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PREFACE 

The study of individual mass-transfer resistances in liquid-liquid 

extraction and the effects on these of such variables as flow rates have 

received considerable attention, not only for design purposes, but also 

because of the possible light that such studies may shed on the mecha

nism of liquid-liquid mass transfer. 

In recent years, pulsed columns have been extensively used, par

ticularly in radiochemical separations, to obtain higher mass-transfer 

rates than are obtainable with unpulsed columns, such as spray and 

packed columns. 

In this study, a · partially miscible system was used in the 

determination of individual film mass-transfer resistances in a 

pulsed column and to inve~tigate the effect of pulsed column var

iables, such as pulse frequency, pulse amplitude, and flow rates, 

on the individual resistances. Such a study, it is hoped, might 

not only help to explain the increased efficiencies obtainable with 

~ulsed columns, but eventually to contribute towards better under

standing of mass-transfer phenomena. 
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Dr. John B. West for their valuable guidance, to Dr. Stephen Lawroski 

and Miss H. Gladys Swope for the opportunit~ of using the facilities 
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G. Trice, Jr. for his helpful suggestions, particularly the use of 

glass filters, to Mr. Joseph F. Harast for his valuable assistance in 

building and 1TJaintaining the experimental apparatus, and to the 
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Robert Ho Dodd, Mr. Victor Ho Munnecke, Mr. Alfred Schneider, the 
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· PART ·r. INTRODUCTION 

Liquid-liquid Extraction 

Liquid-,ltqui:d extraction is that unit operation whereby a sub-

stanc.e is tranat'~;rred from one liquid to another by direct contact 

'?~ thi'e· two: l:t9.,.~ds:,. In gener~l, this unit operation may be divideq. 

into four ea;t~g~iiest (l} batch extraction; (2) stagewise extraction; 

(3} c.}?in.t~0::1W<f3:itraction; and (4) extraction by centrifugal action. 

:t:n.. 1?11=~:e-.h :•traction, definite amounts of the two liquids are 

J:>lae-ecd in a vessel, mixed together, and then allowed to settle out 
'' 

·ttrto>c"ti~P:·.phases which .are then separated~ Most laborcil,tOry extrac-

tions.are done batchwise. 

In ·stagewise extraction, the two liquids fiow into one vessel 

'fllh:.ere ·they·-mix, t)le mixture flows to .another vessel where the two 

· liquid 1>tiases separate, and the two phases fiow out through separate 

outlets~ One such combination of vessels is called a mixer;..settler • 

. , _,., In continuous liqi id-liquid extraction, the two liquids are con-
;·~ : ,).,". . 

· t.acted along the length of one VeSSfE?l, usually a Vertical column;· 9r 
tower. One liquid is .dispersed into, and flOW§. countercurrently to, 

the other liquid. The first liquid disperses into_the second liquid 

at ·one end pf the vertical column., ~nd settl.es out at the other end of 

the column. The di'Sperse-d liquid is referred to as the dispersed, 

discunttnu~us,, or drop phase, while the other liquid is referred to 

as the continuous, or field phase. 
' ' 

In ·c'E:lntri'f'ugal extractors, the heavier liquid is thrown outwar.':i, 

from a. centra:t. rotor to the periphery of' .a rotating perforated drum, 

1 



thereby displacing the lighter liquid which moves in the opposite 

directiono 

Whatever the manner of extraction, it is necessary that the two 

liquids should, at least to a certain extent, be immiscible. In ad

dition, a difference in density should exist between the two liquids 

to cause movement of one relative to the other. 

The phenomenon involved in the transfer of a substance from one 

liquid phase to another liquid phase bE1longs to that general group of 

phenomena known as mass transfer. In the study of mass transfer 

-phenomena, the rate at which a substance moves through another sub

stance is of paramount importance, particularly when the study of 

mass transfer is directed towards the design of equipment to carry 

out such mass transfer, either on a laboratory, or on an industrial 

plant, scaleo 

When two liquids and a solute are mixed together, the solute will 

distribute itself between the two liquidso At equilibrium, the ratio 

of solute concentration in one liquid to the solute concentration in 

the other liquid is equal to a certain value called the distribution, 

or partition, coefficient: 

2 

(1) 

where: 

"" m, 

c1 = solute concentration in one liquid 

c2 = solute concentration in the other liquid 

m ""distribution coefficientG 

The distribution or partition coefficient, m, may be a function of the 

concentrations, c1 and c2o The relationship between the two con-
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centrations may be given in the form of a plotted curve, called the 

ff equilibrium diagram .. " 

In most applications of liquid-liquid extraction, the two liquids J 

I 

cannot be maintained in contact with one another for a very long period 

of time. This is particularly true of commercial applications where 

economic considerations place a limit on contact time. Consequently, 

the two liquids are maintained in contact with one ·another for a finite 

length of time during which mass transfer occurs.," The rate of nass 

transfer can be expressed ast 

where~ 

N • K(c .. c *) 
1 1 ' 

N • rate of mass transfer per unit contact area 

K • mass transfer coefficient 

c1 • solute concentration in the first liquid 

c1* • concentration which would be in equilibrium 

with the solute concentration in the second 

liquid after infinite contact time. 

(2) 

In other words, if c2 is the solute concentration in the second liquid, 

then: 

(3) 

where: 

m • distribution coefficient 

as in equation (l). 

The mass transfer coefficient, K, in equation (2) relates the amount 

of solute transferred per µnit time per unit contact area to the concen-

tration "driving force" (c1 - Its reciprocal, 1/K, may be ccn-



sidered as the resistance to mass transfer, such that equation (2) may 

be re-written as: 

where: 

N = 
.R ' 

c1 = concentration 11 driving force" (c1 - c1*) 

R = mass transfer resistance, 1/Ko 

It is generally believed that the interface between two liquids 

offers no resistance to mass transfer, and that equilibrium exists at 

such -an interface& Hence, the rate equation for mass transfer may also 

be written as: 

4 

(4) 

wheret 

where: 

N = rate of mass transfer per unit contact area 

k1 = individual mass transfer coefficient for the 

first liquid 

·. c1 = bulk solute concentration in the first liquid 

cil = solute concentration at the interface, referred to 

the first liquid, such that: 

ci2 = interfacial concentration, referred to the second 

liquido 

In the foregoing discussion, the as~umption was implied that the 

bulk concentration in either liq.i id is dif'ferent from the interfaci.al 

concentration referred to that liquid, io e., 

(S) 



and 

02 f, Ci2* 

Theoretically, it would require an infinite number of mixer-settler 

stages, or an infinite height of column for c1 and oil to become equal, 

or ·for c2 an:d c12 to become equal. :f{owever, in certain systems, such 

as the system used in this study, the mass transfer resistances are so 

small that c and Ci become substantially equal even for a finite height 

of column. 

In most liquid-liquid extraction equipment, it is difficult to 

measure the interracial area between the two liquids. Hence, the effect 

·o.f ·:i:rrterfacial area is combined with the coefficient K so that for 

vertical colunms equation (2) may be re-written as: 

where:-

Nt • rate of mass transfer per unit cross-sectional 

area of the column 

K • coefficient, as defined in equation ( 2) 

a= ~terfacial area per unit volume of the column 

dh = differential height of column. 

(6) 

In -order that equation (6) can be integrated, the interracial area, a; 

is assumed to·be uniform over the cross-sectional area of the column. 

The -volumetric coefficient, Ka, ·has been found to be a function 

of ·column ·geometry ( such as the type and size of packing), as well as 

of the system properties. In general, the greater the turbulence, or 

·a:gita·tion, in the column, the greater the value of Ka. While tur

bulence caused by the dispersion of one liquid in the otn.er is some-
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-times suffici~nt to give the desired value of Ka, the degree of turbulence 

and the interfacial, or contact, area may be increased by any of several 

means. The column may be filled with packing material which provide 

greater contact area for the two liquids. Or, one liquid may be dispersed 

through a series of perforated plates, while the other liquid passes 

through chimneys, or down.comers, on each plate. The mass transfer rate 

may also be increased by providing external means of agitation, such as 

stirrers, or by applying a pulsating, or pulsing, motion to the liquids 

in the column. These different types of columns taken in order are 

known, respectively, as: spray columns; packed columns; sieve-plate 

-colunms; agitated colunms; and the last, with which we are most con

cerned, pulsed columns. 

Pulsed Columns 

The use of pulsation to increase mass transfer rate in an ex

traction column was the subject of a patent issued to Van Dijck (21) 

in 1935. In his device, pulsation is accomplished by alternately 

raising and lowering a series of perforated plates in a columno How

~ver, Van Dijck also discussed the possibility of accomplishing the 

desired agitation by moving the column liquids up and down through 

stationary plates. 

Recently the use of such devices, now called pulsed columns, has 

aroused C'Onsiderable interest. This is particularly true in the field 

of radiochemical processing, where space limitations imposed by 

shield:ing re_quirements place a premium. on extraction efficiencyo In

deed, it has repeatedly been shown that column heights can be dras

tically cut down by means of pulsation. 
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Pulsed columns can be divided into two main types (3, 20). The 

fiTSt ·type of p-µlsed column consists of an ordinary packed column in 

which a pulsing moti'on is ·imparted ··to the liquids i:n the column by means 

uf a _reciprocating piston pump, diaphragm, or bellows. The second type 

·consists of a sieve-plate colum, without downcomers, in which pulsing 

· 'ffl'Ot±on is likewise imparted by means of a reciprocating pump. The plate 

perforations are ordinarily too small for the two liquids to flow 

through countercurrently without pulsing. To this second type of pulsed 

-column has ·been ·given the·_ name ffpulse column;" ( 4). Van Dijck' s original 

idea of moving the plates has not gained wide acceptance. 

Individual Mass-transfer Resistances 

According to equation (6) a solute moves from one liquid into 

another at a certain rate. be 1 t' In order that _there ~ no a.ccumu a ion 

of solute, this same solute must move from the ma.in body, or bulk, 

of one liquid to the interface between the two liquids at the same 

rate as that given by equation (6), thus: 

likewise, it must move from the interface to the bulk of the other 

liquid: 

where: 

k1 = individual mass-transfer coefficient for the first 

liquid 

k2 = individual mass-tra~sfer coefficient for the second 

liquid. 

( 7) 

(8) 
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We can therefore picture the solute as moving from the bulk of one 

liquid to the interface between the two liquids across a resistance 

l/k1a, and then moving from the interface to the bulk of the other liquid 

across a second resistance l/k2a. Ordinarily, the interfacial concen

trations cannot be determined; hence, the individual resistances l/k1a 

and l/k2a cannot be calculated. However, bulk concentrations in the 

two liquids can be easily determined, and the over-all resistance 

1/Ka can be calculated by suitable manipulations of equation (6). 

According to equation ( 6) the total concentration driving force 

across the two liquids is given by: 

Assuming no resistance at the interface, the total concentration driving 

force is equal to the sum of the driving forces across the two liquids: 

Substituting from equations (6), (7), and (8): 

N' = N' + 

Kadh 

or: 

l 1 + m = .. 
Ka k1a k2a 

If either of the two resistances is large compared to the other, it 

becomes approximately equal to the total resistance .. 

Colburn and Welsh (5) developed· an ingenious technique for 

measuring individual mass-transfer resistances by using two partially 

miscible liquids.. When two such liquids are contacted with one an-

other, one liquid transfers, or diffuses, into the second liquid 
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until the equilibrium, or satura;tion, concentration of the first liquid 

in the second is reached. Likewise, the second liquid transfers into the 

first until its equilibrium concentration is reached. Thus, the first 

liquid serves as the solute in the second liquid, and vice-versa. It 

is assumed that equilibrium exists at all times at the interface of the 

two liquids. Therefore, if c1 is the concentration of the first liquid 

in the second, its concentration at the interface is c81 , where csl is 

the equilibrium, or saturation, concentration. 

