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EXECUTIVE SUMMARY

The developmentand commercializationof fluidizedbed combustion

technologyhas matured to the point where it successfullycompetes for the

large industrialboiler market and is soon expectedto enter the utility

market as a generation option,especiallyfor add-on, replacementand/or

retrofitapplications. In other market sectors< 50,000 PPH steam, there has

been, until recently,considerableuncertaintyover the availabilityof a

scaled down technologythat could be cost and performancecompetitivewith oil

and gas. The overall objectiveof this program, sponsoredby the U.S.

Departmentof Energy (ContractNo. DE-AC21-88MC25069),was to establishthe

feasibilitythat the MTCI pulsed atmosphericfluidized-bedcombustion (PAFBC)

technologycould esolve many of the scale-downtechnologyissues that were

consideredto be constrainingfor commercial,institutional,and industrial

applications. The PAFBC systemactually surpassedthe performanceof the

larger conventionalbubblingand circulatingfluid-bedcombustionunits and

presentedan opportunityto provide smallersystems at a reasonableprice and

in an environmentallyacceptablemanner.

The overall objectivewas implementedwith two tasks. The specific

objectiveof Task I was to establishpreliminaryfeasibilityby the use of

theoreticaland state-of-Lhe-artinformation. The specificobjectiveof

Task 2 was to build and experimentallyverify the feasibilityof the tech-

nology at the laboratory-scaleand to establishthe potentialoperabilityand

performanceparametersof the PAFBC for differenttypes of coal.

The preliminaryfeasibilityanalysis indicatedthat a coal-based

technologythat provides competitivelevels of capital and O&M costs, perform-

ance, and reliabilityat tile1000 to 10,000 PPH steam can displace as much as

2.5 quads of gas and oil within the residential,commercial,and light in-

dustrial sectors. In the industrialsector, systemsfrom 10,000 to 50,000 PPH

steam can displace another 1.1 quads of energy per year. Discussionswith

commercialboiler vendors (i.e.,Dixon Boiler Works and Hercules Power

Equipment,both of Los Angeles, Californiaand York-Shipleyof York,
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Pennsylvania)indicatedthat a boiler size of 300 HP (12,500PPH) would be a

good choice for initialcommercial entry. That size is in great demand, with

a large inventoryof boilers in the marketplace. In addition, the boiler

owner is better able to absorb the capital cost differentialbetween an

oil/gas-firedand alternate fuel-fired unit to take advantage of the fuel

differential.

A cost analysis was performed to estimate the capital cost of a

1000 Ib/hr PAFBCsteam generator based on the configuration investigated in

Task 2. A convective section and baghouse were included and the cost for a

one-of-a kind system (n(_t the mass produced version) was estimated to be about

$65,000. A packaged PAFBCboiler, however, is anticipated to meet the target

capital cost goal of $45,000 - $50,000 and compete favorably with a natural

gas- or oil-fired system. The projected steam cost is about $7/1000 lb.

Since the steam cost is very sensitive to capacity factor, applications/

markets with high capacity factors (>60%) provide the best targets for the

initial entry of this advanced coal-fired technology. Also, due to economy of

scale .- smaller surface area per unit volume and lower marginal investment in

subcomponent cost with increase in unit size - PAFBCboilers in the 10,000 to

50,000 PPHsteam range would provide a keener competitive edge for replacing

oil- and gas-fired units.

In order to verify the technical feasibility of the MTCl Pulsed

Atmospheric Fluidized Bed Combustor (PAFBC) technology, a laboratory-scale

system (1.5 MMBtu/hr coal-firing rate) was designed, built and tested. In

this development effort, important aspects of the operational and performance

parameters of the system were established experimentally. A considerable

amount of the effort was invested in the initial task of constructing an AFBC

that would represent a reasonable baseline against which the performance of

the PAFBCcould be compared.

A summary comparison of the performance and emissions data from the MTCI

2' x 2' facility (AFBC and PAFBCmodes) with those from conventional BFBC

(taller freeboard and recycle operation) and circulating fluidized bed

combustion (CFBC) units is given in Table ES-I. The comparison is for typical
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high-volatile bituminous coals and sorbents of average reactivity. The values

indicated for BFBCand CFBCwere based on published information. The AFBC

unit that was designed to act as a baseline for the comparison was indeed

representative of the larger units even at the smaller scale for which it was

designed. The PAFBCmode exhibited superior performance in relation to the

AFBCmode. The higher combustion efficiency translates into reduced coal con-

sumption and lower system operating cost; the improvement in sulfur capture

implies less sorbent requirement and waste generation and in turn lower

operating cost; lower NOX and CO emissions mean ease of site permitting; and

greater steam-generation rate translates into less heat exchange surface area

and reduced capital cost. Also, the PAFBCperformance generally (i) surpasses

those of conventional BFBC, (ii) is comparable to CFBC in combustion and NOX

emissions, and (iii) is better than CFBCin sulfur capture and COemissions

even at the scaled-down size used for the experimental feasibility tests.

TABLEES-l: PERFORMANCECHARACTERZST'rCS

AFBC PAFB___.__CCBFBC* CFBC*

Combustion Efficiency (%) 89-93 92-97 90-97 93-99

SO2 Capture (%) 70-85 90-98 70-85 75-95

NOx Emissions (ppm) 115-620 110-265 400-500 100-300

CO Emissions (ppm) 400-1600 180-800 400-1200 500-1500

Steam Rate (Ib/hr) 500-700 800-820

TEST PARAMETERS

Bed Temperature 1500-1600°F

Ca/S Ratio 2.5 - 2.7

Coal Bituminous (high volatile)

*Based on literature data.

These factors indicated that the PAFBCcould be an attractive option at

any scale. Tile fact that it is impractical and expensive to scale-down CFBC

to the 1,000 - 50,000 PPHsteam equivalent range makes the PAFBCa clear

contender for the small-scale boiler market sector.
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After the completion of more than 200 hours of operation, the PAFBC

system was partially dismantled to assess the integrity of the unit and

conduct materials evaluation. The diffuser section connected to the pulse

combustor tailpipe had separated due to the fracture of the holding/support

rods. The failure is attributed to thermal stress. Incorporation of water-

cooled support rods is expected to solve this problem. An examination of the

furnace internals and the pulse combustor indicated that the refractory

linings had minor surface cracks but erosion was not evident. In conclusion,

the PAFBCsystem seemed to be generally in good condition.

The performance of the laboratory-scale system exceeded the expectations

of both MTCl and DOE. The integration of a pulse combustor with a fluidized

bed combustor has produced the following benefits'

w The oscillating flow field imposed by the introduction of pulse

combustor exit gas into the fluid bed helps stabilize fluidization

dynamics, reduce particle entrainment, improve interphase heat and

mass transfer, enhance sulfur capture and reduce solid waste volume.

The fines burned in the pulse combustor generate pressure boost for

fluidization and/or air staging thereby reducing air moving equipment

requirements and cost.

The furnace height requirement is lowered due to pulse combustor

integration, freeboard expansion and in-furnace solids disengagement.

The pulse combustor integration decreases carbon loading irl the

freeboard. The freeboard expansion helps decrease gas velocity,

increase gas residence time and decrease solids elutriation. The in-

furnace solids disengagement improves combustion and sulfur capture

performance and decreases particle carryover with flue gas.

w The heat exchange surface area requirement is greatly reduced by

efficient heat transfer both in the fluidized dense bed and the pulse

combustor tailpipe.

iv ERBC-28F.PRE



m The high combustion intensity (2 to 5 MMBtu/hr/ft 3) and fast response

of the pulse combustor facilitate rapid system start-up and load-

following.

m The draft tube configuration employed at the end of the pulse

combustor tailpipe provides fines recirculation and increased

particle residence time in the bed for enhanced combustion and sulfur

capture.

m lt is possible to incorporate multiple air staging in the freeboard

to achieve even lower NOX emissions.

m The system affords the potential for co-incineration of wastes of

various types - hospital waste, hazardous waste, coal pond waste,

coal tailings etc. - in an efficient, environmentally acceptable and
economical manner.

Due to the advantages cited above, a number of end-users such as

Baltimore Thermal Energy Corporation, Island Creek Corporation, and Cleveland

Thern,,_l Energy Corporation have expressed great interest in this technology

and have offered participation irl field testing and further development of the

PAFBCsystem.
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SECTION 1.0

INTRODUCTION

1.1 BACKGROUND

Many technologies have been developed and/or demonstrated for utilizing

high-sulfur fuels in general and coals in particular. The technologies

ipclude fuel beneficiation, flue gas desulfurization (FGD), fluidized bed

combustion (FBC), and gasification-cum-purification. From the performance,

emissions, and economics standpoint, FBC technology has emerged as the 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). Ali these FBC designs possess the following major
attributes:

, in-situ sulfur capture,

low NOX emissions due to lower operating temperature,

no slagging or fouling of heat-transfer surfaces,

u high heat transfer rates to heat exchange surfaces,

m near uniform temperature in combustion zone, and

m fuel flexibility.

The features cited above have made it possible for FBCtechnology to compete

successFully for the large industrial boiler market (50,000 - 300,000 Ib/hr

steam). Large-scale (70 to 150 MWe)field demonstration projects are in

progress to enable FBC commercialization in the utility sector. The potential

of FBC technology, and specifically, atmospheric fluidized bed combustion

(AFBC) for small-scale (< 50,000 Ib/hr steam equivalent) applications has,
(i)

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 50,000 PPHsteam

equivalent, These smaller units can meet the needs of process heat, hot

water, steam, _nd space heating in the residential, commercial, a,_d industrial

sectors. Currently, oil- and natural gas-fired equipment is used almost

I-I ERBC-28F.I
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exclusively for these applications. However, 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-fueled AFBC system can not 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 coai-fueled fluid-bed technologie.'..

The current oil- and gas-fired boilers and process heaters have proven

records of performance, cost, reliability, and maintainability. The AFBC

technology has the potential to provide similar levels of reliability and

maintainability when scaled-down (I0,000 to 50,000 PPH steam equivalent) from

the larger scale units that are now part of a mature and competitive tech-

nology. The scale-down of the existing AFBC technology, however, poses some

problems with regard to cost, performance, start-up, load-following, and

design compactness.

As pointed out earlier, the AFBC 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 (el utri abl e particles) in the coal and sorbent

feed in order to limit particle carryover and its adverse effect on combustion

and sulfur capture performance, emissions, and the size of solids collection

equipment. Additionally, tile higher Ca/S feed ratios typically required in

BFBCapplications tend to increase sorbent and waste disposal costs. Further-

more, the turndown capability of the BFBC is rather limited. As regards the

CFBC, it exhibits higher combustion efficiency and sorbent utilization, lower

NOX emissions due to multiple air staging, and greater fuel flexibility and

turndown as compared to BFBC. However', the CFBCsystem requires a lengthened

combustor to accommodate sufficient heat exchange surface. This makes it both

impractica.l and expensive to scale-down CFBCto sizes significantly smaller

than 100,000 PPHsteam equivalent.

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

bed systems require a considerable amount of time and auxiliary subsystems to

preheat the beds in a controlled manner. Such configurations and operational
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characteristicsare more appropriatefor base-loadedsystemsand are not

satisfactoryfor small-scaleapplicationsdue to cost and operationalin-

adequacy. Conceptswhich provide for a simple compact design for fast start-

up with low-costhardware theftalso have simple operationalcharacteristics

are a ,:_ustfor those end-use sector applications. Thermal inertiaof fluid

beds also affectsload follovlingto some extent and this has also been a

serious shortcomirlgfor scale-downto small end-use applications. System

designsmust provide fast response to load changes, particularlythrough

auxiliary firing subsystems_nd methods of bed heating. Such a design should

not require additionalhardware and control systems if the system capital cost

is to be maintainedsufiicientlylow to competefavorablywith the existing

oil and gas equipment.

In additionto the attributesdiscussedabove, new design concepts that

are aimed at the target market and end-usesectorsmust provide an opportunity

for high throughputand above-averagepollutioncontrol requirements

characteristicof the end-use applicationscontemplated. Higher throughput

for a given combustorsize will make a contributionto the reductionin

capital cost per Btu/hr of fuel fired. This must be achieved,however,

without compromisingthe pollutioncontrolperformanceof equipmentintended

to meet stringentrequirementsin some of these end-use applications. New

concepts are thereforerequiredthat will enhance the combustionand sulfur

removal reactionrates in the fluid bed beyond those found in conventional

fluid-bedcombustorswithout an increasein NOX emissionsor equipmentsize.

These designs should also provide sufficienteffluent pressureto allow the

separationof particulatematter from the combustoreffluent prior to

exhausting it to the atmospherewithoutthe need for complex mechanical

systems. Other importantattributesfor these small systemsshould be

reliabilityand ease of operation.

Simply scaling-downexisting large AFBC systemsto the size range

suitable for small end-use sectorsof interestwill result in complexand

expensive systemsthat will not be competitivewith presentlyavailableoil-.

and gas-fired equipment. New innovativeapproachesare needed I;oreduce cost
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and enhance performance. Specifically, the new system should possess the

following attributes:

[] high combustionefficiency;

u high SO2 capturecapacity;

[] low NOX emissions;

[] reliability,maintainabilityand safety of operations

equivalentto oil- and gas-firedpackaged systems;

[] cost competitivenesswith gas- and oil.-firedsystems;

m simple and inexpensivecontrols;

[] rapid start-upand load-followingcapability;

[] clean, aesthetic,and compactdesign; and

[] minimal operatorattention.

The MTCl PulsedAtmosphericFluidizedBed Combustion (PAFBC)system meets

the above requirementsand has the potentialto develop into a technology

which meets the needs of small commercial and industrialinstallationsas well

as larger units. The PAFBC system is a result of a "marriage"betweenpulse

cornbustortechnologyand an atmosphericbubbling-bedtype fluidized-bed

combustor (BFBC). IncorPorationof pulse combustionovercomesall of the

aforementionedproblemsand enhances combustionefficiency,SO2 capture

capacity,and heat transfer efficiencyof the fluidizedbed. These benefits

of pulse combustionresult in smaller size PAFBC units of high throughput

rates, superiorenvironmentalperformance,and lower costs when comparedto

conventionalAFBC units. Since the fundamentalbasis for the PAFBC concept

resides in MTCI's advancedpulse combustiontechnology,a descriptionof the

pulse combustion technologyis includedin some detail in Section 1.3.

].2 PAFBC CONCEPT AND SYSTEM

The objectivesof this new process and apparatusare to:

[] burn coal in an efficient, cost-effective, safe, reliable, and

environmentally acceptable manner;

[] replace oil- and gas-fired equipment in the residential, commercial

and industrialsectorsof the economy; and
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m expand coal utilizationand reduce the nation'sdependence on foreign

oil.

The MTCI PAFBCsystem integrates a pulse combustor with an atmospheric

bubbling-bed type fluidized bed combustor (BFBC) as shown in _F_gure 1-I. In

this modular configuration, the pulse combustor burns the fines (typically

less than 30 sieve or 600 microns) and the fluidized bed combusts the coarse

particles. Since each of these combustion steps is very efficient, the

processreduces the elutriationof unburnedcarbon, providesa higher

combustionefficiency,and results in a more compact systemrequiring lower

freeboard height as compared to a conventional BFBC. The fines burned in the I"
pulse combustor generate pressure boost and robust fluidization flow, thereby

reducing air-moving equipment requirements and cost. The oscillating flow

field imposed on the bed helps stabilize fluidization dynamics, improves

interphase heat and mass transfer, enhances sulfur capture and reduces solid

waste volume, The heat release rate of the pulse combustor is high and is

utilized for initial start-up as well as controlling fluidization air flow

rate to the bed. The MTCI pulse combustor is capable of fast response so that

the load-following capability of the total system is quite rapid. The pulse

combustor has no moving parts as it employs an aerodynamic valve (fluidic

diode) and achieves higher levels of reliability and availability. The heat

transfer coefficient in the pulse combustor tailpipe is comparable to that in +

the dense fluidized bed, thereby significantly reducing the total cost of heat
transfer surface.

1.3 PULSE COMBUSTION

Pulse combustion is an extremely effective method for increasing heat

transfer and combustion efficiency via acoustic enhancement. Particles

burning in an intense acousticfield have been shown to combust more rapidly

and transfer heat 150 to 250 percentmore effectivelythan conventional

methods do. As a cost-effectivemethod for supplyingthe intense acoustic

field within an FBC, the pulse combustorcan providephenomenal improvements

in combustionand heat transfer efficiencies- beyond even the exceptional

efficienciesalready availablein the FBC technology.
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The pulse combustoris a compact,auxiliaryburner with no moving parts

(Fiqure I-2) consistingof:

[] Flow diode
[] Combustion chamber
[] Resonancetube

Fuel and air enter the combustionchamber (Figure]-3). An ignition

source (not shown) detonatesthe explosivemixture during start-up. The

sudden increase in volume, triggeredb)the rapid increase in temperatureand

evolutionof combustionproducts,pressJrizesthe chamber. As the hot gas

expands, the flow diode permits prefere1_tialflow in the directionof the

resonancetube.

Gases exiting the hot combustionchamber in the resonancetube possess

significantmomentum. A vacuum is created in the combustion chamberdue to

the inertiaof the gases within the resonancetube. The inertiaof the gases

in the resonancetube permits enly a small fractionof exhaust gases to return

to the combustionchamber;the balanceof the gas exits the resonancetube.

Since the chamber pressure is below atmosphericpressure,air and fuel are

drawn into the chamberwhere autoignitiontakes place. Again, the flow diode

constrains reverseflow, and the cycle begins anew. Once :thefirst cycle is

initiated,engine operationis self-perpetuating.

The flow diode utilized in many other pulse combustionconcepts is a

mechanical "flappervalve." 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 aurodynamic valve without moving parts as an

effective alternative to the flapper valve.

During the exhaust stroke,the boundarylayer builds in the reverse

direction. Turbulenteddies choke off much of the reverse flow. Moreover,

the exhaust gases are of a much higher temperaturethan the inlet gases.

Therefore, the viscosityof the gases is much higher and the reverse

I-7 ERBC-28F.1



FIGUREl-Z: SCHEMATICOF A PULSECOMBUSTOR

I-8 ERBC-28F.I

- 1



CUMBUSTXOH CHAMBER

FlowFlow _ e..=....,

-':,:-'_:F,';k. RESONANCETU)E
,-" '-'- ._'_Oiode/ _t '

IN __-_-C_, _ 2_ ",e' _'- ----_--___._-----_:":'.:.:.

LET -,-,,_.-.'"_4'_"2'I:'$'"_-' _ i_
:_J_I.......

COMBUSTIOH
PRODUCTS BACKF

A. IGNITION AND COHBUSTION B. EXPANSION

Flow _ Flow /----
_ Oiode I

k

,.-,,,.._. .......... _ _,¢._'=,_ _._--.=,.:.

-_{, , ,_"_ _,,_.

,,, _ , -, c_:_

C. PURGE AND RECHARGE D. RECHARGE AND COMPRESS

FIGURE1-3: PULSECOMBUSTIONPRINCIPLEOF OPERATION

1-9 ERBC-28F.]



resistance of the inlet diameter, in turn, is much higher than forward flow

through the same opening (unlike liquids, gases exhibit a marked increas_ in

viscosity with temperature rise). These phenomena, along with the high

inertia of the exhausting gases in the resonance tube, combine to yield

preferential and mean flow from inlet to exhaust. Thus, the nonmechanical

pulse combustor is a selfnaspirating engine, drawing its own air and fuel into

the combustion chamber and auto-ejecting combustion products.

A wide tolerance of operating parameters gives excellent turndown ratios

up to 20"I. Turndown ratio is the ratio of design capacity divided by lowest

operating capacity. This enables the pulse combustor to operate from sub-

stoichiometric to superstoichiometric regimes. These attributes allow great

system flexibility. While operating in a superstoichiometric mode, the pulse

combustor functions as a nonmechanical air pump. MTCl has ohtained 400 per-

cent excess air operation in an existing pulse combustor. With proper thrust

augmenters, much more air than that needed by the PAFBCcan be pumped by the

pulse combustor.

The rapid pressure oscillations in the combustion chamber (from 25 psia

to subambient on the order of I00 times per second) generate an intense

oscillating flow field. This oscillating flow 'Field effectively scrubs the

boundary layer away from the burning particles (Fi_gure 1-4). In the process

of pulsating combustion or combustion-,induced flow oscillations, much of the

diffusion limitation is removed. These reactors tend to achieve high-pressure

fluctuations and high-velocity flow oscillations. This results in a number of

beneficial combustion process advantages that enhance system performance.

In the case of coal combustion, the fluctuating flow field causes tile

products oF combustion to be swept away from the reacting solid, thus

providing access to oxygen with little or no diffusion limitation. Second,

pulse combustors experience very high mass transfer and heat transfer rates

within the combustion zone. While these reactors tend to have very high heat

release rates (6 to 8 times those of conventional burners), the vigorous mass

transfer and high heat transfer within the combustion region result in a more

uniform temperature. Thus, peak temperatures attained are much lower than in
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the case of conventionalsystems. This results in a significantreductionin

nitrogenoxide (NOx)formation.

The enhanced access by oxygen to the other reactantsin pulse combustion

reducesthe need for significantexcess air operationand higher reactor

temperature. The high heat release rates also result in a smaller reactor

size for a given rate of materialprocessedand a reductionin the residence

time required. Similarenhancementof heat and mass transfer rates can also

be expected in the FBC, due to the acousticenhancementtransmittedto the bed

from the pulse resonancetubes. The bubble sizes are expected to be smaller

and more evenly distributedin the pulse fluid bed than in a regularBFBC.

Another benefit of utilizingpulse combustorsis that they aspiratetheir

own combustionair. The amountof air aspiratedis a functionof the firing

rate of the burner and the aerodynamic valve fluidicdiodicity and is

automaticallyadjustedby fuel feed rate. Pulse combustorsdo not require

combustion air fans nor do they requirecontrolsto coordinatethe mass flow

rates of fuel and combustionair. Pulse combustorsalso develop an induced

mean pressure boost within the combustionchamber and expel the productsof

combustionat high kineticenergy levels (in the order of 600 - 800 ft/sec).

The kineticenergy,which is totally combustion-inducedwith no mechanical

systemsrequired,can be employedto aspiratemore air through a venturi

sectionfor supply of fluidizationair if necessary.

Pulse combustorsalso have the abilityto producelarge pressure

fluctuationsat the desiredfrequencyrange without the need for energy to

compress air or supply the electricit;,in electromagneticdevices. This, in

turn, provides for sufficientoscillationsin the flow velocityof the fluid

bed to enhancemass transferand heat transfer in the bed° This is expected

to improveboth combustionrate and the rate of sulfurcapture in the bed

while maintainingthe bed temperaturesufficientlylow for suppressionof NOX.

The pressure fluctuationsare believed to be most effective in the low-

frequencyregime (50 - 150 Hz and cannot be economicallyachievedwith other

methods, i.e., air horns or electromagneticdevices).
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Experiments with other methods of acoustic excitation have failed to

affect the reaction rates in a fluid bed significantly because of these

factors. First, higher frequencies tend to damp out in the fluid bed very

quickly. This is due to the short wavelengths with small relative displace-

ment amplitudes between the solids in the bed and the oscillating gas flow.

Researchers mostly employed high frequencies due to the fact that high sound

pressure levels can be achieved with high frequency by expending manageable

amounts of energy when using air horns and electromagnetic devices. Second,

excessive energy was required to achieve the necessary sound pressure levels

at a more effective frequency range when such excitation was induced using

compressed air horns and electromagnetic devices. [his is not a problem with

pulse combustion.

The pressure boost developed due to pulse combustion can also be employed

to fluidize the bed and, if desired, operate a cyclone to separate particulate

emissions from the AFBC effluent. With a high aerodynamic valve fluidic

diodicity, the pressure drop for both fluidizing the bed and for particulate

matter separation from the effluent of the AFBC (in a cyclone or a baghouse)

can be supplied by the pulse combustor without the need for large fans or many

moving parts. This increase in performance reliability reduces costs,

simplifies operation, and increases throughput.

MTCI's pulse combustion experience ranges from bench-scale (50,000

Btu/ht) to pilot-scale (15 MMBtu/hr) for application to residential space

heating, commercial and industrial retrofit, and direct coal-fired gas

turbines. The fuels tested include natural gas, propane, fuel oil, dry

pulverized coals, dry micronized coals, coal fines, and coal-water slurries.

The test results have confirmed high volumetric heat release rate (3 to

5 MMBtu/hr/ft_/atm), high combustion efficiency (99 + percent), low NOX

emissions (25 to 70 ppm), and stable operation for a wide range of

stoichiometry.
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1.4 REPORT ORGANIZATION

Section 2.0 providesa descriptionof the project and the scope of work.

Section 3.0 gives a summaryof the feasibilitystudy conductedunder Task I of

this program. Section4.0 provides a detailed accountof the laboratory-scale

developmentand testingeffort performedunder Task 2. Section5.0 deals with

preliminarydesign for proof-of-conceptintegratedtest facilitydevelopment

and field demonstrationunder Task 3.
,' _
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SECTION Z. 0

PROJECT DESCRIPTION AND SCOPE OF WORK

The overall objective of this program, sponsored by the U.S. Department

of Energy (Contract No. DE-AC21-88MC25069), is to develop the pulsed

atmospheric fluidized-bed combustion (PAFBC)technology to burn coal and to

provide heat and steam to commercial, institutional, and industrial

applications at a reasonable price and in an environmentally acceptable

manner. This overall objective will be met by performing a number of tasks at
two different levels.

The Task I objective is to establish preliminary feasibility by the use

of theoretical and state-of-the:art information. The Task 2 objective is to

build and experimentally establish operability and performance of the PAFBC

for different types of coal.

2.1 TASK 1: FEASIBILITY

Subtask 1.1: Evaluation - The Contractor shall perform evaluation of

state-of-the-art information on atmospheric fluidized-bed combustor (AFBC)

technology and pulse combustion of coal. The Contractor shall review relevant

published data and evaluate it for use in the feasibility study. Data on

coals, sorbents, SO2 and NOX control, characteristics of fluidized-bed coal

combustors, pulsed combustion of coals, regeneration of spent sorbents, steam

generation, ash disposal, and other aspects shall be used to formulate a

design basis for the study.

Subtask ].2: Market Analysis - For the new technology, the Contractor

shall identify potential markets for generating heat and steam for different

uses and shall make projections on the increased use of coal. The Contractor

shall assess the competition from oil- and gas-fired units.

