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Equilibrium distribution data. and extraction rates are presented

for water-solvent systems usinga.cetio acid as a solute. Expressions

are derived for correlating extraction rates for both the turbulent and

transitional flow regime by-means of hydrodynamio and diftusional concepts.

The extraction rate for falling drops has been investigated tor

stripping acetic acid£rom the dispersed solvents-carbon tet1*achloride,

benzene, toluene, chloroform, methyl isobutyl ketone, and isopropyl

ether- into a continuous water phase. It is possible to def'inethe rate

or extraction in the turbulent regime by .e~s o£· an overall mass

transfercoef'ficient based on a fictive tilmin the dispersed phase.

In the transitional regime of fall the rate of erlraetion .obeya the

diffusion law for spherical particles.

Over the tU1*bulent regime of fall, which extends above a Reynolds

number or 300 to 350, it is possible to express the ~al1 extraction

coefficiant by the relation:

where Ko -overall mass.transfer coefficient
d -drop diameter
Di ... molecu1ardittusivity
.""...". viscoSity
P density

I.~. interfacial tension
V velocity

subscript d -dispersed phase
e »continuous.phase
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~e resulting overall mass transfer coefficient must be multiplied

by a correction factor, {2....n)/n~ when stripping acetic acid from a

dispersed nan ....polar organic liqUid ~ where n is the degree of association.

This factor represents the fraction of the solute molecules which exist

8S single molecules· in the organi.c liquid.. Since acetic acid exists in

water, as unassociated molecules, the rate or extraction is approximately

equal to the rate at which the s.tn,gle acetic !\cid molecules. dif:t."'u.se aoross

the lam:inar boundary film of the dispersed organio liqUid. The rate of

dissociation ar the double moleoules in this same laminar film seems to

be sufficiently alOW,9 that its contribution to the rate ar extraction is

minor in relation to that of thes.ingle molecules.

In the transitional regime~ over the range of Reynolds number

from 100 to 300, the resulting rate ofextraotion agrees with the diff'usion

6quation. The overaU mass transfer ooef'ficient is given by:

_-._-~

I
,)

1

~~-~. ·-ttl Di g

whereL - £lowrl:lte of the dispersed phase
A.., interfaoi!\larea
Q .., time of'contact

(
10 :~. In{1T Z

A 1 6

[

No experimental data are given for the viscous range, since

modifications would have had to be made in iilieapparatus to provide

sufficient pressure to obtain dro'(1!S of a small d.iameter. However, most

1ndustrial applications involve either the transitional or turbulent .flow
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regime and hence the previous correlations are more useful for design

purposes. The relations involved in the Yiscous region wOJ,lld be expected

to involve the diffusion equation with the resistance of the continuous

phase also becoming. important ..

In investigating the hydrodynamics of the falling drop column,

drop deformations were observed ;in the turbulent flow regime a The

deformation inareasedwith diameter, approaching a limiting value such

that the major diameter is twice the minor.. The velocity, as a function

of' drop diameter)l passes through a maximum in the turbulent regime and

then decreases in contrast to the behavior predicted by Newtonts law for

falling spheres " The efreets of deformation on both theve10eity and the

rate of extraction .haV'e been taken into aecount in the corl'elation for

the turbulent flow •regime by including the Weper capillary group..

Largeend"'effeets were found to occur in the falling drop column.

Alth.ough nO correlation was developed for this efrect, it was round that

the added extraction occurred during formation of the railing drop at

the nozzle.. The end...efi'ects are not only a fUnction or the properties

of the dispersed phase but also depend on the size of the nozzle, the

size of the drop formed~ and the time of drop .formation.

In order to correlate the rate of mass transfer in solvent extraction

systems in .terms of film coefficlents, a thorough knowledge of not only

the hydrodynamics but also the chemistry and molecular di.ffusivity is

needed.. '!'he rate of extraction is governed not only by association and
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and disassociation ot the solute molecules, but also by forces ot attraction

betweent,he solute and solvent molecules, Buell as with solvation. Insuf

ficient data on these Phenomena. pIns the lack of relia.blecorrela.tions

tor themoleeular diffusion coe-fficienthi.n.der the evaluation ot rate

constants for many solvent extraction operations. (bee the chemistry

or solvent extraction. aystemsisunderstood,a.nd reliable hydrod;ynamie

correl.ations have been. obtained., the der.ivation of rate equations tor

paek$d columns .should be possible.



1J.quid~quid extraction has}' (during the last few years) been

the subjeet of' many articles in the technical literature. However, most

of these· mvestigations have. been concerned with perfqrmance datsfor

specif'icconditiO!1sandequipment. Theoretical correlations, such as

t,ho$eof' Colburn"7 have been used withpsrtial suocess in explaining the

results. These correlations cannot be extrapolated outside the range

of canditions tor· which the experiments were performeQp since in general,

the variables were not separated.

If solvent extraction is to be placed on as strong a basis as

heat transmission. $J. and if extraction. rate coefficients are· to be premictedp

it w111 be necgesary- to develop more fundamental :information.. It will

not be possible to correlate paeked.eol\Ulln extraction data many mOl"e

than an empirical fashion until the mechanisms involved are thoroughly

understoodo

Xheinvestigation of solvent extraction rates in industrial

elquip.rn.ent involves not· only the study of hydr<Xly:nwcs but also the

study o'freaet.ionratas and the study of mass tranS£er. In order to

correlate solvent .extraction· data. it must be: possible to calculate or

dete:rmine by measurement. the hydrodynamics .of the system involved.

Hence1 a packedeolumn is notsatist'actory for a fundamental investigation,

sinC$ seldom is either the area or the manner .0£ flow either measurable

ol"statico
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The relatiQUs governing ~ss trans:ter coefficients, which do not

involve a ki.'letic r~~ction.l> should by analogy to heat and momentum

transfw be a function of the viscosity p density, and interfacial tension

of the fluids;[I as well as a funotion of the hydrodynamic variables fluid

dimension and velocity.

The objeotives of the program of investigation undertaken were

thus defined aes

1.& The selection of' an extraction apparatus for Which the hydr.o.
~amicscou.ldbe determin~ ...

2. The ch.oice of' solvent-solute extraction systems whose
chemdcalbehav-iors are .similar...

.,
31) The correlation o.f the rate ot extraction in terms or the

physical andcnemoal variables mentioned above by
successive variable·elimination..

40 Evaluation of the results, to obtain extract1on.rate
cQef1'ieientssnitable for design of spray and perforated
plate columns.
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A preliminary literature search wasmada for inf'onnation on the

ehemistryot solu~olventqst~ms.9 the hy'drodynamies of' counterc-url"ettt

liquid-liquid flow, and the rate of extraction, .fn both experimental

and md1.1Stt'ial aquiptl1$'1to 1he ohemi.stry or solute...aolvent systems is

discussed in most physical chemistry tax,t books in. a descriptive manner.

There appeared to be no information on rates or reaction for the

association .. dissociation l"Eltilction in non-polar liquids. Also, the

exaet. magnitude .and •effect or solvent...solutetorees.was mentioned in

only a qualitative manner ..

Although hydr~smicsha$been the subjeetof' many investi-

gations" the hydrodynamicso£ liquid-liquid systems is not well under

stood~ Correlations for the flow •. of' .fluids .through packed beds can be

2~ pry
found in books by SherwOOd J •• and books by Perry, . These however, are

empirical •• and donotexplainthe£luid mechanics or liquid-liquid flow.

Stl"ang, Huntel" and •. Nash24 established the hydr.odynamies of flow in

wetted.-.'Ilall towers'lt mail" work. indicated that the change from streamline

to turbulent· f'lowoci:mrs at a.·.1$ynolds number dependent upon the physical

properties and. motion of thet\1l'o f'luids in contact, and thatafJ a result~

turbulenoe oocurs at a lower value of the Reynolds number than .for flow

in circular plpes#
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1'i1e hydrodynamics of talling. solid spheres has been extensively

in'V'eBti.gated and is presented .in books by. Ve.nnar~ and. other authors.

The data do not apply to f'lui.d<sphereslllhen th.ey de.form in shape.

!he available :tn.:rormation most a,pplieable to thebydrodynamies of

liquid drops is ·that for systems· or gas bu.bbles dispersed. in liquids.
;.)

By making use of analogies, the information of' OlBrien and Qosline"19

andJ:iyagiIS can be used to interpret. the hydrodynamics of liquid drop

1"ha b.ydr~BJIlics. of liquid....liquid flow :in a slanted tube column

was investigated by Bergelin and. Lockhart"3 7hey observed in their

glass column the eff'ects of flow-on the interface separating two counter

current flowing liquids.. The interface was :tound to 18 well defined and

probably stagnant . when the mass veIt)Cities Of the two liquids are the

sSJl1e.lb.en the :mass velocities are quite far apart, extreme turbulence

and Wave·formation· were observed .at the int.ertace.

Investigations on the rate ofma,ss transfer have been made for

majo.....ity or the results are reported in terms of S'U;ch eoncepts as

Col'burn ts7 B.T.U., or as H.E.T.S. values, or lr.vmeans of the volumetric

overall transfer coe:fril:ient SJ Ka. Most of thaseare applicable to a

pal$°icular situation. and. cannot be. enrapolated far from. the conditions

for which the experim.ents were l"'tmo

$b.el"lfo¢d, Evans .and Longe:or44 investigated ·enraetion in both the

single drop tower and. .i..~ packed eolunms. Over$ll mass transfer ooefficients
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were determined as a f'tmction of dropd.:i.ameter in a single drop tower

f'iXrseveral $ol'1rent~~ Appre,~iabl& extraction llTas f'otmd to oceue d\U'ing

drop f'ormation~orwithin a short distance of the nozzle. 1"heuncorrected

overall mass tranaf'er coefficients were compared with the ·resultB pre*",

dieted by thelawsofdit.f'usionandwere •found to be much largel""l No

efforts were made to relate thereaults of' the single drop tower to the

variables of' the systems employed. The remaind.er of their investigation

was devoted. to packed columns~ •The. •effect of both continuous and dispersed

phase ;flow. rates on the overall volumetric mass transter coefficient was

measured and the imponanee.·of these two variables. :in .: packed column

pertormeneenotad.

Bergelin andw~khart3alscinvestigated the extraction of isopropyl

alcohol .from. a tetrachloY"etl:l$lene .liquid. phase toa water. phase for

count$~~l'ent liqllidf'low in ahol"iz<mtal tu.be. 'l'hel were able. to

estimate their int.4ri'aeial area. and thus to compute values. of' Eo. When

themas;s velocities. of the two liquids were.thesmnep the .overall mass

trans1'er coefficient passed through amitdmUU1,due probably to a zero

interfacial velocd.ty whi.ch,;}reated a stagnant film in each phase. 1he

highest rates of extraction. were observed when the interrace was in a

condition of: turbulence"

Important advanoes ha:ltebeenmade in relating the basic mechanism

of extraction. to the properties of the liquids involved usingwettedt.llwall

colU'R!tls. Fallah~Hun.ter and Nash.l2 round the kerosene .or wall...f'ilm
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column to be expressed by:

A major disadvantage with the use or wetted-wall colUJ1Dls is that

the veloeit,y of the wall liquid must 'be 5 to 20 tilaes that of the core

liqUid in order to imparl stability to the systeD4t As a resu1t~ the

ove.rall mass transf'$1" coef:tieient depends largely upon the rate o£

diffusion in the core liquid~ and changes ihtha velocity of the eore

liquid produce larger changes in the overall mass transf'er coefficient

than do velocity changes in the wall liquid.

St1Jd.1es an the effect of core and wall fluid flowrates on. both

the in4ividlUil and overall extraction rates have been made by Colburn

andWelah,8 Treybaland ·Work:125 @nd COBdngs an,d ~iggs.9 Brinsmade and

Bliss'd.etermmed the overall extraction. coet£ieienttor the extraction

of' acetic acid from methyl isobutyl ketone with water. By various

simpli.f'ying aSSU11pt1ons they were able toseP81"Ste the individual film

coefficients to obtaing

( ·..1... 0.62t:.w
•

(1.,;Dw
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l'etone was· used aethe. eore liquid .and water as the wSlll liquid in the

.$pray towers. and sieve plate. columns have been tb.esubject of

m.any investigations in .recent .. years. Most of these have been madeusin~

multiple; spray nozzleso:b a result!J the exact dl"opdilnensions have not

been knom~ •and .the •results are usally expressed as volumetric overall

tranS£er cO&fficien:tso .11gin .and .Browningl1 studied the transi$:" of

$cet:f.cacidD;oltween water and· isopropyl ether and presented. an analysis

tor the theory or spraytow9l"s..

Johnson snd:Bl1SS16 as well as Appal and Elginl stUdied the

variaM.onof' Bra with dr~p.diameter')Th.e overall.volU1\'l.et1'."ic mass transt"er

coetf'ieietl't •wastOUtldto baa~ in the range ot. dropdiamaters

from. 0</1 to O.,Zinehes.:rn,addit,ion cl:Nm.ges in the .dispersed phase

velocity. had little ·.e£f'ect·on. the .: Etttraction coeffieiant over the range

ot drop d1ama1;;erat1'."Qm O~lto· 0..]6 inch.es~ .A precise iJltarpretation of

the data in. all of these $Xp8riments •was impossible beeaUSEl of lack or

information. on the intar£acial p$a.

It ia apparent .trom·. the literature S'tlX'Vey thSlt it is necessary

to de1H'~rmine.the amc;t inter£ae.i~l area in an extraction apparatus,

i:f the t:'!mdamental relationships are to be evaluated. In the literatmoe

reviewedp the Tna.SS t.ranafer eoef'.f'icient •appeared to depend upon both the

molecular dit'tusiTit,- and t.h.a •flow rateo .fhUS8

KLo<.n .'/' what'e n v8tl."ies from 0 to 1
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In e¢pm,ent where mass transfer JIl8Y be thought of as being aeross

:Cilms, the Mt&1"$p-mass transfer coef'.f'icitm.tcan be expreased in terms

of the physical properties en: the •• system by using .: analogies to heat and

lIlomentwa tl"ausf'e1"~In the caseof.spra:y columns}) not only will these

same.: PhYsical properties atf'eetthefilm coetfioient s> but also the

surfac,e tension sh~uld.entar •• the correlation.



CHAPTER IV

From a rewe Qt.previous.invastiga.ti0118 and the objeotiV'es o£

this program it was possible to set up. oriteria for investigating the

controlling variables in solvent ••• extraction. It was aPParent that the

intel:'taeial area must be known :i..f the e:f'feetofvariables .suchas the

physical prop$1"ties of the system 01'1 the extraction coeffieient were to

be determined.

The QD.1y •apparatus available/or whioh the inter:facial Sl."ea.

could .be measur~ were the .single ·•• dr,op tower l' the slanting ·horizontal

tube CQlumn and the watted-1ll'all· oolumn.

The .slanted tubeoolumnwas. not used. because of the large liquid

flows resultingtrom the useot aeolumn o:f suffioient d1mneter to e-Uai...

na.tewal1 effects. ·The·. wetted....all column. was not u.sedbecauseof oPerat

ing difficulties associated.withfo~g a thbl. liquid film on the wall

and withoontroillng· flow rates. Slnce the single drop tower such as

employ$dby Shan-oOth Evans and Langco~ had none of tilese disadvantages

it was ·seleoted for ·.the investigation.

!he specific d.esign of the •. falling drop tower was chosen to

min1mi$$ the complexity of' in.'te.rpretingthe d&ta. Thus the tower

diameter was made much larger. than the drop diameter so that tha wall

would have no etteet on the .hydrodynamics of the .falling drop. The
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effective column height was 'Varied using the same column by varying the

distance that the noazle extended into the oolumn.

The dependence ot the concentration analysis on. an exact material

balance was eliminated by 'tlSing a small volume ratio of dispersed phase

through<;;>put to continuous phase. The material balanoe and driving torce

W'e.re then based on the dispersed phase analysiso Further J} water was

used as the oontinuous phase in the 1D1i\jorit;y or experiments and the solute

st,ripped from th.e dispersed phase. This made it possible to discard the

continuous phase atter each run.

From previou.s investigations it was apparent that the film coeffi

cient tor mass transfer is a function of the physioal properties of the

film 80nd the film dimensions. In order to separate the affects of each

of' these variables~ only one property was varied at a time. '.l'h.en by

mathematiealanalysis each property was introduced. into the tinal

correlation. This method. or separating variables Should give a more

satisf'scto17 correlation than that which could be obtained by making

assumptions using d:imensio1'.l.1eas groups. Unfortunat.ely, many d.ata are

needed to correlate a small number of factors by this method.

The chemical systems employed. were seleoted tor easa of' solute

concentration analysis in both phases. Two immiscible solvents were

used as the two .liquid phase and only <me solute entered the dif.fusion

process from one phase to the other. To facilitate the computation of

the driving force a solute was chosen which Was preferentially soluble



in the oontinuous water phase. Finally the two inunisoible solvent·s

were chosen with a lal'geintertaolal tension, since many reagents are

available for lowering the in:tert"aoial tension buttew tor raising it.

Because wat~r was to be used as the coptinUO'USpl1ase it was

necessary tose1ect an organic liquid whioh had a large interfacial

tension and low misoibility with water. 'mere are many organic liquids

wMohare :iJtun1$eibl,e with water~ however, because of its large

interfacial tension, carbon tetrlichloride w8.schoseno

!odine was first chosen -as a solute beea\1se of its ease of'

ehemieal analysis an.d because it did not react with the two liquid

solvents0 However, due to its insolubility in water the iodine was

soon discarded in .favor of aeetio aoid as asoluteo Unf'ortunately,

aceti.c acid associates inm.any org~ic liquidso This obstaole is offset

partially by the ease with which its concentration can be determined.

by chemical. $1a1Y81$0 In addition the distribution ratio of acetic

acid between water and carbon tetrachloride vt;r'ies only :slightly with

the concentration cl;ange in each1"U11.

The original technique ofmanipu.1ating one variable at a time

was llotsuceess.ful due to the complications introduoed by the additives

required to vary Bach of' the physical propartie:s. In order to determine

the influence of the pb;ysical properties of the sO~vdnts$ other orgMie

liquids were substituted for ¢arbon tetrachloride and experiments pertor.med

under identical conditions so that results eOllld be evaluated by means of

determinants.



CHAPTER V

As .as pointed out in Chapter nr~ there is little or no

information ·011 individualf'ilm coe.ff'icients f'9rmass transfer in solvent

extraetion •operations. .As. a result concepts. have •had .to be developed

for expressing the. results of' .extraetionopel"ations. Most of the

concepts h$vebe&'Aobte.ined b7 analogy to gasabsorptiono

In order to .study the .: baaic.m.echanism· of' extraction the two film

tb.e~y as proposed 'by Whitman21 C$n be used (I The use of this expression

in gat; absorption hS!$ be.anemin.ently successful. .In the eJl:press1on for

the ova:rall.mass tranaf'er coefficient for gas absorption ~ the gas film

eoaf:ti~iGt ean be l"aplaead byasecond liquid film Cloeff'icient. This

e:1l;PrElssion can beusecl then for liquid-liquid extraction.

Eoa
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1 4- 1
lri; ~or

Eow "" L
.~

K ·10 1- .~kw



31

In order to determine. extraction coefficients on a sound basis,

it. isad'Vantageousto analyse the results mt&l'mS.o.t the individual film

eoe££j.cients. .The choice o1'the .• f'allmg drop column. is ~e.b.1y. auited.

to):' this ~E!~ As the diap$1"sed :f'aJ..1..mg •droPs. .descend. through the

COll.t1nuous columnpnase they Come into contact with tresh eontinuous

pAAse. As. a result a. coneentrs.ti01l gradient does not build up 1n the

contmuousphase.filtn andalmosta1l the resistancetotrans.t'er is in

the .dispersed.· phase~.In additi~s>by dispersing. the·. organic solvents

and .ntakmg .the water •. p.hase .cont.in.uousr .110 is .possible t.o obtain large

.los ~ks4)

Byma2ns. of thek:1netie theory-of mass tr$!lsf'erpthe rate equatiqn

tor the. resiatanee of the •dispersed. film. oan oewritt_8

where
C: coneentration of solute
L ~ dispersed phase flow rate
k~ dispersed: phase film coefficient
A =intertaeia1. area
e ~ time of contact
Ii at eolumn, height
V til disPersed phase or interfacial velocity

The solution of this Elquation is de~dent upon a knowledge of' th.e oon

centration at the interface. AlthOU8h this Cantlot be measured, the

systems used have bean ohosen in order to esti:rnate this coneentratia.n.

Since the eontinuOll$ phase. film. coe.f.ficient •. is negllgiblsjCi ~ c.•.
The ratio of the capacity o£ the contmuouspf1ase to that of the dispersed

phase is large hence the eoncentratio.n of the. water phase is approxime,tel.y

~al"O or· is at least a negligible V'alu.eo



32

It is possible to derives simple exp1"~ssion for the individual

film l;!e$istan~ by integrating the equation shovel! settingOi :: O.

1. dOs/Os e ~ks-DA

Integrating over4(l'i)1'Wmn.a1.ght· II for a change in concentration of the

dis]?$rsed. phas61.frOln fee,d (Or) ·tpproduet (Cr). gi~s~

; h(Cr/er) ~ksA/L

By rearranging the expr,.$,siontha overall. mass t.ranster eoet.f'ieient

based Ql thedispe1"~edpha$·ecarl.be ex:px'essed in. terms ot the individual

dispersed, phase .f'iar coef'ticient.

!Os ,~ ks \'t ~4 la .,(RtZCl'·l
Ii

Another ~on~ept fra<fuently used for correlating extr&etion rates

is that Of' 'the height of a transfer uni,t or H.1'6u~,de'V$loped'bY'ColbtttlhT

The height of' atl'ansta1"· unit (H.T'tU.) isexp:r'6ssed· SSg

L
E:A

dO
C ...··0*

ha:1ghto.fa tr$$ter .: utd,t. are f'illy developed .£01" expressingmraction

in term.&iJ ot e i t.her £11' both phases•

.The rate of extracM.on. can also be calculated. in terms of the

height equivalent to a theoreti.cal stage (H..E"T.S.h This b.as the

dJ.stinet. disadvantage that thev&lues ·obtained ~ary with the solute
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concentration. Asa consequence, it is dillicult to interpret the

result in terms of the .pbysiealpropertles. of the liquidphasEi.

In c~e1aiang.: the results of 'the. experiments reported here, the

:method using the overall extrsct.1on coe.t'tieient, Ko,' was'employed.. The

~onCtlpts upon which this method is· based· sze particularly applicable

to the falling drop tower. In •. addition, the mathematics involved Is

siulple ·'$ldstraight·.·:tornrd.

The. oonol9iPtsmentioned so far 81"emost usef'ul for correlating

data ,in the turbulent· flow reg~. In this regiae there is eddying and

mixing in the turbulent liqUid.core and the primary resistance can be

thought of as being· in a thin outer landnarf'ilm. aeross which the solute

must transfer· by molecular d:i.rtuaiolh In. the regime of viscous or

st1"eamJ.,ine rlmr there is 1J,omixing or eddying ,and the fluid is either

stagnant or,moves in viscous layers. In this J.a-tter regime thelaws

oitrus diffusion aPPl1.

If' the. dispersed drQPS are 6S$Um8d. to be perfect spheres, the

rate of extraction in the viscOUS region of flow can be expressed by

the diffusion equation in SPherical coordinates.

~ .. I1i (.~ ~ ~§;]
The solu.tion or this problem is ou:tlihed in the Appendix.. For the

boundary eOllditions met with in the experiment reported here, the

solution becomes:
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It the flowldthin the liquid drops consists or a viseousvortex,

diffusion equations similar <toiihe above in cylind1:'ieal coordinates can

be derived in order to obtain. the rate of extraction. The flow pa;ttern

for vortex formation is in the form .ot a doughnut and can be simulated

by a oy-liader or 1ntinite length. A complete solution or this problem

can be found in the Appendix.

In selecting thesystem.s for investigation, one of the idealised.
-:

cl'iteriais that of a solute which functions as the same sp$cies in all

l1.qUids under J.nvestigatiQth In addition secondary reae.ti.ons should not

oceur. In.many practical experhtents this condition carmot be obtained

and reactions occursom.etimesin series or parallel with the diffUsion

or the solute. me handling ot such dat.a is extremely dif1'icult but

seve:ralmethods of' aOing so. have been Pr$$Elnted by both ltilhelmZ9 and

SherwooaZ.3 .for the simpler situations.

The main l"EJsistancewhethe1" it be thought or as a film, for

tU1"bulent f'low~ 0.1' the entire mas.s,for viscous tlow, invo1ves transfer

by lnQleeult:\rdi:ftusion. Henee the computation·ot mass tran$f'e.r coat...

ti(ld.ents is dependent on the accuracy withwhioh the molecular dif'fUsion
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a liquid hvolves the kinetios. ot.·.liquids. Since little .is known on

this subject ~ onlyempirioaJ. cOl"relations>srepresentad for computing

the. dittu.siop. .coat£'ioiellts, .no·.: one ..ofwhich .ia·· precise.

Amo1d2 developed.an·. emp1.ricaleorre1ation· tor liquid diffusion

B 1

~.•.. ••••..l •• • 1....- t -
Ma Mb

~, Ill> solute abnQrmality factor
Ab a'solvent abnormality.factor
B ... constant·~ 0.0156 at 6SO F.

~ 0.0143 at 590 F.

The usefulness of Arnoldts equation is quite limited. howeV&r~ due to s.

lack ot suf':tieitmt inf'ormation to eval~te the abn01'1l16llity factors and

other terms involved in the expression above•

..: The re~tionship betwAen dlffusion and liquid viscosity was

brought aut by the elass1!.llal '$iokas-Einetein equation which was derived

for the diff'usion of' large sph9l"ical molecules through a solvent made up

By applying .the absolute rate theory to dif'f'usion; Powell, Roseveare,

and Eyr:i.njl dsri-wed modified the stokes-Einstein equation in order to

£it the obiierV&d diffusion coefficients more closely.,
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whareb varies frOJU J<1f·.tor large .spherical molecules to ·unity for selt

di;t".f'usion. and .• has ~..value ••. of. 2.11' •.f'or lar-ge oylindrioal .molecules. The

use of the equation islimitedbT lack ots~eitie inforJi'lation ant~e
•

shape of the solute molecules.

Although put"ely empirical~ the recent correlation or difi'usion

eoef£'ic1ents presented by Wilke30 is more workable than al1T of the

Vi iii r ltv.
Wilka developed expressions for evaluating F as a flmction of temperature,

soluta and solvent properties It and conaentrationo This equation is

tIS«1 in the aPPOO1dix to, compute ,molecular diffusion coe.fficients for

correlating the overall extraction coefficients.

Thel\yd:rc4y:namicsot:talling solid Sphe1"9S has .been extensively

investigated. •and eorrelatedby .us1ng ••. a •drag .. cO$fficient de£1ned •as a

functionof' ••~ .: Reynoldanumbero..An .• evaluation .ofthe dZ'a,gcoef'ticient

(alas· a fnn,etion Q!'~yno1dsntl1nber.esn be.·found in books oy<PerifO
26

or Vennard " TJnt'orttmateJy,:in the turbulent flaw regime liquid drops

do not· .. behave .as perfectsphere$4 No .intormation on the hydrod,namies

of dispersed liq'ttiddrops:i118 continuous liquid JnMium could betound.

However, many uaefuld$ductiOlls oa.nbe drawn .by aD.$logy to ..correlatiOD.a

presented for gas bUbble.s ris-ingthrough a liquid. '!his latter phenomenon

ha~~ beene1t'tena1velyinvestigatedbyOfBrien and Gosline19and many others.



The experi'mElntal equipmen:t for ~1ng the rate of .liqU:14

liquid M:trsotion is shown in J'1gures 1 "through 6.. !'Wo oolumns of

similAr construction but different length were sploled in determining

the overall mass transfer ooe:f'f'icien't8. !he oolu:mns could be

assem'blied in two different a:rra.ngements dePOnd1ng upon the rela'tlve

densi't1e8 of the dispersed. and continuous medium.. The1 were unpacked

in all exper111llUl't8.

1ha long column shown in figures 4- and 5 18 the same 'tower vl'th

different auxiliary sqUipmen't and with a. ditterea't a:rra.ngement. The

column oonsist.a. of a 3 inch. outer :pyrex glass tube surrounding a :2

inOh inner tube. The outer· tube was sealed. to the imler s:t top and.

'bottom. to proTide for a water cooling ja.cket. Tlt8 made trca 8 :mm.

tube Were proTided at the top and bottom of the jacket for attaching

rubbc hose which 'W$1"& in turn eom»eted to 'the plant wa'ter supply.

Thcm.a.m.eter Ye1.1B Were provided &'t the top and bottom. of the Jacke"t for

insertion of W!I)ston metal the:r.mome'tetrS in order to measure the jacket

water tamperature.

Due to the :hArdening of plastics and the swelling of rubber 01' .

solvents it was n$Cless&ry to USe interohat:l.geabla or ball Joints tor all

connections. '!hue u.le ba1~joint fittinsa Sligh'tly greater than 2

inches in. di8.l.D.e'tor were attaohel to 'the top and. bott.om of the larS.

column. Finally 1 mm. tit.B were provided tor hose connections about
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.3 inches f'rom the 'top a:a.d bottom. ot the iI1t1&r glass tube in order

to provide tor colttilUlous phase88Jl;p11ng and liqUId 1&V&l adJustmen-t.

