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CHAPTER VI
COMBINED PLASMA REFORMING OF CO2-CONTAINING NATRUAL 

GAS WITH STEAM AND PARTIAL OXIDATION IN A MULTISTAGE
GLIDING ARC SYSTEM

6.1 Abstract

F o r  th e  p ro d u c t io n  o f  s y n th e s is  g a s  f ro m  m e th a n e  r e fo rm in g , c o n v e n tio n a l  
c a ta ly t ic  p ro c e s s e s  r e q u i r e  b o th  h ig h  te m p e ra tu re  an d  h ig h  p re s s u re ,  r e s u lt in g  in  h ig h  
e n e rg y  c o n s u m p tio n  an d  c a ta ly s t d e a c tiv a tio n . N o n - th e rm a l p la s m a  is  c o n s id e re d  a 
p ro m is in g  a l te rn a tiv e  te c h n o lo g y  fo r  sy n th e s is  g a s  p ro d u c t io n  b e c a u s e  it c a n  b e  
o p e ra te d  in  a m b ie n t c o n d itio n s . In th is  re se a rc h , th e  e f fe c t  o f  s ta g e  n u m b e r  o f  
m u lt is ta g e  g l id in g  a rc  d is c h a rg e  s y s te m  o n  th e  p ro c e s s  p e r fo rm a n c e  o f  c o m b in e d  
s te a m  re fo rm in g  a n d  p a r tia l  o x id a t io n  o f  s im u la te d  n a tu ra l g a s  w a s  in v e s tig a te d . T h e  
s im u la te d  n a tu ra l g a s  c o n ta in e d  7 0 %  m e th a n e , 5 %  e th a n e , 5 %  p ro p a n e  a n d  2 0 %  
c a rb o n  d io x id e . T h e  e x p e r im e n ts  w e re  c a r r ie d  o u t to  in v e s tig a te  re a c ta n t  c o n v e rs io n s , 
p ro d u c t s e le c t iv i t ie s  a n d  y ie ld s , a n d  p o w e r  c o n s u m p tio n  b y  v a r y in g  e i th e r  re s id e n c e  
t im e  o r  s ta g e  n u m b e r  o f  p la sm a  re a c to rs , fe e d  f lo w  ra te , h y d ro c a rb o n s - to -C b  fe e d  
m o la r  ra tio  a n d  in p u t v o lta g e . A n  in c re a s e  in  s ta g e  n u m b e r  f ro m  1 to  3 s ta g e s  a t a 
c o n s ta n t feed  f lo w  ra te  e n h a n c e d  th e  re a c ta n t c o n v e rs io n s , a n d  H 2 y ie ld  w ith  a
re d u c tio n  o f  e n e rg y  c o n s u m p tio n . T h e  lo w e s t e n e rg y  c o n s u m p tio n  o f  1 .9 9 x l0 24  eV

\

p e r  m o le  o f  r e a c ta n ts  c o n v e r te d  o r  1 ,2 4 x  1024  e V  p e r  m o le  o f  h y d ro g e n  p ro d u c e d  w a s  
o b ta in e d  fro m  3 s ta g e s  o f  p la sm a  r e a c to rs  a t a r e s id e n c e  t im e  a n d  feed  f lo w  ra te  o f
4 .11  ร, to ta l  fe e d  f lo w  ra te  o f  10 0  c m 3/m in , H C s - to - 0 2  fe e d  m o la r  ra tio  o f  2 /1 , an d  
in p u t v o lta g e  o f  15 k V , an  in p u t f re q u e n c y  o f  3 0 0  H z , an d  a n  e le c tro d e  g a p  d is ta n c e  
o f  6  m m .

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

Synthesis gas (a mixture of hydrogen and carbon monoxide), is an important 
intermediate for synthesis of various chemicals, such as ammonia, methanol, acetic 
acid and dimethyl ether [1], Regarding downstream synthesis, each desired product 
requires a different H2/CO ratio of synthesis gas [2]. For instance, a H2/CO ratio of 
1 / 1  is needed to synthesize acetic acid or acetyloxide, while 2 / 1  is required to 
synthesize methanol or ethanol.

In general, coal, petroleum coke, natural gas, or biomass can be'used to 
produce synthesis gas whereas, the major source for synthesis gas is produced from 
natural gas, since it provides the lowest cost worth, convenient in operation, and 
environmentally friendly to use. There are several commercial technologies for 
synthesis gas production: (1) steam reforming of CH4, (2) partial oxidation of CH4, 
and (3) CO2 reforming of CH4, which contribute to various H2/CO ratios. The most 
popular technique to produce synthesis gas is steam CH4 reforming (Equation 6.1) 
because it can provide a high FEiCO raito. However, steam CH4 reforming reaction 
requires a numerous amount of energy due to its highly endothermic reaction.

