EPA/452/B-02-001

Section 2

Generic Equipment and Devices



EPA/452/B-02-001

Chapter 1

Hoods, Ductwork and Stacks

WilliamM. Vatavuk

Innovative Strategiesand Economics Group
Air Quality Strategiesand StandardsDivision
Officeof Air Quality Planning and Standards
U.S. Environmenta Protection Agency
Research Triangle Park, NC 27711

December 1995



Contents

L1 INEFOTUCTION ...ttt b et bbbt bttt b e e 13
1.2 EQUIPMENE DESCITPIION ..e.veieieiieiesiesieieee e eseeee e et s e ssesaestesaeseestesaesseseeseeneesaesaesesseesensessessessenseses 13
L2 L HOOGS ..ottt ettt ettt ettt ettt ettt e s be et e s be e beeae e beesseebeesseebeeasesreensesanessesbeenresreens 14
1.2.1.1 TYPESOFf HOOUS ....vvveeiecieiie sttt st ne e enens 14

1.2.2 DUCKWOTK ..ottt n et n e 1-6
1.2.2.1 DUCIWOrK COMPONENES .....veuvereereeieeeeseeseetesesiestesieseesaesseseeseeseesessessessessessessesseneens 18

1.2.3 SEACKS ..ttt etttk etttk b bbbt et b Rt e bbb et b et b b 1-12

1.3 DESION PIOCEAUIES .....c.eiiieeieeeeeee ettt sttt ettt be bt be s et et e st see s e be s e s eneeneene e 113
1.3.1 DeSign FUNAMENTAIS .....coueiiiiiiiieiie ettt s st eneas 113
1.3.1.1 TheBernOulli EQUELTON .........cooieieeeeeeeeicsese st 113

1.3.1.2 Pressure: Static, Velocity, and TOtal ..........coeoeeererinenire s 117

1.3.1.3 Temperature and Pressure AdjUSEMENLS ..........coeerererinierenese e 1-20

1.3.2 HOOU DESIgN PIOCEAUIE .......eviieii ettt sbe e 121
1.3.2.1 HOOU DESIGN FACLOIS.......ceeeeeeieeieeieeieetesie ettt s 121

1.3.2.2 HOO SIZING PrOCEAUIE ......oeieieeieiee ettt 1-26

1.3.3 Ductwork DeSIgN PrOCEAUIE .........ooueeiiiieiieiireeeeees et 1-28

1.3.3.1 Two Ductwork Design APProaChies ..........coceeeeeeieeenineresese e 1-28

1.3.3.2 DUCIWOrk DeSign PalramELerS. ........cceierierieie et s 1-28

1.3.3.3 DUCIWOIK PreSSUrE@DIOP ...ccveiveiiiiiiiieiee ettt s 131

1.3.4 Stack DeSIgN PIOCEAUIES .......c.ciiiieeieieie ettt s eneas 1-35
1.3.4.1 Caculating Stack DIBMELEY .......c.oouieeeeeeeeiereee st 1-36

1.3.4.2 Calculating Stack HEIGNE ......covoiiiiiee e e 1-37

1.3.4.3 Calculating StACK DIFEft ......cceoueieerieeeieeeietene et 1-3

1.4 Estimating Total Capital INVESIMENT ........coiiiiiiiie et e 1-40
141 EQUIPMENT COSES ....eeuerueeuerteriesiestesie st stesteseesseseeseseeseeseees e esessessessesbesaesaesbesbesaeseensesessanean 1-40
L4201 HOOUA COSES.......oveieiiieicte ettt 1-40

1.4.1.2 DUCEWOIK COSES ...ttt sttt et e st eaa e s s bae e s st e s s snsnassbenesssbeenans 1-41

1.4 1.3 SEACK COSES ...evviniieeienesisisieie ettt b ettt b bbbkt b e 1-46

1.4.2 Taxes, Freight, and INStrumentation COSES........cveveeeerereeeeene et 159

1.4.3 Purchased EQUIPMENT COSE ......oouiiueieiieiereeeeee ettt sae e snea 150

144 INSEAHEHON COSES ...ttt b ettt b e er e eb e eb e nn b 150

1.5 Estimating TOtal ANNUAl COSE .......cciuiiirieiieiesie ettt sttt e s e e e ne e e e 151
1.5.1 DIreCt ANNUAI COSES.......cueiveuiieiiiteisteie st sttt sttt b et bbb 151

1.5.2 INAIr€Ct ANNUEBI COSES .....cveueiteieteieete ettt sttt 152

1.5.3 TOtEl ANNUEL COSE ...ttt et 151

1.6 ACKNOWIEAGEMENTS ....c.viieieeieieieeeeeiee ettt st e e e e e e e esaeseeseeseebensesrestenaeseensensenennnns 155

1-2



1.1 I ntroduction

Most control devicesarelocated some distance from the emission sourcesthey control.
Thisseparation may beneeded for several reasons. For onething, there may not be enough room
toingtal the control deviceclosetothe source. Or, the device may collect emissionsfrom severd
sources|ocated throughout thefacility and, hence, must be sited at some convenient, equidistant
location. Or, it may bethat required utility connectionsfor thecontrol deviceareonly availableat
someremote site. Regardless of the reason, the waste gas stream must be conveyed from the
sourceto the control deviceand fromthereto astack beforeit can bereleased to the atmosphere.

Thetype of equipment needed to convey the waste gas are the same for most kinds of
control devices. Theseare: (1) hoods, (2) ductwork, (3) stacks, and (4) fans. Together, these
itemscompriseaventilation system. A hood isused to capturetheemissionsat the source; ductwork,
to convey them to the control device; astack, to dispersethem after they leavethedevice; and a
fan, to providethe energy for moving them through the control system. Thissection coversthefirst
threekinds of equipment. However, becausethey constitute such abroad and complex subject,
fanswill bededlt with in aanother section of thisManua to be developed in thefuture. Only short
stacks (100-120feet high or less) are covered. Typicaly, short stacksareincluded with packaged
control systemsor added to them. So-called “tall stacks’ (* chimneys”), used at power plantsor
other sourceswherethe exhaust gasesmust be dispersed over great distances, will not bediscussed
inthissection.

Thissection presentsall theinformation onewould need to devel op study (+ 30%-accurate)
cost estimatesfor hoods, ductwork, and stacks. Accordingly, thefollowing sectionsinclude: (1)
descriptionsof thetypesof equipment usedinair pollution control ventilation systems, (2) procedures
for sizing (designing) thisequipment, and (3) methodol ogiesand datafor estimating their capital
and annua costs. Throughout the chapter are severd illustrations (example problems) that show
thereader how to apply thevarious sizing and costing methodol ogies.

1.2 Equipment Description

In this section, the kinds of hoods, ductwork, and stacks used in air pollution control
systems are described, each in aseparate subsection. These descriptions have been based on
information obtained from standard ventilation and air pollution control references, journd articles,
and equipment vendors.



121 Hoods

Of the several componentsof an air pollution control system, the capture deviceisthe
most important. Thisshould be self-evident, for if emissionsare not efficiently captured at the
source they cannot be conveyed to and removed by a control device. There are two general
categoriesof capturedevices. (1) direct exhaust connections(DEC) and (2) hoods. Asthe name
implies, aDEC isasection of duct (typically an elbow) into which the emissionsdirectly flow.
These connections often are used when the emission sourceisitself aduct or vent, such asa
processvent inachemica manufacturing plant or petroleum refinery. (Seefollowing discussonon
“Ductwork”.)

Hoods compriseamuch broader category than DECs. They areused to capture particul ates,
gases, and/or mistsemitted from avariety of sources, such asbasi c oxygen steelmaking furnaces,
welding operations, and el ectroplating tanks. The hooded processesare generally categorized as
elither “hot” or “cold,” addineationthat, inturn, influences hood salection, placement, and design.

The source characteristicsalso influencethe materialsfrom which ahood isfabricated.
Mild (carbon) sted isthematerid of choicefor applicationswheretheemisson sresmisnoncorrosve
and of moderate temperature. However, where corrosive substances (e.g., acid gases) are present
in high enough concentrations, stainless steelsor plastics(e.g., fiberglass-reinforced plastic, or
FRP) arerequired. Asmost hoods are custom-designed and built, the vendor involved would
determinewhich materia would beoptimal for agiven application.

1.2.1.1 Typesof Hoods

Although the names of certain hoods vary, depending on which ventilation source one
consults, thereisgeneral agreement asto how they are classified. Therearefour typesof hoods:
(1) enclosures, (2) booths, (3) captor (capture) hoods, and (4) receptor (receiving) hoods.[1,2]

Enclosuresareof twotypes: (1) thosethat arecompletely closed to the outsi de environment
and (2) thosethat have openingsfor materia input/output. Thefirst typeisonly used when handling
radioactive materials, which must be handled by remote manipulators. They areal so dust- and
gas-tight. Thesekindsof enclosuresarerarely usedinair pollution control. The second type, have
applicationsin severa areas, such asthe control of emissionsfrom electric arc furnacesand from
screening and binfilling operations. They are equipped with small wall openings (natural draft
openings—"NDOs’) that allow for material to bemovedinor out and for ventilation. However,
the area of these openings must be small compared with the total area of the enclosurewalls
(typically, 5% or less).



Another gpplication of total enclosuresisinthe measurement of the capture efficiency of
volatileorganic compound (V OC) control devices. Captureefficiency isthat fraction of dl VOCs
generated at, and released by, an affected facility that isdirected to the control device. Inthis
gpplication, atotd enclosureisatemporary structurethat completely surroundsan emitting process
sothat dl VOC emissionsare captured for dischargethrough ductsor stacks. Theair flow through
thetota enclosure must be high enough to keep the concentration of the V OC mixtureinsidethe
enclosure within both the Occupational Safety and Health Administration (OSHA) health
requirement limitsand thevapor explosivelimits. (Thelatter aretypically set at 25% of thelower
explosvelimit (LEL ) for theVOC mixturein question.) In addition, theoverall faceve ocity of air
flowing through theenclosure must be at least 200 ft/min.[3]

The surfacesof temporary tota enclosuresare usualy constructed either of plagticfilmor
of suchrigid materia sasinsulation pandsor plywood. Plastic film offersthe advantages of being
lightweight, transparent, inexpensive, and easy to work with. However, itisflimsy, flammable, and
hasarelatively low melting point. Inaddition, the plastic must be hung on aframework of wood,
plastic piping, or scaffolding.

Although rigid materiad saremore expensve and lessworkablethan plastic, they aremore
durableand can withstand larger pressure differentia sbetween theenclosureinterior and exterior.
Total enclosure design specifications (which have been incorporated into several EPA emission
standards) are contained inthe EPA report, The M easurement Solution: Using a Temporary Total
Enclosurefor Capture Testing.[4]

Boothsarelikeenclosures, in that they surround the emission source, except for awal (or
portion thereof) that isomitted to allow access by operators and equipment. Like enclosures,
booths must belarge enough to prevent particulatesfromimpinging on theinner walls. They are
used with such operations (and emission sources) such as spray painting and portablegrinding,
polishing, and buffing operations.

Captor hoods (al so termed active or external hoods) do not enclosethe sourceat all.
Consisting of oneto threesides, they arelocated at ashort distance from the source and draw the
emissionsinto them viafans. Captor hoods are further classified as side-draft/backdraft, dot,
downdraft, and high-vel ocity, low-volume (HVLV) hoods.

A sde-draft/back-draft hood istypically located to the s de/behind of an emission source,
but asclosetoit aspossible, asair velocitiesdecreaseinversely (and sharply) with distance.
Examplesof theseinclude snorkel-typewel ding hoods and side shake-out hoods.

A dlot hood operatesin amanner similar to aside-draft/back-draft. However, theinlet
opening (face) ismuch smaller, being long and narrow. Moreover, ad ot hood issituated at the
periphery of an emission source, such asanarrow, opentank. Thistypeof hood isa so employed
with benchwelding operations.



Whiled ot and sde-draft/back-draft hoods arelocated bes de/behind asource, adowndraft
hood isstuated immediately beneathit. It drawspollutant-laden air down through the sourceand,
thence, to acontrol device. Applications of down-draft hoodsinclude foundry shake-out and
bench soldering and torch cutting operations.

HVLV hoodsare characterized by the use of extremely high vel ocities (capture vel ocities)
to collect contaminantsat the source, and by the optimal distribution of thosevel ocitiesacrossthe
hood face. Tomaintain alow volumetric flow rate, these hoods arelocated as closeto the source
aspossible, so asto minimizeair entrainment.

Thelast category isreceptor hoods (passive or canopy hoods). A receptor hood typically
islocated above or beside asource, to collect the emissions, which are given momentum by the
source. For example, acanopy hood might be situated directly above an opentank containing a
hot liquid (abuoyant source). With entrained air, vaporsemitted fromtheliquid wouldriseinto the
hood. Here, the canopy hood would function asapassive collector, astherising gaseswould be
drawnintothehood vianatural draft. (SeeFigure1.1.)

Receptor hoods are a so used with nonbuoyant sources, sourcesfrom which emissonsdo
not rise. But are“thrown off” from aprocess, such asaswing grinder. Theinitial velocity of the
emissionstypicaly ishigh enoughto convey theminto areceiving hood.[5]

1.2.2 Ductwor k

Oncetheemission streamiscaptured by either ahood or adirect exhaust connection, itis
conveyed to the control deviceviaductwork. Theterm*ductwork” denotesall of the equipment
between the capture device and the control device. Thisincludes: (1) straight duct; (2) fittings,
such aselbowsand tees; (3) flow control devices(e.g., dampers); and (4) duct supports. These
componentsaredescribedin Section 1.2.2.1.)

Inair pollution control systems, thefanisusualy located immediately before or after the
control device. Consequently, most of theductwork typically isunder anegative Static pressure,
varying fromafew inchesto approximately 20 inchesof water column. These pressure conditions
dictatethetypeof duct used, aswell assuch design parametersasthewall thickness(gauge). For
instance, wel ded duct ispreferabl e to spira-wound duct in vacuum applications.[ 6]

Ductwork isfabricated from either meta or plastic, the choice of material being dictated
by the characteristics of thewaste gas stream, structura considerations, purchaseand installation
costs, aesthetics, and other factors. Metal sused include carbon stedl (bareor galvanized), stainless
ged, and duminum. Themaost commonly used plasticsare polyvinyl chloride (PV C) andfiberglass-
reinforced plastic (FRP), dthough polypropylene (PP) and linear polyethylene (L PE) dsocanadso
be applied. However, one serious drawback to PP and L PE isthat both are combustible.[ 7]
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Figurel.1l: Typical Canopy Hood Installation

PV C and other plastic ductwork areresistant to avariety of corrosive substances, from
aguaregiato 95% sulfuric acid. But plastic ductwork cannot tolerate environmenta temperatures
above 150°F.[8] Meta ductwork can handle temperatures up to approximately 1000°F, but only
certain alloyscantolerate corrosive streams.

Intermsof construction, ductwork can beeither rigid or flexible. Asthenameimplies,
rigid ductwork, whether metal or plastic, hasafixed shape. Conversely, flexibleductwork can be
bent to accommodate situationswhere spaceis|limited or wherethelayout is so convol uted that
rigidfittingscannot meet congtruction requirements. Usudly circular in cross-sectiond shape, flexible
duct can befabricated from metalsor plastic and can be either insulated or uninsul ated.

Rigid ductwork isfabricated into circular, flat oval, or square/rectangular cross-sectiona
shapes. Of these, circular duct ismost commonly usedinair pollution control systems. Although
square/rectangular duct isadvantageousto use when spaceislimited, round duct offers several
advantages. It resists collapsing, provides better transport conditions, and usesless metal than



square/rectangular or flat oval shapes of equivalent cross-sectional area.[9] Unless otherwise
noted, thefollowing discussion pertainstorigid, circular duct, asthisisthetype most commonly
usedinair pollution contral.

Rigidmetd circular ductisfurther dassified according to method of fabrication. Longitudind
seam duct ismade by bending sheet metal into acircular shape over amandrel, and buttwelding
thetwo endstogether. Spiral seam duct isconstructed from along strip of sheet metal, theedges
of which arejoined by aninterlocking helical seam that runsthelength of theduct. Thisseamis
either raised or flushto theduct wall surface.

Fabrication method and cross-sectional shape arenot theonly considerationsin designing
ductwork, however. Onemust also specify the diameter; wall thickness; type, number, andlocation
of fittings, controllers, and supports; and other parameters. Consequently, most ductwork
components are custom designed and fabricated, so asto optimally servethe control device.
Some vendorsoffer prefabricated components, but these are usually common fittings (e.g., 90°
elbows) that areavailableonly in standard sizes(e.g., 3- to 12-inch diameter).[ 10,11]

If either the gas stream temperature or moisture content isexcessive, the ductwork may
need to beinsulated. Insulationinhibitsheat |oss/gain, saving energy (and money), ontheonehand,
and prevents condensation, on the other. I nsul ation al so protects personnel who might touch the
ductwork from sustaining burns. There aretwo waysto insulate ductwork. Thefirstistoinstall
insulation onthe outer surface of the ductwork and cover it with avapor barrier of plastic or metal
foil. Thetype and thicknessof insulation used will depend on the heat transfer propertiesof the
materid. For instance, one vendor statesthat 4 inches of mineral wool insulation isadequatefor
maintaining asurface (“ skin”) temperature of 140°F (the OSHA workplacelimit) or lower, provided
that the exhaust gastemperature does not exceed 600°F. [12]

Thesecond way to insulate ductwork isby using double-wall, insulated duct and fittings.
Double-wall ductwork servesto reduce both heat lossand noise. Onevendor constructsit froma
solid sheet metd outer pressureshd| and asheet metd inner liner with alayer of fiberglassinsulation
sandwiched between. Theinsulation layer istypically 1-inch, although 2- and 3-inch thicknesses
areavailablefor moreextreme applications. Thethermal conductivities of thesethicknessesare
0.27,0.13, and 0.09 Btu/hr-ft>-°F, respectively.[13]

1221 Ductwork Components

Asdiscussed above, aductwork system consistsof straight duct, fittings, flow control
devices, and supports. Straight duct issdlf-explanatory and easy tovisudize. The*fittings’ category,
however, encompassesarange of componentsthat perform oneor moreof thefollowing functions:
changethedirection of the ducted gas stream, modify the stream vel ocity, tieit to another duct(s),
facilitate the connection of two or more components, or providefor expans on/contraction when
thermal stressesarise.



Themost commonly usedfittingsareelbows(“€ls’). Theseserveto changethegasstream
direction, typically by 30°, 45°, 60°, or 90°, though they may be designed for other anglesaswell.
The elbow centerline radius determinestherate at which thisdirectional change occurs. (See
Figure1.2.) Thestandard centerlineradius(R,) is 1.5 timesthe elbow cross-sectional diameter
(D). However, in“long-radius’ elbows, inwhich thedirectional changeismoregradua thanin
standard elbows, R, isgreater than or equal to 2times D _.[14]

A T-shapedfitting (“tee”) isused when two or more gas streams must be connected. In
straight tees, the streams converge at a90° angle, whilein angletees (“laterals’, “wyes’) the
connectionismade at 30°, 45°, 60°, or some other angle. (See Figure 1.2.) Teesmay have one
“tap” (connection) or two, and may have either astraight or a“conical” cross-section at either or
both ends. Crossesare al so used to connect duct branches. Here, thetwo branchesintersect each
other at aright angle.

Reducers(commonly caled“expansons’ or “contractions’) arerequired whenever ducts
of different diameter must bejoined. Reducersare either concentric or eccentricindesign. In
concentric reducers, thediameter tapersgradudly fromthelarger to smaler crosssection. However,
in eccentric reducers, the diameter decreaseswholly on oneside of thefitting.

Damperscontrol the volumetric flowrate through ventilation systems. They areusualy
ddlineated according to theflow control mechanism (single blade or multiblade), pressurerating
(low/light or high/heavy), and meansof control (manua or automatic). Insingleblade dampers, a
circular plate isfastened to arod, one end of which protrudes outside the duct. In the most
commonly used type of single blade damper (butterfly type), thisrodisused to control the gasflow
by rotating the platein the damper. Fully closed, the damper face Sits perpendicular tothegasflow
direction; fully open, thefaceispardld tothegasflow lines. Severa singleblade* control” dampers
aredepictedinFigure1.2.

Blast gate dampers control theflow by diding the damper bladein and out of theduct.
Blast gatesare often used to control theflow of air streams containing suspended solids, suchasin
pneumatic conveyors. In these respects, butterfly dampers and blast gates are analogous,
respectively, to theglobeva vesand quick-opening gatevalvesthat areused toregulateliquid flow

inpipes.

Multiblade (louvered) dampers operate on the same principa as single blade dampers.
However, instead of using asingle blade or plateto control the gasflow, multiblade dampers
employ datsthat open and closelike venetian blinds.[15] Louvered damperstypicaly areusedin
very large ductswhere aone-piece damper blade would betoo difficult to move.

Manually-controlled dampers s mply have ahandl e attached to the control rod whichis
used to adjust the gasflow by hand. If automatic control is needed, apneumatic or electronic
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actuator isused. The actuator receivesapneumatic (pressurized air) or electrical signal froma
controller and convertsit to mechanica energy whichisused, inturn, to open/closethe damper via
thedamper rod. Inthisrespect, an actuated damper isana ogousto an automatic control valve.[16]

For example, an automatic damper may beused to control thedilution air flow rateto anincinerator
combustion chamber. Thisflow rate, inturn, would depend on the combustibles concentration
(i.e., percentageof lower explogivelimit—%L EL ) intheinlet wastegas stream. If thisconcentration
deviatesfrom apredetermined amount (* set point”), asigna issent fromthemeasuring devicevia
the controller to the automatic damper to increase/decrease the dilution air flow rate so asto
maintainthedesired %L EL .

Expansionjointsareinstalled, especially inlonger meta duct runs, to alow the ductwork
to expand or contract in responseto thermal stresses. Thesefittingsare of several designs. One
type, thebdlowsexpansonjoint, consistsof apieceof flexiblemeta (e.g., 304 Sainlesssted) that
iswelded to each of two duct ends, connecting them. Asthetemperature of theduct increases, the
bellows compresses; asthe duct temperature decreases, the bellows expands. Another commonly
used expansion joint consistsof two flangesbetweenwhichisinstaled asection of fabric. Likethe
bellowsexpansionjoint, it compresses asthe duct temperatureincreases, and vice-versa. The
temperaturedictatesthetype of fabric used. For instance, siliconefiberglassand aramid fiber cloth
can be used for duct temperatures of up to 500°F., while coated fiberglass cloth is needed to
accommodate temperaturesof 1000°F.[17]

Thelast component to consider isthe ductwork support system. However, itisfar from
beingtheleastimportant. Asthe Sheet Metd and Air Conditioning Contractors Nationa Associaion
(SMACNA) HVAC Duct Construction Standards manual states, “ The selection of ahanging
system should not betaken lightly, sinceit involvesnot only asignificant portion of the erection
labor, but al so because [the erection of ] aninadequate hanging system can bedisastrous.” Asa
rule, a support should be provided for every 8 to 10 feet of duct run.[18] Ductwork can be
suspended from aceiling or other overhead structure viahangers or supported from below by
girders, pillars, or other supports.

A suspenson arrangement typically consstsof an upper attachment, ahanger, and alower
attachment. The upper attachment tiesthe hanger to the celling, etc. Thiscan beaconcreteinsert,
aneyebolt, or afastener such asarivet or nailed pin. The hanger isgenerally astrap of gal vanized
sted, round steel rod, or wirethat isanchored to the celling by the upper attachment. Thetype of
hanger used will bedictated by theduct diameter, whichisproportiond toitsweight per lined foot.
For instance, wire hangersare only recommended for duct diametersup to 10inches. For larger
diameters(upto 36 inches), strapsor rods should be used. Typically, astrap hanger isrunfromthe
upper attachment, wrapped around the duct, and secured by afastener (thelower attachment). A
rod hanger a so extendsdown fromthecelling. Unlike strap hangers, they arefastened to the duct
viaaband or bandsthat are wrapped around the circumference. Duct of diametersgreater than 3
feet should be supported with two hangers, one on either side of the duct, and be fastened totwo
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circumferentia bands, oneatop and one be ow theduct.[ 19] Moreover, supportsfor larger ductwork
should also allow for both axial and longitudinal expansion and contraction, to accommodate
thermal stresses.[20]

1.2.3 Stacks

Short stacksareinstalled after control devicesto dispersethe exhaust gases above ground
level and surrounding buildings. Asopposedto “tall” stacks, which can beupto 1,000 feet high,
short stackstypically arenotaller than 120 feet. Certain packaged control devicescome equipped
with short (“stub”) stacks, with heightsranging from 30 to 50 feet. But if such astack isneither
provided nor adequate, the facility must erect a separate stack to serve one or more devices.
Essentidly, thisstack isavertical duct erected on afoundation and supported in some manner. For
structura stability, the diameter of the stack bottomisdightly larger than thetop diameter, which
typically rangesfrom 1to 7 feet.[21]

A short stack may be fabricated of steel, brick, or plastic (e.g., fiberglass-reinforced
plastic, or FRP). A stack may belined or unlined. Thematerial sel ection dependson the physical
and chemical properties of the gas stream, such as corrosiveness and acidity, aswell asthe
temperaturedifferential between thegasstream and theambient air. Linersof stainlesssted, brick,
or FRPusually are used to protect the stack against damage from the gas stream. They aremuch
eas er and lessexpensiveto replacethan theentire stack. Alternatively, theinterior of anunlined
stack may be coated with zinc (gal vanized), al uminum, or another corrosion-resistant material, but
acoating doesnot providethe same protection asaliner and doesnot last aslong.

