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ABSTRACT

When‘absérption is accompaqied by chemical'reactioniin the liquidv
phase, the naturé.of.the gas—liquid equiliﬁrigm.data.is éfﬁenVSuch thaﬁ
a high'degree-of.gas purificatibn may- be accomﬁlishéd’iﬁ dhe_dr a very 
few eQuilib?ium stages. Exampies'of suchvabsdfﬁtion systemé thatvwefeh
" considered in this‘étudy are the SCfubbing of CQé from gaé-streaﬁs "
~using hot, catalyzed potassium carbonate and théiSCrubbing'df HC1 from
.gaé Streams using water. ?he scruBbing of COé>iswimporﬁant in the
manufacture of high pUrity hydrogen for process uses such as the‘ﬁanu;f
faéturé of ammonia, and HCl absorptionvis important in many processes;
inciuding‘a échéme for the feprdcessigg of enriched reactor fuelé which
haS'been-consideréd by the AEC. Lesé cdmmonly used deviceé'fof carryihg
out_theseHabsOrption proéésses were cohsidéred Which,had featuresvlike;y
.tO'result in high abSOrpfién rates and,vcaneQuently;.high efficiency; .
The.imblemenfation of devices with these_éhargctefis£ics might be expeéfed
to resulf in considerablé:savings in infestment énd/or opérétiné COStS;: |

when compared to equipment currently used to;effecf the.dgsired

gas purifications.
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The devices considered were the co-current paéked column, open
pipe contractofs with céééurrent flow of gasband'liquid-in the frotﬁ and
annular regimes, and the spray tbwer.. Based on information dealing with
these devices in the_literatuie ahd mddels which were-prdposed to £ill
gapé in the_literature, device sizés necessary to scrub gases'of quantities
and'compositiéns likely:to be encountered in ihdustry were'calcuiated.
Hierarchies of attractiveneés of the devices'for each of fhe-systems
studied were determined by éssigning relevant éost variables fo each
contractor. - It was shown fhat some of the devices could well be:
attractive-ip reducingbthé cdéfs of ‘absorption in the processes con-

sidered.
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I. INTRODUCTION

A. Project Motivation

In the general consideration of separation prbcesses, the -
conéept of the:"equilibrium.stage" is ffequently inﬁoked as & thermo-
‘dynaﬁié measure of the féasibility ofrseparating a stream ofvgiVen
composition'inté streams wifh compositions différent tﬁan the input
stream. By definitibn,—any single equilibrium stage process is iimitea
- by the éonStrainﬁ thét thé_compositions of the producf sfreams can:at.
best only be in eéuiiibfiﬁm with each other. The désiré'to obtain
befter separatipﬁ‘than fhat-corresponding to'eqﬁilibrium‘between the
prOdubts_necessifétes the implémentatibn'qf devices Which'will-providef'
multiple equilibrium“stééeé. |

N For purely physicai absorption more than:dne equilibrium_stage

will commbnly:bé'requirea to effect deéired séparétions of-cémponent$ 
from gés streams. ‘A typical phyéiéal absorption process isvrepreséntéd
by the.CO2 —_HéO sYstéﬁ; for which equilibriuﬁ dﬁta are showniin Fig. i.
A counter—cﬁrrent»opefating line has been drawn which corresponds to:
: using an inlet étream-of pur¢ water to reduce the 002 cqntent of a
gas streamvfrom'lo% to 1% at 10 atmospheres fétal pressure and a liquid
to gas ratio (assumed constant) of twice tﬁe minimumt Appfoximately
5 equilibrium stages3wduld be réquired,to.effect the desired
séparation; | |

The abéorption of carbon aioxide into water may be céntrastéd £o

the absorption of €O ihto_pbtaséium carbonate or HC1 intb'water. In

2

both of these cases, absorption is accompaniéd by chemical resction in-
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liquid phase, according to the equations:

(002—K2C03) ~ co,(g) = coz(soln> (1) -

C0s(go1n) * Kgcog +HO = éKHcos, (2)

,(H01—H205 | Hci(g5*='HC1(soln) (3)

KoL . 0=HO +cC1” . (L)

(soln) = 72 3 '
 These e@ﬁations mgy be genérgiized as:

.’A(g>'= A(soln)_ | . : S 'v-‘, v'; (S?Y

A’(soln) sR=B+C . o ‘ | ' | '(.6).

The equilibrium condition of'Eq;;(§) méy be»fepresentedfas

pA'? %.[A(soln)] ) | .<7)
‘ where Py is the parﬁiél pfessure of A in thé-gas phase, H is a

"solubility constant and the bracketed term represents a concentration

variable. The equilibrium state of Eq.‘(6)‘may-be represented as
where K is the equilibfium constant, and the bracketed terms represent

concentration variables. Combining Eqs. (7) and (8), the paftial

pressure of A may be expressed as
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\ }[I;%I[j] L e
If the concentration of the reagent, R, is.lerge relative,to the
amounts of B and C formed during reaction, implying that the forward
reactlon is pseudo—flrst order with respect to the solute A éq. (9)
llmplles that the equlllbrlum curve should be approilmately parabollc.
..The equilibrium curves for the 60 K2003 and HCl—water systems are shown
in Figs. 2 and 3. Their shapes COnfirmbthe pfedietiens of the precedihg

énalysis.

The shapes of the equlllbrlum curves characterlstlc of absorptlon"

'w1th chemical reaction in the llquld phase have 1mportant 1mpllcatlons
regardlngvthe necess1ty of staglng. Poss1ble operatlng llnes are drawn
-on Flgs. 2 and 3, correspondlng to us1ng 1n1tlally unreacted absorbents
' to reduce thevrespectlve gas condentratlons frqm lO% to l% at liquid to
gas‘ratios (assumed conStaﬁt) equal to twice the minimum. A_total
pressure of ten atmoSphefes is assumed fer'the"CO2 case, and a total
preSSure of one atmosphere and a constaht tempereture qf TO°F for the
HCl case. With this choice of‘parameters, the desired separetions mayf,
'be‘eecomplished in approximately ohe‘equilibriuhvstage.

The analysis of the heéessity‘ef‘staging has, to this'point,
_ neglected rete consideratiens-—i.e.,'the extent to ﬁhich‘equilibrium-

‘will be approached in a cdntacting device. The'extent of appfoaCh‘to'

equilibrium may be fepresented by the Murphree stage efficiencygﬁwritten"

(in terms of the gas-phase compositions) as -
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: Y. - ¥ : ‘ : '
t .
By = %~ (10)

Yin 7 Yout

where_“yin and youf are the inlet and outlet gas compositions Of the
, _ * E R
- solute to be absorbed and yout is the gas composition in equilibrium
with the outlet liquid. The rate of mass transfer of solute from the

gas stream may be written as

G y) = sxgap(y ~ y*) dz | o (11)

where G = mdléf gas flow raﬁe, molés/(time)‘
K. = over-all mass—transfer coefficient;_mdies/(time) :
(unit pressure§(unit area) |
P = total pressurel'
é'= ihterfaéiéi.area per unit volume avéilable‘for mass tranéfer
LY = mole fraction of solute_in.buikvgas
y = mgle fraction of solute in equiiibrium with liquid at
point in réactor
7 = length coordinaté

S

cross sectional area of contactor. .

B % o L ,

The approgchrof Yout fto Yout Wll; depend on the rate of méss
transfer, SKgaP(y -y )f In the case of absorption with chemical reaction
in the liquid phase, a gas phase solute must, upon entering the liquidi
under the impetus of a concentration difference corresponding to the purely

physiéai solubility of the solute, react with the reagent in the
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liquid to achieve full chemical equilibrium. If the chemical reaction

is ihfinitely fast, as is the'ionizatioh reaction‘between‘HCl end water,
and the solvent reagent (e.gt, water) concentration is'lerge relative

to that of ‘the solute, the solute- w1ll achieve full equlllbrlum 1mmed1ately
: hupon enterrng“the quuld‘phase, The rate of absorptlon w1ll effectlvely
he determined by the full conoentration difference corresponding to:the
attainmeht of total'equilibrium; rather than thet eorrespohdingzonlj top

. the”physical solubility of the solute. The process may be'treated estfﬁ
if it Were purely physical ebsorption, with no consideretion.of the
 actual kinetics neoessery. If, on the other hand"the‘chemioaloreaction
.rate is finite, as is the case’ w1th the reaction of 002 w1th K2003, o N
vthe solute w1ll not achleve full chemlcal equlllbrlum 1mmed1ately uponv
enterlng the llquld, The concentratlon dr;v1ng force will in thls ease
be that corresponding only:to'the physical eolubility of‘the soiute5
Equetion'(il) implies.that for giten‘valueseof_the transport coeffieieht,
veffectiVe ihterfaeiel area,ahd deéree of purification‘deéired; the o
vessel length Will:he ihcreased compared.tobthat calculated'if the
abeorptioh'were’eccompanied by an ihfinitely(fast chemicalvreection "fﬂ _hi
with a lergevexceSS of.dissolved reaotent at'the_éas—liQuid ihterface.,
Conversely, the reduoea ooneentration driviné foroe relativevto the

change in bulk gas comp051tlon des1red 1mp11es that the.stage eff1c1enoy
-1e reduced. Thls conclus1on ‘has been verlfled by Kohl and Rlesenfeld |

. who report stage efflclencles for the 51multaneous absorptlon of 002

© and HQS 1nto MEA as 157 and 40% respectlvely, ‘with the greater

efficiency for HQS absorptlon correspondlng to the faster rate of -

reaction of H,S with MEA}; o - | o A _-; .
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Baséd on equilibrium consideration, then, it is possibie
fo carry out ab§orption with chemical reaction in devices providing one,
or ohly é;few, equilibrium stages. Eowever, to obtain the‘capacity and
degree-of’separation cofresponding to the multiple-stage devices
 currently used for absorption with a finitebchemical reaction rate,
- while making few—stége'de#ices'competitive in terms éf capital and
operating'costs, the efficiency of these devices must Be greater than
those currently used for the process.
In récept yearé, a number of‘devides and mefhods of cohtacting

have been considered which, 5y increasing the transporf'coefficients
and efféctife interfacial éreé, improve absorptioﬁ efficiency. Many .-
'__of these devices may be pafticularly applicable to carfying out absorption
with chemical reaction. o

| The sﬁapes of the'equilibrium curves, which imply'that_stéging_
is ﬁnneCessary, also suggest thaf the over-all driving force cqrrespon@ing
to co—curreﬁt'flow patterns may be similar té thaﬁ obtainable with counter-
currenf flow. Thié resulﬁs from a.change in‘the‘equiiibrium partial_
‘pressure of conceﬁtration of the-active component, along the length of the
cOntaétor smalier than occurs in the case of physidal absorption. In a
co-current flow schemé,bflow rates of the phases are nqt'limited by
flooding consideraﬁions,'as in counter-current flow;:ang;much higher »
lineaf velocities may £e bfought about, with a great fleXibility in
gés—liquid ratios. The turbuieﬁt inferfacial‘conditions obfainable
with the ﬁighér.phase velocities act to decrease the resistance of

each phase to mass transfer, and the mixing that may occur as a resultf'
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of the turbulence will.greatly increase the area available‘forumass
‘trensfer. These'advantages.of increased efficiency'must:be weighed
against possibly greater pressure drops due to the increased velocities S e

_ necessary to be able to accrue the advantages of co-current flow. . - S

i

B. Purpose and Scope of Investigation o
» The purpose of this'iﬁVestigation ﬁas tofutiliae‘available

data to'estimate the attractiveness of less—comaonlyiased devices fcr
carrying outhpecific absorption.processesﬂv.Although A‘myii;d of
devices have been pfopéSed'fOr efficient'gas—liqﬁidHCOntacting;‘data:-
‘necessary for theoretically predicting absorption performance are not B
frequently available. The choice of the spec1f1c contacting schemes
studied——thevcc—current packed column, two—phase co—current flow in
open pipes and the spray tower--was based both cn the potential attractive-’
ness of these dev1ces for carrying out eff1c1ent mass transfer in stages
of compact size and on the availability of_data botentially useful for
design purpOSesl | |

The choice of the pafticular systeﬁsfstuaied-;tbe abscrption fﬁ
of co, into,hetsicatalyzed Potassiam carbcnate and HCl into ﬁeakv
hydrcchlofic acidr-was'based’on the potential theoretical;andbpractical.
fruits‘of:thebinvestiéation. From a theoretical staadpoint;‘these: :
systems represent the extremes-of'almost complete ccatrol of thebtransier
,‘process 1n either the liquld or the gas phase, and a distinction between .

-a finite and an infinite rate of chemlcal reaction. . The difference in

applicability of specific contacting devices forwsystems with these
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distinct characteristics is of interest.- From a practical standpoint,
the systems studied represent gas-cleaning problems,of‘conéiderable
interest in”varicus processing opérations; including a number of
interest fo the AEC.

.For each absorption system studied,'seﬁaration problems,
vexpressed in terms of gas flow rates, compositions ahd purificafion
reguirements, ﬁerc defined by reference to available literature. Process
operating conditions, physical and chemical properties were similarly
determined; The'necessary absorbeht flow rates were deterﬁined by
impiicitiy setting the efficiency of the absorptioh devices ahd assuming
a concentration of solute in the available absorbect;. The effect.of E
using multiple stages was considered in light of variables affecting
‘the economics of both the absorber and over-all process. For eramplé,_
a redﬁced absorbent flow rate aséocicfed'with multipie_stagcs of
- efficiency comparable to a single stage may hé&e important implications
regarding stripper-réboiler dutieé dnd, in the case of HCl abécrption,
the production of an acid cf commércially valuable strength. ‘With the
flow ratesydetermihed, the size and operating characteristics of specific
devices were detérmined. ‘No optimization wés.attempted, either on an
over-all proccss or device basis; but the effect of certain variables,;{
" such as.coluﬁh diameter, was.investigated, The relative attractiveness.
~of the various-contactiné schemes considered was evaluated by'comparing

their investment and operating requirements.
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II. CARBON DIOXIDE ABSORPTION -

" A. Process Specification

The most commonlyiuSed proceés'to produce hydrogen-involves the
refoiming of iight hydrocarbons, such as methane,-ethéne.or naphtha, fo‘
'produce a géé’mixture consisting mainly-of.hydrogén;'carbon mono#ide; 
.éarbon-dioxide,_nitrogen énd unreactéler cfécked hydrocarbonéf lcarbén
dioxide and carbon'mdnoxide must be removed or converted to’prbduée an
" ammonis synthésis«gés with a high hydrogen puiify;' The bulk of the
| carboﬁ monoxide is .converted, in a "shift EOnverter"; by ré;ctioh witﬁv
stea@'to forﬁ éarbonldioxidelﬁ‘Thé”bulk'of the:hdrboﬁ dioiidé_is reﬁOVéd
by abéo}pﬁioh into ah.alkaline'sclvent;'after"fhich the remaining quaﬁ?itieé 
of éarbon didxidehahd monéxide are converted to methane.

The absorption of €0,

in this purification‘tféih is an iﬁpbrtént
.consideration;in thé ecqnomiés df ammonia prddugtign, ﬁnd:the possibleli.
-savings in'éapital and/or'oﬁérating'céstsfwith'a'mére'éffiéienf procééé
fhén_cﬁrrently used de‘servesjihvestiga.‘ti'oh.‘2 | |

In reécent years;*various_modifiéatiqns bf the hotvﬁptaésium
_carbonéte process, developed:by‘the U. S.:Bﬁréau of Mines in their effort
to provide a>commércially useful Fischer;TrépSCh-pr0cess, have‘replACEd 
the ethanbl;hine aﬁédrbtiqn prdééss.éé thé‘@ést'widély used‘fv‘or"C'O2
reﬁbval. ‘The unmodified'hbt poﬁgssium'caibonate erCess has ‘been widé;y
.discussed;3’h’l'>0he licénsed modification!§f~the hot carbonate'proceééi.'
is the Giammarco-Vetrocoke précesé,.which usés_either smaii aﬁoﬁnts ofé;
organic catalysts or, more effecﬁi?ely; lafgeJaﬁoﬁnté of inoréanic
' Cafalysté, sﬁch as arsenic tri&xide, to'increase the raté of reaction o

in the liquid phase.
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The necessity of increasing the catalyzed rate of reaction of
CO2 with Potassium carbonate dictétes the use of high process temperatures--
although.not as high as in the unpromoted hof carbonate prbcess-;in-spite
of the debreaée in gas solubility with elevafion in temperature. Further-
mére, the existence of high pressure in the synthesis gas process
'stfeam suggests the ﬁse of high pressure in the absorber. As a con-
sequence of these temperature and pressure conditions and the nature
of the 002 - carbonate equilibrium relationships, the bulk.of the
absorbent regenefation may be accoﬁplished by flashing the liquid-to low
pressure (about 1 atmosphere). This results in a 30% - hO% saving in
regéneration costs relative t6 fhe émiﬁevsystem, where régeneration must
be carried.out at.high températurés because of eqﬁilibriﬁm and soiubility
considerations.s

The‘Vetrocoke absorption prbcess has 5e¢n carriéd,out commerciallj

in counter-current plate or packed columns, despite the low efficiencies

which have been measured in these devices.

- B. Design Basis

1l. General Consideration

Many of the éafameters significant for desigh ﬁefe baséd on a’
hydfdgen'plant of the Phillips Petréleum Company.discusged by Hyman;é',
A schematic diagram of the absorber-stripper combinationvis shoﬁn in
Fig. bL. The composition of the gas leaving the cold éhift converter and

entering the Vetrocoke absorber was takén from the Phillips flow sheet,

€
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with the excettion that the water vapef wasbneglected and design was .
.considered 6g e dry ba,s_isf.ThevoutletvCO2 epecification was altereﬁ
to‘ﬁake.the outlet 002 mole fraction approximately 1%, rether then 2%
‘as . shown fot the Phillips process. The higher‘outlet.CO2 content‘Was
sufficient in the.Phillipe case because of the use of eﬁ amine absorber
to purify the Vetrocoke tail gas. A1l gas.flow rates were scaled down
to yield flow rates corresponding more closely to the ranges of variabies
studied in the available litefature dealing with less commonly used
ebsofptiOn equipment. A summary of the gas flow rates and compositions>
'bis given in Table 1. |
| To‘eimplify thelcalcﬁlation procedures,'tﬁe process was assumed

to be isethermal, Becaﬁse of the high liquid to‘gae'ratio and the
- relatively small heat ef_absorptieﬁ of COe, the error.of this assumptien
is probably small compared to other errors involved in the estimate of
equipment sizes. The temperature was taken to be 150°F, based en the -
inlet gas temperature to the:Phillips absorber. |

_ The average pfessufe in the contactor ﬁas taken to be about
140 psia;'based on the flow sheet range ef lhO—lSO'psia.

The concentratlon of KECO3 used for the absorbent is constralned
by solublllty, temperature and conversion relatlonshlps, as demonstrated
by Kohl and Riesenfeld.l' It was assumed that the effect of dissolved-
‘catalyst would not significantly alter the conclusions regarding
solubility obtained for the situation with unpromoted carbonete."For'>»'

example, at 150°F, a 40%-by-weight solution of K can only be about .

3

h37 converted to KHCO3 vefore pre01p1tat10n will occur, while a 25%
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solﬁtion may'be_coméletely convérted at thié“temperature.-;Buch and Leitch7
 : have,goﬁciudéd that'3O%>equivalent?KéCO3 coﬁcentratioﬁ sﬁould'be_the
maximum-used, and have Qbserved‘no'appfeéiable~efféct on?absofptive_.

- capacity fiom reducing the édncentration to. 20%. .The cgrbﬁnate éoiutién
was thus gssgmed'?o be 25%.equivélent‘K2¢Q3 by;#éight. .i. :

~ The cétalyét ﬁgs assumed to be aréénious acid,vAs(OH)35 which
dissociates £0'form'arsénite ion,vthe éétqal-cétaiyzing.agénf. Beﬁause
of theuprbprietary"nafure of the Vefrocéke brocééé;'no:inforﬁgtibn iSf;
'availabie regarding'caﬁai&st'strengths uséd in:cbmmeféial'abéorbefs‘
A concentrétion of 1 gfam mole per liteér was assuﬁéd, based on the“
_valﬁe'Usedszr.sémple c&icUlationé by.DgnékwéftSfaﬁd:Shafmé;33

Thevpractiéal'iéﬁer limit for the fégéneratiqn:bf-éarbonéfei

solutions is sbout 2 standard cubic feet of CO2/gallon of,solutibn.&'
This was taken asrthe inlet carbonate conééntratioﬁ."J i

iThe outiet concentration of carbonate in a.cO-cﬁ?fent deﬁiée':
must be such that an'adéduate driving,fqrcé toward fotal equilibrium
is mainfained at the outlet of the contacfor. ‘An‘analy5is of the sysﬁém
‘indicatesrthatisétting.thgaapprdach to equilibfiﬁm, all inlet conditioﬁs
except liQuid.flow rate;and the dégrée'of gas pﬁfificaﬁion desired setéf
the liqﬁid fiowirate. Thé oﬁflet liquid.compésifiéhvwas assumed toAbe:
that which would be in equilibrium with avgas‘ vcomposifion_equal to half
the'desiréd-outlet CO2 mblé fr@ctioﬁ; This égsumétidn of‘equilibrium:;
appfoach ié arbitrary, and is equivalent to‘settihg the:MurphréeiVapof;
phase efficiency,idefihed'by Eg.’(loj,:to a valué’depéndent only on the

change iﬁ 002 concentration in the gas stream;v
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>Figurev5a depicts a single co—curfént reéctor, aésuming a 5 psi
pressure drop. As a result Qf the formulation of the problem, the mass
balance for the'éystem may be determined uniquely without consideration
of the rate equation. This is not the case for the HC1 ébéorption system
diséussed in Section III.. Wrifing the equations necessary to formulate
the problem (neglecting those for which a one-to-one correspondénce

between variables and equations exists):

Rate Equation

out

o + »
Lout¥out = Lin¥in = ¥ (Ra) dz _ (12)

in

Component Méss Balance (only CO2 is transferfed)

outyout - Ginyin)_ L (13)

- L =~ (G

L X . X,
‘out out in"in

Total Mass Balance

L. +G, =L . +G 3 S (1)
in in out out

Specification of Constant Inert Gas Flow

Gin(lv— yin) = Gout(l - yout> _ - ‘(ls)

Outlet Equilibrium Specification
out

X | = f(yout’T’P’ke) | . o o | (16)

.[.

The rate equation is discussed in Section II-C and Appendix I.
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N J( Lz

A

. XBL 695-572

contactors.

Fig. 5. Single and staged co,,
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where; X,y = weight fraétioﬁs of CO2 in the liéuid and gas pﬁase
L,G = total mass liquid.and gas flow rates
P = total pressure
T = temperature"b‘
k = variable répreéenting épproach to equilibfium of outlet{gas
Stream
R = absorption rate, moles/(timé)(area)
a = effectivexinterfacial area per ﬁnit volume
z = length coordinate “
S = cross sectiénal area of confactor
 M = molecular weight 6f tranéferring component.
The pertinenf'variables ﬁay be itemized as:

L

in» Lout
Gin_ Gout
xih ' Xéut
Yin _yout
z |

. :
P
.ke
Sum = ié

Since there are five independent equations characterizing the system,‘i'
12 - 5 = 7 independent Variables nust be specified. If, as discussed .

above, we choose P, T, G. X, . ,
? . 7 Tin® Tin? Yin® Yout?

and ke, the system
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»1s fully spe01f1ed and we may solve for the llquld comp051tlons, flow
‘-rates and the contactor size. If we do not con51der Eq. (12) the rate'
equatlon we are left with L equatlons in 11 unknowns, and the same
seven varlables may be spec1f1ed. Thus, in determlnlng the liquid flow
'rate through the contactor, the result is 1ndependent of the rate equatlon;
randvthe calculat;on may be done as if the contactorpwerewa "black box_?}
yielding the'neoessary;boundary oonditlons'for the rate'equation. This
.conclusion is basedfdn;the assumption that the outlét-préSsure, needed;
to eﬁaluate Eq;tflo),-is independent of‘reactor internals. fAlthough this
Vwill'notnbe the'case,.if the preSSure drop iS'only aismallrfraotdon.ofpthe
total pressure the error . 1ncurred by thls assumptlon is small |
Rather than-calculatlng L and L t’ the- average llquld flow
‘rate was calculated for use in de31gn calculatlons. ReferenCe to.
Fig. Sa and Table 1 shows that the outlet partlal pressure of carbon |
d10x1de for a 31ngle reactor is (O. OlOl)(l38 7). .= 1. hO psia. The outlet -

carbonate concentratlon in equlllbrlum with P /2, or 0.7 psia, is

002

about 3.0 standard cubic feet of COe/gallon of solution.38. Since the

~amount of COé>absorbed is 162.16 pound moles of CO

61 ,458.64 SCF of co,.

» Per hour, or

5 per hour, the average solutlon flow rate is ‘

61,&58.6& gallons.per hour The Murphree stage eff1c1ency is calculated

from Eq. (10) as

'EMV = 0.0101 - 0.1961

0.00505 = 0.194T * 100 = 97'35%1'-
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Table lQ‘ Summary of over-all mass balances, CO ebsorption system.

2
~ Inert Gas Flow h 1b moles/hr 1b/hr .
co 2.58 2.2

CH), 10.37 - 165.9

N, 5.35 1k9.8

Total __693.66 "17h9.L

“A. Single Contactor (Fig. 5a)
Gas Flow

 Inlet ~ Outlet

| 1b moles/hr  1b/hr Mole % 1b moles/hr 1b/hr Mole %
Co, 169.2k  TM6.6  19.6 7.08  311.5 . 1.0
Inert 693.66 1749.4 .80.4 693.66  1Th9.L - 99.0

Totai 862.90 9196.0  100.0 700.7h 2060.9 . 100.0

[

2.00 SCF of c0,/gallon
. 3.00 SCF of COé/gallon
61,460 gallons/hr = 618,000 1b/hr

Inlet Liquid Composition

Outlet Liquid Composition

it

Average Liquid Flow Rate -

B. Two Contactors (Fig. 5b)

Gas Flow.

Inlet o ' . Intef?étaéé

1b moles/hr  1b/hr Mole %4 1b moles/hr . 1b/hr  Mole %

Co,, 169.24 TLh6.6 ~ 19.6 53.81 2367.6 7.2
Inert  693.66 17494 - 80.% 693.66 1794 92.8°

Total  862.90°  9196.0  100.0 THT.HT - 17M9.L 100.0

(continued)



22~  ' o UCRL-18918

~ Table 1. Continued.

Outlet

1b moles/hr 1b/hr Mole %

o,  7.08  311.5 1.0

Inert 693.66 ~ 1Th9.k  .99.0

Total 700.7h  2060.9  100.0 ”
Inlet Liquid Composition = 2.00 SCF of CO /gallon‘
Inter—stage Liquid Composition (X ) = 2.97 SCF of €O /gallon

Outlet quuld Composition = 5.37 SCF of CO, /gallon
Average‘quuld Flow Rate = 18,240 gallons/hr = 183 h30 1b/hr

C. Three Contactors (Fig. 5c)
- Gas Flow

Inlet - .v ' Inter—stgg (G )
1b moles/hr  1b/hr  Mole.% lb_moles/hr Ib/hr  Mole % :

co, 169.2k  TWM6.6 - 19.6  128.92 S672.5  15.7

Iﬁertv '693.66  17h9.k 80k 693.66  1Tho.k _" 84.3:

 Total  862.90 9196.0 1000 802.58  Th2l.9 - 100.0
| .Intér;stagev(Gé) o : Qutlet

lb'moles/hr ‘1b/hr - Mole % 1b ﬁoleg/hr , lB/hr ,vMble %

co,  hh.39 1953.2 6.0 - 7.08. ” 311.5 1.0

Inert 693.66 - 17h9.4  94.0 - 693.66 1789.%  99.0

‘Total  738.05  3702.6  100.0  T00.Th  2060.9  100.0
Inlet Liquia QOmpbsitionv= 2.00 SCF of €O ,/gallon |

' 2. 97 SCF of CO /gallon
5.19 SCF of €O /ggllon )
Outlet L1qu1d Comp051t10n = 6.25 SCF of co /gallon '
Average quuld Flow Rate-- lh 460 gallons/hr 1ks, h60 lb/hr

Inter-stage Liquid Composition (X3)

Inter-stagé'Liquid'Composition'(X )
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2. Multi-staging

Using multiple stages to carry out a separation feasibly done
‘in a single_stage‘will have the benéfit bf decréasing the_amounf of
separating agent required, if the efficienciés of the multiple stages
are comparable to thét of the single stage; 'for the Vetrocoke absorption
ﬁrocess, redﬁced'ébsbfbent éonsumptionszOuld have the economic adﬁantages
of redﬁcing 1iquid pumping costs and heating requirements in the carbonate
regenerator. One way. of staging, while maintaining the advantages of
co-current flow within the contactors, is to operate muitiple co-current
éoﬁtactors wifh counter;cﬁrrent absorbent flow, as shown in Fig. 5 b, c.
Thé effiéiencies of these multiple COntactors.Werevimplicitely set, as
in the single céntactor case; by assuming that theyliquid_COmpositién
out of eéch contacfor was in equilibriuﬁ with a gas composition'equal to
half the value of the actual.outlet gas cémposition."Uéing a digitéi.
- computer with the aid of curve-fitted equilibrium data, an:itérafivé :
proceduré was'deviséd tovdetefmine.the interfstagé‘gas and liquid
compositions and the average 1iquid flow rate. As summarized in.Tablé
1, the use of two contactofs reduces the nedessary absorbent flow rate
by a facﬁor of‘about 3.4 over.the'singie—éontactor case, while the
decrease with three‘reacfors as compared to one is by é fa¢£or of 4.2,
Based solely on the.consumption of separatipg'ageﬁt, it appears that :
the approximate optimal number of cohtactors to use_is two, becaﬁse Qf,
the large reduction in ebsorbent flow‘fate.whiéh‘this’combination yielas.
" The true optimal number of.contactors to use cén only be determined by
an economic study accounting for the increased capital and feduced

operating costs in a multi-stage system.



Because of the manner of spec1flcat10n of the equlllbrlum approach,

the stage ef

in compa_rl SO
By
Eypy(

Recall that
The

l carbonate pr

Ra =

-Where: n =

ol o | UCRL-18918

ficiency of each of the two multlple contactors is reduced

n to the single contactor.

