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M3 TUNNUHNNTBITHYNG Hod 1 ATST 1

aneg. 0 Ing

Woasuil 37

W uUNIaY 1

= Y
UNMTATNLUNN 12 BU.

89AL 1879.2 kg.

8799 946 kg.

YNAAAL 175.2 kg.

o9l v/anan 46 kg.

YFana 3l 1313.6 ke,

Ay 19y 61.2 %

A o I Y o
QUNHY U AW UIAN ﬂ181UﬂﬂQ§Nﬂ1Q (C)

1321 (hr)

1 2 3 4 5 6 7 8 9 10 11 12 13
0 45 40 44 41 44 42 44 45 44 47 45 48 45
3 54 51 52 52 58 60 52 56 60 55 52 55 53
6 50 57 55 55 54 54 52 55 53 55 53 56 51
9 53 49 54 52 63 65 52 69 68 55 52 56 52
12 53 50 53 52 56 56 51 64 68 54 48 56 50
15 61 54 60 57 65 69 60 67 76 68 59 67 58
18 63 56 59 58 68 75 61 66 75 68 60 68 60
21 61 56 57 56 69 72 60 70 75 65 59 65 59
24 64 54 61 56 66 66 63 62 68 66 61 67 62
27 59 50 58 53 62 62 59 69 70 63 59 63 59
30 53 51 54 51 58 57 56 61 63 59 55 57 55
33 56 52 57 52 60 60 55 64 65 60 57 60 57
36 58 55 58 56 59 60 59 64 64 60 58 60 58
39 60 58 60 59 64 68 62 62 62 63 62 63 61
42 63 61 63 62 63 64 66 65 63 67 67 65 66
45 62 61 62 61 62 64 65 65 62 66 67 65 65
48 60 59 60 60 61 62 63 62 61 65 66 64 66
51 64 62 64 63 64 63 67 67 63 70 71 68 68
54 65 63 65 64 65 64 71 67 64 68 68 67 67
57 69 67 69 67 68 67 71 70 68 73 74 71 71
60 74 72 73 72 73 73 75 76 73 78 80 77 76
63 74 73 74 74 76 74 82 77 74 76 77 78 77
66 73 71 73 72 74 74 79 75 74 75 75 76 75
69 70 69 70 70 71 72 74 72 73 72 71 74 71
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MU NNUHNNTBITHYIL Hod 1 AT 2

ane. ThunaIng

Woasuil 3

7

W unIaY 1

= Y
UNMTATNUN 12 BU.

8190 2106 kg.

87199 648.8 kg.

gAAAL 101.2 kg.

g9 y/ana 213.2 kg.

USana'lflu 1167 kg,

Ay 19y 61.9 %

(o) gaungil o Aumiaane moeluiessnens (°c)

1 2 3 4 5 6 7 8 9 0 11 12 13
0 44 36 43 40 45 41 40 44 44 42 41 42 38
3 69 68 62 64 58 63 52 57 60 60 58 58 53
6 71 74 64 64 57 60 54 58 59 59 60 55 52
9 64 61 63 64 58 63 51 57 6 59 60 58 5l
12 66 69 58 57 55 53 51 56 58 57 55 58 49
15 76 8 66 65 64 61 60 64 66 65 61 66 56
18 74 78 69 67 66 66 64 66 69 68 64 68 61
21 68 70 66 67 64 63 63 65 61 65 63 64 62
24 74 72 73 72 67 70 65 68 72 69 67 68 65
27 78 78 73 74 66 64 64 66 64 67 68 66 64
30 78 80 71 70 65 63 62 65 64 66 68 64 66
33 8 8 8 8 73 73 72 73 75 74 T4 73 T2
36 81 82 84 84 76 75 76 77 83 78 78 76 75
39 79 8 8 84 78 75 16 75 77 71 18 15 75
42 73 76 77 76 74 72 72 73 72 72 72 71 71
45 7 75 76 718 7170 70 73 73 71 72 70 70
48 73 74 73 75 70 69 69 71 72 69 70 68 68
51 74 71 73 75 69 68 68 70 70 69 69 68 68
54 72 72 67 68 68 67 67 70 70 67 67 66 66
57 70 71 65 66 67 66 66 68 67 65 66 65 65
60 69 70 64 66 66 65 65 67 67 64 65 64 63
63 65 66 61 61 63 63 63 63 63 62 62 62 62
66 62 63 59 59 62 62 61 61 61 61 60 60 60
69 58 59 57 57 59 59 59 58 59 59 58 58 58
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M3 UNNQHNNTBIINENI o 2 ATaN 1

4
ane.iureInd

Woa3ud) 37

b
HodsuvvaY 2

a ¥
UNTANLAY 12 BU.

