� &.&� 8�,/#$/� 3%@-$-"�3 '.$ mine 

/,3/�/$%�%.� 8/$/'"%.#%3-�� �@ �� %.+&,%$� 3%@-$-"� .%#+%,-+-� �%3,%$� 3%@-$-"�

.%#+%,-+-'3%n çok küçükse ihmal edilmektedir (van Zoonen, 1962; Yang et al., 1983; 

Gayan et al., 1997; Namkung and Kim, 2000). Kütle korunum denklemi etkin 

3%@-$-"�.%#+%,-$%�-�./$$%'-$%�%.�%0%@-3%.&�?&8&�,%4-$-�a

� ����� = �
� ��2����2 + 1� �����  + �
% �2����2 
 � ����� (4.46)

�%3,%$� 3%@-$-"� .%#+%,-+->� 3202.� 5%�#&.2$� ,�@/'$/@/'3%� 5%�#&.2$� +&�.2$%+,�'�

%.-+-� %�##-.7%� #2�82$%'+-'� 8%+#-�-$"%+-� &$ � %4%$"%.#%� (van Zoonen, 1962; Adams, 

1988; Zheng et al., 1992; Koenigsdorff and Werther, 1995), 5%�#&.2$� %.-+-'-'� 3%!%�

�%4$%�%�#"%+-,$%�3%�%0%@-�%.-0-'�%�#"%+-�+�'/A/�%�#"%.#%3-��(Zheng et al. 1992; Win 

et al., 1994).

Zheng et al. (1WW<:���?�/8/�5%�#&.2$$ �� &7&'�5%�#&.2$�,�@/'$/@/�%�##-.7%��%3,%$�

3%@-$-"� .%#+%,-+-'-'� 3%� %�##-@-'-� 8/$"/0#/��� �%+# $$�' � ve Arena (1999) A grubu 

5%�&#.2$$ �$ � ,%5#-@-� 7%$-0"%3%� &+ � 5%�#&.2$� ,�@/'$/@/� %�##-.7%� �%3,%$� 3%@-$-"�

.%#+%,-+-'-'�%4%$3-@-'-�?B+# �"&0#&�� �%3,%$�3%@-$-"�.%#+%,-+-� &$ � &$?&$&�.�� $%+,�'$%��

�%8$��S�R63 �* �&$"&0#&��(Yang W.C., 2003).
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Tablo 4.1 �%3,%$�3%@-$-"�.%#+%,-+-�.�� $%+,�'$%�-�

van Zoonen (1962) ;N
� = ����
� = 500~1000
Yang et al. (1983) �
� = 43.5 �
f(�
/�) 
 (g�/��[1 
 �])h 1 
 �� + 0.7
Werther et al. 
(1992) �
� = 0.00366����
Amos et al. (1993) ;N
� = 6.46� �(g� + �
�
)���
 �0.297

Koenigsdorff and 
Werther (1995) ;N
� = 150 + 56000(1 
 �)
Gayan et al. (1997) �
� = 1.4 10
6 ��g� + �
�
����
 �
1.14 (g� + 1) �����  
1.3 ��1.85
Adanez et al. 
(1997) �
� = 0.0002~0.0007
Namkung and Kim 
(2000)

����
� = 153.1 P���� Q0.96 � �
�
/� 
 g�/[��(1 
 �)] 3.73

Mastellone ve Arena (1999) 5%�#&.2$� 7%5-� VW� e"63 '� UR=� e"6, � 7-.%�. '>�

�%3,%$� 3%@-$-"� .%#+%,-+-'-'� %4%$3-@-'-� ?B+# �&�. '>� Gayan * � %�.%3%0$%�- (1997)

5%�#&.2$� 7%5-� UV=�e"’den 710 µm’, � 7-.%�. ' �%3,%$� 3%@-$-"�.%#+%,-+-'-'� %�##-@-'-�

?B+# �"&0#&��� �%3,%$� 3%@-$-"� .%#+%,-+-� ! +%5$%'"%+-'3%� $&# �%#2�3 � 7�.� �%4$%�

.�� $%+,�'%�* �.%8/$ ��%+#$%'"%.#%3-��

�%�#&.2$�%.-+-'-' ( Gs ) 200 kg/m2s’3 '�.272.��$3/@/�3/�/"$%�3%>�%.+&,%$�?%4�

3%@-$-"�.%#+%,-+-�5%�#&.2$�%.-+-� &$ �%�#"%.#%3-���Gs > 200 kg/m2s �$3/@/�3/�/"$%�3%�

&+ �%.+&,%$�?%4�3%@-$-"�.%#+%,-+-�5%�#&.2$�%.-+-�%�##-.7%�%4%$-��9*%'����' '>�1962). Gs

> 50 kg/m2s &+ � +%8&#� 5%�#&.2$� %.-+-'3%� %.+&,%$� ?%4� 3%@-$-"� .%#+%,-+-� ?%4� !-4-,$%�

beraber artarken (van Zoonen, 1962; Luo and Yang, 1990), Gs < 50 kg/m2s için tersi 

gözlenmektedir (Li and Wu, 1991; Bai et al., 1992).

Litera#2�3 >� %.+&,%$� ?%4� 3%@-$-"� .%#+%,-+-� ! +%5$%'"%+-� &7&'� �%�.$-�

korelasyonlar mevcuttur. Li and Wu (1991) 5%�#&.2$�B4 $$&.$ �&'3 '�* �?%4�!-4-'3%'�

8%@-"+-4��$%�%.�%.+&,%$�?%4�3%@-$-"�.%#+%,-+-�#%'-"$%"-0#-�D
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�
% = 0.195�
4.11 (4.47)

Luo ve Yang (1990) 3 ' ,$ �� +�'/A/'3%� ?%4� * � 5%�#&.2$� B4 $$&.$ �&' � 8%@$-�

.�� $%+,�'�8/$"/0$%�3-�D

�
% �
�
 = 0.11 ��
 �
 ���
  1.6 � g��� ��  0.62 ����
  1.2
(4.48)

4.2.4. Reaksiyon 	$'#%$.$

� #%'-'� 8/!%�� � ���"%+,�'/� için reaksiyonlar-� %0%@-3%� * �&$"&0#&� (Xu and

Froment, 1989);

CH4 + H2O� CO + 3H2 (4.49),�2980 = 206,2 kJ/mol

CO + H2O� CO2 + H2 (4.50),�2980 = 
41,2 kJ/mol

CH4 + 2H2O� CO2 + 4H2 (4.51),�2980 = 165 kJ/mol

� #%'-'� .-+"&� �.+&3%+,�'/� &7&'� � %.+&,�'lar-� %0%@-3%� * �&$"&0#&� (Jin et al.,

2000);

CH4 + 2O2 � CO2 + 2H2 (4.52)O ,�2980 = 
802,7 kJ/mol

CH4 + H2O� CO + 3H2 (4.53),�2980 = 206,2 kJ/mol
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CH4 + CO2 � 2CO + 2H2 (4.54),�2980 = 246,9 kJ/mol

	&' #&.�!-4�3 '.$ "$ �&D

�1 = '1 i;��4 ;�2j;�22,5 
 ;�j;�20,5
k1 l �Z?2m (4.55)

�2 = '2 �;�j;�2j;�2 
 ;�j2k2  �Z?2m (4.56)

�3 = '3 i;��4 ;�2j2
;�23,5 
 ;�j2 ;�20,5

k2k1 l �Z?2m (4.57)

�4 = '4;��4 ;j2 (4.58)

�5 = '5;��4 ;�2j �1 
 ;�j;�23
k5;��4 ;�2j (4.59)

�6 = '6;��4 ;�j2 �1 
 ;�j2 ;�22
k6;��4 ;�j2  (4.60)

DEN =1 + KCOPCO + KH2PH2 + KCH4PCH4 + KH2OPH2O /P

� '.$ "$ �3 �./$$%'-$%'�� %.+&,�'�.%#+%,-$%�-��%8$��S�<63 �* �&$"&0#&�a

H2
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Tablo 4.2 � %.+&,�'�.%#+%,-$%�-

�#!�+$2)'�8�9�+!6$% #&$ Exponansiyel öncesi 
�!%+!2� !&

Aktivasyon enerjileri ve kimyasal 
ad+)&6+$2)'��+� !&��/��>") 0

k1 (kmol bar0.5 1,17 x 10/kgcat/h) 240,115

k2(kmol bar-1 5,43 x 10/kgcat/h) 67,135

k3 (kmol bar0,5 2,83 x 10/kgcat/h) 243,914

k4 (kmol kPa2 3.96 x 10/kgcat/h) 166.07

k5 (kmol kPa2 1.51 x 10/kgcat/h) 29.0-1

k6 (kmol kPa2 8.71 x 10/kgcat/h) 23.7-2

KCH4 (bar-1 6,65 x 10) -38,28-4

KCO (bar-1 8,23 x 10) -70,65-5

KH2O 1,77 x 10(bar) 88,685

KH2 (bar-1 6,12 x 10) -82,9-11

Reaksiyon denge sabitleri

K1 (bar2 e) -26830/T+30,114

K e2
4400/T-4,036

K5 (kPa2 e) (-26262/T)+38.9

K6 (kPa2 e) (-30782/T)+42.97

4.3. Sonlu Farklar Metodu

Sonlu farklar metodu diferansiyel denklem çözme yöntemlerinden biridir. Bu 

yöntem3 � 8&$&'" , '� ��'.+&,�'/'� #2� *� 3 @ �$ �&� �%,$��� + �&+&'3 '� �%,3%$%'%�ak 

diferansiyel denklemin cebirsel 3 '.$ " � 3B'20" +&'3 � ./$$%'-$-��� �,�-.$%0#-�"%�



45

,%5-$"%3%'� B'A >� 7B42$" .� &+# ' '� 8�,/#>� 8 $&�$&� +-'-�� 3 @ �$ �&� %�%+-'3%� 8&�&"�

/4/'$/@%�9Jd:�8B$2'2���� '.$ "&'�3&@ ��8�,/#$%�-� &7&' 3 �%,'-�,öntem izlenir. Elde 

edilen cebirsel 3 '.$ "�7B42$ � .�8&$&'" , '���'.+&,�'/'�3 @ �$ �&�8 $$&�'�.#%$%�3%�

bulunur. Nodalizasyon � .&$�4.3’te * �&$"&0#&��

� .&$�4.3 Nodalizasyon

�,�-.$%0#-�"%� &7&'�� .&$�S�U6# ?B�2$32@2�?&8&>� &.&� 8�,/##%�Jd�* �J,�0 .$&'3 �

8&�&"� /4/'$/.$%�%� 8B$2'"20� 8&�� %@� %$%$-"�� �.&� 8%@-"+-4� 3 @&0. '$&� ��'.+&,�'� u ve 

8%@-"+-4� 3 @&0. '$ �� x, y olsunlar. Bu fonksiyonun x i ve y j

��+1,- = ��,- + ,O ���O + (,O)2
2! �2��O2 + (,O)3

3! �3��O3 + (,O)4
4! �4��O4 + :4

'�.#%+-'3%.&� 3 @ �&��,- = �(O�, @� ) 0 .$&'3 � &�%3 �  3&$ 8&$&��� �%,$��� + �&+&'&� ./$$%'%�%.� u(x,y) 

��'.+&,�'/'/'�8%0.%�noktalardaki de@ �leri,

(4.61)

��+1,- = ��,- + ,O ���O + (,O)2
2! �2��O2 + (,O)3

3! �3��O3 + (,O)4
4! �4��O4 + :4 (4.62)

u(x,y) fonksiyonun (x i,y j:� '�.#%+-'3%� x’ � ?B� � .-+"&� #2� *&>� Lu/Lx>� ,/.%�-3%�

verilen Denklem 4.61 ve 4.62 8%@-'#-$%�- ./$$%'-$%�%.�27�%,�-�0 .&$3 �ifade edilebilir.
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���O = ��+1,- 
 ��,-,O + j(,O) (4.63)

���O = ��,- 
 ��
1,-,O + j(,O) (4.64)

���O = ��+1,- 
 ��
1,-2,O + j[(,O)2] (4.65)

�/� #2� *$ �3 '� 8&�&'A&+&� &$ �&, � 3�@�/>� &.&'A&+&� ? �&, � 3�@�/� * � 272'A2+2� &+ �

" �. 4&� �%�.$%�� ���"/'3%� #2� *� %7-$-"-'-� &�%3 �  3 ��� � '4 �� 0 .&$3 D� u(x,y)

fonksiyonun (x i,yj

���@ = ��,-+1 
 ��,-,@ + j(,@)

:�'�.#%+-'3%�,’, �?B� �.-+"&�#ürevi, Lu/Ly %0%@-3%�* �&$3&@&�0 .&$3 �

bulunur:

(4.66)

���@ = ��,- 
 ��,-
1,@ + j(,@) (4.67)

���@ = ��,-+1 
 ��,-
12,@ + j[(,@)2] (4.68)

�.&'A&�#2� *$ �&'�* �.%�-0-.�#2� *&'�?B+# �&"$ �&�%0%@-3%�* �&$"&0#&�D
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�2��O2 = ��+1,- 
 2��,- + ��
1,-(,O)2 + j[(,O)2] (4.69)

�2��@2 = ��,-+1 
 2��,- + ��,-
1(,@)2 + j[(,@)2] (4.70)

�2��@�O = ���@ P���OQ = 12,y �P���OQi,j+1 
 P���OQi,j
1� (4.71)

�2��@�O = ui+1,j+1 
 ui
1,j+1 
 ui+1,j
1 + ui
1,j
14,x,y j[(,O + ,@)2] (4.72)

4.4. Model Denklemlerinin çözümü

Sistemi tarif eden diferansiyel denklem setinin 7B42"2'3 � &$.� %0%"%� +-'-��

'�.#%$%�-� &7&'� ? � .$&� 3 '.$ "lerin elde edilmesidir. Denklem (4.6-9) + #&' >� +-'-�

.�0/$$%�-� (4.14-17, 20-21) uygulanarak +-'-�� '�.#%$%�-'3%.&� 3 '.$ "$ � (4.18-19)

 $3 � 3&$"&0#&�� �%0$%'?-7�3 @ �$ �&�,%.-#�&0$ "A&+&'&'�8 +$ " �.�0/$$%�-3-���� '.$ "�

+ #&� 8%0$%'?-7� .�0/$/>� +-'-�� .�0/$$%�->� .2#$ � * � -+-� #�%'+� �� .%#+%,-$%�-� &$ � .�"8&' �

 3&$ � .� +�'$/� �%�.$%�� # ��&+&' � /,?/'� 0 .&$3 �  .+5$&+&#� �$%�%.� ,%4-$"-0#-��� � %.#B��

içerisindeki kütle, enerji ve momentum (4.6-11,55-60) denklemleri  0�4%"%'$-��$%�%.�

7B42$"20#2��� �%.-#� &0$ "A&+&'&'� ! +%5$%"%$%�-� %.-0.%'� ,%#%.#%� !-4$-� %.-0.%'� ,%#%.�

� 1&"&�&7&'�7B42$"20#2��
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Courant-Friedrichs-Lewy 9C��:�.�&# �&�.-+"&�3&� �%'+&, $�3 '.$ "$ �&�'2" �&.�

çöz2"2'2'� ,%.-'+%"%+-� &7&'� ? � .$&3&��� �/� .�&# � � ?B� � 3 '.$ "&'� 7B42"2� &7&'�

+ 7&$ '� 4%"%'� %�%$-@->� 3%$?%'-'� 8&�� '�.#%3%'� 8&#&0&.� '�.#%,%� .%3%�� &$ �$ " +&� &7&'�

? � .$&� 4%"%'3%'� %4� �$"%$-3-�� 9C�/�%'#�  #�� %$�>� RWXY:� � '.$ "� + #&'&'� 3202.�

!-4$%�3%�* �!-4$-�� %.+&,�'$%�3%�!%#%�* �" " +&�&7&'�4%"%'�%�%$-@->��%3,%$�* �%.+&,%$�

8�,/#$%�3%.&� 8&�&"� %�%$-.$%�3%'� 7�.� 3%!%� 3202.� #/#/$"/0#/�� C��� .%�%�$-$-.� .�&# �&�

(Courant kriteri) (Kürten et. al.,2004):

^�|�� |,�,�  2 + �|��|,�,�  2 < 1 (4.73)

�%�#&.2$� &7&� &$ #&"� .-+-#$%"%+-'3%' 3�$%,-� 8/!%�� � ���"&'?&' � %&#� � %.+&,�'�

!-4$%�-� 3 '.$ "$ � � , �$ 0#&�&$" 3 '� B'A � 9+-�%+-,$%� =>=T-0,07-0,7) etkinlik 

.%#+%,-$%�-� &$ � 7%�5-$"%.#%3-��� �/� .%#+%,-$%�� � %.+&,�'� !-4$%�-'-'� ? �7 .� 3/�/"%�

/,%�$%'"%+-� &7&'� %,%�$%'%'�.%#+%,-$%���$%�%.� #%'-"$%'%8&$&�� * �.%#%$&4B��7%5-'%�?B� �

3 @&0" .# 3&��� �,�-A%� .%#%$&4B�� ? �" #�&+&� &$ � 3 � 3 @&0" .# 3&��� ��$%,-+-,$%� 8/�

3/�/"�8%0$-�8%0-'%�.%#%$&4B��#%+%�-"�5��8$ "&��$3/@/'3%'>�� %.+&,�'$%��&7&'� #.&'$&.�

�%.#B�2�./$$%'-$"%"-0#-��
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5. �
����

�1�����������4������
�

Simü$%+,�'� +-�%+-'3%� ./$$%'-$%'� � %.#B�� 5%�%" #� $ �& * � 7%$-0"%� .�0/$$%�-�

Tablo 5.1’de * �&$"&0#&��

Tablo 5.1 Simülasyon parametreleri

�%.-#�&0$ "A&+&

/4/'$/@/�9": 2

&7�7%5-�(m) 0,08

3-0�7%5-�(m) 0,1

.%#-���%'- 0,1

Katalizör

,�@/'$/@/�9.?;"3 2200)

