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Summary: 
The environmental and thermal performance of a 1.07 m diameter, 440 kW atmospheric fluidized bed 
combustor operated at 7OO0C-92O0C and burning coal was studied. Flue gas recirculation was 
incorporated to enhance the thernal performance and air staging was used to control emissions df SOz, 
CO, NO, and NzO. Studies focused on the effect of excess air, firing rate, and use of sorbent on system 
performance. The recirculation-staging mode with limestone had the highest thermal efficiency(O.67) 
using the firing equation. Emission data showed that flue gas recirculation (ratio of 0.7) significantly 
reduced NO, emissions; and that use of limestone sorbent at a Ca/S ratio of 3 reduced SO2 emissions by 
64% to approximately 0.310 g/MJ. 
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Environmental Performance of Air Staged Combustor with Flue Gas 

Recirculation to Bum Coal/Biomass 

bY 

S.H. AMIAR AND H.M. KEENER 

INTRODU(JII0N 

Utilization of crop residues as an energy source is a socially beneficial use of 
commodities which at present are largely a source of pollution in crop growing areas. In 
addition many parts of the world have available low quality coal (i.e. high sulfur and high ash 
content) which could provide low cost energy (Keener et al., 1992). However combustion of 
solid fuels in conventional combustion systems generally produces atmospheric pollutants NOx 
and SO2 or the corrosive, condensable vapors such as H2SO4 and HC1 in addition to C02, 
H20 and 02. The SO2 and NOx contribute to acid rain problems confronting society. Also, 
part of the inert ash will be entrained as particulates in the exhaust gases, adding to the 
pollutants discharged. The rest remain in the system and may have to be removed 
mechanically. Current standards set by the United States EPA (Federal Register, 1990) 
stipulate that the emissions of NOx are not to exceed 370 ppm for plant capacity larger than 100 
MW and 430 ppm for capacity less than 100 MW. The limits of Sa and NOx emissions are 
0.52 g/MJ and 0.26 g/MJ (1.2 lb/106 Btu and 0.6 lb/106 Btu) respectively. 

Fluidized beds have been used extensively for heat exchange in combustion systems 
because of their unique ability to lransport heat rapidly and maintain a uniform temperature in 
industrial processes (Kunii and Levenspiel, 1991). Calcined limestone in such beds captures 
large amounts of the sulfur oxides released from the combustion of fossil fuels in solid form, 
CaS04, for easy handling and disposal. In addition, particulate emissions can be reduced 
within the permitted limits using baghouses or electrostatic precipitators (Makansi, 1993 a,b). 
The fluidized beds' inherently low combustion temperatures reduce the formation rate of NOx 
far below the legislated level, but the low temperature favors the formation of N20. N20 is a 
greenhouse gas that contributes to the thinning of the ozone layer in the stratosphere (Brarner 
and Vaulk, 1991). The curreat emission level of NOx from fluidized bed combustors (FBC) is 
low, but more stringent emission standards Li the future may require even lower levels. 

Staged combustion in a fluidized bed is a method whereby the formation of NOx can be 
reduced further in the presence of reducing agents in the bed such as CO and H2 by shifting the 
combustion partly from the bed to the freeboard, Air staging may be realized by decreasing the 
primary air flow which results in substoichiometric combustion and reducing conditions in the 
bed, and supplying secondary air in the freeboard to maintain complete combustion. The 
injection of secondary air in the freeboard may also influence the flow and temperature pattern 
in the combustor, possibly further enhancing its effectiveness in heat exchange @rem and 
Brouwers, 1991). 

Recycling of solid mass in the fluidized bed is mentioned in many previous studies 
(Howard 1989 and Lin et al., 1991) as a concept that would enhance combustion efficiency. 
Likewise, recirculation of flue gas in a fluidized bed combustor produces higher thermal 
efficiency, better sulfur retention and low emission of NO, and N20. This is particularly me 
for cod which is relatively high in both sulfur and nitrogen content. 



r 
Air staging and recirculation of flue gas are advantageous to the control of emissions. 

Their incorporation into a multi-fuel atmospheric EBC would represent an inexpensive means 
to offer better environmental and economic perfonnance. 

