T. Madhiyanon et al. / Fuel Processing Technology 92 (2011) 462-470 469

14

13 4

12 4
§ 11 4
S 10

9 -

3 -

7 T T T T T T

0 5 10 15 20 25 30
Coal share (% thermal basis)
(c)
320
E
g 300
S 2801
°
o260+
]
‘S‘ 240 -
4
‘= 2204
e
L
o 2001
z
180 T T T T T

T
0 5 10 15 20 25 30
Coal share (% thermal basis)

—@— coal size <5 mm

(b)

160
£ 140 +
b=
7 120
o
52 100 ~
=}

% 80
2

S 60 1
a8

2 40
L

(@] -
S 20

0 ] 1 ]

1 | 1
0 5 10 15 20 25 30
Coal share (% thermal basis)

—
(=

)

S0, emissions at 6% O, (ppm)
>
L

0 T T T T T T
0 s 10 15 20 25 30

Coal share (% thermal basis)

—aA— coal size 5-10 mm

Fig. 7. Effect of coal share and coal size on emissions, (a) O, (b) CO, (c) NO, and (d) SO, (feeding coal beneath the recirculating ring).

thermal, indicating that the formation of SO, progressed to a small
degree with increasing coal. This stabilization occurred because rather
than segregating from the rice husks and prolonging the exposure to the
combustion process in the bed, part of the fine coal particles joined the
flue gases, providing little time for sulphur to be oxidized to SO,. The
results suggested that rice husks co-fired with both sizes of coal particles
created SO, emissions under the Thai emission limits (<236 ppm).

3.4. Combustion efficiency

The combustion efficiency (E.) employed in the present study can
be expressed by Eq. (6) [9,26].

E = [(Ef—Efg—Eash) /Ef} x 100% (6)

where Er is the higher heating value of the fuel, E.q, is the energy loss
as unburned carbon in the ash, and Eg is the energy loss as carbon
monoxide in the flue gas.

3.4.1. The effect of coal share and coal-feed position

In general, E. >98% were attainable. Fig. 8 depicts variations in E. and
bed temperature (at 640 mm) between coal shares. All results were
obtained from firing 5-10 mm coal in two coal-feeding scenarios:
introducing coal above or below the recirculating ring. In both cases,
better E. were stimulated by co-firing rice husks with coal. The more coal
that was blended, the higher the E.. In conjunction, bed temperatures
tended to escalate with increasing coal fraction. The lower E. obtained

from feeding coal above the recirculating ring may be attributed to a
higher elutriation rate of fine particles formed by fragmentation.

3.4.2. The effect of coal share and coal size
Fig. 9 illustrates how coal share and coal size affected the
combustion efficiency. The bed temperature on which E. was
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Fig. 9. Effect of coal share and coal size on bed temperature and combustion efficiency
(feeding coal beneath the recirculating ring).

contingent was also of interest. All experiments in Fig. 9 participated
with the below-feeding cases. Generally, E. >98% were achievable. Co-
firing rice husks with coal has been proven efficient in E. enhance-
ment, particularly for 5-10 mm coal. Firing rice husks alone gave the
minimum E of 98.3%, while co-firing with 25% thermal coal reached
the pinnacle of performance of 99.5% E.. Mixing 5-10 mm coal at 10%
thermal, a rise in E. was observed, but adding more coal from 10 to
25% thermal, E. tended to be insensitive to the extra coal, probably
due to comparable resident times for all coal fractions. For <5 mm
coal, E also increased as coal was blended at 10% thermal. However,
with the continuous increase in coal, there was an inclination for E. to
drop with respect to coal increment. This drop likely occurred because
of higher elutriation rates from merging more light coal. When the E.
of the two coal groups were compared, E. was lower when co-firing
was performed with small-sized-coal. This smaller value was the
result of fine coal particles effortlessly escaping the combustor as
incompletely-burnt-particles.

4. Conclusions

A short-combustion-chamber fluidized-bed combustor (SFBC) of
225 kWy, capacity was tested to evaluate its characteristics and
performance. The effects of coal size (<5 mm and 5-10 mm) and coal-
feed location (above and below a recirculating ring) were investigated.
The influence of coal-blend fraction (0-25 thermal %) was also
analyzed. Axial temperature profiles revealed vigorous combustion
beneath the recirculating ring. NOy development along the combustor
height was closely linked to accessible O,. The formation and
decomposition of NO, within the combustor via homogeneous and
heterogeneous reactions were apparent. An environment with a lack
of O, but an abundance of CO seemed to impede the formation of NO,.
Regarding the effects of coal share and coal-feed location on emissions,
when coal was fed below the recirculating ring, NO, emissions could
be alleviated by blending more coal into the fuel mixture due to the
appreciable increase in calcium oxide and moderate decrease in
oxygen (energy basis). However, when coal was fed above the
recirculating ring, high coal content did not seem to be beneficial to
NOy reduction. The NOy emissions from co-combustion were com-
pared for feeding <5 mm and 5-10 mm coal below the recirculating
ring. Co-firing with large-sized coal (5-10 mm) tended to reduce NOy
emissions more effectively, presumably due to the higher char
inventory in the bed.

Finally, the results suggested that, although stand-alone combus-
tion and co-combustion in the SFBC can satisfy E. (mostly >98%), CO
emissions (64-104 ppm, at 6% O,) and SO, emissions (10-22 ppm, at

T. Madhiyanon et al. / Fuel Processing Technology 92 (2011) 462-470

6% 0,) under all tested conditions, NOy emissions under some
circumstances exceeded the Thai regulations. Therefore, for NOy
emissions (208-244 ppm, depending on share and size of coal),
feeding coal below the recirculating ring is recommended for both
<5 mm and 5-10 mm coal. Additionally, the thermal percentage of
coal in the fuel mixture should be 20-25%.
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This study extensively investigated temperature and emission characteristics, and the performance of
co-firing rice husk with coal in a cyclonic fluidized-bed combustor (W-FBC) of 125 kW, nominal capacity.
The W-FBC integrated the distinct features of cyclonic/vortex and fluidized-bed combustion. Fluidization,
without any inert material, can be accomplished by the stirring blades and vortex ring. The combustor
was equipped with a multi-passes water coil to regulate the bed temperatures, varying 800-900 °C. Rice
husk was co-fired with coal, a supplementary fuel, with coal blending ratios of 0-25% by thermal basis.

I.ffﬂgggs" The radial temperature profiles displayed vortex combustion along the wall, while the axial temperature
Coal profiles suggested a well-mixed condition in the lower part. The large depletion of O, and proliferation of
Co-combustion CO in the lower part revealed vigorous combustion beneath the vortex ring. A reducing atmosphere
Fluidized bed appeared unfavorable to NO, formation. The combustor showed satisfied E., mostly >98.5%. The optimum
Vortex operating conditions with respect to NO, emissions were: (1) the thermal percentage of coal not >20%,

and (2) bed temperatures between 800 and 850 °C. Otherwise, NO, emissions would exceed the regula-
tions; even CO and SO, emissions were well acceptable.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The rapid economic growth of developing and developed coun-
tries results in a high energy demand all over the world. The energy
resources nowadays are mostly derived from fossil fuel combustion
which is acknowledged as enhancing global warming caused by the
release of greenhouse gas emissions. Besides generating air pollu-
tion, fossil fuels will not last long; therefore to serve the increasing
energy demand and to mitigate the greenhouse effect, renewable
energy resources such as solar, wind, hydraulic and biomass are
recognized as another alternative for heat and electricity genera-
tion. To produce energy from biomass, the thermo-chemical con-
version technologies including combustion, gasification and
pyrolysis have been utilized but combustion has been shown the
most efficient technology [1-3]. Biomass combustion is an increas-
ingly attractive position in energy and climate change combat
issues in many regions of the world, due to its “CO,-neutral”. The
amount of CO,, liberated from combustion of biomass is comparably
consumed by plants in the photosynthesis process. Thus, there is no
additional burden of CO, in the atmosphere. Among the combus-
tion technologies-grate-firing, suspension combustion and fluid-
ized-bed combustion (FBC)-, the FBC has been proven to be the

* Corresponding author. Tel.: +66 2988 3666x3107; fax: +66 2988 3655x3106.
E-mail addresses: thanid@mut.ac.th, thanid_m@yahoo.com (T. Madhiyanon).

0016-2361/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.fuel.2011.02.019

promising and versatile technology for converting biomass to use-
ful energy due to its inherent advantages in fuel flexibility, and
low operating temperature and low emissions.

A significant amount of research has been carried out on FBC for
mono firing of biomass fuels such as rice husk [1,4-9], sugar cane
bagasse [10], saw dust [11], olive cake [12], and cotton stalk [13].
Aiming to moderate emissions from coal combustion and to
enhance combustion efficiency, many researchers have intensively
emphasized on coal co-firing with biomass fuels as supplementary
fuels—rice husk [14,15], palm kernel [15], rice straw [16,17], forest
residues [18-20], olive oil industry residues [21,22], and peach and
apricot stone [23]. Contrary to the above studies, which typically
utilized biomass as a supplementary fuel, our previous studies
[24,25] stressed firing of the combination of biomass as a primary
fuel and coal as a supplementary fuel.

Thailand is well-blessed with renewable energy resources. Rice
husk, a by- product from the milling process, is the most promi-
nent agricultural residue in quantity which is annually generated
approximately 5 million tons or equivalent to 7.5 x 107 GJ. Usually,
biomass fuels can not easily be fluidized due to their irregular
shape; thus an inert material is used to facilitate the fluidized
bed of biomass fuels. Recent studies [8,9,24,25] exploited air/water
cooled stirring blades to foster the fluidization combustion of rice
husk and to prevent the loose agglomeration formed by burning
char particles adhering together. Consequently, no inert material
is necessary to mix with rice husk.
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Recently, Madhiyanon et al. has developed a novel cyclonic flu-
idized-bed combustor (W-FBC) which integrated the distinct fea-
tures of cyclonic and fluidized-bed combustion. The experiments
were conducted on both stand-alone biomass combustion [8],
and co-firing with coal [24]. The comparisons of the significant per-
formance parameters-emissions and combustion efficiency-for
various technologies, including the present study, are summarized
in Table 1. The comparative data were made for firing pure rice
husk and co-firing rice husk with coal experiments.

Since rice husk is a seasonal residue, by co-firing with coal used
as a complementary fuel instead of stand-alone rice husk firing, an
intermittent supply of biomass would not be an issue; otherwise a
lack of biomass in a deficient season may result in unreliability of
fuel supply to the biomass power plant. Therefore, this study aims

Table 1
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to investigate the combustion characteristics of rice husk co-fired
with coal in a cyclonic fluidized-bed combustor (\W-FBC). Rice husk
is used as the main fuel while utilizing coal as a complementary
fuel. In contrast to our previous works [8,24], the swirl flow of
the primary air started above the vortex ring. In the present study,
to circumscribe two distinct features of combustion (i.e., the vortex
and fluidized-bed combustion) to take place beneath the vortex
ring, tangential injection of the primary air was shifted down to
an elevation under the vortex ring. Besides, the present system
was equipped with a multi-passes water coil placed in the combus-
tion zone in order to regulate the bed temperatures as desired,
while they varied for the previous experiments, depending on
the excess air and coal shares. Therefore, among the objectives of
this study is to clarify the consequential influences on the

Comparison of combustion performance between the W-FBC and other combustion technologies when firing pure rice husk, and co-firing husk with coal.

System description and operating conditions

System capacity and blend parameter

Results Refs

Combustion
efficiency (%)

Emissions (ppm at 6%0,)

Cco NO, SO,
Cyclonic fluidized-bed combustor (W-FBC) 100 KWy, 100% rice husk 50-400 350-425 N/A >908 [8]
- fluidizing air = 1.0-1.9 m/s
— Excess air = 67-130%
- bed temperature > 1000 °C
Circulating fluidized-bed combustor (CFBC) 1000 kW, 100% rice husk 200-800 150-220 50-100 >97 [5]
- fluidizing air = 0.8-2 m/s
- air split ratio = 5:5-7:3
- Excess air = 10-20%
- bed temperature 800 °C
Short-combustion-chamber fluidized-bed combustor (SFBC) 250 kW4, 100% rice husk 50-550 230-350 N/A >99 9]
- fluidizing air = 0.5-0.9 m/s
- Excess air = 80-130%
- bed temperature >1000 °C
Cyclonic fluidized-bed combustor (‘¥'-FBC) 120 kW, Co-firing at coal shares 60-260 260-416 15-180 >97 [24]
- fluidizing air = 1.35 m/s of 0-25% thermal basis
- Excess air = 60-120%
- bed temperature >1000 °C
Short-combustion-chamber fluidized-bed combustor (SFBC) 250 kW4, Co-firing at coal shares 15-130 290-310  20-230 >97 [25]
- fluidizing air = 0.4-0.7 m/s of 0-25% thermal basis
- Excess air = 76%
- bed temperature >950 °C
N/A: Data were not available.
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Fig. 1. Schematic diagram of the W-FBC testing facilities.
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combustion efficiency and gas emissions, particularly NO, emis-
sions typically high when N-volatiles is subject to a high bed tem-
perature as reported by our previous works [8,9,24,25]. The effects
of blending ratios at different bed temperatures on the combustion
efficiency and gas emissions are also investigated.

2. Experiment set-up
2.1. Apparatus

The current cyclonic fluidized-bed combustor (W-FBC),
designed to combine the distinctive characteristics of cyclonic
(vortex) and fluidized-bed combustion, has been developed from
one described in our earlier work [24]. A schematic diagram of
the W-FBC with a capacity of 125 kWy, and its dimensions are
shown in Figs. 1 and 2, respectively. A section of a multi-passes
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Fig. 2. Dimensions of the W-FBC and temperature and gas emissions measuring
positions.

Primary air + ri[cne husk

(a) Primary air

water coil has been additionally incorporated into the combustor
to regulate the bed temperatures. In addition, instead of introduc-
ing rice husk above the vortex ring as before, rice husk in this study
was fed beneath the vortex ring to restrict vortex and fluidized-bed
combustion to take place in the same area. The W-FBC comprises
two main parts: (1) a cylindrical combustor, 0.4 m ID, 1.40 m high,
and (2) a conical base 0.10 m ID, truncated-apex cone 0.25 m high.
A circular ring named a ‘vortex ring’ made of refractory with
0.24 m opening diameter, located 1.30 m. The vortex ring is used
to trap the entrained particulates in the combustion gases imping-
ing upon its bottom side.

Primary air is injected tangentially just below the vortex ring
(Fig. 3a) so that a vortex flow (or swirl flow) of fuel particles
descending along the wall is established. Secondary air (fluidizing
air) is supplied vertically at the bottom of conical base through an
air distributor. With an introduction of secondary air, and assis-
tance of the stirring blades, fluidization can be achieved. No bed
material was mixed into the fuel mixture to create fluidization;
instead, the generated char and ash during combustion behave as
a secondary solid in the bed [8,9,24,25]. Tertiary air, supplied tan-
gentially just above the vortex ring (Fig. 3b), is designed to sweep
any particulate materials residing on the upper side of the ring
towards the fluidized-bed below, and to assist in burning the
combustible gases invading the upper part. Rice husk and coal
were fed separately into the combustor via two screw conveyors
each equipped with a variable-speed drive to regulate the desired
fuel-feed rate. Water-cooled stainless-steel stirring blades were
installed inside the conical base, and operated continuously at
6 rpm to prevent loose agglomeration [8]. With our previous
experiments in a cold flow behavior study [26] and combustion
studies [8,24], we found that vortex (swirling) flow took place
along the combustor walls of a cold W-FBC model and W-FBC
combustor during air-fuel particles descending flow, while fluid-
ization dominated the flow behavior within the entire space below
the vortex ring. After injection by the primary air beneath the
vortex ring, fuel particles descend along the combustor wall to
the conical base, and then were entirely fluidized within the
lowest part underneath the vortex ring by the upward secondary
(fluidizing) air stream. When part-fluidized particles strike against
the bottom surface of the vortex ring, it will cause them to fall back
into the fluidized bed. Meanwhile, coarse eluding particles crossing
the eye region of the vortex ring were trapped by the centrifugal
force generated by tertiary air.

