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I. INTRODUCTION

Extraction is the separation of a mixture into its components
by the action of a solvent that is selective for one of its com-
ponents. This unit operation, usually carried out as an isother-
mal process, 1s employed vwhen it is economically infeasidle to
perform separation of a mixture by such methods as distillation
and evaporation, or when the physical properties of the system
(such as sensitivity of components to thermal increases or com-
ponents having relatively the same volatilities) would not allow
the employment of distillation or onporatién as separation
methods. Extraction may be divided into two main types, 1. s.
liquid-solid and liquid-liquid.

Iiquid-liquid extraction is the treatment of s liquid
{carrier solvent) containing a solute with a solvent that is
more selective for the solute than the original. Iliquid-liquid
extraction involves: (1) mixing of the solvent and feed mix-
ture, (2) separation of the romiting phases, and (3) removal
and recovery of solvent from cach phase, usually accomplished by
distillation. One criteria for selection of solvents for a
systen is that they should be immisscible, or at the most only
partially miscible, with esach other to allow separation of the
mixture into two phases after contacting and settling of the

three components takes place.



Rate of transfer of a2 solute through an interface is
directly proportional tos (1) conductance, (2) area of
the interface, and (3) concentration gradient across the
interface. In mass transfer, conductance is inversely related
to the resistance offered by an interface. Total mass transfer
through an interface between two given liquids may be incressed
by reducing the interfacial resistance or by increasing the
total interfacial area detween the two liquids. It has been
demonstrated in numerous cases that ultrasonic waves produce
selective interfacial microagitation, gross stirring, and ther-
mal effects in multi-phase liquid systems.

The purpose of this investigation was to design and con-
struct a laboratory scale liquid-licuid extraction unit incor-
porating an ultrasonic field with equirment epecifications ass
(1) 4nscnstion frequency of LOO kilocycles per second,

(2) 4insonation intensities corresponding to plate currents
of 0 to 200 millismperes, and (3) flow rate of solvent and
feed through reactor ranging approximately from one-half to
ten pounds per minute, in varying solvent-to-feed ratics,



IX. LITERA REVIEW

The ultimate use of the equipment and knowledge gained by
this investigation will be to facilitate the study of the effect
of ultrasonic energy on mass transfer in imltiple—ccuponent,
twowphese liquid systems. Three important physical operations
that are used or recognited by chemical engineers are to be
combined in this study to give a better understanding of the
interrelation of the three. These operations ere liquid-liquid
extraction, mass transfer, and generation and applicstion of
ultrasonic waves and energy.

For the purpose of discussion, the literature review for
this investigation has been divided into three main sections:
(1) unit operation of liquid=liquid extraction and its inherent
mass transfer, (2) ultrasonics, and (3) application of ultra~
sonics to liquide-liquid extraction.



Liquid-liquid Extraction

Separation of the components of a nq_uid solution by the
unit operation of liquid~liquid extraction has gained consider-
able importance during recent years in the chemical and oil
industry in gemeral. Study of this particular operstion will
be divided into four general categories, each with related
topics: (1) over-all field and varied uses, (2) mass
transfer occurring in liquid-liquid extraction, (3) differ-
ent extraction systems of operation, and (4) extraction
process oqnipumi.

ILiquid-liquid Extraction. A common problem facing most
chezical engineers in today's complex chemical industry is the

separation of the components of a liquid solution. Extrastion
is one of several methods used in this type of separation,
Others include evaporation, fractional crystallisation, and
distillation. liquid-liquid extraction is usually considered
as & means of performing the desired separation wlun(”:

(1) boiling points of liquid mixture components are within

8 few degrees of each other, (2) one or more compounds are
sensitive to heat, and (3) relatively small amoumts of desired
product in solution would necessitate large heat requirements
for other methods of separstion. Table I indicates the



Method
Crystellization

Evaporetion
Adsorption

lon exchange

Thermal
diffusion

Ordinery
distilletion

Aszeotropic or
extractive
distilletion
Liquid-liquid
extrection

TABLE I

Applications of Various Non-mechanical
Separation Methods

Liquid Solutions
Dissolved Solids —
Volatile Fraction Volatile Frection Close-Boiling
Single Two or More Minor Major . Fractions
NSO, - KCI from NoCl
10 H.O .
Suser; NoCl NaClfrom NaOH Concentration of Flashing of propane _—
. spent H,SO,, fom propane-fat )
butanol from di- extract N
butyl phthalete
Antibiotics Decolorizat Drying of benzene, Recovery of aromatics
of suger gasoline, etc., with from hydrocerbons
silica gnf ond .
alumine gel
————= Sepaeration of —_—— - —_———
heavy metals;
water softening
—_ - -— —_— Toll oil; separation
high-octane gaso-
line components
—_——— _— Subilizetion of Gasoline rerunning  Heavy water
gasoline; recovery
of orgenic solvents;
stripping
_——— _ Absolute slcohol _— Toluene fom hydro-
using trichlor- formate; butediene
ethylene or ether recovery
Phenol rom NoClfrom NaOH Aniline rom water Acetic acid from Lube oil refining
water using using NH,, using nirobenzene  water
benzene chromate from

vanadate salts
using ketanes

Von Berg, R. L. and H. P, Wiegandts
Extraction, Chem, Engr., 59, 6==189 (1952).

Heat-Sensitive
Materials

Quinine from
alkaloids
Eveporated milk
hreeze drying;
fruit juice con-
centretion
Antibiotics

Moleculer distil-
lation; vitemins

Antibiotics and
vitaminsg

1iquid-1iquid



appropriate employment of the various unit operations which
involve phase changes or mase transfer between phuu(as )e

Liquid~liquid extraction must inolude the following sequence
of steps{®)y (1) production of an intimate contact of feed
mixture with solvent, (2) separation into two liguid phases,
and (3) recovery of solute from extract phase and solveant from
both phases. Depending on the particular type of equipment
exployed, steps (1) and {2) may be carried out aimltml&
in the szme extractor or separately in different pieces of
equipment. Step (3) s carried out individually, usually by
distillation.

liquid-liquid extraction as a unit operation has increased
in popularity in recent years in many different fields and
processes, different reasons being responsible in each cass.
Yearly reviews on unit operations, including nquic-nqu:lq extrac-
tion, m presented in "Industrial and Engineering Chemistry.*

Applisstions of Liguid-liquid Extragtion. The petroleun
industry has the largest number of operations involving liguid-
1liquid mmtim, on purely a volume buin(a.”. Important
applications of this unit operation, on a much smaller volume
basis than employed in the petroleum industry, are in the fields

of phamaceuticals, vitamins, and antidiotics.



In general, extraction is thought of as being applicable to
the separation of molecules of different chemical types, while
in contrast distillation is carried out to accomplish the separa~
tion of molecules of different sizo or molecular migbt(?"’).
Extraction methods have proven valuable for removal of trace "
amounts of impurities and colored bodiss, for recovery and puri-
fication of wide varioty of organic compounds and pharmaceuticals,
and in treating liquors whose solid ccntent create difficulty in
heat transfer in the desired gseparaticn by vaporization methods.

The major commercial applications of liquid-liquid extrac-
tion processes ars natod(“) in Table II. Varied examples of
this increasingly popular unit operation ares (1) extraction
of chlorophyl from altalfa(% ), (2) separation of chromium &nd
vanad {um salts(m), and (3) hydrocarbon separation by use of
liquid carbon diozido(zﬂ.



TABLE IX
Hajor Comsercial Applications of

Liguid-liquid Extrsction Processes

I. Petroleum Refining

A. Separating high purity products
oluene
Butadiene
Olefins

B. Separating one or more groups of compounds from cuts of wide
oiling range

1. Treatment of kerosene, Edeleanu (93)
2. Lubricating oils treated with selected solvents

Edeleanu (liquid SO3)

Chlorex [bis(2-chloroethyl)ether]
Duo-Sol -
Furfural

Nitrobenzene
Phenol

C. Dewaxing, deasphalting, and decarbonizing operations

II. Extraction of Acetic Acid
A. Wood distillation

B. Recovery of acetic acid from dilute solutions_from cellulose .ace-
tate, etc.

III. Phenol Recovery
A. Raschig process, primary phenol production
B. Gas works liquids, recovery and by-product phenols
C. Recovery of phenol from a wide variety of solutions

IV. Chemical Processes with Liquid—Liquid Contacting
A. Nitration {Here the value of countercurrent operations may be
B. Sulfonation | questioned because of the danger of over-reaction

V. Vitamins and Antibiotics
VI. Vegetable Oil Refining

VII. Fischer-Tropsch Synthesis of Liquid Fuels
A. Separation of water-soluble by-products
B. Separation of oil-soluble oxygenated by-products

Hopello, V. e and B. Poffenberger: Commercial Extraction
?Aﬁimt’ Ind. Enge. Chem., g, 1021 (3-9%).



Mass Transfer in Liquid-liguid Extraction

Mass transfer is the movement of cne or more components
between phases of a qatm(é). Exaxnples of mass transfer are
the abeorption of a volatile component from a vapor phase, the
extraction of a component from a solid or ligquid in solution by
a solvent, and separation of volatile components of a liquid
by distillation. Solute transfer across a ligquid-liquid inter-
face is a particular case of a general problem, that of reactions
occurring at or across phase boundariu(”).

Diffusion Process. Moving immiscible liquids are brought
into contact in extraction operaticnas for the purpose of causing
diffusion of a solute from one liquid to the other across the
phase boundaxy”s ). In this diffusion process the solute passes
through various portions of the fluid that are in viscous or
turbulent flow.

Iwo-film Theory. Experimontal work conducted on kinetics
of mass transfer across liquid-ligquid boundaries has been less
than that carried on for gas-liquid and solid-liquid systems.
The two-film theory developed by Lewis and Hhitlm(u)

absorption has been genorally extended to liquid-liquid

for gas

systeus.



Assumptions made in the case of the two~film theory may be
lmriud(s ) ass 7

le "On either side of the interface, betwesen the two moving
immiscible liquids in contact, there existe a relatively station-
ary fluid film,

2. The disturbed main body of each fluid is in comparatively
viclent motion and solute concentration gradients therein are
rapidly equalized due to mixing by fluid motion.

3. Transfer of solute acrovss the interface does not take
place by diffusion. Equilibrium is set up here and the transfer
of solute invclved is the result of the prevailing equilibrium
conditions. This reaction is so rapid that it is not a con-
trolling factor in the procsss.

4. Passage of the solute through the stationary films can
ococur only by diffusion and concentration gradients are set up
in consequence through each staticnary film.

5« The only controlling factor in the process is the rate
of solute diffusion across the interfacial staticnary films."

Yalidity of Two-film Theory. The two-film theory as
descridbed, while generally applied to liquid-liquid systems,
is not always accepted as the proper approach to the problea.
Investigations have shown that under conditions of high tur-

bulence, eddy and not molecular diffusion may be the mechaniam



of transport to the interface in liquid-liquid qyatm(”). It

has also been found(“o) that transfer of many organic compounds
across liquid-liquid interfaces sets up interfacial turbulence
even in unstirred systems, for example, acetone transferring
between ethyl acetate and water. It is the opinion of Lewis
end Putt(”’ 40) that unless turbulence is known to be absent

at the interface, the two=-filu concept should not be applied,

for even if empiricsl comhtiox;u can be obtained with one zystem
in 8 particular extractor the data canmnot be transferred to other
systems of other equirment.

Fila Conditions. In a study of mobile and rigid ﬁha(”)
4t has been suggested that while in general mobile films have no
effect on transfer rates, rigid filxs reduce transfer poseibly
by damping Sinterfacial tension.

w. The over-all rate of reaction at
phase boundaries may be thought of an being controlled by the
following tactors( m’)t

1. ¥Mass transfer on the cmiinuous;phaae eide of the
interface. |

2. Chemical reaction at the interface or mass transfer
through it. |

3. Mass transfer on the dispersed-phase side of the
interface.



This claseification leads to three possible types of
raact.iom(”) s

1., Transport-controlled, where the rate of reaction is
much faster than the rate of mass transport to and from the
boundary.

2. Reaction-controlled, where the rate of reaction is
much slowor than the transport rate.

3. Complex, where the two rates are of the sams order
and both factors are theresfore inportant.

(83) that rate of

Rate of ?rmsfer. It has been propoéed
transfer of a sclute between twe immiscible liquids is controlled
by laws cf diffusion. This would indicate that the rate of dif-
fusicn is proportional to the concentration gradient and surface
area across which the diffusion is taking place. Potential for
the diffusion is determmined by the concentration of the diffusing
material in the bulk of the first fluid, and the solute concen-
tration which would be in equilibrium with the bulk of the second
liquid phass. If the two concentrations are egqual, no diffusion
or mass transfer will take placo“o).

Rate of solute transfer from diluent to solvent layer is
dim;ly proportional to the area of contact and degree of
agitation(a). Frediction of mass transfer behavior for

agitated heterogenecus systems may be made by a method devised
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by Vermenlen, Williams, and Lnngloio(m‘). Their method of

determining interfacisl area and mean drop diameter by photo-

eloctric cell mecasuraments offers a practical index to the

effectivenoss of particular methods of mixing irmiscitle ligquids.
Rate of transfer nay alsco be exprezsed ee:

N

]

K A 20y (1)

where:

~N. = 1b mols solute transferred per unit time,
° 1b mols/hr

K = over-all mass transfer coefficient,
1b mole/sq ft - hr - unit conc diff

A = total interfacial area of contact, sq ft
«Cim = logarithmic mean cmncentration difference

at either end of extractor based on
inorganic phase.

Effect of Flow Rate on Transfer. For low flow rates, trans-

port to the interface takes place by molecular ditmlim(” ).
With an increase in turbulence, an increased transfer rate will
be ovident as the diffusional layer thicknesses will be decreased.
Disruption of the diffusional layer by increased turbulence will
cause transfer to the interface by eddy and not molecular diffu-~
sion, with a slight increase in flow rate having & large effect

on the transfer rate.