Subtask 1.3: ConceptualDesiqn and Cost Estimate -.Using the design

basis formulated in Subtask1,1, the Contractor shall develop a conceptual

design of a PAFBC system that will produce 1,000 Ibs/hrof steam equivalent.

The Contractor shall preparea preliminarycost estimate and shall comparethe
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cost ef the proposed system with the cost of oil- and gas.-firedunits

, currently in use.

Subtask 1.4: Test Plan for Task 2 Work - TileContractorshall identify

' i,roblematicaspectsof the technologyand develop a test plan to resolve the

problems through theoreticaland experimentalapproaches. The Test Plan shall

be submittedto the DOE/ContractingOfficer'sTechnicalRepresentative(COTR)

for _'eviewand approval.

Subtask 1.5: Task I Tppical Report - A Topical Report shall be prepared

summa:izingthe PAFBC package boiler concept. The report shall include

market, technical,design and cost informationdeveloped un6er Subtasks 1.1,

1.2, and 1.3, and the Test Plan developedunder Subtask 1.4. The report silall

includea review of the coal/sorbentfeed, ash handling and cleanup systems,

and the sensitivityof these factorson performance,and system capital and

operatingand maintenancecosts. The report shall also address the system's

potentialfor me_ting the followingcriteria and provide the material required

to proceed to the performanceof Task 2:

The PAFBC combustorand controlstechnologynlustbe competitivewith

gas-/oil-firedtechnologyand scaleableto the 1,000 Ib/hr steam

equivalentrange.

m lhe solids handling problemsmust be amenableto automateddust-free

operation.

m Overall emissions (SO2, NOx, and particulates) must be comparable to

those of conventional gas-/oil-fired equipment.

m The PAFBC systemmust requireno operatingor maintenanceskills

beyond those needed to operateequivalentgas.-/oil-firedequipment.

w A significantmarket potentialmust exist for the integratedPAFBC

technology.
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2.2 TASK 2: LABORATORY-SCALE DEVELOPMENT AND TESTIHG

The testing specified in these subtasks will be conducted in accordance

with the approved Test Plan.

Su.btask2.1: Desiqn, Procurement,and Constructionof an Atmospheric

Fluidized-BedCombustor - The Contractorshall design, procure, and build a

fluidized-bedsystemwith the followingfeatures:

Capacity: 1,000 Ibs steam/hr

FluidizingVelocity: 5 - 10 ft/sec

Sorbent: Precalcineddolomite or limestone

Coal: Bituminous/Sulfur Content: 2 - 4%

Temperature of Operation: 1400 - 1750°F

Subtask 2.2: Coal CombustionTests in the AFBC System - The Contractor

shall carry out coal combustiontests under a range of conditionsas set forth

in the approvedTest Plan to establishbaselineperformancedata. Tests shall

be carried out under the followingconditions:

SuperficialVelocity: 5- 10 ft/sec

Temperature: 1400- 1750°F

Pressure: Near Atmospheric

Mode of Operation: Batch with respectto sorbent and

continuouswith respect to coal

Coal: Bituminous/SulfurContent: 2 --4%

Sorbent: Precalcineddolomite or limestone

Ca/S: 2 - 4

The Contractor shall use the test data to optimizeoperationalparameterswith

respect to fluidizationvelocity,sorbent/coalratio, temperatureof

operation,combustionefficiency,steam generation,NOX control and'sulfur

capture, and establishoptimum operationalparameters and baselineperformance

data.
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Subtask 2.3: Modificationto a PAFBCSystem - The Contractor shall

modify the AFBC systemby the inco_Dorationof a pulse combustorthat supplies

pulsed effluent gas to fluidize the bed. The needed modificationsand the

geometry of the pulsed combustor (PAFBC)shall be as determined under

Subtask 1.3 study.

Subtask 2.4: Operationof the PAFBC WithoutCoal - The Contractorshall

operatethe fluidized-.bedcombustor in the pulsedmode to establish

fluidizationparametersunder pulsingconditionsand determine the effect of

pulsationson fluidizationvelocity,bed expansion,and particle elutriation.

Subtask 2.5: Coal CombustionTests in the PAFBC SYstem - The Contractor

shall carry out coal combustiontests under a range of conditionsestablished

under Subtasks 2.1 and 2.4, generatingtest data to evaluate operability,

performanceand pollutioncontrol efficiencyof the PAFBC system, and

optimizationof design and operationalparameters.

Subtask 2.6: Tecbnica1_ E_nvironmental,.andEconomicAssessment - The

Contractor shall performtechnical,environmental,and economic evaluations

based on experimentaldata generated under Subtasks 2.2, 2.4, and 2.5.
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SECTION 3.0

FEASIBILITY STUDY

The objective of this task was Lo establish preliminary feasibility by

means of technical, market, and cost analyses. The work was divided into five

subtasks comprising"

= Technical evaluation

= Market analysis

[] Conceptual design and cost estimate for a PAFBCsystem

[] Test plan for Task 2

[] Task I topical report

The results from this study are summarized below. For detailed

description and discussion, the reader is referred to the Task I Topical

Report. (2)

3.1 TECHNICAL EVALUATION

Although there are many variations in the designs offered by different

boiler vendors,(3'4'5) AFBC systems can usually be classified into two types"

bubbling bed (BFBC)and circulating bed (CFBC). To control temperatures in

the bubbling-bed design, water-wall enclosures and/or in-bed boiler tubes are

used. The steam output is controlled by adjusting bed height, temperature,

fuel input, and gas velocity. In the circulating-bed system, the air

fluidization velocity is high enough (14 to 30 ft/s) so that the solids are

entrained at a relatively high rate and then recirculated back into the lower,

denser portion of the fluid bed. Circulating fluidized bed boilers tend to

have higher combustion efficiencies than the bubbling-bed designs. Other

advantages over the bubbling-bed design are that circulating systems require

less demanding fuel-feeding techniques, less limestone to capture sulfur

dioxide, and can be more easily adapted for reduced emissions of NO×.

The operational mode sets the requirements for how the system is designed

to control combustion and desulfurization. The heat of combustion must be

removed to control the temperature at the optimal level for SO2 absorption

3-I ERBC-28F.3
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with good carbon utilization. SO2 absorption is optimized at about 1500 to

600°F for typical units of either type. In BFBC, feed point location (overbed

or underbed) can be crucial. The maximumvelocity at which an FBC is to be

operated determines tile cross-sectional area and height of the combustor, as

well as the design options for removing the heat of combustion. The design

relationships are even more complex in a CFBC, which is essentially a

longitudinal chemical reactor with cooling at the walls. Here, the height is

a function of velocity and water-wall heat transfer requirement.

BFBC

At the lower velocities of bubbling-bed FBC, in-bed boiler tubes

historically have been used to remove the heat released and maintain the

desired temperature. The overall heat transfer coefficients in the fluidized

bed are relatively high (40 to 70 Btu/hr/ft2/°F). Therefore, good heat

transfer characteristics are experienced with in-bed tubes at the moderate

combustion temperatures. The disadvantage of in-bed tubes is that at

velocities above approximately 7 ft/sec, the tubes must be protected against

erosion. Techniques that appear to be working include studding the sus-

ceptible tube surfaces with closely spaced studs, attaching longitudinal or

axial fins, and coating or sleeving the surface with a protective ceramic,

harder metal, or sacrificial metal. Thick tubes may also be used to allow for

wear.

Combustion and desulfurization control in BFBCdepends on maximizing fuel

and limestone retention in the bed to reduce the elutriation of fines and

unburned carbon. This may be accomplishedby the use of low gas velocities

and screened stoker coal and limestone to limit the amount of incoming fines

if overbed feeding is used. If the fines are pneumatically fed underbed or

into the lower part of the bed, more fines in the fuel can be tolerated. The

residence times in the bed are also increased, thereby ensuring more complete

burnout. However, a problem with large capacity BFBC is uniformly distri-

buting the fuel and limestone over the cross sectional area of a large bed.

Excessive burning of fines in the freeboard can lead to greater amounts

of CO, NOx and SO2 in the flue gas. In cases of excessive carry-over of
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limestone fines and/or fuel fines, fly ash recycle may be necessary to

maintain good limestone utilization and carbon burnout. The recycle must be

pneumatically reinjected into the bed. In some cases, the fly ash is abrasive

and can cause erosion problems in the recycle lines.

Because of the high velocities in CFBC, combustion, heat transfer, and

desulfurizationcontrolsare handled differentlyfrom that of BFBC. This

design improvescarbon burnoutand NOX, SO2, and CO control relative to

bubbling beds. Apart from the differencesin the primary solids separation

and solids reinjectionsystem designs, an emergingdesign feature of various

CFBC designs is the inclusionof an external,low-velocity fluidizedbed heat

exchanger (EHE) to control the temperature of the circulating hot solids.

The high velocities in the CFBCalso dictate that the combustor be much

taller than in a BFBCto provide sufficient residence time for combustion and

SO2 capture. Essentially all the carbon must be burned up before the gas-

solid mixture reaches the cyclone to prevent hot spots and agglomeration in

the cyclone. Typical heights are 60 feet from floor to roof for a 200,000

Ib/hr unit and 100 to 120 feet for a 500,000 Ib/hr unit. The tall combustor

also provides additional residence time for COburnout, multiple air staging,

velocity control, and improved NO×control relative to BFBC. Long gas phase

residence time is afforded by combustor height, whereas long solids residence

time is afforded by recirculation. Adequate residence times together with

good mixing permit better sulfur capture at lower Ca/S ratios in CFBCthan in
BFBC.

ADVANCED CONCEPTS

Several advancedconcepts(6-9)have been proposed for the small-scale

market sector (10,000to 150,000 PPH steam) and are under developmentwith

funding from DOE.Riley Stoker(6)is in the midst of a five-yearprogram to

develop a CFBC based on the multi-solidsfluidizedbed process for industrial

applications(75,000to 150,000 PPH steam). A technicalanalysis has been

conducted and a conceptualdesign has been developedfor meeting the process

steam requirementsof the intermediate-sizedindustrialboiler market. York-
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Shipley Division of DONLEETechnologies, Inc. (7) is continuing development

work on a two-stage, combined circulating fluidized bed and cyclone combustion

process. The advantage claimed for this system as compared to conventional

CFBCis reduction in combustor size (cross-sectional area and height) and, in

turn, cost. Recall the discussion in Section 1.1 which points out that it is

both impractical and expensive to scale-down conventional CFBCto sizes

significantly smaller than 100,000 PPHsteam equivalent. A 1.5 MMBtu/hr unit

has been built and tested on wood. Coal combustion and further unit scale-up

to 60,000 PPH steam equivalent are in process. Hydrocarbon Research, Inc. and

its partners, Dr. F.A. Zenz and Petro-Chem Development Company, Inc., are

developing a new concept (a) termed Dual-Sided Multi-Riser AFBC. This concept

employs a dense-phase, bubbling fluidized bed with riser-downcomer for

internal circulation of dilute-phase. This scheme claims to alleviate two

major shortcomings of conventional BFBC, viz. turndown capability and compact-

ness. Plans include the design, fabrication and testing of bench- and pilot-

scale combustor units. Battelle (9) has developed and tested a spouted

fluidized bed combustion (SFBC) concept. The experimental work included cold

model studies and hot model (2.6 ft 2 cross-sectional area) coal combustion

tests to evaluate concept performance. The SFBC hot model demonstrated small

but statistically significant advantages in SOz and NOx emissions and in

calcium utilization when compared with BFBCperformance.

Since the above-cited concepts as well as the MTCI PAFBCconcept are

passing through developmental phase, it is considered premature and imprudent

to compare PAFBCwith these advanced concepts. The conventional BFBC and

CFBC, however, are established technologies and therefore the attributes of

PAFBCin comparison to BFBCand CFBCwill be pointed out in the discussion
that follows.

3.1.1 PERFORMANCECON$IDERJITIONS

The performance of AFBCis affected by the rate of combustion of coal,

which in turn is affected by coal properties (devolatilization, swelling,

fragmentation, and_char combustion), feed particle size range, feed system and

combustion-enhanced mechanical attrition, heat and mass transfer rates, and

unit operating conditions, In AFBC, the carbon carryover into the primary
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particle separatoris generallyhigh due to limited residencetime of fuel

fines in the combustor. To achievehigh carbon utilizationefficiency,

recyclingof fines to the bed is often practiced. These recycleprocessesadd

to system complexityand cost and at times are prone to plugging. In the MTCl

PAFBC technology,higher combustionefficiencycan be attainedbecause the

fuel fines are burned in the pulse combustorand only the coarse coal is

burned in the fluid bed.

The three "Ts" of combustion (temperature, turbulence, and residence

time) for the pulse combustor and the bubbling fluid-bed freeboard are quite

different, as shown below.

Pulse Combustor AFBC Freeboard

Temperature(°F) > 2000 (High) 1550 (Low)

Turbulence Very High (Oscillatory) Moderate (Plug flow with
back mixing)

ResidenceTime 10 to 100 milliseconds 2 to 3 seconds

Since MTCI's PAFBCemploys 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 interphase and

intraparticle mass transfer rates. Therefore, the fuel fines essentially burn

under kinetic control. Due to the reasonably high temperature (> 2000 °F but

less than the temperature For ash fusion to prevent slagging), combustion of

fuel fines is substantially complete at the exit of the pulse combustor. The

additional residence time of 2 to 3 seconds in the freeboard of the PAFBCunit

then ensures high carbon conversion and, in turn, high combustion efficiency.

The devolatilization and combustion of fuel fines in the pulse combustor

also enable the release of a significant portion of sulfur by the time the

fuel fines leave the tailpipe. This sulfur has a high probability of capture

in the dense fluid bed due to the pulse combustor effluxing into the fluid
bed.
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l'he acoustic field radiated into the fluid bed enhances the mass transfer

rate and in turn increases the reaction rate between the sorbent and SO2.

This a priori sulfur release, acoustic enhancement in the fluid bed mass

transfer process, and the fines recirculation as a consequence of the draft

tube design he'ip achieve high sulfur capture efficiency at low Ca/S molar feed

ratio, which leads to lower limestone and waste disposal costs.

The solid waste will likely consist of lower alkali content, thus

minimizing alkaline run-off iF the PAFBCwastes are land-filled. Pulse com-

bustors are inherently low NOX devices. (I°) Keller and Hongo(11)_investigated

the mechanisms of NOX 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 resid-

ual products from the previous cycle and the incoming cold reactants create a

short residence time at high temperature quenching the NOX production. These

complementary mechanisms create an environment which approximates a well-

stirred tank at relatively low temperature and result in low NOX production.

The dense fluid bed, due to operation at low temperature (~ 1550°F) and with

coarse fuel particles, enjoys a lower NOX production as weil. Consequently,

the NOX emissions from PAFBCare likely to be lower than that of AFBC.

In summary, the integration of the pulse combustor with the fluid bed

serves to minimize the concentration of fuel fines in the freeboard and in

turn improves carbon conversion, combustion efficiency, and sulfur capture

efficiency and lowers CO and NOX emissions. Therefore, it is anticipated that

recycle of fines will not be necessary in the PAFBCconfiguration.

The overall heat transfer coefficient in the water-jacketed pulse

combustor tailpipe is about 40 Btu/hr/ft_/°F and is of tile same order as that

for tubes immersed in the dense fluidized bed. The replacement of the

inefficient heat exchanger in the freeboard of a conventional BFBCby the

water-jacketed pulse combustor tailpipe significantly decreases the heat

transfer surface area requirement and cost.
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The ability of the pulse combustorto also efficientlycombusta wide

variety of fuels makes it compatiblewith the fluid bed in that designs for

alternativefueled systemscan easily be integratedinto a packaged product

with a minimumof modifications. The result of being able to packagesystems

for predominantregionalusage providesan importantadvantagein a marketing

strategy. In addition,the ability of the pulse combustorto burn fines

providesadvantageswith respect to fluid-bedperfurmanceand fuel costs.

3.1.2 COAL AND SORBENT FEEl{}_YSTEM

A uniformdistributionof coal and sorbentfeed over the fluid-bedarea

is highly desirable. For smal'I-scaleunits with bed areas of less than nine

square feet, a single feed point appearsto be satisfactory(basedon the

experiencesat Rivesville,GeorgetownUniversity,Alexandria PDU, Babcock&

Wilcox 6' x 6', and TVA 20 MWe) for the introductionof coal or limestoneinto

the coi,lbustor.For larger scale units, multiplecoal and sorbentfeed points

are required for mai_itaininga uniformsolid particle distribution. However,

there are several specificproblemsrelatedto fuel feed which must be

addressedby the developersof small-scalefluidizedbed systems. These

includemaintainingaccurate,continuousfeed from the coal and limestone

bunkers into the bed, eliminatingplugging in the conveyinglines, minimizing

erosion of conveyinglines, minimizingcoal and sorbent storagerequirements,

and identifyingthe simplest,most reliable and least expensivecoal/sorbent

handling and feed subsystems.

Attributes of the coal feed system have a profound impact on the

performanceand economicsfor small-scalefluidizedbed combustors. The

method and locationof coal introductioninfluencesthe achievablelevel of

carbon burnout, CO emissions,and sorbentutilizationwithin the bed, and it

may have a direct relationto system reliability,turndowncapability,and

load response.
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Ideally,the coal feed system for the FBC boiler should possess the

followingcharacteristics"

m Uniform and continuous metering of coal over a wide control range

[] Low sensitivity to coal feed specifications, size distribution, and
moisture content'

[] Utilization of commercially proven concepts and components

[] Easily maintained and of high reliability

[] Low capital and operating costs.

Basically, there are four feed systems that are applicable to the

fluidized bed combustion system. Shang(12) compares gravity chute feed, screw

conveyor feed, pneumatic injection and spreader stoker systems. The gravity

chute feed system feeds the fuel and sorbent into the fluidized bed through a

chute by gravitational force. Although it is a simple and inexpensive feed

system, there are two major problems associated with this method. Pressure

surges in the boiler may blow the fines in the feed back to the coal or

limestone bunkers and boiler exterior. Another problem associated with this

system is formation of a fuel-rich environment near the outlet of the gravity

chute. Shang reports that the fuel-rich region is highly corrosive and could

result in material failure. He suggests installation of slanted distributor

plates with gravity chute feed For small-scale AFBC systems. A slanted

distributor induces a strong "gulf stream" which forces the fresh feed to move

downward and prevents the formation of a fuel-rich region in the bed.

A screw conveyor feeds fuel and sorbent into the fluidized bed by

positive displacement of the screw flights. The screw conveyor may have a

variable pitch to build up a pressure seal to prevent backflow of flue gas or

leakage from the boiler. Shang also suggests installation of a by-pass vent

between the coal feed tube and the combustor freeboard when feeding volatile

coal. The ability oF the screw feeder to maintain a constant feed against a

high back pressure is a distinct advantage of this type of feeder. Generally,

a single-screw feeder can be used for a bed area of up to nine square feet.

Pneumatic injection of fuels and sorbents into the fluidized bed is done

by the introduction of solids in an air stream at a velocity above the
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saltation velocity of the solid particles. In theory, it is an ideal design.

In practice, there are some problems associated with line plugging and

erosion, and attrition of the solid particles in the pneumatic line. Another

problem is elutriation of fines in coal and sorbent due to the necessary high

air-solid stream pressure which penetrates the fluidized bed and discharges

into the freeboard.

Spreader stoker is an alternative to pneumatic feeding. The spreader

stoker spreads the coal particles into the FBC bed with a maximum reach of

23 feet. In a fluidized bed using spreader stoker, the fine particles tend to

be carried out of the combustor before they land on the bed, thus resulting in

high elutriation. The spreader also promotes size segregation by throwing the

largest particle to the far side and small particles near the spreader. "[he

size segregation can cause in-bed carbon concentration differences which will

affect the overall performance of the fluidized bed. Unfortunately, the use

of spreaders incurs a high amount of coal fine loss due to elutriation.

Unless a high freeboard is used to burn up the elutriated fines in conjunction

with fly ash recycle, the loss of combustion efficiency can be substantial.

As previously mentioned, a feed system must be selected which has low

maintenance requirements and which can be automated and operated on demand

with minimal operator attention. In contrast with AFBC boiler economics at a

large-scale (greater than ]U,O00 PPHsteam), steam production costs at the

small-scale (< 50,000 PPH) are sensitive to operator costs. Therefore, it is

evident that the FBC boiler, including feed components, must be capable of

smooth operation with only occasional monitoring and maintenance performed by

non-dedicated personnel or, where required by local law, the equivalent

personnel used in oil- or gas-fired steam raising installations.

In the MTCl PAFBCsystem, both coarse and fine material will be used in

order to take advantage of the lower cost of unsized feedstocks. The coarse

coal fraction and the sorbent will be fed overbed using commercially proven

screw feeders and the fine coal fraction will be pneumatically conveyed to the

pulse combustor_ A slanted distributor will bc used for the fluidized bed to

induce "gulf stream" solids circulation and minimize fuel-rich zones in the

bed.
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3.1.3 ENTRAINMENT AND ELUTRZATION

Excessive particle entrainment from a BFBCinto the freeboard can be

explained by the bursting of the bubbles at the bed surface which throws solid

particles upward at high velocities. The gas bubbles bursting can be compared

to intermittent jets imposing a highly irregular velocity across the combustor

vessel. The jet velocities eventually are dissipated to the superficial gas

velocity at some equilibrium height above the bed surface, commonly referred

to as the Transport Disengagement Height (TDH). The entrainment above the TDH

is relatively constant and can be the assumed to be maximumdilute-phase

carrying capacity of the gas at its superficial velocity. The freeboard

height then should be at least the I DH. The TDH is dependent on the gas

bubble velocity and typically increases with increasing bubble size and fluid-
bed diameter.

Zenz and Weil (13) presented an empirical correlation (based on operating

data) for estimating TDHfor different vessel diameters arld superficial gas

velocities_ This correlation indicates that for a 2-foot diameter bed, 6 to

10 feet of freeboard height will be needed for a conventional BFBC. In the

PAFBC, the TDH is anticipated to be lower than for conventional BFBCdue to

the following reasons: I) the horizontal heat exchange tubes (in-bed heat

transfer tubes) will tend to break up the bubbles, and 2) the oscillating flow

field supplied by the pulse combustor will tend to limit the growth of the

bubble size and make the bed more uniformly agitated. With respect to the

stabilization of bubbles, A.D. Little (14) attempted to use sonic horns and

Exxon R&D(IS) has employed magnetic fields with mixed results. MTCI's pulse

combustor generates acoustic waves that can potentially reduce the bubble size

growth in a more practical manner leading to a more compact design and a

higher carbon burn-out efficiency.

Based on these considerations, it is anticipated that for small-scale

AFBC applications, the optimum configuration will consist of a refractory-

lined Furnace containing the fluidized bed. Heat removal from the bed will be

controlled using immersed tubes. The freeboard will be expanded to decrease

gas velocity, decrease elutriation of fines, and provide adequate gas and

solids residence times for shorter freeboard and overall furnace heights.
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3.1.4 AIR DISTRTBUTION SYSTEM

Conventionallarge-scaleFBC boilerstypicallyoperateunder balanced

draft conditionsemployinga forced draft blower and an induced draft fan.

The unit is generallybalanced at the surfaceof the fluid bed. Conventional

bubblingbed FBC boilers requirea forced draft deliverypressure of approxi-

mately 3 psig. A portionof the forced draft pressure is dissipatedthrough

the air distributorgrid, while the balance is dissipated in the fluid bed

itself. The induceddraft fan provides the necessarysuction to draw flue gas

throughthe boiler bank, economizerand baghousedust collector prior to stack

discharge. The capital and operatingcosts of the forced draft fan in a FBC

boiler significantlyexceed that for an oil- or gas-firedboiler, or even a

pulverizedco,alboiler. The requirementfor a high pressure fan is

particularlydetrimentalto theeconomics of small-scaleFBC boilers, and

improvementsin operatingcost could be made by reducingthe need for such

fans.

In the MTCI PAFBC system,the pulse combustorwould be employed to

augmentthe pressure boost suppliedfrom the forced draft fan. Pulse

combustorswere originallyinvestigatedas a low-costthrust or propulsion

device. Pulse combustorsare aerodynamicallydesignedto translatethermo-

chemicalenergy into mechanicalenergy in the form of pressure boost or

momentum. In the PAFBC design,the thrust capabilityof a pulse combustoris

utilizedto supplant or augmentthe function of the forced draft fan. Motive

force from both the aerovalveand the tailpipeexhaustare used. A thrust

augmentoris employed to supply combustionair to the bottom of the fluid bed.

A diffuser at the tailpipeexit is used to recoverpressure to the maximum

extent. This design will minimize the need for an induceddraft fan, greatly

enhancingsystem operationcosts.

3.1.5 LOAD CONTROL

Means for achieving rapid start-up and transient response over a wide

range of load control is a key design issue for small-scale FBC boilers.

Large industrial units may be designed for base-load operation at high

capacity factors. In contrast, small FBC boilers generally exhibit low

capacity factors and require high turndown ratios (5:1). Several different
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load control methods have been proposed for FBC boilers. These "include i) use

of multiple or compartmentalized beds, 2) control of bed inventory to expose

or immerse tube surface, and 3) allowance for some degree of bed temperature
float.

Controlmethod 3 offers a relativelylimitedmeans of load control.

Optimum bed temperaturesfor efficientsulfur capture range from 1500 to

1600°F. At lower temperatures,the rate of lime sulfationis too low. At

higher temperaturesreduced sorbentactivitythrough sinteringcan occur.

Reduced bed temperaturesalso result in increasedcarbon inventorywithin the

bed and typicallyloweredcombustionefficiencies. Since the temperature

differentialbetween the fluid bed and the steam coils is large, small changes

in bed 'temperaturecontribute"littleto changes in the heat transfer driving

force. Furthermore,since the immersedtube area is relativelyconstant and

the fluid-bedside heat transfer coefficientchanges only modestly with load,

little flexibilityin load controlcan be achieved using a floating bed

temperatureapproach.