Solid fuels derived from agricultural residue have too low a sulfur content to cause 
concern about sulfur emissions. But because of their somewhat high nitrogen content N20 and 
NOx are of concern. The mechanisms of N20 formation are not fully known, but a number of 
N20 formation mechanisms have been demonstrated(Hi1tunenb et al., 1991). Studies by 
Bramer and Valk (1991) and Shimizu et al.(1991) have dealt with staged combustion where the 
air entering the first stage of combustion had an 02 level of near ambient conditions. No 
studies were found which address the question of how low 0 2  levels in the primary air affect 
the N20, NO,, Sa or CO level. Low Ievels are achievable With flue gas recirculation. 

This experimental research quantified the effect of 02 level in the primary air (via flue 
gas recirculation) and sought further evidence of enhanced environmental and thermal 
performance of an atmospheric fluidized bed combustor with flue gas recirculation and air 
staging. It utilized an atmospheric fluidized bed combustor capable of combusting up to 440 
k W  (1.5~106 Btu/hr) of coal or biomass. 

In this experiment, air-staging was applied to the system in conjunction with flue gas 
recirculation as a means of heat recovery to enhance thermal performance. . The experiment 
provided data essential to (1) analyze the system's environmental performance; (2) its 
operational efficiency, and (3) its intrinsic efficiency as described in previous work by 
Essenhigh (1989) to predict firing rate, operational (thermal) efficiency and other characteristic 
behavior of a burner system. 

Research Obiectives 

The overall objective of this study was to compare the performance of unstaged 
combustion of coal to that of staged cornbustion in an AFBC with and without flue gas 
recirculation. Specific objectives were: 

i) to determine the system efficiency and emissions such as S02, CO and NOx for 
various modes of operation as a function of excess air and firing rate. 

ii) to determine the affect of cxcess air and bed temperature on emissions for various 
modes of operation 

iii) to determine the f ~ n g  equation parameters and develop the theoretical system 
performance curve. 

iv) to identify the optimum mode of operation and the parameters to minimize emissions 
and maximize system thermal perfarmance. 

EQUIPMENT' AND PROCEDURE 

The burner performance, with and without flue gas recirculation, in conjunction with 
secondary air staging was determined experimentally. The equipment and procedures used 
during the experiment are as follows. 
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Experimental Equ iomenf - 

The burner was an atmospheric fluidized bed burner system at the Ohio Agricultural 
Research and Development Center (OARDC), Wooster, Ohio. It was jointly designed and 
built by the Energy and Environmental Research Corporation (EER) and OARDC (EER,1993). 
It is capable of firing up to 440 k W  of coal with a particle size less than 6.35 mm and can be 
adapted as a multi-fuel combustor to burn agricultural and forestry waste. It has no in-bed 
cooling tubes to remove the heat and relies on the excess air to cool the bed. Three main 
features of the burner system are the combustor, heat exchanger and baghouse as shown in 
Figure 1. 

The combustor is a refractory lined vessel, 1.07 m in diameter and uses a 0.56 m deep 
sand bed. The freeboard height is 2.07 m The distributer plate has 30 bubble caps, 63.5 mm 
in height and 34.9 mm in diameter. Fuel and sorbent materials are fed into the atmospheric bed 
operating at 815oC-870%, which together with combustion air formed the thermal input. 

Hot flue gas Ieaves the combustor and flows through a gas-liquid 'heat exchanger to 
produce hot water as the t h d  output before entering the baghouse. The gas exit temperature 
from the heat exchanger was not to exceed 26CPC to avoid burning the fabrics in the baghouse. 
The heat exchanger had 6 rows of mild steel finned tubes enclosed in an insulated steel box. 
Cooling water flowed through the tubes in a single pass at about 2.4 Us, entering at 
approximately 55OC and leaving at a temperature close to 8WC. Since this study the heat 
exchanger was replaced with a fire tube boiler. 

Flue gas leaving the heat exchanger enters the baghouse for removal of particulates. An 
induced draft fan at its exit provides the motive force to draw the flue gas from the combustor . 
and maintain a slight negative pressure at the outlet of the combustor. Particles fall into the 
chute at the bottom of the structure when the shaker is turned on, and are removed manually 
during clean-up. 

