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CHAPTER I

ABSTRACT

 Bquilibrim distribution data and extraction Tates ave presented
for wa;ter-ssolvgnt systems using acebic acid as a solute, Expressions
are derived for correlating extraction rates for both the f1’»\11:-131113111:. and
tranaitimal flow regime by means of hydrodynamic and diffusionsl concepis.

| The extraction rate for falling drops has been investigated for
stripping acetie aéid from the dispersed éélvents-x:arban tétrachloride,'
benzene, toluene, chloroform, methyl iscbutyl ketone, and iSopropyl
ether-; into a continuous water phase. It is possible o dgéfine the rate
of exﬁrae%ian in the turbulent ﬁegime by means of an overall mass
tranafer coefficient based on a bfictive film ’in the disperssd phssge.
In thé transitional regime of £all the rate of extraction obeys the
diffusion lsw for spherical particles. |

Over the turbulent regime of fall, which extends above a Reynolds
numbef of 300 to 350, it is possible to expreﬁ the overall extraction

coefficlant by the relations

0. 0uid 0.8
EA . 0.03 % L34 ) ivi@ |
Dy AMd Pab; I.T,

where K, « overall mass tramsfer coefficient
d = drop dismeter
Dy « molscular diffusivity
= Yigoosity
P w density
I,7s » interfaciazl tension
: ¥V = velocity
subscript d = digpersed phase
; ¢ = continuous phage
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The resulting overall mase transfer coefflcient muat be multiplied
by a eorrecthn factor, (2-n)/n, when stripping acetic acid from a
dispersed nan-polar organic liquid, where n is the degres of associatiqn.
This factor represents the fraction of the solute molecules which exist
as single molecules in the organic liquid. Since acetic scid exists in
water, as unassociated molecules, the rate of extraction ié approximately
equal to the rate at which the single acetic acid molecules diffuse acreés
the laminar bmmdary f:‘i.lm of the :dispersed organic liquid, The rate of '
dissociation of the double molecules in this same laminar film seems to
be sufficiently'sloﬁ, that its contribution to the réte of sxtraction is
minor in relation to that of the single moleculas. | |

| In the transitional regime, over the raﬁge of Reynolds number

from lOO to 300, the resulting rate of extraction agrees with the diffusion

squation. The overall mass tramsfer coefficient is given by:

(o | B

Ko Llnﬁ__. ‘l

where L - flowrate of the dispersed phase
A = interfacial ares
@ = time of contact
No experimental data are given for the viscous range; since
modifications would have had to be made in the apparatus te provide

sufficient pressure to obtain drups of a small diameter. However, most

industrial applicatiops involve either the transitional or turbulent flow
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regimé and hence the previous correlations are more useful for design
purpéées° The relations involvéd in the viacous regioﬁ would be expected
to involve the diffusion eguation with the reéistance of the continuous
phase alsc becoming important.

i In investigating the hydrodynamics of the falling drop column,
drop deformations were observed in the turbuleﬁtﬁflow regime; The
deformation increased with diameter, approaching a limiting value such
that the major diameter is twice the minor. The velocity, as a functioﬁ
of drop diameter, passes through a maximum in the turbulent regime and
then decreases in econtrast to the behavior prédicted by Newton's law for
falling spheres. The effscts afkdefarmation on both the velocity and the
rate of extraction have been taken into account in the correlation for
the turbulent flow regime by including the Weber capillary group.

Large end-effects were found to occur in the falllng drop colum.
Although no correlation was developed for this effect, it was found that
the added extraction occurred during formation of the falling drop at
the nozzle. The end-effects are’not only a function of 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 sﬁlvent extraction
systems in terms of film coefficients, a thorough knowledge of not only
the hydrodynamics but also the chemistry and molecular diffusivity is

needad. The rate of extraction is governed not only by assdciation and
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and disassociation of the solute moleculss, but alsec by féraes of attréction
betweén the solute and solvend meleeules, such as with solvation, Insufe
ficient data on these phenomens plns the lack of relisble correlaticns ‘

for the molscular diffusion cosfficient hinder the evalustion of rate
consbants for many solvent extrastion operations. Once the chemistry

of solvent sxtraction systems is understood, and reliable hydrodynamic
correiatians have been obtained, the derivation of rate eqﬁatiens for

packed colums should be possible,



CHAPTER II
I3 TRODUG TION

Liquideliquid extraction has, (during the last fow years) been
the sﬁbje@t of many articles in the technical literéture. However, mest
of these investigations have been concerned with performance data for
specific conditions and equipment. Theoretical correlations, such sas
those of Colburn,” have been used with partial success in explaining the
raaultso These correlaticus capnot be extrapolated aubsidé the range |
of conditions for which the experiments were performed, since in generai,
the variables were not geparated, :

ixf solvent extraction is 0 be placed on as stromg & basis as
heat transmission, and if extraction rate coefficients are to be predicted,
it will be neceasary to develop more fundemental information. It will
not bekpcssible t¢ eorreslate packed ecolumn extraction data in any more
than an empiriecal fashion wntil the mechenisms involved are thoroughly
un&araﬁoodo « ’

The investigation of solvént extractiaﬁ rebes in in&ustrial
squipmept involwves not only the study of hydrodynamics but also the
study of reasction rates apd the atudy'of mass transfer. In order to
correlate saolvent extraction data it wust be possible to calculate or
&@termine by messurement the bydrodynamics of the system involved.

Hence, a pécked columm is not satisfactory for s fundemental investigation,
since seldom is either the area or the mammer of flow eithér measurable

or gtatice
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The relatioms governing mass transfer faoefficientsy which do net:
involve a kinetic reaction, shouid by analogy to heat and momentum
transfer be a function of the viscosity, density, and interfacial tension
of the fluids, as well as a function of the hydrodynamie variables fluid
dimension and velocify,

. The objectives of the program of investigation undertaken were
thus definad ass |

;1, The selection of an extraction apparatus for whleh the hydro~
-~ dynamies eould be dstermiﬁadﬁ

2o The choies of solventesolute extraction systems whose
chemical behaviors are similar,

‘3; The correlation of the rate of extraction in terms of the

: physical and chemical variables mentioned shove by
successive variasble slimination,

:4a' Evglustion of the resﬁlts, to obtain sxtraction rate

goefficients suitable for design of spray and perforated
plate colums,
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A preliminary literature search was ns&e for information on the
chemistry of soluteesclvent sysiems, the hydrodynamies of cmmterw;frent
ligquidedliquid flow, and the rate of extraction, in both e@erimental
and indua‘brial equipment. The chamist.ry of sblutemsalvm‘h systema is
discussed in most pbysieal chemistry texh hooks in a descriptive manners
There appeared to be uo informstion on rabes of reaction For the
assoelabion » dissociation reactien in nonepolar liquids. Also, the
exact magnitude and effeet of solventesolute forces was mentioned in
only a gualitative manner, ’

Although hydrodynamics has been the subject of many investis
gations, the hydrodynamics of liquideliguid syatems is not ;well undere
stood, OCorrelstions for the flow of fluids through packed beds can be
found in books by Sharwood?3 and books by Perry:?{)».r These however, are
eppirical and do not explain the fluid mechanics of liquid@ﬁquid flow,
Strangg Hunber and Nash®® estsblished the hydfedymamies of flow in |
wetted-wall towers. Their work indicated that the change from streamliné
to twrbulent flow occurs at a Reynolds number dependent upon the physicai
prcrpea;ties and moi:ioia of the two fluids in conbsct, and that as a result,
turbulence oceurs at a lower value of the Reynolds number than for flow :
in circular pipess
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The hydrodynamics of falling solid spheres has been extensively
investigated and is presented in books by Vennard?® and other authors.
The data de not apply to fluid spheres when they deform in shape. i

The availsble infermation most applieable to the hydrodynamics of
liquid drops is that for systems of gas bubbles dispersed in liquidse
By—making use of angicgies, the information of O'Brienm and~&osline,l9 ‘
and_ﬁifagilg can be used to interprete the hyﬂredynamics of liguid dropé
gysbemns, / ’

The hyd;odynami@svof liguideliquid flow in a slanted tube colum
wag invegtigated by Bergelin and‘Laakhart“3 1hey obgerved in their
glass @olnmn tha effects of flowyan ﬁhe intérface separaﬁing/twa comtare
current flowing liguids. The interfaéé was fomd tols well defined amd
probably stagnant when thé mass veloeities of the two liguids are the
goms, When the mass velocities asre quite farvapart, extrems turbuiénﬁe
and wave formstion were observed at the inﬁerfameg
};Iavastigatians on the rate of mass transfer have besn made for
almost all the types of industrial equipment in use todays The vast
majority of the resuids are reporﬁed in terms of such concepis as
Golburnts’ H.T.Us, or as H.E.T«8. values, or by means of the volumetriec
evarall‘transfericgefficieﬁtg Ka. ¥ost of these are applicable to g
partieunlar séﬁuatian aﬁd cannot be extrapolated far-frém the conditions
for whi@h,the experiﬁsnta ware I'iha

Sherwood, Evans and Langcer22 investigated extraction in both the'

gingle drop‘tower and in packed colums. Oversll mass transfer coefficisnts
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were détermineé a8 & funeﬁiqn of drop diasmeber in a single drop tower

fér seﬁeral solvents, Apprecisble extraction was found te occur duriﬁgﬁ
drop formatian; or‘within a shért distance of the nozzle, The wcorrected
overall mass transfer soefficients were aoméared with the results pros
di@ted:by the laws of diffusion and were found to be much larger, No
efforts were made to relate the results of the single drop tower to the
yariables eflthe systema employed, The remainder of thair'invastigatian
was ﬁe?&bed te packed columa, The effeet of both continuous and diapafsed
phase flow rabes om the oversll volumetric mass transfer coefficient was
measured and the imporfance of these two vériablas in paekéd colum
performence noted,

Bergelin and Iockhart” slsc investigated the exbraction of isopropyl
alcohol from a tetrachlorethylene liguid phase t¢ a water phase for
comter-currens liguid flow in a horizontal tubes They were sble to
estimate their intesrfacial ares and thus to compuﬁe values of K,o When
the ma#s velocities of the two liquids were the same, the oéerall mags
transfer ccefficient passed through s minimum, due probabiy to 8 zero
inﬁerfagial velocity which created a stagnant film in each phase. The
highesﬁvrate; $f'extraetian wereiabserved when the interface was in a
conditién of furbulemce. |

Important sdvances have been made in relating the basic mechanism
of extractiom to the properties of the liguids involved using wettedewsll

solums, Psllah, Humber snd ﬁaahlz found the kercgene or wallefilm
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coefficignt with the system waterephenol-kerosene in a wetted-wall

column to be expressed bys

Wi .59, (31 VF

‘ 7
3 S %P

0.8 0.46

4 major dissdvantage with the use of wstted-wall colums is that
the veiecity of the wall liquid must be 5 to 20 times that of the core
hquid in order to impart ata‘bzlii‘.y to the sysbem, 4= a result the
overall mass transfer c‘:Oefficiemt depends largely upon the rat.e of
diffusion in the core liquid, and changes in the velocity of the core
1iquid: produce larger chanpes in the overall mass transfer coefficient
than do velocity changes in the wall liguide

Studies on the effect of core and wall £luid flowrates on both
the individval and overall exiraetion rates have been made by Colburn

8 Treybal and Work, 25 and GComings an& Brigc's 9 Brinamade and

and Welsh 5
Blissﬁ determined the overall exbraction coefficient for the extractim
of acetic acid from methyl iscbubyl ketone with wateé. By various

simplifying assumptions they were sble to separate the individusl film

coefficients o obiaing

: 0.67 0,62
k0 d . 1,07 (Bec) —t
- =D |
/3 ﬁ ; \ o
Uy N .62

o T 0.00135 (Rey) ¥
(v | | Py
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Ketone was used as the core liguid and water as the wall liguid in the |
shove experiments, ‘

l 8pray btowers and sieve plate columns have been the 'subjact of
many inveatiga‘hioné in recent years, Most of these have been made using
mul‘bipla spray nozzles. 4s a result, the exact drop dimensions have not ‘
bsen lmom s and the results are usally expregsed as volumetriec overall
transfer cosfficients, Elgin and Bromingll studied the transfer of
acebic aeid between water and iséprepyl ether and presented an analysis
for the theory of spray towers.

- Johnson and Blisslé

az wall as Appel and Elginl studied the
varistion of Ks with drop dismeter. The overall volumetric mass transfer

soafficient was found o be &

ximom in the range of drop diamsters
From 0.1 to Cw2 inches. In sddition changes in the dispersed phase
velocity had litile sffect om the extraction coefficient over the range
of dr@§ diameters from 0.1 to G.36 inches. A precise interpretation of
the data in gll of these experiments was impossible bascauss of lack of
information on the interfacial area, |

It s spparent from the literature survey that it is necessary
to determine the exact interfacisl srea in an extraction apparatus R
if the fundamental relationships are to be evaluated. In the literature
reviewed; the mass transfer ecefficient aﬁpea_rad to depend upcn both thek
melecular diffugivity aod the flow rate, Thuss

¥ XD ¥ where n varies from O %o 1



In equipment where mass transfer may be thought of ss being ascross
films; the overall mass transfer cosfficient can be ax?reésed in terms
of the physical properties of the system by using analogies to heat and
mamenﬁm transfer, In the case of spray cclums, not only will these
same phygilcal properties affect the film coeffisient, but also the
surface tension ghould emter the correlations



| From a revus of previous investigations and the objec‘aims of
this program it was possible to set up c:riteéia for investigating the
econtrolling variables in soclvent extraction. It was apparent that the
interfacial area must be Imow;z if the effect of variasbles such as the
physieal properties of the system on the extraction coefficient were o
be determineds | |

~ The only apparatus gvailable for which the interfacial area
could be measured were the gingle drop tower, the slanting horizontal
tube column and the wetted-wall columme k |

The slanted tube column was not used because of the large liquid
flows resulting from the uss of & colum of sufficient dismeter to elimie
nate wall effects. The wetted-wall column was not used becsuse of operate
ing dii’ficulties associasted with forming a thin liquid film on the vwa-ll‘
and with eontrelling flow rates, OSince the single drop tower such aé
emp}.oyéd by Sharwecod, Evans and L&ngeor22 had none of these disadvanbages
it was selected for the investigation. |

The specific desigpn of the falling drop tower was ehoaen to

minimize the complexity of interpreting the data. Thus the tower
diapeter was _made nuch larger than the drop dispeter so that the wall
would have no effeeﬁ on the hydrodynamics of ﬁhe falling dr‘op. The
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ef fective colmmm height was VBried using the same colum by varying the
distance that the nozzle extendsd into the colum. |

The dependence of the concentration snalysis on an exact material
balance was eliminabed by using s small volume ratic of dispersed phsse
through=put to continnous phase, The material balance and driving force
wers then based on the dispersed phsse analy;isg Purther, water was
used aé the continuocus phase in the majority of experiments and the solute
stripped from the dispersed phases This made it possible to discard the
eontinuous 9hé§a after each rune

Frem previous investigations it wss apparent that the film coeffi«
cient for mass transfer is a function of the physical properties of the
£ilm snd the film dimensions. In arder‘to separate the affects of each
of these varisbles, only one property was varied at g time, Then by
mathgmati@al analysis esch property was introduced into the fingl
correlation, .2hisnﬁethod of separating variaEles should give a more
satisfactory correlation than that which could be obtsined by making
agsumptions using dimensionlesaxgroaps, Unfortimately, many data are
needed te correlate a small number of factors by this methéd.

The chemical systems employed wére selected for sase of solute
soncenbration analySis in both phases. Two immiscible solvents weore
used as the two liguid phase and only ome solube entered the diffusion
process froem one phase to the other, To facilitate the éamputatian of

the driving fores a golubte was chosen which was prefsrentiallyisoluble
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in thé continuous water phases Finally the two immiseible solvents
were chosen with a klarge interfééial tension , since many reagents are
available for lowering the int,az"facial tension but few for raising it.

| Because water was to be used as the edn‘hinnous phase it was
necessary to select an organic liguid which had a large interfacial
tension and low miseibility with water. There are many organic liquidsi
which are immiscible with water, howsver, because of its large
interfkaeial tension, carbon tetrachloride was; chosen, |

- Iodine was first chosen as a solute beeause of its ease of
chemical analysis and because it did not react with the two liquid
selvenisu However, due to its ingolubility in water the iodine was
soon discarded in févor of acetic acid as a seolute., Unfortmnately, |
acetic acid associates in many organic ligquids, This obsbtacle is offset
partially by the ease with which its concentration can be determined
by chemical analysis. In addition the distriﬁzrtim ratieo of acetic
acid between water snd carbon tetrachloride varies only slightly with
the c-oncéntration change in each rum, -

The original technigue Gf’manipulatingrone variable at a tims
wasg xmﬁ successful dus to the e-mplicationa introduced by the additives
regquired teo vary each of the physical propertigs. In order to determine
the influenze of the physical properties of the solvents, other organie
liquids were substitubed for sarbon tetrachleride and experiments perfomed
under i&enti@al emditian.s so that results could be evalusted by means of

determinants,



CHAPTER V

THECRY

is was p@intéd out in Chapter III, there is little or no
information on individual film coefficlents for mass transfer in solvent
extra@ﬁon opsrations. A8 a result concepts have had Lo be developed
for exgrasaing the résults of extraction operations., Most of the
emcep"b& have been obiained by analogy to gas shsorption, ’

In order to study the basic mechanism of extraction the two film
thsary: as propoged by Whitwan?’ osn be used, The use of this expression
ir gas absorpbion hag heen eaminently successfuls, In the expression for
the overall mass tranafer coefficient for gas sbsorpiiom, the gas film
ceeffiéﬁ;mt zan be replasced by a second liguid film coefficient, This

expression can be wsed then for liguid-liquid exbtraction,

I

| — .
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In order to determine extraction ecefficients cn a sound basis,
it is advantagecus to anslyse the results in terms of the individual film
coefficientss The choiece of the fglling drop column is admirebly suited
for this purpose. A4s the dispersed £alling drops descend through the
continnous column phase they come into contach with fresh comtinucus
phase. As a result s concentration gradient does not build up in the
continuous phase film and almost all the resistance to transfer is in
the dispersed pizaseo In addition, by dispersing the organic solvents
and making the water phasge continuous, it i possible to obtain large
values of K; the distribubion raﬁia, for the systems used here. Henge,
K@ = k

By weans of the kinetic theory of mass transfer, the rate equation
for the resigbance of the digpersed film can be writften:

L a0, = ki {ci - cs) da

‘where : k

G = concentration of solutbe

L = dispersed phase flow rate

kgw digpersed phage film coefficient

A m interfacial area

? ¢ time of contact

H w colum height

¥ = dispersed phase or intarfaezal velocity
The sclubion of this equa‘l;im is dependant upon a knowledge of the cone i
centration at the interface. Although this cannot be measured y bhe
syﬂtemsiﬂsed have bean chosen in order to sstimate this concentrabion,
Since the eomtinucus phase film coefficient is negligible; Ci = Cys.
The ratic of the cspacity of the conténuous phase bo that of the dispersed
phage is large hence the concentration of the waler phase is approximately

gero or is abt least a negligible velue,
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- It is pessible bo derive a simple expression for the individual

file resistance by integrabing the equation sbove, setting C; = Q.

L dCs/Cs & wkyDA
Integrating over colwm height H for s change in conmcentration of the
dispersed phagse from fegﬁ {Cp) o produst {(Cp) givess

© In (Cr/Cp) & ked/L
By reafranging the éxprngsien the oversll masé transfer caéfficient
based m the disperged phage can be expressed in terms of the individual
diaparsed phase £ilm saeffi@ienﬁ; |

(Gr/Cx)
i

7, T
qu’;’ﬁkaﬁ L la

Another sonsept fraquently used for corrslsting extraction rates
is thet of the height of & transfer unit or HeTels developed by Colburn,'

The haighﬁ of & trassfer unit (H.T.U.) is expressed ass

Helals g ; H L
- r ‘ Ka

Cp _
Iz books by @éthAﬁérryzg and ShaEWQod23 the reiationshipa f»r the
height of a transfer mit are fully developed for expressing extraction t
in ferms of either or both phases.

The rate of extraction can alse be saleulated in terﬁs of the
height equivalent to a theoretical stage (HuE.T«S.}o This has the

distinet disadvantage that the values obbained vary with the scluté
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concentration. As ’a consequence, it is diffieult to interpret the
result in terms of the physical properties of the liquid phase, |

In correlating the results of the experiments reported heve, the
method using the overall extraction caeﬁieieﬁt, K, was employed. The
soncephs upon which this method ig based are éartieu—larly spplicable
to thé falling drop tower, In addition, the mathematics involved is
simple ‘and straight forward.

i The concepts mentiomed so far are mos£ useful for cérrelating
data in the Purbulent flow regimee In this regime there is eddying and
mixing in the turbulent liquid core and the primery resistance can be
thought of as being in a thin outer laminar film scross which the solute
must transfer by molecular diffusions In the regime of viscous or
streamline flow there is no mixing or eddying and the :_t‘luid is either
stagnent or moves in viscous layéré‘ In this “latter regimé the. laws
of trus dii‘fﬂsmn applye

ﬂ’I.f the dispersed drops are assumed to be perfect spheres, the
rate of sxbraction in the viscous region of flow cen be expressed by

the diffusion equation in spherical coordinates,

28 wp, | %+ 2 ¢
a8 1 3 z T3r
The sclmbion of thisy problem is outlined in the Appendix. For the

boundary conditions met with in the experiment rezﬁarised here, the

solubion heccmass



3k

" If the flow within the liqui,d drops consists of a viscous vortex,
diffusion equations similér to 'bixe above in cylindrieal coordinates can
be derived in order to ob‘tsain the rate of extraction. The‘ flow pattern
for vortex formation is in the fbrm of a douglmut and can be simulated
by a cylinder of infinite length;.‘ A complete solution of this problem
cam be found in the Appendixe |

In selecting the systems foQ- investigation, me of the 1deslized
eriteris is thab of a solute which i‘unctions as the ssme species in sll
liguids under investigatwn. In addition secandary reacticms should nat
omm." In many practical experimeazts this condition carmct be cobtained
and ireactiens oceur sometimes in series or pafallel with the diffusion |
of the solute, The handling of such data is extremely tiiﬁ‘icﬁl?; bnt'
several metheds of doing so have besn presented by both Hilh-e]ng and
Sherwood?3 for the gimpler gituationss a

The main resistance whether it be thought of as a film, for
turbulent i‘lmg or the entire mass, for viscous flow, involves transfer

by moleculer diffusions Hence the computatim of mass transi‘ar cople

 Picients is dependent on the asccuracy with which the mc:lecular diffusion

can be predicted. The mechanism of diffusion of a solute molecule through
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a liguid invelves the kinetics af liquids. Since little is Imown on
this subject, only émpiri@al eairelations 5r8 presentgd for computing
the diffusion coefficients, no one af which is precise

: ma&z‘ developed en empirical correlation for liguid diffusicn
aeefficieaﬁa given bys |

B 1

1,/3 1;’3)2

By ® ,
. Bghy ':‘V‘(b)% (Vg Vy

whers _
« golube abnormality factor
Ay, = solvent abnormality factor
B = constant » D,0156 at 682 F,
= 0,0143 at 590 F.
The usefﬁlness of .Amoldfa eqguation is quite limited however, due to a
lack af guffisisnt informatien 0 evaluate the abnomality factors and :
@"&har termsz invo}.va«d in the expresszon above,. _
The relad 1onship between dif‘fusmn and liguid viscosﬁ:y was
bmugxrb ok by the classicsl %tekas»Emsﬁein equation which was derlved
for the diffnmen ozf large spherical mﬁleeules threugh 8 solvent made up

of sman m@lecmes,
Dy = w_@.wg
- brMy
By applying bhe absolute rate theory to vdii‘fusi«an; Powell, Roseveare,
and Byring®~ derived modified the Stokes-Einstein equation in order to

Fit the observed diffusion cosfficients more closely,
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Dy = u_ugziggygg.am
where b varies from 37 for large ppherical moleculss to wpity for self
diffusion and has & value of 2 4] for large cylindrical moleculess The
use of the equation is limited by lack of specific information an the
shapeeaf the solute molecules,

| Although purely empirical, i;ha recent correlation of diffusion
cosfTicients presented by Wilke’C is more worksble than any of the
cthers. |

:Ei e T FL. |
Wiike devaloped sxpressions for evaluating ¥ as a function of temperature,
solute and solvent properties, amd concentrations This aqﬁatiqa is
used in the appendix %o compute molecular diffusion coefficients for
@orrelating the overall extraction coefficientse

The hydrodynamies of falling solid spheres has been extensively

investipgated and correlated by using a drag coefficient défined as &
fanetion of the Reynolds number, An eﬁaluatian of the drag coefficient
(@)vaska fimetion of Beypolds number cen be found in books by“fbrrygo
or ‘?emarda% Dafortumately, in the twrbulent flow regime liguid drops
do noﬁibehave ag perfect spheress No information on the hydrodynemics |
of dispersed liguid drops in a continuous liquid mediwm eould be found,
However, many wseful deducticns éan be drawn by analogy to correlations
presented for gas bubbles rising through a liquids Ihia'lattar pheromenan
hags been extemsively investigated by O'Brien and Gcslinel3 and many others,

The hydrodymamis relations are completely developed in the Appendize.



CHAPTER VI

P

: The ecxperimé:rbal eguipment for messuring the rate of liq#i&-
liguid extrection is shown in FPigurses 1 through &. Two célumna of
similar congtruction but different length weﬁa employed in determining
the overall mass tramsfer coefficlents. The columwps could de
essemblisd in two éifforent arrvangemente depending wpon the relative
éam;{tias of the dispersed and continuous medium. They wWere unpacked
in all experiments. | '

e long column shown in Figures 4 a.nd 5 is the aam tower with
different muriliary squipment and with & different arrangement. The
column consisted of a 3 inch eutar pyrex glass tube surrounding a 2
ineh imner tubse. ‘E‘hé outer tube was gealed to the imer at top aad
bottom to provids for & water coolimg Jacket. Tits made fras 8 o,
tube were pra‘yiée& &t the top and bottom of the jJacket for sttaching
rubber hose which ﬁare in turn conneeted to the plant water supply.
_Thammtw wWeils were provided st the top snd bottom of i:ha Jackst for
insertion of ﬁaet@zi metal thermometers in order to maasure‘ the Jacket
water tempsrature.

