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- EXECUTIVE SUMMARY 

Coal-fbeled technology appfears to have a great potential for oil and gas replacement in 

small-scale installations of less than 6.3 kg/s (50,000 l b h )  steam equivalent. These smaller units 

can meet the needs of process heat, hot water, steam, and space heating in the residential, 

commercial, and industrial sectors. Currently, oil- and natural gas-fired equipment are being used 

almost exclusively for these applications. Due to the large difference between the prices of these 

hels and coal, a coal-heled technology engineered for small-scale applications has the potential 

of becoming yery competitive under economic conditions in which the price differential 

overcomes the initial capital cost of the coal-based system. From performance, emissions, and 

economics standpoints, atmospheric: fluidized bed combustion (AFBC) techrplogy has emerged as 

a leading candidate for utilizing high sulhr fbels. A successhl coal-fbeled FBC system cannot 

only be more economical, but can adso reduce the nation’s dependence on foreign oil and open up + 
new markets for domestic coal and the coal-heled fluid-bed technologies. 

A market analysis indicated that a coal-based system that provides competitive levels of 
capital and O&M cost, performanice, and reliability at the 0.126 to 1.26 kg/s (1,000 to 10,000 

l b h )  steam-generation rate can displace as much as 2.64 EJ (2.5 quad Btu) of gas and oil within 

the residential, commercial, and light industrial sectors. In the industrial sector, systems fiom 

1.26 to 6.3 kg/s (10,000 to 50,000 l b h )  steam can displace another 1.16 EJ (1,l quad Btu) of 

energy per year. 

Simply scaling-down existing large AFBC systems to the size range suitable for small end- 

use sectors of interest will result in complex and expensive systems that will not be competitive 

with presently available oil- and gas-fired equipment. New innovative approaches are needed to 

reduce cost and enhance performance. Specifically, the new system should possess the following 
attributes: 

- High combustion eificiency; 

0 High SO2 capture capacity; 



e Low NO, emissions; 

e Reliability, maintaina1)ility and safety of operations equivalent to oil- and 

gas-fired packaged systems; 

Cost competitiveness with gas- and oil-fired systems; e 

e Simple and inexpensive controls; 

e 

0 

e Minimal operator attention. 

Rapid start-up and load-following capability; 

Clean, aesthetic, and compact design; and 

ThermoChem, under contract to the Department of Energy, conducted extensive research, 

development and demonstration work on a Pulsed Atmospheric Fluidized Bed Combustor 

(PAFBC) to confirm that this advanced technology can meet these performance objectives. - 
F 

The ThermoChem/MTCI PAFBC system integrates a pulse combustor with an 

atmospheric bubbling-bed type fluidized bed combustor (BFBC). In this modular configuration, 

the pulse combustor burns the fie1 fines (typically less than 30 sieve or 600 microns) and the 

fluidized bed combusts the coarse hiel particles. 

Since the ThermoChem/MTCI PAFBC employs both the pulse combustor and the AFBC 

technologies, it can handle the fill-size range of coarse and fines. The oscillating flow field in the 

pulse combustor provides for high interphase and intraparticle mass transfer rates. Therefore, the 

fie1 fines essentially burn under kinetic control. Due to the reasonably high temperature 

(> 1093OC but less than the temperature for ash fbsion to prevent slagging), combustion of he1 

fines is substantially complete at the exit of the pulse combustor. The additional residence time of 
1 to 2 seconds in the freeboard of the PAFBC unit then ensures high carbon conversion and, in 

turn, high combustion efficiency. 



This Final Report presents the detailed results of this extensive and successhi PAFBC 

research, development and demonstration project 

... 
111 

A laboratory unit was succcsssfblly designed, constructed and tested for over 600 hours to 

confirm that the PAFBC technology could meet the performance objectives. Subsequently, a 

50,000 l b h  PAFBC demonstration steam boiler was designed, constructed and tested at Clemson 

University in Clemson, South Carolina. 
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SECTION 1.0 

INTRODUC'I'ION TO PAFBC TECHNOLOGY 

Many technologies have been developed andor demonstrated for utilizing high-sulfur 

fuels in general and coals in particular. From performance, emissions, and economics standpoints, 

fluidized bed combustion (FBC) technology has emerged as a leading candidate for utilizing high 

sulfur fuels. Many FBC designs are available and are at various stages of commercialization. 

FBCs can be classified in terms of operating pressure (atmospheric or pressurized) and 

fluidization mode (bubbling or circulating). All the FBC designs possess attributes such as in-situ 

sulfur capture, no slagging or fouling of heat transfer surfaces, high heat transfer rates to heat 

exchange surfaces, near uniform temperature in combustion zone, and fuel flexibility. These 

features have made it possible for FBC technology to compete successfully for the large industrial = 
boiler market (6.3-37.8 kg/s or 501,000 to 300,000 lbhr steam). Large-scale (70 to 150 W e )  
field demonstration projects are in progress to enable FBC commercialization in the utility sector. 

The potential of FBC technology, md specifically, atmospheric fluidized bed combustion (AFBC) 

for small-scale ( 6 3  kgh or 50,000 l b h  steam equivalent) applications has, however, not been 

explored seriously until recently.'" 

I 

An AFBC-based technology appears to have a great potential for oil and gas replacement 

in small-scale installations of less than 6.3 kg/s (50,000 l b h )  steam equivalent. These smaller 

units can meet the needs of process heat, hot water, steam, and space heating in the residential, 

commercial, and industrial sectors. Currently, oil- and natural gas-fired equipment are being used 

almost exclusively for these applications. Due to the large difference between the prices of these 

fuels and coal, a coal-fueled AFBC technology engineered for small-scale applications has the 

potential of becoming very competitive under economic conditions in which the price differential 
overcomes the initial capital cost of the coal-based system. A successful coal-heled AFBC 

system cannot only be more economical, but can also reduce the nation's dependence on foreign 

oil and open up new markets for domestic coal and the coal-fbeled fluid-bed technologies. 

1-1 



A market analysis indicated that a coal-based system that provides competitive levels of 

capital and O&M cost, performance, and reliability at the 0.126 to 1.26 kg/s (1,000 to 10,000 

l b h )  steam-generation rate can displace as much as 2.64 EJ (2.5 quad Btu) of gas and oil within 

the residential, commercial, and light industrial sectors. In the industrial sector, systems Erom 

1.26 to 6.3 kg/s (10,000 to 50,000 l b h )  steam can displace another 1.16 EJ (1.1 quad Btu) of 
energy per year. 

As pointed out earlier, the AFE3C systems can be classified into bubbling-bed (BFBC) and 

circulating-bed (CFBC) FBC systems. In BFBC, it is critical to control the extent of fines 

(elutriable particles) in the coal and sorbent feed in order to limit particle carryover and its adverse 

effect on combustion and sulhr capture performance, emissions, and the size of solids collection 

equipment. Additionally, the higher CdS feed ratios typically required in BFBC applications tend 

to increase sorbent and waste disposal costs. Furthermore, the turndown capability of the BFBC 

is rather limited. As regards the 'CFBC, it exhibits higher combustion efficiency and sorbent 

utilization, lower NO, emissions clue to multiple air staging, and greater fie1 flexibility and 

turndown as compared to BFBC. However, the CFBC system requires a tall combustor to 

accommodate sufficient heat exchange surface. This makes it both impractical and expensive to 

scale-down CFBC to sizes significantly smaller than 12.6 kg/s (100,000 Ibs) steam equivalent. 

Fluid beds in general tend to have large thermal inertia. Start-up of large fluid-bed 

systems requires a considerable amount of time and auxiliary subsystems to preheat the beds in a 

controlled manner. This adds to ovlerall system cost and complexity. Concepts which provide for 

a simple compact design for fast start-up with low-cost hardware and also have simple operational 

characteristics are a must for small-scale applications. Thermal inertia of fluid beds also affects 

load following to some extent and this has also been a serious shortcoming for scale-down to 

small end-use applications. System designs must provide fast response to load changes, par- 

ticularly through auxiliary firing sulbsystems and methods of bed heating. Such a design should 

not require additional hardware and control systems if the system capital cost is to be maintained 

sufficiently low to compete favoratkly with the existing oil and gas equipment. In addition, new 

designs capable of higher throughput for given combustor size will contribute to a reduction in 



capital cost per kJ/hr (BW) of’ fuel fired. This must be achieved, however, without com- 

promising the pollution control performance of equipment intended to meet stringent require- 

ments in some of these end-use applications. 

Simply scaling-down existing large AFBC systems to the size range suitable for small end- 

use sectors of interest will result in complex and expensive systems that will not be competitive 

with presently available oil- and gias-fired equipment. New innovative approaches are needed to 

reduce cost and enhance performance. Specifically, the new system should possess the following 

attributes: 

e 

e 

e 

e 

High combustion eificiency; 

High SO2 capture capacity; 
i 

Low NO, emissions; 

Reliability, maintainability and safety of operations equivalent to oil- and 

gas-fired packaged systems; 

Cost competitiveness with gas- and oil-fired systems; e 

e Simple and inexpensive controls; 

e 

e 

e Minimal operator attention. 

Rapid start-up and load-following capability; 

Clean, aesthetic, and compact design; and 

The ThermoChem/MTCI PMBC system integrates a pulse combustor with an 
atmospheric bubbling-bed type fluidized bed combustor (BFBC) as shown in Fimre I-I. In this 

modular configuration, the pulse combustor bums the fuel fines (typically less than 30 sieve or 

600 microns) and the fluidized bed combusts the coarse fuel particles. For the sake of readers 

unfamiliar with pulse combustion!, a brief discussion of this concept is provided following a 

description of the PAFBC system. 

1-3 
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As shown in Figure 1-1, the PAFBC comprises a refractory-lined fluidized bed (1) and a 

pulse combustor (5) .  The fluidized bed consists of a dense bed (2) and a freeboard (3). The 

dense bed operates in a bubblinghurbulent fluidization mode. The freeboard incorporates an ex- 

panded section (4) to decrease gas velocity, increase gas residence time and decrease elutriation. 

The pulse combustor ( 5 )  comprises an aerovalve (6), combustion chamber (7), tailpipe (8) with-a 

waterham jacket (9), air plenum (lo), thrust augmentor (ll), and a diffuser (12). The 

expansion section (13) at the end of the tailpipe (8) is to reduce the flue gas exit velocity and 

prevent channeling in the bed. After the flue gas fiom the pulse combustor exits the tailpipe, it 

enters a difiser section which provides fines recirculation and increased particle residence time in 

the bed. The additional components of the PAFE3C unit include overbed coarse he1 and sorbent 

screw feed system (14), a fuel classifier (not shown) for separating fbel fee$ into coarse fraction 

and fines, an inertial solids separator (15) for in-fbmace solids disengagement, a bed drain (16) to 

facilitate rock removal, tube banks (17) immersed in-bed for steam generation and bed 

temperature control, an air distributor (18), and a natural gas-fired pilot burner (19) for 

operational safety during start-up. 

A pulse combustor typically consists of a flow diode, combustion chamber and resonance 

tube. Fuel and air enter the combustion chamber. An ignition source detonates the explosive 

mixture during start-up. The sudden increase in volume, triggered by the rapid increase in 
temperature and evolution of combustion products, pressurizes the chamber. As the hot gas 

expands, the flow diode permits preferential flow in the direction of the resonance tube. Gases 

exiting the hot combustion chamber in the resonance tube possess significant momentum. A 

vacuum is created in the combustian chamber due to the inertia of the gases within the resonance 

tube. The inertia of the gases in the resonance tube permits only a small fraction of exhaust gases 
to return to the combustion chamber; the balance of the gas exits the resonance tube. Since the 

chamber pressure is below atmospheric pressure, air and &el are drawn into the chamber where 

autoignition takes place. Again, the flow diode constrains reverse flow, and the cycle begins 

anew. Once the first cycle is initiated, engine operation is self-sustaining. 

1-5 



The flow diode utilized in many other pulse combustion concepts is a mechanical “flapper 

valve.” The flapper valve is actually a check valve permitting flow from inlet to chamber, and 

constraining reverse flow by a mechanical seating arrangement. This served quite well for the 

purpose intended. MTCI’s pulse combustor technology is designed for a much longer service life 

utilizing an aerodynamic valve without moving parts as an effective alternative to the flapper 

valve. During the exhaust stroke, a boundary layer builds in the aerodynamic valve. Turbulent 

eddies choke off much of the reveirse flow. Moreover, the exhaust gases are of a much higher 

temperature than the inlet gases. ‘Therefore, the viscosity of the gases is much higher and the 

reverse resistance of the inlet diameter, in turn, is much higher than that for forward flow through 

the same opening. These phenomena, along with the high inertia of the exhausting gases in the 

resonance tube, combine to yield prleferential and mean flow from inlet to exhaust. Thus, the non- 

mechanical pulse combustor is a self-aspirating engine, drawing its own air and &el into the 

combustion chamber and auto-eject ing combustion products. 
- 
F 

The rapid pressure oscillations in the combustion chamber generate an intense oscillating 

flow field. In the case of coal combustion, the fluctuating flow field causes the products of 

combustion to be swept away from the reacting solid, thus providing access to oxygen with little 

or no difision limitation. Second, pulse combustors experience very high mass transfer and heat 

transfer rates within the combustioin zone. While these combustors tend to have very high heat 

release rates (typically ten times those of conventional burners), the vigorous mass transfer and 

high heat transfer within the combuistion region result in a more uniform temperature. Thus, peak 

temperatures attained are much lower than in the case of conventional systems. This results in a 

significant reduction in nitrogen oxide (NO,) formation. The high heat release rates also result in 

a smaller combustor size for a given firing rate and a reduction in the residence time required. 

The performance of AFBC is affected by the rate of combustion of coal, which in turn is 
affected by coal properties (devolai ilization, swelling, fiagmentation, and char combustion), feed 

particle size range, feed system and combustion-enhanced mechanical attrition, heat and mass 

transfer rates, and unit operating In AFBC, the carbon carryover into the primary 

particle separator is generally high due to limited residence time of fuel fines in the combustor. 



The acoustic field radiated into the fluid bed enhances the mass transfer rate and in turn 
increases the reaction rate between the sorbent and SOZ. This a priori sulfhr release, acoustic 

enhancement in the fluid-bed mass transfer process, and the fines recirculation as a consequence 

of the draft tube design help achieve high sulfhr capture efficiency at low Ca/S molar feed ratio,. 

which leads to lower limestone and waste disposal costs. 

Pulse combustors are inherently low NO, devices.") Keller and Hongo" investigated the 

mechanisms of NO, production in pulse combustion and concluded that several complementary 

mechanisms are responsible. The rate of heat transfer in the pulsating flow is higher than that in 

conventional steady flow and helps create lower overall temperature in the combustion chamber. 

Also, the high rates of mixing between the hot combustion products and the cooler residual 

products from the previous cycle and the incoming cold reactants create a short residence time at 

high temperature quenching the NO, production. These complementary mechanisms create an 
environment which approximates et well-stirred tank at relatively low temperature and result in 

low NO, production. The dense fluid bed, due to operation at low temperature (- 843OC) and 

with coarse he1 particles, enjoys a lower NO, production as well. Consequently, the NO, 

emissions from PAFBC are likely to be lower than that of AFBC. 

- 

The overall heat transfer coefficient in the water-jacketed pulse combustor tailpipe is of 

the same order as that for tubes iimmersed in the dense fluidized bed. The replacement of the 

inefficient heat exchanger in the freeboard of a conventional BFBC by the water-jacketed pulse 

combustor tailpipe significantly decreases the heat transfer surface area requirement and cost. 

1.1 BACKGROUND 

Bubbling atmospheric fluid-bed combustors have a number of technical attributes that hold 

a great deal of promise in combustion of high sulfur, high ash coals having fuel-bound nitrogen, 

with inherent pollution control capabilities. The most relevant technical attributes of bubbling 

atmospheric fluid-bed combustors and a discussion of the degree to which the technology realized 

its potential is discussed below. 



The fundamental concept of a bubbling atmospheric fluid-bed combustor is to burn 

crushed coal at a moderate temperature in a bed comprised of particles that are made of a sulfur 

sorbent. The ability to burn the coal at a moderate temperature (1550OF to 165OOF) in a fluid bed 

is aimed at control of NO, formation from fuel-bound nitrogen and thermal sources. Limestone, 

generally used as the bed material, calcines at the operating temperature providing a calcium oxide 

sorbent that captures sulfur oxides produced from burning the sulk-containing coal fuels. 

Heat removal from the bed to control the bed temperature to the desired range is indeed 

opportune with bubbling fluid beds due to the generally high heat transfer available between the 

bed material and surfaces immersed in the bed. This provides for relativdy small heat transfer 

surface to extract useful heat from the combustion process. 

As the development of atmospheric fluidized beds proceeded, it became evident that coal 

fines tend to quickly elutriate fiom the fluid bed that is normally operating at a fluidization air 

velocity suitable for the bulk of the crushed coal particle size (say, 3/8" x 28 mesh) and the 

corresponding selection of limesto ne particle size. Generally, the higher the fluidization velocity, 

the higher the heat release rate per square foot of bed area. The higher heat release rates are 

desirable to reduce the specific capital cost of the equipment per B t u h  of firing rate. 

Nevertheless, limitation on fluidmition velocit$ was encountered because of residence time, bed 

height, particle size distribution and related bed stability considerations. Practical considerations 

and developmental experience gave rise to bubbling fluid beds that operate within the range of 3 

to 5 feet in height with a large fieelboard required above the bubbling bed. 

The freeboard was provided to permit sufficient residence time at a suitable temperature 

for the combustion of fines thal are found with crushed coal as received at the fluid-bed 

combustor fuel inlet. Coal screening and classification became necessary to remove excessive 

amounts of fines prior to feeding the fuel to a fluid-bed combustor so as to maintain the operation 
of the equipment within the environmental performance constraints. This, however, tends to 

compromise the economics of the operation significantly. Most, if not all, bubbling atmospheric 
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fluid bed manufacturers only warrantee performance with he1 fines content (28 mesh x 0) less 

than 7 to 10 percent of the total feed. 

While bubbling fluid-bed combustors are designed with an appropriate freeboard height 

and volume with suitable operating temperatures, practical problems still accrue due to the 

presence of elutriated fines in the freeboard. 

The carbon burnout of them fines is not the primary problem because such fines can be 

captured in a cyclone and/or a baglhouse and recycled into the bed, preferably educted with air in 

an underbed feed, to improve the ultimate carbon burnout. Nevertheless, produhion of excessive 

amounts of CO can be experienced from fines burning in the freeboard having insufficiently high 

gas temperature. Thus, heat removal from the freeboard must be mindfbl of such considerations. 

This is particularly important because gasfrow is only once-through the entire system. 
- 
z- 

Should the rate of elutriation of fines increase, however, temperatures in the freeboard 

could rise sufficiently to levels that promote NO, production in the flue gas even though under 

such conditions the CO content in the flue tends to decrease. Further increase in the rate of fines 

elutriation could once more promote production of CO with a modest reduction in NO, 
production from combustion in the freeboard. 

In addition to the above, fines burning in the freeboard release sulfbr oxides downstream 

of the sorbent bed. Some sulfbr capture by sorbent fines elutriating form the bed is encountered 

but generally not sufficient. This is particularly the case when the coal being fed to the combustor 

contains excessive amounts of sulfiir-laden fines. 

Therefore, the design of the freeboard height and volume as well as the allowable heat loss 

(or removal) from the freeboard must be mindfbl of the fines combustion considerations as well as 

the need for a sufficient particle disengagement height for the return of larger particles ejected by 

the bubbling action at the surface of the bed. 
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Practical experience with bubbling fluid beds hrther indicated that gas bubble growth in 
the bed does occur and ultimately causes channeling of the gas flow through the bed. This tends 

to compromise both the combusi:ion process efficiency (high excess air detected as high O2 

concentration in the flue) and low sorbent utilization efficiency with sulfur oxides breaking 

through. 

In response to the above practical problem, with what is otherwise a very promising 

technology, much of the industry nioved to pursue the circulating fluid bed. -Circulating fluid beds 

operate at high fluidization ve1ocii:ies with much of the solids elutriating fiom the bed and later 

captured and circulated back to the bed. In this case there is no fieeboard per se, but there is coal 

and sorbent material, with heat removal practiced to alleviate some gf the above issues, 

throughout the entire height of the combustor vessel. 
- 
L 

Heat transfer surface is typically installed on the walls of the CFB combustor. This 

surface is much less effective than surfaces immersed in bubbling beds, therefore, CFFb require as 

much as three to five times the surface area than bubbling beds of the same steam-generating 

capacity. 

