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1.0 I ntroduction

Gasabsorbersareused extensvely inindustry for separationand purification of gasstreams,
as product recovery devices, and as pollution control devices. This chapter focuses on the
applicationof absorptionfor pollution control ongasstreamswithtypical pollutant concentrations
ranging from 250t0 10,000 ppmv. Gasabsorbersaremost widely used toremovewater soluble
inorganic contaminantsfromair streamsi[1, 2]

Absorption isaprocess where one or more soluble components of agas mixture are
dissolvedinaliquid(i.e., asolvent). Theabsorption processcan becategorized asphysical or
chemical. Physical absorption occurswhen the absorbed compound dissol vesinthe solvent;
chemical absorption occurswhentheabsorbed compoundandthesolvent react. Liquidscommonly
used assolventsincludewater, minerd oils, nonvolatilehydrocarbon oils, and agueoussolutions,[ 1]

1.1 System Efficiencies and Performance

Remova efficienciesfor gasabsorbersvary for each poll utant-solvent sysemandwiththe
type of absorber used. Most absorbershaveremoval efficienciesin excessof 90 percent, and
packed tower absorbersmay achieveefficienciesashigh as99.9 percent for somepol lutant-sol vent
systems[1, 3]

Thesuitability of gasabsorptionasapollution control methodisgenera ly dependent onthe
followingfactors: 1) avail ability of suitablesolvent; 2) required removal efficiency; 3) pollutant
concentrationintheinlet vapor; 4) capacity requiredfor handlingwastegas; and, 5) recovery value
of thepollutant(s) or thedisposal cost of the spent solvent.[4]

Physical absorption dependson propertiesof thegasstream and solvent, such asdensity
andviscosity, aswell asspecific characteristicsof the pollutant(s) inthegasand theliquid stream
(e.g.,diffusivity, equilibriumsolubility). Thesepropertiesaretemperaturedependent, and lower
temperaturesgeneraly favor absorption of gasesby thesolvent.[ 1] Absorptionisa soenhanced by
greater contacting surface, higher liquid-gasratios, and higher concentrationsinthegasstream.[ 1]

Thesolvent chosentoremovethepol lutant(s) should haveahigh solubility for thegas, low
vapor pressure, low viscosity, and should berel atively inexpensive.[4] Water isthemost common
solvent used to removeinorgani c contaminants; it isal so used to absorb organic compoundshaving
relatively highwater solubilities. For organic compoundsthat havelow water solubilities, other
solventssuch ashydrocarbon oilsareused, though only inindustrieswherelargevolumesof these
oilsareavailable(i.e., petroleumrefineriesand petrochemical plants).[5]



Pollutant removal may a sobeenhanced by mani pul ating thechemistry of theabsorbing solution
sothat it reactswiththepollutant(s), e.g., caustic solutionfor acid-gasabsorption vs. purewater as
asolvent. Chemical absorptionmay belimited by therateof reaction, athoughtheratelimiting step
istypically thephysical absorptionrate, not thechemical reactionrate.

1.2 Process Description

Absorptionisamasstransfer operationinwhich oneor moresolublecomponentsof agas
mixturearedissolvedinaliquidthat haslow volatility under theprocessconditions. Thepollutant
diffusesfromthegasintotheliquid whentheliquid containslessthantheequilibrium concentration
of thegaseouscomponent. Thedifferencebetweentheactual concentrationandtheequilibrium
concentration providesthedrivingforcefor absorption.

A properly designed gasabsorber will providethorough contact betweenthegasand thesolvent
inordertofacilitatediffus onof thepollutant(s). Itwill perform much better thanapoorly designed
absorber.[6] Therateof masstransfer betweenthetwo phasesislargely dependent onthesurface
areaexposed and thetimeof contact. Other factorsgoverning the absorption rate, such asthe
solubility of thegasintheparti cular solvent and thedegreeof thechemical reaction, arecharacteristic
of theconstituentsinvol ved and arerel atively independent of theequipment used.

1.2.1 Absorber System Configuration

Gasandliquidflow through anabsorber may becountercurrent, crosscurrent, or cocurrent. The
most commonly installed designsare countercurrent, inwhichthewastegasstream entersat the
bottom of theabsorber column and exitsat thetop. Conversely, the solvent stream entersat the
top and exits at the bottom. Countercurrent designs provide the highest theoretical removal
efficiency becausegaswith thelowest pollutant concentration contactsliquid withthelowest
pollutant concentration. Thisservestomaximizetheaveragedrivingforcefor absorptionthroughout
thecolumn.[2] Moreover, countercurrent designsusually requirelower liquidto gasratiosthan
cocurrent and aremoresuitablewhenthepollutant loadingishigher.[3, 5]

Inacrosscurrent tower, thewaste gasflowshorizontal ly acrossthe columnwhilethe solvent
flowsvertically downthecolumn. Asarule, crosscurrent designshavelower pressuredropsand
require lower liquid-to-gas ratios than both cocurrent and countercurrent designs. They are
applicablewhengasesarehighly soluble, sincethey offer lesscontact timefor absorption.[2, 5]

Incocurrent towers, both thewaste gasand sol vent enter thecolumn at thetop of thetower and
exit at the bottom. Cocurrent designs have lower pressure drops, are not subject to flooding
limitationsandaremoreefficientfor fine(i.e., submicron) mistremova. Cocurrent designsareonly
efficientwherelargeabsorptiondrivingforcesareavailable. Removd efficiencyislimited sncethe
gas-liquid system approachesequilibrium at thebottom of thetower.[2]
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122 Typesof Absor ption Equipment

Devicesthat are based on absorption principlesinclude packed towers, plate (or tray)
columns, venturi scrubbers, and spray chambers. Thischapter focuseson packedtowers, which
arethemost commonly used gasabsorbersfor pollution control. Packed towersarecolumnsfilled
with packing materia sthat providealargesurfaceareatofacilitate contact betweentheliquidand
gas. Packedtower absorberscanachievehigher remova efficiencies, handlehigher liquidrates, and
haverelatively lower water consumption requirementsthan other types of gas absorbers.[2]
However, packed towersmay a so have high system pressuredrops, high clogging andfouling
potential, and extensive maintenance costsdueto the presenceof packing materias. Installation,
operation, and wastewater disposal costsmay a so be higher for packed bed absorbersthanfor
other absorbers.[ 2] Inadditionto pump and fan power requirementsand sol vent costs, packed
towershave operating costsassoci ated with repl acing damaged packing.[ 2]

Pate, or tray, towersarevertica cylindersinwhichtheliquid and gasarecontactedinstep-
wisefashionontrays(plates). Liquid entersat thetop of thecolumn and flowsacrosseach plate
andthrough adownspout (downcomer) totheplatesbel ow. Gasmovesupwardsthrough openings
intheplates, bubblesintotheliquid, and passestotheplateabove. Platetowersareeasier toclean
andtendtohandlelargetemperaturefluctuationsbetter than packed towersdo.[4] However, a high
gasflow rates, platetowersexhibit larger pressuredropsand havelarger liquid holdups. Plate
towersaregeneradly madeof materid ssuchasstainlesssted, that canwithstandtheforceof theliquid
ontheplatesand a so providecorrosion protection. Packed columnsarepreferredto platetowers
when acidsand other corrosivematerialsareinvol ved becausetower construction canthen beof
fiberglass, polyvinylchloride, or other lesscostly, corrosive-resistant materials. Packedtowersare
asopreferredfor columnssmaler thantwofeetindiameter and when pressuredropisanimportant
consderation.[3,7]

Venturi scrubbersaregeneraly appliedfor controlling particulatematter and sulfur dioxide.
They aredesignedfor applicationsrequiring high removal efficienciesof submicron particles,
between 0.5 and 5.0 micrometers in diameter.[4] A venturi scrubber employs a gradually
converging andthendiverging section, called thethroat, to cleanincoming gaseousstreams. Liquid
iseither introduced totheventuri upstream of thethroat or injected directly intothethroat whereit
isatomized by thegaseousstream. Oncetheliquidisatomized, it collectsparticlesfromthegasand
dischargesfromtheventuri.[ 1] Thehigh pressuredrop throughthesesystemsresultsinhighenergy
use, andtherdatively short gas-liquid contact timerestrictstheir applicationto highly solublegases.
Therefore, they areinfrequently usedfor thecontrol of volatileorganiccompoundemissionsindilute
concentration.[2]

Spray towersoperateby ddiveringliquid dropletsthroughaspray distributionsystem. The
dropletsfall through acountercurrent gasstream under theinfluence of gravity and contact the
pollutant(s) inthegas[7] Spray towersares mpleto operateand maintain, and havereatively low
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Figurel.1: Packed Tower for GasAbsorption

energy requirements. However, they have the least effective masstransfer capability of the
absorbersdiscussed and areusually restricted to particulateremoval and control of highly soluble
gasessuchassulfur dioxideandammonia. They a sorequirehigher water recircul ationratesand
areinefficient at removingvery smal particles[2, 5]

1.2.3 Packed Tower Internals

A basicpackedtower unitiscomprised of acolumnshel, misteliminator, liquiddistributors,
packing materias, packing support, and may includeapackingrestrainer. Corrosonresstantalloys
or plastic material ssuch aspolypropylenearerequired for columninternal swhenhighly corrosive
solventsor gasesareused. A schematic drawing of acountercurrent packed tower isshownin
Figurel.1. Inthisfigure, thepackingisseparated into two sections. Thisconfigurationismore
expensivethan designswherethepackingisnot sodivided.[5]
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The tower shell may be made of steel or plastic, or acombination of these materials
depending onthecorrosivenessof thegasand liquid streams, and the processoperating conditions.
Onealloy thatischemical and temperatureresi stant or multiplelayersof different, lessexpensive
materialsmay beused. Theshell issometimeslinedwithaprotectivemembrane, oftenmadefrom
acorrosionres stant polymer. For absorptioninvolvingacidgases, aninterior layer of acidresistant
brick providesadditional chemical andtemperatureresistance.[ 8]

Athighgasvelocities, thegasexiting thetop of thecolumnmay carry off dropletsof liquid
asamist. Topreventthis,amist eliminator intheformof corrugated sheetsor alayer of meshcan
beinstalled at thetop of thecolumnto collect theliquid droplets, which coalesceand fall back into
thecolumn.

