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ABSTRACT 

The performance of a mechanically-aided liquid extrac

tion column was investigated utilizing the methyl isobutyl 

ketone-acetic acid-water ternary extraction system. Mechani

cal power was added to the extraction system by reciproca

ting a wire-mesh packing of high void volume at various 

frequencies and displacements. The effects of total through

put on performance were studied in increments of 5,000 pounds 

per hour per square foot up to the onset of flooding, and 

the column performance was evaluated as a function of power 

addition to the extraction system. 

In comparing the various types of mechanically-aided 

extraction columns, it was determined that the throughputs 

achieved with the wire-mesh packed colmnn utilized ln-tliis 

work were considerably higher than any other reported through

puts for mechanically-aided extraction columns. Competitive 

performance was also achieved with the reciprocating packed 

extraction column at throughputs which were higher than 

those achieved with various other designs of mechanically

aided extraction columns. 
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I. INTRODUCTION 

Liquid extraction is an important mass-transfer opera

tion used in the chemical industry. By making use of the 

preferential solubility of various solutes between two 

immiscible solvents, liquid extraction competes with other 

unit operations such as distillation, crystallization and 

absorption. Close boiling points and considerations such as 

heat degradation of components, justify the use of liquid 

extraction in many separation processes. The necessary 

separations may be much more difficult to achieve by other 

methods. 

The keys to high liquid extraction rates are increased 

turbulence, large area for mass transfer between the con

tacted liquids, and maintenance of maximum point concentra

tion differences over the length of the column. In conjunc

tion with efficiency, consideration must be given to per

missible operating throughputs of extraction columns. The 

simplest extraction equipment has been the spray column. 

The spray column, having no column internals, relied only 

on the liquid density difference for turbulence. The spray 

column was modified with various internals such as baffles, 

packing and plates to effect turbulence, and reduce back

mixing thus increasing efficiency, but was found to be 

relatively ineffective. 



To overcome the problem of insufficient turbulence in 

extraction equipment, methods were devised for addi.tion of 

mechanical power to the extraction system. In filling the 

extraction column with various internals for transmission 

of power to the extraction system, the maximum permissible 

throughput of the columns was decreased considerably. How

ever, with addition of mechanical power to effect increased 

turbulence, the efficiencies were increased. 

The purpose of this investigation was to determine the 

maximums in performance and the limits of throughput in a 

mechanically-aided liquid extraction column. Mechanical 

power was added to the system by reciprocating a wire mesh 

packing of high void content in the column. The methyl 

isobutyl ketone-acetic acid-water ternary system was uti

lized to evaluate the column performance. The column 

performance was investigated at the onset of flooding and 

at operating conditions below flooding. The performance 

2 

of the column was correlated with the direction of acetic 

acid transfer, packing reciprocation frequency and displace

ment, effect of dispersed phase, and the total column 

throughput. 
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II. LITERATURE REVIEW 

A review Of the literature was made for the purpose 

of examining the performance of the various designs of 

mechanically-aided liquid extraction columns, and also to 

determine the methods of calculation of performance correla

tions. This review includes only extraction equipment uti

lizing the methyl isobutyl ketone-acetic acid-water system. 

thereby establishing a common basis for performance comparison. 

Mechanically-Aided Liquid Extraction 

The ideal extraction column is one which has a high 

permissible throughput and a high efficiency. The keys 

to improve mass transfer efficiency are increased turbulence 

and increased area for mass transfer and the maintenance of 

high local concentration differences over the column 

length(21). With these objectives in view, the basic ~pray 

column has been modified with packing, sieve plates, and 

orifice plates to effect increased turbulence and minimize 

backmixing(l). Although increased turbulence and efficiency 

were effected by these modifications, the maximum column 

throughput was still limited because the source of tur

bulence was essentially the small difference in density 
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between the liquid phases. The obvious method for further 

increasing the column efficiency was a method of producing 

additional turbulence and transfer area(22). From these con

siderations, other means of adding mechanical power to 

extraction systems were developed. 

Power Addition by Rotary Motion 

In this review extraction columns using a rotating disc 

or impeller as an agitating element are classified as 

columns that add mechanical power to the extraction system 

by rotary motion. All extraction columns in this classifi

cation have in common the fundamental principle of being 

continuous-stagewise equipment. 

Oldshue-Rushton Column. Performance data were taken 

for an extraction column by Oldshue and Rushton< 14 ~ The 

column consisted of a six inch diameter vertical glass 

column, compartmented by horizontal plates, and baffled by 

vertical members. The system was agitated by mixing 

impellers on a vertical shaft. Acetic acid was extracted 

from water to methyl isobutyl ketone, and also from the 

ketone to the water. The performance of the column was 

determined using different size compartments, impellers, 

acid concentrations, a~d feed rates. 
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Throughputs at the onset of flooding as high as 4·, 400 

pounds per hour per square foot were obtained based on the 

column cross-section area and the combined inlet streams. 

The best stage efficiency showed a minimum height equivalent 

to a theoretical stage of 3.7 inches for a throughput of 

2,140 pounds per hour per square foot using eight compart

ments, each 3.0 inches high. This height equivalent to a 

theoretical stage corresponded to a stage efficiency of 81 

per cent. The minimum height equivalent to a theoretical 

stage was observed with solute transfer from the water to 

the ketone phase. For a given throughput, the efficiency 

increased to a maximum with increasing impeller speed and 

decreased with further increase in speed. 

Rotating-Disc Contactor. The rotating-disc contactor, 

designed by Reman and Olney(lS~ consisted of a number of 

compartments formed by a series of stator rings, with a 

rotating disc centered in each compartment. Feed inlets 

were oriented vertically for the two and four inch columns, 

and tangentially for larger diameter columns up to 16 inches 

in diameter. An extra stator ring and wire mesh grid were 

fitted into the shell to separate the feed inlet zone from 

the settling compartment. 

Contactors ranging in size from 2 inches to 16 inches 

were tested with two liquid systems, one being the methyl 



isobutyl ketone-acetic acid-water system, to determine the 

effect of column diameter, throughput, and rotor speed on 

efficiency. The maximum throughput decreased with increas

ing rotor speed while the efficiency increased with in

creasing rotor speed. However, for some combinations of 

throughput and compartment height, the efficiency passed 

through a maximum with increasing rotor speeds. This 

phenomenon was ascribed to backmixing in the extraction 

zone. 

Although the authors did not indicate the direction of 

solute transfer, throughputs as high as ~030 gallons per 

hour per square foot were reported with the water phase 

dispersed, and a superficial phase velocity ratio of 1.0. 

Throughputs in excess of L030 gallons per hour per square 

foot resulted in flooding. A minimum height equivalent to 
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a theoretical stage of 4.3 inches was obtained at flaw rates 

of 980 and 700 gallons per hour per square foot. 

In general the efficiency increased somewhat with in

creasing throughput. The main advantage was that little 

loss in efficiency occurred in scale up over the range of 

column sizes investigated. 

Scheibel Column. The performance of a twelve inch 

diameter extraction column consisting of alternate agitated 

and packed sections was determined by Scheibel and Karr(l7) 



using the methyl isobutyl ketone-acetic acid-water system. 

The column consisted of three stages, with a rotating 

impeller mixing section and a wire mesh packed section 

considered to be one stage. The general trends observed by 

Scheibel and Karr were maximums in efficiency curves as a 

function of impeller speeds, and efficiency increase with 

increasing throughput until flooding was approached. 

7 

By considering a single stage as a combination mixing

packed section, stage efficiencies exceeding 100 per cent 

were realized. The minimum height equivalent to a theoreti

cal stage was 9.2 inches with the water phase dispersed, 

for a maximum throughput of 595 gallons per hour per square 

foot. Flow rates in excess of 595 gallons per hour per 

square foot resulted in flooding in the column. 

The design of an internally-baffled, rotary-agitated 

extraction column by Scheibel (16) was an extension of the 

original extractor design. The new design incorporated 

doughnut baffles above and below each turbine agitator. The 

purpose of the baffles was to control the flow pattern in 

the mixing section so that scale up could be effected with 

no increase in mixing compartment height. 

The column used in this later investigation was an 11.5 

inch diameter glass column, with turbine agitator and baf

fles. For low interfacial tension systems, provision was 
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made for incorporating alternate wire mesh packed sections 

to aid in coalescence between agitated sections. The work 

was with the methyl isobutyl ketone-acetic acid-water system 

with concentrations as high as 20 weight per cent acetic 

acid in the aqueous phase. During the tests the water phase 

was dispersed. 

The minimum height equivalent to a theoretical stage 

observed in the 11.5 inch diameter column was 5.0 inches for 

a corresponding maximum total throughput of 458 gallons per 

hour per square foot. This was the maximum permissible 

column throughput before occurence of flooding. When packed 

sections were utilized, the minimum height equivalent to a 

theoretical stage corresponding to the maximum throughput 

was reduced to 3.0 inches. Investigations were also made in 

a smaller, one inch, diameter column and results indicated 

a ratio of height equivalent to a theoretical stage to 

column diameter of about 1:4. 

Power Addition by Reciprocating Motion 

The method of adding mechanical power to an extraction 

· · t d b n· · k (lO) system by reciprocating motion was or1g1na e y van lJC • 

It was proposed by van Dijck to add power by pulsing the 

liquid through stationary perforated plates, and also by 



reciprocating the perforated plates through the liquid 

phases. 

Pulsed Spray Column. The basic spray column was modi

fied by Billerbeck, Farquhar, Reid, Bressee, and Hoffman(2) 
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in an effort to provide additional turbulence to increase 

column efficiency. The method of promoting turbulence was to 

pulse the liquid inventory in a spray column by means of a 

bellows connected to the bottom of the column. The pulsation 

system supplied an approximate sinusoidal pulse of 7/16 inch 

amplitude with a variable frequency of 0 to 500 cycles per 

minute. The extraction column was fabricated from a six foot 

section of glass pipe, 1.5 inches inside diameter. All the 

tests were carried out with solute transfer from the water 

phase to the ketone phase, with the ketone phase dispersed. 

The acetic acid concentration was about 14 weight per c€nt in 

the water feed, and the ketone feed was neutral. 

The best performance of the pulsed spray column yielded 

an overall height of a transfer unit of 0.26 feet, for a 

corresponding throughput of 21,500 pounds per hour per 

square foot. This throughput of 21,500 pounds per square 

foot was the maximum throughput reported with pulsation 

before flooding occurred. 

For comparison the column was operated as a spray 

column with no pulsation. The maximum throughputs before 



flooding were approximately 21,800 pounds per hour per 

square foot with an overall height of a transfer unit of 

1.36 feet, based on the ketone phase. Solvent ratios were 

approximately 1.1 for tests with pulsation and 1.16 for 

operation as a spray column. 
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For the most part, at constant flow rates, the overall 

height of a transfer unit decreased with increasing pulse 

frequency. At low throughputs the height of a transfer unit 

decreased to a minimum with increasing pulse frequency and 

then increased until flooding occurred. 

Visual observations by the investigators indicated that 

increased pulse frequency decreased the drop size for a given 

flow rate. It was also observed that in tests with no pulsa

tion, drop size decreased with increasing flow rate. On the 

basis of this work, the authors concluded that greater 

efficiency is generally obtained if mass transfer is into 

the dispersed phase in liquid extraction. Other investiga

tors have indicated this, as well as reco.mmending that the 

phase have the highest throughput be dispersed(S,l8). 

Pulsed Sieve-Plate and Pulsed Packed Columns. Extrac

tion efficiencies and performance were studied for the 

methyl isobutyl ketone-acetic acid-water system in both 

pulsed-packed and pulsed sieve-plate columns by Chantry, 

Von Berg, and Wiegant(7). The two columns, interchangeable 



with the auxiliary equipment, were constructed from a four 

foot section of 1.57 inch inside diameter glass tubing. 

The packed column contained a 27 inch section with 
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1/4 inch procelain Raschig rings. After settling the pack

ing had a dry void fraction of approximately 58 per cent. 

The sieve-plate column contained 11 plates, spaced three 

inches apart and held by a central rod. Two types of sieve

plates were used; one with twenty-four 5/64 inch holes, and 

the other with twenty-four 3/64 inch holes. 

Frequencies from 300 cycles per minute were available 

at amplitudes ranging from zero to ten millimeters. In 

most tests, 20 weight per cent acetic acid concentration in 

water was extracted by neutral solvent. The ketone phase 

was the dispersed phase during operation. 

For the pulsed packed column the maximum total through

put before flooding was 149 gallons per hour per square foot 

with a corresponding minimum height equivalent to a theor

etical stage of 5.1 inches. The pulsed sieve-plate column 

was reported to have a maximum throughput before flooding 

of 267 gallons per hour per square foot with a corresponding 

height equivalent to a theoretical stage of 10.1 inches. 

Controlled-Cycling Extraction Column. The relatively 

new concept of controlled-cycling was investigated in liquid 

extraction by Szabo, Lloyd, Cannon, and Speaker(20) using 
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the methyl isobutyl ketone-acetic acid-water system. With 

the application of controlled cycling only one phase flows 

at a time and for a controlled interval. The cycle used 

consisted of four parts. First, a light phase flow period 

through the column, then a coalescing period in the column. 

The third part was the heavy phase flow period through the 

column, followed by another coalescing period in the column. 

Several combinations of column internals were tested, 

including: sieve plate, sieve plate-packed, and packed 

sections. A maximum throughput of 2,270 gallons per hour 

per square foot was found for the controlled-cycling sieve 

plate column with a height equivalent to a theoretical stage 

of 8.5 to 19 inches. Better values of heights equivalent 

to a theoretical stage were reported for other combinations, 

but at lower flow rates. Szabo, et al reported a height 

equivalent to a theoretical stage as low as 4.0 inches for 

a packed column with a corresponding total throughput of 

approximately 375 gallons per hour per square foot. 

Reciprocating-Plate Column. An open type of recipro

cating-plate extraction column was developed by Karr(l3). 

