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APPENDIX A
Photograph of apparatus and flame shape
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Figure A.1 Alumina spheres with particle diameter of ¢ = 0.015 m (porous medium).
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Figure A.2 SPMB with thermocouples.

Gas fuel nozzle Ball valve

Primary air adjuster

Figure A.3 Mixing tube of the SPMB in chapter 3.
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Figure A.4 SPMB with and without porous medium (top view).

Figure A.5 Packed bed at shut down condition.

Figure A.6 Packed bed weight.
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Figure A.7 SPMB with PRRB (side view).

Ball valve

Figure A.8 SPMB with PRRB (top view).
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Figure A.9 Emitting porous medium (EP).

Primary air adjuster
. Ball valve

Gas tuel nozzle

Figure A.10 Mixing tube ot the SPMB and CB in chapters 4 and 5.

Figure A.11 LPG tanks and LPG vaporizer.
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Figure A.12 Thermal performance platform.



23 kW (0.2 bar) 32 kKW (0.4 bar) 37 kW (0.6 bar) 43 kW (0.8 bar)

61 kW. (1.6 bar)

Figure A.13 Flame shape in SPMB at variation of C'L.

Figure A.14 Impingement flame of the SPMB at 34 kW and A =50 mm.
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Figure A.15 Impingement flame of the SPMB at 44 kW and /7 =100 mm.

Figure A.16 Impingement flame of the SPMB at 44 kW and // =200 mm.



Figure A.17 Flame shape and temperature profile in packed bed of free flame

of'the SPMB with PRRB.
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Figure A.18 Impingement flame of the SPMB with PRRB at 44 kW and /7 =125 mm.

Figure A.19 Impingement flame of the SPMB with PRRB at 44 kW and /7 =200 mm.



APPENDIX B

Experimental data in graph
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Figure B.3 Temperature profile within a packed bed of SPMB’s free flame.
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APPENDIX C

Experimental data in table



Table C.1 Effect of gas fuel nozzle diameter on PA of the CB.

Gas fuel nozzle diameter, mm CL, kW PA, % AP, mmH,0O

. ity 10.77 48.53 25
12.69 50.26 3

13.54 52.53 4

15.41 54.23 5

16 17.44 55.16 6
19.54 55.32 %5
21.67 57.20 8.5

23.04 57.20 9

2436 57.20 10

26.11 57.97 11

17.90 52.53 6

24 41 52.68 9

2797 55.20 12

i 3131 56.74 15
35.45 SHIATS) 19

38.23 58.14 22

41.55 59.89 24

44 .86 60.63 26

19.33 49.22 6

26.10 49.70 10

31.81 49.96 13

36.62 50.59 17

b 40.73 5258 22
4523 52.32 26

49.24 52.00 29

53.67 51.82 32

23.74 4236 9

31.91 44.14 13

36.07 46.88 17

42.78 47.56 23

16 47.88 49.67 2
54.47 49.22 32

59.05 49.38 36

63.99 49.16 38

30.48 39.21 8

3991 42.03 14

44 .45 42.03 18

17 51.81 45.06 21
57.03 45.06 25

68.66 45.06 34

74.52 48.53 38




Table C.2 Comparisons of PA and AP between the CB and SPMB.

Gas fuel nozzle diameter, mm CL, kW PA, % AP, mmH,0O
’ 19.33 49.22 6
26.10 49.70 10
31.81 49.96 13
36.62 50.59 17
1S(C8) 40.73 52.53 22
45.23 52.32 26
49.24 52.00 29
53.67 51.82 32
i 19.33 46.54 7
26.10 48.59 12
31.81 4891 16
36.62 49.25 20
1.5 (SPMB)
40.73 49.32 25
45.23 49.64 30
49.24 49.61 34
53.67 4935 37

Table C.3 Temperature profile within a packed bed of SPMB’s free flame.

