REFERENCES

Chavadej, ., Kiatubolpaiboon, ., Rangsunvigit, p., and Sreethawong, T. (2007)
A combined multistage corona discharge and catalytic system for gaseous
benzene removal. Journal of Molecular Catalysis A: Chemical, 263, 128-
136.

Chavadej, ., Saktrakoel, K., Rangsunvigit, P., Lobban, L.L., and Sreethawong, T.
(2007) Oxidation of ethylene by a multistage corona discharge system in the
absence and presence of Pt/Ti02. Chemical Engineering Journal, 132, 345-
353.

Chavadej, ., Supat, K., Lobban, L.L., and Mallinson, R.G. (2005) Partial oxidation
of methane and carbon dioxide reforming with methane in corona discharge
with/without Pt/KL catalyst. Journal of Chemical Engineering of Japan,
38(3), 163-170.

Dawe, R.A. (2000) Modem Petroleum Technology: Volume 1 Upstream. 6ed,
Chichester: John Wiley.

Eliasson, B., Hirth, M., and Kogeischatz, . (1987) Ozone synthesis from oxygen in
dielectric barrier discharge. Journal of Applied Physics, 20, 1421-1437,

Eliasson, B. and Kogeischatz, . (1991) Nonequilibrium volume plasma chemical
processing. IEEE Transactions on Plasma Science. 19(6), 1063-1077.

Fridman, A., Naster, ., Kennedy, L.A., Savaliev, A., and Mutaf-Yardimci, o.
(1999) Gl\iding arc discharge. Progress in Energy and Combustion Science.
25,211-231.

Indarto, A., Yang, D.R., Choi, JW., Lee, H., and Song, H.K. (2007) Gliding arc
plasma processing of C 02 conversion. Journal of Hazardous M aterials. 146,
309-315.

Jiang, T., Li, Y., Liu, C.J.,, Xu, G.H., Eliasson, B., and Xue, B. (2002) Plasma
methane conversion using dielectric-barrier discharges with zeolite A.
Catalysis Today. 72, 229-235.



126

Jindanin, A. (2011) Combined Steam Reforming and Partial Oxidation of C02
Containing Natural Gas in an AC Gliding Arc Discharge System. M.S,
Thesis, Petroleum and Petrochemical College, Chulalongkom University,
Bangkok, Thailand.

Kado, ., Urasaki, K., Sekine, Y., and Fujimoto, K. (2003) Direct conversion of
methane to acetylene or syngas at room temperature using non-equilibrium
pulsed discharge. Fuel, 82, 1377-1385.

Kim, .. Lee, H., Choi, JW. Na, BK. and Song, HK. (2007) Methane
conversion to higher hydrocarbons in a dielectric-barrier discharge reactor
with Ptly-Al2Css catalyst. Catalysis Communications. s, 1438-1442.

Krawczyk, K., and Mlotek, M. (2001) Combined plasma-catalytic processing of
nitrous oxide. Applied Catalysis B: Environmental. 30, 233-245.

Kruapong, A. (2000) Partial Oxidation of Methane to Synthesis Gas in Low
Temperature Plasma. NS, Thesis, The Petroleum and Petrochemical
College, Chulalongkom University, Bangkok, Thailand.

Nair, S.A., Nozaki, T., and Okazaki, K. (2007) Methane oxidative conversion
pathways in a dielectric barrier discharge reactor-investigation of gas phase
mechanism. Chemical Engineering Journal, 132, 85-95.

Nasser, E. (1971). Fundamentals of Gaseous lonization and Plasma Electronics.
New York: John Wiley.

Ouni, F., Khacef, A., and Cormier, M. (2009) Syngas production from propane
using at}nospheric non-thermal plasma. Plasma Chemistry and Plasma
Processing. 29, 119-130.

Perry R.H., Green D.W., and Maloney J.0., (1997) Perry’s Chemical Engineering’
Handbook. 7ed New York: McGraw-Hill, Inc.

Poonphatanapricha, p. (1997) Methane Conversion in an AC Electric Discharge.
M.S. Thesis, The Petroleum and Petrochemical College, Chulalongkom
University, Bangkok, Thailand.



127

Rafiq, iM.H., and Hustad, J.E. (2011) Biosyngas production by autothermal
refonning of waste cooking oil with propane using a plasma-assisted
gliding arc reactor. International Journal of Hydrogen Energy, 36,
8221-8233.

Rosacha, L.A., Anderson, G.K.. bechtold, L.A., Coogan, J.J., Heck, H.G., Kang, M.,
McCulla, W.H., Tennant, R.A., and Wantuck, P.J. (1993) Treatment of
hazardous organic wastes using silent discharge plasma. Non-thermal
Plasma Techniques for Pollution Control.34. 281-308.

Rueangjitt, N., Akarawitoo, C., Sreethawong, T., and Chavadej, . (2007)
Reforming of CCh-containing natural gas using an AC gliding arc system:
Effect of gas component in natural gas. Plasma Chemistry and Plasma
Processing. 27, 559-576.

Rueangjitt, N., littiang, ., Pommai, K., Chamnanmanoontham, C., Sreethawong,
T., and Chavadej, . (2009) Combined reforming and partial oxidation of
CCh-containing natural gas using an AC multistage gliding arc discharge
system: Effect of stage number of plasma reactor. Plasma Chemistry and
Plasma Processing, 29, 433-453.

