
CHAPTER IV
SYNTHESIS GAS PRODUCTION FROM REFORMING OF 

CCL-CONTAINING NATURAL GAS WITH STEAM USING AN AC 
GLIDING ARC DISCHARGE SYSTEM: EFFECTS OF STEAM ADDITION 

IN FEED AND OPERATIONAL PARAMETERS

4.1 Abstract

G e n e ra l ly , n a tu ra l g a s  m a in ly  c o n ta in s  m e th a n e  w ith  a  v e ry  h ig h  c a rb o n  
d io x id e  c o n te n t u p  to  2 0  % . S y n th e s is  g a s  (a  m ix tu re  o f  h y d ro g e n  a n d  c a rb o n  
m o n o x id e )  is  p ro d u c e d  c o m m e rc ia l ly  b y  u s in g  th e  c o n v e n tio n a l  c a ta ly t ic  p ro c e s s e s  
o f  m e th a n e  s e p a ra te d  fro m  n a tu ra l  g a s  w i th  s te a m  r e fo rm in g ;  h o w e v e r , th e  c a ta ly t ic  
p ro c e s s e s  h a v e  to  b e  o p e ra te d  u n d e r  h ig h  te m p e ra tu re s  a n d  p re s su re s . T h e re fo re , th e  
c o m b in a t io n  o f  s te a m  re fo rm in g  a n d  n o n - th e rm a l p la s m a  is  c o n s id e re d  to  b e  a  n e w  
p r o m is in g  w a y  fo r  th e  r e fo rm in g  o f  n a tu ra l  g a s  a t a m b ie n t te m p e ra tu re  an d  
a tm o sp h e r ic  p re s s u re  w ith o u t a  c a ta ly s t  r e q u ire d . In  th is  p re se n t w o rk , a  lo w -  
te m p e ra tu re  g l id in g  a rc  d is c h a rg e  s y s te m  w a s  e m p lo y e d  to  in v e s tig a te  th e  e f fe c ts  o f  
s te a m  c o n te n t a n d  o p e ra tio n a l p a ra m e te r s ,  i .e . to ta l  fe e d  f lo w  ra te , in p u t v o lta g e , an d  
in p u t f re q u e n c y , o n  th e  re fo rm in g  p e r fo rm a n c e  o f  C C V c o n ta in in g  n a tu ra l  gas . T h e  
r e s u lts  re v e a l th a t th e  re a c ta n t  c o n v e rs io n s  a n d  y ie ld s  o f  h y d ro g e n  a n d  c a rb o n  
m o n o x id e  w e re  fo u n d  to  re a c h  m a x im u m  v a lu e s  a t a  s te a m  c o n te n t o f  1 0  m o l% , a 
to ta l  feed  f lo w  ra te  o f  100 c m 3 /m in , a n  in p u t v o lta g e  13.5 kv, a n d  an  in p u t  f re q u e n c y  
3 0 0  H z . U n d e r  th e s e  o p tim u m  c o n d i tio n s , th e  p o w e r  c o n s u m p tio n s  w e re  as lo w  as 
2 .2 6  X 10 ‘ 18 พ ร  (1 4 .1 0  eV ) p e r  r e a c ta n t  m o le c u le  c o n v e r te d  an d  1.58 X 10 ' 18 พ ร  
(9 .8 5  e V ) p e r  m o le c u le  o f  p ro d u c e d  h y d ro g e n .

Keywords: G lid in g  a rc  d is c h a rg e ; P la sm a ; S te a m  re fo rm in g ; N a tu ra l g a s
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4.2 Introduction

In  re c e n t y e a rs , th e  e n e rg y  d e m a n d  a ro u n d  th e  w o rld  h a s  m a rk e d ly  in c re a s e d . 
A s  a re su lt ,  m a n y  c o u n tr ie s  a re  a w a re  o f  th e  s h o r ta g e  o f  fu e ls  in  th e  n e a r  f u tu re  an d  
h a v e  tr ie d  to  e n c o u ra g e  th e  u s e  o f  a l te rn a t iv e  e n e rg y  so u rc e s  in  o rd e r  to  r e d u c e  th e  
d e m a n d  fo r  fo ss il fu e ls . A m o n g  th e  a v a i la b le  fo s s il fu e ls , n a tu ra l  g as  is  c u r re n tly  
c o n s id e re d  to  b e  an  e c o n o m ic a l a n d  s u b s ta n t ia l  a v a i la b le  re so u rc e , an d  it is  b e c o m in g  
th e  m o s t  in te re s tin g  a l te rn a tiv e  fu e l fo r  b o th  c o m m u n ity  a n d  in d u s try . H o w e v e r , 
c o n v e n tio n a l n a tu ra l  g a s  r e fo rm in g  p ro c e s s  (m e th a n e  (C H 4 ) re fo rm in g )  is  u s u a lly  
o p e ra te d  at e le v a te d  te m p e ra tu re s  ( 6 0 0 - 8 0 0 ° C ) ,  w h ic h  re q u ire s  an  in te n s e  e n e rg y  
in p u t [1 ]. M o re o v e r , m e ta l c a ta ly s ts  a re  r e q u ire d  fo r  th e  e n h a n c e m e n t o f  th e  re a c t io n  
ra te s , an d  th e se  c a ta ly s ts  a re  s e r io u s ly  d e a c t iv a te d  b y  th e  im p u r i t ie s  in  fe e d  
h y d ro c a rb o n s  an d  b y  c a rb o n  d e p o s i ts  d u r in g  th e  re a c tio n s . N o n - th e rm a l p la s m a  h a s  
b e e n  p ro p o s e d  b y  s e v e ra l s tu d ie s  a s  a n  a l t e rn a t iv e  te c h n iq u e  to  c o n v e r t  n a tu ra l  g a s  to  
m o re  v a lu a b le  p ro d u c ts  [2 -9 ], b e c a u s e  o f  its  a b i l i ty  to  in d u c e  c h e m ic a l r e a c t io n s  at 
r e la t iv e ly  lo w  te m p e ra tu re s , le a d in g  to  lo w e r in g  e n e rg y  c o n s u m p tio n  [1 0 ] . G l id in g  
a rc  d is c h a rg e  is  o n e  o f  th e  e f fe c tiv e  ty p e s  o f  n o n - th e rm a l p la s m a , an d  it  p ro v id e s  th e  
m o s t e f fe c tiv e  n o n -e q u il ib r iu m  c h a ra c te r is t ic s  w i th  s im u l ta n e o u s  h ig h  p ro d u c t iv i ty  
a n d  g o o d  s e le c t iv i ty  [11 ], T h e re fo re , g i ld in g  a rc  d is c h a rg e  w a s  c o n s id e re d  to  b e  a 
p ro m is in g  n o n - th e rm a l p la sm a  fo r  r e fo rm in g  n a tu ra l  g a s  in  th is  s tu d y .

In o u r  p re v io u s  w o rk  [1 2 ,1 3 ] , th e  c h a l le n g in g  c o n c e p t  o f  th e  d ire c t 
u t i l iz a t io n  o f  ra w  n a tu ra l  g a s  w ith  a h ig h  C 0 2 c o n te n t  w a s  e x p lo re d  b y  u s in g  an  A C  
lo w - te m p e ra tu re  g i ld in g  arc  d is c h a rg e  s y s te m , w h e re  th e  e ffe c ts , o f  e a c h  g a s  
c o m p o n e n t  in  a s im u la te d  n a tu ra l  g a s , o p e ra t io n a l  p a ra m e te r s , a n d  o x y g e n  a d d it io n  in  
fe e d  w e re  in v e s tig a te d . T h e  re su lts  in te r e s t in g ly  sh o w e d  th a t  th e  a d d it io n  o f  a  sm a ll 
a m o u n t o f  o x y g e n  e f fe c tiv e ly  m in im iz e d  th e  c a rb o n  d e p o s i t  o n  th e  e le c tro d e  s u r fa c e  
a n d  in s id e  th e  r e a c to r  w a ll, a n d  a lso  e n h a n c e d  th e  p e r f o rm a n c e  o f  C 0 2 -c o n ta in in g  
n a tu ra l  g as  r e fo rm in g  in  te rm s  o f  re a c ta n t c o n v e rs io n , d e s i re d  p ro d u c t s e le c t iv i ty , 
d e s ire d  p ro d u c t y ie ld , a n d  p o w e r  c o n s u m p tio n . A d d i t io n a l ly , it w a s  re v e a le d  th a t  th e  
a d d it io n  o f  w a te r  in  th e  fo rm  o f  s te a m  to  g a s e o u s  h y d ro c a rb o n  fe e d s  (e .g . m e th a n e  
a n d  a l ip h a tic  h y d ro c a rb o n s )  im p ro v e d  th e  r e a c t io n  ra te , r e a c ta n t  c o n v e rs io n , p ro d u c t 
s e le c t iv i ty , an d  th e  ra tio  o f  h y d ro g e n  to  c a rb o n  m o n o x id e  [1 4 ,1 5 ] , H o w e v e r , to  o u r
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k n o w le d g e , th e  s te a m  re fo rm in g  o f  C 0 2 -c o n ta in in g  n a tu ra l  g a s  w ith  im ita te d  
c o m p o s it io n s  o f  re a l n a tu ra l g as  fo u n d  in  re s e rv o ir s  u s in g  a  g l id in g  a rc  d is c h a rg e  
sy s te m  h a s  n e v e r  b e e n  in v e s tig a te d . T h e re fo re , th is  p re s e n t w o rk  a im e d , fo r  th e  f irs t 
tim e , to  e x a m in e  th e  e ffe c ts  o f  h y d ro c a rb o n s - to - s te a m  m o la r  ra tio  ( s te a m  c o n te n t) , 
to ta l fe e d  f lo w  ra te , a p p lie d  v o lta g e , a n d  in p u t f re q u e n c y  o n  re a c ta n t  c o n v e rs io n , 
p ro d u c t  se le c tiv ity , p ro d u c t  y ie ld , a n d  p o w e r  c o n s u m p tio n  fo r  th e  re fo rm in g  o f  C O a- 
c o n ta in in g  n a tu ra l g a s  w ith  s te a m  u s in g  a  g l id in g  a rc  d is c h a rg e  sy s te m .

4.3 Experimental

4 .3 .1  R e a c ta n t G a se s
T h e  s im u la te d  n a tu ra l  g a s  u s e d  in th is  w o rk  c o n s is te d  o f  C H 4 , C 2 H 6 , 

C 3 H 8 , a n d  C O 2 , W'ith a  C H 4 :C 2 H 6 :C 3 H g:C 0 2 m o la r  ra tio  o f  7 0 :5 :5 :2 0 , a n d  w a s  
s p e c ia l ly  m a n u fa c tu re d  b y  T h a i I n d u s try  G a s  (P u b lic )  C o ., L td .

4 .3 .2  A C  G lid in g  A rc  D is c h a rg e  S y s te m
T ire s c h e m a tic  o f  a  lo w - te m p e ra tu re  g l id in g  a rc  sy s te m  u s e d  in  th is  

w o rk  is  sh o w n  in  F ig u re  1.

