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APPENDICES

Appendix A Experimental data

Table A1 Effect of stage number of plasma reactors on reactant conversions and
product yields for reforming of natural gas without partial oxidation in the case of
varying feed flow rate (applied voltage, 175 kV; frequency, 300 Hz; electrode gap
distance, 6 mm; and residence time, 4.38 )

Feed flow

Number Reactant conversion (%) Product yield (%)
coamin) % mr % o8 o2 m2 2
31.25 216005 381316 58.8239 124586 39.17  42.24

1
62.50 2 213141 418887 672458 135631 4239 3179
93.75 3 183443 401798 6/.0140 86508 4799 4321
125.00 4 189529 40.7346 728212 104294 4729 5138

Table A2 Effect of stage number of plasma reactors on concentrations of outlet
gases for reforming of natural gas without partial oxidation in the case of varying feed
flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm;
and residence time, 4.38 )

Feed flow

Number Concentration of outlet gas (mol%)
(cm3min) ofstage h2 CO CHJ co2 C2H2 coHa C2HE C3HE C4HIL0
31.25 1519 104 5236 1607 266 203 303 201 022

1
62.50 2 1549 103 5352 1595 176 224 266 157 026
93.75 3 1554 112 5129 159 163 227 276 14 028
125.00 4 1571 111 5241 1584 249 258 281 128 021
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Table A3 Effect of stage number of plasma reactors on product selectivities for
reforming of natural gas without partial oxidation in the case of varying feed flow rate
(applied voltage, 175 kY; frequency, 300 Hz; electrode gap distance, 6 mm; and
residence time, 4.38 )

Feed flowrate ~ Number of Product selectivity (%)

(omdfmi WE ) CH2 M CO CHI
31.25 1 3304 1986 1513 356 33l
62.50 2 3249 1258 1600 337 119
93.75 3 823 1345 1845 433 430
125.00 4 3$H69 1888 1957 3% 37

Table A4 Effect of stage number of plasma reactors on product molar ratios for
reforming of natural gas without partial oxidation in the case of varying feed flow rate
(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and
residence time, 4.38 )

Number Molar ratio
Feed flow rate of stace
(cm3min) ! h2co  H2CH2  H2CH4  C2H4IC2H?
3125 1 14.66 510 149 0.76
62.50 2 15.08 8.78 6.91 1.27
93.75 3 139 1393 9.52 6.83
125.00 4 1.04 14.19 6.30 6.08
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Table A5 Effect of stage number of plasma reactors on power consumptions for
reforming of natural gas without partial oxidation in the case of varying feed flow rate
(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and
residence time, 4.38 )

Number Power consumption
Feed flow rate (x 108  /molecule)

(cm3min) I per reactant converted per H2produced
31.25 1 5.10 121
62.50 2 3.16 4.52
93.75 3 345 397
125,00 4 2.15 341

Table A6 Effect of stage number of plasma reactors on reactant conversions and
product yields for reforming of natural gas without partial oxidation in the case of
varying residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap
distance, 6 mm; and feed flow rate, 125 cm3min)

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

tme() OfsOE i oHe oms CO2 h2 .o
W5 1 W1 140 3B3B 6B 1B N4
210 2 U0 W05 53 106 2743 3300

385 3 1891 4050 6780 884 4910 4623

4B 4 1895 4074 T8 1043 4729 513
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Table A7 Effect of stage number of plasma reactors on concentrations of outlet
gases for reforming of natural gas without partial oxidation in the case of varying
residence time (applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap distance,
6 mm; and feed flow rate, 125 cm3min)

Residence  Number Concentration of outlet gas (mol%)

e () OFSEGE 0 0o oH C02 CH2 CHE CHE CHy cens
1065 1 527 034 6460 1775 0%5 13 389 339 016
210 2 1040 065 5172 1677 18 18 3% 235 02
386 3 163 103 5173 150 221 235 277 150 028
481 4 1571 17 541 1584 249 258 281 18 02

Table A8 Effect of stage number of plasma reactors on product selectivities for
reforming of natural gas without partial oxidation in the case of varying resicence time
(applied voltage, 17,5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and feed
flow rate, 125 cmJmin)

Residence time () Nu;]fer of Product selectivity (%)
T ML cme 00 cao
1.095 1 2184 1225 1699 219 403
2.190 2 2116 1492 1502 264 359
3.286 3 857 1649 1747 38 4AL3
4,381 4 $H69 1765 1830 392 297
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Table A9 Effect of stage number of plasma reactors on product molar ratios for
reforming of natural gas without partial oxidation in the case of varying feed flow rate
(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and
residence time, 4.38 )

