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Ttable A-1 Data using rice hulls ( gas flow rate
12 Ncu.m./hr)

Date Run No. RH1l

Room temperature (°C} 32
Air moisture ( % relative humidity) 72.50
Air flow rate ( Ncu.m./hr) 9.54
Gas flow rate ( Ncu.m/hr) . 12.00
Fuel weight ( kgs.) 2.3
Fuel moisture content ( % weg) 4.81

Experimental time ( min.) : 40
Weight of char and ash (kgs.) 0.70
" % fixed carbon.in char and ash

Gas Cemposition vs. Time

Time €0 ‘ H, CH, CO2 02' N2
5 2534 2.41 0.75 10.45 5.21 76.84
10 4.56 54240 0.72 8.531 9.22 69.78
15 8.02 6,23 1.12 8.25 B.05 68.33
25 9.29 6.80 1.07 7.08 8.08 67.68

35 8.21 5—= 1.05 6.01 7.95 70.03

avg. 7.41 5.89 3.00-~ 7.9 8.0l 69.82
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Table A-2 Data using rice hulls ( gas flow rate
20 Ncu.m./hr)

Date Run No. RHZ
Room temperature (°C) 30.5
Air moisture { % relative humidity) 75
Air flow rate ( Necu.m./hr) 14.84
Gas flow rate ( Ncu. m/hr) 18
Fuel weight { kgs. 2.5
Fuel molisture cont-u 5.4
Experimental ti { 35
Weight of char 0.82
% fixed car

Gas com

Time co O2 N2

5 7.48 1.46 . 62.99
15 4.33 ) 79. 12.24  67.29
25 5.90 : L, 4078 , 11.85  65.14
30 8.10 A 8.20 - 65.53

Avg 5.90 15540787 ‘ 11.34 65.66
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Table A-3 Data using rice hulls ( gas flow rate
‘ 25 Ncu.m./hr)

Run No. RH3

Date

Room temperature (°C) 30
Air moisture ( % relative humidity) 97.50
A-r flow rate ( Ncu.m./hr) 19.66
Cas flow rate ( Ncu.m/hr) - 25
Fuel weight ( kgs.) 2.3
Fuel moisture content (% wt) 4.53
Fxperimental time | min.) . 25
Weight of char and ash (kgs'.) 0.90
. fixed carbon in char and ash )

Gas composition/vs. Time
Time Cco H2 CH4 FOZ 02 N?

5 8.10 4.92 3,23 4.56 9.48 69.74
10 10.95 84953 32D 7.86 6.83 62.16
15 11.33 10.78 4,55 7.48 6.14.  59.70
20 10.68 8.80 414 7.10 7.20 62.08
25 10.51 4738 579 6.95 6.95 67.20
30 10.50 10.62 6.49 8.31 7.03 57.05
35 10.8 10.40 5247 6.60 7.2% 59.33
Avg 9.93 11.93 6.24 6.86 6.66 s8.37
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Table A-4 Data using rice hulls ( gas flow rate
30 Ncu.m./hr)

Date Run No, RH4

Room temperature (°C) 30
Air moisture ( % relative humidity) 56
Air flow rate ( Ncu.m./hr) 22.93
Gas flow rate ( Ncu.m/hr) 30
Fuel weight ( kgs.) 2.2
Fuel moisture content ( % wt) 5.2
Experimental time - (. min.) 32
Weight of char and ash (kgs.) . 0.75°

% fixed carbon im char and ash

Gas compesition/vs. Time

Time - CO H2 CH4 C02 O2 N2
3 10.25 182 §F1.17 7.54 5.42 63.81
7 ' 6.48 38.176 1.04 L83 5.83 87.73

14 10.58 14447 3442 A 58 5.14 54 .89

18 13.94 14.80° Zw2D - 4ON76 7.52 52.79

25 7.80 11.90 1.50 cARd 6.73 64.76

30 9.17 14.62 3.20 9.34 7.31 56.36

35 9.29 12.48 Z2.18 9. .17 7.76 62.32

Avg - 9.00 12.09 2,11 8.88 7.52 60.39



YARLE-A 4 ( QONT )

FICE WL TEPERATURE -¥8+ | i
D HEIGNT 123 "s 163 3 85 i} I3 S 1 3 BN 13
1 |
1 (L ¢ L1 1) “% n 0 1 {1 17 157 11
5 . % 1] % 1] k2 nooow D —— b1 T} 210
1 I @ L1 i 3] H " n 53y 368 b)) m
? 1 " 5 5 1 " ot 3 512 m oM m
L] i {1 3 60 (3 n 0 L] n n m m
’ ] )] L1 57 1) (4] 1 303 i 12 =11 ol
‘{0 Q q 3 M 3] i 6t %1 - m b 13) 113 m.
n a 1} b1 1) 1l L n 0 Wi 51} NS mn
1. u T} W Y] 5 it m W @ 103 m 13
L " 0 - MJ 1} Y] &t [} 13 i ]l N b1
.13 T} LU (%] 3 ni 1% W m ns "
1 ' 4r. Lt 1 ] §) n "5 (3] 113 m e
.10 \ Il 50 LY st F I Y11 %) i 21 U3 11
n ! a0 0w N ¥ 5 100 A [ Ne - ey
n ] I 2 “w TR S 440 510 m 1} M
N O n LY " 9 " 1% W 08 w 1}! s
1 ' s 38 n LT} " %} “« 0 M0 L Y
i T} 8w " 1 1] TR 1 Ww W 200 54
" 50 ) ) 1) A1 m n W TT0 P 10 169 TS

Wote t 4 =t prior to vater secrubber B = T after vaber scrubber L=Tal rolanele;

.

