
LIQUID-LIQUID EXTRACTIOET 

IN A CENTRIFUGAL PUMP 

A THESIS 

Presented to 

the Faculty of the Division of Graduate Studies 

Georgia Institute of Technology 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science In Chemical Engineering 

by 

Jackson Arthur Ransohoff 

June 1951 



LIQUID-LIQUID EXTRACTION 

IN A CENTRIFUGAL PUMP 

Approved: 

Date Approved by Chairman 



iii 

For his aid and guidance in the prosecution of 

this work, I wish to express my sincere appreciation 

to Professor Wm. Meese Newton, I should also like to 

than Professor F, 0, Nottingham, of the School of 

Electrical Engineering, for designing and providing 

the system for measuring impeller speeds; and Messrs. 

C, L, Brown, J, L. Chaille, C, E, Collum, R. We Galphin, 

H, M. Gammage, J. H. Gore, D.E, Griffith, D, L. Loni, 

G. E, Mansfield, H. A. McGee, L. C. Thayer, and J. G, 

Spraul for their help in obtaining the data. 



TABLE OF CONrnNCPS 

Acknowledgements 

List of Tables 

List of Figures 

Chapter 

I. Introduction 

11. Development of a Criterion for Mixing 

111, Equipment, Materials, and Operating 

Procedure 

N o  Calculation of Resulta 

V. Results and Discussion 

VI, Conclusions 

Appendix I. Tables 

Appendix 11. Curves 

Appendix 111, Sample Calculation 

Suggestions for Further Work 

Bibliography 

iii 

V 

vl 

1 



Table I* 

LIST OF TABLES 

Page 

Experimental Data . . . . . . 



LXST OF FIGURES 

Figure Page 

Schematic Drawing of Experimental System . . . . 21a 
Front View of Experimental System . . . . . . . 21b 

Top View of Experimental System . . . . . 21c 

Impellers . . . . . . . . . . . . . . . . . . . 22a 

Orifice Calibrations . . . . . . . . . . . . . 49 

Audio Frequency Oscil lator Calibration . . . . . . 50 

Equilibrium Curves For Benzoic Acfd Distributed 

Between Tolaene and Water . . . . . . . . . . . . . 51 
Relative Araa Produaed a t  Zero RPM v8 Flow Rate . 52 

Relative Area Produced by Impeller No. 1 a t  a 

Flow Rate of 0.00075 ~ t 3 / ~ s c .  vs Impeller RPM . . 53 
Relative Area Produced by Impeller No, 2 a t  a 

Flow Rate of 0.00075 F't3/sec. vs Impeller RPl l  . . 54. 
Relative Area Prottuced by Impeller No. 3 a t  a 

Flow Rate of 0.00075 ~ t 3 / s e c ,  t a  Impeller RPM . . 55 
Relative Area Produced by Impeller l o .  4 a t  a 

Flow Rate of 0.00075 F ~ / s ~ c .  va Inps l la r  RPM . . 56 

Average Relative Area Produced by Impeller 

NO. 1 a t  Varied Flow Rates vs Impeller RPM . . . . 57 
Proposed Liquid-liquid System Uaing Centrif'ugal 

Pumps Driven F r o m  One Shaft a s  Mixing Stages . . . 62 



SUMMARY 

Using a rystem of benzoic acid distributed between 

toluene and water, the affect of a centrifugal pump upon 

mixing was stndied. It was found that, contrary to popu- 

lar conception, equilibrium in a liquid-liquid ayatem can 

be attained easily in one pass through a centrifugal pump, 

and it is suggested that knowledge of impeller design be 

applied toward designing an impeller which would make use 

of such a pump in liquid-liquid extraction processes eco- 

nomical. 

From the mass transfer equation, a relationship was 

developed which enabled calculation of the effective inter- 

facial area produced by the pump, and it was proposed that 

this area be used as a criterion for effeotive mixing. 

Using this concept, mixing was found to be a function of 
s 

the impeller apeed cubed. This relationship, when corn- 

binad with the fact that power is approxi~laately a function 

of the cube of the impeller speed, supports the concept 

that mixing aocomplished is a linear function of power 

consumption. 



Although l iquid  extract ion has received much atten- 

t ion  recently, due primarily to  the widelspread use of 

nolvent extract ion i n  the production of lubr icat ing o i la ,  

it i s  by no means a new f ie ld .  It i s  ra ther  one of the 

older of the chemical engineering process me thodrrr, growing 

from the leaching operations long used i n  winning many 

metala from t h e i r  OreE, and the extract ion processes em- 

ployed by the sugar beet industry. 

Liquid extract ion may be subdivided in to  two major 

c a t e g o ~ i e s ;  solid-liquid extraction, where a substance i s  

dissolved from a so l id  by a suitable solvent, and l iquid- 

l iqu id  extraction, where a solute i s  transferred from one 

l iqu id  t o  another, The extracting l iqu id  i s  cal led the 

extract, and the other liquid the raffinate. 

In accopdance w i t h  W. G, Whitman' a (1) two f i l m  

concept, whenever two l iqu id  phases or  a gas and a l iqu id  

phase a r e  i n  oontaot, there are two f l u i d  filrua present, 

one on each side of the interface. It i s  believed t h a t  

equilibrium i s  at ta ined a t  the interface,  but the two 

fi lms which meet a t  the interface r e s i s t  mass transfer. 

Transfer through the f i l m s  i s  d i f h s i o n a l  i n  nature, and 



the rate of diffusion is proportional to the activity 

gradient across the film. Rate of tranafer is also pro-- 

portional to the interfacial area which forms between the 

two phases. 

Since knowledge of conditions at the interface is 

usually not available, it has become common practice to 

combine the effects of both films into an overall mass 

transfer coefficient; and rate of maas transfer from the 

main body of one liquid to tlm main body of the other may 

be expressed by the equation, 

where, 1YI is the naass transferred across the interface in 

time 8, 

K is the overall mass tpansfer coefficient, 

A is the intepfacial area between the phases, and 

a~ and s are the activities of the solute in the 
e 

main body of the raffinate and extract layers respectively. 

Due to the difficulty of' measuring activities, it is 

desireable to convert the activities of equation (121) into 

concentrations. Accordingly, ar = f C and a. = f C , 
]?I? 8 8 

where the f f  s are the respective activity coefficients, and 

the C l s  are the respective concentrations in the two layers. 