When disp&ra1ng solventa whioh Ve .heavier 'than the oontinuous

phase th& ~!lt. of auxiliary' equIpm.en:t shoWn in Figu.r$$ 1 SDd

4 was used. The column was lef't open at the top and 'the nozzu

inserted through this opening. 'J.'.b.e noszle was positioned br a. clAlap

attaehed to th& ba:r' which suppor'ts the column. A. connection was :made

"been the 500 ml. separatory ftmnel used &s a feed tank and the

noz!.le 03.means of tygon tubing. The t3goD. tubing being flexible,

&&'bles 'the feed ta.nk: J lfhioh is supported in a rin$fastened. to 'the

.main bar support to be raised or lowered.. AdJus'bzl$nta in flow Yere

made by raising and. laweriag the feed 'tank in eonJwwtion With

adJustm&nt of ~ stOpcock on the bottom. at_ ot tb.e feed te.nk. The

. top sam;ple t.it De eo~ed through. a. ~e-way stopcock to a 500 m1.

separatQ%'y f'um1.el in such a :manner that cont1nu.olls phase liquid. can 'be

added to 'the oo~umn to adjust the continuous phase level, or a saple

be removed..

A .fEillDlJ,!e ball joInt fitting was cJ.amip~ to t.b.& 'bottam. male Joint

and held in plaoe by a ball JOint o1.8mp as shown. in Figure 4. A 6 mm.

glass tube erte.mt$d. from this tamale ball Joint and. vas connected. b,.

an iD:terCt~ble·Joint to a three-aT stopcock:. In the fira't few rUDS,

'the product ws removed by cracking 'the three-wa,y 'V&.~Y& so that the



continuous phase pursed. 1;h$ dispersed aol'ireD:t from the bottcm of

th& column at a. f1xed rate. '!'he mixture was caught in a 500 n.

SEJp8.l"ato17 f"tmt1tlL. Althougll Sherwood, J:vans and Longcor were

auee_stul 1n u$Jing this method of product remoTal, in t1:te preaeat

osse this procedure resulted in the purge tit acting u a Tery

ef'tic1en:t 8&eO~ extractor and f!P.Te results which oould not 'be

re:pt"OduQed. H.enee, the bottom t1t or the 'tDrH-way _lye wu

connected to <& jaOk-legof 6mm. glass oapillarJ" tubing. A. section

of 6 mm.'tlg0n tubing was fastened to the end of the jaok...~eg and.

inserted ato th&50 ml. grad.uate used. as a product reeeiver. By

rats1ng or lOW~1ng the tygon tube 'the hydrostatio bala.nce was

adjuS"ted BO the interface level was held. constant in the tube

erten41ng b'QIJ1 the bo'ttom female ball Joint. The disp$"l"sed phase

tilled the Jack-Ieg and was ctU"ried over. into the produ.ct reoeiY&J:"

by d,isplaoement.

Tlifo tits were provid.ed tor pUX'ging "the eontinuQuS phase fran

'the oolumn after each run. The main buJ.k of the oontinuous phase was

purg$d tbrougp. t'b.e three-way stopooo~ attached to the bottom. ~~e

tit. ~e liquid remaining in the eolllmnbelow this 1;1t is P.urged

through the purge tit on the tbree"'W8.Tstopcock on tb.eJaok-leg lin~.

When the dispersed phase is lighter 'than the oOll'tixmous, ~ -.

droplets ri8e 1i.b.rough the. continuOus ~iquid. and hen,ee, the previous

arrangem.aD:t of Aurtliarr equipment vas reversed. '.rhe feed tank was

su.pported abOTe i;he 'top of the colu:ll1l by a rina as shown in Figura 5.



It waG oonneoted bl means ot 'tyaon tubing 1;0 e. 6 mm. glass. tube

which ran pa.rll.llel With the oolumn to a ~vel below -the bottasl ball

Jo1.n't• !'his L shaped glass 'tuba was cOIlneCted through an inter

cha..'ogeable Joint 'to theeide arm. of a. 'tbree-w&7 stopcock which "in

turn wa~ Cionl'J,ecteJd by its,vertieal 8.rJll 'to the e'tem trQDI. the bott<la

Of'the female ball Joint f'it'ting. The r':1uing am of the tln'ee-W&l

stopcock served. as a. purge tit.

A special female ball joint for supporting the nozzle was used

at the bottom. of' the column. 1i.1stee.d of 'the stem being flush wiiZ. the:

inside1 :1 t erlend$d on up into the base of the column and had. an

interchangeable Joint an top. The w.r1ous nozzles emploYed were

attached to the interM~bl& joint.

The 'Wo a_le 1;lts and con.tinuous phase liqUid level control

U!nk were~ Just as in the pr&V1ous caae for 1ihe heaV dispersed

liquids. T.b,e. f'ama1& ball joint whioh 'Was U.8ed on tb.~ bottom of the

column pre"rlou.aly 'mS at~bed to the male ball Joint t1tt:l.n.g at 'the

top anile. U 8haped 6 mm.. g1as~ tube oonnected to it by means of an

1n"t$ro~ble joint" This U shap$d tube servod as a ,Jack-leg for

product r-.owal ttlld dipped over lnto a 50 ml. graduate. .An interface

level was _:tntained in. tta~ etc_ from the top ball Joint by adJuBtine;

the liqu.id laval. 'through the conUnuou8 phase J.evel. control t&:lk.

It 'Waa possible to use -the same column £or column heigh't

e.xperiments, :6;1 att.o>achiD8 glass tuhe extensiQIlS to the nozzles they

could be mov$d any distance desired down or up 'the oolumn. Rubber
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spacers were used to oenter 'tn.$ enend$d no~zles in the oenter of

the -CO~~" In g&DS-:raJ. th& l.iquU. leTel was var1$d along with the

height when the d.i~ phase .was heavier ihau th& oon:t1nuous.

By lowering the liqu1d lel"r6'~·the back pretW;sure on ,the Il,ozzle vas

red.uced and. bet'ter flow eJontrol was obtaim'ble.

1!he short Golumn shown inJ'igurea 3. and. 6 is Iden't1eal in

everY' detail t.o the ~0D8 column Just described excePt 1ihat the "top

sample tit was $J.1mia'ted aM the column length 'W84iJ. 6 inohes

Insteafl ot 4. feet '1 in,ches. !he short ooJ.u.'lm:l was Uhd for evaluating

end-eff'eou . ~ mode of operation us id.ent1oal with tl'Jat Just

d&se1"ibed.

Add.itional au:rl.11ar;r equi~i; '\\iU used for ~zing~e

.solutionB and mak:h2!g tiJD.$ and drop ·size m$l!Ml1Wements. The time

required for the drop~ to fall the height of the oollJllm. was de'ter.m1ned

by clooking the drop~ with lit. atopwatch. ~e overallex;per1ment t1me

wu m.easured usa,g an &leotric tim.&r glt"aduated in tenths of 8. secQnd.

Column he1ghts lfQ'& uterm.ined by mes.aurEllJ1i$ut vith a steel tape and

noul$ d.i:m.ensions d~t~ by a mcrQBteter.



CRAPT.lGl VII

~AL~

The experimental invest.ip.'t-ion covered 'both atriPPine and

enriching op~tiOns for dispersing ana liquid. as drops1n another.

All chemicals used were C. 1'. grade to eltm1nate errors tram.

impurities. For the sue reason demineralized rather than tap vater

wa.a cpl()led a~ a Cont1nuoU8 phase.

W!:I.eu the (U~sed phase vas h_Vier "tha.u the continuous, the

apparatuiS 'was set: up as d$J3cribed. in J'1gure& 1 and. 4-. ~ disper&&d

phaee:J Go.n:tai~ the desired concentration of' acetic Acid was pla.ced

in the stoppered f'$$d tank abOT$ the ~olum.u.. The three-Ya,. stopcock

in thfJI bottan stant 'De t~ to the c~O$ied. pOSition and the column

filled. with the oon:tmuoua ph..fI.ae. Tb.e nozzle to be usedwsa then

JBE!Uured and 8;ttaehed to 'the teed~ by tlgon tubing.

111.8 no:u;le 11M CS"Atered in -the 'top of 'the column·. :By adJusting

th.e height ot the teed tank &nd cracking the s.topcock: below the feed

tank a tlO'!f of Appro:x:ima'tEtJ..y t'>iO drops per second. was obtained. A

IlItead,;r flaw could bsst be obtained 'bY' filling the feed tank on.lT to

the midpoint. !h1a red.ucad. fll1~u&tions 1n height due to feed

rElllow.l.. AdJUSt.ln.8D:tS i.n. fl.ow we::re made b,r raising or lowering the feed

tank.

Ifhe· f'l¢'if of diapersed.pnase-intQ. the bottom tit displao$d •the

Bligb:t emount of' continuous phaa~ .:r>resentatstart-up .andf'orm:edan

in:t$1"~e6 J!J" Qraok~. 'th$~-wa.yet()Pcoek at. •intervala, the



Ja.ck-~eg was oample'tel;r f'ill&d Y1'th dispersed pbase- Onee 'the

Jack-leg had beoame full, 'the stopeock was turnsd to the apen

position and a~c preS8ute·balanee and. constant :In.l.

interface obtained by raising or loweriD& the tyson tube on the

Jack-leg.

After 5 to 10 JBls_ of tho diSpersed phase had. 'been purged

through the Jaek-l.eg, the tygon tube was placed in the mouth of

'the product 1'eoe1Ter and. the electric timer started. The distance

between 'the nozzle .and, interface wu measured and. the tim.e of fall

clocked. bT a stopwatch to determine the drop ve-1ocit1' _ ~. drop

ra.te was checked frequently 8.Dd adJustments made to hold the :rate

constan:t •

When the leTel in the product receiver reached 50 mls., the

three-waT stopc:ook was closed., the timer stopped, and. the feed tank

stopcock closed. By means ot the UWIlber of' drops :formed per second,

the total t1me., and. the total dispersed phase througb.put, it was

];lossible to oompute the volume per drop _ The diameter ot the drops

collld th&n be com.put;ed by assumin.g their sba.pe to be that ot a

perfect sphere.

The amoun:t of acetic acid trauferred was detera1n.ed bl

titrat1tlg the samples with sodium. hydroXide uS1ns th1m01 blue as an

indioator. Samples were removed from the top 8.Dd 'battOlil of the

co~umn in 50 Ill. volumetric fluks and transferred to 250 1111.

er~enm.e1'ers. Similarly a 'Om!. sample was removed. :frail. the teed
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'tank and tran..sf'erred to a flask al.ong with suffioient demineralized

we.tar to extract t;he acetic 801d. for titration. 'flle entire contents

of 'the product receiver -was transferred to another flask along with

deminera.lized water to aid the titre,'tion. Frem 'these oh_teal

a,m;oun't of acet1a acid transferred.

In the _Jority of experiments,. water :t"or.m.ed the oontinuous

It was di:f'f:tcul;t to obtain a material balance based on the con:tinaous

phase dU,6 to the volume of dispersed phase purged through the jack-leg

during the ~l"iod of flow adjus'tim&nt. Hence, 'the amoun't extracted was
. ~. .. . . . . .. . .

obtaiD$d by a lllat.e:1':"lal "bauultoe around the: dispersed phase. Sines

d~i:o.eral1zedwater' was expendabl.e the continuous phase eould 'be

thrown away after each run a.nd hel:l.CJe the initial continuous phaSe

concentration 'We.iS usually zero. When 'the colUlDI1 ¥as :filled to a

heigb.t of 5 feet. the oon'tinuous phase V'olU1lle was 2500 mla. Thus the

equ.ilibrium eoncentrai;i.on of' the con1#inuous phase could.. usually be

conaider'ed .a~ ;,;€£!:"o througb.ou:t the run and no error was entailed in

T.b.e method of operatioXl when 'the dispersed phase yas lighter

'rhe feed. line in this caSe was filled almos't up to the nozzle to

preven't wa:ter :from backing d.ow.nthe :feed line. Usually a alight column

of airaepara.'ted the tw'o~ so eX:tractlon did not 'take plaoe until the
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Sa;m.~J..ea were taken at all t..'le solvents and the demineralized.

water. The spe..:;ific gravity, viscosity, end interfacj,al tension were

daterJ:nined UJlld&r a.pproximately the same temperature conditions as those

in the experiments. In addition~ samples were taken f'oreach

ooooentre.tion of feed. .and oontinuous phase in SeriesJ runs, inwhich

runs wetttng-a.gents-wsreem;ployed to lower interfacia.l- 'tens1.on. The

d.&nsltl 'fJiJM determined by 8. Westphal-balanCe, 'the viSOOSi.tl 01' an

Oswa.ld TieGO!Uet&!".~ and. the int&r':facial ~nsion by a DuNouy Interfa.cial

!tensiometer.



CHAPTER VIII

Extraction rates were determined experimentally in a falling drop

tower for water"'-8cetic acid-solvent systems. The methods of calculat.ion

and experimental results are ta~lated in APpendix G.

The experimental results can be broken down into two phases. In

the first phase the basic system water-acetic acid-carbon tetrachloride

was empl07ed. This phase of the investigation consisted of varying one

chemical property or condition at a time.. Carbon tetrachloride containing

0 ..01 Ib.. moles/eu. ft .. of acetie acid Was dispersed in demineralized water

in these runs. In the second phase, other solvents were substituted for

carbon tetrachloride. Material balances were based on the dispersed

phase in all runs..

The peroent extraction and ovarall extraction coefficient based

on the dispe:r>sed phase were determined in phase one for a range of drop

diameters.. This group of' runs, Series AS! is tabulated in Table mv.
A normalizing technique as disoussed later was applied in calculating

the extraction coefficients. The traction ot extraction is plotted

against drop diameter in Fig'tU"e 7. In FigureS the drop velocity is

plotted trersus drop diameter. The overall e)ttraction coefficients were

computed from data taken off of Figures 7 and 8.. The resulting coef

ficients are plotted as a function of' drop diameter in Figure 9.









The room temperature, jaoket water temperatU:ra and the rate of

drop formation tended to 'Vary- slightly during this series of runs.

Benee, 1%1 order to dete:rmi.na the signitica,nce of' fluctuations .in these

~onditions, runs were made in which only one or the abOV& conditions

W88 allowed to vaq' at a time. By' measuring the rate of extraction it

Wl!lS possible to d.etermine correetiq" :taet.ors bY' Which the experimental

data could be normalized to the aSlne teaperature and drop rate.

Allowing only the drop flowrate to vary, the percent extraction

was determined for a wide range of drop flowrates. The percent extraction

is platted as a fllttction of the rate or drop formation in Figure 10 and

as a fmetion of the tlow rate in Figure 11.

Simjlar~ the dependence of the 0'9'&ra11 extraction coefficient. on

the temperature of the dispersed and continuous phases was deterDdr1ed

allowing only Olle' condition to vary at a time. Th& percent extraction

is plotted versue dispersed phase temperature in Figure 12. and as a fwction

of the continuous phase temperature in Figure 13. Because of the- spread

in tM pc1n:ts in Figure 12 and 1,3 the data will give a straight Una. on

semis-log and log...log as well as linear graph paper.

Various experimental techniques Were employed to verity the

hypothesis that the controlling mass tr~s£er resistance lies in the

dispersed. phase. The introduction of a chemical reaction in one phase

w.1l1.frequently reduce the resistance to transter or that :Phase~ Henee,

sodium. hydroxide was added to the oontinuous phase and Series A rlmS were

rep&ated using one selected drop diameter. '!'he oOJlcemtration of sodium
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hydroxide was varied over a,wide range to evalu~te the possible affect

of' the coneentratian of the caustic on the percent extraction. The

resulting overall extraction coefficients and percent extraction are

given in Series H in Appendix G. .. The caustio had no ef'f'ect 'UPon the rate

of extraction. 1'b.is iii part substantiates the hypothesis regarding the

controlling resistance.

In order to further verify this hypothesis, an additional set of·

runs was made .using a continuous wat.er phase under dynamic or flOW'

conditlans~;:, Using a specific ·drop diameter, drop e rate temperature and

column height ~ the velocity of the continuous was varied and the percent

extraction determined. The Reynolds number ~ relative to the tUbe diameter

ranged from 0 to 61, while that relative to the drop diameter ranged from

6,30 to 6900 It was impossible to get out of the viscous flow regime

without destroying the single drop ccntinuity. Hence, no conclusions

could be. reached"

In order to simplify the mathematical analysis of the data, systems

were selected which had distribu.tionratios which varied only slightly

with solute conoentration. As a check, the conoentration of acetic acid

in the disperaed carbon tetrachloride was varied and the fraction of

extraction dete.rmined for a specific drop diameter, drop rate, temperature

and column heig~t in Beries rtf Although the peroent extraction and

overall mass· .transf'er coefficienii both increased with decreasing solute

feed concentration ~ the change was not due to a variation in distribution

ratio and was in general insi~i.ficant.
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The first ehemical property to be varied in the first phase of

investigation was the interf'$eial tensi01lo By adding 'wetting agents

(rergitol IJ4 and 1/7) to the cOntinuous phase in concentrations ranging

from 0001% by. vol'Ulle to O~3%9 it. was possible to vaJ'.'y the interfacial

tension. for the 1ll'ater~arbon tetrachloride system from 33 to 0 ~es./cm.

The same drop diameter~ drop rate y temperature and coll1lln height were

used mall runs. As the lnterfaeialtension was lowered the drop size

changedtrom 0.15 inches to O.06inches.l' wn+1.e the change in the overall

extra(;j'tion·.··cO$ffie.ient was only that. which would result due to drop

811&e changao

'f'his result indicates that interfacial tension does not affect

the rate of extra~tion othf):t" than through its i.n:f'luence on drop size.

However.l' this conclusion is in doubt because of the possible interi"ace

blO¢k.ingwhich eould. result from the presence; of the wetting ,gent.

For this reason the use of additives in evaluating the int'luence of the

ohemi©a! properties on the rate of extraction was abandoned. In orq.er

to determine furtha1" the influence of the chemical properties, results

were obtained for other wawr"'aceti:e acid-solvent systems. By investi

gating· a number of'systems sntf'ieient results could be obta.ined to use

the methods of determmanta in mathefUstioally analyzing the data. In

order to correlElte the data it is necessary to St3parate the-fraction. of

ext.rac,tion d:u.~i.'I1g'f'ree"",fall of the dispersed drop from the fraotion of

extraction during drop fOl"matiOfl. This was done by measuring the fraction

or extraotlcm a;s a funetion of column height~ By graphical means the

end:.OII3:f:fe:z;ta were eliminated.
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In order t01"eetrietthepI'ogram to one which could be accomplished

in a reaeonablelength or time theinvest-igation of other solvent systems

was JD.S(ie for a se1ect.eddI'op diameter of 0.15 inches and the .extraction

duringf're~f'allSeparatedfromthatdne to drop formation for each

solvent systemo In all of these. experiments. the acetic acid was dissolved

in the solvents and they in turn were dispe1"eed in a continuO'US water

phase\)

The rate oferlraeti<>n: as a function of col'U1'll1lheight waS determined

at a drop dian'leterof O.l;1ncheafor dispersing the solvents methyl

bobutyl. ketone, benzene !I toluene, chloroform, carbon tetrachloride and

isopropyl <eth,er.As is pointed out earlier the plot In. (Cr/er)'V'ersus

column height should. be a. straight line ifK·is independent of! aceti..q

acid eop,centration. In Figure 14 In(Ctler) is plott9d versus ..coltmm

height for the above sol\Tsnts_By EJXtrepolation to zero column he;ight

the amount of enractionoccurring during drop formation is determined.

Theoverallenraction eoe£fieient (ineludingend~:!ects)was

lietermined as a:. function of! drop•diameter ·£or· thesesanie solvents systems.

The re.sults are plotted in Figure 15.

'1'0· d~termine .whether the :t"atecf drop formati.on in.flueneed the

free~all results; .!il series of experiments (5eriesX) were run US:lng a

very short eplumn height. 'l'hedrop formation time only \fas varied and the

tractiQUofextraotion detel"mined..The computed-results are plotted as

percent .extraction yersus. drop :f'Ol"lnSt1.cn time in Figure 16 along wi.tb. series· B
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in which drop formation time was varied using a long oolumn~ The

ditferen~e between these two C'Ul'V8S represents the percent extraction.

during tree~fa11. From Figure 16 it is ~pparent the free-f'ul extraction

is mdependJlint of' drop toStation time.

The l'at~ of extraction when the direction of transfer is reversed

was measured 1n Series I f'or the basic water""acetic acid-carbon

tetrachloride systemo Acetic aeid was dissolved in the eontinuO'U.S water

pheaa and the rate of transfer into the dispersed phase determined for

a range or drop diamete~s holding the remaining variables fimdo The

rata of sxt:r'a©tion reached equilibrium at some undete:nnined column height;

heneeS' this sertes of r;,ms was repeated using a shorter column in Series YB.

The extractlon c~f'ici$1'lt fu the reverse direction. was also measured

as a ['unction of: eolumn height tor a fixed drop diameter Of 0.15 inohes

in order to obtain' the f'ree-.f(lll result.

Finally.!t in order to determine if possible» the effect of the

chemioal properties of water on. the rate or extraction!, tb& relative

phases in the carbon tetrachloride-acetic acld<i»Water system were reversed..

In the Series N &JCPfJt'iments water was dispersed and transfer of acetio

acid. took place .from the continuous c~rbon tetrachloride phase to the

wat61". In aeries» the direetion.. ot transf'er waS reversed and water and

aceti'C; acid were used as. a dispersed feed solution.I:n both or these

latter experiments the rate of extrQetion was m.uch lower than expectedo'
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Errors,

Errors may have been introduced into the results either by

:t.naacuracie~ in pb7sical measurements or by inaacuratechemical analyses.

In. some essea thenatur& •olthe liquids. involved. •were such that accurate

measurements could not be made.

Velocity, flO\tt'ate •and interfacial area infol"DUition is dependent

upon measurements of time and volume. In clocking. the overall experiment

time and in. meawring the product volume" the ettor waS less than l%.

!he accuracy with which the time of fall or contact was determined was

about 95%. The largest time error was the measurement of the drop

formation time. This error was from 5 to 10% due to fluctuations in

the drop formation time rather than chronographic faults.

The anslytical.errors.for most dtlterminati~s.were leas than 5%to

The thymol blue end.-point In the case of some.titrationswas .difficult

Themajar sources of error were in opsratmg··techniques and ohemic~l

behaVior. For axampltu isopropyl ether sh~ a stJ:'ong tendency to

wet glass and as a result many of the drops i11dnot pass up the column

but filmed out on the walls. The error so introduced may have been as

large as 30$.

The final accuracy of the overall extraction coaf'ficient is probably

75% because of' the accumulati'Ve naturao! the above errors. This isa

reS$onable result, however, in view of the many complioations in inter-

preting the observations.



llrom the tabular and graph.ical results in Chapter VIII ;1t

was possible to daterm1.ne the oontrolling resistances in 8. falling

dropllqu1dliqu1d. enractioneoltmm. .!he. d.epenD.etl.ce of 1#4e

extraction rate Upon the· n.riables of the BJ'$tem."as also eY&lus.ted..

In themathema:tice..l analysis of the experimental data it is

trans~erof both 'the oontin.uou.s anddispersad phases. For these

ex,parimenta, the motheSi8 is made that the controlling resiste.D.oe

is in the dIsperSed phaee. ']his is based on the following

1., As the falliDg drop descends through the tower it comes
into con;tact with. a new oontinuous phase surface.. Tbis
preventIS a concentration gradient :fran. forming in the
continuous phase adJacent to the drop"

2. The distribution ;ra'tio (K) of' the water-aeet1c aeid-
solTent SIstema are all greater than 1 and in~ caseS
are greater than 20. R&nce, the magnitude of the
resistance 1/ (kcK) is much SIll8.ller than 1/kfJ::.. Therefore:
Eo .. led·

3. In -the Saries R 6z.p$r1ments .the addition of sodium hydroxide
resul'ted. in no i:n.creass··ln· the. rate .of' extraotion.

4. o In the Series G exper:1Jnen:ta, changing the continuous phe.ee
frcm a stagnant to 8. moving liquid did. not increase the
rate of extraei:1on. 1he results of this series of runs are
however not too sign1ficant since the flow C'~ the
continuous phase wa.s in the nscous region. ~
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1. The overall extraction coefficients o~lned were not
proportional to the interfacial· 'tension.

2. In the Series J runs the interfacial 'tension was varied.
over wide limi.ts wtthout producing.e.n;r change in the
rate of extraction othar than. that whiohwould "
expected. because.of 0h.a.n8es in drop diameter. !he
resulta are how&ver not. conc1.usive sinoethewetting
agent used •-to lower the lrrterf'aoial tension does. so by
accumulation at th6..interf'aoe a.nd.-therefore 1lJA1" block
the pasS&ge. of aoetio acid molecules amoounte:t'&ot the
effeot of lowered .intEn"faeial teIl8ion.

The ex:par:i..ment8.1 results indioa'ted that more extraction takes

place during drop formation or as end-ef'fec-ts than would be expected

Fortunately" it is possible to separate the rate ot extraction during

Using the :t"raction u.n.extra.cted during free-fall and. the

dimensions of' the drop it ia possible to oaD.pute overall extraction

coe:fficien:ts for £".ree-fall oonditions. The data. oan also be in"terpreted

in terms of eddy diffusion coefficien:ts De wh.ioh are computed ri-om

equa..tions developed in appendix lC. :.By camparingthe eddy diffusion

coefficients (De) with the molecu.l.ar diffusion coef':fioian:ts (D:!) the

A cQIllparisol'ol of the relative chemical properties of'the different

dispars&d solvents is ahown in. Table I. In ~ble II the results of the

physical properties are ccmparad. to the ed.d;y diffusion coefficient a:od

'to the overall extraction coefficient Qbtained by methods shown in



appendix B and. J'. As was ert:.a.'ted before, the data are expressed for

convenience on the basis of the key variable, drop diameter" rather

than the Beyno1de number.

ID, order to .valuate the relative importemce of' each of the

chemical and physieal. variables on the rate of extraction,the

ma:tb.amatical m.ethods of determinant .analysis were applied to the

data in '!abIes I and II. The results of this analysis· are given in

A;ppend.ix F. In. order to obtain a oorrelation which 'Would fit the six

solvents it was n.ecesS&!'y to introdu.ce the variables - drop diameter ,

viscoe:i:ty, der-l.Sity, velocity, interfacial tension and molecu1.e.r

difiusivity. '.fhe resulting con-eation could not however 'be broken

down into d:i.m.ensionleesgroups.

It waa apparent from. the analysis of the data of Series I:B

and Series A, that either, the basic hy'po'thesis regarding the control

ling resistallCe was in. error., or elae there were unknown chemica.l

affects controlling the rate of extraction. 'I'.b.e overall extraction

coefficient for free-fall conditions in Series n wa.s 1.6 f't ./br. at

a drop diameter of 0 .15 inches e This is approXimately 6 'tim.es the

result of 0.25 ft:. ./br. obtained for a drop dia.m..etel" of 0.15 inches in

Serles A. !he O!lly difftlX'ence between the two series of runs is that

in XBthe d.1r'ection of transf'eria :trom the continuous phase to the

diaperaed 'carbon. tetrachloride ),' while tn A it is from the dispersed

ph.e.ee(carbon tetrachlorid.e) to the continuous water pha.se. If the

oontrolling resistance is in the d.i.epersed phase then ~ rata of

tl"'l3..!lSf'ar should 'be the same in both directiollS.
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TABU£ I

OB.EMIOAt :PROPERTIES OF TRI ])~ SOLVDTS

_~ it_on::::&: $$$ ~_ ~'.'_ 1P:<fIl>Ci4':l!::N>i> _zL •.~--- .. '~~""" _._. • .... ~_

(jb.loroform
Me·thyl"!80"but,y1 &tone
:B$nz.~ne

'l'oluene
Oa:rbon Tt;ttraohlorid.e
Isop1"opy1 .Ether

~~....;.;;-:-•••"i"!::.

Acati0 acid eonoentrat1on

'1180081'1;1-1'"
C.p.

0.57
0.559
0.61
0.561
0.941
0.349

DensiV~ f
grS.jCO

1.473
0.796
0;873
0.860
1.586
0.121

K:t.mfimat:t.c
V1scoe:t.tl- Yx Ie?

cm..2 / sao.

0.361
0.703
0.699
0.653
0·592
0.484

Interfacia.l
Tension*

Q.ynesjam.

25
8

22
23
28
15

'* 0..01 Ib.mOles!cu.ft. of solvent.

....:Iro
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TOLl II

COMPABISON OF .RISO:tIrS l@B S SAI«i lEOP D:IAMI'Eill
• """""" ' , '" ,4

F.BD OFEND"'D'd0'TS

v- - ... .

,Drop
Dfameter-d

Inches
Velocity-V·;
ft./seo.