Bue to the hardening of plastics and the swelling of rubber by
sc:lvexita it was necessary to use interchangesbls or ball joints for all
connections. Thus male ball joiat fittings slightly greater than 2
inches in dismeter were attached to the top and bottom of f.he large

solumn. Finslly 7 mm. tits were provided for hose connections aboutb
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FIG. | EXTRACTION COLUMN AND APPARATUS
FOR DISPERSING SOLVENTS HEAVIER THAN WATER
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FIG. 2 EXTRACTION COLUMN AND APPARATUS
FOR DISPERSING SOLVENTS LIGHTER THAN WATER
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FIG. 3 EXTRACTION COLUMN AND APPARATUS

FOR DETERMINING END~EFFECTS












3 inchos fros the top and bottom of the ioner glass tube in order
te provids for continuous phass sampling and liguid levsl adjustment.
Woen dispersing solvents whick are heavier than the continucus
Phase the arrangmsent of suxilisry agaimént shown in Figures 1 and
b wus used. Tas column was loft open at the top and the nozrle
inserted through this cpening. The nozzle was positioned by & clamp
attached to the bax which supports the column. A connection was made
betweon ths 500 ml. separatory fuwmel used a6 a Feoed tank and the
nozzle by means of tygon tublng. The tygon tﬁbi‘ng being flexible,
ensbleos the feed tank, which is supported in é riz:z-_g fastened to the
mrin bar suppord to be raised or lowered. Adjustments in flow were
made by raising and lowering the feed tank in céﬁgmticm with

adjustment of ths stopoock on the botiom stem of the feed tank. The

- top sample t1% was conmected through a three-way stopeock to a 500 ml.

segaramry fumnel in buch & mArmer that coptinuous phase liguid can be
added to the colump to adjust the contlauous phase level, or a sampls
be removed. |

& femule ball Jjoint fliting was clamped to ths bobtom male Joint
and held in place by & ball Joint clemp as shown in Pigure 4. A 6 ms.
ginss tubs extended fram this famele ball joint and was comnected by
a.zi interchangable Joint to a three-way stopcock. In the first few runs,

the product was removed by cracking the three-way wvalve go that the
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continuous phase purged the dispersed solvent from the batﬁm of
ths column at 5 fixed rate. The mirture was caught in a 500 ml.
aeﬁm’cow fumnel. Although Sherwood, Evans and Longsor vere
enwas;éfnl in using this method of product remcval, in the presest
sase this procedure resulted in the purge it acting as a very
efficient secondary. exi;:éa.ater and gave results which could not be
reproduced. Hence, the bottom tit of the three-way wvalve vas
connected to & Jaék—-}.ag of 6 mm. glaeg capilisry tubing. A section
of 6 mm. tygon tnbing wia fastened to the end of the 3&01:"1_@5 and
inserted imto the 50 ml. graduate used ss & product receiver. By
raising or lowering the tygom tube the hydrostatic balance was
adjusbed 8o tbs interface 3‘.»‘?91 was held comstant in the tube
exrtending from the bottom female ball Joint. The dispsrsed phase
P1lled the Jack-leg and was cmia&"oimr._im:o the product receiver
by disﬁlacmnto .

Two tite were provided fof purging the continucus phass from
the column after each run. The main bulk of the continuocus phé.aa vwas
purged through ths thres-way stopoock attached to the bottam sample
tit. The 1iquid remaining in the column below this it is purged
through the purge tit on the three-way stopoock on the jack-leg line.

' Wuen the dispersed phase is lighter than the coptinuous, the.
droplets rise through the eontindous ligquid and hence, the previous
srrangemsnt of suxiliary equipment was reversed. The feed tank was

sup;pofted. above ths top of the column by & ring sas shown in Figure 5.
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It was somected by means of tygon tubing te a 6 mm. glaes tube
which ran parallsl with the column to a lsvel below the bottom ball
Jeint.- This I shaped glsss tube wap ccnmetgé. through an inter-
changeahly Jjoint to the -é—i&e arm of & thrse-—ﬁay stopeock which in
turn was comnested by ite wertiesl arm tq the stem ﬁrmg- the bottam
of the female ball jolnt fitting., The rm.‘cning arm of the threo-way
stopeosk served asg & purge tit. |

A specisl femsle ball Jjoint for supporting the nozzle was usbed
at the bottam of the column. Instesd of the stem being flush with the
inslde, 1t extonded cn up into the base of the columm and had an
izmberchangeable joint om top. The warious mozzles employed were

sttached o the interchan

geabls joint.
The two semple tite axnd contimuous phese liguid level control
task were arrauged Just a8 in the previous came for the heavy dispersed
liguids. The femmle ball Jjoint which was used cn the bottom of the
colums previously was attached to the male bal.l Joint fitting at the

top and " U shaped 6 mm. glase tube connected to it by mesns of an

Tie U shaped tubs sBerved ag & Jack-lsg for
product removal and dipped over imbo & 50 ml. graduste. An tnterface
level was meimbsined in the stem from the top ball joint by adjusting
the liguid level through the coriinucup phase level control tank.

It was possible Yo use the same colume for column height
experimenta. By attaching glass tube extensiocuns to the nozzles they

could be moved any distance desired down or up the colum. Rubber
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spacers were uded 10 center the exitsnded nozzles in the center of
the zz;aium, In general thes liguild level was varied along with the
'height when the dispersed pbase was heavisr than the contimuous,
By lowering ths liguid lsvel the back pressure on the nozzle was
reduced and better flow comirol was obteimable.

The short column skown in Figures 3 and 6 is identical in
avery detail to the long column just described except that the top
sawpls it was slimioated mud the colum length was & inches
instead of 4 feet 7 ‘imh;ea . The short columm was used for evaluatiag
end ~offecta. The mode of coperation wae ldenbical with that Jjust |
depcribed. |

Additional a&mﬁiwy sduipment was. used for analysing the
solutions apd making tims spd drop size measurements. The time

required for the dvops to fall the height of the column was determined
by clocking the drops with s shtopwatch. The owerall :-awmnt time
was measursd ueing an elecirisc timer gradueted im tenthe of a second.
Columm heights ware determimed by mesnsurement with a sisel taps and

nozzle dimensgions dstermined by & micrometer.



The experimental imvestlgation covered both stripping and

-snricaing cperations for dlspersing ome liguid ss drops in ancther.

ALl chemioals used wers C. P. grade to eliminate srrors frm

impurities. For the same reason demineralized rather than tap water .
wae asployed a2 s contlauous phass.

| Wnan the dispersed phase was hesvier tham the continuous, the
apmatua was #of up as &werihe& in Figures 1 and 4. ‘Em disperssd
phase, conbalaing the desired conventration of acetic acid was placed
in 't.hé Astapy&rad fesd tank above the solumn, The thraeﬂay stepcask'
in the bottom stew was furnsd to the closed position and the column
£1lled with the sontimuous phase. The nozzle to be umed wes then
meagured and attached to the feed tank by tygon tubing.

m@ noztle wasd centered in the top of the eolumn. By adjuaﬁing ‘~
the height of the feed tank ard cracking the siopcock below ﬁhe food
tank a.k fliow of spproximately ‘é:*wq drope per sevond was ohtalned. A
steady flow sculd best be Obtained by £illing the feed tank only to
the midpoint. Tais redused flustustions Iin helight due to feed
removel. Adjustments in flow waré made by raising or lowering the feed

The flow of dispersed phase into the bottom tit displaced the
sligh‘b spount of condinucus phase present at start-up and fcmad an

interface. By cracking the three-way stopcock at intervals, the
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Jack-leg was campletely filled with dispersed phase. Once the
Jack-leg had become full, the stopeock was turned to the open

position apd s hydrodynsn

¢ pressure balance and constant level
interface obtained by reising or ioﬁa‘rmg the tygon tube on the
ja:ik—leg.,

After 5 to 10 mls. of the dispersed phase had besn purged
through the Jack-leg, the tygon tube was placed in the mouth of
the product receiver &nd the electric timer started. The distance
betwesn the nozezle ard interface was neasured and the time of fall
clocked by & stopwateh to determine the drop wvelocity. The drop
rate was checked freguently and adjustments made to hold the rate
constant .

»Hmm the level in the product receiver reached 50 mla, the
three-way stopcock was closed, the timer stopped, and the feed tank
st@ycoék closed. By means of the number of drops formed per second,
the total time, and the total dispersed phmee throughput, it was
possible o compute the volume per drop. The diameter of the drops
could then e computed by sssuming thelr shape to be that of a
parfect sphere.

The amount of scetic scid transferred was determined by
titmting ths samples with sodium hydroxide using thymol blue as an
indicator. BSamples were removed from the top &nd bottem of the
column in 50 ml. velumetric flasks and transferred to 250 mi.
erlenmeyers. Similarly a 50 ml. sanp_le vas removed fram the feed



tank and transferred %o & flask slong with sufficianz damineralized
water to exiract ihs acellc &gid for titration. The entire conbents
of the product receiver was itransferred to another flask along with
ﬁemineralizad water Lo ald the €itration.  From these chamicsl
apalyses and the semple volumes, it was possible to determine the
amount of acetis acid travsferred.

:In the majority of experiments, water fanmed the contimious
phesge and au crganic sclvent containing acebic acid,vas dispersed.

It was &ifficult tu obteim & material bslance based cn the conbinuous
phase dus 40 ths volume of dispersed phase purgp& through the Jack-lesg
during the psricd of Ilow a&sué%manx. Heuce, the amount extracted wes
ovtainad by & meterial balance around the dispersa=d phese. Since
deminerslized watsr was expsvdsble the continucus phase could be
thrawn’awag after sach run and henws the initial continuous phese
gopcentration was ueuslly zerc. bﬁhen the column was filled toc a
height of 5 feet ths continuowsg phase volume wag £500 mls.  'Thus the
gguilibrium concentration of the con;inuona phase could usually be |
considered as zerc throughout the run snd no error was sntailed in
baaing;ﬁha-extraati@n on the disperssd phese snalysis.

‘The method of operation when the dispersed phase weie lighter
than the contlauous wes esiseutlally the same as thaﬁ;Juatvdeacrihe&.
The feed line in this case was fillesd almost up to the nozzle o
prevent water from backing,&ﬁgn't&e feud line. Usug;lyka alight column
of air separated the two, aé gxtraction d4id not take placg until the

&is@eraed phase forced the air dubble ouh.
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The end-sffect colusm described in Figures 3 and 6 was
operated in identical fashion to the large coluamn. The préeedure
being Jjust ms a.hafve depending upon the relative densities of the
two phasses.

Capillary tubing ranging in inside diameter from 0.5 mm. to
1.0 wmm. and standard tubing ranging in inside diamster from 5 mm. to
10 mm./war-e employed as nozzles. In some caSes the tubing was drawn
down to & fine point although usually & flat end wag used. Thus care
had %o be ezercised Lo be surs that the drop 4id not wet the
norizomtal nozzle surface when using flat-faced capillary tubing as
thia lad %o larvger drops.

The room teaperature was controlled by weans of a wall
thermostst and was held in the rangs of 20 to 30° C. The continuous
phase texpareturg which was dependent upcn the cooling weter
temparsture followed ths norwal plant wabter temperature. ‘ﬁ;ia ranged
from 12 o 20° ©. Rowm temperaturs and water tempsrature were
racorded for each run.

Sraplos were btaken of sll the sclvents and the demineralized
watay. : ‘The spesific gravity, viscosity, and interfacial tension ware
determined usder approgzimately ithe same Lempsrature conditloms ss thoss
in the sxperiments. In sddition, samples were taken for esch
goncentration of feed and continuous phase in Series J runs, in which
runs wetiing agente ware employed to lower inmterfmcisl tension. The
dgasity was determined by 2 Westphal balancs, the viscogity by an
Ostweld viscometsr, and the interfacial tension by & DuNeuy Interfacial

Tengsiamater.
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’Extractioﬁ ratas were determined eﬁperimentally in a falling drop
tower for water«aeetic scid-solvent systems. The methods of calemlation
and experimental results are tabulated in Appendix G.

The-éxperimantal resulis can be broken down into iwo phases., In
the first phase the basic system water-acetic acid-carbon tetrachloride
was employed. This phase of the investigation consisted of varying one
chemical property or condition at a time. Carbon tetrachloride containing
0.01 1b. moles/cu. ft. of acetic acid was dispersed in demineralized water
in these rﬁns, In the secand phase; other solvents werevsubstituhe& for
carbon tetrachloride. Material balances were based on the dispersed
phage in all runs.

The percent extraétion and overall extraction coefficient based
on the dispersed phase were determined in phase one for a range of drop
dismeters. This group of runs, Series i; is tabulated in Table‘xxzv.

& normalizing technique as digeussed later was applied in csleulating
the extraction cocefficients, The fraetion of extraction is pléﬁted
égainat'drap~diameter in;Figure-Va In Figure 8 the drop veloeity is

- plotted wersus drop diameter. The overall extraction coefficients were
computed from data taken off of Figures 7 end 8. The resultiﬁg coef-

ficients are plotted ss a function of drop diameter in Figure 9.
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‘The room tzempecratnre,. jatf:ket“water f&expexﬁa%fe "aud the rate of
drop fomatim tamied to varyslightly during this series of rumse
Hence, in order to determine the significaneeof fluctuations in these
eonditions, rung were madé in _w_h_if:h,mly one of the sbove e&di‘b‘imﬁ
wss allowed to vary at & time, By measuring the rate of extractiom it
was possible to dze‘tamine; correction factors by which the sxperimental
data could be narmslized to the same temperature and drop rate.

Allowing -on};y: the &rep flawraﬁé to vary, the percent extractien
was datemined f@r a wide range of drop flowrstes, The pemanﬁ extraction
is;z plotted as a fxﬁc‘tim of the rate of drop formation in Figure 10 and
a8 a fm@tim“ of the flow rate in Figwe 11, o

Similarly ﬁhe~¢ de?_peﬁdence of the overall extraction eéafficiant on
the bempersture ‘e:'ik’f i:,ha disyérggd;kan,&continuaus phages was determined
allewing only ope eondition to vary g‘t‘;s g time, The percent extrsction
is plotted versus éispezfaed Phase ﬁmaratur& in Pigore 12 and as a funetion
of the continnous -gha__sé tampergi‘;;iz,re in Figure 13. Because of the -s_pi‘aad-
in the poists in Figure 12 and 13 the dabs will give s straight line om
somimlog and log'-:*lbg 88 Weli as linear graph papere

Various experimental teéhniqﬂes»vgam enployed to verify the
hypothesis that the cm’srollingmass transfer resistance lies in the
&isperaed phase, The intro&uc‘him of é chemicsl reaction in ome phéée
will freqmtly‘;redme. the resisham;e to transfer of that phase; Em_zée,
sodium hydroxide was added to the continuous phase and Series A ’rm”@ﬂ‘

repeated using one selected drop diameter, The concentration of sodiwm
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hydroxide was varied over a wide range to eéaluate the possible affec£
of the concentrstion of thé caustic on the percent extractione The
resulting overall sxtraction coaffieients aﬁd percent ext:aetion are
given in Series H in Appendix G. . The caustic had no effect upon the rate
of extraétianq This in part substantiates the hypothesis regarding the
controlling resistance. |
In order to further verify this hypothesis, an additional $étvgf'f

rung was made using a continuocus water phase under dynamic or fliow ‘
condi@iansg; Using & specifie-drcp diameter, drop, rate tempersturs and
column height, the velocity of the continucus was varied and the percent
extrection determined. The Reynolds number, relative to the tube dismeter
ranged from O t@_élg whils that :elative to the drop diameter ranged from
630 to 690, Tt was impossible to get out of the viseous‘flew regime
without destroying the single drop aontinuiiyy Henee, no conclusions
could be reached,

| In‘nrder to simplify the mathematicsl analysis of the data, systéms
were selected which had disbribution ratios which varied only slightly i
with solute comsentration. A48 & check, the concentration of acetic acid
in theidisperaed carbon tetrachloride was varied and the fraction of
extraction determined for a specific drop dismeter, drop rate, temperature
and column beight in Series ¥, Although the percent extraction and
oversall mass transfer coefficient both increaéed with decreasing sﬁlutek
feed concentratiom, the change was not due to a variation in distribution

ratio and was in general insignificants



.
. The first chemical property to be varied in the first phase of
investigstion was the interfa@iai tension, By adding wetiing agents
{Tergitol # and #7} to the continuous phase in cancentrations ranging
from Qaﬁ}l% by volume te 0,3%, it was pessible to vary the ini;erfacial ;
tengion for the water-carbon teﬁachleride system from 33 fc 0 dynes./ cme
The saﬁaé drop diametef/ y drop rate, ﬁemperature and coluwmm height were
used in all rums. As the ':interft’acial tension was lowersd the drop size
shanged from 0.15 inches to 0.06 inches, while the chamge in the overall
extraction cosffisient was only that which would result due to drop
size change, | | |
This resﬁl’& indicates that interfaciel tension does:nm‘. affect
the raﬁa of extraction other thah through its’ influence on drop sise.
However;, ﬁh‘ia conciusion :is in doubt because of the possible interface
blocking which could result from the preaence;f of the wettirig pgent. |
For thﬁ.s reason the use of additives in evaluating the infiuence of the
chemical properties on the rate of axtraetim:was sbandoned, In order
4o determine further bhe influmce of the chemical properties, results
were a%ainad for other water-seetic acid-sclvent systems. By investie
gating a number of systems sufficient results could be cbtained to use ;
the met&eﬁ;a of ﬁstaﬁmizﬁantas in mathematically analyzing the dsta, In
order to correlsbs the dsta it is necessary to separate the fraction of
sxtraction dfﬁrmg'freemfall of the dispersed drop from the fraction of
ex:bmctim during drop formation, This was done by maaszming the fraction
of extraction &z s functiom of edlmm heights By graphical means the

endealfarts were eliminsted,
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| In order to :restrict the program to one which could be accomp}ished\
in a reasonsble length of time the investigation of other solvent sysiems
was made for a selescted drop diameter of 0,15 inches and the extraction
during freee=fall éieparﬁtsd from ’thafx due to drop formation for each |
solvent system, In all of these experiments ﬁhe agsbic acid was dissolvad
in thé solvents and they in turn were dispersed in & continuous water
phase, |

The rate of extraction as a function of column height was determined

at a drop diameter of 0,15 inches for dispersing the solvents methyl
isobubyl ketone, benzene, toluene, chlorofcrmi, carbon tetrachloride andk
isaprépyl ether. 4s is pointed out earlier the plot In (Cp/Cy) versus |
aolm height should be a s*bra_ight line if K is independent of acetic
acid zmggcantmtiém In Pigure 14 In{Cg/C,) is plotted versus colum
height for the above solventss By extrapolation fo zero colum helight
the aﬁomt of extractiom occurring during droia,,_ formation is determined.

The overall exbraction cosfficient {including Aénd@eijfacts) was
determined as a function of drop dismeter for these aame solvents systems.
The results are plotted in Figwe 15, - |

To determine whether the rate of drop formstion influsnced the
freeefall result, a series of experiments (Series X) were run using a
very short column height, Ths drop formebion time only was waried and the
fractipn of extraction determined. The computed results are plotted as

percent extraction versus drop formation time in Figure 16 slong with Series B
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in which drop formation time was varied using s long column, The
&ifferenee between bhese two curves represents the percent extraction
during free-fall, From Figure 16 it is spparent the free-fall extraction
is independent of drop formatiom time.

The rate of extraction when the direction of tramsfer is reversed
was maésmvesi in Series I for the basic water-acetic acid-carhen |
tetrachloride gystem. Acetic acid was dxssolved in the continuous water
phase and the rate cxf trapsfer into the disperged phase determined for
a ranga of dmp diameters holding the remaining variables fixed. The
rate of extraction resched sguilibrium at some wdetermined column hemghtw
hence, this series of s was repeated using a shorter columm in Series YB.
The extraction coafficient in the reverse direction was alsc measured
a5 a fmetion of columm height for a fixed drop diameber of 0615 inches
in order toc obtain the fres-fgll result.

Fipally, in order to determins if possible, the ef fect of the
chemical properties o:ﬁ’_:awater on the rate of extraction, the relative
phases in the carbon tetrachloride-scetiv acidewater system were reversed,
In the Seriss ¥ experiments water was dispersed and transfer of acetic
asid took place from the vontinuous carbon tetrachloride phase to the
wabter, In series M the direction of transfler was reversed and water and
acetis acid were used asg a digperssd fesed sclution. In both of these

iatter experiments the rate of extraction was much lower than expecteds
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Errors may have been intradueedt into the resulis either byb
inaccuraciss in physical messurememts or by inaccurate chemical analyses,
In sme csseg the nature of the iiqui&s involved were such that accurate
measurements could not be made. |

Velocity, fl&wrate and interfaclal area information is dependeni
upen measurements of time and volume. In clocking the overall experiment
time and in measuring the product volume, the error was léés hi:,han 14
The accurasy with which the time of i‘_a]l or contact was determined was
about 95%, The largest time error was the messurement of ﬁhe drop
formation time. This error was from 5 to 10% due to fluctuations in
the drop formation time rather ‘bhan chronographic faults, |

The analyticsl errors for most determinations were less than 5%
The thymol blue endwpoint in the case of some titrations was difficult
to detérmine.

The major sources of error were in operating techniques and chemical
behaviore For examples isopropyl ether showed a strong téndency‘ to ’
wet glass s;nd 88 a result many of the dreﬁs did not pass up the column
but filmed out on the wallse The error so introduced may have been as
largé as 30%s | ‘ .

The final asccuracy of the ‘oversll extraction coefficient is probably
75% because of the gecumulative nature of the sbove errors. This is &
reasonable result, however, in view of the many ccmplicatidns in inter-

preting the observabions.



CHAPTER IX
CORRELATTONS AND DISCUSSION

From the tabular and graphical resulis in Chapter VIII it
wasg posaihle +¢ dotermine the controlling resistances in & falling
drop liguid liquid exbtraction columm. The dependence of the
extraction rate upon the variables of the system was also evaluated.

In the méthematicel analysis of the experimental dsts it is
necessary to evaluate the relative magnitudes :of the resistance to
tranafar of both the contimuous snd dispersed phases. For these
oxperiments, the hypothesis is made that the combrolling resistance
i8 in the dispersed phese. This is based om the following
suppositlons and observations:

ﬁl., As the fslling drop descends through the tower it comes

into contact with & new continuous phase purface. This
rrevants u concentration gradient from forming in the
continuous phase adjacent to the drop.

2. The distribdution ratio (K) of the water-acetic acid-

solvent systeoms are all greeter than 1 and in many cases
sre greater than 20, Hence, the magnitude of the

resistance 1/ (k.X) is much smallsr than l/kg. Thersfore:
Ko = kg

‘3. Iu the Series H ezperiments the addition of sodlum hydroxide
: raepulted in no increase in the rate of extractlon.

4. In the Series & experiments, changing the conbtinuous phase
from a sbagnant to a moving liguid did not incresss the
rate of extraction. The results of this seriss of runs are
however not too significant since the flow ¢ the ‘
continuons phase was in the viscous regiou.’ ‘

Hhen the ezparimsnital program was initiated it was felt the
interfacial tension would play an important role in &&temining the rate

of sxtrastion. Ths szperimentsal resulte 4ld not gustain thw bolief.
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1. The overall extraction coefficients obtained were not
proportional o the interfacial tension.
2. In the Series J runs the inberfacial tension was varied
: ovar wide limits without producing any change in the
rate of extractiorn other than thet which would be
sxpected becauss of changes in drop diameter. The
results are however not conclusive gince the wetting
agent used to lower the interfacisl tension does 80 by
accumulatlion at the interface and therefors may block
the passsge of acetic acid molecules snd counteract the
offect of lowered interfacial tension.
The experimental resulis lundinated that mors sxtracilon takes
place during drop formation or as end-effects than would be expected
as a result of pure diffusion. It is therefore necessary to eliminate .
the end-effecta a.ndk dstarmine ﬁh{s rate of extraction when the inter-
facial ares is in static condition as during fres-fall of the drop.
Fortunately it ie possible to sesparate the rate of extraction during
free-fall by graphical means using Figure 14.

Using the fraction unextracted during fres-fall and the
dimensione of the drop it is possibls to cumpute overall extraction
ceefficiemss for free-fall conditions. The data can also be interpreted
in terme of eddy &iffusion cosfficieuts Dy which are camputed from
equatibns devaloped in appendix E By camparing the eddy diffusion
coefficients {Dy) with the molscular d_iffueion caefficlanta (Di) the
mechanism of exirasction is pa.rtiallv revealed.

A cumparigon of the relatwe chamical properties of the differant
dispersed solvents is shown in Table I. In Table II the results of the
physiéal properties are compared o the eddy diffusion cosfficient and

to the overall extraction cosfficient obtainsd by methods shown in
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appendiz K and F. As was stated before, the data are expressed for
convenience on the basis of the key va.ria‘brle,fdrop diameter, rather
than the Reynolds pumber. | |

‘In crder to evaluate the relative impofmce of each of the
chamical and phyaieél variables on the rate of eitraction, j1\:}13
asthenaticel methods of determinant analysis vere applied to th
data in Tables T and II. The results of this analysis are given in
Appendix F. In order to obtain a correlation which would fit the six
aalvenﬁs it was necessary to inti'odﬁoe the variables ~ drop diame‘tér s
viszmgﬁzy, denmity, velocity, interfacial tenslopn and moleéulm:
diffuaivity. e resulting cowélation could’net howaver be broken
down intc dimemslonless groups. :

It was apparent from the analysis of the data of Beries ¥YB
and Sei'ies A, that éithar, the basic hypothesis rag_wiing the control- .
ling réeistame was in error, cr: else there wérs unknown chemical
affects Gbcmtrolling the rate of axtfaction. The overall extraction
aoeffiéient fcrtfree~fall conditlons in Series YB was 1.6 %t./hr. at
a drop; diametar of 0.15 inches. This is approximately 6 times the
result of 0.25 fu./ur. obtained for a drop diémgter of 0.1 inches in
'Seriesk A, Tae anl,y difference betweeﬁ the two series of runsi ié that
in IB ihe dir?stion{of tr&nafar is from the c§ntinuous_ph§§e to_ths
dispersed (cw'ﬁon ﬁétrachlorida}, whi;a in A it is from _thé dispersed
phase {carbon teﬁrachloriéa) {0 the continucus wa.tef .phae;a:. If the
cant.rs’lling resiatame ig in the dispersed phase then the irate of

transfer should be the sams in both directions.



TABIE I

CHEMICAL FROPERTIRS OF THE DISPERSED SOLVERTS
: Eimematic Interfacial
Viscosity-{  Demsity-/~  Viscosity- F x 10° Tension”
c.p- . gs,/ic . em,@ [/ sen.  dynes/em.

Ghloroform 0.57 1.473 0.387 25
Methyl-Iscbutyl Ketons 0.559 ©0.796 0.703 8
Banzene .; 0.61 0.873 0.699 22
Tolueas , 0.561 0.860 0.653 ‘ 23
garbon Tetrachloride  0.9h1  1.586 - o'sge B
isopropyl Bther - 0.349 . 0.T21 0.484 15

Aocstic acid concentration

* 0.01 1b.moles/cu.ft. of solvent.

2l



COMPARTSON OF RESULTS FOR THE SAME DROP DIAMETER

TABLE II

et

Drop : * 6. *% 6
Diameter-d Velocity-V: Dy x 10O . Dg x 10 K, freefall

Inches £t./sec. In.2/ gec In.2/ sec. £t for.
Chioroform 0.141 0.54 3.37 56.5 1.265
Methyl Isobutyl Ketone 0.140 0.37 3.42k 69.7 1.32
Benzens 0.155 0.32 3.h72 1.92 0.142
Toluene 0.153 0.33 3.78 1.885 0.1445
Sarbon Tetrachloride S o % £ 0.58 2.0k '3.67 0.248
Isopropyl Ether 0.144 0.45 5.48 590 2.60

* Computed from the data of Wilke.

¥% Based on diffusion in spherical ccordinates.