Figure 4.1 S c h e m a tic  o f  g l id in g  a rc  d is c h a rg e  sy s te m .
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T h e  d e ta il  o f  th e  g l id in g  a rc  re a c to r  c o n f ig u ra t io n  w a s  d e s c r ib e d  in  o u r  p re v io u s  
w o rk  [1 2 ] . A  g la s s  tu b e  w ith  9 c m  O D  an d  8 .5  cm  ID  w a s  u s e d  as th e  g l id in g  a rc  
re a c to r , w h ic h  c o n s is te d  o f  tw o  d iv e r g in g  k n ife -s h a p e d  e le c tro d e s . T h e  e le c tro d e s  
w e re  m a d e  o f  s ta in le s s  s te e l sh e e ts  w i th  a  1.2 c m  w id th . T h e  g a p  d is ta n c e  b e tw e e n  
th e  p a i r  o f  e le c tro d e s  w a s  f ix e d  a t 6  m m . T h e  s te a m  fed  in to  th e  s y s te m  w a s  a c h ie v e d  
b y  v a p o r iz in g  w a te r  a t a  c o n tro lle d  te m p e ra tu re  o f  120 ๐c .  A  w a te r  f lo w  ra te  w a s  
c o n tro lle d  b y  a  s y r in g e  p u m p  (C o le -P a rm e r ) . T o  p re v e n t  th e  w a te r  c o n d e n s a t io n  in  
th e  fe e d  lin e , th e  te m p e ra tu re  o f  s ta in le s s  tu b e  f ro m  th e  s y r in g e  p u m p  to  a m ix in g  
c h a m b e r  w a s  m a in ta in e d  a f  120 °c b y  u s in g  a  h e a t in g  ta p e . T h e  f lo w  ra te  o f  th e  
s im u la te d  n a tu ra l g a s  w a s  c o n tro lle d  b y  a  m a s s  f lo w  c o n tro l le r  w i th  a t r a n s d u c e r  
(A A L B O R G ). A  7 - p m  s ta in le s s  s te e l f i l te r  w a s  p la c e d  u p s tre a m  o f  th e  m a s s  f lo w  
c o n tro l le r  in  o rd e r  to  tr a p  a n y  so lid  p a r t ic le s  in  th e  re a c ta n t g a s . T h e  c h e c k  v a lv e  w a s  
a lso  p la c e d  d o w n s tre a m  o f  th e  m a s s  f lo w  c o n tro l le r  to  p re v e n t a n y  b a c k f lo w . T h e  
re a c ta n t  g a s  an d  s te a m  w e re  w e ll m ix e d  in  th e  m ix in g  c h a m b e r  c o n tro lle d  a t 1 2 0  ๐c  
b e fo re  b e in g  in tro d u c e d  u p w a rd  in to  th e  r e a c to r  a t a tm o s p h e r ic  p re s s u re . T h e  
c o m p o s it io n s  o f  th e  fe e d  g as  m ix tu re  a n d  th e  o u tle t  g a s  w e re  q u a n t i ta t iv e ly  a n a ly z e d  
b y  an  o n - l in e  g as  c h ro m a to g ra p h  (H P , 5 8 9 0 )  e q u ip p e d  w ith  tw o  s e p a ra te  c o lu m n s , 
i.e . a  C a rb o x e n  10 0 0  p a c k e d  c o lu m n  a n d  a P L O T  A I 2 O 3  “ ร”  c a p i l la ry  c o lu m n , w h ic h  
w e re  a d e q u a te  to  d e te c t a ll h y d ro c a rb o n s , C O , C O 2 , a n d  H 2 .

T h e  p o w e r  su p p ly  u n it  c o n s is te d  o f  th re e  s te p s . F o r  th e  f irs t s te p , th e  
d o m e s tic  A C  in p u t o f  2 2 0  V  an d  5 0  H z  w a s  c o n v e r te d  to  a  D C  o u tp u t  o f  7 0  V  b y  a 
D C  p o w e r  su p p ly  c o n v e r te r . F o r  th e  s e c o n d  s te p , a  5 0 0  พ  p o w e r  a m p lif ie r  w i th  a 
fu n c tio n  g e n e ra to r  w a s  u se d  to  tr a n s fo rm  th e  D C  in to  A C  c u r re n t  w i th  a  s in u s o id a l 
w a v e fo rm  an d  d if fe re n t f re q u e n c ie s . F o r  th e  th ird  s te p , th e  o u tle t  v o lta g e  w a s  s te p p e d  
u p  b y  u s in g  a  h ig h  v o lta g e  tr a n s fo rm e r . T h e  o u tp u t  v o lta g e  a n d  f re q u e n c y  w e re  
c o n tro lle d  b y  th e  fu n c t io n  g e n e ra to r . T h e  v o lta g e  a n d  c u r re n t a t  th e  lo w  v o lta g e  s id e  
w e re  m e a s u re d  in s te a d  o f  th o se  a t th e  h ig h  v o lta g e  s id e  s in c e  th e  p la s m a  g e n e ra te d  is  
n o n -e q u ilib r iu m  in  n a m re . T h e  h ig h  s id e  v o lta g e  a n d  c u r re n t w e re  th e re b y  c a lc u la te d  
b y  m u lt ip ly in g  an d  d iv id in g  b y  a  f a c to r  o f  130 , r e sp e c tiv e ly . A  p o w e r  a n a ly z e r  w a s  
u se d  to  m e a s u re  p o w e r , c u rre n t, f re q u e n c y , an d  v o lta g e  a t th e  lo w  v o lta g e  s id e  o f  th e  
p o w e r  s u p p ly  u n it.
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T h e  fe e d  g a s  m ix tu r e  w a s  f ir s t  in tro d u c e d  in to  th e  g l id in g  a rc  r e a c to r  
w i th o u t  tu rn in g  o n  th e  p o w e r  s u p p ly  u n it  fo r  an y  s tu d ie d  c o n d i tio n s . A f te r  th e  
c o m p o s it io n s  o f  o u tle t g a s  b e c a m e  in v a r ia n t , th e  p o w e r  s u p p ly  u n it  w a s  tu rn e d  o n . 
T h e  f lo w  ra te  o f  th e  o u tle t g a s  w a s  a lso  m e a s u re d  b y  u s in g  a b u b b le  f lo w  m e te r . T h e  
o u tle t  g a s  w a s  a n a ly z e d  b y  th e  o n - l in e  G C  e v e ry  3 0  m in . A f te r  th e  p la s m a  sy s te m  
re a c h e d  s te a d y  s ta te  w ith  in v a r ia n t  o u tle t g a s  c o n c e n tra t io n s , th e  o u tle t  g a s  w a s  ta k e n  
fo r  a n a ly s is  a t le a s t  a  few  tim e s  e v e ry  h o u r . T h e  a v e ra g e  d a ta  w e re  u s e d  to  a s s e s s  th e  
p ro c e s s  p e r fo rm a n c e  o f  th e  s tu d ie d  g l id in g  a rc  d is c h a rg e  sy s te m .

4 .3 .3  R e a c tio n  P e r fo rm a n c e  C a lc u la t io n
T h e  p la sm a  s y s te m  p e r fo rm a n c e  w a s  e v a lu a te d  f ro m  re a c ta n t 

c o n v e rs io n s , p ro d u c t  se le c t iv i t ie s , H 2 C O , a n d  C 2 y ie ld s , a n d  p o w e r  c o n s u m p tio n s , as 
fo llo w s :

T h e  re a c ta n t c o n v e rs io n  is  d e f in e d  as:

(M o le s  o f  re a c ta n t in  -  M o le s  o f  rea c ta n t o u t)x (1 0 0 )
%  R e a c ta n t c o n v e rs io n  = ------------------------------- ------- r ------- ------- ;---------------------------  ( 1 ไM o les  o f  re a c ta n t in

T h e  s e le c t iv i t ie s  o f  C -c o n ta in in g  p ro d u c ts  a re  d e f in e d  o n  th e  b a s is  o f  
th e  a m o u n t o f  C -c o n ta in in g  r e a c ta n ts  c o n v e r te d  to  a n y  s p e c if ie d  p ro d u c t , a s  s ta te d  in  
E q u a tio n  2. In  th e  c a se  o f  h y d ro g e n  p ro d u c t , its  s e le c t iv i ty  is  c a lc u la te d  b a s e d  o n  H - 
c o n ta in in g  r e a c ta n ts  c o n v e r te d , a s  s ta te d  in  E q u a tio n  3:

%  S e le c t iv i ty  fo r  a n y  h y d ro c a rb o n  p ro d u c t
[ P ] ( C p ) ( 100)

Z [ R ] ( C r )
(2)

%  S e le c t iv i ty  fo r  h y d ro g e n
[ P ] ( H p ) ( 100)

Z [ R J ( H r )
(3)

w h e re  [P ] =
[R ] =
C p  -
C r =

m o le s  o f  p ro d u c t  in  th e  o u tle t  g a s  s tre a m  
m o le s  o f  e a c h  re a c ta n t in  th e  fe e d  s tre a m  to  b e  c o n v e r te d  
n u m b e r  o f  c a rb o n  a to m s  in  a p ro d u c t  m o le c u le  
n u m b e r  o f  c a rb o n  a to m  in  e a c h  r e a c ta n t  m o le c u le
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Hp =  n u m b e r  o f  h y d ro g e n  a to m s  in  a  p ro d u c t  m o le c u le
H r =  n u m b e r  o f  h y d ro g e n  a to m s  in  e a c h  r e a c ta n t  m o le c u le

T h e  y ie ld s  o f  v a r io u s  p ro d u c ts  a re  c a lc u la te d  u s in g  th e  fo llo w in g
e q u a tio n s :

%  C 2 h y d ro c a rb o n  y ie ld  =
[£(%  CH4, % C2H6, % C3H8 , % CO2 conversions)][X(% C2H2, % C2H4 selectivities)]
--------------------------------------------- 7 m ----------------------------------------------  <4)

0. 1, . [X(% CH4, % C2H6, % C3H 8 conversions)] [% H 2 se lectiv ity ]
%  H 2 y i e l d  =  ----------------------------------------- ( ïô o j ---------------------------------------:------------  ( 5 )

[X(% CH4, % C2H6, % C3H8 1 % C0 2 con version s)][% CO selectivity]%  C O  y ie ld  =  ----- --------- -----------------------------------^ -------------------------------------------------- ( 6 )

T h e  p o w e r  c o n s u m p tio n  is  c a lc u la te d  in  a u n it  o f  พ ร  p e r  C -c o n ta in in g  
re a c ta n t m o le c u le  c o n v e r te d  a n d  พ ร  p e r  h y d ro g e n  m o le c u le  p ro d u c e d  u s in g  th e  
fo llo w in g  e q u a tio n :

p * 6 0
P o w e r  c o n s u m p tio n  =  -— —  (7 )N x M

w h e re  p  =  '  p o w e r  ( พ )
N =  A v o g a d r o ’s n u m b e r  (6 .0 2  X 1023  m o le c u le  g  m o le ’1)
M  =  ra te  o f  c o n v e r te d  c a rb o n  in  th e  ra te  o f  p ro d u c e d  h y d ro g e n

m o le c u le s  (g  m o le  m in "1)

4.4 Results and Discussion

In a  p la s m a  e n v iro n m e n t, th e  h ig h ly  e n e rg e tic  e le c tro n s  g e n e ra te d  b y  g l id in g  
a rc  d is c h a rg e  c o l lid e  w ith  v a r io u s  g a s e o u s  m o le c u le s  o f  h y d ro c a rb o n s  a n d  C O 2 , 
c re a tin g  a v a r ie ty  o f  c h e m ic a lly  a c tiv e  r a d ic a ls . A ll th e  p o s s ib i l i t ie s  o f  c h e m ic a l 
p a th w a y s  o c c u r r in g  u n d e r  th e  s tu d ie d  c o n d i t io n s  a re  e x p re s s e d  b e lo w  to  p ro v id e  a
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b e t te r  c o m p re h e n s ib le  u n d e r s ta n d in g  a b o u t th e  p la s m a  r e fo rm in g  r e a c tio n s  o f  a cc>2 - 
c o n ta in in g  n a tu ra l  g a s  w ith  s te a m  u n d e r  A C  n o n - th e rm a l g l id in g  a rc  d is c h a rg e  
[1 2 ,1 3 ] , T h e  ra d ic a ls  o f  o x y g e n  a c tiv e  s p e c ie s  an d  h y d ro x y l a c tiv e  s p e c ie s , a s  w e ll a s  
h y d ro g e n , a re  p ro d u c e d  d u r in g  th e  w a te r  d is s o c ia t io n  r e a c t io n s  b y  th e  c o l l is io n s  w ith  
e le c tro n s  (E q u a t io n s  8-9).