A liquiddistributor isdesigned towet the packing bed evenly and initiate uniform contact
betweentheliquidandvapor. Theliquiddistributor must soread theliquiduniformly, resist plugging
and fouling, providefree spacefor gasflow, and allow operating flexibility.[9] Largetowers
frequently havealiquid redistributor to collect liquid off thecolumnwall and direct it toward the
center of thecolumn for redistribution and enhanced contact inthelower section of packing.[4]
Liquidredistributorsaregenerally requiredfor every 8to 20feet of random packing depth.[5, 10]

Digtributorsfal intotwo categories. gravitationd types, suchasorificeandweir types, and
pressure-drop types, such as spray nozzles and perforated pipes. Spray nozzlesarethe most
commondistributors, but they may produceafinemistthatiseasily entrainedinthegasflow. They
alsomay plug, andusually requirehighfeedratesto compensatefor poor distribution. Orifice-type
distributorstypically cons st of flat trayswithanumber of risersfor vapor flow and perforationsin
thetray floor for liquidflow. Thetraysthemselvesmay present ares tancetogasflow.[9] However,
better contact isgenerally achieved when orificedistributorsareused.[ 3]

Packing materid sprovidealargewetted surfacefor thegassreammaximizingtheareaavailable
for masstransfer. Packing materialsareavailableinavariety of forms, each having specific
characteristicswithrespect to surfacearea, pressuredrop, weight, corrosionresi stance, and cost.
Packinglifevariesdepending ontheapplication. Inideal circumstances, packingwill last aslong
asthetower itself. Inadverseenvironmentspacking lifemay beasshort as1to5yearsdueto
corrosion, fouling, and breakage.[11]

Packing materia sarecategorized asrandom or structured. Random packingsareusually
dumped into an absorption columnand allowed to settle. M odern random packingsconsist of
engineered shapesintended to maximize surface-to-volumeratioand minimize pressuredrop.[ 2]
Examplesof different random packingsarepresentedin Figure1.2. Thefirst random packings
specifically designedfor absorptiontowersweremadeof ceramic. Theuseof ceramichasdeclined
becauseof their brittleness, and the current marketsaredominated by metal and plastic. Metal
packingscannot beusedfor highly corrosivepollutants, such asacid gas, and plastic packingsare
not suitablefor hightemperatureapplications. Both plasticand metd packingsaregeneraly limited
to anunsupported depth of 20to0 25. At higher depthsthewelght may deformthepacking.[10]
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Figurel.2: Random Packing Materia

Structured packing may be random packings connected in an orderly arrangement,
interlockinggrids, or knitted or wovenwirescreen shapedintocylindersor gauzelikearrangements.
They usually havesmaller pressuredropsand are ableto handlegreater solvent flow ratesthan
random packings.[4] However, structured packingsaremore costly toinstall and may not be
practical for smaller columns. Most structured packingsaremadefrommetal or plastic.

Inorder toensurethat thewastegasiswel |l distributed, an open space between thebottom
of thetower and thepackingisnecessary. Support platesholdthe packing abovethe open space.
Thesupport platesmust haveenough strength to carry thewel ght of the packing, and enoughfree
areatoallow solvent and gastoflow with minimumrestrictions.[4]

Highgasve ocitiescanfluidizepackingontop of abed. Thepackingcouldthenbecarried
intothedistributor, becomeunlevel, or bedamaged.[9] A packingrestrainer may beinstaledat the
top of the packed bed to contain thepacking. Thepacking restrainer may besecuredtothewall
sothat columnupsetswill not didocateit, or a“floating” unattached wei ghted platemay beplaced
ontop of thepacking sothat it can settlewiththebed. Thelatter isoftenusedfor fragileceramic

packing.
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124 Packed Tower Operation

Asdiscussedin Section1.2.1, themost common packed tower designsarecountercurrent.
Asthewastegasflowsup the packed columnitwill experienceadropinitspressureasit meets
res stancefromthepacking material sandthe solvent flowing down. Pressuredropinacolumnis
afunction of thegasandliquidflow ratesand propertiesof the packing elements, suchassurface
areaandfreevolumeinthetower. A high pressuredrop resultsinhighfan power todrivethegas
through the packed tower. and consequently high costs. The pressuredrop inapacked tower
generally rangesfrom0.5to 1.0in. H,O/ft of packing.[7]

For each column, thereareupper andlower limitsto solvent and vapor flow ratesthat ensure
satisfactory performance. Thegasflow rate may becomeso highthat thedrag onthesolventis
aufficienttokeepthesolvent fromflowingfredy downthecolumn. Solvent beginstoaccumulateand
blockstheentirecrosssectionfor flow, whichincreasesthe pressuredrop and present the packing
frommixingthegasand sol vent effectively. Whendl thefreevolumeinthepackingisfilledwithliquid
andtheliquidiscarried back up the column, theabsorber isconsidered to beflooded.[4] Most
packed towersoperateat 60to 70 percent of thegasflooding vel ocity, asitisnot practica to operate
atower inaflooded condition.[ 7] A minimumliquidflow rateisal sorequiredto wet the packing
material sufficiently for effectivemasstransfer to occur betweenthegasandliquid.[7]

Thewastegasinlet temperatureisanother important scrubbing parameter. Ingenerd, the
higher thegastemperature, thelower theabsorptionrate, and vice-versa. Excessively highgas
temperatures also can lead to significant solvent loss through evaporation. Consequently,
precoolers(e.g., spray chambers) may be needed to reduce the air temperature to acceptable
levels[6]

For operationsthat are based on chemical reactionwith absorption, an additional concern
istherateof reaction betweenthesol vent and pollutant(s). M ost gasabsorptionchemical reactions
arerelatively fastandtheratelimiting stepisthephysical absorption of thepol lutantsinto thesol vent.
However, for solvent-pollutant systemswherethechemical reactionisthelimiting step, theratesof
reactionwould needto beanalyzedkineticaly.

Heat may begenerated asaresult of exothermal chemical reactions. Heat may alsobe
generated when large amounts of solute are absorbed into theliquid phase, dueto the heat of
solution. Theresulting changeintemperaturea ongtheheight of theabsorber columnmay damage
equipment and reduceabsorptionefficiency. Thisproblem canbeavoided by adding cooling coils
tothecolumn.[7] However, inthosesystemswherewater i sthe solvent, adiabati c saturation of the
gasoccursduring absorption dueto solvent evaporation. Thiscausesasubstantial cooling of the
absorber that offsetsthe heat generated by chemical reactions. Thus, cooling coilsarerarely
required with those systems.[5] In any event, packed towers may be designed assuming that
isothermal conditionsexist throughout thecolumn.[7]



Theeffluent fromthecolumnmay berecycledintothesyssemandusedagain. Thisisusually
thecaseif thesolventiscostly, i.e., hydrocarbonoils, causticsolution. Initialy, therecyclestream
may goto awastetreatment system to removethe pollutantsor thereaction product. Make-up
solvent may thenbeadded beforetheliquid streamreentersthecolumn. Recircul ation of thesol vent
requiresapump, solvent recovery system, sol vent hol ding and mixing tanks, and any associated
pipingandinstrumentation.

1.3 Design Procedures

Thedesign of packed tower absorbersfor controlling gasstreamscontainingamixture
of pollutantsand air dependson knowledgeof thefollowing parameters:

» Wastegasflowrate;

*  Wastegascompositionand concentration of thepollutantsinthegasstream;
* Requiredremovd efficiency;

*  Equilibriumrelationship betweenthepollutantsand sol vent; and

»  Propertiesof thepollutant(s), wastegas, and sol vent: diffusivity, viscosity,
densty, andmolecular weight.

Theprimary objectivesof thedes gn proceduresareto determinecolumn surfaceareaand pressure
drop through thecolumn. Inorder to determinethese parameters, thefollowing stepsmust be
performed:

» Determinethegasandliquid stream conditionsentering and exiting thecolumn.

» Determinetheabsorptionfactor (AF).

» Determinethediameter of thecolumn (D).

 Determinethetower height (H,_, ) and surfacearea(S).

» Determinethe packed column pressuredrop (P).

Tosmplify thes zing procedures, anumber of assumptionshavebeen made. For example,
thewastegasi sassumed to compri seatwo-component wastegasmixture (pollutant/air), wherethe
pollutant consistsof asinglecompound present indilutequantities. Thewastegasisassumedto

behaveasanideal gasand the solvent isassumed to behave asanideal solution. Heat effects
associated with absorption are considered to be minimal for the pollutant concentrations
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encountered. Theproceduresal so assumethat, inchemical absorption, theprocessisnot reaction
ratelimited, i.e., thereactionof thepollutant with thesolventisconsidered fast comparedtotherate
of absorption of thepollutant into thesol vent.

Thedesign procedures presented hereare complicated, and careful attentionto unitsis
required. Appendix A hasalist of all designvariablesreferredtointhischapter, alongwiththe
appropriateunits.

131 Deter mining Gasand Liquid Stream Conditions

Gasabsorbersaredesigned based ontheratio of liquidto gasentering thecolumn (L/G),
slope of theequilibrium curve (m), and thedesired removal efficiency (n7). Thesefactorsare
caculatedfromtheinlet and outlet gasand liquid streamvariables:

» Wastegasflowrate, inactua cubicfeet per minute (acfm), enteringandexiting
column (G, and G, respectively);

»  Pollutant concentration (Ib-molespollutant per |b-moleof pollutant freegas) enter-
ingandexitingthecolumninthewastegas(Y; and Y, respectively);

» Solventflowrate, ingallonsper minute(gpm), entering and exiting thecolumn (L,
and L, respectively); and

»  Pollutant concentration (Ib-molespollutant per Ib-mol eof pollutant freesol vent)
entering andexiting thecolumninthesolvent (X and X , respectively).

Thisdesign approach assumesthat theinlet gasstream variablesareknown, and that a
specificpollutant removal efficiency hasbeen chosenasthedesignbasis; i.e., thevariablesG,, Y,
and p areknown. For diluteconcentrationstypically encounteredin pollution control applications
and negligiblechangesin moisturecontent, G, isassumed equa to G,. If aonce-through process
isused, or if thespent sol ventisregenerated by anair stripping processbeforeitisrecycled, thevaue
of X will approach zero. Thefollowing proceduresmust befoll owedto calcul atetheremaining
sreamvariablesY , L (andL ),and X . A schematicdiagramof apackedtower withinletand outl et
flow and concentration variableslabeledispresentedin Figure 1.3.