2.2. Measurement

The desired feed rate was regulated with a variable-speed drive.
Air-flow rates were adjusted by Venturi flow meters linked to man-
ual valves and differential pressure transmitters. The temperature
profiles inside the combustor were monitored using a data logger
with an accuracy of +1 °C, connected to type-K thermocouples at

Tertiary air

(b) Tertiary air

Fig. 3. Flow directions of tangential primary and tertiary air. (a) primary air (below the vortex ring at 1.25 m), and (b) tertiary air (above the vortex ring at 1.40 m).
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Table 2
Analyses of rice husk and bituminous coal.

Table 4
Summary of operational parameters and conditions.

Parameter Rice husk Bituminous Test parameters Independent variables
Proximate analysis (%, as received) Thermal share of coal 0%, 10%, 20%, and 25%
Fixed carbon 20.1 38.92 Bed temperature at 0.43 m 800, 850, and 900 °C
Volatile matter 55.6 32.20
Moisture 10.3 24.69
Ash 14.0 419 Fuel-feed rate (kg/h)
Ultimate analysis (%, as received) Fuel type Coal blending (% thermal)
C 38.0 52.71
H 455 3.04 0 10 20 25
(0] 324 13.08 Rice husk 30.04 27.04 24.03 22.53
N 0.69 1.11 Coal 0 1.83 3.67 4.60
S 0.06 1.18
Higher heati alue (MJ/k 14.98 24.5
igher heating value (M/kg) Air supplied to the W- Flow rate Proportion  Air equivalent ratio

Physical properties FBC (m3[s) () ) (=)
Equivalent mean diameter (mm) 1.60 2.58 Pri — 0.042 07241 133
Sphericity (-) 0.175 0.758 fimaryair - - y : :

Secondary (fluidizing) 0.010 0.1724 0.32
Ash chemical analysis ($wt) air®
Si0, 90.30 19.40 Tertiary air 0.006 0.1035 0.19
AlL,O5 0.17 1030 - - —— -
Fe,05 0.22 11.20 Determined from fluidizing air flow rate per cross-section area of truncated-
MgO 0.34 4.69 apex cone.
K;0 2.68 0.84 . .
Na,0 0.03 11.90 combustor. The duration of each run was about 8 h, of which
Ca0 0.49 13.80 1.5 h were used to reach steady state. Thereafter, gas emissions
géOS ggj 2?';‘0 were monitored every 2 min for 2 h, and averaged over the mea-
Tic;z 0.01 038 surement period. To analyze unburnt carbon content, the values

Table 3
Particle-size distribution of coal.

Sieve size range (mm) Solid fraction retained on the sieve (wt.%)

<1.5 5.25
1.5-3.5 57.28
3.5-6.3 32.52
6.3-9.5 4.95

vertically spaced elevations of 0.43, 0.98, 1.23, 1.45, and 1.65 m
above the air-distributor plate. In the same cross-sectional plane,
temperatures were measured radially outward from the combus-
tor center, approximately 2 cm apart. Gas emissions were moni-
tored at 2.77 m using a multigas analyzer (Testo 350XL). The
measuring principle was based on electrochemical cells for CO,
0,, NO, NO,, and SO,. A Leco C-H-N-S analyzer was used to ana-
lyze unburned carbon content.

2.3. Fuel and ash characteristics

The rice husk, a derivative of the milling process, was used as
the primary fuel, while bituminous coal was the supplementary
fuel in the co-combustion experiments. The proximate, ultimate,
physical properties and ash analyses of fuels are shown in Table 2.
The particle size distribution of the coal is shown in Table 3. Based
on the ash compositions (Table 2), the slagging and fouling
indexes, reported in our previous study [25], showed that coal
share up to 25% (thermal basis), can be applied for co-firing with
rice husk, without confronting the slagging and fouling problems,
due to high silica (SiO,) content in the ash from fuel mixtures.

2.4. Experimental procedure

The W-FBC was heated first by igniting rice-husk loaded in ad-
vance into the combustor. Rice husk stored in a hopper was then
fed gradually into the combustor by primary air. Combustion con-
tinued until the bed temperature accomplished about 800 °C;
thereafter, bituminous-coal was injected separately into the

of which were used to determine combustion efficiency, ash was
collected regularly from the cyclone outlet (every 15 min). During
testing, axial and radial temperature profiles inside the combustor,
and concentrations of O, CO, NO,, and SO,, along the combustor
height were continuously monitored. To measure gas concentra-
tions at the center-line of the combustor, a gas sampling tube
was inserted into the combustor at the center-line with one end
connected to a gas analyzer probe. Primary air velocity, high en-
ough to send rice husk and coal into the combustor, was main-
tained at 15.5 m/s for rice husk, and 22 m/s for coal. Secondary
air (fluidizing air) velocity was kept constant at 1.35 m/s. To ensure
no more particulates resided on the upper side of the vortex ring,
tertiary air was injected at 11.2 m/s. A corresponding excess air,
therefore, was also kept unchanged at 88%. The corresponding air
equivalent ratios (1) estimated for the primary, secondary, and ter-
tiary air were 1.33, 0.32, and 0.19, respectively. The operating
parameters and conditions were summarized in Table 4.

To evaluate the impact of bed temperatures and coal ratios on
combustion characteristics, the evolution of gas emissions, and
combustion efficiency, bed temperatures and coal-blend ratios
were changed. By adjusting flow of water flowing through a mul-
ti-passes water coil, bed temperatures at 0.43 m can be regulated
at 800, 850, and 900 °C, respectively. Coal was fired at co-firing lev-
els of 10%, 20%, and 25% (energy basis). The bed height declined
from 0.25 to 0.20 m accommodated with 0-25% thermal coal.

3. Results and discussion
3.1. Radial temperature profiles

The radial temperature distributions at different levels, i.e., 0.98,
1.23, and 1.45 m are plotted in Fig. 4 for the co-combustion of rice
husk and coal at three mixing ratios including firing with 100%
rice-husk. The bed temperatures were controlled and varied be-
tween 800 and 900 °C. However, because of very similar results, only
the results of 850 °C bed temperature (at 0.43 m) are present. The
coal blending ratios had no significant influence on a common tem-
perature-profile pattern, probably due to also being somewhat high
in volatiles of bituminous coal; thus alleviating coal to be fired while
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Fig. 4. Radial temperature profiles for co-firing with various coal shares at a bed temperature of 850 °C.

descending along the combustor wall as was experienced with rice
husk. Typically, the temperature peaked at the core region, where
entrained particles and flue gases were ascending, and decayed to-
wards the wall that would be precipitated by tangentially injected
the primary (1.25 m) and tertiary air (1.40 m). Since the primary
air was introduced with fuels at ambient temperature, a surge in
temperatures near the wall up to 770-820 °C implied the occur-
rence here of meaningful vortex combustion of volatiles, mainly
composed of CO, H, and C,H,, which would be expected to vaporize
readily when immediately exposed to high combustor tempera-
tures. This accords with the fact that rice husk volatiles are released
promptly and fired vigorously merely under moderate tempera-
tures, of 180-500 °C, as reported in the previous works [2,8,9,24].

3.2. Axial temperature profiles

Changes in temperature along the combustor height, for 25%
thermal coal, with operation at three temperatures— 800, 850

and 900 °C- are depicted in Fig. 5. The axial temperature profiles
for the other coal fractions and 100% rice husk bear much resem-
blance to what are present in the above figure. As reported in prior
studies [8,9,24,25], rather than routinely using sand as a secondary
solid mixed with an irregularly-shaped biomass to encourage
fluidization, the mixture of rice-husk char and its ash derived dur-
ing ongoing combustion can itself behave as a bed material and
aided by the stirring blades, fluidization can be accomplished. Prin-
cipally, all profiles participated in a common tendency that from
0.43 to 0.98 m temperature increased, but to a less extent. Further
up the combustor towards 1.23 m, near where fuels were injected,
it declined dramatically, and subsequently rebounded just above
the vortex ring.

The increases in temperature between 0.43 and 0.98 m were
because the mixtures consisted of high volatile-containing fuels,
in particular rice husk. These volatiles released during either
descending along the wall or flowing upward with the flue gas.
They tended to emerge particularly above the bed, thereby
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Fig. 5. Axial temperature profiles for co-firing with 25% thermal coal under
different bed temperatures.

allowing the continued firing of volatiles and eventually resulting
in increased temperatures. In addition, further burning of ascend-
ing char particles was another contributing factor. However, a
small difference in temperature in this area (0.43-0.98 m)
indicates a well-mixing of various combinations of materials
derived during combustion (char and ash) and the incoming fuel
particles. Besides the stirring blades, the vortex ring has an impor-
tant role in fostering a suitable mixing-environment by creating
solid recirculation within the bed. Entrained particles were blocked
from striking the bottom surface of vortex ring, while being
impelled up towards the upper section and were forced back down
to the bed, to be re-fluidized by the upward gas stream [8,24,26].
The marked temperature decay towards the 1.23 m height was
applicable to the cooling effect of the primary air. A rise in
temperature observed beyond this level towards the top of the
combustor was concomitant with the appearance of very high CO
concentrations in the lower part below the vortex ring, which
afterwards was carried to, and finally burnt in, the upper part.
Conversely to 800 and 850 °C, a slightly decreased temperature
was found at the top at 900 °C. This was suggested by the higher
temperature causing less residual CO in the top, and thus the heat
delivered in this region was so small as to not overcome the
cooling effect of the tertiary air. Moreover, although bed tempera-
tures varied, the temperatures became closer at the top than the
bed temperatures might suggest from their differences.

3.2.1. Effect of blending ratios on axial temperature profiles

The axial temperature profiles for the various fuel mixtures
with three different bed temperatures are presented in Fig. 6a—c.
Fig. 6a presents the temperature profiles for a bed temperature
of 800 °C. As seen in the figure, temperatures peaked at a height
of 0.98 m, but not in a sequential of the coal shares. Ranging in a
narrow band of 830-840 °C, these maximum temperatures showed
no reliance on changes in coal blend. Further up the combustor, to
a height of 1.23 m, the temperatures were lowest, due to the cool-
ing effect from the primary air, and varied from 745 to 782 °C.
Among them, 25 thermal% coal rendered the lowest temperature
and the value appeared to differ significantly from the others. This
is because a phenomenon of the combustion of volatiles carried by
the upward gas stream may have been reduced for 25 thermal%
coal, compared to the mixtures with lower coal content, thereby
mitigating substantially the temperature development of 25 ther-
mal% coal in this site. At the top, the temperature (820-832 °C)
increased as rice husk portion increased, indicating that more
volatiles in rice husk facilitated burning of fuel, and the better
energy conversion would be anticipated.

The temperature profiles for a bed temperature of 850 °C are
shown in Fig. 6b. The highest temperatures (865-880 °C) were
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Fig. 6. Axial temperature profiles of various fuel mixtures at three different bed
temperatures. (a) 800 °C, (b) 850 °C, and (c) 900 °C.

observed again at 0.98 m height, and did not follow the ordering
of the coal shares. In concurrence with the 800 °C-bed temperature
scenario, Fig. 6b presents that the top temperatures (825-865 °C)
have a consistent tendency to increase with decreasing coal.

Fig. 6¢ illustrates the temperature profiles for a bed tempera-
ture of 900 °C. The temperatures attained their peak values (952-
975°C) at a height of 0.98 m. Compared with the lower bed
temperatures, a sharp rise in temperature at heights of 0.43-
0.98 m were apparent for 0 and 10 thermal% coal. This inferred that
the high temperature tempted a rich-volatile fuel blend to liberate
more volatiles, thus intensifying volatile combustion in this region
and contributing considerably to heightened temperature. Besides
being affected by the cooling of the primary air, the steep drop in
temperature at 1.23 m for 0 and 10 thermal% coal was a conse-
quence of less heat gained from the volatile combustion in this
region. This was because most of the volatiles were expected to
be burnt vigorously in the regions below the 0.98 m level due to
the high bed temperature (900 °C), so that less volatile remained
for continued combustion at a height of 1.23 m. The temperatures
at the top (840-890°C) differed little from those at 1.45m,
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implying that no influential combustion took place here. They also
showed an explicit relation to coal blending ratios: firing rice husk
alone gave the highest temperature while 25 thermal% coal had the
lowest temperature.

3.3. Axial gas concentration profiles

Gas concentration profiles along the axial axis of the combustor
for various fuel mixtures performed under a bed temperature of
850 °C are presented in Fig. 7. The evolution of all species tended
to be the same, regardless of coal-mixing ratios. Fig. 7a shows the
coincidence of O, profiles of all fuel mixtures, suggesting no vital
difference in O, consumed. Considering the profiles from the bot-
tom to the exit of the combustor (2.77 m), the O, concentration
<2% at a height of 0.43 m showed a huge depletion of O, from the
fluidizing air, with a mass fraction (fluidizing air mass divided by
total air mass) of 0.17. Further up, to the height of 0.98 m, O, was
increased marginally, and then boosted appreciably to around 8%,
at height of 1.23 m, by the additional O, from the primary air em-
ployed with the fuels beneath the vortex ring (mass fraction = 0.72).
The finding that O, in the lower part accounted for most of the com-
bustion air, with a mass fraction of 0.89 (sum of primary and fluid-
izing air), was utilized extensively so that only ~8% of the original
0, remained active at 1.23 m, suggesting that combustion took
place energetically in this area. This accorded with evidence of
marked CO proliferation in the lower combustor. Above the vortex
ring, towards the top (1.65 m), although conveyed to this site by the
tertiary air (mass fraction = 0.1), O, diminished progressively from
8-8.5% to 6%. This phenomenon concurred with the enormous
amounts of CO subsequently converted to CO, while invading the
upper combustor. Above this point, the concentration of O, flowing
through the exhaust pipe remained almost unchanged, indicating
no further combustion along this route.

The axial CO profiles are presented in Fig. 7b. Even though, rice
husk fed into the combustor below the vortex ring was previously
injected from the top of the combustor [8,24], both methods dem-
onstrated an agreement in common that CO in the lower section
was produced in abundance. This concurred with the marked
depletion of O, in the same place. It was expected that the conver-
sion of CO to CO, would be triggered at a height of 1.23 m by en-
riched-O, from the propagating primary air; this CO conversion,
however, was effective just above the vortex ring (1.45 m), and en-
tirely accomplished near the top (1.65 m), and mostly <180 ppm.
The CO concentration kept quite constant throughout its transit of
the exhaust pipe.

Fig. 7c exhibits the characteristics of NO, development pro-
foundly involving O, consumption. NO, formation via N-volatile
complies with the homogenous reaction as Eq. (1) [2,27,28]. At a le-
vel of 0.43 m under a reducing atmosphere condition, i.e., the defi-
ciency in O, (<2%, Fig. 7a) and huge amount of CO (Fig. 7b), NO,
was generated by a small amount (<30 ppm), probably due to low
conversion of fuel-N into NO,. A slight increasing trend towards
the 0.98 m level was due to a small increase in O, at the same loca-
tion. Manifestly, NO, flourished at 1.23-1.65m height (190-
330 ppm, depending mixing ratios) to which the additional O, was
sent by primary air. This evidence strengthened the influence of O,
in intensifying NO,. From the level of 1.65 m up towards to the exit
(2.77 m), NO, seemed to decline slightly, probably due to dilution by
tertiary air, consonant with minor increasing O, in the same place.