Plates having 5/8 inch diameter holes and 62.8 per cent free 

space were used. With this design, low heights equivalent 

to a theoretical stage were achieved at throughputs higher 

than those reported for other plate and disc-type columns. 
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Data were obtained in a three inch diameter column for the 

methyl isobutyl ketone-acetic acid-water system. Through

puts ranged from 547 to 8,837 gallons per hour per square 

foot, and the corresponding minimum height equivalent to a 

theoretical stage values were 4.3 and 7.5 inches. It was 

proposed by the author that scale up of the column would be 

independent of column diameter: however, information was 

lacking in confirmation of this conclusion. 

It was observed by Karr that no minimums in height equi

valent to a theoretical stage were experienced with increas

ing strokes per minute. Up to the flooding point the height 

equivalent to a theoretical stage was substantially indepen

dent of throughput, but the minimum height equivalent to a 

theoretical stage increased with increasing throughput. 

Also, it was observed that the strokes per minute at which 

flooding occurred decreased with increasing throughput. 

The maximum throughput achieved with the column was 1,707 

gallons per hour per square foot with a corresponding height 

equivalent to a theoretical stage of 7.75 inches, with 

solute transfer from the ketone to the water with the water 

phase dispersed. A maximum throughput of 1,837 gallons per 

hour per square foot was achieved with a corresponding 

height equivalent to a theoretical stage of 7.5 inches, with 

solute transfer from the water to the ketone with the water 



phase dispersed. The author did not indicate the acetic 

acid concentrations used in the experimental work. 
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Reciprocating Wire-Mesh Packed Column. A new design of 

a packed column was developed by Carr< 3 >, employing recipro

cation of wire mesh packing to add mechanical power to the 

extraction system. The column was fabricated from a three 

foot section of three inch inside diameter Pyrex pipe. 

Inside the column, uniformly wound around a central shaft 

and covering the inside cross sectional area, was a 23-3/4 

inch section of wire mesh packing with approximately 95 

volume per cent void space. During operation the packing 

could be reciprocated at frequencies of 0 to 520 cycles per 

minute and displacements of 3/16 and 1/8 inches. 

The methyl isobutyl ketone-acetic acid-water system was 

investigated with solute transfer both from the water phase 

to the ketone phase and from the ketone phase to the water 

phase. For both directions of solute transfer, the ketone 

phase was dispersed. With transfer of solute from the water 

to the ketone, acetic acid concentrations of approximately 

3.0 weight per cent in the aqueous feed and 0.5 weight per 

cent in the ketone feed were used. When transfer of solute 

was from the ketone to the water phase, feed acetic acid 

concentrations were approximately 1.5 weight per cent and 

zero weight per cent, respectively. 
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The effects of throughput, frequency, and displacement 

were investigated as parameters of performance. For trans

fer of acetic acid from the ketone to the water phase, a 

minimum overall height of a transfer unit of 0.41 feet 

corresponded to a maximum throughput of ~000 pounds per hour 

per square foot, at a frequency of 520 cycles per minute and 

a displacement of 3/16 inch. No minimums in the height of a 

transfer unit were experienced with increasing frequency for 

solute transfer in this direction. 

For solute transfer from the water to the ketone phase, 

the minimum overall height of a transfer unit was 0.26 feeb 

with a corresponding throughput of 2poo pounds per hour per 

square foot, at a frequency of 360 cycles per minute and a 

displacement of 3/16 inches. At the maximum reported 

throughput of 6POO pounds per hour per square foot, a mini

mum overall height of a transfer unit of 0.38 feet was 

observed at a frequency of 200 cycles per minute and 3/16 

inch displacement. Minimums in the height of a transfer 

unit were experienced with the 3/16 inch displacement. 

Minimurnsin the height of a transfer unit were not attained 

for the 1/8 inch displacement. For the 1/8 inch displace

ment at 520 cycles per minute and 6000 pounds per hour per 

square foot, an overall height of a transfer unit of 0.32 

feet was obtained. 
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The overall height of a transfer unit was based on the 

ketone phase for both directions of solute transfer. Maxi

mum throughput was limited to 6,000 pounds per hour per 

square foot, thus preventing extension of the work to higher 

rates approaching flooding and maximum performance. 

Method of Calculation 

The calculations of the overall number of transfer 

units, overall height of a transfer unit, and the height 

equivalent to a theoretical stage are presented for both 

directions of solute transfer in the following section. 

The equations have been developed for dilute solutions and 

certain necessary assumptions were made to utilize these 

equations. 

Assumptions. It was assumed that the operating lines 

were straight over the range of concentrations involved. In 

conjunction it was assumed that the equilibrium-distribution 

line was straight and passed through the origin. With the 

assumptions of straight operating and equilibrium lines, it 

is permissible to use the logarithmic averages of terminal 

concentration differences(24). The equations presented are 

applicable for differential contact equipment, and the 

analytical relationships between the height of a transfer 
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unit for differential equipment, and height equivalent to a 

theoretical stage for stagewise equipment are given. These 

equu.tions were originally developed by Colburn and have been 

since modified for dilute solutionswith the assumptions of 

straight operating and equilibrium lines. 

The equations were developed for dilute solutions and 

may be used for countercurrent extraction without reflux. 

The calculation of the number of transfer units based on the 

raffinate dnd extract phases m~y be used for the raffinate-

stripping and extract-enriching sections of a tower vJhen the 

appropriate conditions apply. The criteria for dilute solu-

tions are met by the range of acetic acid concentrations 

used. 

Ov0rall Number of Transfer Units. The follm·ling equa-

tion may be used to calculate the number of transfer units 

based on the raffinate phasc< 25 ) 

+ ~R J mE 
( 1) 

1 - H/mE 

where: 

x = concentration of solute in raffinate phase, weight 
fraction 

y = concentration of solute in e::tract phZlse, weight 
fraction 



m = slope of equilibrium-distribution curve, 
dimensionless 

R = raffinate flow, pounds per hour per square foot 

E = extract flow, pounds per hour per square foot 

NtoR = overall number of transfer units, based on the 
raffinate phase 

subscripts: 

1 = that end of a continuous column where raffinate 
enters 

2 = that end of a continuous column where extract 
enters 

The following equation may be used to determine the 

overall number of transfer units based on the extract 

phase: <26 ) 
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1 - mE/R ( 2) 

where: 

NtoE = overall number of transfer units, based on the 
extract phase 

Overall Height of a Transfer Unit. The overall height 

of a transfer unit based on the raffinate phase is defined 

as(27): 

HtoR = Z/NtoR ( 3) 

where: 

Z = effective height of column, feet 



HtoR = overall height of a transfer unit based on the 
raffinatc phase, feet 

The overall height of a transfer unit based on the 
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extract phase was calculated by the following equation( 2S): 

{4) 

where: 

HtoE = overall height of a transfc~r unit based on the 
extract phase, feet 

Height Equiv,:l 'nt to -1 Thc'orctic.J.l SL1ge. The height 

c~quivalent to .:1 thcorcticu.l stage for stagcwise equipment is 

an:~lytically related to the over.J.ll height of a transfer 

unit by the followin0 equation{23): 

II.E.T.S. :::: 

whr~rc: 

IltoR ln f 
1 - 1/E: 

= 

t == cxtr.J.ction factor, R/;-:~E 

ln £ 
1 

H.E.T.S. == height cquiv:"llcnt to a theoretical stage, 
feet 

( 5) 
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III. EXPERIMENTAL 

The experiment~l section of this thesis includes the 

purpose of investigation, plan of investigation, and a de-

tailed description of the experimental procedure. A section 

discussing the experimental apparatus and materials used in 

the rese~rch project is also included. The experimental 

data obtained during the investigation and the calculated 

results for performance correllations, together with s~mple 

calculations and graphical presentation of the results com-

plete the contents of the experimental section. 

Purpos~ of Inv0stiq~tion 

-
The purpose of this investigation was to determine the 

maximums in performance and the limits of throughput in a 

mcchanically-~ided liquid extraction column. Mechanic~l 

power was ~dded to the system by reciprocating a wire mesh 

packing of high voic1 content in the column. The methyl 

isobutyl ketone-~cetic acid-water tern~ry system was uti-

lized to evaluate the column perfonnance. The column 

perform~nce w~s investigated at the onset of flooding and 

at operating conditions below flooding. The performance 

of the column was correlated with the direction of acetic 
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acid transfer, packing reciprocation frequency and displace

ment, effect of dispersed phase, and the total column 

throughput. 

Plan of Investigation 

The plan of investigation was subdivided into three 

sections. First, a review of the literature was made to 

determine the factors influencing performance of mechani

cally-aided liquid extraction equipment, and the methods of 

calculations to evaluate performance. Second, modifica

tions were made to the existing extraction column designed 

by Carr ( 4), and new auxiliary equipment was provided. 

Finally, the performance of the mechanically-aided extrac

tion column was evaluated as a function of operating 

parameters. 

Literature Review. The published literature was re

viewed for the purpose of determining the various typc:s of 

mechanically-aided li~uid extraction columns and their 

relative performance with the methyl isobutyl ketone-acetic 

acid-water system. The efficiencies of the various d~signs 

of mechanically-aided columns and thc"O m..1ximum throughputs of 

the different col~~ns were determined. The effect of opera-

ting variables on the perfo~.~n~o of the different types of 
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columns was also studied. 

Extraction Colunm Modifi.:::ations. The original extrac-

tion column, designed by Curr, was used for the experimental 

work with some minor modifications. New liquid distributors 

for both liquid phases were fabricated, as a provision for 

dispersing either phase during operation. The wire mesh 

packing was re-wound on the axial shaft, and was compressed 

from 23-3/4 inches to 23 inches total height in an effort to 

restrict as much as possible any effects of liquid 

channelling. 

The extractiDn column auxiliary ~quipmcnt was replac~d 

or modified almost ('ntirely. All process lines were re

installed with 3/8 inch stainless steel tubing, and 55 gal

lon stainless steel drums were used as feed and product 

storage tanks. Centrifugal pw~ps were installed as a means 

of supplying liquid feeds at higher flow rates than prl:-

viously achieved with air pressure. A water still was in

stalled for supply of distilled water together with a 55 

gallon distilled water storage tank. A higher speed varia

ble speed transmission was connected to the extraction 

colurnn for operation at higher frequencies, and a nc\V set 

of reciprocation cams was fabricated for reciprocation of 

the packing. A feed temperatun~ control system was con

structed to control feed temperature within the desired 
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range of 28 ~ 1 degrees centigrade. 

Extraction Column Performance. The performance of the 

extraction column was evaluated at the onset of flooding, 

and at conditions below flooding to establish the range of 

column operation. The measure of performance used in this 

investigation was the overall height of a transfer unit, 

based on the ketone phase. Corresponding heights equivalent 

to a theoretical stage values were also calculated. All 

tests were conducted with a superficial phase velocity ratio 

of one. The efficiency of column operation was determined 

both at flooding conditions and below flooding, or normal 

operating conditions. The performance was evaluated as a 

function of the direction of acetic acid transfer, packing 

reciprocation frequency, displacement of the packing, and 

the total combined inlet stream throughput. 

Materials 

All materials used in this experimental investigation 

and their specifications are listed in Appendix A. 

Apparatus 

The specifications of the equi~ent used in the experi

mental investigation are listed in Appendix~- Drawings of 
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the phase distributors and reciprocation cams, and a Bill of 

Materials may be found in Appendix B. Drawings and specifi-

cations of the other parts of the extraction column arc 

found in the original work by Carr(S). 

Extraction Column. A complete view of the liquid 

extraction unit is presented in Figure 1, page 25. Close-

up views of the top and bottom sections of the extraction 

column are presented in Figures 2 and 3, pages 26 and 27, 

respectively. At the time these photographs were taken, no 

mechanical power was being added to the system. In Figure 2 

the interface is shown at the toF of the column with the 

ketone phase dispersed. In Figure 3 the interface was main-

tained at the bottom of the c;lumn with the water phase 

dispersed. 

Wire Mesh Packing. An overall vi2w of the extraction 

column is presented in Figure 4, page 28, in which the wire 

mesh packing can be seen. The pztcking was wound around the 

shaft in four equal-height sections ~nd stacked together to 

form a total pucking height of 23 inch,'s. The void volu..'llc 

of the wire mesh packing was d<.'t(~mined to be 97.7 volume 

per cent. 

Flow Rotamctcrs. The rotclmc b~rs usc cJ to m•..:ztsure the 

inlet water and ketone; phase flow rutcs and the nc~cdlc 

valves used to control flows are also shown in Figure 4. 



Figure 1 . Overall View of the Experimental Extraction Unit and 
Accessories 

tv 
lJ1 



Figure 2. Detailed View of the Top of the 
Extraction Column 
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Figure 3. Detailed View of the Bottom of the 
Extraction Column 
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Figure 4. overall View of the Experimental 
Liquid Extraction Column 

28 
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During operation the rotameter float position could be main-

tained at+ 1/2 scale division, maximum deviation. This 

deviation in float position corresponded to a maximum devia

tion of 124 pounds per hour per square foot per phase, 

giving a maximum possible error in combined inlet-stream 

flow rate of 248 pounds per hour per square foot. 

Phase Distributors. A view of the ketone phase and 

water phase distributors can be seen in Figures 3 and 2 

respectively. Both liquid phases were distributed over the 

packing cross-sectional area by these distributors and 

actual operation of the column with the interface at the top 

or bottom of the column determined which phase was dispersed. 

The liquid distributors were constructed from 3/8 inch 

stainless stool tubing, welded into a 2-1/4 inch circle. 

TI1irty 0.0520 inch diameter holes were drilled in the face 

of the distributor circle to provide an even distribution of 

liquid over the packing cross-section. 

Reciprocation Mechanism. A 0 to 1100 revolutions per 

minute variable speed transmission with eccentric circular 

cams was used to reciprocate the packing at different fro-

quoncics and displacements. The bearing arrangement for 

contact of the cam to the packing shaft was the original 

designed by Carr. The reciprocation cams were connected to 

the transmission drive shaft by a key and set screw. Three 



eccentric cams were utilized, providing displacements of 

0.1875, 0.1250, and 0.0938 inches. A close-up view of the 

reciprocation mechanism can be seen in Figure 2. 
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Storage Tanks. A view of the ketone feed, water feed, 

and distilled water storage tanks can be seen in Figure 5, 

page 31, left to right respectively. The ketone product and 

water product storage tanks are shown in Figure 1, to the 

right of the column. The storage tanks were 55 gallon 

stainless steel drums equipped with nylon sight gauges and 

nylon and stainless steel fittings. 