Theexit pollutionconcentration, Y, may becal cul ated from using thefollowing equation:

=g o (1)
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Figure1.3: Schematic Diagram of Countercurrent Packed Bed Operation

Theliquidflow rateentering theabsorber, L. (gpm), isthen cal culated using agraphical
method. Figure 1.4 presentsan exampleof anequilibriumcurveandoperatingline. Theequilibrium
curveindicatestherel ationship between the concentration of pollutantinthewastegasandthe
concentration of pollutant inthesolvent at aspecified temperature. Theoperatinglineindicatesthe
rel ation between the concentration of thepollutant inthegasand sol vent at any locationinthegas
absorber column. Thevertical distancebetweentheoperating lineand equilibrium curveindicates
thedrivingforcefor diffusion of the pollutant betweenthegasand liquid phases. Theminimum
amount of liquid which can be used to absorb the pollutant in the gas stream correspondsto an
operating linedrawnfromtheoutl et concentrationinthegasstream (Y, ) and theinl et concentration
inthesolvent stream (X ) tothe poi nt ontheequilibrium curvecorresponding totheentering pollutant
concentrationinthegasstream(Y,). Attheintersection point ontheequilibriumcurve, thediffusiona
drivingforcesarezero, therequiredtimeof contact for theconcentration changeisinfinite, andan
infinitely tall tower results.

Thedopeof theoperating lineintersectingtheequilibrium curveisequd totheminimumL/
Gratioonamolesof pollutant-freesolvent (L) per molesof pollutant-freegasbasisG. inother
words, thevauesL and G_donotincludethemolesof pollutantintheliquidand gasstreams. The
vauesof L and G_areconstant through thecolumnif anegligibleamount of moistureistransferred
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fromtheliquidtothegasphase. Thedopemay beca cul ated from thefollowing equation:

0G5 L Xo - X (12)

whereX' | wouldbethemaximum concentration of thepollutantintheliquid phaseif itwerealowed
tocometo equilibriumwith thepollutant entering thecolumninthegasphase, Y,. Thevalueof X'
istakenfromtheequilibriumcurve. BecausetheminimumL /G, ratioisanunredisticvaug, it must
bemultiplied by an adjustment factor, commonly between 1.2 and 1.5, to cal cul atetheactua L/G
ratio:[7]

O

L0 -
SDact EGS |:Jnin

1

x (adjustment factor) (1.3

o

Thevariable G, may becal culated using theequation:

_ 60 pg G;
s = MWG (1 + Yi) (14)

where60istheconversionfactor from minutesto hours, MW, isthemol ecul ar weight of thegas
stream (Ib/lb-mole), and p,isthedensity of thegasstream (Ib/ft®). For pollutant concentrations
typically encountered, themol ecular wei ght and density of thewastegasstream areassumedtobe
equal tothat of ambientair.

ThevariableL may thenbecalculated by:

L, = E)L—SE x G 15
) EGS |:lact ) ( ' )
Thetotal molar flow ratesof thegasand liquid entering theabsorber (G, ;andL ) are
ca culated us ngthefollowing equations:
G'mol,i = Gs (1 + Yi) (16)
I-mol,i = Ls (1 + xi) (17)

Thevolumeflow rateof thesolvent, L, may thenbecal culated by usingthefollowing
relationship:

L 748 L, MV
T eon, (18)
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where60istheconversionfactor fromminutestohours, MW, , isthemolecular weight of theliquid
dream(Ib/lb-mole), o, isthedensity of theliquidstream (Ib/ft%), and 7.48i sthefactor usedto convert
cubicfeettogallons. If thevolumechangeintheliquid stream enteringand exiting theabsorber is
assumedtobenegligible, thenL, =L .

Gasabsorber vendorshaveprovided arangefor thel /G, ratiofor acid gascontrol from
2t020gpm of solvent per 1000 cfm of wastegas.[12] Evenfor pollutantsthat arehighly soluble
inasolvent (i.e., HCl inwater), theadjusted L /G, ratio cal culated using Equations 1.2to 1.8 would
bemuchlower thanthisrange, becausethese equationsdo not consider theflow rateof the solvent
requiredto wet the packing.

g ————————
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Figurel1l.4: Minimum and Actual Liquid-to-GasRatio
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Finally, theactual operatinglinemay berepresented by amaterial balanceequation over
thegasabsorber:[4]

X L.+ YG,= X,L,+Y,G, (1.9)

Equation 1.9 may thenbesolvedfor X :
Y- Yy

0 I |:|
S . O

1.3.2 Deter mining Absor ption Factor

Theabsorptionfactor (AF) va ueisfrequently used to describetherel ationshi p betweenthe
equilibrium line and the liquid-to-gas ratio. For many pollutant-solvent systems, the most
economical valuefor AF rangesaround 1.5t0 2.0.[ 7] Thefollowing equation may be used to
caculate AF:[4,7]

L

AF - mol, i 111
m GmoI,i ( ' )

wheremisthed opeof theequilibriumlineonamolefractionbasis. Thevalueof mmay beobtained
fromavailableliteratureonvapor/liquidequilibriumdatafor specificsystems. Sincetheequilibrium
curveistypically linear intheconcentrationrangesusually encounteredinair pollution control, the
dope, mwould beconstant (or nearly so) for al applicableinlet and outlet liquid and gasstreams.
Thed opemay becal culated frommolefractionva uesusing thefollowing equation:[4]

m= el (112)

wherey,” andy " arethemol efractionsof the pollutant inthevapor phasein equilibriumwiththe
molefractionsof thepollutant entering and exiting theabsorber intheliquid, x andx , respectively.
Theslopeof theequilibriumlinein Figure 1.4isexpressedintermsof concentrationvalues X, X ,
Y, and Y ". Thesevaluesmay beconvertedtox, x ,y, andy " using theequations:

X = (1.13)

X, = (1.14)
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Vi = Ty (1.15)
y' = Y,
T Tr v (1.16)

wheretheunitsfor each of thesevariablesarelistedin Appendix A.

Theabsorptionfactor will beusedto cal cul atethetheoreti cal number of transfer unitsand
thetheoretica height of atransfer unit. First, however, thecolumndiameter needsto bedetermined.

1.3.3 Deter mining Column Diameter

Once stream conditions have been determined, the diameter of the column may be
estimated. Thedesign presentedinthissectionisbased on selecting afraction of thegasflow rate
at flooding conditions. Alternatively, thecolumnmay bedesignedfor aspecificpressuredrop (see
Section 1.3.6.). Eckert’ smodificationtothegeneralized correlationfor randomly packed towers
based onflooding cons derationsisused to obtainthesuperficid gasflow rateentering theabsorber,
G, , (Ib/sec-ft?), or thegasflow rate per crossectional areabasedonthel /G ratiocalculated
in Sectl on1.3.2.[10] Thecross-sectional area(A) of thecolumn andthecol umn d| ameter (D) can
thenbedeterminedfromG . Figurel.5presentstherelationshipbetweenG,  andthel  /
G, rétioat thetower flood p0| nt. TheAbscissavalue(X axis) inthegraph |sexpr%d as[10]

OL e DOMW, O [p
Abscissa = [0 Ly e
06 1o, OOMW, 0V o, (117)

TheOrdinatevalue(Y axis) inthegraphisexpressedas:[10]

0.2

(o) v,

Ordinate = ' (1.18)
P. Ps 9.

whererisapacki ngfactor, g_isthegravitationa constant (32.2), ¢ | istheviscosity of thesolvent
(Ib/ft-hr), 2.42 isthefactor used to convert | b/ft-hr to centipoise, and w istheratio of thedensity

of the scrubbing liquidtowater. Thevalueof F , may be obtained from packing vendors (see
Appendix B, Table1.8).
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Figurel.5: Eckert’sModification to the Generalized Correlation at Flooding Rate

After ca culating the Abscissava ue, acorresponding Or dinateva uemay determinedfrom
thefloo ding curve. TheOrdinatemay a so becal culated using thefollowing equation:[ 10]

Ordinate = 10[—1.668 - 1085 (log Abscissa) -0.297 (log Abscissa)? (1.19)

Equation 1.18 may thenberearrangedtosolvefor G ;:

PP 9, Ordlnate)
He @ (1.20)
=

Thecross-sectional areaof thetower (ft?) iscalculated as:

sfr,i

MW,

_ GmoI,i
~ 36006, f (1.21)

sfr,i

wherefistheflooding factor and 3600istheconversionfactor from hoursto seconds. To prevent
flooding, thecolumnisoperated at afractionof G, . Thevalueof ftypically rangesfrom0.60to

1-17



0.75.[7]

Thediameter of thecolumn (ft) canbecal culated fromthe cross-sectiona area, by:

D= |%a (122)

Tt

If asubstantial changeoccursbetweeninlet and outlet volumes(i.e., moistureistransferred
fromtheliquid phasetothegasphase), thediameter of thecolumnwill needtobecal cul ated at the
topandbottom of thecolumn. Thelarger of thetwo val uesisthen chosen asaconservativenumber.
Asaruleof thumb, thediameter of thecolumn should beat |east 15timesthesize of thepacking
usedinthecolumn. If thisisnot thecase, thecolumndiameter shouldberecad culatedusngasmaller
diameter packing.[10]

Thesuperficial liquidflow rateentering theabsorber, L . (Ib/hr-ft? based onthecross-
sectiona areadeterminedin Equation 1.21iscal culated fromtheequation:

Lol i MW
i = (1.23)

For theabsorber to operateproperly, theliquidflow rateentering thecolumnmust behigh
enoughto effectively wet the packing so masstransfer betweenthegasandliquid canoccur. The
minimumvalueof L ; thatisrequiredtowet the packing effectively canbecal culated using the
equation:[7,13]

(LSM)min = MWR p, a (1.24)

where MWRisdefined astheminimumwetting rate (ft2/hr), and aisthesurfaceareatovolumeratio
of thepacking (ft#/ft%). AnMWRvaueof 0.85ft?/hrisrecommended for ring packingslarger than
3 inches and for structured grid packings. For other packings, an MWR of 1.3 ft?hr is
recommended.[7,13] Appendix B, Table1.8 containsva uesof afor common packing materials.