NH;OHFOH N NH?02,+OH.+O — NO (1)

Fig. 7d shows that SO, firstly came up with low values (10-
30 ppm) in the lower compartment. With the similar reasons given
for the NO, evolution, because most of the O, had been consumed
to produce plentiful CO in this area, less O, was left for reaction
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Fig. 7. Axial gas concentration profiles of various fuel mixtures at a bed temper-
ature of 850 °C. (a) Oy, (b) CO, (c) NO,, and (d) SO,.

with the sulfur in the fuel. That SO, had become extinct at
1.23 m was attributed to its concentrations being lower than the
detection limit (<5 ppm), as a result of the dilution effect of the ex-
cess O, there. However, it escalated sharply in the upper part due
to there being sufficient time and O, to form SO,.
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3.4. Flue gas emissions

The concentrations of flue gases emitted from the combustor,
plotted in Fig. 8, are presented in ppm, based on 6 vol.% O, in the
flue gas. The governed bed temperatures are 800, 850, and
900 °C, respectively. The percentage (energy basis) of coal in the
fuel mixture varies in a range of 0-25%.

Changes in O, levels with bed temperatures for various coal-
mixing ratios are depicted in Fig. 8a. The slight differences between
the O, concentrations measured in the different tests (7.0-7.4%)
are simply a result of difference in global air-fuel ratios.

Fig. 8b reveals the impact on CO emissions at different bed tem-
peratures measured at the 0.43 m level for firing rice husk alone
and co-combustion with three different coal ratios. Noticeably,
employing a higher bed temperature can substantially mitigate
the CO emissions, due to better combustion. CO emitted at
800 °C ranged between 165 and 267 ppm, and shifted downwards
to a range of 144-252 ppm and 114-135 ppm at 850 and 900 °C,
respectively. When considering the influence of coal shares on
CO emissions, it was found that the amounts of CO increased with
the increased percentage of coal, regardless of bed temperatures.
For instance, the co-combustion with 25% (thermal) coal at
800 °C yielded the highest value (267 ppm), while firing 100% rice
husk came up with the lowest value (165 ppm).The reliance of CO
emissions on the coal shares was because, for one thing, volatiles in
coal were around 1.7 times lower than those in rice husk. There-
fore, compared with the mixtures with low-coal content, high-coal
content mixtures had more char remaining after devolatilization,
thus requiring more effort to burn, and resulting in the increase
in CO. Second, later broken facilely into fine particles during fluid-
ization, these delicate char particles from rice husk may need a
short resident time for complete combustion compared to the lar-
ger size char particles from coal. Finally, the higher reactivity of
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biomass char with respect to coal char would also play a significant
role in this result.

Fig. 8c presents the dependence of NO, emissions on bed tem-
peratures and percentage of coal blends, as well. Obviously, NO,
development hinged largely on the bed temperature and a propen-
sity to form NO, increased as the bed temperature increased, par-
ticularly at 900 °C. The amounts of emitted NO, depended also on
the amounts of coalesced coal and varied from 152 to 275 ppm at
800 °C, while it ranged from 160 to 287 ppm and 269-308 ppm at
850 and 900 °C, respectively. However, Thailand’s regulations for
co-firing biomass permits NO, emissions not >270, 260, 235, and
215 ppm, when coal is blended with biomass at 25%, 20%, 10%,
and 0% (thermal) coal, respectively. The results showed that all sce-
narios of co-firing at 800 and 850 °C, other than for 25% coal, gen-
erated NO, emissions in a range of 152-259 ppm which conformed
to the regulations but not for co-firing at 900 °C when all coal
shares possessed NO, exceeding the standards. The fate of a
momentous rise in NO, at 900 °C was attributed to expediting re-
lease of vast NHs which was promptly oxidized and converted to
NO, associated with the homogeneous reaction, Eq. (1). Compared
to the resultant NO, emissions (260-420 ppm) of the preceding
studies [8,24], conducted in the same type of combustor but with
an appreciably higher bed temperature (1000 °C), the current
NO, emissions were enormously low. That the high temperature
is at the forefront in fostering fuel nitrogen conversion to NO,
has been extensively explored [3,7,14,27-30]. For example, Tour-
unen et al. [30] reported that the NO conversion above the dense
bed of CFBC using bituminous coal doubled when the bed temper-
ature rose from 752 to 912 °C. In addition, not only did the higher
temperature directly contribute to an increase in NO, formation by
accelerating the NO, reaction, but also exacerbated NO, situation
by the resultant lower CO (providing a reducing atmosphere for
NO,). A weakness in a reducing atmosphere (low CO amounts)
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Fig. 8. Effect of bed temperatures and coal blending ratios on gas emissions. (a) Oy, (b) CO, (c) NO,, and (d) SO,.
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may detract somewhat from the ability to alleviate tenacity of NO,
development, and tends to speed up NO, generation.

Besides, the figure testifies to the fact that the amount of the
additional coal in the fuel mixture has an indispensable influence
on NO, creation, as previously acknowledged [16,19]. At a given
bed temperature, an elevation of NO, emissions was manifest
when coal was utilized; however, this increment may not be ex-
actly commensurate with the increased nitrogen from coal added.
Although nitrogen in coal (1.11 wt.%) is about twice as much as rice
husk (0.69 wt.%), blending rice husk with a certain amount of coal
may affect NO, generation more than the added coal amount might
suggest. For instance, merging 25 thermal% coal, corresponding to
a 15 wt.% increase in nitrogen, brought the emitted NO, to around
80% higher than firing of pure rice husk at 800 and 850 °C. Never-
theless, this increase plunged to about 15% at 900 °C. The contrib-
uting factor to the increased NO, due to coal mixing is perhaps
because of less production of hydrocarbon radicals basically origi-
nating from swift vaporization of volatiles from biomass. Hydro-
carbon radicals establish a reducing atmosphere which is able to
suppress NO, development; therefore a decrease in rice husk, on
the other hand an increase in coal of the fuel mixture is account-
able for an increase in NO, emissions. This explanation was also gi-
ven by Varol and Atimtay [29].

Fig. 8d presents the variation of SO, with bed temperature as
well as the effect of coal shares. Since the amount of S injected var-
ied with the fuel blend, to aid in interpreting the changes in SO,,
the fuel-S conversion to SO, in each case is calculated and given
in Table 5. The calculations were accomplished by normalizing
the measured SO, emission with respect to the theoretical SO,
emission (estimated by assuming 100% burnout and 100% conver-
sion of fuel-S to SO,, using the ultimate analysis and the O, concen-
tration in the flue gas). From Fig. 8d, altering between 106 and
140 ppm for all circumstances, emitted SO, fell within Thailand’s
regulations (<236 ppm). SO, emissions at bed temperature of
800°C were between 106 and 115 ppm, depending on coal
amount, and then climbed to a range of 124-140 ppm as bed tem-
perature was elevated to 900 °C. With respect to the increasing bed
temperature, the enlargement of SO, shown in Fig. 8d agreed well
with the increasing fuel-S conversion shown in Table 5 that was
presumably encouraged by better combustion. The figure also dis-
closed the relationship to the enhancement of SO, emissions to the
additional amount of coal in the fuel blend. However, the fuel-S
conversion had an uncertain relationship with increasing coal
shares at a given bed temperature. This indicated that an increase

Table 5
Summary of percentage of sulfur conversion and percentage of energy losses under
various conditions.

Coal blending Bed temperature Percentage of sulfur  Percentage
ratio (% thermal) at 0.43 m (°C) conversion (%) of energy
losses (%)

Efg/ Eash/
Ef Ef

0 800 N/A 0.08 0.81

850 N/A 0.07 0.57

900 N/A 0.07 036

10 800 16.8 0.10 0.83

850 26.6 0.08 041

900 30.8 0.08 0.29

20 800 185 0.13 099

850 21.2 0.11 0.29

900 249 0.07 030

25 800 16.9 0.13 238

850 23.8 0.12 043

900 28.4 0.07 032

N/A: Data were not available because SO, concentrations were below the detection
limit.
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Fig. 9. Effect of bed temperatures and coal blending ratios on combustion
efficiency.

in SO, emissions with increased coal shares was simply a conse-
quence of the higher sulfur content of coal than rice husk, not of
better fuel-S conversion.

3.5. Combustion efficiency

The combustion efficiency (E.) employed in the present study
can be expressed by Eq. (2) [8,25].

Ec = [(Ef — Efg — Eash)/Ef} X ]00% (2)

where E is the higher heating value of the fuel, E.g, is the energy
loss as unburnt carbon in the ash, and Eg is the energy loss as car-
bon monoxide in the flue gas.

The energy loss is a combination of losses due to CO in the flue
gas and unburnt carbon in the ash. Since there is no drainage sys-
tem provided for ash at the bottom, instead ash is entrained by the
flue gas and trapped by the cyclone, unburnt carbon used to calcu-
late combustion efficiency is measured for the ash collected at the
cyclone. The percentage of energy losses in terms of Egg/Er and Eaqn/
Erare provided in Table 5. Obviously, the unburnt carbon is a major
contributor to loss (0.3-2.4% of fuel energy) while energy loss by
CO (0.07-0.13% of fuel energy) is much less important due to con-
siderably low CO emissions, as seen from Fig. 8b. Changes in com-
bustion efficiencies with respect to coal shares for three bed
temperatures are plotted in Fig. 9. Mostly, E. > 98.5% was achiev-
able, except in a case of 25 thermal% coal at a bed temperature
of 800 °C which gave a minimum value of 97.5%. E. increased as
bed temperatures increased. Combustion undergoing a bed tem-
perature of 800 °C had E. of between 97.5% and 99.1%, of which
the highest value corresponded to 100% rice husk firing. At this
temperature, E. slightly decreased while coal up to 20 thermal%
was added, however, it slumped to the lowest value for 25 ther-
mal% coal. Greater hindrance to burning of coal resulting from
low volatile content was responsible for the degradation in E..
However, coal share no longer appeared a dominant factor at a
high bed temperature. E. changed between 99.4% and 99.6% at
850 °C and remained virtually constant at 99.6% at 900 °C. This
may be ascribed to the dynamic reaction stimulated by the high
bed temperature, which could surmount the intrinsic difficulty of
firing coal.

4. Conclusions

A cyclonic fluidized-bed combustor (\W-FBC) of 125 kW, nom-
inal capacity was tested to evaluate the characteristics and perfor-
mance, in terms of temperature and gas concentration profiles, gas
emissions, and combustion efficiency (E.) for rice husk co-firing
with coal. The stirring blades were utilized to create fluidization
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of rice husk, instead of inert material use. In contrast to previous
works [8,24], with an assistance of a multi-passes water coil, bed
temperatures were regulated at 800, 850, and 900 °C, respectively,
while rice husk was tangentially injected beneath, instead of above
the vortex ring as before. The percentage (thermal basis) of coal in
the fuel mixture varied in a range of 0-25%.

(a) Radial temperature profiles of all shares had a similar pat-
tern and characterized the influential vortex combustion of
fuel particles descending along the wall.

(b) Axial temperature profiles demonstrated the near isother-
mal environment between 0.43 and 0.98 m, indicating good
mixing of various combinations of the combustion products
(char and ash), and the arriving fuel. In addition to the stir-
ring blades, this well-mixed situation was due to the proper
function of the vortex ring to create solid circulation within
the bed. The combustion of volatiles took place more at the
high level when biomass portion increased. The top temper-
atures tended to increase with decreasing coal.

(c) O, was consumed largely beneath the vortex ring, suggest-
ing that the main combustion occurred in the lower part of
the combustor. Concomitant with this phenomenon was
the proliferation of very high CO concentrations at the same
site. A reducing atmosphere—low amounts of O, and plenti-
ful CO—appeared to impede the formation of NO, in the
lower part. NO, formation, like SO, formation, retrieved
where there was sufficient 0,. SO, was restricted to form
due to the scarcity of O, supply.

(d) CO emissions ranged between 114 and 267 ppm, depending
on bed temperatures and coal shares. Not only were NO,
emissions relevant to bed temperature, but it also pro-
foundly engaged with the percentage of coal added. Increase
in bed temperatures and coal shares encouraged NO, forma-
tion. Co-firing with coal up to 20% (thermal), at 800 and
850°C, generated NO, emissions in a range of 152-
259 ppm which complied with Thailand’s regulations. How-
ever, all scenarios of co-firing at 900 °C provided NO,
exceeding the standard. SO, emissions, varying between
106 and 140 ppm for all circumstances, were desirable to
meet the regulations.

(e) The W-FBC showed promising E. generally >98.5%. E.
increased as bed temperature increased. An increase in coal
share had an adverse effect on E. when combustion took
place at a bed temperature of 800 °C, but had no effect at
higher bed temperatures (850-900 °C).

These results suggest that coal, used as a supplementary fuel, up
to 20% (thermal basis) can be co-fired with rice husk in the W-FBC
with satisfactory E., while, to circumscribe NO, generation, the bed
temperatures are recommended to be 800-850 °C. However, to ex-
ploit coal in the fuel mixture >20%, and/or even bed temperatures
>850 °C, sub-stoichiometric of the primary air injected simulta-
neously with fuel should be considered to weaken the homoge-
neous reaction of the N-volatiles (Eq. (1)).
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Abstract

This research presents the effect of the lower secondary air velocity (V,,) on combustion
performance for firing rice husk, in terms of gas emissions and combustion efficiency (E;), in a short-
combustion-chamber fluidized-bed combustor (SFBC) using sand as an inert material in the bed, and
using a nozzle-type air distributor. The combustion behavior inside the SFBC was also presented. In this
study, V,,,, Was varied at 10, 15 and 20 m/s, corresponding to the excess air (EA) of 66, 85, and 102%,
respectively. The temperature profiles along the combustor indicated that well-mixed combustion occurred
in the bed, while increasing V,,, caused a drop in temperature. In view of gas emissions at 6% O,, CO
emissions, ranging 2353-8470 ppm, were reduced as V,,, increased; conversely, more NO, emissions
ranging 358-457 ppm were formed. Moreover, the increase in V,,, was capable of E, enhancement,
rising from 92.7% to 97.7%. The results concluded that the optimum V,,, was 20 m/s.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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Run number

Testing conditions

1 2 3

Fluidizing air velocity (m/s) 1 1 1
Mass fraction (-) 0.570 0.521 0.494

Lower 2™ air velocity (m/s) 10 15 20
Mass fraction (-) 0.207 0.276 0.314

Upper 2nd air velocity (m/s) 15 15 15
Mass fraction (-) 0.076 0.069 0.065

Tertiary air velocity (m/s) 4 4 4
Mass fraction (-) 0.147 0.134 0.127
Excess air (%) 66 85 102

Rice husk feed rate (kg/h) 65 65 65
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Effect of Fluidizing Air Velocity on Combustion Performance for Firing Rice Husk in

a Vortex-Fluidized Bed Combustor (VFBC) Using Nozzle-Type Air Distributor
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USunnufauafsiinisaanaiuazdszinsninnisiwn tnd (E.) anananldansanwmen s ndfifiadn
meluan Tuminassslédsuaon U, 71058, 1.0, 1.1 uaz 1.2 mis Seaaluarmeasiwin (EA) lugng 48-
90% Namﬁ@msmzmaqm‘mgﬁLLa:mmuiTuﬁuaaﬂ%muma’meﬂa%ﬁwmiLm"LmJ"Lﬁ@%uu’%nm‘léf’mLLmu
rafina Tupmefimauiie U, sanaligaunninisluanaass luudvesasdlsznovuialodowudi co  Hd
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Abstract

This research presents the effect of the fluidizing air velocity (U;) on combustion performance for firing
rice husk, in terms of gas emissions and combustion efficiency (E.), in a vortex-fluidized-bed combustor
(VFBC) using sand as an inert bed material, and using a nozzle-type air distributor. The combustion behavior
inside the VFBC was also presented. In this study, U; was varied at 0.8, 1.0, 1.1 and 1.2 m/s, corresponding
to excess air (EA) in the range of 48-90%. The temperature and O, profiles along the combustor height
indicated that main combustion occurred beneath the vortex ring, while increasing U; was responsible for a
drop in temperature along the combustor height. In view of gas emissions at 6% O,, CO and NO, emissions
tended to increase as U; increased, ranging 25-90 ppm for CO and 332-397 ppm for NO,. Moreover, the U;
increment was accountable for E, degradation, mostly>98%. The results concluded that the optimum U; was
0.8 m/s, corresponding to EA = 48%.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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Run number
Testing conditions