Rueangjitt, N., Sreethawong, T., and Chavadej, . (2008) Reforming of CO2-
containing natural gas using an AC gliding arc system: Effects of

operational parameters and oxygen addition in feed. Plasma Chemistry and
"Dlcon< B- o TO 1O [;'7



128

Suetsuna, T. Seiichi, ., and Takayuki, F. (2004) Monolithic Cu-Ni-based catalyst
for reforming hydrocarbon fuel sources. Applied Catalysis A. 276, 275-
219,

Thanyachotpaiboon, K., Chavadej, ., Caldwell, L., Lobban, L.L., and Mallinson,
R.G. (1998) Conversion of methane to higher hydrocarbons in AC
nonequilibrium plasmas. AIChE Journal. 44(10), 2252-2257.

Wei-Hsin, C., Mu-Rong, L., Jau-Jang, L., Yu, C., and Tzong-Shyng, L. (2010)
Thermodynamic analysis of hydrogen production from methane via
autothermal reforming and partial oxidation followed by water gas shift
reaction. International Journal of Hydrogen Energy. 35. 11787-117979.

Zhang, K., Kogelschatz, ., and Eliasson, B. (2001) Conversion of greenhouse
gases synthesis gas and higher hydrocarbons. Energy & Fuels. 15, 395-402.

Zhang, X., Zhu, A., Li, X., and Gong, . (2004) Oxidative dehydrogenation of
ethane with CO2 over catalyst under pulse corona plasma. Catalysis Today.
89, 97-102.

Zhou, Z., Zhang, J., Ye, J., Zhao, p., and Xia, . (2011) Hydrogen production by
reforming methane in a corona inducing dielectric barrier discharge and
catalyst hybrid reactor. Chinese Science Bulletin. 56, 2162-2166.

Zou, J.J., Zhang,Y.P., and Liu, CJ. (2007) Hydrogen production from partial
oxidation of dimethyl ether using corona discharge plasma. International
Journal of Hydrogen Energy. 32, 958-964.



APPENDICES
Appendix A Experimental data

Table AL Effect of steam content on reactant conversions and product yields for the
reforming of natural gas with steam (total feed flow rate, 100 cms/min; input voltage,
17.5kV; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Steam . .
Reactant conversion (%) Product yield (%)

content

(mol%) chd CaHe CaHe CO02  h2 €2 CO
0 1179 22,69 2981 147 - 29.07 2571 2.14
10 1539 2586 3157 946  39.04 23.10  2.66
15 1207 2485 33.15 8.38 3462  23.66 2.91
20 10.16 2241 3492 719 3460 2385 294

30 7.66  20.70  27.86 441 2735 20.57 2.38

Table A2 Effect of steam content on concentrations of outlet gas for the reforming
of natural gas with steam (total feed flow rate, 100 cma/min; input voltage, 17.5 kV;
input frequency, 300 Hz; and electrode gap distance, 6 mm).

Steam .
Concentration of outlet gas (mol%)

content

(mol%)  che CaHe C3Hs COZ2 2 CO  CH2  coma CsH 0
0 61.69 395 348 19.46 1338 055 061 267 0.38
10 6134 379 339 1904 1745 o066 069 218 0.60
15 6468 3.84 331 1227 1310 0.64 046 2.15 0.37
20 65.14 397 322 1952 1287 0.63 044 218 0.38

30 66.95 4.06 357 20.10 9.63 049 031 185 0.28
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Table A3 Effect of steam content on product selectivities for the reforming of
natural gas with steam (total feed flow rate, 100 cmVmin; input voltage, 17.5 KV;
input frequency, 300 Hz; and electrode gap distance, 6 mm).

Steam
content
(mol%)
0
10
15
20
30

h?2
43.12
53.60
50.32
49.97
48.65

Product selectivity (%)

co
2.86
3.23
3.17
3.93

C2H2
6.40
6.77
5.45
5.34
4.95

CoH4
21.93
21.30
25.21
26.60
28.98

CeH 0

11.71
8.70
9.07
8.67

Table A4 Effect of steam content on product molar ratios for the reforming of

natural gas with steam (total feed flow rate, 100 cma/min; input voltage, 17.5 kV;

input frequency, 300 Hz; and electrode gap distance, 6 mm).

Steam content

(mol%)

0
10
15
20
30

\

h2lco
19.37
24.41
26.34
20.36

20.01

Molar ratio
halc2h2 H2/C2H4
30.54 5.22
21.83 5.00
25.15 7.99
28.18 6.09
29.45 591

C2H4/C2H2
5.85
4.36
3.14
4.62
4.98
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Table A5 Effect of steam content on power consumptions for the reforming of
natural gas with steam (total feed flow rate, 100 cms/min; input voltage, 17.5 kV;
input frequency, 300 Hz; and electrode gap distance, 6 mm) (Ec: power per reactant
molecule converted; en2-power per Hamolecule produced).