CH4 + H20  -> CO + 3H2 AH? 98 = +206 kJ/mol (6.1)

The CH4 reforming with C 0 2 becomes increasing interest due to the fact
\

that it does not only lessen methane consumption but also utilizes carbon dioxide. 
Nevertheless, the CH4/CO2 reforming reaction is also an endothermic reaction 
(Equation 6.2), and so, appropriate methods are required to achieve a considerable 
reaction rate in order to meet industrial requirements [3],

CH4 + C 0 2 -+ 2CO + 2H2 AH29s = +247 kJ/mol (6.2)

Non-thermal plasma has been proposed by several studies as an alternative 
technique to convert natural gas to more valuable products including synthesis gas 
[4-11J, because it provides highly energetic electrons to initiate active species,
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leading to subsequential reactions. Corona discharge one of non-thermal plasma has 
was tested with combination of catalysts for CH4/CO2 reforming by Chang-jun Liu et 
al. [12-13], It was pointed out that, corona discharge is characterized of localized 
breakdown to provide a small reaction volume and so, it is difficult to scale up for a 
large production capacity.

In our previous work [14-15], the challenging concept of the direct 
utilization of raw natural gas with a high CO2 content was explored by using an AC 
low-temperature gilding arc discharge system, where the effects of each gas 
component in a simulated natural gas, operational parameters, and oxygen addition in 
feed were investigated. The results interestingly showed that the addition of a small 
amount of oxygen effectively minimized the carbon deposit on the electrode surface 
and inside the reactor wall, and also enhanced the performance of CC>2 -containing 
natural gas reforming in terms of reactant conversion, desired product selectivity, 
desired product yield, and power consumption. However, to our knowledge, the 
combined plasma reforming of CCb-containing natural gas with steam and partial 
oxidation has never been investigated. Therefore, this present work aimed, for the 
first time, to examine the effects of stage number of plasma reactors on both fixed 
residence time and total feed flow rate, hydrocarbons-to-oxygen (HCs-to-0 2 ) feed 
molar ratio, and input voltage on reactant conversion, product selectivity, product 
yield, and power consumption.

6.3 Experimental

6.3.1 Reactant Gases
The simulated natural gas used in this work consisted with a 

molar ratio of 70:5:5:20, and oxygen (O2) were specially 
manufactured by Thai Industry Gas (Public) Co., Ltd.

6.3.2 AC Gliding Arc Discharge System
The schematic of a low-temperature multistage gliding arc system 

used in this work is shown in Figure 6.1. The 4 gliding arc reactors connected in 
series were made of a glass tube with an outer diameter of 9 cm and an inside
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d ia m e te r  o f  8 .5  c m  an d  h a d  tw o  d iv e rg in g  k n ife -s h a p e d  e le c tro d e s , w h ic h  w e re  
f a b r ic a te d  f ro m  s ta in le s s  s te e l s h e e ts  w ith  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  sy 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  in  a m ix in g  c h a m b e r  a t a  c o n tro lle d  te m p e ra tu re  o f  1 2 0  °c b y  
u s in g  a  h e a t in g  ta p e . T h e  w a te r  f lo w  ra te  to  g e n e ra te  s te a m  w a s  c o n tro l le d  b y  a 
s y r in g e  p u m p . T h e  f lo w  ra te s  o f  th e  s im u la te d  n a tu ra l  g a s  a n d  (ว2 w e re  c o n tro l le d  b y  
u s in g  m a s s  f lo w  c o n tro l le rs  (9 8 %  a c c u ra c y )  w ith  tra n sd u c e rs . 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  e a c h  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  r e a c ta n t  g a se 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  each  
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  s im u la te d  n a tu ra l  g a s , o x y g e n , 
an d  s te a m  w e re  h o m o g e n o u s ly  m ix e d  in  th e  m ix in g  c h a m b e r  b e f o r e  b e in g  fed  
u p w a rd  in to  th e  f irs t p la s m a  r e a c to r  o f  th e  m u l t is ta g e  g l id in g  a rc  s y s te m  a t 
a tm o s p h e r ic  p re s s u re . 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  l in e  an d  p la sm a  
re a c to rs , th e  te m p e ra tu re s  o f  th e  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  th e  g l id in g  
a rc  re a c to r , a s  w e ll as th e  p la s m a  re a c to rs , w e re  m a in ta in e d  a t 1 2 0  °c b y  u s in g  
h e a t in g  ta p e s . T h e  c o m p o s it io n s  o f  th e  fe e d  g a s  m ix tu re  a n d  th e  o u t le 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  a n  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 I2O 3 “ ร” 
c a p i l la ry  c o lu m n , w h ic h  a re  c a p a b le  to  a n a ly z in g  a ll h y d ro c a rb o n s , C O , C O 2 , a n d  H 2 .
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H: O
i

S y r in g e  p u m p

Figure 6.1 S c h e m a tic  o f  g l id in g  a rc  d is c h a rg e  s y s te m .

