OPEN 8ACCESS

International Journal of Recent Technology and Engineering (IJRTE)

ISSN: 2277-3878 (Online), Volume-9 Issue-1, May 2020

Combustion of Agricultural Wastes/Coal in

Circulating Fluidized Bed

Chack for
updatas

Mahmoud A M Youssef, Hamada M Abdelmotalib

Abstract: This paper presents an experimental investigation on
circulating fluidized bed (CFB) combustion of one of agricultural
wastes (faba bean hulls) and co-combustion faba bean hulls and
Egyptian (Sinai) coal. Thetest 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, degree of air staging, bean hull
particle size and coal share were studied. Temperature, heat flux,
CO, NOx and SO, concentrations along the reactor height and
flue gas out from cyclone were measured. The combustion
efficiency was calculated based on CO emission and unburned
char in flue gas. The results showed that size reduction of bean
hulls results in lower CO and NOx emissions. The induction of
secondary air has a negative effect on combustion efficiency. The
highest efficiency recorded for bean hulls combustion was 98.5%
at excess air ratio (EA) =1.09 without secondary air.
Co-combustion of Sinai coal and bean hullsreduced CO and NOx
emissions but increased SO2 emissions. The results suggest that
bean hulls are potential fuel that can be utilized for efficient and
clean energy production by using CFB combustion system
especially at co-combustion.

Keywords: fluidized bed, combustion, agricultural wastes, coal,
emission, efficiency

. INTRODUCTION

Biomass is one of the most important resources of

renewable energy. With the depletion of oil sources and
concerns about global warming, the use of biomass is being
considered morefrequently [1]. Many researches demonstrate
the promise of using agricultural wastes as aternative biofuel
such as rice husk [2], rice straw [3], cotton stalks [4], pine
chips[5], and olive husk [6], [7].

In Egypt, most electrical energy is generated from thermal
power plants. The mgjority of these plants operate with
natural gas, which will be depleted in little decades. With a
scope on the future, Egypt needs a gradual resolution to fossil
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fuels with renewable energy such biomass fuels. Biomass
includes a large variety types with different combustion
characteristics[8].

Among the proven combustion technologies (such as
fluidized bed, suspension-firing and grate firing), the
fluidized bed technology, is reported to be the most efficient
and suitable for the energy utilization of agricultural and
wood residues. For example, an efficient and sustainable
combustion of a conical fluidized bed system was performed
using sawdust, rice husk and pre-dried bagasse in wide ranges
of excess air and combustor load [9].

Rice husk is difficult to be fluidized and adding silicon
sand and coal improves the fluidization during experiments
on a cold model [2]. However, for proper fluidization, inert
bed material should be used to facilitate biomass fluidization.
Alumina bed can mix well in cotton stalk experiments [4].

Generally, most biomassfuels cannot easily fluidize dueto
irregular particle shapes [10] or high moisture/ash content
[11]. Another problem of fluidized bed combustion of
biomassisthe agglomeration phenomenon. The occurrence of
this phenomenon during fluidized bed processing of biomass
fuelswasinvestigated in [6]. The phenomenon was attributed
tothe akali content in biomass materialsthat givesriseto low
melting compounds in combination with SiO,, normally
present in bed materials. Combustion of refuse-derived fuel
aone or together with other biomass leads to super-heater
fouling and corrosion due to vaporization and condensation of
akali chlorides. The portion of refused-derived fuel up to
40% was used without risk to boilers[12].

The co-firing coal and biomassin CFB confirmed that the
increase in biomass share resulted in an increase of CO
concentration in the flue gas [13]. For more contribution of
biomass to the commercia energy demand, the technical
enhancements should focus on improving environmental
impacts and combustion efficiency. In the fluidized bed
systems, the major harmful pollutants emitted from biomass
combustion are the emissions of CO, NO, and SO, [4]. Asa
case study, rice husk combustion shows that the air split and
gas velocity have great effect on the emissions and
combustion efficiency [2].

