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Assessmentof Donlee3000-HorsepowerTurboFireXLBoiler
Industrialboilerfound toprovideenhanced efficiency, lowIVOx emissionsfor
commercialand industrial applications

Thepackageboiler concepthasbeenamund
formorethan60years, andthe~aremany
typesavailable. Boilersprovidesteam orhot
water for industrialandcommercialuse. The
TwboFireXLboilm,showninthe figurebelow,
isanon-traditionalboilerthatcombinesfiretube
andwatertubetechnologyTheboiler is housed
in a cylindrical body encasing a combustion
chamberwithwatertubesextendingalong the
waterwall. Donlee Technologies developed
the designwith support fromthe GasResearch
Institute(GIN).

Thewatertubefurnacesectionis connectedto
the firetube convective section in the steam
drumby a turningbox with the waterwallside
and end walls. The waterwall tubeshave an
outletleadingto a topheader that is connected
to thesteam drumand twowater inletsfrom
the bottom water header. The turningbox
endwallcontainspointstoaccessthewatertube
furnacesectionandthesteamdrumandfiretube
sections. The single-passconvectivesectionis
locatedin the steam drum. The heat transferis
enhancedbetween thefluegas and thewater
in thesteamdrumby theadditionofturbulators
(metalgas flowrestrictors).

The two-staged combustion coupled
with the cyclonicburner ispivotal to the
unit’sefficiencyandlow NOXand CO
emissions. The cyclonic swirling flame
discharges combktion gases ti-ectly into
the watertubeboiler section. The firingrate
andfueland air allowancesmecontrolledby
a microprocessor-basedcontrollerandboiler
pressuresensor (GRI1994). Awater/steam
mixtureis formedas the water risesfmm the
bottomwaterheader throughthe tubesin the
boiler wall. The steam drum,designedas a
firetubeunit,has flue gasesflowingthrough
tubesto provideheat transferto thewater in
the drum. An economizerutilizesthenmmirL-
ing heat in the flue gas to preheat theboiler
feedwater Wateristakenfmmthe steam drum
to theheaderby naturalchculationgenerated
by therisingsteam/watermixtwe. Asteam
qualitythat is greaterthan99.5 % is produced
as the steamflowsthroughthe separatorat the
top of the drum.

ThisTchndogyMaL!ui%mReuiew (TJR) describes
the TurboFireXLindustrialboiler technology
andpresentsinformationon existingapplica-
tions,energy-savingmechanisms,installation
requirements,andrelevantcasestudies.

TurboFireXL Boiler
~;

PhotocourtesyofDonleeTechnologies

Background
l%eindushialsectorconsumed
20,140TBtu of energyin 1992,
which is 3770of the total
energy consumption in the
United States. Natural gas
accounts for 45’XOof this
energy use, andboiler sys-
tems are the largest end use

in the industrialsector. Boil-
ers accountfor approximately

40?’.ofallindustrialenergycon-
sumptionforheat andpower.

Thirty-sixpercentofboilersuse
naturalgas (HA 1991). Industrial
]oilersrangein sizehorn 125to
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2500horsepower(hp).Thewatertube
and firetubearethe two major types
of industrialboilers. Fimtubeboilers
amusedpredominantlyin applica-
tions requiring pressures below
300 psig and sizes ranging from
100 to 750 hp. The stresses created
in theboiler’s combustiontubelimit
thepressureand capaaty

Theboiler’s combustiongasespass
through tubes surrounded by the
boiler’s water. For high-pressure
(upto 850psig, 750 to2500hp) and
high capacity(upto 90,000lb/hr of
steam)applications,watertubeboil-
ers are used. In watertube boilers,
water circulates within externally
heated tubes. An advancedgas-fired
system that is more fuel-efficient
and aidsin meetingstricterenviron-
mentalregulation is needed.

The TurboFireXL boiler, a clean-
burning combinationwatertube/
firetube boiler, uses a convective
steam drum and incorporates a
unique cyclonic burner concept.
This report describes results from
an evaluation of the performance
of Dordee’s 3000-horsepower
TimboFireXLboiler.The evaluation
indicatesthat theboilermaintained
effiaenaes greaterthan81% down
toa 101 turndown(minimUm-firklg)
operatingon gas and oil. The NO,
and COZemission levels remained
significantly lower than the EPA’s
requirement and those of standard
boilers. Emissionswemlowestat the
minimum-firingloadforboth fuels.

Technology Description
The TurboFireXLboiler combines
watertube and firetube designs
with a cyclonic burner and staged
combustionsystem. The major parts
of the boiler are shown in Figure 1.
Tbchnologyinformationwasextracted
fromthe generaldescriptionsection
ofDonleeTechnologiesInc.’sboilers’
datamanual.
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Figure 1. TurboFireXL boiler cutaway.