Feed Temperature Control. The feed temperature control 

system consisted of double-pipe countercurrent heat ex

changers in the feed tank recirculation lines and a constant 

temperature bath, complete with pump and heaters. If heat 

were to be removed from the process fluids, cooling water was 

passed through the bath cooling coil. If heat were to be 

added to the process fluids, the circulating bath water was 

heated by a bayonet immersion heater. In all tests, the 

feed temperatures were controlled at 28 ± 1 degrees Centi

grade. A view of the feed temperature control system can 

be found in Figure 5. 

Liquid Motive system. Each feed tank was equipped with 

a centrifugal pump. The pumps served the purpose of recir

culating the process fluids in the feed tanks, supplying 



Figure 5. Detailed View of Feed Storage Tanks and Accessories 
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feeds to the column, and transferring the liquid inventories 

from the product tanks back to the feed tanks. 

Materials of Construction. Materials in contact with 

the liquid extraction system were: {1) Type 316 Stainless 

Steel, {2) Type 304 Stainless Steel, {3) Teflon, {4) Nylon, 

and {5) Pyrex glass. 

Experimental Procedure 

The calibration procedure for the ketone rotameter, 

water rotameter, and variable speed transmission are found 

in Appendix C. The equilibrium-distribution data used in 

the experimental work were determined by Carr(6). Methods 

of experimental procedure for operation of the mechanically

aided extraction column are presented in the following 

section. 

Direction of Solute Transfer. During experimental 

operation, acetic acid was alternately transferred between 

tho ketone phase and the water phase. A complete cycle of 

operation consisted of first transferring the acetic acid 

from the ketone to the water, then increasing the total 

acetic acid concentration in the water, and transferring the 

acetic acid in the reverse direction. For both directions 

of solute transfer the feed solutions were mutually 

saturated. 
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For transfer of acetic acid from the ketone phase to 

the water phase, ketone of approximately 1.5 weight per cent 

acetic acid was contacted with water of almost zero per cent 

acid. As a result of this contact, the approximate concen

trations of acetic acid in the ketone and water phases leav

ing the column were 0.5 and 1.0 weight per cent respectively. 

After acetic acid had been transferred from the ketone 

to the water phase, the acetic acid concentration in the 

water was increased from approximately 1.0 weight per cent 

to about 3.0 weight per cent by addition of acid. This water 

of approximately 3.0 weight per cent acid was then contacted 

with tho ketone product from the first contact, containing 

approximately 0.5 weight per cent acetic acid. As a result 

of this second contact the acid concentrations were about 

2.0 weight per cent in the water and 1.5 weight per cent 

in the ketone. This second contact completed the seconu 

part of the cycle, and the water containing 2.0 weight per 

cent acid was discarded. Fresh distilled water was then 

saturated with ketone in preparation for repetition of the 

cycle. 

F·•ed Prcpac1. t ion. The following procedure refers to 

the schor.Fl tic diu.gru.m of tlw extraction unit, Figure 6, 

page 34. According to the direction of acetic acid transfer, 
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variations in feed preparation were employed. 

For transfer of acetic acid from the ketone phase to 

the water phase, distilled water wu.s pwnped from the dis

tilled water storage tank to the water feed tank with the 

water feed pump. An excess of ketone required for satura-

tion of the water was added to the wu.ter feed tank, and the 

contents of the tank were circulated for approximu.tely one

half hour to assure complete saturation of the water phase. 

The ketone product from the previous contact was pwnped from 

the ketone product tank to the ketone fc:~d t<1nk \vi th the 

ketone feed pump. Then the contents of the ketone feed tu.nk 

were circulated for u.bout one-half hour to u.ssure a uniforr.1 

conccntr.:.-ttion. The_: resulting concentration was appro::]-

mu.tely 1.5 weight per cent ac~tic u.cid in the ketone. 

After the water had been contacted with the kL;tDD' con-

taining 1.5 weight per cent u.cetic acid, provisions were 

then made for tr.tn;;fr~r of -J.cc:tic ztcid fror:1 thr; vJ~lt.~r phase 

to the ketone:! phase. Both kc tone <:.1nd \va ter products \·.'c rc 

pw-:-~pcd back to their respective feed tcmks. A weighed 

aDount of acetic acid necessary to increase the concuntra-

tion of acetic acid to approximtt:ly 3.0 weight per cent 

was added to the water feed tank. The contents of both 

feed tanks were then circulated for u.pproximately one-half 

hour to assure uniform concentrations. After circulation, 



the acid concentrations were about 3.0 and 0.5 weight per 

cent in the water and ketone phases, respectively. 
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For both directions of transfer, the temperatures of 

the feeds were taken during circulation for uniform concen-

tration. If either the water or ketone phase feed tempera-

ture were in excess of 29 degrees Centigrade, cool water was 

circulated through the heat exchangers until the feed tem

peratures were within the 27 to 29 degree Centigrade toler

ance, and as close to 28 degrees Centigrade as possible. 

If either of the feed temperatures were below 27 degrees 

Centigrade the temperature of the constant temperature bath 

water was heated to approximately 40 degrees Centigrade. 

The warm water was circulated through the heat exchangers 

until the feed temperatures were approximately 28 degrees 

Centigrade. 

After the feeds were circulated and at the correct 

temperature, the sample lines were purged and approximately 

50 to 60 milliliter samples of both feed tanks were taken. 

The feed temperatures were then recorded and further pre

parations for start-up were made. Approximately eight to 

ten tests could be made from full feed tanks, comprising 

a single series of tests. One feed sample was taken for 

each test series. 
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Frequency and Displacencnt Adjustment. The reciproca-

tion frequency was s( ·t by o.djusting the transmission 

micrometer control to the proper setting, obtained from the 

variable speed transmission calibration plot. The selnction 

of a particular eccentric circular cam determined the 

desired packing displacement. The cam was installed on the 

transmission drive shaft, aligned with the bearing, u.nd then 

secured by thr3 key and set screw. During a series of tests 

at a given displacement the frequency could be adjusted \vith 

the transmission running. The normal procedure was to 

select a displacement for a series of tests and to ch~ngo 

tho frequency or flow rates for the individual tests in the 

series. 

Extraction Column Start-Up {Norraal Operation) . I3c:Jth 

feed tank recirculation valves were closed, and tho f,_;cc1 

pumps were started. The ketone and water feed valves \·Jere 

opened simultaneously, allowing approximately on,_;-thirc1 

scale flow on both feed rot<U:wters. The column was ~lllowed 

to completely fill with the interface rcmai_ning som·::v.·horc in 

the middle of the column. Both the ketone and water phase 

outlet valves wore opened slightly, and the variable speed 

transmission was started. 

The interface was controlled at the top or bottom of 

the column by throttling the appropriate column outlet 
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valves. The interface was maintained at a constant position 

approximately plus or minus one-quarter of an inch. With 

the water phase dispersed, the interface was maintained at 

a position approximately three inches below the bottom of 

the packing, or three inches above the packing if the ketone 

phase was dispersed. 

After the interface was at the desired level, the 

ketone and water phase flow rates were adjusted to predeter

mined settings to obtain the total desired flow and equal 

volumetric phase flow rates. 

The minimum column volume exchanges required for equi

librium to be reached were determined by periodic sampling 

and analysis, for both directions of acid transfer at the 

largest power inputs and flow rates. The minimum volume 

exchanges necessary for equilibrium were determined prior to 

the beginning of the experimental tests. A plot of water phase 

rotameter position versus time required for equilibrium was 

constructed with parameters for direction of transfer. This 

plot was used to determine the time required for a test at 

a given flow rate and is shown in Figure 21, Appendix C. 

If the acetic acid transfer were from the ketone phase 

to the water phase, a minimum time for exchange of six column 

volumes was allowed for equilibrium to be reached. For 

transfer of acetic acid from the water phase to the ketone 



phase it was only necessary to allow time for five column 

volume exchanges for equilibrium to be roached. 
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Extraction Column Start-Up (Flooding Tests). The 

operation of tho extraction column differed slightly from 

normal when flooding tests were being conducted. In general 

the start-up procedure for flooding tests was identical to 

normal except the flow rates of both phases could not be 

predetermined. 

A plot of rotameter positions versus total flow rate 

was made giving corresponding ketone and water phase rota

meter positions necessary for equal volumetric flow rates. 

This plot was used during flooding tests and is shown in 

Figure 22, Appendix C. 

After initial normal start-up procedures had been ac

complished and the interface was in position, both tho water 

and ketone phase flow rates were increased simultaneously 

and incrementally according to Figure 22. The phase flow 

rates were increased until a total flow rate caused flood

ing to occur had been reached. Flooding is defined as the 

point at which the continuous phase flow rate is so high 

that the droplet flow of the dispersed phase is retarded and 

is entrained with the continuous phase, resulting in an 

unsteady-state operation. At this point the flow rates were 

decreased very slightly to a point at which the column was 
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operating in a stable manner with no build-up or entrainment 

of the dispersed phase in the continuous phase. This level 

of stable operation was termed the "onset of flooding", and 

the test was initiated by starting the timer. 

Extraction Column Shutdown. After equilibrium condi

tions had been reached for steady-state operation, samples 

of the ketone and water phase outlet streams were taken. 

Before each sample was taken, the sa~ple valve was opened 

u.nd the sample lines were purged of any stagnant liquid. 

Approxima. tely 50 to GO millili tor sa~plcs of both outlet 

stre~1s were taken ~nd stored in glass-stoppered bottles. 

The ketone and water ph~se inlet valves were closed 

both outlet valv.:.:~s were closed, and the variable speed 

transmission was stopped. The feed pwnps were shut of~ and 

this completed the shutdown procedure. 

SamEle 7\n<llysis. For the water phase analysis, a ten 

milliliter sanplc was pipetted fron the sample container, 

transferred to a 150 milliliter beaker and diluted with 

approximately 25 millilitcr3 of carbon-dioxide free dis-

t i 11 e d water . Three drops of ncutral.phenolphtalein solu-

tion were addcd,and the solution was titrated with pre

viously standardized, approximately 0.1 normal, sodium 

hydroxide solution. The contents of the beaker were stirred 

with a magnetic stirrer during titrations. 
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For the ketone phase titrations, the ten milliliter 

titration sample was diluted with approximately 75 milli

liters of distilled carbon-dioxide free water to facilitate 

rapid transfer of acid from the ketone phase to the water 

phase. This aided the titration since neutralization of the 

acid took place in the aqueous phase only. Titration was 

then conducted in the same manner as the water phase titra

tion, allowing time for the ketone phase to equilibrate with 

the water phase during titration. 

Data and R~;.sul ts 

The perform<:mce of the mechanically-aided extrllction 

column is presented in tho following section. The column 

performance was evllluated as a function of reciprocation 

frequency with parameters of packing displacement and com-

bined inlet stream throughput. Performance was evaluated 

for transfer of acetic acid from the water to the ketone 

phase, and also for transfer of acid from the ketone to the 

water phase. 

The performance was also observed at the onset of 

flooding. The effect of reciprocation frequency on flooding 

rates at various packing displacements was also investigated 

for both directions of solute transfer. The extraction 
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column performance wzts further subdivided into pcrfon:~.lnc,_ 

with the ketone disp0rsed, and pc?rfolJnanccc with the \·:at,,r 

phase dispersc:d both at the onset of floodtnr:; and c:::mditi:-:>ns 

below flooding. 

Tho calculated results of pcrforn<lncc for acetic ::~cid 

transfer from th<' k··tonc phase to the water phase uppccLJ.r in 

T~blc I, page 43. 'I'h(, results f:>r pc.ri:':..;n;1,lnce with acetic 

acid transfer from th • water phase to thl' kct:~me phas'-' are 

found in T~ble II, p~gc 44. ThL' du tel t . .ikl'n in the cnur~c of 

evaluation of colw~1.n pc rfor-:t mcc LJ.r,_; fut..:n:1 in AppondL: C. 

Tho d<1tc1 :::tnd culibr'ltinns for the inlet stroillTI rota.:-;1cter~~ 

anu the v.1.ric1ble speed trcmsmission a:cc also found in 

Appc_ndix c. 

The Effc·:.::t of Combined :tre.:L"':'l Thc)ughput. The effect 

of combined strewn throughput on perfonn~ncc with ucc~tic 

acid transfer from the ketone phusc to the WLJ.tor phase, with 

the ketone dispersed, appears in Figurv 7, page 45. and with 

the water dispersed in Figure 8, page 46. The sane effect 

for tr<lnsfer from the water phuso to the ketone phase, with 

the ketone and water dispersed, appears in Figures 9 and 

10, pages 47 and 48 respectively. 

The Ef f<cC t of Rr'c iproca ti nn FreqUl'ncy. The effect of 

reciprocation frcqu,ncy on pcrformuncc for transfer fron th_ 

ketone to the water phase, with the ketone and water 



Extrd< ..... ti_ .. ~n C·:;.l1...1.::-t.r1 

}-;_ ~ ~l~'~~~"~~-

T~"'\..ELE I 

~ 
~ 

-\.--.::. •: t-.. 1.. ,_-_:: ~-..--.:::: i c:. 
~.., 1'- ... __ _,__ 

Tr.,·"'ln~; F0r from the 

,..rest .Pc.l.<.. ~;.:... ii."lg FLee .i pL- -·~ ..._.__ t_-_i_ on. L>.l. .s ~J<.. .c :·_; ._ 
D~sp13CL- Frequency Phase 

C! '!:<binc ~1 ~tl.:'o....:t.m 

'rl.'"l.r cn .. 1.ghpu t 
-->'-"'-' ..t:.~<..-411 ric i gh t 
of a. Tr,:.:tnsfcr 

mcnt Unit 
N-::::-- i r:.- -""'.--1 :: ~:/:·-::!. :::"1.. , h/11.~:- Et 2 q:.&.l/1Lr £t;_2 ft. 