7%5-�9": 0,004

Besleme

+-A%.$-@-�9	: 900/ 1000/ 1100

8%+-'A-�9.�%: 506,5/ 1013/ 1519,5

?%4�!-4-�9";+: 1,7

8/!%��.%�8�'���%'- (S/C, mol/mol) 4

CH4 3(kmol/saat)

CO2 0,5(kmol/saat)

H2 12O (kmol/saat)

CO (kmol/saat) 0

H2 0,5(kmol/saat)

Paladyum membran

7%5-�9": 0,0098

.%$-'$-@-�9e": 20

+%,-+- 20

+252�2A2�?%4-'�8%+-'A-�9.�%: 101

+252�2A2�?%4-'�molar %.-0�!-4- (mol/s) 0,2
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Xu ve Froment (1989:� #%�%�-'3%'� ? $&0#&�&$ '� * �  '� 7�.� .%8/$� ?B� � " #%'-'�

8/!%�� � ���"&'?� � %.+&,�'$%�-'3%� !&3��1 '&'� .-+"&� 8%+-'A-� 8B$ '� �$%�%.� " *A/##/���

�/� 5��8$ "&'� %0-$"%+-� &7&'� � %.#B�� ?&�&0&'3 � %43%� �$+%� 8&�� "&.#%�� !&3��1 '�

8 +$ '" .# 3&����/�3/�/"�� %.#B��5 ����"%'+-'-�%4�3%��$+%� #.&$ " .# 3&��

5.1. Buhar Reformingin$'��#���)23%%!��'-# #'"#+$

�/!%�� � ���"&'?&� ? ' $$&.$ � �-�-'� &7 �&+&' � , �$ 0#&�&$ '� ,%.-#� &0$ "A&$ �&'3 �

? �7 .$ 0#&�&$&�>� 8/� ' 3 '$ � 8/!%�� � ���"&'?&>� � %.#B�� 8�,/'A%� +-A%.$-@-'� +%8&#�

#/#/$3/@/� &4�# �"%$� 0%�#$%�� %$#-'3%� &'A $ ' 8&$&��� Grafik 5.1’de izot �"%$� 0%�#$%�3%�

,%.-#� &0$ "A&+&� +&"2$%+,�'/'3%'� &0$ "A&� &7&� .�'+%'#�%+,�'� 3%@-$-"-� ?B�2$" .# 3&���

�%.-#� &0$ "A&+&�R===�	�+-A%.$-@-'3%�T�%#"�+� ��8%+-'7�%$#-'3%�7%$-0"%.#%3-����&�&0# �

* �&$ '� R�"�$�" #%'� ?%4-'%� .%�0-$-.� <>V<�"�$� !&3��1 '� ?%4-� %$-'"-0>�" #%'� ?%4-'-'�

ZVU`2� 3B'20"20#2���� %.+&,�'� ?%4-.%#-� .�'#%@-'-'� ./�/$"%+-� &$ � 8%0$%"%.#%>� .-+a

+2� 3 � 3 '? , � /$%0"%.#%3-��� Grafik 5.1’de görülen metan ve su tüketimi buhar 

� ���"&'?� � %.+&,�'$%�-'3%'� .%,'%.$%'"%.#%>� CO, CO2 ve H2 %7-@%� 7-."%.#%3-���

	%�8�'�"�'�.+&#&'��$/0#/.#%'�.-+%�8&�� +2� �+�'�%�%4%$"%,%�8%0$%"%+->� +/-?%4�? 7&0�

� %.+&,�'/'/'� 8%0$%3-@-� '�.#%,-� ?B+# �" .# 3&���� #%'� ?%4- � %.+&,�'� 8%0$%3-.#%'�

7�.� .-+%� 8&�� +2� � &7 �&+&'3 � 3 '? , � ? $&�. '>� 8/!%�-'� %4%$"%,%� 3 *%"�  #" +&� * �

daha geç denge haline gelmesi su-?%4�? 7&0�� %.+&,�'/,$%�&$?&$&3&���
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Grafik 5.1 Reaktör boyunca konsant�%+,�'�3%@-$-"-

�%.-#� &0$ "A&+&� "�3 $&'3 � � %.#B�� &7 �&+&'3 .&� 3 @&0&"&'� �&4&.+ $�  #.&$ �&� 3 �

! +%5$%'"%.� &+# '"&0>� 8/� ' 3 '$ � &3 %$� ?%4� .%'/'/'3%'� ,%�%�$%'-$%�%.>� � %.#B��

&7 �&+&'3 .&� "�$� 3 @&0&"&'&'� %.-0� !-4-'%�  #.&+&� "�3 $� &7 �&+&' � , �$ 0#&�&$"&0#&���

Grafik 5.263 � ?B�2$32@2� ?&8&>� � %.#B�� &7 �&+&'3 � ,%.-#-'� 5%�7%$%'"%+-,$%� 2� #&$ '�

!&3��1 '�"&.#%�-� &$ � 3�@�/� ��%'#-$-� �$%�%.� � %.#B�� &7 �&+&'3 .&� #�5$%"�"�$� +%,-+-� * �

?%4�!-4-�%�#"%.#%3-���Bu durum gaz-.%#-�temas süresini %4%$#"%.#%3-����B,$ A �,%.-#�

&0$ "A&+&� &7 �&+&'3 � 3 '? � 3/�/"/'%� ,%.$%0#-.7%� 3B'202"� ! "� � %.+&,�'� .&' #&@&�

%7-+-'3%'�! "�3 ��&4&.+ $��$%�%.�%4%$"%.#%3-��
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Grafik 5.2 Reaktör 8�,/'A%�?%4�!-4-

5.1.1. Membran �#!�%5&7#��! �,"!�
�-!� �.�'�'��%�$ #&$

5.1.1.1. �9)%#&"! �Membran Reaktör

� ���"&'?&� .�'#��$�  3 '� � %.+&,�'$%�-'� # �+&'&�� �$"%+-� ' 3 '&,$ � 3 '? �

�$/0#/@/�%'3%�3B'202"�3/�"%.#%3-���� '? �!%$&'&�* ,%�3 '? '&'�./�/$%A%@-�'�.#%,-�

belirleyen birçok parametre mevcuttur. E%$-0"%�+-A%.$-@-�8/�5%�%" #� $ �� &7 �&+&'3 �

 '�.�&#&.��$%'-3-���
-A%.$-.�,2.+ $3&.7 �" #%'�3B'202"2�%�#"%.#%>�+&+# "�3%!%��%4$%�

!&3��1 '�.%4%'A-'3%�3 '? , �? $" .# 3&���
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Grafik 5.3 �%�.$- 7%$-0"%�+-A%.$%�-'3%�?%4�.�'+%'#�%+,�'$%�-

Grafik 5.3’t � ?B+# �&$ '� &4�# �"%$� 0%�#$%�3%� �%�.$-� 7%$-0"%� +-A%.$-.$%�-'3%.&

� %.#B�� 7-.-0-� &'A $ '3&@&'3 >� !&3��1 '� * �&"&� +-A%.$-.$%� %�#%�. '>� R===� 	� +-A%.$-@%

/$%0#-.#%'�+�'�%�%�#-0�%4%$"%,%�8%0$%"-0#-���� #%'�#2. #&"&' �8%.-$3-@-'3%>�!&3��1 '�

2� #&"&� &7&'� # 5 � '�.#%+-'-'� RR==� 	� A&*%�-'3%� �$3/@/� ?B�2$ 8&$&�>� +-A%.$-@-'� 3%!%�

�%4$%�%�##-�-$"%+-� !&3��1 '�.%4%'A-� +%@$%"%,-5>� reaksiyonl%�-'�? �&�3B'" +&' �+ 8 5�

olac%.#-��

Grafikt �?B�2$32@2�24 � > 7%$-0"%�+-A%.$-@-�%�##-.7%�H2 * �&"&�3 �%�#"%.#%3-�>�

,%$'-4� %�#%'� +-A%.$-.� &0$ #" � "%$&, #&'&� 3 � B' "$&� B$723 � %�##-�-��� �,�-A%� ,üksek 

+-A%.$-.�&0$ #" �"%$&, #&'&'�,%'-�+-�%�CO + 7&A&$&@&'&�3 �%�##-�"%.#%3-���CO emisyonu 
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Grafik 5.4 Membran reaktörde +-A%.$-@%�8%@$-�?%4�.�'+%'#�%+,�'$%�-

Grafik 5.4’te membran reaktörün 7-.-0-'3%.&�?%4�.%�-0-"-�* �&$"&0>�" "8�%'-'�

&.&� #%�%�-'3%� 2� #&$ '� ?%4-'� #�5$%"-� . +&.$&� 7&4?&$ �$ � ?B+# �&$"&0#&�� 900 K’den