® Mass sfer Ccefficient. The over-all coeffi-
cient ie considered as the reciprocal of the total resistance
to mass transfer fram the body of one phase to the other“o).
Over-all resistance is assumed to be composed of two resist~
ances in series, resistance to the two filxs at the interface
being considered sprreciable. In terms of individual film
transfer coefficients, the over-all coefficient has been shown

to bet
VK, = Uk, stk (2)

wheres

Ey = over-all cocfficient based on water phase,
1b mols/hr - sq ft - 1b mol/ecu £t

k' » 4ndividual coefficient of water phase,
15 mols/hr - 8q ft - 1b mol/ecu ft

k. = individual cosfficient of solvent phase,
' 1b mola/hr - sq £t - 1b mol/ou ft

H = dietributiocn coefficient, dizensionless.

Distribution Eguilibrium. The laws of diffusion and dis-
tridbution equilibria govern the transfer of a solute from the
ocarrier solvent to the extracting solvent in an extraction
operation,

If to a liquid system of two phases there is added an
amount of a third liquid or sclute that is soluble in both
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phases, thie added substance will be distributed between the
two phases in a definite ratio at a given tcmponmn(”).

In equation form, tinls distributicn law may be stated ast
€y/C; = K (3)

wheres

€1 = solute concentration in first liquid phase,
ol fraction

C; = solute soncentration in second liquid phase,
mol fraction

H

distribution coefficient, dimensionless.

For ideal situatione, this law gives a linear relationship. For
most actual extraction operations, however, the 1linear relation-
ship holde only for very dilute :olutionl( 25) .

The relation of solute distribution between the carrier
solvent and proposed extracting solvent is an important factor
in choice of the solvent most advantageous for any particular
extraction operation. Figure 1 illustrates the distribution
of a solute between two liquid phases.

Theoretical Transfer Unit. In order to evaluate con-
tinuocus extraction equipment, there is need of some standard
to which the equipment may be compared. To get away from the
ideal stage of single contact, Ccl.burn(r"m) proposed the idea

of transfer unite. This transfer unit is the concentration
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change experienced peor unit of concentration causing the change.

In equaticn form, the transfer unit may be expressed u(32) !

b £
X -/1_.-@__ (1)
Y-y
72

¥ = rumber of mazs transfor units, dimensionless

where!

¥ = concentration of solute in one phasas, mol
fraction

y’ = concentration of solute in extract phase that
is in equilibrium with the congentration of
solute in raffinate phase at the same peint,
mol fraction

¥y = concentration of solute in the extract phase
at the feed end of the column, mol fraction

Y2 = concentration of solute in the extract phaze

at the solvent end of the column, mol
fraction.

Extraction Efficiency, Height of a Transfer Unit. For
extracticn operations in general, the stage efficiency may be

thought of as the number of theorstical stages required for
the extrastion divided by the mumber of astual stages required
to perforz the desired extraction. For use in continuous
axtractors, Colburn(7+18) pap suggested that a unit length
of a column be defined as the continucus eountercurrent



equivalent to a theoretical tranefer stage. A measure of the
column efficiency is the actual height of a pnrticuhr column
divided by the number of transfer units. This may be exrressed

HIU, = - (5)
wheres
HeTsUs = height of a transfer unit, ft
H = height of column, £t
N = nunber of theoretical transfer units,

dimensionless.

Fromn this, the H.T.U. value for a column can be used as means
of evaluating the column efficiency.

Height Equivalent to a Theoretical Stage. Stagewise columns
may be compared by means of the height equivalent to a theoret-
ical stage{?), or H.E.T.5. The H.E.T.5. may be defined as the
total actual height of the column divided by the number of theo-
retical stages. H.E.T.E. is analogous to K.T.U. but is used for
stagewise extraction, while H.T.U. is used for continuous counter-
current extraction. Figure 2 {llustrates the difference between
these two terms, H.T.U. and H.E.T.8, |
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d-liquid Fxtrection Systems o rati

The operation of extraction may be divided into four basic
oystems with regard to contact bstween foed and solvent. Thess
four eystems ‘"(9)' (1) eingle contact, (2) sizple multiple
contact, (3) countercurrent multiple contact, and (4) con-
tinuous countercurrent contact with reflux. A further break-

cown of these four systems has been proposed by Kl;m(” ) ast

I. 8ingle Contact
Il. Multiple Contact
A. Cocurrent
1. Multistage
2. Differential
B. Continuwous Countercurrent
1. With Reflux
2. Without Reflux

Single Contact. This is the eimplest type of extraction,
solvent and feed being brought together for a single batch
extrastion. Final extract and raffinate from & single contact
operation are essentially in equilibrium with each other, the
amount of solute which may be extracted with a given amount of

solvent being nnitod(éa) « This type, typical flow arrangement
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teing shown in Figure 3, is scldam cmployed for large scale
incustrisl work.

Hultigie Contect, Cocurrent. XNultirtage extraction of
this clessificaticn indicates feed solution being treated with
successive portions of freeh colvent, each portion performing
an ideal contact. The mixture formed in each stage is separated,
with raffinate going to the next stage to be contacted with
fresh aolvent‘”. In differentiasl cocurrent contast, solvent
is added in differential portions, with extract being removed
as faet as it is formod. Illustration of flow arrangement for
this type extraction is made in FPigure 4.

Multiple Contact, Continuous Countercurrent. True counter-
current extraction would require the two liquid phases in con-
tact with each othor to pass continuously in opposite directions.
Reflux may be ueed in extraction operastions in a manner similar
to that of diatﬂlat.ion(&). Reflux is provided by removing
solvent from the extract leaving the coluan so as to fom o
heavy extract phase saturated with solvent, part being returned
to the column, and the remainder being withdrawn as extract
product. This procedure gives an extract much richer than an
extract of composition in equilibrium with ths fecd.

Two major points of interest concerning the use of reflux

in extraction cannot be overestimated frcm the standpoint of
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practical _applicabmty(sz): (1) through the use of proper

reflux it 1s possible, with a reasonable nuxber of stages, to
make separations which woula otherwise de impossible even by
the use of an infinite number of stages, and (2) 4n order to
separate a constituent from a mixture, the solvent used does
not necessarily have to be selective toward that constituent,

if the right type reflux is employed. The fact must not be
overlooked that reflux advantages may be had only at the expense
of more solvent or onorgy per unit charging stook and lese
throughput of product. An example of flow arrangement for con-
tinucus countercurrent extraction is shown in Figure 5.

Systems of Operation by Solvent Clsessification. Another
convenient mothod of classifying cxtraction systems depends upon

the nature of the soivent and physical arrangement of the appara~

tus empl.oyod(%)
tinuous contact, depending upon desired conditions of operation.

» each divisicn having both stagewise and con-

1., 8ingle solvent systems, including all those which gon-
sist of, or which may be reduced tc the equivelent of three
components, the two to be separcted and the solvent.

2. Mixed solvents, arrangements employing a solvent solu-
tion consisting of at leset two components.

3. Double solvents (fracticnal extraction), arrangements
where mixture to be separated is distributed between two immisci~
ble solvents, the system containing at least four components,



-25-

EXTRACT EXTRACT EXTRACT
v 2 €3 l
= [ 3 =
(=3
. 55 se ex
reco _|FIRST ces L |8 s THIRD ; «
MIXER .a w MIXER e
R' - oS -
o u o
] |
RAFFINATE-R, |___RAFFINATE-R, A IAFFINATE-R3
SOLVENT-S,

Figure 5. Continuous Countercurrent Extraction

Bull, F. W, and G. J. Coli: Graphical Hethods as
Applied to Extraction Problems, Va. Pely. Inst.,
?h@k;burg, Va., Engr. Ixpt. Sta. Bull., Mo 72

1949).



Most liquid-liquid extraction operations are of the first
classification, or eingle solvent systems. In lpoc‘hl cases
where it is desired to bring about modification of single sol-
vent effects such as improvement of zelectivity and lowering of
solvent freesing point, a mixed solvent or solvent solution is
oaployed as the extracting uodim(77) .

Calculstion Metrods. Algebraic methods of calculating the
nuxber of thecretical number of stages required to achieve a
certain degree of extraction have been propoud(3") « However,
because of difficulty in application of the algedraic mothods,
graphical methods using the principle of these ideas have come
into prominence.

The method of Ponchon and Saveritt has been modified for
utiliszation in extmtion("” » making use of the solvent content-
concentraticn diagram for a ternary system. This particular
method is covered by Brmm(e’), Perry(z”, ané Bull and 0011(9).

Material balances carried out on the triangular phase
diagran gave a graphical solution to countercurrent stege-
wise extraction operations. Proper esployment of this type
phase diagranm, giving necessary relaticns between camposition
and quantity of extract layer leaving any stage and those
of raffinate layer leaving the sanue stage, is covered by
" Hunter and Nash(*), perry(25) end Bull and co11(?),



Saal and Vean Dyck(ss)

distillation and extrastion in their main forms and also mention

exphasize the analogies between

_ the possibility of applying to extraction a graphical method of
computation similar to that developed by McCabe and Theile.
Explanation and application of this method is covered by
Brow(®) and Bull ana cor1(%.

For the exact procedure of the various graphical methods
of calculation, reference is made to the authors cited, par-
ticularly to Pom(25 ) » who gives a very good diesussion and
bibliocgraphy for the various methods.

Design of Extraction Fquipment

Operaticns involving physical separation are essentially
ones in which power is expenced to make a scparauon(z). Extrac~
tion is one of seversl operations in which the power required is
expended to a reasonable degree of over-all efficiency, power

requirements in extraction being largely the heat required for

recovery of aolmt(“) o As operating costs of the actual

extractor iteelf may be considered small in comparison to total
cost of operating the entire system, including power, a design
of extractor that will give more ease in operating and less
maintenance troudble is usually the cne chosen.
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In a continuous liquid-liquid extraction operation, the
function of the contactor is to provide a large interfacial area
for mass transfer between the two liquid phun(m). Production
of this interface in a manner best suited for the particular
systex in operation determines many of the special features
found in the different extractor designs.

Commercial extraction equipment has not been generally
standardized, developing over a period of years as found best
suitable for particular situations, mixing and contacting of
the two phases first and then separation of the phases being
the basic duty of equipment in the over-all operation.

Equipment Classificaticn. A major classification of extrac-
tion equipment may be based on the method used for separating the
two phases, gravity or centrifugal force, most commercial extrac-
tors being of the gravity typo(“) + A general classification of
types of extraction equipment is given in Table IXI. Illustra~
tions of typical extractor types discussed are shown in Figures
6 through 12,

Mixer-settler. The mixer-settler type of extractor, using
a sories of vessels, is the oldest extraction device for both
batch and continuous opouucn(as). This type extractor con<
eists of a mixing chamber followed by a settling chamber for

each stage of extractor. The mixer, only a centrifugal pump



TABLE III

Claseification of Extraction Equipment

I. Two Phases Sepsrated by Gravity
A. Contact made through one phase as a film
l. Extended surfaces
2. Packed towers
Large packing grids
B. Contact made with one phase dispersed as droplets

Bj. No additional power B,. Extra power used

used to maintain to redisperse or
dispersion or maintain disper-
redispersion sion

l. Spray tower 1. Mixer and

2. Baffle tower settler

3. Perforated plate 2. Baffle tower
4. Bubble cap with movable
5. Pscked tower meumbers

II. Two Phases Separated by Centrifugal Force

Morello, V. S. and N. Poffenberger: Commercial Extraction
Equipment, Ind. Eng. Chem., 42, 1021 (1950).
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at times, is usually a chamber having a propeller or turdine
agitator and baffles. Several variations of this type extrac-

tor have developed over a periocd of years, two recent develop-
(48)

and a "punp-mix* settler developed by Coplan and Davidson(zo).

ments being one reported by National Research Corporation

Spray Column. A spray column is a vertical cylinder through

vhich one liquid flows as the continuous phase, with the second
liquid dispersed in the first(85). Lensitly relation of the two
liguide determines direction of flow. Spray columns are the
simplest type of extraction equirment in construction and
operation, having low cost, high capacity, and ease in cleaning.
This column 48 not used to any large extent in cormercial extrac~
tion operaticne; however, one’oi‘ the few commerciel applications
is that employed in the Columbia alkald procow(so) for extracting
sodium chloride anc sodium chlorate to make "rayon grade® caustic
soda from electrolytic scda.

Packed Column. This extrsctor is very similar tc the spray

column; a solid material such as Raschig rings or Derl saddles
is employed as packing to help increass dispersion. Facked
towers are used extensively in many chemical and petroleum

(85)

operations v

Ferforated and Sieve Plate Columns. The principle of
redistributing the dispersed phase into droplets a number of
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times by passage through plates having a large number of emall
holes is utilized in this type of extractor. There are many
various designs of this type column, tray spacings varying from
eix inches to two tut(es). Operation of this type column
depends upon the dispersed phase collecting under or above
each plate until sufficient pressure is developed to cause the
liquid to move through the holes in a Jet and form droplets
that proceed to the next plate to perform the cycle again.
Perforated plate columns, especially those with perforations
in vertical plates, have proved very satisfactory whers they
have been installed, being very popular in the oil industry.

Baffle Columns. The basic idea of this type extractor is
a tower fitted with horizontal baffles over which the disgpersed
liquid phase flows, forming a large surface for contact with the
continuous phuc(as ). Liquid flows across one baffls and then
cascades to the one below. ‘rhia‘typc colunn is one of the most
satisfactory types of cozmercial cxtmtors(“) » being of simple
construction and with no small holes to plug or corrcde. Smooth
flow of liquid makes it possible for this type column to handle
liquids that emulaify easily and would present problems in
other type extractors.

Pulse Columns. In recent years an idea of glving increased
turbulence and interface in either a packed or perforated plate
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column has led to development of pulse columns. In such a column,
an up~and-cown pulsing motion s superimposed on the net countere
current flow of the liquid phases through a series of stationary
perforated plates or packing nat.orial“l). Experimental pulse
colunns have demonstrated that they are equal in extraction per-
formed to ordinary columns three to five times as high. Emulsi-
fication problems are thought to be a possible limit to maxizum
use of thies type column.

Centrifugal Extractor. In recent years a special type of
extractor utilizing gentrifugal force has come into use for
special purposes. This type extracter is expensive, requiring
careful design and construction to withstand severe mechanical
stresses, This extractor, having a high throughput to inventory
rat10{%), 1s very useful in hendling materials which are easily
decamposed, or which undergo spontanecus degradaticn in the
process liquors. Application of this type extractor comrercially
has been mainly 1n the field of antibiotics and vitamins.
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LUWESTA cextractor combines three stages in one machine.