89AL 2138.4 kg.

87199 525.9 kg.

g19ANAL 150 kg.

g1avlov/ana 538 kg.

Ysuar 13y 1546.6 ke.

Ay 1My 62.9 %

a o 1 1 Y [\]
UMl & @wnuIn1e Melunedsnen (C)

1391 (hr)

1 2 3 4 5 6 7 8 9 10 11 12 13
0 39 34 35 36 42 42 44 42 36 37 36 37 37
3 51 44 50 52 63 68 51 54 50 56 54 51 50
6 67 69 56 50 53 50 50 53 48 58 52 52 47
9 69 75 60 62 53 50 51 53 48 58 52 52 47
12 69 72 66 66 55 51 55 54 50 58 53 54 48
15 70 71 62 64 61 54 59 57 51 64 57 60 50
18 66 69 66 66 60 54 58 57 49 63 56 60 50
21 58 59 58 56 54 50 55 52 49 57 51 55 48
24 59 62 56 57 56 50 54 52 50 57 53 54 47
27 60 59 60 62 59 56 60 59 56 63 59 59 53
30 67 69 59 62 58 55 60 56 55 60 58 55 53
33 66 68 67 67 60 58 59 59 58 63 60 59 57
36 67 67 71 68 63 61 60 62 61 65 63 62 60
39 65 66 68 66 66 63 61 64 63 65 63 63 61
42 65 66 68 64 66 64 63 65 63 66 64 63 62
45 64 65 69 66 66 65 63 65 65 67 66 64 63
48 65 68 62 63 65 63 63 64 63 65 64 63 62
51 65 67 63 64 66 65 68 67 64 66 66 64 63
54 65 65 65 66 72 69 67 67 68 69 68 66 62
57 67 66 65 68 72 75 66 68 73 71 70 67 67
60 70 69 68 70 72 74 68 71 76 74 73 71 71
63 66 67 66 67 72 73 67 68 73 70 70 68 68
66 63 63 63 64 67 69 63 65 69 67 66 64 65
69 60 60 60 61 65 67 61 61 65 64 63 61 62
72 59 59 59 60 62 66 60 60 63 63 61 60 61
75 57 57 57 58 61 63 58 58 62 60 60 58 59
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M3 TUNNUHNNTBITHLIL Hod 2 AT 2

ane. ThunaIng

Woasuil 3

7

WOITUNIIAY 2

= Y
UNMTATNUN 12 BU.

819A1 2008.8 kg.

8799 841.4 kg.

gNAAAL 137.2 kg.

g9l y/anan 40.2 k.

UTana'lflu 1236 kg

Ay 19y 64.2 %

(o) gaungil o Aumiaane moeluiessnens (°c)

1 2 3 4 5 6 7 8 9 0 11 12 13
0 40 39 38 36 40 41 44 52 43 39 37 39 37
3 55 64 54 54 54 53 43 45 56 57 56 53 52
6 61 68 60 59 58 52 44 44 52 55 60 52 50
9 55 62 53 52 5% 53 50 59 61 59 65 55 52
12 61 66 59 61 54 52 54 54 54 57 57 54 50
15 60 59 60 59 57 53 56 56 55 59 60 56 51
18 59 59 58 57 55 51 54 55 55 57 55 55 52
21 55 54 54 53 52 50 51 51 52 53 52 52 50
24 54 52 56 56 54 53 53 52 53 55 54 54 52
27 57 57 57 5 60 60 60 6 63 63 62 61 58
30 59 59 58 56 59 58 58 61 62 62 60 60 57
33 62 63 60 59 60 59 59 60 59 6 60 60 58
36 61 62 61 59 61 61 60 63 62 63 62 60 59
39 63 64 61 60 63 63 64 61 61 64 63 62 6l
42 62 63 57 59 60 56 57 57 58 58 57 56 56
45 59 61 57 57 58 57 56 57 57 57T 56 56 56
48 57 58 55 54 56 56 54 54 54 55 54 54 54
51 62 60 63 60 62 64 66 64 61 67 66 66 62
54 66 64 66 64 67 69 72 67 65 71 70 68 65
57 65 65 66 65 69 71 72 66 65 69 68 67 65
60 62 62 62 61 65 65 64 62 62 64 63 62 61
63 62 62 59 58 61 60 59 58 58 60 59 59 58
66 60 61 57 56 59 59 58 57 57 58 58 57 57
69 58 59 57 56 59 58 58 57 56 58 58 57 56
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v KR a Yy t4 :3 :;
MINVUNNYUHHNTIOITNYN 1199 7 ATIN 1