Moreover, it is poasible to express the conoentration dif- 

ference in terms of the concentration in one phase since 

at equillbriua, ar= ae; so f C may be converted Into %ce* 
r r  

where ce* is the concentration of solute in the extract 



l aye r  which would be i n  equilibrium with the ra f f ina te  layero 

Substi tuting i n  equation (1:l) yields,  

Over small changes i n  temperature and concentration, \f 
e 

w i l l  remain constant, and may therefore be incorporated i n t o  

the overal l  xmss t ransfer  coefficient ,  giving, 

k, though it var ies  with temperature and the velocity of 

the l iquids  r e l a t ive  t o  each other, is primarily dependent 

upon the propert ies of the  l iquids  envolved, and the extent 

t o  which i t s  value can be increased i s  limited. Large 

i n t e r f a c i a l  areas, however, a re  readily produced by several 

means, and the object i n  the design of extract ion equipment 

i s  t o  provide f o r  the most economical production of such 

area, since the r a t e  of mass t ransfer  var ies  d i rec t ly  with 

the i n t e r f a c i a l  area, 

Liquid-liquid Extraction Equipment 

Liquid-liquid extraction equipment falls i n to  two 

broad categories; continuous and stepwise. The continuous 

operations are, of course, a l l  countercurrent, as are a l so  

the ~ tepwise  processes when more than one equilibrium stage 

is desired. The greates t  advantage of continuous equipment 



i s  the combining of several equilibrium stages into  one 

piece of equipment. 

Most of the continuous operations a r e  conducted i n  

columns, wherein the heavy l iquid  i a  introduced a t  the top, 

and allowed t o  flow by gravity pas t  the l igh te r  f l u i d  fed 

in to  the bottom. For effect ive column operation, one of the 

two l iquids  muat be dispersed inthe other, thereby increaa- 

ing the interfaelail  area, The disperlsed l iqu id  i s  referred 

to  as the diacontinuoua phaae, while the other i s  cal led 

the aontinnous phase. The simplest method of achieving 

this end i s  t o  spray the l iqu id  which has been chosen a s  

the discontinuous phase i n to  the column through nozzles. 

The l iqu id  so introduced i s  d i s p e r ~ e d  i n t o  droplets, and 

passes through the eounterflowing l iqu id  t o  the othsr end 

of the column. Sueh a method i s  especially adaptable t o  

systems where there i s  a poss ib i l i ty  of sludge formation 

o r  prec ip i ta t ion  since the otherwise empty column i s  easily 

cleaned. However, l iqu ids  w i t h  high i n t e r f a c i a l  tensions 

cannot be used, sinee the droplets formed a t  the nozzles 

would tend t o  ~ o a l l e a c e  too readi ly  i n  passing through the 

continuous phase. 

A r a the r  successful modification of the spray column 

i s  the sieve p la t e  eoluran. Sieve p la tes  spaced a t  equal 

i n t e ~ v a l r  f r o 1  top t o  bottom a c t  as o r i f i c e s  i n  an other- 

wise empty column, and serve t o  keep the l iqu ids  dispersed 

by causing them t o  change velocity as they pass through 



the plate  s. The acceleration and subsequent deceleration 

of the  l iquids  as they pass through the o r i f i c e s  causes 

the f onnation of mny drsple ts  i n  both phases. Bubble 

cap columns were found t o  be l e s s  e f fec t ive  than the 

simpler sieve p la te  oolumns, and are not used f o r  liquid- 

l iqu id  extraction, 

The use of packed columns has proved f a i r l y  sa t i s -  

factory, and they are  quite common. Like the other columns, 

they vary i n  height and diameter, depending upon t h e i r  

application, and ape packed with materials  which are i n e r t  

t o  the l iqu ids  being treated. Some of the materials  

commonly used f o r  packing are  various metals, stonewlpre 

and earthenware, glass, spun glass, and quartz pebbles, 

Spun glass, of courre, i s  used a s  a f iber ,  and the other 

materials  are moat commonly used i n  the form of rings, o r  

saddles. The effectiveness of a pac&d column depends upon 

the v i scos i t i e s  of the l iquids,  the difference i n  t h e i r  

densit ies,  the i n t e r f a c i a l  tension, the type of packing, 

and the flow rates. Simple packed columns cannot be used 

e f f i c i e n t l y  i f  the l iquida have even moderately high vis-  

cos i t ies ,  i f  the dens i t ies  of the l iqu ids  ape similar,  if  

the i n t e r f a c i a l  tension i s  too high, o r  i f  the l iqu ids  

tend t o  form a sludge or  precipi ta te ,  

Schiebel ( 2 )  has great ly  improved the efficiency 

of packed columns by introducing agi ta t ion  t o  the l iquids  

while i n  flow through the oolumn. Throughout the column 



there are  short spaces with no packing i n  which the l iqu ids  

flowing are  thoroughly mixed by impellers which are  faa- 

tened t o  a shaf t  running ve r t i ca l ly  through the center of 

the column, and driven by a motor Pram one end. The dis-  

persion thus f orrmed recoalescee i n  the adjoining sections, 

and the process i s  repeated throughout the column. 

The pr incipal  drawback of a l l  extraction columns is 

the low flooding ve loc i t ies  under which operation must be 

conducted, A n  extraction column i s  nfloodedn when the 

combined flow of l iqu id  i s  such t h a t  some raf f ina te  fXows 

from the column with the extract ,  o r  vice-versa, 

Podbielniak, Inc., produces a continuous countercurrent 

apparatus which l a  f a i r l y  small i n  aize, and ye t  operates 

a t  reasonably high flow rates. Heavy l iquid  i s  fed in to  

the center of the machine, which ro ta t e s  a t  high speeds, 

and flows outward by centr i fugal  force through an inwardly 

directed stream of the lighter f l u i d ,  As many as f i v e  

equilibriuza stages have been achieved i n  a single pass 

through t h i s  apparatus, but it is  quite expensive. 

However, i n  the face of a l l  the improvements t o  

continuous countercurrent equipment, most l iquid-l iquid 

extraction work i s  s t i l l  conducted i n  se r i e s  of aingle 

stage mixers with intermediate decanters. Under such 

conditions of operation, the l iqu ids  t o  be t reated are  

introduced t o  a mixing tank i n  which a ro ta t ing  impeller 



supplies the energy for mixing. From the tank, the con- 

tents go to a settling unit called a decanter in which 

separation under the influence of gravity occurs. It is 

highly desireable to achieve equilibrium in each stage, 

thereby reducing to a lafninnun the number of stages required 

to effect a given degree of extraction. The mixer-decanter 

units may easily be arranged for countercurrent operation, 

the raffinate irorn a decanter going to the mixer on one 

side, and the extract going to the mixing unit in the other 

direction. 

Mixing Equipment 

It is possible to mix two immiscible fluids some- 

what by pumping them through the same pipe, but most mixing 

operations used in conjunction with extraetion processes 

are perfomed in a tank with some kind of mechanically 

driven impeller providing the mixing motion. The simplest 

type of impeller is a flat paddle, which Is frequently 

modified by setting the blades at an angle. !Chese paddles 

are suitable for many batch operations, but are not consi- 

dered autive enough to be used for mixing fluids in eonti- 

nuous flow through the mixing vessel. 