1 2 3 4

Fluidizing air velocity (m/s) 0.8 1.0 11 1.2

Mass fraction (-) 057 062 0.64 0.66

2nd air velocity (m/s) 13 13 13 13
Mass fraction (-) 035 031 029 0.28
Tertiary air velocity (m/s) 10 10 10 10
Mass fraction (-) 0.08 0.07 0.07 0.06
Excess air (%) 48 70 80 90

Rice husk feed rate (kg/h)  32.7 327 327 327
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fmsin Udu 1.2 mis danald NO, aaaadsidln
Nammnqm%Qﬁmm’tmmﬁe‘i‘ma lanlunn
Gowladelugne 332-397 ppm A O, 6%
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Combustion Characteristics of Rice Husk in a Vortex-Fluidized Bed Combustor

Using a Nozzle-type Distributor
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Abstract

This research presents the combustion characteristics of rice husk fired in the vortex-fluidized bed
combustor (VFBC) using sand as the bed. The combustor performances, in terms of combustion efficiency
(E;) and gas emissions were also evaluated. In this study, the velocity of the secondary air (V,), swirly
introduced to the combustor with the fuel, was varied at 10.7, 13 and 15 m/s, corresponding to the excess
air (EA) in the range of 53-78%. The temperature and O, profiles along the combustor height indicated that
main combustion occurred beneath the vortex ring, while increasing V, was responsible for a drop in
temperature along the combustor height. In view of gas emissions corrected to 6% O,, CO tended to
increase as V,increased, ranging 32-69 ppm; but NO, seemed to decrease with the increase in V,. Moreover,
the E, for all conditions were satisfying, mostly >99%. The results concluded that the optimum V,, in terms
of NO, emissions, was 15 m/s, corresponding to EA = 78%.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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received)

Proximate analysis (wt.%)

Fixed carbon 201
Volatile matter 55.6
Moisture 10.3
Ash 14.0

Ultimate analysis (wt.%)

Carbon 38.0

Hydrogen 4.55

Oxygen 32.4

Nitrogen 0.69

Sulphur 0.06

Moisture 10.3

Ash 14.0

Higher heating value (MJ/kg) 14.98
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Run number
Testing conditions

1 2 3

Fluidizing air velocity (m/s) 0.5 0.5 0.5
Mass fraction (-) 0.47 0.43 0.40

2" air velocity (m/s) 10.7 13 15
Mass fraction (-) 0.41 0.46 0.50

Tertiary air velocity (m/s) 10 10 10
Mass fraction (-) 0.12 0.1 0.10
Excess air (%) 53 66 78

Rice husk feed rate (kg/h) 22 22 22
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Abstract

This research presents the effects of the fluidizing air velocity and amount of bed material on
hydrodynamics of the particles inside a non-reactive circulating fluidized-bed combustor (CFBC). The test
rig, 6 m in height, has inside diameters of 150 mm for the riser and 150 mm for the downcomer. The
circulation rate of the particles was controlled by an L-valve. In this study, the fluidizing velocity (U;),

ranging 3.5-4.5 m/s and the bed weight, varying between 20 and 25 kg, as well as the aeration at L-valve
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of 150 L/min were employed. The results showed that an increase in fluidizing velocity resulted in the

riser-pressure increments, increased from 137-303 mmH,0 to 242-384 mmH,O, while the voidage (€) in

the level of 0-2.3 m increased from 0.966-0.995 to 0.986-0.997. Moreover, as U; increased, solid

circulation rate increased as a result of the rise in pressure drop at the L-valve. An increase in amount of

bed weight significantly reduced the voidage at the level of 0-2.3m, decreased from 0.966-0.995 to 0.887-

0.998. The results concluded that the fluidizing velocity had more effects on changes in pressure

distribution, solid circulation rate than the amount of bed material. Finally, the circulation rate of solid

normally directly proportioned to the pressure drop at the L-valve.

Keywords: bed particle, Circulating fluidized-bed, Hydrodynamic, Voidage bed.
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A Study of Hydrodynamic Behavior in a Circulating Fluidized Bed Combustor
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Abstract

This research presents the effects of the amount and size
of bed particles on fluidization characteristics as well as pressure
distribution inside a non-reactive circulating fluidized-bed
combustor (CFBC). The test rig, 6 m in height, has inside
diameters of 150 mm for the riser and 150 mm for the
downcomer. The circulation rate of the particles was controlled by
an L-valve. In this study, the minimum fluidizing velocity (Uy) of

sand, having a diameter of 300-500 pm and a weight of 7-9 kg,

was determined and showed that increased size and amount of
bed particles resulted in a surge of U, varying between 0.18
and 0.46 m/s. The study of pressure distribution inside the test rig
was divided into two cases: 1) without bed-particle circulation
(fluidizing velocity 2.5 m/s, 300 pym, sand weight 7-9 kg), and 2)
with bed-particle circulation (fluidizing velocity 3.5 m/s, and sand
weight 20 kg, airflow at L-valve 200 I/min). The results showed
that the highest pressure drop (5,700-6,210 Pa) occurred
between the levels of 0-0.18 m above an air distributor, indicating
the dense zone of bed particles there. Moreover, the pressure
profiles inside the combustor could explain the behavior of the

circulating fluidized-bed.

Keywords: bed particle, Circulating fluidized-bed, Hydrodynamic,
Voidage bed
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Effects of Swirl Secondary Air Injection Fraction on Rice Husk Combustion in a Short

Combustion-Chamber Fluidized-Bed Combustor (SFBC) Using a Nozzle-distributor
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Abstract

This research aims at the influence of the fraction of secondary air injected at various levels of a
short combustion-chamber fluidized-bed combustor firing rice husk and using a nozzle-type distributor.
The combustion behavior as well as combustion performance, in terms of combustion efficiency (E;) and
gas emissions were also investigated. In this study, the secondary air fractions injected at 3 levels i.e.,
1,030, 1,290 and 1,490 mm above the distributor were varied, while the excess air was held constant at
92%. The temperature profiles showed that the combustion occurred continuously along the combustor
height. Increased secondary-air injection points resulted in lowering CO while NO, seemed to be
unchanged. CO and NO, values at 6% O, were varied in the ranges 5,080-9,000 ppm and 315-330 ppm
respectively. The E;, was peak at 96.8%. Moreover, the results concluded that 3-levels injection of swirl
secondary air was a suitable condition in view of CO and E..

Keywords: Biomass/ Emissions/ Fluidized bed/ Rice husk

ENETT8-AP14
1/8



The 8th Conference of the Energy Network of Thailand

2-4 May 2012, Maha Sarakham, Thailand

1. UNW

ﬁql/ a A 1 Qs cid k%

VAL NAITINIRL D WL ARINAIIN AR AN AN
Tumsiunlfansgstnluanuiae 1HasannIsun
InidiTaiwastriniasvisntivaan1sdanisay

o & & o & a
uigasuawlaaanlaodainnisiwilnaisa L wa
=) 9/‘:4 1 v
Nagdandbaddtduwnistrsaasniizlanson
dagtuldfinsindriunasiiadieg 1w unauy
6 1 aql' A o o v
neanatautlan dihas S99 Iwe wazLers
winriaanlfidwsamdlunmagaamnim
miLLﬂigﬂwﬁhmumnﬂ?jamaéﬁUmil,m"lmﬁ
T,@UmaLﬂum:mumiﬁ"l@i”%'ummﬁwggaqm
me:ﬁﬂi:ﬁﬂ%mwgoLLazizuuvl,aJ'fﬁ'wﬁau Tan
walulagmanlwinldsumsensvludagiui
= a a v 1 )
wﬂnamnnwnwm"[%ugaua:ﬂaﬂﬁaawaww
v A v a 6 d'l
‘LLE]ElﬂE]ﬂ’]SLN’]vL%NLLUUWQElVLWﬁLU@]Luadﬁ]’lﬂ
Py A o o AA o
LmaLwaw:l,m"l,mmuuﬂuﬂmmmlum@ﬂmaq
Lﬁamhmﬂmwag;mﬂlu I@ﬂfﬁ@yﬁaﬂmm%:
1 U ¥ a Y > Qs U, t&/
°mmqnmmﬁmwaﬂuawaﬂummﬂvl,@ﬁmuua:
IR RN AU AL AR IRERNANTOULN DN
o A P a A . A
snmqm%nﬂmm‘lmmwmnmsml,ﬂuag@muﬂm
lﬁLmnl,mvlmﬁWQSVLWfLma’\mmsLm”L@TﬁUL%@Lwﬁd

' 12

a A =1 1 v 1 = A. £§ C!‘
niaNuTUAB TN [1-3] a9 lInaNN RINTIN
Fdwlunian lwaliBaiwdsgruatweantm lwsd
‘qﬂgmmuﬁa N3N INALRIHBLUALTBLNRILIND
PN AN EITT AU TIDNNFARIUNINDY 60%
2’ % = N ) A R =
lassinin [4] lasdauddpdrwiunitsladnsie
NANTENUBINITINLINIAFInNFAILATaLUA LY
v dqf a v Aal 6 &
i lwaliramdsluannlndwgaladiuads
NUINNITINYDINARIUNFDILRLALLARINITDAY
ot e sssnsuazuiangamn lndle (co,
U l&/ ¥ L 1
CH,) la@du [5-6] NN ANWMUNIIINY
mmﬂmuﬁaaaLmumgmuﬁamNaﬁ@iami
v (24 ¥ a é
ﬂqmﬂmmaummm:agmm%mwaamﬂlmmm
1 a Q/tild&/ = U
ALFINRAGANIINT IRAN AT N8
mu?ﬁ‘fﬂﬁmummaaﬂmzqﬁﬁ'ﬂﬁ"lﬁﬁﬂmmi

Lm"l,‘ﬂﬁLLﬂaulumLM"LMTW@@"L@%LU@LLuuﬁaaLm

Indiau (sFBC) F9liliiagideniduuauasfnns
TunaunislutuaiNalasnwniTLnIza2 v
A‘l’ a é 1 v
WBaLWRY [7] BINANITANEIWLINRINITOLHN IS
¥ oA v A A A .
Wwalwaswnavlaatsdussanianuazlandaay
uwAsuafsagluinuaiinasgiu udnah nvlinau
Taqidanluluaasion SFBC dnaliifadadnnia
luﬂﬁiﬁwl,ml,mvlﬁﬁgﬂLLuuﬁﬁ"Lﬂﬂizqﬂﬂ%ﬁ‘u
l&/ =) = lﬂl d’ 1 o v =
LA LNRITRA A uA Ll a1NITain IR A EN12Y
WQ51@1‘1?L‘1ifu%’1ﬂﬂ‘5’]ﬂﬁ]’mﬂlinﬂ’]ﬂL‘]J@] 9he
Usurfounisdanwiunduwnisianseduiua
a A o o °
USum 10 kg T dudasrinnsdnsnanIzny
28913386199 Nasuadansien lnalluianimnlnsd
SFBC
fmqﬂizm@Tmaamu?ﬁ'ﬂﬁﬁamiﬁnwﬁ
NANTSNUYAIRARIUANITINGNNAFTIWNRDILLY
WHUWIUNTZAUANNEIAT 9 NADFUITAULNITLN
Tndunauvasem vy SFBC Nlniaiduiua
A A ) 9 &
FI9z NI DIan BN 1A a3dUsznay
YaIwAgbolFunazUseanTA W lnal Tawlu
v;m‘fa'auvl"nm'smaaaﬁ):mé’mmﬁﬂam%al,wﬁo
a 1 a WA s n:i Gl
wazUSNN e NARIWLAW T I UT UL R UL e
fadna A IBN gl LRG99 3 TEaUfe
1,030, 1,290
21mMe

wae 1,490 mm HBULHINTZANY

6 aq
2. qﬂnsmuamﬁms‘nﬂam

Y A P4 o o
2.1 i Insingd ladiuauuuiasun ludiam

LmLm"l,m‘J”wQSVLWELmLLuuﬁaaLm"LmTﬁiguﬁW
Iumsﬂmaafuﬁvl@aumsm”mamlugﬂﬁ 1
ANBMLYBILLEN MTEINTauLse e uRBIRI
@”ﬂgﬂﬁz do 1) e lwdmdunsenszuanis
pnatdwuguinaIneluianinny 500 mm
WAZEY 1,525 mm uaz 2) FuNTIoDIdvIaLEL
HUEUENA1IBaAAANTIY 300 mm §9 500 mm B9
gﬂaanLmué’m%’maa%’uakl,mﬂmmmu%al,wﬁaﬁ
goen nd linue  witsienaulunadiedguszaiy

MIOTLUNANWINARY 125 mm  NITIIwDINIATA
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LANLNN IR RGN R DIFIBAIHADAINIATIUT
£ A A v a a o
ﬁmsml,ﬂumnwmnahm@WQa"Lmsmu La
anaswngadtduwarnangialunisnn nsdie
' v o A o ' A o
malummnwagmﬂﬂmLmvl,mwl,wmmumi
ﬁhUﬁmm:@”ummgamﬁauﬁum:mzlmmﬂﬁa
1) 92AU1,030 mm sdﬁaﬁiwlua”nwmzﬁmuﬁ'mﬁu
FUNFNTILENN 65 8961 31WI% 4 i lapas
ﬂ'aslﬁ”l,ﬁmau,mummﬂﬁﬁ'mm@Lﬁumuguﬁﬂmq
A o = . )
200 mm 2) N152aU 1,290 mm mgnms‘luanwmg
FUHNRNUNEILAILE AN IUIN 1 D LAz 3) 52aU
é 1 = ™ L™ L= L™
1,490 mm smgﬂmﬂluaﬂwmmuwaﬂuwmmmm
Twald1mI% 1 violtwnk %ananndk wa1Inaaad
laltnsoewia 300 luasauiduiuatsunm 10 kg
U Q A U ]
wazlTaIN TN L MIALLLWIRATIT U ALF W
quﬁnma 22 mm §955 mm 1% 20 ﬁ'aﬁgﬂ
AAAIUWLHUNTZANDINE n1TU AU BaLWR I
g&LmLm"LmTﬁ]zWi:uuaﬂgﬂau (Screw feeder) 111
luLUﬂI@U@i\‘iﬁiz@ﬁJﬂ’l’mgd 650 MMLATHALNL
N3¥ANLANA
3 ‘s a {

2.2 adailsznavvaddanasn 1y lunismaaas

& a A A A Sa 2 A

L aLWRINL RN T LTI RA o UNR LTI

6 2{ a 23 ai
298U Teno UV I BB NRIAILEasluaNT1IN 1
1 990132 NaUVAILTOLWRILNAL

A
AN (as

received)

Proximate analysis (wt.%)

Fixed carbon 201
Volatile matter 55.6
Moisture 10.3
Ash 14.0
Ultimate analysis (wt.%)
Carbon 38.0
Hydrogen 4.55
Oxygen 324
Nitrogen 0.69
Sulfur 0.06
Moisture 10.3
Ash 14.0
Higher heating value (MJ/kg) 14.98

