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Wataru HARANO， Shigeo YAMADA・3

(Received April8， 2005) 

Abstract 

百leworld energy resource mainly depends on the fossil fuel， but it will be used up in tens of years. On the way to search 

renewable and environment-friendly energy resource， the biomass has been utilized for many years， but the corresponding problems 

including the thermal efficiency and pollution need to be resolved. At the present time， LPG (m吋orcomponents are propane and 

butane) has a great potential to be utilized and with less exhaust pollutants.百lIspaper focuses on applying the propane gas and wood 

powder to form mixed fuel flame. As a fundamental research， two experiments are carried out to investigate the soot particle 

behaviors. One is the soot particle diameter measurement by GMie.'s light scattering theory， the results show that the soot particle 

diameter of the mixed fuel f1ame is greater than that of the propane gas f1ame. Another is the soot particle density measurement by 

weight di百'erencemethod. The resu1ts show that the soot particle density of the mixed fuel f1ame is greater than that of the propane 

gas f1ame. The experiments make clear that the wood powder can be applied to form a mixed fuel f1ame with propane gas. 

1. Introduction 

The world energy resource now mainly depends 

on the fossil fuel， while it is becoming rare and 

expensive beca1;lse of its non-regenerative character. In 

2000， the RIP (remaining reserves to annual 

production ratio) for oil and natural gas is 42 years[1]. 

And the fossil fuel threatens the global environment 

during energy conversion process. It is necessary to 

find new energy or new energy utilization method to 

save the fossil consumption. Among the new energies， 

the biomass is a renewable and clean energy with 

large utilization potential. The using of biomass can 

bring great economic and environmental benefits with 

lower carbon dioxide emission than fossil fue1[2]. The 

typical biomass inc1udes the wood and its by-product， 

agriculture by-product and waste， municipal sewage， 

marine organism， etc. To 0妊'erenergy， the biomass 

can be. utilized by direct combustio.n， gasification， 

bio-oil production， methanol and ethanol production 

methods according to its particular characteristics and 

facility' s scale[3]. 

A great deal of wood powder is produced in 

sawmills and fumiture processing plants. It is often 

used as raw material of fiberboard or bumed in a 

cyc1ing fluidized bed boiler， but noteasyto be bumed 

in a small-scale boiler. This paper tries to find a way 

to use the wood powder in a small-scale boiler by 

co-firing with LPG (1iquefied petroleum gas)， it is 

necessary to investigate the basal performance of the 

co-firing. The diameter of the wood powder used is 

less than 250tDn， density of natural state is 231.8kg/m3
• 

LPG is a by-product of natural gas processing or a 

product that comes from crude oil. refining and is 

composed primarily of propane and butane， emitting 

less carbon dioxides and nitrogen oxides in the 

exhaust. It is applied widely in public livelihood， 

industry and traffic field. Since. LPG is largely 

propane， the characteristics of propane sometimes are 
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taken as a c10se approximation to those of LPG So， 

the propane gas is used to form the flame in the 

experiment. 

The biomass will emit lots of poisonous or 

greenhouse e妊'ectsubstances while being combusted. 

Among them， the most poisonous ones are nitrogen 

oxides， carbon dioxide and soot partic1e. The objective 

of the experiments in this paper is to study the soot 

partic1e diameter and density of the mixed fuel flame， 

to compare them with those of the propane gas flame 

on the same conditions. 

2. Experiment method and apparatus 

2.1 Diameter measu問 mentexperiment 

The diameter of the soot partic1e is obtained 

in幽situby applying G.Mie's light scattering theory[4]. lt 

begins with the electromagnetic Maxwell equations 

and is often applied in nanometer scale partic1e 

measuring[5][6][7]. The basal function of the theory is， 

I司!，、λL..(a.m.O) 
司 =一一ニァーでl..，，α. m. tJ I 
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here， h is the intensity of horizontal component of the 

scattering light， 10 is the intensity of the incident light， 

λI is the wavelength of the incident light in the 

ambient media andλ ろく where λσ14.5nm in 
/mo 

experiment) is the wavelength of the incident light and 

mo (1.0 ) is the refractive index of ambient air， r is the 

measuring distance (120mm)， i2 is the horizontal 

scattering function of diameter parameterα 

( α = 明 ， D is 悦hes則O∞州O叫tP阿a訂r帥 d伽i白iame削帥…吋et仰伽吋t胞刷附e釘叫r)
6叫l refractive index of partic1e m (ο1.后60and 1.56-心0.524似4i[開