3 .04.F' .1<375 110v F u, cJUO 1, 200 .62 
13.10 .1875 1100 K 5,000 700 .55 

3.03F .1875 825 K 9,900 1,300 .66 
13.01 .1875 825 K 5,000 700 .74 

3.02F .1875 550 K 11,800 1.600 .72 
13.02 .1875 550 K 10,100 1,300 .91 
13.03 .1875 550 K 5,000 700 .83 

3.01F .1875 275 K 14,500 1,900 .93 
13.04 .1875 275 K 10,100 1.300 1.19 
13.05 .1875 275 K 5.000 700 .94 

1.06F .1250 1100 K 14,300 1,900 .70 
11.06 .1250 1100 K 10,100 1,300 .72 
13.06 .1250 1100 K 5,000 700 .78 

1.05F .1250 825 K 14,500 1,900 .76 
11.07 .1250 825 K 10,100 1,300 .81 
13.07 .125o a2s K 5.ooo 7oo .as 

1.04F .1250 550 K 15,100 2,000 .97 
11.08 .1250 550 K 10,100 1,300 1.00 
13.08 .1250 550 K 5,000 700 .93 

1.03F .1250 275 K 15,700 2,100 1.08 
11.09 .1250 275 K 10.100 1, 300 1.21 
13.09 .1250 275 K 5,000 700 1.10 

1.02F .0938 1100 K 14,800 2,000 .93 
3.06F .0938 825 K 15,100 2,000 .85 

20.10 .0938 825 K 10,100 1,300 .71 
9.04F .0000 0 K 18,200 2,400 1.26 

22.06 .0000 0 K 15,100 2,000 1.08 
22.05 .0000 0 K 10.100 1,300 1.10 
22.04 .0000 0 K 5,000 700 .71 

5.02F .1875 1100 W 10,100 1,300 .95 
20.07 .1875 1100 W 5,000 700 1.14 

5.01F .1875 825 W 11,700 1,600 1.10 
5.05 .1875 825 w 10,100 1,300 .89 

20.02 .1875 825 w 5,000 700 1.01 
5.03F .1875 550 W 15,400 2,100 .. SO 

11.01 .1875 550 W 10,100 1,300 .67 
13.11 .1875 550 w 5,000 700 .38 
20.03 .1875 550 vv 5,000 700 .42 

5 . o 4F . 1 a 7 5 2 7 5 "' 2 1 , o o o 2 , a o o _ 71 
11.02 .1875 275 w 15,100 2,000 .63 
20.04 .1875 275 w 10,100 1,300 .39 
13.12 .1875 275 vv 5,000 700 .47 

7.01F .1250 1100 W 13,200 1,800 .87 
18.01 .1250 1100 v:r 5, 000 700 .96 

7.02F .1250 825 W 16,200 2,200 .77 
11.03 .1250 825 w 10,100 1,300 .67 
l 8 - 0 2 - l 2 50 8 2 5 I."' 5 , 0 0 0 7 0 0 .. 50 

7.03F .1250 550 W 19,000 2,500 .BO 
11.04 .1250 550 'ov 15,100 2.ooo .sa 
18.05 
18.03 

7.04F 
11.05 
20.01 
18.04 

9.01F 
20.05 
20.06 

9.02F 
20.08 
20.09 

9_03F 
22.03 
22.02 
22-00.. 
Not 

.1250 

.1250 

.1250 
~1250 

_1250 
.1250 
.0938 
.0938 
.0938 
.0938 
.0938 
.0938 
.0000 
.0000 
.oooo 
.0000 

~;-- i rl<-l j_ cu. t ... ~ :._ 

550 
550 
275 
275 
275 
275 

-~100 

1100 
1100 

825 
825 
825 

0 
0 

0 
n 

I_Y ... _: cJ~ur-:::h-t.l~ 

K inc.lic<-"- C.c_:e 1-c< t:.orJ.. 
W ~nd~c~t~s w~t~r 

\--1 ,_,. 
\v 
\'1 

w 
w 
'd 

\V 

\'1 
\'\,"~' 

tA; 
\ ~,T 

-.·J 

h' 

\v 

10,100 
5,000 

20,600 
15,100 
10,100 

5,000 
19.300 
10.~00 

5,000 
19,700 
~0.100 

5,000 
1.G,500 
~5 .. 100 
:to, lOG 

S,OOO 

1,300 
700 

2,700 
2.000 
1,300 

700 
2,600 
1,300 

700 
2,600 
1,300 

700 
2,200 
2,000 
1.300 

700 
1.t.. t·_l"'l._ crJ.:...o;,___ t o:L .t:lou .... "ti.n.g _ 

.43 

.26 

.as 

.66 

.45 

.40 

.76 

.89 

.39 

.90 

.26 

.28 
1.13 

.61 

.GO 

.G8 

M...'ltcrial 

Balance 
D -v-.ia.tion 

7-G 
-27 .. 6 

8.0 
-21.6 

7.5 
8.2 
4.5 
9.4 
6.9 
3.3 

-10.2 
-15.9 

2.4 
8.2 

-16.9 
2.7 
7.9 

-11.4 
2.4 

-10.2 
5.1 
4.2 
7.7 

.4 
-28.6 

.l 
1.5 
.<1.5 
4.2 
s.s 
6.4 
4.9 

.9 
-24.6 
- 6.4 
-13.0 

3.1 
-17.3 
- 6.7 
-20.5 

3.3 
5.8 
9.2 
3.2 
2.4 
2.5 
7.3 
3.0 

.2 
3.6 

.6 
1.6 
3.6 
4.3 
4.0 
3.2 
3-5 

.a 
7.0 
1.2 
5.5 
6.7 
2.7 
3.1 
S .. l 
.s .a 

.... 
<--> 



t_) ..... '' 
,..r-c.:s c i_") ,_ _; l"·l;_j . .:.1....:---- ~ 

!~i::·;pJ...·-:...:: Fr .....:<;.u~nc:~ 

T.-..._I3L.:'"' l I 

:.-'"1 1.1""1.~-:-:·· . .1. t11.. .. c~,--.. t_j_r""' ~ ·.::--'!'.:"" lt1 ~ r- F:rc·)l\ ~ . _(, 

: P'-~ r ~ : ...._· '· ~ 
P1"l..J.SC 

tC.>J. .. i"">";_:.. .i. -' ..._ • 

Ct"l:""l.bincd Strc.-...:·:-1 
,....rl-\rc>u.gl1.put 

l)"\.T•.~rJ~ll II..._·, .ight 
o£ ..:1. 'T'rons t:c~r 

l"-1. t. t._•.r.i.:-t..L 
.D.:..1l....J..nce 

P"l"-~l-..t Unit f.J,_~·<..r.i...J..tion 
.::..Jo... i ::-:. ~ -v :"" ·_:/·:in- llJ/.h.r ft2 2:1.1,/"""1--tr .::-=t 2 ft:- _ % 
1 L - o 1.i::- - 1. :._, ~,? ·__, l L v '-__: K 1.. . , u u o .1... • ._...: u u 1 _ ..:.::. 3 4 _ e 

4-_0SF .1..075 82S K .13,800 1,900 ... GO 8_3 
19.05 .137S 825 K 10,100 1,400 1.44 .7 
19.07 .1575 B2S K 5,000 700 .88 .2 

4-0GF .1875 5~0 K 16,100 2,200 _60 
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dispersed, is found in Figures 11 and 12, pages 50 and 51, 

respectively. The effect of reciprocation frequency on per

formance for transfer from the water to the ketone phase is 

found in Figures ll and 14, pages 52 and 53, respectively. 

Figure 13 shows the effect with the ketone dispersed, and 

Figure 14 with the water phase dispersed. 

Performance at the Onset of Flooding. For solute 

transfer from the ketone phase to the water phase, the per

formance of the column was evaluated at the onset of flood

ing. The effect of packing reciprocation frequency on 

flooding rates is found in Figures 15 and 16 , pages 54 and 

55, with the ketone and water dispersed, respectively. For 

transfer from the water phase to the ketone phase, the 

effect of reciprocation frequency on flooding rates is found 

in Figures 17 and 18 , pages 56 and 57, respectively. Figure 

19 shows the effect with the ketone dispersed, and Figure 20 

with the water dispersed. 

Calculations. The calculation of extraction column 

performance from experimental data was accomplished with the 

the aid of an IBM 1620 Model II computer. The computer 

program used for these calculations appears in Appendix C. 
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IV. piScuSSION 

The discussion section of this thesis is comprised of 

an interpretation and a discussion of the exper~ental 

results. Recommendations for future experimental work, and 

the limitations of thi~ work are also included. The dis

cussion of the exper~ental results is presented in sections, 

treating the effect of 'each variable on performance as an 

independent topic. A comparison of the performance of various 

mechanically-aided extraction columns utilizing the methyl 

isobutyl ketone-acetic acid-water system is presented. 

Effect of Combined Stream Throughput 

The effect of combined inlet stream throughput on per

formance, segregated with respect to direction of transfer 

and dispersed phase, appears in Figures 7 through 10, pages 

45 to 48 inclusive. 

Transfer from Ketone to Water Phase, Ketone Dispe~sed. 

The effect of throughput on the overall height of a transfer 

unit for transfer of acetic acid from the ketone to the 

water phase, with the ketone phase dispersed, is shown in 

Piqure 1. In general, the effect of increasing throughput 

up to flooding had little effect on the overall height of a 



transfer unit for all combinations of frequency and dis

placement chosen for power input to the system. 

5~ 

However, for tests with no power input to the system, 

the effect of increasing throughput was significant. For 

tests with no power input, the overall height of a transfer 

unit increased approximately 170 per cent between through

puts of 5,000 and 18,700 pounds per hour per square foot. 

Definite trends of better performance with increased 

power input were exhibited. For a particular displacement, 

operation at higher frequencies yielded improved performanc~ 

Transfer from Ketone to Water Phase, Water Dispersed. 

Figure 8 shows the effect of throughput on performance, for 

transfer of acetic acid from the ketone phase to the water 

phase with the water phase dispersed. For most combinations 

of frequencies and displacements, the overall height of a 

transfer unit increased with increasing throughput. The 

selection of a larger displacement for a given frequency 

generally resulted in poorer performance. The best per

formance was achieved with selection of smaller displace

ments, 0.0938 and 0.1250 inches, frequencies between 275 and 

825 cycles per minute, and occurred between throughputs of 

5,000 and 10,000 pounds per hour per square foot. 

The results indicated that performance was not enhanced 

with addition of more power to the system at flow rates 
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above 10,000 pounds per hour per square foot. However, per

formance was still considerably better for transfer from the 

ketone to water phase with the water dispersed as compared 

to performance with the ketone dispersed. Higher through

puts were achieved with the water dispersed, coupled with 

better overall performance over the entire range of through

puts investigated. 

For transfer from the ketone to the water phase with 

the water dispersed, mass was transferred into the dis

persed, or droplet phase. It has been generally observed 

for many continuous-dispersed systems, that mass transfer 

is generally better when transfer is into the drop or dis

persed phase(9,19). 

Better performance with mass transfer into the dis

persed phase can possibly be explained by considering the 

effects associated with transfer of mass out of the drop. 

It has been observed(ll) that coalescence is more pronounced 

when mass is transferred out of the drop. More coalescence 

would result in the overall formation of very large drops. 

It is generally noted that mass transfer from relatively 

larger drops is slower than from smaller drops, resulting 

in poorer performance. This would be the case for transfer 

from the ketone to the water with the ketone dispersed, and 

one would conclude that performance would be better with 
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the water dispersed, as the experimental results indicated. 

In conjunction with the effects of mass transfer out of 

the dispersed phase, consideration must also be given to the 

effect of drop size on the rate of mass transfer. With 

increased power input it would be expected that the droplet 

diameter would naturally be decreased. Increased power 

input to the system can be considered as being accomplished 

by increasing any one of the three variables affecting 

power, such as displacement, frequency, or throughput while 

holding the other two constant. In general an increase in 

displacement or frequency would result in a larger mechani

cal power increase in comparison to an increase in total 

throughput. This can be seen by the relative effects of 

increased displacement and frequency on performance as com

pared to the smaller effect of increased throughput on 

performance. 

It was pointed out by Hughes and Gilliland(l 2 ) that as 

the drop diameter is decreased, as would b€ the case with 

increased power addition, internal circulation within the 

drop is also decreased. With reduced internal circulation 

in the drop, molecular diffusion becomes the controlling 

factor for the rate of mass transfer with regard to very 

small drops. It follows that the performance of the extrac

tion column would be significantly reduced for power inputs 
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which created drop sizes that would result in diffusion

controlled mass transfer. It was observed in many instances 

in the experimental work, that minimums in heights of a 

transfer unit were observed with increasing power input and 

further increases in power input, did not improve perfor

mance. It is suggested that such results support the 

premise of diffusion-controlled mass transfer for small 

drops, and would partially explain these minimums in the 

height of a transfer unit. 

The physical property of interfacial tension would also 

play an important role in the size of droplet formation, and 

therefore effect the performance of the extraction column. 

The methyl isobutyl ketone-acetic acid-water system has been 

reported to be a ternary system of relatively low inter

facial tension. Addition of solute to the system resulting 

in an increased acetic acid concentration would lower the 

interfacial tension of the system <29 , 30 >. The low inter

facial tension, that is the low power requirement for 

creating additional surface area for mass transfer, results 

in a system where the liquid phases become easier to disperse 

with increasing acetic acid concentration. More effective 

dispersion with lowered interfacial tension by increased 

solute concentration would result in smaller drop size, which 

would in turn affect the performance. 
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Transfer from Water to Ketone Phase, Ketone Dispersed. 

The effect of throughput on performance is shown in Figure 

9, for transfer from the water to the ketone phase with the 

ketone phase dispersed~ For all displacem~nts and frequen

cies of 550 cycles per minute and above, the overall height 

of a transfer unit decreased with increased throughput. For 

a reciprocation frequency of 275 cycles per minute and most 

displacements, the overall height of a transfer unit in

creased slightly with increased throughput. With very few 

exceptions the performance with power input was better than 

without. Considering the total power input to be a combined 

function of frequency and throughput for a particular dis

placement, the performance was improved with increased power 

input to the system. 

