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FLUIDIZED-BED COMBUSTION OF COAL S. C. SAXENA*, W. Y. WU and M. B. FEI Multiphase Reactor Research Laboratory,Department of Chemical Engineering (M/C 110), The University of Illinois at Chicago, 810 S. Clinton Street, Chicago, IL 60607-7000, U.S.A. (Received 8January 1997) Abstraet--Fluidized-bed combustion of coal has been investigated in a pilot-plant combustion facility. The test bed section has an internal diameter of 0.154 m and an overall height of 3.5 m. Sand with an average particle diameter of 1421/xm is used as inert bed material. The inert bed is heated to a temperature of about 1000 K by two propane burners installed in the preheater and calming sections. Experiments were conducted for coal-feed rates of 0.83 and i.09 g/s with corresponding bed temperatures of 1220 + 43 and 1259 + 34 K for superficial air velocities in the range 0.63-1.07 m/s at ambient conditions. Concentrations of O2, CO, CO2, NO~, and SO2 were monitored in the flue gas, and their variations with operating parameters used to establish optimum combustion conditions. Material and energy balances were employed to compute carbon utilization and thermal combustion and combustion quality efficiencies. Optimum operating conditions were determined for efficient and environmentally friendly combustion. It is proposed that oxidation of coal nitrogen to NO is a first-order reaction with respect to O2 and a zero-order reaction with respect to coal nitrogen. Significant kinetic inferences are derived concerning oxidation of coal carbon and sulfur. © 1997 Elsevier Science Ltd.



1. INTRODUCTION Fluidized-bed reactors have been widely used for applications involving exothermic noncatalytic chemical reactions. A recent trend has been to employ such reactors for the incineration of hazardous and low calorific value materials in an environmentally friendly mode. This approach has led to the development of incineration technology for operation in a co-combustion mode involving an auxiliary fuel. Propane and coal have been employed in this laboratory and it has been shown [1 ] that efficient combustion is accomplished under proper operating conditions. The history of fluidized-bed combustion is long and many careful investigations have provided details of the physico-chemical processes occurring in different phases. A recent review [2] deals with such efforts from an historical perspective and contains an overview of the important findings. In this paper, we report experiments on combustion of coal for the purpose of establishing optimum combustion conditions to reduce the formation of pollutants as a preamble to investigating co-combustion of cellulose as an auxiliary fuel with coal. The experimental facility and the carbon combustion efficiency calculation procedure are described in the next two sections. This is followed by the experimental results, their interpretation and significant conclusions. 2. EXPERIMENTALFACILITY The general design and layout of the UIC incineration facility is similar to that described in Refs. [3,4], except it has been moved to a different location and reset with significant changes in the incinerator design and gas analysis system. The schematic of this renovated setup is shown in Fig. 1. It consists of an air (1-10) and propane-gas (11-15) supply system; fluidized-bed incinerator (16-19, 36); offgas cleanup system (20-23); temperature (24) and pressure (25) measuring instruments; solids feeder assembly (26-28); data acquisition and analysis equipment (29-33); and flue-gas sampling instruments (34, 35).
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1. SULLAIR Air Compressor 2. Receiver/Sump 3. Oil Filter 4. Hankison Air Drier 5. Oil Filter 6. Storage/Balancing Tank 7. Air Regulator 8. PressureGauges 9. Globe Valves



19. Distributor-Calming Section 20. Cyclone Separators 2 I. Cock Valves 22. Dust Catchers 23. Microfilter 24. Thermocouples 25. Differential PressureCells 26. Solids Feeder 27. Motors



Fig. 1. The schematic diagram of the UIC incinerator facility.



i 0. Air Rotameters I I. Propane Tank 12. Propane Regulmor 13. Propane Gauges 14. Propane Flow Valves 15. Propane Rotameters 16. Propane Ring Burner 17. Spark Plug 18. Distribute-test section



