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3.1 Process Description
311 Introduction

Andectrostatic precipitator (ESP) isaparticlecontrol devicethat useseectrical forcesto
movethe particlesout of theflowing gas stream and onto collector plates. Theparticlesaregiven
anelectrica chargeby forcing themto passthrough acorona, aregioninwhich gaseousionsflow.
Thedectrical field that forcesthe charged particlesto thewa lscomesfrom el ectrodes maintained
at highvoltageinthe center of theflow lane. Figure3.1isanexampleof electrostatic precipitator
components.

Oncethe particles are collected on the plates, they must be removed from the plates
without reentraining theminto the gasstream. Thisisusually accomplished by knocking them
loosefrom the plates, allowing the collected layer of particlesto slide down into ahopper from
whichthey areevacuated. Some precipitatorsremovethe particlesby intermittent or continuous
washingwithwater.

3.1.2 Typesof ESPs

ESPsareconfiguredin severa ways. Some of these configurations have been developed
for special control action, and othershave evolved for economic reasons. Thetypesthat will be
described here are (1) the plate-wire precipitator, the most common variety; (2) theflat plate
precipitator, (3) thetubular precipitator; (4) thewet precipitator, which may have any of the previous
mechanical configurations; and (5) thetwo-stage precipitator. SeeFigure 6.14 for examples of
typical flate-plate and plate-wire ESP configurations.

3.1.2.1 Plate-WirePrecipitators

Plate-wire ESPsareused inawidevariety of industrial applications, including coa-fired
boilers, cement kilns, solid wasteincinerators, paper mill recovery boilers, petroleumrefining cataytic
cracking units, sinter plants, basic oxygen furnaces, open hearth furnaces, electric arc furnaces,
coke oven batteries, and glassfurnaces.

Inaplate-wire ESP, gasflows between parallel plates of sheet metal and high-voltage
electrodes. These electrodes are long wires weighted and hanging between the plates or are
supported there by mast-like structures (rigid frames). Within each flow path, gasflow must pass
each wirein sequence asflowsthrough the unit.

The plate-wire ESP allows many flow lanesto operatein parallel, and each lane can be
quitetall. Asaresult, thistypeof precipitator iswell suited for handling largevolumesof gas. The
need for rapping the platesto dislodge the coll ected material has caused the plateto bedivided
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into sections, often three or four in serieswith one another, which can be rapped independently.
The power suppliesare often sectionalized in the sameway to obtain higher operating voltages,
and further el ectrical sectionalization may beused for increased reliability. Dust aso depositson
thedischarge e ectrode wiresand must be periodically removed similarly to the collector plate.

Thepower suppliesfor the ESP convert theindustria ac voltage (220t0480V) to pulsating
dc voltage in the range of 20,000 to 100,000 V as needed. The supply consists of a step-up
transformer, high-voltagerectifiers, and sometimesfilter capacitors. Theunit may supply either
half-waveor full-waverectified dc voltage. Thereareauxiliary componentsand controlsto allow
thevoltageto be adjusted to the highest level possiblewithout excessive sparking and to protect
the supply and electrodesin the event aheavy arc or short-circuit occurs.

The voltage applied to the electrodes causes the air between the electrodes to break
down electrically, an action known asa*“corona” Theelectrodesusually aregiven anegative
polarity because anegative coronasupportsahigher voltage than apositive coronabefore sparking
occurs. Theionsgeneratedinthecoronafollow eectricfield linesfromthewiresto thecollecting
plates. Therefore, each wire establishesacharging zonethrough which the particlesmust pass.

Particles passing through the charging zone intercept some of theions, which become
attached. Small aerosol particles (<1 um diameter) can absorb tens of ions before their total
charge becomeslarge enough to repel further ions, and large particles (>10 pm diameter) can
absorb tensof thousands. Theelectrical forcesarethereforemuch stronger onthelarge particles.

Asthe particles passeach successvewire, they aredriven closer and closer tothecollecting
walls. Theturbulenceinthegas, however, tendsto keep them uniformly mixed withthegas. The
collection processisthereforeacompetition between thee ectrica and dipersveforces. Eventudly,
the particlesapproach close enough to thewallsso that theturbulence dropstolow levelsand the
particlesare collected.

I the collected particles could be did odged into the hopper without | osses, the ESPwould
beextremely efficient. Therapping that did odgesthe accumulated layer d so projectssomeof the
particles (typically 12 percent for coal fly ash) back into the gas stream. These reentrained
particlesarethen processed again by later sections, but the particlesreentrained inthelast section
of the ESP have no chanceto be recaptured and so escapethe unit.

Practical considerationsof passing the high voltageinto the space between thelanesand
allowing for some clearance above the hoppersto support and align el ectrodes|eave room for
part of the gasto flow around the charging zones. Thisiscalled“sneakage” and amountsto 5to
10 percent of thetota flow. Antisneakagebafflesusualy areplaced toforcethe sneakageflow to
mix withthemain gasstreamfor collectioninlater sections. But, again, the sneakageflow around
thelast section hasno opportunity to be collected.
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Theselossesplay asignificant roleintheoverall performance of an ESP. Another mgjor
factor istheresstivity of the collected material. Becausethe particlesformacontinuouslayer on
the ESP plates, all theion current must passthrough thelayer to reach the ground-plates. This
current createsan dectricfiddinthelayer, andit can becomelargeenoughto causelocal eectrical
breakdown. Whenthisoccurs, new ionsof thewrong polarity areinjected into thewire-plate gap
wherethey reducethe charge on the particlesand may cause sparking. Thisbreakdown condition
iscalled“back corona.”

Back coronais prevalent when the resistivity of the layer ishigh, usualy above2 x 10
ohm-cm. For lower resigtivities, the operation of the ESPisnot impaired by back coronas, but
resistivitiesmuch higher than 2 x 10 ohm-cm considerably reducethe collection ability of theunit
becausethe severe back coronacausesdifficultiesin charging the particles. Atresistivitiesbelow
10® ohm-cm, the particles are held on the plates so loosely that rapping and nonrapping
reentrainment becomemuch moresavere. Caremust betakeninmeasuring or estimating resstivity
becauseitisstrongly affected by variablessuch astemperature, moisture, gascomposition, particle
composition, and surface characterigtics.

3122 FHaPaePrecipitators

A significant number of smaller precipitators (100,000 to 200,000 acfm) useflat plates
instead of wiresfor thehigh-voltagedectrodes. Theflat plates(United McGill Corporation patents)
increasethe average electric field that can be used to collect the particles, and they provide an
increased surface areafor the collection of particles. Coronacannot be generated onflat plates
by themselves, so corona-generating electrodes are placed ahead of and sometimes behind the
flat plate collecting zones. These el ectrodes may be sharp-pointed needles attached to the edges
of theplatesor independent coronawires. Unlikeplace-wireor tubular ESPs, thisdesign operates
equally well with either negativeor positive polarity. Themanufacturer haschosento usepostive
polarity to reduce 0zone generation.

A flat plate ESP operateswith little or no coronacurrent flowing through the collected
dust, except directly under the coronaneedlesor wires. Thishastwo consequences. Thefirstis
that the unit is somewhat |ess susceptible to back coronathan conventional unitsare becauseno
back coronaisgenerated in the collected dust, and particles charged with both polaritiesof ions
havelargecollection surfacesavailable. Thesecond consequenceisthat thelack of currentinthe
collected layer causesan dectrica forcethat tendsto removethelayer fromthe collecting surface;
thiscanlead to high rapping losses.

Flat plate ESPsseemto havewide applicationfor high-resstivity particleswithsmdl (1to
2 um) massmedian diameters(MMDs). These gpplicationsespecialy emphasize the strengths of
the design becausethe electrical dislodging forcesareweaker for small particlesthanfor large
ones. Fly ash hasbeen successfully collected with thistype of ESP, but low-flow velocity appears
tobecritica for avoiding highrapping losses.



3.1.23  Tubular Precipitators

Theorigind ESPsweretubular likethe smokestacksthey were placed on, with thehigh-
voltaged ectrode running along theaxisof thetube. Tubular precipitatorshavetypicd applications
insulfuric add plants, coke oven by-product gas cleaning (tar removal), and, recently, iron and
ged gnter plants. Suchtubular unitsaretill used for somegpplications, with many tubesoperating
in parallel to handleincreased gasflows. The tubes may be formed asacircular, square, or
hexagonal honeycomb with gasflowing upwardsor downwards. Thelength of thetubescan be
selectedtofit conditions. A tubular ESP can betightly sealed to prevent leaksof material, especidly
vauableor hazardousmaterid.

A tubular ESPisessentialy aone-stageunit and isuniquein having dl thegaspassthrough
theelectroderegion. Thehigh-voltage electrode operatesat onevoltagefor theentirelength of the
tube, and the current varies along thelength asthe particles are removed from the system. No
sneakage paths are around the coll ecting region, but coronanonuniformitiesmay allow some
particlesto avoid charging for aconsiderablefraction of thetubelength.

Tubular ESPscompriseonly asmal portion of the ESP popul ation and aremaost commonly
appliedwherethe particulateiseither wet or sticky. These ESPs, usually cleaned withwater, have
reentrainment losses of alower magnitudethan do thedry particul ate precipitators.

3.1.24  WetPrecipitators

Any of the precipitator configurations discussed above may be operated with wet walls
instead of dry. Thewater flow may be appliedintermittently or continuously to wash the collected
particlesinto asump for disposal. The advantage of thewet wall precipitator isthat it hasno
problemswith rapping reentrainment or with back coronas. The disadvantageistheincreased
complexity of thewash and thefact that the collected durry must be handled more carefully thana
dry product, adding to the expense of disposal.

3125 Two-StagePrecipitators

Theprevioudy described precipitatorsareall paralel in nature, i.e., the dischargeand
collecting electrodesareside by side. Thetwo-stage precipitator invented by Penney isaseries
devicewith the discharge electrode, or ionizer, preceding the collector electrodes. For indoor
applications, the unit isoperated with positive polarity to limit ozone generation.

Advantagesof thisconfigurationinclude moretimefor particle charging, lesspropensity
for back corona, and economical congtructionfor smal sizes. Thistypeof precipitator isgenerdly
used for gas flow volumes of 50,000 acfm and less and is applied to submicrometer sources
emitting oil mists, smokes, fumes, or other sticky particulatesbecausethereislittledectrica force



to hold the collected particulates on the plates. Modules consisting of amechanical prefilter,
ionizer, collecting-plate cell, after-filter, and power pack may beplaced inpardld or series-pardle
arrangements. Preconditioning of gasesisnormaly part of thesystem. Cleaning may beby water
wash of modulesremoved from the system up to automatic, in-place detergent spraying of the
collector followed by air-blow drying.

Two-stage precipitators are considered to be separate and distinct types of devices
comparedto large, high-gas-volume, single-stage ESPs. Thesmaller devicesareusualy sold as
pre-engineered, package systems.

3.1.3 Auxiliary Equipment

Typicd auxiliary equipment associated withan ESPsysemisshown schematicaly inFigure
3.3. Alongwiththe ESPitsdlf, acontrol system usualy includesthefollowing auxiliary equipment:
acapturedevice (i.e., hood or direct exhaust connection); ductwork; dust removal equipment
(screw conveyor, etc.); fans, motors, and starters; and astack. Inaddition, spray coolersand
mechanical collectorsmay be needed to precondition the gasbeforeit reachesthe ESP. Capture
devicesareusualy hoodsthat exhaust pollutantsinto the ductwork or aredirect exhaust couplings
attached to acombustor or processequipment. Thesedevicesareusualy refractory lined, water
cooled, or simply fabricated from carbon steel, depending on the gas-stream temperatures.
Refractory or water-cooled capture devices are used where thewall temperatures exceed 800°F;
carbon stedl isused for lower temperatures. Theducting, likethe capture device, should bewater
cooled, refractory, or stainless steel for hot processes and carbon steel for gas temperatures
bel ow approximately 1150°F (duct wall temperatures <800°F). Theductsshouldbesizedfor a
gasvelocity of approximately 4,000 ft/minfor the average caseto prevent particledepositionin
theducts. Largeor denseparticlesmight require higher velocities, but rarely would lower vel ocities
be used. Spray chambers may be required for processes where the addition of moisture, or
decreased temperature or gasvolume, will improve precipitation or protect the ESPfrom warpage.
For combustion processeswith exhaust gas temperatures bel ow approximately 700°F, cooling
would not berequired, and the exhaust gases can be delivered directly to the precipitator.

When much of the pollutant |oading consists of relatively large particles, mechanical
collectors, such ascyclones, may be used to reduce theload on the ESP, especially at highinlet
concentrations. Thefansprovidethe motive power for air movement and can be mounted before
or after the ESP. A stack, normally used, ventsthe cleaned stream to the atmosphere. Screw
conveyorsor pneumatic systemsare often used to remove captured dust from the bottom of the
hoppers.

Wet ESPsrequire asource of wash water to beinjected or sprayed near thetop of the
collector plateseither continuoudly or at timedintervas. Thewater flowswiththe collected particles
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Figure3.3: Control Deviceand Typica Auxiliary Equipment

intoasump fromwhichthefluidispumped. A portion of thefluid may berecycledto reducethe
total amount of water required. Theremainder ispumped directly to asettling pond or passed
through adewatering stage, with subsequent disposal of thedudge.

Gas conditioning equi pment to improve ESP performance by changing dust resistivity is
occasionally used as part of the original design, but morefrequently itisused to upgradeexisting
ESPs. Theequipment injectsan agent into the gas stream ahead of the ESP. Usually, the agent
mixeswith the particlesand aterstheir resstivity to promote higher migration vel ocity, and thus
higher collection efficiency. However, eectrica propertiesof thegasmay change, rather than dust
resistivity. For instance, cooling the gaswill alow morevoltageto be applied before sparking
occurs. Significant conditioning agentsthat are used include SO,, H,SO,, sodium compounds,
ammonia, and water, but themajor conditioning agent by usageis SO,. A typical doseratefor any
of the gaseous agentsis 10 to 30 ppm by volume.

Theequipment required for conditioning dependson theagent being used. A typical SO,
conditioner requiresasupply of molten sulfur. Itisstoredinaheated vessel and suppliedtoa
burner, whereitisoxidizedto SO,. The SO, gasispassed over acatalyst for further oxidationto
S0O,. The SO, gasistheninjectedintothefluegasstream through amulti-outl et set of probesthat
breach aduct. In placeof asulfur burner to provide SO, liquid SO, may be vaporized froma

storagetank. Although their total annual costsare higher, theliquid SO, systems have lower
capital costsand are easier to operate than the molten sulfur based systems.
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Water or ammoniainjection requiresaset of spray nozzlesintheduct, alongwith pumping
and control equipment.

Sodium conditioning is often done by coating the coal on aconveyor with apowder
compound or awater solution of the desired compound. A hopper or storage tank is often
positioned over the conveyor for this purpose.

314 Electrostatic Precipitation Theory

Thetheory of ESP operation requiresmany scientific disciplinesto describeit thoroughly.
TheESPisbascally an dectrical machine. Theprincipa actionsarethe charging of particlesand
forcingthemtothecollector plates. Theamount of charged particul ate matter affectstheeectrica
operating point of the ESP. Thetransport of the particlesisaffected by thelevel of turbulencein
thegas. Thelosses mentioned earlier, sneakage and rapping reentrainment, aremajor influences
onthetota performance of the system. The particle propertiesa soleaveamajor effect onthe
operation of theunit.

Thefollowing subsectionswill explain thetheory behind (1) electrica operating pointsin
the ESP, (2) particlecharging, (3) particlecollection, and (4) sneakage and rapping reentrainment.
General referencesfor thesetopicsare White[1] or Lawlessand Sparks[2].

3.14.1  Electricad Operating Point

Thedectrica operating point of an ESP sectionisthevaueof voltageand current at which
thesection operates. Aswill become gpparent, the best collection occurswhen thehighest e ectric
fieldispresent, which roughly correspondsto the highest voltage on the e ectrodes. Inthiswork,
theterm* section” representsone set of platesand e ectrodesinthedirection of flow. Thisunitis
commonly caleda“field”’, anda” section” or “bussection” representsasubdivision of a“field”
perpendicular to thedirection of flow. 1nan ESP model andin sizing applications, thetwo terms
“section” and“field” are used equiva ently because the subdivision into bus sectionsshould have
no effect onthemodel. Thisterminology hasprobably arisen because of thefrequent use of the
word“field” torefer totheeectricfield.

Thelowest acceptable voltageisthe voltage required for the formation of acorona, the
electrica dischargethat producesionsfor charging particles. The (negative) coronaisproduced
when an occas onal free el ectron near the high-voltage € ectrode, produced by acosmicray, gains
enough energy from the electric field to ionize the gas and produce morefree electrons. The
electricfield for which thisprocessis self-sustained has been determined experimentally. For
round wires, thefield at the surface of thewireisgiven by:
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d 0
E, =3126x10°d, 0 +00301 1 O (3.1)
& Ur, U &
where
E, = coronaonset field at thewire surface (V/m)
d = relativegasdensity, referred to 1 atm pressure and 20°C
(dimengonless)
r = radiusof thewire, meters(m)

Thisisthefield requiredto produce*glow” corona, theform usualy seeninthelaboratory
on smooth, cleanwires. Theglow appearsasauniform, rapidly moving diffuselight around the
electrode. After aperiod of operation, the movement concentratesinto small spotsonthewire
surface, and the coronaassumes atuft-like appearance. Thefield required to produce “tuft”

corona, theformfoundin full-scale ESPs, is0.6 timesthevalue of EC.

Thevoltagethat must be applied to thewireto obtain thisvalueof field, V., isfound by
integrating thedectricfieddfromthewiretotheplate. Thefiedfollowsasmple“ 1/r” dependence
incylindrica geometry. Thisleadsto alogarithmic dependenceof voltage on ectrodedimensions.
Inthe plate-wire geometry, thefield dependenceis somewhat more complex, but thevoltage still
showsthelogarithmic dependence. V_ isgivenby:

Og 0
w

where
Vv = coronaonset voltage (V)
d = outer cylinder radiusfor tubular ESP (m)
4/B x (wire-plate separation) for plate-wire ESP (m)

No current will flow until the voltage reachesthisval ue, but the amount of current will
increase steeply for voltages abovethisvaue. The maximum current density (amperes/square
meter) ontheplateor cylinder directly under thewireisgiven by:
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2

where
j = maximum current density (A/m?)
H = ionmobility m%V's) (meter?/volt second)
€ = free space permittivity (8.845 x 102 F/m)(Farad/meter)
\% = appliedvoltage (V)
L = shortest distancefromwireto collecting surface (m)

For tuft corona, the current density iszero until the coronaonset voltageisreached, when
itjumpsamost to thisvalueof j within afew hundred volts, directly under atuft.

Theregion near thewireisstrongly influenced by the presence of ionsthere, and the
coronaonset voltage magnitude shows strong spatial variations. Outsidethe coronaregion, itis
quiteuniform.

Thedectricfieldisstrongest along thelinefromwireto plate and isapproximated very
well, except near thewire, by:

E =

max

v
- (3.4)

where
E = maximumfield strength (V/m)

max

When the d ectric field throughout the gap between thewire and the plate becomes strong enough,
aspark will occur, and the voltage cannot beincreased without severe sparking occurring. The
field at which sparking occursisnot sharply defined, but areasonablevaueisgiven by:

. 0273 _O0®
E.=63x10 @TP@‘ (3.5
where

E, = gparking field strength (V/m)

T = absolutetemperature (K)

P = gaspressure (atm)
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Thisfield would bereached at avoltageof, for example, 35,000V for aplate-wire spacing of 11.4
cm(4.5in.) at atemperature of 149°C (300°F). The ESPwill generally operate near thisvoltage
intheabsence of back corona. E__ will beequal toor lessthan E,

Instead of sparking, back coronamay occur if thedectricfieldinthedust layer, resulting
fromthe current flow inthelayer, reachesacritical valueof about 1 x 10°V/m. Dependingon

conditions, the back corona, may enhance sparking or may generate so much current that the
voltage cannot beraised any higher. Thefieldinthelayerisgivenby:

where
E, = dectricfiddindustlayer(V/m)
p = resdivity of thecollected materid (ohm-m)

3.14.2  PaticdeChaging

Charging of particlestakes place whenionsbombard the surface of aparticle. Oncean
ionisclosetotheparticle, itistightly bound because of theimage chargewithintheparticle. The
“Iimagecharge’ isarepresentation of thechargedistortionthat occurswhen ared chargegpproaches
aconducting surface. Thedistortionisequivalent to acharge of opposite magnitudeto thereal
charge, located asfar below the surface asthereal chargeisaboveit. Thenotion of thefictitious
chargeissmilar tothenotion of animageinamirror, hencethename. Asmoreionsaccumulateon
aparticle, thetotal chargetendsto prevent further ionic bombardment.

Therearetwo principd chargingmechaniamns. diffusonchargingandfiddcharging. Diffuson
charging resultsfrom thethermal kinetic energy of theionsovercoming therepulsion of theions
dready ontheparticle. Fidd charging occurswhenionsfollow dectricfiedlinesuntil they terminate
onaparticle. Ingenera, both mechanismsare operativefor al sizesof particles. Field charging,
however, addsalarger percentage of charge on particlesgreater than about 2umin diameter, and
diffusion charging addsagreater percentage on particlessmaller than about 0.5um.

Diffusion charging, asderived by White[ 1], producesalogarithmically increasinglevel of
chargeon particles, given by:

k
) = - Hinga + 1) @)

3-15



where

q(®)

A o - x =

where

particlecharge (C) asfunction of time, t, in seconds
particleradius(m)

Boltzmann’scongtant (j/K)

absolutetemperature (K)

electron charge (1.67 x 101°C)
dimengonlesstimegivenby:

v Ne?6
T:—

= (39)

mean thermal speed of theions(m/s)

ion number concentration near the particle (No./m?) 2=red time
(exposure

real time (exposuretimeinthecharging zone) (s)

Diffusion charging never reaches alimit, but it becomes very slow after about three
dimensionlesstimeunits. For fixed exposuretimes, the chargeon aparticleisproportiond toits

radius.

Field charging a so exhibitsacharacteristic time-dependence, given by:

where

9
)

-,

T

Thesaturation chargeisgivenby:

where

q,6
MU—6+T, (3.9)
saturation charge, chargeat infinitetime (C)
rea time(9)
another dimengonlesstimeunit
q, =12m0r’°E (3.10)

free space permittivity (F/m)
externa eectricfield appliedtothe particle (V/m)
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Thesaturation chargeisproportiona to thesquare of theradius, whichexplainswhy field
charging isthe dominant mechanismfor larger particles. Thefield charging time constant isgiven

by:
r=— (3.12)

where
M = ionmohility

Strictly speaking, both diffusion and field charging mechanismsoperate at the sametime
onadl particles, and neither mechanismissufficient to explain the chargesmeasured onthe particles.
It hasbeen found empirically that avery good approximation to the measured chargeisgiven by
the sum of the charges predicted by Equations 3.7 and 3.9 independently of oneanother:

G = g (1) + 04 (1) (312)
where
A, () = particle charge dueto both mechanisms
q® = particlechargedueto diffusion charging

q (1) particlechargeduetofield charging

3.14.3 ParticleCollection

Thedectricfiddinthecollecting zone producesaforce on aparticle proportiona to themagnitude
of thefield and to the charge:

F,=qE (3.13)
where

F, = forceduetoelectricfield (N)

q = chargeon particle (C)

E = dectricfidd (V/m)
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Becausethefield charging mechanism givesan ultimate charge proportional totheeectric
field, theforceonlarge particlesisproportiona tothe squareof thefield, which showstheadvantage
for maintaining ashigh afield aspossible.

Themotion of the particlesunder the influence of the electric field isopposed by the
viscousdrag of thegas. By equating the el ectric force and the drag force component dueto the
electricfield (according to Stokes' law), we can obtain the particle vel ocity:

q(E,r) E C(r)

v(q,E,r)= 6 (3.149)
where
v(g,E,r) = particleveocity (m/s)
q(E,r) = particlecharge (C)
C(r) = Cunningham correction to Stokes' law (dimensionless)
n = gasviscosty (kg/ms)

The particle velocity, istherate at which the particle movesaong theelectricfield lines, i.e.,
towardthewalls.

For agivenéeectricfied, thisvelocity isusudly at aminimumfor particlesof aout 0.5 um
diameter. Smaller particlesmovefaster because the charge doesnot decreasevery much, but the
Cunningham factor increasesrapidly asradiusdecreases. Larger particleshaveachargeincreasng
asr? and aviscousdrag only increasing asr?; theve ocity thenincreasesast .

Equation 3.14 givesthe particlevelocity with respect to till air. Inthe ESP, theflow is
usually very turbulent, with instantaneous gas vel ocities of the same magnitude asthe particles
velocities, but inrandomdirections. Themotion of particlestoward thecollecting platesistherefore
adtatistical process, with an average component imparted by the electric field and afluctuating
component fromthe gasturbulence.