]) * :r: 106
12 '"

In. I S&O.
De*; x 106 '1\0 fr~fa11
In. / aeo., tt. ./hr.

--- ------_... -,-.------ -. ----,,~._--------_. . ------.-:._~_.~ ---:--~~. .=-~_.~..::::...._ ......_~--~_..:..=.::- . -~.=::-:.:.--.:.:.:.....,-;,----_:;.:.:.::::....:..-=-

ChlorofQrm
Methyl I$oputyl Katona
:Benzene
Toluene
Oarl>on ,P,&trachloride
lSOlWOJil;). lethal'

0.141
0.1.40
0.1;;
0.:t.53
0.15
0.144

0.54
0.37
0.3g
0.33
0.;8
0.4'

3.37
3.424
3.472
3.78
2.011
,.48

56.5
69.7
1.·92
1.885
3.67

590

1.265
1.32
0.142
0.l445
0.248
2.'0

* CQIllputed f'rClll: the data of Wilke.

** Based ondlffl.lSiotl' 111 spherical coordinat&s.

-J
UJ



The difference in "the rate of transfer •in the above •can only

be due to a property auca as interfaoial tension or 'to ohem.1oal af'feots.

~ interfacial tension does not .appear 1;0 control the ra'te of

transfer, Renee, this resistance is probably a oheaucal a11'ect.

This ean be fUrthersubstantia.ted. by examining Figures 14 and 15. In

Figure .15 the curve represent1ng the ch.a1:l8e of Xo wi-tb. drop diameter

bas the same general shape for ea.ch d1spersed solvent • Renee, the

in:terf'erenee to transfer in the carbon tetrachloride must be indepeDd$nt

of both drop diameter and velooity'. 'l'his automatlc&.l.l1" rules out all

affects 'but ohemIcaL

It is observed in Figure 15 'that the lowest rates of'tr8.n8ter

are for non-poJ..ar orsame solvents. 'lhe main chemical affeot peculiar

to these solvents is that of association. A com.pa:rieon was there.f'ore

made in Table ill 'between the eolu.tlon propQ'ti1.es ot the l8rioue

solvents a.n.d.. waiver. One trend is. apparent from. tJ:118 tabu.1Ation. That

is, the overall extraction ooe.:t'flclen't inorea$e$ as th.e degee of

association deoreases. '!he number of single UDaS$ooiated mQ~ecules can
be computed from the degree of 8.ssocria'tion by- the expression n/(2-n}

-where n. ia the degree of assoctation. In carbon tetrachJ.oride there

is or...l.1 1 single acetic aoid-moleoule for every two double moleoules

when th~ acetic aoid conoentration is 0.01 lb. moles/cu.i"t.. water bas

a strong tendency to dissooiate &Oet10 acid 8:t low concentrations and

onl1 the single molecules are cQ!D.patible with it. ThuS when (acetic

aCJld,) 18 being tX'anefetT@d f'r'0lI!. carbon tetrachloride to watar, the
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wat-er
Chloroform.
.MetllylIsobutylKetone
.Benzene
Toluene
Ga.r'bonTetraehlorida
ISQpropll Ether
carbon T-etre.ohlor1de**

Solubility
grs ./100 co 1120

0.621
2 ..0
O·crr3
0.047
0.08
0.90
0.08

75
6

2.09
18.,

20
19.2
4·76
3.2

Degree of*
M8oo1at:ton n

1.00
1.58
1.0
1·79
1.71
1.67
1.00
1.,6

* Aoetio acid oonce.utra:t.ionO.01 lb.moles/ou"ft. of solve1'lt.

** Prop1onto acideonoen.trationO. 01 1'0..molsa!cu •rt •



1I.Qleculeswhi16 the. seoond. is that of th$ double molecules.
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Single molecules only are able 'to diffuse into water and the double

molecules build up in the film. Acetic acid exists in water at a

coxwen'tration of 0.01 lb. moles/cu.ft. entirelTae single m.olecules.

11lerefore, t11.$,1" all are involved wlth the ~terof aoeticacld

from. the water to the disper$$dcarbon tetrachloride.

These results do not nuli:f'ythe .hy.po"thesi8 that the_Jar

resistanoe is in the dispersed p~e. However, there are essentially

w~parallelpa1;h8of dittus1on. The first isthatot the s1ng].e

The

:L~er~ol$Cular d.1:f'fusiTit;¥' of 'the.. double molecules tOgElth$r with

tw.,time J;"squired. far the diSSociation reaotion· make the second or

d.ouble molecule transfer path SUbordinate to the:t of the single

molecul,s. As &J:'1jsult, the rate of extraction can be based on the
.' . '.' .:.. ,"" . . .. . -' .,.",. '.- . .' .. .;., .. ~'>.'

concentration ot ainile molecules in compu:t1ngovere.ll mass traDsfer

ooefficients or else the. ooefficien"t oorrec"t$d by a factar.

In order to evaluate 'the atteota of the distribution rAtio {Xl,

the carbon tetrachloride ex;peru.nts in 8e;J:'ies A were repeated in

series Z,1I sUDetitu:tine; propionic aeid for aoetic: acid. PrQpionioaeid

like aoetic acid is A oe.rboryl1c acid and therefore has a1D1ilar

properties. '1hedistribut.ion ratio of propion1,e acid. is over 5 times

S1l.lAller .tha.n ·~hat of' acetio acid. in the water-oarbon wtr&chloride

system, hence, there should be 8. eubatantial change in the rate of

extraction if the distribution ra.tlo is an :im;portant 'Variable. 1he

a.cetie aoid. b slightmoraasein overall extraetion coefficient
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fram 0.25 rt../br. for acetic acid to 0.3' rt./hr. for propionic

acid, under identical oonditions, is due most l1kel1 to "the lower

degree of association ot propionic acid. and not to the distribution

ratio.

In order to anaJJze the resuJ.ts a.Dd break down the measured

extraction rates in terms of the '98Zr1a.bles, the h;rdrod1nam.ios was

carefull;r investigated.. A comparison was mad& betwe&D. the observed

velocity versus diameter pa:ttern and that predioted from known

h7dr~o relations for epherea. Due to the deforJ.rtation of' the

liquid drops as observed tbrougb. the aJ,aee column and measured in the

drop deformation study, the resu1.ts devtated f'ram. the predicted values

in the turbulent flaw reg:ilne. The bX'eak be'tWeen 'th& ~1tioDal flov

region and. 'the turbulent flow regime occurred at a Reynolds number of

300 to 350. This is equi:valent to a drop diameter of 0.08· - 0.10

inches which is vart near "the lower 11m!t ot the Et2;Per1mentaJ. invest!

gation.

Relations wera developed tor cort"ele.ting "the rat& of extraction

under the turbulent flaw regime and the tre.nsttioneJ. reg1ma based on

the hypothesis that all resistanoe to transter is in the dispersed.

pbA&e. T..1tese d&velopm.ents are outlined in APpendix II and F. In the

turbul.ent flow re~ ~he ooncept of a f1ctive film is introd.uoed into

th$ correlation. 'lh1s film can be relA'ted to the properties of the

d!spers~ eclvent. By d:i.m.&nsional anal.ysis the overall extre.etlon

coefficient oan be expressed as:
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In the transitional regime of flow the properties of the

solvents are of less importance and the rate of transfer is dependent

upon the rate of molecular diffusion. From the diffusion eq~tion

for the unsteady state, an expression can be developed tor

determining the f'raction mextracted. Since the drops behave &s

perreot spheres in this regime the diffusion expression oan be

solved in spherioal coordinates to obtaint

v _ ~ L '1- ~ _-...;1:;... _
"'0 _.u;J. -~.... --

A 6 !:~ ~"-(:fr DiS

To evaluate the validity of these concepts, the data obtained

for the dispersion of carbon tetrachloride as drops in a continuous

water phase was carefully broken down. The results of series A and

Wwere plo1ited as fraction erlracted versus drop diameter in Figure

17. By graphical interpolation it is possible to derive the curve for

free-raIl conditions and eliminate the end effects. From these data

the reeiproca1 fraction unextracted were computed and compared with that

predicted by the law of diffusion for spheres. The results are plotted

in Figure 18 as a function of drop diameter. The overall extraction

coeffioient was then computed and a comparison made in Figure 19

between the overall extraction coerficient including end-effects, the









tree-tall extraction c09ff1cientand. 'that which would be predicted.

f'raa the law of. d.1.ftusion»

As·· would be. expected., the rate ot ertraotion is geater 1n

the turbuJ.e.ntf.low r'$g.I.Jne thanth,at predicted for true molecular

dif'fus10n.Th.1s ind.:teat6l8 a decrease in res1stanee whieh results

probabll"trQlJ1turbulence. within. the. drop. Bel.ov.a Be)'no1ds nu.tlber

of 300 1;0350, 'Where the flow c~etJ tram. turbu.lent to tr&nSi'tional,

the overall Ett'b'actj;on coe1"£'101ent decreases andapproa¢hes that

predicted tor unsteadJrstate··molecular d1ffus1on in sphere$.

~is sa.me 'trend in the overall extra.ction eoeffioientis

exhibited by all 'the BJ'Stams, asshavn in Figure 15, belOVe.

Jle.JIIlolds number of 300 - 350.

In order to det&rlJline.whether a. viseau. vortex is causing

the'increased transfer .1n the. turbulent regime, thtl reciprocal

tract.ion tUl&Xtl"s.oted obtained exper1mentall,y was oompared with that

predioted tor a viscous doughnut. shaped. vortex within 'the drop. .!h&

methodJ;t ofema.l.1sis·are outlined in lPpendix B and a oomparison ot

the reeultstor the free-tall oondition. between the varioue soJ.ven:ts

a:t a diameter of 0.1.5 inches is shown in '!'able IV. It is apparent

frotf; this tabulation tMt the rate of' e:rtraction in. the t.urbuli;lnt

flow regime is much.gr'$$.ter than oan be a.ocount$d tor b¥ aviscou.s

1"ortex.
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Ohloroform.
Mffth7~·Ieobutl1IQ:ltQne

Benzamll
Toluene
Carbon Tetraehl.or1d.a
ISQpropl1.Etller

0.268
0.132
0 ..798
0.798
0.797
0.0lf.

1.324
2.0Z]
0.2272
0.2272
0.2271
3.2

0.78
0..73
0.73
0.715
0.84

0.705
0.64
0.645
0.605
0.77'
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In order to derivEl arelattonahip between the filmeoeffieient

and th~ properties of·· the solvents for the turbulent flowregi.me f it

is necessary to •• discard. our previous evaluation based on determinants

and aPproach the •problem·. through dimensional· analysis and· through

analogies to momentum and heat transfer. Using the dimensional analysis

solutionPrElsentad iD.APPElDdixFfa comparison.as made·between the

dimensionless groups tor each of the solvents at a drop diameter of

0.15 inches. In,COlll.putfng the NU5selt equivalent number (Kd/DiJf the

exPerimantallymeasuredvalues .01' Ko Were used. These were corrected

later for eoneent,rstionbased on the cOn.ceot of single molecule

transfer. ·in. .non-polar organic liquids.

To eomplete the correlation it is necessary toavaluatethe

coefficient of proportioni~lity and the powers of our dimensionless

groups. 1'hapower of the Schlnidtnwnber -kLcan be determined by
D.

compar:1ng the. results. for isopropyl·ether with·. thosafor carbon

tetrachloride·inwhich.the· directi.on of transfer is from the.water to

the dispersed<carbontetraehloride. The properties of isopropyl ether

and esrbontetrsehloride yield the same value for both the Reynolds

number (dVP /I-"Jand iWeber Capillary group (dV2 f/IS.'when evaluated

for the same experim.ental conditions. T.nerefore, the powet" Of the

SchnJ1.dt·numberean •be evaluated by comparing the SChmidt ( J IDi) and

Nusselt Equivalent (Kd/Di) numbers for the two solvents.. This power is

then found to be 0.44.
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By compe.ringthe ex;pression derived by dimensional e.nal,ys1s

a.bove to the analogous expression for turbulent flow in pipes and to

the e:x;press1onfor .ss transf'erin f'i~tiV& films, the Reynolds number

canbeaesigned an exPonent otO .8. The ex;ponen:t of the Weber number

can then be determined by evaJ.uatingthe powers to Which d or V must

$ppearto correspond. to the experimental results.

From. Figure 19 it is a.pparent the shape of the ourve. Ka for

free·-tall is similar to that for Ko overall (inoludingena~:f'e¢t8).

Therefore, the cu...-ves presented in Figure 15 oan be used to determine

certainJ..y neithel'the c.b.eD1icalproperiles nor thede$t'&e of aS~ociation

ch.anges. IioweYer" the velocity dC'.ss "vary. 1he S_P6 Of e.ll the

curves in Fig.u-e l5are e~esaed in the turbu.lent flow regime, by the

£auction dP·6 yZ.4:: (dv2Jo•8{dV) O.8 l. Thus if the ax.Po~nt of
d

the BeJD,olds number1s 0.8 theWebe1" capilJ..ar,. grQUP must .n,.ve an

e:x;pon&nt 01.0.8 a.l.so, in order to fit the experimental result. By

.Ked. ::: 0 ..03

Di

1-/' ..<1 )0.44 f~V2f'e \ 0.8
l~ " LT. )
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In order 'to d.et~ the8,ooura.el of 'this expression, the

Nusselt equiveJ.ent number wasClQIII)u't.ed. .for all the e.xperimen:tal

solvent. slst.ems usina th&s.'bove equ8;'t1on. The rasu.ltsare oompared

with the $Xlleri1rl.snta,l values in.Table VB. Inaddition e. oanpa.rison

ie mde betw~n thecOlO.puted<resulta e.nd. the expEtrimental 'Values

obtained when. the ooncentration i.s basad ononl¥tha single

unaasoeie.t$d.m.olecules in•nOD. -pola;rorE.Jmio liquids.

'El6. equatiQIl tor .. th.e. Ov~ll. extraotion •ooef:rleientd.evelQped

aboTe fran experi:mental data fits. the date. reasonably well considering

the number of eorreations and. interpole;tio~ that have 'been mAd.e.

T.I:.le·h;rpo'thesis, -that only sinsle :lnOleculaa are aooepted b1 the w~:t~

when t~fer is :froms.·.disp$~sednon-pol4r oreAA-1e liquid, appears

to be f'airl;1 validtrom. the com.ps.rlson in 1'a.o18 VB. Deviations:trom

this l:qpot.b.eals in the C~"l3e of non-polar liquids may be a result of

the :first order r~tion of· doub1.emoleoule dlssooiation in. non-polar

organiC' liquid dispersed phase riotiva filma. SinOe the curves in

Figu:r.o6 14 are straight lineal, a l"eaction of dissociation it governing

must be 8. first ord.er rgoacticm..

The princip.ftld.eviation f';rom tJ:la experlm.en:talcorreJ.ation oocurs

when the vater is disPerseds.ndthe transfer of' aoetio a.cid. te.keBplace

from water ito the cont.inuous or@"...n.:1.c liquid. phase as in series M rtma ..

The overall e:r:traction coet"ficient:etx;perimen:fally obtaL'leIiexperimentally

for this s:1:tuai:rton i8 0 v 015 ft/"taf .whioh is oonelderabl1 l.$ss than, that

predicted. Tllis oap, be t\.CCJounted ror by any- one of the :following
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'fABLE VA

Chlorofc'1"'.m
M$'t.hyl Iso"[rjtrl;yl K$;tcn<e
.BelL'l.~ii&:!i.1.~

Toluene
Carbon T~tra¢hloride*

Carbo:t>.. T'etr&C\h.lOJl."ida**
Iaopx'Op71 Ether
Water **-l.
Water ****

1520
568
437
595

ll33
ll33
1030
520
520

3·9
,.68
1.72
1.71
4,,26
4.26
4,60
4.04
.4.04

178
318
390
269
450
450
137

1200
1200

NUSselt
E,iUivaJ.aD:t

178
1.81
21.3
19.6
392
6~.4

229
ll.1
4.15

DL~~~tion of t;:anafer from water to th~ diapar·13eU. CC14
Di:r.'<$\"::rtiou of' tranSfer fra.m. the d.isparee CC4 t..;o the water.
!)Jirection of t.re.r>.afer :from continuous 001.4 phase to dispersed H20
Dl.:recrti.cra of trans:f'el' tram dispersed ~O .to cont1nu.ousCC14 phase.
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CQt1PA.BISONOF.~.ABD •. .PRGICTXD
. BiSUL'l"S.Im·•••T:HK •••~·FLOW ••RlIJ.ION

Nusse1t Equlve.lent.Numbers

Ex,per.imeXltal
1

Pr''3d.icteal Fred1cted2 Bx.Perimenta12

ChJ.oro!or.m.
Methyl Iaobutyl EetQne
Banzena
Toluena
Carbon Tetrachlorl:ie*
Carbon Tetrachloride**'
IaopropylEther
Water ***
Water ****

~78
181
21.3"
19.6
392
61.4
229
11.1
4.15

370
193
170
190

-392
392
215
277
277

345
2"
82.5
92
392
392
225
268
268

670
181
181
115
392
310
229
56
4.15

1
E1I:,perim.ental - 4ctual value obta~d for. tree~faU condit.ions without

oorreeting for a.ssocia.tion.

Experiment.al:2 - E.r.Per1m.enta1.1 values corrected for concentrations basad
an. single mOlecules.

- Without the use of Webers group. ']hue, baaed on analogy
to. turbulent hea:tor momentum transfer .



1. There 'Were insufficient data. to evaluate 'the effect
of the continllouB phase chemioal properties on the
extraction coefficient. :ffanoe these were assumed to
be insignificant. This may not have been a correct
asaum;ption.

:2. AJ:thougb. Metic acid ionizes to the extent of only
lj When its concentration is 0.01 lb.:moles/cu.ft. in
the disperSed water phase,the redaction in
concentration in the film would result in a higher
degree of ionization. t'he ionic state is inoompatible
Vith the non-poJar carbon tetrachloride, therefo;'e, the
rate of' extraction would be reduoed.

3. The ion-dipole attraction between aoetio aoid and water
could possibly retard the rate of extraotion.

4- • Reretof'ore the cont1nu.ous phase film ooeffioient has been
disregarded. Thus when carbon tetrachloride containing
0.01 lb ..mcles of HAe per cu. ft. the resistance of the
continuous water llh.ase is 1 :: . 0..0; 1 • Rowe'Ver, when

no ko
wat&1." is dIspersed containing 90.01 Ib .moles cu.ft. acetic
acid per cu, ft.. the resistance ot the continuous carbon
tetrachloride phase is 1 :: 75 1 and hence is not

~kc .~-

subordinated to the dispersed phase resistance.

5. An experimental value of Ko for overall conditions is being
c~ad to tree-fall X'o' If Sufficient inf6r.mationwera
present to evaluate free-tall Ko the result might be more
in agreemnt!

The dependence of the rat$ of extraetion on the hldrodynamics of

the disperse phasE! system is well establiShed by the manner. the overall

transfer baSed cn sing1.emoMculecs 1n non-polar orge.nie liquids

although new to t.hefield ofsolvant extraction is.aupported bT experi

ments in the field. of ·€IlS.a.bsorptton~Whitney and Vivian24 found in

the al:u:!!orptiou, of sulphur dioxide in water that a be1iter correlation
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is obta1nedtor their data if they included onq the und.isaoeiatad

Su.lphur dioxide in their transfer .. calculations. Hydrolysis playa

a part in this m.aestransf'er mechanism. just as assooiation plays a

part in our mecha.."'liam. of eolve.nte.xtra.ction.

By means of these extraction rate correlations in the

tUrbulent and transitional flow reg1nl.es it is possible to ~edict

the rate of transfer durtngfree ~f'all in suchind.ustrial equipment

aaspray towers and Sieve plate columna. M has be&.l:l shown, the:. $Ud

et':f'ecta during drop fOl.'mation are quite appreciable. However, no

correlation is presented at thist11I1e becauaeof the canplexity of

analyZing the and-effect condition. '.l'hia is especu,l1y difficult

because of the~ic interfacial area.

In the correla'tion for the turbulent flow regime the exponents

of the dimenalop~ees group can. vary over a small range and still fit

the data. equall;r well"



OHAP'l'ER X

The rate or extraction b.a~ been investigated for liquid-liquid

extraction in a single drop tower. Various orgeic aolveata have been

used as the dispersed phase and acetic acidtrauaf'erred f'rClJlt them to 8

continuous demineralized water Pbase. From the results of the invest!...

gati011 it is possible to conclu4e:

1. It is possible to eeparat$ the aff'ects at physical
variables CD. the rate of extraction by varying one
at a time and holding t~ r-~aining variables constant.

2. In order to correlate. thedtects otchemicslvar.iable.s
on the rate or extraction,acom.pu.iaan.liUSt be.made
betweau the results. of •similar·. systems rather than
vary:tng one variable at a ti:lae•

.3. From. the exp,erimental results it appears that interfacial
tension determines the rate of extraction only insofar
as it influences the hydrodynamics and shape of the
falling drop.

4. The rate of extraction occurring during drop formation
is much larger than predicted. These end-effects are
d~ed largely·by drop size, ·l1O!lzle dimensions,
molecular dli'fusivity and drop formation tae.

5. The hydrodynamics or the falling drops agree with known
laws of hydrod,namics for pertect spheres in the
transitional and viscous flow regiJlles.

6. The hydrodynaudcs ot falling drops. deviate from. that
of perfect .spheres·in the tuJ:'bulent flow regime. The
drops tend to de:f'ormiJith inoreasing dlam.et$r and. have
the shap~ or an ·ellipBoid ot revolution about the minor
axis. As a result of drop deformationt the velocity
reaches a maximum value around a Reynolds number or
600 and no further increase occurs.



7. In the transitional flow regime, between a Reynolds
number of 100 to .300, the rate of extraction is
expressed by the diffusion equation in spherical
coordinates when the major resistance is in the
dispersed phase.

8. In the turbulent flow regime, above a Reynolds n.umber
of .300 to .350, the rate of extraction is given by the
expression.

9. When organic solvents were dispersed and acetic acid
transf'erred from them to the continuous water phase
the resistance to transfer is dependent upon the
dispersed phase.

10. In dealing with non-polar organic liquids the degree
or association must be taken into account and the
rate of transfer can be approximated by assuming that
only the single unassociated molecules diffuse across
the film in the turbulent flow regime.

II. Ihen water is dispersed and an organic solvent made the
continuous' phase the rate of' extraction obtained
sXP$ri1nental1y is lower than that predicted. This may
be due tp analytical errors in the eJq)eriments,· ion
dipole etfeets, lack or information on the affect or
.the continuous phase, or the continuous phase
resistance may be important.

12. fhe extraction coefficient does not depend on the
distribution ratio.

!he results obtained are by no means inclusive or extensive

enough. to formulate a complete tp,eory for mass transfer in a falling

drop towel". It is therefore recommended that the following points

are deserving of further investigation:
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1. The e£fect of the properties of the continuous
phase on the rate of' extraction sh<>uld be
evaluated by dispersing water.in other organic
solvents. This would also aid in determining
the cause for the deviations in Series ., in.
which water is dispersed in carbon tetrachloride
and acetic acid transferred to the continuous phase.

2. By reversing the direction of' transfer so that it
is from the continuous to the dispersed phase, fOr
dispersing an organic· ,liquid such a$ methyl isobutyl
ketone in water it. will be possible to determine
whether association is the factor which governs the
rate o:f transfer.. Since association does not take
place in hexane the rate of' extraction should be the
same for either direction of transfer.

3. In .future investigations of this nature analysis of
results will be facilitated by the selection or
solvents and solutes in which neither association
nor solvation takes place.

A complete evaluation of the field of mass transfer' in

liquid-liquid extraction systems will be possible only atter the

following investigations:

1. The development of a better correlatiQJ. for molecular
dif'f'usivi.ty is needed, in <>rd.er t<> further the progress
of investigations in diffusional operatiOns.

4. The analysis of chemical problems, such as that ot
association which were encountered here would be
tacilitatedby abetter understanding of the chemistry
of llqtrld-solute syst~ms. -

3. '!'he kinetics and chemistry of surfaces such as a liquid
liquid interface, is in need of' investigation.

4. Once the hydrodynamics, chemistry and mass transfer rate
equations are determined the rate of extraction
in industrial equipment such as packed columns can be
determined concisely.
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APPENDIX A

!QUI!i:Q!R.J1JM DAT4

The logarithmie mean driving force is employed in comPUting

the overall mass transfer coefficientst> In order to calculate the

driving force an exact knowledge of the equili'briumdistribution

rati'\) of the acetic acrid solute, between the solvents is needed.

Mutual solubility data are also neeessary to estimate the amount of

solute transfer by solvent solution in relation to that by diffusion

of: solnt,e molecules alol1g...

The distribution ratio was determined experimentally for the

partitIon ofsoetio acid between the six solvents and demineralized

W'ater~ The pr"coo.ure consisted of adding ,0 mls. of solvent and 10

or 50ml~ ofdem.ineralized water to a 125 mI. separatory funnel

followed by v.ary:mg amounts of· acetic acid ranging from 5 mls. down

to 0.05 mlsr& to each of the separate funnels.. The phases were

thoroughly agitated to bring the system to phase equilibrium and the

funnels were then left. sealed for several hours. The two phases were

separated and the acetic acid concentration of eaeh determined by

titratitm with standard sodiuID< hydro)t"ide using thymol blue for an

indiea.toX"o

'fhe Qxpet'imental data so obtained were calculated on the basis

of concentratiouff in !hI> moles/eu.ft. and compared with data for the

same system.s in equivalent units from the follOWing referencess
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1. International Critical Tables

2. Transaotions or the American Institute of
Chemical.Engineers.

3. Solubilities of Organic Chemicals, by Seidell

4. Industrial and libgineering Chemistry.

!he data are tabulated for comparison and are also plotted

in terms of distribution ratio versus concentration in each phase,

and concentration of one phase versus equilibrium concentration ot

the other phase. The following systems are presented:

carbon tetrachloride-acetio acid-water

metnylisobutyl ketone-acetic acid-water

benzene-acetic acid-water

toluene-aoetic acid-water

isopropyl ether-acetic acid-water

chloroform-acetic acid...water

carbontetrachloridfi)-propionic acid....ater

The possible effect of wetting agents on the distribution

ratio was investigated using Tergitol #4 made by Union Carbide and

Carbon Chemicals Corporation. A concentration of wetting agent of 0.1%

by volume was used with the system carbon tetraohloride-acetic acid-water.

The results obtained were almost identical with those for the same

system without wetting agent. Since the interfacial tension or the

aystemwiththe wetting agent is considerably lower than that without,

it is .thel'efore concluded that in'terfacial tension does not play a part

in determining· the equilibrium distribution of a solute between two

immiseibleliquids.
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The mutual solubility data. were obtained entirely from the

literature. When. suf'f'icientdatawere·.available. a trianguJ.ar plot

has been made for the mutual solubility at. all cau.P01lants.. Otherwise

the.data. are. presented .forthe·.morepert-inentconditionsin Table .XVIII.

Twoaddit:ional references oontained mutual. solubility information:

1. SyntheticO:t-ganieChemic.aIs t Union Carbide and oarbon
Chende$lsCorporation.

2.. ChemioalEngineeringHandbook, Perry

'!'he experimentalresu.l.tsobtained<for the distribution ratios

agreed tavorablywiththe results .ta,ken trom. the .literature. fhe. only

denations that occur Were at acetic aOid, concentrations below. 0.0001 lb.

moles/cu.... tt.The ionization·.of acetic acid.at .cc:ncentrat-ions below

this. figure is high .andoould •.• easily cause the deViation in the data.

Association in organic llquidssuch as earbon tetraehloride,henzetle,

toluene and·•chlorotormtends to .• also decrease.at. these extremely low

conoentrations.

The .distribution ratio snoh as presented in .• the .results is the

ratioof' the concentration of acetic acid in the water phase to that of

solvent.phase in equilibrium.with.it. Thedistribution.ratio may either

vary with concentration 01" remain const!m.t· d.epending upon the solvent

involved.· Thus in the systems •using methyl isobutyl ketone .and .isopropyl

ether, in both ofwMeh acetieaeiddoasnot associate at the

eoncentrationsstudied, the distributionratioremaJnseonstant. In

contrast, thed.istrihutiou ratio varies with concentration for the other

tour syst.ems, using. acetic aeidas a solute. The degree of association
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in these latter systems can be determined. by examining the data through

the equilibrium const-ant, which does not change with concentration.

Thus» for a system in whieh association takes plaoe, equilibrium

is given by ~-pal' where in one phase the molecular weight is n times

that in the other phase. The degree of association is defined as n.

The distribution ratio can be expressed as:

If' association takes place in the sol'lt'ent phase to the degree n, the

equilibrium constant is given bYI

Xc:; Cw(l -,J..) D.Jcs

If we assume further that 0( ~ the degree or ionization, is zero, then

it is possible to determine the degree of association through the

relation:

n:: Loge(CsI/CsZ)
Loge(CwJCw2)

Selection of' equilibrium concentrations or water and solvent at two

points fairly close together eliminates variations in n., Having

determined the degree of association' it is possible to estimate the

number of single and double molecules in the solvent phase by means of:

2»0 +18 t!' n(Do .. S)

where:

Do ... number of double molecules

S ... number of' single molecules..
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The physical properties of the solvents used as the dispersed

phase. are among the important variables upon which it is felt the

mass transfer film c.oefficients depend. The three most important

physical properties are the viscosity. density. and interfacial tension.