E le c tro n -w a te r  c o l l is io n s :
๙  +  H 20  - »  O ' +  H 2 (8 )
๙  +  H20  —> O H ' +  H - (9)

A d d it io n a l ly , th e  ra d ic a ls  o f  o x y g e n  a c tiv e  s p e c ie s  c a n  b e  p ro d u c e d  d u r in g  
th e  c o llis io n s  o f  e le c tro n s  o n  C O 2 , a s  s h o w n  in  E q u a tio n s  10 a n d  11. M o re o v e r , th e  
p ro d u c e d  C O  c a n  b e  fu r th e r  d is s o c ia te d  b y  th e  c o llis io n s  w ith  e le c tro n s  to  fo rm  c o k e  
a n d  o x y g e n  a c t iv e  sp e c ie s  (E q u a t io n  12). T h e  s im u lta n e o u s  c o l l is io n s  b e tw e e n  
e le c tro n s  an d  a ll h y d ro c a rb o n s  p re s e n t in  th e  fe e d  to  p ro d u c e  h y d ro g e n  a n d  v a r io u s  
h y d ro c a rb o n  s p e c ie s  fo r  s u b s e q u e n t re a c t io n s  a re  d e s c r ib e d  b y  E q u a tio n s  13 -2 5 .

E le c tro n -c a rb o n  d io x id e  c o llis io n s :
Dissociation reactions of carbon dioxide;

e ' +  C 0 2  - >  C O  +  O ' (1 0 )
e  +  C 0 2 —* C O  +  O  +  e (1 1 )
e ' + c o  -» C  +  O  + e ' (1 2 )

E le c tro n -m e th a n e  c o llis io n s :
e  +  C H 4  — * C H 3  +  H  +  e  (1 3 )
e* +  C H 3 - »  C H 2 +  H  +  e  (1 4 )
e  +  C H 2 — *  C H  +  H  +  e ( 13)

e +  C H  —+ C  +  H  +  e  (1 6 )
H  + H  - >  H 2 (1 7 )

E le c tro n -e th a n e  c o llis io n s :
e  +  C 2H 6 —1• C 2 H$ +  H  +  e  (1 8 )
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e ' +  C 2 H 5 - >  C 2H 4 +  H  +  e ' (1 9 )
e ' +  C 2H 4 -*• C 2H 3 +  H  +  e ‘ (2 0 )
e ‘ +  C 2 H 3 -►  C 2H 2 +  H  +  e  (2 1 )
e  +  C 2H 6 - >  C H 3 +  C H 3 +  e  (2 2 )

E le c tro n -p ro p a n e  c o llis io n s :
e ‘ +  C 3H 8 C 3H 7 + H + e '  (23)
e +  C 3H 7 —* C 3 H 6 +  H  +  e  (24)
e  + C 3H 8 - >  C 2H 5 +  C H 3 + e  (25)

T h e  o x y g e n  a c tiv e  s p e c ie s  d e r iv e d  f ro m  th e  C 0 2 d is s o c ia t io n  r e a c t io n  c a n  
fu r th e r  e x tra c t h y d ro g e n  a to m s  f ro m  th e  m o le c u le s  o f  h y d ro c a rb o n  g a s e s  v ia  th e  
o x id a t iv e  d e h y d ro g e n a tio n  re a c t io n s  (E q u a t io n s  2 6 -3 9 ) , c o n s e q u e n tly  p ro d u c in g  
s e v e ra l c h e m ic a lly  a c t iv e  ra d ic a ls  a n d  w a te r.

(2 6 )
(2 7 )
(2 8 )
(2 9 )
(3 0 )
( 3 1 )
(3 2 )
(3 3 )
(3 4 )
(3 5 )
(3 6 )
(3 7 )
(3 8 )
(3 9 )

The C2H5, C2H3, and C3H7 radicals can be further converted to form
ethylene, acetylene, and propane either by electron collisions (Equations 19-21, and

O x id a tiv e  d e h y d ro g e n a tio n  re a c tio n s : 
C H 4  +  o  - +  C H 3 +  O H  
C 2H 6 + o  - >  C 2 H 5 +  O H  
C 2H 5 +  0  -*■  C 2H 4 +  O H  
C 2H 4 +  0  - >  C 2H 3 + O H  
C 2H 3 +  o  - >  C 2H 2 + O H  

'  C 3H 8 +  0  - >  C 3H 7 + O H  
C 3H 7 + o  -*• C 3 H 6 + O H
c h 4 +  o h  - >  c h 3 +  h 2o  
c 2 h 6 +  o h  - »  c 2 h 5 +  h 2o  
c 2 h 5 +  o h  -►  c 2 h 4 +  h 2o

C 2 H 4 + O H  -»■  C 2 H 3 +  H 20  
C 2 H 3 + O H  - >  C 2 H 2 +  H 20  
C 3 H 8 +  O H  —» C 3 H 7 +  H 20  
C 3 H 7 +  O H  - >  C 3 H 6 +  H 20
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2 4 )  o r  b y  th e  o x id a t iv e  d e h y d ro g e n a tio n  r e a c t io n s  (E q u a t io n s  2 8 -3 0 , 3 2 -3 5 , 3 7 , an d  
3 9 ). T h e  e x tra c te d  h y d ro g e n  a to m s  im m e d ia te ly  fo rm  h y d ro g e n  gas a c c o rd in g  to  
E q u a tio n  17. H o w e v e r , n o  p ro p e n e  is  d e te c te d  in  th e  o u tle t  g a s  s tre a m  [1 3 ] . It is  , 
th e re fo re , b e l ie v e d  th a t  th e  p r o p e n e  s p e c ie s  is  u n s ta b le  a n d  m a y  p o s s ib ly  u n d e rg o  
fu r th e r  re a c tio n s  (E q u a t io n s  4 0  a n d  4 1 ).

P ro p e n e  h y d ro g e n a tio n  a n d  c ra c k in g  re a c tio n s :

In a d d it io n , th e  ra d ic a ls  o f  h y d ro c a rb o n s  an d  h y d ro g e n  d e r iv e d  f ro m  th e  
e a r l ie r  r e a c tio n s  fu r th e r  re a c t w i th  th e m s e lv e s  a n d  th e  o th e r  ra d ic a ls  to  fo rm  e th a n e , 
e th y le n e , a c e ty le n e , p ro p a n e , an d  b u ta n e , a s  s h o w n  in  E q u a tio n s  4 2 -5 7 . In  a d d it io n , 
e th a n e  c a n  b e  fu r th e r  d e h y d ro g e n a te d  to  fo rm  e th y le n e , w h ile  e th y le n e  c a n  a lso  b e  
d e h y d ro g e n a te d  to  fo rm  a c e ty le n e  b y  e i th e r  e le c tro n  c o llis io n  o r  o x id a t iv e  
d e h y d ro g e n a tio n  (E q u a t io n s  18, 19, 2 7 , 28 , 3 4 , an d  35  f o r  e th y le n e  fo rm a t io n ; an d , 
E q u a tio n s  20 , 2 1 , 2 9 , 3 0 , 36 , a n d  3 7  fo r  a c e ty le n e  fo rm a tio n ) .

C o u p lin g  re a c t io n s  o f  a c t iv e  sp e c ie s :

€ 3H 6+ H 2 ->  C 3Hg 

C 3H 6 C 2H 2 + CH 4

(4 0 )
(4 1 )

Ethane formation reactions;
C H 3 + CH 3 ->  C2H 6 (4 2 )

(4 3 )
(4 4 )
(4 5 )

'  € 2H 5 + H ->  C2H 6

c 2h 5 + c 2h 5 - *  c 2h 6 + c 2h 4 

c 3h 7 + c h 3 - *  C2H 5 + C 2H 4

Ethylene formation reactions;
C H 2 + C H 2 - *  C2H4 (4 6 )

(4 7 )
(4 8 )
(4 9 )

C H 3 +  C H 3 - *  C2H 4 + H 2 

C 2H 5 + H ->  C2H 4 + H 2 

C 3H 7 + H -»  C2H 4 + CH 4

Acetylene formation reactions; 
CH  + CH  ->  C 2H 2 (50)
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C H 2 +  C H 2 - *  C 2 H 2 +  H 2 

C H j +  C H  - >  C 2 H 2  +  H 2  

C 2 H 5  +  H  - >  C 2 H 2  +  H 2 +  H 2 

C 3 H 7  +  H  - >  C 2H 2 +  C H 4 +  H 2

( 51)

(5 2 )
(5 3 )
(5 4 )

Propane formation reactions; 
C 2 H 5 +  C H 3 —  C 3H 8 (5 5 )

Butane formation reactions;
C 2 H 5 +  C 2 H 5 - »  C 4 H,fl 
C 3H 7 +  C H 3 - »  C 4 H 10

(5 6 )
(5 7 )

M o re o v e r , C O  c a n  b e  p r o d u c e d  u n d e r  th e  s tu d ie d  c o n d i t io n s ,  p a r t ic u la r ly  in  
fe e d  w ith  h ig h  o x y g e n  c o n te n t. C O  m a y  b e  m a in ly  fo rm e d  v ia  th e  C 0 2 d is s o c ia t io n  
(E q u a t io n s  10 an d  11). E q u a tio n s  5 8 -6 2  sh o w  th e  p a r tia l o x id a t iv e  p a th w a y s  o f  
m e th a n e  to  fo rm  C O  a n d  H 2 a s  th e  e n d  p ro d u c ts . T h e  fo rm a t io n  o f  w a te r  is  b e l ie v e d  
to  o c c u r  v ia  th e  o x id a t iv e  h y d ro g e n a tio n  r e a c t io n s  ( E q u a t io n s  3 3 -3 9 ) . In  a d d it io n , 
w a te r  c a n  b e  fo rm e d  b y  th e  r e a c tio n s  b e tw e e n  h y d ro g e n  o r  h y d ro g e n  a c tiv e  ra d ic a l 
a n d  o x y g e n  a c tiv e  r a d ic a l , as  sh o w n  in  E q u a tio n s  6 3 -6 5 .

C a rb o n  m o n o x id e  fo rm a tio n  r e a c tio n s :
C H 3 +  O  - >  H C H O  
H C H O  +  o  —> O H  +  C H O

(5 8 )
(5 9 )
(6 0 )  
(6 1 )  
(6 2 )

C H O  + o  - »  O H  +  C O
C H O  +  O H  - >  C 0  +  H 20
C H O  + H  - >  H 2 +  C O

W a te r  fo rm a tio n  re a c tio n s :
2 H  +  o  - >  H 20  
H 2  +  0  - >  h 2 o  

H 2 +  ‘/z  o  - * •  H 20

(6 3 )
(6 4 )
(6 5 )
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A d d itio n a lly , h y d ro c a rb o n  m o le c u le s  m a y  c ra c k  to  fo rm  c a rb o n  a n d  
h y d ro g e n  v ia  c ra c k in g  re a c t io n s  ( E q u a t io n s  6 6 - 6 8 ).

c h 4 - > C  +  2 H 2 ( 6 6 )
c 2 h 6 - ■ 2 C  +  3 H 2 (6 7 )
c 3h 8 - 3 C  +  4 H 2 ( 6 8 )

4 .4 .1  E ffe c t o f  H y d ro c a rb o n s - to -S te a m  M o la r  R a tio
T h e  e x p e r im e n ts  w e re  p e r fo rm e d  to  in i t ia l ly  in v e s t ig a te  th e  e f fe c t  o f  

h y d ro c a rb o n s - to - s te a m  m o la r  ra tio  b y  v a ry in g  s te a m  c o n te n t in  fe e d  in  th e  r a n g e  o f  
0 -3 0  m o l% , w h ile  th e  o th e r  o p e ra t in g  p a ra m e te r s  w e re  c o n tro l le d  a t th e  b a s e  
c o n d itio n s  [1 2 ]: a to ta l fe e d  f lo w  ra te  o f  100 c m V m in , a n  in p u t f re q u e n c y  o f  3 0 0  H z , 
an  in p u t v o lta g e  o f  17 .5  k v ,  an d  an  e le c tro d e  g a p  d is ta n c e  o f  6  m m . T a b le  1 s h o w s  
th e  c o r re s p o n d in g  h y d ro c a rb o n s - to - s te a m  m o la r  ra t io s  a t v a r io u s  s te a m  c o n te n ts  u s e d  
in  th is  w o rk .