Short stlacksareether salf-supporting (free-standing), supported by guy wires, or fastened
to adjacent structures. Thetype of support used depends onthe stack diameter, height and weight,
thewindload, loca seismic zone characteristics, and other factors.

Auxiliary equipment for atypical stack includesan access door, asampling platform,
ladders, lightning protection system, and aircraft warning lights. The accessdoor alowsfor removal
of any accumul ated material sat the bottom of the stack and providesaccessto theliner for repair
or replacement. Local and stateair pollution control regul ationsal so may require the permanent
ingtallation of sampling platformsfor use during periodic compliancetests, whileladdersare used
both during stack sampling and maintenance procedures. Thelightning protection systemisneeded
to prevent damageto the stack and immediate surroundingsduring eectrica storms. Lastly, aircraft
warning lightsarerequired by locd aviation authorities[23] Altogether, theseauxiliariescanadd a
large amount to the base stack cost.
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1.3 Design Procedures

Asstated above, ahood, ductwork, and astack are key elementsin any air pollution
control system. Because each of theseelementsisdifferent, both in appearanceand function, each
must be designed separately. But at the sametime, these elements compriseasystem, whichis
governed by certain physical lawsthat serveto unite these elementsin“ common cause.” Thus,
beforetheindividua design proceduresfor hoods, ductwork, and stacksare described, ventilation
fundamentalswill be presented. Thesefundamenta swill cover basicfluid flow conceptsand how
they may beapplied to air pollution control ventilation systems. Nonethel ess, these conceptswill
begiven asstraightforwardly as possible, with the aim of making the design parameterseasy to
understand and compute.

131 Design Fundamentals

1.3.1.1  TheBernoulli Equation

Theflow of fluidsin any hood, duct, pipe, stack, or other enclosureisgoverned by a
snglereationship, thefamiliar Bernoulli equation. Put smply andidedlly, the Bernoulli equation
statesthat the total mechanical energy of an element of flowing fluid is constant throughout the
system. Thisincludesitspotential energy, kinetic energy, and pressure energy. However, asno
system isideal, the Bernoulli equation must be adjusted to take into account losses to the
surroundings dueto friction. Gains dueto the energy added by fans, pumps, etc., a'so must be
accounted for. For apound mass (Ib, ) of fluid flowing in asteady-state system the adjusted
Bernoulli equationis:[24]

0g0  Au?)

) 1.1
vdp+ AzO— +
rvp Og.0 29,

=W -F

where

specificvolumeof fluid (ft%1b, )

datic pressure—gauge (Ib/ft?)

height of fluid above somereferencepoint (ft)
fluid velocity through duct, hood, etc. (ft/sec)
gravitational acceleration (ft/sec?)

gravitational constant (32.174 ([Ib_-ft/sec’]/Ib,)
work added by fan, etc. (ft-1b/Ib )

energy lost duetofriction (ft-lb/Ib )

MsEe@Q@c NDT <
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Each of thetermson theleft hand side of Equation 1.1 representsan energy changetoa
pound mass of fluid between two locationsinthe system—points“1” and “2.” Thework (W) and
friction (F) termsdenote the amounts of energy added/lost between points1 and 2.

Notethat theunitsof eachterminEquation 1.1 are“ft-Ib/Ib_,” energy per unit mass. Inthe
Englishsystemof units, “Ib” and*“lb_" are, for dl intents, numerically equivaent, sincetheratio of
thegravitational accelerationterm (g) to thegravitational constant (g,) isvery closeto 1. Ineffect
theequationunit are“feet of fluid” or “fluid head infeet.” Inair pollution control Stuations, thefluid
often has the properties of air. That is because the contaminants in the waste gas stream are
present in such small amountsthat the stream physical properties approximatethose of pureair.

Becausearisa“compressible’ fluid, itsspecific volumeismuch moresengitiveto changes
in pressureand temperature than the specific volume of such*incompressible’ fluidssuch aswater.
Hence, the“vdp” termin Equation 1.1 hasto beintegrated between points 1 and 2. However, in
most air pollution control ventilation systems neither the pressure nor the temperature changes
appreciably from the point where the emissions are captured to theinlet of the control device.
Consequently, the specificvolumeis, for al practica purposes, constant throughout theventilation
system, and one does not havetointegrate the vdp term. With thisassumption, thefirst termin
Equation 1.1 becomessimply:

J'lzvdp = vJ'lzdp = VAp (1.2

[lustration: VOC emitted by an open tank is captured by ahood and conveyed, viaablower,
through 150 feet of 12-inch diameter ductwork to arefrigerated condenser outdoors. Theblower,
which movesthe gasthrough the hood, ductwork, and condenser, islocated immediately before
theinlet tothecondenser. Thus, theentireventilation sysemisunder vacuum. Thestreamtemperature
and absolute pressure are 100°F and approximately 1 atmosphere (14.696 1b/in?), respectively.
Theeevation of therefrigerated condenser inlet is30 feet below that of thetank. Theair velocity
at thesourceisessentialy zero, whilethe duct transport vel ocity is2,000 ft/min. The static gauge
pressureincreasesfrom-0.50in. w.c. (water column) at the sourceto 4.5in. w.c. at the blower
outlet. Finally, the cal culated friction loss through the ductwork and hood totals 1.25 in. w.c.
Calculate the amount of mechanical energy that the blower addsto the gas stream. Assumethat
the gastemperature remains constant throughout.

Solution:

First, develop afactor to convert “inchesof water” to“feet of air”:

_ 1ft O0v, 00 0
Feet of air = (Inches of water) %Q 10 (1.3
12 inUV,10 U
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where
leOO

ValOO

specific volume of water @ 100°F = 0.01613t¥/lb_
specificvolumeof air @ 100°F, 1 atmosphere

Because the system absol ute pressureiscloseto atmospheric, thewaste gasbehavesas
anided gas. Thus, the specific volume can be calcul ated from theideal gaslaw:

_RT
Va - P M (14)
where
R = ideal gascongtant = 1,545ft-Ib/(Ib_-mole)(ER)
T = absolute temperature of gas= 100 + 460 = 560ER
M = molecular weight of gas(air) =28.851b_/Ib_-mole
p = absolute pressure= 2,116 Ib/ft?

Subgtituting, weaobtain:

Finally, substitution of thesevaluesfor v, andv, into Equation 1.3 yields:

Feet of air (@ 100 °F, 1atm) = 73.207 x inches of water

Computethe changesin the mechanical energy termsand thefriction losses between the
hoodinlet (point 1) and the blower outlet/condenser inlet (point 2):

73.207 ft air
Pressure: vAp = (4.5 - [-0.50] in. w.c.) @WE = 336.0 ft air

Potentid: Az = -30ftair (point 2isbelow point|)
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0 0
ft 0 ft
CRO00 oy (82174 ab - %
. Au?I2g =D x () = 173 ftair
Kinetic: 0 ko U O 2° U Ib, 0
0 o0 H
0 BleBC

Frictionlossess F = 125in. w.c x 73207 = 915 ft air

Substitute aboveresultsinto Equation 1.1 and solvefor W, thefan energy added:

366.0 + (-30) + 17.1 = W- 91.5, or

ft - 1b,
b air

m

W = 446

To convert thefan energy input, W, to horsepower (hp; ), wewould haveto multiply it by
theair massflow rate(Ib_/sec), and dividetheresult by the horsepower conversionfactor, 550 ft-

Ib/sec-hp. However, themassflow rateisjust the volumeflow rate (Q, ft3/sec) divided by the
gpecificvolume:

h ‘WE& 1@‘ 0001818ﬂ
pf - Dva 50 - : Va (15)

0
q (1.6)
0 .
4 g

Equation 1.6 applies, of course, only to circular ducts.

If we combine Equations 1.5 and 1.6 and substitute theinputsfor thisillustration, we obtain:

hp, = 4446 ng%g @;@a)z %@ EBE—OQ = 149 hp
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Some observationsabout thisillustration:

. Recall that the precise unitsfor Wand the other termsin Equation 1.1 are“ft-lb, per
b ar” which, for convenience, have been shortenedto“ftar”. Thus, they measure
energy, not length.

. Compared to the pressure energy and friction terms, the potential and kinetic energy terms

aresmall. Had they beenignored, the resultswoul d not have changed appreciably.

. Thelarge magnitude of the pressureandfriction termsclearly illustratestheimportance of
keeping one sunitsstraight. Asshownin step (1), oneinch of water isequivaent to over
73 feet of air. However, asEquation 1.3 indicates, the pressure corresponding to equivalent
heightsof air and water columnswould bethe same.

. Thefan power input depends not just onthetota “head” (ft air) required, but alsoonthe
gasflow rate. Also, notethat the horsepower computed viaEquation 2.5 isatheoretical
vaue. It would haveto be adjusted to account for the efficiencies of thefan and fan motor.
Thefan efficiency rangesfrom 40to 70 percent, whilethe motor efficiency istypicaly 90
percent. Theseefficienciesare usually combinedinto asingleefficiency (e, fraction), by
whichthetheoretica horsepower isdivided to obtain the actua horsepower requirement.

1312 Pressure: Static, Velocity, and Totd

Althoughitismorerigorousand consistent to expressthe Bernoulli equationtermsin
termsof feet of air (or, precisely, ft-Ib/Ib_ of air), industrial ventilation engineersprefer to usethe
units”inchesof water column (in. w.c.).” Theseunitswere chosen because, astheaboveillugtration
shows, resultsexpressedin“feet of air” areoftenlarge numbersthat are cumbersometouse. In
addition, thetota pressurechangesinventilation sysemsarerdatively small, compared tothosein
liquidflow systems. Total pressure changesexpressed ininchesof mercury would besma |l numbers
whicharejust asawkward towork with aslargenumbers. Hence, “inchesof water” isacompromise,
asvauesexpressed inthismeasurement unit typically rangefromonly 1to 10. Moreover, practical
measurement of pressure changesisdonewith water-filled manometers.

Inthepreviousparagraph, anew quantity wasmentioned, total pressure(TP). Alsoknown
asthe"impact pressure’, thetotd pressureisthesum of thestatic gauge (SP) and vel ocity pressures
(VP) at any point within aduct, hood, etc., al expressedinin. w.c.[25] Thatis:

TP = SP + VP (1.7)
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where

SP = (chHvp
VP (cHu?/2g,

The*cf” intheexpressionsfor S° and TP isthefactor for converting the energy terms
from*“ftair’ to“in.w.c.”, both at standard temperature and absol ute pressure (70°F, 1 atmosphere).
(Again, keepinmind that, regardless of what units SP or VP are expressedin, the actual unitsare
“energy per unit mass.”) Thisconversionfactor, cf, would be obtained viarearranging Equation
13

in.w.c. (V0 O
cf = — = 120——10 (1.8)
ft. air OV, O
where
Voo = specific volumeof water at 70°F = 0.01605 (ft*/Ib, )
Voo = specificvolumeof air at 70°F = 13.41 (ft*/lb )

Thus: cf=0.01436in. w.c./ftar

Clearly, theconversonfactor variesasafunction of temperatureand pressure. For instance,
at 100°F and 1 atmosphere, cf = 1/73.207 = 0.01366.

Conspicuously absent from Equation 1.7 isthe potential energy term, “z(g/g )" . This
omission was not inadvertent. In ventilation systems, the potential energy (P.E.) isusualy small
compared to the other terms. (For example, seeillustration above.) The P.E. is, of course, a
function of the vertical distance of the measurement point in question from some datum level,
usudly theground. At most, that distance would amount to no morethan 20 or 30 feet, corresponding
to aP.E. of approximately 0.3 to 0.4 in. w.c. Consequently, we can usually ignore the P.E.
contribution inventilation systemswithout introducing significant error.

Thedtatic gaugepressureinaduct isequa inal directions, whilethevelocity pressure, a
function of the gasvel ocity, variesacrossthe duct face. Theduct velocity ishighest at the center
and lowest at theduct walls. However, for air flowinginalong, straight duct, the average vel ocity
acrosstheduct (u,) approximatesthe center linevel ocity (u,).[26] Thisisanimportant point, for
theaverageduct velocity isoften measured by apitot tube situated at the center of theduct.
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By substituting for cfin Equation 1.7, we can obtain asimple equation that relatesvel ocity
tovelocity pressure (VP) at standard conditions:

_0.0143u,?
VP = g (1.9
Solving:
ft
u, QQ% 66.94 (VP)? (1.10)
Or:

ft@ 1/2
# = 4016 (VP
UB 016 (VP) (1.12)

Incidentally, these equations apply to any duct, regardlessof itsshape.

AsBurton describesit, static gauge pressure can bethought of asthe* stored” energy ina
ventilation system. Thisstored energy isconverted to thekinetic energy of velocity and thelosses
of friction (whicharemainly heet, vibration, and noise). Frictionlossesfal into severd categories[27]

» Lossesthrough straight duct

» Lossesthrough duct fittings—el bow tees, reducers, etc.

» Lossesinbranchand control deviceentries

» Lossesinhoodsdueto turbulence, shock, venacontracta

e Losssinfans

e Lossesinstacks

Theselosseswill bediscussed inlater sectionsof thischapter. Generally speaking, much
more of the static gauge pressureenergy islost to” friction than isconverted to vel ocity pressure

energy. Itiscustomary to expressthesefrictionlosses (43P, ) intermsof thevelocity pressure:

F = ASP, = kvP (1.12)
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where

k = experimentaly-determinedlossfactor (unitless)

Alternatively, Equations 1.11 and 1.12 may be combined to expressF (in. w.c.) interms
of theaverageduct velocity, u, (ft/min):

F = (6.200 x 10°) ku,? (1.13)
1.3.1.3  Temperatureand Pressure Adjustments

Equations 1.8to 1.13 were devel oped assuming that thewaste gas stream was at standard
temperature and pressure. These conditionswere defined as 70°F and 1 atmosphere (14.696 |b/

in?), respectively. While 1 atmosphereis almost alwaystaken asthe standard pressure, several
different stlandard temperatures are used in scientific and engineering caculations. 32°F, 68°F, and
77°F, aswell as 70°F. The standard temperature selected varies according to the industry or
engineering disciplinein question. For instance, industrial hygienistsand air conditioning engineers
prefer 70°F asastandard temperature, while combustion engineersprefer 77°F.

Before these equations can be used with waste gas streamswhich are not at 70°F and 1
amosphere, their variablesmust be adjusted. Asnoted above, wastegas streamsin air pollution
control gpplicationsobey theideal gaslaw. Fromthislaw thefollowing adjustment equation can be
derived:

(P,
T, [P,

g
[ |-

Q, = Q (1.14)

[

where
Q,,Q, =gasflow ratesat conditions2 and 1, respectively (actua ft3min)

T, T, =absolutetemperaturesat conditions2 and 1, respectively (°R)

P,,,P, = absolute pressuresat conditions2 and 1, respectively (atm)

However, according to Equation 1.6:

@)

"

’_'C
Ccc]
=]
&~ 1O
I
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If Equations 1.6 and 1.14 were combined, wewould obtain:

_ 07, 00p, D,,° E
Up = Uy E’?%Pimizm (1.15)
1

H
o

Thislast expression can be used to adjust u, in any equation, aslong asthegasflow isin
circular ducts.

1.3.2 Hood Design Procedure

1.3.21  HoodDesign Factors

When designing ahood, severa factorsmust be considered:[28]

» Hood shape

e Volumetricflowrate

» Capturevelocity

* FHiction
Each of thesefactorsand their interrel ationshipswill be explained in thissection.

Asdiscussed in Section 1.2.1, the hood shapeis determined by the nature of the source
being controlled. Thisincludes such factorsasthetemperature and composition of theemissions,
aswell asthe dimensions and configuration of the emission stream. Also important are such
environmenta factorsasthevelocity and temperature of air currentsinthevicinity.

Thehood shape partly determinesthe volumetric flow rate needed to capturetheemissions.
Becauseahood isunder negative pressure, air isdrawnto it from all directions. Consider the
simplest type of hood, aplain open-ended duct. Now, envision animaginary sphere surrounding
the duct opening. The center of thisspherewould be at the center of the duct opening, whilethe
sphereradiuswould be the distance from the end of the duct to the point where emissionsare
captured. Theair would be drawn through thisimaginary sphereandinto theduct hood. Now, the
volume of air drawn through the sphere would be the product of the sphere surface areaand the
hood capturevelocity, u_:[29]

Q = u,(4mx*) (1.16)
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where
x=radiusof imaginary sphere (ft)

Equation 1.16 appliesto aduct whose diameter issmall relative to the sphereradius.
However, if theduct diameter islarger, the captureareawill haveto bereduced by the crosssectiona

areaof theduct (D ), or:

Q = u [~ — =L (1.17)

Similarly, if aflangewereinstalled around the outside of the duct end, the surface area
through which the air was drawn—and the volumeflow rate—would be cut in half. That occurs
becausetheflangewould, in effect, block theflow of air from pointsbehind it. Hence:

Q = u, (2 m?) (1.18)

From these exampl es, it should be clear that the hood shape hasadirect bearing on the
gasflow ratedrawnintoit. But Equations 1.16 to 1.18 apply only to hoodswith spherical flow
patterns. For other hoods, other flow patterns apply—cylindrical, planal, etc. We can generalize
thisrelationship between volumetric flow rate and hood design parametersasfollows:

Q = f(u,,x,Sh) (1.19)
where

“f(...)” denotes“functionof...”
“” indicateshood shapefactors
u = design vel ocity—capture, face, Sot

Table1.1listsdesign equationsfor several commonly used hood shapes. Asthistableshows, Qis
afunction of x, the hood shape, and, in general, the capture velocity (u ). Inthe case of abooth
hood, the design velocity isthe hood face velocity (u,). For slotted side-draft and back-draft

hoods, thes ot vel ocity (u) isthedesign vel ocity. In prectice, both the hood faceand slot vel ocities
arethe same, aseach measuresthe speed at which the gas passesthrough the hood inlet opening(s).

1-22



Tablel.1: Design Equations, Loss Factors, and Coefficients of

Entry for Selected Hood Typeq 2]
Hood Type Design Equation Less Factor Coefficient
(k,) of Entry (C))

Duct end (round) Q=4xu, 0.93 0.72
Flanged duct end (round) Q=2xu, 0.50 0.82
Free-standing slot hood Q=2xLu, 1.78 0.55
Slot hood w/ sides, back Q=0.5xLu, 1.78 N/A
Tapered hood Q=2 xu, 0.06? 0.97
Booth hood w/ tapered

take-off duct (round) Q=UA, 0.25 0.89
Canopy hood Q =1.4Pxu_ 0.25 0.89
Canopy hood w/ insert Q =1.4Pxu_ 1.0 0.71
Dip tank hood (slotted) Q=125A 1.78 N/A
Paint booth hood Q =100A, 0.25 N/A
! Both k, and C_ pertain to round ducts and to hoods with a 45° taper. At other angles, k, and

C, will differ.
N/A = Not applicable
Q = flow rate drawn into hood (ft¥/min)
X = distance from hood to source (ft)
u, = hood capture velocity (ft/min)
u, = hood face velocity (ft/min)
ug = hood slot velocity (ft/min)
A = hood vace area (ft?)
P = perimeter of source (ft)
L = width of hood slot (ft)
A, = tank + drainboard surface area (ft?)
A = booth cross-sectional area (ft?)

When gasentersahood, thereismechanica energy lossduetofriction. Thisfrictionloss
iscalculated using Equations 1.1 and 1.2, assuming that the potential energy contribution from

gravity, 4z(g/g ), and thework added to the system, W, are both zero. Thus:

2 2
U, u- _
Vp, -vpy t 29, - E = -F (1.20)

Repl acing these termswith the corresponding onesfrom Equations 2.7 and 2.12, we
obtain:

SP, - SP, + VP, - VP, = -H, = -k\VP, (1.21)
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where

SP. = daticgaugepressureat pointi (in. w.c.)
VP. = velocity pressureat pointi (in.w.c.)

H. = hoodentryloss(in.w.c.)

k, = hoodlossfactor (unitless)

In this equation, subscript 1 refersto a point just outside the hood face. Subscript 2
denotesthe point in the duct, just downstream of the hood, where the duct static pressure, P, or
3P, and theduct transport vel ocity, u, or u, aremeasured. At point 1, thehood velocity pressure,
VP, isessentialy zero, astheair vel ocity thereisnegligible. Moreover, the static gage pressure,

SP,, will be zero, asthe absolute pressure at point 1 is assumed to be at one atmosphere, the
reference pressure. After thesesmplificationsaremade, Equation 1.21 can berearranged to solve
for thehood lossfactor (k.):

o1
- (1.22)

Atfirstglance, it gppearsthat k. could benegative, snce VP isalwayspositive. However,
astheair entering thehood isunder avacuum created by afan downstream, SP, must benegative.
Thus, theterm“-SP, /VP,” must be positive. Finaly, becausethe absolutevalue of 3P, islarger
than VP, k. > 0.

Thehood lossfactor variesaccording to the hood shape. It can rangefrom 0.04 for bell
mouth hoodsto 1.78 for various sl otted hoods. A parameter rel ated to the hood lossfactor isthe

coefficient of entry (c ).[30] Thisisdefined as:

o 1 d?

C. = m% (1.23)

¢, depends solely on the shape of thehood, and may be used to computek. and related parameters.
Valuesof k andc_ arelistedin Table 1.1.

Illustration: Thestatic gaugepressure, SP,, is-1.75in. w.c. Theduct transport velocity (u,) is
3,500 ft/min. Calculate thelossfactor and coefficient of entry for the hood. Assume standard
temperature and pressure.
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Solution: Firgt, calculatetheduct velocity pressure. By rearranging Equation 1.11 and substituting
foru, weobtain:

2

0y, 3500@ |
VP = = = 0.76 in. w.c.
0160 §4pl6 0.761n. w.c

Next, substitutefor VPin Equation 1.22 and solve:

-SP. -1.75
k, = @“@- 1= - @——fg-lz 1.
h VP 0.76 30

Findly, usethisvalueand Equation 1.23 to cal cul ate the coefficient of entry:

1 glz
o= Byt 088

Hood designvelocitiesarelisted in Table 1.2. Threekindsof velocitiesare shown: (1)
capture (defined in Section 2.1), (2) face, and (3) dot. Asstated in Section 1.2.1, the capture
velocity istheair velocity induced by the hood to capture contaminantsemitted at somedistance
fromthehood inlet. Thefacevelocity istheaverage vel ocity of theair passing through the hood
inlet (face). A smilar parameter isthed ot vel ocity, whichistheaverageair velocity through the
hood d ot openings, whose areasisonly afraction of the entire hood face area. Consequently,
thed ot velocity isusualy much higher thanthefacevelocity.[31]

Table1.2: Hood design Velocities[ 2]

Operation/Hood Type Velocity Type Velocity Range(ft/min)
Tanks, degreasing Capture 50-100

Drying oven Face 75-125

Spray booth Capture 100-200

Canopy hood Capture 200-500

Grinding, abrasive blasting Capture 500-2,000

Slot hood Slot 2,000

Notethat these vel ocities range from 50 to 100 ft/min (tank and degreasing hoods) to
2,000 ft/min, therecommended d ot vel ocity for dotted Sde-draft/back-draft hoods. Asareference
point, theve ocity of air inindustria operationsdueto therma mixing doneis50ft/min. Thus, hood
design velocitiesmust exceed thisvalueif effective captureisto occur.[32]
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Two other velocitiesarea so discussedin theindustria hygieneliterature, althoughthey do
not have as much bearing on hood design asthe capture, face, or dot velocities. Thesearethe
plenum velocity and thetransport velocity. Plenum vel ocity isthevel ocity of the gasstream asit
passes through the tapered portion of ahood (plenum) between the hood opening and the duct
connection. Thisplenum isatransition areabetween the hood opening and duct. Consequently,
the plenum velocity is higher than the hood face vel ocity, but lower than the duct (transport)
velocity. Thetransport vel ocity- the gasvel ocity through the duct- variesaccording to the waste
gascomposition. Itisacrucia parameter in determining theduct diameter, the static pressureloss,
and the sizes of the system fan and fan motor. (For more on transport velocity, see Section 1.3.3.)