. . Number Molar ratio
Residence time ( ) of stage
hdco hdch2 HICH4  CHACH?
1095 1 1548 5.53 3.99 1.39
2.190 2 16.12 5.0 0.67 101
3.286 3 15.84 1.39 6.98 106
4.381 4 14.19 6.30 6.08 104

Table A10 Effect of stage number of plasma reactors on power consumptions for
reforming of natural gas without partial oxidation in the case of varying residence time
(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, 6 mm, and feed
flowrate, 125 cmdmin)

wny Power consumption
Residence time ( ) (x 108  /molecule)
of stage
per reactant converted per H2produced
1095 1 2.344 4,993
2.190 2 1951 3.347
3.286 3 2497 2.847
4.381 4 2.753 3409
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Table A 1l Effect of stage number of plasma reactors on reactant conversions and
product yields for reforming of natural gas with pure 02 addition in the case of
varying feed flow rate (applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap
distance, 6 mm; and residence time, 4.38 )

- .
Feed flow  Number Reactant conversion (%) Product yield (%)

(angt;in) oFSae h e cHR CO2 02 h2 .

%5 1 %5 55 7285 045 6607 818 47460

050 2 4566 6753 8200 281 769 10203 5247

075 3 4617 6889 6 090 1901 115 5612
4

125.00 4533 6817 823 013 7799 10683 57.39°

Table A12 Effect of stage number of plasma reactors on product selectivities for
reforming of natural gas with pure 02 addition in the case of varying feed flow rate
(applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap distance, 6 mm; and
residence time, 4.38 )

ceed flow rate Nunt1ber of Product selectivity (%)

(cm3min) - he CH2 CH4 CO CHD
31.25 1 4870 1745 1115 5033 147
62.50 2 5201 1694 943 5573 119
93.75 3 5558 1823 988 6041 126
125.00 4 5376 1877 1013 5694 133



Table A13 Effect of stage number of plasma reactors on concentrations of outlet gases for reforming of natural gas with pure 0:
addition in the case of varying feed flow rate (applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap distance, s mm; and residence

time, 4.38 )
Feed flow rate Numer
: of stage
(cma/min) h:

31.25 1 2254
62.50 ’ 29.76
93.75 3 3091
125.00 4 29.99

02

8.89
6.2
5.9
5.70

CO
15.66
18.29
19.03
18.05

Concentration of outlet gas (mol%)

CH4

2111
23.95
22.34
23.07

C0;
12.56
12.37
1231
1221

C2H 2

231
2.75

2.88

2.98

c2H 4

147
153
1.56
161

CZ H6
140
1.08

1.00

1.04

cshs

0.88

0.56
0.45
0.47

o 4

0.10

0.10

0.10

0.11
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Table Al4 Effect of stage number of plasma reactors on product molar ratios for
reforming of natural gas with pure o . addition in the case of varying feed flow rate
(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, s mm; and
residence time, 4.38 )

Number Molar ratio
Feed flow rate of state
(Cm3/min) g hZCO Hz/Csz H2/C2H 4 C2H4/C2H 2
31.25 144 0.77 15.29 0.64

1
62.50 2 163 10.82 19.45 0.56
93.75 3 162 10.73 19.83 0.54
125.00 4 1,66 10.08 18.66 0.54

Table A15 Effect of stage number of plasma reactors on power consumptions for
reforming of natural gas with pure o » addition in the case of varying feed flow rate
(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, s mm; and
residence time, 4.38 )

NUTDer Power consumption
Feed flow rate ste (x 101 Ws/molecule)

(cms/min) per reactant converted per H: produced
31.25 1 4,542 3.987
62.50 2 2.844 2.400
93.75 3 2.309 1.786
125.00 4 2.016 1617
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Table A16 Effect of stage number of plasma reactors on reactant conversions and
product Yields for reforming of natural gas with pure o » addition in the case of
varying residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap
distance, s mm; and feed flow rate, 125 cms/min)

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

tme() OFSE® h oh GH Ch s h 2
105 . 078 2705 B55 03 BB A5 46
210 . BB 0B 6% 215 5746 7L 4669
386 3 488 020 s 13 8118 IAFB 5672
1%L 4 53 6817 SB 013 779 1068 5739

Table A17 Effect of stage number of plasma reactors on product selectivities for
reforming of natural gas with pure ¢ » addition in the case of varying residence time
(applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap distance, s mm; and feed
flowrate, 125 cms/min)

Number of Product selectivity (%)

