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Abstract f

Project Code: MRG4880011
Project Title: Heat Producing from Biomass Combustion by Fluidized Bed Technique
Integrating with Air Vortexing without Mixing Inert Material into the Bed.

Investigators:
investigators Organization
1. Asst.Dr. Thanid Madhiyanon  Mahanakom University of Technology

2. Prof.Dr.Somchart  Soponronnarit  King Mongkut's Universlty of Technology Thonburi
Email Address: thanid_m@yahoo.com, somchart.sop@kmutt.ac.th
Project Period: 1 July 2005 - 31 June 2007
Objectives:

1. To promote a use of blomass fuel, as an alternative energy source, in order to
substitute for conventional energy sources derived from fossil fuels which are
importable and presently highly prized.

2. To develop a combustion technique for a fluidized bed combustor in*order to
diminish an agglomeration problem and to augment solid-particles circulation
within the combustor with a consequence of prolonged resident time of the
particles, where height to diameter ratio shoutd be appropriately adopting into
the industry.

Methodology:

Fig. 1 shows a schematic diagram of a short-combustion-chamber fluidized-bed
combustor (SFBC) with a design output capacity of 250 kWy,. The SFBC comprises two
main parts {Fig. 2): (1) a cylindrical combustor with 0.5 m i.d., 0.97 m in height, and {2) a
conical base with 0.30 m i.d. truncated-apex cone 0.60 m in height designed to contain a
bed of ashes and coarse particles. A cylindrical part had a circular ring named a
‘recirculating ring’ made of refractory with 0.30 m Iopening diameter located 1.13 m above
an air distributor. The recirculating Bng divided the combustor into a main (fluidized bed)

and minor combustion chambers, and is used to trap entrained particulates in combustion



gases impinging upon its bottom side, as a conseguence of solid-gas rec',rculatjon inside

the fluidized bed.

Upper tertiary air

Lower tertiary air

%1

Recirculating ring

Air distributor |
-

Blewers
f s i \—hﬁD
Stirring blades Secondary air ‘:E Q

I'rimary gir (Huldizmg alr)

Fig. 1(a) Schemalic diagram of short-combustion-chamber FBC, designed output capacity
250 KWy,

Fig. 1{b) Photograph of short-combustion-chamber FBC, designed output capacity 250
kWy,.
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Fig. 2. Axial cross-section of a short-combustion-chamber FBC.

Rice-husk was fed into the FBC via a screw conveyor equipped with a variable-speed
drive to regulate the fuel feed rate. The primary air (fluidizing air) was supplied byt 2.2 kW
blower. To prevent flame penetrating the fuel feed system, secondary air was injected at
the outlet of the screw conveyor. Tertiary air was provided by a 2.2 KW blower and diverted
to above and below the recirculating ring. The lower tertiary air was introduced via four air
nozzles at an elevation of 1.03 m; the arangement of these nozzles is shown in Fig. 3a.
The air discharging from the nozzles formed a tangent circie of 0.2 m diameter within the
confines of the nozzles. Upper tertiary air was introduced tangentiaily through the two
opposing air nozzles {Fig. 3b) positioned just above the recirculating ring. Injecting this air
was designed lo sweep any particulate materials that may fall on the upper side of the ring
towards the fluidized bed below. Moreover, to prevent loose particles formed by rice-husk
char agglomeration, air-cooled stainless-steel stirring blades were installed centrally inside
the conical base, and operated continucusly at 6 rpm

F 4
The desired fuel feed rate was regulated by a variable-speed drive. Air velocity was

adjusted manually and measured by hot wire anemometer (accuracy + 3%). The



temperature profiles inside the combusior were monitored using 2 data nger with an
accuracy of £ 1°C and type-K thermocouples at 0.6, 0.93, 1.33, and 1.58 m above the air
distributor. In the same cross-sectional plane of each elevation, the temperatures were also
measured radially outward from the combustor center. Gas concentrations were monitored
using a multigas analyzer (Testo 350XL). The measuring principle was based on
electrochemical cells for O, CO, NO, and NO,. A Leco C-H-N-S analyzer was used to
analyze unbumed carbon content. Combustion and fluidization behaviors during test runs

were observed closely via the ports on the combustor's outer surface.

Luu'c‘[r TA

Upper TA

Lower TA

A 2K} m!n
Lower | A N

Upper TA

(a) Lower recirculating ring (b} Upper recirculating ring
Fig. 3. Alrangement of tangential tertiary air injection

The SFBC can be started easily without any additional fuel, such as liquefied
petroteum gas (LPG). Rice-husks were pre-loaded manually into the combustor through an
access door until a bed-height of 20-30 cm above the air distributor plate was reached, and
then ignited. When rice-husk loaded in advance was continually combusted untit the bed
temperature reached about 450°C; thereafter, the feed was increased to the desired feed
rate. No external bed material was used to promote fluidized-bed combustion; instead, ash

derived from the rice-husk [tself dun‘ng continued combustion, in which the main element is

silicon (= 90% as Si0,), can behave as an inventory bed material that contributes to

favorable turbulent gas-solid mixing.



The combustion tests using rice-husk fuel comprised 9 experime?ts. of which 5
were conducted using varied fluidization velocities and fixed rice-husk feed rates, and
another 4 with partial load conditions using fixed fotal air and varied feed rates. The
operating conditions are summarized in Table 1, Three more experiments were performed

primarily to investigate the potential for co-firing rice-husk and bituminous-coal in the SFBC.

Table 1

Experimental conditions for rice-husk combustion

Tertary alr
Run Primary air Secondary air Upper recirculating  Lower recirculating I:i‘:i husk E::l:“ :lr;
Xos. ring eed rate e
tkg/b) (%) ratio
Veocdy Fracdor  Velocky Fracton  Velocity Fractiom Velodny  Froctom
(mis) ) (mfs) ) (s} ) {10s) (S
. Iffectof primay air
i 0.5 033 16 0.27 8 0.14 15 026 66 LR g3
2 03 0.4+ 16 0.23 3 0.11 15 0.2 66 119 9.96
3 0.8 0.46 16 0.22 8 011 15 0.21 66 132 10.36
4 12 0.54 16 0.19 3 0.10 15 0.18 66 164 §2.01
5 14 057 16 017 B 0.19 15 0.16 &5 174 1247
Partial-lead operational
[} 1.0 6.47 137 0.2 1.8 01l 13.6 020 23 117 9.87
? 10 047 15.7 0.22 7.8 0.1l 13.6 029 66 4140 10.92
8 1.0 047 157 0.22 18 0.11 136 G.20 30 b 1456
[ 10 047 157 0.12 18 011 136 020 13 380 21.84

Results and Discussion:

The temperature profiles showed that combustion mainly took place below the
recirculating ring and at between 0.6 m and 0.93 m above distributor plate. Fig. 4 shows
typical radial temperature profiles within the combustor. The regions below the recirculating
ring were in a near-isothermal bed state, indicating that fluidized-bed combustion
characterized combustion in these regions, despite the lack of a secondary solid bed
material. This corresponds with visual observations through wall-opening ports and sharp

decay of vertical O, concentration profile inside the combustor (Fig. 5).