T h e  e f fe c t  o f  s te a m  c o n te n t o n  re a c ta n t  c o n v e r s io n s  a n d  p ro d u c t  
y ie ld s  is  sh o w n  in  F ig u re  4 .2 . W h e n  th e  s te a m  c o n te n t in c re a s e d  to  10 m o l% , th e  
c o n v e rs io n s  o f  C H 4 , C 2 H 6 , C 3H 8 , a n d  C O 2 , as  w e ll a s  th e  H 2 y ie ld , w e re  re m a rk a b ly  
e n h a n c e d  a s  c o m p a re d  to  th e  sy s te m  w i th o u t  s te a m  a d d it io n . B a s ic a lly , in  th e  p la s m a  
sy s te m , th e  s te a m  p la y s  an  im p o rta n t r o le  in  p ro v id in g  se v e ra l a c t iv e  s p e c ie s , s u c h  as 
O H , H , a n d  o ,  f ro m  its  d is s o c ia t io n  re a c t io n s  re su lte d  f ro m  th e  c o l l is io n  b y  e le c tro n s  
(E q u a t io n s  8 -9 ). J h e s e  a c tiv e  s p e c ie s  c a n  a c tiv a te  a ll r e a c ta n ts  to  fo rm  v a r io u s  
p ro d u c ts , le a d in g  to  in c re a s in g  th e  ra te s  o f  o x id a t iv e  d e h y d ro g e n a tio n  r e a c t io n s  an d  
c o u p l in g  re a c tio n s  (E q u a t io n s  2 6 -3 9  a n d  4 2 -5 7 ) , a s  w e ll as th e  in c re a s e s  in  th e  
c o n v e rs io n s  o f  C H 4 , C 2 Hô, C 3H 8 , a n d  C O 2 . H o w e v e r , a fu r th e r  in c re a s e  in  s te a m  
c o n te n t g re a te r  th a n  1 0  m o l%  w as  fo u n d  to  e x h ib i t  n e g a tiv e  e f fe c ts  o n  th e  p ro c e s s  
p e r fo rm a n c e . It sh o u ld  b e  n o te d  th a t  th e  h ig h -e n e rg y  e le c tro n s  d ire c t ly  c o l l id e  w ith  
b o th  h y d ro c a rb o n s  m ix tu re  an d  s te a m , w ith  th e  a m o u n t d ire c t ly  re la t iv e  to  th e ir  
c o n c e n tra t io n s . A s  a r e s u lt  th e re  a re  th e  c o m p e ti t iv e  c o llis io n  r e a c tio n s  o f  e le c tro n s  
w ith  b o th  h y d ro c a rb o n s  an d  s te a m , le a d in g  to  lo w e r in g  th e  p o s s ib i l i ty  o f  e le c tro n -  
h y d ro c a rb o n  c o llis io n s  a t a la rg e  s te a m  c o n te n t [1 5 ] . H e n c e , th e  c o n v e r s io n s  o f  C H 4 , 
C 2Hé, a n d  C O 2 , as  w e ll a s  th e  H 2 y ie ld , d e c re a s e d . M o re o v e r , a la rg e  s te a m  c o n te n t 
can  a lte r  th e  p la sm a  c h a ra c te r is t ic s  a n d  a lso  r e d u c e  th e  s ta b il i ty  o f  p la s m a , w h ic h
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w a s  d i re c t ly  o b s e rv e d  f ro m  th e  d is c h a rg e  a p p e a ra n c e  a n d  its  b e h a v io r s  (e .g . a  s m a lle r  
n u m b e r  o f  a rc s  p ro d u c e d  w ith  u n s m o o th  a rc  p a t te rn s  a lo n g  th e  k n ife -s h a p e d  
e le c tro d e  p a irs ) .

Figure 4.2 E ffe c t o f  s te a m  c o n te n t o n  re a c ta n t  c o n v e rs io n s  a n d  p ro d u c t y ie ld s  fo r  
th e  r e fo rm in g  o f  n a tu ra l  g a s  w ith  s te a m  ( to ta l fe e d  f lo w  ra te , 1 0 0  c m 3/m in ; in p u t 
v o lta g e , 17 .5  k V ; in p u t f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

c o n te n t. T h e  c o n c e n tra t io n s  o f  C H 4, C 2 H 6 ,  a n d  C O 2  in  th e  o u tle t  g a s  te n d e d  to  
in c re a s e  w ith  in c re a s in g  s te a m  c o n te n t f ro m  10 to  3 0  m o l% , c o r r e s p o n d in g  to  th e  
d e c re a s e s  in  C H 4 ,  C 2 Hô, an d  C O 2  c o n v e r s io n s  (F ig u re  4 .2 ) . I n te re s tin g ly , th e  
c o n c e n tra t io n  o f  C 3H 8 d e c re a se d  w ith  in c re a s in g  s te a m  c o n te n t f ro m  0 - 2 0  m o l% , an d  
in c re a s e d  w ith  fu r th e r  in c re a s in g  s te a m  c o n te n t, w h ic h  c o r re sp o n d e d  w e ll w i th  th e  
C îH s  c o n v e rs io n . In  c o m p a r iso n s  o f  a ll r e a c ta n t  c o n v e rs io n s , th e  c o n v e r s io n  w a s  
fo u n d  in  th e  fo llo w in g  o rd e r: C 3 H 8  >  C 2 H 6  >  C H 4  >  C 0 2 . T h e s e  re su lts  c a n  b e  
e x p la in e d  b y  th e  d if fe re n c e s  in  th e  b o n d  d is s o c ia t io n  e n e rg ie s  o f  C 3 H 8 ,  C 2H ô , C H 4, 

a n d  C 0 2 , w h ic h  a re  3 9 5 , 4 1 0 , 4 3 1 , a n d  5 3 2  k J /m o l,  r e s p e c tiv e ly  [1 2 ] . T h e  h ig h e r  th e  
v a lu e  o f  th e  b o n d  d is s o c ia t io n  e n e rg y , th e  lo w e r  th e  c o n v e rs io n . T h u s , th e  C 3 H 8 

m o le c u le  c a n  b e  m u c h  m o re  e a s ily  c o n v e r te d  in  th e  p la s m a  z o n e  as c o m p a re d  to  th e

A i A - - A - - A  A c o . - ^

0 10 20 30
S team  c o n te n t (m ol% )

F ig u re  4 .3  sh o w s  th e  o u t le t  g a s  c o n c e n tra t io n s  a s  a  fu n c t io n  o f  s te a m
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o th e r  r e a c ta n t  c o m p o n e n ts , e v e n  th o u g h  th e  p la s m a  c h a ra c te r is t ic s  a n d  s ta b il i ty  
b e c a m e  m o re  f lu c tu a te d  a t a  la rg e  s te a m  c o n te n t.

Figure 4.3 E ffe c t o f  s te a m  c o n te n t o n  c o n c e n tra t io n s  o f  o u tle t  g a s  fo r  th e  re fo rm in g  
o f  n a tu ra l g a s  w ith  s te a m  ( to ta l  fe e d  f lo w  ra te , 10 0  c m 3 /m in ; in p u t v o lta g e , 17 .5  k V ; 
in p u t f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

s e le c t iv i t ie s . T h e  H 2 s e le c t iv i ty  ra p id ly  in c re a s e d  w ith  in c re a s in g  s te a m  c o n te n t u p  to  
10 m o l% , a n d  th e n  it g r a d u a lly  d ro p p e d  in  th e  s te a m  c o n te n t r a n g e  o f  10 -3 0  m o l% . 
T h e s e  r e s u lts  in d ic a te  th e  s ig n if ic a n t e f fe c t  o f  th e  p re s e n c e  o f  s te a m  in  th e  p la s m a  
sy s te m , as s ta te d  a b o v e . B o th  th e  s e le c t iv i t ie s  fo r  C O  a n d  C4H10 w e re  fo u n d  to  
s lig h t ly  c h a n g e  w ith  in c re a s in g  s te a m  c o n te n t. T h e  in s ig n if ic a n t  c h a n g e  o f  th e  C O  
s e le c t iv i ty  a g re e s  w e ll w i th  th e  C O  y ie ld , as s h o w n  in  F ig u re  4 .2 . T h e  C2H2 
s e le c t iv i ty  s l ig h tly  in c re a s e d  w ith  in c re a s in g  s te a m  c o n te n t u p  to  1 0  m o l%  an d  
te n d e d  to  d e c re a s e  w ith  fu r th e r  in c re a s in g  s te a m  c o n te n t. O n  th e  o th e r  h a n d , th e  C2H4 
s e le c t iv i ty  s h o w e d  an  o p p o s i te  tren d . T h e  re su lts  a re  w e ll  r e la te d  to  th e  m o la r  ra tio s  
o f  C2H4/C2H2, H 2/C 2H 2, a n d  H 2/C 2H 4, as  s h o w n  in  F ig u re  4.5. T h e  m o la r  ra tio  o f  
C 2H 4/C2H 2 m o d e ra te ly  d e c re a s e d  w ith  in c re a s in g  s te a m  c o n te n t to  10  m o l% , w h e re a s  
th e  ra p id  in c re a s e s  in  b o th  th e  H 2/C 2H 2 a n d  H2/C2H4 m o la r  ra tio s  w e re  o b se rv e d . 
T h e s e  re su lts  in d ic a te  th a t th e  in c re a se  in  H 2 p ro d u c t io n  e x c e e d s  th e  in c re a se s  in  
C 2H 2 an d  C 2H4 p ro d u c tio n , p a r t ly  d u e  to  th e  d e h y d ro g e n a tio n  o f  C2H4 to  fo rm  H 2 a n d  
C 2H 2. It c a n  a lso  s u g g e s t th a t  a t  th e  s te a m  c o n te n t o f  10 m o l% , th e  d e h y d ro g e n a tio n

•  ! ......... • c o 2-*
A !
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F ig u re  4 .4  sh o w s  th e  e f fe c t o f  s te a m  c o n te n t o n  th e  p ro d u c t
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o f  C 2H 4  is m o re  d o m in a n t th a n  th e  c o u p l in g  r e a c tio n s  o f  h y d ro c a rb o n  a c t iv e  sp e c ie s , 
le a d in g  to  th e  c o n s u m p tio n  o f  C 2H 4  fo r  a  la rg e  e x te n t to  p ro d u c e  H 2. T h is  p o s s ib ly  
le d  to  an  o v e ra ll d e c re a s e  in  th e  C 2 y ie ld  w h e n  in c re a s in g  s te a m  c o n te n t  f ro m  0 to  10 
m o l %  (F ig u re  4 .2 ) . A s  m e n t io n e d  a b o v e , th e  c o n tr a d ic to ry  s e le c t iv i t ie s  fo r  C 2H 2 a n d  
C 2 H 4 im p ly  th a t  th e  d e c re a s e  in  C 2H 4  s e le c t iv i ty  h a d  a  m o re  im p a c t  o n  th e  C 2 y ie ld  
th a n  th e  C 2 H 2 s e le c t iv i ty  in  th e  s te a m  c o n te n t  r a n g e  o f  0  to  10 m o l% . W h e n  th e  
s te a m  c o n te n t in c re a s e d  f ro m  10 to  20 m o l% , th e  c 2 y ie ld  r e m a in e d  a lm o s t 
u n c h a n g e d  (F ig u re  4 .2 ) . A  p o s s ib le  e x p la n a tio n  is  th a t th e  d e h y d ro g e n a tio n  o f  C 2H 4 

a n d  th e  c o u p l in g  re a c tio n s  o f  h y d ro c a rb o n  a c t iv e  sp e c ie s  s im u l ta n e o u s ly  o c c u rre d  a t 
a p p ro x im a te ly  th e  s a m e  ra te . M o re o v e r , th e  fu r th e r  in c re a s e  in  s te a m  c o n te n t  f ro m  2 0  
to  30 m o l%  d e c re a s e d  th e  c 2 y ie ld . It c a n  b e  e x p la in e d  b y  th e  f a c t  th a t  w h e n  th e  
s te a m  c o n te n t in c re a s e d , th e  s y s te m  h a d  lo w e r  e le c tro n s  a v a ila b le  to  c o l l id e  w ith  th e  
re a c ta n ts .