12
m

S

m
il

m

131
H
UL

m

P
m
[
m
m
181
0
3%

$?
LY
L1
"
181
198
1i}]
M
HE
28
m
i
n
m
m
m
L1
n
i

D = actual height ol fue)

(1]
1R
19
101
170
13
0
i
150
n
o
1
15

N

%1
W
3}
w0
[ ]

n
H)
N
m
14
s
m

‘m

1}
i
m
m
m
H1
H}]

S

1
W
11}

£8



Table A-5 Data using rice hull milled (gas flow rate

15 Neu.m./hr)

Date Run No. RHM1

Room temperature (°C) 29
Air moisture ( % relative humidity) 65
Air flow rate {( Ncu.m./hr) 13.33
Gas flow rate ( Ncu.m/hr) 15
Fuel weight ( kgs.) 1.70
Fuel moisture content { % wt) | 5.01
Experimental time ( min.) 35
Weight of char and ash (kgs.) 0.80

% fixed carbon in char and asp_

Time

10
15
20
25
30

Avg.

Gas composition vs. Time

co H2 CH4 co2 02 . . N2

1.22 2.78 052 o oW 15 80.32
2.10 4.35 0.68 S.05 5.72 78.1

2.31 4.2 0.83 8.3 2.23 78.92
2.77 1.67 0.66 8.01 5.03 81.86
2.56 5.01 0.75 8.94 4.24 78.5

2.15 4.78 0.72 8.60 5.94 77.81
2.50 4.28 0.78 8.69 5.43 77.12
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(gas flow rate

Table A-6
15Ncu.m./hr)

Date ) : Run No. RHMZ
Room temperature (°C) 28
Air moisture ( % relative humidity) 63
Air flow rate ( Ncu.m./hr) 17.09
Gas flow rate ( Ncu.m/ho) 20
Fuel weight ( kgs.) 1.8
Fuel moisture content [ % wt) . 5.22
Experimental time ( min.) 40
Weight of char and ash (kgs.) e 0.65

% fixed carbon in char and ash

Time co H; Ch, o, 0, VN2
5 6.02 6.92 1224 9.8 10.37 66.27
10 6.21 7.82 p fry B 9.68 8.28 66.79
15 6.8 882 3~ HO==FT0 . 3% 5.59 67.24
25 6.5 - 8.7 175 0A0.28 5.14 68.21
30 8.32 8.15 1.02 9. 76 3.43 69.52

Avg 6.72 8.1 1.25 0 110%2 6.23 67.5



‘TABLLE A-b ( cone.d

P 10 I - BT S T} ]
T S
' 0 u 1 2
| n 0 n n
1 i un b n
3 w w n n
‘ " n 3 n
3 n n ] 7
! ® on n 2
' u 1 n - n
) 3 » ) 2
10 1 n n .
n ) » M n
n 1 n n on
1" n 2 1 ')
13 NN n P
TR » n n
1 Y » » »
) ) 1 ] »
1" n 2 » »
0 " » ] »
n.oon ) » 2
1 u » ) »
2 un 0 n ¥
" 1 it » )
" n n W ]
ft u n-0» i
b n n » N
n ] 1 n ]|
H » n » n
1 n ) 0 1
N n » i
n 0 ! ) i
W 1 n o ® 3

Note i A =T prior to vater scrudder

TAPmATRE e Tl

1} ] ({] 8 4
3 0 n ] 1]
n ] b 4 ]
u ]! n 45 43
n L1} n 45 43
bi] N n 4 ¢’
1t n n &% L)
2 &1 3 I i
n i n i 1
2 n n & (1]
» n n A4 4
» -3t Y 41 il
% n ” ] AT
» 1] b1} o1 4T
» u i} 4 ()]
t1] " k) 41 ir.
» £1] t1] ] LH]
A L 1] b} (———1
n n u i 4
b)) u b1 [} W
.. A H g a
N i 43 il
i LM u M ]
t1] % n )] Q
n 3% R a a
a k[ u 4 i
n % » '} Y]
n. k13 N g 0
W K14 i Ty M-
i * u a7 4
n % E T L
ar - W b1 () B |
n u 1] 1 - ]

-

B°=1T after water scrubber

13

L
L}
1]
i
®
4!
L1
b
4

)
-

41
4
L))
L
{1
4
LU
LH
i
L1
L}

54
]
"
L)

M

13

113

1)
1
n
"
2]
2%
33
143
3
%
33

406
(2}
138
(1]
38t
369
L1
488
21
431
i3
40
(11
(1}

€ =T atirotaacter

13

]
i
22
m
i
I
1
F1}]
1%
131
m
(tl]
13
"
60
81
i
HY)
12
261
263
%1
1
160
%0
%0
14
ul
1
m
m
s

w
1
m
m
10
1]
23]
m
W
m
4}

¥
16}
1
264
el
]
[+13
[e}]
160

263
s}
ER)
1
i1
(1)
41

w

{1

139
193
i3
1}
164
168
[1}]
R3]
18}
182
[[})
191
199
19
204

w0

w
03
0
03
0%
103
HH

! -3 b <
" n " n
[} i k1] »

10 114 b['] n
144 i1 h1'] 10
1% §] » n 3]
i ] n !
1i0 13 n N
s Q 1) 2
A8 @ 1] »
193 %] b1 k1
3¢ [}] 1] k)
5 0 » 0
a1 0 ) "

3 62 » n

F1L ] (1] 0 1 1]

HT) [} U k[

303 (4] H} El

pLT4 (13 n 30

b 11 b} W

43) [ 1 n » %]

498 « n 0

104 11 3l n

mn “ n 1)

o o ] 0

93 ] 3 k1]

440 ] i n

W 6 n %

9 ] 3 1

L) 1) AN N

1% 1] n »

120 “ N n

" “ N 2

D = actual height of fuel

L8



88

(gas flow rate

Table A-8 pata using rice hull milled.
25Ncu.m. /hr}

Date‘ Run No. RHM4'