Cyclonic Combustion
Staged cyclonic combustion is
executed in a cylindricalrefractory
burner sectionby injectingprimary
combustionair andfuel tangentkilly
athighvelocitythroughnozzleports.
The primary zone of the staged
cyclonic burner is fired fuel rich in
a combustionprocesscharacterized
by intense swirl combustion flow
and high internal recirculation.
Combustionis completedby inject-
ing secondaryair throughports in a
refractoryringin thewaterwallsec-
tion.The &staging of cycloniccom-
bustion contributesto reducingNOX
emissionsin theboiler. Theoretically,
fuelrich combustionofwell-mixed
air and fuelpreventsthe formation
of NO, in the primary zone,sinceall
the oxygenin the ti isburned in the
combustion of the fuel. Thus no
oxygenis availableto reactwith the
nitrogenin the air to formnitrogen
oxides. Sincefuel richcombustion

occursat reducedflametempera-
ture,theprimary combustiontem-
peraturesarereducedin the staged
combustion. The primary zone
reduced gas temperatureassistsin
minimizing the NOXformationin
the secondarystage.

In theprimary zoneburner,combus-
tion air andfuel aremixedusing a
cross flow nozzle. The mixing is
furtherimprovedby the enhanced
recirculationinducedby the refrac-
tory targetorificelocatedat the sec-
ondaryairinjectionring. Byinjecting
secondaryair into the targetorifice,
goodmixingof secondaryair with
the primary zone gases is accom-
plished. Low CO emissions and
lowexcessairoverahigh turndown
range (10:1)canbe realizeddue to
the proper mixing in the staged
cyclonicburner. The turndownis
the ratiobetween full load output
andminimumload output. Having
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a high turndown reduces the fre-
quency of on/offcycling.

NOXformationis further reduced
by the steaminjectionsystem (upto
80% possible reduction) locatedin
thestagedcyclonicburnerThe steam
is injected with naturalgas into the
primarymneoftheburnerandcauses
a lowerlocalflametemperatum. The
injectionof a smallamountof steam
(lessthanO.05lb of steamper & of
fuel flow) achieves NOXemissions
<25 ppm and slightly reducesthe
boiler effiaency (typically-3-10%).
Foroilfirin&steamis injectedthrough
the swirlerandanmdus area of the
oil gun, Other industry methods
ofNOXreductionarelow excessti
(naturalgas fuel only-5-10% reduc-
tion),flu=gas reci.mhation(60–70Y0
reductior$, and selectivecatalytic
reduction(SCR—upto 90Yo).

The cyclonic combustion has a sig-
nificant convective heat transfer
component resulting from the
swirling Cyclonicflow,which
increases theheat transfer. This
increased heat flux reduces the
surface area needed to generate
the requiredsteam.

Watertube Wall Boiler
The waterwall boiler section is a
cylindricallyshapedcontainer. It
contains2-inch-diameterwaterwall
tubeson3-inch center-to-centers.A
gas-tightdesignforthehigh-pressure
operation and containment of flue
gasesis achievedby waterwalltubes
continuously seal-welded to a fin
membrane. The watertubesforma
wishboneconfigurationwith one
outletconnectionfor steam/water
mixture to a steam drum and two
inlet connections for water from a
bottom waterheader. The wishbone
configurationpromotescirculation
of the steam/water mixturein the
membranetubesto the steam drum.
Thebottomwaterheaderis protected

from the flame impingement by
removablecastrefractoryblocks.

The refractory burner section is
flangedto the watertubewall. The
secondaryair sectionis seal-welded
to the watertube wall. The target
orificein the waterwallis aikhed in
the secondaryair section. Aturning
box with watertubesidewalls and
end walls connects the watertube
boiler section and the fimtubesec-
tionin the steam drum.The turning
box waterwall tubes also have a
wishboneconfigurationwith an out-
let to a top header that connectswith
the steam drumand twowater inlets
from the bottom water header. A
man-way to access the watertube
boiler section is located at the end
wall of the turningbox. In addition,
there are two viewing ports; one
port givesa view of the flamekm
theburner and the otherprovidesa
view of the furnaceand flamefmm
the rear turningbox.

Turning Box and Economizer
Thewatertubewalldesignofthesides
oftheturningboxbetweenthewater-
wallsectionand the steam drumpro-
videsadditionalheattransfersurfaces
from the flue gas to thewater-steam
mkture (whichincreasesboiler effi-
aency) andreducesrefractory

Standardand optionaleconomizers
are available based on siterequire-
ments. The standardeconomizeris a
finnedtubeintegraldesign,incorpo-
rating severalparallelserpentinecoils,
connectedto commontop andbot-
tomheaders. The inlet and outletof
eaih coilm-welded to a curvedplate,
andthe plate is fittedontothe shell.
Spacemthatprovideadditionalsup-
port andrnaintainspacingfortheflue
gas areweldedbetween the elbows
of each economizer coil. The flue
gas is preventedfrombypassingthe
economizer by flow diverters. A
supedwata,consistingof a compact

serpentinetube array is locatedin
the turningbox. The superheateris
optionalbut helpsproducehigher
overaIlsteam generationefficiencies.

Burner and Steam Drum
Theburner chamberhas 10 to 14 air
ports dependingontheboiler size.
The cyclonicbumerhas a cress-flow
nozzlemixing design. Ports for the
pilot, flamescanner,and optionaloil-
firingnozzle ae in theburner front
cover. The secondary airports m
locatedin the targetorificeand the
ports are tangential to the inner
diameterof the orifice.