Thisgtatistical motion leadsto an exponential collection equation, given by:

_ U-vr O
N(r)= NO(r)EXpE’fDD (3.15)

3-18



where
N(r)

particleconcentration of Sizer at theexit of the collecting zone (No./m?)

Ny() = particle concentration of sizer at theentrance of the
zone (No./m?)
vir) = S ze-dependent particlevelocity (m/s)
v, = characterigtic velocity of the ESP (m/s), given by:
_Q_ 1
Vo= = SCA (3.16)
where
Q = volumeflow rate of thegas(m®/s)
A = plateareafor the ESP collecting zone (m?)
SCA = gpecificcollectionarea(A/Q) (§m)

Whenthiscollection equationisaveraged over dl the particle sizesand weighted according
to the concentration of each size, the Deutsch equation results, with the penetration (fraction of

particlesescaping) given by:

p =exp(-w, SCA) (3.17)
where
p = penetration (fraction)
w = effectivemigration velocity for the particleensemble (m/s)

e

Thecollection efficiency isgivenby:
Eff (%) =100 (1- p) (3.18)
and isthe number most often used to describe the performance of an ESP,

3.1.4.4  Sneakageand Rapping Reentrainment

Sneakage and rapping reentrainment are best considered on the basis of the sections
withinan ESP. Sneakage occurswhen apart of the gasflow bypassesthe collection zone of a
section. Generally, the portion of gasthat bypassesthe zoneisthoroughly mixed with the gasthat
passesthrough the zone before al the gas entersthe next section. Thismixing cannot alwaysbe
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assumed, and when sneakage paths exist around several sections, the performance of thewhole
ESP is seriously elected. To describe the effects of sneakage and rapping reentrainment
mathematically wefirst consider sneakageby itself and then consider the effectsof rapping asan
averageover many rapping cycles.

On the assumption that the gasiswell mixed between sections, the penetration for each
section can beexpressed as.

p. =Sy +[(1-5,) x p.(Q")] (3.19)
where
P, = section’sfractiona penetration
S = fraction of gasbypassing the section (sneakage)
pQ) = fraction of particlespenetrating the collection zone, whichisfunctionally
dependent on Qt, the gasvolumeflow in the collection zone,reduced by
the sneakage (M?/s)

The penetration of theentire ESPisthe product of the section penetrations. The sneakage
setsalower limit on the penetration of particlesthrough the section.

To caculate the effects of rapping, wefirst calculate the amount of material captured on
theplatesof thesection. Thefraction of materid that was caught isgiven by:

r:‘:1—ps:1—sN—[(1—SN)><|OC(Q’)] (3.20)

0
where

mm = massfraction collected from the gas stream

Thismateria accumulatesuntil the platesare rapped, whereupon most of thematerid fals
into the hopper for disposal, but afraction of itisreentrained and leavesthe section. Experimental
measurements have been conducted on fly ash ESPsto eval uate thefraction reentrained, which
averages about 12 percent.

Theaverage penetrationfor asectioninc uding sneskageand rgpping reentranments, is

p. =Sy +[(L-5,) x p.(Q)] + RR (1-5,)[1- p.(Q")] (321)
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where

RR = fractionreentrained

Thiscan bewritteninamore compact formas.

p. = LF +[(1- LF) x p.(Q")] (3.22)

by substituting LF (lossfactor) for § + RR(l - § ). Theseformulascanallow for variableamounts
of sneakage and rapping reentrainment for each section, but thereisno experimental evidenceto
suggest that it isnecessary.

Fly ash precipitatorsanalyzed inthisway havean average S of 0.07 and an RRof 0.12.
Thesevaluesarethe best availableat thistime, but somewet ESPs, which presumably haveno
rapping losses, have shown § valuesof 0.05 or less. Thesevauesoffer ameansfor estimating
the performance of ESPswhose actual characteristicsare not known, but about which general
satementscanbemade. For instance, wet ESPswould be expected to have RR=0, aswould ESPs
collectingwet or sticky particles. Particulate materia swith amuch smaller mass mean diameter,
MMD, than fly ash would be expected to have alower RR factor because they are held more
tightly to the platesand each other. Sneakage factorsare harder to account for; unless special
effortshave been madein the design to control sneakage, the 0.07 val ue should be used.

3.2 ESP Design Procedure
321 Specific Collecting Area

Specific collecting area(SCA) isaparameter used to compare ESPsand roughly estimate
thelr collection efficiency. SCAisthetotal collector plate, areadivided by gasvolumeflow rate
and hastheunitsof mor g/ft. Since SCAistheratio of A/Q, itisoften expressed asm?/(m?/s) or
ft?/kacfm, where kacfm is thousand acfm. SCA isalso one of the most important factorsin
determining the capital and severd of theannua costs(for example, maintenance and dust disposal
costs) of the ESP becauseit determinesthesize of theunit. Because of thevariouswaysinwhich
SCA can beexpressed, Table 3.1 givesequivaent SCAsin the different unitsfor what would be
considered asmall, medium, and large SCA.

Thedesign procedureisbased on thelossfactor approach of Lawlessand Sparks[2] and
consdersanumber of processparameters. It can beca culated by hand, but itismost conveniently
used with aspreadsheet program. For many uses, tablesof effectivemigration velocitiescan be
used to obtainthe SCA required for agiven efficiency. Inthefollowing subsection, tableshave
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Table 3.1: Small, Medium, and Large SCA s as Expressed by VariousUnits

Units Small Medium Large
ft?/kacfm? 100 400 900
gm 19.7 78.8 177
oft 6 24 54

a 5080 ft¥kacfm = 1 (¥m)

been cal culated using the design procedure for anumber of different particle sourcesand for
differing levelsof efficiency. If astuationisencounteredthat isnot coveredinthesetables, thenthe
full procedurethat appearsin the subsequent subsection should be used.

3211 SCA Procedurewith Known Migration Vel ocity

If themigration velocity isknown, then Equation 3.17 can berearranged to givethe SCA:

~In(p)

e

SCA =

A graphicd solutionto Equation 3.23isgiveninFigure3.4. Themigrationve ocitieshave
been cal culated for three main precipitator types. plate-wire, flat plate, and wet wall ESPsof the
plate-wiretype. Thefollowing threetables, keyedto design efficiency asan easily quantified
variable, summarizethemigration vel ocitiesunder variousconditions:

* InTable3.2, themigrationvelocitiesaregivenfor aplate-wire ESPwith conditionsof no
back coronaand severe back corona; temperatures appropriate for each processhave
been assumed.

* InTable3.3, themigration velocitiesca culated for awet wall ESP of the plate-wiretype
assume no back coronaand no rapping reentrainment.

* InTable3.4,theflat plate ESP migration velocitiesare given only for no back corona
conditionsbecausethey appear to belessaffected by high-resstivity duststhan the plate-

wiretypes.

Itisgenerally expected from experiencethat the migration vel ocity will decreasewith
increasing efficiency. In Tables 3.2 through 3.4, however, the migration vel ocities show some

3-22



€c€

Efficiancy {%)

pEE g

E ERS B ¥

28

IBNENAT,EF jr F 1
LYY AT - t
T Pl} L i - === -
- "?‘?'3' - ""f d I‘I_I"' A i e A il
ey =
ol e P | -
L I o 4 r u 1
™ T i i i = —
TR PL — = - -
’ ! 'FQ B :I-" E -
e [ i "". 4 o
# i i 4® - b —
7 I L - 5
A b 2 >
L F E - '1:':: 21" e -3 -] =T
}E ap _PT 5 = = 1
A FdRE ] = o
. o f:wg-ﬁ E g = - : s=
Fi A ‘_\.'1"" i fi L A = -inlphe,
f82ee P e 1 o H
ol 504 = mpaciic o
' o b5 P e perebabon, o
| - o i | = ] = A -lracioresl slcercy
i - l_..;i:ﬂi-- Wy TEpEERE v
= ™ T i 'Bril'.nnh‘.llm.“-'l_n.l g
- | 1 £ By 00 VT Ea B by L
] 150 Fi ] ] Rl kL] HH Ao 500 EL ] 2re] HifH) oo

Figure3.4: chart for Finding SCA



Table3.2: Plate-Wire ESP Migration Vel ocities (cm/s)?

Design Efficiency, %

Particle Source 95 99 99.5 99.9
Bituminouscod fly ash? (noBC) 126 101 93 82
(BC) 31 25 24 21
Sub-bituminouscod fly asin
tangentia-fired boiler (noBC) 170 118 103 838
(BC) 49 31 26 22
Other coal® (noBC) 97 79 79 72
(BC) 29 22 21 19
Cement Kilnt (noBC) 15 15 18 18
(BC) 06 06 05 05
Glassplant (noBC) 16 16 15 15
(BC) 05 05 05 05
Iron/stedl sinter plant dust with
mechanicd precollector® (noBC) 68 62 66 63
(BC) 22 18 18 17
Kraft-paper recovery boiler® (noBC) 26 25 31 29
Incinerator fly ash® (noBC) 153 114 106 94
Copper reverberatory furnace (noBC) 62 42 37 29
Copper converter? (noBC) 55 44 41 36
Copper roaster” (noBC) 62 55 53 438
Coke plant combustion stack! (noBC) 12 - - -

BC = Back Corona

2 To convert cm/s to fps, multiply cm/s by 0.0328m but computational precedures uses S| units. To convert cm/s to m/s,
multiply by 0.01. Assumes same particle size as given in full computational procedure.

b At 300°F. Depending on individual furnace/boiler conditions, chemical nature of the fly ash, and availability of naturally

occurring conditioning agents (e.g., moisture in the gas stream). Migration velocities may vary considerably from these

values. Likely values are in the range form back corona to no back corona. BC = back corona.

At 600°F.

At 500°F.

At 250°F.

450°F to 570°F

500°F to 700°F

600°F to 660°F

' 360°F to 450°F

I Data available only for inlet concentrations in the range of 0.02 to 0.2 g/s m® and for efficiencies less than 90%.

> @ = o a o



Table3.3: Wet Wall Plate- Wire ESP Migration Velocities

(No back corona, cm/s)?

Particle Source® Design Efficiency, %

95 99 995 999
Bituminouscod fly ash 314 330 335 249
Sub-bituminouscod fly ashintangentia-fired boiler 400 427 441 314
Other coal 211 214 215 170
Cementkiln 64 56 50 57
Glassplant 46 45 43 38
[ron/stedl snter plant dust with mechanica precollector 140 137 133 116

@ To convert cm/sto ft/s, multiply cm/s by 0.0328. Computational precedure uses S| units; to convert cm/s
tom/s, ultiply cm/sby 0.01. Assumes same particlesizeisgivenin full computational procedure.
® All sources asumed at 200°F.

fluctuations. Thisisbecausethe number of sectionsmust beincreased astheefficiency increases,
and the changing sectionalization affectsthe overall migration velocity. Thiseffectisparticularly
noticeable, for example, in Table 3.4 for glassplants. When themigration velocitiesinthetables
areused to obtain SCAsfor thedifferent efficienciesin thetables, the SCAswill increaseasthe
officiency incresses.

3.21.2 Full SCA Procedure

Thefull procedurefor determining the SCAfor large plate-wire, flat plate, and (with
restrictions) tubular dry ESPsisgiven here. Thisprocedure doesnot apply to thesmaller, two-
stage precipitators because these are packaged modul es generally sized and sold on the basis of
thewaste gasvolumetricflow rate. Nor doesthisprocedure apply to determining the SCA for wet
ESPs. Thefull procedure consistsof the 15 stepsgiven below:

Step 1-Determinethe design collection efficiency, Eff (%). Efficiency isthemaost commonly used
termintheindustry andisthereferenceva uefor guarantees. However, if it hasnot been specified,
it can be computed asfollows:

outlet load
—Q (3.183)

0 = -
Eff (%) 100’@1 inlet load
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Table3.4: Hat Plate ESP Migratoin Vel ocities®

Design Efficiency, %

ParticleSource 95 99 995 99.9
Biguminouscod fly agr 132 151 186 16.0
Sub-bituminouscod fly ashintangentia-

firedboilere 286 182 212 177
Other coa® 155 112 151 135
Cementkiln* 24 23 32 31
Glassplant® 18 19 26 26
Iron/sted sinter plant dust with mechanical

precollectore 134 121 131 124
Kraft-paper recovery boiler® 50 47 61 53
Incinerator fly ashf 252 169 211 183

@ Assumes same particle size asgiven in full computational procedure. These values give the
grounded collector plate SCA, from which the collector plate areaisderived. Inflat plate ESPs,
the discharge or high-voltage plate areaistypically 40% of the ground-plate area. Theflat plate
manufacturer usually counts al the plate area (collector plates plus discharge platesin meeting an
SCA specificiation, which means that the vel ocities tabul ated above must be divided by 1.4 to be

used on the manufacturer’s basis. BC = back corona.

b To convert cm/sto ft/s, multiply cm/s by 0.0328. computational procedure uses Sl units; to

convert cm/sto m/s, multiply cm/sby 0.01.
¢ At 300°F.
¢ At 600°F.
¢ At500°F.

f At 250°F

Step 2—Compute design penetration, p:

., Eff@
P = Eloo
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Step 3—Compute or obtain the operating temperature, T, , °K. Temperaturein Kelvinis
requiredinthecaculationswhichfollow.

Step 4—Determinewhether severe back coronaispresent. Severeback coronausually
occursfor dust resitivitiesabove 2 x 10" ohm-cm. Itspresencewill gregtly increasethe size of
the ESPrequired to achieveacertain efficiency.

Step 5—-Determinethe MMD of theinlet particledistribution MMD, (um). If thisisnot known,
assumeavauefromthefollowingtable:

Table3.5

Source MMD,(pm)
Bituminouscod 16
Sub-bituminouscod, tangentia boiler 21
Sub-bituminous coal, other boiler types 10to 15
Cementkiln 2to5
Glassplant 1
Wood burning boiler 5
Sinter plant, 50

with mechanica precollector 6
Kraft processrecovery 2
Incinerators 15t0 30
Copper reverberatory furnace 1
Copper converter 1
Coke plant combustion stack 1
Unknown 1

Step 6 - Assumevaluefor sneskage, §, and rapping reentrainment, RR, fromthefollowing

tables:
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Table 3.6

ESP Type Sy

Plate-wire 0.07

Wet wall 0.05

Flat plate 0.10

Table 3.7

ESP/Ash Type RR
Cod fly ash, or not known 0.14
Wetwall 0.0
Flat platewith gasvelocity > 1.5m/s 0.15
(not glassor cement
Glassor cement 0.10

Step 7—Assumeval uesfor the most penetrating size, MMDp, and rapping puff size, MMD :

MMD_ =2pm (3.24)

MMD, =5mfor ashwithMMD, >5 um (3.25)

MMD, =3mfor ashwithMMD, <5 pum (3.26)
where

MMDp = MMD of thesizedistribution emerging from avery efficient collecting zone
MMDp = MMD of thesizedistribution of rapped/reentrained material.

Step 8—Useor computethefollowing factorsfor pureair:

F
Oz 8845 x 107" free space permittivity@a[g (3.27)

_ sH Tk " , , kg
n=172x10 573 gas viscosity Qﬁ% (3.28)
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o730™ v
E,, =630,000 0— electric field at sparking %@ (3.29)

LF =S, +RR (1-S,) lossfactor (dimensionless) (3.30)

For plate-wire ESPs:

E
Eag = 17"; average field with no back corona (3.31)
Eba : ;
E.g =07 X 175 average field with severe back corona (3.32)
For flat plate ESPs.
_ 5 : . ,
Eag = Epg ¥ 53 average field, no back corona, positive polarity (3.33)

5
B =07 x Eyy x — average field, severe back corona, positive polarity

6.3
(3.34)

Step 9—Assumethe smallest number of sectionsfor the ESP, n, suchthat LF" < p. Suggested
vauesof nare:

Thesevaluesarefor an LF of 0.185, corresponding to acoal fly ash precipitator. The
valuesare approximate, but the best resultsarefor thesmallest allowablen.

Table 3.8

Efficiency (%)

=]

<96.5
<99

<99.8
<99.9
<99.9

OOk WN
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Step 10— Computethe average section penetration, p_;

p.=p" (3.35)

Step 11 —Computethe section collection penetration, p:
_ps-LF 336
Pe =T 1F (3.36)

If thevalueof nistoo small, thenthisvauewill be negative and n must beincreased.

Step 12— Computethe particle size changefactors, D and MM Drp, which are constantsused for
computing the change of particle sizefrom section to section:

D=p,=Sy +P (1-Sy) +RR(1-S,)(1-p)

MMD, (3.37)
D

= MMDrp = RR (1_SN)(1_ pc)

Step 13- Computeatableof particle sizesfor sections 1 through n:

Table3.9
Section MMDs
1 MMD1 =MMDi
2 MMD2 :{MMDleN+[1-pc)xMMDp+prMMD1]x p}/D+MMDrp
3 MMD3={MMD2x S+ [1-p) X MMDp+prMMD2]x p_}/D+MMDrp
n MMDn={MMDn—1xSN+{1—pc)xMMDp+pcxMMDn-1]x p}/D+MMDrp

Step 14 - Calculate the SCA for sections 1 through n, usng MMD , m, €, Eavg, andp,;

SCA, = - lIx (1-S,) X (P
1= D ( - N) EZ X MMD1X10_6 (3.38)

avg
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_ In(p.)
SCAH - _%@X (1_SN) X EZ X MMDn X 10—6 (339)

avg

wherethefactor 10°° convertsmicrometersto meters. Notethat the only quantity changingin
theseexpressionsisMMD  ; therefore, thefoll owing rel ation can be used:

MMD,
SCA,., = SCA, x o= (3.40)
n+l

Step 15—Calculatethetotal SCA and the English SCA, ESCA:

S n
A @: A
sC an ;sc | (3.41)
O ft2 O s
ESCA =5 A@—@
SCA [~ --i1=5080 x SCA [~ (3.42)

Thissizing procedureworksbest for p_ valueslessthanthevaueof LF, which meansthe
smallest valueof n. Any ESPmode issengitivetothevauesof particlediameter and electricfield.
Thisone showsthe same sensitivity, but the expressionsfor eectric field are based on theoretical
and experimental values. The SCA should not be strongly affected by the number of sections
chosen; if more sectionsare used, the SCA of each sectionisreduced.

3.21.3  SpecificCoallecting Areafor Tubular Precipitators

Theprocedure given aboveissuitablefor large plate-wire or flat plate ESPs, but must be
used with restrictionsfor tubular ESPs. Valuesof § = 0.015 and RR=0areassumed, and only
onesectionisused.

Table 3.10 givesmigration vel ocitiesthat can be used with Equation 3.23 to calculate
CAsfor severa tubular ESP applications.

3.2.2 Flow Velocity

A precipitator collecting adry particulate materia runsarisk of nonrapping (continuous)
reentrainment if the gasvel ocity becomestoo large. Thiseffect isindependent of SCA and has
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been |earned through experience. For fly ash applications, the maximum acceptablevelocity is
about 1.5 m/s(5ft/s) for plate-wire ESPsand about 1 m/s (3 ft/s) for flat plate ESPs. For low
resistivity applications, design velocities of 3 ft/s or less are common to avoid nonrapping
reentrainment. Thefrontal areaof the ESP (W x H), e.g., theareanorma to thedirection of gas
flow, must be chosen to keep gasvel ocity low and to accommodate e ectrical requirements(e.g.,
wire-to-plate spacing) whilea so ensuring that total platearearequirementsaremet. Thisareacan
be configuredinavariety of ways. Theplatescan beshortinheight, longinthedirection of flow,
withseverd inparallel (making thewidth narrow). Or, theplatescanbetall in height, shortinthe

Table3.10: Tubular ESPMigration Velocities

(cm/s)®
Design Efficiency, %
Particle Source 90 95
Cementkiln (noBC) 2.2-54 2.1-51
(BC) 1.1-2.7 1.0-2.6
Glassplant (noBC) 14 1.3
(BO) 0.7 0.7
Kraft-paper
recovery boiler (noBC) 4.7 4.4
Incinerator
15 um MMD (noBC) 40.8 39.
Wet, at 200°F
MMD(um)
1 3.2 31
2 6.4 6.2
5 16.1 154
10 32.2 30.8
20 64.5 61.6

BC =Back corona

2 Theserateswere calculated on the basis of: S = 0.015, RR = 0, one seciton only.
These arein agreement with operating tubular ESPs; extension of resultsto more
than one section is not recommended.

® To convert cm/sto ft/s, multiply cm/s by 0.0328.
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directionof flow, withmany in parallel makingthewidthlarge). After selectingaconfiguration, the
gasvelocity can be obtained by dividing thevolumeflow rate, Q, by thefrontal areaof the ESP:

Q
VgaS = m (343)
where:
Vgas = gasvelocity (m/s)
wW = width of ESP entrance (m)
H = height of ESPentrance (m)

When meeting the aboverestrictions, thisva ue of vel ocity aso ensuresthat turbulenceis
not strongly devel oped, thereby assistinginthe capture of particles.

3.2.3 PressureDrop Calculations

Thepressuredrop inan ESPisdueto four mainfactors:
» Diffuser plate (usually present)—(perforated plate at theinlet)
» Transtionsat the ESPinlet and outlet
» Collection plate baffles(stiffeners) or corrugations

» Dragof theflat collection plate

Thetotal pressuredropisthe sum of theindividua pressure drops, but any one of these sources
may dominate all other contributionsto the pressuredrop. Usually, the pressuredropisnot a
design-driving factor, but it needsto be maintained at an acceptably low value. Table3.11 gives
typical pressuredropsfor thefour factors. The ESP pressuredrop, usually lessthan about 0.51n.
H,O, ismuchlower than for the associated collection system and ductwork. Withthe conveying
velocitiesused for dust collected in ESPs, generally 4,000 ft/min or gregter, system pressuredrops
areusudly intherangeof 2to 10in H,O, depending upon the ductwork length and configuration
aswell asthetype(s) of preconditioning device(s) used upstream.

Thefour mainfactors contributing to pressure drop are described briefly bel ow.

Thediffuser plateisused to equalize the gasflow acrosstheface of the ESP. It typically
consstsof aflat plate covered with round holesof 5to 7 cm diameter (2to 2.5in.) having an open
areaof 50to 65 percent of thetotal. Pressuredrop isstrongly dependent on the percent open
area, but isalmost independent of holesize.
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Table 3.11: Components of ESP Pressure Drop

Typical PressureDrop

(in.H,0)
Component Low High
Diffuser 0.010 0.09
Inlettrangtion 0.07 0.14
Outlet trangtion 0.007 0.015
Baffles 0.0006 0.123
Collectionplates 0.0003 0.008
Total 0.09 0.38

The pressure drop dueto gradual enlargement at theinlet is caused by the combined
effectsof flow separation and wall friction and isdependent on the shape of theenlargement. At
the ESP exit, the pressure drop caused by ashort, well-streamlined gradua contractionissmall.

Bafflesareinstalled on collection platesto shield the collected dust from the gasflow and
to provide adtiffening effect to keep the plates aligned parallel to oneancother. Thepressuredrop
dueto the baffles depends on the number of baffles, their protrusion into the gas stream with
respect to el ectrode-to-pl ate distance, and the gasvel ocity in the ESP.

Thepressuredrop of theflat collection platesisduetofriction of the gasdragging a ong
theflat surfacesand is so small compared to other factorsthat it may usually be neglectedin
engineering problems.

3.24 ParticleCharacteristics

Severd particlecharacteristicsareimportant for particlecollection. 1tisgeneraly assumed
that the particlesare spherical or spherical enough to be described by some equivalent spherical
diameter. Highly irregular or e ongated particlesmay not behaveinwaysthat can beeasly described.

Thefirst important characteristicisthemassof particlesinthegasstream, i.e,, theparticle
loading. Thisquantity usudly isdetermined by placing afilter inthegasstream, collectingaknown
volumeof gas, and determining theweight gain of thefilter. Becausethe ESP operatesover awide
rangeof loadingsasaconstant efficiency device, theinletloadingwill determinetheoutlet |loading
directly. If theloading becomestoo high, the operation of the ESPwill bealtered, usualy for the
worse.



The second characteristicisthe size distribution of the particles, often expressed asthe
cumulative masslessthan agiven particlesize. Thesizedistribution describeshow many particles
of agiven sizethereare, whichisimportant because ESP efficiency varieswith particlesize. In
practical terms, an ESPwill collect all particleslarger than 1.0 umin diameter better than ones
smaler than 10 um. Only if most of themassinthe particlesis concentrated above 10 umwould
theactua sizedistribution above 10 um be needed.