Controlmethod 2 affords an improveddegree of load control by varying

the quantityof heat transfer surfacewhich is immersedwithin the bed. In

this approach,load is reduced by discharginga portionof the bed material in

order to expose heat transfer surface. Since the heat transfercoefficient in

the freeboardis considerablylower than in the bed itself,a significant

reductionin heat removalcan be achieved, lt should be mentionedthat during

turndown,a reduction in expanded bed height occurs. A properlydesigned

systemmay utilize this fact to naturallyexpose heat transfer surface in a

manner which follows load. Although this method allows an increasedload

control capabilityrelative to method 3, it requires a more sophisticated,

complex and costly solids-handlingsystem,and is less well suited to a simple

automatedcontrol scheme. Thereforemethod 2 is deemed to be poorly suited to

the needs of small FBC boilers.

In method I, the tubes are designen to be fully immersed at all times.

Here, tile bed is constructed of segregated compartments each served by

individual windboxes, feeders, and control instrumentation. Load reduction is

accomplished by cutting off air to individual compartments in increments
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consistent with the load demand. Since the heat transfer coefficient in the

1 slumped bed drops to a very low value, the heat removal rate can be efficient-

ly controlled. This method of load control has found wide acceptance in

larger scale applications but is impractical for small FBC boilers requiring

only a single feed point. Here, the use of multiple compartments would

require the addition of numerous and expensive feeders. Furthermore, the

simple and inexpensive construction of the single compartment FBCwould be

compromised.

lt is evident from this discussion that conventional means of load

control used in large-scale FBC boilers are generally not applicable when

extended to the smaller size ranges. Therefore, an alternate load control

means is proposed which is considered te be more suitable to the requirements

of the small FBC boiler.

In the proposed method, several independent steam coils would be immersed

in the fluid bed. The steam coils would be served by a single or multiple

forced circulation pumps. Each steam coil would be furnished with a

inexpensive solenoid shut-off valve which would be operated from a multiple

range temperature switch. As the load requirement decreases and the bed

temperature begins to diminish, the temperature switch would act to shut off

tile water flow to the steam coils in a successive fashion until the bed

temperature stabilized within the desired control range.

This control system requires no proportional controllers and operates

only with the less expensive digital switches. Under this control scheme, the

immersed tubes must be designed for high-temperature service under dry-out

conditions. Therefore, more expensive high alloy tube materials must be

utilized. However, since the small-scale FBC boilers are likely to serve only

low pressure (less than 150 psig) steam generation applications, constraints

on tube construction are not as severe as would be encountered in large-scale

FBC boilers operating in the range of 1,000 psi. Furthermore, the incremental

cost of tile more expensive in-bed tube materials is quite small compared to

the cost of the additional equipment and controls required for alternative

schemes. However, its greatest merits result from improved simplicity and

anticipated reliability which is essential for the small-scale applications.
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lt is likely that the small incremental cost for more expensive tube materials

would be insignificant compared to the reduced maintenance and operator

intervention which this design would afford. Note that the design of

convective tube banks for dry-out conditions during start-up of large-scale

steam reformers used in the petrochemical industry is not uncommon. However,

tube erosion and wastage in a fluid bed may pose a more serious problem.
f

3.1.6 SYSTEMRESPONSE

The response rate of the fluidized bed is determined by a number of

factors including an effect known as inventory lag. The actual rate of heat

release within the fluid bed is a function of the instantaneous inventory of

ca_'bon contained within a bed for a given temperature. At steady-state, the

feed rate and the heat release rates are equivalent since the inventory level

has adjusted accordingly. In contrast, during transitory conditions, the feed

rate and the bed heat release rate are not identical since the bed inventory

has not achieved its steady-state value.

For very fine coal, such as might be used in underbed feed systems, the

steady-state carbon inventory is in the rarlge of 0.1 percent and the time

constant for approaching steady state after a step change in feed rate "is of

the order of 25 seconds. For very large coals, carbon inventories in the bed

are in the range of 2 percent and the response time constant is approximately

500 seconds. Of course, these Lime constants increase with decreasing

temperature.

lt is evident that conventional FBC boilers employing overbed feeding of

large coal only will have a sluggish response. Underbed feeding of fines will

offer improved response. In an optimal system, variations in the rates of

fines combustion might beneficially be employed as a trim control during
transients.

The pulse combustor as integrated with an FBC boiler offers a practical

avenue for implementation of this solution. The inherent response time of the

pulse combustor exceeds virtually all known combustion devices. For example,

complete combustion of pulverized fuels occurs in the order of milliseconds.
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This, of course, is due to the highlyturbulentconditionswhich exist in the

pulse combustionchamber and tailpipe.

As such, load changes would be accommodated by leading with a change in

the proportion of coal combusted in the pulse combustor. This would result in

a rapid response that would later be stabilized by achievement of the steady-

state bed inventory level, lt should be noted that since a portion of the

fuel will be combusted in the pulse chamber, the steady-state carbon inventory

in the fluid bed will be lower than that in a conventional FBC at equivalent

conditions. This lower carbon inventory may have a positive impact on reduced

attrition rates and elutriation of fines.

3.1.7 _ONTROL SYSTEM

The control system must be designed for complete automatic control. The

economics of the small-scale FBC boiler are contingent upon achieving an

operational simplicity which matches that of typical oil- or gas-fired

packaged boilers.

Thus, the system will include an automatic combustion control system and

a safety interlock system that will shut down boiler activities in the event

of out-of-range conditions.

3.2 MARKETANALYSIS

A market analysis indicatedthat a coal-basedsystemthat provides

competitivelevels of capitaland O&M cost, performance,and reliabilityat

the 1,000 to 10,000 pounds of steam per hour (PPH) steam-generationrate can

displace as much as 2.5 Quads of gas and oil within the residential,commer-

cial, and light industrialsectors. In tileindustrialsector, systemsfrom

10,000 to 50,000 PPH steam can displace another 1.1 Quads of energy per year.

The objective of the market analysis was to identify and quantify the

potential markets for an advanced pulsed atmospheric fluidized bed combustor

(PAFBC) at the 1,000 to 10,000 PPHlevel and to assess the competitive posture

of this new technology vis-a-vis oil and gas systems. The intent was to

determine the ability for the given technology, to enter the market place

3-15 ERBC-28F.3
_

_



competitively and eventually to replace oil and gas consumption with coal

consumption. The key elements to be determined were, therefore, the size and

nature of the market, and the cost of the replacement system.

The methodologyused to determinethe potentialfor the PAFBC to replace

oil and gas was as follows: First, the total demand for fossil fuels

presentlybeing used and projectedto be used in the residential,commercial,

and "light industrial"sectorswere determined. Second, for each major market

sector, the segmentsthat fal.lwithin the 1,000 -.I0,000 PPH (50,000PPH for

industrial)were disaggregated. Projectionsfor growth for these market

sector segmentsare then determinedas a fractionof the total, using the

projectedrate of growth for the total sector. This providesthe potential
i

market size for the technologyas a new additionalcapacity system.

In addition,the age of existing systemsand the projectedneed for

replacementswere evaluatedLo provide the potentialmarket size for

replacementsystems. No attemptwas made to identify retrofitmarkets for the

new technologybecause of the small size of the system. The cosL for the

design, fabrication,and installationmodificationsfor a retrofitwould

reduce or eliminatethe cost advantagesaccruing from the "mass production"

techniquesof packaged and modular systemsrequiringa minimal installation

cost. However_ for systemsapproachingI0,000 PPH, this option may be

competitive.

Becausethe intentwas to determine,in part, the potentialfor oil and

gas replacementin each sector,the energy consumptionof coal-based

electricity,renewablesand coal-basedsteam were not consideredto be niarkets

of interestFor the technologyand were thereforenot included in the values

for either determiningthe presentor projectedconsumptionvalues. Although

coal is being used now to a limitedextent in the residentialand commercial

end-use sectors,the amount at the size levels evaluated is not consideredto

be a major factor in the market determination. However, it too, was

eliminatedfrom the assessmentwhere it was possibleto identifythe present

and continueduse of the coal fuel in these sectors.
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In addition,a market entry scenariowas developedwhich consideredboth

the social and economicfactors for possibleearly use. These factorswere:

availabilityand cost of fuel and a delivery system_traditionaluse of the

fuel (acceptance),populationdensity and regionalclimatic conditions.

Although it was possibleto easily deduce the results of such an evaluation'on

a regionalbasis, the methodology,when taken to finer levels of resolution,

could be used for determiningearly market potentialand density for focusing

sales initiatives.

In the followingsubsections,each of'the market sectorsof interest;

residential,commercial/institutional,and light industrial,are discussed

with respect to historicaland projectedconsumptionand cost.

3.2.1 RESZDENTIAL

Coal, once the major Fuel usedin most American households,has, since

1940, declined to the point where its use is less than one percentof the

residentialfuel market. This decrease resultednot only from the avail-

ability of other fuels and electricityat competitiveprices, but also by the

performanceand convenienceof these systems. However, the continuedlong-

term difference in the prices of coal, fuel oil, and natural gas has led to

some stabilityin coal use since 1979.

Bartis(IG)has prepareda fairly comprehensiveanalysis of the

residentialend-use sector and has shown that approximately75 percentof the

residentialdemand is dependent upon small units capable of firing80,000 to

140,000 Btu per hour. Only 15 percentof the householdsare located in

apartmentcomplexesof five or more units and representsabout 10 percentof
the total demand.

lt is obvious that the residentialsector demand for systems in the

1,000-10,000PPH is small but still presentsa substantialmarket opportunity

by the penetrationof that fraction representedby apartmentcomplexesof five

or more units. If it is assumedthat regionaldifferencesby heatingand

cooling degree days (HDD, CDD) for these structuresare similarto the total

distributionof households,then about 70 percentwould be located in regions
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greater than 6000 HDD, primarilyin the Northeastand Midwest, and provide

sufficientusage of fuel (capacityfactor) to warrant inclusionof this market

sector. If it is further assumedthat for fairly large apartmentcomplexes,

all heating,ventilating,and air conditioningare provided by steam/hotwater

boilersand absorptionrefrigerationsystems,then the market sector con-

sideredcould be expanded to other regions. The feasibilitystudy did not

anlayzethis possibilitybecauseof the unavailabilityof data and the

relativelysmall percentageof residentialunits in the size category.

Table 3-I represents EIA(17)and GRI(IB)projectionsof energy consumptionby

the residentialsector. The EIA forecast assumesresidentialenergy
'

consumptionwill increaseat a rate of 1.2 percentper year between 1985 to

1995, to 10 quadrillion(Quads)Btu. GRI projectedenergy consumptionis

based on an increase rate of only 0.5 percent.Both EIA and GRI project total

residentialenergy consumptionto grow modestly. Actual energy consumption

for 1985 is also shown for comparisonpurposes.

If it is assumed that the growth rate for apartment complexes are similar

to the rate of growth and the demand rate for the total population, this

sector segment would increase proportionately to the values shown in the

table. The increase in potential annual coal usage could amount to 25 million

short tons by the year 2000. Although small compared to the total residential

demand, it does represent a significant increase in coal production and a

market potential. These values only include the replacement of petroleum and

gas usage, lt is possible that the economics of the technology will provide a

potential for replacement of electricity usage for heating and hot water, but

this will not generally displace oil or gas usage.

The EIA and GRI projectionsindicateelectricitydemand by residential

sectorwill continue to grow, while shares of naturalgas and petroleumwill

continueto decline in the foreseeablefuture. However,technological

breakthroughsand changes in economicenvironmentcould change these trends.

For example, coal consumptioncould 'increaseat a faster rate than those

projectedif economic and easy-to-operatesystemsbecome availableby'the

early 1990s.
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TABLE 3-1:
RESIDENTIAL SECTOR,PRO3E{_TED ENERGY CONSUMPTION

(OUADRI L'L'rON BTU)

1985 1990 199_____552000

ActuaI EI___AAGR___llE_.IA GR__! EI___AAGR___II

Gas 4.6 4.7 4.5 5.0 4.5 5.0 4.2
Electricity 27 2.7 2.8 3.1 3.1 3.5 3.8
Petroleum 1.5 1.5 1.4 1.5 1.4 1.5 1.2
Renewables - - 0.9 - 0.8 - I.I

CoaI O.07 0.___110.___!I0.__110.1 __0.I O.I

TOTAL 8.9 8.9 9.7 9.7 9.9 10.0 10.1

Sector Segment* 0..38 0.38 - 0.41 0.42 0.43 0.43

*Represents portion of total that may become a
potential for displacemmt of oil and gas

Sources" EIA, April 1987, State Energy Data Report, 1960 - 1985,
DOE/EIA-02114(85).

EIA, January 1985, Annual Energy Outlook 1984,
DOE/EIA-0383 (04).

GRI, December 1986, 1986 GRI Baseline Projection of U.S.
Energy Supply and Demandto 2010, GRI, Chicago, lllinois.

Bartis(IB)has also analyzedmandatoryand early replacementsfor a

hypotheticaladvanced system equivalentto approximately1,000 PPH (I MMBtu),

Assuming the installed systemwas twice the cost of the conventionalsystem

and maintenancecosts were $1,000 per year more, he concludedthat early

replacementopportunitiesbecome attractivewhen the fuel differentialis

between $4 and $5 per MMBtu for a five-yearpayback period. For mandatory

replacements,a fuel differentialof $2 to $3 per MMBtu would also be

sufficientfor mandatoryreplacementopportunities.

Table 3-2 provides a distributionof residenceby age. Assuming that the

populationof the sector segmentis similar in age and growth rate to the

total population,an estimate of first and second replacementunits can be
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made to determinea potentialsales market. The total potentialsales market

would then includenew units and replacementunits for older gas and oil-fired

units. For new capacity units, it is assumedthat the technologybecomesmore

advantageousthan gas, oil, or electricity,and replaces all new required

capacity except coal and renewablesfor that fraction with Sufficientcapacity
factor based on climateconditions.

TABLE 3-2: AGE OF RESIDENCES

% OF APARTMENTS*
YEAROF CONSTRUCTION % OF TOTAL IN MARKETSEGMENT

< 1939 29.0 4.76
1940- 1949 8.0 1.31
1950- 1959 14.6 2.39
1960 - 1964 8.7 I. 43
1965- 1969 9.5 1.56
1970- 1974 12.3 2.01
1975 - 1979 11.7 1.92
> 1980 5.8 .95

*Assumes 70% of total in regions> 6000 HDD
, ,

A growth rate of 0.6 percentper year for end-useof energy[DOE/EIA-

0383(85)]was assumed beyond 1995. This value is about half the primary

energy demand and seems a reasonablevalue for long-termprojections.

Figure 3-I shows the 15-yearmarket sales potentialfor both replacementand

new units in terms of total energy demand with a market entry date of 1995.

3.2.2 COMMERCIAL

The informationon energy use patternswithin the commercial sector used

data from the NonresidentialBuilding EnergyConsumptionSurvey (NBECS)(19)

conductedby EIA in 1983. This surveycovered the 48 contiguous states and

the District of Columbia. NBECS is designedto provide energy-relateddata on

nonresidentialbuildings,primarilythose in the commercial sector. Non-

residentialbuildingsare defined as "roofedand walled structuresthat houses

some kind of commercialor industrialactivity,excludingbuildingson

military installations." Commercialbuildingsare defined as those
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nonresidentialbuildings in which industrialor agriculturalactivitiesdo riot

occupy more floor space than any other single activity. This definitionof

commercialbuildingsincludedassemblies (e.g.,recreationalfacilities,

entertainmentcenters, passengerterminals,stadiums),education buildings

(e.g.,schools, colleges and universities),food sales and services buildings

(e.g.,cafeteria, full-servicerestaurant,supermarkets,bakeries), health

care centers (e.g., hospitals,mental facilities,medicalclinics), lodging

facilities (e.g.,motels, hotels,shelter homes, boarding house, orphanages,

nursing homes, dormitories),mercantile sales and servicesbuildings (e.g.,

shoppingmalls, strip shoppingcenters,department stores,furniturestores),

office buildings (e.g., management,consulting,engineering,law, brokerage,

and real estate firms, banks),warehouses,and other buildings such as fire

stations,police stations,jails, courthouses,and parkinggarages. Included

in commercialbuildingsare also those multi- and single-familyresidential

units and mobile homes which are involved in some nonresidentialactivity but

have more square footagedevotedto residentialuse than to any single

commercialuse.

Commercial sector and commercialbuildingsmean the same in this report

as those defined by EIA and describedbefore. The data providedwas analyzed

to identifythe commercialsegmentswith highestpotentialfor applicationof

PAFBC technoiogy.

In 1985, the commercialsector consumed 6.0 Quads of energy (Table3-3_).

lt accountedfor 16 percentof total energy consumedby the four major end-use

sectors (industrial,transportation,residentialand commercial). The

commercialsector energy needs were provided for by four major sources"

naturalgas, electricity,petroleum,and coal. Table 3-4 indicatesthat

naturalgas accountedfor 2.5 Quads of the energy consumed by commercial

sector in 1985, electricityfor 2.3 Quads, petroleumfor 1.0 Quads,,and coal

for 0.1 Quads. The commercialsector projectedenergy consumptionto the year

2000 are also shown.
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TABLE 3-3:
COMMERCIAL SECTOR ENERGY CONSUMPTION BY SOURCE

(0.UADRILLZON BTU)

NATURAL ELECTRICITY
Y_EAR COAL GAS PETROLEUM SALES TOTAL

1960 572.1 1055.9 1227.5 542.7 3398.3
1961 521.0 1114.5 1247.5 570.8 3453.8
1962 515.6 1248.9 1279.7 619.6 3663.8
1963 438.8 1301.6 1262.2 686.8 3689.5
1964 374.9 1412.0 1246.9 738.0 3771.8
1965 356.5 1483.3 1386.5 789.0 4015.3
1966 359.4 1668.7 1435.7 859.1 4322.9
1967 307.6 2014.7 1483.1 926.0 4731.4
1968 275.8 2134.3 1510.1 1015.5 4935.7
1969 260.3 2315.8 1519.8 1109.8 5205.7
1970 217.1 2454.6 1551.1 1203.2 5426.1
1971 203.6 2568.9 1509.8 1290.1 5572.4
1972 156.6 2674.1 1530.0 1409.4 5770.2
1973 148.1 2660.0 1565.5 1518.8 5892.3
1974 151.7 2614.2 1422.7 1502.1 5690.6
1975 123.4 2556.2 1309.7 1597.7 5587.0
1976 120.4 2716.8 1460.9 1677.6 5975.7
1977 121.8 2546.9 1510.9 1753.9 5933.5
1978 129.2 2642.1 1449.8 1814.3 6035.5
1979 114.9 2834.0 1334.1 1853.8 6136.8
1980 87.3 2665.7 1287.5 1906.5 5947,0
1981 98.8 2577.5 1090.2 2033.1 5799.6
1982 113.8 2670.8 1008.4 2077.1 5870.1
1983 119.0 2504.6 1136.1 2118.2 5877.9
1984 128.7 2593.9 1158.7 2240.8 6122.2
1985 109.1 2508.1 1035.6 2355.4 6008.2

Source" EIA, April 1987, State Energy Data Report,Consumption
Estimates,1960- 1984, DOE/EIA-0214(85)

EIA projects that between 1985 and 1995, commercial energy use will

increase at an averageannual rate of 1.3 percent, to 6.7 Quads. GRI projects

commercialenergy consumptionwill grow to 7.5 Quads by the year 2000. GRI

projection is based on an energy consumptiongrowth of 1.0 percentper year

between 1985 and 1990 and 1.5 percentper year between 1990 and 2000. Both

EIA and GRI project that electricityconsumptionwill continue to grow over

the forecastperiod. EIA projectsthat electricitywill replacenatural gas

as the primary fuel used in commercialsector during the next decade,

accountingfor about 45 percent of total commercialenergy use by 1995.
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TABLE 3-4:

COMMERCIAL SECTOR PROJECTED ENERGY CONSUMPTION

(OUADRI LLION BTU)

1985 1990 1995 2000

Actual .EI___6AGR___IIEIA .GRI

Gas 2.5 2.8 2.6 2.8 3.1
Electricity 2.3 2.7 2.4 3.0 2.8
Petroleum 1.0 0.9 1.3 0.8 1.4
Renewables ..... 0.1
Coal O. I o_..L 0.___! 0 .__!I 0 .__!1

TOTAL 6.0 6.5 6.4 6.7 7.5

Sector Segment* 1.56 1.65 1.73 1.60 2.007

*Representsportionof total that may become a
potentialfor displacementof oil and gas

Sources: EIA, April 1987, State EnergyData Report,
1960 - 1985, DOE/EIA-02114(85).

EIA, January 1985, Annual EnergyOutlook
1984, DOE/EIA-0383(04).

GRI, December 1986, 1986 GRI Baseline
Projectionof U.S. EnergySupply and
Demand to 2010, GRI, Chicago, Illinois.

In mid-1983, there were 3,948,000 commercial buildings in the United

States. The total floor space in these buildings was 52.3 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. Table 3-5 presents the number, square footage, and energy

consumption by building type.
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TABLE3-5: NUMBER. SQUARE FOOTAGE AND ENERGY CONSUMPTION

_,, OF COMMERCIAL BUILDINGS BY BU'rLDING TYPE

NO. OF BUILDINGS sQUAREFOOTAGE ENERGYCONSUMPTION

PRINCIPAL ACTIVITY MILLION TRILLION
WITHIN BUILDING THOUSAND____SSPERCENTSQUAREFEEl PERCENT BTU PERCENT

Total Commercial
Buildings* 3,948 100.0 52,325 i00.0 5,150 i00.0

Assembly 475 11.6 5,483 10.5 377 7.3

Educational 177 4.5 6,044 11.6 484 9.4

Food/Sales Service 380 9.6 2,051 3.9 437 8.5

Health Care 61 1.5 2,277 4.3 465 9.0

Mercantile/Services 1,071 27.1 10,427 19.9 838 16.3

Lodging 106 2.7 2,241 4.3 365 7.1

Office 575 14.6 8,454 16.2 1,039 20.2

Residential 236 6.0 2,454 4.7 179 3.5

Warehouse 425 10.8 6,791 13.0 506 9.8

Other 179 4.5 2,760 5.3 276 5.4

Vacant 281 7.1 3,342 6.4 ]84 3°6

Source" DOE/EIA- 024(83)
DOE/EIA - 0318(83)

EIA (2°) reports that the source of energy supplied to the commercial

buildings also varies with building size. Electricity was supplied to

94.3 percent of all buildings containing 5,000 square feet or less. lt was

supplied to 99.0 percent of all buildings of more than 200,000 square feet.

Natural gas was used in 51.4 percent of the buildings containing 5,000 square

feet or less and in 75.1 percent of buildings containing more than 200,000

square feet. Fuel oil was used in 13.6 percent of the buildings containing

5,000 square feet or less and in 44.1 percent of the buildings with more than
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200,000square feet. A negligibleamount of purchasedsteam was used in

buildingscontaining5,000 square feet or less, but purchasedsteam was used in

20.8 percentof all buildingsof more than 200,000 square feet.

A simple attemptat disaggregatingthe commercial sector on the basis of

square footage and the average energy demand to provide averagesizes in

equivalentPPH steam systemsfor severalcapacity factor'swas made and shown in

!able 3-6. Energy consumption values exclude electricity and reflect oil and

gas usage only.

TABLE 3-6: AVERAGE SIZE OF UNIT

NO. OF
PPHUNIT CAPACITYFACTORSIZE CATEGORY BUILDINGS ENERGYCONSUMPTION

___(SQUAREFEET) (THOUSANDS_ TRILLION BTU 25% 50% 100%

< 5,000 2,248 514
5,000 to 10,000 725 332

i0,000 to 25,000 567 429
25,000 to 50,000 222 410 944 472 236
50,000 to 100,000 107 363 1200 600 300

100,000 to 200,000 50 348 2800 1400 708
Over 200,000 29 643 9440 4720 2360

TOTAL 3,948 3,039

The above analysis indicatesthat the buildingswith 50,000 square feet or

more provide a potential market for coal-fired systems. These buildings not only

are a major consumer of natural gas and fuel oil but are also equipped with

central heating and cooling distribution systems. Such central systems provide

sufficient capacity factor values to permit coal-fired system replacements or new

capacity.

Amongvarious commercial buildings, central heating systems were present in

more than 90 percent of the residential, health care, office, and assembly

buildings. These buildings are more likely to lend themselves to installation of

a coal-fired system for new or replacement units because the central heating

equipment is already in place. Health care facilities in particular are most

suited for installation of coal-fired systems. Hospitals have a continuous and
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somewhat constant demand for heating and cooling compared to other types of

commercial buildings. Therefore, coal-fired systems designed for hospitals could

prove to be more economic because of their higher capacity factor compared to

other buildings in the commercial sector.

Table 3-7 presentsnumber of buildings,floor area, and energy consumption

as a functionof building size. The majorityof commercial buildingsare small

in area. Over 75 percentcontain less than 10,000 square feet and over

56 percent are smallerthan 5,000 square feet. Buildingssmallerthan 10,000

square feet containonly about 19 percentof total floor area in the commercial

building. They consumeabout 28 percentof total energy within the commercial

buildings. The largestamount of floor space is in over 200,000 square feet

category. They also account for the largestpercentage (21.2)of energy consumed

in a single commercialbuilding category.

TABLE3-7: NUMBER, TOTAL FLOOR AREA, AND ENERGY CONSUMPTION

OF COMMERCIAL B_JILDINGS BY BUILDING SIZE

NO. OF BUILDINGS SQUAREFOOTAGE ENERGYCONSUMPTION

SIZE CATEGORY MILLION TRILLION
(SQUAREFEET) THOUSANDSPERCENTSQUAREFEET PERCENT BTU PERCEN!