With high fluidization velocities, however, came the excessive height of the circulating 

fluid bed as dictated by the need f i r  reasonable residence times and the need to provide sufficient 

heat transfer area. Circulating fluid beds are often 100 feet high or even higher which in turn 

caused the circulating fluid bed to be high in capital cost. 

The Department of Energy recognized the need for advanced technology concepts and as 

a result it sought new advanced fluid-bed combustion technology SQ as to provide alternatives to 

the above technologies (AFB and CFB) ameliorating the technical and cost issues. The DOE 

program also challenged the comiunity to provide innovative technology that can even be scaled 

down to smaller commercial and light industrial applications (below 50,000 I b h  of steam) while 
maintaining their economic viability and environmental compliance. 
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Under this DOE program, which was underway in 1987, three technologies were pursued 

by DOEMTC, namely, a) the multi-solids fluidized bed combustor (MSFBC), b) the two-stage 

circulating fluid-bed combined with cyclone combustor (vortex fluidized bed), and c) the MTCI 
Pulse Stabilized Atmospheric Fluid ked Bed Combustor. 

The MSFBC technology is depicted in Fiaure 1-2. The combustion system is comprised 

of a combined bubbling-bdcirculitting bed for combustion and ,a bubbling bed with in-bed heat 

exchangers for heat removal. 

The combined bubbling becVcirculating bed combustor section employs an entrained bed 

of fine ash and limestone particles superimposed on a fluidized dense bed of large particles, which 

are not circulated. The lower dense bed of large particles is intended to promote mixing and 

increase the residence time of the circulating fine material, include fbel fines and fine limestone 

particles, within the combustor. The combustor section operates at high superficial gas velocity 

of 25 to 30 Wsec. In this technology the heat transfer and combustion processes are affected in 

two separate vessels. Most of the lheat removal occurs in an external heat exchanger (EHE) and a 

convective boiler. 

- * 

The EHE is comprised of a conventional fluidized bed of fines that are captured by the 

circulating fluid-bed cyclone with heat exchanger tubes buried in the bed. This bed is fluidized at 

a low fluidization velocity (1 to 2 tl./ sec). The cooled fines are then reintroduced into the com- 

bined bubbling-bedcirculating bed combustor. 

The two-stage circulating fluid-bed combined with cyclone combustor or the Vortex 

Fluidized Bed is depicted in Figure 1-3. In this technology a circulating fluid-bed combustor is 

provided and is operated with approximately 25 percent of the combustion air required at full 

load, thus maintaining the CFB coimbustor section with a relatively low cross-sectional area. The 
balance of the heat release (75%) is affected in the cyclone through tangential air injection in the 

cyclone barrel. Heat removal is practiced in the two-side bubbling beds with heat exchanger tubes 
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FIGURE 11-2: THE MSFBC TECHNOLOGY 
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buried in the two-side bubbling beds. An elaborate scheme to circulate the bed material to and 

from the bubbling beds back into the CFB combustor is provided to control heat removal and 

combustor temperature. Fiaure 1-e provides an illustration of this solids reinjection scheme. 

With the above review of the technology background and the relevant state of the art, we 

now present the Pulse Atmospheric: Fluidized Bed Combustor Technology and a discussion of its 

technical attributes as they relate to1 the technology background and the state of the art. 

The PAFBC technology \vas formulated on the basis of a set of performance and 

economic criteria that were establisshed by an intense study of the fluid-bed technology including 

the current state of the art. This was undertaken to ensure that the resultgg technology can in 

fact meet the technical, economic and operational goals set forth in the DOE advanced fluid-bed 
- program objectives. The criteria for the PAFBC technology were as follows: - 

e 

e 

e 

e 

Heat transfer in bubbling beds is one of the good features of the fluid-bed 
technology and this feature should be retained. 

Having to go to a circulating fluid bed to deal with fines in bubbling bed 
combustion adds too much to the capital cost and should be avoided. 

Fines combustion shiould be upstream of the bubbling bed (not downstream of the 
sorbent) to maximize sulfur capture efficiency of the system and sorbent utilization 
since gas flow through the system is once through. 

A means should be hund that would minimize fines combustion in the fieeboard 
to, in turn, minimize: SO*, NO, and CO emissions in the fieeboard. 

0 A means should be found to allow the bed to operate at reasonably _high 
fluidization velocity without the formation of large bubbles and channeling flow. 
This is to enhance throughput without compromising combustion efficiency, 
controlling gas bypass, and enhancing sorbent utilization. 
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e The entire system design must achieve compactness, low-capital cost and reliability 
of operation without elaborate hot solids handling and complex control systems. 

e The system should be capable of modularization for adaptation to both industrial 
and utility needs. 

In order to achieve the above, MTCI introduced the PAFBC technology which is a hybrid 

combustion system that employs both a pulse coal combustor and a bubbling fluid bed. The 

hybrid combustor system configuration is depicted in Fiaure 1-5.- 

The oscillating jet flow leaving the tailpipe, of the down-fired pulse combustor, can have a 

velocity in the range of 150 to 1600 Wsec by design. A divergent tailpipe (not shown) can be 

employed to obtain slower exit velocities from the resonance tube. The kiifetic energy in this jet 

of flue gas is employed to affect pressure recovery in a coupler to couple the pulse combustor to 

the fluid bed. 
- 
c 

The dynamic pressure oscillations emanating from the coupler impart a forced oscillation 

to the fluid bed which is typically at frequencies in the range from 35 to 60Hz. This forced 

oscillation causes large bubbles normally formed in a bubbling bed to break up into smaller 

bubbles, minimizing gas breakthroiigh and higher sulfhr capture and combustion efficiency in the 

bed at higher fluidization velocities (and hence higher throughput). 

The combustion air for the pulse combustor enters through the pulse combustor's air 

plenum. The aerovalve oscillatory flow is employed by a thrust augmentor device to provide a jet 

pump action giving rise to an increase in air pressure to the wind box. Typical pressure boost 

achieved is in the range of 8 to inches of water which subsidizes a significant portion of the 

pressure drop across the distributor plate at the bottom of the fluid bed. 
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In addition to the above, the fluid-bed combustor design employs an expanded freeboard 

cross-sectional area to permit shoder freeboard height but with adequate freeboard volume. The 

considerations that entered into this; portion of the design are as follows. 

First, the top of the expanded fluid bed is maintained at the start of the cross-section 

expansion zone by the location of the overtlow drain. This is aimed at slowing down the mean 
superficial velocity as the upward gas flow approach the top of the expanded bed. This in turn is 

intended to krther reduce the vigor by which the bed ejects solids upward in the freeboard as it 

operates. 

Second, the pulsed bed tends to form smaller bubbles, which was ycperienced with both 

directly and indirectly coupled beds, therefore, the disengagement height need not be very high. 

Third, the superficial velocity in the expanded cross-section freeboard would be lower 

than that in a freeboard without the expansion which would promote the return of ejected solids, 

within reasonable limits, back to thle bed. 

Fourth, the expanded bed would have lower surface to volume ratio, hence, a modest 

reduction in equipment cost. - 

The cross-section of the erit opening in the fieeboard is made sufficiently large to avoid 

entrainment of ejected solids with the departing flue gas leaving the freeboard of the fluid-bed 

combustor. The cross-section, however, is reduced progressively as the flow approaches the exit 

to increasingly remove both finer particles and heat from the flue with the minimum pressure drop 

possible. The lower portion of this solid separator is inclined at> a sufficiently steep angle to 

ensure the return of the separated solids back to the bed. 

Reflecting on the criteria ;ind the technology review (including the state-of-the-art), the 

following discussion is devoted to the PAFBC technology design and operation attributes with the 

state-of-the-art technology as a basis for comparison. 
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In the PAFBC technology a CFB process was avoided and instead a compact high heat 

release pulse coal combustor was employed to burn the fines upstream of a bubbling fluid-bed. 

This is to ensure that NO, SOx or even CO that may be produced in the pulse combustor will 

pass through a reburn zone with in-situ sorbent at the appropriate operating temperature. 

The capital cost of a pulse combustor which is made of carbon steel is simply dwded by 

any CFB. The pulse combustor is; cooled by raising steam fiom its resonance tube@) which 

exhibit very high heat transfer. 

The PAFBC hybrid technology provides a low capital cost, simple design, promoting high 

reliability, efficiency and environmental control unparalleled without a CFB but retaining and, in 

fact, enhancing the fbndamental benefits of a bubbling fluid-bed system. 
- 
F 
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SECTION 2.0 

DESIGN ANI) FABRICATION OF TEST UNITS 

2.1 PRELIMINARY DESIGN UNIT TEST PROGRAM 

During a Preliminary Design Unit Test program, a laboratory-scale model of the PAFBC . 

was operated according to site-specific specifications for both adiabatic (drying) and non- 

adiabatic (steam) conditions. Technical and economic evaluations and a market analysis were also 

completed. A preliminary design of a proof-of-concept (POC) PAFBC facility based on the test 

results was completed. 
i 

The laboratory PAFBC test facility was characterized over a range of coal types and feed - 

rates. Coals tested included two coal preparation plant refuse streams and three coal products 

representative of the hels that will be used in the proof-of-concept system test. The performance 

of the PAFBC exceeded that of conventional bubbling fluidized bed combustors in all cases and at 

least matched the performance of c:irculating fluidized bed combustors. 

7 

Overall performance of the PAFBC exceeded design expectations; throughput of the 

system was nearly double that anticipated. Enhancement of heat transfer was demonstrated to be 

sufficient to permit incorporation of all required heat transfer surface as extended surfaces on the 

water-cooled eductor. Emissions fiom the PAFBC were experimentally determined to exceed all 

new source performance standards;. 

A cross-section drawing ofthe laboratory PAFBC test facility is shown in Fimre 2-1. 
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2.1.1 Laboratory-Scale IDesien Summarv 

Pulse Combustor Design 

Fiaure 2-2 is a drawing of the water-cooled pulse combustor and tailpipe assembly. The 

combustion chamber and tailpipe are designed for a 60 Hz resonant mode with the tailpipe length 
corresponding to 1/4-acoustic wave length. The thermal capacity of the combustion chamber 

under these conditions is nominally 500,000 Btu/hr. Non-slagging operation of the pulse com- 

bustor requires that the maximum combustion temperature be maintained below 2200°F. This 

condition is met when the excess air to the combustor is about 70percent. Since both the 

combustion chamber and tailpipe are water-jacketed, substantial cooling of the flue gas occurs 

before exit from the tailpipe. A design tailpipe exit temperature of 1685°F has been derived on 

the basis of MTCI’s pulse combustor design calculations. The maximum allowable flue gas 

temperature in the combustion chimber determines the required excess air to chamber, which in 

I’ 

turn determines aerovalve sizing. The design thermal input to the pulse combustor together with 

the excess air fraction to maintain non-slagging combustion temperature, determines the total flue 
gas mass flow rate from the combustor. The design 1685°F tailpipe exit temperature then 

completely characterizes the heat transferred as steam/water in the jacket around the combustor/ 

tailpipe assembly. 

The pulse combustor also has a thrust augmentor which is a feedback of the high pressure 

of the tailpipe exit flue gas to the pulse combustor inlet. Recirculation of a small amount of the 

flue gas through the combustor promotes pulse combustion through improved fbeVair mixing 

within the combustor. 

Fluidized Bed Design 

The fluidized bed used in the laboratory-scale testing during this phase of the development 

project has inside dimensions at tlhe bed level of 2’ x 2’. The bed section is approximately three 

feet tall at which point the vessel walls begin a transition to the freeboard dimensions of 2’ x 4’. 

This transition occurs over a height of 6 feet. A drawing of the fluidized bed showing the location 

of the pulse combustor extending down through the fieeboard is shown in Fiaure 2-3. 
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The fluidized bed is designed to operate with a superficial velocity of 8 Wsec. The design 

firing rate for the fluidized bed is approximately 1.5 MMBtukr. This rate of firing, added to the 

firing rate of the pulse combustor described above, provides a system design firing rate of about 2 

MMBtu/hr in the near adiabatic mode of operation. 

Particle Separalor/Convective Heal Exchanger 

This section of the laboratory-scale facility was designed to provide a smooth increase in 

gas velocity from the fluidized bed freeboard to the cyclone inlet. In addition, by installing 

vertical tubes in this section, the gas can be cooled prior to entering the cyclone and particles can 

be separated by impingement on the: tubes. 

s 

At design conditions, gas 1e:aving the freeboard enters the cross-flow heat exchanger at a 

temperature of 1550OF and is cooled to below 900°F before entering the cyclone. A pair of fins is 

attached along the length of each of the water-cooled staggered tubes so as to provide inertial 

capture of larger coal and fly ash peuticles as the flue gas flows around the tubes. This convective 

section is designed with an inclined base to promote the return of the inertially collected 

particulate to the fluidized bed, under gravity. The inclined base also allows a smooth transition 

from the 5 Ws design gas velocity in the freeboard to a cyclone inlet gas velocity exceeding 

50 fvs. A sketch showing the fabrication of the particle separator is shown in R a r e  2-4. 

Cyclone 

The design flue gas flow rate exiting the convective heat exchanger was used to Size a 

high efficiency cyclone based on the classical Stairmand design. Fiaure 2-5 shows the dimensions 

of the cyclone used in the laboratory unit. The design aerodynamic cut diameter (dso) for this 

cyclone is 4 p. The PAFBC cyclone is constructed with a water jacket around its outer wall. 

This jacket has a twofold purpose:: (i) it allows construction fiom mild steel material, and (ii) it 

allows additional surface area for steam production. The latter is an advantage only in the case of 

non-adiabatic operation. Steam production needs to be minimized in adiabatic operation; 
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therefore, a refractory-lining will replace the water jacket and would still permit the use of mild 

steel construction. 

2.1.2 Summarv of Laboiratorv Results 

The detailed results of lahoratory operation on various coal feedstocks, including two 
waste streams from Island Creek: Coal Company’s Alpine Mine preparation plant and three 

production coals were discussed in previous reports. In this Final Report, a direct comparison of 

the laboratory unit performance operating in the PAFBC mode and as a conventional atmospheric 

bubbling fluidized bed combustor (AFBC) is presented. 
w3 

* 

The system was thoroughby tested for 600 hours of open&bn with &number of coal fuels 
Alpine plant of the Island including Maryland coals and both refuse and product co 

Creek Coal Company. The Maryland coals employed 

commercial coal supply to Baltimore Thermal. In order to est 

the principal attributes of the PAFBC technology, two sp 

the point clearly. The results of these tests are presented bel 

Island Creek Coal Alpine mine anti the propsties of the coal are prbvided in Table 

- 
I 
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TABLE 2-1: 

- CHE:MICAL COAL ANALYSIS 
(Percentages By Weight) 

Coal Sousce: Island Creek 

Carbon 

Hydrogen 

Sulfbr 
Nitrogen 

Oxygen 
Ash 

Moisture 

Btu/lb 

7 1% 

3.78% 

1.95% 

1.18% 

1.57% 

11.92% 

8.08% 

12,03 2 

The test conditions involved operating the system as a PAFBC combustor system and 

another time without the pulse combustor, as an AFBC, with all the coal fed to the fluid bed. 

Furthermore, in the PAFBC mode of operation, a high fluidization velocity was used to establish 

the ability of a pulsed bed to perhrm well at high throughput with both the bed pulsation and 

local recirculation of flue gas and solids minimizing the bubble growth (with gas breakthrough) 

and enhancing bed performance in rnlfur capture, NO, reduction, and combustion efficiency. 

A summary of the test results is provided in Table 2-2 which is also depicted in graphic 
form in Figures 2-6, 2 7 ,  and 2-8. As can be readily understood from Figure 2-6, which depicts 

the operating conditions, in the PAF‘BC mode the bed temperature’was slightly lower, the bed 

depth was also shallower, and the fluidization velocity was significantly higher. 
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TABLE2-2: 
- m a r  PLANT TEST RESULTS 

YEAR 1989 11989 1991 1991 1991 

Operatinp Conditions: Steam Steam Drying Drying Steam 
AFBC PAFBC m c  PAFBC PAFE3C . 

System Firing Rate, MMBtu/hr 
Bed Temperature, OF 
Bed Depth, inches 
Superficial Velocity, ft/s 
CdS Molar Ratio 
Cyclone Catch Recycle Ratio 
Coal Feed Rate to Bed, l b h  
Coal Feed Rate to Pulse Combustor, lb/hr 

Performance: 

G a s  Analysis at Cyclone Exit: 

0 2 ,  % 

Sulfbr Capture, YO 
Carbon Conversion Efficiency, % 
System Steam Rate, I b h  

1.98 
1550 
32 
7.0 
2.7 
0 

160 
0 

450 
0.90 

590 
0.80 

1100 
1 .oo 

3.8 

72 
90.4 
700 

1.96 
1550 
32 
7.0 
2.5 
0 

100 
60 

100 
0.20 

250 
0.40 

260 
0.20 

4.0 

93 
95.1 
800 

1.80 2.16 
1550 1.500 
16 14 

16.0 I’ 17.3 
3 .O 3 .O 
1:l 
150 
0 

3 14 
1.31 

293 
0.88 

200 
0.36 

11.2 

61 
96.8 
816 

1:l  
112 
68 

113 
0.42 

146 
0.39 

40 
0.007 

11.2 

88 
96.5 
1,284 

3.35 
1530 
24 

16.2 

0 

20 

- 

235 + 

- 
- 

270 
0.25 

475 
0.42 

3.1 

- 
93.7 
2,002 
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Figure 2-7 also illustrates that in the PAFBC mode the CdS ratio was slightly higher and 

the total air feed was also higher. ' All the coal fed to the system was fed to the fluid bed in the 

AFBC mode without classification of the coal (ie., as received W' x 0 coal), with neither coal nor 

air fed to the pulse combustor. Therefore, the system was operated as a conventional AFBC. 

In the PAFBC mode, the coal was air classified with the fines (28 mesh x 0) being burned 

in the pulse combustor and the larger coal particles being burned in the fluid bed. The units for 

the bar chart of Figure 2-6 are as folllows: 

Bed Tempertamre 

Bed Depth 

Fluidization Velocity 

CdS Ratio 

Bed Feed 

PIC Feed 

Total Air 

1 O O O F  

Inches 

Ft/sec 

Molar 

10 lbs coaVhr 

10 lbs coaVhr 

100 SCFM 

E 

Thus, the total system firing rate in the AFBC mode was 1.804 MMBtu/hr and in the 

PAFBC mode, 2.267 MMBtu/hr. 'Therefore, the nominal heat release rate per unit bed area in the 

AFBC mode was 451,000 Btu/hr.iR* and in the PAFBC mode it was 566,750 Btu/hr.f12. Both 

runs were without heat removal i'rom the bed (no steam raised in the eductor) and therefore 

sufficient excess air to maintain the: bed temperature at the desired operating level was employed. 

These operating conditions are directly relevant to the proposed demonstration plant for the 

drying application at the Alpine Island Creek Coal plant. Nevertheless, it should be noted that 
with heat removal from the bed ('steam raising in the eductor), there is enough air flow in the 

fluidization velocities employed (as evidenced by 1 1 22% 02 in the flue [Table 2-21) for almost 

double the combustion intensities mentioned above. This is extremely important for steam raising 

and specially utility applications where lower capital cost (high firing intensity), low cost of hel, 

high combustion efficiency, and superior environmental performance are at a premium. 



In order to discuss the environmental performance in both the AFBC and PAFBC modes, 

Figure2-7 presents the gas analysis test results. The units and scale employed in Figure2-7 

present the data area as follows: 
I 

100 
1 

100 
1 

10 

c02 (%) 10 
- 
F 

Even though the fluidization velocity in the PAFBC and total system firing rate were 

higher than that in the AFBC mode (with similar Ca/S ratio in both cases), the SO, levels, both in 
PPM and lb/MMBtu, were lower with 0 2  concentration in the flue being the same for both 

modes. This demonstrates the unique features of the PAFBC process in dramatically improving 

sulfbr capture in the system while allowing higher system throughput in a compact combustor 

system design; hence, lower capital cost per Btu/hr fired (ie., there is no need to go to capital- 

intensive CFBs). The specific analysis of the emissions results are provided below. 