CL, kW
Xom | 23 | 28 [ 32 [ 35 [ 37 [ 40 | 43 | 45
Temperature, °C
0 55 56 35 56 55 56 56 56
0.025 70 65 59 59 57 109 108 102
0.0375 95 83 76 73 68 512 501 483
0.05 158 133 117 112 95 935 937 916
0.0625 | 591 372 560 554 523 | 1,044 | 1,059 | 1,029
0.075 | 1,052 | 1,012 | 985 993 925 | 1,305 | 1,323 | 1,303
0.0875 | 1,265 | 1,317 | 1,332 | 1,326 | 1,253 | 1,385 | 1,397 | 1,395
0.1 1321 | 1,366 | 1,388 | 1,402 | 1,394 | 1,380 | 1,394 | 1,400
0.1 1257» 1,285 | 1,336 | 1,371 | 1,391 | 1,391 | 1,373 | 1,387 | 1,395
0.125 | 1,258 | 1,312 | 1,349 | 1,371 | 1,379 | 1,350 | 1,367 | 1,377
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Table C.3 (cont.) Temperature profile within a packed bed of SPMB’s free flame.

CL kW

xm | 47 | 50 51 | 54|58 | 59| 6l

Temperature, °C

0 sqwtetts | AW oo | NS 53 [Ne

0025 | 97 | 96 | 94 | 97 | 95 | 95 | o1
0.0375 | 487 | 494 | 503 | 505 | 517 | 526 | 534
005 | 926 | 938 | 953 | 986 | 987 | 996 | 996
0.0625 | 1,038 | 1,055 | 1,077 | 1,161 | 1,176 | 1,194 | 1,198
0075 | 1299 | 1310 | 1,327 | 1,390 | 1,390 | 1,399 | 1,400
0.0875 | 1,390 | 1,392 | 1,395 | 1429 | 1.427 | 1,431 | 1,435
0.1 | 1398|1398 | 1,398 | 1,432 | 1427 | 1,428 | 1,434
0.1125 | 1393 | 1393 | 1391 | 1435 | 1,428 | 1427 | 1.432
0.125 | 1379 | 1381 | 1,381 | 1,418 | 1415 | 1.415 | 1418

92

Table C.4 Effect of sccondary air on thermal performance of the CB at H = 100 mm.

CO, ppm, 0% O, NO;, ppm, 0% O,
Burner CL, kW |y, % PA, %
avg. min. max. avg. min. max.

21 41.05 369 270 539 100 94 104 47.38

27 40.38 363 269 494 101 92 108 48.29

ChWER 34 37.60 | 233 164 | 343 103 95 11 49.32
secondary air

38 36.75 228 160 317 109 102 123 50.00

43 3543 199 151 245 112 104 121 51.24

21 38.87 1,291 968 1,535 36 28 46 46.71

27 39.18 93] 830 1,091 39 33 39 48.32

CBwithont 34 36.55 | 706 | 621 795 42 40 48 49.06
secondary air

38 35.51 590 497 705 47 45 54 50.03

43 3436 487 465 514 64 63 66 50.86




Table C.5 Effect of nozzle diameter on thermal performance of the SPMB.
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Nozzle CL iy CO, ppm, 0% O, NO,. ppm, 0% O, PA AP,
dia:::llcr, kW % avg. | min. | max. | avg. | min. | max. % mmH,0O

o 19 | 4280 | 2675|2191 3228 15 | 13 | 22 [4043]| 7

£ 25 | 46.77 | 2,154 | 1,711 2490 | 21 | 17 25 | 42.73 10

(H ~ 100 30 | 43.09 | 2,029 | 1,881 2,224 | 26 | 25 | 31 |43.25 15

i 34 | 4277 | 1,713 ] 1,592 | 1,844 | 35 | 30 38 | 43.83 18

39 | 4231 | 749 | 682 | 805 | 53 | 44 | 61 |4385| 21

' §i 21 | 49.79 | 3,055 | 2,501 | 3379 | 19 | 13 22 | 40.1 8

- 27 | 4631 | 2,729 | 2,049 | 3,392 20 | 15 29 | 415 12

(H ~ 100 34 | 4273 | 2,037 | 1,844 | 2,250 | 27 | 26 | 32 | 4238 19

ma) 38 | 41.94 | 1456 | 1,431 | 1,672 | 32 | 27 33 | 435 25

43 13991 [ 1,019] 934 | 1,090 54 | 40 | 59 | 439 31

Table C.6 Temperature of SPMB at // = 100 mm and nozzle diameter = 1.4 mm.