Figure 12. Luwesta (Centrifugal) Extrastor

Yon B"s. L. L. and He Fo W’.ﬂzﬁfﬁ" uquid"liqnid
Extraction, Chem. Engr., 59, 6--189 (1952).



Ultrasonics

"Ultrasonics,” sometimes confused with "supersonics," is
the temm employed in the field of acoustics that refers to sound
waves of a frequency that is above that ncmally detected by
human beings, approximately 15,000 to 20,000 cyles per ueond(”).
("Supersonics" is now generally thought of as related to the
epeed of airplanes or missiles traveling at a speed greater than
that of sound in air.)

Loomis and wood(u). in 1927, carried out a series of
investigations of the applications of ultrasonics that had a
great impact on the thinking and efforts of other scientists
in this field of investigation. Their investigations were more
qualitative than quantitative, in that observable effects of
ultrascnic waves such as cavitation, emulsification, formation
of fogs, ets., were reported. Much varied work has been accom-
plished eince the time of this study to further investigate the

properties, effects, and possible uses of ultrasocnic \nvu("’”'

“096'»72).

Ultrasonic Generators. Over the poriod of years during
which ultrascnic wave studies have been conducted, several

types of wave generators have been developed. Four principal
types of generators used in ultrasonic work aret (1) pleso-
electric, (2) magnetostrictive, (3) electromagnetic, and



(4) gas current. Of these four types of generators, the most
widely sccepted and used for the treatment of liquid gystens is
the plezcelectric. As the generator used in this investigation
ie of the plezcelectric type, further discussions of the last
three types will not be undertaken.

Piezoelectric Cenerators. Piezoelectric crystals were
employed in the ultrasonic generators initially constructoed
for experimental studies and are still prominent in the applica-
tion of ultrseonic waves to varicus systems of different states
of matter. The word piescelectric comes from the Greek language,
meaning *pressure electricity.® Jacques and Pierre Curio(u)
found in 1830 that thie effect of "pressure electricity” holds
for eeveral crystals, including tourmaline, quarts, and Rochelle
salt. A more quantitative definition of piesoelectricity 1.(12)
“the electric polarization produced by mechanical strain in
erystals belonging to certain classes, the polarization being
proportional to the strain and changing sign with it.®

If pressure is applied to a orystal belonging to a crystal
-yim without center of symmetry, certain crystal faces become
olootricall& charged; conversely, if a potential difference is
applied to certain faces of the orystal, it contracts or expands
acoording to the direction of the applied voltage. Figure 13

illustrates the piezoelectric charging effeat of a quarts crystal.
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Excitation of piezoelectric crystals is caused by applica-
tion of a high frequency clectrical field to the crystal surface.
Maximum vibration of the crystal surface is obtained when the
frequency of the applied electric field is the saco as the
natural mechanical frequency of the crystal. Fiezoelectric
oerystals used for ultrascnic studies are connected by suitable
electrcdes to a high frequency generator and either immersed in
an oil bath or mounted so that the erystal surface is in contact
with oll or other liquid tranemitting medium. In some cases, the
transnitting medium may be the liquid that is to be treated.

Plezoelectric Materiasls. Plezcolectric materials for ultra~
sonic gérwratora are available in a comparatively wide variot.y(m).
FProperties of the various materials differ widely, and determine
to a large extent the application of each type material. Quartz
erystals are very well suited for frequency controlj quartz and
EUT (ethylene diamine tartrate) are used for crystal filtering;
ADP (axmonium dihydrogen phosphate) has been used in applications
of Sonar(m).

A plezoelectric material that has proved to be well suited
for ultrascnic applications in liguid mediums is the ceranic
barium titanate (Ba‘riOS)(m) . The comparison chart, Table IV,
indicates scme of the desirable properties of barium titanate

in relaticn to other piegzcelectric materials. For a given



TABLE Iv

Lemparative Chary of Physical Properties
of riescelectrie Crystals

Voltage Out  Elastic Frequency
Motion Qut Force in Modulus Voltage Out Coupling Constant
Voltage in Dielectric g Y Motion in Coefficient short-
_d Constant V'm 10° Newton Yg circuited
Expander Modes 10 ¥ m/V K Newton m? 10 V/m k=ydg Y kc.mm
Rochelle Salt (34°C)
X cut lateral 165 200 .093 19.3 2.9 .54 2100
Y cut lateral 27 9.2 .33 10.7 3.6 31 1180
ADP . .
Lateral .24 15.3 177 19.3 3.4 .29 1630
Quartz .
Lateral and) 2.3 4.5 .058 80 4.6 .103 2700
Parallel )
Lithium Sulfate (LH)
Parallel 16.0 10.3 175 46 8.0 .36 2380
DKT .
Lateral 11.0 6.5 .192 25 4.8 .23 1770
EDT
YX cut Lateral n.s 8.2 .156 26 4.0 .22 2050
Tourmaline .
Parallel 1.93 6.6 .033 160 5.3 .10 3600
Barifum Titanate, Prepolarized
Parallel 190 1700 .0125 87 1.10 .46 2000 - 2500
Lateral 8 1700 .0052 87 .45 .19 2000

Butterworth, J. W.:

Industry, "Ultrasonice--two Symposia. Chem.

Prog. Sym. Series, No 1, 47, 71 (1951).

KEilowatts of Ultrascnic Power for

Engr.
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applied voltage, the obtainadble physical motion of a barium
titanate crystal is approximately 80 timos greater than that of
quarts. High potentials, in the order of thousands of volts
for quartsz, are not required for the use of barium titanate.

Raw materials for production of barium titanate crystals are
sbundant in this country, and this material may be cast, pressed,
or extruded in various shapes and sizes according to demand.
Several different shapes of available barium titanate crystals
are shown in Pigure 14, A very useful barium titanate element
is that formed in the shape of a focusing bowl. Higher intensi-
ties are obtainable from focusing elements, in relation to other
type elezents, as is evident in Figure 15.



Pigare li. Various Availabls Ffhapes of Barium

Titanate Crystals

Stokes, Ce Ae and J. E. Vivianm: Applications of Sonic
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gfoctg of Ultrasonic VWaves

In the application of ultrascnic waves to the treatment of
liquid systems, cavitation is responsible for many of the result-
ing effects. For this discussion, the effects of cavitation in a
liquid are divided into four parts: (1) mechanical, (2) ther-
mal, (3) chemical, and (4) electrical.

Cavitation. "Cavitation" refers to the formation and violent
collapse of small bubbles or cavities in a liquid due to pressure
changes, in a "plus and minus" relaticn, to which the liquid may
be cubjcct.od(aq). A study and understanding of cavitation is
important in such varied fields as medicine, hydraulics, water
transportation, water signal transmission or cosmunication, and
industrial materials processing. The importance of this phenom-
enon of cavitation in liquids is emphasized by the impressive
array of works compiled as a cavitaticn bibliognphy("” by the
David Taylor Model Basin in Washington, D. C.

Magnitude of the pressure required to produce this rup-
turing effect in a liquid depends upon conditions surrocunding
and condition of the liquid system in question. Cavities, gas
or vapor filled ranging in size from submicroscopic to large
enough to be seen by the naked eye, may be formed in & liquid
by chemical, mechanical, or thermal action. Cavitation can

ocour in a liquid system when the toctal pressure at a point
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in the liquid body is reduced to the vapor pressure of the liquid
or delow, and may be produced in a liquid by the applicaticn of
high intensity ultrasonic waves. A liquid undergoing ultrasoniec
treatnent is subjected to cyclic compression and tension, rupture
of a liquid by this manner depending greatly on the magnitude of
the tension, or negative pressure, during the rarefaction phase
of the ultrascnic wave in the liquid.

Conditions Favorable for Cavitation. Cavitaticn will not
occur in every liquid system inscnated by ultrasonic waves.
Intensity of the wave, physical condition of the liquid, and
surrounding conditione combine to determine when and where
cavitation will occur. A general mtmaitj level of spproxi-
mately 0.3 watt per square centimeter is suggested by Snul(”)
as that required for cavitation in a nqﬁid systen under atmos-
pheric pressure. Physical condition of the actual liguid
insonated is directly related to the occurrence of cavitation.
Presence of dissolved gases or nuclei in liquids is nocuury(”)
for cavitation to take place under normal operating conditicns.
An outside pressure on the liquid of approximately two atmos-

pheres 1s suggested as the most favorable for uviution(n’“).

Mechanical Effects of Cavitation. Terrific point-wise
hamering and pounding forces result from the high pressures
produced on collapse of cavities in a liquid. The over-all



resultant force is one of very violent agitation. Pressures on
the order of 765 tons per square inch may be created by a cavity
collapsing at 1/100 its original nin(so). Agitation caused by
this terrific shearing and tearing action plays an important
role in the effects of ultrasonic waves.

Thermal Effects of Cavitation. It is known that a liquid
undergoing ultrasonic insonation over a pericd of time exhibits
a temperaturs riu(3 "‘2'&’). Although the rise of the entire
body of liquid may be only a few degrees, it has been estimated
that point-wise temperatures at collapse of cavities may rise
as much aa several hundred dogrou(sa).

Intense sound treatment in liquid and soclid systems is
always accompanied by considerable thermal effects which are
very greatly increased in the presence of extended phase

6
boundaries, as they occur in micro-heterogenecous uyatm( h).

Chemical Effects of Cavitation. ‘“1“1“(88) reports
detailed investigations of some chemical effects of intense
ultrasonic waves in liquide as follows: (1) Iliberation of
iodine from an aqueous solution of potassium iodide and carben
tetrachloride, (2) delay in formation of colloidal sulfur,
‘and (3) depolymerization of polystyrene in toluene and
hydroxyethyl cellulose in water. In the three cases studied,
it was found that ultrasonic waves cause chemical reactions
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in liquids only in the presence of dissclved gases, indicating
that cavitation is responsible for these effects. ¥elssler
defines "scnochenistry®(8?) a5 nthe production of cheaieal
changes by sound waves."

A comprehensive listing of reported effects produced in
ultrasonic fields that appear to be correlated with chemical
action is presented by Thcupoon(72). Such effects mdludo:

(1) accelerated reaction rater, (2) electrolytic effects,
(3) oxidation, (4) luminescence, (5) polymerization,

(6) decomposition, (7) 4nversicn of suorose, (8) increased
erystallization, and (9) the determination of molecular
properties.

Electrical Effects. Electrical effects of cavitation have
been investigsated, but due to the lack of conclusive informa-
tion, no definite theoriss in regard to this effect have been
advanced. One hxvutigntor( 53) did find considerable variances
in potential in a region of cavitation in a liquid, while none
were found in the same liquid not undergoing cavitation. Another
inwuugator(zs) advanced the idea that electrical forces created
during cavitation are responsible for observed chemical reacticns.



Amncationa of Ultrascnic Haves

Chemical engineers have always besn intrigued by new and
differont forms of energy and poseidble applications of that form
of energy to oporationé or processes. As another new form of
energy with possible uses, ultrasonic waves have become a new
tool(n) available to chemical engincers in their endeavor to
ever improve unit operations and unit processes. The application
of ultrascnic waves in a technical manner may be divided into two
major tiolda(u ): (1) low-power applications, ultrascunic waves
being used 2s an instrument for inspection, testing or measuring
and (2) high-power applications, where the energy carried in
the ultrasonic wave is utilized in bringing sbout a physical or
chemical change.

Ultrasonic Testing. Non-destructive testing of materials
by use of ultrasonic waves is one of the first applications to be
employed cormercially on a large scale. Ultrasonic instruments
are used for inspection and disccvery of minute flaws in many
types of materials, including steel, aluminum, magnesium, brass,
plastics, and glass. There are three general types of tests
that can be performed by use of ultrascnic mu(m) t (1) step-
by-step plant inspection during fabrication, (2) <fatigue testing
to periodically check parts that may develop faults due to
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continued uee, and (3) repair testing, to locate arecas to be
removed, rewelded, etc. The advantages of ultrasonic testing
are brought cut in the realization that emall flaws through 30
feet of steel may be dctectod(n), and that fatique testing may
be done on equipment ghafts and axles while actually in place on
equipment pleces.

Thickness gaging for such materials as steel or aluminum is

carried out by ultrascnics using a pulsed ultrascnic toater(l”.

giving good results on thicknesses of one-half inch and up. ‘A
resonance method is used in testing thickness of parts between
0.005 and 0,5-inch thick.

Ultrasonic Cleaning. Perhaps one of the most useful appli-
cations of ultrasonically induced cavitation is in the clognin;
of small precision metal parts that have been contaminated by
dust or process oils. Remington Rand and 80hick("’ ) exploy this
idea to great advantage in the economical, fast, and sure clean-
ing of elsctric razor heads. Ultrasonic ecleaning of very small
and accurately machined parts for dmctto instruments has been
developed by Bendix Aviation Corporatical’3), ‘

Ultrascnic Pmulsification. The possibility of ueing ultra-
scnic energy as a means of obtaining emulsicns of two immiscidble
liquids has been investigated quite thoroughly by Bondy and

Sollner(“’“’w’éa) and by othora(u’). These investigators
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found that this emulsifying effect depends on ultrasonically
induced cavitation. Interest in this method of forming emulsions
is high in the pharmaceutical industry for special purposes and
for making emulsions of very small quantities of uquida(u).
‘rroger(l’s ) reported that large volumes of liquids may be
successfully processed by using the Pohlmann Ultrascnic Whistle.
One thousand liters of a 20 per cent paraffin emlsion were
obtained by rocirsulaticn. Without the use of ultrasonics,
only a five per cent emulsion was obtained.