It should be noted that the bed depths employed were deliberately low with the 

fluidization velocities high so as to have nominally low gas residence time in the sorbent bed. This 

is to explicitly test the effect of the PAFBC process as compared to a strictly AFBC combustor. 

Thus, in the AFBC mode the gas residence time in the entire combustor at operating conditions 

was 1.9 seconds and for the PAFBC mode it was 1.7 seconds. With the above in mind, the ppm 

sulhr oxide level was reduced in the flue gas to 36 percent of the emission found in the AFBC 

mode with the 0 2  concentration in the flue maintained the same but with an increase in system 

firing rate in the PAFBC modes to 126 percent of that for the AFBC mode. The fluid bed heights 

were such that the PAFBC bed height was even slightly lower than in the AFBC. The calcium-to- 

sulhr molar ratio in the overall system feed was similar but slightly higher in the PAFBC mode. 
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Detailed engineering and process evaluation of the performance data provided a number of 

important findings and process corksiderations. First, the design and performance of the AFBC 
part of this hybrid combustion systlem is robust and is of good performance. This is reflected in 

the healthy amount of sulfbr capture (61%) in the AFBC mode in spite of the shallow bed height 

(16" as opposed to 36" to 45" normal height) with relatively high fluidization velocity (11.5 

Wsec). We should also note that the carbon conversion efficiency was quite respectable (96.8%) 

for the operating conditions which confirms that the solid separator is performing efficiently in 

returning solids to the bed at a pressure drop investment of merely 2 inches of water. The cyclone 

catch reinjection is also believed to make a modest contribution in carbon burnout of char, found 

in the fine ash which escapes the solids separator but becomes captured by the cyclone. We 

should also note that the cyclone catch included 6 percent material of less t)ran 1% micron in size 

with only 3% inches of water in cyclone pressure drop. This steam-raising cyclone was designed 

and built in-house by MTCI. Test conditions in the AFl3C were made such that the .SO2 con- 

centration in the flue was the same: as that achieved for the PAFBC test. The CO emissions of 

200ppm in the AFBC mode were only viewed as adequate considering that unclassified coal, 

containing fines, was fed overbed. This result, however, suggests that the freeboard temperature 

was sufficient together with the mount of excess air used to maintain the bed temperature 

(without heat removal from the bed), prevented CO levels to become more excessive. 

In the PAFBC mode of operation, dramatic reductions in SO*, NO, and CO emissions 

were obtained at the same 0 2  partiid pressure in the flue gas even though the bed of sorbent was 

slightly shallower (14" and the e:ffective fluidization velocity was significantly higher (50% 

higher). The fluidization velocity in the PAFBC mode is calculated taking into account the gas 

flow emanating fiom the pulse combustor, the educted flue gas from the splash zone above the 

bed being recirculated back through the sorbent bed, the amount of fluidization air from the air 

distributor at the bottom of the bedl and the smaller area around the eductor where all such gases 

must travel upwards in the bed. The flow inside the eductor, in the PAFBC operating mode, is 

downwards and is comprised of a mixture of the pulse jet flow, the educted flow gas fiom the 

splash zone, and the entrained solids (preferentially the more entrainable fines) educted with the 
splash zone flue. 
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Clearly, in the PAFBC mode of operation, there is an advantage to having only the larger 

particle sizes fed overbed into the fliiid-bed combustor. All the fines are burned in the pulse com- 
bustor upstream of the sorbent bed. The fines coal particles, which would have elutriated faster in 

the fluid bed or even elutriated in the fkeeboard if fed overbed (before they reach the sorbent bed), 

are completely combusted in the pulse combustor. Fines that are burned in the pulse combustor 

that are at the larger end of the particle size distribution of the material (fed into the pulse 

combustor) would at least be devolatilized with the volatiles burned in the pulse combustor and 

the remaining char ignited before eriting the resonance tube into the eductor. Therefore, all the 

SO2 generated from the combustion of such fines upstream of the fluid bed is passed through the 

sorbent bed through the down flow in the eductor. Should there be CO in the resonance tube exit 

flow, this also is mixed with the educted flue gas and passed through the fluid bed. It should also 

be noted that the hot down flow from the lower exit of the eductor is met by an upward flow of 

oxygen-rich gas fiom the distributor below the eductor. The result is that the mixture moves - 
laterally outward towards the annular region around the eductor and then upward through the 

fluid bed towards the fkeeboard. 

- 

Eductor flow calculations suggest that the amount of flue educted from the splash zone 

back into the eductor is approximaiely 50 percent of that leaving the pulse combustor. This can 

be varied by design through tailpipe and eductor design modifications. In the present pilot plant 

system, the resonance tube is designed with a slight divergent diffiser at the bottom end of the 

tailpipe to slow down the jet flow €i-om the pulse combustor and the design of the eductor was 

accordingly selected. 

In order to complete our discussion of the system performance evaluation, we now refer 

to Figure 2-8 which depicts other performance results. The scale and units employed in Figure 2- 

8 are as follows: 

L 
Performance Parameter 

Sulfbr Capture 

Carbon Conversion Etficiency 
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Scalewnit s 

1 Yo 

1 Yo 



Firing Rate 

Steam Rate 

100,000 Btu/hr 

10 Ibs/hr 

In this figure, the percent isulfbr capture in the AFBC modes was understandably lower 

(61%) due to the shallow sorbent bed height and the relatively high fluidization velocity.' 

Furthermore, as presented earlier, the overbed feed in the AFBC mode was with the "as-received" 

unclassified coal, thus some of the hes  did bum in the fieeboard, downstream of the sorbent bed, 

giving rise to more sulfbr oxides in the flue leaving the system. In the PAFBC shallow bed mode, 

even with the high fluidization velocity, the sulfbr capture was nearly 90 percent and the emissions 

were at 0.42 lbs/MMBtu. This is 35 percent of the allowable emissions in the EPA regulations 

(40 CFR Ch. 1 [7-1-90 edition]) fcr coal-fired steam boilers for electric utility applications. This 

great performance, particularly in view of the Clean Air Act, is achieved with a Ca/S molar ratio 

of 3.4: 1 which is not excessively high, especially in view of the shallow bed used. 
- 
s 

We also note from Figure 2-8 that the dramatic improvement in environmental 

performance was achieved with significant increase in plant firing rate and steam output. This is 

also achieved at essentially the same carbon conversion efficiency and 0 2  in the flue gas. 

This performance is possibly due to the effect of the pulsation on the fluidization of the 

sorbent bed in improving mixing and reducing the extent of bubble growth even with 50 percent 

increase in the effective fluidization velocity. Inhibiting bubble growth enhances gas solids con- 

tact thus improving both sulfbr capture and combustion efficiency with low NO, production at the 

bed operating temperatures. 
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2.2 CLEMSON DEMONSTRATION PLANT 

A Pulse Enhanced Atmospheric Fluidized Bed Combustor (PAFBC) designed to produce 

approximately 50,000 lbs/hr of steam was designed, constructed and tested at Clemson 

University. The boiler consists of a bubbling fluid-bed combustor with in-bed heat transfer 

modules, and a water-jacketed pulsc: combustor. Although the main &el for both combustors is 

coal, it is possible to fire both the bed and the pulse combustor on natural gas. One of the main 

benefits of this design, should a problem with coal feeding arise, is that he boiler can be run on gas 

until the problem is alleviated. Under normal operations the coarse coal is burned in the bubbling 

fluid bed, while the coal fines are burned in the pulse combustor. This practice lowers SO2 

emissions by minimizing the amount of coal fines being burned in the fieeboard of the bubbling 

fluid bed. SO2 emissions are mininuzed in the fluid bed by the use of limestone to capture the 
sulfur in the coal. F 

- 

The plant is controlled by a I’LC which is interfaced through a personal computer. As far 

as operation of the plant is concerne:d, most of the plant controls are hlly controlled through the 

PLC. However, both pilots, as well as the coal processing required to load the silos are 

controlled manually without interaction with the control computer. 

2.2.1 Design Parameters 

Table 2-3 outlines overall general design data and system specifications for the PAFBC 

System. Also included in Table2-3 is the plant efficiency calculations based on the design 

specifications. 

Fiaures 2-9 through 2-11 represent the entire system Process Flow Diagrams. The flow 

diagrams show all input, intermediate and output resources for the system including fuels (natural 

gas and coal), water, steam, air and ash. 
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Total coal flow lbi'hr 

Coal composition, Wt.% 
N2 

0 2  
C 
S 
H2 

H20 
Ash 

Excess air, 'YO 
Limestone flow, Whr 
Inerts, l b h  
Total limestone flow, lbhr 
Calciudsulfbr ratio 
Total air flow, Ibhr 
Cooling medium 
Water inlet temperature, O F  
Water inlet pressure, psia 
Steam condition at outlet 
Steam flow at outlet, l b h  
Circulation ratio 
Circulation rate, CiPM 
Steam outlet temperature, O F  
Steam outlet pressure, psia 
Flue gas flow at outlet, I b h  
Flue gas outlet temperature, OF 
Ash outlet flow, lldhr 

6,000 

1.09 
2.02 

66.35 
3.13 

3 6  
3.69 

20.12 

15 
1,757.8 

195.3 
1,953.1 

3 
62,476.2 

water 
170 
190 

saturated 
52,200 

10 
1,025 

377.53 
1 90 

66,624 
3 50 

3,005 
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FIGURE 2-9: PROCESS FLOW DIAGRAM 

VI - Coel Dump Hopper 

v 2  - Coerse Coel Si lo  
v3 ~ Coal Fines Silo 
V4 - Limeslone Silo 
C I  - Screw Conveyor 

C2 - Air Class i f ier  
C3 - Screw Convcyor 
C4 - h c k e l  Elevalor 
C6  - Airlock feeder 

C7 - Flnea Splltter 
SI - Coerse Coal Si lo Venl Fi l ter 

52 - Classif ier Cyclone 

53 - Cosi Fines St10 veni Filler 

54 - Llmecrone Sllo Vent Fi lrer 
El - Clascif ler A i r  Heater 

F1 - CleSSifier A i r  Fan 
F2 - Finer Conveying Ai r  Fan 
MI  - Coarse Coel Melerlng Feeder 

M2 - Fine C o d  Meferinp Feeder 
M3 - Llmeslone Meferlng Feeder 

CF -Cool Mill 
C5 - Weigh Ball Scale 

C O U i t l W S T O H  - - - - - 
- _ _ - _ _ _ _ _ _ _ - - - -  ASH 

C I S  



I 
I 
L - - - -  h- 

Y) 

w 

2-23 ----._- 
A- 

~ -- 



l6OlLER / 

LEGEND 

COALILIMESTONE - - - - - 
ASH _ - _ - _ _ _ - _ _ _ _ _ - - -  
STEAMIWATER - - - - 
GAS 
AIR 

- - - * - - - - -  
I"""'"""""")" 

c v u  A I  ICT , L I . 8 I - V "  I , 
I I f  I 

V 6  

57 - Ash Silo 1st Stage Cyclone 
S8 - Ash Silo 2nd Sfage Cyclone 
S9 - Ash Silo Filter Rece iver  
SA - Ash Silo Vent Filter 
V6 - Ash Silo 

CD - Ash Vacuum E j c c t o r  

-pF-> DISPOSAL 

'I ' 
FIGURE 2-1 1: PROCESS FLOW DIAGRAM 



i 

System installation began on May, 1993. Fimre 2-12 is the overall system installation plan 

and Fimre2-13 shows the site plan. Fimre2-14 shows the general assembly for the actual 

PAFBC vessel. Fimres 2-15 through 2-21 depict six different elevations and views of the unit 

and structure, Finure 2-22 is a photograph of the facility after 90 percent completion. Figure 2- 

- 23 shows the structural steel and Finure 2-24 is the steam delivery lime going to the existing 

boiler house. 

2.2.2 CoaVLimestone PreDaration and Feed Svstem 

The PAFBC has been desigped to burn coal in two locations. The overall size of the coal 

is %’ by zero with 25 percent by weight in the 30 mesh by zero category. The fines (30 mesh by 

zero) will be burned in the pulse combustor while the coarse particles (%‘by 30 mesh) will be 

burned in the fluidized bed. The limestone has to be prepared to a single size range which is 1 1  - 

mesh by zero. The appropriate design specifications for the coal and limestone mills screening 

equipment and storage bins are presented in Appendix 1. For preliminary tests conducted on the 

PAFBC, coal and limestone was procured already prepared to the correct sizes and the coal was 

air classified to separate the fines (30 mesh by zero) from the coarse coal. 

s 

The coal and limestone will be mixed in the correct proportion using an appropriate 

arrangement consisting of a weigh feeder and metering auger and the mixture will be air conveyed 

to bed and fed underbed through a four feed ports located directly below the pulse combustor exit 

in the bed. The fines used as fuel for the pulse combustor will be air conveyed to the distributor 

that will split the feed into three separate streams each feeding one of the ports in the pulse 

combustor combustion chamber. ‘The fine coal will be fed coaxially into the throat of each of the 

three aerovalves of the pulse combustor. 
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FIGURE 2-15: PAFBC PLANT ELEVATION - LOOKING EAST #2 
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FIGURE 2-21: PAFBC INSTALLATION FOUNDATION PLAN 
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FIGURE 2-24: CLEMSON PAFBC UNIT - STEAM LINE CONNECTING TO UNIVERSITY 
STEAM SYSTEM 
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Coal Handling 

The dump hopper is enclosed in a shack to help keep the coal as dry as possible when 

processing. When coal is begin processed, scoops of raw coal are loaded in the Coal Dump 

Hopper (V-1) (Fzmre 2-25). As the coal is dumped into the hopper, it passes through a grating, 

designed to minimize the number of foreign objects from entering the hopper, to the Coal Mill 

Screw Conveyer (C-1). To facilitate the draining of the hopper into the Hopper to Coal Mill 

Screw Conveyor (C-1), the Coal Lkmp Hopper (V-1) has several pneumatic vibrators and air jet 

ports in order to facilitate the draining of the hopper into the Hopper to Coal Mill Screw 

Conveyor (C-1). When the coal exits the Hopper to Coal Mill Screw Conveyor (C-1), it flows 

through a chute, over a powefil magnet, and into the Coal Crusher (C-F). This magnet is 

powerful enough to capture large pieces of metal that pass by the magnet up to eight inches away. 

As the coal leaves the coal crusher, it drops down into a small chute and is conveyed by a screw 

conveyor to the Air Classifier (C-2). The Air Classifier ((2-2) separates the coal into fine and 

coarse. The amount of fine coal taken up to the fines-handling system is controlled by a manual 

damper on the Classifier I.D. Fan. 

- 
c 

Coarse Coal Handling 

Coarse coal exiting the bottom of the Air Classifier (C-2) falls onto a screw conveyor, and 

is then conveyed to the Bucket elevator (C-4). The coarse coal then travels to the top of the silo, 

and is deposited on a Weigh Belt Feeder (C-5). The Weigh Belt Feeder (C-5) displays the current 

ton& flow rate of coarse coal into the coal silo as well as how much coal has been fed so far. 

The Weigh Belt Feeder (C-5) totalizer has been mounted on the wall in the control room. M e r  

the flow rate is measured by the Weigh Belt Feeder (C-5), the coal falls into the Coarse Coal Silo 

(V-2). In order to prevent coal dust from leaking into the atmosphere, the Coarse Coal Silo (V-2) 

has a Bin Vent Filter (S-1). 

During the bed feeding process, coarse coal is conveyed fiom the Coarse Coal Silo (V-2) 

through the Coarse Coal Metering Feeder (M-l), and into the CoaVLimestone Mixing Hopper. 

The Coal/Limestone mixture is then pneumatically conveyed from the Coal/Limestone Mixing 

Hopper into the Fluid Bed (R-1). 

- .  

-. 
.~~ 

2-39 



2-40 

I 



Fine Coal Handling 

The fine coal exits the top of the Air Classifier (C-2) and enters the Fine Coal Cyclone (S- 

2). The solids discharge of the cyclone exits directly into the Fine Coal Silo (V-3). The air 

stream with the remaining fine cod is sucked through the Fine Coal Baghouse (S-3). The fine 

coal dust then drops off the'filter bags and into the silo. The air flow continues on its path 

through the Classifier I.D. Fan and is then vented to the atmosphere. 

When running the pulse combustor on coal, the fine coal exits the bottom of the Fine Coal 

Silo (V-3) and is conveyed through the Fine Coal Metering Feeder (M-2) and onto the fine coal 

eductors. The fine coal is then conveyed pneumatically into the Pulse Combustor Coal through 

the inner annulus of the kel injectors. 

Limestone Handing 

Limestone is injected into the Limestone Hopper (V-4) via a pneumatic limestone truck. 

The limestone enters the Limestone Hopper (V-4) and is kept inside the Silo by the Limestone Bin 

Vent Filter (S-4). 

During operation, the limestone exits the bottom of the Limestone Silo (V-4) and is 

conveyed through the Limestone Metering Feeder (M-3) into the Coal/Limestone mixing hopper. 

After the limestone is mixed with the coal, the coaVlimestone mixture is conveyed pneumatically 

into the Fluidized Bed Combustor (R-1). 

Firrures 2-26 through 2-3;: depict the coal and limestone receiving and handling systems. 
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FIGURE 2-28: COAL CLASSIFIER ASSEMBLY 
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2.2.3 Pulse Combustor 

The pulse combustor was bcated centrally on the roof of the bed vessel and will have only 

the combustion chamber outside the fieeboard. The remainder of the pulse combustor will pass 

through the tkeeboard and end in the bed at a sufficient height above the distributor so as to place 

the stagnation point between the coal feed port and the pulse combustor exhaust. The location of 

the stagnation point is a key factor in the proper distribution of the coal through the bed by the 

pulse combustor gases. The correct location of the stagnation point will also ensure that the static 

bed material (layer insulating distributor plate) below the nozzles is not disturbed (see Fimre 2- 

- 33). The design details of the puis: combustor are presented in Table 2-4. 

The pulse combustor has six tailpipes and the is approximately 10 feet long. 

combustor pulses at 62 Hz and the combustion gases issuing fiom the ends of the tailpipes pass -- 

through a decoupling passage befbre entering the fluid bed (see Figure 2-33.) The combustion 

chamber, tailpipes and decoupling chamber are all water-jacketed and constitute part of the entire 

PAFBC boiler surface. 

The 

Approximately 15 percent [of the entire steam production is raised in the pulse combustor 

water jacket. The pulse combustor jacket has been designed for a maximum allowable working 

pressure of 175 psig which is the system working pressure. The pulse combustor produces 

saturated steam and is to be constructed entirely of carbon steel. The fuel ports and aerovalves 

are located in a header plate that is refractory-lined on the combustion chamber side. The air 

plenum flanges directly to the header plate on the opposite side from the combustion chamber and 

coal and gas feed lines run through the air plenum. 

Fiaures 2-34 through 2-37 depict the coal injector aerovalves and plenum assembly for the 

pulse combustor. Fimre 2-38 and 2-39 are pictures of the exhaust of the combustor with and 

without fluid-bed steam tubes installed. 
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TABLE2-4: 
- PULSE COMBUSTOR'DATA 

Coal flow, lbhr 
Coal conveying air flow, l b h  
Coal conveying air preswe, "WG 
Pulse combustor air flow, lb/hr 
Pulse combustor air pressure, "WG 
Flue gas flow, lbhr 

Combustion chamber surface area, sq.ft. 
Temperature difference, O F  
High temperature coefficient in chamber, Btu/hr-fl'-OF 
Steam raising, lbhr 
Chamber average wall temperature, OF 

Tailpipe surface area, scl.ft. 
Temperature difference, OF 
High temperature Coefficient in chamber, Btu/hr-ft'-"F 
Steam raising in tailpipes, l b h  
Tailpipe average wall temperature, O F  

Tailpipe jacket surface iuea in-bed, sq.ft. 
Temperature difference., O F  
Overall high transfer coefficient, Btu/hr-ft2-"F 
Steam raising, lbhr 

Tailpipe jacket surface tuea above bed, sq.ft. 
Temperature difference, O F  
Overall heat transfer coefficient, Btu/hr-ft2-"F 

1,500 
750 
60 

14,869.05 
40 

16,218 

15.37 
1,523 

26 
735.44 
460.4 

84.6 
1,523 
32.8 

5,140.3 
441.5 

20.02 
1,173 

45 
1,248.4 

83.3 
1,173 

5.6 
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The pulse combustor has a rnaximum firing rate of 18 MMBtu/hr. The 18 MMBtu/hr can 

be generated by and combination of gas and fine coal. The pulse combustor produces steam by 

transferring the energy of the exlhaust gases into the water circulating in the water jacket 

surrounding the pulse combustor. A pulse combustor is used in place of a conventional burner 

because of the added benefits of lower emissions as well as enhanced heat transfer performance 

over the conventional burner. The fuel injectors for the pulse combustor supply air, natural gas, 

and/or fine coal to the combustion chamber. Natural gas flows through the outer annulus of the 

injector and the air and fine coal is delivered to the difhser through the inner annulus of the 

injector. After the flue gases exit the pulse combustor, they deflect off of a target cone and 

become dispersed in the bed. 