Theinternalcomponentsofthesteam
drumincludea steamseparatorand
convective tubes with optionfor a
chemicil feed and surfaceblowoff
system. The convetive tubebank
furtherheats the steam/watermix-
turebefore releasingit to the steam
outlet through the steamseparator
at the top of the drum. The separator
is installedagainstthe crown of the
steam drum to providemaximum
water/steamdisengagementheight.
TWically the internalsurfaceof the
convectiontubesisribbedto promote
heat transfer. The diameter of the
tubes is 2.5 inchesfor30,000 lb/hr
and 3 inches for 65,000 lb/hr and
100,000lb/hrboilerunits.

Case Studies
TurboFireXLboilers can be used
in any application where tradi-
tional boilers have been used.
This advancednatural-gas-fhed
boilerwas developedfor industrial
and commercial use. Thissection
brieflyhighlightsthee applications
where the TurboFtieXL boilers are
being used.The firstinstallations a
1000-hpTmboFireXLfieldtestunit
at KnouseFoods’PeachGlenfacility
in Pennsylvania installed in 1992.
Knouseuses itsboiler for thesteril-
ization of fruit and forheatingthe
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plant and administrative offices.
Theboilerproduces 34~00 lb/hr of
steamat a pressureof 125psig with
steam quality greater than 99.570.
The steamqualityexceedsthe clean
steamspecificationsof the foodpro-
cessingindustry Theboilerheats the
entk buildingwhenit is operating
at75%outputandissaving $400/day
inheatingcostsduringpeak period
of operationandup to $90,000annu-
allyon steam generation. Theboiler
is supplyingthe functionthat two
traditional boilers suppliedin the
past. The Knouseboiler operatesat
an averageeffiaency of 857. over a
turndownratio of 10 to 1 with full
modulation. The integral econo-
mizer of the boiler helps meet the
efficiencyrequirements.Boilerstart-
uptakes 30 to 45 minutes.

TheSecondboilerislocatedata paper
mill owned by Cascades Niagara
Falls,Inc.,inNewYork. The 1800-hp
boilerwas insta.lledin1993primarily
as a steamsource(60,000 lb/hr of
steam). The third is a 3000-hpunit
(100,0OOIb/hrofsteam)thathasbeen
constructed for SCM Chemicalsin
Ashtabula,Ohio. Theunitis designed
to operate at 250 psig and produce
superheated steam at above600”F
(GRI1994;Donlee).

Energy-Saving Mechanisms
and Benefits
Industrial steam boilers consumed
2.6 quads(-30%) of the 8.9 quadsof
mtural gas consumedin the United
Statesin1994. Industrialboilersrange
insizehorn125to2500hp. Thewater-
tubeandfin+ube arethe two major
types of industrialboilers. Firetube
boilersareusedpredominantly in
applications requiring pressures
below3(Xlpsigandsizesrangingfrom
100to 750hp. The stmxxescreatedin
iheboiler’scombustiontubelimit the
pressureand capaaty Theboiler’s
combustiongasespass throughtubes
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surrounded by the boiler’s water.
Forhigh—pressme(upto850psi&750
to 2500hp) andhigh-capaaty (upto
90,000lb/hr of steam)applications,
watertubeboihs amused. Inwater-
tubeboilers,hater circulatesyithin
externallyheatedtubes.An advanced
gas-fired s~stem that is more fuel-
effiaent and aidsin meetingstcicter
envimnmentahegulationsisneeded.
TheTmboFkXLboilw, a combination
watertube/fimtubeboilw,usesa con-
vectivesteam drumandincorporates
a uniquecyclonicburner concept.

TheDonleeT~ologies TmboFireXL
models arepackaged compactunits.
The boiler capacity ranges from
1000 to 3000 hp providing 34,500
tol(X)JXKllb/hrofsteamatp~ up
to 650psig. Its compactnessreduces
the space~quirement andlowas the
installationcosts. The cyclonicswirl-
ing flameprovidessuperiormixing
of fuel gas and combustionair while
furnishinghighconvectiveheattrans-
fer.Theboiler offersa quickstart-up
andmaintainshigh effiaency during
rapid responseload changeandlow
emissions of nitrogen oxides (NO,
S 30 [gas],59 [oil]partsper million
[ppm]) and carbon monoxide (CO
S20 @s] 31 [oil]ppm). Thelow NOX
emissionlevelmeets strictern2quire-
mentsby some states. The unitpr-
ovidesgoodsteamquality(99.59’.)and
theboiler effiaencyremains above
817. duringfallcapacitydownto 109’o
ofrated capaaty

Federal Sector Potential

Technology Screening Process
A feasibilityassessments neededto
justify the hardwarerequiredat tar-
geted sites. Assessmentactivities
may includethe following

● Determinerelevantspecifications
(thermal,physical,environmental,
operational,and economical)of
the TwboFireXLboiler.

●

●

●

●

PROGRAM

Collectenergyexpenditure,emis-
sions,time-dependent energy
(steam)usage.
Survey facilities where boilers
will be used and devise site-
selectioncriteria.
Conductlife-cycleanalysesusing
theboiler technology
Develo~test andimplementation
plansf&-boilers. -

Costs and Installation
Donleemanufactmesthreepackaged
boilers,andtheir costsare$250,000
(1000 hp), $370,000 (1800hp), and
$590,000(3000hp). The installation
costvariesbasedonthesiteconditions
from $50,000 to $100,000(1000hp),
$100,000to$150,000 (1800hp), and
$150,000to$200,000(3000hp). Hence,
the totalinstallationcostvaries from
$300,000to $790,000.