In order to obtain accurate values of.' these properties it was necessary

to measure experimentally them under the same .conditions as employed

in the solvent extraction runs ..

The density was measured at 2,0 C. by means of a Westphal

balance such as is described. in Daniels, Mathews and Williamsl O on .Page

321. 'fhis instrument uses a chainomatic type balance and depends upon

Archimedes principle that the bouyancy is proportional to the weight of

liquid displaced.

The relative viscosities of the solvents employed were measured

by means of an Ostwald viscometer and density measurements described

above. '.the absolute viscosities were then obtained by comparing the

relative viscosities of the solvents to demineralized. water as a

reference standard. The apparatus and procedure are fulling described

on Pa,ge 35 of Daniels, Mathews and Williams. I O

In order to obtain rapid measurements of the interfacial tension.

a Cenco-Gu-Nouy Interfacial '£ensiometer was employed. The interfacial
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tension. of the solvents against pure water were measured and are

tabulated in Table XIX along with the corresponding values for varying

concentrations of acetic acid in the solvent phase. In most cases the

interfacial tension Was found to he lowered by the pl'esence of acetic

acid. Bu.lletin 101 of the Central Scientific .company6 gi"res complete

details of operation and methods of determining and correcting inter

facial tension values.

The accuracy .0£ both the density and viscosity measurements

is 99% or better. However, in the case of the interfacial tension

considerable difficulty wa.s experienced. The measurements of the

interfacial tension of the pure solvents af;ainst water gave an accuracy

of apprOximately 90%. When wetting agents or solutes are 9l"eSent in

either phase the values obtamedwere in some cases inconsistent.



TABLE XIX

CHEMICAL PBOPERTX-mB OF SOLUTIONS FOR SERIES J
RUB'S. IN. WHICH INTERFACIAl.· mstON IS VARIED -

'T i,~,~·~,·-~ 77lii'B'"'77"7 _.~-:.~...--.=.__..;::_.~....;:"~",,,. $4Zi 43.... ·;;;::;::::O;-~

0.0

2.0

8.5

33.2

45.6
35.7
29.4
14.4

13.5

33.2
32.3

29.5

4.3

5.7

1.'1'.
dynes/em.

Carbon Tetraohloride

Carbon Tetrachloride

Carbon Tetrachloride

Carbon Tetrachloride

Carbon Tetrachloride

D.M. Water
Carbon Tetrachloride

Carbon Tetra~oride

Carbon Tetrachloride

20
25
30
25 0.9668

25 0.9667

25 1.5796
25 0.9970

25 0.9968

25 \!?9963

25 0.9970

25 o.9S:~5

25 0.9%3

25 0.9962

Tergitol #4
0.01

Tergitol #+
0.1;'

Tergitol ~
O.Ol~

Tergito1 ~
O.Ol~

Terg1to1 •
O.33~

Tergitol 114
0.33~ ,

Tergitol "..
O•.l~

Tergito1 If
0.33~

Tergito11f
0.31-

0.00017

0.01

0.0002

0.00016

D.M. Wa.ter

D.M. Water
D.M. Water
D.M. Water
D.M. Water

D.M. Water

D.M. Water

D.M. Water

Ca.rb()nTech~

D.M. Water

D.M. Water

D.M. Water

D.M.Water

2

1

3 J ..2

4
5

6 J"3

7

8 J ..4

9

10

11

Sample Rl.11'l No. Liquid Acet::tc Acid Cone. Additives Temp. Densityt,.,!,. versus Liqu.id
______'"-- ----!If..~o~~<~l~~.St. ;'b~ vo~~ °c. grs./ml.

D.M. Water 25 0.9967 Carbon Tetrachloride
(0.01 lb.mo1es/cu..ft.
of Acetic Acid)

Carbon Tetrachloride
Carbon Tetrachloride
Carbon Tetrachloride
Carbon Tetrachloride

h;
\..n



TABLE XIX (Con-t.)

CHEMICAl. .PBOPERWIE80F· SOL!JTIOlfSFOR SERI:ES J
RUNS .nfWRICR .I1ffEBFACmMS:rOl{ ••·18 ••vAIiiiIf'"

';'("_"<1"'1"'« C>P'<t ...........,;..,J «-~ ....-"'" ._~.,."" ....•".' :'z,=- :::',;";,,,:.;._~.",

Sample Run No~ Liquid Additives T~. Den.s1:t:y' Viscosity 1.T. VersllBLiquid 1.'1'.
_". ", _,w.~ ,_ _ !by'Vol.°C e;gs.Jmlo _SP_ &!esLcm..~,

lA

2A

3A

4A

5A

6A

7A

SA

9A

lOA

D.M. Water Tergitol IT
1;

D.H. Water 'I'ergitol IT
O..l~

D.M. Water Tergitol 17
0.33~

D.M. Water Terg1tol If
O.Ol~

D.M. Water Tergitol"
O.33~

D.M. Water Tergitol 114
l~

D.M. Water Tergit.ol 1P+
O.l~

D.M. Wa.ter Tergitol fP+
O.33j

D.M. Water Tergito1 IP+
O.Ol~

D.M. Water Tergitol 1Pf.
0.033~

25

25

25

25

25

25

25

25

25

25

0.997'2

0.9970

0.9971

0.9970

0.9970

0.9975

0.9969

0.9970

0.9970

0.9969

0.8973 Carbon Tetrachlorid.e 0.0

0.8903 Carbon T'etrachloride 0.0

0.8853 Carbon Tetrachloride 0.0

0.8869 Carbonllletracbloride 12.5

0.8903 Carbon Tetrachlor1de 12.1

0.9027 Carbon Tetrachloride 0.0

0.8834, Carbon Tetrachloride 12.8

0.8937 Carbon Tetrachloride' 0.0

0.8937 Carbon Tetrachlorid.e 26.8

0.8885 Carbon Tetrachloride 24.7

~



TABLE XX

~Iq~U:,jS .Of "UIlSOlY.ENTS_ASA..FUNCTIfJ:
Q(,:l..t4fYIltG •ACET+.,G ACID.· CCNCENTRATIWS

sample Solvent Acetic Acid Cone. Temp. Density Viscosit;tI"T.versus D.M. Water
_,.. ~ ~ Ib..molel:!Lcu~~. ~~- ~l?,tLml... cR-., _ dmes/cm. 4","

1
19
13

2
18
11

.3
17
12
4

20
10
5

21

14

6
16
15

Chloroform
Chloroform
Chloroform
Ben5ene
Benzene
Benzene
Toluene
Toluene
Toluene
Isopropyl Ether
Isopropyl Ether
Isopropyl Ether
Methjr1 Isobutyl

Ketone.
Methyl Isobutyl

Ketone
Methyl Isobutyl

Katone
oarbon Tetrachloride
Oarbon Tetraohloride
Oarbon Tetrachloride

0.01
0.005
0.000
0.01
0.005
0.000
0.01
0.005
0.000
0.01
0.005
0.000
0.01

0.. 005

0.000

0.01
0 .. 00;
0.000

25 1.4693 0.6244 24.2
25 1.4708 0.6226 27.5
25 1.4725 0.6059 3.3.9
25 0.87.34 0.6101 15.9
25 0.8738 0·.6134 18.2
25 0.8732 0.6098 .34.0
25 0.8025 0.5654- 17.0
25 0.8611 0.5615 22.3
25 0.8595 0.5606 26.6
25 0.7262 0•.3624 19.4
25 0.7226 0.3556 17.1
25 0.7212 0.34$5 17.3
25 0.7190 0.5636 12•.3

25 0.7965 0.56.33 11.9

25 0.7959 0.5585 10.2

25 1.5813 0.9.333 22.2
25 1.5822 0.96.37 27.8
25 1.5860 0.9.397 .35.7

1-1
I'\:)

~



the velooity of the dispersed drops and their b.1drodyn&l1ic b.vior is

of great importaooe in determining the mass transfer behavior in the

turbulent flow ragilnee. In orier to study the hydrodynamics of the

liquid. drops th~ir shape was assumed. to be that ot a. perfect sphere.

'fox' thefluld maohAnics of spheres.

A liquid. drop when relaa.aed in a fluid medium is subjeot to the

foroes of bou;yancy, gravit3, and, if in m.otion,. a.lso to drag. When

th9se t!lrr;te forGes are in equilibrium the motion of' the drop is at a.

The boul8.nt force on. the drop is equal to the weight of flUid

d18J;>1acedb;r the spherioal drop. Thus for a true sphere:

FE ~ -rr d3 (0 gf6
o

where F:a - tIle forca. due to bouyancl
o

d - the drop diameter

(J - the density of' the. fluid medium.

Si;:ni.la.rl.l, the foroe Clue to gravity is e~ressed by:
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where Fg * the forGe of' gravity

fa - the density of the liquid within the drop

The analysis of the drag of a continuous fluid. uponaubmerged.

spheres has been the object of many attldies.The results of these

experiments indicate that theoV'erall drag ona particle such as

a liquid drop is given by an ,expression of the formJ

ED = .£ ff!. A
2

where Fn ... the drag forcs

e- the drag coefficient, dimensionless

v "" interfacial velocity

A - the projected area of the particle normal to the flow

When the liquid drop is completely i1n1nersed., dimensional

analysis of the hydrodynamic behavior leads to a value of e which

is a function of the Reynolds number. In Figure 43 is reproduced a

plot of .~ versus Reynolds number for spheres from .Page lS52.of

20
Perryts. This curve represante a mean of many experimental deter...

minations. It is possible by analyzing this curve, to arrive at an

expression as a function of Reynolds number for each of the three regimes

of flO\v...viseous" transition and turbulent. In the viscous regime (Stokes

law) which occurs at Reynolds number up to Z,the drag coefficient is

expressed by c ~ was. In the transitional or intermediate flow regime

whioh extends tOil Reynolds number of 300, the drag coef'ticient is equal

to 18.5!Ire0. 6• Finally~ in theturbulen t flow regime (Newton t slaw)
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which exists above a Reynolds~umber or 300, the drag coet."ficient is a

oonstant and has a value at (J :: 0.44 for perfect spheres.

We can now balance our three forces in accordance wi.th the

direction of flow and densities ot the dispersed and ccmtinuous phases.

Thus, tor the dispersion of a heavy liquid, as drops in a continuous

phase of lower density, our balance of forces is given by the

expression:

The projected area of perfect sphere is a circle. Hence by

substituting for A the expression-t(d2/4 and rearranging the terms

it is possible to derive a general expression for velocity as a function

of' drop' diameter and e,

v2.£t.GG
-. 30

By replacing our

f>s~f

drag coefficient by the experimentally determined

eJqJressions as a funotion of theaeynolds number, it is possible to

express the velocity as an explicit function of the drop diameter over

each of the three regimes of :flow. In addition the velocity can be

eliminated and the maximum. or critical diameter determined for the

upper limit of the Reynolds number over 'the regime to which each law

applies.

ever the 'Viscous l:'egime of :flow where Stokes law app14.es, velocity

can be e:xpressed as a function of' sphez-e diameter by;
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the maximum. or critical diameter up to which this expression is valid is

given by-&

dK " 0.333 !"2!J ~(~ _P'JJ1/3
This following formulas can similarly be darived for. the

transitional or intermediate flow regimes

V" [70.65 f'~~::.

dK ~ 7.45~ 2/.3

)/lost of' the experimental d~ta has been obtained in the turbulent

regime of flow' which. extends above a Reynolds number or 300. Over this

reg::tm.e NawtonJs law ~pplies, and. the velocity can be expressed as a

f'tmetion of' sphere diameter by:

[... .•...~,~<'0v :: 1.74 L?-_~ ej1/2

fihen dispersing drops of a low density liquid through a heavier

continuous phase the drops tend to rise rather than fall as in the

previous case. By rebalanoing our torces, similar relations eaa be

derived. ?hus g

:rEQ :: FD +Fg

11' d3 rg/6 = ~ fvZ A ... 1fd3 fsgf6
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It is PQssibleto again replace the projected area by that

of a sphere 11'd2/4 and solve for an expression between the velocity,

drop diameter and drag coefficient.

Otu'ealeulations oan again be simplif'ie<i b,. analyzing the data

over the three regimes of flow and replacing e by its equivalent equation.

The solutions for the visoQUS regime ares

solutions for the transitional regime ares

~...]..• o..n5
~

r 11/ 3

f!C~:-~

The

Finally, for the t'Urbulent regime of flow the velocity is

given by the following expression;

Velocity as a £unction or drop diameter, assuming the drops to

be perf'ect spheres was computed ove.r the viscous, transitional and

turbulent region of flow .for the liquid systems used in the experiments.

1'b.e results are plotted for the solvents - carbon tetrachloride, benzene,



toluene,.' chloroform, methyl isobutyl ketone and isopropy-l ether .dj,sperSt9d,

as liquid drops through a continy.ouswater phase. The velocities,

obtained experimentally bjrmea$'W.'mg the total time of tall, are plotted

along .with .thetheoretieaJ. results· in Figures. 44 through 50.

In order to determine •• the .accuraey of mesStlring .the average

experimental.veloeity by the. tiJae ot .: tsll it is necessary. to determin,e

the rate or· aeeeleration.The.theoreticale:x;pressions require an infinite

time to reach a terminal constant velocity. However, the time required

to reach some fraction t' of' the tal"l11inal velocity is af'inite quantity

and by choosing f sufficiently close to 1.. 0 will give an acceleration

time •which is adequate to evaluate the< error •mour measurement.

The f'orces.acting. on a .1iquid sPhere of. a low density flUid;

dispersed in a. heavier medium, can he ·balanced just as in determining

the velooity. Thus:

F ... F. ... F - FB-g Do

The forees are tnen replaced by •their equivalent expressions involVing

the dimensions and properties of the:flu.ids.Whan common terM are

cancelled the .following expression results:

_~._.L_ V2

dfs
The analysis is simplified by replacing the drag coefficient by its

equivalent value over the three regimes of f1Qw. Overtne viscous regime
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of flow for the above situation, the time requir~ to aocelerate to

:traction f of termin,al velocity is given by:

In the transitional regime of flow theaooeleration time ist

Gr :: .....In(1-f') d1 •6 e. s ...
19.4 . }J. 0..6 f 0.4

Finally.lt far the turbulent regime of flow the time required

to accelerate to fraction f of terminal velocity is given by:

v

e

Expressions for the acceleration time, sturiJ.ar to those above,

can be derived £01" dispersing a low density solvent in a heavier

eontin:uou.s phase. The only di.tference between the resulting expressions

for time Or and those abOV6$ is that Is'" PiS replaoed by f .... fa •
The time required to accelerate to traction t of terminal velocity

is computed over Ii range of drop diameters for the three regimes of flow

for chloroform and benzene dispersed in water. The results of this

calculation are presented as a plot of acceleration time Q£ versus drop

diameter for 95% of terminal velocity in Figure 51. In neither case is

the time required for acceleration greater than 0.2 seconds.. Since the time



"-!-..

.
~

~.."'

T
·
~
-
-
'
i

~

..~
.~..

'"

·r··--
.........;..1

.
"'_

+._+..
...;....

r·;;·;···'·....1J
_..1..

+....
1

..•...
,!..-:

.~....-:-

:-.-..l·~~f·········:
..·l·.·..~

_
r~~=~'-··

..L
~L

....L·....;··..·+··········I......·~~..·..·
;

,
}

,,
-
_
.
_
-
-
_
.
~
_
.
_
.
-

~
v
~

~
'

"-"
'<"*

t4
~

~
~
~

C
<<'1

H
~

"-
'"

I·
Q

ev-:
~.-Ao".

4......
~
<

~.;3
-:;.~

~
3

)

~.;;~
i:<>,

~
'..{

~
...;:~

I,:)
0

~:l
R

~>t
~::;

~""'IJt-
(
~

t>
~

...··'ot

~
(
~

M
~
.
>

t:i
~
l

~
'W

to
...."

b-
~

M
t~.:)

C
'

~
.

~
f
}

ri.
,.@

i'0j8
w

I:t.
r€t

0
<
~

~
.
~

&.::...
>

.....
.........~

-0
U

Y
.
l
~

;,~
f'i

:4
~

..

?4
·l~

,"
!

t4
-.y::'

~
~~

(;"',
1',;;

,.t;;:
~.\

~
~;.~

I
(.)

(
)

(
'

t.....~

~-:i
.:.}

~
,t~"

.)$>
'-,

:r:<r
;~J

·C:··,
::~t

...-.i.
~.....""

~
>

,.it:
~"';:~;.

;
~
,

_..+-
----

-
"
~
_
.
_
-

··...~·,-t'-······

-.~f-~..

L-1

t-l
.1.

..,...L\.-t..-'_
~

.

I

{

..~
___.1

~..

.~
--.~.....L,~,L........;........~,.....



of fall in a four foot column uct the ordel" on the average of' 10 seeonq.s,

the error involved in eomputingtheveloeity from the time>of tall is1$ls

than 2%.

From the plots presented<1n Figures 44 through 50 it is obvious

that the formulas .forperf'ect •spheres do :not f'it our experimental results

above a Reyno.1d.snumber ot about 300 to 350. From experimental observations

the liquid.drops are. seen •to deform into ellipsoids .ofrevolutionaround.

the major or horizonta1·.axisat diameters which give rise to Reynolds

numbers above 300 to 350. 11lisobserved defo1"Jnation aocounts in part

for the deviation of' the .experimental· results •. from that predicted for

perfect spheres.

From the data presented in •the drop detormationstudy it was

possible to determine the true cause of the deviations in the velocity

versus diameter plots. Fr01ll.measurementstaken from the pictures it

was possible to cOD.11nlte thetl"Ue. projected area in the direction of flow

and a1sothe diameter of the sphere whose volume is equivalent to that

of the actual ellipsoid of' t-evolutionphotographed. Using the projected

area so computed, the .correeted..theoretical velocity was determined for

a .drag coefficient of 0.44 and plotted. inligure 44a1ong wi th the

theoretical result based on perfect spheres· and that measured experimentally.

Although the eorrectedtheoretieal results using the true projected

area come close to fitting. the experimental.results, the resulting

velocities· are still too large. This is accoun.ted for by the fact that



the dr~g coefficient is not O.M,but is numerically larger and in

add!tion is a function of' Reynolds number.

The true value of our drag· coefficient can be computed by

deterrdning that valu.e.necessaryto lower our corrected theoretical

result to the observed value of 'the velocity. In the turbulent region

of flow our drag eoei"ficient by Newtonts law is given by:

Drag coefficients were computed for several drop diameterS in the

turbulent regime of ,flow using the experimentally measured velocity,

the true projected area, and the diameter of a sphere of equivalent

volume taken :from the data in the drop deformation study. The results

are plotted.as e versus Reynolds> number in Figure 52 along with the

corresponding value of e for perfect spheres. In addition the drag

coefficient for. ellipsoids of' revolution whose major to min.or axis

ratio is 4 to 3 are shown. This latter data is taken from Binder4 and

gives a value oJ: 0.60 for c fet.r' ellipsoids.

Ibinf'ormation was to. be found in the literature on drop

deformation and thellydrodynamics of' liquids dispersed as drops in a

fluid <medium. However, the rate of rise of' gas bubbles in liquids,

which is analogous to this, has been investigated by OtBrien and Gosline,19

lIiyagil 8 and many others. The tendency for theveloeity of liquid drops

to approach a maximum. value and than decrease whiehwasobserved here was

also found to 'take place in the CaOO of gas bubbles rising in liquids.





OIBrien and Goslme19 observed this in studying air lifts. They

attributed the deviation to the fact that small bubbles are controlled

by viscosity and. sur:f'ace tension, whereas large bubbles are controlled. by

turbulence. MiyagilS found the deformation to be non-existant when the

btlhbleaare small since the surface tension is sufficient to hold the

bubbles in a spherical shape at small diameters , but as the diameter

expressed the velocity as a function otg

V :: :f'i(g, fo' PI' 1.1'.,. r, dC$'~O$f'1,' Pall P, cp and cv)
This gave rise to groups relating the variables as tollowst

f 2 ( ~, ~.r f1 , £.:f.f.. * 1-, ~ t, l!, J l , cp ' ev)
V' /Ai 1.1'. de :P Va

If this group of dimensionless numbers is applied to the problem or

liquid drops dispel"SEd in a fluid mediUlll, the last four of the above

groups are insignificant.OtBrien and Gosline19 included the ratio

hlp besides the first tour since pressure is important in dealing

with gases. '.they plotted·their results in terms of a drag coefficient '-¥,
defined by 't =8 g r/(3v2), versus Re;ynolds llmnher. The drag

coetficient for gas bubbles ('1') is found to decrease and pass through a
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minimun value at about a Reynoldsnumbel" of 100. Above this value it
;~

tends to inerease in value.fhi.s behavior is the same as that observed

. tor liquid drops.

Sinee the hydrodynamics of liquid drops is analogous to that of

gas bubbles, the results of dimenSional analysis above are applicable to

liquid dropSlstemsl! fhe h~odynamic behavior of liquid drops is

therefore a function of the drag eoe.t.f'ieient,Reynolds number, the Weber

n'Umber and the ratio or the drop .radius to column diameter, with the

possible ha.b:t,nsi~of the group VIVo. For the particular situation

where. o.n~ is dispersing small drops in a lal"ge column as here, the drop

radius to .column diameter ratio is unimportant. However, in. dealing

with packed. columns this .gl"oupwould •• have .to be taken into account. the

use of the Weber capilla:ry group· in .describing the speed of bubbles

rising in a liquid is also reported by Klinkenbergl7 in his paper on

dimensi.onal •• analysis~

The overall mass transfel" coeffioient is found to follow the

same changes as the velocity. Therefore, the overall mass tranS£er

coefficient· would be. expected to bea function of several of the group

above, such as the. Reynolds number and Weber capillary group.



Definite ahapa changes were observed 'to occur in the dispersed

drops as they m.oved through the colu.nm. These deformations ware such

that the drops ware f'lattened into ellipsoids of' revolution whose

horizontal axis is greater than the vertical. '!'he degree of' deformation

tended to increase with drop size and resulted in the horizontal axis

approayhing a dimension twice -the verticaL The larger the drops

became the more un.atable their nature. Afj a. result, they tended to

tilt and WObble 8,S they mcnred up or down the column in a spiral path.

This ~e type of mo'tion and dEd'ormation vas observed by MJ'augilB and

otBrien and Gosline19 in the case at air bubbles rising tll;t;-ough liqu1de.

It was felt that extraction is dependent on the hydrodyna.m1ee

of the dispersed drops a..Yld hence aff'ectedby such behe.vioras drop

deformation. '1mlerefore J j.n order to study the drop daf'ormation, a

aeriee of pictures were made of drops covering the range of' diametel:"s

arnployed experi.lnenta..lly. Since the double-walled curved column itself

was not acceptable for taking drop pictureS, a separate flaii-sided

lucita tank wa.s eet up. The feed. tank and group of' nozzles normally

used fqr disp$rsing liquids heavier than water was set up qver the

lucite tank.
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In order "to obtain oJ.~ J,liotures a system had. to be found,

the tvo ,phasea of' which wou.ld haVe oontrastins Qolors. The s1'S~

oarbon tetrachJ.orida-iodim.t-wa;tar 'With iodine dissolved in the

carbon tetrachlorid.e .fitted the requl:COO1&nta pertact.ly,since .1od1ne

is practieally insolu.ble in water.

The carbon tetrachloride-iodine was dispersed 'by us1ngwrious

sizes ot noZZJ.eS ··ana'photographsmada of the drops as .thel fell by

abou.t the major ax:is. 'lhe diameter of a sphere of eql1ivalent volume

The volume of an ellipsoid. ot revolu:tion around. 'the maJor axis

1£1 givan 'by the ex;pra8aion:

b ::: the minor axis

e .: the e,::;oentricity :: cia
c ~ (e.2 - l;/~' }lj2
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FIG. 53

PMOTOGRAPH OF CAQB.ON TETQAC~lO~IDE
_. DQ6'D~'FQOM NOZZLE (Tube D.D. Med.) -

__ ~4 "'........ J<li __ "" .....

Carbon TetraChloride - Iodine (Disnersed) Water (Continl1ous)
Drop Dicuneter - 0.104 inches (Sstbnated on the basis of a true sphere ..)
Scale - millimeters b/e - 0.908 (Deformation)
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FIG. 54

P~OTOGRAPJ.4 .OFCAQBON TETQACM LOR IDE
DROP FROM NOZZLE (Cap.D.D.Small )

... ~ 4 t_

Carbon Tetrachloride - Iodine (Dispersed) Water (Continuous)
Drop Diameter - 0.105 inches (Estimated on the basis of a true sphere.)
Scale - millimeters b/a - 0.8$4 (Deformation)
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FIG.55

P~OTOGRAP~ OF CA·QBON TETQAC~lORIDE
----' DQOP'-FROM NOZZLE (Tube DtD.-Large)---

-"........,." -"'" - """""'._""

Carbon Tetrachloride ... Iodine (Dispersed) Water (Continuous)
Drop Diameter - 0.150 inches (Estimated on the basis of a t!~le ~)

Scale - millimeters b/a - 0.88 (Deformation)
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p~O~rOGQApHOF,CAQBON.,TETQAC}J:~:,:,JQRil)E
~''''--''DQOP''#'F-R-bM-~'N,izzLti-'(15 mm O"-iJ1'-e;;~'-iqr-'-'-'-'-'-
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Carbon Tetrac.bloY'ide - Iodine (Dispel:- ) Water (Cont:tnuous)
Drop Diwnetcr .= 0.154- inches (Est.11nated on the Sf~:0f & trUE!
::: ~1'" - 1 i" 1"ir' c..'; -' "" '"'! _ (l d-a ft:",4'r-"(f'~'" -i ," ~ I..,I.A1 ,,' LJ... ,~"-- "E-r~, '-'I D. <,.,,,,= \M,,'" "'-,,-, ur c ',f ,-.,>1 ','
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FIG.51
P"OTOGtlAP14 OFCAQBON TETRACf4l0D IDE

OQOPFQOM NOZZLE (7mmO.D~5.5mm I.D)
Carbon Tetrachloride - Iodine (Dispersed) Water (Continuous)
Drop Diameter - 0.190 inches (Estimated on the basis of a true spher-e s )

Scale - millimete:rs b/a- O.;iClS(Deformation)
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FIG.SO
'*PWOTOGRAPW OF CAQ.BO.N TETQA.CJ.tlOR IDE

DQOD FQOMNOZZlE (OmmQn~ 6mm 1.0).
Carbon Tetrachlorid~ - :rodine (Dispers~) Water (Continuous)
Drop Diameter - 0.205 inches (Estimated on tile basis of a true sphere.)
Scale - millimeters b/s - 0.538 (Deformation)
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The VO~Ul'Il.e of a. perfeo"t sphere is given by 'the expression:

y. ::..".. d3j6 :4 « r 3j3

The surfacee.rae. of an ellipsoid of' revolution1s given by:

:A ='2""a2 f. 1f{b2/ a} In 1 • e
1 - e

while the araa of 'the sphere is:

A =-r d
2

Data from several of' the photographs ware taken and. the volume

and surfaca area. of the ellipsoid of' revolution and perfect sphere was

computed. The error entai~ed. in computing the overall _ss transfer

cOeffieiant on ~he aasumptionthat "the drops are perfeot spheres is

. very slight unless the d1a.m.eter is at least 0.18 inches or greater and.

evan than is lese than l~ up to a diameter Of 0.22 inches which is our

maximum eJqlerimental range. .. camparison for a. range of drop diameters

is presented in Tab.1.ea XXI and. IIII.
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Figure b a Drop Diameter (Kat. )
No.. Nozzle Inches Inohes b/a Inches

53 Tube D.D. .Med. 0.100 0.110 0.908 0.104
54 Oap D.1). Small 0.102 0.11.5 0.883 0.105
5' 1'ube D.D. Large 0.139 0.158 0.88 0.150
56 7.; xmn. O.D. 0.159 0.1805 0.. 88 0.154-

2 m. I.])..

57 7 Il.Ill1. O.D. 0..116 0.229 0.;08 0.190

' ..5 ID.lIl. I.D.
58 8 1I1ill. • O.D. 0.133 0.246 0.538 0.205

6 nml. I.D.

COMPAlUSOIOF SURFAGlLABEA FOB E.Lt!PSQ:mAL DROPS-AND ~OF~AIDr·VOUl'MB:

-
Figure

No. Nozzle

Sphere
deale.

Inches
.Aellip.

(inohes)2

54 Cap~ D.D. Small
55 Tube D.D. :Large
57 7 mm. O.D.

5.5 .Qli1l. I.D.

0.110
0.152
0.183

0.105
0.150
0.190

0.0385
0.0"72
0.105

0.0382
0.0723
0.1146



.AP.P.K'NDII E

LAWS OF DIFFOSION

Diffusion Ooefficien.ts

In ordar to~orr$lata th&rate of :maBS tra.nsfer in a solvent

The meohe.n1sm of d.iffusion in liq\A.ide is erlre.-ly complicated. and as

to estim.e.;te "the diffusion ~oeffJ..c:ients approximataly.