< 5,000 2,248 56.9 4,908 9.4 514 16.9
5,000 to I0,000 725 18.4 5,246 I0.0 332 10.9

10,000 to 25,000 567 14.4 8,912 17.0 429 14.1
25,000 to 50,000 222 5.6 7,692 14.7 410 13.5
50,000 to I00,000 107 2.7 7,168 13.7 363 12.0

100,000 to 200,000 50 1.3 6,642 12.7 348 11.4
Over 200,000 29 0.7 11,757 22.5 643 21.2

TOTAL 3,948 100.0 52,325 100.0 3,039 100.0

Source" DOE/EIA - 024(83)
DOE/EIA --0318(83)

Next, Table 3-8 indicatesthe number of commercial buildingsas a

function of bui3dingage.
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TABLE 3-8: NUMBER, TOTAL FLOOR AREA, AND ENERGY CONSUMPTION

OF COHHERCIAL BUZLDINGSBY YEAR OF CONSTRUCTZON

NO. OF BUILDINGS SQUAREFOOTAGE ENERGYCONSUMPTION

SIZE CATEGORY MILLION TRILLION
(SQUAREFEET) THOUSANDSPERCENTSQUAR[ FEET PERCENT BTU PERCENT

1900 or Before 288 7.3 2,940 5.6 194 3.8

1901 to 1920 388 9.8 5,453 10.4 354 6.9

1921 to 1945 726 18.4 8,639 16.5 846 16.4

1946 to 1960 946 24.0 9,612 18.4 _38 18.2

1961 to 1970 721 18.3 9,947 19.0 1,099 21.3

i[971 to 1973 209 5.3 3,442 6.6 366 7.1

1974 to 1979 530 13.4 6,61.6 12.6 861 16.7

1980 to 1983 140 3.5 _5,.675 10.8 491 9.5

TOTAL 3,948 100.0 52,325 100.0 5,150 100.0

Source" DOE/EIA - 024(83)
DOE/EIA - 0318(83)

The potential energy demand for units producing 1,000-i0,000 PPHappears to

be somewhere between 1.697 and 2 99 Quads but this includes electricity demand

as weil, depending upon the capacity factor for the use. No attempt was made to

disaggregate any further by redundancy of system (multiple units) or specific

use, although for the larger systems there is a distinct possibility that

multiple units would be the preferred mode of operation. In order to determine

the projected energy demand for new and replacement systems, it was assumed that

new buildings would be constructed at about the same distribution rate as the

building population age. This assumption is probably more correct for buildings

constructed after 1970 Lhan before. Because construction fluctuates strongly

with the state of the economy, projections were made on the basis of projected

energy demand for the new market opportunities and on the basis of 30 year life

for replacement values with initial introduction in the year 1995. In order to
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provide some reasonableestimates,it was also assumed that only that fraction

utilizingfossil based fuels would be considered as replacementcapacity without

distinguishingwhether or not it referred to gas, oil, propane, etc. The

assumptionin this instancebeing that if the capital and operationalcosts were

advantageous,the replacementsystemwould form part of the potentialcoal

replacementmarket and that electricitysales did not contributebecause

electricitywas not primarilyused for heating,cooling, etc. Coal-firedunits

would be advantageousover all other kinds so that new potentialcapacity is

equal to a fraction of total consumptionfor tllesegmentsconsistingof
,.

commercialbuildingswith over 50,000 square feet.

The potential oil and gas replacement values were shown in Table 3-4 as a

sector segment. This refers to the potential replacement for projected gas and

petroleum use for commercial buildings over 50,000 square feet and with capacity
,

factors greater than 50 percent. The potential sales market is provided in

_F__gure3-2. The same methodology used in determining the residential sales

market was used here. In each case, only that sector segment capable of

utilizing the technology was considered.

3.2,3 INDUSTRIAL

The industrialsector is the largestend-use consumerof energy. The total

energy use is projectedto be 22.7 Quads in 1995(Iz). In a recent study (Burns

& Roe, 1986), a methodologywas devised for determiningthe populationand size

of industrialboilers < 50 MMBtu. Much of the disaggregateddata was based on

engineeringjudgement becauseof the paucityof data available. However, for

purposesof this report, the values for potentialmarket sector will be based on

those reportedvalues as shown in Table 3-9.

For industrialusage, it was assumedthat Table 3-9 actually represented

plate capacity rather than energydemand and that a value of 60 - 70 percentwas

a reasonablecapacity factor value for these units. The assumptionthat this

net value of energy demand is the only availableoil and gas replacementmarket

segmentwith the balance of gas and liquids used for other purposes. Therefore,

for the 1984 population (assumedthe same as 1980) the total industrialenergy
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"[ABLE 3-9: TOTAL ,,ENERGYD][STR'rBUTTON
(TRTLLION BTU)

FORDIRECT-FIREDCOMBUSTORS

Size Range Population Energy
(MM Btu) (Number) (I0IzBtu)

I-9 14,882 447.19
10-24 3,816 391.53
25-49 I_529 350.59
TOTAL 20,227 1,189.31

FOR BOILERS

Size Range Population ED#rgy
(MMBtu) (Number) (I0 _ Btu)

1-9 34,678 105.00
10-24 13,211 140.00
25-49 _9_33 246.00
TOTAL 55,082 491.00

Totals representsum of distillates,residual and natural gas.

use of natural gas and liquids was 9.59 Quads. That fraction used in boilers

< 50 MMBtuwas about 12 percent or 1.15 Quads. Table 3-]0 represents total

industrial energy use by fuel projected to 1995. For the present calcu-

lations, a growth rate of 0.6 percent per year was used in projecting oil and

gas replacement values beyond 1995. Figure 3-3 indicates the projected sales

market for new units after 1995. No estimate was made oF the replacement

market because of the unavailability of age and population data for the

segments of interest.
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TABLE 3-10:
TNOUSTi_rAL ENERGY USE BY FUELm 1974 -1995

(0UADRI LLZON BTU)

HISTORY PROJECTIONS

FUEL 1974 1984 1985 ],990 1995

Natural Gas 10.00 7.45 7.41 7.82 7.25
MetallurgicalCoal 2.41 1.18 1.08 1.01 0.88
Electricity 2.34 2.87 2.95 3.27 3.80
ResidualFuel 1.73 0.78 0.70 0.64 0.43
Steam Coal 1.45 1.68 1.75 1.93 2.03
Distillate Fuel 1.35 1.36 1.37 1.62 1.73
LiquefiedPetroleumGas 1.23 1.60 1.67 1.80 1.90
Still Gas Used In Refineries 1.05 1.15 Io18 1.12 1.06

Petrochemical Feedstocks 0,.74 1.82 0.81 0.78 0.69
Other Raw Material Oil 2.26 2.14 2.09 2.28 2.29
Motor Gasoline 0.24 0.11 0.12 0.30 0.48
Kerosene 0.13 0.13 0.14 0.17 0.19
Net Coke Imports 0.06 -0.01 -0.01 -0,01 -0.01
Industrial Hydropower 0.03 0.03 0.03 0.03 0.03

TOTAL 25.00 21.30 21.30 22.74 22.73

Source' DOE/EIA- 0383(85)

3.2.4 MARKET ENTRY

Although coal was once the predominantfuel in the residential,

commercial and industrialmarkets, it has not occupiedthat position for

decades. Although there was once a fairly extensivecoal distributionsystem

servicingthose market sectors,it no longer exists except in some rudimentary

way in local areas of the country. The penetrationof a new technologyis

always a difficultprobiem since early items are generallyhigh cost, of

mediocre quality and performancewith a great deal of consumer reluctanceto

upset the status quo. Obviously,situationscan exist, like the fuel oil

problem,which propelsthe consumer into action despite technology short-

comings. That situationis somewhatof an anomalyand cannot be predicted

either in time or in value. A market entry scenariofor a coal technology

shouldtherefore primarilybe concernedwith the largest (most dense)

geographic areas of population,industry,commerce,coal production,heating
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demand, and finally, a tradition of continued coal use or acceptance of coal

use. The centers of market penetration are shown in Figure 3-4 as a regional

opportunity. Obviously, more detailed analysis of the factors can probably

locate centers of opportunity in other areas of the country where the

demographics are supportive of coal utilization.

The estimated capiLal cost of a PAFBCsystem for the market sectors

identified above would be three to four times the cost of equivalent oil or

gas systems, but even at this early stage, the total cost would be competitive

when the price differential for fuel exceeds $2/MMBtu and the system capacity

(utilization) factor remains higher than 60 percent. A coal-fired PAFBC L

system is more capital cost-intensive than either a gas- or oil-fired system.

However, the ability to utilize the lessexpensive coal fuel provides savings

in operational cost over comparable payback periods and results in a more

economical system overall. This has been amply demonstrated by both utilities

and large industrial users who, by and large, have primar41y chosen coal as

their fuel.

3.2.5 COST AND SENSITIVITY AHA_L_

Penetration of light industrial, commercial, and large residential market

sectors by coal-fired boilers offers a significant opportunity for the

displacement of oil and gas fuels. Commercial acceptance of coal-fired

boilers is contingent upon several factors including system operability,

reliability, and performance, environmental characteristics, and compatibility

with end-user needs. However, satisfaction of the end-user's technical

requirements is not in itself a sufficient condition for market penetration.
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Instead,a key issue will involvethe abilityof suppliersto offer coal fired

systemsat a cost which is economicallycompetitivewith oil and gas boilers

currentlydominatingthis market.

Clearly, the primary economicdrivingforce for displacing oil/gaswith

coal is due to the price differentialbetween these fuels. However, economic

barrierscurrentlyexist which prevent suppliersfrom taking better advantage

of these price differentials. These barriers result from the higher capital

costs which are typicallyassociatedwith the utilizationof coal fuels in a

environmentallyacceptablemanner.

Therefore, it is of primaryinterest to establishwhat capital cost

target goals are necessaryif coal 'Firedboilersare to competewith oil/gas

fired equipment. In order to establishthese goals, a steam productioncost

model was constructed.

STEAM PRODUCTIONCOST MODEL

A steam productioncost (SPC) model was specificallydeveloped to compare

the economicsof steam productionin a AFBC boiler with that in a naturalgas

boiler. The purpose of this model was to define the competitivecapital cost

range for a AFBC under a definedset of technicaland economicalconditions.

In so doing, the capital costs of the advancedconceptualdesigns prepared

under this project can be evaluatedto determineif they satisfy or approach

the requiredeconomic criteria.

The steam model has a number of flexible input variables covering

technical, economic, and financial assumptions. In order to simplify this

multidimensional model, a baseline parameter set was defir_ed. For these

baseline parameters, specific fixed values were employed. Selection of these

fixed parameters was based on the degree of' relative certainty to which

estimates of these values could be reasonably made. The remaining values

specifically, capacity factor, natural gas fuel cost, and coal fired boiler

• capital cost were allo_ed to vary in order to generate a master parametric

curve for estimating steam production costs. Once the prevailing cost of

natural gas is specified, and an application specific capacity factor is
/
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selected,the map allows determinationof the capitalcosts for the coal fired

AFBC systemwhich is economicallyequivalentto a natural gas boiler. This,

of course, representsthe capitalcost target goal for the advancedAFBC

boilers. In addition,certainselectedvariableswere analyzedto determine

steam cost sensitivity. Table 16 summarizesthe input parametersfor the

steam cost model. The baseline values for each fixed parameterare also

indicated.

As seen in Table 3-]!, an installedcost for a 1,000 PPH oil/gas boiler

was selectedas $13,000,which is a value indicativeof currentmarket prices.

Perhapsmost significantto note from Table 3-11 is the selectionof a zero

value for the number of dedicatedoperatorsrequired for either unit. As

previouslymentioned,it is assumed that existing personnelcan include

regular monitoringof the automatedboilerwithin the frame work of their

normal daily schedule. This assumptionis prerequisitefor economic operation

of either gas or coal-fired boiler at the 1,000 PPH scale.

RESULTS

The resultsgenerated from the steam cost model utilizingthe baseline

parametervalues given in Table 3-11, are shown in Figure 3-5. The steam cost

map is used as follows. First, desiredvalues for tileapplicationcapacity

factor (CF) and the prevailingnaturalgas fuel cost are selected. The point

of intersectionbetweenthe capacityfactor and fuel cost curve is located on

the steam cost map. Finally, the correspondingcapital cost for the coal

fired AFBC is found on the X-axis.

For example, with a capacity factor of 60 percent and a natural gas cost

of $4/MMBtu, a coal fired AFBCcan be competitive if its installed cost is

approximately $48,000. This corresponds to a steam cost of approximately

$7/1,000 lb. Thus, in this ('ase, a coal-fired unit can be competitive if it

is priced up to 3.7 times the installed cost of a typical natural gas boiler.

note that this case represents a fuel price differential of $2.33/MMBtu.
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TABLE 3-11: INPUT PARAMETERS TO STEAM COST MODEL W'rTH

......... BASELENE TNPUT VALUE___.._L_.J;ATED

ADVANCEDCOAL- NATURALGAS
ITEM FIRED AFBC BOILER

Boiler Capacity, PPH 1000 1000
Thermal Efficiency, % 80 80
Combustion Efficiency, % 99 100
Capacity Factor, % Variable Variable

Fuel HHV, Btu/Ib 10,000 23,875
Sulfur, Wt. % 3.0 0
AS, Wt. % 10.0 0
Ca/S 2.0 0
Sulfur Retention, % 70 0

Fuel Cost, $/MMBtu 1.67 Variable
Limestone Cost, S/Ton 12
Waste Disposal Cost, S/Ton 15 .....

Dedicated Operators, No. 0 0
Maintenance, % Installed 3.0 3.0
Tax & Insurance, % Installed 2.5 2.5

Installed Cost, $ Variable 13,000
Payback Period, Yr 3.33 3.33
Annual Interest Rate, % 9.0 9.0
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FTGURE 3-5: STEAX COST VERSUS CAPITAL COST

For a fuel price differential of $3.33/MMBtu, the allowable AFBC

installed cost increases to $67,000 at a 60 percent capacity factor, and

diminishes to approximately $31,000 for a $1.33 price differential.

lt is evident from Figure 3-5, that changes in capacity factor have a

profound impact on the allowable installed cost for the coal fired AFBC. For

instance, given a natural gas cost of $4/MMBtu, the allowable AFBC costs drop

from $48,000 at a 60 percent capacity factor to $28,000 at a 25 percent

capacity factor.

_;ENSITIVITY ANALYSIS

In order to establish the sensitivity of steam cost to changes in

parameter values, a cost sensitivity analysis was performed. First, a base

case cost model scenario was chosen using an assumed capacity factor of

60 percent and an installed cost for the coal fired AFBC of $48,000. This

base case capital cost value corresponds to the system target cost when

natural gas is priced at $4/MMBtu. The balance of the base case parameters
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were unchanged from Table 3-11. The sensitivity analysis was performed by

varying the sensitivity parameters +20 percent and calculating the resulting

percent change in steam production cost. Note that the base case steam cost

is $7/1,000 lb.

The sensitivity variables tested included the following:

m Coal cost
[] Limestone cost
[] Capital cost
[] Payback period
[] Number of operator

The last variable included a single sensitivity test to determine the

effect of a single shift operator (costing $18/hr plus a 70 percent overhead

factor) on the steam cost.
,,

Table 3-12 summarizes the cost breakdown for the coal fired base case

model and shows the percent contribution of each cost component. As seen from

Table 3-12, coal fuel costs and capital charges represent the bulk of the

total steam cost. Total steam cost is approximately equally split between

operating expenses and capital charges. In contrast, for the base case

natural gas fired boiler, the operating costs account for 87 percent of the

total steam production cost. Fuel costs represent the bu'Ik of this share.

TABLE3-12: COST BREA___._K_DOWN_.__._F_ORBA,_E CASE MODEL

COST
I TEM _$/I000 I b) % TOTAL

Coal 2.34 33.4
Limestone .20 2.9
Solid Waste .31 4.4
Electric .33 4.7
Operator .00 .0
Maintenance .29 4.1
Tax & Insurance .24 3.4

Total Operating 3.71 53.0
Capital Cha_rge 3.29 47.0

Total Steam Cost 7.00 100.0
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The results of the sensitivity analysis performed on the coal fired base

case are summarized in Table 3-]3. The input values for each sensitivity

variable are shown with the middle value representing the base case value.

[he input values were varied + 20 percent when possible.

For each case, the steam cost is given along with the corresponding cost

differential compared to the base case. The percent change in the steam cost

is provided. A sensitivity parameter calculated in the last column by

dividing the percent change in steam cost by the percent change in the input
variable.

From Table 3-13 it can be seen that the steam cost is not particularly

sensitive to limestone cost. Similar trends exist for waste disposal cost.

lt may thus be inferred from these results that the Ca/S ratio also does not

have a pronounced influence on steam cost. However, while these variables

show a low economic sensitivity, the analysis does not account for the social

andregulatory impacts of high sorbent utilization on the overall viability of

the process. Therefore, the importance of efficient sorbent utilization can

not be disregarded.

As seen from Table 3-13, the coal fuel cost and the payback period

exhibit similar sensitivities. A 20 percentchange in these input values

results in approximatelya 7 percentchange in steam cost. Steam cost shows a

strong sensitivityto capacity factor and boiler cost. Here, a 50 percent

change results in approximately10 percentchange in steam cost.

Finally, the assumption regarding operator requirement exhibits a

profound influence on steam cost. For instance, if even a single dedicated

operator is required ($18 per hour and 70 percent overhead), then the cost of

steam increases by 167 percent.
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TABLE 3-13: SENSITIVITY ANALYSIS

COST
INPUT STEAMCOST DIFFERENCE PERCENT A COST/

SENSITIVITY VARIABLE VALUE .$/1000 LB $YI000 LB CHANGE _AINPUT_

CAPACITYFACTOR(%): 72 6.33 .. .64 - 9 .45
60 6.97
48 7.91 + .94 + 13 + .65

COALCOST (S/TON): 2.00 7.43 + .46 + 7 + .33
1.67 6.97
1.34 6.51 - .46 - 7 - .33

LIMESTONECOST (S/TON): 14.4 7.01 + .04 + .6 + .03
12.0 6.97
9.6 6.93 .04 - .6 - .03

OPERATORCOST(NO., $/HR)' 1,18 18.61 + 11.64 + 167 N/A
0,0 6.97

BOILER COST($): 55,600 7.73 + .76 + II + .52
48,000 6.97
38,400 6.21 - .76 - 11 ...52

PAYBACKPERIOD (YR): 4.0 6.49 - .48 - 7 .33
3.3 6.97
2.7 7.63 + .66 + 9 .43

SYSTEM COST ANALYSIS

Commercialexperiencegained in the larger AFBC size range (greaterthan

50,000 PPH) has indicatedthat the installedcost for bubbling bed combustors

is typically four to five times that of an equivalentgas-fired boiler. How-

ever, economic analysissuggeststhat competitivecoal-fired boil;rs must be

priced at a factor less than four times that of gas-fired systems. Thus,

significantmarket penetrationwill requirethe incorporationof design

conceptswhich can reduce capitalcosts by 25 percentor more.

The AFBC proposed in this investigation is anticipated to improve system

performance while simultaneously reducing capital costs. This carl be

accomplished due to the unique characteristics of the design.
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Table 3-]4 summarizesareas where significantcost reductionsare

expected. For a conventionalAFBC, a start-up burner is required. The start-

up burner,which may representa significantcost element, is not required in

theproposed design.

TABLE 3-14: COMPABISON OF pAFBC WITH .CONVENTIONAL AFBC

ITEM CONVENTIONALAFBC PAFBC

Start-up Burner Required Not Required

Fines Recycling& Grit Refiring Required for High Not Required
CombustionEfficiency

Forced Draft Fan Large, 3-5 psi thread Small, Reduced
Head

Freeboard Tall for High Shorter
CombustionEfficiency

LimestoneStorage & Feeder Capacity Baseline Smaller

Air Preheater May Be Required Not Required

ConvectiveTube Bank in Freeboard Required Not Required

If conventional AFBCs are to achieve reasonable combustion efficiency

target goals, then fines recycle is required. Additionally, collection and

refiring of grit accumulated in boiler passes may be necessary. In the

proposed design, fines recycle and handling can be eliminated.

The conventionalAFBC requiresa large blower capable of providing3 to

5 psi air to the distributor. Since the pulse combustorwill subsidizethe

forced draft fan head requirements,a significantlyreducedwheel size and

motor horse power rating can be used.

Since fines will be burned irl the pulse combustor, combustion residence

time in the freeboard will be reduced contpared to conventional systems. This

should allow reduced freeboard heights.
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Also, since improved in-bed mass transferwill allow a reductionin the

Ca/S ratio for equivalentsulfur captureefficiencies,limestonestorage and

handling facilitiescan be down-sized.

The use of a water-jacketedpulse combustortailpipewill eliminatethe

need for locatingthe convectivetube bank in the freeboard.

3.3 CONCEPTUALDESIGNAND COSTANALYSIS
FORA PAFBCSYSTEM

3.3.1 CONCEPTUALDESIGN

Two basic design configurationsfor a 1000 PPH PAFBC boiler were

proposed. Based on an engineeringevaluation,a conceptualdesign was

selectedas shown in Figures3-6 and .3-7. As depicted in Figure 3-I, the

PAFBC is arrangedwith a side-mountedconvectiveboiler section. As can be

seen in both figures,the fluid bed at the lower portionof the furnace

includesa conical geometry for uniformdistributionof fluidizingair in the

absenceof a distributorgrid. The bed also includesmultiple coolingcoils

which are immersedwithin the bed and can be independentlycontrolled. The

pulse combustorpenetratesthe roof of the furnace box and extendsdownward

into the fluid bed to a point slightlyabove the conicaltip. A coal

classifier sepa.ratesthe feed coal into fines and coarse particles. The pulse

combustorburns the coal fines and pumps the additionalair required for

combustionof coarse coal within the fluidizedbed. The relativeratio of

heat release in the pulse combustorand fluidizedbed is anticipatedto be in

the range of 1"9 to 3'7. The Freeboardregion incorporatesan expanded

sectionto providean increase in freeboardresidencetime. The acoustics

radiated from the pulse combustorinto the fluidizedbed are likely Lo be

attenuatedrapidlybefore reachingthe walls of the fluidizedbed so that

refractoryintegrityis not expectedto be affectedby pulse combusotr

operation.

The pulse combustorwill consistof an aerodynamicvalve, a combustion

chamber, and a tailpipe. The aerovalvecontains no moving parts and is thus

more reliable than designs employingmechanicalflapper valves which are
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FIGURE 3-7: PAFBC - SIDE VIEW
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likely to erode in coal combustionapplications. The chamberand aerovaIve

will be enclosedin an air plenum. A thrust augmentorwill be employedto

pump combustionair to a draft tube which surroundsthe tailpipe in an annular

fashion. The draft tube supplies combustionair to the bottom of the fluid

bed. The end of the draft tube will be fashioned into a diffuser for maximum

pressure recovery.

3.3.2 G_ENER_L ARRANGEMENT

Differentoptions for packagingthe shop-fabricatedPAFBC boiler were

considered,includinga fully integratedpackaged system and a modular

constructionarrangement, lt was decidedto providemajor subsystemelements

in the modular form. Each subsystemwould be deliveredon an individual

pallet and a minimum degree of interconnectionwould be necessaryat the end-

user's site. Here, the user has the flexibilityto locate individualpallets

in a manner which makes the best use of the existing site space. If, for

instance,a user requires two boilersfor maximum reliability,the user may

select a sing'leset of feed system and particulatecollectionmodules which

are sized at the dual boiler capacity. In thisway, the user may avoid the

purchase of two complete packaged systemsand thus save through improved

economy of scale.

Figure 3-8 shows a conceptualarrangementfor a common wall, side-mounted

PAFBC employingthe modular constructionapproach. The boiler system is shown

to comprise three independentpalletswhich can be easily shipped. Pallet

No. I consistsof the cyclone,baghouse,and solids removalequipment. Pallet

No. 2 containsthe PAFBC boiler itself. Pallet No. 3 containsthe feed

hoppers,metering screws,and classifier.

3.3.3 CONTROL SYSTEH

Figure 3-9 depicts a conceptualP&ID and control scheme. Although a top-

mounted convectionsection is shown,the control scheme would be equally

suitable for the side-mounteddesign. The coal-meteringscrew receivesa

steam demand signal from the steam drum pressurecontroller,adjustingthe

fuel feed rate accordingly. The limestonemetering screw is ratio-controlled

against the coal feed rate.

3-47 ERBC-28F.3

z

c



FIGURE 3-8: GENERAL ARRANGEMENTFOR MODULAR PAFBC
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FIGURE 3-g: CONCEPTUALP&IO
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The coal is first introducedinto a classifier. Primary air is supplied

from fan F-I. Here, the fines are separatedfrom the coarsercoal particles

for use in the pulse combustor. The particlesize cut point is establishedby

damper positioning. Coarse coal is then mixed with limes:toneand fed into the

fluid bed using a screw injector.

City water is softened and suppliedto steam drum V-5. The level control

operates using a simple high-low range switchwhich is suitable for less

critical steam generation applications. The feed water is then circulatedto

the immersedcoils and the convectionboilercoils.

Temperaturecontrolwithin the bed is achievedusing a simple temperature

switch which cuts off water flow to coils in a successivefashion. Two er

three independentcoils may be employed. This configurationresemblesthe use

of multiple electriccoils found in electricwater heaters.

The excess air may be controlled by feedback from an oxygen meter as

shown. The precise details concerning integration of the combustion air

control with the pulse combustor must be resolved after experimental

investigation in Task 2.

Removal of bed material is accomplished using a water-cooled screw device

which is controlled based on bed pressure drop. Alternatively, a simple

overflow tube may be employed in some cases.

In addition,the systemwill includea safety ,nterlockdevice for

shutdownunder out-of-rangeconditions. Shutdownaction may result from bed

over temperature,_team over pressure,loss of fan pressure,etc. The pulse

combustorwill inLlude an automatedburner controllerfor sequencedstart-up

and monitoring. Combustorfailurecan be detectedby loss of peak pressureor

mean pressure boost.
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3.3.4 EOUIPMENT LIST

A preliminaryequipmentlist for a conceptual PAFBC design of 1,000 PPH

st,_amcapacity is given in Table 3-15. Major equipment items are summarized

in this table along with preliminarydesign features. Note that the PAFBC is

assumed to have a modestly expanded freeboard,and a side-mountedconvection

sectionwithout a common wall. The equipmentlist was used as a basis for

developinga cost estimate.

3.4 PRELIMINARY COST ESTIMATE

The developmentof cost estimatesfor an advancedconceptualplant prior

to testing and detailed design involvesan inherentlyhigh degree of un-

certainty. This is particularlytrue for the conceptual PAFBC which addresses

a capacityrange which is not currentlybeing explored by conventionalAFBC

technology. Therefore,the most meaningfulapproach at the present time will

involvea direct comparison of PAFBC technologywith the availableAFBC

technologyto determinethe relativecost savingswhich can be anticipateddue

to the unique characteristicsof the PAFBC design.

A high-volume AFBC boiler based on current technology is anticipated to

cost approximately $65,000 (five times that of an equivalent gas-fired boiler)

for an 'installed capacity of 1,000 PPH. The cost reductions achievable upon

incorporating PAFBCtechnology can then be applied against the base cost of

$55,000.

MTCI's PAFBChas several cost-saving features over conventional AFBC"

PAFBCdoes not require a separate air heater (cost saving"

5 percent).