If L, (thevaluecaculatedinEquation1.23) issmalerthan(L, )., (thevaluecal culated
in Equation 1.24), thereisinsufficient liquid flow to wet the packing using the current design
parameters. Thevalueof G ,, and Athenwill needtoberecal culated. SeeAppendix Cfor details.
134 Deter mining Tower Height and SurfaceArea

Tower heightisprimarily afunction of packing depth. Therequired depthof packing (H pack)

isdetermined fromthetheoretical number of overall transfer units(N, ) neededto achieveaspecific
removal efficiency, andtheheight of theoveral transfer unit (H, ):[4]
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H pack =N tu H tu (125)
Thenumber of overall transfer unitsmay beestimated graphically by stepping off stagesonthe
equilibrium-operating linegraph frominlet conditionsto outl et conditions, or by thefollowing
equation:[4]

U0y, - mx; O 1 10
In OO0 7§+ -—0
8Ly, - mx; O AF AF 5
NIU = 1 (126)
1- —
AF

wherelnisthenatura logarithm of thequantity indicated.

Theequationisbased on several assumptions. 1) Henry’ slaw appliesfor adilutegas
mixture; 2) theequilibrium curveislinear fromx tox ; and 3) the pollutant concentrationinthe
solventisdiluteenough suchthat theoperating linecanbeconsidered astraight line.[4]

If x=0(i.e.,anegligibleamount of pollutant enterstheabsorber intheliquid stream) and
1/A=0(i.e., theslopeof theequilibriumlineisvery small and/orthel /G _| ratioisverylarge),
Equation1.26 smplifiesto:

O

N, = In O
LYo

O0od

(1.27)

Thereareseveral methodsthat may be used to cal culatethe height of theoverall transfer
unit, al based onempirically determined packing constants. Onecommonly used methodinvolves
determiningtheoveral gasandliquid masstransfer coefficients(K,, K ). A mgor difficultyinusing
thisapproachisthat vauesfor K andK arefrequently unavailablefor thespecific pollutant-sol vent
systemsof interest. Thereader isreferredtothebook Random Packing and Packed Tower Design

Applicationsinthereferencesectionfor further detail sregarding thismethod.[ 14]

For thischapter, themethod usedto cal culatetheheight of theoverall transfer unitisbased
onestimating theheight of thegasand liquidfilmtransfer units,H, andH_,, respectively:[4]

1
Hw = Hg + AF Hi (1.28)

Thefollowing correlationsmay beusedto estimateva uesfor H andH :[13]

B (3600164, )" H e
He = é! o) Ao oo (1.29)

A
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DLy O
HL:(stfrlEl HL

O pL DL (1.30)

Thequantity u / p D isthe Schmidt number andthevariables3,band  arepacking

constantsspecificto each packingtype. Typica vauesfor theseconstantsarelistedin A ppendix
B, Tables1.9and 1.10. Theadvantageto using thisestimation method i sthat the packing constants
may be applied to any pollutant-solvent system. One packing vendor offers the following
modificationsto Equations1.29 and 1.30for their specific packing:[15]

B (3,600fesfr,i)ﬁg rQ
He = é‘ () D,/p @EQ (1.31)

B

i DLsfr | dﬁ ™ -4.255
D Mo O Ve Dy E!TE (1.32)

whereT isthetemperatureof thesolventinKelvin.

After solvingforH ek using Equation 1.25, thetotal hei ght of thecolumnmay beca culated
fromthefollowing correlation:[16]

Htower = 140 Hpack + 102D + 281 (133)

Equation 1.33wasdeve oped frominformation reported by gasabsorber vendors, andisapplicable
for columndiametersfrom 2to 12 feet and packing depthsfrom4to 12 feet. Thesurfacearea(S)
of thegasabsorber can becal culated using theequation:[ 16]

S= 1D Q—Itower + %@ (1.34)

Equation 1.34 assumestheendsof theabsorber areflat and circular.
135 CalculatingColumn PressureDrop

Pressuredropinagasabsorberisafunctionof G, . and propertiesof the packing used.
Thepressuredropinpacked columnsgenerally rang&sfrom 0 5tolinchof H,Operfoot of packing.
Theabsorber may bedesignedfor aspecificpressuredrop or pressuredrop may beestimatedusing
Leva scorrdation:[7,10]

(stfr,i)2

Pc

DJ sfr, i 0
AP = cl10 O3 O
13,600 O

(1.35)
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Thepacking constantscandj arefoundin Appendix B, Table1.11, and 3600istheconversion
factor from secondsto hours. Theequationwasoriginally developedfor air-water systems. For
other liquids, L ;ismultiplied by theratio of thedensity of water tothedensity of theliquid.

1.3.6 AlternativeDesign Procedure

Thediameter of acolumn can bedes gned for aspecific pressuredrop, rather than being
determined based on afraction of the flooding rate. Figure 1.6 presents aset of generalized
correlationsat variouspressuredrop designvaues. TheAbscissavaueof thegraphissimilarto
Equation1.17:[10]

gL . domw, O 0
Abscissa = [ 00—Lt[ g
DG o, DOMW OV o - pg (1.36)
TheOrdinatevalueisexpressedas:[10]
2 u 0.1
(G S‘”) i 2.;2@
Ordinate = (1.37)

(0. - 0s) ps0.

For acal cul ated Abscissa val ue, acorresponding Or dinate val ue at each pressuredrop can be
read off Figure 1.6 or can becal cul ated fromthefollowing equation:[10]

Ordinate= exp[k,+ k,(In Abscissa)+ k,(In Abscissa)’

: . 1.38
+k,(In Abscissa)® + k, (In Abscissa)'] (1.38)
Theconstantsk, k , k,, k, and k,, are shown below for each pressure drop val ue.
Tablel.1: Valuesof Constantsk throughk, for VariousPressure Drops
AP
(inches water/ K, K, K, K, K,
ft packing)
0.05 -6.3205 -06080 -0.1193 -0.0068 0.0003
0.10 -5.5009 -0.7851 -0.1350 0.0013 0.0017
0.25 -5.0032 -0.9530 -0.1393 0.0126 0.0033
0.50 -4.3992 -0.9940 -0.1698 0.0087 0.0034
1.00 -4.0950 -1.0012 -0.1587 0.0080 0.0032
1.50 -4.0256 -0.9895 -0.0830 0.0324 0.0053
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Equation 1.37 canbesolvedfor G ..

(p pG) g.(Ordinate)

- QZHTL@O (1.39)

sfr,i T

Theremaining cal culationsto estimatethecolumndiameter and L  arethesameas
presentedin Section 1.3.3, except theflooding factor (f) isnot usedin theequatl ons. The
flooding factor isnot required becausean alowabl e pressuredrop that will not causefloodingis
chosento calculatethediameter rather than designing thediameter at flooding conditionsand
thentakingafraction of that value.
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Figure1.6: Generalized Pressure Drop Correlations[ 10]
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Figurel.7: Packed Tower Equipment Cost [16]

1.4 Estimating Total Capital Investment

Thissection presentsthe proceduresand datanecessary for estimating capital costsfor
vertical packed bed gasabsorbersusing countercurrent flow to removegaseouspol lutantsfrom
wastegas streams. Equipment costsfor packed bed absorbersarepresentedin Section1.4.1, with
installation costspresentedin Section1.4.2.

Tota capital investment, TCl, includesequipment cost, EC, for theentiregasabsorber unit,
taxes, freight charges, instrumentation, and direct andindirect installation costs. All costsare
presented in third quarter 1991 dollarst. The costs presented are study estimates with an
expected accuracy of + 30 percent. It must bekept inmindthat evenfor agivenapplication, design
and manufacturing proceduresvary fromvendor tovendor, socostsvary. All costsarefor new plant
installations; noretrofit cost considerationsareincluded.

141 Equipment Costsfor Packed Towers
Gasabsorber vendorswereaskedto supply cost estimatesfor arangeof tower dimensions
(i.e., height, diameter) toaccount for thevarying needsof different applications. Theequipment for

whichthey wereasked to provide costsconsi sted of apacked tower absorber madeof fiberglass
reinforced plastic (FRP), andtoincludethefollowing equipment components:
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e absorptioncolumnshell;

» gasinletandoutlet ports;

* liquidinlet portand outlet port/drain;
* liquiddistributor andredistributor;

» twopacking support plates,

*  migdimingor;

* internd piping;

* sumpspace; and

» platformsandladders.

Thecost datathevendorssupplied werefirst adjustedto put them onacommonbasis, and

thenwereregressed against theabsorber surfacearea(S). Theequationshownbelow isalinear
regression of cost dataprovided by six vendors.[ 16, 12]

Total Tower Cost ($) = 115 S (1.40)

whereSisthesurfaceareaof theabsorber, inft?. Figure 1.7 depictsaplot of Equation 1.40. This
equationisapplicablefor towerswith surfaceareasfrom 69to 1507 ft? constructed of FRP. Costs
for towersmadeof materialsother than FRP may beestimated using thefoll owing equation:

TTC, = CF x TTC (1.41)

where TTC, , isthetotal cost of thetower using other materials, and TTCisthetotal tower cost as
estimated using Equation 1.40. Thevariable CF isacost factor to convert the cost of an FRPgas

Table1.2: Random Packing Costs®

Nominal

Diameter Construction Packing Type Packing cost ($/ft)

(inches) Material <100 ft® >100 ft3
1 304 stainless steel Pall rings, Rasching rings, Ballast rings 70-109  65-99
1 Ceramic Rasching rings, Berl saddles 33-44 26-36
1 Polypropylene Tri-Pak”, Pall rings, Ballast rings, 141-37 12-34

Flexisaddles, Berl saddles, Rasching rings

2 Ceramic Tri-Pac”, Lanpac”, Flexiring, Flexisaddle =~ 13-32 10-30
2 Polypropylene Tellerette , Ballast rings 3-20 5-19
35 304 stainless steel Tri-pack”, Lanpac”, Ballastrings 30 27
35 Polypropylene 6-14 6-12

2 Provided by packing vendors. [17]

Y Denotes registered trademark.
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absorber to an absorber fabricated from another material. Rangesof cost factorsprovided by
vendorsarelistedfor thefollowing material sof construction:[12]

304 Stainlesssted: 1.10- 175
Polypropylene: 0.80-1.10
Polyvinyl chloride: 0.50 - 0.90

Auxiliary costsencompassthecost of al necessary equipment notincludedintheabsorption
columnunit. Auxiliary equipmentincludespacking materid, instrumentsand controls, pumps, and
fans. Cost rangesfor varioustypesof random packingsarepresentedin Table 1.2. Thecost of
structured packingsvariesover amuchwider range. Structured packingsmadeof stainlessstedl
rangefrom $45/ft>to $405/ft3, and thosemadeof polypropylenerangefrom $65/ft3to $350/ft3.[17]

Similarly, thecost of instrumentsand control svarieswidely depending onthecompl exity
required. Gasabsorber vendorshave provided estimatesranging from $1,000 to $10,000 per
column. A factor of 10 percent of theEC will beusedto estimatethiscostinthischapter. (see
eg. 1.42, below.) Designand cost correlationsfor fansand pumpswill be presentedin achapter
onauxiliary equipment elsewhereinthismanua . However, cost datafor auxiliariesareavailable
fromtheliterature (seereference[ 18], for example).