Change in fiuidizing velocity‘ér change in fuel feed-rate can result in excess air. Ali
tests under varied conditions allowed excess air of between 83-380%, corresponding o a
fiuidizing velocity variance of 0.5-1.4 m/s and rce-husk feed rates of 33-73 kg/h. All



expenments shows that bed temperature not > 1200°C. Combusnon effi uen:’y (E.) of 95.6-
99.8% and heat rate intensity (I} in the range 1.34-1.54 MWmm were achieved in the
current FBC. The use of high fluidizing velocity (1.4 m/s) caused the distortion of the E;
profile at an excess air of 174%. E. was quite low (96.7%). However, generally the
combustion efficiency was mostly >98%, comresponding to normal operation at feed rates of
66-73 kg/h. The highly effective combustion was presumably due to the efficient
recirculation of particulate materials, by utilizing (1) a recirculating ring having a central
circular opening, which confined large particles within the fluidized-bed combustion
chamber until their sizes diminished, and (2) a vortex generated by the lower tertiary air.
This vortex captured large and coarse particulates entrained in the gases by centrifuging

them back into the fluidized bed for refluidization.
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In this study, various rice-husk loadings were investigated {0 determine combustor
performance under partial-ioad operation (Table 1). First, the SFBC is designed to bum
about 66 kg/h of rice-husk to generate a thermal capacity of about 250 kW, with E, of
about 95% or more. A maximum rice-husk feed-rate of 73 kg/h with thermal capacity of 300
kW, and £, of 99.4% were achieved. Furthermore, a minimum rice-husk feed-rate of 33
kg/h could yield a thermal capacity of 130 kW, and £, of 96.3%. Thus, the current

combustor has a tum-down ratio {ratio of combustor's maximum output to minimum input)
of 2.3:1

Following the CO-concentrations (based on 6% Q,), higher excess air, resulting in
lowered bed temperatures, led to the production of higher CO. A moderate increase, from
50 ic 550 ppm, can be seen when bed temperature decreased from 1200 to 1050°C. A
steep increase to 2200 ppm was detected when bed temperature dropped to 800°C, due to
diminishing combustor loading, i.e., from 73 to 33 kg nice-husk/h. in the current work, NO,
emissions were in the range 23(‘},—350 ppm (at 6% O,), depending on combustion
conditions. It can be seen in Table 2 that NO, increased dramatically with increasing
excess air, from 80 to 170%. This was due to enlargement of the fuel-NO, reaction by

increased concentration of oxygen,



Table 2

'
Summary of experimental resuits for rice-husk firing for operating conditions in Table 1
Ran g4  Bed  Exht Turensiry 0;a0d CO,  emissions at 6% O, LBburmed .-
) carbon n P
Xos. Temp*. Temp. Ferdrate Heacyate O, CO;  CO NO, ash
W O rO (g d gl (MWwh (%) (%) ppm pp (%) (+8)
E ffect of Aluidizing air
3 8 U 1087 336, {663 140 377 1137 30 3 0.8 99.8
e 18 933 336:(66) 139 938 1107 157 295 23 99.4
30 ke 8w 336:(66) 139 1231 847 160 318 29 991
416 1086 M0 336.(66) 137 1219 8385 427 336 6.7 98.0
51H 10 807 336:(66) 134 1284 662 345 332 1119 956
Partial- load eperatiopal

6 117 1136 928 372:7%) 154 901 1113 100 288 22 994
7140 1120 a8 336:(66) 138 1036 0.8 335 100 35 989
g8 20 1006 675 255.¢50) 1.03 1379 539 2352 337 74 971
2 380 801 535 168.(33) 0.57 1574 396 2176 338 79 96.3

‘mensuredat 1.2 m

The final part was devoted to a preliminary study of co-firing rice-husk with

bituminous coal, where the primary fuel was rice-husk. Coal and rice-husk were lﬁended on

an energy basis, with 2 proportions of coal introduced in co-combustion tests, i.e., 20 and
30% (energy basis). Results obtained for excess air of 150-220% showed that the £, for
fuel blends was about 96%, which was less than for rice-husk alone. The greater difficuity

of buming large and dense coal particles responded to the decreased E. Moreover,

emissions during the co-combustion tests were 60-160 ppm for CO and 300-350 ppm for

NO,.

Conclusion:

1. Without mixing rice-husk with a secondary solid bed material, fluidized bed

combustion feature can be accomplished in SFBC developed in this study,

indicated by a near-isothermal condition and consumption of abundant oxygen

(indicated by axial O, concentration profiles), characterized the fiuidized-bed

combustion feature of thi® combustor.



2. The combustion efficiency and heat rate intensity of 95.6—99.8%, and 1.34-1.54
MWm~, respectively, were achieved. A combined recirculating ring and vortex
air curtain should play an important role in efficient combustion.

3. Increasing excess air, either by increasing fluidizing air velocity or decreasing
combustor loading, caused decreases in E; due to insufficient residence times
and bed temperature decreases. The present FBC can operate in partial-load
conditions, with an achievable turn-down ratio of 2.3:1.

4. in aspect of gas emissions, increases in excess air resulted in increased CO
and NO, levels. CO increases resulted from termperature drops, whereas NO,
increases were probably due to greater fuel-N reactions with enriched oxygen.
Generally, when rice-husk was fired at a nomal loading (66 kg/h), CO and NO,
ranges were 50-550 ppm and 230-350 ppm, respectively.

5. The SFBC can be co-fire rice-husk with bituminous coal. Burning rice-husk/coal
mixtures of 80/20 and 70/30 (% energy) yielded satisfactory E, and /. values.
Bituminous blends had higher NO, emissions attributed to the fuel mixture
having a higher nitrogen content.

Recommendation: .

The research in a filed of co-firing rice-husk/other biomass wit coal should be
intensively promoted and supported, especially by means of fluidized bed combustion
technique and should emphasize on co-combustion performance including such problems

may arise—agglomeration, sintering, and fouling, etc.