Ultrasonic Comvunication. Sound signalling was cne of the

first technical applications of ultrasonics. One of the first
investigators interested in this field was M. L. F. Richardaon(“) ’
who was influenced by the sinking of the "Titantic.® His work was
centered around patented methods for detecting the presence of
icebergs in fog by use of ultrasonic waves. Underwater submarine

signalling using ultrasonic wavee has created interest during war
tu.(n)o

Miscellaneous Applications. As a new type of energy, the
possible use of ultrascnics in many and varied fields has been

studied by numercus perscns. Not all of these studied applica-
tions are used on a commercial basis, for various reascns. Some
of these mistellaneous applications are: (1) dimprovezent of
leather conditioning(s5), (2) flotation ore dressing(s),
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(3) water dcgasaingu 3,45) » (4) degassing of molten glass and

metal.s(”"‘”, (5) tinning of aluminum for soldering(”"‘s ),
(6) descaling metal otripa(l‘s ) » (7) acceleration of eleatro-
chemical reactions(39s81), (g) dust preetpitation(21,22),

(9) carbon black s.gglmomtim(?o) , end (10) processing of
milk('??) .

ation of Ultrasonics to uid- Extraction

Problems in which rate processes m‘controllod by diffu-
cion of material at an interface are everyday occurrences for
chemical engineers. These diffusion rates, within reasocnable
limits, are related to veloocities at such interfaces. Because
of the high local velocities sssociated with high frequency,
high intensity sound energy, it is thought that an increased
rate oé mass transfer may be obtained at the interfacial boundary
between two phueu(” ).

Liquid-liquid Extraction. Liquid-liquid extraction processes
include the following sequence of steps: (1) production of an
intimate contact of feed mixture with solvent, (2) separation
| into two liquid phases, and (3) recovery of solute from extract
phase and solvent from both phuenw” . Steps (2) and (3),
although affecting the over-all economic efficiency of an
extraction operation, do not affect the actual mass transfer



of solute in the systea in the manner of step (1). The accom~
plistment of a better contact between feed and solvent has been
the prime consideration of the many and varied new equipment
designs created. The number of deaigns proposed, not all com-
mercially successful, is very large, as evidenced by the patent
ntemtnro("s).

Liguid Hixing. Mixing in a liquid system is brought about
by turbulence and momontum tranc[er( 57). Turbulence involves
fluid moticn of e rotary eddy current type and takes place in
all directions. Turbulence is brought about by the interaction
of momentum, fluid properties and surfacee, and it is believed
that mixing is accemplished by tranafer of momentua to and from
shall masses, thus causing them to move in varicus directions.

'I‘xiﬁmlence produces a dispersion of one liquid phase in the
other and provides a large surfacse area for mass transfer at a
phase boundary between the two phases. It aleo aids mass trans-
fer to the phass boundary in a single phase because of the move~
ment and circulation within each phase relative to this sure
mo(”).

Contactor. In a continuous liquid-liquid extrac-
tion operation, the function of the contactor is to provide a
large interfacial area for mass transfer between the two liquid

phuoa(m) o A8 has been previously discussed, increased
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turbulence in the contactor will increase this interfacial area
available for mass transfer.

Ultrasonic Dispersion of Liguid Droplets. Ultrasonic dis-
poersion of droplets of one liquid phase into a second, immiscible
with the first, has been descnstrated many times(14:53), rhnis
dispersion effect has been ut:liizcd in production of emulsicns,
but could also be utiliged in providing an increase in interfacial
area betwesn the two phases present in a liquid-liquid extraction
system. This dispersing action results from cavitation, which 4s
favored at the interface botween two liquid phases'®>’,

Ultrasonic Stirring Effects. A second mammer of increasing
mass transfer in a liquid-liquid extraction system would be that
of keeping a solute concentration gradient across the two phase
interface that is always as large as possible, giving a greater
driving force for transfer of the solute. Gross stirring

(65,73) ultrasonic waves would reduce the concentra-

effects
tion gradient within a single liquid phase, increasing the
gradient scross & two phase interface, by keeping fresh solute
containing feed liquid of one phase and fresh solveat, with
relatively small amount of solute, at opposite sides of the
interface.

Ultrasonic Thermal Effects. A third possible effect of
ultrasonic waves on mass transfer in a two phase liquid system



ia the resulting temperature effect. It has been reported that
point-wise tenperatures resulting from collapse of cavities is
on the order of several hundred dosro»(m) s and that two phase
1liquid systems having an interface have a more marked thermal
effect resulting from ultrasonic treatment than to single phase
lyatma(“') « In some cuel(” , solubility of a solute in a
80lvent increases with an increass in temperature. As this
temperature rise is an inherent characteristic of liguids
insonated by ultrasonic waves, its possidble effect is not to
be neglected in the application of ultrasonic energy to mass
transfer in liquid-liquid extraction. For certain systems,
this effect might be advantageous, and for others it might be
detrimental.

Frevious Aprplications. To the present kmowledge of the
writer, only two investigaticns applying ultrasonic energy to
1iquid-1iquid extraction have sctually been conducted. The
first is the 4LOO kilocycle inszonation of the system carbon
Mrachlorido-motono-nt.or("” and the second is the applica-
tion of ultrascnice to a spray-tower extraction of rhenanthrens
from methanol by gasoline, increasing the extrastion by 76 per
cent in a small tpyantut(n). Brief mention of application of
ultrasonics to extraction operations has been made in the
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ntmwro(s’ 28) , but evidence of further work from these
authors 1s not known.

Postulation. Known properties of ultrasonic waves and
effects of these waves that have been cbserved would lead cne
to believe that this form of energy can be utilized to increase
mass transfer in s liquid-liquid extraction operation.

By considering together the known propertiss and effects
of ultrasonic waves and different methods employed to increasse
mass transfer of a solute in a ligquid-liquid system, it i
Postulated that ultrasonic energy may affect mass transfer in
a liquid-ligquid extraction system in a positive direction by
at least three mechanisms, simultaneously cccurring but separste
in mtm(%) ¢ (1) dncreasing conductance of interface by
decreasing interfacial resistance to mass transfer,

(2) 4ncressing interfacial area botween two liquid phases
by reducing size and increasing number of particles of dis-
persed phase, 'a.nd (3) d4ncreasing concentration gradient
across the interface by decreasing concentration gradient
within a single phase.



IXXI. EXFERIMENTAL

The experimental section of this theeis ie divided into
the following sectionss (1) purpose of investigaticn,
(2) plen of investigation, (3) materials and equipment
used, (4) oconstruction and operational procedure, and
(5) equimment evaluation.

Purpose of Investigation

The purpose of this investigation was to design and con~
struct a laboratory ecale liquid-liquid extraction unit incor-
porating an ultrasonic field with equipment specifications ast
(1) inaonatioﬁ frequency of LOO kilocyclss per second,

(2) 4nsonation intensitiss corresponding to plate currents

of O to 200 milliamperes, and (3) flow rate of solvent and
feed through reactor ranging approximately from one-half to

.ten pounds per minute, 111 varying solvent-to-feed ratios.
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Plan of Investigation

The plen tc;r the accomplishment of work entailed in this
investigation was divided into four main sections: (1) Ilitera-
ture review,  (2) design of equirment, (3) construction, and
(4) testing of equipment with the system acetone-water-
1,1,2-trichloroethane.

Literature review for this investigation was conducted
with the idea of studying the published results of research
workers dealing with the two major concepts present in the
goneral field of investigation: (1) mass transfer in the
unit operation of nquid-iiquid extraction, and (2) the
manner in which ultrasonic energy affects mass trsnsfer.

Three important factors considered in the original equip-
uent design were over-all flow plan of liquids, instrumentation,
and reactor design. Each of these was investigated before con-
struction began.

The project and investigation were ccmplete when the unit
was operating in a manner considered proper by deesign and con-
struction persomnel, based on knowledge of ultrasonics and
liquid-1liquid extraction. Testing was done with the system
acetone~water-l,),2-trichloroethane.



Materials

Construction materials and items of apparatus omployed in
the design and conetruction of the ligquid-liquid extractor are
given in Table V. |

uipment

This section deals with equipment assemblies and sub-
assemblies and contains information concerning selection, con~
struction, and assembly of the individual items of the extractor
system.

Selection of Speoial Kguipment Pleces. The primary problems
arising in the sclection of individual instruments and controcls
weres (1) the accurate measurezent of flow rates and tempera-
tures, and (2) a method of obtaining steady rate of flow for
foed and solvent. The HYPERSONIC Generator, Model Bu=204, and
focused barium titanate ceramic transducer were selected as the
ultrasonic equiment for this investigation.

Flow Meters. The extractor of this thesis was
designed for use with liquid systems of varying specific
gravities. This required flow meters that were cali-
brated with a correction for specific gravity. Ne
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Construction katerials and Items of apparatus suploved ja
the Dosicn and Construction of a Liguid-liquid sxtractor