With respect to the environmental limits, the combustion
of biomassin CFB is preferable than SFB for various biomass
fuels [8]. The combustion of some main biomass fuels in
Egypt was investigated and showed high combustion
efficiency in CFB [14, 15]. Hence, combustion studies of
more Egyptian biomass fuels must be continued largely and
deeply. In the present study, the tested biomass fuel is
faba-bean seed coats (bean hulls) which are produced as a
waste from the first leguminous crop in Egypt.
Co-combustion of bean hulls
and Egyptian (Sinai) coal was
investigated.
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The experiments were carried out on a 100 kW-CFB pilot
scale located in the heat laboratory, Faculty of Engineering,
Minia University.

The study focused on the effects of staged air and excess air
ratio (EA) on the temperature and heat flux profiles and the
combustion efficiency in the CFBC, as well as on the major
emissions (CO, NO, and SO,).

Il. EXPERIMENTAL

A. Experimental facilities

The CFB test rig includes reactor and the systems of bed
recirculation, fuel feeding, air supply, and exhaust gas. Figure
1 shows an overall schematic of the CFB test rig. The reactor
is an insulated steel cylinder with 145 mm inner diameter, 2
m height, and 12 mm wall thickness. Secondary air is
admitted via two inlets on the reactor at heights of 0.3 m and
0.7 m above the distributor plate. The bed recirculation
system includes connecting pass (connects between the
reactor and the cyclone), cyclone, and return leg. The
circulating solids are returned to the reactor at 200 mm above
theair distributor through the return leg whichisinclined with
450. During the feeding of the solid fuel through this leg, it
mixes with the returned solids. Air is used as a career for the
fuel and returned solids to the reactor with the aid of gravity.
The main air supply is a blower of 15 kW capacity and 2850
rpm. The primary air is admitted to the distributor through a
cone vessel of 100 mm bottom diameter and 140 mm top
diameter. The primary air is preheated by using an electric
heater of 4.8 kW capacity. The distributor has 35 nozzles.
Each nozzleis of 10 mm outer diameter, 5 mm inner diameter
and has four holes of 2.5 mm diameter on the circumstance.
The feeding mechanism of solid fuels is a screw feeder is
derived by alow speed motor. A gaseous fuel (supplied from
four gas bottles) is premixed with the primary air before
entering the reactor. A suction fan is used to suck the flue
gases to the chimney.

Chimney
Suction fan

Measuring port

g

Second secondary air inlet==
: — |, Feeder

4 Cyclone
Carrier air

Inlet air blower First secondary air inlet |

Il
| A

Butagas
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Air preheater

Figure 1: Schematic diagram of circulating fluidized bed.

The temperatures along the reactor were measured by a
shielded thermocouple type K. The flue gas analysisis carried
out along the reactor and before exiting from the chimney.
The concentration of O, CO, CO,, SO, and NO, were
measured by an electrochemical cells analyzer. Then, the
measured emissions of CO, NO, and SO, were recaculated
based on 7% O, by volume in the flue gas. The accuracy of
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gas measurement was + 4%. A plug-type heat flux meter is
used to measure the heat flux to the reactor walls.

There are two copper constantan thermocouples inside the
plug, separated by known distance along the axis of the
plug. Hence, the heat flux to the reactor wall can be estimated
at every measuring port in kW/m? The flow rate of air and
gaseous fuel are measured by calibrated orifices. The solid
fuel isfedto the furnace at selected (pre-set.) feed rates by the
screw conveyor mechanism. Samples of fly ash in flue gas
were collected after the suction fan and were analyzed
for combustibles.

B. Fuel characteristics and bed material

The bed material issilica sand of 0.543 mm mean particle
diameter and 1414 kg/m? bulk density. The faba-bean hull has
anirregular boat-like shape and its dimensions are around 10
mm length, 5 mm width and 3 mm depth as shown in Fig. 2.
The crushed bean hull islessthan 3 mm in length.

a- Before crushing.

b- After crushing.
Figure 2: Photo of faba bean hulls.
The proximate and ultimate analysis and other properties of
bean hulls and Sina coa are given in Table 1. A
commercial gaseous fuel (butagas) is used to start up the
combustion process. Butagas is
a mixture of 70% butane and
30% propane by volume.
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Table 1: The properties of faba bean hullsand Sinai coal

Faba-bean hulls | Sinai coal [15]
Ultimate analysis:
H,O % 10.6 3.8
ash % 10.5 9.8
C % 17.04 67.3
H % 6 5.54
N % 2.12 0.99
O % 53.74 10.26
S % 0.0 2.22
Proximate analysis
volatiles % 62 48.9
fixed carbon % 17 37.5
H,O % 10.5 3.8
ash % 10.5 9.8
A:F 1.68 9.37
Bulk density kg/m’ 300 690
Real density kg/m® 650 1600
LHV? kJkg 12830 27976
Mean particlesize | 1.07 (crushed) 0.9
mm

! Stoichiometric air to fuel ratio lower heating value.

