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CHAPTER I
ABSTRACT

Equilibrium distribution data and extraction rates are presented
for water-solvgnt systems using acetic acid as a solute, Expressions
are derived for correlating extraction rates for both the ﬁurbulent and
transitional flow regime by means of hydrodynamic and diffusional concepts.

The extraction rate for falling drops has been investigated for
stripping acetic acid from the dispersed solvents-carbon tetrachlorids,
benzene, toluene, chloroform, methyl isobutyl ketone, and isopropyl
ether~ into a continuous water phase, It is possible to define the rate
of extraction in the turbulent regime by means of an overall mass
transfer coefficient based on a fictive film in the dispersed phase.

In the transitional regime of fall the rate of extraction obeys the
diffusion law for spherical particles.

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

coefficient by the relations

O. OOM 0.8

o005 [Tfa) [ea avfe
Ds srd Paby 1.T.
where K, = overall mass tramafer coefficient

d « drop diameter

Dj « molecular diffusivity

~4= viscosity

Cw density

I.T. ~ interfacial tension
V = velocity
subscript d = dispersed phase
¢ = continuous phase
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The resulting overall mass transfer coefficient must be multiplied
by a correction factor, (2-n)/n, when stripping acetic acid from a
dispersed nan-polar organic liquid, where n is the degree of association.
This factor represents the fraction of the solute molecules which exist
as single molecules in the organic liquid. Since acetic acid exists in
water, as unassociated molecules, the rate of extraction is approximately
equal to the rate at which the single acetic acid moleculses diffuse across
the laminar boundary film of the dispersed organic liquid. The rate of
dissociation of the double molecules in this same laminar film seems to
be sufficiently slow, that its contribution to the réte of extraction is
minor in relation to that of the single molecules.

In the transitional regime, over the range of Reynolds number
from 100 to 300, the resulting rate of extraction agrees with the diffusion

equation. The overall mass transfer coefficient is given bys

- L i T R 1 ‘
/ 1 - EJE i
./ o= L 1’17 © r ) Di ° :
~ fo) )

where L - flowrate of the dispersed phase
A - interfacial area
0 - time of contact
No experimental data are given for the viscous range, since
modifications would have had to be made in the apparatus to provide

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

industrial applications involve either the transitional or turbulent flow
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regime and hence the previous correlations are more useful for design
purposes. The relations involved in the viscous region would be expected
to involve the diffusion equation with the resistance of the continuous
phagse also becoming important.

In investigating the hydrodynamics of the falling drop column,
drop deformations were observed in the turbulent flow regime. The
deformation increased with diameter, approaching a limiting value such
that the major diameter is twice the minor. The velocity, as a function‘
of drop diameter, passes through a maximum in the turbulent regime and
then decreases in contrast to the behavior predicted by Newton's law for
falling spheres. The effects of deformation 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 falling drop column.
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 solvent extraction
systems in terms of film coefficients, a thorough knowledge of not only
the hydrodynamics but also the chemistry and molecular diffusivity is

needed. The rate of extraction is governed not only by association and
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and disassociation of the solute molecules, but also by forces of attraction /
between the solute and solvent molecules, such as with solvation. Insufw (
ficient data on these phenomena plus the lack of reliasble correlatioms
for the molecular diffusion coefficient hinder the evaluation of rate
constants for many solvent extraction operationss Once the chemistry

of golvent extraction systems is understood, and reliable hydrodynamic

correlations have been obtained, the derivation of rate equations for

packed columns should be possible,



CHAPTER II
INTRODUCTION

Iiquideliquid extraction has, (during the last few years) been
the subject of many articles in the technical literature. However, most
of these investigations have been concerned with performance data for
specific conditions and equipmente Theoretical correlations, such as
thosge of Colburn,7 have been used with partial success in explaining the
results. These correlations cannot be extrapolated outside the range
of conditions for which the experiments were performed, since in general,
the variables were not separated,

If solvent extraction is to be placed on as strong a basis as
heat transmission, and if extraction rate coefficients are to be predicted,
it will be necessary to develop more fundamental information. It will
not be possible to correlate packed column extraction data in any more
then an empirical fashion until the mechanisms involved are thoroughly
understoods

The investigation of solvent extraction rates in industrial
equipment involves not only the study of hydrodynamies but also the
study of reaction rates and the study of mass transfer. In order to
correlate solvent extraction data it must be possible to calculate or
determine by measurement the hydrodynamics of the system involved.

Hence, a packed column is not satisfactory for a fundamental investigatiom,
since seldom is either the area or the manner of flow either measurable

or statiece
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The relations governing mass transfer coefficients, which do not
involve a kinetic reaction, should 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 hydrodynamic variables fluid
dimension and velocitye

The objectives of the program of investigation undertaken were
thus defined ass

1, The selection of an extraction apparatus for which the hydrow
dynamics could be determined,

20 The choice of solvent=-solute extraction systems whose
chemical behaviors are similar,

30‘ The correlation of the rate of extraction in terms of the
physical and chemical variables menticned above by
successive varisble elimination.

401 Evaluation of the results, to obtain extraction rate

coefficients suitable for design of spray and perforated
plate columms,e
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CHAPTER III
VIOUS IN IGATION

A preliminary literature search was made for information on the
chemistry of soluteesolvent systems, the hydrodynamics of countereurrent
liquideliquid flow, and the rate of extraction, in both experimental
and industrial equipment, The chemistry of solute=solvent systems is
discussed in most physical chemistry text books in a descriptive manner.
There appeared to be no information on rates of reaction for the
association « dissociation reaction in non-polar liquids. Also, the
exact magnitude and effect of solvent=solute forces was mentioned in
only a qualitative manner.

Although hydrodynamics has been the subject of many investia
gations, the hydrodynamics of liquide=liquid systems is not well under=
stoode Correlations for the flow of fluids through packed beds can be
found in books by Sherwood?3 and books by Perry?qy These however, are
empirical and do not explain the fluid mechanics of liquideliquid flow,
Strang, Hunter and Nash?4 established the hydrodynamics of flow in
wotted-wall towers, Their work indicated that the change from streamline
to turbulent flow occurs at a Reynolds number dependent upon the physical
properfies and motion of the two fluids in contact, and that as a result ’
turbulence occurs 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 V'ennar'd26

and other authors.
The data do not apply to fluid spheres when they deform in shape.

The available information most applicable to the hydrodynamics of
liquid drops is that for systems of gas bubbles dispersed in liquidse
By making use of anaiogies, the information of O'Brien and Gosline,l9
and Miyagil8 can be used to interprete the hydrodynamics of liquid drop
systemse

The hydéodynamics of liquid=liquid flow in a slanted tube columm
was investigated by Bergelin and Lockhart.3 They observed in their
glass column the effects of flow on the interface separaﬁing two counter=
current flowing liquids, The interface was found tol® well defined and
probably stagnant when thé mass velocities of the two liquids are the
same, When the mass velocities are quite far apart, extreme turbulence
and wave formation were observed at the interface,
ﬁ Investigations on the rate of mass transfer have been made for
almost all the types of industrial equipment in use today. The vast
majority of the results are reported in terms of such concepts as

7

Colburnfs’ H.T«Us, or as H.E.T.S. values, or by means of the volumetric |

: 1
overall transfer coefficient, Ka. Most of these are applicable to a
particular situation and cannot be extrapolated far from the conditions
for which the experiments were run.

Sherwood, Evans and Longcor22 investigated extraction in both the

single drop tower and in packed colums. Overall mass transfer coefficients
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were determined as a fumection of dfop diameter in a single drop tower

for several solvents, Appreciable extraction was foumd to occur during
drop formation; or within a short distance of the nozzle, The uncorrected
overall mass transfer coefficients were compared with the results pre=
dicted by the laws of diffusion and were found to be much largers No
efforts were made to relate the results of the single drop tower to the
variables of‘the systems employede The remainder of their investigation
was devoted to packed columms, The effect of both continuous and dispersed
phase flow rates on the overall volumetric mass transfer coefficient was
measured and the importance of these two variables in packed column
performance noted,

Bergelin and Lockhart? also investigated the extraction of isopropyl
alcohol from a tetrachlorethylene liquid phase to a water phase for
comnter«current liquid flow in a horizontal tubes They were able to
estimate their interfacial area and thus to compufe values of K,o When
the mass velocities of the two liquids were the same, the overall mass
transfer coefficient passed through a minimum, due probabiy to a zero
interfacial velocity which created a stagnant film in each phases, The
highest rateé 6f>extraction were'observed when the interface was in a
condition of turbulence,

Important advances have been made in relating the basic mechanism
of extraction to the properties of the liquids involved using wetted=wall

colums, PFallah, Hunter and Nashl? found the kerosene or wallefilm
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coefficient with the system water=phenol-kerosene in a wotted-wall

columm to be expressed bys

0.8 0.46
Mi .9, (VP u
Dj A Di

A major disadvantage with the use of wetted-wall colums is that
the velocity of the wall liquid must be 5 to 20 times that of the core
liquid in order to impart stability to the system, As a result, the
overall mass transfer coefficient depends largely upon the rate of
diffusion in the core liquid, and changes in the velocity of the core
liquid produce larger changes in the overall mass transfer coefficient
than do velocity changes in the wall liquid,

Studies on the effect of core and wall fluid flowrateé on both
the individual and overall extraction rates have been made by Colburn
and Welsh,8 Treybal and Work,25 and Comings and Briggs.9 Brinsmade and
Bliss5 determined the overall extraction coefficient for the extfactiqn
of acetic acid from methyl isobutyl ketone with water, By various
simplifying assumptions they were able to separate the individual film

coefficients to obtaing
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EKetone was used as the core liquid and water as the wall liquid in the
above exberiments.

Spray towers and sieve plate columns have been the subject of
many investigations in recent years, Most of these have been made using
multiple spray nozzles, As a result, the exact drop dimensions have not
been known, and the results are usally expressed as volumetric overall
transfer coefficients, Elgin and Browningll studied the transfer of
acetic acid between water and isopropyl ether and presented an analysis
for the theory of spray towers.