&#&8%� '�" #%'�?%4-'-'�#%"%"-'%�,%.-'�8&��.-+"-'-'�#2. '3&@&�?B42." .# 3&����,'-�

" #%'� 3B'202"� ��%'-� " "8�%'+-4� � %.#B�3 � RR==� 	’de gözlenmektedir. Seçici 

? 7&�? '� " "8�%'$%�-'� ./$$%'-$"%+->� # �"�3&'%"&.� 3 '? '&'� %0-$%�%.>� 3%!%� 3202.�

+-A%.$-.$%�3%�3%!%�,2.+ .�!&3��1 '�* �&"&�%$-'"%+-'-�+%@$%"-0#-��
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Grafik 5.5 Reaktör boyunca hidroje'�.%4%'A-

Grafik 5.56# �?B+# �&$ '� !&3��1 '�.%4%'A-�?&�&0# .&�" #%'� 8%0-'%�7-.-0#%�%$-'%'�

!&3��1 '�.�'+%'#�%+,�'/��$%�%.�* �&$"&0#&���� "8�%'�./$$%'-$"%+-� &$ �W==�	�3 � $3 �

 3&$ '�!&3��1 '�.%4%'A-'-'�" "8�%'�./$$%'-$"%3%'�RR==�	�+-A%.$-@-'3%� $3 � 3&$ '�

3B'202"3 '�7�.�3%!%�,2.+ .��$3/@/�?B�2$" .# 3&���

Grafik 5.6 Reaktör boyunca metan tüketimi
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Grafik 5.6 &'A $ '3&@&'3 � " #%'� ?%4-'-'� R===� 	� +-A%.$-@-'3%� " "8�%'�

./$$%'-$"%+-� &$ � ' � 3 ,+ � 8&#"&0��$3/@/�?B�2$" .# 3&���Grafikte membran+-4 1100 

	�7%$-0"%�+-A%.$-@-'3%>�" "8�%'$-�W==�	�+-A%.$-@-'3%'�3%!%��%4$%�" #%'�#2. #&$3&@&�

?B�2$" .# 3&��� �%$'-4� #2. #&$ '� " #%'%� .%�0-$-.� !&3��1 '� .%4%'A-� ?B4� B'2' �

%$-'3-@-'3%�%,'-� #.&�?B�2$" " .# 3&���Grafik 5.3’te 3 �?B�2$ 8&$ A @&�?&8&>�+-A%.$-.�

%�##-.7%� 3 '? � !%$&'3 .&� .%�-0-"� &7 �&+&'3 .&� !&3��1 '� "&.#%�-� %4%$"%.#%3-��� �/�

3/�/"� +-A%.$-.� %�##-.7%� � %.+&,�'$%�-'� # �+&'" , � 8%0$%"%+-� &$ � &$?&$&3&��� E%$-0"%�

+-A%.$-@-'-'�%�#"%+-�! "�,%#-�-"�"%$&, #&'&�! "�3 �&0$ #" �"%$&, #&'&�%�##-�%'�B' "$&�

8&��  #. '3&��� 	/$$%'-$%'� "%$4 " '&'� 3%,%'-.$-$-@-� * � B"�2� 7%$-0"%� +-A%.$-@-� &$ �

3�@�/3%'� &$?&$&3&����/� ' 3 '$ � 3202.� +-A%.$-.#%�" "8�%'� ./$$%'-$%�%.� 3%!%� ,2.+ .�

!&3��1 '�* �&"&�+%@$%'"%+->�/A/4�!&3��1 '�2� #&"&�&7&'�&,&�8&��%$# �'%#&�#&��

5.1.1.2. Adyabatik Membran Reaktör

�3,%8%#&.� 7%$-0"%� .�0/$$%�-'3%>� " #%'� * � +/� 8/!%�-� &+# ' '� � %.+&,�'�

+-A%.$-@-'%� ? #&�&$ � .� ,%.-#� &0$ "A&+&' � 8 +$ '" .# 3&��� �/!%�� � ���"&'?�

� %.+&,�'$%�-� +�'� 3 � A �  '3�# �"&.� �$3/@/� &7&'� ?&�&0# '� &#&8%� '� ,%.-#� &0$ "A&+&�

8�,/'A%� +-A%.$-@-'� +2� .$&� �$%�%.� 320" +&� 8 .$ ' '� 8&�� 3/�/"3/��� ��$%,-+-,$%�

&4�# �"%$�0%�#$%�$%�.-,%+$%'3-@-'3%�+&+# "&'�!&3��1 '�* �&"&�3%!%�%43-���

Grafik 5.763 � ?B�2$32@2� 24 � >� %3,%8%#&.� 7%$-0"%� .�0/$$%�-'3%� 3%� " "8�%'�

./$$%'-"-� +�'� 3 � A �  #.&$&3&��� �/� 3/�/"/'� 5�%#&.# � ? �7 .$ 0" +&� &4�# �"%$� ,%.-#�

&0$ "A&+&,$ � .-,%+$%'3-@-'3%� &0$ #" � "%$&, #&'&� B' "$&� B$723 � 3202� A .#&���Grafik 

5.8 &'A $ '3&@&'3 %3,%8%#&.� 7%$-0"%� .�0/$$%�-'3%>� ,2.+ .� !&3��1 '� 3B'202"2'2'�

,2.+ .�# �"%$�3 @&0&" �' 3 '��$3/@/�?B�2$" .# 3&��
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Grafik 5.7 �3,%8%#&.�� %.#B�3 �!&3��1 '�.%4%'A-

Grafik 5.8 �3,%8%#&.�� %.#B�3 �+-A%.$-.�3 @&0&"&

0

0,5

1

1,5

2

2,5

3

3,5

4

0 20 40 60 80 100

�
��

��
��

��
��

��
��

�

Reaktör boyu %

�����������	
��
�

�����������	
��
�

����������	
��
�

����������	
��
�

�����������	
��


�����������	
��


����������	
��


����������	
��


700

750

800

850

900

950

1000

1050

1100

1150

0 20 40 60 80 100

��
��

��
��

���
�

Reaktör boyu %

�����������	
��
�

�����������	
��
�

����������	
��
�

����������	
��
�

1100 K membran var

�����������	
��


����������	
��


����������	
��




58

5.1.2. Membran �#!�%5&7#��! �,"!��!+�'-�'�'��%�$ #&$

�&3��1 '�+ 7&A&�? 7&�? '�" "8�%'�./$$%'-$%'�8&��8/!%��� ���"&'?�� %.#B�2'3 �

7%$-0"%� 8%+-'A-� � %.+&,�'%� olumlu etkide bulunur. Memb�%'$%�-'� ? 7&�? '$&@&� &.&�

,24 ,&� %�%+-'3%.&� .�'+%'#�%+,�'>� +-A%.$-.>� 8%+-'7� * �  $ .#�&.+ $� 5�#%'+&, $ gibi 

�%�.$%�%� 3%,%'-��� �&3��1 '� " "8�%'$%�3%� &+ � &#&A&� ./** #>� " "8�%'-'� &.&� ,24 ,&�

ar%+-'3%.&�.-+"&�8%+-'7��%�.-3-��

Grafik 5.963%�?B�2$32@2 ?&8&>�,%.-#�&0$ "A&+&�&7&'�7%$-0"%�8%+-'A-'-'�%�#-�-$"%+->�

!&3��1 '&'� .-+"& 8%+-'A-'-� %�##-�%�%.�" "8�%'-� 3%!%� �%4$%�  #.&'� !%$ � ? #&�" .# 3&���

�/'/'$%�8 �%8 �>�8/!%��� ���"&'?&'&'� #.&'$&@&�7%$-0"%�8%+-'A-�%�##-.7%�%4%$"%.#%3-���

�/'/'� ' 3 '&� � ���"&'?� � %.+&,�'$%�-'3%>� � %.+&,�'%� ?&� '� ?%4$%�-'� #�5$%"�

mollerinin, reaksiyon sonras-� �$/0%'� 2�2'$ �&'� #�5$%"� "�$� +%,-+-'3%'�  .+&.�

�$"%+-3-���Le Chatelier prensibine göre 3 '? 3 .&� 8&�� .%5%$-� +&+# " � 3-0%�-dan bir 

 #.&� ,%5-$3-@-'3%� +&+# "� ��  #.&,&� ,�. etmek üzere tepki verir>� 3�$%,-+-,$%� 8%+-'A-'�

%�#"%+-�8/!%��� ���"&'?&'&'�3 '? ,&�3%!%�%4�!&3��1 '�2� #&"&'3 �./�"%+-'%�,�$�%7%��

Grafik 5.9 E%$-0"%�8%+-'A-'-'�!&3��1 '�.%4%'A-'%� #.&+&
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5.2. Buhar �#()&"$'*$'$'���$��)23%%!��'-# #'"#+$

�%4-� 3/�/"$%�3%>� " "8�%'+-4� 8&�� � %.#B�3 � 8/!%�� � ���"&'?� # .� 8�,/##%�

&'A $ ' 8&$ '� 8&�� 5��8$ "3&��� � "8�%'� ./$$%'-"-'3%� &+ >� " "8�%'� � %.#B�2'�

,24 ,&'3 � �$3/@/� durumlarda, memb�%'-'�  #.&'$&@&� � %.#B�2'� 7%5-'%>� � %.#B��

içerisindeki radyal difüzyona veya et.&'�3%@-$-"��%.#B�2' �8%@$-��$%�%.�3 @&0 A .#&��

Hidrojen .%4%'A-� Grafik 5.1063%� ?B�2$ '� &.&� 8�,/#$/� +&+# "� &7&'� 7-.-0#%�

!%A&"+ $� �$%�%.� ! +%5$%'%'� !&3��1 '� .�'+%'#�%+,�'/'/'� ?&�&0# .&� " #%'�

konsantrasyonuna bölünmesi &$ � ! +%5$%'"-0#-��� Grafik 5.1163 � R===� 	� +-A%.$-kta

� %.#B�� &7 �+&'3 .&� " #%'� #2. #&"&� ?B+# �&$"&0#&�. Metan tüketiminin reaktörün 

" "8�%'%�,%.-'��$%'�.-+"-'3%�3%!%�7�.��$3/@/�?B�2$" .# 3&���

Grafik 5.10 �.&�8�,/#$/�adyabatik � %.#B�3 �!&3��1 '�.%4%'A-
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Grafik 5.11 �.&�8�,/#$/�%3,%8%#&.�� %.#B�3 �metan tüketimi

� %.#B�2'� " "8�%'� #%�%�-'3%� !&3��1 '� 7 .&$" +&� # �"�3&'%"&.� 8%�&, �&'�

%0-$"%+-'%� * � � ���"&'?� � %.+&,�'$%�-'-'� 3%!%� &$ �&3 � dengeye gelmelerine neden 

�$"/0#/��� �B,$ A � " #%'� #2. #&"&� * � !&3��1 '� 2� #&"&� %�#"-0#-��� Grafik 5.12’de

?B+# �&$ '� +-A%.$-.� 3%@-$-"-� &'A $ '3&@&'3 � +�'� 3 � A �  '3�# �"&.� �$%'� � ���"&'?�

� %.+&,�'$%�-'-'�" "8�%'�#%�%�-'3%�3%!%��%4$%�? �7 .$ 0#&@&�?B�2$" .# 3&��

Grafik 5.12 �.&�8�,/#$/�%3,%8%#&.�� %.#B�3 �+-A%.$-.�3%@-$-"-
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5.2.1. Reaktörde Radyal �5'7#��!.� �"�'��'-# #'"#+$

�.-0.%'� ,%#%.� � %.#B�$ �� �%3,%$� ,B'3 � 3%@-$-"-'� 3%!%� &,&� �$"%+-� ' 3 '&,$ �

daha verimlidir. Grafik 5.136# � R===� 	� +-A%.$-kta �%�.$-�  #.&'� �%3,%$� 3%@-$-"�

.%#+%,-$%�-� &7&'� &.&� 8�,/#$/� (2D) çözümler ile tek boyutlu (1D) çözümün 

.%�0-$%0#-�-$"%+-� ?B+# �&$"&0#&��� � "8�%'� � %.#B�2'� ,24 ,&'3 � �$3/@/� &7&'>�

m "8�%'-'� #.&'$&@&�� %.#B�2'�&7 �&+&'3 .&��%3,%$�3%@-$-" &$ �3 @&0" .# 3&�.

Grafik 5.13 Etkin radyal 3%@-$-"�.%#+%,-+-'-'�" "8�%'�� %.#B�3 .&� #.&$ �&

�.&� 8�,/#$/� � %.+&,�'-3&�24,�'� +&+# "&'3 � &3 %$� 3%@-$-"-'� +%@$%'"%+->�Grafik 

5.136# � ?B�2$32@2�?&8&� +&+# "& tek boyutlu çözüml � B43 0� !%$ � ? #&�" .# 3&����@ ��

radyal 3%@-$-"�&3 %$�3 @&$� &+ �� %.#B��!%A"&�8%0-'%�" "8�%'�%$%'->�3&@ ��8&��3 ,&0$ �

reaktörün boy-7%5� ��%'-� B' "� .%4%'"%.#%3-��� �%.-#-'� &0$ '" 3 '� ? 7" " +&� &7&'�

� %.#B��8�,/�%�##-�-$"%$-�* ,%�7%5-�3202�2$" $&3&��
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5.2.2. Reaktör Boy-�!?�
&!'�'�'��%�$ #&$

Grafik 5.14’3 � R===� 	� +-A%.$-kta boy-7%5� ��%'-'-'�  #.&$ �&� ?B+# �&$"&0#&���

� %.#B�2'��;����%'-�� %.#B�3 '�7 .&$ '�!&3��1 '�"&.#%�-'-�3�@�/3%'� #.&$ " .# 3&���

Çünkü reaktör yüzeyinden çekilen hidrojen mik#%�-� " "8�%'� ,24 ,&� &$ � 3�@�/�

��%'#-$-3-���� %.#B�2'��;����%'-�� %.#B��!%A"&�8%0-'%�320 '�" "8�%'�%$%'-3-���

G4 $$&.$ �" "8�%'�� %.#B�$ �3 >�� %.#B��&7 �&+&'3 .&��%3,%$�3%@-$-"-'�, # �&'A �

&,&��$"%3-@-�3/�/"$%�3%�?%4�.%�-0-"-�3 '? �!%$&' �? $" 3 '�� %.#B�2 terk edebilir. 

�%.-#-'� � %.#B�� &7 �&+&'3 � .%$"%� 4%"%'-� # �"�3&'%"&.� 3 '? '&'� ./�/$"%+-'-�

+%@$%,%A%.� +2� 3 � ? �7 .$ 0" $&3&�� �%.-#-'� � %.#B�� &7 �&+&'3 .&� "&'&"/"� .%$"%�

4%"%'-� � %.#B�� 8�,/� &$ � 3�@�/3%'� ��%'#-$-3-���Böyle durumlarda reaktörün boy-çap 

��%'-� B' "� .%4%'-�>� !&3��1 '� .%4%'A-'-'� %�##-�-$"%+-� &7&'� 3 '? , � /$%0%'%� .%3%��

reaktörün boy-7%5���%'-�%�##-�-$"%$-3-���

Grafik 5.14 Reaktör boy-7%5���%'-'-'� #.&$ �&
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5.2.3. Re!�%5&��!?�'�'��%�$ #&$

� %.#B�� 7%5->� " "8�%'� � %.#B�2'�  #.&$&� 8&�� 0 .&$3 � ./$$%'-$"%+-� &7&'� B' "$&�

5%�%" #� $ �3 '� 8&�&3&��� � %.#B�� 7%5-'-'� �%4$%� %�##-�-$"%+->� " "8�%'-'�  #.&'$&@&'&�

%4%$#%8&$" .# >�8%4-�3/�/"$%�3%�� %.#B��8�,-7%5���%'-�' �.%3%��%�##-�-$-�+%�%�##-�-$+-'�

,%.-#-'�#%"��$%�%.�&0$ '" 3 '�� %.#B�3 '�%,�-$"%+-'%�' 3 '��$%8&$" .# 3&���� %.#B��

7%5-'-'�küçük �$3/@/�3/�/"$%�3%� &+ # �"�3&'%"&.�3 '? , �3%!%�!-4$-�? $&'" .# >�

� %.#B�� 8�,/� .-+%$#-$%�%.� ,%#-�-"� "%$&, #&� * � � %.#B�� !%A"&� %4%$"%.#%3-��� � %.#B��

7%5-'-'� .272$#2$" +&� %,'-� 4%"%'3%� 8&�&"� 4%"%'3%� &0$ ' '� ,%.-#� "&.#%�-'-� * �  $3 �

 3&$ '�!&3��1 '�"&.#%�-'-�%4%$#%A%.#-���Grafik 5.15’te R===�	�+-A%.$-kta �%�.$- reaktör 

7%5$%�-�&7&'�!&3��1 '�.%4%'A-�* �&$"&0#&��

Grafik 5.15 � %.#B��7%5-'-'�!&3��1 '�.%4%'A-'%� #.&+&
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5.3. Oksijen Beslemeli Buhar Reforming

Oksijen beslemeli buhar reformingi, ototermal reforming olarak ta

8&$&'" .# 3&��� 
#�# �"%$� � ���"&'?>� ,%.-#-'� 8 $&�$&� 8&�� .-+"-'-'� � %.+&,�'� -+-+-'-

.%�0-$%"%.�24 � �,%.-$"%+-�5� '+&8&�&$ �7%$-0"%.#%3-��

5.3.1. �$&$,%#�$��!9�	)"?)9$+2)'3'3'��%�$ #&$

Grafik 5.16 ’da W==� 	� +-A%.$-@-'3%.&� � %.#B�2' hidrojen verimi, ?&�&0# .&

oksijen besleme ��%'-� =� * � R>T= kmol/saat, buhar-,%.-#� ��%'-� R� * � S� %�%+-'3%�

3 @&0#&�&$ � .�?B+# �&$"&0#&��

Grafik 5.16 
.+&1 '�8 +$ " $&�8/!%��� ���"&'?3 �!&3��1 '�.%4%'A-

Grafikte ?B�2$32@2�24 � � %.#B�>�,%.-#-'�,%'-�+-�%��.+&1 '$ �8 +$ '3&@&�4%"%'�

!&3��1 '� * �&"&� %�#"%.#%3-��� Reaktörün membranl-� * ,%� " "8�%'+-4�

.�'�&?2�%+,�'$%�-'3%>� ,2.+ .� �.+&1 '-,%.-#� * � 8/!%�-,%.-#� ��%'$%�-'3%� !&3��1 '�

* �&"&'&'�3 �,2.+ .��$3/@/�?B�2$" .# 3&���
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5.3.2. Oksijenin Reakt5&�
�-!� �.�'!��%�$+$

Grafik 5.17’de ?B�2$32@2�24 � �8/!%��� ���"&'?&�+-�%+-'3%�,%.-#-'�,%'-�+-�%�O2

8 +$ '" +&�  .4�# �"&.� �.+&3%#&�� � %.+&,�'$%�� &$ � � %.#B�� +-A%.$-@-'-� %�##-�"%.#%3-���


.+&3%#&�� � %.+&,�'$%�� +�'� 3 � A � !-4$-� ? �7 .$ 0" .# >� � %.#B�� +-A%.$-@-'-� 8&�3 '�

%�##-�"%.#%3-��� � %.#B�� +-A%.$-@-'-'� +2� .$&� 32020� ?B+# �" +&� 8/!%�� � ���"&'?�

reaksiyon$%�-'-'� &!#&,%A-� �$%'� -+-,-� �.+&3%#&�� � %.+&,�'$%�3%'� # "&'�  3 � .�

reaksiyonun � %.#B�� 8�,/'A%� ,%.-#-� !&3��1 ' � 3B'20#2�" .# � �$3/@/'/�

göstermektedir.

Grafik 5.17 
.+&1 '&'�� %.#B��+-A%.$-@-'%� #.&+&
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6. SONUÇL������@�������

6.1. Sonuçlar

� #%'�?%4-'3%'�8/!%��� ���"&'?�,B'# "&,$ �hidrojen üretimi &7&'�+%8&#�,%#%.$-�

� %.#B�$ �� * � %.-0.%'� ,%#%.$-� " "8�%'� � %.#B�$ �$ � ./$$%'-$%8&$ A .� ? ' $� 8&��

matematiksel "�3 $��$/0#/�/$"/0#/���
$3/.7%�3 #%,$->�.%�"%0-.�� %.+&,�'$%�-, -+-�* �

kütle transferlerini, sistem özelliklerini de içeren çok boyutlu bu model özgün bir 

metotla nümerik olarak çözül"20#2��� �/� 5%. #-modelle konsantrasyonlar ve 

+-A%.$-.$%��%'%$&4� 3&$ 8&$" .# >�%,'-�4%"%'3%�+&+# "�B4 $$&.�3 @ �$ �&'&�3 @&0#&� � .�

geni0�%$%'$%�%�/ygulanabilmektedir.

� $ ' .+ $� ,%.-#� &0$ "A&$ �&' � .-,%+$%� " "8�%'$-� %.-0.%'� ,%#%.� � %.#B�$ ��

# �"�3&'%"&.�3 '? �8%�&, �&'&�%0%�%.>�3%!%�3202.�+-A%.$-.$%�3%>�3%!%�3202.�8/!%�-

,%.-#���%'$%�-'3%�* �3%!%�,2.+ .�8%+-'7#%�7%$-0%8&$ '�3%!%�* �&"$&�!&drojen üretimi 

�$%A%@-�?B+# �&$"&0#&�.

�%.-#� &$ �8 �%8 ���.+&1 '�8 +$ '" +&� &$ �" #%'-'� '3�# �"&.�8/!%��� ���"&'?&�

� %.+&,�'$%�-� &$ � 3B'202"2� &7&'� ? � .$&� -+-� +%@$%'"%+-� "2".2'32��� 
.+&1 '�

8 +$ '" +&�%3,%8%#&.�7%$-0"%�0%�#$%�-'3%�?B�2$ ' � %.#B��?&�&0&'3 .& ,2.+ .�+-A%.$-.�

320202'2�  '? $$ , � .>� 3%!%� &,&� +-A%.$-.� 5���&$&� �$/0#/�"%.#%3-�� Endotermik buhar 

� ���"&'?&�* � .4�# �"&.��.+&3%#&��� ���"&'?�� %.+&,�'$%�-'-'�8&��%�%3%�./$$%'-$"%+-�

,2.+ .�!&3��1 '&'�,%'-�+-�%�+&+# "&'� ' rji verimin&�3 �%�##-�"%.#%3-��

6.2. Öneriler


.+&1 '&'� ,%.-#$%� 8 �%8 �� 8 +$ '" +&� , �&' � " "8�%'� *%+-#%+-� &$ � � %.#B��

boyunca sisteme * �&$" +&� +-A%.$-.� 5���&$&'&� &,&$ 0#&� � .>� +&+# "� * �&"&ni %�##-�-A-�

etkide 8/$/'%A%.#-����%!% 3202.�+-A%.$-.$%�3%�* �3%!%�3202.�8/!%�-y%.-#���%'$%�-'3%�

!&3��1 '�* �&"&'&'�%�##-�-$"%+->�3%!%�.�"5%.#�#%+%�-"$%�a izin verecektir.
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�/�7%$-0"%3%>�reaksiyon etkinlik faktörü>��%3,%$�* �%.+&,%$�3%@-$-"��%.#B�2 gibi 

sonucu deneye uyarlamak için ./$$%'-$%'� .%#+%,-$%� ./$$%'-$"%"-0#-��� � �7 .

durumda, partikül &7&�.2#$ �&$ #&"�.-+-#$%"%+-'3%n 3�$%,->�5%�#&.2$ 7%5-'%�8%@$-��$%�%.�

� %.+&,�'� !-4$%�-'-'� ,%*%0lama+-� 8 .$ ' 8&$&�. R%3,%$� 3%@-$-"�.%#+%,-$%�-'-'� %'%$&4&�

hariç iki boyutlu çözümlerde, "�$ .2$ �� 3&�24,�'� .%#+%,-$%�-� ./$$%'-$"-0#-�>� 8/�

durum memb�%'-'�  #.&$ �&'&'� 3%!%� %4� ?B�2$" +&' � ' 3 '� �$"/0#/�>� %.-0.%'�

,%#%.$%�3%� �%3,%$� 3%@-$-" 9.%�-0"%: +�'� 3 � A � &,&� �$3/@/'3%'�" "8�%'-'�  #.&$ �&�

çok daha fazla olacak#-��
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EK-A������SAYAR PROGRAMLARI

!  ***************************************************************

f��g���������	
�	���	�
�
�����
����
� *

f��g���	�����������
������G���� *

!  * *

f��g(��(����a����������
��������
���������� *

!  * PROGRAMLAYAN *

!  * ÖZGÜN YÜCEL *

!  * ��	
�	���
��
�������������� *

!  * ��
������������������
��
��( *

!  * *

!  * SON GÜNCELLEME: 01/08/2010                                 *

!  ***************************************************************

PROGRAM MAIN

REAL(4) Q(50),QX(50),T1(50),FO2

!  * ÖRNEK: CALL FORMER(Q,W,X,T1,Y,Z) *

f��g�Hh�����������	������>�Fh�E�������
�C�	����� *

f��g��h��(���;��	���
����>���h�
	
�������
����
��9	�
�;
���: *

!  * *

CALL FORMER(Q,1000.0,0.0,T1,1.0,0.0)

END PROGRAM

f��
����������������������������
����

SUBROUTINE FORMER(Q,QT,L_M,T1,LO,LO2)

IMPLICIT NONE

REAL(4)::DZ,DR,DT,PCAT,D,U(50),DRA(5),RR(5,50,6),PZ(50),TA,N_TOT

,F(7),QQ,QT,L_M,LO,LO2,K_STAR1,K_STAR2

REAL(4), INTENT(INOUT)::Q(50),T1(50)

REAL(4),DIMENSION(5,50)::T,TS,T_OLD,TS_OLD

REAL(4),DIMENSION(5,50,7)::RC,N,P,N_OLD
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REAL::ETIME,TOTAL,ELAPSED(2),KK,RHO_B,RHO_G,CP_B,CP_G,SH,

ALPHA,DP,GS,PR_G,RE,LAMDA_G,MJ,JH2(50),PMH2(50),VOID_F,M1,

M2(5),M3,M4,M5,M6(50),M7,M8,M9(5),M10,M11(50),HH,SIGMA,DH(6),A

REA,MU_G,KD,KG,KV,AREA_M

REAL(8)::EPS

INTEGER::O,E,I,J,K,L

OPEN(UNIT=10,FILE='DAT.TXT',STATUS='REPLACE')