28. Screw Feeder 29. Dam Acquisition System 30. C.om~ter and Disc Drive 31. Monitor and Key Board 32.33. Printer and Pkmer 34. Flue Gas Sample Part 35. Gas Sample Couditioner 36. Engelhardt-Eclipse Burner 37. Peep Window



a - Preheating Section; b - Elbows; c - Calming Section: d - Test Sections: e - Freeboard Sections. G1 - Teledyne Gas Analyzer; G2 - Horiba NOx Gas Analyzer. G3 - Horiba SOx Gas Analyzer. Signal Outputs: G1-3,Gas Analyzers: P1-5,Pressure Probes; DP1-3,DP Cells; TI-8 - Thermocouples.
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The air-supply system consists of a 45 kW air compressor which is a single-stage, positive displacement, air-cooled and flood-lubricated rotary screw type; two filters; a regenerative desiccant compressed air drier; and a large vertical tank suitably manifolded with several gages and control valves. The system is capable of supplying compressed, filtered and dried air at a maximum rate of 8.5 m3/min at 700 kPa and 311 K. The compressed air is metered through a combination of three rotameters (10) having different maximum capacities. The fluidized-bed incinerator assembly consists of a 1.52 m long air preheating section (a) and two elbows (b) which connect this section to a 0.305 m long calming section (c) above which are located the test bed (d) and freeboard (e) sections. This assembly has an overall height of 3.5 m and consists of six flanged sections, each 0.511 m long, bolted together with 0.038 m long spacer rings. The entire incinerator assembly is fabricated from 0.254 m diameter stainless-steel pipe sections and is provided with an internal 50 mm thick Purolite-30 insulating material lining, and thus the test-bed section has an internal diameter of 0.154 m. The calming section gas distributor plate has sixty-one 3.2 mm diameter holes, and its design details are given by Saxena and Chatterjee [5]. It has an open area of 0.84%. The test-bed distributor plate has nineteen multi-orifice nozzles and its design details are given by Saxena et al [6]. Two designs of propane sparger burners have been adapted in this incinerator to raise the bed temperature prior to combustion and to preheat the fluidizing gas. An Engelhardt-Eclipse burner (36) is installed in the preheater section (a), and a ring burner (16) in the calming section (c). Design and operational details of both the burners are given by Saxena et al [7]. A Teledyne gas analyzer measures carbon monoxide and carbon dioxide on non-dispersive infrared (NDIR) units and oxygen on an electrochemical transducer unit. Nitrogen oxides are analysed on a Horiba model CLA-510SS unit operating on the principle of chemiluminecence; and sulfur oxides on a Horiba model VIA-510 unit using the principle of non-dispersive infrared analysis. The flue-gas cleanup system comprises of two cyclones (20) and a microfilter (23) capable of retaining particles greater than 2/~m. Eight thermocouple probes and five pressure probes are positioned at various locations on the incinerator to establish the temperature and pressure distributions. The output signals from the thermocouple and pressure probes, and gas analysis instruments are logged on an automated and dedicated Hewlett-Packard computerized data acquisition system consisting of a computer, monitor, printer, and a plotter. A commercially available Acrison model 105B solids feeder after several modifications is used to feed coal into the incinerator at a point 76 mm above the distributor plate. The coal from the hopper (26) is injected into a vertical downspout, 50.8 mm in internal diameter and about 1 m long, by an auger (28) whose rotational speed could be varied over a range to alter the feed rate to the incinerator. The coal drops in a horizontal pipe and is pushed into the bed by a specially designed auger driven by a gear motor (27) at a constant speed of 30 rpm. The auger is made from a 50.8 mm diameter stainless steel rod by cutting 12.7 mm deep spiral threads at a pitch of 25.4 mm. A metered amount of air is also introduced at the top end of the vertical downspout to assist in putting the coal into the incinerator and also to cool the horizontal pipe and auger assembly. 3. COMBUSTIONEFFICIENCYCALCULATIONPROCEDURE Saxena et al [6] have developed a mathematical model to compute combustion efficiencies on the basis of carbon balance in different streams of the incinerator. It is assumed that part of the fuel carbon remains unbumt and/or is lost in different streams of the incinerator. Carbon utilization efficiency, rico, is defined as the mass ratio of burnt carbon to the total carbon in the fuel feed. The following treatment extends the treatment of Ref. [6] to include the fact that in this work the flue gas is analysed for nitric oxide and sulfur dioxide contents also. Hence, here only the final results which are influenced by this extension are presented along with the final expressions for different efficiencies. If CuB and CB are, respectively, the mass fractions of unburnt and burnt C in coal, then the total C mass fraction in the coal is CT = Curt + CB.