T h e  p o w e r  s u 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 ir s t  s tep , a 
d o m e s tic  A C  in p u t o f  2 2 0  V  a n 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  se c o n d  s te p , a 5 0 0  พ  p o w e r  a m p lif ie r  w ith  a 
fu n c tio n  g e n e ra to r  w a s  u s e d  to  tra n s fo rm  th e  D C  in to  A C  c u r re n t  w ith  a s in u s o id a l 
w a v e fo rm  a n d  d if f e re n t  f re q u e n c ie s . T h e  th ird  s te p , w a s  to  s te p  u p  v o lta g e  b y  u s in g  a 
h ig h  v o lta g e  tr a n s fo rm e r . B o th  o u tp u t v o lta g e  a n d  f r e q u e n c y  w e re  v a r ie 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 rre n t a t th e  lo w  v o l ta g e  s id e  w e re  m e a s u re d  
in s te a d  o f  th o s e  a t th e  h ig h  v o lta g e  s id e  b y  u s in g  a  p o w e r  a n a ly z e r  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 il ib r iu m  in  n a tu re . T h e  h ig h  s id e  v o l ta g e  a n d  c u r r e n t  w ere , 
th e re b y , c a lc u la te d  b y  m u lt ip ly in g  a n d  d iv id in g  b y  a  fa c to r  o f  13 0 , r e s p e c t iv e ly  [14- 
17].

T h e  fe e d  g a s  m ix tu re  w a s  f irs t in tro d u c e d  in to  th e  g l id in g  a rc  re a c to rs  
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  a n y  s tu d ie d  c o n d itio 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 as  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  on . 
T h e  f lo w  ra te  o f  th e  o u tle t  g a s  W'as 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  th e n  a n a ly z e d  e v e ry  3 0  m in  b y  th e  o n - l in e  G C . A f te r  th e  p la s m a
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sy s te m  re a c h e d  a  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 as  
w a s  th e n  ta k e n  fo r  a n a ly s is  a t le a s t  a  fe w  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 se 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  g l id in g  a rc  d is c h a rg e  sy s te m .

6 .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 s m 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 s e le c t iv i t ie s , H 2 , C O , an d  C 2 y ie ld s , an d  p o w e r  c o n s u m p tio n s . 
T h e  r e a c ta n t  c o n v e rs io n  is  d e f in e d  as:

(M o les  o f  re a c ta n t in  -  M o le s  o f  re a 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  = -------------------------------------- ----------------------------------- --------- (6 .1 )M o les  o f  re a c ta n t in

T h e  s e le c t iv i ty  o f  a n y  C -c o n ta in in g  p ro d u c t  is 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  re 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  6 .2 . T h e  p e rc e n ta g e  o f  c o k e  fo rm e d  c a n  b e  c a lc u la te d  fro m  th e  d if f e re n c e  
b e tw e e n  th e  to ta l a m o u n t o f  r e a c ta n t  c o n v e rs io n s  a n d  to ta l C -c o n ta in in g  p ro d u c ts ,  as 
g iv e n  in  E q u a tio n  6 .3 . In  th e  c a se  o f  th e  H 2 p ro d u c t, i ts  s e le c t iv i ty  is  c a lc u la te d  b a se d  
o n  th e  a m o u n t o f  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  6 .4 :

[P] CplOO
%  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 =  ri, 1. -: ', —-  (6 .2 )HLRiJ(CRi)

%  C o k e

%  S e le c t iv i ty  fo r  h y d ro g e n

Z [R j]C R i- Z[Pj]Cpj 
= E[Pi]Cpi (6-3)

[H] rip 100
= ร  [RiJ HRi ( )

w h e re  [P ] =

[Ri] = 
[H] =
Cp = 
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  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
m o le  o f  h y d ro g e n  in  th e  o u tle t  g a s  s tre a m
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 2 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 2 a to m s  in  e a c h  re 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  =
[Z(% CH4, % CTHfyi % C3H8 , % C02 conversions)j[X(% C2H2, % C2H4 selectivities)]