Juwber  Unit Nane Desciiption Supplier
nequired
Frames for Control Panel and Tanis
190 ft angle iron 1-1/4 x 1-1/4 x 5/16-=1in. Steel Service
Rounoke, Virginia
6 sq ft steel 1/8=-in. sheet Stesel Service
. Roanoks, Virginia
35 ft strap 3/4-ine. aluminum Applied ilechanics Dept.
Virginia Polytechnic
Institute
Blacksburg, Virginia
8 ea bolt and nut 5/16 x 3-in., machine Graves-Humphries
ilardware Co.
Roanoke, Virginia
55 ea bolt and nut 1/4 x 3/4-in., machine Graves-Humphries
Hardware Co.
Koanoke, Virginia
5 ea bolt and nut 1/4 x 3-in., machine . Graves -Humphries
Hardware Co.
Koanoke,VVirginia
GO ea washer l/4-in. nom., flat Graves-Humphries
Hardware Co.
Roanoks, Vir:inia
32 ea bolt and nut No 10, oval head, Lucas Motor Co.
1-1/2-in., machine Blacxsburg, Virginie
32 ea washer No 8, countersunk Lucas liotor Co.
finishing Blacksburg, Virginia
10 ea lag screw 1/4 x 2<in. Tidewater Supply Co.
Roanoke, Virginia
64 sq It plywood 5 ply, 1/2-in., one Economy Lumber Co.
sidec good Christiansburg, Va.
96 ft board 2 X 4-1in., pine scononmy Lumber Coe.
Christiansburg, Va.
42 It board 1l x 8-in., pine Sconomy lLumber Coe.
Christiansburg, Va.
1l 1b nails 16 4, comaon Sconony Lumber Coe
Christiansburg, Va.
2 qt paint Martin-Scnour, satin Roanoke Hardware Co.
zloss, Buyber:y Green Roanoke, Virginia
1 qt varnish Pratt & Lambert, clear Sconomy lumber Co.
' sloss Christiansburg, Va.
4 pr hinge 1-1/2-1in. brass, cabinet Blacksburg lardware
Blacksburg, Vae.
2 ea cutch friction catch, caoinst Blacksburg,Harduare
3lacksburg, Vae.
2 ea hiaundle 5=-in. chrome, cabinet Blacksburg,Hardware
pull Blacksburg, Va.
~lectricgl ..irins oystem
300 It wiire do 1o solid, thermo- Hewark ilectric Co.
plustic, hook=up Chicago, Illinois
30 ft wire o 14 copper, 2 wire Slectrical ~epartment
"Ronex® cable Virginia Poliytechnie
Institute
Blacksburg, Vae.
50 84 lug spade term., s2neral Allied Radio Corpe.
wiring typs Chicago, Illinois
1 roll tape 60 ft., o 33 Scoteh Allied Hadio Corpe.
black insulated Chicago, Illinois
1 ea term. strip 6 tern. Fanning strip allied Radio Corp.
Chicago, Illinois
1l ea term., strip 2 term. Famming strip Allied nadio Corp.
Chicago, lllinois
1 ea terminal 6 term, barrier termn. Allied kKadio Corp.
Chicago, Illinois
1l ea terminal 2 term. barrier term. allied hadio Corp.
Chicago, Illinois
1 ea switch box Ho 24221 Trumbull s:itch  General Llectric Co.
box, 30 a4, 250 volt, Koanoke, Virginia
2 pole
1 ea panel box Jdo 29412 Truwbull fuze General Zlectric Coe
punel, 1. circuit Roanoke, Virginia
3 ea socxet cerumic light socket slectrical Department
Virginia Polytechnic
Institute
Blacksburg, Virginia
3 ea switch toggle dead center, Cosby &lectric Co.
D.P.D.F., 158-125V Kichmond, Virginia
1 ea voltucter ae Co. voltueter, 150 Westinghouse ulectric Co.
volt rating, type HA-35 Roanoke, Virginia
1 aa auneter Ae Co amneter, 10 ump Westinghouse ilectric Co.
rating, type HA=35 noanoke, Virginia
1 ea idlliammeter R. e milliarueter, 500 .estinghouse Electric Co.
ma rating, type hT=35 Roanoke, Virginia
12 ea light pilot 1light and bracket, General slectric Co.
No GT 1377 hoanoke, Virginia
12 ea switch Pass & Seymour, No 1391, deneral Blectric Co.
residence type, brown roanoke, Virginia
12 ed cover plate Pass & Leymour, double Gencral Slactric Co.
opening, Clirome=X, hoanoke, Virginia
Ho 97021
1l ea clock .wastclox manor, olect. estinghouse wlectric Co.
wzll clocikk, lo. 1080 noanoke, Virginia
1 ca 'lasher bimetallic, socket type, DBlacksburg.Hardware
GO watts Blacksburg, Virginia
2 ea light bulb 100 watt, 110 volt slcetrical Department
Virginia Polytechnic
Inotitute
Blacksburg, Virginia
1 ea light btulb 7-1/2 watt, 110 volt, 3lacksburg,ardware
red Blacksburg, Virginia
30 v thermocouple copper-constantan, Brown lLdlnncapolis-Honeywell
wire Duplex, 20 gage, No 9B1C2 Regulator Co.
Philadelphia, Pa.
1 ea switch ten point, therumocouple Leeds & Northrup Co.
rotary switch Philadelphia, Pa,
1l ea vacuum bottle thermos brand, No 2280 Aamerican ‘hermos Bottle
Company
Norwich, Conn.
1 ea potentiometer  Rublcon high precision, riubicon Conmpany
type "D® Philadelphia, Pae.
1 ea standard cell cadimum, Lppley Fishor Selentific Coe
New York, Ne. Y.
2 ea battery 1-1/2 volt dry cell Wastern Auto Co,
Blacksburg, Vae.
7 ea tee 5/16-in., "SWAGELOK", Shelby Jones Co.
all tube tee, aluminum Havertown, Pa.
7 ea stopper No 00, rubber Chemical =ngineering Dept.
Virginia Polytechnic
Institute
Blacksburg, Va.
3 ea plug insulated banana plug allied Radlo Corp.
Chicago, Illinois
3 ea Jack insuluted VLanuzna Jjack Allied nadio Corpe.
Chicago, Illinols
lanks, Tubing, and Fittings for Flow Linesg
300 ft tubing 5/16-in. Oe Do, 0.005-in. Wwhitehead ketal Products
wall, aluminun Company
New Zfork, New York
3 ea tank 1Z-ine x Z4-in., stainless A. C. Tank Company
steel, 500 psi. burlington, Wisc.
30 ea valve HOIGS, Ho D371, l/4-in. Shelby Jones Co.
NPT, aluminum Havertown, Pa.
60 ea connector oWaGuLOK, No AS500=1-4 Shelby Jones Co.
male connector, 5/16-in. Ilaverto.n, Pae
T x 1/4-4in. P, aluninun
14 ea plug SWAGSLOK, o AS50u=-11 ~helby Jones Co.
plug, 5/16-in. T, Havertown, Pa.
alwninun
60 ea elbow SWAGLLOK, No A500-8-4 Siielby Jones Coe
femals olbow, 5/16-in. Havertown, Pa.
T x 1/4-in. P, aluminum
45 ea tee SuaGBLOK, No A500-3 all Siielby Jones Coe
tube tee, 5/16-in. T, Havertown, Pa.
4 ea cup 5WAaGuLOK, No A500-10 cap, oShelby Jones Co.
5/16-in. T, aluninum Havert.on, Pa.
15) ca union oanaGeLlK, lio A500«6 union, vhelby Jones Coe.
5/16-in. T, aluminum
Sizght Sages
8 ea pipe 3/8=in. dia. x 1lo=in. Sentinel Glass Co.
long, pyrex flunged Hatboro, Pa.
slass pipe
16 ea flange 5/8=in. flange, aluminum Sentinel Glass Co.
Hatboro, Pa.
16 ea insert 3/8=1in. insert, asbestos Santinel Glass Coe.
llatboro, Pae.
64 ca bolt and mut 1/4 x 3/4-in. machine Sentinel Glass Co.
Hatboro, Pas
16 ea gasxet 3/8=-1in. gasket, asbestos Sentinel Glass Coe
Hatboro, Pa.
2 ft angle iron 1-1/4 x 1=1/4 x 3/16=1n. Steel Lervice
Roanoke, Virginia
2 £t strap iron 5/G=1n4 Steel Service
Roanoke, Virginia
1 sq {t alum plate 1/4-1in. applied wechanics Dept.
Virginia Polytechnic
Institute
. Blacksburg, Virginia
S . AT ] .}_
32 ea bolt and mate 1/3 x l-in. machine Blacksburg Hardware
Blacksburg, Virginia
Heactors
12 ea funnel Bunsen riltering, pyrex, Fisher Scientific Co.
100 mm, diae. New York, Ne Ye
ft tubing 5/16-1in. tygon tubing Fisher Secientific Co.
1 sq ft tin 22 gage, sheet Chemical Enginecrling Dept.
Virginia P¢ echnic
Institute
Blacksburg, Virginia
2.  sq 1t nickel 0+.001~in., sheet Ae Do liackay Company
New York, N. Y,
1 roll solder wire solder Blacksburg Hardware
Blacksburg, Virginia
2 0z silver paste No 6216 silver paste e Ie duPont de llemours
& CO., IHCO
slectrochemicals Dept.
Perth Amboy, Ne Je
settling Column
1 ea pipe 2-ine. dia. x 12-in. Sentinel Glass Co.
long, pyrex rlanced glass Hatboro, Pae.
pipe
2 ea flange 2-in. aluninum flange Sentinel Glass Coe
flatboro, Pa.
1 sq {t alum, plate 1/4-in. Applied lechanics Dept.
Virginia Polytechnic
Institute
Blacksburg, Virginia
3 It angle iron, l1x1x 1l/8-1in. Steel Service
hoanoke, Virginia
2 sq It pPlywood 5 ply, 1/2-in., one bconomy Lumber Coe.
side good Ghristiansburg, Vae.
o ea bolt and nut llo 10, oval head, Lucas Lotor Co.
1-1/2-1in., uwachine Blocksburg, Virginia
6 ea washer llo 8, countersunx Iuacas liotor Co,
finishing Blacksburg, Virginia
Puips and ILow l.eters
3 ea puLp labe puwp, 7 ;ul/min, Fisher Leientific Co.
Cat No 15=074-93 New York, Ne. Y.
2 ea l.b. pump, 4.5 gal/min, Fisher ocientific Co.
pump Cat llo 13:874-9§ New [lo1kg, Ne. Yo
1l ea tlow meter size 2, rig 755-2, Fischer & Porter Co.
TRI=FLAT, serial X2-4192/1 iiatboro, Pa.
ss float, <F1/4-£0-5/70
tube
4 ea flow weter size 3, Fig 735-2, Fisclhier & Porter Co,.
TRI-FLaT, 3F5/8-£0-5 Hatboro, Pa.
tube, serials X2-1o44/1-4,
glass & ss floats
Alr Pressure idne
10 't pipe 1/2-in., black iron loland Company, Inc.
roanoke, Vir;inia
45 1t pipe 1/%-in., black iron Noland Cowpany, Ince
nouanoke, Virginia
1l ea union 1l/2-in., blacit iron Joland Cowpany, Ince
roanaeke, Virginia
3 c1l 1l/2-1u,, black iron Joland “ompany, Ince.
© ea elbov / ' nounoke, Virginia
1 ea tee l/2-in., black iron Joland Company, Ince.
Roanoke, Virginia
1 ea nipple 2-in., close, blacxk Joland Company, Ince
iron Roanoks, Vir:sinia
106 ea elbow 1/4-in., Llack iron Noland Compuny, Ince.
Ro .noke, Virzinia
3 eda union 1/4-in., black iron lloland Company, Inc.
Roanokc, Virginia
5 cu Lee 1/4-in., black {ron Jdolund Company, Ince
hoanoke, Virginia
1 ea plug 1l/4-44., cast iron wolund Company, Ince
hoanoke, Virginia
2 ea vi.lve 1/4-in., _lobe Holand Cowmpany, Ince
Rounoke, Virginia
1 cu tunk 4-in, Jdia., l2-in. long, Chemical ~ngineering Dept.
rollcd steel, welded Virginia Polytechnic
from 4-in. pipe und 1l/4-in. Institute
plate placksbury, Virginia
1 ea reculator l/4-1in. liuson lleilan Noland Company, Ince
ailr repgulctor, :lo 71 Roanoke, Virginia
2 ea zagce 0-100 psiy, kason lioland Company, Inc.
sigllan, lio 3716=4 Roanoke, Virginia
3} 't angle iron of4 % 3/4 x 1/6=1in. Steel Service
hoanoke, Virginia
Constant ifewverature Bath
1 ea bath I"isher unitized, with risher Gcientific Co.
Jar, base, heatel, stilior,ilew York, e Yo
thernostat, thermometar
10 it tubing 1/4-in., copper Chemical ungincering Dept.
Virginia Polytechnic
Institute
3luciksburg, Virginia
2 ca adapter 1/4-1in. tubing to We Be Clements Co.
2/8-in. pipe Roanoke, Vir _inia
2 e reducer reducing coupling, Joland Company, Ince.
1/2-ine. to 3/.-1in. Roanoke, Viiginia
30 't plpe 1l/2-in., salvanized Wol.nd Company, Ince.
lioanoke, Virginia
2 ca nipple 3/3=1in., 2-in. long, iloland Company, Ince.
calvanized Roanoke, Virginia
9 en elbovi 1l/2-in., galvanized oland “oupany, Ince.
hoanoke, Virginia
) ea tee 1/2-1in., ¢alvanized Joland Company, Ince
roanoke, Virginia
2 ea union 1/2-in., galvanized Noland Company, Ince.
Koanoke, Virginia
4 ca valve 1/2-1in., zlobe Noland Company, Ince.
nounoke, Virginia
vltrasonlc —guipuwent
1 ea generator Brush iI{P.roONIC, lLodel Srush clectronics Coe.
BU-204, oerial 5ZB0O71, Clcvelund, Ohio
with tuning drawvers A ,
& B, ranze of 100 to 1000
idlocycles per sccond
1 ea transducer srush HYPohoONIC, Liodel srush wslectronics Coe

BU=-5054, 4.0 KC, seriul
5150062

Cleveland, Ohio




constant volume meters having capacities within the range
of operation of this extractor system, approximately 100

to 900 grams per minute, were avalilable., ®TRI-FLAT" flow
meters, Filscher and Forter Company, were selected. Factory
calibration of these meters was accurate within 1-1/2 per
cent of maximum flow. Calibration accuracy may be increased
by employing correction factors for float design and fluid
viscosity. |

Thermocouple System. Matched wire for copper-constan-
tan thermocouples was emplcyed. A Rubicon potentiometer
was installed for measuring potential, and provisions were
made for the future installation of a multiple-point,
indicating potentiocmeter.

Constant Flow Apparatus. A positive pressure was
required for feed and solvent streams entering the reactor,
to overcome back pressure caused by ultrasonic cavitation.
Air pressure in the range of ten pounds per square inch,
gage, controlled by a pressure regulator, was selected as
the motivating force for smooth and poeitive flow from
feed and solvent tanks to the reactor.

Equipment Sub-Assemblies. In cases where standard engineer-
ing and scientific items of apparatus were employed or constructed,
engineering drawings and pictures are shown to identify the
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particular sub-assembly for the reader. Only items of unique
interest to this investigation are discussed in detail,

Ultrasonic Generator. HYPERSONIC generator, model
BU~204, was used in this investigation. This generator,
produced by Brush LCevelopment Company, Cleveland, Chio,
has a nominal output of 250 watts over a frequency range
of 100 to 1000 kilocycles. Circuit is a self-excited
Hartley oscillator. Important physical features of this
generator are shown in Figures 16 and 17.

Barium Titanate Transdueing Crystal. The transducer
employed in this investigation was n fooused, bowl-shaped,
bariua titanate ceramic element of approximately 400 kilo-
cycles frequency. Tho transducer was mounted in a metal
housing to facilitate electrical connections and safe
handling. Figure 18 shows the unmounted transducer; a
view of the transcucer mounted in the housing is given in
Figure 19. Illustration of the principle of operation of
this particular type of plezoclectric transducer is given
in Pigure 20.

Reactor. A special reactor was constructed for this
investigaticn. The reactor was made from a pryrex glass
funnel and was fitted with an acoustical window of 0,001~
inch nickel sheet on the bottom. Design for this reastor



HYPERSONIC
GENERATOR

Figure 16, HYPSRSQUIC Gensrator
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Pigure 17. MHYIPERSCRIC Cenerator, with Tuning
Drawver Removed
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Figure 18. Unmounted Transducer



Commercial focusing transducer bowl. A4, air-filled box; B, ceramic
bowl; C, inlet for cooling liquid; V', connector for driving voltage; T, treatment
chamber. Courtesy of Brush Development Company, Cleveland, Ohio.

Figure 19. Transducer Mounted in Metal Housing



PIEZOELECTRIC
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”»
FOCAL AREA

Aw
a"bﬁ'ms 60 VOLTS

Figure 20, Electrical Conditions for Full Excitation

of Bowl-ghaped Barium Titanate Ceramie
Transducer
Butterworth, J. W.: Kilowatts of Ultrasonisc Power

for Industry, "Ultrasonice--two symposia.* Chen,
ing. Pro. Sym. Series, No 1, 47, pp. 69=75 (19%51).
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is shown in Pigure 21. A picturs of the constructed
reactor is shown in Figure 22.

Contyol Panel, Frame and Tank Racks. Plans for the
different sections of the major control panel are given
in Pigures 23, 24, and 25. Flans for the panel frame are
given in Figure 26, and for the tank racks in Figure 27.
Figure 28 shows the major control panel, extract and
raffinate tanks, and area for reactor and settling column
after they were incorporated into one unit.

Tubing and Fittings. A achematic flow diagram for
ultrasonic extraction is shown in Figure 29. The sketch
for feed and solvent tank tubing is given in Figure 30,
for extract and raffinate tanks i{n Figure 31, and for
reactor and settling column in Figurs 32.

Sight Gages and Settling Column. Figure 33 shows
details of sight gage construction, and Figure 3L gives
| details of settling column construction. Figure 35 shows
the nmounting used for feed and solvent tank sight gages.
The installed settling column is shown in Figure 36.

Thermocouple and Elegtrical Wiring System. The thermo-
couple well containing a copper-constantan thermocouple is
shown in Figure 37. Arrangement of the Rubicon Potenti-
ometer in relationship to the control panel is illustrated
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Pigure 36, Installed Settling Column
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in Figure 36. The wiring diagras. for the entire extractor
is given in Figure 39.

gonstunt jeupersture Bath. Arrangement of constant
tezperature bath, cooling coils, and circulating pumps is
shown in Figure 40, specified in Table V, page 63.

Alr Pressure Control Tanel. Instrumentation and
arrangement of small control panel for air prescure is
shown in Figure 41.

Design and Construction Procedure. Figures 23, 24, 25, 26,

27, 23, 32, 31, 32, 33, 34, and 37 show construction details for
oqguipment sub-assexbliecr constructed using standard engineering
techniques, |

Reactor Design. 7The uniquo design 2né construction problem
of this werk wes that of a sultsbls reactor, or contastor, for
mixing foed and solvent in an ultrascnic field. To the knowl-
edge of the author, no reactor of the type cvolved for this
problem has been e=mplcyed in ultrasonic studies before.

Factors considered important in cesign and construstion of
the reactor were: (1) location of inlet and outlet tubes for
liquids, (2) position inside the reactor of ultrasonic field
of high intensity or focal point of transducer, (3) arrange-
ments for transformer oil circulation for cooling transducer,

(4) ease of making photographic studies of agitation and flow
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Figure 38. Arrangement of Xubicon Potenticmster in

Relation to Control Fanel
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Figure 4O. Arrangemant of Constant Temperature Bath,
Cooling Coils, and Circulating Purpe



Pigure 41. Alr Pressure Control Fanel



patterns in reactor, (5) resistance to corrosion, and
(6) structural strength of finished reactor.