Technology Performance
Knouse Foods’ Peach Glen facility
in Pennsylvaniais a fruitprocessing
companythatusessteamprimarily
to process,heat, andsterilizefruit.
Also, the companyusessteamfor
clean-upandto heat theplant and
administrative offices. The steam
mcpirementis35,000lb/hr operating
at 125psig with an 8 to 1 or gyater
turndown. AIOOO-hpTi..uboFireXL
was installedin 1992witha251/2-
inch-diameterstack

Afterfouryears of operation,yearly
inspectionsof theboiler nswealedno
watertubeproblems. The high circu-
lationin the watertubes limits the
potentialfor corrosion. Jn addition,
the startup time was reduced from
3 hours to 30 to 45 minutes. The
boiler complieswith environmental
safetyregulationsin the CleanAir
ActAmendmentsof 1990. The NOX
emissionslevelwas maintainedat
less than 30 ppm attributed to the
boiler cyclonicbumer technology A
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cyclone of swirling flamesandhot
gasesis formedintheboiler’s furnace
creatingan optimummix of fuel and
air. Ihjectingsteaminto the combus-
tion zone reduces NOXformation
furtherand eliminatestheneed for
a NOXremovalsystemcan.

Twoproblemswm encounteredafter
the boiler was installed. The first
problem was the high levelof noise
generated by the fan. The 100-hp
fan requiredinsulationto reducethe
noise to a tolerablelevel. Cyclingof
theboiler duringlow steamdemand
periods was the second problem.
This occurred during weekends
duringprocessdowntime andlow
spaceheatingrequirements.

Theproblemwasresolvedby demas—
ingthe low firingrate and attaining
maximum turndown capacity.
Another changemade was adding
a singleelementcontrolthatused a
differentialpressuretransducerto
furthercontrolfeedwater.The con-
trol helped to regulateboilerwater
in the steamdrummore evenlydur-
ing rapidlychangingsteam demand.
Over thefiveyearsperiod theboiler
hasbeen operating,it hasnwealed
that it can respond in seconds to
changesin load demandfrom8,000
to 32,000lb/hr throughoutthe day

throughoutload demandthe steam
quality (99.5%)is maintained.

Technology Demonstration
Ateih.nologydemonstrationproject
on a TurboFireXLboiler (3000 hp)
was conductedat the Donleefacility
York, Pennsylvania, for Lockheed
Martin Energy Systeqs, Inc., Oak
Ridge,Tennessee,onApri122 and23,
1999. The objectives of the project
were to measurethe environmental
impact and efliaency performance
of the boiler. The combustion of
natural gas and No.2 oil in boilers
resultsinlhefollowingnineemissions
nitrogen,oxygen,watm,cabon diox-
ide,particulate,carbon monoxide,
nitrogen oxide, sulfuroxides,and
volatile organic com~ounds. The
latter five e“tisions & classifiedas
pollutants.Thesepollutants were
measured by sampling theboiler
stack exhaust while operating at
minimum,25Y0, 50?’0, 75?40,and 100%
loadsexceptforthe particulatewhich
was measuredat 100!!J’ousingnatural
gas and50% and 100%using No.2
oil. The percent load on theboiler
was based on fuel flow. Envisage
Envimnrnentalconductedemission
sampling,and SchmidtAssoaates
performed ASME efficiency test
concurrentlyto emissionsa.umlirw.

withoutdamagingtie boiler. Also,
J J.u

Emissions Results
The samplecollectionand analysis “
techniques utilized for emission
testswere performedin accordance
withUSEl?AReferencetest methods
1,2,3,4,5, 7E, 10, and 25A, Which
arelistedin thebox on the following
page. Sample points were at two
separatetraverseslocated at 1,2.9,
5.2,7.8,11,15.7,28.3,33, 36.2,38.8,
41.1, and43 inchesin fmmthe inner
wall of the 44inch-diameter stack.
Therefore, there was a total of
24 points,twelveat eachtraverse.
EstimatesofEPAAP-42emissions
for naturalgas andNo. 2 fuel oilam
presentedin Table1. The emissions
were sampled every minute and
averaged over the periods shown
in Table2.

Naturalgas%redemissiontestresults
are shown in Tables 2,3, and 9 (see
AppendixA). The gas-firedresults
reveal NOXemissions< 30.3 ppm
for the fivefiringloads tested. These
results are nearly analogousto the
manufacturer’spredictedNOXemis-
sionsof less than30 ppm, whichis
significantlyless thanEPAAP-42
factors of 112ppm, as shown in
Table 2 and Figure2. The highest
emissionslevelwasHorded at 10070
load (30.3 ppm) while the lowest
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&ure 2. TurboFireXL emissions versus EPAfactors (natural gas).
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F&ure3. TurboFireXL emissions versus EPAfactors (No.2 oil).