PAFBCdoes not require a start-up burner (cost saving' 3 percent).

m PAFBCallows down sizing of fan and motor compared to a conventional

AFBCbecause the pulse combustor pumps air into the Fluid bed (cost

saving" 2 percent).
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TABLE 3-15: EQUIPMENT LIST

(1,000 PPH FBC)

IIEM DESCRIPTION DESIGN m

V-I Coal Bunker 5' x 5' x 10' (10-daystorage) braced carbon
steel plate with 150 Ib/hr variable-speed
screw meter

V-8 LimestoneBunkeF 2' x 5' x 6' (30-daystorage) braced carbon
steel plate with 35 Ib/hr variable-speed
screw meter

V-2 ClassiFier 4" x 2' CS pipe with damper

V-5 Steam Drum 2' x 4' CS (50 gal. hold-up)

P-I CirculationPump 20 gpm at 20 psi

P-2 FeedwaterPump 20 gpm at ],00psi

E-I/ Bed Steam Coils I" Sch SS 310, 48 linear feet
F-2

E-5 ConvectionCoil I" Sch 40 CS, 450 linear feet

B-I Fluid Bed and Freeboard Braced CS plate, 3" LW refractory

Section I" 3' x 2' x 2'
Section 2" 3' expansionto 4' x 2'
Section 3' 3' at 4' x 2'

Pulse Combustor Aerovalve, chamber, tailpipe, and draft tube

V-6 Baghouse 500 CFMwith ID fan

V-4 Cyclone 1.5' x 4' CS with dipleg

F-I Primary Air Fan 100 CFMat TBD

F-2 Forced Draft Fan 300 CFMat TBD

F-3 Induced Draft Fan 500 CFMat 10"
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u PAFBC requires shorterfreeboardand thus less vol _u,,,.,of reactorand

lower capital cost for the vessel (cost saving' 5 percent).

u PAFBC does not requiresolids recyclebecause it has high calcium

utilizationand high carbon conversion in single pass and the fines

are directly burned in the pulse combustor(cost saving' 5 percent).

• PAFBC uses less sorbent,and consequently,generates lower solid

waste to be disposedof. This reduces solids storage and handling

equipment costs (cost saving" 5 percent).

• PAFBC eliminatesthe inefficientheat exchange in the freeboardthat

is characteristicof conventionalAFBC. The heat transfer co--

efficient in the pulse (]ombustortailpipe is comparableto that in

the dense fluidizedbed, thereby reducingthe total cost of heat

transfer surfacerequiredfor steam production (cost saving:

5 percent). However,the incorporationof the pulse combustorand

its control is expectedto increasethe systemcost by about

5 percent.

Thus, the overall capitalcost of the PAFBC is anticipatedto be reduced

by about 25 percent comparedwith that of AFBC.

Similarly, Gperatingcosts will be lower for the PAFBC due to: I) the

abilityto use lower cost unsizedcoal, 2) a reductionin sorbentfeed rate,

and 3) a reduction in electricityconsumption. Hence, the total cost of steam

will be lower for PAFBC than for AFBC by nearly 25 percent.

From this analysis,the projectedcost of a PAFBC at 1,000 PPH is

$49,000. Given the lower operatingand capital costs of the PAFBC boiler,it

is evident from the economicanalysis that the PAFBC boiler can be competitive

with an equivalent naturalgas boiler if the applicationcapacity factor and

fuel price differentialare sufficientlyhigh.

i
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In conclusion_the economicsof steam production at the 1,000 PPH level

does not supportthe use of a dedicatedoperator. The system must be designed

with highly automatedinstrumentationin order to minimize operator

attendance,.,even i.f'th_s incurs a significantincrease in capital

expenditure#,
' f '

The anticipated higher capital cost of a coal-fired system requires that

applications with higher capacity factors will provide the initial market

opportunities when fuel price gaps are moderate. Thus, specific small-scale

markets offering reasonably high capacity factors should be targeted for

initial commercial service entry of the technology.
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SECTION 4.0

LABOP_TORY-SCALE DEVELOPHENT AND TESTING

4.10B,]ECTIVE

The overall objective was Lo establish the technical merit of the MTCI

PAFBCtechnology by building and testing a laboratory-scale system. In this

developmental effort, important aspects of operational and performance

boundaries of the system were to be established experimentally. Based on the

results, economic projections were to be updated, and given positive results,

a plan for an integrated test facility was to be formulated.

" The work was organized into seven subtasks dealing with'

= Design, procurement and construction of an AFBC,

= Coal colnbustion tests in the AFBC system,

[] Modification to a PAFBCsystem,

[] PAFBCsystem characterization tests,

[] Coal combustion tests in the PAFBCsystem, and

[] Technical, environmental, and economic assessment.

A considerable amount of effort was invested in the initial tasks of

constructing an AFBCthat would represent a reasonable baseline against which

the performance of the PAFBCcould be compared. A detailed descv_iption of

that effort is included here to emphasize how well the PAFBCunlt resolved tile

scale-down issues associated with an AFBC.

4.2 DESIGN, PROCUREMENT, AND CONSTRUCTION OF AN AFBC

4.2.1 DESXGN

Key design criteria were as follows"

[] The freeboard should allow for particle disengagement and

provide a minimum residence time of three (3) seconds.
b
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Heat removal in freeboardshould be minimizedto promote

complete combustion.

a Flexible heat removal system should be incorporatedto allow

a wide range of turndown.

a System height should be limitedto less than 15 feet

m Unit should be shop fabricatedand truck transportableto

the greatest extent possible.

Design geometry shouldminimize accumulationof ash and

particulates.

a Particulatecollectionshould be localizedat minimum number

of points.

• System should consistof simple modular construction.

The AFBC systemwas designed to burn high sulfur bituminouscoal at a

nominal firing rate of 1.4 MMBtu/hr and generate !000 PPH of low-pressure

saturatedsteam. The design configurationfor the AFBC is shown in

__e 4-!_ From fabricationstandpoint,the AFBC comprisesthree separate

sections: I) Furnacesection,2) TransitionDuct, 3) and Downflow Convection

section.

FurnaceSection. FDj.gure4-2 is a drawingof the furnace section. The

fluidizedbed furnaceconsistsof Four separate subsections. These include:

i) a 24-inch high convergentlower subsectionfor air distribution;2) an

intermediatesubsectionof dimensions 34"W x 34"L x 36"H to accommodatethe

dense bed; 3) a 36-inch high expanded subsection,with lower dimensionsof

34"W x 34"L and upper dimensionsof 34"W x 58"L, which constitutesthe

transition freeboardzone; and 4) an upper straight freeboardsubsectionof

dimensions 34"W x 58"L x 36"H. Each subsectionis providedwith mating

flangesand is constructedFrom I/4-inchcarbon steel plate, the furnace
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superstructure or frame, shown in Figure 4-I, is formed from welded 3-inch

angle 'iron located on the outer surface of the I/4-inch plate.

Each subsection is internally lined with a double layer of castable

refractory. The outer insulating layer is 3 inches thick and consists of a

lightweight insulating castable with a density of 41 Ib/ft 3, and a K value of

1.25 Btu.in/ft2/°F/hr at 1500°F. The inner layer is 2 inches thick and

consists of an abrasion-resistant, dense castable refractory with a density of

118 Ib/ft 3, and a K value of 5.6 Btu.in/ft2/°F/hr at 1500°F. The total heat

lost from the furnace walls is less than 5 percent of the total input heat.

The refractory is anchored at a number of locations to ensure adherence to the

furnace walls.
i

The upper furnace subsection is provided with a circular connection

Flange for the centrally located pulse combustor, and a rectangular Flange for

the transition duct. The lower furnace subsection is provided with a circular

flange as an outlet means for discharging solids contained in the furnace

under normal operation.

The fluidized dense bed is approximately three feet deep and four square

feet in cross-section. Horizontal boiler tubes are mounted within the bed to

maintain the bed temperature between 1500°F and 1600°F. The bed contains four

separately manifolded tube bundles (for maximumflexibility in bed temperature

control) formed from 1 I/2-inch sch 80 S.S. 304 pipe. The tubes are arranged

in a triangular pitch, four-pass arrangement. Each tube pass is 21 inches

long, and the total heat transfer surfacearea is 14 ft2. F.iqure4-3 shows

the tube layout in the dense bed section.

The boiler tubes are mounted in such a way as to obtain a uniform

temperature within the bed. Two of the tube bundles are both vertically and

orthogonally displaced within the bed relative to the other two tube bundles.

About 70 percent of the total steam is generated Within the bed section and

the remaining is generated in the convection section. Six feet of expanded

height above the fluidizedbed allows for the disengagementof solids

r
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entrainedby the bed fluidizationaction. The combustiongases exit the

furnace at a temperatureof approximately1600°F and at atmosphericpressure.

Transit..ion_Ductan_dConvectiveSec_t!9_n.The hot gases pass through the

transitionduct and enter the convectivesection. The transitionduct is

constructed from I/4-inchcarbon steel plate, with rectangularflangesat both

ends for connectionto the furnacesectionand the convectionsection. The

transition sectionis insulatedwith 3-inch thick, lightweightinsulating

castable refractory. Total length of the transitionsection is 2 ft long,

with a flue gas passagecross-sectionalarea of 2.2 square feet.

The convectionsectionconsistsof three separatesubsections: I) the

lower convergentsubsection,2) the main body, and 3) the upper subsection.

Each subsectionis constructedfrom I/4-inchcarbon steel plate with mating

flanges. The upper subsectionis providedwith a flanged inlet for connecting

to the transitionduct. The lower subsectionis provided with a circular

flanged outlet for ash collectionand a rectangularflangedoutlet for exiting

flue gas. The main body houses the steam generationtube bundle which

consistsof 1 I/2-inch sch 40 C.S. pipes. The tubes are arranged in a square

pitch, with 6 tubes per row in an 18-passarrangement. The tubes are

62 inches long from weld to weld and are supportedby a verticaltube sheet.

The tube sheet face is sealed with an additionaltube sheet cover. The total

heat transfer area is 233 ft_. An inspectionport is provided to check the

tube bundles periodicallyand to clean the tubes from accumulatedsolid

deposits during operation. An end cover is provided for the tube bundle, lt

is constructedfrom I/8-inchcarbon steel plate,with l-inch thick ceramic

fiber insulation. The convectionsection is lined with a single layer of

insulatingcastable refractory. The insulatinglayer is 3 inchesthick, and

consists of a lightweightcastablewith a density of 41 Ib/ft_, and a K value

of 1.25 Btu.in/ft2/F/hrat 1500°F.

The initial design drawings were provided to four separate vendors for

quotation. Each vendor provided MTCl with quotations for fabricating the

furnace section and the convection section separately. Review of the quota-

tions revealed that fabrication of the convection section would approximately
,

_ 4-7 ERBC-28F.4
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double the overallsystem cost. Since the primaryobjectiveof this work was

to investigatethe integrationof a pulse conlbustorwith the fluidizedbed

portionof the furnaceand since the convectionsectiondid not incorporate

any novel componenttechnology,the additionalexpensefor the convection

sectionwas consideredto be unjustified. Therefore,the convectivesection,

cycloneand baghousewere replacedby a hot cyclone and a direct quench

scrubber. This method of coolingthe hot flue gases from the furnace section

was anticipatedto be less costly. This modificationdid not affect either

the design or operatingcharacteristicsof the furnace, However,the usable

steam output of the modified systemwas estimatedto be 700 lh/ht insteadof

1000 Ib/hr as in the initialdesign. Fibres 4-4 and 4-.__55show the process flow

diagrams for the initialAFBC system design and the modified design,

respectively.

Based on the quotationscited above, MTCl selecteda qualifiedvendor

(SEC ConstructionCorporation)and providedthe final mechanicaldrawings of

the furnace sectionfor fabrication. There were subsequentminor changes to

the initialfurnace design. The thicknessof the outer castable refractory

insulatinglayer was changed from 3 inches to 2 incllesand also the thickness

of the inner, high-density,abrasion-resistantcastable refractorywas changed

from 2 inches to 3 inches. This changewas made after consultingwith the

refractoryprofessionalswho suggestedthat, since the abrasion-resistant,

castable refractorywas subjectedto higher thermal cycling, it had to be made

thicker than 2 inchesto avoid possible cracking. One 4-inch port was added

to the furnace sectionI ft above the bed surfaceto use as the feeding port

for coal and limestone. A 4-inch port was also added to the lower convergent

subsection for bed dump.

A pipe grid air distributor was designed for the AFBC furnace (_

6). lt consists of two 4-inch schedule 40 CS pipe headers with four l-inch

schedule 50 SS sparge pipes branching from each header. Each sparge pipe has

76 orifices of 5/64 inch diameter placed 90 degrees apart radially at 19
longitudinal locations.
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4.2.2 PROQ_pREMENT_AANDCONSTRUCTZON

Someof the components of the test facility, such as FD fan, ID fan,

water pump, screw feeder, etc., were purchased as per the design

specifications. The furnace section was fabricated by SECConstruction

Corporation and the remaining components of the test facility such as the

cyclone, scrubber, steam drum, etc., were fabricated in-house at MTCI's West

Coast Technology Development Laboratory.

An outdoor test site (24' x 12' area, 20' high) at MTCI's West Coast

Technology Development Laboratory was selected for the PAFBCsystem. A plot

plan for the system is shown in Fibre 4-7. The system was configured in a

compact but accessible arrangement.

. Eigure 4-8 shows a schematic of tile AFBC test facility. The system

° comprises a fluidized bed furnace, coal and sorbent feed systems, a steam-

generating circuit, air handling equipment, a cyclone, a venturi scrubber,

o start-up burner, and an overflow drain. The total furnace height corresponds

to I0 feet from the distributor plate to the top of the furnace. A

: description of the system components fl_l!ows.

Combustor Section. Primary combustion air is supplied through a 4-inch

CS manifold to the pipe grids located beneath the fluidized bed. Air is

introduced into the bed through 76 orifice nozzles per tube which are uniform-

ly spaced, both circumferentially and longitudinally, around the pipe grids.

Boiler tubes are mounted within the bed to maintain the bed temperature

between 1500°F and 1600°F. The primary combustion air blower (Roots blower,

type 710 AF) is of a positive displacement varieLy. The air flovJ rate to the

; AFBC "is controlled by a blow-off vent valve. Due Lo high noise level at the

air blower vent valve, a silencer is mounted at its exit to reduce the noise

; level by expanding the airflow from a 2-inch pipe into a 40--gallon C.S. tank.

i F_i_gure4-9 shows a schematic of the silencer.

As a combustor safety feature, a pilot flame has been placed slightly

above the bed surface in order to avoid the accumulation of any unburned gases

in the freeboard section. F__ure 4-10 shows a schematic of the 8,000 Btu/hr
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pilot burner. A pre-mixed mixture of gas and air enters the burner tube and

an electrical spark plug ignites the mixture. A flame holder has been

positioned to keep the flame source inside the tube. A thermocouple is placed

downstream of the flame holder in order to verify existence of the flame.

Ali of the designated ports were placed on the furnace body to prepare

the furnace for pou'_'ing the two layers of refractory inside the furnace walls.

V-shaped anchors 4 inches long were prepared and welded to the furnace walls

in order to hold the refractory layers in place. The curing period for the

refractory layers was about one week.

The in-bed steam coils were fabricated and placed inside the furnace

before pouring the refractory, for ease of installation. The pipe grid air

distributor was installed after the refractory was poured. A l-inch solids

draw-off valve was placed _in the furnace section to maintain the bed level at

tile desired height. The draw-off valve was slanted to allow gravity overflow

of the bed solids to a sealed collection drum. In addition, a screw-type

solids sample valve was placed on the furnace wall. The sample valve will

allow monitoring of the bed carbon inventory level during a test run.

Figure 4-]1 shows a schematic of the sample valve.

Coal and Limestone Feedinq System. Premixed coal and limestone (at the

desired Ca/S molar feed ratio) was supplied from a 3' x 2_ x 4' CS live bottom

Flopper into a speed-controlled, over-bed screw feeder for injection into the

combustor. In order to avoid overheating of the screw which could result in

coal pyrolysis and agglomeration within the screw flights, a water-cooled

hollow screw was employed. In addition, the screw barrel was water-jacketed.

_Figure 4-1__22shows the injection screw water-cooling system. A rotaL_, j joint

was used to supply water from a stationary source to the rotating hollow

injection screw. Water entered the rotating joint through a i/4-inch tube and

returned through a concentric annulus.
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Flue/GasHeat ExchangeSystem. The combustiongases exit the fluidized

bed combustorat a tempevazurebetween 1500°Fand 1700°F. An induceddraft

fan maintainsa suctiond;+aftfor the flue gases. The hot gases, containing

fly ash and elutriates,enter a stainlesssteel hot cyclone (.Figure4-13).

The cyclone catch solids are collected in a stainlesssteel drum. The Flue

gas exiting the cyclone is then cooled to approximately300°F as it passes

through the water spray quench system (10-inchdiameter)before it is vented

to the atmosphere.

Start-Up Burner. A 500,000 Btu/hr gas burner is installedin the main

combustion air bypass line to preheatthe air to about 1200°F before it enters

the fluidizedbed furnace. The air from the main air blower is suppliedto

the burner througha bypass line and gate valve that will controlthe air flow

to the burner. Figure 4-14 shows a schematicof the start-up burner system.

During start-up,the burner will be down-firedinto the bed while maintaining

low-velocityfluidizationconditions in order to distribute heat uniformly

throughout the bed. As the bed temperaturereaches IO00°F,the start-up+

burner will be shut off and coal and limestonewill be fed into the bed. The

start-upyas burner will be controlledmanually;however, it will includea

gas shut-off valve which will be actuated in the case of a flame-outor bed

over-temperaturecondition.

Air Handlinq E_ment. lt consists of a Roots blower (frame-type,

710 AF) and a lO-HP electricmotor. The pulley ratio between the blower and

the motor is approximately3 to I. Figure 4-15 shows the general performance

curve for the frame 760 AF blower.

After installing the Roots blower, a series of tests were performed on

the blower to define its performance characteristic. FjLqure 4-16 shows the

setup used for these tests. Table 4-1 summarizes the results of these tests.

The measured flow rates are in satisfactory agreement with those given in

Figure 4-15. The speed of the blower was determined by using a D-C generator

manufactured by Servo-Tek Products Companywith a rating of 7V at 1000 rpm.

A computer program using Lotus 1-2-3 was developed to calculate the flow rate

through a 4" x 2" venturi as a function of pressure drop through the venturi.
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FIGURE4-15: GENERALPERFORMANCECURVEFOR ROOTSBLOWER
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TABLE 4-1: RESULTS OF THE PERFORMANCE
,TESTS, ,ON THE ROOTS BLOWER

Blower RPM= 670

PRESSUREHEAD FLOW RATE AIR TEMPERATURE
. (psi).... (cfm)....... (,F)

O 415 86.2

0.5 380 91.0

1.0 375 95.3

1.5 360 99.0

2.0 350 102.4

2.5 340 107.7

Steam Generation Circuit. A commercial water softener was used for

pretreating the feed water entering the circuit. A 4-inch diameter impeller

driven by a 2-HP electric motor was used to circulate water through the tube

bundles and the steam drum. A sketch of the steam drum and the water level

controller is shown in Figure 4-17. A liquid level switch, composed of two

stainless steel electrodes displaced vertically inside the steam drum and a

dual Function relay, attempts Lo maintain adequate water level in the drum.

The capacity of the drum is approximately 80 gallons.

System Instrumentationand Controls° A total of 12 thermocoupleswere

placed at different heightsand locationswithin the fluidizedbed to monitor

the bed temperature. Thermocoupleswere also placed in the expanded and

straightsectionsof the freeboard. In-bed pressuretaps were placed at one-

foot intervalsto monitor the bed depth and fluidizationdynamics. Valves

were incorporatedat two steam coil inlets to regulatethe heat extraction

from the bed. Sample ports for flue gas analysiswere locatedin the

freeboardcyclone exit and stack. A portable Teledyne analyzer is used to

monitor oxygen, carbon monoxide and combustibles. NOX and SO2 are moniiored

using Horiba NDIR analyzers.Flue gas temperatureis monitoredat different
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locationsby means of thermocouples. The requiredair and naturalgas Flow

meters and controllers,temperatureand pressuremonitors, ignitorswitches

and alarms are mountedon a control panel to facilitatecentralizedreadout

and control.

Photographsof the AFBC furnace section,cyclone, and steam drum taken

before assembly are shown in Figures 4-18 through4-20.

Modifications to the AFBC system deemed necessary as a result of testing

will be discussed under the relevant test subtask.

4.3 COAL COMBUSTION TESTS IN THE AFBC SYSTEM

4.3.1 TEST COALS AND LIMESTONE

Two high volatile bituminouscoals (KentuckyNo. 9 and PittsburghNo. 8)

and a limestone (Shasta)were procured for the tests. The Kentucky No. 9 coal

was obtained from the IslandCreek Coal Companyand the PittsburghNo. 8 coal

from TRW. The coal particletop size specifiedwas i/4-inch but some of the

coal drums received containedabout 25 percentby weight of coal particles

larger than I/2 inch with some as large as 2 inches. The ultimate and

proximateanalyses are given in Table 4-2 and the particle size distribution

of the as-receivedcoals in Table 4-3.

The Shasta limestone was purchased from the Pfizer Company near Los

Angeles, California. The chemical composition of the limestone is given in

Table 4-4 and the particle si;ce analysis in Table 4-5. Cold air fluidization

tests were performed to evaluate the fluidization characteristics of the

limestone as bed material. FDj_gure4-21 shows the test set-up and Figure 4-22

the pressure drop variation with air velocity. The minimum Fluidization

velocity turns out to be approximately 2.5 ft/s and this experimental value is

in reasonable agreement with a value of 2.9 ft/s calculated from a published
correlation.
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FIGURE 4-18: PHOTOGRAPH OF THE AFBC FURNACE ,SECTION
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FIGURE 4-19: PHOTOGRAPHOF THE HOT CYCLONE AND

THE TRANSITION DUCT THAT CONNECTS

THE CYCLONE TO THE AFBC FURNACE
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FIGURE 4-20: PHOTOGRAPHOF THE STEAH DRUM
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TABLE 4-2: ULTIMATE AND PROXIHATE ANALYSES OF THE TEST COALS

KENTUCKYNO. !) PITTSBURGHNO. 8

PROXIMATE(Wt.%)

Moisture 7.64 5.25
Ash 21.07 9.84
Volatile Matter 31.67 39.80
Fixed Carbon 39.62 45.11
Heating Value (Btu/Ib) 10040 12388

ULTIMATE(_ (DRY BASIS)

Ash 22.81 10.39
Carbon 60.84 71.61
Hydrogen 4.22 5.02
Nitrogen 1.39 1.33
Sulfur 3.40 4.21
Oxygen By Difference 7.34 7.44

TABLE 4-3: PARTICLE SIZE ANALYSES OF THE TEST COALS

KENTUCKY NO. 9:
KENTUCKY NO. 9 COAL WAS OBTAINED FROM ISLANDCREEK COAL
COMPANY FROM ONE OF THEIR COAL PREPARATIONPLANTS.

- RAW (UNCRUSHED)-I/2" x 0

PITTSBURGHNO. 8:
PITTSBURGHNO. 8 COAL WAS OBTAINED FROM TRW FROM THEIR
EXCESS INVENTORY

(- NOMINALLYI/4" x O)

SCREEN WT.% RETAINED

MESH NO. DIAMETER (MICRONS) KY. #9 PITT. #8

6 3350 24.60 9.06
10 2GO0 15,66 20.40
14 1400 10.15 15.85
20 850 14.20 20.53
30 600 7.30 8,27
70 212 20,49 23.81
Pan 0 7.60 2.06
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TABLE 4-4:

CHEMICAL CO_iPOSITION OF THE LIMESTONE

CONSTITUENT WT.%

Calcium Carbonate CaCO3 98.0%

MagnesiumCarbonate MgCO3 O.6%

Silicon Dioxide SiO2 0.2%

Aluminum Oxide Al203 O.i%

Ferric Oxide Fe203 0.25%

TABLE 4-5:

PARTICLE SIZE ANALYSIS OF THE LIMESTONE

SCREENSIZE AVERAGEDIAMETER % WEIGHTRETAINED
(MESHNO.I, (MICRONS)___ ONTHE SCREEN

6 3350 0

10 2675 27.31

14 1700 42.99

20 1125 28.90

30 725 0.52

PAN 300 0.27
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4.3.2 START-UP AND SHAKEDOWH

Main cembustion air supplied by the Roots blower is preheated to about

1200°F and introduced into the air distribution pipe grids. Air is preheated

by the gas-fired burner located in the main air line which is opc_ated at a

firing rate of 500,000 Btu/hr. Starting with a cold bed, the air flow rate is

set near the maximumblower capacity of approximately 500 scfm. As the bed

temperature increases to about 350 to 400°F, incipient fluidization occurs.

As the bed heats further, the air flow rate is adjusted to maintain a

superficial air velocity of 4.0 ft/sec through the bed. Pressure taps are

located at I ft. intervals in the bed section, which allow interpolation of

the bed level during the tests. The height of the initial slumped bed is

2 ft. above the air distribution pipe grids. During fluidization, the bed

height expands to about 3 ft. which is sufficient to cover all of the steam-

generating surfaces contained within the bed. An induced draft fan supplies

approximately I/2-inch H20 of suction in the freeboard during start-up. The

hot flue gases exiting the fluidized bed combustor furnace enter a stainless

steel cyclone. The pressure drop through the cyclone is less than l-inch H20.

The flue oas exiting the cyclone is then cooled to approxiamtely 150°F as it

passes thorugh the water spray quench system before it is vented to the

atmosphere.

As the bed temperature approaches 800°F, coal is injected into the

fluidized bed combustor using the speed-controlled, overbed screw feeder. The

coal feed rate is controlled at approximately 150 Ib/hr in order to attain the

design firing rate. As the bed temperature reaches the 1550 to 1600°F range,

the water flow through the steam generating coils is adjusted to maintain the

desired bed temperature.

As many as twelve shakedown tests (Test Nos. AI to A2) in the AFBCmode

were required to rectify mechanical and operational problems and prepare the

system to run at steady state conditions. The system run time in the

shakedown mode corresponded to about 80 hours. During this stage, different

subsystems of the AFBC unit were checked out, problem areas were identified,

and quantitative data were generated before and after system modification to
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facilitatecomparisonbetweenthe two. The major problemareas, along with

the modificationscarriedout therein are detailed below.