2.3 M3IAUAIHABHAISNARD
msi’@ﬂ%mmmmﬂﬁlﬂumimaaaﬁanug%'
Avnsseu s ULEITI NN LIRS T A Nuak
wanensdadianuasaindan +3% 18981mnyia
Wudriadasnislnazasainia  nIaugu
é’m’mwsﬂauvﬁaLwﬁoazlﬁﬁunai‘mﬁmqu
mwm%asauuamai{mﬁ'mﬂgﬂam%mwﬁa f%
mﬁmqm%{]mumsmaaaﬁ‘s:ﬁummga@ha6]
wilaukwNIzN8aINAAa 640, 960, 1,280, 1,630
Lz 1,980 mm  @saAIuRviaNII0antan (2,130
mm) zlfinasluduidarfia K ¢gnvadnsnl
LEAINADITAINAzLEne +1°C §Aun13TA
psfsznauufann lnafiviantseanianiwlals
LA3a95IATERuREEY Testo 350XL G9sunInia
ufig 0, CO, uaz NO, suszA@nTnmwmaiun lnal
Pastaniunn ldannsitaneilsunmenfuoui
L lnameludhianldanlolaawlagldinsas
AeTiesAlIznausg LECO CHNS 932 3wy
YSanm co iale
TUABUNIINARDILEHINNNIFUTDANINT
AINIARINA G pasudaziionlunimaness a9
a137971 2 mmfuﬁ’mﬁwml,mvlwﬁI@m:l,%'w
I%dﬁuvl,ﬁl,ﬂul,‘%angdLﬁa@;ulﬁL@l’]LLﬂ:L‘]J(ﬂ‘YIi’]EJ
qm%gﬁgaﬁuﬂs:mm 500-600°C  ugaisisurh
miﬂ%‘ué”mwmiﬂam%mwﬁaLmaum]”wzjl,m
wnlnsidesunesiaaslilamudawlanmesas
Lﬁaamazmsﬁwmumaamum%ﬁﬁwg&amn
A9 (Steady) GslF1rantszaunm 60-90 wfiuda
S9BuTuTindnds g asitae qm%nﬂﬁmﬂmm'ﬁ'
FTAUAWFIA 9 (@T@gﬂﬁ 2) a9ndsznavuda
loFafivianeanian wazUSunodnfianlaann
lalaau (fiunn 30 wifl iuian 10 wif) e
inld5ieseimansuandisslawnlnad landaya
ﬁiﬁazgnﬁﬂﬂﬁﬁmmmﬂsz?m%mwmﬂmvl%ﬁ

E,) ldawsunisi (1) [2, 7-9]
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2™, 3% secondary air

1* secondary air

ing air)

Venturi Valve

T =T ] i

Differentail pressure sensor

317 1 1o asziuL@l']LN'}"LmTwQS"L@%LmLmuﬁadLm"mﬁé'uﬁlm"’l,uﬂ’ﬁma a3

:ﬂ—-—.‘i"i secondary air
F—=—2"%secondary air
—f}~=—1* secondary air

2035

Nozzle 500

— Distributor plate

T,

Eﬂﬁ 2 mu’mm’umz@‘hLmﬂ,m’ﬁi’@qmﬂgﬁuamﬁ"avlmﬁﬂm E]\‘]L@]’]LNWVL%ﬁ‘V\IﬁﬁvlﬂsgLU@LLUUﬁ’adLN’]VL‘P\

— 1] F

air

iy

[
@

G

(T = gannd, G = ufialaify)

_ (EF'Ea'Efg) .
E, = X 100 % 1)
Er
lag
E- = USunmanuseui leanniaindindann

L Tl (MJ/kg)
E. = Ysnmanwuiouniguydslunuasveunls
v bt ke (MJ/kg)
a (% A A [ 123 6
Ee= USunmanuiaunigyfvlunuudaanivan
o 2 o o
vawaanloa (CO) luudalalFudsdruranlaan

YT COXannuIawuad CO (MJ/kg)

AN 2 Lf‘)la%vl,"llﬂ’]iﬁﬂiz}’]Nﬁﬂi$ﬂ‘1.|‘llﬂx‘]§(§]ﬁ'.]%

miﬁhUmmﬂdmﬁaaumummu

Run number
Testing conditions

1 2 3
Fluidizing air Vel. (m/s) 0.9
Mass fraction (-) 0.63
1Stsecondary air Vel. (m/s) 15 10 10
Mass fraction (-) 0.37 0.25 0.25
2ndsecondary air Vel. (m/s) - 20 10
Mass fraction (-) - 0.12 0.06
3"secondary air Vel. (m/s) ; - 10
Mass fraction (-) - - 0.06
Excess air (%) 91.70 91.62 91.62
Rice husk feed rate (kg/h) 50
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3. HANIINARDILATIN TG

NNITNARBIANBINANTENUVBIFARIUAT
ahummﬂmuﬁaaaLLuu%gmuﬁim"'ummgq
#1399 vasann Iningdladiuauuuiainn lnd
& (SFBC) dsldnmendmuaisunas 10 kg uazld
FINTZANLANMALLLAAS LauNAIN TN D I8N ML
s lwiAedunneluianannmadaswulad
qmugﬁﬁ‘s:ﬁummga@hm ARDAIUFNTIOUSVD
s lndlundvasdsz@niaiwnisiun lndiay
098Usznavusaladoiiniseaniandesunsn
uaasnaldeait
3.1 nsnszagamnpiinialuien

gﬂﬁ 3 LLam@hLa,a"ﬂ“naaqmmﬁumﬁmmum
ﬁsm”ummqwmﬂ muldifonlanimanss
ﬂé"mﬂﬁsué"@mun'mhUmmﬂd’mﬁaaamegu
auﬁsm”‘ummgwme] fia 1,030, 1,290 uaz 1,490
mm  wilaudunIzansemalaswuin qmﬁgﬁ
lug2932aUAINgI 640 §19 1,630 mm B89N
Li"auvl,“umimaaaﬁum‘[ﬁm‘ﬁwqﬁu langunnd
ﬁi:é’umwgd 640 mm Ha1lnalasanulugas
854-880°C muﬁi:ﬁummga 1,630 mm  §ien
luaing 942-975°C mstﬁu%umaaqnmgﬁfﬁmmiﬁ
wndsmstn lnaidomndsesdaiaslugisszeu
mmqa@ﬁﬂﬁhfa mzal,whmwummga 1,630 mm
uirian1eeen (s2aU 2,130 mm) Wuhamnnd
lunﬂL'ﬁiauvlmﬁl,l,uﬂﬁuaw"ima%aLﬂuwamﬂms
wawaommﬂd’mﬁaaaﬁdwﬂLﬂT’lgijLm"LmJ’LLuu
wwIupduldranivuia lndluuiim
@Tﬁuuumaummﬂ%ﬁI@quﬁgﬁﬁ@inl,%uma
neaaniienlugie 853-885°C

Y3 MIRNFAfIWINIINBaN AR IBAFEIT
FZAUANGS 1,290 UAZ 1,490 mm  FINALA
qm%gﬁmﬁ'ﬂmﬂlumﬂwﬁaaqua 640 914
1,630 mm wvasudaziianlufumlindasdeana

iﬁLﬂuwammr]mmamaammmﬁuﬁgmﬁm"ﬂ”ﬁ

l:l g 1 ‘ﬂl v A Qs o 1 >3
vRndulugisanuginlnaidsanudiuniaia
A ' A AV
guenndl mwawaammﬂmuﬂaaaﬂugnlﬁu
A3 e NN Ina e W b NUS I e a NG L%

o A da X Y A
(0,) luufalalFaNnnudn (@937 4(n))

Viluidizing air=0-9m's, mgye [=50kg/h

E 24
2 224
= 20 A
2 :2 ] z 3"secondary air
Lk ’
N o144 2"secondary air
= :(3} T <= i* secondary air
2 038+
£ 0.6 4
- 0.4 4
"..'T_D 024 T 5
‘s 0.0 T . . —<7——— Fluidizing air
- = £ 2 £ )
& 4 o S & &
Temperature ("C)
——V 1%! secondary air 15 m/s
. V!’l secondary air 10 1“"5.\"’:nd secondary air 20 m/s
—a— Vst = 10 m/s,Vynd =10 m/s,Vird =10m's

secondary air secondary air 3™ secondary air

Eﬂﬁ 3 ﬂ’]iﬂiz"ﬂﬂﬂqm%ﬂ“ﬁuu’]ﬁ\‘lﬂa’]\‘lw]’]LN’]VI,‘VH&T

3.2 asddlsznaunAsmAsfinisaanian

gﬂﬁ'4 uEAI9AUTENBLUAR L FLANNNNTLEN
InsfunavluwawInidwgdladivawuuaaiun
Insfaudetlsznansas sandian (0,) ASUBUID
aanlad (CO) uazlulasiausanlad (NO,) mald
miﬂﬁ'uLﬂﬁﬂuﬁmdauaﬁﬂnﬂéauﬁaaaLLuu%uqmu
ﬁi:@”ummgwm 9 lagwuindsunm 0, luufw
Towdufunaldudndu taindiunsanising
Mg Iufizas T Salugag 11.30-14.2% @"ﬂgﬂﬁ
4(n) matRuduvasanututuaes 0, luudsle
Foneldideulanimasssdasdsunmainia
ganifin (EA) lumswn lnsfasfidszanm 92% lag
fidadiuvesonmasIuniigasnsiyity 0.37 1
gl ARAI N THENtuITE R o M AdIuAFD
mad'auﬁvlaigﬂslﬁ’lumnm"lms&”LLa:LLﬁ”mmvlmﬁ
nolutan Tagianizednefonsdnriinissie
mmﬂmuﬁaaaﬁizﬁumwga 1,490 mm L#Aika
wHunIzanganmadslngnuvenssanvasuiale
L&2 (1,980 mm)
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gﬂ‘ﬁ' 4(7) waasn1stasnudasnnuitudus e
CO fivzau 0, swfne% moldidowlanms
NARedA19 g laawuin CO Humwiliuanaiaunis
RN U8 IFURUINNTINB O M AT IR TDIBEN
Winlaraainatszunas 9,000 ppm e 5,080
ppm I@]mwngﬂuamlﬁﬁudwmﬁhﬂmmﬂmuﬁ
FOIL AL URIILAITITaT 1,030 mm Do
(iul’]LL%‘l«LGmﬁaL‘]J@g@ﬂGLﬁﬂﬂ’ﬁLN’]vL%ﬁﬁvLﬂﬁ&m“itﬁ
Aaud9NNlasA1a3 NI UNANIINNITHRN AW
seninsamiauazufaniunlngle (combustible
gases) ﬁvl,aiﬁl,vhﬁmm,l,azmwzg@aamjad co
HAW 9L BN ATITZAU 1,030 mm i‘fug}%ﬁmuu
yoataw g iatRudasiunssgenasIng
aaumum‘muﬁ'izﬁummqa 1,290 uaz 1,490
mm &N IRANNETNTUIE CO anasdsuaadld
Lﬁuﬁammﬁﬂﬁ'@maqmﬁiwaﬁmﬂaauﬁaaaﬁ
‘vsmmm"’m’nugwaumlﬁamﬂlunnsmvlmﬁ
\Honds lasawizasnefadondsinafidans

JLRUNNN [4,8] N9fh ANuTNTUVEd CO NIa le

' Aa

=< XA o A, 2 a
Eluﬂ’liﬂﬂ‘lﬂ’mllﬂ’lg\‘m’nd’mlﬁ]EI‘Y]N’IHN’]"N&IWW

6 A

@@6}1‘1’;\1Lm’;maimﬂmzﬁum'mgq1,380 mm
Watioanivagnadandfidsn ind linue
laadien CO luwa4 2,000-4,000 ppm [10] Jisan

v o o a A o
289ANNTNTUVaI NO, luudalaifadiuandnd
UM 309 4(a) wudlunnidewlanimaasaiian

Tnatdpeanulugig 315-330 ppm  N5zAUANY

2

aT® O, &IUAUN 6% lasanuduTuaad NO,
Aalanulidanusunniat19TalwALIIWIK
FURUINITINBEIMAEIUNFRI Lasa1adiuiias
unanng N divialuanTzauaNgs 970
A v a o A Ad o
mm  AlndiAsaniu Gigunniindauinags (900~
950°C ) Neunisiiindagoissliinad jizorvas
d =) A 1 1 1 L
Tulasiauludamdsdasulnajorslas NH, i
0, AWFUNNT NH, O — NH O FORTO 5 No
[8-11] adnalaiany anududuses NO, luyn
Wanlynmaaesddrginiunnasgiudniunms
o & A a A o wal A
A Al T e nagairua LI 215 ppm 9

20U O, §IWLAW 6%

500

I8 & 12000
S :3 1™ O 10000 1 ¥
g 147 N £
5 12 N\ 2 8000 1
= =
B 1 \ £ 6000 4
g E
2 6 E 4000 4
8 4. 5
“ N 2 2000
S 2 NN g
04 R b, 5 0 4
Runl Run2 Run3 ] Run |
a Vst 15mis m Vst = 10 m/s, Vynd

sccondary air secondary air secondary wir ©

Run 2

20m/s

450 A
400 4
350 4
300 A
250 4
200
150
100 -
50 o

()

X

Run 3

Run 3 Run 2

Run |

NO_ concentrations at 6% O, (ppm)

V18t secondary air— 10105, Vand gocongary air™ 10 M5, Vard coondary air= 10 /s

gﬂﬁ 4 p30U3naunAR baLRuNNIIaantan luLdaziIan N INaasd

= = v

3.3 Yszansnannisten lnsl
luusvasdse@nsaiwnisienlng () 209
LN Y SFBC Tunnsin Idunaufilansney
Y A o v
Wuuawazldnidanszanueainiasarinanuayle
A o A ° ' ' ' A
FaulunUT U RuudurikInIIansaMAsInN
safiszauAMNgIde g wul £ lunnidaulunis

nasoINealug9Usznm 95-97% lauduuwd ity

R UANIIUIRILRUINN TI R M AT A RS
G3013197 3 lapwudwasnugyionanagiy
snwaeuia CO luuialafy (Ey) GIguman (1)
naik mia@]awaawé'amugryLﬁﬂé'mﬁaamml,ﬁ"a
co uazenfuaninniilivue (£,) suawnsn
Ut ldAndanansenuuazanusdusasnsiiy

ARUINNTINLNINARINN ROIULULURYWIN
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M9 3 WAIUFYLFEGA ) UazdszEniaw

I lnal
2" air fraction at Energy Combustion
Run each level losses efficiency
no. ) (%) (%)
1030 | 1290 | 1490 | E E, E.
1 0.37 - - 4.75 | 0.35 94.90
2 0.25 | 0.12 - 3.20 | 0.31 96.49
3 0.25 | 0.06 | 0.06 | 2.91 0.25 96.84

4. a;ﬂwamswmam
AINNITANBINANTENUVAIFATINOIN AR
A 9
ﬁa\‘]LLUU%&JHQ%Y\I%I%H’HLN’]VL%&ILLﬂaUIuLWWLNW
"l,‘ﬁN‘V\Iga"LWELumLUU%aaLmvlﬁwau F3'la
ﬁ%’uLﬂﬁﬂuﬂ%mmmmﬁmuﬁaaaﬁgﬂdwlu 3
JxaUAB 1,030, 1,290, 1,490 mm LAHBULHY
N3237891M1¢ lagaslSuimanasIwA% bIaIN
yJ3zu1 92% mmmagﬂwamimaaa"l,@i”ﬂ”dﬁ
v & a A a & '
1. M R TaLWRILNAUN LAY LN
' A =< ) A
daliaIaniianzdlaugs 1,630 mm TagNasan
o A { o & .
VL@mﬂqmvmuaJmﬂluLmﬂﬁqumuMmaﬂmuga
VeI mia@awaoqmﬂgmm:ﬁu 1,630 D9
2,130 mm LORHANIINNITHNRNVBIBINARINN
lé ] v v 23 v lé
saada laignlfinn Indriuufasaudinasunain
AWE
2. NMINNRAFINAINIARIBNFDILWIZAUN
& . .
§9U% (1,290 UAz 1,490 mm) fIMalwdanna
1 U s (27 a ‘é o v
mdmu%q@aaﬂ"l,ﬂwmmmmavlmammml%
- o o ¥ Ca
U5 0, luwdaladuiivdulasdealugas
11.3-14.2%
3. anuuTwrad cO  luudalalFudan
AARILNBLNNRAFIUDNARIBNFDINITZAU 1,290
é ] q’l v
LaY 1,490  mm G919 TR e luiend
& a
ANNENYITNNAYU lad3nm CO aaadan
9,000 LWAa 5,080 ppm (1 6%0,) luumznan