From angled paddles have developed marine propellers 

type impellers whieh give better mixing with the same 

amount of power input, but are not nearly as easily made as 



the angled paddles. The marine propeller  type i s  some- 

what more eas i ly  adapted t o  continuous flow and l a  frequent- 

l y  used i n  mixing equipment f o r  extraction processes. By 

far the moat used impeller f o r  extract ion work i s  the tur- 

bine type impeller (Seheibel's column uaea tha t  type too), 

It may consist  of any number of blades, curved o r  s t ra ight ,  

and gives the l iqu ids  it processes a r a d i a l  motion, Most 

tanks using turbine impellers a re  equipped w i t h  s t a t o r  

r ings  which a l t e r  the direct ion of l iqu id  flow t o  give 

grea ter  d i s p e ~ s i o n  than would otherwise occur. Turbine 

type impellerr w i t h  s t a to r  r ings a re  widely used due t o  

t h e i r  a b i l i t y  t o  provide mixing f o r  l iqu ids  i n  continuous.? 

flow without the disadvantage, common t o  moat impeller 

systems, of having severe short  o i rcu i t ing  of unmixed 

l i q u i d  thPough the system. 

Centrifugal pumps are  often uaed f o r  blending 

several misaible liquids which a re  apportioned as  the en ter  

the p u p ,  but are not widely used i n  mixing operations. 

The prejndiae against  t h e i r  use seems t o  be due t o  t h e i r  

high poge~. mqnirement, and short  re tent ion time ( 3 ) .  
4 

The reason for exhorbitive power requirements of centr l -  

fugal  puspsi i s  tha t  they are  so frequently operated below 

t h e i r  ra ted capacity, and accordingly must work against  an 

abnormally high head, Church (4), claims that impeller 

dimensions may be a l te red  so tha t  a pump may be designed t o  



deliver a given throughput against a specified head at any 

desired impeller speed within the range of the mptor and 

the oapacity of the pump. Therefore, if it can be shown 

that equilibrium can be attained easily in one pass through 

a centrifugal pump, it would certainly be advisable to 

inve atigate qodi%ication of impeller design to cut power 

requirements, since mixing operations can be conducted 

against a very low downstream head. Admittedly, if the 

experimental pmrp must be operated at extrelnely high 

speeds and low flow rates in order for equilibrium to be 

attained in one pass, the impeller dimenaions might have 

to be reduued, in order to satisfactorily reduue power 

requirements, to a point where the amount of mixing 

accomplished would fall off drastically. However, if' 

equilibrium can be attained at moderate impeller speeds, 

and reasonable flow rates against a low downstream head, 

it i s probable t 3 t ,  EeG,Qg,g-ary reduction of impeller 
T - 

dimenaions to pe&it economical operation would not great- 

ly affect the amount of mixing produced. One purpose of 

this work ie to show that equilibrium can be obtained in 

one pass through the pump against lor head at reasonably 

high flow rots and moderate impeller speeds. 

Methods of Evaluatinp~ Y;xing 

The study of the effect of various variables upon 



mixing procease s and impeller performance has suffered 

noticeably from the lack of a concise criterion for degree 

of agitation. Serner ( 5 )  notes the general aoceptance of 

power eonsumption as indication of the mixing work per- 

formed. Accordingly, for a given impeller, acting upon a 

given aystem in a particular tank, an increase in power 

input is considered a s  an increase in effective mixing, 

Two papers by Chaddock ( 6 )  and Serner ( 5 )  further demon- 
strate quite vividly the need for a criterion for mixing 

effectivsneas, On a nornograph, Chaddoak (6), reso~ted to 

the adjeotives, wfairw, nmoderate", *vigorousn, and 
- - 

"intenseN to describe *various degrees of agitation. h o  

years later, Serner (s),  apparently unsatisfied w i  th 

Chaddockt s description, denoted regions of nmildn, naediumw, 

and nviolentm mixing an a graph relating peripheral impel- 

l e ~  &locit j and horaeporer/specific gravity. Though such 

terminology, while somewhat confusing, is probably acourate 

enough for rough design calculations, it fa far too nebu- 

lous for use as a basic study of mixing problems, For that 

matter, the field of impeller design would undoubtedly also 

profit from the establishment of a concise criterion for 

mixing. 

Hixsan and Smith (7) have attempted to extablish an 

"extraction eoefficisntn which would indioate mixing 

effioiency in liquid-liquid systems, They began with 



equation ( I :3 ) ,  but instead of using the overall mass trans- 

fer coefficient K, they used the individual film coeffi- 

cients and t4e distribution coefficient; thus, 

dM - -  
de - Dkrke 

kr + Dk, A(Cr - Cr*) 

where, D is the distribution coefficient, and is equal 

k, and kr are the respective filn coefficients, 

and C: is the raffinate composition that would be 

in equilibrium with the extract composition. 

Considering batch operations in a beaker using iodine dis- 

persed between H20 and CCl they proceeded from this 4' 
equation to derive the relationship, 

where, Me is the weight of solute in the extract layer, 

M," Is the weight of solute in the extract layer 

that would put it in equilibrium with the raffinate, 

8 is the time of operation, 

a t  veIlbr + v~D), V, and Ve being the volume s of 

raf'finate and extract, respectively, 

and Kt k,AD( 1 - X/kr)/v, . (1:6) 

where K is the overcall m a s  transfer coeff'ioient, 



Since the complete derivation i a  quite lengthy it has been 

omitted here. A p lo t  of 9 against (1 - M,/M,*) on asmi-  

log paper yielded a a t ra ight  l ine ,  thua justifyi-rig the use 

of the equation developed. The slope of t h e  l i n e  was taken 

t o  be - ~ ' / K I .  a' i s  constant f o r  a par t icu lar  system, and 

Kt, which may be a l te red  by changing eonditiona of opera- 

t ion,  waa accordingly proposed as an extract ion coefficient ,  

Kc was determined f o r  runs a t  various impeller speeds i n  

several d i f fe rent  systems, and was found t o  vary a s  the 

square of the impeller speed. 

Due t o  power cost,  and t o  the generally accepted 

conoept that power input i s  essent ia l ly  a l inea r  function 

of the mixing accomplished i n  a par t ioular  system, and t o  

the f a c t  tha t  impeller speed i s  an obvious fac tor  i n  mixing, 

muoh work has been done t o  r e l a t e  impeller speed w i t h  power 

consumption. Rushton (8 ) ,  working with marine propel ler  

type impeflers, found the power consumption t o  vary as  the 

cube of impeller RPM, Most of the l i t e r a t u r e  r e l a t ing  

power input w i t h  impeller speeds was summed up i n  a paper 

by Olney and Ca~lsaa ( 9 )  who alao offered much of t h e i r  

own work, In t h i s  paper the relat ionship,  

P - ( $ ) ( ~ 3 1 y ~ r )  was established 

where, L = impeller diameter, 

N = Impeller speed, 

and 



rnrthermore, $ was found t o  be a function of' a modified 

Reynold' s number, 

where, densi ty in gm/cc., 

B= impeller speed i n  revolut ions per  second, 

d = i m p e l l e r  diameter in om,, 

/I" and =v i scos i ty  in poises,  
2 For most impellers,  a t  Reyl~old's numbers of from 10 t o  

making 

6 and f o r  Reynolds numbera of' lo4 t o  10 , 
0.86 p l -  fCN) , 

P = f (N) 2.86 

(I: 10) 

(I: 11) 

Therefem pcrwer dependence upon impeller  apeed l i e s  

between the 2.81 and 3.0 power of t h a t  speed f o r  most 

cased. 