f伽O町rstandard Lat陥e白はxand sωo∞Oωtp仰ar凶t“ic1ωle，respectively) and 
scattering angle () (600， 1200) (the angle between the 

incident light and scattering light direction)， and 

i2 = IS2 (0 ~2 

ゆ)=Staιη(c叫 an ら(c叫
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a_ = y:.，'n (β)・ψn(α}-mψn(β)・ψ'n(α) 
ψ'n (β).ι(α}-mψn(β )'~'n (α) 

b 田 mtt'n(β)・ψn(α)一ψn(β)・ψ'n(α) 
mψn(β).ι(α)一ψn(β )'~n(α)

s=mα 

z凡川nパ(いc∞0ωsω0吋)，τ九n(いc∞0ωsO吋}iおst出heLeg伊end叫 lD即削1叩ctωiぬon1 
ψ仇川nパ(α )，~，ιn(α) iおst血heRaω仙郎elf白un即削l民則ct伽t

s The above theoretical scattering functionら2iお

sω01討ve“d out with computation code by applying 
MatlabR12.1 software. The results between the soot 

partic1e diameter and scattering function i2 and the 

ratio of i2 are shown in Fig.1. Following these results， 

the soot partic1e can be determined uniquely by the 

ratio of i2 in the region of diameter s234nm. 

10U，、・・1

10. 

品
Soot particle diameter (nm) 

Fig.l Soot particIe scattering function i2 and the 
ratio of scattering function of i2 at 60

0 and 1200 

The experiment device is schematically shown in 

Fig.2. An argon ion GLG4380 laser unit emits a laser 

beam with wavelength of 514.5nm as the incident 

light. The incident light penetrates the flame and then 

be captured by a beam trapper. Two optical lens units 

are located at the 600 and 1200 scattering angle 

position. Each lens unit is constituted of four lenses 

with focus length of 120， 75， 75 and 50mm and a 

pinhole with diameter of O.2mm. The scattering light 

is collected by the lens unit and transferred to the 

HAMAMATSU H6870 photo-multip1ier. The 

photo-multiplier transmits the light signal to an 

electrical one. The electrica1 signal is amplified by a 
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Fig.2 Experiment apparatus used for soot particle diameter measurement 
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Fig.3 Experiment apparatus used for soot pa凶icledensity measu問 ment



LI・570Atype lock-in amplifier， then led to an ND 

converter where it is converted to a digital one， and 

gathered by the computer. The reference signal of the 

lock-in amplifier is achieved from the chopper located 

on the incident beam， ensureS only the scattering light 

with the same frequency of the incident light be 

collected by the computer. 

百四 propanegas is led to the outer pipe (din 

=10mm) of the double concentric bumer. The air is 

firstly led to a tank where the wood powder with 

diameter less than 250μm is filled， thus carries the 

wood powder to the inner pipe (din =6mm) of the 

bumer. A mini-electrical fan is located in the tank to 

ensure the wood power be carried by the air. At the 

top of the bumer， the propane gas and wood powder 

mixed fuel flame will be formed and the incident laser 

light will penetrate it. The bumer is placed on a 

3-dimensionally adjusted platform to match the 

incident light. 

百leexperiment apparatus is originally adjusted 

with the polystyrene polymer with standard diameter 

of 50:t2.0nm and 155主4nmrespectively. Then the 

experiment is carried out as the following steps. 

Firstly， start up the laser unit and the data processing 

apparatus. Secondly， supply the propane gas and air at 

pre欄decidedflow rate and fire the flame， record the 

data of the mixed fuel flame， then stop the wood 

powder supply and record the data once. Thirdlぁ

adjust the bumer to another height to repeat the 

recording. The incident light is set at the axial center 

of the flame (R=O)， and the measurement height (Lc) 

is set to 10，20 and 30mm. 

2.2 Density measurement experiment 

The soot particle density is obtained by the 

weight di紅白ence method. A positive volume 

combusting gas is inhaled from the flame and flows to 

a pre・driedfilter. The filter attached with soot particle 

is re-dried to get the weight. The soot particle density 

is calculated by the filter weight di宜erenceand the 
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inhale volume. 

Fig.3 schematically shows. the apparatus for this 

experiment. The firing apparatus and the wood 

powder are almost same as the former besides a flame 

stabilizer is set up to prevent the flame from 

unsteadiness. A sampling gas probe is inserted to the 

axial center of the flame， the filter holder installed 

with GB100R filter is set behind the probe. A vacuum 

pump working at 0.21/minx4min inhales the sampling 

gas from the flame. Inside the sampling gas probe， a 

motor-driven cleaner is used to prevent the soot 

particle from accumulation. 