Johnson and Blissl6 as well as Appel and Elginl studied the
variation of Ka with drop diameter., The overall volumetric mass transfer
coefficient was found to be a maximum in the range of drop diameters
from O,1 to 0.2 inchess In addition changes in the dispersed phase
velocity had little effect on the extraction coefficient over the range
of drop diameters from 0.1 to 0.36 inches. A precise interpretation of
the data in all of these experiments was impossible because of lack of
information on the interfacial area.

It is apparent from the literature survey that it is necessary
to determine the exact interfacial area in an extraction apparatus,
if the fundamental relationships are to be evaluated, In the literature
reviewed, the mass transfer coefficient appeared to depend upon both the

molecular diffusivity and the flow rate, Thuss

@LCKD Vn where n varies from 0 to 1
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In equipment where mass transfer may be thought of as being across
films, the overall mass transfer coefficient can be expressed in terms
of the physical properties of the system by using analogies to heat and
momentum transfer, In the case of spray colummns, not only will these
same physical properties affect the film coefficient, but also the

surface tension should enter the correlation,



CHAPTER IV

PROBLEM APPROACH

From a revue of previous investigations and the objectives of
this program it was possible to set up criteria for investigating the
controlling variables in solvent extraction. It was apparent that the
interfacial area must be knowp if the effect of variables such as the
physical properties of the system on the extraction coefficient were to
be determined,

The only apparatus available for which the interfacial area
could be measured were the single drop tower, the slanting horizontal
tube columm and the wetted-wall columne

The slanted tube column was not used because of the large liquid
flows resulting from the use of a columm of sufficient diesmeter to elimi-
nate wall effects. The wetted-wall column was not used because of operatm
ing difficulties associated with forming a thin liquid film on the wall
and with controlling flow rates, Since the single drop tower such as
employed by Sherwood, Evans and Langcor22 had none of these disadvantages
it was selected for the investigation,

The specific design of the falling drop tower was chosen to
minimize the complexity of interpreting the data, Thus the tower
diameter was made much larger than the drop diameter so that the wall

would have no effect on the hydrodynamics of the falling drope The
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of fective column height was varied using the same column by varying the
distance that the nozzle extended into the column.

The dependence of the concentration analysis on an exact material
balance was eliminated by using a small volume ratio of dispersed phase
througheput to continuous phasee. The material balance and driving force
were then based on the dispersed phase analyéis. Further, water was
used as the continuous phase in the majority of experiments and the solute
stripped from the dispersed phases This made it possible to discard the
continuous phase after each run,

From previous investigations it was apparent that the film coeffie
cient for mass transfer is a function of the physical properties of the
film and the film dimensions., In order‘to separate the affects of each
of these variables, only one property was varied at a time, Then by
mathematical analysis each property was introduced into the final
correlatione This method of separating variables should give a more
satisfactory correlation than that which could be obtained by making
assumptions using dimensionless groups, Unfortunately, many data are
needed to correlate a small number of factors by this method,

The chemical systems employed wére selected for ease of solute
concentration analysis in both phasese Two immiscible solvents were
used as the two liquid phase and only one solute entered the diffusion
process from one phase to the other, To facilitate the computation of

the driving force a solute was chosen which was preferentially‘soluble
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in the continuous water phase, Finally the two immiscible solvents
were chosen with a large interfacial tension, since many reagents are
available for lowering the interfacial tension but few for raising it,

Because water was to be used as the continuous phase it was
necessary to select an organic liquid which had a large interfacial
tension and low miscibility with water. There are many organic liquids
which are immiscible with water, however, because of its large
interfacial tension, carbon tetrachloride was chosen,

Iodine was first chosen as a solute because of its ease of
chemical analysis and because it did not react with the two liquid
solvents, However, due to its insolubility in water the iodine was
soon discarded in favor of acetic acid as a solute, Unfortunately,
acetic acid associates in many organic liquids, This obstacle is offset
partially by the ease with which its concentration can be determined
by chemical analysise In addition the distribution ratio of acetic
acid between water and carbon tetrachloride varies only slightly with
the concentration change in each run,

The original technique of manipulating one variable at a time
Wwas not successful due to the complications introduced by the additives
required to vary each of the physical properties, In order to determine
the influence of the physical properties of the solvents, other organic
liquids were substituted for carbon tetrachloride and experiments performed
under identical conditions so that results could be evaluated by means of
determinantss



CHAPTER V
THEORY

As was pointed out in Chapter III, there is little or no
information on individual film coefficients for mass transfer in solvent
extraction operations. As a result concepts have had to be developed
for expressing the results of extraction operations, Most of the
concepts have been obtained by analogy to gas absorptione

In order to study the basic mechanism of extraction the two £ilm
theory as proposed by Whitman27 can be useds The use of this expression
in gas absorption has been eminently successful, In the expression for
the overall mass transfer coefficient for gas absorption, the gas film
coefficient can be replaced by a second liquid film coefficient. This

expression can be used then for liquid-liquid extractionm,

Kog = L
S
or
Koy = L
| _E & _1
ky kg

where Ke A C,/OCg
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In order to determine extraction coefficients on a sound basis,
it is advantageous to analyse the results in terms of the individual film
coefficientse The choice of the falling drop column is admirably suited
for this purpose. As the dispersed falling drops descend through the
continuous colurm phase they come into contact with fresh continuous
phase. As a result a concentration gradient does not build up in the
continuous phase film and almost all the resistance to transfer is in
the dispersed phases In addition, by dispersing the organic solvents
end making the water phase continuous, it is possible to obtain large
values of K, the distribution ratio, for the systems used here., Hence,
KOS =2 kso
By means of the kinetic theory of mass transfer, the rate equatiom
for the resistance of the dispersed film can be written:
L dCg = kA (ci - Cs) da - ‘ : , ,
where
C = concentration of solute
L = dispersed phase flow rate
kg= dispersed phase film coefficient
A = interfacial ares
© & time of contact
H » column height
V # dispersed phase or interfacial velocity
The solution of this equation is dependent upon a knowledge of the cone
centration at the interface. Although this cannot be measured, the
systems used have been chosen in order to estimate this concentration.
Since the continuous phase film coefficient is negligible; Ci = Cye.
The ratio of the capacity of the continuous phase to that of the dispersed

phase is large hence the concentration of the water phase is approximately

zero or is at least a negligible value,
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It is possible to derive a simple expression for the individual
film resistance by integrating the equation above, setting Cj = O.

L dCg/Cg = =kg DA |
Integrating over columm height H for a change in concentration of the
dispersed phase from feed (Cp) to product (Cp) gives:

In (C£/Cp) = ksh/L
By rearranging the expr.ssion the overall mass transfer coefficient
based on the dispersed phase can be expressed in terms of the individual

dispersed phase film coefficient.

Kog = kg = L lnA(cf/cl')

Another concept frequently used for correlating extraction rates

=3

is that of the height of a transfer unit or HeTeUs developed by Colburn.
The height of a transfer wnit (H.T.U.) is expressed as:

HoToUe - E L \
r Ka : 3
dc

C = C*

Cr
In books by both.Perry20 and Sherwood23 the relationships for the
height of a transfer unit are fully developed for expressing extraction
in terms of either or both phases.
The rate of extraction can also be calculated in terms of the
height equivalent to a theoretical stage (H.E.T.S.). This has the

distinct disadvantage that the values obtained vary with the solute
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concentration. As a comsequence, it is difficult to interpret the
result in terms of the physical properties of the liquid phases

In correlating the results of the experiments reported here, the
method using the overall extraction coefficient, K,, was employede The
concepts upon which this method is based are particularly applicable
to the falling drop towers In addition, the mathematics involved is
simple ‘and straight forward.

The concepts mentioned so far are most useful for correlating
data in the turbulent flow regime. In this regime there is eddying and
mixing in the turbulent liquid core and the primary resistance can be
thought of as being in a thin outer laminar film across which the solute
must transfer by molecular diffusion. In the.regime of viscous or
streamline flow there is no mixing or eddying{aﬁd the fluid is either
stagnant or moves in viscous layers, In this.latter regime the laws |
of true diffﬁsion applye

If the dispersed drops are assumed to be perfect spheres, the
rate of extraction in the viscous region of flow can be expressed by

the diffusion equation in spherical coordinates,

4 .M €D _LZ_ZC + 2 2C
ae 1 [ Jr r aT
The solution of this problem is outlined in the Appendix. For the

boundary conditions met with in the experiment reported here, the

solution becomess
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If the flow within the liquid drops consists of a viscous vortex,
diffusion equations similar to the above in cylindrical coordinates can
be derived in order to obtain the rate of extraction. The flow pattern
for vortex formatiqn is in the form of a doughnut and can be simulated
by a cylinder of infinite length. A complete solution of this problem
can be found in the Appendix,

In selecting the systems for investigation, cne of the idealized
criteris is that of a solute which fnnctioﬁs as the same species in all
liquids under infestigation. In addition secondarﬁ reéctions should not
occure In many practical experiments this condition cannot be obtained
and feactions occur sometimes In series or parallel with the diffusion
of the solutes The handling of such data is extremely difficul£ buﬁ
several methods of doing so have been presented by both Wilhelm?? and
Sherwood?3 for the simpler situationse

The main resistance whether it be thought of as a film, for
turbulent flow, or the entire mass, for viscous flow, involves transfer
by molecular diffusion, Hence the computation of mass téansfer cogf=
ficients is dependent on the accuracy with which the moleculéf diffusion

can be predicted, The mechanism of diffusion of a solute molecule through
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a liquid involves the kinetics of liquidse Since little is known on
this subject, only empirical correlations are presented for computing
the diffusion coefficients, no one of which is precise,

Arnold? developed en empirical correlation for liquid diffusion
coefficients given by:

B 1

AaAb‘(/qb)% (Val/B ¢ vbl/B)2

Diﬂ

where
= solute abnormality factor
Ay = solvent abnormality factor
B = constant =« 0,0156 at 68° F,
0.0143 at 59° F.

The usefulness of Arnold's equation is quite limited however, due to a
lack of sufficient information to evaluate the abnormality factors and
other'terps involvedkin the‘expressioﬁ above,

The relationship between diffusion end liquid viscosity was
brought oﬁt by the classical Stokes«Einstein equation which was derived
for the diffu;ion of large spherical molecules fhrough a solvent made up
of small moleqples. »

Df{ = KT

6 g/(b

By applying‘the absolute rate theory to diffusion; Powell, Rosevears,

1

and Eyring2 derived modified the Stokes-Einstein equation in order to

fit the observed diffusion coefficients more closely,
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-
where b varies from 3 for large spherical molecules to wnity for self
diffusion and has a value of 2 7 for large cylindrical moleculese The

use of the equation i§ limited by lack of specific information on the

shape of the solute molecules,

Although purely empirical, the recent correlation of diffusion
coefficients presented by Wilke " is more worksble than any of the
others.