_0.07198 = 0.1961 1o~ .o ...
B-1) = 4703599 - 0.1061 * 100 = T7-52% (
.y _ 0.0101 - 0.07198 - S
R-2) = Z0.07108 © 190 = 92.45% .

0.00505
the efficiéncy df'thé.éingle stage was 97.35%. -

C.',Chemicalﬂand'Physical Properties -

rate equaticn'deséribing'the absorption of C02 into.potaséium
omoted by arsenious acid may be,writfen as

aln
k a
8

(a7)

1+

(k + le (OH ) + leA (As(OH) o} ))1/2,'Cm/sj‘ec

absorption rate, gm moles/cme—sec

interfacial aréa availaﬁlé for mass transfer, cma/cm3

3.

Henry's law solubility constant, gm moles/cm atm

‘total pressure, atm

: mble’fraction of solute in bulk gas

concentration of dissolved, but unreacted CO2 in solution,f
gm moles/cm .
gas phase mass-transfer ¢oefficieﬂt, gm'moles/sec atm cm3 '

physical liquid phase mass-transfer éoefficient, cm/sec
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= diffusivity of CO

_ e e e
D, = , in liquid, cm /sec
kOH = rate constant for consumption of COQ‘by reaction with

hydroxide ions, cm3/gm mole sec .

b
]

As rate coefficient accounting for arsenite catalysis, cm3/gm‘
vmolevsec.

A discussion of this expreséion and the conditions under which it applies
vmayibe found in Appendiva. The means of estimating the Henry's law
solubility of COé in potassiﬁm carbonate is treated in Appendix II.

A discussioh of the éhemiCal equilibrium of the.C(.)z_KQCO3 reaction;
_tpgether with equations derived to fit the equilibriﬁm data, is-présented
in Appendix.III; - The relevant physical properties of thé gas énd iiqgid

~are presented in Appendix Iv.
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~* IIT. HCl1 ABSORPTION

A. Process Specification

N

The Atomic Energy'Commission has exhibited a considerable amount
' of interest during the last several years in developing more econdomical

processes for the recovery of U—235 from enriched reactor fuels. The

. most’ 1mportant of these fuels consist of 5% to 107 U-235, and small

amounts,of plutonium, clad-in Zircaloy—2 (an alloy. of high zirconium
content)’or aluminum.13 A process of thls nature has been studied

extensively by the Argonﬁe‘National Laboratory.l3 21k 15 16,17

In thls'
"Volatility Process the clad -fuel, suspended in an 1nert bed of,

"alumlna particles, is reacted w1th gaseous HC1l of the concentratlon necessek
ary to produce adequate reactlon rates at about 350° This_produces
:»gaseous ZrCl)4 or AlCl3 and solid UCl3 After the cladding materials

" have been separated by Volatilization, the uranium chloride is reacted
‘succes51vely with HF to produce UFh’ and fluorine, to produce UF6 for

use in fuel element manufacture. The_gaseous ZrClhpor AlClB, after

having been filtered to remove.entra‘inedUCl3

to the solid oxide by reaction with steam in a pyrolysis converter, pro-

solids, may be converted

“ducing HC1l for recycle. The off-gases are sent to a tower forVSCrubbing.

”The equations describing the process are (for Zircaloy-2 cladding)

U-Zr + HCL = Zr01g(é5'+ 52 + UCl3(s)‘ A | (18
'Zrcih + H0 =AZrO2(S) +‘HCl o | | (19)
U013 +HF = UF + HCL +H, o ‘l : (20) -
T .z . v.dy(e_i)_
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Because this process -has potential utility as a commercial-scale

re-processing schemé, the consumption of HCl, which is typiéally used
vwith;a_stoichiometric efficiency of oniy 30% to 50%, may represent an
important ecqnomic factor. Recycie of HCl1l of desired purity may be a
significant.step toward improving the economiés of this stage of the
prdcess. .A means of obtaining HCl,of desired pufit& is to employ an
absorber—stripper'syStem in the process stream.. A system bf this .
nature, which results in the regeneration of HCl of 99% purity, has

»been‘described in relation to another process.

B. Desgign Basis

-l. Generdl Coﬁsidératioﬁs

No detailed information"was availdblé regarding'thé flow.rates ‘
and compositioné encountered in HC1l &bsorbers éﬁrrently used in con-
junétion with the‘Volatility‘Process.‘ The bases for determining the

relativé amounts of HC1l and H, entering the scrubber were:

2
(1) An assumpﬁion tﬁat the fuel to be processes was 5% U-235 clad in
Zircaloy-2 (Zr-98.25%; Sb-l.S%; Cr—,lo%).v | |

(2) The result reported by the Afgonne National Léboratory of akpilot
piantvchlorination of a 13 Kg. sample of Ziréalpy—2 in 2.6 hours,13

(3) As estimated HC1l ﬁtilization efficiency>of 40%, based on reportng 
effibiencies of 3Of56%.l6’l3

(4) As assumptibn ﬁhaf ZrClh was complgtely'converted to the Qxide in ﬁﬁe

pyrolysis converter, limiting'the consumption of HCl to that used in the

formation of UCl%.
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(5) An assumption bhat'the eteam in the pyrol&sislreactor‘is efficiently
used leav1ng the gas enterlng the absorber saturated w1th water vapor.
(Saturatlon was deflned as the equlllbrlum water vapor pressure of that
liquid which would be in equlllbrlum with the mble fractlon of gaseous
AHCl enterlng the contactor y ._ . ) v o R »

v It has been reported that HC1 of 5 75 volume per cent has been
usedpin the process reactor, although lOO%'HCl'has been'used in eome
iﬁstailations.;s Tt was assumed that the mole fraction of HCL entering
tbe scrubber was 0.20, with air as & diluaut; |

| The sorubber uas‘assumed to operate with an iuletbtemperaturei
of 30°C. fhe result of fhiS»femperabure;selection was to insure
operating‘temperafures invthe;range of comuereial ineta;latious.;e
This temperature.wouid require thab'the'éaslieaving the-pyrolYSis con-.‘
verter be cooled before entering the"sérubber. This could be done
‘eeonomically to provide a substantiai'aMOuhf of bhe heat requireo fer 
the stripper reboiler. Pressure was asSumed to be atmospherie. |

‘Based on the preceding assumptions; anyestimate of the'gas
flow rate and composifion entering the‘absorber'waa made. Forvdesign
”pcaiculations,vthe flow rate was scaied up by a faotor of 50 to acbievef_
‘a ratejcorresponding more eiosely tovranges studied in the literature,rand.
in conformity with_bbe desire to estimate couaibions'likely to be N
. encountered iu a commercial'scale'process.' Tbe reeultantbinletfgas
flow rate and composition are shown in Tables 2A‘and'23';:

| The mole fractlon of HCl leav1ng the absorber was taken to.be

0.01. It was felt that this assumptlon deflned 8 reasonable separatlon'

problem.



~Table 2. Summary of over-all heaf and mass balances, HC1l absorptioﬁ system.

A. Assumption that outlet water vapor is in equilibrium with liquid of outlet composition

l. Single Contactor

Inlet

- Qutlet
lb/moles/hr 1b/hr Mole % 1b moles/hr 1b/hr 'Mole %

HCL  .30.08  1097.2  20.0 HC1  1.kk 52.5 1.0
H,0 1.28 23.1 0.8 . HLO ©23.53  L23.5  16.3
Gas Flow H,  6.02 12.2 L.o - H, 6.03 12.2 h.2

Air . 113.00  3273.7T  75.1 © Air  113.00 3273.T7  T78.5
Total  150.38 ~ L4L06.2  99.9 Total 144.00 3761.9  100.0

h Inlet Qutlet

Liquid Flow Rate
Liquid Composition

Temperature

6911.0 1b/hr 7555.3 1b/hr -
5.0 w/o HC1 18.4 w/o HC1
30.0°C 6L.9°C

(continued)
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Table 2. Continued. -

2. Two-contactor case

a. High—HCl—partial—pressure_contactor

HC1

H20

. Gas_Flow 7H2
. Air
Total

Inlet
1b moles/hr ~ lb/hr  Mole %
30.08  1097.2 . 20.0
1.28 23.1 0.8
- 6.02 12.2 4.0
113.02 32744 75.1
150.50  4406.9 .

99.9

b. Low-HCl-partial-pressure contactor

HC1

H2O

Gas Flow H
’ Air
Total

Inlet
1b moles/hr ~ 1b/hr Mole %
18,69v 681.6 13.4
1.31 23.6 0.9
6.02 - - . 12.2 4.3
113.02 32744 81.3
,139.0h. 3991.8

199.9

HC1

H20

Hy

- Air

Total -

HCL

H2O

Total

Alr'

OQutlet
b moles/nr 1b/hr Mole §
18.69  681.6  12.8
'8.06° 1L5.0 5.5
6.02 . - 12.2 b1
©113.02 © 327L4.4 7.5
15,79 B113.2 99.9.
Outlet

'ylb molés/hr 1b/hr . Mole %
1.37 50.1 1.0

16.8k4 302.8 12.3
©6.02 ‘12.2 o L.
113.02 32744 82.3

137.23

3639.5  100.0

(continued)
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Table 2. Continued.

Inlet "~ Interstage ' Outlet
Liquid Flow Rate  3703.7 1b/hr 4055.9 1b/hr - L4349.8 1b/hr
Liquid Composition ..~ 5.0 w/o HC1l ©20.1 w/p HC1. _28‘3,w/b HCL
Temperature 30.0°C 59.4°¢C ~.53.0°C

B. Assumption that outlet water vapor is in equilibrium with iiquid in equilibrium with outlét v

HC1 gas composition.

1. Single Contactor

~Inlet ‘ : o Outlet
‘1b moles/hr  1b/hr  Mole % . 1b moles/hr  1b/hr  Mole %
HCL  30.08  1097.2  20.0 . HCl . . 1.h3 52.2 1.0
» BH,0 . 1.28 . 23.1 0.8 H,0 - 22.68 kog.2 - 15.8 -
Gas Flow H, 6.02 12.2 - ko . H,  6.02 122 b2
© Air 113.00  3273.7 75.1 Air  113.00  3273.7 - T8.9
Total ~ 150.38  L4h06.2  99.9 Total  143.13  3746.3 99.9
Inlet Outlet
Liquid Flow Rate 7008.0 1b/hr 7667.9 1b/hr -
Liquid Composition 5.0 w/o HC1 - 18.2 w/o HC1

- Temperature ' 30.0°C 165.8°C

_‘[E—
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(continued)



Table 2. Continued

2. . Two-contactor case

‘8. High—HCl-partial—preésuie contactor

,Inlet-.' Outlet “
lb.mbles/hr 1b/hr  .Mole % llb—moles/hr: 1b/hr . Mole %
e . HCL  30.08  1097.2  20.0° - HCI  18.62  679.0 12.8
. HYO 1.28 23.1 0.8 - - HO 7.6k 137.5 5.3
Gas Flow  H, 6.02 12.2 4.0 H, 6.02  12.2 ki
Air 113.02 3274,k 75.1 o Air 0 113.02°  327h.) 77.8
Total 150.41 N 4406.9 99.9 - Total: 1h5.3d 4103.1 ~  100.0
b. _LOw—HCl—partial—pressure contactor
.~ Inlet . . Outlet .
3 1b moles/hr  1lb/hr  Mole % - 1b moles/hr  1b/hr - Mole %
‘HCL  18.62  679.0  13.4 HCL 1.37 k9.9 1.0
H0 - 131 - 23.8 0.9 HO  16.27 292.8 11.9
H, 6.02 12.2 4.3 B, - 6.02 12.2 L.y
CAir  113.02 327k b 81.3 Air = © 113.02 - 327h.b4 82.7
Total ~ 138.97  3989.h  99.9  Total  136.68 = 3629.3  100.0
- (continued)

»
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- .T?ble*z.ﬁ'Continued' s

- Liquid Flow Rate -

Liquid Composition

Temperature -

30.0°C

~ 20.0 w/o HC1

- 60.5°C

| 3879.7 1b/hr - 40B6.8 Lo/hr 4390.7 b/hr -
- 5.0 w/o HCL  .28.1w/o HCL

- 'sh.h°c

-ee-

grég-mon
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The‘absorbent_was HC1 solutién; with.ah assﬁﬁed inlet concentrétion
of ‘5% by weight. |
- Since fhg heat of absorptiog of HC1l into water or weék5HCl:
solutions is rélatiVely_large (about héo calériés/gm), devices used to;
effect HCl'absorp£i§n mustjprqvide a means of dissiﬁating heat:| The"
_three_coﬁvéntionél wayé of déing this are:
(1) The édntinudus_removal‘of the'heat,bj'the circulation of a cooling
'fluid around the ébéorption device. Tﬁis‘rééults’in a neaily isbtherméi
opefétioh.' | |
(2) Céoiingfthé.liquid leﬁvihg ﬁhe absorption devi#e'byrexternal
excﬁangers, ana returning this'liqﬁid‘to fhé device or a device in
series with‘it.k | |
 ;(3) Allowing the cooling to be éffected byvthé evépbraﬁion,of_soivent;
Which_will oécur'if theva5s05bént, liké water;‘ﬁas ﬁ higﬁ vapor.pressqrg
and'the.heat of ébsorption is'large. This results in nearly adiébaticf;
Qperaﬁion. |
Tﬁe currently used cooled absorbérs are tubular falling film
absorbers, in which gas‘and‘liquidxare contacﬁeaieither co—cﬁrfently
Adr couﬁter—éﬁrréntlyAin banks of tﬁbes jaéketed by_cooling Wafer{ To

effect complete absorption, a packed tails tower is ofteh_added to'thé)f
18,19,26 ’
\ . .

1

system.
Adiabatic absorbers , which‘hafe usually been.packédicolumns,'hgye
- frequently been used, particularly when a subsfantial'amount of inerts is

26,67,68

present in the gas stream.
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The actual situétion in HCl_absorption is.somewhere between
the extremes of purelybadiabatic aﬂd purely isothérmal operation,
regardless of the method of contécting. The calculation of the devices
was selected to be on the basis of adiabatic operation.v This choice
is more suitable for co—currenf than dounter-cufrent HC1 absorption.
The gas and-liquid conditions in counter-eurrent absorbers may result
iﬁ_a temperature peak which must‘be eliminated by cooling for efficient
opera_tion.28 vNo such peaking will occur in co—curfent absorption. The
choice of'adiabatiC'operafion siﬁplifiés the calculation procedures by*
ﬁaking the cdnsideration-of ﬁeat transfer thrbugh the absorber walls
unnecessary. wagver, the chaﬁging nature Qf‘tﬂe gas-liquid equilibrium
curfes with temperature must be more carefully coﬁsidered than in the -
cooled-absorber case. N

2. Heat and Masé Balanceé

Obtaining over-all mass and heat Balances for the case of -
adiabatic absorption neceSSitates accounting for the HC1l absorbed,
thé;concomitant heat of absorption, the water vaporized as a result
of this heat and the changes in temperétﬁre of the liquid and gas phases
’.aésociated witﬁ these compensatingteffects. _At any point in a_contacﬁor, o
the heatvliberated by absorption must be equal to the sum of the heat, -
consumed by vaporization and the heat tranSferréd-from the liéuid ;
to the gas.phase. These quantities, in tufn, depend on the rate Qf
absorption of HCi, the rate of Vaporization df water and fhe inter-
facial heat—tfansfer coefficient. Thé resistances to thesé transfer."
processes are characteristic of the barticuiar:deviceé in which tﬁe

simultaneous mass and heat transfer is occurring.
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A 51mp11f1eat10n was made by assumlng.that the gas and liquid
b-phases enter. the absorber at the same temperature, and that the heat—
transfer coeff1c1ents for the devices to be con51dered are of sufflclently
large magnltude to Justlfy assumlng perfect heat traﬁsfer between phases.
.Accordlng to the celcu;atlons of Norman,26 The errof 1ncurred by the
latter assumption is'probebly'small; Even with this'aseumption5 it is

not possible"toespeeify'all inle£ conditionsiand-ﬁﬂe_ges Qutlef_cenaitions
‘independently in Orde?'to:solve_for the sqlufidn fieWYrates} Tﬁis fe¢t v
can be seenvby itemizing'tﬁe equationevepecifying tﬁe §rocese; 'Constéﬁtj

pressure and mass-transfer coefficients were assumed.

Over-all Mass Balance

L, +G =L _+G I N

HC1 Mass Balances

v

(g )out, = (W¥ger)in = ;((GyHCl)ouf - (GyHCl)in) - (23)
' ’ | ~ pout ‘
(L*H01)qut_f (LXHCl)in = KoonMuen 5F . (rgey - yHCl) dz

H,0 Mass Belanees

(Gyﬂzo)out ) (GyHéO)in = ’((L(l = %o out - (L(l xHCl }

(25).

o eut“”'.
(Gy, ) (Gy, ), =Ka, M SP| (y RETE
-Gyﬁgo out = “WH_0’in " KgaHQOMHZO yHQO = Yy, 0/ ¢

2 . 2
in S
(26)
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Specification of Constant Inert Flow

R A (@0

"Eguilibrium Relatlionships.

*

o= £, D) (29)
VB0 = Fpc1s T 29
'Heat Balance
' . o - - ’ _ ' ) .
Lout®r e Mout = LinfL e Din * Gout = ¢ 0o Mout
(G - GV (3. e orE (1) | < H “ o (30
(G = @B (yyey >y, + € (H, .(T)out B (7)) =0 (30)

!
»

Specification of Outlet Equiliﬁrium Approach

o1 ,out = T Vgep ToPok) ’ o | - (31)

where: L total mass liquid flow rate

G = total mass gas flbvf rate.
G' = mass flow rate of géseous‘inerts
. xHCl = weight fraction of HCl:in the_liquid
yi'= masé orvmolé.fractio# of compoqent i in the gas, with

units to keep equations'dimensiohally consistant .
K a, = mass:transfér coefficient.of Qompoﬁént. i, moles/(time)
 (volume) (pressure) |
S = cross sectional: area of absorber.

P = total pressure



-8~ UCRL-18918

M, = moieculér Weight-qf species i

.2 = length coordinate of cOntactéf.

H - =: liquid ehthalpy pef unit mass>

H_ = inert freéjgas-enthalpy pér unit'mass_'

-H»ff=,iheft’gas enthélpy ber'unif masé

= mole frécfion of‘combonent' if‘invéguiliﬁrium Vith liquid

-ofvcbmpositioh Xyo1®
The variables may bé itgﬁized as

L, L

in - out -
»Gin - ‘Gbut.;' =
YHel,in. - YHCLout
Yy A s Yy . e
H20;1nv _ Egg,ogt>“ .
Yuea yH20
*Hel,in *HC1,0ut
Tin Tout
',G"‘ YP-
k .z
. e
Sum = 18 g

Since the number of variables is i8; th¢ the number of
~ independent equations which have béen writtenvto&SPecify the process iS"
110, the number éf_variables_whichAmust'be set_tofdetermihé_éfuniqué

solution to the set of ‘equations is- 8. Based on: process considerations,

' thg 8 varlables.whlch cpu}d”be logically §etvwgr§:'P, Gin’ #HCl,in?v:fﬁ'
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and'_ke. Since neither GO nor

YHc1,in® YHCL,out? Tin’_yHgo,in ut

yH20’ were set, 1t is impossible to eolve‘for the eeeessary abeorbent
flow rate without consideration of Egs. (2L4) andb(26)——the rate'equetions.
.bThis conelusion contrasts with the'result-ofvtﬂe analysie of the COé
abeorption system, in Section II-B-1l. The’cOmplete speeification of the
heét and material balaﬁces in this case involves’a trial and error
calculatibns, iterating on the dependent variables L and T ﬁntil the
solution set is satisfied. Beceuse of the ndn—analytical:nature of‘the
integrals in Eqs; (24) and (26), each trial mﬁet incorporate a numericel
ihtegration procedure. | |
To minimize the difficulty of this calculation and to permit
calculation for cases in whieh a completezknoﬁledge of the transport
coefficiente was not available, another method was used to estimate.the.
values of the liquid flow rates.-'If tﬁe eontactof Were considered a
"black box", the process weuld be sﬁeéi?ied'by Egs. (22),.(23), (é5),
(27), (30) and (31). The ﬁumber‘of vaiiables in this set of eQuations:is
15, so that the number of yariables whichZﬁuet be set independently ie
‘now 9. If the additional variable,'of‘reiefionship, set specifies
the water vapor content at the contector'eeflet, the aependent variabies,_f
including the liQuid flow rate, may be solved: for by ebsimple-iteratioh‘

on the dependent variable T . The assumption made’at the outlet was

out
that that the gas was saturated with water vapor—-i.e., the water vapor:
mole fraction in the outlet gas was either in equilibrium wifh tﬁe ouﬁlet
vliquid or in equilibrium with a liquid composition in equiliEriumAwith,
the outlet gas phase HC1 coméosition; The choice‘bf the definition ofi

saturation to use depended on considerations of the mass-transfer
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mechanisms asSociated with specific devices,”and'the effectvof the cholce
on the results was only sllght Figure 7 shous the concentration

profiles in a co-current packed column,'calculated u51ng Eqs. (24) and
(26) with boundary conditions determlned'from the black box_ massu
balance, with the'assumption that-the-outlet'water.vapor‘was in;equilibrium
with the outlet absorbent. The assumptlon of saturat1on of water vapor

at the outlet is seen ‘to be qulte good as measured by the approach of

y; o to yH20 The reasons for the.validity of this assumption are:'

(l) The inlet gas‘was assumed to be saturated w1th water vapor.

(2) gaH O ‘was 1arge enough to 1nsure enough transfer of water to

ma1nta1n a saturated condltlon at the- outlet
(3) yH20. decreases w1th 1ncreas1ng HCl concentratlon, but 1ncreases wlth
temperature. Inbs1tuatlons where the llquld HCl concentratlon 1sv
1ncreas1né more rapldly than the temperature, such ‘as near the ends of. the
co current contactors, the former effect may predomlnate resultlng
in a closer approach of y; OIIto yH 6 .than had occurred at 1ntermed1ate
points in the contactor. |

Over-all'heat and material balances Werehcalculated:for a'single_
reactor and for two reactors W1th 1nterstage coollng, asbshown in
'Flg.,6;v The two-staée s1tuat1on was con31dered because of:
(l) The potentlal sav1ngs in operat1ng costs whlch mlght result from |

lower sbsorbent flow rates.

(2) The des1rab111ty, for many’ processes, of produclng llquld HCl

of a greater concentratlon than can be made in a s1ngle stage."
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-4~
T =T T3 T T2
6 . 62 = 3 Cq
—1 R-l R-2 ”
_‘,
L2
L2
=TI - T2
X2 o -1 X2
{e2 ] ) ™
L' 2 L',T',‘!‘
L3,T3.x3 - :
XBL 695-576 -

Fig. 6. :Stagéd HCl contactors.
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The implementation'of'heat éxchangers'in the two-stage case is

necessary, because of the assumption that all streams enter and leavei

the contactors at the same temperature. The positions of these heat

exchangers is,.hOWever, hot unique. Referring‘to Fig.v6,'it.ceﬁ he‘
seen that if only Tl is-to be spec1f1ed, E-l must be prov1ded, 1f only .
TL' is to be spec1f1ed only E-2 need be prov1ded, if both Tl and T1'
are to he speclfled, both exchangers must be-prov1ded. Both'E—l,and
E-2 were provided; tovehablevihe speclficatloh Tlllé.Tl{

' The algorithm for solvihg the two—cohtactor case, which is

directly analogous to the'solution procedure’ for the single—contector;

_ case, is presented in Appendix-V. The results of’the'computer sOluﬁion

are shovn in Tables.2A and 2B. " The 'use of two contsctors reduces the’ :

,uecessary'absorbent fldw rste by a factor'of 1.9, ehd results in the

~

outlet HCl solution having a cOncentration:oflabout:28%'hy weight, as .=

opposed to about 18% with a sihgle contactor. The decision of the number

: of'contactors to use must be based on the increased capital costs

involved in a multiple contactorKsysteﬁ,fincluding both the.coutactors}'

and heat ekchangers; the'reducedhabsorbent‘pumping ahd supply tequireQJ

ments and the advantages-of pfoducing HC1 of = concentfation higher'than

obtainahle with a'single stage. |

The Murphree—stage eff1c1ency may be calculated u31ng Eq. (lO)
since the spec1flcatlon of the outlet approach to equlllbrlum was assumed
as in the CO2 absorptlon case, t0 he such that the outlet llqu1d was- 1n i‘
equlllbrlum with a gas—phase mole fractlon of HCl equal to half the

actual outlet_HCl mole fractlon.’vThe stage eff1c1enc1es-for the 31hgle,
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high—HCl—pariial-pressuré and low-HCl~partial-pressure contaétors

. were 97.5%, 53% and 96.9% respectively.

C. Chemical and Physical Pfopenties

The reaction of HCl with water to produde an ionized acid may be
regarded as ihfinitely fast and reversible, with nb water depletion at

1,61 From a2 mass-transfer standpdint, this implies that

the interface.
no distinction is necessary between physical solubility and tétal
equilibfiﬁm, so‘thatbthe actual kinetices ofrthe'chemicél reaction need
nqt bevqonsidered in designing ébsérption eQuipmenf. It élso implies
that noﬁdistincfion between a physical and "chemical" mass-transfer -

coefficient need be made. The rate equation may be writfen as

¥*
Ra = K 2y Pyyer = Yuen

) S (32)
where R has.unité of moles/time area, a, the effective interfacial
:.areé, has units of aréa/volume and all other units are‘defined consistently
with Eq. (éh)Q | |

A discussion of the equilibrium of th¢ HCl—water system is
presented in Appéndi#’VI. Enthélpy data are discussed in_Appenéix

VII. Physical properties are presented in Appendix_VIII.
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IV. DISCUSSION AND DESIGN OF ABSORPTION DEVICES |

A. Co-current Packed Column

| '_l."GeneralfConsideration.

Absorption in’conventional oounterecurrent packed columns, with-
.a down-flov of_liduid'due to gravitv'and an-upJflov offgassdue to ‘an
,'imposed pressure.gradient, suffers from‘a.hydrodynamic limitation on the .

gas and liquid flows which constrains the gas velocity to a magnitude

' _below that which produces flooding in the column This disadvantage

may ‘be overcome by 1ntroduc1ng both phases at the top of the packed
lcolumn and allowing the phases to flow co-currently under the comblned
forces of graV1ty and imposed pressure gradient.- The only'constraint |
'-on flows, up to the llmlt of choked flow, is the available pumping
: power. This 1mp11es that: the phase turbulence and hence the effective
‘ interfaclal area and transport coefficlents, can be much greater than in'
'a counterecurrent packed column

R1e5820 has presented a summary of the limited amount of data
available in the literature dealing with co—current gas-liquid downflow :
.1n packed beds, 1nclud1ng references useful- for analysis of pressure
ﬂdeop, llquid holdup, liquid distrlbution and mass transfer.

::a. Liqpid dlstribution. The pressure dr0p and re51stance to

mass transfer in a co—current packed column are functions of the liquid jb
_distribution within ‘the column Larkins, et al.21 have characterized

four types of flow pattern——homogenous, transition, slug and close slugs,
for blur--which may be observed by increasing the gas rate from a zero 7

value while maintaining a constant 1iqu1d rate. At_low'gas rates, the
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’ flow in the.colnmn is uniform, with the liquid clinging to the packing'
»particlesvin"a film”of a thickness which decreases with'inCreasing gas
rate.  As the gas rate ishinoreased, the liquid distribution at the top
of:the column will remain uniform, while the material at the bottom of the
coiumn will exhibit'a "slugging" flow, with observable plugs of higher
density material noving through the column. As the gas rate is increased
' further, the slugging phenomenon will occur in the whole column, and -

" at the highest gas rates, these slugs w1ll appear to blur together,
produc1ng a wavy, or quivering, appearance in the colnmn. At the highest
gas rates, the liQuid'fiin on the_packing surface is'Very thin, and the
. v01ds are filled with a heavy liquid mist.

Wen, et al. 22 have observed a decrease in the height of the
transfer unit defined equivalently to the length of the transfer unlt

as in Eg. (98) and (99) below, with 1ncreas1ng gas rate This resnlts
from the increase in interfacial area corresponding to the turbulence
associated with the flow patterns at higher gas rates. However, a channel- -
ing effect was noticed when the_liquidvrate was increased at constant
vgas rate. This channeling was found to increese the heiéht Ofvthe trans-
fer unit, due ‘to the effects;ofiredncing.the phase turbulence and decreasing_
‘the areelavailabie'for mass transfer, and.was'found to be more pronounoed'
at higher gas retes.‘.RiesSQO observed thet, gbove a certain liquid
‘rate, liquid distribution improres with increased liquidkrate, and
suggested that an increasing height of a‘transfer unit with increasing
. liquid rate nill only occur under conditions where the actual wetting
area of the packing is important--i.e., at lower values of the liquid

flow rate than are likely to be encountered in industrial equipment.
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'Larkins,bgz_ﬁlj,gl haVérobsérved that.the tranéitions in flow
regimes do ﬁot produée:anjvsignif%cant.change.ih the‘fﬁnctional
relatiopship between flow fate and préssufe droﬁ. 'The exception to this . .
’6cCurs.with‘fqaming éystéﬁs, in Whichftheléolumﬁ‘wiil tend to fili and

empty of fbém;fcfeating pressﬁré sﬁrges of * L40% from the average..

- b Pressﬁré'dropvand liquid,holdﬁp. baﬁa oﬁfpressure drop and |
iiquidlholdup fér'fwo;phase_fléﬁ in péckéa beds Wéré cofreléted by
.Larkiné;'gi_gl,,Zl combining the anéiyéisbuséd by #ockhart and
Mgrtinéilizs for two;phase'préssure dropv;n open pipes with the single=
ﬁhase preséhré-drop cbﬁrélation dévelopédlby Eréun;eh ‘The:préssuré :

drop in each phaée is caléulatéd»as if it were flowing alone'by.the:

-Ergun equation:

L D . 3 T . ’ ' .
ap [ EP N [T e o =2
ALZ( 5 T = = 0 Re + B Re | | (33)‘
. »U. . . .
, . D Vo
‘where: Re é 1 < ¢
Dp'= equivalent spherical particle diameﬁer of the packing
=6(l ‘T.e)/ao-: ft
€ = packing void fraction
a,8 = constants dependent on type and manner of packing
AP L ' g 2
AL = single-phase pressure drop, 1b/ft°ft
R ' 2
%c —’32.17 ;bm ft/lbfsec
n = viscosity, 1b/ft sec
a8 = packing surface area/unit volume, £t
P

= density, lb/fts. ' o R ".v ' ; _'"
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Defining the two~phase parameter X = [(AP/AL)l/(AP/AL)g] 5
fhe two-phase pressure drop is calculated as: .