Inlieu of cumulative massdistributions, the size distribution is often described by |og-
normal parameters. That is, the sizedistribution appearsasaprobabilistic normal curveif the
logarithm of particlesize used isthe abscissa. Thetwo parameters needed to describe alog-
normal digtribution arethemassmedian (or mean) diameter and the geometric standard deviation.

The MMD isthediameter for which one-half of the particul ate mass consistsof smaller
particlesand one-half islarger (seethe Procedure, Step 5, of Subsection 3.2.1.2). I1f theMMD of
adistributionislarger than about 3 um, the ESPwill collect all particleslarger thanthe MMD at
least aswell asa3 um particle, representing one-half themassin theinlet sizedistribution.

The geometric standard deviationisthe equivaent of the standard deviation of thenormal
distribution: It describeshow broad thesizedistributionis. Thegeometric standard deviationis
computed astheratio of thediameter corresponding to 84 percent of thetotal cumulative massto
theMMD; it isalwaysanumber greater than 1. A distribution with particlesof all thesamesize
(monodisperse) hasageometric standard deviation of 1. Geometric standard deviationslessthan
2 represent rather narrow distributions. For combustion sources, the geometric standard deviations
rangefrom 3to 5 and are commonly inthe3.5to 4.5 range.

A geometric standard deviation of 4to 5, coupled with an MMD of lessthan 5 um, means
that thereisasubstantia amount of submicrometer materid. Thissituation may changethedectrica
conditionsin an ESP by the phenomenon known as* space charge quenching”, which resultsin
high operating voltages but low currents. Itisasign of inadequate charging and reducesthe
theoreticd efficiency of the ESP. Thiscondition must beeva uated carefully to be sure of adequate
desgnmargins.

3.25 GasCharacteristics

Thegas characteristicsmost needed for ESP design arethe gasvolumeflow and thegas
temperature. Thevolumeflow, multiplied by thedesign SCA, givesthetota platearearequired for
theESP, If thevolumeflow isknown a onetemperature, it may beestimated at other temperatures
by applying theided gaslaw. Temperatureand volumeuncertaintieswill outweighinaccuraciesof
applyingtheideal gaslaw.
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Thetemperatureof thegasdirectly affectsthegasviscosgty, whichincreaseswithtemperature.
Gasviscosity isaffected to alesser degree by the gascomposition, particularly the water vapor
content. Inlieuof viscosity valuesfor aparticular gascomposition, the viscosity for air may be
used. Viscosity entersthe calculation of SCA directly, asseenin Step 14 of thedesign procedure.

The gastemperature and composition can have astrong effect on theresistivity of the
collected particulate materid. Specificaly, moistureand acid gascomponentsmay be chemisorbed
onthe particlesin asufficient amount to lower theintrimic resistivity dramatically (orders of
magnitude). For other typesof materials, thereisamost no effect. Althoughitisnot possibleto
treat resstivity here, the designer should beaware of the potential sengitivity of thesize of theESP
toresstivity and thefactorsinfluencingit.

The choice of the power supply size (current capacity and voltage) to be used with a
particular application may beinfluenced by the gascharacteristics. Certain applicationsproduce
gaswhosedensity may vary significantly from typical combustion sources (density variation may
result from temperature, pressure, and composition). Gasdensity affectscoronastarting voltages
and voltagesat which sparking will occur.

3.2.6 Cleaning

Cleaning the collected materia sfrom the plates often isaccomplished intermittently or
continuoudly by rapping the plates severely with automatic hammersor pistons, usualy along their
top edges, except inthe case of wet ESPsthat usewater. Rapping dislodgesthematerial, which
then fallsdown thelength of the plate until it landsin adust hopper. Thedust characteristics,
rapping intensity, and rapping frequency determine how much of themateria isreentrained and
how much reachesthe hopper permanently.

For wet ESPs, consderation must be givento handling wastewaters. For smplesystems
with innocuousdusts, water with particles collected by the ESP may be discharged fromthe ESP
systemto asolids-removing clarifier (either dedicated to the ESP or part of the plant wastewater
treatment system) and thentofinal disposal. More complex systemsmay require skimming and
dudgeremova, clarification in dedicated equipment, pH adjustment, and/or treatment to remove
dissolved-solids. Spray water from the ESP preconditioner may betreated separately fromthe
water used to flood the ESP collecting plates, so that the cleaner of thetwo treated watersmay be
returned to the ESP. Recirculation of treated water to the ESP may approach 100 percent.

Thehopper should bedesigned sothat dl thematerid init didesto thevery bottom, where
it can beevacuated periodicaly, asthehopper becomesfull. Dustisremoved through avalveinto
adust-handling system, such asapneumatic conveyor. Hoppersoften aresupplied with auxiliary
heat to prevent the formation of lumpsor cakesand the subsequent blockage of the dust handling
system.
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3.2.7 Construction Features

Theuseof theterm “ plate-wiregeometry” may be somewhat mideading. It couldrefer to
threedifferent typesof dischargedectrodes. weighted wireshung from asupport structureat the
top of the ESP, wireframesinwhich wiresare strung tautly in arigid support frame, or rigid
electrodes constructed from asingle piece of fabricated metal. Inrecent years, therehasbeena
trend toward using wireframesor rigid discharge el ectrodesin place of weighted wiredischarge
electrodes (particularly in coal-fired boiler applications). Thistrend hasbeen stimulated by the
user’sdesirefor increased ESPreliability. Thewireframesandrigid electrodesarelessproneto
fallureby breakage and arereadily cleaned by impul se-type cleaning equi pment.

Other differencesin construction result from the choice of theratio of gas passage (flow
lane) width or dischargeeectrodeto collecting e ectrode spacing. Typicaly, dischargeto collecting
electrode spacing variesfrom 11 to 19 cm (4.3 to 7.5in.). Having alarge spacing between
dischargeand collecting e ectrodesalowshigher dectricfid dsto beused, which tendstoimprove
dust collection. To generatelarger electricfields, however, power suppliesmust produce higher
operating voltages. Therefore, itisnecessary to balancethe cost savings achieved with larger
electrode spacing against the higher cost of power suppliesthat produce higher operating voltages.

Most ESPsare constructed of mild steel. ESP shellsare constructed typically of 3/16 or
1/4in. mild stedl, plate. Collecting el ectrodesare generally fabricated from lighter gauge mild
stedl. A thicknessof 18 gaugeiscommon, but it will vary with size and severity of application.

Wire discharge electrodes come in varied shapes from round to square or barbed. A
diameter of 2.5 mm (0.1in.) iscommon for weighted wires, but other shapes used have much
larger effectivediameters, e.g., 64 mm (0.25in.) square electrodes.

Stainless steel may be used for corrosive applications, but it isuncommon except in wet
ESPs. Stainlessstedl discharge electrodes have been found to be proneto fatiguefallurein dry
ESPswithimpact-typeelectrode cleaning systems,[ 3]

Precipitatorsused to collect sulfuric acid mist in sulfuric acid plants are constructed of
stedl, but the surfacesin contact withtheacid mist arelead-lined. Precipitatorsused on paper mill
black liquor recovery boilersare steam-jacketed. Of thesetwo, recovery boilershaveby far the
larger number of ESP applications.

3.3 Estimating Total Capital Investment

Tota capital investment (TCI) for an ESP systemincludes costsfor the ESP structure, theinternds,
rappers, power supply, auxiliary equipment, and the usud direct and indirect costsassociated with
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installing or erecting new control equipment. Thesecosts, in second-quarter 1987 dollars, are
described in thefollowing subsections.®

331 Equipment Cost

3311 ESP Costs

Fivetypesof ESPsareconsidered: plate-wire, flat plate, wet, tubular, and two-stage.
Basic costsfor thefirst two aretaken from Figure 3.5, which givesthe flange-to-flange, field-
erected pricebased onrequired plateareaand arigid eectrodedesign. Thisplateareaiscdculated
fromthesizing information given previoudy for thefour types. Adjustmentsaremadefor standard
optionslisted in Table 3.12. Costsfor wet/tubular ESPs are discussed under Recent Trends,
below, and costsfor two-stage precipitatorsare givenin alater subsection.

The costsare based on anumber of actual quotes. Least squareslineshave beenfittedto
the quotes, one for sizes between 50,000 and 1,000,000 ft? and a second for sizes between
10,000 and 50,000 ft?. Anequationisgivenfor eachline. Extrapolation below 10,000 or above

1,000,000 ft? should not be used. Thereader should not be surprised if quotes are obtained that
differ from these curvesby asmuch as+25 percent. Significant savingscan behad by soliciting
multiplequotes. All Unitsincludethe ESP casing, pyramida hoppers, rigid ectrodesand internal
collecting plates, transformer rectifier (TR) setsand microprocessor controls, rappers, and stub
supports(legs) for 4 feet clearance bel ow the hopper discharges. Thelower curveisthebasic unit
without the standard options. The upper curveincludesall of the standard options (see Table
3.12) that arenormaly utilized inamodern system. These optionsadd approximately 45 percent
tothebasic cost of theflange-to-flange hardware. Insulation costsarefor 3in. of field-installed
glassfiber encasedinameta skinand applied ontheoutside of dl areasin contact withtheexhaust
gasstream. Insulation for ductwork, fan casings, and stacks must be cal cul ated separately.

I mpact of alter nativeelectrodedesigns All threedesigns—rigid electrode, weighted
wire, and rigid frame—can be employed in most applications. Any cost differential between
designswill depend on the combination of vendor experience and Site-specific factorsthat dictate
equipment sizefactors. Therigid framedesignwill cost upto 25 percent moreif themast or plate
height isrestricted tothesameused in other designs. Severd vendorscan now providerigidframe
collectorswithlonger plates, and thusthe cost differential can approach zero.

The weighted wire design uses narrower plate spacings and moreinternal discharge
electrodes. Thisdesignisbeing employed less; therefore, itscost isincreasing and currently is

8 For information on escalating these prices to more current dollars, refer to the EPA report Escalation
Indexes for Air Pollution Control Costs and updates thereto, all of which are installed on the OAQPS
Technology Transfer Network (CTC Bulletin Board).
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approximately the same asthat for therigid el ectrode collector. Below about 15,000t of plate

area, ESPsareof different design and arenot normdly field erected, and the costswill besgnificantly
different from val uesextrapol ated from Figure 3.5.

I mpact of materialsof construction: metal thicknessand stainlesssteel Corrosive
or other adverse operating conditionsmay suggest the specification of thicker meta sectionsinthe
precipitator. Reasonableincreasesin meta sectionsresultinminimal costincreases. For example,
collecting platesaretypically constructed of 18 gaugemild steel. Most ESP manufacturerscan
increase the section thickness by 25 percent without significant design changesor increasesin
manufacturing costsof morethan afew percent.

Changesin type of material canincrease purchase cost of the ESP from about 30 to 50
percent for type 304 stainlesssted collector platesand precipitator walls, and up to severd hundred
percent for more expensive materials used for all elements of the ESP. Based on thetype 304
stainlessstedl cost, the approximatefactorsgivenin Table 3.13 can be used for other materias.
Appendix A providesmoredetail onthe effectsof material thicknessand type.

Lower limitsfor condensible stack emissions(MACT and Risk Assessment), haveresulted
inincreased demand for Wet ESTs[7]

Recent trends Asof 1987, most of the market wasin the 50,000 to 200,000 ft? plate areasize
range. ESP selling priceshad increased very little over the previous 10 years because of more
effectivedesigns, increased competition from European suppliers, and ashrinking utility market.
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Figure 3.5: Dry-type ESPflange-to-flange purchase pricevs. platearea
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Table3.12: Standard Optionsfor Basic Equipment

Option Cost adder (%)
1 Inlet and outlet nozzlesand diffuser plates 8to 10
2 Hopper auxiliaries/heaters, level detectors 8to 10
3 Weather enclosuresand stair access 8t0 10
4 Structura supports 5
5 Insulation 8t0 10
Total options1to5 1.37t01.45x Base
Table3.13
Material Factor Reference(s)
Stainlesssted, 316 13 [4,5,6]
Carpenter 20CB-3 19 [6]
Monel-400 2.3 [4,6]
Nicke-200 3.2 [6]
Titanium 45 [6]

Industry sourcesreport that ESP costs (1999) have not changed significantly since 1987.
[8][9] Designimprovementshavealowed wider plate spacingsthat reducethe number of interna
componentsand higher platesand maststhat provide additional plateareaat alow cost. Wider
plate spacing hasreduced overd|l materid andingtalation codts, easily compensatingfor any increases
in material and labor costs.[7] Downflow tubular Wet ESPs use gravity to remove water and
entrained particul ate which has been collected onto the tubes, resulting in low operationa costs.
These units can be designed to intermittently wash thetubeswhile on line. Tubular unitsare
typicaly ddivered as* shop assembled” modul esbecausethetubesarewel ded together inbundles.
Thesizeof themodulesislimited by shipping considerations. Platetypeunitsare usualy shipped
“knocked down”. Theseunitsdo havethe samesizelimitationsastubular Wet ESPs, but do not
require comparitively morelabor for field installation. Useof high-grade alloysfor corrosive
applications(e.g., incinerators) increasesmateria costs.[7] Microprocessor controlsand energy
management systems havelowered operating costs.

Table3.14 listscosts(total and per acfm) for variousgasvolumesand removd efficiencies
for Wet ESPs. For larger gasvolumes, multiple modulesmay beused. Thepricingisbased on
“shop assembled” modules.[7]
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Table3.14: Air Pollution Wet Electrostatic Precipitator

80% Efficiency 85% Efficiency 90% Efficiency 95% Efficiency

Saturated Price Price Price Price Price Price Price Price
Volume (acfm) ($x1000)  ($/acfm) ($x1000) ($/acfm) ($x1000)  ($/acfm)  ($x1000) ($/acfm)

10,000 315 31.5 327 32.7 339 33.9 365 36.5
15,000 342 22.8 355 23.7 378 255 408 27.2
20,000 369 18.5 385 19.3 412 20.6 451 22.6
25,000 398 16.0 423 17.0 448 18.0

30,000 427 14.3 441 14.7

35,000 442 12.7

Few, if any, hot-side ESPs (those used upstream from an air preheater on acombustion
source) arebeing specified for purchase. Recognitionthat low sodium codstendto buildresstive
ashlayersonthe collection plates, thusreducing ESP efficiency, hasalmost eliminated sales of
theseunits. Of about 150 existing units, about 75 are candidatesfor conversionto cold-sideunits
over thenext 10 years.

Specificindustry application haslittleimpact on either ESP design or cost, with three
exceptions. paper millsand sulfuric acid manufacturing plants, and coke by-product plants. Paper
mill ESPsusedrag conveyor hoppersthat add approximately 10 percent to the base flange-to-
flange equipment cost. For emissionscontrol insulfuric acid plantsand coke byproduct ovens,
wet ESPsareused. Insulfuric acid manufacture, wet ESPsare used to collect acid mist. These
precipitatorsusualy aresmall, and they uselead for al interior surfaces; hence, they normally cost
$65 to $95/ft? of collecting areaingtalled (mid-1987 dollars) and up to $120/ft?in specia Stuations.
Inaddition, awet circular ESPisused to control emissionsfrom acoke oven off-gasdetarring
operation. Theseprecipitatorsaremade using high-aloy stainlesssteelsand typically cost $90to
$120/ft?, ingtalled. Becauseof thesmall number of sales, small sizeof unitssold, and dependency
on site-specific factors, moredefinitive costsare not available.

3.3.1.2 Retrofit Cost Factor

Retrofit install ationsincrease the costs of an ESP because of the common need to remove
something to makeway for thenew ESP. Also, theducting usually ismuch moreexpensive. The
ducting path isoften constrained by existing structures, additional supportsarerequired, andthe
confined areas make erection morelabor intensiveand lengthy. Costsare site-specific; however,
for estimating purposes, aretrofit multiplier of 1.3to 1.5 applied tothetota capita investment can
beused. Themultiplier should be selected within thisrange based onthereativedifficulty of the
ingdlation.
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A special caseisconversion of hot-to-cold side ESPsfor coal-fired boiler applications.
The magnitude of the conversionisvery ste-specific, but most projectswill contain thefollowing
dements

* Reocatingtheair preheater and theductingtoit
* ReszingtheESPinlet and outlet duct tothenew air volumeand rerouting it

» Upgrading thelD (induced draft) fan size or motor to accommodate the higher static
pressure and horsepower requirements

*  Adding or modifying foundationsfor fan and duct supports

Assessing therequired SCA and either increasing the collecting areaor installing an SO,
gas-conditioning system

* Adding hopper heaters
»  Upgrading theana og electrical controlsto microprocessor-type controls

» Increasing the number of collecting plate rappersand perhapsthelocation of rapping

Insomeingtallations, it may be cost-effectiveto gut theexisting collector totally, utilizeonly the
existing casing and hoppers, and upgrade to moderninternals.

Thecost of conversionisamultimilliondollar project typically running at least 25to 35
percent of thetota capita investment of anew unit.

3313 Auwxiliary Equipment

Theauxiliary equipment depicted in Figure 3.2 isdiscussed el sewherein the Manual .
Because dust-removal equipment (e.g., screw conveyers), hoods, precoolers, cyclones, fans,
motors, and stacks are common to many pollution control systems, they are (or will be) given
extended treatment in separate sections.

3314  Cossfor Two-Stage Precipitators

Purchase costsfor two-stage preci pitators, which should be considered separately from
large-scde, sngle-stage ESPs, aregivenin Figure 3.6.[10] To be consistent with industry practice,
costsaregiven asafunction of flow ratethrough thesystem. Thelower cost curveisfor atwo-cell
unit without precooler, aninstalled cell washer, or afan. The upper curveisfor an engineered,
package systemwith thefollowing components: inlet diffuser plenum, prefilter, cooling coilswith
coating, coil plenumswith access, water flow controls, triple pass configuration, system exhaust
fanwith accessories, outlet plenum, and in-placefoam cleaning systemwith semiautomatic controls
and programmablecontroller. All equipment isfully assembled mechanically and eectrically, and
itismounted on asted structura skid.
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3.32 Total Purchased Cost

Thetotal purchased cost of an ESP system isthe sum of the costs of the ESP, options,
auxiliary equipment, instrumentsand controls, taxes, and freight. Thelast threeitemsgenerdly are
taken as percentages of the estimated total cost of thefirst threeitems. Typical values, from
Section 1 of theManual, are 10 percent for instrumentsand controls, 3 percent for taxes, and 5
percent for freight.

Costs of standard and other options can vary from 0 to more than 150 percent of bare
ESP cost, depending on site and application requirements. Other factorsthat canincrease ESP
costsaregivenin Table 3.15.

Table3.15: Items That Increase ESP Costs

Item Factor Applied

Rigid frameéelectrodewith restricted 10to1.25 ESP base coat
plateheight

Type 304 stainless sted collector plates 13tol15 ESP base coat
and precipitator walls

All stainlessstedl construction 2t03 ESP base coat

ESPwith drag conveyor hoppers 11 ESP base coat
(paper mill)

Retrofitingtdlations 13t0l15 ESPtota capitd investment

(new facility ingallation)

Wet ESP
Sulfuricacid mist See33.11
Sulfuricacidmist (specid installation) See33.11
Cokeoven off gas See33.11

3.33 Total Capital Investment (TCl)

Using the Section 1.2 methodology, TCI isestimated from aseries of factorsapplied to
the purchased equipment cost to obtain direct and indirect costsfor instalation. The TCl isthe
sum of thesethree costs. TherequiredfactorsaregiveninTable3.16. Because ESPsmay vary
fromsmall unitsattached to existing buildingsto large, separate Structures, specificfactorsfor ste
preparation or for buildingsare not given. However, costsfor buildings may be obtained from
such references as M eans Square Foot Costs 1987 [11]. Land, working capital, and off-site
facilitiesare excluded from the table because they are not normally required. For very large
installations, however, they may be needed and could be estimated on an as-needed bas's.




Notethat thefactorsgivenin Table 3.16 arefor averageinstallation conditions, e.g., no
unusua problemswith site earthwork, access, shipping, or interfering structures. Considerable
variation may beseenwith other-than-averageingd| aion circumstances. For two-stageprecipitators
purchased as packaged systems, severa of the costsin Table 3.16 would be greatly reduced or
eliminated. Theseincludeingtrumentsand controls, foundationsand supports, erection and handling,
painting, and model studies. Aninstallation factor of 0.20 B to 0.25 B would be more nearly
appropriatefor thetwo-stage ESPs.

3.4 Estimating Total Annual Costs
34.1 Direct Annual Costs

Direct annua cogtsinclude operating and supervisory labor, operating materids, replacement
rappersand e ectrodes, maintenance (labor and materias), utilities, dust disposal, and wastewater
treatment for wet ESPs. Most of these costs are discussed individually below. They vary
considerably with location and timeand, for thisreason, should be obtained to suit the specific
ESP system being costed. For example, current |abor rates may befound in such publicationsas
theMonthly Labor Review, published by the U.S. Department of L abor, Bureau of Labor Statistics.

3.4.1.1 Operating and Supervisory Labor

Proper operation of the ESP isnecessary both to meet applicable particulate emission
regulationsand to ensureminimum costs. An ESPisan expensivepieceof equipment. Evenwell-
designed equipment will deterioraterapidly if improperly maintained and will haveto bereplaced
long beforeit should be necessary. Not only can proper operation and mai ntenance save the
operator money, such an operation and mai ntenance program can a so contributeto good relations
with the governing pollution control agency by showing good faith in effortsto comply with air
regulations

Although each plant hasits own methodsfor conducting an operation and maintenance
program, experience hasshowntheat plantsthat assgnoneindividud theresponghbility of coordinaing
all the piecesof the program operate better than thosewhere different departmentslook after only
acertain portion of the program. The separate departmentshave little knowledge of how their
portionimpactstheoveral program. In other words, aplant needsoneindividual to coordinate
the operation, maintenance, and troubl eshooting componentsof itsESP program if it expectsto
havearelatively trouble-free operation. The coordinator typically isan engineer who reportsto
plant management and interfaceswith themaintenance and plant process supervisors, thelaboratory,
and the purchasing department. For companieswith morethan oneplant, hewould beresponsible
for all ESPs. Theportion of histotal timethat thisindividua spendsan the ESP then becomesan
operating expensefor the ESP. Thiscanbeexpressed as:
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Table3.16: Capital Cost Factorsfor ESPs?[26]

Cost Item Factor
Direct Costs
Purchased equi pment costs
ESP+ auxiliary equipment Asestimated, A
Instrumentation 0.10A
Salestaxes 0.03A
Freight 0.05A
Purchased equipment cost, PEC B=118A
Direct ingallation cogts
Foundations & supports 0.04B
Handling & erection 0.50B
Electrica 0.08B
Aping 0.01B
Insulation for ductwork?® 0.02B
Painting 0.02B
Directingtalation costs 0.67B
Site preparation Asrequired, SP
Buildings Asrequired, Bldg.
Total Direct Costs, DC? 1.67 B + SP+ Bldg.
Indirect Cogts(ingtalation)
Enginearing 0.20B
Congtruction and field expenses 0.20B
Contractor fees 0.10B
Start-up 0.01B
Performancetest 0.01B
Model study 0.02B
Contingencies 0.03B
Total Indirect Costs, IC 0.57B
Tota Capital Investment=DC+I1C 2.24B + SP+ Bldg.

2 |f ductwork dimensions have been established, cost may be estimated based on $10 to $12/ft? of surface for field
application. (Alternatively, refer to Section 2 of thisManual.) Fan housing and stacks may also be insulated. [42]
b For two stage precipitators, total installation direct costs are more nearly 0.20 to 0.25 + SP + Bldg.
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AC = X (LCC) (3.44)

where
AC = annual coordination cost ($/yr)
X = fraction of total time spent on ESP
LCC = individua annual labor cost for ESP coordinator ($/yr)

In addition to coordination costs, typica operating labor requirementsare 1/2to 2 hours
per shift for awiderange of ESP sizes.[8] Small or well-performing unitsmay requirelesstime,
and very large or troublesome units may require moretime. Supervisory labor istaken as 15
percent of operating labor.

34.1.2  OperatingMaterids

Operating materialsare generaly not required for ESPs. Anexceptionistheuseof gas-
preconditioning agentsfor dust resistivity control.