Transfer from Water to Ketone Phase, Water Dispersed. 

The effect of throughput on performance with the water phase 

dispersed is shown in Figure 10 , for transfer from the water 

to the ketone phase. The overall height of a transfer unit 

increased slightly with increasing throughputs up to flood

ing, for most combinations of frequency and displacement. 

Performance was better for operation with power addition as 

opposed to operation with no power addition to the system. 

The extraction column performance improved with increased 

power input. However, the performance generally decreased 
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somewhat for increasing throughput alone. For transfer from 

the water to the ketone, it may be noted that the perfor

mance for transfer out of the drop is not substantially 

poorer than into the drop, as was previously discussed. 

Effect of Packing Reciprocation Frequency 

The effect of packing reciprocation frequency, differ

entiated with respect to direction of transfer and dispersed 

phase, is shown in Figures 11 through t4, pages 50 to 53, 

inclusive. 

Transfer from Ketone to Water Phase, Ketone Dispersed. 

The effect of reciprocation frequency on the overall height 

of a transfer unit for acetic acid transfer from the ketone 

to the water phase is shown in Figure 11, with the ketone 

phase dispersed. At flow rates of 5,000 pounds per hour per 

square foot, the overall height of a transfer unit appears 

to pass through a maximum value with increasing reciproca

tion frequency for both the 0.1250 and 0.1875 inch dis

placements. In increasing the reciprocation frequency from 

0 to 1100 cycles per minute, no net reduction in the overall 

height of a transfer unit was observed over values at zero 

frequency, or no power input. The possibility exists that 

the value of the height of a transfer unit at zero frequency 

is in error, but this was not confirmed by additional 
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experimental work. 

For flow rates of 10,000 pounds per hour per square 

foot with 0.1875 inch displacement, the overall height of a 

transfer unit decreased slightly with increasing reciproca

tion frequency up to 550 cycles per minute. However, the 

performance was improved approximately 25 per cent with 

increasing frequency and smaller, 0.1250 inch, displacement 

for the same flow rate. 

At flow rates greater than 10,000 pounds per hour per 

square foot and up to flooding, the performance improved 

significantly. It was generally concluded that the addition 

of more power to the system resulted in allowing higher 

throughputs with comparable performance to that at lower 

flow rates. 

Transfer from Ketone to Water Phase, Water Dispersed. 

The effect of reciprocation frequency on performance with 

solute transfer from the ketone phase to the water phase is 

shown in Figure 12, with the water phase dispersed. For all 

flow rates and displacements studied, the overall height of 

a transfer unit decreased to a minimum value and then in

creased with increasing reciprocation frequency. With the 

exception of the flooding data the effect of displacement 

and throughput were not apparent for flow rates of 5,000 and 

10,000 pounds per hour per square foot, until frequencies 
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exceeding 550 cycles per minute were utilized. The results 

indicated that the choice of high frequencies coupled with 

smaller displacements resulted in best performance for 

throughputs up to 10,000 pounds per hour per square foot. 

Generally the performance was improved with power input 

until reciprocation frequencies higher than 825 cycles per 

minute were used, indicating that further increase in power 

addition did not enhance average performance. The min~mums 

observed in the overall height of a transfer unit with 

increasing reciprocation frequency can be explained by the 

creation of a drop size that would be diffusion-controlling 

with regard to mass tramfer. 

It was observed that performance was considerably 

better for transfer from the ketone phase to the water phase 

with the water phase dispersed, than with the ketone dis

persed. This again indicated that performance was better 

with mass transfer into the dispersed phase, and could 

possibly be explained by the previous discussion of this 

topic. 

Transfer from Water to Ketone Phase, Ketone DisEersed. 

The effect of reciprocation frequency on performance with 

transfer from the water to the ketone phase is shown in 

Figure 13, with the ketone dispersed. For almost all flow 

rates and displacements studied, the overall height of a 
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transfer unit passed through a minimum value with increasing 

reciprocation frequency. The exceptions w~re flooding 

throughputs with 0.1250 inch displacement, and throughput of 

15,000 pounds per hour per square foot with 0.0938 inch dis

placement. Generally minimums in heights of a transfer unit 

obtained with larger displacement occurred at lower fre

quency. Apparently with a combination of lower displacement 

for throughputs above 10,000 pounds per hour per square foot 

insufficient power was added to the system to produce a 

diffusion-controlling size drop that would limit the rate of 

mass transfer. Therefore, it would be suspected that a fur

ther increase in reciprocation frequency would result in a 

minimum value of overall height of a transfer unit for flow 

rates above 10,000 pounds per hour per square foot with 

small displacements. The results indicated that best per

formance was at the highest throughputs, onset of flooding, 

with displacements of 0.1250 and 0.1875 inches. The results 

also indicated that after minimums in the height of a 

transfer unit had been attained, further increase in power 

addition did not improve performance. 

Transfer from water to Ketone Phase, Water Dispersed. 

The effect of reciprocation frequency on performance with 

the water phase dispersed is shown in Figure 14, for trans

fer from the water to the ketone phase. In general the 
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overall height of a transfer unit decreased with increasing 

reciprocation frequency,and selection of larger displace

ments resulted in better performance for a given throughput. 

Combinations of large throughputs, 15,000 pounds per 

hour per square foot and flooding, and small displacements, 

0.0938 and 0.1250 inches, resulted in minimums in the height 

of a transfer unit with increasing reciprocation frequency. 

After these minimums had been reached, a further increase in 

power was futile in improving performance. 

Performance was generally better for lower throughputs 

between 5,000 and 10,000 pounds per hour per square foot for 

both the 0.0938 and 0.1250 inch displacements. Power input 

to the system improved performance for the most part over 

performance with no power input by packing reciprocation. 

Performance at the Onset of Flooding 

column performance was evaluated at the onset of flood

ing as a function of packing reciprocation frequency. The 

effect of reciprocation frequency on flooding rates, sepa

rated with respect to direction of transfer and dispersed 

phase is presented in Figures 15 through 18, pages 54 to 57 

inclusive. 
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Transfer from Ketone to Water Phase, Ketone Dispersed. 

The effect of reciprocation frequency on flooding rate for 

transfer of acetic acid from the ketone to the water phase 

is shown in Figure 15, with the ketone dispersed. The 

flooding rate decreased from a maximum of approximately 

18,500 pounds per hour per square foot, at no power input, 

with increasing reciprocation frequency. With larger pack

ing displacement the flooding rate decreased more rapidly 

with increasing reciprocation frequency. The flooding rate 

was lower, for a particular frequency with larger displace

ment and also decreased with increasing reciprocation fre

quency for a particular displacement, indicating the effect 

of increased power input decreasing total available 

throughputs. 

Transfer from Ketone to Water Phase, water Dispersed. 

The effect of reciprocation frequency on flooding rate with 

transfer from the ketone phase to the water phase is shown 

in Figure 16, with the water phase dispersed. For increased 

reciprocation frequencies the flooding rates decreased to 

lower values with the larger two displacements studied, how

ever, passing through a maximum value of approximately 

22,000 pounds per hour per square foot at 275 cycles per 

minute. The flooding rate increased slightly with increas

ing frequency for the smallest displacement or lowest power 



input studied. It could be generally concluded again that 

larger power input reduced available maximum throughput in 

the column. Flooding rates were somewhat higher with the 

water dispersed for the same direction of acetic acid 

transfer. 

The higher flooding rates with the water dispersed 

could be explained by considering that larger drops would 
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be entrained in the continuous phase more readily than 

smaller drops of dispersed phase. This would be the case 

for transfer of acid from the ketone to the water phase with 

the ketone phase dispersed, if the observation ~ increased 

coalescence with transfer out of the drop applies to per

formance at the onset of flooding. 

Transfer from Water to Ketone Phase, Ketone Dispersed. 

The effect of reciprocation frequency is shown in Figure 17 

for transfer from the water phase to the ketone phase, with 

the ketone phase dispersed. The flooding rate increased 

from 20,000 pounds per hour per square foot, at no power 

input, through a maximum value at 275 cycles per minute and 

then decreased with further increase in reciprocation fre

quency to lower values than obtained at no power input. 

Larger displacements resulted in lower flooding rates for 

a particular packing reciprocation frequency. These results 



again substantiate the effect of lower available column 

throughputs with increased power input. 

Transfer from Water to Ketone Phase, Water Dispersed. 

71 

The effect of reciprocation frequency on flooding rates for 

transfer from the water phase to the ketone phase, with the 

water phase dispersed, is presented in Figure 18. Flooding 

rates decreased from approximately 20,000 pounds per hour 

per square foot at no power input to lower values with 

increased power input. It was generally observed during the 

study of flooding rates that larger power inputs, larger 

displacement for a particular frequency or increased fre

quency for a particular displacement, resulted in lower 

flooding rates as the experimental data again indicated. 

Reproducibility of Experimental Data 

In reproducing several experimental tests, a measure of 

the reproducibility of experimental data was obtained. 

During the course of the experimental investigation several 

tests were duplicated for the purpose of checking calculated 

results. It was found that calculated heights of a transfer 

unit were reproducible within the limits of ± 0.05 feet, for 

identical test conditiQns and operation below the onset of 

flooding. 
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Flooding rates were found to decrease as much as 2,000 

pounds per hour per square foot maximum, for identical test 

conditions at a later time in the investigation. The repro

duction of tests at the onset of flooding was conducted near 

the end of the experimental investigation. The decrease in 

flooding rates could possibly be attributed to a buildup of 

trace contaminants in the ternary liquid extraction system. 

The only source of known contamination of the system was the 

Molykote lubricant used on the process valve stems. It is 

known that addition of a solute or contaminant has a lower

ing effect on the interfacial tension of the system, which 

would in turn effect the flooding rates. However, no 

physical measurements were made to confirm this fact. At 

the present time little is positively known about the effect 

of interfacial tension and the magnitude of this effect. It 

is generally thought that interfacial tension plays an 

important role in resistance to mass transfer. Therefore, 

it would be suspected that a slight change in this physical 

property of the system might have a measurable effect on the 

performance of the system. 
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Comparison of Extraction Columns 

A comparison of the performance of the extraction 

column described in this work with the performance of 

mechanically-aided extraction columns reported in the 

literature is presented in Table III, page 74. The per

formance comparison was made considering the maximum per

missible column throughput before flooding, and the corres

ponding height equivalent to a theoretical stage as a 

relative basis for performance comparison. Consideration 

was also given to the best attainable value of height equi

valent to a theoretical stage and the corresponding column 

throughput as a measure of relative performance. As some of 

the designs of mechanically-aided columns were continuous

stagewise equipment rather than differential contactors, the 

height equivalent to a theoretical stage was selected as a 

common basis for performance comparison. Heights equivalent 

to a theoretical stage corresponding to overall heights of a 

transfer unit were calculated with equation 5, page 19. 

Maximum Total Throughput. A maximum throughput of 

3,100 gallons per hour per square foot was attained with the 

reciprocating wire-mesh packed column used in this work. 

Excluding this work, maximum throughputs achieved before 

flooding ranged from 149 gallons per hour per square foot 
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TiJlli III 

Co!!p!rison of This ~ ~ Reported Performance 

21, f;echanicall.y~Aided Extraction ~ Utilizing 

Type of ColUillll Column ~lspersed Performance at the lnset Performance at the lowest Reference 
Diruneter Phase of Flooding H.E.T.S. 

Combined~Stream H.E.T.s. Combined~tream H.E.T,S, 

in, 
Throughpu~ 
ga1/hr-ft in. 

Throughpu~ 
gal/r§-ft in, 

Rotating Disc 8.0 '1/ater 1,030 6.3 980 4.3 (B) 

Turbine Agi tater-Horizontal Baffles 11.5 tiater 458 3.0 458 3.0 (16) 

Alternate Agitated and racked Sections 11.5 water 595 9.2 595 9.2 (17) 

Turbine Agitators in Baffled Compartments 6.0 Ketone 500 5.5 286 3. 7 (14) 

Pulsed-Packed 1.57 Ketone 14~ 5.1 149 5.1 ( 7) 

Pubed Sieve-Trar 1.57 Ketone 267 10.1 267 10.1 ( 7) 

Sieve Hate Controlled-Cycling 2.0 ~later 2,270 14.0 1,250 6,5 (20) 

Reciprocating Plate ).0 iiater 1,837 7.5 547 4.3 (13) 

Pulsed Spray 1.5 Ketone 920 3.1 920 3.1 ( 1) 

l,eciprocating l/ire-J:esh :acking J,O '.,ater 2,ro:J u.s 1,300 4.2 (This Work) 

.o Ketone ~,100 18,8 2.2:0 2·8 (This Work) 



for the pulsed-packed column to 2,270 gallons per hour per 

square foot with the controlled-cycling extraction column. 

The total throughput of 3,100 gallons per hour per square 

foot achieved was 37 per cent higher than previous maxLffium 

reported throughputs for mechanically-aided extraction 

columns. 
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It may be observed that considerably higher throughputs 

were achieved with the extraction column utilized in this 

work than for other mechanically-aided columns. Greater 

throughputs can be attributed to the unique design for 

adding power by reciprocating a packing of high void con

tent. A packing such as the 95 per cent void wire-mesh used 

would offer a relatively small resistance to fluid flow in 

comparison to columns packed withRaschig rings or columns 

filled with various internalswhichoccupy a large portion 

of the column cross-sectional area. 

Also, it can be seen that in reciprocating a packing 

vertically, no fluid energy would be expended radially as 

compared to turbine agitated or rotating disc columns. With 

an equal positive and negative directional displacement of 

the packing in the same plane as the fluid flow, it follows 

that there would be no net reduction in fluid energy as a 

result of packing movement such as changing the direction of 

flow by a rotating member in a column. 
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Relative Performance. The minimum height equivalent to 

a theoretical stage exhibited with the wire-mesh packed 

column was 4.2 inches at a total throughput of 1,300 gallons 

per hour per square foot. In observing Table III it can be 

seen that this performance is competitively equivalent with 

the best performances of other columns, and has the added 

benefit of considerably higher permissible throughputs. 