Keywords: Combustor; Combustion efficiency; Fluidized bed; Rice husk; Vortex.
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® School of Energy, Environment and Materials, King Mongkut’s University of
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Abstract

A short-combustion-chamber fluidized-bed combustor (SFBC), of 250 kWy, capacity,
was developed and tested for combustion characteristics of rice-husk, i.e. combustion
efficiency (E;), heat rate intensity (), temperature distribution, and gaseous pollutant
emissions. The effects of fluidizing velocity, excess air, and combustor loading were
analyzed. The results indicated the system could operate without any secondary solid as
bed material, with efficient fuel and combustor utilization, indicated by high E. and I,
respectively. Solid recirculation within the bed, created by a solid recirculating ring and
an air vortex, played an important role in efficient combustion, even in a relatively short
combustion chamber. A maximum E, of 99.8% and a maximum J, of 1.54 MWgm™ were
realized. Increasing fluidizing velocity and excess air caused decreases in E.. CO and
NO, emissions increased with increased excess air, and were in the range 50-550 ppm
and 230-350 ppm, respectively. Finally, preliminary tests of rice-husk co-fired with coal
were conducted for 70 and 80% (energy) rice-husk fractions. The results showed
satisfactory E. and I, while NO, appeared to increase.

Keywords: Co-combustion; Coal; Fluidized bed; Rice husk; Vortex

1. Introduction

Biomass is a potential CO,-neutral, clean and sustainable energy resource. In
recent years, burning biofuels to produce steam and power has been of great interest as an
altemative to burning fossil fuels. In Thailand, the main agricultural residues with biofuel
potential are rice-husk and straw. The annual rice-husk output, a byproduct (20 wt.% of
paddy) of the milling process, is about 4.4 million tonnes with an annual energy
equivalent of 6.6x10’ GJ. Amongra variety of combustion technologies, fluidized-bed
combustion has proven suitable for burning alternative solid fuels, due to its efficiency in
converting fuels to clean energy, fuel flexibility, and clean operation [1-4]. However,
many researchers {1, 5-6] experienced difficulties in fluidizing the rice-husk biomass,
because of its non-granular, cylindrical shape and low bulk. They strongly suggested that,



to generate satisfactory fluidization, rice-husk must be mixed with an inert bed material,
such as sand. The main features of a fluidized-bed combustor (FBC) are Mgh combustion
efficiency and grate heat release rate. A combustion efficiency > 95% has frequently been
reported [1, 4, 7-8]. A feed-rate intensity of rice-husk of 395-510 kg h™ m™ was reported
in an overview of rice-husk combustion in FBC [1], while 130 kg h' m™ was derived
from others [8-9]. Recently, Madhiyanon e al. [10] developed a novel combustor named
a cyclonic fluidized-bed combustor (w-FBC) that integrated swirling and fluidized-bed
combustion. A combustion efficiency of 98% was easily obtained and a maximum heat
release rate (heat rate per combustor cross-sectional-area) of up to 0.80 thhm'2 can be
achieved.

The high moisture and alkali content of biomass ash (including forest and
agricuitural residues, industrial waste, and municipal solid waste (MSW)), makes it
difficult to fire alone; therefore, co-combustion with coal is preferable and becoming
more attractive, particularly in FBC, for different purposes: power generation [11-13],
recovering energy from industrial waste [14-15], and disposal of MSW [16-17]. Apart
from reducing CO, biomass co-combustion has been well-proven to reduce emissions of
NOy and SOy from coal combustion [12-17],

This paper describes the results of an experimental study with a short-
combustion-chamber fluidized-bed combustor (SFBC) developed by current authors,
thermal capacity 250 kW, using rice-husk as the primary fuel. This work aimed to
clarify combustion characteristics--combustion efficiency, heat rate intensity, temperature
distribution, and gaseous pollutant emissions—based on successful approaches to high
combustion efficiency and significantly reduced combustion freeboard height [10]. A key
design concept for the SFBC was the creation of gas/solid recirculation within the bed,
i.e., using a combination of a solid ring acting as a solid barrier and a centrififgal force
field acting as an air curtain, and stirring blades to eliminate the problem of loose
agglomeration (conglomeration), and consequently not necessitating any inert material
mixed into the bed, as stressed in previous studies [1, 5-6]. Although rice-husk is
recognized in this study as the primary fuel, since coal is the most abundant fossil-fuel
energy source available, it must play an important role as an energy resource for many
decades to come. Therefore, the final part of this paper is devoted to investigating the
potential results of co-firing rice-husk and coal.

2. Experiment Setup
2.1 The short-combustion-chamber fluidized-bed combusior(SFBC)

Fig. 1 shows a schematic diagram of a short-combustion-chamber fluidized-bed
combustor (SFBC) with a design output capacity of 250 kWy,. The SFBC comprises two
main parts (Fig. 2): (1) a cylindrical combustor with 0.5 m i.d., 0.7 m in height, and (2)
a conical base with 0.30 m i.d. truncated-apex cone 0.60 m in height designed to contain
a bed of ashes and coarse particles. The combustor was made of steel, the inside of which
was lined with fire bricks (0.125 m thk.) and refractory, and the outer surface was
insulated with ceramic fiber. A cylindrical part had a circular ring named a ‘recirculating
ring’ made of refractory with 0.30 m opening diameter located 1.13 m above an air
distributor. The recirculating ring divided the combustor into a main (fluidized bed) and



minor combustion chambers, and is used to trap entrained particulatep in combustion
gases impinging upon its bottom side, as a consequence of solid-gas recirculation inside
the fluidized bed [10]. The gaseous combustion products coming out the FBC contained
the entrained materials--ash, unburned carbon-containing solids--and flew upward into an
exhaust pipe at the horizontal center top of the combustor. The exhaust pipe connected to
two high-efficiency cyclones in paraliel.

Rice-husk was fed into the FBC via a screw conveyor equipped with a variable-speed
drive to regulate the fuel feed rate, and a hopper. For co-firing tests, rice-husk was
premixed with coal before loading into a hopper. The primary air (fluidizing air) was
supplied by a 2.2 kW blower and was injected upward through a wind box mounted on
the bottom side of an air distributor (Fig. 2) to generate fluidization. To prevent flame
penetrating the fuel feed system, secondary air was injected at the outlet of the screw
conveyor. Tertiary air was provided by a 2.2 kW blower and diverted to above and below
the recirculating ring, hereafter called upper and lower tertiary air. The lower tertiary air
was introduced via four air nozzles arranged in the same horizontal plane, such that they
were equally-spaced (90° on the circumferential wall) at an elevation of 1.03 m (4.12 R,
R= inside radius); the arrangement of these nozzles is shown in Fig. 3a. The air
discharging from the nozzles formed a tangent circle of 0.2 m diameter within the
confines of the nozzles. The centrifugal force field generated by this vortex was expected
to capture the entrained solids ascending with the combustion gases and return them to
the fluidized bed [10, 18-19]. Upper tertiary air was introduced tangentially through the
two opposing air nozzles (Fig. 3b) positioned just above (1.16 m (4.64R)) the
recirculating ring. Injecting this air was designed to sweep any particulate materials that
may fali on the upper side of the ring towards the fluidized bed below.