level was at low load (16.3 ppm).
Table3 revealsanNOXemissionrate
of less than 0.004lb/MMf3tu(EPA)
for allfiringloads.This is substan-
tiallyless thanEPA’semissionlimit
of 0.86lb/Wtu (EPA)for cyclone
boilers. The manufacturerpredicted
CO emissionstobe less than50 ppm,
andthetestsrevealedactualCOemis-
sionstobe less than21 ppm, whichis
substantiallylowerthan the Table1
and Figure 2 factor of 46 ppm and
the predicted value. The highest
CO emissionslevelwas at 25% load
(20.5ppm) andthelowestwas at
minimumload (11.1ppm). Other
manufacturers’comparableboilers
generateemissionslevelsof approxi-
mately 100ppm operatingconven-
tionallyandless than40 ppmwith
fluegasrecirculation.Thesecompa-
rableboilers canbe retrofittedwith
selectivecatalyticreduction(SCR)
units to reduce the emissionslevel
to below 20 ppm, but the SCRunit
is expensive (Dordeeand Cleaver
Brooks). In comparingthe emissions
of otherpollutantsin Tables2 and3
(WCs andparticulate)to EPA’sfac-
tors in Table1, thesepollutantemis-
sionsareconsiderablylessthan ETA’s
factorlimits.

No. 2 fuel oilresultsarepresentedin
Tables4,5, and 10 (seeAppendixA),
andgraphicallydepictedin Figure3.
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NO. emissions levels varied from Performance Results
31.2’ppmto 59.2 ppm. The 75% load
yieldsthehighestemissionslevel,and
the minirnurnloadyieldsi%elowest
emissionslevel. The maximumNOX
emissionsrate was 0.008lb/MMBtu
@able 5), whichis significantlyless
thanEPXs limit of 0.86 lb/h4MBtu
for cyclone boilers (EPA).Thepol-
lutantsgenerated(Tables4 and5) are
allnoticeablybelow EPA’semission
factorsfor fuel oil shownin Table1.
The CO emissions remained less
than31 ppm, whichis smallerthan
themanufactu.mr’sprojectionof less
than50ppm.

lleboiler effiaencyrepresents the
differencebetween the energyinput
and output. The boiler efficiency
was computedby utilizingASME
PowerTestCode,M’C 4.1, for deter-
miningthe fuel-to-steameffiaency
applyingtheheat lossmethod. The
adjustmentsfor the injectedsteam
usedfor NO, controlwas the only
deviation from the ASMEI?TC4.1
method. In all casesexceptone, the
iqjectedsteamenthalpywas ~ater
thanthe flue gasmoistureenthalpy
msultinginaslightlyhigherefficiency

USEPAReference Test Methods

USEPAMethod 1

USEPAMethod 2

USEPAMethod 3

USEPAMethod 4

USEPAMethod 5

USEPAMethod 7E

USEPAMethod 10

USEPAMethod 25A

Sample and velocity traverses forstationarysources

Determination of stack gasveloci~ and volumetric flow rate

Gasanalysis for carbon dioxide, oxygen, excess air, and dry molecular
weight

Determination of moisture content in stack gases

Determination of particulate emissions from stationary sources

Determination of nitrogen oxides emissions from stationary sources
(instrumental analyzer procedure)

Determination of carbon monoxide emissions from stationary sources
(instrumental analyzer procedure)

Determination of total gaseous organic concentrations using aflame
ionization analyzer

—
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Theheatlossmethod is aheatbal-
anceefficiencywhichaccountsfor
alltheheatlossesof theboilerby
subtracting from 100 percent the
totalpercentof stack,radiation,and
convectionlosses.Thestacktempera-
tureindicatesmoisturelossandheat
carriedaway in the dryflue gases.
Lower stack temperature reveals
more effective heat exchange and
higherfuel-to-steameffiaency. Air
flow across (convection) and heat
radiating(radiation)fromtheboiler
are essentiallyconstantthroughout
the firingrange of a boiler.

Some otherkey factorsthat affectthe
boiler efficiency are excessair and
ambientair temperahue. Excessair
isadditionalairsuppliedtotheburner
abovethatmqukedtocompletecom-
bustion.Althoughthisexcessair is
needed to ensure sufficient air to
maintainsafety it reducestheboiler
efficiency by extracting potential
energy that could be usedforheat-
ingwater. A minimumof 1570excess
air is recommended. In thisdemon-

(seeTables 6 and 7, Figure 4). The
data reveals the effect that increas-
ing thepercentof excessairhas on
the effiaenq. The efficiencydrops
by 3.52% when the excess air is
increasedfrom 6 to 30.35%using
natural gas and 3.94?40usingNo.2
oil. These efEiaencyreductionsare
also influenced by the increased
percentage of steaminjected. Even
thoughthe percentof excess air is
greater than 15’?10for all No.2 oil
loads, theboiler effiaencyrernains
above 80Y0.Conventional boilers
have approximate 80?’oeffiaency
at high-load,but effiaency typically
decreaseswith turndown.

The predictedeffiaenq was 82% *
l?’ofrom25 to 1009’oloadfiringnatu-
ral gas,but as seenin Table6, the test
results exceeded the predictedeffi-
aency The largestsourcesof losses
were due to stacktemperature(dry
gasheat) andmoisturefrom com-
bustion of hydrogen. The fuelshad
12.19%(No.2Oil)and23.85% (natural
ms) hvdromn, as showninTable 8.