Dy =T FZL*

Wilke developed expressions for evaluating F as a function of temperature,
solute and solvent properties, and concentratione This equation is

used in the appendix to compute molecular diffusion coefficients for
correlating the overall extraction coefficients.

The hydrodynamics of falling solid spheres has been extensively
investigated and correlated by using a drag coefficient defined as a
function of the Reynolds number, An evaluation of the drag coefficient
(c) as a fimction of Reynolds number can be found in boocks by Perry20
or Vénnard.26 Unfortwmately, in the turbulent flow regime liquid drops
do not behave as perfect spheres, No information on the hydrodynamics
of dispersed liquid drops in a continuous liquid medium could be found,
However, many useful deductions can be drawn by analogy to correlations
presented for gas bubbles rising through a liquide This latter phenomenon
has been extemnsively investigated by O'Brien and Gosline19 and many others,

The hydrodynamic relations are completely developed in the Appendix,



CHAPTER VI

APPARATUS

The experimental equipment for measuring the rate of liquid-
liquid extraction is shown in Figures 1 through 6. Two columns of
similar construction but different length were employed in determining
the overall mess transfer coefficients. The columns could be
assemblied in two different arrangements depending upon the relative
densities of the dispersed and continuous medium. They were unpacked
in all experlments.

The long column shown in Figures 4 and 5 is the same tower with
different auxiliary equipment and with & different arrangement. The
column consisted of & 3 inch outer pyrex glass tube surrounding a 2
inch imner tube. The outer tube was sealed to the imner at top and
bottam to provide for a water cooling Jacket. Tits made from 8 mm.
tube were provided at the top and bottom of the Jacket for attaching
riubber hose which were in turn connected to the plant water supply.
Thermcmeter wells were provided at the top and bottom of the jacket for
insertion of Weston metal thermometers in order to measure the Jacket
water temperature.

Due to the hardening of plastics and the swelling of rubber by
solvents it was necessary to use interchangeable or ball Joints for all
connections. Thus male ball joint fittings slightly greater than 2
inches in dlameter were attached to the top and bottom of the large

column. Finally 7 mm. tits were provided for hose comnections about
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3 inches fram the top and bottom of the imner glass tube in order
to provide for continuous phase sampling and liquid level adjustment.

When dispersing solvents which are heavier than the continuous
phase the arrangement of auxiliary equipment shown in Figures 1 and
4 was used. The column was left open at the top and the nozzle
inserted through this opening. The nozzle was positioned by a clamp
attached to the bar which supports the column. A comnection was made
between the 500 ml. separatory funnel used as a feed tank and the
nozzle by means of tygon tubing. The tygon tubing being flexible,
enables the feed tank, which is supported in a ring fastened to the
main bar support to be raised or lowered. Adjustments in flow were
made by railsing and lowering the feed tank in conjunction with
adjustment of the stopcock on the bottom stem of the feed tank. The
top sample tit was connected through a three-way stopcock to a 500 ml.
separatory fumnel in such & memner that continuous phase liquid can be
added to the column to adjust the continuous phase level, or a sample
be removed.

A female ball Joint fitting was clamped to the bottom male Jjoint
and held in place by & ball joint clamp as shown in Figure 4. A 6 mm.
glass tube extended from this female ball joint and was connected by
an interchangable joint to a three-way stopcock. In the first few runs,

the product wes removed by cracking the three-way valve so that the
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continuous phase purged the dlspersed solvent from the bottam of
the column at a fixed rate. The mixture was caught in a 500 ml.
sepa.ratory fumnel. Although Sherwood, Evans and Longcor were
successful in using this method of product removal, in the present
case this procedure resulted in the purge tit acting as a very
efficient secondary extractor and gave results which could not be
reproduced. Hence, the bottam tit of the three-way valve was
connected to a Jack-leg of 6 mm. glass capillary tubing. A section
of 6 mm. tygon tubing was fastened to the end of the Jack-leg and
ingerted imto the 50 ml. graduate used as a product recelver. By
raising or lowering the tygon tube the hydrostatic balance was
adjusted so the interface level was held comstant in the tube
extending fram the bottom femele ball Joint. The dispersed phase
filled thse Jack-leg and was carried over into the product receiver
by displacement.

Two tits were provided for purging the continuous phase from
the column after each run. The main bulk of the continuous phé.ee was
purged through the three-way stopcock attached to the bottam sample
tit. The liquid remeining in the column below this tit 1s purged
through the purge tit on the three-way stopcock on the jack-leg line.

" When the dispersed phase 1s lighter than the contimuous, the
droplets rise through the continuous liquid and hence, the previous
arrangement of auxiliary equipment wes reversed. The feed tank was

suppcrted above the top of the column by a ring as shown in Figure 5.
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It was connected by mesns of tygon tubing to a 6 mm. glass tube
which ran parallel with the column to a level below the bottom ball
Joint. This L shaped glass tube was connected through an inter-
changeable joint to the slde arm of a three-ﬁay stopcock which in
turn was comected by its vertical arm to the stem from the bottom
of the female ball joint fitting. The remaining arm of the three-way
stopcock served as a purge tit.

A special female ball joint for supporting the nozzle was used
at the bottom of the column. Instead of the stem being flush with the
inside, it extended on up into the base of the column and had an
interchangeable Jjoint on top. The various nozzles employed were
attached to the interchangeable Jjoint.

The two sample tits and continuous phase liquid level control
tank were arranged just as in the previous case for the heavy dispersed
liquids. The female ball joint which was used on the bottom of the
column previously was attached to the male ball joint fitting at the
top and & U shaped 6 mm. glass tube comnected to it by means of an
interchangeable joint. This U shaped tube served as a Jack-leg for
product removal and dipped over into a 50 ml. graduate. An interface
level was maintained in the stem from the top ball joint by adjusting
the 1liquid level through the continuous phase level control tank.

It was possible to use the same column for column helght
experiments. By attaching glass tube extensions to the nozzles they

could be moved any distance desired down or up the column. Rubber
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spacers were used to center the extended nozzlee in the center of
the column. In general the liquid level was varied along with the
height when the dispersed phase was heavier than the continuous.
By lowering the liquid level the back pressure on the nozzle was
reduced and better flow control was obitainmable.

The short column shown in Figures 3 and 6 is ldentical in
every detail to the long column Just described except that the top
sample tit was eliminated and the column length was 6 inches
instead of 4 feet 7 inches. The short column was used for eveluating
end-effects. The mode of operation was identical with that Just
described.

Additional auxiliary equipment was used for analyzing the
gsolutions and making time and drop size measurements. The time
required for the drops to fall the height of the column was determined
by clocking the drops with a stopwatch. The overall experiment time
was measured using an electric timer graduated in tenths of a second.
Column heights were determined by measurement with a steel tape and

nozzle dimensions determined by & microameter.



CHAPTER VII

EXPERIMENTAL PROCEDURE

The experimental investigation covered both stripping and
enriching operations for dispersing one liquid as drops in another.
All chemicals used were C. P. grade to eliminate errors from
impurities. For the same reason demineralized rather than tap water
was employed &8 & continunous phase.

When the dispersed phase was heavier then the continuous, the
apparatus was set up as described in Figures 1 and 4. The dispersed
phase, containing the desired concentration of acetic acid was placed
in the stoppered feed tank above the column. The three-way stopcock
in the bottom stem was turned to the closed position and the column
filled with the continuous phase. The nozzle to be used was then
measured and attached to the feed tank by tygon tubing.

T™e nozzle was centered in the top of the column. By adjusting |
the height of the feed tank and cracking the stopcock below the feed
tank a flow of approximately two drops per second was obtained. A
steady flow could best be obtained by filling the feed tank only to
the midpoint. This reduced fluctuations in height due to feed
removal. Adjustments in flow were made by raising or lowering the feed
tank .

The flow of dispersed phase into the bottom tit displaced the
slight smount of continuous phase present at start-up and formed an

interface. By cracking the three-way stopcock at intervals, the
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Jack-leg was campletely filled with d.ispersed phase. Once the
Jack-leg had became full, the stopcock was turned to the open
position and a hydrodynamic pressure balance and constant level
interface obtained by raising or lowering the tygon tube on the
Jack-leg.

After 5 to 10 mls. of the dispersed phase had been purged
through the Jack-leg, the tygon tube was placed in the mouth of
the product receiver and the electric timer started. The distance
between the nozzle and interface was measured and the time of fall
clocked by a stopwatch to dstermine the drop velocity. The drop
rate was checked frequently and adjustments made to hold the rate
constant, .

When the level in the product receiver retached 50 mls., the
three-way stopcock was closed, the timer stopped, and the feed tank
stopcock closed. By means of the number of drops formed per second,
the total time, and the total dispersed phase throughput, it was
posaible to compute the volume per drop. The diameter of the drops
could then be computed by assuming their shape to be that of a
perfect sphere.

The amount of acetic acid transferred wes determined by
titrating the samples with sodium hydroxide using thymol blue as an
indicator. Samples were removed from the top and bottom of the
column in 50 ml. volumetric flasks and transferred to 250 ml.

erlenmeyers. Similarly a 50 ml. sample was removed fram the feod
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tank and transferred to a flask along with sufficient demineralized
weter to extract the acetic acid for titration. The entire contents
of the product receiver was transferred to another flask along with
demineralized water to aid the titration. From these chemicel
analyses and the sample volumes, it wes possible to determine the
amount of acetic acid transferred.

In the majority of experiments, water formed the continuous
phase and an organic solvent containing acetic acid was dispersed.

It wes difficult to obtain a meterial balance based on the continuous
phase due to the volume of dispersed phase purged through the Jack-leg
during the period of flow adjustment. Hence, the amount extracted was
obtained by a material balance around the dispersed phase. Since
demineralized water was expendable the continuous phase could be
thrown away after each run and hence the initial continuous phase
concentration was usually zero. When the column was filled to &
height of 5 feet the continuous phage volume wae 2500 mls, Thus the
equilibrium concentration of the conkinuous phase could usually be
considered &s zero throughout the run and no error was entailed in
basing the extraction on the dispersed phase analysis.