1 0

0

Figure 4.4 E ffe c t o f  s te a m  c o n te n t o n  p ro d u c t  s e le c t iv i t ie s  fo r  th e  re fo rm in g  o f  
n a tu ra l  g a s  w ith  s te a m  ( to ta l  f e e d  f lo w  ra te , 100  c m 3 /m in ;  in p u t  v o lta g e , 17 .5  k V ; 
in p u t  f re q u e n c y , 3 0 0  H z; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).
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F ig u r e  4 .5  E ffe c t  o f  s te a m  c o n te n t o n  p r o d u c t  m o la r  r a tio s  fo r  th e  re fo rm in g  o f  
n a tu ra l  g a s  w ith  s te a m  ( to ta l  fe e d  f lo w  ra te , 100 c m 3/m in ; in p u t v o lta g e , 17 .5 k V ; 
in p u t  f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

In  c o m p a r is o n s  o f  th e  H 2/C O  ra tio s , th e  H 2 a n d  C O  c o n c e n tra t io n s  in  
th e  o u tle t  g a s  a n d  th e  s e le c t iv i t ie s  fo r  H 2 a n d  C O  a t d i f f e re n t  s te a m  c o n te n ts , at th e  
s te a m  c o n te n t o f  1 0  m o l% , th e  sy s te m  p ro v id e d  th e  h ig h e s t  s e le c t iv i ty  fo r  H 2 an d  th e  
m a x im u m  m o la r  ra tio s  o f  H 2/C O  a n d  H 2 /C 2 H 4 , s u g g e s t in g  th e  s y n e rg is t ic  e ffe c t o f  
s te a m  a d d it io n  o n  b o th  th e  re a c ta n t  c o n v e r s io n s  a n d  H 2  y ie ld , as in d ic a te d  b y  th e  
s m o o th e r  an d  m o re  s ta b le  g l id in g  a rc  d is c h a r g e  p h e n o m e n a . T h e re fo re ,  th e  s te a m  
c o n te n t  o f  1 0  m o l%  w a s  p r e l im in a r i ly  c o n s id e re d  to  b e  an  o p tim u m  v a lu e  fo r  th e  
r e fo rm in g  o f  CC>2 -c o n ta im n g  n a tu ra l  g a s  u s in g  g l id in g  a rc .

T h e  e f fe c t o f  s te a m  c o n te n t o n  th e  p o w e r  c o n s u m p tio n s  p e r  re a c ta n t 
m o le c u le  c o n v e r te d  an d  p e r  H 2 m o le c u le  p ro d u c e d  is  sh o w n  in  F ig u re  4 .6 . B o th  
p o w e r  c o n s u m p tio n s  f irs t  r a p id ly  d e c re a s e d  w ith  in c re a s in g  s te a m  c o n te n t  to  1 0  

m o l% , b u t d ra m a tic a l ly  in c re a s e d  w ith  fu r th e r  in c re a s in g  s te a m  c o n te n t  f ro m  1 0  to  
3 0  m o l% . T h e  m in im u m  p o w e r  c o n s u m p tio n s  w e re  a b o u t 2 .1 2  X 1 0 '18 พ ร  (1 3 .2 3  eV ) 
p e r  re a c ta n t m o le c u le  c o n v e r te d  an d  1 .95 X 1 e r 18 พ ร  (1 2 .1 5  e V ) p e r  H 2 m o le c u le  
p ro d u c e d  a t th e  s te a m  c o n te n t o f  10 m o l% . In te re s t in g ly , it  c a n  b e  c le a r ly  se e n  th a t a t 
a n y  s te a m  c o n te n t, th e  p o w e r  c o n s u m p tio n  p e r  H 2 m o le c u le  p ro d u c e d  w a s  lo w e r  th a n  
th a t p e r  r e a c ta n t m o le c u le  c o n v e r te d , im p ly in g  th a t  th e  s tu d ie d  p la s m a  s y s te m  can  b e  
c o n s id e re d  to  b e  e f fe c t iv e  fo r  p ro d u c in g  h y d r o g e n  f ro m  th e  s te a m  r e fo rm in g  o f  C O 2 -
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c o n ta in in g  n a tu ra l  g as . F ro m  th e  o v e ra l l r e s u lts ,  th e  s te a m  c o n te n t o f  10 m o l%  w a s  
s e le c te d  fo r  fu r th e r  in v e s tig a t io n .

Figure 4.6 E ffe c t o f  s te a m  c o n te n t o n  p o w e r  c o n s u m p tio n s  fo r  th e  r e fo rm in g  o f  
n a tu ra l  g a s  w ith  s te a m  ( to ta l fe e d  f lo w  ra te , 1 0 0  c m 3 /m in ; in p u t  v o lta g e , 17 .5  k V ; 
in p u t  f re q u e n c y , 3 0 0  H z ; an d  e le c tro d e  g ap  d is ta n c e , 6  m m )  (E c : p o w e r  p e r  re a c ta n t 
m o le c u le  c o n v e r te d ; E h2 : p o w e r  p e r  H 2 m o le c u le  p ro d u c e d ) .

4 .4 .2  E ffe c t o f  T o ta l F e e d  F lo w  R a te  a n d  R e s id e n c e  T im e
T h e  e f fe c t o f  to ta l  fe e d  f lo w  ra te  (o r  r e s id e n c e  t im e )  o n  re a c ta n t

c o n v e rs io n s  an d  p ro d u c t  y ie ld s  a t a  c o n s ta n t s te a m  c o n te n t o f  1 0  m o l%  is  i l lu s tra te d
\

in  F ig u re  4 .7 . T ire  c o r r e s p o n d in g  re s id e n c e  t im e s  a t v a r io u s  to ta l  fe e d  f lo w  ra te s  o f  
7 5 , 10 0 , 125, an d  150  c m 3/m in  w e re  1 .83, 1 .3 7 , 1 .1 0 , a n d  0 .91  ร, r e s p e c tiv e ly . A n  
in c re a s e  in  th e  to ta l  fe e d  f lo w  ra te  re su lts  in  d e c re a s in g  th e  r e s id e n c e  t im e  in  th e  
p la s m a  re a c tio n  z o n e , le a d in g  to  d e c re a s in g  th e  p r o b a b i l i ty  o f  c o l l is io n s  b e tw e e n  
r e a c ta n t  m o le c u le s  a n d  h ig h ly  e n e rg e t ic  e le c tro n s . A s  e x p e c te d , th e  c o n v e r s io n s  o f  
C H 4 , C 2H 6 , C 3H 8 , a n d  C O 2 te n d e d  to  d e c re a s e  w ith  in c re a s in g  to ta l fe e d  f lo w  ra te  o r  
d e c re a s in g  re s id e n c e  tim e . In te re s tin g ly , th e  H 2 y ie ld  r a p id ly  in c re a s e d  w ith  
in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  75 to  100  c m 3/m in , a n d  th e n  s h a rp ly  d e c re a s e d  
w ith  fu r th e r  in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  10 0  to  15 0  c m 3 /m in . T h e s e  re su lts  
w e ll r e la te  to  th e  c o n c e n tra t io n s  o f  o u tle t  g a s e s , p a r t ic u la r ly  th e  H 2 c o n c e n tra t io n , as 
s h o w n ,  in  F ig u re  4 .8 . H o w e v e r , th e  in c re a s e  in  to ta l  fe e d  f lo w  r a te  h a s  an
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insignificant impact on the C2 and CO yields, as shown in Figure 4.7. The 
c o n c e n tra t io n s  o f C H 4 , C 2 H 6 , C 3H 8 , a n d  C O 2 te n d e d  to  in c re a s e  w ith  in c re a s in g  to ta l 
fe e d  f lo w  ra te , w h e re a s  th e  c o n c e n tra t io n s  o f  แ 2 , C O , a n d  C 2H 2 in c re a s e d  w ith  
in c re a s in g  to ta l  fe e d  f lo w  ra te  f ro m  7 5  to  1 0 0  c m 3/m in  a n d  th e n  d e c re a s e d  w ith  
fu r th e r  in c re a s in g  to ta l  fe e d  flo w  r a te  f ro m  1 0 0  to  15 0  c m 3 /m in .

Figure 4.7 E ffe c t o f  to ta l fe e d  f lo w  r a te  o n  r e a c ta n t  c o n v e r s io n s  a n d  p r o d u c t  y ie ld s , 
fo r  th e  r e fo rm in g  o f  n a tu ra l g as  w ith  s te a m  ( s te a m  c o n te n t, 1 0  m o l% ; in p u t  v o lta g e ,
17 .5  k V ; in p u t f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

R e s id e n c e  tim e (ร)
1.83 1.37 1.10 0.91

50 75 100 125 150

T o ta l f e e d  flow  ra te  (cm 3/m in)
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R e sid e n c e  tim e  (ร) 
1.83 1.37 1.10 0.91
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T o ta l f e e d  flow  ra te  (cm V m in)

F ig u r e  4 .8  E ffe c t o f  to ta l fe e d  f lo w  ra te  o n  c o n c e n tra t io n s  o f  o u tle t g a s  f o r  th e  
r e fo rm in g  o f  n a tu ra l  g a s  w ith  s te a m  (s te a m  c o n te n t ,  10 m o l% ; in p u t v o lta g e , 17.5 
k V ; in p u t  f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

o n  th e  p ro d u c t  s e le c t iv i t ie s  a t a  c o n s ta n t  s te a m  c o n te n t  o f  10 m o l% . T h e  s e le c t iv i t ie s  
fo r  H 2 , C O ,  C 2 H 2 ,  a n d  C 4 H 1 0 , in i t ia l ly  in c re a s e d  w i th  in c re a s in g  to ta l fe e d  f lo w  ra te  
fro m  75  to  100  c m 3 /m in , an d  th e n  sh a rp ly  d e c re a s e d  w ith  fu r th e r  in c re a s in g  to ta l
fe e d  f lo w  ra te  f ro m  100 to  150 c m 3/m in . In c o n tr a s t ,  th e  C 2 H 4  s e le c t iv i ty  in it ia l ly

\

d e c re a s e d  w ith  in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  75 to  1 0 0  c m 3/m in  a n d  th e n  
g re a tly  in c re a s e d  w ith  fu r th e r  in c re a s in g  to ta l  fe e d  flo w  ra te  f ro m  10 0  to  150 
c m 3 /m in . T h e s e  re su lts  a lso  a g re e  w e ll w ith  th e  c o n c e n tra t io n s  o f  o u tle t  g a s e s , as 
sh o w n  in  F ig u re  4 . 8 . T h e  c o n c e n tra t io n s  o f  H 2, C O , C 2 H 2 ,  a n d  C 4 HK) w e re  fo u n d  to  
in c re a s e  w ith  in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  75 to  1 0 0  c m 3/m in  a n d  th e n  
d e c re a s e d  w ith  fu r th e r  in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  100  to  150  c m 3/m in . O n  
th e  o th e r  h a n d , th e  c o n c e n tra t io n  o f  C 2 H 4  e x h ib ite d  th e  o p p o s i te  tre n d . T h is  f in d in g  
c a n  b e  e x p la in e d  in  th a t a t a  lo w e r  to ta l fe e d  f lo w  ra te , a  g re a te r  n u m b e r  o f  e n e rg e t ic  
e le c tro n s , a s  w e ll as v a r io u s  a c t iv e  sp e c ie s , e s s e n t ia l ly  p ro v id e d  a c o m p a ra t iv e ly  
h ig h e r  p o s s ib i l i ty  o f  th e  p la s m a -c h e m ic a l d e h y d ro g e n a tio n  o f  h y d ro c a rb o n  sp e c ie s  
(e .g . C 2 H 4  an d  C 2 H 6) to  b e  c o n v e r te d  to  s m a lle r  m o le c u le s  (e .g . C 2 H 2 ,  H 2 , a n d  C O ),