To prevent loose particles formed by rice-husk char agglomeration, rather than
particles chemically bonding due to ash melt, air-cooled stainless-steel stirring blades
were installed centrally inside the conical base, and operated continuously at 6 rpm [10].
Finally, for the co-firing tests, coal was mixed thoroughly with rice-husk to the desired
ratio before loading into the feeding system.

2.2 Measurement

The desired fuel feed rate was regulated by a variable-speed drive. Air velocity was
adjusted manually and measured by hot wire anemometer (accuracy * 3%). The
temperature profiles inside the combustor were monitored using a data logger with an
accuracy of = 1°C and type-K thermocouples at 0.6, 0.93, 1.33, and 1.58 m above the air
distributor. In the same cross-sectional plane, temperatures were measured radially
outward from the combustor center, approximately 2 cm apart. The thermocouples were
left for a while to allow the temperature to stabilize before recording, and then manually
shifted radially to the next position. The flue gas temperature at the exhaust pipe was also
measured. Gas concentrations were monitored using a multigas analyzer (Testo 350X1L).
The measuring principle was baseg, on electrochemical cells for CO, O,, NO, and NO;.
CO; is derived from O; concentration based on a built-in algorithm in the instrument. A
Leco C-H-N-S analyzer was used to analyze unburmed carbon content. Combustion and
fluidization behaviors during test runs were observed closely via the ports on the
combustor’s outer surface.



2.3 Experimental procedure ‘ P)

The SFBC can be started easily without any additional fuel, such as liquefied
petroleum gas (LPG). Rice-husks were pre-loaded manually into the combustor through
an access door unti} a bed-height of 20-30 cm above the air distributor plate was reached,
and then ignited. When pre-loaded rice-husk was being combusted, the access door was
closed and simultaneously rice-husks from the feed hopper were gradually conveyed via
a screw feeder into the combustor. Combustion continued until the bed temperature
reached about 450°C; thereafter, the feed was increased to the desired feed rate. No
external bed material was used to promote fluidized-bed combustion; instead, ash derived
from the rice-husk itself during continued combustion, in which the main clement is
silicon (= 90% as Si0,), can behave as an inventory bed material that contributes o
favorable turbulent gas-solid mixing. The duration of each test run was about 6 h, of
which 1.5 h was used to achieve steady state. Steady state was determined as steady exit
temperature and steady ash rate, measured by collecting and weighing the ash at the
cyclone outlet. After steady state was reached, gas concentrations were monitored every 2
min for a 2.5 h-period and averaged over the measurement period. The unburned carbon
in the ash collected from the cyclone outlet every 20 min was analyzed and used to
determine combustion efficiency. On average, the deviation between the maximum and
average unburned carbon content was 14.5%. '

2.4 Fuel analysis

Rice-husk and bituminous coal were used as fuel in the experiments. I:roximate
and ultimate analyses of both fuels are shown in Table 1. Coal particle sizes ranged
between 5-10 mm. -

3 Results and Discussion

The combustion tests using rice-husk fuel comprised 9 experiments, of which 5
were conducted using varied fluidization velocities and fixed rice-husk feed rates, and
another 4 with partial Joad conditions using fixed total air and varied feed rates. The
operating conditions and results of the experiment are summarized in Tables 2 and 3,
respectively. Three more experiments were performed primarily to investigate the
potential for co-firing rice-husk and bituminous-coal in the SFBC.

3.1. Combustion behavior

The axial temperature profiles within the combustor with varied amounts of
excess air are shown in Fig.4; they indicate that maximum temperature occurs at a
position below the recirculating ring {~0.6 m from the distributor), and decays in the
upstream flue gas direction. The tgmperature profiles showed that combustion mainly
took place below the recirculating ring and at between 0.6 m/ 2.4R and 0.93 m/ 3.7R.
Decreasing temperatures at locations above the recirculating ring (1.33 m/ 5.3R) were an
adverse effect of injecting the upper tertiary air, leading to an unintended mixture with
flue gases ascending into the combustor exit.



Fig. 5(a) shows typical radial temperature profiles within the gombustor, with
general uniformity in the region between 0.60 m/2.4R and 0.93 m/ 5.3 R. The regions
below the recirculating ring were in a near-isothermal bed state, indicating that fluidized-
bed combustion characterized combustion in these regions, despite the lack of a
secondary solid bed material, as previously suggested [1, 5-7]. This corresponds with
visual observations through wall-opening ports, i.e., that particulates were fluidized and
entrained into the chamber above the conical bed by fluidizing air, apparently
corresponding to a uniform flame throughout the entire bed, and the whole bed
brightened vigorously. Similar results were experienced in the cyclonic FBC recently
developed by Madhiyanon et al. {10]. Two further experiments were performed showing
the O2 concentration profiles inside the combustor, to clarify the characteristics of
fluidized-bed combustion commonly maintained in the bed. These profiles are shown in
Fig. 5(b). The vertical Oz concentration profile is characterized by sharp decay at the base
of the unit and gradual increase in the upper part due to secondary and tertiary air
penetration, indicating the progress of overall combustion. Evidence of the continued
consumption of abundant O, along the combustor height, from the air distributor up to an
elevation where the recirculating ring was placed, indicates vigorous combustion of
particulate solids and gases (CO and volatiles) within this region. In addition, the feed-
point may represent the first opportunity for burning volatile-rich matter, leading to
continued O, consumption at that site.

A deeper understanding of the combustion mechanisms of rice-husk can be
explained according to thermogravimetrics (TG) and the first derivative of TG (rate of
weight-change, DTG) curves, which represent the combustion characteristics of the fuel,
as shown in Fig. 6; these results concur with previous reports [20]. It is clear that the
devolatilization of rice-husk started at around 180-350°C, volatile and char ¢#mbustion
took place at around 350-500°C, and at around 500°C, no further changes in weight were
observed, implying that devolatilization and combustion of biomass with high volatile
matter content, such as rice-husk, occurred instantaneously with feeding into the
combustor and exposure to high combustor temperatures (>1000°C).