Thetotal equipment cost (EC) isthesum of thecomponent equipment costs, whichincludes
tower cost and theauxiliary equipment cost.

EC = TTC + Packing Cost + Auxiliary Equipment (142
The purchased equi pment cost (PEC) includesthe cost of theabsorber with packingand
itsauxiliaries(EC), instrumentation (0.10 EC), salestax (0.03 EC), andfreight (0.05EC). ThePEC

iscalculated fromthefollowingfactors, presentedin Section 1 of thismanua and confirmedfrom
thegasabsorber vendor survey conducted during thisstudy:[12, 19],

PEC = (1+ 010+ 0.03+ 0.05)EC = 118 EC (1.43)
1.4.2 Installation Costs

Thetotd capital investment, TCI, isobtai ned by multiplying the purchased equipment cost,
PEC, by thetotal installationfactor:

TCl = 2.20 PEC (1.44)

Thefactorswhichareincludedinthetotal installationfactor areasolistedin Table1.3.[19] The
factorspresentedin Table 1.3 wereconfirmed fromthe gasabsorber vendor survey.
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1.5 Estimating Annual Cost
Thetota annual cost (TAC) isthesum of thedirect andindirect annual costs.
151 Direct Annual Costs

Direct annual costs(DC) arethoseexpendituresrel ated to operating theequipment, such
aslabor and materials. Thesuggestedfactorsfor each of thesecostsareshowninTable1.4. These
factorsweretakenfrom Section 1 of thismanua andwereconfirmed fromthegasabsorber vendor
survey. Theannua cost for eachitemiscal culated by multiplyingthenumber of units used annudly
(i.e., hours, pounds, gallons, kwWh) by theassociated unit cost.

Operating labor isestimated at 2-hour per 8-hour shift. The supervisory labor costis
estimated at 15 percent of theoperating labor cost. Maintenancelabor isestimated at 1/2-hour per
8-hour shift. Maintenancemateria scostsareassumed to equal maintenancelabor costs.

Solvent costsaredependent onthetotal liquidthroughput, thetypeof solvent required, and
thefraction of throughput wasted (oftenreferred toasblow-down). Typically, thefraction of solvent
wasted variesfrom 0.1 percent to 10 percent of tiretotal solvent throughput.[12] For acid gas
systems, theamount of sol vent wastedisdetermined by thesolidscontent, with bleed off occurring
when solids content reaches 10to 15 percent to prevent salt carry-over.[12]

Thetotal annual cost of solvent (C) isgivenby:

- UWannual O
C= L WE EESO mm@ﬂ i O Osolvent O
o hy O EPPerating o nitcostH (1.45)
hours E

where WF isthewaste (make-up) fraction, and the sol vent unit cost isexpressed intermsof
$lga.

Thecost of chemical replacement (C ) isbased ontheannual consumptionof thechemical
and canbecalculated by:

: U annual U .
C = @Ibschemlcal used@ﬂ atin O Crhemical g
c hr operating OH it cost (1.46)
hours E

wherethechemical unit costisintermsof $/Ib.
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Table1.3: Capital Cost Factorsfor Gas Absorbers[19]

Codgt Item Factor

Direct Costs
Purchased equipment costs

Absorber + packing + auxiliary equipment & EC Asestimated, A

Instrumentation 0.10A

Sales taxes 0.03A

Freight 0.05A

Purchased equipment cost, PEC B=118A

Direct installation costs

Foundations & supports 0.12B
Handling & erection 040B
Electrical 001B
Piping 0.30B
Insulation 001B
Painting 001B
Direct installation costs 0.85B
Site preparation Asrequired, SP
Buildings Asrequired, Bldg.
Total Direct Costs, DC 185B+ SP+
Bldg.

i installation
Enginegring 0.10B
Construction and field expenses 0.10B
Cortractor fees 0.10B
Start-up 001B
Performance test 0.01B
Contingencies 0.03B
Total Indirect Cosgts, IC 0.35B
Total Capital Investment =DC + IC 220B+ P+
Bldg.

2 Includesthe initial quantity of packing, as wel as items normally not included with the unit supplied by vendors, such asductwork, fan,

piping, €c.
® Instrumentetion costscover pH monitor and liquid level indicator in sump.
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Table 1.4: Suggested Annual Cost Factorsfor Gas Absorber Systems

Codgt Item Factor
Direct Annual Casts, DC
Operating labor 2
Operator 1/2 hour per shift
Supervisor 15% of operator
Operating materials® Application specific
Solvent (throughput/yr) x (waste fraction)
Chemicals Basad on annual consumption
Wastewater disposal (throughput/yr) x (waste fraction)
Maintenance?
Labor 1/2 hour per shift
Material 100% of maintenance labor
Electricity (consumption rate) x (hours/yr) x (unit
oost)
Fan
Pump
Indirect Annual |
Overhead 60% of total labor and meterial costs
Administrative charges 2% of Total Capital Investment
Property tax 1% of Total Cepital Investment
Insurance 1% of Total Capital Investment
Capital recovery © 0.1098 x Total Capital Investment
Total Annual Cost DC+IC

2 These factors were confirmed by vendor contacts.

b If sysemdoes not use chemicds (eg., caustic), thisquantity is equal to annual solvent consumption.

¢ Assumingal5yea lifeat 7% See Chapter 2
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Solvent disposa (C,) costs vary depending on geographic location. type of waste
disposed of, and availability of on-sitetreatment. Solvent disposal costsarecal culated by:

D annual U
L WE EBO @ t 0O solvent [
Cow [pphera IngDEdisposal costl] (1.47)
ours

wherethe solvent disposal costsareintermsof $/gal of wastesolvent.

Theé ectricity costsassoci ated with operating agasabsorber derivefromfanrequirements
toovercomethepressuredropinthecolumn, ductwork, and other partsof thecontrol system, and
pumprequirementsto recirculatethesolvent. Theenergy requiredfor thefancanbeca culatedusing
Equation1.48:

117 x10* G, DP

Energyfan = € (148)

whereEnergy (inkilowatts) referstotheenergy neededto moveagivenvolumetricflow rateof air
(acfm), G, isthewastegasflow rateenteringtheabsorber, Pisthetotal pressuredropthroughthe
system(inchesof H,O) and isthecombinedfan-motor efficiency. Vaduesfor typicaly rangefrom
0.4t00.7. Likewise, the€ ectricity required by arecyclepump can becal culated using Equation
1.49:

(0.746) (2.52x10™") L, (pressure)

Energy pum = - : (1.49)

where0.746isthefactor usedto convert horsepower tokW, pressureisexpressedinfeet of water,
and isthecombined pump-motor efficiency.

Thecost of electricity (C) isthengivenby:

U annual U
Da ua 00O costof 0O

C. = Energy.,. um PPerating g EelectnutyH (1.50)
hours

wherecost of electricity isexpressedin unitsof §KW-hr.
152 Indirect Annual Costs

Indirect annual costs (I C) includeoverhead, taxes, insurance, general and administrative
(G&A), and capital recovery costs. Thesuggested factorsfor each of theseitemsal so appear in
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Tablel.4. Overheadisassumedto beequa to 60 percent of the sum of operating, supervisory, and
maintenancelabor, and maintenancematerials. Overhead costisdiscussedin Section 1 of this
manud.

Thesystem capital recovery cost, CRC, ishased on an estimated 15-year equipment life.
(See Section 1 of thismanual for adiscussion of thecapital recovery cost.) For al5-year lifeand
aninterestrateof 7 percent, thecapita recovery factoris0.1098 Thesystem capital recovery cost
isthenestimated by:

CRC = 01098 TClI (151)

G& A codts, property tax, andinsurancearefactored fromtotal capital investment, typicaly
at 2 percent, 1 percent, and 1 percent, respectively.

153 Total Annual Cost

Total annual cost (TAC) iscal culated by adding thedirect annual costsandtheindirect
annual costs.

TAC=DC+ IC (152

1.6 Example Problem

Theexampleproblem presentedinthissection showshow to apply thegasabsorber sizing
and costing procedurespresented in thischapter to control awastegasstream consisting of HCI
andair. Thisexampleproblemwill usethesameoutl et stream parameterspresentedinthethermal
incinerator exampleproblemfoundin Section 3.2, Chapter 2 of thismanual. Thewastegasstream
enteringthegasabsorber i sassumed to be saturated with moi sturedueto being cooledinthequench
chamber. Theconcentration of HC| hasal so been adjusted to account for thechangeinvolume.

1.6.1 Required I nformation for Design

Thefirst step inthedesign procedureisto specify theconditionsof thegasstreamto be
controlled and thedesired pollutant removal efficiency. Gasandliquid stream parametersfor this
exampleproblemarelistedin Table 1.5.

Thequantity of HCI can bewrittenintermsof |b-molesof HCI per Ib-molesof pollutant-
free-gas(Y,) usingthefollowingcalculation:

_0.001871 000187 Ib - molesHCL
' 1-0001871 Ib - mole pollutant free gas
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Thesolvent, adiluteagueoussol ution of caustic, isassumedto havethesamephysical
propertiesaswater.

16.2 DetermineGasand Liquid Stream Properties

Oncethepropertiesof thewastegasstream entering theabsorber areknown. theproperties
of thewastegasstream exiting theabsorber and theliquid streamsentering and exiting theabsorber
needtobedetermined. Thepollutant concentrationintheenteringliquid (X) isassumedtobezero.
Thepollutant concentrationintheexiting gasstream (Y,) iscalculated using Equation 1.1anda
removal efficiency of 99 percent.