A oompate outline of the a.~i1Able theories for diffuSion in

liquIds is presented aa.rlier in this report.. Although ArnoJ.,d·e2

equati0Ii. app&are to be the most exact ampiricall1, there is not

involved here. S:1..m.ila:dy ~ lack of information On the shApe of the

solute moleculeS' prave:nts the use of Powell's:?1 relation. The recent

data presem.ted by W1lke30 although pU.l"ely smpi;Hoal appea:ra to be the

here.

Wilka3 0 has been fairly successful in correlating diffusion

ooafi'icisD:ts for soluteS which are neither ionized or solvated by an

T

Where D
T

/"'"
F

D:; Fp.t

- the diffusion cOeffioient
- temperature
- v:tscos.ny
- diffusion fact!:'!!'
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The d1ff'erenoe in behan01'of·diffarent solute moleoules in

'JariOllS solventa is taken into acoount in ,. Thus F Is expresseo..s.s

a function of t6.mpeJ'ature, solute aDd. solventprop$1"tiee, and.

conoentra:tlon. 'lhe diffueion :faotor is defined as a function ot (1,

"solv&nt f'a.oto;r", e.n.d. is assu:m.edto be constant for any partioular solvent.

In order to estimate diffusion ooet.t'1cients a. plot is oonstruoted for F

versus molal volume for line of constant (J Where ¢ is set equal to 1

in 'the .easa of water as abasia. When sufficient data. are not present

on the particular solven:t belDg used to evaluate ¢ it is raoo.mznended

that a value of 0.9 be arbitrarily ~ployed.

Using the abOve correlation, diffusion ooefficients were computed

for acetio aoid diffusion in ea.oh of the six solvents employed. and. wa.'ter..

Where pOElSibletha exact value of '/J was used. However, insufficient

In:f'ormation made it neceseary to uSe a rj of 0.9 in.ma.ny cases. The

results of' the calCUlations are presented in Table XXIII.

The acouracy of the computed values w8.sdetermined vb-ere possible

'by comparison with experimental values reported. in the International

Critioal Tables. In the case of water the computed. diffusion coefficient

a:.l:'a almost exactly equal to ths;t reported-in the literature.. The

computed coefficient for benzene is 34.7 x 10-7 inehes2/seoond.. 'Whereas

the actual value appearing in the literat.ure is 29.1 x 10-7 inchea2/

second. This is slightly gtes.ter than the a.verage deviation of l~ that

Wilke obtained inoomparing computed and experimental values for fourteen

solvents.



TABLE mIl

c~ D;rFi'OSIOlV C01i:FF;I:OIlmTS FOR AClTIC .ACID.
ItiYABIOus8OtV'mfl.'S

Solvent

water
Benzeoo
Carbon Tetrachlorid.e
Chloroform
Isopropyl Ether
Metbyl Isobutyl lGltone
Toluene

Acetic Acid. Cone..
10 .moles/cu.~f't.

0.01
0.01
0.01
0.01
0.01
0.01
0.01

Temp.
°c.

25
2'
25
25
25
25
25

¢

1.0
0.7
0.9
0.9
0.9
0.9
0.7

F x 10-7

2.56
2.17
2.4
2.4
2.4
2.4
2.1.7

s;
1.0
0.61
0.94
0.606
0.349
0.559
0.561

1>1 x 107
:tn.2js.eo •

18
34.7
20.4
31.6
,4.8
34.2
37.8

n
molecules

1
1.79
1.67
1·58
1
1
1.71

rati 0 of Single to d.ouble moleo ules ::: n/'2--o.)

....
g;
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The poss1bili'tT of the oOIt@uted diffusion. ooeffioien:ts be1na

in error or of not fitting the exper~n'ta.lm.eohani. should not be

overlooked. Sol-vation of acetic .8.C1d in polar organio liqu1ds and

assooiation in non-po.1ar organic liquids can. add :many oO'llq)11ce:tions

in applying liquid d.1fl"us1on ooefficients arbitrarily• Insx,plaining

both m.olecular diffusion through a viscous flu1ddrop and molecular

diffusion aeross a fictive 'boundary film the diffUSion ooeff1oient 1s

J:n explaining the results 8J:1d correlations for 1ilie overall

mass transfer ooef'ficient in the turbulent re~ of flow, it has been

across this film tIl& .rate ot' traVel of both single :moleoules and

double associated moleoulQa a.:restudied separately. lienee, the

diffusion co&ff1.cie.n.t for single and double molecules should be used.

However t there 19 insufficient information to determine the individual

diffu.sion coeffioients and hence an average diffUsion coe:f'tioiant based

,:)Xl the nonnal mixture of molecules existing at a speoifio ooncentration
:r

ie used. This average d.iffuaion COefficient prQ'babl1 oomes closer to

the d.iffusion coefficient for aing1.e rather than double moleculeS

If ditf'uaion is e:.r.aminoo by means of the mechanism presented. b;y

~4Glasstone, Laidler and. Eyerins, ~. clearer picture 1s obtained of the

mecb.a.nism. of .mass tra:nefer. Ther visualize the process of diffusion as

one of' liqUid molecules slHLtD.8 :past eaoh other a.nd thus Jumping fram.
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.moleoules should. be able to diffuse f's.ster than d.ouble.

If one oombines the above C01W6pt 0'£ d.i.ffusion with the

theories of aasc~:iation and dissooiation it is possible tOax.Pla.1n

m.any of the experimental results. Thus, when single 8.lld double

1l101aouJ,.ea diffuse to the solvent water interface 'tb.e single molecules

are readily accepted by the water and slid.e across the interface

into holes in the water. However, when double molecules reaoh the

in:terf'aG"" the water does not accept them, since inoampat.ible forces

When dealing with wa'ter as tha dispersed. phase and transferring

a solu.t<6' to tb.a oontinuoue Bolvent phaSe there is an e.dditiOIJAl

mtlcha.n.iam. presen.t w:l::l.ieh mal also cauSe considerable uncertainty regard

ing the uee of our ccmputed diffusion coefficients. '!his mechan1sm 1s

the iOI~-d.ipole attntct;:!:.on 'lfhich aXis1;s be'tWeenwa'ter and eolu'tes such

:I11S aceti.c aoid) whioh raa-d.l1y ioX'4.zea at loir' ooncentrations. If' one

a,ttam.pta to explain the ~chs...'l'liSlllof_as transfer on t.ha 'baais of a

fictivef'ilm with thet oO!.l.centratioll essentally zero at the in.terface,

t.her.s. there 116\ lik<:ill1 to be a str'ong tendency I'or. ionization in polar

liquids at this same; interfaoe. Rpwever:; the ionic state is not

compati"ble wi th th~; oont1nuO':l8 non-polar solvE;lnt phase, hence it low

rate of tranSfer' may result.

'lt~5 lm;port~'"1('le of tha 1fI.&o1le.r.dsm of dit'tuaion ia shown from this

a.na.l,-aiEil. 1he value of our f1:nal correlatior..a for mass. tranSfer 'Will de

pend largely tWo~ the ev.aluation o£ the diffusion coeffioient and proper

a1l0"Wa-sc6!S' :fo2; ::LD~ter.fererli:emec~_B such as the ion-dipol.• attraction
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as well as a. norract evalu.e:tion of' the size and type of diffusion

molecules present.

8S<::llBatrioal shapes. These are all based. on a solution of Fiok t s l.a;v

where C
k
::J

- conoentration
- di.ff'usivit)"
- time
- IapJ.a.c ian operator

We can obtain Ii solu.tion of this d.iffusion. aquaticmapplicable

opera:t.;o:r "by spherical coordinates.

[~j J; :;J
'the. boundary value problem 1.t

.As a result of' the ~nd.-ef'fec;ts the interior of the drop ie
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The selection of the above initial and. boundary conditions

appears to fit the actual e:r:perimantalobsEJr18tions. Bance, if' the

rate of mass transfer for diffusion of acetic acid Ot.lt of' a dispersed

drop is· assumed to be 'by means of. moleoular diffusion only, the

solution of the above boundary value problem should give th:J.s rata.

;In order to reduoe the differential equation to a more solvable

form, eubstitute U ::: Or above. This yields the ex;presslon:

d.U ::: Di d2U
aQ ~lJ2

By aeauming a solution of the form 1r.. Gr the variables can be

separated. and e. general solution is obtained..

By substituting in the boundary and initial conditions and

repla¢ing U by Or the pa.rticule.:r solution given below 1s obtained.
~

L cas
n

n"" €I

u "" ..i.

The :mass of sol:ate tranaferredto the oontinuous phase across the

outer bound.ary of the spherical drop is given by:

Tlle ooncentration expression d.<::fr1"10('1 above, is differentiated with

respect to r and substitu.ted. lnto the mass tra,nEfur equation above. The
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Ii; is possible to :mAke a material balance fo:r the mass of

solute tra.nsferred :from a spherical drop durinS contact tilne. 'lbis

equation 1s given by:

Equating the two equationsfoY' the mass of solute atJ;o1pped from

a spherical drop arrl raarrangi:n.g the te.ma~ an express1on is obtained

for the fraction of solute lUAextracted 8.S a function of the drop radius,

dif'fuSivity and time of contact.

1

7

In t.he group of experiments in which the dispersed drops are

stripping Bolute from the continuoulli phase thebounde.ry conditions are

somewhat different . However, theaU$Wer whichrasults on solving "the

differeo:tlal equation is iden:tic:a.l to that shown. above. Thus in the

experiments in which carbon tetraehloride 16 dispersed and acetic acid

is stripped from a continuous water phase the boundary co:nd.ition is

given by:

'E.'lia 1.9 £3_ leg:Lt.i1ratl::l assumption since the volume of the column

is 2500mls. a6 ~ontraetad to a thru-put of 50 mis. of dispersed phase.
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Hence this, combined wi-th. the prefaren'tia1. solubility ef aoetic

acid. in water, resulcts in the concentration of the oontinu.ous pha.se

remaining practically constant throu.ghout the run. Finally, the

i,o,.1:tia1 oonditi(m is one of zero concentration or of soma fixed value.

Rence, it can be siven by:

C= 0 for e:l: 0 and O~ r ~ro

The solu.tion of the d.ifferential aqua:tieD given previously for these

bOtln.dary and initial cond.li:;ions is the same as the fOr.t!1er result.

the final displ.n:"sed pr...ase product concentration, whereas Of equals the

aquili~'lum value of Co.

:L.<i. ord..~x,to x'ed:o.ce the labor involved. in computing er/Of fer

the couliitiona of each run, values of Crlof were computed for a. range

of values of the pattametar DjGjr,/. The resulting val.ues of Cr/Of are

plotted in Fig'.ll"as 59 and 60 versus D19/r02. The smaller the value of

Di9/ro2 'beCOID.aS the more terms in the series solution become significant.

For values of Dl~/r02 greater than 0.10 the first t6J:m of the aeries

becomes cOll:trollins and considerable simplificat.ion in the result is

possible.

is posafble to rad1J.c~ the ex:press:1.an for Ka to one involVing In{C:r!Cr)

when the oontJn.uouB phasa conoant.rat:i,on ia approxi.mately zer-o , If the

unsteady state aolu.tion of t.he di,rftJ.sion equation is substituted into

this '3:qJreastoKi, the resu.lt can be a:x:,presaad in terms of the overall mtisa

transfer coefficient as follcfWS:
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When DiQjro
2is greater than 0.101t is poasible to repr~$entthe

sarie"ss:1:Pa.nsion above bytha f1r~t t$I'm.. Tht~aj if' this sim.plifics:tion

is.1..ntroa.u.¢ed.. the equation '})~o.meIi:

9'~~,,~~ ]

In order t;0 Eiim;p.ltf'y COOlPU:tations using these lattar wo exPressions,

anwnber of -mluas of' 1ft (Cf!Cr ) ware' cQW.};l\ltedf"or various 'Values of

D.rQJro2andplotrt~a··1n FJ:gu.re 61.

In the turbulent regilns· Qfflowwhere extraotion results 'tend

fiCltive film.. Row!3ver, all altarna:te method. of correlation is to usa

the <liff'J.iaion aquatiorJ.8 a:bdva. and employ a diffusion ooefi'iclant which

De 1 vare cOO1:rHxtedf'ortha aeries of ru.ns in whlch a 1'1.1:$d drop

dtametar of O.151nchaswasettl.ployed. '1tJ.e results ofthia calculation}

for the slx.solventa~loyed.,arepreaanted. in Table IV. It is however
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true shape of thadrops in thetu;t'bu~ent region is that of an ellipse

rather than a sphere. The effact of this shape factor on the

diffusion rate is however less than 1.0$. 1ienoe.. the more obtuse

In an effort to e:x;pla:1.n. 'the mechanism of m1x1ng and turbulence

with:1ntha drop, the possibilltyof vortex formation arose. '.l!b.us the

drag OItha continuous fluid on the sides of thedrqp eould

the drop wou.1.d. himceflOW oppoaite to "the. direction of fall on the

Qu.tsidesurf'aoe arAcoUfiteX'cml"rently down the center of the. drop. The

this situation if we assume the diffusion pattern tc be that of e.

The di.:f'faren:tial aquatioxlfor Fick *a lav of diffusion in

del·31'

The boundary and. initia.l oond.itiones,pplicabla to this situation are

coordi.PAtas •

C <- 0 for :1" .. ro and. Q ;,. 0
C ::: 01." :for 0 $. r ~ r o and G ", o
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In order tosol;vethis ditter.entd.a1,equation assume a aolut1on

in the form orR ... e and separate the variAbles. 'l!l1e gives the

following equation:

r ) e-ro
On substituti.ng in 'the bounda:r'y and in11;1e.l oonditions givan

above 'the resu.lt is $~llfied. 1:;0 the particular solution:
'Cd ..... '

C ::2 erL Itn~l {:RD.} tf'o(;lm. r J e -(~\2 lIJ.9
z, ::: 1 . ro roJ

1

Bn2

,~q~:t1g:;1 for th~ll.mou.nt, of lElolutetra.nsf'eN"&d. basedonov~llmea.8ure

man~. Itifj ~heIlPosa+Pleto,oOtilJ,l.n tnfj desired eg,ua..'~ion:

-00

£.

order b(,ssel e.qlls;t:lo:l:'"Valu'Ss of: cr/ef ware then computed. !or a raIlge

of va.lu.a of DiGlx:cP' aI:l.d: pj.otted in Figures 62. a..'ld 63. In aolving the

aar:1ea: above j the tiNt term on.ly g:!:ves suff1ciarrt accuracy when

DiQj r o2 1s greater than 0.12.
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Th$SOluti;on of' ..t~ dij'f'erftn1'1~1.~~t.ion gtven. ab9V8 was· used

to oompute values of lIi(Cf/Cr) as a tunctlon •Qfl>tfJlro2.. ~e

results are plotted. in. Figure 64. It is possible then rapidlT to

oOBlPute. valuesot ·Xo. baaed on themaohanism ot ditf'uS1on..

The results oj' the experiments whenoompared using th& abO'9'e

ex:pre88:1on .1nd1oate that vortexf'ormatlon. in the. form oflam1nar

flow JAlers does .not·. e%plainth,e ~ate ot mass transfer oblilerved.. 1bis

does not however mean that vO%'texf'ormation could not take place

within the Qrop.
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nctive film theories tor correlating mass heat and moment,.

transfer in the turbulent flow regime has been de'Veloped. !his type ot

correlation has been applied with success to situations in which the flow

of' fluid is in the form of films or fills annuli. and pipes. In the oase

of the liquid drop s"stem,liowever, we are dealing with a fluid with a

closed botmdary in contrast to these other cases.&en the boundary

is stationary,as in the viscous fiGw regime, the liquid drop is

spherical and the fluid inside 1s stationary or at least in viscous

motion. In the turbulent regime of flow, however"y. there are strong

foroes of fluid resistance acting on the drop and sa a result a turbulent

oondition exists in the core of the drop.

There are two means by which a turbulent core with an outer film

can be visualized tor a fluid droP. The first could arise as a result

of surface shear creating a vortex at the outer surface of the drop.

The flow ot the vortex would be laminar and hence mass trans.fer would

have to be l:u diffusion across the laminar la;rer. the core of the ~op

would then be turbulent from dissipation of the vortex. The sec-ond means

by which turbulence can be visualized. within the drop;, is by virtue of

the oseillatiOJ:1 and unstable motion of the drop as a result of deformation

in the turbulent regime of flow.
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The general equation for the mass transfer coefficient is simpli

fied due to the nature of the experiments emp:!.oyed. Thus the overall

mass transfer coei'£icient can be treated as if' equal to the dispersed

phase fihl coefficient. Since the continuous phase is at approximately

zero concentration common terms of the driving force and mass transfer

expressions cancel. The simplified maSs transfer coefficient becomes:

v .._In :!
A H Or

The concept of one film. is valid certainly in the turbulent regime

of flow and is also probably valid in the tran,sitional regime. In the

viscous regime however, there is a strong possibility of the existence of

two rtImso Most of the experiments we:t"e in the turbulent regime, therefore

the expressions above are suitable.

To make the mass transf'erexpression more workable and be able

to interpret the results in terms of the variables in:l1'olved, several

terms above can be replaced by equivalent expressions.. When this is

done, the following equation is obtained:

K. ~ V. d..- 1n Of
- 6 H C;

In analyzing the experimental data it was found that more ex-

traction occu.rred during 'drop formation or at the jack-leg interface

than is expected from diffusion calculations. .In order to correlate the

mass transfer coefficient as a function of the prOPerties or the system

we must deal with ordered and measurable conditions. Since these end

effects involve an. area in a dynamic state as contrasted to a static



area for free...fall of the drops, it was neoessary to separate the mass

transfer due to ende1'f'ects from that of' f'ree..1'all. 1'0 do this it was

necessary to measure the rate of extraction over varying column heights

under fixed conditions.

By rearranging the previous equation for the ma-ss transfer

coef.f'icient, the column height can be expressed as a function of prOduct

and feed concentrations.

H - !.J! In 2! =(oonstant) In 2!
- 6 K Ur Or

By using the same nozzle in each column height run for a particular

system the drop diameter, d , can certainly be maintained constant and

hence V will be a oonstant. If both V and d are held constant then K

will be a constant provided it is independent of concentration. Both

the distribution ratio K and the degree of' association for the solvents

used in. the experiments 1 varied less than 5% f'ro.m zero colunm height

up to the maximum height of 5 feet. In the studies with carbon

tetrachloride using varying concentt8tions of acetio acid in the feed,

the overall extraction coefficient remained practically constant over

the range of concentration which is met in those system.s employing

organic liquids in which acet.Le acid association takes place. Therefore,

it is possible to treat all the terms but those involving H and

In(Cf/cr ) as constants.

It Crier is plotted an semi-log paper versus column height, the

amount of extraction as a l'asult of end ef'f'ects can be evaluated by
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extrapolating to zero column height.. A plot of thisld:nd is shown in

Figure 14 :in comparing the .results .of .. the various .slstems tor a drop

diameter ofapproximateIy 0.15 inches. The mathematical relations

governing this extra.polation thus· are:

Hence:

It is possible, using the amount of extraction due to the end

effects to compute overall transfer coefficients. It isenremely

ditficult to.determine a l'ate of'extraction correlation for the end

effects as a functionotthe properties of theSY13tem,since they are

affected by the diameter of the nozzle, the dropt'ormation time and in

addition the a.rea. is in a dynamic state.. Therefore equations were not

deVeloped for these results.

Having. seParated the amountof' extraction tor free-fa1l from

that clue to end"*6,ffects, it is possIble to compare these results with

the properties of' our By'stems.Since the area is in a static state,

it can be replaced in the extraction equation by the area. of a sphere.

Free-fall extraction data were obtained for each of the s01vent-water

systems for the same drop <diameter and column height. Drop diameter

was USed for convenience as a key variable rather than Reynolds number,

although the latter approach dO$s simplify analysis. The dispersed phase
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film coefficients or overall ma.sstransf'er coefficients computed for

the free-rall condition are tabulated in Table II.

The film coefficient obtained is expected to be a function of

the variables of' the system. Thus:

r, fit £1 CfA ' V, P, a, Di andI.T.)

If the methods or dimensional anaqsis are applied to this expression,

the relation between the variables comes out to be as follows:

ss , IdYll u ~b (&)c
iii!: r2l~ j \fS1'i) \ VT.

The first term is equivalent in mass transfer to the Nusselt group in

heat transfer. The .first term on the right is the familiar Reynolds

number.. The second .i5 the Schmidt number Which is a measure of the

properties of our fictive film. The last group is the Weber capillary

group. This latter group is a measure of the deformation of the drop.

The introduction of interfacial tension is a new step in

correlating mass transfer coefficients. Since most mass transfer

c01'relations have been for wetted~wall columns and similar apparatus

where the interfacial tension does not influence the shape of the fluid,

it is not surprising that this variable has not appeared betore. The

interfacial tension affects the results obtained here only by its

influence on the si3e and shape of the dr.opa, In series J in whioh

interfacial tension was varied the only changes observed in the extraction

ooefficient were believed to be a result of changes in the shape of the

drop and not a res'lut of surface forces acting on the individual

diffusing solute molecules.
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1£ interfacial tension is assumed not to atfect ourreaults,

then the correlation for the overall mass transfer coefficient is given

~~fJ(~7 (p~ir
This same relation 113 obtained from analogy to heat and mass transfer

for a condition of high relative-velocity at the interface of the drop

and continuous phase 0 Thus$! Wilhe-1ln29 obtained the relation:

kL 0( Di (lla}o(Schmidt group)~ Di (;r GrpJ
Gilliland and Sherwood13 and Fallah~ Hunter and Nash12 correlated data

on wetted-wall oolumn experiments by lOOMS of ,this relation,. !he value

of n lies very close to 0.8 and m to 0.4 in these latter experiments.

The above relation 1s also very similar to that commonly employed

for heat transfer in' turbulent motion.

In analyzing the experimental data a i'a,ir correlation was obtained

using this expreasdon derived from the analogous turbulent flow heat

transfer expression1l provided. one dealt with a fued diameter. However,

in order to fit Figure 15 where the overall mass transfer coefi'icient

varies with diameter;> the terms d and V must appear as a net term. of

dO.6 y204. Hence an additional term involVing (dv2)O.S must be present

in our correlation. The WEIbel" capillar.f group thus not only completes the
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expression obtained by dimensional analysis but also introduces the

variables in the proper order to fit our experimental data.

By analyzing the experimental results by means of the expression

obtained. from dimensional analysis, it is possible to evaluate the

constant o£ proportionality and the power of the Schmidt group. The

resulting expression is given bYI

.A comparison between the predicted results from this equation and those

obtai:nEki experimentally are shown in Table V.

In order to explain the experimental results, it is necessary

to take the degree of association into account. This is fully covered

in the body of this paper and therefore will not be discussed further

here.

In order to 1'1t the data more closely, an additional term Vel~d

can be introduced. This aids the correlation in a rew instances but

results. in a poorer fit of the data in others, and hence is excluded

from our final result. The omission of the term ( f - Fe) also

appears to be valid since tbis is a measure or bouyancy and is accounted

for by the introduction of velocity into our correlation. Similarly,

tha omission of the term 2r/dc is valid since our drops are small relative

to the column diameter and hence wall effects are negligible.



The methods of mathematical determinants were applied to the results

obtained, exelusive of corrections tor association. The s~t of equations

which result were unable to be solved withoutino1uding all the variables

found in our previous dimensional analysis solution. Using these

variables the following expression was obtained =

Ked 1
Di • 4.6 x 10 0 D 0.35 2.4 2 1.87

1. V d.

where 1
0

:.' overall mass transfercoei'.ficient, ft.!hr.

Dt :: molecular difl"'usivity, in2/ seco

V • velocity, ft./sec.

f e density, grs./cc.

f'i. , viscosity, ep,

1.1'•• Interfacial tension, 1.1'.

If an association correction factor A : n/(2...n) is included in the

numerator of the right hand term, then a fairly reasonable correlation

of the .experimental data is obtained. This expression however, does not

represent the data as well as olu.'nrevious evaluation based on dimensional

anal1sis, since the abOVe equation is arrived at by applying determinants

to the results prior to correcting for association. Hence, the true

relation of the variables is obsc'l::l.l.'ed.
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The same meaJ;!luremants a..'1d analysis of data were me.d.e for

almost all the experlmen'te.. The •method a'll1.Ployed. can therefore be

generalized. Each aeries of exper1menta was denoted b1' a le't'ter of

thealpha.bet running from A tbru Z. Follow1D8 'this notation came

the nwnber of the axperin).ent in each series ..

The physical di.J.Dana1on& of the apparatus were m.aasured and

noted. The nozzle em.ployed. was dasigp.s.'t$d bya code showing the

general type employed. (e.g. O.T.. stands for capi1J.ary tUbe). In

add.ition th& inside and outside diameter of the nozzle wasm.easured •

.A;!:"te:r the nozzle was fastened. in place, the height (H) trom the

nozzle to the interface was measured. '!he volume of continuous phase

contained in a tive foot h.igh aeotion of the column is equeJ. to

approx1JrJ,a,'tely 2500 mls. Although the oontinuous phase liquid leval

extended in ma.n,y 6x,peri.me-nte theleng+~ or the column, the .voll.llJ1& used.

in conoentration. calculations was proportional to the helgb.'t (X) and

500 mls. per foot of heignt (B).. This assunq:)'tion is vallda1nce

diffusion of the solute into that portion of' the continuous phase

through whioh drops do not pass vas relatival1 small. 'lhi~ assUIl1Ption

bas been verified by oonoen:tration traverses the length of the column.

The tempa:rature ot both the oontinuous and dispersed. phases

were rsoorde.d 0 The continuous pha.se tell:i.pera.'ture was ts.k$n aa that of'

thejaoket water tem.parature (To).. A Weston metal thermometer was
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leeated :near t..1ry;e feed. tank and the d.ieparaed phase temp$r8.ture (7'd)

was re&d on this instrumant 0 In addition the room. temperature 'II vas

recorded.. Fluctu8:tiOnB in feed t6l¥aJ:'ature wer~ controlled by

regula:ting the thermostat governing the room tatnpara:t.ure.

A 50 ml. gt'aduata wale! used s,$a product, receiver. Thet:1.m.e

required tof1ll. the graduate or put 50mls .of dispersed liquid

through the column was reeorded by an electric timer: and. denoted·by

". In order to campu.ta the drojfTeloott;r, the. time required. for a

drOp to fall t".rom. the nozzle to the interface was clocked with a

stopwatch. This was recordeii on the data aheats as 9t. Finally the

rate '8t which the drops form wa.s determined )7 Ii stopwatch a...'"ld

reoorded as Sf. The usualproeedure we.e to t1:!ne 25 dro::ws and obtain

the 't:1m.e per drop 91'" 'by aV$l"aging.

!r1:. the majority of' the arper1m~ts the solvent was the

dispersed. phase and we:tar' vas tile eO!lt1nu.ouB phase. water being

expendable the colWlIl1W&s drained. and refilled after each runw1:th

wa:ter eon:te,1.n1r..g no acetic actd or :i.m;pur1ties. A.t the and of eaeh

!'Un. 50.l'l1l. samples W(tr'6 r~oved frOi£!). th~ bottom a.nd 'tIop tlt$ by

mee.naof 50 ml. volt"l:!TJetri~ flasks.. 'lhese 'Were transferred to 250 ml.

erlenme.rer f"'...aaka ~. the acet:i~ acid content was determined by

titration. 'With 0.1 N. sodium hJ'dr9xilif3: ua1.ns tl;~ol blue as a'll

L:."1diCl8,tor. The cQncentratina of E.eetic aoid h+ the top end bottom.
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The amount of er..ractiQIl taking plaoe was' determined by

ana.lyzing the f~@d and product. A 50 ml. sample was removed from the

feed tank using a 50 m.l. Tolumatr.io fla.sk am tranSferred to a 250 ml.

erleme;rer flask,. The entire prod:uot in the 50 ml. graduat, vas

aleo transferred to',another erlenmarer flask. When a solvent was

being used for the feed stream. suffioient water had to be added to

the erl.enmeyera to extract the aCetio acid. The acetic acid

8.ebefore.

dispersed -pbbae. The overa,11maea tra.nsfer ooefficient 1a given by:

where .Ko :: o'Verallmaaa transfer -coeffioients 11:> .molea/br .st;l..t't.lb .molel

L:: flow rat€'1 ou.ft, /hr,.
Cf :: fead con.eentrati.on. lb.moles!ou.ft.
Or :: product concentration" 1b .:mo1ea/ou .:ft,.
A = interfacial area .• ag. ft.

conoentrations by the following expression.:

In 6. c

::: e-quilibrium ooncentrs..t:i.on ot oonti.nuo1J.s phase
11:> .11101eejcu.ft.

equj,1ibriUlll ~oncentration of oontinuc!U,s phAse
lb.lllolaalcu. .tt.
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Since both the distribution ratio (X') and. the top and bottom sample

conoentrations are small, the above equation oan be eilnpllfied by

el:1.ttd..nating· the equilibrium oonoentra:t1on terms. 'RUs introduces a

maximum error of at .most 3;1n L"l10f the e~er1mente. Iolhus, our

expression for. the Qverall mass transfer oo~ff1e1ent eap. usually be

simplified to:

Ito· = L In ~
T Or

Th.e dispersed drops varied f"rom. spheres at small diameters. to

ellipsoids at larger d.1emeters. As was shown in the drop formation

study 4A,ppendb: D} j e. negligible error is introduoed if wetree.t .the

drops as perfect spheres in dete~in1ng both volume and i.nterf'ae1al

area. The number of drape formed per hour or drop rate (D) was

maintained constant throughout anN' e:&;perimental run. by flow regulation.