F ig u re  4 .9  sh o w s  th e  e f fe c t o f  to ta l  fe e d  f lo w  r a te  o r  r e s id e n c e  tim e
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as s h o w n  in  E q u a tio n s  2 7 -3 0 , 3 4 -3 7 , 5 3 , 5 8 -6 2 . In  c o n tra s t, a t a  h ig h e r  to ta l  fe e d  
f lo w  ra te ,  th e  p o s s ib i l i ty  o f  s e c o n d a ry  d e h y d ro g e n a tio n  o f  h y d ro c a rb o n  sp e c ie s  
d e c re a s e d  b e c a u s e  o f  th e  d e c re a s in g  re s id e n c e  t im e  in  th e  p la s m a  z o n e . H o w e v e r , a 
fu r th e r  d e c re a s e  in  fe e d  f lo w  ra te  f ro m  100  to  7 5  c m 3/m in  r e s u lte d  in  lo w e r in g  a ll th e  
p ro d u c t s e le c t iv i t ie s  a n d  th e  p ro d u c t  c o n c e n tra t io n s , e x c e p t C2H4. T h is  r e su lt  
in d ic a te s  th a t  a t th e  fe e d  f lo w  ra te  o f  75  c m 3 /m in , th e  s y s te m  h a d  a v e r y  lo n g  
re s id e n c e  t im e , le a d in g  to  in c re a s in g  th e  p ro b a b i l i ty  fo r  th e  h y d ro g e n a tio n , o r  th e - 
r e v e rse  o f  th e  o x id a t iv e  d e h y d ro g e n a tio n , o f  C2H2 a n d  th e  C O  o x id a tio n  r e a c tio n . 
T h e  m a x im u m  H 2 a n d  C2H2 s e le c t iv i t ie s  w e re  o b s e rv e d  a t th e  to ta l  fe e d  f lo w  r a te  o f  
10 0  c m 3/m in  ( th e  re s id e n c e  t im e  o f  1 .37  ร), s u g g e s t in g  th a t  th e  d e h y d ro g e n a tio n  
r e a c tio n  o f  C2H4 to  fo rm  C2H2 a n d  H2 p re fe ra b ly  o c c u rre d  a n d  w a s  m a x im iz e d  a t th is  
o p tim u m  to ta l  fe e d  f lo w  ra te .

R e s id e n c e  tim e  (ร) 
1.83 1.37 1.10 0.91

Figure 4.9 E ffe c t o f  to ta l  fe e d  f lo w  ra te  o n  p ro d u c t  s e le c t iv i t ie s , a n d  fo r  th e  
r e fo rm in g  o f  n a tu ra l g a s  w ith  s te a m  (s te a m  c o n te n t ,  10 m o l% ; in p u t v o lta g e , 17 .5  
k V ; in p u t  f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

T h e  e f fe c t o f  to ta l  fe e d  f lo w  ra te  o n  th e  p r o d u c t  m o la r  r a t io s  is  
i l lu s tra te d  in  F ig u re  4 .1 0 . W ith  in c re a s in g  to ta l  fe e d  f lo w  ra te  f ro m  7 5  to  100 
c m 3 /m in , th e  m o la r  ra t io s  o f  H 2 /C O  a n d  H 2 /C 2 H 2 s h a rp ly  d e c re a s e d , th e n  ra p id ly



49

in c re a s e d  w i th  in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  1 0 0  to  125  c m 3/m in  a n d  f in a l ly  
r e m a in e d  a lm o s t u n c h a n g e d  w ith  f u r th e r  in c re a s in g  to ta l fe e d  f lo w  ra te  f ro m  125 to  
150  c m 3/m in . T h e  m o la r  ra tio  o f  C 2 H 4 /C 2 H 2 s l ig h t ly  d e c re a s e d  w ith  in c re a s in g  to ta l 
fe e d  f lo w  ra te  fro m  75  to  100  c m 3/m in  a n d  th e n  g ra d u a lly  in c re a s e d  w ith  fu r th e r  
in c re a s in g  to ta l  fe e d  f lo w  ra te  to  150  c m 3/m in . In  c o n tra s t ,  th e  m o la r  ra tio  o f  H 2 /C 2 H 4 

s lig h t ly  in c re a s e d  w ith  in c re a s in g  to ta l  fe e d  f lo w  ra te  f ro m  75 to  10 0  c m 3/m in  a n d  
th e n  d e c re a s e d  w ith  fu r th e r  in c re a s in g  to ta l fe e d  f lo w  ra te  to  15 0  c m 3/m in , w h ic h  
w a s  in  th e  o p p o s ite  tr e n d  to  th e  m o la r  ra tio s  o f  H 2 /C O , H 2/C 2 H 2 , a n d  C 2 H 4/C 2 H 2 . 
T h e s e  r e s u lts  c a n  b e  c o r re la te d  w e ll w i th  th e  p la s m a -c h e m ic a l  d e h y d ro g e n a tio n  
b e h a v io r  a s  s ta te d  a b o v e  th a t th e  d e h y d ro g e n a tio n  re a c t io n  o f  C 2H 4 to  fo rm  C 2 H 2 a n d  - 
น2, as  w e ll  a s  th e  C O  fo rm a tio n , p r e f e ra b ly  o c c u rre d  a t  th e  to ta l fe e d  f lo w  ra te  o f  100 
c m 3/m in .

R e s id e n c e  tim e (ร) 
1.83 1.37 1.10 0.91

T ota l fe e d  flow  ra te  (cm V m in)

F ig u r e  4 .1 0  E ffe c t o f  to ta l fe e d  f lo w  ra te  o n  p r o d u c t  m o la r  r a t io s  fo r  th e  r e fo rm in g  
o f  n a tu ra l  g a s  w ith  s te a m  (s te a m  c o n te n t, 10 m o l% ; in p u t v o lta g e , 17 .5  k V ; in p u t 
f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

T h e  e f fe c t o f  to ta l fe e d  f lo w  ra te  o n  th e  p o w e r  c o n s u m p tio n s  p e r  
re a c ta n t m o le c u le  c o n v e r te d  a n d  p e r  H 2 m o le c u le  p ro d u c e d  is s h o w n  in  F ig u re  4 .1 1 . 
W i th  in c re a s in g  to ta l  fe e d  f lo w  ra te  f ro m  75 to  1 0 0  c m 3 /m in , th e  p o w e r  c o n s u m e d  to
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c o n v e r t  h y d r o g e n  re a c ta n t  m o le c u le s  a n d  to  p ro d u c e  h y d ro g e n  m o le c u le  s ig n if ic a n tly  
d e c re a s e d , p ro b a b ly  r e s u lt in g  f ro m  th e  o b s e rv e d  g o o d  c h a ra c te r is t ic  a n d  h ig h  
s ta b il i ty  o f  p la s m a  g e n e ra te d  a t th e  to ta l  fe e d  f lo w  ra te  o f  100  c m 3 /m in . A t a lo w e r  
to ta l fe e d  f lo w  ra te  (7 5  c m 3 /m in ) , th e  s te a m  in  th e  re a c ta n t  fe e d  c a n  c h a n g e  th e  
d ie le c tr ic  p ro p e r ty  o f  th e  s y s te m , w h ic h  s u b s e q u e n tly  le d  to  a d e c re a s e  in  th e  s ta b i l i ty  
o f  p la s m a , a s  a b o v e  m e n t io n e d . H o w e v e r ,  w i th  fu r th e r  in c re a s in g  to ta l  fe e d  f lo w  ra te  
f ro m  100  to  150  c m 3 /m in , th e  in p u t p o w e r  s h a rp ly  in c re a s e d . T h e  in c re a s e s  in  p o w e r  
c o n s u m p tio n s  a t to o  h ig h  fe e d  f lo w  ra te s  c a n  b e  e x p la in e d  b y  th e  d e c re a s e s  in  b o th  
re a c ta n t c o n v e rs io n s  a n d  h y d ro g e n  p ro d u c t io n  w h e n  th e  to ta l fe e d  f lo w  ra te  w a s  to o  
h ig h  ( to o  s h o r t  r e s id e n c e  tim e ). B e c a u s e , th e  m in im u m  p o w e r  c o n s u m p tio n s  w e re  
fo u n d  a t th e  to ta l  fe e d  f lo w  ra te  o f  1 0 0  c m 3/m in , th is  to ta l  fe e d  f lo w  ra te  w a s  s e le c te d  
fo r  fu r th e r  in v e s tig a t io n .

F ig u r e  4 .1 1  E ffe c t o f  to ta l  fe e d  f lo w  r a te  o n  p o w e r  c o n s u m p tio n s  fo r  th e  r e fo rm in g  
o f  n a tu ra l g a s  w ith  s te a m  (s te a m  c o n te n t ,  10 m o l% ; in p u t  v o lta g e , 17 .5  k V ; in p u t 
f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m )  (E c : p o w e r  p e r  r e a c ta n t  
m o le c u le  c o n v e r te d ; E h2 : p o w e r  p e r  H 2 m o le c u le  p ro d u c e d ) .

R e s id e n c e  tim e  (ร)
1.83 1.37 1.10 0.91

50 75 100 125 150
T o ta l f e e d  f lo w  ra te  (c m 3 /m in )
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4 .4 .3  E ffe c t o f  A p p l ie d  V o lta g e
In  th is  p re s e n t  w o rk , th e  e f fe c t  o f  a p p lie d  v o lta g e  w a s  in v e s t ig a te d  b y  

v a ry in g  in  th e  ra n g e  o f  12 .5  to  18 .5  kv. T h e  c o r r e s p o n d in g  in p u t  p o w e r  at v a r io u s  
in p u t  v o lta g e s  o f  12 .5 , 1 3 .5 , 15 .5 , 17 .5 , a n d  18 .5  k V  w e r e  2 2 .1 ,2 6 .0 ,  2 6 .2 , 2 8 .3 , a n d
2 8 .5  w a tt , r e s p e c tiv e ly , n o tin g  th a t th e  a m o u n t o f  in p u t  p o w e r  w a s  g iv e n  f ro m  th e  
c a lc u la tio n . T h e  h ig h e s t  o p e ra t io n a b le  a p p lie d  v o lta g e  o f  18 .5  kv w a s  l im ite d  b y  th e  
a b ru p t fo rm a t io n  o f  c o k e  f i la m e n t o n  th e  su r fa c e s  o f  th e  tw o  e le c tro d e s  in  a  r e la t iv e ly  
s h o r t  o p e ra t io n  p e r io d , w h ic h  re su lte d  in  a  s ig n if ic a n t  d e c re a s e  in  th e  s ta b il i ty  o f  
p la sm a , w h ile  th e  lo w e s t o p e ra t io n a b le  in p u t  v o lta g e  o f  1 2 .5  kv w a s  lim ite d  b y  th e  
b re a k d o w n  v o lta g e  o f  th e  s tu d ie d  p la s m a  s y s te m , w h ic h  is  a  m in im u m  v o lta g e  v a lu e  
re q u ire d  to  g e n e ra te  a  s te a d y  p la s m a  d is c h a rg e s .