Reactor fhape. Ths reactor was designed in the
shape of a cone to utilize the effect of focused waves
from the transducer mors efficiently than could be done
with a vertical cylindrical type reactor. The cone shape
of the reactor forces all liquid flowing through the
reactor toward the field of high intensity, therebdy
giving greater liquid agitation by the ultrasonic waves
for a given reactor volume,

Material of Construction. Fyrex glass was selected
for the original reactor as the material of construction.
The glass, highly resistant to corrosion, allows photo-
graphs to be mede of mixing and flow patterns inside the
reactor.

Original Design. The original design for the reactor
is shown in Figure 42. This design was considered to be
impracticable, because of the close tolerances, for the
manufacture of & glass reactor by a major glass campany, and
was nover realized.

Plastic Reactor. A full-size reactor of original
design, Figure 43, was carved from "lucite" to furnish a
xacdul for reactor studies. This reactor was employed in
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Pigure 43. Plastio Reactor of Criginal Design



preliminary studies to qetermine flow patterns inside the
reagtor. hWhen placad in operation, this plastic reactor
was subjectad to an insonation ¢f inteneity level approxi-
mately one-half that which was desired in future extraction
studics. This original design was discarded when it was
leammed that placesent of the reactor over the transducer
was very critical, and that the small area of the exit
tube, with the resulting high velocity of liquid, tended
to favor the mechanical formation of an emulsion at this
point.

Modified Decign. Taking advantage of knowledge gained
fron preliminary reactor studies conducted with the plastic
reactor, a modified resstor design was made based on a
standard 60-dogres pyrex glass funnel. Uetails of this
modified design are given in Figure 21, page 72. A glass
rescter of this design, with further modified cooling oil
indentations, is shown in Pigure 22, page 73.

Am-tku Window. Sheet nickel of 0.001-inch thick-
ness was utilized as an acousticel window for the bottom of
the resctor. LUetail of the bond formed between the nickel
sheet ernd glass reactor is illustrated in Figure 21. The
bond between the nickel sheet and the glass of the reastor,
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after being used in equipment evaluation test, is shown
in Figure Li.

Pirst attempted methed of attaching the nickel sheet
to glass was that of plating platinum on the glase edge
and exploying wire solder to bond the nickel sheet to the
platinum, (The glass edge was painted with a saturated
solution of chloréphtmic acid and fired to 1100 °F, at
which temperature the platinum plated out.) This pro-
cedure worked very well for glass tubing of 32 milli-
meters outside diameter, but would not produce a bend
strong enough to support the weight of liquid in the full
size reastor.

A study of tho conditions under which good bonding
could be obtained with respect to thiclmou of paste and
firing was conducted employing glass tubing sections and
a DuPont silver paste number 6216. For application to the
reactor, the paste was applied to the glass edge with a
small brush, and the reactor fired to 1100 °F to plate out
the silver. A layer of copper was then fixed on the silver
by flashing from a cyanide copper bath. The nickel shest
was attached to the copper plate with wire solder. This
procedure gave a bond between the nickel and glass that
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Figure L4. Example of Bond Between Nickel Sheet

and Glass Edge of Heecter



was strong enough to resist pressures and liquid surges
encountered in the equirment evaluation test.

Metal Reactor. A reactor of all metal constfuct.ion
was fabricated in an effort to obtain cne that would stand
possible rough treatment in first "shake-down" tests with
the extractor. This roactor was constructed of tin and
was conically-shaped in the dimensions of the glass reactor.
The tin was copper plated, and the acoustical window of
0.001-inch nickel sheet attached to the bottem with wire
solder. Entrance and exit area for circulation of cooling
oil between the motal reactor and transducer was cbtained
by means of serrated edges at the lower edge of the metal
reactor.

This metal reactor, Figure 45, was used in performing
teats in evaluation of the extractor. The glass reactor
previously desoribed and shown in Pigure 22, page 73, was
also used in the evaluation test for making photographic
studies of flow pattemns.



Figure 45. Netal Reactor Employed in Evaluation Test
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Operational Procedurs

It is recommended that any person intending to operate this
extractor first become thoroughly femiliar with the flow plan,
wiring, and general characteristics. This may be done by phys-
u.n& checking the equipment and by studying the flow diagram
and the wiring diagram., The flow diagram, Figure 33, page 86,
wiring diagram, Figure 43, page 99, and general construction of
the extractor, Figures 27 to 32, pages 79 to 85, and Figures 37
and 38, pages 90 and 92, will be found in an information folder
that will be with the extractor at all times.

The extractor was designed and constructed for ease of opera-
tion and with the idea that it would be employed under a variety
of experimental conditions. For this reason, all controls and
instmmentation are 1ocato<} in such a manner that one person can
operate the equipment.

Safety Measures. Safety precautions have been incorporated
into the unit nnd include switchee, fuszes, indicating lights,
tank vents, and cut off valves. A thorough check of the condi-
tion of general wiring, ultrascnic generator, and electrical
instruments should be carried out before operaticn is started.
Epecial attention should be given to the condition and amount
of cooling oil in the transducer and the oil system. The
extrastor should never be operated until the oil cmuhm;



system is operating and there is a constant level of oil at
least ocne inch above the top of the barium titanate transducer.

A forced air ventilation hood is in the area immediately adjacent
to the extractor and should be employed whenever liguids are
being handled that can produce obnoxious fumes. A CO fire
extinguisher is located close to the left side of the extractor
and ghould be checked before any test ias started.

Preparation for Start-up. In preparation for a start-up of
the extrasctor, all hydraulic and air valves should be closed, and
all electrical switches placed in ®off" position. A written plan
for a particular test, prepared notebook for recording data,
sample bottles, and suxiliary equipment, the use of which is
anticipated, should be on hand before cperation begins. The
following check list is given for initially operating the
extractor:

1, Voltage regulator turned on

2. Main panel switch turned on

3. Feed and solvent tanks filled

Le Adjustment and operation of constant texperature bath
and e¢irculating feed and solvent pumps

5« Proper operation of cooling water system
6. Proper operation of cooling oil eystem
7. Adjustment of air pressure on feed and solvent tanks



8. Proper positioning of valves controlling flow of feed
and solvent into reactor

9. Warm-up of generator.

gleotgicai Power Switches. Switch for voltage regulator
is located on the first floor of the Ultrasonic laboratory, in
the Constant Tcup;ratun room. Xain panel switch should not be
turned on until all individual circuit switches are in "off»
position.

Filling Feed and Solvent Tanks. Feed and solvent tanks
are filled by use of pump controlled by panel switch 7. To
£111 the feed tanks, the discharge of the filling pump is con-
nected to the end of "feed" 'tnbing located on right eide of. |
panel frame and immediately below settling column tray.

Valve V=1 1s opened to fill tank 1, and valve V=4 1s opened

to £i1) tank 2. Tanks may be filled simultanecusly. Valves
¥-2 and ¥=3 are left closed during filling cycle. air line
vent, located on air line to gage on panel board, is opened
for venting when f£illing feed or solvent tanks. Solvent tanks
are filled by connecting pump discharge to end of “solvent”
tubing, located close to "feed" tubing beneath settling eclumn
tray, and valve V-8 or V-9 opened, depending on which tank is
to be filled. Valves V-5 and V-6 remain closed during filling
cyecle.



Operation of Constant Temperature Bath. Stirror and heater
for constant texperature bath are controlled by switch 2, on the

panel board. Adjustment to desired temperature is made by uce
of mercury contact and reley located on framo of the bath. Cool-
ing water for the bath is controlled by valve ¥-32, located under
sink, and valve V=34, located in right rear corner of chop. Water
for flling bath is obtained from line controlled by valve ¥-35,
located adjacent to the constant temperature bath. Three sets
of tubing coils are immersed in the constant temperature bath.
One coil is for cooling water, one is for solvent, and one is
for feed.

Operation of Cooling O3l System. Cooling oil flow to
transducer is regulated by valve V-18. The rate of flow 1is
indicated on flow meter FM 5. Pump for cooling oil is con-

trolled by switech 5 on the panel board. Flow of water for oil
heat exchanger is controlled by valve V=33, located on shop wall
behind the heat exchanger. )
Feed and Solvent Circulation. Peed and solvent are circu-
lated through respective tubing coils in the conimt teupera-
ture bath by pumps controlled by panel switches 3 and 4,
respoctively. To circulate contents c;f tank 1, valve V=1
is opened entirely and valve V-2 is opened slightly. The
oirculating pump takes liquid from the tank, forces it



through the coil in the oétmtant. texperature bLatl, and back to
the tank. A low flow rate through V-2 is required to keep
liquid from becking up in air line, as the circulating pump is
capable of pressures higher than the alsr pressure on the feed
and eolvent tanks, nomally in the range of ten pounds peor
square ingh, gago. Other feed and solvent tanke are circulated
in the samo manner, using appropriate valves as shown on flow
diagran for each tank.

Rezulation of Air Pressure. Air pressure is placed on the
feed and solvent tanks by operaticn of valve V=30, which is
located on the emall air control panel. The latter is arproxi-
mately two feet from the right sids of the major control panel.
Valve V-30 should not be turned on until the pressure regulator
is closed. Full line prescure for air, 70 to 90 pcunds per
square inch, gege, may be read on the pressure gage on air
csontrol panel. Valve V=31 is thon opened and the pressure
regulator adjusted to give ten pounds per squm inch on the
gage located on the main panel board. The air vent on the
line to the operating pressurs gage should be closed before
air pressurc is placed on the feed and solvent tanks.

Extract and Raffinate Tanks. Extract from settling column
is directed to tank § by opening valve V=21, and to tank § by
opening valve V-22. Raffinate is directed to tank 7 by opening



valve V=23, and to tenk 8 by opening velve Y=24. Valves V~23,
¥=26, ¥=27, and ¥=38, should remain cloeed during test. Valves
Y-19 and V=20 should be open when liquid starte through the
settling coluum, and then adjusted for desired interfacisl level
after liquid flow has conuenced.

Generator warm-up. Power to generstor is controlled by
switch 1 on the panel board. The filament switch only, located
on the face of the generator, should be turned on initially.

The fan, controlled by panel switch 8, ehould be in opsraticn
at any time the genorator is used. Fowerstst shculd be set at
"O" before power switch is operated at a lster step in the pro-
cedure.

Feed and Solvent Flow Kate Control. For normal operation,
air preseure on the feed and solvent tanks should be sdjusted
to ten pounds per square inch, gage. As this pressure will give
econstant flow for all but the very highest rates, it should not
bo exceeded except for thuse unusual cases. Control of feed
rate to reactor is accowplished by means of valves V-10 and V-ll.
Feed flow rate is indicated by flow meter FM 1. Solvent flow
rate is controlled by valves V-12 and V-13, and the flow rate is
indicated on flow meter Fif 2. When opening valves for flow of
feed and solvent into reactor, care should be taken to opeon them
slowly, 8o as not to give a sudden surge of liquid through the



reactor. High rressures developed by sudden surges will endanger
the acoustical window of the reactor.

Interfacial Control. Adjustment of interfacial lsvel in the
settling column is accomplished by valves V-19 and V-20. Valve
¥=20, regulating flow of the heavy phase, is closed to force a
layer of the heavy phase liquid up to end of entrance tube in the
settling column. The valve is then adjusted to allow a constant
flow rate of the heavy phass out of the settling colum. This
adjustment keepes the interfacial level constant.

Sanple Collection. Samples of feed and sclvent are taken
through valves V-14 and V-15, respectively. Extract and raf-
finate samples are taken through valves V-16 and Y-17, respec-
tively. Samples should be tsken slowly over a period of time,
instead of running full flow into sample bottle. This procedure
mininiges disturbance of flow rates and equilibrium,

Power to Transducer. After the two liquid phases are flow-
ing through the reactor and settling column, power to the dbarium
titanate ceramic transducer from the ultrasonic gunoratoi' may dbe
turned on., This is done by the power switch and powerstat on the
fase of the HYPERSONIC generator. High power, 70 to 80 on the
powsrstat scale, should not be emaployed when first operating the
generator. Fower tubes should be allowed to warm up for four or
five minutes after the power switch is thrown. Adjustment in



power level is then accomplished with the powerstat. Critical
frequency tuning after the generator and transducer have warmed
up is done by utilization of the large tuning knocd on the gen-
erator face. Current input to the transducer is measured by a
radio frequency millismmeter mounted on the panol just above the
generator.

Temperature Measurements. Temperature measurements are
made with seven copper-constantan thermocouples wired to the
thermocouple selector switch and the Rubicon potentiometer.
Conversion of potential to temperature is accomplished through
thermoccouple calibration charts.

Elegtrical Power )Measurements. Elecirical power measure~
ments are made with a voltmeter and an ammeter mounted on the
panel just above the generator. Fower input to either generator
or load, consisting of pumps, lights, and other electrical equip-
nent, can be ascertained by proper manipulation of the double-
pole, double-throw switch for each meter.

Gensral Cperation. After the extractor i-l placed in opera-
tion, flow rates, feed to solvent ratios, and inscnation inten~
sity can be adjusted for a particular test. Samples of liquid
streans may be obtained and thermmal conditions ascertained.

Levsl of Feed and Solvent Tanks. As a note of caution,
the operator should pay strict attention to the levels in the



feed and solvent tanks. No tank should be emptied completely.
The reserve tank of feed or solvent should be utiliged before
the first tank is emptied. FEmployment of tanks in this manner
will eliminate air getting in flow lines during a test and
disturbing the equilibrium conditions that have been established.

Shutedown Procedure. khen a test is completed, the follow-
ing procedure should be employed for ihut-dom. The ultrasonic
generator should be turned off as soon as the test is complete.
After the generator is turned off, the cooling oil system and
the cooling water systea both may dbe turned off. The feed and
solvent tanks should all be put on stream gradually and emptied.
If large amounts of feed end solvent remain in the tanks at the
completion of a test and continued mixing of the two is not
desired, the tanks should be emptied singularly. This 1s
accomplished by disconnecting the feed and solvent lines going
into the reactor and attaching in place of the reactor lines
that lead to a storage carboy or container, If corrosive feed
or solvernt was used in a test, the entire system should be
flushed with water or other washing liquid.