Power consumption

Steam content - .
(xioB 1 lolecule)

(mol%)
per reactant converted per Hz produced
0 3.42 3.21
10 I 1.94
15 2.43 2.32
20 2.58 2.36
30 3.40 3.15

Table A6 Effect of total feed flow rate on reactant conversions and product yields,
for the reforming of natural gas with steam (steam content, 10 mol%; input voltage,
17.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Total feed . :
Reactant conversion (%) Product yield (%)
flow rate \
(cmamin)  chs  Co2He  C3Hs  CO2 h2 2 oo
75 16.27 2632 29.76 9.17 29.65  23.77 1.59
100 1540  25.86  31.57 9.46 39.04  23.10 2.66

125 13.09  23.35 30.29 4,74 29.91 23.85 1.47
150 9.92 20.88 28.50 2.73 24 .55 24.16 1.24
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Table A7 Effect of total feed flow rate on concentrations of outlet gas for the
reforming of natural gas with steam (Steam content, 10 mol%; input voltage, 17.5
KV; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Total feed ,
Concentration of outlet gas (mol%)
flow rate
(cma/min)  cha CoHe C3Hs = o ho2 CO CeHz CoHe CaHn

75 5991 372 343 1885 1356 040 037 263 041
100 61.34 379 389 19.04 1745 o066 0.69 2.18 0.60
125 62.18 3.87 341 1977 1264 035 035 251 043
150 64.46 3.99 349 2019 949 028 0.26 245 034

Table A8 Effect of total feed flow rate on product selectivities, and for the
reforming of natural gas with steam (steam content, 10 mol%; input voltage, 17.5
kV; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Total feed —
Product selectivity (%)
flow rate
(cm3imin) h? co c2h? C2Hq4 C4H 0
75 V 40.99 1.95 3.62 25.55 8.04
100 53.60 3.23 6.77 21.30 1171
125 44.82 2.05 4.10 29.27 10.10

150 41.41 2.00 3.76 35.19 9.68
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Table A9 Effect of total feed flow rate on product molar ratios for the reforming of
natural gas with steam (steam content, 10 mol%; input voltage, 17.5 kV; input
frequency, 300 Hz; and electrode gap distance, 6 mm).

Total feed .
Molar ratio

flow rate

(cms3/min) h2co H2/C2H2 H2/C2Hs  CaH4C2H2
75 33.88 36.48 5.16 7.07
100 26.34 25.15 7.99 3.15
125 35.93 35.95 5.03 7.14
150 34.05 36.19 3.88 9.36

Table A10 Effect of total feed flow rate on power consumptions for the reforming
of natural gas with steam (steam content, 10 mol%; input voltage, 17.5 kV; input
frequency, 300 Hz; and electrode gap distance, 6 mm) (Ec. power per reactant
molecule converted; En2:power per Hamolecule produced).

Total feed Power consumption
flow rate (xioB  /molecule)
(cma/mxin) per reactant converted per Ha produced
75 2.36 2.84
100 2.12 1.95
125 2.12 2.80

150 3.49 3.72



134

Table A1l Effect ofinput voltage on reactant conversions and product yields for the
reforming of natural gas with steam (steam content, 10 mol%; total feed flow rate,

100 cm3min; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Input
voltage
(kV)
12,5
135
145
155
16.5
175
18.5

chi
10.66
12.11
13.53
12.74
16.34
15.40
15.55

Reactant conversion (%)

CoHs
16.64
19.08
19.45
20.45
27.16
25.86
28.27

C3Hs
29.77
30.02
25.90
30.48
39.30
31.57
38.79

C02
1.44
4.67
6.28
5.20
8.37
9.46
8.57

Product yield (%)

h?2
31.21
40.25
37.49
39.69
42.60
39.04
42.97

-c2

17.33
18.05
17.45
20.05
23.46
23.10
2477

co
2.36
3.13
2.44
2.82
3.43
2.66
2.38

Table A12 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

cma/min; input frequency, 300 Hz; and electrode gap distance, 6 mm).

Input
voltage
(kV)
12.5
13.5
145
155
16.5
175
18.5

CH4
64.25
61.90
61.23
62.00
60.18
61.34
61.25

CHs
4.26
4.03
4.02
3.96
3.72
3.79
3.67

Concentration of outlet gas (mol%)

CsHs
3.62
3.52
3.66
3.40
3.06
3.39
3.06

C02

19.27
18.97
19.03
19.07
18.56
19.04
18.74

h?2
15.66
17.07
17.31
16.92
18.32
17.44
18.01

co
0.56
0.76
0.62
0.63
0.83
0.66
0.57

CaH2
0.46
0.61
0.66
0.60
0.71
0.69

0.68

CoH4
1.65
1,57
1.56
1.82
2.14
2.18
2.21

CsHjo
0.33
0.28
0.25
0.30
0.36
0.60
0.36
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Table A13 Effect of input voltage on product selectivities for the reforming of
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3min;
input frequency, 300 Hz; and electrode gap distance, 6 mm).

Input -
Product selectivity (%)
voltage
(kV) h 2 Co C2H2 C2H4 C4H 0
12.5 65.20 4.04 6.48 23.15 9.22
135 65.75 7.55 7.68 19.71 6.98
14.5 63.68 3.75 7.95 18.82 6.00
155 62.34 4.10 1.17 21.93 1.23
16.5 51.46 3.76 6.39 19.33 6.43
175 53.60 3.23 6.77 21.30 117
18.5 52.01 2.61 6.31 20.85 6.69

Table Al4 Effect of input voltage on product molar ratios for the reforming of
natural gas with steam (steam content, to mol%; total feed flow rate, 100 cma/min;
input frequency, 300 Hz; and electrode gap distance, 6 mm),

Input voltage Molar ratio
(kV)
H2CO H2/C2H2 H2/C2H4 C2H4/C2H>2

12.5 27.18 33.93 9.46 3.57
135 22.58 27.95 10.89 2.56
145 21.78 26.17 11.05 2.37
155 24.84 28.36 9.28 3.06
16.5 21.96 25.83 8.55 3.02
175 26.34 21.15 7.99 3.14

18.5 31.68 26.27 7.94 3.30
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Table AL5 Effect of input voltage on power consumptions for the reforming of
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cma/min;
input frequency, 300 Hz; and electrode gap distance, 6 mm) (Ec:power per reactant
molecule converted; En2"power per H2 molecule produced).