EL
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‘The difference in the rate of transfer 1in the above can only
be due to a property suck as interfacisal tension or to eheniical affects
The inbterfacial tension doces not kapp‘éaz' to control the rate of |
transfer. Henmce, this resistance is probably a chemical affect.
This can be further substantiated by exsmining Figures 14 and 15, In
Figure 15 the curve representing the change of K, with drop diameter
has the same general shape for each dispersed solvent. Han}:e , the
interfgrence to transfer in the ca.rbon totrachloride must be 1ndepandentk
of both drop dismeter and velosity. This automatically rulée out all
affects but chemical. | | |

It is observed in Pigure 15 that the lowest rates of transfer
ars for non-polar organic soivents. The main chemical affect peculiar
+0 theés solvente is that of aseociation. A c?mparison was‘ therefore
mads in Table III between the solution properties of the vai‘ious
solvents and water. (ne trend i’e: apparent from this tabulation. That
ig, the overall extraction coeffivient inoreasés as the degree of
associstion decremses. The number of single unassociated molecules can

be computed from the degree of association by the expression n/(2-n)

where n is the degree of association. In carbon tetrachlorme thare

iz only 1 aingle acetic aclid golecule for every two double molecules
when the acetic ssid concentration is 0.0L 1b. moles/cu.ft.. Water has
& strong tendency to dissociste acetic amcid et low concentrations and
cnly thé single moleculss are compatible with 1t. Thus when {acetic

acid) is being transTarred from cerbon tetrachloride to watar, the



[

TABLE II1I

SCLVENT - ACETIC ACID-WATER SOLUTION PROPERTIES

i — e

Solublility K - Cy - Degree of %
grs. /100 ce Hy0 S, Association n
Water - 75 | 1.00
Chloroform 0.621 6 1.58
Methyl Isobutyl Ketone 2.0 2.09 1.0
Bonzene 0.073 18.5 1.79
Toluene 0.047 20 : 1.71
Carbon Tetrachlorids 0.08 19,2 1.67
Isopropyl Bther 0.90 k.76 ' 1.00
Carbon Tetreshloride®t .08 3.2 ; 1.56

*  Acetic acid concentration 0.01 lb.molssfou.ft. of solvent,

#% Propionis acid :cbmentration 0.0l 1lb.moles/cu.ft,
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single mclecules only are able to diffuse into water and the double
molecules build up in the film. Acetic scid exists in vatei' at &
concentration of 0.01 1b. moles/cu.ft. entirely as single méleculas.
Therefore, they &ll are involved with the transfer of scetic scid
from the water to the dispersed cerbon tetfa.ohloridé-.

Those results do not milify the hypothesie that the major
reaistame is in the dispersed phase. However, there are essentially
two pa.rallel paths of diffusion. The first is 'hhat of the single :
molecules ¥hils the second is tha.t of the double molecules. The
dower .g,e.z.eculw diffusivity of t&;e double molecules togother with
the time required for the d.iasoc;ﬁtion reaction make the second or
double moleculs transfer path subordimate to that of the single
molecules. As a result, the rate of extrsction can be based on the
concentration oﬁ single molecules in computing overall msse transfer
eoeffieients or slse the coeffieiam. corrected by & factor.

In order to evaluate the affects of the distribution ratio (x},
the sar:bon totrachloride experiments in Series A were repesated in
Saries 2, subsiitubing propioniec meid for acstic acid, Propionio acid
like acetic acid is a carbdoxylic acid ant therefors hag aimilar
propsrtiss. The dlstribution ratic of propionic acid is over 5 times
szza;a,};}.eri than that of acetic acld in the V&ter-éarbm tetrachloride
systam,’ hence, there should be & substantial change in ths rate of
sxtrection 1f the distridution ratlo is an important variabls. The
rosults ueing propionle acid ware slmoet identical Lo thogse using

acetic scid. The slight incrsases in overall extraction cosfflicient
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from 0.25 ft./or. for acetic acid to 0.35 £t./ur. for propionic
acid, under identical conditions, 1s due most likely to the lower
degree of sssoclation of propionic acid and not to the distribution
ratio. |

In ordsr to amlys:a the rosulte and break down the messured
axtraction rates in terms of the miablea, the hydrodynamics was
carafum inmatigated. A comparison waes made ’betﬁeen the observed
volooity versue diameber pattern and tha.t predioted from known
hydrodynamic relations for aphareé. Due to the deformation of the
liguid drops as obssrved through the gless colum and messured in the
drop deformation study, the results devisted from the predicted values
in the turbulent flow regime. The break betwsern the transitionsl flow
region and the turbulent flow regime occurred at a Reynolds number of
300 to 350. This is equivalsnt to a drop diameter of 0.08 - 0.10
inches which ie very near the lower limit of the experimental investi-
gation.

Rslat-ians wore developed for correlating the rate of extraction
under the turbulext flow regime and the transitional regime based on
the hypothesis that all resistance to transfer is in ths dlepersed
phass,. Theas developments ars autliné& in Appendix B and F. In the
turbulent flow regime the concep’ck of & fictive film is introduced into
the eorrelatioﬁ. Tais film can be related to ﬁha properties of the
dispersed sclvent. By dimensional analysis thé overell exhraction

cogfficient cen be axpressed as:
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¢
SRR ()
I.T.

In the transitional regime of flow the properties of the
solvents are of less importance and the rate of transfer is depéndent
upon the rate of molecular diffusion, From the diffusion equation
for ﬁhe msteady state, sn expression can be developed for
determining the fraction mmextracted. Since the drops behave as
péﬁfeet spheres in this regime the diffusion expression can be

solved in spherical coordinates Lo obitain:

Ko = < In w2 1
;E::~ =26 f2UY pe
PP rc i

' To evaluate the validity of these concepbs, the data obtained
vfor thevdispersion of carbon tetrachloride as drops in a continupus
water phase wag carefully broken down. The'reéults of Seriss A and
E: wére plotted a8 fraction extracted versus>drop diameter in Figure
17. By:graphical interpalation iﬁ is ?ossible to derive the’curve for
free-fall conditions and eliminate the end effects. From these data
the reziprocal fraction unextracted ware computed and compared with that
predicted by the law of diffusion for spheres. The reéults'are,plotted
in ?igure 18 as a function of drop diameter. The oversll extraction
coefficient was then coméubed'and a comparison made in Pigure 19

between the overall extraction coefficient including end-effects, the
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frae-i‘all extraction cosfiiclent and that which would be predicted
from the lsw of diffusion. ‘

‘AB» would be expected, the rate of extraction is greater in
the turbulent flow regime than that predicted ‘focc true moleculsx
diffusion. This indicates & decrease in reslstance which results
probabiy fram turbulence within the drop. Below a Reynolds pumber
of 300 %o 350 s where the flow cha.nges from turbnlent to transitional,
ths everall extraciion cosffimient iecreasas a.nd approaches that
predictad for uneteady state molecular diffuaion in sphsres.

‘This sams trend in the .avérall extraction coefficient is
axhibited by all the systems, as shown in Flgure 15, below a
Reynolds number of 300 - 350.

Imv. order to determine whether & viscous vorter is causing

‘the intreased transfer in the turbulent regime, the reciprocal

ma‘tim nnextracted cbtained experimentam was coapared with that
predicted for e viscous doughnnt sheped vortex within the drop; The

method.s of analysis are aut.limdtin Appendix B and a camparigon of

the results Por the free-fall condition between the warious solvents

at 8 diameber of 0.15 inches is shown ino Table IV, It is spparent
fram this tabulstion that the rate of extraction in the turbulent
flow regime is much greater than can bs accounted for by a viscous

rortex.
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E——
_ erimental hore Cylinder
S 7 Cp In(Cp/C.) O f0p  Cpf0p

Chloroform 0.268 1.32% 0.78 0.705
Methyl Ischbutyl Koto £.132 2.027 0.73 0.64
Benzene : 0798 0.2272 0.73 0.645
Toluens 0.798 0.2272 0.715 0.605
Carbon Tetrachloride 0.797 0.227% 0.84 0.7715
Isopropyl Bther 0.0% 3.2
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’In order to derive a relationship between the film coefficient
and the properties of the solvents for the turbulent flow regime, it
is necessary to discard our previous evaluation based on determinants
and spproach the problem through dimensional analysis and through
analogies to momentum and heat transfer. Using the dimensional analysis
solution presented in Appendix F, a compari&on was made between the
dimensionless groups for each of the golvents at a drop diameter of
0.15 ihches. In computing the Nﬁsselh equivaient number (Kﬁ/Di), the
experimentally measured values of K, were used. These were corrected
later for conecentration based on the conceot of single molecule
transfer in non-polar organic liquids. u |

To complete the correlation it is necessary to evaluate the
coefficient of proportionélity and the powers of our dimensionless
groups. The power of the Schmidt number _,&{_, can be determined by
comparing the results for isepropyl ather Wl%h thoss for carhon
tetrachloride in which the direction of transfer is from the water to
the.diépersed carbon tetrachloride. The properties of isopropyl ether
and carbon tetrachloride yield the same value for both the Reynolds
number (d4V f’//zé and Weber Capillary group (VR (2/1.T.) when evaluated
for the same experimental conditions. Therefore, the power of the :
Schmldt number can be evaluated Ey comparing the Schmidi ( ¥)/Di) and
Nusselﬁ Bquivalent (Kd/D4) numbers for the two golvents. This power is
then found to be 0.44.
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‘By comparing 'the expression derived by dimensional analysis
above to the anmlogous expression for turbulent flow in pipes and to
the ex;éression for mass transfer in fictive films, the Reynéld.s number
can be ;assigmd, an exponent of 0.8. The exponent of the Vsﬁer number
can then be determined by evaluating the poweré o which 4 or V nust
appear to correspond to the experimental resulis. |

From Figure 19 1t is apparsnt the shape of the curve K, for
free~fall is slmiler to that for K, overall (including end-effects).
Therefore, the curvyss presented in Figurs 15 can be used ';;0, determine
the @egandeme of Ky on drop-diameter. As-ths drop diameter changes ’
esrﬁa.inly asither the chemical propertiss nor the degres of associstion
c:hangaé. Howover, the woloclidy doess vary. The shape of a.ll ths |
surves in Figurs 15 sre expresasazi in the twrdbulsnt flow raglme, by the

function 40-6 ¥&-¥ . (av2)0-B(av)C-8 1

Thus if the exponent of
the Bejﬁalds number is 0.8 the Weber capillary group must hﬁve an
amanezrb of 0.8 a.lsc% , i order %o fit the axperimental result. By
e.smzmim; the highest accurscy for the dats from the experiments im
whick trasefer is from the cgntmuoua water phase to the dispsreed
sarbon betrachlorids the proporticralily comstant. is evaluated as 0.03.
The équaticm corprelating extraciion for the tu@bulant flow regime is |

therefore gliven by:

S 0.8 O\ Du.bk 0.8
K& = 0.03 (mrfa. . Ma w25



;'I.n crder %o determine the accuracy of this expresaion, the
Nasselt equivalent number was computed for all the axperimental
eolvem; systems using the above squation. The results are compared
With the experimental values in Table ¥B. In addition & comparison
is maé.a vetweon the computed results and the experimental values
ob’camed whaen the concentration is based on only the single
unaggociated molscules in non-polar orgenic liquids. k

‘The equation for the oversll artrac'him soefficient developad
above from experimental dats fite the date reasonadbly well considering
the nuinber of carrestions and interpolations that have been made.

The hypothesis, that only single molecules are accepted by the water
whén tmfer is from & dispersed non-polar organic liquid, appears
%o be fuirly walid from ths comparison io Teble VB. Daviaﬁions from
this hypothesis ip the casge 0f non-pslar liquids may be & result of
the firgt ordeyr raasction of doudbles molacule digeoccigtion in non-polar
ormié liguid disperssd pbass fictive films. Since the Bﬁrvee in
Figara‘ 1h are gtraight linss, a resciion of dissoclation if governing
must bé 8 first order reagtion.

- The principai‘ deviation ﬁom the eyperimental correlation oocurs
when the water is dilspersed snd the transfar éf acetlc acid takes place
from wﬁter 45 the continuous organic ligquid phase as in Series M runs.
The overall sxtraction cae:ﬁficieﬁt axyerimsmélly O'bmine@ ‘experimentany
for tkm sltustion f2 0.015 ft;/mn which is cézisiderably lééa than that.‘
predicted. This can be acacunted for by any one of the following

conischures:
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TABLE VA

BELATIVE DIMENSICNLESS GROUPS

‘ - Husselt
Reynolds Waebor  Sckmidt ZBguivalent

Chloroforn 1520 3.9 178 178
Mathyl Ischutyl Fstons 568 5.68 318 A 2 1
Banzans 837 .72 390 21.3
TPoluens 595 1.7 269 19.6
Carbon Tetrachlorids® 1133 k.26 %50 392
Carpon Tetrachloride#* 1133 k.26 450 , 61.4
Isopropyl Ether 1030 L.60 137 | 229
Watar #%K 520 k.ol 1200 11.1
Water ®E¥E 520 .04 1200 : .15
* Dirsetion of transfer from waber to the diapersed C0Ly

*¥% Dirsction of transfer from the dlsperss CCly to the water.
##t Direcilom of transfer fram sontimuous CCly phase to disparssd HpO
#5% Dirscilon of transfer from diepersed Hy0 $o continuous CCly phase.
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1

Nusgelt Equlivelsnt Numbers

Expm’:i;a:nez:z‘:,a}.‘L Pradicte&l Predicted® Experimentalg

Chlorofors 178 370 345 670
Msthyl Isobutyl Ketone 81 193 2kl 81
Bemzens 21.3 170 82.5 81
Toluene 19.6 190 92 115
Carbon Tetrachloride® 392 ~ ~392 392 392
Carbon Tetrachloride¥s 61.4% 392 392 310
Iscpropyl Bther ' 229 : 215 225 229
Water *t% 11.1 277 268 56
Water e §.15 277 268 §.15

————

e e e

1
Brxperimental

<
Expsrimpental™ -

Prodicted

Prexiictaia -

- Retusl value obtalined for fres- fall conditions without
correcting for megociation. ,

Experimenmll values corrected for consentrations bassd
oz single molecules.

Without the use of Webers group. Thus, ba.sed on anelogy
to turbulent heat or momentum transfer.

Sclution of the eguation for Dimensional analysis,



1. There were insufficlent data to evaluate the effect

‘ of the centinuous phass chemical properties on the
extraction coefficient. Honce these were assumed to
be insigoificant. This mey not have been -a corvesct
assump‘bion. ‘

2. Although scebtic acid ionizes to the extent of only

1% when its concentration is 0.01 lb.moles/cu.ft. in
the dispersed weter phase, the reduction in
concentration in the film would result in a higher
degree of ilonlzation. The ionic state is incampatible
with the non-polaxr carbon tetrachloride, therefars, the
rate of extraction would be reduced.

3. The ion-dipole attrsction between scetic acid and water
' could posslibly retard the rate of extraction.

4. Heretofore the comtinuous phase film coeffioient has been
disrveparded. Thus when carbon tetrachloride combaining
0.01 lb.moles of HA, per cu. ft. the resistance of the .
continuous water puase is 1 = 0,05 1 . However, when

k, _ ;
water i dlspersed cpntainigg 90,01 lb.moles cu.ft. scetic
acld per cu. ft. ths resigtance of the continuocus carbon
tetrachloride phase 18 1 =75 .1 and hence is not

Ko |
subordineted to the dispersed phassk registance.

5. An experimental value of K, for overall conditions is being

' compared to free-fall K,. If sufficient information wers
present 1o svaluate free-fall K, the result might be more
in agresment.

The éepené.ence of the rate of sextraction on the hydrodynamics of
the disperse phase system is well established by the mammer the overall
extraction coafficients depends on the veloclty pattern. The concept of
transfer based cn single molecules in non-pola.r organic liguids
although new to the Tield of solvent extraction is supported by experi-
ments in the field of gas abeorption. Whitney and Vivian®* round in

the absorption of sulphur dioxide in watsr that a better correlation
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is obtaloed for their date if they included only the undissocisted

sulphur dicxide in their transfer calculations. Hydrolysis plays
a part in this mass tranafor mecha.nism Just as association jplays 8
part in our mechanism of solvent ‘extractiﬁn.

;By means of thess sxtraction rate qcrrélations in the
turbulent énd. transitional flow regimes it is possible to predict
the rate of transfer during free Qi‘all in such :imiuetrial- equipment
&as apréy towers and sieve plate éczlums. An h;aa been shown, the end
effesté during drop formation are guite apprecisble. However, no
corrsletion ia presented at this time becauss of the cmpléxity of
analyzing the end-effect comdition. This is especially diﬁficult
becausé of ths dynamic interfacial srea. | |

:In the correslation for the twrbulent flow regime i:hé exponsnts
of the dimensionless group can vary over a small rangs and istill fit

the data equally well.



CHAPTER X

“The rate of extraction has been investigated for liquid-liguid

extraction in a gingle drop tower. Various organic solvents have been

used as the dispersed phase and acetic acid tranaferred from them to a

econtinuons demineralized water phase. From the results of the investie ;

gation it
‘1,

24
3.
e

5

6a

is possaible to conclude:

It is possible to sapéra’se the affects of physical
varisbles on the rate of extractlion by varying ome
at a time and bolding the remaining variables constant.

In order to correlate the affects of chemical variavles
on the rate of extraction, & comparison must be made
betwean the resulis of sgimilar systems rather than
varying one varisble at a time, '

From the experimental results it appears that interfacial
tension determines the rate of extraction only insofar

as it influences the hydrodynamiocs and shape of the
falling drop. :

The rate of extraction occurring during drop formation
is much larger than predicted. These end-effects are
determined largely by drop size, nozzle dimensions,
molecular diffusivity and drop formation time,

The hydrodynamics of ﬁhe falling drops agree with known
lawa of hydrodynamics for perfect spheres in the
trangitional snd viscous flow regimess /

The hydrodynamics of falling drops deviate from that

of perfect spheres in the turbulent flow regime, The
dropg tend to deform with increasing diasmeter and have
the shape of an ellipsoid of revolution about the minor
axis, As a result of drop deformation, the velocity
reaches & maximum value arownd a Reynolds number of
600 and no further increase occurgs



7. In the transitional flow regime, between a Reynolds

: nurber of 100 to 300, the rate of extraction is
expresssd by the diffusion equation in spherical
goordinates when the major resistance is in the
dispersed phase.

8« In the turbulent flow regime, above a8 Reynolds number
of 300 to 350, the rate of extraction is given by the
expressions

E.«;ai. - 0.03 [ 4V Fa Ay -y

9. Then organic solventsg were dispersed and acetic acid
trangferred from them to the continuous water phase
the resistance to tranafer is dep&ndent upon the
dispersed phase,

10. In dealing with non-polar organic liguids the degree

~ of association must be taken into account and the
rate of transfer can be spproximated by assuming that
only the single unagsociated molecules diffuse across
the £ilm in the turbulent flow regimes

11, When water is dispsrsed and an organic solveni made the
continuous phase the rate of extraction cobtained
experimentally is lower than that predicted. This may
be due to analybical errors in the experiments, ione
‘dipole effects, lack of informatiom on the affect of
+the copnbinuous phase, or the continuous phase
regigtance may be important,

12, The extraction caefflcient does not depend on the
digtribution ratio,

The resulbs obbtained are by no means inclusive or extensive
enough to formulate a complete theory for mass transfer in a falling
drop tower, It is therefore recommended that the following points

are degerving of further investigatianz



1. The effect of the properties of the continuous
phase on the rate of extraction should be
evaluated by dispersing water in other organic
solventss This would alsoc aid in determinlng
the cause for the deviations in Series M, 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 as methyl isobubyl
ketone in water it will be posgsibls to determine
whether association is the factor which governs the
rate of transfer. Since agsociation does not take
place in hexone the rate of extraction should be the
same for either direction of transfer.

3¢ In fubture investipationsg of this nature analysis of
results will be facilitated by the selection of
solvents and golutes in which neither association
nor golvation takes place.

A complete evaluation of the field of mass transfer in
1iquidQliquid extraction systems;will be~pcssible only after the
following investigationss

1, The development of a bebtter correlatian for molecular
diffusivity is needed in order to further the progress
of investigations in diffusional operationse

2¢ The analysis of chemical problems, such as that of
"~ association which were encountered here would be
facilitated by a better umderstanding of the chemistry
of llquldnsclute systemg,

3s The kinetics and chemlstry of surfaces such as a llquld-
liquid interface, is in need of investigation,

4o Once the hydrodynamics, chemistry and mass transfer rate
: equations are determined the rate of extraction
in industrisl equipment such as packed colnmns ean be
determined concisely,



APPENDIX 4
EQUILIBRIUM DATA

:Tha logarithmic mean driving force is émployed in cémpnting
the overall mass transfer coefficients. In order to calculate the
driving force an exact knowledge of the equilibrium distributian
ratis of the acebic acid solnte,'between the solvents is needad-
Mnﬁﬁalgsniubility déta are also ﬁecessary to estimate the amount of
solute transfer by éalvent golution in relation to that bykdiffusian
of solﬁxe molecules alongs |

; The distribution ratio was determined experimentally for the
partiﬁian of acebic acid between the six solvents and demineralized
water, The procedure consisted of sdding 50 fmls,.. of solvent and 10
or 56 ml§¢ of demineralized Watef to a 125 ml. separatory fumnel
fcllaﬁed by varying’amounts of a#etiC'acid ranging from 5 mls, down
tr 005 mls»=to»ea£h of the sepa?ate funnels, The phases were
thoroughly agitated to bring thejsystem to phase equilibrium and the
funnelﬁ were then left gealed for several hours. The two ghases were
se@arﬁted and the acetic scid cOhcentratiOn of each determined by
titration with ataﬁ&ar& sodium hydroxide uging thymol.blue;fcr an
indisator. |

; The experimental data so obbtained wereksalculéted on the basis
of coﬁcen@rabiens;in Ib, moles/cu. ft. and compared with data for the

same gystems in sguivalent wnits from the following referencess
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fl. Internationsl Critical Tables

2, Transacticns of the American Institute of
~ Chemical Engineerse

:3. Solubilities of Organic Chemicals,tby Seidell
’4. Industrial and Engineering Chemistrye |
The data are tabulated for comparison and are also plotted
in terms of distribution ratio versus concentration in each phase,
and coﬁeentratien of one phase versus equilibfium cancentraticn ef
the other phases The following systems are-pfasanted: |
carbon tetrachloridéwacetic acidéwater
methyl isobubyl ketbna-acetic aciduwater
bengenewacetic acid-water
{oluenewacstic acid-water
iscpropyl ether-acetic aciddwatei
chloroform-acetic aéid—water
carbon tetrachloride«propionic acid-water ’
“The possible effect of webbing agents on the distribubion
ratio was investigated using Tergitol # made by Union Carbide and
GarhontChemicals Corporation. A’concentration of wetting agent of 0,1%
by volume was used with the systém carbon tetrachloride-acetic acid-water.
The results obtained were almost identical wiﬁh those for the same
system without wetting agents, Since the inteffacial tension of the
system with the welting agent is considerably lower than that without, |
it is iherefere concluded that inberfacisl tenasion does notéplay a pard
in detérmining-the equilibrium distributian of & solute between two
immiscible liquids.
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‘The mubual solubility daté were obtainad entirely from the
literature. When sufficient data were availasble a triangular plot
has been’made for the mutual éolﬁbility of all camponents, Otherwise
the data are presented for the more pertinent conditions in Table XVIII.
Two sdditional refervences contained mutual solubility informations |

1. Synthebic Orgenic Chemicals, Union Carbide and Carbon
: Chemicals Corporation. A

2 Qhemieal Engineering Handbook, Perry

The experimental results obbained for the distribution ratios
agreed favorably with the results taken from the literatures The only
deviations that occur were ab acétic acid concentrations below 0,0001 IS'
moles/cus ft. The ionization of acetic acid at concentrations below
this figurefis high and could easily cause the deviation in the data.
Association in organic liquids such as carbon tetrachloride, benszene,
toluene and chloroform tends to also decrease at these extremely low
concentrationss '

- The distribubion ratio such as presented in the resulbs dis the
ratio of the concentrabtion of acetie acid in ﬁhe water phase to that of
salven% phase in eguilibrivm with it, The digtribubion ratio may either
vary with concentration or-remaiﬁ constant depending upon the solvent
involveds Thus in the systems using methyl isobutyl ketone and isapropyl
ether,:in both of which acetic acid does not éssociate at ﬁhe
concenﬁratians studied, the distribution ratio remains constant., In
centrast, the distribution ratio varies with concentration for the other

four systems, using acetic scid as a solute. The degfee of association
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in these latier systems can be determined by exsmining the data through
the eqﬁilibrim constant s which does not change with concentrabions

Thus, for a system in which ‘association takes place, squilibrium
is given by A nk;, where in e phase the molacular weight is n times
that in the other phase. The dsgree of association is defined as ne
The distribubion ratio can be expressed as:

K = Cw/Cq

If association takes place in the solvent phase to the degfee n, the

eguilibrium constant is givem by:

] - & 0./

K oz Ci(1-H) P/
If we assume further that X, the degree of ionization, is gero, then
it is possible to determine the degree of associabtion through the

relabions

n = Log(8g1/Cq0)
Loge(Cy1/Cy2)

Selsction of equilibrium concentrations of wabter and solvent at two

points fairly close together eliminstes variations in ne. Having
determined the degres of association it is possible to estimate the
number of single and double molecules in the solvent phase by means ofs
2D, ¢+ 18 = n(D, + 8)
wheres |
D, = number of double molecules

S = number of single molecules,
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APPENDIX B

SOLVENT AND SOLUTE PHYSICAL PROPERTIF

The physicsal properties of the solvents used as the dispersed
phase, are among the important varisbles upon which it is felt the
mags bransfer film coefficients depend. The three most important
physical properties are the viscesity; density, and interfacisl tension,
In order te cbbain accurate values of these properties it was necessary
to meagure experimentally them wunder the same conditioms as employed
in the solvent extraction rums.

The density was measured at 25° C. by means of & Westphal
balance such as is degeribed in Danisls, Mathews and williams™® on Page
321 This instbrument uses & chainomatic type balanee and depénds upon
A¥chimedes prineiple that the bouyesney is proportioﬁal to the wéight of
liquid displaced, ‘

The relative viscogities df the solvents employed were measured
by means of an Ostwald viscometer and density measurements described
above. The absolube visecsitiss were then oblained by comvering the
relative viscosities of the solvents to demineralized water as a
reference standard. The apparatus and procedure are fulling describe@
on Fage 35 of Daniels, Mathews and ¥illiams. 10
In“order to 6btain rapid measuremaents of the interfacial tension

a QCenco=Gue-licuy Interfacial Tensiometer was employed. The interfacisl
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tension of the golvents against éure water were measured and are
tabulated in Table XIX aleng with the corresponding Valuesifor varying
concentrations of acetic acid in‘the solvend éhase. In moét cases the
interfécial tension was found to be lowered bj the presence of acetic
acids, Bulletin 101 of the Centrél Sc:i,ent3'.36':10‘(}mnpmx;sr6 givés complete
details of operation and methods of determinihg and correcting intere
facial tension valuess |

 The accuracy of both the density and viscosity measurements
is 99% or better. However, in the case of the interfaéial bension
considerable difficulty was experienceds The neasurements of the
interfacial tension of the pure solvents against wabter gavevan accuracy
of approximately 90%e When wetting agents or solutes are pressnt in

either phase the values obtained were in some cases inconsistent.