C. Operating conditions

The bed is heated prior to admitting solid fuel by burning a
butagas/air mixture. Solid fuel is fed by the screw feeder.
The butagas supply is gradually decreased and stopped
completely after the combustion is self-sustained. The electric
heater is turned on during the start up procedure and stays on
until the combustion process of solid fuel stabilizes then
turned off.

Experiments focused on the effect of staged air, excess air
ratio, size of bean hulls and coa share on the
combustion characteristics such as temperature, heat flux and
gas emission. Experiments can be divided into two groups.
The first group deals with the combustion of bean hulls
(before crushing and after crushing). The second group deals
with the co-combustion of bean hulls and Sinai coal. The
temperature, heat flux and gas emissions were measured
aong the reactor. The gas emissions were also measured
before exit from chimney. All operating parameters of bean
hulls combustion are shown in Table 2, and of co-combustion
with Sinai coal in Table 3.

Table 2: General layout of the experimental proceeds of
faba bean hulls combustion.

Fuel Faba bean hulls Faba bean hulls
(before crushing) (after crushing
Experiment No. 1 2 3 4 5 | 2 3 4
Primary aif flowrate, | ) | 106 | o | g5 | 64 | 85 | 90 | 93 | 98
kg/h
Fuel feed rate, kg/h 30 30
Excess air ratio (EA) | 1.22] 1.8 [1.63[144]1.09[ 1.1 [ 12 [ 13 ] 14
Secondary air ratio =
-20-40-5
(SAR) % 0-20-40-50 0
Mass of bed, kg 3 3
Temperan.lreoof 110 110
primary air, °C
Thermal load, kW 107 107

Table 3: General layout of the experiments of
co-combustion of bean hullsand Sinai coal.
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Fuel bean hullsand Sinai coal
mixture
Experiment No. 1 2 3 4
Coal share% (thermal) 25 50 75 | 100
Coal feed rate, kg/h 3 6 9 12
Primary air flow rate, kg/h 170 | 190 | 185 | 190

Bean hullsfeed rate, kg/h 21 14 7 0

Excessair ratio (EA) 10 | 12 [ 14 | 17
9
Secondary air ratio (SAR) % 50
Mass of bed, kg 3
Temperature of primary air, °C 110
Thermal load, kW 100

The gas emissions were measured after the cyclone and
related to 7% O, in flue gas. Based on CO emission and
unburned carbon content in fly ash, the combustion efficiency
can be calculated for biomass fuels and Sinai coal. The
unburned carbon content in fly ash (at chimney) was analyzed
and found to be in the range of 0.875- 3.9 % (by weight).
Combustion efficiency (ne) is mathematically determined
from equations (1, 2 and 3).

Nc= Qin—Qco—Qun (1)
Qi N

Qe =M *(C.V) o 2

Qun =Masy *char% * ; *(C.V) carbon ©)

1—char

where:

Qin The heat input.

Qo The heat |osses due to incompl ete combustion of

carbon.

CVco The calorific value of carbon monoxide = 10,160

kJ/kg.

Qun The heat loss due to unburned carbon in fly ash.

CVeabon  Thecaorific vaue of carbon = 33,829 kJ/kg.

I1l. RESULTSAND DISCUSSION

A. Bean hullscombustion

A.1 Temperaturedistribution

Figure 3 showsthe temperature distribution along the CFB
reactor at different values of excess air ratio (EA). It is
obvious that the temperature exhibits nearly one trend. The
temperature decreases gradually along the reactor due to heat
losses through chamber walls (despite the insulation). The
highest temperatures were at the reactor bottom at 0.1 m
height above the distributor. As expected, temperature values
decrease with increasing EA (figures 3 a, b, ¢, d). The highest
temperature was in the range between 900°C and 1000°C.
Studying the influence of varying secondary air ratio SAR
(the ratio of secondary air to total combustion air) indicates
that the SAR of 0% offers higher temperature levels than the
other SARs.
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Figure 3: Temperaturedistribution along the
reactor for bean hulls combustion.