Room temperature 25

Air moisture ( % relative humidity) 94

Air flow rate ( Ncu.m./hr) 19.63

Gas flow rate ( Ncu.m/hr) 25

Fuel weight ( kgs.) 2.50

Fuel moisture content ( % wt) 5.20

Experimental time | min.) 45

Weight of char.and ash (kgs.) 0.95

o fixed carbon_ in-char and ash

Gas composition vs. Time
Time QO H2 7 CH4 C02 02 . N2
5 12.4 10.42 1.297, 10.39 7.63 59.43

10 15.15 10.78 2% 59 8.06 7.08 55.61
15 5.96 586 1.20 9.74 6.50 70.95
20 7.87 14.49 283 +430.48 7.64 56.69
25 6.26 8.70 0.88 11.27 . 7.89 65.98
30 11.19 8.17 196 9.66 5.71 65.98
Avg. 9.4 9.78 T Y7 64.69

6.5
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Table A-10 Data using rice hull milled. (gas flow rate
35Ncu.m./hr)

Date Run No. RHM5

'Room temperature (*C) 30

Air moisture ( % relative humidity) 68

Air flow rate { Ncu.m./hr) 30.92

Gas flow rate ( Ncu.m/hz) - 35

Fuel weight ( kgs.) 2.9

Fuel moisture co 5.12

Experimental tim 40

Weight of char 0.87

% fixed carbon 1

Gas co

Time CO 02 N2
6 1.03 12.03 75.02
10 3.80 9.59 68.62
15 2.59 11.46 70.53
25 4.88 10.06 68.61
31 3.13 10.52 69.74
Avg 3.47 10.55 65.78
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rable A-1l Data using rice hull (gas flow rate 25Ncu.m, /hr)

Date Run No. RI1
30

Room temperature (°C)

Air moisture ( % relative humidity) 75

Air flow rate ( Ncu.m./hr) 20.91

Gas flow rate ( Ncu.m/hr) - 25

Fuel weight ( kgs.) : 2.1

Fuel moisture con 7.2

Experimental time 40

Weight of ch 0.80

% fixed car
Time CcO 02 N2
5 4.67 s T A 1 ~ 8.34 71.94
10 . 5.29 v sy L 3 8.20 68.23
15 S / EREYT 1%. 5 8.27 63.67
20 6. | 8.95 60.96
25 5 7.57 66.99
30 5 7.68 69.16
Avg 5.42 .96 = . 8.20 66 .08

W e e R | hd
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rable A-12 Data using rice hull {gas flow rate 25Ncu.m./hr)

Run No. Rl
(*C) 32
7

Date
Room temperature
Air moisture ( % relative humidity)

Air flow rate | Ncu.m./hr) 21.71
Gas flow rate ( Neu.m/hr) 25
Fuel weight ( kgs.) 2.1
Fuel moisture cont t) 10.25
Experimental ti 40
Weight of cha | 0.70
o fixed car r
Gas C
Time Cco 02 N2
5 8.0%9 6.8 70.93
10 12.18 6.01 65.44
15 8.79 6.5 70.18
20 7.10 6.7 68.62
25 6.30 6.31 72.60
6.00 61.36

30 6.42

aAvyg 8.33 6.79 68.63
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Table A-13 Data using rice hull {(gas flow rate 25Ncu.m./hr)

Run No. R4

Date

Room temperature (°C) 28

Air moisture ( ¥ relative humidity) 75

Air flow rate ( Ncu.m./hr) 19.30

Gas flow rate ( Ncu.m/hr) 25

Fuel weight { kgs.) 2.2

Fuel moisture content (/% wt) 6.2

Experimental time ( min.) 53

Weight of char and ash (kgs+) 0.65

% fixed carben-in char and-ash

Gas composition vs. Time

Time CO H2 CHé CD2 02 N2
14 12.81 7419 242 8.66 7.36 61.43
22 13.58 7. B 1.00 o - 9.70 6l.44
29 - 14.31 7.49 I 138 7.34 10.72 60.99
37 15.01 7.34 S8 %-18 5.66 63.41
44 13.70 7.68 - 1.66 6.39 12.67 57.89
53 1.15 7.70 0.16 0.14 20.59 70.24
Avg 13.06 ! 1:.49 7.05 12.05 58.34
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Table A-14 Data using rice hull (gas flow rate 25Ncu.m./hr)

Date Run No. RS
Room temperature (°C) 27
Air moisture { % relative humidity) 65
Air flow rate ( Ncu.m./hr) 19.04
Gas flow rate ( Ncu.m/hr) 25
Fuel weight { kgs. 2.7
Fuel moisture co 13.42
Experimental t 35
Weight of cha 0.85
% fixed car
Gas co
Time co O2 N2
5 9.9 6.99 60.66
10 B.49 5.67 55.37
15 7.27 7.44 58.11
20 4.24 '9.02 64.09
30 4.84 7.80 65.57
Avg 7.84 7.38 60.17
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Table A-15 Data using woodshavings ( gas flow rate
15Ncu.m./hr)

Date Run No. WS1
30

Room temperature (*C)

Air moisture { % relative humidity) - n
Air flow rate ( Ncu.m./hr) 11.41
Gas flow rate ( Ncu.m/hr) 15

2.3

Fuel weight ([ kgs.)
Fuel moisture content (/% wt) 6.2

Experimental time mirs) 30

weight of char and ash (kgs2) 0.80
% fixed carbon in char and ash
Gas gomposition vs. Time
Time co H2 CH-4 CO.2 O.2 N2
5 7.6 2 82 3.46 8.35 11.28 66.37
10 10.24 3P 6.00 1238 9.90 58.09
15 12.82 F.3r 3.94 10.11 - 10.24 69.26
20 6.47 3.05 357 7.67 5.98 64.92
25 16.30 9.33 138 6.06 8.00 = 64.92
30 7.49 7.43 1.16 13.57 6.28 64.06
35 6.32 5.07 0.67 9.48 7.35 71.13
10.20 8.95 63.u8