Fuel was fed pneumatically via an eductor into the bed, approximately 50 mm below 
the bed surface, as it drops from a tapered hopper, equipped with control box to regulate the 
feed rate via the auger speed. Sorbent material was fed in a similar mmner from another 
hopper installed with a vibrator to ensure continuous operation. The fuel feeding system has 
since been changed to an under bed feeding system (Ashworth et al., 1995). 

The discharge of the induced draft fan is split, a portion going to the stack, and the rest 
going to the inlet of a flue gas recycle blower where it is combined with fresh air prior to 
reentering the fluidized bed. The recirculated flue gas serves to preheat the fresh air and 
constitutes a large portion of the mass flow necessary for fluidization at an elevated 
temperature. This preheating technique improves the overall thermal efficiency of the system. 

A port, to facilitate the injection of secondary air, is located above the freeboard and 
inched at an angel of 450. The injection level was 76 cm above the static bed level. Sufficient 
experience will dictate the conditions with respectl,to its height above the bed for it to function 
without causing an adverse effect from enhanced entrainment of unburned particles that in turn 
will reduce the combustion efficiency. The optimum ratio of flue gas recirculation, staging 
degree, the best location at which to introduce secondary air and bed temperature vary from 
case to case and have to be determined experimentally with the given combustor as in the work 
by Wormgoor et al. (1991). 
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The sand used for the bed was a washed and dried silica sand with a particle density of 
2480 kg/m3, bulk density of 1522 kdm3 and 3 mean particle size of 1.058 mm (Figure 2). 
The particle size was determined fiom six samples using a set of eleven woven-wire sieves 
with size ranging from 1.058 mm to 3.360 mm and Ro-tap sieve shaker used in accordance 
with procedures outlined in ASTM Standard (1986) to determine the size of coal from sieve 
analysis. 

With a mean particle size of 1.058 mm and negligible air density, the sand can be 
described as category D in the Geldart (1972) classification chart. The bed is considered not 
tightly packed with a bed voidage of 0.386. 

ROD- 

The coal used in this study was a high sulfur bituminous coal from Wayne Mine (Ohio 
seams #4,5,6&7) Average sulfur content was 3.1 1% and the higher heating value was 31.31 
MJ/kg. The chemical composition of the coal is shown in Table 1 along with another coal and 
two crop residues. 

The mean particle size of the coal used in the experiment was determined in the same 
manner as for the sand. The histogram of the size distribution is plotted in Figure 3. The mean 
particle size was found to be 1.246 n t ~ l ~  A large fraction of the coal samples, 62.4% w/w, has 
particle sizes greater than 2.0 mm. With a density of 1440 kgIm3 (Keener et al., 1992) the 
sample can be described as category D in the Geldart (1972) classification chart. 

There were three batches of coal used with distinct differences in moisture level as 
delivered. Efforts to ensure feeding a low moisture level coal into the burner included raking 
the pile regularly, venting with air from fans and taking only the top layer of the pile. Using 
the procedures outlined in ASTM Standard (1986) nine batches of specimen, minimum of 3 
samples each, were taken to determine the moisture content. The average moisture content was 
found to be 6.4%. Moisture range was 5.4% -7.8%. 

The sulfur sorbent used in this study was a dolomitic kiln dried pulverized limestone 
from the Ohio Lime Company, Wdville, Ohio. The chemical composition of the limestone is 
shown in Table 2. 

Instrumentation and Measurement 

Thin-plate orifices with flange raps were used to measure the mass flow rate of h s h  air 
and recirculated flue gas using the expression and data from Spink (1972). Static pressure inlet 
side and differential pressure across the orifice were used in the calculations of the various 
mass flow rates. 

The feed rates were calibrated by weighing the mass of materials collected over a 
reasonable time interval for various dial settings on the auger and computing the average rate 
per hour for each dial setting. 



Air leakage in the overall system was estimated by performing a mass balance on 
oxygen across the heat exchangerbaghouse where it was thought to be most significant. 