The temperature distribution for the crushed bean hulls at
EA =1.4 and SAR=0% isshownin Figure 4. It can be noticed
that the reduction in hull size (from d,,= 5 mm to 1.07 mm)
raises the temperature levels along the reactor relatively but
has no great effect on temperature distribution.
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Figure 4: Temperaturedistribution along thereactor for
crushed bean hulls combustion

A.2 Heat flux

Figure 5 shows the heat flux at various heights of the
reactor. Comparing the temperature and heat flux figures
clarifies that the heat flux has a similar trend to the
temperature distribution along the reactor. The heat flux
decreases gradually along the reactor due to heat losses
through walls and the admission of secondary air. Maximum
heat flux is about 90 kW/m? at height of 0.1 m above the
distributor at SAR=0% and EA
values of 1.09 and 1.22.
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The values of heat flux are varied between about 20 kW/m?

and 90 kW/m?.
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Figures (6) shows the heat flux for the crushed bean hulls
(@ at EA =1.4. It is noticed that, the reduction in fuel size has
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Figure 6: Heat flux along the reactor for crushed bean
(b) hulls combustion
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In order to reduce the CO emission, additional combustion
experiments were carried out using crushed bean hulls.
Preliminary experiments on the crushed bean hulls showed
that the secondary air admission always increases the CO
emissions. Therefore, the experiments carried out without
secondary air, only were presented. These experiments were
carried out with different values of EA as shown in Fig. 8a
The CO emission decreases with EA increase and it reaches a

minimum value of 0.215% at EA =1.4. It is clear that the
excess air, here, plays a positive role in completing the
combustion process. CO emission distribution, without
relating to 7% O, in flue gas, along the CFB reactor at EA

=1.4 is shown in figure 8b. It can be observed that the CO
emissions increase with increasing the height above the
distributor till z=0.8 m and then asymptote to almost a
constant value of 0.1%.

15
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Figure 7: CO emissionsfor bean hullscombustion: (a) at
different EA. (b) at different SARSs.
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Figure 8: CO emissionsfor crushed bean hulls (a) at
different EA. (b) alongthereactor.

Figure 9a shows the NOx emissions of bean hulls
combustion at different values of EA. It is observed that the
NOx emissions increase dightly with increasing EA. The
variation of NOx emissions with SAR is described in figure
9b. It is noted that increasing SAR to 50% reduces NOx
emissions from 350 ppm to 150 ppm (i.e. the reduction is
about 45%).

The effect of using crushed bean hullson NOx emissionsis
shown in Fig. 10a It can be noticed that the NOx
emissions decrease with decreasing EA and it reaches a
minimum value of 140 ppm at EA =1.1. Generaly, the NOx
emissions have lower values (140-210 ppm) compared with
that in case of using uncrushed bean hulls (350-430 ppm).

Figure 10b shows the NOx emissions (without relating to 7%
02 influe gas) from crushed bean hulls combustion along the
CFB reactor at EA =1.4 and SAR = 0%. The NOx emissions

increase with increasing the height above distributor till z=0.8
m and then asymptote to almost a constant value of 140 ppm.
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The comparison of CO and NOx emissions from bean hulls
combustion before and after the crushing indicates that the
crushing reduces these emissions.
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Figure 9: NOx emission for bean hulls combustion (a) at
different EA. (b) at different SAR.

A.4 Combustion efficiency

The combustion efficiency is indicated in Table 4. In
general, high combustion efficiency is mainly attributed to
the reduction in unburned fixed carbon and low CO emissions
within flue gas. The highest efficiency (98.5%) was
achieved from the combustion of bean hulls at EA=1.09. The
effect of SAR on the combustion efficiency is shown in Fig.
11. It can be observed that, increasing SAR causes a decrease
in the combustion efficiency
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Figure 10: NOx emission for crushed bean hulls (a) at
different EA. (b) along thereactor.