1.3.2.2  Hood Sizing Procedure

Aswith many control devicesand auxiliaries, thereare severd approachesto sizing hoods.
Some of these approaches are quite complex, entailing aseriesof complex calculationsthat yield
correspondingly accurateresults. For instance, one hood sizing method in theliteratureinvolves
first determining thehood dimensi ons(length and width for rectangular hoods; diameter, for circular).
Thenext step isto estimate the amount of metal plate area (ft?) required to fabricate ahood of
thesedimensions, viaparametric curves. (No curvesare provided for nonmeta hoods.) Thisplate
areaisinput to an equation that includesa“ pricing factor” and the per-pound price of metal. The
cost of labor needed to fabricate thishood is estimated from equations similar to the plate-area
relationships. Finally, themetal and labor costs are summed to obtain thetotal fabricated hood
cost.[33]

Thismethod no longer yieldsreasonably accurate hood cost. Sincethelabor cost dataare
outdated—1977 vintage—which makesthem unescalatable. (Therule-of-thumb timelimit for
escalating costsisfiveyears.) Evenif the costswere up-to-date, the procedureisdifficult to use,
especidly if calculationsare made by hand.

A smpler sizing method—yet one sufficiently accuratefor study estimating purposes—
involvesdetermining asingledimension, thehood facearea(A,). Thisarea, identical tothe hood
inlet area, can be correlated against the fabricated hood cost to yield arelatively simple cost
equation with asingleindependent variable. To calculate A, thefollowing information is needed:

* Hoodtype
» Distance of the hood face from source (x)
 Capture(u,), face(u), or slot velocity (u,)

»  Sourcedimensions(for somehood types).
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Astheequationsin Table 1.1 indicate, these same parametersarethe onesthat are used to
determinethevolumetric flow rate (Q) through the hood and ductwork. With most control devices
and auxiliariesbeing sized, Q isgiven. For hoods, however, Q usualy must be calcul ated.

[llustration: A circular canopy hood is being used to capture emissions from a chromium
electroplating tank. Thehood faceis 6 feet abovethetank, an 8-foot diameter circular vessal. The
capturevelocity for thisexampleis200 ft/min. Assuming that thetank surroundingsare at standard
conditions, calculate the required volumetric flow rate drawn into the hood, the hood face area,
and the hood face vel ocity.

Solution: Obtain the canopy hood equation from Table 1.1:

Q = 14Pxu, (1.24)
where
P = peimeterof tank (ft)
x = distanceof hood abovetank (ft)
u = captureveocity (ft/min)

[}
Becausethetank iscircular, P = (8 ft) = 25.1ft.

Therefore

Q = (L4f) (6ft) ono ﬂ@ - a2000 ©
IR mind ~ """ min

For thistype of canopy hood, the hood diameter is40% greater than thetank diameter
(hence, the® 1.4” factor in Equation 1.24). Thus:

A, = @E@([M] [8])" = 985 ft’

Finally, the hood face vel ocity (u,) would be:

Q 42200 ft
uf = — = = _—

A, 985 min
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Inthisexample, notethat the hood face vel ocity ishigher than the capturevelocity. Thisis
logicdl, giventhefact that thehood inlet areaissmaler than theareathrough which thetank fumes
arebeing drawn. Thefacevel ocity for somehoodsiseven higher. For example, for dotted hoods
itisat least 1,000 ft/min.[34] Infact, onevendor sizesthe openingsin hisslotted hoods so asto
achieveadot velocity equal to theduct transport vel ocity.[35]

133 Ductwor k Design Procedure

Thedesignof ductwork canbean extremely complex undertaking. Determining the number,
placement, and dimensionsof ductwork components—straight duct, elbows, tees, dampers, etc—
can betediousand time-consuming. However, for purposesof making study-level control system
cost estimates, such involved design procedures are not necessary. I nstead, a much simpler
ductwork sizing method can be devised.

1.3.3.1  Two Ductwork Design Approaches

Therearetwo commonly used methodsfor sizing and pricing ductwork. Inthefirst, the
total weight of duct iscomputed from the number and dimensions of the several components.
Next, thisweight ismultiplied by asingle price (in $/1b) to obtain the ductwork equipment cost. To
determinethe ductwork weight, one needsto know the diameter, length, and wall thickness of
every component inthe system. Asstated above, obtaining these datacan beasignificant effort.

Thesecond method isavariation of thefirst. Inthistechnique, the ductwork components
areszed and pricedindividudly. Thestraight duct istypically priced asafunction of length, diameter,
wall thickness, and the material of construction. The elbows, tees, and other fittingsare priced
accordingtodl of thesefactors, except for length. Other variables, such astheamount and type of
insulation, also affect theprice. Becauseit providesmoredetail and precision, the second method
will beusedinthissection.

1.3.3.2  Ductwork Design Parameters

Agan, theprimary ductwork Szing varidblearelength, diameter, and wall thickness. Another
parameter istheamount of insulationrequired, if any.

Length: Thelength of ductwork needed with an air pollution control system dependson such
factorsasthe distance of the sourcefrom the control device and thenumber of directiona changes
required. Without having specific knowledge of the sourcelayout, itisimpossibleto determinethis
length accurately. It could range from 20 to 2,000 feet or more. It isbest to givethe straight duct
cost onad/ft basisand et thereader providethelength. Thislength must be part of the specifications
of theemission sourceat which theductwork isinstalled.
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Diameter: Asdiscussedin Section 1.2.2., circular duct ispreferred over rectangular, oval, or
other duct shapes. For circular ducts, the cross-sectional area, A, isgivenby:

™D,
A, = Td (1.25)
where
A, = cross-sectional areaof duct (ft?)
D = duct diameter (ft)

d

Theduct cross-sectional areaisthe quotient of thevolumetric flow rate (Q) and the duct transport
velocity (u):

Ay = (1.26)

Combining Equations1.25and 1.26 and solvingfor D :

D |:11/2
Q 0 (1.27)

AsQisusualy known, thekey variablein Equation 1.27 istheduct transport vel ocity. The
value of this variable must be chosen carefully. If the u, selected istoo low, the duct will be
oversized and, moreimportantly, thevel ocity will not be high enough to convey any particulate
matter inthewaste gasstream to the control device. However, if u, istoo high, the static pressure
drop (whichisproportional tothesquareof u,) will beexcessive, aswill bethe corresponding fan
power consumption.

Cost isa so acond deration when determining the optimum duct diameter. The equipment
cost increaseswith increasing duct diameter. However, thefan power cost changesinversaly with
diameter. Nonethel ess, for study-estimating purposes, the optimum duct diameter doesnot have
to bedetermined. Itissufficient to cal culatethe duct diameter merely by using thetransport vel ocity
vauescontained inthissection.

Thetransport velocity typicaly variesfrom 2,000 to 6,000 ft/min, depending on thewaste
gascomposition. Thelower duct velocity would be adequate for awaste gas containing gaseous
pollutantsor very fine, light dusts, whilethe higher vel ocity would be needed to convey astream
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withalarge quantity of metalsor other heavy or moist materias. Thevelocitiesgivenin Table 1.3
may be used asgeneral guidance[36]:

Table 1.3: Minimum Transport Vel ocity for Materials Conveyed

Material(s) Conveyed Minimum Transport Velocity (u ft/min)
Gases: very fine, light dusts 2,000

Fine, dry dusts and powders 3,000

Average industrial dusts 3,500

Coarse dusts 4,000-4,500

Heavy or moist dust loading >4,500

Table 1.4 supplementsthese val ueswith recommended duct vel ocitiesfor avariety of conveyed
meaterials.

Wall thickness: Thewall thickness of aduct depends on several factors—internal pressure,
diameter, material of fabrication, and other structural parameters. Nonethel ess, duct of agiven
diameter can befabricated for arange of wall thicknesses, and vice-versa. For instance, 24-in.
diameter 304 gainlesssted “fully-welded longitudina seeamduct” isfabricatedinthicknessesranging
from 22to 14 gauge (0.0313t0 0.0781 in.). Thissamerange of gaugesisused with duct diameters
ranging from3to 36in.[37]

Notethat the gauge number decreaseswithincreasingwall thickness. Thismeasure, which
istraditionally used inthe metal fabricating industries, ismore convenient to deal with thanthe
thicknessexpressedininches, asthelatter are usualy smal numberslessthan 0.25. Moreover, the
gauge number varies according to the metal used—carbon steel (galvanized or nongal vanized),
stainlesssted, or aluminum. Gaugesfor thesemetalsaregivenin Table 1.5 for awiderange of
nominal thicknesses. The gauge measureisnot used with plastic duct, asthewall thicknessis
typicaly expressedininches. Inany event, thewall thicknessusually doesnot need to beknownto
estimate duct cost, asthis parameter isalready accounted for in the cost equations. (See Section
1.4)

Insulation: Asdiscussedin Section 1.2.2., insulation can beeither installed on the outer
surface of ductwork or the ductwork itself can befabricated with built-ininsulation. Inthefirst
case, theamount of insulation required will depend on severa hesgt transfer variables, such as: the
temperature, vel ocity, composition, and other propertiesof thewaste gas, theambient temperature;
the duct diameter, wall thickness, and thermal conductivity; and the desired surface (“skin”)
temperature. Determining these variablesinvol ves making aseries of complex cal culationsthat,
while well-established, are beyond the scope of this chapter. Standard references as Perry’s
Chemical Engineers Handbook and Plant Design and Economicsfor Chemical Engineerspresent
these cal culations, asdo heat transfer bibliographies.[ 38, 39]
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Table1.4: Minimum Duct Vel ocitiesfor Selected Materia g 2]

Material Minimum Transport Velocity (ft/min)
Aluminum dust (coarse) 4,000

Brass turnings 4,000
Castiron boring dust 4,000

Clay dust 3,500

Coal dust (powdered) 4,000

Cocoa dust 3,000

Flour dust 3,000 - 5,000*
grain dust 2,500 - 3,000
Lead dust 4,000
Limestone dust 3,500
Magnesium dust (coarse) 3,000

Metal turnings 4,000-5,000
Plastics dust (buffing) 3,000

Rubber dust 2,500 (fine) - 4,000 (coarse)
Silica dust 3,500 - 4,500
Soap dust 3,000
Soapstone dust 3,000

Spray paint 2,000

Starch dust 3,000

Stone dust 3,500
Tobacco dust 3,500

! Transport velocity varies with foundry operation.

The second approach isto select pre-insulated ductwork. Asmentioned previoudly, it can
be equipped with any type and thickness of insulation. However, 1, 2, or 3inchesistypical.
(Pricesfor theseare presentedin Section 1.4.)

1.3.33 Ductwork Pressure Drop

As mentioned in Section 1.3.1, ventilation system energy losses due to friction are
traditionally computed asfractionsof thevelocity pressure, VP. Inmost cases, Equation 1.12 can
be used to estimate theselosses. Technically, though, these equations apply only to thoseregions
intheventilation systemwherethere are no changesinthevelocity pressure(i.e., wheretheduct
diameter iscongtant). Theseregionswouldincludestraight duct, hoods, and suchfittingsascouplings
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Table1.5: Wall Thicknessof Steel and Aluminum Duct [40]

Nominal Thickness (inches)

Gauge Number Carbon Steel Stainless Steel Aluminum
Galv! Nongalv? (304 or 316) 3003-H143
28 0.0187 0.0149 0.0156 0.025
26 0.0217 0.0179 0.0188 0.032
24 0.0276 0.0239 0.0250 0.040
22 0.0336 0.0299 0.0313 0.050
20 0.0396 0.0359 0.0375 0.063
18 0.0516 0.0478 0.0500 0.080
16 0.0635 0.0598 0.0625 0.090
14 0.0785 0.0747 0.0781 -
12 0.1084 0.1046 0.1094 -
10 0.1382 0.1345 0.1406 -

! To provide equivalent strength and stiffness, the nominal thickness of aluminum is approximately
150% of the nominal thickness of galvanized carbon steel of the same gauge.

2 Galvanized and paintable galvanized carbon steel.

% Nongalvanized carbon steel.

and smpledbows. But, with tees, wyes, and other divided flow fittings, the vel ocity—and vel ocity
pressure—are not constant between thefitting inlet and outlet. The corresponding friction loss

(F,) isafunctionof boththeupstream (inlet) and branch VPs, asthefollowing equationindicates:[40]

F, = VP, (k,- 1) + VP, (1.28)
where
VP, VP, = upstream and branch vel ocity pressures, respectively (in. w.c.)
k =branchlosscoefficient

b

However, divided flow fittingsgenerdly arenot used with smplepollution control ventilation
systems, except in those cases where ateefitting might be needed, say, for purposes of adding
dilutionair.

Asany fluid mechanicstextbook would attest, thefrictionlossfor ductwork isacomplex
function of several variables. duct diameter and length, transport vel ocity, and gasviscosity and
density. Specifically, the Darcy-Weisbach and Colebrook Equationsaretypically used to make

! Divided flow fittings are needed with more complex control systems that collect waste gases from several emission
points. The design of such ventilation systems is beyond the scope of this section, however.
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thiscalculation, thelatter being used to computethe Reynoldsnumber.[41] Traditiondly, thefriction
loss has been obtained from a nomograph or, more recently computer programs. A typical
nomographisfoundinBurton.[42] Also, to s mplify the cal cul ation, empirica equationshavebeen
derivedfor certainkindsof commercialy-availableductwork. For instance, to estimatethefriction
lossper 100ft (F,/100ft) at standard conditionsfor round, spiral, galvanized ductwork having 10
jointsper 100 ft, usethefollowing equation:[43]

(1.29)

where
D, =duct diameter (ft), and: 0.25<D <5

Clearly, thisequation providesthetotal frictionloss, not thelossfactor (k). However, the
reader may computek for agiven diameter (D) and flow rate(Q) by smply dividing the Equation
1.29 resultsby VP and multiplying by 100.

Toestimatethefrictionlossfor other duct materias, multiply thevaluefrom Equation 1.29
by aroughnesscorrection factor, approximate valuesof which are:;[44]

Table 1.6: Roughness Correction Factorsfor Various Duct Materials

Material Roughness Correction Factor
Non-spiral-wound galvanized 0.9
Fiberglass (smooth finish) 0.8
ABS and PVC plastic 0.8
Concrete 14
Corrugated flex duct 2.3

Lossfactorsfor fittings have a so been compiled, based on experimental data. Mainly of
interest arethosefor 90° elbows, arguably the most commonly used fittinginair pollution control
systems. The“ky," valuesfor elbowsvary according to the diameter and radius of curvature,

which isexpressed asamultiple of the elbow diameter. Typical ranges of thesevaluesareas
follows[45]
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Table1.7: Typical Rangesof Friction LossFactor (k)

Radius of Curvature Friction Loss Factor (k,,)
0.50 0.80

1.00 0.35

1.25 0.30-0.55

1.50 0.27-0.39

2.00 0.24-0.27

2.50 0.22-0.24

Asthesevauesindicate, the higher theradiusof curvature, thelower thefrictionloss. This
standsto reason, asthe higher theradiusof curvature, themore gradually the gas stream changes
direction. For an elbow having of anglelessthan 90°, multiply theabovek,, vaueby an adjustment

factor (0/90), so that:
0
ke = %@go (1.30)

where
kH: lossfactor for > 90°

[llustration: A control deviceat acosmetic factory isconnected to asource by 250 feet of round
gpira duct. Theduct runincludesthree 90° e bows and two 45°elbows, each with a1.50 radius of
curvature. Thevolumetric flow rate (Q) of thewaste gas (which contains entrained face powder)
is15,000 ft¥min at standard conditions. Calcul atethefriction lossfor the ductwork.

Solution: Because the material being conveyed in the ductwork (face powder) islight, an
appropriate transport velocity (u) in this case is 2,000 ft/min. (See Table 1.4 above.) Upon
substituting thisvalue and the volumetric flow rateinto Equation 1.27 we obtain the duct diameter

(D):
D, = 1128 S’OOO@M = 309 ft
d - 2,000 o

Next, substitute the diameter and vel ocity into Equation 1.29 to compute the straight duct
friction (static pressure) loss, F

F o= om@ L gig @2’000@” @250@ = 0313in. w.c
¢ - 3.09 1,000 000~ ™ S




The 250/100 factor in thisexpression adjuststhefrictionlossfrom 100 feet (the basis of
equation 10.29) to 250 feet (thelength of theduct systeminthisillustration). Therest of thefriction
loss occursthrough the five elbows (three 90°, two 45°), each with a1.50 radius of curvature.
Theselosses (F,) arecomputed viaEquation 1.12:

F, = kP (1.31)

C
where

VP (2,000/4,016)? (Equation 1.11, rearranged)

0.248in. w.c.

For the 90° elbows, k , =k, = 0.33 (average of tablerange), and:
F.=3x0.33(0.248) =0.246 in. w.c.
For the 45° elbows, Kk = (45/90)k,, = 0.165 (Equation 1.30), and:

F.=2X 0.165(0.248) = 0.0818in. w.c.
Thetotd frictionlossis, therefore:

F =0.313 + 0.246 + 0.0818 = 0.641 in. w.C.

From thisillustration, two observationsmay bemade: (1) thestatic pressurelossthrough
thestraight duct isnot large, even at thislength (250 ft.) and (2) thelossesthrough the elbows—
whichtotal 0.328in. w.c.—arelarger than the straight duct |oss. Though it may betempting to
neglect fittingslossesfor the sake of expediency, doing so can causeasignificant underestimation
of theventilation system Static pressureloss.

1.34 Stack Design Procedures

Aswith ductwork, the design of stacksinvolvesanumber of stream, structural, and site-
specific parameters,[46,47] Theseinclude:

Wastegasvariables: inlet volumetric flow rate, temperature, and composition;

Site-specificdata: elevation above sealevel, ambient temperaturefluctuations, topographic and
selsmic data, meteorological records, and building elevationsand layout;
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Structural parameters. thicknessof stack wall and liner, location of breaching opening, type of
supports, load capacity of foundation, modulusof resistance, and natural vibration frequency.

Fortunately, for study cost-estimating purposes, theonly two stack design parametersthat
need to be determined are: (1) the stack diameter and (2) the stack height. The other variables
(e.g., wall thickness) areincorporated into the equipment cost correlations. Thestack diameter is
relatively easy to determine, asit depends primarily on waste stream conditions. The stack height
ismoredifficultto arriveat, asitisinfluenced by several site-specific variables. Nonethel ess,
ample guidance has been devel oped to allow the estimator to determine an acceptably accurate
stack height.

1.34.1  Cdculating Stack Diameter

Because most stacks have circular cross-sections, the stack diameter (D, ft) can be
caculated viathe duct diameter formula(Equation 1.27):

) [ QC Dl/z
D, = 1128 [ 4 (1.32)
where
u, = dtack exit velocity (ft/min)
Q. = exit volumetric flow rate (actud ft3/min)

It should be noted that the stack diameter in thisformulais measured at the stack exit, not
at the entrance. That isbecause, for structural reasons, the diameter at the bottom of the stack
typicaly islarger than thetop diameter. Also notethat the stack exit vel ocity doesnot necessarily
equal theduct transport velocity. Finaly, Q_may bedifferent fromthevolumetric flow rateusedto
szetheductwork. Becausethe stack alwaysfollowsthe control device, theflow rate entering the
devicemay not equal theflow rate entering the stack, either in standard or actud ft3 /minterms.
For instance, in athermal incinerator, the outlet standard waste gasflow rateisalmost always
higher thantheinlet flow rate dueto the addition of supplementa fuel.

Thestack exit velocity, u,, affectsthe plumeheight, the distancethat the plumerisesabove
thetop of the stack onceit exits. In awell-designed stack, u_ should be 1.5 timesthewind speed.

Typically, design exit vel ocities of 3,000to 4,000 ft/min areadequate.[48] Thisrange corresponds
towind speeds of 34to 45 mi/hr.

1-36



1.34.2  Cdculating Stack Height

Estimating the stack height ismoredifficult than cal culating the stack exit diameter. The
stack height depends on severa variables. the height of the source; the stack exit velocity; the
stack and ambient temperatures; the height, shape, and arrangement of the nearby structuresand
terrain; and the composition of the stack outlet gas. Someof thesevariablesare straightforward to
determine, while others (such asthe dimensionsand layout of nearby structures) aredifficult to
determinewithout performing on-sitemodeling and monitoring studies.

The stack design height hastwo components: the height of the stack itself (H ) and the

pl umeriseheight (Hpr) . Together these componentscomprisetheeffectivestack height (H ). That
is

He= Hs+Hpr (133)

However, the cost of the stack isafunction of H_alone. (See Section 1.4.) Asdiscussed
above, theplumeriseisafunction of the stack exit velocity. It also depends on thetemperature
differentia between the stack gasand theambient air. Specifically, a1°F temperature difference
correspondsto approximately a2.5-ft. increasein Hpr.[49]

For those sources subject to State |mplementation Plans (S| Ps), the stack height (H)
should be determined according to “ good engineering practice’ (GEP). GEPisdefined as“the
hel ght necessary to insurethat emissionsfrom the stack do not result in excessi ve concentrations of
any air pollutant intheimmediate vicinity of the source asaresult of atmospheric downwash,
eddies, or wakeswhich may be created by the sourceitself, nearby structures, or nearby terrain
obstacles.”[50] In thisrespect, GEP establishesthe maximum allowable stack height credit for
purposesof calculatingtheambient air quality impact of theemitting source. A sourcemay builda
stack to any height, but only a certain amount of stack height will be allowed in determining
environmentd impacts[51]

For stacks constructed after January 12, 1979, the GEP stack height shall bethe greater
of: (1) 65 meters(213ft); (2) the height demonstrated by an approved fluid model or field study
that ensuresthat stack emissionsdo not cause excessive pol lutant concentrationsfrom atmaospheric
downwash, wakes, eddy effects., etc; or (3) the height determined by thefollowing equation:[52]

H, = H, + 15L (1.34)

S
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H, = GEP stack height, measured from theground level elevation at the stack
base (ft)

H, = height of nearby structure(s) measured fromthisground leve devation(ft)

L = lesser dimension (height or projected width of nearby structure(s))

1.34.3  Cdculating Stack Draft

Asdiscussed previoudly, waste gas flowing through hoods and ductwork loses static
pressure duetofriction. Inthe case of stacks, however, the gas stream can actually gain static
pressure, asaresult of stack draft, whichisthedraft created by the stack gas-ambient air temperature
differential. Stack draft (SP,, in. w.c.) can be calculated asfollows:™

01 0
SP, = 0034 (Hy - Hy)p x D - =L (1.39)
s ( * b ) P |]Tamb Tsa 0
where
H, = heghtof stack breaching (inlet duct connection) above stack base (ft)
P = barometric pressure(in. w.c.)
Ton = ambient temperature (°R)
—_ (o]

T_ = averagestack gastemperature (°R)

[llustration: Thewastegasfromathermal incinerator hasan outlet flow rate and temperature of
21,700 actud ft3/min. and 550°F, respectively. The maximumwind speed inthevicinity is42 mi/hr,
whilethestack exit and ambient temperaturesare 450°F and 70°F, inturn. The barometric pressure
islatm. (29.92in. Hg). Theincinerator isnear a35-ft tall brick building, whilethe* projected
width” of an adjacent building is40ft. For astack to dispersetheincinerator offgas, calculatethe
required: (1) exit velocity, (2) diameter, (3) height, and (4) draft.

Solution:

Exit velocity: Accordingtotheaboveguideline, theve ocity should be 1.5timesthewind speed, or:

= 15 x 42 mph x 88 P = 5540
0, = 1L 0 noh = 5540 i (1.36)
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Stack diameter: Theexit volumetricflow rateismeasured at the stack exit temperature, namely
450°F. However, the aboveflow rate was measured at 550°F, theincinerator outlet temperature.
Correcting to the stack exit temperature, we obtain:

21,700 x (450 + 460) actual ft°
_ = 19600 MALR .
Q (550 + 460) min (1.37)

Subdtituting thisvalueinto Equation 1.32:
D, = 1128 9’600@“2 = 212 ft
s 5540 0

Stack height: Asafirst approximation, estimate the GEP stack height from Equation 1.33,
wherethevariablesH, and L are 35 ft and 40ft, respectively:

H, =35+ 1.5(40) = 95 ft.
Clearly, thisH_ islessthan the GEP maximum height (213ft), soit will beusedinthisexample.

Stack draft: All of theinputs needed to compute the stack draft viaEquation 1.35 are known
except the stack breaching height, H, .. However, aminimum of 5 ftisrecommended for this
parameter.[54] Thisvaluewill beusedinthiscalculation. Also, theaverage stack temperatureis.