(4)

2 . | '
(g AP (1ogl‘o X)< + 0.666
AL]l + Qﬁﬂ ‘

. The liquid holdup; defined as the fraction of the column opcupied'

by thé'liquid at a giveh instant, is cofrelated by:‘_
log. B, = - 0.77h + 0.525 log.. X - 0.109 (Log. . x)2. (35)
, 10 71 =10 ' .10 :

The accuracy of these correlations was claimed to be within a

13% standard deviation for,pressﬁre drop and 16% for liquid holdup.

c. Mass transfer. Caldérbank and Moo—Youhg25 have shown how .

T a mean velocity component for isotropic turbulence may be defiﬁed in
térms of the energy dissipation_per‘ﬁnit volume associéted with

turbulenﬁ eddies. 'Given this &elocity, a Reynolds number may be defined
.and,'sihceathe gas and liquid phase_transﬁortﬂcoeffiCients have been
eﬁpiricéllylshoﬁn tq be‘reiated to the Reynoldsvnuﬁber,,the poefficienté-
k1 and kg  may be.related to the energy dissipation'per unit volume. '
. Fdr a single—phase system in a packedvcolumn, enefgy dissipation

may be related to preésure drop By:

(Powér) _ APG - ‘ .
Tvolmme) - ATpe : » v . '(36)
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Where G is the mass flqurate,ahd'the other units are
‘consistently defined. Kinetic energy, heat input, shaft work and density_
head have been neglected in writing this form.of the energy'balaﬁce.

Riessgo has defined a mddifiedvenergy-diséipationvby'

By T VgME/),
B SRR e (38)

.wherer v, = sﬁperficiél:liquid veiécity; ft/ééc
V= superficialagés velocity, ft/sééx |
Eg?E _=;energy dissipati¢g'pér uniﬁifo;ﬁmé éséqgigtéd With.thejéasgand -

 liquid phase§; ft;lbf/ft3éec.?;

- Liquid and gas phase mass-transfer cdefficiéﬁté'were correlated

by. i
1/2 T |
k,a = 0.12 E;'" For O, desorption.at T7°F. S {39)
k,a = 2.0 + 0591-E:/3 For NH, sbsorption at T0°F. (40)
‘-l'
where: kla = sec
k a= seé_l.
o

These equations correlate Riess' data to within 25%. To.cpnvertvthe

'_ gas-phase mass-transfer coefficient kca_,ﬁovthe.moré useful‘coefficienti-

;kgas the following relation may be used.35
‘ v kca' : : c I 7
ke = p (453.59)(3600) o o (k)
i
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where: kga gm moles/f't3 atm hr

R

gas constant, 1.314 atm ft3/lb mole °K ' :

T

system temperature, °K.

The Riess correlations, together with the pressure-drop correlations
a -and k .a for the co-
1 g .

current packed columns in this study. The values of k

of Lérkins, et al., wére‘used to predict "k
. 18 and‘ kga
obtained from'the_correlations are valid dnly for oxygen desorption and
ammonia Qﬁéorption at the specified temperatures and préssure (one
atmosphere), and'must.bé correctéd for differencés in system temperature,
pressure and physical properties.

' For liquid-phase résistanée to mass transfer in gas~liquid

counter—-current flow in packed beds,vNorman26 reports that experimental

mass-transfer measurements may be correlated bva:

K a V. p _lfn w 0.5 ' | ) i
1" _ 171 _ 1 o . Y
AR ey oo ) | (ha)
1 1 _ 171 _
where ¢ and n are characteristic of the packing. For 1" rings,
‘which were arbitrarily selected for the columns of this study Norman
reports that n = 0.22.
Equation (L42) was assumed to be satisfactory for adjusting the
value of kla in a co-current packed column for physical properties at
constant temperature. The Schmidt grqup is a strong function of temper-

‘ature. This temperature dependence was taken to be of the form:

k' a ,\’ e0.0ZT (

1 T = °C) , . (43)

27

as reported by Vivian and King for countef—current packed columns.
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~ Thus, kla may Be corrected for physical prbperties, at constaht

'témperéture, énd'for'témperaturé by

kanD, (L) () 20T )
1 o 1 “1 : /plDl' v L o :

or, neglecting the effects of*superficial'veloéitYi'

p2538 ﬂIQ32§'eo.Q2¢ o - )
“_iYa?idﬁs cofrelation$'describing{fhe dépéndépce of. kg' 6n physical
propéftieé ahd préssure in‘gounter—c#rrent paéked-COiumns-haié beén
vsummaiized in'Pérry;2§~_Baséd on thé resﬁlts'Of_Gémgép,'Th§QOs and
'”Hougen29?éné‘Tae§kérvand Hougen,3o'fhe:following éiméﬁsioﬁai result canbe
ﬁfitteﬁ to describév£he effects of‘phyéicalvpfopgrties'énd ﬁfesSuie at -

gonétant temperature. .

€ pg N Hy

It was assumed that this functiohality'was valid fpr'co—currehtf

i, .
(P) e | _ (L46)
. packed columns; and that the form of the'relationShip was indébendentv
of interfacial‘areé.
Heuss, gﬁ;él,Sl héve'reported the temperature dependence. of kga
“in - co-current froth flow in open pi?es'to be

kga & e(-o.qlto.oqe)T (t = °c) . B  _'j S ', (47)
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The data of Dwyer and Dodge32 forAcounter—current packed columns indicated

~ the relationship

kga '\_, 6—0.013:‘ (

r=oc) . e

An everage of the_temperafu:e coefficients determined from these

investigatibns.was used to relate kga to temperature by

kgé N e—0.0llST

(r=°c) . S )

L The correction of kga for temperature:and for pressure and

P

e physical properties, at constant'temperatufe, may be summarized as -

v : " -2/3 0 0.kl o : ' ‘
-kgm(_a_pD) (_&> O0UST poL (50)

A\ 88 H

g

A sﬁmmary'of the physical'properties used to_correet the CO ~and HC1

2

absorption coefficients from values obtained for ammonia absorption and
oxygen desorption data is presented in Appendix IX.

The selection of the column diameter to be used was limited by

the range of superficial Velocities.for'which,the Riess correlation

was applicable. Riess' data covered values of Vg from 1 - 20 ft/sec,

and Vy from 0 to 1 ft/seéc, although the;loﬁest-nbn—zero value'of"V

1
was O.lhl‘ft/sec. Extrapoletion to‘lower values of Vl 'is particularly

precarious because of the possibilities of entering the channelling
22 | |

.regimes noted by Wen, et al.
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2. HCL - Water.System

a. Design consideraticns, Equations (Qh)‘end-(265're§resent
jtlde rate equvations des’cribing the ébsorp_tion cf‘ HC1 and t'he s_imultaheoﬁs'
vaporization of water. Since nearly,all cf the_resistanée to mass trensfer
is'in.ﬁhe ées‘pﬁase; thedcﬁer—all cceffiCient, Kéa; ﬁas'aSSuﬁed:equel to
thefgasephase_coefficient, kgaf.-Using the addition—of—resistances
'concept-3h this aséumption was shown to be velid.

The two-phase pressure drop and the mass-transfer coeff1c1ent for .
HCl absorptlon were calculated by the methods outllned in Sectlon IV—A—l.
The packlng was assumed to be 1" stacked rlngs, for which -the Ergun constants

necessary_to evaluate Eq. (33) a.re20

£ = 0.787
D = 0.01k4 |
Pp T 001 £
¢ = 129.0 |
8 ='0.117 .

The value of ao; the surface area per unit volume of packing is
L7.8 ftg/ft3.
The mass-transfer coeff1c1ent for water vaporization was related

to the coeff1c1ent for HC1 absorbtlon by

R 1?73 (51)

k /D
5 gaHCl gH o gHCl

This relationship implies that the difference in resistance to mass transtr
- of two species in a gas phase of given mixture density and viscosity is
solely due to different diffusivities of the components, and is consisteq§

-~ with Eq. (46).



_53.. " UCRL-18918 -

'Because‘of the gas and liquid flow fates encountered for HC1.
absorptien (i,e,, low:L/G);'it was impossible to choose a column diameter
sucﬁ that the suéerficial flOW'veiocities-ﬁould be’completely‘withjthe
»range of Riess' 20 data. AAdiameter of 0;888:feet, felt.tb yield flow
-velocities‘sﬁffiCiently near the Riess range, ﬁas selected for the
multiple—contactor celeulation, and the effect of column diametef was
- considered by using a few differentidiameters for the single-contactor
celculation.

“' b.v Calculation. . Using.initial liquid flow rates determinea from
the.mass-and heat-balance celcuiatieﬁs deseribed in Section IiI—B—Q,
Witﬁ the essﬁmptienfthat the outlet water—vapor partialvpressure was inv
equilibrium‘with the Qutlet liquid composition; the setvof design 
equatioﬁs Wes,ﬁumerically integrated.V‘The'transport coefficients were
calceiated from;the flow rates, physical properties and pressﬁre drop et-
eech.stage'of the step—wise'integration. The fourthrorder:RungefKutta-
integration technique that was used is described in Appendix X. The
performance ef the method was evaluated bybvarying the step size.
Satisfaetory convergence wes obtained by choosing an initial step eize
of 0.05 feet. | |

.c.' Observations. The results of the calculations for the single-

and twe-contaCtor caees are presented in Tablev3. .Figure 7 shows.eon— t
centration and temperature proflles for a 81ngle—contactor (D - 0.888 -
feet) case as a functlon of column length. As observed 1n.Sect10n IiI—B—‘
2, the concentratlon proflles for yH 0 and yH 0 '1nd1cate that the

'assumptlon, used to determine the 1n1t1al absorbent flow. rates, of



vTéble‘B. HC1 absorptioﬁ in cb—current‘packed columns.

A. Single column case

Inlet ’ ' o ~ Outlet
1b moles/hr 1b/hr Mole 4. = - . 1b moles/hr 1lb/hr MoleZ
HCL 30.08  1097.2  20.0 HCL  1.k0 511 - 1.0
| H,0 1.28 23.1 0.8 HO  23.36 Lok 16.3
Gas Flow B,  6.02 ‘12.2 - ko H2‘ 6.02 . 12.2 k.2
Air 113.00  3273.7  75.1  Air 113.00  3273.T7  T8.7
Total ~ 150.38  L4k06.2  99.9  Total  143.78.  3757.h  100.2
: Inlet . Outlet | '
- Liquid Flow Rate 6911.0 . 7560.0 -
'LiQuid_Compositibn © 5.0 w/o HC1- :%18.h'w/6 HC1

Temperature _ 30.0°C ‘ - 65.5°C

- -ng- i

(continued)

' gT6gT-TON



Table 3. Continued. -

Diameter = 0.5 ft = - ‘Dismeter = 0.888 ft . Diameter = 1.5 ft
Inlet ™  Qutlet Inlet Qutlet . Inlet Qutlet
v, 0.15 ft/s = . 0.16 ft/s 0.048 ft/s - 0.052 ft/s  0.01T ft/s  0.018 ft/s
. 8h.b ft/s - 90.3 ft/s 26.7 ft/s 28.7 f£t/s  9.3T ft/s . 10.0 ft/s
Koaye,  2493.6 1505.8 . 285.3 - . 172.7 © 53.3 32
TKgaHgo 31b1.7 - ;897.2‘ _ 359.4 217.6 : ‘6679 - 41.8 _
AP/AL 0.646 psi/ft 0.612 psi/ft 0.073 psi/ft 0.070 psi/ft  0.011 psi/ft ~ 0.011 psi/ft
Height | 1.49 feet | b.22 feet 7.92 feet
Ap ' 0.92 psi . 0.30 psi o © 0.09 psi

B. Two column case

1. High-HCl-Partial-Pressure Column--Diameter = 0.888 Feet

1b moles/hr ~ 1b/hr Mole % - L "1b mbies/hr " 1b/hr Mole %
HCL 30.08  1097.2 - 20.0 Ho1  18.64  679.9  13.0
. H, 0 - 1.28 23.1 0.8 HLO 5.78 +  10k.0 4.0
Gas Flow H, 6.02 ‘12.2° Lo - ’ H, ©6.02 12.2 - k.2
Air  113.02  327h.k 75.1 . Air  113.02 - 327h.k 78.8
Total  150.40° - 4L06.9 99.9 . Total 143.L46 4L070.5  100.0

le moles/ft3 atm hf;'

(continued)

....Sg_
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TibimoleS/ft-3 atm hr.

Table 3. Continued.
Inlet . - Outlet
'Liquid_Fiow : ~ 4055.9°1b/hr i 4392.4 1b/hr
Liquid Composition 20.1 w/o HCl ~ 28.1 w/o HCL.
Temperature 30.0°C, 59.9°C
v, 0.028 ft/s 0.032 ft/s
g 26.7 ft/s 28.0 ft/s
KgaHCl .269.‘_9 181.4 B
1KgaH20 3hq.1,,_ o ‘228.6 ,
AP/AL 0.067 psi/ft ~ 0.066 psi/ft
- Height 0.73 feet
- AP 0.048 psi
2. Low-HC1~Pértial-Pressure Column;QDiameter“ 0.888.Feet
 Inlet: « % outlet
1b moles/hr  1b/hr Mole %  1b/moles hr - Ib/hr Mole %
HCL  18.69 . 6816 13.hj._'_; HC1 o 1.39 50.7 1.0
o B0 1.31 23.6 0.9 H,0 o 16.h4 - 206.0  12.0
- Gas Flow H, 602 - 122 k3 H, . 6.02 12.2 bk
| Air  113.02  327h.h . 81.3 Air  113.02 327k 82.6
Totel  139.0h  3991.8  99.9 . Total = 136.87  3633.3 100.0

. {continued)

§T6QT-Tdon -



“Table 3. Continued.

AP 0.

le moles/ft3atm»hrfi

Exchanger Duties; Interstage cooler:

Liquid cooler:

Liquid Flow 3703.7 1b/hr
Liquid Composition - 5.0 w/o HCL
- Temperature - 30.0°C
v, ‘ ~0.025 ft/sec
v ’ - 24.8 ft/sec
g ® 232.3
te® e 202.7
g H0 o '
AP/AL B 0.057 psi/ft
Height 4.07 feet
' 23 psi

4062.1 1b/hr
19.2 w/o HC1
60.7°C

0.028;ft/sec
26.9 ft/sec
157.9
199.0

0.058 psi/ft  '

- 34,675,000 cal/hr

23,732,000_cal/hr

s

. QT6QT-THN
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satﬁration qf water vapor at the contactor outlef was a good one. Asf

a result of this, the gas and liquid cqm@ositions predictéd by the "black
~ box" mass and heat'balanéés, shéwn in TabléFQA,_agreé closeiY"with“the
values obtained in the actual éaléulation, shown in'fable 3. The
coﬁéentfation profilés also show that the cﬁange in all variables is
greétest in the éarly part of the contactor, with témpérature.gnd

yHéo éxhiﬁéting almost théi; total changé and X, énd yHCI Shdwihg
- 'about 80% of their'tétal change in.thevfirst half of the contactor.  This
suggests why, with the approach to equilibrium at the outlet of the
contACtors thaﬁ was specifiéd, thé sécond.(low;HCl—partial—preSSure)
contactor in the two—confacfor case.ﬁust be larger than the first.

An increase in colﬁmn diamefér'fdf thé singlezcontaétorsk‘
resuifs in a deéréase.in the mass-transfer coeffiéiénté, with a three-
fold increase in diametervresulting in a So;fold décréase in the
céefficiehﬁs.1 This gfféct, compenéatéd somevhat byvthé increase in
column érea,‘resulté in_an_increasing colﬁmn height with increasing
diaméter. The deérease in the transfer'coéfficients is-due_to the infér— '
felated effects of deéreaéed phase velqcities énd two-ﬁhase‘preséure dfop.

" In the twc-contéctor case, the required liquid flov rate is -
reduced. :Because the gas rate is aboutfthe saﬁe; the changé, at ¢on;
stant diameter, in the fate_coefficient fOr this gas-phase controlled
process is due cﬁiefly’to the decrease iﬁ the:t#q—éhase préSsure drop.
The éveraée amount of this decreaée Waé'small. The'totai change in thé{‘
bulg concéntration of ‘HC1 in the gas phase will be the same in the

sihgle— and multiple-contactor cases. ,Since, as shown by Fig. T, the
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value of y;Cl is negligible over moet of the.c0n§actor length, the
greatef change‘in absorbent'concentration iﬁ the two—coﬁtectcr case ﬁill
have little‘effect on the'average‘overeall drivlng-force, yHCl yHCl
Thus, the combined column helghts for the two-contactor absorptlon are.

only sllghtly greater than for the single-contactor absorptlon in s

.column of the same diameter.

3. €O, Absorption System

‘a. 'Deéigh cohsiderations. Comb1n1ng Eqs. (12) and (17), the

mass balance for the Vetrocoke absorptlon system may be wrltten as

Al ey - on

s - AV8) = am %7 - (52)
1+ == -
k a
g

where C,  1is the concentration of the reagent, Coz;'in the liquid .

(gm moles/cm3), v is the volumetric liquid flow rete’per unit area

1
(ft/sec). and all bther Quaﬁtities are defined in a way consistent with

“Eqgs. (12) and (17).

The form of Eq. (5é necessitetes knoWingl k andi’:= a eeparately{

1
The procedure employed was to calculate kla and back out kl asl_
.‘k a/a by estlmatlng the 1nterfa01al area.':‘v '
The two—phase pressure drop and tfansport coeff1c1ents were
calculated - accordlng to the procedures outllned in Sectlon IV—A— .Thef

packing was1assumed to be 1" dumped rings, for which the relevant,Ergunc :

constants are
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= 0.883

e =
np = 0;01y7 feet

@ = 920

B = 5.51 |
a = 47.8 £t°/et3 = 1.5682 en™t

Column diameters in the range of 1 to 3 feet would yield super-
_ ficial flow Velocities within the range of Riess' data. Diameters of
1.333 and 2.666 feet were considered for the single ‘and multiple contactor

cases.

‘b. Interfacial area. Reported data'and correlations usable |
for predicting interfacial area in counter—current'packed colnmns are

llmlted 28 26’33

For co—current packed columns, no data were found
descrlbing the effective interfacial area.available for mass transfer.

. o s R Ceas o 2 '
The estimate of this quantity can be critical. . If kl is much greater

“, than D k. C -the term n in Eq. (52) will be approximately'equal'to

‘1727

'kla, and no- separate knowledge of 1nterfac1al area is necessary. How-

ever, in the Vetrocoke absorption process, the value of lezco is

' . 2 -
frequently of the same order of magnitude as or much greater than kl'

In this case, interfacial area must be known separately, and the height
of the contactor will be approximately inversely-proportionai to the

1nterfac1al area, to a degree dependent on the magnltude of the term

aH
1+ E_E% s which 1ndicates the extent of gas phase control. Indeed,

2 : Ty . : . . . .
unless kl can be increased to the point where it will be at least of

the same order of magnltude as D k C s absorption efficiency can more -

,31gn1f1cantly be 1mproved by ‘increasing 1nterfac1al area, rather than kl
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- Based bnlfhe flow patterns obser?ed by Riéssggo_Wen, ggﬁgl:,Qz.
and Larkins, gﬁ_gl,,gl it was assuméd that fhé minimum effective inter- -
faciél area available for mass trénsfér Was'thé dfy packing gréa, a -
Mist or slugging gffédts\woﬁld bé éipéctéd.to Qonﬁributé substantially .
' to the interfacial area. To estimate the magnitude orvthése effects,
an angiogy'tq affroﬁh’fibw systém.(Seéfséction:IV—B-S).was postuléteé
as follows. . | | | | |

 For a systen ¢fﬁvNi_ a;sperséd sphericalfpérticlés of“diaméper?

di’ the mean surface-volume diameter is defined as

[

N
i

(=
'

o
= (53)

n

Gy = :
IN.4;
v i

[

For & volume fraction of dispersed phase R, the interfacial area per

R 3>
unit volume is defined as _ ’
C6R, . g : S ' .
a=—2 . . C L (5h)

'Sv .
Heuss, et al. found that in froth flow, ds;';waé equivalent to a diameter

exceédéd by .only 5% or 10% of the bubbles'(dgs - d,.). The magnitude of

90’
d95r was" found to be related t° a:"homogéhéous"‘gas—liquid veiocity;
Ypom® ¥ ',

o =3/2 o,
: n
%95 ™ Uhom )
vhere L +G , L . o
Yhom = I . S o (s6)
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in 'Which: v Uh6m~ = »homogeneous velo‘City, ft/sec .
L = mass liquid rate, 1lb/sec
LG = maSSvgas.rate, 1b/sec

R,,R_= frdc@idn of pipe-occﬁpied,by the liquid or gas phase

1°g
S = cross sectional area of pipe, pt2
PysPy = densities of gas and liquid phases, ib/ft3 »
 Upon  8nd the energy dissipation per_unit‘voiume were found_to'be‘relatgd
by
V- o I N
.Uhom'\:E. - R (.57)
where' :
g (AP/AL), U -, : R
E= tp hom ft2/sec3 . - -+ (58)
bR, C” . ot

Combining Eqs. (55) and (57), may be related to the energy dissipation

395

per unit volume by

a = AE—1/2

95 _(59)

Based on bubble size distribution data of James and Silberman37.and
the:felationship'betﬁeeh Uﬁom' and E discovered by Heuss, gz;gi., A
was evaluated to yield the result

o fa 12 I R ,
Ggg 6.31 g S o | . (60)
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‘where
455 = em
E = ftg/sec3
Since d95 is approximately equal to .dsv’ Eqé._(5h) and (60) imply that
the interfacial area in a froth flow deviCe; with Rd =ng, may be _ |

related directly to the energy dissipation per unit volume. The situations

'UCRL-18918

in froth flow in open tubes and flow in co-current packed columns would -

‘be expeéted’to'be quite different, because of the presence of packing

‘material and the serious violation of the'assumption of isotropic turbulence

on which energy dissipaﬁion models are usually based.. However, it waéf

- felt that because of the nature'of the patterns of turbulent flow that‘_

have been observed in co-current packed columns,  a satisfactory first

abproximafion of the interfaciai area generated_in these devices could

be obtained by relating the interfacial area to thevénefgy dissipation’

-predicted for these devices. To do this, a modified definition of U

for use in Eq. (58), was made as

Co
Uhom . Uhom/8

~Where € is the bed porosity. d95_

hom?

- (61)

was obtained from Eq. (59),_ahd

was corrected for system temperature, pressure and void fractions.

différent than encounteredbinfthe James and Silberman work (see Sectioﬁ

IV-B-3-a). Interfacial areas were calculated from Eq. (54), with

Ry =R, and d_ = dg.
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c. Calculation. The transport coefficiehts and interfacial
areas in the single-and multiple-cdntactdr'cases were calculated on

the basis of average flow conditions and physical properties. The term

. - ‘ . s ‘ : 2 : . -
leOH(OHF) was found to pe negligible compared to (k1+leAs(As(0H)20 )),
so that- '

2 ! ey ; C —\1/2
n.= (k] + D k. (OH )+ leAs(As(OH)QO )
e 2 ‘ . =\1/2
n = (kl + leAsAs(OH)eo_ )" -

-The héight of the.contéctor was expressed as
S U S (coZ). SR -
T -
: ' kga na. - HPy - Cb . -

(cog)

in .

2.in the gas'stre&m,

(co;) was related to ¥y, the bulk concentration of CO
and to (HCOE) by mass balances; H, C, and other relevant constants were
calculated as shown in Section II—C; and the height was determined'»

- numerically by a Simpson's Rule integration technique. The mass

. balances and integration procedufe'are described in Appendix XI.

4. OBservations. The results of'the_calculatién, fogether'with.
.many of.;he.felévant'parametgrs, are suﬁméfized in Table k4. The‘value;i
, »6f_inteffacial_aréa célcﬁlatedrusiné_the ehergy—dissipation model Wéré %
7from 2 to 20 timeé'greater,thah the dry paéking area, a_ . The efféct'fa.‘
of increﬁsed column diameter in decreasing thé\superficiai.gaS'and “

liquid velocities had the result of décreasing the two-phase pressﬁre _



“Table k.

'002 absorption in co-current packed cdlumns.

High~CO,-partial- Low-CO_-partial-
pressure column '

Single column pressure. column

D=1.333ft D=2.666ft D=1.333f D= 2.666 ft D= 1.333 £t D= 2.666 ft

I 618,000 1b/hr 618,000 1b/hr 183,430 1b/hr 183,430 1b/br 183;430 1b/hr 183,430 ib/hr
G 5445 1b/hr 5445 1b/hr 6583 1b/hr - 6583 1b/hr - 3015 Ib/hr 3015 1b/hr
AVl 1.64 ft/sec 0.41 ft/sec o;hg ft/sec 0.12 ft/sec. . 0.49 ft/sec 0.12 ft/sec
Y, 7.71 ft/sec ' 1.93 ft/sec = 7.16 ft/sec  1.79 ft/sec =~ 6.10 ft/sec 1.53 ft/sec
ka2  32.08 sec ™t 2.21 sec T 12.13 sec-l Q.9T‘sec—l 7fhl_sec-l . 0.64 sec .
k,a 5.82,sec-.1 03603secfl_ © 1.51 s¢c7l ' 0.19 gec T I.Eh’sec_l'. I 0.16 — I
R, 0.3k 0.34 ©0.20 0.20 - .- .0.25 .0.25 AR
AP/AL 6.71 psi/ft 0.43 psi/ft 1.53 psi/ft 0.10 psi/ft 1.02 psi/ft 0.07 psi/ft
o L | - |
8 1.57 em™> 1.57 et 1.57 em 1.57 em™ 1.57 en™t 1.57 emt
Height 32.3 £t 51.3 £t b7t 31.0 £t k.9 £t - 58.3 ft.
AP 216.6 psi 22.0 psi 72.7 psi 3.1 psi 96.8 psi 3.9 psi
(2) ) | ST o
a 39.9 cm-l_ 6.4 cm™T 22.Trcm-l 5.3 em™ T 14,6 emt _-3;2 em™t S
Height 12.1 ft 21.0. £t 9.0 ft 13.7 £t 2&.9'ft (32.7»f£ § '
AP 81.0 psi 9.0 psi 13.8 psi ,l'h psi 25.h_psi 2.2 psi é;
(1) Height calculaﬁed‘assumingreffective interfacial area7=_ao, the dry packing afea,: E%
- (2) Height calculated using effective interfacial area_obtained'from énergy-diséipati@n model.
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drop per unit length.and the transportvceefficients, kce and .kla. wﬁén'
sinterfacial area was calculated'from the energy-diséination model, the
effect of increasing diametervwae.also to decreaserthe effective inter--

v faciel erea; The net effect was an increese in the necessary column-
height;.to a degree'eimilar to that observed‘for the HCi absorption caees.
However, in the case where the interfacial erea was considered equalifo '
the fixed as both,increasee'and decreases dn tower height with increesing
‘diameter were observed. The energy-dissipation model is nrobably the
more reasonsble epnroach to the problem of determining interfacial area,
because of the eccount this nodel tekes‘ef what is physicallj‘oecuring_v
within the column. More confidence in the resultsvcan'only be obtained'
through experimentation..

For the case of HC1 anSOrption‘in a.co-cnrrent packed column, ip
was observed (Section IV-A¥2e ) that nsing two. sfages,-at constant
dlameter had llttle effect on the total column helght requlred The
results for the CO system contrast w1th this conclu51on, and 1nd1cate
a marked increase in the total column height required for the two—stage
case. The prlmary reason for thls is an increase in the number of
liquid phase transfer unlts, deflned by the 1ntegral in Eq. (62).

In the 51ngle-contactqr absorption case, the value of this integral was:r
112, whereae for the high-and low—COQ—partial-pressure contactors; fhe
_valnes.were 146 and 261, respectively. The increase'in the.numberbof -
trensfer unite in the two—contactor_case results boﬁh from'an,increased
change in reacfant concentration and a_reducedvphysical solubility

driving force. This latter effect is indicated by the:observation-
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that aithough;the change»in reactant concentration in the single and low-
COQ—partig%—pressure contactors is approximatély the saﬁe, th¢ numbér of
tranSfér.uﬁits’in thé 10W~C02—partial—pressure contactor ié:morelﬁhan
fwice the:numbef in thé éinglé contactoré

, . : i

The magnitudé of the term 1 + i—;-_rangedffrom 1.07 to-1.28,
indicating that the extend of gas-phase resistance to mass transfer was

limited.
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B. Open Pipe Contactors

i.} General Consideration

Co-current gaé—liquid flow in open pipes has béen/suggésﬁed'as
a means of obtaining good gas-liquid cOntﬁctihg efficiency. Aé ﬁifh co-
vcurrent packed colﬁmnss such 8 éontacting scheme:for_absorption is |
limited to a maximum separafion performaﬁce of one equilibfiumIStage
per,unit;

'Exéellent generai diséussions §f thé twb-phase—flow"iiterature1have
been.presentéd by Duklef éﬁd Wicksho ahd Sqott,hl and a comprehensive
index'tobthe two—phasé—flow‘literature has beenvCOﬁpiléd by Gouée.

Mass transfér in two-phase f16W*isvrélatedvtoﬁ |
(i) Phase distribution,'including flow'pétterhs,vliquid hoidup, film
‘thickness and entrainment. o |
(2).Pressﬁre drop.