Gas analyzers were used to measure the dry volume ratio of the constituent gases in the 
exhaust from which their respective mass flow rates were computed. A model 300 gas 
analyzer of Mine Safety Appliances Company in Pittsburgh, Pennsylvania, was used to 
measure S a  and Co;! while the model 400 was used to measure the @ and CO. The accuracy 
of the model 300 and 400 are f 1% and f 2% of full scale, respectively. A model 10 gas 
analyzer of Therm0 Electron Instrument in Hopkinton, Mass. was used to measure NO and 
NOx with an accuracy of k 2% of full scale. The analyzers were calibrated at the beginning of 
each experimental session to minimize errors due to the instrument drift using the calibration 
gases; N2 (loo%), 0 2  (lo%), CO (496 ppmv), C02 (15%), NO (805 ppmv) and SO2 (2000 

Type K thermocouples were used to measure the bed temperature at the bottom of the 
bed, above the bed and at various other points in the system flow. The accuracy of the 
thermocouple is S.22% and 0.75% for temperature ranges of 0-277OC and 277-126OOC 
respectively . 

PPmv). 

The data measured from the above instruments were sent to a digital data collector, 
Model 8000 of KAYE Instrument, Bedford, Mass. and connected to a magnetic recorder on a 
cassette tape for off line data analysis. 

A computer program previously developed on the OARDC mainframe in FORTRAN 
by Keener (1992) was modified and used for analysis of collected data to quantify the mass 
flow at the primary and secondary inlet, through the eductor, the recirculated flue gas, and . 
leakage. Also quantified by the program was the pollutant emissions S@, CO, and NOx in 
Ibs/l06 BN. 

Data from the computer program output for each test were compiled into a spreadsheet, 
Framework DI, converted into SI units and sorted according to the different modes of 
operation in ascending order of excess air (Anuar, 1994). From that sorted set of results for 
the tests, coefficients of polynomial curve-fits and related statistical data for the emissions (Le. 
S 0 2 ,  CO and NOx) level, wall loss and exhaust loss of the experimental results were 
calculated. Graphs of burner performance were developed using Sigmaplot software. 

Experimental Plan 

The experiments were planned to investigate the effects of excess air, primary and 
secondary air, recirculated flue gas and temperature on emissions and thermal performance 
(Table 3). The initial test was that of a regular AFBC operation without recirculation and air 
staging, followed by recirculation only, air staging only, and recirculation with air staging. A 
minimum of six distinctively different thermal outputs for each mode of operation along with 
two levels of recirculation and staging (beyond 0 level) were planned, totaling to 54 tests 
without sorbent. The tests were to be repeated with the use of limestone as sulfur sorbent, 
bringing the total number of tests needed to 108. The above test would prcvide a common 
basis for comparisons of both thermal perfonnance and emission levels, for the various modes 
of operation and the effects of excess air. Each test was to be conducted randomly rather than a 
continuous run of the same test to simulate randomness in data collection. 



Experimental Pr0cedu.e 

On the fust working day of the week, the heat exchanger tubes were cleaned to 
maintain their effectiveness. Prior to starting the burner, the baghouse was also cleaned and a 
sample of the ashes from the previous experiment were taken to determine the unburned carbon 
content for the calculation of combustion efficiency of the system (Anuar, 1994). 

In starting the burner, the recirculation valve was initially closed, the induced fan was 
fully opened and the primary air flow set at 25 mrn water (pressure drop across the orifice) 
where it started to bubble. The bed was preheated using propane gas until the temperature at 
the bottom of the bed reached approximately 65oOC and 5500C at the top. coal was then fed at 
the very low rate of 9 kg/hr until the top temperature reached approximately 750*C, high 
enough for coal to bum 'cleanly' on its own. At some point the primary air ff ow was increased 
to 722 kg/hr to allow the bed temperatures to mix and become evenly distributed. The coal 
feed rate was then increased to near the full load of 41 kg/hr and the gas burner turned off. 
Usually, this would take 2 hours and another 1 hour to reach sustainable conditions. When the 
burning was sustained the required test conditions which would operate the system without 
going beyond the operating limits were set. Readings were taken after 30 minutes or more 
when the post combustion gas temperature showed little deviation, Le. pseudo-steady state. 