The method of operetion when the dispersed phase was lighter
then the continuous was essentially the same a8 that_Just described.
The feed line in this case was filled almost up to the nozzle to
prevent water from backing down the feed line. Usually a slight column
of air separated the two, 8O extraction did not take placg until the

dispersed phase forced the air bubble out.



The end-effect column described in Figures 3 and 6 was
operated in ildentical fashion to the large colum. The procedure
being just as above depending upon the relative densities of the
two phases.

Capillary tubing ranging in inside diameter from 0.5 mm. to
1.5 mm. and standard tubing ranging in inside diameter from 5 mm. to
10 mm. were employed as nozzles. In same cases the tubing was drawn
down to & fine point although usually a flat end was used. Thus care
had to be exerclsed to be sure that the drop did not wet the
horizontal nozzle surface when using flat-faced capillary tubing as
this led to larger drops.

The room temperature was controlled by means of a wall
thermostat and was held in the range of 20 to 30° C. The continuous
phase temperature which was dependent upon the cooling water
temperature followed the normel plant water temperature. This ranged
fram 12 to 20° ¢. Room temperature and water temperature were
recorded for each run.

Samples were taken of all the solvents and the demlineralized

water. The specific gravity, viscosity, end interfacial tension were
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determined under approximstely the same temperature conditions as those

in the experiments. In addition, samples were taken for each
concentration of feed and continuous phase in Series J runs, in which
runs wetting agents were employed to lower interfacial tension. The

density was determined by & Westphal balance, the viscoslity by an

Ostwald viecometer, and the interfacial tension by a DuNouy Interfacial

Tenslometer.



CHAPTER VIII

EXPERIMENTAL RESULTS

Extraction rates were determined experimentally in a falling drop
tower for water-acetic acid-solvent systems. The methods of calculation
and experimental results are tabulated in Appendix G.

The experimental results can be broken down into two phases. In
the first phase the basic system water-acetic acid-carbon tetrachloride
was employed. This phase of the investigation consisted of varying one
chemical property or condition at a time. Carbon tetrachloride containing
0.0l 1b. moles/cu. ft. of acetic acid was dispersed in demineralized water
in these runs. In the second phase, other solvents were substituted for
carbon tetrachloride. Material balances were based on the dispersed
phase in all runs.

The percent extraction and overall extraction coefficient based
on the dispersed phase were determined in phase one for a range of drop
diameters. This group of runs, Series A, is tabulated in Table XXIV.

A normalizing technique as discussed later was applied in calculating
the extraction coefficients, The fraction of extraction is plotted
against drop diameter in Figure 7. In Figure 8 the drop velocity is
plotted ¥ersus drop diameter. The overall extraction coefficients were
computed from data taken off of Figures 7 and 8. The resulting coef-

ficients are plotted as a function of drop diameter in Figure 9.
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The room temperature, jacket water temperatﬁre and the rate of
drop formation tended to vary slightly during this series of rumse
Hence, in order to determine the significance of fluctuations in these
conditions, runs were made in which only one of the above conditions
was allowed to vary at a time. By measuring the rate of extraction it
was possible to determine correction factors by which the experimental
data could be normalized to the same temperature and drop ratee.

Allowing only the drop flowrate to vary, the percent extraction
was determined for a wide range of drop flowratess The percent extraction
is plotted as a function of the rate of drop formation in Figure 10 and
as a function of the flow rate in Figure 1ll.

Similarly the dependence of the overall extraction coefficient om
the temperature of the dispersed and continuous phases was determined

allowing only one condition to vary at a timee The percent extraction

is plotted versus dispersed phase temperature in Figure 12 and as é function

of the continuous phase temperature in Figure 13, Because of the spread
in the points in Figure 12 and 13 the data will give a straight line on
gemimlog and log~log as well as linear graph papers

Various experimental techniques were employed to verify the
hypothesis that the controlling mass transfer resistance lies in the
dispersed phasee The introduction of a chemical reaction in one phase
will frequently reduce the resistance to transfer of that phases Hence,
sodiwm hydroxide was added to the continuous phase and Series A runs were

repeated using one selected drop diameter. The concentration of sodium
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hydroxide was varied over a wide range to evaluate the possible affect
of the concentration of the caustic on the percent extractione The
resulting overall extraction coefficients and percent extraction are
given in Series H in Appendix G. . The caustic had no effect upon the rate
of extraction, This in part substentiates the hypothesis regarding the
controlling resistance,

In order to further verify this hypothesis, an additional set of
runs was made using a continuous water phase under dynamic or flow
conditions. . Using a specific drop diameter, drop rate temperature and
colum height, the velocity of the continuous was varied and the percent
extraction determined. The Reynolds number, relative to the tube diameter
ranged from O to‘6l, while that relative to the drop diameter ranged from
630 to 690, It was impossible to get out of the viscous flow regime
without destroying the single drop camtinuity, Hence, no conclusions
could be reachedeo

In order to simplify the mathematical analysis of the data, systems
were selected which had distribution ratios which varied only slightly
with solute concentration. As a check, the concentration of acetic acid
in the dispersed carbon tetrachloride was varied and the fraction of
extraction determined for a specific drop diameter, drop rate, temperature
and colum height in Series F. Although the percent extraction and
overall mass transfer coefficient both increased with decreasing solute
feed concentration, the change was not due to a variation in distribution

ratio and was in general insignificant,
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The first chemical property to be varied in the first phase of
investigation was the interfacial tensione By adding wetting agents
(Tergitol # and #7) to the continuous phase in concentrations ranging
from 0,01% by volume to 0.3%, it was possible to vary the interfacial
tension for the water-carbon tetrachloride system from 33 to O dynes./cm.
The same drop diameter, drop rate, temperature and column height were
used in all rms. As the interfacial tension was lowered the drop size
changed from 0.15 inches to 0.06 inches, while the change in the overall
extraction coefficient was only that which would result due to drop
size change,

This result indicates that interfacial tension does not affect
the rate of extraction other tham through its influence on drop size.
However, this conclusion is in doubt because of the possible interface
blocking which could result from the presence of the wetting agent.

For this reason the use of additives in evaluating the influence of the
chemical properties on the rate of extraction was sbandoned, In order

to determine further the influence of the chemical properties, results
were obtained for other water=-acetic acid-solvent systems. By investiw
gating a number of systems sufficient results could be obtained to use

the methods of determinants in mathematically analyzing the datas In
order to correlate the data it is necessary to separate the -fraction of
extraction during freeefall of the dispersed drop from the fraction of
extraction during drop formation, This was done by measuring the fraction
of extraction as a fumction of column heighte By graphical means the

endwef fects were eliminated,
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In order to restrict the program to one which could be accomplishedk
in a reasonable length of time the investigation of other solvent systems
was made for a selected drop diameter of 0,15 inches and the extraction
during freeefall separated from that due to drop formation for each
solvent systems In all of these experiments the acetic acid was dissolved
in the solvents and they in turn were dispersed in a continuous water
phasee

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
isobutyl ketone, benzene, toluene, chloroform, carbon tetrachloride and
isopropyl ether. As is pointed out earlier the plot 1n (cf/cr) versus
colum height should be a straight line if K is independent of acetic
acid concentrations, In Figure 14 ln(Cf/Cr) is plotted versus colum
height for the above solventss By extrapolation to zero columm height
the amount of extraction occurring during drop formation is determined.

The overall extraction coefficient (including endweffects) was
determined as a function of drop dismeter for these same solvents systems.,
The results are plotted in Figure 15,

To determine whether the rate of drop formation influenced the
free=fall result, a series of experiments (Series X) were run using a
very short column heighte The drop formation time only was varied and the
fraction of extraction determined, The computed results are plotted as

percent extraction versus drop formation time in Figure 16 along with Series B
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in which drop formation time was varied using a long column. The
difference between these two curves represents the percent extraction
during free-~falls From Figure 16 it is apparent the free-fall extraction
is independent of drop formation time.

The rate of extraction when the direction of transfer is reversed
was measured in Series I for the basic waterwacetic acid-carbon
tetrachloride system, Acetic acid was dissolved in the continuous water
phase and the rate of transfer into the dispersed phase determined for
a range of drop diameters holding the remaining variables fixed. The
rate of extraction reached equilibrium at some undetermined column height;
hence, this series of runs was repeated using a shorter column in Series YB.
The extraction coefficient in the reverse direction was also measured
as a function of column height for a fixed drop diameter of 0,15 inches
in order to obtain the free-fall result.

Finally, in order to determine if possible, the effect of the
chemical properties of water on the rate of extraction, the relative
phases in the carbon tetrachloride-acetic acid=water system were reversed,
In the Series N experiments water was dispersed and transfer of acetic
acid took place from the continuous carbon tetrachloride phase to the
waters In series M the direction of transfer was reversed and water and
acetic acid were used as a dispersed feed solution. In both of these

latter experiments the rate of extraction was much lower than expectead,
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Errorg

Errors may have been introduced: into the results either by
inaccuracies in physical measurements or by inaccurate chemical analyses,
In some cases the nature of the liquids involved were such that accurate
measurements could not be made.

Velocity, flowrate and interfacial area information is dependent

upon measurements of time and volume. In clocking the overall experiment
time and in measuring the product volume, the error was le«ss than 1%
The accuracy with which the time of fall or contact was determined was
about 95%, The largest time error was the measurement of the drop
formation time, This error was from 5 to 10% due to fluctuations in
the drop formation time rather than chronographic faults,

The analytical errors for most determinations were less than 5%
The thymol blue endepoint in ’the case of some titrations was difficult
to determine,

The major sources of error were in operating techniques and chemical
behavior, For examples isopropyl ether showed a strong tendency to
wet glass and as a result many of the drops did not pass up the column
but filmed out on the walls. The error so introduced may have been as
large as 30%.