T —M— 960°R 1.38
2+ 460 (1.38)

Finaly, the barometric pressure expressed ininchesof water is:

- 29921in Hg x O WA in w.c
p = 29.92in. Hg PR W, (1.39)

Upon subgtitution, weobtain:

S, = (0034) (118 - 5) (407) g =0 - oo

S

= 132 in. w.C.
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1.4 Estimating Total Capital Investment

Thissection presentstheinformation needed for estimating thetotal capital investment
(TCI) for hoods, ductwork, and stacks. The TCI includesthe equipment cost (EC) for the hood,
ductwork, or stack; taxes, freight charges; instrumentation (if gpplicable); and direct and ingtdlation
costs. All costsare presented in second quarter 1993 dollars, and areof “ study” estimate accuracy
( 30 percent).2 Moreover, the costsarefor new facility installations; no retrofit costsareincluded.

Theequipment costsare presented in Section 1.4.1, whiletheinstallation costsare shown
in Section 1.4.2. In each of these sections, the three categories of equipment are covered in
Separate subsections.

141 Equipment Costs

Severd vendors provided costs(prices) for each of thethree equipment categories. Their
responsesreflected arange of sizes, designs, and materialsof construction. These priceshave
been correl ated against some easy-to-determine design (sizing) parameter vialeast-squares
regression analysis. Each of these correl ationspertainsto acertain type of equipment (e.g., circular
canopy hoods) within aspecified sizerange of the parameter in question (e.g., 2to 200 ft?inlet
area). For that reason, acost correl ation should not be extrapol ated outside the parameter range

specified.

Some of the pricesthe vendors provided pertainto stock (“off-the-shelf”) items, while
other costsarefor custom-fabricated equipment. Vendorstend to specializein either stock or
custom items. Most hoods and stacks are custom-made, either fabricated in the vendor’ sfactory
or erected on-gte. Conversely, ductwork componentsusudly are stock items, though larger pieces
haveto be custom-made. (Of course, thereare exceptionstothis.) Finaly, al pricesgiveninthe
following section are* free-on-board (F.O.B.) vendor,” meaning that they include neither freight
nor taxes.

1411 Hood Costs

Inal, four vendors provided pricesfor hoods.[55] These prices covered thefollowing
typesof hoods:

*  Canopy—circular

»  Canopy—rectangular

2 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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*  Pudhpull
e Side-draft

» Back-draft (dotted)

Descriptionsand design proceduresfor thesehoodsaregivenin Sections1.2.1and 1.3.2,
respectively. Asexplainedin Section 1.3.2, hood costs have been found to correlatewell withthe
hoodinlet or facearea (A, ft2). Furthermore, thefunctional form that best fitsthe cost-face area
correlation (equation) isthe* power function,” or:

C, = aA,’ (1.40)

C = hood cost ($)
ab = equation regression parameters

Theva uesof the equation parametersvary according to hood type and material of
construction. These parametersareshownin Table 1.8.

[lugtration: What would bethe cost of thed ectroplating tank canopy hood szed for theillustration
in Section 1.2.2. Assumethat the hood isfabricated of FRP.

Solution: Recall that theface area(A,) calculated for that hood was 98.5 ft*. Becausethisisa
circular canopy hood, the equation parametersfrom Table 1.8 are: a=123andb=0.575. (Note
that thishood areafallswithin the equation range of 2 to 200 ft2.) Substituting these parameters
into Equation 1.40, weobtain:

C, = 123(98.5)°>" = $1,720.
1412 Ductwork Costs

Severd vendors provided ductwork prices, a'sofor arangeof sizes, materias, and designs.
These pricescovered thefollowing equipment items:

Straight ductwork:
Circular
— Stedl sheet (galvanized carbon, w/ & w/oinsulation; 304 stainless;)
— Steel plate (coated carbon; 304 stainless)
— Plastic (FRP; PVC)
Square
— Sted (aluminized carbon; w/ & w/oinsulation)
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Table 1.8: Parametersfor Hood Cost Equation[55]

Type of Hood Fabrication Equation Parameter Equation Range
Material a b (A, ft?)
Canopy-circular FRP? 128 0.577 2-200
Canopy-rectangular FRP 306 0.506 2-200
Push-pull FRP 620 0.321 2-200
Side-draft FRP 497 0.336 2-200
Backdraft (slotted) PVC? 307 1.43 0.6-2.0°
Backdraft (slotted) pPvC* 797 0.504 1.1-2.1
Backdraft (slotted) pPps 653 0.717 1.1-2.1
Backdraft (slotted) FRP 956 0.519 1.1-2.1
Backdraft (slotted) Galvanized 688 0.687 0.5-1.3
steel

! Fiberglass-reinforced plastic

2 Polyvinyl chloride

2 For each slotted hood, iequation rangei denotes the range
in the area of the slot openings, which is much less than the
total hood face area

4 Each hood is equipped with manual slot dampers and four
rows of slots

5 Polypropylene

Elbows (90°):
Stedl (galvanized carbon, w/ & w/oinsulation; 304 stainless)
Pastic (FRP;, PVC)
Dampers
Butterfly
— Steel (galvanized carbon, w/ & w/oinsulation)
— Plastic (FRP; PVC, w/ & w/o actuators)
Louvered
— Steel (aluminized carbonw/ & w/o actuators)
Blast gate
— Stedl (carbon)
- PVC
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These priceswereregressed against the diameter of the equipment item (straight duct,
elbow, or damper). Theregression correlationswere of threeforms: power function (primarily),
exponential, and linear. Equation 1.40 depictsthe power function, whilethe other formsare:

(Exponential) C, = ae”™ (1.41)
(Linear) C.=a+ bD (1.42)
where
C = cost of equipment iteminquestion
ab  =regressonparameters
D = equipment diameter

Theregression parametersarelistedin Tables1.9t0 1.11, along with the size gpplicability
rangesfor therespectivecorrelations. (Note: The correlations should not be extrapol ated outside
theseranges.) Thefollowing paragraphs contain additional information about the price dataand
thecorrelations:

Straight duct: Asindicated above, vendorsprovided pricesfor steel plate, steel sheet (spiral-
wound and longitudinal seam), and plastic straight duct. The mgor difference between thetwo
stedl duct typesliesinthewall thickness. Stedl plate duct typicaly haswall thicknessesof 3/16in.
to 1/2in., while steel sheet duct wall thicknessesusually rangefrom 28 gaugeto 10 gauge. As
Table1.5 shows, thisrange correspondstowal |l thicknessesof 0.0149in. t0 0.1406in., respectively,
although the exact thicknesseswill vary with thetype of steel used (e.g., carbon vs. stainless).
Also, asdiscussed in Section 1.3.3.2, each duct diameter can befabricated with arange of wall
thicknesses.

Mogt of the stedl duct vendorssupplied pricesfor aminimum and amaximumwall thicknessfor a
givendiameter. However, to smplify mattersfor cost estimators, these“low” and“high” pricesfirst
wereaveraged, and then the average priceswereregressed against thediameters. Thisaveraging
was hecessary, becausethose making sudy cost estimatesusudly do not have enough information
availableto predict duct wall thicknesses.

Pricesfor both circular and squareinsul ated sted sheet duct wereamong the datareceived.
Theinsulated circular sedl duct is“double-wall, spird-wound” incongtruction, whereintheinsulation
isingtaled between theinner and outer walls. Costswere provided for both 1-in. and 3-in. fiberglass
insulation thicknesses. For the square duct, pricesweregivenfor a4-in. thicknessof minera wool
insulation applied to theouter surface of the duct. The correlation parametersin Table 1.9 reflect
these specifications.



Pricesfor both carbon steel (galvanized, painted, or aluminized) and 304 stainlessstedl
duct wererecelved. Thecarbon sted duct isusedinsituationswhere“mild” sted issuitable, while
thestainlesssted duct isrequired whenever the gasstream containshigh concentrationsof corrosive
substances.

Vendorsgave pricesfor plastic (FRPand PV C) duct also (Table 1.11). However, for a
givendiameter thisduct isfabricated inasinglewall thickness, which variesfrom approximately
1/8in.to 1/4in. Consequently, the estimator isnot required to select awall thicknesswhen costing
plastic duct.

Elbows. Pricesfor steel sheet and plastic 90° e bowswere also submitted. The stedl sheet elbows
were" gored” (sectioned) elbowsfabricated from five pieces of sheet metal welded together. Like

Dampers. Priceswere obtained for threetypesof dampers. butterfly, louvered, and blast gates.
The galvanized carbon steel butterfly damperswere priced with and without 1-in. fiberglass
insulation, while pricesfor the aluminized carbon steel louvered damperswere based on either
manual or automatic control (viaelectric actuators). Smilarly, the PV C butterfly damperswere
manual or equipped with pneumatic actuators. Both the carbon steel and the PV C blast gates
weremanual. Correlation parametersfor the steel and plastic dampersare shownin Tables1.10
and1.11,inturn.

Illustration: A fabricfilter handling 16,500 ft3/min of 200°F waste gasladen with noncorrosive
cocoadust islocated 95 ft acrossfrom and 20 ft above, the emission source (adrying oven).
Straight duct with four 90° elbows (all fabricated from spiral-wound, gal vanized carbon steel
sheet) and abutterfly damper (also galvanized CS) will berequired to convey thegasfromthe
sourceto the control device. Assumethat the ductwork contains 1-in. thick insulation to prevent
condensation. Estimate the cost of theseitems.

Solution: First, determinethediameter of the straight duct, elbows, and damper. From Table 1.4,
the minimum transport velocity (u) for cocoadust is 3,000 ft/min. Substituting thisvalueand the
gasvolumetric flow rateinto Equation 2.27, weobtain:

D, = 1128 6’500@“2 = 265ft = 317in
d - 3,000 " ST

Next, obtain the costs of the ductwork itemsasfollows;

Straight ductwork: From Table 1.9, select the equation parametersfor galvanized circular spira-
wound duct (1-in. insulation) and substitute them and the diameter into the appropriate equation
type (power function, Equation 1.40).



Table 1.9: Parametersfor Straight Steel Ductwork Cost Equations[56]

Duct Type Material Instulation Equation Equation Equation
Thickness Type Parameter Range (D, in.)
a b

Circular-spiral* Sheet-gal CS? None Power 0.322 1.22 3-84
Function

Circular-spiral Sheet-304 SS® None Power 1.56 1.00 3-84
Function

Circular-spiral Sheet-galvCS 1 Power 1.55 0.936 3-82
Function

Circular-spiral Sheet-galv CS 3 Power 2.56 0.937 3-82
Function

Circular-longitudinal* Sheet-galv CS  None Power 2.03 0.784 6-84
Function

Circular-longitudinal Sheet-304 SS  None Power 2.98 0.930 6-84
Function

Circular-longitudinal Plate-coat CS® None Power 2.49 1.15 6-84
Function

Circular-longitudinal Plate-304 SS®  None Power 6.29 1.23 6-84
Function

Square Sheet-alum CS’ None Linear 0.254 221 18-48

Square Sheet-alum CS 4 Linear 21.1 5.81 18-48

Spiral-wound and welded circular duct
Galvanized carbon steel sheet

Circular duct welded along the longitudinal seam
Carbon steel plate with one coat of ishop painti

1
2
3 304 stainless steel sheet
4
5

6 304 stainless steel plate

7 Aluminized carbon steel sheet

However, atotal of 115ft (95 + 20) of duct isrequired, so:

Straight duct cost =

ft

394
5394 x 115ft = $4531

Elbows. From Table 1.10 correlation parametersfor gal vanized carbon sted, insul ated elbows
are53.4 (a) and 0.0633 (b). However, theregression correlation formisexponentia (Equation

1.41). Thus:

Elbow cest ($)

= 53§ 0063 @LY) -

For four elbows, thecost is; $397 x 4 = $1,588.
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Table 1.10: Parametersfor Plastic Ductwork Cost Equations56]

Ductwork Material Equation Equation Equation
Type Parameter Range (D, in.)
a b
Elbows!? Galv CS? Exponential 30.4 0.0594 6-84
Elbows 304 SS Exponential 742  0.0668 6-60
Elbows-insulated® GalvCSs Exponential 534  0.0633 3-78
Elbows-butterfly* GalvCSs Exponential 23.0 0.0567 4-40
Dampers-
butterfly/insulated® GalvCSs Exponential 455  0.0597 4-40
Dampers-louvered® Alum CS? Power 784 0.860 18-48
Function
Dampers-louvered Alum CS Power 208. 0.791 18-48
w/ actuators® Function
Dampers blast gates Carbon Steel  Power 172 0825 3-18

Single-wall igoredi 90° elbows, uninsulated

Galvanized carbon steel sheet

Double-wall igoredi 90° elbows with 1-inch fiberglass insulation

Single-wall iopposed bladei type manual butterfly dampers

Double-wall iopposed bladei butterfly dampers with 1-inch fiberglass insulation
Louvered dampers with 95-98% sealing

iAluminizedt carbon steel sheet

Louvered dampers with electric actuators (automatic controls)

©® N e o bW N

Damper: Alsofrom Table 1.10, select the correlation parametersfor gal vanized carbon steel
“dampers-butterfly/insulated” and subgtituteinto Equation 1.41:

Damper cest ($) = 455 %7 () = $302
After summing the abovethree costs, we obtain:

Total ductwork cost = $6,421 w$6,420

1413 Stack Costs

Pricesfor steel and PV C short stackswere obtained from four vendors.[57] The steel
stack costswerefor those fabricated from carbon and 304 stainless steel s, both plate and sheet
metal. Aswith ductwork, the difference between steel sheet and plateliesin thethickness. For
these stacks, the sheet stedl thicknessranged from 18to 16 gauge (0.05t0 0.06 in., approximately).
Steel platethicknesseswere considerably higher: 0.25t00.75in, afact that makesthem more
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resistant towind and other | oadingsthan stacksfabricated of steel sheet. Thisisespeciadly truefor
taller stacks. Themajor drawback isthat plate stedl stacksare more costly than those fabricated
from stedl sheet.

Another featurethat increases costsisinsulation. Asthe correlation parameters show
(Table1.12), insulated stacks cost asmuch asthreetimes more per foot than uninsulated. With or
without insulation, atypical short (15-ft) steel stack consistsof thefollowing components:[58]

e Longitudina seam duct (12-ft section)

*  Reducer fitting (3-ft)

e Drippan

»  Support plate (1/4-in, welded to stack)

* Rectangular tap (for connecting to fan discharge)

* Ring(for attaching guy wires)

Table1.11: Parametersfor Plastic Ductwork Cost Equationg 56]

Duct Type Material Equation Equation Equation
Type Parameter Range (D, in.)
a b
Straight duct PvCt Power 0.547 1.37 6-48
Function
Straight duct FRP? Exponential 11.8  0.0542 4-60
Elbows-90° PVvC Power 302 149 6-48
Function
Elbows-90° FRP Exponential 349 0.0841 4-36
Dampers-butterfly PVC Power 106  1.25 4-48
Function
Dampers-butterfly FRP Power 359 0.708 4-36
Function
Dampers-butterfly
w/ actuators® PVC Exponential 299. 0.0439 4-48
Dampers-blast gate PVvC Power 814 1.10 4-48
Function

* Polyvinyl chloride

2 Fiberglass-reinforced plastic

3 Butterfly dampers with pneumatic actuators (automatic controls). all other
dampers listed in this table are manually controlled.
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Taller stacksmay require additional components, such asladdersand platforms, guy wires
or other supports, and aircraft warning lights. (See Section 1.2.3.) Table 1.12 liststhe parameters
and applicableranges of the stack cost correlations. The correlations cover short PV C stacks,
and taller stacks fabricated from plate steel (carbon and 304 stainless types) and sheet steel
(insulated and uninsul ated). Except for three double-wall sheet steel designs, these stacksare of
single-wall construction. Notethat all of the correlationsare power functions. Also notethat the
equations apply to variousranges of stack height. Inall but one of these equationsthecostis
expressedin $/ft of stack height. The exceptionisthe cost equation for insulated carbon steel sheet
stacksof heightsranging from 30to 75 feet. Inthisequationthe costisexpressedin $.

Thislast cost equationisdifferent inanother respect. Theother six equationsin Table 1.12
correlatestack cost ($/ft) with stack diameter (D, in.). However, this seventh equation correlates
stack cost with stack surfacearea (S, ft?), avariablethat incorporates both the stack diameter and
thestack height (H_..). Thesurface areais cal culated viathefoll owing equetion:

S, = @%@DSHS (1.43)

Table 1.12: Parametersfor Stack Cost Equations[54]

Material Equation Parameters! Equation Range

a b D_(in)? Hs (ft)®
pvC* 0.393 1.61 12-36 <10
Plat-coated CS?® 3.74 1.16 6-84 20-100
Plate-304 SS® 12.0 1.20 6-84 20-100
Sheet-galv CS’” 241 1.15 8-36 <75
Sheet-304 SS*® 4.90 1.18 8-36 <75
Sheet-insul CS/DW? 143. 0.402 18-48 <15
Sheet-uninsul CS/DW* 10.0 1.03 18-48 <15
Sheet-insul CS/DW® 142 0.794 24-48 30-75

1 All cost equations are power functions. (See Equation 1.40) Except where noted, costs

are expressed in terms of $/ft of stack height.

Stack diameter range to which each equation applies.

Stack height range to which each equation applies.

Polyvinyl chloride

Carbon steel plate with one coat of ishop paint.t

304 stainless steel plate

Galvanized carbon steel sheet

304 stainless steel sheet

Aluminized carbon steel sheet covered with 4 inches of fiberglass insulation (double-wall

construction).

10 Uninsulated aluminized carbon steel sheet (double-wall construction).

11 Costs for these stacks are expressed in $, and are correlated with the stack surface
area. (S, ft?).

© © N o o A W N
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where

1/12 = stack diameter (D) conversion factor
[llustration: Estimatethecost of thestack sized in Section 1.3.4.3.

Solution: Recall that the stack dimensionswere: H =95ftand D_=2.12ft=25.4in. Both
dimensionsfdl withintherangesof the cost correlaionsfor sted plate stacks. Becausethe previous
illustration did not indicate whether the waste gaswas corrosive, wewill estimate the pricesfor
both carbon steel and 304 stainlesssted plate stacks.

Upon substituting the equation parameters and stack dimensionsinto Equation 1.40, we obtain:

0$Q
Price (carbon steel) = 3.74 (25.4)"* H%H x 95ft = $15100

s o
Price (304 stainless) = 12.0 (25.4)"%° H%H x 95ft = $55,300

Noticethat the price of the stainlesssted stack isnearly four timesthat of the carbon stee!
stack. Inview of thisdifference, the estimator needsto obtain moreinformation on thewastegas
stream properties, so that he/she can select the most suitable stack fabrication materia. Clearly, it
would beapoor use of fundstoinstall astainlesssteel stack where oneisnot needed.

1.4.2 Taxes, Freight, and I nstrumentation Costs

Taxes(sales, etc.) and freight charges apply to hoods, ductwork, and stacks, asthey doto
the control devicesthat theseauxiliariessupport. Asdiscussed in Section 1, Chapter 2, these costs
vary, respectively, according to thelocation of the ventilation system and the site'sdistancefrom
thevendor. Typical valuesare 3% (taxes) and 5% (freight) of thetotal equipment cost.

Unlikethecontrol devices, ventilation sysemsgenerdly arenot insrumented. Theexception
would be an electric or pneumatic actuator for abutterfly or louvered damper. In such acase,
however, the cost of theinstrument (actuator and auxiliaries) would beincluded in the damper
price. Thus, no supplementary instrumentation cost isincluded.
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14.3 Pur chased Equipment Cost

With ventilation systems, the purchased equipment cost (PEC)) isthesum of the equipment,
taxes, and freight costs. Incorporating thetypical vaueslisted in Section 1.4.2, weobtain:

PEC, = EC, + 003EC, + 005EC,= 108 (EC,) (1.44)

where
EC, =total cost of hood(s), ductwork, and stack(s)

144 Installation Costs

Whenmaking acost estimatefor anair pollution control system according to the procedure
inthisManual, theestimator first determinesthe cost of the control device, then estimatesthe costs
of such auxiliariesasthe hood, ductwork, stack, fan and motor, and other items. To theseitemshe/
sheaddsthe costs of instrumentation, taxes, and freight, to obtain the PEC. Finaly, the estimator
multipliesthe PEC by theinstallation factor appropriateto the control device (e.g., 2.20for gas
absorbers) to obtain thetotal capital investment. Inthese cases, theinstallation factor incorporates
all direct andindirect costsneeded toinstall and start up the control system equipment, including,
of course, the hood, ductwork, and stack.

For thisreason, it usualy isunnecessary to estimate theinstallation cost of theventilation
system separately. However, there may be occasionswhere ahood, astack, or ductwork hasto
beingtalled done, ether asreplacement equipment or to augment theexisting ventilation system. In
thoseinstances, the estimator may want to estimatethe cost of ingtalling thisitem.

Asmight beimagined, theseingtalation costsvary considerably, according to geographic
location, sizeand layout of thefacility, equipment design, and sundry other variables. Nonethel ess,
some of thevendors (and apeer reviewer[59]) provided factorsfor hoodsand ductwork, which,
when multiplied by their respective purchased equipment costs, will yield gpproximateinstalation
costs. Theseare:

* Hoods: 50to 100%
e Ductwork: 25to50%

If one or both of these factorsis used, the total capital investment (TCI) of the hood and/or
ductwork would be;

TCI = (1+ IF,y) x PEC,, (1.45)
where
IFy = ingtallation factor for hood(h)/ductwork(d)
PEC, .= purchased equipment cost of hood (h)/ductwork (d)
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1.5 Estimating Total Annual Cost
151 Direct Annual Costs

Ventilation systemsincur few, if any, direct annua cogts, asthey function to support control
devices. Thereare no costsfor operating or supervisory labor, operating materials, or waste
treatment/disposal allocated to ventilation systems. Maintenance costswould also beminimal,
except for such minor expensesaspainting, insulation repair, or calibration of automatic damper
controls. Theonly utilities cost would be theincremental electricity needed for thewaste gas
stream to overcome the static pressure lossin the hood, ducting, and stack.® Theincremental

electricity cost (C_, $/yr) can becalculated asfollows:

chFde

C, = (1.175 x 10™) 5

o

(1.46)

where

P, = electricity price ($/kwh)

Q = waste gasflow rate (actud ft3/min)

F = static pressuredrop through ventilation system (in. w.c.)
0 operating factor (hr/yr)

€ = combined fan-motor efficiency

[lustration: Inthe cosmetic factory ventilation system, what would bethe cost of the e ectricity
consumed by thefan needed to convey the gasthrough the ductwork? Assumean electricity price
of $0.075/kwh, acombined fan-motor efficiency of 0.6, and an 8,000-hr/yr operating factor.

Solution: Recall that the pressuredrop and gasflow ratefor thisillustration were 0.313in. w.c.
and 15,000 actual ft3/min, respectively. Upon substituting these val ues and the other parameters
into equation 10.40, we obtain:

C_=(1.175x 10%) (0.075) (15,000) (0.313) (8,000)/0.6 = $552/yr.

15.2 Indirect Annual Costs

Theindirect annud costsfor ventilation systemsinclude property taxes, insurance, generd
and administrative (G& A), and capital recovery costs. (Overhead—afifthindirect annual cost—
isnot considered, becauseit isfactored from the sum of the operating, supervisory, maintenance

3 Technically, this direct annual cost should be allocated to the ventilation system fan, not to the hood, ductwork, and stack.
The fan power cost equation will be included in the Manual section on fans. However, as the fans section has yet to be written,
this equation has been provided as a temporary convenience to Manual users.

1-51



labor and maintenance materialscogts, whichisnegligible.) When aventilation systemispart of a
control system, these costsareincluded inthe control systemindirect annual cost. Howevey, if the
ventilation equi pment has been sized and costed separately, these costs can be computed fromthe
total capita investment (TCI) viastandard factors, asfollows:

The* CRF” terminthecapital recovery equationisthe capital recovery factor, whichisa
function of the economic life of the ventilation system and theinterest rate charged to the total
capita investment. (See Section 1, Chapter 2 of thisManual for morediscussion of the CRF and
theformulaused for computingit.)

For aventilation system, theeconomiclifevariesfrom at least 5to 10 yearsto 15to 20
yearsor more.[60,61] In general, the ventilation equipment should last aslong asthe control
system it supports. Asdiscussed in Section 1, Chapter 2, theinterest rate to use in the CRF
computation should bea*” pre-tax, margind (real) rateof return” that isappropriatefor theinvestor.
However, for those cost analysesrelated to governmental regul ations, an appropriate” socia”
interest (discount) rate should be used. For thesekinds of analyses, the Office of Management and
Budget (OMB) directsthat areal annual interest rate of 7% beused.[62] (Thisreplacesthe 10%
rate OMB previoudy had mandated.)