(3) Interfacial structure,‘including factors giving rise to'ehtréinment,
the rate of circﬁlation betweén the fluid body and the inteiface and
: iﬁteffaciél shear--all ofrwhichfafféct the local rates.of‘mass\tranSféfi

a. vPhase distribution. The flow patterns encountered in co~-

current gas;liquid fiow are depicted in'Fig. 8. A usefﬁl empirical
correlatidn for predicting the flow patterﬁs-as a function @f gas and
liQuid flow rates and physical propertieé.hés Been7developeé in fhe fofﬁ
of a diagram by Bakéf,h3 presented in Fig. 9. vThis.correiétioﬁ has'.
proved quite sucéeégful in predicting floﬁ ﬁatterns.for fanges of pipe J
sizes, physicﬁi properties and pressures,_although-some discrepancies

have been reported.go
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Lockhart and Martinellie3 have .correlsted liquid holdup, defined.
as the fractidn Qf the,pipé'volumé.occupied by liquid at any foint»and
 instant in.timé, as a function.of the dimenéionless’parameter' Xs defined
by Eq. (69) beléw. This cérrelationvis claiﬁéd valid for all,flow';Qn-
ditibns fulfilling‘tﬁe reqﬁirements that the static pressuré drbpvfor‘
each phase be thé séme and that the combined'v§lumes_of'fﬁe_iiquid and
.ggs phases'at'any'instant mugt‘equai the pipe voiume. These aSsumption;
iﬁpiy a uniform axial'flbw distribution, and preclude such:regimes as
segregated slug flow. |

."The Lockharf and Martinelli dérivation is based-on an assumption
“of fully ségfegated flbw. Hughmgrkhh derived a hdldﬁpvrelatidn based

Ls

on a homogéneoué model proposed by Bankoff to. account for some of the .

complexities in bubble flow. The Hughmark correlation defined:

Ry =Ky | o o - (63)

where: R gas holdup = 1 - R

l -
. G

p .
Y - S
_G G/pg + L/ol

% .
i

~(6h)

Ir.

K constant characterisfic of the distribution studied

K 'is correlated graphically as ‘a function of:

‘ 1/6 1/8 , . ,
= el | (65)
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where:.
L o[EE]
"Re = ﬁ1R1}+ iR _ o £6§)
L +_J2 2.
Dl P » |
fr== .DZC T e

Dukler,‘Wicks and Clevelandg6 have reported fhe Hughmark'correlation to
be the moét generally satisfactory, although the Martinelli correlation
is better for predicting holdup in annular flow, as would be expected

from its derivation.

b.  Pressure drop. A number of correlations for predicting the
'pressure‘drop‘in horizontal co-current gas-liquid flow are.availabie,,'

For moderate pressures and small pipe diameters (less than six
inches), Wicks and Duklérh6 report the Lockhart and Martinelli®S
correlation to be the most successful at_pfedicting two;phase pressure -
drops. The two-phase pressure- drop is predicted as.

. 5 . _ | ] 4 .: o

AP/AL); = ¢“(AP/AL _ : - (68)

(_ )tP ¢g( )g - : .
- where ¢g is a parameter correlated against the dimensionless variablé 

X = Llwsm) ey )V | (69)

(AP/AL)l and (AP/AL)g are the pressure drops per unit length calculated

f.by assuming that the liquid or gas flowed alone in the pipe. The value'-
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of . ¢g is dependent on whether the phases are in laminar or turbulent
.flow, andvfour‘ ¢g's are defined, correspdnding té turbulent~turbulent,
turbulenfnviséous; viscous~turbulent and viscous-viscous conditions in
the individual phases. |
,Hughmarkl\L7 hgs poiﬁted out that the Lockhart and Martinelli

correlation dées not eXtrapolaté'well to high pressures or large pipe
diémeters. -The pressure drop in horizpntal pipés is dué both.té the
frictional pressure drop andbthe preséure drbp due tovthe aéceleration 
of Bbth phésesrthat:results when the gas'expands with decreasing total
préssure in thé pipe.  As the éipe"diamétér decreases, at constant L
and G,.thé,pfessure gradient’beComés greater,vrésulting in_a greater
expansion éf the gas than would occur in pipes. of largér diameter. This
aqéelération-effegt.may q¢t be important at ﬁigh pressures, ﬁhen the
preSéure drop is small‘relative toithe total pfésSﬁre. Sincg the Lock-
‘hart ana Maftinelli correlation wasideri§ed using déta from small‘pipes'
at low system pressures; it becomes increasingly less satisfactory fof’
high preésureg and iarger.diameters, andvtendsAto overestiméte thé
pressure drop;

W7

Hughmark has,develdped a correlation which is claimed to corredt '

for this efror, based on a two-phase friction factor:

| 2g D Ap '
I S— , {70).
tp 2
v ptPAL

where V=vV. +7V . | ' | (71)

©
1
©
‘._1
5]
}—l
+
©
(1]
23]
~
=)
N
S’

tp
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. The quantity ;ftp/fl’ where £ is the friction factor calculated by

1
Aassuming'than.only liquid flows through the pipe, is preseﬁted as‘a
function of (1 - yG), with (Retpj(pg/pi)(0.085/D) as a parameter.

Retp and Yo are as defined in Egs. (66) and (64). ‘

‘ 'Anothef correlation which has been propésed to account for the

- effects of larger pipe diameters andﬂhigher pressures has been presented

48

‘ : : ® .
by Chenoweth and Martin. (AP/AL), /(AP/AL). was plotted against’
tp 1

* % ~
(1 - yG), with (AP/AL)g/(AP/AL)l as a parameter, where:

AN g
(AP/AL)l g = Pressure drop calculated from friction factors based
_on the liquid or gas properties, but_using_a combined

‘flow rate, V=V, +V

' McManush9 has claimed that the Chenoweth;Martin cbrrelation is superidr
to bther cofrélatibﬁs for predicting fhe pressure drop in anhular floW{:

" c. Eptreinment. The net amount of éntraigmeht of a liquid ip?a
gas stream represents an equilibrium beﬁween liquid béing fornﬁoff a
liquid surface due to the sheariﬁg forcés of a gas streém and fhe re-
entry of the entrained drops into the bulk liquid. In evaluating_the
importance of entraimnment in a mass transfer process, bothbthe_ﬁet amoﬁnt
of ehtraihment and the rate of ﬁiﬁterchange" of droplétsvbetween the
» iiéuid and tﬁe gas.stream must be cénsidered. The comméﬁtsAin thié seétion
pertain chiefly to the annulareflowvregiﬁe. | |

50

‘ Awicks.and Dukler”  have proposed a correlation to determiné thé;
net amount of‘entrainment based on the Lockhart and Martinelli parameter,

X. A parameter Ren is determined from a graphical correlation of
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Ren vs. X, and the amount of entraimment is calculated as

(AP/AL) B ’
E = —— 8 S0 oo ' : (73)
n Ql/Qg We | | |
where: R = entrainment parameter (1b ft3/1b hr)
) en m £
E = entrainment, 1b /hr
n m
Qg = volumetric gas flow rate, ft3/hr
-”Ql = volumetric liquid flow rate,lft3/hr

Wec = critical Weber number--13 for sudden shock exposure of liquid
“to gas;‘22'fbr gradual acceleration .

51

Cousins, Denton'ahd_Hewitt héve studied the mechanismiqf
droplet interchange in vertical annular flow. The motion of droplets to

1 the annular liquid may be characterized by a mass-transfer equation

‘m, = kic . . (74)

i !

where: miv mass transfer rate, lbm/ft2hr

b
i

mass transfer coefficient, ft/hr

: Acm difference bétween the bulk mean concentration of water

droﬁlets and the concentration at the liquid surface, lb/ft3.
If the coﬁéentrétion of droplets at the liquid surface is éséumed

to be zero,

E
= n
m En/pl + G/Dg

e (15)

where G is the gas flow rate, 1lb/hr. If the ihterchange process has-

reached steady state, the rate of mass transfer of droplets to the liquid
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surface eéuals;the rate of removal of these droplets from:the surface.
Iif En_/pL §<-G/_pG » and the mass-transfer rate is redefined as Iﬁ, '

‘the steady-state interchange rate, Eq. (Th), may be re-written as .

It = & npg : . _ (r6) .
n G . : :
where: I£ = interchange rate, 1b/hr ft2
"k, = mass transfer coefficient'fby steady state interchange, ft/hr.

i
Cousins, et al., prOposed that ‘ki could be related to physical
‘conditions by an equation of the form
kid" . < . : _ o :
3~ = AlBe) (sChg)_cl o {77)

D
g

- based on an analogy to thé mass transfér ofltrace,components in a gasi:
'- Measurements of Ié wére made by Cousins,lgg_g;,, by a dye |
injection technique in a vertical 3/8—inch pipe. - The results obtained
ére'valuablé only’in giving an order of maénitéde estimate -of .Ig;'
and no test of Eq. (77);foi different physical properties or pipe
diametersvwas made. Using a somewhat differeﬂt feéhniqué, involvihg(,
théAabsorption_of a highly soluble gas,‘Andersqﬁ; Bolliﬁger:gnd Lamb52  
measured interchange in a horizoﬁtai oﬂe—inch‘pipe, and éhowéd that .”.
beyond a certain valﬁe of the 1liquid Réynolds ﬁumber, the amount'bf'
interchange becomes»a relatively constant fraction of the liquid flow ’.‘
réte (% of liquid flow réte per foof) aﬁd independent of the gas ratéw 
Thevresults of the two expériménters Were.éuaiitatiﬁely similar;

yielding values Of.interchange in the range of L4 to 15% of the liguid.  .

flow rate per}foot;
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d. Mass transfer. The easiest flow patterns‘td'characterize'

hydrodynaﬁically are the annular and froth,regimes,vbeing near the
extremes of fully segregated and fully_homogenous flow. Thisvcharacteri-
zation is essential to predicting‘mass—transferJbehaVior, especially
when absorption involres a first—erder chemical reaction; The annular
and froth-flow regimes each exhlblt properties condu01ve to efficient '
mass transfer and are dlscussed separately
The availsble studies'qf’mass transfer in co-current flow
in pipes were limitea to the‘considerationvof horizontal flow, and.this'
iwas the cqnfiguration evaluated, despite the.possible processa&nebnveniences

of horizontal, as opposed to vertieal?floﬁ.'

: 2. Annular Fiew
. For both the HC1-H,0 and CO,- K2003 systems, the Baker parameter
L/GAw indiCated that for a proper choice of pipe diameter, the annular—‘
© flow reglme could be expected |

Atblow values of the gas and'liquidbrates, annular flow may be .
characterized by an almost complete segregatlon of gas and llquld with
the llquld»ln a layer along the pipe wall. As the gas .and llquld rates
,inerease, a eonsiderable amount of shear will occur between the3liquid
and the gas,.resulting in'the'occﬁrence of waves in the liauid. As
_these'waves treak off, liqaid droplets will become entrained in'the’gas
phase. The potential utility of annular flow asva mass—transfer scheme
lies_in the high'iiqﬁid-phase mass~transfer COefficientswwhich may result
* because ofvaﬁ%absence'of a 1amihar boundary layer‘in the turbulent |
aﬁnuiar liquid phase aﬁd the high interfacial area Whicﬁ may_resalt

from liquid droplets becoming entrained in the gas.



~79= - UCRL-18918'

 _Bollinger53 measured k for a liquid-phase controlled absorption

1

as a function of liquid rate, assuming the effective interfacial-area to
be the cylindrical area per unit volume defined by using a radius equal

to the‘pipe radius minus half the liquid-film thickness.

54

Wales studied liquid~phase controlled mass transfer in’annular

and dispersed regimes. The addition—of—resistapces concept ﬁas ﬁsedvto
determine the gas-phase mass—transfer coefficient and interfacial area
from the measured value of the over-all mass—tranSfer coefficient. For

the pseudo first-order system studied by Wales (the'absorppion of CO2

2

>> k
Co' Pl

into NaOH),'it'was-assﬁmed that Dk, » and the resistances to

mass transfer were related as:

1 _ _ _H_ .1 - - :
= o+ .
K2 a(p.xc )2 X2 -
- where: Kga = over-all (chemical) mass—tfansfer coefficient, 1b moleé/ff3
hr atm
: o Z1/2_ -1
a(legco) "T= hr o
" H = solubility constant, atm £63/1b mole
kga = 1b moles/ft> Lr atm. .

.By plotting the reciprocal of the experimentally determined value of f

K@ against the known value of H/(blk200)l/2, lines were drawn with ;

a slope equal to "a" and an intercépt' l/kga, The.values'forvthe inter-

3, with

facial area so determined ranged from 100 to over T00 fta/ft
liquid and gas rates of 500 to 2500 and 150 to 300 pounds per hour

respectively. The area per unit volumé of g one—ihch pipe, as was
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used fer Wales' experiments is, neglecting film thickness, about

vzh fte/ft3. The excess interfacial area.cap only be explained by

liquid becoming dispersed or entreined in the gde phase. This suggestse'
that unless the liquid and gas rates are eo low that iittle entrainment
in'the'gas_will oeeur, the assumption.of effective interfacial area made

by Bollinger53 is inadequate.-

52

Anderson, Bollinger and Lamb aﬁalyzed mees transfer in a gae—
phase—coﬁtrolled'absorption systemvby developing a model in'conforﬁance
with the obser#ed hydrodynemics of'annular~flow. The-meehanisms of |
mass-fransfer ﬁere deiineated as}

(1) , Moleculer7diffﬁsion at'the interface.between the gas the the anhdlar
iliQu}d; Coefficients fof this mechanism could be‘derived from extra-
polation of wetted-wall-column data.

(2) - Diffusion of solute between entrained liquid drops and the gas
carrying the entrained liquid. |

(3) Interchange betﬁeeﬁ entrained liquid droplets and the annular liquid.

These droplets will be closer to equilibrium than the bulk liguid into:
which they return, thereby enhancing the rate of mées transfer.

A means was presented to predict interchange froﬁ.over—all mass—
tranefer coefficients. Because of fhe finding that interchange ﬁecomee
‘a relatively eonstant fraction of total'liquid flow raﬁe at high liéuid
Reynold's numbers, the model offers an approaéhvfor design calculationse
"which, if the approach to equilibriﬁm of the enfrained droplets is known,
obviates the necessity of knowning the total effective inte}facial ares

explicitely.

&
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25 measured values of k._a for physical absorption in the

- Jepsen 1

_ annular- and mist—annular'floﬁ regimes and preseﬁted an empiricél
correlation relsting Rla to ené?gy.dissipation"and physical properties
of the system. An evaluation of the data of other experimenters was'

~ made. | |

| -Hughmark56 has'proppéed an anélogy bétﬁeen mo;entum aﬁd maés

transfer for annular flow, which is claimed to fit the date of Bollinger~-

52

and Andefson, Bollinger and Lamb.

a. Annular confact§r——HCl absorption. i. Design consideratiohs..
‘Based on theimass flow'rateé of gas and liquid‘determined ffbm the over+
'a11 maéé balance (Secﬁion III-B-2) and the pﬁysical propértieé of the
‘system, it was found that by choosing a pipé diameférvof 5 inches, the -

Baker correlation predicts that annilar flow will'exiSt-for the HCl—H2

0
system in the single aﬁd multiple contactors. The fegion on the flc& .‘
map to which.tﬁg flow-rates corresponded'is shown on.Fig. 1h.

'Eecaﬁse of the:nature of the flow, the low pressure of the sysféﬁ
-and the feiatively small piée‘diaiefer, fhe Lockharﬁ"and’Martiné11i23
correlation was used to calculate the pressure drop and iiquid holdup. ,‘

To analyze'the mass—tfansfer behavior of the system, the model';
developed by Andersbn, gﬁ_é;,;se was uSéd. 'The solute méss bélance for:‘
symmetrical annulariliqqid-flow can be written in a form'which‘accounfgi
both for diffﬁsibnal maés tiansfer betWeen the gas‘aﬁd the aﬁnular-

liquid and the interchange of entrained liquid between the annular liquid

and the gas stream;



8o~ | UCRL-18918

a(L x ) : . A
—-———————-———*_ . am + ! - r ) . Q
2 I (x x, ) + K MHClP(yHCl ’SHCl)Qﬂr | »(7-)
.where: La = flow rate of liguid in annular film, gms/hr
In ='interchange of 1iguid b@*”een annuler fi Im and gas core,
Gms/ft hr

K"= mcSS-uranSfEf coe*flc19nt characterlzlna diffusional mass
transfer ﬁqthe\annplar liquid, gn molés/atm £thr
P = totai pressure., atm \
'MHCl-= molecular weight of HC1, ems/gnm mole

2mr = annular area per length of contactor, ft

x, = wt fraction oftspluté in entrained liqgid
v xé = wt fraction of solute in annular liquid
'yHCi = mole ffacﬁion of éolutglin bulk gas sﬁreém..
y;Cl = mole fractibﬁ'of soluté in eqﬁilibriﬁm with liguid of

composition X,

This eguéfion does not account for thé mass.transfer between the
solufeigas gnd fhe'entrained liquid. This-may be gccounted,fér by meking
'ah‘assumptioﬁ regardingv X - qu.the gas—phasevcontrolled systemistudied 
By,Andérson; g;_gi,, (NH34H20) i#.was shown thatithe ehtréinédvdroﬁléts
were in equilibrium with théjbulk’gas,- This result was assumed to be 
aﬁplicgble to»theﬁHCl absorption systém, and Xe. was specified tdvbé'ig
équilibrium with the gas of combosition"yHCl;

For the adiabatic absorption of HC;,Aa'mass balance mgst‘élsovbe‘

written to account for the rate of vaporization of water. In gererzl,

_ this mass baTanpe is re“resented by E . (26). Although vaporization
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occurs both from the annular liquid and the entrainéd liquid droplets,
it is notIPOSSible to characterize the mechanism by an equation analogous
to Eq. (79).-'Thls.;s because»the quant1t1e§ X oy and XéH20‘ cannot

be specified.iﬁdependently asvbéiﬁg in equilibrium with the gas,vsince
er2O é 1 - erCl' To:agcoﬁnt'for tgé'&apo#ization,of'thé.ﬁatér,dit
was assumegi_“ that the gas was sa.turated_ with water vap.o'r down the entire -
length of the contactor. This was shown ﬁo.be.néarly the case in the |
cé—current;packed‘column, where thié éssuﬁptién Was.notlmade, as‘showniv_
in Fig. 7. The partial préssuré of‘HéO in the gas phase was aSsumédvtd
“be in equilibriﬁmvﬁith.the entrainéd liduid droplets, whichiwere assﬁméd
- to accéunt for mést‘of the evaporatiOnf (Noté that With-this specification
of the problem, the flow rates and coﬁposition obtained byvg solution of
- the aesign_equafion are identical to fhbée‘determined by fhe'"black box" ‘f
material and heat balgnce,) |

'Ké ﬁ%s calculated, using the assumptionbof Anderson,‘gﬁ;égs,‘ ,

that it may-be;obtained by extrapolating.correlations.déveloped'for

wetted-wall mass-transfer data, by the analogy:.

K'P_ ' : ' e ,
3! =_.5_BM. 2/3__ —l/)'l‘ ) : g
b= e (Scn )™= = 0.0395 (Re ) ™" . (80)
where:
' * Cow .
P. = (P2 - pe) - (Pl*@"p;) atm B ‘ (81)

BM
: 1n.
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Pi = Total pressure at point - i in reactor
. p? = partial pressuré of solute in‘equilibrigm wiﬁh xe _at
g point i in reactor |

.Gm = molar gas flOW'raté, gm moles/hr

K' = gm moles/hr ft2 atm

In the range of liquid- and gas—phase'Reynold's'numbers studied
by Anderson gﬁ_é&,, interchange was found to be independent of gas rate
and equal to between 3 and 5% of the liquid flow rate perlfoot of con-

tactor. Although the physical properties of the HC1-H, 0 syéfem are

2
comparaBle fo those of the system sfudied'by Anderson, et al., and the

- Reynolds numbers are similar, the data of Anderson, et al., were taken
iin é one-inch pipe. The effect of pipe diameter has not béen determined.
However, a comparison of Anderson's results with those of Cousins, et al.,
ina 3/8" pipe suggests, qualitatively, a déérease in interchange with
increasing pipe diameter. This may bé consistent with tﬂe observatioﬁ
that as the pipe diameter increaées, the "acceleration" compbnent of the
ftwo—phaSe pressﬁre drop becomes relétively less important thaﬁ the
frictional cqmponent. The action.of a gas éxpandiﬁg against a liquid,
‘with the resultant acceleration of each phase would be expedted to.
'contribute_substéntially to the net entrainment and, heﬁce, to the inter-
Achaﬁge. Since a Quantitative estimate of tﬁis effect wés'impbssible,
iﬁferchange was assumed equal to 4% of the liquid flow rate per foot of:

‘;cqntéctor, in conformance with the range determined by Anderson, et al.
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'
ii. .Calculation. Theblengfhs of the contactors were calculated

by numerically integfatiﬁg Eq. (79), using a fourth-order Ruhge-Kutta_
technique; similar to fhat describéd for thé co—currént'packéd—golumn
cglculation (Apﬁéndix X). A pressure drop per unit 1ength>baéed on
dvéragévflow‘rgtes and physicai prqpérties was uséd; but thé’ééefficienf
Kév'ahd.thé intérﬁhange,'Iﬁ, weré célculated at éaéh.stagé of thé iterétidn.
La .was assuméd équalfto L, tHe total liquid=f15w'rate.. Thé performance
"of the RﬁngeiKutta prdéeduré wés tested by varying‘thgfstep'size.' Haiviné

the initial step size of 0.4 feet resulted ina change of less than 1%
in the.galculaﬁed contactor lengths. ' o

iii. Observations. ' The resulfs of the calculation gré shown in
. : . | ’ ’ :

‘ Table 5; énd a‘graph of gas- and liquid—phﬁse%compositions‘and temperafure
 as a'funétion of pipe.length for the single—contagfor.pase is.éhown inf:
Fig. iO; A rough evaluation of thé relétivelimportaﬁcé of the inter- ..
éhaﬁgerand diffﬁsional ﬁass—transfer mechanisms may bévmade by éompafipé-
‘the magnitudes of the terms 'in apd KéMHélPewr} At‘fhé entrancevto.fﬁe
sihgle céntactbr,‘the magnitudes of thése terms are 230.3 and 131.6
1b/ft hr, respectively. Becaﬁse the driving force. xé.f X, lishevery;
:wheré larger than ﬁhe conéeﬁtration difference vyHCl i~y;Ci’ as seén
_}in Fig. 10, the interchange meéhanismlis more importan£ than the diffuéional_
mechanisﬁ, alfhough the 60ntribﬁtioﬁ of thé 1étter is definitel&_nét »
.negligible. | |

- .Thé'importance of iﬁterchqnge expléins why the change in.con-
centpafioﬁ'Variables and temperature aré moreiunifofm_over the entire_ 

length of the contactor than was ébserved with the co-current packed '



Table 5. -Annular flow contactor—-HC1 absorption.

High-HCl-partial-

Low-HCl-partial-

Siﬁgle Coﬁtaétor , pressure contactor - pressure .contactor
Diémeter = 5.inches Diameter =_S>iﬁches o Diameter = 5 inches
. Inlet  Outlet  Inlet  Outlet Inlet Outlet
+L(lb/hr) 7008.0: T667.9 4086.8 4390.7 3879.7 4086.8
TG(lb/hr) ‘kho6.2 3746.3 - 4406.9 -4103.1 _ _3989.h 3629.3
v (ft/sec)  0.219 0.241 0.128 0.137 0.122 0.128
Vg(ft/sec)v" ~ 135.h - 115.1 129.0 120.1 - 116.7 111.1
#Ké: | S 2.76 - 2,28 2.70 - 2.55 . 2.35 2.1h -
In(lb/ft hr) 280.3 - 306.7 163.5 175.6 ©155.9 163.5
AP/AL(psi/ft) .0.0118 . 0.0101 0.008L
Height (ft) 2é.7 , - 15.3 - 28.8
AP (psi) 0.27 | | 0.15

‘Exchanger Duties: Interstage cooler: 34,675,000 cal/hr -
: o Liquid cooler: 23,732,000 cal/hr

~l-Gza,s and liquid compositions are identical to those shown in Table 2B,'

+ .
1b moles/hr atm £t2.

0.2k

~98~
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Fig.'lo; Concentration and temperature profiles in a single annular-

‘flow contactor for HCl-absorptidn.
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column. The'rapid decrease in magnitude of the_quantity Ygep ™ y;ci

is compensaﬁed‘byvthe lgss rap;dly decreasing, aﬁd lérger, Xe - xa. _As

a consequeﬁce of this,-the ratio of‘the heighfs of the ioﬁ—ﬁCl-partial—
pressure contactor tq the high—HCl—partialfpré3sur§ éontactéf in the
two—éontacfor case isvnot as.great as was observed for the énalogous case
with the co—currehtvpacked columns. The combined lengths of the multiple
contactors is significantly larger than thé single—cdntactor length.

o This results frém‘d decrease in fhe over=all conééntration;driving forqe,
‘xé‘f X s in the’two;contaétor case. |

~ b. Annular COntaqtor—-CO

, @bsorption. - i. Design considerations.

Based on the gas and liquid flow rates determined from the

over-all mass balance and thé'physical properties of the system, the
Béker correlation predicts that annular flow will be OBtainable in_the

multiple CO, contactor case by choosing diameters of the high—COz—

2
partial-pressure and lowéCOé—partialépressure contéctors to be six and
four inches,'respectively..vFor fhé single'confactor, the flow and
physical properties predict the existence of froéth flow.‘.The region of
the Baker correlation to which the flows and choices of diametéfs
correspond is depictedbqn.Fig; 1k, |

Because of the'high pressure encountered in the system, the
ChenoWeth—Mértinh8 correlation was.used to prédict the two-phase presgﬁrev
drops.

Extending the model of Anderson, et al., to'the'liquid-phase—

controlled system studied, the'mass balancevis written as



—Lad(CO3) _ In(-c‘e - ca)ﬂ
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 where: L

(coy)

Q w i

S

Py

8(HPy - C,)an (82)

= - b —— 2
p,dz ° 1+ 2N
e

iiéuid flow raté in‘annularAfilm; ib/sec:,'
interchange, lb/ft sec - ‘

cylindricél'éfea per‘uhit volume defined by the annular
1iquid, cm—l o |

reactant concentrétidn, gm*moles/litef
equivalent‘cohcer.ztratidniofvco2 in entrained liquid, gm
moles)liter . |

. .in-annﬁlar‘liguid, gm

equivalent.goncentration of C02

moles/liter

mole fraction of €0, in bulk gas.

concentration of dissolved, but unreacted, €O, in solution,

gm moles/liter

rate term, cm/sec
gm moles/sec atm liter
gm mbles/atﬁ liter
length'éoordinate, feét
. ,

cross sectional pipe area, ft

1iquid density, 1b/ft> .

Although the‘assumption that the entrainediliquid was ip:

~ equilibrium vith the bulk gas was reasonable for the HleHéO system,‘- .

k)

"Based on the amount of CO

o consumed by reaction; Ca #=(CQ§), but

'dC% = —a(co3).
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the decreased physical solubility of 002 and a comparison between the

solubility driving force and the amount of CO, which must be absorbed

2
to reach chemical equilibrium may make_fhis assumption less acceptable-

for the Vetrocoke ab;orption syétem._
| Two extremes éré Soncéivable with’the igtéfchange:mechanism of

méss transfer; If the éropleté become équilibfatéa with thé gas‘during\v

their hoiding time in the gas phase, the solﬁté_conqentrétion in the

~ droplets ﬁili differ considerably from that in thé gnnular iiqgid tq wﬁiéh

- they retufn. At the other extremé, if thé droplets returning to the

annular liquid'are negligibly closer to eQuilibrium'than the liquid into

"which they réturn, the fadial éoncentratién:profilé will be nearly

homogeneous. This would.be the case if the drqpletsvwere_very 1arge.and/or

their 1ifétimes very short. The rate of absorption Wouid still be

largér than if there were no entrainment::but thg'increaselwould be‘duéi

to é greater ihterfacial areé and not, substéntiéliy, due to intercﬁangé.
Theoretically, the approach to_either extreme may be estimated:

by considering the mass transfer in a single droplet- - The trénsient maés

balance for a single entrained droﬁlet, assuming negligible gas—phaée

resistance, may be written as

a(v.c ) -a(v.(co)) - S ,
ate! T8 e el R | :
at T a - By - s (&)
where: Vd = droplet volume, cﬁ3,
'Sd_= surface area of droplet, cm® ‘

time, sec



- wmesns

ThlS equatlon must be 1ntegrated from the tlme of lnceptlon of the drop,
t =0, to the time the drop re-enters the annular llquld t = 6, in
border to determlne the change in composLtlon C co 'tb' Cée._,To obtaih

an approx1mate solutlon-to this equatlon, it was'assumed théf n .and the
drop size were 1ndependent of time and that the solublllty dr1v1ng force

'remalned'constant durlngvthe holding time of the drop. The result is

ed €0 _ _g,‘ B o : )
Hy - ¢, "V, ° o | (.81‘)'

An estimate of the holding time of a droplet may be obtained from & .
- knowledge of the net amdunt of entrainment, the rate of droplet inter-
change and the superflclal gas veloc1ty, at whlch the entralned dr0plet

is assumed to travel yleldlng B

W o_ . n . . : : S ' =y
b=3v o (&)
,Sd/Vé may be eétimated if a méan'surfacefdiameter drgplet siie is
known. - An approximation, which is often nearly correct for ﬁypical

mass-transfer situations, is that

1/2 1/2

n=(k§+.ch) & (D k,C ) .

Equation (84) was evaluated by using an estimate of the net
50

entrainment from the Wicks énd Dukler éorrelation, a mean drop size °
of 75 microns reported by Cousins, gﬁ_g&,,sl énd assuming that ihtéf— '

change was equal to 4% of the liquid flow rate, in accord with the
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22 If the entrained droplets were to

results of Anderson, et al.
‘equilibrafe with the gas,bthe_value of the ratio of ehange_in reactant_
concentration to the,solubility concentration difference should be of
ithe order of-lOO:l; Evaluatlon of the right hand side of Eq. (84)

falled to yleld a value approaching thls magnltude, and 1ndlcated -8
ratio of the order of 1:1 to 10'1 -The"apparent reason for'thls is that
the magnltude of the net entralnment calculated with the Wicks and Dukler
_ correlatlon was quite small, due to the low gas—phase pressure(Arop
calculated from the Chenoweth-Martin cqrrelatlon. This resultslln a
.low valﬁe ef é(¢10—u/sec) which,vas discussed above,vwill tend to make
the centribuﬁion to mass tfanefer due to interehange minimal. Becauee

of the uncertainties inyelved in the estimates ofi"In, E vand the aroplet.
‘diameter, a comple#ely reliable evaiuatien of Eq. (8L) is'not possible.
' Tﬁe indiéatibn is, however, that it is ﬁnrealistic tq assume”full
‘chemical equilibrium between the dfoplets and the Surreﬁnding;éas.in
“this ease;

| | Several CaleulationS'were made to determine the siae of the
contactors, based on the aSsumptions that:

(1) The entrained'drepletrconcenfration was in eqﬁilibrium with the
gas. . |

(2) The dr1v1ng force for 1ntefchange mass transfer was 107 and 507

of that predlcted by assuming the drop to be in equlllbrlum with the gas.
(3) A nhomogeneous radlal concentration proflle exlsted with the
inﬁerfac1al.area equai to the annular‘areavplus the interfacial area

associated with the entrained liquid, calculated usihg’the'Wicks and
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Dukler entrainment_cofrelatien and a droplet size equai_to that:
reported by Cousins, et al. |

The correlation of Jépsenss was used”to determine-the value
of. k,a. For epergy.diésipations greater than 0.05 atm/sec, as were

found in this system, Jepsen's result is

05—05-—005_ E79 - (86
kla.Dl My 18.75 o x-'( )’.
where: E = (AP/AL) (V + V ) atm/sec
ul;% centipolse
Dl = cm /sec
= dynes/cm
k. a = ft/sec ;

1

: The value of kl -was determlned by d1v1d1ng kl

‘per unlt volune, corrected for liquid fllm thlckness, or by the total

a by the annular area

f;area per'unit'volume, as used in the calculation based on‘assumption (3).