Purpose of this  Work 

In v i e r  of these cor re la t ions  of i a p e l l e r  speed 



w i t h  power consumption, Hixaoh and Smith1 s (7 )  c r i t e r i o n  

of mixing efficiency and the acceptance of a l inea r  rela-  

tionship between power and mixing are  contradictory. So, 

despite aonsiderable work done t o  remedy the si tuation,  a 

c l ea r  cut c r i t e r ion  of mixing efficiency is a t i l l  lacking, 

A s  previously s ta ted  i n  t h i s  chapter, one purpose 

of this investigation i s  t o  determine the f e a s i b i l i t y  of 

using a centr i fugal  pump a s  a mixing stage in  extract ion 

work. To accomplish t h i s  objective, a syatea of benzoic 

acid dis t r ibuted between toluene and water was selected. 

Using the same systea, it was deemed desireable t o  inves- 

tigate the effect of impeller speed upon mixing, and i n  

conjunction with t h i s  work, a new c r i t e r ion  f o r  mixing 

eff ic iency has been developed. 



I1 

DEVELOPMENT OF A CRITERION FOR MIXINC) 

The need of a concise criterion for mixing was 

noted in Chapter I. In this section the development of 

such a criterion from equation (I:3) is derived for oondi- 

tions of a flow processo 

Development of Operating Equation 

Equation (I:3) developed in Chapter I states that, 

= k4(ce' - C,) m 

where, M i a  the mass transfepred during the t.he 8, 

A is the interfacial area, 

k is the overall mass transfer coefficient, 

c,* is the concentration of' benzoic acid in rater 

that would be in equilibrium with the toluene layer, and 

O, ia the concentration of benzoio acid in water. 

The original concentration of benzoic acid in water I s  zero, 

so, 

where, W is the amount of water flowing through the sys- 

tem in time 8. 

Since, over a short length of arc, the equilibrium curve 

approaches a stpaight line, 



where, Cr is the concentration of benzoie acid in toluene, 

m is the slope of the equilibriw line, and 

b is the intercept on the benzoic acid-in-water 

axis 

Furthermore, all benasie acid entering the water layer 

must come from the toluene layer, so 

where, Cr O is the original concentration of benzgic acid 

in toluene, and 

T is the amount of toluene flowing through the sys- 

tme in time 

Substituting equations (II:2), (II:~), and (II:~) in 

equation (II:~) and separating variables, we obtain, 

which, when integrated, yields, 

where, 6 is the time the mixture remains in the pump sys- 
C 

t em. 



Resubstitution of equahions I :  I :  and (II:2) in 

eguatioh ( I I : ~  ) yields, 

But T/B, i s  equal to  the toluene flow ra t e ,  t; 

and W/G i s  equal t o  the water flow rate, w. 
C 

Substi tuting these equivalents and rearranging, 

Presentation of  the  Cri ter ion 

Since the temperature varied only eight degrees 

over a l l  runs, k w i l l  not vary s ignif icant ly  on tha t  

account. It i s  realized tha t  k w i l l  be aifectecl by the 

velocity of the  droplets of the discontinuous phase rela-  

t i v e  t o  the continuous liquid. However, it was assumed 

t ha t  the whole dispersion w i l l  t rave l  i n  d u g s  from the 

i m p e l l e ~  w i t h  the r e s u l t  that the r e l a t iye  velocity of 

the pa r t i c l e s  i n  sne phase t o  the other would be substan- 

t i a l l y  constant, and low enough t o  be neglected, over the 

range of  impeller apeeda studied. Though admittedly t h i s  



assumption may be open to  attack, it was held t o  be reason- 

able enough to allow k to be assumed eonstant. Accordingly, 

A, the interfacial area produced, is hereby proposed as a 

criterion for mixing e f f i e i e n c ~ .  No value of k will be 

assumed here, thereby leaving A in relative units of area. 



EQUIPMEBT, MATERIALS, AND OmRATIEG PROCEDURE 

At the beginning of this work I t  was thought that 

low flow rates at very high pump speeds were required for 

achieving equilibrium In one paea through a centrifugal 

pump. This opinion was supported by a statement in 

Perry (3 ) ,  and,was in line with the general feeling pre- 

valent in the field. ~codrdingly, Eastern Engineering 

Company's Model B-1 laboratory centrifugal pump, which 

will operate effectively between 1800 arxd 15,000 RPM at 

flow rates from zero to 0.0042 cubic feet per second, was 

selected, Ehmlsions were expected to be formed in the 

process of attaining equilibrium, and accordingly pro- 

vision was made to draw the samples for analysis from the 

line through a high speed centrifuge to immediately sepa- 

rate the emulsion fonned. Surprisingly, it was found that 

equilibrium could be reached at speeds as low as 2000 RPM, 

and without the coincident formation of an emlaion. The 

centrif'uge was therefore removed from the sys.t;em, and 

since the notor did not operate effectively below 1800 

RPM, a system of gears operating at a 4.8 to 1 patio was 

inatalked between the pump and the motor. Under the new 

conditions, the range of operation of the pump was 500 to 



Measurement and Control Equipment 

An electronic  method f o r  measuring motor speed was 

found t o  be most sat isfactory,  A f l a sh l igh t  bulb ins t a l l ed  

behind the coaling fan of the motor a c t i v a t ~ a  a photocell, 

which was afmed a t  the l i g h t  souree, When one o f  the fan 

blades was not cut t ing i n  f ron t  of the l ight ,  the photo- 

c e l l  produoed an impulse which was amplified and used a s  

the horizontal component o f  an oacillograph, A calibrated 

audio frequency osc i l l a to r  ( See Figure 6, Appendix) supplied 

the v e r t i e a l  impulse t o  the oscilloscope, and h e n  the two 

frequencies were ident ical ,  a  standing wave resulted. This 

system provided highly satisfactory laeaaurement of RPM, 

and had the added advantage of always indicating even wh-en 

not i n  baladce the proximity of the pump t o  the desired 

speed. 

A t  f i r s t  flow r a t e s  were measured f o r  the individual 

l iquids  i n  separate flow through a p a i r  o r  cal ibrated or i -  

f i c e s  (See Figure 5 i n  Appendix) which were 13/64 inch 

sharp edged p la tes  i n  a 21/64 inch l ine.  However, lower 

flow rates than or iginal ly  deemed feas ib le  were decided 

upon, and i~ Recame necessaq,  f o r  greater  accuracy, t o  

pass the l iqu id  mixture through one or i f ice .  The o r i f i c e  

cal ibrated f o r  water was used, and pressure drop across it 







Figure 3 - Top View of Experimental System. 



was measured by a rater manometex=. The pressure from the 

orifice taps to the manometer legs was transmitted by air 

lines . 
The discharge pressure gf &.he pump waa rneasured from 

a pressure tap by m a n s  of an open water manometer; and a 

wattmeter installed in the line between the rheostat and the 

motor measured power input to the motor. Constant head 

tanks ppovided a means of obtaining constant flow, and three 

valves controlled the ratio and amount of liquid which 

flowed through the syatem in 1An standard iron pipe to a 
decanting d m .  