TABLE XIX

CHEMICAL PROPERTIRS OF SOLUTIONS FOR SERIES J
RUNS IN WHICH INTEEFACIAL TENSION IS VARIED

T e e e VYT R VT TT i Y R
1b.moles/cu.£%. % by Vol. °c., grs./ml. dynes/cm.
1 D.M. Water 25  0.9967  Carbon Tetrachloride 33.2
(0.01 1b.moles/cu,.ft,
of Acetic Acid)
D.M. Water L , .20 Carbon Tetrachloride k5.6
D.M. Water 25 Carbon Tetrachloride 35.7
D.M. Water ' 30 Carbon Tetrachloride 29.h
2 D.M. Water Tergitol # 25 0.9668 Carbon Tetrachloride 1h.4
0.0L
3 J=2 D.M. Water 0.00017 Tergit;l #H 25 0.9667  Carbon Tetrachloride 13.5
0.1
W Carbon Tech. ~ 0.0L i R 1-5796 D.M. Weter . ,33'2
5 D.M. Water Tergitol # 25 0.9970 Carbon Tetrachloride 32.3
0.01%
6 J=3 D.M. Water 0.0002 Tergitol & 25 0.9968 Carbon Tetrachloride 29.5
0.01% ‘,
7 D.M. Water Tergitol #& 25  '0.9963  Carbon Tetrachloride k.3
8 J-h D.M, Water 0.00016 Tergitol #f 25  0.9970  Carbon Tetrachloride 5.7
' 0.33% - '
9 D.M. Water Tergitol # 25  ©,9965  Carbom Tetrachloride 2.0
0.1%
10 D.M, Watsr Tergito% # 25 0.9963 Carbon Tetrachloride 8.5
0.33 ‘
11 DM, Water B 'Tergit;l' # 25 0.9962 Carbon Tetrachloride 0.0
0.3

Get



~ "RONS IN WHICH INIERFACIAL TENSION 15 VARIED

CHEMICAL PROPERTIES OF SOLUPIONS POR SERIES J

TABLE XIX (Con't.)

e

e

AN e

Sa@ple Run HNo, Liguid o Adéitives - Temp. })ez:«, ?csity ) 7‘. ‘» B I;,
% by Vol. ¢ gre,/ml, __ op dynes/cm,
i D.M. Water Tergitol #7 25 0,9972  0.8973 Carbon Tetrachloride 0.0
24 D.M. Water Te«rgml # 25 0.9970 0.8903 Carbon Tebtrachloride 0.0
34 D.M. Water mergf:ﬁl #7 25 0.9971 0.8853 Carbon Tetrachloride 0.0
k4 D.M. Water Terggg? #7 25 0.9970 0,.8869 Carbﬁn Tetrachloride 12.5
| 5A DM, Wa;i;er Tergg.gé? #7 25 0,99’76 N 048903 | Cafoon ‘Tetr&‘czhloride *12’1
6A D.M. Water Tergizgf # 25 0.9975 0.9027 Carbon Tetrachlorids 0.0
TA D.M. Water Terg‘tol A 25 0,9969 0.8834k . Carbon Tetrachloride 12.8
84 D.M. Water Tergj..gl # 25 0.9970 0.8937 Cé.rbozi Petrachloride - 0.0
9A D.M. Water Tergz’;.ggi #u 25 0.9970 0.8937 Carbon Tetrachloride 26,8
104 D.M. Water Teréi?éi%#& 25 0.9969 0,888 Carbon Tetrachloride o2k, T

92T



TABLE XX

GHEMICAL PIOERRLIES OF 1)

OF § ,«.RY;'ING

CETT

E_SOLVENTS AS A FUNCTION
G ACID CONCENTRATIONS

15

Banpls - Solvent Acetic Acid Conc,  Temp. Density Viscosibty 1.7, versus D.M. Water
1b.molag/cu.fte oG, gra./ml, oD dynes/cma
1 Chloroform ¢.01 25 1.4693 0.6244 2442
19 Chloroform 0,005 25 1,4708 0.6226 275
13 Chloroform 0.000 25 14725 0,6059 33.9
2 _ Bengzene 0.01 25 0,873 0.6101 1549
18 Benzene 0,005 25 0,8738 0. 6134 18.2
11 Benzens 0.000 25 0,8732 0.6098 3440
3 Toluene 0.01 25 0.8625 045654 17.0
17 Toluene 0,005 25 0,8611 0.5615 2243
1z Toluena 0.000 25 0.8595 0,5606 26.6
4 Isopropyl Ether 0,01 25 0. 7262 0,3624 194
20 Isopropyl Ether 0,005 RS 07226 03556 17,1
10 Isopropyl Ether 0,000 25 0.7212 043485 17.3
5 Methyl Tsobutyl 0.01 25 07790 0.5636 12,3
Ketone
21l Methyl Isobutyl 0,005 25  0.7965 0.5633 11.9
Ketone
14, Methyl Isobutyl 0.000 25 0.7959 0.5585 10,2
Ketone '
6 Carbon Tebrachloride 0,01 25 1,5813 0.9333 222
16 Carbon Petrachloride 0,005 25 1.5822 0.9637 27.8
Carbon Tetrachloride 0.000 25 1,5860 0.9397 35.7

prA



APPENDIX C

EYDRODYNAMIC RELATIONS

E&ﬂc&m &x analysie of the experimental datg it ie abvioﬁa that
the velééity of the dispersed drops and thely hydrodynsmic behavior is
of great importance in determining the mass transfer behavior in the
turbulent flow regims. In order to study the hydrodynemics of the
liguid drops thelr shape was assumed 1o bs that’ of a perfectf gphers.
Drop daf’omtmm wors observed to taks place in the turbulent regimse.
Bowsver, thews deviations can be correlated by means of relations derived
for the fluid mechanice of spheres. | |

.ég liguid drop when relea.sed in a fluid medium is subject to the
forces of bouyancy, gravity, and, if in motion, also to drag. When
thegs threse forces are in aq,uilibrium the motion of the drop is at a
Piyed velocity. |

Tim bouyant foﬁ‘ce on the drop is equal to the wolght 6&' Tluid
digplaaéd by the spherical drop. Thus for a true sphere: |

By =T a3 Pgf6
where FBO ~ the fu‘me; due %o bouyansy
4 - the drop diameter
(7 - tue density of the fluld medium
Similariy, tha force dus td gravity is a@ressed bys

B, =7 a3 Pgaf6
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whers Fg » the forge of gravity | ;
s - the density of the liquid within the drop

The snalysis of the drag of a continuous fluid upon submerged
sphereé has been the object of ma@y studies. The results of these
exporiments indicate that the overall drag on a particle sﬁch as

a liguid drop is giveh by an expression of the forms

Fy = ,g.("v"- A

the drag force

t

whare f‘D
¢ = the drag coefficient, dimensionless
¥ = interfacial veloecity |
A » the prcsjected area of the particle normal to the flow
When the liquid drop is completely immersed, dimensional
analysis of the hydrodynamic behévior leads to a value of c which
is = function of ‘bha Reynolds number. In F:‘Lgﬁre 43 is reproduced a
plot of » wersus Heynolds number for spheres from Page 1852 of
Perryt 5,20 This curve represents a mean of many experimental deters
minationse It is possible by analyzing this curve, to arrive at an
sxpression as a function of Reynolds number for sach of the three regimes
of flowsviscous s bransition and ﬁurbulenh In the viscous ‘regime (stokes
law} which oceurs at Reynolds number up to 2, the drag coefficient is |
expressed by ¢ e 2//Res In the transitional or intermediate flow regime;
which extends to g Reynolds mmbér of 300, the drag ceeffiéient is equal

10 lﬁ;ﬁ/ﬁea'ba Pinally, in the tﬁrhzlent fléw regime (Newton's Law)
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which éxists above 3 Reynolgs_nuﬁber'of 300, the drag coefficiant is a
constant and has a value of ¢ 2 Ou44 for perfect spheres.

We can now balance our thﬁee forces in accordance with the
divection of flow and densities of the dispersed and continuous phases.
Thus, for the dispersion of a heévy‘liquid, as drops in a continuous
phase of lower density, our balamce of forces is given by the
expressions Z ‘

F, 2 Fp ¢ EBO

L dB(osg/é = gfavz A i?qrdﬁ fg/é

Therprojeeted area of perféct sphere is a circles Hénce by
substitubing for 4 the expression M d2/4 and rearranging the terms
it is possible to derive a generai expression for velocity as a function
of drop diameter and ¢

e é; & B-r

By/replaczng our drag coefficient by the experimentally determined
expr3351ons as a function of the Reynolds numher, it is possible to
express'the veloeity 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 criﬁieal diameter determined for the
upper limit of the Reynolds number over the regime to which each law
applies:

éver the wiscous regime of flow where Stokes law applies, velocity%

can be expressed as a funetion of SPhere diameter bys



| 132
V & 5405 ;ﬁqﬁ (Ps =)

the maximum or critical dismeter ﬁp to which this expneséion is valid is

given bys
: 15/3

| 2/3 |
dg = 0333 M / | 3
AP
This following formulas can similarly be derived for the
transitional or intermediate flow regimes

; 1
Ve [}0.65 at+® /C; - f) BeT15
M 0.6 {o Oudy i

2/3 1 1/3
] PP D

Most of the experimental data has been obtained in the turbulent ;

regime of flow which extends above a Reynolds number of 300; Over this
regime Nawtonﬁs law ap?lies, and the velocity can be expreséed as a

function of sphere diameter by:

Ve 1.7

(.osﬂo&l/z
P

When dispersing drops of a low density liquid through a heavier

continuous phase the drops tend to rise rather than fall as in the
previous cgse. By rebalancing our forces, similar relations can be
derived, Thus: |
2 2 , 3
o7 83 pa/6 = %/ov‘ A *ﬂd.[)ag/é
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It is possible to again reblace the projected area by that

of n sphers ’Tf 6.2/4, and solve for an expression between the welocity,
drop diameter and drag eoefficient. |

Ve 4 dg  _ .P........._"-f.ﬁ.“
3 ¢ ,a

Our caleulations can again be simplified by analyzing the data

over the three regimes of flow and replacing ¢ by its equivalent equatione.

The solutions for the viscous regime ares

T e 5445 '.%22_ (P-F.) |

o 223 | 1 3
d s 00333 -
: /u [P(f"l s) ]

The solutions for the transitional regime ares

1.6 i 0,715
V e |70.65 d Pu Pa
/0.6 P Q¢4
‘ 1/3
ag = 7u5 M0

.
| Plps=P)
Finally, for the turbulent regime of flow the velogity is

given by the following expressions

Vel7, |dg | E;&m]l/z

Velocity as a function of drop diame'ber; assuming the drops to
be perfect spheres was compubed over the viscous, transitional and
turbulent region of flow for the liquid systems used in the experimentss

The results are plotted Ffor the solvents - earbon tetrachloride, benzens,
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tolusne, chloroform, methyl iscbutyl keteme and isopropyl ether dispersed
as liguid drops through s cnntigynus water phase. The velocities,
obtained experimentally by measuring the total time of fall, are plotted
along ﬁith,the theoretical results in Figures 44 through 50,

1In order to determine the scouracy of measuring the‘aVBrage
experimental velocity by the time of fall it is necessgary to determine
the rate of acceleratiom. The theoretical expressions require an infinite
time to reach a terminal constant velocity. However, the time required
to reach some fregction £ of the terminal velocity is a finite quantity
and by:chocsing £ sufficiently cloge to 1.0 will give an acceleration
time which is a&equ#te to evaluaﬁe ths error in our measurements

The forees scting on & liguid sphere of a low demsity fluid,
dispersed in a heavier medium, can. be balanced just as in determining
the wvelocitye rhﬁas |

F-F, = F -F

g B
The forces are then replaced by their eguivalent expressions involving

{67

the aiﬁensions and propertiss ofythe-fluids. ﬁhen common terms are

cancelled the following expression results:

%g =g ..,k..(.,f?g.»s '.b. - 3¢ f ¥R
T e
i i
The analysis is simplified by replacing the drag coefficient by its

equivalent value over the three regimes of flow, Over the viscous regimé
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of flow for the above gituation, the time reguired to sccelerate to
fraction £ of terminsl velocity is given bys

8z =ln (1-f) s
i8 M
In the transitional regime of flow the acceleration time iss

6 wuln(ig) atb Lo
19.4 /L‘G}é [90.4 |

Finally, for the turbulent regime of flow the time required

- to accelerate to fraction £ of terminal welocity is given bys

Qe = i in
2 [0933 g -E,(E.g_;ﬁgyl/z
3

L. O

Expressions for the acceleration time, similar to those above,
can be dérivéd for dispersing a low density solvent in a heavier
continuous phase. The only difference between the regulting expressions
f0r~timeiof and those above, is that /os w,"is raplaced by fg- /%~.

The time iequired to accelerate to fraction f of terminal velocibty
is computed over a range of drop diamsters for the three regimes of flow
for chloreform and benzene dispersed in water. The results of this
caleulstion are presented as a plot of scceleration time Op versus drop
diameter for 95% of terminal velocity in Figure 51, In neither case is

the time required for ascceleration greater than 0,2 seconds, Since the time
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1k
of £all in a four foot colum is of the order on the average of 10 seconds,
the error invelved in computing the velocity from the time of f£all is léss
than 2%, | ,

Prom the plots presented in Figures 44 through 50 1t is obvious
that the formulas for perfect spheres do not £it our experimental resulﬁs
above é Reynolds number of aboub 300 to 350, From experiméntal obasrvaﬁians
the liquid drops are seem to deform into ellipsoids_of revolution arowmd

| the major or horizontal axis at diameters which give rise to Reynolds

numbers above 300 to 350, This observed deformation accounts in part
for the deviation of the experimental regults from that pradicted for
perfect spheres,

From the data presented in the drop deformation study it was

" possible to determine the true cauge of the deviations in the velocity

vergus diameter plotse From measurements taken from the piétures it

was possible to compute the true projected ares in the direction of flow

and also the diameter of the sphere whose volume is equivalent to that

of the éctual allipsoid of rchluﬁiQn photogra?hed. Uging the projécted
ares so computed, the corrected theoretical velocity was determined for

a drag coefficient of 0.44 and plotted in Figure 44 along with the
theorebical result based on perfect spheres and that measuréd experimentally,
Although the corrected theoretical resulis using the true projected

area come close to fitting the experimental reéulté, the resulting

velocities are still too large. This is accounted for by the fact that
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the drag cocefficient is not O.A@rbut is numerically lsrger and in
addition is a funciion of Reynolds numbers :

4The true value of our drag coefficient can be computed by
determining that value.necessarygto lower our;correeted theoretical
resultkto the observed value of the velocity.’ In the turbulent region

of flow our drag coefficient by Newbtonts law is given byt

c:’ﬂng , PS *f_f
39< A P

Drag coefficients were computed for several drop diamsters in the
turbulent regime of £low using the experimentally measured #elocity,
the trﬁe projected area, and the diameter of aisphere of eqﬁivalent
volume téken frOm‘the dats in the drop deformation study. The results
are plotted ag v versus Reynoclds number in Figure 52 along with the
gorresponding value of ¢ for perfect spheres. In addition the drag
coefficient for ollipsoids of revelubion whose‘majcr to minor axis
ratio is 4 to 3 are showns This latter data is taken from ,Binder4 and
gives aﬁvalue of 0,60 for ¢ for ellipsoids.

Ho information was to be found in the literature on drop
deformation and the hydrodynamics of liquids dispersed as drops in s
fluid medium, However, the rate bf rise of gas bubbles in liguids,

which is analogous to this, has been investigated by O!'Brien and Gosline,lg

Hiyagila and many others. The tendency for the velocity of liguid drops
to approach & maximum value and then decrease which was observed here was

algo found to take place in the case of gas bubbles rising in liguids.
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OfBrien and Gcslinezl9 observed this in studyiﬁg air liftss They
attributed the deviation to the fact that small bubbles are controlled
by viscosity and surfacs tension; wheress large bubbles aré controlled by
turbulences ﬁiyagilg found the deformation tc} be non-sxistant when the
bubbles are small since the surface tension is sufficient to hold the |
bubbles in a spherical shape at small diameters, but as the diameter
increases the force of surface tension decreases while the drag resistance
tends to increase thus flattening the bubbles oub into the shape of
oblate :spheroidsg

::{).ﬂBrien and (?wos.'l..*i‘.nerl9 emplkoyed dimensional analysis to determine
the relaticnship between the velocity and the flm.d properties. They |
expressed the welocity as a function ofs o

V= £3(g, FO; Prr LoTes T5 oo phos pays Pys P € and'cv)
This gave rise to groups relating the variabies sa followss

fz(gzg.;, 2vr Py, Plirvz, ir,%,_\_}\z}h,‘c,c‘,}
M .e ’ o

If this group of dimensionless zmmbers is applied to the problem of
Iiquid drops dispersed in a fluid medium, the last four of the above
groups are insignificante OfBrien and Gosline'® included the Tatio

Pa/P besides the first four since pressure is important in éaa}.ing

with gasess They plotted their results in terms of a drag cosfficient \.\),
defined by \{) =28 gzx/ (BVQ‘), Versua Reynolds number. The drag

acefficient for gas bubbles (\\/) is found to decrease and pass through a
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minimum value at about a Reynolds mumber of 100, Above this value it

tonds to incerease in values fihié’behavior is the game ss ﬁhat obgserved

“Por ligquid dropse

‘ Since the hydrodynamics of liquid drops is analogous to that of
gas bubbles, the results of dimengional enalysis above are applicable to
liquid‘drop systems, The hydrodynamic behavior of liguid drops is
thereque a function of the drag coefficient, Reynolds number, the Weber
nugber and the ratic of the drep’fadius to colum diameter, wiﬁh the k
posaible igélﬁsign of the group xgy/»ao. For the particular situaﬁian
where éne is dispersing small drops in & large colum ss here, the drop
radius to column diameter ratio is uwnimportant. However, iﬁ dealing
with packed colums this group would have %o be taken into accounts, The

use of the Weber capillary group in describing the speed of bubbles

rising in a liquid is also reported by Klinkenbergl7 in his paper on

dimensional analysise

The overall mass transfer coefficient is found to follow the
same changes as the velocity. Therefors, the overall mass transfer
coefficiant WGuld‘be expected to be a function of geveral of the group

above, such as the Reynolds number and Weber capillary group.



APPENDIX D

DROP DEFORMATION STUDY

ZDefinite shape changss wei'e observed to occur in the dispersed
drops as they moved through the column. These deformations were such
that the drops were flattened into ellipsoids of revolution whose
horizontal axis is greeter than the vertical. The degres f)f deformation
tendsd to inorsass with drop size and resulted in the horii;ozr-bal axisg
approaching s dimension twice thé vertical. ?he larger thé drops
became the more unsbable thelr nature. 4As a result, they ﬁended to
£11t and wobble a8 they moved up or down the column in a spirel path.
This same type of motion and deformstion was dbaarved by Myaugiw and
0'Brien and Goalinelg in the case of air hubbies rising thzfough liguids.

:It was felt that extraction is dspendent on the hydrodynsmies |
of the dispersed drops and hence affected by sfuch behavior ka.s drop
deformation. Therefore, in order to study the drop deformation, &
8exiag. of picturéa were mads of 6:‘0}_3& covering the range of diameters
amployéé. sxperimentally. Since the double-walled curved column itself
was not acvspteble for taking drop pictures, a separate flat-sided
lucite tank was set up. The faeci tank and group of nozzles normally
used for dispersing liquids heavier than water was set up over the

lucite :ta.nk.
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In order to obtain clear jicturas a syétem had to be found,
the two phasss of wﬁich would have contrasting colors. The system
rsa.rboni tatrachlorma—iodinmwaier with iodine diseolved in :tha
carbon telrachloride fitted the i‘equi‘rements perfactly , gince lodine
is prastically insoluble in wataf.

;CThe -carbon tatrachloride~iodine was dispersed by usmg various
sizes of nozzles and photographs fmade of the drops as they kfeil by
WOENE r.if‘ strobuscopic camera technigues. The resulting photographa
are shown in Figures 53 - 58. In order to gauge the dimemsions of

the drops, a 6 inch scals mavked in millimeters wes Pegtened to the

Tront wall of the lusite tank so that the ruler would asppear aslong

with the drop in the final pistura.

‘F:om nesaurenents taken from these pictures it was ;éo‘seible to
cm@u’eé the thecrebical volume based on an ellipsoid of remlution
sbout the mejor axis. The di&meter of & aphers of equivalent volume
was thén caloulated, By comparing the relative surface arss of the
two shﬁpes s the magnituds of errér inyelved in using corremtiuns
basged én perisct spheres can be determined. |

The wvolumse of an sllipsoid of revolution asround the msjor axis
is glven by ths expreseions |

vt s ko af »/3

where & = the major axis

(o4
i

the minor axis
the encenbtricity = ¢ /&
(22 - pR)/2
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FIG, 53

'PHOTOGRAPH OF CARBON TETRACHLORIDE

DROP FROM NOZZLE (Tube D.D. Med.)

Garbon Tetrachloride - Iodine (Dispersed] Water {Contimuocus)

Drop Diameter = 0.104 inches (Estimated on the besis of a true spherss} |

Seale - millimeters b/a = 0.908 (Deformation)
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FIG. 54
PHOTOGRAPH OF CARBON TETRACHLORIDE

DROP FROM NOZZLE (Cap.D.D.Small )

Carbon Tetrachloride - Iodine (Dispersed) Water (Continuous)
Drop Diameter - 0,105 inches (Estimated on the basis of a true spheres)
Seale = nillimeters b/a « 0.88 (Deformation)
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FIG.55

mm'msmw OF CARBON TETRACHLORIDE

DROP FROM NOZZLE (Tube D.D. Large)

 Carbon Tetrachloride = Iodine (Dispersed) Water (Continuocus}

Drop Diameter - 0.150 inches (Tst*ratgd on the basls of a true sphere, )
Seale = millimeters bfa = 0.88 {Deformation)
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FIG.57
'PHOTOGRAPH OF CARBON TETRACHLORIDE

DROP FROM NOZZLE (7mm0.D,55mm |.D)

Carbon Tetrachloride -~ Iodine {Dispersed) Water {Continuous)
Drop Diameter - 0.190 inches (Estimated on the basis of a true sphere. )
Scale - millimeters b/a = 0.508 (Deformation) ‘
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FIG.58

| PHOTOGRAPM OF CARBON TETRACHLORIDE

DROP FROM NOZZLE (8mm0D, 6mm 1.D)

 Carbon Tetrachloride - Iodine (Dispersed) Water (Continuous) o
Drop Diemeter - 0,205 inches (Estimated on the basis of a true sph&ra )

Scale ~ millimeters b/a - O 538 {Deformation)
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. The volume of a perfect éph-ere is given by the expfessien:
vt -qradf6 = b w23/3
The surface area of an ellipsoid of revolution is glven by:

A=2Ta2 3% T(v3/e) 1In L ¥ o
i - e

whils the aras of the aphere is :

| A=Td® |

Data from kseﬁraral of the i:h%ogmpha were taken and the volume
and surface area 61“ the allipaoid of revolution and perf‘ect sphore was |
computed., The srror antailed 1:1? qcmputing,thé overall mass transfer

coefficiems on the gssumption that the drops ére perfect spheres 1s

- vory slight unless the diameter ls at least 0.18 inches or grester and

even then is less than 10% up to & diameter of 0.22 inches which is our
maximum experimental rangs. A comparison for a range of drop dismeters

is presented in Tables XXI and XXII.



TABLE XXI
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DROP DEFORMATION MEASUREMENTS FROM PHOTOGRAPHS

b

Figure | a0 Drop Diemeter(Est.)
¥o, Nozzle Inches  Inches  bfa Inches ‘
53 Tube D.D. Med. 06.100 0.110  0.908 0.104
5%  Cap D.D. Small  0.102 0.115 0.883 0.105
55  Tube D.D, Large  0.139 0,158 0.88 0.150
56 7.5 mm, O.D. 0.159 0.1805 0.88 0.15%

. 2 m. IaD- .
57 T mm. O.D. 0.116 0.229 0.508 0.190
5-5 F15/1: 98 I.D-
58 8 mm. 0.D. 0.133 0.246  0.538 0.205
: 6 mm. I,D.
TABLE IXIT
COMPARTSON OF SURFACE AREA FOR ELLIPSOIDAL DROPS
AlD SPHERES OF EQUIVALENT VOLUME
Sphere
Figure cals, d‘est As phere Aellip ‘“
No. ; Nozzle Inches Inches  {inches )@ {inches) Error
54  cap. D,D. Small  0.110 0.105  0.0385 0.0382  + 0.5%
55 Tube D.D. Largs  0.152 0.150 0.072 0.0723 - 0.4%
57 7 mam. 0.D, 0.183 0.105 8.4%

5.5 ma. I.D.

0.190

O nllh's -




APFENDIX B
IAWS OF DIFFUSICGN

Diffusion Cosfficlents

iIﬁ ordsr to correlats the rate of mass transfer in & solvent
extracﬁion system it is mcasw:f +o evaluate the diffuaioﬁ coefficientsy.
The mschanism of diffasion in liqﬁide: is extreﬁzely camplicated snd as
o resuls thers are no sxmch sorrslations aveilsble. However, & number
of empirical correlations bave sppeared in the literaeturs wizich guffice
to estimate the diffusion cosfflicisnts approximately.

A somplete cutline of the available theories for diffusion in
liguids ig presented sexrlisr in this report. Although Arnoldts?
eq;uatiozﬁ appesrs Lo bs the most eﬁct sapirically, there is ’not
sufficient data avaiiable to emlziate his equation for the systems
involved here. Similarly, lack of informstion on the shape of the
solute molecules prsvents the use of Pcwell"‘sel relation, The raecent
data présen‘hed by Wilka30 although purely afmpirical appears to be the
most workebles anpd hes a fair degree of accuracy, hence was employed
here. |

wm:e39 has been fairly successful in correlating difi‘usiOn
mefficiénta for solutes which a.ra‘neither mnized or solvated by an

expreoggion given by:

S -
D = ¥4
Where D - the diffusion coefficient
T ~ Legpersturse
M - viscosity :
F - diffusion factor
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The difference in beh&viar.ofidiffarent solute molecules in
varioué solvente is taken into account in F. Thus F 1is exprossed as
& function of tempafature, solute and solvent properties, apd
concentration. The diffusion factor is defined as a function of #,
"solvent factor”, snd 1s assumed to be constant for any particular aolvént.
4In crdér to esﬁim&te diffusion coefficients a plot is constructed for ¥
versus molal volume for line of constent @ where @ is set equal to 1
in the ﬁase of water ae a basis. éﬂhen sufficient data are not present
on the particular solvent being used to evaluate P it is recommended
that & #&ime of 0.9 be arbitrarily employed. |

Using the above correlation, diffusion coefficlents were computed.
for acetic mcid diffusion in each of the six solvents employed and water,
Where possible the exact value of ¢ was used. iﬂbwsver, losufficient
information made it necessery to use_ak¢ of 0;9 in many cases. The
resultalaf the caleulstions are pfssenxad in Table XXIIT.