_ _  ( •

%  H 2 y ie ld  : [Z (%  C H 4, %  C 2 H 6, %  C 3Hg conversions)] [%  H 9 se lec tiv ity ]
(TÔÔ) (6 .6)

[X(% C H 4 , % € 2H ô, % C 3 H 8 , % C02 conversions)][% CO selectivity]
%  C O  y ie ld  =  -------------------- ---------------------- ^  -  6 -7 >

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 i t  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 2 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 x 60
P o w e r  c o n s u m p tio n  = --------  (6 .8 )

N * M

w h e re  p  =  p o w e r  m e a s u re d  a t th e  lo w  v o lta g e  s id e  o f  th e  p o w e r  su p p ly  u n it  ( พ )
N  =  A v o g a d r o ’s n u m b e r  (6 .0 2  X 10 23 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 2 

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

T h e  r e s id e n c e  tim e  w a s  c a lc u la te d  b a s e d  o n  th e  re a c tio n  v o lu m e  o f  
g i ld in g  a rc  r e a c to r  d iv id e d  b y  th e  fe e d  f lo w  ra te . T h e  r e a c t io n  v o lu m e  w a s  e s t im a te d  
f ro m  th e  a p p e a ra n c e  o f  g e n e ra te d  p la sm a .
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6.4 Results and Discussion

It s h o u ld  b e  n o te d  h e r e  th a t a ll p o s s ib i l i t ie s  o f  a ll p la s m a  c h e m ic a l r e a c t io n s  
u n d e r  th e  s tu d ie d  c o n d itio n s  w e re  w e ll d e s c r ib e d  in  o u r  p re v io u s  w o rk s  [1 4 -1 8 ] .

Effects of Stage Number of Plasma Reactors
In  g e n e ra l, fo r  an y  g iv e n  in p u t  v o lta g e  a n d  f re q u e n c y , th e  p ro b a b i l i ty  

o f  c o l l is io n s  b e tw e e n  re 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  in  p la s m a  
s y s te m  is  g o v e rn e d  b y  b o th  re s id e n c e  t im e  a n d  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  [1 6 ] , 
In  o rd e r  to  id e n t ify  th e  e f fe c t o f  s ta g e  n u m b e r  o f  p la s m a  re a c to rs , tw o  se ts  o f  
e x p e r im e n ts  w e re  c o n d u c te d . F irs t, th e  e f fe c t  o f  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  a t a 
c o n s ta n t to ta l fe e d  flo w  ra te  w a s  in it ia l ly  in v e s tig a te d  to  e v a lu a te  h o w  it a f fe c te d  th e  
p ro c e s s  p e r fo rm a n c e . T h e  e x p e r im e n ts  w e r e  p e r fo rm e d  a t a  c o n s ta n t to ta l  fe e d  f lo w  
ra te  o f  1 0 0  c m 3/m in , 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 lle d  a t th e  b a s e  
c o n d itio n s  (a  s te a m  c o n te n t o f  10 m o l% , an  in p u t v o lta g e  o f  14 .5  k v ,  a n  in p u t  
f re q u e n c y  o f  3 0 0  H z , a n d  an  e le c tro d e  g a p  d is ta n c e  o f  6  m m )  [1 7 ] , T h e  re s id e n c e  
t im e s  o f  th e  s in g le  s ta g e , 2 , 3 , an d  4  s ta g e s  w e re  1 .3 7 , 2 .7 1 , 4 .1 1 , an d  5 .4 8  ร, 
re sp e c tiv e ly . S e c o n d ly , to  in v e s tig a te  th e  e f fe c t o f  s ta g e  n u m b e r  o f  p la s m a  r e a c to rs , 
th e  e x p e r im e n ts  w e re  c a r r ie d  o u t a t c o n s ta n t  re s id e n c e  t im e  o f  4 .11  ร, w h e re a s  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 lle d  a t th e  b a s e  c o n d i t io n s  a s  m e n t io n e d  
a b o v e . H e n c e , th e  to ta l fe e d  flo w  ra te  w a s  c o n tro lle d  a t 3 3 .3 , 6 6 .6 , 10 0 , a n d  133.3  
c m 3/m in  fo r  th e  s in g le  s ta g e , 2 , 3 , an d  4  s ta g e s , re sp e c tiv e ly .