Equations analogous to equations (7) and (8) may be written, for 

the first liquidi 

(9) 

and for the second liquidi 

(10) 

Because the solute in the first liquid is different from the solute in 

the second liquid, N1 is not necessarily equal to N11 • 

From the foregoing, it is easily seen that if one liquid is made the 

dispersed phase and the second be made the continuous phase, the re-

sistances of the two phases can be determined separately, since the con-
I. 

centrations c1 and c2 are easily obtainable, and the saturation values 

csl and cs 2 can be obta:i.r'l.ed by contacting the two liquids for a sufficiently 

long period of time, and then measuring the concentration~. It should be 

noted that csl and cs 2 are functions of temperature. 

This technique of using two partially miscible liquids, which is 

analogous to that in gas-liquid absorption where a pure gas and a pure 

liquid are contacted, was therefore adopted for the purpose of investi-

gating the effect of pulsation on the dispersed and continuous phase 

resistances, i.e., on the mass-transfer coefficients k1a. and k2a in 
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equations (9) and (10) o The methods used in the problems associated with, 

and the results obtained from, such a study make up the subject matter of 

this thesis~ 



PART II. RECENT LITERATURE 

Individua.l Mass-transfer Resistances 

Colburn and Welsh (S) used the partially miscible system isobutanol

water to study individual transfer resistances in a 3-11/16 in. x 21 in. 

column packed with 1/2-inch cJ.a.r Raschig rings. Individual "film" HTU's 

were determined by calculating the number of transfer units for each phaset 

NTU"' 

which is an approximation of the more general form: 

NTCJ "' 
~

Y2 (1 - y)f dy , 

(1 - y)(y - y) 
s 

Y1 
wheret 

y = concentration in mole-fraction or veight fraction 

y8 "'concentration at saturation 

(1 - y}f "'logarithmic mean concentration of the non

diffusing component; 

and by converting NTU's to HTU 1 s (height of a transfer unit): 

h 
HTtJ "' NTU , 

where: 

h "'height of the column. 

(11) 

(11-a) 

(12) 

For dilute solutio~s, (1 - y)f and (1 - y) are approximately equal. 

Therefore, equation (11) simpliftes tot 

11 
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N'ru = 2 .3 log • (13) 

For the dispersed phase, HTUD was found to be substantially constant 

and independent of the flow rates: 

HTUu = constant. (14) 

On the other hand, for the continuous phase HTUc was found to be 

a power function of the flow ratio, w0/wn, such that 

where: 

o<. = constant 

,HTU= '"<( We 10. 75 , 
Wn 

(15) 

w0, 'Wn = flow rates by weight of the continuous .and dispersed phases,. 

respectively .. 

The following correlations were recommended for over-all HTU's: 

where: 

= C + (~)·· 0 o 75(·. mWiJ. ' ... \ • 
1 °2 . · · - 1 , Wj) We 

) 
. ' 

HTU0D = over-all HTU based on the dispersed phase 

HTIToc = over-all HTU based on the continuous phase 

ct s = cons tan ts 

Wn = flow rate by weight of the dispersed phase 

w C = flow rate by weight of the continuous phase 

m = distribution coefficient, equal to the slope 

of the equiliprium lineo 

(16) 

(17) 
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Comings and Briggs (6) attempted to determine the relative magnitudes 

of the individual transfer resistances by using caustic and acid solutions 

to reduce the over-all resistance. Benzoic acid, aniline, and acetic acid 

were transferred between water and benzene in wetted-wall and packed 

columnso The results were correlated by equations of the form: 

wheret 

Ka = o<:v rv s 
D C ' 

Ka= over-all coefficient 

Vts = superficial velocities 

r, s = exponents 

o<. = constant. 

(18) 

A qualitative determination of the resistance offered by each "film11 was 

made, and it was believed that the individual coefficients could also be 

represented by equations of the form 

(19) 

where: 

Vw, VB= water and benzene flow rates, respectively. 

Approximate values of the exponents m and n for wetted-wall columns are 

also given in this studyo 

Brinsmade and Bliss (2) used a wetted-wall tower to resolve over-

all coefficients into individual coefficients. From the general 

equationt 

(20) 

and the assumed relationships: 

(21) 



and 

where:, 

H = distribution coefficient 

L's= flow rates by weight 

cw= subscripts which refer to core and wall liquids, 
~ 

respectively; 

14 

(22) 

the exponents n, p, r, ands, were evaluated by plotting reciprocal co-

efficients against reciprocal flow rateso 

Over-all coefficients were evaluated as 

1 
Ka 

C 

= 
,,d.. 

LC o,63 .L 
L 

w 
• 
' 

(23) 

from equations (20), (21), (22), and (23), the individual coefficients 

were resolved into 

and 

kca = ~L o.63 
C C 

k a = -oJ... T. • w w-w 

These coefficients were compared with those derived from Colburn and 

Walsh's study: 

and 

(24) 

(25} 

(26) 

(27) 
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The partially miscible systems isobutyraldehyde-water and 

3-pentanol-water were used by Lad<Uia and Smith (12} to study in-

dividual transfer resistances in 2-inch spray and packed towers. 

The results parallel those of Colburn and Welsh. 

For the dispersed phase: 

HTlJo = constant (28) 

and for the continuous phase: 

(29) 

End Effects 

End effects were studied by Geankoplis and Hixson (9) who used a 

bent-tube device to sample the continuous phase in a spray column at 

different points. Ferric chloride was transferred from water as the 

continuous to isopropyl ether as the dispersed phase. A significant 

end effect was found at the continuous phase inlet but none at the 

other end. This inlet effect was found to increase with the mass 

transfer efficiency of the column, and also to increase with the dis

persed phase (ether) flow rate. This inlet effect, however, decreased 

with increasing feed concentration in either phase. On the other hand, 

column geometry and interface level (with respect to the feed inlet 

level) did not have any appreciable influence on the end effect. 

In a later study, Geankoplis, et. al. (10) studied acetic acid 

extraction from dispersed toluene to continuous water phase in a 

3-3/4-inch diameter glass column, 6 feet tall, fitted with the same 

kind of sampling device used in the previous study by Geankoplis and 

Hixson (9). It was found that the inlet effect occurred at the con-

tinuous phase inlet, as before, and it was therefore conpluded that 
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the inlet effect was independent of the direction of solute transfer. As 

in the previous study, logarithms of the concentrations were plotted 

against linear distance along the column and found to be approximately 

straighto The slopes of these lines were related to HTU values. How

ever, at the dispersed phase inlet, the mass transfer rate was less than 

expected, and this was believed due to the flaring section at that 

pointo Concentration gradients in the dispersed phase were related to 

those in the continuous phase by material balances. 

Correlation of inlet effect with H'.lU values inside the column shows 

a linear decrease of inlet effect with increasing H'IUo Furthermore, the 

inlet effect decreases as the dispersed phase flow rate is decreased 

and becomes zero at zero dispersed phase flowrate. The effect of con

centration is opposite to that found previously when transfer was from 

continuous to dispersed phase (9)e In this latter study, when mass 

transfer was from dispersed to continuous phase, inlet effect in

creased with dispersed phase feed concentration. 

'End effects in the dispersed phase were investigated by Licht and 

Conway (16 ) • According. to their findings, mass transfer in the 'dis

persed phase occurs in three stages:: (1) at the dispersed phase inlet; 

(2) as the dispersed phase moves up or down the column through the con

tinuous phase; and (3) at the interface where the dispersed phase re

coalesces. Columns of different heights were used to eliminate the 

second stage; and a special column was used to eliminate the second and 

third stages. By difference, the respective effects of the three stages 

were obtained. 

Representative figures for the extraction of acetic acid from 

water (dispersed) are:: 



- Solvent % extracted 
( continuous) stage 1 stage 3 

Isopropyl ether 5 6 

Methyl isopropyl ketone 8 13 

Ethyl acetate 17 11 

Pulsed Columns 

A diagram of Van Dijck1 s original pulsed column is given by 

Morello and Poffenberger (17} in a survey of commercial extraction 

equipment. 
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Rubin and Lehman (18) studied the systems water-uranyl nitrate

c;vc~o:t3-exanone and wa ter-uranJrl n~ tra te-pen ta ether in a 1/2-inch di

ameter, 3-foot tall pulse· column, with teflon perforated plates. While 

they agre~ with other investigators ( 5, 12) that the dispersed phase 

HTU is essentially constant with respect to flow rates, they believe 

that the continuous phase HTU can better be expressed as a linear 

function of the continuous and dispersed phase flow rates, independently, 

rather than as a function of the flow ratio. This assumption leads to 

the HTU-surface concept, according to which, over-all HTU's can be plotted 

in three dimensions with over-all HTU on one coordinate axis, flow rate 

of one phase on the second coordinate axis, and the reciprocal of the 

other flow rate on the third coordinate axiso 

Their data were correlated in terms of over-all HTU's: 

and 

where: 

(30) 

HTUoL = Y (31) 

G, L = flow rates of organic and aqueous phases, respectively 

~/;-'(=constants. 
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By means of certain assumptions and mathematical manipulations, equations 

(30) and (31), were converted to individual HTU' s: 

(32) 

and 

HTUL = Y'. (33) 

Lehman (14) used trace concentrations of plutonium between aqueous 

nitric acid and TTA (thenoyltrifluoroacetone) organic solvent, at dif-

ferent acid and TTA concentrations to vary the distribution coefficient 

and thereby obtain individual HTU's from the relationshipt 

Hoo= Ha 
mG 

HL ·-L 
(34) 

or 

HOL = HL +_f_ H 
mG G 

0 (35) 

A few such calculations were made to illustrate the method, but 

no general correlations of individual HTU1 s were made. However, over-

all HTU 1 s were correlated by the HTU-surface concept developed by 

Rubin and Lehman. 

Cohen and Beyer (4) studied the system isoamyl alcohol-boric acid

water in a 1-inch diameter, 20-inch tall pulse column with 10 ducoflex 

perforated plates. At a given pulse frequency and amplitude, the effect 

of flow rates on the over-all H'IU was correlated by: 

0 (36) 

However, at low frequencies, over-all HTU's appeared to vary with 

individual flow rates, rather than flow ratio, possibly because at low 

freque~cies neither phase was truly continuous. At high frequencies, 

the pulse column behavior was "similar to tha"1 of a spray column." 
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The effect of pulse amplitude and frequency were correlated in terms 

of HETS (height equivalent to a theoretical stage) as a function of the 

product amplitude x frequency (Af). The change with Af was greater 

at low Af, possibly because of back-mixing due to small droplets at 

high Af. 

Belaga and Bigelow (l} correlated HTU1 s as a function of the product 

Af, using the system hexone-acetic acid-water, with hexone as the con

tinuous phase, in a pulsed perforated-plate column. HTIJ increased, then 

decreased, and finally increased with increasing Af, although the 

variation was not appreciable (the range in HTU values was between 

HTU = 2.,63 inches and HTU "" 6.25 inches). Column behvaior at dif

ferent pulse frequencies and amplitudes was used to explain this HTIJ 

variation. 

Sege and Woodfield (19) used a 3-inch diameter perforated-plate 

pulse column, and the system nitric acid (aq. solution) -uranyl nitrate

tributyl phosphate in CCl4 or hydrocarbon, to study pulse column variables. 

Three types of phase-dispersion behavior were observed as a function of 

throughput rates and pulsing conditions: (a) the mixer-settler type of 

operation; (b) emulsion type of operation; and (c) unstable operation. 

Chantry, Von Berg, and Wiegandt (3) give a comprehensive survey of 

the literature on pulsed columns, as well as the results of a series of 

investigations on a 4-foot tall, 40-mm diameter pulsed packed column, 

and pulsed sieve-plate column of the same general dimensions. Frequen

cies of O to 300 cycles per minute were available at column amplitudes 

of O to 10 mm.. Two systems were 'used in this study: methyl isobutyl 

ketone-acetic acid-water and ethyl acetate-acetic acid-water. Water 

was the continuous phase in almost all the runs. 
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It was found that the HETS varied as the 0.37 power of the dispersed 

phase flow rate when the column was pulsed and was almost independent 

of the continuous phase flow rate. In general, HETS decreased as the 

amplitude was increased at a given frequency, and likewise decreased as 

the frequency was increased at a given amplitude. The curves given, 

however, show minima, beyond which, the HETS tend to increase with 

either pulse amplitude or frequency. Such points were usually close 

to flooding conditionso 

An approximate correlation was proposed which gives the amplitude 

as a function of frequency at a given HETS; thus, at HETS = 7: 

A = 10 000 r- 2 
' 

(37) 

where: 

A = pulse amplitude in mm 

f = pulse frequency in cycles per minute. 