2.2.4 Bubblinp Fluid Bec! 

The fluid bed has a maximum firing rate of 60 MMBtu/hr. Th main fbel for the bed is 

coal. However, during start-up it is necessary to heat the bed up using natural gas. It is also 

possible, should something happen to the coal-feeding system, that natural gas can be used in the 

bed to generate steam. During normal operation, coal is injected into the bed using an underbed 

feeding mechanism. The natural gas, however, is injected into the bed through a system of 
branching pipes with holes in them. The pilot for the bed gas is located slightly above the heat 

transfer modules. Fluidization of the bed occurs by blowing air through 368 bubble caps. A 

typical bed depth for the Fluid Bed Combustor (R-1) is approximately 40 inches. As the coal 

burns, it transfer its heat into the in-bed heat transfer modules. Whereas heat transfer from gases 

to tubes is quite low, a fluid bed typically has a heat transfer coefficient roughly equal to that of 

boiling water. The bed, consistirig of coal, limestone, and ash, loses the majority of its ash 

through entrainment. The fly ash is too fine to be captured by the Hot Cyclone (S-5) and 

therefore is captured in hoppers downstream of the Bubbling Bed Combustor. 
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The fluid-bed vessel was constructed in three sections: 1) air plenumldistributor, 2) bed 

with cooling coils, and 3) freeboard with gas exit on the roof. The thrk sections are flanged 

together and the total height of the vessel is approximately 22 feet. In addition, the vessel legs 

provide a 5-foot clearance under the vessel for placement of coaVlimestone and ash-handling 

equipment bring the total height of the vessel to 27 feet. See Table 2-5 for the fluid bed detailed 

specifications. 

The distributor plate is a filter media n o d e  distributor design with the nozzles manu- 

factured with a cylindrical top section made of a filter media constructed by laminating a 

perforated plate with two different sizes of mesh. The media-type distributor is intended to 

reduce, if not eliminate, backsifting. The distributor plate is made up of four, %-inch carbon steel 

quadrants that rest on a support grid of box sections. Coal and limestone are to be fed underbed 

through four separate ports and spent bed material is to be drained from four ports, one in each of 

the quadrants. The bed itself is 10’ x 10’ at the distributor plate and diverges to 12’ x 12’ at the 

top of its 44-inch expanded height. 

The bed has 500 sq. ft. of heat transfer surface arranged in 18 modular coals. The heat 

transfer coils are designed so that surface is applied evenly throughout the height of the bed so 

that a constant rate of turndown can be achieved as the bed material is drained to expose the coils 

and reduce heat transfer. The coils are to be made of 2-1/2” Sch. 80 pipe with standard short 

radius 180-degree elbows. The modules are easily removable for repair or replacement and since 

there are only two kinds of moclules (short and long), modules can be interchanged to any 

position in the bed, within the two groups. 

The gases from the pulse combustor are directed through the 28-inch diameter decoupling 

chamber into the center of the bed directly over the coal feed port to ensure distribution of coal 

radially through the bed. 

Fiaures 2-40 through 2-45 depict the fluidized bed major components. 
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TABLE 2-5: 
FLUID-BED DATA 

DISTMBUTOR SECTYON 
Distributor air flow, lbhr 43,875 

Dp across distributor, “WG 12.6 
Bed pressure drop, “WCi 42 
Dp distributorhlp bed ratio 0.30 
Number of nozzles per sq. ft. 3.92 

Number of nozzles in bed 

Distributor air temperature, OF 200 

Nozzle centerline spacing, inches 5.5 
392 

FLUIDIZED BED SECTION 
Flue gas flow, lbhr 66,624 
Flue gas temperature, O F  1,550 
Flue gas density, lb/cu.fl. 0.0197 
Flue gas flow, CFM 56,365.48 

100 
Bed top cross-section area, sq.ft. 144 

Inside area of pulse combustor gas duct, sq.ft. 4.28 
“True” mid-bed cross-section area, sq.ft. 114.7 
Min. fluidization velocity, FPS 1.5 

Bed bottom cross-section area, sq.ft. 

Mid-bed cross-section area, sq.ft. 121 
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FIGURE 2-43: COMBUSTOR VESSEL BED SECTION ASSEMBLY 
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FIGURE 2-44: COMBUSTOR VESSEL TOP SECTION ASSEMBLY 



FIGURE 2-45: HOT GAS CYCLONE ASSEMBLY 



2.2.5 Heat Recovery andl Particulate Removal Section 

This section consists of the waste heat recovery boiler, an economizer, a baghouse, an 
induced-draft fan, and the stack. The boiler is a package boiler consisting of a chamber through 

which the flue gases pass, a mud drum located under the boiler chamber, and a steam drum above. 

Tubes connecting the mud drum and steam drum line the boiler chamber and provide the heat 

transfer surface. Gas flows horizontally through the boiler. Entrained solids in the flue gas will 

drop through spaces between tubes along the floor of the boiler chamber and be discharged 

through ash drops into the ash-bandling system. Water is fed into the boiler as required to 

maintain levels fiom the economizer. Boiler design specifications are shown in Table 2-6. 

The economizer provides non-steaming heat transfer surface to hrther cool the gases 

exiting the boiler while preheating the boiler feed water. This unit consists of widely spaced tubes 

with the gas outside the tubes flowing downward and the water inside the tubes flowing upward. 

This counterflow design minimizes the surface area required and reduces draft loss. The upflow 

of water eliminates unstable water flow, providing a more effective, uniform distribution. An ash 

collection and discharge hopper is provided. The baghouse is of conventional design. Flue gas 

enters the baghouse and passes through fabric bags that remove essentially all of the entrained 

dust. Solids are discharged into the ash-handling system. Clean flue gases from the baghouse 

enter the induced draft fan and then are stacked. Figures 2-46 and 2-47 show the boiler inlet duct 

and inlet ash hopper. Fimres2-,@ and 2-49 show the economizer. The PAFBC in-bed heat 

transfer surface is shown in Figure 2-50. The ash screw catch hopper flow diagram is shown in 

Fiaure 2-51 and the ash control hopper is shown in Fiaure 2-52. The stack is shown in Figure 2- 
53. Fiaure 2-54 shows the water-cooled ash removal system. 

2.2.6 

When the bed gets too high, the bed ash is removed through two water-cooled ash 

These screws are located at the bottom of the Fluid Bed conveying screws (E-2 and E-3) 

Combustor (R-1). Each screw empties the ash into its own holding hopper until the ash removal 

system empties the hoppers. The issh-handling system design specifications are shown in Table 2- 

- 7. 
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TABLE 2-6: 
- BOILER DESIGN DATA 

CONVECTIW PASS BOILER BANK 
(Fire Tube) 
Inlet gas flow, l b h  
Inlet gas temperature, O F  

Outlet temperature, "F 

Boiler bank surface arw, sq.ft. 
Temperature difference, OF 
Overall heat transfer coefficient, Btu/hr-ft2-OF 
Steam raising in boiler bank, l b h  
Average metal temperature, O F  

ECONOMIZER 
Inlet gas flow, lbhr 
Inlet gas temperature, O F  

Outlet gas temperature, 'OF 

66,624 
1,550 

650 

2,590 
600 
10.2 

18,72 1.6 
381.75 

66,624 
650 
350 

Economizer surface area4 sq.8. 2,800 
Temperature difference, O F  272 
Overall heat transfer coe:fficient, Btu/hr-ft*-"F 8.1 
Inlet water temperature, O F  170 
Inlet enthalpy, 80°F basis, Btdb  199.93 
Water temperature out, OF 276 
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TABLE 2-7: 

ASH-HANDLINGRECYCLE SYSTEM 

BAGHOUSE 
Gas inlet temperature, O F  

Gas inlet density, Ib/cu. ft. 
Gas inlet flow, CFM 
Inlet ash flow, lbhr 
Inlet ash flow, Ib/cu.ft. of gas 
Inlet ash flow grains/cu.ft. of gas 
Outlet ash flow grains/c:u.ft. of gas 
Outlet ash flow, lbhr 
Heat rejection, Btu/lb 

BED ASH 
Ash flow, lbhr 
Inlet temperature to coder, "F 
Outlet temperature from cooler, O F  
Heat rejection, Btu/hr 

ASH-HMDLING SWTEM 
Total ash flow, lbhr 
Ash handling air flow, lbhr 
Ash conveying method 
Air inlet pressure, psia 
Pressure ratio across system 
Pressure at vacuum ejector inlet, psia 
Motive fluid 
Steam flow, Ibhr 
Pressure at motive fluid inlet, psia 

3 50 
0.05 

24,675.56 
1,600 

1.08E-03 
7.6 
0.02 
4.23 

67,500 

1,405 
1,550 
400 

403,93 7.5 

3,005 
4,000 

vacuum 
14.7 
1.2 

12.25 
steam 
2,000 
54.7 
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The fly ash that makes it through the Cyclone Separator (S-5) is collected at the boiler 

entrance, economizer outlet at two locations, and fiom the two baghouse hoppers. The fly ash is 

then removed fiom the hoppers by the ash-removal system. 

The ash-removal system uses a Steam Eductor (C-D) to create the vacuum which transfer 

the solid ash to the Ash Silo (V-6). When the ash-removal system is in operation, each outlet port 

is drained one at a time for a fixed amount of time or until the hopper becomes empty. When the 

ash reaches the Ash Silo (V-6), the ash is sucked through two cyclones (S-7 and S-8) which are 

fitted with pneumatically assisted dump gates. The remaining entrained ash is then finally 

removed by the Ash Silo Filter Receiver (S-9). A steam silencer is fitted on the outlet of the 

Steam Eductor (C-D) in order to lower the noise generated while the ash system is in operation. 

2.2.7 Plant Electrical and Control Svstems 

The PAFBC plant operated on a 480V, 3-phase, 60 Hz 1200A electrical supply. Clemson 

University supplied the electrical interface and transformer for the system. This supply was fed 

into an Allen Bradley Motor Control Center (see Figure 2-55). The MCC fed the power for all 

motors, plant lighting, PLC power, transformers and distribution panels. The single-line diagram 

(see Fiaure 2-56) and load schedule (see Figure 2-57) show all the corresponding motor loads for 

the plant and the power utilized by each system. The plant electrical wiring and layout was 

designed by ThermoChem, reviewed by Duke Fluor Daniels, and installed by Davis Electrical 

Contractors. The piping and instrumentation diagrams (see Figures 2-58 through 2-62), PLC 

layout (see Fiaure 2-63), and burner management panel (see Fiaure 2-64) were also designed by 

ThermoChem. 

All control logic and contrcd loops for the PLC (see Figures 2-65 through-2-67) and the 

burner management systems (see i%jwre 2-68).were developed by ThermoChem in accordance 

with safety standards established b y  various organizations. These organizations include Factory 

Mutual (FM), Underwriters’ Laboratories (UL), The National Fire Protection Association 

(NFPA), and Industrial Risk Insurers (IRI). 
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Control System 

The PAFBC plant is controlled by an Allen Bradley PLC 5/11 c o ~ e c t e d  to a Pentium- 

based personal computer running Windows ’95 as its operating system. RS-232C protocol for 

on-lindoff-line programming, systems monitoring, setpoint control and data acquisition. Another 

I softwaresystem was . 

ICOM’s Wintelligent Series which is a 

ules. The first module is Wi 

that coordinates the Dynamic Data Exchange OD 

the user’s selected sampling &que 

allows direct printing of the 

arise. Wtth the int 

ter set points, or even 

The ladder logic for the 

hard disk ofthe 
as the timing and co 

C is programmed to contrd 
e Ash Baghouse and t 



CoalZimestone Feeding 

Limestone Flow Rate. The a.mount of limestone fed to the bed is determined by the value 

of the CalciudSulfbr ratio setpoint. The setpoint is used to calculate the correct amount of 

limestone for the PAFBC unit based on the coal flow rate. Since the ratio is defined as the molar 

ratio of calcium to sulfbr, the percentage of sulfbr in the coal must be known in order for the 

setpoint to fbnction properly. A normal safe ratio is approximately 3. 

When the limestone is fed into the hot bed, the Limestone (calcium carbonate) 

endothermally decays into CaO and C02 in this fashion: 

CaCQ3 = CaO+CO2 

The calcium oxide then interacts with the sulfur to form calcium sulfide in this manner: 

The controller determines the amount of sulikr in the coal by multiplying the mass flow rate by the 

percentage of sulkr present in the coal. The molar flow rate of sulhr is then determined. Since 

the molar ratio of calcium oxide to sulhr in equation two is one, the molar flow rate of the sulhr 

is multiplied directly by the calciurnlsulfbr ratio setpoint. 

The setpoint for the calciudsulfur ratio can be placed on manual, however, the best 

method is to have it automatically changed by the PLC based on the SO2 levels of the stack. In 

this mode the PLC automatically compensates for the fluctuation of the sulhr in the coal and the 

sulfh capture efficiency of the limestone. With a particular safe SO2 setpoint, the PLC will help 

lower the use of excess limestone. 

Coal Flow Rate. The coal flow rate is either determined manually or is set to keep the bed 

temperature at a certain level. As the swings in the temperature go up and down, the coal rate 
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increases for a decrease in tempemture and increases for decrease in temperature. However, if 

the steam demand is higher than the output, the coal rate will be indirectly increased. This 

indirect increase is caused by the fact that when the boiler pressure drops, the fluidization velocity 

increases. Because more air is introduced into the bed, the bed cools down, creating the need for 

a higher coal input. 

Forced Drafflnnduced Dr@ Control 

Fluidization Velocity. The flow rate for the forced draft fan is determined by the 

fluidization setpoint. The fluidization velocity is determined by taking the air flow rate fiom the 

inlet duct as well as the air flow rate into the pulse combustor, scaling the volume change based 

on the temperature of the bed, then dividing by the hot volume by 121 ft2. This value is the 

average fluidization of the bed. When the boiler is being used in a minimum swing capacity, the 

fluidization velocity setpoint changes based on the demand on the boiler. When the boiler is set to 

produce a fixed amount of steam, the fluidization velocity can be set at the required value. 

Induced Draft. The PAFElC unit is designed to operate at atmospheric pressures. In 

order to achieve this, two pressuire sensors have been placed in the fieeboard of the bubbling 

fluid-bed chamber. These pressure sensors send a signal back to the PLC, allowing it to maintain 

a slightly negative freeboard. The freeboard being slightly negative ensures that no hot coal or 

ash will escape causing both a pollution as well as a safety hazard. As a precaution for the ID fan 

motor, the current on one of the phases of the motor is being constantly monitored. The PLC will 

not allow this motor to open its damper far enough to pull more than 300 amps. 

Pulse Combustor Controls 

Fine Coal Feeding. The fine coal metering feeder is set to deliver the amount of fine coal 

specified from the fine coal firing rate set point on the pulse combustor. The pulse combustor has 

a maximum firing rate of 18 W B t u / h r .  For the most part, the pulse combustor is designed to 

run at full capacity until it has depleted the fine coal in the fine coal silo. The only thing that will 

Sec t  the fine coal flow rate in this case is the use of any support natural gas which will cause the 

fine coal to be fired at a slightly lower rate. 
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Natural G a s  Control. The nlatural gas is designed to be both a start-up fbel as well as a 

possible support fuel for the pulse cornbustor. If the combustion chamber starts to cool down due 

to a decrease in the combustion of the fine coal in the combustion chamber, then natural gas can 

be set to automatically keep the combustion chamber at a set point. The pulse combustor will 

then cut back on the amount of fine coal being supplied to the pulse combustor and add natural 

gas to bring the chamber temperature up to the required level. 

Pulse Combustor Main Air Control. The pulse combustor main air is set to maintain the 

minimum air-to-fuel ratio. As the amount of natural gas and/or fine coal that is supplied to the 

combustion chamber changes, the required stoichiometric air rate is recalculated and the main air 

diverter valve is changed to supply more or less air to the combustion chamber as needed. The 

main air to the pulse combustor is supplied by a roots blower, therefore, the amount of air 

delivered to the combustion chamber is controlled by a valve controlling a waste gate diverter for 

the air supply. 

Ash System 

The ash-removal timing is located in the ladder logic of the PLC. The manual controls for 

the ash-handling system are on a screen on the main control computer. 

Baghouse 

The baghouse timing and 1a.dder logic are kept in a subroutine of the PLC. The control of 

the baghouse is straightforward. There are 36 solenoid valves on the puffing air of which two fire 

at the same time. There are four se:nsors for the baghouse. These sensors are used to determine: 

e Inlet duct temperature 

e Outlet duct temperature 
e 

e 

Differential pressure across the bags 

Pressure of compressed air header 
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The bypass valve on the baghouse opens under these emergency conditions: 

0 

e 

e 

The inlet temperature is too hot or cold 

The outlet temperature is too hot or cold 

The differential pressure across the bags is too high 

A picture of the baghouse structure is provided in Fiaure 2-69. 

Pilot Burners 

The controls for the pilots are manual. The flame safety systems are Eclipse Fireye Panels 

with Interlock catchers to save the first trip. The controls for the gas to the pilots are rotameters. 

There are manual block valves, as well as automatic block valves in the gas line. The pilot for the 

pulse combustor is controlled by a gate valve. This valve operates as a waste gate in the same 

manner that the pulse combustor main air control valve works. The blower for the pulse 

combustor is also a roots blower and therefore there is not a procedure to throttle the blower. 

The pilot for the bed uses a standlard rotameter to control the air rate. In both cases, there are 

certain ratios and setpoints to follow. Both pilots are strong enough that if the air-to-fuel ratio is 
off or if the pilot is being fired too hard, the possibility for flame impingement arises. 
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FIGURE 2-69: CLEMSON PAFBC UNIT - BAGHOUSE EXTERNAL VIEW 
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2, SITE DEMONSTRATION TEST PROGRAM 

Following the PAFBC unit shakedown at Clemsoi South Carolina, ThermoChem began 

operational testing in March 1997. During this demonstration period, the unit supplied steam for 

district heating at Clemson University. Although the nominal design firing rate is 72 MMBtu/hr 

and the nominal design steam generation rate is 60,000 lbhr at 120 psig, the unit supplied steam 
with flows ranging fiom 20,000 to !iO,OOO lb/hr depending on demand by the University. 

It was impossible during thie short demonstration period to procure coal within project 
specifications to achieve design peiformance. Instead, a low sulfur was used which was readily 

available at Clemson University. :Sulfbr dioxide emissions with that coal were at undetectable 

levels. Limestone was used as a bed material and sorbent at a feed rate of about 900 lbhr to keep 

the bed height at nominal design level. Because of low sulfbr content in the coal, the lime 

sulfidation rate was low and the bed elutriation rate was high. This caused overloading of the 

ash-removal system which would not have occurred utilizing high sulfbr coal. 

Overloading of the ash-removal system was compounded by poor performance of the J- 
valve at the bottom of the solids recycling cyclone, which is located at the side of the fluidized bed 

vessel. This design was chosen tcr reduce total height of the unit and should be replaced by an 

overhead cyclone design, or ash should be recycled by a screw feeder installed at the bottom of 

the cyclone. 

To avoid the overloading of the ash-handling system, it was decided to use sand as inert 

bed material during the demonstration test. Utilization of sand successfully reduced the high 

carryover into the ash-handling system. A mobile, continuous stack gas monitoring system fiom 

Horiba was used during the demonstration tests. 