The final accuracy of the overall extraction coefficient is probably
75% because of the accumulative nature of the above errorse This is a
reasonable result, however, in view of the many complications in inter-

preting the observations,



CHAPTER IX

CORRELATIONS AND DISCUSSION

From the tabuler and graphical results in Chapter VIII it
was possible to determine the controlling resistances in a falling
drop liquid liquid extraction column. The dependence of the
extraction rate upon the variables of the system was also evaluated.

In the mathematical analysis of the experimental data it is
necessary to evaluate the relative magnitudes of the resistance to
transfer of both the continuous and dispersed phases. For these
experiments, the hypothesis 1s made that the controlling resistance
is in the dispersed phase. This is based on the following
suppositions and observations:

1. As the falling drop descends through the tower it comes
into contact with a new continuous phase surface. This
prevents a concentration gradient fram forming in the
continuous phase adjacent to the drop.

2. The distribution ratio (K) of the water-acetic acid-
solvent systems are all greater than 1 and in many cases

are greater than 20. Hence, the magnitude of the
resistance 1/ (kcK) is much smaller than l/kg. Therefore:

K, = k3.

3. In the Series H experiments the addition of sodium hydroxide
resulted in no increase in the rate of extraction.

4, In the Series G experiments, changing the continuous phase
from a stagnant to a moving liquid did not increase the
rate of extraction. The results of this series of runs are
however not too significant since the flow ¢* the
continuous phase was in the viscous region.’

When the experimental program was initiated it was felt the
interfacial tension would play an important role in determining the rate

of extraction. The experimental results did not sustain thls belief.
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1. The overall extraction coefficients obtained were not
proportional to the interfacial tension.

2. In the Series J runs the interfacial tension was varied
over wide limits without producing any change in the
rate of extraction other then that which would be
expected because of changes in drop diameter. The
results are however not conclusive since the wetting
agent used to lower the interfacial tenslon does so by
accunmulation at the interface and therefore may block
the passage of acetic acid molecules and counteract the
effect of lowered interfaclal tension.

The experimental results indicated that more extractlion 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-effects and determine the rate of extraction when the inter-
facial area is in static condition as during free-fall of the drop.
Fortunately it is possible to separate the rate of extraction during
free-fall by graphical means using Figure 1k.

Using the fraction unextracted during free-fall and the
dimensions of the drop it 1s bossible to campute overall extraction
coefficlents for free-fall conditions. The data can also be interpreted
in terms of eddy diffusion coefficients De which are computed from
equations developed in appendix E. By camparing the eddy diffusion
coefficients (D) with the molecular diffusion coefficients (Di) the
mechanism of extraction 1s partially revealed.

A comparison of the relative chemical propertles of the different
dispersed solvents is shown in Table I. In Table II the results of the
physical properties are compared to the eddy diffusion coefficient and

to the overall extraction coefficient obtained by methods shown in
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appendix E and F. As was stated before, the data are expressed for
convenlence on the basis of the key variable, drop diameter, rather
than the Reynolds number.

In order to evaluate the relative importance of each of the
chemical and physical variables on the rate of extraction, the
mathematical methods of determinant analysis were applied to the
data in Tables I and II. The results of this analysis are given in
Appendix F. In order to obtain a correlation which would fit the six
solvente it was necessary to lntroduce the variables - drop diameter,
viscosity, density, velocity, interfacial tension and molecular
diffusivity. The resulting correlation could not however be broken
down into diménsionless groups .,

It was apparent from the analysis of the data of Series YB
and Series A, that either, the basic hypothesis regarding the control-
ling resistance was in error, or else there were unknown chemical
affects controlling the rate of extraction. The overall extraction
coefficient for free-fall conditions in Series YB was 1.6 ft./hr. at
a drop diameter of 0.15 inches. This is approximately 6 times the
result of 0.25 ft./hr. obtained for & drop diameter of 0.15 inches in
Series A. The only difference betweeﬁ the two series of runs is that
in YB the direction of transfer is from the continuous phase to the
dispersed (carbon tetrachloride), while in A it is from the dispersed
phase (carbon tetrachloride) to the continuous watef phase. If the
controlling resistance is in the dispersed phase then the rate of

transfer should be the same in both directions.
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TABLE I

CHEMICAL PROPERTIES OF THE DISPERSED SOLVENTS

orerse.

Kimematic Interfacial

Viscosity-4{  Demsity- /  Viscosity- F'x 10° Tension*

c.p. grs./[cc cm.2 / sec. dynes/cm.
Chloroform 0.57 1.473 0.387 25
Methyl-Isobutyl Ketone 0.559 - 0.796 0.703 8
Benzens 0.61 0.873 0.699 . 22
Toluene 0.561 0.860 0.653 23
Carbon Tetrachloride 0.941 1.586 0.592 28
Isopropyl Ether 0.349 0.721 0.48% 15

Acetic acid eoncentration

* 0,01 lb.moles/cu.ft. of solvent.

A



TABLE II

COMPARISON OF RESULTS FOR THE SAME DROP DIAMETER

FREE OF END-EFFECTS

- Drrop * *% 6
Diameter-d Velocity-V: Dy x 10 Dy x 10 K, freefall

Inches £t./sec. In.2/ sec. In.2/ sec. ft./hr.
Chloroform 0.141 0.54 3.37 56.5 1.265
Methyl Isobutyl Ketone 0.140 0.37 3.h2h 69.7 1.32
Benzens 0.155 0.32 3.472 1.92 0.142
Toluene 0.153 0.33 3.78 1.885 0.1445
Carbon Tetrachloride 0.15 0.58 2.0k 3.67 0.248
Isopropyl Ether 0.14k4 0.45 5.48 590 2.60

* Computed fram the data of Wilke.

*% Bagsed on diffusion in spherical coordinates.

€L
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The difference in the rate of transfer in the &bove can only
be due to & property such as interfaclal tension or to chemical affects.
The interfacial tension does not appéar to control the rate of
transfer. Hence, this resistance is probably a chemlcal affect.

This can be further substantiated by examining Figures 1% and 15. In
Figure 15 the curve representing the change of K, with drop diameter

has the same general shape for each dispersed solvent. Hence, the
interference to transfer in the carbon tetrachloride must be independent
of both drop diameter and velocity. This automatically rules out all
affects but chemical.

It is observed in Figure 15 that the lowest rates of transfer
are for non-polar organic solvents. The main chemical affect peculiar
to these solvents is that of association. A camparison was therefare
mede in Table III between the solution properties of the various
solvents and water. One trend is apparent from this tabulation. That
is, the overall extraction coefficient increases as the degree of
association decreases. The number of single unassoclated molecules can
be computed from the degree of association by the expression n/(2<n)
‘Where n is the degree of association. In carbon tetrachloride there
is only 1 single acetic acid molecule for every two double molecules
when the acetic acid concentration is 0.0l 1b. moles/cu.ft.. Water has
a strong tendency to dissociate acetic acid at low concentrations and
only the single molecules are compatible with it. Thus when (acetic

acid) is being transferred from carbon tetrachloride to water, the
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TABLE III

SOLVENT - ACETIC ACID-WATER SOLUTION PROPERTIES

—————

*

Solubility K =Cy Dogree of
grs. /100 co H,0 Gy Association n

Water 75 1.00
Chloroform 0.621 1.58
Methyl Isobutyl Ketone 2.0 2.09 1.0

Benzene 0.073 18.5 1.79
Toluene 0.04T7 20 1.71
Carbon Tetrachloride 0.08 19,2 1.67
Igopropyl Ether 0.90 4.76 1.00
Carbon Tetrachloride®* 0.08 3.2 1.56

*  Acetic acid concentration 0.0l lb.moles/cu.ft. of solvent,

#* Propionic acid concentration 0.0l 1b.moles/cu.ft.
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single molecules only are able to diffuse into water and the double
molecules build up in the film. Acetic acid exists in water at a
concentration of 0.01 1b. moles/cu.ft° entirely as single molecules.
Therefore, they all are involved with the transfer of acetic acid
from the water to the dispersed carbon tetrachloride.

These results do not nulify the hypothesis that the major
resistance is in the dispersed phase. However, there are essentially
two parallel paths of diffusion. The first is that of the single
molecules whils the second 1is that of the double mblecules. The i
lower»polecular diffusivity of the double molecules together with
thq time required for the dissociation reaction make the second or
double molecule transfer path subordinate to that of the single
molecules. As a result, thevrate of extraction_cgn be baged on the
concentration of single molecules in computing overall mass transfer
coefficients or else the coefficient corrected by a factor.

In order to evaluate the affects of the distribution ratio (K),
the carbon tetrachloride experiments in Ssries A were repeated in
Series Z, substituting propiocmnic acid for acetic acid. Propionic acid
like acetic acid is a carboxylic acid ané therefore has similar
properties. The distribution ratio of propionic acid is over 5 times
smaller than that of acetic acid in the water-carbon tetrachloride
syStem, hence, there should be & substantial change in the rate of
extraction if the distribution ratio is an important wvariable. The
results using propionic acid were almost identical to those using

acetic acid. The slight increase in overall extraction coefficlent
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from 0.25 ft./br. for acetic acid to 0.35 ft./hr. for propionic
acld, under ldentical conditions, is due most likely to the lower
degree of assoclation of propionic acid and not to the distribution
ratio.

In order to analyze the results and break down the measured
extraction rates in terms of the variables, the hydrodynamics was
carefully investigated. A camparison was made between the observed
velocity versus diameter pattern and that predicted from known
hydrodynamic relations for spheres. Due to the deformation of the
liquid drops as observed through the glass column and measured in the
drop deformation study, the results deviated from the predicted values
in the turbulent flow regime. The break between the transitional flow
region and the turbulent flow regime occurred at a Reynolds number of
300 to 350, This is equivalent to a drop diameter of 0.08 - 0,10
inches which 1is very near the lower limit of the experimental investi-
gation.