Lane (13) investigated the four-component system pentaether-uranyl 

nitrate-nitric acid-water, and 1'pseudo-equilibrium" concentrations in 

terms of activities and activity coefficients were calculated .. Runs 

were made in 1-inch diameter bottom-pulsed and top-pulsed columns, and 

HTU' s based on the pseudo-equilibrium lines were calculated. However, 

no correlations relating HTU1 s to flow rates or pulse variables were 

given. 

Reynolds number was used by Li and Newton (15) to· correlate mass 

transfer coefficients of the system toluene-benzoic acid-water in a 

perforated-plate pulsed column consisting of eleven segments of 2-in. 

x 2 in. Pyrex pipe spacers .. The perforated plates were of 5/32-inch 

thick brass, perforated with 85 holes of 1/16-inch diameter, with a 

fractional open area of 8.51%. 
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Their results were expressed in the form: 

(38) 

where: 

H = reciprocal of the distribution coefficient 

¢T = constant. 

The Reynolds number through the perforations was calculated by 

" using the density and fiscosity of a two-phase liquid mixture composed 

of the average hold-up analysis of all the runs at an average room 

temperature of 800F. 11 The term v, the arithmetic average velocity of 

liquid mixture through the perforations, was calculated from the volume 

of displacement of the plunger in the pump and the area of perforations 

on the plate." 

Two kinds of behavior were observed: a "streamline," and a 

''turbulent" region, as indicated by a break in the Reynolds number 

plots. The Reynolds number exponent in the "streamline" region was 

0.175 and the exponent in the "turbulent" region was 1.07. The "stream-

line 11 region was characterized by a "cell-like formation with large 

drops of water phase (the continuous phase) surrounded by toluene filmso 11 

This phase-inversion behavior obviously retards mass transfer to the 

extent that the effect of pulsation is diminished. 

The hold-up was an increasing function of Reynolds number in both 

regions, but a sudden drop in hold-up was noticed at the transition 

from the "streamline·" to the "turbulent" region. It is believed that a 

transition from cell to drop structure occurred at this point, and 

because the drops moved faster, they contributed less hold-up. It 



was also observed that, "the hold-up was affected mainly by the flow 

rate of the discontinuous phase and was practically independent of the 

flow rate of the continuous phase." 
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PART III. EXPERIMENTAL APPARA'IUS 

Column and Accessories 

The extraction column was built from two sections of Pyrex pipe, 

2 inches in internal diameter, each section having a length of l foot. 

The entire apparatus is schematically shown in Figure 1-i. Orginally, 

the column: c_onsisted of a 2-foot length of Pyrex pipe and was to be 

packed with 6 x 6-mm. Pyrex Raschig rings. However, the results of a 

few trial runs showed that in such a pulsed column the isobutanol

water system would saturate easily. Hence, instead of packing, a 

perforated plate was inserted between the two sections of the glass 

column. The perforated plate was 1/16-inch thick stainless steel 

drilled with 19 holes of 5/32-inch diameter spaced at a center-to

center distance of 3/8 inch on an equilateral triangular pattern. 

These holes comprise a free area of 11.6% of the column cross

sectional area. "Fel-pro" compressed asbestos sheets were cut 

and used as gaskets. 

The feed inlet lines were 1/4-inch o. D. stainless steel tubing, 

which extended up to the feed rotameters. The aqueous effluent line 

was also 1/4-inch stainless steel tubing up to the aqueous effluent 

valve. The rest of the feed and effluent lines were 1/4-inch o. D. 

copper tubing. The feed and effluent tanks were 55-gallon stainless 

steel drums. The feed valves and the aqueous effluent valve were 

1/8-inch needle valves. ·All other valves were 1/4-inch glo~e valves, 

except for one solenoid valve which controlled the cooling water line 
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Fig. 1-a. Diagram of Experimental Apparatus 
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Fig. 1-b. Photograph of the Experimental Apparatus. 
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to the feed water bath. 

The temperature in the colurrm was ma in tained at approximately 2.5°c 

by immersing coils of the feed lines in a .5.5-gallon water bath which was 

maintained at the desired temperature by a cold-water line and a Cal-rod 

immersion heater connected to a Chromalox model AR 2529 thermostatic 

relayo A dial thermometer was attached to the colurrm at the organic, 

or upper, effluent line, and the temperature was controlled by adjusting 

the water bath temperature such that the dial thermometer reading was 

2.5°c. On hot days, when the room temperature was approximately 30°c, 

the water bath tem_perature was set at about 23 .. 5-24°0 to maintain the 

column at 25°Go 

The feed tanks were located on a balcony approximately 12-1/2 feet 

above floor level. The organic feed inlet was 4 feet above floor levelo 

Both feeds flowed by gravity head independently of the pulse pumpo The 

feed flow rates were measured by Fischer and Porter precision-bore Flow

rators: a 150-cc per min rotameter for the organic feed, and a 500-cc 

per min rotameter for the aqueous fee do After installation, the 

rotameters were calibrated with isobutanol and water, respecti.vely. 

Pulse Pump 

The pulsator, or pulser, was a Denver Equipment Goo cast-iron body, 

neoprene diaphragm pump. The 5-1/2-inch diameter neoprene diaphragm was 

connected to an adjustable stroke eccentric. One ball check-valve was 

removed prior to use. The pump was driven by a 1/2-h. p. electric motor 

through a Graham variable speed transmission with an output range of 0 

to 550 cycles per minute. J.n this study, the frequencies used were 

limited to a range of O to approximately 100 cycles per minute. Pulse 



amplitudes of 1/4 inch and 1/2 inch were studied. The pulser was 

connected to the column through 1-inch stainless steel piping., 

Glass Filters 

In the latter course of this work, four Ace glass filters of C 

porosity were fused into the colunm to sample the continuous phase and 

to provide a better picture of the concentration gradient within the 

column. The use of these filters was, however, limited to the case 
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when the aqueous phase was continuous. It is believed that preferential 

sampling of the aqueous phase by the glass filters is due to preferen

tial wetting of the sintered glass surface of the filter by the aqueous 

phase. When the organic phase was made continuous, films of the aqueous 

phase formed on the sintered glass surface, making it impossible to 

draw off either phase alone. 

Dehydrator Column 

A 1-1/2-inch column, 4 feet tall, was also assembled in an attempt 

to recover the spent isobutanol with anhydrous CaS04 (Drierite)o How

ever, its use was discontinued after a trial run gave unfavorable re

sults. Approximately 4 lb of Drierite charged into the column was able 

to bring down the water concentration. from 11 .. 5% to 7 .. 2% on the first 

throughput, at a feed rate of 50 ml per min. After 10 minutes, the con

centration was 9.5%; after 15 minutes, 10.2%; and after 20 minutes, 10.5%0 

The chemicals used in this study were technical-grade isobutanol 

from the Celanese Corporation of America,and once-distilled water from 

the 10-gallon per hour Barnstead still supply:ing distilled water to 

Building D-310,. 



PART IV. EXPERIMENTAL PROCEDURES 

Start-up Procedure 

On the day previous to a run, isobutanol and water were poured into 

their. respective feed tanks if the remaining amounts in the tanks were 
..... . -.;. 

deemed insufficient for the contemplated runs. This was done on the 

preceding day because it was noticed that filling the tanks on the same 

day caused minor fluctuations in the rotameter readings, particularly 

on the aqueous feed line. This must have been due to motion of the 

liquid inside the feed tank immediately after pouring in the feed. 

Before a run was made, the water bath was ad.justed to the required 

temperature (from 23.5°c to 26°c, depending on the ambient temperature) 

by means of the thermostatic relay. When the water batch had reached 

the desired temperature, the column was filled with water until it 

reached the upper interface level, which was approximately 1 inch 

above the aqueous feed inlet, if the water phase was to be the con-

tinuous phase. If water was to be dispersed, the water was allowed 

to fill the column only up to the lower interface level, which was 

approximately 1 inch below the organic feed inlet. 

While the column was being filled with water, the pulse pump was 

switched on. The pulsing motion pushed out trapped air through the 

plate perforations on the up-stroke, and sucked in water on the down-

stroke. The pump was directly connected to the bottom of the column; 

hence, the pump casing filled with water when feed water was charged 

into the column. 
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If the water phase was to be continuous, the column was filled with 

water up to the upper interface level, then the two effluent valves were 

opened, and the aqueous feed valve was set at the desired flow rateo 

There were two effluent valves leading from the bottom of the column: 

one was attached to the pump ca$ing just below the diaphragm, and the 

other was attached to the effluent line leading from the column bottom. 

The pulse pump effluent valve 1,,:ras installed so that the liquid in the 

pump casing would not be stagnant; the valve allowed a continuous stream 

of aqueous effluent to discharge from the pump, thereby keeping the con

centration of the liquid in the pump the same as that of the liquid at 

the bottom of the column. The other aqueous effluent valve was used to 

draw off samples from the bottom of the column and also to regulate the 

interface level when the ~olumn was in operation. 

With the water at the upper interface level (water continuous}, 

and the pump running at the desired pulse frequency and amplitude, the 

organic feed valve was opened to the desired flow rate as indicated by 

the organic feed rotameter. As the organic phase entered the column, 

the water level moved up due to the organic phase hold-up. The aqueous 

effluent valves were adjusted to maintain the desired level. 

If the organic phase was to be continuous, the start-up procedure 

was slightly different. The column was filled with water up to the 

lower interface level, organic feed was let into the column until it 

had filled the upper part of the column up to the organic effluent 

outlet,and the organic feed valve was set at the desired flow rate as 

indicated by the rota.meter reading. With the pulse pump running at the 

desired frequency, the water feed valve was opened and set at the desired 

flow rate., 
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Sampling ~rocedure 

Samples were taken at least one-half hour after start-up, ·when the 

colum..ri was not pulsed, or at least one hour after start-up, when pulsedo 

The former corresponded to approximately 5 throughputs for the continuous 

aqueous phase, and this was deemed sufficient to achieve steady-state 

conditions. In this study, all the runs were made with water continuous, 

except for a few where wet isobutanol was continuous, and in these runs 

only the dispersed phase was analyzed. 

1iihen sampling through the glass filters, the stop-cocks connected 

to the glass filters were set so that samples could be collected in SO-

ml Erlenmeyer flasks at such a rate that the flasks could be filled in 

lS minutes. Samples obtaL~ed during the early portions of a run were 

discarded, and only the samples collected during the last 15 minutes 

were kept for analysis. 

Sample Analysis 

For both phases, samp1e analyses were accomplished by density 

weighings in 25-ml pycnometers. Density-concentration cruves were pre-

pared by mixing lmown amounts of isobutanol and water at 25°c. Because 

the room temperature was variable from day to day, density-concentra-

tion curves (see Figure 2) for 26°c and 27°G were calculated from that, 

at 250c by the formula given by Heertjes, et. al. ( llh 

1 = _1_ + (1 _ q)(_l_ 
.P m, t _? m, 25 ;:> w, t 

(39) 
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Fig. 2-a. Concentration-Density Diagram for the Organic Phase. 
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where: 

f = density 

q = weight fraction isobutanol 

m, w, i, t, 25 = subscripts denoting: mixture, water, 

isobutanol, temperature, and 250c, respectively. 

The room temperature did not drop below 25°c because of steam heating 

during the cold season. 