3413 Maintenance

Thereader should obtain Publication No. EPA/625/1-85/017, Operating and Maintenance
Manual for ESPs,[ 13] for suggested maintenance practices. Routine ESP maintenancelabor
costs can be estimated using data provided by manufacturers. If such dataare unavailable, the
following procedure can be used. Based on datafor a100,000 ft? collector, maintenancelabor is
estimated to require 15 h/wk, 44 wk/yr. Atadirect labor cost of $12.50/h (mid-1987 costs), an
estimated annual maintenancelabor cost of $8,250 or $0.0825/ft2 of collector areaisestablished.
Thisrelationship can be assumed to be linear above a50,000 ft2 collector-size and constant at
$4,125 bel ow thissize. To the maintenance labor cost must be added the cost of maintenance
materids. Based on ananayssof vendor information, annua maintenance materia sare estimated
as 1 percent of theflange-to-flange precipitator purchase cost:

MC =0.01(FCC) + labor cost (3.45)
where
MC = annual maintenance cost ($yr)
FCC = ESPflange-to-flange purchase cost ($)
labor cost = $4,125if A <50,000 ft2
0.825 A if >50,000ft?
and
A = ESPplate area(ft?)
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3414  Bedridty

Power isrequired to operate system fans, transformer-rectifier (TR) sets, and cleaning
equipment. Fan power for primary gas movement can be cal cul ated as described in Section 2 of
theManual. After substituting into thisequation acombined fan-motor efficiency of 0.65and a
specificgravity of 1.0, weaobtain:

FP =0.000181(Q) (AP) (6") (3.46)
where
FP = fan power requirement (KWh/yr)
Q = systemflow rate (acfm)
AP = system pressuredrop (in. H,0)
0 = annud operating time (h/yr)

Pump power for wet ESPs can be cal culated from:

0.746Q,2S,0'

P=—3oe0y (3.47)

where

pump power requirement (kWhyr)

water flow rate (gal/min)

fluid head (ft)

specific gravity of water being pumped compared to water at 70°F and
29.92in. Hg

annua operatingtime (h/yr)

n = pump-motor efficiency (fractiond)

N NO T
I

Q
I

Energy for TR setsand motor-driven or el ectromagnetic rapper systemsisthe sum of the
energy consumption for operating both items. Manufacturers’ averaged dataindicate that the
following rel ationship can be used:

OP =194 x10° AH* (3.48)
where
oP = annual ESP operating power (kWh/yr)
A = ESP plate area (ft?)
& = annua operating time (Wyr)
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For ingtalationsrequiring hopper heaters, hopper heater power can besmilarly estimated:

HH =2 (HN) 6’ (3.49)
where
HH = annual hopper heater power consumption (kWh/yr)
HN = number of hoppers
0 = annud operating time (h/yr)

For two-stage precipitators, power consumption rangesfrom 25 to 100 W/kacfm, with
40W/kacfm being typical.

3415 R

If the ESP or associated ductwork isheated to prevent condensation, fuel costsshould be
calculated asrequired. These costs can besignificant, but they may bedifficult to predict. For
methods of cal culating heat transfer requirements, see Perry. [14]

3416  Water

Cooling processgasesfor preconditioning can bedoneby dilution with air, evaporation
withwater, or heat exchangewith normal equipment. Spray cooling requiresconsumption of plant
water (heat exchangersmay aso requirewater), although costsarenot usualy significant. Section
1 of theManual providesinformation on estimating cooling water costs. Water consumptionin
wet ESPsisestimated at 5 ga/minkacfm[15] for largesingle-stage unitsand 16 ga/min-kacfmfor
two-stage precipitators.[16]

34.17  Compressed Air

ESPsmay usecompressed air at pressuresof about 60 to 100 psig for operating rappers.
Equivaent power cost isincluded in Equation 3.9 for operating power.

3418 DusDisposd

If collected dust cannot berecycled or sold, it must belandfilled or disposed of in some
other manner. Costs may typicaly run $20/ton or $30/ton for nonhazardous wastes exclusive of
transportation (see Section 1 of theManua). Landfilling of hazardouswastesmay cost 10times
asmuch. Thedisposa costsare highly site-specific and depend on transportation distanceto the
landfill, handling rates, and disposal unloading (tipping) fees. If thesefactorsareknown, they lead
totheredationship:
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DD =429 x10°GO'Q[T +(TM) D] (3.50)

where
DD = annual dust disposal cost ($/yr)
G = ESPinlet grainloading or dust concentration (gr /ft5)
0 = annud operating time (h/yr)
Q = gasflow ratethrough ESP (acfm)
T = tipping fee ($'ton)
™ = mileagerate (¥ton-mile)
D = dust hauling distance (miles)

34.19 Weastewater Treatment

Asindicated above, thewater usagefor wet ESPsisabout 5 ga/minkacfm.[15] Treatment
cost of theresulting wastewater may vary from about $1.30t0 $2.15/1,000 gal [16] depending on
the complexity of thetreatment system. More precise costs can be obtained from Gumerman et
al.[18]

3.4.1.10 Conditioning Costs

Adaptation of information on utility boilers[19] suggeststhat SO, conditioning for alarge
ESP (2.6 x 10° acfm) costsfrom about $1.60/10° ft3 of gas processed for asulfur burner providing
S ppm SO, to about $2.30/10° ft3 (infirst-quarter 1987 dollars) for aliquid SO, system providing
20 ppm of SO,

3.4.2 Indirect Annual Costs

Capita recovery, property taxes, insurance, administrative costs (“G&A”), and overhead
areexamplesof indirect annual costs. Thecapital recovery cost isbased ontheequipment lifetime
and theannual interest rate employed. (See Section 1 for athorough discussion of the capital
recovery cost and thevariablesthat determineit.) For ESPs, the system lifetimevariesfrom 5to
40 years, with 20 yearsbeing typical. Therefore, as Section 1 of the Manual suggests, when
figuring the system capital recovery cost, one should baseit on thetotal capital investment. In
other words:

CRC, = TCI x CRF, (3.51)
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where

CRC, = capital recovery cost for ESP system ($/yr)
TCl = totd capitd investment ($)
CRF, = capita recovery factor for ESP system (definedin Section 1.2)

For example, for a20-year system lifeand a7 percent annual interest rate, the CRFswould be
0.09439.

The suggested factor to usefor property taxes, insurance, and administrative chargesis4
percent of the TCI. Overhead iscalculated as 60 percent of the sum of operating, supervisory,
coordination, and maintenancelabor, aswell asmaintenance materias.

34.3 Recovery Credits

For processesthat can reusethe dust collected inthe ESP or that can sell thedustinalocal
market, such asfly ash sold asan extender for paving mixes, acredit should betaken. Asused
below, thiscredit (RC) appearsasanegative cost.

344 Total Annual Cost

Total annual cost for owning and operating an ESP system isthe sum of the components
listedin Subsections 3.4.1through 3.4.3,i.e::

TAC =DC + IC - RC (352)
where

TAC = total annua cost ($)

DC = direct annual cost ($)

IC = indirect annua cost (%)

RC = recovery credits (annual) ($)

345 ExampleProblem

Assumean ESPisrequired for controlling fly ash emissonsfromacoa-fired boiler burning
bituminouscoa. Thefluegasstreamis50kacfm at 325°F and hasaninlet ashloading of 4 gr/fts.

Andysisof theash showsof 7 umand aresistivity of lessthan 2 x 101 ohm-cm. Assumethat the
ESP operatesfor 8,640 h/yr (360 d) and that an efficiency of 99.9 percent isrequired.
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3451  DesgnSCA

The SCA can beca culated from Equation 3.23. Assumingthat aflat plate ESPdesignis
chosen, thefly ash migration velocity is 16.0 crm/ s(see Table 3.3). Then:

-In(1-0.999) S S
SCA=—————"—=0432 — =432 —
16.0 cm m

Convertingto English units(see Step 15in the procedure):

ft?

ESCA =5.080 x 43.2 = 219
kacfm

Totd collector plateareaisthen:

ft?
kacfm

219 x 50 kacfm = 10,950 ft°

To obtain amore rigorous answer, we can follow the steps of the procedure givenin
Subsection 3.2.1:

Step 1-Design efficiency isrequired as99.9.

Step 2—Design penetration:

1—929—0001
100

Step 3—Operating temperaturein Kelvin:
5
(325°F - 32°F) x 9 +273°C = 436°K

Step 4—Because dust resistivity islessthan 2 x 10% ohm-cm (seeStep 4), no severe back
coronaisexpected and back corona=0.

Step 5—TheMMD of thefly ashisgivenas7 pm.
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Step 6—Vauesfor sneakage and rapping reentrainment (fromtable 3.1) are:

N
RR

0.10
0.124 (assuming gasvelocity <1-5m/s)

Step 7—Themost penetrating particle size, from Step 7 of theprocedure is:
MMD, =2um

Therapping puff Szeis
MMD, =5um

Step 8 — From the procedure (Subsection 3.2.1):

€, = 8845x 1072

n = 1.72 x 10°5(436/273)%7 = 2.40 x 10°

E,, = 6.3x 10%(273/436)"% = 2.91 x 10°V/m
E,. = E X56.3=231x10°

avg

LF = S +RR(I-S) =0.1+0.124(1- 0.1) = 0.212

Step 9— Choose the number of sectionsfor LF" <p, p=0.001. Try four sections:

LF" =0212* =0.002

Thisvaueislarger thanp. Try fivesections.

LF" =0.212° = 0.000428

Thisvaueissmaler than p andisacceptable.
Step 10— Average section penetrationis:

1 1

p, = p" =0.001° = 0.251
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Step 11— Section collection penetrationis:

p,-LF _0251-0212
Pe = TF T 10212

=0.0495

Step 12— Particlesizechangefactorsare:

D = ps +SN + pc (1_SN) + RR (1_SN) (1_ pc)
010 + 0.0495 (1-0.1) + 0.214 (1-01) (1- 0.0495)

= 0.251
RR(1-S,)(1-p.) MMD
MMD, = (1-Sy) (1-p,) :
D
0124 (1-02) (1-0.0495) (5)
- 0.251
=211

Step 13- Particlesizesfor each section are:

Table3.17: MassMedian Diameter

Section MMD (um)
1 MMD, = MMD,=7
2 MMD, = {MMD,xS +[(1-p)xMMD,_ +p x MMD,] xp}/
D +MMD,

= {7x0.1+] (L-0.0495)x 2+ 0.0495 x 7] x 0.0495} /
0.251+2.11=534

3 MMD, = {5.34x0.1+[(1-0.0495)x 2+ 0.0495 x 5.34] X
0.0495}/0.251 + 2.11 = 4.67

4 MMD, = {4.67x0.1+][(1-0.0495) x 2 + 0.0495 X 4.67] X
0.0495}/0.251 + 2.11 = 4.39

5 MMD, = {4.39x0.1+[(1-0.0495)x 2+ 0.0495 x 4.39] X
0.0495}/0.251 + 2.11 = 4.28




Step 14— SCAsfor each section are:

Table3.18: Specific Collection Area

Section SCA (§m)
1 SCA, = -(c/a)x(1-S)xIn(p)/ (Eavgzx MMD, x 10°) = 8.86
2 SCA, = SCA,xMMD/MMD,=8.86(7/5.34)=1161
3 SCA, = SCA,xMMD,/MMD,=1161(5.34/4.67)=13.28
4 SCA, = SCA,xMMD/MMD,=1328(4.67/4.39) = 14.13
5 SCA, = SCA,xMMD,/MMD,=14.13(4.39/4.28) = 14.49

Step 15— Calculatethetotal SCA.

S
Total SCA =19.65+ 25.76 + 29.46 + 31.34 + 32.15=138.36 Py

ft?

English SCA =5.080 x 138.36 = 702.87
kacfm

Notethat the morerigorous procedure callsfor an SCA that isconsiderably higher than
thevauefound by using Equation 3.23. Thisdiscrepancy iscaused by the considerably smaller
particle size used in the example problem than isassumed for Table 3.3. Inthiscase, the shorter
method would |ead to an unacceptably low cost estimate.

Total collector plateareais.

2

kacfm

702.87 x 50 kacfm = 35,144 ft?

3452  ESPCost

From Figure 3.5, the basi c flange-to-flange cost of therigid electrode ESP is $438,060
(mid-1987 dallars). Assumingall standard optionsare purchased. The ESP cost risesto $635,189
(mid-1987 dollars).
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3453 Codsof Auxiliaries

Assumethefollowing auxiliary costs have been estimated from datain other partsof the
Manud:

Table3.19: Auxiliary Equipment Costs

Ductwork $16,000
Fan 16,000
Motor 7,500
Starter 4,000
Dampers 7,200
Pneumatic conveyer 4,000
Stack 8,000

Total  $62,700

3454  Totd Capita Investment

Direct costsfor the ESP system, based on thefactorsin Table 3.16, aregivenin Table
3.20. (Again, weassumesite preparation and building coststo benegligible)) TCl is$1,840,000
(rounded, mid-1987 dollars).

3455 Annual Costs-Pressure Drop

Table 3.21 givesthedirect and indirect annual costs, ascal culated from thefactorsgiven
in Section 3.4. Pressure drop (for energy costs) can be taken from Table 3.11 in Subsection
3.2.2. Usingthehigher valuesfrom thetable, pressuredrop for theinlet diffuser plate, inlet and
outlet trangtions, baffles, and platesis:

AP =0.09 +014 +0.015+ 0123 + 0.008 =0.38 in.H,0

Assumetheductwork contributesan additiona 4.1in. H20.9 Thetotal pressuredropis,
therefore, 4.48in. H,0. Asistypical, theductwork pressure drop overwhelmsthe ESP pressure
drop.

9 For ductwork pressure drop data, refer to Section 2.1 (“Hoods, Ductwork, and Stacks”) of the
Manual.
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Table3.20: Capital Cost Factorsfor ESP System Example Problem

Cost Item Codt, $
Direct Costs
Purchased equi pment costs
Adsorber vesselsand carbon $635,189
Auxiliary equipment
Sum=A $635,189
Instrumentation, 0.1 A 69,789
Salestaxes, 0.03A 20,937
Freight, 0.05A 34,894
Purchased equipment cost, B $823,509
Direct ingallation costs
Foundations & supports, 0.04 B 32,940
Handling & erection, 0.50B 411,755
Electrical, 0.08B 65,881
Piping,0.01B 8,235
Insulation for ductwork, 0.02 B 16,470
Painting, 0.02B 16,470
Directinstdlation costs $551,751
Site preparation ---
Facilitiesand Buildings
Total Direct Costs, DC $1,375,260
Indirect Costs(instalation)
Engineering, 0.20B 164,702
Construction and field expenses, 0.20 B 164,702
Contractor fees, 0.10B 82,351
Start-up, 0.01 B 8,235
Performancetest, 0.01 B 8,235
Model study, 0.02B 16,470
Contingencies, 0.03B 24,705
Total Indirect Costs, IC $469,400
Total Capita Investment (rounded) $1,840,000
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3456 Total Annua Cost

Thetotal annual cost, calculated in Table 3.21, is$511,000 (rounded). Had the particle
sizesbeing captured been larger, the ESP cost would have been considerably less. Also, for a
much larger gasflow rate, the $/acfm treated cost would have been morefavorable. Reviewing
componentsof the TAC, dust disposdl isthelargest sngleitem. Careshould betakenindetermining
this cost and the unit disposal cost ($/ton). Finding amarket for the dust, for example, asan
extender inasphalt or adressing for fields, even at giveaway prices, would reduce TAC dramatically.

Table3.21: Annual Costsfor Carbon Absorber System Example Problem

Cost Item Calculations Cost
Direct Annual Costs, DC
Operating L abor
Operator 3hr/day x 360 dayslyr x $12/hr $12,960
Supervisor 15% of operator =0.15x 7,820 194
Coordinator 1/3 of operator = 1/3x 12,960 4,320
Operatingmaterials e
Maintenance
Labor $4,125for collector area< 50,000 ft2 4,125
Material 1% of purchase equipment costs = 0.01 x 823,509 8235
Utilities
Electricity-fan 0.000181 x 50,000 acfmx 4.48in. H,0x 8,640 hr/yr 21,018
x $0.06 KWh
Electricity-operating 1.94x 10°x 35,144 ft>x 8,640 hr x $0.06/kWh 35,344
Waste Dispoal at $20/ton tipping feeat 2 milesand $0.50/ton-mile 155,676
for essentially 100% collection efficiency: 4.29
x 108 x 4 gr/ft3x 8,640 hr/yr x 50,000 acfm x
(20+0.50x 2) $/ton
Total DC $243,622
Indirect Annual Costs, IC
Overhead 60% of sum of operating labor, maintenancelabor, 18950
& maintenance materials:
=0.6(12,960+ 1,944 + 4,320+ 4,125+ 8,235)
Administrative charges 2% of Total Capital Investment = 0.02($1,844,660) 36,893
Property tax 1% of Total Capital Investment =0.01($1,844,660) 18447
Insurance 1% of Total Capital Investment =0.01($1,844,660) 18447
Capital recovery? 0.1175($1,844,660) 216,748
Total IC $309,485
Total Annual Cost (rounded) $653,000

@ The capital recovery cost factor, CRF, is afunction of the fabric filter or equipment life and the opportunity cost of
the capital (i.e., interest rate). For this example, for a 20 year equipment life and a 10% interest rate, CRF = 0.1175.

3-58



3.5 Acknowledgments

Wegratefully acknowledgeC. G. Nall, United McGill Corp. (Columbus, OH), for extensve
review and thefollowing companiesfor contributing datato thischapter:

* Research-Cottrell
* Joy Industria Equipment Co., Western Precipitation Divison (LosAngeles, CA)

*  Environmental ElementsCorp. (Batimore, MD)

3-59



References

[1] White, H. J,, Industrial Electrostatic Precipitation, Addison-Wesl ey, Reading, MA, 1963.

[2] Lawless,PA.,andL.E. Sparks, “A Review of Mathematica Mode sfor ESPsand Comparison
of Their Successes,” Proceedings of Second International Conference on Electrostatic
Precipitation, S. Masuda, ed., Kyoto, 1984, pp. 513-522.

[3] Bump, R. L. (Research Cottrell, Inc.), “ Evolution and Design of Electrostatic Precipitator
Discharge Electrodes,” paper presented at the APCA Annual Meeting, New Orleans,
LA, June1982.

[4] Correspondence: Richard Selznick (Baron Blakeslee, Inc., Westfield, NJ) to William M.
Vatavuk, April 23, 1986.

[5] Correspondence: JamesJessup (M&W Indugtries, Inc., Rurd Hall, NC) toWilliam M. Vatavuk,
May 16, 1986.

[6] Matley, Jay (ed.), Modern Cost Engineering, McGraw-Hill, New York, 1984, p. 142.
[7] Correspondence: Joseph Bruno (AirPal, Inc.) to SAIC, August 26, 1999.
[8] Correspondence: Sam Dunkle (Fisher-Klosterman, Inc.) to SAIC, August 26, 1999.

[9] Correspondence: James Reynolds (Croll-Reynolds Clean Air Tecnologies) to SAIC,
September 1, 1999.

[10]  Persona communication: Robert Shipe, J. (American Air Filter Co., Louisville, KY), and
S. A. Sauerland (United Air Specidists, Inc., Cincinnati, OH), to Roger Ellefson (JACA
Corp., Fort Washington, PA), June 1987.

[11] R.S. MeansCompany, Inc., Means Square Foot Costs 1987, Kingston, MA.

[12] Telecon: Gary Greiner (ETS, Inc., Roanoke, VA) to JamesH. Turner, October 1986.

[13] PEDCoEnvironmenta, Inc., Operating and Maintenance Manual for ESPs, Publication
No. EPA/625/1-85/017, Office of Research and Devel opment, Air and Energy Engineering
Research Lab, Research Triangle Park, NC, September 1985.

[14] Perry,,R.H., etal., Perry'sChemical EngineersHandbook (Sixth Edition), McGraw-
Hill, New York, 1984.

3-60



[15]

[16]

[17]

[18]

[19]

Bakke, E., “Wet Electrostatic Precipitators for Control of Submicron Particles,”
Proceedings of the Symposium on El ectrostatic Precipitatorsfor the Control of Fine
Particles, Pensacola, FL, September 30 to October 2, 1974, Publication No. EPA 650/
2-75-016, 1975.

Beltran Associates, Inc., “Poly-Stage Precipitator for Stack and Duct Emissions,”
November 1978.

Vatavuk, W.M., and R.B. Neveril, “ Estimating Costs of Air-Pollution Control Systems,
Part XVII: ParticleEmissionsControl,” Chemical Engineering (adapted), April 2, 1984,
pp. 97-99.

Gumerman, R.C., B.E. Burris, and S.P. Hansen, Estimation of Small System Water
Treatment Costs, Publication No. EPA/600/2-84/184a, NTIS No. PB85-161644, 1984.

Gooch, J.P, A Manual on the Use of Flue Gas Conditioning for ESP Performance
Enhancement, Electric Power Research I nstitute Report No. CS-4145, 1985.

3-61



Appendix A

Effects of Material Thickness
and Typeon ESP Costs
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Theimpact of materia thicknessand composition of collecting platesand the ESP casing can be
estimated using thefollowing equationsand Figure 6.17:

Hates
H
%N—‘ X FS@— 0.90H M + SP
| = 2 (3.54)
SP
Cadng:
0
%’Vf‘ X FS@— 0.58H M + SP
| = 10 (3.55)
SP
where
I = incremental increase of flange-to-flange salling price ($/ft?)
W, = weight of stedl (Ib/ft?)
FS = fabricated stedl salling price (¥1b) (normally assume approximately 2
timesmaterid cost)
M = manufacturer’smarkup factor of fabricated cost (direct |abor, wages,
and materia cost beforegeneral and administrative expenseand profit)
tosdling price(normaly 2to 3)
P = flange-to-flange sdlling pricefrom Figure 6.17 ($/ft?)

Most vendors can produce ESPswith collecting plate material thicknessesfrom 16 to 20
gaugeand casing materid thicknessesfrom 1/8through 1/4in. without affecting the 2 timesmateria
cost = fabricated cost relationship. Thus, theimpact of increasing the collecting platesfrom 18to

16 gauge and the casing from 3/16 to 1/4 in. plate on a 72,000 ft2 collector having aselling price
of $10/ft? and assuming amarkup factor of 2isasfollows:

Plates

3-63



%X090§-090D2+10
2 7 ““H

10 (3.55)
= 1045 = 45 percent increase

K

% x 076§—058D2 +10
10 ”°H

10 (3.56)
=1039 = 3.9 percent increase

Equations 3.53 and 3.54 were devel oped using thefollowing assumptions:

| = M aterial selling price increase + Standard ESP selling price
- Standard ESP selling price

Because Figure 3.5 identifiesthe standard ESP selling price/ft? of collecting area, the material
selling priceincrease= (New materia cost - Standard material cost)M. Thenit followsthat:

Ib steel
ft* collecting area

, , , : $
M aterial selling price = x Fabricated cost in b xM (357

TheESPdimensonsgivenin Figure 3.7 include:

« Casing area= 30 ft 30 ft x 8 = 7,200 ft? (assume 4 walls, 1 top, 2 hopper sides, 2
triangular hopper ends 8 equivalent sides)

e Collectingplatearea=

sides 30 ft 54,000
ft ft x 2 —— x —— plates= ————ft* = 72 ft? for s=0.75 ft
30 ft x 30 ft x olate X S plates S ,000 or s=0.75 (3.59)

where s = plate spacing (ft)

Thus, thereare:



o |
" | \
) A v ‘H-___________...--
S
T
‘\,'

Figuret 19:ESP Dimensione:

«  7.50/sft2of collecting areaper 1 ft? of casing and
« 2ft2of collecting areaper 1 ft? of collecting plate

Material cost per ft? collecting areais:

Plates = Ib steel X 3 (3.60)
2 ft? Ib '
Ib_steel

Casing = & X b (3.61)

For astandard ESPwith 18 gauge collecting platesand 3/16 in. platecasing. Assuming:

Materia cost for 18 gaugemild stedl = $0.45/Ib
Materia cost for 3/16in. platemild steel = $0.38/lb
Material cost to fabricated cost factor = 2
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These costsyield fabricated material costsof:

Pates
21b  $045 $0.90 .
> X T 2= 2 of collecting area (3.62)
Cadng:
5% $0.38 S .
25 X T x2=%0.78 P of collecting area (3.63)

Atatypica 9in. plate spacing the casing cost would be $0.58/ft2 of collecting area.

which givesus Equations 3.53 and 3.54. Notethat thevaue 0.58 will changesignificantly if a
plate spacing other than 9in. ischosen.

. Cost of _ Costof %M , Original overall
Selling ew material - old material selling price 364
rice = .
ir$1pact Original overall selling price ( )

Thus, for alessthan 5 percent increasein flange-to-flange cost, dl the precipitator exposed
wall sectionscan beincreased by morethan 25 percent to provideincreased life under corrosive
conditions. Section thicknessincreasesthat are greater than thosejust discussed would probably
resultinsignificant cost increasesbecause of bothincreased materid costsand necessary engineering
designchanges.

Theimpact of changing from mild steel to 304 stainless steel assuming material costs of
$1.63/Ibfor 18 gauge collecting plates, $1.38/Ib for the 3/16 in. casing, and amarkup factor of 3
isasfollows.