Avg 9.46 5.15 3.15
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Table A-16 Data using woodshavings ( gas
20 Ncu.m./hr)

Date ' ~ Run No. WSZ

Room temperature (°C) 25

Air moisture { % relative humidity) 67

Air flow rate ( Ncu.m./hr) 13.38

Gas flow rate ( Ncu.m/hr) 20

Fuel weight ( kgs.) 2.0

Fuel moisture content ( % wi) 5.8

Experimental time ( min.) 32

Weight of char and ash (kgs.) 0.80

% fixed carbonrin char and ash

Gas compesitdion vs.. Time

Time co HZ CH4 CO2 Oé N2
5 16.56 5.85 8.18 11.35 7.97 49.99
10 13.67 283 616 16 .07 8.24 53.04
15 17.05 4.27 B, -7 9.80 8.76 56.94
20 16.77 6.65 2BIGH 6.86 8.40 48.30
25 17.80 5.29 11.02 5.41 7.89 52.59
30 8.22 7.82 130 18 .38 7.26 56.99
Avg 15.54 5.18 73 10.60 8.10 52.85

104

flow rate
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pata using woodshavings ( gas flow rate

Table A-17
25 Ncu.m./hr)
Date Run No. WS3
Room temperature 29
Air moisture ( % relative humidity) 65
Air flow rate ( Ncu.m./hr) ' 21.44
Gas flow rate ( Ncu.m/fhr) 25
Fuel weight ( kgs.) 2.4
Fuel moisture eontent { A wbls 6.5
Experimental time ( min.) 45
Weight of char and ash {kgs.) 0.95
o fixed carbon.dn.char| and ash "
Gas compositigit vs. Time
Time o Hé CHQ COZ 02. N2
5 6.67 7.69 1.94 10.80 5.51 67.03
10 7.46 S.87 3.56 % 6878 6.65 _ 65.68
15 7.23 3162 1.16 7.28 8.92 71.79
20 8.07 3.06 2.64 15.42 6.71 63.10
25 7.30 5.85 2.41 11.90 7.19 66.25
30 5.68 4.03 Y38 . 10.20 7.57 71.19
35 5.27 3.15 0.93 12.75 6.00 71.55
7.08 5.28 2.10 10.6 7.12 6€7.82

Avg
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Table A-18 Data using woodshavings ( gas flow rate
30 Ncu.m./hr)

Date : Run No. W54
Room temperature - (°C} 30
Air moisture ( % relative humidity) 72
Air flow rate ( Ncu.m./hr) 28.80
Gas flow rate ( Ncu.m/hr) 30
Fuel weight ( kgs.) 2.0
Fuel moisture centent ( % wt) 6.32
Experimental time ( min.j ' 40
Weight of char and ash {kgS) 0.80
% fixed carbon in char and ash
Gas gompoSition vs. Time
Time CO. Hz CH4 CO2 Cb NZ
5 5.92 385 1.50 11.28 9.35 68.10
10 : 6.01 g 1=93 12.45 9.12 66.37
15 6.25 4.36 2.01 13.36 9.22 64 .80
20 6.14 5.18 4.66 11.15 9.72 63.16
25- 5.98 4. .32 2.56 12.80 8.67 65.67
30 6.52 4.70 0.48 11.60 8.79 67.91

Avg 6.12 4.45 2.43 12.24 8.86 65.50
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Table  A-19 Data using woodshavings ( gas flow rate

35 Ncu.m./hr)

Date Run No. WS5
Room temperature (°C) 30
Air moisture ( % relative humidity) 69
Air flow rate ( Ncu.m./hr) 31.51
Gas flow rate ( Ncu.m/hz) 35
Fuel weight ( kgs.) 2.0
Fuel moisture content ( %'wt) . 5:.54
Experimental _time ( min.) .35
Weight of char.and ash flkgs.) 0.80
o fixed carbon.in char and ash
Gas composition vs. Time
Time co H 2 CH-.,1 CO2 O2 N2
5 5.42 4_29 0.45 9.98 7.62 72.24
10 5.95 Y Wy PR 9.75 7.45 70.81
15 6.21 4.36 0. 76 9 23 7.15 72.29
20 6.90 5,58 +40.64 5.54 7.60 656.75
25 6.57 5.62 0.52 9.02 7.02 71.25
30 6.52 5.15 0-48 9.74 7.15 70.96
Avg 6.32 5.07 0.67 9.48 7.32 71.14-
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Table A-20 Data using corn cobs
20 Ncu.m./hr)

( gas flow rate

Time

10
15
20
25
30

Avg

Date Run No. CNIl

Room temperature (°C) 28

Air moisture ( % relative humidity) 72.50

Air flow rate ( Ncu.m./hr) 17.87

Gas flow rate ( Ncu.m/hr) 20

Fuel weight ( kgs.) 2.0

Fuel moisture content ( #mwt) 5.12

Experimental time ( mind) 40

weight of char and ash (kgs.) 0.80

o fixed carbon in char and-ash .

Gas cemposition VvS. Time
co ,HZ CH4 CO2 ‘02 N2
1.23 & 0B N7 7.56 9.23 76.25
3.20 5.07 3.89 8.75 G.46 69.63
4.27 S#3 Tyea0 8.34 9,15 - 68.81
4.50 5.29 4.05 7.46 9,39 69.32
4.15 5.97 25443 8.72 B8.76 70.27
4.02 5.45 1o 8.01 7.76 73.49
9.05  70.58 ° .