3.2 Combustion efficiency and heat rate intensity

Combustion efficiency (£.) and heat rate intensity (L) for firing rice-husk alone were
investigated via two test groups, for which the operating conditions and results are
presented in Tables 2 and 3, respectively. E, is defined by Eq. 1 {10], whereas I, viewed
as the cross-sectional-area energy utilized can be expressed by Eq. 2.

E, =[(E - Eg ~ E,,)/ E;]x100% ¢}
where Er is the heating value of the fuel, E.q, is the energy loss as unburned carbon in the
ash, and Eq, is the energy loss as carbon monoxide in the flue gas.

I= [, x E, x (E,/100))/ 4 3
where #, is the rice-husk mass flow rate and 4 is the combustor cross-sectional area.

Change in fluidizing velocity or change in fuel feed-rate can result in excess air.
All tests under varied conditions allowed excess air of between 83-380%, corresponding
to a fluidizing velocity variance of 0.5-1.4 m/s and rice-husk feed rates of 33-73 kg/h.
Note that no experiment using less < 80% excess air was conducted because no external
load (such as steam) was provided to absorb part of the heat released during combustion,



leading to a limitation of the combustion air, with a consequent bed tggnperature not >
1200°C. As Table 3 shows, E. of 95.6-99.8% were achieved in the current FBC,
comparable with other FBCs (refs. [4, 7] with E; of 97.0-98.9%, and ref. [8] with E, of
95.6-96.1%). The present combustor can achieve heat rate intensity in the range 1.34-
1.54 MWym™, corresponding 10 normal operation at feed rates of 66-73 kgh which is
comparable w1th bubbling FBC for rice-husk firing, at 065-2 10 MWym? [4, 8-9];

however, 3t is not competitive with CFBC, at 3.95 MWym™ [7].

The Changes in E. and combustion losses with excess air for rice-husk
combustion are shown in Fig.7. No bottom ash was drained out during combustion, but
all rice-husk ash was elutriated from the combustor exit; this means carbon loss derived
from fly ash. Combustion losses are a combination of energy losses due to CO in flue
gases and unbumed carbon in fly ash. As the figure shows, E; decreased as excess air
increased. The use of high fluidizing velocity (1.4 m/s) caused the distortion of the E.
profile at an excess air of 174%. E. was quite low (96.7%) when combustion air was
introduced at 380% excess air, which led to a relatively low bed temperature of 800°C.
Combustion Josses due to unburned carbon varied between 0.2-4 2% of energy input, and
for CO, 0.02-1.1%.

Mostly, combustion was even within a short distance, i.e., 0.60-0.93 m from the
air distributor, as previously described (Figs. 4, 5(b)), and E; >98% were generally
achievable. The highly effective combustion was presumably due to the efficient
recirculation of particulate materials, by utilizing (1) a recirculating ring having a central
circular opening, which confined large particles within the fluidized-bed combustion
chamber until their sizes diminished [10], and (2) a vortex generated by the lower tertiary
air. This vortex captured large and coarse particulates entrained in the gases by
centrifuging them back into the fluidized bed for refluidization [10, 18-19).

3.3 Effect of fluidizing velocity and partial load operation

The dependence of E. on fluidizing air velocity is shown in Fig. 8. A maximum E.
of 99.8% could be accomplished at a fluidizing velocity of 0.6 m/s. When the velocity
was increased further, E. gradually deceased until, with a velocity exceeding 0.9 m/s,
values dropped sharply, reaching a minimum of 95.6% at a fluidizing velocity of 1.4 m/s.
The consistency of decrease in E; with increased unburned carbon (wt.%) caught in the
cyciones, and decrease in bed temperature, can be seen in Fig. 8. Similar results were also
found in the literature [1, 4, 7, 10]. Inefficient combustion with increasing fluidizing
velocity can be explained through too-short resident time for complete burning of
combustibles, i.e., char particles and gaseous-combustion products.

In this study, various rice-husk loadings were investigated to determine
combustor performance under partial-load operation (Table 2). First, the SFBC is
designed to burn about 66 kg/h of rice-husk to generate a thermal capacity (defined as
fuel energy times E;) of about 250 kW, with E; of about 95% or more. A maximum rice-
husk feed-rate of 73 kg/h with therrpal capacity of 300 KWy, and E. of 99.4%, however, is
possible (Table 3). Furthermore, without any change in combustion air amounts; a
relatively lower combustor loading than design can be accomplished with a minimum
rice-husk feed-rate of 33 kg/h, yielding a thermal capacity of 130 kWy, and E; of 96.3%.
Thus, the current combustor has a turn-down ratio (ratio of combustor’s maximum output



to minimum input) of 2.3:1, or even higher. As the results, E, increaseii as combustor
loading increased. This was attributed to bed temperature decrease.

3.4 Flue gas emissions

Fig. 9 shows the dependence of CO and NO, emissions, as well as bed
temperature (at 1.2m), for rice-husk burning on amounts of excess air. A peer review of
data included in the figure is shown in Table 3. Following the CO-concentrations (based
on 6% O5), higher excess air, resulting in lowered bed temperatures, led to the production
of higher CO. A moderate increase, from 50 to 550 ppm, can be seen when bed
temperature decreased from 1200 to 1050°C, indicating the strong influence of bed
temperature on CO emissions. This was also observed in a bubbling fluidized bed studied
by Armesto ef al. [4). A steep increase to 2200 ppm was detected when bed temperature
dropped to 800°C, due to diminishing combustor loading, i.e., from 73 to 33 kg rice-
husk/h. This is consistent with the observations of Kuprianov et al. [8], with high CO
emissions in a conical FBC operating under low bed temperatures of around 800°C (2235
ppm at 6% O, measured at 2.75 m level and using 100% excess air). With similar
combustion conditions, Madhiyanon et al. [10] found a trend towards similar CO
amounts in rice-husk burning in a novel cyclonic FBC.

For biomass combustion at temperatures <1300°C, NO, formation is typically
through the fuel-NO, mechanism rather than the thermal formation of NO, from nitrogen
in the combustion air [20-22]. In the current work, NO, emissions were in the range 230-
350 ppm (at 6% O,), depending on combustion conditions. It can be seen in Fig. 9 that
NO, increased dramatically with increasing excess air, from 80 to 170%, corresponding
to 8.8 to 12.9% O, measured in the exit flue gas. This was due to enlargement of the fuel-
NO, reaction by increased concentration of oxygen. A consequence of increasing the
amount of air, causing significantly increased NO,, can be noted in ref, {4], where raising
excess oxygen from 5 to 10% resulted in a steep increase in NO,, from 80 to 350 ppm (at
6% O;). However, providing more combustion air, fuel-NO, formation will be
counteracted by lower bed temperature, with no further increase in NOy emission (Fig. 9)

when excess air >170%. The NO, emissions of the present FBC (230-350 ppm in 6% O, flue gas)
were comparable to the bubbling FBCs for firing rice-husk (240-350 ppm in refs. [8-9] and 80-330 ppm in
ref. [4]) but higher than a CFB combustor (150-220 ppm in ref. [7]).