A greater than expectedamount of fines carryover in the flue gas was

observedduring initialshakedowntesting. While a large portionof

fines was recoveredin the cyclone, a significantquantitywas seen

to escape throughthe quench system. Since the initial limestonebed

material containedonly about I percent fines, it was believed that

high air velocitiesthroughthe air distributororifices caused

significantattritionand resulted in excessiveelutriation. Since

high attritionand in turn elutriationrates were anticipatedfor

calcined but not appreciablysulfatedlimestone,the number of air

distributororificeswere increasedfrom a total of 608 to 1216 to

preventjetting and its concomitanteffect on elutriationrate.

Also, to improvescrubbingefficiencyand to reduce fines emissions

to the atmosphere, a venturi scrubber v.,._sinstalled downstream of the

cyclone. [jgure 4-23 shows the modified scrubber system, lt

incorporates water spray nozzles at two elevations. One is placed in

the flue gas duct downstream of the cyclone to cool down the flue gas

before it enters the venturi section and thereby reduce the pressure

drop through the scrubber. The other high pressure water spray

nozzle is placed at the throat of the venturi. Water is pumped

around the drum-nozzle's loop at a head of about 40 psi and a flow

rate of 25 gpm. A demister pad is provided in the flue gas path near

the drum outlet to minimize water droplet carryover. The ID fan is

mounted on the roof of the building, about 15 feet above the drum

outlet. A water level valve regulates the water flow into the drum

and maintainsa constantwater level. A drain line is used to

control solids build-up in the recirculatingwater.

= "Thepressure taps in the bed were giving inconsistent readings and

plugging frequently, the pressure taps were pushed about I inch into

the bed instead of being flush with the inside furnace wall. Also a

critical flow orifice was placed in the line with purge air

connection as shown in F__tg__re4-24 to prevent plugging.
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m Ddta from AFBC shakedown Test No, A8 indicated unsteady-state

operation byway of changing bed height with time. This resulted

from excessive entrainment loss of bed material. For example, the

data indicated a net bed weigllt loss rate of about 98 Ib/hr from the

AFBC unit for an expanded bed height between 32 and 35 inches and gas

velocity of about 5.5 ft/s. This corresponds to a decrease in bed

depth of between 6 and 7 inches in the first hour of operation. Note

that for steady-state operation, the bed height should not vary and

the net bed weight loss rate should be zero. However, for operation

in the PAFBCmode and 25 inch bed height (PAFBC shakedown test

No. P3 - to be described later in Section 4.5), the net loss rate

turned out to be negligible. The pulsations generated due to pulse

combustion apparently redtlced bed entrainment significantly. In

order to verify whether this outcome was due to pulsations or low bed

height operation,a test (Test No. AIO) was run in the AFBC mode with

a'25-inchexpanded bed height. The test conditionsare specifiedin

Table 4-6. A rathermodest rate of loss of bed (10 to 15 Ib/hr) was
observed.

TABLE 4-5: SUMMARYOF THE AFBC TESTS Al0 AND All

TEST A]O TEST A)]

Test Date 2/9/89 2/16/89
Coal Type Pittsburgh#8 Pittsburgh#8

(Unclassified) (Unclassified)
Coal Feed Rate (Ib/hr) 100 120
SuperficialGas Velocity (ft/s) 5.5 3 to 6
LimestoneFeed Rate (Ib/hr) 56 45
Ca:S 4.5 3.0
Bed Temperature (°F) 1550 1550
Bed Height (inches) 25 32
Steam Rate (Ib/hr) 600 675
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To maximize steam capacity, it was necessary to keep all the four steam

coils fully active. This required the AFBC unit to be run at a bed height of

32 inches or more. 'The next objective, therefore, was to determine the lowest

gas velocity at which the AFBC unit could be run under steady-state con-

ditions. Note that the net weight loss rate of bed should be close to zero

for steady-state operation. A test was performed on the AFBCunit (AFBC Test

Ali, Table 4-6) such that the gas velocity ranged between 3 and 6 ft/s. The

expanded bed height was maintained at approximately 32 inches and the bed

temperature was controlled at about 1500°F. The net weight loss rate of bed

determined from this test is plotted versus gas velocity in Figure 4-25. lt

shows an unacceptably high rate of weight loss for the design condition of 4

to 6 ft/s gas velocity. The high bed loss rate was attributed to bubble

dynamics, short freeboard, and high velocity entrance effects at the AFBC

furnace exit/cyclone inlet section, lt was concluded that steady-state

operation at design conditions in the AFBCmode was not feasible without

either solids recycle or in-furnace solids disengagement.

A companion test in the PAFBCmode (Test No. P7 - to be described later

in section 4-5) indicated a net bed weight loss rate of about 60 ]b/hr for

operation at 6 ft/s gas velocity and an expanded bed height of about

32 inches. This was substantially lower than that obtained in the AFBCmode

but still unacceptable from the standpoint of achieving steady-state

operation. The data from both the AFBCand PAFBCtests and the requirement

for stable bed height resulted ir_ the decision to incorporate an in-furnace

solids separator. A schematic of the solids separator that was designed to

minimize bed loss is shown in Fjii_gure4-26. The initial plan was to run water

through the tubes such that the in-furnace separator _Iso functioned as an

economizer. Because of space constraints near the furnace exit, it was

decided to delete the economizer feature. The separator was fabricated and

installed at the furnace exit (5" x 9" opening) that leads into the cyclone.

A test (No. A12) was performed in the AFBC mode to determine the

effectiveness of the solids separator. The unit was run at a superficial

velocity of 6 ft/s and with Pittsburgh No. 8 coal. The net weight loss rate

of bed dropped to less than 10 Ib/hr. This is a great improvement in contrast
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with the loss rate of 150 to 160 Ib/hr experienced in the absence of the

separator. Calculations indicate a solids separation efficiency greater than

70 percent. This value is satisfactory considering the space and installation

constraints imposed by the system. A later test in the PAFBCmode ('Test No.

P9) is with the pulse combustor operational, indicated zero net bed weight
loss rate.

' 4.3.3 BASELTNE TESTS

Four steady-state tests in the AFBCmode (Test Nos. A13 through A16) were

performed to generate baseline data for later comparison with PAFBCtest data

as well as with published test results from AFBC units at different sites.

The test conditions and the performance data are presented in Tables 4-7

through _4-]0. The results obtained here were comparable to those observed

typically in bubbling bed combustion. Sample profiles of bed temperature and

flue gas composition (02, S02, N0x and CO) for the steady state period are

shown in Figures 4-27 through 4-31. The results will be discussed in detail

in Section 4.7.

4.4 HODEFICATION TO A PAFBC SYSTEM

4.4.1 PULSE COINIBUSTORDESIGN AND FABR:ICATTON

The pulse combustor design was based on an estimated load carrying

capacity of about one-fourth LO one-third that of the total PAFBCSystem.

This corresponded to a firing rate of between 350 and 500 KBtu/hr. The design

frequency selected was about 50 Hz. The combustor was intended to run in the

non-slagging mode. Three different options were considered for the tailpipe

configuration'
I

[] Air shrouded single tailpipe with boost air in the shroud.

[] Multiple tailpipes instead of a single tailpipe.

[] Water jacketed, single tailpipe with external boost air supply for
fluidization.
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TABLE 4-7: AFBC BASELINE TEST

TESTI:AI3 YESTDATE:4-6,89 TESTTIME:18:01-21:BB

SUMMARYOFTESTCONDITIONS

BEDTEMPERATURE: 1550.8DESF 843.3DESC

BEDDEPTH{EXPANDED): 32.8IN. 8.8M
SUPERFICIALVELOCITY: 5.8FT/S 1.5M/S

CALCIUM-TO-SULFURRATIO: 2.6
RECYCLE: NO

FUELFEEDRATETOBED: 120.8LB/HR LIMESTONEFEEDRATE: 48LB/HR
FUELFEEDRATETOPULSECOMBUSTOR: NONE

SIZEANALYSIS-WTXRETAINEDONTHESCREEN
, ---.... ..----.. ....... .--. ...... . .... m....u....-

MESHt MICRON COALTO COALTO LIMESTONE'CYCLONECATCH

BED P.C.

IB 2888 21.27 ,-- 27.31 8

14 1488 14.87 --- 42.99 2.03

20 858 IB.75 --- 28.98 8,21
30 688 18.16 .... 0.52 5.23
58 388 18.18 --- 8.18 18.28

70 212 11.78 --- 8.18 24.38
PAN 8 13.95 .... 8.87 58.12

CHEMICALANALYSIS,PERCENTAGESBYWEIGHT

COALTYPE: CARBON HYDORGENSULFURNITROGENOXYGENASH MOISTUREBTU/LB

PITT,IB 67.B5 4.76 3.99 1.26 7.05 9.84 5.25 1238B.8

LIMESTONETYPE: CACO3 MgC03 SiD2 A1203 Fe2D3 LOSSON IGNITION

SHASTA 9B.8 8.6 8.2 8.1 8.825 43.4

SUMMARYOFRESULTS

S02FURNACEEXIT: 858.8PPM= 1.7LB/MMBTU

NOxFURNACEEXIT: 498.8 PPM= 8.7LB/MMBTU

CO FURNACEEXIT: 1688.8PPM= I.ALB/MMBTU
{!2FURNACEEXIT: 4.5X C82FURNACEEXIT: 15.5X
CARBONEFFICIENCY: 92,1%
COMBUSTIONEFFICIENCY; 92.B% EXCESSAIR: ' 28.9%
STEAMRATE: 588.8LBIHR

CARBONMATERIALBALANCE

TOTALCARBOMIN: 9B.BLB/HR
TOTALCARBONOUT: 9B.ILBIHR
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TABLE 4-8: AFBC BASELINE TEST

TESTI:AI4 TESTDATE:4-7-89 TESTTIME:17:20-20:90

SUMMARYOFTESTCONDITIONS

BEDTEMPERATURE: 1558.8DESF 843.3DESC
BEDDEPTH(EXPANDED): 32.0 IN, 0.8 M
SUPERFICIALVELOCITY: 7.mFT/S 2.1 MIS
CALCIUM-TO-SULFURRATIO: 2,7
RECYCLE: NO
FUELFEEDRATETOBED: 168,0LB/HR LIMESTONEFEEDRATE: 54LB/HR

FUELFEEDRATETOPULSECOMBU_TOR: NONE

SIZEANALYSIS-WT%RETAINEDONTHESCREEN

I

MESH! MICRON COALTD COALTO LIMESTONECYCLONECATCH

BED P.C.

10 2898 25.58 --- 27,31 9
14 1490 IB.B7 --- 42.99 2,03
20 850 27,04 --- 2B.90 B,21
38 680 11.96 --- B,52 5,23

50 3B9 12.88 .... 8.18 I@.20
78 212 B,76 --- 8.18 24,38 c

PAN 9 2.98 .... 8.87 58.12

CHEMICALANALYSIS,PERCENTASESBYWEISHT

COALTYPE: CARBON HYDORGENSULFURNITROGENOXYSENASH MOISTUREBTUILB

PITT, tB &7.85 4.76 3.99 1.26 7,95 9.84 5.25 12388,8

LIMESTONETYPE: CACO3 MgC03 Si02 A1203 Fe203 LOSSONIGNITION

SHASTA 90.8 B.6 8.2 8.i 8.025 43.4

SUMMARYOF RESULTS

SO2FURNACEEXIT: 459.8PPII= 9.9LB/MMBTU

NOxFURNACEEXIT: 590.BPPM= 9.8LBIMMBTU

CO FURNACEEXIT: 1180.BPPM= 1.1LBIMMBTU
O2 FURNACEEXIT: 3,OX CB2FURNACEEXIT: 16,5%
CARBONEFFICIENCY: 99.4 %

COMBUSTIDNEFFICIENCY: 92,4% EXCESSAIR: 28,9%
STEAMRATE: 789.8LBIHR

CARBONMATERIALBALANCE

TOTALCARBONIN: 132,9LBIHR
TOTALCARBONOUT: 131.5LBIHR
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TABLE 4-9: AEBC BASELTNETEST

TEST #: A15 TEST DATE: 5-12-89 TEST TIME: 19:00-20:00

SU_CMARYOF TEST CONDITIONS

BED TEMPERATURE: 1585.0 DEG F 862.8 DEG C

BED DEPTH (EXPANDED): 32,0 IN. 0.8 M
SUPERFICIAL VELOCITY: 5.0 FT/S 1.5 M/S

CALCIUM-TO-SULFUR RATIO: 2,6

RECYCLE: NO

FUEL FEED RATE TO BED: 120.0 La/HR LIMESTONE FEED RATE= 40 LB/HR

FUEL FEED RATE TO PULSE COMBUSTCXR: NONE

SIZE ANALYSIS- WT_ RETAINED ON THE SCREEN

MESH# MICRON COAL TO COAL TO LIMESTONE CYCLONE CATCH

BED P.C.

10 2000 26.45 --- 27.31 0

14 1400 15.78 --- 42.99 2.03

20 850 21.46 --- 28.90 8.21

30 600 9.51 --- 0.52 5.23

50 300 14.62 --- 0.10 10,20

70 212 5.42 --- 0.10 24.30

PAN 0 6.76 .... 0.07 50.12

CHEMICAL ANALYSIS, PERCENTAGESBY WEIGHT
........................................

COAL TYPE: CARBON HYDORGEN SULFUR NITROGEN OXYGEN ASH MOISTURE BTU/LB

W. KENTY #11 67,12 4,70 3,22 1.46 9.12 11.36 3.02 12134.0

LIMESTONE TYPE: CAC03 MgC03 Si02 A[203 Fe203 LOSS ON IGNITION

SHASTA 98,0 0,6 0.2 0.1 0,025 43.4

SUMMARY OF RESULTS

S02 FURNACEEXIT: --- PPM= --- LB/MMBTU

NOx FURNACEEXIT: 140.0 PPM= 0.2 LB/MMBTU

CO FURNACEEXIT: 400.0 pPM= 0.4 LB/I,b4BTU

N20 FURNACEEXIT: 75.0 PPM= 0.1LB/MJ,1BTU

02 FURNACE EXIT: 4.7% C02 FURNACE EXIT: 14.4_

EXCESS AIR: 28.8

STEAM RATE: 500.0 '.B/HR
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TABLE 4-10- AFBC BASELINE TEST

TEST #: A16 TEST DATE: 5-12-89 TEST TIME: 20:00-21:00

SUMMARY OF TEST CONDITIONS

BED TEMPERATURE: 1600.0 DEG F 871.1 DEG C

BED DEPTH (EXPANDED): 32.0 IN. 0.8 M

SUPERFICIAL VELOCITY: 5.0 FT/S 1.5 M/S

CALCIUM-TO- SULFUR RATIO: 2.6

RECYCLE" NO

FUEL FEED RATE TO BED: 100.0 LB/HR LIMESTONE FEED RATE: 35 LB/HR
FUEL FEED RATE TO PULSE COMBUSTORs NONE

SIZE ANALYSIS- WT% RETAINED ON THE SCREEN

MESH# MICRON COAL TO COAL TO LIMESTONE CYCLONE CATCH

BED P.C.

10 2000 33.03 --- 27.31 0

14 1400 40.39 --- 42.9<; 2.03

20 850 23.01 --- 28.90 8.21

30 600 0.99 --- 0.52 5.23

50 300 0.29 --- 0.10 10.20

70 212 0.11 --- 0.10 24.30

PAN 0 2.19 --- 0.07 50.12

CHEMICAL ANALYSIS, PERCENTAGES BY WEIGHT

r

COAL,TYPE: CARBON HYDORGEN SULFUR NITROGEN OXYGEN ASH MOISTURE BTU/LB

W= KENTY #11 67.12 4.70 3.22 1.46 9.12 11.36 3.02 12134.0

LIMESTONE TYPE: CAC03 MgC03 SI02 A1203 Fe203 LOSS ON IGNITION

SHASTA 98.0 0.6 0.2 0.1 0.025 43.4

SUNHARYOF RESULTS

502 FURNACE EXIT: --- PPM= "-- LB/MMBTU

NOx FURNACE EXIT: 143.0 PPN= 0.2 LB/MMBTU

CO FURNACE EXIT: 90.0 PPM= 0.1LB/MMBTU

N20 FURNACE EXIT: 57.0 PPM= 0.1LB/MHBTU

02 FURNACE EXIT: 6.81( C02 FURNACE EXIT: 12.5%

EXCESS AIR: 49.7 %

STEAM RATE: 500.0 LB/HR
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Since the freeboard of the AFBC system was refractory-lined and not

cooled and additional steam generation was considered important from a boiler

design standpoint, the third option of water jacketed tailpipe configuration

was selected. This was envisioned to prevent the freeboard from getting very

hot (>I600°F) and utilize the high heat transfer coefficient environment

prevalent in the tailpipe due to pulsating flow.

Figure 4-32 shows the initial design for the pulse combustor, lhe

combustor comprises an air plenum, thrust augmentor, aerovalve, combustion

chamber and a water-cooled tailpipe. The combustion chamber is refractory-

lined to control the heat losses and promote rapid combustion. The refractory

thickness is optimized to avoid slagging conditions. A thrust augmentor is

employed to pump combustion air into the pipe grids to help bed fluidization.

The pulse combustor design was later modified as shown in Fiqure 4-33.

The serpentine water cooling coil design for the tailpipe was changed to a

water jacket cooling system to (i) eliminate the possibility of hot spots

developing on the tailpipe, (ii) reduce the pressure head required for

pumping water, and (iii) increase the heat transferred to the water. The

expansion section at the end of the tailpipe is to reduce the flue gas exit

velocity and prevent channeling. After the flue gas from the pulse combustor

exits the tailpipe, it enters a diffuser section which provides fines re-

circulation and increased particle residence time in the bed.

A series of tests were performed at MTCl to verify the operability of

pulse combustor with a tai'Ipipe effluent under an imposed static pressure.

Figure 4-34 shows the set-up used for these tests. A 100,000 Btu/hr pulse

combustor made of S.S. body with a 3/4-inch tailpipe was immersed into a water

tank at various depths. The pulse combustor was able to operate with

significant static pressures representing a boost ratio of approximately

2 percent. Additional draft requirements necessary for a deep fluid bed will

be provided by a forced draft blower. The pulse combustor was fabricated in-

house at the MTCI West Coast Laboratory. A photograph of the pulse combustor

is shown in Figure 4-35.
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FIGURE 4-32- FIRST-GENERATIONPULSE COMBUSTOR

DESIGN FOR THE PAFBC SYSTEM
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FIGURE 4-35: PHOTOGRAPHOF THE PULSE COMBUSTOR

FOR INSTALLATION IN THE PAFBC SYSTEM

4-57 ERBC.-28F.4



4.4,2 PULSE COMBUSTOR INTEGRATION WITH AFBC SYSTEM

A schematicof the PAFBC systemlayout is shown in Fi__Lgure4-36 and a

photograph of the system in Figure 4-37. In the PAFBC mode:

i Coarse coal is fed overbed by screw feeders and coa,lfines (less than

30 sieve or 600 microns) are pneumaticallytransportedinto the pulse

combustor.

[] All the air is routed to the pulse combustor air plenum.

[] Based on the aerodynamicvalve used, some of the air passed through

the pulse combustorand the rest experienceda boost in pressure in

the thrust augmentorand Flows throughthe sparge pipes of the

fluidizedbed. The air plenum of the pulse combustoracts as a

windbox at static pressure. The air flow splits between the pulse

combustor (aerovalve,combustionchamber, and tailpipe)and the

fluidizedbed (thrustaugmentor,spargepipes and the dense bed) such

that the pressuredrops throughthetwo flow paths are equal.

To meet the requirementsfor classifiedcoal, a classifierwas designed

and built at MTCI. Figure 4-38 shows the scheme used to separatethe fines

and coarse particlesfrom the coal feed. This unit was operated in a batch

mode for the purposesof this task but the design and constructionof a

classifier for on-lineoperation is consideredfeasible and not difficult.

4.5 PAFBC SYSTEM CHARACTERIZATIONTESTS

Nine tests were conducted in the PAFBC mode (Test Nos. PI to Pg) to

characterizeand debug the PAFBC system. The pulse combustorwas initially

test-fired on gas after,installationin the AFBC unit. The operational

characteristicsof the pulse combustorare presented in Table 4-]]. The wave

form was near sinusoidaland the pulse combustoroperationwas robust, lt was

the first attempt in MTCI's historyto run a pulse combustorunder an imposed

static head and the outcome exceeded all expectations.
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FIGURE 4-37: A PICTUREOF THE PAFBCSYSTEM
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TABLE4-11: PULSE COHBUSTOR 0PERAT'rOHAL CHARACTERZSTZCS

Firing rate: 650,000 Btu/hr

Frequency: 50 Hz

Peak-to-Peak Pressure: 14 psi

Boost Pressure: 15 inches of water

Air Plenum Pressure: 42 inches of water

Chamber Temperature: 2000°F

Tailpipe Exit Temperature: 1700°

Tests were then conducted with coal fines injection into the pulse

combustor and coarse coal feed into the fluid bed. A summary of the data

obtained, problems encountered and the system modifications carried out is

given below.

[] For operation in the PAFBCmode and 25-inch bed height (Test No. P3),

the net bed weight loss rate turned out to be negligible. Therefore,

pulsations generated due to pulse combustion seemed to stabilize

fluidization dynamics and reduce bed entrainment.

[] The expansion bellows incorporated in the tailpipe water ,jacket

ruptured during a shakedown test. This rupture was linked to thermal

stress resulting from choked steam flow in the exit line and
=

inadequate water inflow. The cooling water inlet line and steam

outlet line were changed from I/2- to l-inch tubing and the bellows

were taken out from the water-cooling jacket section. Also a

separate water pumpwas installed to circulate water through the

pulse combustor water jacket.

[] The heat transfer coefficient in the pulse combustor tailpipe was

found comparable to that for a tube immersed in the fluidized bed (-40 Btu/hr-

ft_.. °F).
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[] During Test No. P6, the steamingrate exceededdesign conditions

(>1200Ib/hr) and the water level in the steam drum diminished

rapidly, leadingto test termination. The problemwas traced to

water splashingon the water-levelcontrol rods in the steam drum

and interferingwith the operationof the solenoid valve in the make-

up water line. An examinationof the make-upwat(r supply rate to

the steam drum indicateda maximum flow rate of 2 gpm. This trans-

lates to a steam rate of 1000 Ib/hr. A new water level control

system was installed,a manual by-passline (Figure4-39) for

supplyingmake-upwater to the drum in case of level controller

malfunctionwas added, and the water line from the mains to the steam

drum was changedfrom I/2-inchtube to 3/4-inch pipe. The last

modificationcorrespondedto a maximummake-up water flow rate of

6 gpm or 3,000 Ib/hr steam productionrate. An additional2-inca

steam vent line was also added to the drum to avoid pressure build-up

in the steam drum at high steamingrates (>1500 Ib/hr).

= Also during test No. P6, it was noticedthat pulse combustor start-up

requiredmore than the expectedamount of naturalgas feed rate.

Data collectedduring the test on pressuredrep across the venturiin

the main air line and thrust augmentorreturn air line indicatedthat

about 40 percentof the total air flowed through the pulse combustor.

This is ,,_itedifferentfrom the design split of 3 to I betweenthe

bed and the pulse combustor. This design split had previouslybeen

verified in the earlier PAFBC shakedowntest (Test No. P3). The

change in air split was traced to an increasein bed height from

25 to 35 inches and the correspondingdecrease in the pulse combustor

tailpipe length. The aerovalve insert was modified from I-I/4 to

l-inch throat diameter. The pulse combustor was test-fired with gas

to verify the air split, lt was found that 25 percent of the total

air flowed Lhrough the pulse combustor and 75 percent through the

bed, as desired.
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m Test No. P7 was conductedwith coarse coal feed to the bed and gas

supply to the pulse combustor. The objectivewas to determinethe

net bed weight loss rate for operationof the PAFBC at 6 ft/s gas

velocityand an expanded bed height of about 32 inchesas in the AFBC

tests. The unit was startedup differentlyfor this test. At start-

up the slumped bed was around 20-inchesdeep. The steam coils in the

bed were kept open and water was circulated through_tilepulse com.-

bustorwater jacket. Bed depth was built-up by adding bed material

as needed to maintain bed temperatureat about 1550°F. The net

weight loss rate of bed was determinedto be about 60 Ib/hro This

was substantiallylower than that obtained in the AFBC mode (see

Figure 4-25) but still unacceptablefrom the standpointof achieving

steady-stateoperation. This along with the AFBC shakedowntest data

(Section4.3.2) prompted the design and installationof the in-

furnacesolids separatoras discussedin Section 4.3.2.

m A final shakedowntest (Test No. Pg) indicatedzero net bed weight

loss rate (Figure4-25) and confirmedthe readinessof the PAFBC

system for performancetesting.

4.6 COAL COMBUSTION TESTS IN THE PAFBC SYSTEM

Five tests were performed in the PAFBCmode (Test Nos. PIO, Pll, P13, PI4

and P15). Steady-stateconditionswith regard to combustion,emissions,and

steam generationwere successfullyachieved. Chemical analyses of the streams

were performedand the test data and resultsare presentedin Tables 4-12

through 4-16. Sample profilesof bed temperatureand flue gas composition

i (02, SOz, NOX and CO) for the steady-stateperiod are shown in Figures4-40

through 4-44.

In summary, a total of 28 tests were performed, includingshakedownand

debuggingtests. The test parametersare given in Table 4-]7. The PAFBC

system has been on-line for more than 200 hours and combustednearly 9 tons of

: coal. A chronologyof the tests performedin Subtasks 2-2, 2-4 and 2-5 is

given in Table 4-18.
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TABLE 4-12: PAFBC SYSTEM TEST

TEST|: PIS TESTDATE:4-12-89 TESTTIME:16:88-17:88

SUMMARYOFTESTCONDITIONS

BEDI'EBPERATURE: ;1559,8DEGF B43,3DESC
BEDDEPTH(EXPANDED): 32,8IN. 9,BM
SUP_FICIALVELOCITY: 7,9FT/S 2.1MIS
CALCIUM-TO-SULFURRATIO: 2._
RECYCLE: NO

FUELFEE_RATETOBED: 128._LB/HR LIMESTONEFEEDRATE: 48LBIHR
FUELFEEDPATETOPULSECOMBUSTOR: 4,7PM NATURALGAS

SIZEANALYSIS-WT_RETAINEDONTHESCREEN

MESH! MICRON COALTO COALTO LIMESTONECYCLONECATCH
BED P.C.