The system is based on crcw-modulated, non-dispersive infrared analyzers for NO,, SO,, 

COZ, CO and HC concentrations and magnetopneumatic analyzer for 02 concentration in the flue 

gas. Operational reliability has been improved by the incorporation of microprocessor tech- 
nology. 



Measurement results are displayed on an easy-to-read digital display and saved every 

minute on a computer. The monitor allows simultaneous sampling, reading and printing of the 

size concentrations. The ranges on the Horiba monitor are as follows: 

co 0 - 500 ppm, 0 - 2500 ppm 

coz 
0 2  

0 - 5%,0 - 25% 

0 - 10%, 0 - 25% 

SO2 

NO, 
HC 

0 - 1000 ppm, 0 - 2000 ppm 
0 - 50  ppm, 0 - 500 ppm 

0 - 1800 ppm, 0 - 3000 ppm, 0 - 10000 ppm, 0 - 30000 ppm 
0 - 10 ppm, 0 - 30 ppm, 0 - 1 0 0  ppm, 0 - 300 ppm, 

Repeatability of the measurements are normally 0.5% of fill scale and 1.0% of fill scale 

for ranges less than 200 ppm. Drift of zero point is normally 1 .O% of full scale per week, and 2% 

of fill scale per week for ranges less than 200 ppm. Drift of span is 2% of full scale per week. 
The Horiba stack gas analysis system is installed in a trailer and can be moved or transported for 

mobile use. 

The drawings of the mobile unit interior configuration and continuous emissions 

monitoring (CEM) interconnectioni configuration are shown in Fiaures 2-70 and 2-71. 
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ENERTEC, INC. LANSOALE, PA. 
(2 15) 362-6966 

-~ 

OWG. no. 1551-7 REV. A 
OAT& 61/82/92 
MTCI MOBILE UNIT 

MTCI7 INTERIOR CONFIGURATION 

FIGURE 2-70: MTCI MOBILE GAS ANALYSIS 
UNIT INTERIOR CONFIGURATION 



L 

MTCI 13 

CAUBRATION 
GASES 

ENERTEC, INC. LANSDALE, PA, 
(2 15) 362-0966 

DWG, no. 1566-13 REV, I 
DATEt 02/03/92 
MTCI MOBILE UNIT 
CEM INTERCONNECTION 

CONFIGURATION 

FIGURE 2-71 : CEM INTERCONNECTION CONFIGURATION 

2-103 



At about 40,000 lbhr steam generation rate, the flue gas composition was: 

Component 

0 2  

co 
NO, 
so2 
THC 

By Volume: 
Actual 
8.5% 

39 PPm 

52 PPm 

0 PPm 

340 ppm 

corrected to 3% 02 

3% 

56 PPm 
75 PPm 

491 ppm 

(Stack opacity was I2%.) 

The high level of SO2 emissions was due to utilizing sand as bed material. Using the sand 

instead of limestone also caused erosion of the codsorbent transportation line. 

The PAFl3C unit was run with coal feed for 36 hours. The overall performance and gas 

emissions data for the test duration are presented in the following 3 tables starting on page 105. 

The data shows good performance with gas at steady-state condition and fieeboard temperature 

at about 150OOF. The data demorrstrate that the system would have operated as expected had 

there not been any codash handling problems. 
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March 6,1997 PERFORMANCE DATA 



March 6,1997 EMISSIONS DATA 



March 7,1997 PERFORMANCE DATA 

18:47 
19:47 
20:47 
21:47 
22:47 
23:47 

0 0 0 0.00 0 0.00 0 0 188 0 0.04 214 380 195 187 163 
0 0 0 0.00 0 0.00 0 0 197 0 0.04 206 361 184 164 145 
0 0 0 0.00 0 0.00 0 0 193 0 0.04 199 337 166 144 130 
0 0 0 0.00 0 0.00 0 0 209 0 0.04 195 319 152 128 116 
0 0 0 0.00 0 0.00 0 0 205 0 0.04 193 310 138 110 103 
0 0 0 0.00 0 0.00 0 0 205 0 0.04 191 299 127 98 02 



March 7,1997 EMISSIONS DATA 

Time Stack Stack emissions 
opacity, co c 0 2  0 2  so2 NOx HC 

% ppm 1 % % ppm ppm ppm 
00:47 0 7 1.87 17.93 5 11.5 0 
01 :47 100 5 1.84 18.06 5 11.7 0 
02:47 57 4 1.83 18.08 5 11.4 0 
03:47 I 54 
04:47 I 100 I 
05:47 I 100 I 
06:47 I 100 I 

11:47 1 0 
12:47 I 0 
13:47 1 0 
14:47 1 0 

0 I I 
16:47 I 0 
17:47 I 0 

I 
18:47 I 0 
19:47 I 0 
20:47 I 0 
21:47 I 0 
22:47 1 0 
23147 I 0 
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March 8,1997 PERFORMANCE DATA 

Time Nat. gas Coal Sorbent Nat. gas Coal Total Steam Exp.steam PC Fluidiz. Bed Bed Freebrd Ecnmzr Baghs 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, air, air, velocity, temp., temp., temp., exit.temp. 

ftA3/hr lbslhr Ibslhr MBTUlhr MBTUlhr MBTUlhr lbslhr Ibslhr SCFM SCFM Wsec F F F F 
00:47 0 201 0 0.04 189 287 118 91 
01:47 0 0 0 0.00 0.00 0.00 0 0 221 0 0.04 186 277 112 87 
02.47 0 0 0 0.00 0.00 0.00 0 0 205 0 0.04 185 267 107 81 
03:47 0 0 0 0.00 0.00 0.00 0 0 217 0 0.04 183 258 103 78 
04:47 0 0 0 0.00 0.00 8. 86 8 A v mnc LVCr c 0.04 !e! 249 100 76 
0347 0 0 0 0.00 0.00 0.00 0 0 201 0 0.04 179 242 98 75 
06:47 0 0 0 0.00 0.00 0.00 0 0 213 0 0.04 176 232 102 79 
07:47 0 0 0 0.00 0.00 0.00 0 0 205 0 0.04 174 225 103 80 
08:47 0 0 0 0.00 0.00 0.00 0 0 197 0 0.04 173 219 103 80 
09:47 0 0 0 0 00 0.00 0.00 0 0 159 0 0.03 171 213 104 82 
1047 0 0 0 0 00 0.00 0.00 0 0 154 0 0.03 169 208 104 83 
11.47 0 0 0 0 00 0.00 0.00 0 0 136 0 0.03 171 205 99 81 
12.47 0 0 0 0.00 0.00 0.00 0 0 154 1806 0.28 170 200 97 83 
13.47 0 0 0 0.00 0.00 0.00 0 0 159 0 0.03 169 198 98 86 
1447 0 0 0 0.00 0.00 0.00 0 0 136 0 0.03 167 194 98 87 
15.47 0 0 0 0.00 0.00 0.00 0 0 154 0 0.03 166 190 98 87 
16.47 0 0 0 0.00 0.00 0.00 0 0 169 0 0.03 164 187 98 88 
17:47 0 0 0 0.00 0.00 0.00 0 0 164 0 0.03 162 185 97 87 
18:47 605 0 0 0.63 0.00 0.63 0 0 174 0 0.03 161 182 97 85 
19:47 108 0 0 0.11 0.00 0.11 0 0 193 0 0.04 160 180 95 84 
20:47 93 0 0 0.10 0.00 0.10 0 0 197 0 0.04 158 178 03 81 
21:47 11 0 0 0.01 0.00 0.01 0 0 209 0 0.04 157 176 91 78 
22:47 0 0 0 0.00 0.00 0.00 0 0 201 0 0.04 155 174 89 76 
23:47 0 0 0 0.00 0.00 0.00 0 0 217 0 0.04 154 172 87 74 

-_I_-____--.- 

Stack 
temp., 

F 
84 
78 
73 
69 
66 
65 
66 
67 
67 
68 
71 
72 
75 
78 
82 
82 
85 
83 
81 
78 
75 
72 
70 
68 



IMarch 8,1997 EMISSIONS DATA 



March 9,1997 PERFORMANCE DATA 



March 09,1997 EMISSIONS DATA 



March 10,1997 PERFORMANCE DATA 

00:47 
01:47 
02:47 
03:47 
04:47 
05:47 
Of347 
07:47 
08:47 
09:47 
10:47 
11'47 
12.47 
13.47 
14:47 
15:47 
16:47 
17:18 
18:18 
19:18 
20~18 
21:18 
22:18 
23:18 

rTime I Nat. gas 1 Coal I Sorbent 1 Nat. gas I Coal 1 Total I Steam )Exp.steaml PC I Fluidiz. I Bed I Bed I Freebrdl Ecnmzrl Baghs I Stack 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, air, air, velocity, temp., temp., temp., exit.temp. temp., 

ftA3/hr Ibs/hr Ibs/hr MBTUlhr MBTU/hr MBTU/hr Ibs/hr Ibdhr SCFM SCFM fthec F F F F F 
0 205 0 0.04 122 144 82 77 68 

93 0 0 0.10 0.00 0.10 0 0 205 0 0.04 123 144 80 75 67 
69 0 0 0.07 0.00 0.07 0 0 201 0 0.04 123 143 78 73 66 

0 205 0 0.04 122 143 77 72 65 
85 

41 0 0 0.04 0.00 0.04 0 
25 0 0 0.03 0.00 0.03 0 0 281 0 0.04 i22 143 io  I L  . 
15 0 0 0.02 0.00 0.02 0 0 217 0 0.04 122 142 75 71 65 
14 0 0 0.01 0.00 0.01 0 0 205 0 0.04 122 141 74 70 64 
24 0 0 0.02 0.00 0.02 0 0 221 0 0.04 122 140 73 69 64 
26 0 0 0.03 0.00 0.03 0 0 205 0 0.04 121 139 73 68 68 
62 0 0 0.06 0.00 0.06 0 0 201 0 0.04 121 139 74 69 73 
165 0 0 0 17 0.00 0.17 0 0 82 0 0.02 121 138 76 72 76 
319 0 0 0.33 0.00 0.33 0 0 123 0 0.03 121 138 78 76 77 
469 0 0 0.49 0.00 0.49 0 0 179 0 0.03 120 137 79 79 79 
528 0 0 0.55 0.00 0.55 0 0 174 0 0.03 120 137 81 81 82 

148 161 3998 0 0 4.16 0.00 4.16 0 0 184 0 0.03 120 390 169 
8558 0 0 8.90 0.00 8.90 0 0 1329 8064 1.30 117 423 237 203 210 
3704 0 0 3.85 0.00 3.85 0 0 1318 8133 1.31 134 274 196 157 146 
2746 0 ' 0  2.86 0.00 2.86 0 0 188 0 0.04 171 419 247 219 223 
9725 0 0 10.11 0.00 10.11 0 0 1583 8820 1.44 140 473 283 222 237 
13752 0 0 14.30 0.00 14.30 5048 390 1590 8778 1.44 163 681 284 234 250 

13 17.86 0.00 17.86 0 2389 2576 8196 1.50 288 693 287 231 247 17173 0 
16904 0 304 17.58 0.00 17.58 4122 2158 2620 8342 1.52 375 683 288 232 248 
16832 0 581 17.51 0.00 17.51 0 2921 2610 8241 1.51 435 673 288 232 247 
16696 0 58 1 17.36 0.00 17.36 4428 3079 2627 8190 1.51 496 667 286 230 246. 

1 .a _.. 1- 



Marlch 10,1997 EMISSIONS DATA 



March 11,1997 PERFORMANCE DATA 

Time Nat. gas Coal Sorbent Nat. gas Coal Total Steam Exp.steam PC Fluidiz. Bed Bed Freebrd Ecnmzr Baghs Stack 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, air, air, velocity, temp., temp., temp., exit.temp. temp., 

ftA3/hr Ibs/hr lbslhr MBTU/hr MBTU/hr MBTU/hr Ibs/hr Ibs/hr SCFM SCFM Wsec F F F F F 
00: 18 1617 2562 8081 1.48 559 661 286 229 245 
01:18 16867 0 329 17.54 0.00 17.54 4353 3705 2585 8139 1.49 593 693 280 225 240 
02:18 16821 0 155 17.49 0.00 17.49 4428 3567 2573 8167 1.50 565 665 288 228 243 
03:18 16825 0 581 17.50 0.00 17.50 0 3875 2537 8081 1.48 569 659 286 228 244 

0518 17089 0 581 17.77 0.00 17.77 3333 4266 2506 7912 1.45 566 640 282 227 243 
06:18 17083 0 581 17.77 0.00 17.77 4501 4301 2502 7983 1.46 561 630 294 229 245 
07:18 16771 0 581 17.44 0.00 17.44 3430 3610 2510 7889 1.45 562 625 284 228 244 
08:18 7043 0 248 7.32 0.00 7.32 6517 3673 2498 7818 1.44 564 624 284 230 246 

236 252 09.18 0 0 0 0 00 0 00 0.00 13234 8946 2501 7818 1.44 560 627 283 
10.18 0 0 0 0 00 000 0.00 13381 9040 2514 7835 1.44 555 625 289 238 253 

240 254 11 18 0 0 0 0 00 0.00 0.00 14640 10345 2508 6879 1.31 563 722 301 
231 247 1219 0 0 209 0 00 0 00 0.00 16005 14468 2565 6561 1.27 622 751 279 

13 18 5838 0 0 6 07 0.00 6.07 5716 11187 2578 6575 1.28 638 769 279 235 250 
14.18 17287 0 81 17.98 0.00 17.98 10096 7577 2525 6694 1.29 635 791 291 237 252 
1519 17731 0 534 18.44 0.00 18.44 8781 9826 2575 6756 1.30 605 784 279 234 249 
1619 17479 0 526 18.18 0.00 18.18 8043 10267 2581 7948 1.47 611 830 284 231 246 
17:19 17539 0 396 18.24 0.00 18.24 7754 5464 2579 6035 1.20 635 936 288 232 247 

235 249 18:19 17509 0 17 18.21 000 18.21 7185 6852 2516 5911 1.18 550 855 289 
19:19 17546 0 546 18.25 0.00 18.25 6467 6613 2565 6180 1.22 531 851 290 234 249 
20.19 11311 0 394 11.76 0.00 11.76 0 4235 221 0 0.04 423 593 258 210 205 
21:19 824 0 0 0.86 0.00 0.86 0 0 1413 6066 1.04 329 545 291 203 218 
22:19 14505 0 0 15.09 0.00 15.09 5995 385 2565 ’ 6805 1.31 487 711 286 228 243 
23:19 17394 0 428 18.09 0.00 18.09 4644 3945 2601 6792 1.31 505 681 292 233 249 

04:18 17036 0 475 17.72 0.00 i i .72  5 i i 3  4630 2522 3912 f.45 575 857 259 228 244 

__ ~ - 

, 



Marclh 11,1997 EMISSIONS DATA 



March 12,1997 PERFORMANCE DATA 

Time Nat. gas Coal Sorbent Nat. gas Coal Total Steam Exp.steam PC Fluidiz. Bed Bed Freebrd Ecnmzr Baghs Stack 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, ' air, air, velocity, temp., temp., temp., exit.temp. temp., 



March 12,1997 EMISSIONS DATA 

Stack emissions 



March 13,1997 PERFORMANCE DATA 

D 



Marclh 13,1997 EMISSIONS DATA 



March 14,1997 PERFORMANCE DATA 



March 14,1997 EMISSIONS DATA 



March 15,1997 PERFORMANCE DATA 

Time Nat. gas Coal Sorbent Nat. gas Coal Total Steam Expsteam PC Fluidiz. Bed Bed Freebrd Ecnmzr Baghs Stack 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, air, air, velocity, temp., temp., temp., exittemp. temp., 

ftA3/hr lbslhr lbslhr MBTUlhr MBTUlhr MBTUlhr lbslhr lbslhr SCFM SCFM Wsec F F F F F 
00: 13 42775 2627 7106 1.37 1392 1518 312 249 265 

249 265 01:13 17735 1870 970 18.44 24.50 42.95 43950 42166 2611 7191 1.38 1400 1516 313 
02:13 17710 1868 969 18.42 24.47 42.89 44298 42314 2604 7351 1.40 1463 1527 336 265 279 
03:13 19987 437 969 20.79 5.73 26.51 20306 29572 2569 4413 0.98 686 925 309 238 252 
04:13 17715 0 969 i8.42 ~ i . 8 ~  r n  10.9~ a n  :3446 18885 2584 4455 !I 98 670 864 298 232 246 
0513 17705 0 968 18.41 0.00 18.41 9358 8897 2567 4475 0.99 612 907 291 227 243 
06:13 17720 0 969 18.43 0.00 18.43 8084 8012 2623 6852 1.32 564 752 298 232 251 

235 253 07:13 17715 0 969 18.42 0.00 18.42 7047 7511 2627 6839 1.32 576 710 291 
08:13 17684 0 969 18.39 0.00 18.39 8124 6934 2627 6784 1.31 592 712 298 234 252 
09:13 17617 0 969 18.32 0.00 18.32 6262 6861 2627 6610 1.29 601 721 288 237 252 

236 251 10:13 17619 0 969 18.32 0.00 18.32 5940 6771 2627 6337 1.25 600 709 287 
234 250 11:13 17617 0 969 18.32 0.00 18.32 4644 6570 2627 6120 1.22 625 731 284 

12.13 25925 0 969 26.96 0.00 26.96 6156 6947 2627 6188 1.23 630 730 294 236 252 
13:13 20259 0 969 21.07 0.00 21.07 7275 6911 2627 5919 1.19 635 735 293 243 256 
14:13 18712 0 969 19.46 0.00 19.46 4714 6240 2627 6012 1.21 620 718 288 243 256 
1513 17651 0 943 18.36 0.00 18.36 6763 5435 2627 6180 1.23 613 705 288 238 253 
16:13 18808 0 775 19.56 0.00 19.56 2425 5535 2627 6059 1.21 618 710 286 236 251 
17:13 19781 0 775 20.57 0.00 20.57 7754 6039 2627 5981 1.20 621 712 296 272 267 
18:13 18025 0 775 18.75 0.00 18.75 7669 6157 2627 6051 1.21 626 716 294 260 264 
19:13 17802 0 775 18.51 0.00 18.51 7409 6491 2602 6104 1.22 630 719 287 . 246 252 
20:13 17715 0 775 18.42 0.00 18.42 11602 7206 2627 6059 1.21 638 727 288 238 245 
21:13 17705 0 775 18.41 0.00 18.41 6811 6860 2627 6112 1.22 634 722 286 231 240 
22:13 17715 0 775 18.42 0.00 18.42 4277 7118 2627 6097 1.22 633 728 298 211 222 
23:13 17705 0 775 18.41 0.00 18.41 1617 6663 2627 6203 1.23 632 732 292 223 238 