The room temperatu:t-e was recorded and the sample temperature in 

the pycnometer was taken to be approxilliate]y half-way between 25°c and 

the room temperature. The error involved in this approximation is be

lieved to be less than 0.1% concentration by weight. Sample tem-

peratures were occasionally checked by a special pycnometer with a 

thermometer cap. The temperature obt.;a.:ined agreed quite well with the 

estimated temperature. 

Hold-up F[easureme:nt 

Two methods of measuring the dispersed phase hold-up were used. 

In the first method, when the column was deemed to be at steady-state, 

the interface level was noted and the feed and effluent valves were 

· shut off as quickly as possible. After the dispersed phase hold-up 

had settled-out, the interface level was again noted, and the dif

ference in interface level was converted to volumetric hold-up. 

In the second method, after the valves were shut off arid the dis

persed phase hold-up had settled out, the continuous phase feed valve 

was opened, and enough of the continuous phase was le.t into the column 

to restore the m.terface level to its original position. The dis

persed phase liquid pushed out of the colunm was collected, and the 

volume collected gave the dispersed phase hold-up directly. 
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The first method was used at low values of the dispersed phase 

hold-up and is believed to be the more accurate of the two methods. 

The second method, however, had to be resorted to at high values of 

the hold-up for this reason: the interface level, upon settling out 

of the dispersed phase, would go down to about or below the column 

joint, and could not be measured because the clamps holding the 

column sections together obstructed visual observation. 
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PART V. EXPE HIMENTAL RESULTS 

Method of Computatio~ 

The method of computation followed was essentially the same as that 

of Colburn and Welsh (5). 

Consider an extraction column in which the flow rate of one liquid 

phase is L, weight per unit time. As this phase moves through the 

column over a small distance dh, the amount of solute transferred 

into it is 

where: 

N' = 
L de 
A 

, 

N' = rate of solute transfer per unit cross-sectional 

area of the column 

L = flow rate of the ;hase under consideration, weight 

per unit time 

A= cross-sectional area of the column 

de= change in solute concentration, weight fraction, 

over the short distance dh. 

This rate of mass transfer can also be expressed by 

N1 = ka(c8 - c)dh, 

where: 

N' = rate of solute transfer per unit cross-sectional 

area of column 

k = mass transfer coefficient for this phase at this 

particular section of the column 
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( 40) 

(41) 



a= effective interfacial, or contact, area per unit 

volume of the column 

c8 - c = concentration driving force 

dh differential height of column. 

The 11 drift-term,1' (1 - c)r, analogous to (1 - y}f in equation 

(11-a}, is omitted from equation ( 4J..) because the diffusion is assumed 

to be approximately equi-molal in both directions. 

Combining equations (40) and ( 41): 
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L de= ka(c 5 - c}A dh. (42) 

For the partially niscible system isobutanol-water, the amount of 

material leaving each phase just about balances the amount of material 

entering into that phase. We may therefore assume L to be approximately 

constant throughout the column, rather than L(l - c) as indicated by .. 
equation (11-a) (See Appendix F) o 

Although ka may not be truly constant over the entire column, we 

assume an average value in order that equation (~.2) can be integrated~ 

where: 

L 
A 

dh' 

terminal concentrations of the liquid phase 

h = column height. 

(43) 

Following Colburn ( .~), the integral on the left-hand side of equa

tion (43) can be considered as equal to the number of transfer units: 

N"TU = ( 41.i) 
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At a given temperature, c5 is constant, and equation (44) can be 

integrated to give 

NTU (45), 

If the feed is essentially pure liquid, c1 = o, and equation ( 45) 

simplifies to 

NTU = ln , 

where: 

cs= saturation concentration 

c2 = effluent concentration of theparticular phase. 

This is the fonn used in this study. 

Substitut:mg equation (44) into equation ( 43): 

upon rearrangement, 

L 
A 

(NTU) = ka h. 

_!:_ = ka(HTU). 
A 

H'IU is the height of a transfer unit defined by 

where:-

H'IU == 
h 

NW ' 

h = effective height of the column. 

(46) 

( L,.8) 

(49) 

These equations may be used for either the continuous or the dis-

persed phase. The subscripts C and D will be used to differentiate 

one from the other. 

For the pulsed runs, the number of transfer units, NTU were used 

to correlate the data, rather than HTU's. The reasons for this choice 
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were two-fold: firstly, the NTU 1 s are increasing functio~s of the pulse 

operating variables, frequency and amplitude, at least within the range 

of operation in this study; and secondly., according to equation (47), 

the volumetric mass transfer coefficient, ka, is directly proportional 

~o NTU; therefore, NTU values can be easily converted to mass transfer 

coefficients by multiplication with a suitable constant. In this work, 

however, NTU values were retained because they are easier to handle and 

there seems to be no advantage gained in converting to ka valueso 

The results of this study also showed that, for this system, and 

for this column, the effect of pulsation on mass transfer efficiency 

can llest be correlated by expressing the increase in mass transfer, due 

to pulsation, as ANTU, which is given by 

6 NTU = NTU - NTU0 , (So) 

where: 

NTU = number of transfer units at the given pulse frequency 

and ampli tlide 

NTU0 = NTU at zero pulse frequency. 

~NTU can then be plotted against the pulsed colunn variables. 

For a given set of continuous and dispersed-phase flow rates, 

multiplication of equation (50) by a suitable constant leads to 

Aka = ka - ka0 • (51} 

Equations (50) and (51) are used with the proper subscript C, or 

D, to denote either the continuous phase,. or the dispersed phase .. 

Preliminary· Runs 

Preliminary runs No. 5 to 35 were made without pulsing, without 

column packing, andwithout a perforated plate, in the same 2-inch di-



ameter column used subsequently as a pulsed column. Effluent analyses 

were made by the density-concentration method explained in Part IV. 

Howeve!, for these preliminary runs, instead of 25-ml pycnorneters, 

weighings were made in 25-ml volumetric flasks, four flasks per phase 

sample, and the average of the four flasks taken. 
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HTUc values from these preliminary runs were calculated by using 

equations (46) and (49), and are plotted in Fig. 3 as linear functions 

of the continuous phase now rate Le, with dispersed phase flow rate 

1n as parameter, according to Rubin and Lehman I s HTU-surface concept 

(18). In Fig. 4, HWc is plotted on log,-log coordinates as a function 

of the flow ratio ·Lc/L]). It can be seen that the data can be represented 

by a relationship of the form 

L n 
HTITc o: o<.(~) , ( .52) 

where the exponent n is approximately 1.0 with a probable deviation 

of ;!0.1.. On. the other hand, Fig • .5 shows that HTUn is approximately 

constant, as expected. 

While HTU0 may perhaps be more accurately represented as a linear 

function of Le and 1/Lo, the results of these preliminary runs show 

that, for this system and column, HTU0 may be expressed as a power 

function of the flow-ratio Le/Lo, with a reasonable degree of accuracy. 

To explain why HTUD should be independent of flow rates, it has 

been suggested (.5, 18) that the interfacial, or contact, area per unit 

volume, a, in equation (6) or (41), is most probably directly propor-

tional to the dispersed phase flow rate Lo• This seems to be a 

reasonable assumption because the dispersed-phase hold-up can be 

observed to increase with increasing In· Furthermore, the smaller 
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size of the droplets formed at higher 1n should provide greater inter

facial_~re~~ a, at higher T;,o 

According to equation (48), for the dispersed phase 

1 LD 
HTtJn = lcjja" ( A ) o 

If a is directly proportional to Li,, then 

1n 
-= 

a constant., 

Taking an average value of the coefficient kn over the entire 

column, equation {53) reduces to: 

HTt.Jn = constant., 

(53) 

(54) 

(55) 

On the other hand, for the continuous phase, if HTUc is taken to 

be a power function of the flow-ratio Le/Lo, as in equation (52), then 

we may write: 

Le 1n n 
o(_ (_) 0 (56) 

A 1c 
The experimental results of previous investigators (2, 5, 6, 12) and 

of this work seem to indicate that the exponent n lies between O and 

lo If the interfacial area, a, for the continuous phase is assumed to be 

identically equal, or at least proportional, to the interfacial area for 

the dispersed phase, equation (56) may be re-written: 

(57) 

When n<l, kc increases as Le increases, and increases as 1n decreaseso 

If, as Rubin and Lehman (18) suggest, HTUc is a linear function of 

Le and 1/Ln, io e .. , 

(58) 



and as before., interracial area, a, is proportional to 11:,; then, from 

equations (48) and (54)t 
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____ 1_, ___ _.,L,.._c, (59) 
d' 

b' + c' Le + ~ + e' Lo 

which can be simplified to 

1 1 
- '----------- ' (60) 
A T- d' 

b' .]!_ + c' Lr,-,.._ 
Le Le 

+ e' 

which indicates, as does equation (57), that kc increases as Le increases, 

and increases as J:n decreaseso 

Thus, it seems that increasing the continuous phase flow rate favors 

mass transfer in the continuous phase, possibly because of increasing 

turbulence; and that mass transfer in the continuous phase in also favored 

by decreasing :q,, possibly because of the larger droplets formed which 

may also contribute to greater turbulence in the continuous phaseo 

In this study, the exponent n in equations (56) and (57) was found 

to have a value approximately equal to 1.0, which means that the flow 

rates do not affect the continuous phase mass transfer, if interracial 

area a is indeed proportional to J:n• Colburn andWelsh (5), however, 

found n equal to 0.75 for the same isobutanol-water system., isobutanol 

dispersed, in a column packed with 1/2-inch clay Raschig ringso Packing 

probably tends to make the effect of turbulence more pronounced. A more 

detailed comparison between the results from these two studies is given 

in Appendix Go 

Pulsed Runs 

The data for the pulsed runs from run No. 35 to run No. 64, Series 

··' !"•: 



A, and from Noo 11 to No. Bo, Series B, are plotted in Fig. 6 .. All of 

these runs were made with the perforated plate, described in Part III 

inserted at the middle of the column. All runs were made at flow 

rates of 130 ml per min and 59 ml per min for the aqueous and organic 

phases, respectively, except for runs Noo 68-80, Series B, which were 

made at 200 ml per min and 71 ml per min for the aqueous and organic 

phases, respactively. Onthe plots, and in the Appendices, these flow 

rates are designated by the numbers 6.0-11.0 and 805-1200, which refer 
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to the rotameter readings. The pulse amplitude was fixed at approximately 

1/4 inch, measured on the column itselfo 

In Figs. 6-a and 6-b,L1NTUc andL1NTtJn are plotted as functions of 

the pulse frequency f, and in Fig. 6-c, the increase in dispersed phase 

hold-up, due to pulsation, L1 H, in ml, is plotted as a function of the 

pulse frequency. 

There are two lines in Fig. 6-a. The lower line represents A NTUc 

from runs No. 35-64, Series A, when samples were taken after only 15 

minutes to one-half hour. It is believed now that this length of time 

was not sufficient for the column to achieve steady-state conditions, 

hence, the lower~NTUc values for these runs. L'.lNTtJn values for these 

runs, however, agreed with subsequent values, probably because of the 

higher linear throughput of the dispersed organic phase, approximately 

2 ft in 10 sec (it takes approximately 10 sec for a dispersed organic 

phase droplet to rise from top to bottom of the column), as compared to 

that of the aqueous phase, 0.21 ft per min which corresponds to about 

3 throughputs in one-half hour. The upper line in Fig. 6-a represents 

runs when samples were taken at least one hour after start-up. 



According to Fig. 6, the following relationships may be written: 

!J 111'.IUc = o{ rn (61) 

A NTUn = ~fn (61-a) 

t1 H "' (fn (61-b) , 
where the value of the exponent n lies between 2.5 and 3.5, which the 

probably average value being n = 3.0. 

At higher pulse frequencies (f> 45, approximately), the LHJTUc and 

L)iNTUn values do not show as much increase with pulse frequency as do 

the Ll H values. It is possible that at these high frequencies, some of 

the very small droplets reach an equilibrium, or saturation, condition 

before they coalesce at the interface; hence, they do not contribute 

very much to the total mass transfer. 