6 .4 .1  E ffe c t o f  S ta g e  N u m b e r  o f  P la s m a  R e a c to rs  o n  R e a c ta n t  C o n v e rs io n  
a n d  P ro d u c t Y ie ld
F ig u re  6 .2 a  il lu s tra te s  th e  in f lu e n c e  o f  th e  e f fe c ts  o f  s ta g e  n u m b e r  o f  

p la s m a  re a c to rs  o n  th e  r e 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 to ta l 
fe e d  flo w  ra te . T h e  re su lts  s h o w  th a t a ll r e a c ta n t c o n v e r s io n s  te n d e d  to  r e m a rk a b ly  
in c re a s e  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs , e s p e c ia l ly  in  Q H g  
c o n v e rs io n . T h e  re su lts  c a n  b e  e x p la in e d  b y  th e  fac t th a t, fo r  a  f ix e d  to ta l  fe e d  f lo w  
ra te , th e  in c re a s e  in  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  d i r e c t ly  in c re a s e d  th e  re s id e n c e  
o r  re a c tio n  t im e  in  th e  s y s te m . T h e  h ig h e r  th e  r e s id e n c e  t im e , th e  h ig h e r  th e
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o p p o r tu n i ty  fo r  a ll r e a c ta n ts  to  b e  c o l l id e  w ith  h ig h ly  e n e rg e t ic  e le c tro n s  in  th e  
p la s m a  re a c tio n  z o n e , le a d in g  to  in c re a se s  in  a ll r e a c ta n t c o n v e rs io n s . In  a d d it io n , th e  
h ig h e s t  C 3H 8 c o n v e rs io n  as c o m p a re d  w ith  th e  o th e r  r e a c ta n ts  r e su lts  f ro m  its  lo w e s t 
d is s o c ia t io n  e n e rg y  [1 9 ]. S u rp r is in g ly , th e  C O 2 c o n v e rs io n  w a s  fo u n d  to  re a c h  to  a 
p o s i t iv e  v a lu e  w h e n  th e  sy s te m  w a s  o p e ra te d  a t  3 o r  4  s ta g e s , w h ic h  w a s  d if f e re n t  
f ro m  p re v io u s  w o rk  o f  th e  c o m b in e d  r e fo rm in g  a n d  p a r tia l  o x id a t io n  o f  C O 2 - 
c o n ta in in g  n a tu ra l  g a s  u s in g  an  A C  m u lt is ta g e  g l id in g  a rc  s y s te m  [1 6 ] . T h is  can  b e  
e x p la in e d  b y  th e  fa c t th a t th e  c o m b in e d  p la s m a  re fo rm in g  w ith  s te a m  a n d  p a r tia l  
o x id a t io n  p la y  an  im p o r ta n t  ro le  in  e n h a n c e m e n t o f  th e  C O 2 c o n v e rs io n .

T h e  C O  y ie ld  d ra m a tic a l ly  in c re a s e d  w ith  in c re a s in g  s ta g e  n u m b e r  o f  
p la s m a  re a c to rs  f ro m  1 to  4  s ta g e  n u m b e r  o f  p la s m a  re a c to rs , w h e re a s  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  6 .2 a ) . In  th e  m e a n t im e , th e  H 2 y ie ld  in i t ia l ly  
in c re a s e d  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  r e a c to r s  f ro m  1 to  3 , a n d  th e n  
re m a in e d  a lm o s t u n c h a n g e d  w ith  fu r th e r  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  
f ro m  3 to  4 . T h e  r e s u lt s  s u g g e s t  th a t u n d e r  th e  s tu d ie d  c o n d i t io n s , an  in c re a s e  in  s ta g e  
n u m b e r  o f  p la s m a  re a c to rs  a t a  f ix e d  to ta l fe e d  flo w  ra te  o r  an  in c re a s e  in  re s id e n c e  
t im e  b y  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  a f fe c ts  p re d o m e n tly  b o th  o f  th e  
d e h y d ro g e n a tio n  re a c tio n s  to  p ro d u c e  h y d ro g e n  a n d  th e  p a r tia l  o x id a tio n  to  p ro d u c e  
C O .
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(a) R e s id e n c e  tim e (ร) (b) R e s id e n c e  tim e (ร)
1.37 2.74 4.11 5.48 1.37 2.74 4.11 5.48

S ta g e  n u m b er  o f  p la sm a  r e a c to r s S ta g e  n u m b er  o f  p la sm a  r e a c to r s

Fig. 6.2 E ffe c t o f  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  o n  r e 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  c o m b in e d  s te a m  re fo rm in g  an d  p a r tia l o x id a tio n  o f  n a tu ra l  g as  
(a )  a t a c o n s ta n t fe e d  f lo w  ra te  o f  1 0 0  c m 3/m in  a n d  (b )  a t c o n s ta n t  r e s id e n c e  tim e  o f  
4 . 1 1 ร ( s te a m  c o n te n t, 10 m o l% ; H C s-to -C >2 fe e d  m o la r  ra tio , 2 / 1  (O x y g e n  c o n te n t o f  
3 3 .3 3  m o l% ); in p u t v o lta g e , 14 .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 a p  
d is ta n c e , 6  m m ).

