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Rice husk is one of the most important agricultural residuesin Egypt. The
present study introduces an experimental investigation on circulating
fluidized bed (CFB) combustion of rice husk and co-combustion of rice
husk and Egyptian (Snai) coal. The test rig is a pilot scale CFB
combustor of 145 mm inner diameter, 2 m tall and 100 kW thermal
capacity. The influences of excess air, and coal share were studied.
Temperature and heat flux along the reactor height, in addition to the
concentrations of CO, NOx and SO2 in the flue gas out from cyclone were
measured. The combustion efficiency was estimated based on CO and
unburned char in flue gas. The highest efficiency recorded for rice husk
combustion was 98% at excess air ratio (EA) = 1.1 and secondary air ratio
(SAR) = 50%. Co-combustion of Snai coal and rice husk reduced CO but
increased SO2 and NOx emissions. The results suggest that rice husk is
potential fuel that can be utilized for efficient and renewable energy
production by using CFB combustion system especially at co-combustion
with coal.

KEYWORDS: circulating fluidized bed (CFB), rice husk, coal,
emissions, combustion efficiency

1. INTRODUCTION

Biomass is one of the most important renewableggnersources. With the depletion
of oil sources and concerns about global warmimg tise of biomass is being
considered more frequently [1] The combustion of residues associated with
agricultural production and processing industrisspower plants seems to be a
promising technique for the future to contribute¢hboeduction of greenhouse gases
and solution of the waste disposable problem®ce husk and straw are the most
important agricultural residues in quantity. Thare some problems with the rice
husk treatment. These problems are due to a godame of wastes and its local
situation. On the other hand, this waste is probkc during its handling and
transportation due to low density [Hxperiments on a cold model showed that rice
husk is difficult to be fluidized and adding silitssand and coal improves the
fluidization condition [3]. Burning tests showed that the biomass fuels haee th
advantage of reaching the diffusion regime at teatpees that can be lower than 727
°C, which ensures that the biomass fuels burnstable regime [4]. The combustion
characteristics of rice husk in a multi-stagingtesrcombustor at different operating
conditions namely; equivalence ratio and secondaryratio were experimentally
studied. The experimental results showed thafrieimum temperature was 1176 °C
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in the vortex chamber. Measurements of gas emissfoom cyclone collector
consisted of @2.5%, CQ=17.3%, and CO=270 ppm respectively [5]. The optim
fluidizing velocity was investigated during the dowmstion of rice husk in a bench-
scale fluidized bed combustor to obtain low carbeh in the amorphous. The results
showed that the optimum fluidizing velocity was spgimately 3.3 minimum
fluidizing velocity [6].

Through co-firing with rice husk, an effective uske'as-received’ sugar cane
bagasse becomes feasible for energy conversiomhédnfltidized-bed combustion
systems [7]. Increased fluidizing velocity advéysaffected combustion efficiency
while increased coal fraction enhanced combustificiency when rice husk co-fired
with coal in short-combustion-chamber fluidized-lmednbustor [8].

The estimated annual rice production in develogiagntries is 500 million
tones. Approximately 100 million tones of rice kuare available annually for
utilization in these countries alone [9]. In Egygriculture wastes are still
responsible for environmental problems because roatlyem are burnt in open fields
causing air pollution and without energy recovei@][ Rice husk, an undesirable
agriculture mass residue in Egypt, is a byprodttherice milling industry.

The present study investigates the combustion cteistics of rice husk
alone and with Egyptian (Sinai) coal. The experitaavere carried out on a 100 kw-
CFB pilot scale located in the heat laboratory, uftsc of Engineering, Minia
University. The study focused on the effects afems air ratio EA and coal share in
the co-combustion on the temperature and heatpflofiles in the CFB combustion, as
well as on the major emissions (CO, Nidd SGQ).