The scowracy of the computéd values wasfdetermined vwhore poasible
by comparison with experimental values reported in the International
c:vitmai Tebles. In the case of water the camputed d1ffusion cosfficlent

are almost exactly ejual to that reparted in the literaturs. The |
computed coefflcient for benzens 1$ 3.7 x 2077 inches®/second whereas
the actual value eppearing in the literature is 29.1 x 107 innhese/
sscond. This is slightly greater than the average deviation of 10% that
Wilke obtalued in comparing computéd and. exparimental values for fourtesn

solvents.




TABLE XXIII

CAILCULATED DIFFUSION COEFFICIENTS FOR AGE'I'IC AGID.
~ IN VARIOUS SOLVENTS ‘

Acetic Acid Cone. Tamp . , /u _ Dy x 107 n
Solvent ib.moles/ou.ft. °c. ¢ F x 1077 cp.  in.2/sec.  molecules

Wator 0.01 25 1.0 2.56 1.0 18 1
Benzene 0.0L 25 0.7 2.17 0.61 3%.7 1.79
Carbon Te’cra.chloride 0.0 25 0.9 2.4 0.9 20:4 1.67
Chloroform 0.01 25 0.9 2.k 0.606 31.6 1.58
Isopropyl Ether 0.01 25 0.9 2.4 0.349 54,8 1
Methyl Isobutyl Ketone 0.0L 25 0.9 24 - 0559 3hk.2 1
Toluena B W) 25 0.7 2.17 0.561 37.8 1.71

ratio of single to double molecules = n/(2-n)

| TOT
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e poesibility of the computed aiffusion coefficients being
in ervor or of not fitting the experimental mechaniem should not be
overlocked. Solvation of acetic ‘,a.cid ia polar arganic liqxiids and
asscciation in non-polar organic :lﬁ.quiaa can add many ccmpllications
in a.ppiyina liguld diffusion coefficients erbitrarily. In explaining
both molecular diffusion through & viscous fluid drop and molecular
diffusion across a fictive boundary film the diffusion coefficlent 1s
oxtremely lmportant. |

In expleining the results and eorreldiiona for the overall
mass transfer sosfficisnt in the turbulent regime of flow, it has been
esBumed that mase transfer cocurs by means of diffusion across a thin
outer film et the boundary of the drop. In eyamining mass transfer
acrose thig film the rate of travél of both single molecules and
double éssociate@; wolscules are .sfuﬁ.ied. seﬁa;rately. Hence, the
&ifi‘asidn coeflicient for slngle and double molecules should be used.
However, there is insufficient infézmtion to determine the individual
diffusion cosfficients and hence an average diffusion coefficient based
on the normal mixture of molecules exiating at a specific concentration
is ussd. is average diffusion céefficient Prébably comes éloser to
the diffusion coefficlent for single rather than double molecules
slince théy should temd to 4iffuse at a fagter réte. |

If diffusion 18 examined by means of the mechanism presented by

-, clearer picture is obtained of the

Glasstone, laldlsr and Ryering,
wechanism of mags transfer. They visuallze the process of diffusion as
one of liguid molecules sliding past each other and thus jumping from

ong hols to ancbher. Heues, It is quite remsonsdble that single
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molecules should be able to aiff:;se faster than doubls.

:If ong combines the aboveiconﬁept of diffusion with the
theories of assceiation and dieséciation 1t is possible to explain
zany cf the experimental results. Thus, whsn single and double
moleeulas diffuss t0 ths aelventiwatar interface the single molecules
are resdily accepted by ths~wateé and slide across the interface
into hélaa in ths watar. waevef, when douhlsimolecules reach the
jnserfase the waisr duss not aaceét them, 8ipce iucompetible forces
sxist. ’

Wher dsaling with walsr a&ytha dispersed phass and transferving
& s@luté to the somtloucus solvent phase thara:ia an &dditiénal
machaniém prasent whick may also éau&e considerable uncertsainty regard-
ing the uss of our computed aiffuéion coofficients. This mechenism is
the lonsdipole attr&ation which axiats betweer water and soluvtes such
28 soatic acid, which readily ianizes et low eoncentr&tions{ If one
atbempts to explain the m&@hamiam«of HEes tranéfer on the basis of a
fiptive film with the concentration eaaenzially zarc at the interface,
then thers i1s liksly to be s sirong tendency for iomization in polar
iiguide at this same inbterfacs. waevar, the ionic state is not
compatible with 4hs continuous non-polar solvent pbase, hence a low
rate of tronsfsr may result. ‘ | |

Tﬁ@ lxporianse of the m&ch&ﬁiam of diffusion is ahown‘fram thig
an&lyaig} Tos welue of our fimal éorrslaﬁiar. for mass tranéfar will ds-
Dpend l&rgaly‘upam the svaluaticn of the diffusion coefficient and propsr

allowances Tor interfersnce meckaniams such asg the ion-dipole attraction
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a8 woll a8 & sarrect evalumtion of the size and type of diffusiom

molscules presasnt,

Unetesdy State Diffusion Caleulations

The basiz $ifferential oguations for diffusion have been
extensively developsd in the litersture for the mors ccumon
geomstrical shapes. These are all based on a solution of Fick's law

of diffusion or the sguatisn of ddffusion which is glven bys

e P
g = 5 ~

cancentration
diffusivity

D - Bimes
W * - Laplacisn operator

]

‘whers C
' k

t

We can obtalin & solubion of this diffusion sguation applicable
0 our problam of dispersed Filutd sphsres by replscing the laplacian
apamtbr by spherical coordinates.

22:p, |8% ¢+ 2 2o
25 ' |37 Y3

tIn arder %o complete the boundary valus problem it ig necessary

H

to specify botk lmitisl and boundary conditions. For the corditions
auploysd in the eyperimenis the doundary condition can bz G.éﬁneﬂ a8
ome of zers sonosatration, Thus:
0 =20 forr :=raand >0
Aﬁ a regult of the e,mwai‘féotsa the interior of the drop is
thoroughly mixed &t zero time, thérafore the initial eonditimn is given
by |

¢ =0p for 0%r Er,ard 6 « 0
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The selection of the &bove initisl and. Eoundar.y conditions
appeam' to fit the sctual experiméntal obassrvations. Hence, if the
rate of mass transfer for diffusion of acetic acid out of & dispersed
drcp is aspumad o be by means of molecular diffusion only, the
solution of the above boundary valus problem should give this rate.
In order to reduce the differentisl equation to & mozfa solvable

form, substitute U = Cr above. This ylelds the expression:

2u =, 9%
| 26 32
By sssuming & solution of the form U = 6 Y the vaeriables can be

ssparated and & peneral solution ls cbteined.

Az
vsae 00 faingy

cog
where bpth A andx are constants. -
By substituting in the boundary and initial canditioﬁs and
re;alaoz.n@ U by Cr the pa.rticula:r solution given below is obtainsd.
o7l | p,® |
U=sCrc - Cfr cos n‘lf -lry ) Eein{nAdx
o= d ! Yo
The mass of solute transferred to the contimuous phase acrogs the
outer boundary of the spherical drop is given by:.
2 { o -
<
Q”S ")411'0 Dj. ( G) a0
g r
J : , Ty
The concentration expression derivsd above, is differentiasted with

vaspect to r and substituted into the mass translior equation above. Thef
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mass transferred across boundary r, ls then:
L LT - 2
8Cp r 3 1l »q - O
Q= A O =~ {1~ [T D
w — n® « o i :

It is posslible to ma}:e a materia}. balazwe for the masss of
solute traﬁsfarre& from & sxxLerical drop during contact time. This
eqa&tion is given by:

Q- %— qr’roz G .‘Cf) |

Bguating the two eguations :fiji”f* the mass iof solute stripj;ed from
& sphericel drop and rearranging ﬁhe terms, an expression ié obtained
for ths ‘fraction_of golute uzmxtrécted as a fmtizm of the drop radius, |

diffusivity and time of conbact.

A DI o B
o PP n

In the group éf experiments in which ‘thé dispersed drops are
a’srippiﬁg solute from the continuous phase the boundary conditions are
somewhat different. Howevor, the kanswer which ’resulta on sqlvi;;g the
differeatial equation 18 identical to that shown above. Thus in the
axperiménta' in which carbon tetrachloride is dispersed and ascebic acid
i8 stripped from & céntimmus waber phese the boundary eondition is
&iven by: |

| C = G fe\rgr=r0 and @ >0

Thiz iz 2 le gxtizmte aasmptmn since the volums of the column

i 2500 mls. a8 rmtr&stsl to & *bhru ~-put of 50 mls. of &iaperse& phage.
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Bence this, cam&inad‘with the prafaranﬁial golublility of acetic
acid 3&3:;}&&8:&:9:&s results in the ﬂaﬁéenﬁraﬁian of the Gontinuoﬁa Thase
rmim;ag practically comstant throughout the run Finall;r the
initial condition is one of zero éomantration, or of somp fixad value,
Hence, it can be givén by ; | |

C=0 for @=0end o0&y éro
The solﬁtion of the differential equation giveh previously for these
voundary and initial conditions is the seme as the former resuls.
However, C, 18 the difference betwesn the eguilidbrium va.lue. of C, and
the finel dispersed phese product concentration, whereas Ce equals the
squilibricn valae of Oy. ' | ‘

In order 4o reduce the labor involved in camputing Cpn/Cr for
the conditions of each run, mlueé of Cp/Cs Wefe computed for a rangs
of values of the pavameter Di8/r,”. The resulting values of Cp./Cr are
plotted in Figarss 59 and €0 versus D;6/r.>. The emaller the valus of
I)i@/z’c,2 becumes the mors bterms i‘n‘ the series solution become significant.
For mlﬁsa of Dig/rf greater than 0.10 the first texm of the series
becomes conbrolling and eami&emﬁla aimplification in the i:-esult is
posra'ibléo |

In manipulations with the overall mass transfer coefficient it
ie possible to raduce the expression for K, to one involving 1n{Ce/Cp)
when the conbtinucus phass eonsentratign ig appioxim&tely zaﬁo. If the
unsteady state solution of the diffusimn sguation is substituted into
this sxpression, the rssull can bé expresssd in teras of the overall mass

transfer cosfficient sm follows:
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f : ; ' 1
A & 3 1 @~ n ﬂ 2
. o D s S l . -HE (ra Dig

When “ﬁ.ie/raz is gma&ter than 0.10 it is posaible Yo represent the
sarisg expansion above by the first term. Thus, 1if this simplification

is introduced the equation becomes:

K, L 0.5008 ¢ 9.89 4o
. .

In mrd@%t' %3 amlifj camputations using thess i&ttar tWe sxpressions,
a number ¢f valusas of 1 {04/, ) were camputed for various valusa of
D;8/r.? and plothed in Figurs 61, |

In the turbdbulent regime o:f: flow whsrs extraction r‘asﬁlta tend
o be g;mate:x thar those };radi‘.ctéd by the aiffusion equatibns, it is
thea gré;éﬁiaa ‘6 use the 'o*vérail'maaa‘ transfer coefficlent based on &
flotive film. Howaver, an albternste matho& of correlation 1s to use
the diPfasion aquationsg above é.ﬁd’ amploy & diffusion czOé:t?‘fﬁicient which
fits i:hé‘ date. This diffusion ccefficient is defined as the sddy
di;ffmi%m coaffioient. By means of Figures 59 and 60 and the
sxperimentally measursd valuves of cf/Gr the eddy diffusion coefficients ,'
Bs, were computed for the ssriles of runs in which a figed d:mp
diameter of 0.17 inches was smployed. The resulis of tivis cysé‘lculation,
for the aix solvenis employed, srs presented in Tadble IV. It is however
more difficult to correlate results in the turbulsnt regims by mweans of

D, thaa by weans of K,, bassd on dimsnsionlsss groups.
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The results of the drop dsformation study indicate that the
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true shape of the drops in the turbulent region is that of an ellipse

rather than & sphere. The effect of this shaps factor on the
diffusion rate is however lese than 10%. Hence, the more obtise

rel&tia_ns for an oblate sphercid are not employad.

In an effort to explain the mechanism of mixing and turbulence

within the drop, the possibility of voriex formetion arose. Thus the

drag of the continucus fluid on the sides ¢f the drop could

conceivebly veuss a lamizar vortex within the drop , Whose shape would

resambls thet of & doughnut without & center kole. The fluld withio

the ﬁroz. woeuld heace fiow opposite to the dirsction of fally on the

outeids surface and coundercwrrently down the center of the drop. The

mechaniae of transfer would then be by diffusion ascross 'E;hevi laminar
flowing layers, Tt 18 possible to solve the diffuaian equetion for
this si&u&tiom if we assume the diffusion pattern Lo be that of &
cylinder of infinite length.

:‘ﬁﬂe diffarential ejuation for E‘ick*s law of diffusion in

syiindrical soordinates is given by:

¢ =p | 9% + 1 9 ¢
o® A re T 3 r

The boundary apd initial conditions &pplicablev to this situation ave

identicel to those used for ths previous solution in spherical

coordinatas .

c
C

O for r =
Cygfor OS5r<r

[ T
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In order to sclve this differential eguation assume a solution
in the form of R » e and separate the varisbles. This glves the

following equatiom: . ' , :
: o0 -
N A, J, (B xr e (ro) Dy e
n o= i- 1‘0 :

On substituting in the boundary and initial conditions given

above tiie result is simplified to the parﬂiculaz' solutions

_ - L - 2 2
§ =20Cp E :__ Rn gy ) Yo (Bn T )e (@‘ D"
i : S To ro :

ik T

»  The amount of solute transferred from the cylinder to the water
using the boundary equation and the solution above 1s eguated to the |
gggﬁ,ﬁsim@a for the amount of solute trapsferred based on overall measure-

ments, Ib i then possible to obtain ths desired equation:

o ? P
G oLy > 1 (R .
o<t : > ] '
Gi‘» : T L R 2 ‘ 1’0 Di ©

By means of ths “Pabdles of Punctions”, df Jahnke and Emde, it was
possible to determine solubiocns for the pusitive rocts of Ra, the zero
order bessel sguation. Values C";f‘cr/c'f were ﬁ;k;en sompubed for & range
of walugs of nie/r(f* and plotted in Figures £2 fa,mz £3. In éolving the
Barles é.’b@%, the first tarn cp.lyfgimﬁ gufficient seccuracy ‘whan

48 r; i8 greater t.han 0.12.
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The solution of the differential equa.tion glven above wae used
to compute'mluesvof‘ 1n{Cs/Cp) a8 a function of Bigfrog . The
results are piottgd. in Wigure 6&. It is posaible then rapidly to
compute values of K, based on the mechanism of diffusion.

The results of 'bhs,experiménts when campared using the above
expression indicate that vortex formation in the form of ilaminar
flow layers does not explain the rate of mass trensfer observed. This
doés izqt however mean that vortex formation coizld not take i:l&ce

within the drop.
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Fictive f£ilm theories for correlating mass heat and homen,tm
transfer in the turbﬁlent flow regime has been davelbpad. This type of
correlation has been applied with success to situations in which the flow
of fluiﬁ is in the form of films or fills annvliand pipag. In the case
of the iiquid drop system however, We are desling with a £luid with a
cloged bmmd-ary in contrast to these other éases?‘ When the boundary
is stationary, as in the viscous flow regime, the nquid drop is
spherical and the fluid inside is stationary oi at least in wiscous
motione In the turbulent regime of fiow, however, thers are strong
foreces of fluid resistance acting on the drop and a8 a result a turbulent
condition exists in the core of tize drops ’

Thers are two means by which a turbulent core with an ouber f£ilm
cen be vigualized for a fluid drope The first could arise aé a result
éf surface shear creating a vortex at fhe outer surface of the drop.

The fiow of the vortex would be laminar and hence mass transfer would
have 'bok be ly diffusion scross the laminar layere The core of the drop
would then be turbulent from dissipation of the vortex. Thé second means
by which turbulence can be visualized within the drop, is by virtue of
the oscillation and unstable motién of the drop as a result of defermation
in the turbulent regime of flows
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The general equation for the mass tranéfer coefficiént is simplif
fied due to the nature of the sxperiments employed. Thus the overall
mass transfer coefficient can be treated as if squal to the dispersed
phase film coefficiente Since tﬁe continuous phase is at épproximately'
zero concentration common terms df the driving force and mass transfer

expressions cancels The simplified mass transfer coefficient becomess

ek, = ¥ In o
Ks 8 AH Gr‘

The coneept of one film ié valid certainly in the turbulent ragiﬁe
of flow and is also probably valid in the transitional regime., In the
viscous regime howaver, there is:a strong possibility of the existence of
two filmse Most ofithe experiments were in the turbulent régime, therefore
the expressions above are sultable, |

To make the mass transfer:expression more workable aﬁd be able
to intérpret the results in terms of the variables involved; several
terms above can be replaced by eqﬁivalent expressions. When this is
done, the following equation is obtained:

Ke Vd 15 O£
6 H Gy

in analyzing the experimental data it was found that:more ex-
traction occurred duringadrop formation or at the jackeleg interface
than is expected froﬁ diffusion célculations. In order to correlate the
mass transfer coefficient as a function of the‘properties of the system ’
we must deal with ordered and measursble conditionss Since these end

effects involve an area in a dynamic state as ¢antrasted to a static
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area’fdr free=fall of the drops, it was necesgsary to separéte the mass -

transfér due %o end effects from:that of free~falle To do this it was |

| necassary to measure the rate of extraction o#er varying célumn heights

under fixed conditionsy ' ‘
:By rearranging the previous eguation for the mass transfer

coefficient, the colum height can be expressed as a function of produet

and feed comcentrationse

vd Gp e
H B e— ln, . - c
6 K ﬁ; - (constant} in _,__i_

By using the same nozzle in eachkcolumn height run for a particular
gystem the droop diameter, d, can certainly be maintained constant and
hence V will be & constant. If both V and d are held consbent then K
will bé‘a copstant provided it is%zgdependent of concentration. Both
the distribution ratio K and the degree of association for ﬁhe solvents
used in the experiments, varied less than 5% from zero column height
up o the maximum height of 5 feet. In the studies with carbon
tetrachioride using varying concentrations of acetic acid in the feed,
the overall extraction coefficient remained pracﬁically constant over
the range of comcentration which is met in those systems employing
organic%liquids in which acetic acid association takes placé. Therefore,
it is pbssible to treat all the térms but thosé involving H and
1n(Cg/Cy) as constantsa | | |

If Cp/Cp is plotted on semi»log ééper versus column height, the

amount of extraction as a result of end effects can be evaluated by
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‘extrapolating to serc colum height. A plot of this kind is shown in

Figure 14 in comparing the results of the various systems for a drop
diameter of approximately 0.15 inchess The mathematical relaticns

governing this extrapolation thus:are:

- AEe He [Jn(cf/cr) - in(cf/cr)
| HuH ‘ Hal

Hence:

@e/e) = (Gelen) [ (Cefor)

froe«fall ‘ overa endweffect

it is possible, using the amount of extraction due to the end
effecﬁs’tc compute o#erali»tranafer coefficients, It is extremely
difficult’to determine a rate pf extraction cortelation for fhs end
affects as a funcbion of the properties of theksystem, gince they are
affected by the diameter of the nozzls, the drop formation time and in
addition the area is in a dynamic states. Therefore equations were not
developed for these results.

Having separated the amountiof extraction for free~fall from
that dua" to end=effects, it is possible to compare these results with
the properties of our systemss Since the area is in a static state,
it can bé replaced in the extraction squation by the area of a sphere,
Free~fall extraction data were obtained for each of the solvent-water
systems for the same drop diameter and column heighx. Drop diameter

was used for convenience as a key variable rather than Reynolds number,

. although the latter approach does simplify smalysis. The dispersed phass
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film coefiicients or overall mass transfer coéfficients computed for
the free=fall condition are tabulated in Table II.
The film coefficient obtained is expected to be a fwnetion of
the vaiiables of the systems. Thus: |
B w £y (M, V,P, d, D; and LT.)
If the methods.of dimensional analysis are apﬁlied to this expression,

the relation between the variables comes oub to be as follows:

g (2 () (£2)

The first term is equivalent in mass transfer to the Nusselt group in
heat transfer, The’first term cﬁ the right is the familiaf Reynolds
number; The second is the Schmidt number which is & measure of the
properties of our fictive filme :The last grou§ is the Weber eapillary
group, This latter group is a measure of the deformation of the drops
ZThe introduction of interfécial tension is a new step in

correlating mass trénsfer coefficientss Sincé most mass transfer
correlétions have been for wetted-wall colwms and similar appsratus
where the interfacial tension does not influenée the shape of the fluﬁi,;
it is not surprising that this varisble has not appeared before. The
interfacial tension affects the résults obtained here only Ey its
influence on the size and shape of the drops. 'In series J in which
interfaéial tension was varied thé only changes observed in:the extraction
coefficienﬂ were believed $0 be akresult of changes in the shape of the
drop and not a resulﬁ of surface forees ascting on the individual

diffusing solute moleculess



183

If interfacial tension is assumed not to affect our results,

then the correlation for the overall mass transfer coefficient is given

\b
&wf -%z 3 iu
Dy "3l pD;

This same relation is obtained from analogy to heat and mass transfer

bys

for a condition of high relative velocity at the interface of the drop
and continuous phase, Thus, Wilhelm29 obtained the relations

: : o '
k; & D, (Re}"(Schmidt group)®¢ », [4G (_&,T
L N réup oK Yy (/[* Di 5

Gilliland an&‘Sherwdod13 and Fallah, Hunter and Nashl? ecorrelated data
on wettedswall column sxperiments by means of this relatiod. The value
of n lies very cloge to 0.8 and m to 0,4 in these latier experiments.
The above relation is also ver& similar to that commonly employed

for héat transfer in turbulent mobions

%cé e 0,0225 (80)°*% (pr) 4

In analyzing ﬁhe experimental data 2 fair correlation was obtained
using this exzpregssion derived from the analogous turbulent flow heat |
transfer expression, provided one dealt with aifixad diameﬁér. chaver,;
in ordeﬁ to £it Figﬁre 15 where the overall mass transfer cosfficient k
varies with diameter, the terms d’and V must appesr as a net ternm of
dg‘é‘vzféy Hence an additional ﬁérm involving;(dvz)o‘g must be present

in our correlation, The Weber capillary group thus not only completes ths



184

expression obbained by dimensiongl analysis bﬁz also introduces the
variabies in the prbper order to%fit our experimental datag

éBy analyzingithe experimental results Ey means of the expression
obtained from dimensional analysis, it is possible to evalﬁate the
constant of proportionality and the power of the Schmidt group. The

resulting expression is given by:

0.8 N 0.4 | 0.8
av
u, 0, (-»ﬁ 2 face
D, M (DDi I.Ts
. /d d :

4 cumpérison between the predictéd results from this equation and those
obtainéd experimantally are showﬁ in Table V. |

In order to explain the eiperimental results, it is ﬁecessary
to take the degree of associatieﬁ into.account, This is fully covered
in the body of this paper and therefore will not be discussed further
heres ‘ | 1

In order to £it the data nore closely, an additional term \),/\),
can be introduced. This aids theécorrélaticn in a few instances bub
resulté in & poorer fit of the daﬁa in others,:and hence is excluded
from our final results The Gmiss?ion of the term ( (o - '0 c) also
appears 1o be valid since this is a measure of bouyancy and is accounted’
for by the introduction of velociiy into our cbrrelation. Similarly,
the omission of the term 2r/d, is‘Valid since bur drops are small relative

t5 the colum diameter and hence wall effects are negligibles
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‘The methods of mathematical determinants were appliéd to the results
obtainéd, exclusive of corrections for associétion. The sgt of equations
which result were umable to be sélved without’including all the variablés
fomd in our previous dimensional anslysis solution. Using these

varisbles the following expression was obbtaineds

%-d. ® 4.6 x 1010 nf‘” yorh 2 8T
/4? I.T.l'87:
where 35 = overall mass transfer coefficient, ft./hr.
bi = molecular diffusivity; in?/secs

V = velocity, £t./sec.
fb = density, grs./cc.

M = viscosity, ep. |

I.Te» Interfacial tension, f.T.
If sn association correction factor A = n/{2-n! is included in the
numerator of the right hand term,;then a fairl§ reassonable correlation
of the experimentél data is oblgined. This expression however, does not
represent the data as well as our wrevious evﬂlaatiOn based on dimensional
analysis, since the above equatioﬁ,is arrived at by applying determinants
to the results prior to correcting for association. Henee, the true |

relation of the warisbles is obscﬁrad.



APPERDIX G

EXPERIMENTAL RESULTS AND CALCULATIONS

:The Bame msasurstents a.nd.dm]s‘sis of da.ta were md.e for
almost all the experiments. ’-me‘:method. smployed can thersfore be
generalized. Each series of experiments was denoted by a letter of
the alphabet running from A thru 2. Pollowing this notation came
the nwixber of the experiment in sach series. :

‘The physical dimsnsions of the apparatus were measured and
noted. The nozzls employed was dasignated by & cods showing the
goneral typs employed. {e.g. C.T. stands for capillary tube). In
sddition the imsids ’a.nﬂ, outside d.iama'bsr of the nozzle was meamzred
After ﬁhe nozzle was festenad in iplace;, the height {4) from the
nozzle to the .ﬁztsﬁ’ace was maasured The volume of conbtinuous phase
contained in a Pive foot high seotion of the column 1s equal to
appraximtely 2500 mis. Althougﬁ the continuous phsse liguid level
extendsd in mAny experiments the length of the column, the volume used
in conéentraticn calonlations was proportiaml to the height (H) and
500 mle. per foot of height (¥).  This assumption is valid since
diffusion of the sclube imtc that portion of the contimmous phase
thxcug}i which drops do not pase was relatively smsll. ’misf asguxption
has besn verifisd by mmenmﬁén traverses the leagth of the column.

The temparature of both the continuous and dispersed phmses
wore récor&ed., Ths conbinuous phase temperature was tsken as that of

the jacket water tempesrature (T,). A Weston metel thermometer wes



located near the feed tanmk and the dispersed phase temperature (Ty)
was read on this inétrumsnto In ia&dﬁ.tion the room tempersture T was
recorded. Flustustions in feed ﬁeﬂ@mturs Were coﬁtrolled; by
regulating the thermostat ‘gevemi}:zg the room temperature.

A 50 ml. graduats wae used as & produckt recéiver.  The time
requiréa, to £111 the graduate or put 50 mls. fﬁf‘dispersad liquid
through the column was recorded by an electrie timer and dsnoted ‘by
€. In order to camputs the drep veloeity, the time required for a
drop to fall from the nozzle to ‘&;&a interface was clocked with a
stopwatch., This was recoardsd on ﬁe data sheets as @;. Finally the

rate &t which the drops form was determined by & stopwatch and
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recorded &8 ©r, The usual procsdure was to time 25 drops and obtain

the time per drop Op, by averagiag.