, Dividing kla by the annular area to deterihe k may not be totally_

-con51stant with the 31tuat10n in the slug—annular flow reglme studied

1

by Jepsen, but was assumed to give an adequate approx1matlon of the
magnltude of-th;s term.' It is further'Justlf;ed by the fact that, in
| the calculations based on‘assumptidns (1) and (25;_the‘importancevef
the diffusional meehanism was shown tb_beimﬁeh less fhah that of‘inter-ee‘
ehange. | " | |
| The ges~phase resistance to mass tfansfer wesineglected iﬂvthe
. calculations. This is justified,‘in the calculations based on'
assumptions'(i) and (2), by the lack of imporfanée of diffusional mass '

transfer.
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Interchange waé.assumed equal to 4% of the liquid flow rate per
foot of contactor and, bécause.of the small valués bf En calc?latéd,
L, was taken équal to the total liquid £low rate.

ii.  Calculation. Values of the mass—transfér coefficients,
pressure drop aﬁd interchange weré calculatéd baséd on avérage flow
rates ;nd physicai properties in the contactors. Equafion (82) was
integrated numerically, uéing.Simpson's rule.

" iii. Observations. The results of the calcﬁlation are shown

ih‘Table 6. The relative importance of interchﬁnge and diffusional
mass transfer, in the cases‘whefe both mecﬂanisﬁs wére assﬁmed, may be
evaluated by compgring tﬁe terms (In/pl)(Ce - Ca) and naS(HPy - Cﬁ)
in Eq. (82), sincekthe-gaSephase resistance to mass transfer>was
neglectea. In/pl is equal to 97.2 ftz/hr in each of the twovéontéctors;
The term nNaS has a value of 193.7 fte/h? in the high—COZ—partial—
pressure contactor and 3kk ft2/hr in the lowaQQ—partial—preSSure
contactor. However, the.magnitude of'the concenfratiqn difference
Ce.— Ca is of the ofdgr of 100 times'gréater than the physical édlubility o
driving force, HPy - Cb;_ Because of this fact, the interchange mass-
transfer mechanism dominétes in the rate equation, and the diffusional
term in Eq. (82) is effectively negligible.

It.ﬁay be observed'that, when thé ihterchangeqmechanism is
assumed, the length of the 1ow—C02~farﬁiél—pressure éontactor is
. sgbstantially less than that of the high—COQ—paftial-pressure contactor.
This result is in ¢ontrast tovthe situatioh observed in other multiple-

contactor cases, and is due to the dominance of the interchange-mechanism
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Table 6. Annular flow contactor—-COz,absorption.

)
(2)
(3)
(4)

and calculated:net entrainment 

High-CO -partiale © Low-C0,-partial-
pressure contactor pressure contactor
Diameter 6.inches L inches
T " 6 inches 4 inches
G 183,430 1b/hr 183,430 1b/hr
v . 3.42 ft/sec T.TT ft/sec
Vé | 50.93 ft/sec 97.70 ft/sec
k,a 0.254 sect _ 1.116 sec-l
AP/AL 0.069 psi/ft 10.231 psi/ft
R 0.15 S 0.14 ‘
E 120 1b/hr 850 1b/hr
I 7337.2 1b/ft hr ' 7337.2 1b/ft hr
(1) = 0.260 cm T, .__0;391>dm’l
Height 28.0 ft 8.3 ft .
AP ‘1.9 psi 1.9 psi
(2) a 0.260 em T 0.391 cm T
Height 55.2 ft 16.5 ft
AP 3.8 psi 3.8 spi
(3) a 0.260 cm ™t 0.391 em™1"
Height S 2bh.7 £t 78.7 ft
- Ap 16.9 psi 18.2 spi
() s 10.295 cm™* 10.686 cm™*
Height 2069.9 ft 1767.6 £t
AP — _—_
{1 Droplets assumed to be in equilibfiuﬁ with the gas

50% of driving force corresponding to droplet equilibrium assumedi
10% of driving force corresponding to droplet equilibrium assumed

Interchange neglected; interfacial_area based on droplet size data
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.ferm.in Eq. (82). The log-meen average driving forgé, (Ce:~ Cé)lm
-lwas calculated in,the high- and low—Cog—partial—préssﬁre contactors.

The result was thét the average driving forces in the two contactors
werp-nea?ly identical. If this is thé caséa'andﬂthe'term acgounting“
_forydiffﬁsional ﬁéss tranéfer is negligible, thé'héight of the contactoré
should be propqrtlbnal to the changévin reactant‘cbncentratiqp in the
'specific contactdfs. Referring-to Table 1, the ratio of the change in. '

reactant concentratlon in the high-CC —partlal—pressure contactor to\\\
™

‘that ln.the le—COQ—partlal—pressure contactor is about 3.38:1; The | ‘\\\ 

ratio in column'héights varies from 3.38:1 to 3.1ﬂi with*the»decreasing

ratlé assoc1ated w1th calculatlons assumlng a drl;lng force Ce f.Ca

less than the dr1v1ng force calculated assuming total equlllbrlum of

Ithe dropléts w1tthhe gas. With the inte?change(@%chanism neglected, the

ratio inACOntactoiiléngths is in accord with the ﬁére éonyentional' |

pattéfﬁ-'; | ¢;.' ”
Which of thevassumptions fégarding'the_apﬁ%oach,of'thé drople£s

to equili%rium wifh the gas phése is-best‘can Oleibe determihéd through

.lexperiment.' It aépears, on compafing_the éoﬁtactgr lengths, that uﬁless

the droplets are near.to gqgillbripm,'thg gngglgr;flgw‘contactdr~ﬁill

‘not bé'a coﬁpeilliﬁevdeviée fdrfthis abséfptlon s&stém, ‘To make mofe

é¢curate éstimates in this'fégard, more informaﬁibg concerning inter— ' .

change rates, net amounts of entrainment and droplet‘distrlbution data

s

would be wvaluable.
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' 3;- Froth Flow:

At sufficiently high values of L/G and G/S, the Baker
correlation, Fig. 9, indicates that a froth; or bubble, flow regime will
be established. This pattern is characterized by a'relatively homo-

geneoué dispersion of émallfbubbles in the liquid-phasé. Somevdisagree?‘

‘ment exists in the literature'concerning the accuracy with which the

Bakéf correlation adeQuately predicts the onset of froth flow. Data of

Hoogendoornho'failed to confirm'the existence of froth flow over much of

the froth flow regime depicted by the Baker cor?élation. Heuss, §§_§;:31

37

‘and James, gz_gl;, " have found froth flow to exist quite near the

~ boundary predicted by the Baker correlation between froth ‘and dispersed,'_

22 has commented that, in the

" case of the data of Heuss, et al., the froth-flow pattern observed may -

be due to entrance effects, and that the steadj—étate regimevwould’be'
slug-annular. The validity of Jepsen's observation is somewhat

Questionablevin view of the large values of z/D for which the froth -

regime was actually observed in the wofk.of Heu.ss,‘_tgg_gg_.w‘l

" The potential édvantage of froth flow for mass transfer lies in

‘the great amount of interfacisl area associated with the froth. The
~high L/G's, with the'cohéequent high ieVelévof turbulence, may also '

" result in high values of gas- .and liquid-phase maséftrahsfer coefficients.

37,57

Heuss, et al., have made the only available study of mass .

transfer in fully developed froth flow. The "bubble" and plug flow o
regimes discussed in a'mass—transfer study mﬁde‘by Scott and Hayduk58“‘

were characterized by a discrete'gas'phase.tiavelling along the top‘of:?»
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1
independent of the bubble area, agreed closely with the’results of

- their horizontal pipe. Their results, which showed k.,a to be nearly

Jépsen for slug-annular flow, and would not be expected to predict mass-
transfer cdefficients in the hydrodynamically distinct region of fully
developed froth flow.

Heuss, gg_g;},»have'developed correlatiqﬁs to predicf k.a,

1

kga and the effective interfacial area, based on oxygen and ammohia

absorption experiments. From oxygen absorption data at 25°C, k

1
was correlated as:
. 0.9 ~. . )
k., d. - : DU o 7 3 )
e e B S R

where kldd‘S/Dl and DUhompl_/ul are the dlmen31onl¢ss Sherwood and

Reynolds numbers and:

d. = mean ''diameter-surface" drop diameter

ds
N, a? |
= ZN?d% , for .a system Qf Ni dispersed'particles
, i’i v | o - (58)
’U‘ = S : : | (89)

hom 0 (1-R ) + p R
,pl( gY*vog z
R_ = gas phase holdup (void fraction)
D = pipe diameter .
From ammonia absorption'daté at 25°C, kga ~was calculated as:
2 3.2

k a = 0.016 R™ U
g

g hom . (90)
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where: kga = 1b moles/hr ft3 atm . :

 Interfacial area for a system of dispersed gas bubbles may be expressed

|
as: ‘

6R - _
crgh ,- e
sV ‘ o : : R
. where dsv'-is thé mean surface-volume diamefe? defined by Eq. (53).

37

Jemes .and Silberman™ have made extensive meaSurementé of bubble
sizes and distributiqns in bubble flow. Based}oﬂ calculations made
jiwith these data, Heuss, et al., concluded that d_, was equal to a -

bubble diameter exceeded by only 5% or 10% of the bubbles, and was

taken to equal d "d. , which was found to be equivalent to _d8

95" "ds 0
or d,., was taken by Heuss, et al., to be 0.8d . Bubble diameters,
852 o = = sv o

corrected for atmospheric cdnditions (14.7 psia, TOCF) were correlated
by Jamés‘and Silberman for data in 2-1/2-inch and 4 inch pipés using a;
dimehsionless'bubble diameter, 4', to yield

1/2 -

@y G(py /D) e

1/2 _ . .
D" 50 and d95.

The value of dSv has been found to be a function of the void 

A plot of doim vs._ /Vl is shown in Fig. 11 for d

fraction in the'system} For a case of small relativé velocities

- between phases, Vermeulen, Williams and LangloisSg.found dsﬁ pfoportiqnal
to R;/3., d , may also have to be corrected for slugging‘and wall

effects.
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© - The temperature dependence of kga and kla wefé'measured by

Heuss, et al., with the result

n ¢~(0-01 £ 0.008)T 17.7 to 28.%°C  (93)

k a For T
g o

kla For T

n oF(0.0k2 £ 0.008)T 19 - e (91‘)

(T = °c)

a. Froth flow conﬁactor—4CO2 absorption. i. Design considerations.

~ As noted in Section'IV4B—2—b, thé flow rates preseﬁt.in the single-
coﬁtactor ébSOrption of CO,, togefher with the physical properties of the
vsyétem, predict'the existence ofkfroth fléﬁ.' Because of‘the idwer
L/G's obtained by using multiple contactors, frbtﬁ flow cannot bé obtained-
fin this case unless the absorbént’is recycled; The floﬁ diagram for |
this_recycle system, togethef with the recycle rates nedéssary to produéé
froth flow in each of the multiple reactors and:thebresultant iiquid
composition, is shown in Fig. 12. The recycle ratios indicated by this
configuration are on the order_of 10:1. To insure'a sufficient gas mass
velocity per unit area, diameters of 0.502 feef, 0.9441 feet and 0.7131
feet were selected for the single, high— and low—COzfpértigl-pressure.
contdctors respectiveiy. These diameters were near tﬁé mékimum.poésible; ,
whilé still maintaiééng froth flow;‘in order to keep the two~phase |
pressure drop to a minimum. The region of the Baker corre1ation to which
fhese fiow rates and.diameters correSthd is shown in Fig. 1h.
Pressuré drop and void fraction were célculéted_by the Hughmarﬁ-

methods.hh’hT

[
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Fig. 11. Bubble diameter vs. (‘D)l/z/Vl'; James..and Silberman data;
0, 2-1/2 in. pipe; A, L in. pipe. S '
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R-2
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l . XBL 695-566 .

~ Gas Flows and‘ComesitionS'(A,B,C): See Table 1.B.

Liguid Flows and Compositions

- Stream Flow Rate (1b/hr) Composition (standard Cubic Feet

D 183,430 2.0 C0,/gallon)

E 1,090,400 2.81

P 906,980 - ' 2.97

G 183,430 . 2.97

H 1,817,300 = 5.13

I 1,633,900 5.37

J 183,430 . - 5.37

Fig. 12. Flow diagram for absorption of CO, in two froth-flow contactors.

2
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The rate equation for the froth-flow system was identical to
that used for the'CO2 co-current packéd column, Eq. (52).

:The'massftransfer coefficients were calculated using the

correlations of Heuss, et al. The value of d,_, corrected for atmospheric

95 .
conditions,_was'obtained,using-Fig..11. This value of ;d95 corresponded
-to data 6btained by James and Silberman for void fraptions less than

0.1. Assuming dsv . to be proportional fo R;/3, dsv was calculated

£ a_ b
rom 95 ‘ Y

d ., = (Rg/’o. 13 e, S L (95)

S 95

~
A

' dds was taken equal to 0.8 dsv,v.USing physical prorerties for the -

Co system.corrééted for atmospheric conditions, k. was calculated using

2 1
"Eq. (87), and was corrected for the system - temperature by Eq. (94), with

the assumption made that this femperature correction waé valid beyond'the
fange‘of tﬁe work of Heuss, et al. “
kga was calculated from Eq; (90), bésed on a void fraétioh
correspondiné to process conditions. This correlation does not include
the effects of physical propefties of pressure. It was assuméd‘that
qu-(u6),:used to correct for gas properties in a.packéd célumn, might -
represent an adeqﬁaﬁe‘correction and was'uséd,ﬁalong'witﬁ Eq. (93),
to correct for system bropefties at cqnstant temperature and preésuré;ﬁ
Interfacial areas Weré calqﬁlated from Eq. (91), based on the
vbid‘fraction gorreéponding to procéés conditions ahd vaiues of .ds

v

" corresponding to étmosphericvconditions. ‘Because the values of Xk
calculated were so large that n = (ki + lezco)l/z =k, Bq. (94), .

’
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.:aPPii¢d‘t°‘ kl’ wasvassﬁmed té accquht for the effects oflﬁemperatufé
on both  k) “and a. .Although_préSsuré-would be éxpéctedfto.éffeqf'
interfacial érea, bécéusé‘bfvitgvéffédtsion Rg and..dsv5 the ﬁatufe
of this effect was unknown and, hence, neglected.

ii. Cal;ulatibn.; Thé-designlequatiOh'Was numericaily intégréted,
vv using.simpson'é.rule. Averaée_floﬁ faﬂes‘and Qalués df‘thé traﬁépbft% "
.céeffi;ients were used. The méthod of sblﬁtion.is éiﬁilar to thaﬁ
:diséuéééd fOrvﬁhe boécufrenfgéaéked'cdlumn fér Cdzlabso%ptipn, discussed
in Appéhdix XI.

iii. ObsérVations. The results of thg calculation are=shown:f

‘in Table T. The values.of thé physical mass transfer goefficients3.ki;

2 /2 o, -
e-k1¢__

were 'so large_fhat k]
"As a'result of this decreased resistance to mass transfer in the liquid a

>>'le2¢6;vsc that 1 =‘(k§‘+'D1K2Co)
Aphase, thé extént;of gas-phasélcontréi,~related to the magnitude 6f.the
term 1 + aHn/kéa in qu'(52), ﬁas substanfial.: The value bf the termU
rangeq from 1;57 inlthe single contactbr to.T;gl_and 4.93 in. the high- -
:lgnd low—Cog—péftial—pressure contactors.‘ Thesébvalues may be cémpared -
; fo the range of 1.07 to l.28 calculated for the go—curfént packed v
.‘:cglumn‘case§? whene the yglues'of 'k, calculated were émall.

b.  Froth-flow c0ntactorn%HCl absorption.. i. Design consideiations,

Because of the relatively low L/G'é encountered in HCL absorption, ﬂroth
. flow is not possible without a high_recycle-of-absorbeﬁt; Operating aﬁ?
'HCJ;aBsofptipn Systém with an.éitefnally cooled recycle'stream.will ha&é
the éffect of makiné thé prodéss more'neafly isothérmal'tﬁan was_possibié
without this recyclé, becahée of thgliarger liqgid’fate and the



Table T.-

Froth flow‘contactor'---CO2 absorption.

AP

'am moles/seccm3 atm

Single contactor

0.502 £t

618,000 1b/hr
5445 1b/br

~ L41.0 ft/sec
5.97 cm/sec
9.8Y4 '
17.95 em”

0.28

0.100 psi/ft
11.9 feet
- 1.19 psi_.

'1.

High-CO,~pertial-

pressure cdntactor

0.94L f£t-

1,817,300 1b/hr
6583 1b/hr .

19.5.fp/sec
8:55 cm/séc
0.51 '
7.29 cm-l
0.49
0.017 psi/ft
2.6 feet"
0.0k45 psi

Low-CO,“partial-

- pressure cohtactor

0.713 £t
1,090,400 1b/hr
3015 1b/nr
 2h.2 ft/sec

7.46 cm/secb

S 1.09
10,95 en ™+
0.58

0.025 psi/ft

5.5 feet

0,137[951

=G0T~ .

gTAST~THON
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v_conéequently smallér chénge’in liquid composition thrduéh the contactor.
’Ag the  process becomes more isothéfmal,. the outlét liquidiééncentration
of”HCl’yili be higher, possibly obviating the necessity of multiple
staéiﬁg to,ﬁroduce ﬁci of coﬁméréia}iy valuablé ;tféngth." ? |
1Bécauée the_féé&cle raiigs réqﬁiyéd tqbproduce.frbth fléﬁ are of

- the order of lOO,.thé process was‘eoqsidéréd*to.béﬂisothermal_fér.fhe;"'
pur?ose of calculaﬁibﬁ. It was éléovassﬁmédvthat the'amouﬁt of-wgter *
vapériied would be ﬁegligible} ,Calculaﬁion'was 1imited té ﬁhe'single
absorber. The gasvapd liquid fiowvrates énd dbﬁpoéitions éons%steﬁt ﬁith
the abo;e ﬁs%ﬁmptions;.fogether with the‘réqycle'flow rate necessary to
iﬁéure’frothvflbw, are shown in Fig.-l3.' A diametér Qf'b,SZh feet'waéx
chgsen’to insure_fro$h flow.' | | |

‘ ' The.?fessﬁre dro§ and Véidvfraction were'cal¢ulated.by_the Hugﬁf
mérkhu5u7 mefhods.. | |

The form of the rate equation is identical té Eqin(2h) for HCL;
absorptién in a cb—current‘packéd éolumﬁ.'A‘ -

The value of‘ kga was calculated using Eq. (90) and was cérrécted‘
for physical properties, tempéra£ure ;na-pressure by Egs:. (46) and‘(93)f
The/iiéuid-phasg resistahce tglmass transfer Wés neglected. - |

v.ii.v Célculatigﬁ. An value. of KgaHél"bésed oé.avéragé fioﬁ;?
éonditioné and:void'ffaction'was-used tb calculate the length_bf the B

cohtactop. Since only the concentfétion of HCl'was assumed to be

changipg in the gas phase, the,design,equationAwas_re-written'as
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E)
XBL 695-565
Gas Flow Rates and Compositions (A,B): See Table 8.
. ' Liquid Fl§w>Rates and‘Compositions

Stream Flow Rate (1b/hr) Composition .(wt. frac.'HCl).‘ ,

c 3826 © 0.050 ;

D 1,839,000 0.2545

E 1,834,000 0.2550

F

L8T9 0.2550

Fig. 13. Flow diagram for HC1l absorption in frothfflbw contactor;
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HC1,2 . ,..d(GhyHCl),,‘.,

QT

e '_"‘&[ Y1
FUHCL,2 (1 Yye1)

. ) *
)

(yﬂdl = Ve

: ¥ " Ka. 6P
Koo SPOpey = Yog)! & O

' YEC1,1

(96)
where: GIF=.moiar‘flpw fate”of gaséqﬁs:inefté, lb‘mgles/hr .
G = total molar gaé'fiow raté,_lb»moles/hr 
Kga =.lb moléé/ft3_é£m hr |
s = 1t2
:'P}¥ atm-1

Z=ft .-

Because, as seen in Fig. 13, the concentration of HC1 in the Iigquid

does.not change appreciably in the contactor, yHCi may be considered
.effectively constant, and_equai‘to the'gaé composition in equilibrium -
“with the outlet liquid. Given this assumption, Eq. (96) may be

integrated-analytiéally; with the result
A

KgaHCl

: * * v - v W1 - v
_— [ 1 }2 1.5 1.y +ln_.(y2 ¥ )‘(li yl)
SP * 1.~ 1= o *.
' Loy Ao (y, - v )1 -¥5,)
. . o 17V 2
~(97)
The value of the integral in the last term of Eq.. (96), with

SR oo ' % . . .
.yl'=*0.20, Yy = 0.01 and y = 0.005-iS'hfl6¢
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iii. Observations. As éhown in Fig. 13‘and Table 8, the outlet

absorﬁent concentration produced in the HC1 froth-flow'defipe is about
25.5% by weight. This concentration’comparés favorably vifh the outlet
concentration of,abput_28% obtained in the multiple-contactor schemes,
.éuch as were discﬁssed in conjunc@ion wifh absorption in cowcurreﬁt
packed cqlumns_and énnular—flow contactérs; and.ié cdnsiderably ;reatér
than the concentration of 18.&% whiéh'may_bé produced in a single -

' contactor without recycle. -This results from the»effect of the large
.recycle rate in keeping the procéss nearly isothefmal; This scheme
may repreéehﬁ an approach? simﬁler than multi—staging; to the-problei
vof_producing.anvabsorbent of commérciailj valuable stfength, ifﬁphé

recycle pumping costs are notvprdhibitive;

C. Dispersed Phase Systems

© 1. General Consideréfions

~In the packed column and fwo—ﬁhéée fiow contactors, mass
transfér is'gréafly enhanced by the dispérsiqn of gas-in-liquid or
"liquid-in-gas which results because of the hydrédynaﬁié‘condifions,or'
mechénical featureé, such.és packiné, inhérent to the spegific device
'and/of ﬁattern of flow. Ainumﬁer‘of contécting deviceﬁlhave medhénicai.
features spegifically designed to éféaté éas—in—liquid or iiguid—in-gaéj
dispersions, with consegueﬁt high interfacial-areas.v |

Vgrious types'bf:spray absofbers‘are in limiﬁed commércial.use;;
- The pfiﬁciple types 6ffthese absorbers ﬁre spray columné, cycloﬁic (or
centrifugal) spray deviceS'and‘venfuri‘deviceS@ Each of'these devices

is charaeteriZed_by a relatively high liquid pumping or gas compressor



Table 8.  Froth flqw'contactor—-HCl absorption.

= 0.87h-fée£ =

Diameter
~ Inlet Outlet . ~
lb/moles/hr 1lb/hr  Mole % © 1b.moles/hr 1b/hr  Mole %
HC1 30.08  1097.2  20.0 CHCL O 122 W3 1.0
| B0 - 1.28 23.1 0.8 H0 0 1.28  23.1 1.0
Gas Flow H, =~ 6.02 12.2 k.0 B,  6.02 12.2 5.0
Air 113.00 ©3273.7  75.1 Air 113.00 - - 3273.7 93.0
| Total  150.38 k0.2 99.9 Total  121.52 3353.3  100.0 -
- Temperature 30.0°C 30;O+QC
Net liquid flow 38264 1b/nr - 4879.3 1b/hr
Net -liquid composition 5.0 w/o HC1 ~ 25.5'w/o HC1
fTotal liquid flow 1,839,000 1b/hr ~ 1,840,000 1b/hr
+_To'tal liquid composition ' 25.45 w/o0 HCL T 25:50 w/o HC1
Ry ' 0.ko7 o
- AP/AL . 0.057 psi/ft o
: KgaHCl- 145.8 1b m?les/hr ft ‘atm :
" Height 5T Tt
AP 0.33 psi .
fFlow and composition-in'contaétor;

=0TT~ .

gt6gtfqgon
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i O5 < | E—— T T
~ N ' .
~N ~N
NG L~ Spray or ;
~ T B Y \\\~dl_s.p_er_se_d_ ,’/—\
. \\\_\-_/, . 8 C ]
. - \\ 4 \ \ ",’
IO4 W > "'.,F.r\oih or .
_.__ﬂli__\ { D bubble
G T
SA '
. 3 ) . N X
10 ~ Stratified
. IOZ . 1 . - . N1 1 . -
0™ 10° o' 108 10° 104
G- ]
' ‘X?L695-579
A: Annular-flow, 002 absorption
B: Annular flow, HCl absqrption
C: Fréth flow, 0024ab30rption
D:

Froth flow, HCl absorption

Fig. 1k, Regions'of_Baker corrélation to which open pipe contactor ‘v

designs correspond.
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"Gas out

"“I.d-/. [ (‘}\
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.':" ooy
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Gas in ’f; Sty

. . ;

—_— ' ‘
]

_ Liquidvout
a. Spray Tower .

- - out i :
b.. Cyclonic Spray Absorper.

Liquid " Liquid
} n

§c. Centrifugal Spray
Absorber

{Gas in o out.

- -Gas ou

|

tlquidin psouia

d. Ventnri Scrubber

XBL 695-569.

Fig. 15. Dispersed-phase contacting,devices,.'.



~113- - UCRL-18918

reQuiremeﬁf; a‘greaf pqssibilify ofventraiﬁmentHOf liquid droplets.in
the process gas.streéﬁ aﬁd a’liﬁitédlhumbér'of équilibriuﬁ stages per
device, resulting éither from thé'configuratioh of the éqﬁiﬁment.of a
= high degree of mixing in thé.gas<phasé. Général discussions of spray
absorption'éystéms havébbéen presented»by-Peifry,28 Sherwood and‘I
Pigford6l and Straués,62 and a summary ofvlifératufe relevant‘fo}specifig
devices has beén compiied by King,60

A typical spray—towér 6onfigufatibn~ié shéwn.in Fig. 1§a.'
Variatioﬁs.df this éonfiguration ﬁave-been prOPOSéd in line withbthe
obéervation that the raté‘of‘absorptioﬁ at theldrop'surfaée is most.
'.rapid'immédiately'afper'the droplets are-forméd{6l, The‘masé—transfer
éhafaéteriétics of fhevspray towerlare discussed more fﬁllyvihfthe
‘fqllowingiséction.

Two Basic types,of.céntrifugél qbsdrbers are shown in Fig. 15 ﬁ;c,
which represent scﬁematicaiiy apparatus used berohnstoneiaﬁd Klein-
schmi&t63_and discussed by Nonhebel;éh Thevgaé'rates uséd in sugh
1;b§6rbers can be greatly'increaéed oﬁer}the maximum in a épiay tower
because the liquid is forced té impinge either on the wall or on the.
vanes of the appar@tus'and‘deééend théreby greatly decreasihg the amoUﬁt
of entralnment. A further advantage, partlcularly of the dev1ce deplcted
.1n Flg lSc, is that a secondary impact spray may result -as the primary:

- spray hits the vanes of the rotor. Thls secondary impact spray is flner

' than the prlmary‘spray, and the contlnuous regeneration of flne spray

greatly enhances the rate of mass transfer.
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\

In e”venturi device, Fig. lSd, the dispersion of droplets may
) be.acoomplished'eiiherbby iﬁjectingva liquid stream'ét a point preceding
the throat or 5} tsking advahtage of the reduced'pressureeand high |
levei,of turbulence'in the'venturisthroat to provide»botthhe“pumping -
- poﬁer aod the dispersing meoheoism.‘ In;eitﬁer osse,,tﬁe primery“pressure
'droP Qoours_in the;gos‘phase,ias.coqtrasted to'thérsprayftower and ceﬁtri—.
'.fugel;absorber, in,ﬁhioh-the major,pressure drop is'ass0ciated with the
 iiguid phase.lehe venturi is limited'to applications characterized byf'
lowﬂliquidfto—ges ratios. ‘ |
o AnOther formfof tﬂe‘venturi>derioe5 sometimes'celled“avjet scrubber,
. - has been used thproduce'gés;iﬁ—liquia dispersion,_ahd is identioal to
" the ventgri“depicted'iﬁ.rig; 154, éxcept'ﬁhat £hé'gés'and liquid streéms
are interchangeds An. apparatus of this type has been studled by Bauer,

iFredrickson and Tsuch1ya.65

The low pressure at the throat may be used
: to'pump'jhe éas, whiEh is drspersed py the hlgh shearlng/forces present_'
in the'venturi throet. The méjority of the mass transfer was found to
. occur in or near the”venturi throst. Thisbapparatus is limited to

A
,appllcatlons with very low gas to llquld ratlos, such as reduc1ng the _
_ anaerob1c bacterla content in & 11qu1d stream by the 1ntroduct10n of

v~oxygen

2. Spray;Towers

. The potentlal attractlveness of spray tOWers as absorptlon
devices lles in- the great amount of surface area ass001ated w1th the
sprayed droplets, the hlgh-degree of:turbulence whleh-may exist Wlthln‘

" “these droplets and the low gas-bhase pressure drop..
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‘The most'eomprehensive study of mass transfer in a.spray tower
has been presented by Pigford and Pyle.66 Data were obtained for
ammonia absorptlon, oxygen desorptlon and alr dehumldlflcatlon w1th

several types of spray nozzles in counter-current spray towers of

. dlfferent helghts and dlameters. The number of transfer units, for the

liquid- and gas—phase—controlled mass—transfer systems, was measured as
a functlon of the llquld and gas rates 1n the columns. The lengths of

the transfer.unlt, LTU, or LTUg, may be determined from the reported.