Emptying Extract and Raffinate Tanks, Extract and raf-
finate tanks are emptied by use of waste pump, controlled by

panel switeh 6. Valves §=23, ¥=26, ¥~27, and ¥=28 control
these tanks. Only one tank should be emptied at s time.



Shut~down and Checking. After all required pumping is com-
pleted, main panel olsctrical switch and air control valve V=30

should be turned off. A thorough check for any leaku' or damage
to extractor should be conducted before it is left idle. A
periodie check for leaks should also be conducted during test.

BExtrastor Evaluation

An evaluation test with this extractor was carried out to
ascertain ite operating characteristics. The rate of mass
transfer occurring in the test systex was not of major concern
in this test., Detailed studies of mass transfer in several
systems will be undertaken at a later date.

System Employed for Evaluation. The system acetone-water-
1,1,2-trichloroethane was chosen for making the original test
with the extractor. Availability of system ccmponents, ease
of analysis, relatively low corrosion, and svailable data on
previous extracticn work employing this system are factore that
led to this choice. Liquid equilibria data for this aystem at
25 *C are given in Figure 46. |

Make-up and Handling of Feed and Solvent. A feed mixture
of water and acetone, approximately 20 per cent acetons by
weight, was made up for the evaluation test. Regular tap
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water from Virginie Polytechnic Institute water supply waes
employed as the carrier solvent. A 15-gallon ceramic erock
held the feed solution while mixing was acccmplished with a
Lightnin mixer. During addition of feed ccmponents to the
ﬁanl, mixing, and pumping it into tanks 1 and 2, the top

of the crock was covered with heavy towsls saturated with water
to reduce evaporation.

The solvent for thie test was 1,1,2-trichlorosthane satu-
rated with wvater. A ceramle crock similar to the one utiliged
for the feed was employed for the preparation of the solvent.

A known excess of water was placed in the crock with the
1,1,2-trichloroethane, and the two were mixed with the Lightnin
mixer. After separation of the two phases in the vessel, the /
sclvent was pumped to tanks 3 and 4. Wet towels were also used
in this instance to lessen evaporation of solvent.

After the feed and solvent were pumped into tanks 1 and 2,
and 3 and 4, respectively, they were circulated in closed systeus
through the constant temperature bath until a temperature of
25 °C was reached. Intermittent circulation was carried on
during actual test to maintain this temperature.

Solvent-to-Feed Ratio. A solvent-to-feed ratio of approxi-
mately 11l was chosen because it is prastical and known to be in
the order of magnitude that will be considered in future studies.
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Flow Rates. HMinimur: flow rate of each phase was set at
approximately 100 grams per minute, with maximum flow rate
approximately 300 grams per minute. Five different rates within
this range were investigated. Exact rates employed for each test
conducted will be found in Table VI.

Number of Tests Made., Five test runs of different flow
rates were conducted without insonation, and five were made with
insonation. The second set of tests had flow rates that were
approximately the same as the corresponding test in those with~
cut insonation.

Insonation Intensity. Current mp{n to the transducer
was measured as a function of generator plate current for this
evaluation test. A constant input voltage of 120 volte and a
plate current of 160 milliamperes wers used as tho neasure of
intensity of insonation. This level of insonation, 120 volts
and 160 milliamperes, was employed in all tests conducted with
insonation.

Sample Collection. Operating samples of feed, solvent,
extract, and raffinate were taken ten minutes after starting a
test of a particular flow rate. These operating samples were
checked with an Abbe refractometer, and samples to represent
the test conditions were taken after two operating samples taken
. ten minutes apart had a constant analysis. Samples of



TABLE VI

Operational Data and Results for Extractor Syaluation Test
(&xtraotion of Acetone from Wakor with l.l.2-Trichloroothanc®)

Test Plate Phase Flow Ratoe, S/ Refractive Acetone, stace
Current, - Ratio Index, Bffiociency,
, 15
na gm/min ) Wt % %o
1 0 Feed, 935 lel3:1 Le3467 19,2 110.0
Solvent, 105 le4 044 0e0
wxtract, 145 144726 12.1
Iui..ffiﬂu.t& s 65 10404 10 199}
2 0 Feed, 115 Le2G:l Le3467 1943 104.0
solvent, 145 1.40644 0.0
axtraect, 167 14454 1046
B.cLi.:Ln' LG ’ 903 Lo 01 10 02
3 0 Feuu, 165 Lelbr . e AGT 1242 10C 5
Solvant, 190 Led 044 0.0
Zrtrract, 135 o et Ll 11l.0
Rulilnete, 158 1.0402 10.2
4=1 0] Feed, 215 1.16:1 1,467 19,2 106.5
Raffinate, 175 1.5415 1Z.4
= 0 Feea, 210 lel2:l Le 407 1Ce2 95.5
Sxtiract 2 1.2454 10.6
Rafi'inate, 1065 1.5415 12.5
5 0 Feed, 200 1.20:1 1.5407 19.2 105.0
Solvant, 300 1.4644 0.0
axtract, 545 1.4452 10.6
Raffinate, 200 1.538¢ 85
6 160 Fecd, 93 0.92:1 10450 17.3 109.0
Solvent, 35 1.4044 0.0
Ixtract, 110 1.4418 1240
Raifinate, G5 1.5400 10.2
7 160 Feed, 155 1.00:1 143450 17.8 105.8
Solvent, 155 1e404L Va0
Raffinate, 127 1.5402 10.2
8 160 Feed, 215 1.16:1 145450 1743 03.0
Solvent, 250 1,464 Ue0
Zxtract, 301 LoALT2 946
R&ilindte » 158 105)400 10.2
Solvent, 2¢5 1 ¢4 0644 0.0
uxtract, 556 1.4476 Co
Raff'inate, 215 1.,5590 Y60
10 160 Feed, 152 1l.02:1 1475450 17.8 [STUNG
;. aolvent, 165 L4044 060
axtroct, 1356 1.4671 949
Rafiinate, 130 L.5405 11,0
&  Temperature, 25 ©C

D Brush IIYPIRSONIC Generator.

400 kilocycle insonation.

kodel Ho

B T~f3 e

Serial o 52-B=-071.
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approximately 40 cubic centimeters were taken in large test
tubes, the test tube fitted with a tight cork, and covered with
aluminunm foil,

inalyeis of famples. Refractive index was employed as
methed of analysis. CSamples in corked test tubes were placed
in a constant temperature bath at 25 ¢ 0.1 °C and after reach-
ing constant temperature, were analyzed by means of a dipping
refractometer.

Infomat.ion(W) is available in the literature for conver-
sion of refractive index to per cent acetone by weight for the
systen acetone-water-l,l,2-trichlorosthane. 1,1,2-Trichloro-
ethane enployed as solvent in this test was checked and was
found to have a refraoctive index corresponding to a two per
cent acetone by weight mixture on the refractive index versus
concentration curve for acetone-l,l,2-trichlorosthane mix-
tures taken from the literature. A new concentration curve
was constructed using the zame slope as that of the published
curve, but placing the point of the curve referring to zero per

cent acetons by weight at the refractive index observed for
the particular lot of 1,1,2-trichlerosthane employed as solvent.
A check of tap water used as carrier solvent showed that

the rofractive index was the same s that publiched(??) for



water with no acetone present, so the refractive index versus
concentration curve for acetone in the water-rich phass was
utiliszsea as published. Refraotive index versus acetcne con-
sentration per cent by weight for 1,1,2-trichloroethane-rich
poase is given in Figure 47, and for the water-rich phase in
Figure 48.

Celibration of Flow Keterg. Calibratione were made for
different liquid phases, or streams, in order to neasure flow
rates more accurstely than could be donu with factory calibra=-
tions. lethod employed in calibrating s that recommended by
Fischer and Forter Coupany for the "TRI-FLAT? flow ucur(” ) .
Epecial onubrauom were made for polvant and for the
1,1,2-trichlorosthane~rich phass lsaving the settling column.
Factory calibrations were &aployed for the feed and water-rich
phase leaving the cettling column. The calibration ¢urve for
solvent is given in Figure 49, for the 1,1,2~trichlorcethano-
rich phase in FPigure 50, and for the feed and water-rich p&uc
in Pigure 5l.

brati © « Therzocouples were c.l&brat:ad
by standard method, measuring ihe potentisl generated by the
thermocouple in freeming water and in water boillng at a known
vapor pressure aand texperature. Calibraticn curve for copper=
constantan thermsccouples ie given in Figure 52.



TABLS VII

Refractive Index Data for Acetone=-.ater-l,l,2-Trichloroethane
Lixtures gt 25 %C

1,1l,2-Trichloroethane dater Acctone Refractive

Inacx

25

vt o wt 5 wt 3 np
LoD Q.£06 Oel 1.45388
90,11 De36 De53 1.4504
3‘”: .65 0059 14: ° 76 1.4:‘1:16
7% e D3 0,76 1S .60 1.4£358
75672 De939 25889 143230
67.52 l.‘:.: Slo‘)[z 10‘1178
04 ¢ 17 137 D34S0 1.41359
60,06 2.11 37433 1.4088
54 438 2093 12014 1.4:062
45473 %0l 47421 1,5972
43,838 2.00 51,12 1.3927
38631 Ge34 54 ¢35 1.,3888
35167 T 73 D3eH 1,539
206439 13455 60672 15792

24 404 . 15637 G eDS

205420 10,00 GOl 17 1.5700
20671 12401 0UeU3 1.3758
15e5C 204283 05600 1.,3095
10.00 B34 36 55,04 1.3672
Ye0D 32638 4 ,9¢ 15672
G677 41,35 ‘ 51.88 13652
4,355 43647 47,13 1.5626
Zel3 55,97 414050 135001
172 Glell 5767 13578
le17 G038 DS oD le5545
l.02 _ 7160 27,18 1.5518
0,52 T4 o D4 24 ¢ Dk 143501
078 30640 134352 15460
0.52 G4 .56 4 ¢ 38 1353302
Oedd GL D60 0,00 1.75528

Ireybal, Re Zs, Le Do Weber, and J. Fe Daley: The System
Acetone~iiater-1l,1l,2-Trichloroethane, Ind. ings Chen.,
38, 817-821 (194GC). '
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TABLE VIII

Calibraticn of "TRI-FLAT" Flow Meter, smd,xz-lgwg,
for 1,1,2-Trichlorcethans at 25 °C

Tube Scale Reading Flow Rate,
g/nin

28.7
105.0
197.0
292.0
397.0
497.0
607.0
710.0
825.0
940.0

8 & F K B o 0« = »

N
Q
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TABLE IX
Calibration of "TRI-FLAT® Flow Heter, Serdal X2-1344/k,
for 1,1,2-Trichlorcethane Rich Lxtract Phase at 25 °C

Tube Scale Reading Flow Rate,
ga/nin

13
60.9

- 120.0
181.,0
252,0
318.0
389.0
460,0
537.0
609.0

¥ &8 B FE B 6 0o = »
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TABLE X

Calibration of PTRI-PIAT" Flow Meters, Serials X2-1344/1 & 3,
for Feed and water Rich Raffinste Phase at 23 °C

Tube Scale Reading Flow Rate,
g/rin

16.0
67,0
125.0
186.0
258.0
325.0
397.0
471.0
546.0
625.0

E FEKE B & o &= »

8 &
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Ssmple Calculatiocns

Exaaples of the different typo caleuletions made in thie
investigstion are presented in this section. Two sels of eal-
culations will be aissuseed: (i) calculations for calibra-
ticn of flow meters, and (2) ealculation of staxe efficlencies
for tho differenti tasts aude with the system scstone~water-
1,1,2-trishlorcathane.

Calibration of Flow iletors. Calsulatione for flow meter

calibration wors made me suggested by Fischer and Porter

Ccszpw( 93)

of the flow meter eaployed (o measure the rate of flow of

« Caleulations prescnted here sre for calibration

extract leavirg the eettling column. The calculations involve
elx msjor sleps, ad shown belowt

' Step 1, Statement of fluld properties end meter dimension
veluen:

1. Float materials glass

2« ¥loat diametert 0.375‘131&1

3. Float dunsitys 2428 grams pe2s cubis
centizetsr

ke Yioat weight in air:  1.04 gra:s
5. Fluid viscosity: 0,95 centipoise

6. Fluid density: 1.28 grane per cubloe
centimeter



.132.

$tep 2. Caloulation of viscous infiuence numbers

wheros

H

AR IR SR

A
=y

viscous influence mumber

fluia viscoally, centipuises

float wedght in alr, grous

float density, gre.ns-per tubliz sentinetor
fluic deneity, greme per cubic centineter

{0.95)

\/ (1.00) (22822228 (3,20

1.24

(6)

n

(8)



Step 3. Calculstion of instrument constants

I.C. = Bf\/ Wy (--w-———-)/ x (flow mit cenversicn (9)
‘ frm pounds per minute
denired units)

i. Co = instrwaent constant
Dy = dlameter of Iloat, inches
#p = flost density, greas per cubic ceatimster
A = {fluic donsity, grame per cublc centimeter
We = wolght of float in air, grazs

Loce = (0u313)\| (Low)EZEe21.08) x (us3.6)  (20)

{Hote: Value of 453.6 is flow unit conversion fastor
for converting pounds per minute to grams per minute, as taken
from Flseher and Porter inﬁmtim(%).)

I. Co = 129.8 | (1)



Step &, Use of Ball Float Charscteristic Curve X-1006,
Figure 33:

locate viscous influence number of ordinate of ourve
X-1005, and read up to intersection with various D./D, ratio
curves, Read acroes from intersections and locate values of
the aimplified flow coefficient, K, for the varicus ratios of
De/Dge

Step 5. Tabulate values of Dy /Dy, K, I. C., and the
resulting flow in desired unites

See Table XI.

£tep 6. Plot of a calidration curve, diameter ratio tube
scale versus flows

See Figure 50, page 127.
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Pigure 53. Ball rleat Characteristie Curve X~-1006

The ¥ & P TRI-FIAT Variable-irea Flow keter Handbook,
p. 14, Catalog 10-A-9), Fischer and Porter Company,
Katboro, Pa., 1953.