Nozzle diameter = 1.4 mm

CL. kW
X, m 19 25 30 34 39
Temperature, °C

0 60 59 S £ 54

0.025 59 58 56 54 53

0.0375 59 58 57 54 50

0.05 12 69 65 60 54

0.0625 523 572 623 615 593
0.075 865 1,006 | 1,080 | 1,084 | 1,028
0.0875 | 1,099 | 1,197 | 1,277 | 1,288 | 1,240
0.1 1,240 | 1,325 | 1,409 | 1424 | 1,382
0.1125 | 1,218 | 1,314 | 1,378 | 1,409 | 1,429
0.125 1,154 | 1,224 | 1,298 | 1,325 | 1,349




Table C.7 Temperature of SPMB at // = 100 mm and nozzle diameter = 1.5 mm.

Nozzle diameter = 1.5 mm
| CL kW
X m Lt 27 34 38 8
Temperature, °C

0 59 57 s6 | s4 53
0.025 | 63 59 56 | 58 54

0.0375 | 77 66 60 57 53
005 | 180 | 146 | 121 | 117 | 101
00625 | 857 | 872 | 871 | 885 | 902
0075 | 1,145 | 1,198 | 1,239 | 1278 | 1252
0.0875 | 1,223 | 1,287 | 1,337 | 1,379 | 1,383
0.1 | 1227 | 1302 | 1353 | 1,395 | 1,410
0.1125 | 1193 | 1272 | 1334 | 1376 | 1,397
0.125 | 1.068 | 1.148 | 1204 | 1248 | 1282

Table C.8 Temperature in packed bed of the SPMB at CL = 21 kW.

CL =21 kW, Nozzle diameter = 1.5 mm
H, mm
X, m 50 75 100 125 150 175
Temperature, °C
0 67 63 60 58 55 54

0.025 81 74 63 61 58 56
0.0375 | 139 123 67 63 59 57
0.05 217 173 133 119 100 91
0.0625 | 813 741 670 644 608 599
0.075 | 1,162 | 1,044 981 937 879 821
0.0875 | 1,265 | 1,213 | 1,153 | 1,106 | 1,043 | 1,003

0. lr 1,265 | 1,260 | 1,256 | 1,254 | 1,231 | 1,213
0.1125| 1,239 | 1.248 | 1,248 | 1,241 | 1,242 | 1,249
0.125 | 1128 | 1130 | 1144 | 1150 | 1159 | 1161
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Table C.9 Temperature in packed bed of the SPMB at CL = 34 kW.

('L = 34 kW, Nozzle diameter = 1.5 mm

H, mm
I'm LoSoan™ 75 |Wa600 | 125 Wel%e., |78
Temperature, °C

0 57 55 52 51 50 49

0025 | 57 55 52 51 50 49

00375 | 63 § a6 |15 o 53

005 | 74 68 64 66 | 64 62
00625 | 645 | 602 | 587 | 627 | 611 | ss84
0075 | 1036 | 999 | 984 | 1,021 | 1,006 | 986
0.0875 | 1261 | 1227 | 1213 | 1246 | 1233 | 1,217
0.1 | 1360 | 1328 | 1314 | 1347 | 1,334 | 1,320
0.1125 | 1367 | 1359 | 1353 | 1,366 | 1,362 | 1,352
0.125 | 1312 | 1311 | 1,306 | 1,315 | 1,313 | 1,305

Table C.10 Temperature in packed bed of the SPMB at CL = 44 kW.

CL = 44 kW, Nozzle diameter = 1.5 mm

H, mm
Xm | S0 | 75 | 100 | 125 | 150 | 175
Temperature, °C

0 6 | 54 | s4 | 52 | s0 | 48

0.025 | 55 54 | s3 52 | 49 | 47

0.0375| 59 | 57 56 | s4 | 53 51

005 | 67 4 | 64 | &2 | & 60
00625 | 698 | 671 | 676 | 682 | 722 | 735
0.075 | 1,086 | 1,055 | 1,061 | 1,068 | 1,146 | 1,157
0.0875 | 1395 | 1369 | 1367 | 1366 | 1382 | 1,382
0.1 | 1436 | 1417 | 1414 | 1413 | 1,401 | 1401
01125 | 1430 | 1424 | 1423 | 1421 | 1,420 | 1421
0.125 | 1364 | 1359 | 1365 | 1,362 | 1368 | 1,368
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Table C.11 Combustion performance of the CB.