At very high frequencies (f > 70, approximately), the L:lH values 

fall below the line, probably because at these very high frequencies the 

column operation starts to become unstable and some of the smaller-sized 

dispersed phase droplets are swept out with the continuous phase effluento 

The main conclusion to be drawn from these plots is, however, the 

similarity of the dependence of /J NTU,.., and .., .6 NTlfn on pulse frequency, 

and their similarity to the variation of .AH with frequency. If the 

volumetric interfacial area, a, is proportional to the dispersed phase 

hold-up, it would seem that the increase in mass transfer due to pulsa-

tion is, for the most part, due to the increase in the interfacial area 

available for mass transfer. This is the conclusion reached by Feick 

and Anderson (8). They compared the mass transfer rates of two solutes, 

whose main diffusional. resistances lay in the continuous, and dispersed 

phases, respectively. Because the increase in mass transfer, due to 
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pulsation, was the same in order of magnitude for both solutes, they 

concluded that 11 the chief effect of the agitation is on the area of 

contact between the phases •11 

The next series of runs, No. 81-106, was made to determine the 

effect of flow rates on mass transfer efficiency when the column was 

pulsed. As in the previous set of runs, the plate was located at the 

middle of the column. Runs No. 107-128 were also made to determine the 

effect of flow rates under pulsed conditions, with the sole difference 

that the plate was now located at the bottom of the column. 

At a given frequency, values of ANTU0 were plotted against flow 

ratio (as in Fig. 7) and the data seemed to be best correlated by the 

equation 

L\NTUc (62} 

at a given pulse amplitude and frequency. 

In Fig. 8, Ll NTU0 (Lc/Ln)Oe 8 are plotted against pulse frequency 

f for both sets of runs (No. 81-106 and 107-128). The data can be cor-

related by the equation 

J:j. NTUC ( 63) 

where:: 

f = pulse frequency in pulses, or cycles, per minute 

o<... t == 0.10 X 10-3 for the runs with the Jlate at the middle 

of the column 

0\. I = Oa03 X 10-3 for the runs with the plate at the bottom 

of the column. 



1.0 

<!> Plate at the Middle of the Colmnn, m 

a Plate at the Bottom of the Column, b 
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Fig. 7. LlNTUc as a Function of the Flow Ratio at 
Constant Pulse Frequency. 
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The values of .tlNTUi) apparently do not depend on the flow rates, but 

they ~how more scatter than the values of ~NTUc• The following corre

lation may be written for the dispersed phase L\NTU: 

ANTU '" Af3oO 
D v ' (64) 

wheret 

f = pulse frequency in pulses per minute 

~ = Oo02 x 10-3 for the runs with the plate at the middle 

~ = 0.002 x 10-3 for the runs with the plate at the bottomo 

It should be noted that the plate perforations were large enough 

so that a truly continuous phase was mainta:i.ned at all times in all of 

the runso 

All of these data, taken from the pulsed and unpulsed runs, column 

with perforated plate, can be summarized in the following equations: 

for the continuous phase, at a column pulse amplitude of approximately 

1/4 inch: 

and for the dispersed phase, also at a pulse amplitude of 1/4 inch: 

wheret 

o<.l = 2o.5 for both plate positions 

~¢1= 1.0 for both plate positions 

o<.2 = o(' in equation (63) 

~2 =~in equation (64). 

A few runs were made at a pulse amplitude of 1/2 inch (Runs Noo 

129-140). However, because of the difficulty in adjusting the pulse 

(66} 



amplitude accurately, the data have not been correlated. Furthermore, 

because of inconsistencies in the data for the dispersed phase ANTU 
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at A= 1/2 inch, only those for the continuous phase are shown in Figo 80 

Glass-filter Data 

In order to obtain a better picture of the concentration gradient 

within the column, Ace glass filters of C porosity were fused into the 

column at four points to sample the continuous phase. Unfortunately, 

these glass filters could sample only the aqueous continuous phase, as 

mentioned in Part IIL All rms starting from run No. 81, Series B, 

were made with glass filters on the column. Comparison of these runs 

with previous runs without the glass filters showed an increase in the 

continuous aqueous effluent due to the presence of the glass filters of 

at most 0.1% by weight concentration. For the dispersed phase, any 

difference due to the glass filters could not be detected and probably 

was within the experimental error in column operation and sample 

analysis. 

Plate at the Middle of the Column 

Perhpas the most outstanding feature of the glass-filter curves 

(Figs. 9 to 13) was the considerable end effect found at the continuous 

phase inlet. The end effect found in this study paralleled that found 

by Geankoplis and co-workers (9, 10). This end effect also increases 

with increasing mass-transfer efficiency, and increases with dispersed 

phase flow rate and with decreasing continuous phase flow rate. 

It can also be seen that, for the unpulsed runs, there is an 

apparent discontinuity at the perforated plate which shows considerable 

mass transfer into the continuous phase taking place at this section of 
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the column. This mass transfer at the plate increases with dispersed 

phase flow rate and decreases with increasing continuous phase flow rate, 

although the dispersed phase flow rate seems to have a greater effect 

on the extent of this discontinuity. 

At increasing pulse frequencies, the plate discontinuity becomes 

less pronounced, probably because of the mixing caused by the pulsationo 

On the other hand, there is apparently no end effect for the con

tinuous phase at the dispersed phase inlet, and the value of the ef

fluent concentration sometimes goes below that of the lowest glass 

filter on the column, by about 0.1% by weight concentrationo This 

means that in a few cases there is probably additional mass transfer 

at the sintered-glass surface. The effect on sample concentration of 

flow rate through the glass filters has also been investigated, and 

the results are tabulated in Appendix Ho The results indicate that, 

in general, the glass-filter data can be taken as being truly repre

sentative of the concentrations within the column. Samples should, 

however, be drawn off very carefully to minimize additional mass 

transfer due to passage through the glass filters. 

These glass-filter data seem to support the contention that the 

continuous phase end effect is due to the coalescence of the dispersed 

phase droplets at the interface, and that the increased efficiency ob

tainable from a pulsed column is due to the dispersion and recoales

cence that apparently takes place at the perforated plate; or, in the 

case of pulsed packed columns, as a result of drop impact on packing 

materialo 

Back-mixing could probably account for this inlet effect to some 

extent, as, indeed, mixing due to pulsation probably accounts for 
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smoothing out the plate discontinuity at high pulse frequencies. However, 

at very high frequencies, the inlet effect tends to approach a constant 

value, and the change in concentration along the column, dc/dh, becomes 

greater, which is contrary to the effect expected if back-mixing were 

mainly responsible. Back-mixing, it seems, would tend to equalize the 

concentrations along the columnJ rather than increase the concentration 

change; and back-mixing would be expected to increase with increasing 

pulse frequency. Although back-mixing is undoubtedly present in the 

column, it is believed that the inlet effect is more a result of droplet 

coalescence at the interface. 

Plate at the Bottom of the Colurrm 

The data taken from runs No. 107 to 140 (Figs. 14 to 17) still show 

the continuous phase inlet effect found previously, and, again, the same 

effects caused by changing the flow rates can be observed. As before, 

the end effect increases with increasing pulse frequency and also with 

increasing pulse amplitude. 

At very high pulse frequencies (f > 60 cycles per minute), the con

centration gradient becomes linear, and the inlet end effect seems to 

approach a constant value, as mentioned above. Apparently, there is a 

greater prop·ortion of mass transfer taking place at the lower section of 

the column, which is to be expected because the perforated plate is now 

located at the bottom of the column. 

The effect of pulsation on the dispersed phase can be seen in the 

timed sequence of photographs (Fig. 18-28) taken at a pulse frequency 

of 40 cycles per min. 

Interpretation of Results 

From the different sets of data obtained in this study, the 

following picture of the mass-transfer process likely to exist in 
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Fig. 18. Photograph of Column Showing Droplets at Start of Pulser. 
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Fig. 19. Photograph of Column Showing Droplets at Time t = 5 seconds 
after Start of Pulser. 
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Fig. 20. Photograph of Column Showing Droplets at Time t = 10 seconds 
after Start of Pulser. 
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Fig. 21. Photograph of Column Showing Droplets at Time t = 15 seconds 
after Start of Pulser. 
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Fig. 22. Photograph of Column Showing Droplets at Time t = 30 seconds 
a~er Start of Pulser. 
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Fig. 23. Photograph of Column Showing Droplets at Time t = 45 seconds 
after Start of Pulser. 
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Fig. 24. Photograph of Column Showing Droplets at Time t = 1 minute 
after Start of Pulser. 
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Fig. 25. Photograph of Column Showing Droplets at Time t = 1! minutes 
after Start of Pulser . 
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Fig. 26. Photograph of Column Showing Droplets at Time t = 2 minutes 
after Start of Pulser. 
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Fig. 27. Photograph of Coluron Showing Droplets at Time t = 3 minutes 
af'ter Start of Pulser. 
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Fig. 28. Photograph of Column Showing Droplets at Time t = 5 minutes 
after Start of Pulser. 
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liquid-liquid extraction equipment may be drawn: 

At the dispersed pl11 se inlet the main stream of liquid flowing 

through the inlet tube or pipe breaks up into globules or droplets. As 

the dispersed phase liquid leaves the inlet tube,.a thin film of the 

continuous phase liquid probably forms around the stream of dispersed 

phase liquid. This gives rise to a certain amount of mass transfer, 

into or out of, the dispersed phase liquid which is at its initial 

concentration. At the instant that the main stream breaks up into 

ciroplets, this film is broken and then reformed as the droplets move 

away from the main stream. 

As a droplet moves through the continuous phase, turbulence effects, 

particularly at the wake of the droplet, cause the film surrounding the 

droplet to thin out, thereby increasing the mass-transfer rate into the 

continuous phase. The presence of packing in the column probably hastens 

mass transfer by the impact of droplets on the packing, which causes film 

rupture, film re-formation, an increase in the total number of droplets, 

and an increased turbulence in the continuous phase. 

The presence of a perforated plate would also have a similar effect, 

that of promoting drop dispersion and re-coalescence, which would result 

in more frequent rupturing and re-formation of the droplet films. This 

probably accounts for the increased mass-transfer efficiencies obtainable 

with perforated-plate columns,. particularly when pulsed. Pulsing would 

also increase the extent of droplet break-up and re-coalescence in packed 

columns. 

As the droplets reach the interface, the thin films probably' break 
. . ·. .. 

up, or 1'slough off", resulting in considerable mass transfer at this 

section of the column. This accounts for .the inlet effect discussed 
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in the preceding sections. In some instances, these films can be seen 

extending into the coalesced dispersed phase layer beyond the interfacet 

in the isobutanol-water system this effect is very pronounced when water 

is dispersed. 

It seems, therefore, that the presence of a film around the dis

persed phase droplet cannot be easily dismissed. This film seems to 

retard, rather than promote, mass transfer, and the increased efficiency 

obtainable with industrial extraction equipment must be due to the con

tinuous break up and re-formation of such films. Danckwerts (7) has 

presented a theory of mass transfer in liquids based on a II surface re

newalff concept. Equations are derived giving the mass-transfer co

efficient in terms of the diffusivity of the solute, and a constant, s, 

the "rate of surface renewalu, which is the fractional rate of change 

of the surface area. Danckwerts' supposition that mass transfer takes 

place to a great extent across fresh liquid surface is perfectly com

patible with the theory that mass transfer takes place to a large ex

tent during film break up and re-formation. 

Although film rupture and re-formation probably play a major part 

in the mass-transfer process, the total extent of mass transfer still 

depends on the total number and the average size of the droplets; 

hence, we can conclude that the rate of mass transfer is proportional 

to the total interfacial area, which is related to the total number 

and size distribution of the droplets. 