(1)



Further, if the square brackets represent the volume or mole fraction of a particular chemical species in the dry flue gas, then
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[CO] + [N2] + [CO2] + [02] + [SO2] + [NO] = 1.



(2)



The mass of dry flue gas (Y) per unit mass of C burnt in the coal is given by Y= {[CO2] + 2[02] + 18[SO2] + [NO] + 14}/6{[C0} + [CO2]}.



(3)



The average molecular weight, May, of the flue gas is M,v = 28[CO] + 28[N2] + 44[CO2] + 32[02] + 64[SO2] + 30[N0].



(4)



If F is the mass of dry flue gas per unit mass of coal, then the moles of flue gas per unit mass of coal, Mr, is given by



Mr= FIMav.



(5)



r/cu = lO0(CalCr),



(6)



Ca = [4.31Z(2.666C + 7.92H + 1.143N + S - O) + 11.49C + 26.22H + 5.927N - 4.410 + 5.31S]/(Y - 1 ).



(7)



Percentage carbon utilization efficiency is



where



Here, Z is the ratio of excess air to stoichiometric air; C, H, N, O and S are the mass fractions of C, H2, N2, 02 and S in the feed coal, respectively, and these are known from the ultimate analysis of coal. ~co is a good measure of C in fuel which escapes combustion. However, even the combusted C does not completely oxidize to COz and a certain mass fraction of fuel carbon C~c oxidizes to CO only. It is designated here as the incompletely combusted C. The presence of CO in the flue gas is also a potential hazard to the environment. Hence to emphasize and highlight the environmental pollution aspect, another combustion quality efficiency r/cQ is defined as follows: ~co = (%CO2 in flue gas) x 100/%(C02 + CO) in flue gas = (CcclCa)lO0.



(8)



Here, Ccc is the mass fraction of C undergoing complete combustion, i.e. oxidizing to CO2. In the absence of complete combustion, a certain amount of thermal energy is lost which corresponds to the value associated with the conversion of Clc amount of CO to CO2. Thus, the thermal combustion efficiency rtr c is defined as follows: r/TC = [(Qc -- QL)IQc]IO0;



(9)



Qc is the heating value of coal, and QL is the sum of the heat loss associated with the C which did not undergo complete combustion (Csc) and that which escaped combustion completely (Coa). Hence, QL = AHcoMf[CO] + AHc(CtjB/12);



(lO)



AHc and AHco are the heats of combustion of C and CO, respectively. Me stands for the moles of flue gas per unit mass of fuel. rrrc provides a measure for the concept of energy conversion behind incineration and combustion. ~cu, ~co and rtrc are computed for different feed rates of coal as a function of fluidizing air velocity, fractional excess air values and incinerator temperature. These results and their discussion are presented in the next section.
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Fluidized-bed combustion of coal Table I. Ultimate percentage analysis of coal Carbon Hydrogen Oxygen Nitrogen Sulfatic sulfur Pyritic sulfur Organic sulfur Total sulfur Chlorine Ash