OPEN(UNIT=11,FILE='DAT2.TXT',STATUS='REPLACE')

f
�������

DT=5.0E-6

!REAKTÖR BOYULARI

DZ=20E-3

DR=1E-2

!REAKTÖR TASARIMI

PCAT=200.0/3.60

D=5E-5

AREA=(DR*4)*(DR*4)*3.140

AREA_M=3.14*2.0*9.78E-3*2.0/100.0

f�����������	�G�����	����

RHO_B=400.0

CP_B=980.0

CP_G=4250.0

KK=13.8

KG=0.26

SH=4000.0

HH=511.0

ALPHA=0.0 

VOID_F=0.9

LAMDA_G=0.0532

MU_G=0.031E-3

DP=1E-4 !186.0E-6

MJ=L_M*20.0*7.21E-2/(20.0E-6*3600.0)

KK=VOID_F*VOID_F*KG+(1-VOID_F)*(1-VOID_F)*KK
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f���	�G������������E�	
�(�����

F(1)=3.0001 !CH4

F(2)=LO2 !O2

F(3)=0.5 !CO2

F(4)=LO*F(1) !H2O

F(5)=0.0 !CO

F(6)=0.5001 !H2

F(7)=0.0001 !N2

T=QT

TS=QT

TA=QT

PZ=506.5

!HESAPLAMALAR

U=2.5 !SUM(F(1:7))*8.314*T(1,1)/(PZ(1)*3.6*1000.0*AREA)

N(1:5,1:50,1)=F(1)/(U(1)*AREA*3.6) !CH4

N(1:5,1:50,2)=F(2)/(U(1)*AREA*3.6) !O2

N(1:5,1:50,3)=F(3)/(U(1)*AREA*3.6) !CO2

N(1:5,1:50,4)=F(4)/(U(1)*AREA*3.6) !H2O

N(1:5,1:50,5)=F(5)/(U(1)*AREA*3.6) !CO

N(1:5,1:50,6)=F(6)/(U(1)*AREA*3.6) !H2

N(1:5,1:50,7)=F(7)/(U(1)*AREA*3.6) !N2

RHO_G=PZ(1)*(N(1,1,1)*16+N(1,1,2)*32+N(1,1,3)*44+N(1,1,4)*18&

&+N(1,1,5)*28+N(1,1,6)*2+N(1,1,7)*28)/(SUM(N(1,1,1:7))*8.31451*T(1,1))

K_STAR1=(RHO_G*(RHO_B-RHO_G)*9.8/(MU_G*MU_G))**(1.0/3.0)

K_STAR2=(RHO_G*RHO_G/(MU_G*9.8*(RHO_B-RHO_G)))**(1.0/3.0)

KD=150.0*MU_G*(1-VOID_F)*(1-

VOID_F)/(DP*DP*VOID_F*VOID_F*VOID_F*1000.0)

KV=1.75*(1-VOID_F)*RHO_G/(DP*VOID_F*VOID_F*VOID_F*1000.0)

DO J=1,2

DO I=2,50

PZ(I)=PZ(I-1)-KD*U(I)*DZ-KV*U(I)*U(I)*DZ

U(I)=U(1)*SUM(N(5,I,1:7))*T(5,I)/(SUM(N(5,1,1:7))*T(5,1))

END DO
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END DO

GS=RHO_G*U(1)

PR_G=CP_G*MU_G/LAMDA_G

RE=RHO_G*U(1)*DP/MU_G

WRITE (*,*) RE,U,RHO_G,GS,KD,KV

DO I=1,5

DRA(I)=(I-1)*DR

IF (DRA(I)==0) THEN

DRA(I)=0.01

END IF

END DO

M1=KK*DT/(RHO_B*CP_B*DR**2)

M2(1:5)=KK*DT/(RHO_B*CP_B*DR*DRA(1:5))

M3=KK*DT/(RHO_B*CP_B*DZ**2)

M4=SH*HH*DT/(RHO_B*CP_B)

DH(1:6)=(/206.2E3,-41.2E3,165.0E3,-802.7E3,206.2E3,246.9E3/)

M5=PCAT*DT/(RHO_B*CP_B*1.0)

M6=-U*DT/(VOID_F*DZ)

M7=SH*HH*DT/(RHO_G*VOID_F*CP_G)

M8=D*DT/(DR*DR*VOID_F)

M9=D*DT/(DR*DRA(1:5)*VOID_F)

M10=5E-5*DT/(DZ*DZ*VOID_F)

M11=-DT*U/(DZ*VOID_F)

EPS=0.01

f	
�
�����
�
�>�
�C�	��	>���
��E�����������	���������

!EG�����
�

DO O=1,100000000

E=MOD(O,50000)

IF(E==1) THEN

WRITE (*,*) O

WRITE (*,*) RE,U,RHO_G,GS,KD,KV,PZ,K_STAR2

EPS=ABS(EPS-N(5,50,6))/EPS

IF(EPS<0.00001) EXIT
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EPS=N(5,50,6)

END IF

N_OLD=N

T_OLD=T

TS_OLD=TS

DO J=2,50

U(J)=U(1)*SUM(N(1,J,1:7))*T(1,J)/(SUM(N(1,1,1:7))*T(1,1))

PZ(J)=PZ(J-1)-KD*U(J)*DZ-KV*U(J)*U(J)*DZ

PMH2(J)=SUM(JH2(1:J))*100.0/(SUM(JH2(1:J))+0.200/(20.0*AREA_M*J))

IF (PMH2(J)<0.001) PMH2(J)=0.0

M6=-U*DT/(VOID_F*DZ)

M11=-U*DT/(VOID_F*DZ)

DO I=1,5

SIGMA=0.0

N_TOT=SUM(N(I,J,1:7))

DO K=1,6

P(I,J,K)=(N(I,J,K))*PZ(J)/N_TOT

SIGMA=SIGMA+DH(K)*RR(I,J,K)

END DO

CALL RATES(T(I,J),P(I,J,1:7),RR(I,J,1:6),RC(I,J,1:7),TS(I,J))

10 IF (I==5) THEN

JH2(J)=MJ*EXP(-15700.0/(8.31451*T(5,J)))*(P(5,J,6)**0.5-PMH2(J)**0.5)

IF(SUM(JH2(1:J))<0) JH2(J)=0.001

END IF

E=MOD(I,5)

IF (J<50) THEN

IF (E==1) THEN

TS(I,J)=TS(I,J)+M1*(-4*TS(I,J)+4*TS(I+1,J))+M3*(TS(I,J+1)-

2*TS(I,J)+TS(I,J-1))+M4*(T(I,J)-TS(I,J))-SIGMA*M5

ELSE IF (E==0)THEN

TS(I,J)=TS(I,J)+M1*(-ALPHA*DR*(TS(I,J)-TA)/KK-TS(I,J)+TS(I-

1,J))+M2(I)*(TS(I,J)-TS(I-1,J))+M3*(TS(I,J+1)-2*TS(I,J)+TS(I,J-

1))+M4*(T(I,J)-TS(I,J))-SIGMA*M5
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ELSE