Table 4: The combustion efficiency of bean hulls

EA | SAR% | char% | ms, | EA | SAR% | chart% | n
1.09 0 1.75 | 985 (144 0 0875 | 98.3
20 27 | 982 20 1.5 |98.1
40 3.1 98 40 36 |972
50 34 | 977 50 39 1966

Figure 11: Combustion efficiency for bean hulls combustion.
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Figure 11: Combustion efficiency for bean hulls
combustion.

B. Co-combustion of bean hullsand Sinai coal

B.1 Temperaturedistribution

Thetemperature profilesfor the co-combustion of crushed
bean hulls mixed with Sinai coa are plotted in Fig. 12. The
temperature was measured at EA= 1.09 and coa share of
25 %, 50 %, 75 % and 100 % of the thermal load. It is noticed
that the temperature levels increase with increasing the coal
share percentage. The maximum value of temperature
(970°C) is achieved at coal share of 100%.

B.2 Heat flux

Figure 13 showsthe heat flux along the reactor height. Itis
clear that the heat flux has a similar trend of the temperature
distribution (Fig. 12). The heat flux values increase with
increasing the coal share. This may be attributed to the much
elutriated burned char along the reactor during coal
combustion where the fixed carbon content in coal is more
than two times that in bean hulls. The maximum value of heat
flux (96.25 kW/m?) is at coal share of 100 %.
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Figure 12: Temperaturedistribution for Co-combustion
of bean hullsand Sinai coal.
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Figure 13: Heat flux for co-combustion of bean hullsand
Sinai coal.

B.3 Gasemission

The CO emissions variation with coal share percentageis

shown in Fig. 14a. The CO emissions decrease with
increasing the coal share percentage. This may be attributed
to the higher density of coa particles comparing with biomass
particles. Hence, the most char formed, after the volatiles
leave the coa particle, may stay in the bed until burn
completely. On the other side, the lower density of been hulls
causes elutriation of particles without complete burning due
to the short residence time of particles. In the same time, the
separation efficiency of the cyclone may be insufficient to
capture the elutriated bean hulls particles due to their low
densities.
The effect of excess ar ratio on CO emissons from
co-combustion is shown in Fig. 14b. It is notable that the CO
emissions increase with increasing EA for 25%, 50% and
75% coal share. This may be referred to the insufficient
residence time for burning fuel particles completely with
increasing fluidizing velocity. Another reason may be the
lower temperature resulted from increasing excess air. It is
also noticed that EA has no large effect on CO emission when
coal shareis 100%.

Figure 15a showsthe variation of NOx emissionswith coal
share, the NOx emissions decrease as coal share increases. It
isworth to note that thistrend of NOXx acts the same manner of
CO emissions trend as shown previously in figure 14a
The NOx emissions exhibits low values lie between 10 ppm
and 95 ppm. The effect of EA (1-1.8) which changes the
fluidizing velocity, from1.15 m/s to 1.8 m/s, on NOx
emissionsis shown in Fig. 15b. The NOx emissions decrease
as the excess air ratio increases. This may be explained with
the cooling effect of much EA. The NOx emissions are in a
low range of 8-95 ppm.
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Combustion of Agricultural Wastes/Coal in Circulating Fluidized Bed

IV. CONCLUSION

For the combustion of bean hulls, the temperatures
decrease with increasing EA. The highest bed temperature is
in the range between 900 °C and 1000 °C. The heat flux has a
similar trend to the temperature distribution along the reactor.
Decreasing secondary air admission, at the combustion of
bean hulls, decreasesthe CO emissions and increases the NOx
emissions and the combustion efficiency. The highest
efficiency (98.5%) is achieved from the combustion of bean
hulls at EA=1.09. The size reduction of bean hulls offers
lower CO and NOx emissions from combustion.

For the co-combustion of bean hulls and Sinai coa, The
temperatures and heat flux increase with increasing the coal
share. The CO and NOx emissions decrease as the coa share
increases. The CO emissionsincrease and NOx decrease with
increasing EA for 25%, 50% and 75% coal share. The NOx
emissions exhibits low values lie between 10 ppm and 95
ppm. The SO, emissions increase with increasing the coal
share which provides more sulfur content in the fuel mixture.
The values of SO, emissions varied between 30 ppm to 910

ppm.
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