75.1 4.9 8.5 1.7 0.0 0.5 0.7 1.2 0.4 8.2



Moisture



9.2 35.3 56.5



Volatile matter Fixed carbon Heat of combustion (kcal/kg)



7421.5



4. EXPERIMENTAL RESULTS A n Illinois B a s i n coal s a m p l e ( I B C - 1 0 9 ) is e m p l o y e d in the p r e s e n t series o f c o m b u s t i o n runs and its u l t i m a t e a n a l y s i s is r e p o r t e d in T a b l e 1. It has a size r a n g e f r o m 75 to 6 3 0 0 / x m and an a v e r a g e d i a m e t e r o f 5 6 4 / x m as c o m p u t e d f r o m



dp = ll~,(xildpi).



( 11 )



Here, x~ is the m a s s fraction o f the coal r e t a i n e d on the sieve i, and



dpi is



the m e a n d i a m e t e r o f the



i-th a n d (i - 1) st sieves. T h e size distribution o f a r e p r e s e n t a t i v e s a m p l e , p r e p a r e d b y the q u a r t e r i n g m e t h o d a n d o b t a i n e d b y s i e v e analysis, is r e p o r t e d in Table 2. S a n d is u s e d as the inert b e d material and its size distribution is also r e p o r t e d in T a b l e 2. S a n d particles r a n g e in size f r o m 0.85 to 2.36 m m , a n d the m e a n d i a m e t e r o f the c h a r g e is 1421 p,m. T h e s a n d - b e d p r e s s u r e d r o p o b t a i n e d b y s u b t r a c t i n g the b e d d i s t r i b u t o r p r e s s u r e d r o p f r o m the total p r e s s u r e d r o p t h r o u g h the b e d and distributor plate is



Table 2. Size distributions of sand and coal samples; the average diameters dp are 564 p.m for coal and 1421/xm for sand. U.S. Sieve No.



- 3 + 31/2 - 3~/2 + 4 - 4+5 - 5+6 - 6+7 - 7+8 - 8 + 10 - 10 + 12 - 12 + 14 - 14 + 16 - 16 + 18 - 18 + 20 - 20 + 30 - 30 + 40 - 40 + 50 - 50 + 70 - 70 + 100 - 100 + 120 - 120 + 140 - 140 + 200



Sieve size (~m)



5600-6300 4750-5600 4000-4750 3350-4000 2800-3350 2360-2800 2000-2360 1700-2000 1400-1700 1180-1400 1000-1180 850- 1000 600-850 425-600 300-425 212-300 150-212 125-150 106-125 75-106



Average size (ttm)



5950 5175 4375 3675 3075 2580 2180 1850 1550 1290 1090 925 725 512.5 362.5 256 181 137.5 115.5 90.5



Mass-fraction of particles retained (%) Coal



Sand



1.66 4.84 6.65 7.92 8.17 7.04 7.24 6.31 6.55 4.16 3.81 3.42 6.65 4.99 5.33 4.84 2.89 0.98 1.03 5.52



14.74 48.66 19.75 10.76 4.89



1.20
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shown plotted in Fig. 2 as a function of increasing and decreasing superficial air velocity Us. The minimum fluidization velocity obtained on the basis of the latter data set is 0.73 m/s. The sand bed voidage is also determined form the pressure-drop measurements APb across a bed section of length L on the basis of the following relation:



APb = L g ( 1



-



e)(p~



-



Ps);



(12)