99@
=0. -—[=0. 187
Y, 000187@1 100 0.000018

Theliquidflow rateenteringthecolumniscalculatedfromthel /G ratiousing Equation 1.2.
Since,, Y, and X are defined, the remaining unknown, X *, is determined by consulting the
equilibriumcurve. A plot of theequilibrium curve-operating linegraphfor anHCl-water systemis
presentedinFigure1.8. Thevalueof X " istaken at thepoint ontheequilibriumcurvewhere Y,
intersectsthecurve. Thevalueof Y intersectstheequilibrium curveat an Xvalueof 0.16.

0.002

0.0018 | (Xo*,Yi)
0.0016 |

0.0014 4

0.0012 4

0001 + Operating Line

Equilibrium Lin

0.0008 -

0.0006

Ib-mole HCL/Ib-mole Carrier Gas

0.0004

0.0002 /{X i, Yo)

0

Sope of Equilibrium Curve

(Xo,Y0)

T T T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Ib-moles HCI/Ib-mole Solvent

Figure1.8: Equilibrium Curve Operating Linefor the HCI-Water System [ 7]
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Table 1.5: Example Problem Data

Parameters Values
Stream Properties
Waste Gas Flow Rate Entering Absorber 21,377 scfm (22,288 acfm)
Temperature of Waste Gas Stream 100°F

Pollutant in Waste Gas HCI

Concentration of HCI Entering Absorber in Waste Gas 1871 ppmv

Pollutant Removal Efficiency
Solvent
Density of Waste Gas @
Density of Liquid[7]
Molecular Weight of Waste Gas*
Molecular Weight of Liquid[7]
Viscosity of Waste Gas®
Viscosty of Liquid [7]
Minimum Wetting Rate [7]
Pollutant Properties®
Diffusivity of HCl in Air
Diffusivity of HCI in Water

K .
Packing type
Packing factor: Fp
Packing constant:
Packing constant:
Packing constant:

€ = ™

Packing constant:
Packing constant: b
Surface Areato VolumeRatio

99% (molar basis)
Water with caustic in solution
0.0709 Ib/ft®
62.4 |b/ft®
29 Ib/Ib-mole
18 Ib/Ib-mole
0.044 Ibfft-hr
2.16 Ib/ft-hr
1.3 ftdhr

0.725ft¥hr
1.02 x 10 ft?/hr

2-inch ceramic Raschig rings

65

3.82

0.41

0.45

0.0125

0.22

28

2 Reference [7], at 100°F
b Appendix 9A.
¢ Appendix 9B.
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Theoperating lineisconstructed by connectingtwo points: (X, Y.) and (X ", Y,). Thedope
of theoperating lineintersectingtheequilibriumcurve, (L/G)min, is:

E£E B 0.00187—0.0000187@_00116
0G.0. 016 -0 e

S Tmin

Theactual L /G_ratioiscalculated using Equation 1.3. For thisexample, an adjustment
factor of 1.5will beused.

~(605") (00709.2) (22,288 actm) b~ moles
o (29,.2,) t+000187) R

Ib-mole

Theflow rateof the sol vent entering the absorber may then becal culated using Equation 1.5.

b - mol b - mol
b moes@ 56.8b moles

= 00174 Ee,z =
L, =00 63— ”

Thevaluesof G_;andL_arecalculatedusing Equations1.6and 1.7, respectively:

Ib — moles

Ib - moles
Gooi = @3,263—@ (1+ 0.00187) = 3,269 .

hr

L _%GSIb—molesg(“O)_568Ib—moles
T N ST

Thepollutant concentration exiting theabsorber intheliquidiscal culated using Equation 1.10.

. = 0.00187 - 0.0000187 B 0.106 Ib - molesHCL
° " 0.0174 " |b-mole solvent
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1.6.3 CalculateAbsor ption Factor

Theabsorptionfactor iscalculatedfromthed opeof theequilibriumlineandthel /G .
ratio. Theslopeof theequilibrium curveisbased onthemolefractionsof x, x ,y;",andy ", which
arecdculatedfromX, X, Y andY " fromFigure1.8. FromFigure1.8, thevaueof Y_"inequilibrium
withtheX valueof 0.106is0.0001. Thevaluesof Y and X are0. Themolefractionvaluesare
calculated fromthe concentrationval uesusing Equations1.13through 1.16.

- 0106 0,096
° 7140106
. _ 00001 00001
Yo = 1400001

Theslopeof theequilibriumfinefromx tox iscalculatedfrom Equation 1.12:

~00001-0

M= 006~ o = 000104

SinceHCl isvery solubleinwater, thed opeof theequilibriumcurveisvery smdl. Theabsorption
factoriscalculatedfromEquation1.11.

00174
= =17

AF = 0.00104

164 EstimateColumn Diameter
Oncetheinlet and outl et stream conditionsaredetermined, thediameter of thegasabsorber

may becal culated using themodified generalized pressuredrop correl ation presentedin Figure 1.5.
TheAbscissavauefromthegraphiscal culated fromEquation 1.17:

Abcissa = 00174@g M = 0.000364
e 29§\/ 624

Sincethisvaueisoutsidetherangeof Figure 1.5, thesmallest value (0.01) will beused asa
default value. TheOrdinateiscalculated from Equation 1.19.

(109 0.01)~0.297(log 0.01)2]

Ordinate = 105 = 0.207

Thesuperficid gasflowrate, G, , iscal culated using Equation 1.20. For thisexamplecalculation,

1-34



2-inch ceramic Rasching ringsaresel ected asthepacking. Thepackingfactorsfor Rachingrings
arelistedin Appendix B.

(0207) (624) (0.0709 %) (322.%)
Gsfri = 0.2 = 0681 2
(65) (1) (0.893) sec - ft

OnceG, ; isdetermined, thecross-sectional areaof thecolumniscalculated using
Equation1.21.

(3.263) (20525)

~ (3600%) (0681..") (07)

sec—ft

=551 ft?

Thesuperficia liquidflow rateisdetermined using Equation 1.23.

(568" (18 50) g P

i 551 ft? hr - ft?

Atthispoint, itisnecessary todetermineif theliquid flow rateissufficient towet thepacked
bed. Theminimumvalueof L ;iscal culated using Equation 1.24. Thepacking constant (a) isfound
inAppendix B.

O ft*0 bod ft20 Ib
(Lo,) =pa Eaz —SQEQ g =12271
wn B hr apdTsls

TheL, , valuecalculated usingtheL/Gratioisfar bel ow theminimumvalueneededto wet the
packed bed Therefore, thenew value, (L, ,),;, Will be used to determinethe diameter of the
absorber. Theca culationsfor thisrevised diameter areshownin Appendix C. Appendix Cshows
that thecross-sectional areaof thecolumniscalculatedtobe60ft? L ,is7572,and G ;is0.627

Ib/sec-ft2. (Thediameter of thecolumnisthen cal culated using Equat| on 1.22)

2

Thevaueof X, isthen:
~0.00187 -0.0000187
Xo = 7572
3,263

=0.0008
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Expressedintermsof molefraction:

X —M—oooos
° 7 1-00008

Thevaueof y inequilibriumwithx cannot beestimated accurately. However, thevaluewill
approach zero, andthevalueof AF will beextremely large:

7572 )
(3,263) (=0)

165 CalculateColumn SurfaceArea

Sincex = 0and AF islarge, Equation 1.26 will be used to cal culate the number of
transfer units:

. 000187@ .
w Qooooow?

Theheight of atransfer unitiscalculated from, AF, H ,andH . Thevaluesof H_ andH,_ are
calculated from Equations1.29 and 1.30:

382|(3.600) (0.7) (0627)] 0044
s = 045 =224 ft
2,271 (0.725) (0.0709)
22
H —00125@2’271g \/ 216 =106 ft
Lo 216 (0.000102) (62.4)

Theheight of thetransfer unitiscal culated using Equation 1.28:

1
H, = (224 ft)+ (106 ft)=2.24 ft
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Thedepth of packingiscal culated from Equation 1.25.
H o = Ny xH,, =(462) (2.24 ft)=10.3 ft
Thetotal height of thecolumniscal culated from Equation 1.33:

Hoo =140 (10.3) +102 (8.74) + 2.81=26.1 ft

Thesurfaceareaof thecolumniscal culated using Equation 1.34:

8.74
s=(314) (8.74) Qzﬁy ZQ: 836 ft?

1.6.6 CalculatePressureDrop

Thepressuredrop through thecolumniscal culated using Equation 1.35.

(017) (2,071) [(0_7) (0.627)]2
- 3,600
AP = (0.24) 10 0.0709

= 0.83incheswater/foot packing

Thetotal pressuredrop (through 10.3 feet of packing) equals8.55inchesof water.

1.6.7 Equipment Costs
Oncethesystem sizing parametershave been determined, the equipment costscan be
calculated. For thepurposeof thisexample, agasabsorber constructed of FRPwill becostedusing
Equation 1.40.
TTC($) = 115(836) = $96,140

Thecost of 2-inch ceramic Raschig ringscan beestimated from packing cost rangespresentedin
Section 1.5. Thevolumeof packingrequirediscal culated as:

Volumeof packing = (60ft?)(10.3ft) =618 ft3

Usingtheaverageof thecost rangefor 2-inch ceramic packings, thetotal cost of packingis:
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Packing cost = ($20/ft%) (618 ft%) = $12,360

For thisexampleproblem, thecost of apumpwill beestimated using vendor quotes. First, theflow
rateof solvent must beconvertedinto unitsof gallonsper minute:

gal @
gpm EQZ?lh 2 60 ft 24 Ib 60 min 272 gpm

Theaveragepricefor aFRP pump of thissizeis$16/gpm at apressureof 60 ft water, based
onthevendor survey.[12] Therefore, thecost of therecyclepumpisestimated as:

0$16 U
Cpump = (272 gpm) B;})imH:$4,350 gpm

For thisexampl e, thecost for afan (FRP, backwardly-inclined centrifugal) canbecal culated using
thefollowingequation:[18]

C,, =57.9d"%

fan

wheredistheimpeller (wheel) diameter of thefan expressedininches. For thisgasflow rateand
pressuredrop, animpeller diameter of 33inchesisneeded. Atthisdiameter, thecost of thefanis:

C

motor

=104(hp)"™

Thecost of afan motor (three-phase, carbon steel) withV-belt drive, belt guard, and motor starter
canbecomputed asfollows:[18]

C.. =104 (426)"" =$2,260

motor

Aswill beshownin Section 1.6.8, theel ectricity consumption of thefanis32.0kW. Convertingto
horsepower, we obtain amotor sizeof 42.6 hp. Thecost of thefanmotor is:

(117 x10™) (22,288) (8:55)
0.70

Energy, = =320 kw

Thetota auxiliary equipment costis:

1-38



$4,350 + $7,210 + $2,260 = $13,820

Thetotal equipment cost isthe sum of the absorber cost, the packing cost, and the auxiliary
equipment cost:

EC = 96,140 + 12,360 + 13,820 = $122,320
Thepurchased equi pment cost including instrumentation, control s, taxes, andfreight isestimated
using Equation1.43:
PEC = 1.18(122,320) = $144,340
Thetotal capital investmentiscal culated using Equation 1.44:
TCI = 2.20(144,340) = $317,550 $318,000
1.6.8 Total Annual Cost

Table 1.6 summarizestheestimated annua costsusingthesuggested factorsand unit costs
for theexampleproblem.