In the majority of the experiments the solvent was bthe
dippersed phase anld waber was the continuous phase. Water being
sxpondsble the colum wes drained and refilled aftar each run with
watey Cséntaining ro asetic asid or impuritiss. A% the end of sach

rmin 5¢ nl. smuples wers renoved from the bobtom and top t1ts by

meens of 50 xl. volumstric flaske. Thess Wore transferred to 250 ml,

erleameysr £lamske and the mcebis mcid content was determinsd by
titration with 0.1 ¥. scdioa hydroxide using thymol blus as an
indicztor. The eoncentratins of gzetic aoid i-:zi the top end hottom

are denotsd by Lp axd Op.
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The amount of exfraction taking place was ti.a*:.e;::‘min.ewii by
snalyzing the foed and product, A 50 ml. sample was removea from the
food tank using a 513 al., valumem{ie flask and ?amnsferred to a 250 ml.
erlemmeyer flask. The entirs product im the 50 ml. graduate was
aleo transferred to-snother erlez:iasyer filask, When a solveﬁt was
being uéed for the feed stresm sufficient wate:y:' Led to be added to
the erlemeyera to extract the acétia acid, The acetic acid
concentration was then &gtem:s_mi by titration with sodium hydroxide
8 befors.

The results werse sonvaried 0 terms whick can be employed in
correlations. The priaciple correlation is thét based on the one
£ilm theory using t;'ne overall mass transfer coefficisnt based on the
ﬁis;perséd; phass, The overall mses transfer cosfficlent iz glven by:

KA 1nA¢ s L {cr = Cp)

where K, = overall mass tranefer coeffisient, lb.moles/hr.sq.ft.lb.mole/

en.ft.
L = flow rate, cu,ft./hr.
Cy = feed concentration, lb.molesfeu.ft.
Gy = product comsentration, lb.acles/cu .ft.
A = interfasisl ares, sg, £t

The logaritimic mean driving forse (D ) san be sxpressed in tevms of
nomentm‘*ions by the Tollowing expreasion’

;y.mAc = (Gf"CT*)“(cr Cp*)

1n Sp - Cp*
Ce* - Cp*
yhore Cop¥ = E'Op = eguilibriuwnm ea:écentratimn of continuous phase
1b.moles/on.ft. 5
Cp* = K'0g = equilibrium comcentration of continuous phase

R : ‘ v.polea/ou. .
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Since ‘:So*hh the distribution ratié {(X*) and the top and bottom sample
concentrations are small;, the above equatlon can be aimplified by
aliminating the squilidrium consentration terms. This imtroduces a
mimxmerrar of at most 3% in any of the ax:périmenta. - Thus, our

expression for.the overall mass trensfer cosfficient can usually be

eimplified %o: -

K = L. 1 Of
; A Cp

me clispersed dropa mie& from apheres at amall diametema to
ampaoms at brger &iametars. As was shown in the drop formation
study (Ap;emiix D), a negligible error is introduced if we treat the
draps as psrfect spheras in dstemining bo'hh volume e.ml interfncial
ares. 'l'he number 'm’ drops fornmd bexr hour or d.rop rate (D) was
mainvained constant throughcut any a@erimental run by flow regulation. ?

'ﬁzersfore, for a tbru~put of 50 m}.s the diameter of the d.ropa was

camputed by i‘z" DG =50

where 4 = drop dimmeter, 4.
€ = axperiment time, hrs.
D =z drop rete, draps/hr.

iHavimg G.stemmsd the diameter (&) f‘rcm this expression for
the voiume throughput of spherical drops, it was possible to campute
both the intarfaeial ares and flow rate. ‘mesé ere giveu by:

‘ A = D 6y Ma®

L = a3 v @
6 @

‘where & = ocontact time, hrs.
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The results ofcomputatim such as these are shown for all
experimental runs in Table XXIV £hr0ugh Table XLIX. In order %o
sliminate excess tabulation, data sheet values are not shown.

Various techniques can‘.be employed 1in treating the experimental
dats in order to obtain mors uni:i:‘orm‘;anaveraﬁ. Both A and L can be
replacéd in the eipression for ti;e overall més transfor coefficient
by terms involving drop rate, drop dismeter and time, The time of
ccntact can also be replabsd by H/V where H is colum height and V
the velocity. The final expression for X, is then given by: |

ke T 8 in %

TTE

A normalizing pechnique can be uéed to compute Ko from thlisi exﬁressian. :
This consiste of plotting velociﬁy versus dropi diameter and fraction |
emacted vorsue drop dlameter. ;#'alues can then be read fram the |
smooth ’cmea through the data, and X, values émputad from these
numberé. This tachnique was uae&: in determining the overall mass
transfe? coefficient for series A runs, but dus to the timei involved
was notl zecmplayed in carrelating subsequent results.

In sddition to the date alreedy mentioned , in se?verai special
e;fxgeriméntal series of runs, other informstion was noted. Thus, in
garies G the flbw raie of the cénﬁinuoue phage was detérmined by
neang of a rotameter‘which was later calibrateci to glve flow rates for
ratamtér readings. The Reynald.s: number was computed for b@th the drop

diameter (Re)y and the column dismeter (Re),. In series H runs, the
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concentration of sodium hydroxide in the continuous phase waa
determined by titration with standdrdized sdlfuric acid using
phepolthalein ag an indieator. The acetic ascid concentration of

the continuous phese is then obtained by dlfference.

Sample :calculamam

The following date were recorded from the data sheet.
Experimental run - A 1

‘Nozzlse -~ 5 mm. Capillaiy tube

Jacket temperature (T ) -a1°c.

Total experiment time (8) -~ 222k aécdnds

Dispersed phasge thoru-put -~ 50 mls. ;

Drop rate (D) - 25 drops par 11.3 seconds

Tims of Contact (84} - 8.75 seconds

:001umn Height (H) - 4 £t. 11 inches

Feed sample concentration (Cp} - 8k mls, - 0,1028 §. sodium
~ ; hydroxide.

Product sample, 50 mls. (Cn) - 42 nls . - 0.1028 N. sodium
. : , : hydroxide. '

Initial column concentration - O mls. ~ 0.1028 N. sodium
: : ' : hydroxidec

:'Ji‘op columm sample (Op) ~ 1.4 mls, 0.1028 N. sodium hydroxide.
Bettom cnlumn sample QQB) - 1.2 mls.~0 1028 H. sodium h;yﬁroxide. ;
The data "vcere 'bhen ccmmrtad to {erms appearing 131 the

expression fc;r the overell mass tmnafer cosfficient,
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‘Drop sizes | _ |
aad e ) [een) .
6 T3 70
d = 0.269 dm, or 0.106 inches.
Concentrations
Feed  ©Cp = _(84) ({0.1028) = 0.01075 lb.moles/cu.ft.
: 02.5 |
Product Cp o= _(h2) {0.1028) = 0.00538 lb.moles/cu.ft,

02.5

‘Bottom columm

sample On = _(1.2) (0.1028) = 0.00015& 1b.moles/ou.ft.
: 8024 :
Top columm ,
pample  Cp = = 0.00018 1b.moles/cu.ft.
Logarithmic mean driving force

kﬁme ¥ is équ&l %o 0.05"we can igpors equilibrium :colmm

soncentrations,

o Ac . 001075 - 0,00538 . o0
4 B o
“o"g%eoss
Amount of acetlc acid extracted :
Cp - Cp = 0.0LOTS - 0.00538 = 0.00537 1b.moles/cu.ft.

Flow rate ~ ‘
' = 0,00286 cu.ft./hr.

Interfac isl a.r*aa

( 3 (8. 75) ( m 01106 E = 0.00475 ft2
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Oyerall mass transfer coefficlent

K, = Y = 0.417 Ib.moles/nr. £t.2
, ~ 1b. molas/cu b
Column Beight

H - 4,917 feet
Velocity
v = k.917/8.75 = 0 562 £t. /sec.
:Pement Extraction
{0.00537/0. 01075} lO‘C» 50%
The resulis of computatians similar to these for all the

ex;parimem:s are tabulated in the following ‘rttablea«.



Date i‘rcm the Internmational Critical Tables, Yolume V.
Tompersture 25°C.

Concentration of Acetic Acid Distribution Cosfficient
Lb. Moles/Cu. ¥t. | | |
G % K =Cgfoy
0,0156 | 0.260 0.060
o.,osis : - 0,388 0.106
0.1267 0.7T25 Y
0018 0»770 : 0-2)"3

e.e!w | 0.795 0.313

Data dotemined experimentally at Oak Ridge lttiml I.t’bera‘bory by
W. 8. l‘a.mer.

Ienpera.ture 21°¢.

Concentration of Acetic Acic Distribution Coefficient
Ih, llolos/ﬂn. ¥t. . :

Ce € Xt = Co/Cy
0.00873 0.21 0.0M16
0.00798 0.232 0.0343
0.00192 0.0973 - 0,0198
0.000198 ' 0.023 0.00355 ,
0.000299 0.0327 0.00913
0.000150 : 0.012k o 0.0121
0.00003T% 0.003h5 - 0.0108

0,0000311 ~ 0.00185 ~ 0.,0168
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TARLE VI _(COWE'D)

Data fron Solubilities of Orgmic Chemicals, hy Seidell.
Bosults of Bektourov on page 108

'!emperature 25°¢. i )
Concentration of Acstic Acid Distribution Cosfficient

Ib. WQS/CE . X5,
cg G Xt = Co/ou

0.0000588 0.00k56 : 0.0129
0 300162 E 00%& : : on0.253
0,00kk1 : 0216 , 0.0382
00088k 0,168 0.0526
0.0133 . 0.223 . 0.0595
000226 0.303 : 0.0?*-

0.0832 0.637 0.1305

0.106 - O.69h - 04153

Data from Solubilities of Organic Chemicals, by Seidell.
Results of Herz an&hwyonpagcleﬁ

'.i‘e@eraturo 25 C.

Concentration of Acetic Acid Distribution Coefficient
 Ib. Moles/Cu. Ft. :
e S K= cC/OW

0.0187 0.312 0.06

000312 v 0¢‘l'15 ‘ 0.075

0.0499 0.52 ' 0.096

0.0603 , 0.623 ; 0.0967

0.125 0.728 O.172

0.262 0.792 ; 0.33

Definttion:

Co - concentration of acetic acid in carbom tetrachloride
Cy - concemtration of asetic acid in demineralized water
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Data determinsd expsrimsntally at Oak mm Natiomal Laboratery by
W, 8. rm. v

i’eupbratnro 2o°c.

Comcemtration of Acatic Actid Distribution Ceeffisient
© Ib, Moles/Cu. Ft.
Ce % K= Cofon
0.0183 Ol _ 0.0k16
0.00735 o 0.227 . 0.032h
0.00196 0.0971 . 0.0201
0.000523 ' 0.0498 . 0.0125
0.( 0.007ThT °~g2
a.ocom 0.00392 0,0
0.000137 0.00226 C 0.0805

0.000112 0.00112 ' 0.10

Bazg_ fr% Imnstrial and mmaring Msw, Octcm, 19k1, pages
1240-1248.
Resulta of D. ¥. Othmer, R, X. mte and E, !rnegor.

Temperature 22 C.

cmmtra‘bm of Acetic Aciﬁ Pistridution Cosfficient
Ib, ¥oles/ Cu. P4, '
Cu G BT "w/cx

5.7 9.43 | ; 1.65
10.5 15.9 ﬁ 1051

19.1 ; 26.7 ? N
‘ 22.9 - 3.3 1.37
25.6 33.6 1.31

27 . ‘ 35917 ’ : 103
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TABLE VIII (CONE'D)

Temperature 21%,

Ccmcmtrthim of Acetic Acia

Ih, Moles/Cu, ¥t.

Data determined merimtauy at Onk Ridge law Lakoratory by
W, S., rmur

Distridution Cosfficient

O "
0.0069 0.01%
0.0052 10,011
Oew352 000073 .
0.00178 , 0.00377
0.000623 ; 0.00155
0.000436 0.000935

0,000262 _ L+ 18 :
0.0377 O.mu ,

xsc,/cxj

2.11
2,11
2.07
2.11
2.48
2,14

W

Bath: from Indusirial and Bogissering Chemistry, Beptonber, 1939, pages
11hds- :

Res“lts of T, K. W’ Jds B m asd J. '0 Ao M‘Oﬂr

Teupcrgme 25”&“«

*

Distrivetion Cesfficient

Concentration of Acstic Acid
Lb, &1@8/6@5 ¥4, j
G Gy K = CyfCy
1.56 2.96 1.9 ‘
7ok L2 1,65
1.4 2L.5 1.5
29.5 ﬂaa 1033
5.6 3k 1.33
27.9 36 1.29
Beﬁnitima |

Cy = comcentration of acstic acid im wethyl 1mut31htmu
G’H - cemmtratim of acetic a.c:m in watex
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Ba;fi from Imdusteial snd E:«mgimemimg Chmmstry, September, 1939, pages
11

Bemm of T. X, ﬁh@m@dg etc, |
‘i‘emperame 25 C.

Mutusl Solubility Dats : - Tie Line Data
¢ : Xetone Layer Water Layer
Eetons Wader Aoetis Ascid Acetic Acid Acetic Acid
$ % % %
1.55 98,45 0 1.87 ; 2.85
3.7 6.8 19.5 8.9 , 1.7
l@nf} 57 95 : 3200 : l?c : 20‘5
17.% &8.% 3%.2 k.6 26.2
26,0 39.% 3.4 36,8 : 32.8
37.6 29,1 33.3 © 33,6 34.6
51.6 1%.2 29,2 . ;
6602"; MDO . 2166
81.6 6.5 1L.9
7.9 2.12 &

Additional date can be found inm
Indmstrial and Enginsering Chemdstry, Ocmber, 19k1, pagea 12401248
Results of D, F. O‘fm‘ry R. B, Waite and B. &“rmgera

TABLE X

DISTRIBUTION DATA FOB
Bmmw'amc ACID-WATER

Date from the mmmtmm Critical Tables, Volume V.
Temperature 15 - 16°C.

Concentration of Acebic Acid Dstribution Coefficient
It. ml@s/(@mo Ft, : ~ ‘ ;
Cy Oy X = Cy/Cp
0.0115 0.16% ‘ 1.3
Q e 00312 Oo W&’l . ‘ 23 oa
2.000255 0.0181 55.1
0.000112 0,0068 f 60.7*

00, 0000262 ; 0.00209 80.1
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TARLE x (CONT'D)

Data fran the International Cri'bica.l Tables, Volmo v
Tempera‘hure 25 Ce

Concentration of Acetic Aci& Distridbution coefﬁcient
Ilba HO].GB/ Cﬂ. !tn :

Cp Cy R °w/°a
0.0679 ' 0h7 .93
0.0kb : 0.38 ; 8.26
0.0382 ; 0.339 : 8.87
0.0302 , 0.29%5 9.76
0.0160 : 0.205 ‘ ‘ 12.9
0.01%0 0.185 , - 13. 3
0.00985 0.162 , 16.4
0.00633 , 0.116 Q . ; 18.3
0.004k45 0.00k2 21.2
0.00276 : 0.07T15 25.9
0.00103 0.0395 - 38.4
0.000779 ; 6.,0331 - k2.5
0.1938 0.693 ; 3.58
0.168 , 0.675 ' : k02

0.091 oML 5.95

Data detemined exgerin&ntm.y ut Qak Ridge latiml Iabomtary by
w. S. Farmer.

Temperature 21° C.

Concentration of Acetic Aeiﬂ. Distribution Cosfficient
- Ib. xblan/eu, 2 : ,
Cy | oy K = Cy/Cp

0.0288 o 0.392 - 13.6

0.0156 ‘ 0.203 13.0

0.00349 0.0878 - P}

0.0013k 0.0k67 35

0.000499 0.02k5 1 zg

0.000037h : 0.002 53,3

0.,0000187 0,0012k 66




X {CONE'D

Data from Solubilities of Organic Chenicsls 3 by Seldsll
Resulis of Herz and Il':lscher on page 106

Temperature 25°C.

Concentration of Acetic Acid Distribution Cosfficient
~ 1b, Moles/Cu. ¥t, |
: 6 X oy/op

0.00135 0.052 ' 38.5

0.00k3k 0.0 -1 1

0,0161 : o 208 12.9

0.0315  0.312 | 9.9

0.0515 SR T ‘ 8.08

Data from Solubilities of Organic Chemicals, 'by Seidell
Results of Bektouror on page 107

Tempersture 0°C, !

Concentration of Acetic Acid Distribution Coefficient
. Ib, Moles/Cu. ¥t. « ~ ,
s Cy : K = Cy/Cy

0.000241 00195 - 82.6

0.000705 ~0.0383 kb

0.00259 ; 0.0868 33.4

0.00669 0.153 o 23.0

0.0159 0.2k0  15.6

0.0283 0.352 12,5

0.0472 o453 9.6

0.0795 0,608 7.63
0.153 0.733 . ‘ k.77
00,254 0.796 , 3.13

0. ko:L f 0.736 | 1.83

Pemperature ESQC.

Concentration of Acetic Acid mstributien Coafficient
. Iabc Koleﬁ/ Qﬂ.ﬂ- .
Cy | Cy X = Cy/Cp
0.00124 0.0k83 39.0
0.00177 0.0625 ? 35.3

_Se0086 0.019 30k
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Temperature 25°G. (Cont'a) |
Conzentration e:t‘ Acetic Acid

Ib, Moles/Cu. ¥%.

Distrivution Ceeffioient

) ' Cy K = Oy/Cy
0. 00825 : 0.16% 20.0
0.0174 D252 1h.)
0.0265 0,353 12.0
0,0513 0,482 9.k

0.0725 9.559 Z..’I‘l
0,0932 0.631 g

0.303 0.761 2,
0.381 0.695 1.88

Tempsrature 50°C,

c::memtmﬁm of Acetic A@id

Ib. Moles/Cu. Ft.

Distxridution Cosfficient

K = Oy/Cy

 0.00215 | 0.05] 26.6
9;00&-12 ’ 00£ 21‘5
0.00766 0,116 .1
0.0188 0.207 11.0
0.0236 o.ggz 1:.;6
0.033 0. .

0033 0u295 a"‘
00513 .Ooh‘ ; ) 7070
0.0837 0.543 6.49
0.152 0.67 k.o
0.256 . 0.728 2.8
o°351+ 0,725 2.0k
Bermitien..

¢, - concemtration of acetis scid in hmzom

B

CW - concentration of acetic pai& iz water
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TABLE XIT
MUUTUAL SOLUBILITY ﬁﬁ!A.FGR
!4.5‘)‘wACETIQ ACID- ﬁl@!g
Teeemeones
Data Tor S@lﬂbili’hy of Organic Chemicals, by Seidell
Results of vmm on pags 107

“

Temperature 25 C.

: Bengene Layer , Water Layer
Acetic Acid Boanzens Vater Acetic Acid Benzene Water
% ¢ % : %
Oo% 9905 0@% ) : 90& 0‘1& 90»"'2
3,30 96,75 0.15 28.2 0.53 71.3
5,20 gk, 6 0.25 37.7T 0.8% 61.5
8.7 90.9 0.h2 48,3 1.82 k9.9
16.3 82.9 0.79 61.h 6.1 32.5
30.5 67.% 2.13 66.0 13.8 20.2
52.5 9.6 7.60 52,8 39.6 7.6

Data de‘ﬁemined ezperﬁmmtally at Oa.k Bi&ge !ational I.a.’bamtery by
wg Su rm o

Temperature 20%,

Concentration of Acetic Acid Distribution Coefficient

 Ib, Moles/Cu. Ft.

Ca & X = Cy/Cc
0,056 0.259 7%
600233 Oolh:? 3 : 6:3
0a0073§ OQw% : 9‘65
0.00302 0.0399 - 13.2
9900118 : Oom ; : l7.8
0.000157 0.,005k8 35

0.00191 0.03 ; 15.1
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TABLE XII (CONT'D

Data. from Industrial end msmeermg Chemistry, November, 1936, page 1357
Resulis of Vartessian and l‘m

Teonpergme 18%,

Concentration of Acetic Aeid - Distribution Coefficient
~ Lb. Moles/Cu. Ft. . |
Cg % K = Cy/Cq

0.208 0.416 2.0

0.0615 - D.208 o 3.38

0.43 0.52 i.21

0.63 0.b16 - 0.66

Data from S@M‘bﬂiﬁes of Ormm Gw@m, by Beidell
Rasults of Herz and Lewy on page 105

Tmersme 25%’ -
€, ¢ | K= Oy

e w - ; o
: : e@
0.00092% O 0.0208 22,5
0.0032%5 0.0%15 12.85
0.0062 0.062% 10.05
0.0101 0.0831 - - : 8.22
0.01485 .10 ‘ 1
0.0206 0.1248 : 6.05
0.053 o 0.208 3.8
0.106 0.312 2.9%
0.159 . 0.M16 ; 2.62
0.228 0.52 ‘ 2.28
0.h1 0.543 1,385

Date from the Intermational Gritical Tables, Volume ¥

Tempersiure 20°C.

0.00012k7 . 0,00k8L 36,2

0.0002k9 0.00TTT 31.2
O 60093735 ’ Q 901935 . 27 o 7
0.000498 : 0.012%8 25,25
0000623 0.01465  23.5
: 0.0007k8 : 0.0165 221
: 0 omh‘v? 0 u%lﬁ 118 ] 55
0.00249 : 0,035 ' 14,05
0.003735 0.04k6 11.95
0.00k98 0.0527 10.%

0.00623 ' 0.0603 : 9.
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TABLE XIT_(COWP'D)

““Data from the gn‘temtiom Critical Tebles, Volume V (Cont’ a)
Temperame 20°C.

C@ , 'G'U K = E!
0.00748 0.0669 : 8,9l+
0.00872 0.073 8.36
0.00997 0.0781 ﬁ 7.8k
anm 00331 : 7¢k3
0.01247 0.088% ; 7.10
0.0137 ‘ 0.0935 6.82

Tempersture = 259@.- , ,
0009137 ' 0»0298 ’ 5 . 3.5.:92
0.002k9 : 0.0358 1%.36
0.,003Th - 0,061 - 18.33
0.00598 0,050 10.98
0'00523 ' 90%2“‘ ! 10«92

0.00748 0.0697 - %.32
0.00872 0.0765 , 8.77
0.00997 : 32 8.29
0.031,2 . 73“
0.012k7 7.50
0.0137 7.19
0.01495 6.9k
0.0162 6.73
0.0249 555
0,0436. o018k b5
0.0623 0.2365 3.8

0.0935 : 0.299 3.2
0.1247 0,349 2,8

Data from Solubilities of Qrmic Comomﬂs, by Seidell
Results of Bemmv on page 108

Tamperabure = 0 o

c & =

0.000515 ©,01105 214k
0.00162 , . 0.0283 15.0
0.0072 - 0.0959 T
0.0206 - 0J103 5,00
0.0649 0,215 3.32
0.135 0356 - 2.6h
0.222  O.hBE - 248
0.27 : - 0.583 2,02

0.331 | 0.59 T8
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TABLE XII (cm;yn)

Data from Solubilities of Organic Compounds, by Se¢idell (Cont'd)
Tewora‘bura = 50 Co

0.000221 0.00b41 20.0 :
0.000735 0.0118 16.0
0.001178 0.01545 13,1
0.0081 , 0.0567 ‘ 7.0
0.0287 » 0,137 .77
0.081 0.268 3.31
0.147 ‘ 0.h05 2.75
0.2105 : 0.502 2,38
0.30% 0.581 1.92
Definition:

C, = concentration of acetic acid in chlorofarm

C, - concentration of acetic acid in water

Date from Indnatrial anﬁ Inaimerm chuirbry, lownbor, lo86
page 1355. ,
Results of Vartession and Fenske

Temporature = 18%

Points were taken off of l‘igure 2 in the above report auﬁ a
cormspanding trispguiar diagram prepared.
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Data determined expermmt;lly at Oak Ridge Fational Lﬂorwbory ’ny
W. S. Fm:m

Tmpsraturo = 21°¢.

Concentration of Acetic A@m Distribution Coefficidat
 1b, Moles/Cu. ¥t. o S ' ,
K | % - E-oyer

0‘90256 0:&‘97 o 15:9

000102 06215 : : 23.

0000312 690905 X : 29

0.00118 0.080 L ks

0.0004Th 0,027 : 50,1

0.0000Th8 0.00505 67.5

0,0000374 0.00211 56,3

0. oooaehg 0.00131 . 52.6

Data fmn the Internstiomal Critical ‘rablas, Yoluu Y
Temperame 2‘5 C.

Cc»mentratima of Acetic Acid Distribution Cosfficient

Ib. Moles/Cu. ¥, |
Cr & K = Cy/Cy

0.000623 0.00125 50

Oo00623 . : 0o027h . 2207
0.0187 0,131 o 1%.3
000311 ! : 0927 ‘ . nss
0.0436 0.4 9.9
0.0623 0. 7Thi 8.3;
0.081 1.l 7.3
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Data from Solubilities of Grmic Mctll, by Seidell
Results of mm m msexm- on pqo ms :

Temperature 25 C , ‘
Concentratiom of Acetic Acid [ Distridbution Coefficiant

Iabe Holeﬂlﬁl. b AU

0.0012% o.052 ke
0-003% . ' . “ indl- i ‘3905

oOllg ' : 002% ‘ : V i i g»z
0.0236 - : 0.312 - ' : o
000388 thlé : . 1007
0.0607 052 8.57
0.0868 . o.62k s 7.2

Definition:

Cp - concentration of acetic acid in tolueme
Cy = émentré.‘bion of scetic acid in water

Date from Solubilities of Organic Chemicals, by Seidell
Results of de . Iaz.osmsky and Mengeninson cn page 112

Temperaturs 25 c.

Concentration of Acetic Acid Distrivution Cosfficient
 Lb, m/m. re. : ;

Cy Cy K = Oy/Cy
0,00234 : 0.06 ; i 25.6
0.00645 ~ 0.118 - 18.3

0.012 0175 ik.6
0.0185 = Q.21 125
0.0259 = 0.285 D » ¥Y
0.0353 - 0.339 i 9.7
0.0521 0. M7 8.55
0.0758 ' 0.5 , T.21
0.109 0.6k ; Z_.sa
0al§? °°n5 : . 151
0.237 - 076 : 3.20

00779 097?9 . - : 1.0
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Daza fmm Industrial snd Eugineering cm:m, pctober, 19#3., pages
1240-12

Resulis of 0. ¥, G‘&.Mern R. E. mm, and K, m.gor

Toaperatme 25 Ce

Conceabration of Acetic A@idl hisﬁihntiencoefficicnt

b, Moles/Cu. Ft. ,

o % B =opfty
T.08 22.8 , 0311
k.59 ' 16,7 ' - 0.27k

12.6 34.8 : 0.362
22.7 48,1 ; 0472
29,4 43,7 ; ) 0.6

Deata d@temmd @xywimemtmy at Ounk Ridge latinml La‘baratory by
W. 5, Farmar,

Temperaturs 2000.