Plates

%X163@—09D3+10
2 “H

10 (3.65)
=219 percent increase
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K

%@ x 138@—058D3 +10
0 “°H

10 (3.66)
= 14.3 percent increase

Tothese material costsmust be added extrafabrication labor and procurement coststhat
will increasethe ESPflange-to-flange cost by afactor of 2to 3. Notethat atotally stainless steel
collector would be much more expensive because the discharge el ectrodes, rappers, hangers,
etc., would bea so converted to stainless. The preceding equations can be used for other grades

of stainlessstedl or other materialsof construction by inserting material costsobtained fromlocal
vendorsona$/lb basis.
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	3.1 Process Description 
	3.1 Process Description 
	3.1.1 Introduction 
	An electrostatic precipitator (ESP) is a particle control device that uses electrical forces to move the particles out of the flowing gas stream and onto collector plates. The particles are given an electrical charge by forcing them to pass through a corona, a region in which gaseous ions flow. The electrical field that forces the charged particles to the walls comes from electrodes maintained at high voltage in the center of the flow lane. Figure 3.1 is an example of electrostatic precipitator components. 
	Once the particles are collected on the plates, they must be removed from the plates without reentraining them into the gas stream. This is usually accomplished by knocking them loose from the plates, allowing the collected layer of particles to slide down into a hopper from which they are evacuated. Some precipitators remove the particles by intermittent or continuous washing with water. 
	3.1.2 Types of ESPs 
	ESPs are configured in several ways. Some of these configurations have been developed for special control action, and others have evolved for economic reasons. The types that will be described here are (1) the plate-wire precipitator, the most common variety; (2) the flat plate precipitator, (3) the tubular precipitator; (4) the wet precipitator, which may have any of the previous mechanical configurations; and (5) the two-stage precipitator.  See Figure 6.14 for examples of typical flate-plate and plate-wi
	3.1.2.1 Plate-Wire Precipitators 
	Plate-wire ESPs are used in a wide variety of industrial applications, including coal-fired boilers, cement kilns, solid waste incinerators, paper mill recovery boilers, petroleum refining catalytic cracking units, sinter plants, basic oxygen furnaces, open hearth furnaces, electric arc furnaces, coke oven batteries, and glass furnaces. 
	In a plate-wire ESP, gas flows between parallel plates of sheet metal and high-voltage electrodes. These electrodes are long wires weighted and hanging between the plates or are supported there by mast-like structures (rigid frames). Within each flow path, gas flow must pass each wire in sequence as flows through the unit. 
	The plate-wire ESP allows many flow lanes to operate in parallel, and each lane can be quite tall. As a result, this type of precipitator is well suited for handling large volumes of gas.  The need for rapping the plates to dislodge the collected material has caused the plate to be divided 
	The plate-wire ESP allows many flow lanes to operate in parallel, and each lane can be quite tall. As a result, this type of precipitator is well suited for handling large volumes of gas.  The need for rapping the plates to dislodge the collected material has caused the plate to be divided 
	into sections, often three or four in series with one another, which can be rapped independently. The power supplies are often sectionalized in the same way to obtain higher operating voltages, and further electrical sectionalization may be used for increased reliability.  Dust also deposits on the discharge electrode wires and must be periodically removed similarly to the collector plate. 

	The power supplies for the ESP convert the industrial ac voltage (220 to 480 V) to pulsating dc voltage in the range of 20,000 to 100,000 V as needed. The supply consists of a step-up transformer, high-voltage rectifiers, and sometimes filter capacitors.  The unit may supply either half-wave or full-wave rectified dc voltage. There are auxiliary components and controls to allow the voltage to be adjusted to the highest level possible without excessive sparking and to protect the supply and electrodes in the
	The voltage applied to the electrodes causes the air between the electrodes to break down electrically, an action known as a “corona.”  The electrodes usually are given a negative polarity because a negative corona supports a higher voltage than a positive corona before sparking occurs. The ions generated in the corona follow electric field lines from the wires to the collecting plates. Therefore, each wire establishes a charging zone through which the particles must pass. 
	Particles passing through the charging zone intercept some of the ions, which become attached. Small aerosol particles (<1 µm diameter) can absorb tens of ions before their total charge becomes large enough to repel further ions, and large particles (>10 µm diameter) can absorb tens of thousands. The electrical forces are therefore much stronger on the large particles. 
	As the particles pass each successive wire, they are driven closer and closer to the collecting walls. The turbulence in the gas, however, tends to keep them uniformly mixed with the gas.  The collection process is therefore a competition between the electrical and dispersive forces. Eventually, the particles approach close enough to the walls so that the turbulence drops to low levels and the particles are collected. 
	If the collected particles could be dislodged into the hopper without losses, the ESP would be extremely efficient. The rapping that dislodges the accumulated layer also projects some of the particles (typically 12 percent for coal fly ash) back into the gas stream. These reentrained particles are then processed again by later sections, but the particles reentrained in the last section of the ESP have no chance to be recaptured and so escape the unit. 
	Practical considerations of passing the high voltage into the space between the lanes and allowing for some clearance above the hoppers to support and align electrodes leave room for part of the gas to flow around the charging zones. This is called “sneakage” and amounts to 5 to 10 percent of the total flow.  Antisneakage baffles usually are placed to force the sneakage flow to mix with the main gas stream for collection in later sections. But, again, the sneakage flow around the last section has no opportu
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	Figure 3.1: Electrostatic Precipitator Components (Courtesy of the Institute for Clean Air Companies) 
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	Figure
	Figure 3.2: Flate-plate and Plate-wire ESP Configurations (Courtesy of United McGill Corporation) 
	Figure 3.2: Flate-plate and Plate-wire ESP Configurations (Courtesy of United McGill Corporation) 


	These losses play a significant role in the overall performance of an ESP.  Another major factor is the resistivity of the collected material. Because the particles form a continuous layer on the ESP plates, all the ion current must pass through the layer to reach the ground-plates. This current creates an electric field in the layer, and it can become large enough to cause local electrical breakdown. When this occurs, new ions of the wrong polarity are injected into the wire-plate gap where they reduce the
	Back corona is prevalent when the resistivity of the layer is high, usually above 2 x 10ohm-cm. For lower resistivities, the operation of the ESP is not impaired by back coronas, but resistivities much higher than 2 x 10ohm-cm considerably reduce the collection ability of the unit because the severe back corona causes difficulties in charging the particles.  At resistivities below 10ohm-cm, the particles are held on the plates so loosely that rapping and nonrapping reentrainment become much more severe. Car
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	3.1.2.2 Flat Plate Precipitators 
	A significant number of smaller precipitators (100,000 to 200,000 acfm) use flat plates instead of wires for the high-voltage electrodes. The flat plates (United McGill Corporation patents) increase the average electric field that can be used to collect the particles, and they provide an increased surface area for the collection of particles. Corona cannot be generated on flat plates by themselves, so corona-generating electrodes are placed ahead of and sometimes behind the flat plate collecting zones. Thes
	A flat plate ESP operates with little or no corona current flowing through the collected dust, except directly under the corona needles or wires. This has two consequences. The first is that the unit is somewhat less susceptible to back corona than conventional units are because no back corona is generated in the collected dust, and particles charged with both polarities of ions have large collection surfaces available. The second consequence is that the lack of current in the collected layer causes an elec
	Flat plate ESPs seem to have wide application for high-resistivity particles with small (1 to 2 µm) mass median diameters (MMDs). These applications especially emphasize the strengths of the design because the electrical dislodging forces are weaker for small particles than for large ones. Fly ash has been successfully collected with this type of ESP, but low-flow velocity appears to be critical for avoiding high rapping losses. 
	3.1.2.3 Tubular Precipitators 
	The original ESPs were tubular like the smokestacks they were placed on, with the high-voltage electrode running along the axis of the tube. Tubular precipitators have typical applications in sulfuric add plants, coke oven by-product gas cleaning (tar removal), and, recently, iron and steel sinter plants. Such tubular units are still used for some applications, with many tubes operating in parallel to handle increased gas flows. The tubes may be formed as a circular, square, or hexagonal honeycomb with gas 
	A tubular ESP is essentially a one-stage unit and is unique in having all the gas pass through the electrode region. The high-voltage electrode operates at one voltage for the entire length of the tube, and the current varies along the length as the particles are removed from the system. No sneakage paths are around the collecting region, but corona nonuniformities may allow some particles to avoid charging for a considerable fraction of the tube length. 
	Tubular ESPs comprise only a small portion of the ESP population and are most commonly applied where the particulate is either wet or sticky.  These ESPs, usually cleaned with water, have reentrainment losses of a lower magnitude than do the dry particulate precipitators. 
	3.1.2.4 Wet Precipitators 
	Any of the precipitator configurations discussed above may be operated with wet walls instead of dry.  The water flow may be applied intermittently or continuously to wash the collected particles into a sump for disposal. The advantage of the wet wall precipitator is that it has no problems with rapping reentrainment or with back coronas. The disadvantage is the increased complexity of the wash and the fact that the collected slurry must be handled more carefully than a dry product, adding to the expense of
	3.1.2.5 Two-Stage Precipitators 
	The previously described precipitators are all parallel in nature, i.e., the discharge and collecting electrodes are side by side. The two-stage precipitator invented by Penney is a series device with the discharge electrode, or ionizer, preceding the collector electrodes.  For indoor applications, the unit is operated with positive polarity to limit ozone generation. 
	Advantages of this configuration include more time for particle charging, less propensity for back corona, and economical construction for small sizes. This type of precipitator is generally used for gas flow volumes of 50,000 acfm and less and is applied to submicrometer sources emitting oil mists, smokes, fumes, or other sticky particulates because there is little electrical force 
	Advantages of this configuration include more time for particle charging, less propensity for back corona, and economical construction for small sizes. This type of precipitator is generally used for gas flow volumes of 50,000 acfm and less and is applied to submicrometer sources emitting oil mists, smokes, fumes, or other sticky particulates because there is little electrical force 
	to hold the collected particulates on the plates. Modules consisting of a mechanical prefilter, ionizer, collecting-plate cell, after-filter, and power pack may be placed in parallel or series-parallel arrangements. Preconditioning of gases is normally part of the system. Cleaning may be by water wash of modules removed from the system up to automatic, in-place detergent spraying of the collector followed by air-blow drying. 

	Two-stage precipitators are considered to be separate and distinct types of devices compared to large, high-gas-volume, single-stage ESPs. The smaller devices are usually sold as pre-engineered, package systems. 
	3.1.3 Auxiliary Equipment 
	Typical auxiliary equipment associated with an ESP system is shown schematically in Figure 
	3.3. Along with the ESP itself, a control system usually includes the following auxiliary equipment: a capture device (i.e., hood or direct exhaust connection); ductwork; dust removal equipment (screw conveyor, etc.); fans, motors, and starters; and a stack.  In addition, spray coolers and mechanical collectors may be needed to precondition the gas before it reaches the ESP.  Capture devices are usually hoods that exhaust pollutants into the ductwork or are direct exhaust couplings attached to a combustor o
	o
	o
	o
	o

	When much of the pollutant loading consists of relatively large particles, mechanical collectors, such as cyclones, may be used to reduce the load on the ESP, especially at high inlet concentrations. The fans provide the motive power for air movement and can be mounted before or after the ESP.  A stack, normally used, vents the cleaned stream to the atmosphere. Screw conveyors or pneumatic systems are often used to remove captured dust from the bottom of the hoppers. 
	Wet ESPs require a source of wash water to be injected or sprayed near the top of the collector plates either continuously or at timed intervals. The water flows with the collected particles 
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	Figure 3.3:  Control Device and Typical Auxiliary Equipment 
	into a sump from which the fluid is pumped. A portion of the fluid may be recycled to reduce the total amount of water required. The remainder is pumped directly to a settling pond or passed through a dewatering stage, with subsequent disposal of the sludge. 
	Gas conditioning equipment to improve ESP performance by changing dust resistivity is occasionally used as part of the original design, but more frequently it is used to upgrade existing ESPs. The equipment injects an agent into the gas stream ahead of the ESP.  Usually, the agent mixes with the particles and alters their resistivity to promote higher migration velocity, and thus higher collection efficiency.  However, electrical properties of the gas may change, rather than dust resistivity.  For instance,
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	ammonia, and water, but the major conditioning agent by usage is SO. A typical dose rate for any of the gaseous agents is 10 to 30 ppm by volume. 
	3

	The equipment required for conditioning depends on the agent being used. A typical SOconditioner requires a supply of molten sulfur.  It is stored in a heated vessel and supplied to a burner, where it is oxidized to SO. The SO gas is passed over a catalyst for further oxidation to
	The equipment required for conditioning depends on the agent being used. A typical SOconditioner requires a supply of molten sulfur.  It is stored in a heated vessel and supplied to a burner, where it is oxidized to SO. The SO gas is passed over a catalyst for further oxidation to
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	SO. The SO gas is then injected into the flue gas stream through a multi-outlet set of probes that
	SO. The SO gas is then injected into the flue gas stream through a multi-outlet set of probes that
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	3 
	breach a duct. In place of a sulfur burner to provide SO, liquid SO may be vaporized from a storage tank. Although their total annual costs are higher, the liquid SO systems have lower capital costs and are easier to operate than the molten sulfur based systems. 
	2
	2
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	Water or ammonia injection requires a set of spray nozzles in the duct, along with pumping and control equipment. 
	Sodium conditioning is often done by coating the coal on a conveyor with a powder compound or a water solution of the desired compound. A hopper or storage tank is often positioned over the conveyor for this purpose. 
	3.1.4 Electrostatic Precipitation Theory 
	The theory of ESP operation requires many scientific disciplines to describe it thoroughly. The ESP is basically an electrical machine. The principal actions are the charging of particles and forcing them to the collector plates. The amount of charged particulate matter affects the electrical operating point of the ESP.  The transport of the particles is affected by the level of turbulence in the gas. The losses mentioned earlier, sneakage and rapping reentrainment, are major influences on the total perform
	The following subsections will explain the theory behind (1) electrical operating points in the ESP, (2) particle charging, (3) particle collection, and (4) sneakage and rapping reentrainment. General references for these topics are White [1] or Lawless and Sparks [2]. 
	3.1.4.1 Electrical Operating Point 
	The electrical operating point of an ESP section is the value of voltage and current at which the section operates. As will become apparent, the best collection occurs when the highest electric field is present, which roughly corresponds to the highest voltage on the electrodes. In this work, the term “section” represents one set of plates and electrodes in the direction of flow.  This unit is commonly called a “field”, and a “section” or “bus section” represents a subdivision of a “field” perpendicular to 
	The lowest acceptable voltage is the voltage required for the formation of a corona, the electrical discharge that produces ions for charging particles. The (negative) corona is produced when an occasional free electron near the high-voltage electrode, produced by a cosmic ray, gains enough energy from the electric field to ionize the gas and produce more free electrons. The electric field for which this process is self-sustained has been determined experimentally.  For round wires, the field at the surface
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	where E = corona onset field at the wire surface (V/m)
	e 
	d = relative gas density, referred to 1 atm pressure and 20C 
	o

	r 
	(dimensionless) r = radius of the wire, meters (m)
	w 
	This is the field required to produce “glow” corona, the form usually seen in the laboratory on smooth, clean wires. The glow appears as a uniform, rapidly moving diffuse light around the electrode. After a period of operation, the movement concentrates into small spots on the wire surface, and the corona assumes a tuft-like appearance. The field required to produce “tuft” 
	corona, the form found in full-scale ESPs, is 0.6 times the value of E . 
	c 
	The voltage that must be applied to the wire to obtain this value of field, V , is found by
	c 
	integrating the electric field from the wire to the plate. The field follows a simple “1/r” dependence in cylindrical geometry.  This leads to a logarithmic dependence of voltage on electrode dimensions. In the plate-wire geometry, the field dependence is somewhat more complex, but the voltage still 
	shows the logarithmic dependence. V is given by:
	c 
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	where V = corona onset voltage (V)
	c 
	d = outer cylinder radius for tubular ESP (m) 4/B x (wire-plate separation) for plate-wire ESP (m) 
	No current will flow until the voltage reaches this value, but the amount of current will increase steeply for voltages above this value. The maximum current density (amperes/square meter) on the plate or cylinder directly under the wire is given by: 
	V 
	2 

	j =µ∈(3.3)
	L
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	where j = maximum current density (A/m) µ = ion mobility m/Vs) (meter/volt second) 
	2
	2
	2

	. = free space permittivity (8.845 x 10 F/m)(Farad/meter) V = applied voltage (V) L = shortest distance from wire to collecting surface (m) 
	-12

	For tuft corona, the current density is zero until the corona onset voltage is reached, when it jumps almost to this value of jwithin a few hundred volts, directly under a tuft. 
	The region near the wire is strongly influenced by the presence of ions there, and the corona onset voltage magnitude shows strong spatial variations. Outside the corona region, it is quite uniform. 
	The electric field is strongest along the line from wire to plate and is approximated very well, except near the wire, by: 
	V E =(3.4)
	max 

	L 
	where E = maximum field strength (V/m)
	max 
	When the electric field throughout the gap between the wire and the plate becomes strong enough, a spark will occur, and the voltage cannot be increased without severe sparking occurring.  The field at which sparking occurs is not sharply defined, but a reasonable value is given by: 
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	where E = sparking field strength (V/m)
	s 
	T = absolute temperature (K) P = gas pressure (atm) 
	This field would be reached at a voltage of, for example, 35,000 V for a plate-wire spacing of 11.4 cm (4.5 in.) at a temperature of 149C (300F). The ESP will generally operate near this voltage in the absence of back corona. E will be equal to or less than E . 
	o
	o

	max s 
	Instead of sparking, back corona may occur if the electric field in the dust layer, resulting from the current flow in the layer, reaches a critical value of about 1  x 10 V/m. Depending on conditions, the back corona, may enhance sparking or may generate so much current that the voltage cannot be raised any higher.  The field in the layer is given by: 
	6

	E=jρ(3.6) 
	l 

	where 
	E= electric field in dust layer (V/m) 
	l 

	. = resistivity of the collected material (ohm-m) 
	3.1.4.2 Particle Charging 
	Charging of particles takes place when ions bombard the surface of a particle. Once an ion is close to the particle, it is tightly bound because of the image charge within the particle. The “image charge” is a representation of the charge distortion that occurs when a real charge approaches a conducting surface. The distortion is equivalent to a charge of opposite magnitude to the real charge, located as far below the surface as the real charge is above it. The notion of the fictitious charge is similar to 
	There are two principal charging mechanisms: diffusion charging and field charging. Diffusion charging results from the thermal kinetic energy of the ions overcoming the repulsion of the ions already on the particle. Field charging occurs when ions follow electric field lines until they terminate on a particle. In general, both mechanisms are operative for all sizes of particles. Field charging, however, adds a larger percentage of charge on particles greater than about 2µm in diameter, and diffusion chargi
	Diffusion charging, as derived by White [1], produces a logarithmically increasing level of charge on particles, given by: 
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	where 
	q(t) = particle charge (C) as function of time, t, in seconds r = particle radius (m) k = Boltzmann’s constant (j/K) T = absolute temperature (K) e = electron charge (1.67 x 10C) . = dimensionless time given by: 
	-19
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	τ=(3.8)
	kT 
	where 
	v = mean thermal speed of the ions (m/s) 
	N = ion number concentration near the particle (No./m) 2 = real time 
	3

	(exposure 
	. = real time (exposure time in the charging zone) (s) 
	Diffusion charging never reaches a limit, but it becomes very slow after about three dimensionless time units. For fixed exposure times, the charge on a particle is proportional to its radius. 
	Field charging also exhibits a characteristic time-dependence, given by: 
	q θ
	qt() =
	s 
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	θ+τ′
	where 
	q = saturation charge, charge at infinite time (C)
	s 
	. = real time (s) .. = another dimensionless time unit 
	The saturation charge is given by: 
	q=12 π∈rE (3.10) where 
	s 

	. = free space permittivity (F/m) E = external electric field applied to the particle (V/m) 
	The saturation charge is proportional to the square of the radius, which explains why field charging is the dominant mechanism for larger particles. The field charging time constant is given by: 
	4 ∈r ′=(3.11) 
	Ne µ
	where µ = ion mobility 
	Strictly speaking, both diffusion and field charging mechanisms operate at the same time on all particles, and neither mechanism is sufficient to explain the charges measured on the particles. It has been found empirically that a very good approximation to the measured charge is given by the sum of the charges predicted by Equations 3.7 and 3.9 independently of one another: 
	q =q ( t ) +q (t ) (3.12)
	tot d f 
	where q (t) = particle charge due to both mechanisms
	tot q(t) = particle charge due to diffusion charging 
	d 

	q(t) = particle charge due to field charging 
	f 

	3.1.4.3 Particle Collection 
	The electric field in the collecting zone produces a force on a particle proportional to the magnitude of the field and to the charge: 
	F=qE (3.13) 
	e 

	where 
	F= force due to electric field (N) 
	e 

	q = charge on particle (C) 
	E = electric field (V/m) 
	Because the field charging mechanism gives an ultimate charge proportional to the electric field, the force on large particles is proportional to the square of the field, which shows the advantage for maintaining as high a field as possible. 
	The motion of the particles under the influence of the electric field is opposed by the viscous drag of the gas. By equating the electric force and the drag force component due to the electric field (according to Stokes’ law), we can obtain the particle velocity: 
	qE( ,r) E C(r) 
	vq E,r (3.14)
	(, ) =
	6πηr 
	where 
	v(q,E,r) = particle velocity (m/s) q(E,r) = particle charge (C) C(r) = Cunningham correction to Stokes’ law (dimensionless) . = gas viscosity (kg/ms) 
	The particle velocity, is the rate at which the particle moves along the electric field lines, i.e., toward the walls. 
	For a given electric field, this velocity is usually at a minimum for particles of about 0.5 µm diameter.  Smaller particles move faster because the charge does not decrease very much, but the Cunningham factor increases rapidly as radius decreases. Larger particles have acharge increasing as r and a viscous drag only increasing as r; the velocity then increases as r. 
	2
	1

	Equation 3.14 gives the particle velocity with respect to still air.  In the ESP, the flow is usually very turbulent, with instantaneous gas velocities of the same magnitude as the particles velocities, but in random directions. The motion of particles toward the collecting plates is therefore a statistical process, with an average component imparted by the electric field and a fluctuating component from the gas turbulence. 
	This statistical motion leads to an exponential collection equation, given by: 
	−vr 
	() exp 
	() exp 

	Nr() =Nr 
	(3.15)

	v 
	0 
	0 

	where 
	N(r) = particle concentration of size rat the exit of the collecting zone (No./m) 
	3

	N(r) = particle concentration of size r at the entrance of the 
	0

	zone (No./m) 
	3

	v(r) = size-dependent particle velocity (m/s) 
	v = characteristic velocity of the ESP (m/s), given by:
	o 
	Q 1 
	v ==(3.16)
	A SCA 
	0 

	where 
	Q = volume flow rate of the gas (m/s) 
	3

	A = plate area for the ESP collecting zone (m) 
	2

	SCA = specific collection area (A/Q) (s/m) 
	When this collection equation is averaged over all the particle sizes and weighted according to the concentration of each size, the Deutsch equation results, with the penetration (fraction of particles escaping) given by: 
	p =exp( −wSCA ) (3.17) 
	e 

	where 
	p = penetration (fraction) 
	w = effective migration velocity for the particle ensemble (m/s)
	e 
	The collection efficiency is given by: 
	Eff (% ) =100 (1 −p ) (3.18) 
	and is the number most often used to describe the performance of an ESP. 
	3.1.4.4 Sneakage and Rapping Reentrainment 
	Sneakage and rapping reentrainment are best considered on the basis of the sections within an ESP.  Sneakage occurs when a part of the gas flow bypasses the collection zone of a section. Generally, the portion of gas that bypasses the zone is thoroughly mixed with the gas that passes through the zone before all the gas enters the next section. This mixing cannot always be 
	Sneakage and rapping reentrainment are best considered on the basis of the sections within an ESP.  Sneakage occurs when a part of the gas flow bypasses the collection zone of a section. Generally, the portion of gas that bypasses the zone is thoroughly mixed with the gas that passes through the zone before all the gas enters the next section. This mixing cannot always be 
	assumed, and when sneakage paths exist around several sections, the performance of the whole ESP is seriously elected. To describe the effects of sneakage and rapping reentrainment mathematically we first consider sneakage by itself and then consider the effects of rapping as an average over many rapping cycles. 