PART IV. CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

From this study on the effect of pulsation on liquid-liquid mass-

transfer rates, the following general conclusions were reachedg 

a) Without pulsation, mass-transfer rates can be expressed as 

power functions of the flow ratio, or, alternatively, as linear func-

tions of the flow rates. 

b} If it is assumed that the volumetric interfacial area, a, is 

proportional to the dispersed phase flow rate 1n, then the dispersed 

phase mass-transfer coefficient kn is fairly independent of flow rates, 

and the continuous phase coefficient kc is an increasing function of the 

continuous phase flow rate Le and a decreasing function of the dispersed 

phase flow rate 1n· 
c) In all extraction columns, whether pulsed, or unpulsed, there 

are end effects which contribute to the total mass transfer, and within 

certain ranges of operation, these end effects are porportional to the 

total mass transfer~ 

d) With the pulsed column used in this study, the effect of flow 

rates and pulse frequency., at constant pulse amplitude, on the mass-

transfer rates were correlated as follows: for the continuous phase., 

at a column pulse amplitude of 1/4 inch: 
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and for the dispersed phase, also at a pulse amplitude of 1/4 inch: 

It should be noted that the mass-transfer rates were averaged over the 

entire column, and include the contributions due to end effects and 

plate discontinuity, as well as that due to mass transfer over the 

column. 

el The dependence of both correlations in section (d) on the 

same power of the pulse frequency suggest that the major effect of 

pulsa~ion is ~o increase the average volumetric interfacial area, a. 

f) A 11filmtt theory of liqµid""'.liquid mass transfer is presented 

to explain the findings on column operation given in the preceding 

sections. 

Recommendations 

After evaluating the results of this study, the following recom-

mendations are made, in the hope that they might contribute towards 

better understanding of mass-transfer phenomena in liquid-liquid ex-

tractiont 

a) A pulsed column consisting of perforated plates clamped be-

tween the column sections should be built, with flexible feed and 
ll!o-,necl-/o,,,~ -1,,.-/1,t!- ~~- ... ., ~,,.c-1,. ..JJ,.,/ +I.e.. nu-b1r. of r!A:1-.- .... ..t. sa:,L,o ... S 

effl.uent/\can be changed to study end effects in pulsed columns., as 

well as the relationship between end effects and operating variableso 

b) · Chemical reactions should be utilized further to sub-

stantially eliminate the resistance of either phase in liquid-liquid 

extraction. The results of such studies, combined with ordinary mass-

transfer studies, might prove of value in understanding transfer 

mechanisms. 
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c) The use of a fourth component to alter the distribution coef-

ficient of a solute should be utilized further to determine individual 

transfer resistances, and the results of suph a study compared with 
~· 

those obtained from theuse of partially-miscible systemso In this 

connection, one system which might profitably be investigated is the 

system uranyl nitrate transferring between water and hexane (methyl 

isobutyl ketone), with either aluminum nitrate or nitric acid as the 

salting-out agent. 

d) The effects of feed concentrations and direction of mass 

transfer on column efficiencies should be investigated further. 
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CONCENTRATION-DENSITY DATA 
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TABLE I 

CONCENTRATION-DENSITY FOR THE ISOBUTANOL-WATE:R 
SYSTEM AT 2.5°c. 

Gone., w/o water 

0 
2oLJ. 
4.8 
7.0 
9ol 

10.1 
lLl 
13o0 
14o9 
lSoB 
16o2 
16.6 

Gone. P w/o isobutanol 

0 
lo6 
3.1 
406 
6.,0 
7 .4 
801 

Aqueous Phase 

Density, g per ml 

o. 7980 
0.8031 
0.8078 
0.8126 
0.8168 
0.8190 
0.8210 
o.s249 
0.8288 
0.830.5 
0.8315 
0.8322 

DensityJ g per ml 

0.9971 
0.994.5 
0.9921 
0.9899 
0.98 78 
0.9858 
0.9848 
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TABLE II 

CONCENTRATION-DENSITY DATA AT 25 .. 5, 26, and 27°0 
CALCULATED BY THE FORMULA OF HEERTJES, E'f AL.. ( 11) .. 

Cone., w/o water 

0 
7.0 
9.1 

10.1 
11.1 
13.0 
14.9 
15.8 
16.,2 

Cone., w/o isobutanol 

0 
1.6 
3.1 
4.6 
6.o 
7.4 
8.1 

Organic Phase 

Density, g per ml 

25 .. 5°0 2600 

Oo 7976 o .. 7972 
0.8122 0.8118 
0.8164 0.8160 
0.8186 0.8182 
0.8206 0.8202 
o.8245 0.8241 
o .. 8284 0.8281 
0.8301 0.8298 
0.8311 0.8308 

Aqueous Phase 

Density, g per ml 

0.99695 o. 9968 
o. 9943 0.9942 
0.9919 

0.9896 
0.9876 

0.9846 0.9844 

21°c 

o. 7964 

o.8174 

0.8234 

0.8300 

0.9965 
0 .. 9939 
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RESULTS OF PRELIMINARY RUNS WITHOUT PULSING 
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TABLE III 

PRELIMINARY SPRAY-COUJMN RUNS WITHOUT PULSING 
ORGANIC PHASE DISPERSED 

Cone o ,% by Wto 
Le or~ !!a 

Run No., Phase Rot .. Read .. (g/min) 1n HTU, ft. 

5 aq. 4.,3 5o05 105 3o56 2.65 
org. 10.,1 9o3 29.5 2.,1 

6 aq., 5oO 5.2 110 2o34 2 .. 1 
org. 10 .. 2 lloO 47 2 .. 1 

7 aq .. 2.,5 7 .. 1 155 5.,54 5.,4 
org. 11 .. 2 9ol 28 108 

8 aqo 4 .. 8 7.,0 155 3.,30 2o2 
orgo 1L5 11 .. 0 47 lo7 

9 aq., L3 7 .. 0 155 9., 70 11 .. 5 
org., 11 .. 5 7.,2 16 lo 7 

10 aq. 2.,6 5 .. o 102 6.80 5 .. o 
org., 10.,9 7.,0 15 1 .. 9 

11 aq., 2.0 6 .. o 130 8.67 7.,0 
org .. 12 .. 0 6.95 15 1 .. 6 

12 aq. o .. 5 6,.0 130 6.35 32 .. 0 
org .. 12.0 8.,05 20o5 lo6 

13 aq .. 3.,5 5.,95 130 4o82 3.5 
org .. 11 .. 2 8.,9 27 108 

14 aq., 2 .. 3 6 .. 0 130 6.34 6 .. o 
org., 11..5 8.o 20 .. 5 1 .. 7 

15 aq., 4.o 5.,0 102 3.,64 2 .. 9 
org .. 10.,6 9.,1 28 2 .. 0 

16 aqo 2 .. 8 7 .. 0 155 7 .. 55 4.,7 
org., 11.8 8.o 20 .. 5 1 .. 6 

17 aqo 3.,0 5.o 102 5 .. o 4.3 
orgo llo5 8.o 20.5 1 .. 7 

18 aq., 3.,5 4.,0 80 4 .. o 3.,5 
org. 10 .. 6 8.,0 20o5 2 .. 0 
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TABLE III ( Continued) 

Run No. Phase Cone.,% by wt. Rot. Read. 
Le or!fn 
(g/min} 

!n 
1n HTU, ft., 

19 aq. 3.5 4.0 80 4oO 3.,5 
org. 11.5 8.o 20.5 1.,7 

20 aq. 2.2 7.0 155 7.55 6 .. 35 
org. 11.0 8.o 20.5 lo9 

21 aq .. 2.8 4.o 80 5.,33 4.7 
org. 10.5 7.0 15 2.,0 

22 aq. 4 .. 6 4.0 80 2.86 2.4 
org. 10.6 9.0 28 2.0 

23 aq. 5.1 4.05 80 1., 70 2.0 
org ·10.5 11.0 47 2.,0 

24 aq. 5.2 4.0 77 2 .. 05 2.0 
drg. 10.5 10.0 37 .5 2.,0 

25 aq. 4.7 5.o 102 2. 72 2.3 
org. 10.5 10.0 37..5 2.,0 

26 aq. 4.o 6 .. o 13·0 3.47 2.9 
org. 10.6 10.0 37..5 2.0 

27 aq. 3.6 7.0 155 4.,4 3.,4 
org. 11.0 10.0 37.5 1.,9 

28 aq. 5.,2 3.5 65 lo 73 2 .. b 
org. 10.7 10.0 37.5 1 .. 9 

29 aq. 2.2 8.0 185 9.,0 6.,35 
org. 10.0 B.o 20.5 2 .. 2 

30 aq. 3.0 8.o :i85 6.6 4.,3 
org. 10.8 9.0 28~ 1.9 

31 aq. 3.2 8.o 185 4.94 4 .. o 
org. 11.0 10.0 37.5 1 .. 8 

32 aq. 4.0 8.0 185 . 3.,94 2.,9 
org. 10.7 11.0 47 2 .. 0 

33 aq. 2.7 8.o 185 6.6 4.,9 
org. 10.4 9.0 28 2 .. 0 

34 aq. 3.0 7 .. 0 155 5.53 4.,3 
org. 10.4 9.0 - 28 2 .. 0 

35 aq. 1.8 8 .. o 185 9.25 8 .. o 
org. 10.7 7.9 20 1.9 
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PULSED COLUMN DATA AT '(X)NSTANT FLOW-RATIO 
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TABLE IV 

Runs No. 35-642 Series A 

Feed Rotameter Readings: 6.0-11.0 

Dispersed Phaset Isobutanol 
Continuous Phase: Water 

Run No. f(rnin-1) %AE NTUC b._NTUc %OE NTtJn ANTtJn 

35-1 40 6 .. 7 1 .. 80 0.92 13.4 1 .. 65 o.49 
35-2 40 6.4 l.60 0.12 13.4 1.65 o.49 
36-1 40 6.5 1.68 0.80 13.6 1. 71 o .. 55 
36-2 40 6.8 l.89 1.01 13.2 1.,58 0.42 
37 40 6.7 1.80 0.92 13.7 1.74 o .. 58 
38 40 6.8 1.89 1.01 13.2 1.58 0.1.i.2 
39.1 0 4.7 l.88 0 11.4 1.16 0 
40 40 7.0 2.08 1.20 13.2 1.58 0.42 
41-1 16 5.o 0.98 0.10 12.0 1.28 0 .. 12 
41-2 16 5.o 0.98 0.10 1L7 1.22 0.06 
42 16 4.7 o.88 0 11.5 1.18 0 .. 02 

43-1 16 4.8 0 .. 90 0.02 1L7 1 .. 22 0.06 
43-? i6 4.8 0,90 0.02 11.7 1 .. 22 0.06 
44-i 25 5.6 1.20 0.32 12.1 1.31 0.15 
44-2 25 5 .. 5 1.16 0.28 12.1 1.31 0.15 
45 25 5.5 1.16 0.,28 12.2 1.33 Q.17 
46 25 5.6 1.20 0.32 12.3 1.35 0.19 
47-1 32 6.4 1.61 o. 73 13.1 l.56 o .. 4o 
47-2 32 6.4 1.61 0.73 13.1 1.56 o.4o 
48 32 6.4 1.61 0.73 13.3 1.61 0.45 
49 20 5.3 1.08 0.20 11.7 1.22 0.06 
50 20 5.3 LOB 0.20 11.'9 1.26 0.10 
51 28 6.o l.38 o.5o 12.3 1.35 0.28 
52 50 7.6 3.00 2.12 14.8 2.22 1.06 
53 0 4.5 0.83 0 11.2 1.12 0 
54 10 4.6 o.85 0.02 11.4 1.16 0.04 
55 20 5.2 1.05 0.22 12.1 1..31 0.19 
56 30 6.5 1.68 o.85 12)3 1.48 0.36 
57 40 7.0 2.08 1.25 13.6 l. 71 o.59 
58 5o 7.5 2.77 1.94 15.1 2.40 1..28 
60 55 7.7 3.28 2.45 15.8 3.03 1.91 
61 45 7.5 2.77 1.94 13.9 1.82 o. 70 
62 35 6.8 1.89 l.06 1.3.2 l.59 0.47 
63-1 25 5.5 L,16 0 .. 3.3 11.9 1.26 0.14 
63-2 25 5.8 1.28 o .. 45 12.4 1.37 0.25 
64 15 4.7 o.88 o.o5 11.6 1.20 0.08 
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TABLE V 