T h e  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  a s  a  fu n c tio n  o f  s ta g e  
n u m b e r  o f  p la s m a  re a c to rs  a t a c o n s ta n t r e s id e n c e  t im e  o f  4 .11  ร a re  d e p ic te d  in  
F ig u re  6 .2 b . T h e  Y esu lt re v e a ls  th a t CH4 a n d  C2H6 c o n v e r s io n s  a n d  th e  C2 y ie ld  
re m a in e d  a lm o s t u n c h a n g e d  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  w h ile  
th e  C3H8 p r im a r ily  in c re a s e d  a n d  th e n  r e m a in e d  a lm o s t u n c h a n g e d . B e s id e s , CO2 
c o n v e rs io n  te n d e d  to  in c re a s e  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  fro m  
1 to  3 s ta g e s , a n d  th e n  d e c l in e d  in  n e g a tiv e  v a lu e  w ith  fu r th e r  in c re a s in g  s ta g e  
n u m b e r  o f  p la s m a  r e a c to r  f ro m  3 to  4  s ta g e s . T h e  C O  y ie ld  in c re a s e d  s l ig h tly  to  
r e a c h  a m a x im u m  a t 2  s ta g e s  a f te r  th a t it d e c re a s e d  w ith  fu r th e r  in c re a s in g  s ta g e  
n u m b e r  o f  p la s m a  re a c to rs . T h e  re su lts  s u g g e s t th a t, fo r  a  c o n s ta n t  re s id e n c e  tim e , an  
in c re a s e  in  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  d i re c t ly  in c re a s e s  a h ig h  o p p o r tu n i ty  o f  
th e  c o llis io n  b e tw e e n  a ll r e a c ta n ts  an d  p ro d u c e d  e le c tro n s , le a d in g  to  in c re a s e s  in  all 
r e a c ta n ts  (C3H8, C 2H 6 , CH4, a n d  CO2) as  s u p p o r te d  b y  th e  in c re a s in g  C3H8
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c o n v e rs io n . T h e  re su lts  o f  b o th  C 2H é a n d  C H 4  s u g g e s t  th a t th e  ra te s  o f  fo rm a t io n  an d  
c o n v e rs io n  o f  b o th  re a c ta n ts  w e re  e q u a l.

It is  in te r e s t in g  to  n o te  th a t th e  O 2 c o n v e rs io n  s h o w e d  th e  o p p o s ite  
tre n d  as c o m p a re d  to  th e  C O 2 c o n v e rs io n , s u g g e s t in g  th a t a n  in c re a s e  in  s ta g e  
n u m b e r  o f  p la sm a  r e a c to rs  f ro m  1 to  3 s ta g e s  p r o v id e s  p o s i t iv e  e f fe c ts  to  a ll r e a c ta n t  
c o n v e r s io n s  b u t th e  n e g a tiv e  e f fe c t e s p e c ia lly  o n  C O 2 c o n v e rs io n  c a n  o c c u r  i f  th e  
s ta g e  n u m b e r  o f  p la s m a  r e a c to r  is  to o  h ig h , le a d in g  to  in c re a s in g  C O  o x id a tio n  to  
C O 2 . B e s id e s , it w a s  fo u n d  th a t in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  f ro m  1 to  
4  s ta g e s  h a d  an  in s ig n if ic a n t  im p a c t o n  แ 2 y ie ld , in d ic a t io n  th a t  th e  in c re a s in g  ra te s  
o f  b o th  h y d ro g e n  fo rm a t io n  an d  c o n v e rs io n  w e re  e q u a l.
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6.4.2 Effect of Stage Number of Plasma Reactors on Product Selectivity 
and Product Molar Ratio