	On the assumption that the gas is well mixed between sections, the penetration for each section can be expressed as: 
	p =S +[(1 −S ) ×p ( Q ′)](3.19)
	sN Nc 
	where p = section’s fractional penetration 
	s 
	S= fraction of gas bypassing the section (sneakage) 
	N 

	p (Q) = fraction of particles penetrating the collection zone, which is functionally
	.

	c 
	dependent on Qt, the gas volume flow in the collection zone,reduced by the sneakage (m/s) 
	3

	The penetration of the entire ESP is the product of the section penetrations. The sneakage sets a lower limit on the penetration of particles through the section. 
	To calculate the effects of rapping, we first calculate the amount of material captured on the plates of the section. The fraction of material that was caught is given by: 
	m 
	1 p=−S−[1 −S×p( Q ]
	s 
	N 
	N 
	c 
	(3.20)

	=−1 () ′) 
	m 
	0 
	where 
	m/m = mass fraction collected from the gas stream
	o 
	This material accumulates until the plates are rapped, whereupon most of the material falls into the hopper for disposal, but a fraction of it is reentrained and leaves the section. Experimental measurements have been conducted on fly ash ESPs to evaluate the fraction reentrained, which averages about 12 percent. 
	The average penetration for a section including sneakage and rapping reentrainments, is: 
	p =S +[(1 −S ) ×p ( Q ′) ]+RR (1 −S )[1 −p ( Q ′) ](3.21)
	sNNc Nc 
	where 
	RR = fraction reentrained 
	This can be written in a more compact form as: 
	p =LF +[(1 −LF ) ×p ( Q ′) ](3.22)
	sc 
	by substituting LF (loss factor) for S + RR(l -S). These formulas can allow for variable amounts of sneakage and rapping reentrainment for each section, but there is no experimental evidence to suggest that it is necessary. 
	N
	N 

	Fly ash precipitators analyzed in this way have an average Sof 0.07 and an RR of 0.12. These values are the best available at this time, but some wet ESPs, which presumably have no rapping losses, have shown S values of 0.05 or less. These values offer a means for estimating the performance of ESPs whose actual characteristics are not known, but about which general statements can be made. For instance, wet ESPs would be expected to have RR = 0, as would ESPs collecting wet or sticky particles. Particulate m
	N 
	N

	2
	2


	3.2 ESP Design Procedure 
	3.2 ESP Design Procedure 
	3.2.1 Specific Collecting Area 
	Specific collecting area (SCA) is a parameter used to compare ESPs and roughly estimate their collection efficiency. SCA is the total collector plate, area divided by gas volume flow rate and has the units of s/m or s/ft. Since SCA is the ratio of A/Q, it is often expressed as m/(m/s) or ft/kacfm, where kacfm is thousand acfm. SCA is also one of the most important factors in determining the capital and several of the annual costs (for example, maintenance and dust disposal costs) of the ESP because it deter
	2
	3
	2

	The design procedure is based on the loss factor approach of Lawless and Sparks [2] and considers a number of process parameters. It can be calculated by hand, but it is most conveniently used with a spreadsheet program. For many uses, tables of effective migration velocities can be used to obtain the SCA required for a given efficiency.  In the following subsection, tables have 
	  Table 3.1: Small, Medium, and Large SCAs as Expressed by Various Units 
	Units 
	Units 
	Units 
	Small 
	Medium 
	Large 

	ft2/kacfma s/m s/ft 
	ft2/kacfma s/m s/ft 
	100 19.7 6 
	400 78.8 24 
	900 177 54 


	a
	 5.080 ft/kacfm = 1 (s/m) 
	2

	been calculated using the design procedure for a number of different particle sources and for differing levels of efficiency.  If a situation is encountered that is not covered in these tables, then the full procedure that appears in the subsequent subsection should be used. 
	3.2.1.1 SCA Procedure with Known Migration Velocity 
	If the migration velocity is known, then Equation 3.17 can be rearranged to give the SCA: 
	−ln( p )
	SCA =
	SCA =
	w 

	e 
	A graphical solution to Equation 3.23 is given in Figure 3.4. The migration velocities have been calculated for three main precipitator types: plate-wire, flat plate, and wet wall ESPs of the plate-wire type. The following three tables, keyed to design efficiency as an easily quantified variable, summarize the migration velocities under various conditions: 
	Ł In Table 3.2, the migration velocities are given for a plate-wire ESP with conditions of no back corona and severe back corona; temperatures appropriate for each process have been assumed. 
	Ł In Table 3.3, the migration velocities calculated for a wet wall ESP of the plate-wire type assume no back corona and no rapping reentrainment. 
	Ł In Table 3.4, the flat plate ESP migration velocities are given only for no back corona conditions because they appear to be less affected by high-resistivity dusts than the plate-wire types. 
	It is generally expected from experience that the migration velocity will decrease with 
	increasing efficiency.  In Tables 3.2 through 3.4, however, the migration velocities show some 
	increasing efficiency.  In Tables 3.2 through 3.4, however, the migration velocities show some 
	Figure 3.4: Chart for Finding SCA 

	3-23 
	           Table 3.2: Plate-Wire ESP Migration Velocities (cm/s)
	           Table 3.2: Plate-Wire ESP Migration Velocities (cm/s)
	           Table 3.2: Plate-Wire ESP Migration Velocities (cm/s)
	a 


	     Design Efficiency, % 
	     Design Efficiency, % 

	Particle Source 
	Particle Source 
	95 
	99 
	99.5 
	99.9 

	Bituminous coal fly ashb 
	Bituminous coal fly ashb 
	(no BC) 
	12.6 
	10.1 
	9.3 
	8.2 

	TR
	(BC) 
	3.1 
	2.5 
	2.4 
	2.1 

	Sub-bituminous coal fly as in 
	Sub-bituminous coal fly as in 

	tangential-fired boilerb 
	tangential-fired boilerb 
	(no BC) 
	17.0 
	11.8 
	10.3 
	8.8 

	TR
	(BC) 
	4.9 
	3.1 
	2.6 
	2.2 

	Other coalb 
	Other coalb 
	(no BC) 
	9.7 
	7.9 
	7.9 
	7.2 

	TR
	(BC) 
	2.9 
	2.2 
	2.1 
	1.9 

	Cement Kilnc 
	Cement Kilnc 
	(no BC) 
	1.5 
	1.5 
	1.8 
	1.8 

	TR
	(BC) 
	0.6 
	0.6 
	0.5 
	0.5 

	Glass plantd 
	Glass plantd 
	(no BC) 
	1.6 
	1.6 
	1.5 
	1.5 

	TR
	(BC) 
	0.5 
	0.5 
	0.5 
	0.5 

	Iron/steel sinter plant dust with 
	Iron/steel sinter plant dust with 

	mechanical precollectorb 
	mechanical precollectorb 
	(no BC) 
	6.8 
	6.2 
	6.6 
	6.3 

	TR
	(BC) 
	2.2 
	1.8 
	1.8 
	1.7 

	Kraft-paper recovery boilerb 
	Kraft-paper recovery boilerb 
	(no BC) 
	2.6 
	2.5 
	3.1 
	2.9 

	Incinerator fly ashe 
	Incinerator fly ashe 
	(no BC) 
	15.3 
	11.4 
	10.6 
	9.4 

	Copper reverberatory furnacef 
	Copper reverberatory furnacef 
	(no BC) 
	6.2 
	4.2 
	3.7 
	2.9 

	Copper converterg 
	Copper converterg 
	(no BC) 
	5.5 
	4.4 
	4.1 
	3.6 

	Copper roasterh 
	Copper roasterh 
	(no BC) 
	6.2 
	5.5 
	5.3 
	4.8 

	Coke plant combustion stacki 
	Coke plant combustion stacki 
	(no BC) 
	1.2j 
	-
	-
	-


	BC = Back Corona 
	a
	  To convert cm/s to fps, multiply cm/s by 0.0328m but computational precedures uses SI units. To convert cm/s to m/s, multiply by 0.01. Assumes same particle size as given in full computational procedure. 
	 At 300F. Depending on individual furnace/boiler conditions, chemical nature of the fly ash, and availability of naturally occurring conditioning agents (e.g., moisture in the gas stream). Migration velocities may vary considerably from these values. Likely values are in the range form back corona to no back corona. BC = back corona. 
	b
	o

	c
	 At 600F.  At 500F. 
	o
	d
	o

	e
	 At 250F.  450F to 570F  500F to 700F  600F to 660F  360F to 450F  Data available only for inlet concentrations in the range of 0.02 to 0.2 g/s m and for efficiencies less than 90%. 
	o
	f
	o
	o
	g
	o
	o
	h
	o
	o
	i
	o
	o
	j
	3

	Table 3.3:  Wet Wall Plate - Wire ESP Migration Velocities (No back corona, cm/s)
	Table 3.3:  Wet Wall Plate - Wire ESP Migration Velocities (No back corona, cm/s)
	Table 3.3:  Wet Wall Plate - Wire ESP Migration Velocities (No back corona, cm/s)
	a 


	Particle Sourceb
	Particle Sourceb
	      Design Efficiency, % 95 99 99.5 99.9 

	Bituminous coal fly ash 
	Bituminous coal fly ash 
	31.4 
	33.0 
	33.5 
	24.9 

	Sub-bituminous coal fly ash in tangential-fired boiler 
	Sub-bituminous coal fly ash in tangential-fired boiler 
	40.0 
	42.7 
	44.1 
	31.4 

	Other coal 
	Other coal 
	21.1 
	21.4 
	21.5 
	17.0 

	Cement kiln 
	Cement kiln 
	6.4 
	5.6 
	5.0 
	5.7 

	Glass plant 
	Glass plant 
	4.6 
	4.5 
	4.3 
	3.8 

	Iron/steel snter plant dust with mechanical precollector 
	Iron/steel snter plant dust with mechanical precollector 
	14.0 
	13.7 
	13.3 
	11.6 


	a
	  To convert cm/s to ft/s, multiply cm/s by 0.0328.  Computational precedure uses SI units; to convert cm/s to m/s, ultiply cm/s by 0.01. Assumes same particle size is given in full computational procedure.  All sources asumed at 200F. 
	b
	o

	fluctuations. This is because the number of sections must be increased as the efficiency increases, and the changing sectionalization affects the overall migration velocity.  This effect is particularly noticeable, for example, in Table 3.4 for glass plants.  When the migration velocities in the tables are used to obtain SCAs for the different efficiencies in the tables , the SCAs will increase as the officiency increases. 
	3.2.1.2 Full SCA Procedure 
	The full procedure for determining the SCA for large plate-wire, flat plate, and (with restrictions) tubular dry ESPs is given here. This procedure does not apply to the smaller, two-stage precipitators because these are packaged modules generally sized and sold on the basis of the waste gas volumetric flow rate. Nor does this procedure apply to determining the SCA for wet ESPs. The full procedure consists of the 15 steps given below: 
	Step 1 – Determine the design collection efficiency, Eff (%).  Efficiency is the most commonly used term in the industry and is the reference value for guarantees. However, if it has not been specified, it can be computed as follows: 
	outlet loa d 
	Eff (%) = 100 ×1-(3.18a)
	
	

	inlet load 
	inlet load 

	Table 3.4: Flat Plate ESP Migratoin Velocities
	Table 3.4: Flat Plate ESP Migratoin Velocities
	Table 3.4: Flat Plate ESP Migratoin Velocities
	a 


	Particle Source 
	Particle Source 
	    Design Efficiency, % 95 99 99.5 99.9 

	Biguminous coal fly ashc 
	Biguminous coal fly ashc 
	13.2 
	15.1 
	18.6 
	16.0 

	Sub-bituminous coal fly ash in tangential-fired boilerc 
	Sub-bituminous coal fly ash in tangential-fired boilerc 
	28.6 
	18.2 
	21.2 
	17.7 

	Other coalc 
	Other coalc 
	15.5 
	11.2 
	151 
	13.5 

	Cement kilnd 
	Cement kilnd 
	2.4 
	2.3 
	3.2 
	3.1 

	Glass plante 
	Glass plante 
	1.8 
	1.9 
	2.6 
	2.6 

	Iron/steel sinter plant dust with mechanical precollectorc 
	Iron/steel sinter plant dust with mechanical precollectorc 
	13.4 
	12.1 
	13.1 
	12.4 

	Kraft-paper recovery boilerc 
	Kraft-paper recovery boilerc 
	5.0 
	4.7 
	6.1 
	5.3 

	Incinerator fly ashf 
	Incinerator fly ashf 
	25.2 
	16.9 
	21.1 
	18.3 


	a
	 Assumes same particle size as given in full computational procedure. These values give the grounded collector plate SCA, from which the collector plate area is derived. In flat plate ESPs, the discharge or high-voltage plate area is typically 40% of the ground-plate area. The flat plate manufacturer usually counts all the plate area (collector plates plus discharge plates in meeting an SCA specificiation, which means that the velocities tabulated above must be divided by 1.4 to be   used on the manufacture
	  To convert cm/s to ft/s, multiply cm/s by 0.0328.  computational procedure uses SI units; to convert cm/s to m/s, multiply cm/s by 0.01. At 300F. 
	b
	o

	 At 600F. 
	d
	o

	e
	 At 500F.  At 250F. 
	o
	f
	o

	Step 2 – Compute design penetration, p: 
	Eff 
	p = 1-(3.17a) 
	
	100 
	

	Step 3 – Compute or obtain the operating temperature, T , .K. Temperature in Kelvin is
	k 
	required in the calculations which follow. 
	Step 4 – Determine whether severe back corona is present. Severe back corona usually occurs for dust resistivities above 2 x 10 ohm-cm. Its presence will greatly increase the size of the ESP required to achieve a certain efficiency. 
	11

	Step 5 – Determine the MMD of the inlet particle distribution MMD (µm). If this is not known,
	i 
	assume a value from the following table: 
	Table 3.5 
	Source MMD(µm) 
	1

	Bituminous coal 16 Sub-bituminous coal, tangential boiler 21 Sub-bituminous coal, other boiler types 10 to 15 Cement kiln 2 to 5 Glass plant 1 Wood burning boiler 5 Sinter plant, 50 
	with mechanical precollector 6 
	Kraft process recovery 2 Incinerators 15 to 30 Copper reverberatory furnace 1 Copper converter 1 Coke plant combustion stack 1 Unknown 1 
	Step 6 - Assume value for sneakage, S , and rapping reentrainment, RR, fromthe following
	N 
	tables: 
	         Table 3.6 
	ESP Type S
	N 

	Plate-wire 0.07 Wet wall 0.05 Flat plate 0.10 
	       Table 3.7 
	ESP/Ash Type 
	ESP/Ash Type 
	ESP/Ash Type 
	RR 

	Coal fly ash, or not known 
	Coal fly ash, or not known 
	0.14 

	Wet wall 
	Wet wall 
	0.0 

	Flat plate with gas velocity > 1.5 m/s 
	Flat plate with gas velocity > 1.5 m/s 
	0.15 

	(not glass or cement 
	(not glass or cement 

	Glass or cement 
	Glass or cement 
	0.10 


	Step 7 – Assume values for the most penetrating size, MMDp, and rapping puff size, MMD: 
	r 

	MMD = 2 µm (3.24) MMD = 5 m for ash with MMD > 5 µm (3.25) MMD = 3 m for ash with MMD < 5 µm (3.26) 
	p
	r
	i
	r
	i

	where MMD = MMD of the size distribution emerging from a very efficient collecting zone
	p 
	MMD = MMD of the size distribution of rapped/reentrained material.
	p 
	Step 8 – Use or compute the following factors for pure air: 
	−12 
	
	F 
	

	∈=8 845 ×10 free  spac e  permittivity 
	0 . (3.27)
	m 
	0.71 
	kg
	−5 
	
	T
	k 
	
	

	η=172 ×10 gas viscosity (3.28)
	. 
	273 m ⋅s 
	1.65
	273 V 
	E=630,000 electric field at sp arking (3.29)
	bd 
	
	

	Tm LF =S+RR (1 −S) loss facto r (dimensionless) (3.30) 
	k 
	N 
	N 

	For plate-wire ESPs: 
	For plate-wire ESPs: 

	E
	E
	ba

	E =average field with no back corona (3.31)
	1.75 
	avg 
	E
	ba

	E =0.7 ×average field with severe back corona (3.32)
	1.75 
	avg 

	For flat plate ESPs: 
	For flat plate ESPs: 

	5 
	E =E ×average field, no back corona, positive polarity (3.33)
	avg bd 
	5 
	6.3 

	E =0.7 ×E×average field, severe back corona, positive polarity 
	avg 
	bd 

	6.3 
	6.3 

	(3.34) 
	Step 9 – Assume the smallest number of sections for the ESP, n, such that LF< p. Suggested values of nare: 
	n 

	These values are for an LF of 0.185, corresponding to a coal fly ash precipitator.  The values are approximate, but the best results are for the smallest allowable n.
	     Table 3.8 
	Efficiency (%) 
	Efficiency (%) 
	Efficiency (%) 
	n 

	<96.5 
	<96.5 
	2 

	<99 
	<99 
	3 

	<99.8 
	<99.8 
	4 

	<99.9 
	<99.9 
	5 

	<99.9 
	<99.9 
	6 


	Step 10 – Compute the average section penetration, p: 
	s 

	1 
	(3.35)
	p=p
	s 
	n 

	Step 11 – Compute the section collection penetration, p : 
	c 
	p −LF p=(3.36)
	c 
	s 

	1 −LF 
	If the value of n is too small, then this value will be negative and n must be increased. Step 12 – Compute the particle size change factors, D and MMD , which are constants used for
	rp 
	computing the change of particle size from section to section: 
	D =p =S +P (1 −S ) +RR (1 −S ) (1 −p )
	sNcN Nc 
	MMD 
	r (3.37)
	=MMD =RR (1 −S ) (1 −p )
	rp Nc 
	D 
	Step 13 -Compute a table of particle sizes for sections 1 through n: Table 3.9 
	Section MMDs 
	1 MMD1 = MMDi 2 MMD2 = {MMD1 x S + [1 -p ) x MMD + p x MMD1] x p }/D + MMDrp
	N c p c c 
	3 MMD3 = {MMD2 x S + [1 -p ) x MMD + p x MMD2] x p }/D + MMDrp
	N c p cc 
	.. .. .. 
	n MMDn = {MMDn -1 x S + {1 -p ) x MMD + p x MMDn - 1] x p }/D + MMDrp
	N c p cc 
	Step 14 -Calculate the SCA for sections 1 through n, using MMD ,.. ,.., E , and p : 
	n avg e 
	ηln( p)N −6 (3.38)
	c 
	SCA
	1 
	=−
	
	×
	(1 
	−S
	) 
	×
	2 

	E ×MMD ×10
	∈

	avg 1 
	ηln( p)
	c 

	SCA =−×(1 −S ) ×
	nN (3.39)
	2 −6 

	
	∈
	E ×MMD ×10

	avg n 
	where the factor 10converts micrometers to meters. Note that the only quantity changing in these expressions is MMD ; therefore, the following relation can be used:
	-6 

	x 
	MMD 
	n

	SCA=SCA×
	n +1 
	n 
	(3.40)

	MMD 
	n +1 
	Step 15 – Calculate the total SCA and the English SCA, ESCA: 
	s 
	n 

	SCA =∑SCA(3.41) 
	
	m 
	
	i 

	i =1 
	ft s 
	2 

	ESCA =5.080 ×SCA 
	(3.42)

	m 
	kacfm 

	This sizing procedure works best for p values less than the value of LF, which means the
	c 
	smallest value of n. Any ESP model is sensitive to the values of particle diameter and electric field. This one shows the same sensitivity, but the expressions for electric field are based on theoretical and experimental values. The SCA should not be strongly affected by the number of sections chosen; if more sections are used, the SCA of each section is reduced. 
	3.2.1.3 Specific Collecting Area for Tubular Precipitators 
	The procedure given above is suitable for large plate-wire or flat plate ESPs, but must be used with restrictions for tubular ESPs. Values of S = 0.015 and RR = 0 are assumed, and only one section is used. 
	N

	Table 3.10 gives migration velocities that can be used with Equation 3.23 to calculate SCAs for several tubular ESP applications. 
	3.2.2 Flow Velocity 
	A precipitator collecting a dry particulate material runs a risk of nonrapping (continuous) reentrainment if the gas velocity becomes too large. This effect is independent of SCA and has 
	been learned through experience. For fly ash applications, the maximum acceptable velocity is about 1.5 m/s (5 ft/s) for plate-wire ESPs and about 1 m/s (3 ft/s) for flat plate ESPs. For low resistivity applications, design velocities of 3 ft/s or less are common to avoid nonrapping reentrainment. The frontal area of the ESP (W x H), e.g., the area normal to the direction of gas flow, must be chosen to keep gas velocity low and to accommodate electrical requirements (e.g., wire-to-plate spacing) while also 
	            Table 3.10: Tubular ESP Migration Velocities (cm/s)
	b 

	Design Efficiency, % Particle Source 90 95 
	Cement kiln (noBC) 2.2-5.4 2.1-5.1 (BC) 1.1-2.7 1.0-2.6 
	Glass plant (no BC) 1.4 1.3 (BC) 0.7 0.7 
	Kraft-paper recovery boiler (no BC) 4.7 4.4 
	Incinerator    15 µm MMD (no BC) 40.8 39. 
	Wet, at 200F
	o

	 MMD(µm) 1 3.2 3.1 2 6.4 6.2 5 16.1 15.4 10 32.2 30.8 20 64.5 61.6 
	BC = Back corona 
	a
	 These rates were calculated on the basis of: S = 0.015, RR = 0, one seciton only. These are in agreement with operating tubular ESPs; extension of results to more than one section is not recommended.    To convert cm/s to ft/s, multiply cm/s by 0.0328. 
	N
	b

	direction of flow, with many in parallel making the width large).  After selecting a configuration, the gas velocity can be obtained by dividing the volume flow rate, Q, by the frontal area of the ESP: 
	Q 
	v =(3.43) 
	gas 
	WH 

	where: v = gas velocity (m/s)
	gas 
	W = width of ESP entrance (m) H = height of ESP entrance (m) 
	When meeting the above restrictions, this value of velocity also ensures that turbulence is not strongly developed, thereby assisting in the capture of particles. 
	3.2.3 Pressure Drop Calculations 
	The pressure drop in an ESP is due to four main factors: 
	Ł Diffuser plate (usually present)—(perforated plate at the inlet) 
	Ł Transitions at the ESP inlet and outlet 
	Ł Collection plate baffles (stiffeners) or corrugations 
	Ł Drag of the flat collection plate 
	The total pressure drop is the sum of the individual pressure drops, but any one of these sources may dominate all other contributions to the pressure drop. Usually, the pressure drop is not a design-driving factor, but it needs to be maintained at an acceptably low value.  Table 3.11 gives typical pressure drops for the four factors. The ESP pressure drop, usually less than about 0.5 in. HO, is much lower than for the associated collection system and ductwork. With the conveying velocities used for dust co
	2
	2

	The four main factors contributing to pressure drop are described briefly below. 
	The diffuser plate is used to equalize the gas flow across the face of the ESP.  It typically consists of a flat plate covered with round holes of 5 to 7 cm diameter (2 to 2.5 in.) having an open area of 50 to 65 percent of the total. Pressure drop is strongly dependent on the percent open area, but is almost independent of hole size. 
	Table 3.11: Components of ESP Pressure Drop 
	Table 3.11: Components of ESP Pressure Drop 
	Table 3.11: Components of ESP Pressure Drop 

	Component 
	Component 
	Typical Pressure Drop (in. HO)2Low High 

	Diffuser Inlet transition Outlet transition Baffles Collection plates 
	Diffuser Inlet transition Outlet transition Baffles Collection plates 
	0.010 0.07 0.007 0.0006 0.0003 
	0.09 0.14 0.015 0.123 0.008 