Concentration of Acetic Acid Diatribution Coefficient
1b. Moles/Cu. Pt.
€1 " - K' = Cy/ty

Ov@l@? @99516 . 00207

0,00838 0.0810 j 0.205

0.00549 ‘ 0.0282 : 0,195

Oem @v@lg : 0.,208

0.00107 L 0.00585% 0.239

0.000536 0.002Th 0.196

0.00047h - 0.00237 0.2

0.0613  0.229 - 0,268
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TABLE XV (cowr'p)

Data from ’i!ranuetions ef the Amrican Ina‘&im of Mod. Ingineers,

Results of Elgin and :Brmm.ing
Temperaturs 2000.. e

Concentration or Acetic Acid Distribution Ceefficient
- Id, llelen/eu. l't. o
CI L cq ' ; . XK' = C]:/’-"w
0.00372 L 0,02 0.186
0.007 _ 0.0k - 0,195
0,0168 - 0,08 ¢ 0.2
0.028 : 0.12 o ; 9_.233
0.0411 0.16 : 0.257

Date from Solubilities of Organic Chamicels, by Setdell
Results of Smith and Elgin on page 112

remperame 20° C.

Concentration of Acetic Acid Distribution Coefficient
~ Lb, Moles/Cu. Ft. ‘ ; |
0.0008kT  0.00856 0485
0,000873 = = 0.,00489 . 0.178
0.,00158 . . 0.0090k 0,177
0.003k9 - - 0,0186 - 0.188
0.0036 0.0189 0,190
0.007h 0.0375 - 0,196
0.00891 ©0.0831 0.206
0,0108 0.055% 0.196
0,013 0.069 ' 0,207
0.0175 o.,08k7 - 0.206
0.0203 -~ 0,081 0,228
0.0249 0.112  O.222

0.042 0.173 )  0.2k2
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Date fmm Industrial and Emgimerm Cbmitm, October, 1.9&1, pages

1240-1248

Results of D. ¥. mxmr‘, n;}m White and X, '.Eru&gcr

Tempersture 23-2k°C.

Mutual Bolubility Date

Isopropyl Ethar Iayer Water Layer

Isopm}i%l Ether m;e:ta?.; Acid  ¥Yater Acotic“Mia Ac-ﬁ; Acid
50.3 36,8 13.0 9.k 21.9
31.05 5.1 23.8 6.1 16.1
5.7 8.4 3.9 16.75 33.5
13.25 k8.1 38.6 30.2 k6.3
k3 .85 47.3 10.85 39.0 h2,1

3.5 37.6 58,8
TC ACID-WATER

Ba:ta from Solubilities @f Orgenic Chemicals, ‘by Beidell
Besults of Kolossowski, Bekturct and Knlikow om page 187

Temperature 2"5e G
Concentration of Acstic Acm

Lb. Moles/Cu. Ft.

Distribution Coefficient

Cq | € ‘ X = Cyfe,
0.0000249 0.000804 31.5
0.000151 0.00229 15,1
0,000847 0.00559 10,2
0.,0023 0.0131 5.68
0.00797 0,027 3.48
0.0176 0.08k7 2.5
0.06kk% 0.0953 i.
0.102 0.13 1.28
0.153 0.18 1.18
0.219 0.26 1.19
0.26 0.323 1.2%
0,37 0. k7 1.20
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Den

 Belvent |  Belubility
: gre. £100 mls, of water
Chlorﬁanm | | 0.62
Methyl ?ebmyl Ketons: 2.0
nmzmaé , : 0.18
Tolueme ‘ : , 0.05
Carbon Tetrachl idedh : v 0.08
Isopropyl x‘merﬁ , ; : 0,90
. Bolvent goolubilit
- 8. ‘g»;GO mls., of solvent
Chleroforme? o ; 0.15
Metbyl Tecbutyl Ketome> 2,2
Bememg@ ' ; 0,06
TFoluena=2 on ~ | 0.05
Carbon Tetrachlorids ‘ ; 0.016
Immp:l Eﬂwz‘l : : Q.57
Deta Trom:

Byssthetic Orgsanie Chemi@ala, Ca.rbi&e and Carbm Chemicals
c@rpmti ko

Solubilities of mrmi@. ch@mm by Setdell.

(a) Results of Gross on page 2.
{b) Results of Nerz oz page 12,
{c) Rasults on page 368.
{8) Results om pags 52,



TABLE XXIV

B ———

P b - S U N PR

EXTRACTION VERSUS IROP DIAMETER

Drop Dismeter K Ce Cr % X v
B  Norzle Inches £t./nr, 1b.moles/ou.ft, Extraction - ft. ¥t./sec
1A Smm. C&p. - 0.106 - 0.1 0,01075 0.00538 . 50 h,917 0.562
- Smm. Cap. 0.105 _ 0.3 0.01075 0.00601 hh .3 h.ox7  0.562
3= “mm. Cap. ~ 0.107 0.3 . 0.00075 0.00612 k3 - h.o17  0.562
b 6mm. Cap. 0.126 0.33 0.01075  0.00892 35.5 ho9i7  0.585
s 6. Cap. 0.127 0.39 0.01075 0.00641 ko.h 4.917 0.585
6= Gam. Cap. 0126 0.33 0.01075  0.00685 - 36,3 k917  8.585
7= . Tem. Cap. 0.1h 0.3% 0.01075 ©.00715 33.h L.B75  0.585
8. T, Cap. 0.138 0.30 0.01075 0.8075 30.3 L.875 0.585
9 i W G‘Be Qol}"‘ ngl 9o91075 . 0500?5 3@92 kasﬁ 01:585
10~ Gom, Tulbs 0.188 0.37 0.01075 0.0077 28.3 L.875 0.5 -
11~ Gum. Tilow 0.189 - 0.h2 . 0.01075 0.00734 31.7 L.875 0.5
12 Ten. Tube 0.204 0.34 0.01075 - 0.0081 22,8 4.1875 0.537
13- - Tem, Tube - 0.203 0,30 0.0105  o.0082k 2.5 kaB75  0.537 -
1h- Bom. Tube 0.223 0.375 0.0105 0.0081 23 hohi6  0.965
18- Smm. Tobe Q.22 0.36 0.0105 0.00813 22.6 h.hie  0.565
16~ Tom. Cap. 0.1h4 0.385 0.0108 0.00747 30.8 k.85  0.587
17- T, Cep. 0.146 0.31 0,0L08 0.00761 29.6 51.875  0.587
18- Gum, T.D.B,  0.166 © 0,39 0,6108 0.00795 26 .4 L9586  0.583
19- 6mm. TRB. 0,168 030 0.0108  ©0.0079 26.8 L.958  0.583
20- bmm. T.C. 0,083 0.43 0.0108 0.00505  53.2  %.915  0.53 .
21~ 6mm. T.C. 0.084 0.316 0.01664 0.60525 50.8 h 916  0.518
22- T, Tube 0.213 0.35 0,.0106k 0.00814 23.5 L5 0.566
23- Smm. Tube 0.22 0,36 0.0106k 0.0081 23.8 k.79 0.58

c1e



TABLE XXIV (CONE'D)

SIERI%A

EXTTRACTION VERSUS MOP mem
IDE-ACETIC ACID (DISPERSED)

CARBON TETRACHLOR]

WATER (CONTINUOUS)
L A Cy Ty
Exp. cu.ft./hr, 8g.ft. 1b.moles/cu.£1. o
L-A - 0.00286 0.00kT 0.000154
2. 0.00273 0.00457 0.60018
3= 0.,00294 0.,00k88 10.000141
b 0.00h8k 0.0065 0.000141
5o 0.00493 0.00652 0,00015%
6- 0.00k69 0.00635 0.000154
1= 0, ooé37 0,00769 - 0.00015k
8- 0.00596 0.00726 0.000192
Q= 0,00623 . 0.,007h2 0.000155
10- 0.0146 . 0,013% 0.000155 -
il- 0.01505 0.01%8 DOLTS:
12- 0.0197 0.01516 ) . 00008
13-  0.0L79 0.01392 0.000143
Ak - 0,0207 0.01h68 0.000179
15- 0.0231 0.01652 0.0001.79
16- 0.007h3 0.,00856 0.0001.665
17- 0,00688 0,01176 0.000165
8- 0.0106 0.01092 0.00016% 31
19- 0,01 0.0106 0.0001525 31
20- 0,99178 0.003888 0.000165 26
2L- - 0,00161 - D.0036 0.0001505 22.5
22 ©.0233 0.0178 0.000285 26
23« 0.0231 0,017k 0,000225 29

€12



 TABLE XXIV (CONT'D)
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SERIES B

EXTRACTION VERSUS DROP RATE (o)

. CARBON TETRACKLOBIDE~ACETIC

ACID (DISPERSED)

WATER _(CORTTRUOUS

0.000147 = 21

Prop Dismeter K Ce Cr
Exp. Nozzle Inches £t /hr, 1b.moles/cu.Ft. Extraction £t
1-B Tms. Cap. 0.147 0.275 0.01065  0.00TTh 27.3 bL.897

2" 7mg Gape Oulﬁl 092?2 9001065 0‘66791 259'7 h‘0897
3= Tom. Cap. 0.151 0,286 0.01065 0.00787 26.2 4.897
ke Tmm, Cap. 0.145 0,322 0.01065  ©0.060733 31.2 h.916
B Tam. Cep. 0.147 0.326 0.01065 0.00735 31.0 4,916
6= Tam, Cap. 0.151 0.329 0.01065 €.00743 30.2 b.916
7= 7um., Cap. 0.148 0.335 0.01065 6.00736 31.3 4,916
v L A Cor Te Tq o

b, /sec, ou, £, /hr, 8G Tt ib.moles/ou.ft. °C o zec,

0.593 ©.00804 0.00917 0.000125 21.5 2l.5 0.4k

0.593 0.0157 0.0171 8.80015 21 26.5 .24

0.593 ©,0106 0,011k 008015 2 2T . 0.36

6.593 0.60048 0.0056 0. 800125 21.5 3L 0.68

0.593 0,00591 0.00675 8,000113 g2 32 0.58

0,593 0,00627 0.00688 0.000163 2 26 0.60

0.593 0.00307 0,00344 22 1.16

612



0.00801 0.00975

Drop Biameter K c:f Cr H
Exp, Nozzle Inches £1./hr, 1b.moles/cu.ft. Extraction Ft,
1-C Tam. Cap. 0,148  0.265  0.0167T  0.00776 215 k916
2- Tam. Cap. 0.15 0.232 0.6107 0.00767 28.3 k916
3= Tam. Cap. 0.149 ©.337 0.0107 0.80737 n.1 - b,916
b Tama. CaPe 0.151 0.347 0.0107 0.0072h 32.3 k.916
g L o A , C., id Ta - @p
ft./sec, cu.tt./er. =~ sq.ft, 1t % % __Becs.
0.596 0.00733 | 0.0082 o,e‘e;o:.v 21 22 0.48
9.596 0.0087 0.00965 0.0081h72 21 25 o.h2
8.5%6 0.00875 0.00965 0.0001k72 22 29 0. b1k
0.596  0.,0001595 22 30 o.h2

91e



. % H
_Exp, _Bozzle Ischee £h./hr, 1b.moles/ou.ft, Extraction  Fi.
1D Tmse, Cap. 0,17 0.361  0.01085 0.00717 33.9 k959
2 T, Cap. 0,149 0.38k  0,01085 0,0070k 35,1 b,959
3= T, Cap. 0.149 0.kh 0,0108 0.00653 39.5 4,959
B Twn. Cap. 0.15 0.543  0.0106 0.00661 37.7 k959
5o Tk, Cap. 0.149 0,32 0.01035 0.0072 30.5 4,959
5“ ?ma C&pa Oclﬁ Ooh'al Ooeww Goﬁ%lé 36:;9 ho”Q
v L A v T Ta g
_ft./sec,  ou.fh. /o, 89, 4. 1lb.weles/cu.ft, % °c B9CS.
0.597 0,00726 0.00837 0.00014TT 26,5 25.5 0.h68
0.597 0.00775  0,00872 0.0001477 33.5 28,5 ok6
0.597 0.00721 0,00818 0.008246 W . 28 0. 49
0.597 0.0078% 0.0087 0.00015 35 30 0.h68
0.597 0.00735 0.00837 0.,00015 31 25 .48
0.00806 36.5 29 046

_8.597

0.00015

0.00885

L1z



SERIES X
macnox N HEICH

) % H

Xxp, ¥ozzle Inckes £4. [l Lb.molss/ou.ft, Extraction Tt
1-B Teoka Cop. 0,152 - 0.652 0.0105 0.00714 32 3.75
Dw - Tam, Cap. 0,1495 0.61 0.01035 0.00766 26 3.04
3“ 7&0 capo Ocléag‘ Ga'g&' 0.0102 Qow?aﬁ 23 10917
. Tam, Cap. 0,16% 1.03 0.00997 0.00837 i6 0.833
L A L . 8 Tg Bs

£t /ema, ot Fh. fhr. sq. £t ib.moles/ou.tt, “g 9 88CS .

0.595 0.00722 0.0058 0.0001745 22 ek 0.548

0.575 0,00695 000498 0.000312 23 23.5 0.52

0.59 0.0119 0.00LTT 0.000312 21 23,5 0,40

0.417 0.010L 0,002k 0,000349 20 23 048

g1e



TABIE XXIX

: EXTRAGTIGK,YERSGS,AGETIG AGID CGNGENTRATIEH

= 51 7 mm Cap. 0.15 0,349 0,0105 0.00724  0.00878  0.000137 0.000187
Fo2 7 um Cap. 0.351 0.385 0.00772 0,005 0.00625  0.0000996  6,000214
¥-3 7 = Cap. 0,152 0,507 0.00434  0.90259  0,00339  0.0000685  ©.000112
r-/ 7 me Cap. 0.155 0.519 0.00187  0.06112  0.00146  0.0000435  ©.0000622
Fe5 7 ms Cap. 0.157 0,596 0.000686 0,000386 0.000523 0.0000249  0.000032%
F-6 %7 mm Cap. 0.153 2.95 0.0565 0.00193  0.8161 0.000585 0.00448

A Te T 8 ér

sg.fb, 96 20 J4  seconds  seconds
31 4875 0.61 0,00749 0.00797 17 19 24 8,0 0.492
35.2 4875 Qeél ) 0.0075 0.00795 17.5 ~RB2e8 25 8.0 8.5
48.2 4.875 0,633 0.0076 6.00775 17.5 21,5 25 7.7 8.5
40.2 4875  0.633 0.00827 0.0082  17.5 26 28 7.7 8.492
43,7 LB75  0.65 0.0088, 0.00852 17.5 26 28 7.5 0.472
96.7  4.875  0.56 0.00878 0.0101  17.5 27 28 8.7 8.44

e O LN e s :

KOTE: *

Exceeded acetic acid solubility in CGLg.

8T



rf e Rt et A u' GT vtleeiih- _."i st ey s
4 0.146 0347 0,01051 0.00748 Q.0892 0.06000748 28.9 4.33 0,61
G=2 7 ma Capa 0. 147 0.350 0,01051 ©.00733 0©0,00888 0.0000249 29.3 433 0,63
G=3 7 »m Cap. 0.150 0.362 0.01051 ©0,00723 0.00875 0,0000187 31.2 4:.33 0,624
G4, 7 mm Capo 0.149 0.382 0,01051 0.00713 ©.0087 0,0000187 32.2 4.33  0.625
G=5 7 nm Cap, €,149 0.394 0,01051 0.00716 0,00873 0.00002.5 31.8 4:.33 0,618
G=6 7 um Cap. 0.1495 0.37 0,01051 ©0.00735 0,00883 ~0.0000245 .30 4.33 0,616
&7 7 mm Capo 0.15 0.368 0,01051 0,00748 ©0,00892  0,000147 28.9 4.33  0.619
To T Ta
L ™ % s L o E‘;;;QA oG Oi Oc b 452 e h TR
ng‘ ’ Gﬂ”"' 36 661 '18::5 2605 ’ 27:5 ?cl 0048 9&@5 n§m4
$.00712 9.00704 100 657 18.5 26 2¥.6 7.2 - 048 30,2 0.,0276
0. 0072  §.00746 193 633 18.5 26 28 7:6 Q.50 5.4 0.0535
€. 00669 0.004681 199 630 18,5 27 28.5 7.6 0.54 | el 0.0552
. ;0:“‘7‘ QO..‘SB 147 627 18.5 25.5 275 75 0.52 4‘!@2 OOGA"?
G.00097 - 0.80676 52,7 668 18.5 26 27,5 7.2 0,52 16.25 0,01L4%
_ 8.00688 8,00035 0.0 690 18.5 25 27 7.0 0.54 8,0 0.0

023



TAKLE YXXT
SIRIES X

EEERACTION msvs S@Rﬁ! MOIIBE_ GOM&EIOI IH CDR’.EI!’G‘BBB rnsa

: ,:_'”, (s S

)rop Diameter K % ‘r

Xxp.  Norzle Inches £t /by, 1b.moles/cu.£%, Lo, AC.
!“’l ? ‘m c‘}c 0'15 ) * @QQ - h an o CtEe B
E-2 7 wm Cep. 0.15 . 0.387 . 0.0105 0.0105 0,008
-3 . 7 »m Cap. 0.15 - 0,h85 ©.0108 - 0,008k 0.00825
-4 7 sm Cap. 0.15 B 0.0 . 0.0 x
-5 7 wa Cap. 0.15 0.4%6 0.0105 0.0065 0.00843 -
E-6 7 == Cap. 0.1h9 043 0.0105 0.00666  0.00845
Free KaOH c C
Celm at Stert Bottom at emd Top at eond B iy
' ik, moles/cu, £h. 1b, moles/cu.ft. Extraction
-o.mz,ok 0.00010% 0.000104 0.0 0.0 0.0
- 9.000083 0.00005 0.0 9,000033 0.00012 35.3
0.0 0.0 0.0 O 0.000125 - 0.00026 38
0.00063 0.00063 0.00063 0.0 0.0 0.0
9.00063 0.000518 0.000518 0,000L12 0.000112 37.7
8.0 0.0 ' 0.0 C0.000125 0.000249 36.6
 § v L A Te T Tg 8¢ o
£, ft.fsee. cu.Lfb./br.  sg. 1. °C °g ¢ ssconds geconds
b 875 0.61 0.00792 0.00908 17.5 22.5 25 8.0 o.b&
L4875 0.59 0.00822 0.00904F 17,5 23.0 26.0 8.25 0. 448
k. 875 0.61 0,00778 0.00831 17.5 23,0 26,0 8.0 0.h72
L. 875 0.633 0.00697 0.00713 '17.5 16.0 21 7.7 - 0.53
. 875 0.633 0.0075 0.00766 - 17.5 17.0 2&5 7T ©.493
0. 633 ng - 0.,00727 17.5 20 0 21_ e ,,7°8 ! ,52 o

k. 875

e e e Aot~ -2~

Eotes: * Blank run to de'termim HaOH transfer from an m cCLh xegligible 'trmsfar

was found to teke place.




P i . . . . SRS —’
oot
taacaa

Brop Diemeter K ct cr
,%_WM _inches £t /hr, ib.moles/cu.ft, In, HC, Wetting Agent
_ -1 7 m= Cap. 0.15 0.553 0.01053  0.00593  0.00798
: J=2 7 mm Cap. 0.129 0.325 . 0.01053  0.00693  ©0.0086 Tergitol Fo. 4
J-3 7 sm Cap. 0,145 0.313 0.0106 0.0075%6  0.009 Tergitol No. &
Jeb 7 mm Cap. 0.116 0.645 0,0L06 0.00526  0.00763 Tergitol ¥e. &
F=5 -7 T wm Cap. 0.0965 T 0.342  0.01075  0.005Lk  0.00761 Tergitol ¥o. 7
J«6 T mm Cap. 0.125 0.285 0.01075 0.00723 0.00882 Pergitol Ho, 7
J=7 - TwsmCap, 0,152 ©0.361L  0.01075  0.0072k  0,0089
J-8% 7T@mCap, .. 0,0595 ~ 0.35T 0,01075  0.00216  0.00536 Tergitol No. 7
> G
‘ : : : “B T : v L
2000 . 11 B0 L %, 1b, moles/cu.ft, Extrg.cti
J"l Lox ' . OGW 9019 hB.? & 8 e OO0
I-2 0.1% by Vol 1,5 0. 000162 0.000188 3%,2 k.875 0.591 0.00588
J-3 0.01% by Yol. 32.3 ), DO0Z 0.00015 28,7 4,875 0,625 0.0079
Jelt 0,333 by Vol. k.3 @ 0.000188 50,5 k875 0.519 0.0075
I-5 0.1% by Vol. 2,0 0.000187  0.000162 52,3 48T 0.%73  0.00286
Jobs 0.033% by Vol. 8.5 0.000L25  0,000162" 32.8 4.875 0,554 0,005
J=T 33.2 0.,000162 0,000873 32,8 L 875 0.61 0.0087
J=-8%  0,3% by Vol, 0.0 0.00025 9.9 L.875 0.357 0.00153
A Te T Ta 8¢ 8¢
3% £h, ¢ % ‘¢ geconds seconds
0.00935 7.5 17.0 ;e 1.8 oL
-0.00757 CAT.5 18,0 22,0 8.25 00392
0.0085 N 5 21,0 23.0 7.8° O.k2
- 0,00815 17.5 20.5 23,0 9.4 0.34%
0.00615 16.0 20.5 22,5 10.3 0.34
0.007 16.0 23.5 26,0 8.8 0.428
- 0,00915 6.0 23,5 27,0 8.0 Dkl
. 0,00687 6.0 23,5 7.0 13.3 0.15

Ko*be: * Foam at the interfacs,

333



¢

c
o lggnoleaécm@. Tg

_Exp,  Rozsle
ke2 6 p ] mb@ 9182 105 0001073 090015 00%1&69 0»5000286? 00000311
k=3 5 mm Cap. J11 1.22 0.0108 0,00102 0,00414,  0,000311 0.000274
ki 7 ma Cap. J141 1.48 0.01095  0,00111 0.0043 0.000237 0.000262
k=5 & mm Gap.* .128 1.47 0,01078  0,000914,  0.004 0.000249 0.,000249
k=6 B.D. Tube 0859 0,698 0.01078  0.000178  0,00589  0,0002055  0.000081
k=7 7 mm Tube .1975 1.47 0,01078  0.00172 0.00494  0.000423 0,000386
k=8 7.3 mm Cap.*¥ 13% 1.56 0.0107¢  0.000934  0,00403  0,000237 0,000237
B v L A 1’@ T Td & B¢
el Bxtraction £t £%./se0q ou.fh./hr, 8g.fbo 2 T seconds seconds
86 40083 0.34 0.01 0.0132 15 21 26,0 12,0 0. 66
- 90.5 4,083 0.389 0.00306 - ©,00592 15 21 25 10.5 0.468
29.8 4.0 0.367 - 0.00622 - 0.00961 15 20.5 24 C10.9 . 0.492
91.5 4083 0,384 0.00474 0.00795 14 20 23 10.65 = 0.48
98,4 3.958 0.36 0.00157 0.00404  14.5 =0 24, 11 0.44
84 4,083 0,333 G.0L4 0,01745 14,5 20 24, 12.3 0.6
91.4 40 0.377 0,0063 0.00988  14.5 20 2% 10.6 0.44
BOTEs ' ‘
# 6,3 mm 0.D., 1.2 mm I.D. N
#% 1,5 mm bore 3



SERIES L

EXTRACTION VERSUS COIM HEIGHT

Drop Diameter K Ct ¢ CT
_Exp.  ¥ozzle inches £t./hr, b, molesfou.ft,  In. A C. 1b.molss/cu.ft,
I-1 7.3 mm Cap.* 0.138 1.575 . 0.01078 0.001535  0.00%73 0,000361
I~2 7.3 mm Cap. 0.139 1.61 0,01095 0.00217 0,00542 0.000423
-3 7.3maCep. 0.1h1 1.885 0.0L09 0.00k 0.0069 . 0.000798
-k 7.3 mm Cap., 0.149 1.94 0.0109 0.00697 0.00878 0,00116
: S ) L A To T Tq
Extraction gto o f‘bgzggg 3 - c“;ftpl;hﬁg- _Ba, L%, oc OC‘ ) Oc
85.7 3.167 0,372 0.0058 0.0072 4.3 20,0 2k
80.1 2.5 0.352 0.0058 0.00595 .5 205 2hk5
63.3 1.201 0.345 0.00639 0.00339 14,5 20.0 25,0
36 0.54 0.309 0.00915 0.00211 1.5 20,0  25.5
2 Qe
geconds seconds
8.5 0.492
7.1 0,50
3.5 0.48
1075 0&%
Hote: ¥ 1.5 mm bore. o o T

a2



i T
bemoles/cu.ft.

Exp, . Nozzle
M-l 6.5 mm Cape* 0.211 0.0124 0,0108 0.0107 0.01 0,75 x 1072 0,75 x 1077
M-2 Tube D.D. Small 0.104 0.0172 0.01075  0.01043 0.0101 8,75 x 10°5  6.23 x 105
: 2/88¢ cu.ft./h Lo 9% v 08 aecg@g o gaegndg
0.933 4,083 0.48  0.0234 0.0188 13.5 19 22,0 8.5 0.4k
2,98 3.958 0.435 0.00253 0.00445 13.5 22,5 26.5 9.1 © 0475

2 1.5 mm bors
¥* Baged on total acid present and not amount extractable for equilibrium.

e



TABLE JXXVI

SERIES N

WACEEION VERSUS DROP DIAMETER

SRELOMIOSIMARAMIIRI AN noreniN

Drop Diameter X Cz
Exp.  Wozzle inches fr./hr.  lb.mole _Lcu.ft. In, AC,
: H“l : mlba D»D. He&. o 09125 OOQ‘E’I‘B 0.0 0.01}.62 Obl9h
N-2  Tube D.D. lLerge - 0.1825 0.038 0.0 0.00695 0.185
¥-3  Tube D.B. Small 0.0973 0.0k02 0,0 0,01kk 0.178
Cs 5 Cp A S : R 2 L A
1b. mles/cu.ft. , Extraction * £t ft./gec,  cu.f¥.fhr.  sg. ft.
0.0105 0,003 0.00985 5.8 4o Okh 0.00858  0,00665
0.01015 0.00998 0.00956 , 3.65 3.98 Q.43 0. 0154 0.01575
- 0,00953  0.0090hk 0,008!; o T1.78 3.96 0.406 0.00238 0.0048
Ta T Te 9 er -
= %. .52 geconds seconds
22 19 13 9.0 0,46
27 22 13.5 9.25 0.h28
29 23 1k 9.75 O.k2

Bote: * Basged on squlilibriuvm, .