Wutuues NO, 716%0, ddrlnaidsinulugas

315-330 ppm laglilanusunuset1smaanny
Foulumnesasiasuudasld visi cO uaz
NO, 1%7;ﬂmcﬁﬁ@hgaﬂﬁmmmgﬁu%m’aam
myieadaly

4. MSLRNFASIREINIARIBA§INIEAL
1,290 uaz 1,490 mm el aen lnaiainaad
ﬁudwﬂﬁwé’amug@Lﬁﬂslugﬂ"ﬂaa CO AAda ¥
lﬁﬂizﬁ‘ﬂﬁmwmum"lmﬁl,ﬁugmxumﬂ 94.9 1w
96.8% lasnssnpenniasiufisesns 3 szeutin
Lﬁiauvlmﬁﬁqmlumiﬁnmﬁ TuudvasdszBnsan
M3 lnaliiazuia CO

5. naanIsudszne
2070UA UFIININUNIURELERUNNTIIY (FN72.)
funuamznITININNTANANE (8n8.) alw
MIRUUABHNUIE
6. LANANID19DI
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Effects of Fluidizing Air Velocity on Combustion Characteristics of Rice Husk

In A Vortex-Fluidized Bed Combustor Using Sand as a Bed material
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unAnge

nuAteithiaueaudnvarnssniniunauluminlwihoima-sigdladiuadlinseduua naenau
aussouzgm s bnsluiveslszdniamniswnlug (E) wavuiadedinisesne nsmeaesliusuisy
ANIE 10 A uTinls (Vy) ﬁammL%ﬁ@ﬂﬂﬂﬁﬁﬁ@)‘lﬁtﬁﬂﬂ/\lqﬁlmm‘i’uﬁ 05, 0.6 Wax 0.7 m/s FadoAAEDINY
USinaoiniaauiu (EA) luras 66-95% wanisiagumpiuazanuiduduressendiaunelumivadinnisin
IndvdnAntuluonmlndléumuiniing Turaeinsduenudonmaduidmaligungiiniglum
anas lunivesesduszneuufadeiivinaeendiaudniiu 6% vseennuii CO fdtfosandniosnunis
WisTuves v, Tnedleralutag 36-73 ppm Tuwaisit NO, fuwaliuiudununisiiudu v, Sedidnlugas 296-
328 ppm wonanil £, yndeulunsvaaesiiigindt 99% maeaauwuin v, wsnzaulunisdnuiie 0.5
m/s
AmEn: unav/ unae/ Wadladiue/ 105me

Abstract

This research presents the combustion characteristics of rice husk fired in the vortex-fluidized
bed combustor (VFBC) using sand as the bed. The combustor performances, in terms of combustion
efficiency (E) and gas emissions were also evaluated. In this study, the velocity of the fluidizing air (V,),
was varied at 0.5, 0.6 and 0.7 m/s, corresponding to the excess air (EA) in the range of 66-95%. The
temperature and O, profiles along the combustor height indicated that main combustion occurred
beneath the vortex ring, while increasing V; was responsible for a drop in temperature along the
combustor height. In view of gas emissions corrected to 6% O,, CO tended to slightly decrease as V,
increased, ranging 43-48 ppm; but NO,, ranging 296-328 ppm, seemed to increase with the increase in
V,. Moreover, the E. for all conditions were satisfying, mostly >99%. The results concluded that the

optimum V4, was 0.5 m/s.

1. uni Tneuszwalngléinsfmuaulouienisifivdadiu
daatuingamsaidundanuiiudfunldy  wdunawmadu 8% Tl 2554 [1] vilFazerinm
avtuegartaidiasmugiunsiuiiludesanslan frundnistidemasiauasmon unau Wedn
Sou denaliururvszimaldtimuauloviefiay wazdenls shundudemadundiolomuuuiieg

dguasuliinsldvemddnadudendanugdy Tudsswdalveunav@adunanassldainnszuiuns
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417 Wuwdendsdaunadiléfuanuieulunis
thinldge drumallaBmswnlndiléunissensu
Tutagtuifiuseansnings Aon1swlbndiuungs-
ladiun Faduiensufuogranianneindunun
siifiuszannings 12,3 uazidndufifoueglu
a9ty Tneidewndsiisingmirluwludildud unay
[4-7] ¥ weey [8] nzauiau [9] wazvnetna [10]
Dusiu

MATTNUINTeIREEITE LAANwIN TN bl

wnaukaznsibudiunausiuduaiuiudyiivaly
wnlushesina-sgdladiua delaildtandondu
wanarinsslunumeluuniiedesfunsiniesh
gouTawmds [7,11]  Fenan1sAnuanuin VFBC
annsaunlviidemamnauviedoinauldogn
fUszandnan (>97%) uwazUanUaouliany (CO
uay SO, ogflulnaminInsgIu Luus NOy,  fides
PuANgaMaTilualiiing1 800°C  Jsazanunsa
il fedumslainauTandesluiupvasan VFBC
dsmalidnsrfalunsiimmnldidluuszanldsu
FowmdsdaduiildaunsavinliAnannegslae-
Fuldeghaierfuunay SeldusuasunisAnuian
Wumslanneduuadsum 15 kg Fsdududes
Anwnansznuvesadesnag fidawasnenisilniily
VFBC  Feagivdsuutasnudnuaizaasnisvinaud
wUsaeuly
Foilunuddeitslddnumnswludunauly
wnludl VRBC  dildmsreduiuauaz1daia
nszree1na dudumiAdedewdesndiniuun [12]
Tne@nwiisqudnvugnisuludidiaduluin

paMAUUsELUANSSa UL IR LEN L] VFBC Aneld

msUsuldeunnusienmaineliianadlawdu
TUsrasnvesuIfeldhensAnyinanseny
1e9A1u5301N1ANNelMAnWg B lauduiiiline

aussauznIsnludknavvaun ki bugl VFBC Ald
neLduLun F9Nasudeanwusn1silng

peAusTnouvekialody wazUsednsninnisien
ndl Tneyntoulunisneassazyiudnsinistou
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2. gUnTalLaEITN1MAGDY
2.1 wnlndesima-vgdladiua (VFBC)

i‘U‘Vl 1 memmemmmaﬂﬂimmimaawaq
LmLwﬂwmaiLm—anlmwm (VFBC) Taenmun g
VFBC ﬁlﬁﬁumimaaqﬁugﬂaaﬂLLU‘UI@&Ji’Jmm
dnwaziauveunwiwuulelaaufonisiwluduuu
muuvseIesinAkarns lndeuniauvIuassly
gInAvaunILuUgdladiuadnaieiu 3einli
LmeWﬁmﬁﬁﬂizﬁwﬁqua YUIAVBIAT VFBC AD
wuugudnanngluenlvdiviniu 40 cm wag
49165 cm lagdnwaevaunm bndaiunsauys
vonilu 2 dau faguil 2 Aedruiindaudugunse
NIIEMILFNLBAES 30 cm
N59nsEUaNIEiNSARRIIILmILIBS AT TauIn
YoauUAvreegviiu 24 cm Tnenawmnuesmaiay
taelunsineuniaiemdsiidaslndlinun Tan
aunduundazaunsaiinszeznatlunisiwabng
drusuarsvasniiunsienaeduazidudiu
5@@%’U@1§mﬂL:umu,azLG‘?‘?@Lwﬁﬂummmﬂmﬁwumﬁ—
Iadiun Feiinnsindasanszaeeiniauuutiinls
AUA1ER E11SUNI13I1EINIAT AN s U

Imﬁﬁaumiwﬁ

gonidu 3 dwude ennadudindaiueiniadiud
vilhAnngdlawdudsgnanediusnadiuaismes
WIHIUEINSZAEINARUUTER 8 nAdIuTiaes
gninglumndudaiusdanmieufuunauiiiumis
TFumuiesive wazerniadufiandudiuiitae
Tumsunlngd Gaswmisidsegnierwmuesiva
Tunwdudatuniannduiieatueiniadiuiiaes
uenani lunismeasslaldnsisauin 300 um
Ui 15 kg FeAmidumnugaun 15 cm 18y
sumAwaiteiAnvigdladu
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Mixing box

Air distributor ==\ Venturi Valve § (®)

I Fis —
Primary (fluidizing) air Fecding system

JUN 1 wanansindsgunsainisnaaesveantmludiesima-vigdladiun

1.90m. (T,G)
Tertiary air-
Vortex ring i 1.55m.(T,G)
Secondary

1.30m.(T,G)
1.05m.(T.G)

B 0.65m(T.0)

- 0.20m.(T)
Nozzle-type distributor

Primary air (fluidizing air) Q0m. ..

JUN 2 aunamnlvgl VRBC suvilanisingaumgiuazuialeidelunisnaaes

1597 1 09AUTENBUVBLTBLNAILNAY (as 2.2 asAUsznovvesdawmasldlunisnaass
received) WwolndeniaenldlusuidedAounauded
Proximate analysis (wt.%) 29AUTENBUVDLTDINAIAILEATIUA1S197 1
Fixed carbon 20.1 2.3 YUADUNITNAGDY
Volatile matter 55.6 mMyiaUSuuenanlglunismaanswesnuidy
Moisture 103 Ulaldugsnvinisaeuiisusdisuiuwuiegesin
Ash 14.0 ANUAULANANTILAIUABIALARDUY £3% VDL
i i o L U lﬂgl a v
Uttimate analysis (Wt.%) n1330 N1seuAudnsIn slouenasnavazly
Carbon 380 BuesinesmIuAuAUSITEULBNEIAlTTuans
Hydrogen 4.55 - P w -
Jouoinds diunisingamail (1 Tunisveasdas
Oxygen 32.4 o o o - o P o
. Towmeslurullaviln K Adugunsaluansnadeiinaim
Nitrogen 0.69 . o0 < o i o
Sulphur 103 AzeyA =1 C YININITINATUIU 7 abAUsAD 0.20,
Moisture 103 0.65, 1.05, 1.30, 1.55, 1.90 m wifleusunszane
Ash 14.0 9111 wazfinain 1w lugd (szAu 2.40) faguan 2
Higher heating value (MJ/kg) 14.98 drmsulunisinanududurauia (G) neluimi@e

0,, CO wag NO, ﬁisﬁummqwmﬂ Ao 0.65, 1.05,



AEC 2030

1.30, 1.55, 1.90, 240 m LLazﬁviamqaamm (3.40
m) Suldldiedesiinsziuialewds Testo 350XL
ausadauia O, CO way NOy miulugessia
wadadl @y Co, uanity TunannnsAuan
JounduanUsuim 0, #ldaniaiesia dmsu
Uszansnmnsinbusddumldannnisiesis
Usunamsusuiilamnludaneludiighannlelaau
TagldiAdosiinsgriesAuszneusn Leco CHNS932
SfuUsIne CO Mimldanuialewds
FuneunsNARBIsNIINNNSUTUAILLETaNTlY
v0301nAdIuA1ee Wldauideulunisnaaeniy
A5 2 mﬂﬁ?uﬁm’m;ml,mlmiwﬁ Tneiuusee
n3eUinm 15 kg Whgwanlniudilvianuseu
funmesenuliifaliug ugunglumgstuds

400-500 °C 6‘1’5@LﬂuqmmgﬁﬁmaummiaLﬁmmsqﬂ
Indsedla mé’ammfuﬁqL‘émﬂauLLﬂaULi’IﬂﬁLMWwa
gl Lﬁaamwmiﬁwmmaqmeﬂwﬂmgjamwm
1 eldnanUszana 60-90 wTiwdrSuSuduiing
finae fetine qmmﬁumﬁaﬂmqLmLLazmmsﬁm%u
Vo199 (O,, CO, NO,) ﬁizé’ummqwhm (GN
SU# 2: T=gamgd, G=ufia) swdsmsInusunandnii
anlaainlelaau Aunng 30
) Lﬁ'aﬁﬂlﬂ%meﬁmm%uauﬁlﬁgﬂLml‘m?
Imaﬁﬁayjaﬁiﬁ%gﬂﬁwlﬂv-ﬁ’wmmmﬂasﬁm%mwmmm
sl (B Wemuaunisdi (1) [4,5,7,11]

E.-E,-E
E, = {(F—ﬁfg)}xloO% (1)
E:

Y191 vJuan 15

g

E. = Ysunaanudeudildainidemafideuidn
sl (MJ/kg)

£, = Uinannufeuiigydeluiuasueuilsien
Tusilutdn (MJ/kg)

a

= YSuuanudeunagdsluiuniaaisuay

8 U

weusonles (CO) lundalododemuialls
nUSuI COy AIAIUTDUTDY CO (MJ/Ke)

2

3. HANIINAADY
3.1 msnszaegamgilunuannatannlug
N15n5218aUNYInINd1dUANgluLYY
Asnanawmunlvgl VBC  aneldnsivasuutag
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anudromaineliiAnngslaedu (en1adiud
wils, V) ludeulusineg wanslédesud 3 Taemuin
nsnszaregungTlunmnlndivesyniiouledl
anvauzantendaiy lagluylieninugs 0.2-0.65 m
(wa-niloiun) gumgilndidssiuluusazitouly
Fevaddednuazninfangdladudifausiili
pyniALuALazLdoINAsluTssERUAIINgIRINGTa
iAnn1saanindniuiluegned drufiszfuninugs
065130 m wuitluyndeulvgaumgfifuudliy
sty auandlifiuiinmawindidomadasiany
A139MENUNAULANT B930S Na991n9n
Poiignmnlnsindeutueinadiuiiaesiiseiu
ATIEs 1.5 m uenandmawnlnsiogsioiioses
wRafidanlnsflianysaidsassananuaiuennie
duitaosilidudnmanantdsiidmaliinaiutuoes
aamgidinan egalsinulugseduanugs 1.3-
1.9 m wuhgamailunniouluiiuulfuanasedig
soLilos Feflamguiinnisitgeiniadiuiians
(dadauana 0.40-0.46) wazemiadIufiany (Endru
19@ 0.10) FevilsiAnnsnaniuuAamlniilnasn
Nnsuaaudinligamgisaimuainasieinia
duiinileilifintu dwiulugaseugs 2024 m
wuhgamgilunnideulafidnfiniu esndaned
nsunlnsiuAaidunlusdldauysaldinan co
Tugasfandnd Fesenndesiunisanasuosuiuim
pondiau uay CO luranfeautl (F3udl 4 wae 5
AUAIRU)

A15199 2 Heulun1Innand

Testing conditions Run nurmber

1 2 3
Fluidizing air velocity (m/s) | 0.50 | 0.60 | 0.70
Mass fraction (-) 0.43 |0.47 | 051
o™ air velocity (m/s) 13.00 |13.00 [13.00
Mass fraction (-) 0.46 |0.43 | 0.40
Tertiary air velocity (m/s)  [10.00 {10.00 |10.00
Mass fraction (-) 0.11 | 0.10 | 0.09
Excess air (%) 66.12 180.37 (94.64
Rice husk feed rate (kg/h) 22 | 22 | 22
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V2=13m/s,V3=10m/s,mgy|e=22kg/hr

E 26

g 241

S 224

o i

@ ig i Tertiary air

R

§ %g ] Secondary air+rice husk
s 121 —A— V,=0.5 Ea=66.12%
_§ 88 1 —m— V,=0.6 Ea=80.37%
S 58 —e— V,=0.7 Ea=94.62%
= 0

= 02 . .