Manufacturer
DortleeTe&nologies Inc.,693North
Hills Road, York, Pennsylvania
17402-2211.
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strationproject,the excessairranged fiere~ore,”No.2 oil incursless loss IUnois.
from 30,35’%0at minimum load to due to the combustionofhydrogen,
6% at 1007oload usingnatural gas whichresultsinhigherNo.2oilboiler
and 76.34% at minimum load and effiaenaes.
17,20%at 100%load usingNo. 2 oil
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AppendixA
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Table 1. AP-42 Uncontrolled Emission Factors (10-100 MMBWhr Boilers, Cleaver Brooks).

Fuel

FNaturalGas

I FuelOil

I

Units Particulate S02 [s031 co

lb/MMBtu 0.00095-0.0048. 0.00057 0.033

ppm na 0.34 46

lb/MMB~i~ti 0.649(%s)+0.01951.02(%s)[0.013(%S)] 0.0325

lb/MMBtu&Wle 0.0143 l.ol(%s) [0.013(%S)] 0.0325

Pp%idual I na j 549(%S)[7(%S)] ] 42

PPrnwiUate na I !544(%s)[7(%S)] I 42

0.133 I 0.0027

112 I 6.8

0.357 I 0.0018

0.143 I 0.0014

273 ] 3.6

107 I 2.8

Vocs
Methane

0.0029

7.3

0.0065

0.0004

13

0.8

9
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Table 2. Emissions L.uboratoy Summary Data (Natural Gas Fired).

~ Date: April 22,1999 Symbol (Units) MinimumLoad 25%Load .50%Load 75%Load 100%Load

SamplingTiie t (minutes) 45.0 40.0 40.0 40.0 60
Barometric Pressure Pb(in.Hg) 29.97 29.97 29.97 29.97 29.97
StaticPressure Pg(in.H’o) -0.06 -0.05 -0.15 -0.17 -0.17
StackPressure Ps(in.Hg) 29.97 29.97 29.96 29.96 29.96

GasMeterVolume Vln(ft’) 32.18 28.51 28.33 28.07 54.54
StackArea A(ft~ 10.56 10.56 10.56 10.56 10.56
NozzleDiameter Dn(dec.in.) na na na na 0.32
“Y”Factor 0.994 0.994 0.994 0.994 0.994
MeterTemperature (“F) 67.9 82.2 80.4 78.6 72.5

TmCR) 527.9 542.2 540.4 538.6 532.5
StackTemperature CF) 217.5 181.5 228.0 247.1 248.29

TsCR) 677.5 641.5 688.0 707.1 708.29
VelocityHead(SQR~ P (in.~o) 0.166 O.,xl 0.446 0.731 0.8
OrificePressure H (in.~0) 1.66 1.66 1.66 1.66 3.01
Carbondioxide C02&O) 6.8 9.3 10.4 10.3 10.8
oxygen 02 (?’0) 8.9 4.4 2.5 2.8 1.8

Carbonmonoxide co (%) 0.0 0.0 0.0 0.0 0
Nitrogen N, (%) 84.3 86.3 87.1 87.0 87.4
PitotCoefficient Cp 0.84 0.84 0.84 0.84 0.84
WaterCollected WC(ml) 192.8 191.8 160.1 162.1 258.5
SampleWeighti Mn

Probe (g) na na na na 0.0064
Filter (g) na na na na 0.0081
Impingers (g) na na na na 0.1074
NOX (pPm) 16.3 25.3 25.6 26.0 30.3
VOCasPropane (Pprn,mPmJ 0.0 0.1 0.0 0.1 0.1935
VOCasCarbon (Pprn-n) 0.0 0.4 0.1 0.4 0.5805
co (pPm) 11.1 20.5 16.9 11.5 17.5
02 (pPm) 89,000 44,000 25,000 28,000 18,000

10
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Table 3. Gas Fired Total Emission Rate (Moisture and Particulate).

TotalEmissions MinimumLoad 25%Load 50%Load 757.Load 100’ZOLoad

Particulate
lb/MMBtu na na na na 0.00067
lb/hr na na na na 0.72194
grains/dscf na na na na 0.00410

NitricOxides
lb/MMBtu 0.0035 0.0040 0.0036 0.0037 0.0041
lb/hour 0.4915 1.1521 2.0634 3.3749 4.4593
lb/dscf ‘ 1.94E-06 3.02E-06 3.06E-06 3.1OE-O6 3.62E-06

TotalVOC’S
lb/MM8tu 0.00E+OO 1.49E-05 5.27E-06 1.34E-05 2.05E-05
lb/hour 0.0000 0.0043 0.0030 0.0121 0.0222
lb/dscf 0.00E+OO 1.13E-08 4.46E-09 1.llE-08 1.8E-08

CarbonMonoxide
lb/Wtu 1.46E-03 1.96E-03 1.45E-03 1.00E-03 0.001447
lb/hour 0.2041 0.5681 0.8289 0.9102 1.5674
lb/dscf 8.07E-07 1.49E-06 1.23E-06 8.36E-07 1.27E-06

SystemFlowRates
ft/sec 10.92 16.11 29.36 48.89 53.13
ACFM 6,919 10,204 18,604 30,974 33,660
DSCFM 4,218 6,356 11,251 18,153 20/543

MoistureContent(%Voh.une) 21.90 24.43 21.30 21.61 18.23
SampleLocationTemp.(“F) 218 182 228 247 248

I
I

-..,~m . . . . . . . . . . . . I
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Table 4. Emissions Laboratoy Summay Data (No. 2 Oil Fired).