1
values- of N‘I’Uil and NTU, by
LU, = (tower_height)/N’I‘Ul ' . Lo . (98)
LTU_ = (tower height)/NTUg- DT . (99)
' Where
_ LTUl- = L/k,85p, o | Sl (100).
"LTU_ = G/k aMSP* . : : -~ (101)
g g L . . 1)
NTU =f'—;edc—-’ ‘ ‘ . (102)
1 % o
: c -cC : .
wru_ = S~ | S (103)

 and -L and G afe the liquid and gasdmass.floﬁﬂndtes, S is the towen‘
cross sectionalvarea'and M is‘thenmolecular weighn-of'the.trensferned’
species. | | L
Based on the measured drop size dlstrlbutlons from spec1f1c
nozzles reported by Plvford and Pyle, it is p0581b1e to predlct the'

interfacial area. -



'
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rate of circulation is an important mass-transfer consideration. A
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Certain cautions must be exercised in uéing the data”of Pigford

and-Pyle ’ The degree of droplet turbulence is greatest 1mmed1ately after

'thelr formatlon, and the rate of 1nterfac1al mass transfer is’ consequently

greatest in the vicinity of the nozzles."Hence,'the number ofltransfer

~ units is not directly proportional to the tower height. lThie,is especially E

true in a situation with liquid-phase-controlled mass-transfer, where the
substantial amount of liquid was found to hit the wallévof,the"tower
before reaching its base. This implies that the actual effective area.
for mass transfer:may’be considerably less-than'that predicted using

i

drop—size distribution data; Lastly, although the flow pattern of"

. Pigford and Pyle's exper1ments was counter-current,-a con51derable amount

_ |
of mixing of the gas in the axial direction would.have occurred, resulting

. ; :
in a situation far removed from true, counter-current performance

‘in terms of the mass-transfer driving forceé'provided. Pigford and Pyle

eValuated NTU's corresponding to the assumption of no axial miiing int;.
either phase, and their data'must.he interpreted.accordingly.

‘ The computational study of the attractiveness of spray towers -
was’limited to avconsideration of the_spray‘tower.for CO2'absorption.

The spray‘tOWervhas been suggested as*a'promising device for the

66

absorption of HC1, but because of the complex heat—transfer effectéﬁﬂ

which need to be considered,,the calculation was not made.
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Absorption

! L3-» Spray-Tower--—CO2

Des1gn cons1deratlons. Spray columns for_the Vetrocoke

.absorptlon process were designed assnming plug co~onrrent and.counteré
current flow and co-current flow w1th a completely axlallyﬂnlxed gas
thase. vOnly the mnlt;ple-contactor system was considered. l
To operate a spray column countervcurrently,'the gas_rate must
be low enough to prevent_eicessive entrainment of liquid and the liqnld |
rate must be low enough to prevent excessive formatlon of tnrbulent |
eddies 1n the gas phase whlch.would prevent the upward flow of gas.
erased on the data of Plgford and Pyle, the 11m1t1ng gas rate is apparently'
’of the order of 800 lb/hr ft at-atmospherlc pressure. The limiting
—llquld rate may be estlmated qualltatlvely using a- procedure dlscussed
by Foust, et al.,3S based on & model of an 1nf1n1te system of equal— |
sized spheres and a Sllp vel001ty based on the minimum free cross seotlon
at the stream sectlon contalnlng theppartlcle, U31ng thls analys1s, w1th

the' gas and liquidfflow rates determined for the multiple CO reactors}_-‘

2

it was concluded that counter-current flow was feasible for this situation.
. To‘calculate the interfacial area-assoolated ﬁlth a stream of -

falllng droplets, the relatlve, or slip, veloc1ty betWeen phases mustb.

1be known. L1qu1d droplets will reach a termlnal veloc1ty, Vt’ which .

- is related to the droplet dlmens1ons and the phy51cal properties of the »

surround;ng gas. For sphericsal droplets; the terminal velocity may

be,written as
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4(p, ~p lgD_ - ; .
V. = 1 g ’p , n

g.
where CD is the drag'coefficient.' The drag coefficient CD’ has been
plotted as a functlon of the Reynolds number D Vp/u, with the spherlclty

35

of the partlcles as a parameter. The slip ve1001ty for counter—current

flow is defined, with reference to the.dispersed component, as -
V.=V -V . : (105)
_ For co-current flow, the definition is

VA RARS S : S - (206)
It Was'assumed that nhe_nozzles’nere_spraycoeSB nozzles,‘as used ln
many of”Pigford and P&le's experiments. IBased on tne mean surfece—
diaﬁeten dnop diameter from_these_nozzles reported by Pigford aLd Pyle,
the volumetric flow rate of the liquid end the slip velocity, fhe dropf
surface area pervunit tower volume can Be calculated. |
| Column dlameters wene chosen to make thelgas mass veloc1ty

300 lb/ft hr; corresponding to diameters of 5 287 feet and 3.566 feet

for thevhlgh and low CO

2 partlal—pressure contactors respectively. At

‘ these diametens, the liquid flow rate was beyond the range of liquid -
vflowlrEtes conered by‘tne Pigford and Pyle data,-making it impossibleir
to predlotgLTU directly;:.However, values of LTU were celculated fromv;
‘NTU date”obtained in a 52-inch tall, 31.5-inch diameter column using

(98) for a gas rate.of 300 1lb/hr ft2 and several liquid rates. The
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value of 'kla was calculated as L/(LTU)SpL, and kl[:was extracted =

from the yalues of kla obtained using values of interfacial area
'vcaleulated on the basis of_a slip velocity;‘liguid flow rate and column'l
diameter of the Pigford and Pyle eiperiments. A weléhted area wae

used based ‘on the fact that at this gas veloc1ty, about . two—thlrds

of ‘the liquid collected at the bottom of the column was taken off the

1 agalnstA
log L was linear;.mExtrapolating this ‘plot to the value of eL ih the%l

wall. In the range studled by Pigford and Pyle,va plot of k

CQé abeorption,processg a -value of kl was obtained. It'was found that

ki << le2C s 80 that for thls pseudo flrst—order chemlcal absorptlon

process, an accurate knowledge of the value of k.. was unneceesary, as

1

long as the orde;vof magnltude of the value obtalned by the above‘procedure
'.is correct. - |

For the Vetrocoke.design problem, it was desired to correct the

iﬁterfaéial areasiestimeted on fhe'basis of the slip velociﬁies for
- lnpingement of droplets on the?wall. This effecf is a complex functioﬁ»

of the arrangement of‘the nozile, the noizle chafacteristics and the |
‘column diameter. Pigford:ana Pyle foﬁnd thaf tﬁe ﬁuﬁber of transfer .l‘

. units measured in a 3l;Srinch versus a lzfiﬁch colomn.increased by  fo
" a factor of about 1.33, or approximafely as (diameter)o"3 . Since ih:o

a 31. 5—1nch column approx1mately two—thlrds of the llquld was collected

off the wall, it was assumed- that

. 0.3 , ' '
o = 2{D/31.5)" " _ S - (107)
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~ where: a piedicted afea,‘baséd on slip veloéity andvdroplet siie

distribution data

corrected effective interfacial area

a:
&= ecolumn wall area/unit volume’
- D = tower diameter, inches.

' The effect of gas-phase'resistange fo_mass‘tyansfer ﬁas ignored.

'-'vb."gglggigiiégf} The mass balance for.thé_Vetrocoke ébsorption
.process—~Eq. (52)vwith the éas-phasé reéistance to maés transfer con-
éidered negligible——was ﬂumérically iﬁtegfaﬁed,:usiﬁg'Simpéon's rule.-
'Averége valueé.of‘the flow fatésvvere qséd for the calculation. The
liquid fiow rate.and,’hence, chanée in COmpoéitién‘for the counter-
'current.caée were takeﬁ_to be thé same.aﬁ for the co~current case. For
the co—curfent case 1in which the gas phase'was axially well-mixed, it
vas-éssumed that the gas composition Was_eyefywhere,equal to ‘the outletb

composition.

7 ¢. Observations. Tﬁe results of the caicdlation are shown
ianable 9. Although the lowest tower heighté were those calculated
assuming countef*current plug flbw,lthis fesult_isvprobably over-
optimistic, becaQ$e‘of'the'giialaéas—pﬁase;mixing_problems which_would
bevﬁét_in a counter—durrent_sﬁfay tower--especially with liquid rates -
‘_of the-magﬁifude of.those considered in this study. The effect of
assuming an axially well-mixed gas phase is to increase the necessary
~partial-pressure

2

tower. Since the problem of axial mixing would not be expected'to be

. taver heights severely, eséécially in the low-CO

as great in a co-current spray tower, the sizes calculated assuming
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o cof¢urren£ plﬁg fldy probébly represent the most reasonable estimate

of the neceséafy spray tower size for thiS'process.



' Table 9. Spray towere;COé absorption.
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© High~CO,-partial-

Diémeter ' _ ‘5.
L 183,430

G 6583
A | 0.
v 0.

- v, 2.
(1) & 1 3.
Height T 3.
(2) a S
Height o - 6.
(3) a L
Height 13,

(l)b.counter—current plug

(2} co~-current plug flow

vO7_cm*

‘96 em

29. £t

1b/hr

1b/hr

031 ff/sec

453 ft/sec
053 ft/sec.
1.

3 Tt

l.
0.ft

96 cm“l
9 ft

flow -

quagoz—pgrtial—

3.57 £t

183,430 1b/hr

3015 1b/hr
- 0.06T7 ft/sec .
© 0.848 ft/sec
6.082 £t/sec
“91}78 cm—l:‘
- 22.8 £t
1.35 cm_l
3L.1 ft

l.35'cm‘;

199.2 ft

(3) co-current flow; gas phase perfectly well-mixed axially

+
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V. EVALUATION AND CONCLUSIONS

A. General Cons1deratlons

An accﬁraté analy51s of the attractlveness of a dévice for‘
ébsorption is a complex task, intiﬁafély“related tovthé spécific process
being(cgnsidered. The primary inféstment costs associated with é '
typical absorption system,‘including the regenerator, may'be-itemiéed as
(1) The cost of thé absorber shell.

(2 ) The cost of the regenerator shell

(3) The costs of absorber.and‘regeneratbr intérnals, éuch'as pécking
orvplates, and“eiternal devices, such ﬁs éhtrginhént separators aﬂd
noézles; necesséry for thé pra¢ticai utility of the déviceé.

(h) The gosts.¢f=iiqpid pumps;kgaé‘compressors, external heat exchangérs
" and pipihg.
(5) InitigllabSOfbent'and.catalyét (when'ﬁsed).costs.
Tybiéal operat;ng ﬁdsté may be listed as: |
‘(l) Costs of power for ruhning the pumps'and coﬁprésSors;

(2) Qosts'associgted with steam which may be r;quired_for;regeneratiag”
purpo;es-. | |

(3) Costs of coolants used in heat eichangers.

(L) ‘Make—up aﬁsorbenﬁ and catalyst céstsi

| The task of comparlng various absorptlon dev1ces méy be simplified
if some of the operatlng or 1nvestment costs may be assumed constant—-
i.e., 1ndependent of the specific deV1ce used—-or of negligible
_importanceAin the'ovér—éll economics of the opérétion. It ﬁay.be.
éomplica?ed if, #s'in the case of HC1 aﬁsorption;:the.prqduct abso;bent

may have commercial value.
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An approach to the génefal éomparison of absorption devicés
" has beén proposed by Lunde.69  By invéstigating the relation between the
der—all mass;tranéfer céefficiént and thé'variabléS'éf gas and liquid
fiow fate_andzpressure afop, thé'numbér'of tranéfér units, defined bfA
Eqs.‘(102)'and_(io3); ﬁéy.bé rélatéd to the\§0wer Eonéumptipns.aéSOCiated
with the gés-aﬁd liquid phasés“and'the siée of'fhe device.. This analj;
‘sis was carried out by Lunde for packéd columns, spray towers,'venturi;
devices and cycloﬁic scrubbers for systems in which the majority of
.resistance to.mass trahsfervwascih fhe gas phase; A comparison was
J_made bétween devices on the basis ofvthe_numbe? of transfer units
6ﬁtainabie'pef;ﬁnit of péwer consumed in the gas or iiquid phasef'

| A.greéﬁly'simplified apprbach was used in fhis’investigatibn

;fo compare the cqﬁtactors'studied wifh-eéch 6tﬁer, and, wherevpdssible,

.wifh deviceé'currently used to barry out the-absofptionlproéésses. o

Affer eliminating from consideration items that would be;constant'forfali.
devices df would be expected to have small influence on the over-all
_economics of the process, qﬁantities chéracteristic 6fiinvé$tmeﬁt and:
operatingvéosts were assigned to each de&iée. These cost'fuﬁctions'may
be displayed on'éraphs, with axes.represéntative'of thevranges of . |
\opefating;and investment variables enddﬁhtered, Graphé of this nétufgi
_ére shown in Fiéé. 16 and 17. |
Generally, points nearést the origin represent the lowest
éapital and operating cosfs, and would be associated withvthe nmost
éttractivé devices. In economic optimizétion studiés,_thére ié
v frequently a trade-off betveén 6perating.énd capital cosfs'for a;>
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given device ass¢ciated with the_variatién of a parameter such as‘coluﬁn
diameter. If suffiéiént data of this nature were évaiiable, avfamily
of hyperboiaAlike curfés—*éaqh_charactéristic pf a_spécific device—-
 convex to thé'origin,'might'bé'é#péctéd.? Thé curves.cloéést to the

i
1

origin WOuldvreprésent the bést dévicés. In this study, resuif
_sufficient to evaluate the trade~off.bétweenioperating and capital
.costs were'limited.to thé studiés of co-current pécked coiumhé.';Fdrlb
other'devicéé, such studies-wéré difficult to maké; For examfle, théf
;variation oftpipe diémeter in'cpwcurrent pipe flow might result in
_qhanging the.flow'régime to oﬁe not applicably treated'by'thevﬁass—
'_transf_ér mechai"l.i'sm.assum_ed.' ; o , I | |

| Althéugh ﬁo.set of.curves was obtainable, the points élosest )
 tQ the origin will stili represent bétter devices. To giﬁe_an‘
.inéicatién_of the relative imporfance dfldistaﬁce_from the origin in_ 
the. x and ¥y directions,'an assignmenf of cost values.tp the inveé£—
' mentfand operating variébles‘must Be made. Aé an example,.thé méterial
‘required in Vetrocoke absorberé'is low cost carbon:steel, since the
} éatalyst tends to eliminate the cérfésiVe qharaéteristicé of potassium
_ca%bonaté. Hydrogen'chlorideé‘on_the othef hand,-is'éxtremely corrosive,
and expensive materialé, such as gfa@hite,_must'be.used.. Fér a
givep energy requiremeﬁt;.the Capital cbsts per-unit shelllvolume of h
a Vetrocoke absorber woﬁld'be.léss imp@rtént than the cérrespdnding o
costs fof an HC1 absorbef.

Because the purp&se of-this investigation was only to givé‘a 

genefal indication of the competitive characteristiés'of various dé#iées,

¢

the problems 6f cost assignment were not considered.
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B. 002 Absorbers

1. Basis of Evaluation ‘

The results of the calculetions to determine the sizes of and

pressurevdrops through co;currénf packed columgs,'annularé and froth-
f;ow open-pipe devices, and spréy,towerslappéar in_Tébles L, 5"7 and_9.
For the caées of ﬁhe co-current packed column, annular—flbw-gonfactér '
aﬁd spray COlumn; resulﬁs based on different mass—fran#fer'mbdels are
‘shown to give an indication of the sensitivity of theicalculated size :
requirements to the assumptions inherent;in‘the various models. The
difficultiés in.selecting the correct model have beéh outlined. ﬁowever,
in order to be ébie to compare the deviées, éome seleétion:must be méde;
and an éffdrt was made to select fhe most reasonable models as a basis
of comparison. Since the mbdel‘éelected wés generally an optimistic one,
if the de;ice baéed on this selection appeared faﬁorable, coﬁsideration
was made of the éffect; on operating and ihvestment requiremgnts of
assuming thé dévice was actually charactérizéd by a less qptimistid
modei._
The choices made were:

(1) - For the co—curreﬂt packed columns, the vessél.siZes calculatéd
.usiné interfacial areas based oﬁ the eﬁergy—dissipation_model wére
selected. This model was felt to représent & more realistic approachif
" to the problem of defining intérfacialvarea than mérely‘assﬁming it to;
bevconstant and equal to the packing surfaéé area. | |

(2)  For the annular—flOW’céntactofs, a vessel size corresponding to

the driving force C, - C, being 50% of that which would exist if the
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droplets were in equiiibrium with thé gas was sélectedf The case
with the driving force 10% of the éqﬁiliﬁrated dfiving forcé was aléo'
considered.
(351‘ For the spray fower, thé'size baséd_bn co-éﬁ%rénﬁ plug flow”waé:
jsélected, since the‘size'was'compérablé t0 that @alculated ASsﬁming .
cdunter-current plug flow and the actual‘méss—transfér éituatioﬂ would
nof be éxpeéted to bé:as bad as the case Qorresponding to an axially
vperfectly giXéd gas phaéeé
;It was aésumed that tﬁé‘absorber used'b&_Philiips Pétfoieum
to éarry out_fhe Vetrocoke sbsorption process wés'a bpﬁﬁter-éﬁrrenf
sieve—tray.colﬁmn. The number of_trays necessafy’té effect'£he desired
‘Purification was takén'to be the éamé‘for'thé scaled down gaé and‘liquia"
fiow rate caéé as in the full-scale absQrbér.' The number of trays:wgé |
estimated from a knovn number of 25vtrayskin the lower section of thé{.
swaged column used and an estimated-numﬁér of T trays inbthe upper
“portion. ”Based on the number of trays and an eStiﬁaﬁed tray spacing .
" of 2\ inches, the height of the column was caloulated to be 66 feet.
The diameteré'of the upper and lower séctibhs of the c¢olumn, corréépénd—
ing to the écaled gaS’and liquid rates, was eéti&ated-by procedures |
outlined by Fair, ® with the assumptions that |
(1) The gas velocity to be used was T5% of'thé fYooding veloéity.
(2)  The active tray area was equél to 88%_of the’total tray area.
“The céiumn dismeters calculated were 1.5 feet in ﬁhe upper
(15 feet) section, where the absorbent flow réte‘was'about 60 GPM, and
2.6 feet in the lower (51 feet) section, whefe.tﬁe absorbent flow
rate was about 36Q¢GPM, vThe‘pressure'drop thréﬁgh the column was assumed

to be 5 psi, based on the pressure drop'measuredginlfhe‘Phillipsvabsorber.
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The capital réqﬁireménts of the aLSOrbérs were’aésumed to be
directly proportionél td.thé internal surfgce %réas—-excluding heads_T,
| of thé dévices. This'assumés constant wall thickness and négligible cqst
~of absqrber infernals‘and héads, and is consistént with a procedure used
by Riess.20‘ The costs of such auxilliary équiﬁment as»hpzzles and en%rain-
~ment separators were neglectéd,_since they-wouid be similar for all of
the devices. | | ‘

If the outlet. absorbent flow rates and’cbncentrations were in
all cases the séme, thé costs of thé régenérafor could bé'éssumed‘
c@nstant and neglectéd. Similariy, thé réboilér steamvréquireméhts
could be neéleéted.v However, thé effect of multifstagiqg_is to reduéeuﬁh
greatly the”nécesSafyvabsorbént flow rate and, becausé thé,amount’of i:,'
- 002 scfubbed is thevsame,_increase_the congentratibn of'thé.absorbent
'entering the regenerator. With two contactors; the heceséa&y absorbent
floﬁ fate was similar, and, in faét, less than that used in the Phillips
process (scéled). ’The effectvof the.greaﬁer flow rate in the single—,:
contaétdr case would be to increase the necessary regenerator diametér
" but, because theuabsorbent_concentration‘changé would.ﬁe less, might
valso bevté‘decreaée its height,.depending‘on the change in the:mass-
tfansfe¥ coéffi;ients. Becauée of-thesevéompenéating'effECté, and
begaﬁse conéiderétion of the stripper is aumajor problem in iﬁself, fﬁé
"investment costs associated,wifh'the fegenerator_were neglecﬁéd. 'Thevb
:effect on steam cénsumption and thé capitéi‘and operating costs associéied

“with the heat'exchahgérs used tb cool.the,absorbent sfreamvshould still

- be considered but because the multiple-contactor cases, in which the
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._regeneratlon and cooling requlrements woold be less, appeared more-
favorable then tbe 31ngle-00ntactor cases without con51derat10n of these
faotors, the steam and exchanger costs were oeglected

The operetlng varlables cons1dered were those associated with
" pumping the 1iquid sbream and.qompressiné,the ges.,.These variables were
expressed as‘energy requirements per hour or KWH/hr. ;

The pumplng requlrements con31dered were those assoclated with

- pumping the llquld from the regenerator to the &bsorber and w1th rec1rculat—

ing the absorbent 1nvthe froth-flow devices. For purposes of comparlspn,
the kinetic energy‘abd frictional losses in the external piping were
. assumed to_be.independent of the particular oontactor-used anq were,

,cohsequently, neglected. The energy requirement was then described by

£t 1b

Wf - Py " e 1b, ; S o N (108)

¢

Az represents the height to ﬁhich-the liquid mﬁst be pumped,'and was_;
:assumed equal to the column helght (zero for the horlzontal absorbers)

AP represents the dlfference in pressure between the regenerator (22 7 p31a)
and the absorber (140 psia) or, in the case of the’ froth—flow-dev1ce o
re-circulation pump, the pressure drop through theydev1ce.;,An addltloﬁel
pressure drop_of 10 psi was assumed-throﬁgh_phe nozzles'of the-sprey ﬁoﬁer.
The power'requirementiis expresseq.as |

(L) (W) (1.3558x2073)
3600

Power = KWH/hr . - (109)

in which L is the mass liquid flow rate, 1b/hr.
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The pressure drop thfough‘tho absorbers would be réflected’by .
va gasfoompressor roquirémént. ‘In an actual hyd?ogénvp;aot, this
compréSSion might béxdono at the béginning of;thé procéés, before the
reformer, where thé,préssuré is about'235'psiar The préssuro_drop ﬁight
. also be réﬁlécféd ip an.incrooséd.oompfossion roooirémont,at'the tail- _b
- 'énd‘of thebprocess, in conjunotion»with_prépafihg'the pnocess stream,for;
an‘application such as'thé synthésis of ammonia. Thé compressor:
requiremeot would be différént in each cosé because of the differences in
gas composition and percentage increasoiin gaé'préssuré; In this study,
it was desired to circumﬁent thesé process'considerétions, whilo'still
.aosigﬂing an oporating variable to refléet thé‘?roSéuré drop through tﬁe
contactor.. To this end; a-compréssor was aSsuméd to-eﬁisf immediatoly‘
' 'after-the absorber, compressing the gas of outlet composition from the
outlet pressure;vPl to a pressure équal‘to tﬁé pressure of the gas
étream'entéring the absorber, PQ. A constént value for Pl of 135 psia
Was assgmed, and P2 was calculated as Pl plusrfhe twojphase pressure
drop in the columh. The compression was assumed, for simplicity, to be_‘

75

isothermal, for which the power fequirement nmay be written as

Power = (6)(PL) 1 (po/py)(1.3556x1073) Ki/nr _ C(10)

Perfectly.efficient pumps and oompréSSOrs wéré assumed.
2. Results |

The conclusions iogarding fhé utility Of-tﬁo doVicés studiéd.as
possible élternatives to tﬁe sieve-tray columh may'bérmade with referepce
to Fig. 16.' -

.
o
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Fig. 16. Depiction of 6perating énd investment variables for CO
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In terms of investment'costs alone, each of the'devices, except

the spray tower, appears superior to the s1eve—tray column. The advantage

’,of the spray column is primarily due to. the low energy cost a55001ated

] with the low pressure drop.in the gas phaSe.

An indication of the practical meaning of the operating variahle
used may be obtained from the result that the high power requirement -
.assoc1ated with the single co-current packed column with a diameter of
v1,33 feet is primarily due to a calculated pressure drop in the device_
of 81 psi. This clearly representssan impractical'operating condition.

The set of pointsﬂrepresenting'the packed.columns verify the
hyperbolic nature of the trade-off between'operating and investment
‘costs suggeSted in Section V-A On ‘the basis of: the curves drawn through
these sets of pOints, 1t ‘appears that, if the dlameters are optimally '
. selected, the multi-staged co-current packed columns would be more attractive
~then the single.columns, since the curve representing the staged devices
ﬂ_ lies closer to the origin.

. The most favorable devices, in'terms both of operating_and'
investment variables, are the single and staged frothfflow devices andé
possibly, the staged annular—flow devices. .The‘conclusion with regardito
‘the annular—flow deviceiis highly dependent on the approach to |
equilibrium.which is.assumed to exist betwéen the entrained droplets,and
the gas phase This may.be seenvby comparing the positions of point 6a
.representlng the result when 50% of the dr1v1ng force ce - Ca, correspond—'
“ing to droplet equilibrium with the_gas to the position of point 6b,
representing the result when only lO%IOf the full equilibriumidriving;.

force was assumed.' Because of the lack of sufficiently complete
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information regafding mass transfer,in.aﬁnulér flow, the‘gonfiaence Vith
: whiéh this devicé can be recommgpdéd és a SQitéble éqntacting schene

“is 1imiﬁed."The‘coﬁclusion as to.ﬁhéthér'the,éinglé,orvmultiple-froth—
flow:cqﬁtacfors aré hore'favdrabié aépénds‘oﬁ tﬁe'rélativefimpoftanbé of

the investment and operating costs, the evaluation of vhich was not made.

C. HCL Absorbers

1. Basis of EValuatioh:5

» Tﬁe résults.Qf the c&lcﬁlationsIOf ?quipmeht‘sizes and pressure
drops for thé'devices proboséd fof HCi'aﬁsorptiqn aﬁpeér inATableé'3, 5
and 8."THe§é deviées were Compéred invthelséﬁe geheral ﬁéy‘asthe Cbe'
"absbrﬁtion devicés. However;'ﬁd information was found COncéfning |
'chmﬁerciaiiy'used‘absorberSvoperating in the same concehtratioﬁ aﬁd‘fiow A
rate ranges.aé‘the ﬁrocess éonsidéred; and oﬁiy géﬁefal oﬁservatioﬂs
: fegarding thé compefitivénéss 6f fhe proposed devices wifh'eqUipmént
curreﬁtiy.uéed.for HC1 absorptioﬂ wvere féssiblé;, | a

For‘the AECfs Volgtiiity"précess, a stfippéf>w¢uld Bevrequired

to regenerate HCi gas of a-st?eﬁgfh suitablé for pfocess uSe{ .The effects
éf mulfi-Staéing the abSquer in élfering‘the costs_associated with the‘
regénerator might be considerablé.' A coﬁsideyatiqn;of ﬁhe costs
“associated with the'regeneratof was notlmade,“h6Wever;-exéept in a‘
:‘qualitétive Wéy. : | . | |

- The Qariéblés fépreseﬁting.investment aﬁdiqpéréting_variables
.werejcalculafed by #he'following procedurés."
3(1)_,Iﬁvesfment costé were consideréd propdrtiéhal to thevihternal surface
'»—éxglhding heads--of the déQiCes, and no allowance for auxilliary‘eQuin

ment or device internals was made.
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(Z)v The pumping requirements.ccnsidered were those associated with pump-
ing the liquid from the regenerator to the'abscrber and witn‘recirculating
‘the.absorbent in the froth flow;devicesﬁ As in“the CO, system analysis,
 which led to Eq. (108) to. descrlbe the energy requlrement the frlctlonal

- and kinetic energy . losses in the external plplng were con51dered 1ndependent

of the contactor used and were neglected. Because the pressure difference

H i

'between‘the_regenerator and the absorber would pe~Small, the.‘AP/bl' term
in Eé. (108) was also negiected in determining thiseenergy requirement, .
but was ccnsidered in determining the pumping requirement for absorbent:
reCirculatfon in the froth—flcw-deVice. |

(3)‘”00mpr§ssof requirements were caiculated using Eq.»(llQ), assuming
the,ccmpressor position to té at the outlet_cf the'abSOrber,-compressrng
“the cutlet gas'from the.outlet pressure to the ontiet pressure plus the
pressure dr0p:through the device or devices.j Although this may not
represent a compressor position at an optlmal, or even necessary, p01nt
in the process stream, calculatlng the energy reqnlrement ;n tnls way
R presents. a neasure of the price that_may have to be.paidtfor the pressure
Eﬁdrop through.the device. |
(W) For the multiple—contactor cases,\Figf 6 shows that external heatfv
‘exchangers arennecessary to maintain_the temperature ccnditions assumede
'fcr the ccntactcrs. It was assumed that'the cooling»in these exchangers
was done bj.ccunter—current flow of Water.availabie at 21°C, and that
a_5°C_approach existed atithe outlet of the exchanger. The cost of
é cooling water per nour was converted to ccnsistent power'units of
KWH/Hr,using relative costs of.electricity and cooling #atervof’$of01/KWH

and $0.03/1000 gallons of water suggested by Voogt and Tlelrooy.7
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. 2. Results’

The‘results'of-the assignment of operaﬁing and inﬁestmentv
variables.according to'the'above procedufe are shown in Fié. 17.