92e



i
o

o

% 1,5 mm, bore

EBxpe Nogzle YIS S
© 0=l - 6.4 mm Cape* 0,249 0.375 0,00985 0,00706  0,00839  0.,000125 0,00035
0=2 5 mm Cap, 0.174 0.299 0.00985 - 0.00643  0,00804  0.000106 0,0002985
0=3 Tube D.D. Med., 0s16 0,327 0.0104  0.00626  0,00816  0.000112 0.000324
0= Tube D.D, Small 0.122 0.275 0,01 0.00560  0.00932  0,000112 0, 000249
. 0=5 6 mm Cap. D.D. #1 0.0813 0.246 0,0102 0.00347  0,00623  0,0000995  0.000324
0-6 . 6 mm Gap. D.D. #2 0:139 0,29 0.0102 0.00599  0.00792  0.0000995  0.000274
0=7 6 mm Cap. DD, #1 0.0816 0,257 0.010%5 0.00353  0.0064  OC.0001%%  0,000423
0-8 Tube D.D. Small 0.129 0.294 0.0105 0.00572  0.00786  0.0000747  0,000224
% Extraction  fhe  fLhe/sso. gu.ft./BT.  Se.ft. % % %  geconds  seconds
28.4 4,083 0,371 10,029 0.0257 13 17.5 25 11 0,58
34.7 4+083 0.332 0,0114 0.0162 13 20 29 12.3 0.50
39.8 4,028 0.329 0.00788 0.0122 13.5 19 23 12.25 0.56
54 3.917 0.308 0.00394 0.00829 13 19 26 12.75 0.50
66 3.915 0.22 8,00124 0,00541 13 20 29 17.75 0.472
4.3 3.916 0.307 - 0.0061 0,0112 13 20 26 12.75 0,48
66.4 3.916 0.226 0.00122  0.00516 13 18 26 17.3 0.488
45.5 ' 3,916 0.297 0.00435 0.009 13 18 25 13.2 0.527
ROTE:.

Laz



Kozzle B inches

£, /B 1b mles/cu.tt. In, A C.
P-2 Tube D.D. Med. 0.152 0.735 »0.01042 ~ 0.00Ths 0.00886
P-d nba D«Ilo m' ’ Oom 0;% 0001035 Otm i 0.00855
P-5 Tube D.D. Med, 0258 0.419 0.010k 0.00706 0.00867
r-6 Tube D.D. Med. - 0.156 0.21k 0.00953 0.00675 0.00808
tca * Cop % H v L A
_1b, mlea]cu.tt. Extraction £t, 4. /esc, cu.ft./hr.,  sq. Tt
0,000037h 0.000275 3.7 2.875 0.32 0.00837 0.,0098
0.0000125 0.000k36 28.6 1.042 0.307 0.007h9 0.003h3
0.00000623  0.,00067L 5.4 0.541.  0.2k6 - 0,007ThT 0.00213
0,0000499 0.000361. 32.2 1.896 0.30 0.00795 0.00639
0.0000623 0.00032k 32.1 2417 .33# 0.00795 0.00731
Te T Ta 8t - e
% %¢ o¢ saconds seconds
13 20 - 26 9.0 0.48
13 20 27 3.k 0.5
13 19 25 2.2 0.54
13 17.5 26 6.33 0,54
13 18 26 T.85% 0.54
13 18 26 12,5 0.5k

Note: * Bottom sample point below level of the nozzle in the columm.

gz



Tube D.D. Small

Q=1 0.1273 0,328 0,0102 0.,00523  0.00745  0,0000998 0.000262
Q“’Z 6§4 ns Cap.* 00255 13} 0655 0.0102 350058 OOW 05@000872 Oa 600212
Q=3 6.4 mm Cap.» 0,245 0.355 0.,01035  0,00748  0.00883 0,0000997 0,000299
- Qe=d 5 mm Cap, 0,197 0.307 0.01035  0,00736  0.0088  0,0000997 0.00025
Q¢5 Tube D.D. Med. 0, m 0 03.29 0¢01035 Q. 90606 0400,8 000‘000997 O, 000287
Q=6 Tobe D.D. Smsll #1 0,116 0,29 0.,01037  0.00536  0.00759 0.000125 0.000299

Q=7 Tube D.D. Small #2 0.0962 0.293 0,01037  0.00459  0.00709  0,0000872 0,000287
Q-8 6 mm Cap. D.D. 0.0785 0.265 0.01013  0.00317 0.00598 0,000187 0.000449

B T T e

$ Extraction £t £t gég cs ggg Vi T ggg te _;ji °g giig‘ poond;
48.7 3.917 0,301 0.00402 0.0082 13 18 2 13 0.56

43 4,083 0.371 0.0307 0.0265 13 18 25 11 0.587
27.8 4sO42 0.376 0,032 0.0281 13 18 25 10,75 0.5
28.9 4.042 0,376 0,0176 0194 13 19 2 10,75 0ok
41.5 £.029 0,336 0.00725 0.01185 13 19 28 12 0.48
48.2 3.918 0.307 00324 0.00738 13 18 29 12,75 0.52

55.7 4.042 0.305 0,00232 0.00645 13 18 28 13.25 0.416

68.7 3.917 0.227 0.00128 0. 0056 13 15 25 17.25 0.416

NOTE: N



TABIE XL

SERTES R

MAC’I‘IQK VERSUE CQIM EEIGEE

Drop Diameber X c‘t; cr
Exp. ¥ozvle inches ft./hr, 1b. moles/cu, ft. In, B C.
R-1 Tube D.D. Med, 0.156 0.31 0.01020 0.0066 0.00828
B2 Tybe D.D. Med, 0.157 0.343 0.01020 0,007 0.0085h
R-3 Tube D.D. Med. 0.155 0.36h 0.01020 0.00727 0.00868
Reh Tubs D.D. Med. 0.153 0.478 0.01020 0.00717 0.0086
. Be5 Tube D.D. Med, 0.153 0.627 0.01025 0,00732 040087
R-6 Pube D.D. Med, 0.147 1.065 0.01025 0.00766 0.00885
GB ‘ GT % )4 v L A
_1b. moles/eu, ft. Extraction £, /860, cun.ft./hr., 8g. £t
0,0000499 0,00025 35,3 3,542 0,328 0.00795 0.01115
- 0.0000245 0.000225 3.k 2,833 . 0.333 0.00857 0.00937
0.000037h 0.00025 28,7 2.5k 0,326 10,0083 000771
0.0000249 = 0,000299 29.7 1.875 0.335 ’ 0°m759 0.0056
0.0000125 0.000337 - 28.6 ~ 1.2085 - 0.295 ) o 00 0.00431,
0,000007T49  0.000TL - 25,3 0,583 0.292 0.00755 - ©,00207
T T T e )
& d_ t f
o6 i % seconds geconds
13 17 a7 10.8 0.512
13 16 23 8.5 0.28&-
13 16 2k 7.2 0.488
12 7 22 546 0.508
12 b iy SO 21 kg 0.488
12 7 21 2,0 0.456

0t



ozzle

7.5 mm Gaps gz mn 1;9,;" 0.148 2,81 0.01058 0.000337  0.00297
7.5 mm Cap, (2 mm I.D, 0,143 3.0 0.01058 0,000237  0.,00272
7 mm Cap. (I.S. mm I.D.) 0,139 2.8 0,0106 0,00025 0.00276
6 > Tub’ 00197 2085 ﬁ°0106 00000542 0600337
5.5 mm Cap, (1 mm I.D.) 0,144 3.1 0.01075  0,000218  0.0027
Tube D.D. Small 0,092 bedb 0.01065 0.000732  0.0037

- ~Tube, D.D. Med, e e 099925 .. 8.08 . 0901065 00002 ) 0000492 ‘

0,000424 0.000199 96,9 4.0 0ubd5 0,00783 0.0096 12
0.000312 0,0000997 97.7 40 0uh45 0,00764 0.00965 12
0.000349 0.0000997 97.6 4.0 0.43 . - 0,00623 . 0,00833 12
0000324, 0.000199 94,8 4,094 0.40L . 0.0177 0.0185 12
0,000387 0.000112 97.9 4,083 0,45 0,00722 0,0091 12
0.0000062%  0.000735 93.1 1.0 - 0.364 0.00208 ~  0,00125 11
0.0000062%  0,0022 81.2 0,292 0,292 0,00205 0.000446 12

. ’ . e
og 9& gwoﬁd& aécggdg

20 30 9.0 0.448

20 30 9.0 0.412 NOTE3

16 24 9.3 047 # Bott le taken below the nozzle
16 or) 10,2 0,468 o ~wom sampie ta en B : e
6 22 941 0.452

17 25 2:.75 0. 408

AT

17 25 1.0 0.42



TABLE XLII

BERIES T

EXTRACTION VERSUS COLUMN HRIGHT

ISQPBGPYL ETHER-ACETIC ACID (DISPERSED)

WATER (CONTINUDOUS)

PRI

Prop Dismeter X ct cr
- Exp. Nozzle inches £t 1»: lb.moles/cu.£%. In . AHC.
-1 7.5 am Cap. (2 mm I.D.) 0,161 h 68  0.01065  0.00569 0.00793
7.2 7.0 sm Cap. (1.5 =m I.D.) 0.1445 b5 0.01065 0.00573 0.0079
-3 7.0 sm Cap. (1.5 ma I.D.) 0.1445 k.93 0,01065 ©,00193 0,0051
T-b 7.0 mm Cap. (1.5 wm I.D.) 0.131 4,18 0.01065 0.00112 ©0.00424
1b,moles/cu.ft. by Difference Extraction 4, £t./sec, cu.ft./hr.
8.0000312  0.0000498 6.000897 k6.5 0.333 0.277 0.0136
0,0000312  0.0000312 0.801108 k6,3 0.313 0,313 0.00768
©.0000125 0.00143 82 1.021 0.408 0.00Th7
0.0000375 O, o . 89.3 1.48 o Ghe3 06,0055
A Te T Te Gt Of
sq. £t. Sc g °c seconds geconds
6,00182 12 17 25 1.2 0. 472
0.00107 12 17 25 1.0 ©.5k28
0,002%9 p - S 1 A 25 25 ok
0.00298 12 17 25 3.5 o. bk

Note: * Sample tits locaited ocutside reglon being used fer columm coamtact.

zLe



€%

Cz

Cp

- Prop Dimter K
Wozzle _iaches £t./ar. 1b.moles/cu.ft, 1s.moles/cu,.f4,
el 6.k wm Cap. (1.5 mm I.0.) 0,127 1.3 9.00¢78 0.001Lk2 0.000312
-2  Tube B.3. Iargs 0.1635 1.88  0.01078 ©.080187
T=3 5.5 mm Cap, {1 wm I.D,} 0.2 C 1,81 - 0.01078 ©.082%3 9.08020k ;
O=h  Pabs BB, Med. 0,0993 0.585  0,0012 0. 080274 Q,@@@B@;
¥-5 Tobe BB, Saxll 0.0825 0.%52 Q.@11 & 8.000286
0-6 6.3 wm Tebe (1.5 ms 1.D.) 0.195 1.2 0.011 3 0.000573
T-7  7wm Osp. ( I wm I.B.) 8.259 1.02  0.0L185 0.083% 0.000536
o-8 7.7wm Cap. (23w 1I.D.) A @@6 1.035  ©0.0111 9928 : ©.000262
U-9 6.5 e Cap, {153 1.2}  ©.1275 8,835 o011 @034 0. 000312
T=-10 5.5 wm Cap. 9.1275 T 1.0k 0.0111 @.08252 '-a.w’ré' $.0002  ©.00085
¥-11 6.4 wm Cap. 0.132 .92 0.111  0.8832 0.00632 D006
% ¥ v L A T, T Ty 6y Op
Extractiom  £%, 4. /885, ou.Ph./er. s8g. fi. % i+ o¢ secomds gsconds
86,9 833  0.537 0,00k 0.007 iz o2z 2k 9.0 0.452
87.2 k833  0.525 0.011 0.8121. 12 23 25 9.2 .48
T7.5 k.833  0.542 0.88377  ©.00 12 23 25 8.9 0.5
, 66.,2 k.75 0.5 0. 002k 0.00 12 20 23 9.5 0. kh
ek, k.79 0.456 0.881325  ©.00338 10 23 26 18,5 8.46
T 6Bk 833 0.508 e,n@g 0. 0he5 11, g al 2.5 9.56
X X779 0532 o.e082%  @.008k 18 oS .6 oegb;
73.2 k.79 0.55 0.005TL 0.0073 10 22 26 8.7 (R
69.h k.833 0.53 0.00k62 0.0065% 10 25 29 9.1 0.488
TT k 833  0.537 0.08k73 0,00675 10 21.5 25 9.0 0.472
T1.2 %,833 0.537 0.00578 0.00647 10 22 25 9.0 0.528
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TABLE XLIV

SERIES V

L, vmsas com ngmm

_ Brop Dianeter’ K Cr Cp Cp
& . QQ h. 5] LAX 3 i e, £, ggég anIQ ft! 3
¥=1 7 wm- Gapo {1 »m I.B.) 0.123 1.25 6.0111 8,00262 0,00587 0.000499 *
V-vZ- ) 7@‘? R Gam; (2 } Ianog 091415 1. 52 9¢°1m 0900262 Oaw“‘ 0&0@0336 0@%25
V"B' 7.7 = Gﬂpo éZ wa 1.D, : . 001‘2' 1093 0&@1087 Q.00257 01300575 . OQMIOP?B 000000063
- Wk 7.7 mm Cap. (2 mm I.D.) U.14 2:33 0.01087  0.00308 (.00615 0,000723 0,0000063
¥=5 7.7 ma Cape {2 mm I.D.) 0.141 2:93 0.01087 0G.0038, 0,00675 6.000997 0,0000063
Y- 7.7 mn Cap. (2 mm 1.D.) 0142 3.13 0.01087 0.0055¢ 0.,00795 0.000673 £.000006¢3
V7 7.7 s Caps éz mn I.D.) 0,141 5.7 0.01087 0.00685 G.00868 ©.0000125 0.0000063
¥-8 7.7 sn Caps (2 mm I.D.) 0.14 1,37 0,011 0.00551 0.011e 0.000622 0.,0000063
V-8 7.7 wm Cap. (2 wm I.D.) 0.14 1.71 0.01097 0.00366 0.00665 0,000511 0,0000188
T V=10 7.7 ma Cap. (2 mm Iof)ag T 8.1 1,66 0.01097 0G.002e2 0.00583 0,00839%  0.000025
¥-11 7.7 s Cap. (2 mm EiD. 0141 1.5L 0.01087 ©.00166 0.00493 0,0002 0.000648
H v L A T, T T4 64 o
&Qgggiiga : 9o fho % 3¢ Oc seconds gecends
7643 3e625 0.51 0.00404 000467 10 22.5 24 71 0,50
7501 3.667 0.565 0.00669 0,00617 11 19 1% 6.5 0.46
76.3 2.915 0.55 0.00697 0.00521 11 20 20 5.3 0. 448
71.5 2,0 0.526 000665 0.00362 1l 21 22 3.8 0.448
&5 1.333 0.532 0.006%7 0.00238 11 22 24 2:5 0.456
48,8 0.75 0.5 0.00674 0,00144 11 20 21 1.5 8.6
37 0.2%2 0.522 0.00667 0,000535 11 21 21 0.56 0.452
50 19 125 8:347 0#%73 0500233 12 - 23 24' °4 aeM
6.5 2.5 0555 0.,0067 08,0043 i1 20 20 b5 0.448
76 3.125 0.521 0.00679 ¢.00582 11 20 20 6.0 Q.44
85 bat? 0.549 0.00668 0.,00835 11 21 . 22 8.7 0.452

- NOTEs

# Sampls tit sbove water lesvel.
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TABLE XLV
SERIES W

EXTRACTION VERSUS DBOP DIAMETER (END EFFECT
~ CARBON TETRACHIORTDE-ACETIC ACIB (DISPERSED

WATER { CONTINUOUS)
Brop Diameter K Ct Cr cw
Exp. Fozzle inches f5./hr,  1b.molesfeu.ft. In. 4 €.  1lb.moles/cu.ft.
W-1 ‘Tube D. D. lLarge 0.153 1.06 0.01023 0.0089 0.00952 0,000276
W=2 Pube D. D. Medium ~ 0.0973 147 0.01023 - 0.00793 0.,0090h 0.000326
"W-3 5.5 mm Q,D., 1 ms I.B, 0.106 1.275 0.0103 ©0.00809 ©.00906 0.000313
W‘“h’ 7 22 OGB«:; 8.B. 1 m I.B, 00117 1.1 900193 60%853 QaQGQBé 00090276
W5 7.9 mm ©.D,, 2 mm I.D. 0.1% 0.965 ©.0183 0.00885 0,0095 0.000251
W=6 Cep. D« D. Swmall 0.102 1.37 0.0163 0.00787 0,009 0,000351
W=7 6 mm 0.D., 4,5 ma I.D. 0.195 0.865 0.01037 ©.00937 0.0098 0.,000276
¥-8 7 mm 0.B.; 5 mm I.D. €. L.05  6.01037 0.0092  ©0.00972 = 0,000338
W='9 8 sy eoBoy 6 R I»B. 0.222‘ 0«9% 0::6193? 6@0093 0500968 ango%
% ¥ L A T Ta & O¢
Extrsction 9%, £t./8ec. ou.ft./Er, 58, f5. %C ¢ saoonds seconds
13 8.1 0.411 00078  0.000028 20 23 1.0 egggé
22.% 0.538 0.517 0.00206 0.000M48 19,5 28,5 1.05 O,
2L.5 0.427 o.427 0. 00266 0.00051 18.5 25 1.8 .48
i7.2 G.416 0416 0.00355 0.0006115 18 23.5 1.0 0.48g
k.1 0,416 0.378 0.00609 0.000963 19 23 1.1 0.489
23.6 0.406 0.406 0.00245 0.00088h 19 25 1.0 0.k7
9.64 043 0.3685 0.018 0.00213  18.5 21 1.15 0548
11,3 0.4885  0.3%1 C0.0208 0 0,00235 18 21,5 - 1.2 - 0492
10.3 0.416 0.32 0.9243 0.00285 18 21.5 1.3 0.5

e



TABLE XLVI
BERIES X

EXTRACTION VERSUS DROP FORMATION TIME (END EVFECT
T CARBON TETRACHIORIDR-ACETIC ACID (DISPERSED ')‘"‘J
WATER (CONTINGOUS) |

‘ Drop Dismeter K Ct Cr GW
_Exp. ¥ozgls inches £5./he,  Ib.moles/cu.ft.  In, ADC, 1b moles/ocu £,
XL 7.5 mm 0.8, 2 mm LD, 0. 181 0.97 0.01037 ©.00885 ‘
X-2 7.5 mm 0.D. 2 mm I.D, 0.1%1 1.2 0.G1037 0.0085%
X“‘B . 795 B OJL 2 mm IsDn . er_..gs'l Oo@é Q«OZ-QB? 0099932
Z*&' 795 o3 QGBG 2 mwn IoDo 001@‘8 006% 90&037 06%915
X5 7.5 mm 0.B. 2 m I.D. 0.1k 0.93 0.0108 ©0.009
% g v L A Te Ta O
Extraction £t, fi./sec,  ou.ft/he, 89, T, %¢ % geconds
14.65 D827 0.00463 0. 5% 17.5 21 1.15
17.6% 0. 42T 0.00212 0.0003k1 17 21,5 1.1
10,1 ‘05&‘27 ‘Qam&’§ ) GQQQ%& h lﬁ v 2% o 2-#1-
11.75 0.h27 0.007kh 0.001% 17 20 1.1
13.2 0.527 0.0102 0.00156 U I 23 1.1
s
saconds
 0.66
1.k
0.166
0.48
0.32

9c2



TABLE XLViI
SERIES Y.

Drop Diasmeter K
- - 13 Nozzle e dpches £hofir, — ) £
YA-1 V.5 mm 0.D. 2 mm I.D, 0,141 0.743 0.0079 0.0071 0.00752 0.000192
Yi-2 &6 mm 0.0 4.5 mm T.D. 0.1885 1.0 08,0079 0,00702  0,00751 - (,000182
TA-3 Tobe D, D, small 0.1 0.707 0.00785 0.00663 0,00718 0.000273
' v L A LR S S¢
% Extraction ﬁi Lhofges. cuofh./hr, ggo £3, € og peconds  geconds
10,18 0,436 0.416 0.00687  0.,000985 14 19,5 1.0  Ou4b
11.1% 0.416  0.378 0,0153 0,00179 14 20 1.1 0,476
15,55% 0.416 0.347 0,00218 0,000524 14 20 1.2 0. 50

=,

LE2



IABLE XLVIII

SERIES YB

EXTRAGTION VERSUS DROP DIAME
CARBON TETRACHLORIDE
WATE ACID

Drop Diameter K

Eapy Kozgle inches s/cu les/c
YB-1%%  Tube D.D. small 040957 0.0 0.00028 0.0107
YB-2 6 m 0.B. 4.5 mm I.D. 0,191 Te3 0.0 0.000093 0,0000622 00,0108
¥B-3 Te5 mm 0,0, 2 mm I.D. 0,154 5.05 0.0 0.0000867 0.0000677 0,0108
!B"l@ 705 -] UeB» 2 mm IoDu 09152 1406 ' 000 090000?43 0'0000’?73 000108
H v L & T, Tg 9 o
£ Extraction® £t ft./sec, cu. £t./hr, sg.ft, of %  seconds  seconds
100 0,855 0.45 0,.001995 0.,000792 15 R4 1.9 0.48
7.5 0.843 0.432 0.0152 0.00311 15 24 1,95 0.50
T2 o2 0.855 -D.438 0,00765 0.00194 15 24 1.95 0,52
61,8 0.219 0.438 0.00752 0.000495 15 24, 1.95 0.508
NOTE:

. ®  Reached equilibrium at undetermined columm height.
# Based on equilibrium.

| gee



TABLE XLIX
SERIES Z
EXTRACTION VERSUS DROP DIAMETER

CARBON TETRACHLORIDE-PROPIONIC ACID (DISPERSED)
WATER (CONTINDOUS)

_ ' Drop Dismeter K Cq Cp | Cop Cp
_Exp, ] Fozzls imches rt./br,  Ib.moles/cu, Ly, A
Z~1% 7.5 mm O, 2 wm I.D, - 0,169 - 0,495 0,00781  0.00475 0.00615 0.000192 0,000131
Z-2 7.5 ®e 0D, 2 mm I.D. 0,148 0.372  0.0078L 0,00511 0.00635  0.000121  0,000081
Z=3 7 ms 0.Do 1 mme I.D. 0,11k - 0,209 0.0078%  0.00573 0.0067  0.000081%% 0,000081
Z=b Cap. D. D. Small 0.0062 0.23% 0,00784% 0,00502 0.00635 0.000101 ©0.000091
A Tubis D, D, Hedium 0,103 0,246  0,0078h  0.0051 ©0.00633 0.000101 0.000091
Zob 6 mm 0,D. 1.5 mm I.D. 0.,1305 - 0.31%  ©0.00788 0.00526 0.006%7  0.00010L  0,000071
Z=7 Tube D. D, Largs 0,150 0.33  0.00785 0©0.0056 0.00657 0.00012%L  0,000071
Z-8 6 mm O Do b5 mm I,D, - 0,191 T 0.53 0.00785 - 0.00492 0.00627 0.000152 ©.000091
2= 7 mm O, Do 5mm I, D, (P.) 0,190 C 0514 0.00785  0.0049%k 0.00627  0.000152  0.000081
Z=10 - 8 mm O.Ds 5.5. mm I.D. 0,205 0.638  0.00792. 0.00862 0.00611 0,000222 Q.DO0L2YL
Z8-1%%% 6o OB, 5.5 mm I.D. (P.) 0,196 0.40%  0,010%  ©0.00733 0,00875 0Q.000175 0.000137
Zh-2%%% 6,5 ma 0.0, 1.5 mm I.D. 0.1355 0.303  0.010%  ©0.0073 0.00876  ©0.00015  0,000125

ZA-3%¥%  Tube D.D. Medium = = 0.1043 ‘ 0.271 0.0104 0.00668 0.00837 0.000125  0.0001L25

6£2



| TABLE XLIX (CONT'D)
SERTRS 7

EXTRACTION VERSUS DROP DIAMETER
c&mmmmmmmm&mwmmcmm DISPERSED)

- WATER Zcoa& INUOUS )
% i v L A Ts Ta 6y Op

- _Exp. Extraction  £t, fPt./ssc, cu.ft./br., sg, £t. °¢ °c gsegonds geconds
Z?"l* 3902 haw 00569 : QaOllBﬁ 090112& ‘16 2305 8a}5’ B 09% )
T2 3h.6 .77 0.569 0,00731F  0.00837 17.5 26 8.k 048
Z=3 27 k.77 0.555 0.00367 0,00554 15 23 8.6 0.4
Z-h 36 .77 0.53 0.002155 0.0006 16 ok 9,0 0. k8
Z-5 35 k.77 0.53 ©0.00262 0,004 16.5 25 9.0 0.k52
Ze6 33.3 .77 0.568 0.00539 0,00695 17 26 8.k 0.kk9
Z=7 30.5 L. 77 0,581 0,00768 0.0088 14 20 8.2 0,476

~ Z-8 37,3 L.77 . 0,568 0.0153 0,0135 1b 21 B.Y. 0.496
Z:‘g 3701 3‘5‘07?' 00, §6l 000155 00012!' l‘&' 22 805 0@&8
2-10 k1.7 .77 0.50 . 0.01935 0.016k 14 2k 8.7 0.488
ZA=190% 29,5 L.7T 0,561 0,0158 0.,01375 1k 2k 8.5 0,52
ZA“Q*** 2998 h’o 7 00605 000058 0»0%8 lh 2&' 709 00%6
A 35.8 .77 0.561 0.00256 0.00821 14 25 8.5 0,48

1]

*  Nozzle showed some dwrop adherence.
*¥ Top liguid purged during rum.
®#%  7ZA Serilss -~ HAC replsced propioniec acld in these runs.

one
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major axis of an ellipsoid
interfacial or surface area
minor axis of an ellipsoid
concentration
drag,caefricient

dropvrate

drop diameter

molecular diffusivity
eddy diffusivity

fraction of terminal velocity
force

gravitatidnal congtant
column height |

interfacial tension

overall mags transfer coefficient

distribution ratio (C/C)
inverse distribution rétio
f£ilm mass transfer coefficient
flow rate

associatién

molecnlar‘weight

pressure

Units
 length
 (length)®
| length ,

Mass/(length)>

none
drope/time
length ;

(1ength)2/tima

glength)z/tme |

" none |

force
1ength/(time)2‘

length
force/length
length/time

 none

none
1§ngf,h/t1me

(iength)?/tﬁne

molecules

none

pass/(length) (time)
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Torm _Meaning : | Inits
Q - mass  mass
T « drop radius i ~ length
s = gingle moleeules ' none
D, » doubls molecules : none
iy - temperatuie | |  temperature
Vv  « velocity length/time
LAl w  volume : : (lsngth)B |
"NuE® « mass transfor numbor w ~Li- ~ none
» Dy
Re «  Reynolds number éfi!‘ ' none
We « Weber's capillary group = d,f none
: : IOT. :
Sc =~ Sohmidt number = ) |  none
‘ Dy
" degree of ionization | none
Q »  time - time
M- absolute viscosity : ﬁ mass/(length) (time)
y) = kinematic viscosity g'qxp (length)z/time
: , 1 ~ 3
P  « density | : maas/ (length)
Subscript

w « abt the wall {wetted wall colums), |
otherwise water ' '

c « in the core (wetted wall colums),
otherwise it designates ths continuous phase

B » asolvent or sphere
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o ~ outer or overall

d = dispersed phase

b = solvent

a « solute

£ | « - feed when referred to ¢ and formation when
‘ referred to @

¥ o - produét

T « top sample

B - bottom sample

1". - cqntact

i s interfaee

e = equilibrium and also ellipsoid

D . = drag |

Bo - bouyancy
G = gravity
K = eritical or maximum
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