Date April23,1999 Symbol(Units) MinimumLoad 25%Load 50%Load 75%Load 100’XOLoad

SamplingTme t (minutes) 35 35 60.0 35 30.0
BarometricPressure Pb(in.Hg) 29.91 29.91 29.91 29.91 29.91
Static Pressure rg(in.~o) 0.02 0.03 0.00 0.00 0.00
StackPressure Ps(in.Hg) 29.91 29.91 29.91 29.91 29.91
GasMeterVolume Vm(ft’) 26.69 25.55 41.88 25.50 45.10
StackArea A(ft) 10.56 10.56 10.56 10.56 10.56
NozzleDiameter Dn(dec.in.) na na 0.32 na 0.32
“Y”Factor 0.996 0.996 0.996 0.996 0.996
MeterTemperature ~F) 60.1 58.9 59.1 57.9 63.5

TmCR) 520.1 518.9 519.1 517.9 523.5
StackTemperature (“F) 152.8 182.6 251.7 255.8 259.8

TsCR) 612.8 642.6 711.7 715.8 719.8
VelocityHead(SQRT) P (in.H’o) 0.260 0.334 0.510 0.963 1.350
OrificePressure H(in.~0) 1.80 1.80 1.57 1.80 8.03
Carbondioxide co, (%) 5.9 6.2 8.1 8.6 9.8
Oxygen 02 (%) 10.5 9.8 6.6 5.6 3.6
Carbonmonoxide co (%) 0.0 0.0 0.0 0.0 0.0
Nitrogen Nz(%) 83.6 84.0 85.3 85.8 86.6
PitotCoefficient Cp 0.84 . 0.84 0.84 0.84 0.84
WaterCollected Vlc(ml) 82.6 87.2 193.3 109.8 216.7
SampleWeight: Mn

Probe (g) na na 0.0062 na 0.0079
Filter (g) na na 0.0081 na 0.0440
Impingers (g) na na 0.4858 na 0.1979
NOX (pprn) 31.2 35.8 48.9 59.2 53.3
VOCasPropane (Pprn,.WJ 0.0 0.1 0.9 0.1 0.5
VOCasCarbon (Pprn-.) 0.0 0.3 2.7 0.3 1.5
co @@ 10.0 15.1 22.0 31.0 14.8
02 (Pprn) 105,000.0 98,000.0 66,000.0 56,000.0 36,000.0
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Table 5, No. 2 Oil Fired Total Emission Rate (Moisture and Particulate).

TotalEmissions MinimumLoad 25~0Load 50%Load 75~0Load 100’XOLoad

Particulate
lb/MMBtu na na 0.00112 na 0.00310
lb/hour na na 0.58 na 5.10
Grains/dscf na na 0.0052 na 0.0173

NitricOxides
,,
,:

lb/MMBtu 0.00777 0.00837 0.00889 0.01004 0.00800
lb/hour 1.7035 2.4305 4.6227 10.6353 13.1648
lb/dscf 3.72E-06 4.27E-06 5.84E-06 7.07E-06 6.36E-06

TotalVOCS
lb/MMBtu 0.00E+OO 1.73E-05 1.28E-04 1.26E-05 5.84E-05
lb/hour 0.0000 0.0050 0.0665 0.01 0.0961
lb/dscf 0.00E+OO 8.85E-09 8.41E-08 8.85E-09 4.65E-08

CarbonMonoxide
lb/MMBtu 1.52E-03 2.15E-03 2.43E-03 3.20E-03 1.35E-03
lb/hour 0.3328 0.6239 1.2654 3.3892 2.2246
lb/dscf 7.27E-07 1.1OE-O6 1.60E-06 2.25E-06 1.08E-06

Svstem FlowRates

,,

ft/sec 15.99 21.07 34.05 64.30 90.52

ACFM 10,128 13/350 21/574 40,740 57/355

DSCFM 7,634 9,477 13,193 25,076 34,477

Moisture Content (%Volume) 12.50 13.59 17.55 16.53 18.03
SampleLocationTemp~F) 153 183 252 256 260

Table 6. Natural Gas Eficieney Test Results.

Load7. ~.ExcessA& %BoilerEfficiency 7. SteamInjectionLoss

MinimumLoad 30.35 81.48 +0.22

25 18.90 83.65 +0.15

50 9.70 84.66 +0.06

75 10.65 84.43 +0.01

100 6.00 85.00 +0.03

Table 7. No, 2 Oil Eflcienq Test Results.

Load7. ?4.ExcessAir %BoilerEfficiency ?’.SteamInjectionLoss

MinimumLoad 76.34 83.74 +0.10

25 67.12 85.19 +0.07

50 25.16 87.09 +0.02

75 20.52 87.29 -0.01

100 17.20 87.70 +0.001

13 “
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Table 8. Fuel Ultimate Analysis (As Received).