March 15,1997 EMISSIONS DATA 

I Time I Stack 1 Stack emissions i 



March 16,1997 PERFORMANCE DATA 



March 16,1997 EMISSIONS DATA 



March 17,1997 PERFORMANCE DATA 



Marclh 17,1997 EMISSIONS DATA 



March 18,1997 PERFORMANCE DATA 

Time Nat. gas Coal Sorbent Nat. gas Coal Total Steam Expsteam PC Flutdiz. Bed Bed Freebrd Ecnmzr Baghs Stack 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, air, air, velocity, temp., temp, temp., exit.temp. temp., 

ftA3/hr Ibs/hr lbslhr MBTU/hr MBTU/hr MBTU/hr Ibs/hr lbslhr SCFM SCFM Wsec F F F F F 
00 13 0 253 0 0.04 156 105 75 69 61 
01:13 0 0 0 0.00 0.00 0.00 0 0 256 0 0.05 154 105 73 67 61 
02.13 0 0 0 0.00 0.00 0.00 0 0 260 0 0.05 152 103 72 66 60 
03:13 0 0 0 0.00 0.00 0.00 0 0 246 0 0.04 150 103 70 65 60 
04:13 0 0 0 0.00 0.00 0.00 0 r) 256 0 0.04 :47 ?O? 89 54 59 
05:13 0 0 0 0.00 0.00 0.00 0 0 256 0 0.04 145 100 68 63 58 
06:13 0 0 0 0.00 0.00 0.00 0 0 243 0 0.04 144 100 67 63 59 
07:13 0 0 0 0.00 0.00 0.00 0 0 256 0 0.04 142 99 67 62 57 
08:13 0 0 0 0.00 0.00 0.00 0 0 243 0 0.04 140 98 66 62 58 
09:13 0 0 0 0.00 0 00 0.00 0 0 232 0 0.04 138 97 67 62 57 
1013 0 0 0 0 00 0 00 0.00 0 0 239 3675 0.55 133 97 84 72 80 
11 32 0 0 0 0 00 0.00 0.00 0 0 221 0 0.04 112 128 103 91 98 
1232 0 0 0 0.00 0.00 0.00 0 0 201 0 0.04 110 125 95 85 88 
1332 0 0 0 000 0.00 0.00 0 0 217 0 0.04 110 123 90 82 83 
1432 0 0 0 0 00 0.00 0.00 0 0 201 0 0.04 110 122 88 82 83 
15.32 0 0 0 0.00 0.00 0.00 0 0 201 0 0.04 110 123 86 82 84 
16.32 0 0 0 0.00 0.00 0.00 0 0 213 0 0.04 110 122 86 81 82 
17:32 0 0 0 0.00 0.00 0.00 0 0 221 0 0.04 109 119 86 82 82 
18:32 0 0 0 0.00 0.00 0.00 0 0 221 0 0.04 108 116 85 80 78 
19:32 0 0 0 0.00 0.00 0.00 0 0 221 0 0.04 107 115 84 78 75 
20:32 0 0 0 0.00 0.00 0.00 0 0 246 0 0.04 106 114 82 77 72 
21.32 0 0 0 0.00 0.00 0.00 0 0 243 0 0.04 106 113 81 75 69 
22:32 0 0 0 0.00 0.00 0.00 0 0 239 0 0.04 106 112 79 73 68 
23:32 0 0 0 0.00 0.00 0.00 0 0 250 0 0.04 105 111 78 72 67 

~ 



March 18,1997 EMISSIONS DATA 



March 19,1997 PERFORMANCE DATA 

' Time Nat. gas Coal Sorbent Nat. gas Coal Total Steam Expsteam PC Fluidiz. Bed Bed Freebrd Ecnmzr Baghs Stack 
flow rate, feed rate, feed rate, firing rate firing rate firing rate flow rate, flow rate, air, air, velocity, temp., temp., temp., exit.temp. temp., 

RA3/hr lbslhr Ibs/hr MBTU/hr MBTU/hr MBTU/hr Ibs/hr lbslhr SCFM SCFM Wsec F F F F F 
00:32 0 246 0 0.04 105 110 77 72 66 
01:32 0 0 0 0.00 0.00 0.00 0 0 250 0 0.04 104 109 76 71 65 
02:32 0 0 0 0.00 0.00 0.00 0 0 239 0 0.04 104 108 75 70 64 
03:32 0 0 0 0.00 0.00 0.00 0 0 239 0 0.04 103 107 74 69 64 
04:32 0 0 0 0.00 0.00 0.00 0 0 250 v G.04 to3 ?!?e 68 83 73 
0532 0 0 0 0.00 0.00 0.00 0 0 256 0 0.04 102 106 72 67 61 
06:32 0 0 0 0.00 0.00 0.00 0 0 243 0 0.04 102 105 71 66 61 
07:32 0 0 0 0.00 0.00 0.00 0 0 256 0 0.04 101 104 71 65 61 
08:32 0 0 0 0.00 0.00 0.00 0 0 243 0 0.04 101 103 68 64 61 
09.32 0 0 0 0.00 0 00 0.00 0 0 246 0 0.04 100 102 69 65 62 
10.32 0 0 0 0.00 0.00 0.00 0 0 239 0 0.04 99 101 69 65 57 
11 32 0 0 0 0.00 0 00 0.00 0 0 232 0 0.04 98 99 69 65 55 
1232 0 0 0 0.00 0.00 0.00 0 0 236 0 0.04 111 125 70 65 57 
1332 0 0 0 0.00 0.00 0.00 0 0 256 0 0.04 114 129 71 65 57 

0.00 0.00 0 0 1667 6729 1.17 101 177 152 120 143 14.32 0 0 0 0.00 
9.80 9.80 0 0 2593 7306 1.38 354 529 236 194 196 1532 9427 0 339 0.00 

16:32 16962 0 636 17.64 0.00 17.64 0 4 2627 7313 1.38 529 621 342 305 293 
17:32 17810 0 . 637 18.52 0.00 18.52 0 4843 2627 7093 1.35 549 630 286 226 241 
18:32 18239 0 637 18.97 0.00 18.97 0 769 2588 6980 1.33 554 630 290 231 245 
19:32 17631 0 637 18.34 0.00 18.34 2139 10372 2564 6900 1.32 560 630 293 232 246 
20:32 16610 0 572 17.27 0.00 17.27 0 1703 2566 5710 1.16 584 708 282 229 244 
21:32 24085 683 20 25.05 8.95 34.00 24332 7749 2562 5718 1.16 839 1325 313 233 245 
22:32 19668 1605 541 20.46 21.02 41.47 27686 36039 2247 6652 1.25 1200 1285 301 237 253 
23:32 19069 1465 581 19.83 19.19 39.02 44180 26349 2568 6652 1.30 1300 1501 314 241 257 

- 



March 19,1997 EMISSIONS DATA 



March 20,1997 PERFORMANCE DATA 



March 20,1997 EMISSIONS DATA 



SECTION 3.0 

- MARKET ANALYSIS 

The impact of the Coal Fired Pulse Combustion technology pioneered by MTCI and 

ThermoChem on overall energy usage in the United States and in world markets through the year 

2030 could be enormous. At the current state of its development, coal-fired pulse combustors 

will shortly be marketable in several forms. This market analysis is focused on the potential 

industrial and commercial markets lfor the PAFBC. 

The Pulsed Atmospheric Fluidized Bed Combustion (PAFBC) technology will have 

extensive applications both in industrial and large-scale commercial applications in both its 

adiabatic and non-adiabatic versions. In its non-adiabatic (steam raising) version, it has the 

potential to replace oil, gas or existing coal-fired boilers in the entire range from 10,000 pph of 
steam to 250,000 pph or more. 

In its adiabatic (hot gas raising) version, it has immediate applications in the coal mining 

industry where it offers the industry the opportunity of using low-grade coals and problematic 

coal fines to dry more marketable coals cheaply. It has widespread potential as a means for 

repowering oil- or gas-fired boiler systems which are failing to meet EPA standards. It offers 

industry an inexpensive means to dry or dewater troublesome sludges of all kinds, including 

municipal sludges, and to provide hot air for industrial drying processes in many industries 

including the cement industry, the lumber and wood products industries, the food industry and 

many more. 

The initial commercial versions of this technology will be fabricated with modules sized 

with 8 ft. x 8 ft. bed area fluid beds or multiples thereof. Each module will generate approxi- 

mately 33 MMBtu/hr of steam in the non-adiabatic version, and 16 MMBtu/hr of hot air in the 

adiabatic version. The marketing strategy envisions initial market entry using the 8 ft. x 8 fi. 

modules to establish marketplace credibility for the technology, and maximize the benefits of 



“economies of scale” and mass production of modules, and at the same time to take advantage of 

established coal using and handling irlfrastructure. 

The first immediate applications will be in providing cheap hot gas for coal drying in the 

coal mining industry (adiabatic) and in providing a primary heating source for very large buildings’ 

with more than 750,000 square feet of floor area requiring approximately 33,000 pph steam or 

more in the commercial market (nonl-adiabatic). Once the technology is established at that scale, 

marketing strategy will begin to target the segment of the commercial boiler market comprised of 
buildings ranging in size from 50,000 square feet to 750,000 square feet. Smaller units will be 

designed to satisf) that portion of the market. Module sizes will include a 4 ft. x 4 ft. bed area 

generating 8,000 pph, and a 6 ft. x 6 ft. bed area generating 18,000 pph steam. 

Expected market applications for the technology include the following: 

> Non-Adiabatic (steam raisirrg) 

e Replacement of oil, gas, propane, and existing coal-fired boilers in the 10,000 pph 
to 250,000 pph steann range in the commercial and industrial markets. 

e Greenfield installations of new boilers in the same range. 

0 Replacement of existing steam boilers in district steam heating distribution 
networks. 

e Greenfield installations for district steam heating expansion projects. 

e New boilers for industrial cogeneration plants. 

> Adiabatic (hot gas raising) 

Replacement of existing thermal dryer heat sources in the coal mining industry. 

e Greenfield installations of new thermal dryers. In many situations the prohibitive 
cost of oil or gas for thermal drying has removed thermal drying fiom being a 
viable option for mining companies. By using their low low-grade coal and coal 
fines as a heat source, many mines will be able to increase their output and 
revenues without being subject to the rise and fall of oil and gas prices. This will 
require the interfacing of the PAFBC with existing or current dryer equipment. 
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e Installation of PAFBC units for repowering of single or multiple oil or gas-fired or 
coal-fired boilers which are in a state of’non-compliance with EPA standards 
controlling atmospheric release of NO, and SOZ. The PAFBC would be centrally 
placed to feed super-hot gas to the boiler heat exchangers which could be 
augmented by the filing of oil or gas in the individual boilers. This will require 
interfacing of the t:xport hot gas ducts of the PAFBC with existing boiler 
installations. 

In addition to the above, there are hundreds of other possible applications in the dryer and 

oven markets including the following: 

e 

e 

e 

e 

e 

e 

e 

e 

e 

0 

e 

Delacquering furnaces and solution heat treating lines in the aluminum industry. 

Tenter dryers in the textile industry. 

Preheating in many industries. 

Core and mold baking in the foundry industry. 

Plastic curing. 

Annealing. 

Aging, baking, drying, curing processes in many industries. 

Roasting and sterilizing processes. 

Sludge dewatering in rotary dryers of paper mill sludges, municipal sludges and 
many other industrial sludges. 

Rotary dryers in the rubber industry. 

Indirect heat rotary calcination applications including: 

0 Activating wood charcoal 

0 Calcination of silica gel 
0 Reducing mineral high oxides to low oxides 

Oxidizing and “burning-off or organic impurities 
Reclamation of foundry sand fiom the shell-molding process. 

0 Reduction of metal oxides 
0 

0 
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Industrial Markets 

The first target is the replacement of existing boiler systems and/or hot gas industrial 

process systems which are currently using coal and which are either approaching the end of their 

usehi life or in a state of non-compliance with existing EPA air-quality regulations. In these 

cases, the infrastructure is already in place. There is an existing coal supply, an established 

transportation system, and bulk coal storage and handling facilities. These will tend to be con- 

centrated along the Eastern Seaboargd and in the Mid-West. Prominent among these will be coal- 

mining operations presently using thermal dryers and district heating systems. In a similar 

category will be the installation of new greenfield boilers and/or hot gas industrial process systems 

and coal-mining thermal dryers in the same general areas of the country where coal usage in large 

facilities is an accepted norm rather than an exception. Also in this category will be the 

repowering of single or multiple boiler systems which are in non-compliance with EPA standards 

and which are presently using oil or gas, but which are in an area where coal usage is common. 

The development of new industrial markets will require introducing the concept of using 

coal in a wide variety of industrial processes which presently use oil or gas to produce hot gas for 

aging, drying, baking, curing, oxidizing, calcining, preheating, dewatering, sterilizing, annealing, 

etc. This market will evolve during the second phase of marketing strategy. 

One of the immediate applications for the PAFBC in its adiabatic version will be the 

immediate replacement of existing thermal dryer heat sources in the coal-mining industry in coal 

preparation plants. At the present time, according to the 1991 edition of the Keystone Coal 

Industry Manual, and a mine census summary published in the November 1989 issue of Coal, by 

Mark Sprouls, publisher, there are zipproximately 416 coal preparation plants in the United States. 

Table 3-1 shows the distribution of coal preparation plants by state (United States) and province 

(Canada). 



TABLE 3-1: 
COAL PREPARATION PLANTS BY STATE AND PROVINCE 

Alabama 
Alberta 
British Columbia 
Colorado 
Georgia 
Illinois 
Indiana 
Iowa 

15 
5 
8 
5 
1 

36 
2 
3 

Kansas 
Kentucky 
Maryland 
Missouri 
New Mexico 
Nova Scotia 
Ohio 
Oklahoma 

2 
66 

1 
5 
1 
1 
1 
1 

Pennsylvania: 
Anthracite 
Bituminous 

Tennessee 
Texas 
Utah 
Virginia 
Washington 
West Virginia 

35 
0 
3 
1 
6 
34 
3 
95 

Capacity data was provided for 257 plants. Of these, 58 percent have design capacities of 

500 tph or more (Table 3-2 below). Most of those big plants fall into the 500 tph to 999 tph 

range. Only 13 percent of the plants produce 1,000 tph or more. 

TABLE3-2: 
- PREPARATION PLANT CAPACITY 

Number of Plants* Capacity (tph) 
4 > 2,000 
12 1,500 - 1,999 
43 1,000 - 1,499 
89 500 - 999 
69 250 - 499 
40 250 

* Of those reporting. 
Source: C G ~  magazine, November 1989. 

Of the total number of US.  preparation plants, somewhere between 99 and 150 plants 

presently operate dryers. The ability of the PAFl3C to use relatively low-grade coals to provide 

hot gas to dry better grade coals should prove to be very attractive to the mining industry. It will 
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r offer the possibility of limiting the growth of existing gob piles, while at the same time 

significantly increasing mine output ‘in an environmentally acceptable manner. Ultimately, it will 

also provide a means to put to proifitable use the lower grade coal inventories which gob piles 

represent. This will involve the development of a practical method for recycling gob pile coals, 

and the initial marketing effort vvill be aimed at thermal dryer replacement with PAFBC 

technology wherever possible. 

Island Creek Coal Corporation has several coal preparation plants in the United States 

which are presently using thermal dryers in addition to the Alpine plant which is the host site for 

the Phase I11 Field Test portion of this project. They have a total of seven thermal dryers using 

conventional fluidized beds as a heat source, burning high Btu coals which could otherwise be 

sold for a profit. The attraction of the PAFBC adiabatic technology to Island Creek Coal 

Corporation is that it allows the use of refbse coal, which is unmarketable, to dry better quality 

coals which are marketable, while at the same time reducing air pollutants. Island Creek can see 

the potential for the PAFBC to make a major contribution towards corporate profitability once it 

has been successfblly demonstrated Their willingness to proceed with installation in other plants 

is strictly dependent upon the success of the subject demonstration project. 

Island Creek has several other plants in the United States at which the addition of 
greenfield coal-fired coal dryers might prove attractive once the economics have been 

demonstrated. 

The industrial sector as a whole is the largest end-use consumer of energy. The total 

industrial sector energy use is projlected to be 18.4 quadrillion Btu in 1995, and 30.3 quads in 

2030. In 1985, total energy consumption in the industrial sector was 16.4quads (Source: 

DOWRevised NES No Further Polky Action Case - 12-14-90 and CCT-IV PON). 

In a study undertaken in 1986 by Burns & Roe, a methodology for determining the 

population and size of industrial boilers (< 50 MMBtu) and direct-fired combustors (< 100 

MMBtu/hr) was devised. This in turn was based on a study by PEI Associates, Inc. and P.W. 



Spaite Company in 1985. However, for the purposes of this report, the values for potential 

market sector will be based on those reported values as shown in Table 3-3. This table shows the 

overall boiler and direct-fired combustor populations and energy consumption revealed by the 

study. 

TABLE 3-3: 
- TOTAL ENERGY DISTRIBUTION 

(Trillion Btu) 

Direct Fired Combustors (< 100 iWMBW?tr) 
Size Range Population 
IMMBtu) (Number) 

1 - 9  
10 - 24 
25 - 49 
50 - 99 

14,882 
3,816 
1,529 

959 
Total 

Size Range 

1 - 9  
10 - 24 
25 - 49 

0 

Total 

21,186 

Boilers ( 50 MMBtuhr) 
Population 
@lumber) 

34,678 
13,211 
7,193 

55,082 

Energy 

447.19 
391.53 
350.59 
448.47 

Btu) 

1, 638.78 

Energy 

105.00 
140.00 
246.00 
491.00 

Btu) 

Total represents sum ofdistillates, residual and natural gas. 
Source: Burns and Roe: Services Corporation, “Marketing and Equipment Performance 
Analysis for the Application of Coal-Based FueldAdvanced Combustion Systems,” March 1986. 

If it is assumed that this same distribution will prevail as new units are installed, then it is 

possible to break down by size the growth in the industrial sector as projected by DOE and 

thereby identi@ the potential markets for coal-fired PAFBCs replacing gas and oil in the 10 to 100 

MMBtu/hr range. By the year 2030, the possible replacement is 1.8 quads. In addition, the DOE 

“No Further Policy Action Case” projects a growth of 2.4 quads in coal use which also represents 

a potential market for PAFl3Cs. 
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Although coal was once the predominant fuel in the residential, commercial and industrial 

markets, it has not occupied that position for decades. Although there was once a fairly extensive 

coal distribution system servicing those market sectors, it no longer exists except in the more 

heavily industrialized areas of the country. A market entry scenario for a coal technology should 

therefore primarily be concerned with the largest (most dense) geographic areas of population, 

industry, commerce, coal production, heating demand, and, finally, a tradition of continued coal 

use or acceptance of coal use. Ohiously, more detailed analysis of the factors can probably 

locate centers of opportunity in other areas of the country where the demogrdphics are supportive 

of coal utilization. 

Commercial Murk& 

This market segment inc1udt:s that portion of the 6,000 or so commercial buildings in the 

United States which are larger than 500,000 square feet and which presently are using coal as 

their heating fuel of choice, or which are presently using oil or gas but are in an area of the 

country where coal usage is an accepted norm. This will encompass replacement of existing units 

and greenfield applications. 

The future commercial market is composed of buildings ranging in size from 50,000 

square feet to 750,000 square feet. This segment will also be addressed in the second phase of 

marketing strategy and will require a considerable shift in marketplace mentality, or drastic price 

rises in competing fuels before it will gain widespread acceptance. 

In mid-1986, there were 4,154,000 commercial buildings in the United States. The total 

floor space in these buildings was 58.2 billion square feet. These buildings consumed energy for 

six end uses: space heating, water heating, cooling, manufacturing, and electricity generation. 
The type, location, age, and size of the buildings affected the amount and the source of energy 

used. 

EIA reports that the source of energy supplied to commercial buildings also varies with 

building size. Electricity was supplied to 95.8 percent of all buildings containing 5,000 square 
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feet or less. It was supplied to 100 percent of all buildings of more than 200,000 square feet. 

Natural gas was used in 49.1 percent of the buildings containing 5,000 square feet or less and in 

75.9 percent of buildings containing more than 200,000 square feet. A negligible amount of 

district steam or hot water was useid in buildings containing 5,000 square feet or less, but district 

steam or hot was used in 17.3 percent of all buildings of more than 200,000 square feet, which 

amounted to 19.5 percent of the total floor space in that size range. 

The majority of commercial buildings are small in area. Over 70 percent contain less than 

10,000 square feet and over 47 percent are smaller than 5,000 square feet. 

A simple attempt at disaggregating the commercial sector on the basis of square footage 

and the average energy demand tal provide average sizes in equivalent Btu/hr steam systems was 

made. An assumption was made using an estimated average peak demand value of 54 Btu/hr per 

square foot in determining the size of peak heating demand for a building of average square 

footage in each size range. Actiual regional values range fkom 75 Btu/hr in the Northeast to 

30 Btu/hr in the South. The numbser of buildings includes only those buildings using oil or gas for 

space heating. 

This analysis indicates thal buildings with over 100,000 square feet represent a significant 

potential market for coal-fired P14FBC systems. The 8 ft. x 8 ft. PAFBC is sized to generate 

approximately 33 MMBtu/hr; the 6 ft. x 6 ft. - 18 MMBtu/hr; the 4 ft. x 4 ft. - 8 MMBtu/hr. The 

marketing approach for the PAl;BC in the commercial market will be initially to target the 

segment containing the largest buildings with square footages in excess of 500,000 square feet 

using the 8 ft. x 8 ft. non-adiabatic module as the vehicle for market entry. This size range will 

provide optimum benefits of economies of scale in terms of unit cost, and very attractive cost 

savings to the end user in he1 costs, and there should as a result 'be less of a need for market 

preconditioning to the concept of using clean coal technology instead of conventional fbels. 