Relations were developed for correlating the rate of extraction
under the turbulent flow regime and the transitional regime based on
the hypothesis that all resistance to transfer is in the dispersed
phase. These developments are outlined in Appendix E and F. In the
turbulent flow regime the concept of a fictive film is introduced into
the correlation, Tuis film can be related to the properties of the

dispersed sclvent. By dimensional analysis the overall extraction

coefficient can be expressed &as:
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In the transitional regime of flow the properties of the
solvents are of less importance and the rate of transfer is dependent
upon the rate of molecular diffusion, From the diffusion equation
for the unsteady state, an expression can be developed for
determining the fraction umextracted. Since the drops behave as
perfect spheres in this regime the diffusion expression can be

solved in spherical coordinates to obtain:

- L 1n TR 1
= = R 2
A A SN WY £'Y) | S
s = 4 n ro i

To evaluate the validity of these concepts, the data obtained
for the dispersion of carbon tetrachloride as drops in a continuous
water phase was carefully broken down. The results of Series A and
W were plotted as fraction extracted versus drop diameter in Figure
17, By graphical interpolation it is possible to derive the curve for
free-fall conditions and eliminate the end effects. From these data
the reciprocal fraction unextracted were computed and compared with that
predicted by the law of diffusion for spheres. The results are plotted
in Figure 18 as a function of drop diameter. The overall extraction
coefficient was then computed and a comparison made in Figure 19

between the overall extraction coefficient including end-effects, the
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fCurve #5 for 0,50 second drop formation time.
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C¢ - concentration of acetic acid in feed.
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free-fall extraction coefficient and that which would be predicted
from the lﬁw of diffusion.

As would be expected, the rate of extraction is greater in
the turbulent flow regime than that predicted for true molecular
diffusion. This indicates & decrease in resistance which results
probably from turbulence within the drop. Below a Reynolds number
of 300 to 350, where the flow changes fram turbulent to transitional,
the overall extraction coefficient decreases and approaches that
predicted for unsteady state molecular diffusion in spheres.

This same trend in the overall extraction coefficient is
exhibited by all the systems, as shown in Figure 15, below a
Reynolds number of 300 - 350.

Iﬁ order to determine whether & viscous vortex is causing
the increased transfer in the turbulent regime, the reciprocal
fraction unextracted obtained experimentally was compared with that
predicted for a viscous doughnut shaped vortex within the drop, The
methods of analysls are outlined in Appendix E and a comparison of
the results for the free-fall condition between the varlous solvents
at a diameter of 0.15 inches is shown in Table IV. It is apparent
fram this tabulation that the rate of extraction in the turbulent
flow regime is much greater than can be accounted for by a viscous

vortex.
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TABLE IV

COMPARISON OF EXPERIMENTAL RESULTS WITH THOSE

PREDICTED BY THE LAWS OF DIFFUSION

Experimental here Cylinder
Cr / Ce W{Ce/Cr)  CufCe T CrfCe
Chloroform 0.268 1.324 0.78 0.705
Methyl Isobutyl Ketone 0.132 2.027 0.73 0.64
Benzene 0.798 0.2272 0.73 0.645
Toluene 0.798 0.2272 0.715 0.605
Carbon Tetrachloride 0.797 0.2271 0.84 0.775

Isopropyl Ether 0.0k 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 approach the problem through dimensional analysis and through
analogies to momentum and heat transfer. Using the dimensional analysis
solution presented in Appendix F, a comparison was made between the
dimensionless groups for each of the solvents at a drop diameter of
0.15 inches. In computing the Nusselt equivalent number (Kd/Di), the
experimentally measured values of K, were used. These were corrected
later for concentration based on the conceot of single molecule
transfer in non-polar organic liquids. |

To complete the correlation it is necessary to evaluate the
coefficient of proportionality and the powers of our dimensionless
groups. The power of the Schmidt number __&i_ can be determined by
comparing the results for isopropyl ether wg%h those for carbon
tetrachloride in which the direction of transfer is from the water to
the dispersed carbon tetrachloride. The properties of isopropyl ether
and carbon tetrachloride yield the same value for both the Reynolds
number (dV f’//x) and Weber Capillary group (dV2 /2/I.T.) when evaluated
for the same experimental conditions. Tneretore, the power of the.
Schmidt number can be evaluated by comparing the Schmidt ( W /Dj) and
Nusselt Equivalent (Kd/Dj) numbers for the two solvents. This power is

then found to be 0.44.
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By comparing the expression derived by dimensional analysis
above to the analogous expression for turbulent flow in pipes and to
the expression for mass transfer in fictive films, the Reynolds number
can be essigned an exponent of 0.8. The exponent of the Weber number
can then be determined by evaluating the powers to which 4 or V must
appear to correspond to the experimental results.

From Figure 19 it 1is apparent the shape of the curve K, for
free-fall is similar to that for K, overall (including end-effects).
Therefore, the curves presented in Figure 15 can be used fo determine
the dependence of K, on drop diameter. As the drop diameter changes
cerﬁainly neither the chemical properties nor the degree of asgociation
chenges., However, the velocity does vary. The shape of all the
curves in Figure 15 are expressed in the turbulent flow regime, by the
function 406 v2-* - (av2)0-8(av)®® 1 . Thus 1f the exponent of
the Reynolds number is 0.8 the Weber cagillary group must have an
exponent of 0.8 also, in order to fit the experimental result. By
assuming the highest accuracy for the date from the experiments in
which transfer is fraom the continuous water phase to the dispersed
carbon tetrachloride the proportionality constant. 18 evaluated as 0.03.

The equation correlating extraction for the turbulent flow regime is

therefore given by:

O.uh . 0.8

a =003 [av Ma 'dvzfoc
f,"i, (_6_ & T
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In order to determine the accuracy of this expression, the
Nusselt equivalent number was computed for all the experimental
solvent systems using the above equation. The results are campared
with the experimental values in Table VB. In addition a comparison
1s made between the computed results and the experimental values
obtained when the concentration is based on only the single
unassociated molecules in non-polar organic liquids.

The equation for the overall extraction coefficient developed
above from experimental data fits the data reasonably well considering
the number of corrections and interpolations that have been mede.

The hypothesis, that only single molecules are accepted by the water
when transfer is from a dispersed non-polar organic liquid, appesars
to be fairly walid from the comparison in Table VB. Deviations from
this hypothesis in the case of non-polar liquids may be a result of
the first order reaction of double molecule dissociation in non-polar
organic liquid dispersed phase fictive films. Since the curves in
Figure 14 are straight lines, a reaction of dissociation if governing
must be a firset order reaction.

The principal deviation from the experimental correlation occurs
when the water is dispersed and the tramnsfer of acetic acid takes place
from water to the continuous organic liquid phase as in Series M runs,
The overall extraction coefficient experimentally obtained experimentally
for this situation is 0.015 f£t/hr. which is considerably less than that

predicted. This can be accounted for by any one of the following

conJectures:
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TABLE VA

RELATIVE DIMENSIONLESS GROUPS

Nusselt
Reynoldas Weber Schmidt Equivalent

Chloroform 1520 3.9 178 178
Methyl Isobutyl Ketone 568 5.68 318 181
Benzene 437 1.72 390 21.3
Toluene 595 1.71 269 19.6
Carbon Tetrachloride* 1133 k.26 450 392
Carbon Tetrachloride®* 1133 k.26 450 61.4%
Isopropyl Ether 1030 k.60 137 229
Water *¥*%* 520 k.ok 1200 il1.1
Water *exe 520 L .04

1200 L.15

me— =

* Direction of transfer from water to the dispersed CcCly

** Direction of transfer fram the disperse CCly to the water.

*¥%  Direction of transfer from continuous CCly phase to dispersed Ho0
¥¥¥* Direction of transfer from dispersed H;0 to continuous CClj, phase.
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TABIE VB

COMPARISON OF EXPERIMENTAL AND PREDICTED
RESULTS IN THE TURBULENT REGION

Nusselt Equivalent Numbers

Experimental’  Predictedt Predicted® Experimental?

Chloroform 178 370 345 670
Methyl Isobutyl Ketone 181 193 2hk 181
Benzene 21.3 170 82.5 181
Toluene 19.6 190 92 115
Carbon Tetrachloride* 392 -392 392 392
Carbon Tetrachloride** 61.4 392 392 310
Isopropyl Ether 229 215 225 229
Water *x 11.1 277 268 56

Water *#x* 4.15 277 268 .15

r————

1
Experimental - Actual wvalue obtained for free-fall conditions without
correcting for association.

Experimenta12 - Experimentall values corrected for concentrations based

on single molecules.

Predictedl Without the use of Webers group. Thus, based on analogy

to turbulent heat or momentum transfer.

Predicted® - Solution of the equation for Dimensional analysis.
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1. There were insufficient data to evaluate the effect
of the continuous phase chemical properties on the
extraction coefficient. Hence these were assumed to
be insignificant. This may not have been a correct
assumption.

2. Although acetic acid ionizes to the extent of only
1% when its concentration 18 0.0l lb.moles/cu.ft. in
the dispersed water phase, the reduction in
concentration in the film would result in a higher
degree of ionization. The ionic state is incampatible
with the non-polar carbon tetrachloride, therefore, the
rate of extraction would be reduced.

3. The ion-dipole attraction between acetic acid and water
could possibly retard the rate of extraction.

4. Heretofore the continuous phase film coefficient has been
disregarded. Thus when carbon tetrachloride containing
0.01 1b.moles of HA, per cu. ft. the resistance of the
continuous water piase 1s 1 = 0.05 1 . However, when

ch ky
water is dispersed containing 90.01 1b.moles cu.ft. acetic
acid per cu. ft. the resistance of the continuous cerbon
tetrachloride phase 18 L1 =75 _1 and hence is not

K'kg

subordinated to the dispersed phase resistance.
5; An experimental value of K; for overall conditions is being
campared to free-fall K,. If sufficient information were
Present to evaluate free-fall K, the result might be more
in agreement, i
The dependence of the rate of extraction on the hydrodynemics of
the disperse phase system is well established by the menner the overall
extraction coefficients depends on the velocity pattern. The concept of
transfer based on single molecules in non-polar organic liquids
although new to the field of solvent extraction is supported by experi-
ments in the field of gas absorption. Whitney and ’v‘ivia.n24 found in

the absorption of sulphur dioxide in water that a better correlation
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| is obtained for thelr data if they included only the undissociated
sulphur dioxide in their transfer calculations. Hydrolysis plays
& part 1gvthis mass transfor mechanism Just as association plays a
part in oﬁr mechaniam of solvent extraction.