ane.thurioun  |Wessudl 37 NoesurINeEaY 7

Imsannurte 12 ¥, Jenadudn 1429 ke, |09 950 ke,

g1afafg 71 kg. oramloa/dnd 70 kg |onedu oke.

YFuna 150 633 k.
B () gavgll & duniaaen meludessues (C)
1 2 3 4 5 6 7 8 9 10 11 12 13 wihdes

0 31 31 31 31 30 31 30 30 31 30 31 31 31 29
1 36 35 35 36 37 38 38 41 39 35 34 34 34 33
2 36 36 36 36 40 40 40 42 40 35 35 34 34 34
3 35 35 36 36 39 39 40 41 41 35 34 34 34 35
4 39 40 40 41 42 43 43 46 44 39 39 39 39 39
5 41 41 41 41 46 46 46 48 47 41 41 39 39 39
6 41 41 40 40 46 46 47 52 51 41 41 39 40 38
7 40 40 40 40 47 47 47 53 51 41 41 40 40 38
8 42 40 42 41 46 47 45 53 50 40 40 37 38 37
9 54 54 51 51 61 60 61 62 63 52 50 49 49 49
10 54 54 52 52 62 61 61 62 64 53 52 49 50 47
11 55 55 51 51 63 63 63 64 64 53 53 51 48 47
12 53 52 52 51 60 61 62 62 61 50 51 47 48 45
13 56 55 54 54 64 62 63 65 64 55 52 50 51 48
14 56 54 53 54 63 63 61 67 65 53 54 52 51 49
15 57 56 54 54 61 60 59 63 64 54 50 47 48 45
16 54 55 53 54 60 60 60 63 64 55 52 48 48 45
17 53 53 53 52 60 59 58 62 61 54 51 47 47 44
18 53 52 51 51 59 59 59 60 60 51 50 45 45 43
19 55 53 54 54 60 60 60 57 56 54 52 47 47 48
20 56 53 51 51 55 57 55 59 61 54 51 50 50 49
21 54 51 48 49 58 58 58 59 63 55 53 50 49 48
22 55 51 50 50 60 60 61 63 66 54 53 49 49 49
23 54 50 50 51 60 62 62 65 65 53 53 50 49 49
24 53 52 52 51 54 64 65 65 65 50 51 50 49 46
25 53 52 52 51 58 63 64 65 65 51 51 50 50 46
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M5 THAingaH)ivieNea Hies 7a

v
(Y]

N

1

e TNuIaUY

Wioasudl 37

NOITUNINAY 7

2 Y
UNTAINUNI 12 Y.

#NALIAN 1517 ke,

87199 1029 kg.

BNANAY 62 kg.

svloy/ana 20 ke.

89A 13 ke.

UFuna 1y 742 ke,

125

a o [ Y o
QUNHU WU AUNUIANE ﬂWElGlu‘l’i’ENSlJEJN (C)