Direct annual costs for gas absorber systems include labor, materials, utilities, and
wastewater disposal. Labor costsarebased on 8,000 hr/year of operation. Supervisory laboris
computed at 15 percent of operating labor, and operating and maintenancelabor are each based
on 1/2 hr per 8-hr shift.

Thedectricity requiredtorunthefaniscal culated using Equation 1.48 and assuming acombined
fan-motor efficiency of 70 percent:

117 x107*) (22,288) (855)
Energyfan = ( )0(70 )

=320 kw

Theenergy requiredfor theliquid pumpiscal culated using Equation 1.49. Thecapita cost
of thepump was cal cul ated using datasupplied by vendorsfor apump operating at apressure of
60feet of water. Assumingapressureof 60ft of water acombined pump-motor efficiency of 70
percent:

(0.746) (252x107*) (272) (60) (1)
0.70

=44 kw

Energypurnp =

Thetotal energy requiredto operatetheauxiliary equipmentisapproximately 36.4 kW.
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Tablel1.6: Annual Costsfor Packed Tower Absorber Example Problem

Costltem Calculations Cost
Direct Annual Costs, DC
Operating Labor 0.5hr x shift x 8,000hr x $15.64 $7,820
Operator shift ~ 8hr yr hr
Supervisor 15% of operator = 0.15 x 7,820 1,170
Operating materials
Solvent (water) 7.16 gpm x 60 min x 8,000hr x $0.20 690
hr yr 1000gal
Caustic Replacement 3.06Ib-mole x 62Ib x 8,000hr x ton x 1x $300 299,560
hr Ib-mole  yr 2000Ib 0.76 ton
Wastewater disposal 7.16gpm x 60 min x 8,000 hr x $3.80 13,060
hr yr 100gal
Maintenance
Labor 0.5 x shift x 8,000hr x $17.21 8,610
shift 8hr yr hr
Material 100% of maintenance labor 8,610
Electricity 36.4kw x 8,000hr $0.0461 13,420
yr kwh
Total DC $352,940
Indirect Annual Costs, IC
Overhead 60% of total labor and maintenance material: 15,730
=0.6(7,820 + 1,170 + 8,610 + 8,610)
Administrative charges 2% of Total Capital Investment=0.02($317,550) 6,350
Property tax 1% of Total Capital Investment=0.01($317,550) 3,180
Insurance 1% of Total Capital Investment=0.01($317,550) 3,180
Capital recovery? 0.1315x $317,550 41,760
Total IC $70,200
Total Annual Cost (rounded) $423,000

a  The capita recovery cost factor, CRF, is a function of the absorber equipment life and the opportunity cost of the capita (i.e., interest

rate). For this example, assume a 15-year equipment life and a 10% interest rate.
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Thecost of electricity, C, iscalculated using Equation 1.50 and with the cost per KWh
showninTablel.6.

C, = (36.4KW) (8,000 h/yr)($0.0461/kWh) = $13,420/yr

Thecostsof solvent (water), wastewater disposa, and causticareal dependent onthetotal
systemthroughput and thefraction of solvent discharged aswaste. A certainamount of solventwill
bewasted and replaced by afresh solution of water and causticinorder to maintainthesystem’s
pH and solidscontent at acceptablelevels. Based onthevendor survey, amaximum solidscontent
of 10 percent by weight will bethedesign basisfor thisexampleproblem.[12] Thefollowing
ca culationsillustratethe procedureusedto cal cul atehow muchwater and caustic areneeded, and
how much sol vent must be bled of f to maintain system operability.

Frompreviouscalculations, L . =7,5721b-moles’hr. Themassflow rateiscalculated as:

L —@7572M§ @18L = 136,302
mass — [T hr Ib-moled ~"7" " hr

WithG_ . at 3,263Ib-moles/hr, themassflow rateof thegasstreamiscal culated as:

G —@3263|b_m°|e§ Eaglb - 94,800 >
mass ~ [T hr lb-moled™ ™" hr

Theamount of HCl inthegasstreamiscal culated onamol ar basisasfollows:

b - mole ppmv Ib-molHCL
Gmass HCL = @3!2637§ @874 @: 612—
’ hr

1x10° hr
Onamassbhasis:;
G —Eelzlb'mm@ Esess b @— 2234 2 HCL
massHCL T hr “lb-moled "7 hr

For thisexampleproblem, thecausticisassumedtobeNa,O, with onemoleof causticrequiredfor
neutralizing 2molesof HCI. Therefore, 3.061b-moles/hr of causticarerequired.
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Theunit cost of a76 percent solution of Na,OisgiveninTable 1.6. Theannual costis
caculatedfrom:

c _EBOGIb-moles@ EBZ @EBOOO hr O ton QO @ 300
e g hr Ib - moIe r D%Z 000 IbE 760 O ton

= $299 560 yr

Massof thesalt formedinthischemical reaction, NaC1, iscalcul ated as:

Mass. . = @234Ib-HCL§§ Ib-mole @Eﬁ Ib-mole NaCIE E 585 Ib NaCl E
e | 36.5 1b HCLO 0 Ib-mole HCL O Clb-mole NaCI
lb NaCl
= 3581
hr

If themaximum concentration of NaClinthewastewater (ww) isassumedtobe 10weight percent,
thewastewater volumeflow rateiscalculated as:

Wastewater ‘%3581|bNaC|§@ 1lbww E@Bgalww 1hr @
fowrste = P27 hr - 001 1b NaCl 34Ibww 60min

=716 gpm

where8.34isthedensity of thewastewater.

Thecost of wastewater disposal is:*
c -(716 m) §60 min@ d 000 hrO0 0O $380 O $13,060
we = \L20GP Ihr EB yrH EﬂOOO gaIH yr

Thecost of solvent (water) is:

60 min O hrO O $0.20 O $690
C, = (716 gpm) QTQ 000 H Hio00 gar ™

Because the wastewater stream contains only NaCl, it probably will not require pretreatment before discharge to a municipal
wastewater treatment facility. Therefore, the wastewater disposal unit cost shown here is just a sewer usage rate. This unit cost
($3.80/1,000 gal) is the average of the rates charged by the seven largest municipalities in North Carolina[20] These rates
range from approximately $2 to $6/1,000 gal. This wide range is indicative of the major differences among sewer rates
throughout the country. Indirect annua costs include overhead, administrative charges, property tax, insurance, and capital
recovery. Total annual cost is estimated using Equation 1.52. For this example case, the total annual cost is estimated to be

$423,000 per year (Table 1.6).
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1.6.9 AlternateExample

Inthisexampleproblemthediameter of agasabsorber will beestimated by defininga
pressuredrop. A pressuredrop of 1inchof water per foot of packingwill beusedinthisexample
caculation. Equation 1.38will beusedto calculatetheordinatevaluerelating to an abscissava ue.
IftheL , /G, ratioisknown, the Abscissacanbecalculateddirectly. TheOrdinate valueis
then:

Ordinate = exp [-4.0950-1.00121n(0.0496)-0.1587(1n 0.0496)2 +
0.0080(1n 0.0496)3 + 0.0032(1n 0.0496)%]
=0.084

Thevalueof G iscalculated using Equation 1.39.

_ [(62.4 - 0.0709) (0.0709) (32.2) (0.084) Ib
Gy = U2 - sec

=043
65 (0.893)*"

Theremaining calculationsarethesameasin Section 1.3.4, except theflooding factor isnot used
intheequations.
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Appendix A

Properties of Pollutants
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Tablel.7: List of Design Variables

Variable Symbol Units
Surfaceto volume ratio of packing a ftfts
Cross-sectiondl areaof absorber A ft2
Abscissavauefromplot of generdized press ~ Abscissa —
drop correlation
Absorption factor AF —
Diameter of absorber D feet
Diffusivity of pollutant in gas Dc fté/hr
Diffusivity of pollutant in liquid Do ft2/hr
Flooding factor f —
Packing factor Fo —
Waste gas flow rate entering absorber G acfm
Weaste gas flow rate exiting absorber Go acfm
Waste gas molar flow rate entering aosorber Gl Ib-moles’h
Molar flow rate of pollutant free gas Gs Ib-noleg’h
Waste gas superficid flow rate entering Getri Ib/sec-ft?
absorber
Height of gas transfer unit He feet
Height of liquid transfer unit H feet
Height of overdl transfer unit Hu feet
Height of packing Hpack feet
Height of absorber Hiover feet
Pressure drop congtants ko, K1, ke, ks, —

Ka

Liquid rate entering absorber Li gom
Liquid rate exiting absorber Lo gom
Liquid molar flow rate entering absorber Lol Ib-noleg’h
Molar flow rate of pollutant free solvent L» Ib-moles/h
Liquid supeficid flow rate entering absorber L, Ib/hr-ft?
Slope of equilibrium line m —
Molecular weight of gas siream MW& Ib/lb-mole
Molecular weight of the liquid stream MWL Ib/lb-mole
Minimum wetting rate MWR ft2/hr
Number of overdl transfer units N —
Ordinate value from plot of generdized Ordinate —
pressure drop correlation
Sufaceareaof absorber S ft2
Temperature of solvent T K
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Table1.7: List of Design Variables(continued)