There are approximately 6,000 buildings in the United States presently using oil or gas for 
heat which fall within the target size range. A significant number of these buildings are in the 
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government sector where government priorities will tend to encourage clean coal technology as it 

evolves. The PAFBC would be applicable to existing buildings as their present boiler systems 

reach 30 or more years of use, and would be immediately applicable to new construction projects 

in this size range. The salability of the technology will inevitably relate to the availability and 

proximity of coal suppliers, and in consequence, it is anticipated that the primary immediate 

commercial market area will be in the North-Eastern, Mid-Westem and Mid-Atlantic state regions 

of the United States. 

The analysis presented above indicates that a market for the PAFBC exists in the industrial 

and commercial sectors if the teclhnology is demonstrated to be technically and economically 

feasible. The economic analysis presented in the previous section indicated that the PAFBC has 

the potential to be economically competitive with conventional technologies. The field tests 

planned for Phase11 are designed to demonstrate the technical performance and veri@ the 

economic projections for the technology. 

In marketing a new coad-based technology, several institutional barriers must be 

overcome. We have developed a marketing strategy to focus our initial commercialization efforts 

in markets in which coal is considered to be a desirable fbel. For this reason, the initial application 

of using the PAFBC to supply heat for coal drying is highly desirable - the customer obviously has 

a desire to demonstrate that coal is an economically and environmentally attractive fbel. Once this 

application has demonstrated success, we can expand into more traditional markets for process 

heat and for steam. 
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SECTION 4.0 

ENGINEERING AND ECONOMIC EVALUATION 

4.1 ENGINEERING EVALU14TION 

Bubbling atmospheric fluid-bed combustors have a number of technical attributes that hold 

a great deal of promise in combustion of high sulfur, high ash coals having fuel-bound nitrogen, 

with inherent pollution control capabilities. 

The hndamental concept of a bubbling atmospheric fluid-bed combustion is to burn 

crushed coal at a moderate temperature in a bed comprised of particles that are made of a sulhr 

sorbent. The ability to bum the coal at a moderate temperature (1550'F to 1650°F) in a fluid bed 

is aimed at control of NO, formation from fuel-bound nitrogen and thermal sources. Limestone, 

generally used as the bed material, calcines at the operating temperature providing a calcium oxide 

sorbent that captures sulfbr oxides produced fiom burning the sulfbr-containing coal fuels. 

Heat removal from the bed to control the bed temperature to the desired range is indeed 

opportune with bubbling fluid beds due to the generally high heat transfer available between the 

bed material and surfaces immersed in the bed. This provides for relatively small heat transfer 

surface to extract useful heat fiom the combustion process. 

As the development of atmospheric fluidized beds proceeded, it became evident that coal 

fines tend to quickly elutriate fiom the fluid bed that is normally operating at a fluidization air 
velocity suitable for the bulk of the crushed coal particle size (say, 3/8" x 28 mesh) and the 

corresponding selection of limestone particle size. Generally, the higher the fluidization velocity, 
the higher the heat release rate per square foot of bed area. The higher heat release rates are 

desirable to reduce the specific; capital cost of the equipment per Btukr of firing rate. 

Nevertheless, limitation on fluidization velocity was encountered because of residence time, bed 

height, particle size distribution and related bed stability considerations. Practical considerations 
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and developmental experience gave rise to bubbling fluid beds that operate within the range of 

3 to 5 feet in height with a large freeboard required above the bubbling bed. 

The freeboard was provided to permit sufficient residence time at a suitable temperature 

for the combustion of fines that are found with crushed coal as received at the fluid-bed 

combustor fuel inlet. Coal screening and classification became necessary to remove excessive 

amounts of fines prior to feeding the fuel to a fluid-bed combustor so as to maintain the operation 

of the equipment within the environmental performance constraints. This, however, tends to 

compromise the economics of the operation significantly. Most, if not all, bubbling atmospheric 

fluid bed manufacturers only warrantee performance with fuel fines content (28. mesh x 0) less 

than 7 to 10 percent of the total feeti. 

While bubbling fluid-bed combustors are designed with an appropriate freeboard height 

and volume with suitable operating temperatures, practical problems still accrue due to the 

presence of elutriated fines in the freeboard. 

The carbon burnout of the fines is not the primary problem because such fines can be 

captured in a cyclone and/or a baghouse and recycled into the bed, preferably educted with air in 

an underbed feed, to improve the ultimate carbon burnout. Nevertheless, production of excessive 

amounts of CO can be experienced from fines burning in the freeboard having insufficiently high 

gas temperature. Thus, heat removal from the freeboard must be mindkl of such considerations. 

This is particularly important because gasfIav is onZy once-through the entire ystem. 

Should the rate of elutriation of fines increase, however, temperatures in the freeboard 

could rise sufficiently to levels that promote NO, production in the flue gas even though under 
such conditions the CO content in the flue tends to decrease. Further increase in the rate of fines 

elutriation could once more promote production of CO with a modest reduction in NO, 

production from combustion in the freeboard. 
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In addition to the above, fines burning in the fieeboard release sulfir oxides downstream 

of the sorbent bed. Some s u l h  wpture by sorbent fines elutriating form the bed is encountered 

but generally not sufficient. This is ]particularly the case when the coal being fed to the_combustor 

contains excessive amounts of sulfur-laden fines. 

Therefore, the design of the fieeboard height and volume as well as the allowable heat loss 

(or removal) fiom the freeboard must be mindful of the fines combustion considerations as well as 

the need for a sufficient particle disengagement height for the r&rn of larger particles ejected by 

the bubbling action at the surface of'the bed. 

Practical experience with bubbling fluid beds hrther indicated that gas bubble growth in 
the bed does occur and ultimately cases channeling of the gas flow through the bed. This tends 

to compromise both the combustion process efficiency (high excess air detected as high 0 2  

concentration in the flue) and low sorbent utilization efficiency with sulfur oxides breaking 

through. 

Upstream of the bubbling bed (not downstream of the sorbent) fines combustion I 
maximizes sulfur capture efficiency of the system and sorbent utilization since gas flow through 

the system is once through. 

The PAFBC technology is a hybrid combustion system that employs both a pulse coal 
combustor and a bubbling fluid bed. In the PAFBC system, the fines (28 mesh x 0) are introduced 

to the combustion chamber of the pulse combustor. The combustion of the fines in the pulse coal 

combustor occurs at a very high heat release rate of 2 to 6 MMBtu/hr.cu.ft. The pulse combustor 
maintains the stoichiometry substantially constant within its design turndown ratio of firing. The 

pulse coal combustor is the primary new technology in the hybrid PAFBC system. 

The dynamic pressure oscillations emanating from the pulse combustor tailpipe impart a 

forced oscillation to the fluid bed at fiequencies in the range of 50 to 60 Hz. This forced 

oscillation causes large bubbles normally formed in a bubbling bed to break up into smaller 
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bubbles, minimizing gas breakthrouph and higher sulfur capture and combustion efficiency in the 

bed at higher fluidization velocities (imd hence higher throughput). 

In addition to the above, the fluid-bed combustor design employs an expanded freeboard 

cross-sectional area to permit shorter freeboard height but with adequate freeboard volume. 

Temperature, turbulence and residence time for the pulse combustor and the bubbling 

fluid-bed fieeboard are quite different, as shown below: 

Temperature 
Turbulence 
Gas Residence Time 

Pulse Combustor AFBC Freeboard 
> 1093OC or 200OOF (high) 
Very high1 (oscillatory) 
10 to 100 milliseconds 

843OC or 1550°F (low) 
Moderate (plug flow with backmixing) 
2 to 3 seconds 

Since the PAFBC unit employs both the pulse combustor and the AFBC technologies, it 

can handle the full-size range of coarse and fines. The oscillating flow field in the pulse 

combustor provides for high interplhase and intraparticle mass transfer rates. Therefore, the fuel 

fines essentially burn under kinetic control. Due to the reasonably high temperature, combustion 

of fuel fines is substantially complete at the exit of the pulse combustor. The additional residence 

time of 1 to 2 seconds in the freeboard of the PAFBC unit then ensures high carbon conversion 

and, in turn, high combustion efficiency which was 92 to 97 percent. 

The overall heat transfer coefficient in the water-jacketed pulse combustor tailpipes is of 

the Same order as that for tubes immersed in the dense fluidized bed. The replacement of the 

inefficient heat exchanger in the fieeboard of a conventional BFBC by the water-jacketed pulse 

combustor tailpipes significantly decreases the heat transfer surface aFea requirement and cost. 
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4.2 ECONOMIC EVALUATION 

It is generally known that large coal-fired facilities are economically superior to those fired 

with more conventional industrial fiiels (oil and natural gas) since the savings in &el cost realized 

by the coal-fired system is sufficiently large to recover the additional capital investment required 

for the more complex coal-fired system. 

The firing capacity of the PAFBC unit is 72 MMBtu/hr with a steam generation rate of 

about 60,000 lbhr at 120 psig prc:sswe. Following is a review of the major components and 

systems which are included in the PAFBC unit: 

e 

e Pulse Combustor, 
e Fluidized Bed, 
e Boiler Parts, and 
e Ash-Handling Syste:m. 

CoaVLimestone Preparation and Feed System, 

CoaVZimestone Preparation and Feed Svstem: 

1) Coal preparation system: 
Includes coal hopper, coal mill, classifier and bucket elevator with three screw 
conveyors fiom hopper to mill, fiom mill to classifier, and fiom classifier to bucket 
elevator. 

3) 

4) 

Coarse coal feed system: 
Includes weigh belt, silo and metering screw. 

Fine coal feed system: 
Includes blower, three eductors, silo and metering screw. 

Limestone feed system: 
Includes pipeline for pressurized blower truck connection, silo and metering screw. 
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Pulse Combustor: 

The pulse combustor has three aerovalves, combustion chamber, and six tailpipes. The 

combustion chamber and tailpipes are all water-jacketed and constitute part of the entire PAFBC 
boiler surface. 

Fluidized Bed: 

The fluidized bed vessel is constructed in three sections: 

1) Air plenuddistributsr, 

2) 
3) 

Bed with cooling coils, and 
Freeboard with gas exit on the roof 

The recycling cyclone is a part of the fluidized bed. 

Boiler Parts: 

The boiler parts include the boiler and economizer. 

Ash-Handlina Svstem: 

The ash-handling system includes two water-cooled stainless steel screw conveyors 

receiving ash from discharge ports in the bed, ash dropout parts from the boiler chute, two 

economizer chutes, and two baghouse chutes. It also includes vacuum conveying system and ash 

silo. 

Capital investment data arc: presented in Table 4-2. Economic analysis of the PAFBC 

system versus the oil-fired boiler syistem is presented in Tabk 4-2. 



TABLE 4-1: 
CAPITAL INVESTMENT FOR PAFBC UNIT 

- COST OF PURCHASED EOUIPMENT 

Item Purchased Cost 

PAFBC, including cyclone 
Boiler 
Economizer 
Coal hopper 
coal mill 
Classifier 
Screw conveyors 
Bucket elevator 
Coarse coal feed system 
Limestone feed system 
Fine coal feed system 
Coarse coal silo 
Limestone silo 
Fine coal silo 
Ash silo 
Ash-handling system 
Air compressor with dryer 
boiler water pumps 
Fans 
Blowers 

Total 
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$394,000 
88,400 
45,280 
6,300 
16,000 
12,500 
36,000 
58,500 
15,000 
15,000 
10,300 
54,300 
26,300 
16,200 
34,100 
32,750 
16,810 
1 7,046 
48,950 
16.350 



TABLE 4-1: 
CAPITAL INVESTMENT FOR PAFBC UNIT 

(Continued) 

- T O T L  CAPITAL INVESIUENT 

Item Purchased Cost 

Direct Costs: 

Purchased equipment (PE) 
Installation (39% of PE) 
Instrumentation & Controls (13% of PE) 
Piping - installed (3 1% of PE) 
Electrical - installed (1 0% of PE) 
Yard improvements (10Y0 of PE) 

Total Direct Costs 

Indirect Costs: 

Engineering and supervisiori (32% of PE) 
Construction Expenses (349% of PE) 

Total Indirect Costs 

Total Direct & Indirect Costs 

Contractors (5% of Direct & Indirect) 
Contingency (10% of Direct & Indirect) 

Fixed Capital Investment 
Working Capital (1 8% of Fixed Capital Invest.) 

TOTAL CAPITAL INVESTMENT 

$960,086 
374,434 
12431 1 
297,627 
96,009 
96.009 

307,228 
326,429 

d 

129,132 
258,263 

2,970,028 
534.605 
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TABLE4-2: 
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ECONOMIC ANALYSIS OF PAFBC SYSTEM VERSUS OIL FIRED BOILER SYSTEM 

Assumptions - PAFBC smtam: 

Plant life (ys) 
Operating daydyr 
Coal faad rate (IWhr) 
Coal cod ( W n )  
Coal cost escalation 
Limestone feed rate (Ib/hr) 
Limedone cost (Won) 
Limestone cost escalation 
Ash generatlon rata (Ibslhr) 
Ash disposal cost ($/tan) 
Ash ditpesa! esse!&!=!? 
Maintenance cost (%) 
Maintenance escalation 

15 
330 

5376 
$30 
3% 

1906 
$15 
2% 

2166 
$8 

5% 
2% 
3% 

Coal 
Limestone 
Ash disposal 
Water 
Eiechicdy 
Operating labor 
Maintenance 

Total OBM cost 

year1 year2 

$639 $658 
$113 $115 
$69 $72 
$34 $35 

$149 $156 
$120 $125 
$70 $72 

$1,193 $1,234 

Annual O&M cost - Oil-Fired Boiler: 

Fuel cost 
Operating laboi 
Water 
Electricity 
Maintenance 

Total OBM cost 

PAFBC O&M savings 

$2,129 $2,235 
$40 $42 
$38 $39 
$50 $53 
$8 $8 

$2,265 $2,377 

$1,072 $1,143 

Heating value BTUllb) 
Heat input (MMBTU/hr) 
Water urags (gallhr) 
Water cost ($kgal) 
Water coat escalation 
Electricity uaage (KWhlhr 
Electricity coat (WKWh) 
electricity ercalation 

12500 
67.2 
8640 
$0.50 

3% 
375 

$0.05 
5% 

Operating labor (#/shift) 
ShWday 
Labor cost ($/man yr) 
Labor escalation 

1 
3 

$40,000 
4% 

year 3 

$678 
$118 
$76 
$36 

$164 
$130 
$74 

$1,275 

year4 year5 

$698 $719 
$120 $123 
$79 $83 
$37 $39 

$172 $181 
$135 $140 
$77 $79 

$1,318 $1,363 

Assum. oil-fired boiler system: 

Fuel cost ($/MMBTU $4.00 
Fuel escalation 5% 

year6 year7 

$740 
$125 
$88 
$40 

$190 
$146 
$81 

$783 
$128 
$92 
$41 

$199 
$152 . 
$84 

$1,409 $1,457 

par 8 

$785 
$130 
$97 
$42 

$209 
$158 
$86 

$1,507 

Capital cost analvsis: 

PAFBC System $3,504,633 
Oil-Fired Boiler $405,169 

Cost differential $3,099,464 

Returrr on investment analvsis: 

Payback (vn) 2.73 

ROI % (100 equity) 41 % 

year 9 year 10 

$809 $833 
$133 $135 
$101 $106 
$43 $45 

$219 $230 
$164 $171 
$89 $91 

$1,559 $1,612 

p a r  11 

$858 
$138 
$112 
$46 

$242 
$1 78 
594 

$1,668 

year 12 

$884 
$141 
$117 
$47 

$254 
$185 
$97 

$1,725 

year 13 

$91 1 
$144 
$123 
$49 

$267 
$192 
$100 

$1,785 

year 14 

$938 
$146 
$129 
$50 

$280 
$200 
$1 03 

$1,847 

par 15 

$966 
$149 
$136 
$52 

$294 
$208 
$106 

$1 ,91 1 

$2.347 
$43 
$40 
$55 
$8 

$2,494 

$2,464 $2,588 
$45 $47 
$42 $43 
$58 $61 
$9 $9 

$2,618 $2,747 

$1,219 $1,299 $1,384 

$2,717 $2,853 $2,996 $3,145 $3,303 $3,468 $3,641 $3,823 $4,014 $4,215 
$49 $51 $% $55 $57 $59 $62 $64 $67 $69 

$64 $67 $7Q $74 $78 $81 
$44 $45 $47 $48 $50 $51 $53 $54 $56 $57 

890 $94 $99 
$9 $10 $10 $10 $10 $11 $11 $11 $12 $12 

$86 

$2,883 $3,025 $3,175 $3,332 $3,497 $3,670 $3,852 $4,043 $4,243 $4,453 

$1,473 $1,568 $1,668 $1,773 $1,885 $2,002 $2,127 $2,258 $2396 $2,542 
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APPENDIX 1: P.AFBC EOUIPMENT SPECIFICATIONS 

PAFBC SYSTEM EQUIPMENT 
LIST 

SECTION lOO--COAIa AND LIMESTONE HANDLING 
AND FEEDING 

EQUI # ITEM DESCRIPTION CAPACITY (EACH) 
Pf 

v 1  1 TRUCK DUMP HOPPER 

DIMENSIONS (EACH) 

C 1 1 HOPPER TO CLASSIFIER 15 TONS/HR @ 50 
CONVEYOR #/CF (1400 CFH) 

c 2  1 AIR CLASSIFIER 15 TONS PER HOUR 20" OD PIPE, 25' 
COAL, 2800 CFM AIR HIGH 

C 3 1 CLASSIFIER-TO-BUCKET 15 TONS PER HOUR 
ELEVATOR CONVEYOR COAL MAX. 