Ps and P8 are the densities of sand particles and air respectively. Computed values of e as a function of Ug at room temperature (297 K) are also presented in Fig. 2, and these are found to increase with an increase in Ur Since the mass fraction of coal in the admixture bed of coal and sand is less than 5% during the combustion runs, the Umf value of the sand bed is used in the computation of fluidization numbers (Nf) which are employed in the discussion of experimental data. Nf is defined as the ratio of Ug to Umf, both referring to the same temperature. A typical procedure for conducting a run involved heating the inert bed to a temperature appropriate for the ignition of coal. This was accomplished with the two propane burners. The Eclipse burner can heat the bed more uniformly than the ring burner but only up to about 673 K. The ring burner can further enhance the bed temperature up to about 1000 K, which is suitable for coal combustion. The fluidization and combustion conditions were monitored by the visual inspection through a peep window located in the freeboard section just above the bed. Two coal feed rates of 0.83 and 1.09 g/s were employed to investigate the combustion characteristics. Propane burners were extinguished as soon as the steady-state combustion condition was established. Bed temperature as a function of bed height for the two coal feed rates at several Ua values are shown in Fig. 3. It is evident that the bed temperature is fairly uniform and the well known isothermal characteristics of fluidized-bed reactors is adequately exhibited by this incinerator. For a constant coal feed rate, temperature and air velocity at the steady state, Teledyne and Horiba gas analyzers measured the concentrations of CO, CO2, O~, NOx and SOs in the flue gas. Twenty data points were recorded over a period of 7 min for each gas by the data acquisition unit corresponding to a run, and their average value was taken as representative of the combustion state. These results corresponding to ten combustion runs are reported in Table 3. The bed temperature (Tb) has varied in the range 1178-1293 K, the air velocity (Ua) in the range 0.63-1.07 m/s, and the ratio of excess air to stoichiometeric air (Z) in the range 0.74-1.28. The three computed efficiencies (r/co, r/co and rtrc) according to expressions derived in the previous section are listed in Table 4. Also, given in this table are the computed values of superficial gas velocities (Ug) at the bed temperature (Tb) and the corresponding fluidization number (Nf) computed on the basis of Umf values 4.0
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h (m) Fig. 3. Bed temperature distribution in the incinerator at different Ua. at the combustion conditions from the approximate expression derived by Wen and Yu [8]. Implications of these data on combustion efficiency and quality are analyzed in the next section. 5. DISCUSSIONOF RESULTS In Figs. 4A and 4B, the concentrations of CO, CO2, 02, NOx, and SO2 are presented as a function of Ua, Z and for two values of Tb corresponding to the two coal feed rates. The dependencies of these concentration values on the operating parameters are somewhat involved and must be considered in the light of related chemical kinetics and bed dynamics. Hence each chemical species present in the flue gas is discussed separately in the following. CO is produced by oxidation of coal C in the four principal reaction steps
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Table 3. Combustion and emission data of coal in an inert-sand, fluidized-bed incinerator Run no. 1 2 3 4 5 6 7 8 9 10



U a ( m / s ) Fc(g/s) 0.63 0.69 0.75 0.82 0.88 0.82 0.88 0.94 1.01 1.07



0.83 0.83 0.83 0.83 0.83 1.09 1.09 1.09 1.09 1.09



Th(K)



Z(--)



02(%)



1263 1227 1194 1178 1179 1293 i 286 1282 1250 1225



0.75 0.93 1.I0 1.28 1.46 0.74 0.87 1.01 I. 15 1.28



6.9 8.3 9.1 9.4 10.9 5.7 7.8 7.9 9.7 10.3



CO(ppm) CO2(%) SO2(ppm) NO,(ppm) 230 229 280 360 275 210 181 183 194 184



9.2 8.3 7.8 7.5 6.6 9.7 8.7 8.6 7.7 7.0



42.1 39.5 37.4 34.5 32.9 81.0 97.8 87.6 65.2 53.7



177.0 171.6 198.8 174.6 186.0 154.4 153.9 164.7 175.1 183.4



Table 4. Computed carbon utilization (r/co), combustion quality (r/co), thermal combustion efficiencies (r/rc), conversion of fuel nitrogen (r/N), and conversion of fuel sulfur (r/s) Run no.