% 0.0 T T T T T —<———Primary air

700 750 800 850 900 950 1000 1050
Temperature(°C)

JUN 3 N193N9289UMYIAINAUAIMUTEAUAIINES

3.2 MsnsEangiivauianiglumInusEAUAINgS
nAnssunsenlwsidomdnielumn VFBC du
91981N15ONANTUILAINAIINTEINYAIVD LA LKA
nsfpnusgiuanugs faguil 4-6 Tasmsnszanedn
maqaaﬂ%wuﬁqgﬂﬁ 4 wandlifiualugieniugs
Faus 065 m wnideurunszarseniandudy
99 O, anategeTIsINUTEINM 19.32-20%
LARBLNEN 6.95-10% ﬁizeﬁ’ummqa 130 m FeUed
fansnlnslegreraiowweniowasluusion
fanan wdndu o, flsgfuaugs 1.55 uay
190 m fnfistulaedalugas 12.08-13.30% (i
szAuANgs 1.90 m) 1WesaInn1saneenadIudl
dosuazauFalidndrusiuiuunds 49-57%
Tuusufinan’ aéwaiiﬁmmﬁisé’ummqﬂmﬁaa
2.40 m (Pawn) udgniauialedenisesn (3.40
m) WU O, Suwilduanannde 9.65-12% Jauans
Tdudsnswiludiiduintusofiomeuiaidumn
Ingdlaiauysal Sman CO TureseRuauEadangt?
wonaNifmuiinsiinaudiveeniadIui
pilaiu dewalfnnududures 0, fiszduaiugs

Y
1 =<
A9 B9
V5=13m/,V3=10m/s,mgye|=22kg/hr

—A— V,=0.5m/s,Ea=66.12%
—m— V,=0.6m/s,Ea=80.37%
—e— V,=0.7m/s,Ea=94.62%

@:Tenimy air
Secondary air+rice husk

T T T T T T T T T T T<————— Primary air

6 78 9101112131415161718192021

Height above a nozzle plate(m)

CEOORRRENNNMNWWW
oONINONTINONUINON G
SaiouiogouIo IO UIOUIO

0O,concentrations (%)

JUN 4 M3nszneiived O, WNANAaINAInIY
TEAUAINGS
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U 5 uanseudaduvesufia CO amszdv
A21g910A LABN U T TEFUA NI A IR LKLY
nI¥aNLRINIFILTIERU 1.05 m Hu Arsiduduves
co fiednlugas 20-68 ppm ﬁauﬁszéﬁ’ummqq
130 m tu wuhenududures co danfisdu
ogaiiuledn Wosnnluvinudinaniniswlng
\doundsognaguuss Tnsdanaldaingumgiifigs (s
U7l 3) uazmsandiasesUiin O, Tuudnm
fsndm (@) Fwilvviina O, fmdesgenalil
anunsndiufAsern s indifuidemasldesia
anysoiduilesnnszernailenaduiulogslsia
VRIINAWMUL 1.30 m Aude 1.90 m AMdudy
93 CO Franasdaduvosnisivornediudiaes
wazganuinginunindludnuagvyuinwdwih e
nseaniedineluefty  uazdsalfiAnnisen
sl CO ogaanysal uonvniidufiundanadn co
Fafinuidudugaissdu 1.30 m du ldunsnszany
Pulupmuaugeenmwnlugl msfinvranisia
voslordelagdcumiulesinailuduivgues
Usingmisaldenann [7,11,12) msifiwenaisienne
duitanslidosdinaiednynzniinszaneiives

CO MNUALRNENTEAUANNGS 1.30 m (i1l
V,=0.5m/,V,=10m/s,mg,e1=22kg/hr

—A— V,=0.5m/s,Ea=66.12%
—m— V,=0.6m/s,Ea=80.37%
—e— V,=0.7m/s,Ea=94.62%

Tertiary air

: Secondary air+rice husk

Height above a nozzle plate(m)
OOOORRFRFREFENNNNWWW
SRNT IO U~ O NUI~ DR T
OUIOUIOUIOUTIOUTIOUTIOUIO

<——— Primary air
0 250 500 750 1000 1250 1500 1750

CO concentrations (ppm)
JUN 5 315221863709 CO KUININAILAINY
FEAUANEN

NINTE8AITET NO, MUANUEIVBUAT VFBC
wansdsgy 6 Taowudn NO, Simuidudusidiszsu
ANES 0.65 m Tuyae 14-47.9 ppm wazLfinTuny
sEAuUmNgeasiiAngegafisefuamgs 130 m
Tura9 255-308.85 ppm BansiuFAzevesans
seendemdnavluzy NH; neldgnmniil

(900-1000°C)
+02,+0OH,+0O

AauY19g9 muUgisenailae
+0,+OH

NH, " —>NH, —NO Wraztduduing
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YeIAdtutugeiangny  [11,13-14]  diulu
Y39AMET 1.30-1.90 m wud1 NO, Huudlduan
maammmwLﬂumsmﬂgﬂsmmaa 0, muasﬂ,u
USLIUAINAaIAU NH;, mmfnal,waqmamuwamaaa
wnSeunuuiadsnuannisiiednu lnedia1lugag
173-200 ppm ¥A4INTEAUAINEL 1.9 m ufievie
n19oen (3.40m) AuELTuTes NO, fufiudutiu

DunavesUiua O, iansnas (Aagu 4)
V,=13m/,V,=10m/s, mg,=22kg/hr

—A— V,=0.5m/s,Ea=66.12%
—m— V=0.6m/s,Ea=80.37%
—e— V,=0.7m/s,Ea=94.62%

=

: < Primary air
50 100 150 200 250 300 350

Tertiary air

Secondary air+rice husk

Height above a nozzle plate(m)
oo NDWWWLW
OGO U DN UI I DR
OQUIOUIOUTOUTIOUIOUIOUTIO

T T T T TN T T T S B

NOx concentrations (ppm)
E‘Uﬁ 6 N1INTEANYFIVD NO, LLU’JﬁQﬂa’NLGl’WI’m
FYAUANMEN

3.3 parusznauvasiialadedinisean
HansEVUTBIAILEIoIMAduTindiidineuda
wadiuiinisoaneun vl VFBC LLamlé’é’quﬁ 7
Tnemuinmsifinanuigionniadiuidmali3anm
O, disduain 9.65 1u 12,50 % Fagud 7(n) Fadu
NaaNUS N nAE U AU RLTUaN 66.12%
I 94.629% druU3inas CO Tumuiiiuunlduanad

100
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Endesmunsiiiuturesninusiennadiuiini
Hu 0.6 m/s fagui 7 (@) Tnedarlutas 36-73 ppm
(@ 6% 0y Fapninasguil 760 ppm Tunn
deulunismnass nsanaswesUSun CO Hiluwa
wananmduianieluimiingug oinlinns
Huthwwesnsinanelundailinisegniediitu
wailiuRa CO finnsoonanas
WasuuasSinaeenlesvedlulasiau (NO,) ®1u
mmmmmﬂmuwuqmsﬂm 7(¢) Hunungien
meumﬂ 296 LUu 328 ppm (i 6% O,) T,mei
\isTuras NO, ddenndesfiuainiadiuiudiiiuty
Feuansliifiunansenuiiiiulsdaiauvasenia
druiurenisiia NO, [14] egnslsAniuuSunn NO,
ftaldlunndoulonimaassdusansiagend
mmgﬂuﬁ 220 ppm { 6% O,)

3.4 Uszansnawnsiwnlud
Tuwdvesuszansninnisinludaesniunlng VFBC

d1%5uns

Favhaumeldfoulunsiasuuiasmnuiiionna
dudinisdunuirszdniannismnlugluyn
Foulvdianganin 99% Fefuulifuansaadniies
punsiinduresnsenaduiindaain
99.94 Wwide 99.87% fsnns1a7l 3 Taewdssugayde
(Esqn) PIAUNTT

il (1) Bapnindunavesvesauufafigiuuay
gaumgiangluiniiinas

q

waﬂaﬂua nwazASusutlaenlug (£

13.0 ¢

125 90

80
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1L.0
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50
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()zcuncummlinns (%)
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Fluidizing air velocity (m/s)
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260
04

NO, concentrations at 6% O, (ppm)
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fluidizing air velocity (m/s)

S -

0.7

T T T r
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1000 (] 70 &0

U7}
Y
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7 ENmJ’iuﬂE]‘ULLﬂﬁlE]LﬁEJVWI’NEJE]ﬂLGH (’Jﬂ%‘ivﬂu 3.4 m) V]LUaEJULLUaQ@']Nﬂ'J']NLﬁ?@qﬂqﬂa'guw%uﬂ

90 100} 60

T T T
0 B G0
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M504 3 wasnugydesinquazUseansninnis
RIS

Energy Combustion
Run Vi -
losses (%) efficiency (%)
No. | (m/s)
Efg Eash Ec
1 0.5 0.02 | 0.04 99.94
2 0.6 0.01 0.06 99.93
0.7 0.04 | 0.08 99.87

4. a3Unan1IvnaBg
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1. ﬂmﬁw‘ﬁu%qqmmﬁLLaxmiamawaﬂmm
WudueandiauegesiniilugieszAuaiuge0.20
84 1.30 m willemannszargennia (aauwmiuies-
we)  Yedmsunlusindnidatuluudnagingin
Tnsmstiuarusiomaduivilsddmaligumgd
melusnansn  awddwaliusunaeondauiy

2. miv‘fwﬁﬁ%mmaamiwmamm%@méq
Tnglanzeg198s NH, AU O, fisuwus 1.30 m
neldigaumaiiaindt 900°C iuanmslininuidudy
284 NO, ﬁﬁ%mmﬁmﬁnﬁmqaq@

3. U3 O, Feindienmsesniidfindunn
AmErenrdILinis Tnsaruidienefifitu
danaluSutaenniadluiunaraiusivesuia
melumifisdunuddu Uina CO fssdumn
i 0, 6% TAlugas 36-73 ppm Fasninnas
mmgmiwqﬂL?@ﬂ%ﬂﬁmaaq

4. USunau NO, fivievnsoen Suunldiufiudunn
MsfinTuvesmIEimAdIuTingedadunann
TneneduRuiinty Taeddludas 296 d
328 ppm (@l 6% O)) %qqmiwmmmgmﬁ 220
ppm

5. Uszansawmiswnlngd (£) Tuyndeulunns
NASDINAEINT1 99% Tnean1suiiaA1mE10106
druiinilefiuunlduileg £, fesa

MsUsyinmaaseTgldmnssuaisinawisusemelng asan 26
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6. Soulvaruidiomaduiinisivanzauan
nrsnaasslunsdififiansanlundvesnisuanldas
uafiy (NO,) fishan fe Amandao1ned 0.5 m/s ¥
donndosiuanAdIiud 66.12%

a
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Combustion behavior of biomass in a circulating fluidized bed combustor

a ca o £1, A ¢ a 2
Usyau annesadeng HASIURY LUBYTUUN

L2 . . i - P - o
MMAIVIAINTITULATRING AMLIAINTTUAIERS WNTINedewmaluladuruas

140 aUWABNAUTUS UYINTLIUTIY LUIVIUBITBN NTUVNUMUAT 10530

*{Jjﬁmm‘a: prasan_mut@yahoo.com

unAnge

unenuiinauenantsvaaesd ssfuresm e infidemndsdunalusludivgsladiuauuy
vudeldieasstu mavasedalddwlivug 8-10 mm Wudomddusnmnisieu s, 12 uag 15 ke/h 39
AnduusnuernadiunAuitldludis 11-118% nan1svaassmuinszuudesgnauliionmaniigefeUszanm
300°C Fsazamnsndoudomdsaduniiteliansaiansaniviodld msuninddndugiiatuluelsises
Fsfinsnsznegampineluvielsiwesreutuainauenasaninugs Tuvaziigaumgiinieluvien1dfuiuesd
At mawrlniinduldegsoiosdmsunsalidasimstloudamasd 8 way 12 ke/h waLhntdguninis
vaousoudndamastusyniauanselunsdifoudeinasiisng 15 ke/h
AIman: Mgl Fa/ Wgdladiua

Abstract

This paper presents the preliminary experimental results of biomass firing in a circulating
fluidized bed combustor, has been constructed. Wood charcoal, 8-10 mm in size, was employed as a
fuel with the feed rates of 8, 12 and 15 kg/h, corresponding to the excess air of 11-118%. The results
showed that the test rig had to be preheated to the temperature around 300°C before feeding the
fuel for self ignition. The main combustion took place in the riser in which somewhat uniform
temperature profiles along the height were found. The temperatures inside the downcomer were
lower than those in the riser. The continued combustion was attained at the feed rates of 8 and 12
ke/h, but the agglomeration of fuel ash with bed particles was formed at the feed rate of 15 kg/h.
Keywords: Biomass/ Combustion/ Fluidized bed
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meldgamgiiligenninussuia 800-850°C [1]
TnefriunldfomAdesaunidsfianuniswnud
Tunuanlnsgdladiuanuunyuioudsldidomas
FoumAnien 1wy sy [2-3] $auva [1, 4-5] wie
\Fomdsduiiusuiuianasiamien [6-7] saluas
oufusImtunnvedesiige [8-9] 1uduy
agn3lsAf msAnwisatunswnndlue i
ngzuuuviluszmalnededidoudiasifnuin
Frfunnedifedsldvhmaneatamunindngdlad
mmwaguﬁau’[,uszﬁuﬁawﬁﬁami%ulﬁaﬁﬂm
Wi MAedestunswlvlidema s
azviiadeazihangmsiauiosdainuiodedady
sield Ingluunanuilazthiaueransmageuntsm
Tudfauliflumnnimgdladiuanuumuidouils
Aeadrsudnasndosfuiienianiziideinas
annsawlnsildegnareiles uazguansenuves
Samnstoudemasiidnednuasmswlng

2. gunsaluazisn1meass
2.1 i lndingdladiuawuumyuisu (CFBC)
Uil 1 Wudnwazvesaunlvsiigdladiuauuy
g (Circulating Fluidized Bed Combustor;
CFBC) FaUsznaulumevialsiwasdvuimduniiu
AUENA19 150 mm g9 6 m wazrionuFuweshil

Differential

Pressu

Root Blower
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yuadushugudnansniely 100 mm Tnsvieraaes
dlgdnsvdediuudnuluvur 5 cm ileannis
gayduauiousengoinianisuen vislsweosuaz
vieptifumesgnidensiodumasuuusislelaau
sndueunaLazvietoundudunuu Lvalve wazdl
FLNLUAIBLANDINA (Aeration tap) N153188INA
el fanudmde 1) eniadudiniady
omanilvoumeauninnsgdlawdudagnine
LN NAIUE R IULKHUNTZA1801A A (Distributor)
Fuduwuumdasiuiu 6 % 2) enAdIuTiansds
gnangluseiuaugeUseain 0.9 m  niauny
nsreemAadiiotslunsunndianssemeuazuia
s lvsldanysal 1wy uAalelsansuou (HO)
wazufansusumouenlas (CO) Wudiu uay 3) A
amafiviednenaiiediemdethliiinnis
\ndousnyaseynAIIniantfume s uly
Seildlswesldegedaiien newdleinnsuniviufa
loduargnaneenmennauszule (Induced fan) T
IvasimilslaausniiasedssuassiyalsnFidus
Jostuoniadiluadh wenandyanmassdaldgn
Ansagavaalnauieudelidmivgueiniauay
szuulvitlgamgiigs dmiunedsldifueyniaiuedl
U1A 300 pm Usunad 20 kg

—Downcomer

Sensor Fuel hopper.
Secondary air.

7

Fccdsystch

T
Air distributor

Fluidizing air

JUN 1 Msfnasgunsalvesmunlndvgdladiunuuumuieu (CFBO)
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42m (T5)———
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3.7m(Td)p————
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E
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= —Exhuast gas
|
] T.