Table1.13: Computation Equationsfor Indirect Annual Costs

Indirect Annual Cost Computation Equation
Property Taxes 0.01xTCI
Insurance 0.01xTCI
General and Administrative 0.02xTCI
Capital Recovery CFRXTCI

153 Total Annual Cost

Thetotal annual cost (TAC) iscalculated by adding the direct (DC) and indirect (1C)
annud cogts:

TAC = DC + IC (1.47)
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	1.1 Introduction 
	1.1 Introduction 
	Most control devices are located some distance from the emission sources they control. This separation may be needed for several reasons. For one thing, there may not be enough room to install the control device close to the source. Or, the device may collect emissions from several sources located throughout the facility and, hence, must be sited at some convenient, equidistant location. Or, it may be that required utility connections for the control device are only available at some remote site. Regardless
	The type of equipment needed to convey the waste gas are the same for most kinds of control devices. These are: (1) hoods, (2) ductwork, (3) stacks, and (4) fans. Together, these items comprise a ventilation system. A hood is used to capture the emissions at the source; ductwork, to convey them to the control device; a stack, to disperse them after they leave the device; and a fan, to provide the energy for moving them through the control system. This section covers the first three kinds of equipment. Howev
	This section presents all the information one would need to develop study (± 30%-accurate) cost estimates for hoods, ductwork, and stacks. Accordingly, the following sections include:  (1) descriptions of the types of equipment used in air pollution control ventilation systems, (2) procedures for sizing (designing) this equipment, and (3) methodologies and data for estimating their capital and annual costs. Throughout the chapter are several illustrations (example problems) that show the reader how to apply

	1.2 Equipment Description 
	1.2 Equipment Description 
	In this section, the kinds of hoods, ductwork, and stacks used in air pollution control systems are described, each in a separate subsection. These descriptions have been based on information obtained from standard ventilation and air pollution control references, journal articles, and equipment vendors. 
	1.2.1 Hoods 
	1.2.1 Hoods 
	Of the several components of an air pollution control system, the capture device is the most important. This should be self-evident, for if emissions are not efficiently captured at the source they cannot be conveyed to and removed by a control device. There are two general categories of capture devices: (1) direct exhaust connections (DEC) and (2) hoods. As the name implies, a DEC is a section of duct (typically an elbow) into which the emissions directly flow. These connections often are used when the emi
	Hoods comprise a much broader category than DECs. They are used to capture particulates, gases, and/or mists emitted from a variety of sources, such as basic oxygen steelmaking furnaces, welding operations, and electroplating tanks. The hooded processes are generally categorized as either “hot” or “cold,” a delineation that, in turn, influences hood selection, placement, and design. 
	The source characteristics also influence the materials from which a hood is fabricated. Mild (carbon) steel is the material of choice for applications where the emission stream is noncorrosive and of moderate temperature. However, where corrosive substances (e.g., acid gases) are present in high enough concentrations, stainless steels or plastics (e.g., fiberglass-reinforced plastic, or FRP) are required. As most hoods are custom-designed and built, the vendor involved would determine which material would 
	1.2.1.1 Types of Hoods 
	1.2.1.1 Types of Hoods 
	Although the names of certain hoods vary, depending on which ventilation source one consults, there is general agreement as to how they are classified. There are four types of hoods: 
	(1) enclosures, (2) booths, (3) captor (capture) hoods, and (4) receptor (receiving) hoods.[1,2] 
	Enclosures are of two types: (1) those that are completely closed to the outside environment and (2) those that have openings for material input/output. The first type is only used when handling radioactive materials, which must be handled by remote manipulators. They are also dust- and gas-tight. These kinds of enclosures are rarely used in air pollution control. The second type, have applications in several areas, such as the control of emissions from electric arc furnaces and from screening and bin filli
	Another application of total enclosures is in the measurement of the capture efficiency of volatile organic compound (VOC) control devices. Capture efficiency is that fraction of all VOCs generated at, and released by, an affected facility that is directed to the control device. In this application, a total enclosure is a temporary structure that completely surrounds an emitting process so that all VOC emissions are captured for discharge through ducts or stacks. The air flow through the total enclosure mus
	The surfaces of temporary total enclosures are usually constructed either of plastic film or of such rigid materials as insulation panels or plywood. Plastic film offers the advantages of being lightweight, transparent, inexpensive, and easy to work with. However, it is flimsy, flammable, and has a relatively low melting point. In addition, the plastic must be hung on a framework of wood, plastic piping, or scaffolding. 
	Although rigid materials are more expensive and less workable than plastic, they are more durable and can withstand larger pressure differentials between the enclosure interior and exterior. Total enclosure design specifications (which have been incorporated into several EPA emission standards) are contained in the EPA report, .[4] 
	The Measurement Solution: Using a Temporary Total Enclosure for Capture Testing

	Booths are like enclosures, in that they surround the emission source, except for a wall (or portion thereof) that is omitted to allow access by operators and equipment. Like enclosures, booths must be large enough to prevent particulates from impinging on the inner walls. They are used with such operations (and emission sources) such as spray painting and portable grinding, polishing, and buffing operations. 
	Captor hoods (also termed active or external hoods) do not enclose the source at all. Consisting of one to three sides, they are located at a short distance from the source and draw the emissions into them via fans. Captor hoods are further classified as side-draft/backdraft, slot, downdraft, and high-velocity, low-volume (HVLV) hoods. 
	A side-draft/back-draft hood is typically located to the side/behind of an emission source, but as close to it as possible, as air velocities decrease inversely (and sharply) with distance. Examples of these include snorkel-type welding hoods and side shake-out hoods. 
	A slot hood operates in a manner similar to a side-draft/back-draft. However, the inlet opening (face) is much smaller, being long and narrow. Moreover, a slot hood is situated at the periphery of an emission source, such as a narrow, open tank. This type of hood is also employed with bench welding operations. 
	While slot and side-draft/back-draft hoods are located beside/behind a source, a downdraft hood is situated immediately beneath it. It draws pollutant-laden air down through the source and, thence, to a control device. Applications of down-draft hoods include foundry shake-out and bench soldering and torch cutting operations. 
	HVLV hoods are characterized by the use of extremely high velocities (capture velocities) to collect contaminants at the source, and by the optimal distribution of those velocities across the hood face. To maintain a low volumetric flow rate, these hoods are located as close to the source as possible, so as to minimize air entrainment. 
	The last category is receptor hoods (passive or canopy hoods). A receptor hood typically is located above or beside a source, to collect the emissions, which are given momentum by the source. For example, a canopy hood might be situated directly above an open tank containing a hot liquid (a buoyant source). With entrained air, vapors emitted from the liquid would rise into the hood. Here, the canopy hood would function as a passive collector, as the rising gases would be drawn into the hood via natural draf
	Receptor hoods are also used with nonbuoyant sources, sources from which emissions do not rise. But are “thrown off” from a process, such as a swing grinder. The initial velocity of the emissions typically is high enough to convey them into a receiving hood.[5] 


	1.2.2 Ductwork 
	1.2.2 Ductwork 
	Once the emission stream is captured by either a hood or a direct exhaust connection, it is conveyed to the control device via ductwork. The term “ductwork” denotes all of the equipment between the capture device and the control device. This includes: (1) straight duct; (2) fittings, such as elbows and tees; (3) flow control devices (e.g., dampers); and (4) duct supports. These components are described in Section 1.2.2.1.) 
	In air pollution control systems, the fan is usually located immediately before or after the control device. Consequently, most of the ductwork typically is under a negative static pressure, varying from a few inches to approximately 20 inches of water column. These pressure conditions dictate the type of duct used, as well as such design parameters as the wall thickness (gauge). For instance, welded duct is preferable to spiral-wound duct in vacuum applications.[6] 
	Ductwork is fabricated from either metal or plastic, the choice of material being dictated by the characteristics of the waste gas stream, structural considerations, purchase and installation costs, aesthetics, and other factors. Metals used include carbon steel (bare or galvanized), stainless steel, and aluminum. The most commonly used plastics are polyvinyl chloride (PVC) and fiberglass-reinforced plastic (FRP), although polypropylene (PP) and linear polyethylene (LPE) also can also be applied. However, o
	Source: tank or process 0.4x x = 35 minimum 
	Figure 1.1: Typical Canopy Hood Installation 
	Figure 1.1: Typical Canopy Hood Installation 


	PVC and other plastic ductwork are resistant to a variety of corrosive substances, from aqua regia to 95% sulfuric acid. But plastic ductwork cannot tolerate environmental temperatures above 150F.[8] Metal ductwork can handle temperatures up to approximately 1000F, but only certain alloys can tolerate corrosive streams. 
	o
	o

	In terms of construction, ductwork can be either rigid or flexible. As the name implies, rigid ductwork, whether metal or plastic, has a fixed shape. Conversely, flexible ductwork can be bent to accommodate situations where space is limited or where the layout is so convoluted that rigid fittings cannot meet construction requirements. Usually circular in cross-sectional shape, flexible duct can be fabricated from metals or plastic and can be either insulated or uninsulated. 
	Rigid ductwork is fabricated into circular, flat oval, or square/rectangular cross-sectional shapes. Of these, circular duct is most commonly used in air pollution control systems. Although square/rectangular duct is advantageous to use when space is limited, round duct offers several advantages. It resists collapsing, provides better transport conditions, and uses less metal than 
	Rigid ductwork is fabricated into circular, flat oval, or square/rectangular cross-sectional shapes. Of these, circular duct is most commonly used in air pollution control systems. Although square/rectangular duct is advantageous to use when space is limited, round duct offers several advantages. It resists collapsing, provides better transport conditions, and uses less metal than 
	square/rectangular or flat oval shapes of equivalent cross-sectional area.[9 ] Unless otherwise noted, the following discussion pertains to rigid, circular duct, as this is the type most commonly used in air pollution control. 

	Rigid metal circular duct is further classified according to method of fabrication. Longitudinal seam duct is made by bending sheet metal into a circular shape over a mandrel, and buttwelding the two ends together. Spiral seam duct is constructed from a long strip of sheet metal, the edges of which are joined by an interlocking helical seam that runs the length of the duct. This seam is either raised or flush to the duct wall surface. 
	Fabrication method and cross-sectional shape are not the only considerations in designing ductwork, however. One must also specify the diameter; wall thickness; type, number, and location of fittings, controllers, and supports; and other parameters. Consequently, most ductwork components are custom designed and fabricated, so as to optimally serve the control device. Some vendors offer prefabricated components, but these are usually common fittings (e.g., 90elbows) that are available only in standard sizes 
	o 

	If either the gas stream temperature or moisture content is excessive, the ductwork may need to be insulated. Insulation inhibits heat loss/gain, saving energy (and money), on the one hand, and prevents condensation, on the other. Insulation also protects personnel who might touch the ductwork from sustaining burns. There are two ways to insulate ductwork. The first is to install insulation on the outer surface of the ductwork and cover it with a vapor barrier of plastic or metal foil. The type and thicknes
	o
	o

	The second way to insulate ductwork is by using double-wall, insulated duct and fittings. Double-wall ductwork serves to reduce both heat loss and noise. One vendor constructs it from a solid sheet metal outer pressure shell and a sheet metal inner liner with a layer of fiberglass insulation sandwiched between. The insulation layer is typically 1-inch, although 2- and 3-inch thicknesses are available for more extreme applications. The thermal conductivities of these thicknesses are 0.27, 0.13, and 0.09 Btu/
	2
	o

	1.2.2.1 Ductwork Components 
	1.2.2.1 Ductwork Components 
	As discussed above, a ductwork system consists of straight duct, fittings, flow control devices, and supports. Straight duct is self-explanatory and easy to visualize. The “fittings” category, however, encompasses a range of components that perform one or more of the following functions: change the direction of the ducted gas stream, modify the stream velocity, tie it to another duct(s), facilitate the connection of two or more components, or provide for expansion/contraction when thermal stresses arise. 
	The most commonly used fittings are elbows (“ells”). These serve to change the gas stream direction, typically by 30, 45, 60, or 90, though they may be designed for other angles as well. The elbow centerline radius determines the rate at which this directional change occurs. (See Figure 1.2.) The standard centerline radius (R) is 1.5 times the elbow cross-sectional diameter (D). However, in “long-radius” elbows, in which the directional change is more gradual than in standard elbows, Ris greater than or equ
	o
	o
	o
	o
	cl
	c
	cl 
	c

	A T-shaped fitting (“tee”) is used when two or more gas streams must be connected. In straight tees, the streams converge at a 90 angle, while in angle tees (“laterals”, “wyes”) the connection is made at 30, 45, 60, or some other angle. (See Figure 1.2.) Tees may have one “tap” (connection) or two, and may have either a straight or a “conical” cross-section at either or both ends. Crosses are also used to connect duct branches. Here, the two branches intersect each other at a right angle. 
	o
	o
	o
	o

	Reducers (commonly called “expansions” or “contractions”) are required whenever ducts of different diameter must be joined. Reducers are either concentric or eccentric in design. In concentric reducers, the diameter tapers gradually from the larger to smaller cross section. However, in eccentric reducers, the diameter decreases wholly on one side of the fitting. 
	Dampers control the volumetric flowrate through ventilation systems. They are usually delineated according to the flow control mechanism (single blade or multiblade), pressure rating (low/light or high/heavy), and means of control (manual or automatic). In single blade dampers, a circular plate is fastened to a rod, one end of which protrudes outside the duct. In the most commonly used type of single blade damper (butterfly type), this rod is used to control the gas flow by rotating the plate in the damper.
	Blast gate dampers control the flow by sliding the damper blade in and out of the duct. Blast gates are often used to control the flow of air streams containing suspended solids, such as in pneumatic conveyors. In these respects, butterfly dampers and blast gates are analogous, respectively, to the globe valves and quick-opening gate valves that are used to regulate liquid flow in pipes. 
	Multiblade (louvered) dampers operate on the same principal as single blade dampers. However, instead of using a single blade or plate to control the gas flow, multiblade dampers employ slats that open and close like venetian blinds.[15] Louvered dampers typically are used in very large ducts where a one-piece damper blade would be too difficult to move. 
	Manually-controlled dampers simply have a handle attached to the control rod which is used to adjust the gas flow by hand. If automatic control is needed, a pneumatic or electronic 
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	actuator is used. The actuator receives a pneumatic (pressurized air) or electrical signal from a controller and converts it to mechanical energy which is used, in turn, to open/close the damper via the damper rod. In this respect, an actuated damper is analogous to an automatic control valve.[16] For example, an automatic damper may be used to control the dilution air flow rate to an incinerator combustion chamber. This flow rate, in turn, would depend on the combustibles concentration (i.e., percentage of
	Expansion joints are installed, especially in longer metal duct runs, to allow the ductwork to expand or contract in response to thermal stresses. These fittings are of several designs. One type, the bellows expansion joint, consists of a piece of flexible metal (e.g., 304 stainless steel) that is welded to each of two duct ends, connecting them. As the temperature of the duct increases, the bellows compresses; as the duct temperature decreases, the bellows expands. Another commonly used expansion joint con
	o
	o

	The last component to consider is the ductwork support system. However, it is far from being the least important. As the Sheet Metal and Air Conditioning Contractors’ National Association (SMACNA)  manual states, “The selection of a hanging system should not be taken lightly, since it involves not only a significant portion of the erection labor, but also because [the erection of] an inadequate hanging system can be disastrous.” As a rule, a support should be provided for every 8 to 10 feet of duct run.[18]
	HVAC Duct Construction Standards

	A suspension arrangement typically consists of an upper attachment, a hanger, and a lower attachment. The upper attachment ties the hanger to the ceiling, etc. This can be a concrete insert, an eye bolt, or a fastener such as a rivet or nailed pin. The hanger is generally a strap of galvanized steel, round steel rod, or wire that is anchored to the ceiling by the upper attachment. The type of hanger used will be dictated by the duct diameter, which is proportional to its weight per lineal foot. For instance
	A suspension arrangement typically consists of an upper attachment, a hanger, and a lower attachment. The upper attachment ties the hanger to the ceiling, etc. This can be a concrete insert, an eye bolt, or a fastener such as a rivet or nailed pin. The hanger is generally a strap of galvanized steel, round steel rod, or wire that is anchored to the ceiling by the upper attachment. The type of hanger used will be dictated by the duct diameter, which is proportional to its weight per lineal foot. For instance
	circumferential bands, one atop and one below the duct.[19] Moreover, supports for larger ductwork should also allow for both axial and longitudinal expansion and contraction, to accommodate thermal stresses.[20] 




	1.2.3 Stacks 
	1.2.3 Stacks 
	Short stacks are installed after control devices to disperse the exhaust gases above ground level and surrounding buildings. As opposed to “tall” stacks, which can be up to 1,000 feet high, short stacks typically are no taller than 120 feet. Certain packaged control devices come equipped with short (“stub”) stacks, with heights ranging from 30 to 50 feet. But if such a stack is neither provided nor adequate, the facility must erect a separate stack to serve one or more devices. Essentially, this stack is a 
	A short stack may be fabricated of steel, brick, or plastic (e.g., fiberglass-reinforced plastic, or FRP). A stack may be lined or unlined. The material selection depends on the physical and chemical properties of the gas stream, such as corrosiveness and acidity, as well as the temperature differential between the gas stream and the ambient air. Liners of stainless steel, brick, or FRP usually are used to protect the stack against damage from the gas stream. They are much easier and less expensive to repla
	Short stacks are either self-supporting (free-standing), supported by guy wires, or fastened to adjacent structures. The type of support used depends on the stack diameter, height and weight, the wind load, local seismic zone characteristics, and other factors. 
	Auxiliary equipment for a typical stack includes an access door, a sampling platform, ladders, lightning protection system, and aircraft warning lights. The access door allows for removal of any accumulated materials at the bottom of the stack and provides access to the liner for repair or replacement. Local and state air pollution control regulations also may require the permanent installation of sampling platforms for use during periodic compliance tests, while ladders are used both during stack sampling 


	1.3 Design Procedures 
	1.3 Design Procedures 
	As stated above, a hood, ductwork, and a stack are key elements in any air pollution control system. Because each of these elements is different, both in appearance and function, each must be designed separately. But at the same time, these elements comprise a system, which is governed by certain physical laws that serve to unite these elements in “common cause.” Thus, before the individual design procedures for hoods, ductwork, and stacks are described, ventilation fundamentals will be presented. These fun
	1.3.1 Design Fundamentals 
	1.3.1 Design Fundamentals 
	1.3.1.1 The Bernoulli Equation 
	1.3.1.1 The Bernoulli Equation 
	The flow of fluids in any hood, duct, pipe, stack, or other enclosure is governed by a single relationship, the familiar Bernoulli equation. Put simply and ideally, the Bernoulli equation states that the total mechanical energy of an element of flowing fluid is constant throughout the system. This includes its potential energy, kinetic energy, and pressure energy. However, as no system is ideal, the Bernoulli equation must be adjusted to take into account losses to the surroundings due to friction. Gains du
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	where 
	v = specific volume of fluid (ft/lb) 
	3
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	p = static pressure—gauge (lb/ft) 
	f
	2

	z = height of fluid above some reference point (ft) 
	u = fluid velocity through duct, hood, etc. (ft/sec) 
	g = gravitational acceleration (ft/sec) 
	2

	g= gravitational constant (32.174 ([lb-ft/sec]/lb) 
	c 
	m
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	f

	W = work added by fan, etc. (ft-lb/lb) 
	f
	m

	F = energy lost due to friction (ft-lb/lb) 
	f
	m

	Each of the terms on the left hand side of Equation 1.1 represents an energy change to a pound mass of fluid between two locations in the system—points “1” and “2.” The work (W) and friction (F) terms denote the amounts of energy added/lost between points 1 and 2. 
	Note that the units of each term in Equation 1.1 are “ft-lb/lb,” energy per unit mass. In the English system of units, “lb” and “lb” are, for all intents, numerically equivalent, since the ratio of the gravitational acceleration term (g) to the gravitational constant (g) is very close to 1. In effect the equation unit are “feet of fluid” or “fluid head in feet.” In air pollution control situations, the fluid often has the properties of air. That is because the contaminants in the waste gas stream are presen
	f
	m
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	Because air is a “compressible” fluid, its specific volume is much more sensitive to changes in pressure and temperature than the specific volume of such “incompressible” fluids such as water. Hence, the “vdp” term in Equation 1.1 has to be integrated between points 1 and 2. However, in most air pollution control ventilation systems neither the pressure nor the temperature changes appreciably from the point where the emissions are captured to the inlet of the control device. Consequently, the specific volum
	vdp = vdp = v∆p (1.2)11 
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	Illustration: VOC emitted by an open tank is captured by a hood and conveyed, via a blower, through 150 feet of 12-inch diameter ductwork to a refrigerated condenser outdoors. The blower, which moves the gas through the hood, ductwork, and condenser, is located immediately before the inlet to the condenser. Thus, the entire ventilation system is under vacuum. The stream temperature and absolute pressure are 100F and approximately 1 atmosphere (14.696 lb/in), respectively. The elevation of the refrigerated c
	o
	f
	2

	Solution: 
	First, develop a factor to convert “inches of water” to “feet of air”: 
	a100 
	
	1 ft 
	
	
	v
	

	Feet of air = (Inches of water) 
	
	
	(1.3)

	v
	12 in 
	w100 

	where v = specific volume of water @ 100F = 0.01613 ft/lb
	o
	3

	w100 m v= specific volume of air @ 100F, 1 atmosphere 
	a100 
	o

	Because the system absolute pressure is close to atmospheric, the waste gas behaves as an ideal gas. Thus, the specific volume can be calculated from the ideal gas law: 
	RT v =(1.4)
	a 
	a 
	pM 

	where R = ideal gas constant = 1,545 ft-lb/(lb-mole)(ER) T = absolute temperature of gas = 100 + 460 = 560ER M = molecular weight of gas (air) = 28.85 lb/lb-mole p = absolute pressure = 2,116 lb/ft
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	Substituting, we obtain: 
	ft 
	3 

	v = 14 .17 
	a

	lb
	m 

	Finally, substitution of these values for vand vinto Equation 1.3 yields: 
	a 
	w 

	Feet of air ( @ 100 °F, 1 atm) = 73.207 × inches of water 
	Compute the changes in the mechanical energy terms and the friction losses between the hood inlet (point 1) and the blower outlet/condenser inlet (point 2): 
	73.207 ft air 
	Pressure: v∆p = (4.5 - [-0.50] in. w.c. ) = 336.0 ft air 
	
	

	in. w.c. 
	Potential: .z = -30 ft air (point 2 is below point l) 
	
	−1
	
	
	
	
	
	2 
	
	ft 
	min 
	ft
	−
	Kinetic: .. 
	∆u /2 
	2 

	g = 
	c

	
	
	
	
	2 ,000 
	32.174 
	lb
	1 
	m 
	sec 
	() 
	= 
	17 .3 ft air
	×
	ft
	
	
	2 
	lb
	60 
	f
	
	
	min 
	
	
	ft
	1 
	sec 
	Friction losses: F = 1.25 
	73.207 91.5
	 in. w.c 
	 in. w.c 
	 ft air 

	×
	= 
	Substitute above results into Equation 1.1 and solve for W, the fan energy added: 
	366.0 + (-30) + 17.1 = W - 91.5, or 
	ft -lb 
	f

	44.6 
	6.07
	W 
	 in. w.c.
	=
	= 
	lb air 
	m

	To convert the fan energy input, W, to horsepower (hp), we would have to multiply it by the air mass flow rate (lb /sec), and divide the result by the horsepower conversion factor, 550 ft-
	f 

	m 
	lb /sec-hp. However, the mass flow rate is just the volume flow rate (Q, ft/sec) divided by the
	3

	f 
	specific volume: 
	
	
	
	1 
	550 
	
	= 
	Q v 
	WQ
	0.001818
	hp = W 
	(1.5)
	f 
	v
	a 
	a 
	a 

	In turn, Qis a function of the duct velocity (u, ft/sec) and duct diameter (D, ft): 
	t
	d

	2
	πD
	d 
	d 

	
	
	Q = u 
	(1.6)
	t 
	4 
	
	
	Equation 1.6 applies, of course, only to circular ducts. If we combine Equations 1.5 and 1.6 and substitute the inputs for this illustration, we obtain: 
	hp 
	f 
	= 
	444 .6
	
	2 ,000 
	60 
	
	
	π
	4 
	
	()1
	2

	
	1 
	14 .17 
	
	
	1 
	550 
	
	= 
	1.49 
	hp 
	Some observations about this illustration: 
	Ł Recall that the precise units for W and the other terms in Equation 1.1 are “ft-lb per bair,” which, for convenience, have been shortened to “ft air”. Thus, they measure energy, not length. 
	f
	m