3.75 521 3.20 8.21

112
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Time

10
15
20
25
30
35

Avg

Table A-Z21 Data using corn cobs ( gas flow rate
25 Ncu.m./hr)
Date Run No. CN2
Room temperature (°C) 26
Air moisture ( % relative humidity) 75
Air flow rate ( Ncu.m./hr) 21.70
Gas flow rate ( Ncu.m/hr) 25
Fuel weight ( kgs.) 2.0
Fuel moisture content ( % wt) 5.90
Experimental time ( min.) 40
weight of char and ash (kgs.) 0.80
% fixed carbon in char and ash
Gas composition us. Time
CO H2 CH4 CDé 02 N2
4.78 6438 1%£57 5.49 5.68 77.89
1.33 2.08 0.46 L0 X3 5.36 76.23
1.07 1.71 0 6.05 9.96 B1.20
7.15 7.24 6.86 6.84 5.49 66.42
6.88 7.11 A 18 7.30 7.62 63.91
1.76 2.46 1.14 B8.56 6.11 79.96
12.08 10.59 DL 9.46 6.54 56.21
4.93 5.22 3.60 8.21 7.49 70.56
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Table A-22 Data using corn cobs

30 Ncu.m./hr)

Date Run No.

Room temperature ( C)

Air moisture ( % relative humidity)
Air flow rate ( Necu.m,/hr)

Gas flow rate ( Ncu.m/hr}

Fuel weight { kgs.}

Fuel moisture content ( % wt)
Experimental time. { min.)

Weight of char and ash (kgs.)

% fixed carbon in char and ash

(gas

CN 3
30
61.5
21.56
30
2.3
5.9
40
0.75

Time

10
15
25
30
35
40

Avg

Gas composition vs. Time

co b5 ¢H4 Co,,
6.14 7.48 % Sl 5.45
10.11 11:42 3.01 8.71
13.45 14.11 3.08 872
14.21 14.28 245 8.51
15.79 13.62 98 7.64
12.11 12.11 1.60 8.01
12.41 12.64 2.47 8.17

74.51
58.3

53.46
52.45
52.17
59.55

56.8

flow rate

116
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{ gas flow rate

Table A-23 Data using corn cobs
35 Ncu.m./hr)

Date Run No. CN4

Room temperature (°C) 30

Air moisture ( % relative humidity) .61

Air flow rate ( Ncu.m./hr) 26.45

Gas flow rate ( Ncu.m/hr) 35

Fuel weight ( kgs.) 2.0

Fuel moisture content ( #wt) 5.95

Experimental time ( min:) 40

Weight of char and ash (kgs.J 0.80

% fixed carbon in char and ash

Gas composition vs. Time

Time Co HZ CH4 C02 02 N2
5 9.2 {05 1.89 7.86 6.12 64.43
10 9.32 11836 3.25 8.25 6.13 61.69
15 9.72 . & 3:47 9.05 6.12 59.97
20 11.98 13.48 2.59 9.45 6.35 57.00
25 12.51 13:87 2002 8.85 6.53 56.22
30 8.54 12.43 2 A 7.95 6.02 62.91
Avg 10.48 - 12.37 2.67 8.70 6.24 59.71
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ANNEX 2

A THERMODYNAMIC MODEL OF THE GASIFICATION OF CARBON

Gasification of carbon occurs when solid carbon particles

subjected to heat come in direct contact with a “blast” of gas

made up for example in the case of air gasification of oxygen,

water, nitrogen and carbon dioxides A set of reaction occurs

between the carboﬁ particles and the “blast gases and the following
additional gases are produced: carbon mencxide  hydrogen, methane
and other hydrocarbens. In . all practical cases this process of
gasification will také pléce in a situation where there is excess

of carbon, for example during eocurrent downdraft gasification

of biomass where some sinreacted carbon particles exit at the grate.
From previous theoretical work on coal gasification which
are too numerous to mentiom, . Gumz summarized the comprehension

of the coal gasification process by indicating that the major chemi-

cal reations could be summarized by

(1) Combustion ©f carben in oxidation zone:

c + 0 o, exothermic reaction (1)
(2) Watershift reaction

o, * H, CO + H,0 endrothermic reaction (2)
(3) OMethane formatioﬁ

c + 2H2 CH4 exothermic reaction (3)

This model takes into account the heterogeneous equilibria of

COZ' Hjo, CH4, CO and H2 with carbon present.

At equilibrium, the kinetic rate constants for equation (1),

(véofvco )p | (4)
2

(2), (3) are K
Pp

pr (VHZ* VCO)/VHzo (5)7

.
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s ’
caLcuLATE Wi ol
Wi ¥
CALCULATE X # X
% AY

Z0.001 { Y { 0.00L

CALCULATE WX CALCULATE  wY PR}NT Veor VHZ,VCH
K=X+ wX Y =Y +wY vu.0'vo Yy
: 2 2 2
L F, M
4
STOP

FIGURE A2-1 COMPUTER FLOW DIAGRAM FOR THERMODYNAMIC MODEL
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K = v /v, (6)
Py CHy " Hy
The product gases composition can be predicted from equations
{4),(5),(6) with the Help of elementary mass balance, e.g., carbon,
oxygen, hydrogen and nitrogen balances as follows.

Carbon balance:

FCpL + MCy = Vo + V002+ Vcﬁ4 ‘ _ (7)
where G = 22.416/12.0L & = 1.866 C

Hydrogen balance:

FHF + MHM'= VH2 + VH20+ ZVCH4 (8)

wheré HF E 22.416/2.016 h + 22.416/18.016 * w

= A84A21 h + 14244 w.

Oxygen balance: *

+ VCO + 0.5V {9)

FOF + MOM = O.SVCO 3 HZO
where CF = 22.4167/32.00 @ + 22.416/36.036 w

-  0.7805C + @U6221 W

Nitrogen balance:

FN, + MY o= sz , (10}

where N = 22.416/28.016 n 0.8001 n

Overall elementary’ balance:

WALV O+ +V + vV =1 (11)
CO ,COZ , HZ E:ZO CH4 N2

To solve egautions (4)fto {11) for, the following unknowns first

v

Vv land Vé', then calculate

assume value for' two unknewns,  €.d.,
CO 2
v, v \V V. M ing a Newton approximation method
CO ’ H d ’ O r N r usi g pp

2 2 2 2
: ' This procedure can be repeated until. equation is

satisfied. Figure A2-1 shows the flow diagram used.