A series of sampling cocks was arpanged vertically 

so that samples could be taken from the system at a height 

above the line approximately equal to the line pressure, 

This meaanre reduced to a m i n i m  the mixing effect which 

would have occurred had the liquid mixture been allowed to 

flow through the oocks under an appreciable pressure drop. 

A diagramatic sketch and photographs of the equipment are 

shown in Figures No. 1, 2, and 3. 

Impellers 

Several different impellers, shown at 8/10 actual 

s l z e  in Figure No, 4, were used during thia work. Im- 

peller No. 1, shown center and lower right, was the im- 

peller designed for use in the pump; it is 1.5" in diameter. 



Figure 4 - Impellers 



Impellers No. 2, 3, and 4 were a l l  made by modifying impel- 

l e r  No, 1; on lo. 2, ahown upper l e f t ,  the blades were per- 

forated but otherwise unchanged; on No. 3, shown lower 

l e f t ,  they were curved forward; and on No. 4, shown upper 

r ight ,  they had a backward curve, 

Materials 

The chemiealsl used i n  t h i s  work were n i t r a t ion  grade 

toluene, a. p. grade benzoic acid, and Atlanta c i t y  water. 

Eqnilibrium curves were established f o r  the diat r ibut ion of 

benzolc acid i n  the l iqu ids  actual ly  used for experimental 

work (Ffgure No, 7 - Appendix). The water was checked from 

time to  time and was found t o  be s l igh t ly  basic, The tol-  

uene, which was reused from day t o  day, suffered some dis- 

coloration during the course of the work, probably due t o  

impurities dissolved from the inside of the decanting drum. 

hone re^, the equilibrium curves were ahecked, uslag the 

discolored solvent, and showed no change due t o  whatever 

impurities caused the discolsration,  The iaopropyl alcohol 

used i n  the course of analysis contained enough ae id i ty  t o  

neutralize 0.3 cc of 0.0124 M NaOH per 10 co of aleohol, 

b e r a t i n a  Procedure 

Use of equation (II:8) f o r  deterrninlng effect ive 

area required that m a  be made a t  constant flow ra te ,  im-  

pe l l e r  speed, and water/toluene ra t io .  Accordingly, a l l  



samples were withdrawn only a f t e r  the system had reached a 

steady s t a t e  of operation. Runs were begun with the con- 

a tant  head t anks  f u l l ,  the control valves wide open, and 

the motor running alowly. The pump RPM was f i rs t  eatab- 

l ished by se t t ing  the audio frequency osc i l l a to r  a t  the 

ca l ibra t ion  corresponding with the desired motor speed. The 

power input was then varied th~ough  the rheostat  u n t i l  the 

pump was operating close to  the desired speed, The flow 

was then adJuated by increasing the downstream pressure, 

and the rheostat  was r e se t  t o  give the exact pump speed 

dealred, The flow ra te  was adjusted with the appropriate 

sample cock open since opening a cock during a run would 

came a s l i g h t  change i n  the donnstream pressure, and a 

notieeable ahange i n  flow ra te ,  thereby requiring reaet- 

t i ng  of the preasure valve and the rheostat,  

It was attempted t o  s e t  the water/toluene r a t i o  a t  

1 , O  f o r  a l l  mzna by adjusting the valves i n  the feed l i n e s  

t o  the pump, and the leve ls  i n  the constant head tanks. 

However, although the r a t i o  during any one m n  remained 

constant, it was not possible t o  control  the value of the 

r a t fos  so that they were very nearly equal t o  1 , O  f o r  a l l  

runs. Over the ent,ire period of operations, wide variance 

i n  r a t i o s  were observed, but the r a t i o s  f o r  most m s  were 

such t h a t  very seldom were there two parts of one l iqu id  

t o  bat one par t  of the other, 



Samplina Procedure 

Once stable conditions had been reached, the samples 

were collected from the open cock in erlenmeyer flasks, and 

allowed to stand a few seconds to allow for complete sepa- 

ration of the phases by settling. The temperatures were b- 

mediately recorded, and measured sample8 of each layer were 

drawn by pipette from the flasks and placed in testtubes 

where they remined until analyaed. The ratios of' water to 

toluene were determined by volume measurement with allow- 

ance being made for the volwlls of $he samples already with- 

deawn for analyais. 

Analytical Brouedure 

All analyses were made by titrating with standard- 

ized NaOH. The water layer samples were titrated directly, 

using phenolphthalein as an indicator. To each of the tol- 

uene layer samples was added 20 cc of isopropyl alcohol per 

3.0 uc of sample; Ohis brought the toluene into solution 

with the aqueous aolution of NaOH, and the endpoint was 

again determined by the change in color of phmolphthalein. 

The NaOH equivalent of the alcohol was of eourae subtracted 

from all toluene analyses. 



CALCULATION OF RESULTS 

Method of Calculation 

I 

Using equation (II:8) the effective interfacial 

areas in runs No. 68 through 193 were calculated. In order 

to uee the equation, toluene and water flow rates f2rst had 

to be calculated f'roma manometer readings and flow ratios. 

Originally it was intended that a density oorrection be made 

on the manometer readings for each r u n  to allow for the 

difference in density between water and the toluene-water 

mixture flowing through the water calibrated orifice. 

However, it was decided that the accuracy of measurement 

was such that the data did not warrant such treatment. 

Accordingly, the density correction was made for all runs 

on the basts of a toluene-water ratio of 1.0, or a mixture 

of density equal to 0.93 grams/cc. The error Involved in 

this app~oximation is less than 3% for most auzs, and sub- 

sequently, all manometer readings were divided by 0.93 

before being aanverted to flow rates by use of Figure NO* 5. 
Froa the calculated total flow, individual flow rates were 

determined by use of the actual flow ratio for that parti- 

cular run. 

It was felt that the interfaoial area produced by 

flowing the mixture through the system without the pump run- 



ning might be oonsiderable; and accordingly area8 were cal- 

culated f o r  variolla flow r a t e s  without the impeller running, 

and the r e s u l t s  a re  plot ted i n  Figure No. 8 of the  Appendix. 

Hereafter these areas w i l l  be referred t o  as "blankw flow 

areaa. 

For impellers No. 1, 2, 3, and 4, runs were made a t  

a flow r a t e  of 0.00075 cubic qqgt per second over the com- 

p l e t e  operable range of impeller speeds. Total r e l a t ive  

areas produced were calculated f o r  eaah impeller speed, and 

the area produced by "blankff flow f o r  that  flow r a t e  sub- 

tracted. The resu l tan ts  were taken t o  be the r e l a t ive  areas 

ppoduced by the impeller, and p la t ted  against  impeller RPM 

i n  Figures Wo. 9 through 12  - Appendix. In addition, f o r  

impeller No. 1, runs were conducted a t  various flow pates, 

and again the wblank"f flow area f o r  the par t icu lar  r a t e  of 

flow i n  use was subtracted from the t o t a l  area produced. 