Power consumption

Input voltage (xioB  Imolecule)

(kv)
perreactant converted per Hzproduced

12.5 2.29 151
135 2.26 1.58
145 231 1.75
155 2.46 1.83
16.5 2.38 1.86
17,5 2.12 1.95
185 1.94 1.77

Table A16 Effect of input frequency on reactant conversions and product yields for
the reforming of natural gas with steam (steam content, 1o mol%; total feed flow
rate, 100 cms/min; input voltage 13.5 kV; and electrode gap distance, 6 mm).

[nput

Reactant conversion (%) Product yield (%)
frequency
(Hz) CH4 CH6 C3Hg  CO2 h? 2 co
300 12,12 19.08 3002 467 4025 18.05  3.13
400 11.67 1536  25.06  6.20 3529 1533 3.07
500 8.30 9.83 1787 520 3211 1061  2.98

600 6.30 4.90 8.04 3.29 16.11 6.94 1.93
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Table AL7 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
cmdmin; input voltage 13.5 kV; and electrode gap distance, 6 mm).

[nput
frequency
(Hz)
300
400
500
600

chi
61.90
63.46
65.58
67.04

CH6
4.03

4.27
4.57
4.80

Concentration of outlet gas (mol%)

CHs
3.52
3.68
4.14
4.49

co2

18.97
19.04
19.79
20.07

h 2
17.07
16.27
15.14
14.19

Cco
0.76
0.78
0.77
0.59

C2H2
0.61
0.52
0.39
0.26

CH4 CsHu
157 0.28
144 0.29
099 0.22
0.79 0.4

Table A18 Effect of input frequency on product selectivities for the reforming of
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cma/min;
input voltage 13.5 kV; and electrode gap distance, 6 mm).

[nput

frequency

(H2)
300
400
500
600

h?2
65.75
67.75
69.18
71.63

co
4.76
5.27
1.23
5.67

Product selectivity (%)

CoH2
7.68
6.93
6.82
7.63

C2H4
19.72
19.37
18.53

23.15

C4H10
6.99
1.74
8.42

13.95
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Table A19 Effect of input frequency on product molar ratios for the reforming of
natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3min;
input voltage 135 kV; and electrode gap distance, 6 mm).

Input frequency Molar ratio
(Hz)
h2co H2/C2H2 H2/C2H4  C2H4/C2H2
300 22.57 27.95 10.89 2.57
400 20.72 31.50 11.27 2.79
500 19.53 39.10 15.24 2.57
600 16.13 36.19 11.94 3.03

Table A20 Effect of input frequency on power consumptions 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) (Ec. power per reactant
molecule converted; Eh2: power per Hamolecule produced).

Power consumption

Input frequenc .
pULITEQRER®Y (xioB I/molecule)

(Hz)
per reactant converted per Hz produced
300 2.26 1.58
400 2.86 2.05
500 3.61 2.01

600 6.05 3.72
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Table B1 Effects of HCs-to-02 feed molar ratio on reactant conversions and product
yields under studied conditions: steam content, 10 mol%; total feed flow rate, 100
cma/min; input voltage, 13.5 kV; input frequency, 300 Hz; and electrode gap

distance, 6 mm (Ec: power per reactant molecule converted; Eh2: power per H2

molecule produced).

HCs-t0-02
feed molar
ratio
21
31
41
6/1
9/1
without 02

chi4
19.14
16.32
15.09
9.38
9.37
11.76

Reactant conversion (%)

CoHs
21.12
25.63
21.50
16.06
14.43
18.00

C3Hs
35.65
35.92
30.26
28.16
23.73
31.90

CO2

-0.66

2.47
4.69
4.46
4.16
4.41

02
29.41
28.52
23.98
19.66
18.27
22.30

Product yield (%)

h?
59.29
571.37
46.04
4485
41.35
28.97

C2
21.10
23.29
18.48
20.59
16.82
14.80

co
46.43
35.98
19.42
11.22

8.49
5.62
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Table B2 Effects of HCs-to-02 feed molar ratio on concentrations of outlet gas

under studied conditions: steam content, 10 mol%; total feed flow rate, 100 cms/min;

input voltage, 13.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 mm

(Ec:power per reactant molecule converted; Eh2' power per Hz molecule produced).

HCs-t0-02

feed molar
ratio CH4
211 37.14
31 41.67
41 47.16
6/1 55.83
9/1 57.49

without <2 59.01

c2hé
2.53
2.75
3.20
3.73
3.88
3.88

CsHs
2.22
2.35
2.85
3.19
3.43
4.49

Concentration of outlet gas (mol%)

C02
14.40
14.96
15.99
17.65
21.78
18.27

02
22.66

18.70
14.90
9.80
8.08
4.76

Hz
18.33"

17.96
16.77
15.65
15.76
16.36

co
8.15
6.43
3.97
2.21
1.87
1.62

C2H2  C2H4
041 145
043 165
038 151 -
031 178
034 151
038 174

C4Hio
0.18

0.22
0.31
0.25
3.26

Table B3 Effects of HCs-to-02 feed molar ratio on product selectivities under
studied conditions: steam content, 10 mol%; total feed flow rate, 100 cms3/min; input

voltage, 13.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 mm (Ec:

power per reactant molecule converted; En2; power per Hamolecule produced).