This model can be simplified by assuming no methame formation 1in
the reduction zone and methane can occur only in the distillation

zone.



List of computer program for thremodynamic model.

n

IIGT
10 HOME

11 FRINT ™

1 ERINT

12  INFUT "FAW MATERAIL IS...";A%$

15 FPRINT —
16  FRINT

81 FRINT

100 INPUT "CARBON CONTEMT IN FUEL=?";CF
110 CF = CF % 1.866

=00  INFUT “"HYDREDGEN CONTENT IN FUEL=7";H
210 H=H ¥ 11.119

200

21a

INFUT “OXYGEN CONTENT IN FUEL—V"'G
0 =0% .7005
INFUT "NITROGEN CONTENT IN FUE =P NE

1635 INFUT “PARTIAL,VOLUME OF COD2 =";i52
1636 INPUT "FARTIAL VOLUME OF HZO0 =";33

1697 INPUT "FPRATIAL VOLUME OF CH4$ =";54
1€98 CM = Gi _+ 32 + 54

1699 W2 = W2+ G2

1700 FRINT “"FLEASE WAITY

2000 I = 0O

2010 I =1 + 1

2015 X = X

2020 ¥ = Y

2060 IF I > S0 THEN &OTO 5100
2100 €1 = X

ZEOO 2 =P X ER R X &2
ZBOOCT =P £ KM X Y ™ 2

RO C4 =P K KW &£ X ¥ Y
2280 S =Y

230 OCE = C1 + C2 + C3

2800 HF = H + Wl

ZEQOO H3Z = Y + 04 + 2 % 03

2800 HM = HZ + W2

L9900 0OF

123

.153734 % 10 ~ ¢ — 6

O

410G NF = NF ¥ .8001

S00  INPUT “"ESTIMATE EQUILTBRIU TEMPERATUHE(K)=?";T

GO0 INPUT "OFERATE FRESSURECATM) ?“-F .

650 INPUT "MOISTURE CONTENT BOF FUEL S M3 4W1

&G INFUT "WATER FDNTENT N AIR(TDTAL KGH20 DR KGH20/HRY=7"; A

62 WL = WL * 1.5

HEES W2 = A X 1.244

&R0 PRINT "

6821 FPRINT .

€85 FPRINT "ESTIMATE VCDyVH2" ¥

£20 PRINT * "
€91 FPRINT . b,

700  INPUT "ESTIMATE VCO=2";X

8O0  INPUT “ESTIMATE VHzZ=S?2"; ¥

o0 KR = 1 / 10 ~ (2.26780 - BE20.69 / T ~ .001208714 ¥ T +

YR T N2 4+ 2.235483 ¥ LOG (T /4 LO5 €10)) ) .
1100 W =t /7 10 ~ ¢ — 232.457768 ~ 4825.986 v T — .00S67112 * T + .B82554B4 ¥ 10 -~

f = B)Y ¥ T~ 2 + 14.51576 % LBa <T)» /2 LOG (103D

1300 KM = 10 ~ ¢ - 13.06361 + 46EZ.8 / T — 2.09594 * 10 ~ (-3 ¥ T + .3BEZ2 % 1
O~ ¢ -6y T ~2 + 2.02423B-¥ - LOG, (TY /0 LOE <10)) ’

1512 PRINT " : "

1512 FRINT

1514 FRINT "COMPOSITION OF GASIFYINS MEDIUM"

lulg CPFRINT M v, rp—

1630 FRINT -

1691 INPUT "PARTIAL VOLUME OF HZ =P H2

1692 INPUT "PARTIAL VOLUME OF 02 =?";01

1693 INPUT “FARTIAL VOLUME=OF N2 =7";NM

1€34 INPUT " FAETIAL VOLUME "OF CO ="; a1
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3000 OM = 01 + .5 % W2

3100 06 = .5 X X + C2 + .5 ¥ C9

RI1O N = (08 ¥ OM — CM ¥ D5 % NF) + ((CF X 06 — CG X OF) ¥ NMY>» / (CF % OM -
M ¥ QF)

S120 F = (C6 ¥ OM - CHM % 0OGY / (CF ®* OM — CM ¥ OF)

S1Z30 M = (CF % 0G - C5 % OF) / (CF % OM — CM X% OF)

S2GO0 A2 = 1 + 1 & (OM X NF — .S ¥ CM % NF + .5 X ©F & NM - OF % NM) / (CF % OM -
CM %+ OF)

TEOO R = 1 4+ 1 X (OM E NF - CM X NF + CF ¥ NM — OF ¥ NM) 7 (CF % OM - CM * OF)
S400 D2 =1 -1 ¥ (.S ¥ CM % NF - .5 kX CF ¥ NM) 7 «(CF ¥ OM - CM ¥ OF)

B500 E2 =1 ¢+ 1 3 [ AMF - DF X NMY /7 (CF ¥ 0OM — CM ¥ OF)