2. EXPERIMENTAL

2.1 Experimental Facilities

The test rig includes reactor and auxiliary systetved recirculation system, air
supply, fuel feeding, and exhausts gas suction.oyerall schematic of the CFB test
rig is shown in Fig. 1. The reactor is an insudas¢eel cylinder with 145 mm inner
diameter, 2 m height, and 12 mm wall thicknesser&tare two inlets on the reactor to
admit secondary air at heights of 0.3 m, 0.7 m abitne distributor plate. The bed
recirculation system includes connecting pass,otyland return leg. The connecting
pass (crosswise parallelepiped canal) connectseeetthe reactor and the cyclone.
The cyclone and the return leg complete togetherciftle of the circulating solids
(sand and unburned solid fuels). The circulatiolids are returned to the reactor at
200 mm above the air distributor through the retiegy which is inclined with 45
The solid fuel is fed also through this leg whermixes with the returned solids. Air
is used as a career for the fuel and returnedsstithe reactor with the aid of gravity.
The main air supply is a blower of 15 kW capacitg 2850 rpm. The primary air is
admitted to the distributor through a cone ves$dl0® mm bottom diameter and 140
mm top diameter. The primary air is preheated &gipgian electric heater of 4.8 kW
capacity. The distributor has 35 nozzles. Eadrleois of 10 mm outer diameter, 5
mm inner diameter and has four holes of 2.5 mm diamon the circumstance. The
feeding mechanism of solid fuel is a low speed matal two pulleys, belt and screw
feeder. A gaseous fuel (supplied from four gaslé®s)tis premixed with the primary
air before entering the reactor. A suction farused to suck the flue gases to the
chimney.
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The temperatures along the reactor were measuradshielded thermocouple
type K. The accuracy of thermocouple was®E2 The analysis of the flue gas is
carried out along the reactor and on the gas stedting from the cyclone. The
concentration of @ CO, CQ, SG and NQ were measured by an electrochemical
cells analyzer. Then, the measured emissions of NE® and SQ were recalculated
based on 7% £by volume in the flue gas. The accuracy gfcOncentrations and gas
emissions measurement was *1% and *4% respectivAife heat flux to the
combustion chamber walls was measured by a plugdgat flux meter, which has a
plug of known thermal conductivity and dimensionsiside the plug, there are two
copper constantan thermocouples, separated byvankdistance along the axis of the
plug. Hence, the heat flux to the reactor wall barestimated at every measuring port
in kwW/m?. The uncertainty of heat flux value was +5%. Thosv rate of air and
gaseous fuel are measured by calibrated orifiGdid fuel is fed to the furnace at a
selected (pre-set) feed rate by the screw conveyamhanism. Samples of fly ash in
flue gas were collected after the suction fan aetevanalyzed for combustibles.

2.2 Fuel Characteristics and Bed Material

As shown in Fig. 2, rice husk has nearly cylindrgtaape of 2 mm diameter and 7 mm
length. It is very light, with packing density 860 kg/ni. High volatile content,
nearly uniform size and high ash melting point® alkaracterize rice husk. The ash
contains 87-98% silica and small proportion of rietalements. The proximate and
ultimate analysis and other properties of rice hars#t Sinai coal are given in Table 1.
A commercial gaseous fuel (butagas) is used ta sgarthe combustion process.
Butagas is a mixture of 70% butane and 30% propgnmlume. The bed material is
silica sand of 0.543 mm mean particle diameteriatidt kg/m bulk density.

Table 1. Thepropertiesof rice husk and Sinai coal

Rice husk [3] Sinai coal [11]
Ultimate analysis:
H,O % 6 3.8
ash % 16.92 9.8
C % 37.6 67.3
H % 4.89 5.54
N % 1.89 0.99
O % 32.61 10.26
S % 0.094 2.22
Proximate analysis
volatiles % 51.98 48.9
fixed carbon % 25.1 37.5
H,O % 6 3.8
ash % 16.92 9.8
A F* 5.3 9.37
Physical properties
Bulk density kg/m 350 690
Real density kg/rh 500 1600
Calorific value kJ/kg 13200 27976
Mean particle size mm 2 0.9

* Stoichiometric air to fuel ratio.
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2.3. Operating Conditions

This section displays the experimental runs thaewarried out using the present CFB
test rig. The bed is heated prior to admittingidsdliel by burning a butagas/air
mixture. Then solid fuels are introduced into twenbustion chamber. The butagas
supply is gradually decreased and stopped comyplefédr the combustion is self-
sustained. The electric heater is turned on duthegstart up procedure and stays on
during the combustion process of solid fuels. Tdmeperature of primary air is about
110°C. For the co-combustion tests, the coal was prnivith rice husk in different
mixing ratios to obtain coal share of 25% , 50% &B&&% (thermal basis). The mixture
of coal and rice husk is fed to the fluidized bgdHte screw feeder.

Experiments focused on the effect of excess aio @td coal share on the
combustion characteristics such as temperaturd, fheaand gas emission. The
excess air ratio is defined as the ratio of acteshbustion air to the stoichiometric
combustion air. Experiments can be divided into youps. The first group deals
with the combustion of rice husk. The second grdegls with the co-combustion of
rice husk and Sinai coal. The temperature and theatwere measured along the
reactor. The gas emissions were measured afteythene. All operating parameters
of rice husk combustion are indicated in Table r&j af co-combustion in Table 3.
The thermal load is the summation of the fuel Imgptralue and the heat input by
preheated primary air.