RESULTS 

Out of 108 test conducted, 67 were analyzed. The rest were rejected due to calibration 
errors on the gas analyzer or irregular output associated with probable non-steady state 
conditions (too short a time interval between test data). Only six operating modes (1-6) had 
sufficient data for analysis. Of these, only four had sufficient experimental data to plot the - 
curves for the effect of excess air on pollutant emission in g/MJ. The regular AFBC mode has 
a full range of excess air 185%-295%, split into a lower excess air level, 185%-235%, and 
upper excess air level, 235%-295%. The AFBC air staging mode has a lower excess air of 
180%-240% and an upper excess air of 240%-340%. The AFBC flue gas recirculation mode 
has a lower excess air of 35%- 100% and an upper excess air of 100%- 180%. The AFBC flue 
gas recirculation and air staging mode had a lower excess air of 35%-100% and an upper 
excess air of 100%-185%. Figure 4 shows combustion ahflows as a % of stoichiometric air 
and the levels of air due to recirculation andor staging for the six modes analyzed. 

Combustion Efficiency 

The sample ash from the baghouse had an average unburned carbon content (day basis) 
of 29.78%. This is equivalent to 4.26% of the carbon content in coal. Based on one kg of 
coal the combustion efficiency (qc) was approximately 96% for the entire test data combined 
(Le. for all six operating modes). Variations in CO emission and unburned carbon within the 
experimental range were somewhat small and had insignificant effects on the combustion 
efficiency. The combustion efficiency was comparable to that achieved by Worngoor et al. 
(1991) at 98% in burning coal using a staged AFBC. 
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Within the average bed temperature operating range of 82OOC-920OC, the emission 
level from the regular mode was the lowest among the no-limestone mode with a mean value of 
0.855 g/MJ (Figure 5). This level is above the United States EPA regulated level (0.52 g/MJ). 
Since no sorbent was being used and the tests were ran in random fashion (thus eliminating 
cod variations) one would have expected all four modes to give similar results on a g/MJ basis. 
However, the regular mode's level of So2 emission was significantly lower (Pc0.01) than the 
other modes without liestone and no explanation is known at this time. The effect of excess 
air level on S& emission was not significant for the no-limestone modes (Anuar, 1994). 

The use of limestone as a sulfur sorbent reduced the mean value of S@ emission of the 
regular mode by 64% to approximately 0.31 g/MJ. This level is below the United States EPA 
regulated level and was significantly lower (P4.01) than the no-limestone modes. 

GO Emission 

The error bar plots of CO emission in g/MJ (Figure 6)  showed no significant different 
between all six modes of operation for the bed operating temperature range of 7WC-92OOC. 
The air staging had the highest mean value of CO emission at 0.232 g/MJ and appeared to have 
the greatest variation in data points. 

The modes with limestone sorbent had the lowest mean value of CO emission at 0.076 
g/MJ and the smallest variation of data points. The different excess air levels used in this study 
did not significantly affect the CO emissions. Figure 7 was plotted as a function of temperame 
to show the trend of CO emission to decrease as temperature increased. For this test (air 
staging) the second order regression had an R value N.960 (n = 11) for the complete set of 
excess air levels. 

NO, Emission 

In ppmv measurement, the introduction of recirculated flue gas increased slightly the 
mean N0,emission value which was also the highest of all six modes of operation. 
Evaluating NOx emissions per MJ of energy input operation (for the bed temperature operating 
range of 7000C-92OOC) showed the regular AFBC mode had the highest NOx emissions 
(0.319 s/MJ) of all six mode of operations (Figure 8). The introduction of recirculated flue gas 
(mode 3) reduced the NO, emission mean value substantially by about 0.15 g/MJ or 47% of 
the regular mode. The sorbent-mode had the lowest mean NOx emissions at 0.127 g/MJ and 
the smallest data variability (k 0.014 g/MJ). 

Changes in excess air did nor show significant differences in NOx emission levels for 
the various modes of operation (may be due to wide variability in measured values over the 
temperature ranges used in the study). 