Variable Symbol Units

Maximum pol lutant concentrationin liquid X*o -

phase in equilibrium with pollutant entering Ib-moles pollutant free

oolumn in gas phase solvent

Pol lutant concentration exiting absorber in Xo -

liquid Ib-moles pollutant free
solvent

Mole fraction of pollutant entering absorber in yi |b-moles pol lutant

wastegas Ib-mole of total gas

Mole fraction of pollutant in gas phasein y¥i |b-moles pollutant

eguilibrium with molefraction of pollutant Ib-mole of total gas

entering inthe liquid phase

Mole fraction of pollutant exiting scrubber in Yo |b-moles pollutant

wastegas Ib-mole of total gas

Mole fraction of pollutant in gas phasein Y*o |b-moles pollutant

eguilibrium with molefraction of pollutant Ib-mole of total gas

exiting inthe liquid phase

Pol lutant concentration entering scrubber in Yi -

wastegas Ib-moles pollutant free gas

Pol lutant concentration entering scrubber in Y*i -

eguilibrium with concentration in liquid phase Ib-moles pollutant free gas

Pol lutant concentration exiting scrubber in Yo Ib-moles pol lutant

wastegas Ib-moles pollutant free gas

Pol lutant removal efficiency n %

Pol lutant concentration exiting scrubber in Yo |b-moles pollutant

eguilibrium with concentration in liquid phase Ib-mole of total gas

Density of waste gasstream 0G Ib/ft3

Density of liquid stream oL Ib/ft3

Viscosity of waste gas Mo [b/ft-hr

Viscosity of solvent ML Ib/ft-hr

Ratio of solvent density to water b4 —

Pressure drop 4P inchesHO/feet of packing

Packing factors a,a,@,b,b,v.C, —

|

» Denatesrequired input data
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Table1.8: Physical Propertiesof Common Pollutants®

Pollutant Molecular Diffusivity in Diffusivity in
Weight Air Water
Ib at25°C at20°C
cm?/sec cm?/sec)x10°
EI b - mol eg ( ) ( )
Ammonia 17 0.236 1.76
Methanol 32 0.159 1.28
Ethyl Alcohol 46 0.119 1.00
Propyl Alcohol 60 0.100 0.87
Butyl Alcohol 74 0.09 0.77
Acetic Acid 60 0.133 0.88
Hydrogen Chloride 36 0.187 2.64
Hydrogen Bromide 36 0.129 1.93
Hydrogen Fluoride 20 0.753 3.33

2 Diffusivity data taken from Reference [7, 21].
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Appendix B

Packing Characteristics

1-50



Table 1.9: Packing Factorsfor VariousPackings3,7,10,13]

Nominal
Packing Construction Diameter Fp a
Type Level (inches)

Raschig rings ceramic 1/2 640 111
5/8 330 100
3/4 255 80
1 160 58
11/2 % 33
2 65 28

3 37
Raschig rings metal 1/2 410 118

5/8 290
3/4 230 72
1 137 57
11/2 83 41
2 57 31
3 32 21
Pall rings metal 5/8 70 131
1 48 66
11/2 28 48
2 2 36

312 16
Pall rings polypropylene 5/8 97 110
1 52 63
11/2 32 39
2 25 31
Berl saddles ceramic 1/2 240 142
3/4 170 82
1 110 76
11/2 65 44
2 45 32
Intalox saddles ceramic 1/2 200 190
3/4 145 102
1 B 78
11/2 52 60
2 40 36

3 22
Tri-Padks® plastic 2 16 48
312 12 3
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Table1.10: Packing Constants Used to EstimateHa [1, 3, 7, 13]

Packing Size Packing Constants Applicable Range?
Type (inches) B y Ger Le
Raschig 3/8 2.32 0.45 047 200-500 500-1,500

Rings 1 7.00 0.39 058 200-800 400-500
1 6.41 0.32 051 200-600 500-4,500
11/2 1.73 0.38 0.66 200-700 500-1,500
11/2 2.58 0.38 040 200-700 1,500-4,500
2 3.82 041 045 200-800 500-4,500
Berl Saddles 12 324 0.30 0.74 200-700 500-1,500
12 0.81 0.30 0.24 200-700 1,500-4,500
1 1.97 0.36 040 200-800 400-4,500
112 5.05 0.32 045 200-1,000 400-4,500
Partition 3 640 0.58 1.06 150-900 3,000-10,000
Rings
LanPa® 23 7.6 0.33 -0.48 400-3,000 500-8,000
Tri-Packs® 2 14 0.33 040 100-900 500-10,000
31/2 1.7 0.33 045 100-2,000 500-10,000

aUnits of Ib/hr-ft2

Table 1.11: Packing Constants Used to Estimate HL [1, 3, 13]

Packing Size Packing Constants Applicable Range*
Type (inches) o b Lag

Raschig Rings 3/8 0.00182 0.46 400-15,000
1 0.00357 0.35 400-15,000
11/2 0.0100 0.22 400-15,000
21/2 0.0111 0.22 400-15,000
2 0.0125 0.22 400-15,000
Berl Saddles 1/2 0.00666 0.28 400-15,000
1 0.00588 0.28 400-15,000
11/2 0.00625 0.28 400-15,000

Partition Rings 3 0.0625 0.09 3,000-14,000
LanPac® 23 0.0039 0.33 500-8,000
35 0.0042 0.33 500-8,000
Tri-Packs® 2 0.0031 0.33 500-10,000
31/2 0.0040 0.33 500-10,000

aUnits of Ib/hr-ft2
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Table 1.12: Packing Constants Used to Estimate Pressure Drop[1, 7, 13]

Nominal
Packing Construction Diameter c j
Type M aterial (inches)
Raschig rings ceramic 1/2 3.1 041
3/4 1.3 0.26
1 0.97 025
11/4 0.57 0.23
11/2 0.39 0.23
2 0.24 0.17
Raschigrings metal 5/8 1.2 0.28
1 0.42 021
11/2 0.29 0.20
2 0.23 0.135
Pallrings metal 5/8 0.43 0.17
1 0.15 0.16
11/2 0.08 015
2 0.06 0.12
Berlsaddles ceramic 1/2 1.2 0.21
3/4 0.62 0.17
1 0.39 0.17
11/2 0.21 013
Intaloxsaddles ceramic 1/2 0.82 0.20
3/4 0.28 0.16
1 0.31 0.16
11/2 0.14 0.14
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Minimum Wetting Rate Analysis

Asexplainedinthedesign procedures, theliquidflow rateentering thecolumnmust behigh
enoughtoeffectively wet thepacking. If theliquidflow rate, asdetermined theoretically in Equation
1.23,islower thantheflow ratedictated by theminimumwetting rate, cal culatedin Equation 1.24,
thenthepackingwill not bewetted sufficiently to ensuremasstransfer betweenthegasandliquid
phases. Theminimumliquidflow rateshouldthen beused asadefault value. Thesuperficia gas
flowrate, G, , and cross-sectional areaof thecolumnmust then berecal cul ated to account for the
increasedli qw idflow rate. Theapproachisoutlined below
* ThevalueofL . mustberecalculatedfromthevaueof (L

«ri) min USiINg theequation:

(LS”)min A
Lot = (IZ/IT)L

Thevalueof A (thecross-sectional areaof theabsorber column) istheonly unknowninthe
equation.

+ TheAbscissavaueiscaculatedintermsof Aby substitutingthenew L. into
Equation1.17.

* Thevalueof G, isrecalculated by rearranging Equation1.21, with Aastheonly
unknown.

* TheOrdinatevalueiscalculatedintermsof Afromthenew G, ; usingtheEquation1.18.

* AniterativeprocessisusedtodetermineA, Abscissa, and Ordinate. Vauesof Aarechosen
andthe Abscissaand Ordinatevaluesarecal culated. TheOrdinatevaluecorrespondingto
the Abscissavaueisdetermined fromFigure 1.5 (or Equation.19), and thisvalueiscompared
totheOrdinatevaluecal culated using Equation 1.18. Thisprocessiscontinued until both
Ordinatevauesareequal.

Stepl:  Thefirststepistorecalculatetheliquidflow rate. Theliquid molar flow ratemay be
caculatedusing Equation 1.23.

b — mole b — mole
271 i g e A= 262 e E
Lol QZ hr—ft 18 Ib A= H262 hr - ft? A
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Step 2:

Step 3:

Step 4

Step 5:

TheAbscissavaluefromFigure 1.5, and presentedin Equation 1.17, iscal cul ated

[5 3}
Abscissa = 126 : ”:" mf?le Qfg‘f 0.0709
263 Ib— moIe 62 4

Thevaueof G g isthenrecal culatedintermsof the cross-sectional areaof the
column.

(3,263Ib—r:r:ole) (29 Ib—lrtr)lole) _ 37.6
(3600%) (0.7)A A

Gsfr =

TheordinatevaluefromFigure 1.5, and presentedin Equation 1.18, iscalculated as:

Atthispointthesmplest solutionisaniterativeapproach. Chooseavauefor A, caculate
the Abscissava ueusi ng Equation 1.53, and find the corresponding Or dinateva ue off
theflooding curveinFigure 1.5 (or useEquation 1.19to cal culatethe Ordinateval ue).
Comparethecal culated Ordinatevaluefrom Equation 1.54 totheva ueobtained from
thegraphor from Equation 1.19. By continuing thisprocessuntil theOrdinatevalues
convergethevaueof Aisdetermined tobe60ft2. Thefollowingtableillustratesthe
intermediate stepsinthecal cul ational process.

Abscissa Ordinate Ordinate

Assumed Calculated From Calculated From Calculated From

Value of A Equation 9.53 Equation 9.19 Equation 9.54

65 0.0526 0.1714 0.1493
62 0.0503 0.1740 0.1642
60 0.0485 0.1757 0.1752

1-56



Thevalueof G, isthen:

=378 g7
S0 0 sec - ft?

Theliquidmolar flowrateis:

Ib — mole

L
hr

=(126.2) (60) =7,572

mol ,i

Thediameter and height of thecolumnusingtheresultsof thiscal culation arepresentedinthe
first ExampleProblem.
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