3.5 Co-combustion tesis

This section is devoted to a preliminary study of co-firing rice-husk with
bituminous coal, where the primary fuel was rice-husk. Coal and rice-husk were blended
on an energy basis, with 2 proportions of coal introduced in co-combustion tests, i.e., 20
and 30% (energy basis). Results obtained for excess air of 150-220% showed that the E,
for fuel blends was less than for rice-husk alone. The greater difficulty of buming large
and dense coal particles, as well as the slower combustion of coal than rice-husk,
indicated by the DTG curves in ¥ig. 6, necessitated longer residence time for coal
combustion; these factors together were responsible for lower E; values. SO, emissions
were not measured because the gas analyzer did not incorporate a SO, chemical cell unit.
NO, emissions followed an increasing trend with percentage coal, particularly for 30%
coal share, due to more nitrogen in the fuel with coal added. However, changes in the



amounts of CO were minor, because bituminous coal also contains a high proportion of
volatiles (Table 1). Emissions during the co-combustion tests were 60-160 ppm for CO
and 300-350 ppm for NO,.

4. Conclusions

A SFBC of 250 kW, design capacity was developed by adapting techniques from
recent work by the present authors, and successfully obtained high combustion efficiency
(£c) and high heat rate intensity (I;), without the use of a secondary solid to promote
fluidization.

A near-isothermal condition, reflected by the radial temperature profiles and
consumption of abundant oxygen (indicated by axial O, concentration profiles),
characterized the fluidized-bed combustion feature of this combustor. Axial temperature
and O2 concentration profiles showed that combustion took place mainly in the lower
combustor, below the recirculating ring. Results for E; and I, of 95.6-99.8% and 1.3-1.5
MWy,m?, respectively, were achieved, which were comparable with bubbling FBC for
rice-husk firing, however, not competitive with CFBC. A combined recircutating ring and
vortex air curtain should play an important role in efficient combustion, even within a
confined space.

Increasing excess air, either by increasing fluidizing air velocity or decreasing
combustor loading, caused decreases in E; due to insufficient residence times and bed
temperature decreases. The present FBC can operate in partial-load conditions, with an
achievable turn-down ratio of 2.3:1. Regarding gas emissions, increases in excess air
resulted in increased CO and NOj levels. CO increases resulted from temperatyre drops,
whereas NO, increases were probably due to greater fuel-N reactions with enriched
oxygen. Generally, when rice-husk was fired at a normal loading (66 kg/h), CO and NO,
ranges were 50-550 ppm and 230-350 ppm, respectively. The final section of this work
was a preliminary study of rice-husk co-fired with bituminous coal. Buming rice-
husk/coal mixtures of 80/20 and 70/30 (% energy) vielded satisfactory E. and /; values.
Bituminous blends had higher NO, emissions atiributed to the fuel mixture having a
higher nitrogen content.
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Table 1
Analyses of rice husk and bituminous coal (as received)

Proxizate analvais Lltimate analyvoas
fwi. %o} {wr S}
Rice bu-k Bitinunou: Rice huk B:imuineis
Fixed earboz 291 38.92 C 35¢€ 52135
Yolatle maner LN 3230 E 153 3.2
Moisture 03 2469 O 324 14.13
Azb 4.0 1.2 Y C.59 1.20
5 C.06 128
. Moizrare 103 1749
Azh 140 341
Rice huzk Briuminous
HAV MIky) 14.9% W)
Table 2
Experimental conditions for rice-husk combustion
Yertimry air
Primarr air Secondary alr . Ricebusk  Excess  Adr-
15::1 Upper recirculadng  Lower reclrculating ferd rate dir fael
Nos, Iing
g - . tkg'h) (%) rtto
Valodisy Fracdon  Vebedity  Fractoo  Veledty  Fraction Velodkty  Fructomn
(s} 3 {in$s} ) ('s) (0] {m's) )
Effect of primary alr
i 0.5 033 16 0.27 g Q.14 15 0626 66 83 81
3 0.8 0.44 16 0.23 g a1] 15 022 66 19 9.96
3 0.9 0.46 16 0.22 8 011 15 .21 66 132 10.56
4 1.2 0.§4 i6 0.19 8 0.10 I3 G.18 66 164 1204
5 1.4 057 16 017 & 0.10 15 0.16 &6 174 1247
Partiak-load operational
6 1o 0.47 157 022 78 .11 116 0.20 3 117
5 . . . . 2 9.87
7 10 047 13.7 G.22 15 011 116 0.20 66 140 1092
B 1.0 .47 15.7 0 > 56
5 .22 78 0.1% 13.6 030 50 0 14.56
® 1.¢ 0.47 137 0.22 1.8 0.11 13.6 a.20 33 380 2t.84




Table 3 ,
Summary of experimental results for rice-husk firing for operating conditfons in Table 2

Rum |y Bed  Exit Intensity 0,and CO;  emisvions at §% O, (nboimed ..

carbon in E1i.
Nos. Temp®, Temp. Feed rate Hear rate 0 Oy co NQ,; ash
O 0 Ggm Wytgh’y  MWET) () (W) ppm PP %) {85)
Effect of fluidizing air

1 83 un 1087 336:{66) 140 877 1137 30 22 08 958
2 t19 1153 933 336:{66) iie ©38 11.07 157 205 23 804
3 132 1106 812 3136.{66) 1.39 123 8.07 160 118 19 %1
3 164 1656 140 336:(66% 1.37 1219 885 427 336 67 [2:2)]
3 i 1049 807 336:{68) 1.34 1204 6.62 343 352 1112 95.6

Partial- lead operational

é n? 1136 928 372:(73) 1.54 ¢01 1143 100 288 22 pa4
7 140 113 813 336-{65) 138 1036 989 335 ot 3 98¢
8 120 006 67% 255500 1.03 133 530 152 EEY) 71 971
» 180 801 543 168°(33) 0.67 5.9 396 2176 348 79 963

‘measured a1 1.2 m
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To ensure a fair comparison of the SFBC and other FBCs that use rice-husk as
fuel, we compared combustion performance related to heat-rate capacity, combustion
cfficiency, and emissions separately.

4. With respect 1o the over-sized nanuscript, please see the response to the Editor’s
comments, item 1.

5. In response to the noted need to improve the English language, we will have the
revised version checked and edited again by a native English speaker.