HCs-t0-02
feed molar
ratio
21
3/1
41
6/1
9/1
without 0 2

h?
12.38
73.68
68.88
83.67
86.99
86.08

Product selectivity (%)

Co
57.14
4473
27.15
19.33
16.42
14.77

c2h?

5.71
6.00
5.25
5.30
5.99
1.02

CoH4
20.26
22.99
20.58
30.16
26.56
31.87

CeH
5.04
6.20
6.08
10.41
8.67
8.89
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TableB4 Effects of HCs-to-02 feed molar ratio on product molar ratios under
studied conditions: steam content, 10 mol%; total feed flow rate, 100 cmVmin; input
voltage, 13.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 mm (Ec:
power per reactant molecule converted; Ehz: power per Ha molecule produced).

HCs-to-02 feed Molar ratio
molar ratio
h2co H2/C2H2 H2/C2H4 C2H4/C2H2

211 2.25 45.03 12.68 3.55
31 2.79 41.67 10.88 3.83-
41 4.22 43.62 11.13 3.91
6/1 6.87 50.10 8.81 5.69
9/1 8.42 46.11 10.41 4.43

without <2 10.11 42.54 9.37 4.54

Table B5 Effects of HCs-to-02 feed molar ratio on power consumptions and coke
formation under studied conditions: steam content, 10 mol%; total feed flow rate,
100 cma/min; input voltage, 13.5 kV; input frequency, 300 Hz; and electrode gap
distance, e mm (Ec: power per reactant molecule converted; en2 power per H2
molecule produced).

Power consumption
HCs-to-02 feed _
(xiow /' olecule)

molar ratio
per reactant converted per Hz produced
21 2.65 1.57
31 3.28 1.97
41 3.13 2.11
6/1 4.12 2.26
9/1 4.10 2.24

without o 2 3.63 2.60
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Table B Effects of input voltage on reactant conversions and product yields under
studied conditions: steam content, 10 mol%; HCs/Cx feed molar ratio, 2/1; total feed

flow rate, 100 cma/min; input frequency, 300 Hz; and electrode gap distance, 6 mm
(Ec: power per reactant molecule converted; EM- power per H2 molecule produced).

[nput
Voltage
(kV)
13.5
14.5
15.5
16.5
175
18.5
19.5
20.5

CH4
19.14
22.28
24.11
26.92
30.34
31.33
32.03
33.47

Reactant conversion (%)

C2Hs
27.11
31.22
33.78
37.90
43.59
43.50
44.56
46.92

C3H8
35.65
39.42
41.66
46.41
52.56
51.45
52.53
55.02

COo2

-0.65
-2.81
-3.84
-1.41
-2.84
-0.75
=137

0.38

02
29.41
34.62
38.43
42.18
47.35
47.24
48.05
51.45

Product yield (%)

h?
59.29
63.39
66.44
67.67
73.93
74.34
7478
77.67

2
21.10
21.75
22.46
23.08
24.88
24.11
24.32
25.00

CO
46.43
53.99
60.71
63.93
15.74
76.71
78.71
83.71
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Table B7 Effects of input voltage on concentrations of outlet gas under studied

conditions: steam content, 10 mol%; HCs/o2 feed molar ratio, 2/1; total feed flow

rate, 100 cms/min; input frequency, 300 Hz; and electrode gap distance, 6 mm (Ec:

power per reactant molecule converted; En2: power per H2molecule produced).

Input
Voltage
(kV)
135
14,5
15.5
16.5
175
18.5
195
20.5

CH4

37.14
3541
34.27
33.53
31.80
31.22
30.86
30.11

C2Hs
2.53
2.34
2.23
2.14
1.93
1.92
1.88
1.79

CsHs
2.22
2.03
1.92
1.83
1.61
1.62
1.59
1.49

Concentration of outlet gas (mol%)

C02
14.41
14.17
14.40
14.16
14.26
14.19
1431
14.11

02

22.66
21.10
20.14
19.06
17.03
17.18
17.06
15.95

h?2
18.33

19.63
20.48
21.26
22.97
23.42
23.54
2430

co
8.15
9.50
10.62
11.36
13.34
13.59
13.95
14.71

C2H2

041
0.48
0.52
0.57
0.66
0.72
0.74
0.79

CaH4
1.45
1.44
1.44
1.49
1.53
141
141
141

C4H10

0.18
0.17
0.17
0.17
0.17
0.16
0.16
0.16
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Table B8 Effects of input voltage on product selectivities under studied conditions:
steam content, 10 mol%; HCs/02 feed molar ratio, 2/1; total feed flow rate, 100

cmaimin; input frequency, 300 Hz; and electrode gap distance, s mm (Ec: power per

reactant molecule converted; en2-power per Hamolecule produced).