F ig u re  4 .1 2  s h o w s  th e  e f fe c t o f  in p u t  v o lta g e  o n  th e  r e a c ta n t  
c o n v e rs io n s  a n d  p ro d u c t y ie ld s  a t a  c o n s ta n t  s te a m  c o n te n t  o f  1 0  m o l% , a n  in p u t  
f re q u e n c y  o f  3 0 0  H z , a n d  e le c tro d e  g a p  d is ta n c e  o f  6  m m , an d  a  c o n s ta n t  to ta l  fe e d  
f lo w  ra te  o f  100  c m 3/m in . T h e  re su lts  s h o w e d  th a t th e  c o n v e rs io n s  o f  C H 4 , C 2 H 6 , 
C 3H 8 , a n d  C O ?, a s  w e ll a s  th e  H 2 a n d  C 2 y ie ld s , te n d e d  to  in c re a s e  w ith  in c re a s in g  
a p p lie d  v o lta g e  e x c e p t th e  C O  y ie ld  r e m a in e d  a lm o s t u n c h a n g e d . It c o u ld  b e  c le a r ly  
o b se rv e d  th a t  a n  in c re a s e  in  a p p lie d  v o l ta g e  in d u c e s  a  s tro n g e r  e le c tr ic  f ie ld  s tr e n g th  
a c ro s s  th e  e le c tro d e s , a s  e x p e r im e n ta l ly  o b s e rv e d  b y  a n  in c re a s e  in  in p u t  c u r r e n t  a n d  
p o w e r . M o re  sp e c if ic a lly , th e  e le c tr ic  f ie ld  s tre n g th  is  s im p ly  p ro p o r t io n a l  to  th e  
m e a n  e le c tro n  e n e rg y  in te n s i ty  an d  e le c t ro n  te m p e ra tu re  in  th e  p la s m a  [13 ], T h e re b y , 
a t a  h ig h e r  v o lta g e , th e  h ig h e r  in p u t p o w e r , th e  g e n e ra te d  p la s m a  c o n ta in s  n o t o n ly  
e le c tro n s  w ith  a  h ig h e r  a v e ra g e  e n e rg y  a n d  te m p e ra tu re  b u t  a lso  h a s  a h ig h e r  e le c tro n  
d e n s ity . H e n c e , a s  e x p e c te d , th e  o p p o r tu n i ty  fo r  th e  o c c u r re n c e  o f  e le m e n ta ry  
c h e m ic a l r e a c t io n s  b y  e le c tro n  c o l l is io n s  (m a in ly  io n iz a t io n , e x c i ta t io n , a n d  
d is s o c ia t io n  o f  g a se o u s  m o le c u le s )  is  in c re a s e d  ( E q u a t io n s  8 -2 5 ) , r e s u lt in g  in  an  
in c re a s e  in  th e  n u m b e r  o f  c h e m ic a lly  a c tiv e  s p e c ie s  b e in g  fo rm e d  a n d  
s u b s e q u e n tia l ly  u s e d  to  a c t iv a te  th e  p la s m a -c h e m ic a l  r e a c t io n s  [1 3 -1 5 ,1 7 ] . H o w e v e r , 
it  w a s  o b s e rv e d  th a t th e  C O  y ie ld  w a s  in s ig n if ic a n tly  a f fe c te d  b y  a n  in c re a s e  in  in p u t  
v o lta g e  (F ig u re  4 .1 2 ) . T h e s e  re su lts  s u g g e s t  th a t th e  p a r t ia l  o x id a t io n  p a th w a y s  o f  
m e th a n e  to  fo rm  C O  a n d  th e  d is s o c ia t io n  re a c tio n s  o f  c a rb o n  d io x id e  to  fo rm  C O  
c a n n o t c o m p le te  w ith  th e  o th e r  re a c tio n s .
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In p u t  p o w e r  ( พ )  
22.1 26.0 26.2 28.3 28.5
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F ig u r e  4 .1 2  E f fe c t  o f  in p u t v o lta g e  o n  re a c ta n t c o n v e r s io n s  a n d  p ro d u c t  y ie ld s  fo r  
th e  re fo rm in g  o f  n a tu ra l g a s  w ith  s te a m  (s te a m  c o n te n t, 1 0  m o l% ; to ta l fe e d  f lo w  
ra te , 100  c m 3 /m in ; in p u t f re q u e n c y , 3 0 0  H z ; a n d  e le c tro d e  g a p  d is ta n c e , 6  m m ).

T h e  e ffe c t o f  a p p lie d  v o l ta g e  o n  th e  c o n c e n tra t io n s  o f  o u tle t g a s e s  is  
il lu s tra te d  in  F ig u re  4 .1 3 . T h e  c o n c e n tra t io n s  o f  C H 4, C 2 H 6 , C 3 H 8 , a n d  C O 2  g ra d u a lly  
d e c re a s e d  w ith  in c re a s in g  a p p lie d  v o lta g e , w h e re a s  th e  c o n c e n tra t io n  o f  H 2 s l ig h t ly  
in c re a se d . T h e s e  re su lts  w e ll a g re e  w ith  th e  C H 4 ,  C 2 H ê, C 3 H 8 ,  a n d  C O 2  c o n v e rs io n s  
a n d  th e  H 2 y ie ld . F ig u re  6 c  sh o w s  th e  e f fe c t  o f  a p p lie d  v o lta g e  o n  th e  p ro d u c t  
s e le c t iv i tie s . T h e  C 2H 2, H 2, a n d  C O  s e le c t iv i t ie s  in i t ia l ly  in c re a s e d  w ith  in c re a s in g  
in p u t v o lta g e  f ro m  12.5 to  13 .5  kv a n d  th e n  d e c re a s e d  s ig n if ic a n tly  w ith  fu r th e r  
in c re a s in g  in p u t  v o lta g e  f ro m  13.5 to  18 .5  kv. O n  th e  c o n tra ry , th e  s e le c t iv i t ie s  fo r  
C 2H 4 a n d  C 4 H 1 0  s lig h tly  d e c re a s e d  w ith  in c re a s in g  in p u t  v o lta g e  f ro m  12 .5  to  13 .5  
kv an d  th e n  te n d e d  to  s l ig h t ly  in c re a s e d  w ith  fu r th e r  in c re a s in g  a p p lie d  v o lta g e . 
W h e n  c o n s id e r in g  th e  in p u t v o lta g e  ra n g e  o f  1 2 .5 -1 3 .5  kV, th e  s e le c t iv i t ie s  fo r  C ? H 2 

a n d  H 2 in c re a s e d , w h e re a s  th e  s e le c t iv i t ie s  fo r  C 2 H 4  a n d  C 4 H 1 0  s h o w e d  th e  o p p o s i te  
tr e n d s , in d ic a t in g  th a t th e  C 2 H 2 an d  H 2 w e re  p re fe re n tia l ly  p ro d u c e d  f ro m  th e  
d e h y d ro g e n a tio n  re a c tio n s  o f  C 9 H 4  a n d  C 4 H io- A  p o s s ib le  e x p la n a tio n  is  th a t  a t  a
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h ig h er  input v o lta g e  o f  13.5 k v ,  a h igh er e lec tro n  d en sity , as w e ll as a su b seq u en t  
m o re  num ber o f  a c tiv e  sp e c ie s , led  to the in crea se  in op p ortu n ity  for th e  seco n d a ry  
p la sm a -ch em ica l d eh y d ro g en a tio n s o f  C2H4 and C4H10, resu ltin g  in  th e  in crea se  in  
th e  C2H2 and H 2 se le c t iv it ie s . H o w ev er , in  th e  input v o lta g e  ran ge o f  13.5- 18.5 k v ,  
th e  d ecreases in the H2 and C 2H 2 se le c t iv it ie s  w ith  in crea sin g  ap p lied  v o lta g e . T h is is  
b e c a u se  the am ou nt o f  co k e  d ep o sit  on  th e  e lec tro d e  su rfa ces w a s  fou n d  to  in crea se  
w ith  in crea sin g  in p u t v o lta g e  in  th is  stu d ied  ran g e  (7.46 % o f  co k e  at 12.5 k v ,  9.15 
% at 13.5 k v ,  9.74 % at 15.5 k v ,  10.92 % at 17.5 k v ,  and 13.22 % at 18.5 k V ). T h is  
is  p o ss ib ly  b e c a u se  at v ery  h ig h  app lied  v o lta g e , a large n u m b er o f  a c tiv e  sp e c ie s  
in crea sed  an op p ortu n ity  for th e  seco n d a ry -d isso c ia tio n  reac tio n  o f  CO2 to  form  co k e  
(E q uation  12). In ad d ition , the in crea sin g  ten d en cy  o f  the C 2H4 and C4H10 
se le c t iv it ie s  in th is h igh  ap p lied  v o lta g e  ran ge im p lie s  that the d eh yd rog en ation  
reaction s are le s s  lik e ly  to o ccu r  than the c o u p lin g  reac tio n s w ith  in crea sin g  ap p lied  
v o lta g e .

Figure 4.13 Effect of input voltage on concentrations of outlet gas for the reforming
of natural gas with steam (steam content, 10 mol%; total feed flow rate, 100
cm3/min; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Input p o w er  ( พ )
22.1 26.0 26.2 28.3 28.5

11.5 13.5 15.5 17.5 19.5
Input voltage (kV)
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T h e  e f fe c t  o f  in p u t  v o lta g e  o n  th e  p ro d u c t m o la r  r a tio s  is  sh o w n  in  
F ig u re  4 .1 5 . T h e  m o la r  ra tio  o f  H 2 /C O  in i t ia l ly  d e c re a s e d  w ith  in c re a s in g  a p p lie d  
v o lta g e  f ro m  12.5 to  13 .5  kv a n d  th e n  s ig n if ic a n t ly  in c re a s e d  w ith  fu r th e r  in c re a s in g  
a p p lie d  v o lta g e . In  th e  in p u t  v o lta g e  ra n g e  o f  1 2 .5 -1 3 .5  k V , th e  s e le c t iv i ty  o f  C O  
ra p id ly  in c re a se d , a s  m e n t io n e d  a b o v e , in d ic a t in g  th a t th e  in c re a s e  in  a p p lie d  v o lta g e  
e n h a n c e d  th e  d is s o c ia t io n  r e a c t io n s  o f  C O 2 (E q u a t io n s  1 0 -1 1 ) . A d d i t io n a l ly ,  th e  
re s u l t  im p lie s  th a t, in  th e  lo w  in p u t  v o lta g e  r a n g e , th e  C O 2 d is s o c ia t io n  h a s  a  h ig h e r  
p o s s ib i l i ty  to  o c c u r , a s  c o m p a re d  to  th e  c r a c k in g  o f  h y d ro c a rb o n s  to  p ro d u c e  H 2 an d  
c o k e  (E q u a tio n s  6 6 - 6 8 ). In  th e  in p u t  v o lta g e  r a n g e  o f  1 3 .5 -1 8 /5  k v ,  th e  s u b s ta n tia l  
in c re a s e  in  th e  m o la r  ra tio  o f  H 2/C 0  w a s  f o u n d  w ith  in c re a s in g  a p p lie d  v o lta g e  
b e c a u s e  b o th  th e  C O  d is s o c ia t io n , th e  c r a c k in g  o f  h y d ro c a rb o n s , a n d  th e  
d e h y d ro g e n a tio n  re a c t io n s  o f  h y d ro c a rb o n s  h a v e  h ig h e r  p o s s ib i l i t ie s  to  
s im u lta n e o u s ly  o c c u r , a s  c o m p a re d  to  th e  C O 2 d is s o c ia t io n . T h e s e  p o s s ib le  p a th w a y s  
a re  w e ll c o n firm e d  b y  th e  o b s e rv e d  in c re a s e  in  th e  a m o u n t o f  c o k e  w ith  in c re a s in g  
in p u t v o lta g e . T h e  m o la r  ra t io  o f  H 2 /C 2H 4 s l ig h t ly  in c re a s e d  w ith  in c re a s in g  in p u t 
v o lta g e  fro m  12.5 to  13 .5  kv an d  th e n  te n d e d  to  d e c re a se  w ith  fu r th e r  in c re a s in g  
a p p lie d  v o lta g e . T h is  c a n  b e  e x p la in e d  in  th a t  in  th e  lo w  in p u t v o lta g e  r a n g e  o f  12 .5 -
1 3 .5  kv, C 2H 4 c a n  b e  s e le c t iv e ly  d e h y d ro g e n a te d  to  fo rm  H 2 v ia  th e  s e c o n d a ry  
p la s m a -c h e m ic a l d e h y d ro g e n a tio n  re a c tio n  d u e  to  th e  in c re a s e  in  th e  n u m b e r  o f  
a c t iv e  sp e c ie s . H o w e v e r , a t an  in p u t v o lta g e  h ig h e r  th a n  13 .5  k v ,  th e  H 2 s e le c t iv i ty  
w a s  fo u n d  to  d ra s t ic a l ly  d e c re a s e  (F ig u re  4 .1 4 ) . T h is  le d  to  th e  d e c re a s e s  in  b o th  th e  
m o la r  ra tio s  o f  H 2 /C 2 H 2 an d  H 2/C 2 H 4  (F ig u re  4 .1 5 ) . In te re s tin g ly , th e  C 2 H 4/C 2 H 2 

m o la r  ra t io  te n d e d  to  s l ig h t ly  in c re a s e  w ith  in c re a s in g  in p u t v o l ta g e  f ro m  13 .5  to  18 .5 
k v  (F ig u re  4 .1 5 ) , im p ly in g  th a t th e  c o u p l in g  r e a c tio n s  p re fe ra b ly  o c c u r  th a n  th e  
d e h y d ro g e n a tio n  r e a c t io n s .  T h e s e  re su lts  w e re  c o n f irm e d  b y  th e  in c re a s e  in  C 2FI4 

c o n c e n tra t io n  (F ig u re  4 .1 3 ) .
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Input power (พ)
22.1 26.0 26.2 28.3 28.5

Figure 4.14 Effect of input voltage on product selectivities for the reforming of 
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3/min; 
input frequency, 300 Hz; and electrode gap distance, 6 mm).