We have responded point-by-point to the specific comments raised py Referee
#1, and the responses have been integrated into the revised manuscript (attached).

Response to Reviewer #2

1. We have added more explanation to section 2.3 (Experimental procedure) on how
to start-up the SFBC tests and the experimental conditions for the bed material.

2, 3. In response to the query why we conducted an experiment with 174% excess air,
since this will cause ipefficient combustion, we did so because we wanted to
investigate the effects of fluidizing air (primary air) velocity on combustion
performance in the present combustor. Therefore, the velocity varied from experiment
to experiment i.e., starting from 0.5 up to 1.4 m/s, which corresponded to an excess
air of 83-174%. However, even operating with 174%excess air and a corresponding
velocity of 1.4 m/s, combustion efficiency was still about 95%.

4. Sections 3.2 and 3.3 have been rewrtitten.

5. With biomass combustion at temperatures <1300°C, NO, formation is typically
through the fuel-NO, mechanism rather than thermal formation of NO, from nitrogen
in the combustion air [Prog in Energ and Combust Sci 26 (2000) 1-27, Prog in Energ
and Combust Sci 29 (2003) 89-113, Fuel 85 (2005) 705-716]. ‘

6. A/F in Table 2 means air-fuel ratio. This is clarified in Table 2 in the revised

version.

Attached is a detailed response to the comments raised by the Reviewers. We
sincerely appreciate your consideration of our revised manuscript for publication in

Fuel, and confirm our willingness to address any further queries.

Yours sincerely,
T. Madhiyanon
Corresponding author

Dr. Thanid Madhiyanon

Assistant Professor

Departiment of Mechanical Engineering
Mahanakorn University of Technology
Bangkok 10530, Thailand ,
Tel.: +66 (0) 2988-3666 Ext. 241

Fax: +66 (0) 2988-3655 Ext. 241
E-mail: thanid_m@yahoo.com



1 Response to Reviewers

Response to comments by Reviewer #1 ¢

At the outset, we sincerely thank Reviewer #1 for offering constructive and
encouraging comments, in particular, the excellent and very detailed technical review,
which have not only led to better exposition, but also improved the content of our
paper. In our paper, we have addressed almost all of the points raised by the
Reviewer, and our response to them is presented below.

1. The first suggestion by Reviewer #] was that the proposed combustor should not be
classified as a fluidized bed combustor because the inert bed material (typically, sand)
was not mixed with fuel to promote fluidization. It was suggested that it is rather a
cyclone-type combustor with a bottom grate. However, we beg to differ on this point.
Simultaneous generation of heat and separation of entrained solids from the flue gases
are recognized as impornant features of a cyclonic combustor. The solid fuel and part
of the combustion air are simultaneously injected tangentially to the combustor wall.
This generates cyclonic combustion while the solid-gas stream descends along the
wall {Combustion and Flame 146 (2006) 232-245; Int. Energy J. 1(2) (2000) 67-75).
Unlike cyclonic combustors, in the present combustor, the fuel was fed directly into
the combustor at a location 0.6 m above the air distributor via a screw feeder, no: by
poeumatic means; the main combustion took place within the chamber below the
recirculating ring. The phenomenon of fluidized bed combustion was clearly seen
through wall-opening ports, as described in the original manuscript. A near-isothermal
bed condition (Fig. 5) also indicated a good mix of the gas-particle stream within the
combustor, implying that the features of fluidized-bed combustion prevailed there,
even though sand was not used as & bed material. Since the main element of rice-husk
ash is silicon (~ 90% as Si0,), the rice-busk ash that is derived from continued
combustion can behave as an inventory bed material that contributes to favorable,

turbulent gas-solid mixing

However, with respect to the reviewer’s remark that we lack information about the O
concentration profiles inside 'kf combustor to clarify this issue, we fully concur.
Thus, we have subsequently performed further experiments. The results from two
more experiments are presented in Fig. Sb of the revised paper, to illustrate the O,



concentration profiles at different levels in the combustor (within the conical section
at 40, 200, and 350 mm, within the cylindrical part at 605, 930, 1330, andrISSO mm,
and at the exit). At the levels associated with the conical section, gases were sampled
along the conical wall because the sampling gas probe was upable to extend into the
conical base due to the stirring blades inside it. Meanwhile, the O; concentration
measurements in all regions beyond the conical base were taken along the
lopgitudinal axis of the combustor. The vertical Oy concentration profile is
characterized by sharp decay at the base of the unit and gradual increase in the upper
part due w secondary and teriiary air peupetrations, indicating the progress of the
overall combustion. The evidence for continued consumption of abundant O, along
the combustor height from the air distributor up to an elevation where the
recirculating ring was placed, shows vigeorous combustion of particulate selids and
gases (CO and volatiles) within this region. Added to this, please note that the
feeding-point zone may represent the first opportunity for volatile-rich burning,
leading to continued O, consumption there. An increase in the O, concentrations
above the recircufating ring is believed Lo be attributable to part of the tertiary air (the
secondary air in the old version has now changed to tertiary air in the revised version)
that is injected below the ring being induced into the upward siream of the

. 4
combustion gases.
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Fig. 5b. The O concentration profiles inside the combustor.



We trust that the above explanation will adequately clarify the combust"on process
inside the combustor, and has strengtheped the argument for the ‘fluidized bed

combustion’ features of this combustor. This is addressed in the revised manuscript.

2. We thank the Reviewer for pointing out that we should use the term ‘grate heat
release rate’ rather than “volumetric heat release rate’ when dealing with combustion
performance in FB combustors/boilers, because the beight of the combustor depends
upon the heat absorption requirements of the combustor walls. We agree on this point
and the heat rate intensity, which is defined as the heat release rate per cross-
sectional-area of the combustor, has been adopted for the discussion of combustor
performance, instead of volumetric combustion intensity. This will be corrected in the
manuscript, and the corresponding discussion will be revised accordingly. After
recalculation, the present combustor can achieve heat release rates (based on the
cross-sectional area of the combustor) in the range 1.34-1.54 MWym >, corresponding
to normal operation at feed rates of 66-73 kgh™', which can compare with bubbling
FBC for rice-husk firing, at 0.65-2.10 MWym™ [Biomass Bioenerg 23 (2002) 171-
179; Bioresource Technol 92 (2004) 83-91; Fuel 85 (2006) 434-442], however, not
competitive with CFBC, 3.95 MWym'™ [Fuel Proc. Tech. 85 (2004) 1273-1282], Ih.is

information will be included in the revised manuscript.