[nput
Voltage
(kV)
135
145
15.5
16.5
17.5
18.5
19.5
20.5

h2
72.38
68.22
66.74
60.83
58.45
58.86
57.91
57.35

Product selectivity (%)

co
57.14
59.91
63.43
58.21
61.25
61.10
61.71
61.65

cH2
571
6.02
6.27
5.79
6.05
6.51
6.59
6.62

CaH4
20.26
18.12
17.20
15.22
14.07
12.69
12.48
11.79

C4H10
5.04
4.43
4.11
3.57
3.21
2.93
2.92
2.74
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TableBY Effects of input voltage on product molar ratios under studied conditions:
steam content, 10 mol%; HCsio2 feed molar ratio, 2/1; total feed flow rate, 100
cma/min; input frequency, 300 Hz; and electrode gap distance, 6 mm (Ec: power per
reactant molecule converted; En2: power per H2molecule produced).

Input Voltage Molar ratio
(kV)
h2co H2/C2H2 H2/C2H4 C2H4/C2H2

13.5 2.25 45.03 12.68 3.55
145 - 2.07 41.14 13.67 3.01
15,5 1.93 39.02 14.21 2.75
16.5 1.87 37.60 1431 2.63
175 1.72 34.85 14.99 2.32
18.5 171 32.32 16.60 1.95
19.5 1.69 31.61 16.68 1.89

20.5 1.65 3.71 17.27 1.78
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Table BIO Effects of input voltage on power consumptions and coke formation
under studied conditions: steam content, 10 mol%; HCs/Oa feed molar ratio, 2/1;
total feed flow rate, 100 cma/imin; input frequency, 300 Hz; and electrode gap
distance, 6 mm (Ec: power per reactant molecule converted; Eh2: power per H2
molecule produced).

Power consumption
Input Voltage :
(xios [molecule)

(kV)
per reactant converted per Hz produced

135 2.65 1.57
14.5 1.99 1.22
15.5 2.05 1.29
16.5 2.08 1.47
17.5 2.01 1.46
18.5 2.08 1.54
19.5 2.05 1.53

20.5 2.07 1.58
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Effects of input frequency on reactant conversions and product yields,
under studied conditions: steam content, 10 mol%; HCsio2 feed molar ratio, 2/1;

total feed flow rate, 100 cms/min; input voltage, 14.5kV; and electrode gap distance,

6 mm (Ec: power per reactant molecule converted; Eh2! power per H2 molecule

produced).

[nput
Frequency
(Hz)
290
300
350
400
500

chi4
26.24
22.28
25.69
21.72
16.55

Reactant conversion (%)

CoHs
37.80
31.22
35.42
29.65

22.95

C3Hs
47,15
39.42
44.62
39.45
31.93

CO2

-2.35
-2.81
-0.82
-1.02
-0.48

0;
41.72
34.62
38.23
31.65
24.74

Product yield (%)

h?2
69.42
63.39
65.56
62.76
59.53

2

24.76
21.75
23.09
21.71
18.71

co
66.80
53.99
60.70
50.76
41.52

Table B12 Effects of input frequency on concentrations of outlet gas under studied
conditions: steam content, 10 mol%; HCs/02 feed molar ratio, 2/1; total feed flow
rate, 100 cms/min; input voltage, 14.5kV; and electrode gap distance, 6 mm (Em-

power per reactant molecule converted; en2: power per Hamolecule produced).

[nput
Frequency
(Hz)
290
300
350
400
500

chid
33.58

35.41
34.01
35.65
37.96

CoH6
2.11

2.34

2.39
2.61

C3Hs
1.77
2.03
1.85
2.02
2.26

Concentration of outlet gas (mol%)

C02
1431
14.17
13.96
13.95
13.84

02
18.78
21.10
20.01
22.13
24.34

h?2
21.26

19.63
20.53
19.40
18.03

co
11.61
9.50
10.73
8.89
7.12

C2H2
0.57
0.48
0.57
0.49
0.43

CaH4
1.58
1.44
1.47
1.42
1.18

CsHuw
0.19
0.18
0.18
0.19
0.18
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Table B13 Effects of input frequency on product selectivities under studied
conditions: steam content, 10 mol%; HCs/02 feed molar ratio, 2/1; total feed flow
rate, 100 cm3min; input voltage, 14.5kV; and electrode gap distance, 6 mm (Ec:
power per reactant molecule converted; Enh2: power per 2molecule produced).

Input .
Product selectivity (%)
Frequency
(Hz) h? co C2H2 C2H4 C4H 10
290 62.43 61.38 6.07 16.68 3.98
300 68.22 59.92 6.02 18.12 4.43
350 62.01 57.86 6.20 15.81 3.95
400 69.11 56.53 6.17 18.00 4.86
500 83.29 57.711 6.89 19.11 5.12

TableB14 Effects of input frequency on product molar ratios under studied
conditions: steam content, 10 mol%; HCs/02 feed molar ratio, 2/1; total feed flow
rate, 100 cm3min; input voltage, 14.5kV; and electrode gap distance, 6 mm (Ec:
power per reactant molecule converted; EH2 power per H2molecule produced).

Input Frequency Molar ratio
(H2) '
H2CO h2ch? H2/CTH4 C2HA4C2H2
290 1.83 37.04 13.47 2.75
300 2.07 41.14 13.67 3.01
350 1.91 35.74 14,01 2.55
400 2.18 40.00 13.71 2.92

500 2.53 42.39 15.29 2.11
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Table B15 Effects of input frequency on power consumptions and coke formation
under studied conditions: steam content, 10 mol%; HCs/Cx feed molar ratio, 2/1;
total feed flow rate, 100 cm3min; input voltage, 14.5kV; and electrode gap distance,
6 mm (Ec: power per reactant molecule converted; Eh2' power per H2 molecule
produced).