F 1 1 CLASSIFIER AIR FAN 2800 CFM, 20" WG 

E l  1 CLASSIFIER AIR. 13 CFM NAT. GAS, 
HEATER 320 F AIR TEMP RISE 

c 4  1 BUCKET ELEVATOR 15 TONS PER HOUR ' 

c 5  1 ELEVATOR-TO-S ILO 15 TONS PER HOUR 
CONVEYOR MAX 

s 1  1 COARSE COAL S I L O  
VENT FILTER 

v 2  1 COARSE COAL SILO 1730 CUBIC FT 12' DIAM, 25' HIGH, 
60 DEGREE HOPPER 



M 1  

s 2  

C 6  

5 3  

v 3  

s 4  

v 4  

M 2  

M 3  

c 7  

F 2  

F 6  

EQUI 
P# 

F 3  

F 4  

F 5  

EQU 
IP# 

1 COARSE COAL METERING 
FEEDER 

1 CLASSIFIER CYCLONE 
SEPARATOR 

1 CYCLONE SEPARATOR 
AIRLOCK FEEDER 

1 COAL FINES SILO VENT 
FILTER . 

1 COAL FINES HOPPER 

1 LIMESTONE SILO VENT 
FILTER 

1 LIMESTONE SILO 

1 COAL FINES METERING 
FEEDER 

1 LIMESTONE METERING 
FEEDER 

1 FINES SPLITTER 

1 FINES CONVEYING AIR 
FAN 

1 COAL/LIMESTONE 
CONVEYING AIR BLOWER 

4500 LB/HR, 50 PCF 

2800 CFM, 90 FPS 
INLET VELOCITY 

600 CUBIC FT 7.5' x 9' x 9' 
HOPPER 

460 CUBIC FT 8' DIAM, 14' HIGH, 
60 DEGREE HOPPER 

1500 LB/HR, 45 PCF 

2000 LB/HR, 70 PCF 

1-3" PIPE INLET, 6- 
1.25" PIPE OUTLETS 

170 CFM, 130" WG 

670 CFM, 4 PSI 

SECTION 200--COMBUSTION AIR FEED 

# ITEM DESCRIPTION CAPACITY (EACH) DIMENSIONS (EACH) 

1 PULSE COMBUSTOR 15,000 #/HR AIR @ 
BLOWER 40" WG 

1 DISTRIBUTOR AIR 22,500 #/HR AIR @ 
BLOWER A 75" WG 

1 DISTRIBUTOR AIR 22,500 #/HR AIR @ 
BLOWER B 75" WG 

SECTION 300--COMBUSTOR & HIGH TEMP 
PARTICLUTE REMOVAL 

# ITEM DESCRIPTION CAPACITY (EACH) DIMENSIONS (EACH) 



H 2  

H 1  

s 5  

EQU 
IP# 

E 4  

1 DISTRIBUTOR 
SECTION 

BED SECTION 1 

1 FREEBOARD SECTION 

1 

43,000 lb/hr, 
1.5 psig, 392 
bubble caps 

101xlOf to 12'~12'~ 50", 18 in-bed 
stm-raising modules 

12'x12', 10' 
high 

PULSE COMBUSTOR 9.5' high, 34" OD jacket, 6-6'' cs 
sch 40 tailpipes 

1 REFRACTORY-LINED 
HOT CYCLONE 

55000 ACFM @ 
1550 F, 90 FPS 
inlet vel. 

SECTION 400--CONVECTIVE PASS 
EVAPORATOR AND ECONOMIZER 

# ITEM DESCRIPTION CAPACITY (EACH) DIMENSIONS (EACH) 

1 

E 5  1 

P 
2 f 3  

BOILER SECTION 

ECON. SECTI0:N 

18,722 lb/hr 
175 psig sat. 

stm 

54,000 lbjhr 
fdwtr, 170 F 
in, 275 F out 

2 BOILER CIRC. WTR 1,025 g p m  each, 175 psig inlet, 23 
PUMPS feet TDH 

SECTION 500--LOW TEMP PARTICULATE 
REMOVAL & STACK 

EQU # ITEM DESCRIPTION CAPACITY (EACH) DIMENSIONS (EACH) 
IP# 

S 6  1 

F 7  1 

BAGHOUSE 

ID FAN 

25000 ACFM, 5 
GR/ACF IN, 0.02 

GR/ACF OUT 

25000 ACF'M, 14" 
WG PRESSURE 

RISE 

T 1  1 STACK 



SECTION 600--ASH HANDLING AND 
DISPOSAL 

EQU # ITEM DESCRIPTION CAPACITY (EACH) DIMENSIONS (EACH) 
IP#  

E 2 
2 1 3  

P 1  1 

C 2 
9 1 A  

s 7  

S 8  

C D  

ASH COOLERS 1400#/hr @ 62#/cf ea, 1550F i n ,  
400F out 

ASH COOLER WTR 10,000 lb/hr 
PUMP (20 gpm), 50 

P s i g  
BED DRAIN DUMP 

FEEDERS 
1400#/hr ash @ 
62 #/cf ea. 

2 BAGHOUSE ASH DUMP 1400 lb/hr @ 40 
FEEDERS #/cf 

1 

1 

1 

ASH SILO 1SI '  
STAGE S Y  CLON E 

ASH S I L O  2NI) 
STAGE CYCLONE 

ASH V A C P  
EJECTOR 

V 6 1 ASH D I S P O S A L ' B I N  

s 9  1 ASH SYSTEM F I L T E R  
RECEIVER 

S A  1 ASH B I N  VENT 
F I L T E R  

2000 lb/hr stm 
@ 40 p s i g  

3000 CUBIC FT 1 6 '  DIAM, 2 5 '  
HIGH, 55 DEGREE 

HOPPER 

v 7  1 ASH CONDITIONER 500 c f h  (2 62 f / c f  





Interlocks must be discussed. The majority of the safety interlocks are hardwired in the MCC, 
there are however, some software interlocks controlled by the PLC. The MCC has two sets of 
interlocks. The first set of interlocks controls the motors governing the Silo loading processes, 
while the second set of interlocks governs the blowers related to the operation of the fluid bed and 
the pulse combustor. The software initerlocks are mainly for the flame safety management system. 
However, under certain emergencies the PLC will trip the FD Fan shutting off all the blowers 
except the ID fan, and 10 seconds later the PLC will trip the ID fan. These conditions are low 
boiler level and low water flow rate to the tube modules or the bed. The PLC will shut the fuel 
off certain sub systems without shutting the plant down if it is safe to continue to operate the 

Whenever the pulse combustor is on it is crucial to maintain at least a minimum flow rate 
from the Forced Draft Fan. The reason for this is two fold. This first reason is that the air is 
needed to keep the distributor plate cool if there is no bed. Secondly, if there is not a minimum 
velocity through the bubble caps, then bed will backsift into the windbox. The pulse combustor 
should never be pulsing while there is no bed in the reactdr either. The reason for this is the 
vibrational force imposed by the undampened pulse combustor has been known to back out bolts 
on the underside of the combustor, loosening flanges and valves. 

1 system without that particular sub system. 

Solids Loading 

Introduction 

Loading Coarse Coal and Fine Coal simultaneously 

follow this procedure. 
When loading coarse coal into the coarse coal silo and fine coal into the fine coal silo, 
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Make sure that the Coarse Coal Silo Bin Vent Filter (S-1) is pulsing by establishing air 
flow to the filter, and energizing breaker #. 
Make sure that the Fine Coal Silo Bin Vent Filter (S-3) is pulsing by establishing air flow 
to the filter. 
Make sure the fine coal bypass switch is in the off position. If the fine coal bypass is 
engaged, disengage it. 
Make sure inlet damper to Cilassifier I.D. Fan (F-1) is closed. If the damper is open, close 
it. 
Turn on Classifier I.D. Fan (F-1). 
Turn on Rotary Air Lock Feeder under Fine Coal Baghouse. 
Turn on Rotary Air Lock Feeder under Fine Coal Cyclone. 
Open inlet damper to Classifier I.D. Fan (F-1) to the desired position. 
Turn on Coarse Coal Weigh Belt Feeder (C-5) 
Turn on Bucket Elevator (C-4) 
Turn on Classifier to Bucket Elevator Screw Conveyor (C-3) 
Turn on Coal Mill to Classifier Screw Conveyor 
Turn on Coal Mill (C-F) 
Turn on Hopper to Coal Mill Screw Conveyor (C-1) 
Begin Loading Coal Hopper. 

Loading Coarse Coal only 
During times when the fine coal silo might be full, or when there is no need to feed fines 

into the pulse combustor, than all of the coal can be loaded into the coarse coal hopper. The 
following procedure works well. ]However, if the coal is relatively dry it may be necessary to 
follow the previous procedure and keep the damper for the Classier I.D. Fan closed all of the 
way. The little bit of suction imposed by the Classifier ID Fan when the damper is completely 
closed is enough to keep coal dust from leaking out of holes in the screw conveyors. Otherwise, 
when choosing to load only coarse coal into the coarse coal silo and to not load fine coal into the 
fine coal silo, follow this procedure. 

Make sure that the Coarse Coal Silo Bin Vent Filter (S-1) is pulsing by establishing air 
flow to the filter, and energizing breaker #. 
Make sure the fine coal bypass switch is in the on position. If the fine coal bypass is 
disengaged, engage it. 
Turn on Coarse Coal Weigh Belt Feeder (C-5) 
Turn on Bucket Elevator ((2) 
Turn on Classifier to Bucket Elevator Screw Conveyor (C-3) 
Turn on Coal Mill to Classifier Screw Conveyor 
Turn on Coal Mill (C-F) 
Turn on Hopper to Coal Mill Screw Conveyor (C-1) 
Begin Loading Coal Hopper. 
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Limestone Loading procedure 
The limestone is brought in to the plant via a pneumatically equipped delivery truck. 

Limestone is blown directly form thle truck through a pipe and into the Limestone Silo. To 
prepare the Limestone Silo for loading, follow these steps: 

Make sure that the Limestone Silo Bin Vent Filter (S-?)  is pulsing by establishing air flow . 

to the filter, and energizing brleaker #. 
Make sure that the Limestone Silo Bin Vent Filter (S-?)  is pulsing by establishing air flow 
to the filter. 
Mow driver of pneumatic limestone truck to begin emptying his load into the silo. 

Initial Start-up (no bed) 

Filling the Boiler Drum 
It is imperative that the boiler level reach the low level before the circulating pumps are 

turned on. Also, all valves in the boiler water circulation line must be open before a recirculation 
pump is turned on. Both pumps should have their valves open, so that if one of the pumps should 
fail, the next one a n  be quickly struted. Minimizing the time that the tubes are in a hot bed 
without water circulating through thiem is of the utmost priority. Following this next sequence 
will ensure the safest possible method for filling the boiler and then starting boiler circulation. Do 
not under anv circumstances attemDt to operate a Boiler Recirculation Pump Dry! 

Open all boiler recirculation valves. 
Open all manual feedwater valves on the PAFBC site. 
Make sure that the economizer by-pass valve is closed. 
On the Economizer screen open the Boiler Feedwater Control Valve. 
Open the Boiler Feedwater Valve inside the Clemson Power House. 
Make sure that water is fllowing into the in-bed tube modules as well as the Pulse 
Combustor Water Jacket. This must be checked before the apparatus fill up, since there 
are no accessible drains on thie Pulse Combustor Water Jacket. 
Continue filling the boiler until the normal level has been reached. 
Turn on one of the boiler recirculation pumps. 

F ad lower  Startup sequence 
The fan and blower motors must be started in this order. As a safety precaution, this is the 

only order in which the fan and blower motors will start in. Both the LD. Fan (F-7) and the F.D. 
Fan (F-4), are equipped with so& start MCC panels. These panels allow for the slow startup of 
the large motors without blowing the fuses or the motors. The F.D. Fan motor will pull over 
1,200 amps for a brief period of time, this is perfectly normal. Altering the Ramping Cycle on this 
motor will cause the heaters to trip if the motor is started on a cool day or night. Should the 
heater trip, it is recommended that the MCC panel is allowed to cool for 15 minutes before an 
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attempt is made to restart the F.D. F:an (F-4). If the heaters in the MCC panel are not allowed to 
cool, starting the fan will be impossible. 

Close Damper to I.D. Fan (F-7). 
Close Damper to F.D. Fan 0;-4). 
Turn on I.D. Fan (F-7). 
When I.D. Fan has completely spooled up start F.D Fan (F-4). 
When F.D Fan (F-4) has conipletely spooled up start. 
CoaVLimestone Blower 0. 
Start Fine Coal Blower (F-2) 
Start Pulse Combustor Pilot Blower 0 
Start Pulse Combustor Main Air Blower (F-3) 

Bed Loading Procedure 

load a couple inches of bed before going to main gas on the pulse combustor. 
In order to dampen the acoustic reverberations of the pulse combustor, it is necessary to 

Turn on CoaVLimestone blower. 
Open up Hand Valves in CoaVLimestone line below combustor. 
Open up Hand Valves above: each eductor on the CoalLimestone Mixing Hopper. 
Open Forced Draft Fan Inlet. Damper to achieve a bed velocity of .75 Ws. 
Open Hand Valve above Limestone Metering Feeder. 
Turn Limestone Metering Feeder on 75 percent. 

Pulse Combustor Start-up 
The pulse combustor chamber must be heated up slowly overtime to prevent the cracking 

of the refractory. Ideally, the refractory should be brought to a temperature of 350 F over several 
hours, then held for one hour. M e r  the water has been driven fiom the refractory in this manner, 
the pulse combustor can be taken up 1 MMBTUh, wait until it is stable, then increase the firing 
rate again. The Air Flow rate shsuld be adjusted in order to keep the air plenum temperature 
below 350 F. 

When starting up the pulse combustor pilot, and determining air to fuel ratios for the pilot, 
foIIow this chart closely. Over firing the pilot can cause flame impingement! 

Make sure all blowers are on and that the Forced Draft Fan is delivering a Bed Velocity of 
roughly 0.75 Ws. 
Open all manual block valves on natural gas line to the Pulse Combustor or pilot. 
Slowly open main gas valve. 
Turn on Power to the Pulse Combustor Flame Safety Panel. 
Turn the ignition switch. 
After purging sequences light pilot with a gas flow rate of? and an air flow rate of ?. 
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Slowly bring the pilot up to full firing rate increasing the firing rate .5 MMBTU/hr every 
time the temperature stabilizes. 
After the Pilot has reached the maximum setting on the chart light main gas at 1 
MMBTUh, and slowly increase until pulsations occur. 
After you have reached 111  firing rate and the bed temperature is as high as it will go, then 
light the in bed gas injectors. 

Ignition of imbedded gas injectors 
The fluid bed combustor has gas injectors installed near the bubble caps. This gas is used 

to start-up the bed, and can be used to produce steam at roughly 30,000 lbs/hr with the pulse 
combustor running at its full firing rate, should something prevent coal from entering the reactor. 
By the time the pulse combustor has reached 18 MMBTU/hr the refractory in the bubbling fluid 
bed should be dry. Therefore, when igniting the in bed gas injectors it is only necessary to light 
the pilot and then bring the main 13as online. When igniting the imbed gas injectors use this 
procedure: 

Like turn them on and stuff 

Starting Bed on Coal 
The bed must be up to 1000 F before coal is injected into the bed. Once coal is ignited 

the bed temperature will jump drastically. So in the beginning the coal must be increased slowly, 
as the reaction to a slight increase can be delayed. 

Make sure the hopper valves are open. 
Make sure that the feed line valves to the bed are open. 
Open hand valve above Coal Metering Feeder. 
Manually increase the Coal Feed to a small flow rate. 

Starting Pulse Combustor on Fine Coal 

degrees. Cold, unburned coal fines in the freeboard represent a possible explosion hazard. 
In order to fire fine coal into the pulse combustor, the bed temperature must be 1500 

Open the valve to the coal metering feeder. 
Turn on the fine coal metering feeder. 

Switching Steam to Clemson Main Header 
As the pulse combustor heats up it will start building pressure up in the boiler. As the 

pressure builds up it is important that some of the steam is vented off in order to deairate the 
steam supply. As the pressure starts to build open up the 10 inch main steam valve on the 
PAFBC site. This will allow the steam to get to the vacuum eductor. As the pressure builds up, 
the supply valve to the eductor should be opened up every once an awhile for a couple minutes 
until the boiler is close to the correct pressure. This will also warm up the steam supply line, and 
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to equalize the pressure across the 10-inch steam supply valve located in the Clemson 
powerhouse. When the pressure is close to 125 psi the 10 inch steam valve in the Clemson 
Powerhouse must be opened. 

Cold Restart (Bed below 1000 ) 

Introduction 
If the plant has been down for a lengthy period of time and the bed has cooled down then 

this procedure should be implemented. The steps are fairly similar to starting the boiler without a 
bed in place. However, there are a few new considerations that need to be looked after 
concerning the bed loading system in particular. Other subsytems have slight modifications or 
omissions. 

Boiler Feed Water 
In many instances the boiler still maintains a normal .level. In fact, if the bed is still over 

300 F then the boiler should'still be recirculating in order to keep the in bed tubes from being 
damaged. If the bed is really cold and the boiler has been drained follow the boiler filling 
procedure as listed in the Initial Startup Procedure. Otherwise follow this procedure: 

Make sure that the manual feed water lines are open to except water from the main boiler 
house. 
Open the boiler feed water to the plant inside the main boiler house. 
Make sure all circulation valves are open . 
Turn on one of the boiler recirculation pumps. 

Fan/Blower Start-up Sequence 
Because of the interlocks, the fans must be started in the same sequence as they were 

previously. However, certain precautions must be taken in order to insure that the bed feed lines 
do not become plugged. It is important in this case to make sure that the hand valves below the 
bed for the coaVlimestone feed limes have been closed. These should have been closed when the 
bed was shutdown. If this was not the case close the valves and check to see if the lines are 
plugged. If the line is plugged ts the elbow then remove the flange on the end and clear the 
plugged lines before restarting. The other concerns regarding the two 200 hp motors are still 
valid. When starting up the motors on a cold restart, follow this procedure: 

Make sure that the hand valves below the fluid bed on the coaVLimestone Feed Lines are 
closed. 
Check Feed lines for pluggstge by tapping on the pipes. 
Unclog any plugged feed lines. 
Close Damper to I.D. Fan (F-7). 
Close Damper to F.D. Fan (F-4). 
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When I.D. Fan has completely spooled up start F.D Fan (F-4). 
When F.D Fan (F-4) has completely spooled up start. 
CoalLimestone Blower 0. 
Start Bed Loading Procedure. 
Start Fine Coal Blower (F-2) 
Start Pulse Combustor Pilot Ellower () 
Start Pulse Combustor Main Air Blower (F-3) 

Bed Loading Procedure 
Although the bed is loaded and will dampen the acoustic reverberations it is important to 

still take care of the bed loading system first. Since the hand valves were closed the roots blower 
has been under stress due to its in ability to deliver a large enough flow rate to its outlet. 
Therefore, it is imperative to get the air running into the bed as soon as possible. Follow this 
sequence for opening the valves up on the pneumatic transfer lines. 

Open the butterfly valve allowing air to the eductor on one of the lines. 
Open the hand valve below thLe eductor allowing the air to flow into the bed. 
Read the orifice plate meter to see that air is flowing through the eductor. (The differential 
pressure should be roughly 4 inches of water column) 
To insure that the air is flowing into the bed check to make sure the eductor is pulling a 
vacuum. 
If line is plugged close off the air to the eductor and blow the line clean using the 
compressed air, then reopen the butterfly valve to supply the eductor. 
When air is flowing into the bed through a feed line proceded to the next line and repeat 
procedure till all lines are open. 

-- 

Pulse Combustor Start-up 
In the case of a cold start, as long as the pulse combustor hasn’t been exposed to 

moisture for any length of time, it is all right to bring the combustion chamber up slowly at 
roughly 100 F an hour till a temperature of 400 F is reached. After that bringing up the pulse 
combustor 1 MMBTUh, holding until the combustion chamber temperatures stabilize and then 
increase the firing rate until the maximum firing rate of 18 MMBTUh has been achieved. When 
on manual air controls the air flow should be adjusted to keep the air plenum temperature below 
350 F. When starting up the pulse combustor pilot, and determining air to he1 ratios, follow this 
chart closely. Over firing the pilot will cause flame impinFement! 

Make sure all blowers are on and that the Forced Draft Fan is delivering a Bed Velocity of 
roughly 0.75 Ws. 
Open all manual block valves on natural gas line to the Pulse Combustor or pilot. 
Slowly open main gas valve. 
Turn on Power to the Pulse Combustor Flame Safety Panel. 
Turn the ignition switch. 
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After purging sequences light pilot with a gas flow rate of? and an air flow rate of ?. 
Slowly bring the pilot up to full firing rate increasing the firing rate .5 MMBTUh every 
time the temperature stabilizes. 
After the Pilot has reacheld the maximum setting on the chart light main gas at 1 
MMBTUh, and slowly increase till pulsations occur. 

Ignition of imbed gas injectors 

to 1000 F then lighting the gas injectors in the bed to raise the bed temperature can be initiated. 
After the pulse combustor has reached roughly 10 MMBTU/hr, and the bed still is not up 

Starting Bed on Coal 
The bed must be up to 1000 F before coal is injected into the bed. Once coal is ignited 

the bed temperature will jump drastically. So in the beginning the coal must be increased slowly, 
as the reaction to a slight increase can be delayed. 

Make sure the hopper valves are open. 
Make sure that the feed line valves to the bed are open. 
Open hand valve above Coal Metering Feeder. 
Manually increase the Coal Feed to a small flow rate. 

Starting Pulse Combustor on Fine Coal 

degrees. Cold, unburned coal fines in the freeboard represent a possible explosion hazard. 
In order to fire fine coal into the pulse combustor, the bed temperature must be 1500 

Open the valve to the coal metering feeder. 
Turn on the fine coal metering feeder. 

Switching Steam to Clemson Main Header 
As the pulse combustor heats up it will start building pressure up in the boiler. As the 

pressure builds up it is important that some of the steam is vented off in order to deairate the 
steam supply. As the pressure starts to build open up the 10 inch main steam valve on the 
PAFBC site. This will allow the steam to get to the vacuum eductor. As the pressure builds up, 
the supply valve to the eductor should be opened up every once an awhile for a couple minutes 
until the boiler is close to the correct pressure. This will also warm up the steam supply line, and 
to equalize the pressure across the 10-inch steam supply valve located in the Clemson 
powerhouse. When the pressure is close to 125 psi the 10 inch steam valve in the Clemson 
Powerhouse must be opened. 
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