	Ł Compared to the pressure energy and friction terms, the potential and kinetic energy terms are small. Had they been ignored, the results would not have changed appreciably. 
	Ł The large magnitude of the pressure and friction terms clearly illustrates the importance of keeping one’s units straight. As shown in step (1), one inch of water is equivalent to over 73 feet of air. However, as Equation 1.3 indicates, the pressure corresponding to equivalent heights of air and water columns would be the same. 
	Ł The fan power input depends not just on the total “head” (ft air) required, but also on the gas flow rate. Also, note that the horsepower computed via Equation 2.5 is a theoretical value. It would have to be adjusted to account for the efficiencies of the fan and fan motor. The fan efficiency ranges from 40 to 70 percent, while the motor efficiency is typically 90 percent. These efficiencies are usually combined into a single efficiency (., fraction), by which the theoretical horsepower is divided to obta

	1.3.1.2 Pressure: Static, Velocity, and Total 
	1.3.1.2 Pressure: Static, Velocity, and Total 
	Although it is more rigorous and consistent to express the Bernoulli equation terms in terms of feet of air (or, precisely, ft-lb/lb of air), industrial ventilation engineers prefer to use the units “inches of water column (in. w.c.).” These units were chosen because, as the above illustration shows, results expressed in “feet of air” are often large numbers that are cumbersome to use. In addition, the total pressure changes in ventilation systems are relatively small, compared to those in liquid flow syste
	f
	m

	In the previous paragraph, a new quantity was mentioned, total pressure (TP). Also known as the “impact pressure”, the total pressure is the sum of the static gauge (SP) and velocity pressures (VP) at any point within a duct, hood, etc., all expressed in in. w.c.[25] That is: 
	TP= SP+ VP (1.7) 
	where 
	SP = (cf)vp VP = (cf)u/2g
	2

	c 
	The “cf” in the expressions for SP and TP is the factor for converting the energy terms from “ft air” to “in. w.c.”, both at standard temperature and absolute pressure (70F, 1 atmosphere). (Again, keep in mind that, regardless of what units SP or VP are expressed in, the actual units are “energy per unit mass.”) This conversion factor, cf, would be obtained via rearranging Equation 1.3: 
	o

	
	
	in.w.c 
	. 
	v 
	w 70
	
	
	cf = = 12 
	(1.8)
	ft air 
	v
	. 
	a 70 
	where 
	v = specific volume of water at 70F = 0.01605 (ft/lb )
	o
	3

	w70 m 
	v = specific volume of air at 70F = 13.41 (ft/lb )
	o
	3

	a70 m 
	Thus: cf = 0.01436 in. w.c./ft air 
	Clearly, the conversion factor varies as a function of temperature and pressure. For instance, at 100F and 1 atmosphere, cf = 1/73.207 = 0.01366. 
	o

	Conspicuously absent from Equation 1.7 is the potential energy term, “z(g/g )”. This 
	c 
	omission was not inadvertent. In ventilation systems, the potential energy (P.E.) is usually small compared to the other terms. (For example, see illustration above.) The P.E. is, of course, a function of the vertical distance of the measurement point in question from some datum level, usually the ground. At most, that distance would amount to no more than 20 or 30 feet, corresponding to a P.E. of approximately 0.3 to 0.4 in. w.c. Consequently, we can usually ignore the P.E. contribution in ventilation syst
	The static gauge pressure in a duct is equal in all directions, while the velocity pressure, a function of the gas velocity, varies across the duct face. The duct velocity is highest at the center and lowest at the duct walls. However, for air flowing in a long, straight duct, the average velocity 
	across the duct (u) approximates the center line velocity (u).[26] This is an important point, for the average duct velocity is often measured by a pitot tube situated at the center of the duct. 
	t
	cl

	By substituting for cfin Equation 1.7, we can obtain a simple equation that relates velocity to velocity pressure (VP) at standard conditions: 
	0 .0143uVP = (1.9)
	t 
	2 

	2 g
	c 

	Solving: 
	 ft 
	1 
	/

	
	
	2

	u= 66.94 (VP) (1.10)
	t 
	
	

	sec 
	Or: 
	/ 2
	
	ft 
	
	1 

	u= 4 ,016 (VP) (1.11) 
	t 
	
	

	min 
	Incidentally, these equations apply to any duct, regardless of its shape. 
	As Burton describes it, static gauge pressure can be thought of as the “stored” energy in a ventilation system. This stored energy is converted to the kinetic energy of velocity and the losses of friction (which are mainly heat, vibration, and noise). Friction losses fall into several categories:[27] 
	Ł Losses through straight duct 
	Ł Losses through duct fittings—elbow tees, reducers, etc. 
	Ł Losses in branch and control device entries 
	Ł Losses in hoods due to turbulence, shock, vena contracta 
	Ł Losses in fans 
	Ł Losses in stacks 
	These losses will be discussed in later sections of this chapter. Generally speaking, much more of the static gauge pressure energy is lost to` friction than is converted to velocity pressure energy. It is customary to express these friction losses (.SP) in terms of the velocity pressure: 
	f 

	F = ∆SP= kVP (1.12) 
	f 

	where k = experimentally-determined loss factor (unitless) Alternatively, Equations 1.11 and 1.12 may be combined to express F (in. w.c.) in terms of the average duct velocity, u (ft/min):
	t 
	-8
	) 
	2 

	(1.13)
	F 
	= 
	(6.200 
	×
	10 
	ku 
	t 

	1.3.1.3 Temperature and Pressure Adjustments 
	1.3.1.3 Temperature and Pressure Adjustments 
	Equations 1.8 to 1.13 were developed assuming that the waste gas stream was at standard temperature and pressure. These conditions were defined as 70F and 1 atmosphere (14.696 lb/ in), respectively. While 1 atmosphere is almost always taken as the standard pressure, several different standard temperatures are used in scientific and engineering calculations:  32F, 68F, and 77F, as well as 70F. The standard temperature selected varies according to the industry or engineering discipline in question. For instan
	o
	f
	2
	o
	o
	o
	o
	o
	o

	Before these equations can be used with waste gas streams which are not at 70F and 1 atmosphere, their variables must be adjusted. As noted above, waste gas streams in air pollution control applications obey the ideal gas law. From this law the following adjustment equation can be derived: 
	o

	
	
	
	
	T 
	P
	1

	2 
	T 
	
	
	
	
	Q  = Q
	2

	1 
	(1.14)
	P
	2

	1 
	
	where Q ,Q = gas flow rates at conditions 2 and 1, respectively (actual ft/min)
	3

	21 T,T= absolute temperatures at conditions 2 and 1, respectively (R) P,P = absolute pressures at conditions 2 and 1, respectively (atm) However, according to Equation 1.6: 
	2
	1 
	o
	2
	1

	2 
	d
	
	
	D 
	4
	Q = u
	t 

	If Equations 1.6 and 1.14 were combined, we would obtain: 
	2
	
	
	
	
	
	
	T 
	P
	1 

	D
	2 
	T 
	d2
	
	
	
	
	
	
	(1.15)
	t2t1 
	u
	 = u

	2
	P
	2 

	D
	1 
	d1 
	This last expression can be used to adjust uin any equation, as long as the gas flow is in circular ducts. 
	t

	π
	π
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	1.3.2 Hood Design Procedure 
	1.3.2.1 Hood Design Factors 
	1.3.2.1 Hood Design Factors 
	When designing a hood, several factors must be considered:[28] 
	Ł Hood shape 
	Ł Volumetric flow rate 
	Ł Capture velocity 
	Ł Friction 
	Each of these factors and their interrelationships will be explained in this section. 
	As discussed in Section 1.2.1, the hood shape is determined by the nature of the source being controlled. This includes such factors as the temperature and composition of the emissions, as well as the dimensions and configuration of the emission stream. Also important are such environmental factors as the velocity and temperature of air currents in the vicinity. 
	The hood shape partly determines the volumetric flow rate needed to capture the emissions. Because a hood is under negative pressure, air is drawn to it from all directions. Consider the simplest type of hood, a plain open-ended duct. Now, envision an imaginary sphere surrounding the duct opening. The center of this sphere would be at the center of the duct opening, while the sphere radius would be the distance from the end of the duct to the point where emissions are captured. The air would be drawn throug
	hood capture velocity, u:[29]
	c 
	(1.16)
	(1.16)
	2 


	Q = u 
	(4
	π
	x 
	)
	c 
	where 
	x = radius of imaginary sphere (ft) 
	Equation 1.16 applies to a duct whose diameter is small relative to the sphere radius. However, if the duct diameter is larger, the capture area will have to be reduced by the crosssectional area of the duct (D), or: 
	d

	
	π
	D 
	D 
	2

	d
	
	
	4
	π
	x 
	2 
	−

	
	Q 
	= u 
	c 
	(1.17)
	4 
	Similarly, if a flange were installed around the outside of the duct end, the surface area through which the air was drawn—and the volume flow rate—would be cut in half. That occurs because the flange would, in effect, block the flow of air from points behind it. Hence: 
	Q = u 
	c 
	(2
	π
	x 
	(1.18)
	2 

	) 
	From these examples, it should be clear that the hood shape has a direct bearing on the gas flow rate drawn into it. But Equations 1.16 to 1.18 apply only to hoods with spherical flow patterns. For other hoods, other flow patterns apply—cylindrical, planal, etc. We can generalize this relationship between volumetric flow rate and hood design parameters as follows: 
	Table
	TR
	Q 
	=
	 f(u i , x , Sh ) 
	(1.19) 

	where 
	where 

	TR
	“f(...)” denotes “function of...” 


	“Sh” indicates hood shape factors u= design velocity—capture, face, slot 
	i 

	Table 1.1 lists design equations for several commonly used hood shapes. As this table shows, Q is a function of x, the hood shape, and, in general, the capture velocity (u ). In the case of a booth
	c 
	hood, the design velocity is the hood face velocity (u). For slotted side-draft and back-draft hoods, the slot velocity (u ) is the design velocity. In practice, both the hood face and slot velocities
	f

	s 
	are the same, as each measures the speed at which the gas passes through the hood inlet opening(s). 
	Table 1.1: Design Equations, Loss Factors, and Coefficients of Entry for Selected Hood Types[2] 
	Table 1.1: Design Equations, Loss Factors, and Coefficients of Entry for Selected Hood Types[2] 
	Table 1.1: Design Equations, Loss Factors, and Coefficients of Entry for Selected Hood Types[2] 

	Hood Type 
	Hood Type 
	Design Equation 
	Less Factor 
	Coefficient 

	TR
	(k)h
	of Entry (C )e

	Duct end (round) 
	Duct end (round) 
	Q = 4 x2u c 
	0.93 
	0.72 

	Flanged duct end (round) 
	Flanged duct end (round) 
	Q = 2 x2u c 
	0.50 
	0.82 

	Free-standing slot hood 
	Free-standing slot hood 
	Q = 2 xLu c 
	1.78 
	0.55 

	Slot hood w/ sides, back 
	Slot hood w/ sides, back 
	Q = 0.5 xLu c 
	1.78 
	N/A 

	Tapered hood 
	Tapered hood 
	Q = 2 
	xu c 
	0.061 
	0.97 

	Booth hood w/ tapered
	Booth hood w/ tapered

	 take-off duct (round) 
	 take-off duct (round) 
	Q = uAfh 
	0.25 
	0.89 

	Canopy hood 
	Canopy hood 
	Q = 1.4Pxu c 
	0.25 
	0.89 

	Canopy hood w/ insert 
	Canopy hood w/ insert 
	Q = 1.4Pxu c 
	1.0 
	0.71 

	Dip tank hood (slotted) 
	Dip tank hood (slotted) 
	Q = 125At 
	1.78 
	N/A 

	Paint booth hood 
	Paint booth hood 
	Q = 100Ab 
	0.25 
	N/A 


	 Both k and C pertain to round ducts and to hoods with a 45 taper.  At other angles, k and C will differ. 
	1
	h
	c
	o
	h

	c 
	N/A = Not applicable Q = flow rate drawn into hood (ft/min) x = distance from hood to source (ft) u= hood capture velocity (ft/min) u= hood face velocity (ft/min) u= hood slot velocity (ft/min) A= hood vace area (ft) P = perimeter of source (ft) L = width of hood slot (ft) A= tank + drainboard surface area (ft) A= booth cross-sectional area (ft) 
	3
	c 
	f 
	s 
	h 
	2
	t 
	2
	b 
	2

	When gas enters a hood, there is mechanical energy loss due to friction. This friction loss is calculated using Equations 1.1 and 1.2, assuming that the potential energy contribution from gravity, .z (g/g ), and the work added to the system, W, are both zero. Thus:
	c 
	22
	uu
	 vp -vp +  - = -F (1.20)
	2
	1

	2 g2 g
	2 1
	c 
	c 

	Replacing these terms with the corresponding ones from Equations 2.7 and 2.12, we obtain: 
	SP-SP + VP -VP = -H = -kVP (1.21)
	2 

	1 21 ch 2 
	where 
	SPi 
	SPi 
	SPi 
	= 
	static gauge pressure at point i (in. w.c.) 

	VPi 
	VPi 
	= 
	velocity pressure at point i (in. w.c.) 

	H c 
	H c 
	= 
	hood entry loss (in. w.c.) 

	kh 
	kh 
	= 
	hood loss factor (unitless) 


	In this equation, subscript 1 refers to a point just outside the hood face. Subscript 2 denotes the point in the duct, just downstream of the hood, where the duct static pressure, SPor SP and the duct transport velocity, u or uare measured. At point 1, the hood velocity pressure, VP, is essentially zero, as the air velocity there is negligible. Moreover, the static gauge pressure, SP, will be zero, as the absolute pressure at point 1 is assumed to be at one atmosphere, the reference pressure. After these si
	2 
	h
	2
	t 
	1
	1
	h

	
	
	-S P
	h 

	VP
	2 

	
	
	k 
	-

	h 
	-
	1 
	(1.22) 
	At first glance, it appears that kcould be negative, since VP is always positive. However, as the air entering the hood is under a vacuum created by a fan downstream, SPmust be negative. Thus, the term “-SP/VP” must be positive. Finally, because the absolute value of SP is larger than VP, k > 0.
	h 
	h 
	h
	2
	h
	2

	h 
	The hood loss factor varies according to the hood shape. It can range from 0.04 for bell mouth hoods to 1.78 for various slotted hoods. A parameter related to the hood loss factor is the coefficient of entry (c ).[30] This is defined as:
	e 
	1/2
	
	
	1 
	
	
	(1.23)
	c= 
	e 
	(1 + k) 
	h 

	c depends solely on the shape of the hood, and may be used to compute k and related parameters. Values of k and c are listed in Table 1.1. 
	e
	h
	h
	e

	Illustration: The static gauge pressure, SP, is -1.75 in. w.c. The duct transport velocity (u) is 3,500 ft/min. Calculate the loss factor and coefficient of entry for the hood. Assume standard temperature and pressure. 
	h
	t

	Solution:  First, calculate the duct velocity pressure. By rearranging Equation 1.11 and substituting for u, we obtain: 
	t

	u 3,500 
	2 
	2 

	VP =  = = 0 .76 in. w.c.
	t

	
	
	
	
	
	
	
	
	

	4,016 4 ,016 
	4,016 4 ,016 

	Next, substitute for VP in Equation 1.22 and solve: 
	-SP -.175 
	k =  -1 = - -1 = 1.30 
	h
	
	h 
	
	
	

	VP 
	0.76 

	Finally, use this value and Equation 1.23 to calculate the coefficient of entry: 
	1/2
	1 
	C =  = 0 .66
	e
	
	

	1 + 1.30 
	1 + 1.30 

	Hood design velocities are listed in Table 1.2. Three kinds of velocities are shown:  (1) capture (defined in Section 2.1), (2) face, and (3) slot. As stated in Section 1.2.1, the capture velocity is the air velocity induced by the hood to capture contaminants emitted at some distance from the hood inlet. The face velocity is the average velocity of the air passing through the hood inlet (face). A similar parameter is the slot velocity, which is the average air velocity through the hood slot openings, whose
	Table 1.2: Hood design Velocities [2] 
	Table 1.2: Hood design Velocities [2] 
	Table 1.2: Hood design Velocities [2] 

	Operation/Hood Type 
	Operation/Hood Type 
	Velocity Type 
	Velocity Range(ft/min) 

	Tanks, degreasing Drying oven Spray booth Canopy hood Grinding, abrasive blasting Slot hood 
	Tanks, degreasing Drying oven Spray booth Canopy hood Grinding, abrasive blasting Slot hood 
	Capture Face Capture Capture Capture Slot 
	50-100 75-125 100-200 200-500 500-2,000 2,000 


	Note that these velocities range from 50 to 100 ft/min (tank and degreasing hoods) to 2,000 ft/min, the recommended slot velocity for slotted side-draft/back-draft hoods. As a reference point, the velocity of air in industrial operations due to thermal mixing alone is 50 ft/min. Thus, hood design velocities must exceed this value if effective capture is to occur.[32] 
	Two other velocities are also discussed in the industrial hygiene literature, although they do not have as much bearing on hood design as the capture, face, or slot velocities. These are the plenum velocity and the transport velocity. Plenum velocity is the velocity of the gas stream as it passes through the tapered portion of a hood (plenum) between the hood opening and the duct connection. This plenum is a transition area between the hood opening and duct. Consequently, the plenum velocity is higher than 

	1.3.2.2 Hood Sizing Procedure 
	1.3.2.2 Hood Sizing Procedure 
	As with many control devices and auxiliaries, there are several approaches to sizing hoods. Some of these approaches are quite complex, entailing a series of complex calculations that yield correspondingly accurate results. For instance, one hood sizing method in the literature involves first determining the hood dimensions (length and width for rectangular hoods; diameter, for circular). The next step is to estimate the amount of metal plate area (ft) required to fabricate a hood of these dimensions, via p
	2

	This method no longer yields reasonably accurate hood cost. Since the labor cost data are outdated—1977 vintage—which makes them unescalatable. (The rule-of-thumb time limit for escalating costs is five years.) Even if the costs were up-to-date, the procedure is difficult to use, especially if calculations are made by hand. 
	A simpler sizing method—yet one sufficiently accurate for study estimating purposes— involves determining a single dimension, the hood face area (A). This area, identical to the hood inlet area, can be correlated against the fabricated hood cost to yield a relatively simple cost equation with a single independent variable. To calculate A, the following information is needed: 
	f
	f

	Ł Hood type 
	Ł Distance of the hood face from source (x) 
	Ł Capture (u), face (u), or slot velocity (u) 
	c
	f
	s

	Ł Source dimensions (for some hood types). 
	As the equations in Table 1.1 indicate, these same parameters are the ones that are used to determine the volumetric flow rate (Q) through the hood and ductwork. With most control devices and auxiliaries being sized, Qis given. For hoods, however, Qusually must be calculated. 
	Illustration: A circular canopy hood is being used to capture emissions from a chromium electroplating tank. The hood face is 6 feet above the tank, an 8-foot diameter circular vessel. The capture velocity for this example is 200 ft/min. Assuming that the tank surroundings are at standard conditions, calculate the required volumetric flow rate drawn into the hood, the hood face area, and the hood face velocity. 
	Solution:  Obtain the canopy hood equation from Table 1.1: 
	Q = 1.4 Pxu(1.24) 
	c 

	where 
	P = perimeter of tank (ft) 
	x = distance of hood above tank (ft) 
	u = capture velocity (ft/min)
	c 
	Because the tank is circular, P = .(8 ft) = 25.1 ft. 
	Therefore: 
	ft ft 
	3 

	Q = (1.4 ft) (6 ft) 200  = 42 ,200 
	
	

	min min 
	min min 

	For this type of canopy hood, the hood diameter is 40% greater than the tank diameter (hence, the “1.4” factor in Equation 1.24). Thus: 
	2
	π
	2

	A = ([ 1.4 ][ 8 ]) = 98 .5 ft 
	f
	
	

	4 
	4 

	Finally, the hood face velocity (u) would be: 
	f 

	Q 42 ,200 ft 
	u = = = 428
	A
	f 
	f 
	98 .5 min 

	In this example, note that the hood face velocity is higher than the capture velocity. This is logical, given the fact that the hood inlet area is smaller than the area through which the tank fumes are being drawn. The face velocity for some hoods is even higher. For example, for slotted hoods it is at least 1,000 ft/min.[34] In fact, one vendor sizes the openings in his slotted hoods so as to achieve a slot velocity equal to the duct transport velocity.[35] 


	1.3.3 Ductwork Design Procedure 
	1.3.3 Ductwork Design Procedure 
	The design of ductwork can be an extremely complex undertaking. Determining the number, placement, and dimensions of ductwork components—straight duct, elbows, tees, dampers, etc.— can be tedious and time-consuming. However, for purposes of making study-level control system cost estimates, such involved design procedures are not necessary. Instead, a much simpler ductwork sizing method can be devised. 
	1.3.3.1 Two Ductwork Design Approaches 
	1.3.3.1 Two Ductwork Design Approaches 
	There are two commonly used methods for sizing and pricing ductwork. In the first, the total weight of duct is computed from the number and dimensions of the several components. Next, this weight is multiplied by a single price (in $/lb) to obtain the ductwork equipment cost. To determine the ductwork weight, one needs to know the diameter, length, and wall thickness of every component in the system. As stated above, obtaining these data can be a significant effort. 
	The second method is a variation of the first. In this technique, the ductwork components are sized and priced individually. The straight duct is typically priced as a function of length, diameter, wall thickness, and the material of construction. The elbows, tees, and other fittings are priced according to all of these factors, except for length. Other variables, such as the amount and type of insulation, also affect the price. Because it provides more detail and precision, the second method will be used i

	1.3.3.2 Ductwork Design Parameters 
	1.3.3.2 Ductwork Design Parameters 
	Again, the primary ductwork sizing variable are length, diameter, and wall thickness. Another parameter is the amount of insulation required, if any. 
	Length: The length of ductwork needed with an air pollution control system depends on such factors as the distance of the source from the control device and the number of directional changes required. Without having specific knowledge of the source layout, it is impossible to determine this length accurately. It could range from 20 to 2,000 feet or more. It is best to give the straight duct cost on a $/ft basis and let the reader provide the length. This length must be part of the specifications of the emis
	Diameter:  As discussed in Section 1.2.2., circular duct is preferred over rectangular, oval, or other duct shapes. For circular ducts, the cross-sectional area, A, is given by: 
	d

	2 
	where A = cross-sectional area of duct (ft)
	2

	d D= duct diameter (ft) 
	d 

	The duct cross-sectional area is the quotient of the volumetric flow rate (Q) and the duct transport velocity (u ):
	t 
	π
	Qd(1.26)
	A
	 = 

	u 
	t 
	Combining Equations 1.25 and 1.26 and solving for D: 
	d

	Dd 
	4
	A = 
	d

	(1.25) 
	1/2
	
	
	Q u 
	t 
	
	
	D= 1.128 
	(1.27)
	d 
	As Q is usually known, the key variable in Equation 1.27 is the duct transport velocity. The value of this variable must be chosen carefully. If the uselected is too low, the duct will be oversized and, more importantly, the velocity will not be high enough to convey any particulate matter in the waste gas stream to the control device. However, if uis too high, the static pressure drop (which is proportional to the square of u ) will be excessive, as will be the corresponding fan
	t 
	t 

	t 
	power consumption. 
	Cost is also a consideration when determining the optimum duct diameter. The equipment cost increases with increasing duct diameter. However, the fan power cost changes inversely with diameter. Nonetheless, for study-estimating purposes, the optimum duct diameter does not have to be determined. It is sufficient to calculate the duct diameter merely by using the transport velocity values contained in this section. 
	The transport velocity typically varies from 2,000 to 6,000 ft/min, depending on the waste gas composition. The lower duct velocity would be adequate for a waste gas containing gaseous pollutants or very fine, light dusts, while the higher velocity would be needed to convey a stream 
	The transport velocity typically varies from 2,000 to 6,000 ft/min, depending on the waste gas composition. The lower duct velocity would be adequate for a waste gas containing gaseous pollutants or very fine, light dusts, while the higher velocity would be needed to convey a stream 
	with a large quantity of metals or other heavy or moist materials. The velocities given in Table 1.3 may be used as general guidance[36]: 

	Table 1.3: Minimum Transport Velocity for Materials Conveyed 
	Material(s) Conveyed Minimum Transport Velocity (uft/min) 
	t,

	Gases: very fine, light dusts 2,000 Fine, dry dusts and powders 3,000 Average industrial dusts 3,500 Coarse dusts 4,000-4,500 Heavy or moist dust loading  4,500 
	>

	Table 1.4 supplements these values with recommended duct velocities for a variety of conveyed materials. 
	Wall thickness:  The wall thickness of a duct depends on several factors—internal pressure, diameter, material of fabrication, and other structural parameters. Nonetheless, duct of a given diameter can be fabricated for a range of wall thicknesses, and vice-versa. For instance, 24-in. diameter 304 stainless steel “fully-welded longitudinal seam duct” is fabricated in thicknesses ranging from 22 to 14 gauge (0.0313 to 0.0781 in.). This same range of gauges is used with duct diameters ranging from 3 to 36 in.
	Note that the gauge number decreases with increasing wall thickness. This measure, which is traditionally used in the metal fabricating industries, is more convenient to deal with than the thickness expressed in inches, as the latter are usually small numbers less than 0.25. Moreover, the gauge number varies according to the metal used—carbon steel (galvanized or nongalvanized), stainless steel, or aluminum. Gauges for these metals are given in Table 1.5 for a wide range of nominal thicknesses. The gauge me
	Insulation: As discussed in Section 1.2.2., insulation can be either installed on the outer surface of ductwork or the ductwork itself can be fabricated with built-in insulation. In the first case, the amount of insulation required will depend on several heat transfer variables, such as: the temperature, velocity, composition, and other properties of the waste gas; the ambient temperature; the duct diameter, wall thickness, and thermal conductivity; and the desired surface (“skin”) temperature. Determining 
	Perry’s Chemical Engineers’ Handbook and Plant Design and Economics for Chemical Engineers

	Table 1.4: Minimum Duct Velocities for Selected Materials[2] 
	Table 1.4: Minimum Duct Velocities for Selected Materials[2] 
	Table 1.4: Minimum Duct Velocities for Selected Materials[2] 

	Material 
	Material 
	Minimum Transport Velocity (ft/min) 

	Aluminum dust (coarse) 
	Aluminum dust (coarse) 
	4,000 

	Brass turnings 
	Brass turnings 
	4,000 

	Cast iron boring dust 
	Cast iron boring dust 
	4,000 

	Clay dust 
	Clay dust 
	3,500 

	Coal dust (powdered) 
	Coal dust (powdered) 
	4,000 

	Cocoa dust 
	Cocoa dust 
	3,000 

	Flour dust 
	Flour dust 
	3,000 - 5,0001 

	grain dust 
	grain dust 
	2,500 - 3,000 

	Lead dust 
	Lead dust 
	4,000 

	Limestone dust 
	Limestone dust 
	3,500 

	Magnesium dust (coarse) 
	Magnesium dust (coarse) 
	3,000 

	Metal turnings 
	Metal turnings 
	4,000-5,000 

	Plastics dust (buffing) 
	Plastics dust (buffing) 
	3,000 

	Rubber dust 
	Rubber dust 
	2,500 (fine) - 4,000 (coarse) 

	Silica dust 
	Silica dust 
	3,500 - 4,500 

	Soap dust 
	Soap dust 
	3,000 

	Soapstone dust 
	Soapstone dust 
	3,000 

	Spray paint 
	Spray paint 
	2,000 

	Starch dust 
	Starch dust 
	3,000 

	Stone dust 
	Stone dust 
	3,500 

	Tobacco dust 
	Tobacco dust 
	3,500 


	Transport velocity varies with foundry operation. 
	1 

	The second approach is to select pre-insulated ductwork. As mentioned previously, it can be equipped with any type and thickness of insulation. However, 1, 2, or 3 inches is typical. (Prices for these are presented in Section 1.4.) 