Power consumption

[nput Frequenc
p quency (X108 s/molecule)

(2 per reactant converted per H2 produced
290 2.16 1.47
300 1.98 1.22
350 2.01 1.40
400 2.19 1.36
500 3.06 1.60

Table B16 Effects of electrode gap distance on reactant conversions and product
yields under studied conditions: steam content, 10 mol%; HCs/02 feed molar ratio,
211; total feed flow rate, 100 cm3min; input voltage, 14.5 kV; and input frequency,
300 Hz (Ec: power per reactant molecule converted; En2: power per H2 molecule

produced).

Electrode , :

Gap Reactant conversion (%) Product yield (%)
Distance

) chd  CH6 C3H8 €02 02 h2 c2 c¢o

1571 1821 2157 0.46 20,73 49.75  11.66  32.08
2228 3122 3942 281 3461 6339  21.75  53.99
2811 3936 4832  -1.72 4293 7096 2447 6949
27.67 39.70 4998  -1.16  43.29  69.83 2554  67.67

co ~N o B~
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Table B17 Effects of electrode gap distance on concentrations of outlet gas, (c)
generated current under studied conditions: steam content, 10 mol%; HCs/Cx feed
molar ratio, 2/1; total feed flow rate, 100 cms/min; input voltage, 14.5 kV; and input
frequency, 300 Hz (Ec: power per reactant molecule converted; Ehz2: power per H2
molecule produced).

Electrode

Gap

Distance

(mm)
4
b
7

8

CH4

38.46
35.41
32.37
33.23

C2H6

2.18
2.34
2.04
2.07

Cs3Hs

2.62
2.03
1.70
1.69

c02

13.85
1417
14.26
14.06

02

25.70
21.10
18.51
18.83

h2

17.09
19.63
21.85
21.58

Concentration of outlet gas (mol%)

co

6.09
9.50
12.08
11.84

0.37
0.48
0.60
0.61

CH2 CH4 CeHio

0.73  0.09
144 0.18
153 0.8
1.62  0.20

Table B18 Effects of electrode gap distance on product selectivities under studied
conditions: steam content, 10 mol%; HCs/Cx feed molar ratio, 2/1; total feed flow
rate, 100 cma/min; input voltage, 14.5 kV; and input frequency, 300 Hz (Ec: power
perreactant molecule converted; en2 power per Hamolecule produced).

Electrode

Gap

Distance

(mm)
4

6
1

h?

89.56
68.22
61.28
59.51

Product selectivity (%)

co

57.27
59.92
60.92
58.24'

C2H2

7.05
6.02
6.07
6.00

CoH4

13.77
18.12
15.38
15.98

C4H10

3.31
4.43
3.67
3.90



151

TableB19 Effects of electrode gap distance on product molar ratios under studied
conditions: steam content, 10 mol%; HCs/C>2 feed molar ratio, 2/1; total feed flow
rate, 100 cm3/min; input voltage, 14.5 kV; and input frequency, 300 Hz (Ec: power
per reactant molecule converted; EH: power per Hamolecule produced).

Electrode Gap Molar ratio
Distance (mm)
H2/CO H2/C2H2 H2/C2H4 C2H4/C2H2
4 " 2.81 45.61 23.34 1.95
6 2.07 41.14 13.67 3.01
7 181 36.29 1 14.32 2.53
8 1.82 35.35 13.28 2.66

Table B20 Effects of electrode gap distance on power consumptions and coke
formation under studied conditions: steam content, 10 mol%; HCs/C>2 feed molar
ratio, 2/1; total feed flow rate, 100 cm3min; input voltage, 145 kV; and input
frequency, 300 Hz (Ec: power per reactant molecule converted; En2”power per Hz2
molecule produced).

Power consumption

Electrode Ga
P (x1018  [:molecule)

Distance (mm)

per reactant converted per Hzproduced
4 3.36 1.69
6 1.98 1.22
7 2.04 1.43
8 2.00 1.45
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Appendix ¢ Experimental data

Table CI Effect of stage number of plasma reactors on reactant conversions and
product yields for the combined steam reforming and partial oxidation of natural gas
at a constant feed flow rate of 100 cm3min (steam content, 10 mol%; HCs-to-02
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).

Residence  Number Reactant conversion (%) Product yield (%)

time of stage
g ! chd CoH6 C3HS C02 02 n2 2 cCO

1.37 1 2228 3122 3942 -281 3462 6338 2175 53.99
2.4 2 37.55 38.76 5526 -545 26.12 106.57 30.99 106.71
411 3 39.58 45060 6895 778 36.79 120.75 4135 134.84
5.48 4 5222 5294 76.10 470 4330 12151 4337 15839

Table C2 Effect of stage numher of plasma reactor on concentrations of outlet gas
for the combined steam reforming and partial oxidation of natural gas at a constant
feed flow rate of 100 cm3/min (steam content, 10 mol%; HCs-to-02 feed molar ratio,
211 (Oxygen content of 33.33 mol%); input voltage, 14.5 kV; input frequency, 300
Hz; and electrode gap distance, 6 mm).