Table 2: General layout of the experimental procedure of rice husk combustion

Fuel Rice husk
Experiment No. 1 | 2 | 3 | 4
Fuel feed rate, kg/h 25
Excess air ratio 1.1 | 1.3 | 1.6 | 1.85
Secondary air ratiéo 50
Mass of bed, kg 3
Thermal load, kW 106 | 106.2] 106.6] 107

Table 3: General layout of the experimental procedur e of co-combustion of rice
husk and Sinai coal

Fuel Rice husk and Sinai coal mixture
Experiment .No. 1 2 3
Coal shar# (thermal 25 50 75
basis)
Coal feed rate, kg/h 3.5 7 10
Rice husk feed rate, kg/h 19 12.5 6
Excess air ratio EA 1.1-1.3-1.6-1.86 1.1-1.3-18k1, 1.1-1.3-1.6-1.85
Secondary air ratiéo 50
Mass of bed, kg 3
Thermal load, kW 106.4 | 106.9 | 107.2
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The gas emissions were measured after the cyclodedated to 7% ©Oin
flue gas. Based on CO emission and unburned cadomtent in fly ash, the
combustion efficiency was calculated for biomassduand Sinai coal. The unburned
carbon content in fly ash (at chimney) was analyaed found to be in the range of 1.6
- 3.8% (by weight). Combustion efficiencyX is calculated by the following
equation [9]:

r|c=[(Ef - Efg - East) / Ef] x 100%

where Eis the heating value of the fuel,sHs the energy loss as unburned carbon in
the fly ash, and f&is the energy loss as carbon monoxide in thegase The calorific
values of CO and carbon were taken as 10160 kaf@a829 kJ/kg respectively.

3. RESULTS AND DISCUSSION
3.1 Rice Husk Combustion

3.1.1 Temperature Distribution and Heat Flux

Figure 3 describes the effect of excess air ratidbbed temperature at a height above
the air distributor of 0.1 m. As expected, incregsexcess air ratio results in
decreasing bed temperature. The temperature desré@mm 960C to 850°C when
EA increases from 1.1 to 1.85. The temperaturetaal flux distribution along the
reactor height for rice husk combustion at EA =dntl SAR = 50% are represented in
Fig. 4. It is observed that both temperature aedt lilux decrease with the height
above the air distributor due to the heat losseth¢oreactor walls. The heat flux
ranged between 40.27 and 85.23 kW/ m

3.1.2 Gas Emissions

The effect of excess air ratio on CO and NOx emissiat SAR=5% for rice husk
combustion is plotted in Fig. 5. The figure clesf that the CO emission increases
with increasing the excess air. This may be aiteith to the decrease in temperature
occurred by the excess air. The value of CO epmnssaries between 0.42 and
0.38%. It can be concluded that EA=1.1 satisfies th&t benditions for lowest values
of CO emission. The figure also illustrates ttiag NOx emissions slightly decrease
with increasing excess air ratio in contrast to@@@ emission trend. The value of NOx
emission varies between 100 ppm and 110 ppm.

Figure 6 describes the variations of £@d Q concentration with change of
excess air ratio. From this figure, it is obsertieat the CQ concentration decreases
with increasing the excess air ratio. This carekglained with the dilution effect of
excess air. The values of g@oncentration varies between @.6and 6.56. As
expected, increasing excess air ratio causes sioge& concentration in flue gases.
The Q concentration varies from %6to 17.2%.

3.1.3 Combustion Efficiency

The effect of excess air ratio on the combustidiciency of rice husk is shown in Fig.
7. It is noticed that the combustion efficiencycidmses with increasing excess air
ratio. The combustion efficiency values varied ledw 94% and 98%. Table 4
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indicates more details about the heat losses duactimplete combustion of CO
emission in flue gas and unburned carbon in fly ash

Table 4 Heat losses and combustion efficiency of rice husk in CFB at different
valuesof excessair.

c Unburned carbon
EA | SAR% in fly ash% M
1.1 1.6 98
1.3 50 2.5 96
1.6 3.1 94.5
1.85 3.8 94

3.2 Co-combustion of Rice Husk and Sinai Coal

3.2.1 Temperature Distribution and Heat Flux

The results in Fig. 8 clarify the temperatures riistion along the combustion
chamber height for the co-firing rice husk and Binaal. The temperature was
measured at mixing ratios of 25 %, 50 %, and 75f¥hermal load at EA=1.85 where
the lowest values of CO were found. It is obsertleat the temperature reaches
maximum values of 850-960 °C at bed region and ithgradually decreases along the
combustion chamber. It is found also that the &najpre level increases with
increasing the coal share percentage. This maytedsfrom the higher adiabatic
flame temperature of coal than of rice husk. Theimum temperature of 98D was
achieved at 75 % coal share.