Then the arear ppoduced by the impeller a t  each impeller 

speed f o r  various throughputs were averaged, and the aver- 

age area plot ted against impeller speed In Figure NO. 13 - 
Appendix. A sample calculation may be found on page 58 i n  

the Appendix. 

Evaluation of Data 

O f  the data used, points were d i s~oun ted  f o r  several 

reasons; points which showed very poor material  balance 



on the basis  tha t  a l l  the benzoic acid gained by the water 

had to  be l o s t  by the toluene - were omitted from the plots.  

Where "blankH flow area was more than 60% of the t o t a l  area 

produced, the points were discounted since a small e r ro r  i n  

determining e i the r  the nblanku flow area o r  the value of 

t sba l  area p~oduced would cause undue e r ro r  i n  the area cal-  

culated t o  have been produaed i n  the pump, it being the 

difference of the two experimental values. Furthermore, a s  

equilibrium was approached, very amall e r ro r  i n  analysis,  

equilibrium data, o r  select ion of the slope of the equi l i -  

brium curve caused undue e r ro r  i n  the salculat ion of area 

produced since it i s  the r e s u l t  of difference operations 

and subsequent division. Therefore, where data approached 

equilibrtum conditfons, the calculated points were a l so  

dfscountad i n  f i t t i n g  the curves, The t o t a l  numbe~ of points 

discarded by these nethods d id  not exceed 12$ of the number 

of determinatlsna made. 

Although pressure and power data were obtained and re-  

corded, no correla t ion was attempted with regard to e i t h e r  

of them. Some s o r t  of relat ionship involving power con- 

sumption would be highly desireable, but such a large por- 

t ion  of the power input was conaumed by motor losses, which 

were variable, depending upon the t ightness of the pagking 

gland, and gear alignment, that these data are r ea l ly  of 

l i t t l e  value, 



RESULTS AND DISCUSSION 

The f i r a t  sixty-seven runs showed conclusively tha t  

equ i l ib~ iwn  i s  eas i ly  a t ta ined i n  one pass through a cerztri- 

f'ugal pump with the system used, A s  diecuased i n  Chapter 

111, the f irst  few runs showed tha t  the ayatem was over- 

designed f o r  the work to  be done, but even after t h i s  was 

realized, attempts were made t o  get  #on-equilibrium data 

using the or iginal  system. Motor speeds were not constant 

a t  the necessarily low speeds however, and therefore the 

data from m s  No. 1 through 67 are  uselesa, and are not 

recorded here other than t o  note tha t  equilibpium was 

eas i ly  a t ta ined  without coincident formation of an emul- 

siono 

Runs No, 68 through 193 provided applicable data, 

and the re la t ive  areas produced i n  the system by theae runs 

were calculated by use of equation (II:~). The effect  of' 

impeller speed upon apeas produced was atudied by p lo t t ing  
e r e l a t ive  area against p -  RPM on log-log papdr (See 

Figures No. 9 through 13 - Appendix). Although the impel- 

l e r  used affected the posit ion of the curves on the plots,  

a l l  curves had a slope of 3,0, and accordingly, 



Most of the p lo t s  had considerable sca t t e r  except f o r  

Figure No, 13, for whieh the average re l a t ive  area f o r  

several  runs a t  each impeller speed was used. 

No attempt w i l l  be made t o  jus t i fy  the re la t ion-  

ship expressed i n  equation ( V : l )  theoretically.  It i s  

worth while noting, howevep, tha t  it can be concluded 

from the review of the l i t e r a t u r e  i n  Chapter I tha t  

where, P i s  power consumption. Since A, the effect ive 

i n t e r f a c i a l  area produced, and P, power consumed, a re  

s imilar  functions of impeller speed, the uae of A as a 

criterion f o r  mixing accomplished i s  i n  agreement with 

the concept tha t  mixing produted is  a l inea r  function of' 

power consumption i n  any par t icu lar  system. 

Hixson and Smith ( 7 )  have proposed tha t  t h e i r  Kt, 

whicrh var ies  w i t h  the square of the impeller speed, be 

used a s  an nextraction coeff ic ientw whioh they expsot t o  
- 

serve the same purpose as the mixing c r i t e r i o n  proposed 

herein. Clearly both of' the c r i t e ~ i a  cannot be c o r ~ e c t  

since one var ies  aa the  cube and the othes as tb aquare 

of the impeller speed, It i s  f e l t  that although the 

relat ionship between Kt and impeller speed which Hixson 

and Smith have developed i s  probably valid, the aae of 

Kt as an Hextraction coeff ic ientn does not necessari ly 



follow. Moreover, Kc i s  such a conglolneration of terms 

tha t  i t s  aignificanoe i a  d i f f i c u l t  t o  evaluate, shepeas it 

does seem reasonable t h a t  effect ive in te r fac ia l  area pro- 

duced would be a good cr i t ique  of effect ive mixing, 

Rel iab i l i ty  

In  Chapter 111 the i n a b i l i t y  t o  operate with a water- 

toluene r a t i o  of 1.0 was discussed, It was or ig ina l ly  

thought tha t  t h i s  r a t l o  might be a f ac to r  i n  the mixing 

accomplished by the pump, so area produced was plot ted 

againat r a t i o  with other variables held constant. No cor- 

r e l a t ion  was noted, so r a t i o  was deemed not to be a fac tor  

over the short range i n  which i t  varied during t h i s  work, 

and f a i l u r e  t o  control  i t  more cloaely did not a f fec t  the 

r e l i a b i l i t y  of' theae reaults .  

Flow rates ,  which a f fec t  both the amount of nblankw 

flow area and the aalculation of t o t a l  area, were subject 

t o  an e r r o r  of  from f ive t o  ten percent, and the curves 

i n  Figures No, 9 through 12 do show considerable sca t t e r*  

However, POP the points on the curve i n  Figure No. 13, 

experimental e r r o r  was compensaked f o r  by the f a c t  that 

each average area was the r e s u l t  of calculatione from a t  

l e a s t  four -8 .  The excellent  c o r ~ e l a t i o n  of the points 

on t h i e  cnrve t o  the re la t ionship expressed i n  equation 

(V:l) markedly strengthena the trends ahown i n  Figures No. 

9 through 12. 



CONCLUSIONS 

The following conclusions can be drawn from this 

investigation. 

1, Cont~ary to popular belief, equilibrium ia 

easily obtained in one pass of a liquid mixture through 

a centrifugal pump operating at modepate speeds. By 

using an hpeller expressly designed to do mixing work, 

centrifugal pumps could probably be used economically in 

liquid-liquid extraction work, 

2, The interfacial area produced in a continuous 

mixing process is a suitable criterion for expressing the 

mixing accomplished. 