96

H, ] CL, - i CO, ppm, 0% O, NO.,. ppm, 0% O, PA, AP,
Burner . ,
mm | kW % avg. | min. | max. | avg. | min. | max. % mmH,0
21 49.70 | 1.148 | 856 | 1,424 | 43 38 46 42.42 8
27 49.51 | 1,123 | 883 | 1,511 | 43 Bl 50 42.43 12
50 34 4589 | 1,025 | 673 | 1,164 | 44 38 S 42.46 19
38 4570 | 942 865 | 999 47 44 57 42.48 22
44 4558 | 813 692 | 943 64 56 7l 43.38 26
21 45.80 | 540 | 465 677 60 il 66 46.94 7
5727 42.05| 476 | 373 615 61 51 70 47.59 12
75 34 4097 | 399 | 313 578 63 54 74 48.32 17
38 39.51 | 344 | 237 549 67 62 73 48.50 21
1 44 3942 | 335 292 | 395 83 77 91 48.59 25
11 21 41.05 | 369 270 539 100 94 104 47.38 f/
i 27 40.38 | 363 269 | 494 101 92 108 | 48.29 11
100 34 37.60 | 233 164 | 343 103 95 115" | 49532 17
38 36.75 | 228 160 317 109 102 123 50.00 22
a4 (3436 199 | 151 | 245 [ 112 | 104 | 121 | 5124 | 25
21 3641 | 134 72 224 104 94 111 | 49.35 7
24 34.11 | 135 87 209 107 98 119 | 50.37 11
125 34 33.93 | 182 98 231 109 100 118 | 50.52 17
38 33.73 | 289 160 | 545 114 107 127 | 50.69 22
44 33.64 | 403 313 | 470 115 108 124 | S1.65 26




Table C.12 Combustion performance of the SPMB.
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H, Gk, Thhs CO, ppm, 0% O, NO,, ppm, 0% O, PA, AP,
Burner

mm kW % avg. | min. | max. | avg. | min. | max. % mmH,0

"1 |s764 6221 [s5817]6703] 10 | 10 | 11 |4002| 8

27 [5059]5013]4726]53290] 13 | 11 | 14 [4125] 15

50 | 34 |43.55(3805|3.635(3954| 16 | 12 | 17 |4239| 22
38 | 4213|3304 | 3.169 | 3448 | 22 | 19 | 24 |4278|

44 407228032703 [2041| 27 | 25 | 30 [4317| ®2

21 | 5288 | 4443|4010 4954 12 | 12 | 18 |4036] 8

27 4757 4011|3598 [4s552] 15 | 10 | 15 [4196| 12

75 | 34 | 4463|2837 23473178 ] 24 | 22 | 31 |4263| 19
38 | 4317|2258 | 1955 | 2465| 24 | 21 | 32 |4330| 25

44 | 42921753 | 1,003 [ 1009 37 | 20 | a5 |4342| 31

21 | 4979 3055 | 2501 [3379] 14 | 13 | 22 [40a2| 8

27 | 46312729 | 2049 [3392] 20 | 15 | 29 |4147| 12

100 | 34 |4273|2037 ] 1,844 2250 27 | 26 | 32 |4278| 19
38 | 41.94 | 1456 | 1431 | 1.672] 32 | 27 | 33 |4352| 25

44 13991 ]1019] 934 [ 1,090 54 | 40 | 59 [4391| 31

SPMP 21 | 4603|2557 | 2094 (3070] 19 | 13 | 22 |4103| 8
27 |4344 1824|1558 2187 22 | 20 | 31 |4192| 125

125 | 34 |4085|1000] 922 |1304] 30 | 26 | 39 |4280| 17
38 | 3924 944 | 786 | 1,151] 44 | 36 | 51 |43.77| 24

44 [3763] 797 | 650 | 997 | 58 | a6 | 63 |4474| 31

21 | 4204|2107 | 1780 | 2454 | 18 | 14 | 24 |4149| 8

27 | 4081|1508 | 1260 | 1764 | 26 | 21 | 30 |4240| 125

150| 34 [3958| 908 | 740 | 1,074 | 34 | 28 | 35 [4332| 17
38 | 3824 | 816 | 707 | 1234 | 49 | 43 | 52 | 4403 | 24

44 3690 724 | 674 | 1393 &4 | 57 | 68 |4474| 31

| 21 |4107] 1816 1471 | 2186 | 19 | 16 | 25 |4203| 8
27 39371281 | 1080 | 1869 | 32 | 26 | 37 |4287| 125

175 | 34 |3768| 746 | 688 | 1552| 46 | 36 | 49 |4371| 17
| 38 [3656| 708 | 647 | 1,134 55 | 47 | 59 |4424 | 24

44 | 3543 [ 670 | 606 | 716 | 64 | 57 | 68 4477 3




Table C.13 Temperature in packed bed of the SPMB with PRRB at CL = 21 kW.