391 (hr) Y v
1 2 3 4 5 6 7 8 9 10 11 12 13 HH1HDI
0 29 29 30 30 29 30 30 29 30 30 29 30 30 29
1 35 33 35 34 38 37 36 42 41 36 35 34 34 31
2 39 35 36 34 39 41 40 42 39 36 34 33 34 31
3 39 34 35 36 42 42 42 44 41 37 36 36 36 33
4 43 41 39 40 41 45 44 48 45 39 38 37 38 36
5 43 41 42 41 45 46 47 48 47 41 40 38 38 36
6 44 44 43 41 47 46 49 53 52 40 39 39 38 37
7 45 45 43 43 48 48 51 55 53 40 39 38 38 36
8 45 44 43 42 49 48 51 55 53 40 40 37 38 38
9 45 44 44 45 49 48 52 55 52 43 42 40 40 40
10 46 45 44 46 50 48 50 55 52 44 42 41 41 40
11 46 46 45 46 50 50 50 57 52 43 40 41 42 39
12 46 46 45 47 51 51 53 57 52 44 42 41 40 39
13 45 46 47 43 48 48 51 55 53 45 43 43 42 40
14 47 48 46 45 51 50 51 55 53 45 44 43 42 39
15 46 46 46 45 50 52 51 56 55 46 44 42 42 39
16 49 47 46 44 49 52 50 56 55 46 45 42 42 40
17 47 47 45 44 50 52 52 56 54 46 45 43 44 40
18 48 47 45 44 49 50 52 61 56 47 44 43 43 40
19 48 48 46 47 50 50 51 61 56 47 44 43 42 40
20 46 45 44 46 48 51 50 60 56 47 45 43 42 39
21 47 48 46 44 52 52 55 60 58 48 45 44 43 40
22 46 48 46 44 51 54 53 60 57 47 44 42 42 41
23 46 50 50 51 60 62 62 65 65 53 53 50 49 40
24 54 56 55 53 60 57 61 68 67 57 55 52 53 49
25 54 52 52 51 58 63 64 65 65 51 51 50 50 48
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ABSTRACT

Characteristics of soot particles resulting from combustion of rubberwood has
been experimentally investigated. Rubberwood is widely used as a single fuel
source in rubber smoking industry, particularly in southern Thailand. Exposure
to excessive soot concentration of workers can result in health problem. An
eight-stage Andersen impactor was used to characterize the size distribution and
total mass concentration of the soot particles sampled from the rubber smoking
rooms. It was found that the size of the particles deposited ranges from less than
0.43 micron to 4.7 micron. The results show that the average mass median
aerodynamic diameter (MMAD) from seven samplings is 0.95 micron while the
average geometric standard deviation is 2.51. The particle mass concentration of
the particles depends strongly on the moisture content of the wood. It increases
expon}entially as the moisture content increases while its average value is 358
mg/m’.

INTRODUCTION

Biomass is a major renewable energy source in Thailand (Bhattacharya et al.,
2000), particularly in the south where rubberwood has been extensively used both
in industrial and community levels. Exhaust from the wood burning contains
combustion gases, smoke and soot particles, and water vapor. As moisture
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content of the wood is increased, a larger amount of water vapor is present.
Smoke is composed of small particles resulting from incomplete combustion.
These particles contain, mainly, carbon and other combustible materials which
are present in sufficient quantity. Soot is an agglomeration of carbon particles
impregnated with tar. It also results from incomplete combustion of
carbonaceous materials (Ndiema et al., 1998). Excessive amount of soot particles
in the gas can cause health problem to the workers who operate the smoking
room in rubber smoke industry and need to enter the room periodically.
Moreover, this can make the rubber sheets being dried darker than market
requirement. This results in the downgrade of the rubber sheets and, hence, the
price drop. In order to handle the soot particles properly, study of their
characteristics is essential.

Studies of smoke and soot particle characteristics, especially the size
distribution are rare for wood combustion; none has been done on the
rubberwood in particular. Osan et al. (2002) investigated physical and chemical
characteristics of combustion particles from a 400-kW boiler using wood as fuel.
They used the method of single-particle electron probe microanalysis (EPMA).
Most of particles sampled from the stack gas were found to be in the respirable
size range (PM2.5). Hedberg et al. (2002) characterized the emissions of
chemical compounds emitted from birch wood combustion in a wood stove.
Cyclone was used to remove particles larger than 2.5 micron. A differential
mobility particle sizer (DMPS) was used to determine particle size distribution.
The collected aerosols ranged between 3 and 920 nm; largest mass was found in
particle around 500 nm. Average number concentration without dilution was
about 10® cm™. Naeher et al. (2000) measured total suspended particulates (TSP)
for both PM2.5 and PM10 emitted from cookstove using wood as fuel. It was
found that TSP for PM2.5 and PMI10 are 528 and 836 microgram/m’,
respectively.

In this work, characteristics of soot particles resulting from rubberwood
combustion have been studied. These include particle size distribution, and
influence of moisture content of wood on the exhaust particle mass concentration.