Residence time ( ) s

h2 C2H 2 cz2H4 CO C4H10
109 1 /183 3708 2439 861 39
2.190 2 4133 1949 1169 5581 173
3.286 3 5915 17192 952 5850 119
4,361 4 5376 1877 1013 5694 133



Table Als Effect of stage number of plasma reactors on concentrations of outlet gases for reforming of natural gas with pure 0.

addition in the case of varying residence time (applied voltage, 175 KV; frequency, 300 Hz; electrode gap distance, s mm; and feed flow
rate, 125 cms/min)

. . Number of Concentration of outlet gas (mol%)
Residence time ( ) stage
h 2 02 CO O'Lt o2 C2H 2 co2H 4 C2H 6 C3H 8 C4H10
1.095 1 1202 1774 844 4026 1300 188 124 251 2.08 0.10
2.190 2 2011 1122 1339 2867 1275 236 142 158 109 0.10
3.286 3 3421 497 1929 2149 1216 294 156 096 o042 010
4.381 4 2999 570  18.06  23.07 1227 298 161  1.04 047 0.11
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Table A19 Effect of stage number of plasma reactors on product molar ratios for
reforming of natural gas with pure ¢ » addition in the case of varying residence time
(applied voltage, 175 KV; frequency, 300 Hz; electrode gap distance, s mm; and feed
flowrate, 125 cms/min)

Residence time ( ) ';I?gt]:geer Molar rato
hdco  wacam: Hacond CH:/C:H:
1.095 1 142 6.40 9.73 0.56
2.190 ) 150 8.50 1418 0.60
3.286 3 177 11.65 21.92 0.53
4.381 4 g6 10.07 18.66 0.54

Table A20 Effect of stage number of plasma reactors on power consumptions for
reforming of natural gas-with pure « » addition in the case of varying residence time
(applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap distance, s mm; and feed
flowrate, 125 cns/min) -

Hyha Power consumption
Residence time ( ) (X 1o /molecule)
of stage
per reactant converted per H. produced
1.095 1 4.267 2.328
2.190 : 1751 1563
3.286 3 1.769 1.305

4,381 4 2.016 1617



Table A21 Effect of stage number of plasma reactors on reactant conversions and
product yields for reforming of natural gas with air adcition in the case of varying feed
flow rate (applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, ¢ mm;

and residence time, 4.38 )

Feed flow Number
rate  ofstage
(cma/min)

31.25 1 5473 7091
62.50 ;6385 BLI2
BB, 3 6654 8387
125.00 4 6297 7892

C2H6

CHS8

18.23
88.13
90.84
86.89

Reactant conversion (%)

C0;

02

1528 7401

20.38
22.12

21,51

84.25
86.76
80.89

h»

119.66
140.42
14469
130.08

Product yield (%)

c2

80.40
90.47
93.10

88.66

Table A22 Effect of stage number of plasma reactors on product selectivities for
reforming of natural gas with air addition in the case of varying feed flow rate (applied
voltage, 175 KV; frequency, 300 Hz; electrode gap distance, ¢ mm; and resicence

time, 4.38 )
Feed flow rate Nun:ber of
(cms/min) S
31.25 1
62.50 2
93.75 3
125.00 4

58.69
60.24
59.97
56.86

Product selectivity (%)

C2H 2

30.79
3103
30.97
28.19

c2H 4

1.90
6.90

6.68

6.64

cO
62.77
59.87
58.93
51.20

C4H10

0.74
0.65
0.59
0.73



Table A23 Effect of stage number of plasma reactors on concentrations of outlet gases for reforming of natural gas with air addition in
the case of varying feed flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, s mm; and residence time, 4.38 )

Number of Concentration of outlet gas (mol%)
Feed flow rate stage
(cms/min) h- 02 n: CO ' cha < conz cand Che  cas  canto
31.25 1781 316 4581 1.0 920 512 260 067 045 033 003
62.50 213 195 4515 1255 740 483 306 .es 030 018 003

1
2
93.75 3 00 166 4522 1287 s 470 317 oss 020 014 003
125.00 4 2032 241 &2 v 706 480 305 070 034 o0 004
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Table A24 Effect of stage number of plasma reactors on product molar raios for
reforming of natural gas with air addition in the case of varying feed flow rate (applied
voltage, 17.5 KY; frequency, 300 Hz; electrode gap distance, s mm; and resicence
time, 4.38 )

Feed flow rate l(\)lgggeer Molar ati
(Cm3/m|n) g hZCO H 2/C2H 2 H2cC2H 4 C2H4/C2H 2
31.25 159 0.84 26.63 0.26