Runs No. 11-23 2 Series B 

Feed Rotame~er Readingst 600-11.0 

Dispersed Phase t Wet Isobutanol 
Continuous Phasei Water 

Run No. f(min-1) %AE NTUc b.NTUc 

11 0 4.6 o.86 0 
12 10 4.9 0.95 0.09 
13 15 5.o 0.98 0.12 
14 20 5.4 1.12 0.26 
15 25 , 6.o l.]9 o.53 
16 30 6.9 1.98 1.12 
17 35 7.3 2.43 1.57 
18 40 7 .5 2.68 1.82 
19 45 7.6 3.00 2.14 
20 50 7.8 3.,69 2.83 
21 55 7.9 4.38 3.52 
22 (jJ 7.95 5.08 4.22 
23 70 7.95 5.08 4.22 
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TABIE VI 

Runs No • 24=412 Series B 

Feed Rotameter Readingsi 600-1100 

Dispersed Phase: Water 
Continuous Phase~ -Wet Isobutanol 

Run No. f(min-1) %AE NTtJn .b.NT°t) 

24 0 609 1.98 0 
25 10 609 lo98 0 
38 12 7.1 2o18 0.20 
26 1.5 609 1.98 0 
27 20 609 1.,98 0 
39 22 7ol 2.18 Oo20 
28 25 7.1 2.18 0.20 
40 28 7.2 2.30 0.32 
29 30 7.2 2o30 0.32 
41 32 7.3 2.43 o.45 
30 35 7.3 2o43 0.45 
31 40 7 .4 2.59 0.61 
32 45 7.45 2.65 o.67 
3.3 50 7.6 3o00 1.02 
34 55 7.8 3.69 L71 
35 60 7.9 4.38 2.40 
36 70 7.95 5.,07 3.,09 
37 0 6.9 L.98 0 



TABLE VII 

HOLD-UP DATA CORRESPONDING TO RUNS NO. 3.5-64 SERIES A 
AND RUNS NO. 11-41 SERIES B. 

Direct Volume Measurement 

Pulse--freguency 
.f(min-I) 

40 
4.5 
0 

15 
2.5 
30 
45 
55 
70 
62 
52 
45 
35 
80 

0 
20 
26 
34 
38 
42 
44 
46 
48 
58 
62 
68 
76 

Hold-up 
(ml) 

41 
45 
20 
20 
23 
29 
43.5 
74 

114 
104 

66 
44 
34 

110 
19 
19 
25 
36 
40 
40 
45 
51 
53 

100 
117 
128 
122 

.t.H 
(ml) 

21 
25 

0 
0 
3 
9 

23.5 
54 
94 
84 
46 
24 
14 
90 

0 
0 
5 

16 
20 
20 
25 
31 
33 
80 
97 

108 
102 
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TABLE VII (Continued) 

Pulse fre~uency Hold-up .6.H 
f(min-) (ml} (ml) 

30 31 11 
50 62 42 
36 40 20 
40 42 22 
54 86 66 
52 72 52 
55 88 68 
46 53 33 
52 74 54 
54 82 62 
58 97 77 
64 118 98 
68 126 106 
74 124 104 
78 126 106 
84 121 101 
48 59 39 
70 128 108 
82 112 92 
90 130 110 

100 136 116 
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TABLE VIII 

Runs No. 45-66.! Series B 

Feed ~~ameter R_eadings t 6.0-11.0 

Dispersed Phaset Isobutanol 
Continuous Phase: Water 

Rtm -No. f(min-1) %AE NTU 0 ANT Uc %OE NT% ANTTJn 

45 0 4.7 0.87 0 11.1 1.10 0 
46 10 4.8 0.90 0.03 llol 1.10 0 
47 15 5.o5 0.98 0.11 11.3 1.14 o.o4 
48 18 5.5 1.14 0.27 11.5 1.18 0.08 
49 20 5.8 1 .. 26 0.39 11.¢? 1.20 0.10 
;0 22 5.8 1.26 0.39 11.7 l.4? 0.12 
~j_ 24 6.1 1.40 0.53 12;0 1~~8 0.18 
52 26 ~ .. 4 1.56 0.69 12;2 J..j3 0.23 
53 28 6..8 1.83 0.96 12.6 1.42 0.32 
54 30 7.2 2.20 1.33 13.i 1.56 o.46 
5$ 32 7.4 2.45 1.58 13~4 1.65 o.55 
56 34 7.5 2.6d 1. 73 13.6 1.,71 0.61 
57 36 7.8 3.29 2.42 13!9 1.82 0.72 
55 38 7..8 3.29 2.42 13;7 1. 7h o.64 
59 40 1.a 3.29 2.42 13 .9 1.8~ o. 72 
fJJ 42 7.7 3.00 2.13· 14.o :)..85 o. 75 
61 45 7.85 3.45 2.61 14.3 1.98 o.BB 
62 50 7.95 3.99 3.12 14.4 2~02 0.92 
63 fJJ 8.1 15.8 3.03 1.93 
65 55 8.1 15.o 2.34 1.24 
66 65 8.1 . 15.9 3.],9 2 .. 06 



f(min-1) 

0 
10 
15 
20 
25 
30 
30 
35 
40 
45 
50 
45 
60 

45 
60 
70 
70 
80 
90 

100 
120 
140 
100 

TA.BIB IX 

HOLD-UP DATA 'CORRESPONDING TO RUNS NO... 45-66 » SERIES B 
MEASUREMENT BY LINEAR SCALE AND CONVERSION TO VOLUME 

Hold-up 
(inches) 

Hold-up 
(ml) 

3/16 10 
7/32 11 
1/4 13-
9/32 14..5 
1/4 13 
11/32 18. 
5/16 16 
7/16 22.,5 
19/32 30o5 
13/16 42 
18/16 58 
0 .. 3 lJ. 
1.,45 75 

Direct Volume Measurement 

44 
105 
138 
120 
122 
158 
230 
225 
200 
140 

AH 
(ml) 

0 
l 
3 
4o5 
3 --, 
8 
6 

12o5 
20o5 
32 
48 
31 
65 

34 
95 

126 
110 
112 
148 
220 
215 
190 
180 
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PULSED COIDMN DATA AT DIFFERENT FLOW-RATIOS 
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TABlE X 

Runs No. 81-106 

Perforated Plate at the Middle of the Column 

Dispersed Phase: Isobutanol 
Continuous Phase: Wa tar 

(No dispersed phase analysis up to Run No. 97) 

Feed Rotam.eter Readings: 6.o-6.0; Le 
Ln = 11.6 g./g. 

f(min-1) %AE NTUc L\NTUc 
h.NTUc 
C1n/Lc>o.8 

··o 2.0 0.28 0 0 
15 2.35 0.34 0.06 0.43 
20 3.0 o.46 0.18 1.28 
30 4.2 o. 73 o.45 3.2 
45 5.7 1.22 0.94 6.7 

-- . 

Feed Rotameter Readings~ 6.o-8.5; Le == 5.41. g./g. -Ln 
f(min-1) %AE NTUQ ANTUc L\NTUc. 

(~/LC)0.8 

0 3.2 o.50 0 0 
10 3.4 o.55 0.05 .. 0.193 
20 li-.4 · o. 78 0.28 1.08 
30 5.9 1.30 o.Bo 3.09 
30 6.o 1.35 o.85 3.28 
40 6.8 1.Bj 

,,1 . 

5.14 1,.33 

~eed-Rc>tameter Read:gs: 6,.0-11,.0; ~ = 2. 75 g .. jg. 

f(min-1) cfrr11 NTU ANTU A.NTUc 
,wu:, C C (Lo /Lc)0.8 

0 
10 
15 
20 
30 

4.9 
5.1 
5.4 
6.o 
7.3 

0.93 0 O 
0.99 0.06 0.135 
1.10 0.11 0.38 
1.35 0.42 0.95 
2.31 1.38 3 .1 

98 

Le o.8 
<r;> = 7.1 

L . 
(...2.)0.8 .. 3.86 
Lo 
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TABLE X ( Continued) 

Feed Rotameter Readings~ 

f(min-1) %AE NTUc h.NTUc 
.6NTUc 
(In 'Le ~,O. 8 %OE NTUr, ANTUD 

0 200 0.29 0 0 llo2 L.12 0 
15 2o3 0.34 Oo05 0.33 llo5 L.18 Oo06 
20 3o0 o.46 0.17 1.,11 11.9 1.26 Ool4 
30 4o3 0.76 0.47 3.,05 13.8 L. 78 0066 
45 5.6 1.18 0.89 5. 79 14ol 1.89 0.77 

Feed Rotameter Readings: lOoO-lL.O, Lc/1I, = 5.30 go/g. (Lc/Ln)o.8.., 3 .8 

f(min-1) %AE NTUc 6NTUc 
L\NTUc 
C1n/Lc)o.8 %OE NTUD .L\NTUD 

0 3.4 o.55 0 0 11..2 L.12 0 
20 4.4 o. 78 0 .. 23 o.87 12.3 1 .. 35 0 .. 23 
30 6.1 1.40 o .. 85 3o23 13 .. 4 1.65 o.53 
40 7o2 2.20 l..65 603 14.,2 1.,94 0.82 
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TABLE XI 

Runs No. 107-128 

Perforated Plate at the Bottom of the Column 

Dispersed Phase: Isobutanol 
Continuous Phase: Water 

Feed Rotameter Readingst 600-6.0; Le I (~)o .. 8 = 7 .. 1 Ln = 11.6 g. g .. 
D 

f(min-1) NTUc ANTUc 
_6.NTUc 
(Lc/Li))Oo8 

%OE NTtJn ttNTUD 

0 1 .. 7 0.24 0 0 1L3 lol4 0 
45 4 .. 4 o. 78 o .. 54 3.84 13 .. 1 L56 0.42 

Feed Rotameter Readings: 10.0-8 .. 5; Le . Le o.8 
~ = 10.4 g./g. ( LD } = 6.5 

f(min-1) %AE NTUc .6NTUC 
Li_NTUc 
C1n/Lc)o .. 8 

%OE NTUD ANTUD 

0 2.0 0.29 0 0 10o5 1..00 0 
15 2.0 0.29 0 0 10.7 1.03 0 .. 03 
30 3 .. 1 0.48 0.19 1.2~ 10 .. 8 1.05 0 .. 05 
45 4 .. 6 o.84 o.55 3 .. 58 11 .. 2 1.12 0 .. 12 
60 6.3 L50 L21 7.9 12 .. 3 lo35 0.35 
75 7 .4 2.45 2 .. 16 14.o 15 .. 3 2 .. 55 1.55 

Feed ·Rotameter Readings: 10.0-11.0; ~ = 5 .. 30 g./g .. (~)0"8= 3.8 
; ij) 

f(min-1) %AE NTUc ANTUc 
A_NTUc %OE NTUD bNTUD 
C1n7Lc)o.8 

0 3 .. 4 0 0 c,J_,_ 0 0 11 .. 0 1.,08 0 
10 3.4 o .. 54 0 0 11.2 1.12 0 .. 04 
20 .3 0 7 0 .. 61 0 .. 07 0 .. 21 11..1 1.11 0 .. 03 
25 4 .. o o.68 0.14 o.53 11..2 lo12 0 .. 04 
30 4.3 0.76 0.21 0.80 11 .. 0 l.08 0 
40 6.1 L40 0086 3.21 12.1 1..31 0.22 
50 6 .. 5 L62 1.08 4 .. 10 11.9 1.26 0 .. 18 
5-5 7.2 2.20 1.66 6.3 12.3 1.35 0.27 
60 7 .. 8 3.30 2 .. 76 10 .. 5 13 .. 7 1..74 o.66 