	1.3.3.3 Ductwork Pressure Drop 
	1.3.3.3 Ductwork Pressure Drop 
	As mentioned in Section 1.3.1, ventilation system energy losses due to friction are traditionally computed as fractions of the velocity pressure, VP. In most cases, Equation 1.12 can be used to estimate these losses. Technically, though, these equations apply only to those regions in the ventilation system where there are no changes in the velocity pressure (i.e., where the duct diameter is constant). These regions would include straight duct, hoods, and such fittings as couplings 
	Table 1.5: Wall Thickness of Steel and Aluminum Duct [40] 
	Nominal Thickness (inches) 
	Gauge Number 
	Gauge Number 
	Gauge Number 
	Carbon Steel 
	Stainless Steel 
	Aluminum 

	TR
	Galv1 
	Nongalv2 
	(304 or 316) 
	3003-H143 

	28 
	28 
	0.0187 
	0.0149 
	0.0156 
	0.025 

	26 
	26 
	0.0217 
	0.0179 
	0.0188 
	0.032 

	24 
	24 
	0.0276 
	0.0239 
	0.0250 
	0.040 

	22 
	22 
	0.0336 
	0.0299 
	0.0313 
	0.050 

	20 
	20 
	0.0396 
	0.0359 
	0.0375 
	0.063 

	18 
	18 
	0.0516 
	0.0478 
	0.0500 
	0.080 

	16 
	16 
	0.0635 
	0.0598 
	0.0625 
	0.090 

	14 
	14 
	0.0785 
	0.0747 
	0.0781 
	-
	-


	12 
	12 
	0.1084 
	0.1046 
	0.1094 
	-
	-


	10 
	10 
	0.1382 
	0.1345 
	0.1406 
	-
	-



	To provide equivalent strength and stiffness, the nominal thickness of aluminum is approximately
	1 

	 150% of the nominal thickness of galvanized carbon steel of the same gauge. Galvanized and paintable galvanized carbon steel. Nongalvanized carbon steel. 
	2 
	3 

	and simple elbows. But, with tees, wyes, and other divided flow fittings, the velocity—and velocity pressure—are not constant between the fitting inlet and outlet. The corresponding friction loss (F) is a function of both the upstream (inlet) and branch VPs, as the following equation indicates:[40] 
	b

	= VP ( k -1) + VP (1.28)
	bub b 
	F

	where 
	VP, VP= upstream and branch velocity pressures, respectively (in. w.c.) k= branch loss coefficient 
	u
	b 
	b 

	However, divided flow fittings generally are not used with simple pollution control ventilation systems, except in those cases where a tee fitting might be needed, say, for purposes of adding dilution air.
	1 

	As any fluid mechanics textbook would attest, the friction loss for ductwork is a complex function of several variables: duct diameter and length, transport velocity, and gas viscosity and density. Specifically, the Darcy-Weisbach and Colebrook Equations are typically used to make 
	this calculation, the latter being used to compute the Reynolds number.[41] Traditionally, the friction loss has been obtained from a nomograph or, more recently computer programs. A typical nomograph is found in Burton.[42] Also, to simplify the calculation, empirical equations have been derived for certain kinds of commercially-available ductwork. For instance, to estimate the friction loss per 100 ft (F/100 ft) at standard conditions for round, spiral, galvanized ductwork having 10 joints per 100 ft, use
	d 

	1.18 1.8
	F 1 u
	d t 
	
	

	= 0.136 (1.29)
	
	
	
	
	

	100 ft 
	D
	d 
	1,000 

	where D = duct diameter (ft), and: 0.25 ≤D ≤ 5
	dd 
	Clearly, this equation provides the total friction loss, not the loss factor (k). However, the reader may compute k for a given diameter (D) and flow rate (Q) by simply dividing the Equation 
	d 

	Divided flow fittings are needed with more complex control systems that collect waste gases from several emission points. The design of such ventilation systems is beyond the scope of this section, however. 
	Divided flow fittings are needed with more complex control systems that collect waste gases from several emission points. The design of such ventilation systems is beyond the scope of this section, however. 
	1 


	1.29 results by VP and multiplying by 100. 
	1.29 results by VP and multiplying by 100. 
	To estimate the friction loss for other duct materials, multiply the value from Equation 1.29 by a roughness correction factor, approximate values of which are:[44] 
	Table 1.6: Roughness Correction Factors for Various Duct Materials 
	Table 1.6: Roughness Correction Factors for Various Duct Materials 
	Table 1.6: Roughness Correction Factors for Various Duct Materials 

	Material 
	Material 
	Roughness Correction Factor 

	Non-spiral-wound galvanized Fiberglass (smooth finish) ABS and PVC plastic Concrete Corrugated flex duct 
	Non-spiral-wound galvanized Fiberglass (smooth finish) ABS and PVC plastic Concrete Corrugated flex duct 
	0.9 0.8 0.8 1.4 2.3 


	Loss factors for fittings have also been compiled, based on experimental data. Mainly of interest are those for 90 elbows, arguably the most commonly used fitting in air pollution control systems. The “k” values for elbows vary according to the diameter and radius of curvature, which is expressed as a multiple of the elbow diameter. Typical ranges of these values are as follows:[45] 
	o
	90

	Table 1.7: Typical Ranges of Friction Loss Factor (k) 
	Table 1.7: Typical Ranges of Friction Loss Factor (k) 
	Table 1.7: Typical Ranges of Friction Loss Factor (k) 
	90


	Radius of Curvature 
	Radius of Curvature 
	Friction Loss Factor (k)90

	0.50 1.00 1.25 1.50 2.00 2.50 
	0.50 1.00 1.25 1.50 2.00 2.50 
	0.80 0.35 0.30 - 0.55 0.27 - 0.39 0.24 - 0.27 0.22 - 0.24 


	As these values indicate, the higher the radius of curvature, the lower the friction loss. This stands to reason, as the higher the radius of curvature, the more gradually the gas stream changes direction. For an elbow having of angle less than 90, multiply the above kvalue by an adjustment factor (./90), so that: 
	o
	90 

	
	θ

	kθ= k (1.30) 
	
	90 
	
	90 

	where k = loss factor for . > 90
	o 

	. 
	Illustration: A control device at a cosmetic factory is connected to a source by 250 feet of round spiral duct. The duct run includes three 90 elbows and two 45elbows, each with a 1.50 radius of curvature. The volumetric flow rate (Q) of the waste gas (which contains entrained face powder) is 15,000 ft/min at standard conditions. Calculate the friction loss for the ductwork. 
	o
	o 
	3

	Solution: Because the material being conveyed in the ductwork (face powder) is light, an appropriate transport velocity (u) in this case is 2,000 ft/min. (See Table 1.4 above.) Upon substituting this value and the volumetric flow rate into Equation 1.27 we obtain the duct diameter (D): 
	t
	d

	1/2
	15 ,000 
	D = 1.128  = 3.09 ft
	d
	
	
	
	

	2 ,000 
	2 ,000 

	Next, substitute the diameter and velocity into Equation 1.29 to compute the straight duct friction (static pressure) loss, F: 
	d

	1.18 1.8
	1 2 ,000 250 
	F = 0.136  = 0.313 in. w.c.
	d
	
	
	
	
	
	

	3.09 1,000 100 
	3.09 1,000 100 

	The 250/100 factor in this expression adjusts the friction loss from 100 feet (the basis of equation 10.29) to 250 feet (the length of the duct system in this illustration). The rest of the friction loss occurs through the five elbows (three 90, two 45), each with a 1.50 radius of curvature. These losses (F) are computed via Equation 1.12: 
	o
	o
	c

	F = k VP (1.31) 
	c
	θ

	where 
	VP = (2,000/4,016)  (Equation 1.11, rearranged) = 0.248 in. w.c. 
	2

	For the 90 elbows, k= k= 0.33 (average of table range), and: 
	o
	. 
	90 

	F = 3 x 0.33 (0.248) = 0.246 in. w.c. 
	c 
	For the 45 elbows, k= (45/90)k= 0.165 (Equation 1.30), and: 
	o
	.
	90 

	F = 2 x 0.165(0.248) = 0.0818 in. w.c. 
	c 
	The total friction loss is, therefore: 
	F = 0.313 + 0.246 + 0.0818 = 0.641 in. w.c. 
	From this illustration, two observations may be made: (1) the static pressure loss through the straight duct is not large, even at this length (250 ft.) and (2) the losses through the elbows— which total 0.328 in. w.c.—are larger than the straight duct loss. Though it may be tempting to neglect fittings losses for the sake of expediency, doing so can cause a significant underestimation of the ventilation system static pressure loss. 



	1.3.4 Stack Design Procedures 
	1.3.4 Stack Design Procedures 
	As with ductwork, the design of stacks involves a number of stream, structural, and site-specific parameters.[46,47]These include: 
	Waste gas variables: inlet volumetric flow rate, temperature, and composition; 
	Site-specific data: elevation above sea level, ambient temperature fluctuations, topographic and seismic data, meteorological records, and building elevations and layout; 
	Structural parameters:  thickness of stack wall and liner, location of breaching opening, type of supports, load capacity of foundation, modulus of resistance, and natural vibration frequency. 
	Fortunately, for study cost-estimating purposes, the only two stack design parameters that need to be determined are: (1) the stack diameter and (2) the stack height. The other variables (e.g., wall thickness) are incorporated into the equipment cost correlations. The stack diameter is relatively easy to determine, as it depends primarily on waste stream conditions. The stack height is more difficult to arrive at, as it is influenced by several site-specific variables. Nonetheless, ample guidance has been d
	1.3.4.1 Calculating Stack Diameter 
	1.3.4.1 Calculating Stack Diameter 
	Because most stacks have circular cross-sections, the stack diameter (D , ft) can be
	s 
	calculated via the duct diameter formula (Equation 1.27): 
	1/2
	
	
	Q
	c 

	u 
	c 
	
	
	D= 1.128 
	(1.32)
	s 
	where 
	u= stack exit velocity (ft/min) 
	c 

	Q= exit volumetric flow rate (actual ft/min) 
	c 
	3

	It should be noted that the stack diameter in this formula is measured at the stack exit, not at the entrance. That is because, for structural reasons, the diameter at the bottom of the stack typically is larger than the top diameter. Also note that the stack exit velocity does not necessarily 
	equal the duct transport velocity. Finally, Q may be different from the volumetric flow rate used to 
	c 
	size the ductwork. Because the stack always follows the control device, the flow rate entering the device may not equal the flow rate entering the stack, either in standard or actual ft/min terms. For instance, in a thermal incinerator, the outlet standard waste gas flow rate is almost always 
	3 

	higher than the inlet flow rate due to the addition of supplemental fuel. 
	The stack exit velocity, u , affects the plume height, the distance that the plume rises above
	c 
	the top of the stack once it exits. In a well-designed stack, u should be 1.5 times the wind speed.
	c 
	Typically, design exit velocities of 3,000 to 4,000 ft/min are adequate.[48] This range corresponds to wind speeds of 34 to 45 mi/hr. 

	1.3.4.2 Calculating Stack Height 
	1.3.4.2 Calculating Stack Height 
	Estimating the stack height is more difficult than calculating the stack exit diameter. The stack height depends on several variables: the height of the source; the stack exit velocity; the stack and ambient temperatures; the height, shape, and arrangement of the nearby structures and terrain; and the composition of the stack outlet gas. Some of these variables are straightforward to determine, while others (such as the dimensions and layout of nearby structures) are difficult to determine without performin
	The stack design height has two components: the height of the stack itself (H ) and the
	s 
	plume rise height (H ) . Together these components comprise the effective stack height (H ). That
	pr e 
	is: 
	H = H + H
	e s pr (1.33) 
	However, the cost of the stack is a function of Halone. (See Section 1.4.) As discussed above, the plume rise is a function of the stack exit velocity. It also depends on the temperature differential between the stack gas and the ambient air. Specifically, a 1F temperature difference corresponds to approximately a 2.5-ft. increase in H .[49]
	s 
	o

	pr 
	For those sources subject to State Implementation Plans (SIPs), the stack height (H )
	s 
	should be determined according to “good engineering practice” (GEP). GEP is defined as “the height necessary to insure that emissions from the stack do not result in excessive concentrations of any air pollutant in the immediate vicinity of the source as a result of atmospheric downwash, eddies, or wakes which may be created by the source itself, nearby structures, or nearby terrain obstacles.”[50] In this respect, GEP establishes the maximum allowable stack height credit for purposes of calculating the amb
	For stacks constructed after January 12, 1979, the GEP stack height shall be the greater of: (1) 65 meters (213 ft); (2) the height demonstrated by an approved fluid model or field study that ensures that stack emissions do not cause excessive pollutant concentrations from atmospheric downwash, wakes, eddy effects., etc; or (3) the height determined by the following equation:[52] 
	H= H+ 1.5 L (1.34) 
	s
	b

	where H= GEP stack height, measured from the ground level elevation at the stack base (ft) H= height of nearby structure(s) measured from this ground level elevation (ft) L = lesser dimension (height or projected width of nearby structure(s)) 
	s 
	b 


	1.3.4.3 Calculating Stack Draft 
	1.3.4.3 Calculating Stack Draft 
	As discussed previously, waste gas flowing through hoods and ductwork loses static pressure due to friction. In the case of stacks, however, the gas stream can actually gain static pressure, as a result of stack draft, which is the draft created by the stack gas-ambient air temperature differential. Stack draft (SP, in. w.c.) can be calculated as follows:
	s
	53 

	11 
	SP = 0.034 (H−H) ρ× -
	s
	s 
	br 
	(1.35)

	TT
	TT
	amb 

	sa 
	


	where H= height of stack breaching (inlet duct connection) above stack base (ft) P...= barometric pressure(in. w.c.) T = ambient temperature (R) T = average stack gas temperature (R)
	br 
	amb
	o
	o

	sa 
	Illustration: The waste gas from a thermal incinerator has an outlet flow rate and temperature of 21,700 actual ft/min. and 550F, respectively. The maximum wind speed in the vicinity is 42 mi/hr, while the stack exit and ambient temperatures are 450F and 70F, in turn. The barometric pressure is 1 atm. (29.92 in. Hg). The incinerator is near a 35-ft tall brick building, while the “projected 
	3
	o
	o
	o

	width” of an adjacent building is 40 ft. For a stack to disperse the incinerator offgas, calculate the required: (1) exit velocity, (2) diameter, (3) height, and (4) draft. 
	Solution: 
	Exit velocity:  According to the above guideline, the velocity should be 1.5 times the wind speed, or: 
	fpm ft 
	u = 1.5 ×42 mph ×88 = 5 ,540 (1.36)
	c

	mph min 
	Stack diameter: The exit volumetric flow rate is measured at the stack exit temperature, namely 450F. However, the above flow rate was measured at 550F, the incinerator outlet temperature. Correcting to the stack exit temperature, we obtain: 
	o
	o

	21,700 × (450 + 460) actual ft 
	3 

	Q = = 19 ,600 (1.37)
	c

	(550 + 460) min 
	Substituting this value into Equation 1.32: 
	1/2
	19 ,600 
	D = 1.128  = 2 .12 ft
	s
	
	

	5 ,540 
	5 ,540 

	Stack height: As a first approximation, estimate the GEP stack height from Equation 1.33, where the variables Hand Lare 35 ft and 40 ft, respectively:
	b 

	 H = 35 + 1.5(40) = 95 ft.
	s 
	Clearly, this H is less than the GEP maximum height (213 ft), so it will be used in this example.
	s 
	Stack draft: All of the inputs needed to compute the stack draft via Equation 1.35 are known except the stack breaching height, H. However, a minimum of 5 ft is recommended for this parameter.[54] This value will be used in this calculation. Also, the average stack temperature is:
	br

	 (450 + 550)
	T= = 960 R (1.38)
	sa
	°

	2 + 460 
	Finally, the barometric pressure expressed in inches of water is: 
	13.6 in. water 
	ρ= 29 .92 in. Hg ×= 407 in. w.c. (1.39)
	in. Hg 
	Upon substitution, we obtain: 
	11 
	SP= (0.034 )(118 -5)(407 )-= 1.32  in. w.c. 
	s 

	
	
	70 + 460 960 
	




	1.4 Estimating Total Capital Investment 
	1.4 Estimating Total Capital Investment 
	This section presents the information needed for estimating the total capital investment (TCI) for hoods, ductwork, and stacks. The TCI includes the equipment cost (EC) for the hood, ductwork, or stack; taxes; freight charges; instrumentation (if applicable); and direct and installation costs. All costs are presented in second quarter 1993 dollars, and are of “study” estimate accuracy (± 30 percent). Moreover, the costs are for new facility installations; no retrofit costs are included. 
	2

	The equipment costs are presented in Section 1.4.1, while the installation costs are shown in Section 1.4.2. In each of these sections, the three categories of equipment are covered in separate subsections. 
	1.4.1 Equipment Costs 
	1.4.1 Equipment Costs 
	Several vendors provided costs (prices) for each of the three equipment categories. Their responses reflected a range of sizes, designs, and materials of construction. These prices have been correlated against some easy-to-determine design (sizing) parameter via least-squares regression analysis. Each of these correlations pertains to a certain type of equipment (e.g., circular canopy hoods) within a specified size range of the parameter in question (e.g., 2 to 200 ft inlet area). For that reason, a cost co
	2

	Some of the prices the vendors provided pertain to stock (“off-the-shelf”) items, while other costs are for custom-fabricated equipment. Vendors tend to specialize in either stock or custom items. Most hoods and stacks are custom-made, either fabricated in the vendor’s factory or erected on-site. Conversely, ductwork components usually are stock items, though larger pieces have to be custom-made. (Of course, there are exceptions to this.) Finally, all prices given in the following section are “free-on-board
	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
	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
	2 


	1.4.1.1 Hood Costs 
	1.4.1.1 Hood Costs 
	In all, four vendors provided prices for hoods.[55] These prices covered the following types of hoods: 
	Ł Canopy—circular 
	Ł Canopy—rectangular 
	 (CTC Bulletin Board). 
	Ł Push-pull 
	Ł Slide-draft
	 Ł Back-draft (slotted) 
	Descriptions and design procedures for these hoods are given in Sections 1.2.1 and 1.3.2, respectively. As explained in Section 1.3.2, hood costs have been found to correlate well with the hood inlet or face area (A , ft). Furthermore, the functional form that best fits the cost-face area
	2

	f 
	correlation (equation) is the “power function,” or: 
	C = aA (1.40) 
	h
	f
	b 

	where 
	C= hood cost ($) 
	h 

	a,b = equation regression parameters 
	The values of the equation parameters vary according to hood type and material of construction. These parameters are shown in Table 1.8. 
	Illustration: What would be the cost of the electroplating tank canopy hood sized for the illustration in Section 1.2.2. Assume that the hood is fabricated of FRP. 
	Solution: Recall that the face area (A) calculated for that hood was 98.5 ft. Because this is a circular canopy hood, the equation parameters from Table 1.8 are: a = 123 and b = 0.575. (Note that this hood area falls within the equation range of 2 to 200 ft.) Substituting these parameters into Equation 1.40, we obtain: 
	f 
	2
	2

	C= 123(98.5) = $1,720. 
	h 
	0.575


	1.4.1.2 Ductwork Costs 
	1.4.1.2 Ductwork Costs 
	Several vendors provided ductwork prices, also for a range of sizes, materials, and designs. These prices covered the following equipment items: Straight ductwork: 
	Circular
	 – 
	 – 
	 – 
	Steel sheet (galvanized carbon, w/ & w/o insulation; 304 stainless;)

	 – 
	 – 
	Steel plate (coated carbon; 304 stainless)

	 – 
	 – 
	Plastic (FRP; PVC) Square

	 – 
	 – 
	Steel (aluminized carbon; w/ & w/o insulation) 


	Table 1.8: Parameters for Hood Cost Equation[55] 
	Table 1.8: Parameters for Hood Cost Equation[55] 
	Table 1.8: Parameters for Hood Cost Equation[55] 

	Type of Hood 
	Type of Hood 
	Fabrication 
	Equation Parameter 
	Equation Range 

	TR
	Material 
	a
	 b 
	(A, ft2)f

	Canopy-circular 
	Canopy-circular 
	FRP1 
	128
	 0.577 
	2-200 

	Canopy-rectangular 
	Canopy-rectangular 
	FRP 
	306 
	0.506 
	2-200 

	Push-pull 
	Push-pull 
	FRP 
	620 
	0.321 
	2-200 

	Side-draft 
	Side-draft 
	FRP 
	497
	 0.336 
	2-200 

	Backdraft (slotted) 
	Backdraft (slotted) 
	PVC2 
	307
	 1.43 
	0.6-2.03 

	Backdraft (slotted) 
	Backdraft (slotted) 
	PVC4 
	797
	 0.504 
	1.1-2.1 

	Backdraft (slotted) 
	Backdraft (slotted) 
	PP5 
	653
	 0.717 
	1.1-2.1 

	Backdraft (slotted) 
	Backdraft (slotted) 
	FRP 
	956
	 0.519 
	1.1-2.1 

	Backdraft (slotted) 
	Backdraft (slotted) 
	Galvanized 
	688 
	0.687 
	0.5-1.3

	TR
	 steel 


	 Fiberglass-reinforced plastic  Polyvinyl chloride  For each slotted hood, ìequation rangeî denotes the range
	1
	2
	3

	 in the area of the slot openings, which is much less than the total hood face area Each hood is equipped with manual slot dampers and four rows of slots  Polypropylene 
	4 
	5

	Elbows (90): Steel (galvanized carbon, w/ & w/o insulation; 304 stainless) Plastic (FRP; PVC) 
	o