3. The amount of mixing produced in a given ayatem 

is a function of the impeller speed cubed, 

4. The contention that mixing varies linearly with 

power consumption for a given system is approximately 

valid, 
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&zn Temp. Pump Power Input Combined Flow Ratio Gage Press. Final C~H602 Final C7H602 Relative 
E50. RPM to  Motor Flow Rate a t  Pump Conc. i n  Conc. i n  Interfacial 

Outlet C7% phase H20 phase Area Pro- 
duced at 
Zero RPM 

Watts ~t3/. .0. ~ t 3  Hz0 per Inoh*. H20 lb. molr/ft3 lbr mols/ft3 
x 102 ~ t 3  c7w x 103 x l& 

W 
In Runs No. 132 - 5, Original C7H602 Concent~ation in  Toluene naa 3.02 x 10-3 #-mols/f't3 b~ 

Impeller No. 1 was used. 



'I: 

Run Temp,, P u p  Power Input Combined Flow Ratio Gage Press. Final C7H602 Final C H602 Relative 
No0 RPM toMotor Flow Rate a t  Pump Cona, i n  C O ~ C .  i I Interf  a c i a l  

Outlet C7H8 phaee H20 phase Area duced Pro- a t  

Zero RPM 

~t) / sea .  ~ t 3  Hz0 per Inches Hz0 lb. mola/f t3 lb. n o l a / f d  
x 102 ~ t 3  c?Bg x 103 x 104 

-8 No. 47 - 49, Original C~H602 concentration i n  Toluene war 5.38 x loa3 #-mols/f't3 
Impeller No, 1 war used, 

In Runs No. 113 - 4, Original C7aO2 concentration i n  Toluene was 3.70 x lom3 #-nols/ft3 
Impeller No. 1 was used. u F 

In  Runs No. 127 - 9, Original C7aO2 concentration in Toluene was 3.39 x 10'3 #-mola/ft3 
Impeller NO. 1 was used. 



Run Temp. Punp Power Input Combined Flow Ratio Gage Press. Final C 8602 Final C7H602 Relative 
No. RPM toMotor Plow Rate at  Pump Conc. ig Conc. in Interfacial 

Outlet C7% phase H20 phaae Area Pro- 
duoed by 
the Pump 

~t3/seo.  F't3 Hz0 per Inches H20 lb .  mols/ft3 lb, mols/ft3 
x lo2  ~ t 3  C7H8 x 103 x 104 

Watts 

In Runs No. 68 - 76, Original C 7 q 0 2  oonoentration in  Toluene was 2.88 x 10'3 #-xaols/ft3 
Impeller No. 1 was used. 
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Run 
No. 

Temp. Pump Power Input Combined Flow Ratio Gage Presa. Final C7H6O2 Final C H602 Relative 
RPM toMotor Flow Rate at Pump Conc. in Conc. i z Inf erfacial 

Outlet C7H8phase H20 phase Area Pro- 
duced by 
the Pump 

~t)/seo. ~ t 3  Hz0 per Inohes H20 lb. mols/ft3 lb. mols/fd 
x 102 ~ t 3  C7@ x 103 x 104 

In m s  NO. 87 - 96, Original C7H602 oonoentration i n  Toluene was 2.34 x loo3 #-mols/f't3 
Impeller No. 1 was used, W 

4 



R m  Temp,, Pump Power Input Combined Flow Ratio Gage Press. Final C7H602 Final C H602 Relative 
Nom RPM to  Motor Flow Rate a t  Pump Conc. in Come ix Interfacial 

Outlet C7H8 phase H20 phase Area duced PPO- by 

t b  Pump 

pt3/sec. ~ t 3  g20 per Inches H20 lb. mols/ft3 lb. mols/ft3 
X lo2 ~ t 3  C7H8 lo3 X 10 4 

In Runs No. 97 - 106, Original C Hb02 concent~ation in  Toluene was 2.83 x 10.3 lb. mola/ft3 
Impeller B a . 1 WELS used. b3 a 





Run Puap Power Input Combined Flow Ratio Gage Press. Final C %02 Final C Q02 Relatire 
No. Temp. RPP tp ~ o t q r  F l o w  Rat9  Cono. i I ~ o n c .  ig Interfacial 

at Outlet cp8 ph.8. p-8. A ~ e a  Pro* 
auced by 
the Pump 

Watts l?t3/sec. ~ t 3  H20 per Inches H20 

F't3 C7% 

0.60 

0 *444 
0.428 

0.74 

0.625 

1.00 

0.782 

0.84 

0.84 

0.71 

lb. nols/it3 ib. mols/it3 

x 103 x lob 

In Runs No. 117 - 126, Original C H602 concentration i n  Toluene was 3.34 x 10-3 l b .  mola / fd  
Impeller ~ 8 .  1 was used. 
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Run 
NO 

Temp. Pump Power Input Combined Flow Ratlo Gage Press. Final C %O2 Final C H6O2 Relative 
RPM toMotor Flow Rate a t  Pump ~ o n a .  12 cone. I$ Inte  facial 

Outlet c7H8 phase H20 phase A m a  Pro- 
duced by 
the Pump 

Wattr ~ t 3 / s e c  ~ t 3  H20 pep Inches H20 lb. mola/f't3 lb. mols/f't3 
x lo2 m3 c7H8 x 103 x 104 

In Runs No. 138 - l47, Original C H602 concentration i n  Toluene was 2.63 r 10'3 lb. mols/f't3 
Impeller NZ. 2 was used. g 



Run Temp. Pump Power Input Combined Flow Ratio Gage Press. Final C7H6O2 Final C %O2 Relative 
No RPM to Motor Plow Rate at Pump Conc. in Conc. ig Interfacial 

Outlet C7% phase H20 phase Area Pro- 
duced by 
the Pump 

Watts P~~/s,c~ ~ t 3  H20 per Inohes H20 lb. mola/ft3 lb. mols/ft3 

x lo2 ~t~ o 7 q  x 103 x 104 

In Runa No. 148 - 19, Origiml C7H602 oonoentration in Tolene was 2.98 x loo3 1b. mols/ft3 5 
Impeller No. 2 was used. 