SEOD S = A2 & X + B2 ¥ C2 + Y + D2 *xC4 + E2 ¥C3 -1

3700 SX = A2 + 2 * B2 ¥ C2 7 X + D2 % Cca / X%

3000 GY = 1 + DZ X C4 /Y + 2 kK E2 %x0C3 /Y

3900 A2 = 1 % (OM ¥ HF - .5 % CM % HF + .5 ¥ CF % HM - OF &% HMY /7 (CF ¥ OM — CM

* 0P -

4000 B2 = t % (OM ¥ HF ~ CM ¥ HF + CF % HM —OF % HM) / (CF % OM - CM * OF)

4100 D3 = 1"+ 1 ¥ (.5 ¥ CM ¥ HF -~ .5 &£ CF % HMY / (CF ¥ OM - CM % OF)

4200 E3 = 2 - 1 % (OM % HF = OF X HM) / (CF ¥ DM - CM % OF)

4400 R = ¥ + D2 ¥ C4 + EZ % €8 - A3 ¥ X = BE ¥ €2

4500 RX = D3 ¥ C4 / X - AS - 2 B3 ¥ C2 / X

460G RY = 1 + D3 % C% / Yok 2% ES R C3 /7 Y

4700 DX = (R %X 8Y - 8§ % RY)L W/ (SX # RY - 8SY % RX)
4800 DY = (5 ¥ RX — R % SX) /(8% ¥ RY - SY ¥ RXJ)
4913 IF  ABS (DX) > .@@1 THEN/X/= X .+ DX: GOTO 2010
5018 IF  ABS (DY) > .001 JHEM ¥ =Y.+ DY: EGTO 2010
5100 HOME . 1

5102 FRINT " = THE COMFOSITION OF FRODUCER GAS."

5110 FRINT *
S115 PRINT "I=";1

S120 FRINT " Vo = iy
S120  PRINT VHZ = jn.y
5140 PRINT ™ VegE = Yo
S150 PRINT O ViHY = ":C3
StE0  PRINT VHZ0 = "“3C4
5170 PRINT UNZ = "N .
S160 PRINT M = "l )
5190 PRINT * ' F ="leF

5200 PRINT ¢
300 END
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JREUN

FEAW MATERAIEL IS,,.?1

CAREON CONTENT' IN FUEL=77.525

HYDEOGEN CONTENT IN FUEL=77,1375

OXYSEN CONTENT IN BUEL=272.3375

NITROSEN CONTENT IN/FUEL=?70

ESTIMATE EQUILIBRIU TEMPERATURE (K)=27973

CFERATE PRESSURE(ATM)=?21

MOISTURE CONTENT OF FUEL = 7?0

WATER CONTENT IN AIR(TOTAL KBHZ0 DR KGHZO/HR>=7?70

ESTIMATES VGO, VH2

CESTMrTE frAine s
ESFIMATE NHE=27.3

COMFOSITION OF GASIFYING MEDIUM

FARTIALS VOLUME OF H2 . =770 ..
FARTIAL VOLUME DF 02 =77.21
FARTIAL VOLUME OF ‘N2 =%7.79
FARTIAL VOLUME OF €0 =720
FARTIAL VOLUME OF COZ =70
PARTIAL VOLUME OF H20 =70
FRATIAL VOLUME OF CH4 =20

FLEASE-WATT :
THE COMFOSITION OF PRODUCER BAS.

I=
VCDO = [(203598186
- VHZ = .331153873
VCozZ = . 0386435676
! : VCHE = 0145164494
VHZO = | 0405683593
VN2 = ,37152BE2B
™ = 470302061
F = . 262091765

Example calculation use wood at reduction temperature =973 K

1 atm.
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ANNEX 3

STRATIFIED DOWNDRAFT BIOMASS .GASIFIER MODEL

This model was developped to determine the time and distance
required for flaming pyrolysis {a term used by T.B. Reed to denote
the oxidation zone of a gasifier) sand char/gas reaction that occurs
in cocurrent downdraft gasifiers.

In a typical cecurrent downdraft gasifiers tﬁe two signifi-
cant reaction zones. are shown in figure.l

From figure.l air and biomass enter the reactor together at
the top and travel together to the "flaming pyrolysis" zone where the
pyrolysis gases and tars are oxidized as they emerge from each
particle. At the end ofi'this zene 90 % of the biomass is believed
to be consumed. The gases at temperatures of 900-100 C react with
remaining 10¥ of the bicmass which has now been turhed into ¢har in
an "adiabatic ' gas/char reaction" zone reducing the temperature to
700-800 C. It is to be noted that the temperature meﬁtionned here
were temperature reported for.high'density.biomass such as wood.

T.B.Reed défines "Flaming Combustion® ‘as’the initial phase of
biomass » eombustion during, which,the, volatile matter released by heat
burns pin ailr thereby releasing more heat to continue the process
until pyrolysis is complete. Thus after this process only charcoal
remains. This charcoal may continue to burn in "glowing combustion®
provided that there is sufficient heat flux or rinsulation to
~'maintai: the surface - femperature nigh. On the other hard "Flaming
Pyreolysis" indicates the process of air first passing over burning

biomass causing very rapid pyrolysis, and the produced tars and oils



FICURE 1

BIOMASS + AIR/OXYGEN

._\\_\>
~

BIOMASS FUEL

FLAMING PYROLYSIS

GHAR . REDUCTTON

INERT |-CHAR

nndl o b w0 W )

R .S

| o

+
CHAR

e s
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REFRACTORY

CHy 9% .¢ * 0-40;

|

| 0.2C + 0.45C0 + 0.35C0,

+ 0.4SH2 + 0.25H20

'

0.06C + 0.64C0 + 0.3CO2

+ 0.54H2 +0.16H2

GRATE

SCHEMATIC ‘OF STRATIEZED DOWNDRAFTL.GASIFIER SHOWING

CHEMICAL "REACTION (1)
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being consumed to provide the energy for further pyrolysis. An
important aspe&t of flaming pyrolysis is that on one hand one has
flow of pyrolyéis gases radially out of the particle forming a
boundary layef ~around the biomass pellet and on the other hand heat
transfer by conduction and radiation from outside into the pellet.
These two phenomena being interrelated we thué have a flaming
pyrolysis zone * buffered ' around 800-900 C

When air and biomass entér.the tube together and biomass
begins to reaét in the flaming pyrolysis zone the following equation

may describe what happens there

+ 0,40, #~+~/ 0.2C.+ 0.45C0 + 0.35C02 + 0.45H2 + O.ZSHZO A1)