Tb(K)



Ug (at Tb)(m/s)



Z(--)



Nf(--)



r/cu(%)



1 2 3 4 5 6 7 8 9 10



1263 1227 1194 1178 1179 1293 1286 1282 1250 1225



2.70 2.89 3.06 3.26 3.51 3.60 3.85 4.13 4.30 4.49



0.75 0.93 1.10 1.28 1.46 0.74 0.87 1.01 1.15 1.28



4.4 4.6 4.8 5.1 5.5 5.9 6.3 6.7 7.0 7.2



90.9 90.3 92.8 97.2 92.1 94.9 91.8 97.5 93.3 90.5



r/cQ(%) 99.75 99.73 99.64 99.52 99.59 99.78 99.79 99.79 99.75 99.74



r/xc(%) 92.7 92.1 94.1 97.5 93.5 95.9 93.4 97.9 94.6 92.3



r/N(%)



r/S(%)



9.02 9.62 12.19 i 1.66 13.37 7.79 8.37 9.63 10.94 12.21



3.47 3.58 3.71 3.73 3.83 6.61 8.61 8.29 6.60 5.79



C + 02"-*C02,



(13)



2C + O2-"2CO,



(14)



2 C 0 + 02"-'2C02,



(15)



C + C02"-~2C0.



(16)



and



It is well known that at lower temperatures, a larger amount of CO is generated because of the incomplete combustion o f carbon than at higher temperatures. Further the value of reaction rate constant increases with temperature. This is substantiated by the data of Fig. 4, where the concentration of CO is greater at 1220 K (Fig. 4 A ) than at 1259 (Fig. 4B). The value o f Z plays an important role. However, at a given Tb, the dependence of [CO] on Ua is rather involved and can be analyzed only by considering the balancing influence of the effect o f increasing Ua on carbon oxidation kinetics and gas residence time. At these temperatures for Z < 0.9, as Ua is increased [CO] decreases as more C is oxidized to CO2. On the other hand, for Z > 0.9, the gas residence time decreases which decreases the oxidation of CO to CO2. Hence [CO] either stays constant or increases in spite of the dilution effect. In Fig. 5, this is reflected by the decrease o f */co with increase in Z. The increase in [02] with increase in U~ is readily understood which is almost linear and monotonically increasing. On the other hand, [CO2] decreases monotonically with increase in Ua due to the dilution effect. [C02] is greater at the higher temperature (Fig. 4B) than at the lower temperature (Fig. 4 A ) for the same U~ or Z values. This is apparently due to the greater F c value for the former than for the latter. A closer look at the variation o f [CO2] with U~ suggests that there is an inflection point around Z = 0.9. This is obviously due to the different extents of C conversion to CO and CO2 on either
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U a (m/s) Fig. 4. Concentrationsof O:, CO2, CO, NO, and SO2 as a function of Uu, F¢ and Z for coal combustion in a fluidized-bed incinerator. sides of the inflection point. As this is a small effect and is further diluted to different degrees on the two sides of the inflection point, its appearance is not very pronounced. Relatively large experimental uncertainties in the concentration measurements also tend to mask the pronounced occurrence of the inflection point. Nitrogen oxides emission is a major concern from the air pollution view point. N 2 involved in the combustion process can be obtained from both fuel and air. However, it is widely accepted that in fluidized-bed combustion due to lower temperatures, the atmospheric air N 2 does not play any significant
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role, and it is assumed here that fuel nitrogen is responsible for the generation of NOx. In the two cases of Fig. 4A and 4B, the fuel feed N2 rates are different but the apparent NOx concentrations are about the same and these remain constant with increasing values of U,. This implies that the N2 feed rate does not influence the formation rate of NOx or Ne conversion rate. If the air dilution effect is taken into account, it would suggest that the real formation of NO~ increased linearly with increase in the amount of oxygen. If we further interpret oxidation of fuel N2 in terms of the chemical reaction
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N2 + O2---2NO