Feed Rotameter Readings~ 6 .. 0-11.0; t~ = 2 .. 75 g .. /g,. (Lc)o .. 8 = 2 025 
Ln 

f(min-1) %AE NTUc ANTUc 
ANTUc 
(t;/Lc)o .. 8 %OE NTUD ANTUD 

0 4.5 0 .. 81 0 0 10.8 1..65 0 
15 4 .. 7 o.87 0 .. 06 0 .. 14 10~8 L0.5 0 
30 5 .. 8 1 .. 26 o.45 1.01 11.1 1 .. 11 0.06 
45 7 .. 4 2 .. 45 1 .. 64 3.,7 12 .. 2 1.33 0 .. 28 



f(min-1) 

0 
20 
20 
30 
35 
40 
30 

TABLE XII 

Runs No. 129-140 

Perforated Plate at the Bottom of the Column 
Pulse Amplitude "" 1/2 inch ( approxo) 

2o0 
2oS 
2.,5 
5 .. 1 
5.6 
5.,4 
4o7 

Dispersed Phase: Isobutanol 
Continuous Phase: Water 

NTU ANTUc 
6.NTUG 

G C1iJ/Lc)Oo8 

0.,29 0 0 
0.37 Oo08 Oo52 
0.37 0.08 o.52 
0.99 0.70 4o55 
1.18 Oo89 5.26 
1.10 0.81 5o7 
Oo87 o.58 3o 77 

Feed Rotameter Readingsi lOo0-11.0; (~)0.,8 = 3.,8 

f(min-1) 

25 
25 

35 

%AE 

Oo99 
0 .. 99 

1.10 

.6.NTUc 

0.,86 

~NTUc 
(1iJ/LcJ0.8 

2o92 
2.,92 
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APPENDIX E 

GIASS-FILTER DATA 

102 



103 

TABIE XIII 

Runs No. 81-106 

Perforated Plate at the Middle of the Column 

Dispersed Phaset lsobuta.nol 
Continuous Phaset Water 

Feed Rotameter Readings: 6.o-6.o 
Cone. 2 w/o Isobutanol in Water 

f(min-1) 
Glass Fil~er No. Aqueous 

Run No. (1) (2} (3) (4) Effluent 

87 0 1.35 1.5 1.9 2.0 2.0 
88 15 2.0 2.2 2.3 2.4 2.35 
91 20 2.5 2. 7 2.9 3.0 3.0 
89 30 3.6 4.o 4.2 4.2 4.2 
90 45 4.7 5.5 5.6 5.8 5.7 

Feed Rotameter Readings: 10.0-8.5 

f(min-1) 
Glass Filter No. Aqueous Organic 

Rtm No. (1) (2) (3) (4} Effluent Effluent 

98 0 1..3 1.35 2.0 2.0 2.0 11.2 
99 15 1.8 2.1 2.3 2.4 2.3 11.5 

100 20 2.3 2.7 2.9 3.0 3.0 11.9 
101 30 3.5 4.o 4.2 4.3 4.3 13 .. 8 
102 45 4.1 5.2 5.5 5.7 5.6 14.1 

Feed Rotameter Readingst 6.0-8.5 
-· Glass Filter No. Aqueous 

Run No. f(min-1) (1) (2) (3) (4} Effluent 

92 ·O 2.3 2.4 3.2 3.3 3.2 
95 10 2.6 2.8 3o3 3.4 3.4 
93 20 3.8 4.1 4o4 4.4 4.4 
96 30 5.3 5.7 5.8 5.9 5.9 
97 30 5.3 5.8 5.9 6.o 6.0 
94 40 5.9 6.5 6.7 6.8 6.8 

Feed Rota.meter Readingst 10.0-11.0 
Glass Filter No., Aqueous Organic 

Run No. f(m1n-l) (1) (2) (3} (4) Effluent Effluent 

103 0 2.0 2.0 3.3 3.5 3,.4 11.2 
104 20 3.4 3.8 4.3 4.4 4.4 12 .. 3 
105· 30 5.o 5.7 5.9 6.1 6.1 14.2 
106 4o 5.8 6.7 1.0 7.2 7 •. 2 14.2 
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TABLE XIII ( Continued) 

Feed Rota.meter Readings: 6.0-11.0 

f(min-1) 
Glass Filter No. Aqueous 

Run No. (1) ( 2) (3) m Effluent 

82 0 3.5 3.6 4.8 5.o 4.8 
83 0 3.4 3.6 4.8 4.9 5.o 
85 10 3.8 4.05 5.o 5.05 5.1 
86 15 4.4 4.6 5.2 5.4 5.4 
84 20 5.3 5.6 6.o 6.0 6.o 
81 30 6.5 6.9 7.1 7 .,2 7.3 
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TABLE XIV 

Runs No. 107-128 

Perforated Plate at the Bottom of the Column 

Dispersed Phase: Tsobutanol 
Continuous Phase: Water 

Feed Rotameter Readings~ 6o0-6oO 
Conoo: w/~ lsobutanol in Water 

f(min-1) 
Glass Filter 1No. Aqueous Organic 

Run Noo -·ca ( 2) (3) (4) Effluent Effluent 

11'2 0 1.,4 L.5 lo6 L, 7 1., 7 11.,3 
113 4.5 208 3.,3 3.6 4ol 4o4 13ol 

Feed Rotameter Readings g 10.,0-8o.5 

f(min-1) 
Glass Filter No., Aqueous Organic 

Run No .. (1) ( 2) (3) (4) Effluent Effluent 

108 0 lo6 lo 7 1.,9 1.,9 2.0 lOo.5 
110 1.5 lo 7 lo9 2o0 2ol 2.0 10o7 
107 30 2o2 2o5 2o7 3o0 3.1 10.8 
109 45 2.,6 3.2 3.6 4.,2 4.6 1L2 
111 60 3.,0 308 4o4 5o4 603 12.3 
115 75 3o0 4.1 4.8 ,6.1 7 .,4 15o3 

Feed.Rota.meter Readings: 10 .. 0-lloO 

-1 Glass Filter No. Aqueous Organic 
Run Noo f(min l (1) (2) (3) ( 4) Effluent Effluent 

117 0 2o9 3o3 3.,4 . 3o5 3o5 lloO 
118 0 2 .. 8 3o2 3.3 3.4 3.3 10.9 
120 10 2.,8 3.1 l.2 3.4 3o4 11.,2 
119 20 3o0 3o4 3 o.5 3 o6.5 3.7 llol 
121 30 3o4 3.9 4.1 4.J··· 4.3 11.0 
116 40 4.2 4o9 .5 () 2 5.9 6ol 1?.ol. .. 
124 .5.5 4.8 .5 0 6 601 6.9 7.2 12.3 
114 60 5.2 6.1 607 7 • .5 708 13. 7 

Feed Rotameter Readings: 6.0-11,,0 

f(min .. 1 ) 
Glass Filter No. Aqueous Organic 

Run No. (1) (2) (3) ( Li) Effluent Effluent 

12.5 0 4ol 4.3 4 • .5 4o.5 4o.5 10.8 
126 1.5 4.,3 4.5 406 4.8 4.7 10.8 
127 30 .5ol .5.4 .5.6 508 .508 llol 
128 4.5 6ol 6.6 6.o 7 .. 4 7.4 12.,2 



TABLE XV 

Runs No. 129-140 

Perforated Plate at the Bottom of the Column 

Pulse Amplitude= 1/2 inch (approxo) 

Dispersed Phase: Isobutanol 
Continuous Phase: Water 

'Feed Rotameter Readingsr 6.0-600 

Conc .. 2 w/o Isobutanol in Water 

Run No. f(min-1) (1) 
Glass Filter No. 

(2) (3) (4) 

132 35 3o2 3.8 4o2 4o9 
-

Feed Rotameter Readings: 10.0-8.5 

f(min-1) 
Glass Filter No., 

Run Noo (1) (2) (3} (4) 

138 0 L6 1.8 lo9 2o0 
139 15 1. 7 1.9 2 .. 0 2 .. 1 
134 20 2 .. 0 2 .. 2 2.3 2 .. 5 
136 20 L9 2.2 2.3 2 .. 5 
137 20 L9 2.1 2.2 2.35 
129 30 2.7 3.4 3.9 4.4 
140 30 2.5 3.2 3.6 4.2 
133 35 2.7 3.5 4.1 4.9 
135 40 2.8 3 .. 5 4.,0 4.8 

Feed Rotameter Readings: 10.0-lLO 

f(min-1) 
Glass Filter No. 

Run No .. (1) (2) ~3) (4} 

130 25 3.9 4.5 4.,7 5 .. 1 
131 25 3 .. 7 4.3 4 .. 6 4.,9 

10, 

Aqueous 
Effluent 

5o4 

Aqueous 
Effluent 

2o0 
2.0 
2~5 
2.,5 
2 .. 4 
S.1 
4 .. 7 
5.6 
.5 .. 4 

Aqueous 
Effluent 

5.1 
5.1 



APPENDIX F 

SAMPLE OF MATERIAL BALANCES TO PROVE 

APPROXJMATE CONSTANCY OF Le AND 1n 
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Sample Material Balances to Prove Constancy of Le and L_n 

AF-__,, 

·or 

Water balancet 

Pulse frequencyg, 0 

Aqueous Feed: 130 ml/min =12906 g/min 
= 0.9971 

Organic Feedi 59 ml/min = 47 .,1 g/min 
= 0.1980 

Aqueous Effluent Cone. (AE) = 4.,7% 

Organic Effluent Cone. (OE.) =llol% 
= 0.8210 

12906 = AE(l - 00047) + OE(Oolll) 

Isobutanol balancet 

47 .1 = AE(Oo047) • OE(l - Oolll) 

12906 = Oo953 AE + Oolll OE 
47ol = Oo047 AE + 00889 OE 

103901 = 7.650 AE + 0.889 OE 
47 ol = 0.047 AE + 00889 OE 

99200 = 7.603 AE; 

AE = 13005 g/min 

47ol = 6.229 + 0.889 OE; 

OE = 46.0 g/min 



APPENDIX G 

COOPARISON OF COLBURN AND WELSH 1S RESULTS WITH 

RESULTS FROM THIS WJRK 
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Type of Columnt 

Column Dimensionst 

Water Dispersed: 

Comparison of Colburn and Welsh's Data 
with Data from this Work 

Colburn and Welsh 
Packed with 1/2-inch 

clay Raschig rings 

3-11/16 in. X 21 in. 

HTUn= o.6 

HTUc= 2.o(~J o.75 

Isobutanol Dispersed: HTt1iJ= 0.9 

HTU0= 1.0 (:g.) 0.75 

NTUn= 2.0 

NTUc= 1.75(~ )0.?5 

kca = Wn (l.75)(WC)0.25 
Ah Wji 

kna, = ~ (2.0) 
Ah 

110 

This Work 
Unpacked 

( spray column) 

2 ino X 24 ino 

None 

HTUD= 1.9 

HTUc= o.8(1C) 
1n 

NTUn= 1.0 

NTU0= 2.5(.:'Q) 
Le 

k a= 1n (2.5) 
D Ah 

k_a = Ln (1.0) 
-lJ Ah 



APPENDIX H 

GLASS FILTER FLOW-RATE DATA 
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Effect of Flow Rate Through the Glass Filter 
on Sample Concentration 

All samples ta.ken from the lowest glass filter on the columne 

Unpulsed runs 

Feed rotameter readingst lOoO - lloO 

Run Noo 146 
Flow-rate, ml/min 
Cone .. , weight per cent 6 .. 25 1 .. 0 

3.,45 3.,45 

Run No .. 147 
Flow-rate, ml/min 3.,1 4.4 
Cone., weight per cent 3 .. 4 3.,4 

Pulsed run 

Pulse frequency~ 
Pulse amplitude: 

30 cycles per min 
1/2 inch (approximately) 
10 .. 0 - 8o5 Fe~d rotameter readings: 

Run Noo 149 
Flow-rate, ml/min 3 .. 3 
Cone., weight per cent 3 .. 7 

11.l 2006 
3..5 3.45 

26 .. 0 43 .. 5 
3.,4 3...5 

Notet a) Samples were not taken in order of increasing flow rate .. 

b) For run No. 149, temperature in the column was 22°c .. 
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