~erefore, for a thru-put of 50 mlS. the diameter of the drops was

computed by # D Q =50
v

Where d = drop di8l1l.eter, .. rt •
~ e e~r:1menttime, brs.

·..n :: drop ra.te, drops!hr.

Having d$term1.ned the diameter (d) :f'.r0ln this expression for

the volume throughput ot spherioal drops, it wa.spo.8sible tocOlIlpute

both the interfaoial area and flow rate. '!hese are given by:

A 'l: D 9t1fa2

L ;; 1fd,3 D Q
15 Q

where Gt = oontaot time, bra.
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The results of eom;putat.ions such as these are shown tor all

experim$nt8.l runs in 'mbJ.e JXIV through ~ble XLIX. In order to

eli:m.inate excess tabulation, 'data sheet 'Values 83:"enot shOtf;l...

"VulGUS ,tachnlQues oan.be emploty'$d int1"ee.ting the exper1mental

data i~ orQ.er;··tpol>taln nwre uni£'orm>ansYe~s. Both, A '&ad. L ,can ,'be

replaced in the expression for the overall maS$ transfer ooeffioient

bY' terms involving drop rate" ,drop diameter and time, 'fhe time of

oontaot. ean aleo be replaced byJI.jV where R is column he1gb.t and V

the velocity. '!'be final expression for ':s;, lsthen given by:

Ko = V d In Of
b 11 0;

A norma).izing ~eobnique can be used to compute Ko from this expresSion"

This consists of plotting velocit.y versus drop diamet$1' and fraction

extracted versue drop diameter. values can then be read from the

amoothourveS through the data, and Ko values computed tram these

numbers. This wohnique was used in detl.t3:"mining the overall mass

transfer coefficient t'oraeries A ,runs, but due to the t.ime involved

was not employed. in correlating subsequent results.

In a.ddition to the data already mentioned, in several special

series G the flow rate of' 'the eont.inuou.s phase was determined br

means of a rotameter which wa.s l.a.ter calibrated to give now rates for

rotameter readings. 'r.be Beynolds' nlUliber was" computed for both the drop

diameter (Re)d and 'the co:p.mm diameter (Be)c. In series lIruns, the
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ooncentration of sodium hydroxide in the oontinuous phase was

determined' by ti'trat1.on ''With sta.n.d.8.rdized sulfuric aoid using

pheno1thalein 8.sB.hindicator.~e acetic acid. concentration of

the continuous phase is then obtained by differenoe ~

~le .Caloule:tlon

The following data. W(l)r$ recorded :f.rattl the data sheet.

Experintentalrun -A 1.

Nozzle - 5 mm. Capillary tube

Jacket t&mPerature ('1') - 210 C.

Total experimenttilne (9) - 2224 seconds

Dispersed phase thru-put - 50 mlfh

Dropraoo (1) - 25 drops per U.3 seconds

Time of Contact {Gt} - 8.75 seconds

Column Height. (H) - 1+ ft. 11 inches

Feed sample concentration (Ct) - 84 mle .. - 0.1028 N. sodium
hydrOxide •

Product sample. 50 mls .. (Or) - 42 mls. - 0.1028 N. sodium
hydroxide.

Initial colum..Tl conoentration - 0:m1a. - 0.;1028 N. sodium
hydrOXide.

Top column sample (OT) -1.4 mls. 0.1028 N. sodium hydrOXide.

Bottom column sample (OB.)- 1 ..2 nUs .. -0.1028 E. sodium hydroxide ..
.,

The data were then converted to terms appearing in. the

expression far the overall mass transfer coeff:l·cient.
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d.. o~269 ea , or 0.106 inches.

Concentrations
FEted Of ;:

Product Or.. :::

(84) (O.1(28) :: 0.01075 lb.m,oles/cu.tt.
800.5

~42J (0.1028) :: 0.00538 lb..moles/cu.:rt.
.. 802.5

BottOlU .colu.mn
sample CB:: (L2~~g.1028) :: 0.000154 lb.moles!eu.:rt.

trop ct'fflumn
sample CT::: (;l....4~02~g.10'28).:0.00018 1b.mo19s/eu.tt.

,Logs.ritbmic mean·· driVing forC$

Since K-4 is ~ual to O.05·'·we can ipre equ111briu:mco1umn.

concentra't:ioWJ.
0.01075 - 0.00538 Jl: o.own

In 0.01072
0.00538

Flow rate

Amount of acet:l,c aci.d extracted.

Cf - Or '" 0.01075- 0.00538 ::: 0.00537 1b.molea/cu.tt.

L : (~ijl20i t~~~i ::: 0.•00286 cU.fi./hr.

Interf4cia.l.6ra$



Oyera~l, masetransfer ooeffioient

~;..,;.;~~~~~~= 0.417 lb.molesjh;r. ft. 2
lb. mOles/eu.ft.

Column Height

R =4.91'7 feet

Velocity

v 1: '4.917/8.75 =0.562 it./eee.

Peroent Extraction

tO•00537/ 0 .01075} 100 :: 5~

·The reslllte of computatlcm.s similar totheae tor all the

193



;ABI,J VI

DIS!J.UBtl'fIa..·D.A.~ lOB.
CAIBOJI·"liill,,_c__

D.ta trOll 'the Interaat10Da1. er1t~cal fe,b1,., .,.~ 1'.

!eJlperature 25°C.

Coac_tratj.oa .of Acetic Ad."
Lb • Roles/eu. J''t.

-

Co

O.Ol~
O.P623
O..12Jt.7
0.1&7
0.249

Ow
0.260

.. 0.388
0.125
0.710
0:195

I:t -_Cel,
0.060
0.106
0.1'72
0.243
0.313

])at...det~~ned ez.p4t1"m-tallJ' at·oak llUp ...t1ou1I.f,'Mratort 'b1'
v. S •. '&:'Mr.
If.-;peraiiure 21°C ..

Concentration of· Acetic .letA
Lb.WJlea/eu",J't•

D1.tr1butloa•. Coeftlc1..:t

.CC

0.00873
0.00798
0.00192
0.000196
0.000299
0.000150
0 ..QOOO374
O..~31l

Ow

0.21
0.232
0.09T3
0.()23
0..0327
0.012'
O~OO34'
0.00185

1:' a Ca/Ow
0.0416
0.03'3
0.01"
O.ooa"
O.GOf13
O~Ol2l

0.0101
O.cIa



Data troa Solu'bWtl•• of Qrsanic CheJI1cals, b78e14e1l.
Results. of BektouroT .011 pap. 1.08

Ifqperature 25°".

IJ.,95

Coneentl'ation ot Acetic Acta.
Lb. Rtiies/eu. It.

Distribution Coefficient

Cc
0.0000588
0000162

O.~J..
0.0Q88lt.
0.0133
0~0226

0.0463
0.0832
0.106

Cv
O.oo4~
O.06Jt.
o.110
0.1.68
(h223
0.306
0.483
0.637
0.694

1:' • cc/Cw
0.0l29
0.0253
0.0382
0.0520
0.0595
0.07....
0.0962
0.1.305
0.J.,3

Data f'rOJa Sol.ub11i:t1es of Orpaie C:bAta1cW, by S.iaell.
Besults of1Ierz a»4Lew on pap 1.05

TeJIq)erature 2Jl'c.
eonceutl'a:t1on 0'1 Aoetic Acid

. Lb. Moles/Cu. Ft0

Cc

000187
0.03].2
0.0499
0.0603
0 0 125
0.262

e;,
0.312
0.416
0.52
0.623
0.128
0.792

E' • Celev
0.06
0.075
0.096
0.0967
0.172
0.33

Cc - coaceJttratioa 0'1 acetic acid in car'boa. tetrachloride

Ow - cODCeatrat1ol1ot acet10acid 1a d-1nerali..a. _ter
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Data·"~~~a".·OU:·.:U__ ""t.oaal I..O.......,..
Y.. s. J'~.

T.,.r..... PJl'c.

Cc.mc-:trat10lJl of AceUe··.lcla
.. ;u,••l.eelCU.. ft. '

Cc
0 ..0183
0000"f3'
0.00l.96
0.000623
o·ooom
0.000112
0.000137
O.OOOU2

~ ....;gg

»..ta.. trOJlIlD.dustrial. •••·.aD4!.&1....itlleJa.tm..Ir1I00~..,. ~l, , ....
1240-12~. .
ResultsofD. F. othBterl B• .:I"Wb1te ana E. !ft.eaw •

ofe..,ere:me22 C..

------~-_. ----- .~-

CQ1lC..~at1onotj;cet1cAcid.
Lb. fkiJ.es/.ett.ft;;

ex
'.7

10.'
19.1
22.9
25.6
27

e;,
9...\3

1509
a)..1
3103
33.6
35..1

1:. CJ,
1."1.51-
1.a..

1.37
1.•31
1.3



Data det~" «qer1lla.ta1.l7 at. Oat at.... "~8 m. '1 ~.1'7 b7
w. S e Ya:rMr~

~emper~ture 2l0Co

CODc_trat:toa of Acetic 40.14
L'b.. Kole.!()l.:rt.

ex
0.,0069
0.0052
0000352
0 ..00178
0.000623
0,,000436
00000262
0.0377

Cw
O..OJ.~·

. 0.011
0'.0013
0 ..00311
OoOOJ.55
0.000955

::~
Data froa .IM.u.tr1a.l ..... - .......1Nma-t.aiiI7,..,....., .19591 , .....
ll"~
Resul.ta of ~" .X"~, io a............ Jo .". Ao x..cc-

•T.,.rature 25·C"

Conca:tra:tioD.ot Acetic Ae1a
Lbo .1.8!~.:rto

ex
1 ..;6
1..la.

14.,4
20.,5
25.6
27.9

<;,
2.,0

12~221.'21..2
3~o1.
36

Ox." co:acetatrat1_ Ott ac.tio .14 Sa """1 :t.....t)1_to..

c;, - conceauat1-. .r acetic· acia 131 water



!Aim IX

C[IsI'.ft FOR
~C .ACID.. lA1'.D

nata fr01ll Dldu'tl'i&l Gd ~mee1'1ngChemistr'1, September, .1939, Pases
U44=
R-esWlttS ~t ~" l:oSlll$~odi! 6't~o

~er$~e 25cc..

!&ltual. §plllbliU't;r.1.\$:ta

Water !.ale%."
Acetic Acid

~

Adi:!:tional date. 'C\&U be fOlUld m
~1tl'1$l ~. ~<eler~ Chmstry}) OCW1HUOj 1941; Pe&eS 1240-l248

Re&Sults of' Do Fa~l:'Jl Rol" White aitd· E.. fl'11sger"

. "",...
Data tJ:>GlIl1. the In't$rn9;ti~ C:r1ti~al Tables, VolUM V..

Te1J1.P~a~ :l5'" JLOOc <>

Concentration of Acetic Acid
Lbo Mol&iS/Cu" no

0.0115
0.00312
0 ..00025'
00000112

00e 0000262

o..~
Oo07~l
O..Ol!iJ.l
Oo.()()68
0,,00209



!ABLI x.'COft'»1. ,

Da'ta :trOll the Interu.ticmal C3:'itical '!e.'bl.8~ VoluM V
o'femperature 25 c.

199

Conceatr.tion of Acetic Acid
Lb. 1Ioles/eu. It.

D18trlbut1oa Coefficient

0.0679
o.oJ.I.6
0.0382
0.0302
0.0l60
0.0140
0.00985
0.00633
0,,0044,
0.00276
0.00l.03
0.Q00779
0.1938
0•.168
0.091.

Data deteridned. Q;pertatm:tall7 at Oak Bidp ••tiOD&1 Le.boratot7 b1
s, S. FarMr.

o'femperature 21 c.

Concentrat~on ot Acetic Acid
Lb. Mole./eu. J't.

Diatrfbutioa eoettlc1_t



Data from SoJ.ubilit:tes ot Organic ••• Cheaicals, b7 a.1Ull
Results of Rerz ·e.nd··1Pischeron Pa.P lO6

Temperature 25°00

Coneen."tration of Acetic .leid
IJ) .WDles/eu•. J't.

:D18'tr1'bu.t1oa Coefficient

0 ..00135
0 ..00434
0.0161
000315
0.0515

Dati. trOll. $4)lubi1:tt1es of Qrge.D:!c Ch-.1eal8, .'b7 •Setien
:Result. oflet.tou:roY' oa ••.pagelO1

'-.perature 00r;.

COllOeatration of..Acetic Acid
Lb... Jll:>les/eu.. :rt.

0.000241
0 ..000705
0.00259
0.00669
0.0159
0 ..0283
0.0472
0.0795
0.153

00.254
0.401

0.0195
0 ..0383
0 ..0868
0..153
0.249
0..352
0.453
0.608
0;733
0.796
0 ..736

,.)

Concentration. of Acetic Acid
Lbo Mo18s/OUoft.

CD ew
0.00124 0.0483
0 ..00177 0.0625
0.0026 0.079

Distributioa Coefticiat
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COlmCstrat1on of Aoetic Ao14
Lb. W01.es/eu.. l't.

Coocatrat10Iil of Acetic Ao:14
Lbo Wl)1es/Cu. l't..

4.19,!;

0000215
0.00412
0.00166
0 ..0188
0,,0236
0.033
0.033
0.0513
0,,0831
O.Ji.52
0 ..256
0 ..354

CB- Clo1'!C~a~laf4 aonto _14 :tab.....

Cw ..., concellUat1<m 01: acetic ui4 1& w:ter
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~n

~ SOLUBILIft DAft J'QR
,,--ACl!IC••. ACID-••

::::

Data :fer 8ol11b11:1:9 of Orpnic Cb_eaU.I b1 Seidell
teeault-. of wau.u on pap 101

ifeDlperature 25°C..

Water Lqer
Acetic Acid Bem:eae Water

j ; j

0.,40
3..10
5.. 20
8,,1

16..3
3005
52..5

0..02
0015
0.,25
0 ..42
0..79
2.13
7..60

0.1'
0·53
0..84
1 ..82
6.1

13..8
39.6

'!ABU nI

~I1UiJ!I0I~ ·J'0li
Cm..oBOFOBJ(...ACft!C..ACID-WA!IB

::: ; = : ;;::!:=# I' T [ ,"

Data de'termned exp~ta1lyatOak1Udge latioMJ. La'borato1'1 by
W.. So :r~" .

e
!em.Per'ature 20 C..

Conoen:tratiolll of Acertie Acid
Lb" 1It:Jles/CU.. ft ..

D1stribu:t1on Coetf1cieat

0.,0;46
0 ..0233
0 ..00135
0 ..00302
O.,oou8
0.,000157
0..00191

to ~ 2.,. >& 4i._._oH ..

0.,2,59
0 ..147
0,,0698
0.0399
0.02l
o"OO51t3
0,,03



203

'c"r . . .

Data trOll :Industrial UA Jna1neerlngChea1.atryt :lovember, 1936, pap 1357
Results of Var'ttts8u.n 8ld.J~

e
'fem,pere:t'W:'& 18 C..

Concentration of Acet,!c Acid
Lb. Moles/en. ft.

0,,206
o~06l5
O.. Ai.3
0.63

-.•;.;-...:.->;;-.--;..

Data:trall Solubil1~1e18 of OWSQl1cC~, b1 S.1t.u
Besults rot lter~ •.a, .~ ··oa· .J&&8. J.o,

'f~eraiture 25°C •

0,,000925
0.0032'
0,,0062
0,,0101
0.0148:5
0,,0206
0..053
0,,106
0.159
0,,228
0..41

Data from 'the In:t&rut1onal GriUeal kbl••" V.lmte V

Temperature ~.(l'c ..

0,,0001247
0.000249
0 ..0003135
0 ..000498
0 ..000623
0 ..000748
0 ..001241
0..00249
0 ..003135
0 ..00498
0 ..00623

.0 ..00if.,1
0 ..00117
0.01035
O.O1$l
O.0l1i65
0 ..01.65
0 ..02315
0/>035
OoO~

000521
0.0603



~ mJCQft'a>
.,,' ~'ta rro-;-the ~terna't1~ cr1ti-eaJ.--·.-:.. !r-a-bl-e-8-,-V-ol-tUI8---V~(=-.Coa--:t-fd"':")

Te:mpere:tur'9 20 CIt

0.00748
0 ..00812
0 ..00997
0..0112
0.0121&.7
0,,0131

<'>0001.8'1
0,,00249
0 ..00374
0 e 00498
0.0002;
0 0 00148
0 ..00812
0 ..00991
0 ..012,
0 ..01247
0 ..0137
0 ..01%95
0..0162
0,,0249
0 ..0436
0,,0623
0 ..0935
001241

000669
0.073
0.0781
0..831
0 ..088,
0 ..0935

Data h'om Solv.bllit1s$. of Orgauic C~, 'b,.. ••:1dell
Besul:t$ ot BelttotIrov on J1&.ge 1.08

o
!~a~$ =0 Co

0 ..000515
0.00162
0 ..0072
0.0206
0 e 06119
0 ..135
0.,222
0.,21
0.. 33::1.

O..on.05
0 ..0243
0.,0559
0.,JL03
0 0 21.5
003,0
0 e 4$4
0 ..543
0.59

....L
'~)

21..44
1'410

7..76
, ..00
3.32
2.64
2.18
2.02
1~78



!p;6LE XII (COft'D)

Data. from Sa~il1't1es of Organic CompouDds# by ··Se14ell (Cent 'a)
a

T$q)erature = 50 C.

0 e .000221
0.000735
0.001178
0.0081
0.0287
0.081
0 ..147
0.2l.05
0 .. 304

Det1nit:ton:

Cc ... concentration ataeetic aCia 1n chlorotora

c". - concentration of acetio ae14 1& -ter

T.AJIa U1I

MU'lUAL SOLUJILrrI •DAD J'OB
C~ ••- ••• A.CI'!Xe·•• ACID-·••• _

t L. _..... :a .• -J!!UI!JSilZl.tte_gGl ·,X.l-!
.......... - -,

Data. fJroa Industrial aad bli_er1g ....atl7, ........r, 19!6
page 1355.
Besults at. VarW.8iot1 aM. :reuD

'fsperature • ~C

Po1nts were taken ott ot JIllgure 2 1».'" aboY.~ .... a
corrospondiag t.r1enpl.r cl1ap.. prepar....

1Icia" .



Data determu4 exp"-:l:8ntall1" at Oak Blip ••t10D&l La'tor..torT .,.
We S. Fanaer e

Tempere;ture= 21.oC ..

Coneelll:trat:ton of Acetic Acid
Lb. .1.••/Ci1. rt ..

Dl8'tr1lrcltioa Coef't:!.cl..t

0.0256
0,,0102
0 ..00312
0 ..00l18
0.,000474
O..OOOO7lBf
0.,0000314°,,()(')0()249

Data·t'roI! tlae Iaterutioul Critical 'fables, Tol'aM T

o
Tempera;tu%'e 25 e..

Concn:tre:t10D. of Acetic Acid
Llt., lfDJAa/eu .. !'t.,

0.,000623
0,,00623
0..0187
O.0311
0.,04-36
0.0623
0.081



Data troa. SolubU1't.:t•• ()t ~..-.tc~u1al1q' 8td.4.:JJ.
i.aN1~. of lIers ._J'1.~·•.•....106. ......

TfJllPtlra:ture 2')QC

~07

CoaceDtratloa of Acetic Ac.14
Lb'.. .ot••/eu.ft..

Definition:

c..r - coneeatra101oa. of &Cetic&Ci~ :ta tol~.

Cw .,. eoace».tratloaot acet1cac14 m. vat.1"

Data froa •• Solub1l1t1fUJ of Orp1l1c·CJaeJdcal•., ..,'8~1..u
!esultsof de .Xol08sow8lq ·.end•••~ci pap•• 112

o·
Tem.Pera:ture ~ C"

Concentra't1oJl of Acetic A.cia.
Lb 0 __leu. 710..

0,,00234
0 ..00645
0.012'
0.0185
0 ..0259
0.0353
0 ..0521
0.0758
O.~09

Oo~'7
0.231
00779
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TDliI XV

DISTR;rBtf.rIOI')}4fA!!!
lSOPROP'ftiflli....ACftIC ACIn-WAm

Data :t':r'om Industrial· and, Erllgi.s&er1na Ca-L.'liry, Oetober, 1~J., :taael
1.240-1248
.ReS'lil\lte of D.. '1' 0 Ot.hll.ft~ :a. :I.. White, aD4l~. ~.pr

T-.pers:tttre 25°C.

CQu©Jd.trat1on ot Aeeti© Ac14
Lb. Mol$siCu. ft.

7.08
4..59

12..6
22.1
29.4

De:ta detel"Jldn$d experbtG'tally at Oak ltiqe ...tloal Labora.tory 'by
W' ... So J'~r ..

CO~e11tra.tiou of' Acetic Acid
Lb. tfD1es/eu.. Ft ..

Distribution. Coet'ticiat

0.0107
0.00838
0.00549
0.0021l
0 ..00l07
0..000536
0.000414
O.Cl613

0.0516
O..~10
0.0282
0.013
0.00554
0000214
0..00237
0 ..229

0.207
0.205
0.1.95
0 ..208
0.239
0.196
0.2
0 ..268
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'fABLlXV (COft'D)

.,

Data f'rOJl·Tranaae't1.ons· of the Aaerlcall. .Iut1~ of C81d.ot.1 .p.....,
31,667 {J.93,J· .

Besulta of J1.&1.n.......~

Temperature 20°0 ..

CoueentratiOllot Acetic' Actc1.
Lb. Wi>l.e./eu.:rt.

0.09372
0.0078
0 ..0168
0,,028
o.C4u

0.02
0.0\.
0.08
0.12
0.J.6

0.186
0.1"
0.21
0.233
0.257

Data trOll Solubilities otOrpzde C.,caJ.I, "" Satull
ResuJ.ta of Saith ad :J1sm oa l'lap 112' .

Tem,pera-ture 20°C.

Coneeatrationot Acetic Acid
Lb. JIDles./eu". J'1;.

0.ooo8lJ.7
0.0008'73
0 ..00158
0.00349
0.0036
0 ..0074
0.00891
0..0108
0,,0143
0.0175
0.0203
0 ..0249
0.042

0.16,
0.178
0.1.77
0.186
0.190
0.1.96
0.206
0.196
0.207
0.206
0.228
0.222
0.242
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ti:BLZ XVI

lIJ'MAl, ..$Om.BILm.·•.~
IS0:PBOnL•••·.-_r?WAT.IR

Results of D. ro OtbllDer" B.. JL. White ud S .. !ru.ger

Temperature 23-24°~ ..

Ifntua.l Solubll1'tl.».~

I'CJp1"Opyl Xther Lt.7er .aterLq..
Ae.tle ·A4:ta .A.cet10 Aoel!;, ,

36..8
45.1
Jt.8..4
1&8 ..1
41..3
37..6

,.4
6..J.

16.75
30.2
39.0

Distribution Coefficient

I: "" ew/cc
31..,
1; ..1
10.2
5.68
3..lf8
2~53
J... .1t8
1.,28
1.16
1..19
1 ...24
1..20

T.A:BLI. DII

D~OXDATAl'.
~.~C'fimt:tbi"PBOP%Oifl!AOD->WAt.rE'.R

.,
Data fromSolu1)Ult1eso'f ~iceheatc.:l..,••bw'.Se1dW,
llesu.l:ts ot Kolos80YSti~ hkturofam.d. lJillikoY 0Jt. Pe.p 187

~emperatw.-e ~C"

COn£jen:tration or Aceti<eA©1d
:to" lI'ilea!eu..F't"

C CC w---,...;;;..,...
0 .. 0000249 0" 000804-
0,,000151 0,,00229
0..000541 0000559
0.0023 0..0131
0 ..00197 0,,0217
0 ..0176 0 ..0",1
0~0644 0 ..0953
0 ..102 0 ..13
0..153 0 ..18
0 ..219 0 e 26
0 ..26 0..323
0 ..37 0 ..441



..::.

ti"XJ.I,':.. .I ...

p,JII••. 1!1lI

~.• IpMIHt••BOLUm.I1 •.WAS

.4 .

Chlorof'o~ ..
_~lI~wWl l:,tou1.
B~2c .
!ol~_24
Carbo~. ~~O!'1U2J.
Iaop1"Op,.1.·m.rl

801118111&p>'. /fl.OG Ill. ...0'1 water

0.62
2.0
0.1'
0..05
0.08
0,,90

0..15
2 02

0,,06
0005
0.0l.6
0.57

1= ~i:Jaetlc erp.1Jdcc.\a1cal-, carbide. and Car'boaCJ1eJd,e&ls
COl'pon;tiOll...

2- &Jl:tmbU:i:t:1•• ot or~~~_cal, 'by Seidell..

Cal .I~t. of ~'.-J. 2..
(b) .~.w.t.otJ(~z".p.p12~
h:) :I~R\lta ~ .~••..• 308..
(tt) J$tR\1~... pap,~"



':":::--':-;;~-;:-~:;::__ ._•• ~r_ • .,.. _

TABI& xnv

SImDS A

:u.mAm!IOI VlIRSUS DROP DIAHiTEi
CARBO. TftBACBLOBIBRIC. tom InISPJRSKD)

VATER (COlfmlOOtrS
",ila4£t'!l",._tt~.~£« !:t~::at __~!Q4tc. t ..

;Drop :Diaaeter :K Of Ca ~ • V To
___rlR. Iozzle Inches ft./Be Ib"moles!cm.:t1:o.. lb.traotion ~ tt.. 7t./sec ~

1 ...
2...
3'"
4..,...

6=
7..
8<->
~..
1~

11=
12..
13"
14=
15"
16<>
17"
1.8",
190
20.."
21=
22
23~

'-0 Capo-'-0 Ca.p ..
,... C.p ..a-e Cap ..
,-" crap ..
_"Cap"
7-.. Cap..
7-'<tCap"
7-.. Ca.;,,,

_" mu"0-.. '!UN
7•• T\1be
7_0 !ub.
s... lfu.be
6-.~ ~.

7-.. Cap"
1.-.. tap..
." !"D..» e6." !r ..I,,».
6J/Bfl. ~.,CQ
_,. !r ..e ,
7a.. 'lube
S-" Me

. 0 ..106
0"J.05
0.107
O"l2O
0..127
0,,].26
0.14
0 ..138
(h14
0 ..l88
00169
0,,0011-
...~3
O.,af!3
0,,32
0,,144
0 ..146
0.166

.0..164
0.083
O.()84
0 ..213
0.,22

_ - 0.41
0.35
0.. 34
0 .. 33
0039
0033
0.34
0.30
0 .. 31
0 ..37
004.2
0.,31j.
0.,30
0,,375
0,,36
0.,325
Oq.31
0 ..30
O~30

0.43
00316
0.. 35
0 ..3'

0.01075
O..tl°75
0.01075
0,,01075
0 ..01075
0 ..01015
0.01075
0...1075
0,,&1075
0,,01075
0,,01075
0,,01075
0,,0105
0 ..0105
0,,0:105
0 ..0108
0.0108
0,,0108
0 ..0108
0,,0108
0.01064
0.01064
0.01064

0.00538
0.00601
0,,0061.2
0 ..00692
0.00641
.,,~

000071'
0,,8015
0.0015
000077
0000134
0 ..0081
0.00824
0.,00&1
0000613
0000147
0,,00761
0..007"
«).0079
0000'"
0.00525
0.00814
0,,0081

·50
44 ..3
43·
35.'
4004
36,,3
3304
30..3
38,,2
23q3
31,,"1"

. 22 ..6
21..5
23
22,,6
3098
29,,6
26,,4
~ ..8
53 .. 2
5008
23 ..5
23 ..8

4.91.7
4.'17
4.'17
4.0911
4.917
4.917
4.115
4.875
4,,875
4.875
4,,875

.4 0 J.87'
4,.1815
4.416,
4,,41'
4..875
4..875
4,,9584.,,.
4.91;
4,,916
4.75
4079

0.562
0 ..562
0.,562
0.535
00535
1.585
0 ..585
00585
00585
0 ..56 '
0.56
0.537
(10531
0.56'
00505
00;87
0,,587
0.583
0.583
0.53:.
00518
0 ..566
0 .. 58

ai
21.5
22·

92.'
23.5
23
220'
22

.22
23
22
21.'
22
21.'
21.5
20
21.,5
~

22
~ ..,
20
21
21

'....."Nt(W'-'X;.:;"'··:y··:· .....·',,· 'trtt"""Xy···...·e(y· ». ' __-"""_"'''_~0'-'''''''_''_' ""--,.,,.

ro.....
ro



TDL& XXIV (COH 'D)

$DIES A

"IXIB,mQI 'VlI8$'f]S•.•OP.ll~
CARBO. fftaAClItORIDE,..,ACftICAC!D •(»ISPEBSID)
. . .•WAS••••~coftnmousl

-'~"

-...... :lO-d!( (li~~~~""'''''~''''''''?>-''~':V_'~~Ak:''_~H_'_'¢ ~''''' ~, _

~ bE-
L A Ow Td

!ii}ktt"Lkr.' s$l"tt.. lb"DlOl~s/cu"ft.. OC ..

l A
2...
3'"
II,...