The filter samples are taken with and without 

wood powder mixing on the same firing conditions. 

The propane gas flow rate is kept at O.ll!min， the flow 

rate of air is 0.2， 0.4 and 0.6 l!min， the measuring 

height h( distance between the bumer top and sampling 

probe axial center) is from 10 to 50， 60 or 70mm， 

depending on the flame height H. To avoid air be 

inhaled， the measurement stops at the flame upper 

position with a 0.5 or 1mm margin. 

3. Experiment result 

3.1 The soot particle diameter 問sult

Fig.4 shows a scene of the experiment when the 

wood powder is mixed， the flame height is nearly 

40mm， Lc=30mm， R=O. There is a blue and translucent 

part in the lower 5mm part， then it extends to be 

dazzled. 

Fig.4 Flame of mixed fuel 
(air=O.4l!min， propane gas=O.ll/min) 



58nm in the propane gas flame. . Fig.5(b) :s~ows the 

result when Lc is 20mm. The ratio of i2 isaveragely 

0.76 and 0.82 on the two conditions，while the soot 

particle diameter varies from averagely 97nm to 86nm. 

Fig.5(c) shows the result when Lc is 30 mm. The ratio 

of i2 is averagely 0.65 and 0.68 on the two conditions， 
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while the soot particle diaineter varies from averagely 

0.2 

120nm to 112nm. 
800 400 600 

Time Elapsed (s) 
(a)Lc=10mm 

2∞ 地
As a whole， there is an increase of the soot 

particle diameter when the wood powder is mixed to 

the propane gas flame. The increase is 16， 11 and 8nm 

at the Lc =10， 20 and 30mm position. This is resulted 

from the cenosphere and char[8] produced by the firing 

of wood powder， and the number of the soot particle 

will also increase. 
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3.2 The soot particle deosity result 

Fig.6 is a sample of the measured filter on 

condition that flow rate of air is 0.2l/m， the flow rate 
800 400 600 

Time Elapsed (s) 
(b)Lc=20mm 

2∞ 

0.2 

地

of propane gas is O.ll/m， the flame height H is 80mm. 

The upper 3 rows of filters are taken from the mixed 

fuel flame， while the lower. 3 rows are from the 

propane gas flame. A certain of measurement point is 

inserted when there is a great change between the 

and example， h=45mm 

h=55mm is inserted in the case of Fig.7. 

for points， two adjacent 

0.2 

400 600 

Time Elapsed (s) 

(c)Lc=30mm 
Fig.5 Ratio of i2 (120/60) aod soot particle diameter 
(air=O.4l/min， propane gas=O.ll/min) 

。
(
日
ロ
)
む
MWEE-uω-o-z
色村。。∞

戸、J
n

u

n

U

唱

I

4

i

戸、.d

1 

ト』

乙0.6。
0 

~0.4 

2∞ 地

The experiment result is shown in Fig.5( a) when 

Lc is10mm. The wood powder supply is stopped when 

500 seconds ehtpsed. Therefore， there is an abrupt 

change. in the curve， and it is also similar in Fig.5(b) 

and Fig.5(c). When the mixed fuel flame is measured， 

the ratio of i2 is averagely 0.87，while it is averagely Sample of particles 00 filter Fig.6 

measured. 

Accordingly， the soot particle diameter is averagely 

74nm in the mixed fuel flame， while it is averagely 

IS flame gas propane when 0.94 
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Fig.9 Soot pa凶icledensity 
(H=55mm，air=0.6l!min， propane gas=O.ll/min) 

Fig.7 shows the result when the flow rate of air is 

O.21/m， the density in the mixed fuel flame nearly 

always be greater except in the position of h= 45mm. 

On condition of the flow rate of air is 0.4 and 0.6l!m， 

the flame height is 70 and 55mm respectively， as 

shown in Fig.8 and Fig.9. In the part of h=30mm， 

円。

there is a little density difference in two kinds of 

f1ames， but it is greater when h>30mm. 

7 

4. Conclusion and discussion 

1) The wood powder of diameter less than 25Q仰n

can be formed f1ame mixed with propane gas on the 

experiment conditions. 

2) G.Mie's light scattering theory is well applied to 

measure the soot partic1e diameter. The soot partic1e 

diameter of the mixed fuel f1ame is averagely 74， 97 

and 120nm in Lc=10， 20， 30mm position， greater than 

that of the propane gas f1ame. 

3)百四 sootpartic1e density of the mixed fuel f1ame 

is greater than that of the propane gas f1ame， and the 

density di妊'erenceincreases greatly in the upper part 

of the flame. 
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