Recommendation for Equipment Modification 

The following recommendations are concerned with direct 

modifications of the extraction column proper, and ofthe 

column accessories. 

Process Piping. It is recommended that all nylon fit

tings in the process piping be replaced with stainless steel 

equivalents to facilitate greater versatility in liquid 

extraction systems which could be studied. 

Process Valves. Replacement of existing valves with 

valves with the packing below the valve stern threads would 

eliminate contamination of the system by any lubricants and 

would prevent galling experienced when lubricant was 

insufficient. 

Water supply. For the purpose of expediting experi

mental tests it is recommended that the distilled water unit 



be replaced with a mixed-bed ion exchange column with a 

higher capacity for providing a pure water source. 
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Sampling. It is recommended that the existing column 

be modified or replaced with a column with provision for 

sampling of both liquid phases along the height of the 

column. This modification would allow studies of the 

effects of backmixing on extraction column performance. 

Recommendations for Future Investigation 

The following recommendations apply to the extension of 

this experimental investigation. 

Extraction System. Evaluation of the extraction column 

performance utilizing other ternary liquid systems with 

different physical characteristics such as equilibrium dis

tribution and interfacial tension would broaden the scope 

of possible applications for the wire-mesh packed col~n, 

and would provide informative data for further comparison 

with other equipment. 

Effect of Backrnixinq. With provision for phase samp

ling along the column height it would be an interesting 

study to determine the effect of backrnixing on performance 

as a function of power addition to the system. 
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Effect of Mass Transfer on Flooding Rate. on the basis 

of limited observation, the author suspects that in the 

absence of mass transfer the flooding rates decrease. It 

would prove informative to further investigate this phenome

non by experimental investigation. 

Power Addition. While still employing the method of 

vertical reciprocation, it would be interesting as well as 

informative to operate the extraction column with different 

internals other than the wire-mesh packing. Possibly the 

packing could be arranged in alternate sections with sieve

plates or other means for producing turbulence to effect 

improved performance. 

Photographic study. With still photographs, the drop

let size could be determined for various magnitudes of power 

addition allowing determination of interfacial area existing 

for mass transfer. With motion photography the effects of 

coalescence and redispersion of the dispersed phase could 

be determined at least qualitatively. The associated effect 

of wetting or not wetting the packing with the dispersed 

phase might also be observed. 
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Limitations 

The experimental investigation was conducted with the 

wire-mesh packed extraction column utilizing only the methyl 

isobutyl ketone-acetic acid-water system. Provision was 

made for dispersing either the ketone or the water phase. 

Acetic acid was transferred both from the ketone phase to 

the water phase and from the water phase to the ketone 

phase. The colunn performance was evaluated as a function 

of power input to the system and total throughput. The 

detailed experimental limi ta. tions u.re described in the 

following section. 

ccntration of approxi;,1.tb'lY 3.0 w,~i']ht per cent in the \vu.ter 

phase feed was used for transfer of acetic acid from the 

water to ketone phase. The corresponding maximt~ acetic 

acid concentration in the ketone phasu feed was appro:-::i

mdtcly 0.5 weight per cent. For tr~nsfcr of acetic acid 

from the ketone phusc to the water phase, maximum acetic 

acid concentrations in the ketone and water feeds were 

approximately 1.5 and 0.0 weight per cent respectively. 

Extraction Colwnn Dir:wn::ions. The extraction column 

used was 3.0 inches in inside diameter, 3.0 feet in length, 

and was fabricated of Pyrex glass pipe. 
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Wire-Mesh Packing. The wire-mesh packing utilized had 

a void content of 95.2 per cent and was 23.0 inches in 

height. 

Packing Displacement. Three packing displacements were 

used during the experimental investigation. Circular eccen

tric cams providing displacements of 0.0938, 0.1250, and 

0.1875 inches were employed. 

Reciprocation Frequency. Packing reciprocation fre

quencies from 0 to 1100 cycles per minute were studied, 

encompassing the full range of the mechanical transmission 

drive. 

Combined Stream Throughput. The extraction column per

formance was evaluated at flow rates of 5,000, 10,000, and 

15,000 pounds per hour per square foot and at throughputs 

at the onset of flooding. The maximum permissible through

puts were obtained at flooding, and were 21,000 and 22,600 

pounds per hour per square foot for transfer from the ketone 

to the water phase and water to the ketone phase, 

respectively. 

Solvent Ratio. All experimental tests were conducted 

with equal volumetric feed rates. The effect of solvent 

ratio on performance was not studied due to time limitations. 



Temperature Control. The temperature range of 28 ~ 1 

degrees Centigrade was selected for liquid feeds and was 

maintained for all experimental tests. 
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v. CONCLUSIONS 

The conclusions of this experimentLll work arc prcsentcd 

in the following section and pertain to: ( 1) the overall 

performance of the extraction colur:m with respect to the 

direction of acetic acid transfer, dispersed phase, and 

operating paro.mct,;rs, (~) the p2rformancc of the experi-

mental extraction column at the onset of flooding, and (3) 

the comparative perfo:r::nu.ncc of the rcciproc~ting wire-mesh 

packed col urm used in this work with other types o£ mcch<emi-

cally-u.ided extraction colunns rc~ported in the literature 

utilizing the methyl isobutyl kL·:tonc-~c~._;tic acid-water 

system. 

1. In evaluating the extr-J.ction colur,m performance, for 

transfer of acetic acid from the water to the ketone ph3sc 

and from the ketone to tho w<1ter phase, tho effect of <.lis-

persing oitht:cr the kctone phu.se or water ph~lse was studied. 

Mechanical power w~s added to the system by reciprocu.ting u. 

wire-mesh pae]:ing of 95 per cent void volume. Packing dis-

placcments of 0.0938, 0.1250, and 0.1875 inches were util-

ized with variable frequency between 0 and 1100 cycles per 

minute. The selected reciprocation frequencies wore 0, 275, 

550, 825, and 1100 cycles p:;r minute. Various combinu.tions 

of packing displacements and reciprocation frequencies were 
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selected for power addition to the extraction system at 

throughputs in increments of 5,000 pounds per hour per 

square foot up to the onset of flooding. The overall per

formance of the extraction column was evaluated in terms of 

the overall height of a transfer unit based on the ketone 

phase. The conclusions pertaining to performance at normal 

operating conditions are: 

a. For solute transfer from the ketone to the water 

phase, with the ketone phase dispersed, best perfor

mance was observed at a reciprocation frequency of 

1100 cycles per minute, 0.1875 inch displacement, and 

a flow rate of 5,000 pounds per hour per square foot. 

The corresponding minimum overall height of a transfer 

unit was 0.55 feet. Generally, the overall height of 

a transfer unit decreased slightly with increasing 

reciprocation frequency for a particular displacement 

and throughput. Increasing throughput had little 

effect on performance for most combinations of fre

quency and displacement selected for power addition. 

The minimum height of a transfer unit obtained with 

the water phase dispersed was exhibited at a frequency 

of 825 cycles per minute, 0.0938 inch displacement, and 

a throughput of 10,000 pounds per hour per square foot. 
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The minimum overall height of a transfer unit ob~>Grved 

was 0.26 feet. Minimums in the overall height of a 

transfer unit were experiencGd with increasing recipro

cation frequency. The overall height of a transfer 

unit passed through minimum values with increasing 

reciprocation frequency for the 0.0938 and 0.1250 inch 

displacements, at frequencies between 275 and 825 

cycles per minute and for throughputs between 5,000 

and 10,000 pounds per hour per square foot. Perfor

mance was not improved with increased power addition at 

flows above 10,000 pounds per hour per square foot. 

b. For solute transfer from the water to the ketone, 

with the ketone phase dispersed, a minimum overall 

height of a transfer unit of 0.60 feet was realized. 

Corresponding parameters of operation were 0.0938 inch 

displacement, 825 cycles per minute, and a throughput 

of 19,300 pounds per hour per square foot. The overall 

height of a transfer unit passed through minimum values 

between frequencies of 275 and 825 cycles per minute 

for most displacements and throughputs, and further 

increase in frequency resulted in poorer pcrfo~ance. 

For transfer with the water dispersed, a mini:::-.1um 

overall height of a transfer unit of 0.45 feet occurred 

at a throughput of 10,000 pounds per hour per square 
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foot, 0.0938 inch displacement, and a frequency of 1100 

cycles per minute. Generally the performance increased 

with increasing power addition to the extraction 

system. 

2. Performance of the extraction colw~n was investigated 

with maximum allowable throughputs at the onset of flooding 

for both directions of solute transfer. Performance at tho 

onset of flooding was evaluated as a function of the opera

ting parameters of frequency, displacement, and dispersed 

phase. 

a. For transfer of acetic acid from the ketone to tho 

water phase the flooding rate decreased with increased 

power addition, however, passing through a slight 

maximum at 275 cycles per minute with the water phase 

dispersed as compared to a continued decreu.se with th~:: 

ketone dispersed. A maximum flooding rate of 18,200 

pounds per hour per square foot was observed with the 

ketone dispersed, and 21,000 pounds per hour per square 

foot with the water phase dispersed. 

b. Lower flooding rates were generally observed Hith 

increased power input to the system for transfer of 

acetic acid from the water phase to the ketone phase 

with increasing reciprocation frequency. However, 

slight maximums occurred at 275 cycles per minute with 
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the ketone phase dispersed. Maximum allowable through

puts of 22,600 and 21,200 pounds per hour per square 

foot were attained with the ketone and water phase dis

persed respectively. 

3. In comparing the various types of mechanically-aided 

extraction columns, consideration was given to the relative 

maximum allowable throughputs and the corresponding heights 

equivalent to a theoretical stage as a measure of perfor

mance. Also, emphasis was placed on the best attainable 

values of height equivalent to a theoretical stage for the 

different columns and the throughputs at which these values 

were achieved. The maximum throughput of 3,100 gallons per 

hour per square foot achieved with the wire-mesh packed 

column utilized in this work was 37 per cent higher than 

any other reported throughputs for mechanically-aided 

columns. The minimum height equivalent to a theoretical 

stage exhibited with the wire-mesh packeu column was 4.2 

inches at a total throughput of 1,300 gallons per hour per 

square foot. This performance was considered to be competi

tively equivalent to other extraction column performances 

with the corresponding throughput being considerably higher 

than most other types of columns at the same level of 

performance. 
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VIII. APPENDICES 

The appendices of th.i..s thesis include: ( 1) Appendix 

A, materials and apparatus7 (2) Appendix B, drawings and 

bill of materials; and (3) Appendix C, calibrations, experi

mental data, and computer program. 



APPENDIX A 

Materials used in the experimental investigation arc 

listed in this appendix. 

Methyl Isubutyl Ketone. (4-mc:!thyl-~-pcntu.nonc) 

Distillation range, 114-117 °c; purity, gn% nin.; 

acidity (CH3COOH), 0.01%. Manufactured by Shell Chemical 

Company. Used as solvent in ternu.ry liquid extraction 

system. 

Acetic Acid. Glacial; Dichromate test, meets A.C.S. 

specifications; dilution test, to pass test; residue u.fter 
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evaporation, 0.0010%; chloride (Cl), 0.001%; sulphate (so4 ), 

0. 0001%; heavy met~1ls (as Pb), 0. 00005%; iron (Fe), 0. 00002~~; 

subst.:1nccs reducing K.Mn04, to pass 2 hour test; copper (Cu), 

0.00001%; nickel (Ni), 0.00001%; substances reducing 

K2cr2 o 7 , to pa.ss 1/2 hour test; assay (cH3COOH), mini1:mm 

99.7%; Lot No.'s 0704271, D707lll, D808131. Obtained from 

/\llied Chemical, General Chemical Div., NoH York, N.Y. Used 

as the solute in the experimental liquid extraction system. 

Distilled Water. Steam distilled with commercial water 

still from municipal city water, Roll~, Mo. Used as 

solvent in the liquid extraction system. 

Potassium Biphtalate. ,\ssay (KHCgH404), 99. 99%; 

insoluble matter, 0.002%; loss on drying at 105°C, 0.010%; 
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pH of 0.05 M solution at 25°C, 4.0; chlorine compounds (Cl), 

0.003%; sulfur compounds (S), 0.001%; heavy metals (Pb), 

0.0002%; Iron (Fe), 0.002%; Lot No. 91279, meets A.C.S. 

specifications. Obtuined fror1 J. T. Baker Chemical Compc:my, 

Phillipsburg, N. J. Used as prim:1ry acidimetric standard. 

Hydrochloric \cid. Reagent ,\ .C .s. Meets A .C .s. 

specificutions. Obtuined from Allied ~1emical, General 

Chemical Di v., New York, N.Y. Used as secondary acidiucJ tri c 

standard. 

s ndi wn Hyc1ro~:ic1.:_: . Pc llc:; ts . Z\.nalyticu.l rc'-l.gcnt. Mcc ts 

l\ .C .s. specificu.tions. Obtdined from M~lllinckrodt Chcmicu.l 

Works, st. Louis, Mu. Used ns st~ndu.rd base in acetic acid 

ti trat_ions. 



The apparatus used in the experimental liquid extrac

tion investigation is listed as follows: 

Variable Speed Drive and Motor. Graham Model N29M, 

serial number lhl61F36 W, 0-1100 rpm speed range, output 

torque of 10-16 inch-pounds at max. and 1/10 max. speed 

respectively, horizontal output shaft, micrometer speed 

control. Input driving motor, 1/4 HP at 3450 rpm, single 

phase, 60 cycle, 115/230 v. Used for rotation of recipro-

cation cam. 
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Centrifugal Pump. Eastern Model D-11 centrifugal pump, 

single stage, type 100 SB/T, serial number C3K-1064, 316 

stainless steel, 115 v, 60 cycle, single stuffing box with 

shredded Teflon packing. Used for water feed pump. 

Centrifugal Pump. Eastern Model D-11 centrifugal pump, 

single stage, type 100/T, serial number C4A-1033, 316 

stainless steel, ll5v, 60 cycle, mechanical seal. Used 

for ketone feed pump. 