Exhaust loss increased slightly with increasing thermal output (Figure 9) and increased 
linearly with increasing combustion air (Figure 10). The highest exhaust loss was in the ah 
staging mode. By virtue of the AFBC being relatively high in excess air, a high stack loss was 
inevitable. 
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Generally, in all six operating modes the wall loss increased linearly with bed 
temperature and thermal output but not combustion airflow. Recirculated modes (withhithout 
staging and wiWwithout limestone) suffered the highest wall loss due to the greater 
temperature difference across the system's wall. 

The thermodynamic analysis on energy systems by Essenhigh (1989). was used to 
predict the thermal performance of the OARDC-EER AFBC Within the limits of experimental 
'noise' the a line conformed to Essenhigh's argument. The a0 for the recirculation mode, 
recirculation staging mode, recirculation limestone mode and recirculation staging limestone 
mode were 0.825,0.850,0.975 and 0.960 respectively, at average excess air of loo%, go%, 
70% and 70% respectively. The associated Hsm values were 265,245,218 and 235 kW 
respectively. From the firing quation (Anuar, 1994), 

the curves for the various firing rates were plotted (Figure 11,12,13 and 14). 

Operational tThemal) Efficiency 

Using the coefficients on firing rate and equations for thermal efficiency, 

the thermal efficiencv was calculated for the various modes of oDeration. Figure 15 is an 
example of therma~ efficiency versus thermal output for the AFBC r&irculattion-sGging-sor€xnt 
mode. The maximum t h d  efficiency for the recirculation mode, recirculation staging mode, 
recirculation limestone mode and recirculation staging limestone mode were 0.53,-0.53,0.60 
and 0.67 respectively. The maximum thermal efficiency was higher with lower excess air, as 
expected, and can be amibuted to lesser exhaust loss. 

DISCUSSION AM> CONCLUSXONS 

The combustion efficiency (96%) obtained in this work is comparable to that reported 
by others (Wormgoor et al, 1991). Variations in CO emissions and the unburned carbon h the 
ash residue had an insignificant effect on the combustion efficiency of the various operating 
modes. For operating modes without sorbent, the regular AFBC mode was found to have the 
lowest mean value of Sa emissions at 0.855 gMJ in the average bed temperature operating 
range of 7000C-920OC. This is above the United States EPA regulated level (0.52 g/MJ). 



With the use of limestone sorbent the mean value of SO2 in the recirculation mode was reduced 
to 0.310 g/MJ when operating with a recirculation ratio of 0.7. 

There was no significant difference in CO emissions between the various operating 
modes for the average bed temperature operating range of 7000C-92oOC. The minimum mean 
value was 0.076 g/MJ in the recirculation limestone mode. The mean value of NOx emissions 
were highest in the regular AFBC mode (0.319 g/IvIJ) and one-fourth more than the United 
States EPA regulated level (0.26 g/MJ). The introduction of recirculated flue gas reduced the 
maximum mean value of NOx emissions to 0.169 g/MJ. There is slight evidence to suggest 
that incorporration of air staging helped reduce the NOx emissions further. The corresponding 
operating bed tempemture (8500C-9oooc) is not known to be conducive to N20 formation. 

Although the incorporation of air staging appeared to have resulted in a higher SO2 
emissions than expected, it is inappropriate at this point to dismiss its potential since it had the 
highest thermal efficiency (0.67) in the recirculation-staging-limestone mode. The SO2 
emissions measurements could be superficially high since the introduction of the staging air 
was not configured to account for the possibility of striation and its effect on the flow pattern. 
In other applications, it is known that the blending of mass flow with different state conditions 
is quite an involved technique to prevent unmixed and highly distorted state conditions. 

A major results of this investigation is that the thermodynamic analysis as applied to a 
more traditional burner system could be used to develop the f ~ n g  equation and predict the 
thermal pexformance of this system. The firing rate curve starts from a minimum at idle heat 
HP and increases (concave) to infinity at maximum output Hsm. The maximum thermal 
efficiency was in the range 0.53 - 0.67. 