IB 2888 12.75 -- 27.31 8
14 148e 22.98 --- 42.99 2,93
29 858 48,22 --- 28,99 8,21
38 698 9.59 --- 9.52 5.23
59 388 4.67 -- 8,t8 18.28
78 212 B,&8 --- 8.18 24,38
PAN B 1.89 --- 8.87 58.12

CHEMICALANALYSIS,PERCENTAGESBYWEIBHT

COALTYPE: CARBON HYDORBENSULFURNITROBENOXYBE_ASH MOISTUREBTU/LB

PITT.18 &7.S5 4.76 3.99 1,26 7.95 9.B4 5,25 1238B,9

LIMESTONETYPE: CACO3 MgC03 5i02 A1203 F_203 LOSSON IGNITION

SHASTA 98,8 8,6 8.2 8,I 9,825 43,4

SUMMARYOFRESULTS

SO2FURNACEEXIT: 58.@PPM= 8.1LB/_MBTU
NOxFURNACEEXIT: 2_8,9PPM= 8o4LB/MMBTU

CO FURNACEEIIT: BBS,_PPM= 8,?LB/MMBTU
02FURNACEEXIT: 3.9% C82FURNACEEXIT: 16._%
CARBONEFFICIENCY: 98,4%
COMBUSTIONEFFICIENCY: 94,81. EXCESSAIR: 22,8%
STEAMRATE: BI7._LB/HR

CARBONMATERIALBALANCE

TOTALCARBONIN: IIBoBLB/HR
TOTALCARBONOUT: 11@,7LB/HR
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TABLE 4-13: PAFBC SYSTEM TEST

TESTO:PII TESTDATE:4-19-85 TESTTIME:21:38-24:BB

SUMMARYOFTESTCONDITIONS

BEDT_PERATURE: 1558.8DESF 843.3DESC
BEDDEPTH(EXPANDED): 32.BIN. _.BM

SUPERFICIALVEI.OCITY: 7.BFT/S 2.1M/S
CALCIUM-TO-SULFURRATIO: 2.6
RECYL'LE: NO

FUELFEEDRATETO BED: I88,BLBIHR LIMESTONEFEEDRATE: 54LBIHR
_Et.FEEDRATETOPULSECDMBUSTOR: 65.8LBI_

SIZEANALYSIS-WT_RETAINEDONTHESCREEN

MESH! MICRON COALTO COALTO LIMESTONECYCLONECATCH
BED P,C,

18 2888 46.89 _.44 27.31 8
14 1488 31.56 12.49 42.99 2._3

2_ BSB 18.99 17.34 28.98 8.21
3@ 688 8.87 38.23 8.52 5.23
5_ 38_ _.67 IB.83 8,18 I_.28

7@ 212 8.23 16.72 8.1_ 24.38
PAN S 8.79 11.94 BoB7 58.12

CH_ICALANALYSISIPERCE]WTASESBYWEISHT

COAL_{PE: CARBON HYDORBENSULFURNITROSENOXYSENASH MOISTUREBTUILB

PITT,IB 67,85 4,7_ 3,99 1.26 7,_5 9,84 5.25 12388._

LIMESTONETYPE: CAC03 MgC03 Si02 A1203 Fe203 LOSSONIGNITION

SHASTA 9B.B B.& B.2 8.I _.825 43.4

SUMMARYOFRESULTS

$82FURNACEEXIT: 3B8.8PPM= 8.&LB/MMBTU
_OxFURNACEEXIT: 2BB.BPPM= B.3LBIMMBTU

CO FURNACEEXIT: 788.8PPM= _._LB/MMBTU
02FURNACEEXIT: 3.5Z C_2FURNACEEXIT: t_.3Z
CARBONEFFICIENCY: 98.2%

COMBUSTIONEFFICIENCY: 92.2_ EXCESSAIR: 17.3%
STEAMRATE: 828.8LBIHR

CARBONMATERIALBALANCE

TOTALCARBONI_: 1:5.4LBIHR

TOTALCARBONOUT: 134.7LBIHR
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TABLE 4-14: PAFBC SYSTEM TEST

TESTI:P13 TESTDATE:4-2B-B9 TESTTIME:tB:BS-2B:D@

SUMMARYOFTESTCONDITIONS

BEDTEMPERATURE: 1558.8DESF 843,3DEHC

BEDDEPTH(EXPANDED): 32.BIN. B.BM
SUPERFICIALVELOCITY: 7.BFT/S 2.1M/H

CALCIUM-TO-SULFURRATIO: 2,5
RECYCLE: YES
FUELFEEDRATETOBED: I@B,8LB/HR LIMESTUNEFEEDRATE: 45LB/HR

FUELFEEDRATETOPULSECOMBUBTOR: 6m.BLB/HR

SIZEANALYSIS-WT%RETAINEDONTHESCREEN

MESH! MICRON COALTO COALTO LIMESTONECYCLONECATCH

BED P.C,

18 28_8 33.83 8,44 27.3[ B
14 148@ 4@,39 i2.49 42.99 2.83
28 858 23._I 17.34 2B.98 B.21

3H 688 B.99 38.23 8.52 5.23
58 388 8.29 IB.83 B.IH IB,2_

; 78 212 @.11 16.72 _.IB 24.3_
PAN 8 2.19 11.94 B.B7 58,12

CHEMICALANALYSIS_PERCENTASESBYWEISHT

COALTYPE: CARBON HYDORBENSULFURNITROBEMOXYGENASH MOISTUREBTLIILB

TOBED

W.KENTY,I11 67.12 4.78 3.22 1.46 9.12 11.36 3.82 12134.B
TOP.C.

PITT.IB 67.85 4,76 3.99 1.26 7.85 9.84 5.25 12388.B

LIMESTONETYPE_ CACO3 MqC03 Si02 A1203 Fe203 LOSSON IBMITION
SHASTA _8,8 8.6 B.2 8.i B.825 43.4

SUMMARYOF RESULTS

S02FURNACEEXIT: I_B.BPPM: B.2LBIMMBTU
NOxFURNACEEXIT: 258,BPPM= B._LBIMMBTU

CO FURNACEEXIT: 26B,8PPM= B.2LBIMMBTU
02FURNACEEXIT: 4,B% CB2FURNACEEXIT: 16.HZ

CARBONEFFICIENCY: _5,1

COMBUSTIONEFFICIENCY: 96,4Z EXCESHAIR: 2_.9%
STEAMRATE: B0_.8LBIHR

CARBONMATERIALBALANCE

TOTALCARBONIN: 12B.ILB/HR

TOTALCARBONOUT: 127,BLB/HR
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TABLE 4-.1.51: PAFBC SYSTEM TEST

TEST #: P14 TEST DATE: 5-12-89 TEST TIME: 21:00-22:00

_RY OF TEST CONDITIONS

BED TEMPERATURE: 1490.0 DEG F 810.0 DEG C

BED DEPTH (EXPANDED): 32.0 IN. 0.8 M

SUPERFICIAL VELOCITY: 5.0 FT/S 1.5 M/S

CALCIUM-TO-SULFUR RATIO: 2.6

RECYCLE: NO

FUEL FEED RATE TO BED: 60.0 LB/HR LIMESTONE FEED RATE: 28 LB/HR

FUEL FEED RATE TO PULSE COHBUSTOR: 8.0 SCFM OF NATURAL GAS

SIZE ANALYSIS- VT_ RETAINED ON THE SCREEN

MESH # MICRON COAL TO COAL TO LIMESTONE CYCLONE CATCH

BED P.C.

10 2000 33.03 --- 27.31 0

14 1400 40.39 --- 42.99 2.03

20 850 23.01 --- 28.90 8.21

30 600 0.99 --- 0.52 5.23

50 300 0,29 --- 0.10 10.20

70 212 0.11 --- 0.10 24.30

PAN 0 2.19 --- 0.07 50.12

CHEMICAL ANALYSIS, PERCENTAGESBY _EIGHT

COAL TYPE: CARBON HYDROGEN SULFUR NITROGEN OXYGEN ASH MOISTURE BTU/LB

TO BED

W. KENTY.#11 67.12 4.70 3.22 1.46 9,12 11.36 3.02 12134.0

LIMESTONE TYPE: CACO,3 MgC03 SI02 A[203 Fe203 LOSS ON IGNITION

SHASTA 98,0 0.6 0,2 0.1 0.025 43.4

SUMMARY OF RESULTS

S02 FURNACE EXIT: "" pPM= -- LB/MMBTU

NOx FURNACE EXIT: 117.0 PPM= 0.1 LB/MMBTU

CO FURNACE EXIT: 150.0 PPM= 0.2 LB/MNBTU

N20 FURNACE EXIT: 59.0 ppM= 0.1 LB/MMBTU

02 FURNACE EXIT: 6.0% C02 FURNACEEXIT: 11.6%

EXCESS AIR: 40. CI_

STEAM RATE: 500.0 LB/HR
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TABLE 4-16: PAFBC SYSTEM TEST

TEST #: P15 TEST DATE: 5-_1_2-89 TEST TIME: 23:00-24:00

SUMMARYOF TEST CONDITIONS

BED TEMPERATURE: 1550,0 DEG F 843.3 DEG C

BED DEPTH (EXPANDED): .... 32.0 IN. 0.8 M
SUPERFICIAL VELOCITY: 7.0 FT/S 2.1 M/S

CALCIUM-TO-SULFUR RATIO: 2.5

RECYCLE: NO

FUEL FEED RATE TO BED: 80,0 LB/HR LIMESTONE FEED RATE: 45 LB/HR

FUEL FEED RATE TO PULSE COMBUSTOR: 6I).0 LB/HR

SIZE ANALYSIS- WT%RETAINED ON THE SCREEN

MESH # MICRON COAL TO COAL TO LIMESTONE CYCLONECATCH

BED P. C,

10 2000 33.03 0.44 27.:]1 0

14 1400 40.39 12.49 42.99 2.03

20 850 23.01 17.3/, 28.90 8.21

30 600 0.99 30.23 0.52 5.23

50 300 0.29 10.83 0,10 10,20

70 212 0.11 16.72 0.10 24.30

PAN 0 2.19 11.94 0.0T 50.12

CHEMICAL ANALYSIS, PERCENTAGESBY WEIGHT

COAL TYPE: CARBON I_YDORGEN SULFUR NITROGEN OXYGEN ASH MOIS'IURE BTU/LB

TO BED

W.KENTY.#11 67.12 4.70 3.22 1.46 9.12 11.36 3,02 12134.0

TO P.C.

PITT. #8 67.85 4.76 .'i.99 1.26 7.05 9.84 5.25 12388.0

LIMESTONE TYPE._, r.AC03 MgC03 Si02 A1203 Fe203 LOSS ON IGNITION

SHASTA 98.0 0.6 0.2 O.I 0.025 43.4

SUMMARY OF RESULTS

SO2 FURNACEEXIT: -- PPM= -- LB/I_WBTU

NOx FURNACEEXIT: 95.0 PpM= 0.1 LB/MMBTU

CO FURNACEEXIT: 525.0 PPM= 0,5 LB/MMBTU

N20 FURNACE EXIT: B5.0 PPM= 0=I LB/MMBTU

02 FURNACEEXXT: 5.4_; C02 FURNACE EXIT: 13.0"_

EXCESS AIR: 35.1%

STEAM RATE: 500.0 LB/HR

4-70 ERBC-28F.4



1,7 -

1.6 - _ - _'-_ _----C_-----_-- O'-'--_--'-EF" -[ ___----E-,----_--_ ,_....
1.5-.

1.4-

1.3-.

1.2-

1.1-
w
r_
_-_ I-

< " 0.9 -
bJ

o= 08 -
bJl-"
_- 0.7 -
,...,
w 0.6 -

0.5-

0.4.-

0.3-

0.2-

0.1-

0 L i I I I I I I I i

0 15 30 45 60 75 90 105 120 135 150 65

TIME (MIN.)

FIGURE 4-40" BED TEMPERATURE PROFILE FOR

PAFBC SYSTEM TEST NO. Pli

4-71 ERBC-28F.4

=

,, . , .....



21

20

19

18 ,,
]7

16

15-..J

0 14->

_A 13
Z
0 12-
I--
< 11-
_.- lO-
Z
U...I 9 -
0
Z 8-0
¢'J 7 -
O4
0 6 -

5-

4 - _---. ._ _ ______-_ , r2- _ c_....._.._...___..___._a_.

2q
1 -1 '

!
0 _ I i l i _ I I I I f

0 15 30 45 60 75 90 105 120 135 150 165

TIME (MIN.)

FIGURE 4-41: OXYGEN CONCENTRATION IN FLUE GAS

FOR PAFBC SYSTEM TEST NO. Pll

4-72 ERBC-28F.4



I'

,5 - ................. -'

1.4

1.3-

1.2-

1.1-

1- '

= I

0 0.9 ]
<e _ o.a
z o= o.7 -ILd

°'= !pz_
0 0.6. '
©

0.5--
0

0.4 ,..... G,-------_-------.-___.___
C::l"...... "-. I---F:3---_-'_

0.3 - [9-------_.___------_.-----EF- ....

0.2

0.1 --1
/

0 -[ _ I 1 _ i 1 , T T - ' i '_

0 15 30 45 60 75 90 105 120 135 150 165

TIME (MIN.)

FIGURE 4-42- S02 CONCENTRATIONIN FLUE GAS
FOR PAFBC SYSTEM "rESTNO. Pll

4-73 ERBC-28F.4



,5 --

1.4-¸

1.3--

1,2-

1.1-

' _ 1 -&.
Z
O_ 0.9-
r-.-8<
= _ o.a-
F"-al

z o= 0.7 -I.U_
UF..Z_
0 0,6--
o

0.5-
0
Z

0.4-

0.3-

0,2 -[-_........... E}............ E}......... E_............._.__-----e----_. rg- - -E9 --EF---- Eg----E9 ....

0.1-

0 ,-........ I ...... I............ I ............. r ...... 1 I................. l....... T I............... I........
p

0 15 30 45 60 75 90 105 120 135 150 65

TIME {MIN.)

FIGURE 4-43: NOX CONCENTRATIONIN FLUE GAS
FORPAFBCSYSTEMTEST NO. P11

4-74 ERBC-28F.4



,6 .................................. _ ......

2.4-

2.2-

_.

n

z 1.6--
O-

: 1.4 ---

z _ 1.2 -I.d .._

Z--
0 1
(.)
O .............- E_t........ Lt......... Et---....... Ik-]-........
0 0.8 .---.{3.. .._.k3_-----__ ,

0.6 - "_F-J - Ek-'_"

0.4-

O.2-

- {........... I.................. I I .......... I - --I 1......... I ......... r [ I..............0

0 15 ,.30 45 60 75 90 105 120 1,35 150 165

TIME (MIN.)

FIGURE 4-44: CO CONCENTRATIONIN FLUE GAS

FOR PAFBC SYSTEMTEST NO. Pl1

4-75 ERBC-28F.4

z

,



TABLE4-17 : PARAMETERS

Mode' AFBC, PAFBC
Coal Type. Pittsburgh No. 8, W. Kentucky No. 11,

W. Kentucky No.9
Coal Size Distribution: 3/8" by 0 with ]5 - 40% fines by wt.
Limestone: Shasta

Limestone Size Distribution: I/8',by 0
Superficial Gas Velocity: 5 - 7 ft/sec
Bed Temperature: 1500 - 1600°F
Ca/S Ratio: 2.5 - 2.7
Bed Area 2' x 2'

Furnace Height: 10'
Pulse Combustor Fuel : Coal, Gas

TABLE 4-18: TASK 2 - TEST CHRONOLOGY

MODE TEST COAL
TEST TEST OF DURATION FED FUEL
NO. DATE OPERATION (HR) (LB) TYPE COMMENTS

AI 12-02-88 AFBC 7 100 W. KENTY #9 SHAKEDOWN
A2 12-.06-88 AFBC 10.5 500 W. KENTY #9 SHAKEDOWN
A3 12.-09-88 AFBC 8 960 W. KENTY #9 SHAKEDOWN
A4 12-20-88 AFBC 6 500 W. KENTY #9 SHAKEDOWN
A5 12-28-88 AFBC 4 300 W. KENTY #9 SHAKEDOWN
A6 01-04-89 AFBC 6 640 W. KENTY #9 SHAKEDOWN
A7 01-06-89 AFBC 7.5 600 W. KENTY #9 SHAKEDOWN
A8 01-12-89 AFBC 7 450 PITT. #B SHAKEDOWN
PI 01-21-89 PAFBC I --- GAS CHARACTERIZATION
P2 01-23-89 PAFBC 1.5 --- GAS CHARACTERIZATION
P3 01-24-89 PAFBC 5.5 300 PITT. #8 CHARACTERIZATION
P4 01-26-89 PAFBC 4 200 PITT. #8 SHAKEDOWN
A9 02.-03-89 AFBC 4.5 450 PITT. #8 SHAKEDOWN
AIO 02-09-89 AFBC 6 820 PITT.#8 SHAKEDOWN
A11 02-16-89 AFBC 15 1820 PITTo #8 SHAKEDOWN
P5 02-24-89 PAFBC 2 100 PITT. #8 SHAKEDOWN
P6 02-27-89 PAFBC 4 100 PITT. #8 SHAKEDOWN
P7 03-02-89 PAFBC 9 720 PITT. #8 SHAKEDOWN
A12 04-04-89 AFBC 5.5 600 PITT. #8 SHAKEDOWN
A13 04-06-89 AFBC 14 2000 PITT. #8 BASELINETEST
P8 04-07-89 PAFBC 4.5 450 PITT. #8 SHAKEDOWN
A14 04-07-89 AFBC 5 700 PITT. #8 BASELINETEST
P9 04-11-89 PAFBC 3 200 PITT. #8 SHAKEDOWN
PIO 04-12-89 PAFBC 10 1080 PITT. #8 SYSTEMTEST
P11 04-19-89 PAFBC 15 800 PITT.#B SYSTEMTEST
P12 04-27-89 PAFBC 8.5 550 W. KENTY #11 SHAKEDOWN
P13 04-28-89 PAFBC 14 1285 W. KENTY #11 SYSTEMTEST

& PITT. #8
A15 05--12-89 AFBC 5 250 W. KENTY #11 BASELINETEST
A16 05-12-89 AFBC 4 250 W. KENTY #11 BASELINETEST
PI4 05-12-89 PAFBC 4 250 W. KENTY #11 SYSTEMTEST
P15 05-12-89 PAFBC 4 250 W. KENTY #11 SYSTEMTEST

& PITT.#8
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4.7 RESULTSANDDISCUSSION

The values obtained for the overall combustion efficiency are compared

with bubbling fluidized bed combustion (BFBC) data from Babcock & Wilcox (B&W)

and Tennessee Valley Authority (TVA) units (21) in _F__gure4-45. The BFBCdata

correspond to the zero fly ash recycle case. Combustion efficiency decreases

with an increase in superficial gas velocity. This decrease is attributed to

greater carbon loss resulting from higher attrition and elutriation of char,

and shorter carbon residence time. Lignites and sub-bituminous coals perform

better than bituminous coals mainly due to their higher reactivity. The data

from the 2' x 2' MTCI unit for the AFBCmode of operation are in general

agreement with those from BFBCunits. This provides support for the short but

expanded freeboard coupled with in-furnace solids disengagement. Typically,

combustion efficiency in the PAFBCmode is higher than in the AFBCmode for

bituminous coal and tends to approach the values obtained in BFBC for l ignites

and sub-bituminous coals.

Figure 4-46 illustrates the effect of calcium to sulfur molar feed ratio

on sulfur capturc efficiency. As expected, sulfur capture improves with

increasing Ca/S ratio for all fuels tested. Again, the MTCI AFBCmode data

are in general agreement with those from the I' x i' BFBCunit at B&W(21).

Also, the sulfur capture efficiency irl the PAFBCmode is 5 to 30 percent

better than those in the AFBC mode. Fo; a Ca/S ratio between 2.5 and 2.6, the

sulfur capture efficiency exceeds 90 percent. The superior sulfur capture in

the PAFBCmode could be due to one or more of the following:

m Acoustic enhancement of the mass transfer process,

m Fines recirculation arising from the draft tube design,

a Greater proportion of sulfur release in the bed due to pulse

combustor effluxing into the fluid bed.

The NOx emissions obtained in this program are compared with those from

Lhe I' x I' BFBC unit (21) in Fiqure 4-47. The emissions are higher than the

current EPA limit of 0.6 Ib/MKB for the AFBC mode of operation and Pittsburgh
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FIGURE4-46: COMPARISONOF PAFBCSULFURCAPTURE
EFFICIENCYWITH BFBCDATA
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No. 8 coal. However, the emissionsare significantlylower for the Kentucky

No. 11 coal in both the AFBC and PAFBC modes. The NOX levels in the PAFBC

mode are generallylower than those obtained in BFBC and meet the New Source

PerformanceStandards (NSPS).

A recent publication(22)as well as measurementsmade at MTCI point out

that N20 emissionsfrom fluidizedbed boilers are not insignificantbut are

comparableto NOX emissions. The test conditionsand the results are given in

Table 4-]9. Actual furnace exit measurementsare shown as well as the NOX and

N20 values correctedto 3 percent02 at the exit. The correctedvalues will

now on be termed as normalizedvalues.:_The resultsfrom tests A15, A16, P14,

and P15 indicatethe following"

m AFBC mode - In switchingfrom unclassifiedto classifiedcoal feed,

the NOx emission increaseswhile N20 emissiondecreases. The

increase in NOX due to classifiedcoal feed is attributedto higher

NOX formation (as a result of lower carbon loading and CO level in

the freeboard). The decrease in N20 due to class'liedcoal feed is

probablybecause of a reductionin the freeboarddevolatilzationof

fines (as a result of lower fines content in the feed).

m PAFBC mode - With a gas-firedpulse combustorand the fluidized bed

burningcoarse coal, the normalizedNOX drops to 140 ppm from 181 ppm

obtained in "TestA16. The decrease in NOX is attributedto pulse

operation, lower bed temperature,and lower coal feed rate (Required

for similar overallfiring rate). The N20 emission is almost

invariantdue to a combinationof lower bed temperature(whichtends

to increaseemissions as per Amand and Andersson (1989)(3)and lower

coal feed rate (which lessensN20 formation). Upon switchingthe

pulse combustorfuel from gas to PittsburghNo. 8 coal fines, the

normalizedNOX drops to 110 ppm while normalizedN20 increasesto

98 ppm. The decrease in NOX is attributedto pulsedoperation and

higher level of NOX destruction(as a result of higher carbon loading

and CO level in the freeboard). Note that the pulse operation

essentiallyis tantamountto air staging in that primary air flows
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through the distributorand the oxygen-richflue gas from the pulse

combustorprovidessecondaryair in the upper part of the bed. This

helps reduce NOx. The N20 is higher than those in tests A15, A16,

and P14 presumablybecause of firinga differentfuel viz. Pittsburgh

No. 8 fines. The measurementof Amand and Andersson (1989)(22)

support this reasoningin that the N20 emissionsexhibiteda
variationwith fuel.

The normalizedNOX emissionsrange from 110 to 181 ppm while N20

(normalized)emissionsvary from 71 to 98 ppm in these tests.

Previous data from this program (Test Nos. A13, A14, PIO, P11, and

P13) indicatedsubstantiallyhigher NOX emissions (530 to 620 ppm

under AFBC mode and 205 to 265 ppm under PAFBC mode at 3 percent02

at the furnaceexit); N20 was not measured. The differencesin NOX

emissionsbetweenthe current and the previoustest series are

probablydue to differencesin fuel and some operatingconditions

(bed temperature,gas velocity,etc.). In contrast,Amand and

Andersson (1989)report NO emissions (normalized)ranging from 10 to

100 ppm and N20 emissions (normalized)ranging from 20 to 200 ppm.

Therefore,with regard to nitrogenousspeciesemissions,the following

observationscan be made'

m N20 emissionsfrom fluidizedbed boilers are not insignificantbut

are comparableto NOX emissions.

[] NOX emissionsare significantlylower (25 to 60 percent less) under

PAFBC operationas compared to those under AFBC mode.

[] The mode of operation(AFBC or PAFBC)does not have much influenceon

N20 emissions.

[] NOX and N20 emissionsvary with fuel.
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m lt is not known whethersorbent and char influenceNzO formationand

destructionreactionsas they do in the case of NOX.

Table 4-19 also furnishesdata on CO emissions. The emissionsdepend on

the mode of operation (AFBC or PAFBC), fuel type, weight percent fines in the

coal feed to the fluidizedbed, superficialgas velocity,and the excess air

level. Typically, the CO emissionswere lower in the PAFBC mode than those

under AFBC mode.

Under comparableoperatingconditions,the steam generationrate turned

out to be abut 20 percenthigher in the PAFBC mode than in the AFBC mode. For

example,at a superficialgas velocity of about 7 ft/s, the steam production

rate was 700 Ib/hr in the AFBC mode and was between800 and 820 Ib/hr in the

PAFBC mode. The improvementis attributedto the pulse combustion of fines,

water jacketingof the tailpipeand the high heat transfercoefficientin the

tailpipe (as high as in the fluidizedbed) due to pulsatingflow, This

outcometranslates into a reductionin the freeboard/convectivesection heat

exchangesurfacewhere heat transfer coefficientsare substantiallylower than

those in the bed (I/10 to I/8) and a consequentdecrease in capital cost.

4.8 TECHNICAL, ENVIRONMENTALAND ECONOMICASSESSMENT

A summary comparisonof the performanceand emissionsdata from the MTCI

2' x 2' facility (AFBC and PAFBC modes) with those from conventionalBFBC

(tallerfreeboardand recycle operation)and circulatingfluidized bed

combustion(CFBC) units is given in T__ab_]e4-20. The comparison is for typical

high-volatilebituminouscoals and sorbents of averagereactivity. The values

indicatedfor BFBC and CFBC are based on publishedinformation.(2'23-29)lt

is seen that the PAFBC mode exhibits superior performancein relation to AFBC

mode. ,he higher combustionefficiencytranslatesinto reduced coal con-

sumptionand lower systemoperatingcost; the improvementin sulfur capture

impliesless sorbentrequirementand waste generationand in turn lower

operatingcost; lower NOX and CO emissionsmean ease of siting; and greater

steam-generationrate translatesinto less heat exchange surfacearea and

reducedcapital cost. Also, the PAFBC performancegenerally (i) surpasses
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those of conventionalBFBC, (ii) is comparableto CFBC in combustion and NOX

emissions,and (iii) is better than CFBC in sulfur capture and CO emissions.