(17)



and regard coal fuel N 2 a s the source of NOx formation and that over 90% of NO~ is NO, it may be inferred that the oxidation of fuel N2 to nitric oxide is a first-order reaction with respect to oxygen and zero-order reaction with respect to fuel nitrogen. The concentration of SO2 in the flue gas decreases slightly with increase in Ua or Z, the decrease is gradual and approximately linear. Taking into account the flue-gas dilution effect, it may be inferred that the oxidation of fuel sulfur is proportional to oxygen concentration but the order of reaction is less than unity. The oxidation of S increases with temperature but the order of reaction tends to decrease with temperature. Obviously the kinetics is more complicated. If it is further assumed that only pyritic S contributes to the emission of SO2, the percentage S oxidation may be computed. These sulfur combustion efficiencies, r/s, are listed in Table 4 and are surprisingly low. It is planned to conduct a good mass balance by carefully analyzing the different streams for sulfur content in future work. Fuel N 2 conversion or combustion efficiencies are also computed and these r/N values are also listed in Table 4. The operating conditions of Run #5 corresponding to maximum conversion of N2 were employed for comparison with the NOx emission limit set by the Illinois EPA. This gave a value of 0.361 lbm/Mbtu which is less than the limit of 0.7 lbm/Mbtu (1.08 kg/MW-hr) set by the EPA for boilers [9]. The emission of CO as displayed in Fig. 4 also accord well to the EPA limit set at 500 ppm corrected to 50% excess air (ref. [9], p. 140). In Fig. 5 are presented the computed values of the three combustion efficiencies as a function Z, U~ and N. High fluidization numbers ensure good quality fluidization for the largest coal particles but these also create a condition for losing small particles by elutriati0n. The combustion quality efficiency values (r/co) are always greater than 99.5. This implies that most carbon is converted to CO2 in the combustion process and emission of CO is kept at a very low level, r/co increases with increase in Tb and a lower value of Z is adequate both for good combustion and reduced pollution. However, an optimum Z value around 0.9 is established by the present work. Larger Ua values should be avoided, because the reduction in residence time will permit volatiles to escape before complete combustion is achieved. r/cu variations with Z for the two Fc values are also shown in Fig. 5, with corresponding values of Ua and Nf also indicated on the same graphs. "Ocu exhibits an optimum efficiency around Z = 0.9. Operation of combustor around this optimum value is recommended, in general. This condition is well supported by both favorable combustion and emission conditions, and a higher temperature is preferable. For this particular case, 1250 K is about the best. r/TC values like r/cu values are quite large and exhibit similar dependencies on the operating parameters. This of course is understandable because r/co values are close to unity. This may be interpreted as efficient energy recovery from the feed coal, and to the successful energy generation and recovery from fluidized-bed coal combustion. 6. CONCLUSIONS This study has led to the following general conclusions associated with the fluidized-bed coal combustion: (a) Combustion of coal in the fluidized-bed mode indicates that efficient coal combustion (or carbon utilization efficiency), energy generation (or thermal combustion efficiency), and low CO emission (or combustion quality efficiency) are adequately accomplished. The emission of NO~ is also well within the specified limit set by the Illinois EPA for boilers. Optimum combustion conditions are established. A bed temperature of 1250 K and a value of 0.9 for the ratio of excess air to stoichiometric air are adequate operating parameters. (b) The use of coal as an auxiliary fuel for co-incineration purposes of waste materials is well supported by the present work. The same holds for the successful combustion of low calorific value materials with added coal to obtain and sustain optimum combustion conditions and