TS(I,J)=TS(I,J)+M1*(TS(I+1,J)-2*TS(I,J)+TS(I-1,J))+M2(I)*(TS(I,J)-TS(I-

1,J))+M3*(TS(I,J+1)-2*TS(I,J)+TS(I,J-1))+M4*(T(I,J)-TS(I,J))-SIGMA*M5

END IF

ELSE

IF (E==1) THEN

TS(I,J)=TS(I,J)+M1*(-4*TS(I,J)+4*TS(I+1,J))+M3*(TS(I,J)-

2*TS(I,J)+TS(I,J-1))+M4*(T(I,J-1)-TS(I,J))-SIGMA*M5

ELSE IF (E==0)THEN

TS(I,J)=TS(I,J)+M1*(-ALPHA*DR*(TS(I,J)-TA)/KK-TS(I,J)+TS(I-

1,J))+M2(I)*(TS(I,J)-TS(I-1,J))+M3*(TS(I,J)-2*TS(I,J)+TS(I,J-

1))+M4*(T(I,J-1)-TS(I,J))-SIGMA*M5

ELSE

TS(I,J)=TS(I,J)+M1*(TS(I+1,J)-2*TS(I,J)+TS(I-1,J))+M2(I)*(TS(I,J)-TS(I-

1,J))+M3*(TS(I,J)-2*TS(I,J)+TS(I,J-1))+M4*(T(I,J-1)-TS(I,J))-SIGMA*M5

END IF

END IF

DO K=1,6

IF (J<50) THEN

IF (E==1) THEN

N(I,J,K)=N(I,J,K)+M8*(4*N(I+1,J,K)-4*N(I,J,K))+M10*(N(I,J+1,K)-

2*N(I,J,K)+N(I,J-1,K))+M11(J)*(N(I,J,K)-N(I,J-

1,K))+PCAT*RC(I,J,K)*DT/VOID_F

ELSE IF (E==0)THEN

N(I,J,K)=N(I,J,K)+M8*(-1*N(I,J,K)+N(I-1,J,K))+M10*(N(I,J+1,K)-

2*N(I,J,K)+N(I,J-1,K))+M11(J)*(N(I,J,K)-N(I,J-

1,K))+PCAT*RC(I,J,K)*DT/VOID_F

IF (K==6) THEN

DO L=1,1

N(I,J,K)=N(I,J,K)+M8*(-1*N(I,J,K)+N(I-1,J,K)-DR*JH2(J)/D)+M9(I)*(-

DR*JH2(J)/D)+M10*(N(I,J+1,K)-2*N(I,J,K)+N(I,J-1,K))+M11(J)*(N(I,J,K)-

N(I,J-1,K))+PCAT*RC(I,J,K)*DT/VOID_F

END DO
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END IF

ELSE

N(I,J,K)=N(I,J,K)+M8*(N(I+1,J,K)-2*N(I,J,K)+N(I-

1,J,K))+M9(I)*(N(I+1,J,K)-N(I,J,K))+M10*(N(I,J+1,K)-2*N(I,J,K)+N(I,J-

1,K))+M11(J)*(N(I,J,K)-N(I,J-1,K))+PCAT*RC(I,J,K)*DT/VOID_F

END IF

ELSE

IF (E==1) THEN

N(I,J,K)=N(I,J,K)+M8*(4*N(I+1,J,K)-4*N(I,J,K))+M10*(-1*N(I,J,K)+N(I,J-

1,K))+M11(J)*(N(I,J,K)-N(I,J-1,K))+PCAT*RC(I,J,K)*DT/VOID_F

ELSE IF (E==0)THEN

N(I,J,K)=N(I,J,K)+M8*(-1*N(I,J,K)+N(I-1,J,K))+M10*(-1*N(I,J,K)+N(I,J-

1,K))+M11(J)*(N(I,J,K)-N(I,J-1,K))+PCAT*RC(I,J,K)*DT/VOID_F

IF (K==6) N(I,J,K)=N(I,J,K)+M8*(-1*N(I,J,K)+N(I-1,J,K)-

DR*JH2(J)/D)+M9(I)*(-DR*JH2(J)/D)+M10*(-1*N(I,J,K)+N(I,J-

1,K))+M11(J)*(N(I,J,K)-N(I,J-1,K))+PCAT*RC(I,J,K)*DT/VOID_F

ELSE

N(I,J,K)=N(I,J,K)+M8*(N(I+1,J,K)-2*N(I,J,K)+N(I-

1,J,K))+M9(I)*(N(I+1,J,K)-N(I,J,K))+M10*(-1*N(I,J,K)+N(I,J-

1,K))+M11(J)*(N(I,J,K)-N(I,J-1,K))+PCAT*RC(I,J,K)*DT/VOID_F

END IF

END IF

IF (N(I,J,K)<0.0) THEN 

RR(I,J,1:6)=RR(I,J,1:6)*0.90

RC(I,J,1:7)=RC(I,J,1:7)*0.90

N=N_OLD

T=T_OLD

TS=TS_OLD

GO TO 10

END IF

END DO

T(I,J)=T(I,J)+M6(J)*(T(I,J)-T(I,J-1))+M7*(TS(I,J)-T(I,J))

END DO
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END DO

END DO

!SONUÇLARIN YAZDIRILMASI

DO K=1,6

WRITE(10,*) "REACTION RATES",K

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') (RR(J,I,K),J=1,5)

END DO

WRITE (10,*)

END DO

WRITE (10,*)

DO K=1,6

WRITE(10,*) "CONVERTION RATE",K

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') (RC(J,I,K)*PCAT*DZ/U(I),J=1,5)

END DO

WRITE (10,*)

WRITE(10,*) "CONCENTRATION",K

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') (N(J,I,K),J=1,5)

END DO

WRITE (10,*)

END DO

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') (TS(J,I),J=1,5)

END DO

WRITE (10,*)

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') (T(J,I),J=1,5)

END DO

WRITE (10,*)

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') (P(J,I,6),J=1,5)
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END DO

WRITE (10,*)

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') JH2(I),SUM(JH2(1:I)),PMH2(I)

END DO

WRITE (10,*)

WRITE (10,*) "VELOCITY,PRESSURE,",K_STAR1*DP

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') U(I),PZ(I),U(I)*K_STAR2

END DO

WRITE (10,*)

IF (L_M<0.5) THEN

WRITE (10,*) "TEMP.=",QT,"  MEMBRANE OFF"

ELSE

WRITE (10,*) "TEMP.=",QT,"  MEMBRANE ON"

END IF

DO I = 1, 50

N_TOT=SUM(N(5,I,1:7))

WRITE(10,'(1X,150G15.6,1X)') 

N(5,I,1)/N_TOT,N(5,I,2)/N_TOT,N(5,I,3)/N_TOT,N(5,I,4)/N_TOT,N(5,I,5)/N

_TOT,N(5,I,6)/N_TOT

END DO

WRITE (10,*)

WRITE (10,*) "CONSUMPTION OF CH4 "," PRODUCTION OF H2"

DO I = 1, 50

WRITE(10,'(1X,100G14.5)') N(5,I,1)/N(5,1,1),(2*N(5,1,1)-

2*N(5,I,1)+N(5,1,4)-N(5,I,4))/N(5,1,1)

END DO

WRITE (11,*)

WRITE (11,*) "OVERALL CONSUMPTION OF CH4 "," PRODUCTION OF 

H2",LO,"",LO2

DO I = 1, 50
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WRITE(11,'(1X,100G14.5)') 

SUM(N(1:5,I,1))/SUM(N(1:5,1,1)),(2*SUM(N(1:5,1,1))-

2*SUM(N(1:5,I,1))+SUM(N(1:5,1,4))-SUM(N(1:5,I,4)))/SUM(N(1:5,1,1))

END DO

DO J=1,50

Q(J)=(2*(N(5,1,1))-2*(N(5,J,1))+(N(5,1,4))-(N(5,J,4)))/(N(5,1,1))

END DO

WRITE (10,*)

WRITE (10,*) SUM(JH2(1:50))

QQ=(2*(N(5,1,1))-2*(N(5,50,1))+(N(5,1,4))-(N(5,50,4)))/(N(5,1,1))

T1(1:50)=T(5,1:50)

WRITE (10,*) QQ

TOTAL = ETIME(ELAPSED)

END SUBROUTINE
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SUBROUTINE RATES (T,P,RR,RC,TS)

REAL(4)::R=8.31451

REAL(4)::QR

REAL(4)::T,TS,KCH4,KCO,KH2O,KH2,KC(2)

REAL(4),DIMENSION(7)::P,RC,PR

REAL(4),DIMENSION(6)::K1,K,ETA,RR

K(1)=9.49E16*EXP(-240.1E3/(R*T))

K(2)=4.39E4*EXP(-67.13E3/(R*T))

K(3)=2.29E16*EXP(-243.9E3/(R*T))

K(4)=3.96E7*EXP(-166.0E3/(R*T))

K(5)=1.51E-1*EXP(-29.0E3/(R*T))

K(6)=8.71E-2*EXP(-23.7E3/(R*T))

KCH4=6.65E-6*EXP(38.28E3/(R*T))

KCO=8.23E-7*EXP(70.65E3/(R*T))

KH2O=1.77E5*EXP(-88.68E3/(R*T))

KH2=6.12E-11*EXP(82.9E3/(R*T))

K1=0.0
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K1(1)=100*EXP(-26830/TS+30.114)

K1(2)=EXP(4400/TS-4.036)

K1(5)=EXP(-26262/TS+38.9)

K1(6)=EXP(-30782/TS+42.97)

KC(1)=1.26E-1*EXP(27300/(R*T))

KC(2)=7.78E-7*EXP(92800/(R*T))

QR=1+KCO*P(5)+KH2*P(6)+KCH4*P(1)+KH2O*P(4)/P(3)

RR(4)=K(4)*P(1)*P(2)

RR(5)=K(5)*P(1)*P(4)*(1-P(5)*P(6)**3/(K1(5)*P(1)*P(4)))

RR(6)=K(6)*P(1)*P(3)*(1-P(5)**2*P(6)**2/(K1(6)*P(1)*P(3)))

PR(1:7)=P(1:7)/100.0

K1(1)=K1(1)/100.0

RR(1)=1.17E15*3.6*EXP(-240.1E3/(R*T))*(PR(1)*PR(4)/PR(6)**2.5-

PR(5)*PR(6)**0.5/K1(1))/QR**2

RR(2)=5.43E5*3.6*EXP(-67.13E3/(R*T))*(PR(5)*PR(4)/PR(6)-

PR(3)/K1(2))/QR**2

RR(3)=2.83E14*3.6*EXP(-243.9E3/(R*T))*(PR(1)*PR(4)**2/PR(6)**3.5-

PR(3)*PR(6)**0.5/(K1(1)*K1(2)))/QR**2

RC(1)=-RR(1)-RR(3)-RR(4)-RR(5)-RR(6) !CH4

RC(2)=-2*RR(4) !O2

RC(3)=RR(2)+RR(3)+RR(4)-RR(6) !CO2

RC(4)=-RR(1)-RR(2)-2*RR(3)+2*RR(4)-RR(5) !H20

RC(5)=RR(1)-RR(2)+RR(5)+2*RR(6) !CO

RC(6)=3*RR(1)+RR(2)+4*RR(3)+3*RR(5)+2*RR(6) !H2

END SUBROUTINE