TABLE 4-Z0: .PERF0RMAN__E___.ARACTERZSTI CS

AFBC PAFBC BFBC* CFBC*

CombustionEfficiency (%) 89-93 92-97 90-97 93-99

SO2 Capture (%) 70-85 90-98 70-85 75-95

NOx Emissions(ppm) 115-_20 110-265 400-500 100-300

CO Emissions (ppm) 400-1600 180-800 400-1200 500-1.500

Steam Rate (Ib/hr) 500-700 800-820

TEST PARAMETERS
,,

Bed Temperature 1500-1600°F

Ca/S Ratio 2.5 - 2.7

Coal Bituminous (high volatile)

*Based on literature data.

These factorsrender the PAFBC to be an attractiveoption at any scale.

The fact that it is impracticaland expensiveto scale-downCFBC to the

1,000 - 50,000 PPH steam equivalentrange makes the PAFBC a clear contender

for the small-scaleboiler market sector.

After the completionof Subtask 2.5 and more than 200 hours of operation,

the PAFBC system was partiallydismantledto assess the integrityof the unit

and conductmaterialsevaluation. The diffuser section connectedto the pulse

combustortailpipe was observedto have fallen off into the fluid bed due to

fractureof holding/supportrods. The failure is attributedto thermal

stress. Incorporationof water-cooledsupport rods is expectedto solve this

problem. An examinationof the furnace internalsand the pulse combustor

indicatedthat the refractoryliningshad minor surface cracks and erosion was

not evident. In conclusion,the PAFBC system seemed to be generally irlgood

condition.
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A cost analysiswas performedto estimatethe capital cost of a

1000 Ib/hr PAFBC steam generatorbased on the configurationinvestigatedin

Task 2. Convective sectionand baghousewere included and the scrubberwas

deleted. Tilecost of one-of-a kind system (not the mass produced version)was

estimatedto be about $52,000. The cost breakdownis given in Table 4-21.

This figure is somewhathigher than the targetcapital cost goal (between

$45,000 and $50,000)derived from the steam productioncost model outlined in

ection 3.3.5. A packaged PAFBC boiler however,is anticipatedto meet the

target capital cost goal and compete favorablywith a naturalgas- or oil-

fired system. The projectedsteam cost is about $7/1000 Ib, as pointedout in

Section 3.3.5. Since the steam cost is very sensitiveto capacity factor,

applications/marketswith high capacity factors (>60%) providethe best

targets for the initialentry of this advancedcoaIL-firedtechnology. Also,

due to economy of scale - smallersurface area per unit volume and lower

marginal investmentin subcomponentcost with increase in unit size - PAFBC

boilers in the 10,000to 50,000 PPH steam range provide a keener competitive

edge for replacingoil- and gas-fired units.

MTCI has successfullydemonstratedthe feasibilityof a PAFBC technology.

The performanceof the laboratory-scalesystemexceeded the expectationsof

both MTCI and DOE. The integrationof a pulse combustorwith a fluidizedbed

combustorhas producedthe followingbenefits:

The oscillatingflow field imposedby the introductionof pulse

combustorexit gas into the fluid bed helps stabilizefluidization

dynamics,reduce particle entrainment,improve interphaseheat and

mass transfer,enhance sulfur captureand reduce solid waste volume.

[] The Fines burned in the pulse combustorgenerate pressure boost for

fluidization-_nd/orair stagingthereby reducing air moving equipment

requirementsand cost.

[] The furnaceheight requirementis lowereddue to pulse combustor

integration,freeboard expansionand in-furnacesolids disengage-

ment. The pulse combustor integrationdecreasescarbon loading in
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TABLE 4-26:

_COSTBREAKDO_WN_FOR AA PAFBC (1000 .PPH,.S'FEAM)_BOILER,

EST!MATE
_MATER_IAL/PU.RCHASED ITEMS

Coal Bunker .................. $ 3,000
Variable-SpeedScrew Meter . . . ....... 2,000

LimestoneBunker . . .......... i,500
Variable-Speed Screw Me{er .......... 2,000

Classifier ............... .... 1,000
Steam Drum .................. 2,500
Circulation [_ump . ............... 500
Feedwater Pump ................. i, 500
Bed Steam Coils ................. 1,000
Convection Coil ................... 3,375
Fluid Bed & Freeboard
Structural Steel & Refractory .......... 3,000
Pulse Combustor ................. 5,000
Bagnouse .................... 10,000
Cyclone .................. 5,000
Primary Air Fan ............... 2,000
Forced Draft Air Fan .............. 2,000
InducedDraft Fan .... ............. 2,000
Instruments................... 5___000

SUBTOTAL $52,375

LABOR H__OUR___SS@ $13.O0/hr

HOURS

Coal Bunker ........ 80 ........ $ 1,040
LimestoneBunker ...... 80 ........ I,040
Fluid Bed .... 280 ........ 3,640
Complete S;stem Mechanical . 120 ........ 1,560
Complete System Electrical.. 80 ........ 1,040
Complete System Instrument.. 80 ........ 1,040
Site Installation ...... 40 ........ 520
Si te Test ing ........ 4___00........ 520

SUBTOTAL 200 $I0,400

TOTAL* $6__.27._LZ5_75

First unit costs based on material and
labor estimates with field support.
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the freeboard. The freeboard expansion helps decrease gas velocity,

increase gas residence time and decrease solids elutriation. The in-

furnace solids disengagement improves combustion andsulfur capture

performance and decreases particle carryover with flue gas.

The heat exchange surfacearea requirementis greatly reduced by

efficient heat transfer both in the fluidizeddensebed and the pulse

combustortailpipe.

m The high combustion intensity(2 to 5 MMBtu/hr/ft3) and fast response

of the pulse combustorfacilitaterapid system start-upand load-

following.

m The draft tube configuration employed at the end of the pulse

combustor tailpipe provides fines recirculation and increased

particle residence time in the bed for enhanced combustion and sulfur

capture.

m lt is possible 'to incorporate multiple air staging in the freeboard

to achieve even lower NOX emissions.

u The system affords the potential for co-incineration of wastes of

various types - hospital waste, hazardous waste, coal pond waste,

coal tailings etc. - in an efficient, environmentally acceptable and
economical manner.

Due to the advantages cited above, a number of end-users such as

Baltimore Thermal Energy Corporation, Island Creek Corporation, and Cleveland

Thermal Energy Corporation have expressed great interest in this technology

and have offered participation in field testing the PAFBCsy,stem.
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,, SECTION 5,0

PRELIMINARY DESIGN FOR THE INTEGRATED SYSTEM

The technicalmerit and commercialpotentialof the pulsed fluid-bed

technologyhas been establishedat the low endof the market sector for which

it was originally intended (1,000 - 10,000 PPH). The performanceof the

experimentalPAFBC unit actually surpassedthat of conventionalbubblingand

circulatingfluidizedbed combustionunits and exceededthe initiale×-

pectationsfor the novel and innovativetechnology. Even at this first level

of'development,the project provided experimentaldata in combustion,sulfur

capture emissionscontrol and enhanced heat transfer to the degree that a

number of potential end-users are interested in participating in the next

phases of technology development, offering siting for field test trials for

their system's application. The preliminary designs were therefore focused

upon two different applications, one for drying and the other for steam

generation.

The first applicationfor coal drying has been proposedby IslandCreek

Corporation. The second applicationinvolvessteam generation for district

heatingwith steam generatedfed to the steam distributionlines of the

BaltimoreThermal Energy Corporation.

For each of these applications,severaldifferentdesign configurations

were formulatedand evaluated in order to arrive at an acceptabledesign for

each integratedsystem. The preliminarydesigns for each of the two appli-

cations are discussedin Section 5.2.

5.1 MARKET PENETRATION

As of 1987, there were 56 industrialfluid-bedcombustors (FBC)on-line

in the United States. The sizes ranged from approximately10 to 600 thousand

pounds of steam per hour. Of these, only one was in the range of interest

(I-10 thousand PPH). Fi(_e 5-] shows the distributionby size of these

industrialboilers and _ indicatesthe year Qf initiationof on-line
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operations. Two additionalunits (at 110 PPH each) were projectedto come

on-line in 1988 (StearnsCatalyticCorporation,1986).

Worldwide,excludingthe Soviet and Easternblock natlonsand the

People'sRepublic of China, the number of boiler units includingutilityunits

either on-lineor projectedto come on-line through 1988 are also provided in

Figure 5-I. The number of units in the Soviet Union and Eastern block

nations, as well as the People's Republicof China (PRC), are uncertain,

althoughthe PRC has reportedwell over 2,000 ,_nits(Zhang). A size

definitionand annual distributionof on-lineunits is not available,although

it appears there are some units at the 8,000 - 20,000 PPH level.

The implicationsfrom this size distributionare perhaps two-fold. The

units cluster at the 50-500 thousand PPH level, an indicationthat the tech-

nology and market for units in this size have reacheda mature commercial

level. Scale-up to units greater than 500 thousand PPH appears to present

little technicaldifficultyand is probably mor_ a matter of market

penetration,especiallywithin the utility sector.

Scale-down and operatingexperiencefrom I_000 - 50,000 PPH at the less

than 10,000 PPH is almost non-existentat the low end and quite sparse at the

upper end. This indicatesthat in sr,ire of the availabilityof a significant

market,the state-of-the-arttechnologyfor smallerunits is insufficientto

provideeither operatingexperienceor economic incentives. The conclusion

that can be reached is that innovativeand/or creative additionsto the

technologybase is a mandatoryprerequisitefor expansionto these levels of

application.

A more practical definition of unit size was based on discussions with a

local boiler manufacturer (Mr. Dixon, President of Dixon Boiler Works, Los

Angeles, California), a boiler size of 10,000 PPHsteam equivalPnt is the one

considered most suitable for market penetration. This is because this size is

in great demand, there is a large inventory of boilers in the market, and the

boiler owner is better able to absorb the capital cost differential between an

oil-/gas-fired and alternate fuel-fired unit. Therefore, the design steam
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capacity for the integratedfacility is selected to be 10,000 PPH at 150 psi

and saturationcondition. This would correspondto a 10"I scale-up from the

Task 2 laboratorytest unit and would providea measure of the scaleabilityof

the PAFBC concept.

Numerous variants exist in relationto the geometry,construction,and

means of heat removal in fluidizedbed combustors. The arrangementscommonly

employed include"

, Horizontal fire tube

u Vertical fire tube

R Water-walledcombustorwith water-tubeconvectivepass

, Refractory-linedcombustorwith immersedwater-tube banks

and water-tubeconvectivepass.

These designswere reviewed separatelyat first and then togetherwith

Mr. Dixon.

5.2 DISTRICT HEATING APPLICATION

The objectiveis to develop a flexibledesign that would permit limited

studieson boiler optimizationwhile evaluatingthe performance,reliability,

maintainability,controllability,operability,fuel flexibility,cost

effectiveness,environmentalcompliance,and safety of the system. Some of

the considerationsfor design include:

m System should incorporatesimple modular construction. For example,

the integratedtest facilitycould be divided into multiple sub-

systems. EacF subsystemwould then be deliveredon an individual

pallet and a n_nimum degree of interconnection would be necessary at

the end-user's site. Here the user has the flexibility to locate the

individual pallets in a manner which makes the best use of the

existing site space. Also, the user has the option of mixing and

matching different size subsystems to achieve performance and

reliability goals at less cost in comparison to multiple fully

packaged systems.
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m Unit should be capable of shop fabrication and truck transportation

to the greatest extent possible. This generally limits the pallet
dimensions to 30' x 10' x 13'.

m Assembled system height should not exceed about 20 feet since

vertical space in the small-scale boiler market sector is generally

I imi ted.

m Particulate collection should be localized at a minimum number of

poiats.

m Unit should be flexible to allow a high turndown ratio (- 5:1).

a System should incorporate automatic controls and require minimal

operator attention.

m Subsystems should be accessiblefor routine inspectionsand

m_intenanceas required.

m Boiler should require normal water treatment or conditioning system.

B Erosion,fouling and depositionproblems should be minimized.

,_,_ pertinent facts are as follows"

Fire-tube designs are commonly limited to relatively low steam pressure

ranges (up to 150 psi) due to mechanical constraints. Also, there is an upper

limit on steam capacity due to shell size restrictions. Although the

horizontal fire-tube boiler offers a familiar and proven design for natural

gas-, oil-, and coal-fired stoker service, the geometry of the furnace tube is

less than ideal For fluidized bed applications. By nature, fluidized beds

which are incorporated into these designs must be quite shallow. Although a

more extensive vertical appendage could be added at the bottom of the shell to

accommodate deeper beds, this results in an awkward design which compromises

the simplicity of the boiler and requires _ significantly more extensive

structural support system. In the original configuration, heat removal From
_j
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the bed is difficult. For instance, if the lower half of the furnace tube is

used to cool the bed, then fluidization must occur in a semi-circular

sectional area using horizontal sparge pipes to carry the fluidization air.

, In addition, the freeboard height is limited to approximately two-thirds of

the furnace tube diameter. The available space is clearly insufficient for

optimal carbon burnout and particle disengagement. Typically, a bed retaining

wall constructed from refractory brick defines the end of the bed. Since the

combustion gases pass over the top of this wall at high velocity, particle

carryover is a serious problem and necessitates virtually continuous bed

solids replenishment. Furthermore, installation of a pulse combustor in a

horizontal shell design would be difficult. Therefore, the horizontal fire-

tube design is considered inappropriate for the present application.

The vertical fire-tube design by nature seems to be more suitable for

conversion to an FBC boiler. However, this design is not commonplace in the

market and, when available, occurs in small capacity sizes. The fire-tube

diameter and height are very limited for FBC application and therefore design

and fabrication of a brand new boiler rattler than the modification of an

existing design is called for. Since in vertical fire-tube design:

m the fire tubes could get oxidized, pit, and corrode if air is present

in steam due to dissolution in water and the top portion of the tubes

get exposed to air; and

m the freeboard could quench combustion if not refractory lined;

alternately, the water column surrounding the freeboard is almost

unutilized if the freeboard is refractory lined.

Consequently, it was decided to drop the fire-tube concept.

The water-tube design is preferable from the standpoint of scale-up in

steam capacity and steam pressure, lt is capable of a faster response rate

than that of a fire-tube design. Also, the failure of a smal_ water tube is

less catastrophic than that of a large shell in a fire-tube boiler. Since

erosion of tubes immersed in fluidized beds is as yet an unresolved issue and

the water-wall concept permits a more compact design for a given boiler
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capacity, it was decided to employ a water-wall design for the dense bed

portion of the FBC.

Preliminary design calculations indicated that for a 10,000 PPH steam

generation rate, under nominal PAFBCoperating conditions (1550°F bed tempera-

ture, 7 ft/s superficial gas velocity, 3 foot bed height, and bituminous

coal), a bed area of about 28 sq. ft. would be required. This translates

approximately into a plan cross-section of 5 x 5 feet. Heat transfer calcula-

tions for the water wall indicated that a 3 x 3 feet bed could be maintained

at about 1550°F but not a 5 x 5 feet bed. Therefore, it was decided to employ

a water-cooled distributor plate as weil. A schematic of the conceptual

design proposed for the PAFBCboiler is shown in F_ii.gure5-3. The design

incorporates:

[] a 3- to 4-inch wide plate type (for ease of cleaning), water-wall

design in the dense bed region of the fluidized bed,

[] a refractory-lined freeboard to promote complete combustion,

[] a two-drum (steam and mud drums) concept to avoid elaboratewater

treatment,

[] natural circulation with downcomers and risers to avoid using water

circulation pumps that are prone to failure,

an inertialsolids separator-cum-steamgeneratorfor in-furnace

solids disengagementsuch that high-temperaturematerial is not

required for fabrication,

m an air-shrouded pulse combustor tailpipe to increase the residence

time in the high-temperatur_ zone for enhanced combustion of finest

to provide multiple air staging for NOxcontrol, to facilitate

furnace start-up without an auxiliary start-up burner, and to provide

boost pressure to the shroud air for mixing enhancement,
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m baffles in the convectivepass to decreasegas bypassing,

m a bed drain to facilitaterock removal,

m an expanded freeboardsectionto decrease gas velocity, increasegas

residencetime and decrease elutriation,

m a water-cooleddistributorplate to controlbed temperatureas well

as to reduce thermal stresses;a slopingdesign to prevent solid dead

zones, and

m a tight arrangementso that the boiler subsystemis compact and the

pallet dimensionsof about 20' x 12' x 10' permit shop fabrication,

truck transportationand installationwithin the vertical space

usually availablein boiler rooms.

A preliminaryconceptualprocessand instrumentationdiagram is shown in

Figure 5-4. lt includesthe usual complementof FD fan, ID fan, coal and

sorbent bins, baghouse,feedwaterpump, screw feeders,bed removalconveyor,

bed drain and fly ash collectiondrums, and also a coal classifier. The coal

is first introducedinto a standpipetype classifier. Here, air suppliedfrom

a fan entrains the finesfor injectioninto the pulse combustor and the coarse

coal falls into a hopper. The coarse coal is then mixed with limestoneand

fed overbed into the fluid bed using a screw injector. The coal feed rate is

regulatedby the coal metering screw based on the steam demand signal from the

steam drum pressure controller. The limestonemetering screw is ratio-

controlledagainst the coal feed rate. City water is pumped into the steam

drum through a water-treatmentmodule. A level control is used to regulate

the water in-flow to the drum. Bed drain is accomplishedby means of a water-

cooled screw conveyor and the drain rate is controlledbased on bed pressure

drop.

Data points comprise water/steam side and fire-side flows, pressures,

temperatures, compositions, and loads. These are input to a data acquisition

computer for scanning, data analysis, data storage, and activation of control
}
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systems. Performancecalcu'lationprogramswill be developedto provide on-

line monitoringand evaluationcapability. Control systemswill be designed

and tested for automatic,reliable,and operator-freeoperation.

A preliminarylistingof the nominalfacilitydesign parametersand

selectedequipmentspecificationsis given in Tab]le5-1.

5.3 COAL DRYING APPLICATION

The objective is to developan adiabaticPAFBC design for integration

into a coal-dryingoperationand evaluatethe performance,reliability,

maintainability,controllability,operability,cost effectiveness,

environmentalcompliance,and safety of the PAFBC system.

The PAFBC system is to be sited in a coal preparationplant operated by

Island Creek Corporation (ICC). The plant uses a Heyl Patterson(H&P) fluid-

bed dryer for thermallydrying coal. The H&P dryer operates under negative

pressure,in which drying gases are drawn from a heat source througha

fluidizeddrying chamber and a primarydust collectorto the induceddraft

fan. The induceddraft fan discharges into a wet scrubber for cleaning the

exhaust gases. The heat source is a coal-firedstoker unit. The dryer is

rated at 20 TPH evaporationand the stoker is rated at 75 MMBtu/hr. lt is

proposed to partiallyretrofit the stoker air heater with a 15 MMBtu/hr PAFBC

air heater (- 10,000 PPH steam equivalent). The PAFBC configurationprovides

the followingadvantages:

[] does not require highly beneficiated coal to meet environmental

regulations,

[] can use unbe_eficiated, crushed, refuse coal in the fluid bed and

refuse coal fines headed for the coal pond in the pulse combustor,

m high combustion and sulfur capture efficiencies,

[] low NOx and CO emissions,
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TABLE 5-1:

NOMINAL FACILITY DESIGN PARAMETERS

AND SELECTED EQUIPMENT SPECIFICATIONS

....... FORPA.FBC BOILER APPLICATION_ ...... .

Bed Area: 25 feet2 (5' x 5') '

Bed Height: 36 inches

FurnaceHeight" 16feet

Total Test FacilityHeight. 20 feet

Steam Rate" 10,000 Ib/hr

Steam Condition" Saturated@ 150 psig
'I

Coal Feed Rate" 1200 Ib/hr

LimestoneFeed Rate' 360 Ib/hr

SuperficialVelocity' 7 ft/s

Bed Temperature' 1550°F

Furnace Outlet Temperature' ~ 375°F

Oxygen in Flue Gas at Furnace Outlet: ~ 3%

Forced Draft Fan Rating. 3,000 SCFM@ 75" WC

Induced Draft Fan Rating" 4,500 SCFM@30" WC

Coal Feeder Ratipq" 2,000 Ib/hr

LimestoneFeede_ Rating" 500 Ib/hr

Bed Ash Conveyor Rating. 750 Ib/hr

FeedwaterPump Rating' 25 gpm @ 200 psig

Furnace Water Wall Surface Area' ~ 100 ft 2

Coal Feed Size' - I/2" x 0

Limestone Feed Size' ~ I/8" x 0

Pulse Combustor Firing Rate" ~ 4 MMBtu/hr

Classifier" I/2" x 30 mesh coarse, 30 mesh x 0
fines
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m fuels flexible,

[] low capital and operatingcosts, and

[] rapid start-up and load following.

Threedifferent configurationsfor the dense fluidizedbed portionof the

PAFBC were examined"

[] water-jacketed fluidized bed,

[] air-cooled tubes embedded in the fluidized bed,

[] adiabatic fluidized bed.

Ali three configurations were to employ overbed feed of coarse coal into

the fluidized bed and fine coal-fired pulse combustor.

Configuration I involves a steam circuit, Configuration 2 involves a

compressed air circuit, and Configuration 3 deals with the use of high excess

air level to operate the fluidized bed in an almost adiabatic mode. Based on

an evaluation of the three configurations, it was decided to select the third

configuration. The advantages of the adiabatic configuration (F_igure 5-5)
are'

[] Simple design, fabrication and installation - no steam circuit and no

compressor circuit.

[] Minimummodificationof the dryer system requiredfor PAFBC retrofit.

[] Lower capital and O&Mcosts than those of Configurations I and 2.

The disadvantages of this option are"

[] Bulkier PAFBCunit - larger footprint or cross-sectional area

required to operate at nominal (~ 7 ft/s) superficial gas velocity in
the bed.
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m Higher excess air level operation could translate into higher

emissions (gaseous and particulate) levels.

Preliminary design calculations indicated that for a 15 MMBtu/hr firing

rate, under nominal PAFBCoperating conditions (1550°F bed temperature, 7 ft/s

superficial gas velocity, 3.-foot bed height, and bituminous coal), a bed area

of about 61 sq. ft. would be required. This translates approximately into a

plan cross-section of 8 x 8 feet or a furnace shell diameter of 9 feet. From

a fabrication and cost standpoint, the circular geometry is considered superi-

or and is therefore selected here. A schematic of "the conceptual design for

the PAFBCair heater is shown in [igure 5-6. The design incorporates:

m A refractory-linedfurnace shell to minimize heat loss.

m An expanded freeboard section to decrease gas velocity, increase gas

residence time and decrease elutriation.

m An air-shroudedpulse combustortailpipe to,increasethe residence

time in thehigh-temperaturezone for enhancedcombustion of fines,

to providemultiple air stagingfor NOX control, to facilitate

furnace start-upwithout an auxiliarystart.-upburner, and to provide

boost pressureto the shroud air for mixing enhancement.

m An inertial solids separator for in-furnace solids disengagement.

m A sloping distributor design to prevent solid dead zones.

m A bed drain to facilitate rock removal.

The PAFBC system (Figure5-5) includesthe usual complementof FD fan,

coal and sorbentbunkers, screw feeders,bed drain and fly ash collection

drums, bed removalconveyor,and a high efficiencycyclone. The control

system proposed comprisesfurnacetemperaturecontrollers,indiv.idualdryer

temperaturecontrollers,and dampers in flue gas duct to adjust the heat input

to match the evaporativeload changes.
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FIGURE 5-6: CONCEPTUALDESIGN FOR THE PAFBC

COAL-DRYINGOPERATION
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The PAFBCsystem (Figure 5-5) includes the usual complement of FD fan,

coal and sorbent bunkers, screw feeders, bed drain and fly ash collection

drums, bed removal conveyor, and a high efficiency cyclone. The control

system proposed comprises furnace temperature controllers, individual dryer

temperature controllers, and dampers in flue gas duct to adjust the heat input

to match the evaporative load changes.

The dryer inlet temperature is controlled by dampers in the tempering air

and PAFBCflue gas ducts. This control is actuated by a thermocouple at the

dryer outlet. The ternperature leaving the dryer is set to giv_ the desired

final surface moisture and then produces it automatically. The coal feed rate

is regulated by the coal metering screw based on the PAFBCflue gas tempera-

ture controller. The limestone metering screw is ratio-controlled against the

coal feed rate. Bed drain rate is controlled based on bed pressure drop.

Data points comprise fire-side and tempering air flows, pressures,

temperatures, compositions, and loads. These are input to a data acquisition

computer for scanning, data analysis, data storage, and activation of control

systems. Performance calculation software will be developed to provide on-

line monitoring and evaluation capability. Control systems will be designed

and tested for automatic, reliable, and operator-free operation.

A preliminary listing of the nominal facility design parameters and

selected equipment specifications is given in Table 5-2.
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TABLE 5-2:

NOMINAL FACILITY DESIGN PARAHETERS

AND SELECTED EQUIPMENT SPECIFICATIONS

FOR COAL-DRYING APPLICATION ,,,

Bed Diameter: 9 feet

Bed Height: 36 inches

Freeboard Diameter: 11 feet

Furnace Height: 20 feet

Total Test Facility Height: 24 feet

Coal Feed Rate: 1200 Ib/hr

Limestone Feed Rate: 360 Ib/hr

Superficial Velocity: 7 ft/;;

Bed Temperature: 1550°I

Curnace Outlet Temperature: 1550°F

TemperatureAfter Tempering: 850 - 1050°F

Oxygen in Flue Gas at FurnaceOutlet: - 3%

Forced Draft Fan Rating: 13,000 SCFM @ 75" WC

Coarse Coal Feeder Rating: ],500 Ib/hr

LimestoneFeeder Rating: 500 Ib/hr

Bed Ash Conveyor Rating: 750 Ib/hr

Coal Feed Size: > 28 mesh and 28 mesh x 0

LimestoneFeed Size: ~ I/8" x 0

Pulse CombustorFiring Rate: -4 MMBtu/hr

Fine Coal Feeder Rating: 500 Ib/hr

Cyclone Efficiency: > 50% for 4 #m cut size
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