	Dampers: Butterfly
	 – 
	 – 
	 – 
	Steel (galvanized carbon, w/ & w/o insulation)

	 – 
	 – 
	Plastic (FRP; PVC, w/ & w/o actuators) Louvered

	 – 
	 – 
	Steel (aluminized carbon w/ & w/o actuators) Blast gate

	 – 
	 – 
	Steel (carbon)

	 – 
	 – 
	PVC 


	These prices were regressed against the diameter of the equipment item (straight duct, elbow, or damper). The regression correlations were of three forms:  power function (primarily), exponential, and linear. Equation 1.40 depicts the power function, while the other forms are: 
	( Exponential) C= ae(1.41) 
	i 
	bD 

	( Linear) C= a + bD (1.42) 
	i 

	where 
	C= cost of equipment item in question 
	i 

	a,b = regression parameters 
	D = equipment diameter 
	The regression parameters are listed in Tables 1.9 to 1.11, along with the size applicability ranges for the respective correlations. (Note: The correlations should not be extrapolated outside these ranges.) The following paragraphs contain additional information about the price data and the correlations: 
	Straight duct: As indicated above, vendors provided prices for steel plate, steel sheet (spiralwound and longitudinal seam), and plastic straight duct. The major difference between the two steel duct types lies in the wall thickness. Steel plate duct typically has wall thicknesses of 3/16 in. to 1/2 in., while steel sheet duct wall thicknesses usually range from 28 gauge to 10 gauge. As Table 1.5 shows, this range corresponds to wall thicknesses of 0.0149 in. to 0.1406 in., respectively, although the exact 
	-

	Most of the steel duct vendors supplied prices for a minimum and a maximum wall thickness for a given diameter. However, to simplify matters for cost estimators, these “low” and “high” prices first were averaged, and then the average prices were regressed against the diameters. This averaging was necessary, because those making study cost estimates usually do not have enough information available to predict duct wall thicknesses. 
	Prices for both circular and square insulated steel sheet duct were among the data received. The insulated circular steel duct is “double-wall, spiral-wound” in construction, wherein the insulation is installed between the inner and outer walls. Costs were provided for both 1-in. and 3-in. fiberglass insulation thicknesses. For the square duct, prices were given for a 4-in. thickness of mineral wool insulation applied to the outer surface of the duct. The correlation parameters in Table 1.9 reflect these sp
	Prices for both carbon steel (galvanized, painted, or aluminized) and 304 stainless steel duct were received. The carbon steel duct is used in situations where “mild” steel is suitable, while the stainless steel duct is required whenever the gas stream contains high concentrations of corrosive substances. 
	Vendors gave prices for plastic (FRP and PVC) duct also (Table 1.11). However, for a given diameter this duct is fabricated in a single wall thickness, which varies from approximately 1/8 in. to 1/4 in. Consequently, the estimator is not required to select a wall thickness when costing plastic duct. 
	Elbows: Prices for steel sheet and plastic 90 elbows were also submitted. The steel sheet elbows were “gored” (sectioned) elbows fabricated from five pieces of sheet metal welded together. Like 
	o

	Dampers: Prices were obtained for three types of dampers: butterfly, louvered, and blast gates. The galvanized carbon steel butterfly dampers were priced with and without 1-in. fiberglass insulation, while prices for the aluminized carbon steel louvered dampers were based on either manual or automatic control (via electric actuators). Similarly, the PVC butterfly dampers were manual or equipped with pneumatic actuators. Both the carbon steel and the PVC blast gates were manual. Correlation parameters for th
	Illustration: A fabric filter handling 16,500 ft/min of 200F waste gas laden with noncorrosive cocoa dust is located 95 ft across from and 20 ft above, the emission source (a drying oven). Straight duct with four 90 elbows (all fabricated from spiral-wound, galvanized carbon steel sheet) and a butterfly damper (also galvanized CS) will be required to convey the gas from the source to the control device. Assume that the ductwork contains 1-in. thick insulation to prevent condensation. Estimate the cost of th
	3
	o
	o

	Solution: First, determine the diameter of the straight duct, elbows, and damper. From Table 1.4, the minimum transport velocity (u) for cocoa dust is 3,000 ft/min. Substituting this value and the gas volumetric flow rate into Equation 2.27, we obtain: 
	t

	1/2
	16 ,500 
	D = 1.128  = 2 .65 ft = 31.7 in.
	d
	
	

	3,000 
	3,000 

	Next, obtain the costs of the ductwork items as follows: 
	Straight ductwork:  From Table 1.9, select the equation parameters for galvanized circular spiral-wound duct (1-in. insulation) and substitute them and the diameter into the appropriate equation type (power function, Equation 1.40). 
	Table 1.9: Parameters for Straight Steel Ductwork Cost Equations[56] 
	Table 1.9: Parameters for Straight Steel Ductwork Cost Equations[56] 
	Table 1.9: Parameters for Straight Steel Ductwork Cost Equations[56] 

	Duct Type 
	Duct Type 
	Material 
	Instulation 
	Equation
	 Equation 
	Equation 

	TR
	Thickness 
	Type 
	Parameter 
	Range (D, in.)

	TR
	 a
	 b 

	Circular-spiral1 
	Circular-spiral1 
	Sheet-gal CS2 
	None 
	Power 
	0.322 
	1.22 
	3-84

	TR
	 Function 

	Circular-spiral 
	Circular-spiral 
	Sheet-304 SS3 
	None 
	Power 
	1.56 
	1.00 
	3-84

	TR
	 Function 

	Circular-spiral 
	Circular-spiral 
	Sheet-galv CS 
	1
	 Power 
	1.55 
	0.936 
	3-82

	TR
	 Function 

	Circular-spiral 
	Circular-spiral 
	Sheet-galv CS 
	3
	 Power 
	2.56 
	0.937 
	3-82

	TR
	 Function 

	Circular-longitudinal4 
	Circular-longitudinal4 
	Sheet-galv CS 
	None 
	Power 
	2.03 
	0.784 
	6-84

	TR
	 Function 

	Circular-longitudinal 
	Circular-longitudinal 
	Sheet-304 SS 
	None 
	Power 
	2.98 
	0.930 
	6-84

	TR
	 Function 

	Circular-longitudinal 
	Circular-longitudinal 
	Plate-coat CS5 
	None 
	Power 
	2.49 
	1.15 
	6-84

	TR
	 Function 

	Circular-longitudinal 
	Circular-longitudinal 
	Plate-304 SS6 
	None 
	Power 
	6.29 
	1.23 
	6-84

	TR
	 Function 

	Square 
	Square 
	Sheet-alum CS7 
	None 
	Linear 
	0.254 
	2.21 
	18-48 

	Square 
	Square 
	Sheet-alum CS 
	4
	 Linear 
	21.1 
	5.81 
	18-48 


	 Spiral-wound and welded circular duct  Galvanized carbon steel sheet  304 stainless steel sheet  Circular duct welded along the longitudinal seam Carbon steel plate with one coat of ìshop paintî  304 stainless steel plate  Aluminized carbon steel sheet 
	1
	2
	3
	4
	5 
	6
	7

	However, a total of 115 ft (95 + 20) of duct is required, so: 
	$39 .4 
	Straight duct cost = ×115 ft = $4 ,531 
	ft 
	Elbows:  From Table 1.10 correlation parameters for galvanized carbon steel, insulated elbows are 53.4 (a) and 0.0633 (b). However, the regression correlation form is exponential (Equation 1.41). Thus: 
	0 .0633 (31.7) 
	0 .0633 (31.7) 

	Elbow cost ( $) = 53.5 e = $397 ea. 
	For four elbows, the cost is: $397 x 4 = $1,588. 
	Table 1.10: Parameters for Plastic Ductwork Cost Equations[56] 
	Table 1.10: Parameters for Plastic Ductwork Cost Equations[56] 
	Table 1.10: Parameters for Plastic Ductwork Cost Equations[56] 

	Ductwork 
	Ductwork 
	Material 
	Equation 
	Equation
	 Equation 

	TR
	Type 
	Parameter 
	Range (D, in.) 

	TR
	a 
	b 

	Elbows1 
	Elbows1 
	Galv CS2 
	Exponential 
	30.4 
	0.0594 
	6-84 

	Elbows 
	Elbows 
	304 SS 
	Exponential 
	74.2 
	0.0668 
	6-60 

	Elbows-insulated3 
	Elbows-insulated3 
	Galv CS 
	Exponential 
	53.4 
	0.0633 
	3-78 

	Elbows-butterfly4 
	Elbows-butterfly4 
	Galv CS 
	Exponential 
	23.0 
	0.0567 
	4-40 

	Dampers
	Dampers
	-


	butterfly/insulated5 
	butterfly/insulated5 
	Galv CS 
	Exponential 
	45.5 
	0.0597 
	4-40 

	Dampers-louvered6 
	Dampers-louvered6 
	Alum CS7 
	Power 
	78.4 
	0.860 
	18-48 

	TR
	Function 

	Dampers-louvered 
	Dampers-louvered 
	Alum CS 
	Power 
	208. 
	0.791 
	18-48

	 w/ actuators8 
	 w/ actuators8 
	Function 

	Dampers blast gates 
	Dampers blast gates 
	Carbon Steel 
	Power 
	17.2 
	0.825 
	3-18 


	 Single-wall ìgoredî 90 elbows, uninsulated  Galvanized carbon steel sheet  Double-wall ìgoredî 90 elbows with 1-inch fiberglass insulation Single-wall ìopposed bladeî type manual butterfly dampers  Double-wall ìopposed bladeî butterfly dampers with 1-inch fiberglass insulation  Louvered dampers with 95-98% sealing  ìAluminizedî carbon steel sheet  Louvered dampers with electric actuators (automatic controls) 
	1
	o
	2
	3
	o
	4 
	5
	6
	7
	8

	Damper:  Also from Table 1.10, select the correlation parameters for galvanized carbon steel “dampers-butterfly/insulated” and substitute into Equation 1.41: 
	0 .0597 (31.7) 
	Damper cost ($) = 45.5 e =$302 
	After summing the above three costs, we obtain: 
	Total ductwork cost = $6 ,421 〉〉$6 ,420 

	1.4.1.3 Stack Costs 
	1.4.1.3 Stack Costs 
	Prices for steel and PVC short stacks were obtained from four vendors.[57] The steel stack costs were for those fabricated from carbon and 304 stainless steels, both plate and sheet metal. As with ductwork, the difference between steel sheet and plate lies in the thickness. For these stacks, the sheet steel thickness ranged from 18 to 16 gauge (0.05 to 0.06 in., approximately). Steel plate thicknesses were considerably higher: 0.25 to 0.75 in, a fact that makes them more 
	Prices for steel and PVC short stacks were obtained from four vendors.[57] The steel stack costs were for those fabricated from carbon and 304 stainless steels, both plate and sheet metal. As with ductwork, the difference between steel sheet and plate lies in the thickness. For these stacks, the sheet steel thickness ranged from 18 to 16 gauge (0.05 to 0.06 in., approximately). Steel plate thicknesses were considerably higher: 0.25 to 0.75 in, a fact that makes them more 
	resistant to wind and other loadings than stacks fabricated of steel sheet. This is especially true for taller stacks. The major drawback is that plate steel stacks are more costly than those fabricated from steel sheet. 

	Another feature that increases costs is insulation. As the correlation parameters show (Table 1.12), insulated stacks cost as much as three times more per foot than uninsulated. With or without insulation, a typical short (15-ft) steel stack consists of the following components:[58] 
	Ł Longitudinal seam duct (12-ft section) 
	Ł Reducer fitting (3-ft) 
	Ł Drip pan 
	Ł Support plate (1/4-in, welded to stack) 
	Ł Rectangular tap (for connecting to fan discharge) 
	Ł Ring (for attaching guy wires) 
	Table 1.11: Parameters for Plastic Ductwork Cost Equations[56] 
	Table 1.11: Parameters for Plastic Ductwork Cost Equations[56] 
	Table 1.11: Parameters for Plastic Ductwork Cost Equations[56] 

	Duct Type 
	Duct Type 
	Material 
	Equation 
	Equation 
	Equation 

	TR
	Type 
	Parameter 
	Range (D, in.) 

	TR
	a 
	b 

	Straight duct 
	Straight duct 
	PVC1 
	Power 
	0.547 
	1.37 
	6-48 

	TR
	Function 

	Straight duct 
	Straight duct 
	FRP2 
	Exponential 
	11.8 
	0.0542 
	4-60 

	Elbows-90o 
	Elbows-90o 
	PVC 
	Power 
	3.02 
	1.49 
	6-48 

	TR
	Function 

	Elbows-90o 
	Elbows-90o 
	FRP 
	Exponential 
	34.9 
	0.0841 
	4-36 

	Dampers-butterfly 
	Dampers-butterfly 
	PVC 
	Power 
	10.6 
	1.25 
	4-48 

	TR
	Function 

	Dampers-butterfly 
	Dampers-butterfly 
	FRP 
	Power 
	35.9 
	0.708 
	4-36 

	TR
	Function 

	Dampers-butterfly
	Dampers-butterfly

	 w/ actuators3 
	 w/ actuators3 
	PVC 
	Exponential 
	299. 
	0.0439 
	4-48 

	Dampers-blast gate 
	Dampers-blast gate 
	PVC 
	Power 
	8.14 
	1.10 
	4-48 

	TR
	Function 


	 Polyvinyl chloride 
	1

	2
	 Fiberglass-reinforced plastic 
	3
	3

	 Butterfly dampers with pneumatic actuators (automatic controls). all other dampers listed in this table are manually controlled. 
	Taller stacks may require additional components, such as ladders and platforms, guy wires or other supports, and aircraft warning lights. (See Section 1.2.3.) Table 1.12 lists the parameters and applicable ranges of the stack cost correlations. The correlations cover short PVC stacks, and taller stacks fabricated from plate steel (carbon and 304 stainless types) and sheet steel (insulated and uninsulated). Except for three double-wall sheet steel designs, these stacks are of single-wall construction. Note t
	This last cost equation is different in another respect. The other six equations in Table 1.12 correlate stack cost ($/ft) with stack diameter (D, in.). However, this seventh equation correlates stack cost with stack surface area (S, ft), a variable that incorporates both the stack diameter and the stack height (H.). The surface area is calculated via the following equation: 
	s
	s
	2
	s,ft

	π
	S = DH (1.43)
	s
	
	
	s
	s 

	12 
	12 

	Table 1.12: Parameters for Stack Cost Equations[54] 
	Table 1.12: Parameters for Stack Cost Equations[54] 
	Table 1.12: Parameters for Stack Cost Equations[54] 

	Material 
	Material 
	Equation Parameters1
	 Equation Range 

	TR
	a 
	b 
	D (in)2 s
	Hs (ft)3 

	PVC4 
	PVC4 
	0.393 
	1.61 
	12-36 
	<10 

	Plat-coated CS5 
	Plat-coated CS5 
	3.74 
	1.16 
	6-84 
	20-100 

	Plate-304 SS6 
	Plate-304 SS6 
	12.0 
	1.20 
	6-84 
	20-100 

	Sheet-galv CS7 
	Sheet-galv CS7 
	2.41 
	1.15 
	8-36 
	<75 

	Sheet-304 SS8 
	Sheet-304 SS8 
	4.90 
	1.18 
	8-36 
	<75 

	Sheet-insul CS/DW9 
	Sheet-insul CS/DW9 
	143. 
	0.402 
	18-48 
	<15 

	Sheet-uninsul CS/DW10 
	Sheet-uninsul CS/DW10 
	10.0 
	1.03 
	18-48 
	<15 

	Sheet-insul CS/DW11 
	Sheet-insul CS/DW11 
	142. 
	0.794 
	24-48 
	30-75 


	 All cost equations are power functions. (See Equation 1.40) Except where noted, costs
	1

	5
	5

	 Carbon steel plate with one coat of ìshop paint.î  304 stainless steel plate 
	 Carbon steel plate with one coat of ìshop paint.î  304 stainless steel plate 
	6


	7
	7

	 Galvanized carbon steel sheet  304 stainless steel sheet 
	 Galvanized carbon steel sheet  304 stainless steel sheet 
	8


	9
	9

	 Aluminized carbon steel sheet covered with 4 inches of fiberglass insulation (double-wall
	 construction).  Uninsulated aluminized carbon steel sheet (double-wall construction).  Costs for these stacks are expressed in $, and are correlated with the stack surface
	10
	11

	 area. (S, ft). 
	s
	2

	where 
	1/12 = stack diameter (D ) conversion factor
	s 
	Illustration: Estimate the cost of the stack sized in Section 1.3.4.3. 
	Solution: Recall that the stack dimensions were: H = 95 ft and D = 2.12 ft = 25.4 in. Both 
	ss 
	dimensions fall within the ranges of the cost correlations for steel plate stacks. Because the previous illustration did not indicate whether the waste gas was corrosive, we will estimate the prices for both carbon steel and 304 stainless steel plate stacks. 
	Upon substituting the equation parameters and stack dimensions into Equation 1.40, we obtain:
	 $ ft 
	
	1.16
	(carbon (25.4) 
	steel)3.74 

	×
	
	

	Price 
	95 15,100
	 ft = $
	= 
	
	
	$ 
	Pr ice (304 stainless) = 12 .0 (25.4) 
	1.20 

	
	×
	95 55 ,300
	ft = $ 
	ft 
	Notice that the price of the stainless steel stack is nearly four times that of the carbon steel stack. In view of this difference, the estimator needs to obtain more information on the waste gas stream properties, so that he/she can select the most suitable stack fabrication material. Clearly, it would be a poor use of funds to install a stainless steel stack where one is not needed. 
	 are expressed in terms of $/ft of stack height. Stack diameter range to which each equation applies.  Stack height range to which each equation applies.  Polyvinyl chloride 
	 are expressed in terms of $/ft of stack height. Stack diameter range to which each equation applies.  Stack height range to which each equation applies.  Polyvinyl chloride 
	 are expressed in terms of $/ft of stack height. Stack diameter range to which each equation applies.  Stack height range to which each equation applies.  Polyvinyl chloride 
	 are expressed in terms of $/ft of stack height. Stack diameter range to which each equation applies.  Stack height range to which each equation applies.  Polyvinyl chloride 
	2 
	3
	4






	1.4.2 Taxes, Freight, and Instrumentation Costs 
	1.4.2 Taxes, Freight, and Instrumentation Costs 
	Taxes (sales, etc.) and freight charges apply to hoods, ductwork, and stacks, as they do to the control devices that these auxiliaries support. As discussed in Section 1, Chapter 2, these costs vary, respectively, according to the location of the ventilation system and the site’s distance from the vendor. Typical values are 3% (taxes) and 5% (freight) of the total equipment cost. 
	Unlike the control devices, ventilation systems generally are not instrumented. The exception would be an electric or pneumatic actuator for a butterfly or louvered damper. In such a case, however, the cost of the instrument (actuator and auxiliaries) would be included in the damper price. Thus, no supplementary instrumentation cost is included. 

	1.4.3 Purchased Equipment Cost 
	1.4.3 Purchased Equipment Cost 
	With ventilation systems, the purchased equipment cost (PEC) is the sum of the equipment, taxes, and freight costs. Incorporating the typical values listed in Section 1.4.2, we obtain: 
	t

	PEC = EC + 0.03 EC + 0 .05 EC = 1.08 ( EC ) (1.44)
	tttt t 
	where EC = total cost of hood(s), ductwork, and stack(s) 
	t


	1.4.4 Installation Costs 
	1.4.4 Installation Costs 
	When making a cost estimate for an air pollution control system according to the procedure in this , the estimator first determines the cost of the control device, then estimates the costs of such auxiliaries as the hood, ductwork, stack, fan and motor, and other items. To these items he/ she adds the costs of instrumentation, taxes, and freight, to obtain the PEC. Finally, the estimator multiplies the PEC by the installation factor appropriate to the control device (e.g., 2.20 for gas absorbers) to obtain 
	Manual

	For this reason, it usually is unnecessary to estimate the installation cost of the ventilation system separately. However, there may be occasions where a hood, a stack, or ductwork has to be installed alone, either as replacement equipment or to augment the existing ventilation system. In those instances, the estimator may want to estimate the cost of installing this item. 
	As might be imagined, these installation costs vary considerably, according to geographic location, size and layout of the facility, equipment design, and sundry other variables. Nonetheless, some of the vendors (and a peer reviewer[59]) provided factors for hoods and ductwork, which, when multiplied by their respective purchased equipment costs, will yield approximate installation costs. These are: 
	Ł Hoods: 50 to 100% 
	Ł Ductwork: 25 to 50% 
	If one or both of these factors is used, the total capital investment (TCI) of the hood and/or ductwork would be: 
	TCI = (1 + IF) × PEC(1.45) where 
	h/d 
	h/ d 

	IF = installation factor for hood(h)/ductwork(d)
	h/d 
	PEC = purchased equipment cost of hood (h)/ductwork (d)
	h/d 


	1.5 Estimating Total Annual Cost 
	1.5 Estimating Total Annual Cost 
	1.5.1 Direct Annual Costs 
	1.5.1 Direct Annual Costs 
	Ventilation systems incur few, if any, direct annual costs, as they function to support control devices. There are no costs for operating or supervisory labor, operating materials, or waste treatment/disposal allocated to ventilation systems. Maintenance costs would also be minimal, except for such minor expenses as painting, insulation repair, or calibration of automatic damper controls. The only utilities cost would be the incremental electricity needed for the waste gas stream to overcome the static pres
	3

	electricity cost (C , $/yr) can be calculated as follows:
	c 
	pQFθC= (1.175 ×10 (1.46)
	-4 
	) 
	c
	d 
	c 

	∈
	where 
	p = electricity price ($/kwh)
	c 
	Q = waste gas flow rate (actual ft/min) 
	3

	F = static pressure drop through ventilation system (in. w.c.) 
	. = operating factor (hr/yr) 
	. = combined fan-motor efficiency 
	Illustration: In the cosmetic factory ventilation system, what would be the cost of the electricity consumed by the fan needed to convey the gas through the ductwork? Assume an electricity price of $0.075/kwh, a combined fan-motor efficiency of 0.6, and an 8,000-hr/yr operating factor. 
	Solution:  Recall that the pressure drop and gas flow rate for this illustration were 0.313 in. w.c. and 15,000 actual ft/min, respectively. Upon substituting these values and the other parameters into equation 10.40, we obtain: 
	3

	C = (1.175 x 10) (0.075) (15,000) (0.313) (8,000)/0.6 = $552/yr. 
	-4

	c 
	Technically, this direct annual cost should be allocated to the ventilation system fan, not to the hood, ductwork, and stack.
	Technically, this direct annual cost should be allocated to the ventilation system fan, not to the hood, ductwork, and stack.
	3 



	1.5.2 Indirect Annual Costs 
	1.5.2 Indirect Annual Costs 
	The indirect annual costs for ventilation systems include property taxes, insurance, general and administrative (G&A), and capital recovery costs. (Overhead—a fifth indirect annual cost— is not considered, because it is factored from the sum of the operating, supervisory, maintenance 
	 The fan power cost equation will be included in the  section on fans. However, as the fans section has yet to be written,
	Manual

	 this equation has been provided as a temporary convenience to  users. 
	Manual

	labor and maintenance materials costs, which is negligible.) When a ventilation system is part of a control system, these costs are included in the control system indirect annual cost. However, if the ventilation equipment has been sized and costed separately, these costs can be computed from the total capital investment (TCI) via standard factors, as follows: 
	The “CRF” term in the capital recovery equation is the capital recovery factor, which is a function of the economic life of the ventilation system and the interest rate charged to the total capital investment. (See Section 1, Chapter 2 of this Manual for more discussion of the CRF and the formula used for computing it.) 
	For a ventilation system, the economic life varies from at least 5 to 10 years to 15 to 20 years or more.[60,61] In general, the ventilation equipment should last as long as the control system it supports. As discussed in Section 1, Chapter 2, the interest rate to use in the CRF computation should be a “pre-tax, marginal (real) rate of return” that is appropriate for the investor. However, for those cost analyses related to governmental regulations, an appropriate “social” interest (discount) rate should be
	Table 1.13: Computation Equations for Indirect Annual Costs 
	Table 1.13: Computation Equations for Indirect Annual Costs 
	Table 1.13: Computation Equations for Indirect Annual Costs 

	Indirect Annual Cost 
	Indirect Annual Cost 
	Computation Equation 

	Property Taxes Insurance General and Administrative Capital Recovery 
	Property Taxes Insurance General and Administrative Capital Recovery 
	0.01 x TCI 0.01 x TCI 0.02 x TCI CFR x TCI 



	1.5.3 Total Annual Cost 
	1.5.3 Total Annual Cost 
	The total annual cost (TAC) is calculated by adding the direct (DC) and indirect (IC) annual costs: 
	TAC = DC+ IC (1.47) 
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