) %6 2

The gas composition  (varies through the flaming pyrolysis
region from mostly air near interface 3 to a partially reduced gas at
interface 2. The presence of eXcess oxygen in this zone relative to
that required for complete gasification accounts for the almost total
destruction ofwolatiles and the relatively high temperatures. After
flaming combustion is complete there remain 0.2 moles (or about 10 %
wt) of biomass as charcoal. " This charcoal is now free to react with

the flaming pyroly8is gases in ‘the char reduction zone according for

example to, the'fellowing reaction

0.2C + 0.45C0 + O.35CO2 + 0.45H2 + 0.25H20

_—
0.06C + 0.64C0 |+ O.3C02 + 0.54H2 + 0.16H20 (2)
The final gas composition leaving the char reduction zone 1s
quite cloéé to that found in air stratified downdraft gasifiers (by
assuming 1-3 % CH 4 and N2).
Finally the gases enter the inert char zone where there are

no further reactions with the char because of equiiibrium. Equations

(1) and (2) can be added to give the over all gasification eguations:
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3

] 0.64C0 + 0.300.+ 0.54H, + 0.16H.0 (3)
CH, 0, ¢ +0.40, ——= 0.06C + ‘ N . 5

During flaming combustion there are complex heat and mass
transfer phenomena occuring as the thermal wave moves from the
biomass éurface of the center of the particles. An eguation was
developped to calculate the time. Tfc. required to complete
flaming combustion of a particle in a furnace maintained at constant
temperature. The data obained was/ correlated with the size, shape,
density, temperature aﬁd moisture content. The equation obtained is
as follows :

T (4)
tfc {min) = O.IngA(1+O.61A)FS(l+l.76FmJexp(2200/T)

Where Pd = density of particle
FS = shericity of the particle given by
- (a.836(vshl/ o
S5 = surface aréa of the particie calculated from its
dimensions
Fm = moisture fraction (dry basis)
T = temperature of the furnace around the pérticle
A = characteristic size and A= (V)1/3

The time rnequired for flaming combustion is expected to be
close to that .required for @flaming pyrolysis under the same
conditions but a major difference is'thét no oxygen is available
for combustion during the latter half of therfiaming pyrolysis time.
Reed (1) modifiéd the Huff equation (equation 4)to include the 0xy§en

effect giving:

t.  (min) = 0.21FdA(l+0.61A)FS(l+1.76Fm)exp(477/rt)/(l+3.4Fo) (5)

fp

And the pyrolysis length can be calculated from

pyrolysis length (lp) = Vf*tfp

where Vf = m/Fd(l—Fv)
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void fraction

0,
I

feed rate ten / mZ -hr or a power

3
It

rate of P kw/mz‘ on a fuel of H kJ/kg
Vf,: velocity of bed move m/hr
Reed (4} 'developed a method to calculate tfp by using a
concept of heat of pyrolysis at Ts and used watér as thermal tracer

giving the following result

Time for pyrolysis = Energy Required for pyrolysis / Heat Supply

1ottt
: m
V a1 m/hr (6)
Fd(l—Fv)
v.4& volume of the biomass particle
AJ= the surface area of biomass

g = heat transfer per unit area and its in the

ranges frem 3 -1I3 W / em? ()

h, = HHT)
Cp (@) (100 ='To) + Cplg) (Ts - 100)

where Cp (1) awerage heat capacity for steam at between

100 € and the temperature Ts
Reed suggested that the char conversion be considered effec-
tively completeiwhen the temperature drops to 850 C at the end of 100
sec
e.g. Effectiveness for Char Conversion =;Constant
t = 100
c

At this temperature the reaction rate has dropped to a very

low value. The gasification zone length lg will then be

| . ; |
g~ Ve (8)

Y
.|i;r£..
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ANNEX ¢

Producer Gas Analysis Methods

1. Analysis‘of CO, H2, CH4, N2, 02 by gas chromatography

For the experiments conducted a variant 3400 gas chromatcg-

raph was used with the following conditions to analyse CO, HZ,

N2 and 02

column used
carrier gas
temperature of column

temperatire of detector

filament temperature :
current "
polarity

attenuétion for H2
02
N2
CH4
o

plotier sensitivity

offset :

paper speed H

volume of gas sample used :

CH4,

moiecular sieve 5A
Argon

60 C

60 C

S0 C

104 mA

negative

64

32

- 64

0.05 %
10 %
1.0 em / min

0.5 ml

2. Analysis of CO2 by orsat apparatus

As the gas chromatograph used has only a single column filled
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with molegular sieve S5A which absorb CO2+-and water, it could used to
analyse CO2.

An orsat analySis was used to determine CO2 contenération in
‘the produéer gas. A 40 volume percent solution of Potassium Hydro-
xide was used to absorb C02 ( absorbing power is 40 ml CO2 per ml of

liquid solution of KOH at the concentration).

AULINENINYINT
WA IUUNINGIAY
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ANNEX >

Proximate Analysis Determination Procedure

The proximate analysis classified the fﬁels in terms of its
moisture (M), volaﬁile matter'(VM), ash (A) and fixed carbon ( by
difference) using standard ASTM tests. |

»The moisture-content is analyse by weight differenée between
the sample (100 g.and 60.mesh size fuel) and the preheated sample (
which is 100 g sample preheated at 105 4 5 C_fér two hours). .

Volatile “matter (ASIM 3175 - 73) is determinea by establis-
hing the loss in'weight resulting from heating 1 gm-bf 60 mesh dry
fuel in nickel-chfomium crucible in a muffle furnace at 950 + 20 C
for 3 min.

Ash (ASTM D 3174-73) is determine by weighing the residue
remaining after burning the biomass (vl gm, 60 mesh) in a muffle

furnace at 700-750 C for hr.
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