	Total 
	Total 
	0.09 
	0.38 


	The pressure drop due to gradual enlargement at the inlet is caused by the combined effects of flow separation and wall friction and is dependent on the shape of the enlargement.  At the ESP exit, the pressure drop caused by a short, well-streamlined gradual contraction is small. 
	Baffles are installed on collection plates to shield the collected dust from the gas flow and to provide a stiffening effect to keep the plates aligned parallel to one another.  The pressure drop due to the baffles depends on the number of baffles, their protrusion into the gas stream with respect to electrode-to-plate distance, and the gas velocity in the ESP. 
	The pressure drop of the flat collection plates is due to friction of the gas dragging along the flat surfaces and is so small compared to other factors that it may usually be neglected in engineering problems. 
	3.2.4 Particle Characteristics 
	Several particle characteristics are important for particle collection. It is generally assumed that the particles are spherical or spherical enough to be described by some equivalent spherical diameter.  Highly irregular or elongated particles may not behave in ways that can be easily described. 
	The first important characteristic is the mass of particles in the gas stream, i.e., the particle loading. This quantity usually is determined by placing a filter in the gas stream, collecting a known volume of gas, and determining the weight gain of the filter.  Because the ESP operates over a wide range of loadings as a constant efficiency device, the inlet loading will determine the outlet loading directly.  If the loading becomes too high, the operation of the ESP will be altered, usually for the worse.
	The second characteristic is the size distribution of the particles, often expressed as the cumulative mass less than a given particle size. The size distribution describes how many particles of a given size there are, which is important because ESP efficiency varies with particle size. In practical terms, an ESP will collect all particles larger than 1.0 µm in diameter better than ones smaller than 10 µm. Only if most of the mass in the particles is concentrated above 10 µm would the actual size distributi
	In lieu of cumulative mass distributions, the size distribution is often described by log-normal parameters. That is, the size distribution appears as a probabilistic normal curve if the logarithm of particle size used is the abscissa. The two parameters needed to describe a log-normal distribution are the mass median (or mean) diameter and the geometric standard deviation. 
	The MMD is the diameter for which one-half of the particulate mass consists of smaller particles and one-half is larger (see the Procedure, Step 5, of Subsection 3.2.1.2). If the MMD of a distribution is larger than about 3 µm, the ESP will collect all particles larger than the MMD at least as well as a 3 µm particle, representing one-half the mass in the inlet size distribution. 
	The geometric standard deviation is the equivalent of the standard deviation of the normal distribution: It describes how broad the size distribution is. The geometric standard deviation is computed as the ratio of the diameter corresponding to 84 percent of the total cumulative mass to the MMD; it is always a number greater than 1. A distribution with particles of all the same size (monodisperse) has a geometric standard deviation of 1. Geometric standard deviations less than 2 represent rather narrow dist
	A geometric standard deviation of 4 to 5, coupled with an MMD of less than 5 µm, means that there is a substantial amount of submicrometer material. This situation may change the electrical conditions in an ESP by the phenomenon known as “space charge quenching”, which results in high operating voltages but low currents. It is a sign of inadequate charging and reduces the theoretical efficiency of the ESP.  This condition must be evaluated carefully to be sure of adequate design margins. 
	3.2.5 Gas Characteristics 
	The gas characteristics most needed for ESP design are the gas volume flow and the gas temperature. The volume flow, multiplied by the design SCA, gives the total plate area required for the ESP.  If the volume flow is known at one temperature, it may be estimated at other temperatures by applying the ideal gas law.  Temperature and volume uncertainties will outweigh inaccuracies of applying the ideal gas law. 
	The temperature of the gas directly affects the gas viscosity, which increases with temperature. Gas viscosity is affected to a lesser degree by the gas composition, particularly the water vapor content. In lieu of viscosity values for a particular gas composition, the viscosity for air may be used. Viscosity enters the calculation of SCA directly, as seen in Step 14 of the design procedure. 
	The gas temperature and composition can have a strong effect on the resistivity of the collected particulate material. Specifically, moisture and acid gas components may be chemisorbed on the particles in a sufficient amount to lower the intrimic resistivity dramatically (orders of magnitude). For other types of materials, there is almost no effect.  Although it is not possible to treat resistivity here, the designer should be aware of the potential sensitivity of the size of the ESP to resistivity and the 
	The choice of the power supply size (current capacity and voltage) to be used with a particular application may be influenced by the gas characteristics. Certain applications produce gas whose density may vary significantly from typical combustion sources (density variation may result from temperature, pressure, and composition). Gas density affects corona starting voltages and voltages at which sparking will occur. 
	3.2.6 Cleaning 
	Cleaning the collected materials from the plates often is accomplished intermittently or continuously by rapping the plates severely with automatic hammers or pistons, usually along their top edges, except in the case of wet ESPs that use water.  Rapping dislodges the material, which then falls down the length of the plate until it lands in a dust hopper.  The dust characteristics, rapping intensity, and rapping frequency determine how much of the material is reentrained and how much reaches the hopper perm
	For wet ESPs, consideration must be given to handling waste waters. For simple systems with innocuous dusts, water with particles collected by the ESP may be discharged from the ESP system to a solids-removing clarifier (either dedicated to the ESP or part of the plant wastewater treatment system) and then to final disposal. More complex systems may require skimming and sludge removal, clarification in dedicated equipment, pH adjustment, and/or treatment to remove dissolved-solids. Spray water from the ESP 
	The hopper should be designed so that all the material in it slides to the very bottom, where it can be evacuated periodically, as the hopper becomes full.  Dust is removed through a valve into a dust-handling system, such as a pneumatic conveyor.  Hoppers often are supplied with auxiliary heat to prevent the formation of lumps or cakes and the subsequent blockage of the dust handling system. 
	3.2.7 Construction Features 
	The use of the term “plate-wire geometry” may be somewhat misleading. It could refer to three different types of discharge electrodes: weighted wires hung from a support structure at the top of the ESP, wire frames in which wires are strung tautly in a rigid support frame, or rigid electrodes constructed from a single piece of fabricated metal. In recent years, there has been a trend toward using wire frames or rigid discharge electrodes in place of weighted wire discharge electrodes (particularly in coal-f
	Other differences in construction result from the choice of the ratio of gas passage (flow lane) width or discharge electrode to collecting electrode spacing.  Typically, discharge to collecting electrode spacing varies from 11 to 19 cm (4.3 to 7.5 in.).  Having a large spacing between discharge and collecting electrodes allows higher electric fields to be used, which tends to improve dust collection. To generate larger electric fields, however, power supplies must produce higher operating voltages. Therefo
	Most ESPs are constructed of mild steel. ESP shells are constructed typically of 3/16 or 1/4 in. mild steel, plate. Collecting electrodes are generally fabricated from lighter gauge mild steel. A thickness of 18 gauge is common, but it will vary with size and severity of application. 
	Wire discharge electrodes come in varied shapes from round to square or barbed.  A diameter of 2.5 mm (0.1 in.) is common for weighted wires, but other shapes used have much larger effective diameters, e.g., 64 mm (0.25 in.) square electrodes. 
	Stainless steel may be used for corrosive applications, but it is uncommon except in wet ESPs. Stainless steel discharge electrodes have been found to be prone to fatigue failure in dry ESPs with impact-type electrode cleaning systems.[3] 
	Precipitators used to collect sulfuric acid mist in sulfuric acid plants are constructed of steel, but the surfaces in contact with the acid mist are lead-lined. Precipitators used on paper mill black liquor recovery boilers are steam-jacketed. Of these two, recovery boilers have by far the larger number of ESP applications. 

	3.3 Estimating Total Capital Investment 
	3.3 Estimating Total Capital Investment 
	Total capital investment (TCI) for an ESP system includes costs for the ESP structure, the internals, rappers, power supply, auxiliary equipment, and the usual direct and indirect costs associated with 
	installing or erecting new control equipment. These costs, in second-quarter 1987 dollars, are described in the following subsections.
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	3.3.1 Equipment Cost 
	3.3.1.1 ESP Costs 
	Five types of ESPs are considered: plate-wire, flat plate, wet, tubular, and two-stage. Basic costs for the first two are taken from Figure 3.5, which gives the flange-to-flange, field-erected price based on required plate area and a rigid electrode design. This plate area is calculated from the sizing information given previously for the four types. Adjustments are made for standard options listed in Table 3.12. Costs for wet/tubular ESPs are discussed under Recent Trends, below, and costs for two-stage pr
	The costs are based on a number of actual quotes. Least squares lines have been fitted to the quotes, one for sizes between 50,000 and 1,000,000 ft and a second for sizes between 10,000 and 50,000 ft. An equation is given for each line. Extrapolation below 10,000 or above 1,000,000 ft should not be used. The reader should not be surprised if quotes are obtained that differ from these curves by as much as ±25 percent. Significant savings can be had by soliciting multiple quotes. All Units include the ESP cas
	2
	2
	2

	3.12) that are normally utilized in a modern system. These options add approximately 45 percent to the basic cost of the flange-to-flange hardware. Insulation costs are for 3 in. of field-installed glass fiber encased in a metal skin and applied on the outside of all areas in contact with the exhaust gas stream. Insulation for ductwork, fan casings, and stacks must be calculated separately. 
	Impact of alternative electrode designs All three designs—rigid electrode, weighted wire, and rigid frame—can be employed in most applications. Any cost differential between designs will depend on the combination of vendor experience and site-specific factors that dictate equipment size factors. The rigid frame design will cost up to 25 percent more if the mast or plate height is restricted to the same used in other designs. Several vendors can now provide rigid frame collectors with longer plates, and thus
	The weighted wire design uses narrower plate spacings and more internal discharge electrodes. This design is being employed less; therefore, its cost is increasing and currently is 
	 Indexes for Air Pollution Control Costs and updates thereto, all of which are installed on the OAQPS
	     Technology Transfer Network (CTC Bulletin Board). 
	approximately the same as that for the rigid electrode collector.  Below about 15,000 ft of plate area, ESPs are of different design and are not normally field erected, and the costs will be significantly different from values extrapolated from Figure 3.5. 
	2

	Impact of materials of construction: metal thickness and stainless steel Corrosive or other adverse operating conditions may suggest the specification of thicker metal sections in the precipitator.  Reasonable increases in metal sections result in minimal cost increases. For example, collecting plates are typically constructed of 18 gauge mild steel. Most ESP manufacturers can increase the section thickness by 25 percent without significant design changes or increases in manufacturing costs of more than a f
	Changes in type of material can increase purchase cost of the ESP from about 30 to 50 percent for type 304 stainless steel collector plates and precipitator walls, and up to several hundred percent for more expensive materials used for all elements of the ESP.  Based on the type 304 stainless steel cost, the approximate factors given in Table 3.13 can be used for other materials. Appendix A provides more detail on the effects of material thickness and type. 
	Lower limits for condensible stack emissions (MACT and Risk Assessment), have resulted in increased demand for Wet ESTs.[7] 
	Recent trends As of 1987, most of the market was in the 50,000 to 200,000 ft plate area size range. ESP selling prices had increased very little over the previous 10 years because of more effective designs, increased competition from European suppliers, and a shrinking utility market. 
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	Figure
	Figure 3.5: Dry-type ESP flange-to-flange purchase price vs. plate area. 
	Table 3.12: Standard Options for Basic Equipment 
	Table 3.12: Standard Options for Basic Equipment 
	Table 3.12: Standard Options for Basic Equipment 

	Option 
	Option 
	Cost adder (%) 

	1 
	1 
	Inlet and outlet nozzles and diffuser plates 
	8 to 10 

	2 
	2 
	Hopper auxiliaries/heaters, level detectors 
	8 to 10 

	3 
	3 
	Weather enclosures and stair access 
	8 to 10 

	4 
	4 
	Structural supports 
	5 

	5 
	5 
	Insulation 
	8 to 10 

	TR
	Total options 1 to 5 
	1.37 to 1.45 x Base


	       Table 3.13 
	Material Factor Reference(s) 
	Stainless steel, 316 1.3 [4,5,6] Carpenter 20CB-3 1.9 [6] Monel-400 2.3 [4,6] Nickel-200 3.2 [6] Titanium 4.5 [6] 
	Industry sources report that ESP costs (1999) have not changed significantly since 1987. [8][9] Design improvements have allowed wider plate spacings that reduce the number of internal components and higher plates and masts that provide additional plate area at a low cost. Wider plate spacing has reduced overall material and installation costs, easily compensating for any increases in material and labor costs.[7] Downflow tubular Wet ESPs use gravity to remove water and entrained particulate which has been 
	Table 3.14 lists costs (total and per acfm) for various gas volumes and removal efficiencies for Wet ESPs.  For larger gas volumes, multiple modules may be used.  The pricing is based on “shop assembled” modules.[7] 
	Table 3.14: Air Pollution Wet Electrostatic Precipitator 
	Table 3.14: Air Pollution Wet Electrostatic Precipitator 
	Table 3.14: Air Pollution Wet Electrostatic Precipitator 

	80% Efficiency
	80% Efficiency
	 85% Efficiency 
	90% Efficiency 
	95% Efficiency 

	Saturated 
	Saturated 
	Price 
	Price 
	Price 
	Price 
	Price 
	Price 
	Price 
	Price 

	Volume (acfm) 
	Volume (acfm) 
	($x1000) 
	($/acfm) 
	($x1000) 
	($/acfm) 
	($x1000) 
	($/acfm) 
	($x1000) 
	($/acfm) 

	10,000 
	10,000 
	315 
	31.5 
	327 
	32.7 
	339 
	33.9 
	365 
	36.5 

	15,000 
	15,000 
	342 
	22.8 
	355 
	23.7 
	378 
	25.5 
	408 
	27.2 

	20,000 
	20,000 
	369 
	18.5 
	385 
	19.3 
	412 
	20.6 
	451 
	22.6 

	25,000 
	25,000 
	398 
	16.0 
	423 
	17.0 
	448 
	18.0 
	--
	-

	--
	-


	30,000 
	30,000 
	427 
	14.3 
	441 
	14.7 
	--
	-

	--
	-

	--
	-

	--
	-


	35,000 
	35,000 
	442 
	12.7 
	--
	-

	--
	-

	--
	-

	--
	-

	--
	-

	--
	-



	Few, if any, hot-side ESPs (those used upstream from an air preheater on a combustion source) are being specified for purchase. Recognition that low sodium coals tend to build resistive ash layers on the collection plates, thus reducing ESP efficiency, has almost eliminated sales of these units. Of about 150 existing units, about 75 are candidates for conversion to cold-side units over the next 10 years. 
	Specific industry application has little impact on either ESP design or cost, with three exceptions: paper mills and sulfuric acid manufacturing plants, and coke by-product plants. Paper mill ESPs use drag conveyor hoppers that add approximately 10 percent to the base flange-toflange equipment cost. For emissions control in sulfuric acid plants and coke byproduct ovens, wet ESPs are used. In sulfuric acid manufacture, wet ESPs are used to collect acid mist. These precipitators usually are small, and they us
	-
	2 
	2
	2

	3.3.1.2 Retrofit Cost Factor 
	Retrofit installations increase the costs of an ESP because of the common need to remove something to make way for the new ESP.  Also, the ducting usually is much more expensive. The ducting path is often constrained by existing structures, additional supports are required, and the confined areas make erection more labor intensive and lengthy.  Costs are site-specific; however, for estimating purposes, a retrofit multiplier of 1.3 to 1.5 applied to the total capital investment can be used. The multiplier sh
	A special case is conversion of hot-to-cold side ESPs for coal-fired boiler applications. The magnitude of the conversion is very site-specific, but most projects will contain the following elements: 
	Ł Relocating the air preheater and the ducting to it 
	Ł Resizing the ESP inlet and outlet duct to the new air volume and rerouting it 
	Ł Upgrading the ID (induced draft) fan size or motor to accommodate the higher static pressure and horsepower requirements 
	Ł Adding or modifying foundations for fan and duct supports 
	Ł Assessing the required SCA and either increasing the collecting area or installing an SOgas-conditioning system 
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	Ł Adding hopper heaters 
	Ł Upgrading the analog electrical controls to microprocessor-type controls 
	Ł Increasing the number of collecting plate rappers and perhaps the location of rapping 
	In some installations, it may be cost-effective to gut the existing collector totally, utilize only the existing casing and hoppers, and upgrade to modern internals. 
	The cost of conversion is a multimillion dollar project typically running at least 25 to 35 percent of the total capital investment of a new unit. 
	3.3.1.3 Auxiliary Equipment 
	The auxiliary equipment depicted in Figure 3.2 is discussed elsewhere in the Manual. Because dust-removal equipment (e.g., screw conveyers), hoods, precoolers, cyclones, fans, motors, and stacks are common to many pollution control systems, they are (or will be) given extended treatment in separate sections. 
	3.3.1.4 Costs for Two-Stage Precipitators 
	Purchase costs for two-stage precipitators, which should be considered separately from large-scale, single-stage ESPs, are given in Figure 3.6.[10] To be consistent with industry practice, costs are given as a function of flow rate through the system. The lower cost curve is for a two-cell unit without precooler, an installed cell washer, or a fan.  The upper curve is for an engineered, package system with the following components: inlet diffuser plenum, prefilter, cooling coils with coating, coil plenums w
	3-43 
	Figure 3.6:  Purchase Costs for Two-stage, Two-cell Precipitators [40] 
	Figure 3.6:  Purchase Costs for Two-stage, Two-cell Precipitators [40] 


	3.3.2 Total Purchased Cost 
	The total purchased cost of an ESP system is the sum of the costs of the ESP, options, auxiliary equipment, instruments and controls, taxes, and freight. The last three items generally are taken as percentages of the estimated total cost of the first three items. Typical values, from Section 1 of the Manual, are 10 percent for instruments and controls, 3 percent for taxes, and 5 percent for freight. 
	Costs of standard and other options can vary from 0 to more than 150 percent of bare ESP cost, depending on site and application requirements. Other factors that can increase ESP costs are given in Table 3.15. 
	Table 3.15: Items That Increase ESP Costs 
	Table 3.15: Items That Increase ESP Costs 
	Table 3.15: Items That Increase ESP Costs 

	Item 
	Item 
	Factor 
	Applied 

	Rigid frame electrode with restricted 
	Rigid frame electrode with restricted 
	1.0 to 1.25 
	ESP base coat

	 plate height 
	 plate height 

	Type 304 stainless steel collector plates 
	Type 304 stainless steel collector plates 
	1.3 to 1.5 
	ESP base coat

	 and precipitator walls 
	 and precipitator walls 

	All stainless steel construction 
	All stainless steel construction 
	2 to 3 
	ESP base coat 

	ESP with drag conveyor hoppers 
	ESP with drag conveyor hoppers 
	1.1 
	ESP base coat

	 (paper mill) 
	 (paper mill) 

	Retrofit installations 
	Retrofit installations 
	1.3 to 1.5 
	ESP total capital investment 

	TR
	(new facility installation) 

	Wet ESP
	Wet ESP

	 Sulfuric acid mist 
	 Sulfuric acid mist 
	See 3.3.1.1 
	--
	-


	Sulfuric acid mist (special installation) 
	Sulfuric acid mist (special installation) 
	See 3.3.1.1 
	--
	-


	Coke oven off gas 
	Coke oven off gas 
	See 3.3.1.1 
	--
	-



	3.3.3 Total Capital Investment (TCI) 
	Using the Section 1.2 methodology, TCI is estimated from a series of factors applied to the purchased equipment cost to obtain direct and indirect costs for installation. The TCI is the sum of these three costs. The required factors are given in Table 3.16.  Because ESPs may vary from small units attached to existing buildings to large, separate structures, specific factors for site preparation or for buildings are not given. However, costs for buildings may be obtained from such references as [11].  Land, 
	Means Square Foot Costs 1987 

	Note that the factors given in Table 3.16 are for average installation conditions, e.g., no unusual problems with site earthwork, access, shipping, or interfering structures. Considerable variation may be seen with other-than-average installation circumstances. For two-stage precipitators purchased as packaged systems, several of the costs in Table 3.16 would be greatly reduced or eliminated. These include instruments and controls, foundations and supports, erection and handling, painting, and model studies
	  For information on escalating these prices to more current dollars, refer to the EPA report Escalation
	  For information on escalating these prices to more current dollars, refer to the EPA report Escalation
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	3.4 Estimating Total Annual Costs 
	3.4 Estimating Total Annual Costs 
	3.4.1 Direct Annual Costs 
	Direct annual costs include operating and supervisory labor, operating materials, replacement rappers and electrodes, maintenance (labor and materials), utilities, dust disposal, and wastewater treatment for wet ESPs. Most of these costs are discussed individually below.  They vary considerably with location and time and, for this reason, should be obtained to suit the specific ESP system being costed. For example, current labor rates may be found in such publications as the Monthly Labor Review, published 
	3.4.1.1 Operating and Supervisory Labor 
	Proper operation of the ESP is necessary both to meet applicable particulate emission regulations and to ensure minimum costs. An ESP is an expensive piece of equipment. Even well-designed equipment will deteriorate rapidly if improperly maintained and will have to be replaced long before it should be necessary.  Not only can proper operation and maintenance save the operator money, such an operation and maintenance program can also contribute to good relations with the governing pollution control agency by
	Although each plant has its own methods for conducting an operation and maintenance program, experience has shown that plants that assign one individual the responsibility of coordinating all the pieces of the program operate better than those where different departments look after only a certain portion of the program. The separate departments have little knowledge of how their portion impacts the overall program. In other words, a plant needs one individual to coordinate the operation, maintenance, and tr
	Table 3.16: Capital Cost Factors for ESPs [26] 
	Table 3.16: Capital Cost Factors for ESPs [26] 
	Table 3.16: Capital Cost Factors for ESPs [26] 
	a


	Cost Item 
	Cost Item 
	Factor 

	Direct Costs 
	Direct Costs 

	Purchased equipment costs 
	Purchased equipment costs 

	ESP + auxiliary equipment 
	ESP + auxiliary equipment 
	As estimated, A 

	Instrumentation 
	Instrumentation 
	0.10 A 

	Sales taxes 
	Sales taxes 
	0.03 A 

	Freight 
	Freight 
	0.05 A 

	Purchased equipment cost, PEC 
	Purchased equipment cost, PEC 
	B = 1.18 A 

	Direct installation costs 
	Direct installation costs 

	Foundations & supports 
	Foundations & supports 
	0.04 B 

	Handling & erection 
	Handling & erection 
	0.50 B 

	Electrical 
	Electrical 
	0.08 B 

	Piping 
	Piping 
	0.01 B 

	Insulation for ductworka 
	Insulation for ductworka 
	0.02 B 

	Painting 
	Painting 
	0.02 B 

	Direct installation costs 
	Direct installation costs 
	0.67 B 

	Site preparation 
	Site preparation 
	As required, SP 

	Buildings 
	Buildings 
	As required, Bldg.

	          Total Direct Costs, DCb 
	          Total Direct Costs, DCb 
	1.67 B + SP + Bldg. 