% _E ~Cyclone

. 42m(T7)

—Downcomer

0.2m.(T1)——— gz

0.0m:

JUN 2 duvtsinsingamniiveawnwnivivadladiuaiuumnyuisu (CFBC)

2.2 99AUsTNaUYRLTLWAINITIUNISNAaDY

Wamaaiaenldlunuidetae anulilnan1aid

ANTINNUNAIUTDIN AN BedD9NIINITUN
anvunlmnaaUszanm 8-10 mm tagadRUsenau
YDUYDNALALALLDEAAIUNTOLANI L LA 1

A15199 1 a9rUsEnauLtaLwatanuldlnanie (310
NNA)
Y

Ultimate analysis (wt.%)

Carbon 75.68

Hydrogen 4.87

Oxygen 10.42

Nitrogen 0.30

Sulphur 0.20

Moisture 5.53

Ash 3.0
Higher heating value (MJ/kg) 27.43

2.3 NM3IALAEIENIMARRY
ns¥ausinueniaililunisvasosmesimiidodl
elHugsinnisasuiiisuudsaniuisumesin
AfuLAnANsTssinuAaTInLAdBY +3% Y898
n5¥n Mamuaudmsnisteudemasdlilnanig
agldBunefineinuguanuiseuneamesilidu
angtloudeinds drunsingamnd (1) lunisvaaes
slimesluduilavin K 4iugunsaiuaninadsdl
AwaziBon £0.1 °C Feilsviolsweiimsindiuau
6 fiumafie 0.20, 1.7, 2.7, 3.7, 4.2, 5.2 m wazkls
vionuANLLeTYININ1TIATIUIU 3 dunusAe 0.4,
0.8, 4.2 m wilownunIzILINA
FunsunmmaaeaiunnussgnTIeTim 20 ke
dnginelndannduufuainuiienniadoud
rolmAnmgdlawduiiuszana 5 m/s ilelnse
Wansienszateuasnyuiguateluaiu lngd
ntusiinisgusrvuaanlnd Tnsldynun
marnuFeudaiiinga 50 kW sunszisgamiiun
(T1) galugae 320-350°C  udrFasudouduld



SUAUNAINY:
EN-179

TnsmslutBnasfeaitrgmmlndiiieliiannisan
Aalwies edulsidewdrgummnlnsignlvile
ogeseLloauduisgamyiiuszna 650-700°C 39
Bufloudomadudnnidesnatngnialndua
Usumnusiauiildveserniadiusngg Wildmny
Foulumsnaassisnnssd 2 Ingaginstuiinua
R EVEEC R S I HECEE UL ARTIS Y U MERHTRE
sroznaniieslflunsinisguszuy el denis
wrlvdfidomdsmelunwnlviidrganizasia g
THnandszanas 300-360 windrdautuiindrves
gumpinufanatamfisefuainugarieg S1uau
10 uns (T0-T9) fs3ud 2 Teeduiinualuyn
P11 10 Ui

A15197 2 [Feulun1sveany

Run number
Testing conditions

1 2 3
Fluidizing velocity (m/s) 4.22 3.85 3.95
Fluidizing air flow (m’/h) 123 126 117
Mass Fraction (-) 92.68 | 93.08 | 92.35
Second air flow (m’/h) 5.76 5.76 5.76
Mass Fraction (-) 4.34 4.26 4.53
L-valve (L/min) 68 63 69
Mass Fraction (-) 2.98 2.66 3.12
Excess Air (%) 56 57 62
Fuel feed rate (kg/hr) 8 12 15

3. HAN1INARBY

31 msulﬁauuﬂmqmwgﬁmmqm

mMsiasunlasgamniifidiuntasneg aely
wenlsd CFBC dfausiBumamnassuansldfagud 3
Fadunamsnaassusnvdaandlsviinistoasnsya
yanowdnass lnoidusuldfeagungiioniatou
friuynunainanuFoudmiuguszuulii 450°C
(To) wazUSuUSuuemaliian1silanseateves
oumaLua nan1singaumgiludiaduduiadudas
N158UsEUU (Heating period) Tugia13a1 0-720 1l
wugangilunniumisiangsdunuszeznatly
nsliauseu lnedeumgiliun T, dAgegauas
Inddsfudmdusiumds T, 89T, nde9niu
gampiidAwamumNgwennnlndidadusna
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wnMsaemanuseulumuszezn1ensivaves
audounuviolsiges (Ts waz Ty wazviolanifu
Wwas (T, wag Ty AINaIau LﬁaqmwQﬁLUﬂﬁ
AUszanal 300°C (Uil 720) FaldiFudoud uld
dgundenudngumgiinglumSuiuiuegig
snddsdewhnsusulsnaenadiusngg Tils
pudoulunismeaasfesnsnisdeuitemasi
ke/h FeRmbuuSinaemedniud 118% uavan
snmgilausouiionnantisunainanuiou (To) as
(939 Adjusting period) &sldalunsusuaussuy
SudhgannizasiiUssan 420 unit (1nudiT
720 4 1140) Ferpuinsldszaziiauu osnds
ldduglunismesesduwialngisunuud e
szuudnganiizasiadsgud 4 udamuin oungd
whaluvieilslsiwad (T, e Ty fanlndidssiulugig
770-820°C Fauandlidiufanisijsnszanevesoynin
Foindsedwashianenaonaugevesviolsiees
lugradenany dmsveamgineudiglelaau (T
LLasqmmﬁEﬂaviamaﬁﬁmms‘ (T, way Tg) AAnluas
630-680°C dhugaumgiififumia L-valve (To) WU
fAnaifies 180-220°C wosmnluuiiniliinnis
wrlviidemdssznaufuiinnsdnsenmafisiums
Fanamifdamaligungiisnas
mMawAsuudasgumginelumdidumisingg
fausiunsnaaesludoulvdufsdivnsnisgussuy
wazUsuanmglilaniswnlndnediinnundiends
fu Tnesnafuudifisstiananlunisgussuuiiduas
wiedanudwganntudsansnanaailumsgu
sruuImMAeUsEam 180-260 w1l feifu nnsmaaes
Tudeuludug Suhiauenanisnaaetanizlugied
szuudrganiazasiaudaingu Taelunsdiliiy
Sammstoudemandu 8 kg/h 1 12 ke/h Fadn
Wuliinaemeaduiiud 48% wuiigamaiilavie
lwestianlndidsadn uiguugiluilindfues
gty Tnefialugag 680-750°C dagudl 5 Faudiy
uanNMsTidemAagniuandstn e fui
sntu wenand Wafiudnsnsdeudemanu
15 ke/h FedaduuSinaeiniadiuiudies 11%
Wudﬁqmmmmmqﬁmﬁu 850-900°C wazinay
Furuvesguvgiideudnann fguil 6 Jsuanslsr
diufaafosnlunsunlvifldaesdnieléiiouly
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mstloudemadiunnt il Wenasuluuseunm
50 ufindsannnisususzuuTilamudeulunns
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ausagnuanduluiianisvyulsulygailanil-
1Y 13 & v ad 12
Auasuaridunaligungiiilelsigaslagianie
TUUALHEUUAUANN TR DUFIYD L L YBLNETIY
fluguAALUARIFUN 7

Running
Adjusti > TR
:1— Heating Period Period_ ! Pcrmd: I
1000 !
: 4 T6
200 |
| e et
800 i 7 —H | 5
D 0 1 T
E 600 2 T4
B
-
B 500 - e ¥
-3 Down COMEr —- +——Riser
E 400 1] ™
T 300
200 | I s 1
T2
100 1 a—— Fuel
0 r } T c = ) Ts_: E — 2™ Ay
0 120 240 360 480 600 720 840 960 1080 1200 Aerauo_liy—_»ﬁ i "
Run time (min) L}_';M i
Riser Downcomer I | I
v— TO (inlet) &— T7(4.2m) TO0
®— T1 (0.2m) < T8 (0.8m)
o— T2 (1.7m) —a&— T9 (0.4m)
»— T3 (2.7m)
& T4(3.7m)
—&— T5(4.2m)
=— T6 (5.2m)
= A a o & a
JUN 3 nswdsunlasgaumgiiniglumaussegiiainsnaaesngnsinisleweinas 8 kg/h

, . = 1T
! Running Period |
S00
——— T6
1 ]
77— 3 TS
o I
— 1 T4
=]
£~
= 500 1 1
g Down comer—1 +—Riser
)
[ g I
£ 400 L
= 300 - ign
200 4 R i i i b 1] T2
100 4 +—— Fuel
TB—I ﬁ — 2 gy
a Aeration— |,
T T T T T T T T To—=¥— |
1150 1160 1170 1180 1180 1200 1210 1220 1230 1240 b T1
—t—0.0m
Run time (min)
Riser Downcomer _|:.:I I
—o— TO (inlet) ©— T7 (4.2m) To
—8— T1 (0.2m) < TE& (0.8m)
—a— T2(1L.7m) —&— T9(0.4m)
v— T3(2.7m)
& T4(3.7m)
—&@— T5(4.2m)
—a— T6(5.2m)

JUN 4 madsuwlaseaumgiimelumniliedidannvasindnsinisleudeinds 8 ke/h
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i . 5 i =11
: Runming Period l
A
1000 r 6
- 5 2 - h 1 L]
s00 4 O A= f "z 9. B A : 17 —t| |- TS
(f —_ —
TO0 )
- B T4
T s00 4
= L .
E 500 Down comer—- d——TRiser
£ d T2
£ 400
B
- — —
= 300
1
200 " s
+— Fuel
100 - Ts—L B —— 2 air
Acration— |,] |
o T T T T T Ty —5 - T1
360 390 420 450 480 L
) Run time (min) 0.0m
Riser Downcomer
—w— TO (inlet) & T7(4.2m) To
—e— T1(0.2m) & T8 (0.8m)
—8— T2 (1.Tm) —a&— T9(0.4m)
—9— T3 (2.7Tm)
A T4 (3.7m)

—&— T5 (4.2m)
—@— T6(5.2m)

(%

JUN 5 nswdsunlasgaumgiinelumilledndanizasiindnsinmsteuienas 12 ke/h

Running Period

T

\ IT
1000
r
900 E ‘ —— T6
800 4 — =
] ]
77— | TS5
TO0 o =t T
T 600 A )
L5 . T4
=
£ soo0 4
= j N -
n Down COMEr ——t =+—Riser
2 400 - |
E 4 T3
= 300 -
200 4
Tz
100 +
+—— Fuel
o T T T T — M An
180 210 240 270
Run time (min) T
Riser Downcomer r -0
—p— TO (inlet) ©— T7(4.2m)
—&— T1(0.2m) £ T8 (0.8m)
—&— T2(1.7m) —i— T9 (0.4m)
—p— T3(2.7m)

A T4(3.7m)
—— T5(4.2m)
—8— T6(5.2m)

U7 6 nswdsunlasgaumgiinelumiiliednganizasiindnsinstouieinas 15 kg/h

JUT 7 NMIVRBURYeIauNAUATINAULWeLNGINensINTUoudaIngs 15 kg/h
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3.2 miuJ?ilauLLUmqmwQﬁmmzé’umwga
Fotheamgiiadsvesusiaziioulsnmsmaassan
WaeanswaLsERUANgIfuandlusuf 8 lag
wuirludouled 1uay 2 Faihnstioudonds 8
war12 kg/h audduiiy ﬁqmmﬁmﬂmmﬁﬂq
lsiwesuazaniduueifindeadsiuie fgumyi
wa (T;) Tutae 820-830°C wadiwuilduanas
\EntosnuanugIwaamIuRsiumis Ts auans
Iudanisnszatedivesnisiiiludnaen
Pnrmgundaduendnuaiveanisienllum
CFBC  fiagldmrnuiiiveaufanisluvielsiwesi
Aoutaguiiogeliidomdunlndinasndisaugs
YouA gUMIITMUNLS T, wazilnidduesiia
ans1as laoimnrandnyesnisanasuosgamgiii
Muntis T, Aernufeugade Wesandnisasia
auszuneALFeusIMAInATINaTlinaaes
agauuy lnsauduszgniviiiuiiavielsiges
frumiistiudae Juduanmliiinnisgyidoana

Downcomer
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foufiaeutraunnluusnal Tulsnnddumed (T,
way To) nuddlgamiitndideadu T, Tugas 650-
680°C d@udisumus T, nudnilasuszanas 200°C
Fennindunannann1sdteenad Lvalve il
wanduliAnn sy uisureseyniaainilinii-
Susofidngvislawes dmsudaulumstoudomas
i 15 ke/h nuigampiiluilavielsiwosmndumisd]
Agandisasaiouluusn Tnefdnadeuszann
900°C Fauanslifiudimswnlndidamadidiuun
Fuluvelsiwed sehalsilunsdiinisunlngdu
Tugiintulurielswesiindu nisuyuisures
sumalamduaiunlusvionifusesaeudis
toudsinligamgiluvieilenidfuinesIeilensi
wideLiie sUsEann 330°C Tidiunus T, wad aad
nauwdluidefiiiuuinludeulvnisdeu
Foudit 15 ke/h Hu aansaveaeuldifugisan
duq vinfudosaniinnsmasuivsaudndeinas
NUBLNIALUA
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4. d3UNaNITMAADY

nmsnaaondsfuluniswlvsddulily
wsnlvsfigdladiuauuuvsuiou (CFBO) islsl
reafraudaaie meldteulunisusuivasudam
nstlowdemds anunsoagunaldnail

1. dulifgdudalilfeadovhnsgussuuly
uilgumgiiuszana 320-350°C Fsldszeziaanlyl
Weynin 180 ¥

2. mawnludiAntuluilsvielsiwefifundn lay
fonmgiluilaviolsiwesfireuisaiianenasnnin
a¢lure 770-820 °C Fsgeningamgiiluilannnnddy
wosBadialutae 630-680°C

3. madwdamstoudomasan 8 1y 12
kg/h lsidswarionisiasunUasgamaianglun wa
lerfugmsmsteudomandu 15 ke/h oamailile
Isiwosargeiudulszanm 900°C uasAnnisvaou
fmesoumAUAfudonas

5. inAnssuUsene
VoYBUAMEIUNIUNBINUATUAYUNITI
(@n7.) dinuANENIINNISNITERNANYT (an8.)
Tyinsatuayuyuide

]
1

6. LONE1T81994

[1] M. Fang, L. Yang, G. Chen, Z. Shi, Z. Lou
and K. Cen, Experimental study on rice
husk in combustion in a circulating
fluidized bed, Biomass and Bioenergy
2004; 85: 1273-82.

[2] L. deDiego, A. Carlos Londono, S. Wang
and M. Gibbs,

paramenters on NO, and N,O axial profiles

Influence of operating

in a circulating fluidized bed combustor.
Fuel 1996; 75(8): 971-78.

(3]

MIUTEPUIVINITATOVIENAN UIUsEINA AT 9
8-10 Wgw¥NIAL 2556 3IMIAUATUIEN

S. Julien, CM.H. Brereton, CJ. Lim, J.R.
Grace and E.J. Anthony, The effect of
halies on emissions from circulating
fluidized bed combustion of fossil fuel.
Fuel 1996; 75(14): 1655-63.

Mahmoud A. Youssef, Sedduk S. Wahid,
Maher A. Mohamed, Ahmed A. Askalany,
Experimental study on Egyptian biomass
combustion in circulating fluidized bed.
Applied Energy 2009; 85: 2644-50.

Z-A Sun, B-S Jin, M-Y Zhang, R-P Liu and Y.
Zhang, Experimental study on cotton stalk
combustion in a circulating fluidized bed.
Applied Energy 2008; 85: 1027-40.

AT. Atimtay and H. Topal, Co-combustion
of olive cake with coal in a circulating
fluidized bed. Fuel 2004; 83: 859-67.

H. Navalainen, M. Jegoroff, and et. al, Firing
of coal and biomass and their mixtures in
50 kW and 12 MW circulating fluidized
beds-Phenomenon study and comparison
of scales. Fuel 2007; 86(14): 2043-51.

B. Leckner, L-E. Amand, K. Lucke and J.
Werther,
combustion  of sludge and
coal/wood in a fluidized bed. Fuel 2004;
83(14). 477-86.

M. Velden, J. Baeyens, B. Dougan and A.
McMurdo,

parameters  for an

Gaseous emissions from co-

sewage

Investigation of operational
industrial ~ CFB
combustor of coal, biomass and sludge.

Chaina Particuology 2007; 5: 247-54.