The effect of stage number of plasma reactors on product selectivities 
at a constant feed flow rate of 100 cm3/min is shown in Figure 6.3a. Interestingly, 
under the studied conditions, the main products were CO and น 2 . With increasing 
stage number of plasma reactors from 1 to 2 stages, the CO selectivity' increased 
remarkably, whereas it remain almost constant with further increasing stage number 
of plasma reactors from 2 to 4 stages. The แ 2 selectivity also increased significantly 
with increasing stage number of plasma reactors from 1 to 2  stages and beyond 2  

stages, it decreased sharply with further increasing stage number of plasma reactors. 
It was found that the selectivities for both CO and แ 2 reached the maximum at 2 
stages of plasma reactors. The selectivities for C2 H4 and C4 H 10 decreased with 
increasing stage number of plasma reactors from 1 to 4 stages, whereas the C2H2 

selectivity increased significantly. The results are correlative with the decreases in 
C2H4/C2 H2 , H2/C2 H2 , H2/CO molar ratios (Figure 6.3a). The results suggest that an 
increase in stage number of plasma reactors with fixing a total feed flow rate 
basically increases the residence time, resulting in increasing several subsequential 
reactions including dehydrogenation, coupling, CO formation and cracking which 
will be discussed below.
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(a) Residence time (ร)
137 2.74 4.11 5.48 137 2.74 4.11 5.48

(b) Residence time (ร)

Stage number of plasma reactors Stage number of plasma reactors

Fig. 6.3 E ffe c t o f  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  o n  p ro d u c t s e le c t iv i t ie s  fo r  th e  
c o m b in e d  s te a m  re fo rm in g  a n d  p a r tia l o x id a tio n  o f  n a tu ra l  g as  (a ) a t a  c o n s ta n t fe e d  
f lo w  ra te  o f  100  c m 3/m in  a n d  (b ) a t c o n s ta n t r e s id e n c e  t im e  o f  4 .11  ร ( s te a m  c o n te n t , 
1 0  m o l% ; H C s-to -C b  fe e d  m o la r  ra tio , 2 / 1  (O x y g e n  c o n te n t  o f  3 3 .3 3  m o l% ); in p u t 
v o lta g e , 14 .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 a p  d is ta n c e , 6  m m ).

F ig u re  6 .3 b  s h o w s  th e  e f fe c t o f  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  o n  
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  r e s id e n c e  t im e  o f  4 .1 1  ร. In te re s tin g ly , b o th  C O  an d  
H t w e re  a lso  th e  m a in  p ro d u c ts  o f  th e  p la s m a  r e 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  s te a m  an d  p a r tia l o x id a tio n  u n d e r  th e  s tu d ie d  c o n d itio n s . T h e  s e le c t iv i t ie s  
fo r  b o th  H t a n d  C O  g ra d u a lly  d e c re a s e  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  
re a c to rs  fro m  1 to  4  s ta g e s . It is  k n o w n  th a t in c re a s in g  in  s ta g e  n u m b e r  o f  p la s m a  
re a c to rs  re su lts  in a h ig h e r  p ro b a b i l i ty  o f  th e  c o llis io n  o f  a ll re a c ta n ts  a n d  g e n e ra te d  
e le c tro n s  to  p ro d u c e  a c tiv e  sp e c ie s , le a d in g  to  in c re a s in g  s u b s e q u e n tia l  re a c tio n s . 
H o w e v e r , to o  h ig h  re s id e n c e  t im e  a n d /o r  to o  m a n y  t im e s  p a s s in g  th ro u g h  th e  p la s m a  
z o n e  can  in c re a s e  u n d e s ira b le  re a c tio n s  su c h  as C O  o x id a tio n , h y d ro g e n a tio n , a n d  H 2 

o x id a tio n , le a d in g  to  th e  re d u c t io n  o f  b o th  s e le c t iv i t ie s  o f  C O  a n d  H 2 in  th is  s tu d y . 
O n  th e  o th e r  h a n d , s e le c t iv i t ie s  fo r  C2H4 a n d  C4H10 s l ig h t ly  in c re a se d  w ith  in c re a s in g  
s ta g e  n u m b e r  o f  p la sm a  re a c to rs , c o r re sp o n d in g  to  th e  d e c re a se s  in  th e  ra tio s  o f  
H2/C2H4 a n d  H2/C2H2, w h e re a s  C2H4/C2H2 s l ig h tly  in c re a s e d  (F ig u re  6 .4 b ) .
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Fig. 6.4 E ffe c t o f  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  o n  p ro d u c t  m o la r  r a t io  fo r  th e  
c o m b in e d  s te a m  re fo rm in g  an d  p a r tia l  o x id a t io n  o f  n a tu ra l  g a s  (a )  at a  c o n s ta n t  fe e d  
f lo w  ra te  o f  10 0  c m 3/m in  an d  (b )  a t c o n s ta n t r e s id e n c e  t im e  o f  4.11 ร ( s te a m  c o n te n t, 
10 m o I% ; H C s-to -C b  feed  m o la r  ra tio , 2/1 (O x y g e n  c o n te n t  o f  3 3 .3 3  m o l% ) ;  in p u t 
v o lta g e , 14.5 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 a p  d is ta n c e , 6  m m ).