1
62.50 : 110 6.98 31.38 0.22
93.75 3 172 6.96 32.29 0.22
125,00 4 169 6,66 28.88 0.23

Table A25 Effect of stage number of plasma reactors,on power consumptions for
reforming of natural gas with air addition in the case of varying feed flow rate (applied
voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, s mm; and residence
time, 4.38 )

Nurmher Power consumption
Feed flow rate (X 10 /molecule)

(cme/min) s per reactant converted per H. produced
31.25 ! .88 5.54
62.50 2 3.63 2.88
93.75 3 321 251
125,00 4 2.89 244
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Table A26 Effect of stage number of plasma reactors on reactant conversions and
product yields for reforming of natural gas with air addition in the case of varying
residence time (applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance,
s mm; and feed flow rate, 125 cmi/min)

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

tme() ofS@® ~\ GH GH co2 02 he 2
05 . N7 N9 8% 298 40 517 5028
2100 . 4886 G463 738 819 6643 10047 7369
386 3 5016 7567 8402 1639 7790 1417 8703
1B 4 6207 7892 B8 2051 8089 13008 o s

Table A27 Effect of stage number of plasma reactors on product selectivities for
reforming of natural gas with air addition in the case of varying residence time
(applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap distance, s mm; and feed
flow rate, 125 cms/min)

Residence ime () Nurrt]ber of Product selectivity (%)
e h: GHs  covsa CO  canno
1.0% 1 4140 2874 1268 5376 131
2.190 : 5363 2971 917 %691 0%
3.286 3 671 3133 762 5899 Q.77

4,381 4 5686 3069 708 5720 0.78



Table A28 Effect of stage number of plasma reactors on concentrations of outlet gases for reforming of natural gas with air addition in

the case of varying residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, s mm; and feed flow rate, 125
cm/min)

Number of Concentration of outlet gas (mol%)

Residence time ( ) stage

h2 02 n: 00) chs C0: GH GH GH GH CHio
1.09% 1 876 766 4773 568 1493 10 149 e 098 083 003
2.190 2 1525 426 4644 935 1077 564 237 073 057 042 004
3.286 3 1888 275 4563 1153 1843 503 291 071 039 025 004
4,381 4 2032 241 4512 .02 776 480 305 070 034 o0 004
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Table A29 Effect of stage number of plasma reactors on product molar ratios for
reforming of natural gas with air addition in the case of varying residence time

(applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, s mm; and feed
flow rate, 125 cmVimin)

Number Molar ratio

Residence time ( ) of stage

hZCO H2/C2H 2 H2/C2H 4 C2H4/C2H 2

1.095 1 154 5.81 1331 0.44
2.190 2 163 6.45 20.89 031
3.286 3 164 6.49 26.71 0.24
4,381 4 168 .66 -28.88 0.23

Table A30 Effect of stage number of plasma reactors on power consumptions for
reforming of natural gas with air addition in the case of varying residence time -

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, s mm; and feed
flow rate, 125 cms/min)

| | NUTher Power consumption
Residence time ( ) ofstag (X 101/ lolecule)
per reactant converted per H: produced
1.0% 1 2.82 2.67
2.190 2 2.52 2.15
3.286 3 2.36 1.9
4.381 4 2.89 2.4
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Appendix B Comparison of Natural Gas Reforming without/with Partial
Oxidation Using either Pure Oxygen or Air Addition
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Figure BL Comparison of conversions of (a) cw . (b) GH, (c) GHg, (d) C02 and
(6) o2 for combined reforming and partial oxidation of natural gas in the case of
varying residence time (applied voltage, 17.5 KV; frequency, 300 Hz; electrode gap
distance, s mm; and feed flow rate, 125 cms/min).
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Figure B. Comparison of yields of (a) H. and (b) C. for combined reforming and
partial oxidation of natural gas in the case of varying residence time (applied voltage,

175 KkV; frequency, 300 Hz; electrode gap distance, ¢ mm; and feed flow rate, 125
cms/min).
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Figure B3 Comparison of selectivities for (a) H2 (b) C.H2 (c) C:
CHw for combined reforming and partial oxidation of natural gas in-the case of
varying residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap
distance, s mm; and feed flow rate, 125 cms/min).
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Figure B4 Comparison of power consumptions for combined reforming and partial
oxidation of natural gas in the case of varying residence time: (a) power consumption
per reactant molecule converted, (b)' power consumption per hydrogen molecule
produced (applied voltage, 175 kV; frequency, 300 Hz; electrode gap distance, 6
mm; and feed flow rate, 125 cm3min).
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