.'"7=
~

,=
10..
U'"
12...

it1'..1....
11=
11=
J,SQ
20=
21",
22
23'"

0.,00286
0,,00273
0.0,0294
0.00414
0,.00493
0..~9
0..00631
0 ..00596
0,,00623
0 ..0140
0.01505
0,,0197
0..0119
090~Cn
Oo02;:t
0,,00743
o"ooAa
0,,0106
0 ..0.1
0,,00118
0..00161
0,,0233
000231

0,,0041°,,0f)457
0,,00....
0.0<>'5
0 400652
0 ..00635
0,,007"
O..OC)126,
0,,00742

,0,,0134
O.OlJi.8
0,,01516
0,,01392
0..01468
0001652
0,,00856
0,,01176
0.010,2
0 ..0106
0,,003888
0,,0036
0,,01'18
0,,0174

0 ..0001;54
0.60018
0..000141
00000141
0,,000154
O..tOOl?
0'1000154
Q"OOO1J2
O.toe155
O..OOOl"
0 ..00011','
O..ooooa~
000001.43
0..0001.7'
0,,000119
0.,0001'"
000001."
O"OOO~,
0,,0001.525
0,,000:1"
000001505
0 0 000225
0,,000225

31
31
~
2205
2'
29

,**,,-~ ~~"':'~'7? '-'-'-"";'':: i-tl';i£~ ;<'>'.> .~ -............,..•. - '~h7"=' +--- ~ ~ rM± ."

P3
v..>



'.lOLl••2IlV(OOft ID)

..XIS A

U!BAC'fi<a .·.·YJIUltJSlIlO! .J)IAIII'JSB
.CADOX~CILOB.~.fCn> CD....>WNPtIL.· COJ!1JOOIJS .

lb:p...o.

l ...A
2
3
4
5
6-
7"
8-
9-

1.0-
11-
12
13
lAt.
15
16-
11
18-

1'-20-
21
22...
23-

'JJt
8OOS.

0.4'2
0.46
O.~
O.JaJt8
0."'52
0.456
0.464
0.",
O•.1Ie
0.;0
0.492
0.468
·O.~
0.58
0.'0
0.114
0.At.96
0.47
0.472
0.36
o.~
0.452
0.50

&r
8ees.

8.75
8.75
8.7'
8.At.
8.4
8.At.
e.35
1.35
8.3'
'.7'.77.'
7.8
7.'
701
1.3
8.3I.,t.,
' ..3,.,
1.At.
&..25

P3
.flr"



TABLE xx.v

SlRI.Im B

:Q!.l!2AcmrOlf ~:tJBOP BAD .(et)

CAItBOlf~i=IQ.~IDIDISPDSBDl
:':'1 :Z 7 ~:~ ::i::L:e

Drop •Diameter K Cf CD 1- Jl{

~ ..._ JlozZ!e Inches tt"/hr.. lbomoleslcu..tt.. ktrae'tion tt" ~__,

1-»
2-...
3
4...,-
6...
7'"

7-.. Cap.
7-'" Ca.p.
7-" Cap.
7mm. Cap.
.,.. Cap.
7-. cap..
7-.. Cap.

0 ..141
0 ..151°,,15l
0 ..145
0..141
0,,151
0 ..1,48

0,,2'75
0..2:72
0.286
0 ..322
0 ..326
0.329
0 ..335

~ool06,
o.. Ol.C65
0.,01065
0.,0106,
0..01065
0,,0106,
0 ..olO65

0 ..00174
0.00791
0,,00787
0.00733
0..00735
0.00743
0,,00736

27d
25.7
26.2
31.2
31.0
30.2
31.3

4..897
4.897
4.897
4.916
4,,916
Ib916
4.916

___ ;;;q4·_ -x", ",1.4.. =~ ~l¢ ... , 4UlOI! ... ~ ,2 ,1' 44

V LAc" !Fe Td 9f
-...,!!!oLsec.. • ou.ft./br.. ' .. ~~ ..ft.. lb.molesleu.ft. °C" °c sec ..

0 .. 593
0.,593
0..593
0..593
0,,593
0.593
00593

0.00104
0,,0157
0.01.06
O..tolt8
Oo~91
0 ..00627
0 ..00307

0,,00917
0,,0171
0..0114
0 ..0056
o"C()675
0 ..00688
0..00344

0.."0125
' ..te015
00N015
0,,100125
e.OOOll3
0..000163
0.000147

21.' 24.,
2l 26,,5
22 27
2l. ..5 31
22 32
22 26
21 22

0 ..424
0.24
0 ..36
0 ..68
0..58
0 ..60
1 ..16

is
\J1



TABLI. mI

a.rues C

1XTRAC!rI01I' VDSUSunI$t....u~~ftlBJ
CAUOlf_...Am!CACIJ) {J)tsnuEDT!AW<sm_, ..

AliA ...

Drop Diaaeter x: Cf' Cr '/0 JI
!!I 0 .ozz~e" 'M wInches ftJ,trr:. J.b.1I01e$/cu.ft. lxtX'aCt1on '" F-t. uf

l...c
2
3
4-

7-. Cap.
1-. Cap.7-. Cap.
7-. Cap.

00148
001;
0.149
0.151

a.as,
0..2]2
0.337
0 ..347

0.03.07
O...elt7
'.01.17
0.0107

0.0077'
0.90167
O.H737
'0,,00724

27~'21..3
31.1
32·3

it..g16
4.916

. 4.91G
It..916

.£A.>.'.__ C ...

Y LA Oy TcTa. 9t
"" ft.leee. .. ... cu.tt. ..tJlr • ." 'r~' sI.ft. .."l,lt ..mo1esl cu. t t . OC "u. zOC ... ~ sees ....

t.'"...,,,
...,,0
'.596

0.09733
0.0017
0.00875
O.oos,l

0.0112
0.~5
0.0096;
0.00975

0.0001.5
o..t1tJ.472
0.0101472
0.0001595

21
2l
2!
22

a2
25
29
30

0.48
.~42
••414
0.42

t $ ..

P3
0\



TABL'I nvIJ;

sPUS})

DrQp Dimletmo X Cf ex- ~ It
_" IRo ~~~ I;i1~n _ 'l'tolbro lb"moles!cu"ft.. J~ct1on Ft.

1...»
2
3-
4""
5
6...

""<1 Cap.
7-, Ca,,,
'hM.. ca.po
18. Cap.
7"'0 Cap"
7_0 Cap"

0 ..147
010149
0..149
0 ..15
0,,149
()~15

00361
Q0384
0..44
00443
0032
0.,421

0..01085
OoOltll5
Oooi08
000106
&0<)J.035
0.00917

0000117
0 0 00704
0.00653
0,,00661.
0,,0072
0000616

3309
35.,1
3905
37..7
30..5-
36,,'

4..959
4.959
4. 0 959
It. ..959
4.,~

4.."9
-----~~- "- =.- ~ ~.--""------"--"""";'"""""';"-"=------,,,,",,---"-""'------,,,,",,""'--""""--"""""''''''---'''''''''''''''''''''''

T L A Cw !fc Td t:t
tto/".c. ~oftolm:~ ,,,.ft,, lb~lesLcuof't.. °c _ •°0 nc~" __

*

00597
00597
00597
0,,597
00597
0..597

0 .. 00726
0.00775
0,,00721
0,,007811
0..00735
0 ..00806

0,,00837
0000872
O.toa18
0...1087
0.00837
0.0088;

0.0001471
0,,0001477
Oooot2~

0.,°0015
0,,0011'
0..00f)15

2005
33,,'
46
35
31
36",

25 .. 5
28,,5
29
30
25
29

OoJt.68
0 ..46
00-49
0.,468
$,,""
L,40

-"",,_,!._f_~,••_ _ _ ., zzI __

~



~.nvIII

SBDS •

D.'JtiC!IOI .URBUS .COUJHJ Dmlff
pA1t8O.TJf!8A~.cliID:(!:raPDSD)

WADR it··)
~<-r :. t z;-~, .. -,.-...",.. '. _':J : =:~: ,..~.~~iQ+ 'i,A;4Z;;J?t;,:t-:'·:K}$4:: ''''X:ir4''-'=I:: ,:; :9 :;;;:: C· :2:- Jet :: "U

lQ.. I'oule

c e .
Drop D~er I: t r it B:

~!!e~ _ ~~dbr" _~ _Llhmles/eu.,ft.. lb:t.!a<rtion . tt'1"

1..:1
2
3'"
4-

~~ Cap"
7-.. Cap..
7-" Cap..
18.. cap ..

(h152
0 0 1495
0,,164
0,,164

0 ..652
0..61
0 ..94
1,,03

0.0105
0,,0].035
0,,0102
O.()()991

0.00714
0,,00706
e,,()(q85
0'000831

32
26
23
16

~h75
3..04
1..917
0.,833

T L A ew '-'c fa at
_,.y£;t""l.~o CUuf't. IkE'. si" ft" Ib.moleslc.u.,tt. ©c °c sees ..

0..5"
0..575
0.59
0,,411

O.OO72!
0.,00695
O..Oll9
0,,0101

0,,0058
0..00498
0.,00471
0 ..00244

0 ..0001745
0,*000312
0,,000312
0.000349

22
21
ea
20

24
23 ..5
2305
23

0.,548
0..52
0.,40
0.,48

~~;';'.:.:c:~:;;.:;;-;.;:.-;.;;;:....:;;;;:::;;:.:::==.:..==

P3
0>



W1& XXII

@IES"

Drop Diameter K Ct Or CB Or
_ ..~",.".-""f!9zz1e inches , ttelhr g •. 1bemolss/guel$· . --lih ~~h .." ''-"to"" n·mfl~e§b1H2 t1tJe

' ...1'-2
'=3
'.,.4
1.,,5

"-6

7 ma Cap..
7 .. Capo
7 .. Cap..
7 • Cap"
.., _ Cap.

*7 .. Cap.

0 0 ;1.5
0 ..151
00152
0..155
0.157
0 0 153

0...349
0..185
0.;07
0,,519
0 0 596
2095

0,,0105
0.. 00772
0000434
0 ..00187
0 ..000686
0 .. 0565

0,,00724
€hOO5
0.00259
0..00112
Oo000.3S6
0.00193

0.. 00878
0.00625
0.00339
00001.46

0 ..000523
0..01t,1

0 .. 0001.37
0,,0000996
0..0000685
0..0000435
000000249
0..000;'5

0.OOO1S7
0,,000214
0.000112
0 ..0000622
0.0000324
0 .. 00448

H V L A Tc . r 9t at
~",."J Extr'9}it?1J. fit t;It,/StQe pual1!"{p ,, sg ..fh oc. Ow. .k a.collis seeonds __

31 4.875 0.61 0.00749 0.00797 17' 19 24 ,g.O' 0..492
35.2 4.. t!75 0..61 0,,0075 0.. 00'795 17.5 22.5 25 1.0 0.5
48..2 4e '75 0.. 633 0.0076 0.00775 17.. 5 21.5 25 707 9.5
40.2 4,,$7; 0.033 0,,00827 0,,0082 17.5 26 2a 707 0,,492
43.7 4...75 0.65 0.00884 0,,00852 17.5 2' 28 7,,5 0..472
96.7 4..875 0.56 0..00878 0.0101 1705 27 28 8.7 0.44

·~;';;~,~':~~:~::~~.~~~7:::::~~~.??~} .,"-":~ .rx- "

NOTEs * Exceeded acetic aeid aolu'bility in CCL4.

P3
\0



%dLlW

spIES G

EXTRACTICB VERSlJSCClfT1lmOUS lHAS1lMTE
CABBai. tETRAC\1ricl••ID 'DI5I'

'!~4~?!~'~, p_,. e' s~ ~,t1 ~W,;. _ :=.

Drop Dluet&r X ct O.a H v
.... 'Malt ~n.1 ( tto/hrs Ib.lIlo1es/cuof'to ,Ipg 4 Q. aT ! Ixtrapt1gn ito ttLseco

Q.=.1 ., _ Gap. 00 146 O~347 0001051 0.007'" 0 ..10192 O~OOOO74J 2' .., 4033 0001
Qc:.2 1. Cap•. 00 147 0..350 0,01051 0..0074..3 O"OOIU 00ooot24' 2'0.3 4,,33 0.63
~3 7.0.'0 0,,150 00.362 0..01051 0 ..00723 0,,00#75 0.0000117 3102 4033 0.624
(1.;.4 7 _ Ca,o 0.149 0 ..382 0.01051 0.,0071.3 000017· 0,00Ctt1l7 )2,,2 4,..3.3 00625

Qc:.5 7 _oa,~ 0.149 0 0394 0.01051 0000?16 0,00173 O.oooo.a45 .3L. 4033 00f>l8
Q..>l. 7. .. Ca,o 0.1.495 0037 0 0 01051 0.00735 00 0* .3 >000000245 30 4,,33 0.616
f!F7 7 • 0.'0 0015 00.368 0001051 0.00141 0,008'32 0.000147 21..9 403.3 00619

: t =~. • , ~ tt ~ a r 1$ <" .. .:i:l- ........----

l'C
L. . A ~ To 0 T Tei $t 8t ~ •. 1t281'.1eeiW

i ••a,IB! II' CO .f'tt)r Reg oc Q OC 8'9'9 URI.. $£1,0 ttgL"co

80GO'iti 0•..-,· 30 661 IS05 2605 27,.5 "01 0048 9005 0,0014
'00l'1J2· '.1t704 100 657 1805 26 2P..6 'k2 . '0.41 .30,2 G.027'
.~etr722 ....74' 193 633 1805 26 28 7~' 0.,. ~.4 0.05.35
'0"", 1011611 1'9 630 ·18.5 27 2805 7.£ 0.54 '1 0..0552
0.tt$7 ·1.",5) 147 627 1805 25.5 2705 705 0.532 44.2 0.0417
".~7·· .....76 52.7 668 18.5 26 2705 7..2 0,,;2 1'025 0.0l4'..... :t••.35 0..0 6<}0 18.5 25 27 7..0 0054 '.0 0.0

~~" .L:E!:~~ . -*_-<.<,..,.~.eLi)ttJ." .. ·, J ,,' :'w- M.@" "
__ .,'-'- ..,.~;·...;::""t'·4.• 't"-. " - ::<;t...... ' .... - .. - .--~.-------,----_.••-

:', ~

ro
~



TnL'I un
OlDS :I

»Top D:1....t.er It Ct °r
IDo 'o~z1e ...J:ll~~.8u f't./hro lb o801es/ guot t p Lno .AC.

....1
• =2
1:"'3
:1-4
1:-5
1:-6

7-. Ca} •
1- Cap ..1_C.,..
1- Ca,.
7- Cap.
1- Cap.

0.15
0015
0 ..15
0.15
0.15
0.149·

*
0..381
0.485...
0..46
0043

0.0. 
0...0105
0.0104
0.,0
000105
0.0105

000 _.
O.O:U)5
0.0064
0.0
0,,0065
o.oo6C6

0.""
0.00825

0.oos43
0.00845

Free lfaOB: C C
001 at Start Bo1>tom. ..t eH. 'Top 0:1; end B 'f ~

__ ID.,ao1.es!euo t1>" 1b" ao1esb;;uott" Extraction

-0.000104
Oo0M0l3
0.0
0.00063
...00063
1..0

0.000104
0..""5
0.0
0.0~3
00000518

0,,0

00000104
G..O
000
o~ooo63
00000518
0,,0

000
0.000033
0,,000125
0..0
0,,000112
0.000]25

0.0
0.00012
0",00026
0..9
o"OOOU2
0.00024,

0.0
35.3
38
0,,0

31.1
3' ..6

-~. t :£.e: IT ~ ')" .'.( ." ',,*!X.t:""~--~- « ~~ S' *"'_'""'" .,..z:$' en p .• ,,;,,;,;--

I V L A ere If T.. &1> 9t
:ft. tto/sec.. cu..~"lltr.. ~q" ft. °c °0 °c ••eod; secoy.
~. .'.

4.'75
4.1."
4..a75
'.'75
lJ..175
....".15

0,,61 0,,007'2 0000908 11..5 22.' 2' 8.0 Oo~

00" o..oo8a2 0000904 17.' 23 ..0 ~oO 8.25 0,,441
1'.)

0,,61 0.00778 0000831 17..5 23 .. 0 26,,0 8.0 0.472 f\)

0.633 O.~'7 O~OO713 '110' 16~O 21 1.. 1 00'3
I-'

0:633 0.0015 o.O()166 . 11c5 11.0 22.' 7..1 O..lt.!3
0.633 o..Otl68 - 0 ..00721 rr~5 20 ..0 21 7..8 .,,52

::., ='
Bates: * Bl.tmk run to de'te:t'!ll.in.e NaOR transfer tram 'KiJ 'to ecL4. Begl1gibJ.e 'transfer

was f'0UDd to take place ..



'f.ABLWmII_lIS J

~~IAL TDSIOWC"==~"J~:m(P~)
bee ... _.=;o.:.._~ ...,~,.",.,..

Drop Dleaeter I: Ct Cr
IxtJ~ Jlozzle ~1nche. tt~/hr" lb.M01.tl/ou,,:ft~ L1l!o 6 C

'"gL~w :]:21..:..:.:;';:;::::::::... :::;::::::= :~=

lfo'te: *' Foam a:t the interface"

">:

f\)
ro
ro



TA.Blj XXIIII

SWlfcg

EXT~~ION =$ DROP .D1=••£ :tIlL
KETONJL; AOSrtC]AOID (UISP== ;mccM=oUS)"

~:--"'~ .. ,.. .....' , . :.:~'-. .........,.. ....~.. "'.................. ....... '"""" _....~.

Drop Diaeter .l Ct Or (; 0T
_~ .."._ •...91*1« ... W he, ...... t't!g!b:re ."' l)e50i!!!Lmett~. LaiAgo.... __ 1!C!lIo1e8/~

k-2
k~3

k..,4
11:...,
k~

k=7
k ...S

6 _Tube
; 1111 Cap",
,., .. Cap"
6mmCapo*
1)~Do Me ;
7 mIn '.rube
7,,3 .. Cap,,"*

0.182
0011
0,,141
00128
000859
001975
0",13'"

1.5
1,,22
1048
1047
O,,69~
1,,47
1 0 56

0,,0107.3
0,,0108
0001095
0,,01078
0,,01078
0,,01078
0,,01078

000015
0000102
0..00111
00000914

00000178
0.,00172
0,,000934

0.00469
0,,00414
0~0043

0,,004
0.00589
0.. 00494
0.,00403

0..000287
00000311
0,,0002.37
0,,000249
000002055

0 0 000423
0,,000237

0,,000.311
0&000274
0,,00026'2
0,,000249
0 0 000081
0.,000;86
0,.000237

<O,,····w···<-~· '.. " __........__..,,-~¢ _

• V L A ~o T~ Td 9t Gt
""S Jiitr§cftion,~ __ ._lti tLL8e~~ C'U."fto/h:r:o 192ft.. 0Q. 0q". OC seconds {'!econds__

86 4~08J 0.34 0001 0.0132 15 21 26.,0 12,,0 0 0 66
90 .. 5 4.083 0.389 0",00306 0,,00592 15 21 25 100; 00468
890g 4 ..0 0.36'1 0,,00623 0,,00961 15 2005 24 1009 0.. 492
9105 4..083 0.384 0.00474 0 ..00195 14 20 23 10,,65 0 048
98.4 3 ..958 0.36 0000157 0..00404 14., 20 24 11 0.44-
a", 4,,083 0,,333 0 0 014 0.01745 14.5 20 24 12.3 0.6
91.4 400 0.'517 000063 0.00988 14,,; 20 24 10.,6 0.44

>'~:"~':':C:<":'(;':~';~:-.;"",¥• .t*.. !iA, .. )I~ .~¥..

NOTE 8
* 6.3 .. O.D.~ 1.2 mm IoD.

**' 1.5 _ bore
I\)
I\)
w



"!:

TABL1!: nnv
SDIIS L

:nmB.A.C'rION .VUSUSCOLmlt HBIGlfr
~L :tS()~lCETOr-ACEfICAiID~])ISPBIlSED)

WA~· •••.c,9m1roous
_________________.... .•'.. , 1Il£ • ........·1I',v.... ·.' . ~ .•/ •.•..• ·'i'-.- ••. .; •....•~~:.~-: •.':<" •.•~:••. :" .•. -. ..,.,.;.:.;...0.;. ......_ ........-.-.,_

"I.!- .9s~.

L-l 7.3 mm Cap.*
Ir2 7,,31D cap.
L-3 703 -Cal.
L~4 7.3 ~Cap.

Drop .Diameter
mcbes

0..138
0.139
0.141
0.149

1.515
1.61
1.88,
1.94

0..01078
0.01095
0.0109
0.0109

0.001535
0.00217
0.004
0.00697

CIf
1'0,,1II01eslm.t..:tt..

0.000361
O.()()()423
0.000798
0.00116

• ~__ ._,_~._- "_.~._.. • __ _,•• , •• ·T~· .•,._.~ •••• ,_.

j .. V LATe 'I' 'I'd
... B .: /. . •. /""'.... ... 0 a 0_Extract:t()n. ft. !':!hAlix. cu.ft.j&A.L-:, s9.. :f'!. c c c

85.7
80.1
63.3
36

3.167
2.5
1.·291
0.54

0 .. 372
0..352
0.345
0.309

0 •.00;8
0.0058
0.00639
0.00915

0.0072
0,,00595
0.00339
0.0021l

14.3 20.0 24
14.5 20.' 24.,
14.5 20.0 25.0
14.5 29.0 25.5

$t Qt
seconds ,e99lis

8., O~492

7.1 0.50
3.75 0.48
1.75 0 ..40

===._- ~: ~===_.~-

!fate: * 1.5 .. bore.
~:::~;..:.' .-.,..._...::::~~ -~

tG
IU
+t"'



TA»Ij. !iII

:aUUS'

........-- --~-'

Drop Diameter .•• I . .. . Ct. .. .0 ~. .CT~ Nozzle msm.s ftelhr., Ib ..,olestcu,ti.IIl•.4C" Ib"lIo1es!cugf't "

6 -5 -5I-I .. 5 mm. Cap." 0e 2ll 0,,0124 0~0108 0.0107 0.01 0.75 x 10 0 075 x 10 .
...2 Tube D..D" Small 0.104 0..0172 0.01075 0.0104.3 0..0101 8.75 x 10-5 6..23 x 10-5

R .. , . L A TO .t Td·$t Qt
'Ext1"aet l 911 tt, tteb,e~A cu~t't./hr.. sg,. tt, °0 1 gg, second' lecond~

0,,9.33 4.083 0.48 0,,0234 0.0188 ],30; 19 22.. 0 8.. 5 0.,44-
2098** 3.958 0.,4.35 0,,00253 0.. 00445 13.5 2205 2605 9..1 0..475

'~_' ......-.'~-.'.""~_-r. It .. .~~~.~_.'l>-..,_...,~...... '

1f00000s
.. 1.5. bore
** Based on total acid present and not amo'Wlt extractable for equilibriu..

ro
ro
\J1



TA.BLI XXXVI

SERIES.

JX'.J!tACWIOK .VJRSUSllBOP DIAMEBI
~(l)ISPI8SIJ)]

~•• B'1'RACl£LotU:DB...A.CftICAc:m.(~)
~-------,,_-:::C_:.'_' __'_~__' h' _.::::" •••__ _, ~~,_'.-:."'•• _ ••_-_._--_.-. ."'0 •••• __ _ .•••._ ••:=:::::::=::::::::::==============

'I!~~

1'..1
.-2
B-3

Iozzle

!abe D..lh Ned.
'!ub$D~'" • we
'.rube D.D. SIl&1J.

0.125
0.1825
o~osrT3

Ln. A. c.

0.194
0.185
0.178

.-...:._--,_ .;..,•.-,~-- ,...... " .44GlGA _ $U*'

Cy en ~ '/t' BTL.. A
10. lIlO1.es!ctt.t't. .~._JxtraQtj.o~ .. f't. . tt.lsec.. cU.f.t.lb.r.sq.,t'.t~

0.0105
0.. 01015
0.00953

O.Ol030.Q0985
0.00998 o.~
0..00904 0.00842

;.8
3.• 65 .'
7.78

4..0
'3.$)8
3.96

0.444
0.43
0.406

0.00458
0.0154'
0.00238

0..00665
0.01;75
0.0048

Td T Te Stet
OC , 0c ()(;: seeoD.ds seconds

22
27
29

19
22
23

13
13..5
14

9.0
9.25
9.75

0.. 46
0.428
0..42

Bote: * Based on equilibrium..

~



tAlLJ.JII!Il
SWII·o

- • TEa·· ····.8
ztt ,HAS: ;;;: t.~ ;;;

---_._~

0...1 .
0-2
0...3
0-4
0...'0-6

0-'0-8

604 mm C.p«>*
; .• Ca,..
Tube·J)"D.. led..
Tu.'beD..D. SII811
6 ueap" D~D" #l >

6. G$P.· DoD .. #2
6 .. a.po 1).»0 III
Tube D"J)o' Small

0,,24'
. 0.174

00<16
0,,122
00'081)
0..139
0..0816
0,,129

0 0375

0..299
0 ..327
0 ..275
0.246
0.29
0 ..251
0.,294

0.00985
0000985
0..0104
0.01
0,,0102
000102
0 ..0105
0.0105

0.00706
0.00643,

.O~00626
0 .. 00560
0.00347
0000599
00 00353
0.00572

0.00839
0.00804
0.00816
0,,00932
0.00623
0000792
0,,0064
0.00786

0 0000125

0,,000106
0 0000112

0,,000112
0.0000995
0..0000995
0..OOO~9
00000074'7

0000035
0 ..0002985
0 ..000324
0.000249
0.000324
0,,000074
0.000423
0..000224

.',.._.._~,-_.--'------------------~--------------------~-------'---=--
H

'I:rlraoyig .G.&

28..4 4.083
34..7 40083
39..84.,028
54 3..917
66 30915
41..3 J.~16
66 ..4 3.916
45.5 . 3,,916

NOTE:
* 1 .. 5 _. bore

V
Q.IM0!

0.371
0 ..332
0.,329
0.303
0 ..22
0 ..301
0,,226
0.,297

L
qUoft,Lhtl!

0 ..029
0 ..011.4
0,,0078$
0 ..00394
0 ..00124
0,,0061
0,,00122
0 ..00435

A To T fd .~ ~
.Oertt ... !.Q, 29- oc: po9Jld, sec2l4s.......
0,,0257 13 17.. 5 25 11 0• .58
000162 13 20 29 12.. 3 0050
000122 1305 19 23 12..25 0.. 56
0000829 13 19 26 12..75 0,,50
0..00541 13 20 29 17.75 0 .. 472
0,,0112 I) 20 26 12er75 00 4$
0..00516 13 Ie 26 17.. 3 0.488
0,,009 13 18 25 13.2 0.527

ro
f'I).

-,.J



PJU·;um;XI

S8T18·P

""OftOJ'·· ...
~~..:.~..•.•...... --....... coLubi'IBSD:]

Drop~r I:
1J;p. Iozs1e ;l.D.cb,es ~_ ft.1Jg

Ct Cr
Ib.~~es/cu.tt. La. A c.

1'..1
p·a
P·3
P..4
p..,
p-6

'.fll'be D.D. Ned.
'fu.'be D.D. lCed.
~be D.D. JIed.
Tu.be D.D. Ked.
Tube D.D.IIed.
fube D,.D. lied.

o.l~
0.152
0.1.55
0.158
0.l58
O.l.!)6

0.]64
.0.73'
1.025
0.Jt88
0.419
0.2J)I.

0.01011-2
0.01042
0.01068
0.0103'
a.molt
0.00953

0.0068
0.00744
0.00797
0.0P1
0.00706
0.00675

0.0085
0.00886
0.00927
0.00655
0.00867
0.0Q808

,Cs.• *. ~J J{ V L A
lbt_le8/cu.~t. 'lx'traet1on tt, f't.!sec. cu.ft,Zhr, !i.fi.

0.000037'
0.0000l25
oo623סס0.0
o.()()()()499
oo623סס.0
oo873סס.0

0.0002'75
0.000436
0.000671
0.000361
O,OOO3~

0.0003

34,7
28.6
25.4
32.2
32.1
~.2

To
°c

13
13
13
13
13
13

2.875
1.042
0.541
1.896
2.417
3.95
T
°c

20
20
~9

17·5
18
18

0..32
0.307
O.2ltO
0.30
0.334
0.316

Td
°C

26
27
25
26
26
26

0.00837
0.00749
0.00;47
0.00795
0.00795
o.o<q6,

it
seconds

9.0
3.4
2.2
6d3
7.25

12.,

0.0096
0.00343
0.00213
0.00639
0.00731
0.0123

9t
seconds

0.48
0.5
0.511
0.54
0.54
0.54

.~

Note: * Bottom sample point below 1eve1 of the nozzle in the coluxm.