A comparison between the'single co—cufrent packed coluﬁne»and
the multiple—colﬁmn‘cases.éhows that,AinJCOntrast with.the;situation with -
COé_absorption, the multiple~contactor case is generally'less facorable
‘ for the removal_Of HC1l. This is‘because of the cost associated with
inter—stage water cooling. If this cost is neglected, as point h'l
. indicates, the multiple'contactore become more favorable. The savings
in regeneratlon costs which mlght be reallzed 1n the two column case
could compensate for the coollng Water costs, and make the two—column
"cOntacting scheme more_favorable. | |

The.most favorable device for the absorption of HCl1 is shown"
clearly to be the single co-current packed columns, if the sole des1re
is to cleac an effluent gas stream. Unlike the result for CO absorption,
"the annular—flow.cohtactors‘appear relatively unfa&ofable, especiallyi
to the extent that the distance from the origin for the single.and‘multiple
annular-flow contac;ors is-in the direction of increased capital require—
_’ments which, as mentioned, should be of great 1mportance con51def1ng the
hlgh cost of materlals whlch must be usedlln HC1l absorbers. The multlple
packed columns and‘the,froﬁh#flowvdevice are potentially'competitive
for scruboing HC1l, even without fhe consideration of regenerator'cost )
savings with the former device. o

‘The froth-flow device, the multiple packed columns and the

multiple annular-flow devices &1l produce an absorbent-with-anHCl
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concentration ponsiderably higher than the other devices, and of
potentially valuable commercial strength. If producing an acid of high
concentration is desired, the multiple packed columns and froﬁh—flow

device seem about equally attractive, with a possible edge given to the

packed coiumns because of the lower capital costs and greater concentration

of HCL produced. R - - |
Although no direct'compafison bétwéen thése Aevices apd devices

currently used for_HCl absorption was made, certain,observafipns maybbe'

suégested. Thé mostvcommoniy‘uséd coﬁmercial_absorbérs are‘éooled

absorbers, ﬁhich consistséf bundles of tﬁbés, through which the gas

ahd liquid.streams pa§s elther co-currently or cqunter—currehtly. A

'typicai installation mighf»incorporate 100 to 300 tubes 6f_7/8—inch

18519 The problems of controlling liquid distribution in such

diameter.
vtubés are cogplex. It séems pfobable that thé devices considered here
.Would_substantially reduce the capital réquireménts_and éontrql'probléms
characﬁeristic of the cooled abéorbers. However, the utility of
empioying.an adiéﬁatic process for scrubbing gas streams of much highér

concentration than was considered in thié study may be limited by the

high temperature rise associated With such absorptions.



“D. - Genersal Conclusionsi

The hierarchy of attractiveness of therdevices considered for

the absorption of CO2 may be listed, in an‘appfoximate“Order’of

”decreééing favdfdblénéss, as u?
(1) ""_Single';mu.thiple .froth—-flow aéviges
(2) Multiple annular-flow devices B
‘(3) ?Multible éo—current ?ackéd columns“ u
(W) __Sinéie co-current packed.colﬁmns ; o
(5) j"MiIJ;f;vthz:ip_lé spfay colJmns . -?
‘(6) ;Sﬁeve;fray column. | ’ - é -

i

For thé removal . ‘of Hélg without conéideration of'the,importange,of the

]

producjfabsorbéﬁt, the approximate order is

(1) sSingle packed columns
~(2) Froth-flow device .
3)  Multiple packed'célumns

(4)  Single annular—flow device
' , : |
(5) Multiple annular-f%ow devices.

If the value of the product HCL absorbent is.iﬁportant, the best devices

" would be

(i)_ Multiple packed columns ) . |
(2) Froth-flow device e ‘ : f" e
(3) Multiple annular-flow contactors. . B T S

The attractiveness of.a givénAdevice fo} mass transfer is
dependent on the system studied. Some first—drﬁer_ekpianatiéns of'theg |
' reasons for thisvmay‘be'offered;vvThe‘special.advantagé of'annuiar-flbw _
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contacfing devices for mass transfer lies in the mechanism of inter-
change of droplets between the annular liquid and the'gas'core, with the
' droplets returning to the annular liquid much closer to equilibrium than
the bulk liquid. Although this mechanism was important in both the
2

HC1 and CO absorption céses, its iﬁportance relative to diffusional

5 cases calculated by assuming

a close approach of the droplets to equilibrium. The disadvantage of

mass transfer was much greater in the CO

packed columns for 002 absorpfion‘is linkgd primarily tb the operating
cdsts and, more specifically, to the compressor costs associated ﬁith':
the preséure drops through the colﬁﬁns. The.incféase in interfacial
area necessary to improve the.absorption rate for this liquid—phase S
conﬁfolled system is at the'expense.of a preséure drép which, in‘order7
. to réduée iﬁvéstmeht costs substantialiy, musf'be significant. Tﬁe more
-favdrable device; for CO2 absorption5 such as the froth—flow device,
» are able to increase ﬁhe rate of absorption without necessitating as
‘greétlan ehergy expenditure..&The frbth—flpw devices are less desirable
than the packed columns for the absorption of HCl because of the power
required to recirculate the ab§orbent, which is more'impo;ﬁant in thié

case than in the CO

, case because of the greater recycle ratio and the

fact'thét other pumping costs in this case are small,.

. The pofential desirability of utilizing the less common
'aﬁsorption devices considered for cbmmefcial processes has been.showp;
The areaé?in which necesséry aesign information is lackipg have also
been outlinedf Ihé optimistic results of this study sﬁggest the economic

desirability of f£illing in some of these voids.
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APPENDIX I

A. Rate Considerations for €O, Absorption

The absorption of CO, has been extensively reviewed;by Danckwerts

2

" and Sharma,33 upon whose wbrk‘much of thé following'discuséion'is based.
The pattern of chemical reaction in the absorption of carbon

diéxide into catalyzed (or uncatélyzed).potassiumvcarbonate‘solutions

may be regarded as second-order, with.thevconsideration of reversibilify

~often necessary. The over-all reaction may be written as

K,.CO , (A-r-;)

2773(soln) O = 2KHCO

* CO2(g) *+ Hy 3(soln)

3

in an uncatalyzed system is proportional to. the buffered concentration of

“Although CO_ may be regarded as the reactant, the local rate of reaction

hydroxide ions, whiCh may be related to the concentrations: of CO= and

3
- HCO,
3
K (coy) .
2 (HCOS) : S '
 where K = (uty (on™) | o O (A-1-3)
+ o= R . i o .
K = , - (a-12)
5 :(H ) (coj)/(HCoZ) | ; (A-I-L)
At infinite dilution, the equilibrium éonéfahts.,Kw and K, may be
related to ﬁemperature as -
log , K= -k470.99/T + 6.0875 - 0.01706 T (Ref. 8) = (A-I-5)
KW = gm molee/liter?

T= oK
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log,, K, = -2902.4/T + 6.498 - 0.0238 T (Ref. 33) (A-1-6)
K2 =‘gm mole§/literlb
T=°K .

!
- ' ! . s ' L .
In the Vetrocoke process, the rate of reaction is also proportional
to the concentration of arsenite ion, obtained from the:dissociatiOn of

i ’.' . . | ‘ -
arsenious acid according to the reaction

AS(OH)>3 = A‘s’}(OH)EO- +H ; o - ' | (4-1-1)

Neglecting the reverse reaction, the rate of reaction of CO2

into caté—-
lyzed potassium carbonaté may be written as

 r ='k0ﬁ(002)(QH_) +.kAS(COQ)(As(OH)20f)»V '»i' | | ;‘(A-ITS)

where the relevant reaction rate constants are given as

logyy kg = 13.635, - 2895.0/T (Ref. 33) B . "(A—I§9)
.loglo kAs,= 1%.2 - 2830.0/T (Ref. 33) - | : (A—I+lO)‘

where T = °K and fhé rate constants have uniﬁs.of liter/gm mole seg.'fv
. In thev§atalyzed absorbtioﬁvoffcoz,:yhere the.se§ond tg?m.on the righﬁ;f:
hand side of Eq. (A-I-8) may be expe&ted tquutweigh the first, the -
concentfation»of.arseni%e ién mﬁ&.not b%c@ﬁe-sigﬁificaﬁtiy depletéd atf;
the interfaée, due to férmatiéh of undgésoéié£ed arseniqus acid. The
raté of reaction may then.Be appfoximatély firSt orde; with resﬁéct to..
the concéntfation of CO,. An anélytical.goiufion to‘thevdiffgéiohvéqgéf‘

tion describing the absorption process may be obtained in this case.
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The solution, consistent with the Danckwerté surface renewal model, is

R, 2kl |2
v*"l+ 2
le_ kl
or , _ S v .
_ 2 12 S |
R=0C (k" + Dyk,C_) ‘ _ - (A—Ifll).
where: C = concentration of physically dissolved 002 in equilibrium with
gas at interface, gm’ﬁoles/cm3 ‘
= HPyi, where H 1is the-Henry's 1aw'solubility constant;
gm moles/crﬁ3 étm, P. the,total'pressuré, atméspheres,_ahd:-
Ys _the interfacial gas mole fraction'bf solute:
Dl = diffusivity of ‘gas in the liquid, cmz/sec
'kl'= physical liquid phase'maés-transfer.cqefficient, cm/sec
k,C, =_koH(On ) + kAs(As(OH)zo )
= absorption rate, ‘gm moles/cm2»Sec-
. The reverse reaction may be_accoﬁntedffor by rewriting'Eq.,(A_I-ll)l
N 2 S \1/2 et
) = -C. T4 : ~I-1z
R'= (C-c)(k] Dlggco) g | (A I ;¢)
‘where Cb fepresents the concentration of dissolved but unreacted C02
in the bulk'bf the solution. . The value of C, ' may be defermined'from

» b
the first and second dissociation constants of carbonic acid, according
to the equation

* | 'KQ(HCO—izl :
'(coe)= ¢, = B (A-1-13)
| Ky (00)) -
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‘where ‘K2 is defined by Eqs. (A-I-L) and (A-I-6), and K, is defined

by the. equation , o o -
- IR , _
(H ) (HCOZ)

K, = v - S "(-A—I-v-.-lh)

2

and . léglo K, = -340L.7/T + 14.843 - 0.03279 T (Ref, 33)  (A-I-15)

Xy

gm moleS/liter '

°K

. Since the.values‘of the.dissociatiqn cqnstants_ K ahd K C6rrelated,

1 2

 jby Eqs;_(A—I—G)'and;(AgI;ls) are for systemsvat infihite dilution,
activity coefficient corrections,shbﬁld be applied to the ionic conceﬁ;-
_trétiéns.fo accoﬁnt for»tﬂe.effects‘bf ionic.stfengtg._ No means was3 ?
fqud in-the'1itératur¢vto account fqrbthig effect o?ér a éuitébie range,
'although‘some ﬁork‘ip £hi$ afeé’haé been done (see Ref. 9).‘  |

- The criterion for novdeplétién'qf afsenité ion,fWhicﬁ must be
ﬂsatisfigd correctiy to*represgnt the rate 6f abséfption by_EQ. (A-I;ll)i
or‘(A—Ifl2),'is writteﬁ as33 _ | _ o .
) T e (A-1-16)

(cgg)

K N
+ .AS(QH)ﬁ - |
| K, (HCO3).‘ :

1

where. KA

( is ‘the stoiéhibmétric'diSSoéiafion constant .of As(OH).,
and may be related to temperature by '

logig pKAS(QH)3 5‘9,61h'- 0.0148 T ~(Ref. 33) (A-1517{

KAsCéH)

= gm moles/liter
3 v : o

T = °C
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The constants and k are, like K. and K., functions of

Kps (0H) 4 As 1 2’
ionic strength of the solutlon as well as temperature.lo This effect
was, however neglected because of the increased complex1ty of calculation.
It is shown in Appendix I.B that for typical conditions met in the
Vetrocoke process, the assumption of no arsenite depletion at the inter-
faceAis valid and, hence, that Eq. (A-1-12) is ﬁhe correct rete expressien.
Equation (A-I-12) may be rewritten in a form including the gas
phase mass-transfer coefficient as well as the liquid—phase ceefficient.

It must be true that

Ra = a(C* C )(kl+D k,.C. )l/2

1K5C kéa P(yeyi) R (A—I—18)

‘where kga ges ﬁhase massetfansfer coefficieﬁt, gm moles/cm3 sec atm .

' P = total pressure, atmospheres

y = mole fraction of solute in bulk gas
L * . ' :
Since yi =y - Ra/kgaP and C = HPyi, the rate of absorption may be

rewritten as"

a(HPy C )(kl+le20 )1/2 . N ;)
Ra = - - ' S A-I-19
‘ aH(k" 17Dk 00)1/2 ’
1+
. 'k a
‘ g”

This form of the rate expression implies that;if is unnecessary to know.
the interfacial‘ges composition, yi, to?caleulate the rate of absorptiéﬁ;'
i.e., e pseudo-solubility, HPy may be used instead of - HP‘yi to Calcuf :

late the concentration—driving force.
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R

B. Test of Criterion for Treating Absorption of CO

2

into Promoted Carbonate Solutions as Pseudo First-Order
R i .

 Equation to be tested: Eq. (A-I-16) .
Concéntratibns areftaken to correspond to the outlet of the

high—COQ—partial—pressure contactor of the two-contactor scheme, where - .
: _ T - = o v : .

the ‘carbonate-bicarbonate ratio is the smallest!

;) = 0.485 gm mole;/liter. |
(HCOi)_= 3.31'gm moles/liter - R
c*'e?ﬂgy = 4.279x10™> gm moles/liter |
(As(0H) ) é l.gmvmo1e/li§eﬁ |
ky = 6.9672103 i gm mole/sec
Di‘='2.leO’?.cm?/séc
.kl = 0.8h73 ém/éec (vaiue corresponding to.co-cufrentv'
'paéked column) | | -
KAs(bH)S’E 2.273;0'9 gﬁ.molés/lifer
K, = 7.386x10"11 gm moles/liter

Substituting into Eq. (A-I-16),

(h'?79x}0_ ) (o.hss 0.6376

LHS

3 31) [1 (2. 1x10'5)(6 96x10 )(1))1/2 ;lj;

(2. 2Tx10 9)(0.h85)
(7:386x107)(3.31)

L
=10 k< 1

Thus, the system may confidently be.treatéd as pseudo first-order.
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- APPENDIX II

Phvsical Sclubility of 'CO, in K,C04
It is difficult to measure the solubility.of{CO2 in solutions with
which it reacts. The solubility of gaées in nonreacting'electrolytés

méy be estimated33 by '

: H ) =K TR - - (A-IT-1
log,,(H/E ) KT - | (A )
where: HW'= Henfy's lawcconstant forvsblubility in water, gm mole/liter atm o

H = Henry's law constant for solubility in given electrolyte,
gm mole/liter atm .

1= ioniccstrength; equéllto half the sum of. the coﬁcentrations of each
species multiplied by its ionic charge squared, gnm ions/liter

s

K = constant characteristic of the electrolyte and solute gas

' HW may be expressed as

‘log, H = 1140.0/T - 5.30 (Ref. 33) : o (A-TI-2)
H = gn moles/liter atm
T = °K

(valiad for prccsures.of-a.féw atﬁoépheres or iess)
NijSing cnd Kramersll hafe foUnd that for COe'ih potéssium carbonaté-
solutions (I =.O - 2 gn ions/liter; T ¥.é09C), Ks has ‘a value of 0.063,
wvhile ShafmalzbhasAréported'a value of 0.057 (i = 0-5 gnm ions/literg.
ZT = 25°C). The effect of'temperatu?e on Ks was nct found'fo be great.

T,

‘An average value of Ks of 0.060 was used to calculate the Henry's
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::léw_constant, using Eqs. (A-II-1) and (A-II-2). The physical solubility
could thengbe calculated from the equation
*

c = HPyi - | R |  (A-TI-3)

' where fyi . is the interfacial gas phase solute %oncentration.

b . Co ]
: .
! W
| ) :'.l.
| i
i
- I
b
|
:
-
|
i
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APPENDIX IIT

- Chemical Equilibrium in the coé:ggcoé System
The ‘over-all chemical reaction occurring in theFVetrocoke'absorpf_
tion process is represented by Eq. (A-I;l). Bocard'énd Mayland38 have
expréssed fhe equilibrium vapor pressuré of'CO2 over carbohate—b%carbonate
buffer solutions by the'expréssion o o | »
: )2 :

2 (MKHCO v
_ (a7/8) . (A-ITI-1)

3
,p002 Yy (MK

2003

) K
_ where: a, B, Yy are activity éqefficient corrections_for the carbonate -
and bicarbonate ions and for>waters

MK_CO. and MKHCO. are the concentrations (in molality) of the

2 3 3

ions

-t
o

K is 'an equilibrium éonstant for thé reaétibn, calcuiated from .
the standard free'energies of.the produ§ts‘and feactants..‘
.Bocard and Mayland COnstructed graphs, reﬁresenting the vapor pressure
bf CO2 consumed by reaction (expfesSed as sﬁaﬁdard cubic feet of CO2 pé?
gallon of solgﬁion) for various equivalent K2CO3 cohcé#tratidns.v The.:
vapor préséﬁré for low carbohate cOncentration;‘was predictedlfrom
Eq. (A-III-1). For high carbonate.concentrations, datavof the U. S.

Bureau of Mines were.used,3’h fit to equations of thg form -

s

1og10(1b02}_= A+ B/T T ((A-I11-2)
.where A = a + bX + cX + aX . S
X = equivalent solution concentration (standard éubic‘feét of

COQ/gallon)
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a,b,c,d,B = constants

temperature

e | ] | |
Based on the decision to use 25%-by-weight KéCO3, the data of Bocard
 and Mayland were fit to an equation of the form of Eq. (A-III-2). . The

W _ | . : |

results were: : : - . . 4 L
For X = 2 - 5 SCF of coe/éalion ‘., .. . :le » .
1og%0(pcoé) = 7,?583:+ o.86h3xi_»o;lijofx?rf 0.96885x3 !
| ~ 5606.%&5&2' , o ?A  S ij fA—I?i—3),

- For X =5 - 6.75 SCF of C0,/gallon

_1oglO(PCO ) = 6.5882 - 0.99817X + o.1671x? -”0,oo4x3 a
~_ 2870.91905 | o

" where PCO vapor pressure.of COQ,_psia

= °Rankine

3
|

54
]

SCF of C02/gallon of solution ...
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APPENDIX IV

Physical Propérties——COo—K-COQ_System
23

i. Liguid Properfies .
| Perry28 gives the denéity of 25% K2CO3 at 150°F as 1.202 gm/cc,.
érv75.23 1b/ft3. The effect of convefsion on density is discusséd by
“Bocard and Mayland,38 but was negleéted for most design pufposes;
The liquid viscosity at this concentration and'temperatufe is

L

0.91 centipoise, or 6.115x10  1b/ft sec.3

'12. Gas Pfgperties

The‘Phillips fl§Wvdiagram forvthe.Vétrocoke procesé, diséussed
 in Séc.'II, gives the inlet gaé dehsity as 0.24 ib/ft3 at iSO°-and
150 béia. The outlet density ﬁt 140°F and 140 psia was épecified.as,
0.079 lb/ft3{ _Neglecting'the compensating tempefatﬁre and bressure
effects, fhe gas density was assumed to bé relatedﬁlinearly to the,cé@ﬁo—,

sition of COZ’ and the relationship derived was

©
1

0.913y + 0.061. | o . (A-Tv-1)

/16>

where p

bulk gas mole fraction of CO,

2
culated by Eq. (A—IVel)-to be 0.070l3-lb/ft3.' Design calculations weré;

The outlet'densiﬁy, where the mole fraction of CO, was 0.01, was cal- “
based on average densities in the stages. For the single-stage case, the
average density was 0.156 lb/ft3. For the two-contactor case, the inter-

stage mole fraction of CO, was 0.07198, and the density was calculated
. 5 _ ;
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to be Q,l265?lb/ft3; Thus, the average density -in the first stage was

©0.183 lb/ft3<and;in the second stage, 0.0983 lbﬂﬁts.

A gas viscbsity~at‘a temperature of 150°F and a pressuré of-
140 psia was. estimatéd by the method of critical viscos1t1es;3. A cric-
ical visccslty, based on_molarfauerage critical properties;‘isvcalculated‘

i

Cas’ . N L SR

u = 7[70 M1/2A552/3 5;'1/6 (a-1v-2)

where M = aYerage molecular weight

P, = molar average of critical pressures, atm
’Tc = molar average of critical temperatures; °K
| npLar. aversge o » D¢

L8 = critical viscosity, centipoise

A value of the reduced v1s0051ty, u/u ’ correspondlng to the reduced‘

R e L B

temperatire and pressure was determlned from a graph.3h The v1s0051ty-

(u M ) was calculated as 0 01295 cent1p01se, or 8.702%10 -6
l

Th1s value of v1scos1ty was assumed constant for the design calculat1ons

-5

lb/ft sec.

The d1ffus1v1ty of CO 1ntorwater at 60?0_1s-hx10 .cm_/sec.

2

Water at this temperature has a viscbsity:of 0.47 centipoise., Correcting‘ -

{for the v1scos1ty ‘and temperature of the carbonate system accordlng to a

procedure suggested by Danckwerts and Sharma33

- Dy -K,CO (halo )(o.h7/0.91)(338:5/333)

-5

U .
0

2.1x10 cm2/sec
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- APPENDIX V

“Algorithm for Determining Over-all Heat and Mass Bsalances

for the Two-Contactor HC1 Absorption Process

'The nomenclature used tq deécribe the algorithm may best be under-
stood by referrihg tovFig.j6, in ﬁhich nﬁmbgrs are assignedvto the gas
'énd iiquid flow.rétes,‘compositiéns and tempeyaturés cérresppﬁdiné_to
ﬁhe‘inlet and outlet of the "black box" contéctofs R-1 and R-2.. The
variables discussed are |

Ti =.temperature at point i

= mole fractioﬁ‘in'gas stream of component j at point i

Ti1
_ Gi = total molar gas flow rate at point i
IGji = molar 'gas flow rate of component j at point i

. GI = molar flow. rate of’gaseous inerts

.Li = total mass liquid flow rate at innﬁ i

- x; = weight fraction in liquid of HCl at point i

The algorithm may be outlined as follows:
Given:

.].
1. Tl? b'd P, yHQOl

2. The'assumption that'the.liquid and-gas:streams enter and leave theib

1* Yuc11> Yucwe Gpo

contactors at the same tempefaturé as one another. '

3. The assumption that the gas is saturated with water vapor at the -
inlet and outlet of all vessels.

JrIn this discussion, P is assumed to be 1 atmosphere, so that Py ='yi'5'

This assumption is not necessary, but the nomenclature is simplified.



o

2.

- For examplé, : g R : ’ '
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The aséqmption that the liquid leaving each contactof is in equilib-
rium with half the actusl outlet HCL mole fraction.
‘Procedure: | |
1. Guess initial values of T2 and T3, suchlas T2 = T3 = Tl.
Using assumption 4 and thé‘ known value of .yHC:ll&" detefinine X5e
3. Knowing xé, yH20h may Be determiﬁed in acco%d with assumption 3.
Since y, . and the flow rate of gaseousiinerté is knoﬁn, GHQOH and
GHC1k may be‘determined-algebraically. o
4. Guess Yac1e® |
5. Determihé x3 using-assumption 4. Determlne yH202 u31ng.assumptlon 3
Calculate the values of GH202 and GHClE in a way similar to the cal-.
culation of GHClh and GH, ok in step 3.
In pass1ng through the cooler*E—l, some Hél vépqr must'condense,
‘since T1 < T3. ‘As a simplification; it waéjassuméa that onlijater; '
vvapor would condense; so that GHCl2 = GHCl3 - The value §f yHéOB @éy
" be determined using assumptiqn 3y sihbe xl”iS'fixed. The values of.
 GH2O3 and yHCl3 may be calCulated‘algebraica;ly.
v7.. The inlet and outlet liqﬁid flow rates were.calculated for each-

absorbetr, based-on the amount of HCl -absorbed, the amount of water'

vaporized and the change in liquid composition over each contactor.

i
|

(1-x2)(c;ch-c;Hc:Lz)MHCl + xz(GnéqucHQOI)MHeo | :
_ *3 7 % S -
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8. The mass balance is checked by ascertaining whether the total amount

[

of HCl absorbed by the liquid stream, - L x, is equal to the

e e b
amount of HCl lost by the gas in R-1 plus R-2. 'If the mass balance
does not check, & new value of',yHCl2 is calculatea,'based on a Qalue».
of GHCl2 that would make the mass balance check, the value of GH202
detérminéd‘in step 5 and the fixed valﬁevbf GI.‘ Steps 5-8 are
_repeated until the mass balance is satiéfied. |

9;_ After éatiSfying thé mass balance for the assﬁmed values of T2 and

T3, the heat balance for each contac£or is calcuiéted. .
10. If an iﬁbalance'exists in the héat equations, new valueé‘of,T2'and
T3 are choséh; the mass Balan¢é récompufed ahd the heat balance again
_checkéd. | |
The procedure for conVefging oﬁ_ﬁemperaturé"was a "double-false
position" scheme. It was found that otﬁér methods, such as direct sub% 
stitution or Newton-Raphson iteration, . yielded values in thé early‘

‘iterations which could ﬁot be handled.within'the limit ranges over

which the data curve-fits:were éppiicable. | |

Procedure:

1. 1f néithef‘heat“balanée.is éatisfied;:increment'T2.and T3 (+ or -
depepding §n the directién of imbalance).‘ antinué this précedure
until one of‘the heat balances changes sign. | |

2. If, for exaﬁple,.theiheai‘balance ovéf‘R;2.changés sign, a ﬁew vélué

of T2 is calculated_aé

(T2n - T2 l) C
) = T2 - A(IH,) ‘ — (A-V-2)
n+l n ? n A(EHz)n - A(ZHe)n ‘

-1
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'-Whéré A(ZH;)_represénts the total outlef.minus fhe total inlet
enthalpy. If the imbelance over R-1 still hasn't changed sign,
increment T3 as in steﬁ 1. | |

- 3. When bo%h balarnices have changed sign;.thoﬁgh.ndtvneéés;arilesimul;v

'taneouslys CalCuiate'béth-néﬁ T's usiqg Eq. (A—V-Z), since fhe itepé-

tion should, atlthis‘timeg'have arrivea in the néighborhbod'Of the

solu£ibn(> . :‘ . | | |

h._ ContihuejuntilA '{.

T - T l<s (A-v-3)

n+l |
-

A measure of the'effectiveness of ﬁhegalgorithm:is the approachv'

of the heat balances, denoted as A(EHi), tovzerOQ This.solution‘schemé

7 cal/hr, with the

converges from initial imbalances on the order of 10
initially guessed values of'temperature,.to values less than 10 cal/hr
o s .

"in about 20. iterations on;T, with 6§ = 10 .
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APPENDIX VI

. Fouilibrium in the HCl-Water Sysiem.
- Extensive data are available regarding the vapor pressure of HCl
T e 2B AT Y o
over its aqueous solutions. ‘Using a computer, empirical egquations were
derived to fit these data by solving simultaneous equations relating
. - s : e ) o : . l .

N . - . . i
1 LN A ) ) 3 s - R . ) |
the logarithm of vapor pressure to polynomials in concentration and

temperature. -

For xHCi _2.5 2Q WF%.
T = 30 - 110°C"
) = -14.18427 + 0.31101X - o.01131x7v+go.oooaox3-

.léglo(?H01 | e | | |
| -1149.76879/T + 0.063182T - 0.000059T° = . - (A-VI-1)
g o | . |

X ='gms HC1/100 gms H,0

Pyey = ™ He
For Xyey =16 - 38 wik

T =30 -~ 80°C

) = -48.99332973 + 0.10167621X + oJ0023i592X2

~0.00003314%> + 3266.40563656/T + 0.16804229T
-0.00017038T° T
..T_—_'VOKI ‘ '

X = wt% HC1

P mm'Hg
e 28 ot 26 T
The data of Perry =~ and Norman - were used to derive similar ex-

pressions representing the vapor pressure of water over HCl soluticns.

T O
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= 0 - 26 wt% HCL

!

e}

s

o
.Q
',;I

n

=3
S

20 - 110°C
) = 12.251601 - 0:00166X - 0.000507X° + 0.00000715%°
_2672.19272/T - 0.008665T + 0.0000078206T° (A-VI-3)

o'r X

X = gms HC1/100 gms H,

P = mm Hg"'

¢

| Fér'xﬁCl = 18 - 38.wtd HCL
T = 30 - 80)°C SR
_1oglé(§H O-)'=_-29.12759'307 fio.oiiS86i3x_- o.odo966¢7x2
-0.00000579%> + 1738.9320102/T + 0.11871723T
_ 0.000120k72 ': . | (A-VI-k)

T =°K

ba
I

wt% HC1

mm Hg

o)
L}
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APPENDIX VIT

v 'HCl-Wafer Syétem Enthalpy Data. 3

Van Nuys7?.has presented tables and graphs répfesenting liquid
,and‘vapor enthalpy for.the.systéﬁ HCl-water (inert ffeé).
| The change of enthalpy associated with changing the tgmperature :
and boncgntratién Of’iiquidiHCi solﬁtions is‘due to -the effects of bbth'
sensible heat chahge_and heat of dilution. Based Qn‘vaiues df fotal :
.'enthalpy and heat of dilution tabulated»by»Vaﬁ Nuys.(baséd on éero‘
,enthalpy'ét O°C) as a function éf_ﬁemperatﬁrefand'éombosition,.the seﬁéible

_heat was implieitly definéd as

.Cp(T-273) = Hp -'HD; - - | | | (A~V¢1-1)
where  C = heat capacity, cal/gm °C
T = °%
H = total liquid enthalpy, cal/gm
Hy = heat of dilution, cal/gm

A plot of Cp, so defined, as a'funétion of composition-and temperaturé
indicated that it was virtually temperature independent, and Was.iiheafly
depeﬁdent on cohcentration, according to the functionality

C, = 1.00087 - 1.90X , . (a-vII-2)

where X is the weight fracfion_of HC1 infthéiliquid. The heat of dilﬁfion, 

'HD,.waSVfitﬁed as

log, ) = ~8.514798 + 0.13633X - 0.00351X° + 0.0000X> + 0.61k2T

=4, 2

~(1.64x2071)T° + (1.545%107 1)1 :  (A-VII-3)
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Valid for T = 30 - 70°C

X = 0 - 32% HC1l by weight
T = °K
Hy = cal/g@
X = wt% HC1
Thus, all the neceséary data has been correlated to fit H as -
7 =‘ ; o . : . . _‘ “ _-h. .
Hp = C(T-273) +E) ._ S (A-VIT-b)

This'proéedure'for curve fitting the liquid enthalpy data was expected';
to yield more precise resﬁlts than a simple polynomial fit of the total 

are monotonically

liquid enthalpy dataﬁbecauSe,'althoﬁgh Cp and HD

‘decreasing and increasing with increasing concentration, the dependence.