environment. (c) The oxidation of coal C in fluidized-bed combustion environment is predominantly to CO2 and very little CO is formed. The emission is well within the limits set by the EPA. These facts are well represented by the high values of r/co which range between 99.5 to 99.8. (d) Assuming that fuel N2 is the main contributor for the NOx generation and over 90% of NOx under the combustion conditions of the present study is NO, it is inferred that the oxidation of coal N2 to NO is a first-order reaction with respect to 02, and zero-order reaction with respect to coal N2. (e) The oxidation of S to SO2 is found to linearly decrease with increase in Ua or Z for the ranges of present investigations. It also appears that the degree of oxidation of fuel S is proportional to 02 concentration.
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The order of reaction is less than unity and the same decreases with increase in temperature. It is of course recognized that the actual kinetics of S oxidation is much more complicated. These comments are only intended for approximate engineering analysis of such systems. REFERENCES I. Saxena, S. C., Tanjore, V. N. and Rao, N. S., Energy and Fuels, 1992, 6, 502. 2. Saxena, S. C. and Jotshi, C. K., Prog. Energy Combust. Sci., 1994, 20, 281. 3. Saxena, S. C., Rao, N. S. and Kasi, A. N., In Proceedings International Conference on Fluidized Bed Combustion, Am. Soc. Mech. Engrs, New York, Vol. 2, 1993, pp. 1189-1199. 4. Saxena, S. C. and Rao, N. S., Energy and Fuels, 1993, 7, 273. 5. Saxena, S. C. and Chatterjee, A., Energy--The International Journal, 1979, 4, 349. 6. Saxena, S. C., Rao, N. S., Rao, V. G. and Koganti, R. R., Energy--The International Journal, 1992, 17, 579. 7. Saxena, S. C., Rao, N. S. and Thomas, L. A., Energy--The International Journal, 1993, 8, 1045. 8. Wen, C. Y. and Yu, Y. H., AIChE J., 1996, 12, 610. 9. State of Illinois Environmental Protection Agency, Rules and regulations, title 35: Environmental protection, subtitle B: Air pollution, Chapter 1: Pollution control board. 2200 Churchill Road, P.O. Box 19276, Springfield, Illinois 62794-9276, July 1992, p. 208. NOMENCLATURE C ~ Mass fraction of carbon in coal c ~ = Mass fraction of burnt carbon c ~ = Mass fraction of total carbon in coal Ccc = Mass fraction of carbon undergoing complete combustion CIc = Mass fraction of carbon undergoing incomplete combustion Cua = Mass fraction of unburnt carbon in coal [ c o ] = Volume fraction of carbon monoxide in dry flue gas [co2] = Volume fraction of carbon dioxide in dry flue gas dp= Average diameter dpi ~-~ Mean of the diameters for the ith and (i - 1)st sieves F= Mass of dry flue gas per unit mass of coal F c = Coal feed rate g= Acceleration of gravity h= Bed height above the distributor plate H= Mass fraction of hydrogen in coal L= Length of a bed section May = Average molecular weight of dry flue gas Mr = Moles of flue gas per unit mass of coal N = Mass fraction of nitrogen in coal [N2] = Volume fraction of nitrogen in dry flue gas Nf = Fluidization number [NO] = Volume fraction of nitric oxide in dry flue gas O = Mass fraction of oxygen in coal [02] = Volume fraction of oxygen in dry flue gas



Qc = Heating value of coal QL = Total heat loss through incomplete combustion of carbon monoxide to carbon dioxide and unburnt carbon S = Mass fraction of sulfur in coal [SO2] = Volume fraction of sulfur dioxide in dry flue gas Tb = Bed temperature Ua = Superficial air velocity at room temperature Ug = Superficial gas velocity at bed temperature Umf= Superficial minimum fluidization velocity x~ = Mass fraction of coal retained on sieve i Y= Mass of dry flue gas per unit mass of burnt carbon Z = Ratio of excess air to stoicbiometric air



Greek symbols AHc = Heat of combustion of carbon AHco = Heat of combustion of carbon monoxide APb= Pressure drop across a bed section "qN= Nitrogen combustion or conversion efficiency ¢/s = Sulfur combustion or conversion efficiency % u = Carbon utilization efficiency •/cQ = Combustion quality efficiency = Thermal combustion efficiency = Bed voidage #s = Gas density Ps = Solid density
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