TABLE XI
galibration Pata for Extract Flow Meter
Dy/Dg X 1. ¢c. Flow
e/min
1.25 6,10 129.5 790.0
1,20 470 129.5 609.0
1.18 hel5 129.5 537.0
1.16 3455 12945 4600
.1 3.00 129.5 389.0
.12 2448 129.5 318.0
1.10 1.95 129.5 252.0
1.08 1.0 129.5 181.0
1.06 0.93 129.5 1200
1.04 0.47 129.5 60.9
1,02 0.11 129.5 U3




tio g 154 ¢ o Data for test 4-2 are
used for theso calculations.

o Ia=70 4 100
g = Yo

§ = stage efficiency, per cent

7, = actual concentration of acetone in the extract
phase, weight per cent

Yo * concentration of scetons in the solvent,
weight per cent

yg = ideal concentration of acetone in tho extract
phase, weight per cent

(Noter yg for this test is 11.1 weight per cent, calou-
lated by grephical methods as presented by Bull and 001.{(9) )

8 = 1056:0:0;1m

§ = 9’c5‘

(13)

(1)

(15)
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Iv., DISCUSEION

The following section includes the discussion of results,
recommendations, and limitations imposed on the performance of
the designed and constructed liquid-liquid extractor.

Discussion of Dchim and Construction

Ferformance of the extractor, as designed and constructed,
was basically that anticipated. The over-all design and construc-
tion was found to be of a sound nature. A question of optimum
design for sub-assemblies arose in two {nstances during the
evaluation test. One case was that of the circulating lines to
and from the constant tempsraturs bath for the feoed and solvent,
and the second was that of the electrical lesads from switches con
the ninging elestrical panel to the individual circuits.

Constant Temperature Circulating Lines for Feed and Solvent.
It was learned through operation of the extractor that the feed
ard solvent liquids that were eirculated through the constant
texperature bath could be foreced back into the air pressure
line unless careful attention was given to attaining a low
flow rate. The lines returning to the tanks from the constant
teuperature bath utilised the same inlet pipe fitting at the
top of the tanks as the air line. This arrangenent should be
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changed and the line containing the circulating ligquid should
be run directly into the tanks through their own fittings and
not through the same one employed by the air line.

Electrical Wiring. Present arrangement is not the most
suitable for the eleatrical leads going froem the individual
eircuit switches located on the swinging electrical panel to
the emall vertical panel for connestion to the corresponding
circuits, The present wiring is satisfactory, however, the
bending of the wires, which takes place when the swinging panel
is opened and closed, was rasponsible for several broken wires.
Flexible braided wire only should be employed where it is subject

to bending.

Discussion of the Reactor

The reactor was the aub@-ulmbly of the extractor that
required the greatest time and consideration.

Design. The glass reastor employed in photographic studies,
Figure 22, page 73, evolved from mumerous considerations, t.bo.
principal one was that a conical shape was employed to utilisze
the energy of the conically-focused ultrasonic waves.

Construction. Class was preferred as the construction
material bacause its transparency allowed photographs to be



made of the two~phase liquid mixing taking place in the reactor.
Attachment of the acoustical window, 0.00l-insh nickel sheet, to
the glass reactor body was the difficult part of the reactor con-
struotion. A technique exploying a silver surface, deposited on
the glass reactor by heating a silver paste painted on the edge
to 1100 °F, and & layer of copper plated on the silver permitted
8 bond to be obtained between the nickel and glass that with-
stood the high prescures and liquid surges found in the reactor
during operation., First attempts at bonding the nickel sheet to
the glass resctor were not satisfactory and promxpted the construce
tion of a reactor from sheot tin. Thie metal reactor was fab-
ricated to withstand the extreme conditions of pressure and flow
rates that could appear in an evaluation test of an extensive
nature.

. Liquid Mixing in the Reactor. A study was initiated of
flow pattemns that cccurred in the reacstor, the prime considera-
tion of which was to observe the mixing effects in the reactor
both in the presence and absence of insonation. Cavitation
ocourring in the liquid during insocnation was observed aleo.

Operation without Insonation. Figure 54 shows the
reactor operating with a solvent to feed ratio of approxi-
zately 1:1 and flow rates for feed and solvent of approxi-
mately 300 grams per minute each. kixing of the liguids
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Figure 54.

Reactor in Operation without Insonation



in the reactor without insonation was accomplished by the
turbulence created by the entering two phases.

Operation with Inscnation. Figure 55 shows the
reactor operating under insonation of A00 kilocycles
frequency and an intensity level equivalent to 190
milliasperes plate current. The flow rates of feed
and solvent were the same as in the previocus test,

Figure 54. Small cavitiea were formed in the liquid

by action of the ultrasonic waves, and could be distin-
guished, by turbulence, from the particles of the light
phase disperced in the heavy phase. A continued investi-
gation of cavitation Ly msans of high-speed motion pie-
tures would illustrate uniquely the mixing and grose
stirring eXfect odbtainable with ulirasonic inscnation
which cannot be adequutely represented by stili pho-
tography or in descriptive phrases.



Figure 55. Reactor in Operation with Insonation



Discuesion of Extractor Operation

The two-phase systen acetone-water-l,l,2-trichlorosthane
was employed in an evaluation tect designed for a study of the
operating characteristics of the extractor. Inasmuch as this
was the {irst operation of the extractor as a unit, its per-
formance was quite satisfactory. As anticipated, there were
opezfationa.l characteristics observed that should be altered
for improvement.

Collection of famplcs. Operaticn of the sample valves was
satisfactory. However, oucasicnally a siphon effect was created
in the liquid lines when u sanple valve was opened and air was
drawn in, disturbing equilibrium conditions of the system. A
simple re-desiygn of the placement of the sample valves will
remedy this diZficulty.

Electrical Measuremouts. The total current drawn by elec~

trical equipment of the extractor was in the range of one-fifth
that estimated for maximum load. For this reason, readings on
the amseter were on the lower portion of the non-linear scale
where the accuracy of tho meter reading was not satisfactory.
Incidently, meters with linear scales were ordered but could

not be supplied within the time required. The ammeter presently
in use has a rating of ten smperes. An amreter with a linear



scale and rating on the order of two amperes should be installed
in the extractor.

Discussion of Extraction Resulte

Mass transfer which occurred in the test system was inves~
tigated toc the extent of determining stage efficiencies for each
individual test conducted.

V ce of ttaze Efficiency with Rates and Insonation.
Of eleven individual tests, eight calculated stage efficlencies
were over 100 per cent, rauging from 101.1 to 110.C per cent.
Tho remaining three teste had efficiencies ranging from 94.3
to 98,0 per cent, in the range anticipated for thie extractor
for this system. There was no definite order to the change in
stage efficiencies of the different tests. No reliable correla-
tion can be made between extraction efficlency and flow rates or
insonation using data from this particular series of extraction
tests on the syatem acetone-water~l,l,2-trichlorcsthane.

Content of Extract Samples. A clear, light yellow color,
similar to that of freshly distilled nitrobentens, was very
evident in the sa:ples taken of the extract phase during the
evaluation test. This color indicated an acquired impurity in
the sample, as the three ccmponents of the feed and solvent
under study were clear. It is thought that some foreign matter
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such as process oil, pipe dops, or a protective coating inside
the tanks was present in the system and was dissclved by the
1,1,2-trichloroethano. This impurity in the sanple would csuse
a refractive index to be resd that was not representative of
the acetone content of the saiple. As the nature and concentra-
tion of impurities were not known, the refractive index of each
sample was reported as found. To eliminate the possibility of
such an occurrence happening during other extraction studies
employing this extractor, it is suggesied that the axtractor
first be fluched with the different solvents and the solvents
analyzed for posasible contamination before study of the
particular systea is undertaken.



Recommendations

This extractor was specifically designed and constructed
for use with the Brush HYPERSONIC Generator and 400-kilocycle
barium titanate, bowl-ghaped transducer. The following recommen-
dations are made cn the basis of continued use of this equipment.
Utilization of other ultrasonic equirment would require modifica-~
tions of the extractor that will not be discussed.

Reactor Design. A study should be continued as to the possi-
bilities of using the conically-shaped glass reactor for extrac~
tion studies. Introduction of feed and solvent streams 1n£o the
reactor by means of Jets should be investigated. The turbulence
thus provided by the design of the reactor added to that pro-
vided by the insonation should provide a more effective method
of extraction than either one alene.

Pumps. Centrifugal pumps capable of developing approximately
30 to LD pounds per square inch pressure, gage, and delivering
five to ten gallons liquid per minute, ehould be substituted for
the small pumps presently in use. These pumpe should be specife
ically designed for continuous operation.

Feed and Solvent Circulation Lines. It is recommended that
the tubing arrangexent of the lines handling circulation of feed
and solvent through the constant temperature bath be redesigned.



The lines going back to the tanks from the constant temperature
bath should go directly into the tank and not into the common
tubing line soming out of the one 1/4-inch pipe fitting at the
top of each tank. This proposed arrangement would eliminate any
possibility of liquid being forced back into the air line.

Sampls Valves. Present tubing leading from main streams
to sample valves should dbe changed. Tubing for liquid streams
to be sampled should be connected on the run of the tubing tee,
and tubing to the reactor or receiving tanks should be connected
to the side port of the tee. | This arrangwént would cause the
sanple valve, when open, to be the line of least resistance to
1iquid flow and would sliminate any difficulties in sample
collection due to a siphon effect.

Jlow Meter Filters. Individual line filters should be
placed in the inlet line of each flow meter to trap any foreign
matter in the lines that could contaminate the floats in the
metors. |

Recovery Column. A recovery eystem for solvents is needed
in the irmediate vicinity of the extractor. This arrangement
would allow the operator to carry on purification of any acoumu-
lated extract or raffinste while attending to test being con~
ducted with extractor. Keeded area for such recovery equipment
is available.



Ammeter. An ammeter of two ampere rating and with a linear
soale should be installed in the extractor to replace the present
ameter of ten ampere rating and non-linear scale.

Limitationa

Performance of the liquid-liquid extractor as designed and
constructed was controlled by the fellowing limitations.

Feed and Solyent Capacity. Operating tank capacity for
each m. 20 gallons.

Flow Rates. Using a liquid of specific gravity of 1.0 as
basis of measure, flow rates were obtainable for any one liquid,
feod or solvent, of 0.132 powx per minute minumum to 12 pounds
per minute maximunm,

Solvent-to-Feed Ratio. On basis of above flow rates for
one liquid, solvent-to-feed ratios could be varied over the
range of 11100 to 100:1. A ratic of 1lil was employed in the
extractor evaluation test.

Reactor. The reactor, or contacting vessel, for this
extractor was s special design of conical shape, with a volume
of 12.8 cubic inches (0.21 liter).

Settling Colwm. The settling column employed has a total
volume of 37.4 cubic inches (0.61 liter) and an interface between



phases of 3.1, square inches. Samples were taken from single
phase lines after the extract and raffinate left the settling
column.

Ultrasonic Equipment. The Brush HYPERSONIC Generator
employed in this investigation has a rated maximun output of
250 watts, with variable frequency frcm 100 to 1000 kilocycles.
The transducer used in conjunction with the HYPERSONIC Generator
was a focused, bowl-ghaped, barium titanate coruic element of
spproximately 400 kilocycles frequency.

Temperature Measurements. Temperature measurements wers
made at seven points in the extractor with copper-constantan

thermocouples.

System Studied. Kass transfer in the system acetone-water-
1,1,2-trichlorosthane was observed in the evaluation test. Feed
mixtures of approximately 20 weight per cent acetone, water as
the carrier solvent, were exployed.
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V. CONCLUSIONS

A liquid-liquid extractor utilizing ultrasonic energy was
designed, constructed, and tested with the two-phase, three-
component system acetone-water-l,l,2-trichloroethane. A special
econically-shaped glass reector was developed and used in con~
Junction with a Brush KYPERSOKIC Generator of 250 watts power
and a bowl-shaped, barium titenate ceramic transducer. This
investigation led to the following conclusionss

1, A liquid-liquid extractor having maximum ccmbined flow
rates of feed and solvent of approximately 24 pounds per minmute
and incorporating an ultrasonic generator of 250 watts power
output for insonaticn of the liguid system under study was con~
structed and operated on a practical dbasis for laboratory scals,
experimental worit in the field of mass transfer.

2. Four-hundred kilocycle inscnaticn of the two phases of
the liquid systea acetone-water-l,l,2-trichloroethane while
contiin.d by the special conically-shaped roactor created a
mixing of the two phases that was in excess of that mixing
cbserved solely frcm fluid flow turbulence in the reactor
without insonation.
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VI. SUGuRY

This investigation was conducted to provide laboratory seale
equirment that will facilitate an accurate study of the effect of
ultrasonic energy on mass transfer in two-phase, multiple-com~
ponent liquid systems.

A liquid-~liquid extractor incorporating an ultrasonic gen~
erator and tranaducer was designed and constructed to the
following specificaticns: (1) 4ineonation frequency of 400
kilocycles per second, (2) 4nsonation intensities equivalent
to plate currents of O to 200 millismperss, and (3) flow rate
of solvent and feed through the reactor ranging approximately
from one-half to 24 pounds per minute, in varying solvent-to-
feed ratios.

A special glass reactor, or contactor, was constructed
from & standand, 60° pyrex glass funnel and fitted with an
acoustical window of 0,001-inch sheet nickel. Photegraphic
‘lt.udiu wore nads of the two-phase mixing taking place inside
the reactor in both the presence and absence of ultrasonic
insonation. An all meotal reactor, of the same general design
as the glass reactor, was ccnstruected for use with the extractor
when investigations were to be made that would involve high m'lo?
sures or sudden liquid surges thrcugh the reactor. |
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An evaluastion test of the extractor was condusted employing
the system zaetone-water-l,l,2-trichlorosthane. Stage efficien~
oles calculated for the individual tests, elsven in all, varied
frea 94.3 to 110.,0 per cent. An observad yollow color in the
extraat camplesz, prebably due to dissolved jmmurities in the
1,1,2+trichloroethane, could have been respensidle for the observa-
tion of refractive index readings that did not give true representa-
tim of the acetow sconcentration of the sample,

Cavitation wes observed in the reactor whils the test system
was undergeing ultrasonic insonstion. The gross stirring effects
resuliing from cavitaticn in the liquids caused a mixing of the
two pliases that was xore intense than that teking plagce in the

- reastor withcut insoration.
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