By means of these extraction rate qorrelations in the
turbulent énd transitional flow regimes it 1s posasible to predict
the rate of transfer during free-fall in such industrial equipment
as spray towers and sieve plate columms. As has been shown, the end
effects during drop formation are quite appreciable. However, no
correlation 1s prosented at this time because of the camplexity of
analyzing the end-effect condition. This is especially difficult
because of the dynamic interfacial area.

In the correlation for the turbulent flow regime the exponents
of the éimensionless group can vary over & small range and still fit

the data equally well.



CHAPTER X

CONCLUSICNS

The rate of extraction has been investigated for liquid=-liquid
extraction in a single drop tower. Various organic solvents have been
used as the dispersed phase and acetic acid transferred from them to a
continuous demineralized water phases From the results of the investie
gation it is posaible to concludes

1. It is possible to separate the affects of physical
variables on the rate of extraction by varying ome
at a time and holding the remaining variables constante

2¢ In order to correlate the affects of chemical variables
on the rate of extraction, a comparison must be made
betwean the results of similar systems rather than
varying one variable at a time,

3¢ From the experimental results it appears that interfacial
tension determines the rate of extraction only insofar
as it influences the hydrodynamics and shape of the
falling drop.

4e 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.

5¢ The hydrodynamics of the falling drops agree with known
laws of hydrodynamics for perfect spheres in the
transitional and viscous flow regimes.

6. The hydrodynamics of falling drops deviate from that
of perfect spheres in the turbulent flow regimes The
drops tend to deform with increasing diameter and have
the shape of an ellipsoid of revolution about the minor
axise As a result of drop deformation, the velocity
reaches a maximum value around a Reynolds number of
600 and no further increase occurse
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7« In the transitional flow regime, between a Reynolds
number of 100 to 300, the rate of extraction is
expressed by the diffusion equation in spherical
coordinates when the major resistance is in the
dispersed phases

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

0.8 0.44 0.8
k4 . 0,03 dV/% A4 a v e
D a d by I.T.

9. TWhen organic solvents were dispersed and acetic acid
transferred from them to the continuous water phase
the resistance to transfer is dependent upon the
dispersed phase,

10. In dealing with non-polar orgenic liguids the degree
of association must be taken into account and the
rate of transfer can be approximated by assuming that
only the single unassociated molecules diffuse across
the film in the turbulent flow regimee

1l, When water is dispersed and an organic solvent made the
continuous phase the rate of extraction obtained
experimentally is lower than that predicted. This may
be due to analytical errors in the experiments, ion-
dipole effects, lack of informatiom on the affect of
the continuous phase, or the continuous phase
resistance may be importants

12, The extraction coefficient does not depend on the
distribution ratio,.

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

are deserving of further investigations
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The effect of the properties of the continuous

phase on the rate of extraction should be

evaluated by dispersing water in other organic
solventse This would also aid in determining

the cause for the deviations in Series M, in

which water is dispersed in carbon tetrachloride

and acetic acid transferred to the continuous phase.

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 isobutyl
ketone in water it will be possible to determine
whether association is the factor which governs the
rate of transfer. Since association does not take
place in hexone the rate of extraction should be the
same for either direction of transfer,

In future investigations of this nature analysis of
results will be facilitated by the selection of
solvents and solutes in which neither association
nor solvation takes places

A complete evaluation of the field of mass transfer in

liquid~liquid extraction systems will be possible only after the

following investigationss

1.

2

3e

be

The development of a better correlation for molecular
diffusivity is needed in order to further the progress
of investigations in diffusional operations,

The analysis of chemical problems, such as that of
association which were encountered here would be
facilitated by a better understanding of the chemistry
of liquidesolute systems.

The kinetics and chemistry of surfaces such as a liquid-
liquid interface, is in need of investigatione

Once the hydrodynamics, chemistry and mass transfer rate
equations are determined the rate of extraction

in industrial equipment such as packed columns can be
determined concisely,



APFENDIX A

EQUILTBRIUM DATA

The logarithmic mean driving force is employed in computing
the overall mass transfer coefficients. In order to calculate the
driving force an exact lmowledge of the equilibrium distribution
ratio of the acetic acid solute, between the solvents is needed.
Mutual solubility data are also necessary to estimate the amowmt of
solute transfer by solvent solution in relation to that by diffusion
of solute molecules along.

The distribution ratio was determined experimentally for the
partition of acetic acid between the six solvents and demineralized
waters The procedure consisted of adding 50 mlse of solvent and 10
or 50 mlss of demineralized water to a 125 ml, separatory funnel
followed by varying amounts of acetic acid ranging from 5 mls, down
to 0,05 mlse to each of the separate funnels, The phases were
thoroughly agitated to bring the system to phase equilibrium and the
funnels were then left sealed for several hourse The two phases were
separated and the acetic acid concentration of each determined by
titration with standard sodium hydroxide using thymol blue for an
indicator.

The experimental data so obtained were calculated on the basis
of concentrations in 1b, moles/cu. ft. and compared with data for the

same systems in equivalent units from the following references:
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1. International Critical Tables

2¢ Transactions of the American Institute of
Chemical Engineerss

3s Solubilities of Organic Chemicals, by Seidell
4e 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 concentration of one phase versus equilibrium cancentration\of
the other phases The following systems are presented:
carbon tetrachloride~acetic acidw-water
methyl isobutyl ketone-acetic acidewater
benzene=acetic acid-water
toluene~acetic acid-water
isopropyl ether-acetic acid-water
chloroform-acetic acid-water
carbon tetrachloridee-propionic acid-water
The possible effect of wetting agents on the distribution
ratio was investigated using Tergitol #4 made by Union Carbide and
Carbon Chemicals Corporation. A concentration of wetting agent of 0,1%
by volume was used with the system carbon tetrachloride-acetic acid-water,
The results obtained were almost identical with those for the same
system without wetting agents. Since the interfacial tension of the
system with the wetting agent is considerably lower than that without,
it is therefore concluded that interfacial tension does not play a part
in determining the equilibrium distribution of a solute between two

immiscible liquids.
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The mutual solubility data were obtained entirely from the
literature. When sufficient data were available a triangular plot
has been made for the mutual solubility of all components. Otherwise
the data are presented for the more pertinent conditions in Table XVIII.
Two additional references contained mutual solubility information:

1. Synthetic Organic Chemicals, Union Carbide and Carbon
Chemicals Corporation.

2+ Chemical Engineering Handbook, Perry

The experimental results obtained for the distribution ratios
agreed favorably with the results taken from the literature, The only
deviations that occur were at acetic acid concentrations below 0,0001 1lb.
moles/cu. fte The ionization of acetic acid at concentrations below
this figure is high and could easily cause the deviation in the data.
Association in organic liquids such as carbon tetrachloride, benzene,
toluene and chloroform tends to also decrease at these extremely low
concentrationse

The distribution ratio such as presented in the results is the
ratio of the concentration of acetic acid in the water phase to that of
solvent phase in equilibrium with it. The distribution ratio may either
vary with concentration or remain constant depending upon the solvent
involveds Thus in the systems using methyl isobutyl ketone and isopropyl
ether, in both of which acetic acid does not associate at the
concentrations studied, the distribution ratio remains constant. In
contrast, the distribution ratio varies with concentration for the other

four systems, using acetic acid as a solute, The degree of association
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in these latter systems can be determined by examining the data through
the equilibrium constant, which does not change with concentration,

Thus, for a system in which association takes place, equilibrium
is given by An‘z?.nAl, where in one phase the molecular weight is n times
that in the other phases The degree of association is defined as n.
The distribution ratio can be expressed as:

K = Cy/Cg

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

equilibrium constant is given bys

n
K =z Ci(1-H T/cg

If we assume further that ¢, the degree of ionization, is zero, then

it is possible to determine the degree of association through the

relations

n = Loge(Cg1/Cgp)
mge(cwl; Gw?)

Selection of equilibrium concentrations of water and solvent at two
points fairly close together eliminates variations in ne. Having
determined the degree of association it is possible to estimate the
number of single and double molecules in the golvent phase by means ofs

2D, ¢ 1S = n(D, ¢ 8)
where:

D, =~ number of double molecules

S = number of single molecules.
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APPENDIX B

SOLVENT AND SOLUTE PHYSICAL PROPERTIES

The physical properties of the solvents used as the dispersed
phase, are among the important variables upon which it is felt the
mass transfer film coefficients depend. The three most important
physical properties are the viscosity, densitv, and interfacial tension.
In order to obtain accurate values of these properties it was necessary
to measure experimentally them under the same conditions as employed
in the solvent extraction rums.

The density was measured at 25° ¢. by means of a Westphal
balance such as is described in Daniels, Mathews and Williams1O on Page
321. This instrument uses a chainomatic type balance and depends upon
Archimedes principle that the bouyancy is proportional to the weight of
liquid displaceds )

The relative viscosities of the solvents employed were measured
by means of an Ostwald viscometer and density measurements described
above. The absolute viscosities were then obtained by comparing the
relative viscosities of the solvents to demineralized water as a
reference standard. The apparatus and procedure are fulling described
on Page 35 of Daniels, Mathews and ¥illiams..®
In order to obtain rapid measurements of the interfacial tension

a Cenco-Gu=Nouy Interfacial Tensiometer was employed. The interfacial
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tension of the solvents against pure water were measured and are
tabulated in Table XIX along with the corresponding values for varying
concentrations of acetic acid in the solvent phase, In most cases the
interfacial tension was found to be lowered by the presence of acetic
acide Bulletin 101 of the Central Scientific Company6 gives complete
details of operation and methods of determining and correcting inter=-
facial tension values,

The accuracy of both the density and viscosity measurements
is 99% or better. However, in the case of the interfacial tensiocn
considerable difficulty was experiencede The measurements of the
interfacial tension of the pure solvents against water gave an accuracy
of approximately 90%s When wetting agents or solutes are present in

either phase the values obtained were in some cases inconsistent.