I having a minimum value -

of HL'on concentratiqn is nOn—mondtonic, with H
at about 15% HC1. .
! . - .
The gas enthalpy wés considered to be composed of two parts:

' a) The sensible heat of the inert gases, air and H2

,; b) The enthalpy of the inert free HQOfHCl mixture, including effects_of

the latent heat of vaporization of the solution and the heaﬁ of absorption

of HCL.

e

The sensible heat of the inert gaées was obtained by using the -
mean molar heat capacities of the components.. The mean-molar heat.

ok . ' o o
capacity, Cp’ may be related:to the molar heat capacity, -

o o* ' ‘ : : : -
CP(T-TO) -JEO Cp(molar) 9T - _ o {A—VII-s)

Cp(molar)’ R
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may be.expressed as

p(molar)
C, '~ .\ =a+bl+cT> o : (A-VII-6)
p(molar) =~ = A . '
B R
C_ is given by .
Y
L o N o 2,. ‘ - v
C, =at b(T+T0)/2 + (T +TTO+T0")/3 _ - (A-VII-T)
and .
e ¢’ (r-T0) . G | < (T-T ) | (A-VII-8)
= - + : - - -
% mH, “pH, ro m ., P.. 0 ? .
2 2 air air . . .
where @Q_ = enthalpy of inert gas stream, cal/hr
Gmi = component molar flow rate, gm moles/hr
* ) .
va= mean-molar heat capacity, cal/gm mole °C
" TO = reference temperature, 298°K -
=" » i | ’ Oy
Cp(molar) molar heat_capaclty, cal/gm'mo;evvc

The constants .a, b, and ¢ in Eq. (A-VII-T) were obtained from Smith

- and Van Ness;-(3 as’
. a3 6
Component - a bx107 ex107 .
Hy, 6.947 -0.200  0.481
Air 6.4k 1.657 = -0.20h (average of N, and 0))

2
The gés enthalpy of inert free HCl—HQO mixﬁures, Hg,»is a linear

function of cémposition, with temperature as a parameter defining a

family of straight lines. - The endpoints of these lines (at Q%_HCl'andﬁ:

100% HCl) may readily be established. At 0% HC1,

Hg = (HL+AH )

vap’at T of interest cal/gm "(AfVIIe9)
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'AHVa§ is the heat of vaporation of pure water which, based on data -
) 39 .

o R |
' -obtained from the Handboo

of Chemistry and Physics,” may be related to

' temperature (at atmospheric pressure) by

t
|

MH .o = 597.655 - 0.586 (1-273) - " (A-vII-10)
" where AHva% = cal/gm' ,
T = oK
At 100% HCL, e - IR
H, = 1458.8 + o aT cal/gm . (A-viI-11)
A e T

in which 458.8 cal/gm is the heat of vaporization of pure HCl at 0°C and
f273'CpHCI'dT représeqts the_se331blevheat.1ncrease,from the referenqevl

. temperature, 0°C, to the temperatgré of interest. The sensible heat term

was expressed as

T S o S o
. 1 . B - . ) . .
J[’ € 4T = (1/36.47) [a(T-273) + b(T2—273?)/2 ‘
or3 | THCL 3 o o
; + ¢(T7-2737)/3] S — (A-VII-12)
‘where T'= °%K
‘ C. = cal/gm °C
Puca o o - . L
The necessary constants, a, b, and ¢ are73 : S
a=6732
b = 0.433x1073
c;=‘1.370XlO—6

j

The slope of a gas-enthalpy line at a given temperature may then be. "

" written as
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Hg(lOO%) - gg(o%)

s = 10 S . k (A—VII-ls)

so that, at a given temperature

H, = Hg(o%) + sX cal/gnm o (A-VII-1k)

in vhich X is the weight fraction of HCL in the gas.
Thus, the total enthalpy at any point may be expressed as

LHL f (G-G ) Hg *+Q

Q

[}

where Q = total (liquid‘+ gas) enthalpy, cal/hr

L = liquid flow rate, gms/hr
G = totaligas.flow rate, gms/hr
= fldw'rate of inert gas, gms/hr

G'
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APPENDIX VIII

Physical Properties—HCl-Water sttem

1. Liquid Propertiesb
- The density‘of»HCl solutions'asea.functionvof temperature and
conoentratlon is glven by Perry 28 An averegebvaiue of 6k, 92 lb/ft3>was
taken as constant over the temperature and concentratlon ranges con51dered
The.viseosity ofi31;5_wt% HCl}may be.obtained from a nomograph E
~ shown by Perry.2§v A tabuiar repreSentetion'of pure water visoosity'is:x‘
also presented.‘ An.estimete.of the liquid'viscosity uas nade hy essuming
it to. be an arlthmetlc average between pure water at 30°C and 31.5% HCl
at 66° The error of this assumptlon would be compensated by the facts
othat the inlet vrsc051ty would actuallj be lower than that assumed and |
the outletrvl50081tj:larger. The estdmated v1sc051ty was O. h82 centl—.w
~ poisé, which uasktaken as constant. . 3. l |
it will be notedvthat the liquid-phase properties are used only,
in estlmatlng the two—phase pressure drops through the. varlous contactlng
devices, 51nce the absorption of HCl is gas phase controlled The estl-

" mates of these propertles, together with the assumptlons of their constancy,

.are‘probably sufficiently.accurate for this purpose.

2. Gas Properties

The gas density at any point was teken'as a molar average of,thev
. indiViduai gas densities, corrected:for temperature by the ideal gas law.

At 0° 028 . o B L
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Component - Density (1b/ft3)
HC1 | T 0.1024
H, - - 70.0056-;
A Heb | ) 0.05017

Air | ~ 0.0808
At any point:

(0.102ky, ., + Q.0056yH + 0.05017,

p =
& o 2 27 ,
+ 0,0808yAir)(273/T) | ) (A~VITI-1)
where: T = °K
E o ;
= 1b/ft
Py / “
' y; < mole fraction of i in the'gas phase

The gas viscosity at the inlet and outlet conditions predicted

by the "black box"vmass'balance was calculated by the method of Wilkesgv
& L . s . : _
Hmix T 2: n _ ' ' ” ’ (A-VIII-2)
i=1 : ' :
_ x, ¢,. -
= J
, | o -1/2 1/2 /42 |
. - + + - - -
where 6, = B (14w )TN (u /) HE )RR (avTr-g)
and ui,uj = viscosities at sYstem T+ P
Mi’Mj = molecular weights of species’
n = numbér"of component
Xi’xj = mole fractions of components .-

'Based on the known inlet and outlet compositions, inlet and outlet
temperatures of 30 and 60°C and values_of cbmponent-viscositieé at these

. temperatures interpolated from data in the Handbook of Chemistry and
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Physics39'andrPerry;?8vthe values of the inlet and outlet gas viscosities

were determined to ?e 0.0175 cp -and 0.01483 cp. An average viscosity of
0.01665 cp (1.11888x10‘5[1b/ft_sec) was taken as the gas viscosity, to
avoid the éomplexity of aécouﬁting bothifdr témperature'and composition

effects. % . E R
' The diffusivity of HCl and H,0 in the mixture ‘at inlet and outlet

cpnditions.was determined by estimating the valﬁes bf'Di -for_allbcom_

J

binations of the gas compénents, and averaging them in an appropriate .

way to determine DH01’m_a?d DH20,m'

Thé binary diffusivities were determined from the ChapmanfEnskqg

formula3.h

 0.0018583 [T3(1/m, + 1/m)1M2 T ;

L S ——— = B R . (A-VIII-L)
: T Po, 0 S

i VDij

where: T = °K

P = atm
D,, = cmg/séc ' ! . ‘
i3 o o

0., = function of molecular radii,:A'

Q2 ‘= 'dimensionless function of temperaturé and iﬁtermblecular .

atomic fieldJJ . ) { _ \ - -ﬁ}

M. . = molecular weights of component i 6r|j'
o

For determining'ﬁhe mixtﬁre diffusivities, a‘modification of thé

StefanfMaxwell equatiOn'was used. vThe Stefan-Maxwell'equatioh is3
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while the wvalues for D_.
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| _ J -
= — - S | - (A-VIII-5)
=1

where Ni and N are the molar fluxes of the components,' C is the .

J

concentration, i and :yj are the component mole fractions, and n 'is

n
};& (l/CDij)(yjNi-yiN.)

_the number of components. In a system of four components, if N2=N3=Nh=Q

Eq. (A-VIII-5) may be rewritten as

A 1 - yl . . _ - : _
D, = . : - (A-VIII-6)
D..*D._*D | |
12 13 1k
Similarly, if Ny = -N,, and N, = N) = 0, the simplification is
1+2y 3
D, = — (A-VIII-T)
im |, y Y y ), '
2°1 73
D D Dy

12 13
Thé actual situation encountered in the present system, with both -

HCl and Hzo,having non-zero fluxes, is intermediate between these two

cases. ﬁecause bf the high mole fraction of air, the values thainéd

by using Eqs. (A-VIII-6) and (A-VIII-T) were nearly the same. As a

"result, Eq. (A-VII-7) was used to calculate the mixture diffusivity,
. with a probable small degree of error. Without temperature'correctioh,‘"'

. the inlet and outlet values of D_. ‘are 0.1807vand 0.1837 cm2/sec,_i'?

“HC1,m

are 0.250 and 0.265'cm2/sec. An average
2 ' :

_ HO,m _ _
value for each system was uSed:and,'assuming diffusivity to be propor4 i

tional to the square of absolute temperaturé;sh the diffusivities were .

written as
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0.1822‘(T/3o3)2 ém2/séc

' DHCl,m

o
1

0,257k (T/3O3)2vém2/sec

T = %K
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APPENDIX IX

Physical?Properties for Coefficient Correction

a

Properties for Oé Desorption at 25°C, 1 atmosphere *

1=

1

0.

1

D = 2.5x10 ° cm /sec (Ref. 28)
0,-H0 ~ ° | B .
My o = 0.8937 centipoise (Ref. 39)

2 S
Py o = 62.43 1b/ft3 (Ref. 28)

5 } .

2. Gas Properties_for Lean'Ammonia Absorption étv21°C, l atmosphere

3.

N

H

Sch

g

0.65 (Ref. 33)

O
I

air

= 0.07h9.1b/ft3 (Ref, 39)

=
]

air 182.7 micro-poise»='1.227x10f5’1b/f£-sec (Ref. 39)'18°c

HC1 Absorption

D

g

L}

a. Gas properties at 21°C, 1 atmosphere

0.172 cm2/sec (Appendix VIII)
0.0778 lb/f-t3 (inlet composition; Appendix VIII)

171.4 micro-poise =‘1.l52XlO_511b/ft sec (molar average

at inlet; -component viscosities from Ref. 39)

b. Liquid properties at 25°C

D

1

3.1x107° sz/sec (for dilute.soluﬁions)28
g e . ' cre 128
0.5868 centipoise (average composition)

62.92 1b/ft3 (Ref. 28)
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The accuracy of these liquid properties is not critical for the gas-

phase~controlled HC1 gbsorptipn»system.

b, co, Absqrption‘

a.

Gas properties:at 21°C, 1 atmosphére

D ‘=_Dr_' = 6;65><10—)'L ftz/secr(estimated using'Chapman—Ehskog
g H27C02 : ' _ R ‘ ' .
formula described in Appendix VIII)
_ug = 6,38§X10f6 1b/ft sec (molar»averagé viscosity at average

composition. Component viscosities from Ref. 39)

oy = pg-150(338.5/29h.0)(1&.7/1&0.0) (pg 150 is the average

‘density in the contactor of interest; see Appendix IV)

Liquid'propertieéAat 25°C

Dl =_O.982x10_5vcm2/éec (Based on diffusivity of 002 in water
at 25°C (Ref. 28) corrected for viscosity.on the assumption
tha_tDl N ul =0.93 (Ref. 33))

Py = 77.% 1b/£t3 (Ref. 28)

Y, = 1.87 centipoise (average composition)
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APPENDIX X

‘Fourth-Order Runge-Kutta Integration for HCl‘Absorpgjon

in a Packed Column

 UCRL-18918

In a form-suitgble for numerical integration, the rate equations

for HC1l absorption may be written as:

. n+l
(L) gy = (L) = SK ooy Mﬁ01»P_/-'_ <7H01'y201) az (A-x=1)
o > A B |
| | n+l, ‘ |
(@) 4y - (Oy), = SK oy o My 6'PJf (o ¥u ) & (ax-2)
| ? 2 n 2 2 |
where: L = total 1liguid flow, ams/hr
G $>£qtal gas_flbw,'gms/hr
xv='wt fraction ovaCl.in liquid
yv= wt fraction of HQO in:gas |
S =Atower cross sectional area, ft?
P = tdtal pfégéure, atm
2z = length coordinate,bft
yj = mole fractign of‘éomponent‘j in bulk.gés :
y§ = mole fféction of cbmponent_j iﬁ éQuilibriﬁm with liquid N
of composition x at point in column
Kéaj = mass—trapsfer coéfficient for compone?t Js em mOleS/atﬁf 
£t3 nr | |
M élmoléCular wéight‘of tfanéferriné sﬁeciés3jJ

J

The simultaneous integration of the'fwo rate equations is similar

to a problem solved by_Lapidus.36 To perfofm the Rungé—Kuttabintegrétiong

-,
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the equations must be capable of being rewritten &s:

o a(ix) = F(Lx,Cy) dz S : . (A-X-3)
a(Gy) = G(ILx,Gy) dz , - (A-X=14)
-Th. .. l. ‘ '. . ( v * ( ¥ L ) t b .
is implies that the quantities yHCl_yHCl) and yH2O - szo must | e.

expressed soleiy in terms of» Lx and Gy.v This was done through the

foilowing set of equations:

GHCl _, = GHCL - (I.Jx)mkl + (Lx)n. o | ’(A-st)v
1 =.GH20n )y - ey _ (A-x-6)
Yic1 = GHCL .+ éiﬂgl)n+i GH, + Gai (4-%-7)
ntl T 2n+l T2 7 T =
»yﬁ o = WA T GHG§2 n+i L RETLE (ax-8)
2 ntl T 2rpel e TR -
w1 T Iy * () - (k) ey - (0D, (A-X-9)
(Lx)_, 5 Co
o n+l : ' ' o (A—Yo
*n+1 T T _ : : (A-X-10)
_ n+l : o
* ) . L . . . ) " - ‘.
Yacr = T(%p4p.T) o o o (A-X-11)
anl =G+ (Gy)n4l'—'(Gy)n-- (Lx)n+l +.(Lx)n' _ (A—X4}3)
- L= s ) 3 . s v - ._
AP/A f(Ln+l, G ,,» Physical and equlpmegt properties) (A-X ;h)
Kgaj = f(Ln+l’ Gn+l"AP/ALf physical propertles) (A—X—lS?



'where GHC1, GH,0, GH

'. and (A-X-4).
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° Gair are gas fldw-rateé of.cpmpogent gases,
gm moles/hr, T is the system temperature, and Mi is the molecular_weight
of componert i.

Since Lo’-G s x',.T , GHC1 , GH.O ,:Gair, gnd*GH .are initially

o” "o’ To’ 7o 20 2

set, this set of equations satisfies the requirements of Egs. (AFX_3)

| o J

Integration is initialized by choosing Az and guessing a value
of T at a point Az up the column. (Lx)n+l and (Gy)n+l are calculatedlg

by the scheme:

azFl(Lx) |, (o) ]

k =
m = AzG[(1x) , (Gy) 1 - o (A-X-16)
.;kl = AzF[(Lx) +1/2 kK (Gy)n+1/2 mo] | | |
m, AzG[(Lx) +1/2 kq, (Gy)h+1/2_mb] - _ '(A5X—}7)
k= AzF[(Lx) *+1/2 k), (Gy) +1/2m 1 | 3
' m, = AzG[(Lx) +1/2 k , (Gy) +1/2m,] . (A-X-18)
ko = AzF[(Lx) +k,, (Gy)  +m,] | o
my = 82G[(Lx) +k, 5 (Gy) +mp] | - V(A-Xflg)
(L) o= (1x) o+ 176 (k) + 2k + 2k, + k) o (A—X?19)
(Gy) = (G, 1/6 (m, + 2m + 2mg * m) - (A-X-20)
With the new ca;culaf?d Yalues of (Lx)n+l and (Gy) 1’ the heaE:

balance over the increment Az is checked. If the heat balance-does;ﬁpﬁj‘
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check, a new valué of temperatu?e is selected, and the values of (Lx)n+l
ahd (Gy)n+l are reéalculatéd. The brocedure,for éonverging on tempera-
ture was a'Reguii-Falsi iteration scheme, similar to thatgdeécribedvin
Appendix_v.

This procedure continues for Az incréments up'fhe coiumn until
a selected boundary conditioﬁ——sﬁéh as the independently set value of
the outlet HC1 composition—is reached, and the sum of the Az's represents
the cblumn height.

.Since the changes_in"compqsition and temperature were greatest}:
>in the eafly parts of the contactors, the algorithm was made more
efficient by using é vafiabie step size,‘A2; which'wég émali'at the
eariyvs#age of the contactor andfinérééséd”by'20% at éach sﬁccessive.f
step. The performance of the techniQue was tested byivafying‘the initiai

step size aﬁd,comparing'the column heights calculated.
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APPENDIX XI

Flow Equations and.Determination of Column Lengths

for the 0,-K,CO. Systen

1. Flow Equatlons for the CO -K _CO System——Sample Calculation -

2 ﬁ ’)

The molalltles of K CO3 and KHCO3 may be related to the molality
[

of unconverted K CO3 by the expres31ons38 B ‘ o

- MKHCO

3 2Bf(M1K2003) . o . (A=XI-1)

MK,CO., - B(l—f)(M1K2CO3) o DR - (a-x1-2)

where: MiK_CO. is the molality of unconverted K,.CO

2773 2773

(amount of CO, sbsorbed)

o 2
- (maximum stoichiometric amount of CO, which may be

CO.)

‘absorbed by a given concentration of K,CO,

fraction conversion

v}
n

factor to account for water consumed in the reaction

ovaO2 and K2003. ' | - | e
55.51 | ) - L
55.51 - f(Mleco ) N ‘ . (A XI:3)

At 25% K,CO ‘the maximum stoichiometric loading of K,CO, is T7.09 -

3’ 2°°3

standard cubic feet of COé/gallon of solution.

Molality of unconverted'25% KECO3

At 150°F sp gr. (150/60) K2003 = 1.215

_Density of H,0 at 60°F = 0.999 gm/cc

i}

ngght of KQCQ3Y

(1.215)(0.999)(0.25) = 0.3034 gm/cc
 Weight of H,0 |

1.2137 - 0.303k = 0.9103 gm/cc

- 0.3034 gms K,C /cc 1 g&m mole

MKCO5 = 0.5103 gus H 0/cc *138.2 gms K 200 x 1000
. _ gm moles K 3
M1K2CO3 ;’2.40?8 1000 ams H 5

2
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Flow equations—co-current flow

3

vneglecting density ¢changes withvreactiqn,_the mplarities of K2CO3 o ‘ T

' Based on the stbichiometry of'the C02—KECO reaction, and

and KHCO., may be related to the>molarities»corresponding to the

3
inlet absorbent:loading‘by:_

-

- (kHCO,) = (KHCO,)  + & [GCO2° -ey/Q-y)l (A-X1-4)
(k,04) = (cho3)O - 7 [6co, - 6T y/(1-y)] _ (A-XI-5)
where: F = Absorbent flow rate, liter/hr
GC_O20 = initial 002 gas flow, gm moles/hr -

GI = flow rate of gaseous inerts, gm moles/hr 

¥ = bulk mole fraction of COQ-in gas

. Plow equations for single-contactor case

Inlet Cco

5 loading = 2 SCF Cog/ga110n\of solution
Therefore, f = 0.282 |
B = 1.0123
so that: - MKHCO =‘1}3727 gm moles/lOOQ gm H0
| MK,CO, = 1.7468 gn molés/;oop gn H,0
At 28% conversién, Py = 1.2217 gm/cc
Conversion to molarity: ' : v ' ;{i: ' *

e , 1221.7,gm/1iter 5 .
[(1.3727)(101.1) + (1.7L68)(138.2) + 1000.0] gm/1000 gm H,0

= 0.88516 (1000 gm Heo)/iitef

(KHC03)§ (1.3727)(0.88516) = 1.2150 gm moles/liter

3)0

(K,cO ,(1;7&68)(04885;6) = 1.5462 gn moles/liter
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F = 232,638.87 Liter/hr
GI = 3lh,637§2h am mbleé/hr
. , ' . GCo, = 76,765.57 em moles/hr
. ' " Therefore: (KHCO3) =.l.87h8 - 2.70kT y/(l-y) gm moles/liter (A-XI-6)
| ' (K2co3') = 1.2163 + 1.352k y/(1-y) gm moles/liter i - (A-XT-T)

\

The flow_eQuations for the other contactor combinations may be calculated

similarly.

2. Evaluation of Column Heights for CO,. Absorption
.The integrals to be evaluated in determining the height (or
) iength) or the contactors,usedifof‘COQ absorption were numerically

integrated using Simpson's rule. Simpson's rule may be stated as

b - R .
‘Jf f(x)dx = %i{f(io)bf.h{f(xl) + f(x3);+,f(x5) +H;.. + f(xﬁ_l)J
+2lf(xy) + £(x) + oo+ 2(x )]+ £(x )} (A=XT-8)
where h = 2=2 , o ’ . ‘(A-Xi—9)
m , _ . _

S.
1}

number of equal sized intervals at the ends of which .the
function is evaluated., According.td,thevabove notatibn, m -

is an even integer.
"

Co-current packed column

Thé.integral which is to be evaluated may -‘be written as .

3 (Cog)out{d(cog) -
10° N (A-XI~10)
Teod, P |
a1

n
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‘The variables may be related by the followihg equations and constants:

(C03) = A + B y/(1-y) gm moles/liter (A-XI-11)

(Hco;) = C - Dy/(l-y) enm moles/liter - (A-XI-12)

where y.is the mble fracﬁion of 002 in the bulk'gas and A, B, C; and D’
are constants (see Eqs. (A-XI-6) and A-XI-T))

H = HW><,lO_KSI gm moles/atm'cm3 . ' . (A-XI-13)
in which H is the physical solubility constaht and Hw is the physical-
solubility constant for COé in water.

3

HW = l.l6><lO-5 gﬁ moles/atm cm
K = 0.06
S
I= 1/2[6(00;) + 2(HC03)] gm ions/liter ' . (A-XT-1k)
K, (Hco;)2 7 (Hco;)2 3 | o
¢, =g ——Z—=1.525x10  ———gnm moles/cm” , (A-XI-15)
™M1 (col) : (col) -
37 S 3
" Procedure:

1. Knowing y, and y_ ., compute (CO3)in and (CO3)Out using Eq.
(A-XI-11).
2. ‘Chdose number. of equal intervals, m, over which integration is to _'

océur; define
o= [(003)in B (co )out]/m

3. For (coS)in, (003)in - h, (co3)in -~ 2h, ..., (003)out, calculgte 'y

using Eq. (A-XI-11).

L. caleulate (HCOZ), , ..., (HCO using Eq. (A-XI-12).

3)out
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5. Calculate I, H, and c,.

1 .

6.1lf(xi) = ﬁﬁ;:a;‘

The evaluation proceduré for the‘annulaf—flqw contactor is
similar;vwith_the addition of equations relating y ~to Ce'and’Ca.



~180- ~ UCRL-18918

APPENDIX XII

Nomenclature

The dimensions of the nomenclature used are expressed in terms -

of length (L), time (t), mass (M); force (F),'fhermal'energy (H);'and

. A A

temperature (T). More specific dimensions, consistent with various

A

a

~dry packing area per unit volume, L

'_equivalent'Cog'concentration in entrained droplets; mole/L

equations and correlations, are given in the text.

numerical constant
interfacial area per unit volume, L™
numerical constant
-1

cylindrical area per unit.volume of spray tower, L_l

area per unit volume associated with sprayed droplets, L—'l

factor to account for water consumed in reaction betweeh

'Cbz‘and‘K CO., dimensionless

numerical coﬁstant

numerical constant

numerical constant

concentration of qomponent‘ip liquid,.mole/L3' 

equivalent CO concentration in annular liquid, mo’le/L3

2
concentrétion'of free carbon dioxide in the bulk_of'the
‘solufion, mole/L3

drag coefficient, dimensionless

3

reagent concéntratibn, mole/L3

heat capacity per unit mass, H/MT



Cp(molar)

C*

GI -

Gi

G
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heat capacity per mole, H/mole T

concentrétion of phyéically dissolved 002

- interfacial gas éohcentration, mole/L3

mean molar heat capacity,xH/mOIe T

numerical constant

‘mass concentration of entrained droplets;'M/L3

diffusivity, Lo/t
contactor diametef, L

numerical constant

equivalent spherical diameter of particle, L

bubble or droplet diameéeter, L

dimensionless bubble diameter

3

ehergy'dissipation per unit volume, LF/L
entrainment, M/t

Murphree stage efficiency, dimenéionless

- volumetric liquid floﬁ'rate, L3/t ,

Frounde number, dimensionless
fraction conversion, dimensionless

friction factor, dimensionless

‘mass gas flow rate, M/t
molar gas flow rate, mole/t
molar gas~flbw rate of gaseous: inerts, mole/t

. molar gas flow rate of component i, mole/t

mass gas flow rate of gaseous inerts, M/t

gravitational cohstant,_ML/Ft2

»UCRL—18918

.in-equilibrium'with



#

' KAs(bH)

K
-8

Kg'

3

-;8?— : UCRL-18918
Henryfs,law.solubility COnst%nt, mole L2/F L3 '
. I
heat'of dilution per unit mass, H/M
inert free_gas‘enthalpy per unit mass, H/M
enthalpy per\unit_maSS'of inert gases, H/M‘
liquid enthalpy, H/M |
Henry‘s‘law consfantlfor solubility iﬁ'waxer,.mo;e LE/F L3
heat of vaporization of water per unif mass, H/M
measﬁre of 1a¢k of éloSure of heat baiaﬁbé, H/t

integration interval for application of Simpson's rule

~ionic strength; ions/L3;

interchange‘rate,.M/Lt
interchange rate, M/tL2

factor to account for diffusional mass transfer, dimensionless

v proportionality éohstant felating Y to- Bg’ dimensionless

first dissociation constant of carbonic acid, mole/L3
second dissociation constant of carbonic acid’, mple/L3
stoichiometric dissociation constant of‘As(OH)3; mble/L3

over-all mass-transfer coefficient; L2 mole/FL2t

over-all,mass-transfer coeffiéient characterizing diffusional
mass transfer in annular flow,iL2 mdle/FLZt

solubility proportionality constant,'dimension1e35~

6

equilibrium constant for water-dissociatioﬁ, mole?/L

" numerical constant

mass-transfer coefficient for interchange, L/t

mass-transfer coefficient for steady—statevintefchange, L/t

second-order reaction rate constant, L3/mole t

G



As.
k a
c

NTU

P

AP/AL

_constant representing equilibrium approach, dimensionless

-183- S UCRL-18918

rate constant for arsenite catalysis, L3/molé.t-
gas-‘-phase' iﬁas-s—trans fer coefficient, t
3

gas phase mass transfer coefficient; Lgimoié/F L° t

thsical liquid ﬁhase masé-transfer coefficient, L/t

rate constant accounting for reaction of 002 with hydroxide
“ions, L3/mole t

mass liquid flow rate, M/t

mass flow rate of liquid in-annular film, M/t

" length of individual phase transfer unit, L

- molecular weight, M/mole -

numerical constant

~number of intervals in Simpson's rule integration

rate of'interchange mass transfer,“M/L2t

number of dispersed spherical particles

. number of individual phase transfer units, dimensionless

total pressure, F/L2

pressure drop per unit length, r/13

(AP/AL)* preséure drop ﬁer unit length based on gés or liquid

© © o o

propefties and combined'phase véloqities, F/L3
partial pressure §r vapqr pressﬁre,aF/Lé
fgtal enthalpy per unit time, H/t
volumetfic floﬁ rate, L3/£
entﬁaipy of inert gases per unit.fimé, H/t -

universal gas constant, ML2/t2T mole



©

'hom

hom'
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absorption'rate, mole/L2 t
holdup of dispersed phase, dimensionless
Reynolds.number,vdimensionleés
entrainment parameter, ML2/Ft
gas holdup, dimensionless
_liquid.hold?p, dimensionless

’ 3

chemical reaction rate, mole/L”t

radius, L
. . ; L2
-cross sectional area of contactor, L

* Schmidt number, dimensionless

droplet surface area, L2
slope

temperature, T

reference temperature, T

time, t

ﬁomogeneous vélocity, L/t
modifiea"homOgenequs‘velocity for packed colﬁmh, L/t'
fluid velocity, L/t

slip velécity,'L/t'

terminal‘veloéity; L/t

critical Weber number, dimensionless

‘energy per unit mass, LF/M

"liquid phase concentration for correlation of physical

f

properties, various units

mole or'weight fraction of component “in liquid, dimensionless '

weight fraction of solute in annular liquid, dimensionless -
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weight fraction.qf'solute in.entrained‘liquid, dimensionless
bulk gas mole or weight ffaction, dimensionless

inﬁerfacial gas’molerréction, dimensionless

ratiévof velocity of gas fo combined velocities of gas and

liquid, dimensionless
C]

[
i

~ gas mole fraction in eqﬁilibrium with bulk liquid, diﬁenéionlessf-

.

length coordinate, L

total length, L

Greek Letters

e

(x

activity coefficient correction for carbonate ions, dimensionless

~constant in Ergun.equation, dimensionless

" activity coefficient correction for bicarbonate ions, dimensionless

constant in Ergun equation, dimensionless
activityvcoefficient correction for water, dimensionless
convergence interval, T =

packing void fraction, dimensionless

2 1/2

1 » L/t

+ leeco)

 droplet holding time, t

density parameter, dimensionless

. viscosity, F/Lt

density,’M/L3 
surface tension, F/L .
function of molecular radii, L

Lockhart and Martinelli parémeter, dimensionless



“h .

D. ..
1J

atm

ds

mix

sV

tp

50

90

95
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viscosity correlation parameter, dimensionless
Lockhart and Martinelli parameter, dimensionless

viscosity and surface tension parameter, dimensionless

" function of temperature and intermolecular fields, dimensionless

Subécripts-' ' .

corrected for atmospheric conditions

~critical
© . mean diameter—surface

. gas

of component i:
of component i in component j

of component: i in mixture

- liquid
" mixture
-mean surface-volume

_fvovphase'

initial.

. exceeded By 50%

-exéeeded byvlo%

exceeded by 5%
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tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or h

B. Assumes any liabilities with respect to the use of, or for damages
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