The heat flux distribution along the height of carstion chamber for the co-
combustion is shown in Fig. 9. It is observed ttia¢ heat flux increases with
increasing the coal share (as found in temperatlis&ribution in Fig. 8). The
maximum value of heat flux is 94.28 kWArat 0.1 m above the distributor and coal
share of 75%.

3.2.2 Gas Emissions

Figure 10a presents the variations of CO emissiitim @oal share of @, 25%, 50 %,
and 756 at EA=1.85 and SAR=50. The obtained results in this figure clarifiecitth
the CO emissions decrease with increasing coaesfifis may be due to increasing
bed temperature and in turn increasing burning odtduel. Also, this may be
explained with the higher density of coal partislecomparison with rice husk. In
turn, the residence time of coal particle is lonipen it of rice husk. Also, the higher
volatile content in rice husk may increase the Q@ission. The values of CO
emission varies between 0.0%2and 0.38. The effect of excess air ratio (EA) on
CO emissions from co-firing is described in Fig.b10 This figure shows that
increasing EA leads to decreasing CO emissionss Eimay be attributed to the
increase of available or the combustion process. It is worth to noiat the lowest
CO emissions (between 0.02znd 0.056) are recorded at the coal share of 75%.
Figure 11la illustrates the impact of coal sharetlom NOx emissions at
EA=1.85 and SAR=50%. As shown in this figure, t@x emission increases with
increasing coal share. The N@mission varies from 100 ppm to 520 ppm. Theceffe
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of EA on NOx emission is demonstrated in Fig. 1Ibhis figure shows that NO
emission increases with increasing EA. The in@¢asdency seems more clear when
coal share increases. The Nédission varies between 224 ppm and 520 ppm. From
Figs. (10, 11), It is noticed that N@missions have converse trend comparing to CO
emissions. This is expected to be due to theytatabduction effect of CO on NOn

the flue gas. The CO reduces NO to elementalgétrovia the following mechanism
[12].

2CO+2NO-2CO +N;

Figure 12a depicts the variation of S€@nission with coal share percentage at
EA=1.85 and SAR=50%. As expected increasing coafesresults in increasing $O
emissions due to the higher sulfur content of d¢bah rice husk. The highest §O
emission is 510 ppm at coal share of 75%. Thecefié EA on SQ emission is
described in Fig. 12b. It is observed that the 8@ission increases with increasing
EA and in turn increasing £awvailable for oxidizing the sulfur.

The effect of coal share on,@oncentration at EA=1.85 and SAR=50% is
shown in Fig. 13a. It can be seen that thec@Gncentration decreases slightly with
increasing coal share in mixtur€his may be due to the higher theoretical air &l fu
ratio of coal combustion (9.37 kékdwe) than rice husk combustion (5.3 kK rel)-
Consequently the rate of combustion air requirgcc¢astant EA of 1.85) decreases
when coal share increases.

The impacts of EA on Oconcentration are introduced in Fig. 13b. It is
observed that, as expected, increasing EA resultereasing @concentration.

Figure 14a displays the variation of £@oncentration with coal share
percentage. It can be observed that increasingst@ak leads to increasing the £LO
concentration because of increasing burning rateadfon. This may be referred to
the important role of circulation system in burngwgl particles efficiently. The
effect of EA on CQ concentration is shown in Fig. 14b. This figurdioates that, the
CO, concentration increases with increasing EA whialpperts the complete
combustion.

4. CONCLUSIONS

In the present work the effects of excess air ratml coal share on rice husk
combustion has been investigated. Several concisidhave been derived from the
obtained results. The excess air ratio varied ftointo 1.85 in rice husk combustion.
It was found that with increasing the excess dioyghe bed temperature and heat flux
decrease, the CO emission in flue gas increasedl@@mission in flue gas slightly
decreases. The temperature ranged betweetC&50960C. The heat flux ranged
between 40.27 and 85.23 kWZ.nThe condition of EA = 1.1 and SAR = 50% satisfie
the best conditions for lowest CO emission of 0.12%d highest combustion
efficiency of 98%.

The experiments of co-combustion of rice husk apal evere carried out at
mixing ratios of 25 %, 50 %, and 75 % of thermadawith different excess air ratios.
It was observed that increasing EA leads to deer&€3 emissions and increase ,NO
emissions from co-combustion. Increasing coal eslaereases the temperature, heat
flux, CO, concentrations, NO emissions, S© emissions while decreases CO
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emissions. The lowest CO emission of 0.012% isibitdd at EA = 1.85 (the
maximum tested value)and SAR = 50%.

Finally It can be concluded that the co-combustbnce husk and Sinai coal
may be preferable for more efficient combustioneesgly when a method for sulfur
capture is considered.
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