Water Still. Barnstead water still, mfg's cat. no. 

SM0-58, serial number 49755, 5 gal/hr. capacity, manufac

tured by Barnstead Still and Sterilizer Co., Boston, Mass. 

Used for supplying distilled water for use as solvent. 
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Balance, Equal Arm. Eleven pound capacity, style 347. 

Serial number 48539, 0.01 lb. graduations, 0.005 lb. sen

sitivity over entire scale. Manufactured by the Exact 

Weight Scale Co., Columbus, Ohio. Used to weigh samples for 

rotameter calibrations and to weigh acetic acid for addition 

to the water phase. 

Timer. One-tenth second graduation, push button start 

and stop, 9999.9 sec. capacity, ll5v, 60 cycle, 5 watts. 

Manufactured by Precision Scientific co., Chicago, Ill. 

Used to determine time elapsed for rotameter calibration 

and time of each extraction test. 

Buret. 50 m. capacity, 0.1 m. subdivisions, + 0.05 ml 

tolerance, meets Federal Specifications DD-V-581 a. 

Obtained from Kimble Laboratory Div. of OWens-Illinois, 

Toledo l, Ohio. Used for standardization and acetic acid 

titrations. 

Rotametcrs. Type 316 stainless steel fittings, tube 

size 8-25-1, 250 mm. tube, serial number 1761, Type 1. 

Manufactured by Brooks Rotameter Co., Lansdale, Pa. Used 

to measure flow rate of water and ketone column inlet flow 

rates. 

constant Temperature Bath, Controller. Manufactured by 

Precision Scientific Co., Chicago, Ill. Cat. no. 66600, 

serial number M-3, ll5v, 50/60 cycles, single phase, 450 



watt immersion heater. Circulation pump model 13-061-l, 

serial number 12422287M. Used for temperature control of 

feed. 
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APPENDIX B 

Drawings and materials used for modifications of the 

original extraction column and accessories are listed in 

this appendix with suppliers and units of the items used. 
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List of Materials of Construction 

Description 

Piping and Valves 

Valve, 1/4 in. gate, 
18-8 alloy stainless 
steel, Jenkins valve. 

Valve, 3/8 inch, 
needle, 316 stain
less steel, cat. no. 
Py272, Hoke valve. 

Tubing, Agaloy 316 
stainless steel, 3/8 
inch I.D., 0.035 in. 
wall thickness 

Connector, 3/8 in. 
tube to 3/8 in. male 
P.T., Imperial cat. 
no. 268-N, nylon. 

Coupling, female,3/8 
in. tube to 1/4 in. 
female P.T., Imperial 
cat. no. 266-N, nylon 

Elbow, 3/8 in. tube to 
1/4 in. male P.T., 
Imperial cat. no. 
269-N, nylon 

Sleeve, No. 840-FSS, 
stainless steel 

Nut, No. 841-FS, steel 

Supplier 

Donnley Pipe 
and Supply Co . , 
St. Louis, Mo. 

Donnley Pipe 
and Supply Co . , 
St. Louis, Mo. 

Metal Goods 
Corp., 
St. Louis, Mo. 

Clarkson Power 
Flow Engineering 
Co., Kansas City, 
Mo. 

Clarkson Power 
Flow Engineering 
Co., Kansas City, 
Mo. 

Clarkson Power 
Flow Engineering 
Co., Kansas City, 
Mo. 

Clarkson Power 
Flow Engineering 
Co., Kansas City, 
Mo. 

Clarkson Power 

Unit 

ea 

ea 

ft 

Flow Engineering Co., 
Kansas City, Mo. 
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No. Units 

2 

10 

200 

20 

3 

10 

75 

75 



Description 

Piping and Valves 

Coupling, pi.[XJ red. 
coupling, 1/2 in. to 
1/4 in., NPT, 316 
stainless steel 

Cap, pipe cap, NPT, 
1/2 in., 316 
stainless steel 

Bushing, NPT, 1/2 
in. to 1/4 in. , 
316 stainless steel 

Storage Tanks 

Drums, 55 gallon, 
316 stainless steel, 
U.S. Pat. No. 2576767, 
I.C.C. Spec. 5-C, 
United States Steel 

Supplier 

Geigher Pipe 
Supply Co. 
St. Louis, Mo. 

Geigher Pipe 
Supply Co. 
St. Louis, Mo. 

Geigher Pipe 
Supply Co., 
St. Louis, Mo. 

Nootcr Corp. 
St. Louis, Mo. 
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Unit No.· Units 

ea 15 

ea 10 

ea 10 

ea 5 



APPENDIX C 

The calibrations, experimental data taken during the 

investigation, and computer program utilized for calcula

tions are included in this appendix. 
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The data, calibration curves, and methods of calibra

tion of the inlet stream rotameters and variable speed 

transmission are included in this section. 

Calibration of Rotameters. The calibration of the inlet 

stream rotamcters was accomplished by weighing the quantity 

of liquid passing through tre rotameters for a known time 

interval. Mutually saturated solutions of the ketone and 

water phases containing 0.5 weight per cent and 1.5 weight 

per cent acetic acid respectively, were used for the cali

brations. The liquid temperatures were maintained at the 

normal operating temperature of 28 degrees centigrade during 

the calibrations. Both rotameters were calibrated in 0.1 

scale intervals over the entire range of the rotamcters. 

The liquids were weighed on an equal arm balance to the 

nearest 0.01 of a pound,and the time was measured with an 

electric timer, accurate to 0.1 seconds. The calibration 

data is presented in Tables IV and V, and the calibration 

curves are presented in Figures 23 and 24 . 
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TABLE IV 

Calibration of the Ketone Phase Rotameter with Methyl 

Isobutyl Ketone Saturated with Water ~ 28 Degrees 

Centigrade .§:.!19. 0.5 Weight Per Cent Acetic Acid 

Scale Weight of Ketone Ti;nc Interval Flow Rate 
Position Phu.se Discharged 

lb min 1b/Llin 

0.1 1.72 1.710 1.01 

0.2 3.08 1.700 1.81 

0.3 3.19 1.210 2.64 

0.4 3.88 1.133 3.42 

0.5 3.39 .800 4.24 

0.6 4.22 .842 5.01 

0.7 4.73 .805 5.88 

0.8 4.81 .730 6.59 

0.9 5.71 .797 'J .1' 

1.0 5.48 .688 7.97 

1.1 4.61 .638 8.79 

1.2 6.71 .682 9.84 
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TABLE V 

Calibr<:~.tion ..Qf. .!J1£ Water Phase Rotameter with Water 

Saturated with Methyl Isobutyl Ketone .£.:!;. 28 Degrees 

Centigrade and ~ Weight Per Cent Acetic Acid 

Scale Weight of Water Time Interval Flow Rate 
Position Phase Discharged 

lb min lb/min 

0.1 7.97 6.678 1.19 

0.2 7.21 3.647 1.98 

0.3 7.53 2.637 2.86 

0.4 7.45 1.973 3.78 

0.5 7.71 1.650 4.67 

0.6 7.70 1.380 5.58 

0.7 7.65 1.183 6.47 

0.8 7.55 1.022 7.39 

0.9 7.78 .947 8.22 

1.0 7.62 .833 9.15 

1.1 7.47 .748 9.99 

1.2 7.45 .672 11.09 
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Calibration of the Variable Speed Transmission. The 

variable speed transmission was calibrated under simulated 

operating conditions by setting the micrometer speed control 

dial position and measuring revolutions per minute of the 

output shaft with a mechanical tachometer. The column was 

filled with water, simulating load conditions, and the 1/8 

inch displacement cam was used to reciprocate the packing 

during the calibration. Measurements of shaft speed were 

made with a Hasler Type B Mechanical Tachometer, serial 

number 121762, obtained from the M~chanical Engineering 

Department. An average of three readings of shaft speed was 

used for each micrometer dial position. The micrometer dial 

position was varied in two division increments over the 

entire 32 division scale. nle calibration data appears in 

Table VI, and the transmission calibration curve is pre

sented in Figure 25. 
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TABLE VI 

Calibration of 1h£ Gr~ham Variuble 

Speed Transmission 

Micrometer Dial Output Shaft 
Position Speed 

rev min 

0.0 0.0 
2.0 74.0 
4.0 148.0 
6.0 221.0 
8.0 294.0 

10.0 370.0 
12.0 448.0 
14.0 520.0 
16.0 592.0 
18.0 660.0 
20.0 731.0 
22.0 801.0 
24.0 868.0 
26.0 920.0 
28.0 980.0 
30.0 1040.0 
32 .0 1100.0 
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T.~-·.BLL VI I 

:tr::..:tr:.=t on ""ol'll-:--tn p.-.rfor~nZ"'l.:r:t.C• ~ -,_-.rith .7\cctic 7\.cid T:ra:r:t.sfc=:r from the 
~ ~ .'i.""lter Ph...:l.s(:: 

TeSt rre"f'::\.pC "L~ 

a. tLtre 

No. oc 
3.04F 28.0 

13.10 27.8 
3.03F 28.0 

13. Ol 
3.02F 

13.02 
:1..3.03 

3.0lF 
13.04 
13.05 

l.06F 
:1..1.06 
13.06 

l.05F 
11.07 
13.07 

l.04F 
ll.OS 
13.08 

l.03F 
ll.09 
13.09 

l.02F 
3.06F 

20.10 
9.04F 

22.06 
22.05 
22.04 

5.02F 
20.07 
5.0lF 
5.05 

20.02 
5.03F 

ll.Ol 
l3.ll 
20.03 

5.04F 
11.02 
20.04 
13.12 

7. OlF 
lS.Ol 

7.02F 
ll.03 
18.02 

7.03F 
11.04 
18.05 
18.03 

7.04F 
11.05 
20.01 
18.04 

9.0lF 
20.05 
20.06 

9.02F 
20.08 
20.09 

9.03F 
22.03 
22.02 
22.01 

27.8 
28.0 
27.8 
27.8 
28.0 
27.8 
27.8 
28.3 
28.3 
27.8 
28.3 
28.3 
27.8 
28.3 
28.3 
27.8 
28.3 
28.3 
27.8 
28.3 
28.0 
27.8 
28.3 
28.2 
28.2 
28.2 
27.9 
27.8 
27.9 
27.9 
27.7 
27.9 
28.3 
27.8 
27.7 
27.9 
28.3 
27.7 
27.8 
27.3 
27.6 
27.3 
28.3 
27.6 
27.3 
28_3 
27.6 
27.6 
27.3 
28.3 
27.7 
27.6 
28.3 
27.7 
27.7 
28.3 
27.8 
27.8 
28.3 
28.2 
28.2 
28.2 

\.~ut ... '-:L 

Rotameter 

Position 

.42 
-2 3 
.47 
.23 
.57 
.48 
-2 3 
.70 
.48 
.23 
.69 
.48 
-2 3 
.70 
.48 
-2 3 
.73 
.48 
.23 
.76 
.48 
.23 
.72 
.73 
.48 
.88 
.73 
.48 
-2 3 
.48 
.23 
.56 
.48 
-2 3 
.74 
.48 
-2 3 
-2 3 

1.02 
.73 
.48 
-2 3 
.6 3 
-2 3 
.78 
.48 
-2 3 
.92 
.73 
.48 
-2 3 

l.OO 
.73 
.48 
-2 3 
.94 
.48 
.23 
.96 
.48 
.23 
.so 
.73 
.48 
7~ 

K._ ton-

Ketone 
Ro tame tc r 
Posl.t.io:r:t. 

.37 
-20 
.42 
.20 
.50 
.43 
-20 
.6 3 
.L!-3 
.20 
.61 
.43 
.20 
-6 3 
.43 
.20 
.66 
.43 
.20 
.68 
.43 
.20 
.64 
.65 
.43 
.so 
.66 
.43 
.20 
.43 
.20 
.50 
.43 
.20 
.67 
.43 
.20 
-20 
.93 
.66 
.43 
.20 
.. 57 
-20 
.71 
.43 
-20 
.84 
.66 
.43 
.20 
.91 
.66 
.43 
.20 
.85 
-43 
-20 
.87 
.43 
-20 
.72 
.66 
.43 
.20 

~ 

Co~ce~trat~o~ of ~cet~c Ac~d 
Inlet Streams Outlet 

Kct.o~e Phase Water Ph~s8 Ketone Phase 
"i.Vt.... /6 _vvt.. % v..rt _ % 
l .451 .007 .lBO 
1.429 .023 .153 
1.451 
1.429 
1.451 
1.429 
1.429 
1.451 
1.429 
1.429 
1.372 
1.317 
1.429 
1.372 
1.317 
1.429 
1.372 
1.317 
1.429 
1.372 
1.317 
1.429 
1.372 
1.451 
1.622 
1.450 
1.549 
1.549 
1.549 
1.522 
1.622 
1.522 
1.522 
1.622 
1.522 
1.317 
1.429 
1.G22 
1 .. 522 
1.317 
1.622 
1.429 
1.524 
1 .. 533 
l-524 
1.317 
1 .. 533 
1 .. 524 
1_317 
1 .. 533 
1 .. 533 
1_524 
1.317 
1.622 
1.533 
1 .. 450 
1.G22 
.l.G22 
1 .. 450 
1.622 
1.622 
1.450 
1.549 
1.549 
1-.S-1.0 

.007 

.023 

.007 

.023 

.023 

.007 

.023 

.023 

.007 

.010 

.023 

.007 

.OlD 

.023 

.007 

.OlD 

.023 

.007 

.010 

.023 

.007 

.007 

.026 

.023 

.. 056 

.056 

.056 

.013 

.026 

.013 

.013 

.026 

.013 

.OlD 

.023 

.026 

.013 

.OlD 

.026 

.023 

.046 

.182 

.046 

.OlD 

.183 

... 046 

.010 

.183 

.183 

.046 

.OlD 

.026 

.183 

.033 

.026 

.026 

.033 

.026 

.026 

.033 

.056 

.056 
.. 056 

.197 

.242 
-22 3 
.315 
-283 
.322 
-283 
.332 
-205 
.209 
.263 
.233 
.246 
.306 
.319 
.246 
-32 5 
-360 
.393 
.394 
.303 
-283 
.255 
.459 
.430 
.438 
.268 
.348 
.462 
.410 
.319 
.406 
.283 
.186 
.078 
.lOB 
.238 
.168 
.090 
.119 
.332 
.442 
.283 
.188 
.44-2 
.299 
.147 
.199 
.136 
.334 
.184 
.118 
.187 
.258 
.349 
.093 
.319 
-036 
.045 
.414 
.212 
.209 
.251 

Streams 
vJa.te .r Phase 

'W't- % 
.701 
-965 
.759 
.901 
.883 
.864 
.846 
.834 
.846 
.797 
.757 
.873 
.876 
.735 
.840 
.845 
.726 
.840 
.802 
.757 
.707 
.776 
.849 
.602 

1.117 
.813 
.900 
.893 
.982 
.876 
.906 
.896 
.674 
.931 
.853 
.883 
.916 

1.162 
.793 
.896 

1.171 
.978 
.968 

1.037 
1.015 

.836 
1.037 
1.035 

.909 
1.238 
1.291 

.959 

.873 
1.173 
1.229 
1.031 
1.057 
1.171 

.925 
1.216 
1.213 

.892 
1.090 
l- 060 

.995 

1---' 
1---' 
u.> 



T1'\..DLE VIII 

::---->- t-·r-1..<--L·'.c-;,n c~")l"\__--,_-,y-.. PPr-Eo~-"..rlC<~ ~ ~--'ith T'\.cetic ~ Tr~.l..nsfer ~ ~ 

~ tC.> ~ J·.:::c'tl)rl·-~ l?h--:i.SC 

Test .rc_~-:"lJ::-:>C_J:....-- '.·-."'d.t..::r Ketone Cor1.c::cntrat.Lon o£ Acetic Acid 
a.t,_1.x.-c R.._=lt.J.:-:a.c: tc·r Rotameter Inlet Streams 01...1.-tlet Streams 

Positior1. Position Ketone Phase W.::::l.tcr Phase Ketone Phase Water Phase 
N0 .. 