CL = 21 kW, Nozzle diameter = 1.5 mm
H, mm
X.m 125 175 200
Temperature, °C

0 170 156 152

%0.()25 159 1552 146

0.0375 173 162 151

0.05 176 165 1153

0.0625 415 398 380
0.075 S13 589 646

0.0875 780 846 912
0.1 1,094 1,140 1,185
0.1125 1,170 1,243 15257
0.125 1,068 1,117 1,164

Table C.14 Temperature in packed bed of the SPMB with PRRB at CL = 34 kW.

CL = 34 kW, Nozzle diameter = 1.5 mm

H, mm
X.m 125 175 200
Temperature, °C

0 200 196 189

0.025 202 187 184

0.0375 203 188 182

0.05 208 192 185

0.0625 373 321 270
0.075 457 512 596
0.0875 902 960 1,018
ol 1,128 1,200 1,273
01125 1212 1,291 1,369
0.125 1,143 1212 1,250




Table C.15 Temperature in packed bed of the SPMB with PRRB at CL = 44 kW.

-

ClL — 44 kW, Nozzle diameter = 1.5 mm

0.125

H, mm
X, m 125 175 200
Temperature, °C

0 | 234 215 210
0.025 230 201 187
0.0375 231 211 190
B 0.05 233 208 179

0.0625 455 414 381
0.075 351 606 685
0.0875 983 1,045 1,181
0.1 15169 1,229 1,315
0.1125 1.255 1,307 1,399
1,192 1,266 1,315

Table C.16 Combustion performance of the SPMB with PRRB.
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H, CL; s CO, ppm, 0% O, NO,, ppm, 0% O, PA, AP,
Burner
mm | kW % avg. min. max. | avg. | min. | max. % mmH,0
21 52.85 ] 15,149 | 11,412 | 20,243 | 16 13 20 39.35 9
125 34 51.48 | 10,265 | 7,617 | 13,097 | 14 13 17 39.80 19
44 51.28 | 7,513 | 5,765 | 10,309 | 16 13 17 40.74 29
SPMB 21 50.65 | 8,539 | 7,469 | 9,601 13 12 19 39.46 9
with 175 34 50.07 | 5968 | 5311 | 6,362 31 22 35 39.82 19
PRRB 44 4996 | 5,196 | 4915 | 5,594 78 72 86 40.96 29
21 48.84 | 7,662 | 7,073 | 8,183 19 13 21 39.56 8
200 34 46.13 | 5334 | 4944 | 57771 35 31 41 39.97 19
44 46.04 | 4,163 | 3.829 | 4646 | 78 75 87 4133 29
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Table C.17 Comparison of thermal efficiency.

Burner H., mm CL,. kW e %o
- 33 2853 |
35 29,61
40 30.96
44 32.11
CB in Ref.[6] 63.5 : 2
50 35.59
52 35.83
58 35.17
63 34.70
69 32.41
33 35.49
35 36.95
40 38.65
44 40.12
48 42.26
PRRB[SB] in Ref[6] 127
50 44.02
52 44.27
58 41.70
63 3931
69 36.62
21 46.03
27 43 .44
SPMB 125 34 40.85
38 39.24
44 37.63
21 52.85
SPMB with PRRB 125 34 51.48
44 51.28




Table C.18 Output radiation efficiency and radiative heat loss of free flame.