3. The comment by the Reviewer has been rephrased, as follows:

“The authors should explain why they tested the combustors at such high excess-air
values, leading to elevated heat losses with exhaust (or waste) gas. For the assumed
waste-gas temperature of about 100 °C, the heat loss with waste gas is estimated to
increase by more than 3% when excess air increases 50% (conventional level} o
150%. Note that the authors tested the combustor at excess air up to 380% (why?),

i.e. at quite low thermal efficiency.”

We explaiped in the original manuscript why we performed some experiments with
high excess air, but our reasons may not have been clear. We intended to investigate
combustor performance under pa;tial lIoad. To accomplish this, rice-husk loading was
reduced to half, whereas air velocities were fixed, and this resulted in an excess air
increase of up to 380%. The reason for the fixed amount of combustion air with

concurrent reduced rice-busk loading was that we foresaw this fluidized-bed



combustor being used in rice mills, as well as small power plants. For ricF-mills, the
thermal load requirement (for rice drying) may vary, depending on the supply of rice
for drying. The thermal energy in the combustion gas leaving the combustor, at about
900°C, can be used to dry rice (paddy) by blending it with induced ambient air, to
lower gas temperature to the desired level before drying, The most convenient process
for the operator with frequent partial-load situations is to adjust only the fuel-feed rate
without disturbing the air flow. 1n addition, in this case, no heat transfer surface is
provided inside the combustor. The hot flue gas leaving the combustor is, therefore, a
useful thermal energy resource, not waste energy (gas) and thus no heat loss from flue
gas, as the reviewer is aware. Finally, we concur that if the combustor is integrated

with a boiler the use of high excess air must not be recommended.

The next point is as follows:

“As siaied in the Conclusions, "Results for Ec and Ic of 95.6-99.8% and 0.85-0.38
MWth m-3, respectively, were achieved, which were very competitive with
conventional FBCs." Taking into account the above "hidden” heat losses, and,
especially, elevated NOx emissions (230-350 ppm in 6% 02 flue gas), it is quife
difficult to agree with this conclusion (in terms of the competitiveness with bubb‘ling
and circulating FBC systems).”

To avoid misunderstanding of “hidden™ flue-gas heat loss, a comparison with FBC
will be made based on normal-load conditions only (Run nos. 1-6, Table 3), and the
heat-release rate and emissions will be compared separately. The present combustor,
however, is competitive with the bubbling FBC for rice-husk burning in some
respects, e.g., combustion efficiency (99.4-99.8%) and heat rate intensity (1.34-1.54
MWym?). The NO, emissions of the present FBC (230-350 ppm in 6% O, flue gas)
were comparable to the bubbling FBC for firing rice husk {240-350 ppm, Fuel 85
(2006) 434-442, and Bioresource Technol 92 (2004) 83-91; 80-330 ppm, Biomass
Bioenerg 23 (2002) 171-179] but higher than a CFB combustor [150-220 ppm, Fuel
Proc. Tech. 85 (2004) 1273- 1282). The above will be added to the Conclusions of the
revised manuscript. v

4. With respect to the oversized manuscript, we have now reduced it to 30 pages,
partly by condensation and partly by excision. Also included are text, tables and Figs.



In response to the comment “The authors could be focused towards thf.;_ rice husk
firing only, since the part related fo the co-firing of the rice husk with coal is
apparently incomplete and weak”. We agree that the content related to the cause and
mechanism of occurrence of agglomerates was not clarified and have thus deleted it,
including the commesponding explanation, table and figures. However, the content
dealing with co-finng only in respect of combustion performance, as shown in the
text, should be of value to all readers, particularly those interested in co-firing
biomass with coal, despite it being only a preliminary study. Therefore, only the
content dealing with co-combustion performance will be maintained in the revised

version.

5. In response to the comment about the need to improve the standard of English, we
will have the revised version checked and edited once again by a native English
speaker.

Specific comment’s Reviewer#l

1. “use the terms ' primary’, ‘secondary’ and ‘tertiary’ air in accordance with t‘he:'r
conventional meanings (associated with the order of air involvement in the
combustion of fuel particles”

We agree with the Reviewer. Secondary air and tertiary air have now been adjusted to
reflect their order in the combustion cycle.

2. The ground level is shown in Figs. 1 and 2, including the axes of the combustor.

3. Afier rechecking, it appears that the results for heat loss due to unburned carbon, as
presented in Fig. 7, are correct. The use of high fluidizing velocity (1.4 m/s) led to the
distortion of the E. profile at excess air of 174%. This has been fully explained in the

original manuscript (section 3.3).

4. Reviewer #1 is comrect, the (;0 and NO, concentration profiles shown in Fig. 11
should be represented as actual values. However, in order to condense the manuscript

we deleted Fig.11 and corresponding explanation.



Responses to comments by Reviewer #2
f
At the outset, we sincerely thank Reviewer #2 for his/her work on this paper and
the helpful comments provided in this review. They will definitely help to improve
the paper and make in clearer. We have addressed almost all of the peints raised by
Reviewer #2. Our responses are presented below.

1. “Point 2.3 Experimental procedure: the start of the SFBC tests need more
explanation, as well as the experimental conditions relating to bed material. ”

The start-up process for the SFBC tests has been explained more clearly, as follows.
The SFBC can be staried easily without any additional fuel, such as liquefied
petroleum gas (LPG). Rice husks were pre-loaded manually into the combustor
through an access door until a bed-height of 20-30 cm above the air distributor plate
was reached, and then ignited. When pre-loaded rice husk was being combusted, the
access door was closed and simultaneously rice husks from the feed bopper were
gradually conveyed via a screw feeder into the combustor. Combustion continued
until the bed temperature reached about 450°C; thereafier, the feed was increased to
the desired feed rate. The above corrections will be added to the revised version.

¢

We apologize for the apparently unclear experimental condition of the bed material.
Although it was included in the introduction (final paragraph), results and discussion
(section 3.1, 2" paragraph), and conclusion, it somehow disappeared from the
experimental procedure (section 2.3). In fact, no external bed material was used to
promote fluidized-bed combustion; instead, ash derived from the rice husk itself
during continued combustion, in which the main element is silicon (= 90% as 5i03),
can behave as an inventory bed material that contributes to favorable turbulent gas-
solid mixing. We performed two further experiments, as suggested by Reviewer #1,
showing the (; concentration profiles inside the combustor to clarify the
characteristics of fluidized-bed combustion which is commonly maintained in the bed.
These profiles will be shown in Fig. Sb in the revised manuscript. The vertical O,
concentration profile is charac;eﬁzed by sharp decay at the base of the unit and
gradual imcrease in the upper part due to secondary and tertiary air penetration,
indicating the progress of overall combustion. Evidence of the continued consumption