Residence  Number Concentration of outlet gas (mol%)
time () ofstage
CO CH4 C02 CH2 CH4 CH6 CH8 cap0
1.37 1 1963 949 B4l 1416 0477 1437 2343 2030 0.176
2.74 2 328 1984 2754 2 1057 185 1943 136 0179
4.11 3 2074 2451 2817 18 150 2189 182 1039 0262
5.48 4 4162 2965 2169 1083 1939 2122 159 0746 0203
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Table C3 Effect of stage number of plasma reactors on product selectivities for the
combined steam reforming and partial oxidation of natural gas at a constant feed
flow rate of 100 cm3min (steam content, 10 mol%; HCs-to-02 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).

_ _ Number of Product selectivity (%)
Residence time ()
stage
h 2 C2H2  C2H4  CO C4H,0

1.37 1 68.216  6.020  18.122 59.915  4.434
2.4 2 81.002 9.009 15565 84.618  3.061
4.11 3 78.345 10.665 14.875 83.285  3.554
5.48 4 67.038 11.135 12191 85.175  2.332

Table C4 Effect of stage number of plasma reactors on product molar ratio for the
combined steam reforming and partial oxidation of natural gas at a constant feed
flow rate of 100 cm3min and (steam content, 10 mol%; HCs-to-02 feed molar ratio,
211 (Oxygen content of 33.33 mol%); input voltage, 14.5 kV; input frequency, 300
Hz; and electrode gap distance, 6 mm).

, , Number Molar ratio
Residence time ()
of stage
h2co H2C2H2  nh2c2hd  CoHVC)?
1.37 1 2.067 41.136 13.666 3.010
2.74 2 1.778 33.401 19.334 1.728
4.11 3 1.621 25.323 18.156 1.395
5.48 4 1.404 21.473 19.614 1.095
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Table C5 Effect of stage number of plasma reactor on power consumptions and
coke formation for the combined steam reforming and partial oxidation of natural gas
at a constant feed flow rate of 100 cm3min and (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).

Power consumption

_ _ Number
Residence time () (x 10'TTWs/molecule)
ofstage
per reactant converted per Ho produced

1.37 1 19.784 12.244

2.74 2 18.735 10.007

4.11 3 3.485 2.043

5.48 4 8.106 5.520

Table C6 Effect of stage number of plasma reactors on reactant conversions and
product yields for the combined steam reforming and partial oxidation of natural gas
at constant residence time of 4.11  (steam content, 10 mol%; HCs-to-Oo 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).

Feed flow : ,
t Number Reactant conversion (%) Product yield (%)
rate
~ ofstage
(cm3Imin) ch4 C2H6 C3H8 CO0 02 Ho €2 CO
33.3 1 3510 40.52 56.50 -1.58 3596 11870 34.40 122.56
66.6 2 39.82 4517 6831 611 3083 12436 43.95 139.49
100.0 3 39.58 45.60 68.95 7.78 36.79 120.76 41.35 134.84
133.3 4 39.29 4735 7049 -2.04 4502 11935 4648  121.46



155

Table Cl Effect of stage number of plasma reactor on concentrations of outlet gas
for the combined steam reforming and partial oxidation of natural gas at constant
residence time of 411  (steam content, 10 mol%; HCs-to-02 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).

Feed flow :
Number Concentration of outlet gas (mol%)

rate
. ofstage
(cmVmin) h2 CO chd4d c02 C2H2 C2H4 C2H6 C3H8

33.3 1 38.07 2199 2899 11.92 1.491 1594 10929 1.359
66.6 2 39.57 2452 2707 1163 1.800 2.062 1.761 0.998
100.0 3 39.75 2451 2817 11.83 1570 2.189 1.822 1.039
133.3 4 38.80 22.26 28.52 1253 1899 2362 1.784 0.979

Table C8 Effect of stage number of plasma reactors on product selectivities for the
combined steam reforming and partial oxidation of natural gas at constant residence
time of 411  (steam content, 10 mol%; HCs-to-02 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).

Feed flow rate Number of Product selectivity (%)

(cm3min) stage
h?2 CH2 C2H4 CO  C4Hi0

33.3 1 89.839 12.735 13.615 93.88 2.885
66.6 2 81.124 12.851 14718 8750  3.368
100.0 3 78.345 10665 14875 8328  3.554
1333 4 75.956 13358  16.613 7831  3.882

C4H,0
0.169
0.236
0.262
0.276
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Table C9 Effect of stage numher of plasma reactors on product molar ratio for the
combined steam reforming and partial oxidation of natural gas at constant residence
time of 411  (steam content, 10 mol%; HCs-to-Cb feed molar ratio, 2/1 (Oxygen
content of 33.33 mol%); input voltage, 145 kV; input frequency, 300 Hz; and
electrode gap distance, 6 mm).

Feed flow rate Number Molar ratio
(cm3min) of stage
h2co h2lc?h? h2lc2hd  C2H4IC2H?
33.3 1 1.731 25.523 23.874 1.069
66.6 2 1.614 21.976 19.189 1.145
100.0 3 1.621 25.323 18.156 1.395
1333 4 1.743 20.433 16.429 1.244

Table CIO Effect of stage number of plasma reactor on power consumptions and
coke formation for the combined steam reforming and partial oxidation of natural gas
at constant residence time of 4,11 (steam content, 10 mol%; HCs-to-C> 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).

Power consumption

Feed flow rate Number
(x 10"7 [ olecule)

(cm3min) of stage
per reactant converted per H2produced
33.3 1 52.483 25.483
66.6 2 14.881 8.375
100.0 3 3.485 2.043
1333 4 8.960 5.115
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