CL, kW Miadioss, 7o Nrads Yo q,'_' (0). W/m’ C]," (Tl_ ) W/m’
2396 0.1992 22,1148 2.621.44 291.029.25
2837 0.1613 21.0402 2.589.58 337,742.43
32.46 0.1417 203248 2.603.28 373,287.93
35.27 ©0.1280 19.8030 2,553.87 395,205.04
3731 0.1142 193626 2.410.20 408,817.42
40.38 0.3029 16.3802 6.920.84 374,274 47
42.68 0.2891 16.2486 6.981.27 392,413.86
44.98 0.2597 15.8959 6,610.44 404,586.60
46.77 0.2522 15.4966 6,673.61 410,110.86
49.58 0.2440 14.7999 6.846.62 41521591
5137 0.2436 14.3443 7.081.78 416,955.22
| 53.92 0.2556 14.6775 7.798 89 447,866.19
57.50 0.2435 13.7603 7.922.43 447,736.44
59.30 0.2422 13.4028 8.128.28 449,785.54
61.08 0.2368 13.0851 8,183.27 452,260.64
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APPENDIX D
Contribution of heat transfer of the SPMB and SPMB with PRRB
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From the results of thermal efficiency of the SPMB and SPMB with PRRB that had
high thermal efficiency when compare with the CB. Due to an enhancement of radiative
heat transfer and heat recirculation from the porous medium technology. Figure D.1
shows a simplified model for thermal efficiency contribution of the CB, SPMB and
SPMB with PRRB. Main heat transfer mode of the CB is a convective heat transtfer
mode because a physical phenomena of CB's flame is a directly impinging flame. So the
thermal efficiency of the CB is only the convective thermal efficiency that is calculated

by Eq. (4.1).

The SPMB's flame has two parts:- (1) the main flame is a matrix-stabilized flame within
the packed bed and (2) a post flame that is over a burner top and it impinge the vessel
bottom. So the thermal efficiency of the SPMB consists of convective and radiative
thermal efficiencies. But the SPMB with PRRB has more thermal efficiency component
than one because it has a heat recirculated unit. Therefore the contribution of thermal
efficiency of all burners can be characterized in three components:- the convective
thermal efficiency (7o), the radiative thermal efficiency (7 aa), and the recirculated

thermal efficiency (7 recir ) @s shown in Eq. (D.1).
Ulh = ”lh.cnn\ + ’7lh<md + '7(h,rcc1r (D 1 )

The radiative thermal efficiency, Mmwme. 18 a function of output radiation at exit of
packed bed and view factor from burner output and vessel bottom. Eq. (D.2) use to
calculate the Mpra. Methodology of calculation for output radiation at packed bed exit,
¢"(y), is shown in section 3.3.6 and view factor, i ,j, can be estimated by Egs. (D.3 -

D.5) [63],

loading vessel

Thh.cBs Tth.SPMB and T)th SPMB with PRRB

Figure D.1 Simplified model for contribution of thermal efficiency.
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Figure D.2 View factor model for coaxial parallel disks [63].

where F; ,; is view factor from packed bed exit to vessel bottom, #; is radius of packed
bed exit in m, #; is radius of vessel bottom in m, and / is distance between packed bed

exit and vessel bottom in m.

The nn.spmp and 7 spmp win prrs €an be described in Egs. (D.7) and (D.38), respectively.
For the left hand side of those equations, that are got by experimental results in chapters
4 and 5. The Mg in Eq. (D.7) is estimated by Eq. (D.2) then the 7 .conv can be solved.
The Mnear i calculated from Eq. (D.8) when using the 7y spms and 7 spmB wih PRRB

from experimental data at same condition (the measured 7, spmp 1s lower than one).

(D.7)

Masems  —  hingeony + Witirad

+n (D.8)

’]lh SPMB with PRRB - ,]Ih,.\PMB th.recir
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Figure D.8 Thermal efficiency contribution of the SPMB with PRRB at /= 125 mm.
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APPENDIX E
Drawing of the SPMB and PRRB
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Figure E.1 Drawing of self-aspirating porous medium burner (SPMB).
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Figure E.8 Drawing of mixing chamber (SPMB).
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Figure E.9 Drawing of mixing tube (SPMB).
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Figure E.10 Drawing of gas fuel nozzle (SPMB).
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Figure E.11 Drawing of porous radiant recirculated burner (PRRB).
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Figure E.14 Drawing of inner housing (PRRB).
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Figure E.15 Drawing of absorbing porous medium (PRRB).
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Figure E.17 Drawing of shutter I (PRRB).
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Figure E.18 Drawing of shutter 2 (PRRB).
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