ZAlIIWq

IIRm·'

....J;III
Drop •Dialleter .1 at. Or CIS tT

.Ie· 10111. inches :rt.L!E" *Rocl01estCtl.f'te m. AC ~b.moles/cu.n!

Q l
q 2
'1-3
'1"'4
Q...;
'1-6
Q...7
Q-g

1Ubj D..Do Small
604_ Cap.*
6..4_ Capo"
,.Cap,
Tube D"D" led"
iUbe DoDo small #1
~D.DoSmal1112
6. Cap. D"D.

0..1273
0 ...255
0<1245
0,,197
0..l.48
0.. 116
0 0 0962
000785

0".328
00655
00355
0.307
O~,)29
O,,2~
0 0 293
00265

0.0102
0.0102
0.01035
0.01035
0.00.035
0.01037
0.01037
0.01013

0.00523
0,,0058
0.00748
0.007.36
0.00606
0,,005.36
0,,00459
0,,00317

0.00745
0.00777
0.00883
0.0088
.0.008
0000759
0.00709
0 0 00598

0.0000998
0.00OOS72
000000997

0.0000997
0.0000997
0.000125
0.0000072
0.000187

00000262

0.000212
0.000299
0,,00025
0.000287
0,,000299
00000287
0.000449

H , L
LExtracJiicm ...fiA f't.J8~C~ .eu.ft .. !tIDa.

A fa TT! ., . Of
. SQ. ft. q~ ~ 0_.._••eorids secands

1tS.7
43
27..8
28..9
41,,5
48.2
55..7
eM ..7

3.917
40083
400A2

40042
4.029
3.918
4.042
30917

0 •.301
0.:371
0.376
0.~6

00336

Oo3f1l
0•.305
0..227

0.00402
0 0 0307
0.0.;2
0,,0176
0.00725
0.00324
0000232
0.00128 .

000082 1) 18 27 1,3 0.56
,0..0265 13 18 25 11 00587
0..0281 13 18 2; 10~75 O~5

0 ..0194 1,3 19 27 10~75 0047

O.Ol18~ 13 19 28 12 0..48
0.00738 1.3 1829 12..7; 0 .. 52
O..Q0645 13 18 28 13.25 0 ..416
000056 13 15 25 17.25 0 .. 416

NOTEs
... 1.5 _. bore

~
\0



'!ABl.I •. XL

SUDS 1l

Irf'BACflIOWmsuS. COLtlMl SDmr

~~:1~~~)

Drop D1em.eter X Ct Cr
!!p. .oz~e inch!.!= tt.lh::t:. lb •. _le!l..~o-t~~ Ln. A C•.
1...1
B..2
B-3
B-14
1-5
1 ..6

Tube D..D.. M$d.
1\l'be n,n..Med.
~be DoD.. Med.
'tnbe n,e, Med.
'ft.1be D.D.. Med.
~beD.D .. Med.

0.156
0..157
0.155
0.153
0 ..153
0 ..147

0.3J.
0.343
0.364
0 ..~18
0.627
1.065

0.01020
0.01020
0.01020
0.01020
0.01025
0.01025

0.0066
0.007
0 0 00727
0.00117
0.00732
0.00766

0..00828
0.00854
0~oo868

0.0086
0,0067
0000885

e.a .. C'-T , :a V L . .A
"",l:.~.~ ·11I9.+:esl~u. f't. ...",;, !;Ctract1~ ft.. tt.Laec" fJu.tt .. /h:r. aq. ft.

0 ...0000499
0..0000249
oo374סס.0
0.0000249
0 .. 0000125
0.00000149

0.00025
0.000225
0.00025 .
0.000299
0 ..000337
0.0007l .

35 .. 3
31.4
28.7
29.7
28.6
2~h3

3..542
2.833
2;354
1..875
1 ..2085
0 ..583

00328

0..333
0.326
0..335
0.295
0.292

0.00795
0.00857
0.0083
0.00759
0 ..00602
0.00755 .

O.01ll5
0.00937
0.00771
0.0056
0.00431
0.00207

Tc If '.to. at 6
f

~n °c °c secondlS §ee0It~

13
13
13
12
12
12

17
16
16
17
17
17

27
23
24
22
21
21

10 ..8
8.5
7.2
5.6
4.1
2 ..0

0.512
0.484
0.488
0.508
0.488
0.456

ro
1::



1iNJLEIW
@RIgs

~.~l
,....,

--, --'" ~'"

1l'_ losz1e

8-1
&-2
&--3
8-4s.--,
s..6
S...7

7.5..• Cap. (2 _ I.D.)
705 .. Cap. (2 lim I.D.)
7-- Cap.. (I~So mm I.D~)
6. Tube
5o,.Cap. (1 m1Il IoD<»
TQheDoD.. Small
TubeDoD".ado

0 ..l48
0 ..143
0~1.3'
0 0 197
0"l44
00092

0,,0925

2081
300
2..8
20"85
3.1
4"jJ,
8,,08

0.01058
O.,OlO;g
0.0106
0.0106
0..01075
0 0 01065
0,,01065

0.000337
0.000237
0.00025
00000542

0..000218
0.000732
0.,002

0.002<11
0,,00272
0000276
0.00337
0 0 0027
0.0037
0000492

OJ .CT . II V L A. fc
l~lolesLeu.. f't.. ! !a!iliru$4on las ftel'!9o OUtt;1f~tm:g ISh no 0(;

0 0 000424
0..000312
0 0 000349
0 0 000324
00000387
0..0000062*
000000062*

Q.000199
0.0000997
0.0000997
0.000199
00000112
0.000735
0.0022 .

9609
97,,7
97,,6
94.8
97.9
93~1

tU..2

4,,0
4JO
4..0
4..094
4.083
LO·
0 .. 292

0.445
0 0445
0 0 43
0 ..4°1
0045 .
00364
0,,292

0000783

0.00764
00 00023
0.0177
0.00722
0.00208
0.00205

0..0096 12
0.0096; 12
0.00833 12
0.018, 12
0.0091 12
0,,001.2; 11
0.000446 12

T~ Qt Qr
$, ~ .eeonda 8ecouda

20 30 9 0 0 0.448
20 30 900 0 .. 412
16 24 9.3 0047
16 22 10..2 0.,468
16 22 9.1 0..452
l7 25 2..75 0.408
17 25· 1.0 0042

NOTEs
* Bottom sample taken below the nozzleo

&....



TABLE XLII

SEBIES T

ErfRACTION .UBSUS. COUllOJ HEIGIfr
ISOPBOPYL:&Tm:R-tCETICACID (D_~)

WMSR COlflIlmOUS)

Drc>p Dieaeter I: Ct Cr
!a. liozzl& incb.e~· tt./lar. Ib.moles!cu.tt. Ln. ,4 C..

======='====.':'::;::=::;;:=;':.::;;:;;':;;:::':::::~;'~': '~" =~-=-=.-=.==-::;.:,...=~-,,=:.::....,,=--:::.::.:'".========:::::::::::::::========

'f..l 7.5 _ Cap. (2 _ I.D.) 0.181 4.68 0..01065 0.. 00569 0.00793
T-2 7.0 _ Ca». (1.5" I.D.) 0.1445 4.5 0.01065 0.00573 0.0079
T..3 7.0 .. Cap. (1.5" I.D.) 0.1445 4..'3 0.01005 0.00193 0.0051
T-4 7.0 .. Cap. (1.5 .. I.D.) 0.131 4..18 0.01065 0.OO1l2 0.00424

, * CT Colwln Cone. rJ, I V L
Ib.1I01es!eu.f.t. 01 Ditterece Extraction 1"1;. tt./sec. en.tt./hr.

• a ~+:4 • _~ ~w _

oo312סס.0

0.0000312
O.oeool25
oo375סס.0

0.00004-98
0..0000312
0.00143
0.000985

0,,000897
0.001108

46.5
146.03
82
89.3

Q.333
0.313
1.02,1
1.48

0.2'77
0.313
0 •.408
0.423

O..013£)
0.00768
0.00747
0..00555

A
sq.. .t~._

6.00182
0.00107
O.OO2~

0,,00298

To T T.. 9t
~ °0 °c ••cond.

12 17 25 1.2
12 17 25 1.0
12 17 25 2.5
12 17 2' 3.5

Q
r

seeonds

0.472
0.421
0$44
0.44

Note: * Su;pie'tits"Ioc..ted outside region 'Dei.i-us""'tw
U -colwm coJt:tact.

ro
w
1'0



ttdLJl JLIII

SlBIIS U

$ ~ •• "'-:';;01' i:t=;;;·~~~n.n;':ifo'~=~<"'Ct,,=,-,·;;;';C'·~;~";~"'l; ¢ _... '-'-=--:=-c;-~;;:. -;' "'CT-'~~

~...Ill" ••~!o~e n,. ..=1:i.!GJi~S= !:t;..<il.~." l~!~l••/cnl"ft" ~"A C.. l'b ..aole~/~u"ft"

'"""1
'14"
U"'l
0'-\
1'''''
'O"*"
TJ~7

u=l
U..,
11....19
1'..;u

6..4 .. C.,~ (1..5" r,,» .. )
Me ~..... :r.&rC.
, .., _ C., .. (1:.. :LD .. )
~»... iGM...
!a'h 8Ji&.ll
6..3 ..~ (~ ..5 D1 I ..D.. )
7- 0Ip" ( 1 .. loD .. )
7..1 ... Cap .. (2 -. I,,'B .. )
6 ..4 _0.., .. (1 ..5.1Gl I ..:e ..) ..
50:5 JIll Cap"
' .. 4 _ C&) ..

0,,121
0,,1695
0 ..12
Oo~3
0,,0825
0,.199
0,,159
0,,136
0.1215
O..1215
0,,132

1 ..43
1...M
1,,'1
0,,'"
O.,~'2
lS~

1 .. 02
'1..035
.,,835
1004
0 ..92

1).01171
0 ..,0101'
OA>101I
()..~

o...m
0,,011
f)"Ollt5
O..Olll
O"Oll1
e.em
0 ..111.

0..,001.42
O{>OOJ.373
OtoOM;e.M:
',0.'
0 ..0031
Qll"3~1
O..~~7
0....7
••..34·LtH,2
0....32

o..~~
0.0045'
t"ClO5G
••0066,
OlOOOO;l
...OO'~
Q..0G653
·O......~•.. ,••..
8,,0e648.....,.,.,
0 ..00632

~oeo3l2

~hMOl87

O".~-
O...ttOe~
Q-"ooe2"
0"H0224
0,,1<)02
~tOOJ.12

~toeU2
....2
'O~GOOoI72

0,,00066
00000848
O..~
' ..oco362,
1.. 00031'
O,,()()()613
0,,000536
O.,,()()()262
0 ..000312
0 ..000,,"5
O.~l------;....---------_....._-".;,.--------------------------------~---- ....._-_._--~..._-----_.._-~.~-------~-~~._-~.

~ I T LATe T' Td Q1; tilt
!EV&@t~o~ it,." f't"lw,~!4." 2t J, ,, t t ..!'B .. -if ft 9 ·c ~. . ~~ see©~s ~c.,9,!S.s



TABLE XLIV

aRIES V

&J 01'
~................. _nu_ Ia....4j; , li.mo1es/smQfio

7 • Cap" .(1 _ 1..D.. )
147".&8p" "(2 _ 141.,)
7..7 ... C.po (2_ I ..J)~)
7,,7 mil Cap" (2 _ 1 ..]) .. )
707 .G.,~(2 .. I~J)<»

" 707 .C.po (2 JII!l I.D.. )
707 • C.Po (2- 1e1).,)
707 .. Capo (2 .. I.Do)
7,,7. Cap.. (2 _ I"D.)
7,,7."C.p~ (2"m IoD .. )
7"7.Cap,, (2 mmI~D .. )

0</12.3
001415

0"l42
O,Q14
00141
00 142
0,,141
0,,14
0 ..14
0,,14
O~141

1..25
L.52
1093
20.33
2,,93
3013
;,,77
1,,)7
1071

1<>66
1051

0 00111

O..OlWl
0001017

0001087
0.01087
0,,01087
O..0~7
0,,011
0 .. 01097
0,,01097
O~OlOtY1

',>00262
0000262
0000257

0.. 00.308
0,,00314
0.00556
0,,00685
0.,,00551
0,,00,366
0,,00262
0.00160

Oli)805I7
00;0051'
0000"5
(),,~15

0,,00&75
O.,~S

0,,008"
040U'
0,,00"5
0.,00513
000049.3

0 0000499

00000336
00000473

0.000723
t,,~

0,,000673
000000125
~OO"Z2
00000511

0,,0013"
0.0002

*
00000025

0..0000063
0,,0000063
0 0 000006.3
000000063
O'QOO00063
000000063

000100188
0.,000025
o"oo064B

. " B V L A Tc If 'ld Qt Gf
I NrIU:rt;ion .!:..'b, tt g/ seC9q 9ieft"lM~ Us t£" ~ ~ ?c seconia "c~dlJ

7643
75...1
76'03
71~5

64.5
48,,8
YJ
50
"05
76
15

"3~62;

3~667

2<1'15
2~O

1~333
0 ..75
0.292
1.125
2.. 5
.3.125
40(77

0,,51
0,,505
O~5;

09526

0..532
0",;
00;22
0",47
00 5.55
0.521
0..549

0 0 00404
0.00669
0..00697
0000i65
0,,0067

" 0.,00674
0.00667
0'000673
0.0067
0,,00679
0000668

0 0 0046"1 10
0,,006.17 11
O~OO521 II
0...003'2 11
0,,002-" 11
09001.44 11
0.0005.35 11
0.00233 12
0.004;3 11
0,,00512 11
0.00835 11

2205
19
20
zt
22
20
21.

·"23
~
20
21

24l'20
22
24
21
21
24
20
"20
22

791
005

5?3
.3,,'
2~5

1.5
0.5'
2,,4
4.;
',,0
8,,7

0,,50
0",4'
O~~
O~MJ

0045&
8..4'
0..452
0.44
0 ..448
0 ..44
0.452

:f\)
W
.po'

" 'JMlDs
"* Baap!e tit .bon nter 10ftl..



TABLE BY

SlRIES W

n'.CBACTION VlIBSUS DROP. DJ.AMITIR xrm Jm"ECT
CARBOY ~eB'L()Bm:rACEfic ·ACm DISPERSED

WA'l'ER coNlfilUOlJS. -...-.. -~"'.~."'.". .... ,-....... -....----'----'---.-=~"""7""::':=_:_::::_,.__======
----------------.---------- ---~op Diameter-' Ie °16 C

r
.----.._----.- .- ---- C

y-----
--

E;y>o :lozzle = :t~~~.ea _'" ~"p~thr:o Ib.aole s leu..t1i: Ln. 4 n9,~ u):»!O.!eilL~.tt ..

W.,l
W...2
V>=>3
w..,4
We 5
w..6
W-7
w..8
W...9

Tub& D. ]). Large
'.rube D. D. Hediuw.
5 ..5 mm. O..})., 1 .. I.D.
7 .. 0 ..:0.,9 OoDo 1 _ 1 ..).
70' .. 0.»0,11 2 DIll. roD.
Cap" D.. 1>.. .small
6 .. O..D., 4.5" I ..D.
7.0.D.,? .. IoD..
8 mm 0.»01 6 _ IoD.

00153
000973
0.106
0 0117

0014
0.102
0.195
OS!l
0.224

1.06
:1017
1.,275
1,,1
0 ..965
1.37
0 ..865
1·05
0..944

0.01023
0,,01023
0 ..0103
0.0103
0.0103
0001$3
th01037
O..CI037
0.01037

0.0089
0..00193
0.00809
0.00853
0.00885
0.00787
0..00937
000092
0,,0093

0..00952
0,,00904
$,,00906
0 ..00936
f) ..0095
0 ..009
0..0098
0..00972
0,,00968

0,,000276
00000326
0.000313
0,,000276
0,,000251
0,,000351
0.,000276
0 .. 000336
0,,000320

____-"'_> __~,_ .."""""" ~ .. I .~..:-~'*' ... ~~_

______,,,,... --·.. __M _

~ K
1l!.........,....+-f07! f't.

V L A
tt. ./!lee., cu"tt 4..'M:~_ lSi.. f't ..

Te
·c

1322.,
210'
11..2
14,,1,
23 ..6
9e 64

1l..3
1.0,,3

Q.l$.ll
0.4-38
0 .. 427
o.~J.6
0.,41.6
00406
010"3
O.,~5
0 ..416

0.411
0.417
0,,427
0 ..41t)
0..3'78
0,,406
0 .. 385
0 .. 391
0032

0,,0078
0000206
0.00266
0.00355
OQoo609
0..00246
00018
0..0204
0 ..0243

0.001028 20
O.~ 19..5
0 ..00051 18.5
o..ooo6115 18
0.000963 19
o ..oooAi84 19
0.00213 18 .. 5
0.00235 18
0000285 18

23
2...,
25
23,,5
23
25
21
21.0'
21.5

1,,0
1 .. 0;
1..0
1,,0
L1
1.0
1.15
1..2
1.3

0,,'0
0,,486
0,,48
0,,489
0.,489
0,,"7
0,,4148
0.. 492
0..5

======="===================::::::: ,.,,~ - '''''''._", :. I''',''''''.....,._'"' u _,.,_._"'~,~ .•.• n·_····.... __~,_~-.. .. __,.,,,. __ ........... _....... ,<.~r~~ T v. "..... iBI ,', ..,"'... ..

I\)
w
\J,



%:m ..

TABLE XLVI

SEBIES X

......--...- ~ _" - <~............... _. .~.# ..-.~~,., ............ ~ ~~ ........ A -~

- --_._ .. ~- K ~'-Ct - C
r

Ow
~:-_9Lbx. !?"l!J'L~~!tt. ~. As, lb."l~Hd~1h:f''t4..---

]: 1
X 2
X"'3
x...4-
1:=5

1,,5 .. 0"».. 2 DID. I.D.
1.5 .. O.D. 2 mm I.D.
1.5 .. O"}),, 2 mm I.D.
1..5 _OJ). 2 _ I.D..
795 .. O.D. 2mm I.D.

0.141
00141
0 ..],41
0..148
0,,144

0 ..97
1..2
0 ..686
o.~
0 ..93

0,,01.037
O.Q.l.031
0,,01037
0,,01031
o~01Q11.8

0.00685
O..gp8~
0 ..00932
0000915
0..009

o..~,
O.~'000091
O..Q09'75
0.00968

O.~3
0.00030
o.~
0.000232
Q..OOO226

_________________~_ ElQ>Uhi::rw "'"'" ~_-v. 'JH~Md'Q. _~~,~'1__~+'"""'~..__, ~

14.65
11..65
10.1
1l.7'
13.2

et
second.

0.66
1.4
0.166
O.~

0.32

H
'. ft.

ooa..2j
o.~27
0 ..427
0.,427
o..~27

0,,371
0 ..368
0 .. 388
0 ..388
0.388

O.~3
0.00212
0.~5
O...7~
0..0102

O..~5
0 ..000341
O.OOae8
O.OOll
0.00l56

~c

°c

11..'11
18
17l'

I!d
°c

Zl21.'
21
20
23

1015
1.1
1 ..1
1.1
1.1

J\)
W
0\

:::::==:::=;;:::=:::=====:::===-~=::;;;. :....,==.~._~..===:::::: ~ ......., -'" ~--= " = = ".,_ ~~o __ .'., ~,.-; _



TABLE -- XLVII

SERIES Y&

--------------_.-- ._-_..-_._--_._---------------------
Drop Diameter I Gt 0r Cw

Ipo Hoz,l.t ..,,=c_ weYs ftu1iro ,lboaQ!e,!cu"ft. Mh ACo IboJllol,sJcu,f;!h,_

IA=l 705 mm QoDo 2 mm IoDo 0,,141 0,/143 0,,0079 0",0071 0000752 00000192
n ....a 6 mm 0000 405mm IoDo Ool8a5 100 000079 0000702 0,,00751 00000182
1....,.3 Tube no Do small 001 00707 0000785 0.,00663 06,00718 00000273

~ £lit ~ IlJ _~ ••~""..~_~

1001_ 00416 00416 0.00687 0,,000985 14 1905 100

11.1~ 00416 0.378 000153 0.00179 14 20 Ll
15055% 00416 0.347 0000218 0 .. 000524 11+ 20 1.,2

______ ._. ,.._---"-_~..'____~._.~~~._~__._ _ -: ...~'"'_ ___--~.....~~~...."""".~_..~~~.~,.......~-~---,.~--'"~-c-----.-"""..~-.,--

row
~



mIEXLVIII

$ERIES Ii

....~ ..... --~ ---_. '_..__._-'~'---=;::;;;'...~~'"~-'._--~====~~~,,.,...,-~_ ..,",.~

Drop Diameter K Ct Or Ow
ItP-. IOlfM inch.. th/hre_ Ip,.'QleKcu.tt", 1n~ It Go Ib.aoles!cu9fto

B-1"
I! 2
n )
YB-4

!abe D.Do small
6 .. OoDo 4.5 mm IoD..
7.5 .. DoD. 2 mm I.D.
70; .. OoDo 2 mm I.Do

0.0957
0.191
0,,154
00152

7..3
5,,05

14.6

000

OttO
0.0
0.0

0,,00028
00000093

0.0000867
0.0000743

0.0000622
0,,0000677
0.OOQ(f/73

0.0107
000108

0.0108
000108

------------------------------------------------------------------_..-._"'..... :;; : ....--. ....

H V L A To Td Qt! WraotiOJ!* . ttl! ft.Jaec. oUoft"/hr. 8goft.. 2Q. 0Q. mtconda
Qr

seoonds

100 0.855 0.45 0.001995 00000792 I; 24 109
77.5 0.84.3 0..432 0.0152 0.00)11 15 24 1.95
72 ..2 0.855 0 0 438 0000765 0.00194 I; 24- 1.95
61.8 0,,219 00438 0000752 0.000495 1; 24 1.95

0.48
0.50
0.52
00508

tl? .. ".,~'::::;~::e~~~l!,...===:::::==,...-.--::=::==-:=:=:=.=~=.=====::::===:::=::===._ ..~ 'U h . . _" ••_. • _~'_h' .., ~.-.~.. , ..•

NOTII
... Reaohed equilibriua at. undetermined oolumn height.
* Based on equilibrium.

lU
UJ
CP



TABLE lLIX

SERIES Z

EXTRA.CTI0N VERSUS DROP DIADl'EB
CARBON. ~CBLORIDEtPB.lfl:CtC1D. (DlSPERSEDl

WATER, •• C0mm10US .
...,.". .". ...._ ....- ~._--~. ---_... '-".- ...._- ." ... -~.:::::::::::::::===.:~

Drop Diamet4tr l: Ct Cr CT C1l
_,_ B;;p. .o~ .__~~e~.. ttJbr , lOoElee/cuttt&, :tn ..4C. lb"JI01••!wott"

Z"l*
2,.. 2
Z"3
Z 4
Z ,
z..6
Z 7
Z B
Z-9
Z..lO
M"l*"
ZA..2***
ZA-:3***

7.5 3m a"D. 2 .. I.D.
7.5 ~ O"D. 2mm I.D.
T 11m 0 "D" 1 _ I .D.
Cap" 1,., D. smau
Tub6 D. D. Ked!. .
6 milt O"D"l... , .. I.D.
Tttbs Do DII LaX'p
6 mm 0.. D.. 405 mm I.D.
7 mm o, Do 5 .. r. D.(P.)
8 mm O.D. 5.5" .. I.D.
6 rom C.D. 4.5 .. 1..]). (Po)
6.5 lim O.D. 1.5 mm IoD.
Tube n.n; Media

.'~

0,,169
O"llie
0.,114
0 ..0962
0,,103
0.1305
0.150
O<olgl
00190
0.205
0.196
001355
0.1043

0.495
0.372
0 ..209
0.236
0.246
0.314
0.33
0.53
0,,;14
0.638
0.403
0.303
0,,271

00oo78~
0.00761
0 ..00784
ooo01'Slf
0 0.00784
-0.,00788
0..06785
0.00785 .
0.00785
Oo0079~.
0,,0104
0.0104°"OJ.()4

0 .. 00475
0 0 00511
0<000573
0.,00502
0 ..00.51
0,,00526
O.~46
0..00492
0.00494
0.00462
0000733
0.0013
0.00668

0.00615
0.00635
0.. 0067
0.00635
0.. 00633
0 ..00647
0.00657
0.,00627
0.00627
0,,00611
0,,00815
0.,00874
0000837

0,,000192 0.,000131
0.000121 0,,000081
0 e OQoo81'** 0,,000081
0"000101 0,,000091
0 .. 000101 0,,000091
0.000101 0,,000071
00000121 0,,000071
0,,000152 0..000091
0.. 000152 0..000081
0,,000222 0..000121
0..000175 0 ..000137
0.00015 0,,000125
0.00018; 0.000185

ro
W
\0



TABLE XLIX (COlft I D)
SEBIKSZ

===================-::.:::'=.=-=: -_.. -;;~-::::::======~::::::-,--~-:-.:--=======:::=;;:====================

ro H 'f L A To 'I'd it 6f
I - / o oExp. b'tra(;;t1(3 :ft. :t't.o~jtSeo Q.U.;ft.<br" s~ ..tt.. C C secoMs seconds

Z~l* 39.2 4.77 00569 0.O1l35 0,,011.4 16 23,,5 8,,4 0 0 46
Z...2 34.6 4.71 0..,09 0.00131 0 0 00831 17.5 26 8.4 oolia
Z..3 21 4.77 00555 0.00361 0000'54 15 23 8..6 0."-
z;",lj. 36 4.77 0..53 0,,002155 0.00406 l' 2Ji. 9..0 0.4\8
Z-, 35 4.77 0.53 0 0 0 0262 o~oo46 1,6,,; 25 9.0 0 0 452
z...6 33,,3 4.11 0.568 Oc>00539 0,,00695 1.7 26 8.~ 0,,449
1....7 30.,5 4.77 0,,581 0.00768 0..00848 14 22 8.2 0..476
z..8 37c>3 4.17 0.,;68 0.0153 0,,0135 1ll- 21 8..4 0.490
Z"'9 37.1 4.17 00.,561 0.0155 0..014- 14 22 8..5 0.118
Z""lO 4l..7 4.77 0.'0 0.01935 0.0164 14 24- 8.,7 0.400
ZA..1'*** 29.5 4077 0,,561 0..0158 0.01375 14 24 8.5 0.,52
ZA..2*H 29.8 40+7 0 ..605 0..0058 0,,0068 14 24 7..9 o.ll66
ZA"'3*** 35.8 4. 1 0,,561 0.00256 0.00421 14 25 8., 0.48

*' Nozzle showed S<>lIW d:!'op adherence"
** Top liquid purged during ru.1:l.

*** ZA Series- HAC replaced. pl'opi<:>nic acid in 'these runs.
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Term

til ..
A ..
b ""

0 ..
e ""

D ..
d -
Di ...
De ..
t ..
F ...

g -
B

I.T• ..
Xo ..
K ...

Xl ..
k •

L ..
n ...
JI[ ""

p ..

leaning

major axis or an ellipsoid

interfacial or surface area

minor axis of an ellipsoid

concentration

dr&g .coetficient

drop rate

drop diameter

molecular diffusivity

eddy dif'fusivity

fraction of terminal velocity

force

gravitational constant

column height

interfacial tension

overall mass transfer coefficient

distribution ratio (Cw/Cs)

inverse distribution ratio

film mass transfer coefficient

flow rate

association

molecular weight

pressure

Units

length

(length)2

length

Mass/(length) :2

none

drops/time

length

(length)2/t ime

(length)2/t ime

none

torce

length/(titne)2

length

torce/length

length/time

none

none

length/time

(length)3/t :iJle

molecules

none

mass!(length) (time) 2



.Term.-
Q -
r ...
S •

Do -
T •

V w

V' .-

IIJuE- -
Re ...
We -
So -
~ ...

i ..
~

...

~ -
r •

Meaning

mass

drop radius

single molecules

double molecules

temperature

velocity

volume

mass transfer numbor • _DIU1.
i

Reynolds number. dey
;U.

Weber's capillary group: q fV3
Schmidt number = V 1.1'.

Di

degree of ionization

time

absolute viscosity

kinematic viscosity : A.jf

density

mass

length

none

none

temperature

length/time

(length)3

none

none

none

none

none

time

mass/{length) (time)

(length)2jtime
;3

massj(length)

Subscript

w - at the wall (wetted wall columns),
otherwise water

c ... in the core (wetted wall columns),
otherwise it designates the continuous phase

• solvent or sphere



SUbsoript

0 -
d

b -
a ...

f ...

r ...

T ...

B

t ...

i ...
e ...
D ...
Bo ..
G ...
K ...

outer or overall

dispersed phase

solvent

solute

feed when referred to C and formation when
referred to Q

product

top sample

bottom sample

contact

interface

equilibrium and also ellipsoid

drag

bou;rancy

gravity

critical or maximum
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