0 c wt.. % -v-Jt _ % -----t w % .......... ~t.. % 
"L-"' .01F 28.2 .63 .56 .434 3.094 l.SlO 2.408 

4.05F 28.2 .66 .60 .516 3.012 1.755 2.286 
19.05 28.3 .48 .43 .38l 3.571 1.612 2.6l6 
19.07 28.3 .23 .20 .381 3.571 1.880 2.358 

4.06F 28.2 .78 .70 .516 3.012 1.755 2.342 
l9.06 28.3 .48 .43 .381 3.571 1.888 2.358 
19.08 28.3 .23 .20 .381 3.S7l 1.9l4 2.299 
l2.02F 28.2 1.05 .95 .434 3.094 l.637 2.l34 
1·'1.0l 28.2 .48 .43 .458 3.l67 1.61G 2.236 
l4 .02 28.2 .23 .20 .458 3.167 1.719 2 .2l0 

4.04F 28.2 .75 .68 .516 3.012 1.727 2.246 
l9.0l 28.3 .48 .43 .381 3.571 1.803 2.436 
19.02 28.3 .23 .20 .381 3.571 l.910 2.377 

4.03F 28.2 .82 .74 .516 3.0l2 1.710 2.233 
19.04 28.3 .48 .43 .381 3.571 1.855 2.424 
l 9 - o 3 2 a - 3 . 2 3 . 2 o _ 3 a1 3 _ s 71 l _a 96 2 . 3 s l 

4.02F 28.2 .96 .87 .Sl6 3.012 1.653 2.l5l 
14.03 28.2 .73 .66 .458 3.167 1.657 2.l97 
l4.04 28.2 .48 .43 .458 3.167 l.670 2.204 
14.05 28.2 .23 .20 .458 3.167 1.751 2.157 

4.01F 28.2 1.0l .92 .Sl6 3.012 1.483 2.2lS 
14.06 28.2 .73 .66 .458 3.l67 1.543 2.332 
14.07 28.2 .48 .43 .458 3.l67 l.551 2.291 
14.08 28.2 .23 .20 .458 3.167 1.629 2.269 

2.06F 28.2 .31 .73 .503 2.989 1.727 2.l6l 
12.03 28.2 .73 .66 .434 3.094 1.675 2.055 

2.0SF 2a.2 .94 .as .so3 2.9B9 1.739 2.2o4 
12.04 28.2 .73 .66 .434 3.094 1.653 2.l4l 
19.09 28.3 .48 .43 .381 3.571 1.758 2.456 
19.l0 28.3 .23 .20 .3Bl 3.571 l.766 2.436 

2.04F 28.2 l.OS .96 .503 2.989 l.SOG 2.233 
12.05 28.2 .73 .66 .434 3.094 l.S7l 2.l98 

2.03F 28.2 1.10 l.OO .503 2.989 1.Sl0 2.256 
12.06 28.2 .73 .66 .434 3.094 1.489 2.266 
l0.04F 28.7 .96 .87 .499 3.061 1.489 2.289 
23.06 27.7 .73 .56 .393 3.288 l.629 2.34l 
23.05 27.7 .48 .43 .393 3.288 l.530 2.426 
23.04 27.7 .23 .20 .393 3.288 1.499 2.452 
10.0lF 28.7 .GO .53 .499 3.061 1.543 2.243 
10.02F 28.7 .74 .67 .499 3.061 l.657 2.l5l 

S.OlF 27.4 .72 .66 .536 3.088 1.543 2.243 
8.02F 27.4 .82 .75 .536 3.088 1.633 2.224 

l2.07 28.2 .73 .66 .43·'1, 3.094 1.702 2.09l 
B~OS 27 .. 4 _._'18 -43 .. 536 3 .. 088 1.731 2 .. 151 

21.10 28.6 .23 .20 .399 3.393 1.965 2.126 
8.03F 27.4 .90 .82 .536 3.088 1.670 2.184 

l2.08 28.2 .73 .66 .434 3.094 1.702 2.09l 
16.02 27.8 .48 .43 .471 2.989 l.670 2.039 
l4.l0 28.2 .23 .20 .458 3.l67 l.768 2.l78 

8.04F 27.4 l.03 .94 .53G 3.088 1.57l 2.276 
16.07 27.8 .73 .GG .471 2.989 1.530 2.144 
l6.0G 27.8 .48 .43 .471 2.989 l.S47 2.ll8 
14.09 28.2 .23 .20 .458 3.167 l.649 2.269 
6.0lF 27.4 .80 .7l .622 3.015 l.7lS 2.l5l 

l9.l.L 28.3 .48 .43 .3Bl 3.57l 2.006 2.247 
21.01 28.6 .23 .20 .399 3.393 l.977 2.253 
6.02F 27.4 .88 .SO .G22 3.015 l.702 2.l7l 

2l.02 28.6 .73 .66 .399 3.393 l.867 2.247 
23.08 27.7 .48 .43 .393 3.288 l.742 2.230 
2l.09 28.6 .23 .20 .399 3.393 l.850 2.286 

G.03F' 27.4 .96 .87 .622 3.0l5 l.6l6 2.223 
6.05 27.4 .73 .66 .622 3.0l5 l.Gl2 2.2l7 

2l.04 28.6 .48 .43 .399 3.393 l.772 2.326 
2l.OS 28.C .23 .20 .399 3.393 l.B49 2.35l 

6.0--JI:" 27.4 l.OO .91 .C22 3.0lS l.S63 2.276 
2l.06 28.6 .73 .C6 .399 3.393 1.734 2.346 
21.07 28.6 .48 -·•3 .399 3.393 l.792 2.339 
21.08 28.6 .23 .20 .399 3.393 l.790 2.384 
lO.O:OF 28.7 .98 .88 .-'1.99 3.0Gl l.48l 2.269 
23.03 27.7 .73 .66 .393 3.288 1.659 2.322 
23.02 27.7 .48 .43 .393 3.288 l.673 2.3l9 
2?.-.0l. -:.~7.7 -~--: .20 .. 3'93 --:)..--=>88 1 .. 624 2.~7L 

,_. ,_. ..... 



COMPUTER PROGRAM 

LIQUID-LIQUID EXTRACTION, SYSTEM,MIBK-ACETIC ACID-WATER 
READ llO,NSETS 

1 DO 100 J=1,NSETS 
READ 2,TEST,KTRAF,KTDP,RPM,TEMP,DISPL,XNORM 
READ 3, VMKI, VJ.T,·:I, VNRO, VM\r.J"O 
READ 3,RAFIN,EXTIN 
VOL=10.0 

W'I'==60. 05 
IF(KTRAF)5,7,5 

5 AKTD=O. 8035 
AWAD=0.9956 
GO TO 10 

7 AKTD= 0 • 8 042 
AWAD=O. 9976 

10 WAK.I:::. (VHKI*XNORN*·.:T) I ( 10. 0*1\KTD*VOL) 

\r.J"AK.':J= (VMKO*XNOR!·1*,·JT) I { 10. 0* :IKTD*VOL) 

WA\\11:::. (~T::·f,\'J*XNOR!-1*'.-lT)I (10 .0*1'1.\'JAD*VOL) 

1-JA\"JO= (VM\tJO*X~ORH*. :T) I ( 10. 0* :'\WAD* VOL) 

FAKI:::.';;;U<II100. 

FAKO=\·J;\.KOI100. 

FA\\'I:::.','J/\\HI100. 

FA\'l0= 11lAWOI100. 
IF(KTRAF)12,20, 12 

12 RAFOT=: ( RAFIN) * { 1 .-F \lG) * ( 1 .+FAKO) 
TOTAL= 1<1\.F IN+ ;~X TIN 
EXTOT=TOTAL-RAFOT 
ACAIN=RAFIN*FAKI+ EXTIN*FAWI ._. ._. 

U1 



ACAOT=RAFOT*FAKO+EXTOT*FAWO 
DEV={(ACAOT-ACAIN)/ACAIN)*100. 
AVGR= (RAFIN+RAFOT)/2. 
AVGE=TOTAL-AVGR 
SLOPE==1.57 
A=(AVGR)/(SLOPE*AVGE) 
B= (FNCI-FAh'I/SLOPE)/ (FAKO-FAWI/SLOPE) 
ANTOD=LOGF(B*(1.-A) +A)/(1.-A) 
D=2 3 ./12. 
AHTOD=D/AN'IDD 
GO TO 29 

20 RAFOT:= (.tmFIN) * (1.-F.\WI) * (1.+FAWO) 
TOTAL=RAFIN+EXTIN 
EXTOT=T0TAL-RAFOT 
ACAIN=RAFIN*FAHI+EXTIN*FAKI 
ACAOT=RAFOT*FAWO+EXTOT*FAKO 
DEV== ( (l\CAOT-·'\CAIN) j;\CAIN) *100. 
AVGR=(RAFIN+RAFOT)/2. 
AVGE=TOTAL-AVGR 
SLOPE=O .637 
A~(SLOPE*AVGE)/AVGR 

B=(FAKI-FAWI*SLOPE)/(FAKO-FAWI*SLOPE) 

ANTOD=LOGF(B*(1.-A) +A)/(1.-A) 
D=2 3 ./12 . 
/\HTOD==D/,\NTOD 

29 IF {KTRAF)30,40,30 
30 GPHF=RAFIN/6 .69 + EXTIN/8 .29 

GO TO 41 
40 GPHF=RAFIN/6.70 + EXTIN/8.31 
41 IF(KTRAF)42,43,42 ,_. ,_. 

0"1 



42 AHETS== (.\HTOD*LOGF (1 .;.~\) ) I ( 1: -i\) 
GO TO 50 

43 2\HETS== ( \HTOD*LOGF (A))/ {A-1.) 
50 PUNCH 200, TEST 

216 PUNCH 217,TEMP 
PUNCH 20l,RPM,DISPL 
IF(KTDP)202,204,202 

202 PUNCH 203 
GO TO 300 

204 PUNCH 205 
300 IF(KTRAF)206,208,206 
206 PUNCH 207 

GO TO 400 
208 PUNCH 209 
400 PUNCH 210,TOTAL,RAFIN,EXTIN 

PUNCH 401,RAFOT,EXTOT,AVGR,AVGE 
PUNCH402,A ,GPHF 
PUNCH 211,WAWI,WAWO,WAKI,WAKO 
PUNCH 403, ACAIN,ACAOT 

212 PUNCH 213,DEV 
PUNCH 215,ANTOD,AHTOD,AHETS 

2 FORMAT(E10.8,215,4El0.8) 
3 FORMAT (4El8.8) 

110 FORMAT (IS) 
200 FORMAT (7H3TEST =,F5.2) 
217 FORMAT (14H TEMPERATURE= F4.1) 
201 FORMAT (12H FREQUENCY =,F7.2,6X14HDISPLACEMENT =,F6.4 ) 
203 FORMAT (26H DISPERSED PHASE IS KETONE) 
205 FORMAT (25H DISPERSED PHASE IS WATER) 
207 FORMAT ( 2 OH RAFFINATE IS KETONE) 
209 FORMAT (19H RAFFINATE IS HATER) 

I-' 
I-' 
--.J 



210 FORMAT (13H THROUGHPUT =,F7.1,2X6HRAFF.=,F7.1,2X5HEXT.=,F7.1) 
401 FORMAT(7H RAFOT=F7.1,2X6HEXTOT=F7.1,2X5HAVGR=F7.1,2X5HAVGE=F7.1) 
402 FORMAT(20H EXTRACTION FACTOR =F6.3,6X6HGPHF =F7.1) 
211 FORMAT(7H WAWI =F6.3,4X6HWAWO =F6.3,4X6ffivAKI =F6.3,4X6ID~AKO =F6.3) 
403 FORMAT(l7H ACETIC ACID IN =F9.3,4X17HACETIC ACID OUT =F9.3) 
213 FORMAT (29H MATERIAL BALANCE DEVIATION =F12.2) 
215 FORMJ\T (7H NTOD =F6.2,4X6HHTOD =F6.3,4X6HHETS =F6.3) 
100 CONTINUE 

STOP 
END 

..... ..... 
OJ 
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