Input power (พ)
22.! 26.0 26.2 28.3 28.5

Figure 4.15 Effect of input voltage on product molar ratios for the reforming of
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3/min;
input frequency, 300 Hz; and electrode gap distance, 6 mm).
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Figure 4.16 shows the effect of input voltage on the power 
consumptions. The power consumption per reactant molecule converted (Ec) 
remained almost constant with increasing input voltage from 12.5 to 13.5 kv, and it 
slightly increased with increasing input voltage from 13.5 to 15.5 kV, and finally 
decreased with further increasing input voltage. The decrease in power consumption 
per reactant molecule converted at high applied voltage range is possibly due to the 
rapid increase in CH4, C2H6, and C3H8 conversions (Figure 4.12). The power 
consumption per H2 molecule produced ( E h2)  tended to increase with increasing 
input voltage from 12.5 to 17.5 kv and then decreased with further increasing input 
voltage. The initial increase in the power consumption per H2 molecule produced can 
be explained by the decrease in hydrogen production (Figure 14). From the overall 
results, the optimum voltage of 13.5 kV, which reasonably provided both high 
selectivities for H2 and CO and relatively low power consumptions, was selected for 
further experiments.

Input power (พ)
22.1 26.0 26.2 28.3 28.5

22

๐ ~ (£ X

Applied voltage (kV)

Figure 4.16 Effect of input voltage on power consumptions for the reforming of 
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3/min; 
input frequency, 300 Hz; and electrode gap distance, 6 mm) (Ec: power per reactant 
molecule converted; Eh21 power per H2 molecule produced).
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4.4.4 Effect of Input Frequency
In this present work, the input frequency was experimentally varied in 

the range of 300-600 Hz. The corresponding input power at various input frequencies 
of 300, 400, 500, and 600 Hz were 26.0, 21.7, 19.7, and 19.2 watt, respectively. The 
limitation of the operationable lowest frequency of 300 Hz was due to the rapid 
formation of coke on the electrode surfaces, leading to the interruption of the plasma 
generation and stability, whereas the operationable highest frequency of 600 Hz was 
limited by the insufficient and unstable gliding arc discharges (i.e. the extremely 
small number of arc produced with unsmooth arc patterns along the electrode pairs).

Figure 4.17 illustrates the effect of input frequency on the reactant 
conversions and product yields at a constant steam content of 1 0  mol%, a total feed 
flow rate of 100 cm3/min, and an input voltage of 13.5 kv, and an electrode gap 
distance of 6  mm. The experimental results clearly reveal that all of reactant 
conversions and product yields tended to decrease with increasing input frequency, 
corresponding to the increase in all reactant concentrations and the decrease in H2, 
C2H2, C2H4, and CO concentrations in the outlet gas (Figure 4.18). The measured 
current across the electrodes and input power were found to gradually decrease with 
increasing input frequency from 300 to 600 Hz. It is widely accepted that in an 
alternating current discharge system, each electrode acts alternately as an anode and 
cathode, due to the reversal in polarity of the electric field, and the current 
periodically reverse in direction. A higher frequency and a faster reversal rate in the 
current can cause a slower decay rate of space charges (electrons and ions) [13,17- 
19], According to this reason, when employing a constant applied voltage and a fixed 
electrode gap distance, the current consumed to continuously activate and maintain 
the plasma discharge is reduced with increasing input frequency. As a result, the 
higher the input frequency, the lower the current, the lower the number of generated 
electrons and the lower the number of generated active species to initiate the plasma- 
chemical reactions. Based on the aforementioned phenomena relating to the input 
frequency, the space charge characteristic of the alternating current discharge is a 
decisive factor that greatly influences the behaviors of discharge and the efficiency 
of the plasma-chemical reactions. By taking this reason into account, when the input 
frequency was increased, the decreases in all reactant conversions and product yields
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possibly resulted from the reduction of the number of generated electrons to activate 
the chemically active species [14,21].
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Figure 4.17 Effect of input frequency on reactant conversions and product yields for 
the reforming of natural gas with steam (steam content, 1 0  mol%; total feed flow 
rate, 100 cm3/min; input voltage 13.5 kV; and electrode gap distance, 6  mm).
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Figure 4.18 Effect of input frequency concentrations of outlet gas for the reforming
of natural gas with steam (steam content, 10 mol%; total feed flow rate, 100
cm3/min; input voltage 13.5 kV; and electrode gap distance, 6 mm).
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The effect of input frequency on the product selectivities is shown in 
Figure 4.19. With increasing input frequency, all the product selectivities except 
C2H2 tended to increase, especially the CO selectivity. However, when correlatively 
considering H2, C2H4, and C4H10 concentrations (Figure 4.18), they slightly 
decreased with increasing input frequency. These results suggest that even though 
the reactant conversions were found to decrease, the reactants tended to be converted 
more selectively to H2, CO, C2H4, and C4H10. For the C2H2 selectivity, it initially 
decreased with the increasing input frequency from 300 to 500 Hz and then increased 
with increasing input frequency from 500 to 600 Hz. The initial decrease in the C2H2 

selectivity in the. input frequency range of 300 to 500 Hz corresponded well to the 
decrease in the C2H2 concentration (Figure 4.18). The decrease in C2H2 selectivity 
implies that the electron collisions with Ç2H4, C2H6, and C3H8 (Equations 13-24) and 
oxidative dehydrogenation reactions (Equations 21-39) are preferable to occur at a 
lower frequency (i.e. 300 Hz). For the CO concentration, it slightly increased with 
increasing input frequency from 300 to 500 Hz and then decreased with further 
increasing input frequency. These results suggest that increasing input frequency in 
the range of 300 to 500 Hz enabled the occurrence of carbon dioxide dissociation 
reactions and the oxidative dehydrogenation reactions of methane to form CO. 
Afterwards, at the higher input frequency range of 500-600 Hz, the number of active 
species was reduced due to the undesired phenomena of space charge characteristic, 
as mentioned abosve, causing the reduction of input power. Therefore, all of the 
product concentrations tended to decrease.
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Figure 4.19 Effect of input frequency on product selectivities for the reforming of 
natural gas with steam (steam content, 1 0  mol%; total feed flow rate, 1 0 0  cm3/min; 
input voltage 13.5 kV; and electrode gap distance, 6  mm).

Figure 4.20 shows the effect of input frequency on the product molar 
ratios. The H2/C2H2 and H2/C1H4 molar ratios gradually increased with increasing 
input frequency from 300 to 500 Hz and then rapidly decreased with further 
increasing input frequency. These results imply that the increase in input frequency 
resulted in the decreases in C2H2 and C2H4 formation rather than the decrease in H2 
formation. This led to the increase in H2/C2H2 and H2/C2H4 molar ratios, despite the 
decrease in the Ht concentration (Figure 4.18). With increasing input frequency, the 
C2H4/C2H2 molar ratio remained almost unchanged, implying that the tendency of 
C2H2 and C2H4 formation is in the same direction, which is consistent with the trend 
of H2/C2H2 and H2/C2H4 molar ratios. These results indicate that the oxidative 
dehydrogenation reactions, the electron-ethane collisions (Equations 19-21), and the 
coupling reactions of active species occur more preferentially at a low input 
frequency. For the Ht/CO molar ratio, it sharply decreased with increasing input 
frequency in the investigated range, probably resulted from the gradual decrease in
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Ht concentration and the almost constant concentration of CO in the outlet gas 
stream (Figure 4.18).

Input power (พ)
2 6 .0  2 1 .8  19.7 19.2
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Figure 4.20 Effect of input frequency on product molar ratios for the reforming of 
natural gas with steam (steam content, 1 0  mol%; total feed flow rate, 1 0 0  cm3/min; 
input voltage 13.5 kV; and electrode gap distance, 6  mm).

The effect of input frequency on the power consumptions is shown in 
Figure 4.21. It was clearly found that with increasing input frequency, both power 
consumptions per reactant molecule converted (Ec) and per H2 molecule produced 
( E h2)  tended to  increase. This is plausibly due to the decreases in quantities of 
converted reactants and of produced hydrogen when the input frequency increased. It 
was found that, with increasing input frequency, the intensity of the arc generated 
between the electrodes was reduced. This is likely because the larger number of sine- 
waveform cycles per second (high frequency) may require higher input energy to 
sufficiently sustain the gliding arc discharge, thereby reducing the intensity of the 
produced arc. From the overall experimental results, the operationable lowest 
frequency of 300 Hz was considered to be an optimum value for this investigated 
plasma system because it provided the highest H2 yield, the lowest power
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consumptions per reactant molecule converted and per H2 molecule produced, and 
the high stable plasma discharge during the system operation.

F i g u r e  4 .2 1  Effect of input frequency on power consumptions for the reforming of 
natural gas with steam (steam content, 1 0  mol%; total feed flow rate, 1 0 0  cm3/min; 
input voltage 13.5 kV; and electrode gap distance, 6  mm) (Ec: power per reactant 
molecule converted; Eh21 power per H 2 molecule produced).

4 .5  C o n c l u s i o n s  s

In this work, the reforming'of CÔ2-containing natural gas with steam was 
investigated under an AC gliding arc discharge system. The effects of hydrocarbons- 
to-steam molar ratio, total feed flow rate, input voltage, and input frequency on the 
synthesis gas and c  2 hydrocarbon production were examined. The addition of steam 
content of 10  mol% to the simulated natural gas was found to greatly enhance the 
natural gas reforming performance in terms of reactant conversions, product yields, 
product selectivities, and power consumptions. All of the reactant conversions tended 
to increase with increasing applied voltage. However, in the input voltage range of 
13.5-18.5 kV, the decreases in both H2 and C2H2 selectivities resulted from the direct 
observation of the rapidly increased amount of coke formed on the electrode

Input power (พ)
2 6 .0  2 1 .8  19 .7  19.2

2 0 0  3 0 0  4 0 0  50 0  6 0 0  700

Input frequency (Hz)
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surfaces. The increase in input frequency showed the negative effect on the reactant 
conversions, as well as the product yields. The optimum conditions of the 
investigated gliding arc discharge system were found at a hydrocarbons-to-steam 
molar ratio of 9/1 (a steam content of 10 mol%), a total feed flow rate of 100 
cm3/min, an input voltage of 13.5 kv, and an input frequency of 300 Hz.
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