TABLE XIX

CHEMICAL PROPERTIES OF SOLUTIONS FOR SERIES J
RURS IN WHICH INTERFACIAL TENSION IS VARIED

— ———— - e e o e e e A ——
B S

Sample Run No. Liquid ) Acetic Acid Conc. Tdditives Temp. Density I.T. versus Liquid I.T.
1b.moles/cu.ft. % 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 20 Carbon Tetrachloride 45.6
D.M., Water 25 Carbon Tetrachloride 35.7
D.M. Water 30 Carbon Tetrachloride 29,k
2 D.M. Water Tergitol # 25 0.9668 Carbon Tetrachloride 1k.k
0.01
3 J=-2 D.M. Water 0.00017 Tergitol # 25 0.9667 Carbon Tetrachloride 13.5
0.1%
4 Carbon Tech. 0.01 25 1.5796 D.M. Water 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 #h 25 0.9968 Carbon Tetrachloride 29.5
0.01%
7 D.M. Water Tergitol #+ 25  0.9963  Carbon Tetrachloride 4.3
0.33% ' o

8 J=4 D.M. Water 0.00016 Tergitol #4 25 0.9970 Carbon Tetrachloride 5.7

' 0.33%

9 D.M. Water Tergitol # 25 0.9965 Carbon Tetrachloride 2,0
0.1%

10 D.M, Water Tergitol #f 25 0.9963 Carbon Tetrachloride 8.5
0.33%

11l D.M. Water Tergitol # 25 0.9962 Carbon Tetrachloride 0.0
0.3%

Get



TABLE XIX (Con't.)

RUNS IN WHICH INTERFACIAL TENSION IS VARIED

———
—c

Sample Run No,

Density

CHEMICAL PROPERTIES OF SOLUTIONS FOR SERIES J

e

———

—————e

Liquid Additives Temp. Viscosity I.T. Versus Liquid I.T.
% by Vol. °¢c ars,/ml, cp dynes/cm.

1A D.M. Water ‘Tergitol #7 25 0.9972 0.8973 Carbon Tetrachloride 0.0
2A D.M. Water Terg)tol #1 25 0.9970 0.8903 Carbon Tetrachloride 0.0
3A D.M. Water Tergi'tgl #1 25 0.9971 0.8853 Carbon Tetrachloride 0.0
LA D.M. Water Tergiigf #7 25 0.9970 0.8869 carbén Tetrachloride 12.5
5A D.M. Water Tergiggﬁ #1 25 0.9976 0.8903 Carbon Tetrachloride 12,1
6A D.M. Water Tergizgz #4 25 0.9975 0.9027 Carbon Tetrachloride 0.0
TA D.M. Water Tert?tol # 25 0.9969 0.8834 . Carbon Tetrachloride 12.8
8a D.M. Water Tergitgl # 25 0.9970 0.8937 Carbon Tetrachloride 0.0
9A D.M. Water Tergizgz # 25 0.9970 0.8937 Carbon Tetrachloride 26.8
10A D.M. Water Tergigg];#l- 25 0.9969 0.8885 Carbon Tetrachloride 24,7

9t



TABLE XX

CHEMICAL PROPERTIES OF THE SOLVENTS AS A FUNCTION

OF VARYING ACGETIC ACID CONCENTRATIONS

Sample Solvent Acetic Acid Concs Temp. Density Viscosity I.T. versus D.M. Water
1b.moles/cu.fte 0., grs./mls CPe dynes/cme
1 Chloroform 0.01 25 1.4693 0.6244 2402
19 Chlorofiorm 0.005 25 1.4708 0.6226 27.5
13 Chloroform 0,000 25 1.4725 0.6059 33.9
2 Benzene 0.01 25 0.8734 0.6101 15,9
18 Benzene 0,005 25 0.8738 0.6134 18.2
11 Benzene 0.000 25 0.8732 0.6098 34,0
3 Toluene 0,01 25 0.8625 045654 17,0
17 Toluene 0,005 25 0.8611 0.5615 2243
12 Toluene 0,000 25 0.8595 0.5606 26.6
4 Isopropyl Ether 0.01 25 0.7262 0.3624 19.4
20 Isopropyl Ether 0,005 25 0.7226 0.3556 17.1
10 Isopropyl Ether 0,000 25 0.7212 063485 17.3
5 Methyl Isobutyl 0,01 25 0.,7790 0.5636 12.3
Ketone
21 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 Tetrachloride 0.01 25 1.5813 0.9333 22,2
16 Carbon Tetrachloride 0.005 25 1.5822 0.9637 27.8
15 Carbon Tetrachloride 0.000 25 1.5860 0.9397 35.7

let



APPENDIX C

HYDRODYNAMIC RELATIONS

From an analysis of the experimental date 1t 1s obvious that
the velocity of the dispersed drops and their hydrodynsmic behavior is
of great importance in determining the mess trensfer behavior in the
turbulent flow regime. In order to study the hydrodynamics of the
liquid drops thelr shape was assumed to be that of a perfect sphere.
Drop deformations were observed to take place in the turbulent regime.
However, these deviations can be correlated by means of relations derived
for the fluid mechanics of spheres.

A liquid drop when released in & fluld medium is subject to the
forces of bouyancy, gravity, and, if in motlion, also to drag. When
these three forces are in equilibrium the motion of the drop is at a
fixed velocity.

The bouyant force on the drop is equal to the weight of fluid
displaced by the spherical drop. Thus for a true sphere:

Fp =T a3 Pg/6
where EBO - the force due to bouyancy
d - the drop diameter
/0 - the density of the fluid medium
Similarly, the force due to gravity 1s expressed by:
Fg :7@3 /')58/6
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where Fg » the force of gravity
s - the density of the liquid within the drop
The analysis of the drag of a continuous fluid upon submerged
spheres has been the object of many studies. The results of these
experiments indicate that the overall drag on a particle such as

a liquid drop is given by an expression of the forms

ED = .% (DVZ A

where Fb - the drag force

¢ = the drag coefficient, dimensionless

V « interfacial velocity

A = the projected area of the particle normal to the flow

When the liquid drop is completely immersed, dimensional

analysis of the hydrodynamic behavior leads to a value of ¢ which
is a function of the Reynolds number, In Figure 43 is reproduced a
plot of ¢ versus Reynolds number for spheres from Page 1852 of
Perry's.eo This curve represents a mean of many experimental deterw
minationse It is possible by analyzing this curve, to arrive at an
expression as a function of Reynolds number for each of the three regimes
of flow=-viscous, transition and turbulente In the viscous regime (Stokes
law) which occurs at Reynolds number up to 2, the drag coefficient is
expressed by ¢ = 24/Re. In the transitional or intermediate flow regime

which extends to a Reynolds number of 300, the drag coefficient is equal

to 18.5/390'6. Finally, in the turbulent flow regime (Newton's Law)
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which exists above a Reynolds number of 300, the drag coefficient is a
constant and has a value of ¢ = 0.44 for perfect spheres.

We can now balance our three forces in accordance with the
direction of flow and densities of the dispersed and continuous phases,
Thus, for the dispersion of a heavy liquid, as drops in a continuous
phase of lower density, our balance of forces is given by the
expression:

Fg=Fp ¥ ¥,
T a2 Pea/6 = %(’vz A ¥ qra3 fe/6

The projected area of perfect sphere is a circlee. Hence by
substituting for A the expression 4rd2/4 and rearranging the terms
it is possible to derive a general expression for velocity as a funetion

of drop diameter and c,

Fetd 40

By replacing our drag coefficient by the experimentally determined
expressions as a function of the Reynolds number, it is possible to
express the velocity as an explicit function of the drop diameter over
each of the three regimes of flow, In addition the velocity can be
‘eliminated and the maximum or critical diameter determined for the
upper limit of the Reynolds number over the regime to which each law
appliesg

Over the viscous regime of flow where Stokes law applies, velocity

can be expressed as a function of sphere diameter by:
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V = 5445 }42_ (P, -P)

the maximum or critical diameter up to which this expression is valid is

given by:
1/3

This following formulas can similarly be derived for the

transitional or intermediate flow regimet

Ve ':70.65 al+® Po - L |2
/40.6 100.4

3 1 1/3
PP, - )

Most of the experimental data has been obtained in the turbulent

2
dK - 7.45/‘( /

regime of flow which extends above a Reynolds number of 300, Over this
regime Newton'!s law applies, and the velocity can be expressed as a

function of sphere diameter by:

P 1/2
g __Ji.ll.li.
| P

When dispersing drops of a low density liquid through a heavier

continuous phase the drops tend tb rise rather than fall as in the
previous case. By rebalancing our forces, similar relations can be
deriveds Thus:

g
1 43 pa/6 = %,ﬂvz At fsg/é
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It is possible to again replace the projected area by that
of a sphere 1Td%/4 and solve for an expression between the velocity,

drop diameter and drag coefficient,

Ve bdg _FP =P
3 ¢ f’
Our calculations can again be simplified by analyzing the data
over the three regimes of flow and replacing ¢ by its equivalent equation.

The solutions for the viscous regime ares

V = 545 '%2‘_ (P-F£)

dg = 0,333 M3 [?m &

The solutions for the transitional regime ares

0.715
¥ e |70.65 a-® P Ps
0.8 D0
1/3

3
Ps=PY

Finally, for the turbulent regime of flow the velocity is

given by the following expressions

Ve l74 dg [ -(;_Jl/z
P

Velocity as a function of drop diameter, assuming the drops to
be perfect spheres was computed over the viscous, transitional and
turbulent region of flow for the liquid systems used in the experiments,

The results are plotted for the solvents - carbon tetrachloride, benzense,
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toluene, chloroform, methyl isobutyl ketone and isopropyl ether dispersed
as liquid drops through a continuous water phase. The velocities,
obtained experimentally by measuring the total time of fall, are plotted
along with the theoretical results in Figures 44 through 50,

In order to determine the accuracy of measuring the average
experimental velocity by the time of fall it is necessary to determine
the rate of acceleration., The theoretical expressions require an infinite
time to reach a terminal constant velocity, However, the time required
to reach some fraction f of the terminal velocity is a finite quantity
and by choosing f sufficiently close to 1.0 will give an acceleration
time which is adequate to evaluate the error in our measuremente

The forces acting on a liquid sphere of a low density fluid,
dispersed in a heavier medium, can be balanced Just as in determining
the velocity. Thuss |

F = Fg - FD - FBO
The forces are then replaced by their equivalent expressions involving
the dimensions and properties of the fluids, When comnon terms are

cancelled the following expression resultss
%g =g _minfé_lﬁl - 3c ___ﬁ{ VR
i 4 d
Ps

The analysis is simplified by replacing the drag coefficient by its

equivalent value over the three regimes of flow, Over the viscous regime
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