SAMPLING METHOD

In the present work, we define soot particles as all particles emitted from the
combustion. Soot particles from combustion of rubberwood was sampled at the
rubber smoking room of a ribbed smoked sheet (RSS) rubber production plant in
a village in Songkla province. Four identical rooms were selected for the
sampling. There are total of seven smoking rooms in the plant. Rubberwood was
burnt as received in a stove and hot gas was then naturally drawn into the
smoking room from the floor where wet rubber sheets were hung on movable
carts. Sampling was performed at the tube inlet that bring the combustion gas
into the room. An eight-stage Andersen impactor (Dylec, Model AN-200) with
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the cut-size of 0.43, 0.65, 1.1, 2.1, 3.3, 4.7, 7.0, 11.0 micron was used throughout
the experiment. A backup filter was used to collect particles smaller than 0.43
micron. This is similar to the method used by Allouis et al. (2003) in the study of
the distribution mode of particles from the combustion of power generation plant
using heavy fuel oil. The sampling flow rate was set at 28.3 Ipm according to its
guideline. The sampling plates were cleaned in an ultrasonic bath, dried
overnight in a desiccator, and weighed in an analytical balance prior to sampling.
Each sampling was taken for ten minutes. After sampling, the plates containing
particles were carefully placed in a desiccator prior to weighing in the same
analytical balance in order to detemine the mass of collected particles. The
sampling gas temperature was ranging between 100-200°C, then Andersen
impactor and tubing were insulated with glass fiber to prevent condensation.
Total of seven samplings were performed.

RESULTS AND DISCUSSION

Particle mass size distributions of seven samplings are shown and compared
in Figure 1. Each curve has the same trend where most of the particles are
concentrated in the size range of <0.43 to 3.3 micron. Mass median aerodynamic
diameter (MMAD) defined as the aerodynamic diameter at 50% cumulative
oversize percentage of the particles was determined for each measurement and is
shown in Table 1. The average value of 0.95 micron indicates that major amount
of particles lies in the neighborhood near 1 micron. The geometric standard
deviation (GSD) of the particles is defined as

GSDZ d84.1% — dSO% (1)

50% d15.9%

TABLE 1 Summary of Mearsurements

Run # Wood Moisture Particle concentration =~ MMAD GSD

content (mg/m’) (um)
(%o dry basis)
1 - 271 1.0 2.50
2 - 279 0.7 2.86
3 107.5 1358 1.2 2.00
4 81.5 323 0.9 2.44
5 75.2 170 1.0 2.50
6 42.1 61 0.9 2.56
7 34.5 47 0.95 2.74
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FIGURE 1 Size Distribution of Soot Particles from Seven Measurements

Here dg,, dsy, and dy ., are the diameters where the cumulative oversize

percentage of the particles are 15.9, 50, and 84.1%, respectively. This value is
shown in Table 1 for each measurement. Its average value is 2.51. Particle mass
concentration is also shown in Table 1. It can be seen that for run #3, the particle
concentration is very high. This results from a considerably high value of the
moisture content of the wood that absorbed water from the rain since it was
stored outdoor. The calculated value of average mass concentration is about 358
mg/m’ which is very high and can be detrimental to the health of the workers
who operate in-and-out of the smoking room periodically. MMAD values are
close to 1 in most cases and it increases when particle concentration is very high.
Influence of wood moisture on the particle mass concentration of the emission
is shown in Figure 2. Moisture content of the wood was determined by drying
several pieces of samples in an oven until totally dried. The mass concentration
is enhanced exponentially as the moisture content of the wood is increased. This
is not unexpected since the presence of water in the wood retards completeness of
the combustion. As the water amount in the fuel is increased, combustion
effectiveness is reduced as more heat is needed to vaporize the water. This water
vapor may help the agglomeration of smoke particles to form soot. In general,
moisture content of the fuelwood is lower than 60% (dry basis) but in some case
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it can escalate due to the rainfall since most of the industries store fuelwood
outdoor. The excessive amount of soot particles not only overdarkens the rubber
sheet which results in a drop of price, but also risks the health of workers in the
industries since soot particles contain carciogenic substances, i.e. polycyclic
aromatic hydrocarbons (PAHs) (Ndiema et al. 1998, and Venkataraman, et al.
2002).
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FIGURE 2 Particle Mass Concentration as a Function of Moisture Content
CONCLUSION

The concentration of the soot particles was found to be high and it is
significantly enhanced as the moisture content of the wood is higher. This results
from incomplete combustion. The emission level is well above value allowed for
human exposure. Workers who must enter the smoking room need to protect
themselves properly in order to avoid health problem. Particle size distribution is
nearly normal with GSD of around 1 micron. If removal mechanism is being
designed, this must be taken into account so that the soot particles can be
removed effectively.
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