6 .4 .3  E ffe c t o f  S ta g e  N u m b e r  o f  P la s m a  R e a c to rs  o n  P o w e r  C o n s u m p tio n
a n d  C o k e  F o rm a tio n
A s  sh o w n  in  F ig u re  6 .5 a , in  th e  c a s e  o f  f ix e d  fe e d  f lo w  ra te , a sh a rp  

d e c re a s e  in th e  p o w e r  c o n s u m p tio n  p e r  m o le  o f  a ll h y d ro c a rb o n  re a c ta n ts  c o n v e r te d  
o r  h y d ro g e n  p ro d u c e d  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  f ro m  1 to  3 
s ta g e s  an d  b e y o n d  3 s ta g e s , it a d v e rs e ly  in c re a se d  s u b s ta n t ia l ly  w ith  fu r th e r  
in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs  f ro m  3 to  4  s ta g e s . In  c o n tra s t ,  th e  c o k e  
fo rm a tio n  in c re a s e  m a rk e d ly  w ith  in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  r e a c to rs . In  th e  
c a se  o f  f ix e d  to ta l  f lo w  ra te , a n  in c re a s e  in  s ta g e  n u m b e r  o f  p la s m a  r e a c to rs  d ire c t ly  
in c re a s e s  th e  re s id e n c e  t im e , le a d in g  to  in c re a s e s  in  a ll s u b s e q u e n tia l  r e a c tio n  
in c lu d in g  th e  c ra c k in g  re a c tio n s  to  y ie ld  c o k e  in  th e  sy s te m . T h e  m in im u m  p o w e r  
c o n s u m p tio n  w e re  3 .49x 1  0 ~17 พ ร  p e r  m o le  o f  h y d ro c a rb o n  re a c ta n ts  c o n v e r te d  an d  
2 .0 4 x  1 O' 17 พ ร  p e r  m o le  o f  h y d ro g e n  p ro d u c e d  a t 3 s ta g e s  o f  p la s m a  re a c to rs .
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Fig. 6.5 Effect of stage number of plasma reactor on power consumptions and coke 
formation for the combined steam reforming and partial oxidation of natural gas (a) 
at a constant feed flow rate of 100 cm3/min and (b) at constant residence time of 4.11 
ร (steam content, 10 mol%; HCs-to-Cb feed molar ratio, 2/1 (Oxygen content of 
33.33 mol%); input voltage, 14.5 kV; input frequency, 300 Hz; and electrode gap 
distance, 6  mm).

As shown in Figure 6.5b, the effect of stage number of plasma 
reactors on power consumptions and coke formation at a constant residence time of
4.11. It can be clearly seen that the power consumption per mole of all hydrocarbon 
reactants converted or hydrogen produced tends to dramatically decease with 
increasing stage number of plasma reactors from 1 to 3 stages, and beyond 3 stages, 
it slightly increases. In comparisons of both case of constant total feed flow rate and 
constant residence time, the effect of stage number of plasma reactors at constant 
residence time showed more prominently than that at a constant total feed flow rate 
especially on power consumptions. Interestingly, the minimum power consumption 
was found at the same condition stage number of 3 stages. From the results, the 
optimum conditions of a total feed flow rate of 1 0 0  cm3/min, a steam content of 10  
mol%, HCs-to-O? feed molar ratio of 2/1, 3 stages number of plasma reactors,
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6.5 Conclusion

electrode gap distance of 6 mm, input voltage of 14.5 kv, and input frequency of
300 Hz provided the lowest power consumption with reasonably high selectivities for
both H2 and CO.

The combined steam reforming and partial oxidation of C0 2 -containing 
natural gas was investigated under two series of systems with a constant feed flow 
rate and a constant residence time by using a non-thermal multistage gliding arc 
discharge. The major products were mainly hydrogen and carbon monoxide. From 
the results, the stage number of plasma reactors under a constant residence time of
4.11 ร showed the dominant effects on reactant conversions, product yields, product 
selectivities, and power consumption higher than that under a constant total feed flow 
rate of 100 cm3/min. Under the operating conditions at a HCs-to-Cb feed molar ratio 
of 2/1, an applied voltage of 14.5 kv, an input frequency of 300 Hz, and an electrode 
gap distance of 6  mm, the lowest power consumptions of 3.49x1 O' 17 พร per mole of 
hydrocarbon reactants converted or 2.04x1 O' 17 พร per mole of hydrogen produced 
was obtained from 3 stages of plasma reactors at a residence time and feed flow rate 
of 4.11 ร and 100 cm3/min, respectively.
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