	Indirect Costs (installation) 
	Indirect Costs (installation) 

	Engineering 
	Engineering 
	0.20 B 

	Construction and field expenses 
	Construction and field expenses 
	0.20 B 

	Contractor fees 
	Contractor fees 
	0.10 B 

	Start-up 
	Start-up 
	0.01B 

	Performance test 
	Performance test 
	0.01 B 

	Model study 
	Model study 
	0.02 B 

	Contingencies 
	Contingencies 
	0.03 B

	          Total Indirect Costs, IC 
	          Total Indirect Costs, IC 
	0.57 B 

	Total Capital Investment = DC + IC 
	Total Capital Investment = DC + IC 
	2.24 B + SP + Bldg. 


	a 
	If ductwork dimensions have been established, cost may be estimated based on $10 to $12/ft of surface for field application. (Alternatively, refer to Section 2 of this Manual.)  Fan housing and stacks may also be insulated. [42] For two stage precipitators, total installation direct costs are more nearly 0.20 to 0.25 + SP + Bldg. 
	2
	b 

	AC =X ( LCC ) (3.44) 
	where 
	AC = annual coordination cost ($/yr) 
	X = fraction of total time spent on ESP 
	LCC = individual annual labor cost for ESP coordinator ($/yr) 
	In addition to coordination costs, typical operating labor requirements are 1/2 to 2 hours per shift for a wide range of ESP sizes.[8] Small or well-performing units may require less time, and very large or troublesome units may require more time. Supervisory labor is taken as 15 percent of operating labor. 
	3.4.1.2 Operating Materials 
	Operating materials are generally not required for ESPs. An exception is the use of gas-preconditioning agents for dust resistivity control. 
	3.4.1.3 Maintenance 
	The reader should obtain Publication No. EPA/625/1-85/017, Operating and Maintenance Manual for ESPs,[13] for suggested maintenance practices. Routine ESP maintenance labor costs can be estimated using data provided by manufacturers. If such data are unavailable, the following procedure can be used. Based on data for a 100,000 ft collector, maintenance labor is estimated to require 15 h/wk, 44 wk/yr.  At a direct labor cost of $12.50/h (mid-1987 costs), an estimated annual maintenance labor cost of $8,250 o
	2
	2

	This relationship can be assumed to be linear above a 50,000 ft collector-size and constant at $4,125 below this size. To the maintenance labor cost must be added the cost of maintenance materials. Based on an analysis of vendor information, annual maintenance materials are estimated as 1 percent of the flange-to-flange precipitator purchase cost: 
	2

	MC =0.01 ( FCC ) + labor  cost (3.45) 
	where 
	MC = annual maintenance cost ($/yr) 
	FCC = ESP flange-to-flange purchase cost ($) 
	labor cost = $4,125 if A < 50,000 ft
	2 

	0.825 A if > 50,000ft
	2 

	and A = ESP plate area (ft) 
	2

	3.4.1.4 Electricity 
	Power is required to operate system fans, transformer-rectifier (TR) sets, and cleaning equipment. Fan power for primary gas movement can be calculated as described in Section 2 of the Manual. After substituting into this equation a combined fan-motor efficiency of 0.65 and a specific gravity of 1.0, we obtain: 
	FP =0.000181 ( Q)( ∆P)(θ′) (3.46) 
	where 
	FP = fan power requirement (kWh/yr) 
	Q = system flow rate (acfm) 
	 P = system pressure drop (in. HO) 
	2

	.. = annual operating time (h/yr) 
	Pump power for wet ESPs can be calculated from: 
	0.746QZS θ′PP =(3.47)
	lg 

	3,960η
	where 
	PP = pump power requirement (kWh/yr) 
	Q = water flow rate (gal/min) 
	Z = fluid head (ft) 
	S = specific gravity of water being pumped compared to water at 70F and 
	o

	g 
	29.92 in. Hg .' = annual operating time (h/yr) . = pump-motor efficiency (fractional) 
	Energy for TR sets and motor-driven or electromagnetic rapper systems is the sum of the energy consumption for operating both items. Manufacturers’ averaged data indicate that the following relationship can be used: 
	−31
	OP =1.94 ×10 Aθ(3.48) 
	where OP = annual ESP operating power (kWh/yr) A = ESP plate area (ft) .= annual operating time (h/yr) 
	where OP = annual ESP operating power (kWh/yr) A = ESP plate area (ft) .= annual operating time (h/yr) 
	2
	1 

	For installations requiring hopper heaters, hopper heater power can be similarly estimated: 

	HH =2( HN ) θ′(3.49) 
	where 
	HH = annual hopper heater power consumption (kWh/yr) 
	HN = number of hoppers 
	.. = annual operating time (h/yr) 
	For two-stage precipitators, power consumption ranges from 25 to 100 W/kacfm, with 40 W/kacfm being typical. 
	3.4.1.5 Fuel 
	If the ESP or associated ductwork is heated to prevent condensation, fuel costs should be calculated as required. These costs can be significant, but they may be difficult to predict. For methods of calculating heat transfer requirements, see Perry. [14] 
	3.4.1.6 Water 
	Cooling process gases for preconditioning can be done by dilution with air, evaporation with water, or heat exchange with normal equipment.  Spray cooling requires consumption of plant water (heat exchangers may also require water), although costs are not usually significant. Section 1 of the Manual provides information on estimating cooling water costs. Water consumption in wet ESPs is estimated at 5 gal/min kacfm [15] for large single-stage units and 16 gal/min-kacfm for two-stage precipitators.[16] 
	3.4.1.7 Compressed Air 
	ESPs may use compressed air at pressures of about 60 to 100 psig for operating rappers. Equivalent power cost is included in Equation 3.9 for operating power. 
	3.4.1.8 Dust Disposal 
	If collected dust cannot be recycled or sold, it must be landfilled or disposed of in some other manner.  Costs may typically run $20/ton or $30/ton for nonhazardous wastes exclusive of transportation (see Section 1 of the Manual). Landfilling of hazardous wastes may cost 10 times as much. The disposal costs are highly site-specific and depend on transportation distance to the landfill, handling rates, and disposal unloading (tipping) fees. If these factors are known, they lead to the relationship: 
	DD =4.29 ×10 G θ′Q [ T +( TM ) D ] (3.50) 
	−6 

	where 
	DD = annual dust disposal cost ($/yr) 
	G = ESP inlet grain loading or dust concentration (gr /ft) 
	3

	.. = annual operating time (h/yr) 
	Q = gas flow rate through ESP (acfm) 
	T = tipping fee ($/ton) 
	TM = mileage rate ($/ton-mile) 
	D = dust hauling distance (miles) 
	3.4.1.9 Wastewater Treatment 
	As indicated above, the water usage for wet ESPs is about 5 gal/min kacfm.[15] Treatment cost of the resulting wastewater may vary from about $1.30 to $2.15/1,000 gal [16] depending on the complexity of the treatment system. More precise costs can be obtained from Gumerman et al.[18] 
	Conditioning Costs 
	3.4.1.10 

	Adaptation of information on utility boilers [19] suggests that SO conditioning for a large ESP (2.6 x 10acfm) costs from about $1.60/10 ftof gas processed for a sulfur burner providing 5 ppm SO to about $2.30/10 ft (in first-quarter 1987 dollars) for a liquid SO system providing
	3
	6 
	6
	3 
	6
	3

	32 
	20 ppm of SO. 
	3

	3.4.2 Indirect Annual Costs 
	Capital recovery, property taxes, insurance, administrative costs (“G&A”), and overhead are examples of indirect annual costs. The capital recovery cost is based on the equipment lifetime and the annual interest rate employed. (See Section 1 for a thorough discussion of the capital recovery cost and the variables that determine it.) For ESPs, the system lifetime varies from 5 to 40 years, with 20 years being typical. Therefore, as Section 1 of the Manual suggests, when figuring the system capital recovery c
	CRC =TCI ×CRF(3.51) 
	S 
	S 

	where CRC = capital recovery cost for ESP system ($/yr)
	s 
	TCI = total capital investment ($) CRF = capital recovery factor for ESP system (defined in Section 1.2)
	s 
	For example, for a 20-year system life and a 7 percent annual interest rate, the CRFs would be 0.09439. 
	The suggested factor to use for property taxes, insurance, and administrative charges is 4 percent of the TCI. Overhead is calculated as 60 percent of the sum of operating, supervisory, coordination, and maintenance labor, as well as maintenance materials. 
	3.4.3 Recovery Credits 
	For processes that can reuse the dust collected in the ESP or that can sell the dust in a local market, such as fly ash sold as an extender for paving mixes, a credit should be taken. As used below, this credit (RC) appears as a negative cost. 
	3.4.4 Total Annual Cost 
	Total annual cost for owning and operating an ESP system is the sum of the components listed in Subsections 3.4.1 through 3.4.3, i.e.: 
	TAC =DC +IC −RC (3.52) 
	where 
	TAC = total annual cost ($) 
	DC = direct annual cost ($) 
	IC = indirect annual cost ($) 
	RC = recovery credits (annual) ($) 
	3.4.5 Example Problem 
	Assume an ESP is required for controlling fly ash emissions from a coal-fired boiler burning bituminous coal. The flue gas stream is 50 kacfm at 325F and has an inlet ash loading of 4 gr/ft. Analysis of the ash shows of 7 µm and a resistivity of less than 2 x 10 ohm-cm. Assume that the ESP operates for 8,640 h/yr (360 d) and that an efficiency of 99.9 percent is required. 
	o
	3
	11

	3.4.5.1 Design SCA 
	The SCA can be calculated from Equation 3.23. Assuming that a flat plate ESP design is chosen, the fly ash migration velocity is 16.0 cm/ s (see Table 3.3).  Then: 
	−ln (1 −0.999) s s 
	SCA ==0.432 =43.2
	16.0 cm m 
	Converting to English units (see Step 15 in the procedure): 
	ft 
	2 

	ESCA =5.080 ×43.2 =219 
	ESCA =5.080 ×43.2 =219 
	kacfm 
	kacfm 


	Total collector plate area is then: 
	ft
	2 
	2

	219 ×50 kacfm =10,950 ft
	kacfm 
	kacfm 

	To obtain a more rigorous answer, we can follow the steps of the procedure given in Subsection 3.2.1: Step 1 – Design efficiency is required as 99.9. Step 2 – Design penetration: 
	99.9 
	1 −=0.001
	100 
	100 

	Step 3 – Operating temperature in Kelvin: 
	5 
	(325°−32 °F) ×+273°C =436°
	FK
	9 
	Step 4 – Because dust resistivity is less than 2 x 10 ohm-cm (seeStep 4), no severe back corona is expected and back corona = 0. 
	11

	Step 5 – The MMD of the fly ash is given as 7 µm. 
	Step 6 – Values for sneakage and rapping reentrainment (from table 3.1) are: 
	SN = 0.10 RR = 0.124 (assuming gas velocity <1-5 m/s) 
	Step 7 – The most penetrating particle size, from Step 7 of the procedure is: 
	MMD =2 µm 
	p 

	The rapping puff size is: 
	MMD =5µm 
	r 

	Step 8 – From the procedure (Subsection 3.2.1): . = 8.845 x 10
	-12 

	. 
	. = 1.72 x  = 2.40 x 10E = 6.3 x 10 = 2.91 x 10 V/m
	10(436/273)
	-5
	0.71

	-5 
	5
	(273/436)
	1.65
	5

	bd 
	E = E x 5/6.3 = 2.31 x 10
	5 

	avg bd LF = S+ RR(l - S) = 0.1 + 0.124(1 - 0.1) = 0.212 
	N 
	N

	Step 9 – Choose the number of sections for LF< p, p = 0.001. Try four sections: 
	n 

	LF =0.212 =0.002 
	n 
	4 

	This value is larger than p. Try five sections: 
	LF =0.212 =0.000428 
	n 
	5 

	This value is smaller than p and is acceptable. 
	Step 10 – Average section penetration is: 
	11 
	p=p=0.001 =0.251 
	s 
	n 
	5 

	Step 11 – Section collection penetration is: 
	p−LF 0.251 −0.212 
	s 

	p===0.0495
	c 

	1 −LF 1 −0.212 
	Step 12 – Particle size change factors are: 
	D =p+S+p(1 −S) +RR (1 −S) (1 −p) =010 +0.0495 (1 . ) +0.214(1 .)(1 −0.0495
	s 
	N 
	c 
	N 
	N 
	c 

	. −01 −01 ) =.
	0 251 RR (1 −S ) (1 −p ) MMD 
	Nc r
	MMD=
	rp 

	D 
	0.124 (1 −0.1) (1 −0.0495) (5) 
	=
	0.251 =2.11 
	Step 13 -Particle sizes for each section are: Table 3.17: Mass Median Diameter 
	Section 
	Section 
	Section 
	MMD (µm) 

	1 
	1 
	MMD1 
	= 
	MMD = 7i

	2 
	2 
	MMD2 
	= = 
	{MMD x S + [ (1 - p) x MMD + p x MMD] x p}/1Ncpc1cD + MMD rp {7 x 0.1 + [ (1 - 0.0495) x 2 + 0.0495 x 7] x 0.0495}/ 0.251 + 2.11 = 5.34 

	3 
	3 
	MMD3 
	= 
	{5.34 x 0.1 + [ (1-0.0495) x 2 + 0.0495 x 5.34] x 0.0495}/0.251 + 2.11 = 4.67 

	4 
	4 
	MMD4 
	= 
	{4.67 x 0.1 + [ (1-0.0495) x 2 + 0.0495 x 4.67] x 0.0495}/0.251 + 2.11 = 4.39 

	5 
	5 
	MMD5 
	= 
	{4.39 x 0.1 + [ (1-0.0495) x 2 + 0.0495 x 4.39] x 0.0495}/0.251 + 2.11 = 4.28 


	Step 14 – SCAs for each section are: 
	Table 3.18: Specific Collection Area 
	Section SCA (s/m) 
	1 
	1 
	1 
	SCA1 
	= 
	-(ç/å) x (1 - S) x ln (p) / (E2 x MMDx 10-6) = 8.860Ncavg 1 

	2 
	2 
	SCA2 
	= 
	SCA x MMD/MMD = 8.86 (7 / 5.34) = 11.61 112

	3 
	3 
	SCA3 
	= 
	SCA x MMD/MMD = 11.61 (5.34 / 4.67) = 13.28 223

	4 
	4 
	SCA4 
	= 
	SCA x MMD/MMD = 13.28 (4.67 / 4.39) = 14.13334

	5 
	5 
	SCA5 
	= 
	SCA x MMD/MMD = 14.13 (4.39 / 4.28) = 14.49445


	Step 15 – Calculate the total SCA. 
	s 
	Total SCA =19.65 +25.76 +29.46 +31.34 +32.15 =138.36 
	m 
	ft 
	2 

	English SC A =5.080 ×138.36 =702.87 
	kacfm 
	kacfm 

	Note that the more rigorous procedure calls for an SCA that is considerably higher than the value found by using Equation 3.23. This discrepancy is caused by the considerably smaller particle size used in the example problem than is assumed for Table 3.3.  In this case, the shorter method would lead to an unacceptably low cost estimate. 
	Total collector plate area is: 
	Total collector plate area is: 
	Total collector plate area is: 

	702 87 . 
	702 87 . 
	2ft k acfm 
	×
	50 
	k acfm 
	=
	35 144, 
	2ft 

	3.4.5.2 
	3.4.5.2 
	ESP Cost 


	From Figure 3.5, the basic flange-to-flange cost of the rigid electrode ESP is $438,060 (mid-1987 dollars). Assuming all standard options are purchased. The ESP cost rises to $635,189 (mid-1987 dollars). 
	3.4.5.3 Costs of Auxiliaries Assume the following auxiliary costs have been estimated from data in other parts of the 
	Manual: 
	Table 3.19: Auxiliary Equipment Costs 
	Table 3.19: Auxiliary Equipment Costs 
	Table 3.19: Auxiliary Equipment Costs 

	Ductwork 
	Ductwork 
	$16,000 

	Fan 
	Fan 
	16,000 

	Motor 
	Motor 
	7,500 

	Starter 
	Starter 
	4,000 

	Dampers 
	Dampers 
	7,200 

	Pneumatic conveyer 
	Pneumatic conveyer 
	4,000 

	Stack 
	Stack 
	8,000

	                              Total 
	                              Total 
	$62,700 


	3.4.5.4 Total Capital Investment 
	Direct costs for the ESP system, based on the factors in Table 3.16, are given in Table 
	3.20. (Again, we assume site preparation and building costs to be negligible.) TCI is $1,840,000 (rounded, mid-1987 dollars). 
	3.4.5.5 Annual Costs-Pressure Drop 
	Table 3.21 gives the direct and indirect annual costs, as calculated from the factors given in Section 3.4. Pressure drop (for energy costs) can be taken from Table 3.11 in Subsection 
	3.2.2. Using the higher values from the table, pressure drop for the inlet diffuser plate, inlet and outlet transitions, baffles, and plates is: 
	∆P =0.09 +0.14 +0.015 +0.123 +0.008 =0.38 in. H O 
	2

	Assume the ductwork contributes an additional 4.1 in. H O. The total pressure drop is,
	Assume the ductwork contributes an additional 4.1 in. H O. The total pressure drop is,
	9


	2 
	therefore, 4.48 in. HO. As is typical, the ductwork pressure drop overwhelms the ESP pressure drop. 
	2

	For ductwork pressure drop data, refer to Section 2.1 (“Hoods, Ductwork, and Stacks”) of the Manual. 
	Table 3.20: Capital Cost Factors for ESP System Example Problem 
	Table 3.20: Capital Cost Factors for ESP System Example Problem 
	Table 3.20: Capital Cost Factors for ESP System Example Problem 

	Cost Item Direct Costs Purchased equipment costs Adsorber vessels and carbon Auxiliary equipment Sum = A 
	Cost Item Direct Costs Purchased equipment costs Adsorber vessels and carbon Auxiliary equipment Sum = A 
	Cost, $ 
	$635,189 --$635,189 
	-


	Instrumentation, 0.1 A Sales taxes, 0.03 A Freight, 0.05 A Purchased equipment cost, B 
	Instrumentation, 0.1 A Sales taxes, 0.03 A Freight, 0.05 A Purchased equipment cost, B 
	69,789 20,937 34,894 $823,509 

	Direct installation costs Foundations & supports, 0.04 B Handling & erection, 0.50 B Electrical, 0.08 B Piping, 0.01 B Insulation for ductwork, 0.02 B Painting, 0.02 B Direct installation costs 
	Direct installation costs Foundations & supports, 0.04 B Handling & erection, 0.50 B Electrical, 0.08 B Piping, 0.01 B Insulation for ductwork, 0.02 B Painting, 0.02 B Direct installation costs 
	32,940 411,755 65,881 8,235 16,470 16,470 $551,751 

	Site preparation Facilities and Buildings 
	Site preparation Facilities and Buildings 
	----
	-
	-


	          Total Direct Costs, DC 
	          Total Direct Costs, DC 
	$1,375,260 

	Indirect Costs (installation) Engineering, 0.20 B Construction and field expenses, 0.20 B Contractor fees, 0.10 B Start-up, 0.01 B Performance test, 0.01 B Model study, 0.02 B Contingencies, 0.03 B           Total Indirect Costs, IC 
	Indirect Costs (installation) Engineering, 0.20 B Construction and field expenses, 0.20 B Contractor fees, 0.10 B Start-up, 0.01 B Performance test, 0.01 B Model study, 0.02 B Contingencies, 0.03 B           Total Indirect Costs, IC 
	164,702 164,702 82,351 8,235 8,235 16,470 24,705$469,400 

	Total Capital Investment (rounded) 
	Total Capital Investment (rounded) 
	$1,840,000 


	3.4.5.6 Total Annual Cost 
	The total annual cost, calculated in Table 3.21, is $511,000 (rounded).  Had the particle sizes being captured been larger, the ESP cost would have been considerably less.  Also, for a much larger gas flow rate, the $/acfm treated cost would have been more favorable. Reviewing components of the TAC, dust disposal is the largest single item.  Care should be taken in determining this cost and the unit disposal cost ($/ton). Finding a market for the dust, for example, as an extender in asphalt or a dressing fo
	Table 3.21: Annual Costs for Carbon Absorber System Example Problem 
	Table 3.21: Annual Costs for Carbon Absorber System Example Problem 
	Table 3.21: Annual Costs for Carbon Absorber System Example Problem 

	Cost Item 
	Cost Item 
	Calculations 
	Cost 

	Direct Annual Costs, DC Operating Labor Operator Supervisor Coordinator Operating materials Maintenance Labor Material Utilities Electricity-fan Electricity-operating Waste Dispoal 
	Direct Annual Costs, DC Operating Labor Operator Supervisor Coordinator Operating materials Maintenance Labor Material Utilities Electricity-fan Electricity-operating Waste Dispoal 
	3 hr/day x 360 days/yr x $12/hr 15% of operator = 0.15 x 7,820 1/3 of operator = 1/3 x 12,960 $4,125 for collector area < 50,000 ft3 1% of purchase equipment costs = 0.01 x 823,509 0.000181 x 50,000 acfm x 4.48 in. HO x 8,640 hr/yr2x $0.06 kWh 1.94 x 10-3 x 35,144 ft2 x 8,640 hr x $0.06/kWh at $20/ton tipping fee at 2 miles and $0.50/ton-mile for essentially 100% collection efficiency: 4.29 x 10-6 x 4 gr/ft3 x 8,640 hr/yr x 50,000 acfm x (20 + 0.50 x 2) $/ton
	$12,960 1,944 4,320 ----4,125 8,235 21,018 35,344 155,676 
	-


	TR
	                                                        Total DC 
	$243,622 

	Indirect Annual Costs, IC Overhead Administrative charges Property tax Insurance Capital recoverya 
	Indirect Annual Costs, IC Overhead Administrative charges Property tax Insurance Capital recoverya 
	60% of sum of operating labor,  maintenance labor, & maintenance materials : = 0.6(12,960 + 1,944 + 4,320 + 4,125 + 8,235) 2% of Total Capital Investment = 0.02($1,844,660) 1% of Total Capital Investment = 0.01($1,844,660) 1% of Total Capital Investment = 0.01($1,844,660) 0.1175 ($1,844,660) 
	18,950 36,893 18,447 18,447 216,748

	TR
	                                                        Total IC 
	$309,485 

	Total Annual Cost (rounded) 
	Total Annual Cost (rounded) 
	$553,000 


	a 
	The capital recovery cost factor, CRF, is a function of the fabric filter or equipment life and the opportunity cost of the capital (i.e., interest rate). For this example, for a 20 year equipment life and a 10% interest rate, CRF = 0.1175. 
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	Effects of Material Thickness and Type on ESP Costs 
	Effects of Material Thickness and Type on ESP Costs 
	The impact of material thickness and composition of collecting plates and the ESP casing can be estimated using the following equations and Figure 6.17: 
	Plates: 
	Plates: 

	W
	t 

	×FS 0.90 M +SP 
	
	
	
	
	
	−

	(3.54) SP 
	I =
	2 

	Casing: 
	Casing: 

	W 
	×FS−0.58 M +SP (3.55) SP 
	
	
	t 
	
	
	I =
	10 

	where 
	I = incremental increase of flange-to-flange selling price ($/ft) W = weight of steel (lb/ft)
	2
	2

	t 
	FS = fabricated steel selling price ($/lb) (normally assume approximately 2 times material cost) 
	M = manufacturer’s markup factor of fabricated cost (direct labor, wages, and material cost before general and administrative expense and profit) to selling price (normally 2 to 3) 
	SP = flange-to-flange selling price from Figure 6.17 ($/ft) 
	2

	Most vendors can produce ESPs with collecting plate material thicknesses from 16 to 20 gauge and casing material thicknesses from 1/8 through 1/4 in. without affecting the 2 times material cost = fabricated cost relationship. Thus, the impact of increasing the collecting plates from 18 to 16 gauge and the casing from 3/16 to 1/4 in. plate on a 72,000 ft collector having a selling price 
	2

	of $10/ft and assuming a markup factor of 2 is as follows: 
	2

	Plates: 
	Plates: 

	2.5 
	×0.90 0.90 2 +10
	
	
	
	2 
	
	
	−

	
	

	I =
	(3.55) =1045 =.
	10 

	. 4 5 percent in crease 
	Casing: 
	Casing: 

	10.21 
	×0.76−0.58 2 +10 
	
	
	
	

	
	
	10 
	

	I =
	(3.56) =1039 =.
	10 

	. 3 9 percent in crease 
	Equations 3.53 and 3.54 were developed using the following assumptions: 
	Material selling price increase + Standard ESP sellin g price 
	I =
	Standard E SP selling price 
	Because Figure 3.5 identifies the standard ESP selling price /ft of collecting area, the material selling price increase = (New material cost - Standard material cost)M. Then it follows that: 
	2

	lb steel $ 
	Material selling price =×Fabricated cost in ×M 
	2 
	(3.57)

	ft collecting area lb 
	ft collecting area lb 

	The ESP dimensions given in Figure 3.7 include: Ł Casing area = 30 ft 30 ft x 8 = 7,200 ft (assume 4 walls, 1 top, 2 hopper sides, 2 triangular hopper ends 8 equivalent sides) Ł Collecting plate area = 
	2

	sides 30 ft 54,000 
	2 
	2

	30 ft ×30 ft ×2 ×plates =ft =72,000 ft for s =0.75 ft (3.59)
	ss 
	plate 

	where s = plate spacing (ft) 
	Thus, there are: 
	Figure
	Ł 7.50/s ft of collecting area per 1 ft of casing and 
	2
	2

	Ł2 ft of collecting area per 1 ft of collecting plate Material cost per ft collecting area is: 
	2
	2
	2

	lb steel $ 
	P lates =×(3.60)
	2 

	2 ft 
	lb 

	lb steel 
	lb steel 

	$ 
	Casing =×(3.61)
	ft 
	s 
	2 
	lb 

	7 .50 
	7 .50 

	For a standard ESP with 18 gauge collecting plates and 3/16 in. plate casing. Assuming: 
	Material cost for 18 gauge mild steel = $0.45/lb Material cost for 3/16 in. plate mild steel = $0.38/lb Material cost to fabricated cost factor = 2 
	These costs yield fabricated material costs of: 
	Plates: 
	Plates: 

	2 lb $0.45 $0.90 
	××2 =of collecting area 
	2 
	2 
	(3.62)

	lb ft 
	2 ft 

	Casing: 
	Casing: 

	7.66
	7.66
	 lb 

	$0.38 s
	××2 =$0.78 of collecting area (3.63)
	ft
	. 
	2 

	2 
	750 

	lb ft 
	s 

	At a typical 9 in. plate spacing the casing cost would be $0.58/ft of collecting area. 
	2

	which gives us Equations 3.53 and 3.54. Note that the value 0.58 will change significantly if a plate spacing other than 9 in. is chosen. 
	Cost of Cost of Original overall 
	Selling - M +
	new material old materialselling price 
	price = (3.64)
	Original overall selling price 
	Original overall selling price 
	im pact 

	Thus, for a less than 5 percent increase in flange-to-flange cost, all the precipitator exposed wall sections can be increased by more than 25 percent to provide increased life under corrosive conditions. Section thickness increases that are greater than those just discussed would probably result in significant cost increases because of both increased material costs and necessary engineering design changes. 
	The impact of changing from mild steel to 304 stainless steel assuming material costs of $1.63/lb for 18 gauge collecting plates, $1.38/lb for the 3/16 in. casing, and a markup factor of 3 is as follows: 
	Plates: 
	Plates: 

	2 
	×1.63 0.9 3 +10
	
	
	
	2 
	
	
	−

	
	

	I =
	(3.65) =21.9 percent increase 
	10 

	Casing: 
	Casing: 

	7.66 
	×1.38−0.58 3 +10 
	
	
	
	

	
	
	10 
	

	I =
	(3.66) =14.3 percent increase 
	10 

	To these material costs must be added extra fabrication labor and procurement costs that will increase the ESP flange-to-flange cost by a factor of 2 to 3. Note that a totally stainless steel collector would be much more expensive because the discharge electrodes, rappers, hangers, etc., would be also converted to stainless. The preceding equations can be used for other grades of stainless steel or other materials of construction by inserting material costs obtained from local vendors on a $/lb basis. 
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