Rua 
No* 

Temp. Pump Power Input Combined Flow Ratio Gage Prsas. Final  C Q02 Final C H6O2 Relative 
RPM to Motor Flow Rate at Pump Cono. ix Cone. 12 Interfaoial 

Outlet C788 phase H20 phase h e a  Pro- 
duced by 
the m p  

~t3/sec. F't3 H20 per Inohes H20 lb. nols/ft3 lb .  mols/ft3 
xlo2 ~ t 3 c ~ ~ g  x 103 x 104 

In Runs No, 152 - 161, Original C H6O2 concentration in Toluene was 2.73 x 10-3 lb. mols/ft3 
~pmeller ,a. 3 was used* F 



Run Temp. Pump Power Input Combined Flow Ratio Gage Press. Final C H602 Final C H6O2 Relative 
No RPM to Motor Flow Rate at Pump ~onc. l g  cone. ix Interf a a i a l  

Outlet c7H8 phase H20 phase . Area Pro- 
duced by 
the Pump 

Watts ~t)/sec. ~ t 3  BaO per Inches H20 lb. nol./ft3 lb .  rola/ft3 
x lo2 ~ t 3  C7Q x 103 x 104 

In Runs No. 162 - 169, Original C 7 w 0 2  concentration in Toluene was 2.48 x 10-3 lb. mola/ft3 
Impeller No. 3 was used. g 



Run Temp. Ramp Power Input Combined Flow Ratio Gage P r e s s .  Final C H6O2 Final C H602 Relative 
NO . RPM t o  Motor Flow Ra$e a t  Pump ~ o n o .  ix Conc. i x  Interfacial 

Outlet C7Hg phase H20 phase Area Pro- 
duced by 
the Pump 

Watts ~ t 3 / s e o .  ~ t 3  H20 per Inchea H20 

x lo2 pe3 C7Hg 

In Runs No. 170 - 177, O~iglnal C H602 concentration'in Toluene was 2.84 x 10-3 lb. mols/ft) 
Impeller ~ a .  4 was used. 



Temp. Pump Power Input Combined Flow Ratio Gage P~esa. Final  G %02 Final  C H602 Relative 
RPM to Motor Flow Rate at Pump ~onc. ig ~onc. ii Interfacial 

Outlet C7E8 phase H20 pM8e Area Pro- 
duced by 
the Pump 

W a t t s  ~ t 3 / s e a .  ~ t 3  H20 per Incheai H20 lb, aols/f't3 lb. mols/ft3 
x lo2  ~ t 3  C7% x 103 x 104 

In Runs No. 178 - 185, Original C H602 ooncentration in Toluene was 2.60 x 10-3 lb. mols/ft3 
~mpeller ~ g .  4 was used. 5 



Run Temp. Pmp Power Input Combined Flow Ratio Gage Presa. Fina l  C&02 Final C Q02 Relative 
no. RPM to Motor Flow Rate a t  PW Conc. ' Conc. 1 I Interfacial 

Outlet H20 phaae A r e a  Pro- 
duaed by 
the Pump 

~ t J / s e c .  ~ t 3  H20 per Inohea H20 lb. mols/ft3 lb. mols/ft3 

x lo2 ~ t 3  9% x 103 x 104 

3 In Runs No. 186 - 193, Original C %02 concentration in Toluene w a s  2.58 x 10-3 lb, mols/ft 
Impeller dr 1 was used. 



APPENDIX I1 





















APPENDIX III 



Sample Calculation 

Run No. 176 was chosen for this ample calculation. 

First the total area produced in the system was calculated 

from equation (II:8). The equation states, 

ncsnt;ation of benxoic 

The data: 

crO, the orIgIna1 toluene phase concentration of 

3 bencoic acid, 2.84 x 10-3 lb. h l s / ~ t  

C,, the final toluene phase concentration of benzoic 

acid, = 2.52 x 10-3 lb. ~ols/~t) 

C,, the final water phase 

acid, = 3.07 x loo4 :* 
I-. 

Comb ins d ~ t e  . 0 0075 ~ t ~ / ~ e o .  

Flow ratio 8 1.0 ~ t 3  rater/~t3 toluene. 

Impeller No. 4 at 1880 RPM 
Teszperature 7 2 ' 7 . 0 ~ ~  

D~erlng a tangent to the 27°equilibrim curve in Figure 

No. 7 so t t it touched the curve at the mean toluene 

phase conoentratlon, 2.68 r 10'~. it was found that 

m e 0,090, and 

b = 1.87 x 10-4. 



Since the flow r a t e  i s  0.00075 Ft3/sec., and equal volumes 

of toluene and w a t e ~  are flowing, 

w = 0.000375, and 

t = 0.000376; Ft3/sea. 

Substi tuting the proper values in equation ( I I : ~ ) ,  

From Figure Ha. 8, the area produced i n  "blankN flow a t  a 

flow rate of 0.00075 F't3/sea., 

The ares produced by the pump i s  the difference of the 

two areas,. At and Ao, and accordingly. 

Since k wao a e s w e d  oonstant f o r  all ~ u n s ,  A was given a 

re la t ive  value of 3.60, and plot ted on Figure No, 13 on 

the ordinate ~ e p r e  aenting 1880 RPM, 



SUGGESTIONS FOR FWRTRER WORK 

Lack of appreciation of the ease with which aquil- 

ibrium could be approaohed with the system used i n  t h i s  

work, effected improper design of' equipment. As a resu l t ,  

both the experimental data and the calenlated r e s u l t s  a re  

not a s  accurate as they aould be, Before attempting future  

work with t h i s  eqaipment, the pipe through which the l iq -  

uids  flow i n  contact with each other must be reduced t o  a 

minimum length to  decrease the "blankn flow area produced. 

Also, the individual l iqu ids  should e i t h e r  be passed 

through separate o r i f i c e s  with smaller diameters, o r  

through rotame terrs for more accurate measurement. Addi- 

t iona l  accuracy would r e s u l t  from using a system with a' 

much lower value for k; such a system would require higher 

impeller speeds f o r  squ i l ib~ ium t o  be at tained,  and would 

not be affected a s  much by "blankn flow, which, under 

these conditions, would become neglig8ble. 

W i t h  regard t o  fur ther  inveetigations i n t o  the use 

of centrifugal  p u p a  i n  mixing operations, t h i s  work 

def in i te ly  suggests the use of a pump with an impeller 

which i s  substant ia l ly  reduced i n  s ize  ao tha t  a re la-  

t ive ly  l i t t l e  amount of l iqu id  could be pupped a t  high 

impeller speeds without the buildup of a large downstream 

head. A study of impeller design would f a c i l i t a t e  the  

overall  design of a centrif'ugal pump system capable of 



of aahieving equilibrium mixing under e o n d ~ ~ i o n s  of re la-  

t ive ly  high flow asfainat a low downatream head, I t  i s  

proposed that  f o r  operations where more than one equi l i -  

brium stage i s  required, the pumps be arranged ao that  

several impellers would be driven by one motor from the 

same shaf t ,  thereby reduoing t o t a l  motor losses t o  a 

minimum (See Figure No. 14). The decanters would be 

sealed so tha t  there w i l l  be no powqr aonsullled due t o  

work against preacgre head; that  is, the head which 

r e s i s t s  f low frodi k r e  Pmp would force l iqu id  i n t o  the 

next. Once an i ape l l e r  i s  found which s a t i s f i e s  the 

conditions s ta ted  e a r l i e r  i n  this pa~agraph, such a sys- 

tem smy be designecl, and p i l o t  plant  data obtained, 

After obtaining p i l o t  plant  data f o r  power required per  

u n i t  of e f fec t ive  mixing, the proposed system could be 

evaluated w i t h  ~etiipect to  i t s  economic feas ib i l i ty .  
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