In real applications of the OARDC-EER AFBC, the assemblies after the burner and in 
the flue gas recirculation line would be better insulated as opposed to the practically bare wall 
condition in this study. This would result in a smaller wall heat loss term for the recirculation 
mode and hence, a better t h e d  efficiency from the reduction in the wall loss. Its potential is 
evident, by analyzing the ideal situation with no wall loss and calculating the thermal efficiency 
using, q= 1 - ("f)(Anuar, 1994). In the regular mode the thermal efficiency would be an 
average value of 0.722. In the recirculation mode the expected thermal efficiency would have 
an average value of 0.791. 

Further study on the effect of striation in the flow pattern when introducing the staging 
air and recirculated flue gas is in order before more conclusive findings on SO2 emissions of 
the alternative operating modes can be drawn. The heat exchanger capacity constrained the 
range of experimental tests that could be examined. This is because the exhaust air easily 
overheated the baghouse frlter bags as firing range increased above 250 kW. In addition, a 
more convenient (built-in) cleanup device for the heat exchanger should be installed to ensure 
high effectiveness prior to each experimental session. Future studies will be carried out in the 
AFE3C with an updated he1 feed and hear exchanger systems (Ashworth et al., 1995). 
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firing rate or thermal input, kW 
thermal output, k W  
loss through stack or exhaust, k W  
firing rate or thermal input at no thermal output, kW 
maximum thermal output., kW 
energy utilization factor, & / (Hf - He) 
hainsic efficiency factor, limit for a as Hf -> HfO and H, -> 0 
thermal (operational) efficiency 
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Ash % 
Total % 
Heating Value, 
Wk)  

7.41 8.62 1.40 18.34 
100.00 100.00 100.00 100.00 
31.31 24.20 18.75 16.12 

Constituents % 

Calcium Carbonate 55.040 

Magnesium Carbonate 44.230 

1 

Calcium Oxide 

Magnesium Oxide 

Silicon Dioxide 

I Sulfur Trioxide I 0.049 I 

30.440 

21.620 

0.260 

lDolomitic kiln dried pulverized limestone (20x80), Ohio Lime Company, WdviIIe, 
Ohio. 

Iron Oxide 

Alumbumoxide 

12 I 

0.041 

0.270 



1. Regular AFBC (no recirculatiodsmndaxy air staging/sorbent). 

2. AFBC with ff ue gas recirculation (no secondary air staging/Sorbent) 

3. AFBC with secondary air staging (no recirculatiodsorbent) 

4. AFBC with flue gas &dation and secondary air staging (no sorbent) 

5. AFBC with flue gas recirculation, secondary air staging and sorbed 

6. AFBC with secondary air staging and sorbent1 (no recirculation) 

7. AFBC with flue gas recirculation and sorbent1 (no secondary air staging) 

8. Re@= AFBC and sorbent1 (no recirculation/secondary air staging). 

n=6 

n= 12 

n=12 

n=24 

n=24 

n=12 

n=12 

n=6 

qus = 3) 
t 

1 - ‘w- 
Figure 1, OARDC-EER atmospheric fluidized bed combustor with air staging and flue 
gas recirculation. 
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Figure 2. Size distribution of sand particles. 
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Figure 3. Size distribution of coal particles. 
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Figure 4, Combustion airflows distribution for six modes of operation. C=> regular 
AFBC, R=> flue gas recirculation, S=> secondary a i r  staging and L=> sorbent used. 
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Figure 5. Error bar for mean value of SO;! emission (g/MJ) for different operahg modes 
of AFBC with mean bed temperature 7970C-883Oe and mean excess a i r  7W-25096. 
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Figure 6. Error bars for mean values of CO emissions (g/MJ) for different operating 
modes of AFBC with mean bed temperatures 797OC-883OC and mean excess air 70%- 
250%. 
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Figure 7. Effect of temperature and excess air on CO emission (gM) in AFBC air staging 
mode. 
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Figure 12. Firing rate for AFBC recirculation staging mode. 
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Figure 13. Firing rate for AFBC nxircdation limestone mode. 
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Figure 14. Firing fate for AFBC recirculation staging limestone mode. 
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Figure 15.a and efficiency for AFBC recirculation-staging-limestone mode. 
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