Product No.2 Oil NaturalGas———— —
Carbon(%Wt) 85.44 73.42
Hydrogen(%Wt) 12.19 23.85
sulfur(%wt) 0.60 0.00
oxygen(%wt) 1.21 2.02
Nitrogen+Chlorine(%Wt) 0.43 0.70
Ash (%Wt) I 0.03 I 0.00 I,

I Moisture (%Wt) I 0.10 I 0.00

I Heat of Combustion(Btu/lb) I 18,765 I 22,936 I
I Heat of Combustion (Btu/ft3 ) I – I 1034 I

Heat of Combustion (Btu/gal) 149,141 —
I

Table 9. Detailed Gas Fired Emission Test Results (Moisture and Particulate).

Symbol (Units) MinimumLoad 25~0load 50~0load 75’%0load I 1007.load

Tie of Day 11:35 16:25 1734

1220 1715 1814 +--l-+-
Gas Volume-dry, std. Vmstd (ft’) 32.37 27.92 27.84

Condensate Vapor Vol. Vwstd (t%’) 9.08 9.03 7.54 -+--H%
Gas Stream Moisture Bws (vol. dec) 0.2190 0.2443 0.2130

MoLWt-flue gas (dry) Msd (lb/lb me.) 29.44 29.66 29.76 *

MoLWt-flue gas (wet) Ms (lb/lb me.) 26.94 26.81 27.26

Flue Gas Velocity Vs (ft/see) 10.92 16.11 29.36

27.21 I 27.65

48.89 I 53.13

Flue Gas Volume-Actual Qs (acfm) 6,919 10,204 18,604

Flue Gas Volume-Std. Qs (dscfm) 4,218 6J56 11,251 +%-t+%

Concentrations Cs

Probe (ddscfl na na na

I

na 0.0018

Filter (gr/dscf) na na na

Total Particulate (mYdscf) na na na -+-l-%%
NOX (lb/dscf) 1.94E-06 3.02E-06 3.06E-06

Voc (lb/dscf) 0.00E+OO 1.13E-08 4.46E-09

3.1OE-O6 I 3.62E-06

1.llE-08 I 1.8E-08

co (lb/dscf) 8.07E-07 1.49E-06 1.23E-06

Emission Rate E

8.36E-07 I 1.27E-06

Probe (lb/hr) na na na

Filter (lb/hr) na na na

na I 0.3187

na I 0.4033

Total Particulate (lb/hr) na na na

NOX (lb/hr) 0.4915 1.1521 2.0634

na I 0.7219

3.3749 I 4.4593

Voc (lb/hr) 0.0000 0.0043 0.0030

co (lb/hr) 0.2041 0.5681 0.8289

0.0121 I 0.0222

0.9102 I 1.5674

Isokinetic Rate I (%) na na na na I 83.21
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Table 10, Detailed No. 2 Oil Fired Test Results (Moisture and Parti[ [late).

25%Load 50%Load 75’%Load 100%Load

10:05 11:36 1330 1521

,
I

Symbols(Units) Minimum Load

Time of Day 09:03

09:48 10:45 1300 1405 1551

26.11 42.75 26.11 46.37Gas Volume-dry, std. Vmstd (f?) 27.20

Condensate Vapor Vol. Vwstd (f/) 3.89 4.10 9.10 5.17 10.20

0.1359 0.1755 0.1653 0.1803Gas Stream Moisture Bws (vol.dec) 0.1250

Mol.Wt-flue gas (dry) Mad (lb/lb me.) 29.37 29.38 29.55 29.60 29.71

27.84 27.53 27.68 27.60MoLWt-flue gas (wet) Ms (lb/lb me.) 27.95

Flue Gas Velocity Vs (ft/see) 15.99 21.07 34.05 64.30 90.52

13,350 21,574 40,740 57,355
I
( Flue Gas Volume-Actual Qs (acfm) 10,128

Flue Gas Volume-Std. Qs-Std (dscfm) 7,634 9,477 13,193 25,076 34,477

Concentrations Cs

Probe gr/dscf na
1

na I 0.0022 I na I 0.0026 I

Filter gr/dscf I na na 0.0029 na 0.0146

na 0.0052 na 0.0173Total Particulate gr/dscf na

NO. lb/dscf 3.72E-06 4.27E-06 5.84E-06 7.07E-06 6.36E-06

8.85E-09 8.41E-08 8.85E-09 4.65E-08Voc lb/dscf 0.00E+OO

co lb/dscf 7.17E-07 1.1OE-O6 1.60E-06 2.25E-06 1.08E-06

Emission Rate E

Probe lb/hr na na I 0.25 I na I 0.78 I

Filter lb/hr na

Total Particulate lb/hr na

na 0.33 na 4.33

na 0.58 na 5.10

NOX lb/hr 1.7035 2.4305 4.6227 10.64 13.1648

0.0050 0.0665 0.0100 0.0961Voc lb/hr 0.0000

co lb/hr 0.3328 0.6239 1.2654 3.3900 2.2246

101.7 84.4Isokinetic Rate I (%) I

!
1

I
I
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Disclaimer

This report was sponsored by the United States Department of Energy, Office of Federal Energy Management
Programs. Neither the United States Government nor any agency or contractor thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liabil”@or responsibility forthe accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
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manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency or contractor thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency orcontractorthereof.
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